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Exploring Physical Fitness Profile of Male and Female Semiprofessional Basketball Players
through Principal Component Analysis—A Case Study
Reprinted from: J. Funct. Morphol. Kinesiol. 2021, 6, 67, doi:10.3390/jfmk6030067 . . . . . . . . . . 116

v



Ed Daly, Adam White, Alexander D. Blackett and Lisa Ryan
Pressure. A Qualitative Analysis of the Perception of Concussion and Injury Risk in Retired
Professional Rugby Players
Reprinted from: J. Funct. Morphol. Kinesiol. 2021, 6, 78, doi:10.3390/jfmk6030078 . . . . . . . . . . 128

Stefano Palermi, Bruno Massa, Marco Vecchiato, Fiore Mazza, Paolo De Blasiis, Alfonso
Maria Romano, et al.
Indirect Structural Muscle Injuries of Lower Limb: Rehabilitation and Therapeutic Exercise
Reprinted from: J. Funct. Morphol. Kinesiol. 2021, 6, 75, doi:10.3390/jfmk6030075 . . . . . . . . . . 141
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Introduction

In the first volume of “Exercise Evaluation and Prescription” in the Journal of Func-
tional Morphology and Kinesiology [1], we presented the case that prescribing exercise
was integrally linked to a prior evaluation of exercise capacity and psychophysiological
markers of exercise performance (including maximal oxygen uptake, maximal strength,
blood lactate, ventilation, and the Rating of Perceived Exertion (RPE)). The link between
evaluation and prescription provided a rational basis for prescribed exercise. In volume
two, this link is extended to markers of the response to, and recovery from, systematic
exercise training.

This extension is grounded in general adaptation syndrome (GAS), described by Hans
Seyle 75 years ago [2]. In his study, there was a predictable response to any imposed
stress. If the stress was too large, or too frequently applied, there was a predictably
negative outcome (exhaustion). On the other hand, in the presence of a stressor that was
neither too large nor too frequent, there was adaptation such that the organism could
subsequently tolerate greater levels of stress. Although Seyle conceptualized GAS as a
generic response to any stressor, it has become particularly associated with the adaptive
response to exercise training.

One way of understanding the adaptive response to training is using the ‘training im-
pulse’ (TRIMP) model of Banister et al. [3], who discovered that exercise training produces
changes in both fitness and fatigue [4,5]. The TRIMP model was originally designed to
work using training heart rate (HR) and time, but more recent studies have shown that it
could work using RPE and time, resulting in the session RPE (sRPE) [6–9]. More recent
studies have suggested that it could be understood using responses during the warm-up
for subsequent exercise bouts [10], questionnaires [11], HR variability (HRV) [12–14], or
training intensity distribution [15–17]. In any case, the process of monitoring training
using any tool appears to be a useful method of evaluating the exerciser (athlete fitness
rehabilitation) and optimizing exercise prescription [18].

This volume presents several papers, written from the perspective of optimizing
training programs by better understanding the purpose and process of evaluating exercise
capacity, either to better prescribe exercise training or to better understand the outcome
of exercise training programs. A total of 30 papers are published, including twenty-five
original articles, four reviews, and one case report; the papers focus on team sports (soccer,
volleyball, handball, rugby, and basketball), individual sports (cycling, running, weightlift-
ing, and Paralympic powerlifting), diseases (in overweight, obese, and postmenopausal
women with type 2 diabetes mellitus (T2DM); individuals with pulmonary embolism;
individuals with cardiovascular disease or its risk factors; individuals receiving β-blocker
treatment; and breast cancer survivors), healthy individuals, and murine models.

Several studies were carried out in collegiate soccer players [12–14]. Aiming to com-
pare accumulated workloads between starters and reserves in collegiate soccer, Jagim
et al. [12] reported a greater distance covered by starters throughout the season, resulting
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in almost double the training load compared to reserves. The authors suggested the man-
agement of player workloads in collegiate soccer to address potential imbalances between
starters and reserves throughout a season. In National Collegiate Athletics Association
Division I women’s soccer, Askow and colleagues [13] showed that the sRPE-derived
training load was strongly associated with Global Positioning System-derived measures of
external load; these relationships were stronger during match play, with acceleration load
and total distance exhibiting the strongest relationship with sRPE-derived training load.
Finally, Redd et al. [14] found improvements in certain lower leg muscle tensiomyography
measures in male soccer players in response to different warm-up protocols, including
small-sided games and dynamic and plyometric exercises, regardless of the specific warm-
up activities used.

Regarding the most used tests in soccer players and referees, using a meta-analysis,
Grgic et al. [15] reviewed the effects of mental fatigue based on performance in the Yo-Yo
test and Loughborough soccer passing and shooting tests. According to their results, mental
fatigue negatively impacts endurance-based running performance, as well as soccer passing
and shooting skills. Moreover, Romano et al. [16] evaluated the correlation between the
official 6 × 40 m sprint and Yo-Yo Intermittent Recovery Level 1 tests and other field-based
tests in male referees, and found that Illinois agility and hand-grip tests could represent
simple and low-physical-impact tools for the repeated assessment and monitoring of
referee fitness throughout the season. Examining the reliability, validity, sensitivity, and
usefulness of the most commonly used field aerobic fitness tests, Bok and Foster [17]
reported that the University of Montreal track test and the 30–15 intermittent fitness test
were the best solutions for the prescription of long and short high-intensity interval training
sessions, respectively.

Investigating the association between three different strength and plyometric exer-
cises and force- and velocity-oriented change-of-direction performance in female handball
and soccer players, Falch and colleagues [18] observed correlations between strength and
change-of-direction performance, highlighting that the differences in step kinematics be-
tween fast and slow performers were mainly found in stronger athletes who were able to
carry out a greater workload in a shorter time. Comparing the biomechanical parameters
of drop jumps executed on rigid and sand surfaces, Giatsis et al. [19] showed that the
compliance of sand decreases the efficiency of the mechanisms involved in the optimization
of drop jump performance in male beach volleyball; this suggests that sand can offer injury
prevention under the demand for large energy expenditure as it experiences less loading
during the eccentric phase of the drop jump. Gómez-Carmona et al. [20] asserted that in
semi-professional basketball players, training design must be individualized according
to different variables, including physical fitness profiles. From a practical point of view,
their results show that the advantages and weaknesses of each athlete can be determined in
order to adapt training tasks and game systems to the skills and capabilities of the players.
Daly and colleagues [21] documented ex-professional rugby players’ understanding of
concussions and the analogies they use to describe concussions in order to determine the
explicit and implicit pressures of playing professional rugby. The interviews highlighted
that players, particularly coaches, did not fully understand the ramifications of concus-
sive injury and other injury risks; this reveals the need to assist coaches in perceiving a
concussion as a significant injury and not downplaying its seriousness in contact sports.
Describing the conservative treatment of indirect structural muscle injuries, which are the
more routinely found and more challenging type, Palermi et al. [22] reviewed therapeutic al-
gorithms for muscle injuries and provided specific exercise rehabilitation for the four main
muscle groups (i.e., the hamstrings, quadriceps, adductors, and soleus/gastrocnemius).

In the studies focusing on individual sports [23–27], Leo et al. [23] investigated the
effects of COVID-19 restrictions on training and performance physiology measures in U23
elite cyclists, concluding that COVID-19 restrictions did not negatively affect training char-
acteristics and physiological performance measures for a period of <30 days. Boullosa and
colleagues [24] monitored the associations between HRV, training load, and performance
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in a middle-aged recreational female runner during a competitive 20-week macrocycle
divided into a first and second mesocycle, in which her best performances over 10 km
and 21 km were recorded. Their findings highlighted the practicality of concurrent HRV
and sRPE monitoring in recreational runners, with the root mean square of the successive
differences in R-R intervals:R-R intervals ratio indicative of specific adaptations.

Sandau et al. [25] examined the predictive validity of a new approach to the estimate
one-repetition maximum (1RM) snatch computed from the two-point snatch pull force–
velocity relationship, to determine the actual 1RM snatch performance in elite weightlifters.
Aidar and colleagues [26] found that the maximum isometric force, rate of force devel-
opment, time, velocity, and dynamic time had lower values, especially in the initial and
intermediate phases in the sticking region, in Paralympic powerlifting athletes. In a sub-
sequent study by the same research group [27] hemodynamic responses in Paralympic
bench press powerlifting athletes were analyzed with respect to conventional powerlifting
before and up to 60 minutes after training. According to the results of the heart pressure
product, there is no risk of hemodynamic overload in conventional or Paralympic power-
lifters. Moreover, training promoted a moderate hypotensive effect, with blood pressure
adaptation immediately and 60 min after exercise.

Evaluating the effects of an intensive exercise program on health-related outcomes
and cardio-metabolic health measures in a group of overweight and obese adults with and
without T2DM, Pippi and colleagues [28] found that physical activity level and sitting time
did not seem to influence the beneficial effects of exercise intervention. Bentes et al. [29]
examined the influence of 12 months of vitamin D supplementation on the components of
physical fitness in postmenopausal women with T2DM. Their findings showed that vitamin
D supplementation alone was effective in increasing serum vitamin D levels, altering muscle
strength, improving muscle function, and preventing and controlling fragility caused by
T2DM and aging.

Stavrou et al. [30] assessed the effect of 8 weeks of pulmonary rehabilitation in patients
with pulmonary embolism, during unsupervised and supervised pulmonary rehabilitation,
on cardiopulmonary exercise testing parameters, sleep quality, quality of life, and cardiac
biomarkers. Their findings highlighted that pulmonary rehabilitation may present a safe
method of intervention regardless of supervision. Schultz et al. [31] aimed to document
the training load accomplished by patients with known cardiovascular disease, or with
risk factors likely to cause cardiovascular disease, in a community-based exercise program
using both steps/day and the sRPE approach. They concluded that patients in a community
clinical exercise program achieve the American College of Sports Medicine guidelines, but
accomplish fewer steps than recommended. The same research group [32] developed
equations for predicting the peak oxygen uptake (VO2peak) and ventilatory threshold
(VT) during a 6 min walk test, on the basis of walking performance and terminal RPE, in
clinically stable patients who took part in a cardiac rehabilitation program. The addition
of terminal RPE to the 6 min walk test distance improved the prediction of maximal
metabolic equivalents (METs) and METs at VT, which may have practical applications for
exercise prescription.

Birnbaumer and colleagues [33] showed that the HR performance curve pattern during
incremental cycle ergometer exercise was different in individuals receiving β-blocker
treatment compared to that in healthy individuals, suggesting the percentage of maximum
power output as a better indicator for exercise intensity prescription in this population. Di
Blasio et al. [34] compared the effects of weekly personal feedback, based on objectively
measured physical activity, on the trends of both daily sedentary time and physical activity
in breast cancer survivors with those of an intervention also including online supervised
physical exercise sessions during Italy’s COVID-19 lockdown. Their findings showed that
the use of an activity tracker and its accompanying app, with the reception of weekly
tailored advice and supervised online physical exercise sessions, can elicit proper physical
activity in breast cancer survivors in the COVID-19 era.
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Rogers et al. [35] investigated whether the anaerobic threshold derived from gas
exchange is associated with the transition from a correlated to an uncorrelated random
HRV pattern. HR associated with a Detrended Fluctuation Analysis alpha 1 value of 0.5
was closely related to HR at the second VT derived from gas exchange analysis, and has the
potential to be a noninvasive marker for training intensity distribution and performance
status. Moreover, De Blauw et al. [36] reported similar improvements in cardiovascular
function, body composition, and fitness in HRV-guided high-intensity functional training
when compared to predetermined high-intensity functional training, despite fewer days at
high intensity.

Tyrrell et al. [37] tested a recently developed generalized model [38] to downregulate
absolute training intensity in order to account for cardiovascular drift and achieve the
desired internal training load using METs during exercise testing and training. Comparing
acute responses to three time-matched exercise regimens consisting of sprint interval
training, high-intensity interval training, and vigorous continuous training, Benítez-Flores
and colleagues [39] suggested that high-intensity interval training and vigorous continuous
training accumulate the longest duration at near maximal intensities, which is considered a
key factor in enhancing maximal oxygen uptake (VO2max).

Mayer et al. [40] assessed the surface electromyographic activity of the lumbar extensor
muscles during full-range-of-motion, dynamic exercise on a home back extension exercise
device at three exercise loads. They concluded that dynamic exercise on a home back exten-
sion exercise device is safe and provides a mechanism to progressively activate the lumbar
extensor muscles. O’ Brien et al. [41] reviewed the literature on the efficacy of flywheel
inertia training to increase hamstring strength, and provided general recommendations on
valuable flywheel inertia training determinants when integrating this kind of training into
a hamstring strengthening program. Finally, Cariati et al. [42] showed that a well-designed
aerobic training protocol in terms of speed and speed variation significantly contributes to
improving synaptic plasticity and hippocampal ultrastructure, optimizing its benefits in
the brains of young murine models.

Given the great success of the first and second editions of this Special Issue, we have
launched a third edition, for which we hope to receive contributions focusing on the use
of laboratory or field evaluations to generate training advice in patients, healthy people,
and athletes.
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Abstract: Research quantifying the unique workload demands of starters and reserves in training
and match settings throughout a season in collegiate soccer is limited. Purpose: The purpose of
the current study is to compare accumulated workloads between starters and reserves in collegiate
soccer. Methods: Twenty-two NCAA Division III female soccer athletes (height: 1.67 ± 0.05 m; body
mass: 65.42 ± 6.33 kg; fat-free mass: 48.99 ± 3.81 kg; body fat %: 25.22 ± 4.78%) were equipped with
wearable global positioning systems with on-board inertial sensors, which assessed a proprietary
training load metric and distance covered for each practice and 22 matches throughout an entire
season. Nine players were classified as starters (S), defined as those playing >50% of playing time
throughout the entire season. The remaining 17 were reserves (R). Goalkeepers were excluded. A
one-way ANOVA was used to determine the extent of differences in accumulated training load
throughout the season by player status. Results: Accumulated training load and total distance
covered for starters were greater than reserves ((S: 9431 ± 1471 vs. R: 6310 ± 2263 AU; p < 0.001) and
(S: 401.7 ± 31.9 vs. R: 272.9 ± 51.4 km; p < 0.001), respectively) throughout the season. Conclusions:
Starters covered a much greater distance throughout the season, resulting in almost double the
training load compared to reserves. It is unknown if the high workloads experienced by starters
or the low workloads of the reserves is more problematic. Managing player workloads in soccer
may require attention to address potential imbalances that emerge between starters and reserves
throughout a season.

Keywords: athlete monitoring; workload; GPS; soccer

1. Introduction

The seasonal monitoring of athletes is becoming a popular strategy across athletic de-
partments and within specific teams. The underlying theory of implementing team-based
monitoring is to appropriately manage training-related stress and recovery time throughout
a season to optimize performance while reducing the risk of injury and mitigating fatigue
as much as possible. The specifics of these relationships are likely heavily influenced by
the nuances of the methodology used to quantify workload and what performance-based
metrics or indices of recovery are being considered. A consensus statement on athlete mon-
itoring was previously published, which provided guidelines on how to assess workload,
and associated parameters to consider when drawing comparisons across different sports,
monitoring systems, and software programs [1]. Beyond these specifics, the practicality
of each sport setting, the specific physiological demands of the sport and competition
schedule likely dictate how a monitoring program could be integrated into regular team
activities. A recent systematic review found that athletes were at an increased risk for
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injury during periods of intensified training, changes in acute training load and following a
period of higher accumulated workload [2]. The challenge in applied sport science settings
is how to identify the specific thresholds that may constitute as excessive workloads, as
they are likely specific to the sport, level of competition (or training experience) and the
individual athlete.

Depending on the technology available and specific demands of the sport, various
metrics may be evaluated to quantify workloads of athletes. Internal workload is often
quantified using objective measures of physiological responses (i.e., heart rate, hormonal
fluctuations, training impulses, etc.) [1] or subjective measures such as session ratings of
perceived exertion (sRPE), perceived recovery status, perceived soreness, etc. [3]. External
workload can be quantified using various measures of movement kinematics, derived from
accelerometry, global positioning systems (GPS) [4], or local positioning systems (LPS) [1,5].
Each system produces various metrics and parameters used to characterize movement
demands such as total distance, high speed running, movement velocity, acceleration,
inertial movement units, and number of sprints. Previous work has reported strong
relationships between internal and external measures of workload in various sports [6–9].
Certain systems even calculate proprietary metrics to further characterize internal and
external workload demands incurred by athletes, some of which are summated throughout
a session and reflect both volume and intensity of work (i.e., training load by Polar and
player load by Catapult).

Individual sports have unique match demands that are dictated by the rules of play,
tactical strategies and fitness level of the athletes. Previous studies have examined the
specific match demands across different levels of play in soccer and across each sex [10–13].
In collegiate women’s soccer, the typical match results in an average distance of ~9800 m,
with approximately 1019 m (~10% of total distance) classified as high speed distance. The
overall mean velocity of match play was 63 m·m−1 with an average of 15 sprints per match.
This distance and speed of play elicited a heart rate response of 142 bpm or 74% of HR
max with peak HR values of 197 bpm equating to ~100% HR max and the mean HR was
74.2 ± 6% HR max [13]. As starters typically play >50% of match time throughout the
season, it would be safe to assume they are more representative of the mean HR values
and other calculations of match demands that are a reflection of the team’s performance
throughout a match. As a result, starters and non-starters are likely to accrue varying
workloads over the course of the season. Therefore, it is necessary to analyze HR and
workload separately for starters and reserves.

Currently, limited information is available regarding the accumulation of workloads
throughout a season in collegiate soccer and how they differ between starters and reserves.
Recently, Curtis et al. [14] were one of the first groups to report on the differences in
accumulated workloads between starters and non-starters throughout an NCAA Division I
men’s soccer season. While starters accumulated substantially more distance and number
of accelerations throughout the season, non-starters accumulated more distance and higher
TRIMP volumes during training, indicating that non-starters may complete extra work
or conditioning during practice compared to starters. Such discrepancies throughout a
season may pose challenges to coaches regarding the management of workloads in starters
while also providing an adequate and consistent training stimulus for reserves in order to
maintain the physiological adaptations required to elicit improvements in performance
throughout the season.

It has been previously demonstrated that the accumulative stress of an entire season
in NCAA Division I men’s [15] and women’s [16] soccer leads to significant hormonal
perturbations, hematological changes and decrements in aerobic fitness and power, despite
lower training loads as the season progressed, in relation to the higher workloads during the
pre-season period. Further, post-season declines in soccer-specific fitness parameters appear
to be related to the amount of match playing time completed by each player throughout
the season [17]. When grouped by starter status, starters appear to experience greater
reductions in strength, speed and power compared to reserves following a season in men’s
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collegiate soccer [15]. These trends indicate that players completing higher workloads,
which is likely the case in starters, may be at a greater risk for declines in fitness entering
the post-season period; however, this has yet to be examined in women’s collegiate soccer.

Athlete monitoring is particularly useful when comparing one season to another and
examining seasonal outcomes in team success, performance levels, fatigue, and injury rates.
By monitoring accumulative workloads throughout a season, practitioners can help guide
coaching decisions regarding workload management in starters and reserves. Furthermore,
this monitoring could better direct conditioning activities during training sessions for
reserves if needed. Appropriate workload management may optimize playing performance
leading in to post-season play and reduce risks of injuries throughout the season. Therefore,
the purpose of this study was to examine differences in accumulated workloads throughout
the season between starters and reserves in collegiate women’s soccer.

2. Methods
2.1. Subjects

Twenty-two NCAA Division III collegiate women soccer athletes (height: 1.67 ± 0.05 m;
body mass: 65.42 ± 6.33 kg; fat-free mass: 48.99 ± 3.81 kg; body fat %: 25.22 ± 4.78%)
participated in this observational study. Athletes who were medically cleared to participate
in practice and match play were eligible to participate in this study. Athletes who were not
an active member of the women’s soccer team, or were currently injured at the start of pre-
season, were excluded from participation. For the purposes of player status determination,
a threshold of >50% of total match duration for the season was used to designate players as
starters (n = 8) or reserves (n = 14) based on previously used methods [13]. Goalkeepers
were excluded from this study. All participants provided written consent in accordance
to the Institutional Review Board of the University of Wisconsin—La Crosse and Human
Subjects Guidelines for Research.

2.2. Study Design

Players were initially invited to an informational meeting prior to the start of the
2019 season during which time details of their participation were explained to them.
Demographic information was collected at this time and used to create personalized
player profiles in the monitoring system’s software platform. Players were equipped with
wearable global positioning systems with on-board inertial sensors which assessed heart
rate and movement kinematics when worn. Starting during the pre-season training period,
all players wore the GPS-based monitoring units throughout the duration of each practice.
Players were instructed to position the monitors in place once they were on the field and
about to start the warm-up. The monitors were removed at the end of active practice
for a total of 47 practices. Players followed the same protocol during all matches at the
start of the competitive season for a total of 22 matches. 977 practice files (367 and 610
from starters and reserves, respectively) and 467 match files (172 and 295 from starters
and reserves, respectively) were included in the analysis for a total of 1444 unique player
sessions. Workload values were then summed at the end of the season for each of the
internal and external load variables recorded by the system.

2.3. Athlete Monitoring System

All players were equipped with a GPS-based monitoring system with built-in heart rate
monitoring capabilities (Polar TeamProTM Polar Electro, Oy, Finland). Player demographic
information, including age, height and weight, was entered into the proprietary software
program associated with the monitoring system which was used to predict aerobic capacity
and max heart rate based on age and manufacturer algorithms. The max heart rates (HR)
were continually adjusted throughout the pre-season to provide the most accurate and
up to date measure of maximal HR. Heart rate zones were used to quantify intensity and
defined as: zone 1 = 50–60%, zone 2 = 60–70%, zone 3 = 70–80%, zone 4 = 80–90%, and
zone 5 = 90–100%. The software provided a proprietary metric referred to as Training
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Load which was calculated from heart rate intensity and duration of activity, presented in
arbitrary units. At the end of each training session or match, each sensor was removed from
the players, loaded to a docking station, and synced to a cloud-based software program
operated by the manufacturer. Data were then exported from this program and later used
for analysis.

2.4. Movement Kinematics

The monitoring system provided a count of the frequency of accelerations and de-
celerations using the following thresholds for categorization: low = ±0.5–1.99 m·s−2,
moderate = ±2.00–2.99 m·s−2, and high = ±3.00–50.0 m·s−2 based upon previously used
methods [13]. The following thresholds were used for determination of speed walk/stand
≤6.99 km·h−1, jog = 7.0–14.99 km·h−1, run = 15.0–18.99 km·h−1, and sprint ≥19.00 km·h−1.
High speed distance (HSD) was a combination of run and sprint speed zones. Sprints were
also counted in an accumulating fashion and were defined as any movement resulting in
an acceleration >2.8 m·s−2. For reference, a detailed summary of the match demands by
position has been previously published [13].

2.5. Statistical Analyses

Differences in accumulated training load and movement characteristics between
starters and reserves were examined using a repeated measures analysis of variance. When
significant main effects or interactions were identified, Bonferroni post hoc analysis were
calculated to determine where differences existed. Normal distribution was confirmed via
visual inspection of normal Q-Q plots and via assessment of skewness/kurtosis values.
Alpha was set at p < 0.05 for determination of statistical significance. Pairwise differences
were used to calculate Cohen’s d (d) effect sizes along with 95% confidence intervals (LB,
UB) to determine the magnitude of differences in accumulated workload values. The
effect sizes were interpreted using the following criteria: 0.2 = trivial, 0.2–0.6 = small,
0.7–1.2 = moderate, 1.3–2.0 = large, and >2.0 = very large [18]. All data were analyzed
using IBM SPSS Statistic for Windows (Version 25.0; IBM Corp., Armonk, NY, USA).

3. Results

Accumulated total distance was significantly greater for starters compared to reserves
for the total season (starters: 401.7 ± 31.9 vs. reserves: 272.9 ± 51.4 km; p < 0.001; d = 2.83
[1.62, 4.03]) and matches (starters: 222.0 ± 21.3 vs. reserves: 100.9 ± 38.6 km; p < 0.001;
d = 3.61 [2.23, 4.98]) as presented in Figure 1A. Accumulated HSD was significantly
greater for starters compared to reserves for all sessions (starters: 38.5 ± 11.9 vs. reserves:
24.8 ± 8.8 km; p = 0.006; d = 1.37 [0.41, 2.33]) and matches (starters: 24.3 ± 8.0 vs. reserves:
10.2 ± 6.5 km; p < 0.001; d = 2.00 [0.95, 3.05]), as presented in Figure 1B. Accumulated
training load was significantly higher in starters compared to reserves for the total season
(starters: 9431 ± 1471 vs. reserves: 6310 ± 2263; p = 0.002; d = 1.54 [0.56, 2.53]) and
matches (starters: 5515 ± 753 vs. reserves: 2392 ± 1217; p < 0.001; d = 2.90 [1.68, 4.12]),
respectively as presented in Figure 2A. Accumulated number of sprints during matches
(starters: 364.3 ± 102.8 vs. reserves: 180.9 ± 78.5; p < 0.001; d = 2.09 [1.02, 3.15]) and
the season (starters: 700.6 ± 186.5 vs. reserves: 484.9 ± 169.4; p = 0.012; d = 1.23 [0.29,
2.17]) was significantly higher for starters compared to reserves, respectively, as presented
in Figure 2B. Total distance (starters: 179.7 ± 12.4 vs. reserves: 172.0 ± 25.5; p = 0.438;
d = 0.35 [−0.52, 1.23]), HSD (starters: 14.2 ± 4.2 vs. reserves: 14.6 ± 3.8; p = 0.820; d = 0.10
[−0.77, 0.97]), sprints (starters: 336.4 ± 90.2 vs. reserves: 304.0 ± 103.8; p = 0.470; d = 0.33
[−0.55, 1.20]), and training load (starters: 3916 ± 885 vs. reserves: 3918 ± 1358; p = 0.998;
d = 0.00 [−0.87, 0.87]) did not differ between starters and reserves during practice sessions
throughout the season. Significant and meaningful differences in accumulated time spent
in the different heart rate zones and acceleration totals for matches throughout the entire
season were observed as presented in Tables 1–3.
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Table 1. Total accumulated workloads for all sessions in NCAA Division III women’s soccer by
starting status (mean ± SD).

Variable Starters Reserves p Cohen’s d (LB, UB)

VZ1 (km) 188.8 ± 16.4 139.5 ± 23.7 <0.001 2.30 (1.20, 3.40)
VZ2 (km) 174.4 ± 29.6 108.6 ± 24.0 <0.001 2.52 (1.38, 3.67)
VZ3 (km) 27.4 ± 7.3 17.4 ± 5.8 0.002 1.58 (0.59, 2.56)
VZ4 (km) 11.0 ± 5.4 7.4 ± 3.2 0.059 0.89 (−0.02, 1.80)

HRZ1 (min) 1460 ± 278 1473 ± 217 0.906 0.05 (−0.82, 0.92)
HRZ2 (min) 1362 ± 253 1258 ± 386 0.508 0.30 (−0.57, 1.17)
HRZ3 (min) 1161 ± 263 920 ± 255 0.048 0.93 (0.02, 1.85)
HRZ4 (min) 1346 ± 369 870 ± 275 0.003 1.53 (0.55, 2.51)
HRZ5 (min) 923 ± 576 511 ± 251 0.029 1.04 (0.12, 1.96)
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Table 1. Cont.

Variable Starters Reserves p Cohen’s d (LB, UB)

AZ1 (n) 88,234 ± 8807 65,991 ± 10,932 <0.001 2.17 (1.09, 3.25)
AZ2 (n) 5674 ± 858 3743 ± 985 <0.001 2.05 (0.99, 3.11)
AZ3 (n) 1011 ± 295 728 ± 241 0.023 1.09 (0.16, 2.01)

Velocity Zone Abbreviations: VZ1 (Walk/Stand) ≤6.99 km·h−1; VZ2 (Jog) = 7.0–14.99 km·h−1; VZ3
(Run) = 15.0–18.99 km·h−1; VZ4 (Sprint) ≥19.00 km·h−1. Heart rate zone abbreviations: HRZ1 = 50–60%;
HRZ2 = 60–70%; HRZ3 = 70–80%; HRZ4 = 80–90%; HRZ5 = 90–100%. Acceleration Zone Abbreviations:
AZ1 = ±0.5–1.99 m·s−2; AZ2 = ±2.00–2.99 m·s−2; AZ3 = ±3.00–50.0 m·s−2.

Table 2. Total accumulated match-day workloads in NCAA Division III women’s soccer by starting
status (mean ± SD).

Variable Starters Reserves p Cohen’s d (LB, UB)

VZ1 (km) 92.9 ± 12.3 48.8 ± 13.7 <0.001 3.34 (2.02, 4.65)
VZ2 (km) 104.8 ± 19.3 41.9 ± 19.5 <0.001 3.24 (1.95, 4.53)
VZ3 (km) 17.7 ± 5.2 7.4 ± 4.5 <0.001 2.14 (1.06, 3.21)
VZ4 (km) 6.6 ± 3.5 2.7 ± 2.0 0.004 1.46 (0.49, 2.43)

HRZ1 (min) 505 ± 178 677 ± 178 0.042 0.96 (0.05, 1.88)
HRZ2 (min) 506 ± 91 418 ± 183 0.221 0.56 (−0.32, 1.44)
HRZ3 (min) 490 ± 146 281 ± 96 0.001 1.81 (0.79, 2.83)
HRZ4 (min) 842 ± 368 286 ± 161 <0.001 2.19 (1.11, 3.28)
HRZ5 (min) 700 ± 403 269 ± 157 0.002 1.60 (0.61, 2.58)

AZ1 (n) 42,659 ± 5305 23,771 ± 6356 <0.001 3.14 (1.87, 4.41)
AZ2 (n) 3069 ± 545 1358 ± 660 <0.001 2.75 (1.56, 3.94)
AZ3 (n) 529 ± 162 268 ± 125 <0.001 1.87 (0.84, 2.90)

Velocity Zone Abbreviations: VZ1 (Walk/Stand) ≤6.99 km·h−1; VZ2 (Jog) = 7.0–14.99 km·h−1; VZ3
(Run) = 15.0–18.99 km·h−1; VZ4 (Sprint) ≥19.00 km·h−1. Heart rate zone abbreviations: HRZ1 = 50–60%;
HRZ2 = 60–70%; HRZ3 = 70–80%; HRZ4 = 80–90%; HRZ5 = 90–100%. Acceleration Zone Abbreviations:
AZ1 = ±0.5–1.99 m·s−2; AZ2 = ±2.00–2.99 m·s−2; AZ3 = ±3.00–50.0 m·s−2.

Table 3. Total accumulated practice session workloads in NCAA Division III women’s soccer by
starting status (mean ± SD).

Variable Starters Reserves p Cohen’s d (LB, UB)

VZ1 (km) 95.9 ± 4.9 90.8 ± 14.8 0.352 0.42 (−0.46, 1.30)
VZ2 (km) 69.5 ± 11.6 66.6 ± 11.0 0.567 0.26 (−0.61, 1.13)
VZ3 (km) 9.7 ± 2.4 10.0 ± 2.5 0.850 0.08 (−0.78, 0.95)
VZ4 (km) 4.5 ± 2.0 4.7 ± 1.6 0.797 0.12 (−0.75, 0.98)

HRZ1 (min) 955 ± 151 796 ± 134 0.019 1.13 (0.20, 2.06)
HRZ2 (min) 856 ± 177 841 ± 226 0.872 0.07 (−0.80, 0.94)
HRZ3 (min) 671 ± 154 639 ± 182 0.686 0.18 (−0.69, 1.05)
HRZ4 (min) 504 ± 134 583 ± 187 0.306 0.47 (−0.41, 1.35)
HRZ5 (min) 223 ± 201 241 ± 154 0.810 0.11 (−0.76, 0.98)

AZ1 (n) 45,576 ± 4104 42,220 ± 6427 0.201 0.59 (−0.30, 1.47)
AZ2 (n) 2606 ± 414 2385 ± 524 0.320 0.45 (−0.43, 1.33)
AZ3 (n) 482 ± 148 459 ± 142 0.723 0.16 (−0.71, 1.03)

Velocity Zone Abbreviations: VZ1 (Walk/Stand) ≤6.99 km·h−1; VZ2 (Jog) = 7.0–14.99 km·h−1; VZ3
(Run) = 15.0–18.99 km·h−1; VZ4 (Sprint) ≥19.00 km·h−1. Heart rate zone abbreviations: HRZ1 = 50–60%;
HRZ2 = 60–70%; HRZ3 = 70–80%; HRZ4 = 80–90%; HRZ5 = 90–100%. Acceleration Zone Abbreviations:
AZ1 = ±0.5–1.99 m·s−2; AZ2 = ±2.00–2.99 m·s−2; AZ3 = ±3.00–50.0 m·s−2.

4. Discussion

The aim of the current study was to examine differences in accumulated workloads
between starters and reserves throughout a collegiate soccer season. Several practically
meaningful differences in accumulated measures of external and internal workloads were
observed between starters and reserves. Throughout the season, starters covered a greater
total distance (401.7 km) and greater distances covered at high speeds (38.5 km) compared to
reserves (272.9 and 24.8 km, respectively). Differences in accumulated workload appear to
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be primarily driven by differences in match playing time, as accumulated match workloads
followed a similar pattern as the season totals, whereas few differences in accumulated loads
were present when training sessions only were assessed (see Figures 1 and 2). Throughout
the season, starters covered a greater distance across all velocity zones, with the exception
of sprinting, which was defined as >19.00 km·h−1 (Table 1). Similarly, starters recorded
a greater number of accelerations in all three acceleration categories (Table 1). These
differences in external workload elicited similar discrepancies in internal workloads as
starters also spent more time in HR zones 3–5 throughout the season.

When comparing differences in the heart rate-based metric of internal workload
(training load), starters again accumulated greater training loads throughout the season
compared to reserves. Similar to external workloads, these discrepancies in accumulated
measures of internal workload appear to be driven by the differences in match playing time,
in which reserves, by definition, did not play as much during match play and therefore
slowly accumulated less loads throughout the season. The results of the current study
are the first to profile accumulated workloads throughout a season in collegiate women’s
soccer. Previously Curtis et al. [14] examined accumulated workloads throughout a season
in NCAA Division I men’s collegiate soccer and reported total distances of ~400 km for
starters and ~325 km for reserves. Interestingly, the accumulated total distance for the
starters is almost identical to that from the current study indicating the men’s and women’s
collegiate soccer seasons result in comparable total distances covered, despite differences
in the level of play (DI vs. DIII). Additionally, and in alignment with findings from the
current study, in Division I men, starters also accumulated a higher number of accelerations,
covered greater distances in all velocity zones, spent more time at a heart rate intensity of
70–90% of max heart rate and display greater TRIMP values (measure of internal workload)
throughout the season compared to reserves [14].

These findings are not surprising considering previous work has indicated comparable
match demands between collegiate men and women, regarding distances covered and heart
rate response [12,13]. However, the reserves in the study by Curtis et al. [14] accumulated
substantially more total distance and TRIMP values throughout the seasons (5 teams
monitored over 2 seasons) during training sessions, relative to the starters within the same
study. Additionally, the reserves in the current study also did not cover as much distance
as those from the study by Curtis et al. [14]. Together, these data suggest that players
at the Division I level, may train with greater workloads during practices, or complete a
greater number of practices throughout a season compared to Division III. Based on these
observations, it appears as though a collegiate men’s and women’s soccer season may
otherwise lead to similar total external workloads throughout a season for starters. One
notable difference for internal workload, is that women may spend a greater amount of
time at >90% HR max (890 min; HR zone 5) compared to men (586 min), which was actually
classified as HR zone 6 in the study by Curtis et al. [14].

It is difficult to discern whether the observed discrepancies in accumulated workloads
throughout the season in the current study are an indication that starters are exposed to
excessive workloads or reserves are potentially undertraining throughout the season. A
limitation of the current study is that neither indices of performance nor biological pa-
rameters of training stress or readiness were assessed throughout the season. Therefore,
it is difficult to examine any specific relationships between the workloads in the current
study and how they may have impacted player performance, fitness levels, physiolog-
ical adaptations, or hematological changes throughout the season. However, previous
research has indicated that greater accumulated workloads throughout a soccer season
lead to greater disturbances in hematological, hormonal and autonomic function, and
larger reductions in measures of performance [15,19–21]. For example, Walker et al. [21]
examined changes in biomarkers throughout a season in collegiate women’s soccer and
found that athletes with higher training loads and exercise energy expenditure experienced
significant physiological changes throughout the course of the season. Mainly, free and
total cortisol, prolactin, triiodothyronine (T3), Interleukin-6 (IL-6), creatine kinase, and
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total iron-binding capacity levels significantly increased throughout the season. Whereas a
significant decrease in Omega-3, iron, hematocrit, ferritin and percent transferrin saturation
also occurred. Another important finding of this study is that the magnitude of the phys-
iological changes coincided with higher training loads and exercise energy expenditure
during the preseason period, which were further intensified by the cumulative effects of the
workloads throughout the rest of the season [21]. In a similar study, Huggins et al. [20] also
observed clinically meaningful changes in several hematological, hormonal, and inflamma-
tory biomarkers throughout a collegiate soccer season in men. However, to what extent
these changes were influenced by individual player loads were not examined, therefore
it is difficult to identify how the magnitude of accumulated workload may have exerted
any causal influence on such markers. Saidi et al. [22] analyzed 16 elite Tunisian soccer
players were over a 12 week period, assessing them at 3 different times, each following
various accumulative workloads. The greatest reductions in sprint performance occurred
following the most intensive workload period, which also happened to occur at the end
of the season, when the accumulative effects of the season may have been a contributing
factor. Such physiological changes should be taken into consideration for starters as they
are exposed to greater workloads throughout the season and could potentially experience
more perturbations in these biomarkers.

There is also the concern that a higher accumulation of workloads throughout a season,
may predispose starters to a greater risk of injury. While not assessed in the current study,
previous work as suggested that excessive workloads may be associated with greater risks
for injuries. The challenge lies within the identification of a threshold by which additional
workloads may be deleterious to recovery and performance; and how to identify such a
threshold before the line is crossed. Following a 2 year monitoring period in elite youth
soccer, authors noted greater relative risks of overall and non-contact injuries following
periods of higher accumulative workloads, particularly over 3 and 4 week periods of higher
total distances and higher number of accelerations [23]. Similarly, in a study examining
weekly training and match loads of 46 elite Australian footballers, the authors reported that
as the workload increased, so did the risk of injury. The authors, therefore, recommended
that the practice of monitoring and adjusting workloads weekly, may help reduce the
risk of injury [24]. These findings are supported by an extensive review conducted by
Eckard et al. [25], in which the authors concluded that based on the current evidence there
appears to be a strong relationship between training load and injury. Because starters
are faced with greater exposures and playing times, they are inherently at a great risk for
injury. This elevated risk may be greater at the collegiate level as there is a higher frequency
of competition compared to the professional level; however, more evidence is needed to
support this hypothesis.

On the contrary, the reduced accumulative workload experienced by the reserves, may
also be an area of concern as it may lead to detraining effects; however, previous work in
this area has yielded mixed results. At the collegiate [26] and professional level [27], it has
been demonstrated that starters were able to maintain and even increase various measures
of performance throughout a basketball season, with performance increases tending to co-
incide with increased playing time. Thereby indicating that regular and sufficient stimulus
throughout the season may help elicit performance adaptations throughout the season.
Contradictory findings were noted by McLean et al. [28], who reported significant decline
in maximal power output during inertial load cycling in starters throughout the season
in soccer players, but not in non-starters. In, an earlier study by Kraemer et al. [15], the
authors noted significant reductions in vertical jump and sprint performance at the end
of a soccer season in starters, which were not observed in non-starters. The authors [15]
concluded that because of higher accumulative workloads throughout the season, the
starters may have been overtrained, which may have subsequently contributed to the
observed reductions in performance. Therefore, it may be a mixture of the two in that the
higher accumulative workloads experienced by starters may provide a continued stimulus
for further improvements throughout the season but excessive amounts may result in an
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overtraining effect, in which, athletes may experience decrements in performance and other
disturbances in biomarkers. Whereas non-starters may benefit from additional training
throughout the season, in order to continue providing regular stimuli likely required to
elicit an adaptive response to compensate for the lack of match play. The lack of in-season
and post-season performance assessments is a limitation of the current study design. With-
out these performance assessments, it is difficult to determine if the starters were exposed
to excessively high workloads or conversely, if the reserves were not exposed to sufficient
workloads required to elicit physiological adaptations or maintain fitness status through-
out the season. Future research should employ regular in-season performance testing to
evaluate fitness levels, neuromuscular function and overall player readiness to help guide
decision making on load management strategies and player readiness.

5. Conclusions

The total accumulative distance covered by starters was almost double that covered by
reserves throughout the season. Further, starters accumulated greater HSD, higher training
loads, and a greater number of sprints throughout the season for all sessions compared to
reserves. Significant discrepancies were also observed for the amount of time starters and
reserves spent in different HR zones. Specifically during match play, starters spent most of
the match in HR zone 4, while reserve players were found to spend most of their time in HR
zone 1, which also contributed to greater accumulative internal workloads (training load)
throughout the season for starters. Higher workloads have been linked to more accentuated
perturbations of several biomarkers when compared to lower workloads, which may also
carry a higher risk of injury. Discrepancies in accumulated workloads throughout the
season between starters and reserves have been previously established in men’s, and now
women’s collegiate soccer. However, there have been mixed findings regarding how such
workload discrepancies influence the ability to maintain fitness levels throughout a season.
Future studies should seek to examine which end of the spectrum is more problematic: the
higher workload experienced by starters or the lower workload experienced by reserves.
Both extremes may be detrimental to players’ health and performance. On one hand,
the higher load experienced by starters, may lead to overtraining, accumulative fatigue,
inflammation, higher risk of injury and psychological disturbances. On the other hand, the
lower load experienced by reserve players may not be sufficient to maintain fitness status
throughout a season and would therefore would warrant additional training for reserves
throughout the season.
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Abstract: Purpose: The purpose of this study was to determine whether session rating of perceived
exertion-derived training load (sRPE-TL) correlates with GPS-derived measures of external load in
National Collegiate Athletics Association (NCAA) Division I female soccer athletes. Methods: Twenty-
one NCAA Division 1 collegiate women’s soccer athletes (11 starters, 10 non-starters; 65.1 ± 7.2 kg,
168.4 ± 7.9 cm, 20.3 ± 1.5 yrs) volunteered to take part in this study. Data for this study were collected
over the course of 16 weeks during the 2018 NCAA women’s soccer season. External load and heart
rate (HR) data were collected during each training session and match during the season. At least
30 min after the end of an activity (e.g., match or practice), athletes were prompted to complete
a questionnaire reporting their perceived exertion for the session. sRPE-TL was calculated at the
end of the season by multiplying perceived exertion by the respective session duration. Results:
sRPE-TL was very strongly correlated with total distance, distance covered in velocity zones 1–3, the
number of accelerations in zones 4 and 5, total PlayerLoad™, and PlayerLoad™. For internal load,
sRPE-TL correlated very strongly (0.70 ≤ |r| < 0.90) with Edward’s and Bannister’s TRIMP and
strongly (0.50 ≤ |r| < 0.70) with duration spent in in heart rate zones 5 and 6 (80–90% and 90–100%
max HR, respectively) while correlations with maximum HR (bpm), mean HR (bpm), and mean
HR (%) and sRPE-TL were moderate (0.30 ≤ |r| < 0.50). Conclusions: In NCAA Division I women
soccer, sRPE-TL is strongly associated with external measures of workload. These relationships
were stronger during match play, with acceleration load and total distance exhibiting the strongest
relationship with sRPE-TL.

Keywords: athlete monitoring; internal load; ratings of perceived exertion; soccer

1. Introduction

Progressive overload is critical for maximizing positive adaptations to training. Inade-
quate overload can cause failure to adapt, while excessive load may increase the risk of
injury, illness, non-functional overreaching, or even overtraining syndrome [1]. Thus, load
monitoring throughout a season is a crucial component of athlete management. Quanti-
fying training load during sports practice can be challenging, due to the large number of
athletes and their unique movement characteristics at any given point throughout the train-
ing session or competition. This is particularly true in the setting of team sports, where a
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given external workload may represent considerable variation in the internal training load,
which is likely of more importance as a driver of the adaptive response [2]. A variety of
wearable technologies have been developed, of which each offers a unique set of movement
kinematics and measures of external workload that can be captured. In particular, wearable
global positioning systems (GPS) in combination with inertial sensors have been of particu-
lar interest for sport applications due to their ability to quantify kinematic and inertial load
metrics in a variety of settings. These systems have a growing body of evidence supporting
their use with valid and reliable measures of various parameters of movement kinematics
such as velocity, acceleration, and distances covered [3–6] for a variety of different sports [7].
However, these technologies can be cost-prohibitive and require training and knowledge
to efficiently interpret data and reduce error. Further, these units only measure external
training load, whereas internal load (i.e., the physiological stress imparted by external
load) more likely mediates the adaptive response to training and the strain of training
and competition experienced by the athlete [2]. Additionally, each GPS-system may have
accompanying software programs that utilize various thresholds or proprietary metrics
to quantify speed zones, high-speed distances, and various derivations of training load
or player load. As a result, comparisons across systems may prove challenging as the
resulting parameters may have been calculated differently. Therefore, other methods of
assessing training load may offer additional benefits, particularly if they are calculated
using consistent methods, and would therefore be able to be compared universally across
different settings.

Historically, heart rate (HR)-based methods have been primarily used for quantifying
internal training load. However, these methods require the use of wearable technology
in order to record HR. Although HR sensors are much more accessible in terms of cost
compared to GPS units, they are still susceptible to technical errors resulting in lost data.
Further, HR measures of internal load seem to be fairly inadequate in quantifying load
during very high-intensity training [8] and may not adequately account for the range
of intensities experienced. Furthermore, they may not account for the internal stressors
incurred in collision sports, which consist of high-impact collisions and blocking, tackling,
or rushing activities. Thus, solely relying on these measures to estimate cumulative load
may result in an inaccurate approximation of load, particularly in a highly stochastic
sport such as soccer. In response, Foster and colleagues [9] developed the concept of
integrating the Rating of Perceived Exertion (RPE) over the duration of a training session
or competition to calculate a session RPE (sRPE), for use in retrospective estimation of
global perceived exertion for the entire training bout. When multiplied by the duration
of an exercise bout, this duration–intensity product yields an sRPE-derived measure of
training load (sRPE-TL) as a subjective measure of internal load. This approach has been
shown to provide a low-cost and low-tech method of quantifying internal training load in
a variety of sport settings [9,10].

Since its introduction, sRPE-TL has been used in a large number of studies and has
been shown to correlate well with other measures of internal load [10–14]. However, most
training programs continue to prescribe work in terms of external load. Therefore, it
is important to understand the relationship between sRPE-TL and measures of external
load by examining its validity and utility as a tool for monitoring training load within a
particular team sport setting. Several studies have done so and have provided preliminary
evidence to indicate that sRPE-TL is highly correlated with total distance [15], accelerometer
load [16], and high-speed efforts [16]. Further, a recent meta-analysis indicates that sRPE-TL
is more strongly associated with external load compared to traditional HR-based measures
of internal load [17]. However, few studies have assessed these relationships in female
athletes competing at the collegiate level. Given the physiological differences between
males and females and possible sex differences in the reliability of perceived exertion [18],
it is important to further examine the relationship between sRPE-TL and measures of
external load in females. Furthermore, it is important to examine these relationships
across specific sport types as certain competition demands, movement characteristics, and
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physical abilities of the athletes may influence the magnitude of the relationship observed.
This is particularly true considering the relatively liberal substitution rules within collegiate
soccer, which differ meaningfully from the “starters continue to play” FIFA rules seen at the
professional level. Therefore, the purpose of this study was to determine whether sRPE-TL
correlates with GPS-derived measures of external load in National Collegiate Athletics
Association (NCAA) Division I female soccer athletes. As a secondary aim, we sought to
determine whether sRPE-TL or HR-based internal load was more strongly correlated to
the external load. We hypothesized that sRPE-TL would correlate well with measures of
external load.

2. Methods
2.1. Subjects

Twenty-one NCAA Division 1 collegiate women’s soccer athletes (11 starters,
10 non-starters; 65.1 ± 7.2 kg, 168.4 ± 7.9 cm, 20.3 ± 1.5 yrs.) volunteered to take part in
this study. All athletes were screened for health contraindications by the sports medicine
staff as part of the team’s normal standard of care and, thus, the sole inclusion criterion
was to be a member of the team. Goalkeepers were excluded due to the relatively low
total distance traveled compared to other positions. Interested athletes were informed
of the risks associated and provided written informed consent prior to participation. All
procedures involving human subjects were conducted in accordance with the requirements
of the Declaration of Helsinki and approved by the Institutional Review Board at Texas
Christian University (approval no. 1807-114-1807; approval date 30 July 2018).

2.2. Study Design

The data for this study were collected over the course of 16 weeks during the 2018
NCAA women’s soccer season. External load and HR data were collected during each
training session and match during the season. At least 30 min after the end of an activity
(e.g., match or practice), athletes were prompted to complete a questionnaire reporting
their perceived exertion for the session. sRPE-TL was calculated at the end of the season
by multiplying perceived exertion by the respective session duration. On match days, the
session durations were reflective of total warm-up duration plus the total (actual) on-field
time. Subsequently, the relationships between internal load (sRPE-TL and HR) and external
load measures were determined to assess the validity of sRPE-TL. A total of 1767 data
points from the GPS units and 1105 perceived exertion questionnaires were collected over
the course of the season. However, after excluding goal keepers (n = 211), players who left
the team early in the season (n = 43), and incomplete datasets (i.e., where either sRPE-TL
or external load data were not available; n = 441), a total of 1072 instances of concurrent
sRPE-TL and external load data were identified and included in the analysis. The final
analysis included both starters and non-starters.

2.3. Preliminary Testing

Two days prior to the beginning of preseason practice, athletes reported to the athletics
complex for preliminary testing to determine maximal velocity and HR using methods
recommended by Turner and colleagues [19]. For maximal velocity, athletes completed
3 trials of a maximal sprint task with a flying start. Electronic timing gates (Dashr, LLC;
Lincoln, NE, USA) were set up 20 m apart and used to calculate maximal velocity. Following
the sprint task, athletes completed a Yo-Yo Intermittent Recovery Test Level 1 for the
determination of maximal HR, which was later used for the calculation of relative HR
variables and HR intensity zones. The test was continued until athletes could no longer
complete a 40 m stage in two consecutive attempts. During the test, HR was measured
using chest-worn HR sensors (H7; Polar Electro, Kempele, Finland).
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2.4. Data Collection Procedures

Over the course of the season, the external load was assessed using commercially
available GPS units (OptimEye X4; Catapult Innovations, Melbourne, Australia) sampling
at 10 Hz. Prior to the first training session, research personnel fitted athletes with a
GPS unit in accordance with manufacturer guidelines. The unit was secured between
the athlete’s scapulae using a purpose-built cloth garment from the manufacturer. The
same GPS unit and garment were used every session for each athlete to minimize the
risk of inter-unit variability. Athlete profiles were created within the software program
OpenField (Catapult Innovations, Melbourne, Australia), with pertinent demographic
data used for each individual and data collected during preliminary testing. Previous
research indicated the current GPS monitoring system provides valid and reliable measures
of movement kinematic variables [3,5,6]. Specifically, strong relationships (r = 0.99–1.00)
with small typical error of the estimate (TEE; 0.08–0.38) values have been reported for
total distance, and distances at low speeds (0–3 m·s−1), moderate speeds (3–5 m·s−1),
high speeds (5–7 m·s−1), and very high speeds (>7 m·s−1), when compared to criterion
measures [5]. There is also evidence indicating a high degree of interunit reliability for
peak velocity (ICC = 0.97; Percentage typical error of measurement [%TEM] = 1.6%), and
distance covered for low speeds (ICC = 0.97; %TEM = 1.7%) and high speeds (ICC = 0.88;
%TEM = 4.8%) [6].

At least 30 min prior to every practice or match, the same research personnel arrived
at the athletic complex to prepare the units for data collection and allow for the acquisition
of the satellite signal. When athletes arrived and GPS units were connected, external
load data were collected using the manufacturer’s data acquisition software. In order to
ensure that duration-sensitive data were captured accurately, practice and match activities
were coded within the software at the time of collection to minimize the inclusion of
rest time surrounding practice or between periods. For matches, only time spent during
warmups and time on the field were included in the analysis. Half time and time spent
on the sidelines were excluded. Following the conclusion of each session, data were
uploaded to a cloud-based version of the software for future analysis. Using the software,
PlayerLoad™ was automatically calculated as a proprietary metric used to quantify training
load. Accumulated PlayerLoad™ can be calculated using the following formula:

PlayerLoad (accul)t=n =

t=n

∑
t=0

√[
(fwdt=i+1−fwdt=i)

2 + (sidet=i+1−sidet=i)
2 +

(
upt=i+1−upt=i

)2
]

where t is time, fwd is forward acceleration, side is sideways acceleration, and up is
upwards acceleration. The metric is a volume-based measure of summated external load
using arbitrary units. Similarly, total distance traveled and distance traveling at given
velocities (band 1 = 0–6 km·h−1; band 2 = 6–12 km·h−1; band 3 = 12–18 km·h−1; band
4 = 18–25 km·h−1; band 5 = >25 km·h−1) were calculated for the correlational analysis.
Finally, acceleration load, the sum of absolute values (i.e., both positive and negative
accelerations) for acceleration (a volume measurement of total speed change activity), was
calculated using the software as well.

In order to minimize the effect of fatigue immediately following a session, sRPE data
were collected at least 30 min following the end of each session using a smartphone app
(TeamBuildr; TeamBuildr, LLC, Landover, MD, USA). The sRPE has been shown to be very
robust for time post exercise, around a nominal average of 30 min [10,20]. At this point,
athletes were visually presented with the scale previously introduced by Foster et al. [9]
and reported their RPE for the session. Following the submission of their responses, data
were automatically uploaded to cloud-based software. Any responses submitted on the
following day were excluded from further analysis. Session duration was then used to
calculate sRPE-TL. To further investigate the relationship between sRPE and other measures
of load, all session types were stratified by sRPE into high (sRPE ≥ 6) and low (sRPE ≤ 5)
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difficulty sessions. Specifically, this approach was used to determine if differences in
various measures of external workload existed when a threshold of sRPE-TL was used to
categorically group sessions into “low” and “high” sRPE-TL.

Using previously established methods [14], additional HR-derived measures of inter-
nal training load were calculated. Bannister [21] training impulse (TRIMP) scores were
calculated using the following formula:

TD × HRR × 0.64 × e(1.92 × HRR)

where TD is the effective training session duration expressed in min and HRR is determined
with the following equation:

(HRTS − HRB)

(HRmax − HRB)

where HRTS is the average training session HR and HRB is the HR measured at rest.
Additionally, Edwards TRIMP scores were also calculated by assessing the product of
the accumulated training duration (expressed in minutes) across the 5 HR zones by a
coefficient relative to each zone (Zone 1 = 50–60% of HRmax; Zone 2 = 60–70% of HRmax;
Zone 3 = 70–80% of HRmax; Zone 4 = 80–90% HRmax; Zone 5 = 90–100% of HRmax) and
then summating the final results [22].

2.5. Statistical Analyses

Following the conclusion of the season, data from the GPS units and smartphone app
were combined for analysis. The relationship between internal and external load mea-
sures was assessed using linear regression with 95% confidence intervals. Subsequently,
differences in measures of internal and external load, stratified by high and low sRPE
sessions, were assessed using a multivariate analysis of variance (MANOVA). Normality
was assessed via visual inspection of normal Q-Q plots and skewness/kurtosis values. Ho-
moscedasticity was assessed using Levene’s Test of Equality of Error Variances. Bonferonni
post hoc comparisons were calculated when a significant main effect or interaction was
identified. All statistical analyses were conducted using the IBM SPSS Statistics for Win-
dows (version 25.0; IBM Corp., Armonk, NY, USA). The strength of correlation coefficients
was classified as trivial (|r| < 0.10), weak (0.10 ≤ |r| < 0.30), moderate (0.30 ≤ |r| < 0.50),
strong (0.50 ≤ |r| < 0.70), very strong (0.70 ≤ |r| < 0.90), and nearly perfect (r ≥ 0.90) [23].

3. Results

Correlation coefficients, p values, and 95% confidence intervals for all relationships can
be found in Table 1, Table 2, Table 3 below. sRPE-TL was very strongly correlated with total
distance, distance covered in velocity zones 1–3, number of accelerations in zones 4 and
5, total PlayerLoad™, and PlayerLoad™. Strong correlations between distance in velocity
band 4, high-speed running distance, and accelerations in zones 3 and 6 and sRPE-TL
were observed. For internal load, sRPE-TL correlated very strongly (0.70 ≤ |r| < 0.90)
with Edward’s and Bannister’s TRIMP and strongly (0.50 ≤ |r| < 0.70) with the duration
spent in in heart zones 5 and 6 (80–90% and 90–100% max HR, respectively) while correla-
tions with maximum HR (bpm), mean HR (bpm), and mean HR (%) and sRPE-TL were
moderate (0.30 ≤ |r| < 0.50). When considering event type (i.e., matches vs. practices),
relationships were generally stronger in matches. sRPE-TL from match data was nearly
perfectly correlated with total distance, Edward’s TRIMP, accelerations in velocity zones 4
and 5, and acceleration load, while these relationships were strong for practice.
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Table 1. Correlations between sRPE-TL and various training load measures for all samples, games, and practices.

All (n = 1072) Games (n = 306) Practices (n = 766)

Variable r 95% CI p r 95% CI p r 95% CI p

Dur 0.842 0.827, 0.856 <0.001 0.930 0.916, 0.942 <0.001 0.692 0.659, 0.721 <0.001
sRPE 0.840 0.824, 0.854 <0.001 0.785 0.745, 0.818 <0.001 0.876 0.862, 0.889 <0.001

sRPE-TL N/A N/A N/A N/A N/A N/A N/A N/A N/A
Velocity B1 Dist 0.834 0.818, 0.849 <0.001 0.891 0.869, 0.909 <0.001 0.552 0.510, 0.593 <0.001
Velocity B2 Dist 0.814 0.796, 0.830 <0.001 0.877 0.854, 0.897 <0.001 0.520 0.476, 0.562 <0.001
Velocity B3 Dist 0.741 0.717, 0.762 <0.001 0.772 0.731, 0.807 <0.001 0.424 0.374, 0.471 <0.001
Velocity B4 Dist 0.547 0.511, 0.581 <0.001 0.495 0.421, 0.563 <0.001 0.339 0.285, 0.390 <0.001
Velocity B5 Dist 0.257 0.209, 0.303 <0.001 0.146 0.053, 0.237 0.010 0.150 0.091, 0.207 <0.001

Total Dist 0.841 0.826, 0.855 <0.001 0.905 0.887, 0.921 <0.001 0.583 0.542, 0.621 <0.001
Mean Velocity 0.437 0.395, 0.477 <0.001 0.168 0.075, 0.258 0.003 0.124 0.065, 0.182 <0.001
Max Velocity 0.283 0.236, 0.328 <0.001 0.094 0.000, 0.186 0.101 0.248 0.192, 0.303 <0.001

HSR Dist 0.538 0.502, 0.573 <0.001 0.462 0.385, 0.533 <0.001 0.341 0.287, 0.392 <0.001
Meterage per

Minute 0.437 0.395, 0.477 <0.001 0.168 0.075, 0.258 0.003 0.124 0.065, 0.182 <0.001

PlayerLoad™ 0.827 0.811, 0.843 <0.001 0.892 0.871, 0.910 <0.001 0.551 0.508, 0.591 <0.001
PlayerLoad™·min−1 0.352 0.307, 0.395 <0.001 0.130 0.036, 0.222 0.023 0.096 0.037, 0.155 0.008

kcal Expenditure 0.817 0.799, 0.833 <0.001 0.871 0.846, 0.892 <0.001 0.541 0.497, 0.581 <0.001
kcal·kg−1 0.844 0.828, 0.858 <0.001 0.906 0.888, 0.922 <0.001 0.593 0.553, 0.630 <0.001

HR B1 Dur −0.061 −0.111,
−0.010 0.047 0.067 −0.027,

0.161 0.240 −0.054 −0.113,
0.006 0.136

HR B2 Dur −0.123 −0.172,
−0.073 <0.001 0.083 −0.011,

0.176 0.147 0.041 −0.019,
0.100 0.261

HR B3 Dur 0.035 −0.015, 0.085 0.251 0.335 0.249, 0.416 <0.001 0.296 0.240, 0.349 <0.001
HR B4 Dur 0.386 0.343, 0.428 <0.001 0.495 0.420, 0.563 <0.001 0.370 0.317, 0.420 <0.001
HR B5 Dur 0.690 0.662, 0.715 <0.001 0.693 0.640, 0.739 <0.001 0.462 0.414, 0.508 <0.001
HR B6 Dur 0.567 0.532, 0.600 <0.001 0.485 0.410, 0.554 <0.001 0.342 0.288, 0.393 <0.001
HR B7 Dur 0.152 0.102, 0.201 <0.001 0.162 0.069, 0.252 0.005 0.086 0.027, 0.145 0.017

Max HR (bpm) 0.350 0.305, 0.394 <0.001 0.374 0.290, 0.452 <0.001 0.270 0.213, 0.324 <0.001
Mean HR (bpm) 0.462 0.422, 0.501 <0.001 0.367 0.282, 0.445 <0.001 0.296 0.241, 0.350 <0.001

Max HR (%) 0.281 0.234, 0.327 <0.001 0.255 0.165, 0.341 <0.001 0.224 0.167, 0.280 <0.001
Mean HR (%) 0.425 0.383, 0.466 <0.001 0.311 0.223, 0.393 <0.001 0.269 0.213, 0.323 <0.001
HR Exertion 0.858 0.845, 0.871 <0.001 0.897 0.877, 0.914 <0.001 0.676 0.642, 0.707 <0.001

Exertion Index 0.786 0.766, 0.805 <0.001 0.848 0.820, 0.873 <0.001 0.481 0.434, 0.526 <0.001
Edward’s TRIMP 0.841 0.826, 0.855 <0.001 0.901 0.882, 0.917 <0.001 0.619 0.581, 0.655 <0.001

Bannister’s TRIMP 0.808 0.790, 0.825 <0.001 0.855 0.827, 0.878 <0.001 0.557 0.515, 0.597 <0.001

Accel B1 Count 0.062 0.012, 0.112 0.043 0.049 −0.045,
0.143 0.389 −0.002 −0.061,

0.057 0.956

Accel B2 Count 0.143 0.093, 0.192 <0.001 0.078 −0.016,
0.171 0.174 0.031 −0.029,

0.090 0.395

Accel B3 Count 0.512 0.474, 0.548 <0.001 0.527 0.455, 0.592 <0.001 0.241 0.184, 0.296 <0.001
Accel B4 Count 0.854 0.840, 0.867 <0.001 0.916 0.900, 0.930 <0.001 0.600 0.560, 0.636 <0.001
Accel B5 Count 0.852 0.837, 0.865 <0.001 0.914 0.897, 0.928 <0.001 0.594 0.554, 0.631 <0.001
Accel B6 Count 0.504 0.466, 0.541 <0.001 0.658 0.601, 0.708 <0.001 0.252 0.195, 0.307 <0.001
Accel B7 Count 0.093 0.043, 0.142 0.002 0.094 0.000, 0.186 0.101 0.138 0.079, 0.196 <0.001

Accel Load 0.859 0.845, 0.871 <0.001 0.922 0.906, 0.935 <0.001 0.608 0.569, 0.644 <0.001

Velocity B1 = 0–6 km·h−1, velocity B2 = 6–12 km·h−1, velocity B3 = 12–18 km·h−1, velocity B4 = 18–25 km·h−1, velocity B5 = >25 km·h−1;
HR B1 = 0–50%, HR B2 = 50–60%, HR B3 = 60–70%, HR B4 = 70–80%, HR B5 = 80–90%, HR B6 = 90–100%, HR B7 = >100%;
Accel B1 = −10–−3 m·s−2, accel B2 = −3–−2 m·s−2, accel B3 = −2–−1 m·s−2, accel B4 = −1–0 m·s−2, accel B5 = 0–1 m·s−2, accel
B6 = 1–2 m·s−2, accel B7 = 2–3 m·s−2, accel B8 = 3–10 m·s−2.

When correlations between external load and HR-based measures (i.e., Edward’s
and Bannister’s TRIMP) were calculated, results were similar when both matches and
practices were considered. Both Edward’s and Bannister’s TRIMP scores were very strongly
correlated with distance in velocity zones 1–3, total distance, total PlayerLoad™, number
of accelerations in zones 4 and 5, and total acceleration load. However, Edward’s TRIMP
was almost perfectly correlated with distance in velocity zone 1, total distance, total
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PlayerLoad™, number of accelerations in zone 4 and 5, and total acceleration load for
matches, while Bannister’s TRIMP score was strongly correlated with these measures.

Table 2. Correlations between Edward’s TRIMP and various training load measures for all samples, games, and practices.

All (n = 1072) Games (n = 306) Practices (n = 766)

Variable r 95% CI p r 95% CI p r 95% CI p

Dur 0.820 0.803, 0.836 <0.001 0.931 0.917, 0.943 <0.001 0.638 0.601, 0.672 <0.001
sRPE 0.608 0.575, 0.638 <0.001 0.603 0.540, 0.660 <0.001 0.447 0.398, 0.494 <0.001

sRPE-TL 0.841 0.826, 0.855 <0.001 0.901 0.882, 0.917 <0.001 0.619 0.581, 0.655 <0.001
Velocity B1 Dist 0.856 0.842, 0.869 <0.001 0.919 0.902, 0.932 <0.001 0.585 0.544, 0.623 <0.001
Velocity B2 Dist 0.849 0.835, 0.863 <0.001 0.882 0.859, 0.901 <0.001 0.647 0.611, 0.680 <0.001
Velocity B3 Dist 0.785 0.765, 0.804 <0.001 0.792 0.754, 0.825 <0.001 0.551 0.508, 0.591 <0.001
Velocity B4 Dist 0.572 0.538, 0.605 <0.001 0.523 0.451, 0.588 <0.001 0.363 0.311, 0.414 <0.001
Velocity B5 Dist 0.277 0.230, 0.323 <0.001 0.167 0.074, 0.257 0.003 0.166 0.107, 0.223 <0.001

Total Dist 0.876 0.863, 0.887 <0.001 0.924 0.909, 0.937 <0.001 0.688 0.656, 0.718 <0.001
Mean Velocity 0.520 0.482, 0.555 <0.001 0.225 0.134, 0.313 <0.001 0.309 0.254, 0.362 <0.001
Max Velocity 0.314 0.268, 0.358 <0.001 0.137 0.044, 0.229 0.016 0.270 0.214, 0.324 <0.001

HSR Dist 0.564 0.529, 0.598 <0.001 0.490 0.415, 0.558 <0.001 0.366 0.313, 0.416 <0.001
Meterage per

Minute 0.520 0.482, 0.555 <0.001 0.225 0.134, 0.313 <0.001 0.309 0.254, 0.362 <0.001

PlayerLoad™ 0.869 0.856, 0.880 <0.001 0.904 0.886, 0.920 <0.001 0.681 0.647, 0.711 <0.001
PlayerLoad™·min−1 0.453 0.413, 0.493 <0.001 0.176 0.084, 0.266 0.002 0.302 0.247, 0.355 <0.001

kcal Expenditure 0.865 0.852, 0.877 <0.001 0.893 0.873, 0.911 <0.001 0.692 0.660, 0.722 <0.001
kcal·kg−1 0.880 0.868, 0.891 <0.001 0.926 0.911, 0.938 <0.001 0.703 0.671, 0.731 <0.001

HR B1 Dur −0.335 −0.379,
−0.289 <0.001 −0.159 −0.250,

−0.066 0.005 −0.472 −0.517,
−0.425 <0.001

HR B2 Dur −0.372 −0.414,
−0.328 <0.001 −0.069 −0.162,

0.025 0.227 −0.393 −0.442,
−0.342 <0.001

HR B3 Dur −0.084 −0.134,
−0.034 0.006 0.223 0.132, 0.311 <0.001 0.120 0.061, 0.178 <0.001

HR B4 Dur 0.366 0.321, 0.408 <0.001 0.401 0.319, 0.477 <0.001 0.464 0.416, 0.509 <0.001
HR B5 Dur 0.808 0.790, 0.825 <0.001 0.731 0.684, 0.772 <0.001 0.815 0.794, 0.834 <0.001
HR B6 Dur 0.759 0.737, 0.779 <0.001 0.644 0.585, 0.696 <0.001 0.745 0.717, 0.770 <0.001
HR B7 Dur 0.214 0.166, 0.262 <0.001 0.190 0.098, 0.280 <0.001 0.195 0.137, 0.252 <0.001

Max HR (bpm) 0.451 0.410, 0.490 <0.001 0.406 0.324, 0.482 <0.001 0.457 0.409, 0.503 <0.001
Mean HR (bpm) 0.678 0.650, 0.705 <0.001 0.511 0.438, 0.577 <0.001 0.700 0.668, 0.729 <0.001

Max HR (%) 0.457 0.417, 0.496 <0.001 0.347 0.261, 0.427 <0.001 0.534 0.490, 0.575 <0.001
Mean HR (%) 0.696 0.669, 0.721 <0.001 0.503 0.429, 0.570 <0.001 0.761 0.735, 0.785 <0.001
HR Exertion 0.983 0.981, 0.984 <0.001 0.987 0.984, 0.989 <0.001 0.964 0.960, 0.968 <0.001

Exertion Index 0.821 0.804, 0.837 <0.001 0.864 0.838, 0.886 <0.001 0.582 0.541, 0.620 <0.001
Edward’s TRIMP N/A N/A N/A N/A N/A N/A N/A N/A N/A

Bannister’s TRIMP 0.959 0.955, 0.963 <0.001 0.964 0.957, 0.970 <0.001 0.920 0.910, 0.928 <0.001

Accel B1 Count 0.090 0.040, 0.140 0.003 0.090 −0.004,
0.183 0.116 0.011 −0.048,

0.071 0.757

Accel B2 Count 0.132 0.082, 0.181 <0.001 0.052 −0.042,
0.145 0.365 0.030 −0.029,

0.090 0.404

Accel B3 Count 0.532 0.495, 0.567 <0.001 0.532 0.461, 0.596 <0.001 0.283 0.228, 0.337 <0.001
Accel B4 Count 0.862 0.849, 0.874 <0.001 0.916 0.900, 0.930 <0.001 0.632 0.595, 0.666 <0.001
Accel B5 Count 0.868 0.855, 0.880 <0.001 0.918 0.901, 0.931 <0.001 0.652 0.616, 0.685 <0.001
Accel B6 Count 0.526 0.489, 0.562 <0.001 0.675 0.620, 0.723 <0.001 0.288 0.233, 0.342 <0.001
Accel B7 Count 0.093 0.043, 0.143 0.002 0.140 0.047, 0.231 0.014 0.108 0.049, 0.167 0.003

Accel Load 0.887 0.876, 0.897 <0.001 0.928 0.914, 0.940 <0.001 0.706 0.675, 0.735 <0.001

Velocity B1 = 0–6 km·h−1, velocity B2 = 6–12 km·h−1, velocity B3 = 12–18 km·h−1, velocity B4 = 18–25 km·h−1, velocity B5 = >25 km·h−1;
HR B1 = 0–50%, HR B2 = 50–60%, HR B3 = 60–70%, HR B4 = 70–80%, HR B5 = 80–90%, HR B6 = 90–100%, HR B7 = >100%;
Accel B1 = −10–−3 m·s−2, accel B2 = −3–−2 m·s−2, accel B3 = −2–−1 m·s−2, accel B4 = −1–0 m·s−2, accel B5 = 0–1 m·s−2,
accel B6 = 1–2 m·s−2, accel B7 = 2–3 m·s−2, accel B8 = 3–10 m·s−2.
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Table 3. Correlations between Bannister’s TRIMP and various training load measures for all samples, games, and practices.

All (n = 1072) Games (n = 306) Practices (n = 766)

Variable r 95% CI p r 95% CI p r 95% CI p

Dur 0.754 0.732, 0.775 <0.001 0.866 0.840, 0.888 <0.001 0.558 0.515, 0.598 <0.001
sRPE 0.608 0.575, 0.639 <0.001 0.607 0.544, 0.664 <0.001 0.423 0.373, 0.471 <0.001

sRPE-TL 0.808 0.790, 0.825 <0.001 0.855 0.827, 0.878 <0.001 0.557 0.515, 0.597 <0.001
Velocity B1 Dist 0.841 0.826, 0.856 <0.001 0.881 0.858, 0.901 <0.001 0.519 0.474, 0.561 <0.001
Velocity B2 Dist 0.835 0.819, 0.849 <0.001 0.836 0.805, 0.862 <0.001 0.594 0.555, 0.632 <0.001
Velocity B3 Dist 0.794 0.774, 0.812 <0.001 0.783 0.743, 0.817 <0.001 0.509 0.463, 0.552 <0.001
Velocity B4 Dist 0.602 0.569, 0.633 <0.001 0.564 0.496, 0.625 <0.001 0.362 0.310, 0.413 <0.001
Velocity B5 Dist 0.299 0.252, 0.344 <0.001 0.192 0.099, 0.281 <0.001 0.160 0.102, 0.218 <0.001

Total Dist 0.869 0.856, 0.881 <0.001 0.892 0.871, 0.910 <0.001 0.631 0.593, 0.665 <0.001
Mean Velocity 0.579 0.545, 0.611 <0.001 0.308 0.221, 0.391 <0.001 0.315 0.260, 0.367 <0.001
Max Velocity 0.329 0.283, 0.373 <0.001 0.157 0.063, 0.247 0.006 0.271 0.215, 0.326 <0.001

HSR Dist 0.595 0.561, 0.626 <0.001 0.530 0.459, 0.595 <0.001 0.364 0.312, 0.415 <0.001
Meterage per

Minute 0.579 0.545, 0.611 <0.001 0.308 0.221, 0.391 <0.001 0.315 0.260, 0.367 <0.001

PlayerLoad™ 0.845 0.830, 0.859 <0.001 0.863 0.837, 0.886 <0.001 0.617 0.578, 0.652 <0.001
PlayerLoad™·min−1 0.494 0.455, 0.531 <0.001 0.237 0.146, 0.324 <0.001 0.298 0.243, 0.352 <0.001

kcal Expenditure 0.845 0.830, 0.858 <0.001 0.849 0.820, 0.873 <0.001 0.610 0.572, 0.646 <0.001
kcal·kg−1 0.873 0.860, 0.884 <0.001 0.895 0.874, 0.912 <0.001 0.643 0.607, 0.677 <0.001

HR B1 Dur −0.254 −0.300,
−0.206 <0.001 −0.102 −0.195,

−0.008 0.074 −0.354 −0.405,
−0.300 <0.001

HR B2 Dur −0.424 −0.464,
−0.382 <0.001 −0.177 −0.267,

−0.084 0.002 −0.446 −0.492,
−0.397 <0.001

HR B3 Dur −0.227 −0.274,
−0.178 <0.001 0.087 −0.007,

0.180 0.129 −0.062 −0.121,
−0.002 0.088

HR B4 Dur 0.283 0.237, 0.329 <0.001 0.314 0.226, 0.396 <0.001 0.400 0.348, 0.448 <0.001
HR B5 Dur 0.756 0.733, 0.777 <0.001 0.662 0.606, 0.712 <0.001 0.742 0.715, 0.768 <0.001
HR B6 Dur 0.792 0.773, 0.810 <0.001 0.693 0.640, 0.739 <0.001 0.756 0.729, 0.780 <0.001
HR B7 Dur 0.293 0.246, 0.338 <0.001 0.313 0.226, 0.396 <0.001 0.287 0.232, 0.341 <0.001

Max HR (bpm) 0.458 0.417, 0.497 <0.001 0.437 0.357, 0.510 <0.001 0.463 0.415, 0.508 <0.001
Mean HR (bpm) 0.737 0.713, 0.759 <0.001 0.613 0.551, 0.669 <0.001 0.766 0.740, 0.790 <0.001

Max HR (%) 0.420 0.378, 0.461 <0.001 0.357 0.272, 0.436 <0.001 0.462 0.414, 0.508 <0.001
Mean HR (%) 0.721 0.696, 0.745 <0.001 0.587 0.521, 0.645 <0.001 0.764 0.738, 0.788 <0.001
HR Exertion 0.955 0.951, 0.960 <0.001 0.966 0.959, 0.971 <0.001 0.903 0.892, 0.914 <0.001

Exertion Index 0.827 0.810, 0.842 <0.001 0.842 0.813, 0.868 <0.001 0.544 0.501, 0.585 <0.001
Edward’s TRIMP 0.959 0.955, 0.963 <0.001 0.964 0.957, 0.970 <0.001 0.920 0.910, 0.928 <0.001

Bannister’s TRIMP N/A N/A N/A N/A N/A N/A N/A N/A N/A

Accel B1 Count 0.108 0.058, 0.157 <0.001 0.117 0.023, 0.209 0.04 0.008 −0.051,
0.068 0.816

Accel B2 Count 0.160 0.110, 0.208 <0.001 0.073 −0.022,
0.166 0.206 0.053 −0.006,

0.112 0.143

Accel B3 Count 0.550 0.514, 0.584 <0.001 0.564 0.497, 0.625 <0.001 0.261 0.205, 0.316 <0.001
Accel B4 Count 0.822 0.805, 0.837 <0.001 0.852 0.824, 0.876 <0.001 0.554 0.512, 0.594 <0.001
Accel B5 Count 0.833 0.817, 0.848 <0.001 0.861 0.835, 0.884 <0.001 0.581 0.540, 0.619 <0.001
Accel B6 Count 0.513 0.475, 0.549 <0.001 0.667 0.611, 0.716 <0.001 0.257 0.201, 0.312 <0.001
Accel B7 Count 0.092 0.042, 0.142 0.003 0.167 0.074, 0.257 0.003 0.099 0.040, 0.158 0.006

Accel Load 0.861 0.847, 0.873 <0.001 0.883 0.861, 0.903 <0.001 0.626 0.588, 0.661 <0.001

Velocity B1 = 0–6 km·h−1, velocity B2 = 6–12 km·h−1, velocity B3 = 12–18 km·h−1, velocity B4 = 18–25 km·h−1, velocity B5 = >25 km·h−1;
HR B1 = 0–50%, HR B2 = 50–60%, HR B3 = 60–70%, HR B4 = 70–80%, HR B5 = 80–90%, HR B6 = 90–100%, HR B7 = >100%;
Accel B1 = −10–−3 m·s−2, accel B2 = −3–−2 m·s−2, accel B3 = −2–−1 m·s−2, accel B4 = −1–0 m·s−2, accel B5 = 0–1 m·s−2,
accel B6 = 1–2 m·s−2, accel B7 = 2–3 m·s−2, accel B8 = 3–10 m·s−2.

When sessions were stratified and coded as either high or low perceived exertion,
significant differences in duration, total distance, PlayerLoad™, and acceleration load
between high and low exertion sessions were observed (see Figure 1A–D). Similarly,
sessions with high perceived exertion also resulted in higher absolute and relative mean
HR, sRPE-TL, Edward’s TRIMP, and Bannister’s TRIMP values (see Figure 2A–E).
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4. Discussion

The primary aim of the current study was to examine the relationships between sRPE-
TL and select measures of external workload in collegiate women’s soccer. The primary
findings indicate that sRPE-TL was strongly associated with both acceleration load and total
distance in both matches and practices, which supports our hypothesis. These relationships
were stronger during match play than during practice. Additionally, sRPE-TL was strongly
associated with the proprietary PlayerLoad™ metric. As a subjective measure of internal
load, sRPE-TL offers a low-cost method to monitor workload throughout a season. This
aspect of affordability and minimal equipment need has contributed to its popularity as a
monitoring tool within sports. The observed relationship between sRPE-TL and measures
of the external workload from the current study aligns with those previously reported
in soccer [14,16,24–27] and across a variety of sport types [11,15,28–33]. Previous work
in semiprofessional soccer athletes indicated that sRPE-TL was strongly associated with
measures of external load such as total distance covered and PlayerLoad™ over 44 training
sessions [16]. More recently, Marynowicz et al. [24] observed strong associations between
sRPE-TL and total distance, PlayerLoad™, and number of accelerations during an 18-week
in-season period in youth soccer athletes. However, small-to-moderate relationships were
observed between sRPE-TL and measures of match intensity such as high-speed running
distance and the number of impacts. Collectively, these findings suggest that sRPE-TL
may better reflect total external workload rather than the intensity of work. However, in
the current study, sRPE-TL was found to be strongly associated with acceleration load,
which could be classified as an intensity-based measure of external workload volume. It
is likely these relationships may be variable based on the fitness level of the athlete and
level of competition. An important practical consideration when using sRPE-TL is how the
duration is being quantified, specifically during match play. Pustina et al. [34] reported
differences in sRPE-TL measures based on how the session duration was defined (i.e.,
including or excluding warm-ups and half-time, only including on-field playing time, etc.)
and found that sRPE-TL calculated using only on-field playing time was the best reflection
of external workloads incurred during the match play.

An interesting observation from the current study was that when session types were
stratified based on ratings of perceived exertion, differences in internal and external mea-
sures of workload were evident. We interpret this as indicating that athletes appear to
be able to accurately reflect back on their degree of perceived exertion for a given match
or training session, whether the workload metric of interest is external or internal. Ad-
ditionally, this ability to rate the degree of perceived exertion for external and internal
measures remained true whether the metric of interest was pertaining to duration or an
accumulative-type metric corresponding to the total amount, duration, or volume of work
in addition to metrics that were more reflective of the intensity of work (Figures 1 and 2).

A secondary aim of the current study was to determine which measures of internal
load (sRPE-TL or HR-based metrics), were more strongly correlated to the external load.
The results of the current study indicate that sRPE-TL was more strongly associated with
total PlayerLoad™ compared to simple HR measures (i.e., mean or max HR). However,
the accumulative HR zone-based measure, Edward’s TRIMP score, appeared to be more
strongly associated with select measures of external workload (total distance, PlayerLoad™,
kcal, and acceleration load) compared to sRPE-TL (Tables 1 and 2). While exhibiting a
stronger relationship to external workload in the current study, TRIMP scores do require
the use of HR-monitoring technology as opposed to the subject measure sRPE-TL. Fur-
ther, when determining the overall utility of sRPE-TL, it is also important to evaluate its
relationship with physiological measures of internal load, as it may provide an alternative
indicator of internal stress incurred by the athlete. Recently, Costa et al. [26] observed good
convergent validity between sRPE-TL and TRIMP scores throughout 6 weeks of in-season
competition in female soccer athletes. Interestingly, the authors also noted distinct dif-
ferences in %HRpeak values observed across pre-identified sRPE ranges, indicating that
sRPE is useful in identifying specific thresholds of exertion across a range of HR intensities
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during soccer competition. Similarly, Impellizzeri et al. [14] reported strong associations
between sRPE-TL and three different HR-based methods of quantifying internal load,
which is contradictory to findings from the current study. In the current study, sRPE-TL
was more strongly associated with measures of external workload (i.e., PlayerLoad™) than
with HR measures, indicating that sRPE-TL may be more sensitive to variations in external
workload measures rather than a reflection of HR. However, because of the practical nature
of sRPE-TL, it may be a more suitable option for team-sport programs that do not have
access to team-based HR monitoring systems. Along these same lines, sRPE-TL may also
be easier to use when quantifying accumulated workloads across an entire season, when
compared to measures of HR. Because of the relationships between sRPE-TL and measures
of both external and internal workload, it may also offer a multipurpose metric of overall
load as it is a reflection of both the total work completed and the internal physiological
stress incurred.

This study is not without limitations. The current study was conducted in collegiate
female athletes competing at the NCAA Division I level and, therefore, it is unknown
if similar relationships between sRPE-TL and external workload would exist in female
and male athletes competing at different levels. Environmental factors (i.e., ambient
temperature and humidity) may influence HR-derived measures; however, these external
factors were not accounted for in the current analysis. Similarly, lifestyle stressors, dietary
intake, and sleep habits may have also influenced the perceived difficulty of training with
a subsequent impact on how measures of external workload correlate with sRPE-TL.

5. Conclusions

In NCAA Division I women’s soccer, sRPE-TL is strongly associated with both external
and internal measures of workload. These relationships were stronger during match play,
with acceleration load and total distance exhibiting the strongest relationship with sRPE-TL.
sRPE-TL can serve as a valuable, and perhaps superior, tool for monitoring workload in
women soccer athletes when GPS-based or measures of HR are not an option, or to be used
in conjunction with one another.
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Abstract: The mechanical properties of knee flexors and extensors in 15 collegiate male soccer players
following different warm-up protocols [small-sided games (SSG), dynamic (DYN), and plyometric
(PLY)] were evaluated. Tensiomyography (TMG) was used to assess contraction time (Tc), delay time
(Td) and maximal displacement (Dm) of the rectus femoris (RF) and biceps femoris (BF) of both legs
before and after each warm-up, while countermovement jump height variables, 20 m sprint, t-test
and sit-and-reach were measured following the warm-ups. TMG was analyzed using a three-way
[condition × time × leg] ANOVA, while performance variables were analyzed with a repeated
measures ANOVA. Main effects of time were observed for BF-Tc (p = 0.035), RF-Td (p < 0.001), and BF-
Td, (p = 0.008), and a main effect of condition was seen for RF-Tc (p = 0.038). Moreover, participants’
20 m sprint improved following SSG (p = 0.021) compared to DYN and PLY. Sit-and-reach was greater
following PLY (p = 0.021). No significant interactions were noted for the measured TMG variables.
Warm-up-specific improvements were demonstrated in sprint speed and flexibility following SSG
and PLY, respectively. The present study revealed changes in certain TMG measures following the
warm-ups that suggest enhanced response of lower leg muscles regardless of specific activities used.

Keywords: tensiomyography; warm-ups; soccer; knee flexors; knee extensors

1. Introduction

Soccer is a sport comprised of intermittent high-intensity bouts of exercise, including
maximal sprint efforts, jumping and multiple changes in direction [1,2]. The sport-specific
demands of competitive soccer have been identified in a number of studies [3–6]. More
specifically, high-level soccer players have been shown to commit 1000–1400 activity
changes during a match [2,6–8] with varied high-intensity actions and multiple sprints at
near-maximal intensities [8,9]. The preparation of soccer players during training sessions
is critical for attaining optimal performance in match play, and the demands of a training
session should closely mimic the competitive demands associated with games [10]. Sport
coaches and strength coaches alike have sought to optimize player performance through
the design and administration of a variety of training sessions. One of the key components
to any training program or individual training session is the application of an appropriate
warm-up designed to enhance performance [11–13].

Numerous studies have identified the benefits associated with participation in an
organized warm-up protocol prior to athletic competition [12–16]. Studies have also shown
improvements, such as increased preparedness and improvement in sport performance
skills such as sprinting, jumping and change in direction, following training programs
that incorporate plyometric exercises and jumps into their warm-up routines [1,12,15,17–
22]. The previously identified benefits and improvements include physiological improve-
ments, [1,15,17–19]. While there is some debate on which warm-up protocols produce the
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best results, there is a consensus that the warmup performed should consist of dynamic
movements as well as an active stretching routine for agonist and antagonist muscles
groups to reduce risk of injury and improve sport-related performance [12–15,23,24]. Other
benefits of a dynamic warm-up include thermogenic effects, including: decreased viscous
resistance of joints [12], increased blood flow to working muscles [25,26], increased anaer-
obic metabolism [14] and improved central nervous system functioning [25]. In support
of this, active warm-up routines have been shown to improve performance in activities
related to soccer such as sprinting, dribbling and striking a soccer ball [26].

Soccer teams use a variety of warm-up modalities at the start of training sessions such
as a series of dynamic movements, reactive work with the ball during small-sided games or
the incorporation of explosive plyometric movements into general routines [27]. Generally,
these warm-ups have resulted in improved strength and power variables, such as sprint
speed and jump height [1,17,18,23,26]. However, while contractile history has been shown
to affect the performance of skeletal muscle [28], few studies have examined the contractile
properties of muscles following a warm-up session [12,15].

Tensiomyography (TMG) is a non-invasive, indirect measure of superficial skeletal
muscles’ contractile properties [29]. TMG measures are obtained by stimulating an individ-
ual muscle with a small electrical current and then recording a number of variables related
to the mechanical properties of muscle contraction, such as: delay time (Td), contraction
time (Tc), sustain time (Ts), relaxation time (Tr) and maximal displacement (Dm) [30]. TMG
provides a valid and reliable means of immediate feedback [31], with the sensitivity to
measure small changes in muscle contractile properties [32]. Subsequently, this method of
evaluation has been used to detect neuromuscular status and muscle fatigue [33], which di-
rectly impacts muscle activity and performance. In a study by Loturco and colleagues [34],
correlations were found between decreased Td, Tc and Dm, as measured by TMG, and
greater scores on performance assessments. Pereira and colleagues [35] suggested that
velocity of contraction, measured using TMG, may be a sensitive marker for assessing
contractile property variations during performance assessments. Furthermore, TMG can
be used to assess muscular fatigue by identifying parameters of muscle contraction such as
Tc and Dm [36,37]. The aforementioned studies provide support that TMG variables may
be affected by varying warm-up protocols.

Therefore, the purpose of this study was to compare the potential differences in the
mechanical and physical characteristics of the knee flexors and extensors in collegiate
male soccer players following different warm-up protocols. A greater understanding of
the effects of various warm-ups on mechanical characteristics of the muscle may help to
develop specific warm-up protocols that may lead to improved on-field performance. It is
our hypothesis that TMG analysis will reveal that the warm-ups with a more explosive
component will have the greatest impact on decreasing Tc and Dm of the muscles, and that
the more continuous movement warm-ups may show increased signs of muscular fatigue.

2. Materials and Methods
2.1. Subjects

Fifteen male National Collegiate Athletics Association (NCAA) Division I soccer
players (n = 15, 20.13 ± 1.26 years, 176.11 ± 7.85 cm, and 78.38 ± 7.50 kg) completed this
study (Table 1). A convenience sample of 18 athletes from a single team initially consented;
however, 2 athletes did not participate in any of the data collection sessions due to time
conflicts. and 1 athlete was removed due to the identification of an ongoing injury that
may have become exacerbated with continued participation.

All subjects were familiar with the warm-up protocols performed and the physical
assessment tests used for this investigation. The protocols and testing were comprised of
warm-ups and physical assessments typically performed by the men’s soccer team over
the course of the competitive season. All athletes were free from injury and volunteered to
participate in this investigation. In an attempt to eliminate the potential for fatigue-related
performance decrements, subjects were asked to refrain from any workouts or training
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sessions during the duration of the protocol. The study was conducted according to the
guidelines of the Declaration of Helsinki and approved by the University of Central Florida
Institutional Review Board (IRB number SBE-17-13696; approval date: 31 January 2018).
All components of the testing procedures were explained to each subject, and informed
consent was received before the initial testing session. Neither the subjects nor the assessors
were blinded for any of the testing sessions.

Table 1. Means and standard deviations of selected characteristics by player position.

GK (n = 2) DF (n = 5) MF (n = 5) FW (n = 3)

Age (y) 20.33 ± 0.94 19.60 ± 1.02 20.4 ± 1.62 20.67 ± 0.47
Height (cm) 184.15 ± 3.81 174.24 ± 8.12 175.26 ± 4.25 175.26 ± 10.37

Body Mass (kg) 88.84 ± 5.06 77.82 ± 3.09 77.13 ± 6.12 74.42 ± 9.71
Body Fat (%) 16.15 ± 2.35 11.88 ± 2.01 12.34 ± 4.77 13.13 ± 1.13

GK = goalkeeper; DF = defender; MF = midfielder; FW = forward; n = sample size.

2.1.1. Experimental Design

This study utilized a randomized crossover design to examine the effect of different
warm-up protocols on performance and the physical and mechanical characteristics of knee
flexors and extensors. The experimental design involved three different warm-up protocols:
small-sided games (SSG), dynamic warm-up (DYN) or plyometric warm-up (PLY). The
subjects were separated into three groups in order to accommodate weekly scheduling and
limit the impact on training sessions. A random-sort procedure in Microsoft Excel was
used by the study investigators to assign the order of protocols to each of the three groups.
Each group completed the assigned protocol and associated testing at the same time of
day for all sessions, while each session was followed by a 24 h off day before completing
the next protocol. This 24 h period was intended to minimize fatigue and limit carry-over
effects from the previous protocol sessions.

2.1.2. Anthropometrics and Body Composition

Each subject’s height was measured with a portable stadiometer (Seca 213; Seca Corp.,
Chino, CA, USA) and body mass was measured with a calibrated standard medical scale
(439 Physician Scale; Detecto, Webb City, MO, USA). Body composition was determined
using a bioelectrical impedance analysis (BIA) device (Inbody 770, Biospace Co., Ltd., Seoul,
Korea) that determined total fat and fat-free body mass by segmental multifrequency anal-
ysis, as recommended by the manufacturer. These anthropometrics and body composition
measures were recorded as descriptive values on the subject’s first day of testing.

2.1.3. Tensiomyography Measurements

The following procedures were used, as described by Jones and colleagues (2017),
for assessment of the musculature of the leg utilizing TMG (TMG Measurement System,
TMG-BMC Ltd., Ljubljana, Slovenia). For each muscle examined, the TMG sensor tip was
placed at a location determined to measure maximal radial displacement of the selected
muscle. All subjects were free from soft tissue or muscular injury at time of examination.
Measurements were performed under static and relaxed conditions. Assessment of the
RF was conducted with the subject in the supine position and the knee joint fixed at a
120-degree angle (with 180 degrees corresponding to full extension of the knee). The leg
measured was positioned on a triangular wedge foam cushion to maintain a fixed knee
angle. A digital displacement transducer, which incorporated a spring of 0.17 N·m−1,
was set perpendicular to the muscle belly to acquire radial displacement of the selected
muscle. The site for measurement of the radial displacement of the rectus femoris (RF)
was determined by placing a transversal mark with a dermatological pen at 50% of the
total length between the greater trochanter and the lateral condoyle of the distal end of the
femur. The subject was then instructed to contract the quadriceps muscle of the leg being
examined to palpate the rectus femoris and place a line longitudinally across the transversal
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line, creating an “x” landmark for sensor tip placement. Two square (5 × 5 cm) 2 mm-thick
self-adhesive electrodes were placed symmetrically 5 cm (±5 cm) or 3 cm (±3 cm) distal
and proximal to the sensor tip. This procedure was completed for both the right and left
RF before the subject was repositioned in a prone position to examine posterior muscles
of the leg. The site for measurement of the radial displacement of the biceps femoris (BF)
was determined by measuring the distance between the ischial tuberosity and the lateral
condoyle of the distal end of the femur and placing a transversal mark at 50% of the total
length. The subject was then instructed to flex their knee against resistance, placed by the
hand of the assessor at the ankle, to palpate the BF; a longitudinal line was drawn across
the transversal line, creating an “x” landmark for sensor tip placement. This procedure was
then repeated for both the right and left leg. Regarding electrical stimulation procedures,
the pulse duration was 1 ms and the initial current amplitude was set at 50 mA. For each
test, current amplitude was progressively increased by 10 mA increments until there was
no difference in muscle displacement (Dm) or maximal stimulator output 100 mA was
reached. For each subject, two consecutive measurements were recorded for each leg
and muscle group, and averaged for analysis. Reliability of TMG, including the currently
evaluated muscle groups, has been established in a review conducted by Martin-Rodriguez
and colleagues [31], who reported high to excellent intraclass correlation coefficient (ICC)
values for Dm (0.82–0.99), good to excellent ICC values for Tc (0.70–0.99) and low to
excellent ICC values for Td (0.60–0.98). The same review reported standard error of
measurement (SEM) values of ±1.0 mm for RF Dm, 1.20 ms for RF Td, 1.90 ms for RF Tc,
0.43 to 1.0 mm for BF Dm, 0.40 to 0.80 ms for BF Td and 1.06 to 5.60 ms for BF Tc.

2.2. Warm-Up Protocols
2.2.1. Dynamic (DYN) Warm-Up

The DYN warm-up began with a 5-minute jog around the testing field. The next
component was 9 min in duration and completed on the field at a distance of 12 yards,
identified by 2 cones (cone A at start line and cone B placed at 12-yard point). The subjects
completed a series of DYN patterns from cone A to B, then a jog from B to A with no rest
between the DYN movement and jogging. Subjects were allowed a 5-second rest after
the jog and before the next dynamic movement pattern began. This alternation between
DYN pattern and jogging continued for the entire series of DYN patterns. The DYN
warm-up is commonly utilized by the athletes and progressed from simple movements to
a series of dynamic stretches and, finally, to more complex movements in multiple planes,
including small skips, open the gate, close the gate, tall shuffle, lunge walk, side lunge
walk, hamstring walk, knee hug, heel kicks, A-skip, B-skip, C-skip, low shuffle, carioca
and lean–fall-sprint. The total activity time of the DYN warm-up was 15 min.

2.2.2. Small-Sided Games (SSG) Warm-Up

The SSG warm-up began with a 5-minute jog around testing field followed by a
5-minute period involving a series of dynamic movement patterns over a distance of
12 yards from cone A to cone B, similar to that of the DYN but with no jogging involved.
The final component of the SSG warm-up included players performing “rondo” drills that
were common to the athletes, consisting of an individual player defending, or trying to win
the ball from, a set of 4 offensive players positioned in a square approximately 7 m × 7 m
in dimension. Players rotated positions in this drill, spending 1 min as a defender and
4 min as an offensive player, lasting a total of 5 min. The total activity time of the SSG
warm-up was 15 min.

2.2.3. Plyometric (PLY) Warm-UP

The PLY warm-up began with a 5-minute jog around the testing field. The next
component was 4 min in duration and completed on the field at a distance of 12 yards,
identified by 2 cones (configured similar to the other warm-up protocols.) This component
of the PLY warm-up began with the following dynamic movements: small skips, open the
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gate, close the gate, tall shuffle, lunge walk, side lunge walk and hamstring walk. Unlike
the DYN detailed above, these movements were completed from cone A to cone B and
back to cone A, with no jogging between movement patterns; however, all subjects were
required to observe a 5-second rest at cone A before beginning the next movement. For the
final phase of the PLY warm-up, the subject completed a series of plyometric movements
utilizing the same 12 yards distance from cane A to cone B and jog back to cone B. Subjects
were allowed a 5-second rest after the jog and before the next PLY movement pattern began.
The PLY component was commonly utilized by the athletes and included: double leg hops,
single leg hops, lateral hops, double leg forward jump for distance, double leg explosive
jump for height, single leg bounds, power skips and tuck jumps. The total activity time of
the PLY warm-up was 15 min.

2.3. Performance Testing
2.3.1. Jump Assessments

Countermovement jump (CMJ) tests were conducted using a validated optical timing
system (MyJump V2.1), which recorded video on a tablet computer (iPad, Apple Inc.,
Cupertino, CA, USA) [38]. During the CMJ test, the subject was instructed to begin by
standing with their hands at their waist, and then told to listen for an audible signal, which
would alert the subject to bend his knees and maximally jump upward using arms for
momentum. This CMJ was performed three times with 1 min of rest between each jump
attempt. Variables analyzed during the CMJ included jump height (CMJ-h), flight time
(CMJ-ft) and velocity (CMJ-v). Flight time was calculated for each jump after the take-
off, and landing was identified in frames of the recorded video. The following equation:
h = t2 × 1.22625 (h = jump height in meters, t = time in seconds) was used, as outlined by
Bosco and colleagues [39], to determine jump height. Jump height from the application
was found to have excellent reliability (ICC = 0.997, p < 0.001) and excellent agreement with
countermovement jump height (CMJ-h), as measured using a force platform (ICC = 0.997,
p < 0.001).

2.3.2. Sprint Speed

Subjects were asked to perform 2 × 20 m maximal sprints on a natural grass surface
with 1 min of rest between each sprint trial. Peak sprint speed was assessed by recording
video of each sprint using a tablet computer (iPad, Apple Inc., Cupertino, CA, USA) and a
mobile application (MySprint Apple Inc., Cupertino, CA, USA). The mobile application
was specifically designed to use video analysis to determine the start time and finish time
of each sprint using a frame-by-frame method. The tablet computer was mounted to a
tripod and set at the 20 m point of the sprint, 18 m from the course, to ensure capturing
the start and finish portions of the sprint. The sprint course was marked at 0, 5, 10, 15 and
20 m by vertical poles that were set to account for possible video parallax. That is, the poles
were set not exactly at the specific distances (0, 5, 10, 15 and 20 m) but at the point where
the subjects were viewed with the tablet computer to have crossed the maker with their
hips and were at the target distance. Players were instructed to wear their normal soccer
cleats for this test. The better of the 2 sprint trials time was recorded and used for further
analyses.

2.3.3. t-Test

The t-test course was set up with four cones—A, B, C and D. The subject began the
t-test with both of his feet behind starting point A. The test started with the athlete being
given a verbal “Go” command. On this command, the subject sprinted 10 yards forward to
point B and touched the cone. Then, he shuffled 5 yards to the left and touched cone C.
After that, he shuffled 10 yards to the right and touched cone D and then shuffled 5 yards
to the left, back to point B. Then, the subject ran backward passing the finish line at point
A. The time started on the player’s first movement from point A and stopped when he
crossed the finish line. Time was measured using a hand-held stopwatch; this method was
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shown to have high ICC values (0.988) with electronic timing [40] and all t-test trials were
timed by the same assessor. Each athlete performed this test two times and the faster time
was recoded for further analysis.

2.3.4. Sit-and-Reach

The subject was instructed to sit on the ground with knees straight, legs separated
just enough to be comfortable, with the feet placed firmly against the sit-and-reach box.
The arms were extended forward with the hands placed palms down on the upper surface
of the box, which had a scale for distance printed on its horizontal surface (top side). In
this position, the subject reached forward in a slow, consistent motion with no ballistic
movement to the position of maximum reach. The test administrator stood close beside the
scale and recorded the most distant line held and touched by the fingertips of both hands
of the subject. If the hands reached unevenly, the hand reaching the shorter distance was
used to determine the score. The score was recorded to the nearest half inch. If the reach
appeared to be exactly half-way between two lines, the score was based on the last line
actually touched.

2.3.5. Statistical Analysis

All TMG measures data were analyzed using a three-way [condition (DYN vs. SSG vs.
PLY) × time (pre-testing vs. post-testing) x leg (left vs. right)] repeated measures analysis
of variance (ANOVA) with Holm post hoc analyses performed when appropriate. Due
to technical issues during the TMG measurement process, only 14 full sets of data were
available for the BF and 11 sets of data for the RF. All performance variable data (n = 15)
were analyzed with a one-way repeated measures ANOVA with Holm post hoc analyses
performed when appropriate. When violations of sphericity occurred, Greenhouse–Geisser
corrections were utilized. Effect sizes were interpreted using Cohen’s d, in which d values
of 0.8, 0.5 and 0.2 represented large, medium and small effect sizes, respectively [41].
Statistical software (JASP; Version 0.12; JASP Team, Amsterdam, The Netherlands) was
used for data analysis. Results were considered significant at an alpha level of p ≤ 0.05. All
data are reported as mean ± standard deviation.

3. Results
3.1. Tensiomyography

The TMG measurements performed pre- (PRE) and post-intervention (POST) are
represented in Table 2.

Table 2. Pre- and post-warm-up tensiomyography measurements (collapsed across right and left legs).

Muscle Measure Dynamic Plyometric Small-Sided Games

Pre Post Pre Post Pre Post

Rectus Femoris
(n = 11) Tc (ms) # 28.44 ± 4.41 27.01 ± 3.22 28.98 ± 4.60 28.75 ± 4.22 28.15 ± 3.68 27.19 ± 3.49

Td (ms) * 24.89 ± 1.81 23.50 ± 2.04 25.15 ± 2.43 24.16 ± 1.98 24.46 ± 2.12 23.01 ± 1.39
Dm (mm) 7.59 ± 1.95 7.21 ± 1.83 7.08 ± 1.97 7.87 ± 2.04 7.56 ± 2.58 7.16 ± 2.32

Biceps Femoris
(n = 14) Tc (ms) * 22.17 ± 3.60 20.71 ± 2.32 22.24 ± 3.65 20.37 ± 2.39 23.51 ± 4.32 21.17 ± 2.73

Td (ms) * 21.93 ± 1.26 20.82 ± 0.95 21.78 ± 1.26 20.50 ± 1.24 21.90 ± 1.18 20.97 ± 0.99
Dm (mm) 3.15 ± 0.80 3.06 ± 0.78 3.43 ± 1.11 3.19 ± 0.94 3.49 ± 0.78 3.16 ± 0.80

Tc = contraction time; Td = delay time; Dm = maximal displacement. * main effect for time (p < 0.05); # main effect for condition (p < 0.05).

No condition × leg × time interaction (F = 0.147, p = 0.755, ηp
2 = 0.014) or main

effect of time (F = 3.953, p = 0.075, ηp
2 = 0.283) was noted for RF-Tc measures. However, a

significant main effect of condition was observed (F = 3.887, p = 0.038, ηp
2 = 0.280). Follow-

up analysis indicated that RF-Tc values were not significantly different between PLY and
DYN (p = 0.087, d = 0.710 “medium”) or PLY and SSG (p = 0.068, d = 0.745 “medium”).
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No condition × leg × time interaction (F = 0.710, p = 0.455, ηp
2 = 0.066) or main

effect for condition (F = 4.309, p = 0.056, ηp
2 = 0.288) was noted for RF-Td. However, a

significant main effect for time was observed (F = 29.890, p < 0.001, ηp
2 = 0.749). Post hoc

analysis indicated that RF-Td decreased from PRE to POST (mean difference = 1.275 ms,
95% confidence interval = 0.755 to 1.795 ms).

No significant condition × leg × time interaction (F = 2.105, p = 0.162, ηp
2 = 0.139) or

main effect for condition (F = 0.414, p = 0.552, ηp
2 = 0.031) was noted for BF-Tc. However, a

significant main effect of time was observed (F = 5.537, p = 0.035, ηp
2 = 0.299). Post hoc

analysis indicated that Tc of the BF muscle decreased from PRE to POST (mean difference
= 1.890 ms, 95% confidence interval = 0.155 to 3.625 ms).

No condition × leg × time interaction (F = 0.306, p = 0.739, ηp
2 = 0.023) or main

effect for condition (F = 0.537, p = 0.529, ηp
2 = 0.040) was noted for BF-Td. However, a

significant main effect of time was observed (F = 9.749, p = 0.008, ηp
2 = 0.429). Post hoc

analysis indicated that BF-Td decreased from PRE to POST (mean difference = 1.105 ms;
95% confidence interval = 0.341 to 1.870 ms).

No significant condition × leg × time interaction was noted for BF-Dm (F = 0.708,
p = 0.502, ηp

2 = 0.052) or RF-Dm (F = 0.445, p = 0.541, ηp
2 = 0.043). Additionally, no

main effects of time (F = 0.000, p = 0.984, ηp
2 = 0.000) or condition (F = 0.072, p = 0.931,

ηp
2 = 0.007) were noted.

3.2. Performance Testing

The results for the t-test, sprint and sit-and-reach assessments are presented in
Table 3. No significant difference was shown between conditions for t-test times (F = 0.943,
p = 0.402, ηp

2= 0.063). A significant difference was found between conditions for 20 m
sprint time (F = 4.719, p = 0.040, ηp

2= 0.252) with a reduction in sprint time following SSG
compared to DYN (p = 0.021, d = 0.749 “medium”). A nonsignificant change between PLY
and DYN for 20 m sprint time was noted (p = 0.083) with a “medium” effect size (d = 0.600).
A significant difference was found between conditions for sit-and-reach scores (F= 4.394,
p = 0.043, ηp

2= 0.239) with PLY, resulting in significantly greater scores than DYN (p = 0.021,
d = 0.753 “medium”).

Table 3. Performance test results (n = 15).

Test Dynamic Plyometric Small-Sided Games

20 m Sprint (s) 2.75 ± 0.30 2.64 ± 0.13 2.62 ± 0.15 *
t-Test (s) 10.0 ± 0.27 9.99 ± 0.32 9.94 ± 0.30

Sit-and-Reach (cm) 34.17 ± 6.47 37.60 ± 6.98 † 36.43 ± 7.29
CMJ Height (cm) 59.62 ± 8.10 59.31 ± 8.43 58.92 ± 8.93

CMJ Flight Time (ms) 695.80 ± 46.73 693.80 ± 49.13 691.40 ± 52.44
CMJ Velocity (m·s−1) 1.71 ± 0.12 1.70 ± 0.12 1.70 ± 0.13

* Significantly lower than plyometric (p < 0.05); † Significantly greater than dynamic (p < 0.05).

Results for the variables measured during the CMJ are presented in Table 2. Analysis
of CMJ performance revealed no differences between conditions for CMJ-h(F = 0.372,
p = 0.693, ηp

2 = 0.026), CMJ-ft (F = 0.406, p = 0.670, ηp
2 = 0.028) or CMJ-v(F = 0.430,

p = 0.654, ηp
2 = 0.030).

4. Discussion

The primary findings of this study revealed that performing the warm-up protocols
differentially affected performance assessments and the mechanical characteristics of the
knee flexors and extensors in a sample of collegiate male soccer players. In terms of
performance assessments, PLY resulted in significant improvements in sit-and-reach when
compared to DYN and there was a significant reduction in 20-m sprint time following
SSG compared to DYN. Time delay of both the RF and BF, and contraction time of the BF,
decreased significantly from pre- to post-warm-up regardless of condition.
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This study revealed a significant improvement in delay time, also termed reaction
time [32], of the RF and BF from PRE to POST following each warm-up condition. This
improvement, or decrease, in delay time following warm-up activities is most likely due to
the post-activation potentiation effect generated by the exercises in the warm-up protocols.
Previous studies have proposed that initiating neuromuscular potentiation may improve
force production and performance [42]. Plyometric and jumping type exercises have
been shown to be the most commonly prescribed methods to enhance post-activation
potentiation [26]; however, the findings of this study may demonstrate similar acute
responses following the exercises used in the three protocols. In support of this observation,
improved post-activation potentiation has been postulated to increase the rate of force
development in voluntary force production in dynamic muscle contractions [43].

Significant decreases in contraction time of the BF were noted from PRE to POST
following each warm-up condition. This may be due in part to the improvements in
the central nervous system nerve conduction rate associated with the increased muscle
temperature following an active warm-up [25]. While the differences in Tc in the RF were
not significant, medium effects were found for PLY compared to DYN (p = 0.087, d = 0.710
“medium”) and PLY compared to SSG (p = 0.068, d = 0.745 “medium”). While it was
hypothesized that the plyometric type exercises would uniquely affect contraction time,
the reason for this finding is unclear. We are unaware of any studies to date that have
examined the effect of such training on contraction time using TMG; therefore, evaluation
of plyometric training in this area of muscle mechanical response is warranted. It should
also be noted that while the current data exceed previously reported SEM values for BF Tc
from Simunic [44], they are below those reported by de Paula Simola [45] et al. and may
need to be interpreted with caution.

No significant differences in maximal displacement were noted between warm-up
conditions; however, previous studies have reported that this parameter is typically lower
in soccer players compared to the general population. Low values of maximal displacement
are usually indicative of higher muscle tone [46]. Therefore, based on the movement
patterns and training of high-level soccer players, changes in this parameter may be
difficult to elicit during a warm-up due to the relatively short duration of exercise.

Assessment of 20 m sprint time revealed a significant improvement following comple-
tion of SSG. While these findings are similar to a number of studies showing improvements
in sprint time following active warm-ups and dynamic stretching routines [17,21,23,47],
they contrast with Gabbett et al. [1], where no significant differences in sprint times were
found for players completing an open-skill or closed-skill warm-up. This may be attributed
to the specificity of the open-skill tasks examined in basketball players who performed
warm-ups of similar distances and intensity regardless of ball possession [1], whereas
the present study used a “rondo” drill in which the players intensity and distance were
different than the comparison warm-ups. While not significant, a medium effect was
noted for improved sprint times in PLY when compared to DYN. Although past studies
have examined the effectiveness of dynamic warm-ups for improving sprint time, they
have typically examined the difference in dynamic and passive warm-up routines [17,23].
We know of no other study to date that has compared the effect of a dynamic warm-up
series vs. a warm-up inclusive of a large plyometric component on agility, sprint and
jump performance. Rimmer and Sleivert [48] showed significant improvements in 40 m
sprint time (following 8 weeks of sprint-specific plyometric training), while [49] showed
improved 20 m sprint time after incorporating plyometric exercise the training programs of
elite youth soccer players. The results associated with the latter improvements over short
distances were attributed to the reduced ground contact time associated with plyometric
exercises, which may have influenced the medium effect size for PLY compared DYN
observed in the current study.

We also observed a significant improvement in sit-and-reach performance following
PLY compared to DYN. The improved flexibility observed here may be attributed to
the increased eccentric component associated with the movement patterns and muscle

38



J. Funct. Morphol. Kinesiol. 2021, 6, 80

activation that accompanies repeated jumping type exercises [49]. Recurring bouts of
eccentric training have been shown to shown to improve the muscle length–tension curve,
which results in improvements in range of motion [50]. The present findings are consistent
with previous studies that have shown improvements in flexibility associated with training
that incorporates plyometric type exercises [22,49].

We observed no significant differences in measured CMJ variables between PLY, DYN
and SSG warm-ups. This may be due to the acute nature of this investigation, in contrast to
other studies that have used multiple training sessions incorporating plyometric exercises
that have shown improvements in jump performance following warm-ups inclusive of
jumping exercises [20,21]. Previous research has shown that skeletal muscle performance
is affected by the contractile properties of muscle [28]. However, the single PLY session
used in this study may not have increased contractile properties of the muscle associated
with repeated activation of the stretch shortening cycle (SSC) induced by jumping-type
exercises used in longer duration studies [42,51].

A potential limitation to this study is that the population examined was a homogenous
group of male athletes with similar playing experience and competitive level from a single
team. Future research should include groups of different playing experience or competitive
level, or a control group of non-soccer athletes. Another possible limitation may be the
acute nature of the warm-up protocol. Future research should examine whether there may
be a difference in response if warm-ups are performed on a regular basis.

5. Conclusions

The warm-up protocols performed in this study represent variations of commonly
used exercises for soccer athletes. The DYN warm-up examined herein positively impacted
the contractile properties of leg muscles after performing a standardized series of dynamic
movements. These exercises were familiar to the athletes and were performed in movement
planes similar to those encountered in the competitive environment. Previous research has
already established the performance improvements associated with DYN; however, they
may have been less evident in the current study due to DYN being compared to SSG and
PLY protocols rather than passive stretching or running-only warm-up interventions. The
PLY exercises examined were shown to result in improved flexibility, as indicated by the
improved sit-and-reach scores, and improved speed in the 20 m sprint, potentially as a
result of post-activation potentiation.

The selection of warm-up protocols may be influenced by coaches and/or players
attitudes or preferences for specific exercises. Another factor in warm-up selection and
administration may be time constraints or the objectives of the coaching staff prior to
match play, such as positioning, set piece formation, etc. While extensive research has been
conducted on the benefits of warm-ups, there is no consensus on which combination of
warm-up activities provide optimal results for sport performance. The disparity in previous
findings may be due to the individual responses of athletes to the unique protocols or
intensities at which they are performed, as well as differences in neuromuscular properties
and fiber type composition. The findings of this study illustrate the benefits of incorporating
more plyometric exercises and small-sided game situations to a standard pre-training or
pre-competition warm-up. Future research should include studies examining the long-term
effects of warm-up administration with larger samples of athletes at different levels of play
and/or maturity status.
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Abstract: We aimed to examine the effects of mental fatigue on the Yo-Yo test and Loughborough
soccer passing and shooting tests performance using a meta-analysis. The search for studies was per-
formed through eight bibliographic databases (Academic Search Elite, AUSPORT, Cochrane Library,
PsycInfo, PubMed/MEDLINE, Scopus, SPORTDiscus, and Web of Science). The methodological qual-
ity of the included studies was assessed using the PEDro checklist. A random-effects meta-analysis
was performed for data analysis. After reviewing 599 search results, seven studies with a total of ten
groups were included in the review. All studies were classified as being of good methodological qual-
ity. Mental fatigue reduced the distance covered in the Yo-Yo test (Cohen’s d: −0.49; 95% confidence
interval [CI]: −0.66, −0.32). In the Loughborough soccer passing test, mental fatigue increased the
original time needed to complete the test (Cohen’s d: −0.24; 95% CI: −0.46, −0.03), increased penalty
time (Cohen’s d: −0.39; 95% CI: −0.46, −0.31), and decreased performance time (Cohen’s d: −0.52;
95% CI: −0.80, −0.24). In the Loughborough soccer shooting test, mental fatigue decreased points
per shot (Cohen’s d: −0.37; 95% CI: −0.70, −0.04) and shot speed (Cohen’s d: −0.35; 95% CI: −0.64,
−0.06). Overall, the findings presented in this review demonstrated that mental fatigue negatively
impacts endurance-based running performance as well as soccer passing and shooting skills.

Keywords: data synthesis; cognitive task; mental fatigue; performance; soccer; team-sport

1. Introduction

Mental fatigue is commonly defined as “a psychobiological state caused by pro-
longed exertion that has the potential to reduce cognitive performance and exercise per-
formance” [1]. Researchers have explored the effects of mental fatigue on performance in
various modes of exercise [1]. A seminal study by Marcora et al. [2] reported that mental
fatigue induced by a demanding cognitive task negatively impacted performance in cycling
to exhaustion at 80% of peak power output. Since this study, research has also examined
the effects of mental fatigue on various sport-specific outcomes [3].

For example, in soccer, studies have explored the effects of mental fatigue on perfor-
mance in the Yo-Yo test, Loughborough soccer passing test, and Loughborough soccer
shooting test [4–10]. Briefly, the Yo-Yo intermittent recovery test is a popular test used to
evaluate performance in interval running [11–13]. This test determines an individual’s
capacity to undertake, repeatedly perform, and recover from high-intensity running [11–13].
Due to its structure, the Yo-Yo test is particularly relevant for team sports [11]. While the
Yo-Yo test examines endurance performance, the Loughborough soccer passing test and
Loughborough soccer shooting test evaluate sport-specific skill levels [14,15] (i.e., passing,
controlling, and shooting the ball; Table 1).

Studies evaluated the effects of mental fatigue on performance in these tests, but
the findings varied. For example, the mental fatigue-induced reduction in Yo-Yo test
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performance ranged from small (Cohen’s d: −0.21) to very large (Cohen’s d: −1.34),
making it difficult to establish the true effect in the population [4,5]. In the Loughborough
soccer passing test, some studies have reported that mental fatigue negatively impacts
performance time, whereas others did not find a significant difference between the control
and mental fatigue trials [4,5]. A similar discrepancy has been observed for outcomes such
as shot speed in the Loughborough soccer shooting test [4,8].

Table 1. Summary of the main outcomes in the three analyzed tests.

Test Outcome

Yo-Yo test • Distance covered

Loughborough soccer passing test
• The original time needed to complete the test
• Penalty time (i.e., time accounted for errors made during the test)
• Performance time (i.e., original time plus penalty time)

Loughborough soccer shooting test
• Points per shot
• Shot speed
• Shot sequence time

Several reviews have been published that summarized the effects of mental fatigue on
exercise performance [3,16,17]. However, these reviews have not specifically focused on the
Yo-Yo test and Loughborough soccer passing or shooting tests. Perhaps more importantly,
these reviews did not contain a meta-analysis that pooled the data from all studies on the
topic. This would be highly relevant to perform given that some of these studies might
have been underpowered to find significant differences. Accordingly, this review aimed
to perform a meta-analysis examining the effects of mental fatigue on performance in the
Yo-Yo test and Loughborough soccer passing and shooting tests. We hypothesized that
mental fatigue would negatively influence performance in these tests.

2. Materials and Methods
2.1. Literature Search Strategy

The search for studies that explored the effects of mental fatigue on performance in
the Yo-Yo test, Loughborough soccer passing test, and/or Loughborough soccer shooting
test was carried out in two phases. In the first phase, we performed a search through eight
different bibliographic databases, including: Academic Search Elite, AUSPORT, Cochrane
Library, PsycInfo, PubMed/MEDLINE, Scopus, SPORTDiscus, and Web of Science. In
all of these databases, the following search syntax was applied: (“mental fatigue” OR
“mentally fatigued”) AND (“yo-yo” OR “yoyo” OR “yo yo” OR “intermittent endurance”
OR “intermittent recovery” OR “Loughborough soccer passing” OR “Loughborough soccer
shooting”). After this phase was completed on 5 September 2021, we then screened the
reference list from all studies that were found to satisfy the inclusion criteria. Post reference
screening, forward citation tracking (i.e., examining the papers that cited the included
studies) using the Google Scholar database was conducted.

2.2. Selection Criteria

Studies were included in the review if they satisfied the following criteria: (1) ex-
amined the effects of mental fatigue on performance in the Yo-Yo test, Loughborough
soccer passing test, and/or Loughborough soccer shooting test; (2) used a crossover study
design that involved a control trial and a mental fatigue trial; and (3) included humans as
study participants.

2.3. Data Extraction

We extracted the following data from the included studies: (1) year of study pub-
lication and lead author name; (2) participants characteristics (e.g., sex, training status);
(3) description of the control and cognitive tasks; (4) performance test and its outcomes; and
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(5) mean ± standard deviation for the test outcome(s) from the control and mental fatigue
trials. One study did not report these data in the manuscript. For this study [4], on request,
the data were received from the corresponding author. Two studies [6,7] presented the
data needed for the meta-analysis only in figures. For these two studies, the necessary data
were extracted using the Web Plot Digitizer software (https://apps.automeris.io/wpd/)
(accessed on 10 September 2021).

2.4. Quality Assessment

The methodological quality of the included studies was assessed using the validated
11-item PEDro checklist [18]. The items on the PEDro checklist evaluate different method-
ological aspects, including inclusion criteria, randomization, allocation concealment, blind-
ing of participants and assessors, attrition, and data reporting. All items of the PEDro
checklist are scored as “1” (criterion is satisfied) or “0” (criterion is not satisfied). The
first item is not included in the total score. Therefore, the maximum possible number of
points that can be scored is 10. In accordance with previous reviews, the studies were
classified studies as poor, fair, good, or excellent quality if they scored ≤3 points, 4–5 points,
6–8 points, and 9–10 points, respectively [19,20].

2.5. Statistical Analysis

The meta-analysis was performed using effect sizes (Cohen’s d). Cohen’s d effect
sizes were calculated using the mean ± standard deviation data from the control and
mental fatigue trials, sample size, and correlation between the trials. Correlation between
the trials was not reported in any of the included studies. Therefore, correlation values
were estimated using the methodological approach recommended in the Cochrane Hand-
book [21]. A total of seven meta-analyses were performed, for: distance covered in the
Yo-Yo test; time needed to complete the test, penalty time, and performance time in the
Loughborough soccer passing test; points per shot, shot speed, and shot sequence time
in the Loughborough soccer shooting test. The interpretation of effect sizes was based on
the following thresholds: trivial (<0.20), small (0.20–0.49), medium (0.50–0.79), and large
(≥0.80) [22]. Negative Cohen’s d values denote a decrease in performance with mental
fatigue. Meta-analyses were performed using the random-effects model [23]. I2 statistic
was used to evaluate heterogeneity. I2 values were interpreted as low (<50%), moderate
(50–75%), and high heterogeneity (>75%). The statistical significance threshold was set at
p < 0.05. All analyses were performed using the Comprehensive Meta-Analysis software,
version 2 (Biostat Inc., Englewood, NJ, USA).

3. Results
3.1. Search Results

There were 40, 243, and 316 search results in the database search, screening of the
reference list, and forward citation tracking phases, respectively (Figure 1). Of the search
results found in the databases, ten full-text papers were read and six studies were in-
cluded [4,5,7–10]. One additional study [6] was found in the forward citation tracking.
Therefore, this review included a total of seven studies [4–10]. However, one study [4]
included three independent groups (i.e., players from under-14, under-16, and under-18).
Thus, there was a total of ten groups in the seven included studies.
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Figure 1. Flow diagram of the search process.

3.2. Summary of Studies

All seven studies explored the effects of mental fatigue on Yo-Yo test performance
(10 study groups; Table 2). In all of these studies, the Intermittent Recovery Test Level 1 variant
of the Yo-Yo test was used. The pooled number of participants for studies that used the
Yo-Yo test was 134. Three studies (5 study groups; n = 58) and two studies (4 study groups;
n = 50) explored the effects of mental fatigue on Loughborough soccer passing test and
Loughborough soccer shooting test, respectively. The cognitive task used to induce mental
fatigue was the Stroop test in six studies, while one study [5] employed the “Brain It On”
application on a smartphone. The duration of the cognitive task was 30 min in all studies.
For the control trials, studies used reading of magazines, watching an emotionally neutral
video, or no activity. The duration of the control trials for studies that used reading of
magazines or watching a video was from 15 to 30 min. Five [4,6–9] studies explored the
effects of the cognitive task on mental fatigue. In all these studies, mental fatigue was
higher following the cognitive task.

3.3. Methodological Quality

Five studies [5–7,9,10] scored six points on the PEDro checklist, whereas two studies [4,8]
scored eight points. Therefore, all included studies were classified as being of good
methodological quality (Table 3).
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Table 2. Summary of the studies included in the review.

Study Participants Control Task Cognitive Task Test and Outcomes

Filipas et al. (2021)
36 male soccer players (n = 12
under-14, n = 12 under-16, and

n = 12 under-18)
Reading magazines (15 min) Computerized Stroop test

(30 min)

Yo-Yo IR1—distance covered
LSPT—original time, distance

covered, and performance time
LSST—points per shot, shot speed,

and shot sequence time

Greco et al. (2017) 16 young male soccer players a “normal activities”
Using the “Brain It On”

application on a smartphone
(30 min)

Yo-Yo IR1—distance covered
LSPT—original time, distance

covered, and performance time

Lam et al. (2021) 9 physically active males No activity Computerized Stroop test
(30 min) Yo-Yo IR1—distance covered

Penna et al. (2018) 12 handball players Watching an emotionally
neutral video (30 min)

Computerized Stroop test
(30 min) Yo-Yo IR1—distance covered

Smith et al. (2016)
12 moderately trained soccer
players and 14 experienced

soccer Players b
Reading magazines (30 min) Computerized Stroop test

(30 min)

Yo-Yo IR1—distance covered
LSPT—original time, distance

covered, and performance time
LSST—points per shot, shot speed,

and shot sequence time

Veness et al. (2017) 10 elite male cricket players Reading magazines (15 min) Computerized Stroop test
(30 min) Yo-Yo IR1—distance covered

Weerakkody et al. (2021) 25 male community-level
Australian football players

Watching an emotionally
neutral video (30 min)

Computerized Stroop test
(30 min) Yo-Yo IR1—distance covered

a 8 participants performed the Yo-Yo test and 8 participants performed the LSPT; b 12 participants performed the
Yo-Yo test and 14 participants performed the LSPT; LSPT: Loughborough soccer passing test; LSST: Loughborough
soccer shooting tests; IR1: intermittent recovery level 1.

Table 3. Results from the methodological quality assessment using the PEDro checklist.

Reference Item 1 Item 2 Item 3 Item 4 Item 5 Item 6 Item 7 Item 8 Item 9 Item 10 Item 11 Total Score

Filipas et al. (2021) Yes Yes Unclear Yes No Yes Yes Yes Yes Yes Yes 8
Greco et al. (2017) Yes Yes Unclear Yes No No No Yes Yes Yes Yes 6
Lam et al. (2021) Yes Yes Unclear Yes No No No Yes Yes Yes Yes 6

Penna et al. (2018) Yes Yes Unclear Yes No No No Yes Yes Yes Yes 6
Smith et al. (2016) Yes Yes Unclear Yes No Yes Yes Yes Yes Yes Yes 8
Veness et al. (2017) Yes Yes Unclear Yes No No No Yes Yes Yes Yes 6

Weerakkody et al. (2021) Yes Yes Unclear Yes No No No Yes Yes Yes Yes 6

Yes: criterion is satisfied; No: criterion is not satisfied; Unclear: unable to rate.

3.4. Meta-Analysis Results

Mental fatigue reduced the distance covered in the Yo-Yo test (Cohen’s d: −0.49;
95% confidence interval [CI]: −0.66, −0.32; p < 0.001; I2 = 33%; Figure 2).
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Figure 2. Forest plot presenting the results of the random-effects meta-analysis comparing the effects
of control vs. mental fatigue on Yo-Yo test performance. Data are reported as Cohen’s d (effect size)
and 95% confidence interval (CI). The diamond at the bottom presents the overall effect. The plotted
squares denote effect sizes, and the whiskers denote their 95% CIs.
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In the Loughborough soccer passing test, mental fatigue increased the original time
needed to complete the test (Cohen’s d: −0.24; 95% CI: −0.46, −0.03; p = 0.024; I2 = 0%;
Figure 3), increased penalty time (Cohen’s d: −0.39; 95% CI: −0.46, −0.31; p < 0.001;
I2 = 15%), and decreased performance time (Cohen’s d: −0.52; 95% CI: −0.80, −0.24;
p < 0.001; I2 = 51%).
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of control vs. mental fatigue on the original time needed to complete the test (A), penalty time (B),
and performance time (C) in the Loughborough soccer passing test. Data are reported as Cohen’s d
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The plotted squares denote effect sizes, and the whiskers denote their 95% CIs.

48



J. Funct. Morphol. Kinesiol. 2022, 7, 10

In the Loughborough soccer shooting test, mental fatigue decreased points per shot
(Cohen’s d: −0.37; 95% CI: −0.70, −0.04; p = 0.028; I2 = 57%; Figure 4) and shot speed (Co-
hen’s d: −0.35; 95% CI: −0.64, −0.06; p = 0.019; I2 = 0%). There was no significant difference
between the control and mental fatigue conditions for shot sequence time (Cohen’s d: −0.18;
95% CI: −0.52, 0.16; p = 0.300; I2 = 26%).
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4. Discussion

In line with our hypothesis, we found that mental fatigue has a negative effect on
some aspects of physical and technical exercise performance. Specifically, the distance
covered in the Yo-Yo test was lower following the mental fatigue trials. Additionally, it was
found that mental fatigue hampered performance in the Loughborough soccer passing test
by increasing the original time needed to complete the test and penalty time. As a result,
performance time—calculated as original time plus penalty time—was also slower post
mental fatigue. Similar to these findings, mental fatigue decreased points per shot and shot
speed in the Loughborough soccer shooting test. Overall, these findings demonstrated that
mental fatigue negatively impacts endurance-based running performance as well as soccer
passing and shooting skills. Most effect sizes were in the range from small to medium
and are likely to be practically relevant. These findings are novel, given that previous
research on the topic produced conflicting results (i.e., varying effect sizes or differences in
findings) [4–10].

Our results add to the body of evidence demonstrating that mental fatigue may hinder
endurance-based exercise performance [3,16,17]. Variables such as heart rate, metabolite
accumulation, and neuromuscular function are generally not affected by mental fatigue [24].
Therefore, it has been suggested that the negative effect of mental fatigue on exercise
performance is due to the increase in the rating of perceived exertion (RPE). However,
some studies evaluated RPE values and reported no significant difference between the
control and mental fatigue [5,10]. Still, these studies evaluated RPE at test exhaustion,
which needs to be considered given the findings that mentally fatigued athletes display
higher RPE values during the Yo-Yo test, but not necessarily at the end of the test [4].
Furthermore, there are nuances to mention in the interpretation even if there is no significant
difference in RPE values between the trials at test exhaustion. Specifically, despite no
significant RPE differences, it should be considered that the total distance covered in
the Yo-Yo test in these studies [5,10] was higher in the control condition, showing that
participants who were mentally fatigued covered less distance to achieve a similar level of
RPE. It has been suggested that the increase in perceived exertion is mediated by cerebral
adenosine accumulation during cognitive tasks [24,25]. Indeed, this hypothesis is supported
by data indicating that caffeine supplementation—which acts by binding to adenosine
receptors—averts the negative effects of mental fatigue on exercise performance [26,27].

The Yo-Yo test has been reported to correlate with several sport-specific outcomes. For
example, a positive correlation (r = 0.70–0.81) was found between the distance covered
in the Yo-Yo test and the amount of high-intensity running performed during the whole
soccer game, during a 5-min period involving peak running intensity, or at the end of
each half of a game [11,28,29]. Therefore, it seems likely that the negative effects of mental
fatigue on performance in the Yo-Yo test may also translate to sport-specific performance.
However, it should be considered that running-based performance in soccer matches is
also influenced by a multitude of factors, such as match location, quality of opposition, and
match outcome [30]. Therefore, the results obtained during testing may not necessarily be
generalized to performance in sports competitions.

Given that the Yo-Yo test is most commonly used for testing (rather than training)
purposes, our results highlight that researchers and practitioners should attempt to stan-
dardize the cognitive activity before this assessment, particularly when exploring differ-
ences between individuals. As demonstrated herein, the negative effect of mental fatigue
on performance in the Yo-Yo test may range from small to medium (Cohen’s d: −0.49;
95% CI: −0.66, −0.32). This is particularly relevant to mention as these effects are in the
range of improvements in Yo-Yo test performance following 3–8 weeks of sprint training or
speed endurance training (Cohen’s d: 0.30–0.45) [31–33].

In addition to Yo-Yo test performance, this meta-analysis reported that mental fatigue
resulted in a lower number of points per shot and shot speed in the Loughborough soccer
shooting test. Additionally, mental fatigue negatively affected all of the analyzed outcomes
in the Loughborough soccer passing test. Specifically, it seems that mentally fatigued
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athletes are more prone to making technical errors, as evidenced by the increase in penalty
time, which is given for different errors (e.g., missing the target area) [14]. Research
has established that mental fatigue increases the attention to irrelevant, compared to
relevant stimuli, which might explain poorer technical performance in the Loughborough
tests observed herein [34]. Similar to our findings, studies have also reported a lower
number of total passes during small-sided games following a mentally fatiguing task [35].
Nevertheless, it remains unclear if these negative effects also translate to performance in
sport-specific situations. Some researchers have suggested that the Loughborough soccer
passing test might not be a valid test of in-game passing performance, at least among
youth players [36]. While this area certainly merits future research, it seems reasonable to
suggest that mental fatigue should be avoided before competitions to reduce the likelihood
of impairment of technical performance.

There are several limitations of the present review that need to be considered. First, it
should be mentioned that all of the included studies involved male participants. Therefore,
the results presented herein may not necessarily be generalized to females, and future
research in this population is therefore needed. Additionally, the population analyzed
among the included studies varied from physically active males to elite athletes (Table 2).
The magnitude of the effect observed in most studies was similar, suggesting that the effects
of mental fatigue on performance in the three analyzed tests are not population-specific.
However, future studies are needed to directly explore the effects of mental fatigue on
performance in different populations.

All included studies were classified as being of good methodological quality. Five
studies scored 6 points on the PEDro checklist, while two studies scored 8 points. These two
studies [4,8] scored more points, given that they also incorporated blinding in their study
design. Specifically, these two studies incorporated blinding of assessors measuring the
outcomes. Despite the difference in blinding across the included studies, it is interesting to
note that generally, all studies reported similar effect sizes with overlapping 95% CIs. This
would suggest that the lack of blinding in some studies may not have influenced outcomes.

5. Conclusions

This meta-analysis found that mental fatigue negatively impacts different aspects
of physical and technical exercise performance. Specifically, mental fatigue negatively
impacted endurance-based running, as evident by a lower distance covered in the Yo-Yo
test. Furthermore, outcomes such as the original time needed to complete the test, penalty
time, performance time, points per shot, and shot speed in the Loughborough soccer tests
were negatively affected by mental fatigue. These findings demonstrate that mental fatigue
negatively impacts endurance-based running performance as well as soccer passing and
shooting skills. Most effects sizes were in the range from small to medium and are likely to
be practically relevant.
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Abstract: Official tests are used to assess the fitness status of soccer referees, and their results
correlate with match performance. However, FIFA-approved tests expose the referees to high
physical demands and are difficult to implement during the sportive year. The aim of our study was
to evaluate the correlation between the 6 × 40-m sprint and Yo-Yo Intermittent Recovery Level 1 (IR1)
official tests and other field-based tests that require no or little equipment, are not time-consuming,
and impose low physical demands. All tests were performed by male referees from the Regional
Section of the Italian Referee Association (n = 30). We observed a strong correlation between 6 × 40-m
sprint and Illinois agility tests (r = 0.63, p = 0.001) and a moderate correlation between Yo-Yo IR1 and
hand-grip strength in the dominant (r = 0.45, p = 0.014) and non-dominant hand (r = 0.41, p = 0.031).
Interestingly, only a moderate correlation (r = −0.42, p = 0.025) was observed between the FIFA
official tests, 6 × 40-m sprint and Yo-Yo IR1. These results suggest that Illinois agility and hand-grip
tests could represent simple and low-physical-impact tools for repeated assessment and monitoring
of referee fitness throughout the sportive season.

Keywords: soccer; referee; fitness; Illinois agility test; hand-grip strength

1. Introduction

The referee is in overall control of the soccer game. In addition to the considerable
psychological and cognitive demands placed on referees during games [1], an extensive
load is imposed on their cardiovascular and musculoskeletal systems. However, it is the
training, performance, and injury prevention of soccer players that have been extensively
studied over the last few decades, with only limited scientific studies dedicated to fitness
monitoring and injury prevention in referees. Importantly, referees are usually not full-time
professionals, they are on average 15–20 years older than players, and they cannot normally
be substituted. During the game, they perform a mix of walking and running activity of
low, medium, and high intensity [2,3]. Hence, the physical fitness of elite soccer referees is
of fundamental importance for effective officiating.

National and international soccer referees’ associations routinely assess the perfor-
mance of elite-level officials. Several field-based tests have been used for years to this aim.
Following the reports on the poor validity of the 2 × 50-m sprint, 2 × 200-m sprint, and
12-min Cooper tests [4,5] in measuring the referees’ match-related physical capacity, the
Fédération Internationale de Football Association (FIFA) introduced a 6 × 40-m sprint
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test and a high-intensity 150-m interval test as official fitness tests for men and women
referees [6]. The intensity of the latter was subsequently reduced in the latest guidelines,
which now recommend 40 × 75-m run/25-m walk intervals [7].

While the validity of the 6 × 40-m sprint test and its correlation with referees’ match
performance were confirmed [8], only weak evidence exists for the high-intensity 150-m
interval test [9], with comparison studies suggesting the advantage of the Yo-Yo Intermittent
Recovery Level 1 (Yo-Yo IR1) test [10]. Subsequently, the validity of the latter test in
determining the maximal activation of the aerobic system through intermittent exercise
was observed [8]. As a result, the Yo-Yo IR1 can now be used in addition to the official tests
as a method of assessing the aerobic fitness of referees, according to FIFA [6].

The fitness assessment is carried out at the beginning of the sportive year, and it
defines the eligibility of referees for participation at the international, national, and regional
levels. It is only rarely performed during the season. For one thing, the tight schedule can
make it difficult for the active referees to participate in official assessments; indeed, even the
training sessions between matches are often unsupervised and scheduled at the discretion
of the participant. For another, the recommended tests are strenuous and physically
demanding. In particular, the 6 × 40-m sprint test requires a maximal anaerobic muscular
activation and the Yo-Yo IR1 test imposes muscular exhaustion. For these reasons, referees’
physical fitness for participation cannot be easily assessed during the training periods or
intervals between the officiated soccer matches. Hence, simpler, less time-consuming, and
less physically demanding tests could be potentially more feasible and useful for fitness
screening during the sportive season.

The aim of this study was to evaluate the correlation between the results of the official
fitness tests performed by AIA referees, namely 6 × 40-m sprint and Yo-Yo IR1, and other
common tests aimed at the evaluation of several domains of physical fitness, such as: the
hand-grip strength (HGS) test, which evaluates explosive strength in the upper limbs;
the sit-and-reach (SaR) test, which assesses flexibility; the Illinois agility (IA) test, which
assesses agility; and the standing long jump (SLJ) and standing quintuple jump (SQJ) tests,
which both evaluate explosive strength in the lower limbs. Evidence of a valid correlation
between these tests could allow the introduction of a fitness evaluation protocol that is easy
to perform, consumes little time, and has low impact on subsequent physical activity. Such
a protocol, then, could be used to evaluate referees during the sportive season to monitor
their fitness level and guarantee the best possible performance and injury prevention
during officiated matches.

2. Materials and Methods
2.1. Participants

The participants were enrolled in the study on a voluntary basis and represented
a convenience sample of the Regional Section (Lazio) of the Italian Referee Association
(Associazione Italiana di Arbitri, or AIA). All participants were male referees in the regional
category of officiating, who participate in two to three training sessions per week and
officiate one soccer match per week from September to May. Referees with active painful
musculoskeletal complaints or with a history of a painful condition or surgery within the
previous 6 months were excluded.

The study was approved by the Department Review Board for ethical concerns. All
participants received an exhaustive explanation of the study protocol and objective. Each
participant provided written informed consent prior to participation in the study and
acknowledged that they cannot be identified via this paper because all data were made
anonymous.
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2.2. Study Protocol

The study protocol is graphically represented in Figure 1.
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Figure 1. Study protocol flowchart.

The study took place in September 2020. The participants were instructed to avoid
vigorous physical activity during the previous 48 h and not to drink any caffeinated bever-
ages during the previous 24 h before the evaluation session. A medical specialist in sport
medicine obtained the medical history of each participant. Another doctor collected anthro-
pometric data, including sex, age, dominant side, height, weight, and waist circumference.
The body mass index was calculated in the standard way in kilograms per square meter.
Each fitness evaluation session was performed on an artificial soccer field in one day and
divided into three stages. The participants were familiarized with the testing procedures
and verbally encouraged during test performance.

All activities were conducted according to the FIFA guidelines [6]. The participants
were not allowed to wear spiked track shoes. The first stage consisted of a 20-min warm-up.
A professional fitness coach, together with a sports medicine doctor, supervised these
activities. The second stage comprised FIFA/AIA fitness tests. Each participant performed
the 6 × 40-m sprint test, followed by the Yo-Yo IR1 test, with an 8-min interval between
the two. The time of the fastest sprint during the first test, recorded in seconds, and the
maximum distance covered during the second test, in meters, were used in the analysis.
After completion of the official tests, the participants were allowed 15 min of rest. During
this time, they could drink water freely, but no food or other beverages were allowed. The
subsequent third stage of evaluation comprised the following field-based fitness tests: HGS,
SLJ, SQJ, SaR, and IA test.

The HGS was measured with a digital dynamometer (Dynex, MD systems, Inc.,
Westerville, OH, USA) in the dominant and non-dominant arm, while the subject was
standing with their shoulders in neutral position and their elbow flexed at 90 degrees [11].
Three measurements for each arm were made, with a recovery period of 30 s between

56



J. Funct. Morphol. Kinesiol. 2021, 6, 59

repetitions. The best result obtained for each arm, expressed in kilograms, was considered
for analysis.

The SLJ was performed with a two-foot take-off and landing, with swinging of the
arms and bending of the knees allowed [12]. The distance was measured from the baseline
to the point where the back of the heel nearest to the take-off line landed on the ground.
The participants repeated the jump three times, and the longest distance was used for
subsequent analysis. The SQJ required five consecutive two-foot jumps from a standing
start. At each landing phase, the feet were aligned before the subsequent jump, based on
the foot nearest to the baseline. After the last jump, the total distance from the start line
was recorded in centimeters.

For the SaR test, the participant sat on the ground with knees fully extended and legs
together. The soles of the feet were placed against a box, with the 23-cm point at the level
of the contact. With arms extended and one hand placed on top of the other, the participant
reached forward as far as possible without flexing their knees or moving their feet [13].
The final position of the hands, reached at the fourth trial, was recorded in centimeters
from a measuring scale placed on top of the box.

The IA test was performed using the procedures outlined by Negra et al. [14]. The
corners of a 10 m × 5 m field were marked with cones. Another four cones were placed
down the center of the rectangle, 3.3 m apart. The participant remained prone on the
ground with their hands at the shoulder level and their chin touching the starting line.
On a verbal command, the referee got up and ran along the previously indicated course,
turning between the cones. The completion time, expressed in seconds, was used for
subsequent analysis.

2.3. Statistical Analysis

The results of the FIFA/AIA official tests were correlated with those of other field-
based fitness tests using the Pearson correlation coefficient. All statistical analyses were
performed with STATA software (StataCorp. v.12, College Station, TX, USA) by a researcher
who was not involved in the data collection. The anthropometric measurements and the
results of the fitness tests were considered as continuous data. Normality of the data
distribution was confirmed using the Shapiro–Wilk test, and the results were reported
as mean ± standard deviation. The level of statistical significance was set at p < 0.05.
The datasets generated and analyzed during the current study are available from the
corresponding author on reasonable request.

The null hypothesis was that no correlation exists between FIFA/AIA official tests and
common field-based fitness tests, corresponding to a Pearson correlation coefficient = 0.
The alternative 2-tailed hypothesis was that a large correlation was present between vari-
ables, corresponding to a Pearson correlation coefficient of at least 0.5. Admitting a type
I error of 5% and a power of 80%, the minimum sample size, calculated according to
Hulley et al. [15], was 29 subjects. The correlation was considered absent at r < 0.1. Higher
values of the correlation coefficient were graded according to the following scale: weak,
when r = 0.1–0.29; moderate, when r = 0.3–0.49; strong, when r = 0.5–0.69; very strong,
when r = 0.7–0.9; and nearly perfect, when r > 0.9.

3. Results

Thirty-five referees volunteered to participate and were assessed for enrollment crite-
ria. Five were excluded due to recent musculoskeletal injuries (three referees suffered an
ankle sprain in the previous 2 months, one referee underwent a meniscal repair 4 months
earlier, and one referee complained of unspecific muscular symptoms in his right calf
during the previous week). As a result, the study included 30 male referees.

The mean age of the participants was 22.24 years (SD 1.8, range 20–26 years). The
anthropometric characteristics are presented in Table 1, while the summary results of the
FIFA/AIA official tests and other field-based fitness tests are reported in Table 2.
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Table 1. Anthropometric characteristics of the participants (n = 30).

Characteristic Mean SD Range

Height (cm) 180.36 6.33 168–191

Weight (kg) 73.67 7.38 59.2–89

Waist circumference (cm) 78.35 5.97 67–93

BMI (kg/m2) 22.65 2.07 18.58–27.58

Table 2. Results of FIFA/AIA official tests and other field-based fitness tests (n = 30).

Mean SD Range

FIFA/AIA official tests:

6 × 40-m sprint (s) 5.63 0.18 5.34–6.03

YO-YO IR1 (m) 1678.62 292.67 1320–2280

Other field-based fitness tests:

HGS, dominant hand (kg) 46.14 5.55 35.65–60

HGS, non-dominant hand (kg) 42.36 5.21 33.85–58.5

SLJ (cm) 225.88 17.52 201.5–265

SQJ (cm) 1093.03 85.59 926–1239

SaR (cm) 19.69 8.93 1.5–38

IA (s) 16.37 0.78 15.35–18.44
Table note: Yo-Yo IR1 = Yo-Yo Intermittent Recovery test, SLJ = standing long jump, SQJ = standing quintuple
jump, SaR = sit-and-reach test, IA = Illinois Agility, HGS = hand-grip strength.

The anthropometric measures of our study participants did not show significant
correlations with the results of the FIFA/AIA official or other field-based fitness tests.
The correlation coefficients between the results of FIFA/AIA official and other field-based
fitness tests are reported in Table 3.

Table 3. Correlation coefficients between the results of FIFA/AIA official tests and other field-based
fitness tests.

Test 6 × 40-m Sprint YO-YO IR1

HGS, dominant −0.30 (0.112) 0.45 (0.014) *

HGS, non-dominant −0.18 (0.351) 0.41 (0.031) *

SLJ 0.04 (0.850) 0.02 (0.917)

SQJ 0.06 (0.772) 0.16 (0.401)

SaR −0.01 (0.982) 0.28 (0.137)

IA 0.63 (0.001) * −0.29 (0.119)
Table note: Data are reported as correlation coefficient, r (significance level, p). * denotes statistically significant
correlation (p < 0.05).

There was a strong positive correlation between the 6 × 40-m sprint and IA tests
(r = 0.63, p = 0.001). A moderate positive correlation was observed between the Yo-Yo IR1
and HGS tests in the dominant (r = 0.45, p = 0.014) as well as non-dominant hand (r = 0.41,
p = 0.031). Moreover, a moderate negative correlation was observed (r = −0.42, p = 0.025)
between the two FIFA/AIA official tests, 6 × 40-m sprint and Yo-Yo IR1, indicating that
the referees able to cover a longer distance in the Yo-Yo IR1 test were able to perform the
6 × 40-m test in a shorter time (Figure 2).
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fitness tests.

There was also a very strong correlation between the dominant and non-dominant
sides in the HGS test (r = 0.72, p < 0.001). Finally, the results of the SLJ, SQJ, and SaR tests
did not correlate with any of the FIFA/AIA official tests (r < 0.1).

4. Discussion

This study aimed to examine the correlation between two FIFA/AIA official tests used
for the yearly evaluation of the fitness level of international and regional soccer referees
and other field-based fitness tests, which could be potentially implemented to monitor
referee fitness during the sportive season. We have demonstrated that the results of the
6 × 40-m sprint test correlated strongly with the results of the IA test, while the Yo-Yo IR1
test correlated with HGS in both the dominant and non-dominant hand. Interestingly, there
was only a moderate correlation between the two FIFA/AIA-approved tests, namely the
Yo-Yo IR1 and 6 × 40-m sprint tests.

FIFA recommends that two tests, 6 × 40-m sprint and high-intensity 150-m interval
tests, be performed during official fitness screening of the soccer referees at least once a
year. Two other FIFA-approved tests, dynamic Yo-Yo or Yo-Yo IR1, can be used optionally.
The 6 × 40-m sprint test is relatively simple and evaluates the ability to perform repeti-
tive sprints. The Yo-Yo IR1 is technically more complex and requires a specific learning
phase from both referees and evaluators. Nevertheless, Yo-Yo IR1 is the most commonly
used test for monitoring the ability to cope with intermittent exercise in team sports [9].
Performance in this test was related to high-intensity action during the match, maximum
oxygen consumption (VO2 max), and heart rate response during high-intensity intermittent
activity [16]. The same was not observed for the 150-m interval test [8]. Accordingly, AIA
chose the 6 × 40-m sprint and Yo-Yo IR1 tests, whose results correlated highly with the
referees’ performance during matches, as a method to evaluate the level of fitness of its
referees and allow them to officiate in a specific category.
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Due to the large number of activities scheduled for the referees during the sportive
year, the official tests are usually performed at the beginning of the season. Their imple-
mentation during the year is generally infeasible. First, they require a specific place and
time allocation; second, these tests impose a high physical demand on the referees. From
the above observations, it follows that other field-based fitness tests need to be applied if
the assessment of referee fitness was to take place during the sportive season, in between
the scheduled activities.

The field-based fitness tests evaluated in the present study are commonly used under
different physiological [14,17,18] and pathological conditions [19,20] and their validity has
been extensively proved in other studies [10,21,22]. Together, they are able to assess several
aspects of fitness status, and they are often performed in sequence, a so-called fitness
battery, to cover a wide range of fitness domains. For the scope of our study, however, we
chose to analyze the correlation between the FIFA/AIA official tests and the individual
alternative tests, rather than all of them as a fitness battery. Mainly, this was to avoid
increasing the physical strain of the task, which, in line with the hypothesis of the study,
should be performed during the sportive season, in between scheduled officiating activities.
The main advantage of these tests is their simplicity, as they require no or little equipment,
they are not time-consuming (taking less than 5 min to complete), and they impose low
physical demand.

The results of our study indicate that several common field-based fitness tests correlate
significantly with the FIFA/AIA official tests. In particular, a strong positive correlation
was present between the 6 × 40-m sprint test and the IA test. Although this correlation
could seem obvious, as both tests are speed-related and are reported in seconds, they do
not assess the same fitness domain. In the 6 × 40-m sprint, the referee has to sprint straight
ahead, while the IA test requires a more complex pattern of running, with several changes
in direction and combined phases of acceleration and deceleration. For these reasons, the
6 × 40-m sprint test is commonly considered a speed test, while the IA test is universally
interpreted as an agility test. Undoubtedly, the characteristics of the IA test are highly
pertinent to the actual activity performed by the referees during the match. Therefore, the
observed high correlation between the results of these two tests is particularly relevant for
testing our hypothesis.

Another correlation observed in the study was that between the Yo-Yo IR1 and HGS
tests, for both the dominant and non-dominant side. The “two-sidedness” of this correlation
can be in large part explained by a high correlation of HGS between both sides in the same
subject, even though the scores for the dominant hand were usually significantly higher
than for the non-dominant hand. The correlations were positive, which means that the
referees able to cover a longer distance in the Yo-Yo IR1 test are able to reach higher scores
in the HGS test, or vice versa. Apparently, this correlation is less intuitive. Indeed, the
Yo-Yo IR1 test is an interval test covering resistance and lower limb strength—that is,
musculoskeletal fitness and cardiovascular fitness—while the HGS test merely assesses the
strength of the distal upper limb. Nevertheless, previous studies highlighted the correlation
between the HGS test and exercise capacity, whether in healthy subjects [23], elderly
people [24], or patients with pathological conditions [25,26]. Interestingly, the results of the
HGS test correlated with the 6-min walking test and incremental shuttle walking test, which
was developed to assess the functional capacity of patients with chronic airway obstruction.
The latter one is indeed similar to the Yo-Yo IR1 test in structure. Singh et al. [27] observed
a significant correlation between the HGS and incremental shuttle walking tests and
concluded that the HGS test is the main determinant of patient performance.

Our study is not without limitations. The inclusion criteria were restricted to a specific
regional category of referees with similar anthropometric characteristics. All participants
were males aged 20–26 years, and they officiated in the same category. Thus, they were
engaged in a similar athletic activity, consisting of training sessions and matches, through-
out the sportive year. Although these characteristics guarantee the homogeneity of the
cohort, they may limit the external validity and the generalization of the results. Although
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the sample size was limited, it was calculated to be statistically valid. As for the study
protocol, all tests were performed during the same day and repeated in the same sequence
on different days. Counterbalancing measures were not considered in the study design.
The warm-up and the recovery phases between the tests were included to limit the impact
of muscular fatigue on physical performance. Thus, in the authors’ view, a bias able to
influence the results of the tests can be excluded.

5. Conclusions

In conclusion, the results of the present study show that a significant correlation exists
between the 6 × 40-m sprint and IA tests and between the Yo-Yo IR1 and HGS tests. It is
not our intention, however, to suggest that the IA and HGS tests should be substituted for
the official FIFA/AIA tests. Instead, given the difference in the technical, physical, and
physiological demands of these tests, they could be applied to the assessment of referee
fitness in a complementary manner: 6 × 40-m sprint and Yo-Yo IR1 tests at the beginning of
the sportive year for referee qualification and categorization, and IA and HGS tests during
the sportive year for the systematic or even random evaluation of the referees’ fitness status
during the whole season. At the same time, the latter two could be used in studies aimed at
monitoring the impact of training sessions and officiated matches on referee fitness during
the sportive year.
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Abstract: A desire to make fitness testing cheaper and easier to conduct in a team-sport setting has
led to the development of numerous field aerobic fitness tests. This has contributed to a growing
confusion among strength and conditioning coaches about which one to use. The main aim of this
narrative review was to examine the reliability, validity, sensitivity and usefulness of the commonly
used field aerobic fitness tests and to provide practical guidelines for their use in soccer. The
University of Montreal track test (UMTT) and Vam Eval test seem the best options for estimation of
maximal oxygen uptake (VO2max) while the highest signal-to-noise ratio of the 30-15 intermittent
fitness test (30-15IFT) suggests its superior sensitivity to track changes in fitness. The UMTT and
30-15IFT are the best solutions for prescription of long and short high-intensity interval training
sessions, respectively. All field tests mostly present with marginal usefulness, but the smallest
worthwhile change for UMTT or Vam Eval test, Yo-YoIRT2 and 30-15IFT are smaller than their stage
increment making the improvement of only one stage in the test performance already worthwhile.
Strength and conditioning coaches are advised to choose the test based on their specific purpose of
testing.

Keywords: 30-15 intermittent fitness test; Yo-Yo intermittent recovery test; 20-m shuttle run test;
University of Montreal track test; Vam Eval test; maximal aerobic speed; exercise prescription;
validity; reliability; sensitivity; usefulness

1. Introduction

Fitness testing can be considered as a basic professional activity for sport scientists
and strength and conditioning coaches [1,2]. It can be conducted for a variety of reasons
including assessment of physiological capacities [1,3], talent identification and selection [4],
training and performance monitoring [5], evaluation of training program effectiveness [1,6]
and training prescription [7]. Due to these multipurpose requirements, one fitness test can
hardly be used as an ideal tool able to provide useful information for all aspects of fitness
testing. This has led to the development of numerous field aerobic fitness tests generally
measuring the same generic fitness quality (i.e., maximal aerobic power), but with better
or limited applicability for the specific purpose of testing. Sport-specific fitness tests, for
example, appear to show greater ecological validity, but, on the other hand, have limited
convergent validity. This makes them appropriate for specific-fitness assessment, but rather
poor in assessment of basic fitness capacities (e.g., the maximal oxygen uptake (VO2max)) [8].
Similarly, some tests present with limited practical validity and can, therefore, hardly be
used to accurately prescribe exercise which is probably the most important part of strength
and conditioning coaches’ job [3].

Although laboratory incremental exercise test is considered a “gold standard” for
testing VO2max [9], field aerobic fitness tests have emerged as time and resource-saving
alternatives. During the last four decades, several field tests, including the University
of Montreal track test (UMTT) [10], along with its modification the Vam Eval test [11],
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multistage 20-m shuttle run test (20mSRT) [12], Yo-yo intermittent recovery test level 1
and 2 (Yo-YoIRT1 and 2) [8] and 30-15 intermittent fitness test (30-15IFT) [13] have gained
popularity and are widely used in practice for the assessment of aerobic fitness. These
tests are different in nature as they include multistage continuous straight-line [10,11],
shuttle [12] and intermittent shuttle [8,13] runs to exhaustion. Due to differences in exe-
cution, these field tests provide different end-test speeds which are specific to the nature
of the effort made during the test. Specifically, introducing changes of direction every 20
m into straight-line running yields higher oxygen uptake (VO2), heart rate, blood lactate
concentration and Rating of Perceived Exertion responses [14,15] which leads to exhaustion
at significantly lower end-test speeds during shuttle tests in comparison to incremental
straight-line tests [16]. Similarly, omitting inter-effort recoveries while performing the
30-15IFT results in reaching exhaustion at significantly lower end-test speed [17]. For
similar levels of aerobic fitness exhaustion will be reached at the lowest running speed in
20mSRT while UMTT or Vam Eval test, Yo-YoIRT and 30-15IFT will have their end-test
speeds higher by approximately 2 km/h interval each. This would, for example, make the
end-test speed of 30-15IFT approximately 6 km/h greater than the one reached in 20mSRT.
Since velocity associated with VO2max (vVO2max) is the preferred method for prescribing
exercise intensity for high-intensity interval training (HIIT) [18] this measure should be
obtained through a field test which closely mimics the locomotor activity of a certain HIIT
format in order to make it usable for prescription. However, not all mentioned field tests
are specific to the HIIT formats, so their end-test speeds cannot easily be used for training
prescription purposes.

Field tests are very popular as they are less time-consuming and cheaper than tests
performed in the laboratory. However, the large number of available field tests has con-
tributed to a growing confusion among coaches about which one to use. All mentioned
field tests were nominally created for aerobic fitness assessment. This has led coaches
to believe that the tests are basically the same and that the choice can be made solely on
preference. However, each test had been developed with a specific purpose and, as such,
should be used if and when it has the best metric characteristics for a certain aspect of test-
ing. Therefore, the main aim of this paper is to review the available scientific literature for
the purpose of reporting and discussing the reliability, validity, sensitivity and usefulness
of the most commonly used field aerobic fitness tests. This will enable the formation of
practical guidelines for their proper use in soccer (football).

This paper used a narrative review format. In order to retrieve relevant scientific
papers, we searched the Web of Science and PubMed databases using standard search
criteria. After accounting for the already retrieved publications, the keywords mentioned
in the abstract were used to search for additional scientific papers. Reference lists of
retrieved articles and recently published reviews were examined to find additional papers
not identified by the keywords-based search. Only full-text articles published in English
were included in the review. The searching process included articles retrieved until 1 March
2021.

2. Assessment of Maximal Oxygen Uptake

The general importance of aerobic fitness in soccer is well documented [19,20]. How-
ever, even though strength and conditioning coaches seek information about their player’s
VO2max, recent studies show that matching running performance might not be affected
by aerobic fitness capacities [21–23] as much as previously reported [24–27]. Namely, it
appears that playing position and game tactics are more important factors in determining
how much a player will run during a match than physical fitness [22]. This is further
supported by the findings that improvements in aerobic fitness do not necessarily reflect in
improvements in high-intensity match running performance in young soccer players [28].
However, aerobically fitter players experience reduced individual running demands during
the game which is beneficial in terms of reducing the overall fatigue and injury risk [29], as
well as the impairment of technical performance [30]. So, even though aerobic fitness might
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not be the primary limiting factor for match running performance in soccer players [21–23],
since players cover 9 to 12 km in total distance, perform 150 to 350 high-intensity running
activities, and execute 50 to 100 accelerations above 2.5 m/s2 with 300 changes of directions
during the match [31], adjusted aerobic conditioning should definitely be implemented in
the overall training program. Well-developed aerobic fitness will enable players to perform
their technical and tactical requirements with less physiological load [22] and to quickly
recover between high-intensity efforts [32] which have been shown to be typical activities
for team sports and especially soccer [27,33].

Probably the most important reason for fitness testing is the assessment of physical
capacities and abilities [1,3]. Despite recent scientific evidence related to its association
with soccer match performance, when it comes to aerobic or cardiorespiratory fitness,
many strength and conditioning coaches focus on VO2max. However, it appears that rather
than VO2max per se, match running performance is more related to vVO2max [23] and peak
incremental test speed [21]. Both variables represent an integrated measure of VO2max and
running economy, and can therefore be considered an athlete’s peak aerobic locomotor
ability [7]. This is further supported by the fact that repeated sprint ability (RSA) [34]
shows much larger association with peak incremental test speed than VO2max in team sport
players [35]. Therefore, assessing peak aerobic locomotor ability seems to be much more
important than VO2max as it provides a more ecologically valid measure of aerobic fitness
and can also be used for prescribing exercise.

Apart from being less important than end-test speed for assessment of aerobic fitness
in team sports, another reason disputing the assessment of VO2max through test equations
is their low prediction accuracy due to the fact that the calculation presumes a standard
running economy. While VO2max can be reached in all field tests when executed to exhaus-
tion [12,36,37], the calculation of VO2max using performance data obtained through the test
shows different levels of accuracy among the tests. Being the most similar to laboratory
incremental exercise tests, the UMTT shows the largest correlation with VO2max (r = 0.96)
and the lowest standard error of estimate (SEE) of 2.8 mL/kg/min [10] and therefore seems
the best option for estimation of VO2max. As originally developed for the assessment of
VO2max in limited spaces such as gyms, the 20mSRT also has a high level of criterion-related
validity with SEE of 3.5 mL/kg/min in adults [38] and 4.7 and 5.9 mL/kg/min in healthy
adults and children, respectively [39]. This indicates a higher validity for adults than for
children [40]. On the other hand, both Yo-YoIRTs and 30-15IFT present lower correlation
coefficients and limits of agreement with VO2max and, therefore, may not be ideal for
estimation of VO2max [8,13,41,42]. However, it seems that criterion-related validity of the
tests might be fitness level dependent as higher correlations and lower SEE of Yo-YoIRT1
were reported for recreational [43] and untrained individuals [44].

3. Assessment of Specific Intermittent Endurance

Soccer and most other team sports are intermittent activities with high aerobic de-
mands [20] placed on players due to frequent changes in types of movement [31] and
repetition of high-intensity running and sprinting [45]. Even though high-intensity run-
ning can be maintained throughout the match [22], the decrease in occurrences of repeated
sprint sequences and number of sprints within a sequence [46] suggests the accumula-
tion of fatigue over the course of a match which may negatively impact players’ overall
physical and technical match performance [47]. As high-intensity running appears to be
an important index of match-related physical performance [27], assessing player’s ability
to repeat such activities and to recover from them quickly seems important. This has led
to the development of the Yo-YoIRTs devised with the main purpose of assessing soccer-
specific intermittent endurance [8]. Indeed, significant correlations between Yo-YoIRT1
and high-intensity running during the match have been found in young [23,48–50] and
senior level [24,26] soccer players. Large and very large significant correlations between
Yo-YoIRT1 and high-intensity running (r ranging from 0.56 to 0.76) [8,23,24,26,48–50], very
high-intensity running (r = 0.59) [50], sprinting (r = 0.63 and 0.76) [23,49], total distance
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covered (r ranging from 0.53 to 0.65) [24,26,48,50] and high-intensity activity (r ranging
from 0.56 to 0.77) [23,26,48,49] performed during the match seem to support the ecological
validity of the test [44,51]. The same applies for the Yo-YoIRT2 as a very large correlation
(r = 0.72) was obtained between Yo-YoIRT2 and peak high-intensity running in a 5-min
period during the match [8]. However, the significance of these correlations has lately been
brought to question [52–54] as these analyses were performed on pooled data from all
the players in a team. This resulted in neglecting the sometimes-substantial differences
in physical fitness [21,55] as well as the often-substantial differences in match running
performances [21,22,56] between players from different playing positions. Namely, even
though significant correlations were found on pooled data, when analyzed according to
playing position, the associations between aerobic fitness and match running performances
were actually trivial and non-significant, with the only exception of strikers [21]. This
suggests that tactical roles dictated by playing positions as well as other contextual factors
such as score line, team formation and opponent quality rather than physical fitness are
primarily important in determining player’s match running performance [21,53]. Addi-
tionally, it is also interesting to notice that other field tests, such as UMTT and 20mSRT,
which are not initially designed to assess specific intermittent aerobic endurance, also show
large to very large correlations with high-intensity running [27,49], very high-intensity
running [21,27] and high-intensity activity [49]. In fact, in young soccer players, significant
correlations with high-intensity running (r = 0.70 vs. 0.65) and high-intensity activity (r =
0.75 vs. 0.73) were greater for 20mSRT than Yo-YoIRT1, raising doubt to the superiority
of Yo-YoIRT1 in terms of ecological validity [49]. Generally, these findings point out that
aerobic fitness is not a major limiting factor of match running performance [21,52] and that
assessing specific intermittent endurance obviously does not provide an additional benefit
in assessing player’s physical fitness [3].

However, when choosing the test for the purpose of aerobic fitness assessment of
soccer players, the choice of the test used should be based on the player’s age, their aerobic
fitness level and testing time-point. Namely, it has been shown that high-levels of VO2 are
reached early into the Yo-YoIRT1 and that almost half of the test duration is executed with
VO2 above 95% VO2max [37]. This is quite different from the VO2 response elicited during
continuous tests in which VO2 kinetics appears to be fairly linear. This means that YoYoIRTs
are more metabolically demanding [8,38]. It seems that the difference between findings
obtained in the continuous and intermittent tests increases as players improve their VO2max,
their anaerobic capacity and the ability to recover quickly following a high-intensity run
so that their anaerobic capacity could be expended slowly during the execution of the
test. Indeed, the anaerobic contribution to the intermittent test is higher than during a
continuous test as blood lactate concentrations and end-test velocities are significantly
higher after the intermittent in comparison to the continuous test [17]. This possible
differentiation between the 20mSRT and Yo-YoIRT1 as players get fitter is further supported
by the almost perfect correlation (r = 0.89) in very young soccer players [49], while slightly
lower correlations were observed for adults and elite athletes [43]. Therefore, the literature
suggests that 20mSRT should be used with younger and less aerobically fit players as the
protocol involves lower starting speeds and smaller increments at the beginning of the
test, while Yo-YoIRT1 is more useful for aerobically fitter players and during the in-season
period when certain level of conditioning has already been reached [49]. The shorter testing
time for Yo-YoIRT1 in young soccer players also makes it a better option for in-season
period when time devoted to testing is limited. On the other hand, a very large significant
correlation obtained between 30-15IFT and mean sprint time of the RSA test (r = 0.88) [57]
and Yo-YoIRT1 (r = 0.75) [58] suggest that even 30-15IFT can be used for evaluation of
specific intermittent endurance even though the test was not created for that particular
reason [13,42].
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4. Performance Monitoring and Assessment of the Training Effects

Very important features of any test are its ability to detect the smallest increase in
performance that might be practically significant [59] and its sensitivity to detect training
effects after a training program [2,60]. In order for the test to be highly sensitive to changes
over time its smallest worthwhile change (SWC) should be greater than the typical error of
measurement (TE) [61]. This ensures that the change in the variable really reflects fitness
improvement rather than just a variation within the subjects tested. However, the TE alone
is not the best indicator of the test sensitivity to training effects, but it is the magnitude
(noise) in relation to the usually observed changes (signal) in that test that matters the
most [61]. The greater the signal-to-noise ratio, the likely greater sensitivity of the test to
detect changes in fitness [61,62].

The TEs are generally lower in 30-15IFT [63–65] and Vam Eval test [66], a modified
version of the UMTT, than in 20mSRT [49,67,68] and both Yo-YoIRTs [26,43,48,49,68–77]
(Tables 1–5). This is largely due to the fact that TE is dependent on the measurement
unit [78] making the speed-related tests less variable than the distance-related ones and
therefore rendering a direct comparison between tests inappropriate. The Vam Eval
test [66,79] and the 30-15IFT [13,42] both have 0.5 km/h increments presenting much
bigger stage steps in comparison to the 40-m shuttle increments which is a minimal de-
tectable change in all distance-related tests. This bigger increment in single stage probably
also contributes to a lower variability in test-retest measures. Additionally, the uneven
time-dynamic of the speed increments throughout both Yo-YoIRTs and longer time exer-
cised at a single speed stage, requiring maintenance of a very high physiological stress for
a longer time which is influenced by motivation, very likely contributes to their higher
TEs in comparison to other tests. Indeed, the TEs expressed as CV for Yo-YoIRT1, Yo-
YoIRT2 and 20mSRT range between 3.5% and 17.3%, 4.2% and 12.7%, and 2.2% and 6.8%,
respectively, while lower values of 3.5% and from 1.5% to 2.5% were found for Vam Eval
and 30-15IFT, respectively. Although the number of studies reporting TEs of UMTT and
30-15IFT in soccer players is much lower than the ones reporting TEs for the 20mSRT and
Yo-YoIRTs it does appear that the TEs of speed-related tests are more stable than those of
distance-related tests. It also can be noticed that the TEs expressed as CVs. within the tests
are generally lower in older and fitter players. For example, lower CVs. in older groups
of soccer players were reported in most studies in which direct comparisons between age
groups were made [70,71], while between-study analysis reveal that recreational [43] and
sub-elite [69,70] players generally present higher CVs. compared to their elite counter-
parts [48,49]. Accordingly, lower TE of 0.23 km/h (CV = 1.3%) for UMTT was reported
in moderately trained distance runners [79] in comparison to the TE of 0.57 km/h (CV
of 3.5%) found in young soccer players [66] suggesting that greater experience with the
mode of running in a test can also contribute to the lower trial-to-trial variability. This is
important to acknowledge as both the ability to detect SWC and the sensitivity of the test
is influenced by the TE. Therefore, if reliability of the test cannot be directly assessed in a
particular group of players, the practitioners are advised to use the TEs from the literature
which is derived from the subjects that most closely resemble their athletes.

The “signal” or the usually observed change following a training program in soccer
players is also generally greater in the distance-related tests than in the speed-related
tests. Namely, the mean change following training programs comprised of different HIIT
formats [18] (i.e., long interval HIIT, short interval HIIT, repeated sprint training (RST),
sprint interval training (SIT) and small-sided games (SSG)) lasting from 2 to 12 weeks
in soccer players averages 2.7% for UMTT or Vam Eval test [80–85] (Table 1), 6.7% for
20mSRT [67,68,86–89] (Table 2), 18.8% for Yo-YoIRT1 [58,68,74,85,90–110] (Table 3), 16.5%
for Yo-YoIRT2 [74,77,111–117] (Table 4) and 9.1% for 30-15IFT [58,84,118–121] (Table 5).
Although solid conclusions cannot be made due to the differences in duration and experi-
mental designs of the studies it is interesting to notice that training programs comprised
of short interval HIIT offered the greatest improvements in UMTT, 20mSRT and 30-15IFT.
Namely, performing a combination of short interval HIIT and RST within a 10-week train-
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ing program yielded an 8.1% or 1.3 km/h increase in UMTT end-test speed [81] while
5 weeks of short interval HIIT program resulted in 20.5% or 365 m increase in 20mSRT
total distance covered [87]. Similarly, the greatest improvement in 30-15IFT was also ob-
served following training programs comprised of short interval HIIT as 5.8% (1.3 km/h)
and 28.3% (3.6 km/h) increments in end-test speeds were noticed following a 6-week
training program in male amateur [84] and semi-professional female soccer players [118],
respectively. The fact that short interval HIIT produced the greatest “signal” in these
tests is understandable given the fact that short and long interval HIIT have shown the
greatest potential to improve VO2max [18,122] and 20mSRT and UMTT both have very large
(r = 0.96) [10] and almost perfect (r = 0.84) [40] correlations with VO2max. The 30-15IFT,
however, possess only large correlation with VO2max (r = 0.68) [13], but its high specificity
to the short interval HIIT sessions probably makes it suitable for capturing the “signal”
from this type of interval training programs [42]. On the other hand, a wide range of
improvements in Yo-YoIRT1 were noticed after each HIIT program. However, the greatest
improvements were obtained after training programs comprised of long interval HIIT and
small-sided games (SSG) [91] or a combination of both [58]. The ability of Yo-YoIRT1 to
capture such “signals” is in accordance with the soccer-specific nature of the test [8]. Simi-
larly, the greatest improvement in Yo-YoIRT2 was observed following 4 weeks of SIT [116]
which is also logical considering the test’s capacity to capture larger portion of anaerobic
capacity in comparison to Yo-YoIRT1 [8]. Bearing in mind that above presented conclusions
could simply be a result of differences in the experimental training interventions we believe
that this information could be valuable to coaches when selecting tests for the training
program evaluation purposes as tests appear to differentiate between “signals” produced
by different training programs. So, it seems as a good practice to select tests based on
the training program chosen for evaluation. For example, significant improvement of
17.1% in Yo-YoIRT1 was obtained following 7 weeks of SSG training program even though
non-significant decrements of −0.7% in VO2max and 20mSRT were noticed [68]. The SSG
training program obviously produced some valuable improvements important for already
aerobically well-prepared soccer players which would not be captured if only 20mSRT had
been employed [68].

Even though the overview of the studies conducted on soccer players indicate that
field tests may differ in their ability to “receive the signal” emitted from different training
programs, it is the signal-to-noise ratio that really defines the sensitivity of the test [59,60].
The most accurate measure of sensitivity is the one calculated with the TE and the change
in the measure following a training program assessed within the same subject sample,
i.e., within the same study. Unfortunately, there are only few intervention studies in
which reliability of the tests was assessed prior to the commencement of the training
program [67,68,74]. Therefore, for the most studies reported in Tables 1–5, sensitivity
was calculated using the TE from other study done on participants with the most similar
characteristics. Additionally, the number of studies available for calculation of the signal-
to-noise ratio as well as the type and duration of the training programs analyzed differ
significantly among the tests and, therefore, direct between-test comparison should be
made with caution. Average signal-to-noise ratios were 1, 2.9, 2.7, 2.5 and 5.1 for UMTT or
Vam Eval test, 20mSRT, Yo-YoIRT1, Yo-YoIRT2 and 30-15IFT, respectively, suggesting that
all tests can be considered sensitive to track adaptations to training. Lower sensitivity of
the UMTT or Vam Eval test might partially be due to the fact that reliability measure used
for calculation of the ratios was only reported in one study on young soccer players and
it turned to be higher (CV = 3.5%) [66] than the one reported on older endurance trained
athletes (CV = 1.3%) [79] with more experience in continuous running.
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It is possible that more experienced soccer players might exhibit better reliability
of this test and consequently make it more sensitive to detect long-term adaptations.
Namely, it does seem that higher reliability of the 30-15IFT is the main reason for its
greater sensitivity as percentage changes after training interventions captured with this
test [58,84,119–121] are generally quite similar to the ones captured with UMTT or Vam
Eval test [81,84]. This is especially evident in Dellal et al. [84] in which both tests were
used for aerobic fitness assessment. However, it is very important to emphasize once again
that sensitivity of the test to detect adaptations is mostly influenced by the specificity of
the training type imposed on players. For example, even though TE expressed as CV was
lower in 20mSRT (4.9%) vs. Yo-YoIRT1 (9%), making the denominator much lower for
calculation of signal-to-noise ratio, the adaptations to both the SSG training program and
the training program incorporating prolonged short-interval HIIT and RST were better
captured with Yo-YoIRT1 [68]. In this case, it appears that both training programs applied to
the players were of such volume and activity patterns that it was more similar or specific to
the performance of the Yo-YoIRT1 making the players better conditioned to perform on that
particular test. Indeed, acute physiological responses to prolonged short-interval HIIT and
extensive RST sessions are much more similar to the physiological demand of Yo-YoIRT1
in which half of the test duration is performed with the intensity of ~95% VO2peak [37],
therefore creating a better “signal” for that test. Similarly, 11 weeks of long-interval HIIT,
SSG, sprint training and technical and tactical drills was better captured with Yo-YoIRT1
than Yo-YoIRT2 in young soccer players, again, mostly due to the large differences in
the “signal” [74]. It seems that the overall training program was more focused on the
improvement of aerobic capacities and less on anaerobic capacities creating the difference
in the adaptation which resulted in different percentage increases in these two tests used.
On the other hand, long-interval HIIT, SSG and resistance training intervention lasting
for 7 weeks was similarly detected by Yo-YoIRT1 and 30-15IFT [58]. While both tests are
intermittent in nature and quite similar in terms of specificity, they presented identical
sensitivity probably because the overall training program was comprised of activities that
evenly attacked the capacities evaluated by both tests. However, even though the number
of studies reporting sensitivity presented in Tables 3 and 5 is significantly different between
Yo-YoIRT1 and 30-15IFT, and while direct comparisons should not be made due to the
differences in the training programs evaluated, it does seem that the 30-15IFT presents
superior overall sensitivity.

Another very important characteristic of the test is its usefulness or the ability to detect
the SWC in a measure. Ideally, the TE should be less than half of the SWC and in that case
any change in the test greater than the SWC would almost certainly be meaningful [60].
However, the test is rated as good whenever the SWC is greater than the TE and Ok or
medium when the TE is equal to the SWC [123]. The TE larger than the SWC makes the
test marginal, but even with marginal test we are still able to detect moderate, large and
very large changes in a measure [60,123]. Namely, the changes of 1×, 3×, 6× and 10 ×
SWC can be considered as small, moderate, large and very large [59]. Determining the
magnitude of the SWC is very complex and depends on many factors such as training
context, type of adaptations that are being evaluated and the variable itself [60]. For
performance variables in team sports the SWC is most often determined as 0.2× between-
athletes standard deviation [59,60]. However, using between-athletes SD for calculation
makes the SWC susceptible to influence by group homogeneity, i.e., more heterogeneous
groups will exhibit larger SWC and may present the test as more useful. Usually, younger
and less fit groups of players show more heterogeneity although this is not the general
rule as different levels of heterogeneity was found between experimental groups of the
same subject sample [95]. On the other hand, great homogeneity was also found in players
with significantly different initial fitness status [103]. Anyway, it does appear that all field
tests reviewed here present with marginal usefulness while the tests were rated as Ok and
good mostly in studies with younger [48,49,68,71–73,88,89] and less fit [43,87,95] or less
experienced [71,105] players with a few exceptions noticeable for Yo-YoIRT2 [75,111,115]
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and 30-15IFT [65]. It is advisable, therefore, that strength and conditioning coaches compare
the initial fitness scores of their players with the ones presented in Tables 1–5 and, by
choosing the most appropriate TE, estimate the potential usefulness of a particular test for
their players. It is also worth noting that the reported SWCs in UMTT or Vam Eval test,
Yo-YoIRT2 and 30-15IFT are most often smaller than the test’s stage increment making the
improvement of only one stage in the test performance already substantial and worthwhile.
Indeed, both the UMTT/Vam Eval test and 30-15IFT use 0.5 km/h increments while
minimal detectable increment in Yo-YoIRT2 is 40 m making the usually observed SWCs of
0.1–0.2 km/h, 0.2–0.3 km/h and 10–45 m, respectively, almost exclusively outperformed by
improvement of just one stage. On the other hand, the usually reported SWCs of 30–70 m
and 40 to 135 m for 20mSRT and Yo-YoIRT1, respectively, are much larger than their stage
increments of 20 and 40 m rendering one stage increment in the test performance often
insufficient for practical significance.

Although VO2max is not related to soccer match performance and should not be a
variable of particular interest for strength and conditioning coaches they are still very often
interested to find out if the VO2max has increased after a training period. However, if
one is still really interested in assessing VO2max and its improvement following a training
program, the most logical option would be to use the field test that has the greatest criterion-
related validity. The UMTT or the Vam Eval test offer the greatest correlation (r = 0.96)
between end-test speed and VO2max and the lowest SEE of 2.81 mL/kg/min amongst the
proposed field tests thus appearing as the best candidate for the job [10]. On the other hand,
the 20mSRT, Yo-YoIRT1, Yo-YoIRT2 and 30-15IFT all have lower criterion-related validity
with correlation coefficients of 0.84 [40], 0.74 [124], 0.47 [124] and 0.68 [13], respectively,
which points out their very low capacity to accurately estimate VO2max, especially in
top-level athletes. As usually observed changes in VO2max following several weeks of
HIIT in soccer players are in range of 5 to 11% or 3 to 6 mL/kg/min [20,122,125,126], even
the UMTT or the Vam Eval test with their highest criterion-related validity among the
field tests and high reliability (TE of 1.92 mL/kg/min) [10] are not accurate and sensitive
enough to capture such small changes induced by a training intervention. Namely, adding
the SEE of 2.81 mL/kg/min to the TE of 1.92 mL/kg/min, which is actually the third of
the upper range value of the VO2max improvement or the “signal”, increases the overall
“noise” of the test and renders the test invalid to provide reliable data. Therefore, it is
advised that field tests are not used for calculation of VO2max and especially for evaluation
of the training effects through the lens of VO2max improvements.

5. Training Prescription

Training prescription is probably the most vital part of strength and conditioning as it
involves manipulation of numerous acute training variables in order to reach the desired
physiological response [18,127]. For aerobic exercise in particular, prescribing exercise
intensity is the key issue, and it becomes especially challenging when prescribing long
and short format HIIT [128,129]. These training formats are recognized as optimal for
accumulating the most time in the zone >90%VO2max per session and their acute physio-
logical reactions are believed to be the most important for improvement of VO2max [18].
Long format HIIT includes high-intensity intervals lasting from 2 to 6 min performed
at 90–105% vVO2max, while short format HIIT includes 10 to 60-s intervals performed at
100–120% vVO2max [18,127]. As this work in the zone > 90%VO2max is performed in the
severe intensity domain, usually above the respiratory compensation point, prescribing
exercise intensity through percentage of heart rate or VO2max, as is often done for low and
moderate-intensity aerobic exercises, is not possible. During long format HIIT the time lag
of heart rate response is sometimes as long as the bout itself, so relying on heart rate to
control intensity would result in performing very inefficient sessions. The problem with
heart rate is even more critical during the short format HIIT as several intervals are needed
to reach the desired heart rate zone. This is why vVO2max, or the lowest speed required to
elicit VO2max, has emerged as the preferred method for prescribing HIIT [18]. Prescribing
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exercise intensity using speed for which the cardiovascular response is determined through
incremental exercise testing enables better control and more precision in execution of the
session.

However, because of the different locomotor nature of the protocol, VO2max is attained
at different velocities in each of the discussed field tests. Congruently, end-test velocities
represent different physiological qualities, i.e., they are composed of different ratios of
aerobic and anaerobic capacities and different degrees of neuromuscular strain which
is influenced by the specific nature of the task. Therefore, only those field tests that
closely mimic the locomotor activity of the specific HIIT session pose the ability to be used
for training prescription. The end-test velocities can hardly be used interchangeably to
prescribe HIIT sessions.

The vVO2max required for continuous running is usually obtained through incremental
exercise test and, although it differs slightly from the end-test velocity, those two measures
are highly correlated [10]. Therefore, this end-test velocity can be used to prescribe long for-
mat HIIT because the mode of testing is very similar to the mode of the training session [18].
Namely, the incremental exercise test is performed continuously and in straight-line so
no other physiological capacity except for cardiorespiratory fitness and the energetic cost
of such mode of running contribute to the task [9]. Performance of the work intervals in
long format HIIT sessions rely on the same capacities, so the physiological response during
the training sessions will be similar as during testing. As UMTT and Vam Eval test are
continuous straight-line field tests their end-test velocities are suitable to prescribe long
format HIIT sessions. These tests can also be used to prescribe short format HIIT if the
session is performed on the treadmill where by jumping on and off the treadmill accelera-
tions and decelerations can easily be omitted. However, most short format HITT sessions
are performed indoors with limited space available requiring introduction of numerous
changes-of-directions (COD) and corresponding accelerations and decelerations. These
additional actions augment the physiological response of such mode of running [14,16]
and in order to accurately individualize such sessions they need to be prescribed based on
the test which closely mimics such locomotor activities. Namely, using vVO2max assessed
through UMTT to prescribe short interval HIIT sessions performed indoors on a court usu-
ally results in very different physiological responses between players [13,42]. This is due to
their differences in anaerobic capacities and neuromuscular qualities which are required to
change direction and to accelerate and decelerate throughout the session [42]. This has led
to the development of 30-15IFT, an intermittent shuttle test, in which the final test speed
incorporates aerobic and anaerobic capacities, COD ability and the inter-effort recovery
ability in the amount which is required for performance of the short format HIIT [13]. That
way all athletes elicit similar physiological reactions while performing short format HIIT at
identical relative intensity [13,42]. Namely, the test is highly specific to the training sessions
usually performed in intermittent sports, but not to the sports [13,42], which is why it is
ideal for training prescription of such sessions.

On the other hand, 20mSRT and Yo-YoIRTs are not specific to either of the HIIT
formats and can hardly be used for training prescription. The 20mSRT is a continuous
shuttle incremental test, so its final speed does not incorporate inter-effort recoveries
making it unsuitable for prescribing short format HIIT. Namely, the variability of the
cardiorespiratory response to 10-min intermittent runs was much higher when training
prescription was based on the 20mSRT (10.6%) in comparison to the 30-15IFT (2.9%)
rendering some subjects unable to finish the session and others below the desired heart rate
zone [13]. Similarly, greater anaerobic contribution [16] and poorer running economy [14]
during relative shuttle compared to the straight-line running limits the potential of the
20mSRT to be used for prescription of long format HIIT. Namely, the difference between
end-test speeds in 20mSRT and UMTT can inform the coach about the COD ability of
their athletes, with smaller the difference the better the COD ability [42]. However, as
this difference between end-test speeds can be highly variable [130], the cardiorespiratory
responses of straight-line running prescribed through the results obtained with the 20mSRT
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could also appear highly variable [15]. Therefore, it would be very hard to capture the
ideal acute cardiorespiratory response during long format HIIT if the 20mSRT is used for
training prescription.

As indicated earlier the Yo-YoIRTs are soccer-specific tests with the main purpose of
evaluating player’s ability to perform intense exercise [8]. Although the tests are very
similar to the short format HIIT [131], the protocol design limits their potential to be used for
training prescription purposes. At the beginning of the test the speed increments are rather
steep and vary in volume while the latter stages have smaller increments which are distance-
regulated. Namely, for each speed stage latter in the test the athlete is required to cover the
320-m distance which subsequently shortens time spent at each stage. Additionally, each
of the eight shuttles are interspersed with 10-s recovery, making it hard to assess how an
athlete would actually cope with the requirement of maintaining the corresponding speed
for longer as is necessary during HIIT sessions. Making the test distance-focused is contrary
to the concept of HIIT prescription as training sessions are usually time-defined [18].
Therefore, when it comes to training prescription the real question which needs to be
answered through testing is whether an athlete can withstand a certain speed level for the
duration of an average high-intensity interval. Being a time-defined test the 30-15IFT is,
therefore, the best choice to prescribe short format HIIT [13,42].

6. Conclusions

At the beginning aerobic field tests were developed as a cheaper and easier means for
the assessment of athletes’ fitness compared to laboratory tests. However, different needs
have emerged through time and have guided their development. These main goals shaped
and determinate the test’s main purposes and characteristics. As safer and pacing-free
alternative to the 12-min run or the Cooper test, the UMTT was born in 1980 with the
main purpose of measuring VO2max. The necessity to assess VO2max indoors with limited
space available led to the development of 20mSRT which appeared to be valid and reliable
alternative to the UMTT. As strength and conditioning coaches working in soccer were
interested in evaluating sport-specific intermittent aerobic ability their requirement resulted
in the appearance of the Yo-YoIRTs in the early 1990s. Finally, the inability of all these tests
to prescribe short format HIIT, often performed with numerous COD as organized indoors,
laid the ground for the birth of 30-15IFT in 2008. All these field tests have their strengths
and weaknesses and should be used accordingly, i.e., a test should be selected when it fits
best for the particular purpose of the testing (Table 6).

Namely, when it comes to VO2max assessment, the UMTT and Vam Eval test appeared
as the best solution even though it must be pointed out that VO2max is not related to
soccer match performance and its assessment should not be a priority in soccer players.
Additionally, tracking VO2max improvement through time using field tests is not very
feasible due to the small magnitude of potential VO2max improvements and an inadequate
reliability and criterion-related validity of the tests to give them the necessary sensitivity.
The findings presented herein suggest that Yo-YoIRTs are the most often used tests in soccer
players. However, the findings obtained with these two, or any other field test for that
matter, should not be used to predict on-field match performance as this practice seems to
be misleading. The comparison of the signal-to-noise ratios suggested that 30-15IFT is the
most sensitive test to track adaptations to training programs. However, this conclusion
should be taken with caution as the number of studies reviewed and their methodology
differ significantly between the tests reported. Anyway, strength and conditioning coaches
are advised to choose the test based on the training program they are about to implement as
it appears that the tests differ in their capacities to detect “signals” emitted. While all field
tests present with marginal usefulness, the usually reported SWCs for UMTT/Vam Eval test,
Yo-YoIRT2 and 30-15IFT were smaller than their stage increment making the improvement
of only one stage in the test performance already worthwhile. Finally, when it comes to
training prescription, UMTT and 30-15IFT should be preferably used for programing long
and short HIIT, respectively.
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Table 6. Advantages and disadvantages of the reviewed field aerobic fitness tests.

Field Aerobic
Fitness Test Advantages Disadvantages

UMTT/Vam Eval

Moderate to high reliability
High criterion-related validity—best solution for
the assessment of VO2max
SWC smaller than one stage of the test
Best for prescription of long format HIIT

Low to moderate sensitivity
Marginal usefulness
Athletic track required for testing

20mSRT

Short-distance course required for testing
Low end-test running speeds
Short testing time
High sensitivity
Ok to good usefulness

Low to moderate reliability
Moderate criterion-related validity for the
assessment of VO2max
SWC larger than one stage of the test
Unsuitable for training prescription

Yo-YoIRT1 Short-distance course required for testing
High sensitivity

Low reliability
Low criterion-related validity for the assessment of
VO2max
Marginal usefulness
SWC larger than one stage of the testUnsuitable for
training prescription

Yo-YoIRT2

Short-distance course required for testing
High sensitivity
Very short testing time Medium usefulness
SWC smaller than one stage of the test
Appropriate for players with high aerobic and
anaerobic fitness

Low reliability
Very low criterion-related validity for the
assessment of VO2max
Not appropriate for players with low aerobic
fitness
Unsuitable for training prescription

30-15IFT

Medium-size-distance course required for testing
High reliability
Excellent sensitivity Medium usefulness
SWC smaller than one test stage
Best for prescription of short format HIIT

Low criterion-related validity for the assessment of
VO2max

Legend: UMTT: University of Montreal Track test, 20mSRT: 20-metre shuttle run test, YoYoIRT1: YoYo intermittent recovery test level
1, YoYoIRT2: YoYo intermittent recovery test level 2, 30-15IFT: 30-15 intermittent fitness test, SWC: smallest worthwhile change, HIIT:
high-intensity training.
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Abstract: The change of direction (COD) ability is a task-specific skill dependent on different factors
such as the degree of the turn, which has led to differentiating CODs as more force- (>90◦) or velocity-
oriented (<90◦). Considering force and velocity requirements is of importance when designing
sport-specific training programs for enhancing COD performance. Thus, 25 female handball and
soccer players participated in this study, which investigated the association between three different
strength and plyometric exercises and force- and velocity-oriented COD performance. By utilizing
the median split analysis, the participants were further divided into a fast (n = 8) and a slow (n = 8)
COD group, to investigate differences in step kinematics between fast and slow performers. The
correlational analysis revealed that the bilateral back squat and unilateral quarter squat were signifi-
cantly associated with several force- and velocity-oriented COD performance (r = −0.46 to −0.64),
while the association between plyometric and COD performance was limited (r < 0.44). The fast
COD group revealed higher levels of strength, jump height, peak velocities, higher step frequencies,
shorter ground contact times, and greater acceleration and braking power (d > 1.29, p < 0.03). It was
concluded that the observed correlation between strength and COD performance might be due to
stronger athletes being able to produce more workload in a shorter time, which was supported by
the step kinematics.

Keywords: force; velocity; power; step kinematics

1. Introduction

In court and field sports, athletes are required to possess numerous physical and
tactical skills [1,2]. The physical skills required are distinctive for the different sports,
positions on the field, and team tactics [3,4]. However, a minimum threshold for maximal
oxygen consumption to endure the match is required [5,6], accompanied by the ability to
perform and repeat various high-intensity actions throughout the match [7–9]. Despite
the short timeframe of these high-intensity actions relative to total match-time, they are
decisive for match outcomes as they often precede match-decisive situations [10,11]. One
such important high-intensity action is the physical ability to rapidly perform a change
of direction (COD), which frequently occurs in team sports [12–14]. The COD ability can
be defined as the athlete’s preplanned physical ability to accelerate and decelerate while
overcoming inertia before reaccelerating in a new direction [15–17]. Athletes with a well-
developed COD ability possess a physical and tactical advantage over their opponent, as,
in offensive play, they may have an increased opportunity of bypassing their opponent,
creating space, and/or moving into space. Generally, lower-limb strength, power, and
reactive strength are leg muscle qualities positive for COD performance [18], due to
the importance of rapidly expressing a large amount of force over multiple steps when
performing a COD [16,19,20].
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Although leg muscle qualities are important factors determining COD performance in
general, COD is a task-specific skill [21,22], as improvement in one specific COD task might
not transfer to another [18,23]. Factors constraining the specifics of a COD maneuver can
be the complexity (i.e., handling a ball) [21], number of COD(s) performed [15], completion
time (energy systems utilized), initial velocity approaching the COD, and angle of the
turn [19,21,24]. CODs performed at a higher initial velocity will increase braking require-
ments to manage the turn [19], as shown by more steps for braking [22]. Furthermore,
CODs of greater angles require greater redirections of the whole body [25], increases in
ground contact time, greater mediolateral force production, and greater knee and hip flex-
ion in the plant step [22,25–28]. Accordingly, CODs of different angles have been suggested
to demand different magnitudes and directions of ground reaction forces. This concept
is rooted in Newton’s laws of motion, as CODs of greater angles (>90◦) require greater
force productions for braking to change momentum and redirecting the body, as opposed
to velocity-oriented CODs (<90◦), allowing for velocity maintenance and a transfer of
momentum [20,21,24].

Strength and plyometric training are two different training modalities often utilized
to improve leg muscle qualities, which may furthermore lead to enhanced COD per-
formance [18,21]. Unfortunately, the distinctiveness of different types of CODs is often
neglected when testing COD performance, whereby the COD ability is processed as a
general skill, without considering the specific demands of CODs, such as force and velocity
magnitudes. Thus, results after conducting training interventions might conflict [21]. To
the authors’ knowledge, a study by Falch et al. [29] is the only one to specifically examine
the association of strength and plyometric exercises with force- and velocity-oriented CODs.
The study was conducted on male soccer players and suggested that the plyometric exer-
cises should be COD-specific, while the different strength tests revealed only a ‘moderate’
insignificant correlation (r < 0.41). Furthermore, a review by Falch, Rædergård, and van den
Tillaar [21] suggested strength training to be more beneficial for developing force-oriented
COD performance, as force-oriented CODs are performed at slower velocities. However,
it is unknown how these findings apply to female athletes who are underrepresented
in COD research [21]. Females possess, on average, less strength and more fat mass in
comparison to males [30], which are important considerations when training for enhancing
COD performance. Enhancing relative strength might increase COD performance [31], as
acceleration/deceleration of the body is a product of net force [24]. Therefore, strength
training might be more beneficial for female athletes for developing overall COD perfor-
mance due to generally lower levels of relative strength. This assumption is reasonable, as
strength training has been found to enhance COD performance in both female volleyball
athletes and untrained females when measuring performance changes using a standardized
t-test [32,33].

Although earlier research suggests plyometric training to be more COD-specific [21,23,29],
relative strength might reveal a high association for female athletes in both force- and
velocity-oriented CODs, as there might be a “threshold” before further strength gains will
not enhance COD performance. Lower-limb strength, commonly dynamically expressed
with exercises such as the barbell back squat, might be of even greater importance in
force-oriented CODs, as CODs of increased angles require longer ground contact times
with greater knee and hip-joint angles [22]. Due to the limited time available to devote to
training specific physical abilities such as the COD ability in team sports, it is important
to incorporate exercises and training modalities positively affecting overall performance
outcomes in a sport-specific context. Thus, the primary objective of the current study
was to examine the association between young female court and field sport athletes’
performance in different strength and plyometric exercises with performance in a force-
and velocity-oriented COD. A secondary objective was to investigate differences in step
kinematics and acceleration/deceleration between fast and slow performances in force-
and velocity-oriented CODs for further insights into the demands of the force -and velocity-
oriented CODs. It was hypothesized that fast COD performers would be better at both
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accelerating and decelerating in both force- and velocity-oriented CODs due to higher step
frequencies and shorter contact times [34]. Such an investigation might provide useful
information for strength and conditioning coaches seeking to improve task-specific COD
performance in female athletes. Performance in the strength and plyometric exercises was
hypothesized to be associated with performance in both force- and velocity-oriented CODs,
as all performances are a product of lower-limb force production relative to body mass.

2. Materials and Methods

A within-subject design was conducted during the offseason to investigate the associ-
ation between performance in strength and plyometric exercises and performance in force-
and velocity-oriented CODs in female court and field sport athletes. A between-subject
design was used to examine differences between fast and slow COD performers. To avoid
a possible learning effect, all athletes had to participate in two familiarization sessions,
practicing the different tests of the study. Technical guidance (mainly foot placement and
depth) and the study procedure for the familiarization and test day were controlled for by
three strength and conditioning professionals.

2.1. Subjects

The subjects of the current study consisted of 25 young female handball (n = 16) and
soccer players (n = 9) (age: 19.6 ± 2.8 years, height: 170 ± 7.1 cm, body mass: 68 ± 10.6 kg,
body mass index: 23.6 ± 2.3) participating in a minimum of three sessions per week,
recruited from two local teams. Both teams competed at the second-highest level in the
Norwegian league system of their respective sport. None of the athletes had an injury or
any illness in the previous 3 months that could negatively affect the validity of the study.
All athletes were informed of the risks and benefits of participation, and a written consent
form from the athletes and parents (when under 18 years old) was obtained before the tests.
The study was conducted according to the ethical regulations for research, approved by
the Norwegian Center for Research Data (project number: 903955) in line with the latest
revision of the Declaration of Helsinki. The athletes were instructed to be physically and
mentally prepared for performing maximal efforts on the day of testing, which involves
the consumption of a light meal 2 h before testing, >7 h of sleep, not consuming alcohol,
and avoiding demanding physical training 48 h before testing.

2.2. Procedure

Before testing the performance in the different strength, plyometric, and COD tests,
all athletes underwent the standardized warm-up protocol presented by van den Tillaar
et al. [35] consisting of submaximal runs and dynamic stretching. Afterward, athletes were
randomly assigned by an online randomizer to three different groups, testing maximum
performance in the different tests (strength, plyometric, and COD/running). Each group
was randomly assigned to start with the strength, plyometric, or COD tests and completed
all the tests within the session. Because the athletes already performed a warm-up protocol,
only sub-maximal repetitions of the different tests were included as a specific warm-up,
leading up to the maximal effort attempts. To investigate the association of force- and
velocity-oriented COD performance with strength and plyometric exercises, the athletes
were required to perform one velocity- (45◦) and one force-oriented (180◦) COD task.
The COD test was accompanied by a sprint test (large magnitude of concentric force and
velocity requirements) and a braking test (large magnitude of eccentric braking force
requirements) [36]. Furthermore, the athletes performed three plyometric tests and three
strength tests, which were performed bilaterally and unilaterally with the right foot in the
vertical and lateral directions. The right foot performed the unilateral movements as the
right foot performs the plant step in CODs with a left turn [22].
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2.3. COD Tests

The COD tests consisted of a 10 m sprint approaching a 45◦ or 180◦ turn and perform-
ing the turn before reaccelerating 10 m into the new direction. All CODs were performed
with a left turn to ensure that the right foot performed the pivoting step. For the 45◦ COD,
the athlete had to run 10 m before performing the plant step before the 0.8 m line after the
10 m line; she then proceeded by running toward the new direction. For the 180◦ COD, the
athlete had to run 10 m, placing the pivoting foot on the 0.8 m line before reaccelerating
into the new direction. Athletes were instructed to complete the test within the shortest
amount of time possible. Both total time (10 m + COD + 10 m) and partial time (first and
last 10 m) were measured (Figure 1).

In all COD, sprint, or braking tests, the athlete was required to start from a standstill
position, with the front foot placed 5 cm behind the first timing gate to prevent a false
trigger of a random limb. Time was started after passing the first wireless timing gate
(Brower Timing Systems, Salt Lake City, UT, USA, height of 1 m) and stopped when passing
the last timing gate (Figures 1 and 2). The tests started on the athletes’ own accord, after
receiving a signal from a researcher, to limit a reactive component to the different tests.
A contact grid, IR-Contactmat-ML6TJP02-870 (Ergotest Innovation, Porsgrunn, Norway,)
was utilized to investigate step kinematics in the COD, sprint, and braking tests. The
contact grid detected contact and flight times and was placed along the starting line for the
COD, sprint, and braking tests. The contact grid covered the whole sprint and braking test
area for force-oriented COD, while, for velocity-oriented COD, it covered the first 10 m
(Figure 1).

Distance and velocity in the COD, sprint, and braking tests were measured and
calculated using a wireless CMP3 distance sensor laser gun positioned 1.8 m behind the
athlete (Noptel Oy, Oulu, Finland), with a sampling at 2.56 kHz, which was pointed at the
athlete’s lower back (approximately center of mass) while running.

Step kinematics were also calculated from the COD test (average step length, average
strep frequency, average ground contact and flight times approaching the COD, and ground
contact time spent turning in the COD) by Musclelab 10.5.69 (Ergotest innovation A. S,
Porsgrunn, Norway), which synchronized the laser gun and the contact mat. All the COD
tests (including the sprint and braking test) were conducted on an indoor court surface
(Taraflex Sport Evolution M 7.0 mm, Unisport, Finland).
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2.4. Sprint Test

The sprint test consisted of a 30 m straight-line sprint. Athletes were instructed to
complete the 30 m sprint within the shortest amount of time possible. The performance
variable was the peak velocity, which was measured at 5, 10, 20, and 30 m using a laser gun.
Step kinematics for the sprint (average step length, average step frequency, and average
ground contact times) were also sampled.

2.5. Maximum Horizontal Braking Test

The maximum horizontal braking test was retrieved from a protocol by Harper
et al. [37], using a standardized acceleration–deceleration test, included in the Musclelab
v10.5.69 software (Ergotest Innovation A.S, Porsgrunn, Norway). Athletes were instructed
to sprint 20 m with maximum effort, before initiating maximum deceleration after passing
the 20 m mark (Figure 2). The laser was used to measure the deceleration after passing
the 20 m mark. Furthermore, it was used to ensure that the athletes performed a maximal
acceleration before deceleration of the laser-measured sprinting velocity at the 20 m marks.
If it revealed a 5% decrease in velocity, compared to velocity after 20 m in the straight-line
sprint, a reattempt was required after 3 min of rest. Horizontal acceleration power (W/kg),
braking power (W/kg), and braking force (N/kg) were calculated from the braking test.
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2.6. Strength Tests

The strength tests of the current study were similar to an earlier similar study by
Falch, Rædergård, and van den Tillaar [29], but in men. It consisted of a bilateral back
squat, a unilateral quarter squat performed on a Smith machine, and a lateral barbell squat.
Performance was expressed as relative strength (load/body mass). Appropriate depth
of the bilateral squat was defined as bending the knee until the trochanter major was in
line with the patella. For the quarter and lateral squats, the athlete was required to bend
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the knee to a 90◦ flexion in the knee joint (Figure 3). The one-repetition maximum (1-RM)
was estimated from the load–velocity relationship [38] using the best-fit regression line of
three different data points for each individual athlete. Each data point represents load at a
given velocity, whereby the average concentric velocity corresponds to ~1, 0.8, and 0.5 m/s.
Thus, the different strength tests required maximal mobilization in the concentric phase of
the lift, with three repetitions at each load. The average concentric velocity of the second
and third repetitions of each series was used as a data point for calculating 1-RM. This is
because, in lighter loads (<80% of 1-RM), the second or third repetition is often the fastest
repetition [39]. A linear encoder sampling at 500 Hz (ET-Enc-02, Ergotest Technology AS,
Porsgrunn, Norway) was used to measure the concentric velocity in the strength tests. All
unilateral tests were performed with the right foot. Performance in the strength tests was
estimated by 1-RM/body mass.
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2.7. Plyometric Tests

The plyometric tests were also based on a protocol by Falch, Rædergård, and van
den Tillaar [29] consisting of a unilateral vertical countermovement jump for maximal
height (cm) and a unilateral lateral countermovement jump for maximal length (cm), herein
referred to as a skate-jump and a drop jump with a drop height of 20 cm [40], whereby
the reactive strength index (RSI) is the performance variable (jump height/ground contact
time). In the unilateral vertical countermovement jump and the drop jump, athletes were
instructed to place their hands akimbo, to prevent an arm swing from possibly contributing
to performance, limiting the isolated effect of leg power [41]. In the vertical jump, the
athlete was furthermore instructed to keep the passive foot in a locked position, to avoid
the momentum of the passive foot from contribution to jump height. Reactive strength
index (jump height/foot contact) in the drop jump and jump height in the unilateral
countermovement jump were determined using a dual force plate (Ergotest Technology
AS, Porsgrunn, Norway) sampling at 1000 Hz. The force plate registers contact time and
flight time and calculates jump height with the use of flight time according to the following

equation: jump height = 1
/

2 × 9.81 ×
(

f light time
2

)2
.

All tests were performed with three approved attempts, with 3 min rest between each
attempt. The average of all three attempts was used for further analysis.
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2.8. Statistical Analysis

The descriptive statistics are presented as the mean ± standard deviation. To in-
vestigate the association between strength and plyometric capabilities with performance
in force- and velocity-oriented CODs, correlations between the performance variables
were determined utilizing Pearson’s correlational coefficient. The relationships between
performance variables were based upon r-values defined as small (0.1 < r < 0.3), moderate
(0.3 < r < 0.5), large (0.5 < r < 0.7), and very large (0.7 < r < 0.9) [42]. Utilizing the median
split analysis based on the athlete’s average force and velocity COD performances, athletes
were furthermore divided into fast and slow COD groups of eight athletes each. The
median group (n = 9) was excluded from the statistical analysis. Comparisons of the two
groups were conducted to investigate the study’s secondary objective if fast vs. slow COD
performers possessed different step and acceleration/deceleration abilities. Group differ-
ences were investigated with multiple independent t-tests (fast vs. slow COD performers).
The assumption of homogeneity of variance was controlled for with Levene’s test. The
assumption of normality was confirmed for all variables using the Kolmogorov–Smirnov
test. When assumptions for the independent t-test were violated, the Mann–Whitney U test
was conducted. The effect of group differences is presented as Cohen’s d, whereby an effect
of 0–2 constitutes a very small effect, 0.2–0.5 constitutes a small effect, 0.5–0.8 constitutes
a moderate effect, and >0.8 constitutes a large effect. Furthermore, >1.2 was defined as a
very large effect and >2 was defined as a huge effect [43]. The level of significance was set
at p < 0.05, and the confidence interval was set at 95%. All tests were performed in SPSS
v.27 (IBM Corp., Armonk, NY, USA).

3. Results

The mean performance in the different strength, plyometric, COD, sprint, and hori-
zontal braking tests for all athletes (n = 25) is presented in Table 1.

Table 1. Descriptive statistics of performance in the different tests.

Strength Tests Mean ± STD

Bilateral squat (1-RM/body mass) 1.28 ± 0.32
Unilateral quarter squat (1-RM/body mass) 0.88 ± 0.28

Lateral squat (1-RM/body mass) 0.57 ± 0.2

Plyometric tests
Drop jump (reactive strength index) 117 ± 30.8

Unilateral countermovement jump (cm) 11.6 ± 2.5
Skate-jump (cm) 169.1 ± 9.7

CODs (s)
First 10 m 45◦ 2.20 ± 0.11
Last 10 m 45◦ 1.68 ± 0.11

20 m 45◦ 3.88 ± 0.2
First 10 m 180◦ 2.40 ± 0.12
Last 10 m 180◦ 2.77 ± 0.17

20 m 180◦ 5.17 ± 0.24

Peak velocities in the straight-line sprint (m/s)
5 m 5.36 ± 0.25

10 m 6.30 ± 0.32
20 m 6.89 ± 0.38
30 m 7.06 ± 0.48

Braking test
Horizontal acceleration power (W/kg) 8.39 ± 1.22

Horizontal braking power (W/kg) −10.51 ± 1.48
Horizontal braking force (N/kg) −3.11 ± 0.47

STD = standard deviation; 1-RM = one-repetition maximum; COD = change of direction.
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3.1. Correlations

The bilateral and quarter squat revealed ’moderate to strong’ significant correlations
with all total-time and first 10 m CODs (r > −0.43, p < 0.04, Table 2), except for the quarter
squat and 20 m 180◦ COD, where the relationship was nonsignificant (r = −0.39, p > 0.07).
The reactive strength index was only significantly moderately correlated with 10 m 180◦

COD (r = −0.44, p = 0.03), while all the other tests revealed insignificant small correlations
with COD performance (r < 0.28, p > 0.35).

Table 2. Correlation of performance in the different sprint, strength, plyometric, braking, and COD tests.

Bilateral Squat Quarter Squat Lateral Squat RSI CMJ Skate-Jump

COD first 10 m 180◦ −0.46 * −0.49 * 0.28 −0.44 * −0.25 −0.13
COD last 10 m 180◦ −0.35 −0.21 0.22 0.03 −0.3 0.15

COD 20 m 180◦ −0.48 * −0.39 0.28 −0.19 −0.28 0.05
COD first 10 m 45◦ −0.64 * −0.62 * 0.19 −0.2 −0.29 −0.01
COD last 10 m 45◦ −0.29 −0.17 0.07 −0.02 −0.31 0.02

COD 20 m 45◦ −0.5 * −0.43 * 0.14 −0.13 −0.22 −0.05

CMJ is the unilateral countermovement jump; RSI is the reactive strength index; * indicates a significant correlation at the p < 0.05 level.
COD = change of direction.

3.2. Fast vs. Slow Performers

When comparing the fast (n = 8) vs. slow COD performers (n = 8) in both the force-
and the velocity-oriented CODs, as well as the different strength and plyometric tests, the
fast performers were found to be significantly stronger in the bilateral and unilateral squat
(F < 1.82, d > 1.35, p < 0.03). The fast performers also jumped significantly higher in the
unilateral countermovement jump (F < 0.33, d > 1.29, p < 0.03, Table 3).

Table 3. Differences in fast vs. slow performers in the different strength and plyometric exercises.

Force-Oriented CODs Velocity-Oriented CODs

Fast Performers Slow Performers Fast Performers Slow Performers

Strength (load/BM)
Bilateral squat 1.52 ± 0.31 * 1.05 ± 0.28 1.52 ± 0.23 * 1.1 ± 0.28
Quarter squat 1.06 ± 0.18 * 0.71 ± 0.16 1 ± 0.24 * 0.72 ± 0.17
Lateral squat 0.56 ± 0.17 0.61 ± 0.24 0.61 ± 0.28 0.56 ± 0.17

Plyometric exercises
Drop jump (RSI) 123.8 ± 28.4 123.3 ± 40.8 112.9 ± 22.8 111 ± 35.9

CMJ (cm) 13.4 ± 1.4 * 10.1 ± 2.4 12.6 ± 1.4 * 10.3 ± 2.2
Skate-jump (cm) 165.5 ± 9.5 169.1 ± 8.3 167.8 ± 9.4 168.3 ± 8

CMJ is the unilateral countermovement jump (right); RSI is the reactive strength index; BM is the body mass;
* indicates a significant between fast vs slow performers at the p < 0.05 level. COD = change of direction.

3.3. Step Kinematics Differences

The F-statistics from Levene’s test revealed unequal between-group variance for
step frequency and flight time in the 30 m sprint and 180◦ COD (Tables 4 and 5). When
comparing fast vs. slow performers in the 30 m sprint and both CODs, a huge effect was
observed for peak velocities across all the tests and distances, whereby the fast performers
revealed significantly higher velocities compared to the slow performers (d > 3.31, p < 0.01).
A large to huge effect was also observed for average ground contact time, flight time, and
step frequencies in which the fast performers had shorter ground contact times, shorter
flight times, and higher step frequencies (d > 1.26, p < 0.05). The fast performers also
revealed greater horizontal acceleration and braking power in the horizontal braking test
(d > 1.34, p < 0.02), where the effect was very large to huge (Tables 4 and 5). Furthermore,
a large nonsignificant effect was observed in the plant step and braking force between
the fast and slow performers in the velocity-oriented COD, where the fast performers
produced more braking force and shorter ground contact time in the plant step compared
to the slow performers (d > 1.07, p > 0.07, Table 5).
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Table 4. Differences in step peak velocities and step kinematics between the fast and slow performers in force-oriented
COD.

Force-Oriented CODs

Fast COD Performers Slow COD Performers F ES ES
CI (95%)

Mean ± STD Mean ± STD (d) Description

Peak velocities (m/s)
First 5 m (of 30 m sprint) 5.61 ± 0.13 5.08 ± 0.16 0.22 3.61 * Huge −0.69, −0.37

First 10 m (of 30 m sprint) 6.62 ± 0.15 5.95 ± 0.2 0.85 3.76 * Huge −0.85, −0.47
First 20 m (of 30 m sprint) 7.26 ± 0.17 6.48 ± 0.24 0.7 3.78 * Huge −1.00, −0.56

30 m sprint 7.49 ± 0.23 6.56 ± 0.27 1.67 4.14 * Huge −1.19, −0.67
180◦ COD 5.77 ± 0.12 5.21 ± 0.18 2.72 3.78 * Huge −0.73, −0.39

Ground contact times (ms)
30 m sprint, average 154.3 ± 17.9 175.3 ± 12.6 2.02 1.38 * Very large 4.43, 37.65
180◦ COD, plant step 1239.7 ± 192.11 1058.7 ± 167.8 0.09 1.01 Large −37.45, 12.37
180◦ COD, average 177.4 ± 14.6 202.4 ± 13.3 0.05 1.79 * Very large 1.00, 39.87

Flight time (ms)
30 m sprint, average 88.3 ± 5.4 103 ± 10.6 # 1.84 * Very large 5.11, 24.26
180◦ COD, average 54.4 ± 9.5 67.6 ± 14.7 0.51 1.09 Large −0.08, 26.42

Step lengths (m)
30 m sprint 1.53 ± 0.1 1.52 ± 0.13 0.62 0.11 Very small −0.14, 0.11
180◦ COD 1.19 ± 0.08 1.19 ± 0.07 0.64 0.1 Very small −0.09, 0.08

Step frequencies (n/s)
30 m sprint 4.22 ± 0.37 3.67 ± 0.14 # 2.18 * Huge −0.86, −0.24
180◦ COD 4.35 ± 0.34 3.74 ± 0.16 # 2.44 * Huge −0.91, −0.32

Horizontal braking test
Acceleration power (W/kg) 9.26 ± 1.03 7.19 ± 0.89 0.15 2.15 * Huge −3.90, −1.35

Braking power (W/kg) −11.58 ± 1.01 −9.73 ± 1.77 0.84 1.34 * Very large 0.29, 3.38
Braking force (N/kg) −2.88 ± 0.66 −3.34 ± 0.32 3.86 0.09 Very small −0.09, 1.01

* Indicates a significant difference at the p < 0.05 level; # indicates violated assumptions and the conduction of the Mann–Whitney U test; F is
the F-statistic from Levene’s test; ES is the effect size; d is Cohen’s d; CI is the confidence interval. STD = standard deviation. COD = change
of direction.

Table 5. Differences in performance-related measures between the fast and slow performers in velocity-oriented CODs.

Velocity-Oriented CODs

Fast COD Performers Slow COD Performers F ES ES
CI (95%)

Mean ± STD Mean ± STD (d) Description

Peak velocities (m/s)
First 5 m (of 30 m sprint) 5.58 ± 10 5.08 ± 0.16 2.96 3.79 * Huge −0.64, −0.35

First 10 m (of 30 m sprint) 6.59 ± 0.1 5.94 ± 0.18 3.34 4.69 * Huge −0.81, −0.50
First 20 m (of 30 m sprint) 7.25 ± 0.11 6.44 ± 0.18 3.86 5.48 * Huge −0.97, −0.65

30 m sprint 7.53 ± 0.14 6.55 ± 0.25 2.85 6.75 * Huge −1.13, −0.43
45◦ COD 6.01 ± 0.12 5.48 ± 0.2 3.7 3.31 * Huge −0.73, −0.36

Ground contact times (ms)
30 m sprint, averages 156 ± 16.5 176.8 ± 10.1 2.5 1.49 * Huge 5.20, 34.55
45◦ COD, plant step 168.2 ± 20.6 186.7 ± 12.3 1.55 1.12 Large −0.07, 38.78
45◦ COD, averages 178.9 ± 14.5 195.9 ± 12.4 0.17 1.26 * Very large 3.34, 35.46

Flight time (ms)
30 m sprint, average 89.4 ± 8.9 102.3 ± 9.9 0.1 1.38 * Very large 3.13, 26.5

45◦ COD, average 56.5 ± 12.4 97.1 ± 36.2 0.01 1.71 * Very large 1.66, 39.97
Step lengths (m)

30 m sprint 1.56 ± 0.1 1.54 ± 0.14 0.59 0.15 Very small −0.15, 0.11
45◦ COD 1.18 ± 0.15 1.3 ± 0.14 0.55 0.9 Large −0.04, 0.3

Step frequencies (n/s)
30 m sprint 4.2 ± 0.35 3.66 ± 0.15 # 2.16 * Huge −0.85, −0.24

45◦ COD 4.33 ± 0.39 3.66 ± 0.26 0.63 2.04 * Huge −1.08, −0.25
Horizontal braking test

Acceleration power (W/kg) 9.25 ± 1 7.21 ± 0.91 0.06 2.15 * Huge −3.07, −1.02
Braking power (W/kg) –11.33 ± 0.91 –9.49 ± 1.65 1.06 1.44 * Very large 0.42, 3.27
Braking force (N/kg) –3.27 ± 0.25 –2.81 ± 0.61 4.59 1.07 Large −0.04, 0.96

* Indicates a significant difference at the p < 0.05 level; # indicates violated assumptions and the conduction of the Mann–Whitney
U test; F is the F-statistic from Levene’s test; ES is the effect size; d is Cohen’s d; CI is the confidence interval. STD = standard deviation.
COD = change of direction.
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4. Discussion

The primary objective of the current study was to examine the association between
performance in strength and plyometric exercises and force- and velocity-oriented COD
performance in young female court and field sport athletes. The correlational analysis
revealed moderate and strong associations between relative strength in the bilateral squat
and quarter squat with several of the COD performances (r ≥ −0.43, p ≤ 0.04). This result
is in line with earlier research, indicating dynamic lower-limb strength to be important
for COD performance in female athletes [44,45]. Furthermore, relative strength has been
reported to be associated with COD performance [45–47].

Thus, the bilateral and quarter squat could share similarities with the accelera-
tion/deceleration aspect prior to the plant step in both the force- and the velocity-oriented
COD tests due to similar muscle requirements of knee-extensor and hip-flexor strength.
Knee-extensor strength has been found to be associated with deceleration abilities [48],
by eccentrically absorbing forces [36], which might allow higher velocities when initiat-
ing the COD movement. Furthermore, the quadriceps and gluteus maximus, which are
agonist muscles in the bilateral and quarter squat, are suggested to contribute largely to
acceleration moments when accelerating [49]. On the other hand, the lateral squat was
the only strength exercise not revealing any significant correlation with any of the CODs
(r = 0.28, p > 0.35), possibly due to the technical demands of the exercise regarding balance
and control [50], inhibiting the athletes’ ability to maximize loads at the given velocities.
This is logical, as training modalities often predominantly focus on movements in the
sagittal plane [51], with exercises such as the bilateral and quarter squat. The balance
requirements increase in unilateral movements and are further increased in free-weight
exercises. Although it is a unilateral movement, instability in the unilateral quarter squat is
reduced by being performed on a Smith machine [52].

Contradictory to earlier research [16,29,53,54], the correlation between plyometrics
and COD performance was limited. Balance might also account for this finding, because
instability may decrease the ability to express power [55,56]. The countermovement
jump and skate jump are unilateral movements that were performed freely, demanding
more balance than the unilateral quarter squat performed in the Smith machine when
flexing the knee. As such, balance might inhibit a fast pre-stretch, which is desired for
the muscles to reach a higher level of active state and subsequently aid in shortening
velocities in the jumps [57,58]. Thus, the balance aspect in the eccentric pre-stretch of
the jumps could negatively affect performance, which explains the ’small’ association
with COD performance. Saeterbakken and Fimland [52] indicated that instability reduced
the force output of the lower limbs, despite similar muscle activity. As such, it could be
speculated that the reduced stability in the unilateral plyometric exercises reduces force
output, limiting the correlation with COD.

The drop jump was the only bilateral plyometric exercise, whereby RSI was the only
plyometric performance variable significantly correlated with COD performance, revealing
a moderate association with the first 10 m 180◦ COD (r = −0.44, p = 0.03). This might be due
to the relationship between RSI and deceleration ability because the first 10 m 180◦ COD is
a force-oriented COD, whereby performance is more dictated by braking capabilities [22]
compared to the 45◦ COD performances. Drop jumps and high-velocity decelerations share
physical similarities, both demanding great eccentric strength and muscle activation in the
gastrocnemius to absorb forces [29,36].

The observed correlations in the current study contradict earlier comparisons made
in males [29], which suggested plyometric exercises to be more COD-specific. A possible
explanation is that strength performance might reveal the greatest association with COD
performance in populations with lower levels of relative strength. This is because there
might be a threshold to how much strength is beneficial for developing physical abilities
underpinning COD performance [59,60]. Furthermore, the bilateral and quarter squat were
only significantly correlated with the first 10 m COD and total time to perform the COD test.
The small to moderate observed correlation with the last 10 m CODs (r ≤ −0.35, p ≤ 0.1),
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accompanied by the distinctive magnitude of physical ability requirements in force- and
velocity-oriented CODs [19,22], suggests the pivoting movement itself to be dependent
on different neuromuscular abilities. The pivoting movement requires coordination of
the whole body, such as the appropriate inclination angle of the trunk to manipulate the
base of support and overcome inertia [21,61]. Without trunk stability and appropriate
inclination angles of the trunk, net forces produced while reaccelerating will be limited. As
such, transitioning from the weight-acceptance phase to the reacceleration phase might
be heavily dependent upon technical demands, limiting the isolated effect of the lower
limbs to produce force. Therefore, further investigation into the physical abilities of a
priori reaccelerating, differentiating fast and slow performances in force- and velocity-
oriented CODs, could increase insights into the associations between COD performance
and strength and plyometric performance.

The fast performers in both force- and velocity-oriented CODs revealed similar physi-
cal capabilities, indicating that the force- and velocity-oriented CODs consisted of similar
demands. The fast COD performers possessed higher levels of acceleration and decelera-
tion abilities. Firstly, the data showed that the fast COD performers attained higher peak
velocities in both the force- and the velocity-oriented CODs, as well as sprinting distances
over 5, 10, 20, and 30 m, and greater horizontal acceleration power in the horizontal braking
test. This finding was expected, as peak velocities have been observed to be associated
with COD performance [47,53].

The higher observed acceleration was due to a higher step frequency, as fast per-
formers performed both force- and velocity-oriented CODs with higher step frequencies
(d > 2.04, p < 0.01), while the step length was similar. According to earlier research on
sprinting [62], higher step frequencies were expected in the fast performers, as running
speed is a result of step length × step frequency [34]. Step frequency, again, is a prod-
uct of ground contact time and flight time, whereby shorter contact times and/or flight
time results in a higher step frequency. Following earlier COD research [63], the ground
contact time was observed to differentiate between the groups, whereby the fast per-
formers revealed shorter ground contact times in both force- and velocity-oriented CODs
(Tables 4 and 5). Furthermore, the fast performers also revealed shorter flight time in the
velocity-oriented COD (Tables 4 and 5). The shorter ground contact and flight times in the
fast COD performers accounted for a faster acceleration/deceleration phase. As the step
length was the same between the groups, horizontal force production was not indicated
to differentiate the fast vs. slow performers. The findings are supported by the horizon-
tal braking test, whereby the fast COD performers revealed greater horizontal braking
power, but not horizontal braking force. As the total force production was over the same
distance (work), but in a shorter time (work/t), power was higher in the fast performers
(Tables 4 and 5). To accelerate/decelerate body weight, athletes need to exert net forces
to the ground [21,24], and shorter contact times indicate faster production of net ground
reaction forces to change momentum in the acceleration/deceleration phase, according
to Newton’s laws of motion. The forces required to change the body’s momentum are
dependent on mass × velocity, and the rate of change in momentum is dependent on the
time over which forces are applied (force × time = mass × velocity) [36].

A higher production of power was visible in the strength tests in which the fast
performers had a higher 1-RM, which was based on the load–velocity relationship. As
such, fast COD performers could, with similar submaximal loads to slow performers,
perform at a higher velocity in the different strength tests, thereby performing the same
workload over a shorter time, producing more power and, therefore, a higher calculated
1-RM. The findings are in line with earlier research by Barr, Sheppard, Agar-Newman, and
Newton [60] who found relative strength in lower-limb exercises to be associated with
ground contact time and sprinting velocities (r = 0.47 to 0.71) in male athletes accustomed to
strength training. Higher power production by the fast COD performers may also explain
the higher jump height in the unilateral countermovement jump, as jump height is a result
of velocity at takeoff (Table 3). However, the aforementioned balance requirements of the
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lateral squat and skate jump could have inhibited the fast athletes’ ability to express power
in these exercises.

Limitations

Strength performances were, for practical reasons, estimated with regression, which
can differ from true 1-RM values. To limit differences between estimated and true 1-RM,
lifts were performed without a pause to increase ecological validity and sampled from a
relatively wide velocity range (±0.5 m/s) [64]. Furthermore, to save testing time and avoid
fatigue, performance was only tested for the right foot in the unilateral tests, as the right
foot performed the plant step in the COD tests, which does not account for lower-limb
asymmetries. However, similar research has observed similar performance in force- and
velocity-oriented CODs with a left and right turn [23]. Future research measuring lean
body mass and muscle activity in the different tests is warranted, which could provide
new useful insights into the nature of the results. Furthermore, testing “stronger” athlete
groups would be important to investigate if the correlations for the plyometric and strength
exercise with COD performance would change more in the direction of stronger correlations
with plyometrics, as found in men [29].

5. Conclusions

In female court and field sport athletes, the bilateral and quarter squat revealed the
greatest association with COD performance, possibly due to the demands of the knee-
extensor and hip-flexors for rapidly applying force when accelerating/decelerating in a
COD. Surprisingly, the association between plyometric and COD performance was lim-
ited. These results indicate that stronger athletes have higher levels of power production,
positively influencing COD performance. As such, increases in lower-limb strength might
positively influence COD performance if the acquired strength gains enhance the ability
to produce more workload in a shorter time. Fast vs. slow performers in force- and
velocity-oriented CODs were differentiated by higher peak velocities, as well as horizontal
acceleration and braking power, which were observable through higher step frequencies
and shorter ground contact times. The observed between-group differences in step kinemat-
ics might have been a result of differences in relative strength and ability to produce power.

Practical Applications

Relative strength in the bilateral and quarter squat was found to be associated with
both force- and velocity-oriented COD performance. According to the results of the current
study, female team-sport athletes displaying relative strength of ~<1.5 load/BM in the
bilateral back squat and ~<1 load/BM in the unilateral quarter squat might improve COD
performance by increasing relative strength in these exercises. However, the practical
application does not account for at what point more velocity-specific exercises, such as
plyometrics, should be implemented.
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Abstract: Plyometric training on sand is suggested to result in advanced performance in vertical
jumping. However, limited information exists concerning the biomechanics of drop jumps (DJ) on
sand. The purpose of the study was to compare the biomechanical parameters of DJs executed on
rigid (RIGID) and sand (SAND) surface. Sixteen high level male beach-volleyball players executed
DJ from 40 cm on RIGID and SAND. Force- and video-recordings were analyzed to extract the kinetic
and kinematic parameters of the DJ. Results of paired-samples t-tests revealed that DJ on SAND
had significantly (p < 0.05) lower jumping height, peak vertical ground reaction force, power, peak
leg stiffness and peak ankle flexion angular velocity than RIGID. In addition, DJ on SAND was
characterized by significantly (p < 0.05) larger rate of force development and knee joint flexion in
the downward phase. No differences (p > 0.05) were observed for the temporal parameters. The
compliance of SAND decreases the efficiency of the mechanisms involved in the optimization of
DJ performance. Nevertheless, SAND comprises an exercise surface with less loading during the
eccentric phase of the DJ, thus it can be considered as a surface that can offer injury prevention under
demands for large energy expenditure.

Keywords: biomechanical analysis; kinetics; kinematics; stretch shortening cycle; vertical jumping;
surface stability; balance; impact

1. Introduction

Sand surfaces (SAND) are a demanding exercise surface. Research evidence suggests
that a higher energy cost is required for running [1–5], walking [6,7], sprinting [8,9] and
jumping [10–12] on SAND compared to rigid (RIGID) surfaces. Despite the higher energy
cost, training on SAND causes positive adaptations in key strength and conditioning factors
such as aerobic endurance, concentric strength of the leg extensor muscles and agility in a
variety of sport disciplines [13].

SAND is recommended for training in volleyball and beach-volleyball (BV) players
due to the observed favorable performance adaptations, i.e., the improvement in technique,
muscle strength, vertical jump height, agility and endurance [14–19]. In particular, BV
players improved their jumping ability after the application of training programs on SAND
that included jumping exercises utilizing the stretch-shortening cycle (SSC), namely the
counter-movement (CMJ) and drop jumps (DJ) [20,21]. However, there is a bias in the
literature about the effectiveness of SAND with regard to the facilitation of adaptations
in the SSC. The application of training with CMJ and DJ resulted in increased muscle
activation of the knee extensor muscles that was interpreted as a positive adaptation in SSC
due to SAND [21]. On the opposite, past research findings suggest that, after training on
SAND, the improvement in the CMJ jump height was decreased compared to the respective
vertical squat jump (SQJ) [10]. In addition, it is suggested that the increased power after
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the implementation of training on SAND was not a result of an enhanced utilization of
SSC [15]. Thus, the effectiveness of SAND for inducing neuromuscular adaptations for the
efficient utilization of SSC is questionable [13].

Based on the contemporary knowledge of DJs executed on RIGID, derived from both
practice and research, plyometric training enabling the SSC is considered as the best training
method to provoke adaptations in key jump performance factors such as force, speed, and
power [22]. These adaptations are the reason to include SSC training exercises in volleyball
and BV, especially those exercises that require a rapid SSC function [23]. This requirement is
fulfilled by executing DJs in a manner that results in an increased power output [24–26]. In
detail, the increased mechanical power during vertical jumps is related with the regulation
of stiffness that occurs during ground contact [27,28]. However, despite the positive
adaptations observed in a variety of jump-related biomechanical variables during vertical
jump tests, the implementation of plyometric training on SAND in female volleyball players
resulted in a non-significant, yet notable, 3.7% decrease in DJ performance [14].

In general, a good vertical jumping performance is of major importance for BV players
since vertical jumping is present in the majority of the skills of the sport [29–32]. However,
past research reported differences concerning vertical jumping on SAND compared to
RIGID [29,33–36]. In detail, these studies reported lower jumping heights in vertical
jumps executed on SAND. Furthermore, it was reported that elite BV players achieved
higher jump heights on RIGID comparing to SAND in SQJ and CMJ by 14% and 15.4%,
respectively [35,36]. This is due to the compliance of SAND that increases the demands for
energy expenditure in order to execute the vertical jump in an explosive manner [11,12].
In addition, lower force application and power production were reported during the
propulsion in SQJ and CMJ [10,29,33,35,36]. A previous kinematical analysis in the above-
mentioned vertical jump tests revealed that, in order to overcome the constrains imposed by
SAND, the ankle joint is extended faster [35,36]. Thus, the knowledge of the biomechanical
differences concerning the key kinetic and kinematic parameters of vertical jumping on
SAND and RIGID is of importance for designing efficient training programs aiming the
optimization of the SSC for BV players.

Despite the current knowledge of the biomechanics of vertical jumping on SAND,
there is a gap in the literature concerning the biomechanics of DJs performed on SAND. The
effect of SAND is mainly studied in a pre-post study design that examines vertical jumping
on RIGID [14,20]. A number of studies has measured vertical jump performance on SAND
using jump and reach tests [19,21,29,31]. Other researchers provided information about
jumping on SAND using photocell mats [10], accelerometry [15] and inertial measurement
devices [32]. Kinetic and kinematic parameters derived from force-plate data have been
reported only for SQJ and CMJ [33,35,36]. To the best of our knowledge, there is limited
information regarding DJs on SAND since only the magnitude of the ground reaction
forces [34] and ground/flight time [11] have being reported. Thus, further insight is needed
for the key kinetic factors (i.e., rate of force development, power, stiffness) that can evaluate
the effectiveness of the execution of DJs on SAND.

The purpose of the study was to compare the kinetic and kinematic parameters of DJ
executed on RIGID and SAND. It was hypothesized that DJ on SAND will result in lower
jumping height, force and power output, as well as larger lower extremity joint range of
motion compared to RIGID.

2. Materials and Methods
2.1. Participants

The minimal number of participants to achieve an effect size of 0.8, power of 0.9 and
a = 0.05 for the maximum jump height measurement was found to be 15 according to the
estimation made using the G*Power v.3.1.9.7 software [37]. Thus, 16 adult professional male
BV players (26.2 ± 5.7 y, 1.87 ± 0.05 m, 83.4 ± 5.8 kg) served as participants in the study.
Participation was on a voluntary basis and was allowed after obtaining a signed consent.
The inclusion criteria were the participation in an international Federation International de
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Volleyball (FIVB) tournament, to be finalists in BV tournaments included in the national
championship calendar, to exhibit records of systematic participation in their training and
competition program and to have a competitive experience in BV of at least five years.
The exclusion criterion was the incident of an injury or locomotor disability in a period of
6 months prior testing. The measurements took place during the competitive season of the
national championship. The study was approved by the Institutional Ethics Committee
(approval No.: 87/2021).

2.2. Procedure

SAND was simulated by firmly attaching a wooden sand pit on the force-plate. The
wooden pit, with dimensions of the bottom and of the top side equal to 46 × 50 cm and
59 × 63 cm, respectively, while its depth was 31 cm, was constructed to contain the sand
particles (Figure 1).
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Figure 1. Experimental set-up and procedure for SAND: (a) calibration frame placement; (b) adjust-
ment of the drop force-plate to the safety platform; (c) mixing the sand; (d) making the surface even;
(e) take-off form the drop plate with a roll-off; (f) instant of touchdown in the sand pit where the
examination for excessive plunging into the SAND was conducted.
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The base dimensions of the sandpit were exactly the same as the embedded to the
ground force plate in order to be exactly in contact with each other. Before the actual data
acquisition, it was established that the participants’ mass recorded by the ground force
plate was exactly the same with and without the sandpit. The edges of the sandpit were
covered with soft materials for safety reasons, i.e., if a faulty landing occurred. Additionally,
a canvas sheet was placed away from the sandpit and covered the surrounding safety
platform that was 116 × 150 × 31 cm (length, width and height, respectively), which was
also used to hold inside the sand particles. The total weight of the wooden pit, including
the sand, was 120.12 kg. The sand fulfilled the FIVB requirements for the conduction of
official BV tournaments. This was established after checking the physical properties and
grain size distribution of the sand as determined from a series of laboratory tests according
to the American Society for Testing and Materials (ASTM) and that are described in detail
elsewhere [36]. Prior each jump, the sand was mixed throughout its volume with a custom
tool that was marked at 31 cm to resemble the sandpit height. This tool was used to evenly
spread the sand within the wooden sand pit and to avoid compaction of the sand particles.

Warm-up consisted of cycling on an 817E Monark (Exercise AB, Vansbro, Sweden)
Cycle-Ergometer, dynamic stretching exercises and sub-maximal vertical jumps. DJs from
40 cm were executed barefooted in a random order on SAND and on RIGID, with the
arms kept on the trunk. The dropping height of 40 cm was selected due to past research
suggestions [38]. The drop was performed from a custom made one-dimensional force-
plate (1-Dynami, ©: Biomechanics Lab AUTh, Thessaloniki, Greece) that was adjusted and
fixed within the safety platform (Figure 1). The instructions given to the participants were
to “drop with a roll-off” movement [39] and to “jump as high and as fast as possible” [40].
Participants executed three DJs on each surface. During the experimental DJs on SAND,
a Redlake Motionscope PCI 1S camera (Redlake Imaging Corporation, Morgan Hill, CA,
USA), operating at 250 fps, was used to visually inspect excessive plunging into the sand
that resulted in the annulment of the trial. Finally, only the attempt with maximum jump
height (hJUMP) achieved in each condition was selected for further analysis.

2.3. Data Acquisition and Analysis

An AMTI OR6-5-1 force plate (AMTI, Newton, MA, USA) recorded the 3D components
of the ground reaction forces (GRF). The sampling frequency for both the force-plates used
for data acquisition was set to 500 Hz. The following parameters were calculated [40]:

1. Temporal parameters: total ground contact time (Tc); downward phase duration; time
to achieve maximum vertical Ground Reaction Force (tvGRF); time to achieve peak
power during the upward phase (tP).

2. Spatial/kinematic parameters: hJUMP; body center of mass (BCM) vertical displace-
ment during the downward and upward phases; BCM vertical velocity.

3. Kinetic parameters: GRF vertical, medio-lateral and anterio-posterior component; rate
of force development (RFD); work (W); power (P).

The impact velocity of the BCM on the ground was determined using the take-off
data from the drop-force plate [41]. Firstly, the initial velocity of the jump (impact velocity
after the drop) was calculated from the time-integral of the net force recorded from the
drop force-plate. The flying time of the drop was measured from the synchronous data
acquisition from both force-plates. Thus, the BCM velocity at the instant of the landing
after the drop phase (UIMPACT) was calculated as shown in Equation (1):

UIMPACT = UDROP − g × tFLIGHT (1)

where UDROP is the BCM velocity at the instant of take-off from the drop force-plate, g is
the acceleration of gravity and tFLIGHT is the duration of the drop phase.

Afterwards, hJUMP was calculated using the vertical BCM take-off velocity derived
from the integration of the net vGRF. RFD was directly extracted as the first time-derivative
of the recorded vGRF. Vertical BCM displacement was extracted through the integration of
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the vertical BCM velocity. Work was calculated by multiplying vertical BCM displacement
with net vGRF and power as the time-derivative of work.

Besides the parameters mentioned above, stiffness parameters were also examined.
The vertical stiffness was calculated as the ratio of vertical GRF to vertical BCM displace-
ment and leg stiffness as the ratio of vertical GRF to the change of the leg length [42]. To
extract the latter, DJs were also video-recorded at 100 fps with a digital video-camera (JVC
GR-DVL 9600 EG, Victor Company of Japan Ltd., Yokohama, Japan). The camera was fixed
on a tripod placed 7.6 m from the force plate and at a height of 1.2 m, with the camera
axis being perpendicular to the plane of motion. A 2.5 m × 2.5 m calibration frame was
also recorded to conduct a 2D-DLT analysis for the extraction of the 2D coordinates and
the angular kinematics of the lower limb joints [35]. The examined angular kinematic
parameters were the ankle, knee and hip range of motion (ROM) and the respective peak
angular velocity (ω) of the lower limb joints during the downward and upward phases.

2.4. Statistical Analyses

The Kolmogorov–Smirnov (p > 0.05) and the Levene’s test (p < 0.05) were used to
establish the existence of normal distribution and equality of variance of the data, respec-
tively. The results of these tests validated the use of Paired-Samples t-test to check possible
significant differences between RIGID and SAND. Effect sizes were estimated after calculat-
ing Cohen’s d (≤0.49 = small, 0.50–0.79 = medium, ≥0.80 = large) [43]. All statistical tests
were conducted using the IBM SPSS Statistics v.27.0.1.0 software (International Business
Machines Corp., Armonk, NY, USA), with the level of significance set at a = 0.05 for all
statistical analyses.

3. Results

The results for the spatiotemporal parameters are presented in Table 1. No significant
differences (p > 0.05) were observed in the examined parameters except for hJUMP, which
was lower in SAND (medium effect size).

Table 1. Means ± standard deviations of the comparison for the spatiotemporal parameters of the
drop jumps on RIGID and SAND surface (n = 16).

Parameter RIGID SAND MD SE t p d

Center of Mass displacement (cm)
Jump height (hJUMP) 27.9 ± 4.2 24.4 ± 4.8 3.5 0.9 3.933 0.001 * 0.78
Downward phase −33.8 ± 12.2 −33.9 ± 8.8 0.1 2.0 0.031 0.976 0.01
Upward phase 39.3 ± 12.6 38.6 ± 12.6 0.6 0.2 0.319 0.754 0.06
Temporal (ms)
Contact time 408.4 ± 135.5 430.4 ± 121.3 22.0 15.8 1.396 0.183 0.17
Downward time 186.1 ± 72.8 192.0 ± 60.1 5.9 8.7 0.673 0.511 0.09
tvGRF 175.3 ± 82.4 155.3 ± 51.9 19.9 22.1 0.901 0.382 0.29
tP 280.9 ± 126.2 294.8 ± 110.5 13.9 14.2 0.977 0.344 0.12

*: p < 0.05; MD: mean difference; SE: standard error of the mean; hJUMP: jump height; tvGRF: time to achieve
maximum vertical Ground Reaction Force; tP: time to achieve maximum power during the upward phase.

The vertical displacement of the BCM was almost identical on either surface for both
the downward and upward phase. Significant (p < 0.05) differences were observed for the
majority of the examined kinetic parameters in the upward but not in the braking phase
(Table 2). In detail, larger peak vertical GRF was recorded in RIGID compared to SAND
(small effect size). No differences (p > 0.05) were observed for the other two components of
GRF. RFD was significantly (p < 0.05) larger in the downward phase of SAND than in RIGID
(large effect size). Power at the downward phase was almost equal between surfaces, but a
significantly (p < 0.05) larger power output was observed in RIGID compared to SAND in
the upward phase (medium effect size). Significantly (p < 0.05) lower work was observed
both in the downward and upward phase of SAND compared to RIGID (large and medium
effect size, respectively). Regarding stiffness, no significant difference (p > 0.05) was found
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for vertical stiffness due to the surface. On the opposite, peak leg stiffness was significantly
(p < 0.05) lower in SAND than RIGID (medium effect size).

Table 2. Means ± standard deviations of the comparison for the kinetic parameters of the drop jumps
on RIGID and SAND surface (n = 16).

Parameter RIGID SAND MD SE t p d

Peak Ground Reaction Force (kN)
Vertical (vGRF; net force) 2.48 ± 0.84 2.14 ± 0.56 0.43 0.15 2.359 0.032 * 0.48
Anterior–Posterior (xGRF) 0.36 ± 0.05 0.37 ± 0.08 0.01 0.03 0.205 0.841 0.15
Mediolateral (yGRF) 0.11 ± 0.04 0.11 ± 0.04 0.01 0.01 0.498 0.627 0.14
Peak Rate of Force Development (kN/s)
Downward phase −53.3 ± 14.0 −71.6 ± 25.1 18.3 5.6 3.248 0.005 * 0.90
Upward phase 44.0 ± 11.6 40.1 ± 6.7 3.8 2.6 1.471 0.161 0.41
Peak Power (kW)
Downward phase −4.2 ± 1.2 −4.3 ± 1.2 0.1 0.2 0.776 0.289 0.08
Upward phase 3.1 ± 1.0 2.6 ± 0.6 0.5 0.2 2.245 0.040 * 0.61
Peak Work (J)
Downward phase −738.4 ± 110.7 −662.6 ±89.2 75.8 21.5 3.518 0.003 * 1.36
Upward phase 778.1 ± 98.6 713.3 ± 86.3 64.8 26.6 2.535 0.023 * 0.70
Stiffness (kN/m)
Peak Vertical stiffness 11.6 ± 4.0 12.6 ± 3.9 0.8 0.8 1.061 0.305 0.25
Peak Leg stiffness 8.6 ± 4.9 5.1 ± 3.8 3.5 1.5 2.367 0.032 * 0.79
Average Leg stiffness 3.8 ± 2.9 4.0 ± 3.9 0.2 0.9 0.198 0.846 0.06

*: p < 0.05; MD: mean difference; SE: standard error of the mean. Leg stiffness parameters are according to Struzik
and Zawadzki [44].

The qualitative examination of the time–history curves of the kinetic parameters
revealed almost identical patterns between surfaces (Figure 2). Minor alterations were
noted for RFD and vertical stiffness. For the former, a steeper peak was revealed during
the initial stage of the downward phase in SAND compared to RIGID (Figure 2b). Vertical
stiffness in RIGID exhibited a plateau after reaching its peak value, as for SAND the peak
value was of a larger magnitude with respect to the following plateau (Figure 2g).

No significant (p > 0.05) differences were observed in the majority of the examined
lower limb joint angular kinematical parameters during the downward phase (Table 3).
However, a significant difference (p < 0.05) was observed for the knee joint range of motion
that was larger in SAND compared to RIGID (large effect size). The peak angular velocity
of the ankle joint was also significantly different (p < 0.05), since it was smaller in SAND
than in RIGID (medium effect size). No significant (p > 0.05) differences were found in the
upward phase.

Table 3. Means ± standard deviations of the comparison for the joint kinematic parameters of the
drop jumps on RIGID and SAND surface (n = 16).

Parameter RIGID SAND MD SE t p d

Downward phase
ROMANKLE 30.30 ± 10.69 37.16 ± 12.51 6.86 3.94 1.742 0.102 0.59
ROMKNEE 42.20 ± 16.84 57.21 ± 14.85 15.01 3.79 3.965 0.001 * 0.95
ROMHIP 23.93 ± 26.37 31.52 ± 18.78 7.59 5.86 1.294 0.215 0.33
ωANKLE −6.12 ± 1.74 −5.03 ± 1.76 1.09 0.50 2.168 0.047 * 0.62
ωKNEE −7.38 ± 1.45 −7.15 ± 0.88 0.23 0.39 0.582 0.569 0.19
ωHIP −4.05 ± 1.92 −4.23 ± 1.51 0.19 0.37 0.499 0.625 0.10
Upward phase
ROMANKLE 64.40 ± 11.66 65.84 ± 11.27 1.44 2.02 0.713 0.487 0.13
ROMKNEE 72.93 ± 17.14 73.65 ± 14.96 0.72 2.90 0.248 0.807 0.05
ROMHIP 66.13 ± 25.18 69.33 ± 18.98 3.20 5.04 0.634 0.536 0.14
ωANKLE 10.24 ± 1.82 9.62 ± 1.21 0.63 0.36 1.735 0.103 0.40
ωKNEE 10.16 ± 1.29 10.27 ± 0.72 0.11 0.26 0.410 0.687 0.11
ωHIP 8.41 ± 1.13 8.14 ± 0.98 0.27 0.23 1.164 0.263 0.26

*: p < 0.05; MD: mean difference; SE: standard error of the mean; ROM: joint range of motion (in degrees);
ω: angular velocity (in rad/s).
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Figure 2. Mean ensemble (n = 16) time−history curves for the examined drop jump kinetic parameters
on rigid (RIGID) and sand (SAND) surface: (a) vertical ground reaction force; (b) rate of force
development; (c) power; (d) work; (e) body center of mass vertical velocity; (f) body center of mass
vertical displacement (0 = body center of mass height at the instant of touchdown); (g) vertical
stiffness; (h) vertical stiffness depicted by plotting the vertical body center of mass displacement vs.
the vertical ground reaction force. Abbreviations: vGRF: vertical Ground Reaction Force; RFD: Rate
of Force Development; P: power; W: work; BCM: body center of mass; Tc: contact time. NOTE: all
curves are normalized with respect to Tc; the curves in Figure 2h are depicted for the time period
from touchdown to the lowest height of the BCM during the contact with the surface.
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The examination of the joint angles at specific instances of the DJ, namely the touch-
down, the lowest vertical position of the BCM and the take-off revealed a significant
(p < 0.05) difference for the knee joint angle at touchdown (Figure 3). In specific, the
knee joint was about 13 degrees more extended at touchdown in SAND than in RIGID
(t1,15 = −4.202, p = 0.001, d = 1.23; large effect size).
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No significant difference (p > 0.05) was revealed for the knee joint at the selected
instances of the DJ. In addition, no significant differences (p > 0.05) were evident for the
ankle and hip joint angles.

The qualitative examination of the time–history curves of the examined angular
kinematic parameters also revealed almost identical patterns between surfaces (Figure 4).
Minor alterations were noted for the knee joint angle and the angular velocity approximately
at the first 30% and at the last 30% of the ground contact phase of the DJ (Figure 4a,c).
The deceleration of the body was accompanied with a more rapid knee joint flexion at
the downward phase in SAND (Figure 4b). In the upward phase, the knee joint extended
to its take-off angular position earlier in SAND than in RIGID (Figure 4d). Regarding
leg stiffness (Figure 4f), a similar plateau, in terms of the respective plateau observed for
vertical stiffness (Figure 2h), was revealed in the downward phase for SAND.
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Figure 4. Mean ensemble (n = 16) time–history curves for the examined drop jump kinetic parameters
on rigid (RIGID) and sand (SAND) surface: (a) knee joint angle; (b) knee joint angle with respect
to the body center of mass vertical velocity; (c) angular velocity of the knee joint; (d) knee joint
angle with respect to the angular velocity of the knee joint; (e) leg length; (f) change of leg length
(0 = leg length at the instant of touchdown from the drop phase) with respect to the vertical Ground
Reaction Force. Abbreviations: Tc: contact time; BCM: body center of mass; ωKNEE: angular velocity
of the knee joint; ∆L: change of leg length; vGRF: vertical Ground Reaction Force. NOTE: curves
depicted in Figure 4a,c,e are normalized with respect to Tc.

4. Discussion

The aim of the study was to compare the biomechanical parameters of DJ executed on
SAND and RIGID. Results revealed that DJ on SAND had lower jumping height (−19.8%),
force and power output, as well as larger RFD, work, knee ROM and peak ankle an-
gular velocity at the downward phase than RIGID. Thus, the hypothesis of the study
was confirmed.

DJ jump height was lower on SAND than RIGID, being in line with past research
results concerning the comparison of SQJ and CMJ on different surfaces [11,29,33–36,45,46].
The ground contact time was in considerable agreement with past findings [47,48]. It
is commonly agreed among researchers that the lower jumping heights observed in the

109



J. Funct. Morphol. Kinesiol. 2022, 7, 17

vertical SQJ and CMJ tests are caused by the lower force and power outputs observed for
SAND compared to RIGID [33,35,36]. In the present study, power was significantly lower
in the upward phase. Thus, the lower jump height for SAND can be explained by the lower
power output, since power is suggested to be a determinant factor for the optimization of
DJ performance [40,48–53]. A possible reason for not achieving larger power in SAND can
be attributed to the fact that SAND is an unstable surface and inhibits the fast application
of force during jumping [29,35,54]. In addition, as depicted in Figure 4, a more rapid knee
joint flexion was at the downward phase in SAND. This finding, in combination with the
lower angular velocity of the ankle flexion, reveals a different pattern to negotiate the
deceleration of the body due to the different stiffness of the surface to execute the jump.

Unlike previous observations in SQJ [35] and CMJ [36], the time to achieve maximum
vertical GRF on SAND was not different compared to RIGID. This finding, combined
with the larger RFD during the downward phase in SAND indicates that ground contact
with the sand was highly unstable. This led the participants to make a strenuous effort
to overcome these constraints that were imposed for the execution of the jumping task.
However, the medio-lateral and anterio-posterior components of GRF were not different
between surfaces. Thus, there is an indirect indication that the balance requirements at
the initial phase of the DJ did not differ between surfaces. Nevertheless, it is suggested
that the deformation of SAND increases the requirements for dynamic stability [6,12,17,55].
Additionally, SAND comprises a demanding surface to execute explosive movements
since its surface is characterized by larger friction compared to other sport surfaces [33].
The interaction with SAND during exercise utilizing the SSC is suggested to absorb large
amounts of energy [3,10,11,29,33,34]. In addition, jumping on SAND utilizing the SSC is
proposed to lead to lower re-use of the stored elastic energy [10]. These factors eventually
result in increased work expenditure. Furthermore, recent research evidence suggests
the existence of an additional protective neuromuscular mechanism when “dealing” with
landings on harder, less “safe” surfaces, guaranteed even by visual input alone [56].

In the present study, less negative work was done in the downward phase in SAND
compared to RIGID. This could be an indirect indicator of a lower rate of energy absorption
during the downward phase in SAND [38]. Nevertheless, the lesser negative work could
be associated with smaller amounts of elastic energy stored in the series elastic elements
and eventually with the lower jumping height in SAND [10,38]. Thus, due to the observed
bias, this point has to be further investigated in future studies examining DJ on SAND.

The importance of the knee joint biomechanics as a regulator of DJ performance has
been highlighted in past research [57]. resent data revealed that the knee joint extended to
its take-off angular position earlier in SAND than RIGID. Thus, less power was generated
about the knee joint that could be a cause for the lower DJ performance found in SAND.
Power, besides suggested to be a determining factor for DJ performance, is related with
changes in vertical stiffness after plyometric training [58]. Furthermore, the mechanical
power produced during the upward phase of a DJ is maximized when an optimal leg
stiffness occurs in the downward phase [25,27]. In the present study, leg stiffness was lower
in SAND. This is not in agreement with past research reporting that equal leg stiffness
can be exhibited when performing a DJ on surfaces with different compliance [59]. Leg
stiffness is affected by the knee and ankle stiffness [60]. In the present study, both joints
showed significant differences concerning their angular kinematics. This finding could be
related with the significantly larger peak leg stiffness observed in RIGID. Nevertheless,
a notable maintenance of relatively constant values regarding leg stiffness was observed
in both RIGID and SAND, confirming past findings [44,59]. In general, lower stiffness
during landing is proposed to be related with mechanisms of long-term adaptations caused
by eccentric exercise aiming to prevent injuries [61,62]. In conclusion, larger stiffness is
related with the inability to resist large eccentric loadings [63], which seems to be the case
for RIGID.

Compared to RIGID, DJ on SAND was executed with a more extended knee joint
at the instant of impact. In addition, during the downward phase, the knee joint range
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of motion was larger, while the ankle joint flexed with a slower angular velocity. This
combination was reported in the past for DJs executed from higher compared to lower
dropping heights [38] and could be considered as a protective mechanism to avoid excessive
loading. In addition, in the present study, no differences were observed in the upward
phase between the examined surfaces for the lower limb joint angular kinematics. This is
not in alignment with past research concerning running or sprinting on SAND, where a
backward movement of the feet due to the deformation of the sand at the end of the push
off is common [1,8,10]. This might be the result of the relatively long duration of the ground
contact time, during which SAND could have been compressed at the downward phase.
This could eventually lead the sand surface to dissipate some of its absorptive qualities and
thus resemble a more rigid surface [36]. The present finding also cannot support research
evidence which suggested that performing SSC on SAND is related to the muscle action
during the propulsive phase that resulted by the compensation made in the braking phase
in terms of the degradation of elastic energy [10,13]. However, previous studies for the
CMJ on SAND reported a significant effect of surface for the knee [45] and ankle joint
kinematics [36]. The connection between the two aforementioned joints is the biarticular
gastrocnemius muscle, which can affect the ankle range of motion and can cause differences
in key biomechanical factors of DJ, such as RFD and knee angular kinematics [64]. It has
been proposed that the common adaptation of the neuromuscular system to deal with the
differences caused by the instable SAND surface is to exhibit a higher co-contraction of
the lower limb muscles, which eventually results in a less optimum flow of energy [1].
However, it was found that muscle activity and muscle–tendon unit mechanical properties
of the gastrocnemius muscle increase when jumping from a deformable surface. This led to
the conclusion that “internal regulatory mechanisms exist to compensate for differences
in surface properties” [65]. Both of the above factors should be further investigated in the
future.

Training on SAND was found to be effective for improving sprinting, jumping and
balance ability of team sport players [14,20,66–68], and that there is a significant association
between specific agility and vertical jump tests on SAND [46]. Additionally, the adaptations
of jumping, sprinting and agility were found to be transferred on RIGID [13,15,16]. One
reason is the increased motor unit recruitment after the implementation of plyometric
training on SAND [21]. In general, performing exercises on SAND is suggested to reduce
the musculoskeletal loading in training and rehabilitation programs [69,70]. SAND training
is proposed for preseason training due to the decreased muscle soreness, faster recovery
and the lower probability of overuse injuries [1,55,71]. Larger training adaptations are
expected since heavier training loads can be implemented on SAND [10,56]. However,
due to the lower stiffness of SAND, there are limited neuromuscular adaptations since
the mechanical stimuli on the musculoskeletal system are reduced. Thus, SAND is less
effective for the improvement of explosive movements [10,13,72]. The results of the present
biomechanical analysis of DJ on SAND seem to confirm the above notion.

The findings of the present study should be considered given its limitations. The
recording of muscle activation patterns during DJ could provide further insight concerning
the examination of the regulation of stiffness. Another possible limitation is the fact
that only one drop height was selected for analysis; thus, the present results cannot be
generalized to interpret DJ on SAND and should be read with caution. Nevertheless,
the present study revealed an insight regarding the biomechanics of DJ on SAND that
provides information for a widely used jumping modality in training practice and testing
environments. It is of importance that the participants in the study were top-level BV
players which had extensive training experience in DJ on both SAND and RIGID. Thus,
the comparison of DJ biomechanical parameters between the examined surfaces can be
considered to be reliable. The present findings are of interest to coaches and researchers,
particularly under the perspective of the kinetic and kinematic differences of executing the
drop jump on a rigid and on a sand surface.
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5. Conclusions

The compliance of the SAND seems to decrease the efficiency of the mechanisms
involved in optimizing the DJ performance compared to RIGID. Nevertheless, SAND
comprises an exercise surface that imposes a lesser load during the eccentric phase of the
DJ compared to RIGID. Therefore, SAND can be used in jumping programs aimed at injury
prevention or for rehabilitation programs after an injury in lower extremities. In addition,
due to the highly unstable surface of SAND, participants were found to increase knee
joint range of motion during the downward phase to fulfill the locomotor requirements
to execute the jumping task and to acquire the necessary stability to do so. Finally, due
to the higher energy expenditure required on SAND, DJs can be used in the pre- or off-
training season not only in beach volleyball, but also in other team and individual sports
that include jumping activities in their technique.
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Abstract: Basketball is a sport in continuous evolution, being one of these key aspects of the players’
physical fitness that has an impact on the game. Therefore, this study aimed to characterize and
identify the physical fitness level and profiles of basketball players according to sex. Total of 26 semi-
professional basketball players were assessed (13 male, 13 female) through inertial devices in different
previously validated fitness tests. T-test for independent samples and principal component analysis
were used to analyze sex-related differences and to identify physical fitness profiles. The results
showed differences according to sex in all physical fitness indexes (p < 0.01; d > 1.04) with higher
values in males, except in accelerometer load during small-sided games (p = 0.17; d < 0.20). Four
principal components were identified in male and female basketball players, being two common
([PC1] aerobic capacity and in-game physical conditioning, [PC4 male, PC3 female] unipodal jump
performance) and two different profiles (male: [PC2] bipodal jump capacity and acceleration, [PC3]
curvilinear displacement; female: [PC2] bipodal jump capacity and curvilinear displacement, [PC4]
deceleration). In conclusion, training design must be different and individualized according to
different variables, including physical fitness profiles between them. For practical applications, these
results will allow knowing the advantages and weaknesses of each athlete to adapt training tasks
and game systems based on the skills and capabilities of the players in basketball.

Keywords: team sports; sex-related differences; physical demands; assessment; inertial devices

1. Introduction

Basketball is a team sports with dynamic behavior that combines high-intensity actions
with specific technical-tactical abilities of the sport, being the level of this abilities and
skills more relevant when the competitive level increases [1]. During games, basketball
players should be adapted for internal demands that consist of repeated efforts with
variable intensity and incomplete rests [2]. Regarding external workload, basketball players
covered four-to-six kilometers per game [3,4], realize 400-to-550 changes of direction [5,6],
20–40 accelerations > 3 m/s2 [7,8], and around 1000 high-intensity actions, two jumps per
minute or 45 sprints of few duration [9], resulting in a PlayerLoad of 450–650 a.u. [7,8].

These physical and physiological demands are conditioned by anthropometrical
measurements (height, weight, wingspan, etc.) and physical parameters (strength, power,
aerobic, and anaerobic capacity, etc.) [10,11], being the physical capacity the most variable
aspect throughout a season [6]. It could be influenced by different contextual factors
such as sex, age, and competitive level [3,4]. Previous studies have identified sex-related
differences with higher demands in male players and an increase difference in relation with
the maturity development [12]. In this sense, higher values in male players were found
in different capacities/abilities with such as aerobic capacity (related to the body size and
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age) [13], speed (related to the type II-B muscular fibers), strength (higher size of muscular
belly), or agility (related to Q-angle and hip abduction) [11].

All factors influence the playing position and the technical-tactical role in the game.
Players with high speed of displacement and agility play further to the basket, while
players with higher height, weight, and strength play closer to the basket [6,10]. For this
reason, three (guard, forward and center) or five (center, power forward, small forward,
point guard, and shooting guard) playing positions have been used traditionally [4,14].
Instead, the playing positions in today’s basketball are based on a compendium of physical,
technical, and tactical aspects. Recent studies identified between eight and thirteen player’s
profiles in the National Basketball Association (NBA) [15,16], due to the high specialization
of players (each player has a specific role in the game).

For this reason, different assessments need to be realized in different season periods
with the aim to control the evolution of the physical fitness and to adapt individually the
external and internal workloads during training sessions [17]. To realize the assessment of
physical fitness, previously validated field or laboratory tests should be used preferably
if they are adapted to sport [18,19]. From the data obtained through these assessment,
new mathematical methods could be implemented such as exploratory factor analysis
(EFA) to explain many registered variables in a number of extracted factors [20]. Therefore,
the purposes of the study were to characterize the physical profiles of male and female
basketball players through principal component analysis (PCA), to analyze the differences
of physical performance between players’ profiles, and to identify the relationship between
players’ physical profile and the in-game assigned role by the coach.

2. Methods
2.1. Design and Procedures

A cross-sectional study was designed to characterize the physical profiles of basketball
players through previous validated field tests, as well as to compare the different profiles
obtained and identify the relationship between physical capacities and the playing po-
sitions in official games. The physical fitness field tests were performed in two sessions
(one for each sex) and at the same time of day (i.e., 9:00 to 11:00 a.m.), under similar
environmental conditions (temperature 21.5 ± 0.2 ◦C; humidity: 42.1 ± 1.2%), and in
non-fasting conditions. The order of tests was realized following a previous validated
protocol [18]: (1) 6.75-m arc; (2) single leg hop (right and left); (3) abalakov test; (4) 16.25-m
RSA; (5) 30–15 IFT; (6) 10 × 15-m 3 vs. 3 small-sided game. The experimental design was
detailed in Figure 1.
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Figure 1. Experimental design of the present study.

Before starting, the basketball players went through the same standardized warm-
up that they regularly do before the competition. The warm-up consisted of three work
phases with a maximum duration of 20 min [21]. In the first 10-min duration, the players
performed moderate activity. In the second phase, the players performed dynamic stretches
lasting 5 min. In phase three, players performed low intensity activity for 5 min to prepare
for the tests. The tests were performed during training session MD-4 (i.e., four days
before the next match day). All tests were realized in their usual indoor training court.
During testing, players wore a WIMU PROTM inertial device (RealTrack Systems, Almeria,
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Spain) that register time-motion analysis through ultra-wide band (UWB) radiofrequency
technology and microelectromechanical sensors.

2.2. Participants

Twenty-six semi-professional basketball players (n = 13 male, n = 13 female). With
age: 18.98 ± 1.84 years (Male: 19.48 ± 1.41 years; Female: 18.49 ± 2.27 years), body mass:
77.13 ± 9.46 kg. (Male: 87.63 ± 7.98 kg; Female: 66.64 ± 10.94 kg), height: 1.82 ± 0.075 m.
(Male: 1.91 ± 0.07 m; Female: 1.73 ± 0.08 m), body mass index (BMI): 23.11 ± 1.45 kg/m2

(Male: 23.98 ± 1.45 kg/m2; Female: 22.25 ± 3.15 kg/m2), muscle mass percentage:
75.23 ± 6.98% (Male: 81.31 ± 2.71%; Female: 69.58 ± 4.57%), and fat mass percentage:
20.82 ± 7.29% (Male: 14.48 ± 2.86%; Female: 20.82 ± 7.29%) took part in the present
study. Players recruited for the study belonged to the reserve team of a male and female
basketball team that play in the first Spanish basketball division. The male basketball team
was composed by three guards, six forwards and four centers, while the female basketball
team was composed by three guards, five forwards and five centers.

All players met the following inclusion criteria: (a) absence of musculoskeletal injury
or health problem in the previous two months, (b) minimum basketball experience of five
years, (c) over than two months with high-level monitoring by inertial devices (IMUs), and
(d) participated in at least 85% of the training sessions during the two months prior to the
study [22]. The study was realized in the first part of the in-season period, where players
attended five training sessions and one official game (MD) per week (MD + 1: one recovery
session; MD + 2: rest day; MD – 4: strength and on-court conditioning session; MD – 3 and
MD – 1: technical-tactical sessions; MD – 2: simulated game session).

2.3. Equipment

Anthropometrical characteristics. Height was registered through a rod stadiometer
(SECA, Hamburg, Germany) and body composition through an 8-electrode segmental
monitor MC-780MA model (TANITA, Tokyo, Japan).

Time selection and trials’ duration. Photocells (ChronoJump, Barcelona, Spain) were
used to measure the time to cover each repetition, as well as, to select the duration of each
attempt in the timeline of the WIMU PROTM inertial device (RealTrack Systems, Almería,
Spain). Photocells commonly include only two connections: power and communication
signal to the software to start and end a timer when the light is interrupted. For this
purpose, photocells incorporated an Ant+ transmitter that was connected to the output of
the communication signal via a RCA cable (standard communication cable). This process
showed almost perfect validity with a bias of 0.006 ± 0.0018 s [23]. The Ant+ transmitter
that incorporate a pushbutton was used by the researchers to mark the start and end points
on the IMUs timeline in jump tests, 30–15 IFT and small-sided game.

Assessment of players’ movements. WIMU PROTM inertial devices have been used to
monitor the workload demands of the players during the assessment. Each device includes
tracking (global positioning systems, GPS at 10 Hz; ultra-wide band, UWB at 18 Hz) and
microelectromechanical sensors set at 100 Hz (4× accelerometer [2× ±16, 1× ±32 and
1× ±400 g]; 3× gyroscope at 2000◦/s; and 1× magnetometer). For time-motion analysis in
indoor conditions, a reference system composed of eight UWB antennas was placed around
the court following the protocol described in a recent study that showed suitable values
of reliability (coefficient of variation, CV < 1%) and validity (mean difference = 0.03 m;
magnitude of differences = 0.21% with real measures as reference) [24]. Devices were
located at scapulae level using an adjustable harness in each player.

2.4. On-Court Physical Fitness Tests and Registered Variables

Different on-court physical fitness tests were extracted from previous validated field
test batteries designed to evaluate the physical performance of male and female basketball
players [18,19]. The description of the tests and the variables obtained were mentioned,
following the order of realization during the assessment.
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6.75-m arc test. This test has been used to assess the ability to complete a curvilinear
displacement at the maximum speed as possible [19]. Player must run between the 6.75-m
line and 1-m line courtesy from the start line to the end line. The photocells were placed
at the start and end line to send the start and end points to the IMUs timeline through
Ant+ technology. Ten repetitions were performed (five in each direction) with 1-min rest
between repetitions. If the athlete fell or left the running zone, the attempt was repeated.
The average of the three best repetitions was selected for analysis. From this test, the
average centripetal force generated (CentFAVG) in left and right direction in each repetition
was obtained [25]. The test CV was 4.2% in males and 5.8% in females.

Single leg jump test. This test has been included to evaluate the power output of each
leg independently following Young et al. [26]. Player must performed the takeoff with a
single leg. The non-takeoff leg or free leg was flexed at the knee and not permitted to touch
the floor. No restrictions or specific instructions were given of the role of free leg during the
jumping action, while hands must be placed at the hip as countermovement jump protocol.
Left and right takeoff legs were assessed alternatively with 45-s passive rest between jumps
(five repetitions with each leg). The average of the three best repetitions was selected for
analysis. From this test, the jump height was obtained, that show nearly perfect validity
(flight time: CV = 0–13-to-0.29%, Difference = 0.61-to-1.31 ms) and reliability with this
device (ICC = 0.96-to-0.97%; SEM = 1.4-to-2.2%; CV = 2.5–3.1%) [27]. The test CV was 9.6%
in males and 10.9% in females.

Abalakov test. The bilateral power output and the arms coordination during jump were
evaluated following Bosco et al. protocol [28]. The athlete starts from an upright position,
with feet shoulder-width apart and arms free. At his discretion, the athlete will flex the
legs and then perform an extension of the legs, assisting the arms in the execution of the
movement and avoiding the flexion of the trunk. No restrictions were imposed on knee
angle during the eccentric phase of the jumps. Subjects were required to maintain straight
legs during the flight phase of the jumps. A passive 45-s rest was realized between jumps.
From this test, the jump height was obtained. The test CV was 14.4% in males and 16.7%
in females.

Multi-jump test: This test assesses the tolerance to fatigue of the lower body [19]. To
do this, the player starts on a box with a height of 50 cm. The player jumps down from
the box and makes five maximum jumps in a row using the arm swing. From this test, the
jump height was obtained. The test CV was 20.5% in males and 23.2% in females.

16.25-m. RSA test. Through this test, the acceleration and deceleration capacities of the
athletes were evaluated. The start line of acceleration was placed in the free-throw line, the
end line of acceleration and start line of deceleration in the 6.75-m line, and the end line of
deceleration in the free-throw line [18]. Players must run as fast as possible from the start
line to the end line in acceleration phase and brake as soon as possible into the deceleration
phase, without exceeding the end line of the braking zone. The photocells were placed at
the start and end line of acceleration zone to send the start and end points to the IMUs
timeline through Ant+ technology. Players completed five sprints with 30-s active rest
(walking from end line of deceleration zone to start line of acceleration zone) between
repetitions. From this test, the average speed (SpeedAVG) and the maximum deceleration
(DecMAX) were obtained in acceleration and deceleration phase respectively. The test CV
was 11.7% in males and 13.6% in females.

30–15 IFT. It is a standardized test in distance and speed to evaluate the aerobic
capacity of the players on the court [29]. The baselines (0 and 28 m), the center line (14 m),
and four courtesy lines situated at 3 m (2× center line and 1× each baseline) were marked.
The test combines 30-s running with 15 s of passive rest. During running time, athletes
must be in the zones when it beeps, using the smartphone app for IOS. The start speed
was 8 km/h and in each period of 30 s the speed is increased by 0.5 km/h. The test was
concluded when the athlete did not reach the zone in two beeps. The last period that the
player completes was considered for analysis.
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3 vs. 3 small-sided game. 10-min of a 3 vs. 3 small-sided game was played with 3 vs.
3 official rules in a reduced court with dimensions of 10 × 15 meters [18]. To control the
official rules, an official referee collaborated in the study. From this game, Player Load by
RealTrack Systems (PLRT), total distance covered (Dist), and total distance covered over
16 km/h (Dist > 16 km/h) were registered.

2.5. Procedures

Prior to starting all procedures, the study was approved by the Bioethics Commit-
tee of the University of Extremadura (registration number: 232/2019; date of approval:
08/10/2019) because it follows the ethical guidelines of the Declaration of Helsinki (2013).
Then, coaches and clubs were contacted to inform about the proposal of the study. Club
managers, technical staff, and players signed informed consent. After consent, the selection
of testing date was agreed with both teams. Prior to testing, the teams performed two
familiarization sessions to know the tests and the high monitoring, reducing the chances of
error during the assessment.

Players were cited 30-min prior to the assessment with the aim to place the inertial
devices through an anatomical-specific harness at scapulae level and perform the warm-up
after the evaluation. At the end of the physical tests, the research team downloaded the
data in an laptop and imported them to the SPROTM software to obtain theand variables.
The data were exported from SPROTM software to an Excel spreandsheet. A database was
made in Excel and then introduced in statistical package for further analysis. In addition,
researchers made an informative dossier with the results obtained in the different tests
in order for the coaching staff to have knowledge about the findings found in order to
improve performance or detect possible anomalies.

2.6. Statistical Analysis

Results of physical fitness level of basketball players according to sex are reported as
mean and standard deviation (SD). Data normality and homoscedasticity were confirmed
through Shapiro–Wilk and Levene tests. The differences in physical fitness level between
male and female basketball plaane analyzed by t-test for independent samples. The effect
sizes were obtained by Cohen’s d (d) and was interpreted as: d < 0.20 trivial, d = 0.20-to-0.60
low, d = 0.60-to-1.20 moderate, d = 1.20-to-2.00 high, and d > 2.00 very high [30]. The
significance level was established at p < 0.05.

Then, to identify the physical fitness profile in male and female basketball players,
principal component analysis (PCA) was used. Variables were scaled and centered (Z-
score). The Kaiser–Meyer–Olkin values (KMO, male = 0.657; female = 0.623) and Barleth
Sphericity test confirmed that PCA was suitable (p < 0.01). Eigenvalues > 1 were considered
for the extraction of prinanipal components. A Varimax-orthogonal rotation method was
performed in order to identify the high correlation of components and guarantee that each
principal component offered diffanrent information. A threshold of 0.6 in each PC loading
was retained for interpretation, extracting the highest anactor loading when a cross-loading
was found between the components. Authors did not limit the number of PCs of the model
final outcome and PCs selection was based on the guidelines previously described [31].
Data analysis and figures were performed and designed by Statistical Package for the
Social Science (SPSS Statistics, version 24, IBM Corporation, Armonk, NY, USA).

3. Results
3.1. Sex-Related Differences in Physical Fitness Level of Basketball Players

The differences in physical fitness level between male and female basketball players
are represented in Table 1. Male players obtained better results than female players in
all physical fitness variables (p < 0.01; t = 2.65-to-13.31; d = 1.04-to-5.22), except in SSG
PLRT (p = 0.17; t = 1.40; d < 0.20 trivial). The highest differences were found in 6.75-m arc
CentFAVG in both directions and RSA Acc while the lowest differences were found in SSG
total distance.
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Table 1. Descriptive and inferential analysis of sex-related differences in physical fitness profile of semiprofessional
basketball players.

Male
M ± SD

Female
M ± SD t p d Cohen’s d

Magnitude

6.75-m arc left CentFAVG (N) 467.15 ± 42.91 257.48 ± 37.23 13.31 <0.01 5.22 very high
6.75-m arc right CentFAVG (N) 464.87 ± 50.68 252.17 ± 38.15 12.08 <0.01 4.74 very high
Unipodal jump right leg (cm) 31.67 ± 3.73 20.71 ± 1.30 10.01 <0.01 3.93 very high
Unipodal jump left leg (cm) 33.48 ± 3.45 20.69 ± 1.99 11.57 <0.01 4.54 very high

Abalakov (cm) 40.15 ± 5.30 32.75 ± 3.77 7.12 <0.01 2.79 very high
Multijump (cm) 38.03 ± 6.13 30.45 ± 5.05 3.44 <0.01 1.35 high
RSA Acc (km/h) 26.69 ± 1.21 21.70 ± 0.77 12.53 <0.01 4.92 very high
RSA Dec (m/s2) −6.38 ± 0.69 −5.47 ± 0.54 3.76 <0.01 1.48 high

30–15 final players (km/h) 19.88 ± 1.62 17.83 ± 1.55 3.30 <0.01 1.29 high
SSG PLRT (a.u.) 11.01 ± 1.53 10.11 ± 1.74 1.40 0.17 <0.20 trivial

SSG Total Distance (m) 777.66 ± 79.17 704.29 ± 61.06 2.65 <0.01 1.04 moderate
SSG Total Distance > 16 km/h (m) 184.39 ± 41.09 144.29 ± 16.25 3.27 <0.01 1.28 high

Note. M: mean; SD: standard deviation; t: t-value of independent samples t-test; p: significance; d: Cohen’s d effect size.

3.2. Physical Fitness Profile of Basketball Players According to Sex

Table 2 and Figure 2 show the principal component analysis in physical fitness test.
Four PC were extracted from male and female basketball players that represent an 85.71%
and 83.61% of total variance respectively. The PC1 in male players represents 31.01% of total
variance and was composed of RSA Dec, 30–15 final players, SSG PLRT, total distance and
total distance > 16 km/h, while female players represent 36.00% and are composed of RSA
Acc, 30–15 final players, SSG PLRT, total distance and total distance > 16 km/h. The PC2 in
male players represents 26.81% and was composed of Abalakov, Multijump, and RSA Acc,
while the female players represent 22.91% and were composed of Abalakov, Multijump
6.75-m arc CentFAVG at left and right direction. The PC3 in male players represents 16.15%
and was composed of 6.75-m arc CentFAVG at left and right direction, while female players
represent 15.32% and were composed of Unipodal jump in both legs. Finally, the PC4 in
male players represent 11.74% and was composed of Unipodal jump in both legs, while
female players represent 9.37% and were composed of RSA Dec.

Table 2. Principal component analysis by sex with respective eigenvalue, variances and %
variance explained.

Sex Male Female

PC 1 2 3 4 1 2 3 4
6.75-m arc left CentFAVG (N) 0.88 0.93

6.75-m arc right CentFAVG (N) 0.96 0.95
Unipodal jump right leg (cm) 0.88 0.75
Unipodal jump left leg (cm) 0.77 0.96

Abalakov (cm) 0.93 0.51
Multijump (cm) 0.86 0.74
RSA Acc (km/h) 0.71 0.90
RSA Dec (m/s2) 0.80 −0.90

30–15 final players (km/h) 0.57 0.80
SSG PLRT (a.u.) 0.76 0.82

SSG Total Distance (m) 0.89 0.94
SSG Total Distance > 16 km/h (m) 0.93 0.83

Eigenvalue 3.72 3.22 1.94 1.41 4.32 2.75 1.84 1.13
Variance 31.01 26.81 16.15 11.74 36.00 22.91 15.32 9.37

%Variance 31.01 57.82 73.97 85.71 36.00 58.91 74.23 83.61
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4. Discussion

Basketball performance is determined by physical, technical, and tactical level of the
players [6]. Coaches tend to consider mainly the technical and tactical characteristics to
determine the playing position during the competition, as well as adapt the collective
game to individual profiles in order to optimize performance [4,14]. In contrast, the
analysis of physical condition is not usually used to identify specific performance profiles,
which is strongly influenced by the sex of the players [32]. Therefore, the purposes of
the present study were to identify sex-related differences in the physical profile of semi-
professional basketball players, as well as to classify physical profiles based on principal
component analysis.

Previously, the literature has shown scientific evidence of the sex-related differ-
ences between physical and physiological profiles of basketball players across different
ages [10,11,13]. The present research confirms that better results were obtained by male
players in (a) curvilinear displacements (CentFAVG, N), (b) jump at unipodal, bipodal
and repeated efforts (height, cm), (c) acceleration (SpeedMAX, km/h) and deceleration
(DecMAX, m/s2), (d) aerobic capacity (30–15 IFT final players, km/h). These higher physical-
physiological capacities have impacted in small-sided game demands (total distance and
total distance > 16 km/h, m) except in PLRT although the formal and structural elements
of the game are similar (10 min of 3 vs. 3 in 10 × 15 meters court). The differences
of physical and physiological capacities depend on different factors at anthropometri-
cal (height, weight, wingspan, etc.,) [10,32], morphological (Q-angle, tibiofemoral angle,
hip abduction, center of mass displacement) [33], musculoskeletal development (size of
muscular belly, bone thickness, type II-B muscular fibers associated) [11], and cardiopul-
monary capacity (pulmonary: lung size, respiratory muscle blood flow, cost and work
of breathing; cardiovascular: stroke volume, arterial blood pressure and oxygen content,
oxygen consumption) [34,35]. For all this, male and female players should be considered
as independent populations, so conditioning sessions as well as playing roles during the
game need to be modeled based on their specific physical fitness profile.

For reducing the dimensions that explain the physical performance in basketball,
mathematical methods are being applied to the sports area as the principal component
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analysis [20]. PCA is a statistical method for data reduction to explain the most relevant
variables of players’ behavior. From this analysis, four principal components were ex-
tracted in male and female basketball players that explain an elevated percentage of total
variance (85.71 and 83.61% respectively). Two principal components were similar in male
and female players ((1) aerobic capacity and in-game physical conditioning, (2) single leg
jump) and two components were different (male: (3) curvilinear displacements, (4) jump ca-
pacity; female: (3) curvilinear displacements and jump capacity, (4) deceleration). Figure 3
represents different examples of basketball technical actions according to the principal
components extracted from the physical fitness performance during the tests in both sexes.
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The first component explained 31.01% in male and 36.00% in female of total variance
in basketball players. The same variables were found in both sexes that represent aerobic
capacity (30–15 final players) and in-game physical-conditioning (total distance, total
distance > 16 km/h, PLRT), excepting deceleration in male and acceleration in female
players during repeated sprint ability. The game dynamics of basketball requires a high
aerobic capacity to repeat high-intensity intermittent efforts during offensive and defensive
actions, as well as rapid coast-to-coast transitions during counterattacks [4]. Good values
in both variables indicate that the player presents a competitive advantage during the
game, being decisive in attack to get better shoot positions and in defense to counteract the
actions of the opponent [36,37]. Therefore, the development of aerobic capacity, as well as
the integration of physical conditioning in simulated in-game conditions could be useful to
improve the fitness level of basketball players, it being determinant for successful.

The other similar component between male and female players is the single leg jump
performance that represented the PC4 with 11.74% in males and the PC3 with 15.32% in
female players. This ability represents an independent PC due to the prediction of sprint
and curvilinear displacement is limited based on single-leg jump at lateral, horizontal,
and vertical directions [38]. In both sexes, higher performance in single-leg jump has been
associated with the same playing positions (guard and forward) [39,40]. Traditionally,
perimeter players were chosen for smaller body size and greater explosiveness than centers,
regardless of the evaluation of different physical capabilities [6]. However, players with
high values in this variable could be oriented to playing roles out of the paint to take
advantage of their single-leg power in the performance of individual technical-tactical
actions with short explosive movements (e.g., 1 vs. 1, dribbling, block-outs), without
considering the anthropometrical-morphological characteristics.
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Performance in curvilinear locomotion, repeated jump ability, and jump with arm-
swing also represent key factors in physical fitness in basketball [5,10,11]. These capacities
represent two components in male players (jump capacity, PC2: 26.81%; curvilinear loco-
motion, PC3: 16.15%) and only one component in female players (PC2: 22.91%). Due to the
greater specificity of men’s basketball, jumping ability and curvilinear movement ability
define two different player profiles [15,16]. On the one hand, there are players with greater
body size who, from their formative stage, have a specialization in making shots close to
the basket and rebound action, while players with greater speed in curvilinear movement
present functions related to the outside throw after a race to generate an advantage over
the rival [6,10]. However, in women’s basketball, due to the lower capacity to perform
high intensity actions, the taller players present a multipurpose role, unifying the two
roles mentioned in the male sex. These differences may be related to anthropometric
and physical characteristics, as well as the different dynamics of the game depending
on sex [41]. Therefore, the identification of the players with these specific profiles will
require individualized functions and training based on their differentiating characteristics
to enhance their performance in competition.

Finally, a main component is observed in female basketball players who are character-
ized by making a greater number of decelerations and at greater intensity than the rest of
the players (PC4, 9.37%). In male players, this profile does not exist (it is integrated in PC1),
so it is specific in female basketball. This peculiarity may be due to different aspects related
to morphological and musculoskeletal development [6,11,34]. This profile explains the
importance of eccentric work in the lower body of female players, where a high number of
injuries occur in actions related to decelerations and changes of direction [42]. Instead, due
to the musculoskeletal structures of male players (distribution of fibers and muscle belly),
the injuries suffered in the lower body are mainly due to overload or fatigue provoked by
the high volume of actions in the game and not due to the intensity of them [43]. Therefore,
the injury prevention strategies between male and female basketball players should be
designed accordingly, where a greater focus is needed on the intensity of actions in female
players and on the volume of actions in male players to reduce injury risk.

5. Limitations and Future Research

The present research is the first approach to the identification of physical profiles
in basketball based on sex through the principal component analysis, although different
limitations should be mentioned. The first of these is related to the size of the sample
and its specific competitive level, which means that the data are specific to the study
population and cannot be generalized to all basketball players. In addition, the inclusion of
new physical condition tests (e.g., agility with and without the ball, anaerobic capacity) to
evaluate the physical performance of athletes may lead to the identification of new physical
profiles of basketball players. However, the included tests belong to two specific basketball
field batteries that are previously validated to evaluate integrally the most important
abilities and capabilities in basketball players. Finally, future research that evaluates the
physical condition of basketball players through specific tests and classifies the profiles
based on principal component analysis will help to understand the physical performance
factors throughout the different ages and competitive levels.

6. Conclusions

Sex-related differences were found in physical fitness level with higher values in
male players, especially in physical capabilities that depend on power output (curvilinear
displacements, unipodal jump, abalakov, and accelerative actions). Four principal com-
ponents were identified in male and female basketball players with different distribution
of physical capabilities. The component that explains the highest total variance in male
(31.01%) and female (36.00%) players was represented by aerobic capacity and in-game
physical conditioning.
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7. Practical Applications

From the conclusions of the present study, different practical applications could be
given about the different capabilities of physical fitness in basketball players based on
principal component analysis:

1. Because male players presented higher physical fitness values, especially in game ac-
tions that depend on power output, it is fundamental to individualize that the training
workload depends on the sex as well as the physical characteristics of the players.

2. The comprehension of the different profiles of basketball players in each team based
on the physical fitness is fundamental to design individual task oriented in specific
physical capabilities to improve sports performance. In addition, the knowledge
of physical fitness profile of the players could help the team staff to design playing
systems and tactical dispositions adapted to them (e.g., low values in aerobic capacity
will entail long-time attacks, low values in changes of speed and curvilinear locomo-
tion will entail more static playing systems, or low values in jump capacity will entail
playing systems that end with shoots without rebounds).

3. The integrated work of aerobic capacity through modified game situations seems to be
indicated as a fundamental aspect to improve the physical fitness level of basketball
players in both sexes, so that the highest total variance was represented by aerobic
capacity and in-game physical conditioning.
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Abstract: This study interviewed retired professional rugby union players (≤10 years since retire-
ment) to discuss their careers in the game of rugby union. The primary aim of the study was to
document their understanding of concussion knowledge and the analogies they use to describe
concussion. In addition, these interviews were used to determine any explicit and implicit pressures
of playing professional rugby as described by ex-professional rugby players. Overall, 23 retired
professional rugby players were interviewed. The participants had played the game of rugby union
(n = 23) at elite professional standard. A semi-structured individual interview design was conducted
with participants between June to August 2020. The research team reviewed the transcripts to iden-
tify the major themes from the interviews using a reflexive thematic analysis approach. Four major
themes were identified: (1) medical and theoretical understanding of concussion, (2) descriptions of
concussion and disassociated language, (3) personal concussion experience, and (4) peer influences
on concussion within the sport. These were further divided into categories and subcategories. The
interviews highlighted that players did not fully understand the ramifications of concussive injury
and other injury risk, as it became normalised as part of their sport. This normalisation was supported
by trivialising the seriousness of concussions and using dismissive language amongst themselves
as players, or with coaching staff. As many of these ex-professional players are currently coaching
rugby (48%), these interviews could assist coaches in treating concussion as a significant injury and
not downplaying the seriousness of concussion in contact sports.

Keywords: concussion; professional rugby union; long term health; brain injury

1. Introduction

Rugby union has been a professional sport (for males) since 1995. It is a collision sport
that is highly physical in terms of impact with opposing players, resulting in frequent
contact events and collisions throughout the course of a match. The amalgamation of
very high physical demands, combined with regular impacts with opposing players, for
example, tackling, scrummaging or mauls, means that injury is an inherent risk of the
game. In a study examining 12-month match exposure in professional rugby union players,
it was proposed that accumulated training workload and recent match exposure influence
a player’s current injury risk [1]. This study demonstrated that players who had played a
high (≥35) or a low (≤15) number of matches in the previous year were more susceptible
to injury.

This results in players potentially enduring numerous injuries over the duration of a
season in professional rugby (81 per 1000 h (95% CI 63–105), and 3 per 1000 h (95% CI 2–4)
during training), and a similar level of injury exposure (ice hockey incidence rates of 79 per
1000 h and rugby league injury incidence rates of 68 per 1000 h) when compared to other
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collision sports [2]. As such, overall player welfare is the collective responsibility of coaches,
team owners and individual players in professional rugby, as it can have a direct impact
on players’ physical and mental health [3]. At professional levels, compared to rugby at
amateur levels, injury risk is significantly higher in terms of physical injury and concussion
risk exposure during contact events [4]. In conjunction with these factors, professional
players often downplay or underreport concussion incidence and physical injury during
their professional rugby careers [5]. Many ex-professional rugby players tend to normalise
pain and accept that injury is an integral part of the sport. These beliefs can be reinforced
by the environment and become part of the “habitus” of the players involved [6]. The
habitus of rugby players includes a subconscious and conscious level of conformity to
highly masculine norms and behaviours. These are the accepted behaviours and norms
that they should display when they are part of a highly masculine environment [7]. By
choosing to accept pain and injury as part of professional rugby, this can evolve into a
“culture of risk” for the players involved [8]. By extension, this culture of risk can develop
into an unquestioned acceptance of physical injury and concussion risk as a normal part of
the sport [8,9].

The latent pressure to accept pain and injury risk in sport can become culturally
engrained within an athlete’s mindset [10]. It has been suggested that many athletes accept
pain and consider their ability to tolerate pain a particularly strong personal character-
istic [11]. In a group culture, this pressure can be pervasive and become intrinsically
linked to the character of the individuals involved and can be exacerbated by coaching
or support staff. Under these circumstances, many athletes may consciously or subcon-
sciously perceive that showing physical or mental weakness could tarnish the perception
or “superhuman” concept of elite athletes [12]. In professional athletic environments, such
as men’s professional rugby, a tolerance to injury can be perceived as a characteristic that
substantiates their position within a group of fellow professional players. Once concussion
and injury risk are accepted as part of professional rugby, a further extension of the culture
of risk is to decide not to disclose concussion to medical or coaching staff within a club
setting [13].

How can the culture of wanting to play while injured be explained in sport either
at amateur or elite level? Research suggests that acceptance of pain can stem from elite
athletes trivialising and/or ignoring pain; in these instances, athletes may prefer to self-
medicate and disregard medical advice in order to compete [14]. Alternative research noted
that rugby players chose to play while knowingly injured because of the “sport ethic” of
rugby, where self-sacrifice was a widely established accepted behaviour in the sport, and
part of the culture of risk associated with the sport [15]. Furthermore, it can be argued that
the culture of risk evident in professional sport is not evident in other occupations [16]. In
tandem with this, there is an acceptance that injury is routine and normal in sport [17] and
is exacerbated within rugby union by a willingness to participate whilst hurt [18].

The connection between professional athletes and their peers increases pressure to play
while injured. The social relations in playing groups generate internal and external pressure
to play while injured regardless of the long-term consequences to players’ health [19]. The
existence of this culture of risk is reinforced by acceptance that injury is part of the game
and an aspect that players need to accept to be an elite athlete [8]. This study sought to
investigate retired players’ understanding of concussion in conjunction with the explicit
and implicit sources of pressure experienced in professional rugby union.

2. Methods
2.1. Study Design

A reflexive thematic analysis was utilised for this research study [20]. The primary
goal was to examine retired professional rugby union players’ understanding of concussion
and concussion experiences within the professional game of rugby union. A secondary goal
was to examine the latent (implicit and explicit) pressures of being a professional rugby
player with regard to concussion incidence and injury risk (n = 23). A semi-structured
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guide for the interviews was developed to offer an exploratory account of the players’
playing background and experience with concussion.

2.2. Eligibility Criteria and Sampling

This study utilised a qualitative research approach, using semi-structured interviews
and reflexive thematic analysis. An exponential non-discriminative snowball sampling
method was utilised, as the first participants recruited to the study cohort provided other
referrals [21]. All included participants were retired professional men’s rugby union players
who had ended their playing careers within the ten years prior to the commencement of
the study (retirement span 2011–2019). The players described their experiences of being
involved in professional sport (professional rugby clubs and/or international rugby union
representative level) from their subjective perspectives.

Participant Characteristics

The participants associated with this study had all participated in professional rugby
union (n = 23). The following nations were represented: Ireland (n = 17), England (n = 1),
Scotland (n = 3) and Australia (n = 2). Of the full cohort of players (n = 23), 14 had repre-
sented their respective countries at full international test level rugby (61%). The average
career span (years) for the cohort was 9.3 (SD 2.7) years in duration and the average age at
time of retirement from professional rugby was 30.8 years (SD 2.9).

2.3. Ethics & Procedure

Ethical approval for this study was received via the Research Sub Committee of Gal-
way Mayo Institute of Technology (GMIT; RSC_AC_23062020). Pilot research was gathered
from discussions within the research team and exploratory pilot trials of the interview
format with potential participants. Data were collected during interviews ranging from
twenty-five minutes to seventy minutes in duration with a preliminary conversation with
each participant to outline the rationale for the study and how the study would proceed.
Each participant was given a participant information sheet with a consent form attached.

2.4. Procedure & Data Collection

Before each one-to-one interview (interviewer (ED) & interviewee), verbal consent
was attained, and the interview proceeded by using a standardized series of questions
across all interviews. Participants were informed that all information gathered would be
treated as confidential and anonymised for the purposes of this qualitative study. Post
interview, all transcripts were read and verified by an independent reviewer (LR). The data
from the interviews were collected sequentially from the participants and the transcripts
were analysed once all interviews were completed. The main purpose of the study was to
document the pressures of playing professional rugby union as described by a cohort of
ex-professional rugby players. In addition, these interviews were used to ascertain their
levels of concussion knowledge and the analogies they used to understand concussion.

2.5. Data Analysis

After data collection from the interviews, each participant was given an opportunity
to comment on the recording and offer clarifying comments on their personal interview.
The audio recordings of the interviews were transcribed to MS Word format by the lead
researcher (ED). After the transcription process, all transcripts were compared to the audio
recordings of the interviews. Using this process for syntax correction, final amendments
were made to the transcripts to generate the first draft of interview manuscripts (n = 23).
Data were analysed thematically according to the Braun and Clarke reflexive thematic
analysis approach, following an update to their original thematic analysis approach [20].
For this study, a critical realist framework was utilised to identify the players’ descriptions
of concussion and their injury experiences in professional rugby [22]. From the 23 interview
transcripts, the lead researcher identified eight subcategories, which were subsumed into
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five categories, resulting in four themes. Interview content and themes were independently
assessed and reviewed by the third author to assist and finalise the thematic analysis
process [23].

2.6. Researcher Background

The research team nominated ED as the primary interviewer to collect data. This
was based on his previous experience as part of a professional rugby organisation and
experience in gathering qualitative data. It was determined that the ex-professional players
would be more responsive and/or more open in their interview responses with ED as
compared to other members of the research team. This could be attributed to the presence
of a male interviewer (ED) with prior experience of being part of a professional rugby
organisation that would be conducting interviews with male participants [24,25]. This was
viewed as a positive aspect with respect to the recruitment of participants for the study.

3. Results

This study examined the pressures associated with being a professional rugby player
and the players’ understanding of concussion as an injury in professional rugby union. In
this study, four major themes were identified by the authorial team. Based on significance,
the lead author identified a hierarchical order for these four themes: (1) Medical and
theoretical understanding of concussion; (2) Descriptions of symptoms and disassociated
language; (3) Concussion experiences, misunderstanding of subconcussive impacts, cat-
egories of concussion; and (4) Peer influences on concussion within the sport. Table 1
illustrates the composition of these themes with regard to the categories and subcategories.
Throughout the interviews and the process of theme identification, a connecting theme of
language emerged across the four major themes.

3.1. Theme 1—Medical & Theoretical Understanding of Concussion
3.1.1. Awareness of the Physiology of Concussion

All players interviewed had a long-term association with the game of rugby. With this
association, they had developed a profound connection with the game from an early age,
e.g., “I fell in love rugby around 9–10 years of age”. This early exposure demonstrated that
rugby is a collision sport and has inherent dangers, including concussion risk. The majority
of players recalled being coached from an early age to tackle correctly in an attempt to
mitigate concussion risk. These skills, when taught correctly, translated into appropriate
tackle technique as a professional rugby player: “I got exposed to good coaching as I was
growing up, that’s why I love the game and I was lucky enough that I could make a living from
it as well”. The interviewees expressed opinions that direct blows to the head and neck
had the highest probability of resulting in concussion while playing the game: “When the
impacts are coming like you know, the brain shakes in the head”, and “one of mine was where
I got chinned like it was wasn’t it wasn’t a big collision to the head. It was a hip to the
chin, and it was almost like you’d see in a boxing match like a punch to the chin”, or more
clearly expressed as “I got kicked in the head and then there was a loss of consciousness”.

This anecdotal evidence is supported by injury surveillance evidence, where the
highest incidence of concussion occurs in the tackle and/or the contact areas of the game
(i.e., tackles, rucks, mauls, etc.). This belief in improving tackle technique in order to reduce
concussion risk in players is regarded as valid by many of the players, in terms such as,
“We can coach our young athletes in in their tackle technique as well, I think will be a would be a big
defining factor”. There was evidence to imply that incorrect technique leads to concussion
and other physical injuries to fellow players: “so many concussions probably around how you
tackle and the breakdown area”, and “when you look back technically, he wasn’t, probably, you know,
making tackles the way you should have been”. Other players believed that certain strength
and conditioning protocols could be implemented to reduce concussion risk: “[i.e., increase
the] amount of posterior work around the neck within their program as a prevention strategy” and
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“I think exercise, probably neck strengthening and I don’t know much about it, is possibly going to
help (prevent concussion)”.

As the tackle and/or contact areas of the game are unlikely to change, some players
were of the opinion that changes to current tackle laws will do little to mitigate against
concussion risk.

“Lowering the tackle height further, which has been discussed, would be a mistake. I
think that’s going to lead to more concussions, because the reality is for someone who is
6′6′′, if you got to defend two players, all of a sudden, you make a last second decision; my
head is the thing that’s going to take the bang”.

3.1.2. Non-Medical Descriptions & Understanding

While many of the players had a clear knowledge of the mechanism of concussion, the
language used was frequently framed in non-medical terms, using analogies to describe
the effects “that kind of Deja vu feeling the kind . . . where the white stars kind of appear in the
corner of your eyes”. It was apparent that the injury was unclear and unnerving for players:

“you got concussed, but it was a massive brain fog. It’s almost like when you wake up
from a really good sleep and your alarm was going off. But you’re not quite sure exactly
where you are at that moment”.

This sense of disorientation or uncertainty on a temporary basis had led the players to
believe that concussion may not have been as serious as other injuries as they could still
continue to play.

“It’s a scary feeling when you’re in this situation . . . . . . in front of 50,000 people and
I’ve got absolutely no idea where I am or what’s going on. You look around like holy fuck
what’s going on here? I got this concussion”.

Assigning non-medical descriptive language, for example, “head knock” or “head
bang”, to concussion, may have had the effect of reducing the gravity of concussion in a
professional environment. The combination of this type of language and a misunderstand-
ing of concussions created an environment where players could continue to play while
symptomatic or choosing to ignore that they had a concussion.

“I had a couple of bangs to the head . . . . . . at the 2015 World Cup. I did one return to
play where I’ve got head knock, think against South Africa. I managed to play the next
week but apart from that I think I had another HIA (Head Injury Assessment) to do . . . but
I’ve never been knocked unconscious at all in my career”.

Many players chose to ignore “minor” concussions and believed that only being
knocked unconscious deemed them to be concussed, which was clearly expressed in the
descriptive language for concussions in their careers.

3.2. Theme 2—Descriptions of Symptoms and Disassociated Language
Understating the Injury and Using Casual Terminology

This disassociation between the injury and the language used to describe it became the
normal manner to describe concussion. This type of language seemed to trivialise the injury
and cause a disconnection between declarative and procedural knowledge by the players:
“I would have knocks and seen stars . . . knocked out of whack”. It led to players deeming that
they needed to be “knocked out” in order to be diagnosed with concussion: “I wasn’t knocked
out or anything, but just a bit wobbly and had gone through the whole protocol”. It is apparent that
players judged their readiness to continue to participate on this metric of being conscious or
unconscious and were intentionally dismissive of concussion by using casual language to
rationalise the injury. Other descriptions were used where concussions became normalised
to the player or were considered an accepted consequence of his occupation. For example,
one player described this phenomenon as “a run of the mill concussion . . . . . . one was six
weeks long”. This was considered as a standard description which was strongly connected
to the previously noted habitus of the environment in which they operated as “tough”
professional players [7].
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3.3. Theme 3—Concussion Experiences, Misunderstanding of Subconcussive Impacts, Categories
of Concussion
3.3.1. Knock Out Blows and Misunderstanding Subconcussive Impacts

The parameters of concussion definitions as described by the ex-players were pre-
dominantly related to whether they were knocked unconscious or whether they remained
conscious and able to compete.

“I know it is a kind of grey area, you know, there’s a lot of times, you know, there’s a
misunderstanding of what I call concussion actually is, I suppose the easiest way to kind
of get this across is that I never had a situation where I was out cold where I was like fully
unconscious”.

During the interviews, this led to comments about subconcussive hits, and if they had
experienced these types of impacts: “if I got a bang to the head, my memory was wiped for
the next 3 or 4 min . . . I had no idea where you are, then and all of a sudden the fog starts
to lift (and continued to play)”. It was noticeable that interviewees did not regard these
repeated impacts as subconcussive hits; instead, the lack of clarity about what defined
a concussion was a dominant collective comment. An example of such a view was seen
when one participated stated:

“You (are) like Christ, what day is it? And it’s like that instant for a long period of
time and it is a hard one to explain the consciousness of a concussion ‘cause sometimes
you get knocked out cold, sometimes you’re kind of there with it, and sometimes it’s your
memories aren’t that clearly there, so it’s obviously a difficult one to explain, but it’s just
sort of a complete reset of your consciousness at the time. “

3.3.2. Categories of Concussion

An extension of using casual terminology was a categorisation of concussion using
euphemistic language, such as one participant’s explanation: “A significant difference from
that sparkly glitter stars (subconcussive impact) in your eyes to when you get a full-blown concus-
sion. It’s important that you know what they feel like”. The connection between a “full blown
concussion” with unconsciousness and other concussion experiences where the player
could continue was interesting to note. In medical terms, while assessing a concussion,
medics can categorise concussion symptom severity using various assessment tools at pitch
side or in a clinical setting. The players interviewed had their own stratification:

“I always sort of categorized into maybe 3 different areas; extreme is getting knocked
out. Then not getting knocked out cold where you don’t know what’s happening, you’re
conscious. Then the kind of where you got a big bang to the head, your vision kind of goes;
stays with you for a while, it doesn’t go away, can’t really function all that well.”

What became explicit from some players was that they were unaware of the cumulative
effects of concussion. These cumulative effects may have short- or long-term effects
regardless of what category of concussion they had experienced: “the small episodes are
shaking your brain, you know, even some doctors seem to think that they can be as bad as the other
ones as well”. As concussion frequency escalated in some players, recovery times from
concussion increased concurrently.

“I had five (diagnosed) concussions in my career, but we both know the vast majority
of players have a lot more than that, one thing that I always took a long time to recover from
a concussion, even very minor ones, like I’m talking three weeks, maybe two months”.

3.3.3. Unacknowledged or Hiding Concussion Symptomology

Due to the latent pressure associated with a professional rugby environment, for
example, contract and financial issues, it was a common trait for players to feel comfortable
being dismissive of concussion. Players expressed this in terms of “I remember multiple times
during my career being very, very dazed on the field” and in a more subtle sense of when they
“weren’t cognitively present during the course of the game”. Many of these occurrences were a
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clear display of being in an overtly masculine environment and not willing to show any
form of weakness as a professional rugby player.

In tandem with these latent pressures, there was evidence to suggest that players are
willing to compromise concussion test protocols in an attempt to remain in the game and
hide their concussions,

“I was just talking to this friend of mine who just retired last year. The protocols that
were in place, we thought were fairly simple. And we thought that we could kind of trick
them . . . . . . answer slower and even if you do have to go off and take the test, you’re
going to pass”.

Some players had other methods to strategize around the Sport Concussion Assess-
ment Tool (SCAT) protocols:

“I remember actively practicing those tests, trying to figure out the months of the year
backwards, so I could do it or it’s ‘apple elbow carpet bubble saddle’. So even when I was
concussed, I could go into autopilot and beat those tests . . . you can beat the system”.

Even when players felt that they did not play whilst concussed, their comments
acknowledged that fellow players continued to play while symptomatic: “I’ve without
doubt seen people that have been either hit badly or kind of a bit spaced”.

3.4. Theme 4—Peer Influences on Concussion within the Sport
Sporting Culture, Reinforced Social Norms

When commenting on the rugby culture that infused their early sporting experiences,
it was assumed that playing rugby carried an associated injury risk: “Even that little bit of
stars, that’s a concussion, I don’t know how many times I got that in my career even all the way up
as a kid”. This long-term chronic injury risk was reinforced by culture or familial influences:
“You know what you’re signing up for when you’re playing”. The inclusive fraternal influence of
parents, coaches and peers may not have been openly expressed but it was latently implied:

“rugby was obviously a massive sport where I was from, my father was big into rugby,
the school (I attended) was a big rugby school” and “I was told afterwards (experiencing a
concussion) that I said, ‘please don’t take me off, my father kill me’ if you take me off’”.

To be perceived as physically weak and conceding to concussive injury was a source
of humiliation for players. This was evidenced by comments such as:

“it was pretty similar with the delayed (playing while symptomatic) concussions, just
an incident but then afterwards you really didn’t feel good at all, I mean, it’s not something
that you flag on the pitch”.

The need to keep concussions hidden was deemed as a necessary action to protect
their masculinity: “at the time and with an ego, I just tried to ignore it (concussion) as
much that I could, so maybe I didn’t pay attention to it”.

This manifested in a culture where players felt pressure from coaches and peers to be
declared fit to play matches because “you’re not going to be the one to report yourself; then
you’re out for the protocols, which could be up to two, three or four weeks”. Some players
voiced opinions where they did not feel secure in declaring their symptoms to coaches and
peers: “like this is the truth, it’s very hard to tell because in my early career I didn’t even
report, I just got back to training and playing”. In other instances, players were unsure
whether or not they were concussed, and chose to say nothing: “I didn’t tell anyone that I
was concussed, so I played on, but I didn’t know either”. The undercurrent of pressure
manifesting from peers and coaches was invariably directed back towards the players:

“it is entirely reliant on the honesty of the players. As I said, the players are fully aware
of it (pressure to play), they are competitive animals and they’re mad to play, particularly
as well when you take in other variables like a guy coming out a contract or fighting for
his position”.

The risk was inherent during competitive matches and, interestingly, was an accepted
part of preparation or training sessions leading up to gameday. From examples of concus-
sion incidence discussed by the players, it was described as an accepted aspect of training.
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“I got knocked out by my flatmate at the time in a big contact (training) session, two
egos colliding, and I ended up coming out the worst. I got knocked out cold. Sort of one
of those ones where it’s in the highlights of training and people laughing at it because
someone got knocked out cold”

If players received a blow to the head and were possibly symptomatic, it was un-
derstood that they would return to play: “(I) went off to get stitches and didn’t feel
right . . . . . . then the one (concussion) after that which was in training that was just in a
maul”, which was the widely accepted practice.

With the benefit of hindsight after retiring from the game, many participants believed
that a cultural shift is required in the game. Most participants were aware of concussion
being discussed during their professional careers, but a significant emphasis may not have
been placed on disclosing concussions or ongoing symptomology: “In hindsight now, I
should have just told the coaches whatever, I was just not right; yeah (taking) a week out, you know
that distinction between a concussion and just having a very hard game, maybe talk a little bit more
about”. According to one participant, in order to implement meaningful change and avoid
the current issues of hiding concussion symptoms or how concussion is discussed within
the game, “there needs to be a change and I think it needs to be cultural change; you stop accepting
that this (hiding concussion symptoms or concussions) needs to be part of it . . . . . . and getting back
on a field that is not necessary.” It is evident that cultural shifts to manage pressure within the
game cannot occur in isolation and need to be broad and momentous, “whereas in years gone
by, it was sort of seen as a badge of a badge of honour, where is now. I think boys are sort of saying
‘look, that’s not cool’. That’s an important thing. ‘cause obviously pressure from your teammates
and that sort of environment”.

4. Discussion

A key finding from this study was the language that male rugby players used when
speaking about concussion and their descriptions of pressure in professional sport. The
language associated with concussion was influenced by rugby culture and seemed to be
quite dismissive of concussions or concussive symptoms. The language used highlighted
the various sources of pressure that professional players experience as elite athletes. Many
of the obstacles that players faced when attempting to reveal concussions were latent
in nature. This unsaid or latent pressure was underpinned by the understanding that
saying nothing was a preferable option for their careers. In a historical sense, the emer-
gence of rugby culture is a legacy from the English public schools system that promoted
sportsmanship and endurance with respect to pain tolerance [26]. This historic context
partially explains the socialisation of rugby culture, which instilled a tolerance to pain that
is generally at odds with what we find in broader society [9].

These pressures to accept pain were expressed and understood from an early age,
which continued into their professional careers. Professional rugby is a very competitive
environment, where the latent understanding is that players need to display durability,
strength of character, physical strength, and a willingness to suffer in silence through
physical pain and concussion. Many players did not fully understand the ramifications of
concussive injury and other injury risk, as it became normalised as part of their sport [27].
In parallel, many players did not consider the long-term health implications of experiencing
multiple concussions over the duration of a professional rugby career. This normalisation
was supported by trivialising the seriousness of concussions either via dismissive language
amongst themselves as players, or from coaching staff. The pervasive culture saw these
risks as acceptable and legitimised the value of this ever-present risk for short-term success
in the sport [11].

It was evident from the interviews that players experienced peer pressure from within
the playing group. This pressure was intensified by fellow team members and coaching
staff encouraging players to compete while injured. This practice may be understood as
a “transfer” of the fear of failure from coaches to players as they (coaches) were under
pressure to produce results and win games [8]. The latent pressure expressed by fellow
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players and coaches either directly or indirectly added to the overall burden that was
experienced by the players. This was supported by the notion that being able to endure
pain and play injured affirmed rugby players’ masculinity and affirmed their commitment
to the club [19].

Similar comments were expressed by players who were not first choice or “fringe”
players. Along with fringe players, there were players who were either recovering from in-
jury or were injured near contract negotiations. These players were continuously uncertain
of their futures as they felt excluded from the core playing group or that their “credit in the
bank” would be easily forgotten, which led to doubts and issues with self-confidence. It is
understandable that the manifestation of these various facets of pressure inevitably led to
the players not disclosing concussive symptomology or choosing to continue to play while
concussed. The participants in this study opted to dismiss long term physical and mental
health primarily for financial gains and to maintain their personal status as professional
rugby players. They managed to rationalise and trivialise the seriousness of concussion,
either willingly, or unknowingly by a lack of knowledge about the consequences of mul-
tiple concussions and subconcussive impacts during their professional careers. Whether
these participants used trivialising language to avoid disclosing concussions or did not
understand the gravity of their concussive injuries warrants further investigation. The
culture of risk expressed by the ex-professional players in this study clearly accepted
that injury risk, including concussion, was an accepted part of the game. In this respect,
the players accepted the associated implicit and explicit pressures because they wanted
to succeed and be prepared for the stringent demands of elite rugby. It is evident from
this study that medics and coaches cannot fully rely on players disclosing concussions or
concussive symptoms.

In this regard, players used rationalising language to dismiss concussion or under-
report concussion incidence. This was supported by self-imposed implicit pressure and
explicit pressure applied by peers and coaches. These verbal pressures were expressed
through direct and indirect language from peer groups or by coaches within the organisa-
tion. It could be argued that much of the language used was due to a lack of understanding
of concussion and the mechanisms of being concussed or external pressures on coaching
staff to produce results. In these instances, dismissive language or subtle language cues
were used to normalise and rationalise concussion as an injury. This study, therefore, pro-
vides valuable detail to inform current professional, amateur and young players involved
in collision sports. This findings from this study may also influence older retired players in
a positive manner by highlighting areas of awareness and education for their long-term
brain health. Due to the lack of research in this area, this study is the first of its kind to
examine the pressures on professional rugby players, their understanding of concussion
and the language they use to describe concussion.

Many of the participants in this study were dismissive of concussion when they played
professionally. Now that many of these ex-professional players are currently coaching
rugby at amateur, elite, and professional levels (48%), it is interesting to note their current
views on concussion. These interviews highlight the continuing need for education of
coaching staff at all levels on the signs, symptoms, and recognition of concussion. These
data could assist in eliminating outdated beliefs and the recycling of substandard practice
associated with concussion and injury risk. These interviews provide valuable detail on the
understanding, thoughts and language used by ex-professional players. This knowledge
could assist coaches in understanding the importance of treating concussion as a significant
injury and not downplaying the seriousness of concussion in contact sports.

4.1. Reflexivity

When examining the research process in this study, it is appropriate to acknowledge
that the primary researcher attempted to remain critically aware throughout the process. It
was notable that the lead researcher built rapport with the participants because of prior
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experience in professional rugby. Many of the participants offered forthright and authentic
replies to the interview questions as a consequence.

4.2. Study Limitations

At the outset of this study, it was anticipated that interviews would be conducted
with elite female rugby players; however, this did not materialise. Research into female
elite players and their experiences of concussion is an area that warrants further research.
This research paper included players who had retired in the previous ten years and may
not be reflective of current practice. It is important to acknowledge that the research team
involved in this paper have experience in professional rugby union and therefore the
interpretation of the findings is through the lens of this previous experience.

5. Conclusions

There exists a disconnect between the language used by players and medical staff
when discussing and reporting concussion incidence in the game of rugby. A thorough
understanding of how players describe their symptoms is important to enhance recognition
of concussion. Future research in this area would require a full discourse analysis of the
language that is used by both male and female rugby players at amateur and elite levels
of the game. As rugby union is a global sport involving multiple nations where different
languages are spoken, discourse analysis can help identify whether these trivialisations
of concussion and subconcussive symptoms occur throughout the professional world of
rugby. This study also highlighted the fact that many players are dismissive of concus-
sion/subconcussive hits and may not reveal their symptoms to coaches or may downplay
their symptoms. Coaches and medical staff should therefore not include players in the
decision-making process regarding return to play and should enforce concussion protocols.
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Abstract: Muscle injuries are the most common trauma in team and individual sports. The muscles
most frequently affected are those of the lower limb, and in particular hamstrings, adductors, rectus
femoris and calf muscles. Although several scientific studies have tried to propose different rehabili-
tation protocols, still too often the real rehabilitation process is not based on scientific knowledge,
especially in non-elite athletes. Moreover, the growing use of physical and instrumental therapies
has made it increasingly difficult to understand what can be truly effective. Therefore, the aim of
the present paper is to review proposed therapeutic algorithms for muscle injuries, proposing a
concise and practical summary. Following a three-phase rehabilitation protocol, this review aims to
describe the conservative treatment of indirect structural muscle injuries, which are the more rou-
tinely found and more challenging type. For each phase, until return to training and return to sport
are completed, the functional goal, the most appropriate practitioner, and the best possible treatment
according to current evidence are expressed. Finally, the last section is focused on the specific exercise
rehabilitation for the four main muscle groups with a structured explanatory timetable.

Keywords: muscle injury; rehabilitation; sport medicine

1. Introduction

Muscle injuries (MI) are the most common trauma in team and individual sports and
are responsible for most of the time lost in both training and competition [1–3]. In soccer,
they account for half of the injuries recorded [1]. In particular, four muscles groups are
frequently involved [4,5]: hamstrings are the muscle groups most prone to injury [6–8],
followed by adductors, rectus femoris and calf muscles.

The chance to receive an accurate early diagnosis and to have proper rehabilitation is
different depending on whether these are professional or amateur athletes [9].

It is a common opinion that rehabilitation protocols designed for muscle injuries
should be built mostly on available structure and therapeutic options [10], rather than on
scientific knowledge. Clinical experience in the treatment of muscle injuries has proven
that a wait-and-see approach is not effective [11]. Several therapeutic options for muscular
injuries exist and, even if widely used, many reviews could not find enough evidence for
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conclusion about any of them. Therefore, unfortunately, common opinion has become to
consider that what is popular is what is really effective [9,12,13].

Even though several scientific studies have tried to propose different rehabilitation
protocols, to design a particular rehabilitation pathway for each muscular injury based
on its grade and/or location is a difficult task; moreover, several commercial physical or
instrumental therapies are becoming increasingly used for muscle injury treatment and
rehabilitation, even if scientific evidence about their use are discordant [9,14].

In subjects affected by muscle injuries, the diagnostic and rehabilitative approach
relies on several factors, such as age, gender, athletic demands, muscular groups involved
and type of injury. To this scope, several classifications have been proposed over the years.
All these classifications are based on some common criteria such as mechanism of injury
(direct or indirect) and degree of lesion of muscle tissue (structural or non structural).

In a real-life scenario, the indirect structural muscle injuries represent the most common
type of muscle injuries, and some muscle groups of lower limb are affected predominantly.

Therefore, the aim of the present paper is to review proposed therapeutic algorithms
for indirect structural muscle injuries of the lower limb, with a particular insight on
hamstrings, adductors, rectus femoris and calf muscles rehabilitation.

2. Muscle Injuries Rehabilitation

There are several classifications of muscle injuries, such as the Munich Muscle Injury
Classification, the ISMuLT (Italian Society of Muscles, Ligaments and Tendons) classifica-
tion, and the British Athletic Classification, that, if used extensively, could improve diag-
nosis, prognosis and management of muscle injuries [15]. Depending on the mechanism
of trauma, according to ISMuLT classification [9], muscle injuries may be distinguished
as direct and indirect; indirect ones are in turn classified as non-structural and structural.
While direct muscle injuries are often the result of external forces, indirect muscle injuries
are stretch-induced injuries caused by a sudden forced lengthening over the viscoelastic
limits of muscles occurring during a powerful contraction [9,15]. Indirect structural muscle
injuries (commonly referred as “muscle tears”) are the more commonly found in everyday
clinical practice and represent the biggest challenge in rehabilitation, since these lack a
precise therapeutic strategy. Structural muscle injuries classification is shown in Table 1.

Table 1. Indirect structural muscle injuries classification (adapted from [9]).

Severity Site Tissue Relapse

3A: minor partial lesion P: proximal MF: myofascial R0: first lesion

3B: moderate partial lesion M: medium MT: muscular belly and
myotendinous junction R1: first relapse

4: subtotal or total lesion
and tendon avulsion D: distal T: central tendon or free R2: second relapse

R3: third relapse

Severity [16], site [17], tissue [3], and relapse [18] are important features to consider
when a muscle injury has been diagnosed. Proximal hamstring and quadricep lesions have
a worse prognosis, as well as distal calf injuries; moreover, myotendinous junction lesions
seem to have a longer recovery period [19]. Therefore, type and location of muscular
injuries can influence recovery strategies [3] and proposed exercises should respect the
principles of specificity, progression, and individualization, respecting painful symptoma-
tology [14,20,21]. Moreover, location of injury, properly marked, could be useful for a
focused therapy. Minor or moderate partial lesions (3A and 3B) are prevalent in sport
rehabilitation and their conservative management is more controversial, since (sub)total
lesions (4) are generally intended for surgery.

The muscle tissue repair process is completed in a period depending on the severity
of the lesion. During this period, different well-defined biological phases are involved
(destruction phase, repair/regeneration phase and remodeling phase) [14,22]. Each of
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these phases must be characterized by a well-defined type of muscular contraction that is
consistent with the biological condition observed within the injured area [14,22].

Although rehabilitation is subdivided into a defined number of steps, the duration of
each is different, and progression is not time based, but clinical, functional, and imaging
criteria based [10,23]. Therefore, the duration of each phase is consistent with the dynamics
of the healing processes occurring in the muscle tissue and with the severity of the injury.
Each step of this process has a customized duration in accordance with the clinical and
imaging criteria required for proceeding from one phase to the next.

Ultrasonography (US) offers dynamic muscle assessment and is fast and relatively
inexpensive, allowing serial evaluation of the healing process [9]. However, it should be
noted that ultrasonography of skeletal muscles requires a high level of skill on the part
of the sports physician. It is recommended to use a 7.5- to 10.0-MHz transducer, starting
with a transversal section. A complete scan through the muscle should be performed for
the purposes of anatomical orientation. Any apparent abnormalities should be compared
with the contralateral side. The transducer pressure should be as light as possible, since
compressing the muscle may obscure smaller injuries. The longitudinal section is added in
locations where a disturbance of the muscle structure or a gap is suspected. In addition,
the use of novel US technique could help in this difficult diagnostic process, such as echo
intensity [24]. When clinical and ultrasonography evaluation are discordant, or for muscles
not accessible to US examination, in elite athletes, Magnetic Resonance Imaging (MRI) may
be required to confirm or exclude minor structural injuries, since this technique is often
used as a second-line investigation in musculoskeletal diseases [25,26]. MRI plays only a
marginal role in the follow-up and monitoring of structural injuries because the images do
not correlate well enough with the clinical evaluation, causing a potential late return to
play (RTP) for the athlete.

A physician is responsible for the diagnosis, for overseeing the entire rehabilitation
process, and for clinical and ultrasound monitoring; other professionals (physiotherapists,
athletic trainers and coaches) control the correct execution of the rehabilitation program,
each one for what they are entitled for [9].

Below, we proposed the three-phase rehabilitation protocol, based on ISMuLT [9] and
Italian consensus conference [10] recommendations.

0 PHASE (0–72 h post injury)

• Muscle ultrasound allows to detect the structural damage of the skeletal muscle after
36–48 h from injury, because the hemorrhagic collection is maximized after 24 h and
decreases after 48 h [9].

• In the immediate post injury period (24–72 h) it is advisable to apply the PRICE (Pro-
tection, Rest, Ice, Compression, Elevation) principle [27]. It is widely used, although
there are no high quality randomized clinical trials to prove its effectiveness [28–30]. In
clinical practice, immediate compression with 15 min cryotherapy cycles, with ice-free
phases between, is recommended. Compressive cryotherapy (CC) [31], namely the
association between cryotherapy and the application of pressure, deserves separate
consideration: CC duration should be 15–20 min, repeated at intervals of 30–60 min
for a total of 6 h, so as to substantially limit both the hemorrhage and the myofibril
necrosis at the site of injury [32]. It is advisable to apply a compressive bandage
and/or compressive cryotherapy within the range of 40–50 mmHg [23].

• A short rest period and/or relative immobilization immediately after the injury is
recommended. This rest period optimizes the formation of connective tissue by
fibroblasts, thereby reducing the risk of recurrences. Usually crutches are not neces-
sary, while taping can be useful both for immobilization and liquid drainage. How-
ever, rest and immobilization should be reduced to only the first postlesion days
(3–5 days) [10,14,22,28]. It would be better to have a short immobilization period
followed by a progressive load able to favor the correct progression of healing process
(POLICE: Protection, Optimal Loading, Ice, Compression, Elevation) [9].
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• In the first 72 h postlesion, physical therapies that induce endothermic processes
should be avoided for the possible increase in blood extravasation [3,10,33,34].

• After the first 24 h postlesion, it is a good idea to start performing complete lymphatic
draining massages and to replace the compression bandage with an elastic bandage [9].

• After the first 24 h postlesion, there is little evidence about the usefulness of pulsed
ultrasound therapy (UST) (1 W/cm2) [13] (often used as cryo-ultrasound, with the
adjunct of ice therapy) and low-level laser therapy (LT) (500 mW/cm2) [9,35–37].

1st PHASE

• Functional goals [9]: treatment of predisposing factors and antagonist muscles; pain-
free activity of daily life; pain-free strength training of the injured muscle, at least 50%
of theoretical maximum load; recovery of at least 90% of the extensibility deficit of the
injured muscle.

• Figure: physician and physiotherapist.
• Location: gym.
• Red Flags [9]: presence of pain when performing strength exercises or low-speed

running on the treadmill.
• Image criteria: US check on the 2nd and 4th−5th day after injury [9].

At the beginning of the first phase (second postlesion day), the necrotized parts of the
muscle fibers are removed by the macrophages, with an inflammatory process [9]. At the
same time, the formation of the scarring connective tissue within the central lesion zone by
fibroblasts starts [14,38,39]. Considering that the first 5–7 postlesion days are characterized
by a not sufficiently dense and compact scarring, the major risk in this period is that an
excessive muscle contraction increases the already existing lesion gap.

• The type of contraction recommended in this first phase is an isometric modality. In
fact, during the isometric contraction, there is no myofilaments slippage and, therefore,
there is no macro change of the muscle length [22,40]. Between 30 and 50 repetitions
of 10–20 s of contraction under the threshold of pain are suggested. According to
biomechanics concepts, the internal torque varies along the range of movement (ROM)
of each joint. Each joint has specific degrees within the ROM in which the muscle is
able to generate the maximum internal force and the anatomical position of muscle–
tendon–bone unit give a maximum internal moment arm, generating the maximum
torque. To gradually increase mechanical stress on the damaged muscle, it is necessary
to proceed along the ROM gradually, by proposing contraction in ROM position where
internal force is not able to produce the highest tension of the muscle.

• It is important to correctly perform exercises to recover the extensibility of injured
muscle (passive, assisted/active, static or dynamic) [9], and better if with functional
schemes. All exercises must be under the threshold of pain. An increased joint
range was verified for stretches performed following functional patterns. In case of
bi-articular muscles, it is advisable to stretch both insertional areas [41,42].

• Deep massages on the affected area should be avoided [10].
• Elastic bandage is continued until there is liquid collection.
• If there is an excessive hematoma formation within the injured area, it is advisable to

proceed to an echo-guided aspiration before the hematoma organization [43].
• It is useful to start an aerobic workout as soon as possible, using non-injured muscles

(i.e., upper trunk aerobic workout) [9].
• At the end of each working session, ice massage should be performed for 15–20 min [9].
• The use of electrical stimulation should be encouraged from the first postlesion days

to the end of the regeneration phase (up to about the third postlesion week) [10,44–46].
Transcutaneous electric nerve stimulation (TENS) is the form of electrical stimulation
most recommended in its two forms: conventional and acupuncture-like; several
trials highlight its potential role in inhibition of transmission of pain signals [44].
Neuromuscular electrostimulation (NMES) utilizes high-intensity electrical stimu-
lation to elicit intermittent contraction and relaxation of proximal muscle fibers; it
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is widely prescribed for physical rehabilitation and muscle strengthening [44]. It
has been demonstrated that these two techniques can stimulate the implantation of
muscle resident stem cells inside the injured area, along with the voluntary exercise
performed during rehabilitation [47–49].

• There is limited evidence that UST is able both to increase the levels of basic growth
factors and to have an antalgic effect [50,51]: it may be recommended after the 0 phase
(2 W/cm2, in continuous modality, 1 MHz) [10].

• Many studies have shown that LT can reduce the inflammatory process of the damaged
muscle tissue [52], speed up the tissue regeneration [53], optimize the oxidative
metabolism [54] and stimulate cell proliferation [55,56]. Therefore, the use of LT
appears to be justified by sufficient evidence, even if not high quality featured [9,10,57].

• Hyperthermia therapy (HT) has proven to be able to stimulate the tissue repair
processes, diminish pain symptoms, increase tissue flexibility, and reduce muscular
and joint stiffness [58–66]. However, there are poor specific evidence on the HT
effectiveness in muscular injuries [9,10].

• Analgesic (paracetamol) can be used in case of pain in the first postlesion days [9,10,67,68],
while muscle relaxants, mesenchymal stem cells (MSCs) and platelet-rich plasma (PRP)
injections require further evidence-based studies to evaluate their effectiveness [23,69].
The use of nonsteroidal anti-inflammatory drugs (NSAIDs) is controversial [70], and
it is not recommended.

2nd PHASE

• Functional goals [9]: absence of pain or feeling of diversity in injured muscle when per-
forming exercises; complete recovery of the extensibility of the injured muscle; recovery
of the aerobic sport-specific parameters; complete recovery of the pre-injury weight.

• Figure: physiotherapist and athletic trainer.
• Location: gym and sport-field.
• Clinic criteria [10,23,71]: resolution of swelling, if initially present; absence of pain in

response to maximal isometric contraction; absence of pain in response to end-range
stretching tests carried out in the active and passive modes; complete range of motion
(ROM) of the joints involved in the movement.

• Imaging criteria [10,72,73]: resolution of the lesion gap as observed with US or MRI
imaging; the presence of granulation repair tissue within the cicatrix zone (CZ) as
revealed by the US. US findings observed during normal healing depend on the
nature of the original injury and initial sonographic findings. Minor lesions may
increase in echogenicity during the healing process. In these cases, a progressive
reduction in intensity or its disappearance is considered normal. More prominent le-
sions may present as hypoechogenic regions with adjacent fluid collection. Resolution
or substantial decrease in the quantity of fluid is to be expected during the normal
healing process [74,75].

• Red Flags [9]: extensibility test still positive.

At this stage, the scar area in the CZ is further condensed and reduced in size, and
myofibers fill the residual gap of the CZ [14,38,76,77]. During this phase, the granulation
tissue gains compactness and elasticity [78]. In this regenerative phase mechanical stimuli
should be performed in order to induce an optimal tissue repairing [9].

• There is the introduction of progressively intense concentric exercises. During a
concentric contraction, the bulk of the muscle shortens due to the sliding motion of the
myofilaments with a relatively constant force proportional to the external load, so the
CZ is not subjected to traction and the jagged muscle edges, avoiding diastasis [79].
The concentric contraction should be slow and controlled; they can be manual at
the beginning, and subsequently with isotonic equipment [80]. Sixty percent of one
repetition maximum (RM) should not be exceeded when performing these exercises in
this stage [79,80]. The eccentric phase of the movement must, in all cases, be reduced
to the minimum possible intensity [10].
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• Keep performing exercises to recover the extensibility of injured muscle [9].
• Proprioceptive exercises should be started [9,81]: balance exercises on stable or un-

stable different shape surfaces, with or without recurrent destabilization, with or
without request for additional cognitive tasks, if possible, with the support of the
visive system.

• The practice of massage can be introduced as the completion of tissue healing processes
has started [10].

• A ‘core stability program’ should be introduced in the rehabilitation plan [10,82,83],
eventually combined with proprioceptive exercises [9].

• Aerobic exercises can be introduced during this phase [10,23]: the time-progression
should be stationary bike, elliptical machine, anti-gravity running and, finally, tread-
mill running.

• Physical therapies started could be continued in this phase.

3rd PHASE

• Functional goals [9]: consolidation of the strength and extensibility characteristics of
the injured muscle; recovery of the sport-specific skills; recovery of the high-intensity
sport-specific athletic parameters; working resistance of the injured muscle.

• Figure: physiotherapist and athletic trainer.
• Location: gym and sport-field.
• Clinic criteria [10,23,71]: absence of pain in response to concentric contraction per-

formed at increasing intensity against resistance; absence of pain in response to
submaximal eccentric contraction.

• Imaging criteria [10,72,73]: substantial disappearance of the lesion gap on US or MRI
examination; presence of compact granulation repair tissue as revealed by US or
MRI. Over time small tears may fill with echogenic material, likely representing scar
tissue visible at US [84,85]. More extensive scarring results in increased likelihood of
recurrent injury [25].

• Red Flags [9]: “different” muscle feeling during or after training.

In this phase, the myofibers intertwining is effectively completed by the interposition
of a small amount of scar tissue. There should be proposed strength and extensibility exer-
cises that induce remodeling of the repair tissue based on the sport played [9], depending
also on the movement that caused the injury. The remodeling phase may last more than
60 days, depending on the anatomical extent of the injury [9].

• Exercises predominantly based on eccentric contractions of progressively increasing
intensity [9,10,23,86–88] could be started after an effective concentric contraction is
reached. These should be muscle and location specified [89]. These can be performed
even with the use of elastic resistance bandages, where the intensity of the eccentric
phase is progressively increased [10,23]. Even if some authors suggest introducing
eccentric exercises as soon as possible in the rehabilitation protocol [9], the 3rd phase
should be the preferred one for their execution. Moreover, evidence about isoinertial
exercises are increasing [90].

• There could be the inclusion of isokinetic exercises [10,28].
• Stretching must be introduced gradually and exercises must not cause the onset of

pain. The time of elongation initially is 10–15 s and subsequently up to 1 min, in order
to induce a durable, and not just a transient, plastic deformation within the area of
structural reorganization [10,23]. For bi-articular muscles, please consider both origin
and insertion tendons.

• Running could be improved during this phase, on the condition that dynamometric
values of the injured muscle have been reinstated to at least 70% of the preinjury level
or that of the opposite limb [10,91], and with the use of GPS monitoring [9].

• Sport-specific exercises can be introduced with caution at the end of the third phase [9,10].
• Even if not supported by strong scientific evidence, physical therapies can be used

to avoid muscular fatigue, complications, and re-injury [9]: LT [92], ice water immer-
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sion [93], contrast therapy [94], HT [95], TENS [96] and extra-corporeal shock wave
therapy (ESWT).

It is important to consider an athlete as “healed” as long as three concepts are re-
spected [9]: progression in the recovery of match intensity; continuous information ex-
change between coaches, trainers, physiotherapist, athlete and physician; and continuous
monitoring of the injured muscle characteristics after trainings and matches.

3. Specific Exercise Rehabilitation

Even though there are so many rehabilitation exercises used, it is the authors’ opinion
that each muscle injury should be treated differently, trying to individualize it as much
as possible. They should follow a well-structured timetable that is appropriate for the
specific injury or disorder: as we stated before, the correct progression should be isometric
(1st phase), concentric (2nd phase) and eccentric (3rd phase) exercises; proprioceptive,
neuromuscular and stretching exercises also have a major role in the rehabilitation process.
Below we propose examples of exercises for hamstrings (Table 2), rectus femoris (Table 3),
adductors (Table 4), and calf injuries (Table 5), along with their criteria for RTT and
secondary prevention programs.

Hamstring

Table 2. Hamstring rehabilitation exercises.

Name Image Reference

Isometric exercises

(In case of proximal hamstring lesion)
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Proprioceptive, neuromuscular and stretching exercises 

Pendulum 

   

[97] 

Stretching Single Leg Raises 

 

[97] 

Secondary prevention exercises 

Eccentric knee flexor stretch 

 

 

 

 

 

[98] 

[97]
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Proprioceptive, neuromuscular and stretching exercises

Pendulum
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Quadriceps 

Table 3. Quadriceps rehabilitation exercises. 

Name Image Reference 

Isometric exercises 

(In case of proximal lesion) 

 

[23] 

(In case of medial or distal lesion) 

 

[23] 

Dynamic exercises 

[98]
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Secondary prevention exercises

Eccentric hip extensor stretch
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Name Image Reference 
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Dynamic exercises

(In case of medial or distal lesion)
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Dynamic exercises

Manual resisted adduction
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Soleus-gastrocnemius 

Table 5. Soleus-gastrocnemius rehabilitation exercises. 

Name Image 
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Concentric/eccentric contraction with 

manual resistance 
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Concentric/eccentric heel raise 
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Proprioceptive, neuromuscular, and stretching exercises 
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4. Return to Training (RTT) and Return to Play (RTP) 

US examination upon complete RTT and a few days after the RTP is recommended 

[100]. There are no validated imaging criteria to guide the decision of a safe RTP. To date, 

no study has suggested US to guide the RTP decision, but a few studies have focused on 

MRI following hamstring injury [101–104]. Normalization of increased signal intensities 

on MRI is therefore not required for a successful RTP, since the signal alterations also 

persist at different weeks after the clinical healing of the injury, suggesting that functional 

recovery advances structural recovery at imaging [9]. 

The RTT process should be as individualized as possible, to allow a safe and fast 

return after a muscle injury. Regarding this point, the Italian consensus conference gave 

useful advice [101]. General assessment about this process is made up of some key points: 

absence of clinical symptoms [105–107]; absence of pain or tenderness during muscle pal-

pation [10,107–109]; absence of pain on passive and active stretching [110]; absence of pain 

on isometric, concentric and eccentric contraction [10]; completion of the prescribed reha-

bilitation program [108]; MRI and US imaging [111,112]; subjective feelings of the player 

taken into account [113–115]. 

It is recommended that the athlete accomplishes a normal of week training of at least 

four sessions without pain, discomfort, or ‘fear’. During this week, performance can be 

monitored for normality by global positioning system (GPS) and heart rate data [116]; this 

performance control should be extended to competitions after RTP. The reference value, 

below which the positive judgement for RTP is postponed, is arbitrarily set at a maximum 

difference of 10% between preinjury data and the data recorded during the acquisition 

period following RTT. Furthermore, an evaluation of aerobic capacity is recommended. A 

VO2 max equal to at least 90% of their preinjury level seems to offer more guarantees for 

a safer RTP [101]. 

To define a set of tests to determine the correct timing of RTT is a difficult task. Spe-

cific assessment for each muscle group, laboratory tests aimed to assess muscle strength, 

and functional field tests could be adopted as criteria to define a safe RTT. 

Based on the available literature, a list of tests has been defined to each muscle groups 

and are reported in Table 6. 

The aim of these tests and their specific execution are out of the scope of the present 

paper, but the rationale behind each test is reported in the references and could be used 

to guide the RTT and RTP processes. 

Table 6. Return to play (RTP) specific tests for muscle groups. 

Hamstring 

Specific assessment 
• Passive straight leg raise test [110,117,118]; 

• Dynamic flexibility H test [119]  

Laboratory test • Dynamometric tests (isometric, isotonic and isokinetic tests) [104,120,121] 

Field test 
• Illinois Agility Test [101,122,123]  

• Braking test [101]  

[23]

4. Return to Training (RTT) and Return to Play (RTP)

US examination upon complete RTT and a few days after the RTP is recommended [100].
There are no validated imaging criteria to guide the decision of a safe RTP. To date, no
study has suggested US to guide the RTP decision, but a few studies have focused on MRI
following hamstring injury [101–104]. Normalization of increased signal intensities on MRI
is therefore not required for a successful RTP, since the signal alterations also persist at
different weeks after the clinical healing of the injury, suggesting that functional recovery
advances structural recovery at imaging [9].
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The RTT process should be as individualized as possible, to allow a safe and fast
return after a muscle injury. Regarding this point, the Italian consensus conference gave
useful advice [101]. General assessment about this process is made up of some key points:
absence of clinical symptoms [105–107]; absence of pain or tenderness during muscle
palpation [10,107–109]; absence of pain on passive and active stretching [110]; absence of
pain on isometric, concentric and eccentric contraction [10]; completion of the prescribed
rehabilitation program [108]; MRI and US imaging [111,112]; subjective feelings of the
player taken into account [113–115].

It is recommended that the athlete accomplishes a normal of week training of at least
four sessions without pain, discomfort, or ‘fear’. During this week, performance can be
monitored for normality by global positioning system (GPS) and heart rate data [116]; this
performance control should be extended to competitions after RTP. The reference value,
below which the positive judgement for RTP is postponed, is arbitrarily set at a maximum
difference of 10% between preinjury data and the data recorded during the acquisition
period following RTT. Furthermore, an evaluation of aerobic capacity is recommended. A
VO2 max equal to at least 90% of their preinjury level seems to offer more guarantees for a
safer RTP [101].

To define a set of tests to determine the correct timing of RTT is a difficult task. Specific
assessment for each muscle group, laboratory tests aimed to assess muscle strength, and
functional field tests could be adopted as criteria to define a safe RTT.

Based on the available literature, a list of tests has been defined to each muscle groups
and are reported in Table 6.

Table 6. Return to play (RTP) specific tests for muscle groups.

Hamstring

Specific assessment • Passive straight leg raise test [110,117,118];
• Dynamic flexibility H test [119]

Laboratory test • Dynamometric tests (isometric, isotonic and isokinetic tests) [104,120,121]

Field test
• Illinois Agility Test [101,122,123]
• Braking test [101]
• Backward running [124,125]

Quadriceps

Specific assessment • Passive quadriceps stretch test [110,126]

Laboratory test • Dynamometric tests [107,120,121]
• Synchro plates test [121]

Field test
• Illinois Agility Test [101,122,123]
• Braking test [101]
• Kicking test [10]

Adductors

Specific assessment

• Pubic stress test [127]
• Resisted hip adduction test [120,128]
• Squeeze test [129–132]
• Adductor passive stretching test [133]

Laboratory test • Adductor muscles strength assessed by dynamometric tests [104,120,121]

Field test • Kicking test [10]
• Carioca test [134,135]

Soleus-gastrocnemius

Specific assessment • Heel-raise test [38,136,137]
• Ankle flexibility test [138–140]

Laboratory test
• Dynamometric tests [107,119,120]
• Synchro plates test [121]
• Drop jump test [141–143]

Field test • Illinois Agility Test [101,142,143]

The aim of these tests and their specific execution are out of the scope of the present
paper, but the rationale behind each test is reported in the references and could be used to
guide the RTT and RTP processes.
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5. Conclusions

The present paper offers an overview of advice and recommendations on how to set
up the rehabilitation process after indirect muscle injuries according to current evidence.
The section on specific exercises for the most affected muscles groups adds a practical guide
for the practitioner to apply the concepts reported in the guidelines to a real-life scenario.
Only with the constant synergistic work between the various professionals involved, who
work according to the highest scientific evidence available, the injured athlete can reach the
maximum result of the rehabilitation process and return to their sport quickly and safety.
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Abstract: PURPOSE: The COVID-19 pandemic and its associated mobility restrictions caused many
athletes to adjust or reduce their usual training load. The aim of this study was to investigate
how the COVID-19 restrictions affected training and performance physiology measures in U23
elite cyclists. METHODS: Twelve U23 elite cyclists (n = 12) participated in this study (mean ± SD:
Age 21.2 ± 1.2 years; height 182.9 ± 4.7 cm; body mass 71.4 ± 6.5 kg). Training characteristics were as-
sessed between 30 days pre, during, and post COVID-19 restrictions, respectively. The physiological
assessment in the laboratory was 30 days pre and post COVID-19 restrictions and included maximum
oxygen uptake (V̇O2max), peak power output for sprint (SprintPmax), and ramp incremental graded ex-
ercise (GXTPmax), as well as power output at ventilatory threshold (VT) and respiratory compensation
point (RCP). RESULTS: Training load characteristics before, during, and after the lockdown remained
statistically unchanged (p > 0.05) despite large effects (>0.8) with mean reductions of 4.7 to 25.0%
during COVID-19 restrictions. There were no significant differences in maximal and submaximal
power outputs, as well as relative and absolute V̇O2max between pre and post COVID-19 restrictions
(p > 0.05) with small to moderate effects. DISCUSSION: These results indicate that COVID-19 restric-
tions did not negatively affect training characteristics and physiological performance measures in
U23 elite cyclists for a period of <30 days. In contrast with recent reports on professional cyclists and
other elite level athletes, these findings reveal that as long as athletes are able to maintain and/or
slightly adapt their training routine, physiological performance variables remain stable.

Keywords: pandemic; athletes; endurance; detraining; cycling

1. Introduction

Endurance athletes are known for performing high training volumes throughout the
year to maintain cardiovascular fitness and to attain peak performance for the competition
period [1–3]. The COVID-19 pandemic has been reported to impact the athletes’ training,
competition, and recovery routines [4–9]. Washif et al. [4] analyzed the training habits
of 12,526 athletes of various performance levels (i.e., recreational to professional) from
142 countries and six continents during the COVID-19 confinement. Despite reductions in
training session frequency, most athletes focused on maintenance of general endurance
and strength rather than exploiting sports-specific training [4,10]. Muriel et al. [11] studied
the training and physiological characteristics of 18 male professional cyclists during the
10 weeks prior to the COVID-19 confinement and during the seven-week confinement
period: Total training volume significantly decreased by 33.9% during the lockdown.
Weekly volumes (hours per week) by standardized training zones declined between 25.8%
and 52.2%. There were also large reductions in the best 5-min and 20-min power outputs
with declines between 1% and 19% in all the cyclists.

J. Funct. Morphol. Kinesiol. 2022, 7, 1. https://doi.org/10.3390/jfmk7010001 https://www.mdpi.com/journal/jfmk



J. Funct. Morphol. Kinesiol. 2022, 7, 1

There is increasing evidence that insufficient training stimuli impair major physi-
ological determinants for endurance performance in both the general population [12]
and highly trained athletes [13]. Mujika and Padilla [13] reported that training cessation
over four weeks causes a rapid decline of 6% to 20% in
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O2max, 10% to 14% in maximal
ventilatory volume, 5% to 12% in blood volume and plasma volume, as well as inducing
reductions in cardiac dimensions (e.g., left ventricular posterior wall thickness) by 25%.

As the current pandemic situation presents a new challenge for athletes and prac-
titioners, there is limited evidence about the acute effects of a lockdown and mobility
restriction period on road cyclists’ training characteristics and physiological determinants
of performance. Therefore, the aim of the present study was to investigate how COVID-19
restrictions affected pre and post SprintPmax, GXTPmax,

 

 

 

 
J. Funct. Morphol. Kinesiol. 2022, 6, x. https://doi.org/10.3390/xxxxx  www.mdpi.com/journal/jfmk 

Article 

Influence of COVID‐19 Restrictions on Training and   

Physiological Characteristics in U23 Elite Cyclists 

Peter Leo 1,*, Iñigo Mujika 2,3 and Justin Lawley 1 

1  Division of Performance Physiology & Prevention, Department of Sport Science, University of Innsbruck, 

6020 Innsbruck, Austria; justin.lawley@uibk.ac.at 
2  Department of Physiology, Faculty of Medicine and Nursing, University of the Basque Country,   

48940 Leioa, Spain; inigo.mujika@inigomujika.com 
3  Exercise Science Laboratory, School of Kinesiology, Faculty of Medicine, Universidad Finis Terrae,   

Santiago 8320000, Chile 

*  Correspondence: peter.leo@uibk.ac.at 

Abstract: PURPOSE: The COVID‐19 pandemic and its associated mobility restrictions caused many 

athletes to adjust or reduce their usual training load. The aim of this study was to investigate how 

the COVID‐19 restrictions affected training and performance physiology measures in U23 elite cy‐

clists. METHODS: Twelve U23 elite cyclists (n = 12) participated in this study (mean ± SD: Age 21.2 

± 1.2 years; height 182.9 ± 4.7 cm; body mass 71.4 ± 6.5 kg). Training characteristics were assessed 

between 30 days pre, during, and post COVID‐19 restrictions, respectively. The physiological as‐

sessment in the laboratory was 30 days pre and post COVID‐19 restrictions and included maximum 

oxygen uptake (V̇O2max), peak power output for sprint (SprintPmax), and ramp incremental graded 

exercise (GXTPmax), as well as power output at ventilatory threshold (VT) and respiratory compen‐

sation point (RCP). RESULTS: Training load characteristics before, during, and after the lockdown 

remained statistically unchanged (p > 0.05) despite large effects (>0.8) with mean reductions of 4.7 

to 25.0% during COVID‐19 restrictions. There were no significant differences in maximal and sub‐

maximal power outputs, as well as relative and absolute V̇O2max between pre and post COVID‐19 

restrictions  (p  >  0.05) with  small  to moderate  effects. DISCUSSION: These  results  indicate  that 

COVID‐19 restrictions did not negatively affect  training characteristics and physiological perfor‐

mance measures  in U23 elite cyclists for a period of <30 days. In contrast with recent reports on 

professional cyclists and other elite level athletes, these findings reveal that as long as athletes are 

able to maintain and/or slightly adapt their training routine, physiological performance variables 

remain stable. 

Keywords: pandemic; athletes; endurance; detraining; cycling 

 

1. Introduction 

Endurance athletes are known for performing high training volumes throughout the 

year to maintain cardiovascular fitness and to attain peak performance for the competi‐

tion period [1–3]. The COVID‐19 pandemic has been reported to impact the athletes’ train‐

ing, competition, and recovery routines [4–9]. Washif et al. [4] analyzed the training habits 

of 12,526 athletes of various performance levels (i.e., recreational to professional) from 142 

countries and  six  continents during  the COVID‐19 confinement. Despite  reductions  in 

training session frequency, most athletes focused on maintenance of general endurance 

and strength rather than exploiting sports‐specific training [4,10]. Muriel et al. [11] studied 

the training and physiological characteristics of 18 male professional cyclists during the 

10 weeks prior  to  the COVID‐19 confinement and during  the seven‐week confinement 

period: Total  training volume  significantly decreased  by  33.9% during  the  lockdown. 

Weekly  volumes  (hours  per week)  by  standardized  training  zones  declined  between 

Citation: Leo, P.; Mujika, I.; Lawley, 

J. Influence of COVID‐19   

Restrictions on Training and   

Physiological Characteristics in U23 

Elite Cyclists. J. Funct. Morphol.   

Kinesiol. 2022, 6, x. 

https://doi.org/10.3390/xxxxx 

Academic Editors: Cristina Cortis, 

Andrea Fusco, Carl Foster and Peter 

Hofmann 

Received: 17 November 2021 

Accepted: 17 December 2021 

Published: 21 December 2021 

Publisher’s Note: MDPI  stays  neu‐

tral  with  regard  to  jurisdictional 

claims in published maps and institu‐

tional affiliations. 

 

Copyright:  ©  2021  by  the  authors. 

Submitted  for  possible  open  access 

publication under the terms and con‐

ditions of the Creative Commons At‐

tribution (CC BY) license (https://cre‐

ativecommons.org/licenses/by/4.0/). 

O2max, and submaximal thresholds
in U23 elite cyclists. Additionally, training characteristics were compared between 30 days
pre, during, and post COVID-19 restrictions. We hypothesized that COVID-19 restrictions
would negatively affect physiological performance variables and training characteristics in
U23 elite cyclists.

2. Materials and Methods
2.1. Participants

Twelve U23 elite cyclists of a Union Cycliste Internationale (UCI) licensed continental
team participated in this study (mean ± SD: Age 21.2 ± 1.2 years; height 182.9 ± 4.7 cm;
body mass 71.4 ± 6.5 kg). All methods were approved by the ethics committee under the
conditions of the Declaration of Helsinki. All subjects voluntarily participated in the study
and provided informed written consent.

2.2. COVID-19 Restrictions

The whole intervention involved 90 days, which were equally divided into 30 days
pre, during, and post COVID-19 restrictions. Participants were living either in Austria
(n = 6), Germany (n = 4), or Italy (n = 2). COVID-19 restriction guidelines were followed
according to each country’s own regulations over 30 consecutive days and included mobility
restrictions (n = 10) and home confinement (n = 2).

2.3. Training Characteristics

The accumulated training hours, distance covered, and training frequency per week
were recorded for the respective periods, mentioned above. All athletes uploaded their
training data to an online training platform (Trainingpeaks, Trainingpeaks LLC, Winchester
Cir, MA, USA) [14]. Weekly training hours, distance covered, and training frequency were
collected and further processed, analyzed, and checked for data spikes in Microsoft Excel
(Excel, Microsoft Corporation, Redmond, WA, USA). Intensity ratios, including distance
per hour (km·hour−1) and distance per session frequency (km·session−1), were calculated.

2.4. Physiological Performance Measures

Physiological performance measures were assessed 30 days before and after the
COVID-19 restrictions. All laboratory tests were completed on an electromagnetically
braked stationary trainer (Cyclus2, RBM electronic-automation GmbG, Leibzig, Deutsch-
land) with the participants’ own road bikes (Alto Prestige, KTM Fahrrad GmbH, Mat-
tighofen, Austria). The testing protocol involved a standardized warm-up of 5 min at
100 W, followed by a 15-s sprint test and a laboratory incremental graded exercise test
(GXT). The cycling cadence was reduced to 20–30 revolutions per minute (rpm), and the
sprint started after a 5-s countdown. After a 10-min recovery phase at 50 W, the GXT
was completed. The initial workload for the GXT was set at 150 W and was increased
by 20 W per min until volitional exhaustion. The measurements included absolute and
relative SprintPmax for the 15 s sprint test as well as GXTPmax.
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CO2 ratio. Open circuit spiro-ergometry (ZAN600, nSpire
Health GmbH, Germany) with a flow sensor (FlowSensor, Type II, nSpire Health GmbG,
Oberthulba, Germany) was used to record oxygen uptake (
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Abstract: PURPOSE: The COVID‐19 pandemic and its associated mobility restrictions caused many 

athletes to adjust or reduce their usual training load. The aim of this study was to investigate how 

the COVID‐19 restrictions affected training and performance physiology measures in U23 elite cy‐

clists. METHODS: Twelve U23 elite cyclists (n = 12) participated in this study (mean ± SD: Age 21.2 

± 1.2 years; height 182.9 ± 4.7 cm; body mass 71.4 ± 6.5 kg). Training characteristics were assessed 

between 30 days pre, during, and post COVID‐19 restrictions, respectively. The physiological as‐

sessment in the laboratory was 30 days pre and post COVID‐19 restrictions and included maximum 

oxygen uptake (V̇O2max), peak power output for sprint (SprintPmax), and ramp incremental graded 

exercise (GXTPmax), as well as power output at ventilatory threshold (VT) and respiratory compen‐

sation point (RCP). RESULTS: Training load characteristics before, during, and after the lockdown 

remained statistically unchanged (p > 0.05) despite large effects (>0.8) with mean reductions of 4.7 

to 25.0% during COVID‐19 restrictions. There were no significant differences in maximal and sub‐

maximal power outputs, as well as relative and absolute V̇O2max between pre and post COVID‐19 

restrictions  (p  >  0.05) with  small  to moderate  effects. DISCUSSION: These  results  indicate  that 

COVID‐19 restrictions did not negatively affect  training characteristics and physiological perfor‐

mance measures  in U23 elite cyclists for a period of <30 days. In contrast with recent reports on 

professional cyclists and other elite level athletes, these findings reveal that as long as athletes are 

able to maintain and/or slightly adapt their training routine, physiological performance variables 

remain stable. 
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1. Introduction 

Endurance athletes are known for performing high training volumes throughout the 

year to maintain cardiovascular fitness and to attain peak performance for the competi‐

tion period [1–3]. The COVID‐19 pandemic has been reported to impact the athletes’ train‐

ing, competition, and recovery routines [4–9]. Washif et al. [4] analyzed the training habits 

of 12,526 athletes of various performance levels (i.e., recreational to professional) from 142 

countries and  six  continents during  the COVID‐19 confinement. Despite  reductions  in 

training session frequency, most athletes focused on maintenance of general endurance 

and strength rather than exploiting sports‐specific training [4,10]. Muriel et al. [11] studied 

the training and physiological characteristics of 18 male professional cyclists during the 

10 weeks prior  to  the COVID‐19 confinement and during  the seven‐week confinement 

period: Total  training volume  significantly decreased  by  33.9% during  the  lockdown. 

Weekly  volumes  (hours  per week)  by  standardized  training  zones  declined  between 
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CO2)
release. Continuous recordings of heart rate (HR) were performed via short range telemetry
with a 1 Hz sampling rate (V800, Polar Electro Oy, Kempele, Finland).

2.5. Statistical Analysis

All recorded data were initially checked for violations to normality with a Shapiro-
Wilk test. Paired samples t-tests with Cohen’s d effect size were performed between
all physiological performance characteristics. Cohen’s d was set at 0.2 for small, 0.5 for
moderate, and 0.8 for a large effect [17]. A one-way repeated measure analysis of variance
(ANOVA) was conducted to compare training characteristics for the 30 days pre, during,
and post COVID-19 restrictions. Partial eta square (partial η2) effect size was set at 0.01
(small), 0.06 (moderate) and 0.14 for a large effect. All statistical analyses (JASP 0.15,
JASP Team, Amsterdam, The Netherlands) and graphical illustrations (GraphPad Prism 8,
GraphPad Software, San Diego, CA, USA) were conducted with commercially available
software packages.

3. Results

The participants’ anthropometric and physiological characteristics are presented in
Table 1 (mean ± SD).

Table 1. Non-significant differences in anthropometrical and physiological measures between pre and
post COVID-19 restrictions; BMI—body mass index; HRmax—maximum heart rate; GXTPmax—peak
power in the laboratory graded incremental exercise test;
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O2max—maximum oxygen uptake.

Body Mass
(kg)

BMI
(kg·m−2)

HRmax
(bpm)

GXTPmax
(W)

 

 

 

 
J. Funct. Morphol. Kinesiol. 2022, 6, x. https://doi.org/10.3390/xxxxx  www.mdpi.com/journal/jfmk 

Article 

Influence of COVID‐19 Restrictions on Training and   

Physiological Characteristics in U23 Elite Cyclists 

Peter Leo 1,*, Iñigo Mujika 2,3 and Justin Lawley 1 

1  Division of Performance Physiology & Prevention, Department of Sport Science, University of Innsbruck, 

6020 Innsbruck, Austria; justin.lawley@uibk.ac.at 
2  Department of Physiology, Faculty of Medicine and Nursing, University of the Basque Country,   

48940 Leioa, Spain; inigo.mujika@inigomujika.com 
3  Exercise Science Laboratory, School of Kinesiology, Faculty of Medicine, Universidad Finis Terrae,   

Santiago 8320000, Chile 

*  Correspondence: peter.leo@uibk.ac.at 

Abstract: PURPOSE: The COVID‐19 pandemic and its associated mobility restrictions caused many 

athletes to adjust or reduce their usual training load. The aim of this study was to investigate how 

the COVID‐19 restrictions affected training and performance physiology measures in U23 elite cy‐

clists. METHODS: Twelve U23 elite cyclists (n = 12) participated in this study (mean ± SD: Age 21.2 

± 1.2 years; height 182.9 ± 4.7 cm; body mass 71.4 ± 6.5 kg). Training characteristics were assessed 

between 30 days pre, during, and post COVID‐19 restrictions, respectively. The physiological as‐

sessment in the laboratory was 30 days pre and post COVID‐19 restrictions and included maximum 

oxygen uptake (V̇O2max), peak power output for sprint (SprintPmax), and ramp incremental graded 

exercise (GXTPmax), as well as power output at ventilatory threshold (VT) and respiratory compen‐

sation point (RCP). RESULTS: Training load characteristics before, during, and after the lockdown 

remained statistically unchanged (p > 0.05) despite large effects (>0.8) with mean reductions of 4.7 

to 25.0% during COVID‐19 restrictions. There were no significant differences in maximal and sub‐

maximal power outputs, as well as relative and absolute V̇O2max between pre and post COVID‐19 

restrictions  (p  >  0.05) with  small  to moderate  effects. DISCUSSION: These  results  indicate  that 

COVID‐19 restrictions did not negatively affect  training characteristics and physiological perfor‐

mance measures  in U23 elite cyclists for a period of <30 days. In contrast with recent reports on 

professional cyclists and other elite level athletes, these findings reveal that as long as athletes are 

able to maintain and/or slightly adapt their training routine, physiological performance variables 

remain stable. 

Keywords: pandemic; athletes; endurance; detraining; cycling 

 

1. Introduction 

Endurance athletes are known for performing high training volumes throughout the 

year to maintain cardiovascular fitness and to attain peak performance for the competi‐

tion period [1–3]. The COVID‐19 pandemic has been reported to impact the athletes’ train‐

ing, competition, and recovery routines [4–9]. Washif et al. [4] analyzed the training habits 

of 12,526 athletes of various performance levels (i.e., recreational to professional) from 142 

countries and  six  continents during  the COVID‐19 confinement. Despite  reductions  in 

training session frequency, most athletes focused on maintenance of general endurance 

and strength rather than exploiting sports‐specific training [4,10]. Muriel et al. [11] studied 

the training and physiological characteristics of 18 male professional cyclists during the 

10 weeks prior  to  the COVID‐19 confinement and during  the seven‐week confinement 

period: Total  training volume  significantly decreased  by  33.9% during  the  lockdown. 

Weekly  volumes  (hours  per week)  by  standardized  training  zones  declined  between 

Citation: Leo, P.; Mujika, I.; Lawley, 

J. Influence of COVID‐19   

Restrictions on Training and   

Physiological Characteristics in U23 

Elite Cyclists. J. Funct. Morphol.   

Kinesiol. 2022, 6, x. 

https://doi.org/10.3390/xxxxx 

Academic Editors: Cristina Cortis, 

Andrea Fusco, Carl Foster and Peter 

Hofmann 

Received: 17 November 2021 

Accepted: 17 December 2021 

Published: 21 December 2021 

Publisher’s Note: MDPI  stays  neu‐

tral  with  regard  to  jurisdictional 

claims in published maps and institu‐

tional affiliations. 

 

Copyright:  ©  2021  by  the  authors. 

Submitted  for  possible  open  access 

publication under the terms and con‐

ditions of the Creative Commons At‐

tribution (CC BY) license (https://cre‐

ativecommons.org/licenses/by/4.0/). 

O2max
(mL·kg−1·min−1)

PRE 68.8 ± 3.8 20.7 ± 0.7 194 ± 7 471 ± 36 75.4 ± 4.4

POST 70.1 ± 4.4 21.1 ± 0.9 193 ± 5 470 ± 30 75.8 ± 2.8

Training Characteristics

No statistical difference was found in training volume, including completed hours
(partial η2: 0.175), covered distance (partial η2: 0.227), and session frequency (partial η2:
0.030) in the 30 days pre, during, and post COVID-19 restrictions (p > 0.05). Intensity
ratios km·hour−1 (partial η2: 0.182) and km·session−1 (partial η2: 0.187) also remained
unchanged in the 30 days pre, during, and post COVID-19 restrictions. (p > 0.05)—see
Figure 1.

No statistical differences were found in absolute and relative SprintPmax (effect size
(ES): 0.451, 0.596, respectively), GXTPmax (ES: 0.056, 0.198, respectively), power at VT (ES:
−0.302, −0.083, respectively) and RCP (ES: −0.522, −0.096, respectively), HRmax (ES:
0.123) as well as absolute and relative
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Abstract: PURPOSE: The COVID‐19 pandemic and its associated mobility restrictions caused many 

athletes to adjust or reduce their usual training load. The aim of this study was to investigate how 

the COVID‐19 restrictions affected training and performance physiology measures in U23 elite cy‐

clists. METHODS: Twelve U23 elite cyclists (n = 12) participated in this study (mean ± SD: Age 21.2 

± 1.2 years; height 182.9 ± 4.7 cm; body mass 71.4 ± 6.5 kg). Training characteristics were assessed 

between 30 days pre, during, and post COVID‐19 restrictions, respectively. The physiological as‐

sessment in the laboratory was 30 days pre and post COVID‐19 restrictions and included maximum 

oxygen uptake (V̇O2max), peak power output for sprint (SprintPmax), and ramp incremental graded 

exercise (GXTPmax), as well as power output at ventilatory threshold (VT) and respiratory compen‐

sation point (RCP). RESULTS: Training load characteristics before, during, and after the lockdown 

remained statistically unchanged (p > 0.05) despite large effects (>0.8) with mean reductions of 4.7 

to 25.0% during COVID‐19 restrictions. There were no significant differences in maximal and sub‐

maximal power outputs, as well as relative and absolute V̇O2max between pre and post COVID‐19 

restrictions  (p  >  0.05) with  small  to moderate  effects. DISCUSSION: These  results  indicate  that 

COVID‐19 restrictions did not negatively affect  training characteristics and physiological perfor‐

mance measures  in U23 elite cyclists for a period of <30 days. In contrast with recent reports on 

professional cyclists and other elite level athletes, these findings reveal that as long as athletes are 

able to maintain and/or slightly adapt their training routine, physiological performance variables 

remain stable. 
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1. Introduction 

Endurance athletes are known for performing high training volumes throughout the 

year to maintain cardiovascular fitness and to attain peak performance for the competi‐

tion period [1–3]. The COVID‐19 pandemic has been reported to impact the athletes’ train‐

ing, competition, and recovery routines [4–9]. Washif et al. [4] analyzed the training habits 

of 12,526 athletes of various performance levels (i.e., recreational to professional) from 142 

countries and  six  continents during  the COVID‐19 confinement. Despite  reductions  in 

training session frequency, most athletes focused on maintenance of general endurance 

and strength rather than exploiting sports‐specific training [4,10]. Muriel et al. [11] studied 

the training and physiological characteristics of 18 male professional cyclists during the 

10 weeks prior  to  the COVID‐19 confinement and during  the seven‐week confinement 

period: Total  training volume  significantly decreased  by  33.9% during  the  lockdown. 

Weekly  volumes  (hours  per week)  by  standardized  training  zones  declined  between 
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O2max (ES: −0.622, −0.071, respectively), between
pre and post COVID-19 restrictions—see Figure 2.
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Figure 1. Non‐significant differences in training hours (A), distance (B), frequency (C) and inten‐

sity ratios (D,E) between 30 days pre, during, and post COVID‐19 restrictions. Physiological Per‐

formance Measures. 

Figure 1. Non-significant differences in training hours (A), distance (B), frequency (C) and in-
tensity ratios (D,E) between 30 days pre, during, and post COVID-19 restrictions. Physiological
Performance Measures.
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Figure 2. Non-significant differences in physiological performance measures between pre and post
COVID-19 restrictions; Absolute (A) and relative (B) peak power output in SprintPmax—peak power
in the laboratory sprint test; GXTPmax—laboratory graded incremental exercise test; RCP—respiratory
compensation point; VT—ventilatory threshold;
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year to maintain cardiovascular fitness and to attain peak performance for the competi‐

tion period [1–3]. The COVID‐19 pandemic has been reported to impact the athletes’ train‐

ing, competition, and recovery routines [4–9]. Washif et al. [4] analyzed the training habits 

of 12,526 athletes of various performance levels (i.e., recreational to professional) from 142 

countries and  six  continents during  the COVID‐19 confinement. Despite  reductions  in 

training session frequency, most athletes focused on maintenance of general endurance 

and strength rather than exploiting sports‐specific training [4,10]. Muriel et al. [11] studied 

the training and physiological characteristics of 18 male professional cyclists during the 

10 weeks prior  to  the COVID‐19 confinement and during  the seven‐week confinement 

period: Total  training volume  significantly decreased  by  33.9% during  the  lockdown. 

Weekly  volumes  (hours  per week)  by  standardized  training  zones  declined  between 

Citation: Leo, P.; Mujika, I.; Lawley, 

J. Influence of COVID‐19   

Restrictions on Training and   

Physiological Characteristics in U23 

Elite Cyclists. J. Funct. Morphol.   

Kinesiol. 2022, 6, x. 

https://doi.org/10.3390/xxxxx 

Academic Editors: Cristina Cortis, 

Andrea Fusco, Carl Foster and Peter 

Hofmann 

Received: 17 November 2021 

Accepted: 17 December 2021 

Published: 21 December 2021 

Publisher’s Note: MDPI  stays  neu‐

tral  with  regard  to  jurisdictional 

claims in published maps and institu‐

tional affiliations. 

 

Copyright:  ©  2021  by  the  authors. 

Submitted  for  possible  open  access 

publication under the terms and con‐

ditions of the Creative Commons At‐

tribution (CC BY) license (https://cre‐

ativecommons.org/licenses/by/4.0/). 

O2max—maximum oxygen uptake (C).

4. Discussion

In contrast to our own initial hypothesis, the present study showed no differences in
training characteristics and physiological performance determinants in U23 elite cyclists.

To the authors’ knowledge, this is the first study to investigate the effects of COVID-19
restrictions on a U23 elite cycling population. While there has been research conducted
on professional cyclists by Muriel et al. [18], their findings were not in line with those
of the present study. Muriel et al.’s study [18] reported a significant decline in training
characteristics and physiological performance variables during the seven weeks of the
COVID-19 confinement in a Spanish professional cycling team. In contrast, the findings
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of the present paper show that the four-week COVID-19 restrictions did not have a nega-
tive effect on training characteristics and physiological performance variables, including
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O2max and power output at submaximal thresholds. These conflicting findings might
lead to the assumption that the COVID-19 restriction policies were different across Euro-
pean countries [19]. The study’s participants living in northern European countries could
continue their normal training habits (mobility restrictions), while participants living in
southern European countries were restricted to indoor training (home confinement). These
differences underpin why the subjects in Muriel et al.’s study [18] indicated reduced train-
ing volume because they were forced to train indoors (home confinement). Washif et al. [4]
undertook a worldwide online survey with 12,526 athletes, including male and female
professional and amateur athletes. While most athletes were training more individually
to maintain general fitness and health, most athletes reported reduced motivation due to
a lack of competitive events. Although professional athletes were coping better with the
COVID-19 confinement than amateur athletes, all populations reported reductions in train-
ing volume, intensity, and frequency. While these data are based on qualitative assessments
(survey), our empirical (quantitative) assessment does not confirm this trend. Despite
average reductions in training hours (−15.1% to −18.6%), distance (−23.7% to −25.0%),
session frequency (−4.7% to −6.3%), and intensity ratios (−7.2% to −19.1%) compared
to pre and post COVID-19 restrictions, the inter-individual variations were too large to
result in a significant statistical change. In addition, the small sample size associated with
a reduced statistical power increases the likelihood of a false “negative” null hypothesis,
known as a Type I error [20]. To better interpret inter-individual differences, effect sizes are
provided. “Large” effects (partial η2 > 0.14) were found in training characteristics between
pre, during, and post COVID-19 restriction periods. The reason for those discrepancies
could be due to different COVID-19 restrictions between European countries [19]. Two par-
ticipants of the present study who experienced home confinement automatically indicated
reduced training volume, while the other 10 participants were able to continue their normal
training habits. This might explain why collectively the statistical differences remained
non-significant. Reductions in training volume during the COVID-19 restrictions were also
observed in elite swimmers, which were linked to decreased vagal activity [10].

This study also investigated the change in physiological performance determinants pre
and post COVID-19 restrictions. Relative GXTPmax and SprintPmax decreased on average
by 0.2 ± 1.3% to 4.3 ± 0.5%, respectively, which was mainly due to a 1.7 ± 0.1% increase in
body mass. This change in body mass between pre and post COVID-19 restrictions affected
average

 

 

 

 
J. Funct. Morphol. Kinesiol. 2022, 6, x. https://doi.org/10.3390/xxxxx  www.mdpi.com/journal/jfmk 

Article 

Influence of COVID‐19 Restrictions on Training and   

Physiological Characteristics in U23 Elite Cyclists 

Peter Leo 1,*, Iñigo Mujika 2,3 and Justin Lawley 1 

1  Division of Performance Physiology & Prevention, Department of Sport Science, University of Innsbruck, 

6020 Innsbruck, Austria; justin.lawley@uibk.ac.at 
2  Department of Physiology, Faculty of Medicine and Nursing, University of the Basque Country,   

48940 Leioa, Spain; inigo.mujika@inigomujika.com 
3  Exercise Science Laboratory, School of Kinesiology, Faculty of Medicine, Universidad Finis Terrae,   

Santiago 8320000, Chile 

*  Correspondence: peter.leo@uibk.ac.at 

Abstract: PURPOSE: The COVID‐19 pandemic and its associated mobility restrictions caused many 

athletes to adjust or reduce their usual training load. The aim of this study was to investigate how 

the COVID‐19 restrictions affected training and performance physiology measures in U23 elite cy‐

clists. METHODS: Twelve U23 elite cyclists (n = 12) participated in this study (mean ± SD: Age 21.2 

± 1.2 years; height 182.9 ± 4.7 cm; body mass 71.4 ± 6.5 kg). Training characteristics were assessed 

between 30 days pre, during, and post COVID‐19 restrictions, respectively. The physiological as‐

sessment in the laboratory was 30 days pre and post COVID‐19 restrictions and included maximum 

oxygen uptake (V̇O2max), peak power output for sprint (SprintPmax), and ramp incremental graded 

exercise (GXTPmax), as well as power output at ventilatory threshold (VT) and respiratory compen‐

sation point (RCP). RESULTS: Training load characteristics before, during, and after the lockdown 

remained statistically unchanged (p > 0.05) despite large effects (>0.8) with mean reductions of 4.7 

to 25.0% during COVID‐19 restrictions. There were no significant differences in maximal and sub‐

maximal power outputs, as well as relative and absolute V̇O2max between pre and post COVID‐19 

restrictions  (p  >  0.05) with  small  to moderate  effects. DISCUSSION: These  results  indicate  that 

COVID‐19 restrictions did not negatively affect  training characteristics and physiological perfor‐

mance measures  in U23 elite cyclists for a period of <30 days. In contrast with recent reports on 

professional cyclists and other elite level athletes, these findings reveal that as long as athletes are 

able to maintain and/or slightly adapt their training routine, physiological performance variables 

remain stable. 

Keywords: pandemic; athletes; endurance; detraining; cycling 

 

1. Introduction 

Endurance athletes are known for performing high training volumes throughout the 

year to maintain cardiovascular fitness and to attain peak performance for the competi‐

tion period [1–3]. The COVID‐19 pandemic has been reported to impact the athletes’ train‐

ing, competition, and recovery routines [4–9]. Washif et al. [4] analyzed the training habits 

of 12,526 athletes of various performance levels (i.e., recreational to professional) from 142 

countries and  six  continents during  the COVID‐19 confinement. Despite  reductions  in 

training session frequency, most athletes focused on maintenance of general endurance 

and strength rather than exploiting sports‐specific training [4,10]. Muriel et al. [11] studied 

the training and physiological characteristics of 18 male professional cyclists during the 

10 weeks prior  to  the COVID‐19 confinement and during  the seven‐week confinement 

period: Total  training volume  significantly decreased  by  33.9% during  the  lockdown. 

Weekly  volumes  (hours  per week)  by  standardized  training  zones  declined  between 

Citation: Leo, P.; Mujika, I.; Lawley, 

J. Influence of COVID‐19   

Restrictions on Training and   

Physiological Characteristics in U23 

Elite Cyclists. J. Funct. Morphol.   

Kinesiol. 2022, 6, x. 

https://doi.org/10.3390/xxxxx 

Academic Editors: Cristina Cortis, 

Andrea Fusco, Carl Foster and Peter 

Hofmann 

Received: 17 November 2021 

Accepted: 17 December 2021 

Published: 21 December 2021 

Publisher’s Note: MDPI  stays  neu‐

tral  with  regard  to  jurisdictional 

claims in published maps and institu‐

tional affiliations. 

 

Copyright:  ©  2021  by  the  authors. 

Submitted  for  possible  open  access 

publication under the terms and con‐

ditions of the Creative Commons At‐

tribution (CC BY) license (https://cre‐

ativecommons.org/licenses/by/4.0/). 

O2max, and power output at RCP and VT when normalized to body mass in the
range of −0.5% to −0.9%. Interestingly, average submaximal power outputs at RCP and VT
slightly improved, despite small reductions in

 

 

 

 
J. Funct. Morphol. Kinesiol. 2022, 6, x. https://doi.org/10.3390/xxxxx  www.mdpi.com/journal/jfmk 

Article 

Influence of COVID‐19 Restrictions on Training and   

Physiological Characteristics in U23 Elite Cyclists 

Peter Leo 1,*, Iñigo Mujika 2,3 and Justin Lawley 1 

1  Division of Performance Physiology & Prevention, Department of Sport Science, University of Innsbruck, 

6020 Innsbruck, Austria; justin.lawley@uibk.ac.at 
2  Department of Physiology, Faculty of Medicine and Nursing, University of the Basque Country,   

48940 Leioa, Spain; inigo.mujika@inigomujika.com 
3  Exercise Science Laboratory, School of Kinesiology, Faculty of Medicine, Universidad Finis Terrae,   

Santiago 8320000, Chile 

*  Correspondence: peter.leo@uibk.ac.at 

Abstract: PURPOSE: The COVID‐19 pandemic and its associated mobility restrictions caused many 

athletes to adjust or reduce their usual training load. The aim of this study was to investigate how 

the COVID‐19 restrictions affected training and performance physiology measures in U23 elite cy‐

clists. METHODS: Twelve U23 elite cyclists (n = 12) participated in this study (mean ± SD: Age 21.2 

± 1.2 years; height 182.9 ± 4.7 cm; body mass 71.4 ± 6.5 kg). Training characteristics were assessed 

between 30 days pre, during, and post COVID‐19 restrictions, respectively. The physiological as‐

sessment in the laboratory was 30 days pre and post COVID‐19 restrictions and included maximum 

oxygen uptake (V̇O2max), peak power output for sprint (SprintPmax), and ramp incremental graded 

exercise (GXTPmax), as well as power output at ventilatory threshold (VT) and respiratory compen‐

sation point (RCP). RESULTS: Training load characteristics before, during, and after the lockdown 

remained statistically unchanged (p > 0.05) despite large effects (>0.8) with mean reductions of 4.7 

to 25.0% during COVID‐19 restrictions. There were no significant differences in maximal and sub‐

maximal power outputs, as well as relative and absolute V̇O2max between pre and post COVID‐19 

restrictions  (p  >  0.05) with  small  to moderate  effects. DISCUSSION: These  results  indicate  that 

COVID‐19 restrictions did not negatively affect  training characteristics and physiological perfor‐

mance measures  in U23 elite cyclists for a period of <30 days. In contrast with recent reports on 

professional cyclists and other elite level athletes, these findings reveal that as long as athletes are 

able to maintain and/or slightly adapt their training routine, physiological performance variables 

remain stable. 

Keywords: pandemic; athletes; endurance; detraining; cycling 

 

1. Introduction 

Endurance athletes are known for performing high training volumes throughout the 

year to maintain cardiovascular fitness and to attain peak performance for the competi‐

tion period [1–3]. The COVID‐19 pandemic has been reported to impact the athletes’ train‐

ing, competition, and recovery routines [4–9]. Washif et al. [4] analyzed the training habits 

of 12,526 athletes of various performance levels (i.e., recreational to professional) from 142 

countries and  six  continents during  the COVID‐19 confinement. Despite  reductions  in 

training session frequency, most athletes focused on maintenance of general endurance 

and strength rather than exploiting sports‐specific training [4,10]. Muriel et al. [11] studied 

the training and physiological characteristics of 18 male professional cyclists during the 

10 weeks prior  to  the COVID‐19 confinement and during  the seven‐week confinement 

period: Total  training volume  significantly decreased  by  33.9% during  the  lockdown. 

Weekly  volumes  (hours  per week)  by  standardized  training  zones  declined  between 

Citation: Leo, P.; Mujika, I.; Lawley, 

J. Influence of COVID‐19   

Restrictions on Training and   

Physiological Characteristics in U23 

Elite Cyclists. J. Funct. Morphol.   

Kinesiol. 2022, 6, x. 

https://doi.org/10.3390/xxxxx 

Academic Editors: Cristina Cortis, 

Andrea Fusco, Carl Foster and Peter 

Hofmann 

Received: 17 November 2021 

Accepted: 17 December 2021 

Published: 21 December 2021 

Publisher’s Note: MDPI  stays  neu‐

tral  with  regard  to  jurisdictional 

claims in published maps and institu‐

tional affiliations. 

 

Copyright:  ©  2021  by  the  authors. 

Submitted  for  possible  open  access 

publication under the terms and con‐

ditions of the Creative Commons At‐

tribution (CC BY) license (https://cre‐

ativecommons.org/licenses/by/4.0/). 

O2max, GXTPmax, and SprintPmax. However,
statistical significance was not achieved between pre and post COVID-19 restrictions in any
of the physiological performance parameters assessed, showing small (<0.2) to moderate
(0.6) effects.

Collectively, our data do not support our initial hypothesis that COVID-19 restrictions
would negatively affect training and physiological performance characteristics. Despite
declining trends in training characteristics when compared to pre and post COVID-19
restrictions, inter-individual variations were too large to reach statistical significance.

5. Limitations

This study is not without its limitations. The findings need to be interpreted and
discussed cautiously due to a small sample size and country-specific COVID-19 restrictions.

First, the COVID-19 restrictions were country specific and differently affected the
training habits of our participants. For this reason, the most restricted athletes indicated the
biggest decline in training characteristics but not in performance. Secondly undertaking
research in highly trained athletes is challenging and rare due to team commitments, busy
racing schedules and logistical challenges. Additionally, using standardized laboratory
testing to inform the present research design and experiment was difficult due to the
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COVID-19 situation. Although a bigger sample size of 20–30 athletes would have been
beneficial to improve the statistical power, we strongly believe that reporting physiological
data in this subgroup of highly trained athletes represents an important contribution to the
existing literature. Moreover, qualitative assessments (i.e., survey) were not undertaken in
this study, which could have been valuable in explaining inter-individual differences for
the training process. In addition, measures of psychological state and well-being would
have also been relevant to monitor the participants’ coping strategies during COVID-19
restriction periods.

6. Conclusions

The present study demonstrates no statistically significant changes in training char-
acteristics and physiological performance variables during COVID-19 restrictions. These
findings need to be interpreted cautiously as country specific COVID-19 regulations and
a small sample size with limited statistical power clearly influenced the study’s outcome.
However, the study’s data reveal that if athletes maintain around 75% of their training
volume, physiological performance measures remain stable at least for periods of up to
30 days.
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Abstract: Background: The association between heart rate variability (HRV), training load (TL),
and performance is poorly understood. Methods: A middle-aged recreational female runner was
monitored during a competitive 20-wk macrocycle divided into first (M1) and second mesocycle
(M2) in which best performances over 10 km and 21 km were recorded. Volume (km), session rating
of perceived exertion (sRPE), TL, and monotony (mean TL/SD TL) were the workload parameters
recorded. The root mean square of the successive differences in R-R intervals (RMSSD), its coefficient
of variation (RMSSDcv), and the RMSSD:RR ratio were the HRV parameters monitored. Results:
During M2, RMSSD (p = 0.006) and RMSSD:RR (p = 0.002) were significantly increased, while RR
was significantly reduced (p = 0.017). Significant correlations were identified between monotony
and volume (r = 0.552; p = 0.012), RR (r = 0.447; p = 0.048), and RMSSD:RR (r = −0.458; p = 0.042).
A sudden reduction in RMSSD (from 40.31 to 24.34 ms) was observed the day before the first
symptoms of an influenza. Conclusions: The current results confirm the practicality of concurrent
HRV and sRPE monitoring in recreational runners, with the RMSSD:RR ratio indicative of specific
adaptations. Excessive training volume may be associated to both elevated monotony and reduced
RMSSD:RR. Identification of mesocycle patterns is recommended for better individualization of the
periodization used.

Keywords: autonomic control of HR; vagal modulations; vagal-sympathetic effect; training monitor-
ing; endurance performance

1. Introduction

Heart rate variability (HRV) is a valid and accessible cardiac-autonomic marker that
has been promoted as a technique for monitoring training of recreational runners [1].
The objectives of routine assessment of HRV among athletes include selecting long-term
training methods [2], modifying daily exercise prescriptive factors [3], and identifying
positive and negative adaptations [4]. There are numerous HRV indices. The square root of
mean squared difference of successive R–R intervals (RMSSD) is a robust index of vagal
autonomic function that is commonly employed by recreational runners [4]. Indeed, its
coefficient of variation (RMSSDcv) and the RMSSD:RR ratio are simple HRV parameters
that have been proposed to identify individual responses to endurance training [5,6]. The
RMSSD:RR ratio has been proposed to identify vagal saturation as it normalizes vagal
modulations by the RR intervals, therefore relating vagal and sympathetic modulations [7].
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The associations of endurance running performance with autonomic adaptations
and with markers of internal and external training loads separately are well documented.
However, there is only one study [8] that has documented a dose–response relationship
between heart rate (HR)-derived training impulse (TRIMP), power spectral analyses of
HRV, and marathon times. These results suggest a possible sympathetic drift towards the
end of the preparation period that positively correlated with performance. However, the
weekly autonomic changes associated with weekly training workload indices were not
reported in this previous study [8]. This information would be of interest given the previous
suggestions on the existence of individual autonomic profiles associated with training
cycles and periodization in other endurance sports [5,7]. For instance, a simultaneous
reduction in LnRMSSD and LnRMSSD:RR during the final week preceding competition
appeared to be indicative of optimal performance in an elite triathlete [7]. In another study
with elite rowers [5], different autonomic adaptations to training at different time points
of the preparation were also observed. Therefore, identification of how weekly training
workload relates to autonomic status would help to better manage training load.

Thus, we present a case report of a recreational female runner who completed a 20-wk
competitive macrocycle. Daily HRV and training indices were recorded for subsequently
identifying associations between HRV, training workload indices, and running perfor-
mances. Based on previous studies, we would expect reduced RMSSD and RMSSD:RR
prior to better performances.

2. Materials and Methods

The recreational runner is a middle-aged female (50 years; 1.59 m; 50–52 kg; maxi-
mum oxygen consumption [VO2max] = 56 mL·kg−1·min−1) with more than 10 years of
endurance training experience, first as a triathlete and more recently (last 7 years) as a road
runner. The training history and periodization used have been described elsewhere [9].
Briefly, she completed a 20-week competitive macrocycle, after a 3-month preparatory
mesocycle, in which she competed in two 10-km and three 21-km road races in the city
of Brasilia, under thermoneutral environmental conditions (<23 ◦C and <50% relative
humidity). Briefly, all the races were completed in early (7:00 a.m.) morning, with similar
profiles. Best performances in both distances occurred in the second part of the competitive
macrocycle, achieving 99.3% and 97.8% of her best performances for 10 km and 21 km,
respectively (recorded 6 years before). Therefore, the competitive macrocycle was divided
into first mesocycle (M1 = 10 first weeks) and second mesocycle (M2 = 10 last weeks). She
gave her consent for the public use of her data for this case study.

Workload indices included session Rating of Perceived Exertion (sRPE) and its de-
rived indices of training load (sRPE × time in minutes) and monotony (mean weekly
training load/SD of weekly training load) [10]. Daily volume in km was recorded with
a GPS unit (Forerunner 630, Garmin, Olathe, KS, USA). The typical weekly microcycle
(5–7 sessions) included two strength-training sessions plus 20–30 min of submaximal uphill
runs on treadmill; one to two running sessions of ‘cruise intervals’ (at or slightly below
the competitive pace), and some intervals at maximum aerobic speed (MAS) in the weeks
before competitions. On designated recovery days, she performed 1–2 easy short runs or
runs plus walks of 30–60 min, interspersed with some maximum speed progressions over
100-m; and a single long easy run of 70–100 min. The training intensity distribution was
“polarized” (75-80/5/15-20) as previously documented [9].

RR intervals were recorded for 2 min (after 1 min of stabilization) every morning,
in supine position after awakening, with a validated HR strap (H7, Polar Electro Oy,
Kempele, Finland), and exported via Bluetooth to a mobile App (Elite HRV, Asheville,
NC, USA). The RR and RMSSD values obtained with the mobile App were subsequently
recorded and exported to a custom Excel® spreadsheet, in which weekly RMSSDcv (i.e.,
[SD of RMSSD/mean RMSSD] × 100) and RMSSD:RR (i.e., mean RMSSD/mean RR)
were calculated.
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Values are presented as mean ± SD. After normality distribution confirmation, dif-
ferences between weekly HRV indices in M1 and M2 were performed with a non-paired t
test, and effect size (ES) via a Cohen’s d. The smallest worthwhile change (SWC) was also
calculated as 0.3 × SD of week 1 [11]. The relationships between training workload and
HRV indices were performed with a Pearson product correlation coefficient (r). Statistical
significance was set at 5%.

3. Results

The evolution of training workload, HRV indices, and running performances (10-km
and 21-km running times) over the 20-week macrocycle are presented in Table 1. Differences
between M1 and M2 for dependent variables are presented in Table 2. Of note, a sudden
reduction in RMSSD (from 40.31 to 24.34 ms) during week 8 was observed the day before
the first symptoms of an influenza, which was followed by 2 days of disrupted training.

Table 1. Weekly mean values for HRV, training workload parameters, and competitive performances.

Week Distance
(km)

Training Load
(sRPE × Time) Monotony RMSSD

(ms)
RMSSDcv

(%)
RR
(s)

RMSSD/RR
(ms/s)

Running
Performances

1 68 344 2.29 47.75 34.82 1.29 37.06
2 55 275 1.68 54.73 34.22 1.28 42.85
3 75 478 2.42 49.09 21.73 1.29 37.95
4 83 512 3.51 41.29 14.74 1.28 32.19
5 77 473 2.02 45.46 17.53 1.31 34.59
6 65 299 1.85 45.64 20.36 1.33 34.23 41:58 (10-km)
7 77 623 1.40 46.47 12.63 1.27 36.56
8 64 462 1.26 42.60 40.70 1.23 34.66
9 82 509 2.23 48.48 34.19 1.29 37.60
10 65 319 1.31 55.48 39.73 1.19 46.67 1:28:25 (21-km)

11 53 262 1.22 50.39 15.26 1.23 40.87
12 55 381 1.36 59.52 34.60 1.28 46.61 39:56 (10-km)
13 52 363 1.52 52.26 28.21 1.26 41.61
14 93 531 1.88 56.27 27.12 1.25 45.11
15 70 522 2.63 54.53 25.64 1.25 43.49
16 63 395 1.51 61.02 52.34 1.21 50.37 1:26:45 (21-km)
17 55 257 2.13 47.19 16.22 1.21 39.02
18 84 560 2.44 50.27 12.37 1.24 40.62
19 47 400 1.50 57.55 23.94 1.25 46.15
20 61 212 0.77 51.73 33.42 1.19 43.31 1:26:33 (21-km)

Table 2. Comparison of HRV and training workload parameters between M1 and M2.

M1 M2 t-Test (p) Cohen’s d

RMSSD (ms) 47.7 (4.60) 54.1 (4.46) 0.006 −1.407
RMSSDcv (%) 27.1 (10.7) 26.9 (11.6) 0.976 0.014

RR (s) 1.28 (0.041) 1.24 (0.025) 0.017 1.207
RMSSD/RR (ms/s) 37.44 (4.34) 43.72 (3.41) 0.002 −1.620

Distance (km) 71.1 (9.06) 63.3 (14.90) 0.174 0.651
Training load (a.u.) 429 (114) 388 (121) 0.444 0.350

Monotony (a.u.) 2.00 (0.67) 1.69 (0.57) 0.296 0.483

There were significant correlations between the km completed each week with training
load (r = 0.738; p < 0.00) and monotony (r = 0.552; p = 0.012). Conversely, some HRV indices
were correlated among them. RMSSD:RR correlated with RMSSD (r = 0.973; p = 0.000),
RMSSDcv (r = 0.526; p = 0.027), and RR (r = −0.581; p = 0.007), while RMSSD correlated
with RMSSDcv (r = 0.499; p = 0.025). Further, monotony was correlated with weekly HRV
indices: RR (r = 0.447; p = 0.048) and RMSSD:RR (r = −0.458; p = 0.042). There were no
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correlations between training load and HRV parameters. Concurrent weekly changes of
monotony and RR, and monotony and RMSSD:RR are shown in Figure 1.

Figure 1. Concurrent weekly changes of monotony and RR intervals (A), and monotony and the RMSSD:RR ratio (B). The
black dots represent the HRV parameters, while the black bars represent the monotony scores.

4. Discussion

The main and novel observation of this case report was the association between
monotony, an index of weekly load periodization, and both RR and RMSSD:RR. In addi-
tion, our hypothesis was partially confirmed with only reduced RR in M2 being indicative
of improved performances. However, a greater RMSSD:RR was observed with better per-
formances in M2, which was strongly correlated to greater RMSSD values in this mesocycle.
Thus, simultaneous enhancement of vagal (↑RMSSD) and, probably sympathetic (↓RR and
↑RMSSD:RR) modulations would be suggestive of better adaptations and thus improved
performances. Furthermore, these autonomic adaptations would be related to reduced
monotony scores. Therefore, simultaneous recording of weekly monotony and RMSSD:RR
may be important monitoring tools for endurance runners and other endurance athletes.

The results are in alignment with one study with an elite triathlete [7], suggesting
an increased RMSSD associated with positive adaptations and reduced RMSSD:RR as-
sociated with improved performances. However, another study with world-champion
rowers [5] exhibited consistent substantial reductions in RMSSD:RR prior to outstanding
performances. Meanwhile, we did not observe the relationship between reduced RMSSDcv
and improved performances observed in another case study with a male recreational
athlete [6]. Differences between studies may be attributed to differences between HRV
recording characteristics (i.e., position and duration of recordings), periodizations used,
and sports demands. However, the increased RMSSD:RR, which would be associated to
enhanced vagal modulations and also sympathetic activity, is consistent with previous
reports of enhanced performances in samples of recreational runners with greater RMSSD
values [4,6], and a possibly increased sympathetic activity near competition [8]. This
reinforces the value of the RMSSD:RR ratio to monitor recreational endurance runners,
with RR intervals (i.e., a vagal-sympathetic effect index) [12] being a complementary HRV
parameter to the most used RMSSD by practitioners. Further studies with samples of
recreational runners are needed to corroborate these observations.

The most novel and important observations were the associations identified between
monotony with RR (r = 0.447; p = 0.048) and RMSSD:RR (r = −0.458; p = 0.042). These corre-
lations are contrary to the desired autonomic adaptations, thus confirming the well-known
negative effects of monotony on health and performance of athletes [10]. Monotony was
also associated with weekly volume (r = 0.552; p = 0.012) which, in turn, was associated
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with training load (r = 0.738; p < 0.00). This would suggest that volume, a well-known
pre-requisite for endurance adaptations, could also favor negative adaptations when associ-
ated with high monotony. Of note, the association between training volume and monotony
would be mathematically expected in most cases. However, there were no significant
differences between training workload parameters between mesocycles, although the ES
revealed M1 as the most demanding mesocycle (see Table 2). In this regard, a more detailed
analysis reveals that the best performance occurred in week 12 (39:56 in 10 km, which
represents 99.3% of her best) with the peak volume achieved, in this case, 3 weeks before
competitions instead of 2 weeks as for the other races. Further, this peak volume (i.e., 82 km)
was associated to very low monotony scores (i.e., 1.32–1.22) during the 2 weeks of tapering
before competition. Therefore, identification of weekly volumes should be accompanied
by examination of monotony scores over several weeks, and no single weeks, to identify
individual patterns to be replicated in future periodizations. This is an important consider-
ation given the well-known limitation of periodizations to induce peak performances in
a purported time. These observations also reinforce the risk associated to high volumes,
which are very typical of recreational runners training for performance purposes [1]. In
this regard, the approach of the current case report agrees with the recent suggestions
on the need for combining both internal and external training load indices for optimized
training load monitoring in runners [13]. Therefore, the concurrent use of sRPE and HRV
would expand the validity of monotony scores for training monitoring [14], which should
be confirmed in further studies.

One interesting finding was the sudden reduction of vagal modulations (i.e., RMSSD
= 24.34) because of an influenza. Interestingly, this sudden reduction occurred 1 day
before any symptom and served to cancel the programmed training on that day. After
2 days of rest, the runner returned progressively to normal training without any relevant
issue to be reported. This is a relevant observation that should be considered by runners
exposed to any viral infection (e.g., SARS-CoV), with further studies needed to confirm
these observations.

This case study is not without limitations. As this is a single case report, generaliza-
tion of these results should be considered with caution. Of note, specific characteristics of
training and daily activities of the runner may be related to our observations. For instance,
the runner followed an “Evolutionary periodization” [9], which accounts for management
of both training loads and lifestyle habits, including professional activities, sleeping rou-
tines [15], nutritional strategies [16], and incidental physical activity [17] among others. In
this regard, as the pre-planned loads were adapted on a daily basis, with consideration of
all these factors (including HRV morning data [18]), we do not know if a fixed periodiza-
tion would result in similar outcomes. In addition, these associations may be different
when using other HRV protocols [19], parameters [20], and Apps with different correction
algorithms [21–23].

5. Conclusions and Practical Applications

We identified specific autonomic adaptations related to training workload parameters
and better performances in a middle-aged recreational female runner. Specifically, an
enhanced RMSSD:RR was associated to reduced monotony, a consistent response during
the mesocycle of best performances. In addition, a reduction in vagal modulations during
the first days of an influenza was also observed. Future studies with runners of different
age, sex and levels should confirm these important observations.

Following the current observations, it may be recommended to daily record sRPE,
RMSSD, and RR. The subsequent calculation of training load (i.e., sRPE × time), monotony
(i.e., mean weekly training load/SD of weekly training load), and RMSSD:RR, would
therefore assist to monitor changes of these parameters on a weekly and mesocycle basis,
with respect to changes in training volume (km) and running performance.
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Abstract: Background: The prediction of one repetition-maximum (1RM) performance from specific
tests is highly relevant for the monitoring of training in weightlifting. Therefore, this study aimed
at examining the predictive validity of the theoretical 1RM snatch (snatchth) computed from the
two-point snatch pull force-velocity relationship (FvR2) to determine actual snatch 1RM performance
in elite weightlifters. Methods: Eight (three female, five male) elite weightlifters carried out a 1RM
snatch test followed by a snatch pull test with loads of 80% and 110% of the previously determined
1RM snatch. Barbell kinematics were determined for all lifts using video-tracking. From the snatch
pull barbell kinematics, the snatch pull FvR2 was modeled and the snatchth was calculated. Results:
The main findings indicated a non-significant (p = 0.706) and trivial (d = 0.01) mean difference
between the actual 1RM snatch performance and the snatchth. Both measures showed an extremely
large correlation (r = 0.99). The prediction accuracy of the actual 1RM snatch from snatchth was
0.2 ± 1.5 kg (systematic bias ± standard deviation of differences). Conclusions: This study provides
a new approach to estimate 1RM snatch performance in elite weightlifters using the snatch pull FvR2.
The results demonstrate that the snatchth-model accurately predicts 1RM snatch performance.

Keywords: validation study; performance; monitoring; training

1. Introduction

Systematic performance testing (i.e., monitoring) is a cornerstone to detect intraindi-
vidual changes over time for general fitness (e.g., muscle strength, power) and sport-specific
performance parameters in elite weightlifters [1]. A widely used and highly reliable test in
weightlifting is the one-repetition maximum (1RM) test, for instance, during the snatch [2].
In addition to the 1RM test, performance assessment in weightlifting included vertical
jump tests, isometric mid-thigh pull tests, and back/leg extensor tests [3–5].

A prerequisite of a test to be included for performance assessment is that it sufficiently
complies with psychometric properties such as validity, reliability, and responsiveness [6].
In terms of test validity, predictive validity is highly relevant for elite sports [7]. In this
context, Joffe and Tallent [8] examined the predictive validity of peak power during ver-
tical jumping and peak force during the isometric mid-thigh pull using a multiple linear
regression model to determine weightlifting performance (i.e., 1RM snatch, clean and jerk,
and total) in highly trained female weightlifters aged 23 years. These authors reported
high relative (R2 = 0.94–0.95) and absolute (standard error of estimate (SEE) = 3.8–9.5 kg)
predictive validity. In general, a multiple linear regression model reflects the statistical
association between independent (e.g., peak power during vertical jumping, peak force
during isometric mid-thigh pull peak force) and dependent (e.g., 1RM snatch) variables
in a given sample (i.e., group data). Of note, results from regression models are always
specific to the population under investigation [9]. Accordingly, a low predictive value of
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an estimated outcome can be obtained if established regression equations are translated
to different samples (i.e., shrinkage) [10]. This is even more prevalent if the prediction
equation has been derived from a rather small sample [10]. In this context, there is prelimi-
nary evidence that the prediction of individual performance levels using an individualized
biomechanical approach, rather than statistical, provides higher external validity [9].

The individual load-velocity relationship (LvR) (i.e., linear regression model of barbell
load vs. barbell velocity) is a good example of such a widely applied biomechanical ap-
proach that has the potential to predict 1RM during various strength exercises (e.g., bench
press, back squat, deadlift, power clean) [11–13]. In this easy-to-administer approach, the
estimated 1RM is the intercept of the extrapolated LvR-regression-line with the previously
determined minimal velocity threshold of a maximal lift [11]. In addition to the LvR,
the force–velocity relationship (FvR) represents another method to predict 1RM perfor-
mance [14,15]. A previous study used a commercially available linear encoder (Musclelab,
Ergotest, Norway) to compute 1RM bench press performance (systematic bias ± standard
deviation of differences (SDD) = 5.4 ± 5.7 kg) from FvR in strength trained adults aged
29 years [15]. However, these authors left the underlying computational algorithm in a
black box. In another study, a combined LvR and FvR approach was used to predict 1RM
chest press (systematic bias ± SDD = −1.3 ± 1.2 kg) and leg press performance (systematic
bias ± SDD = −1.8 ± 2.1 kg) in recreationally active participants aged 24 years [14]. Re-
cently, Sandau, et al. [16] introduced a conceptual biomechanical model to compute the
(theoretical) 1RM snatch performance (i.e., snatchth) from the two-point snatch pull FvR
(FvR2) in elite male weightlifters aged 27 years. Results indicated high reliability of the
snatchth (percentage standard error of measurement (SEM%) = 0.71%, intraclass correlation
coefficient (ICC) = 0.99) [16]. However, the predictive validity of the snatchth to determine
actual 1RM snatch performance has not yet been investigated.

To the best of the authors’ knowledge, no study has examined the accuracy to predict
1RM performance using FvR-profiling with specific weightlifting exercises (i.e., snatch,
clean and jerk). Therefore, this study aimed at examining the predictive validity of the
snatchth computed from the snatch pull FvR2 to determine the actual snatch 1RM perfor-
mance in elite male and female weightlifters. Based on the computational similarities of
1RM prediction from LvR with the snatchth from FvR2 [16], we hypothesized that the snatchth
can be used to accurately predict actual 1RM snatch performance in elite weightlifters.

2. Materials and Methods
2.1. Subjects

Eight elite weightlifters (male = 5; female = 3; age range: 18–29 years), all members of
the German national team, volunteered to participate in this study (Table 1). At the time of
the study, all weightlifters regularly competed at national and international events and had
>6 years of systematic weightlifting training. They were free from any musculoskeletal or
neurological diseases or injuries at the time of data collection. This study was conducted
according to the latest version of the Declaration of Helsinki, and the experimental protocol
was approved by the local Ethics Board of the Institute for Applied Training Science
(approval number: ER_2020.28.09_4).

Table 1. Descriptive data in means and standard deviations of the study participants.

Age (years) Body Mass (kg) 1RM Snatch (kg) 1RM Clean and Jerk (kg)

Overall 23.3 ± 4.0 79.0 ± 16.6 124.8 ± 37.6 155.5 ± 41.7
Male 22.8 ± 3.3 87.4 ± 15.1 150.8 ± 11.5 184.2 ± 14.6

Female 24.0 ± 5.6 65.0 ± 6.0 81.3 ± 13.1 107.7 ± 12.9

2.2. Data Collection

Data were collected during the preparation period of a macrocycle. Testing was
performed on a regular training day at the beginning of the weightlifting training ses-
sion. Before the tests, an individualized warm-up program was conducted for 15–20 min
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including cycling on an ergometer at submaximal intensity, mobility exercises with and
without the barbell. After the warm-up, the participating weightlifters started with a
1RM snatch test. They were encouraged to reach their maximal snatch performance (i.e.,
100% = actual 1RM) using 6–8 loads with 1–2 repetitions per load condition. The rest
between load conditions and repetitions was 3 and 2 min, respectively. Weightlifters were
instructed to perform every lift at maximal effort. After the 1RM snatch test, a 5 min rest
was implemented before the snatch pull test was conducted. During the snatch pull test,
weightlifters were encouraged to lift two consecutive repetitions at 80% and 110% of the
previously determined 1RM snatch at maximal effort and starting with the 110% load
condition. The rest between load conditions was 3 min and between repetitions 2 min.
Lifting straps were used during all snatch pull trials.

The snatch and the snatch pull lifts were video recorded (Canon, Legria HF G26)
and analyzed using a custom-made real-time barbell tracking software (Realanalyzer, IAT,
Leipzig, Germany) [17]. The position of the digital camera followed a routine set-up, with
the camera placed 1 m above the floor and positioned next to the athlete at a distance of 5 m.
The vertical barbell velocity was computed as the 1st derivative of vertical barbell position
data. This system demonstrated excellent absolute (SEM%) and relative (ICC) test-retest
reliability for the measurement of maximal barbell velocity (SEM% = 0.72%, ICC > 0.99)
and maximal distance (SEM% = 0.45%, ICC > 0.99) [18].

2.3. Data Processing

Maximal vertical barbell velocity was measured during the 1RM snatch (denoted as
vthres) and during all snatch pull trials (denoted as vmax). If vmax values from two consecutive
snatch pull lifts differed more than 0.1 m·s−1 at a specific load condition, a third repetition
was conducted. In addition, the distance of vertical acceleration (hacc, i.e., vertical position
of the barbell at the instant of vmax minus the radius of the barbell plates (0.225 m)) was
taken from the measurements during the snatch pull at the 110% load (Figure 1).
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Figure 1. Schematic illustration of the snatch pull exercise from start position (left) to position of
maximal vertical barbell velocity (vmax) (right) with vertical barbell kinematic parameters.

Averaged values from two consecutive snatch pull lifts for vmax (80% and 110% con-
dition) and hacc (110% condition) were used for further analyses. The snatch pull FvR2
was modeled using linear regression with mean vertical barbell force (F) and velocity
(v) from the 80% and 110% load conditions as input parameters. With reference to the
approach presented by Samozino et al. [19], the mean vertical barbell force and velocity
were computed from vertical barbell kinematics (i.e., vmax, hacc).
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The mean vertical barbell velocity was computed as follows:

v =

√
g× htr

2
(1)

In this equation, htr stands for the maximal vertical travel distance of the barbell that
is achieved from vmax, and g stands for the gravitational acceleration:

htr =
vmax

2

2g
(2)

The mean external vertical force to accelerate the barbell was computed from hacc, htr,
and m (barbell mass) as follows:

F = m× g
(

htr

hacc
+ 1
)

(3)

From the snatch pull FvR2 regression model, the theoretical maximal mean vertical
barbell velocity at zero barbell force (i.e., v0; intercept of velocity axis), the theoretical maxi-
mal mean vertical barbell force at zero barbell velocity (i.e., F0; intercept of force axis), and
the theoretical maximal mean vertical barbell power (i.e., Pmax) were computed [20]. The
v0, F0, and Pmax were used as typical FvR parameters to evaluate the maximal mechanical
capabilities of the neuromuscular system [21]. Based on the individual snatch pull FvR2
regression model, the snatchth was computed from barbell force at vthres of the 1RM snatch
lift [16].

For this purpose, the mean vertical barbell force (Fthres) was computed for vthres from
the snatch pull FvR2 regression model as follows:

Fthres =
vthres − v0

slopeFvR2

(4)

where vthres was computed from vthres (Equation (1)). The Fthres is the sum of the gravi-
tational force due to barbell mass and the force from barbell acceleration. To obtain the
barbell load at vthres (i.e., snatchth), Fthres has to be divided by the sum of g and the vertical
barbell acceleration (athres) to achieve vthres:

snatchth =
Fthres

g + athres
(5)

The vertical barbell acceleration to achieve vthres can be expressed as:

athres =
vthres

2

2× hacc
(6)

To prove the predictive accuracy of the model, the computed snatchth was compared
with the actual snatch performance of the 1RM test.

2.4. Statistical Analysis

The level of statistical significance was set for all tests at p ≤ 0.05. All statistical analy-
ses were conducted using R (version 4.0.2). A list of the applied packages and functions can
be found in the Supplementary Materials. The normal distribution of data was assessed
and confirmed using the Shapiro–Wilk test. The absence of heteroscedasticity (i.e., the mea-
surement error is related to the magnitude of the measured variable) of the measurements
was confirmed using the Breusch–Pagan test. Therefore, no log-transformation of the raw
data was necessary. The difference between the 1RM snatch and snatchth was analyzed
using a paired-sample t-test alongside effect size (d) and 95% confidence limits (CL). The
effect size was interpreted using conventions outlined by Hopkins [22] as small (|d| > 0.2),
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moderate (|d| > 0.6), large (|d| > 1.2), very large (|d| > 2.0), or extremely large (|d| > 4.0).
An effect size <0.2 was deemed trivial. The correlation between the 1RM snatch and the
snatchth was assessed using Pearson product-moment correlation coefficient (r) with 95%
CL. Thresholds for the correlation coefficient were considered small (|r| > 0.1), medium
(|r| > 0.3), large (|r| > 0.5), very large (|r| > 0.7), and extremely large (|r| > 0.9) [23].
The absolute and percentage measurement error was computed as SDD and SDD% with
95% CL. Additionally, the Bland–Altman analysis was used to compute the systematic
bias (i.e., mean of measurements with 95% CL) and 95% limits of agreement (systematic
bias ± 1.96 × SDD) with 95% CL. Significant systematic bias was prevalent if the range of
the 95% CL of the mean difference did not contain the value 0. Furthermore, a Deming re-
gression was performed to test for constant and proportional bias between the approaches.
Significant constant bias was present if the range of the 95% CL of the intercept did not
contain the value 0 and significant proportional bias was present if the range of the 95% CL
of the slope did not contain the value 1 [24].

3. Results

Descriptive data are displayed in Table 2. The main finding indicated a non-significant
(p = 0.706) and trivial (d = 0.01) mean difference between the actual 1RM snatch performance
and the snatchth (Table 3).

Table 2. Descriptive data in means and standard deviations for the actual 1RM snatch, snatchth, snatch pull, and snatch
pull FvR2.

1RM Snatch Snatchth

actual 1RM (kg) vthre (m·s−1) predicted 1RM (kg)
113.6 ± 31.1 1.97 ± 0.12 113.4 ± 32.0

Snatch Pull Snatch Pull FvR2

load @80%
(kg)

load @110%
(kg)

vmax @80%
(m·s−1)

vmax @110%
(m·s−1)

hacc @110%
(m) v0 (m·s−1) F0 (N) Pmax (W)

91.3 ± 26.1 123.5 ± 33.7 2.30 ± 0.14 1.83 ± 0.15 0.80 ± 0.08 2.20 ± 0.32 2569.4 ± 613.2 1408.7 ± 377.2

Notes: 1RM = one-repetition maximum of the snatch, vthres = maximal vertical barbell velocity of the 1RM snatch, snatchth = theoretical 1RM
snatch computed from the two-point snatch pull force–velocity relationship (FvR2), load @80/110% = snatch pull barbell load relative to
the 1RM snatch, vmax = maximal vertical barbell velocity during the snatch pull, hacc = distance of vertical acceleration during the snatch
pull, v0 = theoretical maximal mean vertical barbell velocity of snatch pull FvR2, F0 = theoretical maximal mean vertical barbell force of
snatch pull FvR2, Pmax = theoretical maximal mean vertical barbell power of snatch pull FvR2.

Table 3. Comparison between the actual 1RM snatch and the snatchth computed from the snatch pull FvR2.

t(7) p d (95% CL) r (95% CL) Diff (%) SDD (95% CL) (kg) SDD% (%)

0.393 0.706 0.01 (−0.02;0.04) 0.99 (0.99;1.00) 0.18 1.5 (1.0;3.1) 1.3

Notes: t = t-score from the paired-sample t-test, p = p-value from the paired-sample t-test, d = effect size, r = Pearson product-moment
correlation coefficient, diff = percentage difference, SDD = standard deviation of differences, SDD% = percentage standard deviation of
differences, 95% CL = 95% confidence limits.

Results showed an extremely large correlation between the actual 1RM snatch and
snatchth (r = 0.99) (Table 3). The outcomes of the Deming regression did not reveal a
constant bias (i.e., CL of intercept contained the value 0) or proportional bias (i.e., CL of
slope contained the value 1). In addition, the Bland–Altman analysis did not show any
significant systematic bias (i.e., CL of the mean differences contained the value 0) (Figure 2).
The SDD amounted to 1.5 kg, and the limits of agreement ranged from −2.7 to 3.2 kg.
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4. Discussion

This study aimed to examine the predictive validity of the snatchth computed from
the snatch pull FvR2 to determine the actual 1RM snatch performance of male and female
elite weightlifters. It was hypothesized that the snatchth shows high accuracy to predict
actual 1RM snatch performance in elite male and female weightlifters. Given that the main
findings of this indicated high predictive validity of the snatchth to determine 1RM snatch
performance in elite weightlifters, the study hypothesis was confirmed.

The ability of a testing protocol to accurately predict performance in the “real world”
setting is a key aspect [7]. In this context, it has been shown that 1RM weightlifting
performance can accurately be predicted for the snatch (SEE = 3.8 kg), clean and jerk
(SEE = 6.0 kg), and total (SEE = 9.5 kg) using a multiple linear regression model with
vertical jump peak power and isometric mid-thigh pull peak force data as predictors [8].
Besides statistical modeling, LvR-profiling is a widely accepted approach to predict 1RM
performance that has, in fact, not yet been used for weightlifting competition exercises (i.e.,
snatch, clean and jerk). However, being similar to the snatch and clean, recent research was
conducted on the prediction accuracy of 1RM in the power clean and deadlift exercise using
individual LvR profiles [11,12,25]. For instance, Haff, Garcia-Ramos, and James [11] used
the individual LvR to predict the 1RM power clean performance in recreationally trained
males aged 26 years. These authors reported a measurement error (systematic bias ± SDD)
of 1.4 ± 7.2 kg. Additionally, the individual LvR was used for the deadlift exercise to
predict 1RM performance in resistance trained men aged 24 years [12,25]. Results indicated
measurement errors (systematic bias ± SDD) of 0.6 ± 8.5 kg [25] and 0.7 ± 4.7 kg [12].

Of note, the prediction accuracy of the 1RM snatch from the snatch pull FvR2 model
(i.e., snatchth) reported in the current study (systematic bias ± SDD = 0.2 ± 1.5 kg) is higher
compared with the abovementioned studies that used either the multiple linear regression
model [8] or the LvR-profiling [11,12,25]. The low measurement error of snatchth can be
attributed to three primary reasons. First, the reliability of snatchth has been shown to be
very high (SEM% = 0.71%, ICC = 0.99) [16]. This is due to the high reliability of the barbell
tracking system used (i.e., Realanalyzer video analysis software) and to the high technical

183



J. Funct. Morphol. Kinesiol. 2021, 6, 35

mastery of elite weightlifters. Second, snatchth was computed using the FvR2-profile of the
snatch pull exercise (i.e., test exercise 6= target exercise). During the snatch pull exercise,
loads can be used that exceed the 1RM snatch load (i.e., overload) [26]. Therefore, the
1RM prediction using the snatch pull FvR2 linear regression model is an interpolation
(i.e., 1RM condition is located within the measurements). In contrast, all LvR-based 1RM
predictions were extrapolations (i.e., 1RM condition is located outside of measurements)
given that the test exercise is the same as the target exercise for determining the 1RM. In fact,
there is evidence that linear regression-based interpolations are less prone to measurement
errors of independent variables than linear regression-based extrapolations [27]. Third,
considering the inherent characteristics of the exercises, the snatch pull is a ballistic exercise
(i.e., maximal effort lift to achieve maximal barbell velocity), while the deadlift is non-
ballistic [28]. It has been shown during LvR-profiling that the reliability of peak and mean
barbell velocity is lower in the bench press (i.e., non-ballistic) than in the bench press
throw (i.e., ballistic), especially with light loads (e.g., 20% 1RM) [29]. The lower reliability
of barbell velocity in a non-ballistic exercise will ultimately affect the slope of the LvR
and the prediction of a 1RM load. In theory, the same principle can be applied for the
non-ballistic deadlift, explaining the higher random error component (i.e., SDD) for 1RM
prediction using LvR in the studies of Benavides-Ubric, Díez-Fernández, Rodríguez-Pérez,
Ortega-Becerra and Pareja-Blanco [12] and Jukic, García-Ramos, Malecek, Omcirk and
Tufano [25]. In contrast, although the power clean is considered a ballistic exercise [28],
very light barbell loads may not be performed at maximal effort due to the catch phase
of the power clean (i.e., barbell is “caught” on the shoulders). For the snatch pull, very
light barbell loads may limit the lifters’ ability to generate maximal force output due to
discomfort controlling the barbell at very high velocities [16]. In this case, the limited force
output results in a submaximal barbell velocity output that influences the individual LvR
slope and the accuracy of the 1RM prediction. In the study of Haff, Garcia-Ramos, and
James [11], very light loads (i.e., starting at 30% of 1RM power clean with peak barbell
velocities of 3.29 m·s−1) were used as initial load stages during LvR-profiling. For the same
study, the aforementioned relation (i.e., submaximal barbell velocity output at very light
loads) may explain the high random error component reported for the prediction of 1RM
power clean using LvR-profiling.

This study presents some limitations that warrant discussion. First, the computed
snatchth is based on the concept of threshold velocity (i.e., vthres) for a 1RM snatch [30].
This individual vthres needs to be precisely assessed during 1RM snatch lifts with the
same measurement device as used during the snatch pull FvR2 testing. In addition, since
barbell kinematics during weightlifting exercises can differ between barbell sides [17], all
measurements need to be done at a standardized barbell side. Second, all lifts for the snatch
pull FvR2 need to be executed at maximal effort. Any submaximal effort will affect the slope
of the FvR2 and thus the model output (i.e., snatchth). Third, the size of the sample is rather
small. However, the size of the overall population of elite weightlifters is small, resulting in
a reduced sample size. Of note, the recruited sample is heterogeneous, including men and
women with a wide range of 1RM snatch performances (70–140 kg). Such heterogeneity
strengthens the external validity of the computed snatchth from the snatch pull FvR2. Finally,
the presented approach is based on measurements from a custom-made video tracking
software (i.e., Realanalyzer) with limited access. However, the computational base can also
be used with other measurement units for the assessment of barbell kinematics. However,
this would require another study to validate the accuracy of the snatchth-model using the
new test set up.

5. Conclusions

In conclusion, this study provides a new approach to estimate 1RM snatch perfor-
mance in elite weightlifters using the snatch pull FvR2 (i.e., snatchth). Our findings demon-
strated that the snatchth-model accurately predicts 1RM snatch performance with a reduced
random error of ±1.5 kg.
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The findings of our study have high practical relevance for weightlifting in particular
and strength and conditioning from a broader perspective. More specifically, the snatch
pull FvR2 approach using 2D video analysis is an easy-to-administer test that can regularly
be applied during weightlifting training as a valid alternative to the 1RM snatch test to
assess individualized progression in weightlifting performance over time. However, when
using the approach in practice, the abovementioned limitations need to be considered when
interpreting the results. Given the comparable biomechanical structure of the snatch and
the clean during the acceleration phase (i.e., pull), the current approach could be adopted
for the clean pull exercise to predict the 1RM clean and/or 1RM power clean performance.
However, this still needs to be confirmed in future studies.
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Abstract: Background: The sticking region is considered an intervening factor in the performance of
the bench press with high loads. Objective: To evaluate the strength indicators in the sticking point
region in Powerlifting Paralympic athletes. Methods: Twelve Brazilian Powerlifting Paralympic
athletes performed maximum isometric force (MIF), rate of force development (RFD), time at MIF,
velocity, dynamic time in sticking, and surface electromyography in several distances from the bar to
the chest. Results: For velocity, there was a difference between the pre-sticking and sticking region
(1.98 ± 0.32 and 1.30 ± 0.43, p = 0.039) and dynamic time between the pre-sticking and the sticking
region (0.40 ± 0.16 and 0.97 ± 0.37, p = 00.021). In static test for the MIF, differences were found
between 5.0 cm and 15.0 cm (CI 95% 784; 1088; p = 0.010) and between 10.0 cm and 5.0 cm (CI 95%
527; 768; p < 0.001). Regarding the RFD, differences were found (CI 95% 938; 1240; p = 0.004) between
5.0 cm and 25.0 cm and between 10.0 cm and 25.0 cm (CI 95% 513; 732; p < 0.001). In relation to time,
there were differences between 5.0 cm and 15.0 cm (CI 95% 0.330; 0.515; p < 0.001), 5.0 cm, and 25.0 cm
(CI 95% 0.928; 1.345; p = 0.001), 10.0 cm and 15.0 cm (p < 0.05) and 15.0 cm and 25.0 cm (p < 0.05). No
significant differences were observed between the muscles in electromyography, although the triceps
showed the highest muscle activation values. Conclusions: The maximum isometric force, rate of
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force development, time, velocity, and dynamic time had lower values, especially in the initial and
intermediate phases in the sticking region.

Keywords: strength indicators; sticking point; Powerlifting Paralympic

1. Introduction

The Powerlifting Paralympic (PP) is part of the sports calendar at the Paralympics,
being a strength sport modality, adapted from conventional powerlifting, in which the
athlete only performs the bench press. The bench press (BP) is a popular exercise, fairly
simple to perform. In accordance with the rules and regulations set by the International
Powerlifting Federation (IPF), the lift is performed lying on a bench with the head, shoul-
ders, and buttocks in contact with the bench surface and the feet flat on the floor [1]. The
lift begins with arms upright, the elbows stuck out. The barbell is then dropped to the
chest or abdomen region until it is forced into straight arms and the elbows are locked out
again at the end of the lift.

When performing the bench press at heavy load Madsen and McLaughlin [2] found
that in the upward stroke of the bar, there is a point at which the lift slows down or
even stops, before accelerating again. Particularly, during a raise at near-maximum loads
(>80 percent of 1RM), there is a period where the upward barbell rotation decelerates or
even ceases entirely for a brief period [3,4]. This period in which the driving force is less
than gravity, leading to the slowdown of the barbell [4], is referred to as the “sticking
period” or the “sticking region” [4,5]. This sticking area is also seen as the weakest link in
the upward transition—a point at which the lift is likely to collapse [6]. The cause of this
sticking region, however, remains unclear. Elliott et al. [5] found that the sticking area was
not caused by a rise in the resulting moment arm on the shoulder or elbow or by a reduction
in the muscle activity of the prime movers in that area. The leading interpretation model
for the sticking zone is based on the assumption that the sticking area is a mechanically
disadvantageous region for the development of force [7].

In this context, a possible interpretation of the sticking point is as electromyographic
muscle activity (EMG). Few studies have analyzed muscle activity during the sticking point
region [4,7]. Van den Tillaar and Ettema [4], concluded that a plausible explanation for the
presence of the stuck phase is the reducing potentiation of the contractile elements during
the upward step, along with the reduced activity of the pectoral and deltoid muscles during
that time. However, in another study by Van den Tillaar, Saeterbakken, and Ettema [7], only
the triceps increase in muscle activity during maximal lifting from the sticking to the post-
sticking region. These studies did not investigate the effect of several different distances
of the bar to the chest upon the muscle activation and sticking region. Investigating the
different distances of the bar to the chest and muscle activation during the sticking region
of these distances, which is a typical training method to increase maximal strength, would
give information regarding whether the sticking region is influenced by the distance.

To our knowledge, no investigation has examined the sticking region and neuromus-
cular changes within and between the muscles in different distances of the bar to the chest
in powerlifting athletes. In addition, possible changes in muscle activation within and
between muscles during these distances can help us understand which muscles would be
responsible for moving the barbell through the sticking region.

On the other hand, when evaluating the PP, where the legs are extended on the bench
during the execution of the movement, situations such as the width of the grip on the bar [8]
have been evaluated; however, a hypothesis that has been ignored is that a Paralympian’s
transfer of force could be impaired making it difficult to maintain strength, power, and
velocity and impairing the performance of neuromotor skills needed for lifting [1,9]. Thus,
we raised the hypothesis, that due to the lifting position, with the lower limbs on the
bench, and the physical deficiencies, which tend to compromise stabilization during the
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lifting, that the sticking point could be altered in these para-athletes. Therefore, the present
study aimed to evaluate the strength indicators and the sticking point region in different
distances of the bar to the chest in elite Powerlifting Paralympic athletes.

2. Materials and Methods

The athletes performed the tests of 1RM, velocity maximum (Vmax), maximum iso-
metric force (MIF), rate of force development (RFD), time at MIF (Time), and surface
electromyography (sEMG), distributed over five weeks as shown in Figure 1 (experimental
design, weekly schedule of tests). At the beginning of each test day, the athletes performed
a previous warm-up for the upper limbs, with three sets of 10 to 20 repetitions in approxi-
mately 20 min [10]. Then, a specific warm-up was performed on the bench press with 30%
of the load for 1RM, where 10 slow repetitions and 10 fast repetitions were performed to
start the procedure. These repetitions in a full range of motion served as a warm-up for the
tests. During the test, the athletes received verbal encouragement to make the maximum
effort. Each test followed its specific execution protocol, as previously described (Figure 2).
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2.1. Participants

The subjects were 12 Powerlifting Paralympic athletes participating in the extension
project of the Federal University of Sergipe, Sergipe, Brazil. All participants were Brazilian
national level competitors, eligible for the competition [1] and ranked among the ten best
in their respective categories. Among the athletes, two athletes were vice-champions of
world cups, the third place in a world cup, two were champions, and two third-placed
at a national level. In the observed deficiencies, we had four athletes presenting spinal
cord injury due to accidents with an injury below the eighth thoracic vertebra; two with
sequelae due to polio; four had lower limb malformation (arthrogryposis); and two had
cerebral palsy. The characterization of the sample is shown in Table 1, where descriptive
statistics based on the mean and standard deviation of each variable were used.

It is noteworthy that the sample size was defined a priori considering the η2p value of
0.766 found in the study by Ettema [7] (when comparing the variable strength at different
distances in a male sample, in which the authors verified that the vertical distance of the
bar was significant for the performance of the straight supine in healthy men); thus, a
sample power of 0.98 (very strong) was estimated for a minimum sample of 12 subjects.
For sample power analysis we used the open-source software G* Power (Version 3.0; Berlin,
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Germany) considering the F statistic with an alpha = 0.05 and a standard beta of 0.80. The
analyses were repeated post hoc to expose the strength of the findings of the present study
(details in the Section 3).

The athletes participated in the study voluntarily and signed a free and informed
consent form, according to the Resolution 466/2012 of the National Research Ethics
Commission-CONEP of the National Health Council, following the ethical principles
expressed in the Helsinki Declaration (1964, reworded in 2013) of the World Medical
Association. This study was approved by the Research Ethics Committee of the Federal
University of Sergipe, CAAE: 2.637.882 (date of approval: 7 May 2018).

Table 1. Characterization of subjects.

Variables Values

Age (years) 26.56 ± 5.55
Body Weight (Kg) 77.89 ± 24.60
Experience (years) 3.47 ± 0.27

Footprint Width (cm) 59.44 ± 17.77
1RM Bench Press Test (Kg) 135.56 ± 30.15 *

Sticking Point (cm) 10.01 ± 3.31 **
1RM/Body Weight 1.81 ± 0.35 ***

* All athletes with loads that keep them in the top 10 of their national categories. ** In the sticking region,
the minimum value was 5.0 cm, and the maximum was 15.00 cm. *** Bench press values above 1.4 would be
considered elite athletes, according to Ball and Wedman [11].

2.2. Instruments

Weighing of the athletes was performed on a digital type Michetti (Michetti, São Paulo,
SP, Brazil) platform electronic scale, as this instrument facilitates the weighing of sitting ath-
letes. The scale can hold a maximum weight of 300 kg and has dimensions of 1.50 × 1.50 m.
For the bench press exercise, an official straight bench (Eleiko Sport AB, Halmstad, Sweden),
approved by the International Paralympic Committee [1], with a total length of 210 cm
was used. The IPC-approved powerlifting Olympic bar is serrated and has grooves in
its material. They are 220 cm in total length, weighing 20 kg. The Olympic bar shall be
marked with the narrowest and widest footprint, according to the International Paralympic
Committee [1] official rules 2016–2017, ranging from 42 cm to 81 cm.

2.3. Load Determination

The 1RM test was performed, in which each subject started the attempts with a weight
that he believed could lift only once using maximum effort. Weight increases were added
until the maximum load that could be lifted once was reached. If the practitioner failed to
perform a single repetition, 2.4% to 2.5% of the load used in the test was subtracted [12].
The subjects rested for 3–5 min between attempts. The test for determination of 1RM
was made one week earlier, at least 48 h in advance so that it could determine the load
percentage for the strength and power tests. The results are found in Table 1.

2.4. Determining Sticking Point Height

The sticking point occurs during the ascending (concentric) phase of the movement
when performing the bench press exercise with a high, maximum, or sub-maximum
load [4,5]. Thus, the bench press was performed following the standards of the IPC being
performed with a downward motion until it touched the chest and then raising the bar until
the elbows were extended. Stopping the bar at the chest tends to increase the occurrence of
the sticking point region. It should be noted that isometric assessments in different bench
press positions can be used to test the sticking region [4,5].

From the moment the value of 1RM was calculated, athletes rested 10 min [7,10] and
then a load that was 2.0% to 2.5% of the load used in the test was added [12] until the
subjects failed to raise the bar until the elbows were fully extended. The subjects rested for

191



J. Funct. Morphol. Kinesiol. 2021, 6, 43

3–5 min between attempts. From there, the distance from the bar to the chest where the
athletes failed was determined. At this point, the sticking point was determined.

To confirm the height and also to evaluate the velocity in each phase, two phases
(eccentric and concentric) were determined, and the concentric phase was divided into
three periods, pre-sticking, sticking, and post-sticking. Between the eccentric and the
concentric phase, there was a stop of the bar on the chest, which divided the movement
and is mandatory in the Paralympic bench press mode [1].

2.5. Data Collection and Analysis

To evaluate the survey in the Bench Press Paralympic (vertical, horizontal, and dis-
placement of the bar in the sagittal plane; a total distance of the bar path in the sagittal
plane), dynamic time and the mean velocities of the bar were determined using a digiti-
zation software program (Kinovea 0.8.15, www.kinovea.org, accessed on 4 March 2020).
The semi-automatic function was used to calculate the kinematic parameters, which was
validated in practice [13,14]. For the collection of visual data, a digital video camera (fre-
quency of 60 Hz and quality of 1080 p) was used. It was fixed at a height of 0.65 m and
a distance of 1.25 m from the bar and aligned perpendicularly to the sagittal plane, for
viewing the amplitude of movement. The movements were standardized, and the frames
used were with the bar in the highest position (elbows extended) and the bar in the lowest
position (against the chest). A 600% zoom was used to correctly identify the points (internal
diameter of 2 mm) placed on the bar [13]. Two independent evaluators analyzed the videos,
and when the difference was greater than 5%, a third evaluator examined the data.

2.6. Maximum Dynamic Velocity (Vmax) and Dynamic Time (DTime)

The athletes were evaluated during the competitive phase of the season and were
familiar with the testing procedures due to their constant training and testing routines.
VMax was defined as 80% of 1RM, using only the weightless bar [15]. A Muscle Lab Encoder
(Model PFMA 3010e Muscle Lab System; Ergotest, Langesund, Norway) was used and
fixed to the end of the bar. A supine channel was adopted in order not to allow an incline
of more than 2.0◦, which allowed a dynamic evaluation of high reliability [16].

2.7. Maximum Isometric Strength (MIF), Rate of Force Development Rate (RFD), and Time
to MIF

The measure of maximum isometric strength (MIF) (N), rate of force development
rate (RFD) (N·s−1), and time to MIF (Time) (s) were determined by a Chronojump load
cell (Chronojump, BoscoSystem, Madrid, Spain) with a capacity of 500 Kg, the out-
put impedance of 350 ± 3 ohm, insulation resistance over 2000 cc, input impedance
365 ± 5 ohms, 24-bit, and 80 Hz digital–analog converter. The equipment was fixed to the
adapted bench, using Spider HMS Simond carabiners (Sigmond Chamonix, Chamonix
Mont-Blanc, France) with a breaking load of 21 KN, approved for climbing by the Union
Internationaledes Associations d’Alpinisme (UIAA). A steel chain with a breaking load of
2300 kg was used to secure the load cell to the seat. The perpendicular distance between
the load cell and the center of the joint was determined [17]. The maximum isometric
force (MIF) was measured by the maximum strength generated by the muscles of the
upper limbs in the adapted supine exercise [1]. The MIF was determined in Newton (N)
conceived by the formula N = (M) × (C), where M = mass in Kg and C = 9.80665, measured
between the load cell cable fixation point and the seat of the bench press. For the isometric
test, the elbows were positioned at an angle close to 90◦, angulation was verified with a
device for measuring the amplitude of the angular movement, model FL6010 (Sanny®, São
Bernardo do Campo, Brazil). Participants were instructed to perform a single maximum
movement looking for elbow extension (as quickly as possible) for evaluation of the MIF; it
was determined that the subjects had to maintain the maximum contraction for 5.0 s. The
rate of force development (RFD), on the other hand, was determined using the force to
time ratio until reaching the maximum force (RFD = ∆Strength/∆Time) (N·s−1). The time
to maximum force was determined as the time to reach the MIF. The MIF, RFD, and Time
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were evaluated with adaptations of the methodology of Van den Tillaar, Saeterbankken,
and Ettema [7].

2.8. Surface Electromiography (sEMG)

The electromyographic signals were captured on the dominant side, using double
electrodes, positioned parallel to the muscle fibers, 2 cm from the center at the point of
greatest muscle area of the following muscles: brachial triceps (long head), anterior deltoid,
and in the sternal and clavicular portions of the pectoralis major, on both sides of the
body. The ground electrode was positioned over the olecranon. The skin area where the
electrodes were placed was previously shaved and cleaned with alcohol. The electrodes
(11 mm contact diameter and a 2 cm center-to-center distance) were placed along the
presumed direction of the underlying muscle fiber according to the recommendations by
SENIAM [18]. For data acquisition, one set was used with one repetition and a maximum
load of 100% 1RM. The marker function was used to define the data intervals for each
height in the sticking region.

The equipment used was an electromyographic MIOTEC® with 8 channels (MIOTEC,
Porto Alegre, RS, Brasil). Data were filtered (second-order Butterworth band-pass filter of
20–500 Hz; notch of 60 Hz). The signal amplitude was calculated through the mean square
root (MSR), which was normalized by the percentage of the maximum voluntary isometric
contraction (MVIC). MVIC acquisition occurred before the test was performed, and a lift
was carried out that remained in an isometric state for 6.0 s. MVIC values were recorded
by the equipment and used for normalization. The equipment program issues a report
with the values after normalization that was used for analysis in this study, adapted from
Golas et al. [19].

2.9. Statistics

Descriptive statistics were performed using measures of central tendency, mean
(X) ± standard deviation (SD), and 95% confidence interval (95% CI). To verify the nor-
mality of the variables, the Shapiro–Wilk test was used given the sample size. The data
for all variables analyzed were homogeneous and normally distributed. The one-way
ANOVA test, with Bonferroni’s post hoc correction, was performed to evaluate the dif-
ferences between phases and distance from the bar to the chest. All statistical analyses
were performed using the computerized package Statistical Package for the Social Science
(SPSS), version 22.0. The level of significance was set at p < 0.05. To check the effect size,
(partial eta-squared: η2p) adopted values of low effect (≤0.05), medium effect (0.05 to 0.25),
high effect (0.25 to 0.50), and very high effect (>0.50) [20].

3. Results

Figure 3 shows the velocity in movement (A) Conventional bench press and (B)
Paralympic bench press.

In Table 2 are the results of velocity and dynamic time in each phase of the Para-
lympic Bench Press, in the eccentric and concentric phases (pre-sticking, sticking, and
post-sticking). It is noteworthy that for the results related to velocity (m/s), we made
a post hoc sample calculation considering the η2p value of 0.439; thus, a sample power
of 0.63 (moderate) was indicated. We did the same procedure for the dynamic time (s)
variable considering the η2p value of 0.769; thus, a sample power of 0.96 (very strong)
was indicated. For sample power post hoc analysis, we used the open-source software G*
Power (Version 3.0; Berlin, Germany) considering the F statistic (ANOVA-one way) with
an alpha = 0.05 and a standard beta of 0.80.
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Figure 3. (a) Representative velocity–time curve during (sub) maximal bench press lifts (>85% of 1RM) in conventional
Bench Press [21–23] and (b) representative velocity–time curve during (sub) maximal bench press lifts (95% of 1RM)
in Paralympic Power Lifting with the different events and regions. Legend: V: velocity, V0: at the beginning of the
concentric phase, V ecc: Velocity in the eccentric phase, Vmax1: maximum velocity at point 1, Vmax2: maximum velocity
at point 2, Vmin: Minimum velocity, (m/s): Meters per second, (s): Second; A: pre-sticking period, B: sticking period; C:
post-sticking period.

Table 2. Mean ± SD values and 95% confidence interval (CI 95%) of velocity and time to achieve eccentric, pre-sticking,
sticking, and post-sticking in Paralympic Powerlifting.

Eccentric
X ± DP
(IC 95%)

Pre-Sticking
X ± DP
(IC 95%)

Sticking
X ± DP
(IC 95%)

Post-Sticking
X ± DP
(IC 95%)

p η2p

Velocity (m/s) 1.62 ± 0.26
(1.42; 1.83)

1.98 ± 0.32 *
(1.73; 2.23)

1.30 ± 0.43 *
(0.97; 1.64)

1.86 ± 0.37
(1.58; 2.15) * 0.039 0.439 #

Dynamic Time (s) 1.81 ± 0.50 a
(1.43; 2.19)

0.40 ± 0.16 a,b
(0.28; 0.52)

0.97 ± 0.37 a,b
(0.68; 1.25)

0.85 ± 0.31 a
(0.62; 1.09)

a < 0.001
b = 0.021 0.769 ##

* p < 0.05 (ANOVA, one-way); η2p = partial eta-squared; #, high effect (0.25 to 0.50); ##, very high effect (>0.50).

In Figure 4, it was found that in relation to the MIF, the results showed differences
between 5.0 cm (CI 95% 492; 802) and 15.0 cm (CI 95% 610; 895). In addition, the findings
demonstrate singular statistical significance for the different distances analyzed. (a) There
was a significant difference between 5.0 cm and 25.0 cm (95% CI 784; 1088; p = 0.010). (b)
There was a significant difference between 10.0 cm and 5.0 cm (95% CI 527; 768; p < 0.001).
(c) Differences were found between 10.0 cm and 15.0 cm (p = 0.012), and between 15.0 cm
and 25.0 cm. (d) p = 0.012; (e) p = 0.007).

For the RDF, differences (p = 0.004) between 5.0 cm and 25.0 cm (95% CI 938; 1240)
were evidenced. There was also a significant difference between 10.0 cm and 25.0 cm
(CI 95% 513; 732; p < 0.001). There were no significant differences between the other heights
of the bar to the chest.

In relation to velocity, differences (p < 0.05) were found between 5.0 cm (95% CI 0.614;
0.724) and 10.0 cm (95% CI 0.140; 0.256). Thus, the results pointed out some peculiarities in
relation to the analyzed distances: (a) Differences were found between 5.0 cm and 15.0 cm
(CI 95% 0.330; 0.515; p < 0.001). (b) Differences were found between 5.0 cm and 25.0 cm
(95% CI 0.928; 1.345; p = 0.001). Additionally, differences were found between 10.0 cm and
15.0 cm. (c) p = 0.002; (d) p = 0.040. Differences were found between 10.0 cm and 25.0 cm (e)
p < 0.001; and differences were found between 15.0 cm and 25.0 cm (f) p = 0.001.

The surface electromyography (Figure 5) indicated greater activation of the brachial
triceps in comparison with the other muscles, mainly at 10.0 cm and 15.0 cm distances.
In addition, no significant differences were observed between the studied muscles and
between the different distances from the bar to the chest.
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Figure 5. Electromyography of the pectoral, sternal and clavicular parts, deltoid and triceps at
different distances from the chest. Legend: MVCI: maximal voluntary isometric contraction (%).

4. Discussion

The objective of the present study was to evaluate the strength indicators in the
region of the sticking point in Paralympic weightlifting athletes. In this sense, the main
findings were: (i) There was a significant difference for the maximum isometric strength
between 5.0 cm and 15 cm, as well as between 5.0 cm and 10.0 cm. (ii) For the rate of
force development, differences were found between 5.0 cm and 25.0 cm and between
10.0 cm and 25.0 cm. (iii) For velocity, differences between 5.0 cm and 15.0 cm, between
5.0 cm and 25.0 cm, and between 10.0 cm and 15.0 cm were evidenced. (iv) No significant
differences were observed between muscles on electromyography, although the triceps
showed the highest values of muscle activation. (v) The maximum isometric force, the rate
of force development, and the velocity presented lower values, especially in the initial and
intermediate phases in the sticking point region.

The maximum isometric strength showed significant differences between 5.0 and
15.0 cm (p = 0.001), between 5.0 and 25.0 cm (p < 0.001), between 10.0 and 15.0 cm (p = 0.012),
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and between 15.0 and 25.0 cm (p = 0.007). This shows an increase in strength between the
initial and final distances—mainly after the sticking region. The study by Van den Tillaar,
Saeterbankken, and Ettema [7] investigated the effects of performing the bench press in
an isometric way at different moments from the chest bar (0 to 31 cm) and dynamically
using 1RM. The study showed a decrease in strength between 4 cm and 13 cm away from
the bar on the sternum bone. It also indicated that the FIM increased gradually between
the sticking region (4.0 to 13.0 cm), surpassing the force generated by the regular bench
press from the end of the sticking point and making it significant from 22.0 cm away from
the chest.

Regarding the rate of force development (RFD), our study found significant differences
between 5.0 and 25.0 cm (p = 0.004) and between 10.0 and 25.0 cm (p < 0.001). There were
no significant differences between the other heights of the bar to the chest. Corroborating
our findings, Drinkwater et al. [24] mention that during the concentric movement of the
bench press, there is an initial high-power impulse after contact of the bar with the chest,
which tends to be followed immediately by a moment of low power, called sticking point.
Thus, a decrease in power and the rate of force development in high-intensity jobs tends to
lead to movement failure. If we consider that the RFD would be the capacity to generate
strength in less time, this capacity would be a good parameter with which to measure
the neuromuscular efficiency of the athletes [25]. The results of our study demonstrate a
greater RDF in further distances in the sticking region, which may be a justification for the
failure in the region.

In this sense, the sticking point would be more associated with the perspective of the
manifestation of strength and conditioning for preventing injuries, in addition to progress
in strength adaptations for athletes [26]. Thus, considering that the Paralympic athletes are
ranked among the strongest in Brazil, this would justify the increase in RDF to the points
5.0 cm, 10.0 cm, 15.0 cm, and mainly post-sticking point of 25.0 cm.

Regarding velocity, our findings point to significant differences between 5.0 and
10.0 cm (p < 0.001); between 5.0 and 15.0 cm (p = 0.001); and between 5.0 and 25.0 cm
(p = 0.002). There were also differences between 10.0 and 15.0 cm (p = 0.040) and between
10.0 and 25.0 cm (p < 0.001). There was also a difference between 15.0 and 25.0 cm (p = 0.001).

In the same direction Gomo and Van Der Tillaar [27] found that the peak velocity
and the local minimum velocity occurred with more closed footprints, which was not
the target of our study. However, our athletes by competition regulations cannot make
wider footprints than 81.0 cm (IPC, 2018), which would be relatively closed footprints. The
minimum velocity of the sticking region would occur when the upward movement of the
bar decelerated or even stopped completely for a short time during the lift [4]. Our findings
indicate that at 5.0 cm we have a high velocity (0.699 m/s), and in intermediate sticking
at 10.0 cm velocity tends to fall (0.198 m/s) and then increases by 15 cm (0.423 m/s) and
25.0 cm (1.137 m/s), showing changes in velocity at the various points in the sticking region.

In this sense, this study analyzed the muscle activation (electromyography) of the main
muscles involved in the kinetics of this exercise in the sticking region. The results showed
greater activation of the triceps compared with the other muscles analyzed. Corroborating
this result, other studies [4,28] also indicate greater activation of the triceps, compared with
other muscles involved in the bench press. Thus, it is possible to consider that the muscular
activation of the triceps contributes to overcoming the sticking region during the lifting of
the bar in the concentric phase of the bench press.

However, despite the relevance of the results, this study has some limitations. The
sample consisted of national athletes with different disabilities eligible for the modality.
In this sense, the findings are for practitioners of Paralympic powerlifting, not evaluating
possible differences that could happen in the various disabilities eligible for the sport, since
the PP has a unique class, where athletes are not separated by type of disability like in
other sports. However, the current findings are still relevant for coaches and researchers
for a greater understanding of the sticking point and its effects on sports performance.
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5. Conclusions

Thus, it is possible to conclude that in the sticking region, the maximum isometric
force, the rate of force development, time, and velocity tend to be impaired to the beginning
and after the sticking region and also that the muscular activation of the triceps stands out
in all intervals from the sticking point.

The determination of the sticking point becomes important so that coaches can focus
on this region, and thus having appropriate and effective training for the point at which
the failure normally occurs increases the possibility of improving powerlifting results.
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Abstract: High blood pressure (HBP) has been associated with several complications and causes
of death. The objective of the study was to analyze the hemodynamic responses in Paralympic
bench press powerlifting (PP) and conventional powerlifting (CP) before and after training and up
to 60 minutes (min) after training. Ten PP and 10 CP athletes performed five sets of five repetition
maximal bench press exercises, and we evaluated systolic, diastolic, and mean blood pressure (SBP,
DBP, and MBP, respectively), heart rate (HR), heart pressure product (HPP), and myocardial oxygen
volume (MVO2). The SBP increased after training (p < 0.001), and there were differences in the post
training and 30, 40, and 60 min later (p = 0.021), between 10 and 40 min after training (p = 0.031,
η2

p = 0.570), and between CP and PP (p =0.028, η2
p = 0.570). In the MBP, there were differences

between before and after (p = 0.016) and 40 min later (p = 0.040, η2
p = 0.309). In the HR, there

was a difference between before and after, and 5 and 10 min later (p = 0.002), and between after
and 10, 20, 30, 40, 50, and 60 min later (p < 0.001, η2

p = 0.767). In HPP and MVO2, there were
differences between before and after (p = 0.006), and between after and 5, 10, 20, 30, 40, 50, and 60 min
later (p < 0.001, η2

p = 0.816). In CP and PP, there is no risk of hemodynamic overload to athletes,
considering the results of the HPP, and training promotes a moderate hypotensive effect, with blood
pressure adaptation after and 60 min after exercise.
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1. Introduction

High blood pressure (HBP) has been considered a risk factor related to cardiovascular
complications and other diseases, such as sudden death syndrome, stroke, acute myocardial
infarction, heart failure, peripheral arterial disease, and chronic kidney disease [1–3]. In
this regard, blood pressure control with the use of drugs and complementary activities has
been widely studied [4,5]. Thus, physical exercise has been used as a form of prevention,
control, and nonpharmacological treatment of arterial hypertension, providing an effective
and cheaper strategy than pharmacological intervention [4,6]. Therefore, blood pressure
reduction below the resting volume after exercise is defined as a hypotensive effect [7,8].

Within the strategies using exercises, studies have indicated that the post-exercise
hypotensive effect (PHE) tends to occur regardless of the intensity, and without promoting
cardiovascular overload during its practice [9,10]. Among the exercises, resistance exercises
have been shown to be effective in controlling and reducing arterial hypertension [2,11,12],
providing acute and chronic benefits for hypertensive or nonhypertensive people [6,13].
Among the resistance exercises, we have powerlifting, which is a modality where the one
who lifts the most weight wins, and which has presented positive effects on blood pressure
levels both for people with no physical disability [11] and for people with disabilities [2].

Powerlifting is characterized as a strength sport where the squat, bench press, and
deadlift are performed [14,15], and through the adapted bench press in Paralympic pow-
erlifting (PP) [16]. Studies have shown that powerlifting can be an alternative to prevent
and/or control HBP [2,11]; however, to date, there has been no comparison between people
with and without disabilities in the powerlifting bench press.

Therefore, our study aimed to analyze the hemodynamic responses generated in PP
in comparison with bench press in conventional powerlifting (CP) after training with
loads close to five maximum repetitions (5RM) up to 60 min after the end of the training
session. In this sense, we raise two hypotheses: (i) powerlifting promotes a hypotensive
effect after exercise; (ii) there are hypotensive differences between the conventional and
Paralympic powerlifting.

2. Materials and Methods

Blood pressure was checked before the intervention (pre-test) for the collections, with
a 10 min rest period [2,17–19], then the training itself was performed and, after the session,
a post-test was done.

Figure 1 exemplifies the experimental design of the study.

2.1. Sample

Participants in the study included 10 CP athletes, who trained recreationally, charac-
terized by training at least three times a week but not often participating in official sport
competitions, without disabilities, the condition being verified by means of a medical
certificate, and 10 PP athletes, all male, participating in the project at the Federal University
of Sergipe (UFS) with at least 18 months of training, eligible for the modality and ranked
among the top 10 of their categories at the national level, according to the Brazilian Para-
lympic Committee (CPB) norms. An inclusion criterion to have officially competed at the
national level in the last six months was also adopted. Among the eligible deficiencies, four
athletes had spinal cord injuries due to accidents with injuries below the eighth thoracic
vertebra, two had sequelae due to poliomyelitis, two had malformations in the lower limbs,
one was an amputee, and one had cerebral palsy. The characterization of the sample is
shown in Table 1.

No fat percentage tests or height tests were performed, given the aforementioned
deficiencies, which would make this procedure unfeasible.
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Figure 1. Experimental design—weekly schedule of the tests and intervention. BP: blood pressure, HR: heart rate, HPP:
heart pressure product, MVO2: myocardial oxygen volume, PP: Paralympic powerlifting. CP: conventional powerlifting,
5 × 5: five series of five maximum repetitions.

Table 1. Characterization of the sample.

PP
X ± SD
(CI 95%)

CP
X ± SD
(CI 95%)

p Cohen’s d α ICC

Age (Years) 26.10 ± 6.95
(21.13–31.07)

23.20 ± 2.62
(21.33–25.07) 0.242 0.55 0.208 0.197

Body Mass (Kg) 76.80 ± 17.42
(64.34–89.26)

77.10 ± 7.68
(71.61–82.59) 0.961 0.02 0.419 0.445

Experience (Years) 2.61 ± 0.46
(2.18–2.99)

2.40 ± 0.16
(2.28–2.51) 0.011 * 0.61 0.18 0.017

1RM (Kg) 123.00 ± 29.93
(101.59–144.41)

92.80 ± 9.60
(85.93–99.67) 0.006 * 1.36 0.020 0.011

1RM/Body Mass 1.64 ± 0.39 **
(1.36–1.92)

1.21 ± 0.06
(1.16–1.25) 0.201 1.54 0.049 0.023

* p < 0.05. All PP athletes performed with loads that keep them among the 10 bests in their categories at the national level. ** Values above
1.4 in the bench press would be considered elite athletes, according to Ball e Wedman [20]. Legend: PP: Paralympic powerlifting, CP:
conventional powerlifting, ICC: intraclass correlation.

Exclusion criteria included the use of some type of illicit ergogenic resource, some type
of symptomatic cardiorespiratory or cardiac disease, metabolic changes, or being involved
in any process of rapid weight loss before the competition, because this practice can
negatively affect physical performance. The athletes participated in the study voluntarily
and signed a free and informed consent form, in accordance with the resolution 466/2012
of the National Research Ethics Commission—CONEP, of the National Health Council,
following the ethical principles expressed in the Declaration of Helsinki (1964, reformulated
in 1975, 1983, 1989, 1996, 2000, 2008, and 2013) of the World Medical Association. This
study was approved by the Research Ethics Committee of the Federal University of Sergipe,
CAAE: 2,637,882 (date of approval: 7 May 2018).

2.2. Instruments

The body mass of the athletes was measured with the subjects in a sitting position, if
from the PP Group, or standing, if only from the CP Group, using an appropriate Michetti
digital electronic scale, Model Mic Wheelchair (Michetti, São Paulo, SP, Brazil). An official
210 cm long straight bench and 220 cm long 20 Kg bar were used herein (Eleiko Sport
AB, Halmstad, Sweden); both pieces of equipment were approved by the International
Paralympic Committee (IPC) [21].
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To assess muscle strength, the entire procedure was performed in the bench press
exercise using an official bench (Eleiko Sport AB, Halmstad, Sweden), approved by the
International Paralympic Committee (IPC) [21], and an IPC Olympic serrated powerlifting
bar that has grooves in its material, is 220 cm in total length, has an internal distance
between 131 and 132 cm, with a diameter between 2.8 and 2.9 cm, and an external part
of 41.5 cm, with a diameter between 5.0/5.2 cm, weighing 20 kg, in addition to 400 kg of
washers from Eleiko (Eleiko Sport AB, Halmstad, Sweden).

2.3. Blood Pressure

Blood pressure (BP), systolic blood pressure (SBP), diastolic blood pressure (DBP),
mean blood pressure (MBP) {MBP = DBP + (SBP − DBP)/3}, and Heart Rate (HR) were
measured before and immediately after the training session using a noninvasive automated
blood pressure (BP) monitor (Microlife 3AC1-1PC, Microlife, Widnau, Switzerland) [22].
The heart pressure product (HPP) was evaluated according to the following equation:
HPP = HR × SBP [2,9]. All BP measurements were taken on the left arm, and the fixation
of the cuff on the arm occurred with approximately 2.5 cm of distance between its lower
extremity and the antecubital fossae, with the subjects in the sitting position [23,24]. The
pre-exercise BP did not exceed 160 and 100 mmHg for SBP and DBP, respectively. Initially,
the subjects remained comfortably seated for 10 min in a calm, pleasant environment,
and the volunteers were also instructed to avoid the Valsalva maneuver throughout the
movement, following guidelines from the American College of Sports Medicine [25].

To assess the occurrence of post-exercise hypotension (PEH), BP and HR were also
measured at rest, at exercise peak (immediately following the exercise session), and in the
sitting position (at rest) at 5, 10, 20, 30, 40, 50 and 60 min after the exercise session. To
obtain MVO2, we used a mathematical function based on a high correlation between the
product of cardiac pressure and MVO2. To estimate myocardial oxygen volume (MVO2),
a mathematical function was used, expressing the result in ml O2/100 g ventilations per
minute (VE/min), as follows: MVO2 = (HPP × 0.0014) − 6.37 [2,11,26].

2.4. Procedures

The training program took place within two weeks with a seven-day interval for each
session, and the bench press exercise was used as the only representative of Paralympic
weightlifting. The first training session consisted of five sets of 5RM, and all sessions were
performed with ∼= 90% of 1RM at week 2, with 5 min of rest between sets [19,27]. Week 1
served for familiarization and the performance of the 1RM test, where each subject started
the attempts with a weight they believed they could lift only once using maximum effort,
and weight increments were added until reaching the maximum load that could be lifted
all at once. If the practitioner could not perform a single repetition, 2.4% to 2.5% of the
load used in the test was subtracted [16,28]. Subjects rested for 3–5 min between trials.
All subjects underwent two sessions of the 1RM test, with a 48 to 72 h interval between
each session.

2.5. Statistics

Descriptive statistics were performed using measures of central tendency, mean
(X) ± Standard Deviation (SD). The statistical treatment was performed using the com-
puterized package Statistical Package for Social Science (SPSS), version 22.0. To verify the
normality of the variables, the Shapiro–Wilk test was used, considering the sample size.
To assess the performance between the groups, the ANOVA (two-way) and Bonferroni
post hoc tests were performed. The significance level adopted was p < 0.05. The effect
size was determined by the values of “partial eta squared” (η2

p), considering values of
low effect (<0.05), medium effect (0.05–0.25), high effect (0.25–0.50), and very high effect
(>0.50) [29–32]. Statistical analyses were performed using the Statistical Package for Social
Science (SPSS) version 25.0 software (IBM, North Castle, New York, NY, USA).
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3. Results

Our findings are described in Figure 2.
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Concerning SBP, there were significant differences between before and after, with an
increase in SBP after 50 min between CP and PP (“a” p = 0.003), and in PP between the
after and 50 min later (“#” p= 0.049; η2

p = 0.576; very high effect). The PP kept the SBP
lower after and 60 min later, showing a hypotensive effect present even after 50 min.

In DBP, there were no significant differences between the two groups after 50 min
(p = 0.38; η2

p = 0.127; medium effect). In MBP, there were differences between the two
groups after 50 min (p = 0.012; η2

p = 0.323; high effect). In BPD and MBP, there were
differences in the 50 min later between groups, with lower values for PP.

In the HR, there were no differences between groups. In Group CP, there were
differences between before and after (“a” p = 0.015), after 5 min (“b” p = 0.002), and in
relation to 10 min (“c” p = 0.003). There were still differences between after 5 min and
40 min (“d” p = 0.011), 50 min (“e” p = 0.034), and 60 min (p = 0.040). In the PP, there were
differences between after and 30 min (“g” p = 0.021), 40 min (“h” p = 0.016), 50 min (“i”
p = 0.021), and 60 min later (“j” p = 0.01; η2

p = 0.767, very high effect). The PP remained
with lower HR values than did the CP.

In HPP and MVO2, there were differences between groups after 60 min (“#” p = 0.047).
In the CP Group, there were differences between after and 30 min (“a” p = 0.012) later, and
there were still differences between after 5 min and after 40 min (“b” p = 0.006), 50 min (“c”
p = 0.003), and 60 min (“d” p = 0.009). In Group PP, there were differences between after
and 50 min later (“e” p = 0.023) and 60 min later (“f” p = 0.042). There were also differences
between after 5 min and after 50 min (“g” p = 0.001), and there were differences between
after 10 min and after 50 min (“h” p = 0.014) and after 60 min (“i” p = 0.038; η2

p = 0.819,
very high effect). The PP remained with lower HR values than did the CP.

4. Discussion

The goal of our study was to analyze the hemodynamic responses generated by
powerlifting exercise in different groups of CP and PP athletes, evaluating the attentive
moments and then up to 60 min after the end of the training session. It is noteworthy that
the two training methods were performed with high loads (∼=90% of 1RM), intended for
the training of CP and PP athletes, and the results did not show any risk of cardiovascular
overload (HR after session, 5 × 5 method, ~80 bpm). It is worth mentioning that, in this
discussion, we use studies of other modalities and with other athletes, given the lack
of research focused on this modality and follow-up, with regard to PP. In this direction,
corroborating with our findings, another study also worked with intensity (∼=90 of 1RM)
with five sets of 5RM (5 × 5), in a single powerlifting session; even so, it was not enough
to present hemodynamic overload at peak exercise (160 bpm) [11]. Regarding SBP, there
were significant differences between before and after, with an increase in SBP after training
in both groups (p < 0.001), with higher values for CP, although there were no differences
between groups. Relating to 60 min, there were significant differences with hypotensive
effect for the PP group (p = 0.028) in relation to the other moments and to the CP (η2

p = 0.570,
very high effect).

Powerlifting training is characterized by small volumes and high intensities reaching
close to 100% or more than 1RM [14,15], being this procedure common to CP and PP.
Studies have shown that the magnitude of PHE tends to vary due to changes in training
intensity [9,33,34]. Corroborating this, one study found no differences in PHE with varia-
tions in training volume [35]. Contrary to this, another study indicated that intensity is not
the main factor in PHE but rather volume is [36,37], where high volumes tended to lead
to a reduction in BP. There are contradictory results regarding the relationship between
volume and intensity in the PHE, which also occurs in resistance exercises [9,33,34]. On the
other hand, when evaluating the PHE, comparing resistance training with exercises such
as bench press and traditional training, it was reported that PHE was presented 20, 30, and
40 min following training [8].

In BPD, our study did not observe significant differences between the two groups
during the evaluation. In MBP, there were differences between before and after (p = 0.016,
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η2
p = 0.174, mean effect). In HR, there were no differences. Regarding HPP and MVO2,

there were differences between before and after in both groups (p = 0.001, η2
p = 0.816, very

high effect).
The decrease in blood pressure after the strength training indicates that cardiovascular

behavior and PHE tend to be influenced by different mechanisms [9,33]. That is, it could
be explained by the cardiac output, systolic volume, occlusion of vessels and arteries,
autonomic modulation of HR through sympathetic and parasympathetic nerves, in addition
to peripheral vascular resistance during training [2,11].

Another study that observed 40% and 80% of 1RM did not notice a hypotensive
difference regarding intensities, and BPD tended to decrease at lower intensities [38]. On
the other hand, the type of exercise tends to interfere with pressure levels, and intensities
of 80% of 1RM tend to influence PHE more in multi-joint exercises, such as bench press, as
was used in our study, compared with single-joint exercises, such as fly machine [10]. The
hemodynamic responses are associated with the training load (% of 1RM), in addition to the
number of sets, repetitions, and density (rest interval between sets), which are important
components for PHE [39]. Contrary to this, PHE is associated with the type of exercise,
notably involving large muscle groups, and multiarticular work, and not associated with
intensity and volume [40].

When there is a comparison between conventional and Paralympic athletes, for con-
ventional athletes, high intensities (>80% 1RM) tend to reduce the cardiac output mediated
by systolic volume [41], and in trained individuals, the hemodynamic responses tend to
be improved; thus, the decrease in systolic volume compensates for the increase in HR,
caused by the increase in sympathetic activity and reduction in parasympathetic activity in
the heart [11]. A study with CP athletes, who performed a training session with five sets
of 2RM and 5 min of rest between sets, observed PHE 60 min after training, persisting for
up to 24 h after exercise [11]. Furthermore, the reduction in pressure levels after resistance
exercises is associated with peripheral vasodilators such as nitric oxide, prostaglandins,
adenosine, and potassium that tend to influence PHE [42].

In PP, however, there would be a need to increase blood accumulation in the activated
region, promoting increased vasodilation and reduced peripheral vascular resistance,
providing PHE [40], and considering that training tends to use multiarticular exercises,
which normally involve large muscle groups, increasing the PHE. In a study that evaluated
the hypotensive effects in Paralympic athletes, no differences were observed between the
two training sessions with different intensities, without significant interaction (training
vs. time), and there was an increase in SBP immediately after training at both intensities,
followed by a decrease to levels below resting values from 20 to 50 min after resistance
training [2]. Other studies have presented similar results between conventional and
Paralympic athletes in the bench press exercise of powerlifting [28,43,44].

However, our study has some limitations as the mechanisms that promote hypotension
were not investigated in the manuscript. We did not investigate peripheral vascularity,
sympathetic activity, stroke volume, beta-adrenergic receptors, or endothelial factors, and
the method used to assess blood pressure was through validated devices. This has some
limitations compared to invasive methods such as intra-arterial catheterization. Thus,
every effort was made to ensure that these measurements were obtained in a consistent,
reliable, and accurate manner.

5. Conclusions

We can conclude that both conventional powerlifting and PP do not present a risk
of hemodynamic overload to athletes, considering the HPP results, and that powerlifting
tends to promote a moderate hypotensive effect, with an adaptation of blood pressure after
and 60 min after exercise. Training through high loads and low volume was shown to be
important in terms of hypotensive effect from five minutes to 50 min after training, for CP,
and was effective for up to 60 min for PP. Thus, it appears that the hypotensive effect in
Paralympic athletes tends to remain longer than in CP.
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The findings indicate that strength training for Paralympic athletes tends to be safer,
with an increased hypotensive effect and even less post-training increase in BP compared to
conventional athletes. Perhaps this is explained by the position of Paralympic athletes, with
their lower limbs on the bench and not supported on the floor. Another point to consider
is that Paralympic athletes tend to have atrophied lower limbs, which are even more
hypotonic. Another point that could contribute to this is the fact that Paralympic athletes
are wheelchair users or use crutches to get around, which tends to provide additional
adaptation in terms of the use of the upper limbs, which could explain the differences
found. However, other studies should be carried out evaluating the hypotensive effect of
powerlifting in different physical disabilities and involving females.
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Abstract: Physical activity level and sedentary behaviors affect health status in people with obe-
sity and type 2 diabetes (DM2); their assessment is mandatory to properly prescribe exercise
programs. From January 2011 to February 2014, 293 overweight/obese adults (165 women and
128 men, mean age of 51.9 ± 9.5 years and 54.6 ± 8.3 years, respectively), with and without DM2,
participated in a three-month intensive exercise program. Before starting, participants were al-
located into three subgroups (overweight, body mass index or BMI = 25–29.9; class 1 of obesity,
BMI = 30–34.4; or class 2 (or superior) of obesity, BMI > 35). The international physical activity
questionnaire (IPAQ-it) was used to evaluate participants’ baseline sitting time (SIT) and physical
activity level (PAL). Stratified multiple analyses were performed using four subgroups of SIT level
according to Ekelund et al., 2016 (low, 8 h/day of SIT) and three subgroups for PAL (high, moderate,
and low). Health-related measures such as anthropometric variables, body composition, hematic
parameters, blood pressure values, and functional capacities were studied at the beginning and at
the end of the training period. An overall improvement of PAL was observed in the entire sample
following the three-month intensive exercise program together with a general improvement in several
health-related measures. The BMI group factor influenced the VO2 max variations, leg press values,
triglycerides, and anthropometric variables, while the SIT group factor impacted the sitting time, VO2

max, glycemic profile, and fat mass. In this study, baseline PAL and SIT did not seem to influence
the effects of an exercise intervention. The characteristics of our educational program, which also
included a physical exercise protocol, allowed us to obtain positive results.

Keywords: physical activity level; sitting time; body mass index; exercise; obesity; type 2 diabetes

1. Introduction

It is well established that physical activity level (PAL) and sedentary behaviors affect
people’s health status [1], especially in populations with obesity and type 2 diabetes
(DM2) [2]. The World Health Organization (WHO) has stated that “adults should do at
least 150–300 min of moderate-intensity aerobic physical activity; or at least 75–150 min
of vigorous-intensity aerobic physical activity; or an equivalent combination of moderate-
and vigorous-intensity physical activity (MVPA) throughout the week, for substantial
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health benefits”. Additionally, muscle-strengthening activities, involving all major muscle
groups, on two or more days per week at moderate or greater intensity are recommended.
People who do not engage in at least 150 min per week of MVPA are defined as inactive [3].
Additionally, sedentariness, defined as “any waking behavior characterized by an energy
expenditure ≤1.5 METs, while in a sitting, reclining, or lying posture” [4–6], including
sitting time (SIT), is a relevant health problem [7] as it is associated with an increase of
cardio-metabolic risk [8], obesity, and DM2 [9]. Moreover, literature reports the importance
of both SIT and PAL for promoting metabolic health [8,10,11]. In this regard, the WHO
recently provided evidence-based public health recommendations for people of all ages on
the amount of physical activity, sedentary behavior, and health outcomes [4]. To apply the
WHO guidelines, it is crucial to promote interventions aimed at increased levels of physical
activity and to monitor trends in both physical activity and SIT, including by low-cost
and reliable measuring tools of habitual physical activity, such as questionnaires [12]. In
this regard, the International Physical Activity Questionnaire in Short Form (IPAQ-SF) is a
validated and most widely used [13] physical activity questionnaire [14].

Previous studies have emphasized the importance of physical exercise type for the
optimization of results, recommending prescribing physical exercise for the management
of obesity-related comorbidities [15–17] and DM2 [18–23]. Moreover, a part of the literature
reports the presence of a negative compensation for spontaneous physical activity, with the
inclusion of physical exercise in inactive people, based on the baseline BMI and PAL [24].
The purpose of this study was to evaluate the effects of an intensive exercise program
on health-related outcomes (e.g., body mass index or BMI, waist circumference or WC,
body composition, muscular strength, and maximal oxygen consumption or VO2 max)
and cardio-metabolic health measures (e.g., blood pressure levels, lipids, and glycemic
profile) in a group of overweight and obese adults with and without DM2. We also studied
whether, at the end of the exercise period, changes differed among different BMI, PAL, and
SIT baseline categories.

2. Materials and Methods
2.1. Participants

From January 2011 to February 2014, a total sample of 293 (Figure 1) overweight/obese
adults (165 women and 128 men, mean age 51.9 ± 9.5 years and 54.6 ± 8.3 years, respec-
tively) with and without DM2 were recruited at the C.U.R.I.A.Mo. center to follow an
intensive and multidisciplinary intervention protocol, as described by De Feo et al. [25].

Inclusion criteria were the presence of all data from clinical, anthropometric, and self-
report questionnaires and physical measures collected both before and after the intervention;
age between 35 and 70 years, and a BMI ≥ 25 kg/m2. The exclusion criteria were the
presence of musculoskeletal disorders or other clinical conditions that could seriously
reduce subjects’ life expectancy or their ability to participate in the study, particularly any
potential contraindications to exercise.
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sultant subgroups with reference to the baseline level of PAL (Table S1b), as follows: 
- “low PAL”, (n = 153, mean = 2.2 ± 2.8 MET-h per week); 
- “moderate PAL”, (n = 108, mean = 20.4 ± 11.8 MET-h per week); 
- “high PAL”, (n = 32, mean = 71.4 ± 32.7 MET-h per week). 

Figure 1. CONSORT flow diagram (adapted from CONSORT 2010 flow diagram).

According to the WHO criteria [26], participants were allocated into three subgroups
based on baseline BMI value (Table S1a). The resultant groups were as follows:

- “people with overweight” (or OVER), corresponding to BMI 25–29.9 (n = 63, BMI
mean = 28 ± 1.31);

- “people with I degree of obesity” (or I OB), corresponding to BMI 30–34.9 (n = 131,
BMI mean = 32.5 ± 1.48);

- “people with II degrees (or superior) of obesity” (or II OB), corresponding to BMI > 35
(n = 99, BMI mean = 38.6 ± 3).

According to IPAQ guidelines [27], participants were further allocated into three
resultant subgroups with reference to the baseline level of PAL (Table S1b), as follows:

- “low PAL”, (n = 153, mean = 2.2 ± 2.8 MET-h per week);
- “moderate PAL”, (n = 108, mean = 20.4 ± 11.8 MET-h per week);
- “high PAL”, (n = 32, mean = 71.4 ± 32.7 MET-h per week).

Finally, according to Ekelund et al. (2016) [10], participants were allocated into four
categories on baseline levels of SIT (Table S1c). This resulted in the following groups:

- “low SIT”, corresponding to <4 h/day (n = 82, mean = 1.5 ± 1.2 h/day);
- “medium SIT”, corresponding to 4–5.9 h/day (n = 63, mean = 4.6 ± 0.5 h/day);
- “high SIT”, corresponding to 6–8 h/day of sitting time (n = 99, mean = 6.8 ± 0.8 h/day);
- “very high SIT”, corresponding to >8 h/day of sitting time (n = 43, mean = 10.4 ± 1.5 h/day).
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Please see Table S1a–c for the baseline mean values of all parameters in the entire
sample and in the subgroups.

2.2. Intervention

Participants were involved in a three-month physical activity habits intervention,
including one individual medical examination conducted by an endocrinologist; one psy-
chological interview focused on lifestyle changes with a psychologist; one individual
nutritional, counseling session focused on nutritional habits; and an intensive, gym-based,
exercise intervention program. Briefly, as reported by Pippi et al. (2020) [28], the exer-
cise program consisted of 25 bi-weekly small-group practical and counseling sessions
(five persons per group), conducted by a certified exercise specialist. Every session lasted
90 min and including a mix of aerobic and strength exercise, administered using the circuit
training method.

This approach derived from the original C.U.R.I.A.Mo. clinical model protocol, previ-
ously described by De Feo et al. [25]. Briefly, this clinical model utilizes the participation
of master trained specialists who work following a multidisciplinary method. It aims to
decrease sedentary time by guiding the patient to gradually increase intentional physical
activity. The C.U.R.I.A.Mo. project has been registered in the Australian New Zealand
Clinical Trials Registry (a Primary Registry in the WHO registry network), with the number:
ACTRN12611000255987.

All the participants gave their written informed consent to participate in the study.
Using a quasi-experimental study design, individuals were assessed before (T0) and at the
end of the multidisciplinary intervention (T1).

2.3. Measures
2.3.1. Clinical and Anthropometric Variable Measures

During the first medical examination, managed by the endocrinologist, clinical vari-
ables including systolic (SBP) and diastolic (DBP) blood pressure (through a UM-101
mercury-free sphygmomanometer, A&D Medical, Tokyo, Japan) as well as blood measures
such as fasting plasma glucose (GLYC), hemoglobin A1c (HbA1c), total (COL), high-density
(HDL) and low-density lipoprotein (LDL) cholesterol, and triglycerides (TRIG), were
recorded according to national standards of care [29]. Moreover, anthropometric measures
(e.g., weight, BMI, WC) and body composition (fat mass percentage or FM% and muscle
mass or MM) were assessed using standard methods with the Tanita body composition
analyzer BC-420MA (Tokyo, Japan). Finally, during the medical examination it was also
determined whether there were any potential contraindications to exercise.

2.3.2. Physical Performance Measures

Participants’ VO2 max values were assessed with the Rockport fitness walking test [30],
and the Brzycki equation was applied to predict the 1-RM value of upper- and lower-body
maximal strength [31]. Flexibility was measured using a standard bending test executed
from the vertical (VB) and the horizontal position (HB) [32].

2.3.3. Self-Report Questionnaire Measures

PAL and SIT were quantified using the IPAQ short-form questionnaire [33], a vali-
dated [34] tool that assesses PA level achieved in the previous week, plus other information
about time spent in the sitting position (last question of the questionnaire). According
to the IPAQ scoring manual [27], IPAQ data were converted into METs, assigning to
each activity the conventionally accepted intensity levels: 3.3 METs for walking, 4 METs
for moderate-intensity activity, and 8 METs for vigorous-intensity activity. For example,
walking energy expenditure (MET-WALK) was derived by multiplying results from walk-
ing minutes × walking days × 3.3, while moderate-intensity activity energy expenditure
(MET-MOD) was derived by multiplying moderate-intensity activity minutes × number
of days of moderate activity × 4.0. Similarly, vigorous-intensity activity energy expen-
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diture (MET-VIG) was derived by multiplying results from vigorous-intensity activity
minutes × number of days of vigorous-intensity activity × 8.0. The final score (the energy expen-
diture related to total physical activity), calculated as MET-WALK + MET-MOD + MET-VIG, is
expressed in MET-minutes per week, subsequently transformed into MET-h per week.

2.4. Data Analysis

Descriptive analyses in terms of means, standard deviations, and/or percentages were
carried out for each variable before (T0) the intervention (all the data are available in Table
S1a–c, in Supplementary Materials). The percentage of adherence to exercise intervention
was calculated as number of sessions performed/total number of sessions × 100.

The univariate analysis of variance (ANOVA) test was run to compare all variables at
baseline, across the BMI, PAL, and SIT categories. To evaluate the effects of the exercise
program a repeated-measures multivariate analysis of variance was used. Delta (∆) changes
(T1–T0) were computed and studied through univariate ANOVA of all the measures, using
BMI, PAL, and SIT categories as a between factor. Post hoc analysis was conducted, using a
Bonferroni correction.

p-Values ≤ 0.05 were set as statistically significant. Effect size was measured using
partial eta-squares [35]. All the data were digitally archived and the analyses were per-
formed using SPSS® Software, version 25.0 (IBM Corp. Released 2017. IBM SPSS Statistics
for Windows, Version 25.0. Armonk, NY, USA: IBM Corp.).

2.5. Sample Size Calculation

A sample size of 293 subjects achieves 94% power to detect a mean of paired differences
of 15 min on weekly total time of physical activity with an estimated standard deviation
of differences of 74 min and with a significance level (alpha) of 0.05 using a two-sided
paired t-test.

The sample size calculation was performed using PASS Software (PASS 16 Power
Analysis and Sample Size Software 2018, NCSS, LLC., Kaysville, UT, USA).

3. Results

The percentage of adherence to exercise intervention was 86.9% ± 10.28% for the entire
sample. There were no differences between subgroup values.

After the intervention (Table 1), an overall improvement in PAL was observed in the
entire sample following the three-month intensive exercise program, with an increase of
weekly total time (minutes) dedicated to vigorous physical activity (p < 0.001), moderate
physical activity (p = 0.001), and walking activity (p = 0.010). Moreover, a general improve-
ment in several clinical (SBP, p < 0.001; DBP, p < 0.001; GLYC, p < 0.001; TRIG, p < 0.001),
anthropometric (weight, p < 0.001; BMI, p < 0.001; WC, p < 0.001), and body composition
(FM%, p < 0.001; MM, p = 0.048) variables was observed. Finally, an improvement in
physical performance measures (VO2 max, p < 0.001; body strength, p < 0.001; flexibility,
p < 0.001) occurred.
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Table 1. Student t-test values: mean values of all parameters in the entire sample. Data are presented
as means ± SDs, after (T0) and before (T1) the exercise intervention. Statistical significance was set
for p-values ≤0.05.

Outcomes
T0 T1

t p
Mn ± SD Mn ± SD

SBP 134.31 ± 17.32 125.06 ± 14.95 −5.547 <0.001

DBP 82.71 ± 8.80 75.37 ± 10.74 −7.255 <0.001

GLYC 120.22 ± 43.44 110.41 ± 35.68 −3.444 <0.001

HbA1c 7.55 ± 10.13 6.25 ± 0.98 −1.435 0.077

COL 200.03 ± 39.52 193.73 ± 39.74 −2.598 0.005

HDL 47.83 ± 9.87 46.75 ± 10.12 −1.584 0.058

LDL 121.30 ± 36.43 122.04 ± 34.68 0.264 0.396

TRIG 154.64 ± 92.81 135.02 ± 81.17 −3.529 <0.001

WEIGHT 95.61 ± 17.25 92.73 ± 16.86 −13.478 <0.001

BMI 33.59 ± 4.49 32.58 ± 4.41 −12.518 <0.001

WC 111.71 ± 12.02 107.45 ± 11.73 −13.565 <0.001

FM% 38.20 ± 7.63 36.50 ± 7.84 −9.090 <0.001

MM 56.11 ± 11.97 55.83 ± 11.60 −1.671 0.048

LAT 39.04 ± 11.28 48.52 ± 12.25 22.897 <0.001

CHEST 27.92 ± 9.95 38.65 ± 12.13 29.754 <0.001

PRESS 155.24 ± 37.43 202.05 ± 45.96 20.290 <0.001

LEXT 31.17 ± 11.07 47.31 ± 14.27 26.586 <0.001

VB −8.72 ± 9.84 −4.79 ± 10.45 10.623 <0.001

HB 25.80 ± 10.54 29.33 ± 9.34 9.563 <0.001

VO2 max 19.52 ± 9.30 25.93 ± 7.93 16.409 <0.001

MET-h per week 16.46 ± 24.71 39.80 ± 27.88 12.372 <0.001

VIG_TOT_WEEK_MIN 36.20 ± 126.39 175.54 ± 141.12 14.010 <0.001

VIG_ MET-h per week 4.83 ± 16.85 23.41 ± 18.82 14.010 <0.001

MOD_TOT_WEEK_MIN 73.63 ± 187.45 121.37 ± 208.41 3.071 0.001

MOD_ MET-h per week 4.91 ± 12.50 8.09 ± 13.89 3.071 0.001

WALK_TOT_WEEK_MIN 122.31 ± 175.35 151.01 ± 188.41 2.321 0.010

WALK_ MET-h per week 6.73 ± 9.64 8.31 ± 10.36 2.321 0.010
SIT 5.36 ± 3.17 5.15 ± 2.69 −1.056 0.146

SBP: systolic blood pressure; DBP: diastolic blood pressure; GLYC: fasting plasma glucose; HbA1c: glycosy-
lated hemoglobin; COL: total cholesterol; HDL: high-density lipoprotein; LDL: low-density lipoprotein; TRIG:
triglycerides; BMI: body mass index; FM%: fat mass percentage; MM: muscle mass; LAT: lat machine test
value; CHEST = chest press test value; PRESS = leg press test value; LEXT = leg extension test value; VB: ver-
tical bending test value; HB: horizontal bending test value; VO2 max: maximal oxygen consumption value;
MET-h per week = weekly total physical activity energy expenditure; VIG_TOT_WEEK_MIN = weekly total time
(in minutes) of vigorous physical activity; VIG_ MET-h per week = weekly vigorous physical activity energy
expenditure; MOD_TOT_WEEK_MIN = weekly total time (in minutes) of moderate physical activity; MOD_
MET-h per week = weekly moderate physical activity energy expenditure; WALK_TOT_WEEK_MIN = weekly
total time (in minutes) of walking activity; WALK_ MET-h per week = weekly walking activity energy expenditure;
SIT = daily sitting time.

Please see Table 2a for the results of repeated-measures multivariate analysis of vari-
ance to analyze the differences in all variables between T0 and T1, using BMI categories as
a between factor.

214



J. Funct. Morphol. Kinesiol. 2022, 7, 12

Table 2. Repeated-measures multivariate analysis of variance values, using BMI (a), PAL (b) and SIT (c).

a. Repeated-measures multivariate analysis of variance to analyze differences in all variables between T0 and T1, using BMI categories as a between factor. Data are
presented as means ± SDs. Statistical significance was set for p-values ≤0.05.

Outcomes
T0 T1 Time T0 vs. T1 Time * BMI Category

∆ (T1–T0) Post Hoc
Mn ± SD Mn ± SD F p Partial η2 F p Partial η2

SBP 134.31 ± 17.32 125.06 ± 14.95 31.447 <0.001 0.202 3.252 0.615 0.008 N.S.

DBP 82.71 ± 8.80 75.37 ± 10.74 49.821 <0.001 0.287 3.949 0.022 0.060 N.S.

GLYC 120.22 ± 43.44 110.41 ± 35.68 13.706 <0.001 0.099 0.160 0.852 0.003 N.S.

HbA1c 7.55 ± 10.13 6.25 ± 0.98 2.760 0.099 0.023 1.639 0.199 0.027 N.S.

COL 200.03 ± 39.52 193.73 ± 39.74 6.666 0.011 0.049 1.588 0.208 0.024 N.S.

HDL 47.83 ± 9.87 46.75 ± 10.12 2.809 0.96 0.022 1.238 0.294 0.019 N.S.

LDL 121.30 ± 36.43 122.04 ± 34.68 0.029 0.864 0.000 1.069 0.347 0.018 N.S.

TRIG 154.64 ± 92.82 135.02 ± 81.17 11.871 0.001 0.083 2.285 0.106 0.034 N.S.

WEIGHT 95.61 ± 17.25 92.73 ± 16.86 158.465 <0.001 0.353 123.116 <0.001 0.459
II OB vs. OVER (p < 0.001);
II OB vs. I OB (p < 0.001);
I OB vs. OVER (p < 0.001)

BMI 33.60 ± 4.49 32.58 ± 4.41 135.345 <0.001 0.318 429.297 <0.001 0.748
II OB vs. OVER (p < 0.001);
II OB vs. I OB (p < 0.001);
I OB vs. OVER (p < 0.001)

WC 111.71 ± 12.02 107.45 ± 11.73 174.209 <0.001 0.389 127.413 <0.001 0.482
II OB vs. OVER (p < 0.001);
II OB vs. I OB (p < 0.001);
I OB vs. OVER (p < 0.001)

FM% 38.20 ± 7.63 36.50 ± 7.84 72.460 <0.001 0.201 36.690 <0.001 0.203
II OB vs. OVER (p < 0.001);
II OB vs. I OB (p < 0.001);
I OB vs. OVER (p < 0.001)

MM 56.11 ± 11.97 55.83 ± 11.60 1.545 0.215 0.005 17.443 <0.001 0.108
II OB vs. OVER (p < 0.001);
II OB vs. I OB (p < 0.001);
I OB vs. OVER (p < 0.046)

LAT 39.04 ± 11.28 48.53 ± 12.25 453.070 <0.001 0.673 6.993 0.001 0.060 II OB vs. OVER (p < 0.001)

CHEST 27.92 ± 9.95 38.65 ± 12.14 769.477 <0.001 0.778 7.308 <0.001 0.063 II OB vs. OVER (p < 0.001);
II OB vs. I OB (p = 0.044)

PRESS 155.24 ± 37.43 202.05 ± 45.96 360.794 <0.001 0.621 12.104 <0.001 0.099 II OB vs. OVER (p < 0.001);
II OB vs. I OB (p < 0.001)

LEXT 31.17 ± 11.07 47.31 ± 14.27 621.215 <0.001 0.743 9.548 <0.001 0.082 II OB vs. OVER (p < 0.001);
II OB vs. I OB (p = 0.004)

VB −8.72 ± 9.84 −4.79 ± 10.45 109.377 <0.001 0.279 1.822 0.164 0.013 N.S.

HB 25.80 ± 10.54 29.33 ± 9.34 82.575 <0.001 0.226 3.920 0.021 0.027 II OB vs. I OB (p = 0.019)

VO2 max 19.52 ± 9.30 25.93 ± 7.93 231.054 <0.001 0.443 14.542 <0.001 0.091 II OB vs. OVER (p < 0.001);
II OB vs. I OB (p < 0.001)

MET-h
per week 16.46 ± 24.71 39.80 ± 27.88 136.159 <0.001 0.320 1.113 0.330 0.008 N.S.

SIT 5.36 ± 3.17 5.15 ± 2.69 0.714 0.399 0.003 1.704 0.184 0.012 N.S.

b. Repeated-measures multivariate analysis of variance to analyze differences in all variables between T0 and T1, using PAL categories as a between factor. Data are
presented as means ± SDs. Statistical significance was set for p-values ≤ 0.05.

Outcomes
T0 T1 Time T0 vs. T1 Time * PAL Category

∆ (T1–T0) Post Hoc
Mn ± SD Mn ± SD F p Partial η2 F p Partial η2

SBP 134.31 ± 17.32 125.06 ± 14.95 18.319 <0.001 0.129 .395 0.674 0.006 N.S.

DBP 82.71 ± 8.80 75.37 ± 10.74 35.135 <0.001 0.221 2.847 0.062 0.044 N.S.

GLYC 120.22 ± 43.44 110.41 ± 35.68 4.264 0.041 0.536 1.170 0.314 0.018 high vs. low (p = 0.041)

HbA1c 7.55 ± 10.13 6.25 ± 0.98 0.972 0.326 0.008 0.599 0.551 0.010 N.S.

COL 200.03 ± 39.52 193.73 ± 39.74 3.272 0.073 0.025 2.132 0.123 0.032 N.S.

HDL 47.83 ± 9.87 46.75 ± 10.12 0.190 0.663 0.002 0.227 0.797 0.004 N.S.

LDL 121.30 ± 36.43 122.04 ± 34.68 0.058 0.811 0.001 1.270 0.285 0.021 N.S.

TRIG 154.64 ± 92.82 135.02 ± 81.17 10.978 0.001 0.078 0.019 0.981 0.001 N.S.

WEIGHT 95.61 ± 17.25 92.73 ± 16.86 127.497 <0.001 0.305 0.269 0.765 0.002 N.S.

BMI 33.60 ± 4.49 32.58 ± 4.41 107.147 <0.001 0.270 3.100 0.047 0.021 moderate vs. low
(p = 0.046)

WC 111.71 ± 12.02 107.45 ± 11.73 112.938 <0.001 0.292 0.582 0.560 0.004 N.S.
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Table 2. Cont.

b. Repeated-measures multivariate analysis of variance to analyze differences in all variables between T0 and T1, using PAL categories as a between factor. Data are
presented as means ± SDs. Statistical significance was set for p-values ≤ 0.05.

Outcomes
T0 T1 Time T0 vs. T1 Time * BMI Category

∆ (T1–T0) Post Hoc
Mn ± SD Mn ± SD F p Partial η2 F p Partial η2

FM% 38.20 ± 7.63 36.50 ± 7.84 63.138 <0.001 0.180 1.120 0.328 0.008 N.S.

MM 56.11 ± 11.97 55.83 ± 11.60 0.374 0.542 0.001 1.141 0.321 0.008 N.S.

LAT 39.04 ± 11.28 48.53 ± 12.25 375.487 <0.001 0.631 3.330 0.038 0.029 high vs. moderate (p = 0.033)

CHEST 27.92 ± 9.95 38.65 ± 12.14 719.275 <0.001 0.767 4.059 0.019 0.036 high vs. moderate (p = 0.017);
high vs. low (p = 0.037)

PRESS 155.24 ± 37.43 202.04 ± 45.96 334.875 <0.001 0.604 2.492 0.085 0.022 high vs. moderate (p = 0.014);
high vs. low (p = 0.027)

LEXT 31.171 ± 11.07 47.31 ± 14.275 568.074 <0.001 0.725 4.199 0.016 0.038 high vs. moderate (p = 0.017);
high vs. low (p = 0.022)

VB −8.72 ± 9.84 −4.79 ± 10.45 73.522 <0.001 0.206 3.166 0.830 0.001 N.S.

HB 25.80 ± 10.54 29.33 ± 9.34 45.052 <0.001 0.137 2.274 0.105 0.016 N.S.

VO2 max 19.52 ± 9.30 25.93 ± 7.93 158.397 <0.001 0.353 2.474 0.086 0.017 N.S.

MET-h
per week 16.46 ± 24.71 39.80 ± 27.88 35.445 <0.001 0.109 96.579 <0.001 0.400

high vs. moderate (p < 0.001);
high vs. low (p < 0.001);

moderate vs. low (p < 0.001)

SIT 5.36 ± 3.17 5.15 ± 2.69 0.597 0.440 0.002 8.522 <0.001 0.057 high vs. low (p < 0.001);
moderate vs. low (p = 0.017)

c. Repeated-measures multivariate analysis of variance to analyze differences in all variables between T0 and T1, using SIT categories as a between factor. Data are
presented as means ± SDs. Statistical significance was set for p values ≤ 0.05.

Outcomes
T0 T1 Time T0 vs. T1 Time * SIT Category

∆ (T1–T0) Post Hoc
Mn ± SD Mn ± SD F p Partial η2 F p Partial η2

SBP 134.52 ± 17.44 125.31 ± 15.11 21.800 <0.001 0.157 0.055 0.983 0.001 N.S.

DBP 83.1 ± 8.83 75.76 ± 10.71 45.168 <0.001 0.279 0.717 0.544 0.018 N.S.

GLYC 121.75 ± 43.87 111.46 ± 36.03 19.283 <0.001 0.140 0.281 0.839 0.007 N.S.

HbA1c 7.62 ± 10.38 6.26 ± 0.99 1.364 0.245 0.012 0.752 0.524 0.020 N.S.

COL 200.37 ± 38.86 193.88 ± 39.62 7.204 0.008 0.055 0.520 0.669 0.013 N.S.

HDL 47.80 ± 9.98 46.67 ± 10.28 3.451 0.066 0.028 0.850 0.469 0.021 N.S.

LDL 122.248 ± 36.55 122.719 ± 34.40 0.002 0.962 0.024 1.072 0.364 0.029 N.S.

TRIG 154.87 ± 94.23 136.13 ± 82.52 11.146 0.001 0.083 0.770 0.513 0.018 N.S.

WEIGHT 95.793 ± 17.28 92.92 ± 16.92 148.702 <0.001 0.344 3.678 0.013 0.038 low vs. high SIT (p = 0.007)

BMI 33.62 ± 4.50 32.61 ± 4.42 125.817 <0.001 0.308 2.244 0.083 0.023 N.S.

WC 111.78 ± 12.09 107.56 ± 11.78 153.989 <0.001 0.366 1.936 0.124 0.021 N.S.

FM% 38.17 ± 7.59 36.46 ± 7.82 67.703 <0.001 0.194 1.223 0.302 0.013 N.S.

MM 56.24 ± 11.95 55.96 ± 11.59 3.245 0.073 0.011 2.505 0.059 0.026 N.S.

LAT 39.19 ± 11.33 48.65 ± 12.27 430.401 <0.001 0.668 0.735 0.532 0.010 N.S.

CHEST 27.95 ± 9.96 38.64 ± 12.08 752.288 <0.001 0.779 1.322 0.268 0.018 N.S.

PRESS 155.59 ± 37.29 202.34 ± 45.99 340.782 <0.001 0.614 2.106 0.100 0.029 N.S.

LEXT 31.33 ± 11.07 47.45 ± 14.37 572.982 <0.001 0.733 0.799 0.496 0.011 N.S.

VB −8.66 ± 9.87 −4.71 ± 10.50 108.815 <0.001 0.283 1.061 0.366 0.011 N.S.

HB 25.9 ± 10.62 29.44 ± 9.38 83.961 <0.001 0.233 0.417 0.741 0.005 N.S.

VO2 max 19.69 ± 9.24 25.95 ± 7.96 223.868 <0.001 0.442 1.304 0.273 0.014 N.S.

MET-h
per week 16.61 ± 24.88 39.95 ± 27.97 134.693 <0.001 0.322 6.841 <0.001 0.068

low SIT vs. very high SIT
(p = 0.004); low SIT vs. high SIT
(p < 0.001); medium SIT vs. high

SIT (p = 0.026)

SIT 5.36 ± 3.17 5.15 ± 2.69 6.374 0.012 0.022 271.280 <0.001 0.742

low SIT vs. very high SIT
(p < 0.001); low SIT vs. high SIT
(p < 0.001); low SIT vs. medium
SIT (p < 0.001); medium SIT vs.

very high SIT (p < 0.001); medium
SIT vs. high SIT (p < 0.001); high

SIT vs. very high SIT vs.
(p < 0.001); very high SIT vs. high

SIT (p < 0.001)
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SBP: systolic blood pressure; DBP: diastolic blood pressure; GLYC: fasting plasma glucose; HbA1c:

glycosylated hemoglobin; COL: total cholesterol; HDL: high-density lipoprotein; LDL: low-density

lipoprotein; TRIG: triglycerides; BMI: body mass index; FM%: fat mass percentage; MM: muscle mass;

LAT: lat machine test value; CHEST = chest press test value; PRESS = leg press test value; LEXT = leg

extension test value; VB: vertical bending test value; HB: horizontal bending test value; VO2 max:

maximal oxygen consumption value; MET-h per week = weekly total physical activity energy expen-

diture; SIT = daily sitting time. Between-group comparisons are reported in the last column of the

table. Statistically significant differences are then followed by post hoc results (e.g., OVER vs. I OB

means that ∆ in people with overweight is different from that in the group of people with I degree

of obesity). N.S. = not statistically significant. Between-group comparisons are reported in the last

column of table. Statistically significant differences are then followed by post hoc results (e.g., high vs.

moderate means that ∆ in people with high level of physical activity is different from that in people

with moderate level of physical activity). N.S. = not statistically significant.

Using PAL categories as a between factor (Table 2b), the entire sample showed a
statistically significant improvement in SBP (p < 0.001), DBP (p < 0.001), GLYC (p = 0.041),
TRIG (p = 0.001), weight (p < 0.001), BMI (p < 0.001), WC (p < 0.001), FM% (p < 0.001),
physical performance measures (p < 0.001), and weekly energy expenditure related to total
physical activity (p < 0.001).

The PAL group factor impacted BMI (p = 0.047), lat (p = 0.038) and chest press
(p = 0.019), leg extension (p = 0.016), weekly energy expenditure related to total physi-
cal activity (p < 0.001), and daily sitting time (p < 0.001).

Using SIT categories as a between factor (Table 2c), the entire sample showed a statisti-
cally significant improvement in SBP (p < 0.001), DBP (p < 0.001), GLYC (p < 0.001), COL
(p = 0.008), TRIG (p = 0.001), anthropometric and body composition variables (p < 0.001),
physical performance measures (p < 0.001), weekly energy expenditure related to total
physical activity (p < 0.001), and daily sitting time (p = 0.012). The SIT group factor impacted
weight (p = 0.013), weekly total physical activity energy expenditure (p < 0.001), and daily
sitting time (p < 0.001).

4. Discussion

This study aimed to evaluate the effects of an intensive exercise program of 25 biweekly
sessions on the variation of some clinical, anthropometric, body composition, physical
performance, and self-report questionnaire variables in a group of overweight and obese
adults with and without DM2. We also studied the role played by BMI, PAL, and SIT on
the effects of exercise intervention. As expected, we observed an overall improvement of
PAL in the entire samples following the three-month intensive exercise program, with a
general improvement in several health-related outcomes reviewed; baseline PAL and SIT
did not seem to influence all these effects in a sample composed of overweight and obese
participants with and without DM2. Similar to the results of other authors [36–40], in our
sample, we observed a significative reduction of some clinical and anthropometric variables
linked to cardiovascular risk. In fact, as did Cheng et al. [40] and Schwingshackl et al. [41],
we observed a significant weight and fat mass reduction, using mixed exercise. With
regard to waist circumference, a central adiposity variable useful for identifying specific car-
diometabolic risk [42], we observed a significative reduction in the entire sample (p < 0.001),
even if the post-intervention mean values (107.45 ± 11.73) remained dangerous for health.
As also found by Stoner et al. [43], the effects of exercise on LDL, HDL, and HbA1c were in-
conclusive (p > 0.005). As expected, using BMI categories as a between factor, we observed
that the previous parameters were influenced by baseline mean values of BMI. In fact, we
observed the greatest improvements in subjects with a greater degree of obesity rather than
in the overweight group (Table 2a). Particularly, the most important reduction of WC was
observed in participants with II degrees (or superior) of obesity rather than in participants
with I degree of obesity (p = 0.006). In our study, weight and fat mass loss, as well as WC
reduction, seemed not to be influenced by PAL and SIT categories as a between factor,
with the only exception being the SIT group factor, which impacted weight (low sitting
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time group vs. high sitting time group, p = 0.007). In fact, deepening the weight trend
with respect to the SIT groups, we observed a greater reduction in people with low SIT
(−3.42 kg) rather than in people with medium (−3.04 kg) and high (−2.85 kg) SIT. These
results could be influenced by the SIT trend observed in different SIT groups, although
people with low baseline SIT presented a greater increase (+2.49 h per day) rather than
those in the medium (−0.39 h per day) and high (−1.50 h per day) groups.

Previous studies of the overweight and obese involved in exercise programs showed
improvements in physical measures. Dieli-Conwright et al. [44] found important im-
provements in estimated VO2 max (52%) and muscular strength (>30%), as did Hsu
et al. [45], who recorded increases in maximal exercise capacity and maximal muscu-
lar strength. Balducci et al. [46,47] reported positive changes in VO2 max, upper- and
lower-body strength, and flexibility. In our study, we observed statistical changes in VO2
max (p < 0.001), upper- (lat machine and chest press test, p < 0.001) and lower-body strength
(leg extension and leg press test, p < 0.001) and flexibility (in horizontal bending and vertical
bending test, p < 0.001) in the entire sample. These results are largely expected and obvious,
and the improvements are due to the combined workouts that stimulate the systems more
than what happens in activities of daily living. Using BMI categories as a between factor,
we noted that baseline BMI values influenced VO2 max (p < 0.001), lower- (p < 0.001) and
upper-body strength (p ≤ 0.001), and HB (p = 0.021). In these variables, we observed a
lower improvement in people with overweight than in the other two groups, according to
previous literature concerning obesity’s impact on muscular strength [48].

In our sample, baseline PAL (Table 2b) categories appeared to influence the effects
of exercise on lat (p = 0.038) and chest press (p = 0.019) and leg extension (p = 0.016) test
values. In fact, we observed greater improvement in people with higher baseline PAL
than in people in the others two groups. We could postulate that it can be linked to the
fact that the highest performing people were able to load more kilograms during strength
exercises, thanks to greater resistance to effort. The SIT (Table 2c) category factor did not
seem to influence these variables. Such results must encourage us to promote exercise
interventions in all people, independently of body weight and SIT. It is essential, however,
to tailor exercise programs for the obese by paying attention to different effort perception
and motivation in obese people vs. in normal weight people [49,50]. For obese people, their
physical condition is reported as a barrier to exercise; difficulties related to the physical
condition of obesity may reduce the rhythm of daily activities, such as walking or exercise.

Appropriate management of the health of overweight and obese adults [51] with and
without DM2 should include physical activities and exercise prescription [52]. To better
tailor exercise prescription [53], assessment of PAL and SIT represents an essential first
step. Unfortunately, clinical settings seem to be in increasingly short supply due to scarce
time and economic resources, and these constraints often necessitate a simple, low-cost,
rapid assessment tool. Even though some authors have explained that self-reported data
are often subject to biases and poor agreement between objective and subjective measures
of physical activity has been reported [12,34], the IPAQ-SF is a validated tool [34], used in
many clinical settings such as ours. In our study, we collected participants’ self-reported
measures (such as PAL and SIT information) through the IPAQ-SF questionnaire.

High amounts of sedentary time (daily/weekly sitting time) have been associated
with a significantly greater risk for metabolic syndrome and DM2 [22,54–57]. As found by
Balducci et al. (2019) [58], who reported that an exercise intervention strategy resulted in
increased physical activity level and decreased sedentary time, in our study, we observed
an improvement in PAL and a decrease in SIT for the entire sample, although the SIT
reduction was not statistically significant.

Limitations. This study has some limitations. First, our work did not include a control
group. Further, some outcomes were based on self-reported questionnaire measures. To
overcome this problem, at least in part, we carefully selected an internationally validated
tool (IPAQ). Moreover, we did not use objective measurements (i.e., accelerometry) during
exercise sessions. It is also necessary to underline that individuals with musculoskeletal
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disorders or other clinical conditions that could contraindicate exercise were excluded from
the analyses. This aspect may affect the generalizability of our findings. Additionally, in
this study, we did not present nutritional data. In future studies, an analysis of eating
habits should be carried out before and after the training sessions, given that the nutritional
component is relevant in this type of subject. Another limit to underline is the time from
data collection to the submission of the manuscript. In the meantime, physical activity
programs and new technologies have evolved newer performance and evaluation programs.
This could be conditioning the program itself and the result. Finally, we preferred to report
the results of this paper using the categories “physical activity level”, “sedentary activity
time”, and “BMI” separately. In real time, these factors could be “mixed” with each other
(i.e., we can have a high level of physical activity and a high sedentary time in the same
subject or a low level of physical activity and a low sedentary time). This scenario could
somehow affect the results.

5. Conclusions

Currently there is an urgent global need to better understand the improvements in
health outcomes derived from reducing SIT and implementing PAL, especially in over-
weight and obese people who represent a worldwide pandemic emergency. Our study
results showed an improvement of PAL in the participants following the three-month
intensive exercise program, as well as an improvement in several health-related outcomes
observed. Our data suggest that baseline PAL and SIT do not seem to influence all the
effects observed in a sample composed by overweight and obese participants with and
without DM2. These results must encourage us even more to promote exercise interventions
in all people, independently from body weight and SIT.

Future investigations that include more objective instruments (i.e., accelerometry)
and control groups should be conducted to obtain further evidence through experimental
and translational research in order to better inform public health policy, particularly in
terms of tailored exercise prescription addressed to people with obesity and/or DM2.
Implementations of a supervised exercise intervention—as shown in this study—produced
positive results in health-related outcomes in a group of overweight and obese adults
with and without DM2. In our opinion, the evidence-based methodology assessments
(C.U.R.I.A.Mo. clinical model protocol), including standardized tests to assess physical
measures and other variables, are strengths of this study.
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Abstract: Introduction: It is common for postmenopausal women to receive a vitamin D supple-
mentation prescription to assist in preventing future falls and to maintain bone health. However,
the association between vitamin D supplementation and physical fitness components has not been
studied in older women with diabetes. Objective: We examined the influence of 12 months of
vitamin D supplementation on the components of physical fitness in postmenopausal women with
type 2 diabetes mellitus (T2DM). Methods: Thirty-five postmenopausal women (62.48 ± 7.67 years;
154.6 ± 5.11 cm; 73.93 ± 15.43 kg; 31.13 ± 5.82 BMI) with a diagnosis of T2DM participated in this
longitudinal study where participants were supplemented with 1000 IU/day of vitamin D over
12 months. Subjects performed fasting blood samples, anthropometric assessments, body composi-
tion, clinical exams, and physical tests at 6-month intervals (P0, P6, and P12). Results and Conclusion:
Vitamin D supplementation alone was effective in postmenopausal women in increasing serum
vitamin D levels, altering muscle strength levels, promoting improvements in muscle function, as
well as preventing and controlling fragility caused by T2DM and aging.

Keywords: cholecalciferol; elderly women; functional capacity; metabolism; athletic performance;
hyperglycemia

1. Introduction

The growth of the elderly population is a worldwide phenomenon, and it is estimated
that over the next 30 years, the proportion of people over 65 will double from 12% to 22–25%
in the US and Canada [1]. Due to the increase in life expectancy, several diseases related
to the climacteric period of women now present serious problems for public health [2].
Women tend to report dizziness, tiredness, night sweats, depression, hot flashes, sleep
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disorders, as well as cardiovascular diseases, osteoporosis, metabolic syndrome, and
diabetes, among others [3].

The changes occurring in the transition between menopause and post menopause are
physiological, but some may cause symptoms that worsen the quality of life and others that
may increase the risk of various diseases [2]. Low levels of female sex steroids, regardless
of cause, can lead to endocrine and functional disorders such as sexual dysfunction, loss of
libido, altered levels of lipoproteins, and increased risk of obesity, cardiovascular diseases,
and cardiometabolic diseases such as type 2 diabetes mellitus (T2D) [3].

T2D is the most prevalent form of diabetes worldwide, representing 90% of global
cases, and projection is expected to rise to 300 million cases worldwide by 2025 [4]. Despite
the constant campaign to promote lifestyle changes, such as dietary re-education and inclu-
sion of physical activity for better metabolic control, these are difficult measures to achieve
and maintain [5]. Similar to T2D, vitamin D deficiency is considered a worldwide epidemic
with multiple implications for human health because of its role in various physiological
systems [6]. However, several studies have already shown that normal and higher levels of
vitamin D may reduce the incidence of non-vertebral fractures and hip fractures [6].

One of the age groups that suffers with comorbidities associated with hypovitaminosis
D is postmenopausal women [6]. Several longitudinal studies have already demonstrated
an association between hypovitaminosis D and the increased risk of chronic diseases such
as cardiovascular diseases [7] and T2D [8]. Low levels of vitamin D and the development
of T2D may be associated with the action of insulin resistance, increasing glucose intoler-
ance [9]. In addition, in the postmenopausal period, it is common for women to receive
a prescription for vitamin D supplementation as a method of prevention for future falls
and maintenance of bone health. However, the association between vitamin D supplemen-
tation and physical fitness components has not been studied in the scientific literature in
menopausal and diabetic women, although a few studies have investigated the effects of
vitamin D supplementation on strength and muscular power gains [10].

In a recent review of the literature, Bentes et al. [11] reported the shortage of studies,
and in a short review, the authors describe five longitudinal studies concluding that for
vitamin D to have an effect on the postmenopausal age range, daily doses need to be
greater than 1000 IU/day. Typically, these studies with vitamin D3 supplementation used
the cholecalciferol form. Consequently, it is essential for longitudinal studies to investigate
the effects of vitamin D supplementation on changes in physical fitness components in
postmenopausal women with T2D, since this topic requires further investigation as it
may represent an important resource in the control and treatment of fragility caused by
aging. Therefore, the purpose of the present study was to examine the effects of vitamin D
supplementation for 12 months on physical fitness in postmenopausal women with T2D.

2. Methods
2.1. Participants and Research Design

A longitudinal, paired clinical study, with a quasi-experimental characteristic, was
performed in a period of 12 months. One hundred and ten women from the gynecology
outpatient clinic, who were already postmenopausal and diagnosed with T2D, were re-
cruited to participate in the study. After the invitation, the following exclusion criteria
were applied: neurological problems that compromise balance and gait; patients who
were supplementing with a dose of more than 1000 u/d of vitamin D (all types) continu-
ously for more than three months; cognitive deficits, deformities in the upper and lower
limbs, severe vision problems, dizziness symptoms, severe hearing loss, uncontrolled
arterial hypertension, and postural hypotension, use of balance-compromising drugs (seda-
tives and anticonvulsants); excessive use of alcohol; obesity Grade III, liver diseases and
nephropathies, use of glucocorticoids, antiretroviral medication for HIV, hyperparathy-
roidism, hypercalcemia, lymphomas, granulomatous diseases, current neoplasm. The
initial group for the study was 40 participants at the end of the recruitment and consent
(Table 1).

224



J. Funct. Morphol. Kinesiol. 2021, 6, 87

Table 1. Sample Characteristics.

Mean ± SD K-S

Age (years) 62.48 ± 7.67 0.067
Height (cm) 154.6 ± 5.11 0.798

Body mass (kg) 73.93 ± 15.43 0.052
Waist circumference (cm) 96.99 ± 14.25 0.636

Abdominal circumference (cm) 98.46 ± 11.54 0.666
Iliac circumference (cm) 101.42 ± 12.24 0.545
Hip circumference (cm) 104.05 ± 10.20 0.195

Waist/hip ratio 0.93 ± 0.08 0.336
BMI (kg/m2) 31.13 ± 5.82 0.404

Lean body mass (kg) 22.29 ± 3.23 0.162
Fat mass (kg) 33.17 ± 10.87 0.355

Fat percentage (%) 43.62 ± 6.36 0.269
Visceral fat area (cm2) 124.36 ± 31.06 0.248

Resting Metabolic Rate (kcal/d) 1259.54 ± 116.20 0.112
Vitamin D status (ng/mL) 27.47 ± 8.98 0.073
Fasting glucose (mg/dL) 144.65 ± 55.99 0.092

Legend: K–S: Kolmogorov–Smirnov normality test. SD—Standard Deviation.

2.2. Procedures

Participants who met the criteria and who signed the term during the invitation
consultation were aware of the start and end dates of data collection and the amount
of vitamin D that would be administered, as well as the procedures for the collection,
where they should be fasting for 12 h and in light and comfortable clothes. The kits were
delivered at the first visit with the amount of supplementation for three months with the
daily amount of 1000/ud of vitamin D (cholecalciferol) in pill form and subjects were
instructed to return after three months with the empty bottles to be replenished.

All physical tests were performed in random order. At the first visit (P0), the patient
underwent blood collection, routine outpatient consultation, body composition analysis,
and then received breakfast. After these initial tests, the subjects participated in the physical
fitness tests. The routine outpatient consultation consisted of a complete medical exam-
ination and analysis of the patient’s health status. If necessary, the physician prescribed
medication to control the diabetes with oral glucose-regulating drugs. The appointments
for replacement of the vitamin D kits and routine laboratory examinations were resched-
uled at three-month intervals. However, the procedures for analysis were only repeated
with the 6-month intervals (P6 and P12). In addition, they were performed by the same
investigators. Thus, the measures for the analysis of the outcome were performed in the
following moments: pre-experiment (P0), six months after (P6), and 12 months after (P12)
(Figure 1).

2.3. Physical Tests

Handgrip strength was measured using a hydraulic grip strength dynamometer (Jamar
Hydraulic Hand Dynamometer Model J00105, Lafayette Instrument Company, La Fayette,
IL, USA). Grip strength was measured three times using the dominant hand while the
subject was in a seated position, shoulder adducted and neutrally rotated, elbow flexed
at 90◦ with the forearm in neutral position, with a 1 min rest period between attempts.
The highest recorded value of three attempts was used for analyses. Relative strength was
calculated with the equation: handgrip strength (kg) ÷ body mass (kg), as suggested by
Prestes and Tibana [12].

The timed up and go (TUG) test was used to examine functional mobility, muscle
function, walking speed, and dynamic balance [13]. This test involves the time taken to
rise from a chair, walk 3 m, turn around a marker, walk back to the chair, and sit down [13].
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Figure 1. Data Collection Flowchart.

The arm curl test was used to measure the upper body local muscle endurance [14].
Subjects performed seated biceps curls without bending the trunk forward for 30 s with
2.3 kg dumbbells. The score used was the total number of arm curls.

The 30 s chair stand was used to measure lower limb local muscle endurance. The
score equals the number of rises from a chair in 30 s with arms folded across the chest [14].

2.4. Anthropometry and Body Composition

Body height (BH) was measured with a stadiometer (Stadiometer Seca 208 Bodymeter),
and waist, iliac, abdominal, and hip circumferences were measured with an anthropometric
tape. In addition, body mass (BM), fat mass (FM), lean body mass, fat percentage, fat-free
mass (FFM), and visceral fat area (VFA) were measured with an octopolar bioimpedance In-
Body 720 (Biospace, Seoul, Korea). The validity of this bioimpedance for body composition
has been previously documented [15].

2.5. Blood Sample Analyses

Blood samples were collected after fasting for 12 h. The main outcome parameters
were fasting plasma glucose and vitamin D (25-hydroxyvitamin D [25-OH D]). The serum
fasting glucose was measured by using the enzymatic colorimetric (GOD-PAP) method.
The serum vitamin D concentrations were assessed by chemiluminescent assay.
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2.6. Statistical Analyses

Statistical analysis was initially performed using the Kolmogorov–Smirnov normality
test and the homoscedasticity test (Bartlett criterion). All variables demonstrated normal
distribution and homoscedasticity (p > 0.05). Repeated measures ANOVA was used to
compare the means to verify possible differences in time (P0 vs. P6 vs. P12). In case of
significant differences, a Bonferroni post hoc for analysis of multiple comparisons between
variables was used (P0 vs. P6; P0 vs. 12; P6 vs. 12). The significance level adopted was
p < 0.05 and IBM SPSS 24.0 software was used for all statistical analyses.

3. Results
Primary Outcomes

In the comparisons of repeated measurements (P0 vs. P6 vs. P12), the ANOVA results
demonstrated patients had significant increases in vitamin D (p = 0.0001). In the multiple
comparisons, there were gains between the measurements of P0 (27.5 ± 9.0; Limit) vs. P6
(38.8 ± 12.1; Acceptable); p = 0.0001 and a percentage increase of 48.39% (11.55 ng/mL), P0
(27.5 ± 9.0; Limit) vs. P12 (38.5 ± 11.3; Acceptable); p = 0.0001 and a percentage increase of
32.35% (6.14 ng/mL) (Figure 2).

Figure 2. Blood concentration of 25 (OH) D over 12 months of supplementation. * Differences
between P0 vs. P6, p = 0.0001. ** Differences between P0 vs. P12, p = 0.0001.

In repeated measures comparisons (P0 vs. P6 vs. P12), the ANOVA results demon-
strated the patients had significant changes in the following variables: handgrip strength
(p = 0.0001), relative strength (p = 0.0001), arm curl test (p = 0.0002), and 30 s chair stand
(p = 0.0001). Additionally, there were no differences in the following variables: timed up
and go (p = 0.107), sit and reach (p = 0.625).

In multiple comparisons, there were significant gains on handgrip strength between
P0 (22.10 ± 5.47) vs. P6 (27.73 ± 4.94); p = 0.0001, P0 (22.10 ± 5.47) vs. P12 (29.37 ± 5.08);
p = 0.0001. There were significant gains on relative strength between P0 (0.31 ± 0.08) vs.
P6 (0.38 ± 0.09); p = 0.0001, P0 (0.31 ± 0.08) vs. P12 (0.41 ± 0.09); p = 0.0001. There were
significant gains on arm curl test between P0 (12.20 ± 3.88) vs. P6 (15.35 ± 3.89); p = 0.0001,
P0 (12.20 ± 3.88) vs. P12 (15.94 ± 3.09); p = 0.0001. There were significant gains on 30 s
chair stand between P0 (8.53 ± 3.19) vs. P6 (11.26 ± 2.60); p = 0.0001, P0 (8.53 ± 3.19) vs.
P12 (12.20 ± 2.41); p = 0.0001. Figure 3.
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Figure 3. Physical Fitness results over 12-months of Vitamin D supplementation for elderly women.
* Differences between P0 vs. P6, p = 0.0001, ** differences between P0 vs. P12, p = 0.0001.

4. Secondary Outcomes

In repeated measures comparisons (P0 vs. P6 vs. P12), the ANOVA results demon-
strated the patients had significant changes on waist/hip ratio (WHR), p = 0.04. In multiple
comparisons, there were significant changes between P0 (0.93 ± 0.08) vs. P12 (0.88 ± 0.08);
p = 0.041, Table 2.
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Table 2. Secondary Outcomes results.

Variable Timeline Mean ± Standard Deviation
Confidence Interval 95%

Lower Higher

Age (years)
P0 62.64 ± 7.64 60.4 65.1
P6 63.02 ± 7.68 60.6 65.6
P12 63.05 ± 7.30 60.6 65.6

Body Mass (Kg)
P0 73.80 ± 15.26 69.3 78.6
P6 74.03 ± 14.74 69.5 78.6
P12 73.02 ± 14.17 68.7 77.8

Waist circumference (cm)
P0 96.93 ± 14.07 92.9 101.1
P6 94.46 ± 13.41 90.2 98.6
P12 92.91 ± 14.02 88.6 97.6

Abdominal circumference (cm)
P0 98.41 ± 11.39 95.2 101.9
P6 98.28 ± 12.15 94.6 102.1
P12 98.64 ± 11.92 94.8 102.5

Iliac circumference (cm)
P0 101.68 ± 12.19 98.2 105.6
P6 101.82 ± 11.05 98.4 105.4
P12 103.80 ± 11.56 100.1 107.5

Hip circumference (cm)
P0 104.13 ± 10.07 101.1 107.3
P6 104.60 ± 9.13 101.7 107.5
P12 104.85 ± 9.68 101.7 108.0

WHR
P0 0.93 ± 0.08 0.9 1.0
P6 0.90 ± 0.08 0.9 0.9
P12 0.88 * ± 0.08 0.9 0.9

Lean body mass (kg)
P0 31.20 ± 5.76 29.4 33.1
P6 31.07 ± 5.72 29.3 32.8
P12 30.72 ± 5.61 29.0 32.7

Bone Mass
P0 2.34 ± 0.29 2.3 2.4
P6 2.32 ± 0.29 2.2 2.4
P12 2.31 ± 0.28 2.2 2.4

Lean body mass
P0 22.17 ± 3.28 21.2 23.2
P6 22.53 ± 7.53 20.4 25.2
P12 21.71 ± 3.25 20.7 22.8

Fat mass
P0 33.24 ± 10.74 30.2 36.5
P6 33.29 ± 10.57 30.0 36.7
P12 32.80 ± 10.25 29.7 36.3

Fat percentage (%)
P0 43.84 ± 6.42 41.9 45.9
P6 44.35 ± 6.80 42.3 46.3
P12 44.05 ± 6.56 41.7 46.2

Visceral fat area
P0 124.09 ± 31.42 114.7 133.6
P6 123.26 ± 29.43 114.5 132.5
P12 123.39 ± 28.95 114.4 133.5

Rest Metabolic Rate
P0 1255.10 ± 118.08 1219.5 1290.5
P6 1249.73 ± 115.25 1215.6 1285.8
P12 1238.94 ± 114.32 1203.1 1277.8

* Differences between P0 vs. P12, p = 0.041.

5. Discussion

The main purpose of this study was to examine the influence of vitamin D supple-
mentation for 12 months in postmenopausal women with T2DM on various components
of physical fitness. Therefore, to follow the evolution of these outcomes, three time-points
were tested over 12 months (P0, P6, and P12). Hypovitaminosis D is common in post-
menopausal women. Possible causes of this condition include low sun exposure and
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reduced capacity to produce vitamin D, reduced renal function, lower absorption of vita-
min D from the gastrointestinal tract, and use of multiple medications that may interfere
with absorption and metabolism of this vitamin [16,17].

The main results in the present study demonstrated postmenopausal vitamin D
supplementation alone, in addition to positively modifying serum levels of this limitrophe
to desirable, and promoting significant increases in neuromuscular markers of physical
fitness. In addition, the supplementation controlled the chronic loss of lean mass that
is natural during aging and a characteristic of patients with T2D who also changed the
distribution of body fat, altering indicators such as WHR.

Vitamin D availability in the body is assessed by measuring plasma concentrations of
25 (OH) D [18]. In participants of this study, serum concentrations were within the limitro-
phe classification in the beginning of data collection, which is below the desirable range.
The International Osteoporosis Foundation and Endocrinology Society recommendations
based on two meta-analyses suggest concentrations greater than 24 ng/mL to reduce fall
rates [19] and above 30 ng/mL to reduce fracture rates [20]

In the present study, patients achieved the desirable classification (above 32 ng/mL)
within 6 months and maintained it after 12 months with daily vitamin D supplementation
(1000 IU/day). In any case, the population investigated in this clinical study consisted of
postmenopausal women with T2DM who have this recommendation because they have
risk factors for hypovitaminosis D [21].

Reduced vitamin D blood concentrations are associated with changes in muscle
function [12]. Vitamin D receptors (VDR) are found in muscle tissue and are involved in
activating muscle protein synthesis, meaning it is an important maintainer and important
agent for muscle hypertrophy [22].

One study has shown vitamin D supplementation was able to increase serum VDR
concentration by 30% and the amount of muscle fibers by 10% [23]. The main change
induced by vitamin D deficiency is fast-twitch type 2 muscle atrophy, which is the first
to be recruited during postural balance recovery, a fact that may explain the inverse
association between serum levels of 25 (OH) D and falls [19].

The results of the present study support the data reported in the literature that during
the follow-up period, as serum 25 (OH) D levels increased, participants had significant
increases in muscle function at all times compared to P0. The most plausible explanation for
this increase is in the study of Annweiler et al. [24], where the authors state that vitamin D
supplementation can alter the oxidative capacity of muscle by improving muscle function.

There were significant increases in all physical fitness variables measured (handgrip,
relative strength, arm curl test, 30 s chair stand) at moment P6 and P12. In a recent brief
review, Bentes et al. [12] reported that only five studies to date have examined the influence
of vitamin D supplementation alone on physical fitness markers; however, only three of
the five studies using dosages at or above 1000 IU/day caused significant increases in
strength gains, and this was the same dosage used in the present study during 12 months
of follow-up.

Corroborating with our results, Zhu et al. [25] examined vitamin D supplementation
on muscle strength and mobility in 302 elderly women (70–90 years) with 25 (OH) D
insufficiency. The intervention group received doses of 1000 IU/day and the results show
that based on baseline values, supplementation was able to increase muscle strength
and muscle function in elderly women with vitamin D deficiency. Cangussu et al. [16]
evaluated the daily supplementation of 1000 IU in 160 postmenopausal women, and the
results demonstrated the intervention group obtained significant gains in vitamin D and
consequently, significant increases in lower and upper limb muscle strength in addition to
the control of lean mass loss. Similarly, the study by Anek et al. [26] investigated the effects
of four weeks of vitamin D supplementation (20,000 IU/week) on markers of bone mass,
muscle strength, and balance in 52 postmenopausal women (45–55 years). Results showed
that after four weeks there were significant improvements in physical fitness.
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In addition to the aforementioned fitness measures, as a secondary outcome, anthro-
pometric measurements and bioimpedance were performed to assess body composition.
Only the WHR measurement showed significant improvements. In contrast, during the
12 months of follow-up, there was maintenance of body mass, lean mass, and fat without
any significant changes. This can be seen as a fundamental positive factor in the aging
process, and an important factor in women with T2DM because of the acceleration in the
process of muscle loss due to the pathological feature of the disease [27].

Nevertheless, WHR decreased by 4.08% in 12 months. The explanation lies in the
process of transferring body fat. In the postmenopausal process, it is common for women
to present changes in the postmenopausal process, it is usual for women to show changes
in the abdominal/waist fat accumulation, with decreasing fat layer thickness in the hip
and increasing in the visceral region [28]. Unexpectedly, in the present study vitamin D
supplementation over the 12 months maintained body mass and body fat but presented
significant decreases in WHR.

The strengths of this assay are serum vitamin D (25 (OH) D) measurements with
the chemiluminescent assay that is most sensitive for detecting plasma vitamin D [29].
In addition, the functional measures of the present study have practical characteristics
and fulfill the participants’ daily functions, providing more accurate information on the
analysis of variables related to muscle function. The type of population studied (i.e.,
postmenopausal women with T2DM in an age group under 65 years) demonstrates a
strength for the study.

Our most important limitation was not being able to form a control group, as the
hospital ethics committee did not allow the formation of a placebo condition in this age
category due to the high number of studies already suggesting the benefits for preventing
falls and improving bone health. Hence, we highlight the sample size of 40 participants,
although the sample size calculation showed a power of 93%, enhancing the external
validity of the study. In addition, there could have been a memory bias due to the long
period between consultations. However, the investigators performed biweekly calls and
quarterly appointments for vitamin replacement and recall of test procedures. Furthermore,
the selection bias is associated with admission of patients who were already part of the
female endocrinology service which can be assumed to be periodically seen by medical
professionals and had constant access to general health care. Another limitation is related
to the control of whether the patients used the vitamin D doses, although participants were
given biweekly instructions and returned empty bottles indicating total consumption of
the product. Lastly, researchers did not have nutrition control of the participants’ diets and
diet was not monitored. Thus, even though blood tests on P6 and P12 showed increases in
serum vitamin D levels, the potential confounding variable of increasing serum vitamin D
levels from diet intake alone cannot be overlooked.

6. Conclusions

In conclusion, vitamin D supplementation appeared to be effective in postmenopausal
women to increase serum vitamin D levels, hence significantly altering muscle strength
levels, and promoting improvements in muscle function, which can help control comorbidi-
ties associated with T2D and aging. In addition, serum vitamin D increased significantly,
decreasing the WHR, demonstrating that it may be effective in redistributing body fat
caused by menopause. Therefore, for 12 months patients maintained body mass, lean
and fat mass, and increased muscle strength. Thus, it may be an excellent strategy for
women in this age group who do not have any contraindication to supplement with this
vitamin. Although the results demonstrate important benefits for postmenopausal diabetic
women, the reduced sample size may limit external inferences. Nevertheless, we can
consider these important findings as preliminary evidence of potential benefits of vitamin
D supplementation for older women with diabetes.
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Abstract: The aim of our study was to assess the effect of 8 weeks of pulmonary rehabilitation (PR)
in patients with pulmonary embolism (PE) during unsupervised PR (unSPRgroup) versus supervised
PR (SPRgroup) on cardiopulmonary exercise testing (CPET) parameters, sleep quality, quality of life
and cardiac biomarkers (NT-pro-BNP). Fourteen patients with PE (unSPRgroup, n = 7, vs. SPRgroup,
n = 7) were included in our study (age, 50.7 ± 15.1 years; BMI, 30.0 ± 3.3 kg/m2). We recorded
anthropometric characteristics and questionnaires (Quality of life (SF-36) and Pittsburg sleep quality
index (PSQI)), we performed blood sampling for NT-pro-BNP measurement and underwent CPET
until exhausting before and after the PR program. All patients were subjected to transthoracic
echocardiography prior to PR. The SPRgroup differed in mean arterial pressure at rest before and
after the PR program (87.6 ± 3.3 vs. 95.0 ± 5.5, respectively, p = 0.010). Patients showed increased
levels of leg fatigue (rated after CPET) before and after PR (p = 0.043 for SPRgroup, p = 0.047 for
unSPRgroup) while the two groups differed between each other (p = 0.006 for post PR score). Both
groups showed increased levels in SF-36 scores (general health; p = 0.032 for SPRgroup, p = 0.010 for
unSPRgroup; physical health; p = 0.009 for SPRgroup, p = 0.022 for unSPRgroup) and reduced levels in
PSQI (cannot get to sleep within 30-min; p = 0.046 for SPRgroup, p = 0.007 for unSPRgroup; keep up
enough enthusiasm to get things done; p = 0.005 for SPRgroup, p = 0.010 for unSPRgroup) following
the PR program. The NT-pro-BNP was not significantly different before and after PR or between
groups. PR may present a safe intervention in patients with PE. The PR results are similar in SPRgroup

and unSPRgroup.

Keywords: exercise; pulmonary embolism; pulmonary rehabilitation

1. Introduction

Pulmonary embolism (PE) is an acute and potentially fatal condition in which em-
bolic material, usually a thrombus originating from the deep veins of the legs, blocks the
pulmonary circulation resulting in impaired blood flow that may lead to right ventricle
dysfunction [1]. PE and deep vein thrombosis are considered to be two manifestations of
venous thromboembolism (VTE), which represents the third most common cardiovascular
disorder in industrialized countries [2]. PE is difficult to diagnose due to lack of specificity
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of symptoms and clinical presentation [3]. Patients with history of PE often exhibit func-
tional limitations and decreased quality of life even years after the episode, a condition
that is considered as a long-term complication of acute PE and termed “post-PE-syndrome”
or “Chronic Thromboembolic Disease” [4].

PE in the setting of COVID-19 is a common complication, frequent in hospitalized
patients [5], and is associated with its severity [6]. On the pathophysiological level, the
relationship between PE and COVID-19 is bidirectional. Hypercoagulable states and
endothelial injury may be induced via virus–host interactions, while subsequent PE may
account for persistent hypoxia following the resolution of the acute syndrome [7]. The
incidence of PE following COVID-19 varies according to the population studied, the
severity of COVID, the thromboprophylaxis dose, the screening protocol for VE, etc.
According to a recent meta-analysis, the overall incidence of PE in COVID-19 inpatients is
approximately 17%, with increased incidence in patients admitted to ICU (27.9%) versus
those hospitalized in wards (7.1%) [8].

The “post-PE-syndrome” is characterized by suboptimal cardiac function but not pul-
monary hypertension, altered pulmonary artery flow dynamics, and impaired oxygenation
at rest or at exercise, associated with symptoms such as dyspnea, reduced exercise tolerance,
or worsening of quality of life, that cannot be explained otherwise [4]. The pathophysiology
of the syndrome is poorly understood while its treatment is not specified to measures
other than anticoagulation and supportive care. Recent guidelines have outlined that an
efficient follow-up strategy after PE should include exercise rehabilitation, although studies
addressing the effect of pulmonary rehabilitation programs in these patients are lacking [9].
Pulmonary rehabilitation (PR) includes a supervised program of exercise training and
breathing techniques that also addresses issues of health education. PR represents a safe
and effective intervention which improves health indicators and quality of life of patients
with certain lung diseases such as chronic obstructive pulmonary disease or lung involve-
ment due to other conditions [10]. European Respiratory Society Council and Executive
Committee [10] underlies the need to establish specialized rehabilitation programs in order
to enhance patient accessibility to this treatment intervention. According to World Health
Organization [11], the health indicators related to metabolic profile, physical activity [12],
and aerobic and anaerobic capacity are assessed within the cardio-pulmonary exercise
testing (CPET). Briefly, CPET is a non-invasive measurement which provides an objective
quantitative assessment of metabolic, pulmonary and cardiovascular responses during ex-
ercise [13]. Several biomarkers for PE diagnosis, risk stratification and/or risk of recurrence
exist but most of them require further validation before being applied in clinical practice.
Cardiac troponin T, N-terminal-pro hormone BNP (NT-pro-BNP) and heart-type fatty-acid
binding protein, are markers of myocardial strain and injury, which have prognostic value
in risk assessment strategies [4].

There is paucity of data concerning the possible role of PR programs in patients
with PE. This lack of data extends to unsupervised PR (unSPRgroup), which represents
a telemedicine approach that has gained impetus during the COVID-19 pandemic [14].
Telemedicine approaches, including virtual reality applications, have had previous success-
ful implementations in the setting of pulmonary disease rehabilitation. [15]. Home-based
unsupervised rehabilitation has been shown to be an effective alternative to formal regi-
mens during the pandemic, ensuring that patients rehabilitation milestones remain on-track
following hospitalization [16]. A study from our group has indicated that the efficacy of
unsupervised PR in COVID-19 is tangible, and associated with improvements in redox
homeostasis, sleep health and anthropometric indices [17]. Considering the overlap be-
tween COVID-19 and PE, these studies further demonstrate the rationale and relevance of
unsupervised PR in PE.

Currently, there is no study prospectively addressing the efficacy and safety of PR in
exercise limitation and quality of life following an episode of PE, despite current guide-lines
that suggest that exercise rehabilitation is part of the follow up of these patient group [8].
The effectiveness of different programs of physical activity is not well established but
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some studies suggest that supervised versus self-selected programs might have similar
results [18]. The types of exercise programs in patients with PE have not been addressed
in the literature, to this end, we designed this study in order to investigate the effect of 8
weeks of PR in patients with history of an acute episode of PE. Additionally, we aimed to
address the results of PR in exercise limitation and quality of life and examine possible
differences among patients subjected to supervised versus unsupervised exercise.

2. Materials and Methods
2.1. Study Population

The present research is a pilot study. Patients with a history of PE were prospectively
recruited from the PE outpatient clinic (Figure 1) between January 2017 to December
2018. The patients were randomly divided into two groups (using block randomization):
unsupervised PR during telerehabilitation (unSPRgroup) and supervised PR (SPRgroup)
in Pulmonary Rehabilitation Center (University of Thessaly). Some of these patients
were present in a previous study and belong to the Proceedings of the 9th Conference of
Biochemistry and Physiology of Exercise [19]. We included patients with PE diagnosis
>6 months prior to enrollment and weekly exercise ≤100-min. Exclusion criteria included
contraindications to the performance of CPET (i.e., recent acute myocardial infarction
(3–5 days), unstable angina, uncontrolled arrhythmia causing hemodynamic instability,
acute endocarditis, acute myocarditis or pericarditis, uncontrolled heart failure, lower
extremity thrombosis, pregnancy, presence of severe comorbidity that may interfere with
the results of the rehabilitation, i.e., COPD). The study was approved by the Institutional
Ethics Committee of the corresponding institution. Verbal and written informed consent
were obtained from all participants (No. of Ethical Committee: N◦ 2800, Scientific Council
of University Hospital of Larissa).
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2.2. Procedures

For all patients, we recorded the demographics and characteristics of PE episodes and
all subjects underwent echocardiography. Prior to CPET, all participants answered the
Pittsburgh Sleep Quality Index (PSQI) [20] and Quality of Life (SF-36) [21] questionnaires
while we recorded anthropometric characteristics [22–24], pulmonary function parameters
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(FEV1: forced expiratory volume in 1st sec, FVC: forced vital capacity; Master Screen-
CPX, VIASYS HealthCare, Hochberg, Germany) [25]. Blood sampling for NT-pro-BNP
measurement was performed 30 min before CPET. BNP measurements were performed
in complete blood samples with a commercial analyzer (Triage BNP test; BI-OSITE, San
Diego, CA, USA). The same procedure was repeated after 8 weeks.

2.3. Echocardiography

All patients underwent echocardiographic study within 48 h of the CPET and PR
program initiation. Two-dimensional echocardiography was performed, with the subjects
resting in a left lateral decubitus position, using a Vivid BT08 (General Electric, Miami, FL,
USA). Heart images were obtained in the standard parasternal long-axis and short-axis
and apical four-and-two chamber planes. Wall thickness was measured from 2D short-
axis views at end-diastole, with the greatest measurement within the left ventricular wall
defined as the maximal wall thickness. M-mode echocardiograms derived from 2D images
in the parasternal long axis were used for the measurement of end-diastolic and systolic
dimensions according to the American Society of Echocardiography [26].

2.4. Cardiopulmonary Exercise Testing

CPET was performed on an electronic cycle ergometer (Ergoselect 100, Bitz, Germany)
Master Screen-CPX and respiratory and cardiac parameters were recorded (VIASYS Health-
Care, Höchberg, Germany). All patients, prior to testing, were familiarized with the test
via a 2 min resting stage (1st stage); for a 3 min unloaded cycling as a warm-up (2nd stage);
then, after the end of the maximal test (3rd stage), they performed a 5 min unloaded
cycling for recovery (4th stage) purposes. In the 3rd stage the ramp work rate increased by
10–15 watts/min until exhaustion was reached. The work rate increment calculated using
the Wasserman et al. [27] formula:

Work Rate/min (ramp) = (VO2max − VO2unloaded)/100

VO2max = (Height (cm) − Age (years)) × 20 (male) or × 14 (female)

VO2unloaded = 150 + (6 × Weight (kg))

During testing all patients were instructed to keep a steady speed of 60 ± 5 rpm
throughout the four phases of testing. Each trial was terminated when the participant
reached symptom-limited maximum exercise, which was confirmed by the presence of
respiratory exchange ratio (RER) > 1.10, Heart Rate (HR) ≥ 80% of predicted HRmax,
and/or plateau of oxygen consumption with increasing work load. Moreover, a 12-lead
electrocardiogram (ECG) was also employed for HR monitoring, while a pulse oxymeter
(MasterScreen, Höchberg, Germany) informed about oxygen saturation (SpO2). Blood
pressure (cuff manometry, Mac, Japan) and Borg CR10 Scales (Leg Fatigue, Dyspnea) point
were recorded every 2 min for all phases.

2.5. Pulmonary Rehabilitation Program

The PR program lasted 8 weeks with three sessions per week. The duration of
each training session was about 70 min. All sessions were instructed to conduct the
PR program either outdoors (walking) or in home (stretching, strength and breathing
exercise) without supervision for patients of the unSPRgroup. Patients in the SPRgroup
performed the PR program in the Laboratory of Pulmonary Rehabilitation of the University
Hospital of Larissa. Each training session included a warm-up (unSPRgroup and SPRgroup:
5 min stretching exercises), the first main set (unSPRgroup: 40 min walking at 60% of VO2
calculated from heart rate vs. SPRgroup: 40 min intermittent exercise in cycle ergometer
(30 s exercise at 70% of VO2max and 30 s resting)), the second main set of training (un-
SPRgroup: 10 min (tele)breathing physiotherapy and 10 min multi-joint strength exercises
vs. SPRgroup: 10 min respiratory physiotherapy and 10 min multi-joint strength exercises)
and a recovery set (unSPRgroup and SPRgroup: 5 min stretching exercises). The set of
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exercises was analogue for both groups. Minor differences in the two PR programs exist in
order to increase safety for injuries. The unSPRgroup performed exercise-PR unsupervised
but according to instructions of a clinical exercise physiologist (VTS) that supervised
the SPRgroup.

Adherence to the program of unSPRgroup was determined via phone calls per week.
Each call focused on whether the patients were able to follow the instructions and perform
them, troubleshooting and reporting the physiological parameters.

2.6. Statistical Analysis

The Kolmogorov–Smirnov test was utilized to assess normality of distribution of
values. A comparison of one group of individuals against themselves (pre-and-post the PR)
was performed with the Wilcoxon signed-rank test according to variable distribution. A
comparison between the two patient groups was performed with the use Mann–Whitney U-
test according to variable distribution. Data are presented as absolute numbers, percentages
or mean values and standard deviation (mean ± SD). For all the statistical analyses the
statistical package SPSS 15 (SPSS Inc., Chicago, IL, USA) was used. The level of significance
was set at p < 0.05.

3. Results

Out of the 37 individuals who were assessed for eligibility, 14 were included in the
study (Figure 1). Tables 1 and 2 presents demographical, clinical and echocardiography
results of the study subjects. Briefly, the SPRgroup vs. the unSPRgroup did not differ
significantly in terms of age (49.6 ± 15.4 vs. 51.9 ± 16.0, respectively), gender distribution
(males 85.71% vs. 71.42%, respectively) and smoking status (smokers: 28.6% vs. 42.9%,
respectively). Similarly, SPRgroup vs. the unSPRgroup had similar BMI (29.8 ± 3.9 vs.
30.1 ± 2.9, kg/m2, respectively), baseline physical activity (61.7 ± 24.7 vs. 70.0 ± 14.1,
respectively) (Table 1). The two groups did not differ at baseline in terms of cardiovascular
comorbidities, blood pressure measurements and spirometry results (Table 1). Mean
Pulmonary Severity Index (PESI) score of the study participants was 52.48 ± 48.23. All
patients were hospitalized during the acute period. Mean PESI score was not significantly
different between SPRgroup and unSPRgroup (103.25 ± 50.90 vs. 100.33 ± 49.13, p > 0.05).
Ejection fraction was within the normal range in both SPRgroup and unSPRgroup (59.2 ± 2.0
vs. 59.4 ± 1.3, respectively) (Table 2). Echocardiographic signs of right heart dysfunction
(i.e., end-diastolic right ventricular diameter in four chambers view, right ventricular
systolic pressure, right atrial area, tricuspid annular plane systolic excursion) were not
significantly different between the two study groups (Table 2).

Respiratory parameters and CPET results, before and after the PR for both groups, are
presented in Table 3. The SPRgroup differed in mean arterial pressure (MAP) at rest before
and after the PR program (87.6 ± 3.3 vs. 95.0 ± 5.5, respectively, p = 0.010). MAP levels
did not differ significantly before and after the PR program in the unSPRgroup (85.5 ± 8.5
vs. 88.6 ± 9.2, respectively). We observed an increasing trend in PETO2 in the SPRgroup
after the PR program vs. at baseline that did not reach statistical significance (115.0 ± 7.0
vs. 108.7 ± 3.9, respectively, p = 0.059) (Table 3). Patients showed differences in leg fatigue
before and after PR (SPRgroup: 2.6 ± 1.4 vs. 3.6 ± 1.3, respectively, p = 0.043 and unSPRgroup:
1.1 ± 0.7 vs. 1.7 ± 0.8, respectively, p = 0.047). Leg fatigue following the PR program was
significantly higher in SPRgroup when compared to unSPRgroup (3.6 ± 1.3 vs. 1.7 ± 0.8,
respectively, p = 0.006).
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Table 1. Demographical, clinical and spirometry results of the study population.

SPRgroup UnSPRgroup p Value

Age, years 49.6 ± 15.4 51.9 ± 16.0 0.790
Gender, M/F 6/1 5/2 0.552
Smokers, % 28.6 42.9 0.611

Body mass index, kg/m2 29.8 ± 3.9 30.1 ± 2.9 0.884
Body surface area, m2 2.0 ± 0.5 2.2 ± 0.3 0.537

Lean body mass, % 60.9 ± 9.0 63.6 ± 6.3 0.531
Total body water, L 44.2 ± 8.9 44.7 ± 7.0 0.904

Alcohol drinking, ml/month 85.0 ± 13.7 83.3 ± 14.4 0.875
Physical Activity, min/week 61.7 ± 24.7 70.0 ± 14.1 0.703

Systolic blood pressure, mmHg 113.6 ± 13.8 117.1 ± 9.9 0.588
Diastolic blood pressure, mmHg 71.4 ± 6.3 72.9 ± 2.7 0.589

Prevalence of CVD and diabetes, % 42.9 57.1 0.626
Prior VTE event, Y/N 1/6 1/6 1.000
Provoked event, Y/N 3/4 6/1 0.109

Under anticoagulant therapy, Y/N 6/1 4/3 0.271
MRC dyspnea scale, 0/I/II 3/4/0 2/4/1 0.690

FEV1, % of predicted 101.0 ± 8.0 96.9 ± 10.2 0.434
FVC, % of predicted 96.8 ± 7.7 90.9 ± 11.6 0.280

Abbreviations: CDV, cardiovascular disease; FEV1, forced expiratory volume in 1st sec; FVC, forced vital capacity;
M/F, male/female; VTE, venous thromboembolism event; Y/N, yes/no.

Table 2. Echocardiographic characteristics of the study population.

SPRgroup UnSPRgroup p Value

Ejection fraction, % 59.2 ± 2.0 59.4 ± 1.3 0.832
End-diastolic RV diameter (4CH), cm 3.6 ± 0.1 3.6 ± 0.5 0.763

RVSP, mmHg 23.3 ± 4.1 24.2 ± 5.8 0.777
RA area, cm2 15.3 ± 2.5 15.2 ± 3.1 0.952
TAPSE, mm 20.5 ± 7.8 22.3 ± 4.3 0.626

Abbreviations: RA, right atrial; RV, right ventricle; RVS, right ventricular systolic pressure; TAPSE, tricuspid
annular plane systolic excursion.

Table 3. Pulmonary function parameters and cardiopulmonary exercise testing results between groups before and after the
pulmonary rehabilitation program. Continuous variables are presented as mean ± standard deviation.

SPRgroup UnSPRgroup p Value between Groups

Baseline Post-PR p Value Baseline Post-PR p Value PRpre PRpost

Resting
VO2, mL/min 330.6 ± 91.6 349.0 ± 120.8 0.735 336.3 ± 84.5 312.0 ± 53.9 0.533 0.905 0.473

VCO2, mL/min 257.1 ± 67.1 240.6 ± 101.8 0.095 267.9 ± 102.7 236.1 ± 32.9 0.452 0.821 0.095
PETCO2, mmHg 29.9 ± 3.7 29.5 ± 2.4 0.832 27.2 ± 4.1 27.1 ± 3.6 0.952 0.227 0.159
PETO2, mmHg 110.0 ± 5.1 114.0 ± 4.2 0.132 113.8 ± 7.7 112.5 ± 5.4 0.736 0.305 0.568

HR, bpm 81.0 ± 18.2 82.6 ± 18.2 0.875 78.7 ± 10.1 73.9 ± 9.6 0.374 0.776 0.285
MAP, mmHg 87.6 ± 3.3 95.0 ± 5.5 0.010 85.5 ± 8.5 88.6 ± 9.2 0.516 0.549 0.133

Maximal effort
VO2, mL/min 1559.1 ± 372.8 1579.3 ± 430.7 0.927 1946.0 ± 640.2 1896.1 ± 390.0 0.863 0.192 0.175

VCO2, mL/min 1536.6 ± 440.8 1525.5 ± 497.6 0.966 1954.1 ± 672.1 1791.0 ± 453.9 0.604 0.194 0.318
PETCO2, mmHg 37.5 ± 4.1 36.7 ± 3.5 0.710. 35.5 ± 4.6 35.6 ± 4.4 0.970 0.416 0.615
PETO2, mmHg 108.7 ± 3.9 115.0 ± 7.0 0.059 112.8 ± 3.8 115.9 ± 4.8 0.199 0.079 0.788
VE/MVV, % 44.1 ± 10.8 48.1 ± 10.5 0.494 53.3 ± 6.3 53.5 ± 12.7 0.977 0.076 0.408
VE/VCO2 28.6 ± 3.0 27.8 ± 3.0 0.279 28.5 ± 2.5 28.2 ± 3.3 0.786 0.357 0.679
HR, bpm 133.3 ± 18.6 133.0 ± 14.2 0.975 149.0 ± 13.3 138.4 ± 12.9 0.158 0.094 0.470

MAP, mmHg 119.5 ± 18.8 117.2 ± 10.6 0.786 123.3 ± 12.5 121.4 ± 9.4 0.757 0.660 0.438
Leg fatigue, Borg Scale 2.6 ± 1.4 3.6 ± 1.3 0.043 1.1 ± 0.7 1.7 ± 0.8 0.047 0.062 0.006

Dyspnea, Borg Scale 1.4 ± 1.0 2.0 ± 1.2 0.337 0.9 ± 1.1 1.3 ± 0.8 0.403 0.317 0.196

Abbreviations: HR, heart rate; MAP, mean arterial pressure; MVV, maximum voluntary volume; PETCO2, end-tidal carbon dioxide pressure;
PETO2, end-tidal oxygen pressure; VCO2, carbon dioxide output; VE, minute ventilation; VO2, oxygen uptake.

Both patient groups showed statistically significant differences before and after PR
in the Quality of Life and Sleep Quality questionnaires. At baseline no differences were
observed in both groups for all the subscales of SF-36 (Table 4). After the PR program, we
observed that both groups had a higher score in the SF-36 parameters “physical health” and
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“general health” versus to their baseline values. In more detail, “physical health” increased
significantly after the PR program when compared to baseline in the SPRgroup (92.9 ± 8.1
vs. 71.1 ± 10.7, respectively, p = 0.009) and the unSPRgroup (93.6 ± 6.9 vs. 76.4 ± 15.7,
respectively, p = 0.022). “General health” score increased following PR vs. before in the
SPRgroup (81.4 ± 16.8 vs. 63.6 ± 9.9, respectively, p = 0.032) and the unSPRgroup (72.1 ± 8.6
vs. 51.4 ± 15.7, respectively, p = 0.010). The others parameters of SF-36 were not different
before and after PR period (Table 4).

Table 4. Quality of life and sleep quality results between groups before and after pulmonary rehabilitation. Continuous
variables are presented as mean ± standard deviation.

SPRgroup UnSPRgroup
p Value between

Groups

Baseline Post-PR p Value Baseline Post-PR p Value Baseline Post-PR

Quality of
life (SF-36)

Physical Health 71.1 ± 10.7 92.9 ± 8.1 0.009 76.4 ± 15.7 93.6 ± 6.9 0.022 0.923 0.862
Physical Functioning 78.6 ± 26.7 92.9 ± 18.9 0.271 75.0 ± 25.0 76.4 ± 25.3 0.917 0.801 0.194
Body Pain 82.5 ± 18.0 87.5 ± 13.4 0.567 80.0 ± 17.0 83.9 ± 13.8 0.643 0.794 0.631
General Health 63.6 ± 9.9 81.4 ± 16.8 0.032 51.4 ± 15.7 72.1 ± 8.6 0.010 0.109 0.217
Vitality 67.9 ± 16.0 77.1 ± 13.2 0.260 60.7 ± 13.7 68.6 ± 8.0 0.214 0.387 0.167
Social Role Functioning 75.0 ± 20.4 92.9 ± 12.2 0.070 85.7 ± 18.3 85.4 ± 14.1 0.968 0.321 0.308
Emotional Role
Functioning 85.7 ± 26.2 98.6 ± 2.4 0.175 85.7 ± 26.2 90.5 ± 16.2 0.690 0.989 0.147

Mental Health 73.6 ± 24.0 78.3 ± 19.6 0.635 77.1 ± 17.5 81.1 ± 12.2 0.629 0.692 0.749

Sleep quality
(PSQI)

Cannot get to sleep
within 30 min 2.9 ± 0.4 1.8 ± 0.5 0.046 2.6 ± 0.5 2.0 ± 0.1 0.007 0.779 0.025

Wake up in the middle
of the night or early
morning

1.4 ± 0.3 1.4 ± 0.4 0.968 1.3 ± 0.1 1.3 ± 0.2 0.878 0.613 0.694

Have to get up to use
the bathroom 1.1 ± 0.1 1.0 ± 0.5 0.317 1.1 ± 0.4 0.9 ± 0.7 0.986 0.955 0.613

Cannot breathe
comfortably 1.2 ± 0.3 1.1 ± 0.4 0.867 1.1 ± 0.3 1.1 ± 0.6 0.831 0.986 0.978

Cough or snore loudly 1.0 ± 0.2 0.9 ± 0.6 0.317 0.9 ± 0.3 0.8 ± 0.4 0.326 0.694 0.281
Feel too cold 1.1 ± 0.3 1.0 ± 0.6 0.325 1.0 ± 0.4 0.9 ± 0.7 0.679 0.732 0.796
Feel too hot 1.0 ± 0.1 1.0 ± 0.2 0.371 1.1 ± 0.2 0.9 ± 0.3 0.317 0.698 0.789
Had bad dreams 1.2 ± 0.2 1.1 ± 0.1 0.157 1.1 ± 0.3 1.0 ± 0.2 0.175 0.121 0.779
Have pain 0.8 ± 0.1 0.7 ± 0.4 0.152 0.8 ± 0.2 0.6 ± 0.8 0.336 0.956 0.232
. . . taken medicine to

help you sleep - - / - - / / /
. . . trouble staying

awake (driving, eating
meals, or social activity)

0.6 ± 0.3 0.6 ± 0.5 0.317 0.5 ± 0.1 0.5 ± 0.6 0.307 0.463 0.397

. . . keep up enough
enthusiasm to get things
done?

1.9 ± 0.4 1.0 ± 0.2 0.005 2.5 ± 0.5 1.3 ± 0.4 0.010 0.779 0.029

. . . sleep quality overall 0.3 ± 0.1 0.3 ± 0.2 0.157 0.2 ± 0.2 0.1 ± 0.4 0.317 0.294 0.281

Sleep quality as assessed by PSQI showed differences in both groups before and
after PR in parameter “cannot get to sleep within 30 min”, (Table 4) and “keep up enough
enthusiasm to get things done” (Table 4). The PSQI score decreased after PR vs. at baseline
(unSPRgroup: 5.7 ± 1.4 vs. 3.9 ± 1.8, respectively, p = 0.035; SPRgroup: 6.6 ± 1.8 vs. 4.1 ± 1.8,
respectively, p = 0.026) compared to the period before PR. The other parameters of PSQI
were not different before and after PR period but presented an increasing trend in both
groups that did not reach statistical significance.

The NT-pro-BNP levels were not significantly different before and after PR (SPRgroup:
75.3 ± 10.4 vs. 102.0 ± 45.1 pg/mL, respectively, p = 0.147; unSPRgroup: 76.0 ± 14.4
vs. 104.3 ± 36.5 pg/mL, respectively, p = 0.116, Figure 2) or between groups (Baseline,
SPRgroup: 75.3 ± 10.4 vs. unSPRgroup: 76.0 ± 14.4, pg/mL, p = 0.917; post-PR, SPRgroup:
102.0 ± 45.1 vs. unSPRgroup: 104.3 ± 36.5, pg/mL, p = 0.919, Figure 2).
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Figure 2. NT-pro-BNP results between groups before and after pulmonary rehabilitation. The bars
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4. Discussion

The aim of this pilot study was to investigate the effect of 8 weeks of PR in patients
with PE. Patients underwent PR program either by SPRgroup in a Pulmonary Rehabilitation
Center or by unSPRgroup during telerehabilitation and groups were compared to each other.
We observed differences in MAP at rest before and after the PR program in the SPRgroup
while both groups showed differences in leg fatigue before and after PR as well as compared
to each other. Importantly, the two group of patients showed differences in parameters
of quality of life and sleep quality before and after the PR. We did not observe major
differences when SPRgroup was compared to unSPRgroup with the exception of reduced leg
fatigue reported by the SPRgroup and the parameter “keep up enough enthusiasm to get things
done” in PSQI which was in favor of the unSPRgroup. However, due to the small number
of patients included, no definite conclusions can be drawn concerning differences in the
effectiveness of each approach.

4.1. Cardiopulmonary Exercise Testing

CPET provides an objective and quantitative measure of metabolic, pulmonary and
cardiovascular responses during exercise which is both non-invasive and safe and can serve
as an independent predictor of long-term outcomes [9]. Previous studies have documented
reductions in VO2max at various single time points following the PE event [28]. Kahn
et al. [29] observed persistent exercise limitations 1-year after PE. Our results showed sig-
nificant differences in MAP (at rest) in the SPRgroup before and after PR while both groups
showed differences in leg fatigue pre-and-post PR. Additionally, we demonstrated differ-
ences in leg fatigue between groups (SPRgroup versus unSPRgroup). CPET may be limited
by leg fatigue that may underlie muscle weakness and leg effort [30]. Most patients tolerate
only minimal leg discomfort before stopping the measurement while average healthy
individuals may tolerate a greater degree of discomfort, suggesting the subjectiveness of
the intensity of leg effort [30]. Leg fatigue may be associated with muscle metabolism
impairment and probably increased peripheral oxygen uptake [31]. These findings are of
significant clinical relevance and represent the standard of care for the management of
patients with cardiovascular diseases such as pulmonary hypertension [32]. According to
Kwan et al. [33], the use of exercise training programs of cardiac rehabilitation may benefit
patients with a history of acute PE in a manner similar to that of patients suffering acute
coronary syndromes.

4.2. Quality of Life and Psychological Aspects

Previous studies have shown that PR may have beneficial effects in patients with
cardiovascular diseases, in terms of improved functional capacity and quality of life [34].
Quality of life has become an important outcome aspect of medical care. Patients with
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PE may have reduced chronic functional capacity for many years after the event and
that may be the main determinant of impaired quality of life [34]. Our results showed
difference before and after PR in quality of life, as assessed by the SF-36 questionnaire,
in parameters such as “general health” and “physical health”. Reduced functional capacity
may relate to persistent dyspnea, while physical activity and exertion were the most
common behavior changes in patients. In our study, patients with PE during rehabilitation
performed combination exercise and respiratory physiotherapy. This combination may
relate to behavior change in patients following PR. Although not statistically significant,
we observed a trend for improvement in exercise capacity which may be attributed to
improved muscle function and desensitization to dyspnea. Desensitization to dyspnea
is often considered a mechanism to explain benefit in the rehabilitation of patients with
respiratory diseases and these altered perceptions of dyspnea even without associated
physiological changes [34]. It should be noted that the interventions via PR/uns-PR also
affect several psychological components. PR for chronic lung diseases has been shown to
reduce anxiety and depression in these patients [35]. Telemedicine approaches, either as
simple as a follow-up via phone [36] or as intricate as virtual reality [15] have also been
shown to confer the same beneficial effect in both anxiety and depression experienced by
these patients. A limitation in our study, however, is that we did not specifically assess
these parameters, and therefore cannot comment on how rehabilitation may have affected
them in this patient population.

4.3. Sleep Quality

Sleep disorder breathing and PE are a major health issue in industrialized countries.
PE patients have a 2–4 times greater risk of suffering from moderate and severe obstructive
sleep apnea syndrome (OSAS) [37]. Previous studies suggest that intermittent hypoxia and
fragmentation of sleep may result in blood hypercoagulability, endothelial dysfunction
and venous stasis. According to García-Ortega et al. [38], patients with acute PE have
increased risk of coexisting moderate and severe OSAS when compared with controls. A
polysomnography study showed a lower degree of oxygen saturation in PE patients and
higher risk of PE in patients with isolated OSAS while the high hypoxic burden may be
related to PE prevalence [39]. Patients with acute PE are at an increased risk of coexisting
sleep disorders [38]. Our results showed a difference in sleep quality according to the PSQI
questionnaire, in parameters such as “cannot get to sleep within 30-min” and “keep up enough
enthusiasm to get things done” following the PR program. According to Stavrou et al. [40,41],
the exercise, in patients with sleep disorders, may reduce the apnea-hypopnea index and
improve the sleep quality while the daily physical activity may have a protective role in
disease progression.

4.4. Implication of Rehabilitation Program

Data concerning rehabilitation after an acute episode of PE are sparse, while the litera-
ture lacks data concerning pulmonary rehabilitation program following PE recovery. Many
patients have persistent symptoms months after an acute episode of PE and some of those
suffer from post-PE syndrome, characterized by exercise limitation and suboptimal right
heart function [4]. These patients may benefit the most from PR programs; however, data
on this population are lacking. Rehabilitation program may be safe in the PE population in
terms of death and serious events [42]. Exercise training after VTE showed differences in
VO2max in previous studies with 3-month intervention duration [43]. To our knowledge,
this is the first study addressing the effectiveness and feasibility of an unsupervised PR in
patients with a PE. The results of our study may help to establish a specialized rehabili-
tation program with potential important benefits and provide data on the safety, which
seems to be a valuable alternative during the pandemic, of exercise programs in pulmonary
embolism patient. Moreover, PR could be a highly valuable tool for promoting exercise
and symptom recovery following pulmonary embolism and a novel approach concerning
the treatment of persistently symptomatic patients with PE may arise.
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4.5. Biomarkers

Several biomarkers have been implicated in the diagnosis and risk stratification of
PE. Systemic biomarkers of myocardial injury and ventricular dysfunction have been
extensively used in everyday clinical practice for the initial risk assessment of patients
with acute PE [8]. High levels of BNP may help in the identification of subjects with PE
and higher risk of in-hospital complications and death [44]. Additionally, NT-pro-BNP
has emerged as a potential biomarker of early diagnosis of Chronic Thromboembolic
Pulmonary Hypertension [45]. However, little is known about NT-pro-BNP levels in
patients following an acute PE episode, as well as its possible association with exercise
limitation. We did not observe differences in NT-pro-BNP levels among patients before
and after PR program. We acknowledge that the strength of our results is limited due to
the small number of patients included and therefore we suggest that further studies are
warranted in order to exert any definite conclusions.

5. Conclusions

In conclusion, pulmonary rehabilitation has beneficial effects on quality of life and
sleep quality in patients with pulmonary embolism. It also shows an improving tendency
of indicators related to physical capacity. There were no major differences between SPRgroup
and unSPRgroup (except reduced leg fatigue in the SPRgroup and improvement in PSQI
parameter “keep up enough enthusiasm to get things done” in the unSPRgroup). Uns-PR may be
a feasible alternative to supervised regimens in the pandemic era, considering its relevance
to PE and the increased prevalence of PE due to COVID-19. A larger trial is needed to
extend these observations and provide evidences for the long-term effects of pulmonary
rehabilitation and confirm the findings.
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Abstract: Exercise training is an important component of clinical exercise programs. Although
there are recognized guidelines for the amount of exercise to be accomplished (≥70,000 steps per
week or ≥150 min per week at moderate intensity), there is virtually no documentation of how
much exercise is actually accomplished in contemporary exercise programs. Having guidelines
without evidence of whether they are being met is of limited value. We analyzed both the weekly
step count and the session rating of perceived exertion (sRPE) of patients (n = 26) enrolled in a
community clinical exercise (e.g., Phase III) program over a 3-week reference period. Step counts
averaged 39,818 ± 18,612 per week, with 18% of the steps accomplished in the program and 82% of
steps accomplished outside the program. Using the sRPE method, inside the program, the patients
averaged 162.4 ± 93.1 min per week, at a sRPE of 12.5 ± 1.9 and a frequency of 1.8 ± 0.7 times per
week, for a calculated exercise load of 2042.5 ± 1244.9 AU. Outside the program, the patients averaged
144.9 ± 126.4 min, at a sRPE of 11.8 ± 5.8 and a frequency of 2.4 ± 1.5 times per week, for a calculated
exercise load of 1723.9 ± 1526.2 AU. The total exercise load using sRPE was 266.4 ± 170.8 min per
week, at a sRPE of 12.6 ± 3.8, and frequency of 4.2 ± 1.1 times per week, for a calculated exercise load
of 3359.8 ± 2145.9 AU. There was a non-linear relationship between steps per week and the sRPE
derived training load, apparently attributable to the amount of non-walking exercise accomplished in
the program. The results suggest that patients in a community clinical exercise program are achieving
American College of Sports Medicine guidelines, based on the sRPE method, but are accomplishing
less steps than recommended by guidelines.

Keywords: cardiac rehabilitation; step count; sRPE

1. Introduction

Cardiac rehabilitation is of established benefit for decreasing the risk of future cardio-
vascular events [1–3], delaying/reversing the progression of atherosclerotic disease [4–6],
reducing the rate of reinfarction and death [7–9], and accelerating the rate of recovery
of functional capacity after clinical episodes [10,11]. The value of cardiac rehabilitation
is evident even after accounting for contemporary revascularization and pharmacologic
therapy [12]. Rehabilitation exerts its’ favorable effect, at least in part, through the very
large effect of habitual exercise on both general, and cardiovascular, health [13–16]. Con-
temporary cardiac rehabilitation is accomplished through monitored exercise, education,
and risk factor modification in phase II or phase III cardiac rehabilitation programs. Car-
diac rehabilitation, and exercise training in general, decreases the risk of mortality and
mitigates metabolic diseases [3], with the effect being somewhat dependent on the dose
of exercise [3,6,13–17]. Further, the risk of developing new cardiovascular disease, and of
mortality in relation to exercise, has been shown to be dose dependent [13–15,18].

Although there are widely accepted guidelines for exercising patients with known
heart disease [19,20] and a rich literature on monitoring exercise training in athletes [21–24],
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there is virtually no evidence of how much exercise is actually accomplished by patients
enrolled in rehabilitation programs. It can be argued that guidelines without evidence
of how well they are complied with are of limited value. Accordingly, it seems desirable
to have a practical method of quantifying the dose of exercise performed by cardiac
rehabilitation patients, particularly in a way that gets beyond exercise mode specificity
(e.g., steps per day).

One way to monitor exercise and physical activity is through step counts. Tudor-Locke
et al. [18] found that individuals who averaged 5000 steps daily were more obese and had
a higher risk of metabolic diseases, compared to individuals averaging 15,000 steps daily.
Higher step counts were linked with an absence of obesity and decreased risk of disease in
agricultural populations [25]. Recently, Kraus et al. [14] found that in individuals who in-
creased daily steps, the risk of mortality decreased by ~10% for every additional 2000 steps
per day. Recording participants’ daily step count is a simple method of estimating of how
much exercise is done in one session, of how much physical activity is completed, outside
of rehabilitation, and a practical way to prescribe and monitor exercise training. Indeed,
Hambrecht et al. [6] presented evidence that regression of atherosclerotic lesions was asso-
ciated with exercise at a level consistent with ~80,000 steps per week. Although step counts
do not inherently address the very important aspect of exercise intensity, the strong dose
dependency of the benefit of exercise seems to be present even when only step counts are
considered [14,18,25]. Despite the presence of guidelines (generally of 7000–10,000 steps
per day), to our knowledge there are no systematic data regarding step counts routinely
performed during exercise programs primarily designed for secondary prevention.

However, step counts alone do not account for some modes of activity, such as cycling,
Nu Step, rowing, arm cranking, and resistance training that are common elements of many
rehabilitation programs. It would be useful if there were methods that could account for
the multi-modal nature of most cardiac rehabilitation programs, as well as accounting for
the net intensity of exercise training. Although accelerometry based methods have become
popular, they still require patients to have access to and to wear an accelerometer [16].

The rating of perceived exertion (RPE) is a method of estimating internal training load
and has been shown to be an acceptable surrogate of objective markers of exercise intensity
such as percentage of heart rate (%HR) reserve and blood lactate accumulation either
during an acute bout of exercise [26–28] or during an entire exercise session (thus including
exercise duration which causes an upward drift in the workload-RPE relationship), the
session RPE (sRPE) [21,22,29,30]. sRPE is easy to use and is accessible to most populations.
Based on studies conducted by Foster et al. [22,29,30], Day et al. [31], and Herman et al. [32],
sRPE has been shown to be valid in terms of evaluating entire training sessions at intensities
ranging from light to vigorous, and in multiple modes of exercise [22]. Historically, sRPE
was measured 30-min post exercise to get an accurate judgment of the overall intensity
of the exercise training session. However, Christen et al. [33] and Foster et al. [22] have
shown that sRPE is very temporally robust. Recent studies by Arney et al. [34,35] have
demonstrated the interchangeability of the two most widely used RPE scales, further
supporting the utility of sRPE for monitoring training. RPE is also inexpensive and “user-
friendly,” which makes it ideal for cardiac rehabilitation populations. Further, the ability
to use sRPE to “collapse across different modes of exercise” [22,30] makes it attractive for
the often-multi-modal nature of cardiac rehabilitation programs. However, despite the
generally accepted dose-response nature of responses to training in cardiac patients [6,17],
to our knowledge there are no systematic data demonstrating the actual amount of training
performed by cardiac patients using the sRPE approach.

Training load can be conceptualized as the amount of work done (duration x intensity)
during an exercise bout [22]. Exercise training load has a demonstrated inverse relationship
with mortality [3,4,13,15,36]. Total exercise related energy expenditure is also related to
weight loss, decreases in abdominal fat, and reduction in waist circumference [17], which
are frequent goals of cardiac rehabilitation therapy. Training load can be used to prescribe
exercise and to personalize future exercise plans. This can be compared to the American
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College of Sports Medicine (ACSM) guidelines for 30 min of moderate intensity five times a
week or 10,000 steps a day [14,19]. Accordingly, the purpose of this study was to document
the training load accomplished by patients with known cardiovascular disease, or with
risk factors likely to cause cardiovascular disease, in a community-based exercise program
using both steps/day and the sRPE approach. Such data is uniquely needed relative to
understanding how well contemporary programs execute professional society guidelines.

2. Materials and Methods

Thirty-two participants in the phase III La Crosse Exercise and Health Program
(LEHP) were recruited. They ranged in age from 35–90, 62% were male and, typical of
middle-aged Americans, they generally had elevated values for body mass index (BMI)
(23–38). Twenty-two of the patients had experienced a documented cardiovascular event
(myocardial infarction, revascularization surgery, angioplasty with stent), and the other
10 were >55 years of age and had risk factors for cardiovascular disease. Most of the
patients had been treated for their primary medical problem at one of two local tertiary care
hospitals, and had participated in Phase I and II cardiac rehabilitation programs there. They
were self-referred to the LEHP as a venue to facilitate continuing exercise therapy, although
individual consent from their own physicians was routinely secured. All of the patients
were clinically stable, and the only contraindication to participation was clinical instability.
Medications were conventional for this population (70% anticoagulants, 60% statins, 10%
beta blockers, 12% ACE inhibitors/blockers, 32% anti hyperglycemic medicines) (Table 1).
All participants provided written informed consent. The Institutional Review Board for
the Protection of Human Subjects of the University of Wisconsin-La Crosse approved the
study (Protocol #20-CF-081, 2020). The training program within the LEHP was scheduled
to take place 3 times weekly. Although a 2.5 h block of open time was available at the
facility, patients were instructed to participate for 1.0–1.5 h each time. Exercise training
was intended to be performed primarily with aerobic activities that suited the subject.
This could include walking, indoor cycling, arm-leg cycling, or swimming. Some light
resistance training was performed by most of the participants. The exact mixture for each
participant was highly individualized, primarily because their medical conditions and/or
orthopedic history made some activities hard to perform. Most sessions included warm-up
and cool-down calisthenics and stretching. We did not have access to maximal exercise
tests on any of these patients, so regulation of exercise intensity was accomplished using
RPE and the Talk Test.

Table 1. Mean and standard deviation of the steps per week achieved in La Crosse Exercise and
Health Program (LEHP) and outside.

Week LEHP (%) Outside (%) Total

1 7354 ± 6934 (17.9) 33,845 ± 15,662 (82.1) 41,199 ± 19,395
2 7483 ± 6342 (18.9) 32,308 ± 14,899 (81.7) 39,502 ± 17,939
3 6945 ± 5232 (17.9) 31,809 ± 15,529 (82.1) 38,753 ± 18,502

Average 7261 ± 6169 (18.2) 32,654 ± 15,360 (82.0) 39,818 ± 18,612
% Represent percentage of steps relative to total amount.

Participants wore an ActiGraph device WGT3X-BT (Pensacola, FL, USA) for 3 weeks.
It was worn on the hip, on the non-dominant side during all waking hours, except when
bathing. Their daily step count was downloaded at the end of the study period and
matched to program, and non-program, step counts based on day of week and time of day.
They also tracked their exercise time and sRPE, using the classical 6–20 RPE scale, both
during the LEHP, as well as during outside activities [22,29,30]. From this data, workload
was calculated to determine the steps per day during the LEHP, during outside activities,
the total for the day, and total for the week. Further, to determine training load using
the sRPE method, the sRPE x duration in minutes both within the LEHP and in outside
activities was computed. Data were collected over 3 consecutive weeks, as a convenient
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time interval, which is greater than the 2 weekdays and 1 weekend day used in classical
epidemiologic studies. Further adding to the representativeness of the data collection
period, one of the weeks contained a national holiday (Thanksgiving). The study was
conducted during a period of the year when outside environmental temperatures were
just above freezing (mid-Fall), although outside snow cover was minimal. One subject
was removed due to loss of their ActiGraph device. Five subjects were removed due to
either an inadequate amount of data (clear gaps in the recording) or improper recording
on the activity monitor log sheet. Thus, a total of twenty-six participants were used in
data analysis.

Steps per day and sRPE were presented as descriptive statistics and contrasted to
recommended values for exercise training [19,20] and steps per day [14,18]. Statistical
comparison of the mean exercise load versus recommendations was not appropriate.
Regression statistics were compared between steps per day and the sRPE training load.
Descriptive and regression statistics were computed using SPSS.

3. Results

The average number of total steps achieved was around 40,000 per week (Table 1),
which is below the conventional benchmarks of 10,000 steps a day (50,000–70,000 steps
weekly). About 80% of the steps were accumulated outside the LEHP. This suggests that
more total exercise needs to be done to see an optimal decrease in risk of mortality [4,6].
The number of steps accumulated was greater on the days outside of the LEHP, probably
because the activity at the LEHP was multi-modal, whereas almost all activity outside of
the LEHP was accomplished by walking. The data did not allow fractionation of non-LEHP
steps performed as “intentional exercise” versus “activities of daily living” On average,
the subjects were exercising 4 days a week with the mean time of 260–270 min a week.
This is above the recommended amount based on the ACSM guidelines [19]. The data also
showed RPE to be higher in LEHP than during outside exercise (Table 2, Table 3, Table 4).

Table 2. Mean and standard deviation of the time (minutes), rate of perceived exertion (RPE), session
RPE (sRPE), and frequency (times per week) for the La Crosse Exercise and Health Program.

Week Time RPE sRPE Frequency

1 173.5 ± 99.4 12.1 ± 1.9 2108.7 ± 1230.1 1.9 ± 0.8
2 157.9 ± 98.6 12.7 ± 1.9 2035.4 ± 1232.7 1.8 ± 0.7
3 155.8 ± 81.4 12.8 ± 1.9 1983.4 ± 1272.0 1.7 ± 0.6

Average 162.4 ± 93.1 12.5 ± 1.9 2042.5 ± 1244.9 1.8 ± 0.7

Table 3. Mean and standard deviation of the time (minutes), rate of perceived exertion (RPE), session
RPE (sRPE), and frequency (times per week) for outside the La Crosse Exercise and Health Program.

Week Time RPE sRPE Frequency

1 146.9 ± 127.4 11.5 ± 5.7 1700.8 ± 1488.5 2.4 ± 1.4
2 142.1 ± 111.9 12.0 ± 5.8 1729.4 ± 1336.8 2.3 ± 1.5
3 145.7 ± 141.1 11.9 ± 5.8 1741.6 ± 1753.2 2.6 ± 1.5

Average 144.9 ± 126.4 11.8 ± 5.8 1723.9 ± 1526.2 2.4 ± 1.5

Table 4. Mean and standard deviation of the time (minutes), rate of perceived exertion (RPE), session
RPE (sRPE), and frequency (times per week) for the La Crosse Exercise and Health Program and
outside combined.

Week Time RPE sRPE Frequency

1 322.4 ± 181.8 12.6 ± 3.8 3617.0 ± 2188.4 4.3 ± 1.1
2 300.0 ± 163.8 12.8 ± 3.9 3273.2 ± 2248.0 4.2 ± 1.1
3 301.5 ± 166.9 12.4 ± 3.8 3189.2 ± 2001.2 4.2 ± 1.2

Average 307.3 ± 170.8 12.6 ± 3.8 3359.8 ± 2145.9 4.2 ± 1.2
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Time, RPE, sRPE derived training load and frequency accomplished in the LEHP are
represented in Table 2. On average subjects spent about 160–170 min a week exercising with
an RPE of about 12.5, which is just below the somewhat hard (RPE = 13) verbal cue widely
taken as an idealized intensity for non-athletic individuals [37]. This gives an average
workload of 2000–2100 AU (sRPE × minutes). Subjects attended the LEHP just under two
times a week, out of the possible three times a week.

Time, RPE, sRPE derived training load and frequency performed outside of the LEHP
are shown in Table 3. The average time spent exercising was 140–150 min a week, which
is slightly less than the 160–170 min accomplished in LEHP. Average sRPE accomplished
is 11.8, which is just above the “light” verbal cue, which is also slightly lower than the
sRPE in LEHP. Similarly, the average load is about 1700–1800 AU which is slightly lower
than the observed load in LEHP (2000–2100 AU). The frequency of exercising is about
2.4 times/week which is higher than the frequency of LEHP, indicating that participants
are exercising more often, but for a shorter time and lower intensity on their own then they
are in LEHP.

Table 4 presents the combined time, RPE, sRPE derived training load and frequency
from both LEHP and outside exercise. The average frequency was 4.2 ± 1.5 times per week.
The average duration was 260–270 min per week indicating that subjects, both in LEHP
and outside are exceeding the recommended amount of weekly exercise (>150 min/week)
in the ACSM guidelines [19]. Overall RPE averages 12.6 ± 3.84 which is just below the
“somewhat hard” verbal cue, indicating that subjects are reaching moderate intensity
level [37]. The sRPE Load was 3300–3400 AU per week. This is greater than the ~2000 AU
recommended by the ACSM guidelines [19] of RPE = 13 × 30 min per day × 5 days
per week.

Figure 1 represents the relationship between total weekly steps and sRPE derived
training load, with each week per subject being presented as a data point. The curvilinear
line of best fit indicates that as step count increases there is an increase in sRPE derived
training load. This graph shows that the majority of weekly averages are less than 60,000
steps and less than 5000 AU load. It also illustrates that a step counts <50,000 per week,
there is relatively little change in sRPE based training load, probably because many of the
steps were representative of activities of daily living, rather than structured exercise.
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4. Discussion

Despite the unequivocal evidence of exercise-based rehabilitation programs in both
rehabilitation and secondary prevention in patients with cardiovascular disease [1–12],
physicians are still referring patients to programs in inadequate numbers. Potentially, this
non-referral bias may be due to a poor understanding of how well exercise guidelines are
implemented. The purpose of this study was to document the number of steps and sRPE
derived training load accomplished both inside and outside a community-based Phase III
clinical exercise program. These findings suggest that the recommended 10,000 steps/day
(~50,000–70,000 steps per week) is not being met, but that the suggested dose of weekly
exercise (>150 min/week) being accomplished exceeds the ACSM Guidelines [19]. There
was a curvilinear trend between steps and load accomplished (Figure 1) demonstrating
that, as step count increases, so does sRPE derived training load, at least after activity of
daily living (ADL) steps (~35,000 steps per week) are accounted for. It also suggests that,
at high training loads, there is an increased volume of multimodal exercise, which is not
reflected by step count.

There were lower average steps observed in LEHP compared to outside, but overall
higher time, sRPE, and load accomplished in LEHP. This indicates that these participants
are working harder in the LEHP than during outside training. This supports the concept
that patients should do more work, and work at higher intensity, in a community-based
exercise program than they would otherwise do on their own. This matches general
training practice guidelines for cardiac rehabilitation programs.

Currently there are no published data in regard to daily recording in any phase of a
cardiac rehabilitation program. Assuming, on average, that participants exercise at a nomi-
nal walking pace of 5 kph, a rate requiring ~5.2 kcal per min (11.5 mL/kg × 90 kg = gross
VO2 = 1.035 L/min, ×5 = ~5.2 kcal/min), the total of 266 min of exercise accomplished a
week would equate to ~1282 kcal/week. Looking at only LEHP the average time accom-
plished was 162 min a week, which would equate to ~842 kcal/week. The outside exercise
time per week averaged to 144 min, which would equate to ~749 kcal/week. According to
Hambrecht et al. [6], 1400 kcal/week need to be accumulated in order to halt progression
of coronary atherosclerotic lesions, and 2200 kcal/week needs to be expended to have
regression in coronary lesions, although lower amounts of exercise are associated with an
improved event free survival over 1-year compared to angioplasty + stenting [38]. The data
shows that, on average, the participants are expending about 120 kcal/week less than what
is needed to halt atherosclerosis. Assuming that one of the primary goals of exercise-based
rehabilitation is secondary prevention, the current observations suggest that more total
exercise needs to be accomplished.

An alternative to steps as a metric of exercise training load is the RPE, whether as a
momentary index of training intensity, or an expression of the intensity x duration exercise
load. Parfitt, Evans, and Eston [37] conducted a study on exercising for 30 min three times a
week (90 min/week) for eight weeks at an RPE of 13 which would equal a load of 1170 AU
(90 min/week × 13 RPE). This resulted in improvements in mean arterial pressure, total
cholesterol, VO2max, and body mass index. Our subjects completed on average a workload
of 2043 in LEHP and averaged a workload in total of 3360 AU, which is well above the
Parfitt et al. [37] workload of 1170 AU, thus these same improvements would be expected
to be observed in the current participants. Hambrecht et al. [38] conducted a randomized
study that had subjects exercise 20 min daily. Assuming they worked at a similar RPE,
their weekly load would be 1750 AU ((20 min × 7 days) × 12.5 RPE). He observed a higher
event free survival of 88%, versus the 70% event free survival following percutaneous
angioplasty with stenting (the nominal gold standard for patients with coronary artery
disease). The total exercise load accomplished by our subjects is above that, plausibly
accomplished, by Hambrecht et al. [38], suggesting the likelihood of good clinical outcomes.
This is consistent with the nearly 50-year history of the LEHP, which has many participants
with more than 20 years of participation, and with an experience of only ~1 untoward
event per year.
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This study does not address the total exercise workload accomplished in phase I
and II cardiac rehabilitation, which address the rehabilitative goals of such programs in
addition to secondary prevention. Given that one of the goals of the second part of phase
II cardiac rehabilitation is secondary prevention, this information needs to be known.
This study was conducted on a limited population sample, at a single community-based
venue. Extending the results of this study to a larger population, at a larger number of
venues, would provide more information about workload accomplished in rehabilitation
programs. This is important, as Ades et al. [17] have suggested that the actual exercise
load in conventional cardiac rehabilitation programs is inadequate to modify common risk
factors that are targets of cardiac rehabilitation therapy.

While the Actigraph is a good device for calculating steps, there is a limitation with us-
ing multimodal equipment that may not be recognized by the device. This could be solved
by computing MET × min [13] or MET × h [15] from chart records, or Time × RPE [22]
from chart records, in established rehabilitation programs, to get a sense of the normal rate
of progression of exercise load in Phase I and II rehabilitation programs, which typically
include rowing machines, stationary cycling, Nu Step ergometers, and lifting weights. Data
collection also happened to occur over the Thanksgiving holiday in Wisconsin. Due to
celebration of the holiday and colder weather limiting exercise, this can result in decreased
exercise levels that may not have occurred otherwise. Differentiating from outside activity
or LEHP activity also provided some limitations. The best evidence is that nominally seden-
tary individuals accumulate about 5000 steps per day [14,18], but this likely varies greatly
with age, season, and occupational demands. Being able to differentiate incidental versus
intentional step counts would also be useful in further understanding the workload/health
interaction in this population.

It would be beneficial to have this study replicated in phase I and II cardiac rehabil-
itation to know what workload is occurring at different phases. This information could
be used to track if rehabilitation programs are doing enough exercise to accomplish their
clinical goals and identify areas that could be improved. Replicating this study with more
thorough education on how to use RPE, as well as properly fill out the log sheet, would
help with participant error and more accurate data.

5. Conclusions

Our results in a community-based program showed that subjects achieved about
40,000 steps a week, which is less than the recommended 10,000 steps per day. Using
an alternative method for calculating load by using sRPE, an average load of 3359 AU
was achieved weekly. This information suggests that, while 10,000 steps may not be
reached, adequate exercise, via different modalities that do not include steps, is indeed
being achieved. Subjects averaged in total exercised 4.2 times weekly, with an average
of 1.8 of those occurrences being at LHEP and average of 2.4 being outside of LEHP. The
total average time spent exercising was 266 min a week, which is within the recommend
amount of weekly exercise according to the ACSM Guidelines [19]. Comparing this study
with the works of Hambrecht et al. [6,38] and Parfitt, Evans, and Eston [37], phase III
cardiac rehabilitation can improve mean arterial pressure, cholesterol, body mass index,
and increase chance of event free survival. However, the step count deficiencies observed
here, compared to the regression data from Hambrecht et al. [6] suggest that more exercise
could be profitable. Accordingly, community-based programs may benefit from having
individuals exercise harder and longer than they otherwise would have on their own.
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Abstract: Walking tests, such as the 6-min walk test (6MWT), are popular methods of estimating
peak oxygen uptake (VO2peak) in clinical populations. However, the strength of the distance vs.
VO2peak relationship is not strong, and there are no equations for estimating ventilatory threshold
(VT), which is important for training prescription and prognosis. Since the 6MWT is often limited
by walking mechanics, prediction equations that include simple additional predictors, such as the
terminal rating of perceived exertion (RPE), hold the potential for improving the prediction of
VO2max and VT. Therefore, this study was designed to develop equations for predicting VO2peak
and VT from performance during the 6MWT, on the basis of walking performance and terminal RPE.
Clinically stable patients in a cardiac rehabilitation program (N = 63) performed the 6MWT according
to the American Thoracic Society guidelines. At the end of each walk, the subject provided their
terminal RPE on a 6–20 Borg scale. Each patient also performed a maximal incremental treadmill
test with respiratory gas exchange to measure VO2peak and VT. There was a good correlation
between VO2peak and 6MWT distance (r = 0.80) which was improved by adding the terminal RPE
in a multiple regression formula (6MWT + RPE, R2 = 0.71, standard error of estimate, SEE = 1.3
Metabolic Equivalents (METs). The VT was also well correlated with walking performance, 6MWT
distance (r = 0.80), and was improved by the addition of terminal RPE (6MWT + RPE, R2 = 0.69,
SEE = 0.95 METs). The addition of terminal RPE to 6MWT distance improved the prediction of
maximal METs and METs at VT, which may have practical applications for exercise prescription.

Keywords: physical fitness; internal load; RPE; performance

1. Introduction

Exercise capacity is an important quantitative expression of the ability to perform
muscular activity. Specifically, the peak oxygen uptake (VO2peak), used when there is no
confirmatory test to prove that a single-measured VO2peak is equivalent to the classical def-
inition of VO2max, and the ventilatory threshold (VT) are well correlated with performance
in individuals capable of performing prolonged heavy exercise [1–3]. As an integrator of
the elements of the Fick equation, VO2peak is a strong index of overall cardio-pulmonary
function [4], and a very strong predictor of survival in clinical populations [5–8]. Similarly,
VT, although a physiologically complex concept [9], has come to be recognized as a better
measure of exercise capacity than VO2peak relative to the ability to carry out daily activi-
ties [2,3]. It has also been shown to be an important prognostic marker [10,11]. Normally,
cardiopulmonary exercise testing (which is technically demanding) [12] is required to
measure VO2peak and VT. directly However, cardiopulmonary exercise testing is normally
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only conducted for the purpose of exploring the differential diagnosis of dyspnea or to
determine if there is a multi-organ system explanation of exercise intolerance.

Traditionally VO2peak and VT are measured in the laboratory, during incremental
exercise, on either a treadmill or cycle ergometer, with direct measurement of respiratory
gas exchange and/or lactate accumulation [12,13]. However, the technical requirements
for performing such evaluations are considerable. A variety of predictive equations for
VO2peak have been developed [14–16]. Although providing reasonable accuracy, they
typically require maximal effort exercise testing, which can be challenging and unpleas-
ant for patients and present at least some safety concerns [17]. Accordingly, a number
of less technically demanding methods based on real-world ambulatory patterns have
arisen [6,7,18–22] which are widely deployed in the fitness and clinical exercise physiology
communities. In particular, the 6-min walk test (6MWT) in clinical populations [6,7] and
the Rockport 1-mile walking test [21] and the 2-km walking test [22] in fitness populations
have shown utility in terms of predicting VO2peak. Recent data have also suggested that
the VT may be predicted from incremental exercise tests based on simple performance
measures [23–26].

In some of the waking tests used to predict functional capacity, the analytic strategy
is based on starting with a population estimate, with that estimate adjusted for walking
performance and with further adjustments made on the basis of terminal heart rate (HR)
(e.g., smaller reductions in points on the basis of shorter walking times or lower terminal
HR). Some equations [21,22] also adjust on the basis of other variables such as age, sex,
height, weight, or body mass index (BMI). This solution is attractive and relatively simple,
with independent studies demonstrating good estimates of VO2peak compared to walking
performance alone [23].

However, because of the wide interindividual variability in the HR response and
maximal HR, and of the profound effect of many medications on the HR response, it would
be desirable to find a method of replacing the HR measure in these prediction equations.
Eston et al. [20] have suggested that the progression of the rating of perceived exertion
(RPE) during incremental exercise can be used as a tool for predicting VO2peak. Following
this line of thinking, Alamji et al. [23] have suggested that the RPE could also be used to
predict VT.

Given that simple walking tests such as the 6MWT are much more assessable to the
exercising community than laboratory-based tests, and that most training takes place at
intensities just below the VT [3], this study was designed to determine whether data from
the 6MWT, with walking performance and terminal RPE as predictor variables, could be
used to develop adequate prediction equations for VO2peak and VT.

2. Materials and Methods

The subjects for the study were 63 adult volunteers. All were participants in either a
Phase II cardiac rehabilitation program or a community-based exercise program, designed
for the primary and secondary prevention of cardiovascular disease. Diagnoses for patients
were conventional: stable angina pectoris (n = 2), post myocardial infarction (n = 22), post
revascularization surgery (n = 18), post percutaneous intervention (n = 14), stable heart
failure (n = 7), and risk factors for cardiovascular disease (n = 25). The research protocol
was approved by the University of Wisconsin-La Crosse Institutional Review Board for
the Protection of Human Subjects (Protocol 13-HB-001, approved 13 December 2013). All
subjects provided written informed consent before participation.

Each subject performed an incremental treadmill exercise test to fatigue or to clinical
signs and symptoms [13] with continuous electrocardiographic (ECG) and hemodynamic
monitoring. A modified Balke type protocol was used, with the treadmill speed individ-
ually selected to represent comfortable walking during the first 2-min stage, and with
subsequent increments in workload provided by 2% increments in treadmill grade every
stage. Respiratory metabolism was measured with open-circuit spirometry using a mixing
chamber based metabolic system (AEI Industries, Pittsburgh, PA, USA). The pneumotach
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was calibrated with a 3-L syringe, and the gas analyzers were calibrated using a reference
gas (4% CO2, 16% O2) and room air. Gas exchange was integrated every 30 s, and the
highest 30 s VO2 was accepted as VO2peak. The VT was identified using both the v-slope
and ventilatory equivalent methods [2]. Because the intent of the study was to predict
exercise capacity from 6MWT performance, the VO2prak and the VO2 at the VT (VO2@VT)
was expressed as maximal Metabolic Equivalents (METs) (Max METs), and METs at the VT
(METs@VT), as we felt that this was more clinically relevant and comparable to estimates
of exercise capacity based on performance in standard exercise protocols [13–16]. On
a separate day, always within 72 h, each subject performed a 6MWT on a 30-m course
with standard conditions and prompting, according to the American Thoracic Society [27].
The distance completed was measured to the nearest meter using laps completed and
interpolation between cones placed at 5-m intervals on the walking course. Within 30 s
of concluding the 6MWT, the terminal RPE was measured using the classical (6–20) Borg
scale [28]. Instructions for using the RPE scale had been discussed with the subject before
the start of the 6MWT.

The relationships of 6MWT with Max METs and METs@VT were made using linear
regression. Similarly, the relationships of the terminal RPE with Max METs and METs@VT
were made using linear regression. Regression equations for predicting Max METs and
METs@VT were constructed using multiple linear regression with a stepwise approach,
with 6MWT distance entered first and terminal RPE entered second.

3. Results

The characteristics of the subjects are presented in Table 1, with the subjects presented
both by sex and as a total group. They were broadly representative of patients in contem-
porary preventive/rehabilitation programs in terms of age, diagnoses, and medications.

Table 1. Mean and standard deviation of the characteristics of the subjects.

Characteristics Men
(n = 46)

Women
(n = 17)

Total
(n = 63)

Age (years) 60.2 ± 9.7 55.4 ± 10.1 59.6 ± 10.0
Height (m) 1.78 ± 0.06 1.62 ± 0.06 1.74 ± 0.09
Weight (kg) 94.4 ± 19.1 65.4 ± 12.7 86.8 ± 21.8

6MWT Distance (m) 583 ± 106 600 ± 87 587 ± 101
6MWT RPE 12.1 ± 2.0 12..3 ± 2.3 12.1 ± 2.1
Max METS 7.8 ± 2.3 8.4 ± 2.4 8.1 ± 2.4
METs@VT 5.8 ± 1.4 6.8 ± 2.0 5.9 ± 1.7

Maximal HR 144 ± 24 161 ± 21 149 ± 24
6MWT: 6-min walk test; RPE: rating of perceived exertion; Max METS: maximal Metabolic Equivalents; METs@VT:
Metabolic Equivalents at ventilatory threshold; HR: heart rate.

The bivariate relationships between 6MWT distance versus Max METs and METs@VT,
and between terminal RPE vs. Max METs and METs@VT, are presented in Figure 1. There
was a strong and significant simple correlation between 6MWT distance versus Max METs
(r = 0.80) and METs@VT (r = 0.80), and a weak but statistically significant correlation
between terminal RPE versus Max METs (r = 0.30) and METs@VT (r = 0.23).
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Figure 1. Bivariate relationship between the 6-min walk test (6MWT) distance and the maximal
Metabolic Equivalents (Max METs, (a)), the terminal rating of perceived exertion (RPE) and Max
METs (b), the 6MWT distance and Metabolic Equivalents at the ventilatory threshold (METs@VT, (c))
and the terminal RPE and METs@VT (d).

When the 6MWT distance and terminal RPE were combined in a multiple regression
equation to predict Max METs, the R2 increased from 0.63 to 0.71, with a SEE of 1.3 METs
and a standardized residual of 1.0 METs. The prediction equation was:

Max METs = 0.882 + (0.018 * 6MWT m) − (0.308 * RPE) (1)

When the 6MWT distance and terminal RPE were combined in a multiple regression
equation to predict METs@VT, the R2 increased from 0.64 to 0.69, with a SEE of 0.95 METs
and a standardized residual of 0.7 METs. The prediction equation was:

METs@VT = 0.140 + (0.013 * 6MWT m) − (0.161 * RPE) (2)

When the derived prediction formulas for Max METs and METs@VT were plotted
against the measured Max METs (r = 0.87) and METs@VT (r = 0.85), there was a strong
bivariate relationship for both. The residual scores (predicted-observed) revealed a small
value for both Max METS (−0.27 ± 1.24 METs) and METs@VT (−0.14 ± 0.92 METs), with
most of the outliers at a relatively higher exercise capacity (Figure 2).

Figure 2. Cont.
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Figure 2. Bivariate relationship between the 6-min walk test (6MWT) + terminal rating of perceived
exertion (RPE) prediction equations and observed values for maximal Metabolic Equivalents (Max
METs, a), Metabolic Equivalents at the ventilatory threshold (METs@VT, b) and the standardized
residuals for Max METs (c) and METs@VT (d).

Tabular presentations of Max METs and METs@VT in relation to 6MWT distance and
terminal RPE are presented in Tables 2 and 3. In terms of convenience of use, it is simple to
compare 6MWT distance and terminal RPE to derive Max METs and METs@VT.

Table 2. Estimate of maximal Metabolic Equivalents in relation to 6-min walk test (6MWT) distance (m) and terminal rating
of perceived exertion (RPE). For convenience of presentation, 6MWT distance is incremented by 50 m. However, as the
equation is linear, interpolation of intermediate values is appropriate.

RPE

Distance
(m) 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

200 2.63 2.33 2.02 1.71 1.40
225 3.08 2.78 2.47 2.16 1.85 1.54
250 3.53 3.23 2.92 2.61 2.30 1.99 1.69
275 3.98 3.68 3.37 3.06 2.75 2.44 2.14 1.83 1.52
300 4.43 4.13 3.82 3.51 3.20 2.89 2.59 2.28 1.97 1.66
325 4.88 4.58 4.27 3.96 3.65 3.34 3.04 2.73 2.42 2.11 1.80
350 5.33 5.03 4.72 4.41 4.10 3.79 3.49 3.18 2.87 2.56 2.25 1.95 1.64
375 5.78 5.48 5.17 4.86 4.55 4.24 3.94 3.63 3.32 3.01 2.70 2.40 2.09 1.78
400 6.23 5.93 5.62 5.31 5.00 4.69 4.39 4.08 3.77 3.46 3.15 2.85 2.54 2.23 1.92
425 6.68 6.38 6.07 5.76 5.45 5.14 4.84 4.53 4.22 3.91 3.60 3.30 2.99 2.68 2.37
450 7.13 6.83 6.52 6.21 5.90 5.59 5.29 4.98 4.67 4.36 4.05 3.75 3.44 3.13 2.82
475 7.58 7.28 6.97 6.66 6.35 6.04 5.74 5.43 5.12 4.81 4.50 4.20 3.89 3.58 3.27
500 8.03 7.73 7.42 7.11 6.80 6.49 6.19 5.88 5.57 5.26 4.95 4.65 4.34 4.03 3.72
525 8.48 8.18 7.87 7.56 7.25 6.94 6.64 6.33 6.02 5.71 5.40 5.10 4.79 4.48 4.17
550 8.93 8.63 8.32 8.01 7.70 7.39 7.09 6.78 6.47 6.16 5.85 5.55 5.24 4.93 4.62
575 9.38 9.08 8.77 8.46 8.15 7.84 7.54 7.23 6.92 6.61 6.30 6.00 5.69 5.38 5.07
600 9.83 9.53 9.22 8.91 8.60 8.29 7.99 7.68 7.37 7.06 6.75 6.45 6.14 5.83 5.52
625 10.28 9.98 9.67 9.36 9.05 8.74 8.44 8.13 7.82 7.51 7.20 6.90 6.59 6.28 5.97
650 10.73 10.43 10.12 9.81 9.50 9.19 8.89 8.58 8.27 7.96 7.65 7.35 7.04 6.73 6.42
675 11.18 10.88 10.57 10.26 9.95 9.64 9.34 9.03 8.72 8.41 8.10 7.80 7.49 7.18 6.87
700 11.63 11.33 11.02 10.71 10.40 10.09 9.79 9.48 9.17 8.86 8.55 8.25 7.94 7.63 7.32
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Table 3. Estimate of Metabolic Equivalents at the ventilatory threshold in relation to 6-min walk test (6MWT) distance (m)
and terminal rating of perceived exertion (RPE). For convenience of presentation, 6MWT distance is incremented by 50 m.
However, as the equation is linear, interpolation of intermediate values is appropriate.

RPE

Distance
(m) 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

200 1.83 1.68 1.53 1.38 1.23
225 2.10 1.94 1.78 1.62 1.46
250 2.42 2.26 2.10 1.94 1.78 1.62 1.46
275 2.75 2.59 2.43 2.27 2.11 1.94 1.78 1.62 1.46
300 3.07 2.91 2.75 2.59 2.43 2.27 2.11 1.95 1.79 1.63 1.46
325 3.40 3.24 3.08 2.92 2.76 2.59 2.43 2.27 2.11 1.95 1.79 1.63 1.47
350 3.72 3.56 3.40 3.24 3.08 2.92 2.76 2.60 2.44 2.28 2.11 1.95 1.79 1.63
375 4.05 3.89 3.73 3.57 3.41 3.24 3.08 2.92 2.76 2.60 2.44 2.28 2.12 1.96 1.80
400 4.37 4.21 4.05 3.89 3.73 3.57 3.41 3.25 3.09 2.93 2.76 2.60 2.44 2.28 2.12
425 4.70 4.54 4.38 4.22 4.06 3.89 3.73 3.57 3.41 3.25 3.09 2.93 2.77 2.61 2.45
450 5.02 4.86 4.70 4.54 4.38 4.22 4.06 3.90 3.74 3.58 3.41 3.25 3.09 2.93 2.77
475 5.35 5.19 5.03 4.87 4.71 4.54 4.38 4.22 4.06 3.90 3.74 3.58 3.42 3.26 3.10
500 5.67 5.51 5.35 5.19 5.03 4.87 4.71 4.55 4.39 4.23 4.06 3.90 3.74 3.58 3.42
525 6.00 5.84 5.68 5.52 5.36 5.19 5.03 4.87 4.71 4.55 4.39 4.23 4.07 3.91 3.75
550 6.32 6.16 6.00 5.84 5.68 5.52 5.36 5.20 5.04 4.88 4.71 4.55 4.39 4.23 4.07
575 6.65 6.49 6.33 6.17 6.01 5.84 5.68 5.52 5.36 5.20 5.04 4.88 4.72 4.56 4.40
600 6.97 6.81 6.65 6.49 6.33 6.17 6.01 5.85 5.69 5.53 5.36 5.20 5.04 4.88 4.72
625 7.30 7.14 6.98 6.82 6.66 6.49 6.33 6.17 6.01 5.85 5.69 5.53 5.37 5.21 5.05
650 7.62 7.46 7.30 7.14 6.98 6.82 6.66 6.50 6.34 6.18 6.01 5.85 5.69 5.53 5.37
675 7.95 7.79 7.63 7.47 7.31 7.14 6.98 6.82 6.66 6.50 6.34 6.18 6.02 5.86 5.70
700 8.27 8.11 7.95 7.79 7.63 7.47 7.31 7.15 6.99 6.83 6.66 6.50 6.34 6.18 6.02

4. Discussion

The main finding of this study was that adding the terminal RPE to 6MWT distance
significantly improved the predictability of Max METs. Unique to this study was the ability
of 6MWT distance + terminal RPE also to predict the METs@VT, which is a better measure
of sustainable exercise capacity [2,9], a powerful emerging measure of prognosis [10,11]
and a very useful measure for prescribing exercise [3]. It may also be of particular value
in patients with cardiovascular disease who are often on medications that alter the HR
response during both exercise testing and training.

The goodness of fit of the equations for predicting Max METs from the 6MWT distance
+ terminal RPE (R2 = 0.71) compares favorably with field tests using the 6MWT distance
(R2 = 0.42) [6], the Rockport 1-mile Walking Test (R2 = 0.78) [21] or R2 = 0.71) [23], the
Cooper 12-min run-walk Test (R2 = 0.80) [19], or with extrapolation of submaximal RPE
(R2 = 0.85) [20] or (R2 = 0.71) [23]. The SEE for all of these predictions equations is on the
order of 1.0–1.5 METs. Although the correlation of treadmill protocol time vs. Max METs
(e.g., VO2max) is typically higher (R2 = 0.83–0.94), the SEE is also typically in the range of
1 MET [15,16,29,30]; thus, the simplicity of the 6MWT + terminal RPE is very attractive.

The prediction of METs@VT has more typically been performed using percentages of
the maximal power output [25], running speed [23], RPE [23], or as the equivocal stage of
the Talk Test [26]. To our knowledge, an approach to estimating the METs@VT in a clinical
population with an approach as simple as that used in this study has not previously been
reported. Given the importance of the VT in terms of the evaluation of prognosis [10,11]
and exercise prescription [3], and the ability of equation-based methods to account for
speed and grade equivalents of the METs@VT [31], the ability to predict METs@VT from
6MWT distance + terminal RPE may be of considerable utility.

The workload required to achieve a particular value for the percentage of Max METS
(%Max METS), percentage of HR (%HR) reserve, or METs@VT is probably lower than the
workload eliciting these markers during exercise testing. Recent research from our labora-
tory [30] has suggested that “translating” exercise test results to exercise training requires a
downregulation of the MET requirement of the workload to ~70–75% of that where a given
physiologic response is observed during exercise testing. From that perspective, consider a
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patient who completes 475 m during the 6MWT, with a terminal RPE of 14. The predicted
Max METs would be 5.12 (Table 2), and the METs@VT would be 4.07 (Table 3). Translating
to 72% of METs@VT would yield a training intensity of 2.93 METs. Based on the American
College of Sports Medicine (ACSM) ambulation equations [31], this workload should be
achieved during level-ground ambulation at ~1.13 m*s−1 (2.5 mph or 4.1 kph). One would
anticipate a RPE during training of ~13 (which has been proposed as the “ideal” intensity
for many people) [32] and with comfortable speech still possible [26]. The training load
can, of course, be adjusted after the first training bout, but this simple modification of the
6MWT and the simple approach to translating from testing to training [30] suggests a way
to define easily the exercise component of the individualized treatment plan for patients in
rehabilitation programs.

Another advantage of the 6MWT distance + terminal RPE approach is the ability to
make outcome assessments in patients who are mechanically limited to a top walking
speed. The 6MWT was originally created for patients with pulmonary disease or heart
failure [6,7,26], who often have very limited exercise capacity. In the absence of routine
graded exercise testing, and in need of methods for outcome assessment, the 6MWT has
more recently been widely used with relatively healthier patients in cardiac rehabilitation
programs. These patients often have better exercise capacity and are often constrained
by the requirement to only walk during the 6MWT, with a top walking speed unlikely
to exceed 2.0 m·s−1 (4.5 mph or 7.2 kmh) which requires a VO2 of ~16 mL·kg−1·min−1

(~4.4 METs) [31]. Since common clinical experience shows that many patients can achieve
this walking speed more or less comfortably, outcome assessment in rehabilitation pro-
grams has been constrained by the use of the 6MWT distance alone. However, in a patient
who originally walks 450 m with a RPE of 15, who later walks the same 450 m, but with a
RPE of 13, the calculated MaxMETs (4.36 to 4.98 METs) and METs@VT (3.58 to 3.90 METs)
improve by 14% and 9%, respectively. Additionally, this follow-up testing can be used to
update the exercise proscription.

Although the present study provides meaningful information, some limitations should
be acknowledged. First, this study is a small cohort study. Therefore, future researched
should consider a larger sample. Second, the present study did not include a large rep-
resentation of the heart failure population (i.e., potential heart transplant candidates and
those with pulmonary hypertension) in which VO2max might have huge significance, in
particular, as most of the times it is hard to obtain cardiopulmonary exercise testing in a
heart-failure population, and rough estimates based on 6MWT will be of paramount im-
portance.

5. Conclusions

The results of this study demonstrate that the simple approach of adding the terminal
RPE to the 6MWT distance can improve the estimate of Max METs in patients in rehabilita-
tion programs. Additionally, it can be used to make an estimate of the METs@VT, which is
important prognostically [10,11] as a better estimate of sustainable exercise capacity [2] and
is highly important prescriptively [3]. Lastly, this approach to estimating Max METs and
METs@VT may provide a solution to estimating changes in exercise capacity in patients
who are mechanically at the limit of their walking speed capacity.
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Abstract: (1): Heart rate performance curve (HRPC) in incremental exercise was shown to be not
uniform, causing false intensity estimation applying percentages of maximal heart rate (HRmax).
HRPC variations are mediated by β-adrenergic receptor sensitivity. The aim was to study age and
sex dependent differences in HRPC patterns in adults with β-blocker treatment (BB) and healthy
controls (C). (2): A total of 535 (102 female) BB individuals were matched 1:1 for age and sex (male
59 ± 11 yrs, female 61 ± 11 yrs) in C. From the maximum incremental cycle ergometer exercise a
first and second heart rate (HR) threshold (Th1 and Th2) was determined. Based on the degree of
the deflection (kHR), HRPCs were categorized as regular (downward deflection (kHR > 0.1)) and
non-regular (upward deflection (kHR < 0.1), linear time course). (3): Logistic regression analysis
revealed a higher odds ratio to present a non-regular curve in BB compared to C (females showed
three times higher odds). The odds for non-regular HRPC in BB versus C decreased with older age
(OR interaction = 0.97, CI = 0.94–0.99). Maximal and submaximal performance and HR variables
were significantly lower in BB (p < 0.05). %HRmax was significantly lower in BB versus C at Th2
(male: 77.2 ± 7.3% vs. 80.8 ± 5.0%; female: 79.2 ± 5.1% vs. 84.0 ± 4.3%). %Pmax at Th2 was similar
in BB and C. (4): The HRPC pattern in incremental cycle ergometer exercise is different in individuals
receiving β-blocker treatment compared to healthy individuals. The effects were also dependent
on age and sex. Relative HR values at Th2 varied substantially depending on treatment. Thus, the
percentage of Pmax seems to be a stable and independent indicator for exercise intensity prescription.

Keywords: cardiac rehabilitation; exercise prescription; exercise intensity; heart rate deflection point

1. Introduction

To induce desired training effects and to apply safe exercise programs, exercise pre-
scription is commonly based on fixed percentages of maximal heart rate (HRmax) or maxi-
mal oxygen consumption (VO2max). Usually, intensity ranges, are prescribed between 65%
to 85% of HRmax or 50% to 75% of VO2max [1]. However, fixed-percentage approaches were
shown not to guarantee a uniform load amongst individuals [2,3]. Different metabolic
responses, which may vary from over- to under-loading have been prescribed [4]. The
inconsistency between intensity domains claims the need for adjustment and new indi-
cators in intensity prescription, proposed by the 2020 position paper from the European
Association of Preventive Cardiology (EPAC) [5]. Moreover, individualized prescriptions
based on cardiopulmonary exercise tests and individual thresholds such as the first and
second ventilatory threshold are recommended [5–7].

In practice, simple approaches are usually favored and most exercise tests measure
solely electrocardiogram (ECG) based heart rate (HR). Some problems with the use of
%HRmax for exercise prescription have already been addressed to different HR curve pat-
terns [8] (see Figure 1 for different patterns). These authors showed that the increase of

J. Funct. Morphol. Kinesiol. 2021, 6, 61. https://doi.org/10.3390/jfmk6030061 https://www.mdpi.com/journal/jfmk



J. Funct. Morphol. Kinesiol. 2021, 6, 61

HR during incremental cycle ergometer exercise presented neither a uniform nor a linear
pattern which clearly impacts exercise prescription [9]. Most of the young and trained male
subjects presented an S-shaped pattern of the heart rate performance curve (HRPC) which
was characterized by a distinct flattening of the HR curve at higher intensities (a so-called
downward deflection). This course of the HRPC is considered regular [10]. However, in
the same study, a significant number of participants showed a linear or even upward de-
flection [9], which is considered non-regular and was shown to be related to left ventricular
function [11]. Recently, we could support these early results by showing this diversity
of HRPC patterns in a large cohort of healthy trained and untrained male and female
subjects across a wide range of age [12]. Interestingly, age significantly altered the HRPC
from regular to non-regular, modulated by maximum exercise performance and sex. These
results imply consequences for exercise prescription (e.g., risk of overloading in subjects
with non-regular HRPCs) dependent on the above-mentioned variables which has also
been critically addressed already by others [2]. Both the downward and upward deflection
of the HRPC during incremental exercise is used to determine the so-called HR deflection
point (HRDP) [9,13] which is a well-accepted and frequently applied method for threshold
determination [14]. Applying the actual standard three Phase-Two threshold model of
energy supply, the HRDP corresponds to the second ventilatory or lactate threshold [8,15].

The increase in HR during incremental exercise is strongly related to the increase
of plasma catecholamine concentration which drives rate and force of contraction [16].
Pokan et al. [17] showed that the catecholamine response to incremental exercise presented
the same pattern than the lactate performance curve in young and trained healthy male
subjects, however, the pattern of the HRPC was not related to the catecholamine response
in this study (Figure 1). Despite such a similar catecholamine response we could show
that the patterns of the HRPC were significantly influenced by a β1-receptor antagonist
application [18]. This led to the conclusion that the β1-receptor sensitivity or density are
key regulators of the pattern of the HRPC. Reduced β1-receptor sensitivity, either induced
by chronic (over) stimulation due to increased sympathetic activity [19] or antagonist
treatment, blunts HR increase at rest and submaximal exercise. The reduced sensitivity
typically causes inverted HRPCs with upward deflection due to the higher catecholamine
effects reaching maximal exercise [18,20] (Figure 1). In a recently published study including
2980 men and 1944 women we could show that the prevalence of HRPC with upward
deflection increased from 20 to 70 years (respectively 80 yrs in women) both in men
(10–43%) and women (9–30%). This trend might be caused by a decrease in β1-receptor
sensitivity with increasing age [21–23]. Therefore, the decline in β1-receptor sensitivity is
suggested to be the main factor influencing the HRPC deflection pattern.

Selective or non-selective β-receptor antagonist medication is a standard prescription
in cardiology significantly increasing survival when applied long-term [24]. This medica-
tion reduces HR and blood pressure at rest and during exertion by a competitive inhibition
of the β-receptors counteracting the driving force of stress induced catecholamines [25]. In
incremental exercise, β-blocker administration was shown to significantly reduce HR at all
workload levels but most at submaximal exercise such as the first and second thresholds in
healthy individuals [18,26] as well as patients with cardiovascular disease [27].

As most patients with cardiovascular diseases are on β-adrenoceptor antagonist
treatment [28] the above prescribed effects regarding exercise prescription need to be
concerned. Individuals receiving a β-blocker are supposed to show a higher number of non-
regular HRPCs compared to individuals without such a treatment. Studying the expected
differences in the HRPC (and the prevalence of non-regular patterns) due to β-blocker
intake is highly relevant for the accuracy of exercise prescription [29]. Therefore, the aim of
this study was to investigate age and sex related differences in the distribution of HRPC
patterns in adults receiving a β-adrenoceptor antagonist treatment and healthy controls. A
secondary aim was to explore age and sex related differences in performance variables (i.e.,
HRmax, Pmax) between adults receiving beta blocker treatment and healthy controls.
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Figure 1. Schematic 3—phase model of the heart rate performance curve (HRPC) during incremental
cycle ergometer exercise with downward deflection (regular), linear course or upward deflection
(non-regular) (solid black lines) as well as plasma adrenaline and noradrenaline concentrations
(dashed and dash-dotted black and grey lines) (modified from Hofmann et al. and Pokan et al. [9,17]).

2. Materials and Methods
2.1. Study Population

In this retrospective, observational study, HR and performance data from maximal
cycle ergometer tests from 1070 individuals were analyzed. The groups were composed of
433 male (59± 11 yrs) and 102 female (61± 11 yrs) individuals treated with β-adrenoceptor
antagonists (BB) who were exactly age- and sex-matched 1:1 with 433 male (59± 11 yrs) and
102 female (61 ± 11 yrs) healthy individuals in the control group (C). Exercise tests were
carried out for performance diagnostics, health preventive or medical reasons between
2004 and 2017 in a cardiology center. The study was approved by the Ethics committee
of the local university (GZ. 39/70/63 ex 2016/17). Individuals gave their written consent
that their data may be used anonymously for scientific purposes. Only tests with no
outliers (non-physiological HR deviation) or missing of HR recordings were included in
the analyses. The test protocol was uniform such as to obtain maximal workload within
12–15 min. The protocols for BB and C were independent from age, sex and performance.
All ergometer tests in C started at 20 W and workload was increased by 20 W increments
every minute up to voluntary exhaustion. In BB, all ergometer tests started at 10 W and
workload was increased by 10 W increments every minute up to voluntary exhaustion. In
BB, no detailed information about the individual dosing were available for our analysis.

2.2. Assessment of Heart Rate and Performance Data

HR variables were provided as mean values for each single load step (e.g., HR for
20 W, 30 W). Data were analyzed via Vienna CPX-Tool (University of Vienna, Austria) to
determine maximal and submaximal HR and performance markers as well as the degree
and the direction of the HRPC. To detect a first (Th1) and second threshold (Th2) (equivalent
to HRDP) from HR, two regions of interest were defined and consistently applied. Multiple
linear regressions were performed for the detection of Th1 between the start of exercise
and 66% of Pmax and for the detection of Th2 between 40% Pmax and Pmax. The degree and
direction of the deflection of the HRPC (kHR = (k1 − k2)/(1 + k1 × k2)) was calculated
from the slopes of two tangents of a second-degree polynomial function fitted between
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40% Pmax and Pmax. Because Vienna CPX-Tool subtracts the slopes of the tangents (k1 and
k2) in a different order compared to earlier analyses [9,11,12] we changed the algebraic
sign from negative to positive and vice versa to be consistent with previous studies. Based
on the kHR values HRPC´s were categorized as regular HRPC (downward deflection) for
kHR > 0.1 and as nonregular HRPC (linear course and upward deflection) for kHR < 0.1
according to Pokan et al. [11] (Figure 1).

2.3. Statistical Analysis

Descriptive statistics are shown according to their distribution as mean ± standard de-
viation (SD) or median (interquartile range (IQR)). Data were tested for normal distribution
by means of Shapiro–Wilk test. To compare BB and C within male and female individuals,
a student t test or Mann–Whitney-U test was used. A multivariable logistic regression
model was calculated to evaluate the relationship between β-blocker treatment and the
presence of non-regular HRPCs (coded as 1 = non-regular, 0 = regular). In this model,
we included treatment (0 = C, 1 = BB), sex (0 = male, 1 = female), age (continuous), age2

and the following interactions of interest as explanatory variables: sex × treatment, age ×
treatment, age2 × treatment. We added a quadratic term of age because it better reflected
the shape of the relationship. Moreover, a non-linear relationship was also indicated by a
significant interaction between age and log(age) (p = 0.001). Additionally, two multivariable
linear regression models were calculated to evaluate the relationship between β-blocker
treatment and HRmax and Pmax, respectively. Here, we included age, sex and the following
interactions of interest as explanatory variables: sex × treatment, age × treatment. Age
was mean cantered before running the analyses. The assumptions of linear and logistic
regression analyses were checked and considered to be met (i.e., after the transformation of
age). Please note the main effects of age and sex on HRPC were not addressed in this study.
Results are expressed using odds ratios (OR), unstandardized regression coefficients (B)
and 95% confidence intervals (CI) for explanatory variables as well as R2 for the overall
model. Finally, to examine age-related associations between β-blocker treatment and sub-
maximal HR and performance variables, data were first categorized into four age groups
starting at ≤50 yrs up to >70 yrs. Then, separate 4 × 2 ANOVAs with post hoc Tukey´s
multiple comparison tests were applied for males and females. All statistical analyses were
performed in SPSS 26 (IBM Corporation, Armonk, NY, USA). Graphical representations
were created with Prism 8.0 (GraphPad, San Diego, CA, USA). Statistical significance was
considered as p < 0.05.

3. Results

The mean age of the study population was 59 ± 11 yrs in male (m) and 61 ± 11 yrs in
female (f). Body mass index (BMI) ranged from 18.21 to 44.68 kg/m2 in males and from
16.36 to 43.25 kg/m2 in female individuals. In BB, 82% male and 84% female individuals
had a selective β1-blocker and 18% and 16%, respectively—a nonselective blocker. Deter-
mination of Th1 and Th2 was successful in all cases except for two. Pmax and performance
at Th1 and Th2 as well as HRmax and HR at Th1 and Th2 were significantly lower in BB
compared to C for both male and female individuals. In addition, relative performance
values were significantly different between BB and C in male and female and ranged
overall between 37.5–42.1% at Th1 and 69.8–70.8% at Th2. Absolute HR difference between
C and BB at Th1 were 6 ± 16 bpm (m) and 8 ± 15 bpm (f) and at Th2 10 ± 16 bpm (m)
and 13 ± 15 bpm (f), i.e., HR values at thresholds were lower in BB compared to C. Mean
%HRmax at Th1 and Th2 was significantly lower in BB compared to C in male and female.
However, the difference between BB and C was smaller at Th1 (m: 1.7± 9.6%, f: 2.1 ± 8.8%)
compared to Th2 (m: 3.6 ± 8.5%, f: 4.7 ± 7.5%) (Table 1).
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Table 1. Anthropometrics and characteristics of the incremental cycle ergometer tests in male and female individuals with
(BB) and without (C) β-blocker treatment.

MALES FEMALES

Variables C
n = 433

BB
n = 433 p d/r C

n = 102
BB

n = 102 p d/r

Age (yrs) 59.0
±10.9

59.0
±10.9 1.0 a 0.00 60.7

±10.7
60.7
±10.7 1.0 a 0.00

BMI (kg/m2)
26.2

(4.0; 20.8)
26.8

(4.8; 25.1) 0.003 b 0.10 24.6
(5.3; 18.8)

25.7
(5.6; 26.9) 0.116 b 0.11

BM (kg) 83
(15; 117)

84
(18; 92) 0.121 b 0.05 65

(12; 54)
69

(17; 83) 0.05 b 0.14

Pmax (W) 200
(60; 280)

170
(60; 210) <0.001 b 0.37 140

(40; 160)
110

(40; 130) <0.001 b 0.37

HRmax (bpm) 155
(20; 80)

150
(18; 67) <0.001 b 0.18 154.7

±13.8
148

(16; 61) <0.001 b 0.27

P (W)

Th1 76.4
(21.8; 105.5)

64.5
(19.1; 79.1) <0.001 b 0.33 50.9

(12.7; 56.4)
46.4

(12.7; 47.3) <0.001 b 0.29

Th2 145.5
(41.8; 210.9)

119.1
±30.0 <0.001 b 0.35 96.9

±20.3
77.7

(28.4; 95.5) <0.001 b 0.40

HR (bpm)

Th1 98.1
(15.2; 61.9)

93.4
(14.7; 67.7) <0.001 b 0.24 106.4

±10.9
97.6

(12.6; 55.3) <0.001 b 0.37

Th2 124.1
(19.3; 78.1)

115.1
(14.6; 77.0) <0.001 b 0.33 129.9

±14.1
116.9
±10.2 <0.001 a 0.93

P as % Pmax

Th1 37.3
(5.0; 9.9)

39.5
(4.2; 14.2) <0.001 b 0.30 39.4

(3.9; 8.3)
42.1
±2.8 <0.001 b 0.47

Th2 69.31
(5.1; 7.6)

71.7
(5.1; 7.1) 0.009 b 0.9 72.7

(4.5; 8.3)
68.2

(5.2; 7.1) 0.006 b 0.19 *

HR as % HRmax

Th1 63.4
(8.5; 37.6)

62.1
(9.2; 41.5) 0.001 b 0.11 68.9

±5.0
66.8
±7.0 0.016 a 0.34

Th2 80.8
±5.0

77.2
±7.3 <0.001 b 0.55 84.2

(6.5; 19.7)
79.2
±5.1 <0.001 b 0.45

kHR
−0.4

(1.3; 10.8)
−1.2

(1.32; 10.3) <0.001 b 0.36 0.1
±1.0

−1.0
±1.0 <0.001 a −1.00

BMI, body mass index; BM, body mass; Pmax, maximum power output; HRmax, maximum heart rate; P, power output at Th1 and
Th2, first and second threshold; HR, heart rate at Th1 and Th2; kHR, degree of the deflection of the heart rate performance curve; d,
Cohen’s d prescribing the effect size for normal distribution; r, effect size for not normal distributed data (r = z/

√
n); a, parametric t-test;

b, Mann–Whitney-Test. * p < 0.05.

The number of non-regular HRPCs was higher in BB compared to C (m: 378 vs. 299,
p < 0.001; f: 90 vs. 50, p < 0.001). Whereas the number of regular HRPC was higher in C
compared to BB (m: 134 vs. 55, p < 0.001; f: 52 vs. 12, p < 0.001). The number of non-regular
curves for BB and C, dependent on sex and age, are shown in Figure 2.

The logistic regression model (Table A1 in Appendix A), χ2 (7, N = 1070) =111.07,
p < 0.001, Nagelkerke´s R2 = 14.8 revealed that the odds of having a non-regular HRPC in
an incremental cycle ergometer test were higher among BB than C but the effect was depen-
dent on sex (OR interaction = 2.77, 95% CI: 1.24–6.19, p = 0.013) and age (OR interaction = 0.97,
95% CI = 0.94–0.99, p = 0.015). The odds of having a non-regular HRPC due to β-blocker
treatment were 2.8 times higher among average-aged females than males (females: OR = 7.65,
95% CI: 3.57–16.39, p < 0.001; males: OR = 2.76, 95% CI: 1.79–4.26, p < 0.001).

Moreover, the effect of β-blocker treatment on having a non-regular HRPC decreased
with older age. For example, the odds of having a non-regular HRPC in BB versus C
were OR = 4.04 (95% CI: 2.57–6.34, p < 0.001), OR = 2.76 (as above), and OR = 2.12 (95%
CI: 1.34–3.34, p = 0.001) for 50-years-, 59-years- (mean of the sample) and 70-years-old
male individual, respectively (females: OR50-years = 11.19, 95% CI: 5.07–24.72, p < 0.001;
OR59-years = 7.65, as above, OR70-years = 5.86, 95% CI: 2.76–12.52, p < 0.001).

Figure 3 shows the mean values for HRmax and Pmax categorized in four age-groups
for male and female individuals.
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Figure 2. Age related percentage of non-regular HRPCs in male and female individuals with (BB)
and without (C) β-blocker treatment.

Figure 3. Age related decline of mean maximum heart rate (HRmax) and power output (Pmax) in male and female individuals
with (BB) and without (C) β-blocker treatment.

The linear regression model for HRmax (Table A2), F(5, 1064) = 286.01, p < 0.001,
R2 = 0.57, revealed that, HRmax of the incremental exercise test, of an average-aged, male
BB was 5.46 (95% CI: 4.24–6.68, p < 0.001) bpm less compared to C. This effect was not
dependent on sex but age, indicating a decrease in the difference between BB and C among
older age (Binteraction = 0.17, 95% CI: 0.06–0.27, p = 0.001). For example, HRmax was, on
average, 6.92 (95% 5.40–8.45, p < 0.001), 5.46 (as above) and 3.62 (95%CI: 1.97–5.27, p < 0.001)
bpm lower for 50-years-, 59-years- and 70-years-old male BB, respectively.

The linear regression model for Pmax (Table A3), F(5, 1064) = 276.21, p < 0.001, R2 = 0.57,
showed that, on average, BB had lower maximum power than C but the magnitude of the
difference was dependent on sex and age. When receiving β-blocker treatment, maximum
power was reduced by 37.53 W (95% CI: 32.93–42.13, p < 0.001) and 23.34 W (−37.53 + 14.19;
95% CI: 13.84–32.84, p < 0.001) for an average-aged male and female individual, respectively.
These differences were decreasing with older age (Binteraction = 0.83, 95% CI: 0.45–1.21,
p < 0.001). For example, 50-years-, 59-years- and 70-years-old male BB showed, on average,
44.88 W (95% CI: 39.14–50.63, p < 0.001), 37.53 W (as above) and 28.31 W (95% CI: 22.09–
34.54, p < 0.001) lower maximum power compared to C (females: B50-years = 30.69, 95% CI:
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20.38–41.01, p < 0.001; B59-years = 23.34 W, as above; B70-years = 14.12 W, 95% CI: 4.00–24.25,
p = 0.006).

ANOVAs revealed significantly lower absolute power output at Th1 and Th2 in male
BB compared to C in all four age groups (Table 2). However, relative performance values
varied less between BB and C and were not significantly different for Th1 and in two age
groups for Th2. Absolute HR values were significantly lower at Th2 in BB, and difference
decreased from about 13 bpm in the age group < 50 yrs to 7 bpm in the age group >
70 yrs. %HRmax was not statistically different between male BB and C, but values were
consistently 2.5 to 4.4% lower in BB. In female individuals, no significant differences at
all were found between BB and C, although absolute submaximal HR and performance
values were consistently lower in BB. Comparable to male individuals, the HR difference
decreased from the youngest to the oldest age group from about 12 to 4 bpm at Th1 and 18
to 8 bpm at Th2. %Pmax at Th1 and Th2 were comparable to the male sample and varied
less between groups.

Table 2. Characteristics of the incremental cycle ergometer test in male and female individuals with (BB) and without (C)
β-blocker treatment in four representative age groups shown as mean (±SD).

MALES
n = 433 ≤50 yrs 51–60 yrs 61–70 yrs >70 yrs

n 176 155 117 73

P Th1 (W) C 87.8 ± 15.6 83.1 ± 15.0 69.9 ± 11.1 60.7 ± 11.9
BB 75.21 ± 14.0 * 68.5 ± 13.7 * 62.5 ± 11.4 * 52.3 ± 9.3 *

P Th2 (W) C 169.7 ± 31.6 158.0 ± 30.2 129.2 ± 22.8 109.7 ± 22.5
BB 139.9 ± 26.9 * 125.0 ±2 7.4 * 113.3 ± 25.1 * 90.7 ± 20.2 *

%Pmax Th1 (%) C 36.4 ± 2.5 36.9 ± 2.4 37.9 ± 2.5 39.2 ± 2.3
BB 38.0 ± 2.4 39.0 ± 2.9 39.3 ± 2.9 40.9 ± 3.2

%Pmax Th2 (%) C 70.2 ± 2.6 69.9 ± 2.5 69.7 ± 2.5 70.7 ± 2.5
BB 70.5 ± 2.5 70.7 ± 2.5 * 70.6 ± 2.6 * 70.0 ± 2.5

HR Th1 (bpm) C 106.5 ± 11.2 100.2 ± 11.1 96.3 ± 10.6 94.2 ± 11.3
BB 99.0 ± 11.4 94.8 ± 10.5 90.3 ± 9.3 90.7 ± 10.2

HR Th2 (bpm) C 139.1 ± 13.8 128.6 ± 11.4 119.4 ± 10.2 114.6 ± 10.0
BB 126.1 ± 11.2 * 118.9 ± 8.9 * 111.6 ± 8.8 * 107.7 ± 9.6 *

%HRmax Th1 (%) C 62.3 ± 5.4 62.8 ± 6.2 64.5 ± 6.9 67.5 ± 7.8
BB 60.9 ± 6.2 61.4 ± 6.6 61.2 ± 10.2 67 ± 7.4

%HRmax Th2 (%) C 81.3 ± 4.8 80.5 ± 4.6 79.9 ± 5.3 82.0 ± 5.4
BB 77.6 ± 5.2 77.0 ± 5.0 75.7 ± 11.1 79.5 ± 7.4

kHR
C −0.1 ± 1.1 −0.3 ± 1.0 −0.5 ± 1.2 −0.3 ± 1.4

BB −1.0 ± 1.0 −1.1 ± 1.1 −1.2 ± 1.0 −0.9 ± 1.5

FEMALES
n= 102 ≤50 yrs 51–60 yrs 61–70 yrs >70 yrs

n 19 31 30 22

P Th1 (W) C 62.6 ± 9.6 56.1 ± 9.4 52.7 ± 7.2 44.7 ± 8.7
BB 53.3 ± 11.4 51.3 ± 8.9 45.7 ± 7.8 41.5 ± 6.2

P Th2 (W) C 115.5 ± 19.5 101.0 ± 16.2 94.7 ± 14.3 78.1 ± 15.9
BB 90.8 ± 20.6 89.0 ± 19.4 75.4 ± 15.3 65.7 ± 11.3

%Pmax Th1 (%) C 38.6 ± 2.3 39.2 ± 2.1 39.7 ± 2.2 40.6 ± 1.2
BB 40.9 ± 2.8 41.1 ± 2.6 42.3 ± 2.3 44.4 ± 2.0

%Pmax Th2 (%) C 71.0 ± 2.5 70.5 ± 2.4 71.0 ± 2.3 70.8 ± 2.3
BB 69.1 ± 2.3 70.7 ± 2.6 69.4 ± 2.4 69.9 ± 2.4

HR Th1 (bpm) C 112.8 ± 11.2 109.6 ± 10.4 103.5 ± 9.9 100.1 ± 7.4
BB 101.2 ± 10.2 101.5 ± 13.5 94.7 ± 6.9 96.7 ± 8.2

HR Th2 (bpm) C 142.0 ± 13.5 134.1 ± 11.9 126.4 ± 11.1 118.1 ± 9.2
BB 123.7 ±8.1 121.3 ± 10.6 113.1 ± 7.2 110.2 ± 8.3

%HRmax Th1 (%) C 67.5 ± 5.2 68.2 ± 4.7 68.6 ± 5.1 71.3 ± 4.5
BB 67.5 ± 5.2 68.2 ± 4.7 68.6 ± 5.1 71.3 ± 4.5

%HRmax Th2 (%) C 84.8 ± 4.4 83.4 ± 4.1 83.8 ± 4.4 84.0 ± 4.4
BB 77.9 ± 6.5 80.0 ± 4.5 77.6 ± 4.3 81.4 ± 4.5

kHR
C 0.41 ± 1.12 −0.07 ± 0.86 0.12 ± 1.06 0.05 ± 1.07

BB −0.98 ± 0.90 −1.06 ± 0.98 −1.05 ± 0.99 −1.02 ± 0.97

n, Number of tests; P, power output at Th1 and Th2, first and second threshold; %Pmax Th1 and Th2, P at Th1 as a percentage of maximum
power output; HR Th1 and Th2, heart rate at Th1 and Th2; %HRmax Th1 and Th2, HR at Th1 and Th2 as a percentage of maximum heart
rate; kHR, degree of the deflection of the heart rate performance curve; * p < 0.05.
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4. Discussion

Our study showed that individuals receiving a β-blocker treatment had usually more
than two times higher odds of having a non-regular HRPC (including both linear time
course and upward deflection), compared to healthy individuals. However, the odds were
dependent on sex and age, indicating higher odds for females and decreasing odds among
older individuals. Maximum heart rate as well as maximum power was reduced in BB
compared to C, but the effect decreased with higher age.

Overall, we found 87% compared to 69% non-regular curves in male BB compared
to C and 88% compared to 49% in female individuals. The number of non-regular curves
in male and female BB was high independent of age, but increased with age in C. The
matched healthy group was a sub-sample of a previous investigation, and results are in
line with our earlier findings [12] and Hofmann et al. [9], who presented a significantly
lower number of only 14% of non-regular curves in a group of 227 young, healthy and
trained male subjects. Regarding the number of non-regular curves in BB, no comparative
studies were found. However, β-blocker administration was already shown to change the
direction of the HRPC from a regular downward deflection to non-regular curve patterns
in healthy individuals [18,26]. In particular, Hofmann et al. [18] even showed, that these
changes were significantly related to the degree of the deflection in participants randomly
receiving placebo or selective β1-adrenoreceptor antagonist. The ”more regular” the curves
were in placebo conditions, the greater was the change in β-blocker treatment, whereas
non-regular patterns were not affected. Therefore, the higher number of non-regular curves
in the present study is consistent with previous literature.

Differences in receptor sensitivity were thought to be a cause for varying responses of
the HRPC. In subjects with a regular HRPC, β1-adrenergic receptors were suggested to
be sensitive to catecholamines at low intensity levels (Phase 2), leading to a proportional
HR increase. At high intensity above Th2 (Phase 3), receptors saturate, and HR increase
is damped. This is suggested to cause the flattening of the HRPC, resulting in a regular
HRPC [18]. Contrary in subjects with non-regular curves the receptor sensitivity was
suggested to be lower, or receptors are blocked due to β-blocker administration. This leads
to a blunted HR increase between Th1 and Th2 (Phase 2) (see Figure 1), were catecholamine
levels continuously increase but are still moderate. Above Th2 (Phase 3) HR increases
disproportionally due to exponentially increasing catecholamine levels [18]. Therefore,
the considerably higher number of non-regular HRPCs in the BB group in our study
is caused by the β-blocker treatment, especially in the younger subjects. As ageing is
associated with a decreased receptor sensitivity [21] and women were shown to have a
higher sensitivity compared to men [30], changes in the odds among older individuals
and sex can be addressed to changes in the receptor sensitivity. In our previous study we
already showed, that women show less non-regular curves compared to men and that the
number of non-regular HRPC´s increase with increasing age in healthy individuals [12].
Therefore, the HRPC pattern from BB and C are thought to become more similar with
increasing age due to receptor sensitivity decreases with age.

These alterations in the HRPC also influenced the submaximal HR markers, where
absolute and %HRmax at Th1 and Th2 were found significantly lower in BB compared to C.
This was already shown for patients, with and without β-blocker treatment [27], as well
as for healthy individuals who randomly received β-blocker or placebo [18,26,31]. The
reduced HR at maximal and submaximal intensities in individuals receiving a β-blocker
can be addressed to the negative chronotropic effect as desired [25,32]. In our study, the
HR differences between BB and C were found between 6 to 8 bpm at Th1 and 10 to 13 bpm
at Th2. These values are markedly smaller compared to values of other studies which
showed larger differences (Th1: 19 to 26 bpm, Th2: 22 to 37 bpm) [18,26,27,31]. The smaller
differences between groups in our study could be due to differences in dosing. However,
no information about the dosing was available in the current study. However, a minimum
dosage to avoid side-effects during long-term treatment might be explanatory. A further
reason might be the higher mean age of our study population. Decreasing maximum
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HR with increasing age [33] reduces the amplitude of HR from rest to maximal exercise,
theoretically effecting the absolute difference between groups. Furthermore, aging was
associated with reduced β-adrenergic receptor sensitivity [21] which possibly leads to
smaller differences in the HR response to exercise between individuals with and without
β-blocker with increasing age. Both age dependent reasons can be supported by our data,
were the difference in HR at maximal and submaximal values is shown to decrease between
groups with increasing age (Table 2). In terms of HRmax, values in BB were approximately
5 bpm lower compared to C. The difference was greater in younger compared to older
age. Hence, increasing age reduces the difference between individuals with and without
β-blocker treatment. Considering that age reduces the receptor sensitivity, older people
seem to more likely respond like individuals on β-blocker treatment. However, comparable
studies showed larger differences in HRmax of about 19 to 38 bpm between patients [27]
and healthy individuals with and without β-blocker treatment [18,26,27,31].

Regarding relative values, we found significantly smaller %HRmax at Th1 and Th2 in
BB. Values at Th2 were below the common upper limit of 85% HRmax in BB in 93% and 86%,
respectively in C in 79% and 56% of all cases in male and female individuals. Therefore, both
groups are overestimated with respect to the upper limit of exercise intensity if based on
such a standard prescription. Furthermore, individuals with β-blocker treatment presented
a lower %HRmax at Th2 (as well as Th1) compared to healthy individuals. Although the
differences between BB and C were small, we can show for the first time a different heart
rate response during an incremental cycle ergometer exercise in most of the individuals
receiving a β-blocker therapy.

Overall, performance in male and female BB was normal with respect to age predicted
Pmax and C were slightly better trained. Interestingly, %Pmax at Th1 and Th2 was found
very similar in BB and C, both in females and males. The percentage ranged between
37.5 and 42.1% at Th1 and between 69.8 and 70.8% at Th2. These values are highly
comparable to results from young healthy subjects were a percentage of 38.8 and 72.0%
was shown for the first and second lactate threshold [29]. Based on these findings, intensity
prescription by means of %Pmax seems to be more generalizable compared to relative heart
rate values [29]. A more individualized prescription and increased consideration of exercise
intensity prescription including %Pmax was recommended by EPAC [5]. Therefore, exercise
prescription via fixed percentage of HRmax should be avoided and individual thresholds
or at least percentages of Pmax are recommended, especially in individuals on β-blocker
treatment in order to avoid overloading [7].

The detection of a first threshold of HR within a fixed region of interest revealed a
mean %HRmax at Th1 of healthy individuals comparable to HR values of the first ventilatory
threshold from the literature [26]. Only a few studies examined the determination of a
first heart rate threshold/turn point by mathematical models and showed no significant
difference compared to a gold standard detection (e.g., AT-Wassermann). Therefore, the
detection of changes in response patterns of HR is suggested to be adequate and promising
for the detection of a first threshold in a three-phase model [34,35]. Although this method
is yet not very common, this might be of interest for practice.

The present study is not without limitations. One limitation is the lack of any medical
diagnosis in C as well as in BB. Due to the advanced age, the likelihood that also C have
undiagnosed health conditions is high. Therefore, we cannot exclude that the deflection
of the HRPC has been influenced by the consequences of any cardiovascular disease or
events [36]. This also refers to BB, where a medical diagnosis is obvious. Furthermore,
we do not have any information regarding the β-blocker dosing, which does not allow
to discuss any dose-response effects of β-blocker administration on the deflection of
the HRPC. However, the presented data reflect the practical situation in rehabilitation
and secondary prevention and did not underly any controlled study setting, possibly
explaining the smaller differences between groups in this study. Further, also limiting is
that performance in BB was lower compared to C, although individuals were matched
1:1 for age and sex. Based on our earlier findings, this might influence the pattern of the
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HRPC due to the fact that individuals with lower performance were shown to present a
higher number of non-regular curves [12]. Regarding exercise prescription, the prescription
via %VO2max is an even more common and accepted model beside %HRmax. Due to
the proportional relationship of VO2 and performance, exercise prescription based on
%VO2max might be more accurate compared to %HRmax although not measured in our
study. However, Hofmann et al. [18] showed, that compared to %HRmax, %VO2max was
not affected by a selective β-blocker. In the future, investigations regarding the dosing, the
influence of selective and non-selective β-blocker application, including spirometric data,
are necessary to better understand the implications of β-blocker treatment for exercise
prescription. Nevertheless, our study prescribes relevant information regarding age and
sex-dependent influences of β-blocker treatment on HR changes during a standardized
incremental exercise and its consequences for exercise prescription.

5. Conclusions

The HR increase to incremental cycle ergometer exercise is neither uniform nor linear
and differs considerably between individuals. BB showed higher odds of having a non-
regular HRPC and lower HRmax and Pmax compared to C. However, the effects were modified
by age and sex. Relative HR values at the Th2 were not constant but varied substantially
with β-blocker treatment, questioning the validity of fixed values for exercise prescription.
Therefore, a generalization in terms of exercise prescription via fixed percentage of HRmax is
not recommended and misclassifications and overestimation of upper limits are very likely
in individuals with β-blocker treatment. Interestingly %Pmax seems to be a good trade off to
provide valid estimations about exercise intensity, even in patients with β-blocker treatment
and supports the request in the actual guidelines to apply such an easy tool [5].
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Appendix A

Table A1. Results of the main logistic regression model to evaluate sex and age-related differences in heart rate performance
curves (HRPC) dependent on medication.

B (SE) OR (95% CI) p

β-blocker 1.015 (0.221) 2.761 (1.788, 4.261) <0.001
Age 0.022 (0.009) 1.022 (1.005, 1.040) 0.01
Age2 −0.002 (0.001) 0.998 (0.997, 0.999) 0.001

Female −0.914 (0.228) 0.401 (0.256, 0.628) <0.001
Female × β-blocker 1.019 (0.410) 2.771 (1.239, 6.194) 0.013

Age × β-blocker −0.34 (0.014) 0.966 (0.940, 0.993) 0.015
Age2 × β-blocker 0.001 (0.001) 1.001 (0.999, 1.003) 0.331

B (SE), unstandardized regression coefficients (standard error); OR, odds ration; CI, 95% confidence interval; logistic regression model:
χ2 (7, N = 1070) = 111.07, p < 0.001, Nagelkerke’s R2 = 14.8.
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Table A2. Results of the linear regression model with maximum heart rate as the outcome.

Model B (95% CI) p

Constant 156.070 (155.206, 156.933) <0.001
β-blocker −5.457 (−6.678, −4.236) <0.001

Age −1.017 (−1.088, −0.945) <0.001
Female 0.448 (−1.533, 2.429) 0.657

Female × β-blocker −1.690 (−4.492, 1.111) 0.237
Age × β-blocker 0.165 (0.064, 0.266) 0.001

B, unstandardized regression coefficients; CI, 95% confidence interval; linear regression model: F(5, 1064) = 286.01,
p < 0.001, R2 = 0.57.

Table A3. Results of the linear regression model with maximum power as the outcome.

B (95% CI) p

Constant 206.659 (203.407, 209.912) <0.001
β-blocker −37.528 (−42.128, −32.929) <0.001

Age −2.717 (−2.988, −2.447) <0.001
Female −64.954 (−72.416, −57.493) <0.001

Female × β-blocker 14.189 (3.637, 24.742) 0.008
Age × β-blocker 0.829 (0.447, 1.210) <0.001

B, unstandardized regression coefficients; CI, 95% confidence interval; linear regression model: F(5, 1064) = 276.21,
p < 0.001, R2 = 0.57.
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Abstract: Background: To prevent and fight the increase of daily sedentary time and to promote and
stimulate the positive effects of physical activity and exercise on health, both traditional interventions
and new strategies are important for breast cancer survivors (BCS). The research goal was to compare
the effects of weekly personal feedback, based on objectively measured physical activity, on the
trends of both daily sedentary time and on the physical activity of BCS (E− group) with those of
an intervention also including online supervised physical exercise sessions (E+ group), during the
Italy COVID-19 lockdown. Methods: The Italian COVID-19 emergency allowed the possibility to
also observe the effects of social and personal limitations. A total of 51 BCS were studied over an
18-week period and had an objective registration of day-to-day sedentary time, physical activity,
and sleep. Both subsamples received weekly or fortnight personal feedback. Data were analysed
considering four key periods, according to the COVID-19 emergency steps. Results: Statistical
analysis showed an additive effect for sedentary time and a multiplicative effect both for light-to
vigorous and light-intensity physical activities. The E− group had a high overall sedentary time and
a different trend of light-to vigorous and light-intensity physical activities, with a reduction from the
1st to the 2nd periods (national and personal restrictions), showing a significant rise just at the end of
the national restrictions. Conclusions: The use of an activity tracker and its accompanying app, with
the reception of weekly tailored advice and supervised online physical exercise sessions, can elicit
proper physical activity recomposition in BCS in the COVID-19 era.

Keywords: light-intensity physical activity; Polar Loop 2; sedentary time; breast cancer

1. Introduction

A diagnosis of cancer and both pharmacological and non-pharmacological treatments
of breast cancer could have negative effects on daily physical activity (reducing it), while
sedentary time is increased [1–6]. Indeed, according to a study by De Groef et al. [5], 2 years
after surgery, all activity domains were still significantly lower compared to preoperative
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values. After the first 12 months, the only significant improvement was seen in the
occupational domain, while Gal et al. [6] found that breast cancer survivors, with and
without systemic treatment, were less likely to spend time in physical activity compared
to the general population, until 3 years post-diagnosis. The contemporaneous increase
of sedentary time and reduction of physical activity needs particular and early attention
due to its negative consequences on psychophysical health [7], as well as through its
characteristic pro-inflammatory pattern, which is considered the starting point of the
most common chronic non-communicable diseases [8], including breast cancer onset and
recurrence. To prevent and fight the increase of daily sedentary time and to promote
and stimulate the positive effects of physical activity and exercise on health [9,10], both
traditional interventions, based on in-person ambulatory counselling and supervised
adapted physical exercise sessions [9–12], and new strategies are important to reach as many
women as possible, according to personal differences that are linked with psychological,
familiar, working, and environmental differences. Thanks to advances in technology,
increasing literature supports the importance of the use of activity trackers to improve
the daily physical activity of breast cancer survivors, both alone [13–17] and integrated
into supervised exercise programmes [18]. Indeed, they can stimulate people to be more
physically active and less sedentary, as they provide insights into physical activity variables
promoting “self-knowledge, and health, through numbers” [19]. Therefore, the study by
Wu et al. [18] furnished important results, underlying the need to combine technology with
both human feedback and interventions. Indeed, breast cancer survivors participating in a
combined 12-week in-person physical exercise programme and physical activity promotion,
using activity trackers, underlined that the use of an activity tracker and its accompanying
app raised lifestyle awareness. Therefore, patients need personalized advice and a more
realistic representation of total daily physical activity, together with more integration
between the interventions concerning their recovery. This is of particular importance
in the COVID-19 era. Worldwide, during the COVID-19 pandemic lockdown, the "stay-
at-home" measures adopted to counteract the spread of the virus would dramatically
reduce the physical activity levels of the general population [20,21], including cancer
patients, suffering from psychophysical constriction characterized by the contemporaneous
increase of sedentary time and reduction of daily physical activity, while the fear of the
virus increases, together with psychosocial and emotional disorders, sleep disruption, and
consequently sedentary time [22–27]. The described situation is particularly dangerous for
cancer survivors as leads to poor psychophysical health, due to the fact that poor physical
activity is linked to some of the side effects of cancer treatments, such as poor sleep,
reinforcing the negative loop [28,29]. To prevent and counteract the negative consequences
of the “stay-at-home” measures it was widely suggested to support personalized and
supervised physical activity programs, with the option to group-play physical activity
programs (e.g., exergames) [25]

Therefore, in order to optimize the recovery of breast cancer survivors, the original
research goal was to compare the effects of weekly personal feedback, based on objectively
measured physical activity, on daily sedentary time, and on physical activity of breast
cancer survivors with those of an intervention also including online supervised physical
exercise sessions. In this case, the consequences of the COVID-19 emergency (i.e., the
government restrictions to counteract the spread of the virus) occurred during the execution
of the study, allowing us to also observe the interaction of the treatments with the phases
of the first Italian lockdown. Therefore, the final research goal was to verify whether
merging weekly personalized feedback and online supervised physical exercise sessions
confers major benefits on daily sedentary time and on physical activity of breast cancer
survivors than just weekly personalized feedback, in the presence of a personal confinement
and of its progressive regression. Our hypothesis was that the absence of supervised
workouts, even in the presence of tailored personal suggestions, has lower power in the
maintenance/improvement of daily sedentary time and physical activity characteristics
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of breast cancer survivors, in the presence of a personal confinement and, also, during its
progressive regression.

2. Materials and Methods
2.1. Participants

The Integrative Medicine Clinic of both ASL02 of Lanciano-Vasto-Chieti (Italy) and
Department of Medicine and Ageing Sciences of the “G. d’Annunzio” University of Chieti-
Pescara (Italy) at “G. Bernabeo” Hospital (Ortona, Italy) recruited study participants. A
total of 51 breast cancer survivors (50.98 ± 6.28 years), among those who had visits from
1 October 2019 to 12 January 2020, matching both inclusion and exclusion criteria were
selected for this study. The inclusion criteria for this study were age between 30–60 years,
6–48 months after breast surgery, actual hormone therapy, and participation in the “Angel
Project”, which is described in the following section. The exclusion criteria for this study
were actual chemotherapy, actual radiotherapy, actual diseases limiting motion, actual
chronic use of hypnotic pills, actual pharmacological treatment for anxiety and/or de-
pression or no interest in participating in live online physical exercise sessions. The term
“actual” relates to a period starting from the date of the basal evaluation of each partici-
pant and continuing until the end of the study. The Ethics Committee of Chieti-Pescara
approved this study (# 312/2015), and participants gave their written informed consent.

2.2. Study Design

As displayed in Figure S1, the Integrative Medicine Clinic, which was activated on
15 November 2017, furnishes integrative support for breast cancer survivors during the
follow-up phase, including evaluations, behavioural counselling, and interventions. The
clinic’s role was significant in directing patients regarding physical activity, sleep, body
composition and nutrition; acupuncture; analysis and control of blood, salivary, metabolic,
immune and endocrine parameters; psychotherapy, mindfulness, and both adapted and
supervised physical exercise. Patients participating in the “Angel Project” were requested
to continuously wear a scientifically validated commercial accelerometer (i.e., Polar Loop 2
(Kempele, Finland)) [30–32] to record and remotely control daily physical activity, sedentary
time, and sleep characteristics through the use of a dedicated website (i.e., Polar Flow
(Kempele, Finald)), to receive personalized weekly feedback from the Integrative Medicine
Clinic for 18 consecutive weeks. In the same period, they received personalized qualitative
dietary suggestions, with a fortnight frequency. As the objective of the project was to
educate persons to progressively self-evaluate their lifestyle (i.e., nutrition, daily physical
activity, sedentary time, and sleep characteristics) during the first 18 weeks, as well as
for an additional 12 weeks, each participant in the project had their data from the past
week sent to the Integrative Medicine Clinic for interpretation and feedback, after having
uploaded the activity tracker’s data to the website. The feedback, which was inherent
to sedentary time, physical activity, and sleep characteristics, listed their positive and
negative points and how the latter needed to be improved in order to receive feedback
concerning self-interpretation. With a fortnight frequency, each participant did the same,
with feedback concerning the qualitative characteristics of their nutrition and receiving
the feedback about their appropriateness. During the whole experimental period, each
participant was followed by a different researcher in each field, remaining the same until
the end of the 30-week period. Each researcher followed a maximum of 30 persons. In
each field, participants were randomly assigned to one of two available researchers during
the recruitment process (in an alternate manner). In each field, researchers had the same
cultural background and formation, and to properly set their own work, they had the
possibility to see the interaction of the assigned participant with the other researcher.
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All selected participants started the project in the same day, 3 February 2020, and
finished the first phase on 8 June 2020. Due to the COVID-19 emergency, which was
characterized by a national quarantine in Italy from 8 March 2020 to 4 May 2020, the
first phase of observation period had the following characteristics: (i) From 3 February
2020 to 8 March 2020 the lifestyles of participants were not influenced by government
restrictions; (ii) from 8 March 2020 to 4 May 2020 the “stay-at-home” measures, which
were nationally adopted to counteract the spread of the virus, dramatically influenced the
lifestyles of participants, dramatically restricting the possibility to go outside the home,
work, and provide for primary necessities; (iii) from 4 May 2020 to 1 June 2020, due to the
progressive reduction of the “stay-at-home” measures, participants had the possibility to
progressively recover normal habits and movements outside the home. Indeed, all the
shops were reopened on 18 May 2020, and all sports centres and gyms were reopened on
25 May 2020.

2.3. Recording and Control of Daily Physical Activity, Sedentary, and Sleep Time

To participate in the “Angel Project”, participants, after medical examinations includ-
ing points 1 and 2 of the Integrative Medicine Clinic procedures (Figure S1), were requested
to buy a scientifically validated commercial triaxial accelerometer, the Polar Loop 2 (Kem-
pele, Finland) [30–32], to have a personal device to be continuously followed for 30 weeks
and to continue to use it also after the end of their participation in the project to control and
improve proper daily physical activity, sedentary and sleep characteristics. After having
bought the device, an in-person appointment with the assigned researcher (i.e., a sport sci-
ence specialist well-versed in physical exercise for breast cancer survivors, with more than
5 years of experience in the field of female physical activity analysis and counselling) was
scheduled to explain the functioning of both the device and its connected webpage, as well
as to create a personal account on it. At the end of each week, each person uploaded weekly
data from the device to the webpage in order to give the assigned researcher an opportunity
to analyse data and furnish, within 24 h, personalised feedback, including focus on both
the positive and negative points and on and how the latter needed to be improved. The day
of the data upload, before uploading, each participant recorded their morning body weight
in light clothing immediately after waking up in a fasting condition and after voiding and
reported it on the website. After the first period, through a new in-person appointment,
each researcher furnished the operative instructions for the next period to the assigned
participants. Each participant wore the device for the whole day, on the non-dominant
wrist and in an adherent way. The webpage integrated the information gathered by the
three-axis accelerometer with gender, age, stature, weight, and handedness of the user. As
a result, qualitative, quantitative, and distributive information about both daily physical
activity and sleep were obtained [30–32]. From the recorded data, we focused our attention
on time spent in sedentary activities, and in light-, moderate-, and vigorous-intensity
physical activities. Sedentary activities relate to those activities requiring an engagement
≤1.5 METs while in a sitting, reclining or lying posture and awake [33]. Light-intensity
physical activities relate to those activities requiring a metabolic engagement >1.5 METs
and <3 METs. Moderate-intensity physical activities relate to those activities requiring
metabolic engagement ≥3 METs and ≤6 METs, while vigorous-intensity physical activities
relate to those requiring a metabolic engagement >6 METs and ≤9 METs [34]. The device,
combined with the webpage, furnished information about sleep characteristics. Daily nap
periods were considered sedentary time, while nocturnal sleeping results are not discussed
in this manuscript.

2.4. Dietary Habits

According to the results of basal evaluations and for the first 18 weeks, each partic-
ipant received online personalized qualitative nutritional suggestions, also taking into
account the symptoms and habits of the past weeks, according to the following subsequent
principles: Support of organ functions, reduction of proinflammatory nutrients, reduction
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of nutrients eliciting increases in insulin and growth factors, and increase of nutrients
stimulating the immune system. The counsellor was a nutritionist with more than 5 years
of experience in the field of nutrition for breast cancer survivors. Feedback was received
every 2 weeks. With a fortnight frequency, after the first 18 weeks, for 12 weeks, each
participant sent information concerning the qualitative characteristics of proper nutrition
and receiving the feedback about their appropriateness.

2.5. Live Online Physical Exercise Sessions

Live online physical exercise sessions were offered to project participants three times
a week. Each workout session lasted 50 min, was conducted on the same days and hours,
and was composed of a maximum of 10 women to allow exercise supervision. Twice a
week, the workout included 10 min of a standing analytic warm-up, 25 min of circuit
training (including two sets of seven standing and three lying down adapted calisthenic
exercises), and 15 min of stretching and relaxation executed in a lying position. Once a
week, the middle workout session included 10 min of a standing analytic warm-up, 25 min
of standing aerobic-based exercise, and 15 min of stretching and relaxation executed in
a lying position. The intensities of both calisthenics and aerobic-based exercises were
assigned and controlled through the Borg 15-point RPE scale [35]. In both cases, the
assigned intensity was 12–13 of the used scale. Each researcher recorded the attendance of
each participant at the end of each workout. Each live online physical exercise session was
conducted by a sports science specialist well-versed in physical exercise for breast cancer
survivors, with more than 5 years of experience in this specific field.

2.6. Statistical Analysis

From 3 February 2020 to 1 June 2020, we obtained 17 weeks of continuous valid data
for all of the 51 women participating in the project. The recorded weeks were gathered
in four periods: 1st period (i.e., the period not including government restrictions), from
3 February 2020 to 8 March 2020; 2nd period (i.e., the first month of government restrictions),
from 11 March 2020 to 7 April 2020; 3rd period (i.e., the second month of government
restrictions), from 8 April 2020 to 3 May 2020; and 4th period (i.e., the first month of
progressive reduction of government restrictions), from 4 May 2020 to 1 June 2020. Among
the 51 recruited women, the 24 women who were able to participate in the two live online
exercise sessions were placed in the E+ group, receiving both workouts and weekly personal
counselling concerning sedentary time and physical activity. The 27 women wanting to
participate but not having the ability to attend the two live online exercise sessions due
to time and/or day incompatibility were placed in the E− group, receiving just weekly
personal advice.

The analysis of variance and chi-square test were used to verify whether subsamples
differed for age, time from surgery, chemotherapy (y/n), radiation therapy (y/n), and phar-
macological treatments ancillary to hormonal therapy. Basal differences of time spent in
sedentary, light, moderate, and vigorous physical activities, and their variations, as well as
those of body weight, according to the four periods of the study, were evaluated with linear
mixed models (LMMs). As both sedentary time and physical activity could vary across time
and persons, we assessed the differences among the tow exercise interventions analyzing
the 1st period, as the basal (run in time), with LMMs. Mixed models increase the repeated
measures precision of the estimate and provide easier handling of missing data compared
to those with the ANOVA statistic. When applicable, each table contains the chosen LMM
estimates and parameters, which are described at their bottom. Data, when applicable, are
presented as means ± standard deviations; p ≤ 0.05 was considered significant. Data were
analysed using the SAS 9.4 software (SAS Institute Inc., Cary, NC, USA).
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3. Results
3.1. Basal Characteristics of the Sample

Table 1 shows basal characteristics of the sample, including breast cancer survivors
with or without chemotherapy, radiation therapy, and pharmacological therapy to lower
blood pressure and plasma lipids, in addition to hormone therapy, which are present in
each person in different combinations. Table 1 also shows if subsamples (i.e., the E− and E+

groups) differ in the reported characteristics; no differences were found, except for time
spent in light and vigorous-intensity physical activities: E+ spent low time in light-intensity
and more time in vigorous-intensity physical activities than E-. Adherence to exercise
sessions in the E+ group was 94.37 ± 5.23%. Adherence of all participants with regard to
the uploading of data was 100%.

Table 1. Basal characteristics of the sample and basal differences among subsamples.

N = 51 E−
(n = 27)

E+

(n = 24)
E− vs. E+

p

Age (years) 50.98 ± 6.17 50.62 ± 3.71 51.37 ± 8.18 0.67
Time from surgery (months) 13.68 ± 7.03 14.14 ± 6.72 13.16 ± 7.46 0.62

Chemotherapy (y/n) 22/29 12/15 10/14 0.49
Radiation therapy (y/n) 33/18 18/9 15/9 0.28

Blood pressure-lowering drugs (y/n) 37/14 6/21 8/16 0.28
Lipid-lowering drugs (y/n) 29/22 9/18 7/17 0.49

Sedentary time (min) 457.62 ± 101.36 465.67 ± 97.36 448.56 ± 105.36 0.53
Light-intensity physical activities (min) 327.42 ± 90.00 351.77 ± 87.77 300.01 ± 84.77 0.02

Moderate-intensity physical activities (min) 62.15 ± 41.96 60.53 ± 37.96 63.98 ± 46.15 0.81
Vigorous-intensity physical activities (min) 10.51 ± 16.81 6.08 ± 10.78 15.48 ± 20.62 0.04

Statistical significances concerning age and time from surgery are inherent to the analysis of variance. Statistical significances concerning
chemotherapy, radiation therapy, blood pressure-lowering drugs, and lipid-lowering drugs are inherent to the Chi-square test, while
statistical significances concerning other variables are inherent to the LMMs.

3.2. Sedentary Time

Table 2 shows results concerning statistical analysis on daily sedentary time. Model
A, the unconditional means model, showed that the total daily sedentary time was on
average 468.25 ± 14.64 min, and the amount of variance within each person over time was
3547.98 ± 170.41 min (δ2

e), whereas the amount of variation between participants, regard-
less of time, was 10,730.01 ± 2185.46 min (δ2

0). The unconditional growth model, using
the 2nd period as a reference (i.e., the first 4 weeks of government restrictions), showed
that, in the 1st, 3rd, and 4th periods, participants spent less time in sedentary activities.
Of the total variance, pseudo-R2 (R2

y,y1) demonstrated that 2% could be attributable to
the different periods of the study. The personal level covariate model showed that the
E− group spent more time in sedentary activities (49.56 ± 28.39 min) than the E+ group
(i.e., it underlines the presence of an additive effect). Taking into account the interaction
between exercise intervention and the four periods, statistical analysis did not show a
multiplicative effect. Descripting the result, the E− group, compared to the E+ group,
increased its sedentary time from the 1st to the 2nd periods, while the same behaviour
was shown for both subsamples during the 3rd and 4th periods (Figure S2). Of the total
variance, pseudo-R2 (R2

y,y1) demonstrated that 6% could be attributable to the interaction
between time and intervention.
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Table 2. Mixed model analyses of variations in sedentary time.

Model A
Unconditional
Means Model

Model B
Unconditional
Growth Model

Model C
Personal Level

Covariate

Initial status Intercept γ00 468.25 ± 14.64 *** 482.50 ± 14.31 *** 456.18 ± 20.66 ***
Intervention γ01 49.56 ± 28.39 *

Rate of change Intercept (time) γ10-1 −24.90 ± 5.60 *** −8.18 ± 8.03
γ10-2 Reference Reference
γ10-3 −10.92 ± 5.60 * −17.88 ± 8.05 *
γ10-4 −26.59 ± 7.56 *** −35.05 ± 10.78 **

Interaction Time * intervention
γ11-1 −31.53 ± 11.04 **
γ11-2 Reference
γ11-3 13.09 ± 11.06
γ11-4 15.89 ± 14.82

Level 1 Within-person δ2
e 3547.98 ± 170.41 *** 2417.51 ± 119.84 *** 2415.17 ± 119.91 ***

Level 2 In initial status δ2
0 10,730.01 ± 2185.46 *** 9582.94 ± 2015.14 *** 9730.47 ± 2064.95 ***

In rate of change δ2
1 35.68 ± 8.09 ** 31.89 ± 7.39 ***

Covariance δ01 −81.03 ± 91.87 −99.58 ± 89.64
ρ 0.75

R2
y,y1 0.02 0.06

R2
e 0.30

R2
0 0.01

R2
1 0.13

AIC 10,309 10,063 10,025
BIC 10,313 10,071 10,032

Note: * 0.05 < p< 0.01, ** 0.01 ≤ p < 0.001, *** p ≤ 0.001. Abbreviations: γ00 = intercept of the average trajectory; γ01 = intercept
of the intervention trajectory; γ10-1 = intercept time effect of the trajectory for the run-in period; γ10-2 = reference time, 2nd period;
γ10-3 = intercept of the trajectory for the 3rd period; γ10-4 = intercept of the trajectory for the 4th period; γ11-1 = slope of the trajectory
for the interaction between intervention and run-in phase/period; γ11-2 = reference; γ11-3 = slope of the trajectory for the interaction
between intervention and 3rd phase/period; γ11-4 = slope of the trajectory for the interaction between intervention and 4th phase/period;
δ2

e = within-person variance components; δ2
0 = in initial status variance components; δ2

1 = in rate of change variance components;
δ01 = covariance estimate; ρ = intraclass coefficient correlation; R2

y,y1 = percentage of total variability associated linearly with time;
R2

e = pseudo-R2 statistic assesses the proportion of within-person variation “explained by time”; R2
0 = pseudo-R2 statistic assesses the

percentage variation in initial status; R2
1 = pseudo-R2 statistic assesses the percentage variation in rate of change; AIC = Akaike information

criterion; BIC = Bayesian information criterion.

3.3. Time Spent in Light- to Vigorous-Intensity Physical Activities

Table 3 shows results concerning the statistical analysis on time spent practicing
light- to vigorous-intensity physical activities. Model A, the unconditional means model,
showed that daily time spent practicing light-intensity physical activities was on aver-
age 371.32 ± 11.98 min and the amount of variance within each person over time was
4411.31 ± 211.87 min (δ2

e), whereas the amount of variation between participants, regard-
less of time, was 7071.39 ± 1463.34 min (δ2

0). The unconditional growth model, using the
2nd period as a reference (i.e., the first 4 weeks of government restrictions), showed that,
in the 1st, 3rd, and 4th periods, participants spent more time practicing light- to vigorous-
intensity physical activities. Of the total variance, pseudo-R2 (R2

y,y1) demonstrated that
3% could be attributable to the different periods of the study. The personal level covariate
model, considering the effect of intervention and the interaction with time, showed that the
E− group reduced its light- to vigorous-intensity physical activities from the 1st to the 4th
periods (Figure S3). Of the total variance, pseudo-R2 (R2

y,y1) demonstrated that 7% could
be attributable to the interaction between time and intervention.
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Table 3. Mixed model analyses of variation of light- to vigorous-intensity physical activities.

Model A
Unconditional
Means Model

Model B
Unconditional
Growth Model

Model C
Personal Level

Covariate

Initial status Intercept γ00 371.32 ± 11.98 *** 341.75 ± 12.23 *** 338.78 ± 17.97 ***
Intervention γ01 5.86 ± 24.70

Rate of change Intercept (time) γ10-1 54.13 ± 5.90 *** 33.30 ± 11.63 **
γ10-2 Reference Reference
γ10-3 24.69 ± 5.88 *** −16.89 ± 11.61
γ10-4 54.78 ± 8.02 *** −35.86 ± 15.73 *

Interaction Time * intervention
γ11-1 19.67 ± 9.53 *
γ11-2 Reference
γ11-3 5.27 ± 9.94
γ11-4 47.55 ± 11.76 ***

Level 1 Within-person δ2
e 4411.31 ± 211.87 *** 2568.43 ± 127.38 *** 2561.44 ± 127.20 ***

Level 2 In initial status δ2
0 7071.39 ± 1463.34 *** 10,265 ± 2159.66 *** 9984.46 ± 2120.10 ***

In rate of change δ2
1 43.94 ± 9.85 *** 39.55 ± 9.01 ***

Covariance δ01 −368.56 ± 118.64 ** −325.05 ± 110.97 **
ρ 0.64

R2
y,y1 0.03 0.07

R2
e 0.37

R2
0 0.04

R2
1 0.10

AIC 10,478 10,100 10,069
BIC 10,482 10,115 10,077

Note: * 0.05 < p < 0.01, ** 0.01 ≤ p < 0.001, *** p ≤ 0.001. Abbreviations: γ00 = intercept of the average trajectory; γ01 = intercept
of the intervention trajectory; γ10-1 = intercept time effect of the trajectory for the run-in period; γ10-2 = reference time, 2nd period;
γ10-3 = intercept of the trajectory for the 3rd period; γ10-4 = intercept of the trajectory for the 4th period; γ11-1 = slope of the trajectory
for the interaction between intervention and run-in phase/period; γ11-2 = reference; γ11-3 = slope of the trajectory for the interaction
between intervention and 3rd phase/period; γ11-4 = slope of the trajectory for the interaction between intervention and 4th phase/period;
δ2

e = within-person variance components; δ2
0 = in initial status variance components; δ2

1 = in rate of change variance components;
δ01 = covariance estimate; ρ = intraclass coefficient correlation; R2

y,y1 = percentage of total variability associated linearly with time;
R2

e = pseudo-R2 statistic assesses the proportion of within-person variation “explained by time”; R2
0 = pseudo-R2 statistic assesses the

percentage variation in initial status; R2
1 = pseudo-R2 statistic assesses the percentage variation in rate of change; AIC = Akaike information

criterion; BIC = Bayesian information criterion.

3.4. Time Spent in Light-Intensity Physical Activities

Table 4 shows results concerning statistical analysis on time spent practicing light-
intensity physical activities. Model A, the unconditional means model, showed that daily
time spent practicing light-intensity physical activities was on average 310.27 ± 9.39 min
and the amount of variance within each person over time was 2528.76 ± 121.45 min
(δ2

e), whereas the amount of variation between participants, regardless of time, was
4355.68 ± 899.26 min (δ2

0). The unconditional growth model, using the 2nd period as a
reference (i.e., the first 4 weeks of government restrictions), showed that, in the 1st, 3rd,
and 4th periods, participants spent more time practicing light-intensity physical activities.
Of the total variance, pseudo-R2 (R2

y,y1) demonstrated that 3% could be attributable to
the different periods of the study. The personal level covariate model, considering the
effect of intervention and the interaction with time, shows that the E− group reduced its
light-intensity physical activity time from the 1st to the 4th periods (Figure S4). Of the total
variance, pseudo-R2 (R2

y,y1) demonstrated that 7% could be attributable to the interaction
between time and intervention.
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Table 4. Mixed model analyses of variations in light-intensity physical activities.

Model A
Unconditional
Means Model

Model B
Unconditional
Growth Model

Model C
Personal Level

Covariate

Initial status Intercept γ00 310.27 ± 9.39 *** 292.06 ± 9.64 *** 279.85 ± 13.97 ***
Intervention γ01 23.21 ± 19.20

Rate of change Intercept (time) γ10-1 34.70 ± 4.58 *** 20.05 ± 6.51 **
γ10-2 Reference Reference
γ10-3 13.72 ± 4.61 ** 20.63 ± 6.58 **
γ10-4 31.81 ± 6.10 *** 45.81 ± 8.61 ***

Interaction Time * intervention
γ11-1 27.76 ± 8.95 **
γ11-2 Reference
γ11-3 −13.11 ± 9.04
γ11-4 −26.57 ± 11.83 *

Level 1 Within-person δ2
e 2528.76 ± 121.45 *** 1740.58 ± 86.28 *** 1736.73 ± 86.20 ***

Level 2 In initial status δ2
0 4355.68 ± 899.26 *** 6965.27 ± 1460.77 *** 6331.01 ± 1345.51 ***

In rate of change δ2
1 19.84 ± 4.67 *** 16.82 ± 4.08 ***

Covariance δ01 −235.36 ± 69.32 *** −188.39 ± 60.84 **
ρ 0.63

R2
y,y1 0.03 0.07

R2
e 0.28

R2
0 0.11

R2
1 0.17

AIC 9971 9727 9688
BIC 9975 9735 9696

Note: * 0.05 < p < 0.01, ** 0.01 ≤ p < 0.001, *** p ≤ 0.001. Abbreviations: γ00 = intercept of the average trajectory; γ01 = intercept
of the intervention trajectory; γ10-1 = intercept time effect of the trajectory for the run-in period; γ10-2 = reference time, 2nd period;
γ10-3 = intercept of the trajectory for the 3rd period; γ10-4 = intercept of the trajectory for the 4th period; γ11-1 = slope of the trajectory
for the interaction between intervention and run-in phase/period; γ11-2 = reference; γ11-3 = slope of the trajectory for the interaction
between intervention and 3rd phase/period; γ11-4 = slope of the trajectory for the interaction between intervention and 4th phase/period;
δ2

e = within-person variance components; δ2
0 = in initial status variance components; δ2

1 = in rate of change variance components;
δ01 = covariance estimate; ρ = intraclass coefficient correlation; R2

y,y1 = percentage of total variability associated linearly with time;
R2

e = pseudo-R2 statistic assesses the proportion of within-person variation “explained by time”; R2
0 = pseudo-R2 statistic assesses the

percentage variation in initial status; R2
1 = pseudo-R2 statistic assesses the percentage variation in rate of change; AIC = Akaike information

criterion; BIC = Bayesian information criterion.

3.5. Time Spent in Moderate-Intensity Physical Activities

Table 5 shows results concerning the statistical analysis on time spent practicing
moderate-intensity physical activities. Model A, the unconditional means model, showed
that daily time spent practicing moderate-intensity physical activities was on average
53.09 ± 5.98 min and the amount of variance within each person over time was
716.61 ± 34.42 min (δ2

e), whereas the amount of variation between participants, regardless
of time, was 1781.34 ± 364.24 min (δ2

0). The unconditional growth model, using the 2nd
period as a reference (i.e., the first 4 weeks of government restrictions), showed that, in
the 1st, 3rd, and 4th periods, participants spent more time practicing moderate-intensity
physical activities. Of the total variance, pseudo-R2 (R2

y,y1) demonstrated that 3% could
be attributable to the different periods of the study. Taking into account the interaction
between exercise intervention and the four periods, statistical analysis did not show a
multiplicative but just a time effect. Describing the result, the E− group, compared to
the E+ group, reduced its moderate-intensity physical activities from the 1st to the 2nd
periods, while the same behaviour was shown for both subsamples during the 3rd and 4th
periods (Figure S5). Of the total variance, pseudo-R2 (R2

y,y1) demonstrated that 4% could
be attributable to the interaction between time and intervention.

284



J. Funct. Morphol. Kinesiol. 2021, 6, 50

Table 5. Mixed model analyses of variations in moderate-intensity physical activities.

Model A
Unconditional
Means Model

Model B
Unconditional
Growth Model

Model C
Personal Level

Covariate

Initial status Intercept γ00 53.09 ± 5.98 *** 47.99 ± 5.36 *** 55.43 ± 7.84 ***
Intervention γ01 −14.28 ± 10.77

Rate of change Intercept (time) γ10-1 14.74 ± 2.38 *** 8.99 ± 3.45 *
γ10-2 Reference Reference
γ10-3 9.62 ± 2.33 *** 11.55 ± 3.38 ***
γ10-4 20.50 ± 3.31 *** 23.29 ± 4.80 ***

Interaction Time * intervention
γ11-1 10.91 ± 4.74 *
γ11-2 Reference
γ11-3 −3.71 ± 4.65
γ11-4 −5.39 ± 6.59

Level 1 Within-person δ2
e 716.61 ± 34.42 *** 345.29 ± 17.14 *** 344.68 ± 17.13 ***

Level 2 In initial status δ2
0 1781.34 ± 364.24 *** 1200.33 ± 254.36 *** 1223.10 ± 261.47 ***

In rate of change δ2
1 11.36 ± 2.43 *** 11.09 ± 2.38 ***

Covariance δ01 −12.05 ± 17.93 −13.31 ± 17.99
P 0.71

R2
y,y1 0.03 0.04

R2
e 0.48

R2
0 0.03

R2
1 0.01

AIC 8833 8316 8289
BIC 8837 8323 8297

Note: * 0.05 < p < 0.01, *** p ≤ 0.001. Abbreviations: γ00 = intercept of the average trajectory; γ01 = intercept of the intervention trajectory;
γ10-1 = intercept time effect of the trajectory for the run-in period; γ10-2 = reference time, 2nd period; γ10-3 = intercept of the trajectory for
the 3rd period; γ10-4 = intercept of the trajectory for the 4th period; γ11-1 = slope of the trajectory for the interaction between intervention
and run-in phase/period; γ11-2 = reference; γ11-3 = slope of the trajectory for the interaction between intervention and 3rd phase/period;
γ11-4 = slope of the trajectory for the interaction between intervention and 4th phase/period; δ2

e = within-person variance components;
δ2

0 = in initial status variance components; δ2
1 = in rate of change variance components; δ01 = covariance estimate; ρ = intraclass coefficient

correlation; R2
y,y1 = percentage of total variability associated linearly with time; R2

e = pseudo-R2 statistic assesses the proportion of
within-person variation “explained by time”; R2

0 = pseudo-R2 statistic assesses the percentage variation in initial status; R2
1 = pseudo-R2

statistic assesses the percentage variation in rate of change; AIC = Akaike information criterion; BIC = Bayesian information criterion.

3.6. Time Spent in Vigorous-Intensity Physical Activities

Table 6 shows results concerning the statistical analysis on time spent practicing vigorous-
intensity physical activities. Model A, the unconditional means model, showed that daily time
spent practicing vigorous-intensity physical activities was on average 7.96 ± 1.34 min and
the amount of variance within each person over time was 93.03 ± 4.46 min (δ2

e), whereas the
amount of variation between participants, regardless of time, was 86.49 ± 18.33 min (δ2

0).
The unconditional growth model, using the 2nd period as a reference (i.e., the first 4 weeks
of government restrictions), showed that, in the 1st, 3rd, and 4th periods, participants
spent more time practicing vigorous-intensity physical activities. Of the total variance,
pseudo-R2 (R2

y,y1) demonstrated that 2% could be attributable to the different periods of
the study. Taking into account the interaction between exercise intervention and the four
periods, statistical analysis did not show a multiplicative but just a time effect. Describing
the result, the E− group, compared to the E+ group, reduced its vigorous-intensity physical
activities from the 1st to the 2nd periods, while the same behaviour was shown for both
subsamples during the 3rd and 4th periods (Figure S6). Of the total variance, pseudo-R2

(R2
y,y1) demonstrated that 6% could be attributable to the interaction between time and

intervention.

285



J. Funct. Morphol. Kinesiol. 2021, 6, 50

Table 6. Mixed model analyses of variations in vigorous-intensity physical activities.

Model A
Unconditional
Means Model

Model B
Unconditional
Growth Model

Model C
Personal Level

Covariate

Initial status Intercept γ00 7.96 ± 1.34 *** 5.80 ± 1.40 *** 7.36 ± 1.98 ***
Intervention γ01 −2.79 ± 2.73

Rate of change Intercept (time) γ10-1 4.00 ± 0.90 *** 6.98 ± 1.30 *
γ10-2 Reference Reference
γ10-3 1.97 ± 0.91 * 1.87 ± 1.31
γ10-4 3.53 ± 1.20 ** 5.37 ± 1.73 **

Interaction Time * intervention
γ11-1 5.62 ± 1.79 **
γ11-2 Reference
γ11-3 0.17 ± 1.80
γ11-4 −3.50 ± 2.38

Level 1 Within-person δ2
e 93.03 ± 4.46 *** 69.34 ± 3.44 *** 68.21 ± 3.39 ***

Level 2 In initial status δ2
0 86.49 ± 18.33 *** 142.82 ± 31.53 *** 128.28 ± 28.90 **

In rate of change δ2
1 0.73 ± 0.17 *** 0.71 ± 0.17 ***

Covariance δ01 −6.36 ± 1.99 ** −5.65 ± 1.87
ρ 0.48

R2
y,y1 0.02 0.06

R2
e 0.24

R2
0 0.11

R2
1 0.03

AIC 6913 6747 6713
BIC 6917 6755 6721

Note: * 0.05 < p < 0.01, ** 0.01 ≤ p < 0.001, *** p ≤ 0.001. Abbreviations: γ00 = intercept of the average trajectory; γ01 = intercept
of the intervention trajectory; γ10-1 = intercept time effect of the trajectory for the run-in period; γ10-2 = reference time, 2nd period;
γ10-3 = intercept of the trajectory for the 3rd period; γ10-4 = intercept of the trajectory for the 4th period; γ11-1 = slope of the trajectory
for the interaction between intervention and run-in phase/period; γ11-2 = reference; γ11-3 = slope of the trajectory for the interaction
between intervention and 3rd phase/period; γ11-4 = slope of the trajectory for the interaction between intervention and 4th phase/period;
δ2

e = within-person variance components; δ2
0 = in initial status variance components; δ2

1 = in rate of change variance components;
δ01 = covariance estimate; ρ = intraclass coefficient correlation; R2

y,y1 = percentage of total variability associated linearly with time;
R2

e = pseudo-R2 statistic assesses the proportion of within-person variation “explained by time”; R2
0 = pseudo-R2 statistic assesses the

percentage variation in initial status; R2
1 = pseudo-R2 statistic assesses the percentage variation in rate of change; AIC = Akaike information

criterion; BIC = Bayesian information criterion.

3.7. Body Weight

When the same statistical analysis was repeated for body weight, no significant effects
were shown for intervention and for its interaction with time. On the contrary, a significant
time effect was shown (F(3,147) = 27.62; p < 0.001) (Figure 1). Specifically, using the 2nd
period as a reference (i.e., the first 4 weeks of government restrictions), our data showed
that body weight significantly increased from the 1st (Est. = −0.33; St. Error = 0.09;
df = 150; t = −3.72; p < 0.001) to 3rd (Est. = 0.25; St. Error = 0.08; df = 150; t = 2.87; p < 0.004)
periods and then declined in the 4th period (i.e., the first month of progressive reduction of
government restrictions) (Est. = −0.28; St. Error = 0.12; df = 150; t = −2.25; p = 0.02).
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4. Discussion

Concerning sedentary time and physical activity, the important result of our study is
that, notwithstanding the presence of weekly personal advice and the use of technology,
the absence of participation in a supervised physical exercise programme did not allow for
effective improvement in the daily movement of breast cancer survivors in the presence
of a situation simultaneously limiting geographic mobility and socialization, such as the
COVID-19 emergency. Our results also showed that the use of technology allows the
promotion of “self-knowledge, and health, through numbers” [19], as each participant had
the possibility, to see, through the webpage, proper sedentary time and physical activity
trends; through the activity tracker, the instantaneous amount of daily physical activity;
and had the possibility to be alerted when 1 h of continuous sedentary time was reached.
These results could be explained through those of Wu et al. [18], even though their study
was not conducted in a situation such as that created by the COVID-19 emergency. Indeed,
even though their participants reported that the activity tracker and its accompanying
app functioned as a motivational tool and created more awareness of physical activity
and sedentary behaviour, they underlined that tailored and personalized advice were
particularly important, as well as the role of the physiotherapist giving them every 2 weeks.
Indeed, all the women had undergone cancer treatment and experienced disease- and
treatment-related side effects, as well as fatigue and a decreased physical fitness level,
and according to participants, it was sometimes frustrating to read messages generated
by a system that did not consider the side effects of the treatment. Translating these re-
sults in our case, including women participating in online supervised exercise sessions
and women who did not (all receiving personalized advice every week), we probably
have a similar situation—the presence of limitations concerning geographic mobility and
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socialization, creating a negative self-reinforcing loop including fear, anxiety, sedentary
time, and treatment-related side effects, such as fatigue and a decreased physical fitness
level, does not allow properly applying the tailored advice, stagnating the person in a
poor psychophysical condition that is characterized by the increase of sedentary time
and the decrease of daily physical activity [12,24,27]. On the contrary, online supervised
exercise sessions could be used to safely maintain/improve the daily physical activity
level of breast cancer survivors in the presence of personal restrictions, since thanks to its
characteristics, physical exercise properly reduces/prevents some negative side effects of
treatment, such as fatigue and pain, negatively affecting daily movements, and promotes
psychological health, which is undoubtedly linked with physical health and daily physical
activity [12,19,36]. Nevertheless, statistical analysis did not show a significant interaction
of intervention with time, both for moderate- and vigorous-intensity physical activities,
although the E+ group had a mean adherence to exercise sessions of 94.37 ± 5.23%. This
stimulates two hypotheses. The first is that, while the E+ group partially replaced daily
moderate- to vigorous-intensity spontaneous physical activities with live online workouts,
being more functional for health, due to their characteristics (i.e., proper total and con-
tinuous duration, proper modulation of both intensity and recovery, and proper activity
selection), the E− group did not and tried to maintain its daily routines. The second
hypothesis is that the activity tracker simply underestimated some of the physical exer-
cises that were performed on the spot, recognizing it as light-intensity physical activity or
sedentary time [37]. Indeed, when we focused the attention on the analysis of the trend of
time spent on light- to vigorous-intensity physical activities and on that of light-intensity
physical activities, we observed the presence of a multiplicative effect, with the E+ group
showing a better trend. Therefore, it is conceivable to speculate that, in the presence of
personal limitations, breast cancer survivors participating in online supervised exercise
sessions, physical activity monitoring and counselling programmes, as presented, ben-
efit from a tailored theoretical and practical intervention positively affecting their daily
physical activity. On the contrary, when the online supervised exercise sessions are not
present, breast cancer survivors benefit from just a theoretical intervention that, according
to our results, is not enough to support proper daily physical activity recomposition (i.e.,
sedentary time reduction with a contemporaneous increase of light-, moderate- and/or
vigorous-intensity physical activities). We are also in accordance with Newton et al. [36]
reporting that, in the era of COVID-19, it is necessary that exercise oncology programmes
adapt to the changing environment, as patients with cancer and survivors risk to regress to
a sedentary lifestyle, resulting in a decline of health and their quality of life, particularly
those undergoing treatment or suffering adverse effects of treatment. To do this, according
to Newton et al. [36], the key elements are online exercise led by an exercise professional
that has to be able to create a tailored lesson and a personal interaction. Interpreting our
results, the willful condition of breast cancer survivors is particularly important since,
according to Gardner et al. [38], if self-control is not diminished, habit formation alone
may not be sufficient for the maintenance of behaviour change. The statement by Gard-
ner et al. [38] is also supported by the observations of the unconditional growth models of
sedentary time and physical activity variables, notwithstanding the increase of sedentary
time and the decrease of light-, moderate-, and vigorous-intensity physical activities from
the 1st to 2nd periods. Moving on from the 2nd period, it is possible to observe, in the E−

group, the inversion of the trends reaching the same values of the 1st period (Tables 2–6,
Figures S2–S6). Therefore, if habit alone had been sufficient for the maintenance of be-
haviour change, we would have had to observe a stagnation of the variables and not a
return to the starting point.

When body weight was analysed, just a time effect was found, showing its increase
from the 1st to the 3rd periods and then its decrease, with a mean variation from one
period to another widely lower than 1 kg. The absence of a significant multiplicative
effect in body weight, notwithstanding the presence of a significant additive effect in
sedentary time and multiplicative effect in both physical activity and physical exercise
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participation, allows us to hypothesize that the subsamples differently managed quantity of
food. Indeed, the presence of different trends in sedentary time and physical activity, with
a same trend in body weight, allowed speculating that the E− group probably adopted a
more quantitatively restricted diet to compensate for inadequate daily movements and the
inability to better address it, notwithstanding personal advice, without live online exercise
sessions. Unfortunately, the absence of objective data concerning the nutritional habits of
study participants, including both qualitative and quantitative information, does not allow
going beyond this hypothesis, as we furnished fortnight personal qualitative nutritional
counselling, without knowing how effectively they applied them and with what quantities.

Study limitations included: (i) The absence of objective data concerning the nutritional
habits of study participants, including both qualitative and quantitative information; (ii)
with regard to sample characteristics, indeed, we had a sample of breast cancer survivors
having the possibility to buy an activity tracker, even if it is a low-cost device, to use
it in conjunction with its web app to have an Internet connection and both ability and
possibility to routinely connect for workout and/or nutritional suggestions. This implies
that our results are not generalizable to the whole population but are applicable just to
a similar population, probably with a middle-high socioeconomic status and probably
under the “healthy worker effect” [39], as the volition to participate in the project means
that participants have the volition to improve their daily physical activity; (iii) the absence
of data concerning psychological fields, which certainly could close the circle and better
illustrate the trend of all components of behaviour, allowing us to better identify the
causes, mediators, and correlates of the trend of each area; (iv) the interaction between
on spot exercises, including callisthenic exercises, with just a wrist accelerometer that
represents a partial study limitation, as it is possible to obtain an underestimation of
the intensity due to body position, notwithstanding that the body was moderately to
vigorously engaged. Lastly, another study limitation concerns the low effect size of our
results, expressed as (R2

y,y1), meaning that the models considered could explain only a
little percentage of the total variance. Therefore, the presence of day-to-day data, coming
from 17 consecutive weeks, concerning sedentary time and physical activity variables
and the COVID-19 emergency represented the strength of the study. Indeed, the latter,
through the government restrictions, allowed us to observe the personal response to, until
now, a unique situation in the technological era, furnishing the possibility to translate
them in a similar population (i.e., cancer survivors requesting the same pharmacological
treatments) and in a similar situation (i.e., pandemic emergency and personal restrictions
due to immune deficiency not allowing social activities).

5. Conclusions

Our results suggest that the use of an activity tracker, its accompanying app, and
the reception of weekly tailored advice concerning the improvement of sedentary time
and physical activity are not enough to elicit proper physical activity recomposition in
breast cancer survivors in the COVID-19 era. On the contrary, using them in addition to
online supervised physical exercise sessions seems able to counteract the negative effects
of COVID-19 personal restrictions on sedentary time and physical activity. Therefore,
the COVID-19 pandemic emergency and its related government restrictions have been
shown to not negatively influence the sedentary time and daily physical activity of breast
cancer survivors prone to change, recovering their behaviour when restrictions were
reduced. According to our opinion, our results could be translated into situations similar
to that of COVID-19, including patients with breast cancer needing particular attention
and confinement, in order to optimize health through movement, remembering that, in the
field of physical activity, merging technology with the live and tailored approach seems
the optimal combination to favor health through movement, as it furnishes the possibility
to move without discomfort and, as a consequence, to continue to move, to increase the
fitness level and explore new opportunities of movement and health.
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Abstract: Past attempts to define an anaerobic threshold (AnT) have relied upon gas exchange
kinetics, lactate testing and field-based evaluations. DFA a1, an index of heart rate (HR) variability
(HRV) fractal correlation properties, has been shown to decrease with exercise intensity. The intent
of this study is to investigate whether the AnT derived from gas exchange is associated with the
transition from a correlated to uncorrelated random HRV pattern signified by a DFA a1 value of 0.5.
HRV and gas exchange data were obtained from 15 participants during an incremental treadmill
run. Comparison of the HR reached at the second ventilatory threshold (VT2) was made to the HR
reached at a DFA a1 value of 0.5 (HRVT2). Based on Bland–Altman analysis and linear regression,
there was strong agreement between VT2 and HRVT2 measured by HR (r = 0.78, p < 0.001). Mean
VT2 was reached at a HR of 174 (±12) bpm compared to mean HRVT2 at a HR of 171 (±16) bpm.
In summary, the HR associated with a DFA a1 value of 0.5 on an incremental treadmill ramp was
closely related to that of the HR at the VT2 derived from gas exchange analysis. A distinct numerical
value of DFA a1 representing an uncorrelated, random interbeat pattern appears to be associated
with the VT2 and shows potential as a noninvasive marker for training intensity distribution and
performance status.

Keywords: autonomic nervous system; HRV; intensity distribution; endurance training

1. Introduction

The identification of physiologic indicators representing breakpoints involved in
endurance exercise intensity is of vital importance for both performance monitoring and
exercise intensity distribution [1,2]. In the classic three-zone model, the intensity boundaries
are defined by either certain gas exchange parameters or blood lactate determination [3,4].
The lowest intensity zone is felt to be delimited by the first ventilatory (VT1) or lactate
threshold (LT1) and is described as representing an aerobic threshold (AeT). The highest
intensity zone, encompassing work rates above the second ventilatory (VT2) or lactate
thresholds (LT2), is described as an anaerobic threshold (AnT) and is felt to be unsustainable
for long durations [5]. Although the VT2 appears to be characterized as the first systematic
increase in the ventilatory equivalent of CO2 or the first decrease in the expiratory fraction
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of CO2 during heavy exercise, the LT2 has had several alternate definitions [4,6]. These
include the exercise intensity associated with reaching a fixed lactate of 4 mmol/l, various
calculations and exponential computations models and a maximal lactate steady state
(MLSS) [4,6]. To complicate matters further, many of these concepts can yield different
results depending on incremental ramp progression, stage protocol or even expert visual
interpretation [2,6,7]. In addition, both gas exchange and lactate testing require specialized
equipment, operators, can be invasive and are costly. An initially promising approach
to AnT measurement, the identification of deoxyhemoglobin breakpoints of locomotor
muscle [8,9], has unfortunately been hindered by the abandonment of commercial products
due to poor financial outcomes. In an effort to identify the AnT noninvasively, field-based
tests have been devised with the functional threshold power (FTP) evaluation being a
popular example [10]. However, results have been shown to vary depending on warmup
protocol and test procedures [11–13]. In addition, the FTP is dependent on motivation,
individual pacing strategy [14] and by its definition, physically exhausting. Another
maximal effort test, critical power (CP) has also received attention as a means of AnT
delineation [15]. However, discrepancy between the CP, FTP, VT2 and MLSS [5,14,16] has
been debated and concordance is unclear. Therefore, agreement of performance based tests
of the AnT can be variable, and each has a potential detrimental impact on an athlete’s
training intensity distribution strategy. Given these considerations, a search for alternative,
objective, noninvasive methods for determining the AnT seems reasonable.

Previous analysis of the dynamic change in heart rate (HR) variability (HRV) during
exercise has also shown potential for demarcation of threshold boundaries, particularly the
AeT [17]. The mechanism affecting HRV during exercise is felt to be related to alteration
in autonomic balance to the cardiac sinoatrial pacemaker center. As intensity rises, there
is a withdrawal of parasympathetic influence and augmentation of sympathetic stimula-
tion [18]. Conventional HRV indexes such as standard deviation of normal-to-normal RR
intervals (SDNN), high-frequency (HF) power and standard deviation 1 from Poincaré
plot analysis (SD1) can be used to identify the AeT during incremental exercise ramps
by observing at what exercise intensity a nadir HRV value occurs [19–21]. Since these
particular indexes reach their lowest value at the AeT, they are not felt to be helpful for
AnT delineation given the loss of any further dynamic range. In contrast, a nonlinear
index of fractal correlation properties called alpha1 of Detrended Fluctuation Analysis
(DFA a1) possesses a much wider dynamic range [22,23]. This index is based on both the
fractal nature and “correlation pattern” of a series of cardiac beat to beat intervals over
time [17]. Fractal behavior in relation to HRV can be described as degrees of self-similarity
between RR interval fluctuations over different time scales and allows a distinction of the
fractal character of the physiological signal between fractional Brownian motion (fBm:
DFA a1 > 1.0) and fractional Gaussian noise (fGn: DFA a1 < 1.0) [24,25]. Analogously,
this conception allows the determination of different alterations of complexity in HR time
series, either toward rigid order with increasing correlation properties or toward disorder
with decreasing correlation properties [26]. At low exercise intensity, DFA a1 values are
usually in a well-correlated fractal range near or above 1.0. As intensity rises, DFA a1
passes 0.75 at the AeT [27] and continues to drop through the 0.5 range associated with
uncorrelated random behavior of interbeat pattern, finally to drop below 0.5 representing
an anticorrelated range at the very highest work rates, which could be seen as a protective
feedback and stabilizing mechanism where interactions and/or coordination of subsystems
fail before the whole system fails [23,26,28]. Advantages of DFA a1 for intensity monitoring
also revolve around its dimensionless nature, which makes calibration to other internal
load parameters such as gas exchange or lactate unnecessary. In other words, a HR or VO2
associated with a DFA a1 value of 0.75 corresponds to an intensity near the AeT/VT1 in
a wide spectrum of individuals and was referred to as the HRVT (heart rate variability
threshold) [27].

Since DFA a1 still possesses reasonable dynamic range at intensities above the AeT,
the question arises whether another numerical threshold exists corresponding to the AnT.
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From a mathematical standpoint, a DFA a1 value of 0.5 is of interest as a breakpoint for
a high-intensity physiologic process. A value of 0.5 denotes a loss of correlation and
fractal patterns in the beat to beat cardiac time series. To better understand the concept of
“correlation properties”, a comparison to a random walk can be used [25,28,29]. During a
hypothetical random walk, at each advancing step, the walker can choose to go either left
or right. If the choice the walker makes is not random but based on the pattern (series of
left or right choices) of what went beforehand, the pattern is described as being correlated
(DFA a1 about 1.0), since the future pattern is based on the past sequence. However, if
each new step is taken with equal, random chances of left or right, an “uncorrelated”
pattern exists (DFA a1 about 0.5). Additionally, from an observational perspective, DFA
a1 values well below 0.5 occur at the termination of maximal exercise ramps, leading to
the suspicion that the 0.5 value may have significance as a high-intensity boundary near
the AnT [23]. Therefore, the intent of this study is to investigate whether reaching a DFA
a1 of 0.5 during an incremental exercise ramp is associated with the VT2, a ventilatory
marker of the AnT. Since both artifact correction and recording device bias could be an
issue with DFA a1 precision [30], high quality ECG tracings will be utilized for HRV
interpretation. In addition, given practical considerations for training prescription in sports
and rehabilitation, only HR measurements will be compared given the excellent agreement
between the HR and VO2 relationship during exercise [31].

2. Methods
2.1. Participants

Seventeen male recreational runners aged 19 to 52, without previous medical history,
current medications or physical difficulties were tested. Participants were informed of
the possible testing risks and institutionally approved consent was given. Approval for
the research was granted by the University of Derby, UK (LSREC_1415_02) and followed
the principles of the Declaration of Helsinki. Runners did not consume caffeine, alcohol
or any stimulant for the 24 h before testing. There was no tobacco usage. Background
data for each participant including, age, body weight, and training volume in hours per
week are presented in Table 1 and were also published in an earlier work [27]. Testing was
performed in the afternoon and at least 3 h after food (with no set diet). No intense activity
was performed the day prior to the test. Two participants with excessive cardiac ectopy
(frequent atrial premature beats and atrial trigeminy) during testing were excluded from
HRV analysis.

Table 1. Age, training volume (TV), bodyweight (BW), maximal oxygen uptake (VO2MAX), Oxynet-
derived HR at VT2 and HR at HRVT2 for all participants.

Nr. Age [yrs] TV
[hrs/wk] BW [kg] VO2MAX

[mL/kg/min]
VT2

[bpm]
HRVT2
[bpm]

1 19 3–6 82 58 179 180
2 19 3–6 82 57 183 183
3 20 3–6 82 47 194 187
4 22 1–3 73 45 170 188
5 23 >6 77 71 148 160
6 24 3–6 69 64 166 144
7 24 >6 65 54 177 173
8 24 3–6 76 47 182 176
9 25 >6 78 54 169 170

10 26 >6 69 72 192 194
11 30 1–3 92 46 160 143
12 30 >6 73 74 172 161
13 32 1–3 65 49 186 182
14 36 >6 75 57 180 171
15 50 3–6 94 41 159 150

Mean (SD) 27 (±8) - 77 (±8) 56 (±10) 174 (±12) 171 (±16)
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2.2. Exercise Protocol

A motorized treadmill (Woodway, Birmingham, UK) was used for an incremental
maximal cardiopulmonary exercise test for all runners. The treadmill was set for the
Bruce protocol with increases in speed and inclination from 2.7 km/h at ten percent grade,
increasing by 1.3 km/h and two percent grade every 3 min until exhaustion. A fan was
used for cooling. Room temperature was approximately 24 ◦C for all tests.

Gas Exchange Testing and Calculation of the AnTGas exchange kinetics were recorded
continuously using a breath to breath metabolic cart (Metalyzer; Cortex Biophysik GmbH,
Leipzig, Germany), with a Polar H7 (Polar Electro Oy, Kempele, Finland) wirelessly paired
to the Metalyzer cart for the purpose of HR recording concurrent with gas exchange
data. Heart rate corresponded to each reported breath to breath data point. Assessment
of the VO2 over time relationship was performed to determine any significant plateau
of the VO2 curve for estimation of VO2 linearity. VT2 associated HR was determined
by Oxynet [32,33], a convolutional neural network previously shown to have excellent
agreement (average mean absolute error = 6.1%, r = 0.99) with manually derived results
especially in individuals with medium to high aerobic fitness levels. Raw gas exchange data
were uploaded to the Oxynet web app (http://oxynetresearch.promfacility.eu (accessed on
20 February 2021)) followed by a download of results.

2.3. RR Measurements and Calculation of DFA a1 Derived Threshold

Each participant’s ECG/RR times series was recorded with a 3-lead ECG (MP36;
Biopac Systems Ltd., Essen, Germany) with a sampling rate of 1000 Hz. Electrodes were
placed in the CM5 distribution after appropriate skin cleaning. MP36 test data were saved
as acq files. ECG data for each participant were imported into Kubios HRV Software
(Version 3.4.3, Biosignal Analysis and Medical Imaging Group, Department of Physics,
University of Kuopio, Kuopio, Finland). Kubios preprocessing settings were set to the
default values including the RR detrending method which was kept at “Smoothn priors”
(Lambda = 500). For DFA a1 estimation, the root mean square fluctuation of the integrated
and detrended data is measured in observation windows of different sizes. The data
are then plotted against the size of the window on a log–log scale [34]. The scaling
exponent represents the slope of the line, which relates (log) fluctuation to (log) window
size. DFA a1 window width was set to 4 ≤ n ≤ 16 beats. Visual inspection of the entire
test recording was done to determine sample quality, noise, arrhythmia, and missing beat
artifact. As mentioned above, two participants with excessive atrial ectopy were excluded
from analysis. The RR series of the included participants was then corrected by the Kubios
“automatic method” [35] and relevant HRV results exported as text files for further analysis.
Percent artifact occurring during threshold interpretation segments was below 5%.

The following procedure was used to indicate at what level of running intensity HR
the DFA a1 would cross a value of 0.5: DFA a1 was calculated from the incremental exercise
test RR series using 2 min time windows with a recalculation every 5 s throughout the
test. Two-minute time windowing was chosen based on the minimal required RR interval
calculations by Chen et al. [36]. Plotting of DFA a1 vs. HR was then performed. Inspection
of the DFA a1 relationship with HR generally showed a reverse sigmoidal curve, with a
stable area above 1.0 at low work rates, a rapid, near linear drop reaching below 0.5 at
higher intensity, then flattening without major change. Linear regression was done on the
subset of data consisting of the rapid, near linear decline from values close to 1.0 (correlated)
to approximately 0.5 (uncorrelated) or below if the values continued in a straight fashion.
The HR where DFA a1 reached 0.5 was calculated based on the regression equation from
that linear section (Figure 1).
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Figure 1. Individual examples of calculation methods for both HRVT and HRVT2. A line is drawn through the straight
section of the plot of DFA a1 vs. HR. HRVT is at the intersection of DFA a1 = 0.75 and HRVT2 is at the intersection of DFA
a1 = 0.5. (A) Participant with a VO2MAX of 72 mL/kg/min, VT2 at 192 bpm and HRVT2 at 194 bpm. (B) Participant with a
VO2MAX of 58 mL/kg/min, VT2 at 179 bpm and HRVT2 at 180 bpm. Points with X are used for linear regression.

3. Statistics

Statistical analyses were performed for the variables HR at VT2 derived from gas ex-
change testing and HR at DFA a1 of 0.5 (HRVT2). Standard statistical methods were used
for the calculation of means and standard deviations (SD). Normal distribution of data was
checked by Shapiro–Wilk’s test. The agreement against the VT2 HR was assessed using linear
regression, Pearson’s r correlation coefficient, coefficient of determination (R2), standard error
of estimate (SEE) and Bland–Altman plots with limits of agreement [37]. The size of Pearson’s
r correlations were evaluated as follows: 0.3 ≤ r < 0.5 low; 0.6 ≤ r < 0.8 moderate and r ≥ 0.8
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high [38]. The paired t-test was used for comparison of VT2 HR vs. HRVT2 HR. For all tests,
the statistical significance was accepted as p ≤ 0.05. Analysis was performed using Microsoft
Excel 365 with Real Statistics Resource Pack software (Release 6.8) and Analyse-it software
(Version 5.66).

4. Results

VO2MAX varied considerably among participants, ranging between 41 and 74 mL/kg/min.
VT1 was reached at HRs between 108 and 183 bpm [27]. Oxynet-derived HR at VT2 showed a
mean value of 174 (±12) bpm compared with a mean HRVT2 HR of 171 (±16) bpm (p = 0.18)
for all participants (Table 1). Regression analysis for VT2 HR vs. HRVT2 HR showed signifi-
cant correlation (p < 0.001) with Pearson’s r = 0.78, R2 = 0.60 and SEE = 10.5 bpm (Figure 2).
Bland–Altman evaluation of VT2 HR vs. HRVT2 HR is shown in Figure 3 with a mean bias of
−4 (±10) bpm and LOA from −24 to +16 bpm.

Figure 2. Regression plot analysis VT2 HR vs. HRVT2 HR for all participants. Bisection line in light gray. SEE: standard
error of estimate; r: Pearson’s correlation coefficient.
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Figure 3. Bland–Altman analysis VT2 HR vs. HRVT2 HR for all participants. Center line represents the mean difference
between each paired value, the top and bottom lines are 1.96 standard deviations from the mean difference.

5. Discussion

The purpose of this study was to examine whether DFA a1, a HRV index of fractal
correlation properties would exhibit an uncorrelated pattern at the AnT derived by gas
exchange data, a boundary separating sustainable from unsustainable exercise intensity [5].
In a previous investigation, it was shown that a DFA a1 value of 0.75, which represents
a midpoint between well-correlated and uncorrelated patterns, was associated with the
AeT as measured by VT1 [27]. In the present report, the HR reached at a DFA a1 of 0.5 was
closely related to the HR reached at the AnT as measured by the VT2 during a treadmill
running ramp. Multiple prior studies have shown similar behavior during incremental
exercise with DFA a1, declining past the 0.75 mark with mild to moderate intensity then
surpassing 0.5 during the highest work rates attained [23]. Prior to this report no attempt
has been made to determine if the AnT is associated with a particular DFA a1 value using
a method validation comparison. Strengths of this study include RR recording done by
a research-grade ECG device containing few artifacts and the inclusion of recreational
runners with a wide age range and performance spectrum. In addition, VT2 was computed
by a validated neural network system utilizing the raw gas exchange data, eliminating any
observer error or bias [32,33].

The results obtained here show good agreement between the HR derived from the
HRVT2 and the HR associated with VT2 obtained through Oxynet analysis. This was
supported by comparison of mean HR parameters by paired t testing, Pearson’s correlation
coefficient and Bland–Altman analysis. Although participants had variable differences
in HR concordance, the results are clinically meaningful in the context of the reported
agreement of other surrogate markers. Both the mean difference of −4 bpm and the LOA
seen here are of similar magnitudes to that of a comparison of the MLSS and FTP [12] as
well as the muscle oxygen desaturation breakpoint association to the MLSS [8].

The question as to why a DFA a1 of 0.5 could be the area of interest for an anaerobic
breakpoint should be discussed. Prior studies have shown DFA a1 to drop past the uncor-
related value of 0.5 to an anticorrelated range at near maximal attained work rates [23].
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Recently, a study by Naranjo-Orellana et al. [39] showed that during constant-intensity
exercise performed over a 5 min span at the VT2, a DFA a1 value of 0.48 (±0.11) was
seen, very similar to our results. Therefore, from an observational perspective, it is not
unreasonable to look for the AnT to occur near the 0.5 value. Perhaps most importantly,
a DFA a1 of 0.5 specifically represents a transition from an uncorrelated random to an
anticorrelated pattern in HR time series [28]. Viewpoints regarding the significance of cor-
relation properties can revolve around practical aspects (empirically validated breakpoints
such as 0.75) but can also be considered from a network physiology standpoint [26]. The
later concept entails the notion that fractal correlation properties of HRV depend upon
“organismic demand”, a model of multiple neuromuscular, biochemical, peripheral and
central nervous system inputs [17]. In this framework, hypothetical acute physiologic
responses and cardiocirculatory advantages may lie behind the changes seen in correlation
patterns due to increasing exercise intensity and/or overall organismic demands. Depend-
ing on the internal load situation, the correlation properties of HR time series change to
best suit the current and perhaps even the anticipated requirements as an optimization
and/or stabilization strategy [28,40,41]. Therefore, the anticorrelated behavior during very
high-intensity exercise could be interpreted in the sense of progressive segregation and
centralization or “mechanization” of a complex (open) biological system as proposed by
von Bertalanffy [42,43] and could indicate a maximum energy flux at the cost of cardio-
vascular self-regulation, which may reduce the adaptability to further perturbations and
ultimately endangers the integrity of the overall system [44–46]. Thus, every fluctuation is
corrected immediately in the opposite direction by a dominant attractor [29], e.g., perfor-
mance attracter, as stated by Gronwald et al. [17], which results in an anticorrelated signal
pattern [28]. This organismic regulatory withdrawal may also be interpreted as a loss of
systemic integrity in the sense of a hazardous situation for homeostasis [47], which may
only be tolerated for a short period of time.

6. Limitations and Future Directions

A potential problem with using HRV-related indexes to determine a physiologic
threshold boundary involves the quality and precision of the RR time series [30,48]. Since
the rate of missed beat artifact rises with increasing exercise intensity [49], excess amounts of
artifact correction can affect DFA a1 resulting in bias and erroneous estimation of threshold
values. Common methods of artifact correction may produce a positive proportional bias
in DFA a1, predominantly affecting values 0.5 and below, especially at artifact rates above
5% [30]. No participant in the cohort examined here exceeded that limit. In addition, it
is also possible that recording device bias may occur leading to results that differ from
those of high resolution ECG monitoring. In view of these issues, further validation of this
approach is recommended with commonly used consumer monitoring devices and typical
artifact levels. However, if these issues can be resolved, analysis of DFA a1 over the course
of an exercise ramp may provide both aerobic and anerobic threshold boundaries for the
purpose of endurance sport training intensity distribution. Since all participants in this
study were male, evaluation in females is important for widespread future usage. It is also
unclear what the effects of athlete status (elite, recreational, inactive), ramp protocol (short
vs. long, slope), exercise type (cycling vs. running vs. XC skiing), food intake, caffeine
and recent high-intensity exercise would have on the HRVT2. Future use of this approach
in the study of exercise training interventions may also be of interest. Though no data
currently exist, following DFA a1 over the course of an intervention protocol could be of
interest as a surrogate marker for AnT-related performance improvement. An intriguing
thought centers on the methods used to obtain each AnT-related metric in this study, one
from a convolutional neural network of gas exchange parameters and the other from a
relatively simple mathematical relationship of HRV. Although at this time Oxynet relies
purely on respiratory parameters, it could be of interest to determine whether adding DFA
a1 HRVT-related measurements would improve final accuracy. Lastly, as a DFA a1 reaching
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0.5 is sufficient for boundary determination, exercise efforts to exhaustion such as the FTP
or CP can be avoided, both for health-related and exercise intensity distribution purposes.

7. Conclusions

Nonlinear heart rate variability analysis during an incremental treadmill run demon-
strated that the heart rate reached at the second ventilatory threshold was closely associated
with that of the heart rate associated with a DFA a1 of 0.5 in a population of recreational
athletes. This DFA a1 value represents a distinct mathematical breakpoint in the cardiac
interbeat series, from a correlated pattern seen with light to moderate exercise intensity
to an uncorrelated, random pattern of heart rate time series occurring at the point of
an unsustainable work rate. Although promising, additional study and verification in
females, other exercise modalities, recording devices and disease states are recommended.
Since this method may not require testing to exhaustion, application to athletes avoiding
maximal stress during a given training cycle and to those unable/unsuitable to undergo
maximal intensity exercise may be possible. In combination with evidence of a DFA a1 of
0.75 representing the aerobic threshold boundary, a comprehensive solution for training
boundary demarcation using only heart rate variability may soon be achieved.
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Abstract: Heart rate variability (HRV) may be useful for prescribing high-intensity functional training
(HIFT) exercise programs. This study aimed to compare effects of HRV-guided and predetermined
HIFT on cardiovascular function, body composition, and performance. Methods: Recreationally-
active adults (n = 55) were randomly assigned to predetermined HIFT (n = 29, age = 24.1 ± 4.1 years)
or HRV-guided HIFT (n = 26, age = 23.7 ± 4.5) groups. Both groups completed 11 weeks of daily
HRV recordings, 6 weeks of HIFT (5 d·week-1), and pre- and post-test body composition and fitness
assessments. Meaningful changes in resting HRV were used to modulate (i.e., reduce) HRV-guided
participants’ exercise intensity. Linear mixed models were used with Bonferroni post hoc adjustment
for analysis. Results: All participants significantly improved resting heart rate, lean mass, fat mass,
strength, and work capacity. However, no significant between-groups differences were observed
for cardiovascular function, body composition, or fitness changes. The HRV-guided group spent
significantly fewer training days at high intensity (mean difference = −13.56 ± 0.83 days; p < 0.001).
Conclusion: HRV-guided HIFT produced similar improvements in cardiovascular function, body
composition, and fitness as predetermined HIFT, despite fewer days at high intensity. HRV shows
promise for prescribing individualized exercise intensity during HIFT.

Keywords: autonomic nervous system; exercise intensity; training prescription

1. Introduction

Exercise training programs relying on predetermined volume and intensity often result
in heterogeneous fitness outcomes across individuals [1]. To maximize training potential,
employing an individualized training program is the most practical applied strategy [2].
An important factor in individualizing training and reducing the risk of maladaptation,
is the ability to effectively monitor responses to training stressors [3]. Training stress is
often described as the input variable that is manipulated to elicit a desired physiological
response and is categorized as either external (e.g., speed, repetitions) or internal (e.g.,
heart rate, lactate) load [4,5].

A promising, non-invasive tool to monitor internal load to optimize training outcomes
is heart rate variability (HRV) [6,7]. HRV is assessed by measuring the time intervals
between successive heartbeats, since an increase or decrease in these intervals reflects
changes in cardiac autonomic regulation [8]. HRV is a valid tool to assess individual
variation in adaptation, fatigue, and overtraining during training programs [7,9,10]. Daily
HRV measurements are often used to adjust training prescriptions for endurance activities
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such as running [9,11], cross country skiing [12], and cycling [6,10]. Endurance train-
ing programs utilizing HRV-guided individualization improve VO2peak, peak power in
runners [11], and 40 min time trial performance in cyclists [10]. Additionally, resistance
training frequency can be increased when using HRV to determine recovery intervals [13].

While these findings are promising, their focus on single modality endurance training
regimens does not reflect the complexity of high-level sport training or current trends in
exercise programs. High-intensity functional training (HIFT), a “Top 10 Fitness Trend” in
2018, is comprised of functional, multi-joint aerobic and muscle strengthening exercises
performed at relative high effort or intensity [14]. HIFT combines components of aerobic,
weightlifting, and body weight exercises into training sessions in constantly variable
patterns across multiple time domains, creating a unique stimulus virtually every day [15].
This uniqueness of HIFT creates difficulty when attempting to quantify training loads
with external markers [15,16]. However, HIFT is inherently individually modified as
the exercises, intensity levels, and/or time domains can be adapted as needed for each
individual [17]. Thus, HIFT programs are ideally situated to benefit from implementing
HRV-guided training prescriptions.

To the best of our knowledge, no study has investigated the efficacy of HIFT exercise
programs when guided by daily HRV. The purpose of the current investigation was to
determine the effects of HRV-guided HIFT training compared to predetermined HIFT
training on cardiovascular function, body composition, and performance outcomes in
recreationally active participants. We hypothesized that HRV-guided HIFT (i.e., prescribing
training volume and intensity of HIFT in response to daily HRV status) would result in
reduced training volume at high intensity and improved fitness outcomes compared to
predetermined HIFT training.

2. Materials and Methods
2.1. Experimental Design

This study was an 11 week, two-site prospective randomized controlled trial interven-
tion, designed to determine the efficacy of HRV as means to modulate HIFT. Participants
were randomly assigned at each site to either an experimental (HRV-guided) or control
group (predetermined), with groups balanced for sex. After assignment, both groups
completed 14 days of resting HRV measurements, which served as baseline values. Follow-
ing the baseline period, participants continued taking morning HRV readings and began
the exercise intervention which consisted of two three-week training blocks interspersed
with pre- and post-intervention testing weeks; a mid-point week was used to recalibrate
HRV metrics. Table 1 illustrates the study timeline. During training weeks, participants
completed 60-min HIFT sessions on five consecutive days (Monday–Friday) followed
by two days of recovery (Saturday and Sunday). Participants were asked to participate
in 30 total training sessions with multiple training times available during the training
intervention so as to maintain an appropriate participant-to-researcher ratio and accom-
modate schedules. The HRV-guided group had exercise intensity and volume modulated
based on their morning HRV values, while the predetermined group completed training
as prescribed. Performance measurements were assessed with participants attending two
laboratory sessions during testing weeks, with 48 h of rest in-between.

Table 1. Study timeline from baseline to post-testing.

Study Duration 11 Weeks

Weeks 1–2
Random

Assignment
Week 3 Weeks 4–6 Week 7 Weeks 8–10 Week 11

Baseline HRV &
randomization

HRV-guided Pre-testing
VO2max, strength &
body composition

HRV-
modulated

training

Mid-point
recalibration of

HRV SWC
windows

HRV-
modulated

training
Post-testing

VO2max, strength &
body composition

Predetermined
Predetermined

training
Predetermined

training
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2.2. Participants

Fifty-five recreationally active men and women aged 18–35 years were recruited for
this study. Participant baseline characteristics sorted by group and sex are presented in
Table 2. All participants had been exercising regularly, while not pursuing any specific
health or fitness-related goal (e.g., weight loss or competition preparation) for at least six
months at the time of enrollment for this study. All participants reported no physical or
health limitations for vigorous exercise, as determined by a medical health history ques-
tionnaire and physical activity readiness questionnaire [18]. In addition, no participants
indicated a health condition or medication that would alter cardiac rhythms. Written
informed consent was obtained from all participants prior to study commencement. The
study was performed in accordance with the Declaration of Helsinki, and two university
institutional review boards approved all procedures (IRB #9131).

Table 2. Participant descriptives by group * sex.

Men
(HRV-Guided)

(n = 12)

Men
(Predetermined)

(n = 14)

Female
(HRV-Guided)

(n = 12)

Female
(Predetermined)

(n = 17)

Age (years) 25.0 ± 5.1 23.3 ± 2.8 22.4 ± 3.4 24.6 ± 4.8
Weight (kg) 83.4 ± 10.8 89.8 ± 15.5 72.5 ± 21.9 71.8 ± 9.6
Height (cm) 181 ± 8 182 ± 6 164 ± 5 165 ± 4

2.3. Procedures
2.3.1. Heart Rate Variability

All participants took daily morning HRV readings using a commercially available
smartphone application for both iOS and Android (Amsterdam, The Netherlands; see
http://www.hrv4training.com/ (1 June 2021)). The HRV4Training software utilizes photo-
plethysmography to determine the variability in R-R intervals from continuous heart rate
data [19,20]. To maintain HRV reliability, participants were instructed to use the application
in the morning upon waking, after excretion from the urinary bladder and resting for five
minutes. To perform readings, participants placed their index finger over the smartphone
camera for one-minute while in the supine position [21]. The HRV4Training application
has a built-in methodology for signal filtering, processing, interpolation, artifact correction,
and R-R peak detection which can be found in the reference for the application develop-
ment [19]. For day-to-day monitoring of individual recovery (i.e., sympathovagal balance)
HRV was measured as the root mean squared of successive differences (RMSSD). Due to
the lack of normality, the RMSSD was transformed using the natural logarithm (LnRMSSD),
which was then multiplied by two so that LnRMSSD (HRVdaily) could be viewed on a
scale of approximately one to ten for ease of interpretation and to reflect the application
display [22].

2.3.2. Resting Heart Rate

Participant resting heart rate (rHR) was collected daily simultaneously with morning
HRV readings using photoplethysmography via the HRV4Training smartphone application.

2.3.3. Coefficient of Variance of Heart Rate Variability

Participant coefficient of variation in HRV (CV of HRV), the amount of day-to-day
variability in HRV scores, was collected simultaneously with morning HRV readings using
photoplethysmography via the HRV4Training smartphone application [23].

2.3.4. Body Composition

Body composition was measured for all participants at pre- and post-testing. Partici-
pant height was measured to the nearest 0.1 cm with a Charder stadiometer (Model HM
200P; Taichung City, Taiwan) at both sites. Weight was measured to the nearest 0.1 kg via a
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Tanita (Tanita TBF-140, Tokyo, Japan) at site 1 and Tanita TBF310 bioelectrical impedance
scale (Arlington Heights, IL, USA) at site 2. Body fat percentage (BF%), fat mass (FM),
and lean mass (LM) were measured using a dual energy x-ray (DEXA; Discovery A QDR,
Hologic, Inc., Marlborough, MA, USA) at site 1 and a Tanita TBF310 bioelectrical impedance
scale at site 2.

2.3.5. Aerobic Capacity

Aerobic capacity was determined as maximal oxygen consumption (VO2max) via the
Bruce treadmill test protocol [24]. Site 1 used a predictive-regression equation based upon
time to exhaustion [25] to determine aerobic capacity; the standard error of the estimate for
males was ±3.55 mL/kg/min and ±2.70 mL/kg/min for females. Site 2 completed the
Bruce treadmill test protocol, followed by a maximal oxygen consumption validation to
ensure there was no further increase in oxygen consumption with increasing workload [26].
Expired gas fractions were assessed through breath-by-breath data recording, and mea-
surements were analyzed at 15 s intervals (ParvoMedics TrueOne 2400 Metabolic, Salt Lake
City, UT, USA). The gas calibration and metabolic cart flow were calibrated before each
testing session using a 3 L syringe and following manufacturer instructions. Heart rate was
recorded continuously using a Polar H7 chest strap heart rate monitor (Polar Electro OY,
Kempele, Finland).

2.3.6. Physical Work Capacity

Physical work capacity was measured through a 10 min workout in which participants
completed as many rounds as possible of the following: 12 goblet squats (20 kg kettlebell
for men, 12 kg kettlebell for women), 12 burpees, and 24 calories on a rowing ergometer
(Model D, PM5 Monitor, Concept 2 Inc., Morrisville, VM, USA).

2.3.7. Muscular Strength

Maximal strength was determined by the one-repetition maximum (1RM) protocol for
the barbell back squat, barbell overhead (OH) press and barbell deadlift in kilograms [27],
in accordance with previous research methodology [15]. Individual sum totals for 1RM for
back squat, OH press, and deadlift were designated as each participant’s CrossFit Total
(CFT) [28]. Each lift was supervised and verified by certified exercise professionals, who
were also research assistants, and participant rest times were controlled with a minimum
of three minutes and a maximum of five minutes between maximal attempts [29].

2.3.8. High-Intensity Exercise Training Program

The high-intensity exercise program employed in this study was HIFT, utilizing a
popular, community-based HIFT template [30]. All training sessions were performed
indoors as group exercise and supervised by a research assistant holding a CrossFit®

Level 1 certificate. Training sessions for site 1 were held at a community HIFT facility
while sessions for site 2 were held within the Functional Intensity Training Lab at Kansas
State University. The training protocol for this program has been previously described by
Crawford et al. [15], and specific details of the structure and components for each daily
training session can be found in Table A1. All training sessions lasted approximately 1 h
and consisted of an instructor-led warm-up, movement preparation period, daily workout,
and cool-down. A total of 30 training sessions were programmed, and an adherence rate
of 80% was required for participant inclusion in data analysis. Participants remained in
free-living conditions and were asked to not engage in any additional exercise training
outside of the study.

2.4. Modulation for High-Intensity Exercise Training Program

A 14 day baseline period was used to establish individual baseline HRV values.
Individual seven-day rolling averages (Ln rMMSD7day) were calculated to determine and
track shifts in resting HRV in response to the training. The Ln rMMSD7day was used as
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it has been demonstrated to be superior in predicting training stress rather than single-
day HRV values [7]. Smallest worthwhile change (SWC) windows were set to monitor
meaningful changes from baseline HRV. Previous investigations have established the SWC
in resting HRV as ±0.5 standard deviation from an individual’s mean Ln rMSSD [2,7,11,31].
For this study, two SWC change windows were calculated as ±0.5 standard deviation
(SWC1) and ±1 standard deviation (SWC2) from the individual’s mean Ln rMMSD, in
order to modulate training stress during the exercise intervention.

Each HRV-guided participant was prescribed reduced training volume and inten-
sity when their rolling seven-day average of HRVdaily (HRV7day as indexed by Ln
rMMSD7day) differed meaningfully from baseline values such that it fell within a SWC
window [32]. When a participant’s Ln rMMSD7day was within the SWC1 no training
modifications were prescribed. If participant’s Ln rMMSD7day fell between SWC1 and
SWC2, their scheduled workout was reduced 25% in volume (i.e., repetitions) and external
load (i.e., absolute weight). If the participant’s Ln rMMSD7day exceeded the SWC2, they
completed a low-intensity (i.e., >50% HRR) active recovery session (e.g., walking and light
stretching activities) for a fixed duration of 20 min. A detailed description of the modi-
fied and light training session is provided in Table A2. The HRV values obtained during
the baseline period were used for the first block of training. After the pre-intervention
testing and three weeks of training (15 training sessions) HRV means and both SWC mon-
itoring windows were recalculated for the second training period, as previous findings
have demonstrated how changes in fitness may alter resting HRV [33–35], and the dose of
completing 15 HIFT sessions should be sufficient to elicit fitness improvements [16,36,37].
The Predetermined group completed all training sessions without intensity modulation.
Site 1 assessed Edward’s training load to evaluate the efficacy of the modulated training,
which is available in previously published research [32].

2.5. Statistical Analyses

Data were analyzed using the R statistical computing environment and language [38]
via the Jamovi graphical user interface [39]. Data were checked for normality using
the Shapiro-Wilk test and visual inspection of the corresponding Q-Q plots of residuals.
Relationships between fixed effects (i.e., group and timepoint) and outcome metrics (i.e.,
cardiovascular, body composition, and performance) data were assessed using linear
mixed-effects models via the GAMLj General Analysis for Linear Models module [40].
Individual participants were input as random factors within the models and lean body
mass was used as a covariate, due to significant correlations identified with outcomes
metrics. An alpha level of 0.05 was used for all statistical inferences. Post hoc assessments
were adjusted using the Bonferroni correction. Effect sizes (ES) were calculated for within
and between group changes. ES were classified as 0.2 “small”, 0.5 “medium”, and 0.8+
“large” [41].

3. Results

Baseline and post-test values for each training group are shown in Table 3. The HRV-
guided training resulted in similar changes in cardiovascular function, body composition,
and performance as the predetermined training (Table 3 & Figure 1). The greatest percent-
age changes were for predetermined BF% (15.7% decrease) and FM (15.1% decrease), and
HRV-guided squat (14.2% increase) and deadlift (12.6% increase). The HRV-guided group
completed significantly fewer days at high intensity (DHI) than the predetermined group,
as shown in Table 4. Participants displayed a high training and daily HRV monitoring
adherence (Table 4).
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Table 3. Within and between group comparisons of pre- and post-test changes in key outcomes.

HRV-Guided Predetermined Between
Group

Pre Post % Change ES Pre Post % Change ES ES

Cardiovascular
function

Resting heart
rate (bpm) 73.6 ± 9.8 69.3 ± 9.0 −5.84 0.46 74.6 ± 14.6 72.7 ± 11.4 −2.55 0.15 0.33

Heart rate
variability

(ms)
8.4 ± 1.1 8.6 ± 1.1 2.38 0.14 8.7 ± 1.2 8.7 ± 1.2 0 0.01 0.09

CV of HRV
(ms) 10.1 ± 3.9 9.0 ± 3.8 −10.89 0.28 8.7 ± 3.3 9.5 ± 3.1 9.20 −0.24 0.14

Body
composition
Body fat % 31.8 ± 11.1 29.2 ± 9.7 −8.18 0.63 * 31.8 ± 8.3 26.8 ± 8.1 −15.73 0.61 * 0.27
Lean mass

(kg) 54.5 ± 13.5 54.8 ± 13.3 0.55 0.02 52.6 ± 11.2 54.0 ± 11.5 2.66 −0.12 0.06

Fat mass (kg) 23.9 ± 8.8 23.5 ± 8.7 −1.67 0.05 23.9 ± 8.8 20.3 ± 8.5 −15.06 0.42 0.37
Fitness

outcomes
VO2max

(mL * kg * min) 42.1 ± 6.8 43.0 ± 7.5 2.14 0.13 44.4 ± 6.4 44.2 ± 8.0 −0.45 0.03 0.15

Work capacity
(reps) 131 ± 36 147 ± 35 12.21 0.45 127 ± 24 145 ± 26 14.17 −0.70 * 0.06

Squat (kg) 90.2 ± 44.5 103 ± 45.0 14.19 0.29 87.6 ± 33.2 99.1 ± 31.5 13.13 −0.36 0.10
Press (kg) 41.6 ± 18.9 45.3 ± 21.4 8.89 0.18 41.5 ± 16.2 45.5 ± 16.4 9.64 −0.25 0.01

Deadlift (kg) 103 ± 46 116 ± 47 12.62 0.27 107 ± 34 121 ± 47 13.08 −0.34 0.11
CrossFit total

(kg) 232 ± 109 259 ± 108 11.63 0.25 237 ± 82 266 ± 85 12.24 −0.35 0.07

Values are presented as mean ± SD. * moderate effect size. VO2max, maximal oxygen consumptions; ES, effect size.

Figure 1. Changes in primary outcome metrics (A) VO2max, (B) body fat percentage, (C) CrossFit total, and (D) days at
High Intensity sorted by group. * Indicates a statistically significant difference.
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Table 4. Study intervention metrics by group.

HRV-Guided Predetermined Between Group

Mean 95% CI Mean 95% CI ES

Days at high intensity (days) 12.9 ± 5.6 11.7; 14.1 26.5 ± 2.6 25.4; 14.1 3.12 **
Training adherence (days completed) 86.8 ± 9.5 84.3; 89.0 89.8 ± 7.6 87.5; 92.0 0.35
HRV compliance (% days recorded) 95.1 ± 4.8 93.8; 96.7 94.6 ± 5.9 92.9; 95.6 0.09

Values are presented as mean ± SD. ** large effect size. CI, confidence interval; ES, effect size.

3.1. Effects on Cardiovascular Function

A significant main effect for time was observed for HR (F = 4.89; mean differ-
ence = −3.25 ± 1.47 bpm; 95% CI = −6.14, −0.37; p = 0.035) with a reduction in rest-
ing HR being observed across both conditions from pre- to post-test. No other main effects
on cardiovascular function were observed.

3.2. Effects on Body Composition

Significant main effects for time were observed for LM (F = 16.43; mean difference = 1.19
± 0.29 kg; 95% CI = 0.61, 1.77; p < 0.001) and FM (F = 4.39; mean difference = −0.62 ± 0.3 kg;
95% CI = −1.12, −0.36; p = 0.045), with all individuals improving LM and FM at post-test.
No other main effects on body composition were observed.

3.3. Effects on Performance Outcomes

Significant main effects for time were observed for work capacity (F = 14.92; mean
difference = 16.87 ± 4.37; 95% CI = 8.31, 25.44; p < 0.001), squat (F = 29.16; mean difference
= 7.98 ± 1.48 kg; 95% CI = −5.08, 10.87; p < 0.001), OH Press (F = 10.52; mean difference =
2.62 ± 0.81 kg; 95% CI = 1.04, 4.20, p < 0.003), deadlift (F = 22.09; mean difference = 10.37
± 2.21 kg; 95% CI = 6.05, 14.70; p < 0.001), and CFT (F = 20.68; mean difference = 21.79 ±
4.18 kg; 95% CI = 13.61, 29.88; p < 0.001) where both groups improved at post-test. No other
main effects on performance outcomes were observed.

3.4. Effects on Intervention Metrics

A significant main effect for group was observed for DHI (F = 270.46; mean differ-
ence = −13.56 ± 0.83 days; 95% CI = −15.20, −11.99; p < 0.001) with the HRV-guided
group training fewer DHI. Training adherence to the 30 prescribed training sessions for
the Predetermined group was 26.3–27.6 sessions and for the HRV-guided group was
25.3–26.7 sessions.

4. Discussion

This study tested the effects of HRV-guided and predetermined HIFT on health and
fitness outcomes in recreationally active participants. Our results support our first hy-
pothesis, as HRV-guided prescription resulted in fewer DHI compared to a predetermined
prescription. This is demonstrated by the HRV-guided group completing 17 of 30 days
as modulated, lower intensity training days. Our second hypothesis that HRV-guided
prescription would elicit greater improvements in fitness outcomes than the predetermined
group was not supported by the data. This is evident through lack of significant differences
between groups for changes in all primary outcome fitness measures. Collectively, these
findings are of interest as they demonstrate that HRV-guided training results in similar
improvements across fitness outcomes while spending fewer training sessions at high
intensity compared to a predetermined prescription.

Our finding that HRV-guided training did not result in greater changes in aerobic
or work capacity than predetermined training in a 9-week HIFT program was similar to
previous aerobic exercise investigations where the HRV-guided group displayed increases
in aerobic capacity with no significant difference between groups [6,10,11]. Additionally,
neither a small or moderate effect size was observed between groups as previously reported
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by Vesterninen et al. [42] and Nuuttila et al. [43], respectfully. This finding is not atypical as
Hautala et al., [44] has shown that aerobic capacity adaptations are not universal and may
be driven by intrinsic factors that predispose individuals to favorable adaptations based
on training mode.

We observed no significant differences between groups on improvements in maximal
squat, OH press, deadlift, and CrossFit total. The lack of observed group differences is
similar to the findings of De Oliveira et al. [13] on maximal strength in young resistance-
trained men undergoing HRV-guided training. However, De Oliveria et al. [13] used HRV
to augment training frequency, while we used HRV to modulate training intensity. Our
findings extend those of De Olivieria et al. [13] and suggest that HRV is a practical tool
to individualize the prescription of training frequency and intensity. This enhances the
practitioner/coach’s ability to determine when and how much stress to apply in training.

Our participants showed an increase in overall strength following HIFT participation
regardless of group. The finding that HIFT is a valid program structure for improving
strength is supported by the findings of Heinrich etl al. [45] and Buckley et al. [46] in which
HIFT participants displayed increases in bench press, back squat, OH press and deadlift
1RM. It is possible that the observed changes in strength were a result of our participants
being classified as “novice”, or as a result of an effective training paradigm. In order to
determine the cause, future investigations need to apply this intervention across different
experience classifications of HIFT participants. These findings demonstrate that HIFT
5 days/week-1 is an effective methodology for improving muscular strength.

Morning rHR significantly decreased for HRV-guided and Predetermined groups
from pre- to post-test, whereas no significant changes were observed in HRV or the CV
of HRV. Our findings conflict with those of Kliszczewicz et al. [47] who did not observe
improvements in rHR after 15 weeks of HIFT, although they also did not find change in
HRV. The lack of observed change in HRV may be a function of the nature of HIFT, as
Schneider et al. [48] observed a decrease and no change in HRV following a microcycle
of strength training and high-intensity interval training, respectively. Although non-
significant, changes were found; we did observe a trend for increases in HRV suggesting
an increase in parasympathetic activity. Previously, it has been demonstrated that increases
in parasympathetic activity are associated with improved fitness characteristics as well as
reduced homeostatic perturbations in response to subsequent stressors [7,49,50].

Of note we observed similar fitness improvements in both groups despite the HRV-
guided group spending significantly less time training at high-intensity, namely, 13 less
days. This is consistent with the findings of Vesterinen et al. [42] in which HRV-guided
recreational endurance runners spent less time training at moderate and high intensity.
Since an individual’s HRV response or ability to maintain homeostatic balance can vary due
to training history, exercise modality and exercise intensity, a predetermined training pre-
scription may under- or over-estimate the necessary recovery time required [13,51–53]. The
use of an HRV-guided training prescription may aid practitioners/coaches in optimizing
the timing of training stress application.

In addition, participant body composition improved in both of our training groups.
This finding contrasts with those of Nuuttila et al. [43] in which no changes in body
weight or fat percentage were observed after 11 weeks of HRV-guided running. The
changes we observed may be attributed to the high levels of body fat of our participants
at >22% versus < 13% for Nuuttila et al.’s [43] participants. Favorable changes in body
composition were also found by Feito et al. [54] in both men and women, following
16 weeks of HIFT. As in Feito et al.’s [54] study, our participants were not engaged in
physical activity specifically targeting changes in body composition prior to the study, thus
allowing for a significant change in body composition from pre- to post-test as a result of
the training intervention.

A limitation of this study is that HRV measurements were taken by the individual
participants and not within a lab setting, which impairs the standardization process. We are
unable to say with certainty that all HRV measurements were protocol adherent throughout
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the study. A degree of inherent trust must be allotted to participants to strictly adhere to
the measurement protocols, and while this increases the external validity of our findings it
may have affected our internal validity. We were unable to record and quantify participant
internal load (e.g., rHR) or external load (e.g., total training volume) during each training
session as was done by De Oliveira et al. [13], to demonstrate the difference in the total work
completed by both groups. Quantifying the total work completed by participants within
each group would provide additional support to the reduced training load completed by
the HRV-guided group. Due to the two-site design, different measures of body composition
were used at each site, which may contribute to an increased variability in this outcome
metric. Participants were instructed to refrain from engaging in any additional exercise
outside of the intervention, yet we were unable to ensure these instructions were adhered
to throughout the study period. Finally, we were unable to determine the contribution of
muscular hypertrophy to the strength gains observed, as muscle cross-sectional area was
not assessed.

A key strength of our study is that we were able to demonstrate how a commercially
available smartphone application, with a low individual cost, can be an effective tool for
modulating the individual prescription of exercise intensity. Additionally, we demonstrated
high adherence to daily HRV recordings and the exercise protocols by participants. This
demonstrates that daily HRV recordings are manageable for participants over a period of
11 weeks. Our participants displayed a high level of HRV compliance (>90%) and training
adherence (>80%) over the 11 week intervention. Finally, this is the first study to modulate
HIFT training prescription based on individual HRV.

5. Conclusions

In conclusion, modulating HIFT exercise intensity by individual HRV status, among
recreationally active participants, resulted in similar fitness improvements as predeter-
mined HIFT for aerobic capacity, strength, cardiovascular adaptations, and body compo-
sition, despite spending fewer days training at high intensity. Practically, our findings
suggest that the use of a rolling average of HRV is an effective tool for modulating daily
training intensity, with a focus on individual prescription. Coaches and practitioners can
use HRV as a tool to effectively individualize exercise prescription for HIFT participation,
although additional research is needed to examine the effects for well-trained participants.
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Appendix A

Table A1. Detailed description of daily high-intensity functional training intervention.

Day Structure Structured Daily Workout

1 M Two-mile Run (no time cap)
2 GW [8 Push Press (135/95 lbs.) + 8 Pull-Ups] × 5 rounds for time
3 MGW [12 Goblet Squats (45/25 lbs.) + 12 Burpees + 24 Calorie Row] AMRAP in 10 min
4 MG [400-m Run + 25 Box Jumps (18/12”)] × 3 rounds for time
5 W Deadlift 5-5-5-5-5 working up to target 85% of 1RM
6 G Kipping Pull-Up practice for 20 min
7 WM [10 Thrusters (135/95 lbs.) + 100 Double Unders] × 4 rounds for time
8 GWM [6 Handstand Push-Ups + 12 Deadlifts (185/135 lbs.) + 500 m Row] AMRAP in 12 min
9 GW [15 Ring Rows + 20 Wall Balls (20/14 lbs.)] × 4 rounds for time

10 M 8 km Partner Row (no time cap)
11 W Front Squat 1-1-1-1-1-1-1-1-1-1 working up to target a 1RM
12 MG [400-m Run + 20 Push-Ups] × 5 rounds for time
13 WMG [5 Cleans (135/95 lbs.) + 10 Pull-Ups + 15 Double Unders] AMRAP in 15 min
14 WM [10/20–8/16–6/12–4/8–2/4 repetitions of Power Clean/Calorie Row] for time
15 G Handstand Push-Up Practive for 20 min
16 W Squat 3-3-3-3-3-3-3 working up to target 90% 1RM
17 MG [800-m Run + 25 Sit-Ups] × 3 rounds for time
18 MGW [50 Double Unders + 5 Box Jumps (18/12”) + 15 Ball Slams (20/14 lbs.)] AMRAP in 15 min
19 GW [6 Strict Pull-Ups + 6 Front Squats (50% Squat 1RM)] × 4 rounds for time
20 M Two-mile Run (no time cap)
21 M Tabata Double Unders × 2
22 GW [Maximum repetitions Handstand Push-Ups + 6 Deadlifts (75% 1RM)] × 5 rounds for time
23 GWM [20 Sit-Ups + 16 Dumbbell Clean and Jerk (45/20 lbs.)]
24 WM [30 Kettlebell Swings (45/20 lbs.) + 400 m Run] × 5 rounds for time
25 G Strict Pull-Up Practice (Loaded) for 25 min
26 G Muscle Up Practice for 25 min
27 WM [6 Squats (50% 1RM) + 50 Double Unders] × 4 rounds for time
28 WMG [12 Goblet Squats (45/25 lbs.) + 12 Burpees + 24 Calorie Row] AMRAP in 10 min
29 MG [400-m Run + 10 Handstand Push-Ups] × 5 rounds for time
30 W Clean 1-1-1-1-1-1-1-1-1-1 working up to target 1RM

M = monostructural (i.e., a single cardiovascular exercise modality) exercise, G = gymnastics exercise, W = weightlifting exercise, and
AMRAP = “as many rounds as possible”. Daily workouts were scaled to match individual capabilities on an as-needed basis. All
scaling options were in accordance with outlined CrossFit scaling practices as per Glassman (2016) (p. 75). Table is adapted from
Crawford et al. (2019).

Table A2. Detailed description the modified and light training.

Day Modified Training Light Training

1 1.5 m WALK 20 min

2 25% Volume Reduction. 115/65# Barbell Press/DB/PVC Pending Strength Levels, DEAD
hang stretch or lat banded distraction

3 NO MODULATION NO MODULATION
4 300 m/Walk 100 m & 18 Jumps 16/12” Step up Walk 400 m, 2/Leg/Rd Sampson Stretch
5 5RM Load with 2 RIR “5 × 3” at 85% 5 × 3 at 40% 1RM

6 3 Strict Pull ups, Kipping practice (no kipping pull-ups) Shoulder-strengthing exercise, light lat pull down
machine (RPE LIGHT)

7 8 Thrusters, 150 Single Unders. 115/65 Barbell, DB, PVC thrusters and hopping in place, no rope,
20 min

8 8 min: 4 pushups, 8 deadlifts 135/95, 375 row, RPE 13–17 20 min: Pushups, BB/DB/PVC deadlifts, 400 m walking
9 3 RFT, 16/10 Ring Rows, childs pose, walking, 20 min

10 6 K partner row, not for time or 3 k row if solo Walking 20 min
11 85% of Back Squat, 10 × 1, 2 RIR KB/Goblet Squat/Barbell Squat, Walking
12 200 m run, walk back, 15 pushups 20 min: 400 m walk, knee pushups

13 5 Deadlifts, ring rows, 15 single unders Med Ball Cleans, childs pose, shoulder exercise, walking,
20 min
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Table A2. Cont.

Day Modified Training Light Training

14 4 rounds, 2 min break b/t: 115/65 6 power cleans,
12 cal row Med ball cleans, walking 20 min RPE 6–13

15 HS holds push-ups, walking
16 7 × 3 2 RIR, 75% target 40% 7 × 3
17 600 m Run, 200 m walk. 20 Situps 20 min Walk
18 12 min 20 min Walk
19 3 RFT 20 min: Goblet Squats, Lat Pulldowns
20 1.5 m Run 20 min Walk
21 1.5 Tabata Rounds 20 min Walk

22 4 RFT Max Push ups 2 RIR, 6 Deadlift 50% 20 min: Push ups, Handstand holds, deadlifts,
hamstring curls

23 15 min 20 min Stretching
24 4 RFT 28 KB Swings, 200 M run, 200 walk 20 min Walk
25 30 Pull-Ups Lat Pull-Downs, Ring Row
26 30 Pull-Ups, 20 dips Lat Pull-Downs, Ring Row, Press
27 3 RFT 20 min: Air Squats, Box Jumps, walking
28 Testing Day, no modifications Testing Day, no modifications
29 4 RFT, 200 m run, 200 m walk. 9 push ups 20 min Walk

30 7 × 1 front squat, 2 RIR 20 min: Goblet squat, front rack mobility,
barbell front squat
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Abstract: Exercise prescription based on exercise test results is complicated by the need to down-
regulate the absolute training intensity to account for cardiovascular drift in order to achieve a
desired internal training load. We tested a recently developed generalized model to perform this
downregulation using metabolic equivalents (METs) during exercise testing and training. A total
of 20 healthy volunteers performed an exercise test to define the METs at 60, 70, and 80% of the
heart rate (HR) reserve and then performed randomly ordered 30 min training bouts at absolute
intensities predicted by the model to achieve these levels of training intensity. The training HR at
60 and 70% HR reserve, but not 80%, was significantly less than predicted from the exercise test,
although the differences were small. None of the ratings of perceived exertion (RPE) values during
training were significantly different than predicted. There was a strong overall correlation between
predicted and observed HR (r = 0.88) and RPE (r = 0.52), with 92% of HR values within ±10 bpm
and 74% of RPE values within ±1 au. We conclude that the generalized functional translation model
is generally adequate to allow the generation of early absolute training loads that lead to desired
internal training loads.

Keywords: exercise prescription; target heart rate; RPE; METs

1. Introduction

Exercise is a lifestyle factor that is beneficial to health [1–4]. It is beneficial on a
dose–response basis, up to amounts of training of several times professional society guide-
lines [1,2] and only associated with health problems at levels consistent with heavy athletic
training in middle-aged and older individuals [1,2,5]. In patients with chronic diseases,
exercise forms a cornerstone of the treatment scheme of rehabilitation programs being of
value both in terms of accelerating the rate of recovery [6], secondary prevention [7–9], and
is even of value after contemporary medical care (percutaneous interventions and statins)
is accounted for [10]. However, exercise training can present a significant risk of clinical
events [11], particularly in the setting of unaccustomed heavy exercise in sedentary individ-
uals [12] or in the setting of myocardial ischemia during exercise training [13]. Further, as
with other behavioral interventions, new exercise programs have a disappointing pattern
of compliance [14]. Although high-intensity exercise has recently become popular [15] and
has well-documented efficacy [16], even in clinical populations [17–19], it is associated with
at least a potentially increased risk of complications and reductions in program enjoyment
and compliance [20].

In the setting of an increased risk based on age, risk factors, history of disease or
symptoms, professional societies recommend graded exercise testing before beginning
exercise programs, both to rule out clinically occult disease and to guide the exercise
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prescription [21]. The dominant model for subsequent exercise prescription is based on
a percentage of the maximal exercise capacity (metabolic equivalents (METs)), heart rate
(HR) or HR reserve (%HRR) [21], rating of perceived exertion (RPE) [22], or ventilatory
threshold (VT) [23]. Recently, the talk test, which can be taken as a surrogate of VT, has
been effectively used to prescribe exercise training [24,25] and to avoid ischemia during
training [26].

Unfortunately, the same exercise workload during graded exercise testing (GXT) that
produces a given HR, RPE, VT, or talk test response during incremental exercise, does
not produce an equivalent response during sustained exercise training. The effect of
cardiovascular drift dictates that the response to sustained exercise is often significantly
larger than during brief stages at that same workload during a GXT. Potentially, this leads
to training sessions that are harder than desired [27], which may, in turn, have adverse
effects on safety and compliance. Accordingly, the exercise training workload must be
reduced, downregulated, or “translated” in order to achieve desirable results during
exercise training. Previous work from our laboratory has demonstrated a solution for
translating exercise responses from GXT to ambulation and cycle ergometry [27,28], to
arm–leg ergometry [29], to recreational activities [30]. A recent report from our laboratory
demonstrated a potentially viable strategy to generalize the process of translating exercise
test responses based on computing the MET cost during GXT and during training [31]. If
this generalized model were shown to be accurate, then the process of translating either
maximal or submaximal GXT responses to workloads useable on the first day of training
would be more effective and safer. Accordingly, the intent of this study was to provide a
systematic test of this generalized model on the basis of both %HRR and RPE responses.

2. Materials and Methods

The subjects for this study were 20 healthy, young adult volunteers. Although all
were physically active, none were systematically trained athletes. The study protocol was
approved by the Institutional Review Board for the Protection of Human Subjects at the
University of Wisconsin-La Crosse (protocol # 45CFR46, approved 13 April 2021). All
subjects provided written informed consent prior to participation. Characteristics of the
subjects are presented in Table 1. The overall experimental approach was to start with
MaxMETs, which is a normally measured variable during exercise testing, and then apply
our predictive model for converting MaxMETs into the workload for exercise training [31]
to test the degree to which exercise training responses (HR and RPE) during training fell
within the desired range.

Table 1. Mean and standard deviation of the characteristics of the subjects.

Characteristics Males
(n = 10)

Females
(n = 10)

Age (years) 23.5 ± 2.2 22.3 ± 0.9
Height (cm) 183.1 ± 7.3 167.6 ± 6.7
Weight (kg) 82.3 ± 18.4 70.0 ± 13.2

VO2max (ml·kg−1·min−1) 53.3 ± 6.1 40.3 ± 5.3
HRmax (bpm) 189 ± 7 185 ± 5

RPEmax 19.9 ± 0.2 19.9 ± 0.2
VO2max: maximal oxygen uptake; HRmax: maximal heart rate; RPEmax: maximal rating of perceived exertion.

Each subject performed a GXT, to volitional fatigue, using a modified Bruce treadmill
protocol [32]. During the test, HR and RPE (6–20 scale) [33] were measured at the end of
each 1 min stage and blood pressure was measured every 3 min. During the test, respiratory
metabolism was measured using open-circuit spirometry using a mixing chamber-based
metabolic system (AEI Technologies, Pittsburgh, PA, USA). Integration of gas exchange
values was performed every 30 s and VO2max was accepted as the highest 30 s value
obtained during the test. The VT was computed using both the v-slope and ventilatory
equivalent methods [34]. The HR reserve (HRR) was computed based on the observed
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maximal HR at the end of the test, and resting HR obtained in the standing position just
before the test. The individual exercise time vs. HR curves were examined to determine
the moment that the HR achieved reference values of 60% HRR, 70% HRR, and 80%HRR,
which are surrogates for easy, moderate, and hard exercise. The RPE at these moments
was also noted. The speed and grade of the treadmill belt at these moments were used
to calculate the MET requirement based on conventional equations [21] and are referred
to as GXT METs. The training workload was computed from the generalized functional
translation model [31] as 72% of the GXT METs at each of the % HRR targets. The speed
and grade required to achieve this MET level were computed by backward solving of the
same equations [21]. From the solution, treadmill speeds between 1.79 and 2.23 m·s−1

(4–5 mph, 6.4–8 kmh) were avoided since solely walking or solely running is inconvenient
in this speed range.

Each subject then performed three, randomly ordered 30 min training bouts (5 min
warm-up at 1.33 m·s−1, 0% grade, 20 min at the targeted workload, and 5 min cool-down
at 1.33 m.−1). HR and RPE were measured at 5 min intervals, and the HR and RPE at
15 min, 20 min, and 25 min were averaged and accepted as the HR and RPE response to
the training workloads predicted by the generalized functional translation model.

The HR and RPE achieved during steady-state training at the intended easy, moderate,
and hard workloads were compared to that calculated from responses during the GXT
using repeated measures Analysis of variance (ANOVA). A p-value of <0.05 was accepted as
statistically significant. When justified by ANOVA, pairwise comparisons were made using
Tukey’s test. Correlations are calculated using the Pearson product–moment correlation.

3. Results

The predicted and achieved HR and RPE during the last 15 min of the easy, moderate,
and hard training bouts are presented in Table 2. There were small but significant differ-
ences between predicted and achieved HR at the 60% HRR (easy) and 70%HRR (moderate)
levels of intensity. There was no significant difference between predicted and achieved
HR at the 80%HRR intensity. There were no significant differences between predicted and
achieved RPE at any of the intensity levels.

Table 2. Mean and standard deviation of the comparison between the predicted and achieved values
of heart rate (HR) and rate of perceived exertion (RPE) at the 60%, 70%, and 80% of the heart rate
reserve (% HRR) intensities.

% HRR Predicted HR Achieved HR Predicted RPE Achieved RPE

60% 135.1 ± 4.3 130.2 ± 7.6 * 11.8 ± 1.2 11.2 ± 1.5
70% 147.9 ± 4.6 142.8 ± 8.9 * 13.0 ± 1.4 12.4 ± 1.7
80% 160.4 ± 5.4 157.3 ± 9.7 14.1 ± 1.1 13.8 ± 1.3

* = significantly (p < 0.05) different from predicted HR.

A scatterplot of predicted vs. achieved HR for the combined results of the three
intensities bouts is presented in Figure 1. There did not appear to be a significant bias
in the pattern of responses, and the correlations between predicted and observed HR
responses for easy (r = 0.52), moderate (r = 0.74), hard (r = 0.64), and combined (r = 0.88)
were uniformly strong. Overall, 92% of observed HR values were within ±10 bpm of the
predicted values.

A scatterplot of predicted vs. achieved RPE for the combined results of the three
intensities bouts is presented in Figure 2. There did not appear to be a significant bias
in the pattern of responses, and the correlations between predicted and observed RPE
responses for easy (r = 0.66), moderate (r = 0.81), hard (r = 0.61), and combined (r = 0.88)
were uniformly strong. Overall, 74% of the observations were within the ±1 RPE unit of
the predicted values.
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4. Discussion

The main finding of this study was that the generalized model for translating GXT
responses into training workloads [31] appears to be accurate over the range of training
intensities commonly prescribed in fitness and rehabilitation programs. While there was
a bias for the predicted HR at the 60% (135 vs. 131) and 70% (148 vs. 143) HRR work-
loads to be slightly higher than observed, 92% of observed values were within ±10 bpm.
Similarly, 74% of RPE values were within the ±1 RPE unit. Thus, the results support our
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earlier findings with more specific exercise translation approaches [27–30] but using a
generalized approach.

While there was a small but significant overprediction of HR responses at the easy and
moderate training loads, the error was small, and in a direction that would be acceptable
clinically. One of the biggest concerns during exercise prescription is that workloads during
the beginning days and weeks of a training program will be too heavy. This may result
in reduced enjoyment [20] and may bias toward an increased likelihood of untoward
events [11–13]. Thus, the tendency for the “translated” training load to be a little easier
than predicted is a very acceptable error.

The primary limitation to the current results is attributable to a limitation of subject
selection by the COVID-19 pandemic. In an idealized test of the generalized model, we
would have selected fully sedentary individuals, or even patients from a rehabilitation
program, as these are the individuals who actively need a strategy for translating GXT
results into training prescriptions. However, restrictions on laboratory use dictated that
younger and more active students served as the subjects. However, as none of the subjects
was systematically training for sports competition, and as their VO2max spanned a con-
siderable range of fitness, we feel that the experimental test of the generalized functional
translation model remains valid.

The generalized functional translation model tested in this study was based on the
results of a maximal GXT, as had been the results of the progenitor studies [27–30]. Contem-
porary practice in both fitness and rehabilitation communities is not to have maximal GXT
results available. Where a preliminary GXT is performed, it is often submaximal in nature,
limited to an RPE of 15 (hard). However, the strong relationship between the progression of
RPE and relative exercise intensity [35,36] and the strong relationship between the talk test
and relative exercise intensity [24,25,36] suggest that picking target values for RPE or the
talk test from a submaximal GXT and then applying the generalized functional translation
model is likely to yield the same prescriptive result as a maximal effort GXT [25].

5. Conclusions

The results of this study suggest that a generalized model for translating GXT results
to exercise training loads, based on calculated MET values [31], yields both HR and RPE
responses during training bouts that are close to predicted values. Therefore, the results
suggest a prescriptive strategy based on 70–75% of the MET requirement at that level of
internal training load during a GXT is likely to make the beginning portions of an exercise
training program both more pleasant and safer while still being effective.

6. Practical Applications

As an example of the use of the functional translation model, which is validated in
the present data, consider the following: A sedentary, although healthy, person performs a
GXT (without handrail support) using a Balke type treadmill protocol (a constant speed
with grade increments every 2 min) with the results in Table 3.

Table 3. Example of a subject’s speed, grade, metabolic equivalents (METs), heart rate (HR), and
rating of perceived exertion (RPE) response values during a graded exercise testing using a Balke
type treadmill protocol.

Speed (m·s−1) Grade (%) METs [21] HR RPE

0 0 1 70 6
1.34 0 3.3 95 8
1.34 2 4.1 115 10
1.34 4 4.9 133 12
1.34 6 5.8 150 14
1.34 8 6.6 155 16
1.34 10 7.4 160 18.5
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The target HR (THR) is calculated at 70% HRR as follows:

THR = [(160 − 70) × 0.7] + 70

THR = [90 × 0.7] + 70 = 133 bpm

METs are calculated per standard equations [21] as

VO2 = [(speed (m·min−1) × 0.1] + [speed (m·min−1) × 1.8 × grade/100] + 3.5

For example, at 4% grade (e.g., 70%HRR),

VO2 = [80.4 × 0.1] + [80.4 × 1.8 × 0.04] + 3.5

VO2 = 8.4 + 5.8 + 3.5 = 17.7 mL·min−1·kg−1 = 5.1 METs

Applying the generalized functional translation model, the training intensity becomes

5.1 × 0.72 = 3.7 METs = 13.0 mL·min−1·kg−1

Solving for grade at a walking speed of 1.34 m·s−1,

13.0 = [80.4 × 0.1] + [80.4 × 1.8 × grade] + 3.5

13.0 = 8.0 + [144.7 × grade] + 3.5

(13.0 − 8.0 − 3.5)/144.7 = grade

1.5/144.7 = grade = 0.01 = 1%

Thus, with the tabled GXT results, one would expect ~70% HRR with an RPE of 11–12
at a walking speed of 1.34 m·s−1 (3.0 mph or 4.8 kmh) at a grade of 1%. While this may
not provide the specific results desired, it does provide a reasonable candidate for how to
prescribe the first workouts in the training facility.
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Abstract: The aim of this study was to compare the acute responses to three time-matched exercise
regimens. Ten trained adults (age, maximum oxygen consumption (VO2max), and body mass index
(BMI) = 25.9 ± 5.6 yr, 50.9 ± 5.4 mL·kg−1·min−1, and 22.1 ± 1.8 kg·m−2) completed sprint interval
training (SIT) requiring 14 × 5 s efforts with 35 s of recovery, high-intensity interval training (HIIT)
consisting of 18 × 15 s efforts at ~90% of peak heart rate (HRpeak) with 15 s of recovery, and vigorous
continuous training (CT) consisting of 8.75 min at ~85 %HRpeak, in randomized order. Heart rate,
blood lactate concentration, rating of perceived exertion, affective valence, and enjoyment were
monitored. Moreover, indices of neuromuscular function, autonomic balance, diet, mental stress,
incidental physical activity (PA), and sleep were measured 24 h after each session to analyze the
magnitude of recovery. Both HIIT and CT exhibited a greater %HRpeak and time ≥ 90 %HRpeak than
SIT (p < 0.05). Blood lactate and rating of perceived exertion were higher in response to SIT and
HIIT vs. CT (p < 0.05); however, there were no differences in enjoyment (p > 0.05). No differences
were exhibited in any variable assessed along 24 h post-exercise between conditions (p > 0.05). These
data suggest that HIIT and CT accumulate the longest duration at near maximal intensities, which is
considered a key factor to enhance VO2max.

Keywords: high-intensity interval training; sprint interval training; continuous training; fatigue; recovery

1. Introduction

For many decades, the efficacy of interval training in human wellness has consistently
been shown [1]. There are two distinct categories of interval training, consisting of high-
intensity interval training (HIIT), which involves submaximal efforts near the workload
associated with maximal heart rate or oxygen uptake, and sprint interval training (SIT),
which involves supramaximal bouts requiring “all-out” effort [2]. Both training modalities
induce similar physiological adaptations to continuous training (CT) with a lower training
volume [1]. Despite the many well-documented benefits of HIIT and SIT on various indices
of cardiometabolic health [1], many interval regimens require extremely demanding efforts
that may elicit negative perceptions (e.g., Tabata protocol and Wingate-based SIT) [3,4] that
could be impractical for non-athletic populations.

Since the level of self-efficacy, motivation, and enjoyment are predictors of physical
activity participation (PA) [5], it has been suggested that reducing bout duration elicits
more positive affective responses [4]. This is a great advantage of modified SIT which has
been shown to significantly improve the cardiometabolic profile in healthy and unhealthy
adults [2,6–8]. In addition, modified SIT requires lower total volume [6,8] which could
mitigate the lack of time indicated as the main barrier to engaging in regular PA [5]. In
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fact, current guidelines recommend small blocks of vigorous PA given that they induce
several health benefits [9]. However, most interval training regimens are conducted in
laboratory environments using expensive technology [10] that limit the external validity
of these findings to real-world settings such as the home or workplace where minimal
equipment is available.

Chronic adaptations to exercise training are caused by the accumulation of acute
cardiovascular and metabolic responses [11] which highlights the importance of assessing
the change in variables including heart rate (HR) and blood lactate concentration to exercise.
However, only a few studies have compared differences in these variables in response
to interval training regimens performed outside of a laboratory. Warr-di Piero et al. [12]
recruited a sample of heterogeneous athletes to perform four different regimens of HIIT
with bout durations equal to 10, 50, 90, and 130 s. The results showed greater blood lactate
and rating of perceived exertion in response to longer bouts (i.e., 90 and 130 s) compared
to the shorter efforts. This result is in agreement with data reported by Cipryan et al. [13]
acquired in a laboratory. In healthy subjects, Eigendorf et al. [14] evaluated physiological
responses to SIT, HIIT, and CT having identical mean power output. This study showed
no significant difference between conditions in oxygen consumption (VO2), respiratory
exchange ratio, or plasma ammonia concentration. Nevertheless, the exercise duration was
substantial (~75 min), reducing its applicability in untrained populations.

Besides the acute responses to exercise, latent physiological responses also influence
training adaptations. In addition, the magnitude of delayed-onset muscle soreness (DOMS)
in the days following exercise may impair adherence to PA, particularly in sedentary
adults [15]. Nevertheless, a recent study by Farias-Junior et al. [16] in overweight men
showed no alterations in numerous markers of muscle damage and inflammation 48 h
after HIIT and CT matched for volume. Yet, to the best of our knowledge, there are no data
concerning changes in variables including sleep, mental stress, or neuromuscular function
in response to time-matched exercise regimens completed using accessible equipment in
field conditions. At present, it has been suggested that heart rate variability (HRV), jump
performance, and psychometric questionnaires are reliable and practical non-invasive
measurements to elucidate the overall recovery status from prior exercise [17].

Thus, the aim of this study was to compare acute physiological and psychological
responses to three different field-based exercise protocols with identical total duration yet
different structure, and additionally, to observe changes in various markers of recovery
for 24 h post-exercise employing affordable tools. Our hypothesis is that no differences
in HR values and recovery status will be evident between conditions due to the similar
exercise workload.

2. Materials and Methods
2.1. Subjects

Twelve healthy adults (range 20–40 yr; 8 males, 4 females) participated in the study
during November/December 2019 (Table 1). The inclusion criteria were: (1) absence
of musculoskeletal injuries and cardiometabolic risk factors; (2) highly physically active
according to the short IPAQ; (3) not consuming any nutritional supplements, drugs, or
tobacco products; (4) not competing professionally in any sport; and (5) previous experience
in intense exercise training. Participants were instructed to abstain from PA and alcohol
consumption for 48 h before all sessions and also to avoid stimulating drinks (e.g., coffee,
mate, etc.) in the morning/afternoon of each session. In addition, they were asked
not to change lifestyle habits (e.g., work, sleep, food, etc.) throughout the experiment.
Prior to involvement, all procedures, potential risks, and benefits were fully explained
to participants and subsequently, they provided their informed consent. This study was
carried out in accordance with the principles stipulated in the Declaration of Helsinki of
1975, revised in 2013.
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Table 1. Participants’ characteristics.

Variable

Age (yr) 25.9 ± 5.6
Height (cm) 173.2 ± 7.6
Weight (kg) 66.3 ± 7.3

BMI (kg·m−2) 22.1 ± 1.8
Body fat mass (%) 19.0 ± 7.6

Body skeletal muscle mass (%) 38.5 ± 5.8
HRrest (beat·min−1) 55 ± 5

HRpeak SRT (beat·min−1) 200 ± 9
VO2max SRT (mL·kg−1·min−1) 50.9 ± 5.4

BMI = body mass index; HRpeak = peak heart rate; HRrest = rest heart rate; VO2max = maximum oxygen consump-
tion; SRT = shuttle run test. Data are mean ± SD.

2.2. Study Design

This study adopted a randomized crossover design that consisted of one session
to measure various physical and morphological variables followed by 3 time-matched
sessions of endurance training (SIT, HIIT, and CT). The design was developed with the
aim of being integrated in real-world circumstances, using low-cost tools that are easy to
employ. All procedures took place on a 400 m outdoor public track. Every session consisted
of different efforts (“all-out”, intermittent submaximal, and continuous submaximal) with
a similar internal load (i.e., HR) and completion of ~9 min of exercise per session, and was
separated by 7 days. All sessions were held on the same days (Monday and Tuesday), time
of day (0800–1100 a.m. and 200–500 p.m.), and season (Spring), with similar environmental
conditions (18–25 ◦C temperature, 40–50% humidity, and 11–20 km·h−1 wind). Dietary
consumption was monitored for 24 h before the first exercise session using diet recalls, and
we requested that participants replicate the same food intake 24 h before the other sessions.
Physiological and psychological responses were monitored during all sessions. In addition,
in the 24 h after each session, various indicators of residual neuromuscular/metabolic
fatigue were monitored to determine the level of recovery/stress. Additionally, incidental
PA and sleep were controlled as possible confounding variables (Figure 1).
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Figure 1. Study design. SRT = shuttle run test; SIT = sprint interval training with 5 s efforts;
HIIT = high-intensity interval training with 15 s efforts; CT = continuous training; HR = heart rate;
HRR = heart rate recovery; OMNI-running = OMNI-running rating of perceived exertion scale;
PACES = physical activity enjoyment scale; HRV = heart rate variability.
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2.3. Procedures
2.3.1. Preliminary Assessments

In the first session, the participants completed the short IPAQ followed by anthro-
pometric measurements. Subsequently, the 20-m shuttle run test (SRT) was performed to
estimate VO2max. Finally, they were familiarized with the exercise protocols.

Body Composition

The following anthropometric measurements were recorded: height (cm), weight (kg),
body fat (%), and body skeletal muscle mass (%), utilizing a digital body composition
bioimpedance sensor HBF-514C, OMRON (Kyoto, Japan).

20-m Shuttle Run Test

The SRT is a practical approach to assess cardiorespiratory fitness in non-laboratory
settings without need for sophisticated equipment [18]. The test consists of running for as
long as possible between 2 lines separated by 20 m with a rhythm imposed by audio. The
initial speed was equal to 8.5 km·h−1 and was increased by 0.5 km·h−1 every minute. The
speed obtained in the last stage is considered as the maximal aerobic speed. The end of the
test is determined when the distance of 20 m cannot be covered in two consecutive efforts.
The HR was monitored during the test using a telemetric system Firstbeat Technologies Ltd.
(Jyväskylä, Finland). Peak heart rate (HRpeak) was registered and VO2max was estimated
according to the formula proposed by Leger and Gadoury [18] (VO2max = (6 ×maximal
aerobic speed) − 27.4).

Familiarization

Participants were familiarized with the psychological scales and neuromuscular func-
tion tests by completing 2–3 repetitions of each test. Additionally, they were familiarized
with the three exercise protocols as they completed 1 min of CT at ~85% HRmax (estimated
according to: 220 minus age), two to three 15 s bouts of HIIT at ~90% HRmax (same as CT),
and two 5 s bouts of SIT.

Exercise Protocols

The warm-up included 3 min of running at a self-selected pace. Total time for every
mode was ~14 min. The CT and HIIT bouts were prescribed at intensities equal to 85 and
90% of the HRpeak. During each session, HR was instantaneously monitored and feedback
was provided so that the subjects maintained the target intensity. Previously, our group
identified that HR was equal to ~90% HRmax in response to a very similar modified SIT
protocol as the one used in the current study [19]. During SIT, participants were instructed
to run as fast as they could for 5 s. After every repetition of HIIT and SIT, passive pauses
were used to facilitate recovery [11], and then participants were warned by a sound signal
to run in the opposite direction. The characteristics of these protocols are described in
Table 2.

2.3.2. Physiological and Psychological Assessments in the Three Exercise Protocols
External and Internal Load

Throughout all exercise regimens, the distance achieved was quantified by placing
landmarks every 5 m on the track, and an investigator individually followed each partici-
pant to record the distance run.

Internal load of the sessions was determined using HR data collected with chest straps
Firstbeat Technologies Ltd. (Jyväskylä, Finland) that were later exported to the Firstbeat
Sports software version 4.7.3.1, Firstbeat Technologies Ltd. (Jyväskylä, Finland). The
intensity descriptors selected were maximal (HRmax), mean (HRmean), minimum (HRmin),
percent peak HR (%HRpeak), time ≥ 70 %HRpeak (i.e., between 70 and 80% of the HRpeak),
time ≥ 80 %HRpeak (i.e., between 80 and 90% of the HRpeak), and time ≥ 90 %HRpeak (i.e.,
between 90 and100% of the HRpeak).
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HR Recovery (HRR)

The relative HRR was defined as the difference between HR registered at the end of
exercise (HRend) and after 30, 60, 90, and 120 s of recovery (i.e., HR∆30s, HR∆60s, HR∆90s,
and HR∆120s). This variable was recorded as the subjects walked at ~4 km·h−1, similar to
a previous study [20].

Blood Lactate Concentration

Fingertip blood samples (15 µL of blood) were collected pre- and 4 min post-exercise
using disposable lancets and placed in reagent strips for subsequent analysis with a portable
lactate analyzer Accutrend, Roche Diagnostics (Basel, Switzerland).

Affective Valence, Rating of Perceived Exertion, and Enjoyment

The Feeling scale was employed pre- and immediately post-exercise to measure the
affective valence (pleasure and displeasure), ranging from −5 (very bad) to +5 (very
good) [21]. To determine perceived exertion pre- and immediately post-exercise, the OMNI-
running rating of perceived exertion scale (OMNI-running) was used [22]. This scale
was validated for adults during walking/running exercise and is easier to interpret and
apply than the classic Borg scale (6–20). The physical activity enjoyment scale (PACES)
is traditionally used to characterize the level of enjoyment induced by exercise. In the
present study, a valid and reliable Spanish short version was completed immediately
post-exercise [23].

Table 2. HR response for the training protocols.

Variable SIT HIIT CT

Total exercise duration
(min) 13.75 13.75 13.75

Exercise duration (min) 8.75 8.75 8.75
Number of efforts 14 18 1
Work/recovery (s) 5/35 15/15 None

Intensity all-out ~90 %HRpeak ~85 %HRpeak
Distance (m) 428.8 ± 27.4 * 1318.4 ± 112.9 † 1784.5 ± 192.6

HRmax (beat·min−1) 177 ± 10 185 ± 10 † 182 ± 8
HRmean (beat·min−1) 166 ± 10 * 175 ± 8 173 ± 8
HRmin (beat·min−1) 146 ± 15 148 ± 18 134 ± 17

time ≥ 70 %HRpeak (s) 114 ± 100 30 ± 32 18 ± 29
time ≥ 80 %HRpeak (s) 384 ± 99 300 ± 141 414 ± 143
time ≥ 90 %HRpeak (s) 30 ± 58 ‡ 180 ± 141 90 ± 156

HRend (beat·min−1) 168 ± 12 182 ± 10† 174 ± 8
HR∆30s (beat·min−1) 14 ± 8 15 ± 5 18 ± 11
HR∆60s (beat·min−1) 27 ± 9 30 ± 10 36 ± 13
HR∆90s (beat·min−1) 36 ± 11 * 49 ± 7 50 ± 11
HR∆120s (beat·min−1) 46 ± 13 ‡ 59 ± 6 53 ± 10

SIT = sprint interval training with 5 s efforts; HIIT = high-intensity interval training with 15 s efforts; CT = con-
tinuous training; HR = heart rate. Data are mean ± SD. * p < 0.05 vs. HIIT and CT. † p < 0.05 vs. SIT and CT.
‡ p < 0.05 vs. HIIT.

2.3.3. Acute and Delayed Recovery Response
Heart Rate Variability (HRV)

To assess HRV, the participants were oriented comfortably in the supine position
and requested to breathe normally and avoid any kind of movements throughout data
acquisition. The subjects remained in this position for 2 min pre- and post-exercise, and
6 and 24 h post-exercise. For the analysis, Firstbeat Sports software version 4.7.3.1, First-
beat Technologies Ltd. (Jyväskylä, Finland) was adopted, and only the second minute
of recording was analyzed because the first minute is considered a stabilization period.
This type of recording has been used to assess autonomic regulation accurately in a field
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environment [24]. The variable selected was the root mean square of successive differ-
ences between R-R intervals (RMSSD), established as the strongest indicator to monitor
autonomic balance [17].

Neuromuscular Function

To observe the neuromuscular function, the PUSH band version 2.0 PUSH Inc. (Toronto,
ON, Canada) was employed with waist belt secured properly. The PUSH is a portable
device based on a triaxial accelerometer and gyroscope that register samples at 1000 Hz,
transforming them into one 200 Hz signal. This device was created to track the velocity
of movement during a variety of strength exercises and shows adequate validity and
reliability [25]. Two tests were chosen to assess the impact of the different exercise regimens
on neuromuscular function. First, the countermovement jump (CMJ) was performed, given
that it is a validated technique to determine lower-body power [26]. Second, the reactive
strength index (RSI) was evaluated through completion of 10 continuous rebound jumps to
assess the capacity of reactive strength. The RSI 10/5 stiffness was considered, including
only the best 5 jumps [27]. The CMJ and RSI tests were performed before, 4 min post-
exercise, and 6 and 24 h post-exercise. In the case of the CMJ, the average of 2 repetitions
separated by 1 min recovery was analyzed, while in the case of RSI, only 1 repetition
was analyzed.

Hooper Index

The Hooper index is an ecological method to assess general parameters of recovery
and wellness for athletes [28]. This psychometric questionnaire is based on ratings relative
to fatigue, stress level, muscle soreness, and sleep quality, scored on a seven-point Likert
scale with 1-point increments scores of 1–7, with 1 and 7 representing very, very low (very,
very good in the case of sleep) and very, very high (very, very bad in the case of sleep),
respectively. The Hooper index was administered pre-, immediately post-exercise, and 6
and 24 h post-exercise in all conditions.

Incidental PA

Incidental PA was monitored by accelerometry GT3X, ActiGraph, LCC. (Pensacola,
FL, USA) 48 h before and 24 h after completion of each exercise condition. Subjects were
instructed to wear the device on their non-dominant wrist, and to only remove it for any
aquatic activity. Analysis days were included when ≥ 10 h·day of recording was attained.
The daily energy expenditure (EE) and incidental PA patterns were calculated, applying an
epoch of 1 s and a frequency of 100 Hz, with the Freedson’s algorithm for cutoff points:
(1) light, <1951 counts·min; (2) moderate, 1952–5724 counts·min; (3) vigorous, 5725–9498
counts·min; and (4) very vigorous, >9499 counts·min [29]. All estimations were completed
in manufacturer software ActiLife version 6.13.4, ActiGraph, LCC. (Pensacola, FL, USA).

Sleep

Sleep indicators were calculated 48 h before (i.e., 2 nights) and 24 h after (i.e., 1
night) for each condition, utilizing accelerometry GT3X, ActiGraph, LCC. (Pensacola, FL,
USA) with an epoch of 60 s based on the Cole and Kripke algorithm [30]. All estimations
were performed using manufacturer ActiLife version 6.13.4, ActiGraph, LCC. (Pensacola,
FL, USA).

2.4. Statistical Analysis

Sample size was defined with the following input parameters in G*Power version
3.1.9.7, Düsseldorf University https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-
psychologie-und-arbeitspsychologie/gpower (Düsseldorf, Germany): (1) F test for one group
and three measurements; (2) effect size of 0.45; (3) a-value of 0.05; (4) statistical power of
0.80; and (5) correlation between measures of 0.5. The calculated sample size was 10.
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Data are presented as mean ± SD. Normality was assessed by means of standard
distribution measures, visual inspection of Q–Q plots, box plots, and the Shapiro–Wilk
test. Variables with a non-normal distribution were log-transformed for analysis. Where
normalization was not possible, non-parametric methods were used. One-way repeated
measures ANOVA was conducted to examine differences in select variables (i.e., distance,
HR, HRR, PACES, etc.) during the three sessions. In addition, this technique was used
to compare changes in incidental PA and sleep (before 48 h and after 24 h). A series of 2
(time equal to pre- and post-) × 3 (condition equal to SIT, HIIT, and CT) two-way repeated
measures ANOVA was performed to assess differences in blood lactate. Additionally, the
same analysis with a 4 × 3 model was used to assess differences across time (pre-, post-,
post-6 h, and post-24 h) and condition (SIT, HIIT and CT) for the evaluation of HRV and RSI.
Mauchly’s sphericity was tested and if sphericity could not be assumed the Greenhouse–
Geisser correction was used. When required, pairwise comparisons were conducted using
Bonferroni’s corrections. In the case of non-normally distributed variables (OMNI-running,
Feeling scale, CMJ, and Hooper index) an analysis with non-parametric techniques was
applied using the Friedman rank sum test with post-hoc Nemenyi. Effect sizes were
calculated using np

2 in order to examine the magnitude of the differences between the three
sessions. For non-parametric variables, the Kendall’s W coefficient (k) was used as the
measure of the Friedman test effect size. Cohen’s d (for normal variables) and r = z/

√
N (for

non-normal variables) were calculated for ES analyses representing ≤ 0.20 as a small effect,
0.50 as a medium effect, and ≥0.80 as a large effect. Parametric statistics were performed
with IBM SPSS version 23.0 (Armonk, NY, USA) and non-parametric statistics with R (R
Core Team, 2018). In all cases, the alpha level was set at p < 0.05. All graphics were made
with GraphPad Prism version 6.01 (San Diego, CA, USA).

3. Results

One female participant withdrew from the study due to time constraints. Additionally,
data from one female participant were not considered since in one session, the HR signal
was not detected. All other participants were able to complete the three training conditions.

3.1. External and Internal Load
3.1.1. HR

The completed distance was significantly different (p < 0.001; np
2 = 0.98) across all

conditions (p < 0.001) (Table 2). Significant differences were detected in HRmax (p < 0.001;
np

2 = 0.57) as it was higher in HIIT vs. SIT (p = 0.050; d = 0.80) and CT (p = 0.027; d = 0.33).
In addition, the results show that HRmean and %HRpeak (p < 0.001; np

2 = 0.60) were lower
in SIT than HIIT (p = 0.003; d = 0.99) and CT (p = 0.029; d = 0.77) (Figure 2A), although there
was no difference in the HRmin (p = 0.105; np

2 = 0.22). For time ≥ 70 %HRpeak, a significant
difference was found (p = 0.032; k = 0.34) although post-hoc analyses showed no differences
between means (p > 0.05). For time ≥ 80 %HRpeak, no significant difference was shown
(p = 0.196; k = 0.16) but for time ≥ 90 %HRpeak, a significant difference between conditions
occurred (p = 0.017; k = 0.40) as it was lower in SIT than HIIT (p = 0.011; r = 0.80) (Table 2).

3.1.2. HRR and Blood Lactate

The results show a significant difference in HRend (p ≤ 0.001; np
2 = 0.57) that was

higher in response to HIIT than SIT (p = 0.002; d = 1.26) and CT (p = 0.031; d = 0.88). A
significant difference was observed in HR∆90s (p = 0.002; np

2 = 0.51) that was lower in SIT
vs. HIIT (p = 0.031; d = 1.41) and CT (p = 0.002; d = 1.27). Moreover, a significant difference
was identified in HR∆120s (p = 0.007; np

2 = 0.43) that was lower in response to SIT vs. HIIT
(p = 0.018; d = 1.28). No differences were observed in HR∆30s (p = 0.517; np

2 = 0.10) or
HR∆60s (p = 0.070; np

2 = 0.26) across conditions (Table 2).
Significant condition (p < 0.001; np

2 = 0.65), time (p < 0.001; np
2 = 0.92), and condition×time

interaction (p < 0.001; np
2 = 0.65) effects were identified for blood lactate. Post-hoc outcomes

revealed higher post-exercise values vs. pre- in SIT (p < 0.001; d = 3.71), HIIT (p < 0.001;
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d = 3.21), and CT (p < 0.001; d = 2.10). Additionally, higher post-exercise values occurred in
SIT (11.5 ± 3.4 mmol L−1; p < 0.001; d = 2.26) and HIIT (10.6 ± 3.7 mmol L−1; p = 0.005;
d = 1.80) than CT (5.4 ± 1.7 mmol L−1). These data are shown in Figure 2B.
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3.1.3. Affective Valence, Perceived Exertion, and Enjoyment

Significant main effects of condition (p = 0.030; k = 0.37), time (p = 0.020; k = 0.54),
and a training×time interaction (p < 0.001; k = 0.54) were identified for the Feeling scale.
Post-hoc analysis identified differences in affective valence during HIIT (p = 0.009; r = 0.89)
and lower post-exercise values in HIIT versus CT (p = 0.020; r = 0.80) (Figure 3A).

There were significant main effects of condition (p = 0.007; k = 0.50), time (p = 0.002;
k = 1), and training×time interaction (p < 0.001; k = 0.85), indicating a different pattern
in response to the three regimens for OMNI-running. Pairwise comparisons showed
differences in pre- vs. post- for SIT (p = 0.002; r = 0.89) and HIIT (p < 0.001; r = 0.88). No
inter-conditions differences were found at any time (p > 0.05) (Figure 3B).

No differences in PACES were observed between conditions (p = 0.734; np
2 = 0.034)

(Figure 3C).

3.2. Acute and Delayed Recovery Response
3.2.1. HRV

There were significant main effects of time (p < 0.001; np
2 = 0.91) and training×time

(p = 0.011; np
2 = 0.26) for lnRMSSD. Pairwise comparisons revealed decrements in post-

exercise measures for SIT (p < 0.001; d = 4.31), HIIT (p < 0.001; d = 4.63), and CT (p < 0.001;
d = 2.71) and lower values than the other time points (p < 0.01). No differences between
conditions were found at any time point (p > 0.05) and there was no main effect of condition
(p = 0.875; np

2 = 0.01) (Figure 4).

3.2.2. CMJ and RSI

Significant main effects of time (p = 0.002; k = 0.49) and training×time (p = 0.002;
k = 0.26) interaction were noted, yet post-hoc tests showed no differences between means.
No main effect of training was observed (p = 0.120; k = 0.21) (Figure 5A). The results show
no main effects of training, time, or training×time interaction (p > 0.05; np

2 ≥ 0.22) for RSI
(Figure 5B).
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3.2.3. Hooper Index

Regarding fatigue, significant training (p = 0.007; k = 0.50), time (p < 0.001; k = 0.63), and
training×time interaction (p < 0.001; k = 0.50) effects were identified. Paired comparisons
showed a difference between pre- vs. post-exercise for SIT (p = 0.005; r = 0.89) and HIIT
(p = 0.010; r = 0.84). Regarding stress, significant time (p = 0.020; k = 0.34) and training×time
interaction (p = 0.004; k = 0.25) effects were detected, without a main effect of training
(p = 0.140; k = 0.19). Neither paired differences were found (p > 0.05). Regarding muscle
soreness, significant time (p = 0.002; k = 0.51) and training×time interaction (p = 0.002;
k = 0.27) effects were observed, without a main effect of training (p = 0.070; k = 0.27). Neither
paired differences were noted (p > 0.05). Regarding sleep quality, no effect was detected
(p > 0.05; k ≥ 14).

3.2.4. Incidental PA and sleep

No differences were detected before and after for all parameters of incidental PA
(p > 0.05; np

2 ≥ 0.26) or sleep (p > 0.05; np
2 ≥ 0.024) (Table 3).

Table 3. Incidental PA and sleep for the training protocols.

SIT HIIT CT SIT HIIT CT

Variable Before 48 h After 24 h

INCIDENTAL PA
Kcal·day−1 717.5 ± 185 842.4 ± 300.1 849.7 ± 239.2 1138 ± 351.5 1303.4 ± 418.3 1218.9 ± 458.6

%sedentary domain 74.6 ± 5.5 70.6 ± 9.9 68.1 ± 7.2 69.6 ± 5.7 65.8 ± 6.3 68.3 ± 6.4
%light domain 13.6 ± 3 15.4 ± 4.7 17.3 ± 3.1 15 ± 4.9 16.2 ± 3 15.1 ± 3.7

%MVPA domain 11.8 ± 3 14 ± 5.8 14.6 ± 4.9 15.5 ± 1.2 18 ± 4.5 16.6 ± 3.2
SLEEP

Efficiency 88.1 ± 5.9 89.2 ± 4.3 90 ± 3.3 89.8 ± 5.1 91.6 ± 4.4 89.6 ± 5.3
TST 365 ± 76.4 373.9 ± 106.2 366.4 ± 68.5 360.1 ± 90.3 317.3 ± 82.2 349.2 ± 85.6

WASO 49.8 ± 26.6 43.9 ± 16.5 38.6 ± 18.9 43 ± 24.3 27.8 ± 11.5 37.7 ± 17.8
Nºawakenings 17.6 ± 6.6 19.5 ± 6.5 16.8 ± 7.8 18.8 ± 11.4 15.1 ± 6 17.7 ± 8.6

SIT = sprint interval training with 5 s efforts; HIIT = high-intensity interval training with 15 s efforts; CT = continuous training; MVPA = mod-
erate vigorous physical activity; WASO = wake after sleep onset; TST = total sleep time. Data are mean ± SD.

4. Discussion

This is the first study that compared acute and delayed responses of time-matched
interval training regimens utilizing brief efforts vs. continuous exercise in real-world
settings. Our results show no significant differences between HIIT and CT in HRmean
and time ≥ 90 %HRpeak, yet these outcomes are lower in response to SIT. Second, blood
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lactate concentration and perception of effort were higher in SIT and HIIT than CT. Third,
no differences between protocols were detected in acute fatigue and general recovery
status over 24 h, suggesting that brief bouts of interval exercise or vigorous exercise do not
interfere with subsequent recovery.

Data from many recent reviews demonstrate that low-volume interval training is
effective to enhance cardiorespiratory fitness, glycemic regulation, and body fat [2,8].
However, to date there is still a lack of results elucidating responses to different interval
training protocols in relation to CT, since most studies compare regimens having dissimilar
exercise load [31]. Obtaining a better understanding of acute responses to these regimens is
important, as different iterations of peak workload, bout number, intensity, duration, mean
workload, and intensity and duration of recovery may elicit specific acute disturbances of
homeostasis that in turn promote specific physiological adaptations [32].

It has been suggested that for exercise training to improve central and peripheral fac-
tors associated with O2 transport and utilization, participants should exercise at intensities
near VO2max and spend at least several minutes at this target intensity [11]. In elite cyclists,
Almquist et al. [33] compared acute responses to brief (30 s) vs. long intervals (5 min)
having the same volume and work:rest ratio. Their results show that brief intervals led
to a 14% higher mean power output and 153% longer duration above 90% HRpeak. Our
data show that 15 s bouts of HIIT elicited the highest HR throughout the session in the
form of a greater %HRpeak (+5%) and longest duration running at intensities ≥ 90 %HRpeak
(+500%) (Figure 2 and Table 2). Furthermore, HIIT and CT revealed similar HRmin and
HRmax values, suggesting that both sessions elicit the same cardiorespiratory intensity
despite different running velocity. These findings coincide with the information presented
by Tschakert et al. [34] and propose that reduced durations of effort have a greater ability
to stabilize cardiac function.

During intense, brief efforts of exercise, including HIIT and SIT, the contribution of
phosphagen and glycolytic metabolism is high. When recoveries are too brief and/or
VO2 kinetics are slowed, oxymyoglobin availability is attenuated [35]. Such a situation
of “partial hypoxia” may lead to a decline in PCr concentrations and to an increase in
anaerobic glycolysis towards ATP supply. Our data support this idea, as SIT and HIIT
elicit similar blood lactate values that are higher compared to CT (Figure 2) with a large
effect size (≥ 1.80), despite equal exercise duration. Our outcomes are supported by those
obtained in active men and women performing lab-based cycling [36]. A likely mechanism
explaining this result is the higher recruitment of type IIx glycolytic muscle fibers required
by both interval regimens. Similar findings were observed by Eigendorf et al. [14], who
compared three exercise approaches at 50% maximal power output (SIT 6 s work × 24 s
rest: 33 min; HIIT 30 s work × 30 s rest: 38 min; CT: 45 min). Furthermore, our protocols
showed a lesser blood lactate accumulation than a remarkable number of previous designs
that applied SIT or HIIT [11]. Overall, reduced durations of effort, regardless of the exercise
modality used (i.e., cycling or running), seem to rely more on oxidative metabolism with
less dependence on glycolytic metabolism, attenuating the residual fatigue [12,13,19,34,37].

The pleasure:displeasure and enjoyment experienced during exercise could be a
predictor of future engagement in exercise programs [5]. When exercise intensity surpasses
the workload associated with the anaerobic threshold, affective valence declines regardless
of total work completed [38]. In this regard, some studies have compared the psychological
responses to interval training vs. CT matched for internal and external parameters. For
example, Jung et al. [39] documented that HIIT (10 bouts of 1 min at ~100% × 1 min
at ~20% maximal power output) was more enjoyable and preferable than CT (20 min
at 80% maximal power output) and CT (40 min at 40% maximal power output) despite
a more aversive response. In contrast, Oliveira et al. [40] observed a lower affective
valence in response to HIIT vs. CT at the same average intensity (85% of respiratory
compensation point). Similarly, Saanijoki et al. [41] indicated that perceived exertion and
arousal was more negative after Wingate-based SIT vs. CT. However, Oliveira et al. [40]
and Saanijoki et al. [41] employed relatively high-volume regimens of HIIT (2 min) and
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SIT (30 s) which induce marked disruptions of homeostasis. Another study that exhibited
more positive affective valence did require very short efforts (5 s) [4]. Interestingly, we
found that 15 s bouts of HIIT show the most aversive response (Figure 3) and a significant
post-effort sensation of fatigue (effect size = 0.84). Despite these differences, no difference
in enjoyment was reported, supporting previous data [36,40]. Alternatively, it could be
that the PACES scale is cognitive, and affective valence is not, and is more reflective of
an more instantaneous perception of exercise. The opponent-process theory states that
pleasant affective states are easier to achieve after adverse physical stimulus, as a kind
of reward mechanism [42]. This may be linked to the release of chemical modulatory
neurotransmitters associated with pleasure and decreased anxiety [40]. Moreover, the
intermittent nature of interval training induces a “rebound effect” that generates a better
balance of pleasure [39]. However, we did not detect differences in affective valence pre-
exercise, given that 62% of the change in psychological variables in response to SIT and
HIIT was explained by baseline values [43]. Therefore, it can be argued that the format
of interval training protocols implemented in our study (HIIT and SIT) does not harm
tolerance or perceptual response. However, chronic studies are necessary to further explore
this hypothesis. In this sense, present findings indicate that self-paced HIIT can induce
greater physical enjoyment than CT in active young adults [44].

In order to optimize responses to exercise training, it is important to monitor fatigue,
fitness, or performance adaptations [17]. Heart rate variability is a non-invasive metric
that can be applied daily in large groups to assess the magnitude of physiological recovery
using cardiac autonomic balance [17]. It is evident that interval training sessions should be
conducted when vagal HRV indicators are high, when they return to baseline, or even when
they exceed values from baseline assessments [11]. We observed that lnRMSSD, which
represents the vagal influence on autonomic control, is similar over the 24 h after completion
of SIT, HIIT, and CT. In fact, differences only were noted for all conditions immediately post-
exercise (Figure 4). Although greater anaerobic metabolism occurs during SIT and HIIT, this
phenomenon was not reflected in sympathovagal balance. Likewise, no differences were
observed in any variable between protocols 6 and 24 h post-exercise, which is attributed to
the low-time commitment of these sessions leading to a relatively rapid recovery.

One interesting finding was the lack of difference in CMJ and RSI post-exercise
(Figure 5). These tests can be used to assess potential reductions in neuromuscular function
and onset of residual fatigue in field conditions. The results suggest that low-volume,
intense exercise sessions having distinct stimuli and structure (i.e., “all-out”, intermittent
submaximal, and continuous submaximal) do not impair the capacity of subsequent
muscular contraction. Similarly, our group reported that a ~12 min session of 5 s sprints
did not mitigate subsequent performance in a vertical jump test in healthy active males [19].
Previously, others demonstrated that the small training workload of HIIT and CT did
not increase markers of muscle damage and inflammation 48 h post-exercise [16]. Thus,
low-volume regimens as completed in the present study may be useful to implement in
active adults who choose concurrent training or exercise twice daily, as these bouts do not
seem to reduce subsequent neuromuscular function.

Our results from the Hooper index show no significant changes in the general recovery
time-course patterns for any regimen. Previously, an association between changes in
lnRMSSD and Hooper index has been reported in sub-elite athletes during subsequent
days to the competition [45], suggesting that this approach could be an easy way to quantify
global psychophysiological stress. Overall, affordable and practical tools such as HRV,
jump performance, and psychometric questionnaires could help practitioners and coaches
monitor acute and delayed metabolic responses and onset of functional overreaching after
different exercise protocols. Additionally, there were no differences from pre- to post-
exercise in multiple indicators of sleep quality and daily PA, which is likely due to the
low-volume of our regimens. These variables are paramount to consider since they can
significantly influence internal and external responses allowing return to homeostasis.
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This study has some limitations that must be considered. First, HR during interval
exercise may have a faster kinetic response than VO2 and other physiological mechanisms,
including acidosis; thus, it may not be the most robust marker for monitoring exercise
intensity [17]. However, due to the development of wearable technology, HR can be an
useful indicator of internal load, since the perception of effort may not be accurate in
inactive adults. Second, variables related to the recovery status were only monitored
for a single day after exercise, so we do not know how these variables would change if
assessed over an extended period. However, our participants regularly engaged in team
sports, resistance training, and endurance exercise, which may have conditioned their
psychological or physiological responses. Third, our sample was small, physically trained,
and included predominantly men, so these findings cannot be generalized to higher volume
protocols, women, or inactive populations.

5. Conclusions

Our findings suggest that brief bouts of HIIT and CT with a low-time commitment
(~14 min) elicit a substantial cardiorespiratory demand ≥ 90 %HRpeak that is superior to
that induced by SIT. Moreover, our data support those from laboratory-based protocols
requiring cycling or running and demonstrate that track-based HIIT consisting of repeated
brief efforts can elicit the intense characteristics of interval training while being more
accessible to the general population. As a high contribution of anaerobic metabolism
attendant with HIIT and SIT could generate more aversive psychological responses, it is
advisable to start a training program with a few brief efforts (i.e., 4–6) and then gradually
increase bout duration or number. Additionally, it is necessary to examine these training
models under unsupervised circumstances, seeking to progress on real-world conditions
that are truly scalable in the long-term. Finally, strength and conditioning coaches have
to take into account that when endurance exercise sessions are reduced (i.e., < 15 min),
regardless of the type of stimulus (SIT, HIIT, or CT), the recovery process can be completed
quickly (~6 h).
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Abstract: Resistance exercise with devices offering mechanisms to isolate the lumbar spine is effective
to improve muscle strength and clinical outcomes. However, previously assessed devices with these
mechanisms are not conducive for home exercise programs. The purpose of this study was to assess
the surface electromyographic (EMG) activity of the lumbar extensor muscles during dynamic exercise
on a home back extension exercise device. Ten adults (5 F, 5 M) performed dynamic lumbar extension
exercise on a home device at three loads: 1.00 × body weight (BW), 1.25 × BW and 1.50 × BW. Surface
EMG activity from the L3/4 paraspinal region was collected. The effect of exercise load, phase of
movement, and position in the range of motion on lumbar extensor EMG activity (normalized to %
maximum voluntary isometric contraction) was assessed. Lumbar extensor EMG activity significantly
increased from 1.00 BW to 1.50 BW loads (p = 0.0006), eccentric to concentric phases (p < 0.0001),
and flexion to extension positions (p < 0.0001). Exercise using a home back extension exercise
device progressively activates the lumbar extensor muscles. This device can be used for home-based
resistance exercise programs in community-dwelling adults without contraindications.

Keywords: low back pain; electromyography; exercise training; home exercise program; virtual care

1. Introduction

Low back pain is common, costly, disabling, and greatly impacts the quality of life
of adults around the world [1,2]. Hundreds of treatment options are available for low
back pain, many of which have only modest results [2]. Physical exercise is typically
recommended as an effective prevention and treatment strategy for low back pain [2].
Among the options for therapeutic exercise, progressive resistance exercise using back
extension machines that isolate the lumbar spine has a relatively large body of evidence to
support safety, and ability to improve physical function and reduce disability [3].

The premise behind use of these machines is that isolating the lumbar spine through
various restraint mechanisms forces the lumbar extensor muscles (e.g., multifidus, erector
spinae) to be the primary producers of torque during compound trunk extension, thereby
limiting the input of the more powerful gluteal and hamstring muscles [4,5]. This strategy
has been shown to effectively activate the lumbar extensors and other trunk extensor
muscles [6,7]. Progressive resistance exercise training on these devices has been shown
to result in large strength gains in healthy adults [4,5], and relieve symptoms and restore
functional capacity in individuals with chronic low back pain [3,8–10]. Existing back
extension machines that stabilize the pelvis in the seated position and allow for gradual
loading of lumbar extensors are intended for in-clinic use, which requires face-to-face
interactions with a therapist or trainer. The computerized lumbar extension dynamometer
(MedX, Altamonte Springs, FL, USA) is an example of such a machine. Despite its benefits,
it is relatively costly, is not portable, has a large footprint [3], and is not intended for home

J. Funct. Morphol. Kinesiol. 2022, 7, 26. https://doi.org/10.3390/jfmk7010026 https://www.mdpi.com/journal/jfmk



J. Funct. Morphol. Kinesiol. 2022, 7, 26

use. Therefore, the development of portable, cost-effective, and efficacious back extension
exercise devices is needed to foster home exercise programs.

The demand for implementation of virtual solutions to deliver exercise programs
for the management of low back pain is increasing, and the COVID-19 pandemic has
provided an impetus to explore such solutions. A recent systematic review found that
telehealth is safe and effective for the management of non-acute low back pain [11]. A
recent observational study found that virtual care focusing on exercise for managing low
back pain resulted in similar improvements in function and pain reduction compared to
in-clinic programs [12]. Moreover, another recent observational study found benefits of
virtual physical therapy in terms of patient satisfaction and improving access to care [13].
However, the overall body of evidence on virtual care is minimal and no standard exists
for home-based exercise delivery, particularly for programs focusing on progressive resis-
tance exercise training. Thus, implementation of progressive resistance exercise programs
delivered virtually has been limited for managing low back pain.

A smaller, portable, and less costly back extension exercise device (MedX Home Back
Device, Converge Medical Technology LLC, Austin, TX, USA) was developed as an alterna-
tive to provide isolated progressive resistance exercise for the lumbar extensors. The device
is intended for home use and is not difficult to implement, administer, and complete exer-
cise sessions. It utilizes body weight and external loads (metal plates—assessed prototype;
resistance bands or hydraulics: current version) to apply resistive loading during back
extension exercise in the seated position. It also incorporates similar mechanisms to isolate
the lumbar spine as the computerized lumbar extension dynamometer (Figures 1 and 2).
However, the ability of the home back extension exercise device to effectively activate the
lumbar extensor muscles and provide progressive loads has not been explored. Therefore,
the purpose of this study was to assess the surface electromyographic (EMG) activity of the
lumbar extensor muscles during full range of motion, dynamic exercise on a home back
extension exercise device at three exercise loads.
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2. Materials and Methods
2.1. Study Design

An observational study with repeated measures was conducted at a clinical facility.
Participants reported to the facility on one occasion during which physical performance
measures and surface EMG data were collected multiple times.

2.2. Participants

A convenience sample of participants were recruited by word of mouth and posted
flyers to include an equal number of males and females. The study’s protocol was reviewed
and approved by Biomed IRB (San Diego, CA, USA) and each participant provided written
informed consent. Inclusion criteria for participation were [7]: 18–45 years of age; good
general health; ability to provide written informed consent. Exclusion criteria were: History
of significant clinical low back pain; history of lumbar spine pathology, deformity, or
surgery; knee or hip disorders contraindicating use of the exercise testing device’s pelvic
restraint mechanisms; cardiovascular or other orthopedic contraindications to resistance
exercise; a “yes” response for any item on the physical activity readiness questionnaire
at screening [14]; history of high blood pressure; resting blood pressure and heart rate
measurements outside of the normal range at screening; current participation in a resistance
exercise program for the back musculature; pregnant females.

2.3. Sample Size Calculation

Sample size was estimated using G*Power 3.1 [15], based on previous work assess-
ing lumbar extensor muscle surface EMG activity during exercise [7,16,17] and the fol-
lowing parameters: 25% increase in mean value from exercise at 1.00 × body weight
(BW) to 1.50 × BW with a standard deviation of approximately 50% of the mean value
(effect size = 0.50), repeated measures, power = 0.80, alpha = 0.05. Based on these parame-
ters, a sample size of n = 10 was adequate.

2.4. Procedures
2.4.1. Participant Selection and Screening

Candidates who responded to recruitment efforts contacted the investigator by tele-
phone. To confirm eligibility, a standardized telephone screening questionnaire was used.
Candidates who were eligible according to the telephone screen were referred to the
study site to complete additional screening procedures. After providing informed consent,
candidates completed a health history questionnaire and the physical activity readiness
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questionnaire [14]. Next, resting blood pressure and heart rate were recorded from eligible
candidates. Finally, females were administered a urine pregnancy test. At this time, eligible
candidates were invited to participate in the study.

2.4.2. Assessment of Isometric Lumbar Extension Strength

Immediately following the screening procedures, height and body weight were
recorded from eligible participants. Next, isometric lumbar extension strength was as-
sessed, which was used to normalize EMG data as a percentage of Maximum Voluntary
Isometric Contraction (%MVIC). For the strength test, the participant was seated in an
upright position on a computerized lumbar extension dynamometer (MedX Corp.) with its
pelvic restraint mechanisms engaged (e.g., lap belt, femur restraint pad, pelvic restraint
pad, footboard). In the seated testing position, the participant was upright with the hips
flexed at approximately 70–80 degrees and in slight internal rotation, and the knees flexed
at approximately 20 degrees. The participant performed two trials of strength tests on the
device—submaximal test and maximal test. After establishing the test position, the par-
ticipant performed light dynamic exercise and submaximal isometric strength tests in the
sagittal plane for familiarization to the isometric testing and dynamic exercise procedures.
For the submaximal isometric strength tests, the participant pushed against the thoracic
pad on the device while using moderate effort. Submaximal testing was performed one
time at three positions—72, 36, and 0 degrees of lumbar flexion, which represents the full
range of motion in the sagittal plane allowed by the testing device. After a 15-min rest,
the participant performed the actual tests to determine maximum voluntary isometric
lumbar extension torque at the same three positions that were used for the submaximal
testing. At each position, the participant gradually built up force against the thoracic pad
(using the trunk extensor muscles) and pushed as hard as possible for approximately one
second. A monitor provided visual feedback of performance and the investigator provided
verbal encouragement for the participant to generate maximum force. Isometric strength
(torque) was recorded electronically by the device in foot-pounds (ft-lb) and converted to
Newton-meters (N-m). This isometric strength testing protocol has been validated and
described in detail [7,18].

2.4.3. Assessment of Dynamic Lumbar Extension Exercise

Following the strength test and a 15-min rest, the participants completed 1 set of full
range of motion dynamic exercise on the prototype version of the home back extension
exercise device (Figure 2A) at 3 exercise loads (3 sets total—1 set at each of 3 exercise loads),
with a 3-min rest between each set. The order of exercise at the 3 loads was balanced across
participants. The exercise loads for the 3 sets were 1.00 times body weight (BW), 1.25 BW,
and 1.50 BW. Loads greater than body weight were accommodated by metal plates that
were attached to the device.

Each set consisted of three repetitions using a slow movement exercise protocol (i.e.,
10 s concentric, 10 s eccentric). For each set of dynamic exercise, the participant was posi-
tioned at full flexion on the device and completed the concentric phase by extending their
low back against the thoracic pad until reaching full pain-free extension. Upon reaching full
extension, the participant completed the eccentric phase by slowly returning to the starting
position. Three repetitions were completed for each set. To standardize the tempo of the
movement, a metronome was used and was set at 60 beats per minute. Information about
adverse events (e.g., muscle soreness) was gathered through verbal subjective reports from
the participants during and after lumbar extension strength tests and dynamic exercises on
the study visit, and during four subsequent days until symptoms resolved.

2.4.4. Instrumentation and EMG Processing

Surface EMG signals were collected from the right and left lumbar paraspinal region at
the L3–4 level during the isometric strength test and each set of dynamic exercise utilizing
techniques adapted from previous work [7,16]. First, the skin was palpated to establish
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landmarks for the regions of interest and was scrubbed with an alcohol pad. Two round
(1.5 cm) self-adhesive, disposable silver/silver chloride, pre-gelled, snap surface electrodes
were placed on the skin surface. The location of electrode placement was 1 cm above
and below the L3–4 interspace over the central portion of the paraspinal muscle belly
bilaterally, which was approximately 2–3 cm from the midline of the spine in the sagittal
plane. Active electrodes were used according to the manufacturer’s recommendations
(Noraxon USA Inc., Scottsdale, AZ, USA) [19,20], and the inter-electrode distance was 2 cm.

Electromyographic signals were collected with a 1000 Hz sampling rate. Characteris-
tics of the differential amplifier were as follows according to the manufacturer’s recommen-
dations [19,20]: bandpass filter: high pass cutoff—10 Hz, low pass cutoff—500 Hz; common
mode rejection: minimum 85 dB at 1000 Hz; input impedance: >10 Megaohm. Prior to
processing, raw EMG data were visually inspected in order to detect noise (e.g., mechanical
or movement artifacts, electrical signals from other sources, such as electrocardiograms and
power lines). Raw EMG data were rectified, smoothed (via root mean square (RMS) tech-
nique with 50 ms interval), filtered (median 5 filtering technique), and normalized (based
on MVIC values obtained from the strength test). Myoresearch v.2.1 software (Noraxon
USA Inc.) was used for EMG data processing and analysis. The reliability of EMG data
collected in a similar manner was shown to be acceptable [7].

2.5. Outcome Measures

The primary outcome measure was lumbar extensor muscle surface EMG activity
expressed as the normalized value in %MVIC. Data obtained from the second repetition of
exercise were used for analysis. The second repetition of exercise was arbitrarily selected
to minimize potential artifacts in muscle activity due to acceleration in the concentric
phase to start the exercise set (i.e., first repetition at its start point) and deceleration at the
eccentric phase to end the exercise set (i.e., third repetition at its end point). Thus, the
second repetition was the most likely repetition to be performed in the desired smooth,
controlled fashion without artifacts. Data were normalized using a previously published
method [7], using the following equation:

%MVIC = (Raw EMG (mV/sec) dynamic exercise/Raw EMG (mV/sec) peak isometric contraction) × 100%

2.6. Data Analysis

Descriptive data (group means and standard deviations) were calculated for normal-
ized EMG (in %MVIC) by exercise load (1.00 BW, 1.25 BW, 1.50 BW), phase of movement
(concentric, eccentric), position in the dynamic range of motion (flexion, mid, extension).
Position in the dynamic range of motion was categorized as approximately 49–72 degrees
for flexion, 25–48 degrees for mid, and 0–24 degrees for extension, which was approxi-
mately equivalent to 3.33-s intervals within each movement phase (concentric, eccentric).
Lumbar extensor muscle surface EMG activity was evaluated for the effect of exercise load
(1.00 BW, 1.25 BW, 1.50 BW), phase of movement (concentric, eccentric), position in range
of motion (flexion, mid, extension) using analysis of variance (ANOVA) with repeated mea-
sures. Post hoc, pairwise comparisons were conducted using Tukey’s procedure, as needed.
Statistical significance was set at alpha = 0.05. Stata 7.0 (Stata Corp., College Station, TX,
USA) statistical package was utilized for all analyses.

3. Results

Participant characteristics and lumbar extension peak isometric torque are shown
in Table 1. Peak torque values were generally within normal limits using normative
data established by the manufacturer [21]. No serious adverse events were reported
following isometric exercise testing on the lumbar dynamometer and dynamic exercise
on the home back extension exercise device. 30% (3/10) of the participants reported
delayed onset muscle soreness (DOMS) in the low back region that peaked 24–36 h after
exercise, disappeared within 96 h, and did not affect physical function. All participants
completed three repetitions of dynamic exercise at the three assigned loads and there was no
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indication that the loads were near maximal effort. 80% (8/10) of the participants displayed
a progressive increase in lumbar extensor muscle surface EMG activity as exercise load was
increased from 1.00 BW to 1.50 BW.

Table 1. Participant demographic characteristics and lumbar extension torque values.

Total (n = 10) Female (n = 5) Male (n = 5)
Variable

Mean SD Mean SD Mean SD

Age (year) 33.0 8.4 29.0 9.5 37.0 5.5
Body Height (cm) 174.0 6.9 170.7 8.1 177.3 3.3
Body Weight (kg) 76.2 18.4 62.3 9.8 90.2 13.4

Peak IM torque (N-m) 392.0 190.5 254.2 95.3 529.9 157.8
Key: Peak IM torque (N-m) = Peak lumbar extension isometric torque in Newton-meters (N-m) assessed on
a dynamometer.

Normalized lumbar extensor muscle surface EMG activity by exercise load, phase
of movement, and position in range of motion is shown in Table 2 and Figure 3. There
was a significant effect of exercise load on lumbar extensor muscle surface EMG activity
[F (2, 9) = 7.77, p = 0.0006]. Post-hoc analysis revealed that EMG activity at an exercise load
of 1.50 BW was significantly greater than 1.00 BW (p < 0.05). There was a significant effect
of phase of movement on lumbar extensor muscle surface EMG activity [F (1, 9) = 31.33,
p < 0.0001], indicating that EMG activity was greater for the concentric phase compared
to the eccentric phase. There was a significant effect of position in range of motion on
lumbar extensor muscle surface EMG activity [F (2, 9) = 30.55, p < 0.0001]. Post hoc analysis
revealed that EMG activity at the extension position was significantly greater than the
mid position and flexion position (p < 0.05), and that EMG activity was greater at the mid
position than the flexion position (p < 0.05).

Table 2. Normalized lumbar extensor muscle surface EMG activity (in % MVIC) during dynamic
exercise on a home back extension exercise device depicted by exercise load, phase of movement, and
position in range of motion.

Exercise Load

1.00 BW 1.25 BW 1.50 BW

Mean SD Mean SD Mean SD

Full Repetition 34.9 16.0 42.1 11.8 47.1 9.8
Concentric Phase:

Full Concentric Phase 41.2 17.9 50.5 16.2 52.8 10.3
Flexion Position 33.0 16.1 36.6 16.6 37.7 11.3

Mid Position 40.1 19.9 50.0 16.3 50.8 8.7
Extension Position 50.4 21.9 65.0 20.7 69.9 16.0

Eccentric Phase:
Full Eccentric Phase 28.7 16.0 33.6 12.7 41.4 13.8

Flexion Position 23.3 14.9 27.4 12.7 31.2 13.0
Mid Position 27.3 16.8 30.4 13.4 38.5 12.3

Extension Position 35.3 18.5 42.9 14.4 54.7 27.8
Key: Values are in % Maximum Voluntary Isometric Contraction (MVIC), BW = Body Weight, SD = Standard Deviation.
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Figure 3. Graph of normalized lumbar extensor muscle surface EMG activity (in % MVIC) during
dynamic exercise on a home back extension exercise device depicted by exercise load, phase of
movement, and position in range of motion. Key: Mean values in % Maximum Voluntary Isometric
Contraction (MVIC), BW = Bodyweight, Con = Concentric Phase, Ecc = Eccentric Phase, flex = flexion
position in range of motion, mid = mid position, ext = extension position.

4. Discussion

The findings of this study indicate that full range of motion lumbar extension exercise
on a home back extension exercise device effectively activates the lumbar extensor muscles
in a progressive manner. Supported by the findings of no adverse events, the study suggests
that a home exercise device is well-tolerated and safe for lumbar extensor exercise training
in adults without contraindications to resistance exercise. While DOMS was experienced by
some participants, it is a typical response following unfamiliar lumbar extension exercise—
whether isometric exercise tests or dynamic exercise training [3]. Nevertheless, educating
clients and patients on expectations regarding likelihood of muscle soreness and stiffness
is important.

The observed range of mean values for normalized lumbar extensor surface EMG
activation levels suggests that the home back extension exercise device can provide gradual
progressive resistance for the lumbar extensors. Furthermore, the mean value of the lowest
observed activation level is likely low enough for patients during early phases of therapeutic
exercise programs. Since the exercise loads for this study were arbitrarily selected, the
observed lumbar extensor EMG activation levels do not necessarily represent the maximum
attainable levels during exercise on the device. Given the progressive nature of the observed
activation levels, it is possible that higher activation levels can be attained with additional
external loads. Whether these activation levels provide the overload stimulus necessary for
lumbar extension strength gains is unknown.
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One explanation for the lack of progressive resistance for the lumbar extensors despite
higher exercise loads in 20% of participants is that activation of the lumbar extensor muscles
during compound trunk extension is variable [22,23]. Other trunk extensor muscles, such
as the glutes and hamstrings, may be recruited at varying levels during compound trunk
extension at different loads, which is consistent with previous research on other exercise
devices [22,23]. The specific biomechanical strategies for individuals to generate force on
the home back extension exercise device are unknown.

As expected, lumbar extensor muscle activation levels during exercise on the home
back extension exercise device were higher during the concentric phase than the eccentric
phase. A possible explanation for the wide variation of activation levels among the positions
in the range of motion (i.e., nearly 100% greater in the extended position) is that isotonic
exercise was performed (versus variable resistance exercise). While it is unknown if similar
variations in lumbar extensor muscle activation exist during exercise on the computerized
lumbar dynamometer and other trunk extension movements, this finding is consistent
with the flexion-relaxation phenomena of the posterior lumbar musculature [24]. Therefore,
slow, controlled movements emphasizing both concentric and eccentric phases throughout
the full pain-free range of motion (particularly extension) while gradually increasing
resistance over time is recommended for safety and optimal activation of the lumbar
extensor muscles [3]. This recommendation is generally consistent with the guidelines of
the American College of Sports Medicine for resistance exercise training of major muscle
groups [25].

Many of the design characteristics to isolate the lumbar spine of the prototype home
back extension exercise device that was tested in this study are similar to those of the
computerized lumbar dynamometer, such as a footboard, femur restraint, and pelvic
restraint pad (Figures 1 and 2). However, the prototype device does not incorporate a lap
belt. Without restraint from a lap belt, participants were able to hike (extend) their hips
during the terminal extension phase of exercise, which may have permitted the hamstrings
and gluteal muscles to elicit force production at the expense of the lumbar extensors [4,7].

Based on the findings of this study and other prototype testing, a new version of
the device (Figure 2B) was developed and is currently available (Figure 2B). The current
version has similar overall design features and addresses shortcomings of the prototype. For
example, the current version uses hydraulic mechanisms to apply external loads and has a
lap belt to enhance pelvic stabilization. These changes could help accommodate a wider
range of exercise loads (both lower and higher) and improve isolation of the lumbar spine.
There is no reason to expect that the improvements in the new version would negatively
impact the ability to apply progressive resistance compared to the prototype tested.

4.1. Limitations

This study has some limitations that impact its generalizability. For example, the
sample size was small and consisted of individuals without a history of clinical low back
pain. The exercise loads were arbitrarily selected and are not representative of the full
range of loads possible with the device. Future research is warranted to assess loading
conditions at different ranges, such as those lower than body weight, in healthy individuals
and those with low back pain. Also, the study did not assess longer-term exercise training
programs. Moreover, future research would be useful in healthy individuals and patients
with low back pain to compare the effectiveness of the home back extension exercise
device with other exercise devices, such as the Variable Angle Roman Chair [26], on the
ability to activate the lumbar extensor muscles, optimize strength gains, and enhance
clinical outcomes.

4.2. Pragmatic Applications

The home back extension exercise device was able to safely administer progressive
loads for the lumbar extensor muscles. Thus, trainers and clinicians can incorporate the
device for delivering lumbar extensor exercise training programs in community-dwelling
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adults without contraindications to resistance exercise. The safety of lumbar extensor
strengthening exercises has been documented and can be enhanced by starting the program
at a low load and gradually applying progressive resistance at subsequent sessions [3].
Implementation of this device for home use outside of clinical settings does not preclude
adequate supervision, which is needed to monitor safety, encourage proper movement,
and improve adherence. Recent research suggested that education is needed to enhance
acceptance of telehealth physical therapy by patients with chronic low back pain [27],
and ongoing supervision provides an opportunity to do so. While numerous approaches
for supervision are possible, supervision of a home exercise program using this device
could be accomplished through an initial on-site orientation in the home setting followed
by periodic virtual sessions hosted by a qualified professional. The Official Disability
Guidelines (ODG) Medical Treatment Guidelines generally recommend lumbar extension
exercise equipment (e.g., MedX lumbar extension machine) for the management of chronic
low back pain [28]. The ODG indicates this modality may be an option for first-line
treatment when implemented within a supervised physical therapy program, such as
face-to-face in the clinic or virtually via telehealth [26]. Implementation of the home back
extension exercise device appears to be appropriate for this purpose. Lumbar strengthening
exercises and other exercises are recommended for the management of chronic low back
pain [3,29]. However, subclassification of specific individuals for the management of
low back pain to receive lumbar strengthening exercises or other exercises (e.g., motor
control) has not been validated through research and is beyond the scope of this study.
Thus, the role of lumbar strengthening exercises within an exercise program depends on
client/patient preferences, functional goals, and trainer/clinician experiences [2,3]. If the
goal is to strengthen the lumbar extensor muscles, then exercises that apply progressive
loads to the lumbar extensor muscles should be implemented, such as the home back
extension exercises assessed in this study.

5. Conclusions

The findings of this study indicate that dynamic exercise on a home back extension
exercise device is safe and provides a mechanism to progressively activate the lumbar
extensor muscles. This device can be used for progressive resistance exercise training
programs for community-dwelling adults without contraindications to resistance exercise.

Author Contributions: Conceptualization, J.M.M. and J.L.V.; methodology, J.M.M. and J.L.V.; soft-
ware, J.M.M.; validation, J.M.M., J.L.V. and B.E.U.; formal analysis, J.M.M., J.L.V. and B.E.U.; interpre-
tation of data, J.M.M., J.L.V. and B.E.U.; investigation, J.M.M. and J.L.V.; resources, J.M.M. and J.L.V.;
data curation, J.M.M. and J.L.V.; writing—original draft preparation, J.M.M.; writing—review and
editing, J.M.M., J.L.V. and B.E.U.; visualization, J.M.M.; supervision, J.M.M.; project administration,
J.M.M. and J.L.V.; funding acquisition, J.M.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by a grant from MedX Corp. (Altamonte Springs, FL, USA).
Converge Medical Technology LLC (Austin, TX, USA) provided funding to support post-study
procedures related to the material discussed in this manuscript. The protocol number (SSF00306).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Biomed IRB (San Diego,
CA, USA) (protocol number: SSF00306, date of approval: 9 August 2006).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

348



J. Funct. Morphol. Kinesiol. 2022, 7, 26

Conflicts of Interest: J.M.M. and J.L.V. are officers and directors of US Spine & Sport Foundation
which received funding from MedX Corp. to support this research. J.M.M. was financially compen-
sated by Converge Medical Technology LLC to support post-study procedures related to the material
discussed in this manuscript. B.E.U. has no conflicts of interest related to the material discussed in
this manuscript. The funders had a role in the decision to publish the results. The funders had no
role in the design of the study, in the collection, analyses, or interpretation of data, or in the writing of
the manuscript.

References
1. Hartvigsen, J.; Hancock, M.J.; Kongsted, A.; Louw, Q.; Ferreira, M.L.; Genevay, S.; Hoy, D.; Karppinen, J.; Pransky, G.; Sieper,

J.; et al. Underwood, M. What low back pain is and why we need to pay attention. Lancet 2018, 391, 2356–2367. [CrossRef]
2. Foster, N.E.; Anema, J.R.; Cherkin, D.; Chou, R.; Cohen, S.P.; Gross, D.P.; Ferreira, P.H.; Fritz, J.M.; Koes, B.W.; Peul, W.; et al.

Prevention and treatment of low back pain: Evidence, challenges, and promising directions. Lancet 2018, 391, 2368–2383.
[CrossRef]

3. Mayer, J.M.; Mooney, V.; Dagenais, S. Evidence-informed management of chronic low back pain with lumbar extensor strengthen-
ing exercises. Spine J. 2008, 8, 96–113. [CrossRef] [PubMed]

4. Graves, J.E.; Webb, D.C.; Pollock, M.L.; Leggett, S.H.; Carpenter, D.M.; Foster, D.N.; Cirulli, J. Pelvic stabilization during resistance
training: Its effect on the development of lumbar extension strength. Arch. Phys. Med. Rehabil. 1994, 75, 210–215. [CrossRef]

5. Pollock, M.L.; Leggett, S.H.; Graves, J.E.; Jones, A.; Fulton, M.; Cirulli, J. Effect of resistance training on lumbar extension strength.
Am. J. Sports Med. 1989, 17, 624–629. [CrossRef]

6. Udermann, B.E.; Graves, J.E.; Donelson, R.; Iriso, J.; Boucher, J. Effect of pelvic restraint on hamstring, gluteal, and lumbar muscle
emg activation. Arch. Phys. Med. Rehabil. 1999, 80, 1176–1179. [CrossRef]

7. San Juan, J.G.; Yaggie, J.A.; Levy, S.S.; Mooney, V.; Udermann, B.E.; Mayer, J.M. Effects of pelvic stabilization on lumbar muscle
activity during dynamic exercise. J. Strength Cond. Res. 2005, 19, 903–907. [CrossRef]

8. Leggett, S.; Mooney, V.; Matheson, L.; Nelson, B.; Dreisinger, T.; Van Zytveld, J.; Vie, L. Restorative exercise for clinical low back
pain: A prospective two-center study with 1-year follow-up. Spine 1999, 24, 889–898. [CrossRef]

9. Mooney, V.; Gulick, J.; Perlman, M.; Levy, D.; Pozos, R.; Leggett, S.; Resnick, D. Relationships between myoelectric activity,
strength, and MRI of the lumbar extensor muscles in back pain patients and normal subjects. J. Spinal Disord. 1997, 10, 348–356.
[CrossRef]

10. Risch, S.; Norvell, N.; Pollock, M.; Risch, E.; Langer, H.; Fulton, M.; Graves, J.E.; Leggett, S. Lumbar strengthening in chronic low
back pain patients: Physiological and psychosocial benefits. Spine 1993, 18, 232–238. [CrossRef]

11. Corso, M.; Cancelliere, C.; Mior, S.; Salmi, L.R.; Cedraschi, C.; Nordin, M.; Taylor-Vaisey, A.; Côté, P. Are non-pharmacological
interventions delivered through synchronous telehealth as effective and safe as in-person interventions for the management of
patients with non-acute musculoskeletal conditions? A systematic rapid review. Arch. Phys. Med. Rehabil. 2022, 103, 145–154.e11.
[CrossRef] [PubMed]

12. Raiszadeh, K.; Tapicer, J.; Taitano, L.; Wu, J.; Shahidi, B. In-clinic versus web-based multidisciplinary exercise-based rehabilitation
for treatment of low back pain: Prospective clinical trial in an integrated practice unit model. J. Med. Internet Res. 2021, 23, e22548.
[CrossRef] [PubMed]

13. Grundstein, M.J.; Fisher, C.; Titmuss, M.; Cioppa-Mosca, J. The role of virtual physical therapy in a post-pandemic world: Pearls,
pitfalls, challenges, and adaptations. Phys. Ther. 2021, 101, pzab145. [CrossRef] [PubMed]

14. Shephard, R.J. PAR-Q, Canadian home fitness test, and exercise screening alternatives. Sports Med. 1988, 5, 1985–1995. [CrossRef]
[PubMed]

15. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef]

16. Mayer, J.M.; Graves, J.E.; Robertson, V.L.; Pierra, E.A.; Verna, J.L.; Ploutz-Snyder, L.L. Electromyographic activity of the lumbar
extensor muscles: Effect of angle and hand position during Roman chair exercise. Arch. Phys. Med. Rehabil. 1999, 80, 751–755.
[CrossRef]

17. Mayer, J.M.; Verna, J.L.; Manini, T.; Mooney, V.; Graves, J.E. Electromyographic activity of the trunk extensor muscles: Effect of
varying hip position and lumbar posture during Roman chair exercise. Arch. Phys. Med. Rehabil. 2002, 83, 1543–1546. [CrossRef]
[PubMed]

18. Graves, J.E.; Pollock, M.L.; Carpenter, D.M.; Leggett, S.H.; Jones, A.; MacMillan, M.; Fulton, M. Quantitative assessment of full
range-of-motion isometric lumbar extension strength. Spine 1990, 15, 289–294. [CrossRef] [PubMed]

19. Konrad, P. The ABC of EMG. A Practical Introduction to Kinesiological Electromyography; Noraxon USA Inc.: Scottsdale, AZ, USA,
2005; pp. 1–60.

20. Noraxon USA Inc. MyoSystem 1400. Operation & Technical Manual; Noraxon USA, Inc.: Scottsdale, AZ, USA, 2010; pp. 1–29.
21. MedX Corp. Lumbar Extension Machine Instructional Manual; MedX Corp.: Altamonte Springs, FL, USA, 2004; pp. 1–67.
22. Clark, B.C.; Manini, T.M.; Ploutz-Snyder, L.L. Derecruitment of the lumbar musculature with fatiguing trunk extension exercise.

Spine 2003, 28, 282–287. [CrossRef]

349



J. Funct. Morphol. Kinesiol. 2022, 7, 26

23. Mayer, J.M.; Graves, J.E.; Clark, B.C.; Formikell, M.; Ploutz-Snyder, L.L. The use of magnetic resonance imaging to evaluate
lumbar muscle activity during trunk extension exercise at varying intensities. Spine 2005, 30, 2556–2563. [CrossRef] [PubMed]

24. Shirado, O.; Ito, T.; Kaneda, K.; Strax, T.E. Flexion-relaxation phenomenon in the back muscles. a comparative study between
healthy subjects and patients with chronic low back pain. Am. J. Phys. Med. Rehabil. 1995, 74, 139–144. [PubMed]

25. American College of Sports Medicine. ACSM’s Guidelines for Exercise Testing and Prescription, 11th ed.; Wolters Kluwer Health:
Philadelphia, PA, USA, 2021.

26. Verna, J.L.; Mayer, J.M.; Mooney, V.; Pierra, E.A.; Robertson, V.L.; Graves, J.E. Back extension endurance and strength: The effect
of variable-angle roman chair exercise training. Spine 2002, 27, 1772–1777. [CrossRef]

27. Fritz, J.M.; Lane, E.; Minick, K.I.; Bardsley, T.; Brennan, G.; Hunter, S.J.; McGee, T.; Rassu, F.S.; Wegener, S.T.; Skolasky, R.L.
Perceptions of telehealth physical therapy among patients with chronic low back pain. Telemed. Rep. 2021, 2, 258–263. [CrossRef]

28. Official Disability Guidelines (ODG). Medical Treatment Guidelines: Lumbar Extension Exercise Equipment for Low Back Conditions;
and MedX Lumbar Extension Machine for Low Back Conditions; MCG Health: Austin, TX, USA, 2021; Available online: https:
//www.mcg.com/odg/ (accessed on 23 December 2021).

29. George, S.Z.; Fritz, J.M.; Silfies, S.P.; Schneider, M.J.; Beneciuk, J.M.; Lentz, T.A.; Gilliam, J.R.; Hendren, S.; Norman, K.S.
Interventions for the management of acute and chronic low back pain: Revision 2021. J. Orthop. Sports. Phys. Ther. 2021, 51,
CPG1–CPG60. [CrossRef] [PubMed]

350



Citation: O’ Brien, J.; Browne, D.;

Earls, D.; Lodge, C. The Efficacy of

Flywheel Inertia Training to Enhance

Hamstring Strength. J. Funct.

Morphol. Kinesiol. 2022, 7, 14.

https://doi.org/10.3390/jfmk7010014

Academic Editors: Cristina Cortis,

Andrea Fusco and Carl Foster

Received: 28 November 2021

Accepted: 19 January 2022

Published: 20 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Functional Morphology 
and Kinesiology

Review

The Efficacy of Flywheel Inertia Training to Enhance
Hamstring Strength
Joey O’ Brien 1,2,*, Declan Browne 1, Des Earls 1 and Clare Lodge 1

1 HealthCore, Department of Science and Health, Institute of Technology Carlow, R93 V960 Carlow, Ireland;
Declanbrowne@itcarlow.ie (D.B.); desearls@itcarlow.ie (D.E.); clarelodge@itcarlow.ie (C.L.)

2 High Performance Unit, WIT Arena, X91 P20H Waterford, Ireland
* Correspondence: C00232530@itcarlow.ie

Abstract: The purpose of this narrative review is to examine the efficacy of flywheel inertia training
to increase hamstring strength. Hamstring strain injury is common in many sports, and baseline
strength deficits have been associated with a higher risk of hamstring strain injury. As a result,
strength and conditioning professionals actively seek additional techniques to improve hamstring
strength with the aim of minimising the incidence of hamstring strain injury. One method of strength
training gaining popularity in hamstring strength development is flywheel inertia training. In this
review, we provide a brief overview of flywheel inertia training and its supposed adaptions. Next,
we discuss important determinants of flywheel inertia training such as familiarisation, volume
prescription, inertia load, technique and specific exercise used. Thereafter, we investigate its effects
on hamstring strength, fascicle length and hamstring strain injury reduction. This article proposes
that hamstring specific flywheel inertia training can be utilised for strength development, but due
to the low number of studies and contrary evidence, more research is needed before a definite
conclusion can be made. In addition, as with any training modality, careful consideration should be
given to flywheel inertia training determinants. This review provides general recommendations of
flywheel inertia training determinants that have value when integrating flywheel inertia training into
a hamstring strengthening program.

Keywords: flywheel inertia training; hamstring strength; eccentric; inertia load

1. Introduction

Hamstring strain injuries (HSI) are among the most common types of injuries seen
in the area of sports medicine in elite athletes, with a prevalence of 6 to 25%, depending
on the sport [1–3]. It is the single most frequent injury in professional football [4], rugby
union [5] and track and field, especially among sprinters and jumpers [6]. Elkstrand
et al., in a prospective study, [3] established that HSI accounts for 37% of muscle injuries
in professional soccer players and 25% of athlete match absences. HSI has a high re-
injury rate [7], with many taking place within two weeks of the original injury [8]; a
rationale for this may be due to inadequate rehabilitation programs and/or a premature
return to sport [9]. The function of the hamstring is complicated, as it acts as a hip
extensor, knee flexor, and external rotator of the hip and knee, depending on leg positioning
and connection to the ground [4]. There are two main types of acute hamstring strain
mechanisms, which are best characterised by their injury settings [10]. The most prevalent
type of HSI occurs during high-speed running, followed by HSI as a result of activities
that cause rapid hamstring lengthening such as high kicking, sliding tackle, and sagittal
split [10]. There are two views in the literature about the mechanism of hamstring injuries
sustained during high-speed running. One is that the hamstring is most susceptible to
damage during active lengthening, which occurs during the running gait cycle’s late swing
phase [11]. However, it has also been suggested that hamstring injury occurs during the
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initial stance phase as the body is driven forward above the touchdown point, due to the
presence of large forces acting in opposing directions [12]. Following recent reviews [13,14]
it now seems to be most accepted that HSI during sprinting are most likely to occur due to
excessive muscle strain caused by eccentric contraction during the late swing phase of the
running gait cycle [15].

HSI’s can result in adverse effects on an individual’s performance, thereby hampering
a team’s success [16]; therefore, raising the awareness of common risk factors is essential.
Older age and previous injury history have been commonly associated with a higher risk of
future HSI [17,18] and have been previously described as non-modifiable risk factors [19].
A topical literature review [20] highlighted numerous modifiable risk factors, including
flexibility, fatigue, high speed running loads, sprint running, lumbo-pelvic hip control,
insufficient/inadequate warm-up, strength and intra-limb and inter-limb asymmetry and
biceps femoris fascicle length. To date, hamstring strength is the most researched, with
various types of muscular strength deficits being associated with a higher risk of in HSI
numerous studies [21–25]. As a result, strength and conditioning professionals actively
seek additional techniques to improve hamstring strength to minimise the incidence of HSI
with non-traditional methods of strength training such as Flywheel Inertial Training (FIT)
gaining popularity.

When FIT was first developed, it was intended to help astronauts cope with the
neuromuscular dysfunctions and contemporaneous muscle atrophy that result due to the
lack of gravity experienced during long-term space travel [26,27]. Many studies have since
described the mechanical advantages of flywheel devices and attempted to clarify the
neural and physiological mechanisms, structural adaptations and training effects induced
by flywheel exercise [28]. However, few have specifically investigated it as a hamstring
strength training modality. FIT is based on the flywheel principle, whereby the inertia
generated by rotating flywheels provides resistance [29]. The exerted force unwinds a
strap attached to the device’s shaft during the concentric phase, causing the flywheel
to rotate; when the concentric phase is completed, the strap rewinds and the user must
resist the device by performing an eccentric muscular action [30]. This technique can
result in brief moments of eccentric overload if performed correctly [31]. This eccentric
overload may induce positive gains in hamstring strength. Currently, there is a scarcity of
research investigating FIT to increase hamstring strength, specifically eccentric hamstring
strength. Therefore, the main aim of this review is to investigate the efficacy of FIT to
increase hamstring strength while also investigating determinants of hamstring specific
FIT to provide practical guidelines to be used in hamstring specific FIT.

2. Materials and Methods

The following search strategies were used to locate relevant articles online. Databases
searched included EBSCO host, Web for Science, PubMed, Pub Med, SPORTDiscus and
Google Scholar. Relevant key terms in the search included training flywheel inertia training
OR flywheel device OR rotational inertia device OR inertia load AND hamstring strength
AND eccentric strength. Additionally, articles cited in the reference lists of acknowledged
journals were manually searched and examined.

2.1. Familiarisation

To fully benefit from FIT, a certain amount of coordination is required [32], thus
experience with these devices will have an impact on the results gained, especially if the
exercises entail movements in a closed kinetic chain where the displacement is done against
gravity [33]. Familiarisation with FIT could alter how the concentric and eccentric phases
of an exercise are performed, which may, in turn, alter the eccentric overload stimulus
experienced [34]. For example, Tous-Fajardo et al. [32] reported that participants with
experience in flywheel training achieved a higher eccentric overload when compared
to participants with no previous experience. Twenty male field sport athletes took part
in the study. Ten participants had previous experience (>5 sessions) in the flywheel leg
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curl exercise, while ten with similar physical characteristics and training history had
only experienced <2 familiarisation sessions. Athletes with more FIT experience had
considerably higher eccentric peak forces than concentric peak forces (<0.05); additionally,
athletes of the same ability who were familiar with FIT generated greater eccentric and
concentric peak force. It appears that a certain amount of coordination is required to apply
braking forces at the end of the eccentric action, which is warranted to elicit an eccentric
overload; fine-tuning this strategy appears to require adequate familiarisation [32].

Piqueras-Sanchiz et al. [35] reported high (0.7−0.89) to very high (>0.9) reliability
during both concentric and eccentric power production over varying inertial loads. The
authors tested both males and females across four testing sessions in the flywheel leg curl
exercise using varying inertial loads (0.083, 0.132, 0.182, 0.266 and 0.350 kg·m2). An increase
in power reliability was established across all testing sessions with very high reliability
(>0.9) scores for all inertial loads in session four. Both males and females presented the
highest reliability scores in the fourth session, prompting authors to conclude that to
achieve reliable and stable outputs, a familiarisation process with the flywheel leg curl
exercise is required with inexperienced subjects, recommending two to four sessions
depending on the training experience. Less experienced subjects may need more extended
familiarisation periods.

Similar research [36] conducted during the flywheel squat exercise observed compara-
ble reliability scores (0.79−0.93). The authors in that study recommended performing at
least three sessions to obtain a stable measure during the flywheel squat exercise. A more
recent [33] study examined the differences in kinetic and kinematic profiles between two
different FIT devices. A half-squat incremental test was performed by 39 healthy males on
two different FIT devices: one a horizontal cylinder and the other a vertical cone-shaped
axis. The study reported differences in biomechanical output between athletes with differ-
ent levels of experience in the use of FIT; peak force during the ECC phase was delayed with
respect to the start of the next CON phase in the less experienced group. This delay may
affect the amount of force that can be produced in the ECC phase. This agrees with previous
research [32], which established that to apply maximal force towards the end of the ECC
stages of movement, a certain amount of co-ordination is required. Research suggests that
this co-ordination is best achieved by FIT experience. The differences described in this
study [33] were consistent in both FIT devices analysed.

The research definitively shows that a familiarisation period is warranted to obtain
reliable, stable measures in flywheel training (two to four sessions). It may be conceivable
that less complex exercises such as a flywheel leg curl may require shorter familiarisation
periods when compared to more complex exercises such as flywheel Romanian deadlifts,
but more research is required to make a final determination. It is crucial to understand
how FIT variables such as power output production and eccentric overload are affected by
participant familiarisation.

2.2. Inertial Load

An important determinant that can affect FIT performance is inertial loading. Depend-
ing on the inertial load used, different mechanical responses have been observed, which
appears to be an essential factor in optimising training results [36]. Tous-Fajardo et al. [32]
was the first study to investigate the effects of inertial load in a hamstring specific leg curl
exercise. Twenty male amateur soccer and rugby players performed one testing session,
which consisted of two sets of six-coupled concentric–eccentric actions. Each set used two
different inertial loads (0.11 and 0.22 kg·m2). The larger inertia showed greater peak force,
although it should be noted that the inertial loads used would be classed as low inertial
loads in comparison to more recent similar research.

Piqueras-Sanchiz et al. [35] also investigated the effect of inertial load on power output
in a flywheel leg curl. Sixteen amateur university sports athletes participated in the study.
The study evaluated the influence of different inertial loads (0.083, 0.132, 0.182, 0.266, and
0.350 kg·m2) on concentric power, eccentric power, and eccentric overload ratio (eccentric
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peak power/concentric peak power ∗ 100) using a parallel-group design. Both males and
females (n = 16) took part in the intervention. The study discussed that manipulating
the inertial load can modify the power generated, with lower inertial loads (0.083 and
0.132 kg·m2) leading to higher concentric and eccentric power output; however, there
was no significant change (<0.05) in eccentric overload between inertial loads. Males did,
however, show a more significant difference from the lowest to the higher inertia (ES = 1.37
to 1.51) than females (ES = 1.41 to 1.47), with the authors attributing this to lower strength
levels of the female participants, meaning they used a higher relative load and may have
a greater resistance to fatigue at higher relative intensities [35]. These findings are not in
line with previous research [36,37] which showed that larger inertial loads achieved higher
eccentric overloads; however, the studies mentioned both investigated the flywheel squat
exercise, so the research may not be comparable.

A more recent hamstring specific intervention [38] investigated the effects of inertial
load in a flywheel Romanian deadlift. Fourteen recreationally trained males partook in
the study, and they all had a minimum of two years of resistance training experience.
No participant had FIT experience; however adequate familiarisation was provided. The
inertial loads ranged from low to high (0.025, 0.050, 0.075, and 0.100 kg·m2). Results again
highlighted that a lower inertial load led to higher peak concentric and eccentric peak
power outputs, with the lowest load achieving the highest value (0.025 kg·m2). Contrary
to Piqueras-Sanchiz et al. [35], medium to higher loads (0.050, 0.075, and 0.100 kg·m2) led
to higher eccentric overload output, with 0.100 kg·m2 displaying the largest value. The
authors proposed that single-joint exercises such as a flywheel leg curl might recruit fewer
muscles than multiple joint exercises such as a flywheel RDL; participants may not have
been able to fully resist and break inertial forces, which could lead to a notable decline in
eccentric overload. The most effective technique to maximise eccentric overload is to gently
resist the force during the first third of the eccentric phase, then maximally decelerate the
rotating flywheel and stop at the end range of motion [39]. Research may differ on the
effects of higher inertial loads; but it is irrefutable that lower loads result in higher peak
power outputs. This has significant practical implications because it may lead to greater
performance adaptations. As previously discussed, the load that maximised power output
may be the most efficient to develop athletic performance [40–42].

2.3. Volume Prescription

Intensity (inertial load) plays a vital role in training prescription during FIT, but it is
matched in importance by volume (number of repetitions used), as it is vital to any training
intervention aiming to achieve a specific adaption. To the author’s knowledge, no study
to date has analysed volume prescription for any hamstring specific FIT exercise. One
study [36], however, using a flywheel bilateral squat, investigated the number of repetitions
using different inertial loads at which concentric and eccentric peak power maintenance is
observed. Participants performed one set of 15 repetitions at varying inertial loads (0.025,
0.050, 0.075 and 0.100 kg·m2), with each load being tested on a different day over four
testing days. The highest value was not found in the first two repetitions for both concentric
and eccentric peak power; as in FIT, the first two repetitions are generally used to build
momentum of the flywheel. Therefore, the authors recommended that three to four repeti-
tions are warranted to accelerate the flywheel at the start of the set, allowing a build-up
to maximal effort. Depending on the inertial load, a range of five to 12 repetitions was
advised to maintain power output, but the authors concluded that it is essential to individ-
ualise the training volume prescription due to inter-subject variability in power decrements.
Previous hamstring specific studies have used a fixed number of repetitions [43–45], or
have increased the number of repetitions throughout the intervention [46,47], but no clear
criteria for volume prescription has been advised. This highlights that more research into
volume prescription is warranted, specifically with regard to the number of repetitions
used in hamstring specific FIT, as it is commonly regarded that different training volumes
lead to specific neuromuscular adaptations [36] and need to be targeted primarily.

354



J. Funct. Morphol. Kinesiol. 2022, 7, 14

2.4. FIT Technique and Exercise Used

According to previous research [39], the most effective method for providing an
eccentric stimulus includes gently resisting the inertial force during the first third of the
eccentric action and then exerting total effort to decelerate the revolving flywheel and
bring it to a halt after the eccentric phase of the exercise. The subsequent concentric
phase is then completed with maximal effort, and the discussed eccentric phase-specific
technique is repeated. It should be highlighted that participants may not always adopt
this technique [34]. Individuals may attempt to control the velocity of the eccentric phase
in anticipation of the more challenging braking stimulus at the end of the movement,
which would lead to a decreased eccentric overload [39], perhaps due to an involuntary
self-protection mechanism in an effort to avoid peak forces [32]. Avoiding peak forces at the
end range may be counterproductive, especially in hamstring training, as this end range is
where the hamstrings are most susceptible to injury. In the flywheel leg curl, Tous-Fajardo
et al. [32] discovered the opposite, that the window where the more substantial eccentric
force was generated occurred in the later stages of a range of motion. Given the complexity
of FIT, auto-regulated feedback could aid in readapting performance and getting the athlete
comfortable with the correct technique.

Exercise selection may alter the stimulus provided during FIT; it has been previously
hypothesised [36] that the number of muscles recruited during FIT may affect performance.
Large multi-joint movements such as an RDL may allow participants to halt higher inertial
loads more effectively and therefore achieve more significant eccentric overload at these
high loads compared to single multi-joint movements such as a leg curl which recruits
less musculature. Exercise selection may also affect the musculature that is predominantly
used. For example, the flywheel leg curl has been previously shown to recruit the medial
hamstring muscles [48] preferentially; hip-dominant exercises (such as an RDL) preferen-
tially recruit the BFlh [49], which is the most frequently injured muscle of the hamstring
complex [50]. It may be beneficial to target the most frequently injured muscle, but to the
authors’ knowledge, no study has directly compared a flywheel hip dominant exercise to
a knee dominant exercise regarding hamstring adaptations. Further research is needed
before any conclusions can be made.

2.5. Efficacy of FIT on Hamstring Strength Development

In sports with high intensity running demands, such as soccer [50] and Australian
rules football [24], eccentric hamstring weakness has been identified as a risk factor for
future HSI. Timmins et al. [50] assessed the eccentric hamstring strength of 152 professional
soccer players in a sizeable prospective study. Players with eccentric hamstring strength
below 4.35 N·kg−1 were 4.4 times more likely (RR; 95% CI 1.1 to 17.5) to sustain an HSI in
the following season than stronger players. In agreement with this, Opar et al. [24] found
that eccentric strength below 256 Newtons (N) at the start of pre-season and 279 (N) at the
end of pre-season were said to associate with an increased risk of HSI (2.7- and 4.3-fold,
respectively) in a population of 210 elite Australian footballers. Such research highlights the
importance of eccentric hamstring strength in HSI and may explain why it is so prevalent
in injury prevention programs and in the research. Flywheel inertia training has grown
in popularity in recent years, and if performed appropriately, can result in moments of
eccentric overload. This eccentric overload may have the potential to improve hamstring
strength and warrants investigation.

Askling and colleagues [43] assessed isokinetic concentric and eccentric strength in
elite-level male soccer players (n = 30). Players were randomly assigned to an intervention
(n = 15) and to a control group (n = 15). Both groups followed the same training regime, with
the intervention group performing extra-specific hamstring-specific FIT. The intervention
group performed 16 sessions which included four sets of eight repetitions of a flywheel
leg curl; the first set was submaximal and used as a warm-up. The training session fell
on every fifth day for the first four weeks, then every fourth day for the last six weeks,
lasting ten weeks in total. The intervention group showed a significant (<0.05) increase in
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both concentric and eccentric knee flexor peak torque, with the control group exhibiting
no meaningful change. The increase in both concentric and eccentric strength was similar,
15 and 19%, respectively. The study suggested that eccentric overload training may cause
greater hamstring strength adaptions than concentric training on its own. It should be
noted that there were no familiarisation sessions held during the training period. This is
significant because, as previously stated, 2–4 familiarisation sessions are recommended
before adequate technique is achieved. The first sessions of the study may have only gained
participant experience with the device and not actually achieved the desired strength
training stimulus.

Timmins et al. [47] compared the effects of a flywheel RDL to an NHE on eccentric
hamstring strength in elite-level Australian footballers. Twenty-seven male athletes were
randomised into two groups, and the intervention took place over a 39-week period
which included both pre-season and in-season. Eccentric hamstring strength was assessed
at three-time points: baseline, end of pre-season and the end of the intervention. To
create an appropriate stimulus, both training programs were periodised by gradually
increasing the volume and additional weight employed throughout training, with both
groups being matched for volume and intensity. The NHE group were required to use a
weight (5–10 kg) to achieve desired intensity, whereas the RDL group used 0.05 or 0.075
kg·m2. The intervention showed favorable adaptions for both groups, with both groups
increasing their eccentric strength (RDL: mean change 82N, 95%CI 12 to 152N, d = 1.34,
p = 0.026; NHE: mean change 97N, 95%CI 47 to 146N, d = 1.77, p = 0.001). As previously
discussed, having eccentric strength values of 279N at the close of pre-season elevated
the chance of a future HSI four times in professional Australian Football [24]. Timmins
et al. [47] concluded that the eccentric hamstring strength adaptions gained in both groups
from the intervention might positively impact HSI risk reduction. This was the first study
to investigate a flywheel hip dominant exercise on modifiable risk factors of HSI, and
although the results were favorable, more research is necessary.

Contrary to the previously mentioned studies [43,47], Presland et al. [51] found no
significant increase in eccentric hamstring strength following a six-week flywheel leg
curl protocol. Participants were randomised into two groups, a control (n = 10) and an
eccentric biased group (n = 10). The control group engaged in unilateral training on the
flywheel device with their opposite leg acting as a non-exercising control leg. The eccentric
biased group also engaged in flywheel training. They performed the concentric phase
with both legs but only one leg when undertaking the eccentric phase. The same leg
was used throughout the training intervention. Eccentric strength was assessed pre and
post-intervention using a previously validated NHE field testing device (NordBord, Vald
Performance, Queensland, Australia) [52]. Although no statistical significance increases
were reported, some increases were found among both groups, ranging from 33N to 46N.
The study discussed possible neural adaptations in the control limbs contributing to these
changes in eccentric strength, but this is unclear and needs further investigation. It should
be noted that different flywheel exercises and protocols were used compared to previous
research [47], so the direct comparison may be unfair. Research indicates that hamstring
specific FIT can be utilised for strength development [43,47], but due to the low number of
studies and contrary evidence [51], more research is needed before a definite conclusion to
be made.

2.6. Fascicle Length

Hamstring strains comprise 37% of all muscle strain injuries, and of those, the majority
occur in the biceps femoris long head (BFlh) [50]. Despite a paucity of evidence, it has been
suggested that the length of the hamstring muscle fascicle may influence the likelihood of a
future HSI [53,54], specifically the BFlh. One previous study [55] found BFlh fascicles to be
shorter in previously injured muscles when compared to contralateral uninjured muscles.
Adding weight to this concept, Timmins and colleagues [50] revealed that athletes who
suffered a previous HSI possessed shorter BFlh fascicles than their uninjured counterparts
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while adding that non-modifiable risk factors such as age and previous hamstring injury
were negatively influenced by shorter BFlh fascicles concerning HSI risk. They concluded
that short BFlh fascicles were associated with an increased risk of future HSI in elite soccer
players. Shorter fascicles, with fewer in-series sarcomeres, were previously thought to be
more prone to being overstretched and damaged by severe eccentric contractions, such as
those experienced during the terminal swing phase of high-speed running [53] but this is
still debated in the research. Even if the exact mechanism of why shorter fascicle length
increases the risk of HSI is unclear, it is commonly regarded that increasing fascicle length,
specifically in the BFlh, is a worthwhile venture. Previously, the Nordic hamstring exercise
was the most used tool for this [56], but recently FIT has gained interest as a modality to
enhance BFlh fascicle length.

Two previously discussed studies [47,51] were in disagreement on FIT for enhancing
eccentric hamstring strength, but agreed on its ability to increase BFlh fascicle length.
Timmins et al. [47] found increases in both a flywheel RDL group and an NHE group
(RDL: d = 1.99, p < 0.001; NHE: d = 1.73, p < 0.001) when compared to pre-intervention
assessments, with the RDL grouping showing a slightly larger effect. This may be partly
because hip dominant movements, such as an RDL, preferentially recruit the BFlh compared
to knee dominant ones [57]. Presland et al. noted that after six-weeks of training, subjects
who did the eccentrically biased flywheel intervention had a significant 14 ± 5% (p < 0.001,
d = 1.98) increase BFlh fascicle length. It should be noted that these adaptions declined
after a four-week detraining period, which highlighted that continuing eccentric loading
is essential for the maintenance of architectural adaptations following flywheel leg-curl
training. The lengthening of BFlh fascicles has been hypothesised [58] as playing a role
in the effectiveness of eccentric training programs in reducing the risk of future HSI. If
correct, then the discussed studies reflect positively on specific hamstring FIT as a modality
to decrease HSI risk by positively affecting fascicle length, specifically BFlh.

2.7. HSI Injury Risk Reduction Using FIT

Strength training has been advocated for preventing HSI for many years [59] and forms
the basis of most injury prevention programs used today. Askling and colleagues [43] were
the first to investigate whether a flywheel strength training program, which emphasised
eccentric loading using the leg curl exercise, might affect the occurrence and severity of
HSI. Over the ten-week intervention, players from two elite level Swedish soccer teams
were randomised into two groups. One group performed specific hamstring FIT (flywheel
leg curl), while the control group did not. Six in the intervention group and four in the
control group reported an HSI in the previous season. All injuries were recorded during the
intervention period, and an injury was included if it occurred during a match or training
session and if a player missed a minimum of one match or training session. A significantly
(<0.05) lower number of injuries was reported in the intervention group. The authors noted
that the positive effects shown in the study advocated the use of hamstring specific FIT in
elite soccer but did not fully attribute the preventive effect on HSI to the eccentric overload
derived from FIT and suggested that further longitudinal studies are needed for more
definite recommendations.

De Hoyo et al. [44] again investigated the effects of FIT eccentric overload training in
elite soccer players, but this time in junior players. Thirty-six elite-level junior (U17-19)
players were divided into two groups (intervention v control). The intervention group
performed 1-2 FIT sessions weekly, including a flywheel half squat and leg curl exercise.
Both groups performed the same volume of match play and training sessions over the
ten-week intervention. The control group performed no strength training during the entire
season. The number of training sessions and matches and the number of muscle injuries
per 1000 h of exposure (match and training) were recorded. The study reported an overall
reduction of injury following training. The study monitored all injuries, not just hamstring
ones. This fact should be considered when disseminating the findings. Considering that
the protocol included a flywheel squat exercise, it cannot be determined how much of a
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role the hamstring specific exercise (leg curl) played in the positive findings. Nevertheless,
it can be agreed that FIT in general, regardless of exercise, may be incorporated into injury
reduction strategies.

3. Practical Guidelines and Discussion

• To maximise the benefits of FIT, it is advised to first perform several familiarisation
sessions. Two to four familiarisation sessions are recommended to obtain a stable
measure. Less complex exercises such as a flywheel leg curl may require shorter famil-
iarisation periods when compared to more complex exercises, and more experienced
athletes may require shorter familiarisation periods than novice athletes.

• Lower inertial loads (0.025 kg·m2) lead to higher peak concentric and eccentric peak
power outputs, while medium to higher loads (0.050, 0.075, and 0.100 kg·m2) lead to
higher eccentric overload output.

• Although there is no hamstring-specific research available, flywheel squat research
suggests that a range of five to 12 repetitions was advised to maintain power output
depending on the inertial load. Three to four repetitions are warranted to accelerate
the flywheel at the start of the set, to build to maximal effort, and should be viewed
as waste repetitions and not counted as working repetitions. Due to large subject
variability in FIT, it is essential to individualise the training volume prescription.

• Both the flywheel leg curl and RDL have been shown to increase eccentric hamstring
strength in elite level athletes, but more research is needed before a definite conclusion
can be made.

• Hamstring specific FIT has been shown to increase fascicle length, specifically in the
BFlh. Thus, this architectural adaption could help with a risk reduction of future HSI.

• The most effective technique to achieve an eccentric overload comprises gently resist-
ing the inertial force during the first third of the eccentric action and then exerting a
full effort braking action to decelerate the revolving flywheel and bring it to a halt at
the end range of motion.

• The flywheel leg curl has been shown to affect the reduction of injuries in elite soccer
players positively, but more longitudinal studies are warranted. It may also be inter-
esting to investigate other FIT hamstring specific exercises such as the RDL as injury
prevention techniques.

Overall, hamstring specific FIT has positive adaptions on hamstring strength and
other modifiable HSI risk factors, such as fascicle length. It should be highlighted that
there was a dearth of research on these themes accessible for review, and this fact should be
considered when processing these conclusions. To gain the desired stimulus from FIT, its
determinants should also be considered. This review highlights that athlete familiarisation
and inertia load may both influence the adaptations of FIT and should be monitored
carefully. Although there is positive research available regarding volume prescription and
varying exercises, more is warranted to investigate different hamstring specific exercises
over extended intervention periods. This narrative review is not intended to be a definitive
guide for FIT, but it may help practitioners implement best practices while using this
method to enhance hamstring strength.
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Abstract: Aerobic training is known to influence cognitive processes, such as memory and learning,
both in animal models and in humans. Particularly, in vitro and in vivo studies have shown that
aerobic exercise can increase neurogenesis in the dentate gyrus, improve hippocampal long-term
potentiation (LTP), and reduce age-related decline in mnemonic function. However, the underlying
mechanisms are not yet fully understood. Based on this evidence, the aim of our study was to verify
whether the application of two aerobic training protocols, different in terms of speed and speed
variation, could modulate synaptic plasticity in a young murine model. Therefore, we assessed
the presence of any functional changes by extracellular recordings in vitro in mouse hippocampal
slices and structural alterations by transmission electron microscopy (TEM). Our results showed
that an aerobic training protocol, well designed in terms of speed and speed variation, significantly
contributes to improving synaptic plasticity and hippocampal ultrastructure, optimizing its benefits
in the brain. Future studies will aim to clarify the underlying biological mechanisms involved in the
modulation of synaptic plasticity induced by aerobic training.

Keywords: aerobic exercise; synaptic plasticity; hippocampus; training protocols; cognitive decline

1. Introduction

Physical exercise has positive effects on general health and reduces the incidence of
pathological conditions such as diabetes, osteoporosis, cardiovascular diseases, obesity,
and other chronic disorders [1–3]. The positive effects of exercise on brain activity have
long been discussed, although only recently scientific evidence based on neuroimaging
approaches demonstrated the effectiveness of physical activity in improving cognitive
health across the human lifespan [4,5].

The beneficial effects of exercise, particularly aerobic exercise, on the brain and behav-
ior were initially studied in animal models and focused largely on the impact of exercise
on hippocampal structure, which plays a key role in learning and memory formation [6–8].
Evidence has suggested that wheel running and treadmill training improve spatial learning
in rodents and promote increased neuron density in the hippocampal areas CA1 and
CA3 [9–11]. Furthermore, aerobic exercise is known to increase cell proliferation and neu-
rogenesis in the dentate gyrus, as well as improve synaptic plasticity and spatial learning
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in both rats and mice [12–14]. Interestingly, exercise-induced changes in the hippocampus
were associated with improved performance in spatial memory tasks [15].

Similar results have been found in human studies, showing that aerobic exercise in-
creases hippocampal volume and reduces age-related decline in memory function [16–18].
In addition, several intervention studies have exhibited improved cognitive performance
in elderly subjects undergoing a physical activity program that produces significant in-
creases in cardiorespiratory fitness, strongly supporting the impact of training on cognitive
processes [19].

Over the decades, our knowledge of the neuronal and molecular processes of memory
has greatly improved, providing a basis for the identification of therapeutic strategies to
slow and/or prevent age-related cognitive decline in humans [20,21]. Among these, exer-
cise has been suggested as an effective non-pharmacological approach to preserve cognitive
function and treat neurodegenerative and/or psychiatric conditions [22]. In this regard, Do
et al. recently studied the effects of voluntary exercise on hypothalamic neurodegeneration
in a mouse model of Alzheimer’s disease, in which metabolic abnormalities, such as in-
creased energy expenditure through enhanced oxygen consumption and increased caloric
intake, were observed prior to the accumulation of amyloid plaques [23]. Interestingly, the
authors observed a significant reduction in the expression of inflammatory and apoptotic
markers in the hypothalamus of mice subjected to 4 weeks of voluntary wheeled exer-
cise, suggesting a hypothalamus-mediated mechanism whereby exercise could counteract
Alzheimer’s disease-related neurodegeneration [23].

In recent years, several mechanisms have been proposed to explain the positive
impacts of aerobic exercise, including increased cerebral blood flow, changes in neurotrans-
mitter release, structural changes in the central nervous system (CNS), and altered arousal
levels [24]. A more recent proposal points to neurotrophic factors as possible agonists in
facilitating improved motor performance [25]. Among these, brain-derived neurotrophic
factor (BDNF) could play a key role, as observed in previous studies showing that motor
performance in rat models with middle cerebral artery occlusion was impaired following
pharmacological interruption of BDNF production or, conversely, improved when BDNF
production was enhanced [26,27].

Importantly, regular physical activity is now generally accepted to promote the release
of myokines and metabolites into the circulation, which can cross the blood–brain barrier at
the level of brain capillaries and influence the functions of neurons and glial cells, thus mod-
ifying neurotransmission in different regions of the brain [28]. In this regard, an important
role has recently been attributed to irisin, a myokine produced by cleavage of the precur-
sor fibronectin type III domain-containing 5 (FNDC5) during exercise [29]. Particularly,
Lourenco et al. observed a reduced expression of FNDC5/irisin in the hippocampus and
cerebrospinal fluid of animal models of Alzheimer’s disease, correlated with a significant
impairment of long-term potentiation (LTP), a phenomenon of synaptic plasticity, and
object recognition memory [30]. Surprisingly, increased FNDC5/irisin levels promoted
improved synaptic plasticity and counteracted memory impairment, highlighting the
protective role of exercise in neurodegeneration [30].

Despite the latest evidence, prescribing specific exercises to maximize their positive
effects on cognitive processes is not yet possible, because the levels of molecules released
during muscle contraction change during and after exercise. In addition, it is not yet clear
how brain functioning can vary with the type, intensity, and timing of exercise [22].

Based on this evidence, the aim of our work was to verify whether aerobic training
can modulate synaptic plasticity in a young murine model, evaluating the presence of any
functional changes by extracellular in vitro recordings in mouse hippocampal slices and
structural alterations by transmission electron microscopy (TEM). Therefore, we applied
two different continuous aerobic training protocols to assess whether any effects observed
at the hippocampal level could depend on the use of different training protocols in terms
of speed and speed variation.
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2. Materials and Methods
2.1. Animals

Eighteen 1-month-old male mice, belonging to the wild-type BALB/c strain, were
used, following the procedures established by the European Union Council Directive
2010/63/EU for animal experiments [31]. All experimental protocols were approved by
the Italian Ministry of Public Health (authorization no. 86/2018-PR).

Animals were divided into two groups (five mice per group), each subjected to a
different aerobic training protocol, and a third control group (eight mice), which did
not perform any type of training. The health status of animals was monitored daily by
resident veterinarians and experimenters, considering weight, coat and skin condition, and
body functions. All experimental animals were kept under the same housing conditions
and diet.

2.2. Training Protocols

The two experimental groups underwent aerobic training using a RotaRod
(Cat N 47600, Ugo Basile srl, Milan, Italy). It features 5 cylinders with a diameter of
3 cm and a circumference of 9.42 cm covered by rubber to ensure an optimal grip for the
rodents. A total of 6 panels with a diameter of 25 cm divided the 5 lanes, each with a 57 mm
width, allowing 5 animals to run simultaneously. An attached display showed the types
and speeds of rotation, the time elapsed since the start of the training session, and the time
since the last fall. Finally, a control panel allowed the angular speed to be varied within a
range (2–80 laps for minute, RPM) and the time intervals for the increasing speed modes
from 6 sec to 10 min.

We administered two aerobic training protocols, progressive continuous (PC) and
uniform continuous (UC), differing in terms of speed and speed variations, as described in
our previous work [32] and summarized in Table 1. The PC protocol consisted of 18 min of
training at a gradual speed of rotation, increasing from low to high intensity (10–32 RPM).
During the UC training protocol, a rate of 13 RPM was set for 26 min. Training sessions
were conducted three times a week for 12 weeks, for a total of 36 days of activity. The
animals were raised on a light/dark cycle of 12/12 h, and training was carried out in the
morning, between 10:00 and 11:00 a.m.

Table 1. A schematic description of the two different aerobic exercise protocols used to train mice.

PC Protocol UC Protocol

Main features
Incremental speed changes with gradually increasing

exercise intensity. Intensity increases in 2 RPM intervals
from 10 to 32 RPM, with 12 speed changes

Single session training at 9 RPM,
without speed changes

Training session duration 18 min 26 min

Weekly frequency 3 times a week 3 times a week

Training period 12 weeks 12 weeks

PC: progressive continuous; UC: uniform continuous; RPM: laps per minute.

2.3. Extracellular Recordings in Mouse Hippocampal Slices

The animals belonging to the different experimental groups were sacrificed after
12 weeks of training, as were the sedentary animals. All efforts were made to minimize the
number of animals used and their suffering. Under anesthesia with halothane (2-Brom-2-
chlor-1,1,1-trifuor-ethan), mice were sacrificed, and their brains were quickly removed and
placed in cold, oxygenated artificial cerebral spinal fluid (ACSF) containing the following
(in mM): NaCl, 124; KCl, 2; KH2PO4, 1.25; MgSO4, 2; CaCl2, 2; NaHCO3, 26; and glucose,
10. The hippocampus was rapidly dissected and cut transversely into 450 µm thick slices
using a McIlwain tissue chopper (Mickle Laboratory Engineering Co., Gomshall, UK).
Then, hippocampal slices were transferred to a tissue chamber, where they were laid in an
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interface between oxygenated ACSF and humidified gas (95% O2, 5% CO2) at 32–34 ◦C
(pH = 7.4), constantly superfused at flow rate of 1.2 mL/min.

Extracellular recordings of the population spikes (PSs) were made in the stratum
pyramidale of the CA1 subfield, with glass microelectrodes filled with 2 M NaCl (resistance
5–10 MΩ). Orthodromic stimuli (10–500 mA, 20–90 ms, 0.1 Hz) were delivered through a
platinum electrode placed in the stratum radiatum (Schaffer collaterals). The test stimulus
intensity of 50 ms square pulses was adjusted to give a PS of 2–4 mV at 0.03 Hz. The
PS amplitude was calculated every minute as the average of six recordings performed
every 10 s. A high-frequency stimulation (HFS, 100 Hz, 1 s), after the recording of stable
signals (15–20 min), was given to assess changes in PS amplitude, which was expressed
as a percentage of the basal PS amplitude. Signals were fed to an Axoclamp-2A amplifier
(Foster City, CA, USA), acquired through a digital/analogic system (Digidata 1440A,
Axon Instruments, Foster City, CA, USA) and analyzed with pCLAMP10 software (Axon
Instruments, Foster City, CA, USA).

2.4. TEM Evaluation

For TEM evaluation, 1 mm3 of hippocampal tissue from cerebral biopsies was fixed in
4% paraformaldehyde and post-fixed in 2% osmium tetroxide [33]. After washing with
0.1 M phosphate buffer, the sample was dehydrated by a series of incubations in 30%,
50%, and 70% ethanol. Dehydration was continued by incubation steps in 95% ethanol,
absolute ethanol, and propylene oxide, after which samples were embedded in Epon (Agar
Scientific Ltd., Parsonage Lane, Stansted, Essex CM24 8GF, UK) [34]. Ultra-thin sections,
80 nm thick, were mounted on copper grids and examined with a transmission electron
microscope (Model JEM-1400 series 120 kV, JEOL USA, Inc. 11 Dearborn Road Peabody,
MA, USA).

2.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 Software (Prism 8.0.1,
La Jolla, CA, USA). For electrophysiological experiments, data were expressed as the
mean ± SEM, with n representing the number of slices analyzed. Data were compared with
two-way ANOVA and Tukey’s multiple comparison tests and were considered significantly
different if p < 0.05.

3. Results
3.1. Synaptic Plasticity Following Continuous Aerobic Training

The effects of two continuous aerobic training protocols, differing in terms of speed
and speed variation, on the synaptic plasticity expression were analyzed in the CA1 region
of hippocampal slices from trained mice compared to sedentary mice which did not perform
any type of training.

Figure 1a shows how the influence of training on synaptic plasticity varied depend-
ing on the protocol administered. Particularly, we obtained optimal results for the PC
training protocol, which seemed to positively modulate synaptic plasticity throughout
the electrophysiological recording, with significantly higher PS amplitude values than
those of the other experimental groups. In contrast, no improvement in synaptic plasticity
was observed in the hippocampal slices of mice trained with the UC protocol, which was
inhibited in the first twenty minutes after HFS, whereas PS amplitude values remained
stable until the end of the electrophysiological recording with values similar to those of the
CTRL group.

Figure 1b shows the following PS amplitude values at four different experimen-
tal times and their significance: basal synaptic transmission (BST), before HFS (CTRL:
100.7 ± 0.4, PC-trained: 101.0 ± 0.2, UC-trained: 102.1 ± 0.3); at min 15, immediately
after HFS (CTRL: 321.0 ± 14.3, PC-trained: 374.2 ± 13.0, UC-trained: 257.0 ± 18.7;
CTRL vs. PC-trained, ** p < 0.01; CTRL vs. UC-trained, *** p < 0.001; PC-trained vs. UC-
trained, **** p < 0.0001); at min 45 (CTRL: 224.0 ± 9.4, PC-trained: 270.0 ± 13.0, UC-trained:
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209.7 ± 15.7; CTRL vs. PC-trained, * p < 0.05; PC-trained vs. UC-trained, ** p < 0.01);
and at min 65 (CTRL: 218.1 ± 10.0, PC-trained: 248.6 ± 11.5, UC-trained: 188.7 ± 14.7;
PC-trained vs. UC-trained, ** p < 0.01).
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Figure 1. Synaptic plasticity in the CA1 hippocampal subfield of trained and sedentary mice.
(a) Percentage population spike (PS) amplitude as a function of time after high-frequency stimulation
(HFS), applied at time t = 15 (arrow), is shown in CTRL (black line, n = 15), in PC-trained (red line,
n = 9), and in UC-trained (blue line, n = 8) mice slices. The insert shows representative recordings
obtained from slices of each experimental group. The first curve of each group refers to the basal
synaptic transmission (BST) and it was recorded before the HFS application, whereas the other
curves refer to PS at times 15, 45 and 65 min after the HFS. (b) The PS amplitude values of BST,
at min 15 (immediately after HFS), at min 45 and at min 65 from the HFS, are shown for each
experimental group. Bars in the plot are means ± SEM of values obtained from different slices. Note
that a significant statistical difference was reported between trained and control groups at min 15
(CTRL vs. PC-trained, ** p < 0.01; CTRL vs. UC-trained, *** p < 0.001; PC-trained vs. UC-trained,
**** p < 0.0001), at min 45 (CTRL vs. PC-trained, * p < 0.05; PC-trained vs. UC-trained, ** p < 0.01)
and at min 65 (PC-trained vs. UC-trained, ** p < 0.01).

3.2. Ultrastructural Hippocampal Evaluation of the Sedentary and Trained Mice

TEM evaluation was performed to assess the presence of any relevant differences in
hippocampal slices taken from sedentary and trained mice.

Ultrastructural analysis of the hippocampus of the CTRL group (Figure 2a–c)
showed normal tissue organization with well-preserved nerve and glial cells. Nerve
extensions were well represented, rich in neurotubules and neurofilaments, with slight
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vacuolization at the axonal level. In addition, synapses were well represented and with
well-preserved morphology.
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3a–d) showed features very similar to those of the CTRL group, with well-organized 
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Figure 2. Ultrastructural evaluation by transmission electron microscopy (TEM) of the hippocampus of sedentary mice.
(a) TEM evaluation of the hippocampus of CTRL mice not subjected to continuous aerobic training showed normal tissue
organization with well-preserved nerve and glial cells. (b) Nerve processes were well represented, rich in neurotubules
and neurofilaments, with slight vacuolization at the axonal level. (c) Synapses were well represented with well-preserved
morphology. Scale bar represents 2 µm (N: nucleus; V: vessel; *: synapse).

Continuous aerobic training influenced hippocampal structure differently depending
on the type of protocol performed by the animals.

Particularly, ultrastructural analysis of the hippocampus of PC-trained mice (Figure 3a–d)
showed features very similar to those of the CTRL group, with well-organized neuronal
and glial cells and nerve processes rich in neurotubules and neurofilaments. In addition,
brain tissue showed numerous highly preserved myelin bundles, and mitochondria were
free of morphological changes. In contrast, some morphological changes were found in
the brain tissue of UC-trained mice (Figure 3e–h), including a slight vacuolization caused
by axonal swelling and a reduction in the number of neurotubules and neurofilaments.
Finally, TEM evaluation showed a reduced number of myelin bundles and frequent mito-
chondrial alterations.
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Figure 3. Transmission electron microscopy (TEM) evaluation of the hippocampus of trained mice. (a,c) Ultrastructural
analysis of the hippocampus of PC-trained mice showed well-preserved tissue organization, with well-organized neuronal
and glial cells and nerve processes rich in neurotubules and neurofilaments. (b,d) Numerous highly preserved myelin
bundles (arrows) and mitochondria without morphological changes (asterisk) were observed. (e,g) Ultrastructural analysis
of the hippocampus of UC-trained mice showed some morphological changes, such as slight vacuolization at the axonal level
and few neurotubules and neurofilaments. (f,h) A reduced number of myelin bundles (arrow) and frequent mitochondrial
alteration (asterisk) were detected. Scale bars represent 5 or 0.5 µm.
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4. Discussion

Regular exercise induces profound health benefits for the body through mechanisms
involving various physiological adaptations, including neural, immunological, vascular,
and metabolic systems [35,36]. Interestingly, emerging data from studies in animal models
and humans indicate that aerobic exercise benefits brain function and may prevent or delay
the onset of neurodegenerative conditions by inducing structural and functional changes in
the hippocampus, an area of the brain important for learning and memory [37,38]. Indeed,
synaptic changes, which underlie cognitive processes, are known to depend on physio-
logical mechanisms such as LTP, which is particularly present in the hippocampus [39].
Furthermore, it has been reported that the improvement in synaptic plasticity depends
on the type of training provided [34,40]. Therefore, to better understand the mechanisms
underlying the effects of aerobic exercise on the hippocampus and more generally on
synaptic plasticity, in the present study we subjected young mice to two training protocols,
PC and UC, differing in speed and speed variation.

First, we performed a functional evaluation by analyzing the effects of aerobic training
on the synaptic plasticity expression by means of in vitro extracellular recordings in the CA1
region of mouse hippocampal slices. Our results showed that only the PC training protocol
appeared to exert positive effects on synaptic plasticity throughout the electrophysiological
recording, because we observed a significant increase in PS amplitude values after HFS
compared to the other experimental groups. These data are in agreement with the results
of our previous study, in which the administration of a PC training protocol has been
shown to positively modulate hippocampal plasticity not only in young mice, but also
reverses the blockage of the LTP induction phase typical of aged mice [41]. Additional
scientific evidence confirms the beneficial effects of aerobic training on hippocampal
synaptic plasticity. For example, Li et al. recently evaluated the effectiveness of a four-week
aerobic training protocol on memory and the expression of proteins involved in synaptic
plasticity in diabetic mice [42]. In addition to observing a significant reduction in fasting
blood glucose and an improvement in insulin resistance, the authors found an increase in
proteins associated with synaptic plasticity, pointing to aerobic exercise as a valid strategy
to counteract the cognitive decline that characterizes diabetic mice [42].

In contrast, the UC training protocol did not induce any improvement in synaptic
plasticity compared to sedentary mice of the same age. Particularly, PS amplitude values
were significantly reduced in the first twenty minutes after HFS, whereas they reached
values comparable to those of the CTRL group in the remaining time of electrophysiological
recording. Notably, although the two trained groups did not differ significantly from the
sedentary group after 65 min, a significant difference between them was found at the end
of the electrophysiological recordings. This result suggests the importance of designing an
appropriate training protocol to optimize the beneficial effects at the hippocampal level.

Electrophysiological data were confirmed by TEM evaluation, which showed that
synaptic plasticity was affected differently depending on the type of protocol performed
by the animals. Specifically, ultrastructural analysis of the hippocampus of PC-trained
mice showed features very similar to those of the CTRL group, highlighting the presence
of well-organized neuronal and glial cells and nerve processes rich in neurotubules and
neurofilaments. Synapses were also well represented and with well-preserved morphology,
in addition to the presence of numerous highly preserved myelin bundles and mitochondria
without morphological changes. In contrast, the hippocampal tissue of the UC-trained
mice exhibited some morphological changes, such as slight axonal vacuolization and a
reduction in the number of neurotubules and neurofilaments, as well as a reduced number
of myelin bundles and frequent mitochondrial changes.

In agreement with other experimental evidence, our results show that the benefits of
exercise on cognitive function and neuroplasticity depend on the type of training protocol
used. The underlying molecular and cellular mechanisms are not yet known. However,
most scientific evidence agrees that the benefits of aerobic exercise may depend on an
increase in growth factors and the increased expression of markers of synaptic plasticity,
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such as synaptophysin and postsynaptic density protein 95 (PSD-95) in the hippocam-
pus [43]. In this context, the PI3K/AKT/mTOR pathway could play a crucial role, because
exercise-induced activation of this pathway has been reported to promote the expression of
PSD-95, improving memory performance [44,45]. Studies in rodents have also shown that
early exercise increases axonal and neuronal density and improves the expression of BDNF
and its tropomyosin-related receptor kinase B (TrkB) in hippocampal formation [11,46]. In
agreement, Redila et al. observed that young, physically active rats show increased neuro-
genesis and dendritic arborization in the dentate gyrus compared to sedentary rats [47].
Interestingly, Serra and colleagues have suggested that exercise increases the expression of
neurotrophic factors and stimulates neuronal growth, resulting in a neural reserve to be
used in later life [48]. This hypothesis is supported by previous research in humans, which
has shown a correlation between physical activity at an early age and long-term benefits
on brain function [49].

5. Conclusions

Our data show that the use of an aerobic training protocol, such as the PC protocol,
properly designed in terms of speed and speed variation, helps to maintain brain health
and cognition. Interestingly, an adequate aerobic training protocol can induce important
structural and functional changes in the hippocampus, the brain area responsible for
learning and memory. This underlines the importance of physical exercise in counteracting
age-related cognitive decline and suggests its key role in preventing the onset of cognitive
impairment. Further studies will be required to understand the underlying cellular and
molecular mechanisms, as well as the role of key biochemical mediators involved in the
modulation of synaptic plasticity induced by aerobic training.
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