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Artur Mamcarz and Daniel Śliż
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Abstract: Background: The present study assesses the frequency of injury in Europe’s top-level
judokas, during top-level competitions, and defines risk factors. Methods: The members of the EJU
Medical Commission collected injury data over the period of 2005 to 2020 using the EJU Injury
Registration Form at Europe’s top judoka tournaments. Results: Over the 15 years of the study,
128 top-level competitions with 28,297 competitors were included; 699 injuries were registered. Of all
competitors, 2.5% needed medical treatment. The knee (17.4%), shoulder (15.7%), and elbow (14.2%)
were the most common anatomical locations of injury. Sprains (42.2%) were by far the most frequent
injury type, followed by contusions (23.1%). Of all contestants, 0.48% suffered an injury which
needed transportation to hospital. There was a statistically significant higher frequency of elbow
injuries in female athletes (p < 0.01). Heavy-weight judokas suffered a remarkably low number of
elbow injuries, with more knee and shoulder injuries. Light-weight judokas were more prone to
elbow injuries. Conclusions: We found there was a low injury rate in top-level competitors, with a
greater frequency of elbow injuries in female judokas. During the 15 years of injury collection data,
an injury incidence of 2.5% was found, with a remarkable high injury rate in the women’s −52 kg
category, and statistically significantly more elbow injuries in women overall.

Keywords: sports injuries; judo; frequency; prevalence; type

1. Introduction

Judo is a highly technical sport based on the principle of “maximum efficiency with
minimum effort” [1]. A judo fight starts with the opponents both standing, attempting
to throw each other off balance. After a throw, judokas transition to ground-fighting,
the so-called “ne-waza” [2].

The fighting environment consists of constant changes of actions with applications
of different movement structures [3]. The more athletes train and compete, the greater
the range of powerful throwing techniques they are exposed to, and the chance of in-
jury [4–8]. The frequency and number of injuries, as well as the severity of the injury,
influences further training and competitions [9].

J. Clin. Med. 2021, 10, 852. https://doi.org/10.3390/jcm10040852 https://www.mdpi.com/journal/jcm
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Recent studies analysing the frequency and type of injury in judo are available [10–15].
The rate of injury ranges between 12.3% and 30% [16,17]. Data on a large population
(all ages and levels of performance) of French judokas during contests showed an injury
incidence slightly above 1.1% [18].

The aim of the present investigation was to assess the frequency of injury in Europe’s
top-level judokas during high-level contests.

2. Materials and Methods

2.1. Subjects

Data were collected from a group of 26,862 high-performance judokas (15,571 men and
11,291 women) aged between 19 and 35 years in all judo weight categories competing in 128
international tournaments under the auspices of the European Judo Union (EJU), including
European Judo Championships, in the period between 2005 and 2020. The participants
were informed of the protocol and procedure of the EJU Injury registration form. Athletes
signed the informed consent form. The EJU Injury registration form was approved by
the Medical Commission of EJU. The study was approved by the Bioethics Committee at
the Regional Medical Chamber (No. 287/KBL/OIL/2020).

2.2. Study Design

All relevant information was obtained using the questionnaire controlled and super-
vised by the European Judo Union (EJU) Medical Commissioner present at each compe-
tition. When judokas were injured, they were asked to complete this questionnaire and
provide relevant information, with the help of the local medical staff and the EJU medical
commissioner present. “Minor” injuries, such small nose bleeds or skin abrasions, which do
not influence the athlete’s performance in any way, were not counted. “Serious” injuries
were defined as injuries so severe they needed transportation of the athlete to hospital.
The Cronbach’s alpha (=0.71, which is considered an acceptable value) was used to assess
the validation of the EJU Injury registration form.

2.3. Data Acquisition

In the present study, an injury was defined as the physical condition which necessitated
an intervention or medical advice by the medical team present at the judo tournament or
a visit to the hospital. After each medical intervention, the injured athlete or the medical
staff was asked to complete the medical form. The first part of the form asked the judokas
to give general information, including their gender and weight category. In the second
part, the medical staff was able to collect data on the anatomical location of the injury, type
of injury, structure involved, side of the lesion, and whether the judoka was allowed to
continue the fight. The diagnosis of the injury was always filled in on the medical form
by the treating physician, either the team doctor or the physician of the local medical
team. To ensure the privacy of the injured athlete, individual names were never mentioned.
When the judoka had to be transferred to hospital, the injury was defined as “serious”.

2.4. Statistical Analysis

The following variables were examined: gender, weight class, body regions, type of
injury, and whether or not the athlete had to be transported to hospital, and the injury
frequency of each body region was calculated. The Student’s t-test and chi-square test were
used to evaluate the differences in incidence rates of specific injuries regarding the sex and
weight categories. Statistical significance was set at p = 0.05. Data were analyzed using
Microsoft Windows SPSSWINN 21.0.

3. Results

Of the 699 injured judokas, 384 (54.9%) were men and 315 (45.1%) were women.
Overall, 2.5% of all participating judokas needed medical assistance, with no significant
difference between men and women (p > 0.05).
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Table 1 presents the anatomical location of all injuries broken down into smaller units.
A total of 696 Injury Registration Forms were filled in correctly in terms of anatomical
location. The most frequently injured location was the knee (17.4%), closely followed by
shoulder (15.7%) and elbow (14.2%). If we compare the three most frequently occurring
anatomical locations in both genders, we find that there is no statistically significant
difference in shoulder and knee injuries. However, women had statistically significant
more elbow injuries when compared to men (p < 0.01).

Table 1. Distribution of injuries by anatomical location.

Anatomical Location
Number % of Men Women

Δ% p
of Injuries Total Injury No/% No/%

Head and neck
Head 26 3.7 22 (3.2) 4 (0.6) 2.6 <0.05
Neck 34 4.9 21 (3.0) 13 (1.9) 1.1 >0.25
Eye 63 9.1 35 (5.0) 28 (4.0) 1 >0.25

Nose 9 1.3 6 (0.7) 3 (0.4) 0.3 N/a
Mouth 10 1.4 7 (1.0) 3 (0.4) 0.6 N/a
Throat 8 1.1 3 (0.4) 5 (0.7) 0.3 N/a

14 2 5 (0.7) 9 (1.3) 0.6 <0.05

Upper body
Trunk 24 3.4 14 (2.0) 10 (1.4) 0.6 >0.20

Shoulder 109 15.7 63 (9.1) 46(6.6) 2.5 >0.20
Back 11 1.6 6 (0.9) 5 (0.7) 0.2 N/a

Upper limb
Elbow 99 14.2 44 (6.3) 55 (7.9) 1.6 <0.01
Hand 44 6.3 22 (3.2) 22 (3.2) 0 >0.25
Wrist 15 2.2 10(1.4) 5 (0.7) 0.7 >0.10

Lower limb
Knee 121 17.4 60 (8.6) 61 (8.8) 0.2 >0.15
Ankle 38 5.5 19 (2.7) 19 (2.7) 0 >0.25
Foot 20 2.9 14 (2.0) 6 (0.7) 1.3 <0.05

Femur 17 2.4 11 (1.6) 6 (0.7) 0.9 >0.10
Calf 13 1.9 9 (1.3) 4 (0.6) 0.7 N/a

Others 21 3 11 10

Total 696 382 314

N/a—not applicable.

Table 2 shows the type of injury which occurred during tournaments. On this subject,
we received 695 correctly filled-in forms. The highest percentage rates were sprain (42.2%),
occurring with equal frequency in men and women judokas. Soft tissue contusions were
second, with an incidence of 23.1%, again occurring with equal frequency in men and
women. Men experienced significantly more bleeding episodes than women. We caution
that minor nose bleeds and superficial skin lesions were not counted, since they were not
considered an injury and did not necessitate medical intervention. Sixty-one luxations
occurred, 36 located at the shoulder and 10 at the elbow joint. Unconsciousness after
strangling and choking techniques constituted a small percentage of the total number of
injuries (6.8%).

3
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Table 2. Characteristics of the injuries.

Injury Number of Injury %
Men Women

Δ% p
No/% No/%

Sprain 293 42.2 151 (21,7) 142 (20.4) 1.3 >0.15
Contusion 160 23.1 89 (12.8) 71 (10.2) 2.6 >0.25
Luxation 61 8.8 34 (4.9) 27 (3.9) 1 >0.25

Unconsciousness 47 6.8 21 (3.0) 26 (3.7) 0.7 >0.25
Bleeding 50 7.1 36 (5.2) 14 (2.0) 3.2 <0.01
Fracture 30 4.3 17 (2.4) 13 (1.9) 0.5 >0.25
Rupture 28 4 18 (2.6) 10 (1.4) 0.8 >0.25

Commotio
cerebri 19 2.7 11 (1.6) 8 (1.2) 0.4 >0.25

Others 7 1 4 (0.6) 3 (0.4) 0.2 N/a
Total 695 381 314

N/a—not applicable.

Injuries were also classified according to their severity and the inability to continue
fighting. A serious injury was defined as an injury which required transport to hospital.
In the time span of our investigation, a total of 136 judokas suffered a serious injury,
and 0.48% of all competitors needed transport to hospital. Of these 136 judokas, 72 were
male and 64 were female (p > 0.10). The most common location of serious injuries was
the shoulder: 36 judokas had to be transferred to hospital because of a shoulder injury.
Hence, one-third of all judokas experienced serious shoulder injuries, and almost 26.5%
of all serious injuries involved the shoulder. Thirty-two judokas experiencing elbow
injuries were transferred to hospital. Of the elbow injuries, 32.3% were classified as serious,
and 23.5% of all serious injuries were located at the elbow joint. There was a lower rate of
severe knee injuries: 14.0% of knee injuries were serious, and 12.5% of all serious injuries
were located at the knee joint. Thirty injuries were fractures, and of these, 26 (86.7%) were
serious injuries. Sprains were the largest number of injuries (293), with 44 being serious.
Of the 61 luxations, 35 (57.4%) were serious. Only 7.4% of all contusions were classified
as serious. During the entire observation period, ten of the potentially very dangerous
neck injuries had to be transferred to hospital. Four judokas had to be transferred to
hospital after concussion/commotio cerebri. The short period of unconsciousness which
occasionally occurs after strangling and choking techniques (“shime-waza”) was never a
reason for transfer to hospital (Table 3).

Table 3. Body areas and injuries classified as serious.

Anatomical
Location

No of
Injury

No of Serious
Injury

% of Injuries in
This Area

Classified as
Serious

% of All Serious
Injuries

Shoulder 109 36 33 26.5
Elbow 99 32 32.3 23.5
Knee 121 17 14 12.5
Head 34 6 17.6 4.4
Ankle 38 6 15.8 4.4
Foot 20 6 30 4.4
Neck 63 10 15.9 7.4

Type of injury

Sprain 293 44 15 32.3
Luxation 61 35 57.4 25.7
Fracture 30 26 86.7 19.1

Contusion 160 10 6.2 7.4

4
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Table 3. Cont.

Anatomical
Location

No of
Injury

No of Serious
Injury

% of Injuries in
This Area

Classified as
Serious

% of All Serious
Injuries

Rupture 28 9 32.1 6.6
Bleeding 50 5 10 3.7

Commotio cerebri 19 4 21 2.9
Unconsciousness 47 0 0 0

Figure 1 shows that in male judokas, the number of injuries per weight category was
distributed as to be expected with the number of participants in each weight category.
In women (Figure 2), there was a remarkably high incidence of injuries in the under 52 kg
category, and a low incidence in the under 57 kg category.

 

Figure 1. Distribution of injuries by weight category in men.

 

Figure 2. Distribution of injuries by weight category in women.

4. Discussion

The main findings of the present study is the higher frequency of injuries in female
athletes, especially regarding injuries in the upper extremities in Europe’s top-level judokas
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during competitions over a period of 15 years. We realise that many injuries also occur
during training, but this study was designed only to determine injury incidence during top-
level tournaments. The mechanism of injury in judo is linked to throwing and grappling
techniques. According to some studies, most injuries affect the upper limbs, as the fight
starts with both judokas standing [10,14,17–19].

Lower limbs are at a high risk of injury as well [13]. In two studies on the Korean
Olympic team judokas, the knee was frequently injured [13], with 20% of the injuries
occurring in the trunk, especially in the lumbar and thoracic spine. These injuries occurred
during training, not during competition. We found that 30% of the injuries occurred in
the lower limbs (most at the knee), and 20.7% of injuries in the trunk and shoulder com-
bined. Comparing judo and wrestling, the most common injuries were in the lower (judo
61%; wrestling 41%, p < 0.05) and upper limbs (judo 30%; wrestling 32%) [2]. In the present
study, the knee (17.4%), shoulder (15.7%), and elbow (14.2%) were the primary anatomical
locations of an injury.

Regarding injury types, in most studies, contusions and abrasions were the most
frequent injuries. In the present investigation, sprains were the most frequent injury
type, followed by contusion. Overall, 42.2% of all injuries were sprains, and 23.1% of
all injuries were contusions, with no statistically significant difference between the gen-
ders. In other studies, sprains mainly occurred in the knee, elbow, and ankle, and often
the judokas suffered sprains of the acromioclavicular (AC) joint [18,20]. Frey et al., evalu-
ating judo competition-related injuries during 21 seasons in France, showed that the six
most frequently sprained joints accounted for over 75% of total sprains [18]. Addition-
ally, the incidence for overall sprain injuries was significantly higher in female athletes
(0.82% vs. 0.53%, respectively; p < 0.001). Our study did not provide evidence of any
differences between sexes (p > 0.05). The high rate of sprains, mainly the acromioclavicular
joint, elbow, and knee, can be explained by falls on the shoulder or the use of the arm as a
stabilizer in abduction to defend from a throwing attack [18]. Sprains of the knee or ankle
are likely related to the rotational maneuvers required to attack and defend. In the present
study, 44 of 293 sprains were considered serious, and the judokas had to be hospitalized.
On the other hand, only 10 contusions, mostly a consequence of a fall, were serious.

The third major injury among judokas in the present study was a fracture, with 30 cases,
26 of which were serious, requiring transport to hospital. In four cases, the treating physi-
cian decided not to transport the injured athlete to hospital. These were finger fractures,
and these injuries were likely treated after travelling back to the athlete’s home country.
In the study of Frey et. al., clavicles were also the most commonly fractured bone [18],
often from a direct fall onto the shoulder.

A major concern is cervical spine fracture, which can occur following hyperflexion or
hyperextension of the cervical spine, or because of direct trauma or axial loading. Over
the course of 15 years of injury recording, 10 neck injuries required transport to hospital.

In the present study, 47 of 695 medical interventions (6.8%) followed unconsciousness
after a strangle/choke technique (shime-waza). In this case, judokas cannot stop the fight
by themselves by tapping out, and the referee must immediately stop the fight. None of
these were serious enough for the judoka to be transferred to hospital.

Concussions (commotio cerebri) were diagnosed only 19 times, and in four instances
the judoka had to be transported to hospital [18,20–22].

There were no statistically significant differences in the occurrence of injury in the dif-
ferent weight categories, except a high injury rate in the women’s under 52 kg weight
class. Rapid weight loss can impair the psychological and physiological performance of
judokas [23], but our data collection system did not allow us to collate data in this respect.
Lightweight judokas are more prone to elbow injuries, and heavyweight judokas are more
prone to knee injuries.

A new approach toward motor abilities development in judo, including agility, coor-
dination, foot work, strength, and explosive power of both the lower and upper limbs may
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reduce the occurrence of injury. Improved motor skills may allow to better control the ex-
posure to full-body contact, decreasing the risk of injuries and increasing performance.

4.1. Limitations

We collected data on a large cohort of elite judokas over a relatively long period
of time. However, we acknowledge that we do not have data on the outcome of these
injuries, on their treatment beyond what was collected at the time of injury, and on the out-
come. For example, we do not know whether some of these injuries required surgery,
whether the injured athletes had to stop training and competing for any length of time
beyond what happened at a given tournament, and when a judoka returned to training
and competition. All these issues, despite the logistic efforts necessary to collect such data,
should be the subject of future endeavours.

4.2. Application

The quantitative and qualitative monitoring of injuries sustained by contestants in
high-ranking judo competitions is conducted by the EJU, aiming to use the data to develop
and constantly review the rules of judo competitions. Thanks to the information obtained
from this type of reports, the EJU has already modified the relevant regulations on several
occasions. For example, some throws or defense against throws which exposed players to
an increased risk of injury have now been ruled illegal.

5. Conclusions

The overall incidence of injuries during Europe’s high-level judo tournaments in
the period 2005–2020 was 2.5%, with an incidence of serious injuries of 0.5%. Judo is
therefore one of the Olympic sports with the lowest injury rate in competitions. The knee,
shoulder, and elbow are the anatomical locations most prone to injury, with 20% of all
injuries occurring in the upper limbs (including the shoulder) and 30% in the lower limbs.
Sprains are the most frequent type of injury. There is no statistically significant difference
between men and women in the overall injury rate, although women have significantly
more elbow injuries. The women −52 kg weight category shows a remarkably higher
injury incidence—this should be further investigated. It is remarkable that lightweights
suffer more elbow injuries. Serious injuries are uncommon, and potentially very dangerous
injuries, such as commotio cerebri and neck injuries, have a very low incidence rate. No
judoka had to be transported to hospital after unconsciousness form strangulation/choking
techniques.

What Are the New Findings?

• This study provides comprehensive data of injury rates and trends among male and
female European elite judokas during international competitions.

• The women’s under 52 kg weight class has a remarkably high injury incidence.
• Female judokas experience significantly more elbow injuries than men.
• Judo has an overall injury incidence of only 2.5% during top-level tournaments in

Europe.
• Potentially very serious injuries, like commotio cerebri or neck trauma, are uncommon.
• Unconsciousness after choking techniques has, in this study, never led to hospitalisation.
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Abstract: In recent years, interest in finding alternatives for the evaluation of mobility has increased.
Inertial measurement units (IMUs) stand out for their portability, size, and low price. The objective
of this study was to examine the accuracy and repeatability of a commercially available IMU under
controlled conditions in healthy subjects. A total of 36 subjects, including 17 males and 19 females
were analyzed with a Wiva Science IMU in a corridor test while walking for 10 m and in a threadmill
at 1.6 km/h, 2.4 km/h, 3.2 km/h, 4 km/h, and 4.8 km/h for one minute. We found no difference
when we compared the variables at 4 km/h and 4.8 km/h. However, we found greater differences
and errors at 1.6 km/h, 2.4 km/h and 3.2 km/h, and the latter one (1.6 km/h) generated more error.
The main conclusion is that the Wiva Science IMU is reliable at high speeds but loses reliability at
low speeds.

Keywords: accuracy; repeatability; inertial

1. Introduction

In recent years, there has been increased interest in finding alternatives for the evalua-
tion of mobility, among which inertial measurement units (IMUs) stand out because of their
portability, size, and relatively low price [1]. Most publications that include a validation of
an IMU compare its performance with optical motion-capture systems [2–6]. So far, the gold
standards for gait analysis are optical motion capture systems, force platforms, and plantar
pressure platforms, but these systems are expensive, space limited, and time consuming
due to the placement of markers on the test subject. IMUs solve all of these problems.

Recent investigations on gait and posture assessment analysis show that an IMU could
provide a new perspective for these functional tests as it allows for detailed space, time,
and kinematic measurements of human motion on a continuous basis [7]. Mobile motion
analysis systems are a promising element in aiding clinical decisions regarding the patient
and could provide objective and quantifiable measures of gait, even for physicians with
little experience in motion capture [8]. IMUs are increasingly being used for gait analysis
because of their validity in healthy patients [9]. IMUs are also being used to study the
spatial and temporal parameters of walking as predictors of falls [10] and as predictors of
neurological diseases [11].

However, when used as a method of analysis, IMUs must comply with the principles
of validity, objectivity, and repeatability [12]. Reliable repeatability is a prerequisite for
the evolution of a patient over a period of time. Repeatability is necessary to differentiate
between inaccurate measurements and actual changes in a patient’s gait [12]. So far,
research shows excellent repeatability for the analysis of gait [13,14], although there are
some limitations, such as the calculation of parameters that depend on a spatial relationship
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of both feet, such as the width or length of the step [15]. Fariboz et al. provided information
on the evaluation of the effects of medication in Parkinson’s disease and demonstrated
the applicability of inertial sensors to evaluate the disease [16]. The main purpose of this
study was to evaluate the accuracy and repeatability of space-time parameters of walking
with an IMU, called Wiva science, which is currently marketed, is simple to use and has
a relatively low cost. Comparing it to other IMUs also marketed such as The Rehagate
system, Physilog GaitUp and APDM Opal, our research team chose this device because it
currently has few published studies and we believe that this study will be a novelty and
will contribute to improving people’s quality of life.

Therefore, we pose the following question: Are IMUs accurate for assessing gait in
healthy patients without gait pathology?

2. Methods

In total, 36 healthy subjects participated in the present study. The exclusion criteria
were recent and significant ligament damage, surgery, bone fractures, muscle damage in
the lower extremities, abnormal gait patterns, contraindications to exercise, or other health
conditions that could negatively affect the results of the study. A case-control study was
done based on the guidelines of Strengthening the Reporting of Observational Research in
Epidemiology (STROBE) [17]. The Declaration of Helsinki and human experimentation
rules were followed [18]. This study was approved by the ethics committee of the Univer-
sidad Rey Juan Carlos de Madrid (internal registration number 2102201803818), and all
participants signed an informed consent form before participating.

The accuracy and repeatability of a Wiva Science sensor (Wiva Science-LetSense Srl,
Bologna, Italy; Figure 1) was tested by a subject walking on a treadmill and on normal
ground. The treadmill was used to minimize the variability of walking among people
between days [19]. For each condition, the IMU was placed in the sacral area of each
subject, which was determined by palpation of the area by the investigator.

 

Figure 1. Wiva Science IMU. (Inertial Measurement Unit).
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Intra-rater reliability (intraclass correlation coefficient (ICC) 0.91–0.98) and inter-rater
reliability (ICC 0.80–0.87) have been established [20].

The subjects walked on the treadmill at 0.44 m/s (1.6 km/h), 0.67 m/s (2.4 km/h),
0.89 m/s (3.2 km/h), 1.11 m/s (4 km/h), and 1.33 m/s (4.8 km/s) for one minute at each
speed. Subjects were given 15 s to adjust to each speed. In order to measure the repeatability
of the IMU, the subjects returned for a second test. The protocol and the investigator were
the same in both data-collection sessions. Subjects also performed several timed 10 m
walking tests while wearing the IMU on normal ground. The subject walked for 10 m in
a straight line, which included the subject’s acceleration and deceleration distance. The
subjects’ normal speeds were estimated using the Wiva Science system and the 10 m
distance. The subjects walked the 10 m three times at their normal speed, and the average
was used in the statistical analysis.

The walking parameters of the IMU sensors were extracted using Biomech software
(Version 1.6.1.14687, LetSense Group srl., Bologna, Italy, http://letsense.net (accessed on
11 December 2019)). The IMU measurements collected for the tests were validated with
the speed data collected from the treadmill. The parameters studied were speed (m/min),
step cadence (steps/min), stride length (m), stride length/height (%), average length (Emi)
of step 1 (%), average length (Emi) of step 2 (%), average duration of step 1 (%), average
duration of step 2 (%), position duration (% walking cycle), oscillation duration (% walking
cycle), left foot bearing time (% gait cycle), right foot bearing time (% gait cycle), left foot
swing time (% gait cycle), right foot swing time (% gait cycle), and surface speed (10 m).
The measurements were taken as clinical standards. All participants did two tests separated
by two days. All measurements were recorded by the same researcher.

2.1. Sample Size

A heterogeneous study sample was chosen since the measurement instrument is
intended for different conditions. With an ICC of 0.90 and a confidence interval of ± 0.1,
a sample of 35 participants was considered sufficient to perform the statistical calcula-
tions [21]. When testing reliability according to application in individual subjects and for
use in clinical practice, a high ICC of 0.9 or 0.95 is recommended to increase the probability
of measurement reliability [22,23].

We compared the sample size of this study with other research carried out to date.
The RehaGait system was evaluated with 22 healthy subjects at different speeds on a
treadmill [24], and Physilog GaitUp was evaluated with 14 individuals with stroke and
25 non-disabled elderly subjects using the “Up and Go” test [25]. The Valedo system was
evaluated with 20 healthy subjects [26], the IMU Xsens MTx was evaluated with 10 subjects
with Parkinson’s disease in a walking test [27], and the InertiaCube3 was evaluated with
4 participants who had suffered strokes [28]. The IMU Shimmer3 sensor was evaluated
with 4 subjects with Parkinson’s disease and 11 healthy subjects [15], and the APDM Opal
IMUs was evaluated on a treadmill with 19 healthy subjects and on regular ground with
14 healthy subjects [29].

2.2. Statistical Analysis

To interpret the ICC values, we used reference points proposed by Landis and
Knoch [30] to indicate the following: 0.20 or less: mild; 0.21–0.40: fair; 0.41–0.60: mod-
erate; 0.61–0.80: substantial; and 0.81 or greater: almost perfect. We followed Portney
and Watkins’ guidance that clinical measurements with reliability coefficients greater than
0.90 increase the probability of measurement reliability [23]. For each test within the ses-
sion and between sessions, the ICC [31,32] was used to evaluate the reliability of each
gait parameter.

All data analyses were performed in SPSS for Windows version 22 (SPSS Inc., Chicago,
IL, USA). A Kolmogorov-Smirnov test was carried out to assess the normal distribution
of the data. A descriptive statistical analysis was performed using the mean ± standard
deviation (SD) and the 95% confidence interval. In addition, paired t-tests were performed
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to evaluate systematic differences in gait parameters between sessions. For the intersession
evaluation, the mean value of the 14 measurements was analyzed.

The coefficients of variation (CVs) were calculated for absolute parameter comparison.
The CV was calculated to measure the reliability of each session as the mean normalized
to the SD. This value represents the variation between the tests normalized to the mean
for each variable. A high CV value shows a greater heterogeneity of variable values. The
statistical analysis was performed using the data from both feet.

Standard errors of the mean (SEMs) were calculated to measure the range of error
for each gear parameter. The SEM was calculated between sessions from the ICC and SD
as SEM = sx.

√
1 − rxx, where sx is the SD of the test data set, and rxx. is the confidence

coefficient for these data, which is ICC in this case. Finally, the normality values (NVs)
of the sample were defined for all the variables obtained with the Wiva Science system
(NV = mean ± 1.96 * SD). From the result of each variable, NV was used to calculate the
95% confidence interval. A p-value < 0.05 with a 95% confidence interval was considered
statistically significant for all tests.

Moreover, Bland and Altman plots were calculated to check agreement and het-
eroscedasticity [33].

3. Results

There were 36 subjects, including 17 males and 19 females with a mean age of
35.19 ± 11.79 years (19–64 years), mean weight of 74.83 ± 16.91 kg (47–107 kg), mean height of
171.69 ± 7.49 cm (157–192 cm), and mean body mass index (BMI) of 25.23 ± 4.34 (18.4–33.4). We
found statistically significant differences in weight, height, and BMI (kg/cm2) [34], as shown
in Table 1.

Table 1. Demographic data of the sample.

Variable
Men (n = 17)

Mean ± SD (Range)
Women (n = 19)

Mean ± SD (Range)
Total (n = 36)

Mean ± SD (Range)
p Value

AGE (years) 35.64 ± 13.19 (19–64) 34.78 ± 10.73 (22–62) 35.19 ± 11.79 (19–64) 0.8311

WEIGHT (kg) 86.29 ± 13.40 (60–107) 64.57 ± 12.70 (47–90) 74.83 ± 16.91 (47–107) 0.0000 *

SIZE (cm) 177.05 ± 5.58 (169–192) 166.89 ± 5.47 (157–177) 171.69 ± 7.49 (157–192) 0.0000 *

BMI 27.44 ± 3.55 (20.76–33.4) 23.25 ± 4.08 (18.4–31.14) 25.23 ± 4.34 (18.4–33.4) 0.0025 *

Abbreviations: cm: centimeters; kg: kilograms; BMI: body mass index; SD: standard deviation; 95% CI: 95% confidence interval; *:
significant differences, p < 0.05.

High reliability was observed in all measurements in the first session (Table 2) with
ICC > 0.81 except for the following variables: the average duration of step 1 at normal
speed (ICC 0.41), 1.6, 2.4, 3.2 and 4 km/h (ICC: 0.28, ICC 0.73, ICC 0.39, and ICC 0.73,
respectively); the average duration of step 2 at all speeds, which had low reliability (normal,
1.6, 2.4, 3.2 and 4 km/h had ICCs of 0.24, 0.22, 0.73, 0.37, and 0.75, respectively); the variable
position duration at 1.6 km/h (ICC 0.72); the variable oscillation duration at 1.6 km/h
(ICC 0.77); the variable left foot bearing time at 1.6 km/h and 3.2 km/h (ICC 0.38 and
ICC 0.58 respectively); the variable right foot bearing time at normal speed (ICC 0.69)
and 1.6 km/h (ICC 0.54); the variable left foot swing time at 1.6 km/h (ICC 0.49); and the
variable right foot swing time at 1.6 km/h (ICC 0.48). The SEM was low except at normal
speed, 1.6 and 2.4 km/h.

High reliability was observed in all measurements in the second session (Table 3) with
ICC > 0.81 except for the following variables: the variable average duration of step 1 at
all speeds (1.6 km/h, 2.4 km/h, 3.2 km/h, 4 km/h, 4.8 km/h: ICC 0.51, ICC 0.35, ICC
0.66, ICC 0.67, and ICC 0.31, respectively); the variable average duration of step 2 at all
speeds (ICC 0.59, ICC 0.47, ICC 0.50, ICC 0.60, ICC 0.72, and ICC 0.34 respectively); the
variable average duration of step 2 4.8 km/h (ICC 0.34); the variable oscillation duration at
1.6 km/h (ICC 0.78); the variable left foot bearing time at 1.6 km/h (ICC 0;63); the variable
right foot bearing time at 1.6 km/h and 2.4 km/h (ICC 0.53 and ICC 0.80, respectively); the
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variable left foot swing time at 1.6 km/h (ICC 0.63); and the variable right foot swing time
at 1.6 km/h (ICC 0.56). SEM was low except at normal speed, 1.6 km/h, and 2.4 km/h.

Table 2. Reliability analysis within the variables studied for the first session.

Variables Mean (DS) IC95% CV (%)
ICC (2.1)
(IC95%)

SEM MDC
95% Normality

Values

Normal speed 73.68 (12.63) (69.56–77.81) 17.14 0.93 3.18 8.81 (48.93–98.44)

Speed 1.6 km/h 34.30 (7.16) (31.96–36.64) 20.87 0.93 1.77 4.92 (20.27–48.33)

Speed 2.4 km/h 43.09 (6.63) (40.93–45.26) 15.38 0.98 0.99 2.29 (30.10–56.09)

Speed 3.2 km/h 54.51 (8.20) (51.83–57.19) 15.05 0.98 0.99 2.36 (38.42–70.59)

Speed 4 km/h 67.39 (9.29) (64.36–70.43) 13.78 0.98 0.99 3.18 (49.18–85.61)

Speed 4.8 km/h 79.27 (10.47) (75.85–82.69) 13.21 0.98 0.99 3.17 (58.74–99.79)

Step cadence normal speed 55.74 (4.29) (54.34–57.14) 7.70 0.87 1.53 4.26 (47.32–64.16)

Step cadence 1.6 km/h 37.04 (7.94) (34.44–39.64) 21.45 0.93 1.98 5.50 (21.46–52.62)

Step cadence 2.4 km/h 42.37 (4.83) (40.80–43.95) 11.40 0.98 0.59 1.64 (32.90–51.84)

Step cadence 3.2 km/h 49.26 (3.99) (47.96–50.57) 8.11 0.99 0.30 0.83 (41.43–57.10)

Step cadence 4 km/h 55.41 (3.41) (54.30–56.53) 6.17 0.98 0.48 1.34 (48.71–62.12)

Step cadence 4.8 km/h 59.76 (3.14) (58.7 –60.79) 5.26 0.98 0.37 1.02 (53.59–65.94)

Stride length normal speed 1.32 (0.25) (1.25 –1.39) 15.50 0.96 0.04 0.11 (0.92–1.72)

Stride length 1.6 km/h 0.94 (0.17) (0.89–1.00) 18.04 0.92 0.04 0.12 (0.61–1.28)

Stride length 2.4 km/h 1.02 (0.15) (0.97–1.07) 14.95 0.98 0.01 0.05 (0.72–1.32)

Stride length 3.2 km/h 1.10 (0.15) (1.05–1.15) 13.96 0.98 0.01 0.04 (0.80–1.41)

Stride length 4 km/h 1.21 (0.16) (1.16–1.27) 13.48 0.98 0.01 0.05 (0.89–1.54)

Stride length 4.8 km/h 1.32 (0.18) (1.26–1.38) 13.62 0.99 0.01 0.04 (0.97–1.68)

Stride length/height
normal speed

79.16 (13.31) (74.81–83.51) 16.81 0.96 2.33 6.46 (53.07–105.26)

Stride length/height
1.6 km/h

56.82 (13.30) (52.48–61.17) 23.41 0.98 1.58 4.38 (30.75–82.90)

Stride length/height
2.4 km/h

61.50 (12.13) (57.53–65.46) 19.72 0.99 1.04 2.90 (37.72–85.27)

Stride length/height
3.2 km/h

66.52 (11.91) (62.63–70.42) 17.91 0.99 1.04 2.90 (43.16–89.89)

Stride length/height 4 km/h 73.07 (12.37) (69.02–77.11) 16.93 0.99 1.09 3.02 (48.81–97.32)

Stride length/height
4.8 km/h

79.72 (13.76) (75.22–84.22) 17.27 0.99 1.02 2.82 (52.73–106.71)

Average length of step
1—normal speed

0.66 (0.10) (0.62–0.69) 15.98 0.95 0′02 0.06 (0.45–0.86)

Average length of step
1—1.6 km/h

0.47 (0.08) (0.44–0.49) 17.64 0.95 0.01 0.04 (0.30–0.63)

Average length of step
1—2.4 km/h

0.51 (0.08) (0.48–0.54) 16.07 0.98 0.01 0.03 (0.35–0.67)

Average length of step
1—3.2 km/h

0.55 (0.08) (0.52–0.57) 15.16 0.98 0.01 0.03 (0.38–0.71)

Average length of step
1—4 km/h

0.60 (0.08) (0.58–0.63) 13.95 0.97 0.01 0.03 (0.44–0.77)

Average length of step
1—4.8 km/h

0.66 (0.09) (0.63–0.69) 14.20 0.98 0.01 0.03 (0.48–0.85)
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Table 2. Cont.

Variables Mean (DS) IC95% CV (%)
ICC (2.1)
(IC95%)

SEM MDC
95% Normality

Values

Average length of step
2—normal speed

0.66 (0.10) (0.62–0.69) 15.89 0.94 0.02 0.06 (0.45–0.86)

Average length of step
2—1.6 km/h

0.47 (0.08) (0.44–0.49) 17.12 0.95 0.01 0.04 (0.31–0.62)

Average length of step
2—2.4 km/h

0.50 (0.07) (0.48–0.53) 15.16 0.97 0.01 0.03 (0.35–0.65)

Average length of step
2—3.2 km/h

0.55 (0.07) (0.53–0.58) 13.80 0.98 0.01 0.03 (0.40–0.70)

Average length of step
2—4 km/h

0.61 (0.08) (0.58–0.63) 13.78 0.97 0.01 0.03 (0.44–0.77)

Average length of step
2—4.8 km/h

0.66 (0.09) (0.63–0.69) 13.57 0.98 0.01 0.02 (0.48–0.83)

Average duration of step
1—normal speed

49.89 (2.18) (49.17–50.60) 4.37 0.41 1.66 4.62 (45.61–54.17)

Average duration of step
1—1.6 km/h

49.42 (2.36) (48.65–50.20) 4.77 0.28 2.00 5.55 (44.79–54.05)

Average duration of step
1—2.4 km/h

50.09 (1.58) (49.57–50.69) 3.16 0.73 0.82 2.28 (46.98–53.20)

Average duration of step
1—3.2 km/h

49.82 (1.14) (49.45–50.19) 2.29 0.39 0.89 2.46 (47.58–52.06)

Average duration of step
1—4 km/h

49.79 (1.17) (49.40–50.17) 2.35 0.73 0.60 1.68 (47.49–52.08)

Average duration of step
1—4.8 km/h

49.97 (0.91) (49.67–50.27) 1.83 0.88 0.31 0.87 (48.17–51.76)

Average duration of step
2—normal speed

50.29 (2.53) (49.46–51.12) 5.04 0.24 2.20 6.12 (45.31–55.27)

Average duration of step
2—1.6 km/h

50.63 (2.28) (49.88–51.38) 4.51 0.22 2.01 5.58 (46.15–55.11)

Average duration of step
2—2.4 km/h

49.92 (1.60) (49.39–50.44) 3.21 0.73 0.82 2.27 (46.77–53.06)

Average duration of step
2—3.2 km/h

50.18 (1.14) (49.80–50.55) 2.28 0.37 0.90 2.50 (47.93–52.42)

Average duration of step
2—4 km/h

50.21 (1.17) (49.83–50.62) 2.33 0.75 0.58 1.62 (47.92–52.51)

Average duration of step
2—4.8 km/h

50.03 (0.91) (49.73–50.33) 1.83 0.88 0.31 0.88 (48.23–51.83)

Position duration
normal speed

63.67 (2.63) (62.81–64.53) 4.14 0.91 0.75 2.10 (58.50–68.84)

Position duration 1.6 km/h 62.39 (2.56) (61.55–63.22) 4.11 0.72 1.34 3.72 (57.35–67.42)

Position duration 2.4 km/h 62.92 (2.31) (62.16–63.67) 3.67 0.88 0.77 2.13 (58.39–67.45)

Position duration 3.2 km/h 61.80 (1.99) (61.14–62.45) 3.22 0.94 0.46 1.29 (57.88–65.71)

Position duration 4 km/h 60.98 (2.01) (60.32–61.64) 3.30 0.98 0.28 0.78 (57.03–64.94)

Position duration 4.8 km/h 60.09 (1.83) (59.48–60.69) 3.05 0.98 0.23 0.64 (56.48–63.69)
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Table 2. Cont.

Variables Mean (DS) IC95% CV (%)
ICC (2.1)
(IC95%)

SEM MDC
95% Normality

Values

Oscillation duration
normal speed

34.34 (2.72) (33.45–35.23) 7.93 0.93 0.67 1.85 (29.00–39.68)

Oscillation duration
1.6 km/h

36.46 (2.41) (35.67–37.25) 6.61 0.77 1.14 3.16 (31.74–41.19)

Oscillation duration
2.4 km/h

35.65 (2.33) (34.89–36.41) 6.53 0.88 0.78 2.17 (31.08–40.22)

Oscillation duration
3.2 km/h

36.55 (2.03) (35.89–37.21) 5.55 0.94 0.46 1.27 (32.57–40.53)

Oscillation duration 4 km/h 37.14 (2.02) (36.48–37.80) 5.43 0.98 0.27 0.76 (33.18–41.10)

Oscillation duration
4.8 km/h

37.91 (1.80) (37.32–38.50) 4.76 0.98 0.23 0.64 (34.37–41.45)

Left foot bearing time
normal speed

63.62 (3.48) (62.48–64.76) 5.47 0.91 0.99 2.74 (56.79–70.45)

Left foot bearing time
1.6 km/h

61.88 (3.68) (60.67–63.08) 5.95 0.38 2.89 8.01 (54.65–69.10)

Left foot bearing time
2.4 km/h

62.93 (2.43) (62.13–63.72) 3.82 0.89 0.80 2.23 (58.16–67.69)

Left foot bearing time
3.2 km/h

62.12 (3.62) (60.94–63.30) 5.83 0.58 2.32 6.45 (55.02–69.22)

Left foot bearing time
4 km/h

60.85 (2.42) (60.06–61.64) 3.97 0.94 0.57 1.59 (56.11–65.60)

Left foot bearing time
4.8 km/h

59.84 (2.23) (59.11–60.57) 3.73 0.94 0.50 1.40 (55.46–64.22)

Right foot bearing time
normal speed

63.72 (2.75) (62.82–64.62) 4.32 0.69 1.53 4.24 (58.32–69.11)

Right foot bearing time
1.6 km/h

62.90 (3.43) (61.78–64.03) 5.45 0.54 2.31 6.41 (56.18–69.63)

Right foot bearing time
2.4 km/h

62.91 (2.89) (61.96–63.85) 4.59 0.83 1.17 3.24 (57.24–68.57)

Right foot bearing time
3.2 km/h

61.75 (2.10) (61.06–62.44) 3.41 0.86 0.77 2.14 (57.62–65.88)

Right foot bearing time
4 km/h

61.12 (2.27) (60.38–61.87) 3.71 0.92 0.62 1.74 (56.67–65.58)

Right foot bearing time
4.8 km/h

60.34 (2.02) (59.67–61.00) 3.35 0.91 0.59 1.65 (56.36–64.31)

Left foot swing time normal
speed

34.37 (3.54) (33.21–35.53) 10.31 0.94 0.80 2.24 (27.42–41.32)

Left foot swing time
1.6 km/h

37.02 (3.33) (35.93–38.11) 9.00 0.49 2.37 6.57 (30.48–43.56)

Left foot swing time
2.4 km/h

35.65 (2.43) (34.85–36.45) 6.83 0.89 0.80 2.23 (30.87–40.43)

Left foot swing time
3.2 km/h

36.51 (2.40) (35.72–37.29) 6.58 0.93 0.59 1.66 (31.80–41.22)

Left foot swing time 4 km/h 37.29 (2.42) (36.49–38.08) 6.49 0.94 0.57 1.59 (32.54–42.03)

Left foot swing time
4.8 km/h

38.16 (2.20) (37.44–38.87) 5.76 0.94 0.50 1.40 (33.84–42.47)
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Table 2. Cont.

Variables Mean (DS) IC95% CV (%)
ICC (2.1)
(IC95%)

SEM MDC
95% Normality

Values

Right foot swing time
normal speed

34.18 (2.71) (33.30–35.07) 7.94 0.90 0.83 2.32 (28.86–39.51)

Right foot swing time
1.6 km/h

35.81 (3.60) (34.64–36.99) 10.06 0.48 2.58 7.15 (28.75–42.88)

Right foot swing time
2.4 km/h

35.65 (2.92) (34.69–36.60) 8.19 0.83 1.19 3.31 (29.92–41.37)

Right foot swing time
3.2 km/h

36.59 (2.14) (35.89–37.29) 5.86 0.87 0.76 2.11 (32.39–40.80)

Right foot swing time
4 km/h

37.01 (2.27) (36.27–37.75) 6.14 0.92 0.62 1.72 (32.56–41.47)

Right foot swing time
4.8 km/h

37.62 (2.01) (37.01–38.33) 5.35 0.91 0.59 1.65 (33.71–41.62)

Abbreviations: km/h (kilometers per hour); IC (confidence interval); CV (coefficient of variation); ICC (coefficient of intraclass correlation);
SEM (standard error of mean); MDC (minimum detectable change).

Table 3. Reliability analysis within the variables studied for the second session.

Variables MEAN (DS) IC95% CV (%)
ICC (2,1)
(IC95%)

SEM MDC
95%

NORMALITY
VALUES

NORMAL SPEED 76.21 (11.86) (72.34–80.08) 15.56 0.96 2.32 6.44 (52.96–99.45)

SPEED 1.6 km/h 34.77 (6.50) (32.64–36.89) 18.70 0.93 1.71 4.75 (22.01–47.52)

SPEED 2.4 km/h 43.11 (6.52) (40.98–45.24) 15.12 0.93 1.66 4.60 (30.33–55.89)

SPEED 3.2 km/h 55.03 (7.07) (52.72–57.34) 12.85 0.98 0.74 2.06 (41.16–68.90)

SPEED 4 km/h 67.61 (9.14) (64.62–70.59) 13.52 0.99 0.90 2.50 (49.68–85.53)

SPEED 4.8 km/h 79.79 (10.79) (76.26–83.31) 13.52 0.98 1.15 3.18 (58.63–100.95)

STEP CADENCE
NORMAL SPEED

56.90 (3.80) (55.66–58.14) 6.68 0.96 0.67 1.86 (49.45–64.35)

STEP CADENCE 1.6 km/h 34.73 (6.15) (32.72–36.74) 17.72 0.90 1.89 5.25 (22.66–46.80)

STEP CADENCE 2.4 km/h 40.74 (5.31) (39.00–42.48) 13.04 0.88 1.82 5.06 (30.32–51.16)

STEP CADENCE 3.2 km/h 48.62 (3.63) (47.43–49.81) 7.47 0.98 0.42 1.16 (41.50–55.74)

STEP CADENCE 4 km/h 55.13 (3.29) (54.05–56.21) 5.97 0.99 0.25 0.70 (48.67–61.59)

STEP CADENCE 4.8 km/h 59.57 (3.07) (58.57–60.58) 5.16 0.96 0.54 1.50 (53.55–65.60)

STRIDE LENGTH
NORMAL SPEED

1.34 (0.19) (1.27–1.40) 14.64 0.97 0.03 0.09 (0.95–1.72)

STRIDE LENGTH 1.6 km/h 1.01 (0.16) (0.95–1.06) 16.42 0.98 0.02 0.05 (0.68–1.33)

STRIDE LENGTH 2.4 km/h 1.058 (0.13) (1.01–1.10) 12.97 0.98 0.01 0.04 (0.78–1.32)

STRIDE LENGTH 3.2 km/h 1.13 (0.14) (1.08–1.18) 12.55 0.99 0.01 0.03 (0.85–1.41)

STRIDE LENGTH 4 km/h 1.23 (0.17) (1.17–0.28) 13.80 0.99 0.01 0.04 (0.89–1.56)

STRIDE LENGTH 4.8 km/h 1.34 (0.18) (1.28–1.40) 14.02 0.99 0.01 0.04 (0.97–1.71)

STRIDE LENGTH/HEIGHT
NORMAL SPEED

80.32 (12.34) (76.29–84.35) 15.36 0.97 1.86 5.16 (56.13–104.51)

STRIDE LENGTH/HEIGHT
1.6 km/h

60.79 (12.73) (56.64–64.95) 20.93 0.99 1.16 3.24 (35.84–85.75)

STRIDE LENGTH/HEIGHT
2.4 km/h

63.51 (11.29) (59.82–67.20) 17.78 0.99 0.87 2.43 (41.37–85.65)
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Table 3. Cont.

Variables MEAN (DS) IC95% CV (%)
ICC (2,1)
(IC95%)

SEM MDC
95%

NORMALITY
VALUES

STRIDE LENGTH/HEIGHT
3.2 km/h

68.02 (10.93) (64.45–71.59) 16.07 0.99 0.79 2.19 (46.59–89.45)

STRIDE LENGTH/HEIGHT
4 km/h

73.67 (12.37) (69.63–77.71) 16.79 0.99 0.87 2.43 (49.43–97.92)

STRIDE LENGTH/HEIGHT
4.8 km/h

80.50 (13.92) (75.95–85.04) 17.29 0.99 0.85 2.37 (53.20–107.79)

AVERAGE LENGTH OF
STEP 1 NORMAL SPEED

0.67 (0.10) (0.63–0.70) 15.00 0.96 0.02 0.05 (0.47–0.86)

AVERAGE LENGTH OF
STEP 1 1.6 km/h

0.51 (0.08) (0.48–0.53) 17.09 0.97 0.01 0.04 (0.33–0.68)

AVERAGE LENGTH OF
STEP 1 2.4 km/h

0.53 (0.07) (0.50–0.55) 13.73 0.96 0.01 0.04 (0.38–0.67)

AVERAGE LENGTH OF
STEP 1 3.2 km/h

0.56 (0.07) (0.53–0.58) 13.46 0.98 0.01 0.02 (0.41–0.71)

AVERAGE LENGTH OF
STEP 1 4 km/h

0.61 (0.08) (0.58–0.64) 14.08 0.98 0.01 0.02 (0.44–0.78)

AVERAGE LENGTH OF
STEP 1 4.8 km/h

0.67 (0.09) (0.64–0.70) 14.35 0.99 0.01 0.02 (0.48–0.86)

AVERAGE LENGTH OF
STEP 2 NORMAL SPEED

0.67 (0.10) (0.63–0.70) 15.12 0.96 0.02 0.05 (0.47–0.87)

AVERAGE LENGTH OF
STEP 2 1.6 km/h

0.50 (0.08) (0.47–0.52) 17.07 0.97 0.01 0.03 (0.33–0.66)

AVERAGE LENGTH OF
STEP 2 2.4 km/h

0.52 (0.07) (0.50–0.54) 13.68 0.96 0.01 0.03 (0.38–0.66)

AVERAGE LENGTH OF
STEP 2 3.2 km/h

0.57 (0.07) (0.54–0.59) 12.51 0.97 0.01 0.02 (0.43–0.70)

AVERAGE LENGTH OF
STEP 2 4 km/h

0.61 (0.08) (0.58–0.64) 14.39 0.98 0.01 0.02 (0.44–0.78)

AVERAGE LENGTH OF
STEP 2 4.8 km/h

0.66 (0.09) (0.63–0.70) 14.32 0.98 0.01 0.02 (0.48–0.85)

AVERAGE DURATION OF
STEP 1 NORMAL SPEED

49.93 (2.36) (49.16–50.71) 4.74 0.51 1.65 4.57 (45.29–54.58)

AVERAGE DURATION OF
STEP 1 1.6 km/h

50.05 (2.98) (49.08–51.03) 5.96 0.35 2.39 6.64 (44.20–55.91)

AVERAGE DURATION OF
STEP 1 2.4 km/h

49.75 (1.67) (49.20–50.30) 3.37 0.66 0.97 2.69 (46.47–53.04)

AVERAGE DURATION OF
STEP 1 3.2 km/h

49.98 (1.31) (49.55–50.41) 2.63 0.60 0.82 2.29 (47.39–52.56)

AVERAGE DURATION OF
STEP 1 4 km/h

49.84 (1.07) (49.48–50.19) 2.15 0.67 0.61 1.69 (47.73–51.94)

AVERAGE DURATION OF
STEP 1 4.8 km/h

50.05 (1.12) (49.68–50.41) 2.23 0.31 0.92 2.56 (47.85–52.24)

AVERAGE DURATION OF
STEP 2 NORMAL SPEED

50.31 (2.09) (49.62–50.99) 4.16 0.59 1.33 3.69 (46.20–54.42)

AVERAGE DURATION OF
STEP 2 1.6 km/h

49.78 (3.14) (48.75–50.80) 6.31 0.47 2.28 6.33 (43.61–55.94)

17



J. Clin. Med. 2021, 10, 1804

Table 3. Cont.

Variables MEAN (DS) IC95% CV (%)
ICC (2,1)
(IC95%)

SEM MDC
95%

NORMALITY
VALUES

AVERAGE DURATION OF
STEP 2 2.4 km/h

50.08 (2.01) (49.43–50.74) 4.02 0.50 1.41 3.92 (46.13–54.03)

AVERAGE DURATION OF
STEP 2 3.2 km/h

50.01 (1.30) (49.58–50.44) 2.61 0.60 0.82 2.28 (47.44–52.57)

AVERAGE DURATION OF
STEP 2 4 km/h

50.15 (1.07) (49.80–50.50) 2.14 0.72 0.56 1.57 (48.04–52.25)

AVERAGE DURATION OF
STEP 2 4.8 km/h

49.95 (1.11) (49.59–50.31) 2.22 0.34 0.90 2.49 (47.77–52.13)

POSITION DURATION
NORMAL SPEED

63.63 (2.86) (62.69–64.56) 4.50 0.93 0.72 2.02 (58.00–69.25)

POSITION DURATION
1.6 km/h

63.25 (3.04) (62.26–64.25) 4.81 0.82 1.28 3.56 (57.28–69.23)

POSITION DURATION
2.4 km/h

63.09 (2.78) (62.19–64.00) 4.41 0.90 0.85 2.35 (57.64–68.55)

POSITION DURATION
3.2 km/h

61.77 (2.02) (61.05–62.48) 3.56 0.98 0.30 0.84 (57.45–66.08)

POSITION DURATION
4 km/h

61.03 (2.28) (60.29–61.78) 3.73 0.98 0.26 0.72 (56.56–65.50)

POSITION DURATION
4.8 km/h

60.13 (1.88) (59.51–60.74) 3.13 0.98 0.24 0.68 (56.44–63.82)

OSCILLATION DURATION
NORMAL SPEED

34.28 (2.72) (33.39–35.17) 7.96 0.95 0.56 1.55 (28.93–39.63)

OSCILLATION DURATION
1.6 km/h

35.57 (3.12) (34.55–36.59) 8.77 0.78 1.44 4.00 (29.45–41.69)

OSCILLATION DURATION
2.4 km/h

35.48 (2.72) (34.59–36.37) 7.67 0.92 0.75 2.08 (30.14–40.82)

OSCILLATION DURATION
3.2 km/h

36.61 (2.24) (35.88–37.34) 6.11 0.98 0.30 0.85 (32.22–41.00)

OSCILLATION DURATION
4 km/h

37.08 (2.29) (36.33–37.83) 6.19 0.97 0.35 0.99 (32.58–41.58)

OSCILLATION DURATION
4.8 km/h

37.84 (1.89) (37.22–38.46) 5.00 0.97 0.31 0.85 (34.13–41.56)

LEFT FOOT BEARING
TIME NORMAL SPEED

63.45 (3.58) (62.28–64.63) 5.65 0.92 0.99 2.75 (56.42–70.49)

LEFT FOOT BEARING
TIME 1.6 km/h

63.53 (4.41) (62.09–64.97) 6.94 0.63 2.65 7.35 (54.88–72.18)

LEFT FOOT BEARING
TIME 2.4 km/h

63.06 (2.79) (62.14–63.97) 4.42 0.87 0.98 2.73 (57.59–68.52)

LEFT FOOT BEARING
TIME 3.2 km/h

61.99 (2.43) (61.20–62.79) 3.92 0.96 0.45 1.24 (57.22–66.76)

LEFT FOOT BEARING
TIME 4 km/h

60.87 (2.60) (60.02–61.72) 4.27 0.95 0.52 1.46 (55.77–65.96)

LEFT FOOT BEARING
TIME 4.8 km/h

59.98 (2.40) (59.20–60.77) 4.00 0.91 0.69 1.92 (55.27–64.69)

RIGHT FOOT BEARING
TIME NORMAL SPEED

63.80 (2.64) (62.93–64.66) 4.15 0.83 1.06 2.95 (58.60–68.99)
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Table 3. Cont.

Variables MEAN (DS) IC95% CV (%)
ICC (2,1)
(IC95%)

SEM MDC
95%

NORMALITY
VALUES

RIGHT FOOT BEARING
TIME 1.6 km/h

62.99 (4.50) (61.51–64.43) 7.15 0.53 3.07 8.52 (54.15–71.82)

RIGHT FOOT BEARING
TIME 2.4 km/h

63.08 (3.56) (61.92–64.25) 5.65 0.80 1.58 4.39 (56.09–70.08)

RIGHT FOOT BEARING
TIME 3.2 km/h

61.58 (2.65) (60.71–62.44) 4.30 0.94 0.62 1.73 (56.38–66.77)

RIGHT FOOT BEARING
TIME 4 km/h

61.20 (2.48) (60.39–62.01) 4.06 0.97 0.40 1.12 (56.32–66.07)

RIGHT FOOT BEARING
TIME 4.8 km/h

60.27 (1.96) (59.63–60.91) 3.25 0.91 0.59 1.63 (56.42–64.12)

LEFT FOOT SWING TIME
NORMAL SPEED

34.54 (3.42) (33.33–35.57) 9.94 0.95 0.72 2.01 (27.73–41.16)

LEFT FOOT SWING TIME
1.6 km/h

35.29 (4.24) (33.90–36.62) 12.02 0.63 2.57 7.14 (26.97–43.61)

LEFT FOOT SWING TIME
2.4 km/h

35.46 (2.91) (34.51–36.41) 8.21 0.83 1.19 3.30 (29.75–41.16)

LEFT FOOT SWING TIME
3.2 km/h

36.38 (2.44) (35.58–37.18) 6.72 0.96 0.45 1.27 (31.58–41.17)

LEFT FOOT SWING TIME
4 km/h

37.28 (2.59) (36.43–38.12) 6.95 0.95 0.53 1.47 (32.19–42.36)

LEFT FOOT SWING TIME
4.8 km/h

38.03 (2.37) (37.25–38.80) 6.25 0.91 0.69 1.91 (33.37–42.68)

RIGHT FOOT SWING
TIME NORMAL SPEED

34.13 (2.60) (33.28–34.98) 7.64 0.84 1.01 2.80 (29.02–39.24)

RIGHT FOOT SWING
TIME 1.6 km/h

35.83 (4.70) (34.30–37.37) 13.13 0.56 3.11 8.62 (26.61–45.06)

RIGHT FOOT SWING
TIME 2.4 km/h

35.57 (3.38) (34.46–36.68) 9.52 0.84 1.31 3.64 (28.93–42.21)

RIGHT FOOT SWING
TIME 3.2 km/h

36.84 (2.63) (35.98–37.70) 7.15 0.95 0.56 1.55 (31.67–42.00)

RIGHT FOOT SWING
TIME 4 km/h

36.95 (2.48) (36.13–37.76) 6.73 0.97 0.42 1.16 (32.07–41.82)

RIGHT FOOT SWING
TIME 4.8 km/h

37.72 (1.94) (37.09–38.36) 5.16 0.90 0.59 1.63 (33.90–41.54)

Abbreviations: km/h (kilometers per hour); IC (confidence interval); CV (coefficient of Variation); ICC (intraclass correlation coefficient);
SEM (standard error of mean); MDC (minimum detectable change).

Comparing the differences between first and second session (Table 4), we observed a
significant difference between the first and second sessions at normal speed (p = 0.05).
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Table 4. Systematic differences between the first and second session.

Variables
Mean (DS)

First Session
IC95%

Mean (DS)
Second Session

IC95% LoA p VALUE

Normal speed 73.68 (12.63) (69.56–77.81) 76.21 (11.86) (72.34–80.08) −2.52
(−12.48–7.43) 0.005 *

Speed 1.6 km/h 34.30 (7.16) (31.96–36.64) 34.77 (6.50) (32.64–36.89) −0.47
(−10.39–9.46) 0.585

Speed 2.4 km/h 43.09 (6.63) (40.93–45.26) 43.11 (6.52) (40.98–45.24) −0.02
(−5.15–5.12) 0.969

Speed 3.2 km/h 54.51 (8.20) (51.83–57.19) 55.03 (7.07) (52.72–57.34) −0.52
(−6.19–5.15) 0.287

Speed 4 km/h 67.39 (9.29) (64.36–70.43) 67.61 (9.14) (64.62–70.59) −0.21
(−4.43–4.01) 0.556

Speed 4.8 km/h 79.27 (10.47) (75.85–82.69) 79.79 (10.79) (76.26–83.31) −0.52
(−4.72–3.68) 0.154

Step cadence
normal speed

55.74 (4.29) (54.34–57.14) 56.90 (3.80) (55.66–58.14) −1.16
(−4.49–2.17) 0.000 *

Step cadence 1.6 km/h 37.04 (7.94) (34.44–39.64) 34.73 (6.15) (32.72–36.74) 2.31
(−7.53–12.16) 0.009

Step cadence 2.4 km/h 42.37 (4.83) (40.80–43.95) 40.74 (5.31) (39.00–42.48) 1.63
(−3.01–6.27) 0.000 *

Step cadence 3.2 km/h 49.26 (3.99) (47.96–50.57) 48.62 (3.63) (47.43–49.81) 0.64
(−2.14–3.43) 0.010 *

Step cadence 4 km/h 55.41 (3.41) (54.30–56.53) 55.13 (3.29) (54.05–56.21) 0.28
(−1.69–2.26) 0.101

Step cadence 4.8 km/h 59.76 (3.14) (58.73–60.79) 59.57 (3.07) (58.57–60.58) 0.19
(−2.23–2.61) 0.368

Stride length
normal speed

1.32 (0.25) (1.25–1.39) 1.34 (0.19) (1.27–1.40) −0.02
(−0.14–0.10) 0.069

Stride length 1.6 km/h 0.94 (0.17) (0.89–1.00) 1.01 (0.16) (0.95–1.06) −0.06
(−0.24–0.11) 0.000 *

Stride length 2.4 km/h 1.02 (0.15) (0.97–1.07) 1.058 (0.13) (1.01–1.10) −0.03
(−0.16–0.09) 0.005 *

Stride length 3.2 km/h 1.10 (0.15) (1.05–1.15) 1.13 (0.14) (1.08–1.18) −0.03
(−0.16–0.11) 0.032 *

Stride length 4 km/h 1.21 (0.16) (1.16–1.27) 1.23 (0.17) (1.17–1.28) −0.01
(−0.09–0.07) 0.117

Stride length 4.8 km/h 1.32 (0.18) (1.26–1.38) 1.34 (0.18) (1.28–1.40) −0.01
(−0.09–0.06) 0.056

Stride length/height
normal speed

79.16 (13.31) (74.81–83.51) 80.32 (12.34) (76.29–84.35) −1.16
(−8.69–6.37) 0.079

Stride length/height
1.6 km/h

56.82 (13.30) (52.48–61.17) 60.79 (12.73) (56.64–64.95) −3.97
(−14.21–6.27) 0.000 *

Stride length/height
2.4 km/h

61.50 (12.13) (57.53–65.46) 63.51 (11.29) (59.82–67.20) −2.01
(−9.86–5.84) 0.005 *

Stride length/height
3.2 km/h

66.52 (11.91) (62.63–70.42) 68.02 (10.93) (64.45–71.59) −1.50
(−9.60–6.60) 0.036 *

Stride length/height
4 km/h

73.07 (12.37) (69.02–77.11) 73.67 (12.37) (69.63–77.71) −0.61
(−5.37–4.15) 0.143

Stride length/height
4.8 km/h

79.72 (13.76) (75.22–84.22) 80.50 (13.92) (75.95–85.04) −0.78
(−5.45–3.90) 0.060
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Table 4. Cont.

Variables
Mean (DS)

First Session
IC95%

Mean (DS)
Second Session

IC95% LoA p VALUE

Average length step 1
normal speed

0.66 (0.10) (0.62–0.69) 0.67 (0.10) (0.63–0.70) −0.01
(−0.07–0.05) 0.058

Average length step 1
1.6 km/h

0.47 (0.08) (0.44–0.49) 0.51 (0.08) (0.48–0.53) −0.04
(−0.12–0.04) 0.000 *

Average length step 1
2.4 km/h

0.51 (0.08) (0.48–0.54) 0.53 (0.07) (0.50–0.55) −0.02
(−0.08–0.04) 0.004 *

Average length step 1
3.2 km/h

0.55 (0.08) (0.52–0.57) 0.56 (0.07) (0.53–0.58) −0.01
(−0.08–0.05) 0.026*

Average length step 1
4 km/h

0.60 (0.08) (0.58–0.63) 0.61 (0.08) (0.58–0.64) −0.01
(−0.05–0.04) 0.140

Average length step 1
4.8 km/h

0.66 (0.09) (0.63–0.69) 0.67 (0.09) (0.64–0.70) −0.01
(−0.05–0.04) 0.103

Average length step 2
normal speed

0.66 (0.10) (0.62–0.69) 0.67 (0.10) (0.63–0.70) −0.01
(−0.08–0.06) 0.156

Average length step 2
1.6 km/h

0.47 (0.08) (0.44–0.49) 0.50 (0.08) (0.47–0.52) −0.03
(−0.12–0.06) 0.001 *

Average length step 2
2.4 km/h

0.50 (0.07) (0.48–0.53) 0.52 (0.07) (0.50–0.54) −0.02
(−0.09–0.06) 0.019 *

Average length step 2
3.2 km/h

0.55 (0.07) (0.53–0.58) 0.57 (0.07) (0.54–0.59) −0.01
(−0.08–0.05) 0.061

Average length step 2
4 km/h

0.61 (0.08) (0.58–0.63) 0.61 (0.08) (0.58–0.64) 0.00
(−0.04–0.03) 0.202

Average length step 2
4.8 km/h

0.66 (0.09) (0.63–0.69) 0.66 (0.09) (0.63–0.70) −0.01
(−0.05–0.03) 0.070

Average duration of
step 1 normal speed

49.89 (2.18) (49.17–50.60) 49.93 (2.36) (49.16–50.71) −0.05
(−2.44–2.34) 0.811

Average duration of
step 1 1.6 km/h

49.42 (2.36) (48.65–50.20) 50.05 (2.98) (49.08–51.03) −0.63
(−4.69–3.43) 0.078

Average duration of
step 1 2.4 km/h

50.09 (1.58) (49.57–50.69) 49.75 (1.67) (49.20–50.30) 0.34
(−1.81–2.48) 0.075

Average duration of
step 1 3.2 km/h

49.82 (1.14) (49.45–50.19) 49.98 (1.31) (49.55–50.41) −0.16
(−1.61–1.29) 0.208

Average duration of
step 1 4 km/h

49.79 (1.17) (49.40–50.17) 49.84 (1.07) (49.48–50.19) −0.05
(−1.81–1.71) 0.739

Average duration of
step 1 4.8 km/h

49.97 (0.91) (49.67–50.27) 50.05 (1.12) (49.68–50.41) −0.08
(−1.41–1.25) 0.481

Average duration of
step 2 normal speed

50.29 (2.53) (49.46–51.12) 50.31 (2.09) (49.62–50.99) −0.02
(−2.45–2.42) 0.932

Average duration of
step 2 1.6 km/h

50.63 (2.28) (49.88–51.38) 49.78 (3.14) (48.75–50.80) 0.85
(−3.69–5.39) 0.034 *

Average duration of
step 2 2.4 km/h

49.92 (1.60) (49.39–50.44) 50.08 (2.01) (49.43–50.74) −0.17
(−2.54–2.21) 0.415

Average duration of
step 2 3.2 km/h

50.18 (1.14) (49.80–50.55) 50.01 (1.30) (49.58–50.44) 0.17
(−1.22–1.55) 0.165

Average duration of
step 2 4 km/h

50.21 (1.17) (49.83–50.62) 50.15 (1.07) (49.80–50.50) 0.07
(−1.83–1.96) 0.680

Average duration of
step 2 4.8 km/h

50.03 (0.91) (49.73–50.33) 49.95 (1.11) (49.59–50.31) 0.08
(−1.26–1.42) 0.507
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Table 4. Cont.

Variables
Mean (DS)

First Session
IC95%

Mean (DS)
Second Session

IC95% LoA p VALUE

Position duration
normal speed

63.67 (2.63) (62.81–64.53) 63.63 (2.86) (62.69–64.56) 0.04
(−1.79–1.88) 0.780

Position duration
1.6 km/h

62.39 (2.56) (61.55–63.22) 63.25 (3.04) (62.26–64.25) −0.87
(−4.63–2.90) 0.010 *

Position duration
2.4 km/h

62.92 (2.31) (62.16–63.67) 63.09 (2.78) (62.19–64.00) −0.18
(−3.03–2.67) 0.467

Position duration
3.2 km/h

61.80 (1.99) (61.14–62.45) 61.77 (2.02) (61.05–62.48) 0.03
(−1.82–1.88) 0.852

Position duration
4 km/h

60.98 (2.01) (60.32–61.64) 61.03 (2.28) (60.29–61.78) −0.05
(−1.59–1.49) 0.695

Position duration
4.8 km/h

60.09 (1.83) (59.48–60.69) 60.13 (1.88) (59.51–60.74) −0.04
(−1.39–1.30) 0.723

Oscillation duration
normal speed

34.34 (2.72) (33.45–35.23) 34.28 (2.72) (33.39–35.17) 0.06
(−1.68–1.80) 0.684

Oscillation duration
1.6 km/h

36.46 (2.41) (35.67–37.25) 35.57 (3.12) (34.55–36.59) 0.89
(−2.29–4.08) 0.002 *

Oscillation duration
2.4 km/h

35.65 (2.33) (34.89–36.41) 35.48 (2.72) (34.59–36.37) 0.17
(−2.55–2.88) 0.478

Oscillation duration
3.2 km/h

36.55 (2.03) (35.89–37.21) 36.61 (2.24) (35.88–37.34) −0.06
(−1.95–1.83) 0.721

Oscillation duration
4 km/h

37.14 (2.02) (36.48–37.80) 37.08 (2.29) (36.33–37.83) 0.06
(−1.53–1.66) 0.635

Oscillation duration
4.8 km/h

37.91 (1.80) (37.32–38.50) 37.84 (1.89) (37.22–38.46) 0.07
(−1.38–1.51) 0.585

Left foot bearing time
normal speed

63.62 (3.48) (62.48–64.76) 63.45 (3.58) (62.28–64.63) 0.17
(−1.99–2.32) 0.367

Left foot bearing time
1.6 km/h

61.88 (3.68) (60.67–63.08) 63.53 (4.41) (62.09–64.97) −1.65
(−7.56–4.25) 0.002 *

Left foot bearing time
2.4 km/h

62.93 (2.43) (62.13–63.72) 63.06 (2.79) (62.14–63.97) −0.13
(−3.64–3.38) 0.667

Left foot bearing time
3.2 km/h

62.12 (3.62) (60.94–63.30) 61.99 (2.43) (61.20–62.79) 0.13
(−3.88–4.13) 0.715

Left foot bearing time
4 km/h

60.85 (2.42) (60.06–61.64) 60.87 (2.60) (60.02–61.72) −0.02
(−2.06–2.02) 0.918

Left foot bearing time
4.8 km/h

59.84 (2.23) (59.11–60.57) 59.98 (2.40) (59.20–60.77) −0.14
(−2.12–1.84) 0.403

Right foot bearing
time normal speed

63.72 (2.75) (62.82–64.62) 63.80 (2.64) (62.93–64.66) −0.08
(−2.82–2.66) 0.730

Right foot bearing
time 1.6 km/h

62.90 (3.43) (61.78–64.03) 62.99 (4.50) (61.51–64.43) −0.08
(−5.98–5.82) 0.873

Right foot bearing
time 2.4 km/h

62.91 (2.89) (61.96–63.85) 63.08 (3.56) (61.92–64.25) −0.18
(−3.64–3.28) 0.547

Right foot bearing
time 3.2 km/h

61.75 (2.10) (61.06–62.44) 61.58 (2.65) (60.71–62.44) 0.17
(−2.46–2.81) 0.442

Right foot bearing
time 4 km/h

61.12 (2.27) (60.38–61.87) 61.20 (2.48) (60.39–62.01) −0.08
(−2.24–2.09) 0.686

Right foot bearing
time 4.8 km/h

60.34 (2.02) (59.67–61.00) 60.27 (1.96) (59.63–60.91) 0.07
(−1.74–1.88) 0.670
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Table 4. Cont.

Variables
Mean (DS)

First Session
IC95%

Mean (DS)
Second Session

IC95% LoA p VALUE

Left foot swing time
normal speed

34.37 (3.54) (33.21–35.53) 34.54 (3.42) (33.33–35.57) −0.08
(−2.33–2.18) 0.698

Left foot swing time
1.6 km/h

37.02 (3.33) (35.93–38.11) 35.29 (4.24) (33.90–36.62) 1.73
(−3.33–6.78) 0.000*

Left foot swing time
2.4 km/h

35.65 (2.43) (34.85–36.45) 35.46 (2.91) (34.51–36.41) 0.19
(−3.28–3.67) 0.516

Left foot swing time
3.2 km/h

36.51 (2.40) (35.72–37.29) 36.38 (2.44) (35.58–37.18) 0.13
(−1.87–2.14) 0.443

Left foot swing time
4 km/h

37.29 (2.42) (36.49–38.08) 37.28 (2.59) (36.43–38.12) 0.01
(−2.04–2.05) 0.961

Left foot swing time
4.8 km/h

38.16 (2.20) (37.44–38.87) 38.03 (2.37) (37.25–38.80) 0.13
(−1.89–2.14) 0.456

Right foot swing time
normal speed

34.18 (2.71) (33.30–35.07) 34.13 (2.60) (33.28–34.98) 0.05
(−2.06–2.17) 0.771

Right foot swing time
1.6 km/h

35.81 (3.60) (34.64–36.99) 35.83 (4.70) (34.30–37.37) −0.02
(−6.35–6.31) 0.971

Right foot swing time
2.4 km/h

35.65 (2.92) (34.69–36.60) 35.57 (3.38) (34.46–36.68) 0.08
(−3.01–3.16) 0.769

Right foot swing time
3.2 km/h

36.59 (2.14) (35.89–37.29) 36.84 (2.63) (35.98–37.70) −0.25
(−2.83–2.34) 0.273

Right foot swing time
4 km/h

37.01 (2.27) (36.27–37.75) 36.95 (2.48) (36.13–37.76) 0.07
(−2.10–2.23) 0.724

Right foot swing time
4.8 km/h

37.62 (2.01) (37.01–38.33) 37.72 (1.94) (37.09–38.36) −0.05
(−1.89–1.78) 0.733

Abbreviation: km/h (kilometers per hour); CI (confidence interval); SD (standard deviation); * (paired t-test significant differences, p < 0.05):
LoA (limit of agreement).

4. Discussion

Assessing the reliability of any IMU or gait analysis system is essential to ensure
the reliability of the measurements made by analyzing the gait parameters, a lack of
errors in the operation of the devices, and a lack of human error. This study shows that
the Wiva Science IMU has high reliability in its measurements, but we must mention
that the reliability is reduced at lower speeds. At 4 km/h, no errors are observed in the
measurements, and at 1.6 km/h, the results are most affected. This may be due to changes
in the speed of the subject’s walking and errors between both days of the test.

Furthermore, if we compare our study with others, we agree that ICCs are lower at
slower speeds and higher ICCs at higher speeds or with normal gait velocity [24,35].

According to the validation research of the gait parameters studied with the IMU
Free4Act [36] which could be classified as the predecessor of Wiva Science, they obtained
lower ICC results the lower the study speeds were.

Comparing our investigation with the reliability and repeatability study of the IMU
MTw sensors (MTw sensors, Xsens Technologies B.V., The Netherlands) [37] they performed
the gait tests at a comfortable speed for the patient, 25 m for 1 min in 19 subjects. They
obtained an ICC > 0.8 in all measurements including intrasession and intersession, being
in agreement with our study by having good reliability and repeatability at a speed
comfortable for the patient.

Furthermore, we believe that since the worst results were isolated and occurred at 1.6,
2.4 and 3.2 km/h speeds, they are not significant. Compared to other studies with high
reliability results ICC > 0.81, it has the worst scores in stance time and swing time as our
study [15]. With regard to the reproduction of the study, the subjects did not use footwear
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or clothing that could bias the measurements, such as socks or stockings, since they could
alter the biomechanics of the participant.

The results of our research are similar to other researches where they have used
inertial measurement units placed on the lower back [38,39] and having greater difficulty
in measuring the parameters related to stance and swing times [40,41]. It is possible that
this is due to the fact that they are more accurate in their measurements the more proximal
their placement is to the foot [42]. However, the placement of the inertial measurement
units in the sacral area, according to some authors, can reduce residual errors related to
pelvic rotations and errors in gait measurements [43].

All of the research revealed positive results in terms of accuracy and repeatability, so
we believe that using a sample of 36 healthy subjects for our research was sufficient. We
must emphasize that we first placed the IMU in the subject’s sacral area with an elastic belt
supplied by the manufacturer, but it was not useful, and it even skewed the measurements
during the repetition of the tests. Therefore, the device was held with hypoallergenic
adhesive bandages. Another important limitation was the impossibility of limiting the
tests from the Biomech software (Version 1.6.1.14687, LetSense Group srl., Bologna, Italy,
http://letsense.net (accessed on 11 December 2019)), which was not able to eliminate the
acceleration and deceleration times from the tests performed in a 10 m-long corridor at
normal speed. A few studies have quantified events occurring at the initiation of gait using
IMUs [44,45]. The total time spent between the two days of the test was approximately one
and a half hours per subject, which was a source of fatigue for the participant.

5. Conclusions

We found no difference when we compared the variables between the first and second
sessions at higher speeds (4 and 4.8 km/h). However, we found greater differences and
errors at lower speeds of 3.2, 2.4 and 1.6 km/h, and the latter one generated more error.
Based on the results of this study, we leave open future lines of investigation related to
comparison between morphotypes of the foot and the behavior for walking evaluated with
IMUs. In addition, we must test Wiva Science IMU at different walking speeds and find
whether it is effectively unreliable at lower speeds. We must also evaluate its behavior at
higher speeds.
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Abstract: We explored the effects of 6-week whole-body vibration (WBV) and balance training
programs on female athletes with chronic ankle instability (CAI). This randomized controlled study
involved female athletes with dominant-leg CAI. The participants were randomly divided into three
groups: WBV training (Group A), balance training (Group B), and nontraining (control group; Group
C). Groups A and B performed three exercise movements (double-leg stance, one-legged stance,
and tandem stance) in 6-week training programs by using a vibration platform and balance ball,
respectively. The Star Excursion Balance Test (SEBT), a joint position sense test, and an isokinetic
strength test were conducted. In total, 63 female athletes with dominant-leg CAI were divided
into three study groups (all n = 21). All of them completed the study. We observed time-by-group
interactions in the SEBT (p = 0.001) and isokinetic strength test at 30◦/s of concentric contraction
(CON) of ankle inversion (p = 0.04). Compared with the control group, participants of the two
exercise training programs improved in dynamic balance, active repositioning, and 30◦/s of CON
and eccentric contraction of the ankle invertor in the SEBT, joint position sense test, and isokinetic
strength test, respectively. Furthermore, the effect sizes for the assessed outcomes in Groups A and
B ranged from very small to small. Female athletes who participated in 6-week training programs
incorporating a vibration platform or balance ball exhibited very small or small effect sizes for CAI
in the SEBT, joint position sense test, and isokinetic strength test. No differences were observed in the
variables between the two exercise training programs.

Keywords: chronic ankle instability; whole-body vibration; balance training

1. Introduction

Lateral ankle sprain is one of the most common sports injuries and often causes a
decrease in neuromuscular control and loss of proprioception [1]. Neuromuscular control
helps maintain the functional stability of the ankle, whereas proprioception influences
ankle joint position and sense of movement. Impairments in these functions cause reduced
dynamic balance and reaction time of the ankle joint during exercise [2]. An ankle sprain
resulting in damage to the lateral ankle capsuloligamentous complex can cause sequelae,
such as recurring ankle sprains. It decreases ankle function as well as causing a loose
feeling, and this postinjury symptom is classified as chronic ankle instability (CAI) [3].
Athletes with CAI may experience limited functionality of their lower extremities, which
may affect their sports performance [4]. Therefore, specific balance exercises for athletes
with CAI are critical in rehabilitation and training programs and could effectively reduce
the risk of ankle sprain during sports activities.
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Balance training is a progressive type of exercise performed on an unstable surface,
and the resultant efferent output causes changes in α motor neuron excitability [5]. Balance
training was used to improve muscle excitability in the ankle joint and increase motor
control for CAI [6]. Whole-body vibration (WBV) training is another popular method used
in CAI rehabilitation [7]. WBV training was performed on an oscillating vibration platform,
which activates muscle spindles to facilitate tonic vibration reflex [8]. This training also
enhances α motor neuron excitability and the synchronization of motor units to increase
motor control in the ankle [9]. To the best of our knowledge, there have only been a
few studies comparing the effects between WBC and traditional balance training on CAI.
Therefore, WBV and balance training programs were designed and used for athletes with
CAI in the current study.

For basketball and volleyball players, ankle stability and motor control are crucial for
ground impact during jumping and landing. The dominant leg is a commonly discussed
factor in these types of actions by injured athletes because it plays a critical role in object
manipulation and lead-out movements [10]. However, the nondominant leg performs
a stabilizing and supporting role in sports activities [10]. Therefore, the dominant leg
is highly susceptible to sports injuries such as ankle sprain and may suddenly become
injured during jumping and landing on an unstable surface. A study by van Melick et al.
revealed that female athletes were more likely to jump using the dominant leg than male
athletes [11]. A systematic review revealed that female athletes sustained ankle sprains
more often than male athletes [12]. Sex-related differences in the epidemiology of ankle
injuries were noted in sports injury protection [12]. Ristolainen et al. indicated female
athletes tend to have a higher risk of sport-related ankle injury than male athletes [13].
Therefore, importance needs to be placed on an effective strategy of rehabilitation for
female athletes. Previous studies have also reported a high incidence of ankle injuries in
basketball and volleyball players [14,15]. Therefore, investigating the effects of specific
interventions for CAI in female basketball and volleyball athletes is essential. Our study
aim was to compare the effects of 6-week WBV and balance training on dominant-leg CAI
in female athletes.

2. Methods

This study was a randomized controlled trial approved by the Institutional Review
Board of China Medical University Hospital (CRREC-106-063). Participants with CAI
were recruited from women’s basketball and volleyball teams at neighboring colleges.
For inclusion criteria, female athletes had to have a history of at least one ankle sprain,
lateral ankle instability of the dominant leg with a severity score ≤24 measured using the
Cumberland Ankle Instability Tool, and a continual feeling of the ankle “giving way” after
one year [16]. The dominant leg was used for lead-out movements and was determined
as the foot used to kick a ball [10]. Exclusion criteria were acute ankle sprain, a history
of surgery in both legs, and any musculoskeletal diseases of the lower extremities. The
sample size calculation using G*Power software reported by Sefton et al. [17] was used,
which resulted in a total of 21 participants. We also tried to use the statistical power of
80%, α level of 0.05, and effect size (f = 0.25) to calculate via G*Power software (version
3.1.9.2; Heinrich-Heine-Universität, Düsseldorf, Germany). A total sample size of 46 was
calculated and required. In the current study, the estimated sample size was set to at least
48 participants (16 participants per group), which was a statistically adequate sample size.

2.1. Study Procedures

This experimental trial was conducted at the end of the semester, and there was no
practice or competition during this study period. The participants were randomly divided
into three groups: Group A, who completed a 6-week WVB training program; Group B,
who completed a 6-week balance training program; and Group C, who did not participate
in a training program (Figure 1). All participants continued their normal daily activity and
were instructed not to receive any treatments or therapy for CAI. The participants were
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assessed before and after the study. The participants underwent three assessments, the
Star Excursion Balance Test (SEBT), a joint position sense test, and an isokinetic strength
test, consecutively, and their performance was evaluated by the same physiotherapist. The
participants and researchers were not blinded to the study process.

 

Figure 1. Flowchart of the current study. WBV: whole-body vibration.

2.2. Exercise Training Program

Groups A and B performed the same exercises during the 6-week training programs,
but Group A used a vibration platform (AIBI Power Shaper, AIBI Fitness, Singapore), and
Group B used a balance ball (BOSU Balance Trainer, Fitness Quest, Ashland, OH, USA).
Group A performed the exercises while standing on the vibration platform, which operated
at a frequency and amplitude of 5 Hz and 3 mm, respectively. Group B participants
performed the exercises on the balance ball. Participants in both groups were asked to
maintain balance on either leg or an affected leg while having eyes closed. Both training
programs were conducted respectively three times per week for 6 weeks and consisted of a
5-min warm-up exercise, a 20-min main exercise, and a 5-min cool-down exercise. They
were designed with standard exercise prescription and clinical experience by one physical
therapist. The main exercise comprised three exercise movements: a double-leg stance, a
one-legged stance, and a tandem stance (Figure 2). Weeks 1–3 consisted of four sets of 45-s
exercises with a 40-s rest interval between exercises, and weeks 4–6 consisted of five sets of
45-s exercises with a 30-s rest interval between exercises. The training programs in Group
A and B were identical in the current study, except standing on different training devices.
Group C participants were encouraged to continue their normal daily activity and avoid
additional training programs or therapeutic exercise.
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Figure 2. Demonstration of exercises on the vibration platform (A–C) and balance ball (D–F).
(A,D): double-leg stance; (B,E): one-legged stance; (C,F): tandem stance.

2.3. Assessments
2.3.1. Star Excursion Balance Test

The SEBT was used to measure dynamic balance. The SEBT exhibited moderate-to-
favorable interrater reliability (intraclass correlation coefficients [ICC] = 0.67–0.97) in an
assessment of ankle instability [18]. An asterisk comprising eight tape segments joined at
the center was placed on the floor. The tape segments were extended in eight directions (i.e.,
anterior, anterolateral, anteromedial, posteromedial, posterior, posterolateral, medial, and
lateral) from the center at 45◦ angles [19]. The participants were asked to stand at the center
of the asterisk using the leg with the involved ankle and then lightly touch the asterisk
with the contralateral leg as far as possible in a direction chosen by the physiotherapist.
The participants were instructed to maintain their balance in the one-legged stance by
using the leg with the involved ankle and then return the contralateral leg to its initial
position. Reach distances in the eight directions were recorded following three consecutive
tests. The length of the involved leg was measured from the anterior superior iliac spine
to the medial malleolus. The average reach distances in each direction were normalized
according to the length of the involved leg and represented as a percentage.
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2.3.2. Joint Position Sense Test

The SYSTEM 3 PRO dynamometer (Biodex Medical Systems, Shirley, NY, USA) was
used to conduct a joint position sense test measuring active and passive repositioning. The
dynamometer exhibited medium-to-high reliability in an assessment of joint kinesthesia
ability (r = 0.6–0.8) [20]. The participants laid in a supine position while blindfolded,
and the involved ankle was placed on the ankle inversion-eversion footplate of the dy-
namometer with a plantar flexion of 15◦. Three reference angles were established for ankle
inversion, neutral ankle position, and ankle eversion (15◦, 0◦, and 10◦, respectively), and
the participants were asked to actively and passively reproduce the angle. The absolute
value of the joint angle error represents the actual difference between the reference angle
and the matching angle [21].

In active repositioning, the involved ankle was first placed in a neutral position and
then moved to the inversion or eversion reference angle for 10 s. The participants were
asked to actively reproduce the angle three times; the corresponding angles produced by
the participants were then recorded. In passive repositioning, the involved ankle was also
first placed in a neutral position and then moved to the inversion or eversion reference
angle for 10 s. The involved ankle was then passively inverted and everted through a full
range of motion by using 5◦/s of angular velocity and stopped at the original reference
angle by using a hand-held switch. Three passive repositioning trials were completed to
reproduce the reference angle, and the corresponding angles were recorded. The average
absolute values of the joint angle errors were subsequently analyzed.

2.3.3. Isokinetic Strength Test

The SYSTEM 3 PRO dynamometer was also used to conduct the isokinetic strength
test. The dynamometer exhibited high reliability (ICC coefficients = 0.87–0.96) and was
effective in measuring the isokinetic strength of ankle joints [22]. Ankle invertor and evertor
muscle strength was measured in terms of concentric contraction (CON) and eccentric
contraction (ECC) at velocities of 30◦/s and 120◦/s, respectively [23]. Prior to testing, the
participants warmed up for 10 min using general range-of-motion exercises for ankle joints.
The participants sat in a chair with the backrest at a seatback tilt of 70◦, and their trunks and
pelvises were fixed with straps. The involved leg was fixed with a strap, and the involved
foot was secured to ankle attachments with two straps. The tested ankle was positioned
with 20◦ of plantar flexion, and the rotational axis of the dynamometer was leveled at the
subtalar joint. Three repetitions were performed at velocities of 30◦/s and 120◦/s with
1-min rest intervals between each repetition [24]. The CON and ECC of the ankle inversion
and eversion were calculated as peak torque normalized according to body weight. The
respective ratios of inversion and eversion for ECC or CON at 30◦/s and 120◦/s were
also calculated.

2.4. Statistical Analysis

Statistical analysis was performed using SPSS version 25.0 (SPSS, Chicago, IL, USA).
The Shapiro–Wilk test was used to verify the normality of the data to ensure the normal
distribution of all assessed variables (p > 0.05). Descriptive statistics were used, and all
data are presented as the mean ± standard deviation. An analysis of variance (ANOVA)
and chi-squared test were used for continuous and categorical variables, respectively, to
compare the differences within groups. The results of the SEBT, joint position sense test, and
isokinetic strength test were analyzed using a two-way repeated-measures ANOVA (three
groups × two times) followed by a Bonferroni post hoc test. Effect size (d) was classified
according to the scale of Cohen [25] into very small (<0.2), small (0.2–0.5), medium (0.5–0.8),
and large (>0.8), and the effects of Groups A and B were determined to respectively compare
Group C. Multivariable linear regression analysis was used to evaluate the association
of main outcome measurements between the two training groups and the non-training
group. Multivariable modelling was performed with R2 and β coefficients and specified as
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the change values of assessment variables for the prediction. The α level for all statistical
analyses was set at 0.05.

3. Results

Sixty-three female athletes (50 basketball players and 13 volleyball players) with
dominant-leg CAI participated following the inclusion criteria in our study. The partici-
pants were randomly divided using a random number generator into Groups A, B, and
C (all n = 21, Figure 1). After the study process, no participants dropped out, and no
participants reported adverse reactions. All of the participants completed the study. The
demographics are presented in Table 1, and no significant differences were observed within
the three groups (all p > 0.05).

Table 1. Demographics of the participants.

Group A
(n = 21)

Group B
(n = 21)

Group C
(n = 21)

p

Age (y) 20.31 ± 1.28 20.43 ± 1.25 21.23 ± 1.47 0.08
Height (cm) 168.34 ± 5.78 166.8 ± 6.84 169.53 ± 4.78 0.32
Weight (kg) 61.01 ± 22.39 58.83 ± 13.14 58.67 ± 16.54 0.89

Dominant leg (Lt/Rt) 5/16 4/17 5/16 0.91
Composite score of CAIT 19.21 ± 1.89 19.14 ± 2.01 19.25 ± 1.91 0.89

Left, Lt; Right. Rt; Cumberland Ankle Instability Tool, CAIT.

The ANOVA outcomes are summarized in Table 2. In the results of multivariable
linear regression (Table 3), the R2 values were 0.80 and 0.93 in Group A and B, respectively.
Significant relationships between the change in values in active repositioning and 30◦/s of
ECC ankle inversion were noted (p < 0.05). Results of the SEBT among the three groups are
presented in Table 4. To calculate the composite score of SEBT, the main effects of group
(F(2, 60) = 5.30, p = 0.03), time (F(2, 60) = 67.78, p = 0.001), and time × group (F(2, 60) = 17.84,
p = 0.001) were observed. Post hoc tests indicated no significant differences in the SEBT
within the groups before assessment in terms of composite score and individual direc-
tions (p > 0.05). Between Groups A and C, the anteromedial (p = 0.01, effect size: d = 1.25,
95% CI = 0.59–1.91), posterolateral (p = 0.03, effect size: d = 1.05, 95% CI = 0.41–1.70), and
lateral (p = 0.03, effect size: d = 1.09, 95% CI = 0.44–1.74) directions in the SEBT were
significantly different. However, no significant difference was observed in composite
scores on the SEBT within the two groups (p > 0.05). Moreover, the results indicated
that the SEBT composite score and individual directions were higher in Group B than
in Group C (all p < 0.05). Within the two groups, a small effect size in composite score
on the SEBT was observed (d = 2.34, 95% CI = 1.55–3.12), and very small to small effect
sizes were observed for all individual directions (anterior, d = 1.70, 95% CI = 1.00–2.41;
anterolateral, d = 1.53, 95% CI = 0.84–2.22; anteromedial, d = 1.88, 95% CI = 1.15–2.60;
posteromedial, d = 1.21, 95% CI = 0.55–1.86; posterior, d = 1.74, 95% CI = 1.03–2.45; pos-
terolateral, d = 2.13, 95% CI = 1.38–2.89; medial, d = 1.32, 95% CI = 0.65–1.99; and lateral,
d = 2.18, 95% CI = 1.41–2.94).

32



J. Clin. Med. 2021, 10, 2380

Table 2. Outcome of ANOVA with the factors for the assessed variables.

Assessed Variables
Group Time Time × Group

F p ηp2 F p ηp2 F p ηp2

Composite of star excursion balance test 5.30 0.03 0.54 67.78 0.001 0.87 17.84 0.001 0.79
Active repositioning

15◦ of ankle inversion 3.35 0.08 0.42 12.37 0.006 0.55 0.48 0.63 0.09
0◦ in ankle neutral position 6.59 0.01 0.59 12.26 0.006 0.54 1.58 0.25 0.26

10◦ of ankle eversion 0.51 0.61 0.10 8.27 0.01 0.45 1.60 0.25 0,27
Passive repositioning
15◦ of ankle inversion 1.27 0.32 0.22 1.15 0.32 0.10 0.34 0.71 0.07

0◦ in ankle neutral position 0.16 0.84 0.03 0.67 0.42 0.06 0.18 0.83 0.03
10◦ of ankle eversion 0.56 0.58 0.11 0.70 0.41 0.06 0.87 0.44 0.16

Ankle inversion
30◦/s COM (N-m/kg) 3.01 0.10 0.40 0.04 0.82 0.01 4.49 0.04 0.50
30◦/s ECC (N-m/kg) 14.02 0.002 0.75 5.56 0.04 0.35 0.71 0.51 0.13

120◦/s COM (N-m/kg) 1.42 0.28 0.24 2.44 0.14 0.19 0.97 0.41 0.17
120◦/s ECC (N-m/kg) 1.83 021 029 001 056 001 022 045 0.04

Ankle eversion
30◦/s COM (N-m/kg) 1.53 0.26 0.25 2.76 0.12 0.21 0.53 0.60 0.10
30◦/s ECC (N-m/kg) 0.16 0.85 0.03 0.49 0.48 0.04 0.22 0.80 0.04

120◦/s COM (N-m/kg) 2.73 0.11 0.37 4.12 0.07 0.45 4.07 0.06 0.47
120◦/s ECC (N-m/kg) 0.34 0.71 0.07 4.72 0.06 0.32 3.22 0.09 0.41

COM: concentric contraction; ECC: eccentric contraction.

Table 3. The main outcome measurements in two training groups using linear regression analysis.

Group A Group B

B 95% CI p B 95% CI p

Composite of star excursion balance test 2.52 −8.29–13.34 0.58 −2.92 −6.68–0.84 0.10
Active repositioning

15◦ of ankle inversion −0.05 −0.19–−0.09 0.03 0.01 −0.08–0.12 0.71
0◦ in ankle neutral position 0.30 0.04–0.56 0.02 −0.02 −0.13–−0.001 0.04

10◦ of ankle eversion −0.05 −0.25–0.15 0.55 0.02 −0.04–0.10 0.38
Passive repositioning
15◦ of ankle inversion −0.15 −0.32–0.01 0.05 −0.02 −0.09–0.03 0.34

0◦ in ankle neutral position −0.02 −0.15–0.11 0.69 0.02 −0.03–0.07 0.36
10◦ of ankle eversion 0.05 −0.09–0.21 0.41 −0.009 −0.07–0.05 0.73

Ankle inversion
30◦/s COM (N-m/kg) −0.07 −0.15–−0.01 0.04 −0.01 −0.03–0.008 0.17
30◦/s ECC (N-m/kg) 0.04 −0.14–0.23 0.56 −0.005 −0.05–0.04 0.80

120◦/s COM (N-m/kg) −0.03 −0.11–0.04 0.31 −0.006 −0.03–0.02 0.64
120◦/s ECC (N-m/kg) 0.03 −0.09–0.16 0.53 0.002 −0.02–0.03 0.88

Ankle eversion
30◦/s COM (N-m/kg) −0.02 −0.09–0.04 0.36 −0.02 −0.04–0.005 0.09
30◦/s ECC (N-m/kg) 0.02 −0.07–0.12 0.60 −0.01 −0.04–0.02 0.48

120◦/s COM (N-m/kg) 0.06 −0.06–0.18 0.26 −0.005 −0.03–0.02 0.69
120◦/s ECC (N-m/kg) −0.07 −0.25–0.10 0.34 −0.01 −0.04–0.008 0.13

COM: concentric contraction; ECC: eccentric contraction.
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Table 4. Results of star excursion balance test in three group.

Group A Group B Group C

Pre- Post- Pre- Post- Pre- Post-

Anterior 80.63 ± 9.78 88.27 ± 10.83 76.16 ± 7.56 91.30 ± 4.94 + 78.31 ± 12.40 81.45 ± 6.48
Anterolateral 72.35 ± 8.26 79.61 ± 15.14 71.74 ± 7.73 82.71 ± 8.54 + 75.65 ± 5.36 72.93 ± 2.88
Anteromedial 87.01 ± 15.30 93.69 ± 9.58 * 85.18 ± 6.14 98.25 ± 7.07 + 87.99 ± 11.85 80.63 ± 11.20
Posteromedial 81.27 ± 13.50 91.08 ± 13.51 85.59 ± 10.64 98.59 ± 11.04 + 85.20 ± 9.91 84.71 ± 11.86

Posterior 71.62 ± 13.16 85.42 ± 16.69 70.49 ± 13.95 97.33 ± 12.54 + 73.53 ± 10.34 79.50 ± 7.21
Posterolateral 68.10 ± 10.76 80.14 ± 12.39 * 63.37 ± 13.12 91.65 ± 13.01 + 68.17 ± 13.02 69.68 ± 6.47

Medial 87.27 ± 16.96 93.62 ± 8.91 84.64 ± 6.90 97.73 ± 4.82 + 86.84 ± 8.54 91.15 ± 5.10
Lateral 64.73 ± 13.36 70.33 ± 13.39 * 65.85 ± 13.26 85.58 ± 16.49 + 67.41 ± 8.20 59.69 ± 3.06

Composite 76.62 ± 9.80 85.27 ± 11.76 75.38 ± 5.83 92.89 ± 7.80 + 77.89 ± 4.60 77.47 ± 5.07

* p < 0.05, Group A vs. Group C, between-group using Bonferroni test; + p < 0.05, Group B vs. Group C, between-group using Bonferroni test.

The changes in active and passive repositioning data before and after assessment
for the three groups are presented in Table 5. During active repositioning, for an ankle
inversion of 15◦, the main effects of group (F(2, 60) = 3.35, p = 0.08), time (F(2, 60) = 12.37,
p = 0.006), and time × group (F(2, 60) = 0.48, p = 0.63) were observed. For the neutral
ankle position, the main effects of group (F(2, 60) = 6.59, p = 0.01), time (F(2, 60) = 12.26,
p = 0.006), and time × group (F(2, 60) = 1.58, p = 0.25) were observed. For an ankle eversion
of 10◦, the main effects of group (F(2, 60) = 0.51, p = 0.61), time (F(2, 60) = 8.27, p = 0.01), and
time × group (F(2, 60) = 1.60, p = 0.25) were observed. During passive repositioning, for an
ankle inversion of 15◦, neutral ankle position, and an ankle eversion of 10◦, no statistical
significance was observed in the main effects of group, time, and time × group (p > 0.05).

Table 5. Results of joint position sense measurements in three group.

Group A Group B Group C

Pre- Post- Pre- Post- Pre- Post-

Active repositioning
15◦ of ankle inversion 7.78 ± 5.60 4.67 ± 2.49 * 7.32 ± 3.67 5.14 ± 1.84 + 8.33 ± 1.40 6.73 ± 1.66

0◦ in ankle neutral position 6.94 ± 3.83 4.55 ± 2.87 * 9.52 ± 2.71 6.55 ± 1.40 + 9.06 ± 2.94 9.25 ± 1.02
10◦ of ankle eversion 7.22 ± 4.94 4.35 ± 2.24 * 7.65 ± 3.31 4.55 ± 2.16 + 7.00 ± 4.10 6.84 ± 2.92
Passive repositioning
15◦ of ankle inversion 6.17 ± 4.72 5.55 ± 3.45 6.45 ± 3.56 4.23 ± 1.07 7.67 ± 4.43 4.79 ± 2.51

0◦ in ankle neutral position 6.78 ± 3.32 5.21 ± 3.47 5.40 ± 3.03 5.16 ± 3.86 5.86 ± 4.31 5.16 ± 3.12
10◦ of ankle eversion 6.41 ± 3.42 4.50 ± 2.74 6.75 ± 2.69 6.25 ± 3.62 6.45 ± 4.36 6.70 ± 3.78

* p < 0.05, Group A vs. Group C, between-group using Bonferroni test; + p < 0.05, Group B vs. Group C, between-group using Bonferroni test.

For active repositioning data, the within-group analysis of Group A revealed a signifi-
cant decrease in neutral ankle position (p = 0.04) but no significant decreases for an ankle
inversion of 15◦ (p = 0.16) and an ankle eversion of 10◦ (p = 0.13). In Group B, significant
decreases for an ankle inversion of 15◦ (p = 0.01), neutral ankle position (p = 0.02), and an
ankle eversion of 10◦ (p = 0.01) were observed. Post hoc tests indicated no significant differ-
ences within the three groups before assessment. Compared with Group C, Groups A and B
exhibited significant decreases for an ankle inversion of 15◦, neutral ankle position, and an
ankle eversion of 10◦ (p < 0.05). Very small to small effect sizes were observed for an ankle
inversion of 15◦ (d = −0.97, 95% CI = −1.61 to −0.33), neutral ankle position (d = −2.18,
95% CI = −2.94 to −1.41), and an ankle eversion of 10◦ (d = −0.95, 95% CI = −1.59 to −0.31)
after assessment between Groups A and C. Between Groups A and C, small to medium
effect sizes were also observed for an ankle inversion of 15◦ (d = −0.90, 95% CI = −1.54 to
−0.27), neutral ankle position (d = −2.20, 95% CI = −2.97 to −1.43), and an ankle eversion
of 10◦ (d = −0.89, 95% CI = −1.52 to −0.25) after assessment.
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The CON and ECC data before and after assessment for the three groups are presented
in Table 6. For 30◦/s of CON ankle inversion, the main effects of group (F(2, 60) = 3.01,
p = 0.10), time (F(2, 60) = 0.04, p = 0.82), and time × group (F(2, 60) = 4.49, p = 0.04) were
observed. For 30◦/s of ECC ankle inversion, the main effects of group (F(2, 60) = 14.02,
p = 0.002), time (F(2, 60) = 5.56, p = 0.04), and time × group (F(2, 60) = 0.71, p = 0.51) were
observed. Post hoc tests indicated no significant differences within the three groups for
30◦/s of CON and ECC ankle inversion before assessment, but the number of ankle invertor
muscle contractions in Group C was significantly lower than those in Groups A and B
for 30◦/s of CON (p = 0.01 and p = 0.02, respectively) and 30◦/s of ECC (p = 0.01 and
p = 0.001, respectively). Very small effect sizes were observed in 30◦/s of CON ankle
inversion after assessment in Group A (d = 1.24, 95% CI = 0.58–1.90) and Group B (d = 1.13,
95% CI = 0.47–1.78) compared with Group C. Small effect sizes were also observed in 30◦/s
of ECC ankle inversion after assessment in Group A (d = 1.15, 95% CI = 0.49–1.80) and
Group B (d = 1.37, 95% CI = 0.69–2.04) compared with Group C. However, no significant
main effects of group, time, and time × group (p > 0.05) were observed in 30◦/s of ECC
and CON ankle eversion. In addition, for 120◦/s of CON and ECC ankle inversion or
eversion, no statistical significance was observed in the main effects of group, time, and
time × group (p > 0.05). Regarding the analysis of the ratios of inversion and eversion for
ECC or CON at 30◦/s and 120◦/s, no isokinetic parameters were statistically significant
after using two-way repeated-measures ANOVA (p > 0.05).

Table 6. Results of isokinetic strength test in three groups.

Group A Group B Group C

Pre- Post- Pre- Post- Pre- Post-

Ankle inversion
30◦/s COM (N-m/kg) 28.47 ± 9.79 32.27 ± 9.25 * 27.52 ± 9.26 29.91 ± 6.80 + 26.89 ± 11.14 21.90 ± 7.35
30◦/s ECC (N-m/kg) 30.23 ± 6.53 33.15 ± 9.75 * 29.73 ± 5.61 32.45 ± 6.17 + 23.06 ± 9.06 23.31 ± 7.13

120◦/s COM (N-m/kg) 26.81 ± 7.14 32.00 ± 10.89 23.11 ± 11.33 26.44 ± 7.35 24.45 ± 12.83 24.35 ± 10.40
120◦/s ECC (N-m/kg) 29.61 ± 11.18 31.75 ± 9.42 26.05 ± 8.83 23.96 ± 8.17 26.63 ± 11.22 27.27 ± 10.77

Ankle eversion
30◦/s COM (N-m/kg) 22.87 ± 5.36 26.74 ± 6.79 20.40 ± 8.85 21.39 ± 8.61 20.12 ± 4.00 21.61 ± 8.83
30◦/s ECC (N-m/kg) 28.18 ± 6.09 30.83 ± 7.15 28.20 ± 8.24 29.73 ± 7.24 28.59 ± 7.99 27.74 ± 8.80

120◦/s COM (N-m/kg) 24.84 ± 8.86 29.22 ± 8.18 21.00 ± 12.16 32.08 ± 3.48 21.08 ± 4.30 22.39 ± 4.91
120◦/s ECC (N-m/kg) 29.65 ± 7.10 32.90 ± 8.28 26.72 ± 10.23 35.64 ± 5.74 29.87 ± 8.91 28.35 ± 7.10

Angular velocity (30◦/s)
COMeverton/COMinverton 0.85 ± 0.25 0.90 ± 0.36 0.76 ± 0.23 0.81 ± 0.45 0.84 ± 0.31 0.90 ± 0.43
ECCeverton/ECCinverton 0.97 ± 0.29 1.02 ± 0.43 0.96 ± 0.25 0.98 ± 0.35 0.95 ± 0.32 0.98 ± 0.48
ECCeverton/COMinverton 1.05 ± 0.30 1.07 ± 0.46 1.21 ± 0.47 1.06 ± 0.44 1.09 ± 0.64 1.23 ± 0.52
Angular velocity (120◦/s)

COMeverton/COMinverton 1.05 ± 0.46 1.05 ± 0.52 1.08 ± 0.49 1.01 ± 0.34 1.27 ± 0.29 1.04 ± 0.38
ECCeverton/ECCinverton 1.20 ± 0.72 1.13 ± 0.51 1.14 ± 0.55 1.21 ± 0.46 1.16 ± 0.33 1.11 ± 0.46
ECCevertor/COMinvertor 1.18 ± 0.43 1.15 ± 0.49 1.31 ± 0.67 1.22 ± 0.38 1.25 ± 0.39 1.20 ± 0.49

* p < 0.05, Group A vs. Group C, between-group using Bonferroni test; + p < 0.05, Group B vs. Group C, between-group using Bonferroni
test; concentric contraction, CON; eccentric contraction, ECC.

4. Discussion

Compared with the control group, the female athletes with dominant-leg CAI im-
proved in the SEBT, the active repositioning portion of the joint position sense test, and
30◦/s of CON and ECC of the ankle invertor in the isokinetic strength test after completing
a 6-week WVB or balance training program. However, very small to small effect sizes for
the assessed outcomes were observed between the exercise programs and control groups.

Sixty-three female athletes (50 basketball players and 13 volleyball players) with
CAI participated in the study. Some prospective studies have reported that 19%–20%
of ankle sprain rates occur in female basketball players [26,27]. Compared with male
athletes, female athletes often experience greater laxity in the ankle joint and its ligaments.
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These sex-specific differences are caused by variations in hormone levels [28]. In addition,
because the dominant leg is preferentially used for jumping and landing in basketball
and volleyball, 80% of CAI in the dominant ankle is due to participation in sports [26].
Balance exercise programs have been designed specifically for female athletes, and the
resulting improvements in balance and stability after completing such programs could
reduce the risk of contact ankle sprains [29]. To our knowledge, the current study is the
first to compare two exercise training programs with a control group. After 6 weeks,
the WVB training group performed better than the balance training group did, and both
groups exhibited improvements in dynamic balance, joint position sense, and isokinetic
muscle strength after assessment. However, compared with the control group, both groups
contributed to very small or small effect sizes of the assessed variables.

Balance deficit is the main cause of increased risk of recurring ankle sprain [30]. The
exercise training programs, i.e., WBV and balance training, also play a decisive role in
the rehabilitation process after an ankle sprain [31,32]. Some studies have suggested that
balance training, especially by using the BOSU Balance Trainer, effectively reduces the
balance deficit in patients with CAI [33,34]. WBV training is a popular method used for
CAI rehabilitation and mitigating ankle instability. WBV training can increase α and γ

neuron excitability and improve muscle spindle sensitivity, resulting in decreased muscular
reaction time [8,9]. Therefore, the effects of WBV training on CAI could enhance ankle
posture control during the SEBT, a dynamic balance measurement tool. Compared with the
control group, female athletes with CAI experienced enhanced dynamic balance through
WBV training and by using the BOSU Balance Trainer, both of which resulted in similar
effects. However, both training programs contributed to very small or small effect sizes
for CAI. Rendos et al. observed that WBV training does not cause acute dynamic balance
improvements in patients with CAI [35]. Sierra-Guzmán et al. observed that compared
with a control group, athletes with CAI exhibited moderate effect sizes (d = 0.54) in a
composite score of SEBT after 6-week programs combining WBV training and the BOSU
Balance Trainer [36]. Cloak et al. also observed a significant increase in the SEBT and
revealed that 6-week programs combining WBV and a wobble board were effective for
athletes with CAI [7]. Established programs combined with WBV may be a potential
rehabilitation strategy for athletes with CAI, and should be studied in the future.

The joint position sense test measures joint kinesthesia and is used to measure the
sensorimotor deficit of CAI [37]. Compared with the control group, athletes who underwent
6-week programs incorporating WBV training and the BOSU Balance Trainer showed
improvement in the active repositioning of joint position sense at an ankle inversion of
15◦, neutral ankle position, and an ankle eversion of 10◦, but no significant improvement
in passive repositioning (p > 0.05). Sousa et al. indicated that CAI could cause a decrease
in joint position sense during ankle inversion, consequently affecting functional ankle
movement [38]. In the current study, the reduced joint position error in ankle inversion and
eversion is the contraction that was improved by both balance training programs. During
active repositioning, the detection of movement sensation is markedly enhanced by ankle
muscle contraction. We observed that the enhancement in active repositioning was better
than that in passive repositioning because of the increase in spindle afferent activity and
muscle strength [39]. Otzel et al. applied WBV at 35 Hz for CAI rehabilitation and reported
no improvement in joint position accuracy or proprioception [40]. In the current study, the
WBV training with a frequency of 5 Hz could improve the joint kinesthesia ability of ankle
inversion and eversion in active repositioning for CAI, and the effects were the same as the
balance training program. Baumbach et al. indicated that the frequency of WBV may be a
key factor in CAI rehabilitation [41]. A frequency of <10 Hz is used for relaxing muscles; a
frequency between 10 Hz and 20 Hz is used for coordination exercises, and a frequency
>20 Hz is used for enhancing muscle contractions in WBV training [42]. However, the
effects of various WBV frequencies on joint position sense in CAI are unknown, and
additional research on this issue is warranted.
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Regarding ankle strength, Wilkerson et al. reported significantly greater deficits in
inversion strength than in eversion strength by using an isokinetic dynamometer [43].
Concentric invertor strength deficits are commonly found in patients with CAI, resulting
in deep peroneal nerve dysfunction or selective neuromuscular inhibition after ankle
sprain [44]. Ko et al. analyzed isokinetic ankle invertor and evertor muscle strength at
angular velocities of 30◦/s and 120◦/s in patients with CAI and observed a severe invertor
strength deficit at an angular velocity of 30◦/s [45]. In our findings, the ECC and CON
invertor strengths at 30◦/s of angular velocity in the WBV and balance training group were
significantly higher than those in the control group (p < 0.05). However, no significant
differences in ECC and CON at angular velocities of 30◦/s and 120◦/s were observed in
both groups before and after assessment (p > 0.05). Three exercise movements (double-leg
stance, one-legged stance, and tandem stance) were applied in our training program, which
consisted of 6-week programs incorporating static balance training exercises on a vibration
platform or balance ball. During the exercises, the athletes (who had CAI) were instructed
to maintain their balance on an unstable surface. The low frequency of 5 Hz of WBV
in addition to static posture control exercises improved the ankle invertor strengths in
ECC and CON at an angular velocity of 30◦/s. This strategy can be used as ankle invertor
strength training for mitigating strength deficits in patients with CAI. The resultant increase
in invertor isokinetic strength at a low angular velocity could be applied to reduce the
capacity of control lateral postural sway during weight-bearing activities and to alleviate
CAI symptoms [46].

Some studies have suggested that patients with CAI possess limited evertor isokinetic
strength in injured ankles [47,48] and that an increase in evertor strength could assist
the lateral ligaments in supporting a sudden ankle inversion movement [49]. The ECC
of eversion/CON of inversion strength ratio, which is a functional agonist/antagonist
strength ratio, is focused on outcome measurements for patients with CAI. Because normal
movement patterns of lower extremities and gait patterns involve the interaction of agonist
and antagonist strength, the strength ratio was used as an indicator of rehabilitation training
for patients with CAI [50]. Brent et al. used the ankle eversion/inversion strength ratio
to assess the outcomes of a 6-week strength training program for CAI and indicated that
the balance of ankle eversion and inversion strength can support injured ligaments and
improve ankle stability [49]. In the current study, the ankle eversion isokinetic strength
and eversion/inversion isokinetic strength ratio at 30◦/s and 120◦/s angular velocities
and the ECC of eversion/COM of inversion strength ratio did not exhibit significant
differences within and between the groups (p > 0.05). Brent et al. reported that ankle
invertor and evertor strength was significantly increased in college students with CAI
after a 6-week strength training program [49]. Mohd Salim et al. also observed that the
ankle eversion/inversion strength ratio improved in the ankles of patients with CAI after a
1-week standard physiotherapy program [51]. These studies suggest that ankle eversion
or inversion strength in the ankles of patients with CAI could be increased compared
with those with healthy ankles after specific exercise training for mitigating CAI [49,51].
However, we are the first to further examine the ECC and CON of eversion and inversion
strengths at various angular velocities and compare training and nontraining groups in the
context of the ankles of patients with CAI. Research on this topic is rare, and comparing
the effects of ankle eversion or inversion on isokinetic strength after a balance training
program specific to patients with CAI remains challenging.

This study had several limitations. First, the participants with CAI self-reported their
symptoms and ankle sprain history, which could be misleading when determining CAI
status. Second, dorsiflexion and plantar flexion movements were not involved in the
measurement of joint position sense and isokinetic strength. The anterior and posterior
kinetic chain involving ankle stability was not discussed after the training programs. Third,
lack of long-term follow-up could not confirm the cure of CAI or long-term effects. Four,
our exercise training programs may be of insufficient duration and exercise implementation
as normal fitness training. Our results revealed that there were very small or small effect
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sizes for CAI in dynamic balance, joint kinesthesia ability, and muscle strength of the
ankle invertor and evertor after 6-week WBV or balance training. We researched the
effects of the 20-min exercise comprised of three exercise movements performed on a
balance ball or vibration platform. The variability of movement design may be inadequate,
and the progress of training intensity maybe also insufficient, resulting in a very small
or small effects on improvement of muscle strength, proprioception and balance ability.
Investigation on the effects on different program designs of WBV or balance training in
future studies is recommended.

5. Conclusions

Compared with the control group, female athletes who participated in 6-week exercise
training programs incorporating a vibration platform and balance ball exhibited very
small or small effect sizes for CAI in the SEBT, the joint position sense test, and the
isokinetic strength test; in addition, COM and ECC at an ankle inversion of 30◦/s were
enhanced. We observed no differences among the variables within the two exercise training
programs. A balance training program combining WBV training with a balance ball may
be a potentially effective strategy for mitigating CAI, but further research is required to
confirm these results.
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Abstract: Background: Risk factors for non-contact lower-limb injury in pediatric-age athletes and the
effects of lateral dominance in sport (laterally vs. non-laterally dominant sports) on injury have not
been investigated. Purpose: To identify risk factors for non-contact lower-limb injury in pediatric-age
athletes. Methods: Parents and/or legal guardians of 2269 athletes aged between 6–17 years were
recruited. Each participant completed an online questionnaire that contained 10 questions about the
athlete’s training and non-contact lower-limb injury in the preceding 12 months. Results: The multi-
variate logistic regression model determined that lateral dominance in sport (adjusted OR (laterally
vs. non-laterally dominant sports), 1.38; 95% CI, 1.10–1.75; p = 0.006), leg preference (adjusted OR
(right vs. left-leg preference), 0.71; 95% CI, 0.53–0.95; p = 0.023), increased age (adjusted OR, 1.21;
95% CI, 1.16–1.26; p = 0.000), training intensity (adjusted OR, 1.77; 95% CI, 1.43–2.19; p = 0.000), and
training frequency (adjusted OR, 1.36; 95% CI, 1.25–1.48; p = 0.000) were significantly associated
with non-contact lower-limb injury in pediatric-age athletes. Length of training (p = 0.396) and sex
(p = 0.310) were not associated with a non-contact lower-limb injury. Conclusions: Specializing
in laterally dominant sports, left-leg preference, increase in age, training intensity, and training
frequency indicated an increased risk of non-contact lower-limb injury in pediatric-age athletes.
Future research should take into account exposure time and previous injury.

Keywords: injury risk; pediatric sport; lateral dominance; injury prediction

1. Introduction

The injury rate is high in children and adolescents participating in sports activi-
ties [1–4]. Radelet et al. [4] reported that the injury rate ranged from 1.0 to 2.3 per
100 athlete exposures in 7 to 13-year-old children in community sports. In 12 to 15-year-
old students, the injury rate in sports activities was 60.85 injuries/100 students/year [1].
Compared to adults, children and adolescents are more vulnerable to sports injuries due
to the stage of maturation in growth cartilage and the musculoskeletal system [4,5]. Both
acute and overuse injuries in growth cartilage may result in the permanent alteration of
bone and muscle growth, which may have a long-term impact such as disability in later
life if the injury is not properly treated [6,7].

A number of survey studies have investigated sports injury and related risk factors in
children and adolescents [1–4,8,9], demonstrating that the most common sport injuries oc-
cur to the lower limbs, with the ankle and knee the most frequently injured locations [1,2,8].
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Although contact injuries account for the majority of sport injuries [8,10], some non-contact
injuries (e.g., ankle sprains and muscle strains) are found to be the most common injuries
across sports [2,10]. Further, non-contact injuries are often associated with modifiable risk
factors such as neuromuscular disorders, overtraining, and being unfit [11]. However, there
is a lack of survey-based research investigating the risk factors for non-contact lower-limb
injury in pediatric-age athletes. This is an important cohort to focus research on, espe-
cially considering that children as young as 6 years of age (or even younger) engage in
competitive sport training [12].

Regardless of the mechanism (contact vs. non-contact) of injury, studies have reported
a range of risk factors for sports injury in children and adolescents, including training
duration [8], impact [4,8], age [13], sex [13], previous injury [2,13], amount of physical activ-
ity [3], and stage of maturity [3]. To date, there is a lack of research examining the potential
effects of lateral dominance in sport (laterally dominant vs. non-laterally dominant sport)
on the risk of injury in the lower limbs. Laterally dominant sports (or asymmetric sports,
e.g., fencing, badminton, and soccer) are characterized by the two sides of the lower limbs
frequently performing in different patterns [14] or performing movements that are directed
towards one side [15]. For example, in the lunge movement, which is frequently performed
in fencing, tennis, and badminton, the dominant leg performs as the leading leg while the
non-dominant leg performs as the supporting leg [14]. This asymmetric movement may
cause lateral dominance and relative adaptions of the dominant leg in the long-term [14].
In contrast, non-laterally dominant sports (or symmetric sports, e.g., running, swimming)
are characterized by both sides of the lower limbs equally involved in the movements,
requiring equal mastery of techniques with the dominant and non-dominant leg [15]. Com-
pared with non-laterally dominant sports, long-term training in laterally dominant sports
may cause greater inter-limb asymmetry which has been associated with an increased
risk of lower-limb injury [16,17]. To date, there is no evidence available in the literature
reporting the injury rate between athletes specialized in laterally dominant vs. non-laterally
dominant sports. Therefore, it is unknown empirically whether the laterally dominant
moving pattern in laterally dominant sports will increase the risk of lower-limb injury.

The purpose of this study was to examine the effects of lateral dominance in sports
(laterally dominant vs. non-laterally dominant sports) on non-contact lower-limb injury,
and to identify risk factors of non-contact lower-limb injury in pediatric-age athletes. It was
hypothesized that pediatric-age athletes specialized in laterally dominant sports would
sustain a greater risk of non-contact lower-limb injury compared to those specialized in
non-laterally dominant sports.

2. Method

2.1. Participants

Parents and/or legal guardians of pediatric-age athletes training in sports clubs
and/or school teams were eligible to participate in the online survey, if the athletes met
the following criteria: (1) were between the ages of 6 and 17 years, (2) specialized in only
one sport, and (3) maintained regular training in the preceding 12 months. The levels
of competition of the athletes were not limited. Informed consent was received upon
completion and submission of the survey. The investigation received approval from, and
was executed in exact accordance with, the ethical guidelines set forth by the University of
British Columbia’s Clinical Research Ethics Board and the Shandong Sport University’s
Human Ethics Committee for research involving human participants according to the
standards established by the Declaration of Helsinki.

2.2. Questionnaire

The content of the questionnaire (Supplementary File) was developed based on previ-
ous surveys [4,5]. The parents and/or legal guardians were asked to answer 10 questions,
reporting their child’s age (y), sex, sport, dominant leg (right, left leg), length of training
(y), training frequency (1, 2, 3, 4, 5 or more sessions/wk), training intensity (low, moderate,
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high), whether their children suffered any non-contact lower-limb injury (during training
or competition) causing time loss for at least one day from participation in sports activities
during the preceding 12 months, and the location and type of the injury. The question
types included fill-in-the-blank questions (age, sex, sport, length of training), single-choice
questions (dominant leg, training frequency, training intensity, presence or absence of
injury), and multiple-choice questions (location and type of injury). A day lost due to injury
was any day (including the day in which the participant was injured) where the participant
was not permitted to or not able to participate in sporting activities in an unrestricted
manner [18]. Participants were not asked about lower-limb injuries that occurred at a time
other than during training or competition, or were caused by contact with equipment
or another player. If the athlete sustained more than one injury during the preceding
12 months, participants were asked to report all the injuries [19]. Survey development
included examination of the validity of the content. The questionnaire was reviewed
by a sports medicine researcher, an athletic trainer, a physical education teacher, a sport
psychologist, and three professors in the area of kinesiology. A pilot test was conducted in
a taekwondo club before the actual large-scale survey was disseminated.

2.3. Procedures

Participant information and the link to an online questionnaire were sent to coaches.
The coaches were contacted and identified by the members of the research team. The
coaches were asked to send the questionnaire to the parents and/or legal guardians of the
athletes who met the inclusion criteria of this study by email. The parents and/or legal
guardians of the athletes completed and submitted the questionnaire online. All responses
were anonymous. The survey was available online from June 2019 to June 2020.

2.4. Data Analyses

The criterion variable, non-contact lower-limb injury, was analyzed as a categorical
variable (presence or absence of injury). The presence of injury was defined as a positive
response to the question: “During the preceding 12 months, did you suffer any non-
contact lower-limb injury causing time loss for at least one day from participation in sport
activities?” The predictor variables were age (y), sex (female vs. male), leg preference (left
vs. right leg), sport category (laterally dominant vs. non-laterally dominant sport), length
of training (y), training frequency (sessions/wk), and training intensity (low, moderate,
high). The continuous measurements (age and length of training) were described as
mean ± standard deviation. The other measurements were described with frequencies and
percentages.

2.5. Statistical Analyses

Normality and homoscedasticity assumption of the continuous data (age and length
of training) were examined using the Kolmogorov-Smirnov and Levene’s test, respectively.
The Mann–Whitney U test was conducted to compare age and length of training between
the injured and non-injured athletes as data were not normally distributed. Chi-square
tests were employed to compare the proportion of injured athletes based on sex (males,
females), training intensity (low, moderate, high intensity), training frequency (1, 2, 3,
4, 5 or more times/wk), leg preference (right, left leg), and sport category (non-laterally,
laterally dominant sports).

A multivariate logistic regression model was used to calculate the adjusted odds ratio
(OR) and 95% confidence interval (CI) for each predictor variable. Participants with missing
data were excluded from related analyses. All statistical analyses were conducted using
SPSS 23 with the alpha level set a priori at 0.05.

3. Results

A total of 2294 questionnaires were submitted. Any response was excluded if there was
no response for the question of presence or absence of injury. Data from 2269 questionnaires
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were included in the final analyses. From these responses, 750 athletes (33.1%) specialized
in laterally dominant sports (tennis, table tennis, soccer, badminton, fencing, long jump,
shot put, high jump, baseball, and softball), and 1519 athletes (66.9%) specialized in non-
laterally dominant sports (swimming, running, cycling, skating, basketball, taekwondo,
rope skipping, dance, hockey, volleyball, traditional martial art, judo, kickboxing, karate,
roller skating, gymnastics, and boxing). A total of 576 (25.4%) athletes sustained non-
contact lower-limb injury causing time loss (≥1 day) from participation in sport activities
during the preceding 12 months. The ankle (12.1%), thigh (10.8%), and knee (10.6%) were
most commonly reported as the location of injury (Figure 1). Ligament sprain (15.7%) and
muscle strain (8.5%) were the most commonly reported non-contact lower-limb injuries
(Figure 2).

Figure 1. Injury breakdown by location.

Figure 2. Injury breakdown by type.

The injured group showed significantly greater age (mean rank: 1417.58 vs. 1009.82,
n = 2227, p = 0.000) and length of training (mean rank: 1192.72 vs. 971.22, n = 2059,
p = 0.000) compared to the non-injured participants (Table 1). Results of the Chi-square
tests (Table 2) showed that the injury rate increased with increasing training intensity
(χ2 (2, 2265) = 151.794, p = 0.000, Cramér’s V = 0.259) and training frequency
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(χ2 (4, 2267) = 183.817, p = 0.000, Cramér’s V = 0.285); the injury rate in laterally domi-
nant sports was significantly greater compared to the non-laterally dominant sports (χ2 (1,
2269) = 15.673, p = 0.000, Cramér’s V = 0.083).

Table 1. Mann–Whitney U tests for the comparison of age and length of training between non-injured and injured
pediatric-age athletes.

Variable Non-Injured (Mean Rank) Injured (Mean Rank) p

Age (n = 2227) 1009.82 1417.58 0.000
Length of training (n = 2059) 971.22 1192.71 0.000

Table 2. Chi-square tests comparing the proportion of non-injured vs. injured pediatric-age athletes for each predictor
variable.

Variable
Non-Injured Injured

χ2 p Cramér’s V
n Percentage n Percentage

Sex
Female 527 74.5% 180 25.5% 0.003 0.957 0.001
Male 1166 74.6% 396 25.4%

Leg
preference

Right 1438 75.1% 477 24.9% 1.131 0.288 0.022
Left 249 72.4% 95 27.6%

Training
intensity

Low 523 83.5% 103 16.5% 151.794 0.000 0.259
Moderate 1090 75.4% 355 24.6%

High 77 39.7% 117 60.3%

Training
frequency
1 time/wk 678 84.4% 125 15.6% 183.817 0.000 0.285
2 times/wk 620 80.5% 150 19.5%
3 times/wk 191 63.2% 111 36.8%
4 times/wk 78 53.1% 69 46.9%
≥5 times/wk 125 51% 120 49%

Sport
category
LD sport 521 69.5% 229 30.5% 15.673 0.000 0.083

NLD sport 1172 77.2% 347 22.8%

LD, laterally dominant sport; NLD, non-laterally dominant sport.

In the multivariate logistic regression model (Table 3), risk of non-contact lower-limb
injury increased with increasing age (adjusted OR, 1.21 for an increase of 1 year; 95% CI,
1.16–1.26; p = 0.000), training intensity (adjusted OR, 1.77 for an increase of 1 level; 95% CI,
1.43–2.19; p = 0.000), and training frequency (adjusted OR, 1.36 for an increase of 1 training
day per week; 95% CI, 1.25–1.48; p = 0.000). Athletes specialized in laterally dominant
sports showed a greater risk of non-contact lower-limb injury compared to those specialized
in non-laterally dominant sports (adjusted OR, 1.38; 95% CI, 1.10–1.75; p = 0.006). Right-
leg preference indicated lower risk of non-contact lower-limb injury compared to left-leg
preference (adjusted OR, 0.71; 95% CI, 0.53–0.95; p = 0.023).
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Table 3. Multivariate logistic regression analysis for predicting non-contact lower-limb injury in
pediatric-age athletes.

Variable Adjusted OR (95% CI) p

Age (y) 1.21 (1.16–1.26) 0.000
Length of training (y) 1.03 (0.96–1.11) 0.396

Training intensity 1.77 (1.43–2.19) 0.000
Training frequency

(sessions/wk) 1.36 (1.25–1.48) 0.000

Sex
Female vs. Male 0.88 (0.70–1.12) 0.310

Sport category
LD vs. NLD sport 1.38 (1.10–1.75) 0.006

Limb preference
Right vs. Left leg 0.71 (0.53–0.95) 0.023

LD, laterally dominant; NLD, non-laterally dominant; OR, odds ratio; CI, confidence interval.

4. Discussion

4.1. Injury Analyses

This is the first survey study to our knowledge focusing on non-contact lower-limb
injury in pediatric-age athletes. Our results showed that 25.4% of the athletes in our
respondent sample sustained a non-contact lower-limb injury (≥1-day time loss from sport
activities) in a 12-month period. It is difficult to make age-matched comparisons between
our results and previous findings because of the lack of research focusing on non-contact
lower-limb injury in children and adolescents. Brumitt et al. [20] reported the same injury
rate (25.4%) when examining non-contact lower-back and lower-limb injury (≥1-day time
loss from sport activities) in 169 male collegiate basketball players in one season. However,
the rate of non-contact lower-limb injury varies greatly in other studies: Stiffler et al. [21]
reported that 19.4% of 147 collegiate athletes sustained non-contact injuries in the knee or
ankle in one academic year; while, Izovska et al. [22] reported that 33.6% of 227 professional
soccer athletes sustained non-contact lower-limb injuries in one season. This range in injury
rate may be influenced by the definition of injury used in the research and differences in
participant characteristics across studies.

Our results showed that ligament sprain (15.7%) and muscle strain (8.5%) were the
most frequently occurring injuries. This result is consistent with previous findings gen-
erated from 9th to 12th grade students [5] and 12 to 15-year-old students [2] in sport
activities. Further, our results showed that ankle (12.1%), thigh (10.8%), and knee (10.6%)
were the most frequently injured locations. Similarly, ankle and knee were also reported
as the most frequently injured locations in adolescent (aged 14.67 ± 2.08 y) soccer players
during training and competition [8], 5 to 17-year-old children and adolescents in sports
activities [9], and 12 to 15-year-old students in sports activities [2]. The high rate of in-
jury in these locations may be related to the anatomy of the knee and ankle [23], and the
imbalance in force absorption of the quadriceps and hamstrings in sports activities [24].
The preponderance of injuries to the ankle and knee implies particular emphasis in injury
prevention and sport training education in this area.

4.2. Effects of Lateral Dominance in Sport on Non-Contact Lower-Limb Injury

This is the first study to compare the rate of sport injury in athletes specialized
in laterally dominant vs. non-laterally dominant sports. Results of the Chi-square test
showed that the rate of non-contact lower-limb injury was significantly greater in athletes
specialized in laterally dominant sports (30.5%) vs. non-laterally dominant sports (22.8%).
The multivariate logistic regression model showed supportive results, wherein athletes
specialized in laterally dominant sports were 1.38 times more likely to sustain a non-contact
lower-limb injury compared to athletes specialized in non-laterally dominant sports after
controlling for the effects of other factors. Cumulatively, these results suggest that pediatric-
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age athletes specialized in laterally dominant sports may need close monitoring for non-
contact lower-limb injury by the coaches, athletic trainers, medical staff, and parents. We
speculate that the long-term use of a laterally dominant moving pattern may result in
greater inter-limb asymmetry in athletes specialized in laterally dominant sports, leading
to greater odds of non-contact lower-limb injury. Future research is warranted to examine
this postulation further.

To date, there is a lack of research in terms of classifying laterally dominant and
non-laterally dominant sports in the literature. The present study suggests a way to classify
laterally and non-laterally dominant sports on the basis of the pattern of movement in
lower extremities in a sport. Sport that requires a large amount of movement characterized
by the two sides performing/functioning differently was classified as a laterally dominant
(or asymmetric) sport in the present study. For example, in the lunge, which is frequently
performed in fencing, tennis, and badminton, the dominant leg performs as the leading leg
and the non-dominant leg performs as the supporting leg [14]. In contrast, a non-laterally
dominant (or symmetric) sport was classified as a sport where both legs are expected to
be equally involved, such as running, swimming, and cycling [15]. In addition, a sport
that requires a large amount of single-leg jumps (e.g., basketball and volleyball) or single-
leg support/drive (e.g., kickboxing, taekwondo) on both sides was also classified as a
non-laterally dominant (or symmetric) sport in the present study, despite the fact that the
dominant leg is usually more involved than the non-dominant leg in practical action [15].
The method suggested in the present study could be used by future research with a need
to classify laterally dominant and non-laterally dominant sports.

4.3. Other Risk Factors for Non-Contact Lower-Limb Injury

Our results indicated that the risk of non-contact lower-limb injury increased with age
in pediatric-age athletes. A number of studies have demonstrated similar findings. Cuff,
Loud, and O’Riordan [5] reported that the risk of overuse injuries increased with age in 9th
to 12th grade students. Bijur, Trumble, Harel, Overpeck, Jones, and Scheidt [9] reported
that the rate of sports injury increased with age in 5 to 17-year-old children. In addition,
Michaud, Renaud, and Narring [3] reported that the rate of sports injury increased with age
in 9 to 16-year-old students. The heightened risk of sports injury with increasing age may
stem from the increased level of competition and time participating in sport as a function of
age [13]. Taken together, these findings suggest that pediatric-age athletes may need close
monitoring for injury, especially as they get older. However, findings in the literature were
not always consistent. Some studies demonstrated that age was not associated with the
risk of sport injury in junior high school students aged between 12 and 15 years [1], or in
adolescent male soccer athletes aged 14.7 ± 2.1 years [8]. The inconsistency of findings may
be attributed to differences in age stages and definition of injury across studies. We suggest
future studies include participants with a wide range of ages (e.g., from 6 to 17 years) when
evaluating the relationship between age and sport injury in pediatric-age athletes.

Currently, there is a lack of research concerning the effects of training frequency and
intensity on sports injury. Our results indicate that the risk of non-contact lower-limb
injury increased with increasing training frequency (1, 2, 3, 4, 5 or more sessions/week) in
pediatric-age athletes. An increase of one training session per week increased the risk of
non-contact lower-limb injury by 1.36 times. This finding suggests that coaches in youth
sports training may need to reduce training frequency to prevent injury in pediatric-age
athletes when required, although the effects of training duration in one training session
have not been considered in the present study. Another consideration is that the training
frequency of athletes who play on multiple teams (for the same sport) may not be scheduled
by one coach. It is recommended that pediatric-age athletes play on only one team at a
time to help decrease training frequency and the risk of injury. Our results also indicate
that an increase of one level (low, moderate, high) in training intensity increases the odds
of non-contact lower-limb injury by 1.77 times when controlling for the effects of other
factors. It should be noted that there was no clear boundary of each intensity level (low,
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moderate, high) in the present study, and the training intensity was self-evaluated by the
participants, which may have led to the underreporting of injury cases. Nevertheless,
the present study provides preliminary evidence on the effects of training frequency and
intensity on non-contact lower-limb injury in pediatric-age athletes.

With respect to the effects of length of training on sports injury, results are inconclusive
in the present study. Although the injured group showed a greater length of training than
the non-injured group, results of the multivariate logistic regression model showed no
association between length of training and non-contact lower-limb injury after controlling
for the effects of other factors. Available evidence on the influence of length of training on
sports injury is scarce. Bastos, Vanderlei, Vanderlei, Júnior, and Pastre [8] reported that male
soccer athletes (14.7 ± 2.1 years) with a training duration greater than 5 years sustained
sports injury more frequently compared to those with a shorter training duration. The
greater length of training demonstrates greater exposure time to training and competition,
which may contribute to a greater risk of injury [25]. Further, with the increase in length
of training, games may become more competitive, which may also increase the risk of
injury [26].

Regarding the effects of sex (male vs. female) on the risk of sport injury, a systematic
review focusing on children and adolescents has reported that boys are generally at greater
risk of sports injury compared to girls because of their larger body mass, which may cause
increased forces in jumping, sprinting, and pivoting in boys [13]. However, girls showed a
greater risk of sports injury compared with boys in specific sports including soccer, basket-
ball, and baseball, which may be related to the physiological and anatomical characteristics
of girls [13]. Focusing on non-contact lower-limb injury, our results showed that there was
no difference in the risk of injury between boys and girls. This might be attributed to the
variance in the sporting backgrounds of the participants in the present study. Overall, prac-
titioners should pay attention to the differences between sports and consider the potential
effects of sex (male vs. female) on the risk of injury in pediatric-age athletes.

Another finding is that left-leg preference indicates a greater risk of non-contact
lower-limb injury compared to right-leg preference, suggesting that pediatric-age athletes
with left-leg preference may need close monitoring for non-contact lower-limb injury. This
finding is consistent with previous research examining risk factors for injury in 12 to 18-year-
old [27] and 7 to 12-year-old soccer athletes [28]. The reasons for these findings are unclear.
It has been suggested that these findings may be associated with the environmental biases
in a right-handed world and differences in function related to neurologic development [29].
This is an area for further research.

4.4. Limitations

We acknowledge the limitations of the present study. Non-contact lower-limb injuries
were self-reported by parents/guardians in the present study, which may lead to under-
reporting of injury cases. It may also cause recall bias as the parents need to remember
events up to 12 months before, as well as classify injuries by themselves instead of medically
trained staff. Further, it has been suggested that the effects of previous injury [1,2] and
exposure time to sports [3,30] should be considered when evaluating injury risk; however,
these two factors were not included in the present study. Therefore, our findings did not
take into account the effects of exposure time and previous injury.

5. Conclusions

Pediatric-age athletes who specialize in laterally dominant sports may demonstrate a
greater risk of non-contact lower-limb injury compared to those specialized in non-laterally
dominant sports. Left-leg preference, increase in age, training intensity, and training
frequency were also associated with a greater risk of non-contact lower-limb injury in
pediatric-age athletes. These findings should be utilized with caution as exposure time
and previous injuries were not included. However, this study provides useful findings in
evaluating the risk of non-contact lower-limb injury in pediatric-age athletes, and the effects
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of lateral dominance in sport (laterally vs. non-laterally dominant sport) on injury. Future
research should include more comprehensive predictor variables to further examine risk
factors of non-contact lower-limb injury in pediatric-age athletes. Future research should
also explore whether the greater odds of non-contact lower-limb injury in pediatric-age
athletes specialized in laterally dominant vs. non-laterally dominant sports is a result of
greater inter-limb asymmetry.
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Abstract: Background: Breathing technique may influence endurance exercise performance by
reducing overall breathing work and delaying respiratory muscle fatigue. We investigated whether a
two-month yoga-based breathing intervention could affect breathing characteristics during exercise.
Methods: Forty-six endurance runners (age = 16.6 ± 1.2 years) were randomized to either a breathing
intervention or control group. The contribution of abdominal, thoracic, and subclavian musculature
to respiration and ventilation parameters during three different intensities on a cycle ergometer was
assessed pre- and post-intervention. Results: Post-intervention, abdominal, thoracic, and subclavian
ventilatory contributions were altered at 2 W·kg−1 (27:23:50 to 31:28:41), 3 W·kg−1 (26:22:52 to
28:31:41), and 4 W·kg−1 (24:24:52 to 27:30:43), whereas minimal changes were observed in the control
group. More specifically, a significant (p < 0.05) increase in abdominal contribution was observed
at rest and during low intensity work (i.e., 2 and 3 W·kg−1), and a decrease in respiratory rate and
increase of tidal volume were observed in the experimental group. Conclusions: These data highlight
an increased reliance on more efficient abdominal and thoracic musculature, and less recruitment
of subclavian musculature, in young endurance athletes during exercise following a two-month
yoga-based breathing intervention. More efficient ventilatory muscular recruitment may benefit
endurance performance by reducing energy demand and thus optimize energy requirements for
mechanical work.

Keywords: breathing pattern; breathing exercise; load; diaphragm; adolescents

1. Introduction

The physiological implications of reductions in physical activity due to an environment
that is oversaturated with technological innovation are only beginning to be realized [1,2].
Adverse changes in respiratory patterns are just one of these deleterious adaptations, and
dysfunctional breathing has become increasingly common with an expected prevalence of
between 60–80% in otherwise healthy adults [3].

Gas exchange during normal activity is coordinated by inspiratory and expiratory
processes involving synchronized movement of the upper and lower chest, abdomen,
and diaphragm [4–7]. In the resting state, breathing is regulated by an expansion of
the lower chest and anteroposterior movement of the sternal bones that is facilitated by
the diaphragm and intercostal muscles that account for ~2–5% of whole-body oxygen
consumption at rest. During intensive muscle work, respiratory energy demand can
increase several times. In the case of trained athletes, it reaches up to 10% of the total
energy consumption during moderately demanding activity [8–10]. Meanwhile, excess

J. Clin. Med. 2021, 10, 3514. https://doi.org/10.3390/jcm10163514 https://www.mdpi.com/journal/jcm
51



J. Clin. Med. 2021, 10, 3514

involvement of areas of the upper chest distinctly characterizes respiratory inefficiency and
potential breathing disorders [4,11], which may become increasingly relevant during high
intensity work where ventilatory oxygen demand may comprise 15% (or more) of whole-
body oxygen consumption [8–10].

Though inter-individual variability characterized by differential involvement of abdom-
inal, thoracic, and subclavian body sectors in breathing patterns have been observed [12],
systematic analysis of the effect of breathing technique on athletic performance is vastly
understudied [13]. However, the influence of breathing patterns on performance has re-
cently come to the forefront of physical activity research [14], and the role of the diaphragm
during high-intensity work has received significant attention [13,15]. In individuals with
dysfunctional respiration, the pain threshold is lowered, and control of motor functions and
movement dysfunctions are impaired, all of which may adversely affect the individual′s
physical performance [16]. Pertinently, increasing diaphragmatic respiratory involvement
reduces breathing effort, improves ventilation efficiency, reduces dyspnea, improves exercise
tolerance, and can be trained [17–20]. Thus, there is great incentive to elucidate techniques to
improve respiratory efficiency as a potential means to improve athletic performance [21–23].

Specific respiratory (inspiratory) muscle training (IMT) improves the function of
the inspiratory muscles. According to literature and clinical experience, there are three
established methods: (1) resistive load, (2) threshold load, and (3) normocapnic hyperpnea.
Each training method and the associated devices have specific characteristics [24]. Setting
up an IMT should start with specific diagnostics of respiratory muscle function and be
followed by detailed individual introduction to training. Changing respiratory muscular
activity through strengthening of inspiratory muscles may attenuate disease risk. Weakness
or fatigue of the diaphragm and the accessory muscles of inspiration is widely recognized
as a cause of failure to wean from mechanical ventilation [25]. The influence of IMT on
exercise performance has also been surveyed. Faghy and Brown [22] provided evidence
for the ability of IMT training to improve exercise performance (time trial) with thoracic
load carriage.

Many methods can be used to evaluate the respiratory pattern [26], the most common
of which are palpation, chest circumference, plethysmography of the whole body, chest
skiagram, spirometry or various instruments recording changes in height of individual
torso segments, or through a three-dimensional system [27–29]. Estimation of chest wall
motion by surface measurements allows one-dimensional measurements of the chest wall by
assessment with an optical reflectance system [30] or by three-dimensional tracking [31,32].
Chest wall volume changes can be assessed by optoelectronic plethysmography [33] or by
optoelectronic plethysmography [34]. Building upon these techniques, our group used a
respiratory muscle dynamometer to measure instantaneous values of involvement of the
ventilatory musculature (MD03 muscle dynamometer) [11,35,36]. Using this dynamometer,
the present study evaluated whether two-months of a yoga breathing exercise program may
influence breathing characteristics during various intensities of exercise in young healthy
athletes.

Based on previous work by our group [37], we hypothesized that the breathing exercise
program would modulate respiratory musculature contribution. We anticipated greater
involvement of the musculature of the lower torso (i.e., abdomen and thoracic sectors) and
less upper-body contribution (i.e., subclavian) during exercise following the yoga-based
breathing intervention.

2. Materials and Methods

2.1. Subjects

Forty-six adolescent distance runners (14–18 years) participated in our study:
23 males (age = 16.4 ± 1.1, height = 177.1 ± 5.8 cm, weight = 62.4 ± 5.8 kg) and 23 females
(age = 16.8 ± 1.1, height = 168.5 ± 4.4 cm, weight = 55.9 ± 4.0 kg). All participants reported
a history of endurance running of at least six times a week for the past year. They are
all members of the same training group, and thus training volume and intensity were
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comparable throughout the duration of the study. Participants were randomly allocated to
an experimental group (n = 23), which took part in an eight-week breathing intervention,
or a control group (n = 23), which continued training but did not carry out the yoga-based
breathing intervention. One participant did not complete the intervention for medical rea-
sons unrelated to the intervention and was excluded from the study. The two groups, both
experimental and control, followed the same training program, the only difference being
that the experimental group performed the yoga-based breathing intervention. A random-
ization sequence has been generated using Randomization.org. An independent person not
involved in this study made the computer-generated randomization sequence. The study
protocol was reviewed and approved by the local ethics committee on 19 October 2018
(002/2018) and followed the guidelines of the World Medical Assembly Declaration of
Helsinki. This research is a clinical trial (NCT04950387). Written informed consent to partic-
ipate was provided by guardians and verbal assessment was provided by the participants.

2.2. Study Design
2.2.1. Measurement of Sectors Engagement

The testing took place in the Laboratory of Load Diagnostics at Department of
Sports Studies, Faculty of Education, University of South Bohemia. We evaluated venti-
latory musculature involvement in three basic areas (Figure 1; abdominal = red sensor,
thoracic = green sensor, and subclavian = blue sensor) using a muscle dynamometer MD03
as previously described [35,36].

 

Figure 1. The positions of the location of probes on the body.

The device is a four-channel digital muscle dynamometer that, by design, allows
instantaneous values of muscle force to be measured in relation to time (i.e., both the
force size and its dynamics can be evaluated). In general, different muscles and muscle
groups on the human body can be measured. MD03 is made up of four muscle probes
(we used three probes) that attach themselves to the human body with belts. Greater
muscle involvement in the segment of interest at a higher tidal volume results in higher
dynamometer pressure values. The probes contain a strain transducer to a digital signal
that is transmitted to a microprocessor evaluation unit that adjusts digital signals from the
probes into a compatible form with a USB input to a notebook. Probe attachment sites were
selected based on the kinematics of the aforementioned thoracic sectors.

The first probe was placed in the lower respiratory sector on the ventral side of
the level L4–5. The second probe was placed on the ventral side just below the sternum
(between ribs 8 and 9). The third probe was characterized by upper respiratory musculature
involvement and was placed between ribs 3 and 4 on the ventral side on the sternum. Chest
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compression and expansion during respiration change the force applied to the individual
sensors in the attached belt.

2.2.2. Measurement of Ventilatory Parameters

Inspiratory and expiratory forces exerted on individual probes located in the given
breathing sectors were recorded for 60 s and minute averages were determined for each
probe. After 60 s of resting data acquisition using both spontaneous and deep breath-
ing, participants underwent an incremental test on a cycle ergometer (Lode, Groningen,
The Netherlands) and oxygen consumption, tidal volume, respiratory rate, and minute
ventilation were continuously monitored (Metalyzer B3, Cortex, Leipzig, Germany). The
exercise protocol consisted of a graded exercise test that was made relative to participant
body weight (i.e., W·kg−1) and began with a 4-minute stage at 1 W·kg−1 followed by
three, two-minute stages (for partial stabilization of ventilation parameters) at progres-
sive intensities (2, 3, 4 W·kg−1) as we have described previously [38,39] and cadence was
standardized to 95–100 rev·min−1. Ventilatory muscular involvement of the abdominal,
thoracic, and subclavian body sectors was monitored during the last minute of each of the
three submaximal intensities.

2.2.3. Breathing Exercise Program

The training program lasted eight weeks. The experimental group performed yoga-
based breathing exercises daily. In the first week of the breathing intervention, training
took place in the form of three supervised group sessions [37]. In the following weeks,
there were always two group training sessions, each lasted ~30 min. On unsupervised
days, participants were asked to perform exercises individually at home for at least 10 min.
Information about the length of each individual’s training session was recorded in a diary
by the participant.

The design of the breathing exercise program was based on yoga, and the aim was to
activate the diaphragm and become aware of individual breathing sectors. As such, breath
training included a variety of exercises, such as breathing wave training, full breathing
(breathing into all sectors), and paced breathing (breathing in a specified rhythm). The
exercises were performed in various positions, including lying down, sitting in the kneeling
position, sitting, kneeling, and standing (see Supplementary Material). All breathing was
performed through the nose. At the beginning of the intervention, the participants breathed
spontaneously, later switching to prolonging the inspiratory and expiratory phases. They
started with a 1:1 ratio of inhale to exhale length. Gradually, the pre-exhalation and
pre-exhalation phases of breath holding were included: inspiration-6 periods, holding
breath-3 periods, exhaling-6 periods, holding breath-3 periods. Each of the participants
adapted the exercise to their individual respiratory rate. Each of the exercises was repeated
six times. The exercises were slow, with a deep focus on breathing, in line with the
movement. Very important was the perception of the direction of movement and expansion
of the chest, the behavior of the axis of the body (head, spine, pelvis), which they learned
during the introductory meetings [37]. The control group did not participate in any form
of breathing training and were told to go about their lives as usual.

The follow-up testing, which was the same as the aforementioned described graded
maximal test on the cycle ergometer, was performed after eight weeks of intervention.

2.3. Statistical Analysis

Data are presented as mean ± SD. The normality of data was confirmed using the
Shapiro–Wilk test. A two-way repeated-measures ANOVA (group × intensity) was used
to compare changes in the involvement of individual breathing sectors and respiratory
rate in the intervention and control groups. Significant interactions were examined using
Bonferroni adjusted simple main effect post hoc comparisons. An alpha-level of 0.05 was
used to assess statistical significance for all comparisons. Subsequently, effect size was
determined using Cohen′s d. The Pearson correlation coefficient was used to examine
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relationships between changes in tidal volume and pressure values on the dynamometer.
The alpha-level was set to 0.05. The data processing was done in Excel 2016 (Microsoft,
Oregon, WA, USA) and Statistica 12 (StatSoft, Tulsa, OK, USA).

3. Results

Participants carried out the yoga-based breathing program for an average of 13.3 ± 2.8 min
per day during the two-month period. In the experimental group, there was a significant
increase in the involvement of the abdominal segment during deep breathing and at 2 and
3 W·kg−1 (p < 0.05; see Figure 2 and Table 1). The only significant change in thoracic involvement
was seen at 3 W·kg−1 (p < 0.01). In subclavian respiration, there was no significant change
in involvement at any of the intensities, even at rest or at rest during deep resting breathing.
In the control group, there was no significant change in the involvement of individual breathing
sectors at rest or at any load level (p > 0.05; Table 1).

Table 1. Average values measured by probes and standard deviations of pressure on individual breathing sectors at rest
and at different load intensities in the experimental group (EG) and control group (CG).

Breathing Time Rest Deep–Rest 2 W·kg−1 3 W·kg−1 4 W·kg−1

Sector [n·cm−2] [n·cm−2] [n·cm−2] [n·cm−2] [n·cm−2] [n·cm−2]

abdominal pre 0.54 ± 0.33 0.93 ± 0.36 1.38 ± 0.74 1.43 ± 0.66 1.54 ± 0.62
EG post 0.94 ± 0.37 l 1.79 ± 0.76 l,** 2.01 ± 0.90 m,* 2.04 ± 1.01 m,* 1.91 ± 0.75 m

chest pre 0.46 ± 0.35 0.82 ± 0.56 1.32 ± 0.88 1.31 ± 0.75 1.59 ± 0.89
EG post 0.65 ± 0.38 m 1.34 ± 0.91 m 1.79 ± 0.75 m 2.19 ± 1.31 m,** 2.16 ± 1.24 m

subclavian pre 0.65 ± 0.49 1.43 ± 0.79 2.92 ± 1.99 3.00 ± 1.39 3.59 ± 1.94
EG post 0.83 ± 0.42 s 1.66 ± 0.97 s 2.70 ± 0.99 2.83 ± 0.88 * 3.08 ± 1.26 s

abdominal pre 0.56 ± 0.36 0.91 ± 0.40 1.33 ± 0.67 1.39 ± 0.55 1.55 ± 0.60
CG post 0.57 ± 0.39 0.89 ± 0.42 1.35 ± 0.70 1.42 ± 0.52 1.54 ± 0.62

chest pre 0.48 ± 0.34 0.85 ± 0.57 1.35 ± 0.90 1.36 ± 0.69 1.58 ± 0.90
CG post 0.46 ± 0.37 0.88 ± 0.59 1.35 ± 0.85 1.37 ± 0.72 1.56 ± 0.88

subclavian pre 0.60 ± 0.45 1.45 ± 0.82 2.95 ± 2.01 3.03 ± 1.43 3.49 ± 1.45
CG post 0.63 ± 0.42 1.49 ± 0.88 2.91 ± 1.95 2.98 ± 1.35 3.40 ± 1.42

Note: * p < 0.05, ** p < 0.01, Cohen′s d: s small effect size, m medium effect size, l large effect size.

As a result of the breathing exercise intervention, the experimental group experienced
a significant reduction (p < 0.05) of respiratory rate under load 3 and 4 W·kg−1, with
medium (4 W·kg−1) or small (rest, deep rest, 2 and 3 W·kg−1) effect sizes. We noted
a significant increase of tidal volume at 2 W·kg−1, there are changes with small effect
size, during all intensities of load. Minute ventilation and oxygen consumption were not
significantly altered (see Table 2). The overall effect of breathing exercise intervention in all
phases on changes of respiratory rate and tidal volume was confirmed at level p < 0.01.

Table 2. Percent change in respiratory rate (RR), tidal volume (VT), minute ventilatory volume (VE) and oxygen consumption
(VO2) after breathing exercises intervention versus exercise prior to breathing exercises intervention at different intensities
in the experimental group (EG) and control group (CG).

Rest Deep-Rest 2 W·kg−1 3 W·kg−1 4 W·kg−1

EG

RR −3.12 s −3.97 s −5.85 s −7.18 s,* −8.36 m,**
VT - - 10.60 s,* 7.33 s 6.00 s

VE - - 2.48 −0.60 −2.89
VO2 - - −0.27 −0.15 −0.10

CG

RR −1.32 −1.40 0.05 −0.07 0.45
VT - - −0.60 −0.15 0.07
VE - - 1.72 −0.65 −0.31

VO2 - - 0.39 0.55 0.30

Note: ANOVA: * p < 0.05, ** p < 0.01, Cohen′s d: s small effect size, m medium effect size.
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Figure 2. Engagement of breathing sectors at rest (A), during deep breathing (B), under load
2 W·kg−1 (C), under load 3 W·kg−1 (D), under load 4 W·kg−1 (E) pre and post intervention.
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Changes in tidal volume were significantly related to abdominal probe pressure at all
intensities (see Table 3).

Table 3. Pearson correlation coefficient of change in tidal volume and abdominal probe pressure.

Correlation 2 W·kg−1 3 W·kg−1 4 W·kg−1

VT and abdominal sector engagement 0.452 * 0.584 * 0.531 *

Note: * p < 0.05.

In all intensities, greater abdominal and less subclavian percentage contribution was
noted (see Figure 2).

4. Discussion

The primary finding of the present study was an alternation in breathing patterns
at rest, and during cycling exercise at various intensities, in young healthy individuals
following an eight-week breathing intervention. This finding corroborates previous re-
search by our group in showing greater and more efficient abdominal contribution to
respiration following a breathing intervention [37]. Moreover, it is worthy to note that the
respiratory musculature involvement following the intervention was close to what may be
recommended [4].

Physical exertion often increases the perception of respiratory effort in healthy people
and leads to a feeling of dyspnea. Sports activities, be it intensive, short duration (≥85%
of the maximum oxygen uptake) or less intense, longer-lasting duration (“ultramarathon”
etc.) can lead to fatigue of the inspiratory and/or expiratory muscles [24]. Moreover, tired
respiratory muscles impair athletic performance. During physical activity and sport, work
of the respiratory muscles is compounded by greater demand for postural stabilization
and movement efficiency [40]. Body stability is impaired when the respiratory muscles are
tired, which can increase the risk of tripping or falling [24].

Respiratory therapy is an integral part of treatment for many patients with various
diseases. Respiratory contributions have been shown to limit exercise in patients with heart
failure. The manner in which the respiratory system limits exercise is due to abnormalities
in ventilation, perfusion, or both ventilation and perfusion inspiratory muscle weakness
may induce several impairments in both healthy and athletic individuals [22]. Similarly,
studies have demonstrated that inspiratory muscle strength also has an important role in
the pathophysiology of exercise limitation in several clinical conditions. Indeed, IMT is
becoming an effective complementary treatment with positive effects on muscle strength
and exercise capacity. More recently, studies have found that maximal inspiratory pressure
(MIP) is strongly correlated with VO2 peak in patients after acute myocardial infarction
and heart failure, reinforcing the influence of the inspiratory muscles on functional ca-
pacity [41]. The exercises primarily reduced end-expiratory lung volume rather than
end-inspiratory lung volume, which is constrained by the presence of a thoracic load. Con-
sequently, the training stimuli may be targeting and strengthening the inspiratory muscles
throughout an operational range, which may not be utilised during exercise with load
carriage. Importantly, previous work has identified that fatigue of the expiratory muscles
is not an influencing factor in determining operational lung volumes, despite reduced
end-expiratory time and increased peak gastric and esophageal pressures, and it may be
more appropriate to assess influences that inhibit flow [42]. In general, the IMT performed
at an intensity of 30% MIP resulted in decreased cardiac sympathetic modulation (LF) and
increased parasympathetic (HF) at rest in patients with hypertension, heart failure, and
diabetes mellitus [43]. Nevertheless, this measure has been questioned as interventions
can elicit either complex non-linear reciprocal or parallel changes in either division of
ANS, and these complex interactions can influence the calculation and interpretation of
LF/HF [44]. However, applying IMT to different diseases, associated with a variety of
training protocols, as well as few studies found in the literature, makes the effects of IMT
on cardiovascular autonomic control inconclusive. Inspiratory muscle training promotes
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changes in cardiovascular autonomic responses in humans [43]. Though inspiratory muscle
training seems to improve maximal inspiratory pressure, it remains unclear whether these
benefits translate to weaning success and a shorter duration of mechanical ventilation [25].

It is important to note that all participants were encouraged to breathe spontaneously
during the testing period to ensure that any observed changes were in fact attributable to
the intervention. Interestingly, the observed significant increase in abdominal contribution
to breathing was noted at rest and during light/moderate intensities (2 and 3 W·kg−1), but
not at the greatest load (i.e., 4 W·kg−1). Greater involvement of the thoracic musculature
was also observed at lower (i.e., 3 W·kg−1) but not the greatest workload. This may be as-
cribed to greater anaerobic energy contribution at the greatest workload and thus the need
for excess ventilation to remove rapidly accumulating CO2 [13,45]. However, of relevance
was the observation of a trend towards a reduction in subclavian involvement at the higher
workload in the experimental group. At the same time, there was a decrease in respiratory
rate, an increase in tidal volume while maintaining the minute ventilation volume and
oxygen consumption. Reduced subclavian involvement together with decreased respira-
tory rate and increased tidal volume at the same minute ventilation volume and same VO2
denotes greater respiratory efficiency and thus greater oxygen availability for mechanical
musculature. At the same time, a decrease in respiratory rate also signals a decrease in
respiratory work as one of the possible effects of a targeted breathing exercise program.
A link has been shown between an increase of pressure on the abdominal probes and an
increase of tidal volume. Furthermore, the increased contribution of the abdominal sector
to respiration, together with the decreased respiratory rate, and increased tidal volume
with the similar minute ventilation, indicates an improved breathing economy [38,46]. This
is important as respiratory muscle efficiency is one of the conditions for good performance
in endurance.

At rest, and during deep breathing, greater recruitment of abdominal muscles helps to
optimize respiratory efficiency and delay the onset of respiratory muscle fatigue. However,
during submaximal exercise, a significant alteration in respiratory musculature charac-
terized by a reduction in abdominal and increased subclavian contribution is observed.
Our results suggest that while it is possible to manipulate spontaneous breathing patterns
during exercise, these benefits may be limited to lighter loads that are likely below the
ventilatory threshold. However, reduced respiratory rate following breath training at
both low and high workloads may be of benefit across a range of exercise performance
disciplines.

The present findings should be interpreted in the context of the population; a greater
training effect may be anticipated in adolescents in whom respiratory patterns during
exercise are not as well engrained [47]. Like previous research in the field, we strategically
selected an eight-week training intervention [48–51]. Future studies to determine the
possible benefits of shorter breath training interventions, as well as the persistence of these
adaptations if breath training is stopped, are warranted. Other limitations of the present
work include our relatively modest sample size as well as that much of the training was
performed at-home without direct supervision. Verification of these findings in non-athletic
populations and potentially less healthy individuals, such as those with breathing illnesses,
would also be of interest.

5. Conclusions

These data highlight an increased reliance on more efficient abdominal and thoracic
musculature, and less recruitment of subclavian musculature, in young endurance athletes
following a two-month breathing intervention. More efficient ventilatory muscular recruit
at both lower and higher intensities during exercise may benefit endurance performance
by reducing oxygen demand of the ventilator musculature and thus increasing oxygen
availability for mechanical work.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10163514/s1.
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Masarykova Univerzita: Brno, Czech Republic, 2017.

12. Benchetrit, G. Breathing pattern in humans: Diversity and individuality. Respir. Physiol. 2000, 122, 123–129. [CrossRef]
13. Clifton-Smith, T. Breathing pattern disorders and the athlete. In Recognizing and Treating Breathing Disorders E-Book: A Multidisci-

plinary Approach; Churchill Livingstone: London, UK, 2014. [CrossRef]
14. Chaitow, L.; Bradley, D.; Gilbert, C. Recognizing and Treating Breathing Disorders. A Multidisciplinary Approach, 2nd ed.; Churchill

Livingston: London, UK, 2014.
15. Hodges, P.W.; Heijnen, I.; Gandevia, S.C. Postural activity of the diaphragm is reduced in humans when respiratory demand

increases. J. Physiol. 2001, 537, 999–1008. [CrossRef]
16. Weavil, J.C.; Amann, M. Neuromuscular fatigue during whole body exercise. Curr. Opin. Physiol. 2019, 10, 128–136. [CrossRef]
17. Hruzevych, I.; Boguslavska, V.; Kropta, R.; Galan, Y.; Nakonechnyi, I.; Pityn, M. The effectiveness of the endogenous-hypoxic

breathing in the physical training of skilled swimmers. J. Phys. Educ. Sport 2017, 17, 1009–1016. [CrossRef]
18. Kisner, C.; Colby, L.A. Management of pulmonary conditions. In Therapeutic Exercise: Foundations and Techniques, 5th ed.; FA

Davis Company: Philadelphia, PA, USA, 2007; pp. 851–882.
19. Szczepan, S.; Danek, N.; Michalik, K.; Wróblewska, Z.; Zatoń, K. Influence of a Six-Week Swimming Training with Added
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Abstract: Background: The decision to return to sport (RTS) after anterior cruciate ligament (ACL)
reconstruction is difficult; thus, coaching staff require a readable, easy-to-use, and holistic indication
of an athlete’s readiness to play. Purpose: To present the Composite Score of Readiness (CSR) as
a method providing a single score for RTS tests after ACL reconstruction. Methods: The study
comprised 65 male football players (age 18–25 years), divided into three groups: ACL group—
subjects after ACL rupture and reconstruction, Mild Injury (MI) group—subjects after mild lower
limb injuries, and Control (C) group—subjects without injuries. The CSR was calculated based on
three performed tests (Y-balance test, Functional Movement Screen, and Tuck Jump Assessment) and
expressed as the sum of z-scores. The CSR index allows highlighting an athlete’s functional deficits
across tests relative to the evaluated group. Results: The CSR indicated that relative to the group of
athletes under the study, similar functional deficits were present. Comparing athletes following ACL
reconstruction to both the MI and C groups, in the majority of subjects, the CSR index was below
zero. The correlation between CSR and raw tests results indicated that the CSR is most strongly
determined by YBT. Conclusion: The CSR is a simple way to differentiate people after serious injuries
(with large functional deficits) from people without injuries or with only small deficits. Because the
CSR is a single number, it allows us to more easily interpret the value of functional deficits in athletes,
compared to rating those deficits based on raw tests results.

Keywords: anterior cruciate ligament (ACL); composite score of readiness (CSR); injury prevention;
rehabilitation; football; soccer

1. Introduction

Anterior cruciate ligament (ACL) injuries are very common in sports [1]. The most
important goal for athletes after ACL reconstruction is a successful return to play [1,2]. It
has been reported that from 78% to 98% of professional athletes, and 65% of amateurs,
return to pre-injury level [3]. However, 74% of ACL re-injuries occur within the first
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2 years [3]. After ACL reconstruction, the deficits were observed in postural stability
as well as in alterations in knee and hip function. It was suggested that they might be
associated with pathological movement patterns leading to further tissue overloads, and
often, to ACL re-injury [4–6]. It has been suggested that return-to-sport (RTS) testing
after ACL reconstruction should include several tests, such as isokinetic strength, hop
test, and a jump landing task assessed with the Landing Error Scoring System or Tuck
Jump Assessment (TJA) [6–9]. Additionally, movement patterns, mobility, and stability
evaluation with the Functional Movement Screen (FMS) and dynamic balance via the
Y-balance test (YBT) or the star excursion balance test were also recommended [9].

The decision to RTS after ACL reconstruction is difficult for clinicians to make. More-
over, the coaching staff require a readable, easy-to-use, and holistic indication of an athlete’s
readiness to play [10]. This has raised a need to provide a single score to assess athletes’
RTS, rather than separately discussing each individual test result [10,11]. As we know, the
athletes are regularly put through many tests whose individual results collected together
produce an overwhelming amount of data [10–12]. Some authors propose identifying fewer
but more predictive tests [8,13]. Others provide us with strategies that aim to reduce the
data without decreasing the number of performed tests, such as Total Score of Athleticism
(TSA), a single score of an athlete’s holistic athleticism introduced by Turner [10]. This
way of assessment, by creating a single index, is already known in the literature. Such
indices were used in gait evaluation [14–17]. The Gait Deviation Index (GDI), Gillette Gait
Index (GGI), or Normalcy Index (NI) were derived to calculate the amount by which a
subject’s gait deviates from an average normal profile and to represent this deviation as
a single number [14–17]. The other index, called “Total Score of Athleticism (TSA)”, was
described by Thurner et al. [10,11], and allowed coaches to examine the athleticism level of
individual athletes relative to their teammates. This approach provided coaches with quick
and easy-to-read data indicating how well each athlete performed in the tests relative to
their teammates, and which areas are strengths, and which are weaknesses [10,11].

It is known that for coaches, most important is that the evaluation and interpretation
of test results for a given athlete are clear and easy to interpret and that they are read in
the same way by others. Direct reference to the baseline value (indicating a correct result)
may allow for a precise assessment of the size of an athlete’s deficits. Following the TSA
model, we would like to propose the injury risk index called “Composite Score of Readiness
(CSR)”. This study is the first in which a single score index for RTS evaluation is described,
which may differentiate athletes following a serious injury such as ACL reconstruction
from athletes after mild musculoskeletal injuries and healthy controls. This index may
allow assessing the level of functional deficits in these athletes. Therefore, the purpose of
this study was to present the Composite Score of Readiness (CSR) as a method providing a
single score for RTS tests after ACL reconstruction.

2. Methods

2.1. Participants

The studied participants involved 65 male football players belonging to regional
teams participated in this study. Basing on a medical interview and gathered medical
documentation, the players were divided into three groups, named consecutively “Group
1 (ACL)”, “Group 2 (MI)”, and “Group 3 (C)”. The three groups were similar in age, body
weight, and body height, as presented in Table 1. Based on medical interviews and gathered
medical documentation, they were free of the following diagnosed medical problems:
currently experiencing pain and movement restriction, respiratory and circulatory system
diseases, bilateral injuries in the lower limbs in the history, injuries of the trunk in the
past, injuries of upper limbs in the past, and they gave consent to participate in research.
The inclusion criteria in Group I were: clearance to play by an orthopedic specialist after
primary unilateral ACL rupture and following arthroscopic reconstruction underwent
during the 3 years before the research; bone–patellar, tendon–bone, or hamstring tendon
autographs used during ACL reconstruction; no abnormalities and no history of injury
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in the contralateral knee; no to all of the following procedures: medial and/or lateral
meniscectomy, medial and/or lateral meniscal transplant, posterior cruciate ligament
repair, and medial or/and lateral collateral ligament repair/reconstruction osteoarthritis
surgery in the ACL-reconstructed knee other than shaving; the lack of any upper limbs
and trunk injuries in the past. The inclusion criteria in Group 2: clearance to play by
an orthopedic specialist after grade I or “mild” lower limb muscle injury according to
Grassi et al. [18] and following conservative treatment undergone during the 3 years before
the research; no history of any other injuries in lower limbs, the lack of any upper limbs
and trunk injuries in the past. The inclusion criteria in Group 3, a control group, was the
lack of any lower and upper limbs and trunk injuries in the past.

Table 1. Subjects characteristics.

Group 1 Group 2 Group 3

Number of subjects (n) 24 21 20

Height (cm) 175 ± 4 177 ± 6 178 ± 6

Weight (kg) 77.3 ± 7.6 74.3 ± 9.1 75.8 ± 8.8

Age 22.7 ± 3.6 20.5 ± 3.7 23.1 ± 2.8
No significant difference was found for any variable.

Group 1 (ACL) (n = 24)—subjects after ACL rupture and reconstruction in previous
2–3 years who passed RTS including orthopedic and manual tests performed by a physio-
therapist, muscle strength evaluation and hop tests, and were cleared to play (involved
leg—after ACL reconstruction, uninvolved leg—contralateral limb without ACL injury);

Group 2 (MI) (n = 21)—subjects after mild lower limb injury in previous 2–3 years
(involved leg—after mild injury, uninvolved leg—contralateral limb without injury);

Group 3 (C) (n = 20)—control group without injuries (the left limb was the equivalent
of the involved limb and the right limb was the equivalent of the uninvolved limb).

The study participants were informed in detail about the research protocol and gave
their written informed consent to participate in the study. Informed consent was acquired
from the parent for participants under the age of 18. Approval of the Ethical Committee of
Regional Medical Chamber in Kraków was obtained for this study (16/KBL/OIL/2016).
All procedures were performed in accordance with the 1964 Declaration of Helsinki and its
later amendments.

2.2. Procedures

A 5 min warm-up included general, non-specific exercises, which prepared the entire
body for the performed tests. Then, each subject performed testing trials for each test to
become fully familiar with the nature of the measurements. The protocol included the FMS
test, the YBT, and TJA with 15 min intervals between the tests. An experienced researcher
blinded to the subject group allocation performed all tests.

2.3. Functional Movement Screen

The FMS test (Functional Movement Systems Inc., Chatham, VA, USA), which includes
assessment of body asymmetries and recognition of poor quality movement patterns, was
performed according to the original methodology reported by Cook et al. [19–21]. FMS test
inter-rater reliability was ICC = 0.87–0.89, and intra-rater was ICC = 0.81–0.91 [22,23].

2.4. Y-Balance Test

The YBT test (Move2Perform, Evansville, IN, USA) was conducted according to
the criteria described by Plisky et al. [24,25]. Three reach trials were performed in each
direction, first standing on the uninvolved leg and then on the involved (on the right leg
and then on the left in the control group) [25]. The intra-rater reliability of the YBT was
ICC = 0.85–0.91 and inter-rater reliability was ICC = 0.85–0.93 [25,26].
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3. Tuck Jump Assessment

TJA was carried out according to previously described protocols [27,28]. Jumping
efforts were recorded with the resolution 736 × 352 and 125 fps frame rate using the
NiNOX 125 camcorder (NiNOX 125, Noraxon USA, Scottsdale, AZ, USA) from the sagittal
and frontal plane view. Technique flaws were scored according to previously published
form [28]. The reported TJA intra-tester mean percentage of exact agreement ranged
between 87.2% and 100%, with kappa values of k = 0.86–1.0 [29].

3.1. Composite Score of Readiness (CSR)

The CSR was calculated from the 3 performed tests (FMS, YBT, and TJA) [10,11]. The
CSR was the sum of z-scores, which represented the number of standard deviations by
which the value of a raw score was above or below the mean of the measured variables.
Raw scores above the mean have positive z-scores, while for those below the mean, the
z-scores are negative. The z-scores were then summed to form a single score. Because
z-scores and SD are unitless, the results can be summed across all tests. The CSR allows
highlighting an athlete’s functional deficits across tests relative to the evaluated group. The
interpretation of the CSR is based on the methodology described by Thurner et al. [10,11].
If zero represents the group average, any value above zero means that the athlete is better
than average, while values below 0 indicate worse performance.

• The mean ± 1 SD contains ~68% of all test scores;
• The mean ± 2 SD ~95%;
• The mean ± 3 SD ~99%.

Two types of CSR were calculated. One type is the CSR, in which the z-score for
individual athletes was calculated relative to their own group.

CSRA—calculated for athletes after ACL reconstruction relative to the group of athletes
also after ACL reconstruction;

CSRM—calculated for athletes after mild lower limb injuries relative to the group of
athletes with similar mild lower limb injuries;

CSRH—calculated for athletes without injuries relative to the group of similar athletes
without injuries.

Then, the value of the CSR index for each athlete was converted relative to the
remaining 2 groups. In this way, the relative CSR index was created, showing the size of
the functional deficits of a given athlete in relation to different reference groups.

CSRA-M—calculated for athletes after ACL reconstruction relative to the group of
athletes with mild lower limb injuries;

CSRA-H—calculated for athletes after ACL reconstruction relative to the group of
athletes without injuries;

CSRM-H—calculated for athletes after mild lower limb injuries relative to the group of
athletes without injuries.

3.2. Statistical Analysis

Statistical analysis was performed using STATISTICA 12.0 Pl software. All evaluated
variables were reported as the arithmetic mean (x) and standard deviation (SD). The data
were evaluated for normality with Shapiro–Wilk test. The t-test was used to determine
the differences between groups. Additionally, Pearson’s linear correlation coefficient (r)
was calculated (below 0.50—poor; between 0.50 and 0.75—moderate; between 0.75 and
0.90—good; above 0.90—excellent). Statistical significance was set at the level of (p < 0.05).

4. Results

All CSR indices were normally distributed (p > 0.05). They are graphically presented
in Figure 1, highlighting particular athletes’ performance relative to their group. Zero
represents the team average in terms of CSR (sum of performed tests). Bars above the zero
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line represent athletes better than average, while bars below the line indicate worse than
average athletes.

Figure 1. The values of CSRA (A), CSRM (B), and CSRH (C) in athletes relative to the own group. Zero represents the group
average CSR value; green bars indicate positive value (it means that the particular athlete is better than average); red bars
indicate negative value (it means that the particular athlete is worse than average).

It has been shown that the CSRA in 15 athletes was below zero (Figure 1A). The CSRM
was below zero in 11 athletes (Figure 1B), while the CSRH in 10 athletes did not exceed
zero (Figure 1C). This means that relative to the own group, athletes represented similar
functional deficits. The CSRA, CSRM, and CSRH indices allow demonstrating who, within
the group, exhibits better and who exhibits worse performance.

Comparing athletes after ACL reconstruction to both the MI and C groups, it can be
seen that in the majority of subjects, the CSRA-M (Figure 2A) and CSRA-H indices (Figure 2B)
were below zero. It has been demonstrated that athletes with severe injury, similar to ACL
reconstruction, despite passing the RTS, are in a functionally worse state compared to
athletes with mild injuries or healthy ones. On the other hand, when comparing athletes
with mild injuries to those healthy, they did not differ significantly from each other because
the number of positive and negative CSRM-H indices was similar (Figure 2C).

Figure 2. The values of CSRA-M (A), CSRA-H (B), and CSRM-H (C) when comparing athletes after ACL reconstruction to
both the MI and C groups. Zero represents the group average CSR value; green bars indicate positive value (it means that
the particular athlete is better than average); red bars indicate negative value (it means that the particular athlete is worse
than average).

The analysis of differences between the presented CSR indices showed similar results.
The values of the CSRM-H were significantly higher than CSRA-M (Figure 3A). This differ-
ence was more visible when the CSRA-H was compared to CSRM-H and it was significant
(Figure 3B). However, when CSRA-M and CSRA-H were compared, the values were similar,
while the difference was non-significant (p > 0.05) (Figure 3C).
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Figure 3. The difference between (A) CSRA-M and CSRM-H; (B) between CSRA-H and CSRM-H; (C) between CSRA-M

and CSRA-H.

The correlation between CSR indices and raw test results indicated that the CSR is
determined most strongly by YBT (Table 2). There was a strong and significant relationship
between the composite score of the YBT test and each of the three CSR indices (r = 0.9–0.93)
(Table 2). Interestingly, analyzing the correlation between the value of each CSR and
the YBT components, it was noted that the relationship was good and significant for all
reaching directions of both limbs but was stronger in the posterolateral and posteromedial
directions (r = 0.79–0.85). The anterior direction demonstrated a moderate relationship
(r = 0.57–0.64). Both the FMS and TJA tests presented a much weaker relationship with
the CSR indices. The relationship between the FMS composite score and CSR was poor
(r = 0.35–0.38). Between the TJA composite score and the CSR, the correlation was also
poor and non-significant (r = 0.30–0.35) (Table 2).

Table 2. The relationship between CSR and raw tests results.

Outcome Measure Side CSRA CSRA-M CSRA-H

FMS Composite Score (points) 0.38 * 0.35 0.38 *

TJA Composite Score (points) 0.36 0.30 0.35

YBT Composite Score (%)
I 0.92 * 0.93 * 0.92 *

U 0.90 * 0.92 * 0.90 *

YBT Anterior Reach (%)
I 0.56 * 0.60 * 0.57 *

U 0.59 * 0.64 * 0.59 *

YBT Posterolateral Reach (%)
I 0.85 * 0.83 * 0.85 *

U 0.83 * 0.83 * 0.84 *

YBT Posteromedial Reach (%)
I 0.82 * 0.82 * 0.81 *

U 0.80 * 0.79 * 0.79 *
(I) Involved side; (U) uninvolved side. CSRA—index calculated for athletes after ACL reconstruction relative to the
group of athletes also after ACL reconstruction. CSRA-M—index calculated for athletes after ACL reconstruction
relative to the group of athletes with mild lower limbs injuries. CSRA-H—index calculated for athletes after ACL
reconstruction relative to the group of athletes without injuries. (TJA) Tuck Jump Assessment; (FMS) Functional
Movement Screen; (YBT) Y-balance test. Values are expressed as Pearson correlation coefficient (r). * p < 0.05.

5. Discussion

The most important information from this study is that the CSR is a simple way
to differentiate athletes with severe functional deficits following serious injuries such as
ACL rupture and reconstruction from those without injuries or with only small functional
deficits. This difference may be expressed as one index, which is easy to interpret. We have
also noted that athletes after ACL reconstruction are in a functionally worse state than
athletes following mild injuries or those who are healthy.

Unfortunately, as indicated by some authors, passing the RTS criteria did not result in
a decreased risk of ACL re-injury, suggesting that some functional deficits are still present
and may not be diagnosed during evaluation [30,31]. The RTS may include many tests, and
there is no consensus as to which are the most sensitive and valid. Moreover, many of them
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may be difficult to rate unambiguously, especially when a number of tests are performed
by the athlete and provide non-homogenous results. Very often, coaches and athletes are
not interested in the raw score of the test, which may be difficult for interpretation, but
they require a simple indication of an athlete’s readiness-to-play after ACL reconstruction.

This manner of assessment, through a one-number index, has been discussed in the
literature on the subject of gait pattern disorder assessment [14–17] or in the evaluation
of athletes’ sports level [10,11]. The single number reflects the value by which a subject’s
gait deviates from the average for normal gait [14–17]. Additionally, the TSA is a method
providing a single score of holistic athleticism, from fitness tests and informing how well
someone performed relative to the others taking part in the test [10,11]. Therefore, we
suggest that the CSR may be a good tool for properly discriminating athletes with high
functional deficits after serious injuries such as ACL rupture and reconstruction from
athletes with mild injuries or from healthy ones. The CSR may allow to easily rate the
severity of post-injury functional deficits in relation to the reference value (the value close
to zero). According to the methodology described by Thurner et al. [10,11], a score of one
indicates that an athlete has obtained a better score than 84% of his/her group, while a
score of two indicates a score better than 97%.

In the present study, the CSRA, CSRM, and CSRH indices allowed to show who,
within the group, demonstrates better and who demonstrates worse performance. As was
presented, when compared athletes with similar functional deficiencies, those with greater
and those with smaller deficits can be distinguished. However, based on this type of CSR,
we do not know the size of these deficits in relation to the normal values, e.g., in healthy
controls without injuries. Only by comparing athletes after ACL reconstruction to other
reference groups (healthy or mildly injured) can the size of these deficits be observed. In
our study, by comparing athletes post-ACL reconstruction to both the MI and C groups,
it could be seen that the majority exhibited CSR indices below zero. It was shown that
athletes with severe injuries, such as ACL reconstruction, despite passing the RTS, were
in a functionally worse state compared to those with mild injuries or healthy individuals.
On the other hand, comparing athletes with mild injuries to healthy subjects, they did not
differ significantly from each other because the amount of positive and negative indices
was similar.

It has been recommended that RTS testing after ACL reconstruction should incorpo-
rate several tests, but it is unclear which are most associated with a successful RTS [8,9].
The TJA was reported to identify players at risk of ACL injuries by identifying side-to-
side asymmetries, neuromuscular imbalances, as well as jumping and landing technique
flaws [7]. The FMS has been suggested as an effective tool during RTS evaluation [24],
while its limited usage has been underlined by others [32,33]. Chorba et al. [34] have re-
ported that the FMS was unable to differentiate between subjects who had not experienced
any ACL rupture and those who had. Moreover, it was shown that ACL injuries alter
movement patterns, but the FMS test is unable to detect them, and these deficits may
increase the risk of re-injury [35]. Additionally, the application of YBT in RTS screening
provides equivocal results. Some researchers have indicated the usefulness of YBT [36–38],
while others have not found any differences in YBT scores among athletes following ACL
reconstruction who were or were not cleared for return to unrestricted activity [39]. In
the current study, it has been reported that CRS calculated from FMS, YBT, and TJA tests
indicated that athletes after ACL reconstruction are in a functionally worse state than those
following mild injuries or without injuries.

A crucial issue, which was also underlined by Thurner et al. [10,11], is that the
diagnostic value of such an index may be influenced by the kind of applied test as well as by
the amount (number) of the tests from which z-scores are summed. They have reported that
the validity of the TSA index was largely determined by the relevance of the implemented
fitness tests [10,11]. This problem may also be a weakness of the CSR index. Therefore,
we have analyzed which test influenced the final index the most; thus, in other words,
which test is most indicative of functional deficits related to ACL reconstruction. Our
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results allowed us to suggest that CSR is determined most strongly by YBT. Interestingly,
analyzing the correlation between the value of each CSR and the YBT components (not
only a composite score), it was noted that the relationship was good and significant for all
reaching directions of both limbs but was stronger in the posterolateral and posteromedial
directions. The anterior direction (considered by many authors to be the most deficient
in people after ACL) showed a moderate relationship. On the other hand, both the FMS
and TJA tests presented a much weaker association with the CSR indices. This means that
these tests are less indicative for assessing the size of functional deficits in athletes after
ACL reconstruction. However, this issue requires further research to see which tests are the
most sensitive in detecting specific deficiencies post-ACL reconstruction. Another critical
aspect that requires further research is the analysis of individual test components because,
as has been shown in our research, the composite score of a given test does not always
provide the same information as its individual elements. Perhaps, most optimal would be
an index created from parts of the tests and not only from their composite results.

This study also has some limitations which should be addressed. We calculated the
CSR only from three tests (FMS, YBT, TJA). Perhaps, if more tests would be included in
CSR calculations, its diagnostic value would be more substantial, and the CSR itself would
be more comprehensive. Additionally, because psychological factors have emerged as im-
portant in the RTS process, it seems required to include psychological tests as a component
of CSR. Therefore, there is a need for future research, including a broader selection of tests.
Moreover, the utility of CSR should be assessed in future studies concerning its reliability,
sensitivity to rehabilitation interventions, and predictability of RTS outcomes.

6. Conclusions

The CSR is a simple way to differentiate individuals following serious injuries (with
large functional deficits) from those without injuries or with only small deficits. Because
the CSR is a single number, it allows easier interpretation of the functional deficit size in
athletes than if rating those deficits from raw tests results.

Author Contributions: Ł.O.: conceptualization, methodology, investigation, resources, data curation,
formal analysis, writing—original draft, supervision, and funding acquisition. A.M.: methodology,
investigation, resources, data curation, formal analysis, and writing—original draft. A.K.: methodol-
ogy, resources, and writing—review and editing. M.K.: methodology, investigation, resources, data
curation, and writing—review and editing. M.S.: methodology and writing—review and editing.
R.K.: methodology and writing—review and editing. H.R.: methodology and writing—review and
editing. J.S.: methodology and writing—review and editing. E.Ł.: methodology and writing—review
and editing. A.S.: methodology, writing review and editing, and funding acquisition. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Approval of the Ethical Committee of Regional Medical
Chamber in Kraków was obtained for this study (protocol number 16/KBL/OIL/2016; date of
approval 10/02/2016). All procedures were performed in accordance with the 1964 Declaration of
Helsinki and its later amendments.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ross, B.J.; Savage-Elliott, I.; Brown, S.M.; Mulcahey, M.K. Return to Play and Performance After Primary ACL Reconstruction in
American Football Players: A Systematic Review. Orthop. J Sports Med. 2020, 8, 2325967120959654. [CrossRef]

2. Welling, W.; Benjaminse, A.; Seil, R.; Lemmink, K.; Zaffagnini, S.; Gokeler, A. Low rates of patients meeting return to sport criteria
9 months after anterior cruciate ligament reconstruction: A prospective longitudinal study. Knee Surg. Sports Traumatol. Arthrosc.
2018, 26, 3636–3644. [CrossRef]

70



J. Clin. Med. 2021, 10, 3570

3. Welling, W.; Benjaminse, A.; Lemmink, K.; Gokeler, A. Passing return to sports tests after ACL reconstruction is associated with
greater likelihood for return to sport but fail to identify second injury risk. Knee 2020, 27, 949–957. [CrossRef] [PubMed]

4. Hoog, P.; Warren, M.; Smith, C.A.; Chimera, N.J. Functional hop tests and Tuck Jump Assessment scores between female division
I collegiate athletes participating in high versus low ACL injury prone sports: A cross sectional analysis. Int. J. Sports Phys. Ther.
2016, 11, 945–953. [PubMed]

5. Myer, G.D.; Ford, K.R.; Hewett, T.E. Rationale and clinical techniques for anterior cruciate ligament injury prevention among
female athletes. J. Athl. Train. 2004, 39, 352–364. [PubMed]

6. Lai, C.C.H.; Ardern, C.L.; Feller, J.A.; Webster, K.E. Eighty-three per cent of elite athletes return to preinjury sport after anterior
cruciate ligament reconstruction: A systematic review with meta-analysis of return to sport rates, graft rupture rates and
performance outcomes. Br. J. Sports Med. 2018, 52, 128–138. [CrossRef]

7. Arundale, A.J.H.; Kvist, J.; Hägglund, M.; Fältström, A. Tuck Jump score is not related to hopping performance or patient-reported
outcome measures in female soccer players. Int. J. Sports Phys. Ther. 2020, 15, 395–406. [CrossRef]

8. Webster, K.E.; Feller, J.A. Who Passes Return-to-Sport Tests, and Which Tests Are Most Strongly Associated with Return to Play
After Anterior Cruciate Ligament Reconstruction? Orthop. J. Sports Med. 2020, 8, 2325967120969425.

9. Bishop, C. Assessing movement using a variety of screening tests. Prof. Strength Cond. 2015, 37, 17–26.
10. Turner, A.N.; Jones, B.; Stewart, P.; Bishop, C.; Parmar, N.; Chavda, S.; Read, P. Total score of athleticism: Holistic athlete profiling

to enhance decision-making. Strength Cond. J. 2019, 41, 91–101. [CrossRef]
11. Turner, A. Total Score of Athleticism: A strategy for assessing an athlete’s athleticism. Prof. Strength Cond. 2014, 33, 13–17.
12. Madsen, L.P.; Booth, R.L.; Volz, J.D.; Docherty, C.L. Using Normative Data and Unilateral Hopping Tests to Reduce Ambiguity in

Return-to-Play Decisions. J. Athl. Train. 2020, 55, 699–706. [CrossRef] [PubMed]
13. Hewett, T.E.; Webster, K.E.; Hurd, W.J. Systematic Selection of Key Logistic Regression Variables for Risk Prediction Analyses: A

Five-Factor Maximum Model. Clin. J. Sport Med. 2019, 29, 78–85. [CrossRef] [PubMed]
14. Cretual, A.; Bervet, K.; Ballaz, L. Gillette Gait Index in adults. Gait Posture 2010, 32, 307–310. [CrossRef] [PubMed]
15. Schwartz, M.H.; Rozumalski, A. The Gait Deviation Index: A new comprehensive index of gait pathology. Gait Posture

2008, 28, 351–357. [CrossRef]
16. McMulkin, M.L.; MacWilliams, B.A. Application of the Gillette Gait Index, Gait Deviation Index and Gait Profile Score to multiple

clinical pediatric populations. Gait Posture 2015, 41, 608–612. [CrossRef]
17. Romei, M.; Galli, M.; Motta, F.; Schwartz, M.; Crivellini, M. Use of the normalcy index for the evaluation of gait pathology. Gait

Posture 2004, 19, 85–90. [CrossRef]
18. Grassi, A.; Quaglia, A.; Canata, G.L.; Zaffagnini, S. An update on the grading of muscle injuries: A narrative review from clinical

to comprehensive systems. Joints 2016, 4, 39–46. [CrossRef]
19. Cook, G.; Burton, L.; Kiesel, K.; Rose, G.; Bryant, M.F. Functional Movement Systems: Screening, Assessment, Corrective Strategies; On

Target Publications: Aptos, CA, USA, 2010.
20. Cook, G.; Burton, L.; Hoogenboom, B.J.; Voight, M. Functional movement screening: The use of fundamental movements as an

assessment of function—Part 2. Int. J. Sports Phys. Ther. 2014, 9, 549–563.
21. Cook, G.; Burton, L.; Hoogenboom, B.J.; Voight, M. Functional movement screening: The use of fundamental movements as an

assessment of function—Part 1. Int. J. Sports Phys. Ther. 2014, 9, 396–409.
22. Gribble, P.A.; Brigle, J.; Pietrosimone, B.G.; Pfile, K.R.; Webster, K.A. Intrarater reliability of the functional movement screen. J.

Strength Cond. Res. 2013, 27, 978–981. [CrossRef]
23. Smith, C.A.; Chimera, N.J.; Wright, N.J.; Warren, M. Interrater and intrarater reliability of the functional movement screen. J.

Strength Cond. Res. 2013, 27, 982–987. [CrossRef] [PubMed]
24. Chimera, N.J.; Smith, C.A.; Warren, M. Injury history, sex, and performance on the functional movement screen and Y balance

test. J. Athl. Train. 2015, 50, 475–485. [CrossRef] [PubMed]
25. Brumitt, J.; Nelson, K.; Duey, D.; Jeppson, M.; Hammer, L. Preseason Y Balance Test Scores are not Associated with Noncontact

Time-Loss Lower Quadrant Injury in Male Collegiate Basketball Players. Sports 2018, 7, 4. [CrossRef] [PubMed]
26. Shaffer, S.W. Y-balance test: A reliability study involving multiple raters. Mil. Med. 2013, 178, 1264–1270. [CrossRef]
27. Frost, D.M.; Beach, T.A.; Campbell, T.L.; Callaghan, J.P.; McGill, S.M. An appraisal of the Functional Movement Screen™ grading

criteria—Is the composite score sensitive to risky movement behavior? Phys. Ther. Sport. 2015, 16, 324–330. [CrossRef]
28. Lininger, M.R.; Smith, C.A.; Chimera, N.J.; Hoog, P.; Warren, M. Tuck Jump Assessment: An Exploratory Factor Analysis in a

College Age Population. J. Strength Cond. Res. 2017, 31, 653–659. [CrossRef]
29. Herrington, L.; Myer, G.D.; Munro, A. Intra and inter-tester reliability of the tuck jump assessment. Phys. Ther. Sport.

2013, 14, 152–155. [CrossRef]
30. Losciale, J.M.; Zdeb, R.M.; Ledbetter, L.; Reiman, M.P.; Sell, T.C. The association between passing return-to-sport criteria and

second anterior cruciate ligament injury risk: A systematic review with meta-analysis. J. Orthop. Sports Phys. Ther. 2019, 49, 43–54.
[CrossRef] [PubMed]

31. Webster, K.E.; Hewett, T.E. What is the evidence for and validity of return-to-sport testing after anterior cruciate ligament
reconstruction surgery? A systematic review and meta-analysis. Sports Med. 2019, 49, 917–929. [CrossRef]

32. Hoover, D. Predictive validity of the Functional Movement Screen in a population of recreational runners training for a half
marathon. In Proceedings of the American College of Sports Medicine Annual Meeting, Indianapolis, IN, USA, 28–31 May 2008.

71



J. Clin. Med. 2021, 10, 3570

33. Munce, T.A. Using functional movement tests to assess injury risk and predict performance in Collegiate basketball players. In
Proceedings of the American College of Sports Medicine Annual Meeting, San Francisco, CA, USA, 29 May–2 June 2012.

34. Chorba, R.S.; Chorba, D.J.; Bouillon, L.E.; Overmyer, C.A.; Landis, J.A. Use of a functional movement screening tool to determine
injury risk in female collegiate athletes. N. Am. J. Sports Phys. Ther. 2010, 5, 47–54.

35. Stergiou, N.; Ristanis, S.; Moraiti, C.; Georgoulis, A.D. Tibial rotation in anterior cruciate ligament (ACL)-deficient and ACL-
reconstructed knees: A theoretical proposition for the development of osteoarthritis. Sports Med. 2007, 37, 601–613. [CrossRef]

36. Butler, R.J.; Lehr, M.E.; Fink, M.L.; Kiesel, K.B.; Plisky, P.J. Dynamic balance performance and noncontact lower extremity injury
in college football players: An initial study. Sports Health 2013, 5, 417–422. [CrossRef] [PubMed]

37. Miller, M.M.; Trapp, J.L.; Post, E.G.; Trigsted, S.M.; McGuine, T.A.; Brooks, M.A.; Bell, D.R. The Effects of Specialization and Sex
on Anterior Y-Balance Performance in High School Athletes. Sports Health 2017, 9, 375–382. [CrossRef] [PubMed]

38. Gonell, A.C.; Romero, J.A.P.; Soler, L.M. Relationship between the Y balance test scores and soft tissue injury incidence in a soccer
team. Int. J. Sports Phys. Ther. 2015, 10, 955–966.

39. Mayer, S.W.; Queen, R.M.; Taylor, D.; Moorman, C.T., 3rd; Toth, A.P.; Garrett, W.E., Jr.; Butler, R.J. Functional Testing Differences
in Anterior Cruciate Ligament Reconstruction Patients Released Versus Not Released to Return to Sport. Am. J. Sports Med.
2015, 43, 1648–1655. [CrossRef] [PubMed]

72



Journal of

Clinical Medicine

Review

Criterion-Related Validity of Field-Based Fitness Tests in
Adults: A Systematic Review

Jose Castro-Piñero 1,2, Nuria Marin-Jimenez 1,2,*, Jorge R. Fernandez-Santos 1,2, Fatima Martin-Acosta 1,2,

Victor Segura-Jimenez 1,2, Rocio Izquierdo-Gomez 1,2, Jonatan R. Ruiz 3 and Magdalena Cuenca-Garcia 1,2

Citation: Castro-Piñero, J.;

Marin-Jimenez, N.; Fernandez-Santos,

J.R.; Martin-Acosta, F.; Segura-Jimenez,

V.; Izquierdo-Gomez, R.; Ruiz, J.R.;

Cuenca-Garcia, M. Criterion-Related

Validity of Field-Based Fitness Tests

in Adults: A Systematic Review. J.

Clin. Med. 2021, 10, 3743. https://

doi.org/10.3390/jcm10163743

Academic Editors: David

Rodríguez-Sanz and Naama

W. Constantini

Received: 8 June 2021

Accepted: 15 August 2021

Published: 23 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 GALENO Research Group, Department of Physical Education, Faculty of Education Sciences,
University of Cádiz, Avenida República Saharaui s/n, Puerto Real, 11519 Cádiz, Spain;
jose.castro@uca.es (J.C.-P.); jorgedelrosario.fernandez@uca.es (J.R.F.-S.); fatima.martin@uca.es (F.M.-A.);
victor.segura@uca.es (V.S.-J.); rocio.izquierdo@uca.es (R.I.-G.); magdalena.cuenca@uca.es (M.C.-G.)

2 Instituto de Investigación e Innovación Biomédica de Cádiz (INiBICA), 11009 Cádiz, Spain
3 PROmoting FITness and Health through Physical Activity Research Group (PROFITH), Sport and Health

University Research Institute (iMUDS), Department of Physical and Sports Education, School of Sports
Science, University of Granada, 18007 Granada, Spain; ruizj@ugr.es

* Correspondence: nuria.marin@uca.es; Tel.: +34-956-016-253

Abstract: We comprehensively assessed the criterion-related validity of existing field-based fitness
tests used to indicate adult health (19–64 years, with no known pathologies). The medical electronic
databases MEDLINE (via PubMed) and Web of Science (all databases) were screened for studies
published up to July 2020. Each original study’s methodological quality was classified as high, low
and very low, according to the number of participants, the description of the study population,
statistical analysis and systematic reviews which were appraised via the AMSTAR rating scale. Three
evidence levels were constructed (strong, moderate and limited evidence) according to the number of
studies and the consistency of the findings. We identified 101 original studies (50 of high quality) and
five systematic reviews examining the criterion-related validity of field-based fitness tests in adults.
Strong evidence indicated that the 20 m shuttle run, 1.5-mile, 12 min run/walk, YMCA step, 2 km
walk and 6 min walk test are valid for estimating cardiorespiratory fitness; the handgrip strength test
is valid for assessing hand maximal isometric strength; and the Biering–Sørensen test to evaluate
the endurance strength of hip and back muscles; however, the sit-and reach test, and its different
versions, and the toe-to-touch test are not valid for assessing hamstring and lower back flexibility. We
found moderate evidence supporting that the 20 m square shuttle run test is a valid test for estimating
cardiorespiratory fitness. Other field-based fitness tests presented limited evidence, mainly due to
few studies. We developed an evidence-based proposal of the most valid field-based fitness tests in
healthy adults aged 19–64 years old.

Keywords: cardiorespiratory fitness; muscular strength; motor fitness and flexibility; validation;
fitness testing; adulthood

1. Introduction

Physical fitness is an integrated measure of all the functions and structures involved
in performing physical activity [1]. Nowadays, physical fitness is one surrogate marker
of overall adult health (19–64 years), especially cardiorespiratory fitness and muscular
strength. Cardiorespiratory fitness is inversely associated with cardiovascular diseases [2],
obesity [3], osteoporosis [4] diabetes [5], different cancer types [6,7], and is a predictor of
all-cause of mortality [8–12] and cardiovascular disease [10,12–15]. Likewise, in the psycho-
logical sphere, high levels of cardiorespiratory fitness are associated with well-being [16,17],
improved cognitive function [18] and a reduced risk of Alzheimer’s disease [19] and other
mental conditions such as anxiety, panic and depression [20]. Muscular strength demon-
strates a protective effect against all-cause mortality [21,22]; and is inversely associated
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with weight gain and adiposity-related hypertension occurrence and the prevalence and
incidence of the metabolic syndrome, [22] and mental health clinical presentations [23,24].
Consequently, physical fitness assessment is a vital tool of prevention and health diagnoses.

Laboratory testing is an objective and accurate method of assessing physical fitness.
However, due to the cost of sophisticated instruments, time constraints and the need for
qualified technicians, laboratory testing is limited to sport clubs, schools, population-based
studies, and offices or clinical settings. However, field-based fitness testing can offer useful
and practical alternatives as screening tools, since they are relatively safe and time-efficient,
involve minimal equipment and low cost, and can be easily administered to multiple
people simultaneously.

The validity of field-based fitness tests needs to be considered when deciding which
test to use [25]. Criterion-related validity refers to the extent to which a field-based test
of a physical fitness component correlates with the criterion measure (i.e., the gold stan-
dard) [26]. Since the early interest in physical fitness testing in the 1950–1960s, many
field-based fitness tests have been proposed [27]. It would be desirable to summarise the
criterion-related validity of the existing field-based fitness tests in adults. There have been
attempts to summarize the criterion-related validity of a certain test [28,29] or several tests
with a common characteristic [30–32]; however, no attempts have been made to summarise
the criterion-related validity of all the existing field-based fitness tests in adults.

Therefore, the aim of the present systematic review was to comprehensively study
the criterion-related validity of the existing field-based fitness tests used in adults. The
findings of this review will provide an evidence-based proposal for most valid field-based
fitness tests for healthy adults, aged 19–64 years old.

2. Materials and Methods

The review was registered in PROSPERO (registration number: CRD42019118482)
and the applied methodology followed the guidelines drawn in the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) statement [33].

2.1. Literature Search

The search was performed in the MEDLINE (via Pubmed) and Web of Science elec-
tronic databases from inception until July 2020. We screened studies conducted for criterion-
related validity in adults, where one or more field-based fitness tests were carried out.
Thus, the keywords selected were based on terms related to “criterion-related validity”,
“adults” and “field-based fitness test”. The search syntax was adapted to the indexing
terms of each database (see Supplementary Material 1). Searching was restricted to articles
published in humans and the English or Spanish languages.

2.2. Eligibility Criteria

The inclusion criteria for this systematic review were the (1) age criterion: adults
(19–64 years old). During this review, we faced the problem that some studies sampled
adults and older adults, or adults or adolescents together. In these cases, we observed
whether these studies performed stratified analyses by age groups, isolating the adult pop-
ulation from the rest; if so, the study was included and information concerning the adult
population reported. In contrast, when the authors analysed the whole sample together, we
only included the study if the age of the sample was predominantly within our study age
range; (2) participants: the study population was based on a generally healthy population,
who did not present any injury, physical and/or mental disabilities, irrespective of body
mass index (BMI), diabetes or other cardiovascular risks (i.e., hypertension, hypercholes-
terolemia, lipid profiles, glucose levels, insulin sensitivity); and (3) study design: original
studies or systematic reviews/meta-analysis. The original studies that were selected for
the analysis of their criterion-related validity but which were also included in the selected
systematic reviews were excluded; (4) language criterion: articles were only published in
English or Spanish; (5) topic criterion: studies examining the criterion-related validity of
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the field-based fitness test. Studies examining the relationship between field-based fitness
tests were excluded. Likewise, studies that analysed the criterion-related validity of tests
designed for exclusive use in sports or clinical settings were not included.

Two authors (J.C.P. and J.R.F.S.) independently assessed the titles and abstracts of
the articles retrieved by the search strategy for eligibility. Then, the full texts of the
selected articles were acquired, and the same two researchers independently screened
them to determine whether to include the article based on the inclusion criteria. When
no consensus was reached between both researchers, a third research (N.M.J.) made the
final decision with regard to inclusion. Reasons for the exclusion of identified articles
were recorded.

2.3. Data Extraction

Two researchers (N.M.J. and F.M.A.) independently extracted the following infor-
mation from each eligible original study according to the standardized form: (1) the
author’s name; (2) participants (sex and number); (3) age of participants; (4) filed-based
test; (5) criterion measure (gold standard); (6) statistical methods; (7) main outcome; and
(8) conclusions.

The same researchers independently extracted the following information from the
systematic reviews: (1) author´s name, date and years covered by the review; (2) type
of review and number of included studies; (3) age of participants; (4) filed-based test;
(5) criterion measure (gold standard); (6) main outcome; and (7) conclusions.

Disagreements in the extracted data were discussed between studies until a consensus
was reached.

2.4. Criteria for Risk of Bias Assessment

Due to the heterogeneity of statistical methods employed by the original studies
selected, the high number of tests included, and the limited number of studies per test, a
meta-analysis was not conducted. An assessment of risk of bias in selected original studies
and systematic reviews was made for each eligible study by two studies (N.M.J. and F.M.A.)
independently. Discrepancies were solved in a consensus meeting. Inter-rater agreement
for the risk of bias between researchers was calculated by the percentage agreement (96%
(Kappa = 0.962) before consensus, and 100% agreement after consensus meeting).

The assessing risk of bias criteria in original studies were determined according to
quality assessment list employed by Castro-Piñero et al. [27], which include the three
following criteria: (1) the adequate number of participants; (2) an adequate description
of the study population; and (3) adequate statistical analysis (see Supplementary Table
S1). Each criterion was rated from 0 to 2, being 2 the best score. For all studies, a total
score was calculated by counting up the number of positive items (a total score between
0 and 6). Studies were categorized as very low quality (0–2), low quality (3–4) and high
quality (5–6).

The methodological quality of each systematic review was appraised using the ‘As-
sessment of Multiple Systematic Reviews’ (AMSTAR) rating scale [34]. AMSTAR contains
11-items to assess the methodological aspects of reviews with items scored as 1 if the
answer was “Yes”, and 0 if the answer was “No”, “Cannot Answer” or “Not Applicable”
(see Supplementary Table S2). The total score ranged from 0 to 11. The item on conflict
of interest requires that the systematic review and all primary studies be assessed. We
modified this item to only assess the review itself as Biddle et al. [35] proposed, given that
PRISMA does not require a conflict-of-interest assessment for each primary study. The final
quality rates were computed by tertiles, where the first tertile ranged from 0 to 3 points
(low quality); the second tertile from 4 to 7 points (medium quality); and the third tertile
from 8 to 11 points (high quality).
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2.5. Levels of Evidence

Three evidence levels [27] were constructed: (1) strong evidence: consistent findings
in three or more high-quality studies; (2) moderate evidence: consistent findings in two
high-quality studies; and (3) limited evidence: consistent findings in multiple low-quality
studies, inconsistent results found in multiple high-quality studies, or results based on one
single study. The degree of criterion-related validity of the field-based fitness test will be
discussed for those tests on which we found strong or moderate evidence that the test is (or
not) valid. The results of low- or very low-quality studies can be seen in the Supplementary
Material 2.

3. Results

The literature search yielded 9202 and 27 additional records were identified through
other sources (see the PRISMA flowchart in Figure 1). After the removal of duplicate
references (1805 studies), and the screening of titles and abstracts (7233 studies), we
excluded 9038 studies. A total of 191 full-text studies were assessed for eligibility, and
85 studies (six systematic reviews) were excluded due to reasons indicated in Figure 1.

Figure 1. Flow chart of retrieved and selected articles.

Finally, a total of 101 original studies (see Supplementary Table S3) addressed the
criterion-related validity of field-based fitness tests in adults aged 19–64 years. The sample
size involved 10,632 participants (see Supplementary Table S4). Eighty-six and seventy-
eight original studies reported female (n = 5539) and male (n = 4722) sample proportions,
respectively; however, in 7 seven studies, sex was not specified.

A total of four meta-analyses [28–31] and one systematic review [32] were included
in the present systematic review (see Supplementary Table S2). The sample size involved
9985 participants with ages ranging from 19 to 64 years (see Supplementary Table S5).
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3.1. Quality Assessment

Of the 101 original studies included in the present systematic review, 11 and 40 studies
were classified as very low (a total score less than 2) and low quality (a total score of 3 and
4), respectively (see Supplementary Table S3). A total of 50 original studies were classified
as high-quality (a total score higher than 4). Of these 40, nine and one analysed the criterion-
related validity of cardiorespiratory fitness, muscular strength and flexibility field-based
fitness tests in adults, respectively. No study of those classified as high quality analysed
the criterion-related validity of motor fitness (i.e., speed, agility, balance and coordination).

Two meta-analyses [28,30] and one systematic review [32] were ranked as high quality
(all eight points), and two meta-analyses [29,31] were ranked as medium quality (both
seven points) (see Supplementary Table S2). Three of them assessed the criterion-related
validity of field-based cardiorespiratory fitness tests: the 20 m shuttle run test [28]; distance
and time-based run/walk tests [30]; and the step tests [32]—whilst and two of them studied
the criterion-related validity of the sit-and-reach [31] and toe-to-touch tests [29].

* References of high-quality studies are presented in Supplementary Material 3.

3.2. Criterion-Related Validity

Table 1 shows a summary of the different levels of evidence found for the criterion-
related validity of cardiorespiratory fitness tests.

Table 1. Levels of evidence of cardiorespiratory fitness tests.

Field-Based Fitness Test Strong Moderate Limited

Shuttle run tests
20 m shuttle run  
20 m square shuttle  
Incremental shuttle walk

Distance and time-based run/walk test
1.5-mile run/walk  
12 min run/walk  
5000 m run/walk  
3 miles run/walk  
2 miles run/walk  
3.000 m run/walk  
1000 m run/walk  
600 m run/walk  
600 yd run/walk  
1
2 -mile run/walk  
1
4 -mile run/walk  
9 min run/walk  
2 km walk  
6 min walk  
1-mile walk
1
4 -mile walk  
3 min walk  
Treadmill jogging

Mankato submaximal exercise  
Modified Astrand–Ryhming  
University Montreal  
Ruffier    
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Table 1. Cont.

Field-Based Fitness Test Strong Moderate Limited

Step tests
YMCA step  
Chester step

Modified Harvard step  
6 min single 15 cm-step  
Modified Canadian aerobic fitness step  
Tecumseh step  
Astrand–Ryhming step  
Danish step    
Queen’s College step
2 min step    

 Indicates high validity;    moderate validity;  low/null validity; inconclusive validity.

3.2.1. Cardiorespiratory Fitness
Distance and Time-Based Run/Walk Tests

Seventeen high-quality studies examined the criterion-related validity of the distance
run/walk or walk tests (see Supplementary Table S4). Four and two studies showed that the
2 km walk [36–39] and 1.5-mile run/walk [40,41] tests, respectively, were valid for assessing
cardiorespiratory fitness (r = 0.80–0.93, all p < 0.05). Four studies [42–45] observed that
the 1-mile walk test was an accurate test for estimating VO2max (r = 0.81–0.88, all p < 0.05),
while another two studies [46,47] showed that it was not a valid test (r = 0.69, 13.3% E,
p < 0.05; mean differences range from 2.360 to 9.131 mL/kg/min, all p < 0.001, respectively).
The treadmill jogging test reported contradictory results: one study [48] found it to have
high validity for assessing cardiorespiratory fitness (r = 0.84, both p < 0.001); whereas
another study [41] revealed that it was not a valid test (r = 0.50, p < 0.05).

Five high-quality studies investigated the criterion-related validity of the time-based
run/walk or walk tests (see Supplementary Table S4). These studies showed that the
3 min walk, [49] 6 min walk, [50–52] and the 12 min run/walk [41] tests were valid for
assessing cardiorespiratory fitness (r = 0.70–0.95, all p < 0.05). Additionally, one original
high-quality study reported that the University Montreal test [53] was valid for estimating
cardiorespiratory fitness (r = 0.71, p < 0.001; mean difference = 0.025 ± 7.445 mL/kg/min.,
p > 0.05).

A meta-analysis [30] consisting of 102 studies on adults determined that the criterion-
related validity of the distance run/walk field tests for estimating cardiorespiratory fitness
ranged from low to high, with the 1.5-mile (rp = 0.80; 95% CI: 0.72–0.80) and 12 min
run/walk tests (rp = 0.79; 95% CI: 0.71–0.87) being the best predictors (see Supplementary
Table S5).

Twenty-Metre Shuttle Run Test

Nine high-quality studies analysed the criterion-related validity of the 20 m shuttle
run test [41,54–58] or modifications of it [55,57,59–61] (see Supplementary Table S4). Four
studies [41,55–57] reported that the 20 m shuttle run was a valid test for assessing car-
diorespiratory fitness (r = 0.82–0.94, all p < 0.05). However, one study [58] concluded that
this test was not valid for assessing cardiorespiratory fitness (mean differences range from
−0.54 ± 6.23 to −2.94 ± 6.55 mL/kg/min, all p < 0.01). Two studies [59,60] proved that
the incremental shuttle walk test was not valid (r = 0.72, 19% E, both p < 0.001), while
one study [61] found that this test was valid for assessing cardiorespiratory fitness (mean
difference = 0.14 ± 9.27mL/kg/min, p > 0.05). Moreover, two studies [55,57] reported that
the 20 m square shuttle run test was valid (r = 0.95, both p < 0.001).
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A meta-analysis [28] which included 24 studies in adults found that the 20 m shuttle
run test had a moderate-to-high criterion-related validity for estimating VO2max
(rp = 0.79–0.94; 95% CI: 0.56–1.00) (see Supplementary Table S5).

Step Tests

Eleven high-quality studies analysed the criterion-related validity of the step tests (see
Supplementary Table S4). Four studies observed that the Danish step [62], the Queen’s
College step [63], and the 2 min step [64] tests were not valid for estimating VO2max
(r = 0.034–0.72, all p < 0.05). However, another eight studies proved the validity of the
modified Canadian aerobic fitness [65], 6 min single 15 cm step [66], YMCA step [67–71],
Tecumseh step [70] and modified Harvard step [72] tests (r = 0.80–0.91, all p < 0.05).

A systematic review [32] comprised of 11 studies on adults investigated the criterion-
related validity of the step tests (see Supplementary Table S5). Validity measures were
varied, and a broad range of correlation coefficients were reported across the 11 studies
(r = 0.469–0.95; all p < 0.005) with conflicting results in most of the step test protocols. The
study concluded that the Chester step test was the best predictor for assessing cardiorespi-
ratory fitness.

3.2.2. Muscular Strength

Table 2 shows a summary of the different levels of evidence found for the criterion-
related validity of muscular strength, flexibility and motor fitness tests.

Table 2. Levels of evidence of muscular strength, flexibility and motor fitness tests.

Field-Based Fitness Test Strong Moderate Limited

Maximal isometric strength
Handgrip strength (TKK)  
Handgrip strength (Jamar)  
Handgrip strength (DynEx)

Hip and back endurance strength
Biering–Sørensen  

Abdominal endurance strength
Prone bridging  
Original/modifications curl-up    

Lower body endurance strength
Sit-to-stand

Lower body explosive strength
Sargent jump  

Upper body endurance strength
Original/modification flexed-arm hang
Baumgartner modified pull-up
Standard push-up
Hand-release push-up
Bent-knee push-up
Revised push-up

Lower back flexibility
Original/modifications sit-and-reach

Hamstring flexibility    
Original/modifications sit-and-reach  
Toe-touch  

Agility
Ten-step  

Balance
Romberg test

 Indicates high validity;    moderate validity;  low/null validity; inconclusive validity.
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Maximal Isometric Strength

Four high-quality studies assessed the criterion-related validity of hand maximal
isometric strength, using the handgrip strength tests (see Supplementary Table S4). Three
high-quality studies reported that the TKK dynamometer [73–75] was valid (mean differ-
ence range −0.20, p > 0.05 to 2.02 kg p < 0.001) (r = 0.98, p < 0.001). However, three studies
showed inconclusive results about the validity of the DynEx dynamometer [73,75,76], and
two studies observed that the Jamar dynamometer [73,76] was less accurate than the TKK
and DynEx dynamometer for estimating hand maximal isometric strength.

Endurance Strength

Four high-quality studies assessed the criterion-related validity of trunk endurance
strength (see Supplementary Table S4). Two studies [77,78] suggested that the Biering–
Sørensen (r = 0.84–98, p < 0.01) test was valid, whereas another study [79] reported accept-
able validity (r = 0.60–0.71, p < 0.05). One study showed that the prone bridging test [80]
was valid for assessing trunk endurance strength (no mean difference, p > 0.05).

Explosive Strength

Only one high-quality study assessed the criterion-related validity of explosive
strength (see Supplementary Table S4). This study concluded that the Sargent test [81] was
not valid (mean difference: 4.4 ± 5.1, p < 0.001) for estimating lower body explosive strength.

3.2.3. Flexibility

Only one study [82] that examined the criterion-related validity of flexibility tests was
classified as high quality (see Supplementary Table S4). They found that the sit-and-reach
was not a valid test (r = 0.44–0.48, p < 0.05).

A meta-analysis [31] which included 28 studies on adults (see Supplementary Table S5)
found that the sit-and-reach test and its different versions, had moderate validity for
estimating hamstring extensibility (rp ranged from 0.49; 95% CI: 0.29–0.68 to 0.68; 95% CI:
0.55–0.80), but a low validity for estimating lumbar extensibility (rp ranged from 0.16; 95%
CI: −0.10–0.41 to 0.35; 95% CI: 0.15–0.54). Moreover, another meta-analysis [29] carried
out on adults (of six studies) reported that the toe-touch test had moderate validity for
assessing hamstring extensibility (rp = 0.66; 95% CI: 0.56–1.00).

3.2.4. Motor Fitness

No study investigating the criterion-related validity of motor fitness tests was classi-
fied as high quality (see Supplementary Table S3).

4. Discussion

The present systematic review comprehensively studied the criterion-related validity
of the existing field-based fitness tests used in adults. The findings of this review provide
an evidence-based proposal for most valid field-based fitness tests for adult population.

4.1. Cardiorespiratory Fitness

The gold standard to assess VO2max is the Douglas bag method, although there
is agreement that the respiratory gas analyser is a valid method of assessing oxygen
uptake [83]. All high-quality studies measured VO2max or peak oxygen consumption when
performing a submaximal/maximal treadmill or cycle test, except Manttari et al. [52], who
directly measured VO2max when performing the 6 min walk test.

4.1.1. Distance and Time-Based Run/Walk Tests

The run/walk field tests are probably the most widely used tests [27,84], however,
until recently, there was no consensus regarding the most appropriate distance or time
to use for these tests [85]. Mayorga et al. [30] performed a meta-analysis which exam-
ined the criterion-related validity of the 5000 m, 3 mile, 2 mile, 3000 m, 1.5-mile, 1-mile,

80



J. Clin. Med. 2021, 10, 3743

1000 m, 1
2 -mile, 600 m, 600 yd, 1

4 -mile, 15 min, 12 min, 9 min, and 6 min run/walk tests.
They found that the criterion-related validity of the run/walk tests, only considering the
performance score, ranged from low to high, with the 1.5-mile and the 12 min run/walk
tests being the most appropriate tests for estimating cardiorespiratory fitness in adults
aged 19–64 years. Sex, age or VO2max level did not affect criterion-related validity, whereas
when multiple predictors (i.e., performance score, sex, age or body mass) were considered,
the criterion-related validity values were higher. In this sense, two high-quality original
studies reinforced these results, and showed that the 12 min [41] and the 1.5-mile [40,41]
run/walk tests were fairly accurate for estimating cardiorespiratory fitness in adults aged
18–26 years (r = 0.87–0.93, p < 0.05).

Overall, the run/walk tests are not user-friendly tests, due to the difficulty of develop-
ing an appropriate pace, which may affect the test outcome (some participants start too
fast, so they are unable to maintain their speed throughout the test; others start too slow,
so when they wish to increase their speed the test is already finished). These problems
are more likely to occur in longer distance tests. Other factors affecting the test outcome
include the individual’s willingness to endure the discomfort of strenuous exercise, a short
attention span, poor motivation, and limited interest in a monotonous task [86–88].

The 2 km and 6 min walk tests are probably the most widely used walk tests in
adults [39,51]. Both tests require submaximal effort, thus avoiding the problem of enduring
the discomfort of strenuous exercise. In addition, it allows to evaluate those people with a
low level of physical fitness or is unable to run. Three high-quality studies [36,37,39] ob-
served that Oja’s equation derived from the 2 km walk test has high validity (r = 0.80–0.87,
all p < 0.05) in untrained and/or overweight/obese adults aged 20–64 years. One high-
quality study reported that the 2 km walk test [38] is a reasonably valid field test for
estimating the cardiorespiratory fitness of moderately active adults aged 35–45 years, but
not in adults with very high maximal aerobic power.

Many studies developed prediction equations for the 6 min test based on spirome-
try [89]. However, only three high-quality studies [50–52] analysed the criterion-related
validity of the 6 min test based on VO2max in adults. They showed a moderate-to-high valid-
ity (r = 0.70–0.93, all p < 0.001) in obese and healthy adults aged 18–64 years. Burr et al. [90]
suggested that, on its own, the 6 min walk test can be useful to discriminate between broad
categories of high, moderate and low fitness, but that this approach may be associated with
a degree of error, especially in the high fitness group.

According to these findings, the 2 km and 6 min walk tests are valid for use in
adults aged 19–64 years with low or moderate fitness levels, but not in adults with a high
fitness level.

Regarding the 1 mile walk test, conflicting results were found, especially when ex-
amining the accuracy of the Kline’s [42] and Dolgener’s [46] equations in adults aged
19–64 years.

4.1.2. Twenty-Metre Shuttle Run Test

The 20 m shuttle run test was developed by Leger at al. [91] to solve the pace issue
of the run/walk tests. The test consists of 1 min stages of continuous running at an
increasing speed. Recently, a meta-analysis [28] showed that the performance score of
the 20 m shuttle run test had a moderate-to-high criterion-related validity for estimating
VO2max (rp = 0.66–0.84) in youth and adults aged 18–64 years, higher than when other
variables (i.e., sex, age or body mass) were accounted for (rp = 0.78–0.95). This study also
reported that Leger’s protocol had a greater average criterion-related validity coefficient
(rp = 0.84; 95% CI: 0.80–0.89) than Eurofit, QUB and Dong-HO protocols; and Leger’s
protocol was statistically higher for adults (rp= 0.94, 0.87–1.00) than for children (rp = 0.78;
95% CI: 0.72–0.85). These values are higher than those reported for the 1500 m and 12 min
run/walk tests [30]. Moreover, the meta-analysis showed that sex did not seem to affect
the criterion-related validity values.
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On the other hand, Cooper et al. [54] showed that Brewer’s protocol and equation
were not valid for assessing active young people aged 18–26 years (mean difference =
1.8 ± 6.3 mL/kg/min; p = 0.004). In line with these findings, Kim et al. [58] observed that
Leger’s protocol and equation were more accurate than Brewer’s protocol and equation
(mean difference −0.54 mL/kg/min; %CV: 1.39 vs. mean difference −2.944 mL/kg/min;
%CV: 8.87) in Korean adults, especially in women. Nonetheless, the authors suggested the
need to develop new equations for Korean adults.

It is important to note that the 20 m square shuttle run test [55,57] was proposed as
an alternative to the 20 m shuttle run test to reduce the test’s turning angle from 180 to 90.
This test was the best predictor of VO2max than the 20 m shuttle run test in young male
adults aged 18–25 years.

4.1.3. Step Tests

Step tests are a safe, simple, inexpensive and practical method of assessing cardiores-
piratory fitness under submaximal conditions, which require minimum space [32]; they are
also a great alternative to laboratory tests in clinical settings. There are a wide variety of
step test protocols which differ in terms of stepping frequency, test duration and number of
test stages. Bennett et al. [32] analysed the criterion-related validity of different step tests
(the Chester step test, a personalised step test, the STEP tool step test, the Queen’s College
step test, the Skubic and Hodgkins step test, a height-adjusted, rate-specific, single-state
step test, the Astrand–Ryhming step test, and a modified YMCA 3 min step test) in adults
aged 18–64 years. The validity of these tests ranged from moderate to high, and they
suggested that the Chester step test was the most valid step test to evaluate cardiorespi-
ratory fitness in adults. However, this systematic review only included two studies with
contradictory results, similarly to the Queen’s College step test.

Analysing the 12 high-quality studies that examined the criterion-related validity of
the step tests in adults aged 19–64 years, we can conclude that the YMCA step test [67,71]
seemed to be the most appropriate step test to estimate VO2max in adults aged 19–64 years.
However, it is important to note that there is no single equation, since the result of the
equation depends on the sample used. Santo and Golding [92] even altered the protocol
by adjusting the step height to the individual participant’s height in order to increase the
accuracy of this test.

4.1.4. Levels of Evidence

Strong evidence indicated that (a) the 20 m shuttle run test using Leger’s equation,
the 2 km walk using Oja’s equation, the 6 min and the YMCA step tests are valid for
estimating cardiorespiratory fitness; and (b) the criterion-related validity of the distance
and time-based run/walk tests range from low to high, with the 1.5-mile and 12 min
run/walk tests being the best predictors. Moderate evidence indicated that the 20 m square
shuttle run test is valid for estimating cardiorespiratory fitness. Due to the inconsistent
results found in high-quality studies, limited evidence was found for the validity of the
1-mile walk, treadmill jogging, incremental shuttle walking, Chester, and Queen’s College
step tests. Due to the low number of high-quality studies, limited evidence indicated that
(a) the 3 min walk, the 1

4 -mile walk, Mankato submaximal, modified Astrand–Ryhming,
University Montreal, modified Canadian aerobic fitness step, 6 min single 15 cm step,
Tecumseh step, modified Harvard step and Astrand–Ryhming Step tests are valid for
estimating cardiorespiratory fitness; and (b) the YMCA cycle, Ruffier, Danish step, and
2 min step tests are not valid for estimating cardiorespiratory fitness. Due to the consistent
results found in multiple low-quality studies, limited evidence supported using the 6 min
step test for estimating cardiorespiratory fitness.

4.2. Muscular Strength

The specificity of the type of muscular work performed and the use of different energy
systems are both major challenges for establishing a gold standard method for maximal,
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endurance and explosive muscular strength tests [93]. One repetition maximum (1RM) and
repetitions to a certain percentage of 1RM (i.e., 50% of 1RM or 70% of 1RM) [27], isokinetic
dynamometer strength [94–96], and electromyography [78,80] were used as gold standards.

4.2.1. Maximal Isometric Strength

The TKK dynamometer [73–75] seemed the most appropriate test to assess max-
imal isometric strength in adults. All the studies used the “known weights” as the
criterion reference.

Several studies examined whether the elbow position (extended or flexed at 90 degrees)
affected the hand maximal isometric strength score in children [75], adolescents [97] and
young adults [98]. They observed that performing the handgrip strength test with the
elbow extended seems the most appropriate protocol to evaluate hand maximal isometric
strength in these populations—which is in accordance with the protocol recommended by
the American Center for Disease Control and Prevention [99].

Ruiz et al. [100] also investigated whether the position (grip span) on the standard grip
dynamometer determined the hand maximal isometric strength in adults. They found that
when measuring hand maximal isometric strength in women, hand size must be taken into
consideration, providing the mathematical equation (y = x/5 + 1.5 cm) to adapt optimal
grip span (y) to hand size (x). In adult men, optimal grip span could be set at a fixed value
(5.5 cm) and is not influenced by hand size.

Importantly, just like the step test, the handgrip strength test can be very useful in
clinical settings because it requires minimal equipment and space, is time-efficient and easy
to administer.

4.2.2. Endurance Strength

The Biering–Sørensen test, a trunk holding test in an antigravity prone position, is com-
monly used to measure the back and hip muscle endurance strength, which is associated
with lower back pain [101]. Mannion et al. [77] and Coorevits et al. [78] showed that the test
endurance time was highly associated with isometric/endurance hip and back musculature
strength (r = 0.84–98, p < 0.01). On the other hand, Kankaanpää et al. [79], found that this
association was moderate (r = 0.60–0.71, p < 0.05). However, when BMI (r= −0.49–0.51,
p < 0.001) in women and age (r = 0.25–0.29, p < 0.05) in men were accounted for in the pre-
diction model, the explained variance increased considerably. Thus, the Biering–Sørensen
test might be considered as valid for measuring back muscle endurance strength.

Assessing abdominal muscle functionality is clinically relevant since it is considered
to be related to lower back pain [102,103]. The curl-up test, or its different versions, was
the field test originally used to assess this capacity. In the present review, no original
studies evaluating the criterion-related validity of this test were classified as high quality.
An alternative of the curl-up test could be the prone bridging test, an isometric holding
test in prone position which is currently being used to supposedly measure abdominal
endurance strength. The prone bridging test time is inversely associated with lower back
pain [104,105]. In relation to the validity of this test, De Blaiser et al. [80] found a higher
activation of the abdominal core musculature during the test than for the back and hip
musculature, showing a high association between test time and abdominal endurance
strength. Future high-quality studies are necessary to clarify the validity of this test.

It should be noted that no study that analysed the criterion-related validity of lower
and upper body endurance strength tests were classified as high quality.

4.2.3. Explosive Strength

The standing long jump is proposed in health-related fitness test batteries in preschool
children [106], as well as children and adolescents [107] to assess lower body explosive
strength, given its criterion-related and predictive validity. However, to our knowledge,
the criterion-related validity of this test has not been studied. Bui et al. observed that
the Sargent jump test [81] is not appropriate to evaluate lower body explosive strength,
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because its overestimates the height of a vertical jump and its accuracy is reduced as the
jump height increases (mean difference: 4.4 ± 5.1, p < 0.001). Due to the close relationship
that lower body maximal/explosive strength has on adult health [22,23], more high-quality
studies are required to analyse the criterion-related validity of these tests in future research.

4.2.4. Levels of Evidence

Strong evidence indicated that (a) the handgrip strength test with the elbow extended
and with the grip span adapted to the hand size and sex (using the TKK dynamometer) is
a valid test for assessing hand maximal isometric strength; and (b) the Biering–Sørensen
test offers a valid test for assessing endurance strength of hip and back muscles. Moderate
evidence indicated that handgrip strength (Jamar) has acceptable validity for assessing
hand maximal isometric strength. Due to (a) the low number of high-quality studies,
limited evidence (only one study) was found supporting the use of prone bridging for
assessing abdominal endurance strength and the Sargent jump test for assessing lower
body explosive strength; (b) the inconsistent results found in multiple high-quality stud-
ies, limited evidence was found for the validity of using handgrip strength (DynEx) for
assessing hand maximal isometric strength; and (c) the consistent results found in multiple
low or very low-quality studies, the curl-up test, or its different versions, are not valid for
assessing abdominal endurance strength.

4.3. Flexibility

Radiography seems to be the best criterion measurement of flexibility, but goniometry
is also used as a criterion measure [108,109].

Goniometers are relatively easy to obtain; nevertheless, their use requires a certain
technical qualification since it is a sensitive method, and thus it is not feasible for use
in all settings [110]. Traditionally, the sit-and-reach test, originally designed by Wells
and Dillon [111], and its different versions, are included in the fitness test batteries for
measuring hamstring and lower back flexibility, which are probably the most widely used
measures of flexibility [27].

Mayorga et al. [31] performed a meta-analysis to analyse the criterion-related validity
of the sit-and-reach and its different versions (modified sit-and-reach, back-saver sit-and-
reach, modified back-saver sit-and-reach, V sit-and-reach, modification V sit-and-reach,
unilateral sit-and-reach and chair sit-and-reach). These tests showed moderate validity
for estimating hamstring extensibility, but low validity for estimating lumbar extensibility.
They also found that the classic sit-and-reach test had the highest criterion-related validity
coefficient in both hamstring and lumbar extensibility, compared to the other test, which
does not seem to justify the use of the classic protocol modifications in order to solve the
problems attributed to itself (i.e., the length proportion between the upper and lower limbs
or the position of the head and ankles).

The toe-touch test is another field-based test for measuring hamstring flexibility, in
which the individuals were assessed standing instead of sitting on the floor [112]. Although
this test is easy to administer and can be an alternative to the sit-and-reach test, when the
participant has problems being measured sitting, it is not proposed for any filed-based
fitness test battery. A meta-analysis [29] analysed the criterion-related validity of the toe-
touch test for measuring hamstring flexibility, reporting similar validity coefficients to
those of the classic sit-and-reach.

It is interesting to highlight that Nuzzo [113] has recently suggested that flexibility
should be invalidated as a major component of fitness, due to its lack of predictive and
concurrent validity in terms of meaningful health and performance outcomes.

Levels of Evidence

Strong evidence indicated that (a) the sit-and-reach test and its modified versions have
moderate validity for estimating hamstring extensibility, but low validity for estimating
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lumbar extensibility; and (b) the toe-to-touch test has moderate validity for estimating
hamstring extensibility.

4.4. Motor Fitness

The validity of motor fitness tests is the least studied in adults. None of the three
studies that analysed the criterion-related validity in motor fitness tests were classified as
high quality. Given that the motor fitness tests (i.e., gait/walking speed, balance, timed up
and go) are associated with all-cause mortality [114–116], falls and fractures [117], disability
in activities of daily living [118] and depression [119], it would be useful to know their
criterion-related validity.

Levels of Evidence

Due to the consistent results found in multiple low-quality studies, we found limited
evidence that the ten-step test had moderate validity in assessing agility.

5. Conclusions

The systematic review emphasized important major points regarding the criterion-
related validity of adult field-based fitness tests (Figure 2):

Figure 2. Major points regarding criterion-related validity of adult field-based fitness tests.

Cardiorespiratory fitness: the 20 m shuttle run tests best assessed cardiorespiratory
fitness using Leger’s equation. Alternatively, the 1.5-mile, 12 min run/walk and YMCA
step tests were other cardiorespiratory testing options. When low-level cardiorespiratory
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fitness existed, or if running was possible, the 2 km, then Oja’s equation or 6 min walk tests
were appropriate alternatives.

Muscular strength: strong evidence indicated that (a) the handgrip strength test,
with the elbow extended and with the grip span adapted to the individual’s hand size
(using the TKK dynamometer), offers a valid means to assess hand maximal isometric
strength; and (b) the Biering–Sørensen test estimated the endurance strength of hip and
back muscles. Limited evidence (only one study) supported the prone bridging and Sargent
jump tests as abdominal endurance strength and lower body explosive strength surrogate
markers, respectively.

Flexibility: strong evidence supported the sit-and-reach test and its different versions,
and that the toe-to-touch tests is not valid for assessing hamstring and lower back flexibility.

Motor fitness: limited evidence about the criterion-related validity of motor fitness
existed.

When there are problems of space and time, as in clinical settings, the YMCA step and
the handgrip strength tests are good alternatives for assessing cardiorespiratory fitness and
isometric muscular strength, respectively.
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Abstract: Cold-water immersion (CWI) after exercise is a method used by sportsmen to improve
recovery. The aim of the study was to assess the effect of a 3 min CWI on the inflammatory state
by measuring levels of interleukin 6 (IL-6), interleukin 10 (IL-10), tumor necrosis factor α (TNF-α),
and transforming growth factor β1 (TGF-β1), and activities of α1-antitrypsin (AAT) and lysosomal
enzymes, including arylsulfatase (ASA), acid phosphatase (AcP), and cathepsin D (CTS D), in the
blood of healthy recreational athletes. Male volunteers (n = 22, age 25 ± 4.8 yr) performed a 30 min
submaximal aerobic exercise, followed by a 20 min rest at room temperature (RT-REST) or a 20 min
rest at room temperature with an initial 3 min 8 ◦C water bath (CWI-REST). Blood samples were
taken at baseline, immediately after exercise, and after 20 min of recovery. The IL-6, IL-10, and TNF-α
levels and the AAT activity increased significantly immediately after exercise. The IL-6 level was
significantly higher after CWI-REST than after RT-REST. No changes in the activities of the lysosomal
enzymes were observed. The effect of a 3 min CWI on the level of inflammatory markers during
post-exercise recovery was limited. Thus, it might be considered as a widely available method of
regeneration for recreational athletes.

Keywords: cold-water immersion; cytokines; exercise; inflammation; lysosomal enzymes; regenera-
tion method; recovery

1. Introduction

Physical exercise is known to enhance and maintain overall health and wellness [1].
However, regular exercise and its effects may induce physical stress. After training, in-
creases in inflammatory marker levels, including interleukin-6 (IL-6), interleukin-10 (IL-10),
C-reactive protein (CRP), α1-antitrypsin (AAT), and others, can be observed [2,3]. More-
over, muscular exercise results in an acute increase in the production of reactive oxygen
species (ROS), as evidenced by elevated biomarkers of oxidative damage in both the
blood and skeletal muscles [4,5]. High levels of ROS lead to membrane lipid peroxidation,
protein modifications, and DNA damage [6]. Proinflammatory cytokines, such as tumor
necrosis factor α (TNF-α), activate neutrophils and initiate a local inflammatory response.
Neutrophils migrate from the blood to damaged myocytes, which is accompanied by the
production of ROS [7]. Structural changes in muscle fibers are also accompanied by an in-
creased release of some intracellular enzymes, including lysosomal enzymes participating
in intracellular macromolecule digestion [8]. Lysosomal enzymes may be released from
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cells after physical exercise, affecting the inflammatory response [9]. Taking these processes
into consideration, regeneration between training sessions is the key to obtaining high
training effectiveness and proper body adaptation to long-term physical effort [6].

Many athletes are interested in regeneration methods based on the exposure of the
body to low ambient temperatures, i.e., during a bath in cold water. A rapid increase
of body temperature after the end of the low temperature exposure causes increases in
the blood flow, leading to better removal of waste metabolites and inflammatory media-
tors released by damaged tissue [10]. In addition, CWI may reduce muscle tension and
fatigue, reduce joint pain, and improve general well-being, thus ensuring better sports
performance [11]. Other popular methods of cold therapy include ice packs and whole-
body cryotherapy (WBC) sessions [12]. WBC involves exposing the body to extreme low
temperature (−100 ◦C to −160 ◦C) for 1–3 min. WBC also has a positive effect on the
oxidant-antioxidant balance of the athlete’s organism, soothing oxidative stress associated
with intense physical effort [8]. However, WBC systems are quite expensive. As CWI is
easier to administer for athletes and is a more cost-effective method of recovery with the
use of cold than WBC (while providing the same or even greater benefits), it remains the
more common method among individuals and teams [13]. There exists a long-standing
belief that CWI reduces inflammation in tissues within and around the injured sites in
skeletal muscle. Nevertheless, not much is yet known about the effects of cold exposure on
pro- and anti-inflammatory cytokines. Moreover, previous research has mainly focused
on the effects of CWI on the performance in the professional athlete population, and there
is no research on CWI outcomes in the general population and recreational athletes [14].
It is noteworthy that the use of different cooling methods and a wide variety of exercise
protocols during experiments resulted in a general dispute as to what types of exercise
might benefit from CWI and which method of CWI is the most appropriate [15]. In addi-
tion, only a few studies have investigated the effect of post-exercise CWI on inflammatory
markers over periods of less than two hours. Thus, establishing the minimum duration of
CWI necessary to obtain a beneficial effect on the inflammatory state seems to be an issue
of great interest.

Taking into account the unexplained issues of the impact of short CWI on inflamma-
tion, the aim of the present study was to determine if a 3 min CWI applied post-exercise is
long enough to diminish the level of inflammatory markers in the blood of recreational
athletes. For this purpose, concentrations of selected cytokines, including IL-6, IL-10,
TNF-α, and transforming growth factor β1 (TGF-β1), as well as activities of AAT and
selected lysosomal enzymes, including arylsulfatase (ASA), acid phosphatase (AcP), and
cathepsin D (CTS D), were measured in the blood of young healthy recreational athletes
who performed a 30 min submaximal aerobic exercise followed by a 20 min rest at room
temperature with or without an initial 3 min cold-water bath.

2. Materials and Methods

2.1. Participants

Twenty-two young healthy recreationally trained male athletes who participated in
the summer camp voluntarily agreed to participate in the study. The research included
men who had never used cold-water immersion before the study period. The inclusion
and exclusion criteria are described in Table 1.

The International Physical Activity Questionnaire (IPAQ) was used to assess the level
of physical activity of the subjects during the last 7 days before the study. The IPAQ is ex-
pressed in MET × min/week. One MET is equal to 3.5 mL O2/min/kg and represents the
baseline oxygen consumption [16]. The included participants had a weekly physical activity
level ranging between moderate and high. The range of practiced sports or physical work-
outs included running, strength or cardio workouts in the gym, gymnastics, swimming, ten-
nis, cycling, and football. The category “moderate” means that the participants met at least
one of the following criteria: (I) 3 or more days of vigorous activity of at least 20 min per day,
(II) 5 or more days of moderate-intensity activity or walking of at least 30 min per day, and
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(III) 5 or more days of any combination of walking, moderate-intensity, or high-intensity
activities, achieving a minimum of at least 600 MET × min per week. The category “high”
means that the participants met at least one of the following criteria: (I) vigorous-intensity
activity of at least 3 days and accumulating at least 1500 MET × min/week, (II) 7 or more
days of any combination of walking, moderate-intensity, or vigorous-intensity activities
achieving a minimum of at least 3000 MET × min/week [16]. In the period just before or
during the study, the subjects did not change their eating habits as well as the type and
intensity of physical activity. People treated for any comorbidities, smoking cigarettes and
under therapies that could affect the inflammatory state were excluded from the study. All
the participants were informed about the purpose of the research and the potential risks,
and they provided informed consent. The subjects were required to complete the baseline
examination and two experimental sessions separated by 7 days. The research had the
approval of the Bioethics Committee at Collegium Medicum in Bydgoszcz of the Nicolaus
Copernicus University in Toruń (KB 278/2016).

Table 1. Eligibility criteria.

Inclusion Criteria

• Age 18–30 years
• Weekly physical activity level ranging between moderate and high
• Willingness to volunteer to participate in the trial and sign the informed consent form

Exclusion Criteria

• Cold-water immersion use before the study period
• Active smoking or illicit drug use
• Obesity
• Cardiovascular diseases
• Pulmonary diseases
• Energy-restricted diet

2.2. Baseline Examination

The anthropometric evaluation and body composition of the participants, including
body height (BH, cm), body weight (BM, kg), body mass index (BMI, kg/m2), body fat
(BF, %), and total body water mass (TBW, kg), were determined using a Tanita bioelectric
impedance analyzer—BC 418 MA (Tanita Corporation, Tokyo, Japan). A physical working
capacity-170 (PWC170) test was performed to determine the aerobic fitness of the partici-
pants [17]. The PWC170 test consisted of two 5 min standard exercise sessions on a bicycle
ergometer (Monark Ergomedic 828 E, Vansbro, Sweden). The load for the second exercise
test was increased to obtain but not exceed a heart rate (HR) of 170 beats per minute (bpm).
The PWC170 index was calculated based on the mean of the HR values recorded at the
end of each 5-min exercise period. The HR was measured using a cardiofrequency meter
(Polar Electro Oy, Espoo, Finland). The load (power expressed in watts, W) was calculated
during exercise at a HR of 170 bpm. The test result was calculated using the following
formula: PWC170 = P1 + (P2 − P1)/(170 − HR1) (HR2 − HR1), where P1 means power
of the first exercise test, P2—power of the second exercise test, HR1—HR during the first
exercise test, HR2—HR during the second exercise test. The value of the PWC170 correlates
well with the maximum oxygen consumption (VO2 max), which is the primary oxygen
function index [18]. The VO2 max variables of all participants were calculated according
to the Astrand–Ryhming normogram, using the values of PWC170 test [19]. For rating
perceived exertion (RPE), the Borg Category Ratio-10 (CR10) scale was used (with a range
of values from “0” to “10”). The first rate means “no exertion at all”, whereas the last rate
means “extremely strong” effort. There is also an exertion rate over 10, marked as “∗”. It is
an exertion that makes the subject “unable to continue” the exercise bout. The RPE scale
was used in both study sessions after a 30 min exercise period [20]. All measurements were
performed by the same experienced investigator.
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2.3. Study Design

The research project was divided into two sessions. The participants were assigned to
either control condition (Session 1) or cold-water immersion (Session 2) in a counterbal-
anced crossover order. During Session 1, the volunteers were subjected to a 30 min exercise
(70% of the maximum HR, HRmax) on a bicycle ergometer (Monark Ergomedic 828 E),
followed by a 20 min rest at room temperature in a sitting position (RT-REST). The HRmax
was calculated according to Tanaka’s formula: HRmax = 208 − 0.7 × age [21]. Session 2
consisted of the same physical exercise test (30 min, 70% of the maximum HR, HRmax)
and a 20 min recovery, but immediately after exercise, the participants were subjected to a
3-min immersion in a pool of cold water (8 ◦C) followed by rest at room temperature in a
sitting position (CWI-REST). Volunteers were dressed only in swimming suits and they
immersed the whole body with the exception of the head and neck. At both sessions, blood
samples were taken from the median cubital vein into polypropylene tubes (6 mL) without
anticoagulant to obtain serum at baseline (control, BE), immediately after exercise (AE)
and after a 20 min recovery (RT-REST or CWI-REST). The samples were transported to a
laboratory in a transport refrigerator at 4 ◦C and then centrifuged (6000× g for 10 min at
4 ◦C). Subsequently, serum was separated and stored at −80 ◦C for further analysis.

2.4. Determination of the Activity of Protease Inhibitor and Lysosomal Enzymes

The activity of AAT was estimated by the Eriksson method [22]. The basis of the
assay was a decrease in the enzymatic activity of trypsin due to short incubation with
defibrinated blood serum, measured at a wavelength of 410 nm. The activity of AAT was
expressed in mg of trypsin-inhibited/mL blood serum. The ASA activity was estimated
using the Roy method modified by Błeszyński and Działoszyński [23]. The amount of
4-nitrocatechol (4-NC) released during the enzymatic hydrolysis of 4-p-nitrocatechol sulfate
was estimated. The ASA activity was expressed in nmol of 4-NC/mg protein/min. The
activity of AcP was measured according to the Bessy method modified by Krawczyński [23].
The amount of p-nitrophenol released during the enzymatic hydrolysis of disodium
p-nitrophenylphosphate was estimated and the activity of AcP was expressed in nmol of
p-nitrophenol/mg protein/min. The CTS D activity was estimated by Anson’s method [24].
The test sample was incubated with 2% denatured hemoglobin as a substrate at 37 ◦C and
the absorbance at a wavelength of 600 nm was measured and compared to the absorbance
of the control. The CTS D activity was expressed in nmol of tyrosine/mg protein/min.

2.5. Determination of the Cytokine Concentrations

The concentration of cytokines was estimated using ready-to-use immunoassays:
IL-6 (Human IL-6 ELISA KIT, Diaclone SAS, Besancon CEDEX, France), IL-10 (Human
IL-10 ELISA KIT, Diaclone SAS, Besancon CEDEX, France), TNF-α (Human TNF-α ELISA
KIT, Diaclone SAS, Besancon CEDEX, France), and TGF-β1 (Human TGF-β1 ELISA KIT,
Diaclone SAS, Besancon CEDEX, France). The measurements were made according to the
manufacturer’s instructions. The cytokine concentrations were expressed in pg/mL or in
ng/mL. The sensitivity of the methods, depending on the used calibrates, was 2 pg/mL
for IL-6, 4.9 pg/mL for IL-10, 8.6 pg/mL for TGF-β1, and 8 pg/mL for TNF-α.

All the studied parameters were analyzed in duplicate, with sample means taken as
the result.

2.6. Statistical Analysis

The obtained results underwent univariate analysis of variances (ANOVA) with post
hoc statistical analysis (Tukey’s HSD test and Tukey’s assay for different N). To calculate the
sample size, the power of 80% and alpha level of 0.05 were used. In the post hoc analysis,
all the assumptions of ANOVA (group equality, Levene’s variance homogeneity test,
Kolmogorov–Smirnov’s normal distribution test, or Shapiro–Wilk’s test) were considered.
The results are presented as an arithmetic mean ± standard deviation (SD). Differences at
the level of significance p < 0.05 were accepted as statistically significant. The effect size

96



J. Clin. Med. 2021, 10, 4239

(ES: Cohen’s d) was used to measure the difference between sessions, using the following
formula: Cohen’s d = (M2 − M1)/SDpooled, where: SDpooled =

√
((SD1 + SD2)/2).

ES magnitudes were interpreted as follows: <0.2 trivial; 0.2–0.6 small; 0.6–1.2 moderate;
1.2–2.0 large; 2.0–4.0 very large; 4.0 nearly perfect [25].

3. Results

3.1. Basic Characteristics of the Study Group

The characteristics of the studied group is presented in Table 2. The VO2 max value
points to the average aerobic fitness of the subjects [18]. Using the Borg Category Ratio-10
scale, the participants evaluated their physical effort during the experiment as “slightly
heavy” [20]. No incidents were recorded during exercise sessions or during recovery.

Table 2. Basic characteristics of the study group (healthy male recreational athletes, n = 22).

Parameter Mean ± S.D.

Age (yr) 25.0 ± 4.8
BH (body height, cm) 179.7 ± 5.0
BM (body mass, kg) 81.4 ± 9.6

BMI (kg/m2) 25.3 ± 2.7
BF (body fat, %) 15.6 ± 4.3

TBW (total body water, %) 61.5 ± 3.3
VO2 max (maximum oxygen consumption, mL/kg/min) 1 40.95 ± 6.6

Borg CR10 (rating of perceived exertion scale) 1 4.06 ± 0.8
VO2 max (maximum oxygen consumption, mL/kg/min) 2 40.67 ± 6.7

Borg CR10 (rating of perceived exertion scale) 2 4.08 ± 0.6
1 Session 1, 2 Session 2.

3.2. The Concentration of Cytokines

Statistically significant concentration changes in the investigated cytokines during
the session steps were revealed. IL-6 concentration increased more than ten times im-
mediately after exercise (AE) in Session 1 (p < 0.001) and was still significantly higher
(p < 0.001) after 20 min of rest at room temperature (RT-REST) than before exercise (BE)
(4.5 ± 1.7, 3.8 ± 1.4, and 0.4 ± 0.1 pg/mL, respectively) (Figure 1a). In Session 2, IL-6
concentration was also nearly ten times higher AE than at baseline (p < 0.05), and addi-
tionally increased (p < 0.05) after 20 min of rest with an initial 3 min cold-water immersion
(RT-CWI) (1.8 ± 0.5, 0.2 ± 0.1, and 3.1 ± 1.0 pg/mL, respectively) (Figure 1a). In both ses-
sions, statistically significant increases in IL-10 concentration were found AE (p < 0.05) and
after 20 min of recovery (p < 0.001), when compared to the concentration of this cytokine
BE. In Session 1, the concentration of IL-10 was about two-fold higher AE compared to
its BE level (p < 0.05). Furthermore, the concentration of IL-10 after RT-REST was five-
fold higher than AE (p < 0.001) and about ten-fold higher than BE (p < 0.001) (15.5 ± 5.8,
3.1 ± 1.3, and 1.7 ± 1.1 pg/mL, respectively) (Figure 1b). A similar pattern was observed
in Session 2. The concentration of IL-10 was about two-fold higher AE, compared to the
BE values (p < 0.05). Moreover, the concentration of IL-10 after CWI-REST was five-fold
higher than AE (p < 0.001) and about eleven-fold higher than BE (p < 0.001) (21.5 ± 7.9,
3.7 ± 1.5, and 1.9 ± 1.5 pg/mL, respectively) (Figure 1b). In Session 1, the TNF-α concen-
tration decreased significantly AE (p < 0.05). After RT-REST, the concentration of TNF-α
statistically increased, as compared to the result obtained AE (p < 0.05) (31.1 ± 6.6 and
21.7 ± 9.2 pg/mL, respectively) (Figure 1c). A similar pattern was observed in Session 2.
The TNF-α concentration was significantly lower AE, and after CWI-REST, the concentra-
tion of this cytokine statistically increased (p < 0.05) (24.9 ± 10.7 and 33.1 ± 11.2 pg/mL,
respectively) (Figure 1c). No statistically significant changes in TGF-β1 concentration were
observed in the course of both sessions (Figure 1d).
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Figure 1. The concentrations of selected cytokines in blood serum of the subjects (young healthy recreational athletes,
n = 22) during the experiment: (a) IL-6 concentration; (b) IL-10 concentration; (c) TNF-α concentration; (d) TGF-β1
concentration. Data are presented as the means ± SD. IL-6—interleukin 6, IL-10—interleukin 10, TNF-α—tumor necrosis
factor α, TGF-β1—transforming growth factor β1, BE—before exercise, AF—after exercise, RT-REST—20 min recovery
at room temperature, CWI-REST—20 min recovery at room temperature combined with 3 min cold-water immersion,
* p < 0.05 vs. BE, ** p < 0.001 vs. BE, � p < 0.05 vs. AE, �� p < 0.001 vs. AE, • p < 0.001 vs. RT-REST.

The results obtained in both sessions were compared. The concentration of IL-10
was significantly higher (p < 0.001) after CWI-REST than after RT-REST (21.5 ± 7.9 and
15.5 ± 5.8 pg/mL, respectively). The ES between session comparisons of the IL-10 con-
centration was moderate (0.87). The concentration of other cytokines did not differ in a
statistically significant manner, comparing RT-REST and CWI-REST. For IL-6, TNF-a, and
TGFβ1, the ESs were small (0.57, 0.22, and 0.18, respectively).

3.3. The Activity of Protease Inhibitor and Lysosomal Enzymes

In Session 1, a statistically significant increase in AAT activity AE was revealed,
compared to the activity of this enzyme at baseline (p < 0.05). After RT-REST, AAT
activity was lower than AE, but it remained higher than BE (p < 0.05) (0.75 ± 0.06,
0.80 ± 0.07, and 0.67 ± 0.08 mg inhibited trypsin/mL, respectively) (Figure 2a). In Ses-
sion 2, the activity of AAT was significantly higher AE than BE (p < 0.05) (0.78 ± 0.08 and
0.71 ± 0.08 mg inhibited trypsin/mL, respectively), but decreased to the BE value after
CWI-REST (0.72 ± 0.08 mg inhibited trypsin/mL) (Figure 2a). No statistically significant
changes in the activities of the lysosomal enzymes were observed in the course of both
sessions (Figure 2b–d).
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Figure 2. The activities of α1-antytrypsin and lysosomal enzymes in blood serum of the subjects (young healthy recreational
athletes, n = 22) during the experiment: (a) AAT activity; (b) CTS D activity; (c) AcP activity; (d) ASA activity. Data are
presented as the means ± SD. AAT—α1-antytrypsin, CTS D—cathepsin D, AcP—acid phosphatase, ASA—arylsulfatase,
BE—before exercise, AF—after exercise, RT-REST—20-min recovery at room temperature, CWI-REST—20-min recovery at
room temperature combined with 3-min cold-water immersion, * p < 0.05 vs. BE.

The activity of lysosomal enzymes and AAT did not differ in a statistically significant
manner, comparing RT-REST and CWI-REST. For AAT, AcP, and ASA, the ESs were small
(0.42, 0.53, and 0.37, respectively) and for CTS D, the ES was large (1.44). The large effect
size in the case of CTS D with no statistically significant differences between recovery with
and without CWI may indicate that the sample size was not big enough.

4. Discussion

The aim of the present study was to determine if a 3 min CWI applied post-exercise is
long enough to diminish the level of inflammatory markers in the blood of recreational
athletes. Statistically significant increases in IL-6 and IL-10 concentrations were observed
in the blood serum of the participants after submaximal exercise. However, a significant
post-exercise decrease in TNF-α concentration was observed, followed by a statistically
significant increase in the level of this cytokine after RT-REST. Moreover, no statistically sig-
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nificant changes in TGF-β1 concentration were observed. The finding of triggered cytokine
production as an effect of physical exercise concurs with many previous studies [26–29].
Zaldivar et al. [26] observed increased levels of both proinflammatory (IL-1α, IL-2, IL-6,
TNF-α, TNF-γ) and anti-inflammatory cytokines (IL-10) after 30 min of physical exercise.
Santos et al. [27] reported an increase in IL-10 levels in runners after the marathon, which
returned to the pre-workout level after 24 h. Mezil et al. [28] found significant increases in
IL-6 and TNF-α concentrations 5 min after low-impact, high-intensity interval exercise, and
their return to baseline levels 1 h after exercise. A significant rise in the levels of IL-6 and
TNF-α after moderate and strenuous exercise was also revealed by Ambarish et al. [29].

The post-exercise increase in IL-6 levels is well documented in existing literature [30–35].
It is worth emphasizing that IL-6 is one of the most rapidly produced myokines as a result
of physical exercise, and its levels increase more dramatically than any other cytokine
investigated to date [31]. In the present study, the concentration of IL-6 immediately after
exercise was as much as 10 times higher than at baseline in either of the studied sessions.
What is more, the literature data indicates the stimulating effect of IL-6 on the secretion of
IL-10, one of the key anti-inflammatory cytokines [36]. Consistent with these findings, in
the present study, an increase in the level of IL-6 was accompanied by an increase in the
level of IL-10.

A decrease in TNF-α concentration immediately after exercise, observed in the present
study, may indicate that submaximal exercise of the volunteers during the experiment did
not cause any significant muscle cell damage. TNF-α concentration is supposed to depend
on the secretion of IL-6 as this cytokine inhibits TNF-α expression [36]. However, exercise
is likely to suppress TNF-α also via IL-6-independent pathways, as demonstrated by a
modest decrease in the level of this cytokine after exercise, found in IL-6 knockout mice [37].
The suppressive effect on TNF-α production may be mediated by β2 adrenergic receptors
due to sympatho-adrenergic activation during a single bout of exercise [38]. It may confirm
the anti-inflammatory effects of regular exercise. The subjects of the present study were
non-professional athletes but they declared a weekly physical activity level ranging from
moderate to high. A decrease in the TNFα level as a result of regular moderate exercise
was reported by Ambarish et al. [29]. The authors implied that regular moderate exercise
optimizes the release of inflammatory cytokines, maintaining them at levels necessary as a
buffer to elevate their levels during a sudden burst of exercise.

In the present study, statistically significant post-exercise increases in the AAT activity
were observed during both studied sessions. Markovitch et al. [39] demonstrated that
the AAT concentration is transiently increased immediately after demanding exercise. An
increased activity of AAT after exercise was also reported in the studies of Semple et al. [40]
and Schild et al. [41]. The post-exercise increase in the level of IL-6 with a concomitant
increase of the AAT activity, found in the present study, may confirm the proposed inflam-
matory action of IL-6 by stimulation of acute phase protein release [36].

Although many studies have investigated the cytokine response to exercise, only a few
of them have validated the anti-inflammatory effects of CWI. A delayed change in the IL-6
level and a decrease in the TNFα level were reported after a 10 min CWI [42] and after a
170 min intermittent CWI [43] in young non-cold-adapted healthy men, but cold exposure
was not preceded by exercise. In order to attain the aim of the study, an attempt was made to
determine the role of short cold-water immersion, which preceded rest in a sitting position
at room temperature, in the modulation of the inflammatory response to submaximal
exercise. The beneficial effect of CWI as a post-exercise regeneration method has been
presented in many studies [10,11,44]. Several studies report that cold exposure is supposed
to aid recovery by attenuating exercise-induced inflammation. However, this mechanism
is not well supported in the literature. CWI was found to reduce swelling in athletes
subjected to intense exercise [15] and to facilitate the restoration of muscle performance
in a stretch–shortening cycle [33]. These effects did not appear to be associated with the
modulation of the inflammatory response. Peake et al. [45] suggested that CWI was not
more effective than active recovery as far as minimizing inflammation in muscle after
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exercise is concerned. They observed a post-exercise increase in the intramuscular gene
expression of cytokines and neurotrophins. These responses did not differ substantially
between cold-water immersion and active recovery. The results obtained in the present
study seem to partially confirm the above-mentioned reports. Contrary to our hypothesis,
CWI-REST, compared to RT-REST, did not significantly reduce the level of inflammatory
markers. Comparing recovery with and without CWI, no statistically significant differences
in the level of IL-6, TNF-α, and TGF-β1 were observed. The only statistically significant
difference was found in the IL-10 level. The concentration of this cytokine was significantly
higher after CWI-REST with moderate ES in comparisons between sessions. IL-10 is
considered to be the primary anti-inflammatory agent as it inhibits the production of
proinflammatory cytokines by activated monocytes and macrophages [46]. The increased
level of IL-10 after CWI-REST, compared to RT-REST, could point to the anti-inflammatory
effect of short CWI.

In the present study, the ESs of comparisons between the two recovery methods
used were small for most of the measured cytokines. In both sessions, the IL-6 level was
statistically higher immediately after exercise. However, a further significant increase in
the cytokine concentration was observed only after CWI-REST. This result is in line with
the findings of Roberts et al. [32], who revealed an elevated IL-6 level after both CWI
and active recovery at 15 and 60 min post-exercise. The up-regulation of IL-6 expression
after prolonged cold exposure was also shown by Rhind et al. [47]. Accordingly, CWI
following high-intensity sprint exercise did not significantly reduce plasma markers of
inflammation in the study of White et al. [33]. The IL-6 level increased significantly
immediately after exercise and remained elevated when CWI at both cold (10 ◦C) and cool
(20 ◦C) temperatures followed the exercise. Moreover, the IL-6 concentration after different
CWI modalities was higher than after passive recovery (CON). In the present study, the
CWI condition was not associated with reduced cytokine concentrations. However, the
up-regulation of the IL-6 level as a consequence of CWI may have a positive aspect. IL-6
acts as a growth factor for skeletal muscle remodeling and regeneration [48]. The increased
plasma IL-6 concentration may reflect a sustained release of IL-6 from skeletal muscle in
response to CWI-stimulated glycogenolysis [32]. The higher IL-6 level after CWI-REST than
after RT-REST may also be due to the modulation of muscle mass as a result of exposure
to cold. In contrast, Earp et al. [34] found that the IL-6 level was significantly elevated
after 30 min of CON, compared to the CWI session. Differences between the findings
described above and in the present study may result from the resistance training status
of the participants. In the present study, similar to the research of Peake et al. [49] and
Roberts et al. [32], the participants were athletes trained only recreationally, while the
participants in the Earp et al. [34] study were resistance trained.

Rhind et al. [47] revealed that, when strenuous exercise preceded exposure to cold,
the spontaneous intracellular expression of TNFα was substantially reduced and its serum
level was also markedly suppressed in response to cold exposure. The authors suggested
that cold-induced changes in the cytokine expression appear to be linked to enhanced
catecholamine secretion associated with cold exposure. In non-cold-adapted people, CWI
at water temperatures below 15 ◦C induces a response known as “cold shock”, which can be
particularly awkward [42]. This stressful physiological reaction is manifested by increased
levels of stress hormones, including cortisol, adrenaline, and noradrenaline [42,43]. CWI
may benefit recovery after exercise by inducing vasoconstriction and restricting the infil-
tration of inflammatory cells into muscle [50–52]. According to this mechanism, CWI can
reduce clinical signs of inflammation [52]. However, blood plasma levels of cytokines may
not be altered at the blood sampling time point. Eimonte et al. [42] observed that although
glucocorticoid and catecholamines induce a rapid response, they return to baseline soon
after cold exposure. The authors implied that the stress hormones may (re)activate the
cytokines gradually, later after CWI. Earp et al. [34] found that the TNFα level after rest
with CWI was significantly lower than after CON, but only 15 min post-exercise and not
30 and 60 min after the resistance-exercise bouts. In the present study, the TNF-α level
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increased significantly to the values observed at baseline after 20 min of both RT-REST
and CWI-REST. Both the blood sampling time and the surprisingly lowered TNFα levels
after submaximal exercise found in the present study, may explain these discrepancies in
the study results. In the study of de Freitas et al. [15], the TNFα levels were comparable
between the CWI and placebo groups, but also did not change immediately after exercise,
which may suggest that training performed in their study induced no detectable inflam-
mation process in the subjects. It could be assumed that CWI did not reduce the level of
TNFα because the exercise load was not sufficient to promote an increase in the level of
this inflammatory marker.

In the present study, it was also found that the estimated ES of AAT activity in
comparisons between RT-REST and CWI-REST was small. Nevertheless, the AAT activity
after CWI-REST was observed to return to the baseline value, while after RT-REST, the AAT
activity remained statistically higher than before exercise. It may indicate the beneficial
effect of short CWI on the risk of proteolytic tissue damage. The fast response of the AAT
activity after different recovery methods, determined in the present study, may confirm its
role as an acute phase protein in humans. The primary function of the acute phase response
is to protect the organism from further injury and help restore homeostasis [53]. AAT was
found to reduce the production of proinflammatory cytokines, inhibit apoptosis, and affect
the inhibition of local and systemic inflammatory reactions [54]. It could be inferred that
the modulation of cytokine levels might have occurred later than the time points chosen in
the present study. Thus, it is highly advisable to extend the blood sampling time point in
the experiment protocol to confirm it.

Considering the activities of the lysosomal enzymes, no statistically significant changes
were observed in both sessions of the present study. The estimated ESs for ASA and AcP
activities were also small. This may indicate that the use of short CWI after physical exercise
did not cause lysosomal membrane lability, as the lysosomal enzymes did not leak into the
bloodstream. It was proven that lysosomal enzymes are involved in the development of
post-exercise muscle fiber damage [7,55]. Lysosomal enzymes in inflammatory infiltrated
cells are likely to play a major role in protein catabolism associated with local trauma [56].
The effect of a post-exercise CWI on the lysosomal enzyme activity and the pro- and
antioxidant balance in the group of soccer players was determined by Sutkowy et al. [57].
The authors observed that both post-exercise recovery methods, including rest at room
temperature and rest at room temperature preceded by CWI, did not significantly affect
serum lysosomal enzyme activities, which is in accordance with the results obtained in the
present study. No effect on the activity of the lysosomal enzymes was also observed after
immersion in a river with a water temperature of 0 ◦C [58]. As previously mentioned, CWI
in water below 15 ◦C is physiologically stressful and can be particularly hazardous [43].
No changes in the lysosomal enzyme activities in the blood plasma of the participants
may suggest that the protocol of using a 3 min CWI in the present study did not cause any
disruption of the lysosomal membrane and leakage of the enzymes into the bloodstream.

The limitations of the present study are the small number of the experiment partici-
pants and the relatively short duration of cold exposure. Future research should consider
extending the cold-water immersion time and collecting blood samples at greater intervals
after cold exposure.

5. Conclusions

In conclusion, the results of the present study confirm that aerobic exercise induces
the inflammatory response of the organism and add to the existing knowledge of the
effects of cold-water immersion after exercise. It is worth emphasizing that the effect of
CWI on the natural physiological stress and immune responses remains controversial. An
effective protocol for using CWI as a method of post-exercise recovery has not yet been
well established. The protocols used so far are largely based on individual experience
rather than evidence-based research. Moreover, much research in this area is limited to the
study of participants who were experienced (adapted) cold-water swimmers, professional
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athletes who exercised acutely in the cold, or athletes who were previously immersed in
cold water as recovery. In the present experiment, the study group consisted of recreational
athletes who had never been subjected to cold exposure before, but CWI limited to 3 min
seemed harmless to them. The effect of short CWI on the level of inflammatory markers
during post-exercise recovery appeared to be limited. Additionally, a slight beneficial
effect of a 3 min CWI on the risk of proteolytic tissue damage was observed. Thus, short
exposure to cold might be considered as a widely available and cheap method of recovery
improvement in recreational athletes. However, the risk of exposure of the human organism
to low temperature, in relation to the expected beneficial effects of recovery, as well as the
most appropriate CWI protocols must be verified by further studies, in which the time of
CWI or the time of blood collection will be extended.
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12. Sutkowy, P.; Augustyńska, B.; Woźniak, A.; Rakowski, A. Physical exercise combined with whole-body cryotherapy in evaluating

the level of lipid peroxidation products and other oxidant stress indicators in kayakers. Oxid. Med. Cell. Longev. 2014, 2014, 402631.
[CrossRef]

13. Holmes, M.; Willoughby, D.S. The effectiveness of whole body cryotherapy compared to cold water immersion: Implications for
sport and exercise recovery. IJKSS 2016, 4, 32–39. [CrossRef]

103



J. Clin. Med. 2021, 10, 4239

14. Bresnahan, R. Cold water immersion and anti-inflammatory response: A systematic review. ESN Rev. 2019, 1, 1–6.
15. de Freitas, V.H.; Ramos, S.P.; Bara-Filho, M.G.; Freitas, D.G.S.; Coimbra, D.R.; Cecchini, R.; Guarnier, F.A.; Nakamura, F.Y. Effect

of cold water immersion performed on successive days on physical performance, muscle damage, and inflammatory, hormonal,
and oxidative stress markers in volleyball players. J. Strength Cond. Res. 2019, 33, 502–513. [CrossRef] [PubMed]

16. International Physical Activity Questionnaire (IPAQ). Available online: https://sites.google.com/site/theipaq/questionnaire_
links (accessed on 15 August 2020).

17. Ciechanowska, K.; Weber-Rajek, M.; Sikorska, J.; Bułatowicz, I.; Radzimińska, A.; Strojek, K.; Zukow, W. Biological recovery
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Abstract: Background: The aim of this study was to assess the effects that psychological and phys-
iological stressors have on indoor rock climbers, as well as to identify sex differences. Methods:
14 intermediate rock climbers participated in the study, 10 males and 4 females. Mean age was
31 ± 8 years for males and 21 ± 2 years for females. Day 1 consisted of test familiarization and base-
line measurements. Day 2 included two test conditions, startle and fatigue, separated by 20 min. In
the startle condition, participants had to lead climb a route, and a loud audio stimulus was presented
near the top of the climb. In the fatigue condition, participants were required to climb as fast as they
could until muscular failure. The competitive state anxiety inventory second review (CSAI-2R) ques-
tionnaire was used to assess somatic anxiety, cognitive anxiety, and self-confidence. The four-square
step test (FSST) was used to assess motor control, and cortisol levels were acquired via passive drool
(PD). Results: Cortisol concentrations were highest in the pre-startle condition (1.72 μg/dL ± 0.66),
and values decreased post-startle (1.67 μg/dL ± 0.74) and post-fatigue (1.42 μg/dL ± 0.72). How-
ever, cortisol concentrations increased post-startle in females (1.57 μg/dL ± 0.96). Somatic anxiety in
males was significantly higher post-startle (16.36 ± 5.54) than pre-startle (14.23 ± 5.09). Females had
significantly higher somatic anxiety post-startle (18.00 ± 8.76), and they had lower self-confidence
levels (30.00 ± 5.89) than males. Conclusions: There are differences in the way that males and females
prepare and respond to stressful situations. Furthermore, time of day may have had a significant
impact on cortisol concentrations.

Keywords: stress; cortisol; saliva; anxiety; rock climbers

1. Introduction

Rock climbing is a complex sport that encompasses both psychological and physio-
logical stressors. Indoor rock climbing has two different climbing techniques: lead and
top rope climbing [1,2]. In lead climbing, the climber must attend to the safety rope and
clip it into anchors as they make their way up the route. If the climber does not clip the
safety rope properly, they will generally fall a short distance. On the other hand, in top
rope climbing, the safety rope passes through an anchor at the top of the climb, and the
climber does not need to manage it. If a climber falls during a top rope climb, they will sag
on the rope. Lead climbing has been associated with increased perceived stress because of
the increased mental demand and consequence of falling [2]. However, this does not seem
to be the case with advanced rock climbers [1].

When the body’s homeostasis is disrupted, or perceived to be disrupted, the body ini-
tiates a stress response. This response includes the activation of the hypothalamic-pituitary-
adrenal (HPA) axis [3]. The HPA axis starts with the secretion of corticotropin-releasing
hormone (CRH) from the hypothalamus, followed by the release of adrenocorticotropic
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hormone (ACTH) from the pituitary gland, and finally the release of glucocorticoids from
the adrenal glands. Since cortisol can be used as a biological marker of stress, several
studies have measured it either via plasma or salivary samples [2,4,5]. The gold standard
for salivary cortisol sampling is the passive drool (PD) method, since the effect of flow rate
on saliva composition can be discarded [6].

Rock climbing can quickly induce stress due to the fear and anxiety of falling, as
well as the elevated cognitive attention it requires to plan movement sequences, recovery
positions, speed of the climb, and timing of clipping the safety rope [2]. The amount of
perceived stress can also be influenced by the level of expertise of the climber and whether
others are present [7,8]. Studies have found that altering the climbing technique to lead
climbing increased both subjective anxiety and plasma cortisol concentrations [2]. The peak
plasma cortisol concentration is suggested to occur 15–20 min after the stressor, regardless
of the climbing technique [1,5,9]. However, one study found that post-climb salivary
concentrations were higher immediately after the climb and not 15 min later [10].

Stress can also influence motor skills. Some studies have found that stress can disrupt
the accuracy and coordination of movements, as well as posture [11]. Stress also affects
the speed of movement in the fight-or-flight response, causing movements to be quicker
at the expense of accuracy [11]. These frantic movements lead to decreased success rates,
likely because of altered sensory feedback from the lack of haptic feedback [11]. In stressful
situations, there may also be impaired cognitive and visuomotor processes that negatively
affect motor skills [11].

When this article was published, there was limited data on the role that stress plays
in rock climbers, and even more limited literature on differences between sexes. The
purpose of this study was to determine the implications that stress has on motor control
and cortisol levels in rock climbers and to bridge the gap between psychological and
physiological findings. Our hypothesis is that motor control, measured via dynamic
balance and coordination with the four-square step test (FSST), will decrease and that
cortisol levels will increase, as has been shown in previous studies [2,10].

2. Materials and Methods

2.1. Participants

A total of 14 participants volunteered to take part in the study, 10 males and 4 females.
Mean age, height, and body mass for males was 31 ± 8 years, 176 cm ± 5, and 70 kg ± 6.5,
respectively. Mean age, height, and body mass for females was 21 ± 2 years, 166 cm ± 5,
and 59 kg ± 2.9, respectively. Participant information is reported in Tables 1 and 2. The
study took place at an indoor rock-climbing gym. All participants were intermediate
climbers, with a minimum skill level of 6c. They had no injuries or underlying medical
conditions and had low to moderate stress levels, as measured by the Perceived Stress Scale
(PSS) [12]. Participants completed an informed consent form after a thorough explanation
of the study and after completing a physical activity readiness questionnaire (PAR-Q) [13].

Table 1. Male participant information.

Males N Min Max Mean SD

Age 10 17 43 30.7 8.49
Height 10 165 180 174.4 4.77
Weight 10 61.6 83.9 70.3 6.52

Years climbing 10 2 25 9.89 8.49
Skill level 10 6b 8c

Max pull-ups 10 8 29 17 6.89
Bent-arm hang 10 27 76 48.6 s 14.83 s
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Table 2. Female participant information.

Females N Min Max Mean SD

Age 4 19 24 21 2.45
Height (cm) 4 161 173 165.75 5.5
Weight (kg) 4 55.7 62 59 2.95

Years climbing 4 2 8 4.75 2.5
Skill level 4 6b 7c+

Max pull-ups 4 7 18 14 4.83
Bent-arm hang 4 30 48 38 8.91 s

2.2. Competitive State Anxiety Inventory Second Review (CSAI-2R) Questionnaire

The CSAI-2R consists of 17 items that are scored on a Likert scale from 1 to 4, and the
combined scores result in a final score on each of the 3 subscales (somatic anxiety, cognitive
anxiety, and self-confidence). The European Spanish version of the CSAI-2R consists of
18 items [14].

2.3. Four Square Step Test (FSST)

The FSST is a way to measure dynamic balance, stability, and coordination [15]. It
requires two sticks to be placed on the floor so that they form a “plus sign”, and the
participants must step in each square in a set sequence. There are two trials, and the best
time is recorded [16].

2.4. Procedure: Day 1

Day 1 of the intervention consisted of anthropometric measurements, procedure
familiarization, and strength tests. Participants completed an easy route with the top rope
technique. Prior to the climb, they underwent a hand grip test with a Saehan Spring Hand®

dynamometer (Saehan Corporation, Changwon 630-728, South Korea) and completed the
FSST and the CSAI-2R.

During the climb, participants wore a Polar A300 watch and Polar H10 heart rate
monitor (Polar Electro®, Kempele, Finland). They were instructed to climb at their normal
pace. After the climb, they completed the hand grip test, the FSST, and the CSAI-2R again.

2.5. Day 1 Strength Tests

The participants finished day 1 with two strength tests: a maximum pull-up test and
a bent-arm hang test. These tests were used to assess shoulder power and endurance,
which has been shown to be the primary determinant for success in rock climbing [17]. The
tests were included to provide objective measurements of participants’ physical abilities.
The pull-up test was performed with a pronated grip, and 1 repetition was considered
as chin over the bar and full elbow extension. The bent-arm hang test was measured as
the maximum time the participants could hang with elbows at 90◦ in the pronated grip
position. Results are presented in Tables 1 and 2.

2.6. Day 1 Passive Drool Instructions

At the end of day 1, participants were given 9 Salivette® Cortisol vials (Sarstedt AG
& Co., Nümbrecht, Germany) without the synthetic swab, and instructed to take baseline
salivary samples for three days at 8:00 a.m., 11:00 a.m., and 2:00 p.m. Participants were
given clear written and verbal instructions on the PD method.

2.7. Procedure: Day 2

Day 2 consisted of two different test conditions, separated by a recovery period of
20 min. The first test condition was the startle condition, and it took place at 8:00 a.m. The
second condition was the fatigue condition, and it took place at 8:30 a.m. The order of
the test conditions was fixed to eliminate the effects of physiological and psychological
fatigue in the startle condition. Since the climbing route of the startle condition was more
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difficult and required a high cognitive, physical, and tactical demand, this condition was
performed first. Before climbing, participants had their resting blood pressure taken, and
they completed the FSST and CSAI-2R. They provided saliva samples via passive drool,
and their 3 min average pre-climb heart rate (Pre-HR3min) was recorded.

The startle condition consisted of a loud stimulus and the added stress of having to
lead climb a route that gradually increased in difficulty. There were two possible routes
in this condition: either a route that progressed in difficulty from 6b to 6c+ or from 6b to
7b. When the participants were preparing to make a key jump to a more difficult section,
an air horn was used to startle them (Goodmark®, Llantarnam, UK). Three of the final
participants had an alternate audio stimulus due to lack of gas in the air horn. With these
final participants, the investigator hit a pan with a wooden spatula and screamed.

During the climb, the climb duration, success/fail, HR at the start of the climb (HRstart),
HR average (HRavg), and peak HR (HRpeak) were recorded. Immediately after the climb,
blood pressure was measured, and participants completed the FSST and CSAI-2R. The
climbs were filmed with a Samsung N363 digital camcorder (Samsung Group, Hwaseong,
South Korea). Fifteen minutes after the startle, post-climb salivary samples were taken.
The time for HR to return to pre-climb levels (Post-HRrecovery) was also recorded.

In the fatigue condition, participants had to top rope climb a predetermined route as
fast as they could and as many times as they could, until muscular failure. There were
three routes that varied in difficulty (6b, 6c+, 7b), and the specific route assigned to each
participant was based on their self-reported skill level. Time splits of each climb, the
number of falls until fatigue, and HRstart, HRavg, and HRpeak were all recorded. Each climb
was filmed. Immediately post-climb, participants had their blood pressure measured, and
they completed the FSST and CSAI-2R. Fifteen minutes post-climb, they completed a final
salivary sample. Their post-HRrecovery time was also recorded.

2.8. Saliva Samples

The PD method requires participants to sit with his or her head flexed forward
while saliva passively drips into a container [18]. Participants stored the samples in their
refrigerator (4 ◦C) until day 2, where they brought the samples to the rock-climbing gym.
Approximately 3 mL of saliva was collected.

Salivary cortisol samples were stored at −80 ◦C until analysis. They were then
centrifuged at 2500× g for 10 min, and 1.5 mL of the separated samples was placed in
Eppendorf microtubes (Starsledt Akhengesellshaft & Co., Nümbrecht, Germany). Sali-
vary cortisol was measured with a Cortisol Saliva Enzyme-Linked Immunosorbent Assay
(ELISA) procedure (IBL International GMBH, Hamburg, Germany).

2.9. Statistics

All analyses were performed using the statistical package IBM® SPSS® Statistics
Software (SPSS) version 26. Results are expressed as mean ± standard deviation. After
verifying that all values were within the normal range, T tests were performed to compare
the mean values of different conditions. A one-way ANOVA analysis was used to compare
the variables measured between sexes and between test conditions. Pearson’s correlation
was utilized to analyze the relationship between time to fatigue and body weight, as well
as the number of pull-ups and cortisol levels. Differences were considered significant at
p < 0.05.

3. Results

3.1. Cortisol

No outliers in cortisol concentrations were identified; however, values that were not
within the reportable range of 0.015–3.00 μg/dL were discarded, as indicated by the Cortisol
Saliva ELISA kit (IBL International GMBH, Germany). Baseline cortisol concentrations
were highest at 8:00 a.m., with average values of 0.71 μg/dL ± 0.35. There were significant
differences between cortisol concentrations at 8 a.m. for the three baseline measurements
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in males (0.78 μg/dL ± 0.47, p = 0.00; 0.59 μg/dL ± 0.43, p = 0.002; 0.80 μg/dL ± 0.56,
p = 0.003), as well as when compared to pre-startle (1.85 μg/dL ± 0.70, p = 0.000), post-
startle (1.73 μg/dL ± 0.67, p = 0.000), and post-fatigue (1.44 μg/dL ± 0.61, p = 0.000). There
were no significant differences in cortisol concentrations in males when comparing the
three test conditions (1.85 μg/dL ± 0.70, 1.73 μg/dL ± 0.67, 1.44 μg/dL ± 0.61).

Post-startle cortisol concentrations were significant (1.57 μg/dL ± 0.96, p = 0.046)
for females when compared with pre-test levels (1.26 μg/dL ± 0.29), and there were also
significant differences (p = 0.043) between female pre-startle (1.26 μg/dL ± 0.29) and
post-fatigue (1.37 μg/dL ± 1.12). There were significant differences (p = 0.050) in males
and females between pre-startle (1.72 μg/dL ± 0.66) and post-fatigue (1.42 μg/dL ± 0.72)
cortisol levels. Cortisol baseline concentrations are shown in Figure 1, and concentrations
in the different test conditions are shown in Figure 2.

Figure 1. Mean baseline salivary cortisol concentrations expressed in μg/dL ± SD from the three days of sampling at
8:00 a.m., 11:00 a.m., and 2:00 p.m. (a) Results for males and females. (b) Results for males. (c) Results for females.

There were no significant differences between sexes in cortisol concentrations in
the pre-startle (1.85 μg/dL ± 0.70, 1.26 μg/dL ± 0.29), post-startle (1.73 μg/dL ± 0.67,
1.57 μg/dL ± 0.96), and post-fatigue (1.44 μg/dL ± 0.61, 1.37 μg/dL ± 1.12) conditions.
Based on the ANOVA F analysis, there was a positive correlation between number of
pull-ups and pre-test cortisol concentrations (p = 0.008, r = 0.814, R2 = 0.663, CI = 95%).
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Figure 2. Mean cortisol concentrations expressed in μg/dL ± SD from the three test conditions of day 2. (a) Results for
males and females. (b) Results for males. (c) Results for females.

3.2. Heart Rate

Heart rate followed the expected pattern during both climbs. During the startle climb,
values increased progressively as the climb went on. During the fatigue climb, heart
rate values increased throughout the climb, and the initial heart rate was higher for each
subsequent climb.

3.3. FSST

There were no significant differences between FSST values baseline pre-climb day
1 (3.62 s ± 0.75) and post-startle day 2 (3.09 ± 0.62). There were significant differences
(p = 0.006) between FSST scores baseline post-climb day 1 (3.45 s ± 0.61) and post-startle
day 2 (3.09 s ± 0.62), and significant differences (p = 0.002) between males’ baseline post-
climb day 1 (3.42 s ± 0.53) and post-fatigue day 2 (2.84 s ± 0.43) scores. Results are shown
in Tables 3–5.

Table 3. Summary of results for males and females. Significant differences (p = 0.003) in somatic anxiety post-startle
between males and females. Significant differences (p = 0.019) between male and female self-confidence values pre-startle
and post-fatigue (p = 0.02). Significant differences (p = 0.006) in FSST times between baseline post-climb and post-startle.
Significant differences (p = 0.012) between baseline pre-climb left-hand grip strength and post-fatigue left-hand grip strength.

Variables Baseline Pre-Climb Baseline Post-Climb Pre-Startle Post-Startle Pre-Fatigue Post-Fatigue

Somatic Anxiety 15.50 ± 4.49 17.25 ± 5.64 14.23 ± 5.09 16.36 ± 5.54 15.33 ± 5.03 16.43 ± 5.26
Cognitive Anxiety 16.14 ± 5.68 13.50 ± 4.52 13.54 ± 6.64 13.14 ± 4.69 12.67 ± 4.62 12.00 ± 3.84

Self-Confidence 35.43 ± 5.57 34.50 ± 5.13 35.08 ± 4.94 33.14 ± 7.18 33.33 ± 6.57 34.43 ± 5.88
FSST 3.62 s ± 0.75 3.45 s ± 0.61 3.19 s ± 0.52 3.09 s ± 0.62 2.89 s ± 0.48 2.84 s ± 0.43

Grip Strength Right 46.57 kg ± 10.20 49.90 kg ± 11.38 46.64 kg ± 11.32 46.43 kg ± 10.34 41.15 kg ± 19.18 395.17 ± 13.42
Grip Strength Left 48.60 kg ± 9.36 48.03 kg ± 12.17 46.14 kg ± 9.88 44.64 kg ± 9.58 39.74 kg ± 18.51 33.47 kg ± 12.44
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Table 4. Summary results for males. Significant differences (p = 0.019) in somatic anxiety pre- and post-startle in males.
Significant differences (p = 0.002) between FSST baseline post-climb and post-fatigue scores. Significant differences (p = 0.035)
between baseline pre-climb left-hand grip strength and post-fatigue left-hand grip strength. Significant differences (p = 0.00)
between pre-startle and post-startle right-hand grip strength.

Variables Baseline Pre-Climb Baseline Post-Climb Pre-Startle Post-Startle Pre-Fatigue Post-Fatigue

Somatic Anxiety 14.50 ± 4.35 17.50 ± 6.07 14.23 ± 5.09 16.36 ± 5.54 15.33 ± 5.03 16.43 ± 5.26
Cognitive Anxiety 15.80 ± 6.49 13.75 ± 5.18 13.54 ± 6.64 13.14 ± 4.69 12.67 ± 4.62 12.00 ± 3.84

Self-Confidence 37.20 ± 3.55 36.50 ± 3.96 35.08 ± 4.94 33.14 ± 7.18 33.33 ± 6.57 34.43 ± 5.88
FSST 3.71 s ± 0.82 3.42 s ± 0.53 3.19 s ± 0.52 3.09 s ± 0.62 2.88 s ± 0.48 2.84 s ± 0.43

Grip Strength Right 49.95 kg ± 9.22 53.59 kg ± 10.77 50.55 kg ± 10.48 51.05 kg ± 8.11 46.52 kg ± 18.55 37.91 kg ± 15.31
Grip Strength Left 52.27 kg ± 6.94 51.91 kg ± 11.40 50.40 kg ± 7.99 48.15 kg ± 8.88 45.14 kg ± 17.92 35.35 kg ± 14.74

Table 5. Summary results for females.

Variables Baseline Pre-Climb Baseline Post-Climb Pre-Startle Post-Startle Pre-Fatigue Post-Fatigue

Somatic Anxiety 18.00 ± 4.32 16.75 ± 5.50 15.33 ± 8.39 18.00 ± 8.76 16.25 ± 6.85 17.25 ± 8.46
Cognitive Anxiety 17.00 ± 3.46 13.00 ± 3.46 15.33 ± 9.24 13.50 ± 5.74 13.50 ± 4.73 11.00 ± 1.15

Self-Confidence 31.00 ± 7.75 30.50 ± 5.26 30.00 ± 5.29 30.00 ± 5.89 29.00 ± 5.77 29.00 ± 4.76
FSST 3.41 s ± 0.58 3.52 s ± 0.87 3.34 s ± 0.76 3.60 s ± 0.95 3.09 s ± 0.76 3.13 s ± 0.68

Grip Strength Right 37.25 kg ± 6.65 39.75 kg ± 5.56 36.88 kg ± 6.91 34.88 kg ± 4.13 30.41 kg ± 17.76 29.00 kg ± 4.69
Grip Strength Left 38.50 kg ± 7.94 37.38 kg ± 7.18 35.50 kg ± 4.49 35.88 kg ± 4.17 28.94 kg ± 16.52 29.25 kg ± 2.36

3.4. Anxiety and Self-Confidence

There were significant differences (p = 0.019) in somatic anxiety pre-startle (14.23 ± 5.09)
and post-startle (16.36 ± 5.54) in males, as well as significant differences (p = 0.035) between
male and female self-confidence levels pre-startle (35.08 ± 4.94, 30.00 ± 5.29). There
were also significant differences (p = 0.022) in self-confidence post-fatigue between sexes
(34.43 ± 5.88, 29.00 ± 4.76). Results are shown in Tables 3–5.

3.5. Grip Strength

There were significant differences (p = 0.012) between baseline left-hand grip strength
(48.60 kg ± 9.36) and post-fatigue left-hand grip strength (36.46 kg ±8.63). Males had
significant differences (p = 0.035) between baseline left-hand grip strength (52.27 kg ± 6.94)
and post-fatigue left-hand grip strength (35.35 ± 14.74). There were differences in female
baseline left-hand grip strength (38.50 kg ± 7.94) and post-fatigue left-hand grip strength
(29.25 kg ± 2.36), although not significant (p = 0.058). Males also had significant (p = 0.00)
differences in pre-startle (50.55 ± 10.48) and post-startle (51.05 ± 8.11) right–hand grip
strength. Results are reported in Tables 3–5.

3.6. Fatigue

There was an inverse correlation between time to fatigue and body weight (CI = 95%,
r = 0.606, p = 0.025). There were significant differences (p = 0.022) between sexes: males
reached muscular failure after 282.39 s ± 48.20, and females after 367.51 s ± 70.21.

4. Discussion

The results indicate that physical and psychological stress affects males and females in
different ways and that cortisol concentrations are strongly affected by time of day. Salivary
samples were utilized in this study because since cortisol follows a circadian rhythm, with
the highest values occurring 20–40 min after waking, we thought it beneficial to obtain a
baseline secretion curve for comparison with the rest of the values [18,19]. Baseline cortisol
concentrations followed a normal diurnal pattern, with the highest values occurring at
8:00 a.m.

It is possible that the variations in concentrations between the 8:00 a.m. samples of
each day were due to individual error or individual variation in diurnal cortisol slope
(DCS). Cortisol concentrations can be easily affected by acute stressors, age, sex, nutrition,
sleep, hydration, physical activity, and circadian rhythm [4,9,18]. Salivary composition
can also be affected by countless factors, including circadian rhythm, age, sex, smoking,
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diet, and medications [4]. Since external factors of the participants’ day to day were not
accounted for, it is possible that variations in these variables altered their DCS. In addition,
it is possible that participants did not take the samples at the same time for each of the three
baseline days. Although these may have been small variations, it may have been enough to
affect the DCS substantially—especially in the waking hours [19,20]. Variations in sampling
time may have also been due to difficulty in saliva production. Some participants reported
spending 20 min in the PD position to produce sufficient saliva. This may have further
delayed the time of day that the sample was obtained, thus influencing cortisol levels. This
may have also been a factor on day 2, since some participants took substantially longer to
produce enough saliva pre-startle, post-startle, and post-fatigue. Although the pre-startle
samples were taken at 8:00 a.m., and the post-startle and post-fatigue samples were taken
shortly after, time of day may have profoundly impacted the variance in salivary cortisol
levels. Since the fatigue climb was the last test condition, this could explain the decrease
in cortisol levels in males and females. Instead of obtaining baseline samples at 8:00 a.m.,
11:00 a.m., and 2:00 p.m., perhaps obtaining samples at 8:00 a.m. and 9:00 a.m. would have
been a better comparison for this study. Moreover, lead climbing and the auditory stimulus
used may not have been strong enough stressors to provoke changes in cortisol levels in
males due to their level of experience and more advanced skill level [1].

The 8:00 a.m. pre-startle cortisol levels were higher in both males and females when
compared to their respective baseline 8:00 a.m. cortisol levels. This may have been due to an
anticipatory cortisol response that primes the central nervous system [21]. This anticipatory
response provides some insight into the relationship between psychological stress and
physiological responses, as well as highlights the significance of psychobiological processes
that occur prior to a stressor. It is possible that this neuroendocrine response was activated
when instructions for the startle climb were provided. This would suggest that the stress
(and increase in cortisol) that individuals experienced was triggered by their emotional
and cognitive representations of what they thought would occur during the climb [21].

Females may have experienced a peak in cortisol levels post-startle because the relative
difficulty of the climb may have been higher for them. Female participants were not as
comfortable with the lead climbing technique, and this lack of confidence, in addition
to the sustained isometric contractions and increasing difficulty of the climb, may have
contributed to a peak in cortisol levels post-startle. This is supported by the significant
differences in self-confidence between males and females prior to the startle climb.

Increased somatic anxiety post-startle in males may have been due to the added
stress of lead climbing. Other studies have had similar findings, noting that participants
had increased somatic anxiety when they had to lead climb a route, compared to top
rope climbing [2]. Sex differences in somatic anxiety post-startle may be an indicator of
differences in male and female responses to stress. There is evidence from functional
magnetic resonance imaging (fMRI) that women are more attuned to negative stimuli and
that they respond more rapidly to negative stimuli [22]. These sex differences may also
explain differences in the self-reported self-confidence post-fatigue climb.

FSST times may have been faster post-startle because of heightened somatic anxiety
and focus, due to the fight-or-flight response. It is also possible that the results were
influenced by test familiarization and decreased anxiety of social judgment. In day 1, the
FSST trials were carried out when the rock-climbing gym was open to the public. Therefore,
there were other climbers present that served as an “audience” to the participants in the
study. The participants may have also had difficulty focusing on the task at hand because
of the various distractions in the gym. The fact that the participants did not know what to
expect, that it was their first time performing the FSST, that there was an audience, and
that their focus could have been affected, may have all contributed to slower day 1 scores.

It could be that average FSST times did not decrease post-fatigue because the value
that was used to indicate fatigue was forearm muscle failure. It may be that although the
forearm musculature fatigued to failure, focus and lower limb coordination did not decline.
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It is also worth noting that three participants were not able to complete the test post-fatigue,
due to poor coordination and unsuccessful execution of the sequence.

5. Conclusions

Our results show that cortisol concentrations follow a normal standard curve, irre-
spective of the test condition. Cortisol samples were taken 15 min after the stressor, and
values were lower post-startle and post-fatigue when compared to the pre-test. It may be
that the stressors used in this study were not enough to provoke a stressful situation in the
climbers of this study or that higher values were presented immediately after the climb and
not 15 min later. Future studies should compare the cortisol response immediately after
the stimulus, as well as 15 min later, to determine when the true peak in cortisol occurs.
Studies should also look at ways to reduce the amount of time spent in saliva sampling,
since extended sampling time may have profoundly affected cortisol levels.

There seem to be differences in the way that males and females psychologically
prepare and react to stressful situations. It is difficult to draw conclusions from this sample
because a major limitation was the number of participants, especially females. Evidently,
there are countless factors that can influence the stress response during climbing, as well as
several variables that can serve as indicators of the demand of the climb. Future studies
should also take into consideration the biomechanical and strategic changes that occur
with increased psychological and physiological stress. This can be done by analyzing video
footage and utilizing electromyography (EMG) to determine premotor time and reaction
time, as well as changes in muscle activity. Blood samples can also be taken to look at the
impact that acute stressors have on biomarkers of oxidative stress, as well as on biomarkers
that are suggested to be related to anxiety [4].
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Abstract: Although still underutilized, cardiopulmonary exercise testing (CPET) allows the most
accurate and reproducible measurement of cardiorespiratory fitness and performance in athletes.
It provides functional physiologic indices which are key variables in the assessment of athletes in
different disciplines. CPET is valuable in clinical and physiological investigation of individuals with
loss of performance or minor symptoms that might indicate subclinical cardiovascular, pulmonary
or musculoskeletal disorders. Highly trained athletes have improved CPET values, so having just
normal values may hide a medical disorder. In the present review, applications of CPET in athletes
with special attention on physiological parameters such as VO2max, ventilatory thresholds, oxygen
pulse, and ventilatory equivalent for oxygen and exercise economy in the assessment of athletic
performance are discussed. The role of CPET in the evaluation of possible latent diseases and
overtraining syndrome, as well as CPET-based exercise prescription, are outlined.

Keywords: athletes; cardiopulmonary exercise test; exercise physiology; sports performance

1. Introduction

Cardiopulmonary exercise testing (CPET) provides a full assessment of the physiologic
responses of the pulmonary, cardiovascular, muscular, and cellular oxidative systems to
exercise [1,2]. Sports physicians and physiologists try to identify the effects of exercise on
athletes’ organs to figure out their conditioning level and plan training programs to develop
elite athletes for the team. Although CPET has become a generally well-accepted method to
assess organ system adaptations to chronic regular exercise, its useful applications for more
comprehensive assessments in the athletic population are not universally widespread yet.

The proposed indications for CPET in apparently healthy athletes are [3–6]:

- Measurement of baseline fitness and assessment of physiological function of body’s
systems;

- Evaluation of the integrated cardiopulmonary response in asymptomatic athletes with
cardiac diseases;

- Diagnosis of latent disease and/or evaluation of minor nonspecific symptoms;
- Exercise prescription with specific purposes in different sports disciplines.

Athletes mainly recognize CPET assessment just for the measurement of their car-
diorespiratory fitness (CRF) that mainly provides aerobic endurance performance expressed
as maximal oxygen consumption (VO2max). VO2max measured during a graded maximal
exercise is the most significant parameter to assess the cardiopulmonary capacity, especially
in endurance sports [7], but it should be validated by completing a short constant work rate
phase at higher intensities than the VO2max work rate achieved during the ramp tests [8].
There are additional parameters that extend the number of opportunities to comprehen-
sively study the integrated organ system response to maximal effort. The most remarkable
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is likely the ventilatory threshold (VT) that indicates aerobic power and is related to the
lactate threshold in endurance and even resistance exercises [9]. Moreover, critical power
(CP) is a widely used parameter for training that represents threshold intensities associated
with the upper limit for prolonged aerobic exercise and signifies high to severe exercise
intensity domain [10].

The series of variables are however consistent, and a careful analysis of each one
yields to the best information in the time point assessment of physical performance and
response to training programs. Oxygen pulse, defined as the ratio between VO2 and
heart rate (HR), indicates stroke volume and peripheral vascular perfusion/extraction
response to exercise and reflects the maximal aerobic capacity. Ventilatory efficiency
expressed by the relationship between minute ventilation (VE) to carbon dioxide (VCO2)
production (VE/VCO2 slope) and/or partial pressure of end-tidal carbon dioxide (PETCO2)
at rest and during exercise, represents a match of ventilation and perfusion within the
pulmonary system [11]. These quite underused parameters require a specific evaluation
and interpretation.

Regular exercise has favourable cardiovascular benefits, but competitive athletes
usually perform intense training for prolonged periods which exposes their cardiovascular
system to increased levels of strain [12]. Intense exercise may trigger adverse cardiac events
in an asymptomatic athlete with latent cardiac disease. Moreover, athletes sometimes
experience minor symptoms such as dizziness, palpitation, or chest tightness that might
indicate some subclinical cardiovascular or pulmonary disorders. In these instances, CPET
analysis may be of additional help in clarifying the underlying causes and abnormalities.

In this review, the applications of CPET in athletes with an emphasis on physiological
parameters and their implication in the assessment of athletic performance are discussed.
Secondly, the role of CPET in the evaluation of minor nonspecific symptoms to determine
and/or distinguish cardiac and pulmonary conditions that might limit sports participation
is discussed. Finally, recommendations on exercise prescription for athletes based on the
CPET results are summarized at the end of the paper.

2. Cardiorespiratory Fitness

2.1. VO2max

VO2max is the maximum oxygen uptake of the human body that defines the maximal
amount of energy accessible by aerobic metabolism at peak exercise [13]. It is a standard for
quantifying CRF [14] and may reflect the limits of the cardiopulmonary system to maximal
exercise. The term VO2max implies an individual’s physiological limit that is achieved
and sustained for a specified period during maximal effort [15]. Athletes of different
sport disciplines present with a wide range of VO2max, so for better inter-individual
comparisons, it is better to express it as percent-predicted value or in millilitres of oxygen
per kilogram of body weight per minute (mL/kg/min) [15,16]. Since the ideal body weight
could be entirely different between disciplines, it makes sense to use fat-free mass instead
of body weight for interdisciplinary comparison of athletes.

Expected values differ between male and female athletes at any given age and on
different exercise test modalities. Accurate interpretation of VO2max should be made with
the knowledge of what is expected for an individual athlete. To facilitate sports counselling,
it is critical to have validated reference values in target population [14]. Athletes have
higher amounts, usually more than 120% of the predicted VO2max of healthy untrained
individuals, therefore, the interpretation of the results have to be done cautiously, as it
might mask some latent disorders or potential physiological impairments. The time course
of VO2 recovery after exercise is an essential parameter that must be considered in the
athletic population [17]. In highly trained athletes, recovery of VO2 is more rapid, and
just as depicted in Figure 1, the athlete with a higher exercise economy has a faster VO2
recovery rate than his counterpart with less efficient cardiovascular function.
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Figure 1. Athletes with different exercise economy as shown by VO2/workload responses to incremental exercise.

There are considerable differences in the VO2max of individuals, and numerous ge-
netic variants have been found to be associated with these variations. Studies have reported
that genetic components and inheritance account for 44 to 72% of the baseline VO2max
(mL/kg/min) in sedentary subjects [18]. Exercise training improves cardiorespiratory
fitness by about 10–25% in previously sedentary individuals [15,19]. This improvement
varies greatly between individuals even with a standard exercise training program. Genetic
factors determine almost 50% of this VO2 response to training [19–21]. The presented
evidence implies the importance of baseline VO2max measurements to find talented young
athletes and to consult with athletes about their maximum achievable performance in
different sport disciplines.

2.2. Ventilatory Threshold (VT)

During incremental exercise, there is a point at which muscles and blood lactate
increase due to the rate of lactate production being higher than disposal [22]. The metabolic
rate at which excess carbon dioxide (CO2) develops proportionally to the muscle and
blood bicarbonate decreasing rate as a consequence of buffering metabolic acidosis is the
ventilatory threshold [22]. This excess CO2 makes VE increase more steeply relative to
the increase in VO2 [13,15]. Therefore, VT is a point, at which VCO2/VO2 slope becomes
steeper; the ventilatory equivalent for oxygen (VE/VO2) begins to increase while the
ventilatory equivalent for carbon dioxide (VE/VCO2) remains stable [23] (Figure 2).
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Figure 2. The ventilatory equivalents for oxygen (VE/VO2) and carbon dioxide (VE/VCO2) and their association with first
and second VT which form four training zones during an incremental CPET. VT: ventilatory threshold, RCP: respiratory
compensation point.

VT is expressed as VO2 (mL/kg/min) or percentage of VO2max and compared with
VO2max, is better correlated to athletic endurance performance [24,25]. It usually occurs at
45% to 65% of VO2max in healthy untrained subjects [15,23] and at a higher percentage
(close to 90% of VO2max) in highly endurance-trained athletes [25]. It has been shown
that after training, there is an increase in VO2 at VT by about 10–25% in sedentary indi-
viduals [15]. The weighted mean heritability of submaximal stamina and endurance test
performance is 49% and 53% respectively [18]. This evidence shows the importance of
genetic predisposition for VT and submaximal endurance performance and its potential
application in identifying talents in sports.

It has recently been proposed that the lactate threshold (LT) could be used to set the
training load in resistance exercises [9]. Resistance training promotes muscle hypertrophy,
strength and power, and the intensity of exercise is the most important component in this
way. Studies have identified the LT in strength training exercises at intensities ranging
from 27% to 36% of a maximum repetition (1RM) [9]. Exercise at this level of intensity
could be optimal training in sports requiring strength and power. To verify the association
between LT and VT, investigators identified the VT with positive correlation, agreement
and at the same intensity of exercise with LT during an incremental resistance exercise
test [26,27]. Although there exists a slight difference between VT and arterial blood lactate
accumulation with VT occurs earlier in dynamic exercise [22,28], yet VT can measure both
the endurance and resistance performance in athletes.

The modality of exercise test (treadmill or cycle) and the population under investi-
gation potentially influence the VT response to exercise [15]. In trained subjects, VT is
significantly higher on the treadmill than cycle ergometer but not in untrained individu-
als [29]. This difference should be taken into consideration, especially when we want to
make comparisons among athletes in different sports disciplines. In a study on 29 male
competitive triathletes, Hue O et.al. showed that the VT values on treadmill running were
lower than the values reported for elite distance runners [30].
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3. Further Key CPET Parameters

3.1. Oxygen Pulse

The oxygen pulse (O2 pulse) is the ratio of VO2 in mL/min and HR in beats/min,
expressed as mL/beat [23]. According to the Fick equation, VO2 = (HR × SV) × C(a-v)O2,
where SV is stroke volume and C(a-v)O2 is the arterio-venous oxygen difference. Thus, the
O2 pulse provides an estimate of stroke volume and peripheral vascular perfusion/extraction
response to exercise [15]. Normal values at rest range from 4–6 mL/beat and increase up
to 10–20 mL/beat at maximal exercise [23]. Athletes demonstrate a 10%–15% increase in
ventricular cavity size and enhanced cardiac filling in diastole that augment their stroke
volume (SV) compared with individuals of similar age and size [12,31]. They reveal increased
mitochondrial oxidative capacity and capillarity within the skeletal muscle, which results in
higher C(a-v)O2 during exercise [32]. As a result, O2 pulse is higher in trained athletes, but
the reference values in this population are yet to be determined.

Central [SV] and peripheral [C(a-v)O2] adaptations to exercise result in higher O2
pulse in trained subjects. As mentioned earlier, in calculating the O2 pulse, VO2 should be
in mL/min. So, for making reliable comparisons between athletes, the weight and height
of the athletes have to be taken into account. Therefore, the authors of the present paper
recommend calculating the O2 pulse in relation to body surface area (BSA). Since the relative
contribution of SV to cardiac output is paramount during the early and intermediate phases
of exercise [4,15], the amount of O2 pulse/BSA at submaximal levels (e.g., 50% or 75% of the
VO2max) demonstrate more central (cardiac, i.e., SV) adaptations and the maximal value
shows both central and peripheral (cardiovascular and muscular perfusion/extraction)
adaptations to exercise.

Different patterns of adaptations according to O2 pulse response to incremental ex-
ercise are displayed in Table 1. This approach could be a precise manner to compare
athletes with different conditioning levels. It guides sports physicians and athletic trainers
to distinguish elite athletes and to prescribe the appropriate training program to focus
on central (cardio-pulmonary) or peripheral (skeletal muscles) structures based on the
standard requirements for any sports discipline.

Table 1. O2 pulse response of four athletes with different adaptation patterns to incremental exercise
in comparison with a reference athlete

Intensity of Exercise (% VO2max)

50% 75% 100%

Reference athlete O2 pulse (mL/beat) 14 18 20

Athlete A ↑ ↑ ↑
Athlete B ↑ ↑↔ ↓
Athlete C ↓ ↓↔ ↔↑
Athlete D ↓ ↓ ↓

Athlete A has a better central and peripheral adaptation to exercise than the reference athlete. Athlete B has
better central but lower peripheral adaptation and Athlete C might has better peripheral adaptation than central.
Athlete D is worst in both central and peripheral adaptations. Reference athlete: RA, ↑: more than RA, ↑↔: more
or equals to RA, ↓↔: less or equals to RA, ↓: less than RA.

3.2. Ventilatory Equivalents (VE/VO2 and VE/VCO2)

Athletic performance requires proper integration of cardiovascular, pulmonary, and
skeletal muscle physiology. Physiological deficiency of any of these systems diminishes
VO2 and increases ventilatory equivalents [15]. Enhanced mitochondrial function is a
result of chronic exercise training [24], and this improvement is valuable for the effective
production of adenosine triphosphate (ATP) through oxidative phosphorylation. Inade-
quate adaptation to exercise reduces the oxidative capacity of skeletal muscles and makes
them rely on anaerobic glycolysis for ATP production, which leads to lactic acid accumu-
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lation early in exercise. Very deconditioned individuals and patients with mitochondrial
myopathy might show the same manifestations but exaggeratedly [33].

Early lactic acidosis is reflected in CPET as a low VT, which is demonstrated by a
rapid increase in VE/VO2 and respiratory exchange ratio (RER). Arterio-venous oxygen
difference might also be lower in athletes with unfavourable mitochondrial adaptations
resulting in a reduced peak O2 pulse. Some studies support the improvement of these
parameters in fit individuals by demonstrating a decreased submaximal VE/VO2 and
increased peak O2 pulse after exercise training [34,35]. Figure 3 depicts the ventilatory
equivalents of two athletes with different mitochondrial adaptations.

 

Figure 3. The ventilatory equivalent for O2 in a well-trained athlete compared with a poorly adapted athlete. As it’s evident,
the ventilatory threshold is at higher workload with lower VE/VO2 values in well-trained athlete than their less fit peer.

The slope of the VE/VCO2 relationship and PETCO2 during an incremental exercise
test represent the matching of ventilation and perfusion within the pulmonary system, and
they are determinants of ventilatory efficiency in subjects. Studies have revealed a lack
of relationship between ventilatory efficiency evaluated by VE/VCO2 slope and sports
performance in athletes [36,37].

The relationship between VO2 and the log scale of VE represents the oxygen uptake
efficiency slope (OUES) and expresses the ventilatory requirement for O2 [16,23]. Many
investigators found it useful in the evaluation of fitness level, and reference values have
been proposed [38], but a broadly accepted threshold to define normal response has not
been clearly established. Training induced changes in OUES are variable and not sensitive
enough to show the improvement of fitness after training [39].

3.3. Exercise Economy (ΔVO2/ΔWorkload)

Exercise economy is defined as the energy expenditure for given absolute exercise
intensity and is expressed as VO2 at a given physical work or power output [4,24,40,41].
Remarkable economy means lower VO2 for given power output and is an advantage
in endurance performance because it results in the utilisation of a lower percentage of
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VO2max for particular exercise intensity. Low VO2max scores can even be compensated by
remarkable economy [24].

The importance of exercise economy has been described in different athletes such
as runners and soccer players [41,42], and the improvements could be achieved by en-
durance training through improved muscle oxidative capacity and changes in motor unit
recruitment patterns. Researches support the effects of resistance and plyometric exercises
and high-intensity interval training (HIIT) on exercise economy [40,41]. Reduction in
submaximal VO2 is significantly correlated with the reduced minute ventilation (VE) and
heart rate (HR) [24].

The slope of VO2 (mL/min) to workload (Watts) demonstrates the economy of exercise
and represents an indirect measure of cardiac output and aerobically generated ATP [23].
Commonly there is a continual rise throughout the exercise with the average slope of
10 mL/min/W with all exercise data [11]. Figure 1 depicts the VO2/workload responses of
two athletes with different exercise economy. To evaluate an athlete’s exercise economy, it is
better to measure it during an incremental test, which is fast enough to continually increase
the VO2 similar to the intensities more commonly experienced during sports competition
and at supra-LT workloads. In this regard, it is advisable to perform a CPET to measure the
VO2 (mL/min) and to use a lower extremity ergometer to quantify the workloads (Watts)
for proper measurement of VO2/workload slope.

3.4. Respiratory Compensation Point (RCP)

With increasing exercise intensity above the VT, the lactate production rate gets
higher, and a point is reached when bicarbonate is no longer able to counteract exercise-
induced metabolic acidosis. In the isocapnic buffering region, bicarbonate is decreasing
with no evident hyperventilation. Then, there is an exponential increase in blood lactate
concentration and an excess CO2, whereas the increase in VO2 remains linear. The second
breakpoint in the ventilation response to exercise is where the peripheral chemoreceptors
invoke hyperventilation, which is identified as the second VT or RCP [10,13,43,44].

According to the physiological changes at RCP, there is an inflection of VE versus
VCO2 and also VE/VCO2 versus workload, so as depicted in Figure 2, the second VT is
identifiable by the nadir of the VE/VCO2 to workload curve [43,44]. Both VE/VO2 and
end-tidal O2 pressure (PETO2) increase while there is a deflection point on the PETCO2
trajectory [45]. It is usually achieved at around 70–80% of VO2max or 80–90% of peak HR
during incremental exercise [13,43]. In a recent systematic review and meta-analysis, it has
been demonstrated that there is a highly significant correlation between RCP and critical
power, with the power output at CP being 6% lower than RCP [10,43,45].

The second VT or RCP can be expressed as VO2 (mL/kg/min) or percentage of
VO2max. Workload consistent with RCP (Watts) might also provide a scale to compare the
ability of different athletes to comply with higher intensities of exercise. Anaerobic capacity
is an essential parameter in the performance of athletes, especially those who participate
in sports with sudden bursts of high-intensity activity [4]. Therefore, a longer duration of
exercise at a constant workload within the CP or at the RCP level (VO2 slow component)
could be an advantage for such sportspersons.

Table 2 outlines the effects of training on each CPET variable in well-trained athletes
compared to their ordinary counterparts.
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Table 2. Key CPET parameters in elite athletes.

An Elite Athlete Compare to an Ordinary
Peer

VO2 max (mL/kg/min) ↑↑
VO2 at VT ↑↑

Watts at VT ↑↑
O2 pulse/BSA ↑
VE/VO2 at VT ↓

VE/VCO2 slope ↔
PETCO2 ↔

OUES ↔
ΔVO2/Δworkload ↔↓

VO2 at RCP ↑↑
Watts at RCP ↑↑

Exercise duration at RCP level ↑↑
RCP: respiratory compensation point, VT: ventilatory threshold, OUES: oxygen uptake efficiency slope, ↑↑: quite
more, ↑: more, ↔: no difference, ↔↓: equals or less, ↓: less.

4. Role of CPET in Diagnostic Workup

Many athletes experience some occasional vague symptoms such as exertional dysp-
nea, chest discomfort, and fatigue during their sports career in which the etiology could be
cardiovascular, pulmonary, or muscular. Evaluating the physiological response of body
organ systems to exercise provides valuable information on potential underlying ailments.
In clinical practice, CPET is used to detect latent diseases and can help to differentiate
cardiac and pulmonary problems. In elite endurance athletes, expiratory flow limitation
(EFL) is assumed to be very frequent, with a prevalence of up to 40% in males and 90%
in females [46]. The assessment of the flow-volume loop during CPET would reveal the
presence and magnitude of EFL, further clarify a pulmonary mechanism for the symptoms
and provide resolution of disease severity [16].

Assessment of ventilatory reserve and efficiency in addition to the standard haemody-
namic and ECG monitoring provide insight into probable physiological abnormalities. The
ventilatory reserve is the ratio between peak VE on a CPET and the maximum amount of
air that can be breathed within one minute by a voluntary effort at rest termed the maximal
voluntary ventilation (MVV), which is often measured in 15 s and multiplied by 4 [11,47].
Abnormal ventilatory reserve, which is VE/MVV ≥ 0.8 along with abnormalities in FEV1
and peak expiratory flow (PEF) are indicative of pulmonary limitations [11], but athletes
with superior cardiovascular function can demonstrate some degrees of EFL and low venti-
latory reserve with normal lung function tests [47]. Since EFL can be a cause of hypoxemia
on exertion, pulse oximetry (SPO2) should also be measured throughout the CPET process.
Ventilatory efficiency parameters [VE/VCO2 slope and PETCO2], reveal cardiopulmonary
coupling and function, and when abnormal, may indicate subclinical ventilation-perfusion
abnormalities as a possible mechanism for exertional symptoms [11,16]. Electrocardio-
graphic and/or hemodynamic abnormalities like a hypertensive response to exercise or a
slow recovery period might reveal a cardiovascular source for the symptoms.

Excessive training load without adequate recovery period exposes elite athletes to an
inability to adjust optimally to the overall load. This process can results in overreaching,
or in more severe cases overtraining syndrome (OTS), with different indeterminate signs
and symptoms accompanying performance decrements and the development of acute
illness [48]. Studies have shown that up to 64% of elite athletes experienced OTS at least
once [49]. Parasympathetic alterations with bradycardia in endurance sports, and sympa-
thetic alterations with tachycardia and hypertension in explosive and high intensity sports,
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have been suggested as various cardiovascular responses [50]. It is been advocated that
heart rate and blood lactate concentration variations are the two most discriminating factors
between overreached and normal athletes [51]. In an experimental study, Le Meur Y et.al.
showed decreased cardiac output at submaximal and maximal exercise intensities with
lower VO2max and reduced HR and SV values in triathletes after an overload training
period [52]. It, therefore, seems that the CPET of elite athletes should be interpreted
more carefully.

5. Exercise Prescription

CPET provides a context for determining a highly individualized training intensity
zones for prescribing a structured exercise program. The physiological response to exercise
characterizes the first and second VTs and VO2max, which allow for the identification of
four intensity zones as it is illustrated in Figure 2 [43]. Heart rate and workload correspond-
ing to each appropriate zone should be used for exercise prescription. Zone 1 consists of all
workloads below the first VT, which represents light to moderate-intensity exercise. Zone 2
comprises those workloads between the first and second VT (RCP) equals to moderate to
high-intensity exercise. The workloads above the CP that result in VO2max at exhaustion
are in Zone 3 constitute high to sever intensity exercise domain. Sprints and all-out efforts
above the workloads that allow for the attainment of VO2max are in Zone 4.

Constant workload exercise in Zone 1 brings about a steady-state VO2 that is sus-
tainable for a long duration (>30 min) with only a modest sense of fatigue. It is suitable
for the recovery phase of HIIT in athletes. Training in Zone 2 results in VO2 and lactate
steady-state conditions and is important in inducing significant improvements in these
parameters [24]. The highest workload with steady-state lactate is called critical power
(CP), a marker of the upper-limit of sustainable prolonged aerobic exercise [43]. Endurance
athletes like marathoners and triathletes benefit from improvements in these parameters.

Exercise training in Zones 3 and 4 might cause VO2 to reach maximum value without
steady-state achievement and is better defined by CP concept (Time limit at VO2max). The
duration of exercise is variable in these domains and based on the conditioning level of
athletes, it would be in the range of 3 to 20 min in Zone 3 and less than that in Zone 4.
Given a short exercise duration, these domains can only be used for HIIT programs [53].
There are various HIIT training protocols in the literature [53,54] that precisely characterize
the physiological response of the exercise program.

6. Summary and Practical Implications

CPET has extensive practical applications in athletes, and comprehensive knowledge
of exercise physiology in connection with various sports disciplines are essential for the
interpretation of the results. Measurement of baseline fitness and the assessment of car-
diopulmonary function in athletes suspected of having the cardiovascular or pulmonary
disease are common indications for CPET. Revealing more talented athletes along with
quantifying the physiologic parameters determinant of sports performance could be a
reliable guide for team doctors and coaches.

VO2max and VT are the well-known fitness parameters that depend on several factors,
including age, sex, genetic predisposition, and exercise training. Athletes need high values
for best performance but with varying importance in different sports.

• The critical power (CP) is a beneficial parameter for the assessment of an athlete’s
endurance status. However, the ventilatory threshold (VT) is a suitable parameter in
CPET to set the training loads in a highly individualized manner.

• O2 pulse indicates stroke volume and peripheral vascular perfusion/extraction re-
sponse to exercise. The values at different levels of exercise demonstrate central and
peripheral adaptations to exercise training.

• Ventilatory equivalent for oxygen (VE/VO2) indicates the ventilatory cost for O2
and begins to increase at the VT level. The values are lower at submaximal levels of
exercise in well-trained athletes.
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• Exercise economy is defined as ΔVO2/Δworkload, and the lower amounts are a
marker of better endurance performance in elite athletes.

• Respiratory compensation point (RCP) somewhere called the second VT is when there
is an exponential increase in VE in response to an excess CO2 production during
incremental exercise. Critical power and, to a lesser extent RCP, represent the high to
severe intensity of exercise and are useful in setting up an exercise training program
for athletes in specific sport disciplines.

CPET is a well-accepted method to evaluate the function of body organs integrated
into exercise. It could be a standard procedure to measure athletic performance in different
sport disciplines but is disregarded in this field. Reference values have to be determined
in athletes, so the interpretation of the results and performance differences would be
accurately quantified. Hereby we call for further research on a large number of athletes in
different disciplines to have comprehensive data for each CPET parameter in athletes.
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Simple Summary: Sports training may impact the variations of biomarkers in soccer players. Twenty-
five professional soccer players were assessed twice in the season for their hematology and biochemi-
cal status, while training loads were monitored over the season. Relationships between changes in
biomarkers and accumulated training loads were tested. Results revealed that that intense training
in the pre-season period leads to decreases and increases in different hematological and biochemi-
cal markers.

Abstract: Background: Pre-season training in soccer can induce changes in biological markers in the
circulation. However, relationships between chosen hematological and biochemical blood parameters
and training load have not been measured. Objective: Analyze the blood measures changes and
their relationships with training loads changes after pre-season training. Methodology: Twenty-five
professional soccer players were assessed by training load measures (derived from rate of perceived
exertion- known as RPE) during the pre-season period. Additionally, blood samples were collected
for hematological and biochemical analyses. Results: For hematological parameters, significant
increases were found for platelets (PLT) (dif: 6.42; p = 0.006; d = −0.36), while significant decreases
were found for absolute neutrophils count (ANC) (dif: −3.98; p = 0.006; d = 0.11), and absolute
monocytes count (AMC) (dif: −16.98; p = 0.001; d = 0.78) after the pre-season period. For biochemical
parameters, there were significant increases in creatinine (dif: 5.15; p = 0.001; d = −0.46), alkaline
phosphatase (ALP) (dif: 12.55; p = 0.001; d = −0.84), C-reactive protein (CRP) (dif: 15.15; p = 0.001;
d = −0.67), cortisol (dif: 2.85; p = 0.001; d = −0.28), and testosterone (dif: 5.38; p = 0.001; d = −0.52),
whereas there were significant decreases in calcium (dif: −1.31; p = 0.007; d =0.49) and calcium
corrected (dif: −2.18; p = 0.015; d = 0.82) after the pre-season period. Moreover, the Hooper Index
(dif: 13.22; p = 0.01; d = 0.78), and all derived RPE measures increased after pre-season period.
Moderate-to-very large positive and negative correlations (r range: 0.50–0.73) were found between
the training load and hematological measures percentage of changes. Moderate-to-large positive
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and negative correlations (r range: 0.50–0.60) were found between training load and biochemical
measures percentage of changes. Conclusions: The results indicated heavy physical loads during
the pre-season, leading to a decrease in immune functions. Given the significant relationships
between blood and training load measures, monitoring hematological and biochemical measures
allow coaches to minimize injury risk, overreaching, and overtraining.

Keywords: soccer; performance; biology; workload

1. Introduction

Elite soccer has intermittent characteristics that require players to frequently engage
in a high level of aerobic and anaerobic capacity [1]. Average VO2max values achieved by
soccer athletes can reach up to approximately 63 mL/kg/min. While, maximal aerobic
speed (MAS) can reach up to 17 km/h [2]. Professional soccer players have to perform
low-intensity activities interspersed with high-intensity short explosive actions during
training and matches [3].

Indeed, modern soccer is characterized by increasingly demanding physical activities
during both training sessions and matches [4]. In fact, professional players can cover up
to 7000 m of total distances (TD) in a single training session, and approximately 13,000 m
during a match [5]. From the above-mentioned TD volume, players are required to cover
significant distances in different high-intensity velocity thresholds, such as high-intensity
running (HIR), high-speed running (HSR), sprints, and accelerations and decelerations [6,7].
Furthermore, different positions in the field require different physical demands. Therefore,
it is essential to consider not only the biological individuality of each player, but also the
physical demands of each position on the field [8].

As mentioned above, the pre-season is considered a critical period as, overall, players
need to improve their fitness levels after the offseason period [9]. The detraining effects
of the offseason period are accompanied by impairments in both physical and skills
performance, that may be more pronounced if there is no individualized training program
during the offseason [9,10]. Despite that, a study conducted on 23 elite soccer players
showed improvements of approximately 8% in their aerobic and anerobic performance
after a pre-season period [11]. Furthermore, physical and physiological changes during
the in-season can be dependent on the physical and physiological status observed at the
beginning of the season [12]. However, a recent study showed that improvements in
aerobic fitness after a pre-season period may not happen in a linear fashion as the authors
found that fitness changes after the pre-season have a great variability between different
seasons [13].

For such reasons, it is of paramount importance to monitor internal load measures on
a daily basis. There are several psychometric measures, including fatigue, stress, soreness,
quality of sleep factors, and their respective Hooper Index score (sum of the four factors), to
monitor the well-being status of each player on a daily basis [14,15]. The Hooper Index score
has been associated with the training load in soccer, showing its usefulness for practice [16].
In fact, a recent study conducted on nine professional soccer players revealed that the
Hooper Index score had lower typical errors than the heart rate variability [17]. Thus, its
usefulness seems to be promising in monitoring player’s fatigue during a soccer season.
Furthermore, the load monitoring can be daily applied using subjective measures. Those
measure are based on the rate of perceived exertion (RPE) scales to obtain an indicator of
global internal load of soccer training sessions, such as the session-rate of perceived exertion
(s-RPE) [18]. In addition, other authors have started to use other RPE measures in their
investigations, such as the sRPE general, sRPE breath, and sRPE neuromuscular [19,20].
These new s-RPE measures can determine the subjective perception of exertion on different
body structures [20]. However, Los Arcos et al. [21], revealed no relationships between
sRPE general, sRPE breath, and sRPE neuromuscular with changes in aerobic fitness.
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Besides the common influencers of aerobic fitness (e.g., ventilatory kinetics, cardiac
process, neuromuscular status), other hematological and biochemical parameters assume a
preponderant role in athletes’ performance [22]. However, there is incongruent evidence
regarding the effects of acute and/or chronic training stimulus on hematological parame-
ters, such as hemoglobin (Hb), red blood cells (RBC), and hematocrit (Ht) [23]. It seems that
there is a trend to observe increases in the above-mentioned hematological parameters after
a period of soccer training, especially during the preparation phase [24]. The Hb, RBC, and
Ht are important hematological parameters since they are linked to the player’s aerobic
capacity, which is one of the physical aspects most trained during the pre-season [23,25].
In the case of biochemical parameters, they represent an important role for the monitoring
of an athlete’s responses to the training loads imposed [26]. For instance, cortisol and
testosterone levels represent good markers of training stress, with cortisol being associated
to catabolic processes and testosterone to anabolic processes [27]. In fact, a study conducted
on 25 soccer players affirmed that the high training volumes during the pre-season period
causes a decrease in testosterone levels and an increase in cortisol levels [28]. Thus, in
consequence of high training loads imposed, the athletes enter in a catabolic state that
impairs physical performance [29].

These facts reinforce the need to be aware of other possible biochemical associations
with the imposed training loads on athletes, especially during the pre-season period, where
higher loads are imposed to athletes. Moreover, considering the injury rate during a
soccer season, the neutrophils, monocytes, and eosinophils have an important role in
the reaction to inflammation, acting as a defense through the process of phagocytosis.
Lymphocytes and basophils also constitute a major importance in the immune system and
in the defense against acute viral and bacterial infections [30], given that their relationships
with training loads can be useful in relation to primary prevention of injuries. To the best
of our knowledge, there is no study addressing different blood biomarkers variations and
their interactions with different external load measures during the pre-season period. For
those reasons, the purpose of this study is twofold: (i) Analyze the variations of chosen
biological markers before and after the pre-season period and (ii) analyze the relationships
between variations of biological markers and workload imposed on the players.

2. Materials and Methods

The article reported according to STROBE (the Strengthening the Reporting of Obser-
vational Studies in Epidemiology) guidelines for cohort designs [31].

2.1. Study Design and Setting

The present study followed an observational analytic cohort design with a quasi-
experimental (pre-post) design. The period of data collection occurred between 2 June
(beginning of the pre-season) and 19 September (after pre-season) of 2019. On 2 June and
19 September, players were assessed for their biological markers. Between the periods,
the players were daily assessed for the training load parameters and wellbeing. From the
blood samples collected to measure the biological markers, hematological and biochemical
parameters were analyzed. All players were internally monitored in all training sessions
during the pre-season period. All internal loads were monitored using subjective measures.
For the quantification of subjective internal loads, the rate of perceived exertion (RPE)
and the session-rate of perceived exertion (s-RPE) for general, breath, and neuromuscular
perceived exertions were applied.

2.2. Participants and Study Size

Twenty-five professional soccer players (mean ± SD; age 28.1 ± 4.6 years old, height
176.7 ± 4.9 cm, body mass 72.0 ± 7.8 kg, and body fat percentage 10.3 ± 3.8%; body
mass index using Quetelet equation: 23.4 kg/m2), from a professional club competing
in the first league of Qatar (2019/2020 season), participated in this study. The inclusion
criteria were (i) completed blood samples collections before and after pre-season period;
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(ii) no history of any neuropsychological impairments that could affect the results of the
experiment (iii) absence of injuries, physical constraints, or illnesses during study period;
(iv) absence of fatigue or illness during the blood samples collections of before and after
the pre-season period; (v) participating in a minimum of 80% training sessions during
the study period; and (vi) not have taken drugs such as pain killers or others that may
influence the biochemical status during the two weeks before assessments. Technical
staff and professional soccer players were informed regarding the study design and its
related benefits and risks, as well as the main aims of the current investigation. All
players signed an informed consent form to voluntarily participate in this study. All
the professional soccer players in this study were treated according to the American
Psychological Association (APA) guidelines, which ensure the anonymity of participants’
responses. The study protocol was approved by the Scientific Committee of School of Sport
and Leisure (Melgaço, Portugal) with the code number CTC-ESDL-CE00118. The study
followed the ethical standards of the Declaration of Helsinki.

2.3. Variables, Data Sources, and Quantitative Variables
2.3.1. Anthropometry

Anthropometric measures were performed before and after the pre-season period, at
the same time of the day. Body mass was measured using a body composition monitor
(HD-351, Tanita, Arlington Heights, IL, USA) to the nearest 0.1 kg. While, the height was
measured using a stadiometer to the nearest 0.1 cm (Seca 217, Ham- burg, Germany). Fat
mass was also estimated using the body composition monitor. All measurements were
performed by the same professional with a level 2 certification from the International
Society for the Advancement of Kinanthropometry (ISAK). The experienced professional
was considered mainly for the case of ensuring accuracy and precision in anthropometric
measures related to height. Moreover, this professional also ensured the reproducibility
conditions for the case of body composition analysis using bioimpedance. Those conditions
were related to the protocol of cleaning the machine every time a player was measured,
waiting the same time between players and after cleaning, and ensuring the same player’s
position during the measurement.

2.3.2. Biological Markers
Hematological Parameters

Laboratory blood samples were collected from players’ antecubital vein in a seated
position. Blood samples (15 mL) were collected between 8:00 and 10:00 am, before and after
the pre-season period. The blood samples were collected with all players in fasting, and
with at least 12 h of rest (the time between the last training session, and the second blood
draw) before the laboratory blood tests. All blood samples were centrifuged at 2500 rpm
for 10 min, and the serum of each sample was immediately frozen at −80 ◦C for later
biochemical analysis. Furthermore, 3 mL of blood were collected into vacutainer tubes
containing ethylenediaminetetraacetic acid (EDTA). The blood samples were analyzed
through flow cytometry, using a flow cytometer (FACSCaliburTM, BD Biosciences, San Jose,
CA, USA) and using an automated hematology analyzer (Sysmex kx-21N Kobe, JAPAN).
This method allowed to obtain hematological variables as follow: WBC: White blood
cells; RBC: Red blood cells; Hb: Hemoglobin; Ht: Hematocrit; MCV: Mean corpuscular
volume; MCHb: Mean corpuscular hemoglobin; MCHbC: Mean corpuscular hemoglobin
concentration; RCDW: Red cells distribution width; PLT: Platelets; MPLTV: Mean platelets
volume; NEUT: Neutrophils; LYMP: Lymphocytes; MNC: Monocytes; EOS: Eosinophils;
BSO: Basophils; ANC: Absolute neutrophils count; AMC: Absolute monocytes count;
ALC: Absolute lymphocytes count; and AEC: Absolute eosinophils count.

Biochemical Parameters

From the 15 mL of each blood sample, 7 mL of the original blood samples were
placed into vacutainer tubes containing gelose for biochemical analysis. The blood serum
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was used to determine the following biochemical measures: Sodium, potassium, calcium,
creatinine, alkaline phosphatase (ALP), albumin, ferritin, C-reactive protein (CRP), total
cholesterol (TC), high-density lipoprotein cholesterol (C-HDL), low-density lipoprotein
cholesterol (C-LDL), triglycerides (TG), cortisol, testosterone, and testosterone/cortisol
ratio. All biochemical measures were analyzed using an Auto Chemistry Analyzer BM-100
(BioMaxima S.A., Lublin, Poland). The analyzer used was maintained by regular quality
control procedures according to the manufacturer’s instruction to avoid any inconvenience
during the procedures. The C-LDL was calculated based on the Friedewald Equation, i.e.,
TC-(TG/5)–C-HDL.

2.3.3. Training Load Monitoring
Internal Loads

Regarding internal loads, subjective measures were used. The CR-10 scale was used
to quantify each player rate of perceived exertion (RPE) [32]. Based on the CR-10 scale,
a value of 1 means “very light activity” and a value of 10 means “maximal exertion”.
Approximately 10 to 30 min after each training session, the RPE was individually collected
and without the influence of others [33]. All players were familiarized with the RPE
scale. Furthermore, to obtain the session-rate of perceived exertion (s-RPE), the RPE value
attributed by each player was multiplied by the duration in minutes of each training
session [34]. Thus, the s-RPE (expressed in arbitrary units [A.U.]), was used as the final
outcome of subjective internal load measure to be analyzed in the present study. sRPE
general, sRPE breath, and sRPE neuromuscular were also monitored as recommended
elsewhere, for professional soccer players [19].

Well-Being Measures

For quantifying the well-being status of each player, a self-reported questionnaire
comprised of a 7-point scale was used on a daily basis [15]. The questionnaire included
questions involving stress, fatigue, delayed onset muscle soreness (DOMS), and sleep
quality perceived levels. After the players answered the questions, the Hooper Index
was used for analysis based on the scale, being calculated based on the sum of points
from the four categories. This latter measure is the sum of the four question ratings.
The questionnaire was sent to each player approximately 30-min before the training or
match session.

Urine Color

The urine color chart [35] was implemented to the players before and after the pre-
season period. At both times, urine was collected in a clear container and compared by the
same observer with urine color chart. In this scale, the score varies between 1 (lightest) and
8 (darkest). The color “yellow”, “pale yellow”, or “straw yellow” indicates euhydration,
while “dark” represents hypohydration [35]. The scale was previously confirmed as
valid [36] to assess hydration.

2.3.4. Statistical Procedures

Statistical analyses were carried out using the software Statistica (version 13.1; Statsoft,
Inc., Tulsa, OK, USA). For all analyses, significance was accepted at p < 0.05. Descriptive
statistics are represented as mean ± standard deviation (SD) with standard mean difference
data. Tests of normal distribution and homogeneity (Kolmogorov–Smirnov and Levene’s,
respectively) were conducted on all data before analysis. Paired sample t-test was used
for determining differences as a repeated measures analysis (pre–post). Cohen d was the
effect size indicator. To interpret the magnitude of the effect size, we adopted the following
criteria: d = 0.20, small; d = 0.50, medium; and d = 0.80, large [37]. A Pearson’s correlation
coefficient r was used to examine the relationship between the percentage of change of
all biological mark [100 − (post × 100)/pre) and the training load (urine, sleep quality,
stress, fatigue, soreness, Hooper Index, RPE general, RPE breath, RPE neuromuscular, sRPE
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general, sRPE breath, and sRPE neuromuscular [100 − (post × 100)/pre]). To interpret
the magnitude of these correlations, we adopted the following criteria [37]: r ≤ 0.1, trivial;
0.1 < r ≤ 0.3, small; 0.3 < r ≤ 0.5, moderate; 0.5 < r ≤ 0.7, large; 0.7 < r ≤ 0.9, very large;
and r > 0.9, almost perfect. Regression analysis was used to model the prediction of SMD
blood biomarkers from remaining variables with positive correlation.

3. Results

First, a paired measure t-test with hematological parameters (WBC, RBC, RCDW, Hb,
MCV, MCHb, MCHbC, MPLTV, EOS%, BASO%, NEUT%, LYMP%, MNC%, ALC, and
AEC) showed no significant differences between before and after the pre-season period.
There was a significant increase in PLT, while a significant decrease in AMC and ANC after
the pre-season period (see Table 1, for more information).

Table 1. Before and after pre-season data (mean ± SD) of anthropometric and hematological parameters (HP).

Before
Pre-season

After
Preseason

%
Change

t-Test
(p)

Antropometric
measures

Body Mass (kg) 72.00 ± 6.37 69.92 ± 6.44 2.77 p = 0.001 ** |d = 0.32
Body Fat (%) 10.30 ± 3.15 8.10 ± 2.49 19.79 p = 0.001 ** |d = 0.77

Hematological
parameteres

WBC (109/L) 5.38 ± 1.02 5.20 ± 1.21 −3.35 p = 0.10 |d = 0.16
RBC (1012/L) 4.94 ± 0.27 4.94 ± 0.34 0.00 p = 1.00 |d = 0.00

Hb (g/L) 14.63 ± 0.73 14.67 ± 0.65 0.27 p = 0.61 |d = −0.05
Ht (%) 43.03 ±1.44 42.93 ± 1.67 −0.23 p = 0.79 |d = 0.06

MCV (fL) 86.98 ± 4.58 87.64 ± 4.40 0.76 p = 0.34 |d = −0.14
MCHb (pg) 29.84 ± 1.58 29.92 ± 1.79 0.27 p = 0.26 |d = 0.16

MCHbC (g/dL) 33.91 ± 0.81 33.93 ± 0.85 0.06 p = 0.87 |d = −0.02
RCDW (%) 13.40 ± 0.83 13.49 ± 0.91 0.67 p = 0.28 |d = −0.10

PLT (103/μL) 217.00 ± 38.41 230.94 ± 38.57 6.42 p = 0.006 * |d = −0.36
MPLTV (fL) 8.82 ± 0.90 8.68 ± 0.78 −1.59 p = 0.06 |d = 0.16
NEUT (%) 43.01 ± 9.83 42.99 ± 10.84 −0.05 p = 0.98 |d = 0.001
LYMP (%) 42.91 ± 9.55 44.36 ± 10.10 3.38 p = 0.24 |d = −0.14
MNC (%) 9.49 ± 1.97 9.04 ± 1.71 −4.74 p = 0.09 |d = 0.24
EOS (%) 3.46 ±1.26 3.44 ± 1.11 −0.58 p = 0.88 |d = 0.01

BASO (%) 0.70 ± 0.28 0.68 ± 0.26 −2.86 p = 0.35 |d = 0.07
ANC (109/L) 2.26 ± 0.81 2.17 ± 0.79 −3.98 p = 0.006 * |d = 0.11
ALC (109/L) 2.34 ± 0.50 2.26 ± 2.97 −3.42 p = 0.26 |d = 0.03
AMC (109/L) 0.53 ± 0.11 0.44 ± 0.12 −16.98 p = 0.001 * |d = 0.78
AEC (109/L) 0.19 ± 0.11 0.19 ± 0.11 0.00 p = 0.86|d = 0.00

HP: Hematological parameters; WBC: White blood cells; RBC: Red blood cells; Hb: Hemoglobin; Ht: Hematocrits; MCV: Mean corpuscular
volume; MCHb: Mean corpuscular hemoglobin; MCHbC: Mean corpuscular hemoglobin concentration; RCDW: Red cell distribution
width; PLT: Platelets; MPLTV: Mean platelets volume; NEUT: Neutrophils; LYMP: Lymphocytes; MNC: Monocytes; EOS: Eosinophils;
BASO: Basophils; ANC: Absolute neutrophils count; ALC: Absolute lymphocytes count; AMC: Absolute monocytes count; AEC: Absolute
eosinophils count; * Denotes significance at p < 0.05, and ** denotes significance at p < 0.01.

A new paired measures t-test with biochemical parameters including, potassium,
albumin, ferritin level, TC, TG, C-HDL, and, C-LDL, showed no significant differences be-
tween before and after the pre-season period. There was a significant increase in creatinine,
ALP, CRP, cortisol, and testosterone, while a significant decrease in calcium and calcium
corrected after the pre-season period (see Table 2, for more information).
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Table 2. Before and after pre-season data (mean ± SD) of biochemical parameters (BcP).

Before
Pre-Season

After
Pre-Season

%
Change

t-Test
(p)

Sodium (mmol/L) 140.68 ± 1.22 140.76 ± 1.07 0.06 p = 0.70 |d = −0.06
Potassium (mmol/L) 4.01 ± 0.28 4.09 ± 0.35 2.00 p = 0.08 |d = −0.25
Creatinine (μmol/L); 83.55 ± 9.59 87.85 ± 8.75 5.15 p = 0.001 **|d = −0.46
Calcium (mmol/L) 2.29 ± 0.07 2.26 ± 0.05 −1.31 p = 0.007 ** |d = 0.49

Calcium Corr.
(mmol/L) 2.29 ± 0.07 2.24 ± 0.05 −2.18 p = 0.015 * |d = 0.82

ALP (IU/L) 65.75 ± 11.40 75.13 ± 10.79 12.55 p = 0.001 **|d = −0.84
Albumin (g/L) 40.95 ± 2.53 40.41 ± 2.51 −1.32 p = 0.94 |d = 0.21
Ferritin (μg/L) 97.81 ± 59.15 101.69 ± 65.53 3.97 p = 0.16 |d = −0.06
CRP (mcg/mL) 2.64 ±0.55 3.04 ±0.63 15.15 p = 0.001 **|d = −0.67
TC (mmol/L) 4.35 ± 0.85 4.45 ± 0.69 2.30 p = 0.30 | d = −0.12
TG (mmol/L) 1.34 ± 0.96 1.23 ± 0.78 −8.21 p = 0.14 | d = 0.12

C-HDL (mmol/L) 1.27 ± 0.35 1.33 ± 0.38 4.72 p = 0.09 | d = −0.16
C-LDL (mmol/L) 2.70 ± 0.64 2.54 ± 0.61 −5.93 p = 0.24 | d = 0.25
Cortisol (mcg/dL) 20.72 ± 2.16 21.31 ± 1.95 2.85 p = 0.001 **|d = −0.28

Testosterone (mcg/dL) 6.51 ± 0.63 6.86 ± 0.69 5.38 p = 0.001 **|d = −0.52

BcP: Biochemical parameters; ALP: Alkaline phosphatase; CRP: C-reactive protein; TC: Total cholesterol; TG: Triglycerides; C-HDL:
High-density lipoprotein cholesterol; C-LDL: Low-density lipoprotein cholesterol; * Denotes significance at p < 0.05, and ** denotes
significance at p < 0.01.

At this point, testosterone/cortisol ratio (T/C ratio) was calculated. In fact, the T/C
ratio has been considered as an important physiologicaal variable to gauge individual
condition and responses. In this sense, a t-test with data form the T/C ratio showed the
same values before (0.317 ± 0.05) and after (0.324 ± 0.04) pre-season period [t(25) = 2.13,
p = 0.07, d = 0]. Testosterone/cortisol ratio over the period can be found in Figure 1.

Figure 1. Before and after pre-season data (mean ± SD) of testosterone/cortisol ratio.

Regarding training load data, a paired measures t-test revealed no significant differ-
ences between before and after the pre-season period for urine color, stress, fatigue, sleep
quality, and soreness measures. There was a significant increase in the Hooper Index, RPE
(general), RPE (breath), RPE (neuromuscular), sRPE (general), sRPE (breath), and sRPE
(neuromuscular) after pre-season compared to before pre-season (see Table 3, for more
information).
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Table 3. Before and after pre-season data of training loads (mean ± SD).

Before Pre-Season After Pre-Season % Change
t-Test

(p)

Urine color (A.U.) 2.43 ± 0.28 2.39 ± 0.20 −1.65 p = 0.65 | d = 0.16
Sleep Quality (A.U.) 2.75 ± 0.48 2.62 ± 0.39 −4.73 p = 0.30 | d = 0.29

Stress (A.U.) 2.33 ± 0.82 2.23 ± 0.31 −4.29 p = 0.58 | d = 0.16
Fatigue (A.U.) 2.88 ± 0.64 2.81 ± 0.62 −2.43 p = 0.64 | d = 0.11

Soreness (A.U.) 2.99 ± 0.66 2.74 ± 0.54 −8.36 p = 0.14 | d = 0.41
Hooper index (A.U.) 9.15 ± 1.63 10.36 ± 1.49 13.22 p = 0.01 * | d = 0.78
RPE (General) (A.U.) 3.23 ± 0.58 3.63 ± 0.44 12.38 p = 0.03 * | d = −0.77
RPE (Breath) (A.U.) 2.65 ± 0.28 3.11 ± 0.31 17.36 p = 0.006 ** | d = −1.55

RPE (Neuromuscular) (A.U.) 3.29 ± 0.50 3.05 ± 0.40 −7.29 p = 0.04 * | d = 0.53
sRPE (General) (A.U.) 217.81 ± 52.69 295.79 ± 46.84 35.80 p = 0.001 ** d = −1.56
sRPE (Breath) (A.U.) 179.46 ± 25.92 251.58 ± 31.89 40.19 p = 0.001 ** | d = −2.48

sRPE (Neuromuscular) (A.U.) 174.65 ± 44.05 287.65 ± 40.08 64.70 p = 0.001 ** | d = −2.56

RPE: Rate of perceived exertion; sRPE: Session rate of perceived exertion; A.U.: Arbitrary units * Denotes significance at p < 0.05, and
** denotes significance at p < 0.01.

Table 4 shows the relationships between percentage change of training load and
the percentage of changes in hematological parameters. Very large positive correlations
between RPE (general) and MCN% (r = 0.73; p = 0.001), and very large negative correlations
between RPE (neuromuscular) and NEUT% (r = −0.71; p = 0.002) were found. Large
positive correlations were found for the Hooper Index (r = 0.67; p = 0.004), soreness
(r = 0.61; p = 0.01), and fatigue (r = 0.57; p = 0.02) with ALC percentage of changes. In
addition, large positive correlations between sRPE (general) (r = 0.60; p = 0.012), RPE
(neuromuscular) (r = 0.53; p = 0.03), and MNC percentage of changes were found. While,
moderate negative correlations were found between stress and EOS (r = −0.50; p = 0.04)
percentage of changes.

The associations between the percentage of change of training load and the percentage
of changes of biochemical parameters can be seen in Table 5. Large negative correlations
between sRPE (general) and sodium (r = −0.60; p = 0.013), between sleep quality (r = −0.58;
p = 0.01), stress (r = −0.53; p = 0.033) and albumin, and between urine (r = −0.51; p = 0.04)
and creatinine percentage of changes were found. On the other hand, large positive
correlations between sRPE (breath) (r = 0.60; p = 0.014) and testosterone, and between
RPE (general) (r = 0.56; p = 0.02) and C-HDL percentage of changes were found. While,
moderate positive correlations between RPE (neuromuscular) (r = 0.50; p = 0.04) and ALP
percentage of changes were found.
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A multilinear regression analysis was performed to verify which variable of percentage
of change of training load (agreement with the correlation analysis) could be used to better
explain the percentage of change of hematological and/or biochemical parameters.

The percentage of change of urine color was a predictor of the percentage of change
of creatine (r = −0.51). The percentage of change of sleep quality was a predictor of
the percentage of change of albumin (r = 0.58). The percentage of change of stress was
a predictor of the percentage of change of EOS and albumin (r = −0.50 and r = −0.53).
The percentage of change of fatigue was a predictor of the percentage of change of ALC
(r = −0.57). The percentage of change of soreness and hooper index were predictors of
the percentage of change of ALC (r = 0.61 and r = 0.67), respectively. The percentage of
change of RPE (general) was a predictor of the percentage of change of MNC and C-HDL
(r = 0.73 and r = 0.56), respectively. The percentage of change of RPE (neuromuscular)
was a predictor of the percentage of change of NEUT, MNC and ALP (r = −0.71, r = 0.53,
and r = 0.50), respectively. The percentage of change of sRPE (general) was a predictor of
the percentage of change of MNC and sodium (r = 0.60 and r = −0.60), respectively. The
percentage of change of sRPE (breath) was a predictor variable of the percentage of change
of testosterone (r = 0.60) (see Table 6. for more information).

Table 6. Regression analysis for the percentage change of training loads based on percentage change on the remaining
blood biomarkers.

Training Load Biomarkers b * SE of B * R2 Adjusted R2 F p

% change of urine color % change of creatine −0.51 0.22 0.26 0.21 5.10 0.04

% change of sleep quality % change of albumin −0.58 0.21 0.34 0.30 7.44 0.01

% change of stress % change of EOS −0.50 0.23 0.25 0.20 4.86 0.04
% change of albumin −0.53 0.22 0.28 0.23 5.63 0.03

% change of fatigue % change of ALC 0.57 0.21 0.32 0.27 6.80 0.02

% change of soreness % change of ALC 0.61 0.21 0.37 0.33 8.40 0.01

% change of hooper index % change of ALC 0.67 0.19 0.45 0.41 11.57 0.004

% change of RPE general % change of MNC 0.73 0.18 0.53 0.50 16.02 0.001
% change of C-HDL 0.56 0.21 0.32 0.27 6.70. 0.02

% change of RPE
neuromuscular % change of NEUT −0.71 0.18 0.50 0.47 14.41 0.001

% change of MNC 0.53 0.22 0.28 0.23 5.49 0.03
% change of ALP 0.50 0.23 0.25 0.19 4.72 0.04

% change of sRPE general % change of MNC 0.60 0.21 0.37 0.32 8.28 0.01
% change of sodium −0.60 0.21 0.36 0.31 8.05 0.01

% change of sRPE breath % change of
testosterone 0.60 0.21 0.36 0.31 7.90 0.01

* Denotes significance at p < 0.05.

4. Discussion

The purpose of this study was twofold: (i) Analyze the variations of biological markers
before and after the pre-season period and (ii) analyze the relationships between variations
of biological markers and workload imposed on the players. To the best of our knowledge,
there is no study that addresses different blood biomarkers variations and their interactions
with different internal load measures during the pre-season period. The major findings of
the present study indicate that the Hooper Index, RPE (general, breath, and neuromuscular),
and sRPE (general, breath, and neuromuscular) increased progressively after the pre-season.
Likewise, PLT, creatinine, CRP, ALP, cortisol, and testosterone increased, whereas ANC,
AMC, calcium, and calcium corrected decreased significantly after the pre-season period.
Furthermore, several significant relationships were found between blood biomarkers,
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training load parameters (RPE and sRPE), and psychometric variables (the Hooper Index,
fatigue, stress, soreness, and quality of sleep).

The pre-season is widely accepted to be the period with a high training load [38,39],
and concomitant augmented risk of sustaining injuries [40]. High-quality pre-season soccer
training plays a role not only in improving physical fitness (aerobic capacity), but also in
injury prevention [41]. The monitoring of blood biomarkers before and after pre-season
plays a role in increasing positive adaptation, and reducing the risk of injuries, illness, and
overreaching caused by stress factors that occur during soccer matches over a season [42].
In our study, significant increases were found in training load parameters, the Hooper
Index, RPE (general), RPE (breath), RPE (neuromuscular), sRPE (general), sRPE (breath),
and sRPE (neuromuscular) after pre-season compared to before pre-season. Recent studies
have frequently shown that internal or external workload indices [43]. In addition, the
Hooper Index parameters were found to be higher during the pre-season period compared
to other periods of the season [44,45]. The increase in training load parameters in the
pre-season is usually due to the progressive overload principle of training, to prepare the
players to meet the physical demands of the upcoming season [39].

Furthermore, the present study revealed a significant increase in PLT after the pre-
season period. In the literature, there are studies with different results regarding the
decrease [22], increase [46–48], or lack of changes [42] in PLT after long-term intensive
soccer or different kinds of exercises. Michail et al. [46] revealed a similar conclusion to
the results of the present study, as they found a significant increase from 231 × 103/μL to
244 × 103/μL of the PLT amount after the soccer intensive exercise intervention program.
Moreover, a study conducted on 13 male soccer players, with significant augment in
PLT levels (209.76 ± 33.83 to 249.76 ± 61.09 × 103/μL) was noted following 2 weeks of
pre-tournament moderate-to-high intensity training period [49]. Contrary to our study,
Ozen et al. [50] found an increase in PLT after the pre-season training period in well-
trained young soccer players. However, their reported increase (pre: 205.57 ± 54.94, post:
214.85 ± 23.12) was not significant.

The reason for a high number of circulating PLT in the blood (thrombocytosis) after
intense soccer exercise can be explained by epinephrine hormone secration, which has
the ability to cause a strong contraction of the spleen (the storage area of one-third of the
body’s PLT), and may play a role in the increase in PLT after exercise [51]. Likewise, it was
declared that the mechanisms related to the increase in PLT after high intensity exercises
were not clear [48]. However, those increases might be due to increased PLT production by
cells in the bone marrow, and decreased removal of PLT from the blood, which was one of
the functions of the spleen [48]. Another possible mechanism is shear and oxidative stress,
which can activate PLT. Exercise-activated PLT contribute in growth factors liberation and
proinflammatory mediators [52]. As in this study, an increase in PLT after intense exercise
may also be associated with an improvement in performance. It was previously reported
that hyperactive PLT have some pleiotropic effects on endurance sport performance, both
by releasing ergogenic mediators and triggering an increase in performance-enhancing
substances, such as nitric oxide into the circulation [53].

Regarding hematological parameters, our study revealed that the ANC and AMC
significantly decreased after the pre-season period. Consistent with our findings, Heister-
berg et al. [54] indicated that the numbers of circulating monocytes decreased at the end of a
training season. In other study, it was noted that there was an increase in neutrophils and a
decrease in lymphocytes after short periods of pre-tournament training [49]. Ozen et al. [50]
reported no significant differences in subpopulations of leukocytes (lymphocytes, neu-
trophil, monocyte, and basophil percentage) after the pre-season period in young male
football players. In a previous study, which was not consistent with the findings of our
study in terms of neutrophil, an increase in neutrophil counts was found after regular and
vigorous soccer exercises, and it was suggested that this situation was associated with
minor inflammatory events [22]. In addition, contrary to our study, Dias et al. [55] notified
an increase in total leukocyte, neutrophil, and monocyte counts, whereas lymphocytes
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reduced by the end of the season in volleyball athletes, and they also claimed that the
increase in total neutrophils and monocytes might be due to muscle tissue remodelation,
resulting from potential damage induced by training load and competition.

Furthermore, the present study revealed that decreases in ANC and AMC after the
pre-season period may be related to the timing of blood collection after the last exercise
session. In our study, there was a time of 12 h between the last training session, and the
second blood draw (after the pre-season). This may have caused a short-term temporary
suppression of the immune system in soccer players after the last training session, i.e.,
the previous day’s acute high-intensity exercise. This situation is defined as “open win-
dow” immunological phenomenon in the literature [56–58]. Moreover, previous studies
showed that high-intensity exercises could lead to a short-term, acute inflammatory re-
sponse [59–62]. Another study also supports the findings of the present study, in which the
authors alleged that intense endurance activities decreased neutrophils, and monocytes in
athletes, and this condition was related to the depression of the immune systems, which
triggered an increased the risk of disease or infection, especially the pre-season period [63].
Lastly, regarding the leukocyte count and subpopulations in the pre-season period, the
present study shows that there is no pathological condition, only the decreases in ANC
and AMC may be associated with timing of blood collections. It can also be suggested that
training in pre-season do not produce chronic effects on immune function and susceptibility
to infection.

Creatinine is a metabolic product of a creatine breakdown during energy metabolism.
The serum creatinine level is a known parameter for evaluating renal function in clinical
medicine, and is used as an indicator of general health status and water-electrolyte balance
in sports medicine [64]. The present study revealed that there was a significant increase in
creatinine after the pre-season period. Our results are not consistent with some studies. For
instance, Meyer & Meister [65] found only minor changes in creatinine levels in professional
football players over a season. Another study revealed that there was no significant change
in the serum creatinine level of rugby players before and after the training camp [66].
Furthermore, Andelković et al. [22] affirmed that serum creatinine levels in soccer players
decreased significantly throughout the study, which might be related to the increase in
training and competition workloads during the half competitive season. Prior studies
on soccer player demonstrated that creatinine levels were higher in players with greater
training and match loads (cumulative match-time) throughout the season [64], and also
increased post-match in comparison with pre-match values due to the high intensity of
the performance during the match [67]. Regarding creatinine as a by-product of muscle
contraction, its rise after a match or higher training load, especially the pre-season period,
could be due to the deterioration of muscle tissue [67]. Additionally, another study asserted
that the increase in plasma creatinine after intense soccer exercise stemmed from the
creatinine release from working muscles, dehydration, and/or reduction in renal blood
flow and glomerular filtration rate [68]. In our study, there were negative large correlations
between the percentage of change of urine color and percentage of change of creatinine.
After creatinine is used by the muscles, it is filtered by the kidneys, and excreted in the
urine, based on this information, this study reveals that urine is the determinant of the
percentage change in creatinine.

Increased levels of oxidative stress are closely associated with markers of muscle
damage with high inflammation [59]. CRP is the most common inflammation molecule of
the body’s acute phase response, and it increases the inflammatory response to various
stimuli that initiate the acute phase response [47,69,70]. In our study, significant increases
were found in CRP values after post-pre-season compared to pre-pre-season. The CRP
level has been found to increase during the inflammed state, that is, after intense exer-
cise [71,72]. Significant increases in CRP after a soccer match in amateur soccer athletes was
previously shown [47]. Mohr et al. [73] also found CRP values before (0.9 ± 0.1 mg/L), and
after (1.3 ± 0.0 mg/L) the preparation period in professional soccer players. The studies
mentioned above support the results of our study. However, these results differ from the
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study published by Radzimiński et al. [70], where it was found that elevated CRP values
were not detected in soccer players during a pre-season sports camp (pre: 1.44 ± 0.7 mg/L,
post: 0.83 ± 0.34 mg/L), i.e., above the reference range (<5.0 mg/L).

It was recently determined that decreases in CRP levels of futsal players, also asserted
that reductions in the CRP level indicated that players adapt to the training load applied
throughout the competitive season [59]. Radzimiński et al. [70], emphasized that inflamma-
tion in the bodies of pre-season soccer players might be the result of misuse of high-intensity
training loads in a short time. On the other hand, a previous study stated that GPS variables
associated with high-intensity activities, such as running speeds, accelerations, and decel-
erations were useful markers for detecting muscle damage or inflammation [74]. Similarly,
Coppalle et al. [69] found a significant and very large correlation between total distance
covered (>20 km/h) and CRP after the pre-season period in professional soccer players. The
increment in CRP after the pre-season may be related to the frequent use of high-intensity
activities in training during this period. However, the present study exhibited that this
increase in CRP does not seem to reflect a pathological condition. Finally, it was pointed
out that the rise in CRP after intensive exercise could be the result of mechanisms, such as
the inflammatory response to injuries or agents (interleukin-6, i.e., the main stimulator of
CRP secretion) that might be associated with elevated inflammation in athletes [47].

Moreover, the present study showed that alkaline phosphatase (ALP) significantly
increased after the pre-season period. In the literature, some studies showed that ALP
increased after intense soccer exercise [68,75], while some studies showed that no significant
change in the ALP level of players with a higher training load over a season [64]. As in
our study, the increase in ALP after intense soccer exercises might be associated with the
result of some leakage from skeletal muscles of enzymes that play a role in the sustained
release of ATP, and catabolize amino acids during exercises [68]. In addition, the increase
in ALP after the pre-season period in our study may be explained by another study [76],
as the authors suggested that the elevation in ALP levels reflected liver increased activity
for gluconeogenesis, lipid peroxidation, and increased bone turnover triggered by the
duration and intensity of exercise. Considering the CRP and ALP parameters related
to inflammation, the physiological increase in CRP and ALP may be the result of acute
high-intensity exercise [61] performed the day before blood collections. However, the
present study demonstrated that pre-season intense soccer training does not cause any
chronic effect on susceptibility to inflammation.

Calcium is a necessary mineral for proper growth, maintenance, and repair of bone
tissue, nerve conduction, blood coagulation, and regulation of muscle contraction. Serum
calcium level is tightly arranged by calcitonin and parathyroid hormone, independent
of acute calcium intake [77–79]. In our study, statistically significant reductions were
found in the calcium and calcium corrected after the pre-season period. The study of
Mashiko et al. [66] does not coincide with our results, as they reported that there was
no significant difference in the serum calcium level of rugby players after 20 days of pre-
season intensive training. In our study, the decrease in calcium after an intense pre-season
period can be explained as follows; calcium may leak into the tissue to create muscle
contractions during exercise, so blood levels may decrease after intense exercises. In the
report published by the UEFA expert group on nutrition in elite soccer, a daily calcium
intake of 1300–1500 mg/dL is recommended for professional soccer players to optimize
bone health in cases of relative energy deficiency in sports [77]. Accordingly, a recent
study determined that soccer players did not meet their daily calcium needs in the pre-
season period [79]. Given the importance of calcium for bone health, reductions in calcium
concentration may result in decreases in bone mineral density, which can elevate the risk
of injury to players throughout the season.

Cortisol and testosterone hormones play a role in catabolic and anabolic processes [80],
are frequently used in studies as training stress markers, and these markers are closely
associated with overreaching and overtraining syndromes [28,81]. The results found in
the present study demonstrated that both cortisol and testosterone were significantly aug-
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mented in response to a soccer pre-season period. Di Luigi et al. [82] reported that salivary
cortisol and testosterone level increased after an acute response to soccer exercise in young
soccer player. Similarly, Muscella et al. [83] observed increases in both testosterone and
cortisol levels after an intense training period in soccer referees. Nogueira et al. [84] re-
marked that testosterone increased, while the cortisol hormone decreased in futsal players
after 4-weeks of pre-season. The same authors [84], noted that these results promoted an
anabolic environment, which is also consistent with the finding of the study conducted by
Perroni et al. [81]. Nevertheless, there are studies showing the formation of a catabolic en-
vironment (increases in cortisol, and decreases in testosterone levels) due to a high training
load in the pre-season period [28,29,39,42]. It was reported that such a catabolic physiologi-
cal environment could adversely affect various physical performance-related parameters
such as speed, vertical jump height, and muscle strength throughout the season [28]. The
T/C ratio is used to evaluate the balance between anabolic and catabolic activity [85,86],
and represents a benefical tool in the early detection of overtraining [87]. The present
study revealed that there were no significant changes in the T/C ratio after the pre-season
training period. This result was supported by a previous study that showed that no sig-
nificant changes in the T/C ratio after intense pre-season traninig in soccer players [88],
and non-athletic men [83]. Contrary to our findings, recent studies observed significant
reductions in the T/C ratio in response to a high volume of training sessions [39,89], and a
period of congested match play [86,89] in professional soccer players. Similarly, another
study demonstrated that a decrease equal or higher than 30% in the T/C ratio reflected
state of catabolism, which resulted in a prolonged recovery time, fatigue, and deterioration
of competitive soccer performance [90]. Additionally, our result was not similar to previous
studies that reported that the T/C ratio increased significantly in team sports athletes after
the pre-season period [81,84,85,89]. As in the present study, Botelho et al. [88] stated that
a significantly unchanged T/C ratio after the pre-season period was associated with a
favorable response to the training load, and adequate coping with training stresses. The
current study revealed that the T/C ratio, which did not change significantly, and the
conversely significant increases in cortisol and testosterone, after the pre-season could
be explained by an environment that reflects a dynamic hemostatic balance between an
anabolic and catabolic process in muscle [81,83]. This is very important in terms of both the
prevention of the risk of injury of the players, and the quality of their physical performance
during the training and competition season. Nonetheless, considering the testosterone,
cortisol, and T/C ratio, the training load distribution and the load-rest relationship are well
adjusted during the pre-season period, and the players have responded adequately to the
training load without the accumulation of fatigue. Additionally, they probably have not
experienced overreaching and overtraining. Moreover, the current study showed that the
percentage of change of sRPE breath was a predictor variable of percentage of change of
testosterone. Consistent with the present study, Peñailillo et al. [91] reported that the rate of
perceived exertion was positively related to the change in testosterone levels. Accordingly,
another study found that a higher internal training load (RPE-based) triggered anabolic
stimulus (that is increases testosterone secretion) which positively affected performance in
professional soccer players [92].

The present study indicated that negative large correlations were observed between
a percentage of change of sleep quality and percentage of change of albumin, and also a
percentage of sleep quality was a predictor variable of percentage of change of albumin.
Sleep needs and rest are important for rapid recovery, and preventing the risk of illness,
injury, and bad-overreaching in the pre-season period [93]. The deterioration in sleep
quality due to a higher training load can be observed in the pre-season period, which may
negatively affect biochemical parameters, especially albumin [30,42]. A previous study
showed that that high-volume running exercises, which were frequently performed during
pre-season training, caused a high sweating rate, which led to blood thickening, and as
a result, it triggered an increase in the amount of albumin in the blood. Furthermore, in
our study, blood measurements were performed in the morning hours (08.00–10.00 a.m.).
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Moreover, it was indicated that the augment in serum albumin levels in morning hours
was closely related to the fact that normal blood thickening was not restored by overnight
rest after exercise [66].

In the literature, there are limited studies examining the relationship between internal
load indices (RPE, sRPE), wellness parameters (hooper index), and blood biomarkers.
This is the first study to examine the relationship between pre-season training load (RPE,
sRPE, and the Hooper Index) and blood biomarkers. Still, regarding the relationships
between blood biomarkers, training load parameters (RPE and sRPE), and psychometric
variables found in the present study, it is suggested that the internal load and Hooper Index
parameters are associated with markers of inflammation and muscle damage. Interestingly,
Dias et al. [55] reported that immune variables, such as total leukocytes, neutrophils,
and lymphocytes might be modulated by training loads and by tactical and physical
components. Indeed, Coppalle et al. [69] indicated that muscle damage or inflammation
indicators, such as lactate dehydrogenase were correlated to RPE values, and suggested
that the fatigue-related muscle damage enzyme increased at high perceived exertion levels.
The same findings were also observed in our study. However, further research is needed to
generalize the results from this study.

The present study contains some limitations that should be emphasized. First, the
number of participants in our study was not very large. Considering the relationship
between nutrition and hematological/biochemical parameters, no determination was
made regarding the nutritional status of players in the pre-season period. In other words,
the food consumption of players was not followed nor were there even supplements taken
in the period. Furthermore, no measurements were made regarding the injury rate of
the players. The relationship between pre-season training load parameters and injury
rate could be examined. Despite the limitations mentioned above, the present study is to
first examine different blood biomarkers variations and their interactions with different
internal load measures during the pre-season period. In the future, by elevating the number
of participants, it is recommended to increase the number of studies to compare blood
biomarkers taking into account the gender and age factor in teams in different leagues
according to player positions during the pre-season or the entire season, and to examine
the relationships between these biomarkers, training load, and injury rate.

5. Conclusions

The present study revealed that intense training in the preseason period leads to
decreases (ANC, AMC, calcium, and calcium corrected), and increases (PLT, creatinine,
CRP, ALP, cortisol, and testosterone) in different hematological and biochemical markers.
The present study also showed several significant relationships between blood biomarkers,
training load parameters, and wellness variables. Given that, training load distribution
is of critical importance in the optimization of blood biomarkers, especially during the
pre-season period. In addition, ensuring a balance between the training load and blood
biomarkers in the pre-season period contributes to the maintenance of high level physical
performance of players during the entire season, and to prevent the risk of injury, bad-
overreaching, and overtraining. Moreover, comprehensive monitoring of blood biomarkers
in terms of hematological, nutritional, biochemical, muscle damage, and hormonal markers
along with internal load indices and wellness measures can provide clearer insights into
the mechanisms underlying players’ performance throughout the season.
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Abstract: This study aimed to determine if there is a difference in postural stability in highly trained
adolescents and young adult athletes regarding sex and sport. The participants were young athletes
(n = 464) from seven different sports. We considered the center of pressure (CoP) velocity (total,
anterior–posterior (AP) and medial–lateral (ML)), CoP amplitude (AP and ML), and CoP frequency
(AP and ML), as assessed by single-leg quiet stance test. Significant interactions were found between
sex and sport for all CoP variables (p < 0.02). Additionally, a significant main effect of sport was
also found in all CoP variables (p = 0.01). Regarding sex, significant effects were found for all CoP
amplitude variables (p = 0.01), as well as for CoP velocity variables, except for CoP ML (p = 0.06).
Moreover, there was no sex effect for CoP frequency AP (p = 0.18). The results of the current study
confirm the claim that the criteria for optimal postural strategies for elite athletes likely depend on a
given sport.

Keywords: postural sway; balance; equilibrium; elite athletes; gender effect

1. Introduction

Postural stability is considered a very important factor for athletes in different sports [1].
Due to its potential role in mitigating risk for injuries, postural stability has been the subject
of interest of researchers. Postural stability evaluated through assessment of body sway en-
ables quantifying the function of maintaining equilibrium during periods of standing still,
locomotion, and any activities requiring a high degree of balance performance [2]. Evidence
from a systematic review [3] suggests that athletes sway less than nonathletes and that
highly trained elite athletes sway less than low-level athletes. The importance of good stabil-
ity in some sports, (i.e., ballet, dance, gymnastics) is obvious. Previous comparisons of body
sway among athletes from different sports have shown that gymnasts have better postural
stability than football players, swimmers, and basketball players [4,5]. Negahban et al. [6]
suggested that elite athletes may be more efficient in conditions consistent with their main
experience and process of training. Accordingly, recent evidence suggests that sport-specific
expertise induces alterations in sensory integration that underpins spatial referencing and
postural control [7].

Novel research indicates that postural stability in athletes is not influenced by sex [8].
However, some studies noted better postural stability in females, which was suggested to be
related to earlier physical and psychological maturation processes [9] and superior sensory
integration [10]. Previous research has documented that female athletes have different
anatomical characteristics, which could explain lower postural sway [11]. The development
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of proprioception and vestibular functions in females is also one factor that could interact
with the improvement of the postural stability system [12]. These sex differences and
inconsistency during childhood and adulthood were confirmed in several studies [13–16],
indicating that girls tend to have better postural stability during childhood, while during
adulthood, the situation is reversed. Therefore, improving the understanding of sport-
specific patterns in postural stability and its interaction with sex is important, in order to
develop better injury prevention programs and decrease injury risk.

Single-leg body sway parameters can be used for analyzing the static performance
of stabilization in the condition of unilateral distribution of body weight, which is usual
in sports activities. Good single-leg stabilization characteristic reflects on the smaller
increase in vertical force and the shorter weight transfer in different movement tasks [17,18].
The single-leg stance test is also recommended for clinicians as a useful tool for a brief
assessment of the risk of falling [19]. Therefore, evaluation of postural sway in single-leg
tests presents an important stability evaluation tool. The importance of postural stability
in sport and everyday life has been well recognized and confirmed. However, only a few
studies investigated postural stability considering sport and sex using different tests [20,21].
Moreover, most studies were conducted on children or older adults [9,11–13,15,17]. Having
in mind that single-leg stance measurement has more applications in clinical and sport
medicine settings [22] and that most injurious falls occurred in activities that involved
single-leg stance [23], it is of great importance to understand the possible sport-specific
characteristics of postural stability. Accordingly, there is a widespread call to identify a
postural stability measure that can best distinguish between different sports and sex in
highly trained young athletes.

In light of the aforementioned evidence, we used a previously collected database
containing more than 400 participants, who all performed single-leg body sway assessments
with open eyes. We chose the single-leg stance test because of its similarity with the
movements in sports that require balancing on a single leg and the fact that athletes must
be able to maintain good postural stability before any kind of motor action, in order to act
efficiently [24]. The aim of the study was to assess the postural stability during single-leg
quiet stance in highly trained male and female young athletes from different sports. We
expected to observe differences in center of pressure (CoP) characteristics between sex and
sports in highly trained young athletes.

2. Materials and Methods

2.1. Participants

The participants in the present study were young athletes (n = 464) from 7 different
sports. The sample was taken from the database of a larger project, exploring interlimb
asymmetries and performance in athletes [25,26]. All sports groups that performed postural
sway assessments and involved both male and female participants were considered. Details
of the sample sizes for each group, along with baseline demographic data, are presented in
Table 1. Exclusion criteria included lower leg injuries in the past 6 months and possible
neurological or noncommunicable diseases self-reported by participants. Participants
were given detailed information about the testing procedures and were required to sign
a written informed consent form prior to the measurements. For minor participants,
parents or guardians were also notified and signed an informed consent form on their
behalf. The National Committee for Medical Ethics of the Republic of Slovenia approved
the experimental protocol (Approval Number 0120-99/2018/5) and was conducted in
accordance with the latest revision of the Declaration of Helsinki.

2.2. Procedures

Body sway was assessed in a single-leg stance position without footwear. Participants
performed three 30 s repetitions with each leg in the single-leg position, with 60 s long
breaks between repetitions. The experimenter began the acquisition after stabilization
(1–2 s). The postural sway was analyzed on the preferred leg, which was determined
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as the leg that the participant would use to kick a ball. The hip of the opposite leg (i.e.,
non-standing leg) was in a neutral position (0◦), and the thigh was parallel to the standing
leg, while the knee was flexed at 90◦ and was not allowed to touch the standing leg. The
standing leg’s knee was in the extended position but not hyperextended (locked). The
hands were placed on the hips.

Table 1. Basic participant data.

n Age (years) Body Height (cm) Body Mass (kg) Weekly Training Years of Training

Basketball—M 107 17.4 (2.2) 189.3 (8.2) 81.4 (12.9) 6.4 (1.9) 6.9 (2.4)
Basketball—F 58 16.7 (1.6) 175.2 (5.6) 70.2 (11.2) 5.5 (1.3) 6.4 (2.5)

Dance—M 23 24.2 (5.9) 179.0 (4.9) 71.7 (6.6) 5.9 (2.2) 12.0 (4.4)
Dance—F 54 22.3 (7.0) 166.9 (5.3) 55.3 (6.1) 6.6 (2.6) 9.9 (4.0)
Track and
Field—M 21 17.8 (2.6) 180.5 (5.8) 73.8 (7.9) 5.4 (1.6) 6.5 (3.1)

Track and
Field—M 8 17.7 (3.0) 167.2 (3.7) 60.3 (5.8) 5.4 (1.1) 6.3 (2.2)

Running—M 31 29.2 (8.8) 181.2 (5.6) 77.2 (6.8) 5.2 (2.5) 11.0 (8.8)
Running—F 18 36.9 (10.9) 166.0 (8.1) 60.9 (7.6) 4.0 (1.7) 7.7 (4.5)
Tennis—M 68 17.2 (10.4) 175.0 (11.1) 65.2 (12.1) 6.1 (2.8) 8.9 (3.6)
Tennis—F 42 15.9 (3.0) 168.5 (8.4) 60.0 (9.9) 6.3 (3.2) 8.2 (3.9)

Martial arts—M 18 19.9 (3.1) 180.3 (6.0) 75.5 (8.9) 5.6 (1.3) 7.7 (2.5)
Martial arts—F 17 19.7 (3.4) 169.1 (6.6) 60.1 (5.1) 5.1 (1.4) 7.7 (2.8)

Speed
skating—M 12 16.8 (5.1) 169.5 (15.5) 61.3 (16.5) 5.3 (1.9) 6.9 (3.4)

Speed
skating—M 7 16.9 (3.4) 161.1 (8.4) 57.3 (10.9) 4.9 (2.0) 6.0 (3.9)

M—male; F—female.

A piezoelectric platform (model 9260AA, Kistler, Winterthur, Switzerland) was used
to acquire ground reaction force data at a sampling rate of 1000 Hz. The data were
automatically filtered (low-pass Butterworth, 2nd order, 10 Hz) in the software MARS
(version 4.0, Kistler, Winterthur, Switzerland). Additionally, data were automatically
processed in MARS to obtain outcome variables of interest. For further analysis, an average
of three replicates was used for all outcome variables. We considered mean CoP velocity
(total, anterior–posterior (AP) and medial–lateral (ML)), CoP amplitude (AP and ML)
and CoP frequency (AP and ML). CoP amplitude was determined as the average CoP
sway in the AP or ML direction, calculated as the total length of the COP sway path in a
given direction only, divided by the number of directional changes. CoP frequency was
defined as the frequency of CoP oscillations, calculated as the number of peaks in the AP
or ML direction (i.e., changes in the direction of CoP motion) divided by the measurement
time [27].

2.3. Statistical Analysis

Statistical analysis was performed in SPSS (version 25.0; SPSS Inc., Chicago, IL, USA).
Descriptive statistics were calculated and reported as mean ± standard deviation. The
normality of the data distribution was checked with Shapiro–Wilk tests (p ≤ 0.121). A
2 × 7 MANCOVA was used to examine the interaction effect between sex and sport on a
multivariate level. We used a 2 × 7 ANCOVA (between-subject design) to evaluate the
sex and sports effects on body sway measures after controlling their effect for age (mean
centered), body height (mean centered), and BMI (mean centered). The main effects of
sex and sports estimated mean differences between men and women, and various sports
players, respectively. The sex × sport interaction effect was employed to determine whether
various sports players on average differ in body sway measures depending on the sex of
sports players. For comparison of the sports included, the post hoc test was used. The effect
sizes (ES) pertaining to ANOVA were expressed as partial eta squared (η2) and interpreted
as small (<0.13), medium (0.13–0.26), and large (>0.26) [28].
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3. Results

CoP variables, velocity, amplitude and frequency for preferred leg by sex and sports
are presented in Table 2. Figure 1 represents the data for both sexes combined. A
2 × 7 MANCOVA showed that all studied variables significantly depend on sex (F = 5.936,
p = 0.001, η2 = 0.087), sport (F = 14.614, p = 0.001, η2 = 0.185), and sport × sex interaction
(F = 2.561, p = 0.001, η2 = 0.039). A 2 × 7 ANCOVA followed and showed significant
interaction between sex and sport for all CoP velocity variables (p = 0.01) with small effect
size (η2 = 0.046–0.073).There were significant main effects for sex (p < 0.001) and sport
participation (p < 0.001). Concerning sex, females reported lower scores for CoP velocity
than males (p = 0.01; η2 = 0.027–0.079, small ES), except for CoP velocity ML, where no
significant effect of sex was found (p = 0.06; η2 = 0.08, small ES). Similarly, there was a
significant effect of sports (p = 0.01), with small ES ranging from η2 = 0.062 to η2 = 0.093.

Figure 1. Representation of body sway data across sports (anterior–posterior direction, left panel;
medial–lateral direction, right panel). Horizontal lines represent the mean of the groups). Statistical
values are included in Table 2.

There were significant sex × sport interactions found for CoP frequency (CoP AP
F = 4.51; p = 0.01; CoP ML F = 2.45; p = 0.02). Moreover, there was no main effect of sex for
CoP AP frequency (p > 0.05). Regarding sport modality, there was a significant main effect
for CoP AP and ML frequency (p = 0.01; η2 = 0.143–0.400).
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4. Discussion

This study aimed to analyze characteristics of single-leg quiet stance body sway in a
highly trained athletic population and to explore the effects of sex and sport. The major
findings in the current study point to sport-specific characteristics regarding postural
stability in single-leg stance. Results for CoP velocity and amplitude clearly show that
dancers are better able to maintain a stable single-leg stance than athletes from other sports.
Moreover, the results of the present study show that, when comparing highly trained
athletes of both sexes, there were differences in almost all CoP variables. Male athletes
presented higher values of CoP velocity and amplitude but also for CoP frequency during
single-leg stance.

The single-leg upright stance represents a challenging part of human locomotion
because, compared with bipedal stance, it requires keeping the center of body mass within
the smaller area of the support [13], which leads to more corrective movements by the
postural control system in order to maintain balance [29]. Female athletes in the current
study reported lower scores (p = 0.01) for CoP velocity (η2 = 0.030–0.079) and amplitude
(η2 = 0.055–0.082), compared with male athletes. Studies investigating postural control
between sexes showed inconsistent results depending on the age group. Boys aged nine
years showed significantly poorer single-leg postural stability than the girls of the same
age [13], and similar was for participants in adolescent age [14]. On the contrary, female
young adults seem to have lower postural stability, as shown by higher CoP velocities,
compared with males [16]. The differences remain through adulthood as well in older
adults—women tend to be less stable than men during single stance [15]. The main
predictor that could influence this inconsistency in the results is the visual system, which
was found to be the primary sensory system involved in maintaining postural stability
in a broad range of age groups [30]. One more factor that could change the variability in
postural stability is physical activity. This was confirmed in a study conducted on healthy
young adults, in which no differences between sexes were detected when participants were
physically active [31]. Female athletes in the current study showed better postural stability,
compared with males with the difference being most pronounced for CoP velocity and
amplitude, while the difference in CoP frequency was noted in the medial–lateral direction
only (p < 0.05). Reduced CoP sway area and velocity in females of similar age were also
noted in the recent study [21]. Possible reasons for better postural stability in this age are
the maturation process [32] lower body weight [13], as well as better proprioception and
control due to smaller absolute muscle mass and strength [33]. Additionally, it was stated
that sex differences exist in children and adolescents due to the significantly lower body
height in girls [13]. However, the participants in the abovementioned study were untrained
children that were younger than participants in the current study, which may account for
the discrepancies in some studies. Therefore, reasons for better postural control in younger
age, as well as the reasons for the decline in later ages, should be investigated further.

It was stated that the postural balance of elite athletes should be always monitored, due
to the establishment of sport-specific imbalances that could affect their performance [34].
The results of the current study suggest that dancers have better postural stability dur-
ing single-leg stance than athletes from other sports, in all measured CoP characteristics.
The differences are probably the result of adaptive balance strategies used by dancers in
training, in which both abilities, cognitive and physical, are coordinated [35]. Additionally,
their continuous training that uses balance control could minimize the effect of external
perturbations [36] and thus improve postural control. However, the increase in body sway
in the absence of vision in ballet dancers was previously reported by Bruyneel et al. [37].
Matsuda et al. [20] showed that soccer players make greater use of the somatosensory sys-
tem during single-leg stance, compared with basketball players, swimmers, and nonathletes.
However, highly trained female volleyball players showed higher CoP fractal dimensions,
compared with controls, which is probably due to the adoption of certain habits. [38].
According to the authors, these high values show evidence for flexible and variable strate-
gies of maintaining balance by highly trained athletes. This was confirmed in the current
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study among young highly trained athletes in that dancers were better able to maintain
a stable, single-leg stance, compared with athletes from other sports. Only martial arts
showed similar results to those of dance for CoP velocity and amplitude but also higher.
The mechanism behind the best postural stability in dancers may be associated with the
development of a motor skill for voluntary stabilization of important muscle groups, as well
as better sensorimotor solutions for posture control [39]. The importance of dance exercise
in maintaining good postural stability was well documented in adolescent females [40].

Some limitations of the present study need to be acknowledged. Across sports, the
sample sizes varied considerably and were relatively small for some of the sports. Moreover,
the samples were not sex balanced (e.g., dancers. Despite taking sexes into account as a
factor in analyses, some main effects could still be driven by a larger representation of
one sex in the sample (e.g., females in dancing). However, having in mind that, in some
sports, it is hard to find highly trained athletes on an elite level, and since we included a
considerable number of different sports, it was of great importance to conduct and analyze
body sway because of important clinical implications in young athletes. Moreover, we did
not include a healthy control group, which could have strengthened our interpretations.
One more limitation is the fact that measures were assessed only during static conditions.
Most of the selected sports rely more on dynamic conditions demands than static postures.
Therefore, future studies should use both dynamic and static postural tests, in order to
provide an overall assessment of balance in different sports. Nevertheless, the greatest
strength of this study is encompassing a large number of sports and highly trained athletes
compared at this age.

5. Conclusions

According to our findings, postural stability in highly trained adolescents and young
adult athletes was influenced by sex and sport. Female athletes showed better postural
stability than male athletes. The athletes engaged in dance showed the highest postural
control, compared with other sports. The results of the current study confirm the claim that
the criteria for optimal postural strategies for elite athletes likely depend on a given sport.
This is of great importance in providing additional information about postural control
abilities in highly trained athletes from different sports.
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Abstract: The majority of anterior cruciate ligament (ACL) injuries occur during non-contact mecha-
nisms. Knowledge of the risk factors would be relevant to help prevent athletes’ injuries. We aimed
to study risk factors associated with non-contact ACL injuries in a population of athletes after ACL
reconstruction. From a cohort of 307 athletes, two populations were compared according to the
non-contact or contact mechanism of ACL injury. Gender, age and body mass index (BMI) were
reported. Passive knee alignment (valgus and extension), knee laxity (KT-1000 test), and isokinetic
knee strength were measured on the non-injured limb. The relationship between these factors and
the non-contact sport mechanism was established with models using logistic regression analysis
for the population and after selection of gender and cut-offs of age, BMI and knee laxity calculated
from Receiver Operating Characteristics curve area and Youden index. Age, BMI, antero-posterior
laxity, isokinetic knee strength, passive knee valgus and passive knee extension were associated
with non-contact ACL injury. According to the multivariate model, a non-contact ACL injury was
associated with non-modifiable factors, age (OR: 1.05; p = 0.001), passive knee extension (OR: 1.14;
p = 0.001), and with one modifiable factor (Hamstring strength: OR: 0.27; p = 0.01). For women,
only passive knee valgus was reported (OR: 1.27; p = 0.01). Age, passive knee extension and weak
Hamstring strength were associated with a non-contact ACL injury. Hamstring strengthening could
be proposed to prevent ACL injury in young male athletes or in case of knee laxity.

Keywords: knee; ACL injury; sport; hamstring; strength; laxity

1. Introduction

Every year, several hundred thousand ACL reconstructions following a sports injury
are performed in the world [1–3]. The mechanism of ACL rupture is the most frequent
non-contact injury in 70% to 75% of the cases, particularly during pivot contact sport
practice [4,5]. Several risk factors have been identified to explain non-contact ACL in-
juries [6–11]. These risk factors are classified into two distinct categories: extrinsic or
environmental (weather condition, playing surface, sport level . . . ), and intrinsic, inherent
to the individual (anatomic, neuromuscular, biomechanical, physiological, psychological
and genetic factors) [4,8,10]. In this latter category, some risk factors are modifiable (e.g.,
body weight or muscle strength) or not (e.g., anatomical knee structure, joint laxity) because
they can or cannot be controlled by the individual to reduce the ACL injury risk [10]. In the
non-modifiable intrinsic risk factors, female gender and youth age (>14 or ≤20 years old)
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are identified as risk factors of non-contact ACL rupture [12–16]. Knee anatomy measured
by X-ray or Magnetic Resonance Imaging, such as a decreased femoral intercondylar Notch
width or an increased medial or lateral tibial plateau slopes are known as risk factors
of non-contact mechanisms of ACL injury [8,17–20]. General joint laxity, passive knee
extension (recurvatum) and anterior-posterior knee laxity seem to be risk factors for the
occurrence of a non-contact ACL injury, especially in women [13,21–25].

Depending on modifiable intrinsic risk factors, an increase in Body Mass Index
(BMI) seems to be a questionable risk factor for non-contact ACL rupture [9,11,16,21]
Biomechanical and neuromuscular factors would be impaired [26]. Dynamic knee val-
gus would be poorly controlled in women during a non-contact ACL rupture, due to an
increase in hip varus, knee valgus and Hamstring strength deficit (or an imbalance of
Hamstring/Quadriceps ratio) [11,27–32]. However, the links between dynamic knee valgus
and static knee valgus (non-modifiable factor) are poorly known [33–35].

Therefore, a better understanding of these risk factors seems necessary in order to
avoid non-contact ACL ruptures during sport practice. These risk factors should be easily
measurable to be useful in clinical practice [30]. The objective of this study was to investi-
gate the association between intrinsic factors considered at risk (age, BMI, passive knee
alignment, antero-posterior laxity and isokinetic strength knee) and the non-contact ACL
injury. Gender has to be particularly taken into consideration because women athletes
suffer ACL injury at a 2- to 6-fold greater rate than male [14,36,37]. Methodologically, it
was hypothesized that the two knees were identical in a same athlete before injury and that
patients who had a non-contact ACL injury had more frequently predisposing associated
factors than patients with contact ACL injury. This particular method had been used
because of the difficulty for many years in tracking down athletes who had not had knee
surgery, pending the occurrence of a primary ACL rupture [38,39].

2. Materials and Methods

2.1. Population

All athletes over the age of 14 who had performed an isokinetic knee evaluation as
part of the usual 6-month follow-up of an ACL surgical reconstruction were included from
2 January 2018 to 17 March 2020 (French COVID 19 confinement). Patients were excluded
if they had undergone bilateral ACL reconstruction, a second ACL reconstruction of the
same knee, an LCP reconstruction and/or multiple peripheral ligaments reconstruction,
or a modification of the knee alignment by bone surgical correction. Patients were also
excluded if they refused to participate in the study. Finally, three hundred and seven
patients were included, 206 men and 101 women (age: 26 ± 9 years, weight: 71 ± 12 kg,
height: 173 ± 8 cm, BMI: 23.4 ± 3.2 kg/m2). Thirty patients were excluded because of
bilateral ACL reconstruction, 27 because of a second ACL reconstruction, 10 because of
LCP reconstruction, 10 because of multiple ligaments reconstruction and 5 because of an
operated knee axis modification. No patient refused to participate to the study.

2.2. Anthrometric Parameters

Age, weight and height were measured and the Body Mass Index (BMI) was calculated
using the weight-related formula for square height [9].

2.3. Knee Anatomic Parameters

Knee anatomical parameters were measured on the contralateral healthy knee and
on the knee with ACL reconstruction by the same observer (MD). The 7 days test–retest
reliability of the clinical knee measurements was assessed in the first 30 subjects included,
using the intra-class correlation coefficient. Knee alignment was measured in the frontal
plane in a standing position according to knee morphotypes [4,6]. Passive knee valgus was
quantified by measuring the inter-malleolar distance using a ruler to the nearest millimeter.
The intra-examiner reliability of measurements was excellent (ICC: 0.97 (0.95–0.98)). Passive
knee extension was evaluated in degrees in the sagittal plane in dorsal decubitus with a
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goniometer when passively extending the knee [6,40]. The intra-examiner reliability of
measurements was excellent (ICC: 0.97 (0.94–0.98)).

Knee laxity was measured in millimetres by the same experimented physician using
a KT-1000® arthrometer (MEDmetricTM Corp., San Diego, CA, USA) [11,22,40]. A cut-off
≥ 3 mm corresponds to the threshold of pathological laxity [22,41,42]. The intra-examiner
reliability is good for 134 Newton [43].

2.4. Isokinetic Knee Parameters

Muscle strength was assessed using an isokinetic dynamometer CYBEX NORM®

(Lumex Inc., Ronkonkoma, NY, USA) according to an identical protocol for each subject.
Knee quadriceps (extensors) and hamstrings (flexors) strength of the healthy knee were
assessed in concentric mode at 60 and 180◦/s angular velocities. The knee range of motion
was limited to 100 degrees (from the full extension to 100 degrees of flexion). Gravity
correction was used for all tests. Three repetitions at 60◦/s and then 5 repetitions at 180◦/s
were performed. The relative isokinetic strength was calculated by reporting maximum
peak torque to the bodyweight. The hamstring-to-quadriceps ratio (H/Q) was calculated for
60◦/s angular speed. The reliability of quadriceps strength measurement (ICC between 0.95
and 0.98) and hamstrings strength measurement (ICC between 0.93 and 0.97) is excellent at
60 and 180◦/s angular speed [44]. The reliability of H/Q ratio is good only for the 60◦/s
angular speed (ICC between 0.65 and 0.79) [44].

2.5. Definition of Non-Contact and Contact ACL Rupture

Non-contact ACL injury was defined by a knee twisting mechanism (the foot usually
remained fixed to the ground while the leg rotated overstretching knee ligaments). that oc-
curred without collision and without high kinetic reception (high-impact rotation landing).

Contact ACL injury was defined by a knee twisting mechanism that occurred when
the subject came into contact with another subject on the knee or body or if there was a
high kinetic reception as it is the case with a high-speed skiing fall, for example [45].

Non-contact or contact mechanism of ACL injury during sport practice and anthropo-
metric parameters were reported by the orthopedic surgeon before ACL reconstruction.
Anatomic and isokinetic evaluations were realized blindly by an independent physician.

2.6. Statistical Analysis

Two populations were identified according to the occurrence of the non-contact or
contact ACL injury. The statistical analyses were performed using SPSS 23.0 software
(Armonk, NY, USA, IBM Corp.). Quantitative parameters were presented as mean and
standard deviation and qualitative parameters in frequency. Univariate analysis (indepen-
dent Student t-test) and a χ2 test or Fisher’s exact test were used to compare quantitative
and qualitative data of the non-contact and contact groups. The results were considered
statistically significant at the 5% critical level (p < 0.05).

To confirm associations, 10 events per analyzed variable are recommended [46]. Since
the objective was to analyze 8 potential intrinsic risk factors as gender, age, BMI, passive
knee valgus, passive knee extension, anterior-posterior laxity and hamstring or quadriceps
knee strength, more than 80 subjects were necessary. Due to a known incidence of 75% of
ACL rupture without contact in the general population [5] and an incidence of 63.5% (195
of 307) of ACL rupture without contact found in our studied population, a minimum of
170 subjects were required at the end point to conduct the analysis at 0.05 type I error rate
and at 0.10 type II error rate.

Multivariate analysis was assessed using the binary step by step ascendant logistic
Wald regression (inclusion probability < 0.10 for associated risk factors). Logistic regression
function was used to model the probability of non-contact ACL injury. Because of continu-
ous quantitative parameters, the ORs were estimated from the exponential of the coefficient
B of the logistic regression [47]. The Hosmer–Lemeshow test was used to describe if the
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data fitted the model well. The R-squares of Cox-Snell and Nagelkerke (% of the variance
explained by the predictors) were used to know if the model was well adjusted.

Different models were shown in accordance to gender and after selection of cut-offs of
variables identified by Youden index and ROC (Receiver Operating Characteristics) curve
area to know how well this cut-off could distinguish the different non-contact groups [48].
The ROC curve area was interpreted as excellent (0.9–1), good (0.8–0.9), fair (0.7–0.8), poor
(0.6–0.7), or failed (0.5–0.6) [49,50].

3. Results

Out of the 307 patients, 195 reported having had a non-contact ACL injury (63.5%)
and 112 a contact injury during sports practice prior to ACL reconstruction (Table 1).
A significant difference was found between the 2 groups for the following qualitative
variables: age, weight, BMI, quadriceps and hamstring strength at 60 and 180◦/s, passive
knee valgus, passive knee extension and knee laxity, and they were included in the binary
logistic regression model (Table 2). The overall accuracy or diagnosis efficiency of non-
contact ACL injury was 63.5% from three parameters: age, Hamstring strength at 180◦/s,
and passive knee extension (Table 3). The data fitted the model well (Hosmer–Lemeshow
test; p = 0.499), and the model was well adjusted (R-squares of Cox-Snell and Nagelkerke
of 0.12 and 0.16, respectively). Only 1 case was not well classified.

Table 1. Sport participation and mechanisms of ACL injury before ACL reconstruction.

Sports
Noncontact Group

(n = 195)
Contact Group

(n = 112)

Soccer, n (%) 79 (40.5%) 56 (50%)
Basketball, n (%) 38 (19.5%) 12 (10.7%)

Ski, n (%) 29 (14.9%) 8 (7.1%)
Handball, n (%) 16 (8.2%) 6 (5.4%)

Rugby, n (%) 5 (2.6%) 7 (6.3%)
Other sports, n (%) 23 (20.5%) 28 (14.4%)

Table 2. Comparison of associated factors according to the mechanism of ACL injury in all population
(Univariate analysis).

Non Contact
Group

(n = 195)

Contact
Group

(n = 112)
OR 95%CI p

Gender male (n = 206) 61.2% 38.8% 0.73 0.44–1.20 0.22
Gender female (n = 101) 70.7% 29.3% 1.50 0.87–2.58 0.17

Age (years) 27 ± 9 24 ± 8 1.04 1.01–1.07 0.002
Weight (kg) 72 ± 13 69 ± 10 1.02 1.00–1.04 0.04
Height (cm) 174 ± 8 173 ± 8 1.01 0.98–1.04 0.41

BMI (kg/m2) 23.7 ± 3.6 22.9 ± 2.5 1.08 1.00–1.17 0.04
Q60 (Nm/kg) 2.49 ± 0.50 2.64 ± 0.45 0.53 0.33–0.87 0.01
Q180 (Nm/kg) 1.60 ± 0.31 1.71 ± 0.31 0.34 0.16–0.73 0.006
H60 (Nm/kg) 1.30 ± 0.29 1.42 ± 0.29 0.25 0.11–0.56 0.001

H180 (Nm/kg) 0.98 ± 0.22 1.07 ± 0.22 0.17 0.06–0.49 0.001
H/Q60 (%) 52.5 ± 8.1 54.1 ± 8.2 0.09 0.006–1.70 0.11
H/Q180 (%) 61.6 ± 10.5 63.1 ± 9.6 0.23 0.02–2.3 0.21
P K VL (mm) 1.8 ± 2.8 0.7 ± 1.7 1.24 1.09–1.40 0.001

P K E (◦) 6.2 ± 4.4 4.0 ± 4.1 1.13 1.06–1.19 0.001
Knee Laxity (mm) 3.8 ± 1.6 3.3 ± 1.6 1.19 1.03–1.37 0.01

Abbreviations: BMI: Body Mass Index; Q60: Isokinetic quadriceps strength at 60◦/s; H/Q: Hamstring-to-
Quadriceps ratio; P K VL: Passive Knee Valgus; P K E: Passive Knee Extension; OR: Odd Ratio; 95%CI: Confidence
Interval at 95%.

The different cut-offs for our population are presented in Table 3. However, ROC
curve areas are poor (0.6–0.7) for passive knee extension, passive knee valgus and age,
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and failed (0.5–0.6) for BMI and knee laxity (Table 4). Considering male gender, we found
that passive knee extension and age (non-modifiable factors) and Hamstring strength
(modifiable factor) were associated with the non-contact ACL injury. Considering female
gender, only passive knee valgus was associated with non-contact ACL injury (Table 3).
Only hamstring isokinetic strength was a modifiable and protective factor after selection of
cut-offs of age ≤ 23.5 year, or of knee laxity ≥ 4.5 mm (Table 3).

Table 3. Multivariate models of noncontact ACL injury in all population and after gender or cut-offs
variables selection (gender; age ≤ 23.5 year; BMI ≥ 22.5 kg/m2 and Knee Laxity ≥ 4.5mm).

B Wald OR 95%CI p

All population

Age 0.049 10.0 1.05 1.02–1.08 0.001

H strength at 180◦/s −1.30 5.4 0.27 0.09–0.80 0.01

P K E 0.135 19.1 1.14 1.07–1.21 0.001

Constant −0.055 0.005 0.15

Men (n = 206)

Age 0.054 7.76 1.01 1.01–1.09 0.005

H strength at 180◦/s −1.56 3.89 0.04 0.04–0.98 0.048

P K E 0.136 14.0 1.06 1.06–1.23 0.001

Constant 0.065 0.003 1.06

Women (n = 101)

P K VL 0.244 6.66 1.27 1.06–1.53 0.01

Constant 0.238 0.72 1.18

Age ≤ 23.5 year (n = 145)

P K E 0.088 4.37 1.09 1.01–1.18 0.03

H strength at 60◦/s −1.26 4.74 0.28 0.09–0.88 0.02

Constant 1.55 3.00 4.75

BMI ≥ 22.5 kg/m2 (n = 180)

P K VL 0.193 5.89 1.21 1.03–1.41 0.01

P K E 0.152 11.4 1.16 1.06–1.27 0.001

Age 0.056 8.26 1.05 1.01–1.09 0.004

Constant −1.98 9.1 0.13

KT1000 ≥ 4.5 mm (n = 109)

H strength at 180◦/s −2.51 5.93 0.08 0.01–0.61 0.01

Constant 3.46 10.4 31

Abbreviations: OR: Odd Ratio; 95%CI: Confidence Interval at 95%. H: Hamstring; P K E: Passive Knee Extension;
P K VL: Passive Knee Valgus.

Table 4. Cut-offs of associated factors with noncontact ACL rupture identified by ROC curve area
and Youden index.

ROC Curve
Area

95%CI Se (%) Sp (%) LR+ LR−

P K E = 4 degrees 0.643 0.579–0.708 61 58.9 1.48 0.66

P K VL = 15 mm 0.605 0.542–0.669 41 79.5 2 0.74

Age = 23.5 years 0.602 0.538–0.667 67.2 47.3 1.27 0.69

BMI = 22.5 Kg/m2 0.556 0.491–0.621 60 46.4 1.12 0.86

Knee Laxity = 4.5 mm 0.585 0.519–0.650 40.5 73.2 1.51 0.81
Abbreviations: ROC: Receiver Operating Characteristics; 95%CI: 95% confident interval; Se: Sensitivity; Sp:
Specificity; LR+: positive likelihood ratio; LR−: negative likelihood ratio.
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4. Discussion

The interest of identifying associated factors with a non-contact ACL injury is to set
up subsequently preventive strategies to decrease the incidence of this type of injury [51].
Because non-contact ACL injury occurrence is multifactorial, multivariate analysis was
necessary to analyze the combination of factors to identify groups at risk of non-contact
ACL injury. When the whole population had been studied, age and passive knee extension
presented a significant association with the non-contact ACL injury. This result is interesting
to advise an individual before practicing a sport at risk for the knees. However, no
preventive intervention can be proposed because these two factors are not modifiable. On
the contrary, the association with weak hamstring strength, considered as a protective
factor (OR: 0.27), is very interesting because this factor can be improved by strengthening.

The comparison with prospective studies which proposed multivariate risk factor
models is not easy because the same parameters have not been studied. However, the
presence of a passive knee extension has often been found to be a risk factor for ACL
knee injury, especially in female soccer or basketball players (OR from 3.8 to 4.7) [28,40].
However, the relationship with non-contact ACL injury is debatable for all athletes when
this factor is evaluated individually (non-adjusted univariate model). Vauhnik et al. have
shown no significant relationship (OR: 1.00 (0.93–1.16); p = 0.44) in women [21] and more
recently, Amraee et al. have considered passive knee extension to be a non-associated
factor after comparison with a non-injured population [6]. However, when this parameter
is part of the general laxity, it is associated with non-contact ACL injury, whatever the
gender (OR: 3.1 for men and 2.7 for women) [11]. From our results, this parameter was
associated only 1.14 times with a non-contact knee injury. The difference of association
can be explained by the fact that a small passive knee extension does not have the same
meaning as a large passive knee extension. Thus, the presence of passive knee extension
does not sufficiently reflect the risk, probably because the link is all the stronger as the
passive knee extension is great. Determining a cut-off of the passive knee extension is
therefore more specific than using this variable in a dichotomic way. From our population,
this cut-off was of 4 degrees with a sensitivity of 61% and specificity of 58.9%. From a
mechanical point of view, a knee hyperextension stresses the ACL by increasing the anterior
tibial translation, which may occur at the end of a jump or during a running deceleration.
In such cases, an ACL impingement on the intercondylar notch width can occur until the
ligament rupture [23,24,31,32].

Passive knee valgus had already been studied as a risk factor of non-contact ACL
injury but according to the Q angle method (angle between the anterior superior iliac spine-
center of the patella-tibial tubercle). Knee valgus corresponds to an excessive Q angle [24].
With this parameter, no relationship was found with non-contact ACL injury [6,24]. The
controversy could be explained by the Q angle method expressed in degrees, which is
different from the present knee valgus measurement method expressed in millimeters. The
association was 1.27 times in our population, but only in women. The best cut-off was
15 mm with a poor sensitivity of 41% and a good specificity of 79%. From a mechanical
point of view, knee valgus is associated with a greater coxa vara with concurrent increase in
tibio-femoral rotation force and dynamic anterior tibial translation, thus imposing greater
stress on the ACL [52]. Dynamically, knee valgus, assessed by 3D motion analysis at
landing, predicts ACL injury in women [37]. The fact that passive knee valgus was the
only founding factor associated with non-contact ACL injury in women in our study may
confirm a relationship between passive and dynamic valgus.

Body Mass Index was considered a risk factor but only in women athletes [11,16]. We
have found a relationship with this parameter only in univariate analysis, but no association
was confirmed after multivariate analysis in the whole population or only in the women
population. In the same way, weight was identified an associated factor only in univariate
analysis. After selection of the men population, no association was found after multivariate
analysis. Evans et al. have shown a relationship but only in a military population different
from our sport population [9]. Yet, we have shown that patients with non-contact ACL
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injury were at risk of injury in case of Body Mass Index ≥ 22.5 kg/m2. Passive knee valgus
and passive knee extension increased this risk of 1.21 and 1.16 times, respectively. In this
particular population, the Body Mass Index is the only modifiable factor.

In our study, the age of the non-contact ACL group was older (mean: 27 years old)
than those of the contact ACL injury group (mean: 24 years old). This parameter is
debatable because age was not considered a risk factor in prospective study [11,28,29].
Only Hagglund et al., have described a cut-off superior to 14 years old in a retrospective
study of very young female soccer players, aged between 12 to 17 years old [16]. In
contrast, age was not associated with non-contact ACL injury in two other populations
aged 18 and 33 years old [15,21]. However, when the population under 23.5 years old
was taken into consideration, passive knee extension and a poor Hamstring isokinetic
strength were associated with non-contact ACL injury. Because hamstring isokinetic
strength was a protective factor (OR from 0.09 to 0.88), strengthening this muscle group
would be interesting for ACL injury prevention. Some authors have already described knee
muscle strength as the objective neuromuscular risk factor of non-contact ACL injury with
controversial results [11,28,29]. Myer et al. have shown weak hamstring isokinetic strength
with relative great quadriceps isokinetic strength in women with ACL injury [29]. On the
contrary, Uhorchak et al. have not found a particular knee strength risk of non-contact ACL
injury [11]. However, the strength normalized to body weight was questionable in this
study because this parameter was expressed in an unusual unit in % of the bodyweight and
not in Nm/kg [11]. Therefore, the values were very different from ours and may explain
the absence of the possibility to identify isokinetic knee strength as a risk factor. Soderman
and al. have used bilateral knee strength symmetry index and hamstring-to-quadriceps
ratio as strength parameters [28]. Bilateral symmetry indexes were not different between
traumatic and non-traumatic injuries groups. However, the mean of the hamstring-to-
quadriceps ratio of the two legs was lower in the traumatic group (OR: 0.93 (0.88–0.99);
p = 0.02) [28]. We have not confirmed this result, maybe because we have only studied the
hamstring-to-quadriceps ratio of the healthy knee and not the mean of the two knees.

Antero-posterior knee laxity is known to be associated with noncontact ACL rupture
particularly in women and in young athletes [11,21,22,40]. From our results, this relation-
ship can be extended to a large population whatever gender or age when this parameter is
analyzed alone. However, in multivariate model, this parameter was not powerful enough
to be taken into consideration to improve the diagnosis accuracy of noncontact ACL injury.

From our results, non-contact ACL injury prevention could be proposed by hamstring
strengthening, particularly in a population under the age of 23.5 years, or in case of knee
laxity ≥ 4.5 mm. An increased of the relative hamstring co-contraction with the quadriceps
may lead to an increased knee flexion, a reduced knee abduction and a reduced anterior
tibial shear during dynamic motion [29]. In addition, hamstring knee strength should
control knee rotation when a dynamic knee valgus is combined in closed kinetic chain to
avoid ACL impingement [37].

One limitation of the present study was to use a method focusing on many intrinsic
factors, without studying all factors such as knee geometrical morphology using MRI while
many results had been published on this subject [20]. This choice was made so as to study
factors easy to measure in clinical practice in order to propose a “predictive approach” of
ACL injury without expensive medical means. In addition, MRI measurements have the
limit of not performing the knee in support, which may explain some controversies [35].
However, radiological or posturometric examinations could be of greater value. A second
limitation was to consider that both limbs of a patient were symmetrical before injury.
Indeed, we cannot exclude that some patients might have differences between the injured
limb and the non-injured one. The ACL injury risk factors of the non-injured limb may be
not exactly the same as those of the injured limb [38,39]. Nevertheless, our cross-sectional
method made it possible to be certain of ACL injury of one of the two knees considered
identical. At last, the studied population was an athlete population who practice sports
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involving knee injury risks. The conclusions of this work are therefore probably not
applicable to all populations, especially to non-sports populations.

5. Conclusions

Non-contact ACL injury was associated with age, passive knee extension and weak
hamstring knee strength in an ACL reconstruction population whatever gender. Passive
knee valgus is strongly associated with the female population. Unfortunately, all these
factors are not changeable. Only hamstring isokinetic strength could be improved by
strengthening. These modifiable intrinsic factors are also associated with different sub-
populations particularly in men, but also in young athletes under 23.5 years old and in
populations with an anteroposterior knee laxity upper 4.5 mm. According to these results,
hamstring strengthening could be achieved especially in these populations. However, this
preventive attitude needs to be confirmed by prospective comparative studies in future.
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Abstract: Shoulder antepulsion, altered scapular kinematics and imbalance of muscle activity are
commonly associated with shoulder pain. This study aimed to observe if there is an association
between the forward shoulder angle (FSA) and the pectoralis minor length index (PMI) in volleyball
players with and without shoulder pain. Furthermore, this study observed if there is an association
between shoulder posture and upper limb mechanical hyperalgesia in volleyball players with and
without shoulder pain. Methods: a cross-sectional study was conducted in the Physiotherapy and
Pain Research Center in Alcalá de Henares (Spain). A total of 56 volleyball players met the inclusion
criteria and agreed to enter the study. Subjects were divided into two groups: shoulder pain group
(SPG) and control group (without pain). The following measurements of the dominant sides of
the players were collected: FSA, PMI, and pressure pain threshold (PPT) in serratus anterior, lower
trapezius, infraspinatus, teres minor, upper trapezius, levator scapulae, pectoralis major, radial nerve,
cubital nerve, and median nerve. Results: The Spearman’s Rho revealed no significant correlations
were found between FSA and PMI. Moreover, Spearman’s Rho test revealed in the SPG a negative
moderate correlation between FSA and Infraspinatus-PPT (Rho = −0.43; p = 0.02); FSA and levator
scapulae-PPT (Rho = −0.55; p < 0.01); FSA and pectoralis major-PPT (Rho = −0.41; p = 0.02); PMI
and cubital nerve-PPT (Rho = −0.44; p = 0.01). Conclusions: No association was found between
the forward shoulder angle and the pectoralis minor index in volleyball players with and without
shoulder pain. There is a moderate negative association between shoulder forward angle and
muscle mechanical hyperalgesia in volleyball players with shoulder pain, but no such associations
were found in volleyball players without shoulder pain. Treatment of the infraspinatus, levator
scapulae, pectoralis major, and pectoralis minor muscles could improve shoulder pain and ulnar
nerve mechanosensitivity.
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1. Introduction

Overuse or repetitive motion injuries are very common in sports [1]. This type of
injury can be a major source of disability and pain and can leave players unable to engage
in physical activity or competition. There is little evidence on the real impact and severity
in sport, due to the methodological difficulties involved in recording them [1]. Volleyball is
one of the sports affected by overuse injuries [2–4]. The biomechanics of the different move-
ments involved in volleyball, in particular the spike and serve, together with the anatomy
of volleyball players coincide with the most prevalent overuse injuries, the shoulder region
(19.0 ± 11.2%) and the spine (16.8 ± 9.7%) [3,4]. These structures are subjected not only to
repetition of movement but also to high torsional values and amplitude of movement in
short periods of time [3].

The assessment of posture and biomechanics is a useful clinical tool in shoulder
pain. Shoulder antepulsion, also known as “rounded shoulder”, is characterized by a
position in which the scapula rotates downwards and remains tilted forward, increasing
cervical lordosis and upper thoracic kyphosis [5]. It has been previously published that
postural or biomechanical alterations such as forward head position, shoulder antepulsion,
altered scapular kinematics, and imbalance of muscle activity are associated with shoulder
pain [6]. This could lead to the development of pain depending on the tolerance and
adaptive capacity of the central nervous system [7]. In addition, there is evidence that a
high percentage of patients with non-specific arm pain have their shoulders in antepulsion
and head forward (78% and 71%, respectively) [6,8].

Loss of activity of the lower trapezius and serratus anterior, a marked thoracic kyphosis
and the anatomy of the scapula itself can cause the shoulder antepulsion. In addition,
tension of the pectoralis minor [5], which, together with the downward displacement of the
coracoid process, may affect the gliding of the brachial plexus cords. Complete scapular
protraction (due to its junctions with soft tissues and surrounding structures) may reduce
the space between the clavicle and the first rib, restricting nerve gliding, and as a result of a
combination of movements of structures of the shoulder girdle itself, anterior displacement
of the humeral head may occur [9]. This can lead to some postural alterations such as
an antepulsion of the shoulder can alter the mechanosensitivity of different tissues, thus
decreasing their tolerance to mechanical stress even if it does not provoke a nociceptive
response [10]. A recent study adds data on this association by concluding that individuals
with shoulder impingement syndrome had a greater thoracic kyphosis and less extension
movement than age- and gender-matched healthy controls [11]. For all these reasons, more
studies are needed in the sports population to observe whether these types of associations
or relationships exist and what clinical implications they may have.

Currently there are no studies that correlate the forward shoulder position with
photometry with the shortening of the pectoralis minor in any type of population. Nor
has it been studied whether these postural alterations are related to pain and mechanical
hyperalgesia in volleyball players.

For the above reasons, the objectives of this study are as follows:

1. To observe the differences in upper limb posture and mechanical hyperalgesia between
volleyball players with and without shoulder pain;

2. To observe if there is an association between the forward shoulder angle and the
pectoralis minor index in volleyball players with and without shoulder pain;

3. To observe if there is an association between shoulder posture and upper limb me-
chanical hyperalgesia in volleyball players with and without shoulder pain.
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2. Materials and Methods

This research was a cross-sectional study conducted according to the Strengthening
the Reporting of Observational studies in Epidemiology (STROBE) statement [12], and fol-
lowing the declaration of Helsinki. The study protocol received approval from the Research
Ethics Committee of University CEU Cardenal Herrera from Valencia (CEI16/0112). All
the participants agreed to participate and signed an informed consent form. The study was
conducted at the Physiotherapy and Pain Research Center in Alcalá de Henares (Spain).

2.1. Participants

Recruitment was carried out through an invitation to participate in the study was sent
to the different volleyball sports clubs in the local area. Eligible participants were women
and men from the age of 18 onwards and being a regular volleyball player (3 or more hours
per week). Exclusion criteria included participants who has previous neck and shoulder
injuries or surgery and were unable to read or speak in Spanish.

2.2. Procedure

Shoulder position was assessed in volleyball players with and without shoulder pain
by determining the position of the humeral head and the length of the pectoralis minor
muscle [6,13]. In addition, the mechanosensitivity of neuromuscular structures related to
the upper quadrant of the evaluated subjects was assessed [14].

The assessments were performed by three physiotherapists independently and none of
them knew the subject’s condition in relation to shoulder pain, this was done to ensure the
simple blind. Study participants were randomly assigned to each assessment by choosing a
ballot with a number on it. Subjects who selected number 1 were first assessed for shoulder
position, subjects who selected number 2 were assessed for mechanosensitivity of the
musculature, and subjects who selected number 3 were assessed for mechanosensitivity in
the nerve trunks.

2.3. Outcome Measures
2.3.1. Forward Shoulder Angle (Forward Shoulder Position)

Posture was assessed using a postural analysis software [14,15]. Markers were placed
on the acromion and the spinous process of C7. Participants were placed in a standing
position, sideways 40 cm from the wall, and instructed to maintain a natural resting position.
A reflex camera (Nikon Model D5300 SLR, Tokyo, Japan) was placed on a tripod one meter
high and three meters from the wall. One photograph was taken from the right side and
one photograph from the left side.

The forward shoulder angle (FSA) was determined by calculating the angle formed
by a vertical line passing posterior to the marker at C7 and a line connecting C7 and the
acromion marker. Those participants who showed values equal to or greater than 52◦ were
considered a forward shoulder position (FSP) [6]. This procedure has shown good reliability
with an very high intraclass correlation coefficient (ICC) (0.89) [6]. The photographs were
taken by a physiotherapist with more than 10 years of experience in the management of
musculoskeletal pain and was blinded to the values obtained from the other assessments.

2.3.2. Pectoralis Minor Length Measurements

Pectoralis minor (PM) length is expressed as the pectoralis minor index (PMI) which
is calculated as PM length (cm)/subject height × 100. This normalization index is used to
allow for the variety of soft tissue and body structure between subjects [16]. To measure the
length of the PM muscle the reference points were the inferior medial angles of the coracoid
process, and lateral to the sternocostal junction of the fourth rib on its underside. These
landmarks have shown an ICC of 0.96 [16]. A digital caliper (Mitutoyo/200 mm, Kawasaki,
Japan) was used to measure the distance between these two points. Measurement using a
caliper has shown an ICC of 0.83 to 0.87 [17].
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Participants were placed supine with both hands on the abdomen, with the shoulders
slightly abducted, and in a relaxed elbow flexion position. The elbows were flexed to
eliminate the passive influence of the biceps brachii muscle [18]. PMI assessment was
performed by a second evaluator blinded to the other assessments values and with more
than 10 years of experience in the management of musculoskeletal problems.

2.3.3. Tissue Mechanosensitivity (Muscle and Nerve Trunks)

The degree of tissue mechanosensitivity was assessed by determining the pressure pain
threshold (PPT) with algometry, i.e., quantitative assessment of the sensory perception of the
mechanical stimulus [19]. The PPT was measured with a manual algometer (Wagner Force
Dial, Model FDK20) which has a head of 1 cm2 and determines the pressure in kg/cm2 [19].
The pressure was increased by 1 kg per second until the subject indicated changes in
pressure sensation. The assessor stopped applying pressure when the participant expressed
pain. Three measurements were made at each location with a 30-s rest period in between.
The mean value of the three measurements was used for statistical analysis. A third
evaluator blinded to the other assessments measured the PPT of the following muscles:
serratus anterior, lower trapezius, infraspinatus, teres minor, upper trapezius, levator
scapulae, pectoralis major. The muscle was palpated to locate the most mechanosensitive
point and perform the PPT measurement. Measurement of the PPT with an algometer has
been shown to have good reliability with an ICC of 0.87 to 0.89 [19].

A fourth evaluator performed bilateral PPT measurements of the nerve trunks of the
upper extremity: median nerve, radial nerve, and ulnar nerve. The nerves were evaluated
at the locations described by Sterling et al. [19], which have shown good reliability with an
ICC of 0.92 to 0.97. The median nerve identified in the ulnar fossa inside the tendon of the
biceps muscle. The radial nerve was located in the lateral intermuscular septum between
the medial and lateral head of the triceps brachii muscle, and the ulnar nerve was located
in the ulnar canal of the elbow. Both evaluators had more than 10 years of experience in the
management of musculoskeletal system alterations.

2.3.4. Pain Intensity

Shoulder pain was assessed using a visual analog scale (VAS). The subject with pain
indicated what their pain was on a 10-cm line where 0 represented no pain and 10 the
worst pain imaginable. This tool has been shown to be reliable with an ICC of 0.94 [20].
The VAS measure was expressed in cm. Participants with more than 0 cm in the VAS were
placed in the shoulder pain group (SPG), the rest of participants were placed in the control
group (CG).

2.4. Sample Size

Sample size and power calculations were performed with an appropriate software
(G*Power 3.1) [21]. This study was based on a model of correlations, and the FSA was the
primary outcome, with an effect size of 0.75. Given an alpha level of 0.05 and a power
of 0.80, two groups were generated with a total sample size of 50. The groups included
shoulder pain and without pain (control) with a minimum of 25 participants per group.

2.5. Data Analysis

Statistical analysis was performed with the Statistical Package for the Social Sciences,
version 28 (IBM Corporation, Armonk, NY, USA). The normality of the study variables was
tested using the Shapiro–Wilk test. A normal distribution of the variables was not obtained
in the Shapiro–Wilk test (p < 0.05). Qualitative variables are presented as an absolute value
and the percentage of the relative frequency [n (%)]. Continuous variables are represented
as median (1st and 3rd quartiles). All statistical tests were interpreted at a significance level
of 5% (p < 0.05). To test the differences between groups for FSA, PMI, muscle PPT, and nerve
PPT, the Mann–Whitney U test was performed to verify which ones entailed statistically
significant differences. Finally, the correlations between the study variables were analyzed
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for each group with the Spearman’s Rho test considering the results as 0.01 to 0.19 very
low correlation, 0.2 to 0.39 low correlation, 0.4 to 0.69 moderate correlation, 0.7 to 0.89 high
correlation, 0.9 to 0.99 very high correlation, and 1 large or perfect correlation.

3. Results

3.1. Participants and Descriptive Data

A total of 56 volleyball players met the inclusion criteria and agreed to enter the study,
leaving a sample of 28 in the SPG group and 28 in the CG. The median age of the sample was
22.5 (19 and 24), with most of them being female n = 33 (58.9%). No statistically significant
differences were found in the descriptive characteristics measured in both groups (p > 0.05).
The descriptive data of the participants are shown in Table 1.

Table 1. Characteristics of the groups. Values are median (first and third quartiles) and n (%).

Shoulder Pain Group (n = 28) Control Group (n = 28) p Value

Age (years) 21.5 (20 and 23.75) 21.5 (18 and 26) 0.74
Sex (female n, [%]) 19 [67.9%] 14 [50%] -

Weight (kg) 63.5 (57 and 71.75) 67.5 (57.25 and 76.75) 0.66
Height (cm) 170 (166.25 and 183.25) 178 (167.75 and 180.75) 0.25

BMI 22.57 (20.44 and 23.71) 21.85 (20.83 and 23.32) 0.49
Dominant side (right n, [%]) 26 [92.9%] 21 [75%] -

VAS (0–10 cm) 6.25 (6 and 7) - -
Pain duration (months) 1 (0 and 6.75) - -

FSP (yes n, [%]) 15 [53.6%] 15 [53.6%] -

VAS, visual analogue scale; FSP, forward shoulder position.

3.2. Comparison between Groups

The Mann–Whitney U test revealed no statistical differences between groups for FSA
(p = 0.33) and for PMI (p = 0.29), see Table 2. On the other hand, significant statistical
differences between groups for muscle PPT in Lower Trapezius (p = 0.019), Infraspinatus
(p < 0.01), Teres Minor (p < 0.01), Upper Trapezius (p = 0.019), Pectoralis Major (p = 0.02),
and for radial nerve PPT (p = 0.04), see Table 2.

Table 2. Measurements of the study. Values are median (first and third quartiles) and n (%).

Shoulder Pain Group
(n = 28)

Control Group
(n = 28)

Mann–Whitney U
Test (p Value)

FSA (degrees) 49 (42.25 and 56.5) 50.5 (48 and 57.5) 0.33
PMI (cm) 13 (11.88 and 13.98) 13.83 (12.25 and 14.51) 0.29

PPT (kg/cm2)
Serratus Anterior 2.35 (1.6 and 3.07) 2.72 (2.26 and 3.37) 0.059
Lower Trapezious 2.52 (2.21 and 3.1) 3 (2.72 and 3.8) 0.019 *

Infraspinatus 2.3 (2.02 and 2.85) 3 (2.6 and 4) <0.01 **
Teres Minor 2.25 (1.92 and 2.73) 2.7 (2.3 and 4) <0.01 **

Levator scapulae 2.2 (1.62 and 2.73) 2.75 (1.8 and 3.37) 0.06
Upper Trapezius 2.12 (1.6 and 2.43) 2.42 (2.1 and 3.46) 0.019 *
Pectoralis Major 2.15 (1.55 and 2.57) 2.7 (2 and 3.58) 0.02 *
Median Nerve 2.4 (2.1 and 3.13) 2.77 (2.21 and 3.17) 0.4
Radial Nerve 3 (2.18 and 3.67) 3.62 (2.61 and 4.03) 0.04 *
Cubital Nerve 2.65 (2.46 and 3.47) 3.32 (2.52 and 4) 0.27

* p < 0.05, ** p < 0.01. FSA, forward shoulder angle; PMI, pectoralis minor index; PPT, pain pressure threshold.

3.3. Correlations

The Spearman’s Rho test revealed in the SPG a negative moderate correlations be-
tween FSA and Infraspinatus-PPT (Rho = −0.43; p = 0.02); FSA and Levator Scapulae-PPT
(Rho = −0.55; p < 0.01); FSA and Pectoralis Major-PPT (Rho = −0.41; p = 0.02); PMI and
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Cubital Nerve-PPT (Rho = −0.44; p = 0.01); VAS and Upper Trapezius-PPT (Rho = −0.41;
p = 0.02); VAS and Median Nerve-PPT (Rho = −0.51; p < 0.01). No significant correlations
were found between posture measurements (FSA and PMI) and VAS, see Table 3.

Table 3. Spearman’s Rho correlations in Shoulder pain Group.

PMI VAS
Serratus
Anterior

Lower
Trapezious

Infraspinatus
Teres
Minor

Levator
Scapulae

Upper
Trapezius

Pectoralis
Major

Median
Nerve

Radial
Nerve

Cubital
Nerve

FSA 0.12 −0.21 −0.36 −0.21 −0.43 * −0.33 −0.55 * −0.24 −0.41 * −0.2 −0.14 −0.13
PMI 1 −0.002 −0.12 0.2 −0.02 −0.03 −0.11 0.14 −0.17 −0.09 −0.16 −0.44 *

* p < 0.05; FSA, forward shoulder angle; PMI, pectoralis minor index; VAS, visual analogue scale.

No significant correlations were found according to the Spearman’s Rho test in the
CG, see Table 4.

Table 4. Spearman’s Rho correlations in Control Group.

PMI VAS
Serratus
Anterior

Lower
Trapezious

Infraspinatus
Teres
Minor

Levator
Scapulae

Upper
Trapezius

Pectoralis
Major

Median
Nerve

Radial
Nerve

Cubital
Nerve

FSA −0.29 - 0.01 0.98 0.11 −0.08 −0.02 0.21 −0.2 0.06 0.05 0.02
PMI 1 - 0.11 −0.12 −0.03 −0.06 −0.27 −0.1 0.03 −0.11 0 −0.08

FSA, forward shoulder angle; PMI, pectoralis minor index; VAS, visual analogue scale.

4. Discussion

This study is the first one that had explored the association of the forward shoulder
angle and the pectoralis minor index in volleyball players. To summarize, the two main
principal findings of this study are as follows:

1. No association was found between the forward shoulder angle and the pectoralis
minor index in volleyball players with and without shoulder pain;

2. Results show that mechanical hyperalgesia is increased in players with shoulder pain
versus those without, but there are no differences in forward shoulder posture or
shortening of the pectoralis minor;

3. There is a moderate negative association between shoulder forward angle with muscle
mechanical hyperalgesia (Infraspinatus, Levator Scapulae and Pectoralis Major); and
the pectoralis minor index with the mechanical hyperalgesia of the cubital nerve in
volleyball players with shoulder pain. No such associations were found in volleyball
players without shoulder pain.

4.1. Posture

The results of this study appeals to the fact that shoulder position is not a key factor or a
clear contributor to shoulder pain [11,22]. These results are in agreement with the findings
of Ozunlu et al. [23] and Ribeiro et al. [23] Ozunlu et al. [23] showed that asymmetric
scapular posture in volleyball players might be normal and not necessarily related to injury
and Ribeiro A et al. [23] reported that scapular asymmetry may be normal and it should
not be automatically considered as a pathological sign in throwing athletes. This situation
has also been related to other areas of the body, such as the low back region, where there is
no correlation between imaging tests and pain [24].

Precisely and related to PMI, several recently conducted studies concluded that there
is no association between shoulder pain and function with the length of the pectoralis
minor in patients with chronic shoulder pain [25,26]. This is consistent with our results
although they are not performed in a sports population.

Although it has been found in another study that patients with forward shoulders
have greater scapular internal rotation and less serratus anterior activity, these alterations
are not associated with shoulder pain [6]. Therefore, although it has been proposed that
the round shoulder posture may be related to shoulder pain and dysfunction because it
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alters the kinematics and muscle activity generating stressful situations in the shoulder, it
seems that this relationship cannot always be established [27]. Perhaps clinical reasoning
should be based more on dynamic observation of posture rather than static observation of
posture [28].

It has been suggested that in the assessment of shoulder posture in patients with
shoulder pain it could be interesting to observe how the change in shoulder posture affects
the signs and symptoms of the patient with shoulder pain [29]. Lewis JS et al. showed that
changing posture in patients with shoulder pain had positive effects on mobility and pain in
these subjects [29]. A cohort study investigated people with shoulder pain and concluded
that the best prognostic factor for these patients was the change of symptoms during the
modification of scapula posture in the arm elevation movement [30]. Therefore, postural
alteration would be clinically relevant when postural modification during the assessment
of the patient with shoulder pain also modifies the patient’s signs and symptoms [28]. On
the other hand, demonstrating to a patient that symptoms are modifiable could give the
individual confidence to move and better adherence to treatment [31].

4.2. Mechanical Hyperalgesia

The relationship between posture and tissue mechanosensitivity has been studied
previously. Although the mechanical stress suffered by the structures involved in a poor
posture could produce an alteration of the sensitivity of these structures, it seems that the
presence of pain plays an important role in the degree of mechanosensitization [7,32,33].
Martinez-Merinero P et al. [7], Rojas VEA et al. [32], and Pacheco J et al. [33], showed
that mechanosensitivity of neck muscles and upper extremity nerve trunks is related to
neck pain more than to forward head position. Similarly, a study conducted by Haik
M et al. [34] in which they found that subjects with shoulder pain demonstrated mechanical
hyperalgesia compared with healthy controls.

The results obtained in our study have shown that the mechanosensitivity of the
assessed muscles is related to shoulder pain and not with rounded shoulder posture. The
infraspinatus, levator scapulae, and pectoralis major muscles were shown to have greater
mechanical hyperalgesia in volleyball players with shoulder pain. These data are consistent
with the results of Hidalgo-Lozano et al. reporting that elite swimmers with shoulder pain
showed significant lower PPT in levator scapulae, sternocleidomastoid, upper trapezius,
and infraspinatus compared with healthy athletes [35]. Pain and altered mechanosensitivity
could be a consequence of repetitive overhead movements. The infraspinatus, levator
scapulae, and pectoralis major muscles can produce shoulder pain [36]. In particular,
the infraspinatus muscle has been shown to be important in shoulder problems [37,38].
It is a structure involved in functional problems and shoulder pain [37,38]. During a
sports competition, volleyball players with shoulder pain were treated for the infraspinatus
muscle and the players were able to continue in the competition [37].

On the other hand, another interesting finding of this study was the relationship the
pectoralis minor index with mechanical hyperalgesia of the ulnar nerve. The pectoralis
minor index expresses the length of the pectoralis minor muscle [16]. The association
between a decrease in pectoralis minor length and shoulder pain has been described in
athletes [39]. And pectoral shortening as a factor associated with volleyball-related shoulder
pain and dysfuntion [40]. During arm elevation, subjects with shortened pectoralis minor
showed decreased external rotation/retraction and posterior tilting of the scapula [40].
Limitation of scapular movements could compromise the pectoralis minor space and
increase mechanical stress on the ulnar nerve [40]. Increased mechanical stress on the ulnar
nerve could lead to pain and other neurogenic alterations in the upper extremity [41].

Although the relationship between the pectoralis minor muscle and the ulnar nerve
has not been studied to our knowledge, it could be a cause of shoulder pain in all over-
head activities.
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4.3. Clinical Implications

Establishing a definitive structural diagnosis for an athlete presenting with shoulder
pain is a difficult process. There appears to be a poor correlation between orthopedic and
imaging tests and symptoms related to shoulder pain. In this regard, postural deviations
have been frequently cited as a cause of shoulder pain and disability. This study, like others,
challenges this approach. Therefore, the importance of postural disturbances during the
assessment of a subject with shoulder pain should be approached differently. The shoulder
forward posture may not be related to shoulder pain.

On the other hand, it seems that the shoulder musculature could be one of the causes of
pain in these patients. During spiking in volleyball there is a significant increase in activity
and stress on the shoulder musculature [42]. Probably, repeated overhead movements
may produce an increase in mechanical muscle hyperalgesia. The mechanical muscle
hyperalgesia could translate into increased tension and onset of shoulder pain.

Treatment of the infraspinatus, levator scapulae, pectoralis major, and pectoralis minor
muscles could improve shoulder pain and ulnar nerve mechanosensitivity.

The literature suggests that mechanical hyperalgesia is related to poorer muscle func-
tion, and this leads to poorer motor control recruitment [35,43–45]. In sport medicine, this
can be key factor in both prevention and injury recovery. Therefore, the results of this
study suggest that the shoulder forward posture or the pectoralis minor index does not
appear to be associated with shoulder pain, but yes, the mechanical hyperalgesia of the
shoulder complex musculature. Therefore, an assessment of mechanical hyperalgesia in
athlete patients with shoulder pain is suggested before posture. We can therefore suggest
that in the examination of these patients it would be advisable to pay attention to the signs
and symptoms of pain processing rather than to assessing shoulder posture.

4.4. Limitations

One of the main limitations of this study is that it is a cross-sectional study can
only demonstrate association and not causation. Longitudinal studies are now needed to
determine the role of mechanical hyperalgesia and posture in the development of shoulder
pain in volleyball players. In addition, one of the limitations due to the small sample size
and high effect size established, is that smaller correlations may exist. The population
size was small. Future studies with larger samples are needed to further confirm the
current results.

5. Conclusions

No association was found between the forward shoulder angle and the pectoralis
minor index in volleyball players with and without shoulder pain. There is a moderate
negative association between shoulder forward angle and muscle mechanical hyperal-
gesia in volleyball players with shoulder pain, but no such associations were found in
volleyball players without shoulder pain. Treatment of the infraspinatus, levator scapulae,
pectoralis major, and pectoralis minor muscles could improve shoulder pain and ulnar
nerve mechanosensitivity.
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Abstract: The aim of this study was to determine blood pressure (BP) and heart rate (HR) responses
triggered during an isokinetic testing protocol in professional soccer players and compare cardiovas-
cular parameters at completion of this isokinetic protocol with those during a treadmill test. Using
purposive sampling, 63 professional soccer players were recruited. Cardiovascular responses were
measured noninvasively during a bilateral testing protocol of knee flexion and extension. Treadmill
ergospirometry following an incremental speed protocol was performed to analyze the same car-
diovascular parameters at rest and at completion of this test. There were significant differences in
diastolic blood pressure (DBP) and HR according to field position. The parameters presented high
homogeneity at both competitive levels. Systolic blood pressure, mean arterial pressure, HR, and rate
pressure product at completion of the treadmill test were significantly higher than those at completion
of the isokinetic protocol. Intermittent isokinetic testing protocol of the knee triggers normal and safe
BP and HR responses in healthy professional soccer players. The HR of the defenders was higher
than those of the forwards and midfielders but was independent of the competitive level. The values
of cardiovascular parameters at isokinetic protocol completion were lower than those during the
treadmill test.

Keywords: soccer; blood pressure; heart rate; isokinetic dynamometry; testing; treadmill test

1. Introduction

Soccer is the most practiced sport worldwide today, with approximately 265 million
players across five continents, which is equivalent to 4% of the world’s population [1].
Traditionally considered [2,3] a discontinuous and intermittent physical exercise that en-
compasses low-, medium-, and high-intensity activities, soccer generates physiological and
metabolic demands [4] that have increased with the physical demands necessitated by the
professionalization of this sport.

Researchers have studied the physiological variables of professional soccer players
during matches, such as distance covered (10–13 km), [5] mean heart rate (HR; 165–170 bpm,
equivalent to 85% of the maximum HR), or oxygen uptake (45–65% of VO2 max with
telemetric controls) [6,7]. These variables are used to analyze energy metabolism, with
some researchers reporting 70–85% aerobic metabolism use and the remainder as anaerobic
metabolism [8]. However, this measurement is difficult because it depends on the duration
of the high-intensity phases and the recovery period [9,10].

These physiological parameters have become more relevant as the requirements of
professional soccer players have increased, and several cases of soccer players experiencing
cardiovascular events during matches have been reported in recent years [11], with “sudden
death” being the most remarkable both clinically and socially. In fact, between 25% and
49% of athletes who experienced sudden death in Spain were practicing soccer [12,13].
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Therefore, many researchers have performed various functional assessment tests in
the laboratory and controlled field tests that attempt to reproduce the conditions that a
soccer player is subjected to during a match [8,14–16]. The most widely used field tests
are categorized as aerobic, anaerobic, and specific, and the most referenced laboratory
tests are ergospirometry, anaerobic tests, isometric/isotonic contractions, and isokinetic
dynamometry [17].

Many researchers have conducted different functional assessment tests in the labora-
tory and controlled field tests that try to mimic, in as standardized and objective a manner
as possible, the conditions that a football player is subjected to during a match [8,14,15,18].
Among all these tests, isokinetic dynamometry allows for an objective assessment of a
football player’s muscle function as well as his response to maximum intensity require-
ments [19,20]. Thus, isokinetic dynamometric systems have been used to perform specific
strength training, rehabilitate postsurgical musculoskeletal processes [21,22], prevent mus-
cle imbalances that are a risk factor against muscle injuries [23–25], and evaluate the muscle
strength and power of the lower extremities in soccer players [26,27]. For this, isokinetic
dynamometry has been considered the gold standard among the strength tests that can be
performed on a soccer player [28].

The maximum requirement of this test is an adequate musculoskeletal state and a suffi-
cient cardiorespiratory condition to satisfy the requirements; thus, it would be interesting to
evaluate a soccer player’s cardiovascular response during a usual isokinetic protocol. This
protocol constitutes a controlled laboratory test, which is part of the usual physical assess-
ment of soccer players, and generates metabolic, muscular, and cardiovascular demands
that differ from those generated during maximal aerobic exercise. This cardiovascular
response has previously been studied in incremental dynamic exercise in soccer players,
with the treadmill test used to evaluate cardiorespiratory fitness; this method has also
been used to detect possible cardiovascular functional risks [29]. Although the isokinetic
assessment test is an indispensable requirement in the evaluation of the physical fitness of
soccer players, there are no previous studies assessing the cardiac and blood pressure risk
in these athletes.

However, to date, no reliable published studies with an adequate sample size have
described how soccer players’ BP and HR respond to the demands of an isokinetic test-
ing protocol of the lower extremity musculature. Studies describing the cardiovascular
response to isokinetic exercise in healthy or old adults are scarce [30,31] and possess high
sample variability [32–35], which prevents the extrapolation of their results to a highly
trained population capable of developing high levels of muscle strength and power in the
lower extremities.

This study aimed to describe the BP and HR responses triggered by an isokinetic
testing protocol in professional soccer players and compare cardiovascular parameters at
completion of this isokinetic protocol with those during a treadmill test.

2. Materials and Methods

2.1. Participants

A minimum sample size of 46 was deemed to be representative of the adult popula-
tion using GRANMO version 7.12 [36], assuming a reference population of 1000, a 95%
confidence interval level, an estimate of the standard deviation of 20, a precision of 6,
and a 10% replacement rate. A total of 63 professional male outfield soccer players (age
22.6 ± 1.2 years; height: 179.2 ± 5.2 cm; weight: 72.9 ± 5.5 kg), including 23 defenders
(age 22.3 ± 3.5 years; height 181.5 ± 4.4 cm; weight: 74.6 ± 4.1 kg), 25 midfielders (age
20.9 ± 2.5 years; height: 178.6 ± 4.7 cm; weight: 73.4 ± 5.1 kg), and 15 forwards (age:
19.7 ± 1.9 years; height: 176.8 ± 5.9 cm; weight: 70.2 ± 6.6 kg), participated in this study.
They belonged to a professional soccer team during the measurement period, with 20 on
the first-division team and 43 on the second-division team.

This study was performed during preseason, and players were recruited using purpo-
sive sampling. Prior to the study, the players were evaluated by a sports medicine specialist
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who performed an anamnesis and clinical examination following the Union of European
Football Associations recommendations [37] to confirm that the players met the condi-
tions for professional sports practice. Subsequently, electrocardiogram, echocardiography,
and spirometry were performed to rule out possible contraindications in performing the
tests [38]. None of the participating players showed warning signs that contraindicated
their inclusion in the study.

All players who had a current federation record as a professional soccer player and
who were physically and medically fit to start the season were included. Players who had
undergone surgery in the previous 12 months of any pathology in the lower extremities
or who had suffered an injury in the lower extremities that would have forced them to
suspend sports activity for at least 1 month were excluded. Players undergoing medical
treatment with a drug that interfered with physical capacity and those who suffered from
acute systemic diseases were also excluded.

All participants were fully informed about the protocol prior to participation and
provided informed consent in accordance with the principles of the Declaration of Helsinki.
The study was approved by the ethics committee of CEU San Pablo University (approval
code, 238/17/18).

A repeated-measures design involving active soccer players was used to determine
the BP and HR responses triggered by the isokinetic testing protocol. Then, we compared
the HR and BP values at completion of this isokinetic protocol with those achieved during
a treadmill test.

Both tests (isokinetic and treadmill) were performed during the preseason of the soccer
teams; the usual schedule followed in the medical and functional examinations of the soccer
players’ sports club was respected. These athletes are evaluated annually using isokinetic
assessment and treadmill ergospirometry of the lower extremities.

Once their medical history was recorded, the soccer players performed an isokinetic
strength test in the Research Unit in the Physical Therapies Laboratory of the Faculty of
Medicine of CEU San Pablo University. After completion, the data were collected, and
the second test was conducted within 3 days. The treadmill test was performed in the
exercise physiology laboratory of the School of Sports Medicine in Complutense University
of Madrid in the recommended environment [39]. Each player’s information was encrypted
to guarantee anonymity.

2.2. Isokinetic Testing Protocol Description

The isokinetic test was selected, as it is a test included in the functional assessment of
elite football players worldwide and validated by UEFA [33] and Spanish Association of
Football Team Doctors [40]. For this reason, this population group must face this test as a
regular evaluation element of their physical condition.

Initially, with the participant sitting with their feet on the ground, baseline mea-
surements of BP and HR were recorded using a BTL-08 ABPM II portable and digital
sphygmomanometer (BTL Industries Ltd. Hertfordshire, United Kingdom). Subsequently,
without removing the BP cuff from the participant’s upper limb, the device was placed
inside a sheath that was attached to an adjustable strap placed around the waist of the
participant; thus, the following measurements could be performed without replacing
the sphygmomanometer.

The participants performed a general 10 min warm-up exercise on a Monark cycle
ergometer (model 818E) at a moderate pace and resistance, immediately after which BP,
HR, systolic blood pressure (SBP), diastolic blood pressure (DBP), rate pressure product (RPP)
(RPP = HR × SBP), and mean arterial pressure (MAP) (MAP = DBP + (0.333 × [SBP − DBP]))
were recorded.

The participants were then asked to remove their shoes and sit on the IsoMed2000
strength-testing system (D&R Ferstl GmbH, Hemau, Germany) in an upright position, with
85◦ flexion at the hip. The participants were secured by straps around the chest, waist,
and right thigh. The dynamometer lever arm was aligned with the participant’s tibial
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spine, 2.5 cm proximal to the right medial malleolus; after ensuring it was comfortable for
the participant, it was fixed using a Velcro strap. The rotating axis of the dynamometer
was aligned with the knee joint’s axis of rotation (lateral epicondyle of the femur). After
checking the strap tension, the participant was instructed to hold on to the hand grips
on the side of the seat during the efforts [41], and the isokinetic testing protocol was
initiated (Figure 1).

 
Figure 1. Positioning of a subject before starting the isokinetic testing protocol (a) and prior to the
beginning of the contraction series with the left lower extremity (b).

Before starting the protocol, the right lower extremity (RLE) was weighed using the
automatic limb weighing system of the dynamometer to adjust for the gravitational effect
on torque.

A bilateral study protocol of continuous concentric/concentric contraction was fol-
lowed at low (60◦/s), medium (180◦/s), and high velocities (240◦/s) of knee flexion and
extension through the knee’s range of motion, from 0◦ (full extension) to 90◦ (flexed), as
recommended by the Spanish Association of Football Teams Physicians in its protocol for
professional soccer players [40].

Prior to assessment at each angular velocity, the participants performed three to five
submaximal contractions of increasing intensity (25%, 50%, and 80%), completing the
established range of motion with both knee flexion and extension, to adapt the musculature
to the effort requested later [42,43]. The participants were oriented to avoid the Valsalva
maneuver and to breathe spontaneously throughout the movement [44].

The protocol series required the performance of 5 repetitions of flexion and extension
at 60◦/s, 10 repetitions at 180◦/s, and 25 repetitions at 240◦/s, all at maximum intensity
and always starting with the right leg. During the protocol, encouragements by verbal
coaching and visual feedback were provided to all participants to help them concentrate
on the quality and maximum intensity of their movements [45,46].

Immediately after completing each of the six established series of contractions, the
investigator activated the BP monitor and asked the participant to rest and without speaking
to check BP, HR, SBP, DBP, RPP, and MAP (approximately 30–40 s). After verifying that the
device had recorded the measurements, muscle warm-up/adaptation contractions were
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started in the next series of protocol contractions. Between the third (right leg at 240◦/s)
and fourth (left leg at 60◦/s) series, the time for measuring BP and HR was used to move the
dynamometer lever to the opposite side of the participant. This procedure lasted 30–40 s to
homogenize the rest time with that of the series performed in the right leg [47,48].

Once the final BP and HR measurements were recorded and checked (after the sixth
series), the straps, attachment to the mobile arm, and sphygmomanometer cuff were
removed, and the athlete was recommended to spend 5–10 min passively stretching the
lower extremity musculature before leaving the investigation unit.

2.3. Treadmill Ergospirometry Test Description

Treadmill ergospirometry test was performed after the isokinetic test. The “incremen-
tal speed protocol” for ergospirometry commonly used in the School of Sports Medicine
of Complutense University was followed in the functional assessment of the partici-
pants [49,50]. For this, a treadmill (H.P. Cosmos), gas analyzer (model Vmax, Sensor
Medics), and electrocardiograph (Quest Exercise Stress System, Burdick Inc; Milton, WI,
USA) were used. After checking the BP and HR of the participants at rest, they performed
a 2 min warm-up exercise on the treadmill at 4 km/h following the usual protocol [51,52],
with electrocardiographic control but no respiratory control.

The maximum treadmill test was started at an initial speed of 6 km/h for all partici-
pants. Every 2 min, the speed was increased by 2 km/h until the participant was exhausted,
with the slope constant at 1% as in the warm-up exercise. BP and HR were measured within
30 s after completion of the exhaustion test. Recovery started at 5 km/h, and this speed
was maintained until the participant’s complete recovery.

2.4. Statistical Analyses

We used the Kolmogorov–Smirnov and Levene tests to assess the normality of the
values and the equality of variances, respectively. We then performed univariate repeated-
measures analysis of variance (ANOVA) to determine differences among SBP, DBP, MAP,
HR, and RPP values. Finally, we used Student’s paired t-test to assess possible differences
between phases. Bonferroni’s post hoc tests were applied for comparative analyses of
between-group differences when a significant interaction was found. SPSS version 24.0
for Windows was used for statistical analysis (Statistical Package for the Social Sciences,
Chicago, IL, USA). The results are expressed as the mean ± standard error, and the signifi-
cance level was p < 0.05.

3. Results

Descriptive

A global descriptive analysis of the cohort (n = 63) including the different cardiovascu-
lar parameters at the different measurement times is shown in Table 1.

During the isokinetic protocol, the maximum SBP value was 207 mmHg (at the fourth
measurement), maximum DBP was 103 mmHg (at the third measurement), and maximum
HR was 148 bpm (at the final measurement). The minimum SBP, DBP, and HR values were
102 mmHg, 44 mmHg, and 39 bpm. Intra-subject differences in DBP with respect to the
measurement at rest never exceeded 13 mmHg.

Because all the parameters described followed normal distribution in the cohort
(n = 63), repeated-measures ANOVA was performed to compare each parameter among the
different measurement points and to assess the effect of time on the obtained means (Figure 2).

ANOVA revealed an effect of measurement time on SBP (F5.363 = 52.91; p < 0.001;
ɳ p2 = 0.5). When comparing pairs of measurements, a significant effect was produced at
rest and after 10 min warm-up exercise compared with that at the other measurements
(p < 0.001). There were no significant differences between the third measurement (post
RLE 60◦/s) and the other measurements or between any of them (p > 0.05). DBP was
also affected by different measurement times (F = 9.30; p < 0.001; ɳ p2 = 0.149). The
pairwise comparison showed statistically significant differences between the measurement
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at baseline and those at rest except for the sixth (p = 0.313) and final (p > 0.5) measurements.
There were also significant differences between the third and fourth measurements (post
RLE 60◦/s and post RLE 180◦/s) with respect to the sixth measurement (p = 0.045 and
p = 0.016, respectively) and between the fourth and final measurements (p = 0.03). HR was
also affected by different measurement times (F3.521 = 188.37; p < 0.001; ɳ p2 = 0.780). HR
resulted in highly significant differences (p < 0.001) among all the measurements except
between the fifth (post RLE 240◦/s) and seventh (post LLE 180◦/s) measurements.

Table 1. Description of the cardiovascular parameters during the isokinetic protocol at different
measurements. Means and standard deviations obtained for the global sample (n = 63) and according
to the field position and competition level of the soccer players are shown.

Rest Post-Bike RLE 60◦/s RLE 180◦/s RLE 240◦/s LLE 60◦/s LLE 180◦/s LLE 240◦/s

General (n = 63)
SBP

127.8 ± 10.5
(152–102)

143.6± 12.4 *
(181–118)

149.1 ± 14.7 *†
(191–127)

155.2 ± 15.7 *†
(207–119)

154.7 ± 14.3 *†
(187–129)

155.2 ± 13.7 *†
(189–128)

127.8 ± 10.5
(152–102)

127.8 ± 10.5
(152–102)

DBP
71.2 ± 8.4

(90–47)
79.3 ± 8.6 *

(101–61)
79.1 ± 9.9 *‖

(103–57)
79.5 ± 10.1 ‡‖  

(102–58)
76.4 ± 9.8 ‡

(96–54)
75.5 ± 10.6

(96–50)
77.5 ± 10.3 ‡

(94–57)
74.9 ± 9.9

(93–44)

MAP
90.3 ± 7.4

(108.5–76.5)
100.7 ± 8.4 *
(127.6–82)

102.4 ± 9.4 *
(121.3–85.6)

104.5 ± 9.4 *†
(122–86)

102.4 ± 8.8 *
(125–84.6)

102 ± 9.7 *
(123–78.3)

102.5 ± 10 *
(124–80.3)

101.2 ± 10 *
(127.6–72.3)

HR
61.3 ± 10.4

(92–39)
74.5 ± 13 ђ

(103–45)
84.1 ± 17.5 ђ

(121–48)
91.2 ± 18.4 ђ

(126–49)
104.3 ± 18.7 ђ

(139–65)
97 ± 19.5  

(141–51)
102.3 ± 18.3  

(138–51)
112.9 ± 18.9 ђ

(148–61)

RPP
7860.9

(11,088–4641)
10,786.1 ђ

(16.109–66.72)
12,602.5 ђ

(19.656–6.419)
14,189.6 ђ

(21.452–7.301)
16,123.6 ђ

(25.993–9.417)
15,140.5  

(24.150–7.191)
15,798.1  

(23.046–7.089)
17,442.3 ђ

(26.069–8.784)
By Field Position
Forwards (n = 15)
SBP 125.4 ± 8.4 142.6 ± 12 146.1 ± 13.3 151 ± 14.6 152.3 ± 12.4 150.1 ± 8.9 151.8 ± 13.5 153.3 ± 14.8
DBP 69.3 ± 8.3 76 ± 8.7 77.2 ± 8.7 74.5 ± 10 71.7 ± 8.8 72.8 ± 11 78.6 ± 9.4 74.3 ± 8.8
MAP 87.8 ± 7.4 98.2 ± 8 100.1 ± 8.8 99.8 ± 8 98.5 ± 8.1 98.6 ± 8.5 102.9 ± 9.7 100.6 ± 10
HR 61.1 ± 14 78.3 ± 17 86.9 ± 19.6 90.9 ± 17.9 106.4 ± 18.3 97.1 ± 20.2 101.2 ± 21.8 109.5 ± 23.1
RPP 7683.8 11,219 12,822 13,781 16,255 14,612 15,505 16,854
Midfielders (n = 25)
SBP 130.8 ± 9.5 146.7 ± 12.4 153.7 ± 17 156.3 ± 15.1 156.2 ± 16.2 156.2 ± 13.7 152.9 ± 18 158 ± 16.3
DBP 73.3 ± 7.1 79.7 ± 8.6 79.1 ± 10.2 80.1 ± 9.9 77.4 ± 10.8 72.9 ± 10.1 74.7 ± 10.6 72.1 ± 8.4
MAP 92.3 ± 6.6 102 ± 9.2 103.4 ± 11.1 105.5 ± 9.6 103.7 ± 10.8 100.6 ± 10.5 100.7 ± 11.8 100.7 ± 9.9
HR 59.5 ± 9.2 73.6 ± 14.7 80.5 ± 15.3 87.8 ± 20 98.1 ± 20.2 90.2 ± 18.4 98.3 ± 18.3 108.4 ± 19.2
RPP 7815 10,854 12,458 13,779 15,425 14,151 15,075 17,148
Defenders (n = 23)
SBP 126.4 ± 12.2 139.8 ± 12.5 145.2 ± 12.6 154.3 ± 13.7 152.2 ± 12.3 157.6 ± 16 154.3 ± 15.5 151.4 ± 15.8
DBP 71.2 ± 8.4 80.3 ± 8.6 80.4 ± 11.1 83 ± 8.8 Ω 77.9 ± 9.2 78.8 ± 10.2 77.5 ± 8.8 77.4 ± 11.2
MAP 89.4 ± 7.8 100.1 ± 7.8 102 ± 8.3 106.7 ± 8.6 102.6 ± 6.6 105.1 ± 9 103.1 ± 8.7 101.7 ± 10.7
HR 63.2 ± 8.9 74.7 ± 9.9 87.5 ± 17.8 96.5 ± 16.5 110.2 ± 16.1 105.5 ± 17.7 # 107.3 ± 14.8 119.1 ± 13.8
RPP 8019.6 10,436 12,731 14,855 16,705 16,605 16,503 17,925
By Competition Level
1st team (n = 20)
SBP 127.1 ±12.1 144 ± 14.4 149.4 ± 15.1 154.1 ± 15.3 153 ± 16.3 153.3 ± 16.3 151.6 ± 16.1 153.9 ± 15.8
DBP 70.8 ± 8.7 78 ± 9.9 79.4 ± 12.2 81.8 ± 8.6 75.8 ± 9.9 75.6 ± 10 77.1 ± 10 76.6 ± 9.6
MAP 89.4 ± 8.2 100 ± 9.6 102.7 ± 12.5 105.9 ± 7.8 101.5 ± 9.3 101.5 ± 9.6 101.9 ± 9.9 102.4 ± 10.3
HR 64.2 ± 12.5 76.4 ± 13.4 85.8 ± 17.2 92.1 ± 19.4 102.8 ± 20.3 96.6 ± 21 101.2 ± 16.6 103 ± 19.1
RPP 8127.2 ± 1598.7 10,996.7 ± 2353.8 12,801.6 ± 2753.5 14,123.5 ± 3005.2 15,723.7 ± 3608.7 14,804.7 ± 3643.6 15,329.4 ± 2978.4 15,908.8 ± 3509.4
2nd Team (n = 43)
SBP 127.7 ± 9.9 142.7 ± 11.7 148.2 ± 14.9 154.3 ± 14.1 154.1 ± 12.6 156.1 ± 12.4 154.9 ± 16.5 154.1 ± 15.6
DBP 71.6 ± 7.6 79.5 ± 8.1 79 ± 9 78.7 ± 10.5 76.3 ± 10 74.8 ± 11.1 75.2 ± 8.5 74.4 ± 10.4
MAP 90.1 ± 7 100.5 ± 7.8 102 ± 9.1 103.8 ± 9.8 102.2 ± 8.7 101.9 ± 9.8 101.7 ± 9.1 100.8 ± 10.7
HR 59.9 ± 9.5 74.7 ± 13.7 84.2 ± 17.7 91.7 ± 18.1 105.7 ± 18.2 98.2 ± 18.9 112.7 ± 16.6 112.6 ± 20.2
RPP 7691.3 ± 1570.9 10,694.5 ± 2353.9 12,580.1 ± 3309 14,206.1 ± 3299.6 16,309.9 ± 3132.8 15,367.6 ± 3370.7 17,419.8 ± 3002.9 17,330.1 ± 3429.1

Data presented as mean +/− SD. Max, maximum value obtained by a sample subject; Min, minimum value
obtained by a subject in the sample. Abbreviations: RLE, right lower extremity; LLE, left lower extremity; HR,
heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; RPP, rate
pressure product. * significantly higher than the resting measurement p < 0.001; † significantly higher than
post-bike measurement p < 0.001; ‡ significantly higher than the measurement at rest p = 0.001. ‖ significantly
higher than the 6th measurement (LLE 60◦/s) p < 0.05.  significantly higher than the 8th measurement (LLE
60◦/s) p < 0.05. ђ significantly higher than all previous measurements p < 0.001.  significantly higher than all
previous measurements p < 0.001, except the 5th.  significantly higher than previous measurements p < 0.001,
except for the 5th and 6th. Ω significantly higher than Forwards in the same measurement p < 0.05.

Finally, the effect of the different measurement times on MAP (F5.538 = 29.47; p < 0.001;
ɳ p2 = 0.357) and RPP (F4.577 = 168.55; p < 0.001; ɳ p2 = 0.761) were observed. There were
significant differences in MAP between the baseline measurement with respect to the rest
measurement (p < 0.001) and between the second and fourth measurements (p < 0.01). There
were differences in RPP among all measurements except among the fifth, sixth, and seventh
measurements (p > 0.05) and between the fourth and sixth measurements (p = 0.086).
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Figure 2. Heart rate (HR), systolic blood pressure (SBP), diastolic blood pressure (DBP) response of
the global sample (n = 63) during the proposed isokinetic testing protocol (error bars show the SD of
the mean in each measurement). Abbreviations: RLE, right lower extremity; LLE, left lower extremity.

Repeated-measures ANOVA was performed to assess the effect of time on cardiovas-
cular parameters in the participants according to their field position (defenders, midfielders,
and forwards) as well as the interaction of this effect with field position.

The changes in SBP (F10.745 = 1.02; p = 0.463) and RPP (F9.252 = 1.66; p = 0.096) with
respect to the measurement points followed the same profile as that in the global sample.
There was no interaction of the effect “time” and the factor “field position” when comparing
the means of the different measurement points. An interaction of the effect of time with
respect to field position was obtained for DBP (F = 2.1; p = 0.012; ɳ p2 = 0.076), with
a significant difference at the fourth measurement (180◦/s RLE) between the defenders
and forwards (p = 0.043). Although there were no significant differences among the field
positions in the other measurements, the DBP response at the fifth measurement differed
among the groups. In turn, an interaction effect of “time–field position” was found for HR
(F7.086 = 1.76; p = 0.042; ɳ p2 = 0.065) during the isokinetic protocol measurements. The
mean HR values of the defenders were higher than those of the forwards and midfielders,
with significant differences at the sixth measurement (p = 0.037); the other measurements
displayed homogeneous HR response in all groups. Finally, there was an interaction
effect of “time–field position” in MAP (F14 = 1.96; p = 0.02; ɳ p2 = 0.072), although when
performing pairwise comparison, no significant differences were found among the groups
at any of the measurements. MAP in the forwards changed with respect to that in the
defenders and midfielders, without significant differences.

When the participants were categorized according to competitive level (first- and
second-division teams), the cardiovascular parameters during the isokinetic protocol fol-
lowed a normal distribution. No interaction of “time effect” and “category factor” in the
cardiovascular parameters was recorded in the comparison of the means at the different
measurement points. SBP (F5.361 = 0.31; p = 0.914), DBP (F = 0.48; p = 0.84), HR (F3.559 = 0.78;
p = 0.520), MAP (F5.507 = 0.34; p = 0.9), and RPP (F4.601 = 0.67; p = 0.62) showed high
homogeneity in their response in both categories.

Table 2 shows the mean values of the cardiovascular parameters analyzed at the end
of both tests and the significance of the comparisons.
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Table 2. Comparison of the cardiovascular values achieved by the global sample (n = 63) at the end
of the isokinetic protocol and treadmill ergospirometry.

Variable
Rest Final

Isokinetic Ergospirometry p-Value Isokinetic Ergospirometry p-Value

SBP 127.8 ± 10.5
(152–102)

117.4 ± 8.5
(138–95) <0.001 * 154.6 ± 14.5

(199–119)
172.4 ± 19.1

(220–120) <0.001 *

DBP 71.2 ± 8.4
(90–47)

70.8 ± 8.2
(90–50) 0.529 74.8 ± 10.2

(93–44)
72.1 ± 12.8

(100–50) 0.279

MAP 90.3 ± 7.4
(108.5–76.5)

86.3 ± 6.8
(101.6–70) 0.814 101.2 ± 10

(127.6–72.3)
105.5 ± 11.8
(126.6–73.3) 0.044 *

HR 61.3 ± 10.4
(92–39)

60.9 ± 10.4
(92–39) 0.820 113.7 ± 19.2

(148–61)
191.5 ± 7.9
(205–173) <0.001 *

RPP 7860.9
(11,088–4641)

7137 ± 1473
(11,960–4410) <0.001 * 17,504 ± 3230

(26,069–8784)
33,143 ± 3852

(22,080–44,000) <0.001 *

Data presented as mean +/− SD. HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP,
mean arterial pressure; RPP, rate pressure product. * Signification p < 0.05.

There were significant differences in the final SBP, MAP, HR, and RPP values of both
assessment tests, with all parameters significantly higher at the end of the treadmill ergospirometry.

4. Discussion

Notably, none of the participants presented complications or abnormal BP or HR re-
sponses to the exercises [53]. The cardiovascular reference values used to determine abnor-
mal responses were those used for dynamic incremental exercise (treadmill test) [38,54,55]
because no study in the literature has established non-physiological BP and HR responses
for isokinetic exercises. Therefore, because “normal” cardiovascular response values during
an isokinetic testing protocol have not been established, it is advisable to use those estab-
lished for stress tests as a fundamental reference when studying cardiovascular responses
during maximum exercise.

The novelty of this study lies in describing the behavior of BP and HR in the group of
professional soccer players not because they are just another population group but because
they will be subjected to this assessment test on a regular basis during the seasons in
which they compete. This means that there is a high prevalence of this test in this specific
population group. Furthermore, this test could be used in the future to obtain more global
and detailed information on the AT and HR of a soccer player to these physical demands
and prevent possible future undesirable or pathological clinical events.

There were no players in whom SBP decreased in relation to that at rest, which is
recommended [56]. This is considered a normotensive response to the effort because
maximum SBP and DBP values of up to 240 and 115 mmHg, respectively, have been
established in highly trained participants [57,58], with an increase in DBP of up to 15 mmHg
considered normal during maximum-intensity exercise [54,59]. The maximum HR recorded
was clearly below the cardiovascular safety limits as expected from intense exercise with
limited duration.

4.1. Heart Rate

The mean HR of all participants showed a practically linear significant increase
throughout the assessment protocol except between the fifth and sixth measurements,
with differences between each consecutive recording time of approximately 7–13 bpm, and
the mean HRmax was 112.9 ± 18.9 bpm at completion of the protocol. It is evident that the
interruption in the linear increase in HR at the sixth measurement (LLE 60◦/s) is related to
the change in the LE made by muscular effort, subsequently continuing the progressive
increase in HR with the same profile as before the change of LE. In fact, it is probable that
if the six series of isokinetic testing were performed with the same LE, higher maximum
values than those obtained in this study would be achieved.
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On analyzing the variations in HR between each proposed angular velocity, we ob-
served that the greatest increases occurred after warming up on an exercise bike (13.4 bpm)
and in the series at high angular velocity (240◦/s), where it increased by 13.1 bpm (RLE
240◦/s) and 11.6 bpm (LLE 240◦/s) compared with that in the immediately previous series
measurement. In these series at 240◦/s, 25 repetitions of knee flexion/extension were
performed, leading to a longer effort time than that in the series at 60◦/s (5 repetitions) and
180◦/s (10 repetitions). This finding corroborates the results of other studies, in which the
increase in HR depends more on the duration than on the intensity of the exercise [31,60–62].
Because isokinetic testing protocol is designed with consecutive series and little recovery
time [30,60], it results in higher HR responses than those to isolated series at a given an-
gular velocity or at rest intervals greater than 90 s between each series [35,63]. In fact, in
a continuous isokinetic testing protocol, the mean HR increased to values close to those
obtained in maximum stress tests until the participant reaches exhaustion [64].

However, in the usual isokinetic tests of the knee musculature in soccer players [27,65,66],
no more than three or four series are performed at different velocities, so the effort of each
series does not exceed 1 min; therefore, HRmax values are not attained. Studies that report
greater increases in HR in adults after a series of isokinetic exercises generally have longer
durations of the said series [30,67].

On comparison of the HR response of our sample during the isokinetic testing protocol
with that in the studies, it is evident that HR in soccer players is much lower than that in
untrained adults [30,31,34,62,68]. This suggests that cardiovascular adaptations to soccer
players’ training trigger a smaller increase in HR during isokinetic exercises despite our
sample having a lower mean age than that of samples in other studies. Given that higher
HR values are obtained during isokinetic exercises in young individuals [30,35,68], the
adaptations to training by this population group are more significant than the partici-
pants’ age.

This reflection seems to be confirmed by the absence of differences in the HR response
during isokinetic exercises between the first-division team (24.5 years) and second-division
team (19.9 years) players. In fact, the behavior of HR between both groups was very similar
at all measurements, indicating the limited influence of age and competitive level in the
HR response.

4.2. Blood Pressure

The SBP values of the global sample increased progressively until the fourth measure-
ment (RLE 180◦/s), when, after reaching a mean value of 155.2 ± 15.7 mmHg, it remained
practically unchanged at the subsequent measurements. It even decreased slightly at the
seventh and eighth measurements until completion of the isokinetic testing protocol, with
a mean value of 154.3 ± 15.3 mmHg. After the third and fourth measurements, there were
no significant differences in the increase in SBP, resulting in an incremental curve that
reached a plateau (fourth measurement), and it remained stable until completion of the
protocol. This SBP response is like that described in healthy adults performing compared
to incremental dynamic exercises [69,70] although the mean values in our study were
lower. Similarly, no decrease in SBP was observed after changing LE between the fifth
and sixth measurements as in HR, so this change did not influence the overall response to
the protocol.

We did not identify an influence of angular velocity on the BP response because the
increases occurred during the first two series, and SBP subsequently remained unchanged.
Some researchers who assessed the SBP response in isokinetic exercise series at different
velocities recorded higher SBP at low angular velocities [32,34,67,71], whereas others did
not report significant differences between knee flexion–extension series at different angular
velocities, as in our case [60,62]. Therefore, it appears logical that in consecutive series of
exercise protocols with limited recovery time, angular velocity is not a relevant element in
the SBP response.
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The SBP values in this study are hardly comparable with those in other studies
because no similar designs were found that measured cardiovascular parameters during
an isokinetic testing protocol, and no studies assessed professional soccer players [34,72].
Thus, the lower SBP values in our participants are likely related to better cardiovascular
adaptations to exercise by soccer players; the BP response profile may follow a similar
pattern in healthy adults. It is evident that an isokinetic protocol with a series of contractions
established at different velocities cannot generate excessive increases in SBP as reported
during protocols performed to exhaustion [32] or with heavy-resistance exercises involving
large muscle groups [73,74].

The position of the soccer players was not associated with differences in the SBP
response although the midfielders had higher baseline values (130.8 mmHg) and main-
tained them during essentially all measurements compared with the other players, with a
non-significant increase in final SBP of 5 and 7 mmHg compared with that in forwards and
defenders, respectively. However, these small differences do not follow a stable pattern
that justifies an influence of the field position on the SBP response. These differences are
even smaller when comparing players based on their competitive level, in which both the
SBP response and the mean values obtained by the two groups are very similar and not
significantly different.

The DBP value increased by 8 mmHg after warming up and remained almost un-
changed until the fourth measurement (RLE 180◦/s), after which it gradually decreased ex-
cept for a slight increase in the seventh measurement, reaching a mean value of 74.9 ± 9.9 mmHg
at protocol completion. This slight increase in DBP is lower than that reported in other
isokinetic (non-exhausting) exercise designs in untrained participants [75,76] and clearly
lower than that in studies with isometric exercise protocols for HR or percentage of VO2
max [77–79]. Thus, the adaptation to exercise by individuals with a high level of training
seems to trigger lower values of DBP response during isokinetic exercises. Notably, the
expected DBP response to non-exhausting isokinetic exercise protocols is a slight increase
of ≤15 mmHg in highly trained participants. This behavior differs from that to dynamic
incremental exercises [50] but is very similar to that to non-incremental exercises [80];
therefore, the duration and particularly the progressive intensity of the exercise seem to be
key elements in the behavior of this parameter.

The greatest increase in DBP occurs after warming up, and it remains largely un-
changed thereafter. Therefore, it is evident that the possible hypertensive effect related
to isokinetic exercise would only be associated with exhausting isokinetic exercise de-
signs [32,64] as in the case of isometric exercise [79,81].

The DBP response patter was very similar in both groups of soccer players, with no
differences greater than 3 mmHg in the mean values. No influence of age or competitive
level was noted in the observed response although some studies involving untrained
healthy individuals reported a slight dependence of age on this response during isokinetic
exercise [30,68]. This effect is decreased in highly trained individuals; thus, the DBP
response is determined by the adaptations to training by soccer players.

However, certain variations in the DBP response according to field position were
observed. In general, defenders had DBP throughout the protocol, with the forwards
reporting lower values until the sixth measurement, after which they exceeded the mean
DBP of the midfielders. These results differ from those of SBP; i.e., midfielders had higher
SBP than forwards and defenders; at protocol completion, the differential BP of the mid-
fielders (86 mmHg) was higher than that of the forwards (79.3 mmHg) and defenders
(74 mmHg). These findings agree with those of previous studies that evaluated other types
of exercises [82,83]; there is a linear relationship in which as the subject’s training level,
maximum TAS, and differential BP increase. Thus, due to the physical demands of their
position, midfielders may have better BP adaptation to an intermittent protocol of isokinetic
exercises at various velocities. However, this aspect is not recorded in continuous incre-
mental aerobic exercises, as reflected in our ergospirometry results or those of Ramos [50],
resulting in greater differences according to field position when faced with high-intensity
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intermittent efforts (isokinetic testing) than when performing a continuous incremental
aerobic effort. This may all be influenced by an increasing interest in improving the aerobic
capacity of field soccer players [84–87] regardless of their position, whereas adaptation
to aerobic–anaerobic efforts are determined to a greater extent due to the demands of the
footballer’s position during competition.

Finally, MAP and RPP were determined because TAM has been previously used to
assess BP response during isokinetic exercise [31,68,76,88], and RPP allows us to clinically
objectify myocardial O2 consumption during the test [89,90].

MAP progressively increased until the fourth measurement, with the cycling warm-
up clearly resulting in a more marked increase in TAM (10.4 mmHg) and with values
clearly lower than those recorded in other designs of isokinetic exercise both in young
adults [68,76,88] and older, untrained subjects [31,68] No differences were observed in MAP
according to the mean age of the participants in a previous study [68] similar to our results.
There was no influence on the type of contraction selected because in general, a series of
concentric contractions are considered more “hypertensive” than eccentric contractions
at the same angular velocities [31,68,91] However, this influence on the MAP response
according to the type of contraction selected appeared to be related only to samples from
untrained and mainly older subjects, in which concentric-type isokinetic exercises trigger
higher MAP, SBP, and DBP [31,68].

Regarding field positions, a slightly different MAP response was observed in the
forwards, who had increased MAP in the final two measurements compared with those
in the previous measurements, which, although not significant, showed increased BP
near the end of the effort. This may be related to the type of physiological effort they
usually perform, such as short and intense efforts but with longer recovery times; thus,
an intermittent isokinetic testing protocol would reflect more differences in BP response
according to the field position than commonly used treadmill tests.

However, this phenomenon was not reported for RPP, in which the behavior of the
players was very similar in all groups. The clinical estimate of myocardial O2 consumption
that results from this parameter [89,92] would show a very homogeneous behavior among
the groups of soccer players. The RPP values in our study are similar to those of other
researchers who assessed this parameter in untrained participants [31,68,93] and with
designs of isolated isokinetic exercises or with rest intervals greater than 90 s between
each series, which results in higher BP and lower HR. Findings similar to the maximum
RPP values in our participants during the isokinetic protocol were 15.000–17.000 units
lower than those obtained by professional soccer players in an ergospirometry in previous
studies [14,50].

This study shows at least one limitation. The between-groups and between-categories
results are not strong. Some commonly utilized physiological parameters (e.g., HR or VO2
max.) may not be sensitive enough to detect specific physiological adaptations occurring
in response to fatigue/training [94–96]. One possible explanation for this may stem from
the fact that these parameters provide little information on the specific nonlinear dynamic
interactions between organic subsystems involved in exercise physiology [95]. Therefore,
it would be interesting to evaluate the effects of isokinetic/treadmill protocols utilizing
variables able to quantify how respiratory, cardiovascular systems, and neuromuscular
systems coordinate during exercise in future studies.

5. Conclusions

The findings indicate that the performance of an intermittent isokinetic testing protocol
of the knee triggers normal and safe BP and HR responses in healthy professional soccer
players, with no values exceeding the recommended cardiovascular stability limits.

The angular velocity is not a determining element in the SBP and DBP response.
HR increased linearly during the isokinetic testing protocol until reaching submaximal

values, and its increase depends to a great extent on the duration of the isokinetic effort
than on its intensity.
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The HR of the defenders was higher than those of the forwards and midfielders but
was independent of the competitive level.

The SBP and HR values achieved at completion of the treadmill test were significantly
higher than those during the isokinetic testing protocol. The final DBP in the isokinetic
protocol was higher than that measured at completion of the treadmill test, but the results
were not significantly different.
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65. Gür, H.; Akova, B.; Pündük, Z.; Küçükoğlu, S. Effects of age on the reciprocal peak torque ratios during knee muscle contractions
in elite soccer players. Scand. J. Med. Sci. Sports 1999, 9, 81–87. [CrossRef] [PubMed]
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Abstract: The aim of our study was to investigate the accuracy of dynamic ultrasound assessment of
the anterior tibial translation, in diagnosing anterior cruciate ligament tears, and to assess its test–
retest reliability. Twenty-three patients (32 ± 8.42 years; 69.56% males) with a history of knee trauma
and knee instability participated in the study. Knee ultrasound was performed by an experienced or-
thopedic surgeon. The anterior tibial translation was measured in both knees and differences between
the injured and uninjured knee were calculated. Side-to-side differences > 1 mm were considered
a positive diagnosis of an ACL tear. The anterior tibial translation values were 3.34 ± 1.48 mm in
injured knees and 0.86 ± 0.78 mm in uninjured knees. Side-to-side differences > 1 mm were found in
22 cases (95.65%). The diagnosis accuracy was 91.30% (95%CI: 71.96–98.92%) and sensitivity 95.45%
(95%CI: 77.15–99.88%). The intraclass correlation coefficient showed an excellent test–retest reliability
(ICC3,1 = 0.97 for the side-to-side difference in anterior tibial translation). The study highlights the
accuracy and reliability of the dynamic ultrasound assessment of the anterior tibial translation in
the diagnosis of unilateral anterior cruciate ligament tears. Ultrasound assessment is an accessible
imaging tool that can provide valuable information and should be used together with physical
examination in suspected cases of ACL injuries.

Keywords: dynamic ultrasound; ACL tears; anterior tibial translation; test–retest reliability

1. Introduction

Anterior cruciate ligament (ACL) tears are one of the most frequent ligament injuries of
the knee, most of them needing surgical reconstruction [1,2]. In Romania, in 2015, there were
759 ACL/PCL reconstructions reported through the National ACL/PCL Reconstruction
Register [3].

An accurate diagnosis of ACL injuries is essential for an appropriate treatment and
a good prognosis. The American Academy of Orthopaedic Surgeons (AAOS) strongly
recommends a detailed history and physical examination, as well as magnetic resonance
imaging (MRI), for identifying ACL injuries [4]. However, the diagnostic accuracy of physi-
cal examination tests (anterior drawer test, Lachman test, pivot shift test) varies greatly in
the literature [5]. Magnetic resonance imaging is considered highly accurate in diagnostic
ACL tears [6]. However, performing MRI routinely for assessment of knee ligament injuries
is not cost-effective and not always available [7]. Although arthroscopy is considered to be
the gold standard for the diagnosis of ACL injuries, clinical diagnosis should be made with
relevant imaging examinations [8]. In comparison with MRI, musculoskeletal ultrasound
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is more accessible, less expensive, with fewer impediments (e.g., metal implants, claus-
trophobia, pacemakers or other implants). Its reliability in assessing ligaments, tendons,
muscles or joints has also been reported in several studies [9–16]. To date, there are several
studies assessing the efficiency of ultrasound to identify ACL injuries. A systematic review
performed by Wang et al. [17] showed that ultrasound can play a very important role in the
diagnosis of ACL injury, although there are still some limitations, especially in identifying
partial ACL tears (sensitivity of 15%).

In the literature, several ultrasound methods for ACL assessment are described that
implies different patient positions (supine or prone, with the knee in different flexion
degrees) and transducer placement (on the anterior or posterior aspect of the knee), static
or dynamic evaluation, destabilizing strategies or different numbers of persons engaged in
the examination [18]. One of the techniques used for the diagnosis of ACL injuries is the
one described by Schwarz et al. [19], who used ultrasound to measure the anterior tibial
translation to assess the ACL function.

The aim of our study was to investigate the accuracy of dynamic ultrasound assess-
ment of the anterior tibial translation, in diagnosing anterior cruciate ligament tears, and to
assess its test–retest reliability. The accuracy of this method has been addressed in previous
studies on acute ACL tears. We have evaluated the accuracy on injuries older than 4 weeks.
To the best of our knowledge, the test–retest reliability of this assessment method used for
the diagnosis of chronic ACL tears has not been studied.

2. Materials and Methods

2.1. Participants and Study Design

In this prospective study, all patients presenting to the clinic between January 2020–May
2021 with complaints of knee instability were screened for inclusion in the study. The
inclusion criteria were: (1) age over 18 years; (2) positive Lachman test; (3) positive anterior
drawer test; (4) history of knee trauma within the last 6 months. After selecting patients
based on the above-mentioned inclusion criteria, only patients who underwent either
MRI or arthroscopy were further included in the study (to confirm or to infirm the ACL
tear). Exclusion criteria were: (1) acute knee injury (<4 weeks since the traumatic event);
(2) positive posterior drawer test; (3) multidirectional instability; (4) previous knee surgery
(including ACL reconstruction); (5) open knee wounds. Informed consent was obtained
from all subjects who met the inclusion criteria and agreed to participate in the study. The
study was carried out in accordance with the Declaration of Helsinki and was approved by
the Institutional Ethics Committee (14b/28.02.2020).

2.2. Assessments

All patients underwent an initial clinical evaluation, followed by knee ultrasound as-
sessment and MRI and arthroscopic ACL reconstruction if a total ACL injury was diagnosed.

Knee ultrasound assessment was performed by an experienced orthopedic surgeon,
using a Sonoscape S22 apparatus equipped with a 5–12 MHz linear-array transducer. The
patient was lying prone with a roll under the lower legs in order to maintain the knee in 20◦
of flexion (Figure 1). Measurements were performed in both knees (injured and uninjured),
at the postero-medial aspect of the knee. The distance between the tangent line to the
medial femoral condyle and the tangent to the posterior aspect of the tibia was measured
in static position (D1) and after applying manual pressure on the posterior proximal aspect
of the calf (D2) [20] (Figure 2). For each knee, the difference between the two distances was
calculated (D2 − D1). The translation differences between the injured and uninjured knee
were calculated: ΔD = (D2injured – D1injured) – (D2uninjured – D1uninjured) [20]. Schwarz et al.
reported that a value greater than 1 mm for ΔD is a reliable threshold for the diagnosis of
an ACL tear [19,20]. The measurements were repeated after 15 min, in order to assess the
test–retest reliability.
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Figure 1. Patient position during ultrasound assessment.

  
(A) (B) 

  
(C) (D) 

Figure 2. Anterior tibial translation measurements in uninjured and injured knee. (A) Static anterior
tibial translation in uninjured knee (D1uninjured = 0.94 mm); (B) Dynamic anterior tibial transla-
tion (manual pressure was applied in the proximal posterior aspect of the calf) in uninjured knee
(D2uninjured = 1.5 mm); (C) Static anterior tibial translation in injured knee (D1injured = 2.13 mm);
(D) Dynamic anterior tibial translation (manual pressure was applied in the proximal posterior aspect
of the calf) in injured knee (D2injured = 4.63 mm).

2.3. Statistical Analysis

Statistical analysis was performed with MedCalc Statistical Software version 20.014
(MedCalc Software Ltd., Ostend, Belgium). Data were tested for normality using Shapiro–
Wilk test and descriptive statistics were performed. In order to assess the sensitivity
and accuracy of the ultrasound-based diagnostic for complete ACL tear, a 2 × 2 contin-
gency table was created, comparing the results from ultrasound with those obtained by
arthroscopy. Intraclass correlation coefficient (ICC3,1) was used to assess the test–retest reli-
ability [21]. ICC values greater than 0.90 were considered as excellent, values between 0.75
and 0.90 as good and values less than 0.75 as moderate [21]. Standard error of measurement
(SEM) was calculated according to the formula SEM = SDpooled × √

1 − ICC [22,23].
The measurements are considered more reliable if the SEM values are smaller [22]. The
smallest detectable change at 95% confidence interval (SDC95) assessed the magnitude of
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the real change between measurements necessary to exceed error. The lower the values
for SDC95 are, the higher the reliability is [24]. SDC95 is calculated using the formula:
SDC95 = 1.96 ×√

2 × SEM [23]. A paired sample t-test was performed in order to assess
the systematic bias [22,23]. Statistical significance was set p < 0.05 for all tests.

3. Results

Twenty-three patients who met the inclusion criteria, agreed to participate in the
study and were also evaluated by MRI and arthroscopy were included in the study.
Mean age was 32 ± 8.42 years; 16 patients were males (69.56%). The traumatic event
took place during amateur sporting activities (soccer—9 cases (39.13%); ski—10 cases
(43.48%); basketball—2 cases (8.7%)) or professional sport activities (handball—1 case
(4.34%); soccer—1 case (4.34%)).

The anterior tibial translations measured by ultrasound for the injured and non-injured
knee, in both measurement sessions, are present in Table 1.

Table 1. Anterior tibial translation in injured and non-injured knee.

Injured Knee p * Uninjured Knee p **

Anterior tibial translation (D2 − D1), mm
(mean ± SD) 3.34 ± 1.48

0.0002
0.86 ± 0.78

0.01
Anterior tibial translation (D2 − D1) −

retest, mm (mean ± SD) 3.66 ± 1.64 0.95 ± 0.78

p *—relates to the differences between test and retest for the injured knee; p **—relates to the differences between
test and retest for the uninjured knee.

The side-to-side difference in tibial translation (ΔD) was greater than 1 mm in 22 cases
(95.65%), with a mean of 2.47 ± 1.25 mm at the first measurement, and 2.71 ± 1.39 mm
at retest (Figure 3). Complete ACL tears were confirmed in all 23 cases by MRI, and in
22 cases by arthroscopy (including the case non-confirmed by ultrasound). One case was
diagnosed as partial ACL tear by arthroscopy and no ACL reconstruction was performed.
Using the threshold of 1 mm for side-to-side differences of tibial translation, complete ACL
tears have been correctly diagnosed in 22 cases, the sensitivity of the method being 95.45%
(95%CI: 77.15–99.88%) and the accuracy 91.30% (95%CI: 71.96–98.92%).

Figure 3. Side-to-side differences in tibial translation (ΔD).

Significant differences were found between test and retest values for the anterior tibial
translation, for both injured (p = 0.0002) and uninjured knees (p = 0.01).

The ICC3,1, SEM and SDC95 values for D1 and D2 measurement, for both injured and
uninjured knee, as well as for ΔD, are presented in Table 2. Lower values for SEM and
SDC95 were observed for both measurements (D1 and D2) in the uninjured knee.
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Table 2. The ICC3,1, SEM and SDC95 values for D1, D2 measurements and ΔD.

ICC3,1 95%CI SEM SDC95

D1 injured knee 0.99 0.997–0.999 0.23 0.63

D2 injured knee 0.99 0.98–0.99 0.31 0.85

D1 uninjured knee 0.99 0.991–0.998 0.08 0.22

D2 uninjured knee 0.98 0.973–0.995 0.18 0.49

ΔD 0.97 0.945–0.99 0.22 0.6
ICC3,1—intraclass correlation coefficient; 95%CI—95% confidence interval; SEM—standard error of measurement;
SDC95—smallest detectable change at 95% confidence interval; SEM and SDC95 are expressed in the same
measurement units as the test.

4. Discussion

Although ultrasound is a frequently used method in the diagnosis of musculoskeletal
injuries, in both orthopedics and rehabilitation medicine [25,26], ultrasound assessments
for the diagnosis of ACL injuries showed varied results, mainly due to the different method-
ologies used (conventional ultrasound and functional/dynamic ultrasound) [7]. The aim
of the present study was to investigate the accuracy of dynamic ultrasound assessment
of the anterior tibial translation, in diagnosing anterior cruciate ligament tears, and to
assess its test–retest reliability. We found a diagnostic accuracy of dynamic ultrasound
measurement of anterior tibial translation of 91.30% and a sensitivity of 95.45% for the
diagnosis of complete ACL tears.

The anterior tibial translation measurements showed a systematic bias between test–
retest, for both injured and uninjured knees. Since these measurements were only taken
15 min apart, this is not surprising, given the viscoelastic properties of knee ligaments [27].
These findings suggest that the ligaments in the knee become stretched during the anterior
tibial translation measurement, and the ligaments do not return to their original length
within 15 min (the amount of time between test and retest). These findings also suggest
that the manual pressure on the posterior proximal aspect of the calf applied by the tester is
likely causing this systematic lengthening of the knee ligaments. Such pressure should be
controlled to minimize variations among systematic lengthening of these ligaments during
the test. Future studies should examine the reliability of this anterior tibial translation
measurement with 2–3 days between the test and retest, rather than 15 min, to understand
the full scope of reliability, systematic variability, and sensitivity of this assessment. Fur-
thermore, future studies should also examine the time course of ligament lengthening to
understand how long it takes for the affected ligaments to return to their original length
between successive measurements. Such information would improve recommendations on
how much time to wait between anterior tibial translation measurements when multiple
tests are required.

In our study, we used the same method as Palm et al. [20], and found similar results
in terms of sensitivity. In their study, Palm et al. [20] investigated if an examiner with
basic expertise in ultrasonography and little or no experience in arthrosonography can use
functional ultrasonography with the same high diagnostic accuracy as an experienced sono-
grapher. They found a sensitivity of 97% for the method, the ACL tears being confirmed by
arthroscopy in 32 of 33 cases.

Kumar et al. [28] also found a high sensitivity for this method (81.65%), after the
assessment of 130 patients with a non-acute knee injury. They compared the efficacy of
dynamic ultrasound in identifying ACL tears with MRI.

Gebhard et al. [29] used the ultrasound to quantify the anterior tibial translation in
their study, the difference between the two methods being the way the tibial translation
was induced. We used the same method as Palm et al. [20] in their study, applying manual
pressure on the posterior proximal aspect of the calf. Gebhard et al. [29] manually lifted the
lower leg under ultrasound control as far as possible, while the thigh remained in contact
with the surface; after marking the tibial head, the lower leg was carefully released and
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drawn by gravity into anterior draw position. They opted for the gravity-induced anterior
tibial translation as they noticed pain during dorsal force on most of the acute ACL lesions.
For a minimum intra-individual difference of 5 mm, the authors reported a sensitivity of
96% [29].

We found excellent test–retest reliability in the dynamic ultrasound assessment of the
anterior tibial translation, with patients lying prone and measurements being made in the
postero-medial aspect of the knees (ICC3,1 = 0.97 for the side-to-side difference in anterior
tibial translation). A good intra-rater reliability of ultrasound assessment of the anterior
tibial translation was reported by Teng et al. [30], but in participants with no ACL tears.

For the diagnosis of ACL injuries, direct and indirect signs, as well as signs of antero-
posterior instability under ultrasound imaging were proposed, with different diagnosis
accuracy and sensitivity [31]. As in physical examination, the anterior tibial translation is
used as a sign of antero-posterior instability under ultrasound assessment, with greater
values in the presence of ACL injuries compared to uninvolved knees [19,20,28,29]. In our
study the anterior tibial translation of the affected knees was also greater than in uninjured
knees (3.34 ± 1.48 mm vs. 0.86 ± 0.78 mm), similar to values found by Palm et al. [20]
(3.8 ± 1.5 mm vs. 0.1 ± 0.7 mm). The values reported by Kumar et al. [28] for the anterior
tibial translation for the injured and uninjured knee were slightly greater than our results
(4.21 ± 2.93 mm and 2.16 ± 2.67 mm, respectively). Gebhard et al. [29] reported a mean
anterior displacement of the medial tibial plateau of 14.1 ± 3.5 mm in ACL-injured knees
and of 8.3 ± 3.4 mm in uninjured knees, values greater than those reported by us, Palm
et al. [20] and Kumar et al. [28]. One explanation could be the different method of inducing
anterior tibial translation. Using a different method (patient in a seated position, with the
knee flexed to about 70–80◦, the transducer placed onto the anterior aspect of the knee,
above the level of tibial tuberosity, parallel with the patellar tendon; examiner in front
of the patient; the patient’s lower leg was pushed backwards with the examiner’s foot),
Grzelak et al. [32] reported absolute knee anterior translation values of 8.67 ± 2.65 mm in
injured knees and 2.88 ± 1.26 mm in uninjured knees.

Schwarz et al. reported that a value greater than 1 mm for side-to-side differences in
ultrasound-measured anterior tibial translation is a reliable threshold for the diagnosis of
an ACL tear [19,20]. We found a side-to-side difference in tibial translation (ΔD) greater
than 1 mm in 22 cases (95.65%), with a mean of 2.47 ± 1.25 mm. Palm et al. [20] and Kumar
et al. [28] have also considered the threshold of 1 mm in side-to-side difference for anterior
tibial translation for a diagnosis of ACL tear.

The examiner in our study was an orthopedic surgeon with significant prior experience
with the use of ultrasound. However, the results from Palm et al. [20] showed that an
examiner without specialist knowledge in ultrasonography can accurately diagnose acute
ACL injuries using functional ultrasonography.

Ultrasound assessment of anterior tibial translation, as a side-to-side difference of more
than 1 mm, proved to be accurate and reliable for the diagnosis of complete ACL tears. To
the best of our knowledge, this is the first study that has assessed the test–retest reliability of
the dynamic ultrasound assessment of anterior tibial translation for the diagnosis of chronic
ACL tears. Our results showed an excellent test–retest reliability for this method. However,
the method can be used only if the injury is unilateral, and this is a limitation. Further
studies are needed to find a threshold value for the anterior tibial translation, to use it also
in cases in which there is a laxity or instability in the contralateral knee and also to test the
inter-rater reliability of this method. Some limitations of this study have to be considered.
We have not evaluated acute ACL tears. Not examining the side-to-side differences with
another device, such as an arthrometer, could also be a limitation of the study.

5. Conclusions

The study highlights the accuracy and reliability of the dynamic ultrasound assessment
of the anterior tibial translation, in the diagnosis of unilateral anterior cruciate ligament
tears. Ultrasound assessment is an accessible imaging tool that can provide valuable
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information and should be used together with the physical examination in suspected cases
of ACL injuries.
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Abstract: Inactivity negatively influences general health, and sedentary behaviour is known to impact
the musculoskeletal system. The aim of the study was to assess the impact of time spent in active
and sedentary behaviour on foot muscle strength. In this observational study, we compared the
acute effects of one day of prolonged sitting and one day of low-to-moderate level of activity on
ankle torque in one group of eight healthy participants. Peak ankle torque was measured using a
portable custom-made electronic dynamometer. Three consecutive maximal voluntary isometric
contractions for bilateral plantar flexor and dorsiflexor muscles were captured at different moments
in time. The average peak torque significant statistically decreased at 6 h (p = 0.019) in both static and
active behaviours, with a higher average peak torque in the active behaviour (p < 0.001). Age, gender,
body mass index and average steps did not have any significant influence on the average value of
maximal voluntary isometric contraction. The more time participants maintained either static or
active behaviour, the less force was observed during ankle torque testation. The static behaviour
represented by the sitting position was associated with a higher reduction in the average peak ankle
torque during a maximal voluntary isometric contraction when compared to the active behaviour.

Keywords: prolonged sitting; ankle torque; dynamometer; muscle strength; physical activity;
sedentary behaviour

1. Introduction

Human physical activity and physiology of movement during daily activities, profes-
sional activities and sports in all age-related populations have gained increased scientist’s
interest. Physical activity level influences general health, and the expansion of sedentary
behaviour and its chronic complications are of great concern lately. Studying how sedentary
behaviour influences human health across a lifespan might help increase physical and
psychological wellbeing among various populations.

Physical activity has been defined as movement produced by the action of the skeletal
muscles and can be related to occupational, household, sports or any other activities.
Physical fitness has been defined as planned, structured exercise and is different from
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physical activity. These two particular terms are often confounded. Physical fitness might
be misused when defining physical activity [1].

When compared with the rest basal level, activity has been associated with higher
energy expenditure, while the absence of activity has been defined as inactivity [1]. For a
better thermology statement, the World Health Organization [2] and the National Institute
of Health [3] have these definitions stated. Undertaking 7000–8000 steps/day is the border
for physical activity to be categorised [4].

A sedentary lifestyle is considered when ≤5000 steps/day are undertaken, while
≈3500 steps/day is associated with an extremely low level of activity [5]. The same number
of steps (just below 5000 steps/day) have been reported in the Framingham Heart Study [6].

Low-intensity physical activity (LIPA) and moderate to vigorous physical activity
(MVPA) are the main two types of identified activity levels. A minimum of 150–300 min
of weekly physical activity with moderate intensity, or 75–150 min of vigorous activity,
or a combination of both types of activities is highly recommended [7]. By replacing the
sedentary-spent time with light/moderate/heavy activities, a positive influence could be
obtained on the human body’s main functions [8]. Increasing heavy physical activity for
only five minutes can resemble a reduction of one hour of sedentary time [9].

Despite the well-documented general health benefits of MVPA [10], the adult popula-
tion still shows a high amount of daily sedentary behaviour time [11]. Sedentary behaviour
has shown negative effects, with prolonged physical inactivity being considered a major
risk factor for human health and a reduced life expectancy [12]. Sedentary behaviour has
been characterised by reduced energy expenditure and was recognised even among indi-
viduals engaged in MVPA [13]. The World Health Organisation recommendations on the
appropriate level of activity are only met in one of four adults [14]. Evidence from wearable
devices monitoring the level of human physical activity reported a massive increment in
sedentary-spent time [15,16], with increased exposure to risks in all demographics and
age groups [17]. Individuals’ sedentary behaviour can be identified by using self-reported
questionnaires on daily time spent in any sedentary activities and mainly in a sitting
position [18].

Increased sedentary time (ST) has been associated with an increased risk for type 2
diabetes mellitus, metabolic syndrome [19,20] and cardiovascular diseases (CVD) [19,21].
When comparing the acute effects of LIPA with inactivity in various populations, an
impact on the cardiometabolic system [22], haemostasis [23], glucose and insulin responses
have been observed in the case of inactivity [24]. When the time of sedentary behaviour,
LIPA time and MVPA time were objectively analysed, exposure to risks was revealed
in the case of sedentary behaviour in various age groups [25]. Physical inactivity and
mainly prolonged sitting are involved in the mechanisms regulating proteins involved
in disease susceptibility [26]. Due to daily reduced levels of muscle contractions, while
maintaining a prolonged sitting position, modern society is experiencing the negative
impact of inactivity [27]. Short-term studies demonstrated the unhealthy potential of one
day of inactivity [28], with acute physiologically secondary effects of sitting being shown
even in the active population [29]. Simulated microgravity has been shown to induce
marked lower limb skeletal muscle atrophy when one limb was suspended for four weeks,
and a similarity in the magnitude of muscle mass and strength reduction was obtained in
the case of bed-rest [30].

Six weeks of unilateral suspension of the lower limb showed changes in the muscle
morphology [31].

Few studies analysed the impact of sedentary behaviour on the muscles acting around
the ankle joint, and even less data is available for healthy individuals.

In patients suffering from diabetes, prolonged sitting revealed a potential negative
impact on the foot plantar skin health [32]. In subjects that underwent ankle immobilisation,
no significant differences were seen at 48 h, but significant differences were seen at one
week. This presumed that the accumulated effects of immobilisation are needed to explain
the reduction in strength at one week [33]. When participants were placed under chronic
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unloading (90 days of simulated microgravitational situation), negative effects resulted
on the mechanical properties of the human Achille’s Tendon, while when participants
were placed under resistive exercises, preventive effects were observed [34]. The effects of
unloading on the tendon’s mechanical properties when placed for six weeks on bed rest
conditions were also reported [35].

Despite sitting being associated with physical inactivity and inactivity is further
associated with risks, the amount of sitting time linked with risks for human health has not
yet been defined [36,37]. Reeves et al. suggested that in the case of simulated microgravity,
in order to completely prevent alterations in the Achille’s Tendon mechanical properties, a
certain level of muscle exercise is required [34].

Reducing sedentary behaviours was already strongly recommended and might be
considered a preventive strategy [7].

One of the multiple proposed strategies for reducing sedentary behaviour was increas-
ing the number of daily steps; thereafter, foot abilities to generate strength and endurance
are requested for an effective gait. Walking is efficient if supported by the lower limb’s
performance. Sitting, mainly prolonged sitting, as well as the association of sitting with
sedentary behaviour, places one’s feet in an inactivity situation. Assessing foot muscles
performance, despite being a difficult procedure that implies both technologies and testa-
tors’ skills, is essential. Determining the relationship between muscle action dose–response
in particular functional activities could explain the side-effects of muscle inactivity and, in
particular, during being in sitting positions.

No agreement has been stated on the most appropriate method for measuring the
strength of the foot intrinsic muscles [38]. From electromyographic studies [39] to toe
flexor muscles (TFM) custom-made dynamometry [40], diverse methods for measuring
foot intrinsic muscle’s function have been described [34].

By capturing ankle torque through the evaluation of maximal voluntary isometric
contraction (MVIC), foot and ankle muscles that generated strength during a particular time
interval and at the selected range of ankle joint motion can be precisely measured. Custom-
made electronic dynamometry showed to be a reliable method for the measurement of
ankle torque in humans [41] and a reproducible dynamic method when foot muscle strength
was assessed in two moments in time [42].

Acute and accumulated effects of sitting on the intrinsic foot muscles and all muscles
acting around the ankle joint need in-depth research, and the capturing of ankle torque by
dynamometric means could be of relevance in both clinical and experimental fields.

This study is, to the best of our knowledge, the first to examine the impact of active
and sedentary behaviour on ankle torque when assessed with a custom-made electronic
dynamometer.

The aims of this study were: to analyse the impact and compare the effects of two
different types of activities (short-time sedentary versus a short-time active behaviour) on
the evolution of peak ankle torque in time; to assess the two types of routine lifestyles
(sedentary and active) on ankle torque when participants were subjected to a short-time
active and a short-time sedentary behaviour.

Despite the impact of sedentary behaviour on ankle torque as the main focus of this
paper, describing the measurement system (custom-made electronic dynamometer) as an
innovative way to assess muscle strength in relation to inactivity is of great importance. In
order to better profit from the measurement device’s practical use, we considered that an
extensive outline of the measurement principles and measurement system description is
required to ensure that any further replication of our study would be conducted with ease
when a custom-made device is being used.

The more time either short-time static or short-time active behaviour was maintained,
the less force was observed during ankle torque testation. Peak torque during maximal
isometric contraction was higher during a short time spent in active behaviour.
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2. Materials and Methods

2.1. Participants

Eight healthy adult consenting participants were selected for the study, and written
signed consent was obtained before the enrolment. Ethical approval from the University
of Medicine and Pharmacy “Victor Babes” Timisoara Ethics Committee was released and
registered under Nr. 50/21.09-14.10.2020. The included participants had their measure-
ments of peak ankle torque captured at maximum 2-weeks intervals in October 2021. All
measurements were performed in the same physiotherapy unit placed in Timisoara, Roma-
nia. Based on their daily average number of steps recovered from the wearable devices,
four of the participants were considered routinely active (≥6000 steps/day), and the other
four participants were considered routinely sedentary (<6000 steps/day), further named
routinely active and sedentary group, respectively. Only the average number of daily steps
of the last month were recovered from the participant’s smartwatches. The data extracted
from the devices did not represent the exact type of activity the participants underwent
during their last month. Thereafter, neither physical activity or physical fitness had been
recognised or identified from the recovered data. Nor a systematical control of the data
derived from smartwatches, nor was a correlation between the data and participant reports
applied for a possible correlation with a specific type of activity during the last month.
Routinely active participants self-declared an active lifestyle during their occupational
work, including light to moderate physical activity level and a regularly active lifestyle
during off-work hours, respectively. Three of the four routinely active participants were
engaged in recreational sports during the week, declaring a history of participation in
performance sports. One participant practised soccer for eight years, one participant was
a performant swimmer for five years and one participant practised acrobatic dancing for
six years. All four routinely sedentary participants declared a sedentary lifestyle during
their occupational work, including mainly sitting posture-spent time and no specific light
to moderate intensity of physical activity during off-work hours. Only one participant
from the four routinely sedentary group declared a history of 12 years of professional
gymnastics.

We considered for exclusion any systemic diseases affecting the foot and ankle,
past/present foot or lower limb trauma or surgery interventions that might have altered
the foot mobility or function, or physical congenital foot and ankle deformities or malfor-
mations. Any cognitive/neurological conditions altering lower limb functionality, as well
as psychiatric issues affecting the participant’s ability to participate, were also considered
exclusion criteria.

2.2. Data Collection

Anthropometric data, including age, gender, height, weight and foot length, were
registered/measured at the first visit.

The average number of daily steps during the last month prior to measurements
(independent of being considered physical activity or physical fitness) were registered after
being recovered from the participant’s wearable devices (smartwatches), and a general
physical activity level was established for each enrolled participant [43].

For a better framing of the off-work hours type of activity level, questions on daily
activities were asked, targeting overall sedentary time spent in a sitting position, screen
and tv time [18].

2.3. Description of the Measurement System and Measurement Procedure
2.3.1. Measurement System Description

Bilaterally ankle torque measurements were performed for all participants using a
reliable [41], reproducible [42], portable custom-made electronic dynamometer [44]. A
simple diagram with the measurement system components is represented in Figure 1.

The dynamometers pedal construction permitted the measurement of ankle torque at
different joint angles by setting the desired pedal angle using an electronic inclinometer. Torque
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was converted into force, permitting that the applied force on the load cell was to be further
converted into voltage. By the connected load cell amplifier, the load cell imbalance was
converted into voltage, further evaluated with an oscilloscope (PicoScope Model 2204A) [45]
connected to the personal computer (PC). The PicoScope®6 software used (manufactured by
Pico Technology, PC Oscilloscope software version: 6.14.54.6108Copyright © 1995–2021, Pico
Technology Ltd., St Neots, UK) [46] permitted the data acquisition and the recording of the
whole measurement period. The apparatus construction, calibration and the full disclosure of
the measurement system and protocol intervention have been described elsewhere [41]. A
representation of the measurement system components and the participant’s general position
on the chair is captured in Figure 2. Figure 2 demonstrates the minimum required amount of
space (~3 m2) needed for the whole measurement system components and the participants’
chair to be positioned in order to proceed to measurements.

Figure 1. Diagram of graphic representation of the measurement system components comprising
the portable custom-made electronic dynamometer, dynamometer load cell, a load cell amplifier
connected to the dynamometer’s load cell through a four-wire cable, the USB connected oscilloscope
(PicoScope 2204A) and the personal computer (PC).

 

Figure 2. The system components used for ankle torque measurement and participant position on the
chair; the measurement system components include: portable custom-made electronic dynamometer
with an incorporated load cell, electronic inclinometer, a load cell amplifier, oscilloscope, connection
wires and a PC.
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The PicoScope®6 software graphic user interface allowed for the particular parameter
configuration seen in Figure 3.

Figure 3. Flow chart representing the steps needed for the selection of the oscilloscope software
graphic user interface configuration parameters: Channel A on, direct current (DC) coupling,
input = 2 V/div, time base = 100 ms/div (32 s length record) and 10 bits resolution enhancement.

During active ankle plantar flexion, a positive voltage value variation was obtained, as
seen in Figure 4—trace A, while during dorsiflexion, a negative voltage value variation was
obtained, as seen in Figure 4—trace B. The voltage values were transformed into torque in
Nm. The actual voltage value, represented in V, corresponds to the voltage signal seen on
the PC screen. Two sources of displacement of the voltage off-set are present in the set-up:
the pedal remanent off-set (own pedal weight and permanent mechanical tension), as seen
in Figure 4—trace E, and the participant-generated off-set, as seen in Figure 4—traces C
and D (comprised of the lower limb weight in the absence of any ankle motion without
tension generated by the fixation belt, and the lower limb weight in the absence of any
ankle motion with the tension generated by the fixation belt, respectively).

After each measurement, the data recordings were saved as a folder from the Pi-
coScope interface, containing 32 text files of voltage values. For the validation of each
measurement, a MATLAB [47] application was developed. The application allowed for the
inspection of the saved text files by loading the multi-file contents of each measurement
and concatenating them in a single time graph. By inspection of the resulted time graphs
the operator appreciated the quality of each measurement and concluded for validation.
Time graphs not passing the validation procedure were followed by another measurement
trial. Measurements considered valid received a numerical code for each participant. The
saved valid measurements were later sent for data processing. For accurate time graphs,
low-pass filtering and scaling with the pedal constant were applied [41]. Voltage offset and
peak torque during MVIC were processor-estimated and summarised into an Excel spread-
sheet [48]. The summarised Excel data of voltage were converted into torque data [41].
Both time graphs of the voltage data, as well as time graphs of torque data, were visualised
as graphic representations in time of the voltage variations in V, as seen in Figure 5a, or
torque variations in Nm, as seen in Figure 5b–d. Automatically computed peak torque
values (highlighted with a red circle, as seen in Figure 5c,d) and offset means (indicated
by the red line in the time graphs, as seen in Figure 5c,d) were included in the torque time
graphs.
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Figure 4. Time graph representing five different situations. Trace A represents a positive transition of
voltage from the off-set level during two MVICs while the participant actively plantarflexes the foot;
Trace B represents a negative transition of voltage from the off-set level during two MVICs while
the participant actively dorsiflexes the foot; Trace C represents the off-set voltage level while the
participant’s foot is relaxed on the pedal with fixation strap not tightened; Trace D represents the
off-set voltage level while the participant’s foot is relaxed on the pedal with the fixation strap being
tightened on the thigh just above the knee level; Trace E represents the pedal off-set in the absence of
the participant’s foot on the dynamometer pedal.

Figure 5. Three time graphs representing a succession of three MVIC of 5 s each followed by 5 s
of relaxation between contractions: (a) time graph of voltage during ankle plantar flexion with the
period being represented in seconds (s) on the Ox axis and voltage represented in V on the Oy axis;
(b) an example of the same time graph for ankle dorsiflexion with the period being represented in
seconds (s) on the Ox axis and torque represented in Nm on the Oy axis; (c) torque represented in
Nm during ankle plantar flexion, where the peak torque is highlighted with a red circle and the mean
off-set level is marked with a red line; (d) torque represented in Nm during ankle dorsiflexion, where
the peak torque is highlighted with a red circle and the mean off-set level is marked with a red line.
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2.3.2. Methods of Participant Preparation for Measurement Procedure

Each measurement session consisted of measuring ankle torque during plantar flex-
ion and dorsiflexion using a custom-made electronic dynamometer. All measurements
were performed in the same testing laboratory with a constant room temperature (22 ◦C),
allowing for an acclimatisation period of one hour before measurements. All possible
adverse effects and the complete measurement protocol [41] were fully detailed to the
participants. Possible adverse reactions, such as muscle cramps/fatigue/pain, or any other
physical/emotional discomfort, were written and verbally presented to the participants
and followed by cessation of the session in case such reactions might appear during the
measurements. The participants were encouraged to fully relax while maintaining a sitting
position with their trunk resting on the chair back-rest. Knee and hip joints were kept
flexed, and the examined foot was resting in a plantigrade position on the dynamometer
plate. Using nonelastic fibre belts, the fixation of the foot and thigh were ensured. For
accurate measurements, the thigh strap was fixed just above the knee joint using one rigid
fixation belt, and the foot was fixed in place using a second rigid fixation belt placed just
above the dorsal aspect of the metatarsal-phalangeal joints (MPJ). This specific fixation
allowed for the foot and ankle to remain stable and the heel to remain fixed in place during
all measurements, as shown in Figure 6a,b. The foot positioning considered the ankle joint
axis of rotation (defined as the line passing through the ankle malleoli) being aligned with
the dynamometer’s pivotal point. The dynamometer’s pivotal point is marked with a blue
horizontal line, as represented in Figure 6b.

  
(a) (b) 

Figure 6. The participant’s sitting position: (a) fixation of the lower limb using a rigid fixation belt
over the thigh right above the knee joint and the knee joint angle settled between 90◦ and 110◦; (b) foot
positioned on the dynamometer plate, with the ankle joint axis of rotation above the apparatus’s
pivotal line marked on the device pedal with a blue line, with fixation of the rigid belt on the dorsum
of the foot just above the MPJs level.

A more flexed knee position [49] allowed for the better isolation of the foot’s small
muscles (flexor digitorum longus, flexor hallucis longus and the long toe flexor muscles)
also involved in plantar flexing of the ankle. The strap fixation just above the MPJs level
allowed for the attenuation of the anterior tibialis muscle impact as an ankle dorsiflexor.
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After all of the participants understood the type of requested muscle efforts, a succes-
sion of contractions followed as an experimental trial for better participant acclimatisation.
Voltage acquisitions started while the clinician vocally commanded the direction of the
ankle movements. After the acclimatisation test, a trial of three consecutive MVICs were
registered for each ankle while the participants actively plantarflexed and dorsiflexed the
foot. The acquisition period for the three consecutive MVICs was settled for 32 s. To better
prevent muscle fatigue, a two-minute recovery break was permitted between the measure-
ments for all pedal inclinations and all muscle groups. We measured the passive moment
at rest and ankle torque at 0◦, +5◦, −5◦ of pedal inclination during three consecutive MVIC
of 5 s, each separated by 5 s relaxation time for both plantar and dorsiflexor muscle groups,
resulting in 12 measurements for each participant. The selected pedal inclinations (0◦, +5◦,
−5◦) corresponded to the same range of the participant’s ankle joint. When the tibia’s
long axis was perpendicular to the ground, having the foot resting on the dynamometer
at 0◦of pedal inclination, we defined the ankle as being in a neutral position (90◦ of ankle
dorsiflexion). From the neutral ankle position, we considered 95◦ of ankle dorsiflexion
when +5◦ of pedal inclination and 5◦ of ankle plantar flexion when −5◦ of pedal inclination.

All participants were measured during two separate six-hour sessions. One session
comprised six hours of sedentary behaviour (further named static behaviour) while main-
taining a prolonged sitting position. The other session comprised of six hours of active
behaviour (further named active behaviour) defined by low and moderate levels of physical
activity.

A two-week interval was allowed between the two separate sessions.
The static behaviour was represented by six hours of prolonged sitting posture,

with only small breaks allowed for participant’s urgent personal needs. The active be-
haviour consisted of six hours of mixed activities (short or long-distance walking, as-
cending/descending stairs, orthostatic postures) without exceeding the moderate level of
physical activity.

Three ankle torque measurements were performed at three different moments during
each individual session: at two, four and six hours. The first measurement on each session
was performed after two hours of the initiation of static/active behaviour.

The ankle torque measurement recordings from both the first and second sessions
were later used for data processing.

2.3.3. Methods for Validation of Acquired Data

One validation procedure during the measurements and two validation procedures
during the interpretation of the results were performed for all of the acquired data.
Participant-related errors (due to indiscipline or improper clinician commands) appeared
and were considered errors during the measurements. When such errors were encountered,
new measurements were requested.

All recorded voltage time graphs resulting from the oscilloscope were inspected by
the main researcher immediately after each performed measurement, and only valid mea-
surements were selected. Errors were kept for statistical analysis without being considered
valid measurements.

Participant errors derived from off-set instability, improper contraction/break time (s),
muscle efforts not corresponding with the clinician’s vocal commands, insufficient number
of MVIC, fatigue, insufficiently sustained MVIC, pain or participant’s errors derived from
testator command are possibly seen during measurements, and some of the most commonly
encountered errors are represented in Figure 7a–d.

By a simple analysis of the time graphs obtained with the developed application, the
human or apparatus errors were easily recognised. Improperly recorded data derived from
both participant and/or operator errors or apparatus errors were eliminated.

The obtained results from the three consecutive MVIC, the difference between the
maximum obtained level of torque and the minimum obtained level of torque (defined as
peak torque in Nm), were registered and statistically analysed.
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Figure 7. Time graphs representing invalid measurements due to errors derived from: (a) probable
momentary fraction without participant’s proper sustain of MVIC; (b) insufficient number of MVIC
probable due to the testator’s command error; (c) two insufficient and inconsistent MVIC following a
good MVIC due to subject’s inability to focus on the testator command; (d) erroneous plantarflexion
during dorsiflexion requests.

2.4. Other Clinical and Functional Performed Tests

A hand grip strength (HGS) test [50,51] for both right and left hands was performed
using a factory-calibrated Hand Grip Dynamometer KERN MAP 80 K1 [52]. The testation
was in accordance with the manufacturer’s instructions. The participants were asked to
stand in an upright position having their testing arm resting close to their trunk and the
elbow flexed at 90◦. Three consecutive maximal volitional hand grip contractions were
requested using the dynamometer’s 80 kg spring, and the maximal value of strength in
kg was registered for the right and left hands. Right/left arm dominance was asked and
registered.

Bilateral calf circumference (CC) in cm at the calf’s greatest girth was registered after
being measured using a flexible nonelastic ruler. To measure CC, the participants were
asked to stand in an upright position having their feet apart at shoulder width with their
body weight equally distributed on both legs [53].

The number of repetitions during the Calf Raise Senior Test (CRST) [54,55] was regis-
tered for all participants. The participants were asked, while barefoot with their knees in
maximum extension, to raise their heels simultaneously as high as possible, maintaining
the same range of movement for all repetitions. To ensure stability, keeping their fingers on
a vertical wall was permitted. While CRST was performed, muscle fatigue and muscle pain
appeared during testation, and the onset moment of both fatigue and pain were registered.

The Calf Raise Test (CRT) [56] was performed starting from a unilateral weight bearing
stance, and the number of repetitions for both legs was registered. Participants were asked
to unilaterally raise their heel as high as possible, maintaining the same range of movement
for all repetitions. To ensure stability, keeping fingers on a vertical wall was permitted.
Muscle pain and muscle fatigue that appeared during CRT and the onset moment of both
fatigue and pain were registered.

The chair raise test [57] was performed, and the total number of repetitions of chair
raises in one minute was registered. Participants were asked to repetitively fully stand
up in an upright position having their legs apart with their body weight symmetrically
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distributed on both legs, and then to sit down on a chair and perform as many repetitions
as possible.

2.5. Statistical Analysis

For the study group, demographic data were reported as the arithmetic mean ±
standard deviation or with absolute and relative frequencies. The normal distribution was
tested with Shapiro–Wilk’s test.

The collected time graphs during measurements were analysed for errors. The peak
torque was considered missing in case errors were found. Other missing data were due to
fatigue, muscle pain or discomfort of the participant.

Clinical measurements were compared between the moments of measurements (at 2, 4
and 6 h) and between the active versus static behaviour with one-way ANOVA for repeated
measures, separately for each flexion, foot and degree. The p-value for the comparisons
between the moments (different measurements in time) and the p-value for the comparisons
between active and static behaviour was reported. The number of data entered in the one-
way ANOVA with repeated measures was 8 for each moment (one measurement for each
participant).

When all the data were analysed (576 measurements), multivariate analysis was per-
formed with linear mixed models for repeated data because the data were not independent
between the participants (each participant had 12 measurements in each moment). Inde-
pendent factors were considered, and they were entered into the analysis as fixed factors:
the active/static behaviour, the moments, the flexion, the foot and the degree. The data
were analysed and reported to the first considered moment at 2 h. The data at 0 h were not
available due to the protocol design.

Arithmetic means of the clinical measurements were computed. These arithmetic
means were compared between the moments of the measurements with t-test for paired
samples for normally distributed data and with Wilcoxon signed-rank test for non-normally
distributed data. Post-hoc analysis was performed using Bonferroni correction.

Correlations between two parameters were analysed by computing the Pearson and
Spearman coefficients of correlation.

The p-value was considered statistically significant for values smaller than 0.05. Anal-
ysis was performed using SPSS application (manufactured by IBM Corp., Armonk, NY,
USA, 2017) [58].

3. Results

3.1. Participant’s Characteristics

Our participant’s characteristics are described in Table 1. The average participants’
age was 35.88 years old, with a minimum age of 23 and a maximum age of 58 years; three
participants (37.5%) were male; four participants (50%) reported an average daily number
of steps higher than 6000; five participants (62.5%) had a normal body mass index (BMI).
For the studied sample, the HGS, CC, CRST, CRT, chair raise test and muscle pain and
fatigue moment of onset during CRST, CRT and chair raise test for all participants and
results are reported in Table 1.
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Table 1. Demographic and anthropometric data of the sample.

Parameters Arithmetic Mean ± Standard Deviation (n = 8) 1

Age (years) 35.88 ± 12.65

Male, no. 7 (%) 3 (37.5)

Foot length (cm) 25.36 ± 2.56

BMI 2 (kg/m2) 25.02 ± 4.43

Average no. 7 of daily steps (steps/day) 6125 ± 2279.57

AHGS 3 (kg) 28.01 ± 10.62

ACC 4 (cm) 37.25 ± 3.17

CRST 5 (no. 7 of repetitions) 57.25 ± 17.69

Muscle pain during CRST 5 (no. 7 of repetitions) 42.75 ± 21.37

Muscle fatigue during CRST 5 (no. 7 of repetitions) 40.5 ± 10.57

ACRT 6 (no. 7 of repetitions) 30.44 ± 4.92

Chair raise test bilateral 41.88 ± 13.44

Muscle pain ACRT 6 (no. 7 of repetitions) 23.38 ± 5.71

Muscle fatigue ACRT 6 (no. 7 of repetitions) 25.31 ± 3.95
1 Total sample (n = 8); 2 BMI—Body Mass Index; 3 AHGS—Average Hand Grip Strength; 4 ACC—Average Calf
Circumference; 5 CRST—Calf Raise Senior Test; 6 ACRT— Average Calf Raise Test; 7 no.—number.

3.2. Clinical Measurements Results

In Table 2, the descriptive statistic parameters for peak ankle torque during MVIC
(dMVIC) in the case of active and static behaviour for each moment in time were pre-
sented and analysed with an ANOVA repeated measure for each foot, flexion and degree.
The number of data entered in the ANOVA repeated measure analysis was n = 8 (one
measurement of dMVIC for each participant).

When we analysed all the data with linear mixed models without taking into consider-
ation the foot, the flexion or the degree, we found that the active versus static behaviour
(p = 0.005) and the moments (2 h vs. 6 h p = 0.040, 2 h vs. 4 h p = 0.128) had a significant
effect on the dMVIC. The number of data entered in the linear mixed models’ analysis was
n = 288 (for each subject 36 measurements of dMVIC).

The averages of dMVIC measured on different flexion, foot and degree on different
moments per static/active behaviour are presented in Figure 8. There were significant dif-
ferences between dMVIC after two hours compared with dMVIC after six hours (p = 0.019).
There were no significant differences between dMVIC after two hours compared with
dMVIC after four hours (p = 0.224) and also between dMVIC after four hours compared
with dMVIC after six hours (p = 0.815). The average dMVIC in the case of active behaviour
was significant statistically greater than the average dMVIC during static behaviour.

Figure 8. Impact of the moments of testing and the behaviour on dMVIC.
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Table 2. Descriptive statistics (arithmetic mean +/− standard deviation; median (25th; 75th per-
centile)) for dMVIC in the cases of active and static behaviours.

Flexion Foot Degree Time Moment
dMVIC * (Nm) p ** between

Moments
p ** between Active

and StaticStatic (n = 8) Active (n = 8)

Dorsi

Left

−5

2 17.78 ± 12.21 21.97 ± 14.05

0.087 0.5604 18.01 ± 10.1 21.35 ± 10.99

6 16.89 ± 11.08 19.01 ± 10.39

0

2 19.10 ± 12.40 26.11 ± 14.10

0.172 0.4594 18.01 ± 9.83 19.7 ± 10.82

6 18.02 ± 13.15 18.91 ± 11.96

5

2 20.2 ± 8.44 21.57 ± 11.03

0.150 0.6324 17.67 ± 8.22 19.73 ± 9.88

6 18.30 ± 12.15 17.24 ± 11.47

Right

−5 2 17.72 ± 12.33 23.99 ± 13.29

0.469 0.2694 18.46 ± 10.71 21.16 ± 11.66

6 17.60 ± 11.63 22.27 ± 12.01

0 2 15.76 ± 10.17 21.43 ± 12.85

0.098 0.7834 14.49 ± 8.19 21.32 ± 12.37

6 13.53 ± 9.56 18.44 ± 10.41

5 2 18.53 ± 10.5 21.58 ± 13
0.324 0.3814 16.26 ± 11.22 21.48 ± 12.03

6 15.29 ± 10.43 21.45 ± 14.04

Plantar

Left

−5 2 14.7 ± 7.5 19.41 ± 11.31

0.922 0.2674 15.1 ± 7.88 18.50 ± 9.82

6 16.17 ± 8.50 17.10 ± 11

0 2 2.63 ± 5.10 5.95 ± 7.91

0.535 0.2274 3.17 ± 5.72 3.26 ± 6.99

6 3.83 ± 7.06 3.55 ± 7.66

5 2 17.84 ± 4.93 21.19 ± 17.43

0.340 0.3134 15.51 ± 4.72 20.48 ± 13.28

6 20.32 ± 13.75 19.50 ± 12.81

Right

−5 2 18.15 ± 9.38 20.50 ± 13.48

0.821 0.6824 18.10 ± 8.26 18.59 ± 11.04

6 16.59 ± 9.91 19.33 ± 14.99

0 2 3.49 ± 5.61 2.05 ± 1.21

0.752 0.1884 3.52 ± 5.87 1.71 ± 2.53

6 2.43 ± 4.78 2.31 ± 2.76

5 2 21.17 ± 8.10 20.69 ± 13.70

0.308 0.3564 17.9 ± 6.37 20.57 ± 12.59

6 16.87 ± 6.47 20.36 ± 14.47

* dMVIC—peak torque (maximum value of maximal voluntary isometric contraction with pedal off-set correction),
** p-value from ANOVA with repeated measure.
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When we tested the other factors: age, gender, BMI, average steps, AHGS, ACC, CRST,
CRT, chair raise test, muscle pain during CRST, muscle pain during CRT, muscle fatigue
during CRST and muscle fatigue during CRT in a repeated-measure ANOVA model, we
did not find any significant influence on average dMVIC.

We analysed the impact of the daily activity as the average number of steps (Table 3)
or as the difference between the group of routinely active and routinely sedentary, but
we did not find any significant statistical correlation (r = −0.313, p = 0.450) or association
(p = 0.882) with dMVIC.

Table 3. Correlation between average dMVIC and the other parameters.

Parameters
Pearson/Spearman

Coefficient of Correlation
p

Age (years) 0.229 0.586

BMI 1 (kg/m2) 0.580 0.132

Foot length (cm) 0.483 0.226

Average no. 6 of daily steps (steps/day) −0.313 * 0.450

AHGS 2 (kg) 0.573 0.137

ACC 3 (cm) 0.359 * 0.382

CRST 4 (no. 6 of repetitions) 0.535 0.171

Muscle pain during CRST 4 (no. 6 of
repetitions)

0.569 0.141

Muscle fatigue during CRST 4 (no. 6 of
repetitions)

0.365 0.373

ACRT 5 (no. 6 of repetitions) 0.411 0.360

Chair raise test bilateral 0.048 0.911

Muscle pain ACRT 5 (no. 6 of repetitions) −0.252 * 0.585

Muscle fatigue ACRT 5 (no. 6 of repetitions) −0.131 0.779
1 BMI—Body Mass Index; 2 AHGS—Average Hand Grip Strength; 3 ACC—Average Calf Circumference;
4 CRST—Calf Raise Senior Test; 5 CRT—Calf Raise Test; 6 no.—number. * Spearman coefficient of correlation.

When we tested the correlation with The Pearson and Spearman coefficients of cor-
relation, the same not-significant statistical relationship between average dMVIC and the
other factors was found (Table 3).

4. Discussion

Based on previous studies, we hypothesised that a sitting posture could negatively
influence foot and ankle muscle strength.

One day of inactivity was associated with an unhealthy potential on human health [28],
and sitting showed secondary negative effects even in the active population [29].

In our study, both routinely active and routinely sedentary participants showed a
significant statistically decrement in average peak ankle torque when subjected to six hours
of prolonged sitting. In our group, foot and ankle muscle strength suffered a reduction
over time even when participants were subjected to six hours of low to moderate physical
activity.

Chronic unloading of negative effects on the Achilles’ tendon was demonstrated, but
when resistive exercises were added, some preventive effects were observed [34].

Considering the results demonstrated by Reeves et al. [34], we could estimate that
when some type of exercise is associated, preventive effects of inactivity might be installed.

In our study, we demonstrated that all eight participants, when subjected to low to
moderate physical activity, showed higher values for average peak ankle torque when
compared to the values obtained when subjected to sedentary behaviour.
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In the case of traumatic events, immobilisation effects have been reported. A decrease
in ankle plantar flexor muscle strength has been observed after one week of immobilisation,
but no significant differences were seen after two days of ankle immobilisation. The
accumulated effects of immobilisation in time could explain the differences [33].

In our study, we evaluated the acute effects of six hours of inactivity on the plantar
flexors’ muscles through the measurement of ankle torque in nontraumatic events. There
were significant differences between dMVIC after two hours compared with dMVIC after
six hours (p = 0.019). We should further consider that the same study could be replicated
related to traumatic events.

In our study, only after six hours of prolonged sitting a significant decrement in
average peak torque was observed, with no significant differences between measurements
at two hours and at four hours. We can state that in our group of participants placed under
static behaviour, ankle torque decreased after the accumulated effects of prolonged sitting.

In patients suffering from diabetes, some electrophysiological reports analysed the
soleus muscle activity in different sedentary postures, comparing chair-sitting with squat-
like sitting [32].

In our group of participants, when sitting activity (static behaviour) was compared
with a low to moderate physical activity (active behaviour), we found that even in healthy
individuals’, inactivity has negative potential on foot and ankle muscles strength.

Optimisation of the effects of muscle activity for promoting health in the general
population and reducing sedentary behaviour strategies, daily contraction duration of
skeletal muscle and the role of contractile duration were studied [7].

Our study reports the effects on ankle torque when individuals were placed in a short-
time sedentary behaviour. Due to the insignificant reduction in torque at four hours but
the significant decrement in torque after six hours, new considerations should be evaluated
for proper preventive strategies to reduce the negative effects of prolonged sitting on foot
and ankle muscle strength.

Based on our findings on the acute effects of six hours of sedentary behaviour on
ankle torque, we might consider that while individuals adopt a prolonged sitting position,
interposing activity-based breaks after at least four hours of inactivity might positively
influence lower limb muscle performance. We only found a significant statistically decre-
ment in ankle torque after six hours of inactivity, but no significant statistically decrement
was found after two hours and four hours. These findings could help in establishing more
rigorous prevention strategies for reducing sedentary behaviour effects of prolonged sitting
in individuals. Such prevention strategies could address modifications of break time and
break frequencies, time of work in sitting postures and routine behaviour modifications, as
other previous studies showed [59].

In sports medicine and rehabilitation medicine, foot and ankle muscle strength assess-
ments are essential, and one indicator of muscle performance tested in clinical practice is
measuring ankle torque by assessing MVIC [60].

As no agreement has been stated on the most appropriate method for measuring
the strength of the foot’s intrinsic muscles [38], our study analysed peak ankle torque
by measuring MVIC using a reliable [41] and reproducible [42] custom-made electronic
dynamometer.

As per our knowledge, no particular study has assessed the impact of sedentary
behaviour on ankle torque using a custom-made electronic dynamometer; therefore, de-
scribing the measurement system in detail as an innovative way to measure muscle strength
in relation to inactivity was of great importance.

The hand grip strength cut-off values and CC have been stated in relation to muscle
strength reduction in sarcopenia [50,53], and some correlations with lower limb muscle
strength have been reported [51].

We found no significant statistically relationship between average dMVIC and the
average values of HGS and CC, probably due to the small sample (8 participants).
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The number of repetitions during the Calf Raise Senior Test (CRST) [54,55] has previ-
ously been used to assess plantar flexor muscle strength.

We applied CRST to our group of participants, and muscle pain/muscle fatigue
appearance and the onset moment of both fatigue and pain were registered. We found no
significant statistical relationship between average dMVIC and the average values of CRST
fatigue and pain during CRST.

The Calf Raise Test (CRT) for evaluating calf muscle properties is a well-known clinical
method [56], and based on a systematic review, the standards have been reported.

When we tested CRT in our group, muscle pain and muscle fatigue appeared, and the
onset moment of both fatigue and pain were registered. We found no significant statistical
relationship between average dMVIC and the average values of CRT, fatigue and pain
during CRT.

The chair raise test, another commonly used method for assessing lower limb muscle
parameters [57], was performed on our group of participants, and the total number of
repetitions of chair raises in one minute was registered, with no significant statistical
relationship between average dMVIC and the average values of the number of repetitions
during the chair raise test.

Although a massive increment in sedentary-spent time was reported [16], with in-
creased exposure to risks in all demographics and age groups [17], no particular study has
analysed the impact of short-time sedentary time on ankle torque.

We found no significant statistical relationship between average dMVIC and the other
factors, such as age, BMI, foot length and average no. of daily steps.

We analysed the impact of the type of daily activity (defined by the average number
of steps, which differentiates the two groups of routinely active and routinely sedentary
participants), but we did not find any significant statistical correlation (r = −0.313, p = 0.450)
association (p = 0.882) with dMVIC.

Despite sitting being associated with physical inactivity and further health risks, the
amount of sitting time linked with risks for human health has not yet been defined [36,37].

Understanding the acute effects of prolonged sitting on ankle torque could better
frame the long-term effects of sedentary behaviour on both routinely active and routinely
sedentary individuals.

Correlations between physical inactivity and diseases need a better understanding.
In this study, we took into consideration only the measurements at two hours from the

initiation of the behaviour, but not measurements at the baseline. The authors think that
they ensured that after maintaining two hours of static/active behaviour, all participants
had the same level of physical activity before the initiation of measurements. However, a
better approach can be considered. Ideally, the study should have implemented a baseline
measure in the protocol with a levelled physical activity for each participant. We considered
our study limitations to have not established a levelled baseline of physical activity for
the participants before being subjected to the measurement in both types of behaviour. To
consider the baseline measurements when reporting the impact of the testing moments and
the impact of two types of behaviour on ankle torque would have been desirable.

We took into consideration only the measurements at two hours from the initiation
of the behaviour. This further ensured that after maintaining two hours of static/active
behaviour, all participants had the same level state of physical activity before the measure-
ments.

This particular limitation is also due to the inconsistency of the participant’s data
recovered from their wearable devices (smartwatches). We could only recover an average
of daily steps from the participant’s last month of activity. Unfortunately, the data extracted
from such devices does not represent the exact type of undertaken activity, with physical
activity nor physical fitness being identifiable from the recovered data. To better identify
the exact type of activity through the data derived from smartwatches, a more systematic
control should be considered and eventually correlated with participants’ reports of activity
questionnaires/scales [61].
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Another limitation of our study is due to the small sample. Because of that, the
comparison between samples with eight data (Table 2) was not found to be statistically
significantly different, but the same data, when compared with multivariate techniques,
were statistically significant.

Further studies should implement the baseline measurement in the protocol when a
levelled physical activity before the measurements are ensured and identify the exact type
of physical activity through modern technology or by using validated questionnaires.

5. Conclusions

The more time participants maintained either short-term static or short-term active
behaviour, the lower the average peak ankle torque resulted in both situations. Both
routinely active and routinely sedentary participants showed a decrement of force in time
when maintaining both types of behaviours, with the sitting position being associated
with a lower value of average peak ankle torque during maximal voluntary isometric
contraction.

Future studies should target the establishment of a threshold for the time spent in
a sitting position, sedentary behaviour, in relation to foot muscle strength and establish
whether breaking the routine during a specific activity might positively change the muscle
force results.

Our force measurement results could complete ergonomic improvements for the
achievement of healthy foot status in individuals spending prolonged time in a sitting
position and especially when sitting while working.

Future studies should consider repeating the experiment in other types of groups of
participants and possibly in groups affected by different conditions.
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Abstract: Constant and intense physical activity causes physiological adaptive changes in the human
body, but it can also become a trigger for adverse events, such as sudden cardiac arrest or sudden
cardiac death. Our main objective was to assess the use of combined cardiopulmonary exercise testing
(CPET) and cardiac biomarker determinants in young professional athletes. We conducted a study
which involved the full examination of 19 football players, all male, aged between 18 and 20 years
old. They underwent standard clinical and paraclinical evaluation, a 12-lead electrocardiogram
(ECG), and transthoracic echocardiography (TTE). Afterwards, a tailored CPET was performed and
peripheral venous blood samples were taken before and 3 h after the test in order to determine
five biomarker levels at rest and post-effort. The measured biomarkers were cardiac troponin I
(cTnI), myoglobin (Myo), the MB isoenzyme of creatine-kinase (CK-MB), the N-terminal prohormone
of brain natriuretic peptide (NT-proBNP) and D-dimers. While cTnI and NT-proBNP levels were
undetectable both at rest and post-effort in all subjects, the variations in Myo, CK-MB and D-dimers
showed significant correlations with CPET parameters. This highlights the potential use of combined
CPET and biomarker determinants to evaluate professional athletes, and encourages further research
on larger study groups.

Keywords: athletes; cardiopulmonary exercise testing; cardiac biomarkers

1. Introduction

Regular physical activity has many beneficial effects with regard to the cardiovascular
system: it induces a physiological remodeling of the heart and results in molecular and
cellular adaptive changes, which themselves have a cardioprotective effect. The long-term
and moderate practice of sports, especially aerobic–isotonic ones, are even encouraged
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in those with chronic cardiac diseases [1]. Even in the older population, regular physical
activity has been shown to slow degenerative cardiac changes and significantly improve
quality of life [2].

Concerning young athletes, there are both morphological and functional adaptations
of the heart in relation to sustained and intense physical activity. Morphologically, the
myocardium suffers a process of hypertrophy and the chambers become dilated, as to adapt
to the increased hemodynamic stress. The main difference between these physiological
adaptative changes and the pathological ones, which are encountered in chronic cardiac
diseases, lies in the fact that hemodynamic stress is intermittent in physical activity, whereas
in chronic cardiac disease it is continuous. These structural modifications, especially the
enlargement of the chambers, together with the increased vagal tonus, are the ones that, in
turn, lead to electrophysiological modifications [3].

Most of the electrophysiological changes, in the context of constant physical activity,
which have an electrocardiographic (ECG) expression, can be interpreted as within the
normal limits without warranting further investigation. However, they are not to be
confused with pathological ECG patterns, which have an underlying cardiac pathology
and which can act as triggers for adverse events, such as sudden cardiac death [4,5] (see
Table 1).

Table 1. Electrocardiographic patterns in athletes and their interpretation (RBBB—right bun-
dle branch block; AV—atrio-ventricular; PCV—premature ventricular contraction) (adapted from
Sharma et al. [5]).

ECG Patterns in Athletes References

Normal Borderline Abnormal

[5]

• Increased QRS voltage
• Incomplete RBBB
• Early repolarization
• Black athlete

repolarization variant
• Juvenile T wave pattern
• Sinus bradycardia
• Sinus arrhythmia
• Ectopic atrial rhythm
• Junctional escape rhythm
• 1st-degree

atrioventricular block
• Mobitz Type I 2nd-degree

atrioventricular block

• Left axis deviation
• Left atrial enlargement
• Right axis deviation
• Right atrial enlargement
• Complete RBBB

• T wave inversion
• ST-segment depression
• Pathologic Q waves
• Complete left bundle

branch block
• Profound nonspecific

intra-ventricular
conduction delay

• Epsilon wave
• Ventricular pre-excitation
• Prolonged QT interval
• Brugada Type 1 pattern
• Profound sinus bradycardia
• Profound 1st-degree

AV block
• Mobitz Type II 2nd-degree

AV block
• 3rd-degree AV block
• Atrial tachyarrhythmias
• PVC
• Ventricular arrhythmias

The 2020 European Society of Cardiology (ESC) guidelines on sports cardiology and
exercise in patients with cardiovascular disease are a milestone in both the field of car-
diology and sports medicine. As the first edition, they introduce numerous up-to-date
information and recommendations for the practice of physical exercise in both healthy
individuals and persons with known cardiovascular pathologies. Among the potential
adverse cardiovascular events, the two most dangerous are sudden cardiac arrest (SCA)
and sudden cardiac death (SCD). As tragic as they may be, especially if occurring in young
healthy individuals, SCA and SCD are not reported in all countries; therefore, their inci-
dences cannot be accurately estimated. However, according to most recent statistics, SCA
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is diagnosed in 1 out of 80,000 high-school-aged athletes and in 1 out of 50,000 college-aged
athletes. Based on gender, ethnicity, and type of sports practiced, the most at-risk group is
represented by male, black, basketball athletes in the United States, or football athletes in
Europe [6–11] (see Table 2).

Table 2. Exercise-related major adverse cardiovascular events (MACE) [6].

Exercise-Related MACE References

• Sudden cardiac arrest (SCA)
• Sudden cardiac death (SCD)
• Acute coronary syndromes (ACS)
• Transient ischemic attacks (TIA)
• Cerebrovascular accidents (CVA)
• Supraventricular tachyarrhythmias

[6]

The most important etiology of SCD in young athletes is congenital cardiac structural
disorders; yet, a significant number of autopsies (44%) cannot identify a cause, these being
the autopsy-negative sudden unexplained deaths (AN-SUD) [6,7,12–15].

The current guidelines recommend, for the routine screening for cardiovascular disease
in young athletes, the patient’s history, a physical examination, and a 12-lead standard
ECG, which actually outweighs the first two. Although the cardiac ultrasound could offer
significantly more information, especially regarding the congenital anomalies, a lack of
evidence restricts its implementation in the standard screening protocols [6,16–22].

There are a few methods that allow the assessment of cardiorespiratory fitness (CRF)
in youths which are currently used, such as the 20-m shuttle run test (20mSRT). It is a
feasible, reliable, and easy to put in practice method of evaluation, and is currently being
discussed to be included in the standardized evaluation protocols [23].

Given the wide spectrum of parameters evaluated (pulmonary, cardiovascular, mus-
cular and oxidative) and the multitude of data and correlations it provides, the cardiopul-
monary exercise testing (CPET) is an essential tool in current practice [24]. It is also useful
in healthy individuals and in the athletic performance assessment, as maximal oxygen
uptake (VO2 max) is directly linked to the exercise capacity [25,26]. Of course, normal
parameters vary, as elite aerobic athletes can reach VO2 max values over 80 mL/kg/min,
compared to untrained individuals who are in the 30–45 mL/kg/min range [27]. The test
can be performed on a treadmill (mostly in the United States) or on the cycle ergometer
(mostly in Europe). The cycle ergometer testing has a low associated cardiovascular risk in
evaluating young healthy athletes [28,29] (see Table 3).

A particular role of CPET in evaluating athletes is to differentiate between their physio-
logical left-ventricular hypertrophy (LVH) and hypertrophic cardiomyopathy (HCM) [30,31].

Table 3. CPET indications (adapted from Löllgen et al. [31]).

CPET Indications References

Asymptomatic individuals Patients Follow-up assessment
during training

[31]
• Latent disease diagnosis
• Risk factor identifications
• Physical performance

ability assessment
• Guidance/monitorization of training

• Cardiac/respiratory
disease diagnosis

• Symptom evaluation

• Training regimen
recommendations

Cardiac troponins (cTn) are regulatory components of the cardiac muscle contraction.
Cardiac troponin I (cTnI) is of interest due to its phosphorylation sites, which regulate
different contractile responses [32,33]. It has been shown that physiological left ventricular
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hypertrophy, which is specific to trained persons, causes a reversible increase in Ca2+-
dependent force production and in Ca2+-sensitivity in left ventricular (LV) cardiomyocytes.
Together with a reduction in cTnI phosphorylation, it is suggestive for an adaptive measure
and for the preserved or even increased contractile function, despite the morphology
changes [34]. In contrast, untrained persons who are subjected to a sudden physical effort
do register increases in cTnI levels, although they are not pathological [35]. Additionally, of
interest is the fact that peak levels of hs-cTn are registered between 3 and 4 h after peak
physical stress [36].

Myoglobin is a biomarker produced by both the myocardial and skeletal muscle cells.
Therefore, its levels rise in cardiac diseases (myocarditis, acute coronary syndromes) as
well as muscular stress or strenuous physical effort. It can aid the differential diagnosis of
cardiac or muscular damage, whether its levels rise independently or in conjunction with
other cardiac biomarkers. Its use in establishing the diagnosis of acute coronary syndrome
is low in the absence of other biomarkers’ elevation (CK-MB, cTn); however, it is the one
whose levels rise earliest in the serum [37–39].

The MB isoenzyme of creatine-kinase (CK-MB) is specific to the cardiac muscle. On its
own it cannot predict the cardiovascular risk accurately, unless it is associated with the rise
of cTn; thus, its use is still being debated. Its practical utility resides in situations where
the estimated glomerular filtration rate (eGFR) is below 15 mL/min/m2, or in recent-onset
acute coronary syndromes [40,41].

The N-terminal prohormone of brain natriuretic peptide (NT-proBNP) levels do in-
crease during intense physical exercise, especially in non-trained, amateur athletes. Yet,
when not correlated with ECG changes, they are not significant for a cardiovascular pathol-
ogy [35]. Its release in the blood is more associated with aging and with the effort-generated
hypertensive stress on the ventricular and atrial walls [42–44]. Of course, it is essential in
diagnosing potential ischemic changes in the myocardium, especially in conjunction with
cTn, and with proven benefit in risk stratification in athletes [45–47].

While not being specific markers of myocardial cytolysis, D-dimers levels reflect in-
travascular fibrinolysis and show higher concentrations in patients with severe atherosclero-
sis or other causes of coronary stenosis [48]. They have more use in confirming or infirming
venous thromboembolism, acute aortic dissection, cardioembolic stroke, or left atrium
thrombosis in patients with atrial fibrillation [49]. Additionally, an independent rise in their
levels can be specific in persons with implantable cardiac devices [50].

The aim of our study was to assess the relationship between effort-induced cardiac
biomarker variations and CPET parameters, and their usefulness in the evaluation of
young athletes.

2. Materials and Methods

2.1. Experimental Approach

We conducted a complete cardiovascular evaluation of professional football players,
with an emphasis on cardiopulmonary exercise testing (CPET) and blood biomarkers
(cTnI, myoglobin, CK-MB, NT-proBNP and D-dimers) in order to evaluate and assess the
cardiovascular risk. The study was designed following the recommendations for clinical
research contained in the Helsinki Declaration of the World Medical Association, and the
protocol was approved by both the Ethics Committee of the Clinical Rehabilitation Hospital
in Ias, i, Romania, approved on 24 March 2021, and the Ethics Research Committee of the
“Grigore T. Popa” University of Medicine and Pharmacy in Ias, i, Romania, nr. 72, approved
on 25 April 2021.

2.2. Participants and Protocol

We evaluated professional football players (n = 19). Football club trainers from the
region of Moldova in the counties of Ias, i and Vaslui were informed of the ongoing study
and were given our contact data. They themselves informed the registered football players
aged between 18 and 20 years, and the first 30 to voluntarily contact us were automatically
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selected to be evaluated. In order for them to be included, they had to participate actively
in regular training during the season of the last year, or at least the last months. Those
who had missed part of the last months of training or playing due to injury, or who were
in the recovery period after an injury of any sort, were excluded, as well as those with
cardio-pulmonary pathological findings during the initial evaluation.

The participants were all male, aged between 18 and 20 years old (mean 18.47 ± 0.841),
and fully informed about the procedures, research, and protocols used. They were asked to
halt any strenuous training sessions or games a minimum of 24 h before the evaluation,
and not to consume any foods or beverages other than water before the initial blood
sampling, so as not to interfere with the blood sugar values. Afterwards, they could have a
small snack or light meal at least an hour before the CPET. They were admitted through
day hospitalization in August and September 2021. Upon admission, they filled out the
informed consent forms regarding all the procedures and their inclusion in the study,
and underwent rapid COVID-19 antigen testing, which, if negative, would allow them
to further proceed with the investigations. They underwent a clinical and paraclinical
evaluation with an emphasis on the cardiovascular system, followed by a 12-lead resting
ECG, TTE, and CPET. Blood samples for the measurements of cardiac biomarkers values
were taken at rest before the procedures and 3 h after finishing the CPET.

2.3. Initial Evaluation

After the initial blood samples were taken, a complete clinical evaluation was con-
ducted with an emphasis on the cardiovascular system with its four major components
(inspection, palpation, percussion and auscultation). The resting blood pressure (BP) and
heart rate (HR) values were measured comparatively on the both upper limbs and in the
orthostatism using a Rossmax X3 BT automatic blood pressure monitor with a brachial cuff.
Height and weight were measured on a SECA digital measuring station.

2.4. Resting ECG

A standard 12-lead resting ECG was performed on a BTL-08 LC device, both in post-
expiratory apnea and in deep post-inspiratory apnea, and every morphological change was
analyzed to be considered as either normal for an athlete or pathological (see Table 1), and
possibly contraindicate further procedures.

2.5. Cardiac Ultrasound

The standard transthoracic echocardiographic evaluation was performed on a Toshiba
Aplio device, prior to the CPET, to assess the cardiac function and to exclude any possi-
ble contraindications, using the M-mode, pulse wave Doppler (PWD), continuous wave
Doppler (CWD), and color Doppler methods, according to the European Society of Cardiol-
ogy (ESC) and European Association of Cardiovascular Imaging (EACVI) protocols.

2.6. Cardiopulmonary Exercise Testing

Functional capacity was assessed by cardiopulmonary exercise testing (CPET) on the
BTL CardioPoint software (version 2.32 manufactured by BTL Industries Ltd., Herfordshire,
UK) and the BTL-compatible device. We used a progressive maximal symptom-limited
CPET protocol on the cycle ergometer, specifically tailored for the athletes: they started on
a workload of 15 Watts which was set to increase every 30 s with 12.5 Watts. The duration
of the testing was between 10 and 12 min and the recovery period was 10 min.

The most important CPET parameters were: maximal work rate (absolute value, WR
(Watt) and percentage of the predicted value, WR% (%)); oxygen uptake with maximal
aerobic capacity (absolute value, VO2 max (mL per min) and percentage of the predicted
value, VO2 max%); carbon dioxide output (VCO2 (mL per min)); oxygen uptake at the
anaerobic threshold (AT) (mL per min); peak value of the respiratory exchange ratio (RER)
defined as the ratio between VCO2 and VO2; maximal heart rate (HR (bpm)); O2 pulse as the
ratio of VO2 to heart rate, reflecting the amount of O2 extracted per heartbeat; ventilatory
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efficiency expressing the rise in minute ventilation (VE) relative to VCO2 (VE/VCO2 slope);
and heart rate reserve (difference between maximal HR and resting HR, HRR (bpm)). VO2,
VCO2, and AT were also expressed as values normalized by body weight (mL per min
per km).

Metabolic efficiency was assessed by measuring the increase in VO2 over the rate of
increase in work rate (ΔVO2/ΔWR). The slope of this relationship expresses the ability of
the muscle to extract O2 during exercise.

Blood pressure was monitored every 2 min using the auscultatory method, while a
real-time 12-lead ECG was recorded.

To clinically determine the intensity of the exercise, a subjective rating of the intensity
of perceived fatigue was determined by a 6 to 20 Borg scale of perceived exertion.

The test was halted, according to current recommendations, when the subject re-
quested it, upon symptoms or fatigue occurrence, when the blood pressure (BP) measure-
ment exceeded 220 mmHg for the systolic value, or 120 mmHg for the diastolic value, or
when suggestive ischemic ECG patterns appeared.

2.7. Cardiac Biomarker Determination

Peripheral venous blood was collected at rest for the basic laboratory parameters and
also to determine the mentioned biomarker values at rest. Three hours after finalizing the
CPET, another sample was taken to measure the variations of the biomarker values after
the stress test, so as to allow them time to appear and reach certain levels in the blood. All
blood sampling was taken from the antecubital veins and in kept dedicated vacutainers
(with sodium citrate for D-dimers and lithium heparin for CK-MB, Myo, cTnI, and NT-
proBNP). Their measurements were performed immediately after, using whole blood on
the FIA 8000 device from Getein Biotechnology Co. Ltd. on its dedicated panels: triple
tests for CK-MB, myoglobin, and cTnI (CK-MB: measuring range 2.5–80 ng/mL, lower
detection limit ≤ 2.5 ng/mL, recovery 96%; myoglobin: measuring range 30–1000 ng/mL,
lower detection limit ≤ 30 ng/mL, recovery 95%; cTnI: measuring range 0.5–50 ng/mL,
lower detection limit ≤ 0.5 ng/mL, recovery rate 95%, measuring time 15 min), double
tests for cTnI and NT-proBNP (cTnI: measuring range 0.5-50 ng/mL, lower detection limit
≤ 0.5 ng/mL, recovery rate 95%; NT-proBNP: measuring range 10–12,000 pg/mL, lower
detection limit ≤ 100 ng/mL, recovery 99%, measuring time 18 min) and a single test for
D-dimers (D-dimers: measuring range 0.1–10 mg/L, lower detection limit ≤ 0.1 mg/L,
recovery rate 99%, measuring time 7 min) were completed. All the assays were stored,
according to manufacturer specifications, at a temperature between 4 and 30 degrees Celsius
and used before the expiration date was reached and within 1 h since each foil was opened.

2.8. Data analysis and Statistics

Data analysis was performed using SPSS 20.0 (Statistical Package for the Social Sci-
ences, Chicago, IL, USA). Data were presented as mean ± standard deviation (SD), or as
median with an interquartile range for continuous variables. These variables were com-
pared by the non-parametric Mann–Whitney U test, considering that their distribution did
not satisfy the assumption of normality, due to the small number of subjects included in the
study. For the same reason, correlations between continuous variables were assessed by cal-
culating the Spearman correlation coefficients. A two-sided p-value < 0.05 was considered
significant for all analyses.

3. Results

3.1. Anthropometric Data and Initial Clinical and Paraclinical Evaluation

During the clinical evaluation, no significant pathological findings were encountered.
The resting systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate
(HR) were within the normal range and no significant BP differences were noticed between
the upper limbs or in the orthostatic position. Using the measured height and weight
values, the body mass index (BMI) was calculated using the formula weight/(height)2.
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Most of them had a normal BMI (18.55–24.99 kg/m2), while four of them had a BMI of
25 kg/m2 or above. Therefore, we measured the abdominal circumference and none of
them had a value above 102 cm (see Table 4.).

Table 4. Anthropometric and baseline BP and HR values.

Parameter Mean Standard Deviation

Age (years) 18.47 0.84

SBP baseline (mmHg) 120.47 6.97

DBP baseline (mmHg) 75.74 6.35

HR baseline (bpm) 63.68 13.55

Height (m) 1.77 0.06

Weight (kg) 72.89 7.26

BMI (kg/m2) 23.13 1.84

3.2. 12-Lead Resting ECG

All subjects were in sinus rhythm and 14 had sinus bradycardia (HR < 60 bpm), while
the other 5 had normal baseline HR. Two athletes had a right-heart axis deviation, and
one had a 90-degree axis. Four of them had normal morphology, while in fourteen a high
QRS-complex voltage was encountered, three showed a complete RBBB (RSR’ pattern in
the V1 and V2 leads and a QRS duration >0.12 s), and three displayed an incomplete RBBB
(RSR’ pattern only in the V1 lead and a QRS duration <0.12 s). By analyzing these patterns,
the increased QRS complex voltage, the incomplete RBBB and the sinus bradycardia were
considered to be normal for an athlete, while the complete RBBB and the right-axis deviation
were considered borderline changes (see Table 1). However, they were not considered to be
a reason to contraindicate further investigations.

3.3. Transthoracic Cardiac Ultrasound

The TTE parameters were within the normal limits and no significant pathological
encounters were made: two subjects had a mild tricuspid valve regurgitation, two had
an anterior mitral valve prolapse, and two had a mild mitral valve regurgitation. How-
ever, these findings were considered benign and not a reason to contraindicate further
investigations (see Table 5).

3.4. CPET

In 12 out of 19 subjects, the CPET had to be halted due to the recorded systolic BP
values of 220 mmHg or higher, while in the remaining 7, the test was stopped due to muscle
fatigue. No ECG ischemic patterns were identified, nor any symptoms such as angina were
declared. Eleven of them did not reach the 85% heart rate threshold, yet only two had a
peak VO2 value below 85% of the predicted. The respiratory exchange ratio (RER) was, in
all cases, over 1.00 and only in three cases below 1.0 (see Table 6).

3.5. Cardiac Biomarkers

cTnI and NT-proBNP levels were below the lower detection limit of the assays in the
blood samples in all participants, both at rest and 3 h after the CPET, while seven of the
athletes had values below the lower detection limit of the assays for all biomarkers. In four
subjects, myoglobin levels increased after 3 h compared to the at-rest values, while in three
subjects they decreased. In two participants, CK-MB levels increased post-CPET, while in
one athlete they decreased. The D-dimer levels decreased after CPET in five subjects, while
in three the values increased. For the statistical analysis, all participants were considered
and for those with undetectable values, the lower detection limit value for each biomarker
was assigned (see Table 7).
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Table 5. TTE parameters.

Parameter Mean Standard Deviation

EDV (Teich, mL) 115.24 23.53

ESV (Teich, mL) 33.84 8.40

SV (Teich, mL) 81.50 19.42

EF (Teich, %) 70.42 5.99

FS (%) 40.19 4.85

SI (Teich, mL/m2) 42.90 9.96

IVSTd (mm) 10.17 1.49

LVIDd (mm) 49.22 4.33

LVPWTd (mm) 10.56 1.49

IVSTs (mm) 13.63 1.90

LVIDs (mm) 43.27 60.55

LVPWTs (mm) 16.54 2.27

LV MASSd (ASE, g) 234.63 50.18

LV MASSd Index (ASE, g/m2) 123.66 25.17

LV MASSs (ASE, g) 191.16 54.05

LV MASSs Index (ASE, g/m2) 103.95 25.46

E Vel (cm/s) 76.96 13.63

A Vel (cm/s) 44.15 8.08

E/A 1.78 0.38

A/E 0.58 0.13

DcT (s) 0.25 0.05

MVArea PHT (cm2) 4.51 6.45

PHT (s) 0.07 0.01

LVOT Diam (mm) 25.53 1.51

Ao Diam (mm) 30.44 2.30

LA Diam (mm) 27.88 3.82

LA/Ao 0.91 0.12
Abbreviations: EDV—end-diastolic volume; ESV—end-systolic volume; SV—stroke volume; EF—ejection fraction;
FS—fractional shortening; SI—stroke-volume index; IVSTd—interventricular septum thickness at end-diastole;
LVIDd—left ventricular internal dimension at end-diastole; LVPWTd—left ventricular posterior wall thickness at
end-diastole; IVSTs—interventricular septum thickness at end-systole; LVIDs—left ventricular internal dimension
at end-systole; LVPWTs—left ventricular posterior wall thickness at end-systole; LV MASSd—left ventricular
mass at end-diastole; LV MASSd Index—left ventricular mass at end-diastole adjusted to body surface index; LV
MASSs—left ventricular mass at end-systole; LV MASSs Index—left ventricular mass at end-systole adjusted
to body surface index; E Vel—peak velocity of early diastolic mitral annular motion as determined by pulsed
wave Doppler; A Vel—peak velocity of diastolic mitral annular motion as determined by pulsed wave Doppler;
E/a—ratio of E to A; A/E—ratio of A to E; DcT—deceleration time MV area; PHT—mitral valve area at pressure
half time; PHT—pressure half time; LVOT Diam—left ventricular outflow tract diameter; Ao Diam—aortic
annulus diameter; LA Diam—left atrium diameter; LA/Ao—ratio of the left atrial dimension to the aortic
annulus dimension.
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Table 6. CPET parameters.

Parameter Mean Standard Deviation

VO2 max (mL/min) 3565.58 599.96

VO2 max body weight
(mL/min/kg) 49.20 8.29

%VO2 max 106.89 17.13

VO2@AT (mL/min) 2558.84 703.16

VO2@AT body weight
(mL/min/kg) 35.43 9.97

RER 1.12 0.08

VE/VCO2 23.54 3.37

ΔVO2/ΔWR (mL/min/Watt) 13.24 1.54

WR max (Watt) 249.68 25.36

%WR max 85.37 9.47

O2_pulse (mL/beat) 21.28 3.55

%O2_pulse 128.66 20.57

HR max (bpm) 170.89 11.28

%HR max 84.79 5.63

HR_rez (bpm) 107.21 13.75

SBP max (mmHg) 215.53 16.57

DBP max (mmHg) 83.42 4.42
Abbreviations: VO2 max—maximum oxygen uptake; VO2 max body weight—ratio of maximum oxygen uptake
to body weight; %VO2 max—percentage of maximum oxygen uptake from the predicted value; VO2@AT—
oxygen uptake at the anaerobic threshold; VO2@AT body weight—ratio of oxygen uptake at the anaerobic
threshold to body weight; RER—respiratory exchange ratio; VE/VCO2—ventilatory equivalent for carbon
dioxide; ΔVO2/ΔWR—slope of the relation VO2–power in W; WR max—maximum load; %WR max—percentage
of maximum load from the predicted value; O2_pulse—oxygen pulse; HR max—maximum heart rate; %HR max—
percentage of maximum heart rate from the predicted value; HR_rez—heart rate reserve; SBP max—maximum
systolic blood pressure; DBP max—maximum diastolic blood pressure.

Table 7. Biomarker variation analysis.

Parameter Mean Standard Deviation
Number of Subjects with
Values above the Lower

Detection Limit

Myoglobin baseline (ng/mL) 37.71 19.74 5

Myoglobin 3 h (ng/mL) 53.70 93.94 5

CK-MB baseline (ng/mL) 2.76 1.17 1

CK-MB 3 h (ng/mL) 2.86 1.40 3

D-dimer baseline (mg/L) 0.16 0.14 7

D-dimer 3 h (mg/L) 0.14 0.10 8

3.6. Interrelations between Cardiac Biomarkers and Functional Parameters

Statistically, in the Mann–Whitney nonparametric tests, CK-MB changes showed
significant differences in the heart rate (HR) on the resting ECG (p = 0.047), the VO2 max at
the CPET (p = 0.008), and with the peak load (WR max) on the CPET (p = 0.014) between
those with and those without changes in CK-MB levels (see Table 8 and Figure 1).
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Table 8. Significant differences between the groups without changes (No) and with changes (Yes) in
CK-MB values.

Parameter CK-MB Change (No) CK-MB Change (Yes) p-Value

HR ECG (bpm) 54.50 (50.00–57.50) 67.00 (61.50–72.50) 0.047

VO2 max (mL/min) 3391.50 (2908.75–3907.50) 4148.00 (4116.00–4463.50) 0.008

Watt max (Watt) 241.50 (223.00–260.00) 285.00 (285.00–285.00) 0.014

Number of subjects 16 3

Figure 1. Significant differences between the groups without changes (No) and with changes (Yes) in
CK-MB values on resting ECG heart rate (left) and on CPET VO2 max (right), respectively.

D-dimers showed significant differences within the %WR max on the CPET (p = 0.035),
between those with and those without changes in D-dimers levels (see Table 9 and Figure 2).

Table 9. Significant differences between the groups without changes (No) and with changes (Yes) in
D-dimers values.

Parameter D-Dimers Change (No) D-Dimers Change (Yes) p-Value

%Watt max 87.50 (85.00–93.25) 84.00 (79.50–85.50) 0.035

Number of subjects 10 9

 
Figure 2. Significant differences between the groups without changes (No) and with changes (Yes) in
D-dimers values on CPET %WR max.
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Myoglobin showed significant differences between those with and those without
changes in myoglobin levels for E/A and A/E ultrasound parameters (p = 0.036), VO2 at
the anaerobic threshold (VO2 @ AT) on CPET (p = 0.045), and with VO2 @ AT/body weight
on CPET (p = 0.017). Additionally, significant differences were observed with % Watt max
on CPET (p = 0.045), with % O2 pulse on CPET (p=0.028) and with HR max (p = 0.013) and
% HR max (p = 0.017) on CPET (see Table 10 and Figure 3).

Table 10. Significant differences between the groups without changes (No) and with changes (Yes) in
myoglobin values.

Parameter Myoglobin Change (No) Myoglobin Change (Yes) p-Value

E/A 1.90 (1.70–2.09) 1.57 (1.23–1.64) 0.036

A/E 0.53 (0.47–0.58) 0.640 (0.61–0.81) 0.036

VO2 @ AT (mL/min) 2688.00 (2211.25–3401.25) 2215.00 (1995.00–2431.00) 0.045

VO2 @ AT/body
weight (mL/min/kg) 40.34 (31.91–46.16) 27.94 (23.47–35.15) 0.017

% WR max 87.00 (84.50–89.75) 82.00 (71.00-84.00) 0.045

% O2 Pulse 136.57 (123.38–150.21) 114.11 (96.70–137.10) 0.028

HR max (bpm) 165.00 (161.25–167.75) 183.00 (175.00–190.00) 0.013

% HR max 81.50 (80.00–83.75) 91.00 (87.00–94.00) 0.017

Number of subjects 12 7

Figure 3. Significant differences between the groups without changes (No) and with changes (Yes) in
myoglobin values.
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4. Discussion

Laboratory explorations are gaining more and more ground and sports cardiology
represents the new trend in medicine. Therefore, as confirmed by previous studies, their
combination is an opportunity for future research [51].

The initial evaluation showed findings consistent with athletes with a normal BMI.
In the few cases where BMI was over 25 kg/m2, this was due to the higher muscle mass,
as the abdominal circumference was normal. ECG interpretation also showed heart rate
and morphology patterns which are considered normal in an athletic population as part of
the effort adaptation process (sinus bradycardia, right bundle branch block). The cardiac
ultrasound highlighted parameters of increased cardiovascular performance, such as a
higher ejection fraction and a mild left ventricular hypertrophy, which, once again, is part
of the adaptation to effort process in athletes.

In addition, cardiorespiratory functional evaluations are becoming more used in
current practice and screening. As obesity and the sedentary lifestyle are becoming more
prevalent, especially among the young population, cardiorespiratory functional evaluations
are useful tools for assessing the fitness level. In recent studies, CRF has been proven to
correlate negatively with parameters such as BMI and the sedentary lifestyle at younger
ages [52].

A study published by Olekšák et al. involved the evaluation of CPET on young
Slovenian footballers. They compared the CPET parameters on children and adolescents
and concluded that some of them were physiologically higher in athletes and with growing
age (VO2 max, Watt max) [53].

The CPET parameters evaluated on the 19 subjects were comparable with those in
other studied athlete cohorts. It is interesting to note that some of the registered values,
such as a lower VO2 max than predicted, were consistent with the tests which were halted
for high BP values. This once again proves the utility of this particular evaluation and
shows how physical performance CRF can be limited by an abrupt rise in BP.

Other investigations whose utility has been confirmed in recent studies include
biomarker measurements. In a paper published by Mahanty et al., cTn, BNP and hypox-
anthine were proven as means of assessing the cardiovascular impact of intense physical
activity. Therefore, they are being considered to be implemented in the future as part of
screening protocols [54].

A metanalysis published in 2015 concluded that cTnT, hs-cTnT, BNP, NT-proBNP,
and D-dimers do suffer serum level changes when a person is performing a high-intensity
physical effort, which may interfere with their interpretation in an emergency unit when
an acute coronary syndrome, heart failure or pulmonary embolism can be suspected [55].

When investigating young football players, after a full-time football match, cTnI and
NT-proBNP levels rose above the baseline and remained elevated even 24 h after the game,
yet they never reached pathologically significant values. This rise, compared to our study
can be attributed to the higher intensity and duration of the football match (90 min, on
average) compared to a CPET [56]. Similarly, blood samples taken from participants in the
2016 Barcelona marathon showed an increase in NT-proBNP levels; however, the intensity
of the physical stress and its duration were considerably higher than during a CPET [44].

Another study published in 2021 included individuals that participated in 2018 in the
North Sea Race, a 91 km leisure sport mountain bike race. Prior to the race, they performed
a CPET. Their cTnI levels were measured before, 3 h, and 24 h after both the race and CPET.
The peak values were reached at the 3-h mark, though it should be once again mentioned
that, in both cases, the duration and intensity of the physical exercise were higher than in
the CPET which we conducted. However, a noticeable inter-individual variation was also
observed [57].

There are several mechanisms incriminated for this pattern of variation in biomarker
blood levels, such as microvascular ischemia, deficiencies in cardiac metabolism, a sys-
temic inflammatory surge, or even an impaired renal function during intense exercise [58].
This particular dynamic of cTnI concentrations, with an early peak followed by a rapid
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normalization within hours (maximum 48–72 h), renders an active myocyte necrosis highly
improbable, and rather suggests the above-mentioned secondary mechanisms. In our study,
including highly trained athletes, we did not observe any variation of cTnI or NT-proBNP,
compared to baseline. These somehow atypical kinetics can be explained by the rather
short duration of the CPET, performed by apparently healthy, well-trained individuals,
without the deleterious effects of prolonged and exhausting sports that can presumably
represent important triggers for the release of cardiac biomarkers. This finding is consistent
with the results of Marshall et al., who recently highlighted a similar pattern of troponin
fluctuation, with significant variations compared to baseline occurring only in subjects
who performed a moderate or intense training regimen. Very interestingly, the same au-
thors noted that a shorter duration of high-intensity exercise induced a more important
increase in troponin compared to prolonged, but less intensive, training [59]. Basically,
these heterogeneous patterns outline the importance of the duration, intensity, and type
of training when assessing cardiac biomarkers. A promising future scenario also assumes
the use of novel cardiac biomarkers, such as the soluble suppression of tumorigenesis-2
(sST2) for the early detection of subclinical myocardial injury during sports. Being a marker
of increased myocardial strain, fibrosis, and neurohormonal activation, sST2 exhibits a
superior prognosis value compared to NT-proBNP or cTnI in patients presenting acute
myocardial injury [60,61].

Recent studies have shown that cardiac biomarkers have an important negative pre-
dictive value. Thus, low or undetectable hs-cTnI levels can help exclude an inducible
myocardial ischemia, in both patients with known coronary artery disease (CAD) and
patients without [62–64].

Comparing male and female football players who had CK-MB values measured before,
immediately after, and 15 min after a running training session, researchers described a
slight increase in CK-MB values immediately post-exercise, most notably in the women’s
group, yet these values returned to baseline at the 15 min timepoint. The groups comprised
both genders and the measurements were performed at different timepoints (immediately
after and 15 min after). This study was comparable to ours with regard to the type of sports
practiced and the number of participants [65].

Another study measured myoglobin and CK levels immediately after, at the 24 h,
48 h and 72 h timepoints after a high-intensity intermittent running protocol. The results
showed a higher increase in myoglobin levels and a more modest one in CK levels, with a
return to the baseline values within 24 h for both parameters [66].

On a longer time span, CK and myoglobin levels were measured during a 12-day
training period, with blood samples taken prior, at the 6-day mark, and on the 12th day at
the end of the training period. CK values peaked on the 6th day, with a drop afterward,
while myoglobin peaked on the 12th day [67].

By combining the results of both the cardiac biomarker measurements and of the
CPET we can observe how biomarkers are also useful in the assessment of CRF, as they are
released into the bloodstream when the cardiovascular stress is at higher values.

The main limitation of our study is represented by the small number of participants,
which was not sufficient for more complex statistical analysis tests and could not offer
sufficient data for further correlations (see Appendix A).

However, given the low number of publications and existing studies of this design,
which combines the complete cardiovascular evaluation of athletes starting from the history,
physical examination, 12-lead ECG and cardiac ultrasound and focusing on the combination
of the CPET and cardiac biomarker measurements, it is definitely a starting point for further
research and future studies. This is also supported by the significant statistical results which
were obtained.

Our study offers a more complete approach than other studies, with the combination
of CPET and biomarker measurements, and the established correlations so far encourage
future research on larger groups, even though the biomarkers which suffered blood level
changes (CK-MB, myoglobin, D-dimers) were not specific on their own for coronary dis-
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eases [37–41,48]. This association of CPET and biomarkers is also useful to be implemented
in cardiac and respiratory rehabilitation evaluations, as shown by a 2021 study conducted
by Wang et al., where the improvement of CHF patients’ parameters was monitored using
these dynamics [68]. Apart from a higher number of subjects, serial measurements of car-
diac biomarkers at more timepoints, especially at 12 and 24 h, would offer more indication
of their full dynamics in relation to induced physical stress.

5. Conclusions

The current study showed that when subjected to an induced physical effort, biomark-
ers such as CK-MB, myoglobin, and D-dimers suffer changes in their blood levels. Addi-
tionally, between these biomarkers which suffered changes in relation to induced physical
stress and the parameters which evaluated the functional capacity in the CPET, signifi-
cant correlations were observed. This highlights the potential of the combined CPET and
biomarker determinations for the functional evaluation of young professional athletes
and the assessment of cardiovascular risk, alongside the 12-lead ECG and the cardiac
ultrasound. However, additional research on a larger study group is needed to further
ascertain these findings.
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Appendix A

This is a pilot study from a much larger research project in a doctoral study conducted
within the “Grigore T. Popa” University of Medicine and Pharmacy in Ias, i, Romania,
entitled “The evaluation of the correlations between the cardiac biomarkers and the risk of
cardiovascular events during sustained physical effort”, under the direct coordination and
supervision of Professor Habil. Florin Mitu, MD, PhD.
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Abstract: (1) Background: The main aim of this study was to examine the effect of an intervention of
12 weeks in three groups on anthropometric measurement and heart rate (HR) variables, fitness index,
and maximal oxygen consumption (VO2max) in older women. (2) Methods: In total, 166 Serbian adult
women, aged 50 to 69 years old, participated in this study, comprising a control group (60 participants,
μage = 57.8 + 6.6), Nordic-walking (NW) group (53 participants, μage = 57.5 + 6.8), and recreational-
walking (RW) group (53 participants, μage = 57.8 + 6.6) in a physical fitness programme for 12 weeks.
(3) Results: Anthropometric measurement variables were measured using a stadiometer and an
electronic scale. The data showed differences in walking heart rate (bt/min) (p < 0.001; η2 = 0.088)
between control, NW, and RW groups in the pretest analysis. Moreover, there were significant differ-
ences in walking heart rate (bt/min) (η2 = 0.155), heart rate at the end of the test (bt/min) (η2 = 0.093),
total time of fitness index test (min) (η2 = 0.097), fitness index (η2 = 0.130), and VO2max (η2 = 0.111)
(all, p < 0.001) between control, NW, and RW groups in the posttest analysis. (4) Conclusions: NW
group training resulted in slightly greater benefits than RW group training. The present study
demonstrated that both groups could act as modalities to improve the functionality and quality of
life of people during the ageing process, reflected mainly in HR variables; UKK test measurements,
and VO2max. It also contributes to the extant research on older women during exercise and opens
interesting avenues for future research.

Keywords: ageing; physical fitness; walkers; well-being; physical exercise programme

1. Introduction

In recent decades, growing evidence from various experimental approaches has shown
that the ageing process with a sedentary lifestyle (e.g., sitting and engaging with television
and other electronic devices) leads to a greater likelihood of suffering health problems [1].
The majority of this research shows that more sedentary time is linked with increased risk
for cardiovascular disease [2] and adverse metabolic effects such as obesity and insulin
resistance in women, among other effects [3]. In fact, global health organisations such as the
World Health Organisation (WHO) and the American College of Sports Medicine (ACSM)
report that sedentary life in adult and older adult women is apparently related to inactivity
behaviour during occupational and domestic activities and little participation in physical
exercise (PE) during leisure and free-time activities [4].

Previous studies indicate that ageing and a low level of PE are directly related to car-
diovascular and pulmonary changes that lead to a reduction in functional capacities [5–7].
In this sense, different physiologic mechanisms that affect health are caused by sedentary
time. For example, sedentary time decreases the metabolic activity of muscle and decreases
energy utilisation, causing insulin resistance and metabolic disorders [8]. Therefore, chronic
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PE could help to combat a sedentary lifestyle. In fact, numerous studies have shown the
beneficial effects of PE on overall health, specifically in physical fitness and anthropometric
measurement [9–11]. Recent systematic reviews and meta-analyses have concluded that
physical exercise helps to reduce the risk of various conditions associated with ageing, such
as frailty [12], cognitive decline [13], low muscle power, or poor functional capacity [14].
There is also evidence that exercise intervention programmes can prevent falls in older
people with mild comorbidities [15]. However, the literature shows that, in addition to
preventing functional capacities, PE also prevents mental diseases and supports health
benefits across the older adult lifespan [16]. In addition, it is well-documented that changes
in body composition and anthropometric measurement are strongly related to ageing; the
main effects are lean body mass and fat mass [17,18]. In this respect, variations in body
composition and anthropometric measurement in older people have also been associated
with loss of muscle mass and, therefore, with muscle strength, physical capacity, and quality
of life and well-being [19,20].

Other important physiologic mechanisms that influence ageing are the heart rate
(HR) and maximal oxygen consumption (VO2max). One study showed that age-related
declines in VO2max were approximately 0.35, 0.44, and 0.62 mL/kg/min per year for
sedentary, physically fit, and physically trained females, respectively [21]. In this sense,
an intervention of 16 weeks of combined aerobic exercise training and resistance exercise
training produced a significant improvement in muscular strength, cardiovascular fitness,
and functional tasks in older women [22]. Overall, the majority of effects of ageing on
the heart can be decreased by chronic exercise; therefore, PE can help people maintain
cardiovascular fitness as well as muscular fitness as they age [23].

Healthy ageing is the key to maintaining an adequate level of physical performance,
which is needed to be able to successfully perform everyday activities [24]. Currently, there
is a large number of tests whose objective is to assess the physical condition of different
population groups. From the point of view of health care and biomedical fields, tests have
the main objective of prescribing a PE programme according to individual characteristics.
In this sense, obtaining correct values could help to assess the initial fitness level of each
subject. Urho Kaleva Kekkonen (UKK) test has a very simple application, reliability, health-
related validity, and physical-activity-related safety and feasibility [25], especially for adults
aged 18–69. In addition, the UKK test has a large correlation with VO2max [25]. Due to
having all these properties, the UKK test may show the variability of physical performance
over time and provide evidence for maintaining good physical fitness and promoting
healthy ageing in different age groups [26].

As mentioned above, a low level of PE among older adults, caused by a sedentary
lifestyle, leads to reduced functional capacities and, therefore, damage to health over time.
To overcome this issue, the literature suggests that individuals practice regular PE of low-to-
moderate intensity, such as recreational walking (RW) or Nordic walking (NW), which may
encourage older people to practice regular PE [27,28]. RW may be a simple and efficient
means of PE for older people due to the low risk of injury, and irrespective of individual
level [29], it is an effective way to improve the level of PE, requires no equipment, and can
be performed almost anywhere at any time. Thus, RW involves moderate intensity that can
provoke positive changes to health and minimise the risk of premature death [30]. With
regard to NW, a systematic review reveals its enormous positive benefit on health [31]. NW
has grown in popularity recently and is considered a good PE for older people due to its
safety and low cost. Originally derived from RW, NW is highly popular and accepted by the
population [32]. The literature has shown that NW reduces the load of the lumbar spine and
lower limb joints and increases energy expenditure in comparison with RW [33]. Finally, the
beneficial effects of NW on different health parameters such as resting HR, blood pressure,
exercise capacity, and VO2max have been established in different populations [34,35]. In
addition, recent studies have shown the effectiveness of programmes of regular PE based
on NW [36]. Taking into account the current literature, there is strong scientific evidence
that regular physical activity has extensive health benefits for adults aged 65 and above,
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but there is little evidence to suggest which are the most suitable practices if we talk
about Nordic-walking or recreational-walking modalities [34], and how they can serve
to improve the physical condition and quality of life of older adults. In fact, older adults
perceive them as easy and enjoyable types of exercise, and they provide effective ways to
promote an active lifestyle for improved health. Thus, the aim of the present study was to
examine the effect of a 12-week intervention in three groups (control, RW, and NW groups)
on anthropometric measurement variables (body mass and body mass index (BMI)), HR
variables (walking HR and HR at the end of the test), UKK test measurement (total time
and fitness index), and VO2max in older women.

2. Materials and Methods

A total of 166 older women (50–69 years; μage = 57.6 ± 5.6) from the north of Serbia
(city of Novi Sad) were recruited through social groups from Novi Sad University (Serbia),
leaflets, local newspapers, and social media. Specifically, there were 60 participants in the
control group (μage = 57.75 ± 3.51), 53 participants in the RW group (μage = 57.85 ± 6.64)
and 53 in the NW group (μage = 57.53 ± 6.85) (see Figure 1). As initial contact with potential
recruits yielded only seven men, researchers decided to recruit only female participants in
the study to avoid problems of statistical power with a low male sample.

Figure 1. Participant’s flow diagram based on CONSORT reporting guidelines.

Based on a statistical power of 80% (z), a type 1 margin of error or alpha of 0.05, a
response distribution of 50% (r), and a sample population of older women (50–69 years)
(Nrecommended = 164) in the city, the sample size of the present study was in the recom-
mended range. The following formulas were used [37]:

x = Z(c/100) 2r (100 − r)
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n = N x/((N − 1) E2 + x)

E = Sqrt [(N − n) x/n(N − 1)]

Anthropometric measurement variables (body mass and BMI), HR variables (walking
HR and HR at the end of the test), UKK test measurements (total time and fitness index),
and VO2max were gathered.

All participants were provided with a written document that specified the research
objective. They were recruited via telephone or direct contact from an association of
women that used to gather together in the Faculty of Sport Science of Novi Sad to engage
in several leisure activities (not involving physical activity or sport). We informed all
participants not to modify their daily behavioural patterns and not to engage in other extra
physical exercises, to avoid conflation of results. A sampling strategy was determined
for convenience.

The inclusion criteria for all women who participated in this study were (1) 50–69 years
of age, (2) no severe somatic or psychiatric disorders, (3) ability to complete the walking
test of two kilometres without assistance, and (4) oral and written communications ability.
Exclusion criteria for this study were (1) not to be diagnosed with an acute or terminal
illness; (2) to have suffered a major cardiovascular event (i.e., myocardial infarction, angina,
or stroke) in the past 6 months; (3) presence of neuromuscular disease or drugs affect-
ing neuromuscular function, (4) unwillingness to complete the study requirements, and
(5) presence of neuromuscular disease or drugs affecting neuromuscular function.

This study was conducted in accordance with the ethical principles of the Declaration
of Helsinki, and it was approved by the Ethical Committee (no. 46-06-03/2020-1), with the
purpose of ensuring a responsible investigation. Moreover, this study was registered as a
controlled and non-randomised design in ISRCT (ISRCTN44310625).

2.1. Measures
2.1.1. Anthropometric Measurement Variables

Age and gender were determined by two ad hoc questions. Body height was measured
to ± 0.1 mm using a stadiometer (SECA 213, Hamburg, Germany), and body mass (kg)
was measured with an electronic scale (SECA 799, Hamburg, Germany), with participants
wearing light indoor clothing and no shoes. BMI was calculated as weight (kg)/height2 (m).
Prior to measurement, participants were asked to have fasted for 4 h, to not have consumed
alcohol for 8 h, and to not have performed physical exercise for the previous 8 h. All
tests were repeated in the same space and at the same time after 12 weeks under the
same humidity condition (30–40%), as recommended by Morente-Oria et al. [24]. BMI was
calculated as kg/m2.

2.1.2. Cardiorespiratory Fitness

To measure the cardiorespiratory capacity, achieved by brisk walking and prediction
of VO2max, the UKK walking test for adults aged 18–69 [25], developed by the Urho Kaleva
Kekkonen Institute for Health Promotion Research (the UKK Institute), was used. The UKK
walking test involves walking two kilometres on a flat surface at as brisk a pace as possible.
The results of this test indicate a fitness index, taking into consideration the age, gender,
body mass, duration of the walk, and HR at the end of the test. Furthermore, we measured
the walking HR average over the two kilometres. The fitness index by cardiorespiratory
capacity fitness index uses five levels, where the lowest level is <70 (considerably below
average) and the highest is >130 (considerably above average). The equation to calculate
UKK fitness index by the cardiorespiratory capacity of women was as follows [38]:

1º step: (walking time-min * 8.5) + (walking time-seconds * 0.14) + (HR at the end of
the test-beats/minutes * 0.32) + (BMI-kg/m2 * 1.1) = X; 2º step: X − (age * 0.4) = Y; 3º step:
304 − Y = UKK fitness index.
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To calculate the VO2max, an equation predicting maximal aerobic power on the basis
of the results obtained in the UKK walking test was used for women in this study as
follows [38]:

116.2 − 2.98 * time(minutes/seconds) − 0.11 * HR (at the end of the test) − 0.14 * age
− 0.30 * BMI (kg/m2).

2.1.3. Heart Rate (HR)

The HR at the end of the UKK walking test and the walking HR during the UKK
walking test were measured by a pulse watch and chest belt (Polar FT2, Kempele, Finland).
The measured values were obtained immediately after finishing the pretest and posttest
intervention evaluations of the UKK walking test.

2.1.4. Patient and Public Involvement

Data were collected twice: a test performed during the month of August 2021 (pretest)
and after 12 weeks (posttest), performed in October 2021.

The participants visited the measuring area at the University of Novi Sad (Serbia), and
their anthropometric measurements were measured 48 h before starting the interventional
programme and 48 h after the programme. They were evaluated in the morning, and
environmental conditions were controlled.

Both training programmes (RW and NW) were performed three times a week for
12 weeks (3 months) in the morning, with a duration from 35 to 45 min, in line with the
requirements laid out by the ACSM [4]. During this intervention, participants took part in
no other physical activity.

The participants from the experimental NW group used specific telescope aluminium
poles (100–135 cm) for 3 months. Participants from the experimental RW group used
no poles.

The programme was carried out on a trim track (park “Sremska Kamenica”, Novi
Sad, Serbia), which offered good conditions for this activity. The training programme
was supervised by physical exercise specialists and adapted individually for each of the
participants, depending on participant age and in compliance with sports training princi-
ples. In addition, each specialist controlled a different studied variable (anthropometric
measurement, HR, UKK test measurements, and VO2max variables. Thus, any bias related
to assessors and researchers was minimum. Participants’ individual physical limitations
were considered in controlling for the range and intensity of exercise.

Prior to each activity, participants were made aware of the necessary HR during the
training, and the programme was conceptualised in such a way that participants were
always in the aerobic zone of performance. During the walking exercise, HR was monitored
by a pulse meter and was used to determine load intensity. Both programmes were divided
into three parts, different by volume (frequency of sessions per week and length) and
intensity (percentage of maximum heart rate (%HRmax) according to the age and physical
activity level of participants). Participants performed three weekly training sessions of
35 min of continuous aerobic work during the first 4 weeks (first month of the training
programme), and the intensity was 60–65% of the total. From the fifth to eighth training
week (second month of the training programme), the duration of training sessions was
40 min of continuous aerobic work three times per week at 65–70% %HRmax. Finally, in
the last 4 weeks (third month), the sessions were 45 min in length three times per week,
with an %HRmax of 75–80%. The differences in burdening (training intensity) according to
age were calculated by using the percentage of maximum heart rate and optimal intensity
of burdening within the limits of 50–90% [39] (Table 1).
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Table 1. Timeline of the study.

2021

Pretest Intervention Intervention Posttest Intervention

Months July August September October December

Week 1 2 3 4 5 6 7 8 9 10 11 12

Control group Pretest 35 min of continuous aerobic
(60–65% %HRmax) Posttest

Nordic-walking group Pretest 40 min of continuous aerobic
(65–70% %HRmax) Posttest

Recreational-walking group Pretest 45 min of continuous aerobic
(75–80% %HRmax) Posttest

For the RW and NW groups, participants had to do a 10 min warm-up in a dedicated
area of the trim track. Specifically, the participants performed movement exercises with
different specific gestures such as lateral steps, knee elevation, tiptoe walk, and fast arms
movement. After the warm-up, the main block of the session was followed by 20 min
(weeks 1–4), 25 min (weeks 5–8), and 30 min (weeks 9–12) of continuous RW or NW
depending on the experimental group. This was followed by a 5 min cool-down period,
featuring mainly stretching exercises. Participants of the control group did not undergo
supervised training and were asked not to modify daily activities. However, as physical
exercise and active life are beneficial to health, participants in the control group attended
three workshops (one per month) addressing the benefits of being physically active. The
attendance at these workshops aimed to maintain participation in the control group and
their commitment to completing the entire 12 weeks of intervention.

Finally, participants received a report of the results and conclusions obtained in the
study after the elaboration and discussion of the data, thanking them for their participation.

2.1.5. Statistical Analysis

The Kolmogorov–Smirnov test with mean values was used to test the normality of
distribution. The mean (μ) and standard deviation (DT) of the anthropometric measurement
variables (body mass and BMI), HR variables (walking HR and HR at the end of the test),
UKK test measurements (total time and fitness index), and VO2max of the participants
were determined. In addition, test reliability was determined by calculating the coefficient
of variation of VO2max between pretest and posttest in the RW and NW groups.

A mixed-design ANOVA for participants was used between groups (control, Nordic
walking, and recreational walking) and moment intervention (pretest–posttest). To establish
the differences in outcomes, we used a one-way analysis of variance (ANOVA) in the pre-
and posttest. Pairwise comparisons were performed with Bonferroni’s adjustment. Effect
size is indicated with partial eta squared (η2) for Fs [40]. The Greenhouse–Geisser correction
was applied when sphericity was violated [41]. In such a case, corrected probability values
were reported. Differences in participant groups were found in the five categories of
UKK fitness index. Regarding the pretest and posttest differences among all groups, a
repeated-measures ANOVA test was used for two dependent samples. This process was
carried out with regard to anthropometric measurement variables, HR variables, UKK test
measurements, and VO2max in all groups.

All statistical analyses were performed using the Statistical Package for Social Science
(IBM SPSS Statistics for Windows 21.0. Armonk, NY, USA).

3. Results

3.1. Comparison of the Participant Groups (Control, RW, and NW) Relative to Anthropometric
Measurement Variables, HR Variables, UKK Test Measurements, and VO2max

Table 2 shows only one significant difference among the three participant groups in
the pretest. The walking HR was lower in the RW group than that in the control and NW
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groups (79.17 ± 9.45 bt/min vs. 82.13 ± 9.36 bt/min and 87.12 ± 12.36 bt/min, respectively,
p < 0.001).

Table 2. ANOVA for anthropometric measurement variables, heart rate, UKK walking test time and
fitness index, and VO2max for pretest, with mean values (SD).

Pretest

Variables Involved in UKK
Walking Test

Control Group (n = 60) Nordic-Walking Group (n = 53)
Recreational-Walking Group

(n = 53)
F p η2

Body mass (kg) 69.35 ± 9.26 70.27 ± 9.61 69.40 ± 8.38 0.177 0.838 0.002
BMI (kg/m2) 25.52 ± 3.58 26.20 ± 3.88 25.83 ± 4.13 0.436 0.648 0.005

Walking heart rate (bt/min) 82.13 ± 9.36 b 87.12 ± 12.36 ab 79.17 ± 9.45 a 7.847 0.001 0.088
Heart rate at the end of the test

(bt/min) 114.35 ± 12.48 112.68 ± 15.75 117.26 ± 15.07 1.374 0.256 0.017

UKK total time (min) 23.32 ± 1.65 23.98 ± 1.48 23.80 ± 2.12 2.123 0.123 0.025
UKK fitness index 72.75 ± 15.76 65.42 ± 20.61 69.28 ± 19.01 2.211 0.113 0.026

VO2max (mL·min−1·kg−1) 19.61 ± 5.52 16.85 ± 5.42 18.39 ± 7.31 2.839 0.061 0.034

Note. UKK: Urho Kaleva Kekkonen; BMI: body mass index; VO2max: maximal oxygen consumption; m: metre,
kg: kilogram; bt: beat; min: minute; mL: millilitre; η2: effect size by eta square; SD: standard deviation; df: degrees
of freedom (2, 163 for pretest); a,b superscripts with the same letter show a degree of significant difference between
both groups (p < 0.05). Pairwise comparisons were performed with Bonferroni’s adjustment.

However, Table 3 reveals several significant differences among the control, NW, and
RW groups, such as the walking HR (82.35 ± 9.09 bt/min vs. 79.45 ± 9.36 bt/min and
73.54 ± 7.32 bt/min, respectively, p < 0.001) and HR at the end of the test (114.13 ± 11.56 bt/min
vs. 105.09 ± 11.61 bt/min and 106.51 ± 14.81 bt/min, respectively, p < 0.001). The results of
measurements of the UKK test in terms of the UKK total time spent to walk two kilometres
and the fitness index were significantly worse in the control group than those for the
NW and RW groups, as detailed below. Participants in the RW group spent the shortest
time to walk two kilometres (RW group = 22.06 ± 1.91 min; NW group = 22.11 ± 1.76 min;
control group = 23.32 ± 1.84 min; p < 0.001) and obtained the best UKK fitness index
(RW group = 88.92 ± 19.42; NW group = 84.72 ± 15.94; control group = 72.95 ± 18.13;
p < 0.001). Finally, the RW group showed higher VO2max than the NW and control groups
(24.51 ± 6.41 mL·min−1·kg−1 vs. 23.58± 6.05 mL·min−1·kg−1 and 19.59 ± 6.14 mL·min−1·kg−1,
respectively, p < 0.001). According to the coefficient of variation of VO2max, it is possible to
observe an increase of 23.59% in the difference between pretest and posttest results in RW
and 30.20% in NW.

Table 3. ANOVA posttest results in terms of anthropometric measurement variables, heart rate, UKK
walking test time and fitness index, and VO2max, with mean values (SD).

Posttest

Variables Involved in UKK
Walking Test

Control Group (n = 60) Nordic-Walking Group (n = 53)
Recreational-Walking Group

(n = 53)
F p η2

Body mass (kg) 69.37 ± 9.25 68.44 ± 9.64 67.18 ± 8.25 0.823 0.441 0.010
BMI (kg/m2) 25.53 ± 3.55 25.52 ± 3.85 25.01 ± 4.05 0.332 0.718 0.004

Walking heart rate (bt/min) 82.35 ± 9.09 b,c 79.45 ± 9.36 a,b 73.54 ± 7.32 a,c 14.919 0.001 0.155
Heart rate at the end of the test

(bt/min) 114.13 ± 11.56 a,b 105.09 ± 11.61 a 106.51 ± 14.81 b 8.402 0.001 0.093

UKK total time (min) 23.32 ± 1.84 a,b 22.11 ± 1.76 a 22.06 ± 1.91 b 8.748 0.001 0.097
UKK fitness index 72.95 ± 18.13 a,b 84.72 ± 15.94 a 88.92 ± 19.42 b 12.230 0.001 0.130

VO2max (mL·min−1·kg−1) 19.59 ± 6.14 a,b 23.58 ± 6.05 a 24.51 ± 6.41 b 10.168 0.001 0.111

Note. UKK: Urho Kaleva Kekkonen; BMI: body mass index; VO2max: maximal oxygen consumption; m: metre,
kg: kilogram; bt: beat; min: minute; mL: millilitre; η2: Effect size by eta square; SD: standard deviation; df: degrees
of freedom (2, 163 for posttest intervention); a,b,c superscripts with the same letter show a degree of significant
difference between both groups (p < 0.05). Pairwise comparisons were performed with Bonferroni’s adjustment.

3.2. Differences in Body Composition Variables, HR Variables, UKK Test Measuring, and VO2max
between Pretest and Posttest by Participant Group (Control, RW, and NW)

A mixed-design ANOVA with mean data of body mass (F = 410.13, p < 0.001, η2 <= 0.72)
and BMI (F = 412.63, p < 0.001, η2 = 0.71) revealed a significant main effect of participant
groups (control, RW and NW). The interaction between group and pretest–posttest inter-
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vention showed a significant effect in body mass (F = 113.33, p < 0.001, η2 = 0.58) and BMI
(F = 111.73, p < 0.001, η2 = 0.57). Moreover, a repeated-measures ANOVA test between
pretest and posttest in the RW and NW groups demonstrated differences in body mass
(RW group, t = 14.49, p < 0.001; NW group, t = 15.09, p < 0.001), BMI (RW group, t = 14.37,
p < 0.001; NW group, t = 15.16, p < 0.001), and walking HR (RW group, t = −14.36, p < 0.001;
NW group, t = −9.41, p < 0.001). This is shown in Figure 2.

Figure 2. Differences in body weight and body mass index at pretest and posttest interventions in
the three studied groups. *** p < 0.001.

The mean data of walking HR (F = 62.94, p < 0.001, η2 = 0.28) and the HR at the end
of the UKK walking test (F = 82.59, p < 0.001, η2 = 0.31) determined by a mixed-design
ANOVA revealed a significant main effect of participant groups (control, RW and NW).
The interaction between group and pretest–posttest intervention showed a significant effect
in walking HR (F = 19.25, p < 0.001, η2 = 0.19) and the HR at the end of the test (F = 21.77,
p < 0.001, η2 = 0.21). The HR at the end of the test showed differences between the pretest
and posttest (RW group, t = 8.99, p < 0.001; NW group, t = 4.45, p < 0.001), while the walking
HR during the test also showed significant differences (RW group, t = 5.90, p < 0.001; NW
group, t = 5.60, p < 0.001) (Figure 3).

The mean data of UKK total time (F = 183.01, p < 0.001, η2 <= 0.53) and UKK fitness
index (F = 132.81, p < 0.001, η2 <= 0.45) determined by a mixed-design ANOVA revealed
a significant main effect of participant groups (control, RW and NW). The interaction
between group and pretest–posttest intervention showed a significant effect in UKK total
time (F = 47.55, p < 0.001, η2 <= 0.36) and UKK fitness index (F = 33.55, p < 0.001, η2 < = 0.29).
The significant differences between before and after 12 weeks of intervention in terms of
UKK test measurements are shown in Figure 4—namely, UKK total time (RW group,
t = 13.03, p < 0.001; NW group, t = 8.29, p < 0.001) and UKK fitness index (RW group,
t = −6.79, p < 0.001; NW group, t = −6.41, p < 0.001).
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Figure 3. Differences in walking heart rate and heart rate at the end of the test in pretest and posttest
interventions in the three studied groups. *** p < 0.001.

Figure 4. Differences in UKK total time and UKK fitness index in pretest and posttest interventions
in the three studied groups. *** p < 0.001.

Finally, the results of the mixed-design ANOVA for VO2max (F = 230.89, p < 0.001,
η2 <= 0.58) showed the significant main effect of participant groups (control, RW, and NW).
The interaction between groups and pretest–posttest intervention also showed a significant
effect in VO2max (F = 60.91, p < 0.001, η2 <= 0.43). Figure 5 shows significant differences in
VO2max between pretest and posttest in the RW group (t = −14.36, p < 0.001) and the NW
group (t = −9.40, p < 0.001). The control group showed no significant differences between
pretest and posttest interventions in any variable studied.
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Figure 5. Differences in VO2max in pretest and posttest interventions in the three studied groups.
*** p < 0.001.

4. Discussion

The objective of the present study was to examine the effects of a 12-week intervention
in three groups (control, RW, and NW groups) on anthropometric measurement variables
(body mass and BMI), HR variables (walking HR and HR at the end of the test), UKK
test measurements (total time and fitness index), and VO2max in older adult women.
Given the specific nature of exercise adaptations and the need to maintain muscle mass,
muscle strength, and flexibility throughout life, and even more in the ageing process,
a comprehensive training programme consisting of resistance, aerobic, and flexibility
exercises is recommended [4]. NW can improve muscle strength and flexibility, as well
as aerobic endurance capability [35]. Likewise, RW, together with a muscular strength
programme, can produce the same improvements as the NW discipline, because the
disciplines do not differ considerably [29]. The main finding of this study showed that NW
group training resulted in slightly greater benefits than RW group training; nevertheless,
both were shown to be valid modalities to improve the functionality and quality of life of
people during the ageing process.

In regard to the variable of walking HR, we found that the lowest mean was presented
by the RW group, followed by NW. In accordance with a recent systematic review and meta-
analysis carried out by Bullo et al. [34], these data contradict the majority of studies. These
results could be due to the fact that it has been shown that healthy older adults can maintain
their gait speed with or without poles, thus matching the physical demands required [36].
The same results were found in a study by Takeshima et al. [33]. Both disciplines showed
improvements after the training programme. These data are in line with those found for
participants of the same age range in the literature [28] or for those registered in control
groups of physical training programmes [37], which confirms favourable results in the
experimental groups of this study. We observed that, after the intervention, RW produced
better values than NW in terms of walking HR and HR at the end of the test; NW values
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were also significant and showed improvements very similar to those of the RW modality.
These data are in accordance with those found by Gomeñuka et al. [35], in which the NW
discipline did not result in greater benefits than RW related to participants’ quality of life.

As expected, the improvements in the average walking HR were greater in the NW
group than in the RW group at the end of the program. These data could be explained by
the fact that NW increases the activity (muscular) of the upper part of the body during
practice and, with it, the energy expenditure with higher oxygen consumption [38]. If
we compare our results with the findings of Pellegrini et al. [28], it can be deduced that
NW group participants of the present study showed lower bt/min during the 2 km test.
However, in a study by Sugiyama et al. [42], participants were evaluated for 5 km, whereas
we studied only 2 km. Therefore, increases in both strength and aerobic capacity contribute
to the reduction in submaximal HR when NW and RW are performed at the same walking
speed [39]. In the present study, UKK total time was similar for both disciplines. Regarding
the variable HR at the end of the test, the NW group presented the best average. In a similar
way, we found comparable results for RW, elucidating how both modalities generated
improvements in the reduction in mean beats per minute at the end of the programme [35].
Similar improvements were shown for the rest of the variables described above and below
(HR, fitness index, and VO2max).

NW and RW are two aerobic activities capable of improving anthropometric measure-
ment through the ageing process, and a 12-week programme using these two modalities,
such as that used in the present study, results in significant changes in terms of body mass
loss and BMI [41,43]. Although both exercise disciplines showed comparable results, we
found that RW produced slightly better results than NW in body mass and BMI after
12 weeks of intervention. According to a study by Figard-Fabre et al. [44], even with a
correct NW technique, the difference in energy expenditure is not greater than that in RW.
This minimal difference in energy expenditure could explain how RW obtained slightly
better results in the current study, underlining that NW has also shown improvements in
this regard. These results are not in line with the fact that energy expenditure is higher in
the NW pattern, and this would mean a greater body mass loss [28,45].

Given the nature of the NW modality, gait speed is greater with the use of poles versus
walking without any help [46]. Although the time to complete the activity was similar,
the RW group presented a slightly shorter time. This is consonant with data found by
Gomeñuka et al. [35] and contrary to what is found in other studies [31,33,46]. This could
be explained by the fact that if the poles do not push the ground in the correct way for the
propulsion of the movement, the dynamic stability is impaired; thus, the movement is not
as efficient and fast, requiring more time to complete a given distance [47].

In the final measurement, UKK fitness level and VO2max showed slightly higher val-
ues in the RW group compared with the NW group, which points to a greater improvement
in functional capacities in the former group, compared with the control group. This increase
was manifested as an improved UKK fitness level, increased general cardiorespiratory
capacity, and higher percentages of VO2max, which were considered the best indicators of
lung capacity and air intake. A study by Pellegrini et al. [46] reported NW and RW as ac-
ceptable forms of exercise for the ageing population regardless of their VO2max. The results
found in this study would contradict those shown in the literature, since, as previously de-
scribed, NW generally showed higher energy expenditure and, with it, the expectation that
UKK fitness level and VO2max values should also be higher in this group [46]. These data
could be explained by the fact that if participants’ NW technique was incorrect, resulting in
a weak NW style instead of the suggested technique, this could decrease the effectiveness
of the training programme [28]. Hansen and Smith [48] found that when participants are
taught to perform a particularly energetic NW technique, characterised by long strides
and pole pushes, oxygen consumption exceeds that measured during walking, by up to
67%. In contrast, in line with the findings of the present study, NW and RW showed similar
results, which can be explained by the fact that both modalities share muscle synergies
that mainly involve the activation of the muscles of the lower extremities and the trunk.

251



J. Clin. Med. 2022, 11, 2900

Therefore, walking with the use of poles does not produce considerable changes in the
muscular demands of the lower body [31].

If each modality and variable is analysed separately, NW produced greater improve-
ments with respect to RW. In a study carried out by Mikalački et al. [49], in which they
evaluated the effects of a 12-week NW programme on functional capacities using the
UKK test, results showed improvements in UKK fitness values, which is consistent with
our findings. Other studies on NW have shown that VO2max increases at the end of the
intervention [34,50], which is also consistent with our study, showing significant results for
NW training in the variables mentioned above.

The outcomes of this study support NW as a secure, viable, and helpful form of
physical training that can improve several components of fitness in older adults. RW
also has a multitude of other documented benefits, and it is often used as a primary
and secondary preventive alternative to PE [4]. Both RW and NW can be performed by
individuals or in groups, which may provide social well-being benefits. Additionally,
although NW is often performed outdoors, it can also be practised indoors with the use
of rubber-tipped poles, turning it into an activity that can be accomplished all year round,
even during adverse weather conditions [33]. NW appears to be more effective in providing
more cardiorespiratory fitness benefits, compared with RW. Consequently, NW may be
more effective than RW in improving and maintaining the overall health and function of
adults in the ageing process [51]. Therefore, it is important to know the benefits of both
modalities, and it would be convenient to carry out future research in different segments of
the older adult population and during longer intervention periods.

In terms of limitations, the present study shows its potential due to the lack of related
studies that have compared NW and RW in this population group. On the one hand,
the intervention time of 12 weeks should be extended in future research to obtain more
significant results, especially in physiological variables and time spent covering the distance
of the UKK test. On the other hand, far from being a constraint, the Nordic-walking
technique of participants was controlled during the study and supervised by physical
exercise specialists. In fact, participants’ individual physical limitations were considered in
controlling for the range and intensity of the exercise.

Another variable that could have completed the study would have been to evaluate
muscular grip strength and, thus, be able to explain the possible adaptations in terms of
upper body strength and physiological changes. Regarding the different groups and the
modalities used, it is worth highlighting the need to expand the given consideration to
the technique when using poles in NW. Additionally, in the context of control, it would be
advisable to control the dietary intake of study participants; if the decrease in body mass is
to be taken into account, diet is one of the variables most affected. Likewise, evaluating
the improvements in the anthropometric measurement of the participants should include
changes in the different variables through electrical bioimpedance.

5. Conclusions

The novelty of this study lies in its comparative results between NW and RW inter-
ventions for older adults and, with it, guiding healthy alternatives to improve the quality
of life and health in the ageing process. The main findings revealed that, after 12 weeks,
NW training resulted in slightly greater benefits than RW training; nevertheless, both were
shown to be valid modalities to improve the functionality and quality of life of people
during the ageing process.

Moreover, our study suggested that the NW technique is a beneficial training method
for improving the physical condition of healthy older adults. The practice of the NW and
RW modalities represents an optimal continuity of kinesiological activity, particularly in
older adults, to maintain and improve their functional capabilities. The present study
showed that 12 weeks of Nordic walking and recreational walking improved HR variables,
UKK test measurements, and VO2max. In fact, this research highlighted the clinical
importance of chronic exercise and its considerably positive benefits on health and quality
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of everyday life. However, caution is required concerning participants’ extensive use
without the presence of specialists to control the individual training in older people.
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Abstract: This study aimed to assess the agreement between quantitative measurements of plasmatic
and salivary biomarkers capable of identifying oxidative stress and muscle damage in athletes at
rest and following exercise. Thirty-nine high-level athletes participating in track and field (running),
swimming or rowing were recruited and assigned to one of three groups depending on the sport.
Each athlete group underwent its specific exercise. Blood and saliva samples were collected before
and immediately after the exercise. Diene conjugates (DC), triene conjugates (TC), Schiff bases (SB),
and creatine kinase (CK) were measured. Comparisons were made using Wilcoxon signed-rank test.
Correlation analysis and Bland–Altman method were applied. DC levels were elevated in plasma
(p < 0.01) and saliva (p < 0.01) in response to exercise in all three groups, as were the plasmatic
(p < 0.01) and salivary (p < 0.01) TC and SB concentrations. CK activity was also significantly
higher at postexercise compared to pre-exercise in both plasma (p < 0.01) and saliva (p < 0.01) in all
groups. Strong positive correlation between salivary and plasmatic DC (p < 0.001), TC (p < 0.001),
SB (p < 0.01), and CK (p < 0.001) was observed at rest and following exercise in each athlete group.
The bias calculated for DC, TC, SB, and CK using the Bland–Altman statistics was not significant at
both pre-exercise and postexercise in all three groups. The line of equality was within the confidence
interval of the mean difference. All of the data points lay within the respective agreement limits.
Salivary concentrations of DC, TC, SB, and CK are able to reliably reflect their plasma levels.

Keywords: saliva; blood plasma; oxidative stress; lipid peroxidation products; muscle damage;
creatine kinase; exercise; athletes

1. Introduction

Accurate monitoring of oxidative stress and muscle damage caused by exercise is
essential in sports and exercise medicine [1]. Recently, the use of saliva has been carefully
considered and examined as an attractive option for the assessment of oxidative stress and
muscle damage in exercise science due to its non-invasive nature and analyte availability
compared to blood analysis [2–15]. Saliva availability allows for the collection of multiple
specimens, including continuous supply during each training session, which is not pos-
sible with blood sampling [1]. These beneficial aspects of saliva make possible the early
recognition of excessive adverse effects induced by exercise.

Additional advantage of saliva over blood collection can be attributed to the simplicity
of collection device. Blood sampling requires sample tubes containing clot-activating
factors, anti-coagulating and ligand-binding compounds to safely collect and stabilize
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blood components, while saliva collection simply involves a sterilized tube [4]. Importantly,
saliva sampling allows for reduced risk of cross-contamination and personalized timing
of sample collection, which does not require a phlebotomist for obtaining a sample [1,14].
Furthermore, blood collection is associated with pain, which may affect secretion of stress
hormones. This becomes especially important in studies quantifying oxidative stress
following exercise that may lead to false-positive results and overestimation of exercise-
induced disruption in redox control.

Concentrations of salivary biomarkers such as cortisol, testosterone, alpha-amylase,
glucose, lactate, uric acid, and secretory immunoglobulins have been reported to reliably re-
flect serum levels [2,4,16–22]. Despite these advances, salivary biomarkers that are capable
of providing accurate information regarding exercise-induced oxidant stress and muscle
damage remain to be established. Containing a variety of enzymes, hormones, proteins
and lipids, saliva is a potentially ideal medium for the assessment of oxidative stress and
muscle damage imposed by the exercise. The most commonly used salivary biomarkers
that relate to oxidant stress are thiobarbituric acid reactive substances (TBARS), in partic-
ular malondialdehyde (MDA) [1,11,12]. MDA, which is well known, is an intermediate
product of lipid peroxidation, and its level cannot give an accurate estimation of the lipid
peroxidation process. In addition, only certain lipid peroxidation products generate MDA,
and MDA is neither the sole end product of fatty peroxide formation and decomposition,
nor a substance generated exclusively through lipid peroxidation. Therefore, the use of
MDA analysis and/or the TBA test, as well as interpretation of sample MDA content and
TBA test response in studies of lipid peroxidation, require caution, discretion, and correl-
ative data from other indices of fatty peroxide formation and decomposition, especially
in biological systems [23]. However, the above-mentioned limitations to use MDA do not
apply to some other products of lipid peroxidation such as diene conjugates (DC), triene
conjugates (TC) and Schiff bases (SB), which together may provide a reliable indication
of oxidative stress. DC are one of the main primary products of lipid peroxidation that
refer to two double bonds separated by a single bond [24,25]. TC, in turn, are also alkenes
but with three double bonds separated by a single bond in a molecule that can be formed
as secondary products during lipid peroxidation [25]. Despite their relative stability com-
pared with free radicals, the chemical structure of DC and TC makes these electrophilic
molecules highly reactive [26]. Thus, to better understand the lipid peroxidation rates,
it is necessary to also measure the end products of lipid peroxidation with a relatively
high stability. The major end product that is derived from the oxidation of arachidonic
acid and larger polyunsaturated fatty acids through enzymatic or nonenzymatic processes
is α, β-unsaturated aldehyde 4-hydroxynonenal (4-HNE) [26,27]. However, 4-HNE has
an extraordinary reactivity that relies upon both the Michael addition of thiol or amino
compounds on the C3 of the C2=C3 double bond and the SB formation between the C1
carbonyl group and primary amines [27]. Despite slow and reversible kinetics of SB forma-
tion, SB are relatively more stable products than their direct precursor. The advantage over
Michael-adducts, and the biggest, is that SB as well as DC and TC are able to be detected
by means of simple UV spectrophotometry in both blood plasma and saliva, including
under exercise conditions [28]. Collectively, it could make DC, TC and SB predominant to
quantify exercise-induced lipid peroxidation and thus oxidative stress.

There is growing evidence that excessive accumulation of toxic lipid peroxidation
products during exercise can lead to damage of cellular components in damaged muscle
after exercise, what is reflected by increased plasma and saliva levels of soluble muscle
enzymes such as creatine kinase (CK) [28–31]. Consequently, elevated CK activity in saliva
following exercise may also be considered as a sign of exercise-induced muscle damage.

There is no study that has evaluated the agreement between quantitative measure-
ments of plasmatic and salivary biomarkers capable of identifying oxidant stress and
muscle damage in athletes under exercise conditions. Our aim was to assess the agreement
between quantitative measurements of plasmatic and salivary DC, TC, SB, and CK at
rest and following exercise. Since exercise has been reported to induce similar pattern of
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antioxidant response in both blood plasma and saliva [13], as well as the corresponding
changes in plasmatic and salivary CK activities [32,33], we hypothesize that salivary DC,
TC, SB, and CK could accurately represent plasma concentrations in athletes participating
in different sports under special exercise conditions.

2. Materials and Methods

2.1. Subjects

Thirty nine high-level athletes (sex: Male; age: 19.6 ± 1.1 years; height: 173.3 ± 2.5 cm;
body mass: 63.7 ± 2.1 kg; body mass index: 21.2 ± 0.6 kg/m2), i.e., athletes who bear qualifi-
cation in accordance with the Unified Russian Sports Classification System: winners and/or
prize-winners of national sports events and international sports events, were recruited
from the Olympic Reserve Center (Nizhny Novgorod, Russia) through advertising directly
to coaches. Exclusion criteria for all subjects were chronic use of any medication, ingestion
of antioxidant supplements, periodontal disease, respiratory infection, and orthopedic
injury (sprain, contusion, or fracture within 14 days of enrollment). Each subject partic-
ipated in one of the three kinds of sports (track and field (running), swimming, rowing)
for at least 5 years and thus was assigned to one of three groups depending on the sport.
Anthropometric baseline characteristics of subjects are shown in Table 1.

Table 1. Baseline characteristics of athletes.

Runners Swimmers Rowers

Age (years) 19.7 ± 1.2 19.4 ± 1.0 19.6 ± 1.0
Height (cm) 173.2 ± 3.1 173.7 ± 1.3 173.0 ± 3.0

Body mass (kg) 63.4 ± 1.7 64.6 ± 2.4 63.0 ± 2.3
BMI (kg/m2) 21.2 ± 0.5 21.4 ± 0.6 21.0 ± 0.6

Values are mean ± SD.

Before any procedures, informed written consent was obtained from each of the
participants. The study was conducted in accordance with the Declaration of Helsinki and
was approved by the Bioethics Committee of Lobachevsky University (approval number:
43) [34].

2.2. Study Design

After signing the informed consent and two weeks before exercise testing, the par-
ticipants were invited to refer to the Integral Human Health Laboratory of the Faculty of
Physical Education and Sport of Lobachevsky University. During the visit, the athletes
underwent medical screening and food interview to ensure eligibility for the study and to
gather information on the subjects’ dietary habits. Participants were instructed to maintain
their usual diet two weeks before the exercise testing. Subjects were also instructed to
have breakfast one hour before the training session and refrain from consuming alcohol
and caffeinated beverages for at least 24 h before exercise testing. Adherence to study
medications was assessed by a qualified dietician with a face-to-face interview.

Each athlete group kept a typical training routine, which was the same for all partici-
pants depending on the sport. The group of swimmers comprised short-distance athletes
(100 m). Swimmers underwent high-intensity interval exercise (HIIE), which consisted of
4 sets of 50 m distance in their preferred swimming style at the top-most speed interspersed
with 45 s of recovery periods in a 25 m swimming pool. The group of runners included only
sprinters (100–200 m). Runners underwent their specific HIIE on a 400 m outdoor track of
stadium. HIIE protocol applied to the runners consisted of 3 repetitions of 100 m distance at
the top-most speed interspersed with 45 s of recovery time. The group of rowers comprised
middle-distance rowers specialized in 2000 m. High-intensity continuous exercise (HICE),
consisting of 2000 m distance, was performed by rowers at the top-most speed using a
rowing ergometer (Concept2, Morristown, VT, USA). Each exercise protocol was selected
due to its widespread use in the training process among categories of athletes participated
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in the study. Exercise testing was performed in the morning. Subjects were examined
before and immediately after exercise for blood and saliva sample collection, followed by
measurements of oxidative stress and muscle damage biomarkers.

2.3. Measurement of Exercise Performance

Runners underwent HIIE consisting of 3 sets of 100 m distance with 45 s rest between
the sets. The aim of the test was to complete each set in the shortest possible time. Results
were determined by the time taken to complete each set with the subsequent calculation
of mean. Timing was recorded using a stopwatch from the start signal until the runner
crossed the finish line.

Swimmers underwent HIIE consisting of 4 sets of 50 m distance with 45 s rest between
the sets. The aim of the test was to complete each set in the shortest possible time. Results
were determined by the time taken to complete each set with the subsequent calculation
of mean. Timing was recorded using a stopwatch from the start signal until the swimmer
touched the wall to finish. Due to the lack of uniformity requirement for swimming style,
in order to unify the results of swimmers, average time to overcome a distance of 50 m
by the preferred stroke was converted into the corresponding number of points according
to a single assessment system developed and approved by the International Swimming
Federation (FINA points).

Rowers underwent HICE consisting of 2000 m distance. The aim of the test was to
cover the distance in the shortest possible time. Results were determined by the time taken
to overcome the distance. Timing was recorded using a stopwatch from the start signal
until the rower overcame the 2000 m.

2.4. Sample Collection

Blood from the median cubital vein (approximately 4 mL per collection) was collected
and placed in EDTA-coated tubes by a qualified phlebotomist using standardized venipunc-
ture techniques. Saliva samples were collected into the plastic conical centrifuge tubes by
a spitting method without stimulation for 3 min. Athletes rinsed their mouth with water
before saliva sampling. Subjects were also instructed to swallow the remaining water in
the oral cavity and to wait a minute before saliva collection. Blood and saliva samples
were taken no more than 5 min before exercise (at rest) and immediately after the exercise.
All collection procedures were performed in the morning. Blood and saliva samples were
centrifuged at 3000 rpm for 15 min, and supernatant was aliquoted. All samples were
stored at −40 ◦C until analysis.

2.5. Measurement of Lipid Peroxidation Products

DC, TC and SB were photometrically determined using spectrophotometer (SF-2000,
Saint-Petersburg, Russian Federation). To obtain lipid extract, 0.5 mL of sample (plasma or
saliva) was added to 8 mL of heptane–isopropanol mixture in a 1:1 ratio. Then, the sample
and heptane–isopropanol mixture were stirred for 15 min and centrifuged at 3000 rpm
for 15 min. Subsequently, 5 mL of heptane–isopropanol mixture was added to the lipid
extract in a 3:7 ratio. To separate phases and remove non-lipid impurities, 2 mL of aqueous
solution of HCl (0.01 N) was added. After phase separation, an upper (heptane) phase was
transferred into a clean test tube. To dehydrate the isopropanol extract, 1 g of NaCl was
added to a lower phase. Thereafter, the lower phase was transferred to a clean tube. Optical
densities (E) were measured at the following wavelengths: 220 nm (absorption of isolated
double bonds), 232 nm (absorption of DC), 278 nm (absorption of TC), and 400 nm (absorp-
tion of SB). Each phase was assessed against the corresponding control sample, which was
prepared in the same way as the test, but distilled water was added instead of plasma or
saliva. Sample concentrations of DC, TC and SB are presented as continuous variables and
were calculated using standard equations (E232/E220 for calculating DC, E278/E220 for
calculating TC, and E400/E220 for calculating SB, respectively) [3,25,28,31,35].
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2.6. Measurement of Creatine Kinase Activity

CK activity was measured by enzymatic kinetic assay in the range of 1–1100 U/L on
biochemical analyzer (Clima MC-15, RAL, Barcelona, Spain) using a CK-NAC DiaS reagent
set (Hannover, Germany). When preparing a monoreagent, preheated (37 ◦C) reagent 1 and
reagent 2 were mixed in a 4:1 ratio, respectively. Subsequently, 50 μL of sample (plasma or
saliva) was added into a cuvette intended for the sample. Then, 500 μL of monoreagent
was added into a cuvette intended for the reagent. Control cuvette was left blank, without
reagents and sample. Preheated (37 ◦C) monoreagent and sample (plasma or saliva) were
mixed in a 10:1 ratio. Enzyme activity was measured at 340 nm [3,28,31,33,35].

2.7. Statistical Analysis

Descriptive statistical analysis was carried out for all study variables. Data are pre-
sented as median and interquartile range (Me, 25th percentile and 75th percentile). Assump-
tion of normality was verified using the Shapiro–Wilk test. Since not all data were normally
distributed, comparisons were made using Wilcoxon signed-rank test for all study variables.
Statistical relationships between plasmatic and salivary biomarkers at pre-exercise and
postexercise were evaluated using Spearman’s correlation coefficient (rs). After ensuring
that the differences between paired measurements of plasmatic and salivary biomarkers
are normally distributed, Bland–Altman plot analysis was applied to assess the agreement
between quantitative measurements of the same biomarkers in blood plasma and saliva.
For all analyses, a p value < 0.05 was considered statistically significant. All statistical
analyses were performed using RStudio, version 1.3.1093 for macOS (RStudio, PBC).

3. Results

All the recruited subjects successfully completed the study. Exercise performance of
subjects is shown in Table 2.

Table 2. Exercise performance of athletes.

HIIE (Runners) HIIE (Swimmers) HICE (Rowers)

Time to completion (s) 11.15 ± 0.14 - -
FINA points (a.u.) - 621.00 ± 34.23 -

Time to completion (min) - - 6.36 ± 0.04
Values are mean ± SD. HIIE: high-intensity interval exercise; HICE: high-intensity continuous exercise.

Measurements of DC, TC, SB, and CK concentrations in both blood plasma and saliva
of athletes at rest and following exercise are presented in Figure 1.

The content of plasmatic and salivary DC, TC and SB significantly increased at postex-
ercise compared to pre-exercise in all three groups. Plasmatic and salivary CK activities
were also significantly elevated in response to exercise in each group of athletes.

Correlation between plasmatic and salivary concentrations of DC, TC, SB, and CK was
evaluated at both pre-exercise and postexercise (Figure 2).

A strong positive correlation between salivary and plasmatic DC, TC and SB levels
was observed at rest and following exercise in all groups. It was also verified to have a high
positive correlation between plasmatic and salivary CK activities at both pre-exercise and
postexercise in each athlete group.

Bland and Altman plots allowed us to demonstrate the difference between quantitative
measurements of DC, TC, SB, and CK in blood plasma and saliva against the average of
the measurements in two biological fluids. In relation to plasmatic and salivary DC
concentrations at rest and following exercise, the bias was not significant in all groups
because the line of equality was within the confidence interval of the mean difference. At
the same time, all of the data points lay within ± 1.96 SD of the mean difference (Figure 3).
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Figure 1. Plasmatic and salivary levels of DC (A), TC (B), SB (C), and CK (D) at pre-exercise and
postexercise. Data are given as median and interquartile range and compared by Wilcoxon signed-
rank test. n = 13 per group. ** p < 0.01. *** p < 0.001. DC: diene conjugates; TC: triene conjugates;
SB: Schiff bases; CK: creatine kinase; HIIE: high-intensity interval exercise; HICE: high-intensity
continuous exercise.
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Figure 2. Generalized pairs plots, including density plot, scatter plot and correlation matrix, for
displaying distribution and relationship between plasmatic and salivary concentrations of DC (A),
TC (B), SB (C), and CK (D). n = 13 per group. ** p < 0.01. *** p < 0.001. Corr: Spearman’s correlation
coefficient for both pre-exercise and postexercise; Pre-exercise: Spearman’s correlation coefficient at
pre-exercise; Postexercise: Spearman’s correlation coefficient at postexercise; DC: diene conjugates;
TC: triene conjugates; SB: Schiff bases; CK: creatine kinase; HIIE: high-intensity interval exercise;
HICE: high-intensity continuous exercise.

The average difference between plasmatic and salivary TC content both at pre-exercise
and at postexercise was also not significant in each group of athletes (Figure 4).

Regarding SB levels in plasma and saliva, they were also shown to have a line of
equality within the confidence interval of the mean difference both before and immediately
after exercise in all three groups (Figure 5).
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Figure 3. Plots of difference between the measurements of DC levels in plasma and saliva vs. the
mean of the measurement. The bias (mean difference) is represented by a solid line parallel to the
X axis. The limits of agreement are represented by the dashed lines parallel to the X axis at −1.96
and +1.96 SD. Shaded areas present confidence interval limits for mean and agreement limits. DC:
diene conjugates; HIIE: high-intensity interval exercise; HICE: high-intensity continuous exercise; SD:
standard deviation.

 

Figure 4. Plots of difference between the measurements of TC levels in plasma and saliva vs. the
mean of the measurement. The bias (mean difference) is represented by a solid line parallel to the
X axis. The limits of agreement are represented by the dashed lines parallel to the X axis at −1.96
and +1.96 SD. Shaded areas present confidence interval limits for mean and agreement limits. TC:
triene conjugates; HIIE: high-intensity interval exercise; HICE: high-intensity continuous exercise;
SD: standard deviation.
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Figure 5. Plots of difference between the measurements of SB levels in plasma and saliva vs. the mean
of the measurement. The bias (mean difference) is represented by a solid line parallel to the X axis. The
limits of agreement are represented by the dashed lines parallel to the X axis at −1.96 and +1.96 SD.
Shaded areas present confidence interval limits for mean and agreement limits. SB: Schiff bases; HIIE:
high-intensity interval exercise; HICE: high-intensity continuous exercise; SD: standard deviation.

As for the measurement of plasmatic and salivary CK activities at rest and following
exercise, the bias was not significant in each group of athletes since the line of equality was
in the confidence interval (Figure 6).

 

Figure 6. Plots of difference between the measurements of CK activity in plasma and saliva vs. the
mean of the measurement. The bias (mean difference) is represented by a solid line parallel to the
X axis. The limits of agreement are represented by the dashed lines parallel to the X axis at −1.96
and +1.96 SD. Shaded areas present confidence interval limits for mean and agreement limits. CK:
creatine kinase; HIIE: high-intensity interval exercise; HICE: high-intensity continuous exercise; SD:
standard deviation.
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Simultaneously, all of the data points lay within the agreement limits.

4. Discussion

To the best of our knowledge, this is the first study to evaluate the agreement between
quantitative measurements of plasmatic and salivary DC, TC, SB, and CK in athletes under
exercise conditions. Our results demonstrated that HIIEs associated with running and
swimming and HICE related to rowing induce an increase in the content of lipid peroxi-
dation products in both blood plasma and saliva. Although HIIE generally implies less
oxygen consumption (due to shorter efforts) than HICE, it could be responsible for signifi-
cant production of reactive oxygen species (ROS) capable of initiating lipid peroxidation in
the active skeletal muscles [36]. Recent data reveal that the rate of electron leakage in the
electron transport chain during contractile activity is low enough, enabling only 0.15% of
total oxygen consumption to be converted to superoxide radical [30,37,38]. Concurrently,
other metabolic pathways such as activation of nicotinamide adenine dinucleotide phos-
phate oxidase, xanthine oxidase, monoamine oxidase, lipoxygenases are mainly implicated
in ROS generation in contracting muscle [38,39]. Exercise-induced changes in salivary
DC, TC and SB were shown to be similar to those found in plasma in each athlete group.
Moreover, DC, TC and SB levels in saliva reliably reflected the concentrations of these
compounds in blood plasma at both pre-exercise and postexercise in all three groups.
Similar levels of plasmatic and salivary DC, TC and SB at rest and following exercise may
be associated with the fact that these compounds are able to diffuse from serum through
capillaries, accumulating in saliva according to the concentration gradient [40]. Our previ-
ous work partially confirms these findings where specific HIIEs performed by swimmers
and runners induced lipid peroxidation propagation in saliva, which was identified by the
measurements of salivary DC, TC and SB levels [3]. However, unlike the present study,
there was no blood sampling together with saliva collection (i.e., simultaneously) before
and immediately after the exercise, which did not allow us to assess the agreement between
quantitative measurements of DC, TC and SB in plasma and saliva.

In addition, it was found that HIIEs for runners and swimmers and HICE for rowers
cause increased levels of plasmatic and salivary CK. Importantly, salivary CK activity
was consistent with plasmatic CK activity at both pre-exercise and postexercise in each
athlete group. These results correspond with our preliminary findings and suggest that
salivary CK activity may represent plasma levels of this enzyme at rest and in response to
exercise [33]. In a recent study from Barranco et al. [32], the authors also found an increase
in CK levels in both plasma and saliva following exercise consisting of a futsal match.
More recently, Fernández et al. [41] observed the elevated CK activity in saliva after serial
matches of rugby seven.

Increased CK levels found in blood indicate surface membrane damage and disruption
of the sarcomere architecture, which may be mediated in part by oxidative stress [29,42].
As is well known, muscle contraction requires a transient increase in intracellular cal-
cium, which is released from the sarcoplasmic reticulum into the cytosol through the
excitation–contraction coupling system [29]. An overload of intracellular calcium activates
calcium-dependent protease such as calpain-1, which destroys sarcomeric proteins [43].
Although there is no evidence for direct activation of calpain-1 by oxidative stress, the
calcium-dependent protease activity is thought to be induced by ischemia/reperfusion
damage during exercise due to calcium overload [29,44]. Another mechanism by which
oxidant stress-mediated increases in protease activity can occur is activation/sensitization
of the ryanodine receptor Ca2+-release channels [45]. Current evidence suggests that
calpain-1-induced proteolysis of sarcomere proteins is an early process in myocyte injury,
and that excess levels of ROS may play a meaningful role in the initiation of signaling
events related to muscle damage [29]. Cell membrane modifications triggered by lipid
peroxidation propagation often precede irreversible biomolecular damage, being an early
cause of cell death [30,46,47]. High concentrations of plasmatic and salivary SB (also
known as 4-HNO-protein adducts) were observed in the present study, suggesting that
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large amounts of 4-HNE were produced during exercise. Lipid peroxidation end-products
are able to affect membrane proteins, causing function impairment, increased nonspecific
permeability to ions, fluidity changes and inactivation of membrane-bound receptors and
enzymes [48–50]. Therefore, increased CK levels after exercise may be directly related to
lipid peroxidation propagation during exercise [30]. In turn, elevated activity of salivary CK
following exercise may be associated with diffusion of this enzyme from the bloodstream
via transcellular/paracellular pathways [40,51].

This study has some limitations that should be noted. The first limitation derives
from the origin of the sample. The fact that all athletes participated in sprinting, short-
distance swimming or middle-distance rowing prompts us to be cautious in generalizing
the results to athletes who represent other events and sports. In addition, the results of
the present study cannot be extrapolated to the general population, taking into account
that the subjects were only athletes. We consider that our research can serve as a basis for
further studies enrolling a wider range of participants in order to confirm these findings.
Second, it has been stated that CK activity is influenced by gender. Therefore, our results
may be conditioned by the lack of women in the sample. However, since CK levels in men
are usually higher than in women [52–54], we preferred to study a more homogeneous and
representative sample. Nevertheless, our study had an important strength because there
are no studies that have analyzed the agreement between quantitative measurements of
plasmatic and salivary DC, TC, SB, and CK as biomarkers capable of providing a reliable
indication of exercise-induced oxidative stress and muscle damage in athletes. Further
studies examining whether the levels of salivary DC, TC, SB, and CK can reliably reflect
plasma concentrations in male and female athletes who represent different sports will
be important.

5. Conclusions

This study demonstrates that specific HICE for rowers and HIIEs for runners and
swimmers induce lipid peroxidation chain reactions and muscle damage, which can be
identified by the measurements of DC, TC, SB, and CK in both blood plasma and saliva.
An important finding in that original study was that the concentrations of salivary DC,
TC, SB, and CK are able to represent plasma levels in athletes under exercise conditions.
Visual examination of the Bland–Altman plots allowed us to detect the high agreement
between quantitative measurements of plasmatic and salivary DC, TC, SB, and CK both
at rest and following exercise in each athlete group. The established relationship between
plasmatic and salivary DC, TC, SB, and CK makes it possible to consider the use of saliva as
a similarly reliable alternative to blood analysis in athletes for monitoring oxidative stress
and muscle damage imposed by the exercise.
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Abstract: Background: This study aimed to investigate the efficacy of core training in the swimming
performance and neuromuscular properties of young swimmers. Methods: Eighteen healthy male
swimmers (age: 13 ± 2 years, height: 159.6 ± 14.5 cm, weight: 48.7 ± 12.4 kg) were recruited from the
Public Authority for Sports swimming pool in Dammam and randomly assigned to the experimental
and control groups. The experimental group performed a six-week core-training program consisting
of seven exercises (three times/week) with regular swimming training. The control group maintained
its regular training. Swimming performance and neuromuscular parameters were measured pre-
and post-interventions. Results: The experimental group benefitted from the intervention in terms
of the 50 m swim time (−1.4 s; 95% confidence interval −2.4 to −0.5) compared with the control
group. The experimental group also showed improved swimming velocity (+0.1 m.s−1), stroke
rate (−2.8 cycle.min−1), stroke length (+0.2 m.cycle−1), stroke index (+0.4 m2·s−1), total strokes
(−2.9 strokes), and contraction time for erector spinae (ES; −1.5 ms), latissimus dorsi (LD; −7 ms),
and external obliques (EO; −1.9 ms). Maximal displacement ES (DM-ES) (+3.3 mm), LD (0.5 mm),
and EO (+2.2 mm) were compared with the baseline values for the experimental group, and TC-ES
(5.8 ms), LD (3.7 ms), EO (2.5 ms), DM-ES (0.2 mm), LD (−4.1 mm), and EO (−1.0 mm) were compared
with the baseline values for the control group. The intergroup comparison was statistically significant
(p < 0.05; DM-ES p > 0.05). Conclusion: The results indicate that a six-week core-training program
with regular swimming training improved the neuromuscular properties and the 50 m freestyle swim
performance of the experimental group compared with the control group.

Keywords: core muscles; swimming performance; tensiomyography; sports training

1. Introduction

The main goal of competitive swimming is to cover a certain distance in the least
possible time. Performance in swimming depends on producing propelling forces and
reducing resistance to movement in the water [1]. Maintaining streamlined balance and
body position is crucial in enhancing the proficiency of swimmers’ performance, which
depends on the strength of the core muscles [2]. Several studies recommended adding core
strength training to be an integral part of swimming training to improve performance [2–4].
Exercises to train core muscles can be exceptionally beneficial for sprint swimmers, allowing
the effective transmission of force between the trunk and the upper and lower extremities
to propel the body through the water, which leads to increased athletic performance and
improved functional skills [5].

The enhancement of force production resulting from core training is achieved by
improving neural adaptation, leading to faster nervous system activation, improved syn-
chronisation of motor units, increased neural recruitment patterns, and lowered neural
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inhibitory reflexes [3,4]. These elements can be particularly beneficial for sprint swim-
mers [3]. Moreover, they reduce training costs and effort and help coaches choose the most
appropriate training program to assess which swimmers could improve their performance
effectively. Furthermore, they can reduce the rate of injuries by improving the efficacy of
core muscles [3]. A strong core enables athletes to perform more effectively and conduct
swift body movements, enhancing force distribution throughout the body [6]. A weak core
leads to energy leakage, resulting in less powerful kicks and a decreased overall amount of
power produced [7].

Previous studies focused on the effects of land-based limb power and strength in-
terventions, with inconsistent findings with regard to swimming [8]. Furthermore, there
is limited evidence regarding applying core-training programs to swimmers in terms of
swimming performance. Weston et al. [9] reported an improvement in front crawl swim-
ming time and core muscle functions following a 12-week isolated core-training program
among young swimmers. A recent study by Karpiński et al. [10] also reported an im-
provement in swimming performance following a six-week core-training program among
national-level Polish swimmers. Patil et al. [2] also reported an improvement in sprint time
following six weeks of a core-training program in competitive swimmers. At the same
time, Martens et al. [11] did not show a direct relationship between improvement in core
muscle strength and swimming performance. There is also a lack of accurate performance
measurements in core muscle training among swimmers [9,12]. Even though few studies
are available that have assessed swimming speed, most of these studies did not assess
accurate swimming parameters such as stroke rate, stroke length, sprint time, stroke index,
etc., following the core-training program. It is also important to assess the performance
parameters of the key core muscles that maintain the body position during swimming,
such as the external oblique, erector spinae, and latissimus dorsi.

Tensiomyography (TMG) is a novel and non-invasive neuromuscular measurement
used to quantify the contractile properties of the muscles and provide information about
how the muscles respond to the exercises and the load [13,14]. It has also been used to assess
muscle stiffness and composition [15]. The assessment of the contractile properties of the
muscles can provide valuable information about the adaptations of the muscles in response
to the training. Several researchers used TMG to measure the effect of various training loads
in soccer [16–18], volleyball [19,20], and basketball players [21] and monitor the effects of
physical training in soccer and basketball players throughout the season [21,22]. TMG has
also been used to establish the relationship between neuromuscular parameters and sports
performance indicators in cyclists [23] soccer [24] and rugby players [25]. To the best of
the authors’ knowledge, TMG has never been used to quantify the effect of core training
among swimmers. Therefore, this study aimed to investigate the efficacy of a six-week
core-training program in the swimming performance and neuromuscular properties of
young swimmers. We hypothesised that an additional core-training program, along with a
regular swimming training program, would lead to positive changes in the performance of
young swimmers. This is the first study to use TMG to measure the effect of core-training
exercises on swimmers.

2. Materials and Methods

2.1. Participants

Twenty-six healthy male young swimmers were approached for possible participation.
Two subjects were excluded because they did not meet the inclusion criteria. Six subjects
were dropped during the study because they did not attend the post-test and were absent
from three training sessions (one participant). Nine male swimmers (age: 13 ± 2 years,
height: 158.8 ± 17.3 cm, weight: 48.3 ± 14.2 kg, swimming experience 2.8 ± 0.4 years) were
assigned to the experimental group and another nine male swimmers (age: 13.11 ± 2.6 years,
height: 160.4 ± 11.9 cm, weight: 49.1 ± 11.3 kg, swimming experience 2.9 ± 0.7 years) to
the control group (Figure 1). The inclusion criteria were as follows: (1) healthy subjects aged
10–16 years, (2) normal body mass index, and (3) swimming experience of more than one
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year. The exclusion criteria were as follows: (1) any previous injury of the shoulder or back
muscles that could affect the training or measurement as reported by the participant, (2) any
neurological or systemic disease as reported by the participant, (3) biomechanical abnormality
of the participant that could affect the training and measurements, and (4) any medication
that could affect performance. At baseline, the swimmers in both groups were performing a
similar regular training program as they were enrolled under the same coach. The regular
training consisted of seven sessions of pool-based training and two sessions of a land-based
training program. The participants were covering an equal swimming distance per week
with an average of 28 km. The major component of the regular training was endurance
training. All the participants were familiar with core training, but not actively engaged in any
core-training program. The idea of the research (including benefits, risks, and time needed)
and the procedures were explained to the swimmers and their legal guardians, and written
informed consent was taken from them. The participants were randomly assigned to two
groups equally using the envelope drawing method, in which the envelope contained a
number pertaining to the groups. Randomisation was conducted by a researcher who was
unrelated to the study. Ethical approval was obtained from the Institutional Review Board of
Imam Abdulrahman Bin Faisal University (IRB-PGS-2019-03-241).

Figure 1. Consort diagram of participants’ flow.

2.2. Design

This study followed a randomised control trial with a pre-test–post-test control group
(parallel design). The experiment was performed in the swimming pool of the Public
Authority for Sports in Dammam. The calculation of the sample size was based on a
previous randomised control trial by S. Girold et al. [26], who examined the effect of speed
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training exercises on a 50 m swim time (ST) by calculating the mean and standard deviation
(SD) of the two groups, with 80% power and 0.05 type 1 error. Group 1 (experimental
n = 11) had a mean of 29.69 and SD of (2.45), and Group 2 (control n = 11) had a mean of
32.85 and SD of (2.77). The ratio between the two groups was 1:1, with a 0.05 significance
level (alpha) and 80% power. The results showed that 18 subjects were required, with nine
subjects in each group.

2.3. Procedure

The experimental group performed a six-week core-training program in addition to
regular training, and the control group continued their regular training. The participants
were asked not to participate in any research or training other than their regular swimming
training during the study. The swimmer’s dominant side was chosen for measurement.
The dominant side is the same as the hand used in writing. TMG and swimming parameter
measurements for the control group were performed twice: before the research began and
after six weeks. For the experimental group, these were performed before and after the
intervention. The reporting of this study followed the Consolidated Standards of Reporting
Trials guidelines [27].

2.4. Intervention

The exercise program was based on existing literature and continued for 18 sessions
for six weeks (three sessions per week, one hour per session, lasting no more than one hour
in total) [9,28]. The progression of the exercise was performed by gradually increasing the
number of repetitions and sets and the level of resistance/hold time (Table 1). All exercises
were performed under the researchers’ supervision. All standard safety procedures were
followed, including warm-up and cool-down exercises, rest time between exercises, and
the use of correct techniques. The participants had to perform 10 min of warm-up exercises
(i.e., bent over twist, criss-cross crunches, forward shoulder rotation, and backward shoul-
der rotation) followed by 30 min of seven core exercises. A 1 min rest was given between
the exercises and a 10 min rest after the core exercises. One hour of regular training then
followed. Finally, the swimmers performed cool-down exercises. Table 1 presents the
details of the training program.

2.5. Outcome Measures
2.5.1. Neuromuscular Properties

TMG was used to determine the neuromuscular properties of the external oblique
(EO), erector spinae (ES), and latissimus dorsi (LD) muscles. These muscles were chosen for
the measurement because they are the key muscles to maintain position during swimming
and affect core stability and strength [9]. Moreover, our training program targeted these
muscles. The LD is an extrinsic back muscle that contributes to arm adduction, extension
movement, and stabilising the trunk during movement. The EO contributes to stabilising
trunk movement and maintaining abdominal pressure and anatomical position. The ES
muscle acts as a stabiliser for the entire vertebral column and the cranio-cervical region [29].
The participants were asked to remain in a relaxed supine position during measurement
of the EO muscle, whereas a relaxed prone position was used to measure the ES and LD
muscles [30]. The TMG sensor was positioned with regard to the muscle being measured,
with a spring constant of 0.17 N mm−1. Two self-adhesive stimulating electrodes were
positioned at proximal and distal distances of 1.5 cm from the sensor. An initial stimulation
current of 10 mA was used with a single square wave monophasic 1 ms-long pulse, and
the stimulation was gradually increased by 10 mA until no more increase in the response
amplitude or when the maximal stimulator output was reached. To prevent the effects of
muscular fatigue and potentiation, an interval of ≥10 s was preferred between consecutive
measurements. TMG software instantaneously showed muscle displacement in the form
of a graph and recorded it. The total test time was 30 min. The validity and reliability of
TMG has been established by measuring neuromuscular properties [28]. TMG has five
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outcome measures: TC, TS, TD, DM, and 1
2 TR. In this study, we used TC and DM as the

key parameters because they have high reliability in representing the effect of training on
muscles. Contraction time is the period between the moment when muscular contraction is
10% and the moment when contraction reaches 90% of the maximum (ms), with the value
of the TC depending on the percentage of slow or fast muscle fibres. The amplitude of DM
(mm) is also linked to the TC values and depends on muscular flexibility [16].

Table 1. Core training program for the swimmers.

Week 1 Week 2 Week 3

Exercises Progression Repetitions Sets Weight Repetitions Sets Weight Repetitions Sets Weight

Prone Bridge * Volume 30 s Hold Two - 60 s Hold Two - 90 s Hold Two -

Side Bridge * Volume 30 s Hold Two - 60 s Hold Two - 90 s Hold Two -

Bird Dog * Volume 10 Repetitions Three - 15 Repetitions Three - 20 Repetitions Three -

Leg Raising * Volume 10 Repetitions Three - 15 Repetitions Three - 20 Repetitions Three -

Overhead Squat
** Resistance 10 Repetitions Three 3 kg 10 Repetitions Three 4 kg 15 Repetitions Three 5 kg

Sit Twist ** Resistance 15 Repetitions Three 3 kg 15 Repetitions Three 4 kg 15 Repetitions Three 5 kg

Shoulder Press
*** Volume 10 Repetitions Three 3 kg 10 Repetitions Four 3 kg 15 Repetitions Three 3 kg

Week Four Week Five Week Six

Prone Bridge * Volume 90 s Hold Three - 120 s Hold Two - 120 s Hold Three -

Side Bridge * Volume 90 s Hold Three - 120 s Hold Two - 120 s Hold Three -

Bird Dog * Volume 25 Repetitions Three - 25 Repetitions Four - 30 Repetitions Three -

Leg Raising * Volume 25 Repetitions Three - 25 Repetitions Four - 30 Repetitions Three -

Overhead Squat
** Resistance 20 Repetitions Three 6 kg 20 Repetitions Four 7 kg 25 Repetitions Three 7 kg

Sit Twist ** Resistance 20 Repetitions Three 6 kg 20 Repetitions Four 7 kg 25 Repetitions Three 7 kg

Shoulder Press
*** Volume 20 Repetitions Three 3 kg 20 Repetitions Four 3 kg 25 Repetitions Three 3 kg

* The exercises were performed by body weight. ** The exercises were performed with a medicine ball. *** The
exercises were performed with a dumbbell. Core-training exercise details: Prone bridge (plank): hold a straight
body position and use elbow and toes to support and pull abdomen and back in a natural position. Side bridge
(side plank): start by lying on one side and push the body line straight through the feet and hips. Bird dog: stand
on one knee and opposite hand, back in normal position, slowly extend one leg backwards, and raise opposite
arm horizontally to the back level. The pelvis should not tilt and back arm should go to start position, and repeat
on the other side. Leg raise: Lie supine on the floor with extended knees and lift one leg straight till 75-degree
hip, then return to start position and swap the other side. Overhead squat: stand on both legs and hold medicine
ball overhead using both hands; back should be vertical and straight. Squat as low as possible while maintaining
balance. Sit twist: sit on the floor with knees bent 45 degrees and keep in natural position. While holding a
medicine ball with both hands, twist the waist and shoulder to one side. The ball should be held out and front.
Return to the neutral position, and repeat the other side. Shoulder press: lie prone with extended arms, hold a
dumbbell in both hands, raise one arm, return, and repeat the other arm.

2.5.2. Swimming Parameters

All swimming performance measurements were taken in the same indoor swimming
pool (50 m) at a temperature of 30 ◦C. Safety procedures were followed to ensure minimal
risk, and this included a rescue team being available in the swimming pool. Furthermore,
safety equipment, such as safety ropes and safety rings, was available in the swimming pool
to prevent the risk of drowning. Special preparations were followed to determine the stroke
parameters, including setting up a straight-line sector in the swimming pool [31]. Divider
markers in the form of spiral float line lane ropes of 50 m were placed in the swimming
pool. Three high-speed waterproof video cameras (GoPro HERO7, GoPro Inc, San Mateo,
CA, USA) were used. One camera was placed on a wall 10 m away from the swimming
pool to detect the total ST from the start point to the end point. The second camera was
placed 0.15 m underwater in the centre of the lane to detect the stroke parameters [31].
The third camera was movable by the researcher to keep track of the entire trial (Figure 2).
A chronometer was used by the coach to detect the ST to avoid possible time error. This
measure is widely used to identify the stroke parameters [31,32]. To calculate the stroke

275



J. Clin. Med. 2022, 11, 3198

parameters, the swimmers were asked to perform 15 min of warm-up exercises before
the trial. Each swimmer was asked to take up a starting position in the swimming pool,
followed by a 50 m front crawl swim with a maximum performance from a push-off start
from the wall at the surface level (to isolate the effect of a dive) to the 50 m end point. The
swimmers were asked to swim in a straight line at the whistle signal. Data were saved on
the investigator’s laptop with password protection, which means that only the researchers
had access to the information. The trial measurement time took a total of 1.5 h. After taking
the measurements, we used Pinnacle 22 software (https://www.pinnaclesys.com, accessed
on 23 January 2021) to analyse the stroke parameters by viewing the trials and calculating
the strokes. This program is valid and reliable [33].

Figure 2. Swimming performance measurements.
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The following parameters were measured:

1. Swimming velocity or swimming speed (SV; m.s−1): Total distance covered (50 m)

divided by the time required to cover that distance (s) [31,34,35]
(

SV = D
T

)
;

2. Stroke rate (SR; cycle.min−1): The average time to perform a complete arm stroke
SR = (T stroke

−1) × 60. SR was measured by taking the average of three complete
cycles divided by three, and we used the equal sign in the equation [31,34,35].
SR = (3/3 CYCLE TIME) × 60;

3. Stroke length (SL; m. cycle−1): SV (m.s−1) divided by SR (cycle.min−1) yields the

cycle length in meters [31,34,35]. SL =
(

V
SR

)
× 60;

4. Total strokes (NX): The total of the arm stroke cycles performed during the maximal
test divided by the total test time [31,34,35]. N = (SR × T) / 60;

5. Sprint time (ST): The total time (s) covered in a 50 m distance from start to end [9];
6. Stroke index (SI; m2·s−1): SL (in m) and SV [36]. SI = (SL × V).

2.6. Program Compliance

Program compliance was assessed according to the swimmers’ rate of participation
using an attendance log. We considered compliance in training and decided to exclude
subjects who would miss 15% of the required exercise sessions (three sessions). The
researchers and team coaches monitored the exercise program in both the experimental
and control groups to encourage the swimmers and prevent the risk of any injury.

2.7. Statistical Analysis

Data are presented as the mean ± SD. The difference was obtained between the
post-test and pre-test to quantify the changes in athletic performance with an estimated
95% confidence interval (CI). SPSS version 20.0 was used to analyse the effect of the
core-training intervention on all the outcome measures. Analysis of covariance was used
to compare the two groups, with body mass, age, and pre-test score as the covariates
to manage any imbalances in the measures between the intervention and the control
group at baseline [9,37]. The change in the baseline method was used to represent the
absolute change in the mean within-group [38]. Probabilistic magnitude-based inferences
were made about the true value of the outcomes based on the likelihood that the true
population difference was considerably positive or substantially negative [9,39]. The
magnitude thresholds that were used as thresholds were 0.1, 0.3, and 0.5 for small, moderate,
and large correlation coefficients, respectively, as suggested by Cohen [40] (1988). The
standardised thresholds of 0.20, 0.60, and 1.20 [9,37] for the standardised differences in the
means (the mean difference divided by the between-subjects SD) were derived from the
between-subjects standard deviations of the baseline value to assess the magnitude of the
effects. Effect size = mean difference (X1 – X2)/pooled SD. Statistical analysis was set to
a significance level of p ≤ 0.05. The normal distribution for the data was tested using the
Shapiro–Wilks test, observation of histograms, and Q-Q plots.

3. Results

Table 2 presents the characteristics of the subjects. No statistically significant difference
was found between the groups. Table 3 shows the core-training intervention, which had
a positive effect on the swimming performance outcomes and neuromuscular outcomes.
TC-ES, TC-LD, and SL showed a large beneficial effect after the training with the effect
size d = 1.47, 1.01, and 0.7, respectively. TC-EO (effect size d = 0.5), DM-ES (effect size
d = 0.33), DM-LD (effect size d = 0.45), DM-OE (effect size d = 0.5), SI (effect size d = 0.5),
and NX (effect size d = 0.4) showed a moderate beneficial effect, while SR (effect size
d = 0.3) and SV (effect size d = 0.28) showed a small effect. The group comparison was
statistically significant (p ≤ 0.01) in all the swimming performance outcomes. Moreover, the
core-training intervention had a beneficial effect on ES, LD, and EO, with TC reduced and
DM increased. The control group showed an increase in TC-ES, TC-LD, TC-EO, and DM-ES
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and a decrease in DM-LD and DM-EO. The group comparison after the core training was
statistically significant (p ≤ 0.05) for TC-ES, TC-LD, TC-EO, DM-LD, and DM-EO.

Table 2. Characteristics of the subjects. No statistically significant difference was found between the
group. Values are presented as mean ± standard deviation.

Variable Core Training Group (n = 9) Control Group (n = 9)

Age (year) 13 ± 2 13.11 ± 2.6

Body Weight (kg) 48.3 ± 14.2 49.1 ± 11.3

Height (cm) 158.8 ± 17.3 160.4 ± 11.9

Table 3. The outcome measures between- and within-group comparison.

Core Training Group Control Group Group Comparison

Performance
Parameters

Baseline
Value

Post-Test
Value

Adjusted Changed
Score

Lower—Upper 95%
CI

Baseline
Value

Post-Test
Value

Adjusted
Changed Score
Lower—Upper

95% CI

Differences
between Groups

95% CI
QI p

TC ES (ms) 17.4 ± 3.4 15.8 ± 2.7 −1.5; −6.5 to 3.4 20.8 ± 4.3 26.5 ± 9.7 5.8; 0.92 to 10.8 −7.3; −14.7 to
−0.007 Large + 0.05

TC LD (ms) 26.7 ± 6.8 24.4 ± 4.7 −7; −11.3 to −2.7 39.7 ± 9.6 38.6 ± 5.7 3.7;−0.6 to 8 −10.7; −17.6 to
−3.8 Large + 0.01

TC OE (ms) 22.3 ± 5.8 20.8 ± 5.8 −1.9; −5 to 1.1 24 ± 6.8 26.1 ± 3.1 2.5; −0.5 to 5.6 −4.5; −8.9 to −0.1 Moderate + 0.05

DM ES (mm) 14.3 ± 7.3 17.3 ± 8.8 3.3; 0.4 to 6.2 13.4 ± 7.6 13.8 ± 6.4 0.2; −2.7 to 3.1 3.1; −1 to 7.3 Moderate + 0.12

DM LD
(mm) 14.8 ± 8.7 15.6 ± 9.5 0.5; −2.7 to 3.8 17.4 ± 7.6 13 ± 4.1 −4.1; −7.4 to

−0.9 4.7; 0.01 to 9.3 Moderate + 0.05

DM OE
(mm) 9.3 ± 6.7 11.6 ± 8.5 2.2; 0.1 to 4.4 7.7 ± 2.5 6.5 ± 2.3 −1.0; −3.2 to 1.1 3.3; 0.3 to 6.3 Moderate + 0.04

ST (seconds) 39.2 ± 8.4 37.6 ± 8.3 −1.6; −2.2 to −0.9 37.6 ± 4.0 37.5 ± 4.1 −0.1; −0.8 to 0.5 −1.4; −2.4 to −0.5 small + 0.01

SV (m.s−1) 1.3 + 0.3 1.3 ± 0.2 0.06; 0.03 to 0.1 1.3 ± 0.2 1.3 ± 0.1 0.004; −0.02 to
0.03 0.1; 0.02 to 0.1 Small + <0.01

SR
(cycle.min−1) 49.6 ± 8.0 46 ± 8.1 −3.5; −4.8 to −2.2 46.1 ± 4.3 45.4 ± 4.3 −0.7; −2 to 0.6 −2.8; −4.7 to −1 Small + 0.01

SL (m.
cycle−1) 1.6 ± 0.3 2.5 ± 0.8 0.2; 0.2 to 0.3 1.8 ± 0.2 2.4 ± 0.5 0.02; −0.04 to 0.1 0.2; 0.1 to 0.3 Large + <0.01

SI (m2·s−1) 2.2 + 0.7 1.8 ± 0.3 0.4; 0.3 to 0.5 2.4 + 0.5 1.8 ± 0.2 0.03; −0.1 to 0.2 0.4; 0.2 to 0.5 Moderate + <0.01

NX 31.7 + 5.5 28.3 ± 5.5 −3.4; −4.2 to −2.6 28.8 + 4.3 28.4 ± 4.2 −0.5; −1.4 to 0.3 −2.9; −4.1 to −1.6 Moderate + <0.01

QI, qualitative inference; CI, confidence interval; +, positive effect on core-training group compared with controls;
TC, time contraction; DM, muscle displacement; ES, erector spinae; LD, latissimus dorsi; OE, obliques external; ST,
sprint time; SV, swimming velocity; SL, stroke length; SR, stroke rate; SI, stroke index; NX, total strokes.

4. Discussion

This study investigated the efficacy of a six-week core-training program in the swim-
ming performance and TMG neuromuscular properties of young swimmers. To the best of
our knowledge, previous studies have focused mostly on the effects of land-based limb
power and strength interventions, with inconsistent findings with regard to swimming [8].
Moreover, there is limited evidence regarding the application of a core-training program
to swimmers in terms of functional performance. Moreover, no study has used TMG to
measure the effect of core-training exercises on swimmers. In our study, the core-training
program had a beneficial effect on swimming performance and neuromuscular outcomes
compared with the control group. Therefore, our finding rejected the null hypothesis and
agreed with the alternate hypothesis that a six-week core-training program significantly
affects the swimming performance parameters and TMG neuromuscular parameters of
young swimmers (p < 0.05).

4.1. Swimming Performance and Core Training

The change in the swimming performance time required to improve swimmers’ per-
formance was 0.5% [9,39]. The beneficial effect was (−1.4 s) ∼= 3.47% on sprint swimming
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performance time after the core-training program, as calculated by post−pre
pre × 100, which

represents the estimated percentage differences [9,39]. Furthermore, SV (+0.1 m.s−1), SR
(−2.8 cycle.min−1), SL (+0.2 m. cycle−1), SI (+0.4 m2·s−1), and NX (−2.9 total strokes)
represented a positive performance improvement [41]. These results showed that the
beneficial effect was moderate on SL, SI, and NX and small on ST, SR, and SV after the
training. The group comparison (95%) CI was statistically significant (p ≤ 0.01) for ST, SV,
SR, SL, SI, and NX. These findings are consistent with those of previous studies [2,9,32].

Weston et al. [9] studied the effect of 12 weeks of core training on swimming per-
formance, which included ST and the physiological change in core muscles assessed by
electromyography. The findings showed a significant improvement in ST and core muscle
function starting from the sixth week. Moreover, the beneficial effect of ST was positively
large. In the present study, the effect was positively small. Nevertheless, the variation in
effect size depended on the mean difference between the groups and the mean difference
method. Additionally, it was not associated with the p-value, as it could be beneficial, but
not significant [42]. D. Patil et al. [2] reported that a six-week core-training program could
significantly enhance swimming performance, including ST, SV, and SI, among young
competitive swimmers in the 50 m freestyle. S. Iizuka et al. [32] reported that trunk muscle
training could significantly improve swimming performance by reducing the starting time.
The current study results are not consistent with those of H. Tanaka et al. [43], who reported
that land-based training did not improve swimming performance and that improved power
and strength did not affect swimming performance. This variation in the results may be
due to the methodological issues in Tanaka et al.’s study, as they did not use a control
group to measure the effect of the intervention on the group. A possible explanation for
our result is that core training can enhance the production and transmutation of forces
in the lower and upper extremities [3–5]. The enhancement of force production in core
training is achieved by improving neural adaptation, leading to faster nervous system
activation, improved synchronisation of motor units, increased neural recruitment patterns,
and decreased neural inhibitory reflexes [3]. These can help sustain the efficient posture
needed while swimming, thus generating powerful movement effectively. They can also
help to stabilise the pelvis and the lumbar spine during kicks, enabling powerful strokes
and assisting swimmers to move faster in water. They can also help the abdominal muscles
maintain balance in the water and stabilise the trunk to prevent sagging down, which leads
to decreased drag force [2]. If these aspects are ignored, resistive forces at the extremities
increase, and the stroke technique breaks down, leading to inefficient strokes [44]. In
our study, the core power of the swimmers increased, which enhanced their capability to
sustain an efficient technique throughout the entire race.

4.2. Swimming Parameters

The swimming parameters such as ST, SV, SR, SL, SI, and NX are connected. For
example, SV and SI increase when SL increases and SR decreases; NX increases SV; SI
increases when SL increases, with no change in SR, in freestyle swimmers [45]. SR, SL, and
SV are the main swimming parameters in the 50 m freestyle that demonstrate improvement
in swimming performance [33,46]. As previously mentioned, our results showed that the
SR value for the experimental group decreased by 3.5 and that SL, SV, and SI increased
by 0.2 m. cycle−1, 0.06 m.s−1, and 0.4 m2·s−1, respectively. The control group showed
a decrease of 0.7 cycle.min−1 in SR and an increase of 0.02 m. cycle−1, 0.004 m.s−1, and
0.03 m2·s−1 in SL, SV, and SI, respectively. The group comparison was SR (−2.8) p < 0.01;
SL (0.2) p < 0.00; SV (0.1) p < 0.00; and SI (0.4) p < 0.00. Our findings are similar to those in
previous studies [43,45–48].

Hay et al. [47] showed that an increase in SL was associated with improved SV, which
led to performance enhancement. Thus, a decrease in SL is linked to a decrease in SV [45].
Girold et al. [48], Aspenes et al. [49], and Roberts et al. [50] also found that the improvement
in performance after training was associated with increased SL and decreased SR. The
results of the current study are not consistent with those of some previous studies [26,43].

279



J. Clin. Med. 2022, 11, 3198

Tanaka et al. [43] found that an increase in performance did not result in an increase
in SL. Girold et al. [26] found a significant decrease in SL with a significant increase in
SR. This variation in results may be due to the training program, as previous studies
used static sprint training and resistance training focused on the arms and shoulders.
The authors suggested that low repetitions with a high SV are needed for improving SL.
Increasing the strength level could lead to an increased SL [46]. Furthermore, as swimming
distance increases to >400 m, SR becomes less of a determining factor [51], but increases
because of a decrease in SL at volitional exhaustion [45]. Moreover, SL tends to be shorter
for butterfly and longer for backstroke and freestyle, while SR is less in backstroke and
freestyle and increases in butterfly and breaststroke. These may depend on neuromotor
control and muscular endurance [44]. Our findings support the idea that an increase in SL
and a decrease in SR represent an improvement in ST and swimmers’ speed, leading to
improvement in SI.

4.3. Neuromuscular Properties

Our intervention improved core muscle functionality, which was assessed by the TMG
parameters. TC decreased (−1.5 ms) for ES, (−7 ms) LD, and (−1.9 ms) EO, and DM
increased (+3.3 mm) for ES, (+0.5 mm) LD, and (+2.2 mm) EO compared with the baseline
value. The control group was (5.8 ms) TC-ES, (3.7 ms) LD, (2.5 ms) EO, (0.2 mm) DM-ES,
(−4.1 mm) LD, and (−1.0 mm) EO compared with the baseline value. The beneficial effect
was large for TC-ES and TC-LD and moderate for TC-EO, DM-ES, DM-LD, and DM-EO.
The group comparison (95% CI) was statistically significant p ≤ 0.05 for TC-ES, TC-LD,
TC-EO, DM-LD, and DM-EO and p ≤ 0.12 for DM-ES. We assumed that the increase in TC
and the decrease in DM for the control group were due to the slow process of recruiting
motor units [16]. Our findings are consistent with some previous studies [16,22,52].

Rusu et al. [16] showed that a six-week isometric–concentric training could improve
muscle functionality associated with a decrease in TC and an increase in DM values, leading
to a high rate of Type II muscle fibres and a faster process of motor unit recruiting for the
experimental group. Conversely, the control group showed an increase in TC and a decrease
in DM values, indicating a slow motor unit recruiting process. Valverde et al. [22] found
that a decrease in TC and increased DM values indicated a good response following muscle
training. Monteiro and Massuca [52] showed that a decrease in muscle TC and an increase
in DM had a beneficial effect on the muscle following training. Rusu et al. [16] suggested
that concentric training could lead to an increased TC and a reduced DM, which is the
opposite effect of isometric–concentric training and could occur due to the enlargement
of the muscle as a result of concentric training. Muscle fatigue could change the TMG
parameters, as it could increase TC and decrease DM as a result of high-intensity resistance,
interval training, or endurance training over short periods [53]. However, our findings
support that a decrease in TC and an increase in DM following isometric–concentric training
could improve muscle functionality.

4.4. Practical Application

The results showed that a core-training intervention can enhance swimmers’ perfor-
mance and improve muscular functionality. The findings from this study can be generalised
to any swimmer in the age group studied. Therefore, our findings can be helpful as evidence
to assist coaches, trainers, and therapists in applying a core-training program along with
regular training to improve the swimming performance of young swimmers. Nevertheless,
this study has several limitations. First, puberty, maturation, and testosterone hormones
could have influenced the results. They vary from child to child, cannot be controlled,
and may mask training effects [54]. Further research should include or control for the
effect of growth and maturation, which is a major hurdle when studying young athletes.
Second, only male swimmers were recruited for the study, and thus, our findings cannot be
generalised to female swimmers. Third, we investigated only the effect of a core-training
intervention on the 50 m freestyle. We recommend that other swimming styles and long-
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distance swimming be included. Further studies are needed to investigate larger groups
and athletes at different levels and those from different places or clubs. Fourth, some of the
exercises used in the core-training program (e.g., shoulder press) might have caused an
improvement in the upper and lower limb strength, which may influence the swimming
performance. Fifth, we were unable to demonstrate the effect of the core-training interven-
tion on stroke depth. Further research is needed to demonstrate the effect of core training
on stroke depth. Nevertheless, we found a significant improvement in our performance
measures after considering the effects of body mass and age.

5. Conclusions

A six-week core-training program along with regular swimming training significantly
improved the freestyle swimming performance and core muscle properties, such as con-
tractility (contraction time), excitability, extensibility, and elasticity, of the experimental
group compared with the group that did not undergo the core-training program. These
results can serve as evidence to assist coaches, trainers, and therapists in improving the
swimming performance of young swimmers.
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Abstract: Our aim was to compare three research-grade accelerometers for their accuracy in step
detection and energy expenditure (EE) estimation in a laboratory setting, at different speeds, especially
in overweight/obese participants. Forty-eight overweight/obese subjects participated. Participants
performed an exercise routine on a treadmill with six different speeds (1.5, 3, 4.5, 6, 7.5, and 9 km/h)
for 4 min each. The exercise was recorded on video and subjects wore three accelerometers during
the exercise: Sartorio Xelometer (SX, hip), activPAL (AP, thigh), and ActiGraph GT3X (AG, hip),
and energy expenditure (EE) was estimated using indirect calorimetry for comparisons. For step
detection, speed-wise mean absolute percentage errors for the SX ranged between 9.73–2.26, 6.39–0.95
for the AP, and 88.69–2.63 for the AG. The activPALs step detection was the most accurate. For EE
estimation, the ranges were 21.41–15.15 for the SX, 57.38–12.36 for the AP, and 59.45–28.92 for the AG.
All EE estimation errors were due to underestimation. All three devices were accurate in detecting
steps when speed exceeded 4 km/h and inaccurate in EE estimation regardless of speed. Our results
will guide users to recognize the differences, weaknesses, and strengths of the accelerometer devices
and their algorithms.

Keywords: accelerometry; step detection; physical activity; energy expenditure; overweight

1. Introduction

Obesity is one of the greatest threats to our health and wellbeing worldwide. In 2016,
1.9 billion (39%) adults were considered overweight, of which 650 million (13%) were
obese [1]. Obesity is directly linked to disorders such as hypertension, type II diabetes,
and cardiovascular disease, which can lead to further chronic disabilities [2]. In the USA
alone, the costs of obesity for society are estimated to be USD 1.72 trillion yearly or 9.3%
of their gross domestic product [3]. In Germany, the estimated direct and indirect costs
are estimated at EUR 63.04 billion yearly or 1.87% of its gross domestic product [4]. These
numbers are expected to climb since the prevalence of obesity is continuing to increase [5].
Proper diet and physical activity (PA) are the two most important strategies for weight loss
and maintenance for the majority of patients. In addition, PA does not need additional
financial resources and could be applied everywhere worldwide. The 2020 WHO Physical
Activity Guidelines provide information on the health benefits of physical activity: Most
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adults should complete at least 150 min a week of moderate physical activity and muscle-
strengthening exercises two times a week, or 75 min of vigorous physical activity [6].
Unfortunately, a large proportion of adults do not attain the level of the recommended
physical activity.

To accurately assess the effects of PA on populations and create personalized recom-
mendations, more reliable and objective tools are needed. The current recommendations
are still largely based on self-reported measures, which include, e.g., asking for information
on time used for leisure, household, and transportation activities. Accelerometry is a
commonly used objective method to measure PA, but multiple and significant consider-
ations remain. Waist-worn accelerometers are more accurate than wrist-worn ones, data
counting systems and the availability of raw data differ between devices, and differences
in signal processing, step detection, and filtering exist as well [7–9]. The gait characteristics
of the obese include, for example, slower speed and shorter stride length when compared
to normal weight people [10]. For most overweight/obese and elderly people, the self-
selected walking pace is 3 km/h or lower [11,12]; hence, these low speeds are important
when using accelerometry with these subjects and evaluating health benefits. A maximal
gait speed of 7 km/h was reported for elderly and elderly obese people in the Baltimore
Longitudinal Study of Aging [13]. To capture the habitual PA via accelerometry in over-
weight, obese, and elderly populations, accurately measuring slow walking is of the utmost
importance. The “Gold standard” technique for measuring energy expenditure (EE) is the
double-labeled water method, which accurately measures the overall EE from a period
longer than 3–4 days but is costly [14]. Direct calorimetry can also be used to measure
EE but requires a thermally isolated chamber in which the subject is measured. Indirect
calorimetry can be used to estimate EE from the use of O2 and the production of CO2 from
the ventilation gasses. Furthermore, accelerometers can be used in EE estimation with or
without heart rate measurement [15]. A recent review by Pisanu and colleagues states,
that EE estimation with accelerometers in overweight and obese subjects is inaccurate [16].
In addition, an underestimation of EE during semi-structured activity protocol including,
for example, household activities with the ActiGraph GT3X was observed to be 26% in
overweight subjects [17]. Earlier, we showed in normal weight subjects that there are
significant differences in the accelerometers’ accuracy at different speeds, with decreasing
accuracy at speeds of 3 km/h or less [18]. Few studies have investigated the accuracy
of research-grade accelerometers in a controlled environment for step detection and EE
estimation in overweight and obese people, and importantly, none have included gait
speeds initiated at 1.5 km/h, a gait speed we have previously observed in people at risk
of T2D [19]. Feito and colleagues (2012) studied the effect of BMI class to step detection
accuracy with hip-mounted accelerometers at three different speeds (2.4, 4.0, and 5.6 km/h)
and found an error-%s of 20–60% at the lowest speed with no difference between the
BMI-classes [20]. Error percentages in EE estimation have been shown to be 40–31% in
overweight and obese subjects using the Freedson 1996 cut-off points with speeds starting
from 4 km/h [21].

Our aim was to investigate the accuracy of step detection and energy expenditure
estimation at different speeds for three research-grade accelerometers in overweight and
obese participants under controlled laboratory settings.

2. Materials and Methods

Forty-eight overweight and obese subjects participated in this study (24 males). Sub-
jects were on average 37.4 ± 13.9 years old, and their mean body mass index (BMI, kg/m2)
was 31.4 ± 3.8; they were 173.6 ± 10.3 cm tall, weighted 94.8 ± 15.5 kg, had a skeletal mus-
cle percentage (SMM%) of 36.9 ± 6.2, fat percentage of 34.4 ± 10.1 and waist circumference
of 99.2 ± 12.0 cm (Table 1). Exclusion criteria for the participants were BMI less than 25 or
over 40, younger than 20 or older than 75 years, any disease or injury preventing normal
movement, arthritis, high blood pressure, chronic cardiovascular diseases, or acute cardio-
vascular event during the last year, ventilatory diseases and pregnancy or lactation. None
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of the subjects had undergone bariatric surgery for weight loss. This study was approved by
the ethical committee in the Northern Ostrobothnia Hospital District (EETTMK 26/3/21).
All the participants were healthy volunteers who gave their written informed consent in
accordance with the Declaration of Helsinki. This study was conducted following national
legislation, guidelines, and the Declaration of Helsinki.

Table 1. Characteristics of the study population. SMM = skeletal muscle mass.

Sex 24 Male, 24 Female Min.–Max.

Age (years) 37.4 ± 14.1 21–74

Height (cm) 173.6 ± 10.3 153.5–194.0

Weight (kg) 94.8 ± 15.5 70.2–142.5

BMI 31.4 ± 3.8 26.5–39.7

SMM-% (impedance) 36.9 ± 6.2 27.3–51.1

Fat-% (impedance) 34.4 ± 10.1 12.2–50.9

Waist circumference (cm) 99.2 ± 12.0 82.0–133.0

All subjects participated in one measurement session conducted between 08:00 and
11:00 in the morning. Subjects were requested to fast at least 10 but not more than 16 h before
their scheduled study session. They were also asked to avoid strenuous exercise on the day
before and on the morning of the study session. Bioimpedance was used to determine the
body composition (InBody 720, Biospace, Co, Ltd., Seoul, Korea). Energy expenditure was
estimated via oxygen uptake and carbon dioxide production using indirect calorimetry (IC)
(Vyntus CPX, Vyaire Medical GmbH, Hoechberg, Germany). Ergospirometer was calibrated
every morning before the first subject and was considered valid for 4 h as instructed by
the manufacturer. The contents of the gas were as follows: 5.0% CO2, 15.9 O2, and the
remaining 79.1% N2. Resting metabolic rate (RMR) was estimated in a supine position
using a Hans Rudolph 7450 V2 mask (Hans Rudolph, Shawnee, Kansas, USA) until the
values plateaued for at least 10 min and the last 5 min of the measurement were used to
calculate the RMR. Respiratory exchange ratio (RER) was required to stay between 0.90
and 0.70 during the 10-min period. Weir equation was used to calculate the metabolic rate
(kcal/day) = 1.44 (3.94VO2 + 1.11VCO2). RMR defined the level of 1 metabolic equivalent
(MET) for the subsequent EE estimation analysis.

After conducting the initial measurements, participants underwent an exercise routine
on a treadmill (X-erfit 4000 Pro Run). The routine consisted of 6 speeds with a 4-min
duration per speed with a total duration of 24 min. The speeds were 1.5, 3, 4.5, 6, 7.5,
and 9 km/h. Acceleration to next speed took approximately 5 s at the beginning of each
speed. A video camera was used to record participants’ feet during the entire exercise. The
videos were used to count the actual step numbers at every speed and were performed
according to Sushames et al., 2016 [22]. Energy expenditure was recorded during physical
activity with a Hans Rudolph 7450 V2 mask. Energy expenditure for each speed was
calculated using the Weir equation from the last minute of each speed and multiplying that
with 4. Transformation to metabolic equivalents (METs) was performed using RMR as the
level 1 MET.

Three accelerometers were worn by subjects during the exercise protocol. A Sartorio
Xelometer (SX) (Sartorio Oy, Oulu, Finland) and an ActiGraph GT3X (AG) (ActiGraph
LLC, Pensacola, FL, USA) were attached with elastic belts on the right side of the hip
and an activPAL (AP) (PAL Technologies Ltd., Glasgow, Scotland) worn on the right
thigh, all following the manufacturers’ recommendation. The data from the SX device
was extracted using Sartorio software (v18) and detection algorithms provided by the
manufacturer and were run on MATLAB R2019a for step counts, step intensities, and EE
estimates (MET) [16]. For AP, PAL connect (v8.10.8.76) was used to set up the device and
extract the data and PAL analysis (v8.11.2.54) to analyze the step counts and EE estimates
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(METhrs). The AP-derived MET-hours were transformed into METs. Finally, AG data
was extracted with ActiLife (v6.13.4) and step counts were calculated using 1 s epochs
and 100 Hz sampling rate. For EE (METs), Freedson Adult (1998) cut points were used
(equation: MET rate = 1.439008 + (0.000795 × CPM) where CPM = counts per minute). In
obese people, the mean amplitude deviation (MAD)—based method, such as the one in SX,
provided the most accurate EE estimates (error-% 14.3) [23].

Mean absolute percentage errors (MAPEs) were calculated for every speed between the
accelerometer-estimated step counts and actual steps (video) using the following equation:

M% =

(
1
n

n

∑
t=1

∣∣∣∣ At − Ft

At

∣∣∣∣
)
× 100

Relevant disagreement was considered at MAPEs over 5%. EE data from the ac-
celerometers and IC were analyzed as METs. To observe the similarity between methods,
paired-samples t-tests, linear regression, and intraclass correlations (ICC) were calculated,
and Bland–Altman plots generated. Paired samples t-tests were used to study the means of
absolute values of observed and estimated measures (accelerometry vs. video, accelerom-
etry vs. IC) and ICCs (Pearson) to study the reliability of the estimates. All statistical
analyses were conducted, and figures generated using IBM SPSS Statistics v 26. p-values
less than 0.05 were considered statistically significant. ICC over 0.90 was considered excel-
lent, 0.75–0.90 good, 0.75–0.50 moderate, and less than 0.50 as poor. Results in the Tables
are represented as mean ± standard deviation.

3. Results

3.1. Step Detection

All participants completed the three first speeds of the protocol, and one participant
stopped after 4.5 km/h. A total of 38 out of 48 could complete the first running speed
(7.5 km/h) and 25 completed the whole protocol. At walking speeds (1.5, 3, 4.5, and
6 km/h), the AP device was the most accurate. The corresponding MAPEs were 6.39,
0.95, 0.99, and 2.44, respectively (Table 2). For SX, the corresponding MAPEs were 9.73,
3.97, 2.91, and 6.28, respectively. The AG was the least accurate at the lower walking
speeds but improved its accuracy from 4.5 km/h with MAPEs of 88.69, 31.50, 4.25, and
2.44, respectively. At the running speeds (7.5 and 9 km/h) the AG device performed
better with MAPEs of 4.43 and 2.63, respectively. For the SX and the AP, the MAPEs
were 2.26, 4.47, and 3.99, 5.18, respectively. The SX device estimate of the total number
of steps differed by 3.48% and for the AP and the AG by 4.37% and 17.80%, respectively.
Significant differences between direct measurement and accelerometer estimated steps
were observed at 1.5 km/h and a first running speed (p < 0.000) for the AP. For the SX
device, significant differences were observed at all speeds except 4.5 km/h and a first
running speed (p < 0.05) between device estimates and direct observation, and for the AG
at speeds of 1.5 and 3 km/h as well as in the first running speed (p < 0.000). The intraclass
correlations were significant (p < 0.030) at all speeds for all devices except for the AG at
3 km/h (p = 0.646). For the AP device, the correlation coefficients were excellent (>0.90)
and for the SX good or excellent (>0.75 and >0.90, respectively), except for the lowest speed
where the correlation was moderate (0.61). For the AG, the correlation coefficients were
excellent (>0.90) while running and brisk walking (6 km/h), good (>0.75) with the first
running speed, and moderate or poor (>0.50, <0.50, respectively), at speeds of 1.5, 3 and 4.5.
The R2 values for the regressions between actual and estimated steps were 0.948 for the SX,
0.963 for the AP, and 0.821 for the AG (Supplementary Materials). For the Bland–Altman
plots the means, standard deviations, and 95% confidence intervals were −14.7 ± 30.3,
upper 44.7, lower −74.2, respectively, for the SX (Figure 1A), −4.0 ± 12.8, upper 21.1, lower
−29.0, respectively, for the AP (Figure 2A) and −76.39 ± 104.9, upper 129.3 and lower
−282.0, respectively, for the AG (Figure 3A).
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Table 2. Step detection statistics. Mean absolute percentage error (MAPE), paired sample t-test
statistics with mean ± SD, lower and upper limits for 95% confidence intervals and p-values, and
intraclass correlation (ICC) statistics with 95% CI presented for every accelerometer at separate speeds
and for total duration of exercise protocol. * Shows statistical significance.

STEPS
Paired Samples

t-Test
95% Confidence Interval of

the Difference
ICC

95% Confidence
Interval

F Test

Sartorio
Speed
(km/h)

MAPE-% ±
Std. Dev.

Mean ± Std.
Dev.

Lower Upper
Sig.

(2-Tailed)
Lower Upper Value Sig.

1.5 9.73 ± 7.82 19.68 ± 32.10 9.55 29.81 0.000 * 0.61 0.27 0.79 2.56 0.002 *

3 3.97 ± 7.48 10.05 ± 30.41 0.45 19.65 0.041 * 0.84 0.71 0.92 6.39 0.000 *

4.5 2.91 ± 3.35 2.59 ± 17.56 −2.96 8.13 0.351 0.93 0.86 0.96 13.85 0.000 *

6 6.28 ± 8.02 28.87 ± 41.85 15.49 42.26 0.000 * 0.79 0.59 0.89 4.67 0.000 *

Run1 2.26 ± 1.46 4.43 ± 16.02 −1.070 9.93 0.111 0.99 0.97 0.99 74.43 0.000 *

Run2 4.47 ± 3.08 26.54 ± 24.35 16.26 36.82 0.000 * 0.98 0.96 0.99 62.47 0.000 *

Total 3.48 ± 3.03 82.02 ± 75.94 58.05 105.99 0.000 * 0.90 0.81 0.94 9.81 0.000 *

activPAL

1.5 6.39 ± 8.10 14.90 ± 23.79 7.74 22.04 0.000 * 0.94 0.88 0.96 15.65 0.000 *

3 0.95 ± 1.59 1.60 ± 7.17 −0.55 3.75 0.141 0.99 0.99 1.00 135.88 0.000 *

4.5 0.99 ± 2.75 −0.29 ± 10.94 −3.58 3.00 0.860 0.98 0.96 0.99 41.68 0.000 *

6 2.44 ± 5.45 −1.42 ± 22.75 −8.26 5.41 0.677 0.98 0.97 0.99 62.54 0.000 *

Run1 3.99 ± 5.25 22.68 ± 33.36 11.55 33.80 0.000 * 0.94 0.88 0.97 16.19 0.000 *

Run2 5.18 ± 4.60 17.39 ± 43.05 −1.22 36.00 0.066 0.91 0.8 0.96 11.68 0.000 *

Total 4.37 ± 10.53 42.27 ± 213.67 −21.93 106.46 0.191 0.95 0.91 0.97 19.49 0.000 *

ActiGraph

1.5 88.69 ± 10.93 242.35 ± 47.32 228.30 256.40 0.000 * 0.44 −0.018 0.69 1.77 0.029 *

3 31.50 ± 18.87 119.85 ± 82.36 95.39 144.31 0.000 * −0.12 −1.02 0.38 0.89 0.646

4.5 4.25 ± 9.11 13.37 ± 45.19 −0.05 26.79 0.051 0.58 0.25 0.77 2.40 0.002 *

6 5.23 ± 9.35 11.59 ± 43.62 −1.37 24.54 0.078 0.94 0.89 0.97 17.14 0.000 *

Run1 4.43 ± 10.3 19.50 ± 68.82 −3.12 42.12 0.089 0.80 0.61 0.89 4.91 0.000 *

Run2 2.63 ± 1.56 12.72 ± 16.28 6.00 19.44 0.000 * 0.99 0.98 1.00 142.15 0.000 *

Total 17.80 ± 9.48 381.35 ± 221.25 315.65 447.05 0.000 * 0.95 0.92 0.97 21.61 0.000 *

Figure 1. Bland-Altman plots for the Sartorio Xelometer. (A). Step detection compared to the direct
(video) measurement. All six speeds have been plotted separately. (B). EE estimation compared with
indirect (IC) calorimetry. Solid line marks the mean and dotted lines show the −1.96–1.96 SD limits.
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Figure 2. Bland-Altman plots for the activPAL. (A). Step detection compared to the direct (video)
measurement. All six speeds have been plotted separately. (B). EE estimation compared with indirect
(IC) calorimetry. Solid line marks the mean and dotted lines show the −1.96–1.96 SD limits.

 

Figure 3. Bland-Altman plots for the ActiGraph GT3X. (A). Step detection compared to the direct
(video) measurement. All six speeds have been plotted separately. (B). EE estimation compared with
indirect (IC) calorimetry. Solid line marks the mean and dotted lines show the −1.96–1.96 SD limits.

3.2. Energy Expenditure Estimation

All three devices were inaccurate in estimating energy expenditure (Table 3). The SX
had the most accurate estimates of EE upon the complete exercise protocol with a MAPE of
18.43. The MAPEs for total EE were 49.62 for the AP and 36.16 for the AG with significant
but poor intraclass correlations (p < 0.05, ICC < 0.50). For the SX, the speed-wise MAPEs
from 1.5 km/h to the second running speed were 15.15, 17.60, 19.02, 21.41, 18.03, and 19.74.
respectively. For the AP, the values were 12.36, 16.29, 27.82, 43.82, 56.10, 57.38 and for the
ActiGraph 59.45, 40.67, 28.92, 29.88, 29.61 and 32.09, respectively. At all speeds for all three
devices, there were significant differences between accelerometer estimates and indirect
calorimetry (p ≤ 0.005), and no significant intraclass correlations were observed (p > 0.120).
The R2 values for the regression between indirect calorimetry and device estimated EE
(when considering all speeds together) were 0.81 for the SX, 0.75 for the AP, and 0.745
for the AG (Supplementary Materials). For the Bland–Altman plots the means, standard
deviations, and 95% confidence intervals were for the SX (Figure 1B): −1.4 ± 2.0, upper
2.5, lower −5.3, respectively, for the AP (Figure 2B): −1.4 ± 1.5, upper 1.6, lower −4.5,
respectively, and for the AG (Figure 3B): −2.6 ± 2.6, upper 2.5 and lower −7.8, respectively.
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Table 3. Energy expenditure (EE) estimation statistics. Mean absolute percentage error (MAPE),
paired sample t-test statistics with mean ± SD, lower and upper limits for 95% confidence intervals
and p-values and intraclass correlation (ICC) statistics with 95% CI presented for every accelerometer
at separate speeds and for total duration of exercise protocol. * Shows statistical significance.

MET
Paired

Samples
t-Test

95% Confidence Interval of
the Difference

ICC
95% Confidence

Interval
F Test

Sartorio
Speed
(km/h)

MAPE-% ±
Std. Dev.

Mean ± Std.
Dev.

Lower Upper
Sig.

(2-Tailed)
Lower Upper Value Sig.

1.5 15.15 ± 13.72 0.37 ± 0.81 0.11 0.62 0.005 * 0.11 −0.67 0.53 1.12 0.353

3 17.60 ± 13.16 0.73 ± 0.96 0.42 1.04 0.000 * 0.21 −0.47 0.58 1.27 0.223

4.5 19.02 ± 11.75 1.04 ± 1.05 0.71 1.38 0.000 * 0.23 −0.43 0.59 1.31 0.199

6 21.41 ± 12.92 1.74 ± 1.59 1.21 2.25 0.000 * 0.21 −0.51 0.58 1.26 0.237

Run1 18.03 ± 12.21 1.83 ± 2.07 1.09 2.57 0.000 * 0.18 −0.64 0.59 1.22 0.282

Run2 19.74 ± 11.89 2.59 ± 2.11 1.64 3.52 0.000 * 0.08 −1.19 0.62 1.09 0.417

Total 18.43 ± 13.59 1.31 ± 1.37 0.86 1.74 0.000 * 0.28 −0.34 0.62 1.40 0.146

activPAL

1.5 12.36 ± 11.20 0.30 ± 0.68 0.09 0.51 0.005 * 0.37 −0.16 0.65 1.58 0.068

3 16.29 ± 12.65 0.74 ± 0.81 0.49 0.99 0.000 * 0.29 −0.3 0.61 1.41 0.134

4.5 27.82 ± 11.92 1.60 ± 0.97 1.30 1.90 0.000 * 0.17 −0.51 0.55 1.21 0.264

6 43.82 ± 10.70 3.48 ± 1.61 2.95 3.99 0.000 * 0.05 −0.79 0.50 1.06 0.425

Run1 56.10 ± 7.43 6.18 ± 1.93 5.48 6.87 0.000 * −0.03 −1.12 0.49 0.96 0.538

Run2 57.38 ± 6.40 7.39 ± 1.91 6.49 8.28 0.000 * 0.13 −1.18 0.65 1.15 0.378

Total 49.62 ± 11.21 3.37 ± 1.25 2.97 3.75 0.000 * 0.49 0.07 0.72 1.99 0.013 *

ActiGraph

1.5 59.45 ± 9.40 1.95 ± 0.74 1.72 2.17 0.000 * 0.15 −0.55 0.53 1.17 0.295

3 40.67 ± 14.07 1.82 ± 1.00 1.51 2.12 0.000 * −0.10 −1.03 0.39 0.90 0.631

4.5 28.92 ± 13.17 1.61 ± 1.13 1.26 1.95 0.000 * 0.17 −0.5 0.55 1.21 0.260

6 29.88 ± 15.19 2.37 ± 1.66 1.84 2.89 0.000 * 0.30 −0.29 0.63 1.44 0.124

Run1 29.61 ± 17.13 3.16 ± 2.51 2.25 4.06 0.000 * 0.27 −0.49 0.64 1.37 0.190

Run2 32.09 ± 16.50 4.20 ± 2.69 3.00 5.39 0.000 * −0.34 −2.23 0.44 0.74 0.746

Total 36.16 ± 15.06 2.42 ± 1.41 1.98 2.84 0.000 * 0.43 −0.03 0.69 1.77 0.031 *

4. Discussion

We measured overweight and obese subjects without diseases or disabilities that
could affect their gait. Forty-eight subjects performed an exercise protocol on a treadmill
consisting of six different speeds, which were chosen to reflect the locomotion speeds of
overweight, obese, and elderly people. The main objective was to study the accuracy of step
detection and EE estimation with three known research accelerometers (SX, AP, and AG)
in overweight and obese subjects. For step detection, similar accuracies for step detection
were observed in this overweight/obese population as in normal weight subjects [18].
Energy expenditure estimates were inaccurately measured in all three devices.

All three devices accurately estimated step detection when gait speed exceeded 4 km/h.
Only the AG was inaccurate during slow walking speeds of 1.5 and 3 km/h with MAPE-%
of 88.7 and 31.5, respectively. The AP showed the highest correlations between video
camera-recorded steps and device step counts (ICC > 90). Step detection accuracy in
overweight and obese people was similar compared to normal weight subjects with the
exception that the AP was more accurate in estimating step counts during running in
overweight and obese subjects [18]. Similar discrepancies have been reported by Feito and
colleagues (2012) [20] who showed the increasing accuracy with increasing speed in the
AG. Lee and colleagues [24] found a significant underestimation of step counts by AG at
the speed of 3.2 km/h. We did not use the low-frequency extension for the AG data, since
it has been shown to give indefinite results when applied to free-living data [25,26].
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All accelerometers were inaccurate for estimating EE. The SX provided the smallest
overall error percentages in the range of 15.15–21.41, while the AP and the AG ranged
between 12.36–57.4 and 28.9–59.45, respectively. The accuracy of the AP EE estimation
was at its highest during slow walking speeds (1.5 and 3 km/h) and decreased with speed.
For the AG, an opposing trend was observed, the EE estimation accuracy was higher
at speeds exceeding 4 km/h. For the SX, the EE estimation error was 12% smaller in
overweight/obese subjects compared to normal weight subjects (MAPE 18.4 < 30.3) [18].
The opposite was observed with the AP and ActiGraph, both showing lower EE estimation
accuracy with overweight subjects. The SX EE estimation is based on MAD and had
the most accurate method of the three and is in line with the results of Diniz-Sousa and
colleagues [23].

Applying accelerometry to overweight/obese populations is challenging. The excess
body fat increases the energy used in bodily movements and can cause the accelerometer
to be placed at an angle that has been shown to decrease accuracy [16]. If the manufacturer
of the accelerometer has used a normal weighted population for algorithm development,
inaccuracy will increase when applied to overweight people. The comparison of the
different studies with objectively measured physical activity measures is problematic
since the different manufacturers use their own methods and algorithms. Accelerations
as g-values are further processed into steps, counts, and MET units for further analysis.
Depending on the method, habitual daily PA can be classified differently into commonly
used PA intensity classes such as light, moderate and vigorous [9]. Considering these points
together with the discrepancies concerning wear location, time, signal processing, and
filtering [8], a standardized method of measurement is needed to create accurate, specified,
and personalized PA recommendations.

Our study is the first to evaluate the accuracy of EE estimation of these accelerometers
at realistic walking and running speeds in overweight and obese subjects. The use of a
video camera to record true step numbers, the use of both sexes, and a wide range of ages
and BMIs are the strengths of this study. Our limitations include the lack of self-selected
locomotion speed and the exclusion of any wrist-worn accelerometers. The gait speeds
chosen are sufficient in covering the spectrum of overweight human locomotion speeds.
Our results will guide users studying physical activity in different populations in the
interpretation of their results and their conclusions towards public health recommendations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11123267/s1. Figure S1. Regression plots for Sartorio Xelometer.
Figure S2. Regression plots for activPAL. Figure S3. Regression plots for ActiGraph GT3X.
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Abstract: Spexin (SPX) is a novel, widely expressed peptide, with anorexigenic effects demonstrated
in animal models and negatively correlated with body mass index (BMI) in humans. It increases
locomotor activity in rodents and is elevated in human plasma following exercise. Studies have also
shown an effect of stress and anxiety on SPX’s expression in different brain structures in animals. The
relationships between plasma SPX and physical activity, body composition, and patient-reported
outcomes such as perceived stress, depressiveness, anxiety, and eating behaviors are unknown and
were examined in this study over a wide BMI range. A total of 219 female (n = 68 with anorexia
nervosa; n = 79 with obesity; n = 72 with normal weight) inpatients were enrolled. Perceived stress
(PSQ 20), anxiety (GAD 7), depressiveness (PHQ 9), and eating disorder pathology (EDI 2), as well as
BMI, bioimpedance analysis, and accelerometry, were measured cross-sectionally at the beginning of
treatment and correlated with plasma SPX levels (measured by ELISA) obtained at the same time.
Plasma SPX levels were negatively associated with BMI (r = −0.149, p = 0.027) and body fat mass
(r = −0.149, p = 0.04), but did not correlate with perceived stress, anxiety, depressiveness, eating
behavior, energy expenditure, and physical activity (p > 0.05). The results replicate the negative
correlation of SPX with BMI and fat mass, but do not support the hypothesis that peripheral SPX
plays a role in the regulation of stress, depressiveness, anxiety, eating behavior, or physical activity.

Keywords: gut–brain axis; patient-reported outcome; psychoendocrinology; psychometric;
psychosomatic stress

1. Introduction

Spexin (SPX), also known as Neuropeptide Q, is a novel peptide comprised of 14 amino
acids and was described for the first time by Mirabeau et al. in 2007 [1]. SPX mRNA and
protein were detected in many different tissues, both in animals and in humans. In rodents
and humans, SPX mRNA was found in the central nervous system (e.g., hypothalamus [2],
hippocampus) and in peripheral tissues (e.g., stomach, small intestine, liver, pancreas [3],
fat and other endocrine tissues [4]). In human subjects, the lowest SPX gene expression was
detected in muscle- and connective tissue [4]. The fact that SPX mRNA was identified in
several different types of tissues suggests that SPX may be involved in various physiological
processes and serve as a pleiotropic peptide.

SPX may be involved in fat tissue metabolism, through increasing lipolysis and inhibit-
ing lipogenesis [5]. Furthermore, a decreased uptake of long-chain fatty acids in adipocytes,
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in rodents with diet-induced obesity after peripheral SPX administration, suggests that SPX
may contribute to weight loss [6]. In line with this observation, several studies involving
humans have demonstrated a negative correlation between serum SPX and serum triglyc-
eride levels [4,7], as well as body mass index (BMI) [7]. In addition, higher circulating SPX
levels were observed in non-obese compared to obese adults [8,9] and children [10,11],
although not all studies seem to support these results (e.g., no correlation between BMI
and body fat with serum SPX, as well as no difference in serum SPX level between NW and
OB/overweight female adolescents [12]).

Not only body weight, but also feeding behavior, might be influenced by SPX [13].
It was shown that food intake led to an increase in SPX mRNA expression in the hy-
pothalamus of Siberian sturgeons, possibly pointing towards an anorexigenic function
of SPX [14]. Moreover, intracerebroventricular injection of SPX in goldfish resulted in
downregulation of the expression of the orexigenic peptides neuropeptide Y (NPY), orexin,
and Agouti-related protein (AgRP), and in higher expression of anorexigenic peptides such
as proopiomelanocortin (POMC), cholecystokinin (CCK), and melanin-concentrating hor-
mone (MCH) [15]. The postulated anorexigenic function of SPX is unlikely to be triggered
by taste aversion [6].

Another important function of SPX is its possible role in the response to physical
activity (PA). For instance, a study in mice showed increased locomotor activity after
intraperitoneal SPX injection [6]. Furthermore, a recent report in humans demonstrated
that circulating plasma SPX levels significantly were increased in a group of participants
categorized as positive responders to exercise. Following a 3-month exercise program,
they showed an increased maximal oxygen consumption (VO2max) during exercise and,
compared to non-responders who did not show an amelioration of VO2max, greater im-
provement in their metabolic profile (total cholesterol, HbA1c, HOMA-IR) [9]. This may
be of relevance, as PA plays an important role in maintaining body weight [16] and, in
the form of hyperactivity, it is not only a symptom of anorexia nervosa (AN) [17], but also
part of its pathogenesis [18]. In patients with obesity, PA has been shown to be inversely
associated with the grade of adiposity [19].

Besides its possible functions in the regulation of metabolism, body weight, and physi-
cal activity, SPX may be involved in stress response. For instance, fish exposed to stress
showed an increase in SPX mRNA expression in different brain areas (e.g., optic tectum,
hypothalamus, and midbrain) [20]. Moreover, it was demonstrated that intrahippocam-
pally injected corticotropin-releasing factor (CRF), which is crucially involved in the stress
response, decreases SPX expression in different brain tissues (such as hippocampus, hy-
pothalamus, or pituitary gland) in mice [21]. Additionally, another study in fish found that
SPX may influence the serotoninergic system, through the upregulation of serotonin-related
genes in the raphe nuclei [22]. Moreover, intraperitoneal administration of escitalopram,
a serotonin reuptake inhibitor mostly used for the treatment of major depression and
general anxiety disorder, led to the downregulation of SPX mRNA in the hypothalamus
and upregulated expression of SPX mRNA in the hippocampus and striatum in rats [23].
Therefore, SPX may also be involved in the regulation of stress, anxiety, and depressiveness.

As some studies on SPX indicated its anorexigenic effects and its role in lipogenesis
and PA, we hypothesized that SPX may be a factor involved in energy expenditure, and
thus it may be associated with different patterns of PA. Furthermore, we hypothesized that
SPX levels might be associated with eating disorder pathology, as well as perceived stress,
anxiety, and depressiveness. Therefore, we aimed to further examine the link between
plasma SPX levels and body composition and PA along with patient-reported outcomes
under naturalistic conditions in an inpatient setting. We studied women across a wide BMI
range, to examine the impact of body weight and to control for possible gender differences.
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2. Materials and Methods

2.1. Ethics Statement

All investigations were conducted according to the Declaration of Helsinki and all
patients gave written informed consent. The study was approved by the institutional ethics
committee of the Charité–Universitätsmedizin Berlin (protocol numbers: EA1/130/16)

2.2. Subjects

In the present study, 219 female inpatients (68 with a diagnosis of anorexia nervosa
(AN), 79 with obesity (OB), and 72 normal-weight (NW) patients treated for conditions
other than eating disorders or obesity, such as adjustment disorders, somatoform disorders,
or mild depressive episode) were recruited upon admission to the Department of Psycho-
somatic Medicine at Charité–Universitätsmedizin Berlin (between February 2012 and July
2018). All patients were at an age of ≥18 years. Current pregnancy or lactation period,
malignant disease, treatment with immunomodulatory drugs (e.g., methotrexate, azathio-
prine, and oral corticosteroids), hypercortisolism, and untreated thyroid dysfunction were
exclusion criteria. Moreover, women with psychotic disorders, somatoform or somatic
disorders of the gastrointestinal system, and those preceding (e.g., bariatric) surgery of
the gastrointestinal system, except for appendectomy and uncomplicated cholecystectomy,
were excluded.

2.3. Anthropometric Measurements

Study enrolment, including clarification of potential exclusion criteria and blood
withdrawal, was conducted within four days of admission. Venous blood samples were
taken after an overnight fasting period between 7.00 and 8.00 a.m. Patients were permitted
to drink a small amount of water, but were advised not to drink coffee, smoke, or exercise
before blood withdrawal. On the same morning each patient’s actual medication, body
height, and weight in light underwear were assessed and BMI (kg/m2) was calculated.
Medications and the presence of comorbidities were recorded at admission and discharge.
Participants diagnosed with any of the exclusion criteria during their inpatient treatment
were excluded.

2.4. Physical Activity and Energy Expenditure Assessment

To assess PA, we used a SenseWear® Pro3 armband (BodyMedia, Inc., Pittsburgh, PA,
USA), which is a two-axis accelerometer that calculates PA by measuring skin tempera-
ture, near-body ambient temperature, galvanic skin response, and heat flux [24]. PA was
analyzed for three consecutive days starting from Friday, which was the day of the blood
withdrawal. Data were accepted if inpatients wore the armband for more than 20.5 h for at
least two out of the three days, as described previously [25]. The PA of the patients was not
restricted by the medical staff while wearing the accelerometer.

Using a generalized proprietary algorithm developed by the producer, the total
amount of steps, metabolic equivalents of tasks per day (MET), level of energy expen-
diture, and exercise activity thermogenesis (EAT) were directly calculated after reading
out the data. As EAT, we defined an activity of more than three metabolic equivalents of
task (METs), which refers to moderate- and vigorous-intensity activities according to the
2011 Compendium of Physical Activities [26].

The thermic effect of food (TEF) was estimated as comprising 10% of total energy
expenditure (TEE) and calculated as TEE × 0.1 [27]. Since resting energy expenditure (REE),
required for the calculation of NEAT, cannot be directly determined by the SenseWear®

armband, it was estimated using weight-group-specific REE prediction equations provided
by Müller et al. [28]. Non-exercise-related activity (NEAT) was calculated using the formula
NEAT = TEE −TEF − REE − EAT.
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2.5. Body Composition Measurements

Bioelectric impedance analysis (BIA) was performed between 10:30 a.m. and 1:00 p.m.
on the day of blood withdrawal under standardized conditions in the supine position, after
subjects had fasted for at least two hours and had lain for half an hour. Phase angle, fat mass,
fat free mass, extracellular mass, and body cell mass were assessed using the equations
provided by the manufacturer of the bioelectrical impedance analyzer (Nutrigard-M®, Data
Input®, Darmstadt, Germany).

2.6. Laboratory Analyses

Blood was collected in pre-cooled standard EDTA tubes prepared with aprotinin
for peptidase inhibition (1.2 Trypsin Inhibitory Unit per 1 mL blood; ICN Pharmaceuti-
cals, Costa Mesa, CA, USA) and immediately submerged in ice. After that, tubes were
centrifuged at 4 ◦C for 10 min at 3000× g for plasma separation, which was stored at
−80 ◦C, until further processing. After enough samples were collected, SPX plasma levels
were measured using a commercial enzyme-linked immunosorbent assay (ELISA, catalog
# EK-023-81, Phoenix Pharmaceuticals®, Inc., Burlingame, CA, USA). All samples were
processed at once. Intra-assay variability was 7.5% and inter-assay variability was <15%.
Measurement was performed in January 2019. Every measurement was performed twice,
and a mean value was calculated.

2.7. Patient-Reported Outcomes

All study participants were asked to fill in the following self-reported questionnaires:
Perceived Stress Questionnaire (PSQ), Generalized Anxiety Disorder-7 (GAD-7), Patient
Health Questionnaire depression scale (PHQ-9), and Eating Disorder Inventory-2 (EDI-2).
Results obtained between two days before and five days after the respective blood with-
drawals were accepted.

PSQ-20 is a revised 20-item German version [29] of the Perceived Stress Questionnaire
(PSQ; 30 items) [30] and is applied to evaluate subjectively perceived stress. It provides
four subscales: “worries”, “tension”, and “joy” as stress responses, and “demands” as the
perception of external stressors. It assesses the subjective experience of stress. Cronbach’s
alpha for the total scale was 0.73 and for the subscales 0.86 (“worries”), 0.86 (“tension”),
0.81 (“joy”), and 0.84 (“demands”).

The Generalized Anxiety Disorder Questionnaire (GAD-7) [31] is a part of the Patient
Health Questionnaire (PHQ) and an established and widely used 7-item screening instru-
ment for diagnosing general anxiety disorder. It also captures symptoms of social anxiety,
posttraumatic stress, and panic disorder. In this study, the German version was used [32].
The Cronbach’s alpha for the current sample was 0.87.

The severity of eating disorder symptoms was evaluated using the Eating Disor-
der Inventory-2 (EDI-2) [33], which is a widely established tool to assess eating disorder
pathology in patients suffering from anorexia and bulimia nervosa. It consists of 64 items
and encompasses eight subscales, measuring “drive for thinness”, “bulimia”, “body dis-
satisfaction”, “ineffectiveness”, “perfectionism”, “interpersonal distrust”, “interoceptive
awareness”, and “maturity fears”. In our study, sum scores ranging from zero to 100 were
created. Moreover, we employed the German translation of the second version [34] and
interpreted the first eight, above-mentioned subscales of the EDI-2. The Cronbach’s alpha
for the total scale was 0.96, and for the subscales: 0.91 (“drive for thinness”, “bulimia”, and
“body dissatisfaction”), 0.90 (“ineffectiveness”), 0.80 (“perfectionism”), 0.82 (“interpersonal
distrust”), 0.83 (“interoceptive awareness”), and 0.73 (“maturity fears”).

To assess the severity of depressive symptoms, we used the German version [35]
of the PHQ depression scale (PHQ-9) [36]. It consists of nine items that represent the
DSM-IV diagnostic criteria for depressive disorders, and its scores range from zero to 27,
with scores of ≥10 indicating major depression with a specificity of 0.92 and sensitivity
of 0.80 regarding a meta-analysis [37] of 17 validation studies in different languages. The
Cronbach’s alpha for the current sample was 0.86.
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2.8. Statistical Analyses

All statistical analyses were conducted using IBM SPSS Statistics® Version 27.0.0.0
(IBM® Corp, Armonk, NY, USA).

Three groups were created, according to the medical diagnosis and BMI: an anorexia
nervosa group (AN) with women diagnosed with anorexia nervosa (n = 68), an obesity
group (OB) consisting of patients with a BMI of ≥30.0 kg/m2, and a normal weight
group (NW) with a BMI between 18.5 kg/m2 and 25.0 kg/m2 and without a diagnosed
eating disorder.

Regarding the explorative design of this study, we established a cut-off of three
standard deviations from the mean SPX level to identify outliers. During data analysis, three
outliers (two in the anorexia nervosa group and one in the obesity group) were detected
and excluded from further statistical analyses, which resulted in a study population of
219 women.

To investigate differences between the three groups, between-group comparisons
were made using the Kruskal–Wallis test for non-parametric and one-way ANOVA for
parametric data. To assess the frequency distributions between the groups, an overall chi-
squared test was performed. In case of significant differences, pairwise comparisons using a
chi-squared test were added. Correlations were assessed using Pearson’s for normally, and
Spearman’s analysis for non-normally, distributed data. Due to the exploratory approach,
we decided not to perform multiple linear regressions. The correlations and differences
between groups were considered significant when p < 0.05. Due to the explorative design
of the study, no corrections for multiple testing were applied.

3. Results

3.1. Demographic, Socioeconomic, and Medical Characteristics of the Study Population

Demographic and socioeconomic characteristics, comorbidities, and medication of
study participants are outlined in Table 1. The AN group was significantly younger
than both the OB (p < 0.001) and NW groups (p < 0.001; Table 1). By definition, patients
with AN displayed a lower BMI than patients with OB (p < 0.001) and NW subjects
(p < 0.001), and the NW group had a lower BMI than the OB group (p < 0.001; Table 1).
Regarding socioeconomic status, the highest proportion of subjects living in a partnership
was observed in the NW group. Furthermore, the OB group showed the lowest level of
education, as indicated by a lower rate of university entrance diplomas than AN (p < 0.01)
and NW (p < 0.05) and of any other school-leaving qualification than NW (p < 0.01; Table 1).
NW women were also less often currently unemployed than OB and AN (p < 0.05; Table 1).

Table 1. Demographic and socioeconomic characteristics, comorbidities, and medication of study patients.

Parameter
All Subjects

(n = 219)
AN

(n = 68)
OB

(n = 79)
NW

(n = 72)
Significance

Demographic characteristics

Age (years) 40.7 ± 16.4 (18–85) 28.4 ± 10.4 (18–59) 46 ± 15.3 (19–85) 46.5 ± 16.1 (21–82) *** ###

Body mass index (kg/m2) 27.1 ± 13.3 (8.7–70.7) 14.3 ± 2 (8.7–18.9) 42.3 ± 9.5 (30.1–70.7) 22.2 ± 1.8 (18.6–24.9) *** ### +++

Socioeconomic characteristics

Living in a partnership 109 (50%) 23 (34%) 39 (50%) 47 (65%) ### +

Level of education

University entrance diploma 67 (31%) 28 (41%) 15 (19%) 24 (33%) ** +

Vocational diploma 20 (9%) 4 (6%) 9 (11%) 7 (10%)

Secondary education certificate 94 (43%) 27 (40%) 32 (41%) 35 (49%)

Basic school qualification 24 (11%) 6 (9%) 13 (16%) 5 (7%)

No school-leaving qualification 14 (6%) 3 (4%) 10 (13%) 1 (1%) ++

Currently unemployed 91 (42%) 34 (50%) 36 (46%) 21 (29%) # +

Unemployment during past 5 years 56 (26%) 18 (26%) 22 (28%) 16 (22%)
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Table 1. Cont.

Parameter
All Subjects

(n = 219)
AN

(n = 68)
OB

(n = 79)
NW

(n = 72)
Significance

Comorbidities

Type 2 diabetes mellitus 18 (8%) 0 (0%) 17 (22%) 1 (1%) *** +++

Impaired glucose tolerance 26 (12%) 1 (1%) 24 (30%) 1 (1%) *** +++

Insulin resistance 41 (19%) 0 (0%) 36 (46%) 5 (7%) *** +++

Arterial hypertension 53 (24%) 0 (0%) 38 (48%) 15 (22%) *** ### +++

Hypercholesterinemia 71 (32%) 11 (18%) 37 (47%) 23 (33%) *** #

Hypertriglyceridemia 14 (6%) 1 (3%) 12 (15%) 1 (1%) ** ++

Hyperuricemia 22 (10%) 1 (1%) 19 (24%) 2 (3%) *** +++

Coronary heart disease 4 (2%) 0 (0%) 4 (5%) 0 (0%)

Fatty liver disease 24 (11%) 1 (1%) 22 (28%) 1 (1%) *** +++

Degenerative diseases of the
musculoskeletal system 72 (33%) 2 (3%) 42 (53%) 28 (39%) *** ###

Medication

Insulin 4 (2%) 0 (0%) 4 (5%) 0 (0%)

DPP-4 antagonists/GLP-1 analogs 2 (1%) 0 (0%) 2 (3%) 0 (0%)

Other antidiabetics 9 (4%) 0 (0%) 9 (11%) 0 (0%) ** ++

Antipsychotics 26 (12%) 9 (13%) 11 (14%) 6 (8%)

SSRI/SNRI 45 (21%) 11 (16%) 20 (25%) 14 (19%)

Tricyclic antidepressants 25 (11%) 3 (4%) 10 (13%) 12 (17%) #

Other antidepressants 13 (6%) 3 (4%) 6 (7%) 4 (6%)

Tranquilizers, sedatives, hypnotics 4 (2%) 1 (1%) 1 (1%) 2 (3%)

Other psychopharmacological
medication 12 (5%) 0 (0%) 7 (9%) 5 (7%) * #

Opioids 19 (9%) 0 (0%) 10 (13%) 9 (13%) ** ##

Data are expressed as absolute numbers with percentages in parentheses. Differences between groups were
assessed using Kruskal–Wallis (age and BMI) and χ2 tests. Significant differences (without correction for mul-
tiplicity) between the AN and OB groups are displayed as * (p < 0.05), ** (p < 0.01), or *** (p < 0.001); between
the AN and NW groups as # (p < 0.05), ## (p < 0.01), or ### (p < 0.001), and between the NW and OB groups as
+ (p < 0.05), ++ (p < 0.01), or +++ (p < 0.001). Abbreviations: AN, anorexia nervosa; DPP-4, dipeptidyl peptidase-4
inhibitor; GLP-1, glucagon-like peptide-1; NW, normal weight; OB, obesity; SSRI, selective serotonin reuptake
inhibitors; SNRI, serotonin-norepinephrine reuptake inhibitors.

As expected, type 2 diabetes mellitus, impaired glucose tolerance, insulin resistance,
arterial hypertension, hyperuricemia, and fatty liver disease (p < 0.001), as well as hyper-
triglyceridemia (p < 0.01), were more common in patients with OB than in AN and NW
(Table 1). No significant differences were found between groups in terms of medication
taken, except for antidiabetics other than insulin and DPP-4-antagonists/GLP-1 analogs
(mostly metformin), which were more common in OB than NW and AN (p < 0.01) and
for opioids (p < 0.01) and other psychopharmacological medication (p < 0.05), which were
more common in NW and OB than AN. In the NW group, tricyclic antidepressants were
more often prescribed than in the AN group (p < 0.05, Table 1).

3.2. Body Composition, Physical Activity, Energy Expenditure, and Psychometric Characteristics
of the Study Population

Data on body composition were available for 191 (57 AN, 71 OB, 63 NW), acceleromet-
ric data for 121 (27 AN, 47 OB, 47 NW), and psychometric questionnaires for 218 (GAD-7),
209 (PHQ-9), 214 (PSQ-20), and 195 (EDI-2) of the 219 women (Table 2).

Patients of all three groups showed significant differences from each other in terms
of fat mass, fat free mass, body cell mass, and total body water, with the highest values
in OB and the lowest in AN (p < 0.001; Table 2). Extracellular mass differed between AN
and OB (p < 0.001), as well as NW and OB (p < 0.001), with higher values in OB (Table 2).
Lower values were observed for phase angles in AN compared to OB (p < 0.001) and NW
(p < 0.001; Table 2).
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Table 2. Endocrine parameters, body composition, physical activity, energy expenditure, and patient-
reported outcomes of the study populations.

Parameter n AN n OB n NW Significance

Endocrine parameter

Plasma spexin (ng/mL) 68 0.47 ± 0.16 (0.12–0.90) 79 0.41 ± 0.13 (0.16–0.74) 72 0.43 ± 0.17 (0.09–1.04) *

Bioelectrical impedance analysis

Fat mass (kg) 57 2.0 ± 4.4 (−7.0–11.9) 71 58.7 ± 21.4 (30–120.5) 63 18.2 ± 4.8 (10.9–31.1) *** ### +++

Fat mass (%) 57 3.4 ± 11.3 (−25.4–27.8) 71 49.9 ± 6.2 (37.8–62) 63 29.0 ± 5.2 (19.7–41.7) *** ### +++

Total body water (L) 57 28.0 ± 3.9 (19.4–38) 71 41.1 ± 6.2 (30.6–57.2) 63 32.2 ± 3 (26.1–40.5) *** ### +++

Phase angle 57 4.2 ± 1 (1.4–6.1) 71 5.5 ± 0.7 (2.9–7.0) 63 5.3 ± 0.7 (3.3–6.5) *** ###

Fat free mass (kg) 57 38.3 ± 5.3 (26.5–51.9) 71 56.1 ± 8.5 (41.8–78.1) 63 44.0 ± 4.1 (35.7–55.3) *** ### +++

Extracellular mass (kg) 57 22.4 ± 5.1 (5.9–41.9) 71 28.6 ± 4.6 (21.0–40.2) 63 22.9 ± 3.1 (17.3–36.2) *** +++

Body cell mass (kg) 57 15.7 ± 4 (4.1–22.2) 71 27.6 ± 4.8 (16.7–39.2) 63 21.1 ± 2.4 (15.9–26.5) *** ### +++

Accelerometric measurement

Number of steps/day 27 11,820 ± 7090 (1736–37,750) 47 7511.4 ± 3306.3 (1344–17,540) 47 9192 ± 3320 (2797–18,897) *** +

MET/day 27 1.7 ± 0.2 (1.4–2.4) 47 1.1 ± 0.1 (0.8–1.5) 47 1.4 ± 0.2 (1.1–1.7) *** ### +++

TEE (kcal/kg/day) 27 1715 ± 258 (1277–2427) 47 2961.2 ± 674.9 (1953.6–4753.8) 47 2055 ± 220 (1527–2661) *** ## +++

EAT (kcal/kg/day) 27 139.9 ± 87.1 (5.0–400) 47 65.3 ± 44.2 (0–202) 47 100.6 ± 47.1 (22–219) *** +++

NEAT (kcal/kg/day) 27 655.5 ± 127.9 (463–998) 47 694.9 ± 313.7 (63–1575) 47 411.2 ± 132.7 (119–800) ### +++

Patient-reported outcomes

GAD-7 67 12.0 ± 4.6 (1–19) 79 10.1 ± 5.8 (0–21) 72 10.4 ± 5.6 (0–21)

PHQ-9 62 14.6 ± 6.1 (2–27) 75 12.7 ± 6.6 (1–26) 72 11.5 ± 5.8 (0–27) ##

PSQ-20 65 60.6 ± 18.2 (13.3–95) 77 58.4 ± 21 (11.7–98.3) 72 56.2 ± 21.4 (5–90)

Worries 65 60.2 ± 25.5 (0–100) 77 57.7 ± 26.8 (0–100) 72 51 ± 27.5 (0–100)

Tension 65 70.9 ± 22.1 (20–100) 77 64.8 ± 26.5 (7–100) 72 63.8 ± 26.5 (0–100)

Joy 65 33.8 ± 22.4 (0–86.7) 77 38.1 ± 23.2 (0–100) 72 38.7 ± 23.3 (0–100)

Demands 65 45.1 ± 26.3 (0–93.3) 77 49.1 ± 24.4 (0–100) 72 48.5 ± 28.2 (0–100)

EDI-2 total 56 48.2 ± 13 (13–80) 69 49.1 ± 13.6 (22–84) 70 31.1 ± 14.2 (5–77) ### +++

Drive for thinness 56 55.1 ± 30.9 (0–97) 69 59 ± 21.3 (14–97) 70 23.2 ± 21.2 (0–86) ### +++

Bulimia 56 22.4 ± 23 (0–91) 69 24.3 ± 21.7 (0–94) 70 6.9 ± 14.2 (0–91) ### +++

Body dissatisfaction 56 63.1 ± 18.7 (4–100) 69 83.6 ± 16.1 (47–100) 70 39.7 ± 23.1 (0–100) *** ### +++

Ineffectiveness 56 48.2 ± 18.9 (16–86) 69 46.5 ± 20.9 (6–90) 70 34.8 ± 18.9 (4–86) ### ++

Perfectionism 56 51.4 ± 20.7 (10–100) 69 43.2 ± 22.6 (3–97) 70 37 ± 22.8 (0–87) * ###

Interpersonal distrust 56 47.9 ± 18.8 (6–89) 69 47.6 ± 18.8 (6–89) 70 39.3 ± 17.9 (6–94) # +

Interoceptive awareness 56 45.6 ± 15.2 (12–86) 69 39.1 ± 17.3 (2–90) 70 26.7 ± 16.1 (4–64) * ### +++

Maturity fears 56 48.7 ± 19.2 (10–90) 69 45.1 ± 17.6 (10–100) 70 39 ± 17.2 (8–78) ## +

Data are expressed as mean ± standard deviation and range in parentheses. Differences between groups were
assessed using a Kruskal–Wallis test for non-parametric data and ANOVA for parametric data. Negative fat mass
values in bioelectrical impedance analysis are possible in severely underweight patients, due to the manufacturer’s
algorithms being calculated primarily for normal weight subjects. Significant differences (without correction for
multiplicity) between AN and OB groups are displayed as * (p < 0.05), or *** (p < 0.001); between AN and NW
groups as # (p < 0.05), ## (p < 0.01), or ### (p < 0.001) and between NW and OB groups as + (p < 0.05), ++ (p < 0.01),
or +++ (p < 0.001). Abbreviations: AN, anorexia nervosa; EAT, exercise-related activity thermogenesis (energy
expenditure of more than three metabolic equivalents of a task); EDI-2, Eating Disorder Inventory-2; GAD-7,
Generalized Anxiety Disorder-7; MET, metabolic equivalents of tasks; NEAT, non-exercise-related activity; NW,
normal weight; OB, obesity; PHQ-9, Patient Health Questionnaire-9; PSQ-20, Perceived Stress Questionnaire-20;
TEE, total energy expenditure.

With regard to physical activity, patients with OB performed less steps per day than
NW (p < 0.05) and AN (p < 0.001; Table 2). All three groups differed from each other
concerning MET per day and TEE, with the highest MET levels in AN followed by NW
and OB (p < 0.001); and the highest TEE in OB, followed by NW and AN (p < 0.01; Table 2).
In NW subjects, NEAT was lower (p < 0.001) and EAT higher (p < 0.001) than in OB. NEAT
was also lower in NW than in AN (p < 0.001; Table 2). EAT levels were lower in OB in
comparison to AN and NW (p < 0.001; Table 2).
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As shown in Table 2, there were no differences between groups regarding anxiety
(GAD-7; p > 0.05) and perceived stress (PSQ-20 including all subscales; p > 0.05), while
patients with AN exhibited higher depression scores than NW (PHQ-9; p < 0.01).

Regarding EDI-2 total scores, patients with AN and OB did not differ from each other
(p > 0.05) but displayed higher scores than NW subjects (p < 0.001; Table 2). All three groups
differed from each other in the EDI-2 subscale “body dissatisfaction”, with the highest scores
in OB followed by AN and NW (p < 0.001; Table 2) and in “interoceptive awareness”, with
the lowest scores in NW (p < 0.001 vs. AN and OB) and the highest in AN (p < 0.05 vs. OB;
Table 2). Moreover, the NW group showed the lowest, and AN and OB groups similar scores
for the subscales “drive for thinness”, “bulimia” (p < 0.001), “ineffectiveness” (p < 0.01),
“maturity fears”, and “interpersonal distrust” (p < 0.05). Furthermore, patients with AN
displayed a higher “perfectionism” level than patients with OB (p < 0.05) and NW (p < 0.001;
Table 2).

3.3. Spexin Is Negatively Associated with Body Mass Index and Fat Mass but Not with Physical
Activity or Energy Expenditure

The results of correlation analyses of body composition, physical activity, and energy
expenditure, as well as psychometric parameters, with SPX are presented in Table 3.

Table 3. Correlations of body mass index, body composition, physical activity, energy expenditure,
and patient-reported outcomes with spexin.

Parameter
All Subjects

n = 219
Anorexia Nervosa

n = 68
Obesity
n = 79

Normal Weight
n = 72

r p r p r p r p

Body mass index (kg/m2) −0.149 0.027 −0.204 0.097 0.095 0.404 0.145 0.226

Bioelectrical impedance analysis

Fat mass (kg) −0.149 0.04 −0.149 0.27 0.138 0.252 0.198 0.12

Fat mass (%) −0.159 0.028 −0.15 0.266 0.086 0.473 0.157 0.218

Total body water (L) −0.082 0.259 0.102 0.451 0.113 0.349 0.14 0.272

Phase angle −0.095 0.193 −0.111 0.409 0.061 0.613 0.065 0.613

Fat free mass (kg) −0.084 0.249 0.103 0.446 0.112 0.353 0.135 0.291

Extracellular mass (kg) −0.037 0.611 0.097 0.474 0.054 0.654 0.105 0.413

Body cell mass (kg) −0.089 0.219 −0.042 0.754 0.112 0.354 0.166 0.193

Accelerometric measurement

Number of steps/day 0.049 0.597 0.258 0.193 −0.067 0.652 −0.044 0.767

MET/day 0.151 0.099 0.252 0.205 −0.034 0.821 −0.178 0.232

TEE (kcal/kg/day) −0.166 0.069 −0.054 0.788 −0.014 0.925 0.159 0.287

EAT (kcal/kg/day) 0.076 0.41 0.164 0.413 −0.059 0.692 −0.058 0.701

NEAT (kcal/kg/day) 0.021 0.820 −0.083 0.682 −0.103 0.490 0.051 0.733

Patient-reported outcomes

GAD-7 −0.071 0.298 −0.125 0.312 0.029 0.802 −0.186 0.118

PHQ-9 −0.048 0.487 −0.027 0.836 0.128 0.274 −0.2 0.092

PSQ-20 total −0.031 0.655 0.008 0.952 0.085 0.464 −0.185 0.12

Worries −0.12 0.079 −0.078 0.539 −0.004 0.974 −0.334 0.004

Tension 0.018 0.792 −0.02 0.874 0.057 0.621 −0.093 0.436

Joy −0.023 0.74 −0.046 0.715 −0.197 0.085 0.212 0.073

Demands −0.018 0.792 0.105 0.404 −0.058 0.617 −0.008 0.946

EDI-2 total 0.066 0.361 −0.024 0.859 0.182 0.135 −0.006 0.961

Drive for thinness 0.022 0.764 −0.156 0.251 0.083 0.499 −0.099 0.417
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Table 3. Cont.

Parameter
All Subjects

n = 219
Anorexia Nervosa

n = 68
Obesity
n = 79

Normal Weight
n = 72

r p r p r p r p

Bulimia 0.027 0.71 −0.039 0.774 0.084 0.491 −0.004 0.977

Body dissatisfaction 0.005 0.946 −0.045 0.742 0.104 0.397 0.067 0.58

Ineffectiveness 0.029 0.692 −0.069 0.613 0.195 0.109 −0.134 0.268

Perfectionism 0.08 0.264 0.122 0.37 0.044 0.72 0.047 0.696

Interpersonal distrust 0.092 0.202 0.147 0.281 0.196 0.106 0.014 0.909

Interoceptive awareness 0.018 0.802 −0.071 0.604 0.057 0.643 −0.045 0.711

Maturity fears 0.043 0.554 0.173 0.203 0.149 0.22 −0.233 0.053

Correlations were assessed using Pearson’s or Spearman’s analyses. Significant correlations are indicated in bold.
Abbreviations: EAT, exercise-related activity thermogenesis (energy expenditure of more than three MET); EDI-2,
Eating Disorder Inventory-2; GAD-7, Generalized Anxiety Disorder-7; MET, Metabolic equivalents of tasks; NEAT,
non-exercise-related activity; PHQ-9, Patient Health Questionnaire-9; PSQ-20, Perceived Stress Questionnaire-20;
TEE, Total energy expenditure.

In the whole study population, the mean plasma SPX concentration was 0.436 ± 0.153 ng/mL
(range: 0.092–1.035 ng/mL). SPX levels were found to be significantly higher in AN than OB
(p < 0.05) and did not differ between the other groups (p > 0.05; Table 2). This was reflected
by a negative correlation of peripheral SPX with BMI in the whole study group (r = −0.149;
p = 0.027; Figure 1A). Plasma SPX was also negatively associated with absolute (r = −0.149;
p = 0.04; Figure 1B) and relative (r = −0.159; p = 0.028; Table 3) fat mass. No relationships
were observed between circulating SPX and other parameters of body composition, as
measured by bioelectrical impedance analysis (p > 0.05; Table 3).

Figure 1. Correlations of spexin with (A) BMI and (B) fat mass (kg) in the whole study population.
Negative fat mass values in bioelectrical impedance analysis are possible in severely underweight
patients, due to the manufacturer’s algorithms being calculated primarily for normal weight subjects.
Abbreviation: BMI, body mass index.

We observed no associations between SPX and all measured parameters of physical
activity (steps/day, MET/day; p > 0.05) and energy expenditure (TEE, EAT, NEAT; p > 0.05;
Table 3).

3.4. SPX Is Not Correlated with Depressiveness, Anxiety, Perceived Stress, and Eating Disorder
Pathology in the Whole Study Group

No significant associations between SPX and anxiety (GAD-7), depressiveness (PHQ-9),
eating disorder pathology (EDI-2), and perceived stress (PSQ-20) total score were observed
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in the whole study group (Figure 2; Table 3). The PSQ-20 subscale “worries” showed a
negative correlation with SPX in the NW group (r = −0.334, p = 0.004; Table 3).

Figure 2. Correlations between (A) spexin and anxiety (GAD-7), (B) perceived stress (PSQ-20 total
score), (C) depressiveness (PHQ-9), (D) and eating disorder pathology(EDI-2 total score). Abbrevia-
tions: EDI-2, Eating Disorder Inventory-2; GAD-7, Generalized Anxiety Disorder-7; PHQ-9, Patient
Health Questionnaire-9; PSQ-20, Perceived Stress Questionnaire-20.

4. Discussion

The current study investigated the relationship between plasma SPX levels and ob-
jectively assessed PA, body composition, and patient-reported outcomes in a group of
hospitalized adult women over a wide BMI range. In the whole study population, we
showed a weak but statistically significant negative correlation between SPX and BMI, as
well as SPX and body fat mass. However, we could not observe any relationships between
SPX and parameters of physical activity and SPX and depressiveness, anxiety, stress, and
eating disorder psychopathology.

The negative correlation between SPX and body fat mass is in line with earlier ob-
servations in adult individuals with obesity, in which a negative association between SPX
and body fat percentage was reported [38]. Consistent with this, significantly lower SPX
levels were reported in children with high compared to normal fat mass [39]. In one study,
no correlation was found between SPX and body fat percentage [12], although this could
be explained by the fact that the participants did not differ as much in BMI and body fat
percentage as in our study. SPX is reduced after glucose load [4] and leads to lipolysis [5],
which could explain the observed negative correlation of SPX with BMI and fat mass, and
this would point toward SPX being responsible for the reduction in fat mass and not vice
versa and could help to understand SPX’s decrease in the peripheral circulation.

We did not observe any correlations between SPX and eating disorder symptoms as
measured by EDI-2. As already mentioned in the introduction, several studies in animal
models showed that SPX affects the levels of anorexigenic and orexigenic hormones and its
effects result in suppression of food intake through a decrease of orexigenic peptides (AgRP,
NPY, orexin) [13,15,40] or upregulation in mRNA expression of anorexigenic peptides
(CCK, POMC, MCH) [15], predominantly in the hypothalamus. In addition, a fasting
period led to a decline in SPX levels in the forebrain [41], and repeated daily intraperitoneal
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administration of SPX reduced both the meal size and meal duration, leading to weight
loss in animals [6]. However, to date, no study has shown a direct effect of SPX on eating
behavior in humans. A study that analyzed the effects of weight gain during inpatient treat-
ment on SPX levels in AN indicated no significant results [42]. Nevertheless, some studies
showed a negative association between SPX and leptin [43,44]. Leptin suppresses food
intake and leads to weight loss [45]. In blood serum in patients with AN, it is downregu-
lated, which is primarily attributed to the reduced mass of adipose tissue, where peripheral
leptin is primarily expressed [46]. Perhaps low leptin also reduces its anorexigenic effects
and represents a compensatory mechanism that protects, although insufficiently, against
further weight loss [47]. Since both SPX and leptin cause loss of appetite and are simultane-
ously negatively correlated, it could be claimed that their anorexigenic effects are based on
different mechanisms. Given its negative correlation with BMI, SPX, unlike leptin, may act
as a driver of weight loss rather than a mere satiety signal and may be one answer to why
AN persists or becomes a chronic condition. The fact that SPX was not associated with any
scale of the EDI-2 in the present study also suggests that impaired body image or impaired
eating habits are not responsible, even partly, for anorexigenic effects of SPX (observed in
animals) and the negative association between SPX and leptin (in humans), but that SPX
acts predominantly as a brain signal to induce weight loss. Therefore, one might conclude
that SPX is not involved in the pathogenesis of AN in terms of impaired eating habits as
an expression of eating disorder psychopathology. Longitudinal studies simultaneously
measuring leptin and SPX in eating disorders and adjusting for BMI and body fat mass are
needed, to further investigate the relationship between SPX and leptin and the function of
SPX in eating disorders.

As reported, we also did not observe an association between plasma SPX levels
and physical activity, as accelerometrically measured with a SenseWear® armband. This
findingdoes not support the findings of a recent study suggesting that SPX could work as
an indicator of response to physical activity [9] or correlate with results from an animal
study conducted in mice showing increased SPX mRNA expression in muscle tissue and
increased concentration in blood serum after exercise [48]. However, a possible explanation
for these inconsistent findings could be that, in the present study, PA was measured only
cross-sectionally, whereas associations may be detectable only over time or only in subjects
responding to exercise. Additionally, SPX might be associated only with voluntary PA, or
only in obesity but not in AN and, therefore, might not be associated with the hyperactivity
observed in patients with AN. It could also be speculated that the intensity of daily PA, as
captured in our study by measuring steps per day, does not increase circulating SPX levels,
as in exercise training as reported in men with type 2 diabetes might [49].

We did not identify any association between SPX levels and anxiety (GAD-7), de-
pressiveness (PHQ-9), or perceived stress (PSQ-20). This supports the results of a study
conducted in adolescent inpatients with AN, where no associations with depressiveness
(measured by BDI), eating disorder symptoms (EAT-26), or obsessive-compulsive disorder
symptoms (Y-BOCS) were observed [42]. However, this study did not include any experi-
mental design to investigate the causal relationship between SPX release and psychometric
parameters. To date, a possible relationship between (psychological) stress reaction and
peripheral SPX has only been demonstrated in animals. One study indicated that overex-
pression of SPX1 (one of two SPX orthologs occurring in zebrafish) in the dorsal habenula
reduced anxiety-associated behaviors in zebrafish [22]. In addition, in mice in which anxi-
ety was induced, SPX mRNA expression was reduced in the hippocampus, whereas CRF
mRNA expression was upregulated [21]. Furthermore, CRF treatment has been shown
to decrease SPX expression [21], and fish chronically stressed by social defeat exhibited
upregulated cortisol and SPX levels in the brain [20]. Thus, studies in animals indicate a
role for SPX in the regulation of stress, emotion, and behavior, which may also apply to
humans. Therefore, further investigations of changes in peripheral SPX levels following
interventions inducing stress or anxiety, e.g., by using stress paradigms such as the Trier
social stress test, are needed. However, the investigation of alterations of cerebral SPX
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expression in humans would require using molecular imaging for peptide detection (such
as the nanoflow liquid chromatography-mass spectrometry in combination with invasive
microdialysis or the less invasive, but requiring the use of radioactive substances, positron
emission tomography [50]). Nonetheless, at present, the known peptide monitoring meth-
ods are very expensive and not widespread. Moreover, the fact that repeated imaging
would be needed (at least once before and after the stress test) makes the above-mentioned
imaging techniques even more difficult to perform. In our explorative study, we did not
find any association between PA and stress, and SPX, nor in the whole study group or
in the subgroups (data not shown). Unfortunately, no studies investigated the effects of
SPX on stress-mediated PA. Since there is evidence in the literature that stress interferes
with PA [51], we suggest conducting an interventional study investigating changes in PA
patterns and stress-like-behaviors (e.g., using an elevated-zero-maze test) after peripheral
or central SPX injection.

The generalizability of the reported results is subject to certain limitations. First, BIA
and the SenseWear® armband device are well-established measures for the determination
of body composition and physical activity in clinical practice and research. However, BIA
might have limited validity in severely underweight subjects [52], and the SenseWear®

armband seems to slightly underestimate step counts, so the results must be interpreted
with caution [53]. Second, the present study was conducted under naturalistic conditions;
therefore, no healthy control group was employed. Consequently, we were unable to
compare study participants with and without mental disorders. However, the included
patients showed a wide range of psychological impairment on the different scales, so that
circulating SPX levels could be well related to the constructs of depressiveness, anxiety,
stress, and eating disorder pathology. In addition, the naturalistic design is also a strength,
since it reproduces real-world conditions during inpatient treatment. Third, the natural-
istic study design entails heterogeneity with regard to existing comorbidities, which are
potential confounders and could therefore have contributed to the weak or absent associa-
tions observed. Therefore, future studies with more stratified study populations and an
experimental research design should be conducted. Fourth, a cross-sectional study can only
show associations and not cause-effect relationships. Therefore, in addition to experimental
studies with healthy control groups, longitudinal studies are needed, to further examine
changes in peripheral SPX levels over the course of improvements under treatment. Lastly,
while studies in animals and humans indicate interrelations between SPX and the reproduc-
tive system [54], we did not assess menstrual status, and the intake of estrogen-containing
medications was not an exclusion criterion in our female study population.

In this exploratory study, our findings replicate the negative association between SPX
and both BMI and body fat. However, using a naturalistic and cross-sectional study design,
no associations between circulating SPX and both patient-reported outcomes and PA were
observed. Since animal studies indicated a possible effect of SPX on PA, anxiety, depres-
siveness, stress, and feeding behavior, further research in humans, employing longitudinal
and interventional studies in more homogenous and larger study samples, is required.
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23. Pałasz, A.; Suszka-Świtek, A.; Filipczyk, Ł.; Bogus, K.; Rojczyk, E.; Worthington, J.J.; Krzystanek, M.; Wiaderkiewicz, R.
Escitalopram Affects Spexin Expression in the Rat Hypothalamus, Hippocampus and Striatum. Pharmacol. Rep. 2016, 68,
1326–1331. [CrossRef] [PubMed]

24. Andre, D.; Pelletier, R.; Farringdon, J.; Safier, S.; Talbott, W.; Stone, R.; Vyas, N.; Trimble, J.; Wolf, D.; Vishnubhatla, S.; et al. The
Development Ofthe Sensewear®Armband, a Revolutionary Energy Assessment Device to Assess Physical Activity and Lifestyle; BodyMedia
Inc.: Pittsburgh, PA, USA, 2006.

25. Hofmann, T.; Elbelt, U.; Ahnis, A.; Kobelt, P.; Rose, M.; Stengel, A. Irisin Levels Are Not Affected by Physical Activity in Patients
with Anorexia Nervosa. Front. Endocrinol. 2014, 4, 202. [CrossRef] [PubMed]

26. Ainsworth, B.E.; Haskell, W.L.; Herrmann, S.D.; Meckes, N.; Bassett, D.R., Jr.; Tudor-Locke, C.; Greer, J.L.; Vezina, J.; Whitt-Glover,
M.C.; Leon, A.S. 2011 Compendium of Physical Activities: A Second Update of Codes and Met Values. Med. Sci. Sports Exerc.
2011, 43, 1575–1581. [CrossRef] [PubMed]

27. Levine, J.A. Non-Exercise Activity Thermogenesis (Neat). Best Pract. Res. Clin. Endocrinol. Metab. 2002, 16, 679–702. [CrossRef]
[PubMed]

28. Müller, M.J.; Bosy-Westphal, A.; Klaus, S.; Kreymann, G.; Lührmann, P.M.; Neuhäuser-Berthold, M.; Noack, R.; Pirke, K.M.;
Platte, P.; Selberg, O.; et al. World Health Organization Equations Have Shortcomings for Predicting Resting Energy Expenditure
in Persons from a Modern, Affluent Population: Generation of a New Reference Standard from a Retrospective Analysis of a
German Database of Resting Energy Expenditure. Am. J. Clin. Nutr. 2004, 80, 1379–1390. [CrossRef]

29. Fliege, H.; Rose, M.; Arck, P.; Walter, O.B.; Kocalevent, R.-D.; Weber, C.; Klapp, B.F. The Perceived Stress Questionnaire (Psq)
Reconsidered: Validation and Reference Values from Different Clinical and Healthy Adult Samples. Psychosom. Med. 2005, 67,
78–88. [CrossRef]

30. Levenstein, S.; Prantera, C.; Varvo, V.; Scribano, M.; Berto, E.; Luzi, C.; Andreoli, A. Development of the Perceived Stress
Questionnaire: A New Tool for Psychosomatic Research. J. Psychosom. Res. 1993, 37, 19–32. [CrossRef]

31. Spitzer, R.L.; Kroenke, K.; Williams, J.B.W.; Löwe, B. A Brief Measure for Assessing Generalized Anxiety Disorder: The Gad-7.
Arch. Intern. Med. 2006, 166, 1092–1097. [CrossRef]

32. Löwe, B.; Decker, O.; Müller, S.; Brähler, E.; Schellberg, D.; Herzog, W.; Herzberg, P.Y. Validation and Standardization of the
Generalized Anxiety Disorder Screener (Gad-7) in the General Population. Med. Care 2008, 46, 266–274. [CrossRef]

33. Garner, D.M.; Olmstead, M.P.; Polivy, J. Development and Validation of a Multidimensional Eating Disorder Inventory for
Anorexia Nervosa and Bulimia. Int. J. Eat. Disord. 1983, 2, 15–34. [CrossRef]

34. Thiel, A.; Jacobi, C.; Horstmann, S.; Paul, T.; Nutzinger, D.O.; Schüssler, G. A German Version of the Eating Disorder Inventory
Edi-2 Psychother. Psychosom. Med. Psychol. 1997, 47, 365–376.

35. Löwe, B.L.S.R.; Spitzer, R.L.; Zipfel, S.; Herzog, W. Gesundheitsfragebogen Für Patienten (Phq-D). Komplettversion Kurzform.
Testmappe Man. Fragebögen Schablonen 2002, 2, 90–93.

36. Spitzer, R.L.; Kroenke, K.; Williams, J.B. Validation and Utility of a Self-Report Version of Prime-Md: The Phq Primary Care Study.
Primary Care Evaluation of Mental Disorders. Patient Health Questionnaire. JAMA 1999, 282, 1737–1744. [CrossRef]

37. Gilbody, S.; Richards, D.; Brealey, S.; Hewitt, C. Screening for Depression in Medical Settings with the Patient Health Questionnaire
(Phq): A Diagnostic Meta-Analysis. J. Gen. Intern. Med. 2007, 22, 1596–1602. [CrossRef]

38. Atabey, M.; Aykota, M.R.; Özel, M.I.; Arslan, G. Short-Term Changes and Correlations of Plasma Spexin, Kisspeptin, and Galanin
Levels after Laparoscopic Sleeve Gastrectomy. Surg. Today 2021, 51, 651–658. [CrossRef]

39. Behrooz, M.; Vaghef-Mehrabany, E.; Moludi, J.; Ostadrahimi, A. Are Spexin Levels Associated with Metabolic Syndrome, Dietary
Intakes and Body Composition in Children? Diabetes Res. Clin. Pract. 2020, 172, 108634. [CrossRef]

40. Lv, S.; Zhou, Y.; Feng, Y.; Zhang, X.; Wang, X.; Yang, Y.; Wang, X. Peripheral Spexin Inhibited Food Intake in Mice. Int. J. Endocrinol.
2020, 2020, 4913785. [CrossRef]

41. Wu, H.; Lin, F.; Chen, H.; Liu, J.; Gao, Y.; Zhang, X.; Hao, J.; Chen, D.; Yuan, D.; Wang, T.; et al. Ya-Fish (Schizothorax prenanti)
Spexin: Identification, Tissue Distribution and Mrna Expression Responses to Periprandial and Fasting. Fish Physiol. Biochem.
2016, 42, 39–49. [CrossRef]
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D.; Nowak, K.W.; Kołodziejski, P.A. Spexin Promotes the Proliferation and Differentiation of C2c12 Cells in Vitro-the Effect of
Exercise on Spx and Spx Receptor Expression in Skeletal Muscle in Vivo. Genes 2021, 13, 81. [CrossRef]

49. Mohammadi, A.; Bijeh, N.; Moazzami, M.; Khodaei, K.; Rahimi, N. Effect of Exercise Training on Spexin Level, Appetite, Lipid
Accumulation Product, Visceral Adiposity Index, and Body Composition in Adults with Type 2 Diabetes. Biol. Res. Nurs. 2021,
24, 10998004211050596. [CrossRef]

50. Su, Y.; Bian, S.; Sawan, M. Real-Time in Vivo Detection Techniques for Neurotransmitters: A Review. Analyst 2020, 145, 6193–6210.
[CrossRef]

51. Stults-Kolehmainen, M.A.; Sinha. R. The Effects of Stress on Physical Activity and Exercise. Sports Med. 2014, 44, 81–121.
[CrossRef] [PubMed]

52. yle, U.G.; Bosaeus, I.; De Lorenzo, A.D.; Deurenberg, P.; Elia, M.; Gómez, J.M.; Heitmann, B.L.; Kent-Smith, L.; Melchior, J.-C.;
Pirlich, M.; et al. Bioelectrical Impedance Analysis-Part II: Utilization in Clinical Practice. Clin. Nutr. 2004, 23, 1430–1453.
[CrossRef]

53. Storm, F.A.; Heller, B.W.; Mazzà, C. Step Detection and Activity Recognition Accuracy of Seven Physical Activity Monitors. PLoS
ONE 2015, 10, e0118723. [CrossRef] [PubMed]

54. Tran, A.; He, W.; Chen, J.T.; Belsham, D.D. Spexin: Its Role, Regulation, and Therapeutic Potential in the Hypothalamus. Pharmacol.
Ther. 2021, 233, 108033. [CrossRef] [PubMed]

309





Citation: Wiecha, S.; Kasiak, P.S.;
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Abstract: Background: Properly performed training is a matter of importance for endurance athletes
(EA). It allows for achieving better results and safer participation. Recently, the development of machine
learning methods has been observed in sports diagnostics. Velocity at anaerobic threshold (VAT), respira-
tory compensation point (VRCP), and maximal velocity (Vmax) are the variables closely corresponding
to endurance performance. The primary aims of this study were to find the strongest predictors of
VAT, VRCP, Vmax, to derive and internally validate prediction models for males (1) and females (2) un-
der TRIPOD guidelines, and to assess their machine learning accuracy. Materials and Methods: A
total of 4001 EA (nmales = 3300, nfemales = 671; age = 35.56 ± 8.12 years; BMI = 23.66 ± 2.58 kg·m−2;
VO2max = 53.20 ± 7.17 mL·min−1·kg−1) underwent treadmill cardiopulmonary exercise testing (CPET)
and bioimpedance body composition analysis. XGBoost was used to select running performance predic-
tors. Multivariable linear regression was applied to build prediction models. Ten-fold cross-validation was
incorporated for accuracy evaluation during internal validation. Results: Oxygen uptake, blood lactate,
pulmonary ventilation, and somatic parameters (BMI, age, and body fat percentage) showed the highest
impact on velocity. For VAT R2 = 0.57 (1) and 0.62 (2), derivation RMSE = 0.909 (1); 0.828 (2), validation
RMSE = 0.913 (1); 0.838 (2), derivation MAE = 0.708 (1); 0.657 (2), and validation MAE = 0.710 (1); 0.665 (2).
For VRCP R2 = 0.62 (1) and 0.67 (2), derivation RMSE = 1.066 (1) and 0.964 (2), validation RMSE = 1.070 (1)
and 0.978 (2), derivation MAE = 0.832 (1) and 0.752 (2), validation MAE = 0.060 (1) and 0.763 (2). For
Vmax R2 = 0.57 (1) and 0.65 (2), derivation RMSE = 1.202 (1) and 1.095 (2), validation RMSE = 1.205 (1)
and 1.111 (2), derivation MAE = 0.943 (1) and 0.861 (2), and validation MAE = 0.944 (1) and 0.881 (2).
Conclusions: The use of machine-learning methods allows for the precise determination of predictors of
both submaximal and maximal running performance. Prediction models based on selected variables are
characterized by high precision and high repeatability. The results can be used to personalize training
and adjust the optimal therapeutic protocol in clinical settings, with a target population of EA.

Keywords: velocity; respiratory compensation point; anaerobic threshold; endurance training;
running; prediction models; machine learning

1. Introduction

The benefits of regular physical exercise are widely debated and include reducing the
risk of obesity [1] or cardiovascular diseases [2]. On the other hand, improperly performed
training with excessive intensity may negatively affect the organism’s homeostasis and
increase the risk of injury [3].
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The concept of anaerobic threshold (AT) is widely discussed in exercise physiology [4].
As envisioned by Karlman Wasserman, the AT linked the increase in blood lactate concen-
tration ([La−]b), during a strenuous incremental cardiopulmonary exercise test (CPET),
with an excess arterial CO2 accumulation and its further pulmonary output [5]. Above
the AT, [La−]b increase leads to temporary acidosis. The endurance capacity of the whole
system is usually sufficiently high to cope with the incoming state [6]. During steady-state
exercise with intensity above the AT, an equilibrium in [La−]b appearance and its elim-
ination is observed [6]. Thus, AT is a useful practical indicator to provide personalized
training recommendations (with the aim of adjusting exercise intensity to set goals) and
load monitoring [7].

The respiratory compensation point (RCP) is the intensity at which arterial CO2 begins
to decrease during demanding activity due to breathing capacity [8]. Above the RCP,
the intensity of acidic ion accumulation exceeds their systemic or respiratory elimination
abilities and indicates reduced endurance capacity. This leads to an over-decrease in the
serum pH during graded exercise. This threshold indicates how long a high-intensity effort
can be sustained [9].

The velocity at the anaerobic threshold (VAT), at the respiratory compensation point
(VRCP), and at its maximum (Vmax) play an essential position in the endurance performance
assessment, both for professional and recreational endurance athletes (EA), as well as for
the general population under clinical conditions [10,11].

These variables are the shift points of aerobic exercise to anaerobic metabolism and can
be used as one of the parameters to evaluate the maximum endurance capacity [7]. More-
over, they closely positively correlate with exercise abilities [4]. They could be incorporated
into the prescription for the advancement of training plans [7] or competition strategies [12]
for special and narrow populations (e.g., EA), and in sports diagnostics whenever con-
trolled running intensity is required (i.e., in clinical CPET) [7]. Furthermore, currently, these
variables most closely correspond to the EA critical power sustainability [13,14].

Apart from Vmax, maximal aerobic speed (MAS), which is directly related to VO2max,
is another important aspect of overall performance evaluation. However, as the aim of this
research is to predict Vmax, we recommend that further studies should be performed to
analyze the MAS.

Numerous parameters, such as heart rate (HR), oxygen uptake (VO2), or anthropo-
metric data (i.e., height, age, and gender), are widely discussed in the development of
multivariable prediction models that provide an increasingly more suitable alternatives to
direct CPET measurements [15].

Several studies have attempted to develop and validate various non-invasive pre-
diction equations for different sports performance measurements (i.e., for HR, VO2, and
others) [11,15,16]. However, they were mostly conducted on general populations or on
small athletic samples, and thus, they can only be extrapolated to a low degree [17]. In addi-
tion, their methodology is widely variable, and only a few of them fulfilled recommended
TRIPOD guidelines [18]. Thus, the actual number of VAT, VRCP, and Vmax predictive mod-
els is limited, despite being significant measures of endurance capacity [19,20]. Moreover,
although the variables influencing the running performance are well researched, the au-
thors have not yet assessed how accurately they can be used to estimate running velocity
by further including them in prediction models.

The aims of this study were: (1) to find the somatic and CPET variables that are the
most responsible for running velocity, (2) to develop a prediction method for VAT, VRCP,
and Vmax, in accordance with TRIPOD recommendations [18], (3) to internally validate the
obtained formulae, (4) to assess the accuracy of the current machine-learning abilities to
predict running velocity based on the primarily determined variables, and (5) to evaluate
practical applications of such an approach in sports or clinical conditions based on actual
knowledge regarding exercise physiology.
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2. Materials and Methods

The TRIPOD guidelines [18] have been applied to this research (see Supplementary Ma-
terial S1, TRIPOD Checklist for Prediction Model Development and Validation). This was a
retrospective data analysis from the registry of CPET performed in the years 2013–2021 at a
tertiary care sports diagnostic clinic (SportsLab Clinic, Warsaw, Poland, www.sportslab.pl).

2.1. Ethical Approval

The study protocol was approved by the Institutional Review Board of the Bioethical
Committee at the Medical University of Warsaw (AKBE/32/2021) and met the necessary
regulations of the Declaration of Helsinki. Mandatory written consents to undergo in-
cremental CPET were obtained from each EA before participating in the study. Written
informed consent for participation was not required for this study, in accordance with the
national legislation and the institutional requirements

2.2. Study Design

Participants were endurance runners who underwent CPET on the treadmill (TE).
The tests were performed according to individual requests of the EA as an element of the
training program prescription. Preliminary inclusion criteria were (1) age ≥ 18 years, and
(2) ≤±3 SD from mean for all of the tested variables included in Table 1 (only the lowest or
the weakest extreme outliers were excluded). Exclusion criteria were (1) CPET was not per-
formed on the TE, (2) any acute or chronic medical condition (including the musculoskeletal
system, or addictions), (3) ongoing pharmacological treatment, and (4) smoking. To ensure
that each subject reached maximum effort during the CPET, we applied the additional se-
lection protocol consisting of the fulfillment ≥ 6 of the following criteria: (1) plateau in VO2
(growth < 100 mL·min−1 in VO2 with exercise workload increase), (2) respiratory exchange
ratio (RER) ≥ 1.10, (3) respiratory frequency (fR) ≥ 45 breaths·min−1, (4) reported exertion
during CPET ≥ 18, according to the Borg scale, (5) [La−]b ≥ 8 mmol·L−1, (6) increase in
speed ≥ 10% of its RCP value post-exceeding the RCP, and (7) peak HR ≥ 15 beats·min−1

under predicted maximal HR [21]. For the entire selection procedure, along with the
exclusion data, see Figure 1.

Table 1. Participants’ basic anthropometric characteristics.

Variable (Unit)
Male

[n = 3330; 83.23%]
Female

[n = 671; 16.77%]
p-Value

Age (years) 35.90 (8.15) 33.86 (7.74) <0.0001
Height (cm) 179.58 (6.22) 167.19 (6.88) <0.0001

BM (kg) 77.72 (9.47) 60.60 (8.73) <0.0001
BMI (kg·m−2) 24.07 (2.44) 21.64 (2.38) <0.0001

BF (%) 15.49 (4.53) 22.04 (5.46) <0.0001
FM (kg) 12.29 (4.71) 13.47 (4.65) <0.0001

FFM (kg) 65.42 (6.47) 47.08 (6.36) <0.0001
Abbreviations: BM, body mass; BMI, body mass index; BF, body fat; FM, fat mass; FFM, fat-free mass. The contin-
uous value is presented as mean (SD), while the categorical value is shown as numbers (%), when appropriate.
Comparisons between subgroups (p-value) were obtained by Student’s t-test for independent variables.
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Figure 1. Flowchart of the preliminary inclusion and exclusion process. Abbreviations: EA, en-
durance athlete; CPET, cardiopulmonary exercise testing; SD, standard deviation; TE, treadmill; RER,
respiratory exchange ratio; VO2, oxygen uptake (mL·min−1·kg−1); [La−]b, lactate concentration
(mmol·L−1); fR, breathing frequency (breaths·min−1); RCP, respiratory compensation point; HRpeak,
peak heart rate (beats·min−1); HRmax, maximal heart rate (bpm). At both stages of the selection, some
participants met several (>1) exclusion criteria.
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2.3. Somatic, [La−]b Measurements, and CPET Protocol

First, body mass (BM) stratified by body fat (BF) and fat-free mass (FFM) measure-
ments were obtained via the bioimpedance method (BIA) using a body composition (BC)
analyzer (Tanita, MC 718, Tokyo, Japan) with the multifrequency of 5 kHz/50 kHz/250 kHz.
Conditions during BC and CPET were the same: 40 m2 indoor, air-conditioned area, 40–60%
humidity, temperature 20–22 ◦C, altitude 100 m ASL, and the subjects had their skin cleaned
before testing. In our standardized laboratory practice, each EA had received recovery
and dietary instructions via email a few days prior to testing to enable them to prepare
appropriately for the CPET and BC tests. Our recommendations included: eating a high
carbohydrate meal 2–3 h before the CPET and staying hydrated with sports drinks, and
female EAs were advised to be well beyond their menstrual phase [22]. They also received
information stating that the CPET would be performed on a mechanical TE and that they
should be familiar with the characteristics of this type of effort, as well as the running
technique involved.

Running tests were performed on a mechanical TE (h/p/Cosmos quasar, Nussdorf-
Traunstein, Germany). CPET indices were measured using the breath-by-breath method
during 15 s intervals [23], utilizing a Hans Rudolph V2 Mask (Hans Rudolph, Inc., Shawnee,
KS, USA), a gas exchange analyzing device Cosmed Quark CPET (Rome, Italy), and spe-
cialized software (Quark PFT Suite powered by Omnia 10.0E). The gas analyzer device
was calibrated prior to the testing protocol (16% O2; 5% CO2; ventilation accuracy ±2% or
100 mL·min−1). The analyzer measurement mode takes into account the manufacturer’s
standard settings, i.e., 3-step smoothing and removing erroneous breaths from the analysis.
HR was measured through the ANT+ and torso belt as a part of the Cosmed Quark set
(accuracy similar to ECG; ±1 beats·min−1). [La−]b was examined using a Super GL2 ana-
lyzer (Müller Gerätebau GmbH, Freital, Germany) employing an enzymatic-amperometric
electrochemical technique. The lactate analyzer was also calibrated before each round of
analysis for each participant.

CPET began with a 5 min preparatory protocol (walking or slow running at a de-
clared “conversation” pace). The primary speed was 7–12 km·h−1 at a 1% inclination (the
differences in the starting pace resulted from the training level of the participants and
were selected on the basis of an interview on their previous sports results). The pace was
increased by 1 km·h−1 every 2 min. VO2 or HR plateau (no increase in VO2 or HR with an
increase in CPET intensity) or volitional inability to maintain intensity was the moment
when the test was terminated [23,24]. Subjects were encouraged verbally to make a maxi-
mum effort. HR was considered the highest value at CPET (not averaged). Maximal VO2
was recorded as an average from stable VO2 in 10 s intervals directly before the termination
of the CPET [23,24]. AT and RCP were assessed via non-direct methods based on the venti-
latory concept. AT was achieved if the following measures were fulfilled: (1) VE/VO2 curve
started to grow with the constant VE/VCO2 curve and (2) end-tidal partial pressure of O2
started to grow with the constant end-tidal partial pressure of CO2 [25]. RCP was achieved
if the following measures were fulfilled: (1) a reduction in partial pressure of end-tidal
CO2 (PetCO2) after attaining a maximal intensity; (2) a fast nonlinear growth in VE (second
deflection); (3) the VE/VCO2 ratio achieved the lowest value and started to grow; and (4) a
nonlinear growth in VCO2 versus VO2 (linearity divergence) was achieved [25]. [La−]b
was assessed by obtaining a 20 μL blood sample from a fingertip: before the test, after
any speed increase, and 3 min after termination. A sample for [La−]b analysis was taken
during running without interruption or pace decrease. Each time, the sample was from the
same initial puncture. The first few drops were drained onto a swab and the proper blood
sample was drawn. In further analysis, the corresponding values of [La−]b for AT, RCP,
and maximal VO2 were determined.
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2.4. Data Analysis and Predictors Selection

Data were saved into an Excel file (Microsoft Corporation, Redmond, WA, USA) and
Python script. Further, they were calculated according to frequency (percentage) and mean
(±standard deviation; SD, or 95% confidence intervals; CI) for continuous variables and the
median for categorical variables. Intergroup differences (each was a continuous variable)
were calculated using the Student t-test for independent variables. If there were lacking
data (only for [La−]b; in 1190 cases for males and 266 cases for females in total), imputation
with the random forest method (RF) was applied to fill in the gaps [26,27].

The XGBoost machine learning approach was used to select variables with the highest
prediction value [28]. In order to select the variables, the population was divided into
3 groups: 60% for derivation (building group), 20% for testing (testing group), and the
remaining 20% for validation (validation group). After selection, 11 variables were included
in the further analysis: VO2max, VO2RCP, VO2AT, [La−]bRCP, [La−]bAT, VEmax, VERCP, age,
BM, BMI, and BF. Next, selected parameters were input into multiple linear regression
(MLR) modeling. As a result, only significant predictors (with p < 0.05) were included in the
final models. The derived equations are characterized by the coefficient of determination
(R2), root mean square error (RMSE), and mean absolute error (MAE). A 10-fold cross-
validation technique [29] and the Bland–Altman plots analysis [30] were used to establish
the model’s precision and accuracy during internal validation. To clarify, in the 10-fold cross-
validation, the population is divided into 10 random parts. The candidate model is built on
[10 − 1 = 9] training sets; then, the derived model is evaluated on the test set consisting of
the remaining one part. By respectively conducting building procedures on training sets
and validation on the test set 10 times, we chose the final formula with the lowest possible
inaccuracy validation score (defined in this paper as the lowest RMSE and MAE) [29].
Other implemented tests to reach the complete fulfillment of MLR modeling requirements
include Ramsey’s RESET test (for the correctness of specificity in MLR equations), the Chow
test (for stability assessment between different coefficients), and the Durbin–Watson test
(for autocorrelation of residuals). Each model was examined under the above-mentioned
requirements and any irregularities have not been noted.

Our comprehensive machine learning approach enables the evaluation of each formula
according to preliminary variable precision (at the stage of selection), accuracy (during
model building), and recall (in internal validation).

The Ggplot 2 package (version-6.0-90; Available from: https://cran.r-project.org/web/
packages/caret/index.html, accessed on 21 June 2022) in RStudio (R Core Team, Vienna,
Austria; version 3.6.4), GraphPad Prism (GraphPad Software; San Diego, CA, USA; ver-
sion 9.0.0 for Mac OS), and STATA software (StataCorp, College Station, TX, USA; version
15.1) were used for statistical analysis. A two-sided p-value < 0.05 was considered as the
significance borderline.

3. Results

3.1. Somatic Measurements and CPET Results

The participants’ anthropometric data are presented in Table 1. The full population
consisted of 4001 people, of which 3330 (83.23%) were male and 671 (16.77%) were female.
All data showed a normal distribution. The mean age was 35.90 ± 8.15 years for males and
33.86 ± 7.74 years for females and the overall age ranged from 18 up to 74 years. BMI was
24.07 ± 2.44 kg·m−2 for men, while women had 21.64 ± 2.38 kg·m−2. BF percentage was
relatively low, estimate at 15.49 ± 4.53 in males and 22.04 ± 5.46 in females. Significant
differences between genders has been observed for height (p < 0.0001), BM (p < 0.0001),
BMI (p < 0.0001), BF (p < 0.0001), and FFM (p < 0.0001).

CPET results are presented in Table 2. Among other measured variables, VAT was
10.97 ± 1.40 km·h−1 and 9.64 ± 1.36 km·h−1 for males and females, respectively. VRCP
was 14.02 ± 1.74 km·h−1 and 12.29 ± 1.68 km·h−1 for males and females, respectively. The
Vmax obtained during CPET was 16.07 ± 1.93 km·h−1 and 14.12 ± 1.85 km·h−1 for males
and females, respectively. The starting protocol velocity was 8.61 ± 1.28 km·h−1 for males
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and 7.60 ± 1.08 km·h−1 for females. When comparing both genders, significant differences
(all p < 0.0001) were found for all the measured variables except [La−]b at AT (p = 0.99),
maximal respiratory exchange ratio (p = 0.77), and maximal HR (p = 0.15).

Table 2. CPET characteristics.

Males [n = 3330] Females [n = 671]
p-Value

Variable (Unit) Mean CI SD Mean CI SD

VO2AT (mL·min−1·kg−1) 38.42 38.25–38.59 4.96 35.69 35.32–36.05 4.83 <0.0001
VO2AT (mL·min−1) 2955.15 2942.04–2968.26 385.79 2137.77 2113.25–2162.29 323.48 <0.0001

RERAT 0.87 0.87–0.87 0.04 0.86 0.85–0.86 0.04 <0.0001
HRAT (beats·min−1) 151.32 150.96–151.68 10.70 156.45 155.66–157.24 10.39 <0.0001

VEAT (L·min−1) 78.26 77.84–78.68 12.02 58.38 57.66–59.09 9.25 <0.0001
fRAT (breaths·min−1) 34.88 34.61–35.14 7.85 34.89 34.31–35.47 7.66 <0.0001
[La−]bAT (mmol·L−1); 1.95 1.92–1.98 0.67 1.86 1.80–1.93 0.66 0.99

VO2RCP (mL·min−1·kg−1) 47.59 47.37–47.81 6.10 43.05 42.56–43.55 6.14 <0.0001
VO2RCP (mL·min−1) 3642.72 3626.90–3658.54 465.70 2576.01 2545.15–2606.87 407.12 <0.0001

RERRCP 1.00 1.00–1.00 0.04 0.99 0.99–1.00 0.04 <0.0001
HRRCP (beats·min−1) 173.43 173.12–173.75 9.33 176.04 175.34–176.73 9.12 <0.0001

VERCP (L·min−1) 113.82 113.25–114.39 16.43 81.15 80.20–82.11 12.34 <0.0001
fRRCP (breaths·min−1) 44.19 43.91–44.48 8.52 43.09 42.49–43.68 7.87 <0.0001
[La−]bRCP (mmol·L−1); 4.53 4.49–4.58 1.07 4.19 4.09–4.29 1.02 <0.0001

VO2max (mL·min−1·kg−1) 54.10 53.87–54.34 6.93 48.73 48.23–49.24 6.67 <0.0001
VO2max (mL·min−1) 4176.37 4157.64–4195.09 551.09 2949.02 2911.51–2986.54 494.89 <0.0001

RERmax 1.12 1.12–1.12 0.04 1.12 1.12–1.12 0.04 0.76
HRmax (beats·min−1) 184.81 184.49–185.13 9.54 185.39 184.69–186.09 9.24 0.15

VEmax (L·min−1) 148.86 148.15–149.57 20.46 103.83 102.60–105.05 15.86 <0.0001
fRmax (breaths·min−1) 57.59 57.28–57.90 9.20 55.46 54.83–56.09 8.30 <0.0001
[La−]bmax (mmol·L−1); 9.91 9.82–10.00 2.02 9.08 8.88–9.28 1.93 <0.0001

VAT (km·h−1) 10.97 10.92–11.02 1.40 9.64 9.53–9.74 1.36 <0.0001
VRCP (km·h−1) 14.02 13.96–14.08 1.74 12.29 12.16–12.41 1.68 <0.0001
Vmax (km·h−1) 16.07 16.01–16.14 1.93 14.12 13.98–14.26 1.85 <0.0001

VS (km·h−1) 8.61 8.56–8.66 1.28 7.60 7.51–7.69 1.08 <0.0001

Abbreviations: CI, 95% confidence interval; SD, standard deviation; VO2AT, oxygen uptake at anaerobic threshold;
RERAT, respiratory exchange ratio at anaerobic threshold; HRAT, heart rate at anaerobic threshold; VEAT, pulmonary
ventilation at anaerobic threshold; fRAT, respiratory frequency at anaerobic threshold; [La−]bAT, lactate concentration
at anaerobic threshold; VO2RCP, oxygen uptake at respiratory compensation point; RERRCP, respiratory exchange
ratio at respiratory compensation point; HRRCP, heart rate at respiratory compensation point; VERCP, pulmonary
ventilation at respiratory compensation point; fRRCP, respiratory frequency at respiratory compensation point;
[La−]bmax, lactate concentration at respiratory compensation point; VO2max, maximal oxygen uptake; RERmax,
maximal respiratory exchange ratio; HRmax, maximal heart rate; VEmax, maximal pulmonary ventilation; fRmax,
maximal respiratory frequency; [La−]bmax, maximal lactate concentration; VAT, velocity at anaerobic threshold; VRCP,
velocity at respiratory compensation point; Vmax, maximal velocity; VS, protocol starting velocity. Comparisons
between subgroups (p-value) were obtained by Student t-test for independent variables.

3.2. Prediction Models for VAT, VRCP, and Vmax

Complete MLR prediction models for males and females are presented in Table 3 (left
columns), while Figure 2 shows their performance in the derivation cohort (illustrated as
an analysis of observed vs. predicted values). The importance of all CPET variables, based
on XGBoost selection, included in the modeling is presented in Figure 3. The following
variables showed the strongest impact in building the models: VO2, [La−], VE age, and
BMI. Model performance is presented as R2, along with RMSE and MAE. Briefly, R2 for
male equations ranged from 0.57 for VAT and Vmax to 0.62 for VRCP. For female formulae,
R2 ranged from 0.62 for VAT to 0.67 for VRCP. The obtained RMSE was the lowest for
the female VAT equation (=0.828) and the highest for the male Vmax (=1.202), while the
observed MAE was the lowest for the female VAT equation (=0.657) and the highest for
male Vmax (=0.944).
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Table 3. Running velocity prediction equations stratified by gender.

Model Category Multiple Linear Regression Equation R2

Derivation Group
Performance

Validation Group
Performance

RMSE MAE RMSE MAE

VAT
Males

8.00 − 0.01 · Age − 0.09 · BMI + 0.04 · VO2max +
0.09 · VO2AT − 0.65 · [La−]bAT + 0.01 · VERCP

0.57 0.909 0.708 0.913 0.710

VAT
Females

7.55 − 0.02 · Age − 0.10 · BMI + 0.15 · VO2AT −
0.70 · [La−]bAT + 0.01 · VERCP

0.62 0.828 0.657 0.838 0.665

VRCP
Males

10.88 − 0.02 · Age − 0.11 · BMI + 0.04 · VO2max −
0.99 · [La−]bAT + 0.10 · VO2RCP + 0.01 · VERCP +

0.10 · [La−]bRCP

0.62 1.066 0.832 1.070 0.835

VRCP
Females

9.24 − 0.02 · Age − 0.11 · BMI − 1.05 · [La−]bAT +
0.15 · VO2RCP + 0.01 · VERCP + 0.19 · [La−]bRCP

0.67 0.964 0.752 0.978 0.763

Vmax
Males

12.41 − 0.03 · Age + 0.01 · BM − 0.12 · BMI + 0.10 ·
VO2max − 0.82 · [La−]bAT + 0.07 · VO2RCP

0.57 1.202 0.943 1.205 0.944

Vmax
Females

9.37 − 0.03 · Age + 0.06 · VO2max − 0.79 · [La−]bAT
+ 0.09 · VO2RCP + 0.01 · VEmax − 0.04 · BF 0.65 1.095 0.861 1.111 0.881

Abbreviations: RMSE, root mean square error; MAE, mean absolute error; R2, adjusted R2; VAT, velocity at
anaerobic threshold; Age, age in years; BMI, body mass index (kg·m−2); VO2max, relative maximum oxygen
uptake (mL·min−1·kg−1); VO2AT, relative oxygen uptake at anaerobic threshold (mL·min−1·kg−1); [La−]bAT,
blood lactate concentration at anaerobic threshold (mmol·L−1); VERCP, pulmonary ventilation at RCP (L·min−1);
VRCP, velocity at respiratory compensation point; VO2RCP, relative oxygen uptake at respiratory compensation
point (mL·min−1·kg−1); [La−]bRCP, blood lactate concentration at respiratory compensation point; BM, body mass;
Vmax, maximal velocity; VEmax, maximal pulmonary ventilation (L·min−1). RMSE and MAE are explained in
km·h−1. Model performance at the stage of derivation has been shown in the left columns. Briefly, our equations
showed high accuracy and explained approximately 60–70% of the differences between participants. The results
of internal validation via the 10-fold cross technique are presented in the right columns, and they showed a precise
transferability, despite a limited sample size for internal validation. We are presenting one R2 because of the
10-fold cross-validation for the same group of participants as the derived validation.

3.3. Internal Validation

The evaluation of each model is also presented in Table 3 (right columns). In summary,
the performance of our prediction equations was similar to that observed in the derivation
cohort. A slightly higher RMSE and MAE were noted. Overall, RMSE values are located
between 0.838–1.205 km·h−1 and MAE between 0.665–0.944 km·h−1. The best working
model (defined as having the highest replicability and the lowest risk of inaccuracies in the
test set) was for VAT for females (RMSE = 0.838, MAE = 0.665), and the worst was for males
Vmax (RMSE = 1.205, MAE = 0.944). The most and least accurate models were the same in
regards to the derivation and validation. Figure 4 illustrates the Bland–Altman plots, with
a comparison of observed vs. predicted velocity using newly derived prediction models at
the stage of validation.
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Figure 2. Performance of novel prediction equations for treadmill velocity. Abbreviations: VAT, velocity
at anaerobic threshold; VRCP, velocity at respiratory compensation point; Vmax, maximal velocity. Col-
ored dotted lines illustrate a 1:1 correspondence between measured and predicted velocities, respectively
green for males (left row; (A–C) panels) and red for females (right row; (D–F) panels).
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Figure 3. Heat map showing the importance variables regarding predicted velocity based on XGBoost
selection. Abbreviation: VO2max, maximal oxygen uptake; VO2RCP, relative oxygen uptake at
respiratory compensation point; VO2AT, relative oxygen uptake at anaerobic threshold; [La−]bRCP,
blood lactate concentration at respiratory compensation point; [La−]bAT, blood lactate concentration
at anaerobic threshold; [La−]bmax, maximal blood lactate concentration; VEmax, maximal pulmonary
ventilation; VERCP, pulmonary ventilation at respiratory compensation point; VEAT, pulmonary
ventilation at anaerobic threshold; RERmax, maximal respiratory exchange ratio; RERRCP, respiratory
exchange ratio at respiratory compensation point; RERAT, respiratory exchange ratio at anaerobic
threshold; HRmax, maximal heart rate; HRRCP, heart rate at respiratory compensation point; HRAT,
heart rate at anaerobic threshold; BF, body fat; FFM, fat-free mass; BMI, body mass index; VAT, velocity
at anaerobic threshold; VRCP, velocity at respiratory compensation point; Vmax, maximal velocity.
Panel (A) presents data for males, while panel (B) shows the data for females. The cross means that
the variable has not fulfilled preliminary selection-stage requirements (only in HR). The maps present
a variable’s importance regarding the predicted velocity during the model-building stage. In the final
prediction models, only the variables with significant impact (p < 0.05) were included.
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Figure 4. Bland–Altman Plots comparing observed with predicted velocity during internal validation.
Abbreviations: VAT, velocity at anaerobic threshold; VRCP, velocity at respiratory compensation point;
Vmax, maximal velocity. Colored dotted lines present a 95% confidence interval of agreement, green
for males (left row; (A–C) panels) and red for females (right row; (D–F) panels), respectively.

4. Discussion

In the current study, we applied advanced machine-learning properties in a com-
prehensive evaluation of running physiology. The obtained equations include several
physiological-only measures (both anthropometric and directly measured during CPET)
to provide a feasible utility for the prediction of VAT, VRCP, and Vmax with substantial
accuracy. The availability of this type of machine-learning tool in exercise diagnostics
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enables better training recommendations for EA and facilitates rehabilitation prescriptions
for patients suffering from cardiovascular or respiratory diseases [7,31]. The novelty and
main advantage are that there are no comparable studies that first select the variables with
the strongest predictive abilities, and then directly evaluate their accuracy in the derived
prediction models. An additional attribute is a relatively large group of healthy adult
EA (n = 4001) who have undergone the CPET under an identical protocol, by which the
maximum precision and similarity of the collected data were obtained. This enabled us
to better examine whether parameters such as age [32], BC and BF [33] or VO2max [16]
exerted a possible significant impact on the predictive performance of the model (as they
were previously classified as relevant variables in the literature. Moreover, the inclusion
criteria enable us to avoid the disturbing influence of factors such as smoking [34] or
medications [35].

4.1. Model Performance and Physiological Properties

Performance measurements show precise prediction abilities which were fairly repli-
cable between the training and test sets (see Figures 2 and 3). The obtained R2 explained
approximately 60% to 70% of the differences, while errors were moderate-to-low, under
1 km·h−1 for most cases. With additional internal validation, they were both still located
in the upper sensitivity range. Thus, the model accuracy was only minorly reduced. In
previous publications, such as that by Petek et al. for VO2peak [36], similar results were
observed. However, usually, previous researchers have not carried out an initial selection
of the most suitable variables, and so far, studies have been based on previously established
parameters, only changing their proportions. Our study showed that VO2 at RCP and
maximal VO2 were the most important parameters responsible for the prediction of middle-
to long-distance running velocity (a lower impact of VO2 at AT was noted). This confirms
previous findings by Thompson et al. and Lanferdini et al. [16,37] that the VO2 can be
described as the universal and comparable performance measure, and that it is strongly
related to running speed. Moreover, according to the physiological relationship between
exercise performance and [La−]b at AT, at RCP, and maximal VO2, they also significantly
influence the predicted velocities (but in the varied order compared with VO2, with more
impact from sub-maximal levels at AT or RCP than maximal [La−]b values). This is con-
firmed in studies by Tanaka and Matsuura [12] and Schabort et al. [19], as growing [La−]b
and training intensity were positively correlated in both. Thus, of greater improtance seems
to be the ability to rapidly utilize and prevent excess growth in [La−]b by EA than working
at maximal value for a prolonged time. Our study confirmed the previous findings by
Farrell et al. [38] on this point. Another important variable was pulmonary ventilation. The
majority of the influence was created by VERCP, and only for Vmax, was there a significant
impact of VEmax. The higher it was, the better running velocity was observed. Thus, it can
be concluded that the higher oxygen (O2) supply and better carbon dioxide (CO2) utiliza-
tion yielded an improvement in running performance. This is a well-documented concept
that was stated by Sjodin and Svedenhag in the 1980s [32]. Our insights on both VO2 and
VE also confirmed that performance at RCP is strongly correlated with other running and
general exercise indices [15]. When it comes to somatic parameters, they also showed a
relevant effect on velocity. Higher BMI [19] and increasing age [39] were associated with
lower endurance performance. On the other hand, BC, described as a percentage of BF and
FFM, showed some effect on the predicted velocity, despite their impact on males being
not enough to be included in the modeling for this gender. It is worth mentioning that
the influence of BF was more noticeable in females, perhaps because they naturally have a
higher level of BF [40]. HR was one of the variables with the lowest impact on velocity (see
Figure 3). Moreover, we emphasize that HR, which shows high inter-individual variability
and is difficult to precisely estimate for EA [21], was not included in any of our equations.
To summarize, the degree of the relationships between the variables is interesting. It is
very promising to assess how precisely we can estimate VAT, VRCP, and Vmax based on the
above-mentioned parameters.
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4.2. Clinical Considerations

Our results also have important clinical applications for patients from the general
and athletic populations. The development of sports cardiology has resulted in a higher
number of EA patients, including former cardiac patients or those suspected of having
exertional cardiac abnormalities. TE CPET is often performed to some level of submaximal
intensity or until refused. However, those who are less experienced may quit earlier, before
reaching their optimal diagnostic intensity level, because they are not mentally adapted
to perform such demanding activities [31,41]. The calculation (MET × running velocity)
is used by medical professionals to provide personalized recommendations for cardiac
rehabilitations [31]. Selection of the most important variables and additional comparison
of those directly achieved with the predicted velocity verify whether an optimal level of
intensity was achieved.

4.3. Practical Applications

The characteristics of selected variables and prediction models could be used in the
preparation of exercise recommendations for both professional and recreational EA as
patients in clinical settings [7]. The highest accuracy of the observed repeatable values
would be for EA, mainly for running activities (i.e., during long-distance running or
football), due to the characteristics similar to those in the derivation cohort [36]. Thanks to
the use of VAT, VRCP, and Vmax prediction models, there would be no need to run the full
CPET protocol and measure all parameters, but only the most significant and contributing
ones [19]. This is a matter of importance, as CPET is often impossible to perform according
to the full protocol due to the limited availability of specialized clinics and equipment or the
high cost of the procedure [42]. This model can also be used to verify/assess whether the
athlete obtains sufficient running speed on the basis of the directly measured parameters.
Of course, it currently would not be the gold standard or method of choice. Thus, results
should be generalized carefully. However, they could be used as a valuable supplement to
direct measurements in the present. We encourage other researchers to test our velocity
prediction models and evaluate the proportion of the obtained variables using different
populations to assess to what extent the results can be extrapolated and transferred.

4.4. Limitations

A possible limitation is that participants underwent CPET in different phases of the
day (circadian rhythm), month (menstrual cycle for female athletes), or season [43,44].
Moreover, we did not evaluate the training volume of the EA. The participants received
dietary and preparation tips, but we cannot be sure that they were rigorously implemented;
thus, some BIA results for BC should be analyzed with caution. Some data in [La−]b were
missed (not all participants decided on the [La−]b test because it was an optional variable
in the clinic’s CPET portfolio) and RF imputation was applied. RF is recognized as the
best method for filling data gaps, and our imputation did not cause a significant negative
effect on the [La−]b data precision. The models still showed high prediction abilities at
the building and validation (i.e., out-of-bag error) stages. A comparison of both datasets
(first set only with directly measured [La−]b and second only with imputed [La−]b) did not
show significant differences between them (p = 0.4) [26]. Volunteers individually declared
the intensity level on the Borg scale, and the evaluation could differ between participants.
The above limitations result from the specifics of the study, which is population-based, and
not a controlled trial. In order to minimize their importance, the above-described internal
validation was applied, which revealed the high data precision and replicability of the
derived equations.

4.5. Future Directions

We advise that future prediction models used to estimate running velocities should be
applied in cohorts with comparable characteristics to those from which they were primarily
created (similar to other prediction models used in sports diagnostics) [36]. It is especially
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important in narrow and specified populations, including well-trained EA or cardiology
patients [36]. We underline that there is a significant necessity for more accurately adjusted
contributing factors and the development of new, advanced machine-learning prediction
algorithms using unified TRIPOD recommendations [18]. This will enable the subsequent
choice of the appropriate protocol to use in medical diagnostic and training prescriptions,
depending on the participant’s disease type or fitness level [7]. We recommend assessing
our methods in an external environment, such as the 3000 m distance run, to cover all
evaluation sites [45,46]. It is worth mentioning that, as stated by Figueiredo et al., the critical
speed showed a better predictive value for the 5 km running results regarding a steady run
than the peak velocity. Although our research focuses mostly on CPET performed in the
clinical settings on the mechanical treadmill, we recommend further studies which will
investigate the effect of critical speed compared to peak velocity [47].

5. Conclusions

In summary, (1) we found the strongest predictors of running velocity, (2) we derived
novel prediction models for running velocities in accordance with TRIPOD guidelines, and
(3) we established their fair validation.

Currently, with the use of a machine-learning approach, we can accurately estimate
VAT, VRCP, and Vmax based only on somatic and exertion variables (the precision and
repeatability in the study subgroups were comparable to the test-retest error). VO2, [La−]b,
VE, and somatic characteristics were the greatest contributing factors. We anticipate that our
findings will improve the personalization of training and rehabilitation programs. Models
should be primarily applied in disciplines where running is the main form of activity, due
to the similar characteristics to those regarding the specificity of the derivation cohort.
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Abstract: Growing evidence indicates the pronounced effects of physical activity on immune func-
tions, which may largely depend on the type of exercise, intensity, and duration. However, limited
information is available regarding the effects of low-impact exercises, especially on the level of adap-
tive immune system. Our study aimed to investigate and compare the changes in a broad spectrum of
lymphocyte subtypes after 14 weeks of aerobic-type total-body-shaping workouts (TBSW) and Pilates
workouts (PW) among healthy individuals. We determined the percentages of peripheral natural
killer cells and different T and B lymphocyte subtypes with flow cytometry. At the end of the exercise
program, significant changes in naïve and memory lymphocyte ratios were observed in TBSW group.
Percentages of naïve cytotoxic T (Tc) cells elevated, frequencies of memory Tc and T-helper cell subsets
decreased, and distribution of naïve and memory B cells rearranged. Proportions of activated T cells
also showed significant changes. Nonetheless, percentages of anti-inflammatory interleukin (IL)-10-
producing regulatory type 1 cells and immunosuppressive CD4+CD127lo/−CD25bright T regulative
cells decreased not only after TBSW but also after PW. Although weekly performed aerobic workouts
may have a more pronounced impact on the adaptive immune system than low-impact exercises,
both still affect immune regulation in healthy individuals.

Keywords: aerobic exercise; Pilates; adaptive immunity; regulatory T cell; interleukin-10

1. Introduction

Studies of the last decades on the role of a sedentary lifestyle in developing chronic
diseases have highlighted the critical importance of regular physical activity and exercise
in maintaining health and reducing risk of several disorders. Lower physical activity levels
correlate with the development of many chronic diseases and unhealthy conditions, such as
obesity, hypertension, cardiovascular diseases, type 2 diabetes mellitus, metabolic syn-
drome and other chronic inflammatory disorders [1,2], while regular physical activity and
exercise have beneficial effects in these conditions [3]. Growing evidence also underlines
the preventive role of a physically active lifestyle in infections and other immune-mediated
diseases by improving immune competency and regulation [4–6]. However, the immuno-
logical effects of exercise and its interpretation are still controversial in some cases. It is well
known that a single bout of exercise is associated with an initial enhancement in peripheral
lymphocyte numbers and effector immune functions, quickly followed by a brief period
of immune depression that can last 3–72 h after the exercise bout [7]. The decrease in
lymphocyte levels following the exercise has been partially explained by an increase in
apoptosis [8]. It was reported that prolonged exercise decreases Th1 cell levels, but not
Th2 cells [9], which selectivity could be explained by the increase of stress hormone levels
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(e.g., cortisol, catecholamines) and myokines in the peripheral blood [10]. Of note, cor-
tisol suppresses the production of interleukin (IL)-12 of antigen-presenting cells (APC),
which is a well-known stimulator of Th1 and NK cells [11]. These observations led to
the creation of the so-called ‘open window’ hypothesis, which assumed that the immune
system is transiently compromised after acute exercise. However, observations in animal
models revealed that T cells are redeployed to the gut, lungs, and bone marrow follow-
ing exercise [12]. This contributed to the development of a more up-to-date viewpoint
in interpreting decreased immune cell frequencies after exercise, which might reflect the
even heightened immune-surveillance and immuno-regulatory activities instead of the
suppression of the immune system [13,14].

Regarding the long-lasting effects of excessive high-intensity and high-volume physi-
cal activity typically practiced by highly competitive athletes, a reduction in proportions
of immunocompetent cells with effector functions and decrease of several cytokines, in-
cluding IL-6, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, IL-1β, IL-2, IL-8 and IL-10,
were reported [15,16]. Save for the frequent and arduous bouts of exercise that far exceed
recommended physical activity guidelines, there is no doubt that an active lifestyle with
regular exercise results in improved immune functions and reduction of systemic inflamma-
tory activity. Former observations reported increased IL-2 production, T-cell proliferation,
NK cell cytotoxic activity and enhanced vaccine responses [17,18]. Furthermore, it has also
been suggested that repeated bouts of exercise may delay immunosenescence by limiting
the accumulation of memory T cell subsets and increasing the frequency of circulating
naive T cells [19].

Low-impact workouts, such as Pilates, are beneficial to individuals who cannot per-
form intensive or moderate-intensity exercises due to chronic health conditions. The pur-
pose of the movements is to increase core strength and muscle balance, improve flexibility
and posture; meanwhile, practicing effective breathing exercises during Pilates can encour-
age relaxation and reduce stress [20]. Although we have a rapidly expanding knowledge
on the immunological effects of high- and moderate-intensity workouts, there is still only
limited information available about the effects of low-impact exercises, especially on the
level of the adaptive immune system. Therefore, our study aimed to examine and compare
the changes in a broad spectrum of lymphocyte subtypes after aerobic-type total-body
shaping and low-impact Pilates workouts among healthy individuals.

2. Materials and Methods

2.1. Participants

Thirty-two healthy female university students were enrolled in the present study,
who participated in general physical education (PE) classes arranged by the Institute of
Sport Sciences, University of Debrecen. Each volunteer completed an assessment of dietary
and exercise habits questionnaire before and after the exercise program. Participants en-
rolled in the study were non-smokers. They were instructed to refrain from any physical
activity, special diet, and vitamin supplements for at least three months before the investi-
gation. Moreover, exclusion criteria included ongoing viral or bacterial infection, allergic or
autoimmune disease, chronic disease treated with continuous drug therapy, cancer, alcohol
or drug addiction, pregnancy or breastfeeding, psychiatric illness, insufficient cooperation
skills and dietary changes or usage of dietary supplements during the entire study.

Informed written consent was obtained from all subjects enrolled in the investigation.
The study was conducted according to the guidelines of the Declaration of Helsinki and ap-
proved by the Ethics Committee of the University of Debrecen (protocol number: 4839-2017,
date of approval: 26 June 2017) and the Policy Administration Services of Public Health
of the Government Office (registration number: 25040-4/2017/EÜIG, date of approval:
4 September 2017).
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2.2. Exercise Protocols

Fourteen students (median age; min–max: 21 years; 18–25) voluntarily participated
in a Pilates exercise routine, while eighteen students (median age; min–max: 21 years;
20–29) voluntarily participated in an aerobic-type total-body-shaping workout routine.
Participants started their assigned activities after completing primary laboratory data
collection. Every session was supervised by a physical education professional specialized in
the relevant exercise. Each activity included a 90 min long session per week, for 14 weeks in
total. Pilates workouts included floor-based exercises on a mat, focusing on controlled, low-
intensity movements, stretching, and breathing. Each session consisted of 20 min of warm-
up, stretching, 50 min of musculoskeletal exercises, and 20 min of stretching and cool-down
exercises. Each session included ten basic exercises, as described by Joseph Pilates [21],
including the pelvic curl, the chest lift, the chest lift with rotation, the spine twist supine,
single leg stretch, the roll-up, the roll-like-a-ball, leg circles, all fours, and the back extension.
Total body stretching exercises included quad stretch, standing hamstring stretch, chest and
shoulder stretch, upper back stretch, biceps stretch, shoulder stretch, seated side stretch
and triceps stretch.

The aerobic-type total-body-shaping workout routine included three sections: 20 min
of warm-up, 50 min of aerobic-type musculoskeletal exercises, and 20 min of stretching and
cool-down exercises. The warm-up session incorporated squats, high knees, leg swings,
lunges, plank walk-outs, arm circles, standing toe taps, jumping jacks, butt kicks and hip
circles exercises. The aerobic exercise routine consisted of the following exercises: 5 min
of step-tap, 7 min of tapping, 6 min of side-steps, 6 min of grapevine with side-steps,
7 min of arm-pumps, 6 min of forward-backward walk, 6 min of heel-steps and 7 min
of sit-ups. Sessions of week one to four incorporated exercises with light-to-moderate
intensity [50 to 70% of maximum heart rate (HRmax)]. From week five, a higher intensity
level (75–85% of HRmax) was applied; exercise intensities were monitored via Polar Team
Pro System (Polar Electro, Kempele, Finland). Finally, a cool-down and stretching session
was incorporated.

2.3. Blood Sampling

We collected blood samples from a peripheral vein of the upper extremity before the
first workout and three days after completing the entire 14-week exercise routine at the
outpatient clinic of the Division of Clinical Immunology, Institute of Internal Medicine,
Faculty of Medicine, University of Debrecen.

2.4. Assessment of Lymphocyte Subpopulations by Flow Cytometry

The distribution of a broad spectrum of lymphocyte subpopulations was determined
by flow cytometry. Heparinized peripheral blood samples were obtained from the par-
ticipants, and the whole blood was used for the experiment. Cells were stained with a
combination of different fluorophore-conjugated monoclonal antibodies for 30 min at room
temperature. Erythrocytes were haemolysed with a 0.2% solution of formic acid. The cells
were then washed twice, fixed with 1% solution of paraformaldehyde, and stored at 4◦C
until further assessment. Different lymphocyte subsets were analysed and identified by
flow cytometry using the antibody panel for cell surface staining described in Table 1.
Isotype controls (IgG1 antibody cocktail, from Beckman Coulter Inc., Brea, CA, USA) were
used in all procedures. Measurements and data analysis were performed on a Coulter
FC500 flow cytometer equipped with Kaluza 1.2a software (both from Beckman Coulter).
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Table 1. List of fluorophore-conjugated monoclonal antibodies used in flow cytometry.

Antibodies Clone Fluorophore Company Lymphocyte Subsets

CD19 J3-119 PE-Cy5 Beckmann Coulter a CD3+ T cells,
CD3/ SK7/ FITC

BD Biosciences b CD3−CD16+CD56+ NK cells,
CD16+CD56 B73.1+MY31 PE CD19+ B cells

CD3/
CD4/
CD8

UCHT1/
MT310/
DK25

RPE-Cy5
FITC
RPE

Bio-Rad c CD3+CD4+ Th cells,
CD3+CD8+ Tc cells

IgD

CD27

CD19

IA6-2

1A4CD27

J3-119

FITC

PE

PE-Cy5

Beckman Coulter

CD19+IgD+CD27− naïve,
CD19+IgD+CD27+ UswM,
CD19+IgD−CD27+ SwM,
CD19+IgD−CD27− DN B cells

CD62L DREG56 PE-Cy5
Beckman Coulter

CD45RA+CD62L+ naïve,
CD45RA/ ALB11/ FITC CD45RA−CD62L+ CM,
CD4 13B8.2 PE CD45RA−CD62L− EM,
CD45RA/ F8-11-13/ FITC

Bio-Rad
CD45RA+CD62L− EMRA,

CD8 LT8 RPE CD4+ Th and CD8+ Tc cells

CD3/
HLA-DR
CD69

UCHT1/
WR18
FN50

FITC
RPE
PE-Cy5

BD Biosciences CD3+CD69+ T cells,
CD3+HLA-DR+ T cells

CD3 SK7 PerCP
BD Biosciences CD3+6B11+ NKT cellsInkt d 6B11 PE

CD4 RPA-T4 FITC BD Biosciences
CD4+CD127lo/−CD25bright Treg cellsCD25 B1.49.9 PE-Cy5

Beckman CoulterCD127 R34.34 PE

FITC, fluorescein isothiocyanate; PE, phycoerythrin; PE-Cy5, phycoerythrin-cyanine dye 5; RPE, R-phycoerythrin;
RPE-Cy5, R-phycoerythrin-cyanine dye 5; HLA, human leukocyte antigen; NK, natural killer; UswM, un-switched
memory; SwM, switched memory; DN, double-negative; CM, central memory; EM, effector memory; EMRA,
CD45RA+ effector memory; a Beckmann Coulter Inc., Brea, CA, USA; b BD Biosciences, San Diego, CA, USA;
c Bio-Rad Laboratories, Hercules, CA, USA; d 6B11 monoclonal antibody reacts with invariant T-cell receptor (TCR)
α-chain Vα24Jα18 expressed by natural killer T (NKT) cells and addressed as invariant NKT (iNKT) marker.

2.5. Determination of T Helper and T Cytotoxic Cells by Immunofluorescent Staining of
Intracellular Cytokines

The distribution of Th cell subsets and Tc cells was assessed by flow cytometry.
For stimulating cytokine-producing T cells, whole blood was diluted to 1:1 with saline
solution and stimulated with phorbol-12-myristate 13-acetate (PMA) (25 ng/mL), ion-
omycin (1 μg/mL) for five hours at 37 ◦C in 5% CO2 milieu. Golgi Stop brefeldin A
(10 μg/mL) (all from Sigma Aldrich, St. Louis, MO, USA) was added to the culture for the
last 4 h. After cell surface staining, cells were fixed and permeabilized with IntraprepTM

permeabilization reagent (Beckman Coulter) according to the manufacturer’s instructions.
Then, intracellular cytokine staining was carried out with a combination of fluorophore-
conjugated monoclonal antibodies. Cells were evaluated on a Coulter FC500 flow cytometer
and data were analysed with Kaluza 1.2a software (both from Beckman Coulter). Isotype-
matched antibodies were used in all experiments. All antibodies used for this measurement
and the determined T cell subpopulations are summarized in Table 2.
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Table 2. The combination of monoclonal antibodies used for flow cytometry analysis of Th and Tc
cell subsets.

Antibodies Clone Fluorophore Company T Cell Subsets

CD4 13B8.2 PE-Cy5 Beckmann Coulter a

IL-10 JES3-19F1 PE IFN-γ+IL-4− Th1 cells,
IFN-γ/ 25723.11/ FITC BD Biosciences b IFN-γ-IL-4+ Th2 cells,
IL-4 d 3010.211 PE IL-10+ Tr1 cells,
IL-17 41802 PE R&D Systems c IFN-γ-IL17+ Th17 cells
CD8 4S.B3 FITC BD Biosciences

CD8 B9.11 PE-Cy5 Beckmann Coulter
IFN-γ+IL-4− Tc cellsIFN-γ/ 25723.11/ FITC BD BiosciencesIL-4 3010.211 PE

FITC, fluorescein isothiocyanate; PE, phycoerythrin; PE-Cy5, phycoerythrin-cyanine dye 5; IFN, interferon;
IL, interleukin, Th, T helper; Tc, cytotoxic T; Tr1, regulatory type-1; a Beckmann Coulter Inc., Brea, CA, USA;
b BD Biosciences, San Diego, CA, USA; c R&D Systems, Minneapolis, MN, USA; d Anti-human IFN-γ FITC/IL-4
PE two-color direct immunofluorescence reagent.

2.6. Statistical Analysis

Data were statistically analysed with GraphPad Prism 8 software (Graphpad Software,
San Diego, CA, USA). Kolmogorov–Smirnov and Shapiro–Wilk normality tests were used
to determine the distribution of data. In the case of Gaussian distribution, a two-tail
paired t-test was used; otherwise, if the data set differed from the normal distribution,
the Wilcoxon test was performed. Repeated measures two-way ANOVA with Bonferroni
correction for multiple comparisons was used to assess data in lymphocyte panels analysing
different cell subsets. Differences were considered statistically significant at p < 0.05.

The sample size was calculated based on data from previous studies with approxi-
mate changes in the percentages of different lymphocyte subpopulations during physical
activity [22,23]. In order to determine a medium effect size (effect size of Cohen’s d = 0.65),
we estimated we would need to enroll at least 21 individuals in each groups to obtain 80%
power (1-β) and 5% significance level (α = 0.05, two-tailed) in a t-test with matched pairs.
Sample size calculation was performed using G*Power v3.1.9.7. Software (University of
Düsseldorf, Düsseldorf, Germany). Unfortunately, several students did not attend for post-
test after the 14-week exercise program and were lost to follow-up (PW, n = 6; TBSW, n = 1).

3. Results

3.1. Data Describing Study Population

The median age of the participants was 21 years (min–max: 18–29 years) at the time of
the study. Based on body weight and height data, all participants demonstrated a normal
Body Mass Index (22.31 ± 1.75) at enrolment, which remained essentially unchanged until
the end of the study (22.43 ± 1.82).

3.2. Quantification of Different Lymphocyte Subpopulations before and after the Exercise Routine

A wide spectrum of peripheral immune-competent cells was analysed with a flow
cytometer in healthy volunteers’ blood as summarized in Table 1. According to the variety
of exercise courses, we divided the subjects into two subgroups, total body shaping and
Pilates. Basic lymphocyte subpopulations, were identified according to their cell surface
markers. T, B and NK cells were quantified as to their percentages in lymphocytes, while
Tc and Th cells were assessed as to their ratio in CD3+ T cells. According to our results,
the distribution of basic lymphocyte subsets did not change significantly during both the
total-body-shaping and Pilates workout programs (Figure 1a,b).
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Figure 1. The distribution of peripheral lymphocyte subsets in young women before and after the
exercise course. The whole blood of 32 healthy volunteers was stained with labelled monoclonal
antibodies, as described previously. According to the exercise courses, the trainees were divided
into total-body-shaping workout (TBSW, n = 18) and Pilates workout (PW, n = 14) subgroups.
(a) Representative dot plots and a histogram show the gating strategy of CD3−CD16+CD56+ NK,
CD19+ B, and CD3+CD16−CD56− T cell populations. The bar chart shows the percentages of NK,
B, and T cells. (b) The representative histogram shows the gating of CD3+ cells, and the dot plots
demonstrate the distribution of CD4+ Th and CD8+ Tc cells. The bar chart indicates the frequencies
of Th and Tc cells. Data analysis was performed with repeated measures two-way ANOVA followed
by Bonferroni multiple comparisons test. Each data point represents an individual subject, while bars
show the mean values.

In addition, naïve and memory lymphocyte subpopulations were distinguished within
B, Th and Tc cells. B cell subsets were quantified as to their percentages in CD19+ lympho-
cytes, and Th subpopulations were determined as their ratio in the CD4+ cells. In contrast,
Tc cell subsets were quantified as to their frequencies in CD8+ cells. Regarding naïve and
memory B cell subsets, only the percentages of naïve B cells were significantly elevated
both in the total-body-shaping (63.179 ± 11.048 vs. 64.537 ± 11.173; p = 0.0297) and in
the Pilates subgroup (59.656 ± 13.871 vs. 60.996 ± 13.008; p = 0.0417) by the end of the
exercise course (Figure 2a). In the case of naïve and memory Th cells, we observed that
the proportions of central memory (CM) Th cells differed significantly (29.151 ± 7.010 vs.
27.468 ± 6.716; p = 0.0363) exclusively in the total-body-shaping subgroup, while the other
cell subsets within the group, as well as in Pilates, did not change significantly (Figure 2b).
There was no significant difference in naïve and memory Tc cell subsets in Pilates group.
A statistically significant increase was found in the percentages of naïve Tc (38.544 ± 11.453
vs. 40.777 ± 11.949; p = 0.0428), and a significant decrease was detected in the ratio of
CD45RA+ effector memory (EMRA) Tc (17.779 ± 9.124 vs. 15.418 ± 7.892; p = 0.0284) cells
in the total-body-shaping workout group (Figure 2c).
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Figure 2. Assessment of naïve and memory lymphocyte subsets in young women after a 14-week
workout program. The whole blood of 32 healthy individuals was stained with fluorochrome-labeled
monoclonal antibodies, as described previously. According to the exercise courses, the trainees
were divided into total-body-shaping workout (TBSW, n = 18) and Pilates workout (PW, n = 14)
subgroups. (a) Representative dot plot indicates the distribution of IgD+CD27− naïve, IgD−CD27−

double negative (DN), IgD−CD27+ switched, and IgD+CD27+ un-switched memory B cells. The bar
chart shows the percentages of B cell subsets. (b) Representative dot plot demonstrates the distribution
of CD45RA+CD62L+ naïve, CD45RA−CD62L− effector memory (EM), CD45RA−CD62L+ central (CM)
and CD45RA+CD62L− effector memory (EMRA) Th cells. The bar chart indicates the frequencies of
Th cell subpopulations. (c) Representative dot plot demonstrates the distribution of CD45RA+CD62L+

naïve, CD45RA−CD62L− EM, CD45RA−CD62L+ CM and CD45RA+CD62L− EMRA Tc cells. The bar
chart indicates the frequencies of Tc cell subpopulations. Repeated measures two-way ANOVA with
Bonferroni correction for multiple comparisons was used. Each data point represents an individual
subject, while bars show the mean values. Statistically significant differences are indicated by * p < 0.05.

3.3. Determination of Cells with a Regulatory Function in the Innate and Adaptive Immune
Response after a 14-Week Exercise Routine

In the peripheral blood of young women, CD69+ early activated T cells and HLA-
DR+ late-activated T cells were determined. Their distribution was quantified as to their
percentages in the lymphocyte population. When we analysed the ratio of activated
T cells, significant differences were only detected in the total-body-shaping subgroup.
The percentages of late-activated T cells were significantly decreased (7.804 ± 4.110 vs.
6.750 ± 3.392; p = 0.0031) compared to baseline values (Figure 3a).

Additionally, CD4+CD127lo/−CD25bright Treg cells and CD3+6B11+ NKT cells were
also identified before and after the exercise program. Their division was assessed as to
their frequencies in CD4+ cells, and in CD3+ cells, respectively. When we analysed the
distribution of Treg cells, we found that it was significantly decreased in the total-body-
shaping (7.554 ± 1.723 vs. 7.082 ± 1.415; p = 0.0032) as well as in the Pilates (7.266 ± 1.771
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vs. 8.861 ± 1.642; p = 0.0142) subgroups (Figure 3b). The ratio of NKT cells did not change
significantly by the end of the exercise course (Figure 3c).

Figure 3. Measurement of lymphocytes with a regulatory function in young women after a 14-week
exercise program. The whole blood of 32 healthy volunteers was stained with labelled monoclonal
antibodies, as described previously. According to the exercise courses, the trainees were divided
into total-body-shaping workout (TBSW, n = 18) and Pilates workout (PW, n = 14) subgroups.
(a) Representative dot plots demonstrate the identification of CD3+HLA-DR+ late-activated and
CD3+CD69+ early activated T cells. The bar chart indicates the frequencies of activated T cells.
(b) Representative dot plot indicates the identification of CD4+CD25brightCD127lo/− Treg cells within
CD4+ T cells. The bar chart indicates the ratio of Treg cells. (c) Representative dot plot shows the
determination, and the bar chart indicates the frequencies of CD3+6B11+ NKT cells. 6B11 is referred
to as the invariant NKT (iNKT) marker. Repeated measures two-way ANOVA with Bonferroni
correction for multiple comparisons was used for activated T cells, and paired T-test or Wilcoxon
test was used for the statistical analysis of NKT and Treg cells. Each data point represents an
individual subject, while bars show the mean values. Statistically significant differences are indicated
by * p < 0.05; ** p < 0.01.

3.4. Assessment of Peripheral T Helper Subsets and Cytotoxic T Cells before and after the
14-Week Training

The identified phenotypes of different CD4+ T cell subpopulations and CD8+ cytotoxic
T cells are summarized in Table 2. All cell subsets were quantified as to their percentage
in the CD4+ or CD8+ lymphocyte population. We found no significant differences in the
ratio of peripheral blood Th1, Th2, Th17, and Tc cells in both exercise groups (Figure 4a–c).
However, the ratio of Tr1 cells was significantly diminished in the total-body-shaping
(0.499 ± 0.256 vs. 0.335 ± 0.115; p = 0.0420) as well as in the Pilates groups (0.426 ± 0.200
vs. 0.319 ± 0.120; p = 0.0362) compared to baseline values (Figure 4d).
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Figure 4. Determination of T helper and T cytotoxic cells with intracellular cytokine analysis in
young women before and after the exercise program. The whole blood of 32 healthy participants was
stimulated for 5h and stained with monoclonal antibodies with the intracellular staining method
described previously. According to the exercise courses, the trainees were divided into total-body-
shaping workout (TBSW, n = 14) and Pilates workout (PW, n = 14) subgroups. (a) Frequencies of
IFN-γ+ Th1 and IL-4+ Th2 cells. (b) Percentages of IL-17+ Th17 cells. (c) The ratio of IFN-γ-producing
Tc cells. (d) Proportions of IL-10-producing type-1 regulatory (Tr1) cells. A paired T-test was used.
Each data point represents an individual subject, while bars show the mean values. Statistically
significant differences are indicated by * p < 0.05.

4. Discussion

A properly functioning immune system is essential for the host’s continuing survival
by maintaining a well-balanced defence against foreign organisms and protection from
endogenous altered or virally transformed cells. However, besides the genetic and en-
dogenous background, numerous lifestyle and environmental factors fundamentally affect
immune functions. Among these factors, physical activity becomes the focus of scientific
interest due to its multifaceted effects on immunity. Previous studies concerned with the
effects of exercise on the immune system have focused mainly on the impact of acute bouts
of exercise and the chronic influences of workout programs, especially in athletes. On the
contrary, the immunological effects of low-impact exercise, such as Pilates, are definitely
not in the focus of immunological research. Therefore, only limited results are available re-
garding the impacts of Pilates on innate immunity [22], and to our best knowledge, changes
in the elements of the adaptive immune system have not been previously investigated.

Therefore, in our present study, we focused on the effects of Pilates workouts and
aerobic-type total-body-shaping exercises performed for 90 min once a week on a broad
spectrum of immune competent cells of the adaptive immune system. Importantly, acute
changes induced by intense physical exercise may last at least 24 h, and even moderate
acute exercise induces significant immune alterations for several hours [10]. Therefore,
we carried out the laboratory measurements 3 days after the last workout to exclude the
distorting effects of early immunological changes (e.g., postexercise lymphocytopenia).

Our knowledge is still limited regarding the long-term effects of physical exercise
on B cells. Previously, studies on brief or prolonged exercise reported that the number
of total B cells follows the aforementioned changes of the total lymphocyte population.
After a short increase during and immediately after exercise, it falls below pre-exercise levels
and then returns to basal level within 24 h [24]. Regarding long-term changes in B-cell-
mediated humoral immune responses, previous studies demonstrated an elevated salivary
IgA secretion after a 3-month Pilates exercise program or a 6-month-long active daily walking
exercise training in elderly participants [25,26]. After regularly performed aerobic training in
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the elderly, increased plasma levels of IgA, IgG and IgM were reported [27], indicating the
promotion of humoral immunity. Our study revealed that total-body-shaping and Pilates
workouts increased the proportions of naïve B cells in young individuals. An increase in
naïve B cell proportion demonstrates a beneficial rearrangement, even a rejuvenation of the
available B cell population, since naïve B cells can respond to novel antigens, while on the
contrary, memory B cells exhibit more restricted B cell antigen receptors [28]. Moreover, it was
suggested that the ratios of immature cells and naïve B cells, which have yet to encounter
antigens, were increased in peripheral blood because of their migration to the secondary
lymphoid organs where antigenic screening occurs [29]. On the other hand, memory B cells
either circulate in the peripheral blood or home to niches outside of the circulation, including
the bone marrow, the spleen and tonsils, or several of them could be present as tissue-based
memory B cells. Tracking of memory subsets revealed that switched-memory B cells mainly
resided in the spleen and tonsils instead of peripheral blood at a steady state [30]. It could be
assumed that the maintenance of this steady state may be further enhanced as a result of
moderate training, and increased naïve B cell ratio ensures replenishment.

In the case of naïve and memory T cell distribution, we observed rearrangements
similar to those we determined in B subtypes. We revealed a significant increase in the
percentages of naïve Tc. Simultaneously, the ratios of effector memory Tc and central
memory Th cells showed a significant decrease in the total-body-shaping group at the
end of the exercise intervention study period. Although the exact mechanisms behind the
changes in the distribution of naïve and memory T lymphocytes have not been elucidated
yet, a possible theory may answer some questions. It is assumed that the homeostatic
number of peripheral T cell repertoire is tightly regulated by a feedback mechanism.
Exercise may decrease the accumulation of memory cells through their mobilization into
the circulation and subsequent extravasation to peripheral tissues (e.g., mucosal surfaces of
the lungs and gut or spleen and bone marrow) where they are exposed to H2O2 induced
apoptosis, or where they probably encounter pathogens and carry out effector functions.
Therefore, in order to maintain the proper amount of the T cell pool, a feedback mechanism
increases thymic output and the accumulation of antigen-inexperienced naïve T cells at
the periphery [13,31]. As the rate of thymic atrophy and loss of thymic output accelerates
after puberty, the decrease in the naïve T cell pool, which is more pronounced in the CD8+

T cell population, compromises the recognition and combat against new pathogens [32].
The exercise-induced mobilization of naïve T cells into the circulation could ensure the
maintenance of the immune response to novel pathogens [13]. Consequently, regular
physical activity and exercise may be a reasonable way to delay the aging-associated
alterations of the immune system and potentially increase responses to vaccinations, even
in younger individuals after puberty [33]. However, in contrast to the aerobic exercise
routine, we observed no changes in T cell subpopulations after the Pilates workout program.
These changes suggest that aerobic-type workout sessions may be an effective intervention
for the rearrangement of these cell proportions in contrast to Pilates.

When we analysed the ratio of activated T cells, significant differences were only
detected in the total-body-shaping subgroup, too. The percentages of late-activated HLA-
DR+CD3+ T cells were significantly decreased. However, recent studies have suggested
that HLA-DR+CD8+ T cells represent natural regulatory CD8+ T cells, and most frequently
express a high level of CD28 and low level of CD45RA [34]; therefore, to get a better view
of the changes in late-activated T cell proportions, further studies are needed with a special
emphasis on the changes in natural regulatory HLA-DR+CD8+ T cells, as well. We also
evaluated the changes in the regulative arm of the adaptive immune system. A network
of regulatory T (Treg) cells is primarily responsible for limiting immune reactions by
suppressing immune activation and effector functions. There are two main types of Tregs:
namely, natural CD4+CD25brightFoxP3+ Treg cells and induced Treg cells (iTreg), such as
interleukin (IL)-10-producing T regulatory type 1 (Tr1) cells [35]. Based on previous
studies, acute high-intensity exercise may significantly increase Treg cell number [23],
while regular workouts of moderate intensity may lead to decreased Treg proportions in
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the elderly [31]. In the present study, we revealed that both aerobic-type total-body-shaping
exercises and low-impact Pilates workouts decrease CD4+CD127lo/−CD25bright Treg cell
ratios. Additionally, we found a similar reduction in the proportions of immunosuppressive
IL-10-producing Tr1 cells after both workout series. The lower ratio of Treg cells could be
explained by the reference to a study with murine asthma model. Their results showed
that aerobic training increased Foxp3+ Treg distribution in mediastinal lymph nodes and
lungs; moreover, a heightened suppression capacity of Treg cells was observed compared
to the sedentary control group. These results indicate that regular exercise may force the
redistribution of Treg cells from the blood to the site of possible antigen exposure [36].
These novel observations shed light on the important effects of weekly performed physical
exercises, including Pilates workouts, on immune regulation. Our present findings on the
effects on regulatory T cell proportions might reveal an important consequence of regular
physical activity in healthy individuals.

5. Conclusions

Our findings suggest that aerobic exercise-induced changes in the distribution of specific
naïve and memory B and T cell subsets, as well as in the proportions of activated T and
regulatory T subsets, may indicate a retuned immune regulation and a presumably enhanced
responsiveness of the immune system. On the other hand, as a low-impact workout, Pilates
may influence the proportions of regulative T cells only. Nevertheless, based on the signif-
icant effects on immune regulation, Pilates exercise may also be beneficial in maintaining
appropriate adaptive immune functions. However, taking into consideration that numerous
complex factors, such as hormonal status, environmental factors, etc., may affect the immune
system and might influence the effects of exercise, we have to mention the lack of non-exercise
control group as one of the limitations of the study. Although our results showed significant
changes in B and T cell subpopulations even with a relative small sample size, more con-
trolled investigations are needed for the deeper understanding of exercise-induced changes
in the distribution of naïve and memory lymphocytes, as well as in the regulatory functions
that may have an important role in preventing infections and optimizing vaccination.
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Abstract: The aim of this investigation was to determine the associations of serum irisin and fibroblast
growth factor-21 (FGF-21) with the measures of energy homeostasis, training stress and other energy
homeostasis hormones in highly trained adolescent rhythmic gymnasts (RG). Thirty-three RG and
20 untrained controls (UC) aged 14–18 years participated in this study. Body composition, resting
energy expenditure (REE), peak oxygen consumption, and different energy homeostasis hormones
in serum, including irisin, FGF-21, leptin, and resistin, were measured. Irisin and FGF-21 were not
significantly different (p > 0.05) between RG and UC groups. In RG, serum irisin was positively
associated with REE (r = 0.40; p = 0.021) and leptin (r = 0.60; p = 0.013), while serum FGF-21 was
related to body fat mass (r = 0.46; p = 0.007) and leptin (r = 0.45; p = 0.009). Irisin was related to
FGF-21, independent of age, body fat, and lean masses (r = 0.36; p = 0.049) in RG. In conclusion,
serum irisin concentration was associated with energy expenditure and serum FGF-21 level with
energy availability measures in lean adolescent athletes, while no relationships of irisin and FGF-21
with energy status measures were observed in lean nonathletic adolescents.

Keywords: rhythmic gymnasts; irisin; fibroblast growth factor-21; energy homeostasis; training stress

1. Introduction

The regulation of energy homeostasis and high training stress is dependent on several
peripheral factors that communicate the status of body energy stores to the brain [1]. These
peripheral factors are also synthesized from adipose, muscle, and bone tissues, which may
act as endocrine organs [2]. For example, it has been found that specific adipose-derived
factors, including circulating leptin and adiponectin concentrations, can be sensitive to
changes in training volume and could be used to characterize physical stress conditions in
athletes [1]. In elite female rowers, Kurgan et al. [3] investigated such peripheral markers
as tumour necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), insulin-like growth factor-1
(IGF-1), and leptin to assess variations in energy homeostasis and training stress over a
training year. It appeared that fluctuations in training load (high vs. low) were accompa-
nied by parallel changes in TNF-α and IL-6, while IGF-1 and leptin remained relatively
stable over a training season in this population of young female athletes with suitable
energy availability [3]. Similarly, adipokines such as circulating leptin, adiponectin, resistin,
and visfatin concentrations have been used to characterize energy homeostasis in highly
trained adolescent rhythmic gymnasts (RG), who begin to exercise at an early age and
often adopt negative energy balance to retain lean physique [4–6]. Adiponectin was posi-
tively associated with weekly training volume in elite young RG participating in World
Championships [7], while leptin levels in highly trained adolescent RG can be as low as in
anorectic individuals and chronic athletic activity in the presence of prolonged high energy
expenditure state decreases leptin concentrations in growing and maturing RG athletes [8].
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The importance of tissue crosstalk in energy homeostasis has been highlighted by studies
examining the role of different muscle-derived factors in regulating several adipose tissue
adaptations to energy metabolism [2,9,10].

Recently, various myokines have been found to mediate training-induced energy and
metabolic processes [9,11], besides the most investigated and well-known myokine-IL-
6 [1,12]. These myokines include myostatin [13], follistatin [14], irisin [15], and fibroblast
growth factor-21 (FGF-21) [16], which have emerged as potential mediators of training-
induced energy metabolism. While myostatin is a negative regulator of muscle mass [2],
follistatin is a myostatin-binding peptide that promotes skeletal muscle development
and exerts metabolic benefits by improving glucose metabolism [14]. One of the more
recently identified myokine, irisin, is primarily secreted by muscle tissue and released into
circulation during exercise, resulting in increased energy expenditure and improved glucose
metabolism [17]. Irisin levels have been reported to be positively associated with body fat
mass (FM) as a surrogate measure of energy availability [18]. However, no differences in
serum irisin concentrations were observed between amenorrheic athletes, eumenorrheic
athletes and nonathletes aged 14–21 years [19], and between normal weight and overweight
young women with a mean age of 18 years [20]. Furthermore, serum irisin concentrations
were not related to measures of physical activity and physical fitness in a group of healthy
lean women of a wide age range [21]. In addition to irisin, FGF-21 has also emerged as
an energy homeostasis hormone that has been implicated in the modulation of energy
metabolism in athletes [16,22]. Accordingly, FGF-21 has been proposed as a myokine with
metabolic effects on glucose and lipid metabolism that promotes body FM loss [2,23]. It,
therefore, appears that irisin and FGF-21 may signal energy status in specific groups of
individuals. However, the response of these myokines to chronic exercise training remains
to be elucidated in lean adolescent females.

The exact role of circulating irisin and FGF-21 levels in energy homeostasis in female
athletes is still not clear. We have previously demonstrated that acute negative energy
balance caused by prolonged aerobic exercise elicited the increment in serum irisin and
FGF-21 levels and the increase in irisin was related to weekly training volume, while
the increase in FGF-21 was associated with exercise energy expenditure in young female
rowers with a mean age of 18 years [16]. The present study was undertaken to examine the
effect of prolonged athletic activity on serum irisin and FGF-21 concentrations in highly
trained adolescent RG athletes. To our best knowledge, whether these myokine levels are
related to the measures of energy homeostasis, such as body FM as an index of energy
stores, resting energy expenditure (REE), training volume, or other hormones involved in
energy homeostasis have not been studied in lean adolescent athletes. We hypothesized
that serum irisin and FGF-21 concentrations are higher in highly trained adolescent RG in
comparison with nonathletes, and secondly that these circulating myokine levels would be
associated with other measures of energy homeostasis in highly trained female athletes
with chronically increased energy expenditure state.

2. Materials and Methods

2.1. Participants and Research Design

This study included 53 healthy adolescent females with ages ranging from 14 to
18 years. Participants were divided into rhythmic gymnasts (RG; n = 33) and untrained
controls (UC; n = 20). Before entering the study, participants completed medical and
training history questionnaires. Athletes were recruited from local training groups and were
competing at the international level. Rhythmic gymnasts had trained regularly for the last
10.3 ± 0.9 years with a mean weekly training volume of 17.6 ± 5.3 h/week. The UC group
consisted of adolescents, who took part only in compulsory physical education classes and
were not involved in any training groups. Information about the age of menarche, changes
in the menstrual cycle, past or present diseases, and any kind of medication, vitamin, or
mineral supplement, was collected [24]. None of the participants received any medications
or had a history of any chronic diseases. No restrictions were placed on dietary intake,
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and participants consumed their ordinary everyday diet [25]. All UC adolescent females
were eumenorrheic, while 22 participants in the RG group were eumenorrheic and 11 were
oligomenorrheic or had secondary amenorrhea. Menstruating participants were examined
during the follicular phase, where the blood sample was taken between days 7 and 11 from
the onset of menstruation [24].

The study design, purpose, and possible risks were explained to the participants and
their parents, who gave their written informed consent before entering the study. The
study protocol was approved by the Medical Ethics Committee of the University of Tartu,
Estonia and was conducted in accordance with the Declaration of Helsinki. Participants
underwent an observational cross-sectional examination. Measurements of the current
investigation included anthropometry, body composition, energy expenditure, peak oxygen
consumption, and blood analyses.

2.2. Measurements
2.2.1. Body Composition

Body height (Martin metal anthropometer, GPM Anthropological Instruments, Zurich,
Switzerland) and body mass (medical electronic scale, A&D Instruments Ltd., Abingdon,
UK) were measured to the nearest 0.1 cm and 0.05 kg, and body mass index (BMI) was also
calculated (kg/m2). Body composition was measured by dual-energy X-ray absorptiometry
(DXA) using the DPX-IQ densitometer (Lunar Corporation, Madison, WI; USA) Participants
were scanned in light clothing while lying flat on their backs with arms on their sides.
Whole body fat percent (body fat %), FM, and lean body mass (LBM) values were obtained.
All DXA measurements and results were evaluated by the same examiner. The coefficient
of variations (CVs) for the obtained results was less than 2% [25].

2.2.2. Resting Energy Expenditure and Aerobic Performance

Resting energy expenditure (REE) was measured in the morning after an overnight
fast. Participants were instructed to avoid any intense physical activity for the 24 h period
before REE measurement. After voiding, subjects laid down for 15 min before the measure-
ment of oxygen consumption (VO2) and carbon dioxide (VCO2) production over 30 min.
The first 5 min and last 5 min of the measurement were discarded to ensure adequate mea-
surement [26]. A portable open circuit spirometry system (MetaMax 3B, Cortex Biophysic
GmbH, Leipzig, Germany) was used, data were stored at 10 s intervals, and the mean of
the 20 min was used to calculate REE according to Weir‘s equation [27]: Basal metabolic
rate (BMR) (kcal/min) = 3.9 [VO2 (l/min)] + 1.1 [VCO2 (l/min)], and REE (kcal/day) =
BMR × 1440 min.

Maximal aerobic performance was determined by a stepwise incremental exercise
test until volitional exhaustion using an electrically braked bicycle ergometer (Corival V3;
Lode, Netherlands) [28]. The initial work rate was 40 W, and the stage increment was 35 W
every 3 min until the maximal voluntary exhaustion was reached. The test was designed to
elicit maximal power output at approximately 15–18 min for each subject [28]. Pedaling
frequency was set to 60–70 rpm. Participants were strongly encouraged to produce the
maximal effort. Respiratory gas exchange variables were measured throughout the test
using breath-by-breath mode with data being recorded at 10 s intervals. Subjects breathed
through a facemask. Oxygen consumption, carbon dioxide output and minute ventilation
were continuously measured using a portable open-air spirometry system (MetaMax 3B,
Cortex Biophysic GmbH, Leipzig, Germany). The analyzer was calibrated with gases
of known concentration before the test according to the manufacturer‘s guidelines. All
data were calculated by means of computer analysis using standard software (MetaMax-
Analysis 3.21, Cortex, Leipzig, Germany). Peak oxygen consumption was measured, and
maximal aerobic performance was defined as described previously [28].
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2.2.3. Blood Analysis

Venous blood samples were drawn between 8:00 and 9:00 a.m. after an overnight
fast from an antecubital vein with the participants sitting in an upright position. Blood
serum was separated and frozen at −80 ◦C for further analyses. Irisin was determined
using an enzyme-linked immunosorbent assay (ELISA) kit using a specific Irisin/FDNC5
monoclonal antibody (R&D Systems Inc., Minneapolis, MN, USA) [29]. This assay had
intra- and inter-assay CVs of 2.5% and 8.7%, respectively, and the least detection limit was
0.25 ng/mL. Fibroblast growth factor-21 (FGF-21) was assessed by a commercially available
ELISA kit (R&D Systems Inc., Minneapolis, MN, USA) with a minimum detectable level of
1.61 pg/mL, and intra-assay CV 3.5% and inter-assay CV 5.2%. Leptin was determined by
Evidence® Biochip Technology (Randox Laboratories Ltd., Crumlin, UK) with the intra-
and inter-assay CVs of 4.6% and 6.0%. Resistin was also measured by Evidence® Biochip
Technology (Randox Laboratories Ltd., Crumlin, UK) with the intra- and inter-assay CVs
of 5.2% and 9.1%.

2.3. Statistical Analysis

Data analysis was performed using the SPSS software version 21.0 package for Win-
dows (Chicago, IL, USA). Standard statistical methods were used to calculate means
and standard deviations (±SD). Evaluation of data normality was performed with the
Kolmogorov-Smirnov method. Data that were not normally distributed were logarith-
mically transformed prior to analyses to approximate a normal distribution. This was
necessary for body FM and serum leptin values. Statistical comparisons between the
groups were made using an independent t-test. In addition, effect size (ES, eta squared)
thresholds of 0.01, 0.06, and 0.14 were used to identify small, moderate, and large dif-
ferences, respectively, to define the magnitude of the difference [30]. Pearson correlation
coefficients were calculated to assess linear relationships. In addition, partial correlation
analyses controlling for age, body FM, and LBM were used to control for confounders [19].
The level of significance was set at p < 0.05

3. Results

The studied RG and UC groups did not differ (ES < 0.05; p > 0.05) in chronological
age, body height, body mass, BMI, and REE (Table 1). Age at menarche was higher in RG
compared with UC groups, body fat %, FM, and REE/kg were lower, and LBM, training
volume, VO2peak/kg, and Wmax/kg higher in RG in comparison with UC (p < 0.05;
ES > 0.12). Although mean serum irisin was not significantly (p > 0.05) different between
the groups, RG had moderately higher (ES = 0.06) irisin values compared with UC (Table 2).
The difference in FGF-21 concentrations between groups was only small in magnitude
(ES < 0.05; p > 0.05). In addition, leptin levels were largely (ES = 0.34; p < 0.0001) and resistin
concentrations moderately (ES = 0.06; p = 0.077) lower in RG in comparison with UC.

Table 3 presents correlations of irisin and FGF-21 concentrations with energy measures.
In the RG group, serum irisin concentration was positively correlated with REE (r = 0.40;
p = 0.021) and serum leptin level (r = 0.60; p = 0.013) (Figure 1). In addition, the relationship
between irisin and leptin was independent of age, body FM, and LBM (r = 0.57; p = 0.001).
In the UC group, serum irisin concentration was positively correlated to resistin levels
(r = 0.31; p = 0.036), which remained significant after controlling for age, body FM, and
LBM (r = 0.57; p = 0.016). In the RG group, serum FGF-21 concentration was significantly
correlated to body FM (r = 0.46; p = 0.007) and serum leptin levels (r = 0.45; p = 0.009)
(Figure 1), as opposed to the UC group only to leptin (r = 0.54; p = 0.014). Finally, irisin was
related to FGF-21 (r = 0.36; p = 0.012) only in RG, and the association between irisin and
FGF-21 was independent of age, body FM and LBM (r = 0.36; p = 0.049).
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Table 1. Body composition and energy metabolism values (mean ± SD) in rhythmic gymnasts (RG)
and untrained controls (UC).

Variable RG (n = 33) UC (n = 20) p Value ES

Age (yrs) 16.0 ± 1.2 16.5 ± 1.6 0.202 0.03
Age at menarche (yrs) 13.6 ± 1.2 12.5 ± 0.7 <0.0001 0.26

Body height (cm) 166.8 ± 5.3 166.8 ± 5.0 0.976 0.01
Body mass (kg) 55.7 ± 7.0 58.4 ± 7.4 0.180 0.04
BMI (kg/m2) 20.0 ± 2.0 21.0 ± 2.2 0.100 0.05

Body fat % 19.5 ± 5.7 30.4 ± 6.2 <0.0001 0.45
Body fat mass (kg) 11.2 ± 4.3 17.8 ± 4.8 <0.0001 0.35

Body lean mass (kg) 42.2 ± 4.1 37.7 ± 3.7 <0.0001 0.25
REE (kcal/day) 1495 ± 208 1520 ± 208 0.669 0.01

REE/kg (kcal/day/kg LBM) 33.4 ± 4.8 38.6 ± 5.0 <0.0001 0.22
Training volume (h/week) 17.6 ± 5.3 2.1 ± 1.3 <0.0001 0.76

VO2peak/kg (mL/min/kg LBM) 53.6 ± 7.7 48.4 ± 5.6 0.012 0.12
Wmax/kg (W/kg) 3.2 ± 0.6 2.3 ± 0.4 <0.0001 0.41

ES, effect size (eta squared); BMI, body mass index; REE, resting energy expenditure; VO2peak/kg, peak oxygen
consumption per kg lean body mass; Wmax/kg, maximal power output per kg body mass.

Table 2. Energy homeostasis regulating hormone concentrations (mean ± SD) in rhythmic gymnasts
(RG) and untrained controls (UC).

Variable RG (n = 33) UC (n = 20) p Value ES

Irisin (ng/mL) 272.7 ± 140.0 207.3 ± 113.7 0.084 0.06
FGF-21 (pg/mL) 169.6 ± 56.4 188.1 ± 54.3 0.249 0.03
Leptin (ng/mL) 1.2 ± 0.6 3.7 ± 2.6 <0.0001 0.34

Resistin
(ng/mL) 4.6 ± 2.0 5.7 ± 2.4 0.077 0.06

ES, effect size (eta squared); FGF-21, fibroblast growth factor-21.

Table 3. Relationships of irisin and fibroplast growth factor-21 (FGF-21) with energy measures in
rhythmic gymnasts (RG) and untrained controls (UC).

Variables
Irisin (ng/mL) FGF-21 (ng/mL)

r p Value r p Value

Fat mass (kg)
RG 0.25 0.154 0.46 0.007
UC −0.07 0.764 0.44 0.054

Lean mass (kg)
RG 0.29 0.101 0.28 0.144
UC −0.20 0.398 −0.31 0.187

REE (kcal/day)
RG 0.4 0.021 0.26 0.143
UC −0.05 0.838 0.26 0.27

Training volume (h/week)
RG 0.14 0.426 −0.34 0.056
UC 0.03 0.886 −0.21 0.365

VO2peak/kg (mL/min/kg)
RG 0.04 0.826 0.19 0.299
UC 0.12 0.618 0.23 0.316

Leptin (ng/mL)
RG 0.6 <0.0001 0.45 0.009
UC 0.07 0.777 0.54 0.014

Resistin (ng/mL)
RG 0.31 0.076 0.04 0.808
UC 0.47 0.036 0.21 0.376

REE, resting energy expenditure; VO2peak/kg, peak oxygen consumption per kg lean body mass. Correlations
with p < 0.05 are listed in bold.
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Figure 1. Relationships of irisin levels with resting energy expenditure (REE) (A) (r = 0.40; p = 0.021)
and leptin (B) (r = 0.60; p < 0.0001), and relationships of fibroblast growth factor-21 (FGF-21) with
body fat mass (FM) (C) (r = 0.46; p = 0.007) and leptin (D) (r = 0.45; p = 0.009) in rhythmic gymnasts.

4. Discussion

The present study was undertaken to examine the effect of prolonged athletic activity
on energy homeostasis regulating hormones, irisin, and FGF-21 in highly trained adolescent
RG. We found that serum irisin and FGF-21 concentrations were not significantly different
between RG and UC groups. In addition, serum irisin levels were associated with REE
and FGF-21 levels with body FM in RG. In contrast, irisin and FGF-21 were not related to
energy expenditure and energy availability measures in lean nonathletic UC. These results
demonstrate that circulating irisin and FGF-21 levels may play a role in signaling energy
status in a setting of a state of long-term high energy expenditure in adolescent athletes.

It has been suggested that the myokine irisin could play an endocrine control of energy
metabolism [22,31]. Circulating irisin levels are elevated in obesity as an excess energy
state [32] and reduced in anorexia nervosa as a depleted energy state [33], suggesting that
irisin levels may reflect energy stores. Indeed, irisin is known to increase energy expendi-
ture by inducing the browning of subcutaneous white adipocytes, which are metabolically
favorable for burning energy through thermogenesis [10,17]. Accordingly, irisin is thought
to improve glucose and lipid metabolism in response to exercise training [34,35]. Our
data linking irisin levels with REE in highly trained adolescent RG are consistent with the
literature indicating that irisin may signal energy availability and promote energy expendi-
ture [34]. Similarly, irisin levels were related to REE in young female runners [22]. No such
correlation was found in the UC group in our study. One potential explanation for this
could be that the UC subjects were in normal body weight and relatively balanced in terms
of energy intake and expenditure. Furthermore, irisin concentrations were also not related
to different parameters of energy expenditure in patients with anorexia nervosa [10,36]. It
could be speculated that the adolescent RG in our study were in a state of subtle energy
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deficit, as indicated by their reduced body FM and lower measured REE after correcting
for LBM, but not in the state of extreme energy deficit observed in anorexia nervosa. In
accordance with young female runners [22], no relationship between irisin with body FM
was observed in studied RG, while elevated irisin levels have been reported to be indepen-
dently associated with obesity risk factors, including body FM in obese adolescents [18].
However, significantly lower (ES = 0.34; p < 0.0001) leptin concentrations in RG were related
to irisin levels, and this association was independent of age, body fat, and lean masses
(r = 0.57; p = 0.001), demonstrating the muscle-adipose tissue crosstalk in energy homeosta-
sis in adolescent lean females with chronic athletic activity. These seemingly conflicting
results demonstrate the specificity of irisin interactions with different markers of energy
metabolism in various populations and further studies are needed to clarify the exact role
of irisin in energy homeostasis. However, the results of our study and that of Singhal
et al. [22] would suggest that irisin concentrations may accentuate the increase in energy
expenditure in lean adolescent female athletes, as indicated by the positive associations of
circulating irisin levels with measured REE in these individuals.

Studies investigating the effects of chronic athletic activity on circulating irisin levels
in adolescent athletes are rare. Earlier studies demonstrated that irisin levels were not sig-
nificantly different between moderately trained young eumenorrheic runners, amenorrheic
runners, and nonathletic controls, although irisin levels were the lowest in amenorrheic run-
ners [19]. Another study found that irisin concentrations were lower in young amenorrheic
athletes compared with eumenorrheic athletes and nonathletes [22], while a third study in
elite male adolescent tennis players did not observe large variations in irisin concentrations
over a competitive tournament season, although it was suggested that irisin may modify
overall performance during a long-lasting season [37]. In our study, serum irisin levels
were moderately, but not significantly higher (ES = 0.06; p > 0.05) in RG compared with
the UC group. However, although VO2peak/kg was higher (ES = 0.12; p = 0.012) in RG
compared with UC, no relationship between irisin concentration and maximal aerobic
performance was observed in RG, similar to previous studies demonstrating that maximal
aerobic performance does not influence circulating irisin concentrations in blood [21,38]. In
accordance with our results, training volume did not modify circulating irisin concentra-
tions in adult highly trained athletes [15,39] and basal irisin may not be a good marker of
training volume over a training macrocycle [38]. However, as interval training caused mod-
erate and significant increases in serum irisin levels in previously untrained adults [40,41],
circulating irisin may be a more sensitive marker of training intensity rather than training
volume in adult athletes [16,34] as well as in exercising adolescents [42]. It is known that
training in rhythmic gymnastics is quite intensive involving numerous jumping exercises
daily [6,8] and our studied RG athletes were tested during the preparatory period with
a relatively high training volume. It has also been suggested that irisin may be a marker
of muscle damage [43] and can provide anti-inflammatory protection [34]. Although the
biological role of irisin as a moderator of energy metabolism in response to acute training
load remains to be fully elucidated [13], circulating irisin levels have been reported to
increase as a result of an acute training session in young female athletes [16]. According to
the results of our study, it appears that moderately higher irisin levels in highly trained
adolescent RG did not reflect training stress in a setting of chronic high energy expenditure
state, whereas decreased irisin levels in amenorrheic athletes likely represent an adaptive
response to reduce training stress and conserve energy [22].

In accordance with irisin levels, serum FGF-21 concentrations are higher in obesity [44],
reduced in anorexia nervosa [45] and related to body FM [22,23], suggesting that FGF-
21 levels may reflect energy stores. Accordingly, 12 weeks of aerobic exercise training
decreased circulating FGF-21 concentrations, body mass and glucose uptake in overweight
and obese men [46]. It has been suggested that short-term energy expenditure results in
increases in circulating FGF-21 levels [47], while long-term chronic energy expenditure
may lead to decreased FGF-21 levels to preserve energy [22,48]. Accordingly, acute training
load with adequate duration increased serum FGF-21 concentrations in young female
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athletes [16]. In our study, serum FGF-21 levels were similar between the RG and UC groups
in accordance with the previous studies [19,22]. In addition, we found that serum FGF-21
levels were positively correlated with body FM and leptin concentrations in adolescent
RG. These relationships suggest crosstalk between muscle and adipose tissue in energy
homeostasis and that FGF-21 could be used as a marker of energy stores in adolescent lean
females with chronically increased energy expenditure.

Serum FGF-21 concentrations were positively correlated with irisin levels in the RG
group. The secretion of FGF-21 and irisin leads to the white adipose tissue browning,
uncoupling protein-1-mediated thermogenesis and energy expenditure [19,22]. The se-
cretion of FGF-21 and irisin is increased by the upregulation of peroxisome proliferator-
activated receptor-γ, an exercise-induced transcriptional coactivator that promotes energy
metabolism [17,49]. Accordingly, our finding of a positive relationship between irisin and
FGF-21 suggests a shared pathway for the regulation of energy metabolism in adolescent
athletes with high athletic activity.

This study has some limitations. At first, our cross-sectional design rules out the
possibility of identifying causal relationships, particularly from the correlation analysis
with some individual outliers. Secondly, a relatively small sample size was used, although
the number of individuals in both groups was comparable to previous similar studies with
athletes in this area [15,19,31,37]. The main strength of the present study is that, to the best
of our knowledge, this is the first study investigating whether specific myokine levels such
as irisin and FGF-21 are related to the measures of energy homeostasis in highly trained
female adolescent athletes as the participants of this study were international level Estonian
rhythmic gymnasts from different sports clubs.

5. Conclusions

Serum irisin and FGF-21 concentrations were not significantly different between lean
adolescent athletes and nonathletic control subjects. Irisin was associated with energy
expenditure and FGF-21 with energy availability in lean adolescent athletes with a state
of heavily increased energy expenditure, while no relationships of irisin and FGF-21 with
energy status measures were observed in lean nonathletic adolescents with normal daily
energy expenditure levels.
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Abstract: Step tests are important in community- and home-based rehabilitation programs to assess
patients’ exercise capacity. A new incremental step test was developed for this purpose, but its
clinical interpretability is currently limited. This study aimed to establish a reference equation for
this new incremental step test (IST) for the Portuguese adult population. A cross-sectional study was
conducted on people without disabilities. Sociodemographic (age and sex), anthropometric (weight,
height, and body mass index), smoking status, and physical activity (using the brief physical activity
assessment tool) data were collected. Participants performed two repetitions of the IST and the best
test was used to establish the reference equation with a forward stepwise multiple regression. An
analysis comparing the results from the reference equation with the actual values was conducted with
the Wilcoxon test. A total of 155 adult volunteers were recruited (60.6% female, 47.8 ± 19.7 years), and
the reference equation was as follows: steps in IST = 475.52 − (4.68 × age years) + (30.5 × sex), where
male = 1 and female = 0, and r2 = 60%. No significant differences were observed between the values
performed and those obtained by the equation (p = 0.984). The established equation demonstrated
that age and sex were the determinant variables for the variability of the results.

Keywords: exercise tests; exercise tolerance; step mode testing; interpretability

1. Introduction

The assessment of exercise capacity is a common component in preventive and reha-
bilitation programs to detect changes in physical function, especially in exercise tolerance
function, and, consequently, to establish prognosis [1,2]. It also provides parameters for
the prescription of exercise programs and response to intervention [3]. Cardiopulmonary
exercise testing (CPET) is considered the gold standard method used to assess exercise ca-
pacity, by providing a measure of the maximum oxygen consumption (VO2max), which in
turn is the gold standard measure for the assessment of cardiorespiratory fitness (CRF) [4].
Treadmills and cycle ergometers are indicated to assess CRF [1]; however, their use is
not always feasible in all settings where rehabilitation programs can be implemented [5],
especially in community- [6–8] and home-based [9–11] programs, because they have high
costs and require both specialized instruments and trained personnel [1]. To overcome
these limitations, field tests can be more affordable, simple to apply, and better related
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to patients’ demands during activities of daily living [2,12]. Because of this, step tests
are a suitable alternative which, in addition to the advantages mentioned above, require
little equipment (an easily transportable platform), and the stepping skill requires little
practice [1]. Additionally, step tests with an incremental and externally paced profile can
provide a maximal cardiorespiratory response [13].

Recently, a new incremental step test was developed for patients with COPD with
promising results for their measurement properties (correlation values of 0.50 and 0.46 for
construct validity and ICC = 0.96 for reliability) and its application proved to be feasible
in the home environment because this data collection was performed at participants’
homes [14]. This test is composed of an incremental profile using a digital recording with a
timed metronome step cadence through 15 levels of step cadence, each of a 1-min duration.
The timed metronome sets the step cadence, which starts at 10 steps/minute and increases
2 steps/minute every 1 min, with a step cadence maximum of 38 steps/minute (level 15).
According to these characteristics and the good results on their measurement properties
in the COPD population, its general application for other clinical populations (e.g., other
chronic respiratory diseases and cardiac diseases) seems to be recommended, along with
the assessment of the respective measurement properties [15].

In addition to the measurement properties, the clinical interpretability of field tests is
also important and transversal to all clinical populations, providing a clear interpretation of
their performances through comparisons, for example, with reference equations generated
from data of apparently healthy populations [16]. This also yields a definition of the utility
of this new step test as an outcome measure of exercise capacity and assess the effectiveness
of interventions [15]. Currently, the clinical interpretability of this new incremental step test
is unknown. Therefore, the need to produce a country-specific reference equation based on
its performance is important. This study aims to establish a reference equation of this new
incremental step test (IST) to assess exercise capacity in the Portuguese adult population.

2. Materials and Methods

2.1. Study Design

This cross-sectional study was conducted between April 2021 and November 2022 in
people without disabilities. Ethical approval for this study was obtained from the Ethics
Committee of the School of Health—Polytechnic Institute of Porto (E0134, 13 April 2020).
This study was also registered at ClinicalTrials.gov (registry number NCT04801979).

2.2. Participants

The study was conducted on people without disabilities in the north of Portugal. Each
investigator responsible for the data collection advertised the study in their hometown
and the surrounding areas. Interested participants contacted each investigator directly to
participate in the study. According to another study in which it also determined reference
equations for field tests for Portuguese adults [17], to achieve maximum representativeness
from community-dwelling people, participants aged equal to or above 18 years and both
sexes, with the most prevalent age-related conditions (e.g., hypercholesterolemia, hyperten-
sion, and diabetes) were included in the study [18]. The exclusion criteria were the presence
of one or more of the following conditions: acute (within the past 4 weeks) or chronic
respiratory disease; cardiac disease; signs of cognitive or neuromuscular impairment; and
significant musculoskeletal disorder (e.g., ankylosing spondylitis) that could interfere with
the ability to perform the step test. Subjects using walking aids were also excluded.

2.3. Data Collection

Sociodemographic (age and sex), anthropometric (weight, height, and body mass
index [BMI]), clinical (comorbidities and smoking status, i.e., current smoker, past smoker,
or never smoker), and physical activity (PA) data were collected. PA was assessed using
the brief physical activity assessment tool [19]. This tool consists of two questions that
consider the frequency and duration of moderate and vigorous PA during a usual week.
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Each question is rated in a 1–4 scale. Total scores vary from 0 to 8 and they yield further
classification of the individual as “insufficiently active” (score 0–3) or “sufficiently active”
(score ≥ 4) [17]. These classification categories showed good construct validity (0.394 ≤ ρ

≤ 0.435; 0.36 ≤ κ ≤ 0.64; 0.5 ≤ sensitivity ≤ 0.75, 0.74 ≤ specificity ≤ 0.91) in patients with
various health conditions [19–21].

Age, sex, height, weight, BMI, smoking status, and PA were chosen as independent
variables for the development of the reference equation due to their simple collection in
clinical practice and have been included in previous reference equations for other field tests
(e.g., 6-min walk test and incremental shuttle walk test) [16].

Participants performed two repetitions of the IST with a minimum rest period of
30-min between them. Data were collected by physiotherapy final year undergraduate
students under the coordination of trained physiotherapists with experience in applying
field tests to assess exercise capacity. The best test (highest number of steps) was used in
the analysis. Due to the COVID-19 pandemic, all subjects participating in the study used a
face mask. Although some of the available literature suggests that negative effects of using
face masks during exercise in healthy individuals are negligible and unlikely to impact
exercise tolerance significantly [22,23], some studies found a negative impact which results
in decreased exercise performance [24,25]. However, the use of face masks was a factor
expressed by most of participants in order to participate in data collection.

2.4. Incremental Step Test

The IST was designed to provide an incremental profile by using a digital record-
ing with a timed metronome step cadence and a 20 cm tall platform (Max Aerobic step,
Mambo, Tisselt, Belgium). The test consists of 15 levels, each of a 1-min duration. The
timed metronome sets the step cadence, which starts at 10 steps/minute and increases 2
steps/minute every 1 min, with a step cadence maximum of 38 steps/minute (level 15).
The maximum test duration is 15 min [14]. Heart rate (HR) and SpO2(%) were monitored
during the tests with a pulse oximeter (PalmSAT 2500 Series, Nonin Medical, Minnesota,
USA). The criteria to stop the test were as follows: unable to maintain the required step
cadence for 10 s; requested by the participant; if abnormal physiological responses oc-
curred (i.e., persistent peripheral oxygen saturation <85%); and reported symptoms of
exertion intolerance (e.g., chest pain, intolerable dyspnea or leg fatigue, dizziness, vertigo,
and pallor).

2.5. Sample size and Data Analysis

For this study, the sample size for multiple linear regression to establish the reference
equation of the IST was determined according to Green’s (1991) recommendations [26]:

N > 50 + 8 m, (1)

where N is the total sample size and m is the number of independent variables. Because
seven independent variables (age [numerical], sex, height, weight, BMI, smoking sta-
tus, and PA) were considered, a minimum of 106 participants was necessary during the
recruitment phase.

The statistical analysis was performed using SPSS version 27.0 (IBM Corporation,
Armonk, NY, USA). The level of statistical significance was set at p < 0.05. The normality
of data distribution was verified using the Kolmogorov–Smirnov or Shapiro–Wilk tests.
Descriptive statistics were used to describe the samples, and the data are presented as mean
± standard deviation or median [percentile 25–75]. Comparisons between age decades
were explored using the Kruskal–Wallis test with Bonferroni’s correction.

The development of the reference equation was performed using a random selection of
80% of the included participants. According to the analysis of data normality, Spearman’s
correlation coefficients were calculated to explore the association between the dependent
variable (number of steps) and the independent variables (age, sex, height, weight, BMI,
smoking status, and PA). The strength of the correlations was classified according to British
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Medical Journal guidelines: significant correlation coefficients of 0–0.19 as very weak;
0.2–0.39 as weak; 0.4–0.59 as moderate; 0.6–0.79 as strong; and 0.8–1 as very strong [27].
The dependent variables that were significantly correlated with the independent variables
were suited in a further selection stepwise multiple regression. The assumptions of the
multiple regression were confirmed, namely the linear relationship between the dependent
and independent variables, absence of multicollinearity within the independent variables,
homoscedasticity, outliers, and normality of residuals) and r2 was used to assess the
performance of the model. The validity of the reference equation created was further
assessed with the remaining 20% of the sample and it consisted of comparing the results
achieved and those predicted by the equation with the Wilcoxon signed-rank test.

3. Results

In total, 176 volunteers were recruited, and 14 participants were excluded due to the
presence of a respiratory disease (n = 3), musculoskeletal disease (n = 6), status of long-
COVID-19 (n = 4), and the use of walking aids (n = 1). From these 162 participants, 7 were
excluded for presenting persistent high levels of BP before the performance of the step test.
Therefore, 155 adults participated in the study (60.6% female; mean age, 47.8 ± 19.7 years;
minimum age, 19 years; maximum age, 93 years). Most were non-smokers (63.2%), the
mean of BMI was classified as normal (24.9 ± 3.6 kg/m2) [28], and the BMI minimum and
maximum were 17 and 37 kg/m2, respectively. According to PA scores, 85 participants
(54.8%) were classified as insufficiently active and the others 70 participants (45.2%) were
classified as sufficiently active (Table 1).

Table 1. Characteristics of participants.

Characteristics Total Sample (n = 155)
Reference Equation Sample

(80%, n = 124)
Validity Sample (20%, n = 31)

Age, years (min; max) 47.8 ± 19.7
(19; 93)

48.3 ± 19.8
(19; 93)

51.1 ± 21.4
(22; 89)

Sex, female, n (%) 94 (60.6) 75 (60.5) 18 (58.1)
Height, m 1.66 ± 0.1 1.66 ± 0.1 1.67 ± 0.1
Weight, kg 68.7 ± 13.2 68.1 ± 13.0 71.0 ± 11.5

BMI, kg/m2 (min; max)
24.9 ± 3.6

(17; 37)
24.6 ± 3.6

(17; 37)
25.4 ± 3.5

(20; 32)
Smoking status, n (%)

Current smokers 31 (20.0) 22 (17.7) 6 (19.4)
Past smokers 25 (16.1) 23 (18.5) 5 (16.1)

Never smokers 98 (63.2) 78 (62.9) 20 (64.5)
Physical activity (score 0–8) 3 [1–4] 2 [1–4] 2 [1–4]

Physical activity category, n (%)
Insufficiently active 85 (54.8) 69 (55.6) 19 (61.3)
Sufficiently active 70 (45.2) 55 (44.4) 12 (38,7)

Data are expressed as mean ± standard deviation, absolute frequency (%), or median [interquartile range], unless
otherwise stated. Legend: min, minimum; max, maximum; BMI, body mass index.

3.1. Performances on the Incremental Step Test by Age Decade

Participants (n = 155) performed a mean of 328 [170; 360] steps in the IST. Table 2
shows the median values of performance for the IST by age decade. Performance in the IST
was found to decrease with age (p < 0.001) (Table 2).
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Table 2. Median values of performances on the incremental step test by age decade.

Age Groups (Years)

Total (n = 155) 18–29
(n = 33)

30–39
(n = 27)

40–49
(n = 25)

50–59
(n = 29)

60–69
(n = 10)

70–79
(n = 19)

≥80
(n = 12)

IST, number
steps 360 [360,360] a 360 [329–360] a 303 [272–360] b 300 [235–320] b 183 [118–288] c 97 [21–137] d 50 [13–61] e

Data are expressed as median [interquartile range]. Legend: IST, incremental step test. a Different from 60–69,
70–79 and ≥80 years. b Different from 70–79 and ≥80 years. c Different from 18–29 and 30–39 years. d Different
from all age groups, except 60–69 and ≥80 years. e Different from all age groups, except 60–69 and 70–79 years.

3.2. Reference Equation

According to 80% of the sample (n = 124) and based on the best performance in the
IST, the reference equation was developed. There were significant correlations between the
number of steps in the IST and age (r = −0.68, strong correlation, p < 0.001), sex (r = 0.11,
very weak correlation, p = 0.04), and height (r = 0,33, weak correlation, p < 0.001), but
not weight, smoking status, BMI, and PA (p > 0.05). The model of the stepwise multiple
regression showed that age and sex explained 60% (p < 0.001) of variability in the IST
(Table 3). The reference equation for the number of steps was:

Number of steps (IST) = 475.52 − (4.68 × age years) + (30.5 × sex),
where male = 1 and female = 0.

(2)

Table 3. Multiple linear regression analysis with the incremental step test.

Unstandardized Coefficients
Standardized
Coefficients

r2 B SE β 95% CI p value SE of
estimate

IST 0.60
Constant 475.52 19.0 437.9 to 513.1

77.9Age −4.68 0.35 −0.76 −5.4 to −4.0 <0.001
Sex 30.50 14.20 0.12 2.39 to 58.62 0.03

Legend; IST, incremental step test; B, unstandardized coefficients; β, beta (standardized coefficient); CI, confidence
interval; SE, standard error.

3.3. Validity of the Reference Equation

According to 20% of the sample (n = 31), no significant differences (p = 0.984) were
observed between the actual values performed by participants (319 [141; 360] steps) and
those obtained by the equation (290 [173; 339] steps).

4. Discussion

This study determined a reference equation for IST performance and showed that
the variability of results was explained by sex and age. It is important to mention that
these values were obtained from participants over a wide range of ages between 19 and
93 years. The inclusion of age as a determinant variable for the variability of results was
expected because the aging process causes skeletal muscle contractile function loss [29] and
lower oxygen consumption [30], leading to a worse exercise capacity. Another explanation
for these results is the greater probability of the difficulty for older adults to negotiate
stairs as a marker of functional decline, which can influence the performance in step mode
testing. This difficulty is not only associated with reduced lower-limb strength, but also
with reduced sensation and balance, and an increased fear of falling [31]. In fact, age has
been the most indicated predictor of performance in exercise field tests, namely in other
steps tests [32–34], walking tests [16,17,35], and upper-limb exercise tests [17].

We also expected that sex could influence the performance of the IST. Sex is con-
sidered a strong predictor of exercise capacity [36] that is consistently observed in refer-
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ence equations for the prediction of exercise capacity in field tests, especially in walking
tests [35,37,38] and step tests [32–34].

On the other hand, we expected that other independent variables could influence
the performance of the IST, highlighting body composition. Body composition, through
anthropometric measures, can be a determinant variable in the assessment of exercise
capacity [39]; however, the variables used in our study (weight, height, and BMI) did not
influence performance in the IST. We hypothesized that weight could be a predictor of a
smaller number of steps performed. Overweight, associated with more fat accumulation,
increases the workload on horizontal (walking) and vertical displacements, which normally
occur during step mode testing [40–42]. Despite the controversy over whether BMI is the
best measure of obesity, BMI ranges are still based on excess body fat [28]. As such, it
was expected that this variable also could negatively influence performance in terms of
the number of step tests; however, this was not observed in our reference equation. The
lack of variability in BMI values in our sample was not a limitation for this observation
because the participants included in the development of the reference equation (80% of
participants) presented a wide variety of BMI values (minimum of 17 and maximum of
37 kg/m2). Although it could be argued that the inclusion of patients with a lower (≤18.5
kg/m2: underweight) and higher ( ≥ 30 kg/m2: obese) BMI introduced a bias because
reference values should be derived from apparently healthy individuals, the main aim of
our study was to achieve maximum representativeness from community-dwelling people.
There is no consensus in the literature regarding the inclusion of participants with the
lowest and highest BMI values for the determination of reference equations for field test
where these participants had been excluded from some studies [32,35,38] but not from
others [33,43].

The absence of differences between the number of steps achieved by participants and
those predicted by the equation in 20% of participants of our sample is considered a strength
in our study, suggesting that this equation is valid and can be applied in clinical practice.
Another important strength was the accomplishment of the sample size calculated prior to
the study, despite the restrictions due to the COVID-19 pandemic during data collection.
Additionally, this equation was developed using only age and sex variables, facilitating
its direct translation to clinical practice. However, the inclusion of other variables, such
as peripheral muscle strength, to explore their influence in the performance of the IST
is important in future studies. Additionally, in future studies, a larger sample size is
important to determine normative values for the IST, contributing to greater information
on its clinical interpretability.

This study has limitations that are important to mention. Firstly, the use of a con-
venience sample might have affected the results. More efforts are necessary to recruit
participants from different settings and geographical locations to obtain a representative
sample because our data collection was only performed in the north of Portugal. Despite
the results from this study being obtained from participants over a wide range of between
19 and 93 years of age, it is important to mention that the number of participants in each
age decade was not proportional, in which a lower number of participants were observed
in the older decades. More participants in older decades are equally important, especially
for the determination of normative values.

This is the first study to develop a reference equation for the IST in the Portuguese
adult population and, to the best of our knowledge, one of the only studies to determine
a national reference equation based on the performance of a step test (number steps). In
fact, in the literature, most of the reference equations for step tests are developed with the
intent to predict cardiorespiratory fitness, based on the estimation of maximum oxygen
uptake [1,44–46]. Equations based on the performance of field tests provide advantages
in clinical practice, yielding the utility of these tests as an outcome measure of exercise
capacity. In addition, they provide an easy interpretation of patients’ exercise capacity and
prognosis in different conditions/diseases.
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5. Conclusions

The established reference equation for the IST demonstrated that age and sex were
the determinant variables for the variability of the results. This study also demonstrated
that there were no differences between the actual values performed by participants and
those obtained by the equation. These results will help to detect people with a lower
exercise capacity, yielding the development of exercise programs and the assessment of
their effectiveness.
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