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Abstract: This study examined heart rate (HR) responses during a sport-specific high-intensity circuit
training session to indirectly assess cardiorespiratory stress in child athletes. Seventeen, female
gymnasts, aged 9–11 years performed two 5-min 15 s sets of circuit exercise, interspersed by a 3 min
rest interval. Each set included five rounds of five gymnastic exercises (7 s work, 7 s rest) executed with
maximal effort. During the first circuit training set, peak heart rate (HR) was 192 ± 7 bpm and average
HR was 83 ± 4% of maximum HR (HRmax), which was determined in a separate session. In the second
set, peak HR and average HR were increased to 196 ± 8 bpm (p < 0.001, d = 0.55) and to 89 ± 4%
HRmax (p < 0.001, d = 2.19), respectively, compared with the first set. HR was above 80% HRmax

for 4.1 ± 1.2 min during set 1 and this was increased to 5.1 ± 0.4 min in set 2 (p < 0.001, d = 1.15).
Likewise, HR was above 90% of HRmax for 2.0 ± 1.2 min in set 1 and was increased to 3.4 ± 1.7 min in
set 2 (p < 0.001, d = 0.98). In summary, two 5-min 15 s sets of high-intensity circuit training using
sport-specific exercises, increased HR to levels above 80% and 90% HRmax for extended time periods,
and thus may be considered as an appropriate stimulus, in terms of intensity, for improving aerobic
fitness in child female gymnasts.

Keywords: aerobic fitness; intermittent exercise; prepubertal children

1. Introduction

A large number of studies over the last decade have shown that high-intensity interval
training (HIIT) improves athletic performance and health in adults [1–3]. HIIT typically includes
short duration exercise bouts (15–60 s) performed at an intensity around maximal oxygen uptake
(VO2max) [4,5], or shorter bouts (6–15 s) executed at intensities corresponding to 100–130% of
VO2max with work-to-rest ratios of 1:1 to 1:1.5 [4,6]. Previous studies have shown significant aerobic
contribution during high-intensity exercise in adults [7], while children demonstrate even higher
reliance on their aerobic metabolism in this type of exercise, due to their faster VO2 kinetics and lower
glycolytic energy supply [8,9]. However, the majority of HIIT studies in children used intense
running or cycling [5,8,10,11], and little is known regarding the aerobic contribution during other
forms of high-intensity exercise, such as functional training, with most data obtained from adult
populations [12,13]. This type of training is commonly used by coaches in many sports, such as
gymnastics, and typically includes sport-specific exercises using body weight, which are executed in a
circuit fashion, aiming to improve neuromuscular performance [14]. However, there is very limited
information about the acute cardiorespiratory stress for this type of circuit training program, especially
in child athletes who are systematically training from a very young age [15].

Sports 2020, 8, 68; doi:10.3390/sports8050068 www.mdpi.com/journal/sports1
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Artistic gymnastics is a popular sport that requires high levels of strength, power, flexibility,
coordination and anaerobic power [14]. During training sessions, gymnastic routines and exercises are
performed repetitively over a long period of time, with short recovery intervals. Thus, the ability to
recover is important not only to preserve a high quality of technical execution throughout a training
session, but also for optimal performance during competitions [14]. Previous studies have shown that
aerobic fitness is an important determinant of performance recovery, while the aerobic contribution
to energy supply is substantial when high-intensity efforts last 20–30 s or longer [7,16]. For example,
in artistic gymnastics, VO2 during competitive routines of floor exercises lasting 90 s, is increased to
85% of maximal VO2 (VO2max) [17]. Similarly, peak heart rate reaches values over 90% of maximum
heart rate in all apparatuses except the vault, where heart rate does not increase to such high levels,
due to the short duration of a single vault (5–7 s) [17]. Furthermore, VO2max explained 92.5% of the
variation in performance scores in elite rhythmic gymnasts, whose competitive routines last about
60–90 s [18]. Thus, aerobic fitness may be important for artistic gymnasts’ performance, and although
high-intensity circuit training using sport-specific exercises is used by gymnastics coaches from an early
age [14,19], evidence is limited regarding the physiological stress imposed on the cardio-respiratory
system of developing athletes. Thus, the aim of this study was to examine heart rate responses during
a high-intensity circuit training session using sport-specific exercises in child female gymnasts.

2. Materials and Methods

2.1. Participants

Participants were recruited from a local gymnastics club. The inclusion criteria were: (1) healthy
female athletes, (2) participation in competitive artistic gymnastics for 3–4 years, (3) weekly training for
at least 4 hours, and (4) age range between 9–11 years. Athletes who had any musculoskeletal injury
from the previous 6 months were excluded from the study. Seventeen premenarcheal female artistic
gymnasts aged 9.7 ± 0.8 years, with body mass 33.7 ± 7.3 kg, height 1.38 ± 0.10 cm and Body Mass
Index 17.4 ± 2.4 kg/m2, participated in the testing procedures. All procedures were in accordance with
the Declaration of Helsinki and approved by the local university ethics committee (approval no. 1198).
Parents and participants were informed about the experimental procedure and signed an informed
consent. All participants had an athlete’s health card validated by the Hellenic Gymnastics Federation.

2.2. Procedure

The experimental protocol was performed in the pre-season. Following two familiarization
sessions performed 2–3 days apart, the participants executed a 20 m shuttle run test until exhaustion,
to measure maximal heart rate (HRmax) and to estimate maximal oxygen consumption (VO2max),
using a standardized age-specific equation [20]. Three days after the shuttle run test, the main testing
protocol was performed, which consisted of two sets of five gymnastic exercises executed in a circuit
manner (Table 1). Participants abstained from any rigorous physical activity for 24 h before testing.
Each exercise was performed for 7 s, followed by a rest interval of equal duration, during which athletes
moved to the next exercise (Table 1). These five exercises were executed in a circuit fashion until a
total of 5 rounds was completed. Thus, each set included 5 rounds of 5 exercises with a total duration
of 5 min and 15 s. A passive recovery period of 3 min separated the two sets. A 5 min standardized,
sport-specific warm-up preceded the circuit training session, followed by 3 min of rest. The warm-up
included 3 min of light jogging and 2 min of mobility exercises.
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Table 1. High-intensity circuit training program executed 5 times.

Exercise Description Number of Repetitions/Duration

1. From hanging on high bar leg raise in tuck position to dislocate in
eagle grip (L-grip), release and land on the floor 3 reps/7 s

2. From cross support facing the end of a low beam (20 cm), lateral
jumps across the length of the beam 4 reps/7 s

3. Forward roll, jump with half turn (180◦), backward roll and jump
with half turn (180◦) (without pause or extra steps) 3 reps/7 s

4. From front support on parallel bars, forward swing to straddle
position and straddle travel across the length of the parallel bars 3 reps/7 s

5. From front support on low bar cast backward to horizontal 3 reps/7 s

2.3. Heart Rate Measurements

During the 20 m shuttle run test, subjects’ heart rate was monitored continuously using online
telemetry (Polar Team 2, Polar Electro Oy, Kempele, Finland). During the main testing procedure,
heart rate (HR) was being measured continuously (every 1 s) for the entire duration of the protocol,
i.e., during set 1 and set 2, including 3 min of recovery after each set (see Figure 1). From the heart
rate data, the following parameters were extracted or calculated: (a) peak HR, (b) mean HR, (c) time
during which heart rate was above 80% of HRmax, (d) time during which heart rate was above 90% of
HRmax, (e) heart rate recovery 1 and 2 min after each set of the circuit training (i.e., the drop of HR at
the respective time points compared with the peak attained in each set) [21,22].

Figure 1. Time course of heart rate during the two sets of circuit training, separated by a 3 min rest
interval, for one of the participants.

2.4. Statistical Analysis

Data analysis was performed using SPSS Statistics (Ver. 25, IBM Corporation, New York, NY,
USA). Descriptive statistics were calculated (mean values and standard deviations). Comparisons
between the heart rate variables of the first and the second test were performed using a paired-sample
T-test. Effect sizes were determined by Cohen’s d (trivial: 0–0.19, small: 0.20–0.49, medium: 0.50–0.79
and large: 0.80 and greater) [23]. One-way analysis of variance (ANOVA) followed by Tukey’s post-hoc
test, was used to examine whether peak heart rate and heart rate recovery observed during the two sets
of circuit exercise session were different from the respective values (i.e., maximal heart rate and heart
rate recovery) recorded during the shuttle run test. Significance was accepted at p < 0.05.
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3. Results

3.1. Circuit Exercise Session

Peak heart rate reached in set 1 of the circuit exercise training session was 92 ± 4% of HRmax,
and was increased to 95 ± 4% of HRmax in set 2 (Table 2). Mean heart rate during the first set of
the circuit exercise session was 83 ± 4% HRmax and was further increased to 89 ± 4% HRmax in set 2
(Table 2). Moreover, the time during which HR was above 80% HRmax and 90% HRmax was higher in
set 2 compared with set 1 (p < 0.00, d = 1.15) (p < 0.001, d = 0.98) (Table 2). The time course of heart rate
during the high-intensity circuit training session from a representative individual is shown in Figure 1.

Table 2. Comparison of heart rate responses during the first and the second set (set 1 and set 2) of the
high-intensity circuit exercise training session.

Header Set 1 Set 2 p Value Cohen’s d

Peak heart rate (bpm) 192 ± 7 196 ± 8 <0.001 0.55
Mean heart rate (bpm) 171 ± 8 186 ± 6 <0.001 2.19

Time spent >80% 1 HRmax (min) 4.11 ± 1.19 5.09 ± 0.36 <0.001 1.15
Time spent >90% 1 HRmax (min) 2.01 ± 1.16 3.36 ± 1.65 <0.001 0.98
1 min heart rate recovery (bpm) 54 ± 13 54 ± 12 0.918 0.00
2 min heart rate recovery (bpm) 72 ± 13 69 ± 13 0.273 0.24

1 HRmax: maximum heart rate attained during the shuttle run test.

3.2. Shuttle Run Test

HRmax attained during the shuttle-run test was 207± 5 beats per minute (bpm), while the estimated
VO2max was 49 ± 3 mL/kg/min HRmax attained during the shuttle run test to exhaustion (p < 0.001)
was 5–8% higher compared with the peak HR during set 1 and set 2 of the circuit training exercise
session. However, the recovery of HR after the shuttle run test was similar to HR recovery observed
in set 1 and set 2 of the circuit exercise training session (1st min: 58 ± 16 and 2nd min: 76 ± 13 bpm,
p = 0.26 to 0.65, Table 2).

4. Discussion

The main finding of this study was that this sport-specific high-intensity circuit training, which
comprised a total exercise time of 10.5 min, increased mean HR to levels above 80% HRmax for
a total of 9.2 min, and above 90% HRmax for a total of 5.4 min (sum of time in set 1 and set 2,
see Table 2). This extended time spent at a high HR may be an appropriate stimulus for improvements
in aerobic fitness in very young female gymnasts. These findings are important, since circuit training
using functional sport-specific exercises is routinely used in developing athletes, mainly to improve
neuromuscular fitness [24]. However, exercise performed intermittently at a high intensity has been
shown to improve not only strength and muscle endurance, but also to involve a significant aerobic
contribution [25,26].

One interesting observation is that the time during which the heart rate was >80% HRmax was
about 70% of the exercise plus recovery duration. Notably, these young athletes spent 9.2 min out
of a total of ~16 min of exercise and recovery (2 × 5:15 min separated by 3 min or rest) with a high
HR (Table 2). Furthermore, during 5.4 min of this time, gymnasts had an HR above 90% of HRmax

(Figure 1). This time spent at a high HR is an adequate stimulus for improving VO2max and aerobic
fitness in general [4,27]. The fact that such a large part of this brief exercise scheme was performed with
a high HR may be due to the rapid HR kinetics of children, together with their higher oxidative capacity
and aerobic contribution to high-intensity exercise [8,28]. Thus, these findings provide evidence
that cardiorespiratory stress is high during this type of high-intensity, sport-specific circuit training.
Interestingly, a very recent study compared the acute effects of an integrative neuromuscular training
program for 12 min (2 sets × 6 exercises × 30 s each with equal rest) on cardiometabolic responses of
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10–11 year old children [15]. In that study, the increase of HR was lower than in the present study
and HR ranged between 61% and 92% of HRmax [15]. Importantly, in that study, VO2 during the
12 min exercise was increased from 28% to 64% VO2max, suggesting that HR is indicative of oxygen
uptake in this type of protocol. This would suggest that in the present study, more than 50% of the
protocol duration was performed with high VO2, as it is known that 90% HRmax corresponds to >80%
of VO2max [29]. Mandigout et al. [22] found that training intensities greater than 80% HRmax for at
least 25 min per session, resulted in improved VO2max in children aged 10–11 years. Thus, the present
circuit exercise protocol may provide an appropriate stimulus to improve aerobic fitness only in terms
of intensity (>80% HRmax) and not in terms of duration (i.e., a total of 9.2 min above >80% HRmax).

Different exercise bout configurations during intermittent functional training protocols may
modify the physiological strain [2]. For example, physiological responses may vary greatly by changing
the duration of work and recovery periods and this has been known for many decades [2,30]. In the
present study, the work and rest durations were very brief (7 s), and as a consequence, HR and most
probably VO2, remained elevated throughout exercise, mimicking the responses during high-intensity
continuous work. Longer exercise and rest durations are expected to cause a higher contribution of
anaerobic glycolysis during exercises, combined with a drop in HR and VO2 during the recovery
intervals, thus reducing the cardiorespiratory strain [7,31]. Along this line, Bendiksen et al. [32]
reported that mean HR and time spent in high-intensity aerobic training zones was higher in ball
games (2 sets × 15 min with 3 min rest) compared to circuit resistance training (30 s work and 45 s
rest for 3 min). In another study, Faigenbaum et al. [33] examined acute cardiometabolic responses,
applying 10 min medicine ball (2.3 kg) interval training comprising 2 sets with 30 s work and equal
rest intervals. It was found that peak HR reached 178 ± 9 bpm and that mean HR ranged from 61.1%
to 81.6%. These values are lower than the values reported in the present study, probably due to the
extended work and interval duration. Indeed, longer exercise durations of high-intensity intermittent
exercise (15–30 s at intensities >100% VO2max) are related with early exhaustion in child and adolescent
athletes, and, in this case, a continuous bout of near-maximal exercise 80–90% VO2max may be more
effective to stimulate aerobic adaptations [21,34]. Moreover, muscle oxygenation, as measured by
near-infrared resonance spectroscopy, is higher during shorter than longer duration exercise; rest
intervals (24 s:36 s and 6 s:9 s, respectively) [35].

Another important finding of the present study was the rapid decrease of HR following both
the functional sport-specific circuit training protocol and the shuttle run test (Figure 1, Table 2).
Notably, the decrease in HR after 1 and 2 min of recovery was similar in both bouts and in the shuttle
run test, suggesting that HR recovery in children is minimally affected by the characteristics of the
preceding exercise bout. Previous studies have reported that post-exercise heart rate recovery is
faster in children compared with adults, probably due to their lower work rate and less anaerobic
metabolism contribution [36]. In a study comparing heart rate recovery between prepubertal, pubertal
and adult males, after repeated high-intensity cycling sprints, it was shown that HR 1 min after exercise
recovered by 50 ± 1 bpm, 37 ± 1 bpm and 39 ± 1 bpm, for the three age groups respectively, with no
significant difference between adolescents and adults [37]. The data for HR recovery in children in that
study [37] are similar with the findings of the present study (Table 2), demonstrating the rapid HR
recovery in female gymnasts following this high-intensity circuit training routine. Possible reasons
for the faster HR recovery may be a lower glycolytic energy supply coupled with a higher aerobic
contribution and phosphocreatine resynthesis between bouts, as well as a greater parasympathetic
reactivation [8,38,39].

In summary, this study presented novel and practically significant findings related to high-intensity
sport-specific circuit training in child female gymnasts. However, there are certain limitations that
should be acknowledged. Despite the fact that HR was continuously measured in the present study,
VO2 responses were not evaluated. The 20 m shuttle run test, commonly used in youth athletes,
is not a sport-specific test for cardiorespiratory fitness in young gymnasts. However, there is currently
no other sport-specific test to asses this fitness parameter in this population. Finally, blood lactate
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measurements would have been informative regarding the strain placed on anaerobic glycolysis during
this high-intensity workout applied in young female gymnasts. Nevertheless, it was shown that
this exercise program, that is commonly applied to enhance neuromuscular performance in young
female gymnasts, is characterized by an increased heart rate, above an intensity that may induce
aerobic adaptations (80% HRmax), albeit for a relatively short time. The time spent at high HR may
be an appropriate stimulus for improvements in aerobic fitness in youth athletes. At the same time,
performing different types of exercises from hanging and support on gymnastics apparatuses using
body weight, may simultaneously enhance physical fitness and improve motor skills, especially in
very young athletes. Further research should investigate the long-term effects of this training modality
using different exercise durations on aerobic fitness, strength and power in child athletes of sports
demanding high power and fast recovery abilities.
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Abstract: This study examined the effects of a short-duration supplementary strength–power training
program on neuromuscular performance and sport-specific skills in adolescent athletes. Twenty-three
female “Gymnastics for All” athletes, aged 13± 2 years, were divided into a training group (TG, n = 12)
and a control group (CG, n = 11). Both groups underwent a test battery before and after 10 weeks of
intervention. TG completed, in addition to gymnastics training, a supplementary 7–9 min program
that included two rounds of strength and power exercises for arms, torso, and legs, executed in a
circuit fashion with 1 min rest between rounds, three times per week. Initially, six exercises were
performed (15 s work–15 s rest), while the number of exercises was decreased to four and the duration
of each exercise was increased to 30 s (30 s rest) after the fifth week. TG improved countermovement
jump performance with one leg (11.5% ± 10.4%, p = 0.002) and two legs (8.2% ± 8.8%, p = 0.004),
drop jump performance (14.4%± 12.6%, p= 0.038), single-leg jumping agility (13.6%± 5.2%, p = 0.001),
and sport-specific performance (8.8% ± 7.4%, p = 0.004), but not 10 m sprint performance (2.4% ± 6.6%,
p = 0.709). No change was observed in the CG (p = 0.41 to 0.97). The results of this study indicated
that this supplementary strength–power program performed for 7–9 min improves neuromuscular
and sport-specific performance after 10 weeks of training.

Keywords: female; adolescence; resistance training; plyometric training; strength training

1. Introduction

Long-term athlete development models provide general frameworks to prepare youth for sports
and a physically active lifestyle [1]. These models aim to align practice with growth, maturation,
and early sport specialization and to consider factors such as injury risk [2,3] and the limitations of
the existing training practice schedules [3,4]. Muscular strength and power, speed, and agility are
central fitness components in all long-term athlete development models, which propose participation
in high-intensity physical activity and muscle strengthening exercises at least 3 times a week [3,5].
Muscular strength and power increase with age in boys and girls until the onset of puberty [6,7],
while after this age, a plateau in muscular strength is typically observed in girls [8]. Sprint speed
increases in early childhood (5–9 years) and shows accelerated improvement in boys ~12 to 14 years;
however, improvements occur earlier in girls, and sprint performance reaches a plateau 2 to 3 years
earlier than boys [9,10].

Resistance and plyometric training are efficient methods to improve strength, power, speed,
and general athleticism in youth athletes [11,12]. Importantly, enhanced physical fitness is a prerequisite
for motor competence and technical skill acquisition, in youth athletes [1]. Recently, Lesinski et al. [13]
demonstrated the positive effects of resistance training (including weight-bearing exercises) on muscular
strength and jumping performance in youth athletes, and especially in adolescents, with boys improving
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more than girls [13,14]. Plyometric training is also an effective method to increase lower-limb strength
and power, sprinting, and change of direction abilities in young male athletes [15,16]. However,
research is lacking in female athletes and in individual sports [17]. In a recent meta-analysis
examining the effect of plyometric training in female athletes (8–18 years), Moran et al. [18] reported
small-to-moderate effects on jumping performance, with larger effect sizes observed in younger
(<15 years; ES = 0.78) compared to older athletes (>15 years; ES = 0.31). Nevertheless, limited research
examined the extent to which young female athletes increase strength and power following different
modes of training. This would be especially useful in sports such as gymnastics, where girls train and
compete from a very early age [19], and increased physical fitness is associated not only with sports
performance, but also with reduced injury occurrence.

“Gymnastics for All” is an early specialization sport, which incorporates various elements (artistic,
rhythmic, acrobatic, and aerobic) executed by a group of athletes on the gymnastics floor. Performance of
these complex skills requires high levels of relative strength, power, and flexibility [19–22], while aerobic
capacity has also been found important for both competition scores and recovery [23–25] throughout
training and competition. Due to the less competitive character of “Gymnastics for All” (group
contest or festival), athletes typically train 3–4 times per week for 1.5–2 h per session. Gymnastics
coaches often use combinations of skills repetitions in a circuit type of training, to improve athletes’
neuromuscular fitness [26,27]. However, while this training is commonly used in gymnastics to
develop sport-specific fitness, the addition of an age appropriate, supplementary, strength and power
training program may offer positive outcomes that surpass the benefits obtained by skills training
alone [26,28]. Previous studies suggested that supplementary strength and power training using basic
movement skills, may enhance technical competency, correct movement patterns, and reduce injury
risk [26,29] especially in adolescent female athletes, who show decreased strength and increased injury
risk compared to males [30,31]. An important limitation of the existing training practice schedules in
most youth sports is that training time per session (typically 1.5 h) may not be sufficient for learning new
skills and improving muscular fitness. However, there is limited information on possible modifications
needed in such training schedules in order to conform to the guidelines of current long-term athlete
development models [1]. For example, Moeskops et al. [26] used two weekly neuromuscular training
sessions that lasted 35 min each, during an 8 week period and found increased leg stiffness and
muscular endurance in 8–9-year-old gymnasts. However, such durations of fitness training may not
be feasible in most youth sport training schedules, due to time restrictions. Thus, it may be useful to
examine shorter-duration fitness interventions.

Recently, it was suggested that a combination of two or more types of training may be more
efficient to improve fitness and sport performance of youth athletes [32–34]. For example, a combined
resistance and plyometric training program, performed for 6 weeks enhanced maximal strength,
countermovement jump height, and sprint speed in three groups of youth basketball players (13–15,
15–17, and >17 years), although the training program used in that study was less effective as the age
of the basketball players increased [32]. However, the effects of such combined strength and power
programs in younger athletes are still unclear. Thus, the aim of this study was to examine the effects
of a 10 week, short-duration, supplementary strength–power training program on neuromuscular
performance and sport-specific skills in female, adolescent “Gymnastics for All” athletes. It was
hypothesized that this supplementary strength–power training would improve physical fitness and in
turn performance in sport-specific skills, more than gymnastics training alone.
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2. Materials and Methods

2.1. Participants

Power analysis indicated that a minimum of 6 gymnasts should be included in the study in
order to detect an effect size (ES) of 0.78, obtained from the meta-analysis of Moran et al. [18] for
girls younger than 15 years of age (within–between analysis of variance power = 0.80, alpha = 0.05,
correlation between repeated measures r = 0.5; G-Power 3.1.9.2).

Twenty-six female “Gymnastics for All” gymnasts, aged 13 ± 2 years were recruited from one
gymnastics club. Criteria for inclusion were: regular training (i.e., three times per week for 90 min
per session) for at least two years under the same coach; no involvement in any systematic strength
and power training; competitive experience of at least one year. Participants were excluded if they
had any musculoskeletal injury in the last six months or if they missed >10% of the training sessions.
Gymnasts were randomly allocated (allocation ratio 1:1) to a training group (TG) and a control group
(CG). Three athletes (two from the training group and one from the control group) were excluded
from the study because they did not complete all tests. The final number of participants along with
their anthropometric and maturity characteristics are presented in Table 1. The maturity offset was
estimated according to the prediction equation of Mirwald et al. [35]. Before the start of the study,
researchers informed coaches, athletes, and their parents about the purpose and risks of the study,
and an informed consent was signed by the athletes and the participants’ parents. All procedures were
approved by the local university ethics committee (reference number: 115/10-04-2019) in compliance
with the Code of Ethics of the World Medical Association (Helsinki declaration of 1964, as revised
in 2013).

Table 1. Characteristics of the participants in the training group (TG) and the control group (CG)
(mean ± SD).

Characteristics TG (n = 12) CG (n = 11) p

Age (year) 13.2 ± 1.3 12.3 ± 1.3 0.106
Training experience (year) 4.4 ± 2.7 4.3 ± 2.1 0.883

Height (cm) 157.3 ± 6.1 156.0 ± 7.3 0.638
Body mass (kg) 52.4 ± 6.6 51.6 ± 8.5 0.792

BMI (kg/m2) 21.1 ± 1.6 21.2 ± 3.0 0.956
Maturity offset 1.1 ± 0.9 0.6 ± 0.9 0.159

2.2. Study Design

A repeated-measures parallel group design was used in the present study. The same battery of
tests was evaluated in both groups at the beginning and at the end of the intervention (10 weeks).
Athletes in the TG performed a circuit-type strength and power training program (duration: 7–9 min)
for 10 weeks in addition to their regular gymnastics training. The study took place in the pre-season
period (from October to December). The following tests were repeated at baseline and after 10 weeks of
training: 10 m linear sprint speed, one-leg (one-leg CMJ) and two-legs countermovement jump (CMJ),
drop jump (DJ), single-leg jumping agility test (JA), and 10 consecutive repetitions of a sport-specific skill
(round-off). All measurements were performed in the same testing session, 48 h after the last training.
A standardized warm-up preceded testing that included 6 min of light jogging, dynamic stretching for
the major muscle groups, and 2 short accelerations.

Twenty-six sessions of this circuit strength and power training program were performed on
non-consecutive days (Monday, Wednesday, and Friday), at the end of regular gymnastics training.
Four familiarization sessions were performed over a two-week period, before baseline testing, to get
participants habituated to the circuit strength-power training and the testing procedures. Both training
and control groups participated in all familiarization sessions. During that period, data were collected
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to calculate intraclass correlation coefficients (ICCs) for each test, using a two-way mixed-model
analysis of variance (ANOVA).

2.3. Methodology

2.3.1. Anthropometry

Body mass (to within 0.1 kg, Seca 700, Seca Ltd., Birmingham, UK), standing height, and sitting
height (to within 0.1 cm, Charder HM-200P, Charder Electronic Co., Ltd., Taichung City 412, Taiwan)
were measured for both groups.

2.3.2. Vertical Jump Height

Vertical jump height was determined from flight time using an Optojump system (Microgate, SRL,
Bolzano, Italy) [36]. Participants were instructed to jump at maximal effort with their hands akimbo,
take off with the ankles and knees fully extended and land balanced on the same spot. During all
jumping tests participants wore gymnastics shoes. For the one- and the two-leg CMJ, gymnasts
were instructed to perform a countermovement (knee angle approx. 90◦) and then immediately
jump up. Trials were separated by 30 s and there was a 2 min rest between the different jump
tests. For the single-leg CMJ test, the sum of the right- and left-leg jumps was calculated and
used for further analysis. ICC for the two-leg CMJ was 0.93 (95% confidence interval (CI): 0.86–0.97)
(standard error of measurement (SEM) = 3.3%, meaningful detectable change at 90% confidence interval
(MDC90) = 2.17 cm) and for the sum of the right- and left-leg CMJ it was 0.94 (95% CI: 0.86–0.97)
(SEM = 3.6%, MDC90 = 2.49 cm).

For the DJ, gymnasts stepped horizontally off a 20 cm box on the gymnastics carpet and then
immediately performed a maximal rebound vertical jump with minimal ground contact time. The ICC
for the DJ height was 0.98 (95% CI: 0.96–0.99) (SEM = 1.6%, MDC90 = 1.00 cm).

2.3.3. Single-Leg Jumping Agility Test

As for the single-leg jumping agility, a cross hop was used. This test examines jumping agility, as it
requires the participants to hop as fast as possible and to move in multiple directions [37]. Subjects had
to perform five consecutive rounds of hopping for each leg as fast as they could. For this test, a cross
consisting of five equal-sized squares (30 cm side) was marked on the gymnastics floor with tape.
The distance of the front, back, right, and left square from the middle (central) square, was set at
20% of the participant’s body height, measured from the center of the middle square, to the center
of all the other squares. The starting point of the test was the central square, where gymnast stood
on one leg, and from there they had to jump forward, backward, to the right. and to the left, into the
respective squares, always returning to the central square after each jump (one round). The total time
to complete the 5 rounds was recorded electronically. When a gymnast touched the contralateral foot
on the ground, or hopped in the wrong direction, they had to repeat the trial. Two trials interspersed
by 5 min of rest were performed, and the best trial was used for further analysis. The average value of
the right- and left-leg performance was calculated for further analysis. The ICC for single-leg jumping
agility was 0.97 (95% CI: 0.93–0.98) (SEM = 1%, MDC90 = 0.62 s).

2.3.4. Sprint Test

Ten meter linear sprint performance was assessed electronically (Microgate, SARL, Bolzano,
Italy) [36]. Participants were asked to stand in an upright stride stance with the preferred leg forward,
0.3 m before the first infrared photoelectric gate, which was placed 0.75 m above the ground to ensure
it captured trunk movement and avoided false limb motion signals. Two trials interspersed by 5 min
of rest were performed, and the best trial was used for further analysis. The intraclass correlation
coefficient for the 10 m sprint was 0.99 (95% CI: 0.98–0.99) (SEM = 0.3%, MDC90 = 0.015 s).
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2.3.5. Sport-Specific Skill

Round-off is a basic movement in gymnastics used to gain speed before performing a series of
flic-flacs and saltos [38]. The round-off includes the following phases: (a) a run-up phase, which ends
by placing the hands on the floor in a T-shape, while inverting the body; (b) the main phase of
support, followed by a rapid push-off from the hands and snap down; and (c) the last phase in
which the feet land together on the floor while the body is inverted [38]. Participants performed 10
consecutive repetitions of round-off as fast as possible, each one starting from two steps. The total time
to complete the 10 repetitions was measured electronically. Two trials interspersed by 5 min of rest
were performed, and the best trial was used for further analysis. The intraclass correlation coefficient
for the 10 round-offs was 0.99 (95% CI: 0.98–0.99) (SEM = 0.7%, MDC90 = 0.42 s).

2.3.6. Strength and Power Training

At the end of the training session (Monday, Wednesday, and Friday), gymnasts of the TG performed
a circuit strength and power training program while at the same time the athletes of the CG performed
body posture movements. This circuit strength and power program included two 5 week training
blocks. Six strength and power exercises of progressive difficulty for arms, torso, and legs were
performed in the first training block (15 s work–15 s rest), while the number of exercises was decreased
to four and the duration of each exercise was increased to 30 s (30 s rest) after the fifth week (Table 2).
Each training included a combination of strength and power exercises targeting major muscle groups
(Table 2). The exercises included are presented in Table S1. Athletes were instructed to perform as
many repetitions as possible during the time available for each exercise. Strength and power exercises
were performed on the surface of a gymnastics carpet with the gymnasts wearing gymnastics shoes.
Training was supervised by an experienced coach, and proper technique of movement was emphasized
at every training and testing session.

2.4. Statistical Analyses

Descriptive statistics were calculated for all performance and anthropometric tests. The normality
of data distribution and homogeneity of variance were checked using Shapiro–Wilk test and Levene’s
test, respectively. Unpaired t-tests were applied to determine significant differences in baseline
values between groups. A two-way analysis of variance (ANOVA) [group (training/control) × time
(pre/post-training)], with repeated measures on time, was conducted to examine the effect of strength
and power training on all the examined parameters. When a significant main effect or interaction was
observed (p < 0.05), a Tukey’s post hoc test was performed. Effect sizes (ES) for the ANOVA were
determined by partial eta squared (η2). Partial eta squared (η2) values were classified as small (0.01 to
0.059), moderate (0.06 to 0.137), and large (>0.137). For pairwise comparisons, ES was determined by
Cohen’s d [39] (small: >0.2, medium: >0.5, and large: >0.80). The intraclass correlation coefficient (ICC)
was calculated using a two-way mixed model, to measure reliability for all measures. Additionally,
the standard error of measurement (SEM) and the meaningful detectable change at 90% confidence
interval (MDC90) were calculated. Statistical significance was set at p< 0.05. All statistical analyses were
conducted using SPSS (IBM SPSS Statistics, Version 22.0, IBM Corporation, Armonk, New York, USA).
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Table 2. Strength and power training program executed three times per week for 10 weeks by the
athletes of the training group (TG). Athletes performed two rounds of six exercises in a circuit form,
for the first 6 weeks and two rounds of four exercises for the last 4 weeks.

MONDAY WEDNESDAY FRIDAY

WEEK 1

2 × 6 exercises (5 S + 1 P) 2 × 6 exercises (5 S + 1 P) 2 × 6 exercises (5 S + 1 P)
W:R = 15:15 W:R = 15:15 W:R = 15:15

total duration: 7 min total duration: 7 min total duration: 7 min

WEEK 2

2 × 6 exercises (2 S + 4 P) 2 × 6 exercises (4 S + 2 P)
W:R = 15:15 W:R = 15:15

total duration: 7 min total duration: 7 min

WEEK 3

2 × 6 exercises (1 S + 5 P) 2 × 6 exercises (3 S + 3 P) 2 × 6 exercises (1 S + 5 P)
W:R = 15:15 W:R = 15:15 W:R = 15:15

total duration: 7 min total duration: 7 min total duration: 7 min

WEEK 4

2 × 6 exercises (1 S + 5 P) 2 × 6 exercises (4 S + 2 P) 2 × 6 exercises (4 S + 2 P)
W:R = 15:15 W:R = 15:15 W:R = 15:15

total duration: 7 min total duration: 7 min total duration: 7 min

WEEK 5

2 × 6 exercises (6 P) 2 × 6 exercises (1 S + 5 P)
W:R = 15:15 W:R = 15:15

total duration: 7 min total duration: 7 min

WEEK 6

2 × 6 exercises (1 S + 5 P) 2 × 6 exercises (2 S + 4 P) 2 × 6 exercises (1 S + 5 P)
W:R = 20:20 W:R = 20:20 W:R = 20:20

total duration: 9 min total duration: 9 min total duration: 9 min

WEEK 7

2 × 4 exercises (2 S + 2 P) 2 × 4 exercises (1 S + 3 P) 2 × 4 exercises (2 S + 2 P)
W:R = 30:30 W:R = 30:30 W:R = 30:30

total duration: 9 min total duration: 9 min total duration: 9 min

WEEK 8

2 × 4 exercises (2 S + 2 P) 2 × 4 exercises (4 S)
W:R = 30:30 W:R = 30:30

total duration: 9 min total duration: 9 min

WEEK 9

2 × 4 exercises (4 S) 2 × 4 exercises (1 S + 3 P) 2 × 4 exercises (4 S)
W:R = 30:30 W:R = 30:30 W:R = 30:30

total duration: 9 min total duration: 9 min total duration: 9 min

WEEK 10

2 × 4 exercises (4 S) 2 × 4 exercises (4 P)
W:R = 30:30 W:R = 30:30

total duration: 9 min total duration: 9 min

S: strength exercises, P: plyometric exercises, W:R: work-to-rest ratio.

3. Results

Performance Parameters

No statistical differences were observed between groups in baseline values (Table 1). Group × time
interactions were found for all the examined parameters (p < 0.038) except for 10 m sprint speed
(p = 0.709) (Table 3). Comparison of changes in performance values between the TG and CG showed
large effect sizes, indicating improvement in one- and two-legs countermovement jumps, drop jump,
single-leg jumping agility, and round-off performance time in the TG (Table 3).

In particular, significant group × time interactions were observed for two- and one-leg
countermovement jumps height (p = 0.004, η2 = 0.329 and p = 0.002, η2 = 0.351, respectively)
with the post hoc showing an improvement only for the TG (p = 0.032, d = 1.20 and p = 0.003,
d = 0.73, respectively) (Table 3). Significant group × time interactions were also observed in round-off
performance time and single-leg jumping agility (p = 0.004, η2 = 0.328 and p = 0.001, η2 = 0.398,
respectively) with the post hoc test showing improvement only for the TG (p = 0.0109, d = 1.20 and
p = 0.001, d = 2.15). A significant group × time interaction was also observed for drop-jump (p = 0.038,
η2 = 0.189) with the post hoc test showing improvement only or the TG (p = 0.008, d = 0.98).
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Table 3. Changes in the examined parameters following 10 weeks of intervention in the training group
(TG, n = 12) and the control group (CG, n = 11).

Measured
Parameter

Group Pre-Training Post-Training
p

(Interaction)

Cohen’s d
(Pre vs.
Post)

Δ Values
(Pre vs.
Post)

Cohens’ d
of Δ

Values
Between
Groups

10 m Sprint (s)
TG 2.05 ± 0.10 2.09 ± 0.11 0.709 0.44 0.04 ± 0.13

0.17CG 2.14 ± 0.07 2.17 ± 0.09 0.35 0.03 ± 0.08

Round-Off (s)
TG 23.17 ± 2.56 20.97 ± 0.91 0.004 1.20 2.21 ± 2.00

1.47CG 23.09 ± 1.97 23.81 ± 1.86 0.40 0.72 ± 2.18

CMJ (cm)
TG 24.00 ± 3.34 26.03 ± 4.68 0.52 2.0 ± 2.27

1.47CG 22.95 ± 3.66 21.82 ± 3.66 0.004 0.32 1.12 ± 2.22

R + L CMJ (cm)
TG 24.99 ± 3.64 27.81 ± 4.40 0.73 2.82 ± 2.49

1.54CG 22.79 ± 3.31 22.20 ± 3.11 0.002 0.20 0.6 ± 2.10

DJ (cm)
TG 22.12 ± 2.55 25.33 ± 4.15 0.98 3.21 ± 2.77

1.01CG 19.93 ± 3.98 20.30 ± 2.00 0.038 0.12 0.37 ± 3.10

Single-leg
Jumping

Agility (s)

TG 17.91 ± 1.48 15.43 ± 0.86 2.15 2.48 ± 1.03
1.70

CG 18.62 ± 1.30 18.09 ± 1.38 0.001 0.42 0.53 ± 1.36

Note: CMJ: counter movement jump; R + L CMJ: sum of the right- and the left-leg counter movement jumps;
DJ: drop jump.

The percent changes in performance for the TG and the CG are presented in Figure 1. TG improved
CMJ performance with one-leg (11.5% ± 10.4%, p = 0.002) and two-legs (8.2% ± 8.8%, p = 0.004),
DJ performance (14.4% ± 12.6%, p = 0.038), single-leg jumping agility (13.6% ± 5.2%, p = 0.001),
and sport-specific performance (8.8% ± 7.4%, p = 0.004), but not 10 m sprint performance (2.4% ± 6.6%,
p = 0.709). All performance changes for the CG were not significant (p = 0.41 to 0.98).

Figure 1. Percentage of change pre−post intervention in the examined parameters in the training and
the control groups; CMJ: counter movement jump; R + L CMJ: sum of right– and the left−leg counter
movement jumps; DJ: drop jump; ** p < 0.01 between training and control groups.

4. Discussion

The main finding of this study was that a 10 week circuit-type strength and power training
program of short duration (7–9 min) was effective in increasing jumping height, single-leg jumping
agility, and sport-specific skill performance time in adolescent female gymnasts. Ten meter sprint speed
remained unchanged in both groups, suggesting that this training program, as well as gymnastics

15



Sports 2020, 8, 104

training alone, did not improve speed abilities in adolescent female gymnasts. To the authors’
knowledge, this is the first study to examine a short-duration combined strength and power training
program on jumping abilities, sprinting, and sport-specific parameters in young adolescent gymnasts.
Importantly, the participants of this study were younger than 15 years, which is the age at which full
adult height is typically achieved in females, thus representing a population undergoing maturational
change [40].

The fact that a very short-duration (7–9 min) circuit-type program aiming to enhance whole-body
strength and power training was so effective in improving jumping abilities, single-leg jumping agility,
and sport-specific skill performance time in adolescent gymnasts, is of high practical value. This is
because in most youth sports, athletes train 2–4 times per week for a limited time on each session
(usually 1.5 h). During this restricted training time, coaches should allocate the necessary time to
improve technical skills, team tactics, and physical fitness. Although previous research has shown
that plyometric or strength and power training programs of longer duration (25 to 45 min) enhanced
lower-limb strength and power in competitive gymnasts [26,41,42], such fitness training duration
may not be feasible in most popular child sports, where technical and tactical training is prioritized.
Taking this into account, a short-duration, whole-body strength and power program, such as the one
used in the present study, would offer an efficient way to improve strength, power, and sport-specific
skills, with minimal time investment.

The magnitude of improvements in single- and double-leg CMJ and in the DJ (Table 3, Figure 1),
with effect sizes between 0.52 and 0.98, are in line with the findings of Moran et al. [18], who reported
that vertical jump ability is developed to a greater degree in younger (<15 years) than in older
(>15 years) female athletes (d = 0.78 and d = 0.31, respectively). When comparing the improvement
of vertical jump between the TG and the CG in the present study, the effect sizes were large (1.01
to 1.47), indicating the effectiveness of this short-duration training program. Notably, this program
improved not only general but also sport-specific fitness. In contrast, typical gymnastics training of the
same weekly frequency and duration (3 times per week for 1.5 h per session—control group) does
not seem to be an adequate stimulus for lower-limb power and sport-specific agility in adolescent
athletes. This finding of the present study is important because it demonstrates the beneficial effects of
a short-duration, supplementary, strength and power exercise program in these young athletes.

Single-leg jumping agility in this study was measured with a test that requires fast hopping
forward, backward, and in the sagittal plane [37]. Single-limb hopping tests are typically testing
functional ankle instability and are also classified as agility maneuvers due to the sudden direction
changes that are required [37]. The ankle joint is often injured in gymnastics due to rapid take-offs and
landings from different heights [43]. Several previous studies examined the role of strength and power
training as a means of injury prevention in female athletes [44–46], but only a limited number of studies
examined this relationship in female youth. Moran et al. [18] argued that a higher level of physical
fitness not only increases performance but may also offset injury risk in child athletes. The strength
and power program implemented in this study included exercises for arms, legs, and torso strength
and power, thus, enhancing balance, coordination, and speed which would, in turn, improve single-leg
jumping agility [34]. The pattern of large between-group differences was also evident in this test
(between groups, d= 1.70) showing that sport-specific-skills repetition alone is not an adequate stimulus
to improve a functional test associated with injury variables.

A running speed of at least 6.20 m·s−1, attained during 20 m run-up, is required for effective
execution of a stretched salto [26,47]. Thus, the ability to accelerate, as well as the ability to execute
fast technical “transition skills”, such as the round-off, is decisive for successful and safe performance
of acrobatic elements in gymnastics. In the present study, athletes in the TG improved the time of
execution of the round-off, possibly due to improved strength and power of the upper and lower
limbs, as well as of the torso [42]. This would suggest that this brief strength and power training
induces adaptations that are transferred to sport-specific skills, and thus it may be recommended
for young female athletes of this sport. However, the ability to accelerate, as reflected by the 10 m

16



Sports 2020, 8, 104

sprint performance, remained unchanged in both TG and CG (Table 3). This finding is in contrast
with previous research in younger female gymnasts (8–9 years old), which showed a significant but
moderate improvement in 10 m performance (d = 0.40) after 8 weeks of plyometric training [41].
One possible explanation for this discrepancy may be a difference in trainability between these two
age groups of athletes. In the present study, female athletes’ age was between 11 and 15 years, while in
that previous study [41] female gymnasts were 8–10 years old. In child female athletes, the age before
growth spurt (i.e., before the age of 11 years) is known as a “window of opportunity” for speed
training [4,9], while a plateau in the trainability of sprint speed is observed in females at the ages
of 11–14 [9,10], along with a concomitant increase in height and body mass. Thus, it is possible
that an improvement in sprint performance may be more difficult to attain in adolescents between
11 and 15 years of age. Alternatively, the lack of improvement of 10 m sprint time may suggest
that this low training volume is not enough to improve sprint performance over short distances,
which require repetitive powerful muscle actions [48]. One limitation of this study is that performance
in longer sprint distances was not examined. Therefore, it cannot be excluded that longer sprint
performance (e.g., 20 m) would have been improved, as previous studies have found a twofold greater
increase in 20 m compared to 10 m sprint performance following plyometric training (d = 0.40 vs. 0.81,
respectively) [41]. Another limitation of this study was that in the sport-specific skill, only the time of
execution was analysed. Further research should also analyse technical parameters of sport-specific
skills to examine the transfer of improved strength and power on technique. In addition, future research
should consider longer training interventions and in different periods over the year to examine strength
and power adaptations in adolescent athletes, including males who may have different responses
compared with female athletes at this age.

5. Conclusions

In conclusion, a brief-duration, supplementary, circuit-type strength and power training program
was effective in increasing single- and double-leg vertical jump, jumping agility, and sport-specific
skill performance in adolescent female gymnasts. Improvement of performance by devoting only
7–9 min per session may be an attractive model of supplementary training in female adolescent athletes,
which may also reduce injury risk. The fact that gymnastics skills training alone was not adequate to
improve important fitness and sport-specific parameters, may indicate that a supplementary strength
and power training program is necessary for an effective and safe athlete development in this age
group. Practitioners should consider incorporating a short-duration, supplementary strength–power
program in “Gymnastics for All” training, as it was shown that substantial gains in neuromuscular
performance can be obtained with minimum time investment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4663/8/8/104/s1,
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Abstract: Gastrocnemius medialis (GM) architecture and ankle angle were compared between
flexibility trained (n = 10) and not trained (n = 6) female athletes, aged 8–10 years. Ankle angle,
fascicle length, pennation angle and muscle thickness were measured at the mid-belly and the distal
part of GM, at rest and at the end of one min of static stretching. Flexibility trained (FT) and not trained
athletes (FNT) had similar fascicle length at the medial (4.19 ± 0.37 vs. 4.24 ± 0.54 cm, respectively,
p = 0.841) and the distal part of GM (4.25 ± 0.35 vs. 4.18 ± 0.65 cm, respectively, p = 0.780), similar
pennation angles, and muscle thickness (p > 0.216), and larger ankle angle at rest (120.9 ± 4.2 vs.
110.9 ± 5.8◦, respectively, p = 0.001). During stretching, FT displayed greater fascicle elongation
compared to FNT at the medial (+1.67 ± 0.37 vs. +1.28 ± 0.22 cm, respectively, p = 0.048) and the
distal part (+1.84 ± 0.67 vs. +0.97 ± 0.97 cm, respectively, p = 0.013), larger change in joint angle and
muscle tendon junction displacement (MTJ) (p < 0.001). Muscle thickness was similar in both groups
(p > 0.053). Ankle dorsiflexion angle significantly correlated with fascicle elongation at the distal
part of GM (r = −0.638, p < 0.01) and MTJ displacement (r = −0.610, p < 0.05). Collectively, FT had
greater fascicle elongation at the medial and distal part of GM and greater MTJ displacement during
stretching than FNT of similar age.

Keywords: youth; fascicle length; muscle thickness; maturation; stretching exercises;
musculotendinous junction; ultrasound

1. Introduction

Triceps-surae (gastrocnemius medialis, gastrocnemius lateralis, and soleus) muscles architecture
is an important functional characteristic in athletes, patients, and the elderly [1,2], as these muscles
are prime movers of the ankle joint during locomotion [3,4]. Longer and less pennate gastrocnemius
muscle fascicles increase muscle shortening velocity and thus power output [5] while pennation angle
and muscle thickness are positively correlated with muscle force production [6,7].

Maturational growth, from infant to adult, and mechanical stimuli alter triceps-surae muscle
architecture [8,9]. During growth, muscles are continuously stretched due to skeletal development [10],
but data on gastrocnemius architectural properties in developing children are limited [8,10,11].
Moreover, it is largely unknown how gastrocnemius muscles architecture is related to functional
properties in youth athletes [8] although athletes participating in sports like gymnastics, figure skating
or ballet, are submitted to regular flexibility training [12].

Various training modes, such as resistance and eccentric training, provide the mechanical stimulus
to induce morphological changes in the muscle-tendon unit by altering fascicle length, muscle thickness
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and volume, and pennation angle [13,14]. The effect of these types of training on muscle structure is
well documented however, evidence is limited on stretching interventions [15], although flexibility is
considered a major component of physical fitness [16]. Long-term static stretching interventions in
humans, examining differences in muscle architecture and joint range of motion (ROM), presented
equivocal results [17,18]. For example, Freitas and Mil-Homens [17] found a significant increase in
biceps femoris fascicle length (+12.3 mm, p = 0.04) in physically active participants, following 8 weeks
of intensive static stretching training (450 sec of stretching repeated 3 times per week). In contrast,
Lima et al. [18] did not observe any changes in biceps femoris and vastus lateralis muscles architecture
after 8 weeks of training in 12 physically active participants, using a short-duration, static stretching (3
sets of 30 sec of stretching, 3 times per week). The discrepant results between studies may be due to the
different stretching training volume and intensity, combined with the short duration of the interventions
(~8 weeks) [15]. Along this line, recent cross-sectional studies that examined populations with a chronic
flexibility training background (>15 years of systematic stretching) reported that professional ballet
dancers [11] and elite level rhythmic gymnasts [19] had longer resting fascicle length in gastrocnemius
medialis compared to controls or not trained in flexibility athletes. These studies highlight that muscle
architecture differs between athletes with different flexibility-training history; although sport-specific
selection criteria or heredity may also be reflected in the dissimilarities in muscle architecture observed.
Therefore, examining differences in muscle architecture in youth athletes submitted to different training
load characteristics, provides useful information on muscle longitudinal growth in typically developing
children and allows for the definition of exercise prescription in clinical populations. To this end, this
study examined differences in gastrocnemius medialis (GM) architectural properties at rest and during
stretching between child rhythmic gymnasts who trained and competed for at least 2 years, with same
age girls participating in volleyball training. Rhythmic gymnasts were selected for their large joint
ROM and compliant muscles and also due to their extensive flexibility training [20] while volleyball
players were selected because their training included much less stretching training volume [21]. It
was hypothesized that flexibility trained child female athletes would have longer fascicles at rest and
during stretching compared to same age, flexibility not trained athletes.

2. Materials and Methods

2.1. Subjects

Ten female rhythmic gymnasts and six volleyball players, aged 8–10 years, took part in this study.
Rhythmic gymnasts who competed at Hellenic, age-group (8–10 years old) all-around competitions were
recruited from different gymnastics clubs and represented the flexibility trained group (FT). Volleyball
players were participating in volleyball training in one club and were considered as not trained in
flexibility athletes (FNT). Both sports, rhythmic gymnastics and volleyball, involve weight-bearing
activities, but, rhythmic gymnastics training includes systematic stretching (≈40–60 min per session),
while volleyball training includes <10 min of stretching exercises per session [22–25]. Athletes’
characteristics are shown in Table 1. Maturity offset was calculated according to Mirwald et al. [26].
Before participating in the study, the athletes and their parents were informed about the aim and
procedures of the study and provided written informed consent. The athletes had no injuries of the
lower limbs for the past six months. The study design and procedures were in accordance with the
declaration of Helsinki. The Institutional Ethics Committee approved the study (registration number:
1040, 14 February 2018).
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Table 1. Anthropometric characteristics of the participants (means ± standard deviation).

Anthropometric Characteristics
Flexibility Trained
Athletes (n = 10)

Flexibility Untrained
Athletes (n = 6)

t (14) p

Age (y) 9.00 ± 0.56 9.00 ± 0.63 0.000 1.000
Training experience (y) 3.70 ± 1.25 2.67 ± 0.52 1.906 0.770

Height (m) 1.34 ± 0.61 1.38 ± 0.3 −1.388 0.187
Body mass (kg) 27.57 ± 3.44 40.15 ± 5.89 −5.450 0.000

Body Mass Index(kg/m2) 15.29 ± 1.15 21.05 ± 2.39 −6.565 0.000
Knee height (cm) 29.20 ± 2.03 30.32 ± 2.08 −1.057 0.308
Leg length (cm) 69.30 ± 3.62 70.33 ± 2.34 −0.622 0.544
Maturity offset −5.52 ± 0.17 −4.99 ± 0.26 −5.023 0.000

2.2. Experimental Design

In order to examine differences in gastrocnemius medialis (GM) architectural properties and
ankle angle between child athletes with different flexibility training history, all participants were
tested over two sessions. In the first, familiarization session, athletes became familiar with the study
protocol. Anthropometric characteristics of the athletes were also assessed during this session. In the
main testing session, athletes’ ankle angle and GM architectural characteristics were assessed in two
conditions: (a) at rest and (d) during stretching. Resting ankle joint angle and GM architecture (fascicle
length, pennation angle, muscle thickness) were assessed with the athletes lying in prone position
on a physiotherapy bed for 20 min. (for detailed information, see description below). Following
measurements of ankle angle and GM architecture at rest, athletes were standing for two min. Then,
athletes performed a 1-min standing ankle dorsiflexion. Five seconds before the end of the stretching
intervention a pause was imposed to obtain still ultrasound images. At the end of the 1 min stretching
maximal ankle dorsiflexion was also assessed (for detailed information, see description below). No
intense exercise or stretching was allowed in the 48 h preceding testing.

Anthropometric Characteristics

Height was measured without shoes with the use of a stadiometer, and body mass was measured
with a calibrated digital scale (Seca 208 and Seca 710, Hamburg, Germany). Body mass index was
calculated as the ratio of body weight to the squared standing height (kg/m2). The length of each lower
extremity was measured as the distance between trochanter major to the floor with the participants in
standing position. The distance between tibiofemoral joint cleft and medial malleolus was determined
as calf length.

2.3. Gastrocnemius Medialis Architecture and Ankle Joint Angle at Rest

In order to avoid trigonometric estimations or multiple scans along the muscle length to be
assembled [27], in the present study, panoramic ultrasound images were obtained, via extended-field-of
view imaging, along the fascicle length of GM.

All ultrasound measurements were performed in the morning and after athletes remained in a
prone position on the examination bed, with their ankles hanging loosely on the outside of the bed for at
least 20 min [28]. Muscle architecture of the right leg GM, (dominant leg that is in stance while kicking
a ball) was obtained with a 10 MHz linear probe (38 mm) via extended field of view mode (Product
model Z5, Shenzhen, Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China). Ultrasound images
were recorded at the medial and the distal part of the GM muscle belly: one-third and half of the
distance from the popliteal crease to the center of the medial malleolus, respectively. These points were
marked on the skin using an echo-absorptive tape that served as reference marker [28] (Figure 1). In
order to measure musculotendinous junction (MTJ) displacement, MTJ was located by real-time static
ultrasound imaging and marked on the skin by an echo-absorptive tape, as well. The transducer was
orientated perpendicular to the skin and parallel to the fascicles to minimize perspective and parallax
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measurement errors [29]. A probe path (dashed line) was drawn on the skin with a permanent pen by
using static ultrasound according to the fascicle path seen from the ultrasound image. A single view
was taken by moving continuously the probe in a slow and steady rate along the marked path. For
each part of the muscle (medial and distal), three different fascicle lengths were measured from the
deep aponeurosis to the superficial aponeurosis with a linear trace. Where the muscle fascicles met
the lower aponeurosis the respective pennation angles were measured. The average of the lengths
and angles of the three fascicles was used for statistical analysis for each part of the GM. The distance
between the superficial and deep aponeuroses was determined as muscle thickness. Two consecutive
measurements for each part of the muscle were assessed, and the average value was used for further
analysis. All images were analyzed with image analysis software (Motic Images Plus 2.0, Motic, Hong
Kong, China). Test-retest reliability was determined by using the intraclass correlation coefficient on 6
participants, on two separate days. The ICC (two-way random effects) for muscle fascicle length was
0.93 (95% CI: 0.576–0.990, p = 0.000), for muscular thickness it was 0.90 (95% CI: 0.474–0.984, p = 0.001),
and for pennation angle, 0.95 (95% CI: 0.689–0.993, p = 0.001).

 

 

Figure 1. Panoramic sonographic image of gastrocnemius medialis of a rhythmic gymnast (top panel)
and a volleyball player (bottom panel) at rest and during stretching showing fascicle length and
pennation angle at the mid-belly and at the distal part of GM. MTJ: muscle-tendon junction.
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Ankle joint angle at rest was also measured with the athletes lying in a prone position, with their
ankles hanging loosely off the bed. Resting ankle joint angle was defined as the angle created by the
intersection of the femur-tibia to lateral malleolus line and lateral malleolus to fifth metatarsal line [19].
Reflective markers were placed on these anatomical points in order to define the ankle angle using a
digital camera (Casio Exilim Pro EX-F1, Shibuya, Tokyo, Japan). Image analysis was performed via a
free software (Tracker 4.91© 2016 Douglas Brown). Intra-class correlation coefficients for resting ankle
angle was 0.98 (95% Confidence Intervals (CI): 0.833–0.998, p = 0.000).

2.4. Gastrocnemius Medialis Architecture and Ankle Joint Angle during Ankle Dorsiflexion Stretching

Panoramic ultrasound images from the two parts of the GM muscle belly (medial and distal)
were obtained following the method described above. Reflective motion analysis markers, and
echo-absorptive tapes remained on the skin, and the drawn path (dashed line) of the resting
measurements was used, to re-assess the regions of interest. Following two minutes of standing, all
athletes performed a slow, passive standing dorsiflexion stretching, for one minute. Five seconds
before the end of the stretching intervention a pause was imposed to capture still images. To obtain
GM ultrasound images during stretching, the probe was placed 38 mm above the skin marker that
identified the middle part of the muscle belly. In addition, ‘MTJ displacement’ was defined as the
difference between the MTJ marker at rest and MTJ point during stretching (Figure 1).

Ankle dorsiflexion stretching while standing is commonly performed in sport practice [30], and
the athletes were familiar with it. Stretching was performed with the athletes barefoot. Athletes were
instructed to relax while they passively stretched their ankle plantar flexors, in a slow and continuous
manner. The foot to be tested (right) was placed on the midline of a marked area on the floor, and the
left foot was placed forward at step-length distance. The end point of standing dorsiflexion stretching
was defined as the point that the athletes felt discomfort without lifting their heel and with no pelvic
rotation. The athletes put their hands against the wall to maintain balance and were asked to keep the
extended position of their hip and knee joints, during stretching [30]. Stretch intensity was indicated
by the athletes using the 0–10 Wong-Baker FACES Pain Scale for children [31] to ensure that stretch
achieved the point of discomfort (~8 on a scale of 0–10). During the execution of the stretch, participants
were instructed to reach a pain of discomfort level of 8 in the scale of 0–10, and thus they held the
stretch at exactly this perceived intensity. The psychometric properties of this commonly used pictorial
scale assessing acute pain have been found to be appropriate for children over the age of 3 [31]. Six
faces depict different expressions, ranging from “no hurt” to “extremely upset from pain”. A digital
camera (Casio Exilim Pro EX-F1, Shibuya, Tokyo, Japan) was placed perpendicular to the plane of
motion of the right leg in order to record the standing ankle dorsiflexion angle. Stretching ankle
joint angle was analyzed using reflective markers placed on the knee, ankle and fifth metatarsal and
calculated using free software (Tracker 4.91© 2016 Douglas Brown). Maximal standing dorsiflexion
was defined as the intersection of a line joining the knee and ankle markers and horizontal (a line
crossing the heel and the fifth metatarsal).

2.5. Statistical Procedures

Descriptive statistics were calculated. Shapiro-Wilks test checked for normality of data distribution.
Pearson correlations coefficient (r) detected linear relations between the examined variables. Unpaired
T-test examined differences between groups in anthropometry and architectural characteristics of GM
at rest. A two-way ANOVA (time x group) with repeated measures for time (rest or stretch) and group
(flexibility trained vs. not trained) was conducted separately for the medial and the distal part of the
muscle, to examine the effect of stretching on fascicle lengths, pennation angles and thicknesses, and
ankle joint angle. A Tukey post-hoc test was performed when a significant main effect or interaction
was observed (p < 0.05). Effect sizes calculation for pairwise comparisons was performed with Cohen’s
d [32]. To assess test-retest reliability the intra-class correlation coefficients (ICCs) were used. Statistical
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significance was set at p < 0.05. Statistical analyzes were conducted using SPSS (SPSS Statistics Version
25.0, IBM corporation, Armonk, NY, USA).

3. Results

3.1. Gastrocnemius Medialis Architecture and Ankle Joint Angle at Rest

Resting fascicle length of FT athletes was similar to FNT at the mid-belly (4.19 ± 0.37 vs.
4.24 ± 0.54 cm, respectively, t14 = −0.204, p = 0.841) and the distal part of gastrocnemius medialis
(4.25 ± 0.35 vs. 4.18 ± 0.65 cm, respectively, t14 = 0.284, p = 0.780). FT and FNT athletes displayed also
similar pennation angle and muscle thickness at the mid-belly (t14 = 0.661, p = 0.519 and t14 = 0.002,
p = 0.998, respectively) and the distal part of the gastrocnemius medialis (t14 = −1.297, p = 0.216 and
t14 = 0.807, p = 0.433, respectively) (Table 2). Resting ankle angle was larger in FT by 8% compared
with FNT (120.86 ± 4.19◦ vs. 110.95 ± 5.79◦, respectively, t14 = 3.982, p = 0.001) (Table 2).

Table 2. Changes in muscle architecture characteristics and ankle angle following stretching for the
flexibility trained (FT) (n = 10) and not trained athletes (FNT) (n = 6).

Variables Athletes
Pre−Stretching
Measurements

Δ Values
(Pre−vs.

Stretching)
p

Cohens’ d
(Pre–Post

Stretching)

Cohens’ d of Δ

Values between
Groups

Fascicle Length
Mid−belly (cm)

FT 4.19 ± 0.37 +1.67 ± 0.39
0.048

5.30
1.21FNT 4.24 ± 0.54 +1.28 ± 0.24 2.60

Fascicle Length
Distal part (cm)

FT 4.25 ± 0.35 +1.84 ± 0.70
0.013

4.58
1.59FNT 4.18 ± 0.65 +0.97 ± 0.32 1.62

Thickness
Mid−belly (cm)

FT 1.53 ± 0.12 +0.23 ± 0.06
0.053

1.94
1.25FNT 1.53 ± 0.24 +0.15 ± 0.10 0.73

Thickness Distal
part (cm)

FT 0.74 ± 0.22 +0.46 ± 0.16
0.061

2.31
1.14FNT 0.64 ± 0.25 +0.29 ± 0.16 1.20

Pennation angle
Mid−belly (◦)

FT 21.76 ± 1.76 −4.93 ± 2.01
0.048

3.57
1.19FNT 21.19 ± 1.43 −2.90 ± 1.41 2.09

Pennation angle
Distal part (◦)

FT 18.00 ± 1.96 −2.48 ± 2.60
0.362

1.44
0.52FNT 19.46 ± 2.51 −1.35 ± 1.70 0.69

Ankle angle (◦) FT 120.9 ± 4.2 −62.7 ± 6.7
0.001

13.25
2.88FNT 111.0 ± 5.8† −44.9 ± 6.3 8.92

MTJ Displacement
(cm)

FT +2.31 ± 0.40
0.001 2.24FNT +1.54 ± 0.30 †

†: p < 0.001 from the corresponding value in flexibility trained athletes.

3.2. Gastrocnemius Medialis Architecture and Ankle Joint Angle during Ankle Dorsiflexion Stretching

During stretching, the elongation of fascicles was greater in FT athletes compared to the FNT at the
mid-belly of the muscle by 23% (+1.67 ± 0.37 cm vs. +1.28 ± 0.22 cm, p = 0.048) and the distal part by
47% (+1.84 ± 0.67 vs. +0.97 ± 0.29 cm, p = 0.013). Furthermore, FT athletes displayed greater maximal
ankle dorsiflexion by 13% (p < 0.001), as well as greater muscle tendon junction displacement by 33%
(p < 0.001) (Table 2). No differences were found between groups in muscle thickness at mid-belly
and at the distal part (p > 0.053). However, FNT athletes displayed greater pennation angle at the
mid-belly of gastrocnemius medialis (−2.90 ± 1.29 vs. −4.93 ± 1.91 vs., p = 0.048), but not at the distal
part (p = 0.362) (Table 2).

3.3. Correlations Between Fascicle Length, Ankle Angles and MTJ Displacement

When all athletes were considered as a group, significant correlations were found between fascicle
elongation at the distal part of GM and MTJ displacement (r = 0.752, p < 0.01) and ankle angle
during stretching (r =−0.638, p < 0.01). Moreover, a significant correlation was found between MTJ
displacement and ankle angle during stretching (r = −0.610, p < 0.05).
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4. Discussion

This study examined differences in GM architectural properties at the middle and the distal part
of the muscle belly, at rest and during stretching, between flexibility trained and not trained female
athletes (rhythmic gymnasts and volleyball players, respectively), aged 8–10 years. The main finding
of this study was that, at rest, the two groups displayed similar GM architectural properties, but during
stretching FT displayed greater fascicle elongation at the middle and the distal part of GM, and greater
MTJ displacement. In addition, FT had larger ankle joint angles at rest and larger change in ankle angle
during stretching, compared with FNT, athletes. Significant correlations were found between fascicle
elongation at the distal part of GM, MTJ displacement and ankle angle during dorsiflexion.

Gastrocnemius muscle is a prime mover in ankle plantar flexion and thus its architecture is related
to force/power production and range of motion [5]. However, chronic modifications to gastrocnemius
muscles architecture because of exercise or training in children are currently unknown [33–35]. The
results of this study indicated that the two groups had similar resting fascicle length at the medial
and the distal part of GM. This finding is interesting because recent cross-sectional studies found
longer resting fascicle length in flexibility trained, compared with untrained adult participants. For
example, a previous study [11] compared professional ballet dancers to controls and found that ballet
dancers had longer fascicles in GM in resting prone position (55 ± 5 vs. 47 ± 6 mm, respectively).
Another study that examined elite rhythmic gymnasts and female volleyball players, also reported
that gymnasts had longer fascicle length at rest at the mid-belly and the distal part of GM compared to
volleyball players, by 20 and 18%, respectively [19]. Resting fascicle length has been recently linked
with plantar flexion torque and work in healthy adults [34] and was related to the muscle’s force-length
relationship [35]. The participants of the present study were growing children, aged 8–10 years. During
growth, muscle-tendon units are increased in length, to keep up with increases in bone length [10,35].
Benard et al. [10] examined how maturational growth and skeletal development imparts changes in
muscle architecture and found that GM muscle length increases (through an increase in muscle, tendon
and fascicle length) approximately 6% per year from age 5 to 12, in proportion with increases in tibia
length. That study also reported that the length component of the physiological cross-sectional area
of GM as well as muscle fascicles, increased in length [10]. Thus, even if long-term systematic and
extensive flexibility training might increase muscle fascicle length, it is plausible that the mechanical
stimulus of stretching training is not adequate to induce changes additional to maturational growth
in developing children. Nevertheless, cross-sectional study-designs do not imply causation and, at
present, the chronic effect of static stretching training on joint range of motion and muscle architecture
in humans is not sufficiently documented.

In the present study, fascicle elongation was measured at mid-belly and at the distal part of
GM during maximal ankle dorsiflexion. This was because the mid-belly might not accurately reflect
muscle architecture across the entire gastrocnemius muscle [36]. The results of this study indicated
that fascicle elongation was greater in FT athletes compared to FNT at the middle (p = 0.048, d = 1.21)
and the distal part of GM, (p = 0.013, d = 1.59) by 23 and 47%, respectively. This result is in line
with previous research reporting greater elongation of GM fascicles in flexible compared to inflexible
subjects [19,37]. Importantly, an almost twofold greater elongation was observed in FT athletes at the
distal part of GM compared with FNT (+1.84 ± 0.70 vs. 0.97 ± 0.32 cm, respectively, p = 0.013) and
significantly greater MTJ displacement (p = 0.001, d = 2.24). Simpson et al. [38] examined adaptations
in architectural characteristics of gastrocnemius medialis and lateralis following 6 weeks of stretching
training, in adult participants. The authors reported that muscle fascicles in the belly increased by
5.1% by week 6 whereas fascicles in the junction were 25% longer [38]. A previous study also reported
that adult rhythmic gymnasts displayed greater fascicle elongation at the distal part compared to
volleyball players (45 vs. 39%, respectively, p = 0.026) [19]. This finding highlights that there may be
non-uniform morphological adaptations along the length of a bi-articular muscle, like GM, depending
on training history. Chronic flexibility training and/or other components of sport-specific training may
induce muscle architectural adaptations that differ between the muscle belly and the region near the
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musculotendinous junction. Previous animal studies identified higher levels of myosin heavy chain
mRNA at the MTJ of fibers stretched for 4 days [39] and suggested that fiber lengthening, following
stretching, created a need for contractile protein synthesis and assembly into myofibrils at the MTJ [40].
A recent study in humans also reported that following a 4-weeks resistance training intervention, the
remodeling of muscle fibres near the MTJ was very high [41].

Enhanced joint ROM following static stretching training has been shown with various stretching
protocols in youth athletes or in physical education settings [42,43]. This study examined ankle
angle at rest lying in prone position, and during maximal ankle dorsiflexion. The results of the
present study indicated that at rest, rhythmic gymnasts had greater ankle angle by 8%, compared
with volleyball players (p = 0.001, d = 1.21) (Table 2). A similar finding was reported in a previous
study with adult rhythmic gymnasts, and the authors assumed that different resting ankle joint angle
between groups may imply a different slack length in the muscles surrounding the ankle joint due to
long-term, extensive flexibility training [19]. It is not known whether flexibility training and/or other
components of sport-specific training may alter the “neutral”, resting ankle joint angle [11]. Previous
studies in adults reported similar ankle joint angles at rest between flexibility trained and not trained
subjects [11,37]; however, further research is required on the impact of chronic flexibility training on
body tissues determining joints range of motions.

Ankle joint dorsiflexion angle was also significantly greater in FT compared to FNT athletes
by 13% (p = 0.001, d = 2.88), and muscle tendon junction displacement by 33% (p < 0.001, d = 2.24)
(Table 2). Moltubakk et al. [11] and Donti et al. [19] also found larger ankle dorsiflexion angle in adult
ballet dancers and gymnasts compared to controls, a fact mirroring their regular, intensive stretching
training. Acute increases in joint ROM following stretching are mainly due to an increased tolerance to
stretch [44]. The association of chronic increases in joint ROM with adaptations in muscle architecture
has not been clearly established [17,18,37]. Some previous long-term stretching interventions in adults,
indicated enhanced joint ROM followed by concomitant increases in fascicle length [15,38] while other
long-term stretching interventions failed to detect changes in muscle architecture [18,37]. Amongst the
factors determining joint ROM, maximal fascicle elongation at the distal part of the muscle belly and
MTJ displacement in the present study, were strongly associated with larger maximal ankle dorsiflexion
angle (r = −0.638, p < 0.01, and r = −0.610, p = 0.05, respectively). However, the cross-sectional design
of this study limits interpretation of these findings. In addition, available studies indicate that there
is considerable variation in GM muscle architecture associated with chronological age [8]. Thus, the
small number of participants in this study is a limitation that should be acknowledged. Chronic
intervention studies are required in developing athletes, to distinguish genetic or acquired through
years of sport-specific training changes in muscle architecture in order to examine the contribution of
changes in fascicle length to the increase in muscle length in typically developing children. It should
be noted that the time frame of middle childhood (6–11 years) has been proposed as a ‘window of
opportunity’ for developing flexibility and as a sensitive period for morphological changes [45,46].

5. Conclusions

Collectively, greater muscle elongation at the mid-belly and the distal part of GM during static
stretching, and greater ankle angles at rest and during dorsiflexion were observed in FT compared to FNT
female athletes, aged 8–10 years. These findings indicate that between children with different flexibility
training history, muscle architecture differs only during stretching, and that there are non-uniform
adaptations along GM length depending on training history. Albeit speculative, increased muscle
fascicle elongation may represent an early-stage adaptation to stretching-induced increases in resting
fascicle length found in flexibility trained, female adult athletes compared with not trained controls.
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Abstract: The aim of this study was to examine the acute effect of backward running (BwR) during
warm-up on a 20-m sprint of boys’ performance, compared to forward running (FwR). Fourteen
recreationally active preadolescent boys (aged 12.5± 0.5 years) were examined in 3 protocols: warm-up
(control condition), warm-up with 3 × 10 m additional BwR sprints and warm-up with 3 × 10 m
additional FwR sprints. Participants were evaluated 4 minutes after each protocol on a 20-m sprint
and intermediate distances, as well as the rate of perceived exertion (RPE). Sprint speed across
10–20 m was significantly higher for the BwR warm-up compared to the regular warm-up (p < 0.05)
and a significantly higher RPE after the BwR and FwR protocols compared to the control condition
was recorded (p < 0.05). No significant difference was detected across the distances 0–5, 5–10, 0–10
and 0–20 m. Although adding 3 × 10-m sprints of BwR or FwR after the warm-up did not enhance
performance in a 20 m sprint of preadolescent boys, the positive effect of BwR across 10–20 m distance
suggests that BwR could be an alternative means for enhancing performance for certain phases of a
sprint for this age. However, preadolescent boys’ response to different sprint conditioning exercise
stimuli and the optimization of rest time to maximize performance remain to be determined.

Keywords: preadolescence; child; post-activation performance enhancement; sprint; warm-up; rate of
perceived exertion

1. Introduction

Warm-up, as a common practice applied prior to exercise and sports activities, has the potential
to improve performance [1]. There are several mechanisms that may contribute to this, such as
increased muscle temperature [2,3], the elevation of oxygen uptake kinetics [4] and changes in the
function of the neuromuscular system [5]. The inclusion of conditioning exercises in a warm-up,
i.e., high-intensity exercises, is widely thought to potentiate performance [6,7]. “Post-activation
performance enhancement” (PAPE) is a new term introduced by Cuenca-Fernández et al. [8] and
describes such effects. In contrast to the classic post-activation potentiation, i.e., an increase in twitch
force and power after electrically or voluntarily induced intense contraction [9,10], PAPE has a longer
and weaker effect on performance, and is more likely attributed to different mechanisms [11]; the
former is attributed to the phosphorylation of the myosin regulatory light-chain and the latter to
changes in muscle temperature, muscle/cellular water content and/or muscle activation [11]. However,
the acute effects of different conditioning stimuli—especially during warm-up—on the performance of
tasks such as sprinting, is yet to be determined.
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The effects of conditioning stimuli on sprint performance have been previously tested in adults.
Effective PAPE effects have been reported using different types of conditioning stimulus, such as high
resistance loads [6,12,13] or jumping exercises [14]. Although it was previously emphasized that PAPE
stimulus is more effective when it is biomechanically similar to the subsequent activity [15], studies
using sprints as conditioning stimuli to enhance sprint performance are limited [16,17]. These studies
showed that adults did not improve their 60-m sprint speed after 2 × 60 m sprints [16], whereas young
male track and field athletes increased their speed in a 100 m sprint after 2 × 20 m resisted sprints, and
not after the same sprints as conditioning without resistance [17]. It seems therefore that the properties
of the conditioning stimulus might be critical for the outcome of the study.

Regarding young ages and development, PAPE has not been extensively investigated in children
prior to puberty. Although there are no differences in post-activation potentiation of the plantar flexor
muscles between men, adolescents and pre-adolescents [18], it has been shown that after maximal
half-squats, PAPE in terms of squat jump height was apparent in adult men but not in women, or
adolescents and children of both sexes [19]. Similarly, in preadolescent female gymnasts, high-intensity
task-specific (Rondat) or non-specific medium-intensity (double tuck jumps) conditioning contractions
were not adequate to induce PAPE on drop jumps [20]. Nonetheless, there are indications that young
adolescents can benefit from conditioning stimuli in the long-term. More specifically, resistance
exercise can cause PAPE effects in adolescents only after and not before 10 weeks of resistance and
sprint training [21]. Hence, it seems that the open question is not whether children are capable
of demonstrating PAPE, but which are the optimal conditions and the appropriate candidates of
conditioning stimuli to achieve it.

Running backwards (BwR) or forwards (FwR) are common types of movement in several
sports [22–24], but there are several functional differences between them. Compared to FwR, BwR
demonstrates greater lower limb muscle activation [25], higher rate of force development [26] and
lower mechanical stress on the knee [27]. These properties suggest that BwR could be a promising, safe
and efficient training stimulus. Furthermore, FwR and BwR differ in the type of contractions involved
during the task. More specifically, BwR is associated more with concentric and less with eccentric
work on the lower limbs [28]. This issue is of particular importance, because there is evidence that
children, are not efficient in tasks that incorporate eccentric contractions, such as vertical jumps [29,30]
and FwR [31], since they demonstrate prolonged contact time with the ground and hence inadequate
transfer of energy among the joints. On the other hand, BwR is an effective training method to improve
in the long-term children’s sprint speed [32], whilst there is no information regarding the acute effect
of BwR on sprinting. To our knowledge, it is still unknown whether PAPE in pre-adolescent children’s
sprinting performance could be induced by implementing BwR in a warm-up, i.e., a stimulus with a
greater concentric contraction profile than FwR. Therefore, it remains to be tested if this effect of BwR
would be greater than a warm-up protocol including FwR, which relies more on eccentric contractions.
Considering the above, the aim of this study was to examine the acute effect of 3 × 10 m BwR bouts
compared to FwR during a warm-up, on sprint performance, in pre-adolescent boys. We hypothesized
that BwR would potentiate performance in a 20 m sprint and intermittent distances more than a typical
warm-up program or a typical warm-up with FwR. This information could be useful for seeking
methods to optimize sprint performance in children after their warm-up.

2. Materials and Methods

2.1. Participants

Fourteen (n = 14) recreationally active preadolescent boys (age: 12.5 ± 0.5 years; body mass:
50.2 ± 10.5 kg; height: 159.4 ± 10.1 cm) volunteered to participate in the study. This sample size for the
present experimental design corresponds to 0.8 power, for 0.65 effect size at a = 0.05 (G-power, v.3.1.9.4,
University of Kiel, Kiel, Germany). Maturity offset from peak height velocity was calculated according
to the prediction equation based on anthropometric measures, sex and age [33] and the participants

34



Sports 2020, 8, 55

were characterized as pre-adolescents with a maturity offset of −2.11 ± 0.68 years. Body Mass Index
(BMI) was calculated by the ratio of body mass to the body standing height squared (19.6 ± 2.8 kg/m2).
All of them were healthy, with no musculoskeletal or neurological disease or lower limb injury. They
joined two times a week for 90 min in a sports club, learning technical skills of team sports (soccer,
handball, volleyball, basketball), in addition to the physical education class at school (according to
school curriculum), two times per week for 45 min. Boys were asked to refrain from intense training
24 h prior to the testing days. Subjects’ parents/legal guardians were informed about the experimental
process and signed informed consent for the participation of their son/legal ward. The study was
conducted according to the Declaration of Helsinki and was approved by the institutional research
review board (EC-1/2020).

2.2. Experimental Design/Procedures

A randomized controlled design was used to investigate the acute effect of three warm-up
protocols on 20-m sprint performance in preadolescent boys. The intervention protocols consisted
of (a) a typical warm-up (control: CON), (b) 3 × 10-m maximal BwR bouts in addition to the typical
warm-up, and (c) 3 × 10-m maximal FwR bouts added to the typical warm-up. Each of these protocols
was assessed in random order, at three sessions carried out on non-consecutive days, separated by
72 h, at an indoor gym (wood parquet flooring), at a regular time of the day (14:00–16:00) in order
to minimize any possible impact of testing time [34]. Each protocol lasted approximately 8–9 min.
The participants wore light clothing and the same footwear during each session.

Rating of perceived exertion (RPE) was acquired immediately after the execution of each warm–up.
The participants were tested in a 20-m sprint 4 min after the completion of each warm-up, in order
to avoid fatigue [12,13,19]. Only one trial was performed since consecutive assessments could
affect the performance of each subsequent sprint. The same investigator supervised all procedures
and measurements.

One week before the first session, all participants were familiarized with the 20-m sprint and
BwR [35]. Special attention was focused on the correct BwR technique, by means of demonstration and
verbal feedback, following the guidelines of Uthoff et al. [32]. During the first session, anthropometric
data of all participants were collected. A digital scale (BC-543, TANITA, Tokyo, Japan) and a stadiometer
(Bodymeter 206, Seca, Ningbo, China) was used to measure body mass to the nearest 0.1 kg and body
height (standing and seated) to the nearest 0.1 cm, respectively.

2.3. Intervention

The control condition of the typical warm–up (CON), lasted approximately 8 min and consisted of
3 min jogging at a low–medium tempo, followed by dynamic stretching exercises for the lower limbs
(Table 1). More specifically, the first 7 exercises were performed for a 10-m distance and after the end of
each exercise the participant walked back to the starting point. Dynamic stretching was preferred to
static, to eliminate any potential adverse effect in performance [36].

Table 1. The dynamic stretching exercises performed for 10 m after the 3 min jogging.

1. Hip in. 3. Heel kicks 5. Side steps (1 per side) 7. Knee hugs
2. Hip out 4. Speed skips 6. Karaoke (1 per side) 8. Front leg swings (10 per leg)

The two other conditions consisted of three additional sets of 10 m maximal BwR or FwR sprints.
Participants returned to the starting position running forward at a low pace. Subjects received verbal
encouragement during BwR and FwR to ensure that the conditioning stimulus was maximal.

2.4. 20 m Sprint Test

Sprint time over 5, 10 and 20 m was measured during the 20 m sprint (Table S1). For this purpose,
three photocell timing gates (Witty Wireless Training Timer, Microgate, Bolzano, Italy) were placed at 5,

35



Sports 2020, 8, 55

10, and 20 m. Photocells were adjusted to the pelvis height of each participant [37]. Participants were
instructed to start after the verbal signal “ready, go”. They stood on an upright stride stance position,
with their preferred foot forward, placed on the starting line over a pressure pad. Timing started
when participants’ foot was detached from the pressure pad. The assessor ensured no false steps
before starting and correct starting posture before the start. During the sprints verbal encouragement
motivated for maximal effort. Sprint speed was analyzed for the distances 0–5, 5–10, 0–10, 10–20,
and 0–20 m and was calculated by dividing the running distance by the time.

2.5. Rate of Perceived Exertion (RPE)

RPE was measured immediately after the completion of each intervention (Table S1), using the
10-degree Children’s OMNI scale [38]. Participants replied to the question “how tired do you feel?”, while
the investigator showed them the schematic OMNI scale. Participants had to declare the requisite
exertion by indicating a number on the scale from 0 (not tired at all) to 10 (very, very tired). During the
last two sessions at the sports club they were familiarized with the scale. This included a thorough
description and explanation of the scale and responding to any questions or doubts that they had.

2.6. Statistical Analysis

All data are presented as means and standard deviations. The dependent variables were the sprint
speed for the distances of 0–5, 5–10, 0–10, 10–20, and 0–20 m and the RPE. The Shapiro-Wilk test was
used to confirm the normal distribution of the data (p-values ranging from 0.126 to 0.850 among all
variables), and Levene’s test for the equality of variances (p = 0.368–0.787). Furthermore, Mauchly’s test
was performed to confirm that the assumption for sphericity was satisfied (p = 0.067–0.641). One-way
Analysis of Variance (ANOVA) for repeated measurements was used for the statistical assessment to
examine the effect of warm-up protocol (three levels: CON, BwR and FwR). The level of significance α

was set at 0.05. Statistically significant effects were assessed with the Scheffé's post-hoc test. The effect
sizes were calculated using eta squared (η2). The one sample t-test was used to examine the change
in percent of sprint performance during the BwR or FwR relative to the CON condition compared
to baseline zero. Confidence intervals at 95% confidence level (CI95%) were constructed. Statistical
analysis was performed with SPSS for Windows, version 25 (IBM Corp., Armonk, NY, USA) and
custom scripts in R, version 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Sprint Speed

Sprint speed was not affected by protocol for the distances 0–5 m (F(2,26) = 0.34, p > 0.05, η2 = 0.03),
5–10 m (F(2,26) = 0.27, p > 0.05, η2 = 0.04), 0–10 m (F(2,26) = 0.46, p > 0.05, η2 = 0.10) and 0–20 m
(F(2,26) = 0.79, p > 0.05, η2 = 0.06) (Table 2). However, a statistically significant effect of protocol
on sprint speed was detected for the 10-20m distance (F(2,26) = 5.85, p = 0.008, η2 = 0.31). More
specifically, post-hoc tests revealed significantly higher sprint speed over the 10-20m distance after the
BwR protocol compared to control (p = 0.019, CI95%: 0.025 to 0.30).

The percent change in sprint speed after the BwR and FwR relative to the CON protocol was
highly variable among subjects for the distances 0–5 m, 5–10 m and 0–10 m, revealing participants
with either lower or higher performance than the CON protocol (Figure 1). More systematic trends
were observed for 10–20 m and 0–20 m distances. More specifically, for the distance 10–20 m the speed
after the BwR protocol was 2.4 ± 2.9% higher than the CON and it was statistically different from zero
(CI95%: 0.8 to 4.1% p = 0.008) while the increase by 1.6 ± 2.9% for the FwR compared to the CON was
not significantly different from zero (CI95%: −0.1 to 3.3%, p = 0.065). Regarding the 0–20 m distance
speed after the BwR was 0.9 ± 2.6% higher than the CON and 0.0 ± 2.4% after the FwR protocol. Both
percentages were not significant from zero (BwR CI95%: −0.6 to 2.4 p = 0.241, and FwR CI95%: −1.4 to
1.4 p = 0.972, respectively).
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Table 2. Mean and standard deviation (SD) values of sprint speed (m/s) for the 20 m sprint and its
intermittent distances for the warm-up protocols (CON: typical warm–up; BwR: typical warm–up
plus 3 × 10 m backward running bouts; FwR: typical warm–up plus 3 × 10 m forward running bouts).
Significantly higher values compared to the CON protocol are designated with asterisks (*: p < 0.01).

Distance CON BwR FwR p-Value

0–5 m 4.64 ± 0.28 4.66 ± 0.38 4.58 ± 0.34 0.714
5–10 m 5.53 ± 0.45 5.47 ± 0.29 5.47 ± 0.37 0.769
0–10 m 5.04 ± 0.27 5.02 ± 0.28 4.98 ± 0.29 0.634
10–20 m 6.15 ± 0.50 6.31 ± 0.61 * 6.25 ± 0.56 0.008
0–20 m 5.53 ± 0.33 5.58 ± 0.37 5.54 ± 0.38 0.465

Figure 1. Percent change in 20 m sprint speed and its intermittent distances after the BwR and FwR
protocols relative to the control protocol. Gray area corresponds to the CI95% and vertical lines to the
SD of mean, shown as a horizontal line in the middle of the gray area.

3.2. Rate of Perceived Exertion

A statistically significant effect of protocol was found on RPE (F(2,26) = 24.2, p < 0.001). Post-hoc
tests revealed a statistically significantly lower RPE in the CON protocol (1.9 ± 0.8, p < 0.001) compared
to the BwR (4.1 ± 1.5) and FwR (4.2 ± 1.2) warm-up protocols. This indicates that implementing either
3 × 10 m BwR or FwR after a typical warm-up causes a similar RPE, which is higher relative to the
typical warm-up per se.

4. Discussion

Adding 3 × 10 m sprints after a regular warm-up, regardless of the direction of running (BwR
or FwR), caused a higher RPE but no significant improvement in the 20 m sprint speed compared to
the typical warm-up (CON). Similarly, no significant effect of the warm-up protocol was observed
for all intermittent distances of the sprint, except for the 10–20 m, where only the BwR protocol was
superior compared to the CON in terms of sprint speed. Although the initial hypothesis for improved
performance in 20 m sprint speed after the BwR compared to the FwR or CON protocols was not
confirmed, these findings may give some limited evidence, that BwR could be an alternative means for
enhancing performance for certain phases of a sprint in preadolescent boys.
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To the best of our knowledge, this is the first study to examine the acute effect of running stimuli
on sprint performance in preadolescent boys. Thus, it is difficult to directly compare the results of
this study to those of other PAPE studies because of methodological differences. However, the fact
that in the present study BwR or FwR failed to trigger a PAPE effect on 20-m sprinting performance
in preadolescent boys is in accordance with previous research, regarding squat jumps with maximal
isometric half-squats as conditioning [19]. More specifically, Arabatzi et al. [19], showed that among
adults, adolescents and preadolescents of both sexes, jumping performance improved only in adult
males and not in the other age and sex groups. One possible reason for the absence of PAPE in
children could be their muscle fiber distribution [39], which is possibly lower in fast-twitch muscle
fiber content, that are more prone to post-activation potentiation [40]. Furthermore, the training level
seems to play a crucial role for the appearance of PAPE [21], and athletes with a high level of power
or strength show a greater PAPE effect than athletes with lower values of power or strength [41,42].
More particularly, regarding sprinting speed, increased muscle stiffness and improved capacity to
use effectively the stretch-shortening cycle are two factors linked to sprint performance and might
be affected by training [43,44]. On the other hand, children have more compliant musculotendinous
system [45,46], and insufficiently use their stretch-shortening cycle [29,30]. Recent studies indicate
training may improve the former [32] but not the latter [47] in young athletes (adolescents and
preadolescents, respectively). Hence, the existence of an immature neuromuscular system might also
explain why the children that participated in the current study, which were in principle untrained
(recreationally active), had no significant improvement in their 20 m sprint speed.

Beyond the age and training level, there are some additional factors that might have influenced
the amount of PAPE on the 20-m sprint speed after the tested protocols. One of these factors
could be the conditioning stimulus properties. The great variability of the effect of the conditioning
stimulus, especially during the first 10 m, suggests that the optimal conditioning stimulus should
be individualized as proposed by previous researchers [6,48]. This possibly explains the absence
of differences in sprint speed between the protocol during the first 10 m. Previous studies have
suggested that the reason for no positive effect of explosive conditioning stimuli on PAPE in 11- to
13-year-old gymnasts could be the relatively low volume and intensity [20]. In the present study, the
effort of the trials could not be further increased since it was maximal. However, although there are
possibilities to increase the load on the muscles, by adding resistance during the sprint, studies in
adults have shown that performing sprint with resistance (backward sled towing) as conditioning
did not improve their sprint speed for the first 5 m [49], which is in agreement with the current
study. Nonetheless, the increased RPE observed after the end of the BwR and FwR protocol should
be considered when planning future studies because in the presence of fatigue, adverse effects in
performance might be expected [50]. Therefore, attempts to further increase the number of repetitions
or the total covered distance, or the resistance during running (e.g., elastic bands), might have adverse
effects on performance. However, the optimal load to maximize performance is still unknown.

Moreover, sprints require anaerobic power [51], whereas children have a decreased capacity to
utilize their anaerobic metabolism [52,53]. Furthermore, sprinting, as a multi-joint, complex, circular
and dynamic motion [54], is a challenging task for untrained children that have limited capacity to
coordinate and activate optimally their muscles during complex movements [30,55]. In agreement
with other studies [56–58], the lack of lower limb neuromuscular coordination might also explain the
greater variability in percent change among the tested protocols, especially during the first 10 m of the
acceleration, when the coordination demands are higher [51]. It is possible though that a larger sample
size (n > 14) could reduce the probability for type II error in the case of 0–10 m distance. Alternatively,
the lower variability shown at the 10–20 m distance could reveal a statistical differentiation in the BwR
compared to the CON warm-up protocol. Hence, not only the volume and intensity, but also the nature
of the conditioning stimulus could also play a role on the absence or presence of a PAPE effect.

This was also the main purpose of the study, i.e., to evaluate the PAPE effect of two protocols with
conditioning stimuli of different nature (BwR and FwR) compared to the CON condition. Indeed, for
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the distance 10–20 m, a warm-up including the BwR was superior in terms of sprint speed compared
to the CON protocol (mean difference 0.16 m/s), whereas this was not the case for the FwR protocol.
One explanation for this limited but statistically significant difference could be that BwR might be a
better conditioning stimulus, since it involves more concentric contractions [28] and children are not
able to execute eccentric movements involving the stretch-shortening cycle, as effectively as adults
do [29,30]. However, considering that using eccentric contractions as conditioning stimulus is more
effective than concentric [59], suggesting BwR as a means of inducing PAPE is still a compromise.
Therefore, BwR could be suggested for novice athletes to improve their performance, but the main
goal of the strength and conditioning trainer should be to improve their technique and performance
using—among others—plyometric programs, which are effective in young ages [60,61].

Another factor that might contribute to the presence of PAPE, is the optimal timing between the
end of the conditioning stimulus and the test [7,41]. Immediately after the end of the conditioning
stimulus, fatigue may mask any PAPE effect [50]. The fact that in the present study the sprint speed
after the BwR or FwR was not lower than the CON protocol, shows that despite the increased RPE
values, a rest interval of 4 minutes after the conditioning was enough to maintain performance levels.
Nonetheless, considering previous findings showing that children, compared to adults, recover faster,
rely more on their aerobic mechanisms for energy production, and are more resistant to fatigue [53],
it is reasonable to argue that shorter rest intervals might have the potential for greater PAPE in children.
However, this requires further investigation.

Regarding RPE and metabolic cost, BwR at maximal intensity is considered to have greater energy
consumption than FwR [26]. Nonetheless, in a recently published paper, RPE and metabolic cost
during BwR and FwR, at self-pace speed, was similar [62]. Both of the previously mentioned studies
involved adults. Considering the above, it could be assumed that one of the reasons why children had
no significant difference in RPE between the BwR and FwR protocols in the present study, could be
their potential inability to perform the task maximally. However, this assumption requires further
investigation in the future to be verified.

From a practical point of view, the findings of this study support the inclusion of BwR sprints
in warm-up routines in preadolescent children, as a method to improve sprint performance across
10–20 m distance. This acute effect in performance may enhance performance during training or
competition. However, these findings regard recreationally active preadolescent children and cannot
be generalized to the population of any specific sport. Each sport has different demands and the
training stimuli may vary as well. Therefore, the existence and extent of improvement in sprinting
velocity after BwR sprints, remains to be verified, for distances that are of specific interest to each sport.

5. Conclusions

Although the implementation of 3 × 10 m sprints, either BwR or FwR, to a warm-up does not
enhance 20 m sprint speed in recreationally active preadolescent boys, after a recovery period of 4 min,
the positive effect of BwR on sprint speed during the distance 10–20 m suggests that BwR might
be an alternative means for enhancing performance in certain phases of a sprint speed. However,
preadolescent boys’ response to different sprint conditioning exercises, optimal rest time and/or
conditioning stimuli remains to be determined on an individual basis, taking into account the basic
characteristics and limitations of children’s physiology.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4663/8/4/55/s1,
Table S1: Speed and RPE Values of All Participants.
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Abstract: The purpose of this study was to verify the physiological responses and biomechanical
parameters measured during 30 min of continuous swimming (T30) at intensity corresponding
to lactate threshold previously calculated by an intermittent progressively increasing speed test
(7 × 200 m). Fourteen competitive swimmers (18.0 (2.5) years, 67.5 (8.8) kg, 174.5 (7.7) cm) performed
a 7 × 200 m front crawl test. Blood lactate concentration (BL) and oxygen uptake (VO2) were
determined after each 200 m repetition, while heart rate (HR), arm-stroke rate (SR), and arm-stroke
length (SL) were measured during each 200 m repetition. Using the speed vs. lactate concentration
curve, the speed at lactate threshold (sLT) and parameters corresponding to sLT were calculated
(BL-sLT, VO2-sLT, HR-sLT, SR-sLT, and SL-sLT). In the following day, a T30 corresponding to sLT was
performed and BL-T30, VO2-T30, HR-T30, SR-T30, and SL-T30 were measured after the 10th and
30th minute, and average values were used for comparison. VO2-sLT was no different compared to
VO2-T30 (p > 0.05). BL-T30, HR-T30, and SR-T30 were higher, while SL-T30 was lower compared
to BL-sLT, HR-sLT, SR-sLT, and SL-sLT (p < 0.05). Continuous swimming at speed corresponding
to lactate threshold may not show the same physiological and biomechanical responses as those
calculated by a progressively increasing speed test of 7 × 200 m.

Keywords: lactate threshold; continuous swimming; physiological responses; biomechanical
parameters; validity

1. Introduction

Progressive discontinuous swim protocols, such as a 7 × 200 m progressively increasing speed
test, are commonly used to evaluate both physiological [1,2] and biomechanical [3] characteristics in
swimming. More specifically, a 7 × 200 m test is used to identify aerobic training intensity domains
and subsequent changes during a year-round training plan [4]. The identification of training intensity
domains requires drawing a speed vs. blood lactate concentration curve and calculating specific
aerobic indices, such as speed corresponding to first and second lactate thresholds [5,6]. The sLT
(speed at lactate threshold) is one of the most frequently used indices to assess swimming endurance
capacity [1,7], and several methods are utilized for its calculation [8].

In swimming, the most frequently used method for sLT calculation is x-axis projection of the
intersection of two lines connecting the three higher and four lower points of the speed lactate curve [7].
Subsequently, biomechanical or physiological parameters corresponding to sLT may be calculated to
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provide additional information for coaches (i.e., arm-stroke rate (SR), arm-stroke length (SL), heart rate
(HR), and blood lactate concentration (BL) corresponding to sLT). However, all suggested methods
used for sLT calculation present errors in estimation, and this may be transferred to the training pace
prescription of swimmers [9]. The validity of sLT is tested by calculating the speed corresponding to the
maximum lactate steady state (MLSS: maximum lactate concentration that can be maintained constant
during continuous exercise; [10,11]), which is a time-consuming test for verification and implies
that sLT may be used during continuous swimming training. Whatever the case, there is a need to
verify the calculated sLT and corresponding physiological and biomechanical variables obtained after
a 7 × 200 m test during a continuous swimming training set so as to increase precision in the control of
the training load and improve swimming performance [7,12]. A 30 min duration is an appropriate
and acceptable time limit to compare variations in biomechanical and physiological parameters in
continuous swimming [7]. Using a prescribed sLT speed, a specific response in physiological (HR, BL)
or biomechanical variables (SR, SL) is expected, as these parameters are interconnected [13]. Therefore,
verifying this information is important before coaches plan a training set. However, to our knowledge,
there has been no previous study to verify the calculated sLT using a continuous 30 min of swimming.

Thus, the purpose of the current study was to verify the physiological responses and biomechanical
parameters during continuous swimming at intensity corresponding to the lactate threshold previously
calculated by an intermittent progressively increasing speed test (7 × 200 m). We hypothesized that the
calculated parameters would be verified during the continuous swimming effort.

2. Materials and Methods

2.1. Participants

Fourteen regional and national level male and female swimmers (ten sprinters and four
middle-distance swimmers) that specialized in competitive distances of 100, 200, and 400 m volunteered
to participate in the study (Table 1). Participants had a training background of 9.9 (1.8) years and they
participated in daily training (6 days per week) with a duration of approximately two hours per session.
Participants were randomly selected from local swimming clubs after getting agreement from parents
and coaches. Swimmers were not consuming nutritional supplements during the testing period;
they were asked to consume the same diet two days before the trials. Participants were instructed
to avoid alcohol or caffeine consumption two days before each testing session. Each participant and
his or her legal guardian provided written informed consent after receiving thorough explanation of
the study. The local institutional review board approved the experimental procedures (approval no:
1029/6/12/2017) in accordance with Helsinki declaration for human subjects.

Table 1. Anthropometrics and performance characteristics of competitive swimmers. The data are
presented as mean values and standard deviation (SD) for both males and females and for each
gender separately.

Variables
N = 14 Swimmers
(Male and Female)

N = 10 Male
Swimmers

N = 4 Female
Swimmers

Age (years) 18.0 (2.5) 17.5 (2.4) 19.2 (2.6)
Body mass (kg) 67.5 (8.8) 69.7 (8.1) 60.3 (8.7)

Height (cm) 174.5 (7.7) 175.6 (7.3) 171.9 (9.3)
Time (s) 200 m front crawl 131.6 (7.3) 129.2 (7.3) 137.6 (2.5)

FINA points 200 m front crawl 513.6 (66.0) 503.3 (75.0) 539.5 (28.2)
FINA points (best style) 564.0 (109.3) 540.4 (119.4) 623.0 (49.5)

Competitive experience (years) 9.9 (1.8) 9.5 (1.9) 10.8 (1.5)

FINA: Fédération Internationale de NatationAmateur.
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2.2. Study Design

Physiological and biomechanical parameters calculated during a progressively increasing speed
swimming test (mean overall time: ~45 min) were compared to those measured during 30 min of
continuous swimming. Swimmers were tested in two sessions 48 h apart (Figure 1), and all tests
were completed at the same time of the day for each swimmer (between 14:00 to 16:00). Prior to the
first testing session, body mass and height were measured (Seca, Hamburg, Germany). One day
prior to the first testing session, as well as during the two days separating the two testing sessions,
swimmers participated in an easy (BL: ~2 mmol L−1) low volume endurance training (~3000 to 4000 m).
The study was conducted during the specific preparation mesocycle of training. All swimming tests
were performed using front crawl in a 25 m indoor swimming pool with a constant water temperature
of 25 ◦C to 26 ◦C and 60% ambient humidity.

Figure 1. Experimental design of the current study; 7 × 200 m: 7 repetitions of 200 m front crawl,
h: hours.

2.3. Progressively Increasing Swimming Speed Test and Parameters Calculation

All swimmers participated in a standardized swimming warm-up, and 10 min later performed
a 7 × 200 m front crawl test at intensities calculated using the most recent 200 m race time and
corresponding to 60%, 70%, 75%, 80%, 85%, 90%, and maximum effort. Participants were familiarized
with the pace of the first two repetitions during a previous training session. During testing, one of the
experimenters walked alongside the swimming pool providing guidance during each 200 m repetition.
During the 7 × 200 m test, each repetition started every five minutes and 30 s with a push-off start from
within the water [1]. Fingertip blood samples were collected after each repetition and were analyzed
for BL (Lactate Scout+, SensLab GmbH, Leipzig, Germany). Immediately after the completion of
each 200 m repetition, a mouthpiece and a nose clip were attached to swimmers during recovery.
Expired air collected during the first 20 s of recovery was analyzed for oxygen uptake (VO2) using
a portable gas analyzer (VO2000, Med Graphics, Saint Paul, MN, USA.; [14]). HR was recorded
continuously using telemetry (s610i; Polar Electro, Kempele, Finland). A vest was used to keep the
transmitter attached to each swimmer’s chest while swimming. sLT and the respective BL-sLT were
calculated by the x-axis projection of the intersection of lines connecting the three higher and four
lower points of the speed lactate curve (BL-sLT: mean R2 = 0.97 (0.02), mean r = 0.99 (0.01); 1). VO2-sLT
and HR-sLT were calculated by interpolation using linear regression of swimming speed versus VO2

(mean R2 = 0.99 (0.02), mean r = 0.99 (0.01)) or HR (mean R2 = 0.99 (0.01), mean r = 0.99 (0.01).
During the 7 × 200 m test, SR was calculated by the time (T) used to complete three arm-stroke
cycles (180·T−1) and SL was calculated by dividing swimming speed every 50 m (V) by SR. The time
for three arm-stroke cycles was recorded using a handheld chronometer. SR-sLT and SL-sLT were
calculated by interpolation using the best fit regression line of SR and SL versus swimming speed
during the 7 × 200 m test (SR: mean R2 = 0.98 (0.02), mean r = 0.99 (0.01); SL: mean R2 = 0.96 (0.04),
mean r = 0.98 (0.02)).
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2.4. Continuous Swimming Session with Constant Speed

The swimmers participated in a continuous swimming session 48 h after the completion of the
7 × 200 m test. Continuous swimming speed session was completed after a standardized warm-up
that consisted of 1000 m of swimming (400 m slow swimming at 60% intensity, 4 × 50 m front crawl
kicks, 4 × 50 m front crawl drills, and 4 × 50 m front crawl swim with progressively increasing speed).
Ten minutes after warm-up, the swimmers started a T30 at a constant speed corresponding to sLT.
During T30, the swimmers kept the individual sLT speed constant while guided by a sound signal
emitted by a transmitter placed next to the ear and under the swimming cap (FINIS tempo pro,
Finis Inc., Livermore, CA, USA). The swimmers were instructed to adjust their speed in order to touch
the wall at each sound signal. Additionally, one of the experimenters recorded the time for each 50 m
split (HS-80; CASIO, Guangzhou, China). BL-T30 and VO2-T30 were measured after the 10th and
30th minute of T30, while HR-T30 was recorded continuously. SR-T30 and SL-T30 were measured
every 50 m during the T30 continuous swimming session. The 10th min was used to identify variations
in physiological adjustments compared to the 30th min. Nevertheless, the mean values of BL, HR, SR,
SL, and speed (s-T30) measured during the T30 were used for the statistical analysis.

2.5. Statistical Analysis

The student t-test for dependent samples was used to examine the differences in physiological and
biomechanical parameters calculated during the 7× 200 m progressively increasing speed test and those
measured in T30. Specifically, comparisons between sLT, BL-sLT, VO2-sLT, HR-sLT, SR-sLT, SL-sLT vs.
s-T30, BL-T30, VO2-T30, HR-T30, SR-T30, SL-T30, respectively, were applied. Pearson r correlation
coefficient was used to examine the relationship between the calculated values from a 7 × 200 m test
with that measured during T30. The effect size for paired comparisons using the pooled standard
deviation as denominator was calculated with Cohen’s d [15]. The effect size was considered trivial if
the absolute value of Cohen’s d was less than 0.20, small if it was between 0.20 and 0.50, medium if it
was between 0.50 and 0.80, and large if it was greater than 0.80. The 95% confidence limits (95% CL)
were also calculated for the mean differences between parameters. G-Power 3.1.9.4 software [16] was
used to examine the power of analysis. Considering the sample size in the current study (N = 14),
an ES of 0.80 was required to get a statistical power value greater than 0.80. For the estimation of
agreement between parameters, Bland and Altman plots were used [17]. SPSS software (v.23, SPSS Inc.,
Chicago, IL, USA) was used for data analysis. Data are presented as mean and standard deviation
(SD). Statistical significance was set at p < 0.05.

3. Results

3.1. Swimming Speed between Tests

sLT calculated after the 7 × 200 m test was similar with s-T30 (sLT: 1.317 (0.078) vs. s-T30: 1.316
(0.082) m·s−1, mean difference (SD): −0.002 (0.010) m·s−1, 95% CL: −0.008, 0.005·m·s−1, d = −0.02,
p = 0.634). A significant correlation was observed between sLT and s-T30 (R2 = 0.97, r = 0.98, p = 0.001).

3.2. Comparison of Physiological Variables between Tests

Measured BL-T30 was higher compared to BL-sLT (BL-T30: 4.7 (2.3) vs. BL-sLT: 3.4 (0.8) mmol·L−1,
mean difference (SD): 1.3 (2.4) mmol·L−1, 95% CL: 0.00, 2.35 mmol·L−1, d = 0.83, p = 0.05; Figure 2), and
these variables were not correlated (R2 = 0.001, r = 0.03, p = 0.92). A Bland and Altman plot indicated
agreement between calculated and measured values (Figure 2). During continuous swimming, HR-T30
was higher compared to HR-sLT (HR-T30: 173 (8) vs. HR-sLT: 161 (10) b·min−1, mean difference (SD):
11 (11) b·min−1, 95% CL: 6, 18 b·min−1, d = 1.24, p = 0.02; Figure 2), and these variables were not
correlated (R2 = 0.06, r = 0.25, p = 0.39). Agreement between calculated HR-sLT and measured HR-T30
values was observed (Figure 2). Moreover, VO2-T30 was not different compared to VO2-sLT (VO2-T30:
41.7 (6.8) vs. VO2-sLT: 42.8 (6.2) ml·kg−1·min−1, mean difference (SD): −0.88 (4.5) ml·kg−1·min−1, 95%
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CL: −3.22, 1.45 ml·kg−1·min−1, d = −0.16, p = 0.43) and these parameters were correlated (R2 = 0.53,
r = 0.73, p = 0.00). A Bland and Altman plot showed agreement between calculated VO2-sLT and
measured VO2-T30 values (Figure 2).

Figure 2. Comparison between calculated and measured parameters in the two tests, (a) blood
lactate concentration (BL), (b) oxygen uptake (VO2) (N = 12), (c) heart rate (HR). Individual values
corresponding to BL-sLT, VO2-sLT, and HR-sLT are compared with BL-T30, VO2-T30, and HR-T30,
respectively. Bland and Altman plots of mean vs. difference of two tests is presented in (d) BL-sLT and
BL-T30, (e) VO2-sLT and VO2-T30, (N = 12), and (f) HR-sLT and HR-T30. Units of measure in (d), (e),
and (f) are not shown for clarity and are the same as in the corresponding figure (a), (b), and (c) panels.
* p < 0.05 between BL-sLT and BL-T30, VO2-sLT and VO2-T30, and between HR-sLT and HR-T30. sLT:
corresponding to speed at lactate threshold; T30: 30 min of continuous swimming.

3.3. Comparison of Biomechanical Variables between Tests

During T30, the measured SR-T30 was higher compared to SR-sLT (SR-T30: 33.8 (2.9) vs. SR-sLT:
29.7 (4.1) cycles·min−1, mean difference (SD): 4.0 (3.9) cycles·min−1, 95% CL: 1.97, 6.07 cycles·min−1,
d = 1.15, p = 0.002; Figure 3). SR-T30 and SR-sLT were not correlated (R2 = 0.16, r = 0.41, p = 0.15).
A Bland and Altman plot indicated agreement between calculated SR-sLT and measured SR-T30 values
(Figure 3). Measured SL-T30 was lower compared to SL-sLT (SL-T30: 2.3 (0.3) vs. SL-sLT: 2.6 (0.4)
m·cycles−1, mean difference (SD): −0.3 (0.2) m·cycles−1, 95% CL: −0.40, −0.14 m·cycles−1, d = −0.88,
p = 0.001; Figure 3) and these parameters were correlated (R2 = 0.55, r = 0.74, p = 0.003). A Bland and
Altman plot showed agreement between calculated SL-sLT and measured SL-T30 values (Figure 3).
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Figure 3. Comparison between calculated and measured parameters in the two tests, (a) comparison of
arm-stroke rate (SR), (b) comparison of arm-stroke length (SL). Individual values corresponding to
SR-sLT and SL-sLT are compared with SR-T30 and SL-T30, respectively. Bland and Altman plots of
mean vs. difference of the two tests is presented in (c) SR-sLT vs. SR-T30, (d) SL-sLT vs. SL-T30. Units
of measure in (c) and (d) are not shown for clarity and are the same as in the corresponding (a) and (b)
panel. * p < 0.05 between SR-sLT and SR-T30 and between SL-sLT and SL-T30. sLT: corresponding to
speed at lactate threshold; T30: 30 min of continuous swimming.

4. Discussion

The purpose of the current study was to verify the physiological and biomechanical parameters
measured during continuous constant speed swimming corresponding to lactate threshold with those
calculated after a 7 × 200 m test. The calculated sLT was successfully maintained during a T30 session.
Calculated VO2 was similar to measured VO2, while a higher BL, HR, and SR and lower SL were
recorded during T30. Bland and Altman plots indicated agreement, although a great bias was observed
for all the physiological and biomechanical parameters.

A similar speed compared to sLT was expected in T30 on account of our experimental design. This is
because swimmers were guided to follow a constant speed using audio signals. While maintaining the
required speed during T30, some physiological adjustments were made by the swimmers. Increased
BL and HR were observed during T30, and several factors may have contributed to this increment.
First, we should examine the validity of sLT calculation with the method used in the present study.
Previous studies report that using the intersection of two lines provides a speed corresponding to
lactate threshold similar to MLSS [7]. However, the number of repetitions, the speed increment,
and the duration of each repetition may influence the calculation of sLT [7]. Indeed, several methods,
mathematical models, and various discontinuous protocols may indicate a different lactate threshold,
which is not always similar to MLSS [9,18,19]. In fact, a methodological error of 2.0–2.5% in MLSS
calculation should be considered [20]. This is because speed increments of this range are normally used
when sLT is compared to MLSS [21]. In this case, a 2.0–2.5% lower speed compared to sLT may induce
lower BL in T30, similar to sLT lactate values in the present study. Considering the above, a 2.5% error
in calculating sLT should be expected even in studies reporting a valid estimation.
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A second factor that needs to be mentioned is that lactate threshold as well as MLSS may present
lactate concentration at a range of 2 to 8 mmol·L−1 [22]. In such a case, the swimmers in the current study
showed increased lactate values in sLT but it is likely that they were still below or at their MLSS. Despite
the limitation that MLSS was not measured, to allow a better understanding of BL-sLT and BL-T30
differences in the present study, it is expected that metabolic/physiological characteristics determine an
athlete’s ability to sustain a long duration effort. Endurance athletes are more efficient at maintaining
long duration efforts with lower BL as opposed to sprint-oriented athletes at comparable relative
exercise intensity [23]. Supporting this, Skorski et al. [24] found a 6.3% to 7.3% higher BL response in
short-distance competitive swimmers during training sets such as 5 × 400 m or 5 × 200 m with constant
speed corresponding to lactate threshold, suggesting that sLT may induce variable BL response during
endurance training sets. In the present study, participants were mainly sprint-oriented and showed
27.3% higher BL than expected during continuous swimming in T30. In this case, the calculated
sLT was probably not representing their steady physiological conditions leading to increased lactate
production. Moreover, swimmers may show difficulty in maintaining a constant speed for more
than 20 min, especially if they are not accustomed to do so, but may be able to maintain the same
speed for longer durations in interval training set [25]. Nonetheless, a previous study also found a
slightly higher BL during continuous swimming than predicted by 7 × 400 m or 7 × 200 m tests [7].
It seems that continuous effort may correspond to higher exercise intensity, as it has confirmed by
higher physiological responses or by the inability to sustain constant speed for a long period [25].

A higher HR was observed during T30, indicating a higher effort during continuous swimming.
A higher HR was measured in continuous exercise compared to that calculated corresponding to
lactate threshold after a 7 × 200 m test in a previous study [7]. In the above study, increased swimming
distance was accompanied by higher HR despite maintaining similar speed [7]. However, in the
current study, some of the swimmers may not have reached a steady HR in all stages of the 7 × 200 m
test because of the short time needed to complete 200 m repetitions, especially in the last stages
(i.e., 130–160 s), thus underestimating the predicted sLT-HR value. Confirming the above information,
Fernandes et al. [7] reported 2% (4 b·min−1) higher HR corresponding to lactate threshold using 400 m
compared to 200 m stages [7]. However, in the current study, a greater HR difference (11 b·min−1)
was observed between HR-sLT and HR-T30, possibly attributed to the training status and specialty
of the swimmers. Additionally, a likely HR drift towards the last minutes of exercise attributed
to cardiovascular adjustments during the long exercise duration in T30 cannot be excluded [26].
In contrast to BL and HR, VO2-T30 was no different compared to VO2-sLT. It has been indicated that
oxygen uptake reaches values between ~80–100% of VO2peak at the end of an endurance training set
with a duration of 15 to 30 min [25,27]. Specifically, Pelarigo et al. [27] found constant VO2 values that
were ~85% of VO2max, similar to the current study (85.5%). A combination of steady VO2 response and
increased BL during a continuous exercise may be observed during continuous efforts or in very heavy
exercise intensity domains [28].

SR-T30 was increased whereas SL-T30 was decreased compared to SR-sLT and SL-sLT, respectively.
Such changes are associated with an increased energy cost [29]. It is possible that the swimmers
managed to adjust the applied force during each arm-stroke by increasing the relative duration of
propulsive phases in order to maintain the required speed [30]. Similar results have been reported in
a previous study in which less experienced athletes presented a decrease in SL with a concomitant
increase in SR, despite swimming at a higher speed (by 2.5%) compared to MLSS [31]. On the contrary,
Dekerle et al. [32] reported stability in SL during metabolically steady conditions in well-trained
competitive swimmers. However, SL decreased at speeds above lactate threshold [21]. It seems that
swimmers in the present study were exercising slightly above steady metabolic conditions, and then
they were forced to alter their mechanics to maintain the required speed. These alterations in mechanics
aim to overcome hydrodynamic drag and may lead to increments in metabolic response.

The abovementioned differences in physiological and biomechanical parameters indicate that
the calculated parameters may not always correspond to the measured values during continuous
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swimming. However, this is in contrast to the observed agreement between BL-sLT, VO2-sLT, HR-sLT,
SR-sLT, and SL-sLT and BL-T30, VO2-T30, HR-T30, SR-T30, and SL-T30, respectively, as indicated
by Bland and Altman plots and has also been confirmed previously in a homogenous group of
female middle- and long-distance swimmers [33]. Despite the observed agreements presented in the
current study, the range of physiological and biomechanical differences observed is great. In this
case, we cannot accept that calculated physiological and biomechanical parameters obtained by the
intermittent protocol used in this study can predict corresponding ones during continuous long
duration swimming. We should consider that BL-sLT, VO2-sLT, and HR-sLT as well as SR-sLT and
SL-sLT were calculated by equations obtained by the best fit of these parameters versus swimming
speed, thus reducing the error of calculation. However, this was not reflected in the measured values,
indicating that the observed differences represent real physiological and biomechanical gaps between
predicted and measured variables. Further research may examine various mathematical models for
lactate threshold calculation in swimmers.

5. Conclusions

The physiological and biomechanical parameters calculated by a progressively increasing
swimming speed test corresponding to sLT may not be verified during continuous 30 min swimming
in sprint and middle-distance swimmers. Swimmers maintaining constant speed corresponding to the
second lactate threshold in a long duration 30 min swimming present individualized biomechanical
and physiological adjustments that may not reflect the expected responses. In this case, an additional
test for verification or a different mathematical model of lactate threshold calculation may be required
to provide a valid guidance of training pace. Coaches should be aware that the individual data obtained
by a progressively increasing speed test should be examined thoroughly and tested in training practice
before planning a training set.
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Abstract: Background: Physiological and biomechanical parameters obtained during testing need
validation in a training setting. The purpose of this study was to compare parameters calculated
by a 5 × 200-m test with those measured during an intermittent swimming training set performed
at constant speed corresponding to blood lactate concentration of 4 mmol·L−1 (V4). Methods:
Twelve competitive swimmers performed a 5 × 200-m progressively increasing speed front crawl
test. Blood lactate concentration (BL) was measured after each 200 m and V4 was calculated by
interpolation. Heart rate (HR), rating of perceived exertion (RPE), stroke rate (SR) and stroke length
(SL) were determined during each 200 m. Subsequently, BL, HR, SR and SL corresponding to V4
were calculated. A week later, swimmers performed a 5 × 400-m training set at constant speed
corresponding to V4 and BL-5×400, HR-5×400, RPE-5×400, SR-5×400, SL-5×400 were measured.
Results: BL-5×400 and RPE-5×400 were similar (p > 0.05), while HR-5×400 and SR-5×400 were
increased and SL-5×400 was decreased compared to values calculated by the 5 × 200-m test (p < 0.05).
Conclusion: An intermittent progressively increasing speed swimming test provides physiological
information with large interindividual variability. It seems that swimmers adjust their biomechanical
parameters to maintain constant speed in an aerobic endurance training set of 5 × 400-m at intensity
corresponding to 4 mmol·L−1.

Keywords: intermittent swimming; swimming training; arm stroke rate; arm stroke length; validity

1. Introduction

Swimming performance during training or a year-round training plan is dependent on several
interrelated changes of physiological and biomechanical parameters [1,2]. Coaches aim to optimize
swimmer’s training, facilitating performance improvement through the assessment of aerobic
endurance and biomechanical parameters. Assessment of aerobic endurance parameters, such as speed
corresponding to blood lactate concentration of 4 mmol·L−1 (V4) or speed corresponding to lactate
threshold and biomechanical parameters, requires testing with progressively increasing swimming
speed protocols [3,4].

V4 has been highlighted as one of the most commonly used indices for assessing swimming
endurance [5,6]. It is suggested that V4 corresponds to lactate threshold or the onset of blood lactate
accumulation and may be used for the adjustment of training pace during training for improvement
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of aerobic capacity [4,7,8]. Additionally, biomechanical parameters corresponding to V4 may be
connected to performance changes [9]. Calculation of V4 requires drawing of a speed vs. blood
lactate concentration curve after the completion of several repetitions of 200-m to 400-m swimming
with progressively increasing speed [10,11]. However, various progressively increasing speed tests
have been used since 1980s. Specifically, progressively increasing speed tests conducted with five
repetitions of 4-min, 6-min or 8-min duration in running [5,6], four to five repetitions of 200-m [8,9],
seven repetitions of 200-m [3,10] or seven repetitions of 300-m and 400-m front crawl swimming [9]
have been used for testing.

Despite the various progressively increasing swimming speed tests used, a criticism of the validity
of using a fixed lactate concentration of 4 mmol·L-1 as the concentration corresponding to lactate
threshold has been raised [12] because of the high individual variability noticed on lactate concentration
corresponding to the lactate threshold (i.e., 2–4 mmol·L−1 [13,14]). Whatever the case, testing the
validity of predicting lactate concentration during a training set may be helpful for coaches since
lactate concentration during endurance training sets may range from 2–6 mmol·L–1 [12]. Furthermore,
it is expected that physiological and biomechanical variables calculated by a progressively increasing
speed test will be reproduced in a training set applied a few days later. However, calculation of V4 and
all subsequent physiological (i.e., heart rate, lactate) and biomechanical parameters (i.e., stroke rate
and stroke length) rely on mathematical calculations and linear or nonlinear correlations which all
present a measurement error [4]. In this case, the parameters calculated by the progressively increasing
speed test may differ from those measured during a long-duration training set, and this has never
been examined.

To our knowledge, there is no study comparing fixed lactate values predicted by the speed vs.
lactate curve with those obtained during an intermittent constant speed training set in well-trained
swimmers. The purpose of the present study was to examine the validity of physiological and
biomechanical parameters during intermittent swimming at speed corresponding to blood lactate
concentration of 4 mmol·L-1.

2. Materials and Methods

2.1. Participants

Twelve regional- and national-level competitive male swimmers specializing in various competitive
distances volunteered to participate in the study (see Table 1). Participants had competitive swimming
training background of mean (standard deviation: SD) 8.5 (1.7) years, and they participated in a daily
swimming training (6 days per week) with duration of approximately 2 h per session. Each participant
provided written informed consent after a thorough explanation of the study. The local institutional
review board approved the experimental procedures (Approval No. 1007/26-4-2017), which were in
accordance with the Declaration of Helsinki for Human Subjects.

2.2. Study Design

Physiological and biomechanical parameters calculated by a 5 × 200-m progressively increasing
speed swimming test were compared with those measured during a constant speed 5 × 400-m
intermittent swimming training set in this study. The speed during the training set was prescribed
based on the speed vs. lactate concentration curve drawn after a progressively increasing speed
swimming test.
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Table 1. Participant characteristics in the current study. The data are presented as mean values with SD
in parentheses.

Variables Swimmers (n = 12)

Age (y) 19.0 (2.2)
Body mass (kg) 74.4 (10.1)

Height (cm) 178.1 (7.9)
Fat mass (%) 13.0 (2.6)

Body Mass Index (%) 23.4 (1.5)
VO2peak (mL·kg−1·min−1) 65.5 (11.4)
VO2max (mL·kg−1·min−1) 51.2 (14.1)
Time (s), 200-m front crawl 127.1 (9.6)

FINA points, 200-m front crawl 534 (127)
Time (s), 400-m front crawl 288.7 (22.0)

FINA points, 400-m front crawl 501 (186)
FINA points of best competition 625 (149)

2.3. Preliminary Testing—The 400-m Test

The study was conducted during the specific preparation mesocycle of training and swimmers
were tested in three testing sessions 48 h apart (Figure 1). All swimming tests were conducted in
a 25-m indoor swimming pool with a constant temperature of 25–26 ◦C. During the first visit and
following a standardized warm-up (400-m slow swimming at 60% intensity, 4 × 50-m front crawl
leg kicking, 4 × 50-m front crawl drills and 4 × 50-m front crawl swim with progressively increasing
speed), swimmers participated in a 400-m front crawl test with maximum intensity. Immediately after
the completion of the 400-m test, a face mask was applied to the swimmer for expired gas collection
during recovery and VO2peak determination (VO2OOO; MedGraphics, Saint Paul, MN, USA; [15]).

 
Figure 1. Study design of the current study; 400-m: 400-m front crawl; 5 × 200-m: five repetitions of
200-m front crawl, 5 × 400-m: five repetitions of 400-m front crawl, h: hours.

2.4. Applying the 5 × 200-m Test

On the following day, all swimmers participated in a standardized swimming warm-up (following
the same procedure as before the 400-m test) and 10 minutes later performed a 5 × 200-m front
crawl test at intensities corresponding to 60%, 70%, 80% and 90% of the 200-m maximum speed
progressively during the first four repetitions, exerting maximum effort in the last 200-m repetition.
During the 5 × 200-m test, each repetition started every 5.5 min with a push-off start from within
the water. Fingertip blood samples were collected after each repetition and were analyzed for blood
lactate concentration (BL) using the reflectance photometry enzymatic reaction method (Accutrend
Plus; Roche, Germany). Rating of perceived exertion (RPE) was indicated using a 10-point scale
after each 200-m repetition [16]. Heart rate (HR) was recorded continuously using telemetry (s610i;
Polar Electro, Oy, Kempele, Finland). V4 was determined for each swimmer by interpolation from a
second-order polynomial function of swimming speed vs. lactate concentration data (mean (SD) R2 =
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0.97 (0.03), mean r = 0.98 (0.01)). Heart rate corresponding to V4 (HR-V4) was determined for each
swimmer individually by the linear regression between swimming speed and HR obtained during the
5 × 200-m test (mean R2 = 0.96 (0.05), mean r = 0.98 (0.02)). Stroke rate (SR) was calculated by the time
(T) to complete three arm-stroke cycles (180·T−1), and stroke length (SL) was calculated by dividing
swimming speed every 50 m (V) by SR. SR and SL corresponding to V4 (SR-V4 and SL-V4) were
calculated by the interpolation of the best-fit regression line of SR and SL vs. swimming speed during
the 5 × 200-m test (SR: mean R2 = 0.97 (0.03), mean r = 0.99 (0.01); SL: mean R2 = 0.98 (0.02), mean r =
0.99 (0.01)). Similarly, the rating of perceived exertion (RPE) corresponding to V4 was calculated by
interpolation (mean R2 = 0.97 (0.02), mean r = 0.98 (0.01)).

2.5. Intermittent Swimming Training Set of 5 × 400-m

Swimmers completed an intermittent swimming training set 48 h after the completion of the
5 × 200-m test. A standardized warm-up as described for the previous testing sessions was applied
before the training set. Ten minutes after warm-up, swimmers completed a 5 × 400-m training set at a
constant speed corresponding to V4 with a resting interval of 30 to 45 s between repetitions to allow
blood sampling. Swimming speed was kept constant by using a sound transmitter attached next to the
swimmer’s ear (FINIS tempo pro, Finis Inc., Livermore, CA, USA) and according to the individual
V4 that was determined by the 5 × 200-m test. Swimmers were advised to touch the swimming
pool wall with their legs in each 25-m lap when hearing the transmitted sound. Additionally, one
of the researchers recorded the time for each 50-m split in all 5 × 400-m repetitions (HS-80; CASIO,
Guangzhou, China), and the mean speed of the test was calculated (V-5×400). BL concentration was
collected after the first, third and fifth 400-m repetitions, while HR was recorded continuously and
RPE was indicated after each repetition. SR and SL were calculated during each 400-m repetition of the
5 × 400-m swimming training set. The mean values of, BL-5×400, HR-5×400, RPE-5×400, SR-5×400
and SL-5×400 were used for the statistical analysis.

2.6. Statistical Analysis

Student’s t-test for paired samples was used to compare physiological and biomechanical
parameters corresponding to V4 and calculated after the 5 × 200-m test with those measured during
the 5 × 400-m intermittent swimming training set with constant speed. Specifically, V4, BL-V4, HR-V4,
RPE-V4, SR-V4 and SL-V4 were compared to V-5×400, BL-5×400, HR-5×400, RPE-5×400, SR-5×400 and
SL-5×400. Pearson r correlations were used to examine the relationship between relevant parameters.
Additionally, the effect size for paired comparisons was calculated with Cohen’s d [17], using the
pooled standard deviation as the denominator. The effect size was considered small if the absolute
value of Cohen’s d was less than 0.20, medium if it was between 0.20 and 0.50 and large if it was greater
than 0.50. The 95% confidence limits (95% CL) were also calculated for the mean differences between
parameters obtained by the two tests. Agreement of measured parameters was tested using Bland and
Altman plots [18]. SPSS, software (v.23, SPSS Inc., Chicago, IL, USA) was used for data analysis. Data
are presented as mean and SD (in parentheses). Statistical significance was set at p < 0.05.

3. Results

3.1. Swimming Speed Comparison between Tests

Swimming speed prescribed by the 5 × 200-m test (V4) was successfully reproduced during the
5 × 400-m training set (V4 = 1.325 (0.08) m·s−1; V-5×400-m = 1.287 (0.10) m·s−1; mean difference (SD):
0.04 (0.08) m·s−1; 95% CL: 0.060, 0.017 m·s–1; d = −0.42, p = 0.122). Additionally, significant correlation
was noticed between V4 and V-5×400-m (r = 0.64, p = 0.02) and agreement was indicated by Bland and
Altman plot (bias (SD): −0.04 (0.08) m·s−1).
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3.2. Comparison of Physiological Variables and Rating of Perceived Exertion between Tests

Following the training set, BL-5×400 was not different compared to 4 mmol·L−1 (BL-V4 = 4.0
(0.0) mmol·L−1; BL-5×400 = 5.0 (2.6) mmol·L−1; mean difference (SD): −1.0 (2.6) mmol·L−1; 95% CL:
−1.53, −0.42 mmol·L−1; d = 0.75, p = 0.231, Figure 2). Bland and Altman plot indicated agreement
between calculated and measured values (bias (SD): −1.0 (2.6) mmol·L−1). Training HR-5×400 was
higher compared to HR-V4 (mean difference (SD): −7.2 (10.7) b·min−1; 95% CL: −11.22, −3.11 b·min−1;
d = 0.59, p = 0.04, Figure 2) and these parameters were correlated (r = 0.63, p = 0.03). Bland and Altman
plot showed agreement between calculated and measured values (bias (SD): 7 (11) b·min−1).

(a) (b) 

Figure 2. (a): Comparison between blood lactate concentration corresponding to V4 calculated after a
progressively increasing speed 5 × 200-m test (BL-V4) and blood lactate measured during a constant
speed intermittent swimming training set of 5 × 400-m (BL-5×400). (b): Comparison between heart rate
corresponding to V4 calculated after a progressively increasing speed 5 × 200-m test (HR-V4) and heart
rate measured during a constant speed intermittent swimming training set of 5 × 400-m (HR-5×400).
*: p < 0.05 between HR-V4 and HR-5×400-m.

The calculated RPE values were successfully reproduced during the training set (RPE-V4 = 4.25
(2.09); RPE-5×400 = 5.17 (1.69); mean difference (SD): −1.0 (2.5); 95% CL: −1.6, −0.4; d = 0.52, p = 0.224].
Calculated and measured values were not correlated (r = 0.16, p = 0.60). Bland and Altman plot showed
agreement between calculated and measured values (bias (SD): −1.0 (2.5)).

3.3. Comparison of Biomechanical Variables between Tests

Measured SR during the training set was increased compared to calculated SR and measured SL
was decreased compared to calculated SL (Figure 3). Although a significant correlation was noticed
between measured and calculated SR and SL values (SR, r = 0.57, p = 0.05; SL, r = 0.96, p = 0.001).
Bland and Altman plot indicated agreement between calculated and measured for SR and SL (bias
(SD): −5.6 (3.3) cycles·min−1 and 0.13 (0.09) m·cycles−1; Figure 3).
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Figure 3. (a): Comparison of the stroke rate. (b): comparison of stroke length. Values corresponding
to V4 and calculated after a progressively increasing speed 5 × 200-m test (SR-V4 and SL-V4) are
compared with the stroke rate and stroke length measured during an intermittent constant swimming
speed 5 × 400-m training set (SR-5×400 and SL-5×400). The 95% confidence limits (95% CL) and effect
size (d) are indicated under the figures. (c): Bland and Altman plots of mean vs. difference in SR-V4
and SR-5×400 and (d): Bland and Altman plots of mean vs. difference in SL-V4 and SL-5×400. V4:
speed corresponding to a blood lactate concentration of 4 mmol·L−1. Units of measure in (c) and (d)
are not shown for clarity and are the same as in the corresponding figure (a) and (b) panel. * p < 0.05
between SR-V4 and SR-5×400 and between SL-V4 and SL-5×400-m.

4. Discussion

The purpose of the current study was to validate the physiological and biomechanical parameters
corresponding to a fixed lactate concentration of 4 mmol·L−1 with those measured in an intermittent
5 × 400-m swimming training set at constant speed. A constant swimming speed corresponding to V4
was successfully maintained and BL was no different from that at 4 mmol·L−1 during the 5 × 400-m
training set. However, during the training set, a lower SL and a higher HR and SR compared to
predicted values were recorded. Despite the Bland and Altman plot indicating agreement, a great
individual variation was observed for all physiological and biomechanical variables.

A similar speed compared to V4 was expected during the 5 × 400-m training set as this was
predesigned in our experimental design. This is because swimmers were guided to follow this
speed using audio signals. Considering that swimmers maintained the prescribed speed, we should
explain the observed metabolic and biomechanical alterations required by the swimmers to maintain
this speed. No difference was found between 4 mmol·L−1 and BL-5×400-m, although a large effect
size (d = 0.75) and a great variation in measured values was observed between swimmers. Using
a fixed value of 4 mmol·L−1 has been criticized in previous studies since it does not taking into
account an individual approach to estimate BL [3,12]. Specifically, it was proposed that the fixed
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value did not take into account the individual blood lactate concentration curve kinetics and can
be affected by the muscle glycogen content [12,13]. This is confirmed by studies reporting a higher
V4 or BL-V4 during a continuous swimming trial but not in an intermittent swimming set as in the
current study [19,20]. However, it should be considered that in the aforementioned studies [19,20],
well-trained long-distance swimmers or young swimmers were included. Well-trained swimmers
specializing in various distances participated in the current study, and they may present different
individual characteristics compared to swimmers participating in previous studies. The swimming
stroke specialty or athlete specializations may differentiate BL efflux under a constant speed [20,21].
Specifically, it has been shown that sprint-oriented athletes or those with limited aerobic potential
may present higher BL values compared with long distance athletes during a continuous swimming
training set under a constant speed at V4 [21,22], as was observed in the current study. Despite the
observed variation, BL concentration prescribed by the progressively increasing speed test was similar
to that measured during the intermittent training set. Lactate responses are reflected by RPE, an index
of internal training load, during intermittent swimming [23]; RPE calculated by the 5 × 200-m test was
found to be similar to that measured during the 5 × 400-m training set.

Individual variation observed in measured BL and RPE, as well as differences in HR, may be
attributed to equations used for calculation of these parameters. The second-order polynomial function
used to calculate V4 presented a low error of estimation (r = 0.98, SE = 0.07) and a high accuracy of the
predicted BL value. In contrast with BL, the measured HR values were higher during the 5 × 400-m
intermittent training set compared to the value calculated by the 5 × 200-m progressively increasing
speed test. This may be explained by a higher sympathetic activation during the 5 × 400-m intermittent
training set [24]. Furthermore, the higher HR during the 5 × 400-m training set may indicate a higher
effort of swimmers to maintain the prescribed V4 swimming speed. It should be noted that HR-V4
was calculated using an appropriate linear fit of data (r = 0.98) and low standard error of estimate
(3 b·min−1) that may partly explain the differences during 5 × 400-m training set and HR-V4. Possibly,
differences in HR were dependent on exercise duration between progressively increasing speed testing
protocol (200-m repetitions) and training set (400-m repetitions; [5]). In this case, HR may have not
reached steady values within the shorter 200-m distance, thus underestimating the values during a
longer duration 400-m distance.

Besides the physiological load required in maintaining constant V4, some differences in
biomechanical parameters were also noticed. Increased SR-V4 (large effect size) and decreased
SL-V4 (medium effect size) were observed during the 5 × 400-m intermittent training set compared to
the calculated values by the progressively increasing speed 5 × 200-m test. Increased SR and decreased
SL during swimming are connected to increased energy cost [25]. These changes occur when swimmers
manage to maintain the prescribed speed. Possibly, well-trained swimmers who participated in the
current study applied less force (decreased SL) to maintain an efficient arm stroke [26]. However, these
changes were not severe enough to induce fatigue manifested as an inability to maintain constant
speed during the 5 × 400-m. A further explanation for these differences may be that swimmers
completed a higher number of arm-stroke cycles in the longer distance of 400-m compared to 200-m,
thus altering their mechanics to compensate for the longer distance [27]. Possibly, the different
distances used for testing (400-m vs. 200-m) as well as the swimmer’s specialty combined with the
large interindividual variation between swimmers may have led to the aforementioned differences in
biomechanical parameters.

The characteristics of the progressively increasing speed testing protocols (number of repetitions,
duration of each repetition) that have been used to estimate physiological and biomechanical variables
may lead to different responses during an intermittent or a continuous training set [28,29]. However,
this is controversial throughout the literature. Specifically, Madsen et al. [30], found that a progressively
increasing speed test consisted of 200-m repetitions overestimates the physiological variables obtained
during continuous swimming training, while recently it has been found that 200-m and 300-m testing
protocols showed similar physiological and biomechanical variables during intermittent swimming
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training [31]. Whatever the case, coaches should be aware that the predicted parameters are dependent
on testing protocol used for their calculation and may not be similar to those expected during an
intermittent training set.

5. Conclusions

A 5 × 200-m progressively increasing speed test and the determination of V4 calculated by
interpolation of a second-order polynomial function fitted to the swimming speed vs. lactate
concentration data seem to provide physiological and biomechanical variables with a large
interindividual variability. It should be expected that swimmers will adjust their mechanics at
increased metabolic cost to maintain the required speed during an intermittent training set including
400-m repetitions. Specifically, increased SR and decreased SL may be observed when swimmers aim
to maintain speed during a 5 × 400-m intermittent training set. It seems that swimmers change the
arm stroke profile in aiming to maintain the required speed during a long-duration constant intensity
set. The large interindividual variation between swimmers, possibly because of their specialty or the
characteristics (i.e., number of repetitions, interval time, distance) of the test used to calculate the
required parameters, should be considered. Coaches should be aware that prescribed physiological or
mechanical parameters may be altered when swimmers follow a training pace corresponding to V4
during aerobic endurance training.
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Abstract: This study examined physiological and race pace characteristics of medium- (finish
time < 240 min) and low-level (finish time > 240 min) recreational runners who participated in a
challenging marathon route with rolling hills, the Athens Authentic Marathon. Fifteen athletes (age:
42 ± 7 years) performed an incremental test, three to nine days before the 2018 Athens Marathon,
to determine maximal oxygen uptake (VO2 max), maximal aerobic velocity (MAV), energy cost of
running (ECr) and lactate threshold velocity (vLTh), and were analyzed for their pacing during the
race. Moderate- (n = 8) compared with low-level (n = 7) runners had higher (p < 0.05) VO2 max
(55.6 ± 3.6 vs. 48.9 ± 4.8 mL·kg−1·min−1), MAV (16.5 ± 0.7 vs. 14.4 ± 1.2 km·h−1) and vLTh (11.6 ± 0.8
vs. 9.2 ± 0.7 km·h−1) and lower ECr at 10 km/h (1.137 ± 0.096 vs. 1.232 ± 0.068 kcal·kg−1·km−1).
Medium-level runners ran the marathon at a higher percentage of vLTh (105.1 ± 4.7 vs. 93.8 ± 6.2%)
and VO2 max (79.7 ± 7.7 vs. 68.8 ± 5.7%). Low-level runners ran at a lower percentage (p < 0.05) of
their vLTh in the 21.1–30 km (total ascent/decent: 122 m/5 m) and the 30–42.195 km (total ascent/decent:
32 m/155 m) splits. Moderate-level runners are less affected in their pacing than low-level runners
during a marathon route with rolling hills. This could be due to superior physiological characteristics
such as VO2 max, ECr, vLTh and fractional utilization of VO2 max. A marathon race pace strategy
should be selected individually according to each athlete’s level.

Keywords: endurance; aerobic performance; lactate threshold; running economy; maximal oxygen
consumption; oxygen fractional utilization; running

1. Introduction

Marathon running is one of the most demanding races which requires well-organized mental and
physical preparation [1]. Today, marathon races have turned into very large events where thousands
of elite, high-level and recreational athletes participate in this 42.195 m race [2–4]. For many years,
the physiological demands of a marathon as well as the physiological characteristics of top-class athletes
were examined by researchers [5–11]. It is known that the most important parameters to sustain the
highest possible running velocity over a marathon are the maximal oxygen uptake (VO2 max), a high
fractional utilization of VO2 max and the energy cost of running (ECr) [7,12,13]. These parameters
explain 70% of the variance of the average running speed sustained during a marathon race [6,7]
and are good indicators of the endurance performance of individuals of different ages, genders and
disciplines [1]. A typical VO2 max value for male top-class marathoners is about 70–85 mL/kg/min,
for low-level athletes around 65 mL/kg/min and for recreational runners about 51–58 mL/kg/min [14–16].
Additionally, oxygen fractional utilization at lactate threshold (LTh) intensity, the point where blood
lactate concentrations increase from baseline, is higher for top-class marathoners compared with
low-level athletes (65–80% vs. 50–80% of VO2 max, respectively) and is also higher at the lactate
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turn-point (LTP), the point where an abrupt increase in blood lactate is observed (85–90% vs. 80–85%
of VO2 max, respectively) [6,11,12,17,18].

Few studies have examined in more detail the physiological characteristics of recreational marathon
runners, with finishing times >3 h, and how these characteristics affect performance in this group of
runners. It was shown that the better the level of recreational marathoners, the higher the VO2 max as
well as the velocity and the VO2 at LTh [2,19]. No differences were observed between the different
level of runners in the LTh expressed as a percentage of VO2 max and the oxygen cost of running at
LTh [2]. Regarding medium- and low-level recreational runners, however, no data exist about the
correspondence of race pace on the blood lactate curve, the fractional utilization of VO2 max at race
pace and if these differ according to the performance ability of the runners.

Most of the studies examined runners who participated in a marathon ran on a flat terrain
where they could sustain a relatively stable pace till the end of the race, although the lower the
level of the runners, the higher the variability in race pace [20]. The peculiarity of the terrain could
be an external factor that may affect the physiological and race pace characteristics of a marathon
race. The terrain at one of the most famous and challenging marathons in the world, the Athens
Authentic Marathon, is characterized by rolling hills and includes the toughest uphill climb of any
major marathon. The total ascent is 317 m (51.2% of the route is uphill), the total descent is 262 m
(40.5% of the route is downhill) and the steepest grading ranges from −6.2 to 3.8% [21,22]. It is possible
that the difficulty of the route may affect differently the race pace characteristics of medium- and
low-level recreational runners. A runner with a faster pace will cross the hill segments in a shorter
amount of time compared with a slower runner, altering probably the physiological requirements of
the run. Therefore, recreational runners of different levels may run the Athens Marathon at a rate
corresponding to different percentages of aerobic performance parameters. This may lead athletes
and coaches to over- or underestimate the potential performance and to the determination of a false
race pace strategy. Therefore, it would be useful to examine which are the physiological and race pace
characteristics of medium- and low-level recreational athletes participating in the Athens Marathon
and if they adopt different pace characteristics in relation to their physiological profile. Based on the
above, the aim of the present study was to compare the physiological and race pace characteristics
of medium- (finish time < 240 min) and low-level (finish time > 240 min) recreational runners who
participated in the Athens Marathon.

2. Materials and Methods

2.1. Participants

Fifteen recreational marathon runners (age: 42 ± 7 years, height: 174.9 ± 6.5 cm and body
mass: 72.8 ± 6.9 kg) volunteered to take part in the study. All participants were healthy and ran
approximately 1–2 years on a systematic basis with a structured program with an average weekly load
of 50–60 km. Based on their finishing time at the Athens Marathon 2018, athletes were divided into a
moderate-level group, with finishing times < 240 min (n = 8), and a low-level group with finishing
times > 240 min (n = 7). Before the start of the study, the institutional review board committee approved
the experimental protocol in accordance with the Helsinki Declaration.

2.2. Maximal Incremental Test

Three to nine days before participation in the Athens Marathon 2018 race, participants performed
a maximal incremental test on a treadmill (Technogym run race 1200, Italy) for the determination of
VO2 max, maximum aerobic velocity (MAV), maximum heart rate (HRmax), the relationship between
blood lactate concentration and running velocity, oxygen consumption and running velocity, heart rate
and running velocity, and the energy cost of running.

The protocol started at 7 km·h−1 and was increased by 1.5 km·h−1 every 3 min until volitional
exhaustion. Treadmill grade was set at 1% throughout the protocol. Gas exchange was measured by
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the open circuit Douglas bag method as described by Cooke (2009). The subject breathed through a
low-resistance 2-way Hans-Rudolph 2700 B valve (Shawnee, OK, USA). The concentrations of CO2

and O2 in the expired air were measured by using the Hi-tech (GIR 250) combined Oxygen and
Carbon Dioxide Analyzer. The gas analyzers were calibrated continuously against standardized gases
(15.35% O2, 5.08% CO2 and 100% N2). Expired volume was measured by means of a dry gas meter
(Harvard) previously calibrated against standard air flow with a 3 L syringe. Barometric pressure
and gas temperature were recorded and respiratory gas exchange data for each work load (i.e., VO2,
VCO2 and VE) were determined based on the computations described by Cooke [23] when VEatps,
FECO2 and FEO2 are known. The highest VO2 value obtained during a 30-sec time period during
the incremental exercise test was recorded as the subject’s

.
VO2max. HR was continuously measured

telemetrically (Polar RS400) and the highest 10 sec value was regarded as maximal. The test was
considered as maximal when at least 3 of the following criteria were achieved: (a) visual exhaustion
of the participants, (b) a plateau in oxygen consumption (<2 mL kg−1·min−1) despite an increase
in running velocity, (c) maximal HR higher than 90% of the predicted maximum (220-age) and (d)
maximum respiratory exchange ratio > 1.1. MAV was calculated using the following formula: MAV
(km·h−1) = Velocity of the last completed stage + (seconds run at last stage/180).

2.3. LTh and LTP Determination

At the end of each stage during the incremental test, approximately 0.3 μL of whole blood was
collected from the fingertip and immediately analyzed for lactate concentration with a portable analyzer
(Lactate Pro 2, Arkray Factory Inc., Koka-Shi, Japan) using an enzymatic-amperometric method. The
individual relationships between blood lactate concentrations and running velocities were determined
using an exponential model: y = a + b × exp(x/c), where y = lactate concentration, x = running
velocity and a, b and c are constants. The LTh and the LTP were identified as the velocities (km·h−1)
at which blood lactate concentrations were increased by 0.3 and 1.5 mmol·L−1 from baseline values,
respectively. Furthermore, LTh and LTP were expressed relative to MAV (%MAV) units, and based on
the relationship between VO2 and running velocity were also expressed in absolute (mL·kg−1·min−1)
and relative (%VO2 max) VO2 max values.

2.4. Energy Cost of Running

The gas exchange data (VO2, VCO2) collected during the final 30 s of every 3-min stage up to the
previous stage from the LTP were used for the calculations of the caloric cost of running. Substrate
oxidation rate (g·min−1) was estimated using nonprotein respiratory quotient equations [24]:

Fat oxidation (g·min−1) = 1.6947 × VO2 (L·min−1) − 1.7012 × VCO2 (L·min−1)
Carbohydrate oxidation (g·min−1) = 4.5851 × VCO2 (L·min−1) − 3.22259 × VO2 (L·min−1)
The energy produced from each substrate was calculated by assuming an energy equivalent for

1 g of fat and carbohydrate of 9.75 and 4.07 kcal, respectively [25]. Total ECr was quantified from the
sum of these values and was expressed in kcal·kg−1·km−1. The energy cost of running at 10 km/h and
at the velocities corresponding to LTh and marathon race pace were estimated from the relationship
between exergy cost and running velocity derived from the incremental test.

All the physiological data were analyzed after the completion of the marathon race to avoid any
pacing strategies from the participants and their coaches based on the results of testing.

2.5. Route Characteristics and Race Pace Analysis

The profile of the Athens Marathon route includes rolling uphills and downhills. More specifically,
when calculated in 450 m intervals, the total ascent, total descent, the percent of uphill distance,
the percent of downhill distance and the steepest uphill and downhill, respectively, are for: (a) the total
route: 317 m, 262 m, 51.2%, 40.5%, 3.8% and −6.2%, (b) the 0–10 km split: 19 m, 36 m, 36.4%, 50%, 1.3%
and −2.0%, (c) the 10–21.1 km split: 143 m, 66 m, 66.7%, 25%, 3.6% and −6.2%, (d) the 21.1–30 km split:
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122 m, 5 m, 95%, 5%, 3.3% and −1.1% and (e) the 30–42.195 km split: 32 m, 155 m, 15.4%, 76.9%, 3.8%
and −5.1% [22].

Finishing time and split times for each participant were exported from the official results posted
on the site of the organization [21]. The average running velocity of each runner was calculated by
dividing marathon distance to the time needed to complete the race. Race pace was expressed as a
percentage of VO2 max (index of fractional utilization of VO2 max), MAV and the velocities at LTh
(vLTh) and LTP (vLTP).

To determine the differences between the two groups in pacing during the race, average running
velocities for the distances of 0–10, 10–21.1, 21.1–30 and 30–42.195 km were calculated by dividing the
distance of the split to the time to complete the split. For the analysis of the data, mean velocity of each
split was expressed as a percentage of the vLTh. The velocity at LTh was selected as a reference point
because for the whole sample, average marathon running velocity was equal to vLTh.

2.6. Statistical Analysis

All data are presented as means ± SD. Normality of the distribution of the data was examined
with the Shapiro–Wilk’s W test. A t-test was used to examine the differences among the medium-level
and the low-level runners in the physiological parameters and race pace characteristics measured.
A two-way analysis of variance with repeated measures in the second factor was used to examine the
differences between the two groups in the mean velocity of each running split (0–10, 10–21.1, 21.1–30
and 30–42.195 km). Significant differences between means were located with the Newman–Keuls
post hoc test. Pearson product moment correlations were used to determine the association between
marathon time and the measured parameters. The statistical significance level was set for all tests at
p < 0.05.

3. Results

3.1. Physiological Characteristics

Medium-level runners had higher (p < 0.05) VO2 max, MAV, LTh (km·h−1), LTh (%MAV), LTh
(mL·kg−1·min−1), LTP (km·h−1), LTP (%MAV) and LTP (mL·kg−1·min−1) than the low-level group.
There were no significant differences (p > 0.05) between groups at HRmax, LTh (%VO2 max) and LTP
(%VO2 max) (Table 1). Medium-level runners had lower ECr at 10 km·h−1 (p = 0.05), at vLTh (p = 0.07)
and at marathon race pace (p = 0.09) (Table 1).

Table 1. Physiological and race pace characteristics of the medium-level, the low-level and of all runners.

Medium-Level
Runners

Low-Level
Runners

All Runners
p Value between

Groups

Age (years) 41.00 ± 7.69 42.14 ± 7.20 41.53 ± 7.22 0.36
Body height (m) 175.00 ± 6.44 174.71 ± 7.06 174.87 ± 6.49 0.94
Body mass (kg) 72.50 ± 6.58 73.17 ± 7.91 72.81 ± 6.97 0.86

VO2 max
(mL·kg−1·min−1) 55.56 ± 3.62 48.85 ± 4.77 52.43 ± 5.32 0.01

MAV (km·h−1) 16.45 ± 0.74 14.39 ± 1.24 15.49 ± 1.44 0.01
HRmax (b·min−1) 178.25 ± 9.54 183.71 ± 9.25 180.80 ± 9.5 0.28

vLTh (km·h−1) 11.58 ± 0.81 9.22 ± 0.72 10.48 ± 1.42 0.01
vLTP (km·h−1) 13.6 ± 0.87 11.1 ± 0.8 12.43 ± 1.52 0.01

vLT1% (%MAV) 70.37 ± 3.9 64.25 ± 4.15 67.51 ± 5.00 0.01
vLT2% (%MAV) 82.7 ± 4.83 77.37 ± 4.52 80.21 ± 5.29 0.05
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Table 1. Cont.

Medium-Level
Runners

Low-Level
Runners

All Runners
p Value between

Groups

VO2 LTh
(mL·kg−1·min−1) 41.76 ± 1.81 35.11 ± 2.80 38.65 ± 4.10 0.01

VO2 LTP
(mL·kg−1·min−1) 48.04 ± 2.41 40.80 ± 3.78 44.66 ± 4.80 0.01

%VO2 LTh (%VO2 max) 75.31 ± 3.64 72.14 ± 5.87 73.83 ± 4.91 0.22
%VO2 LTP (%VO2 max) 86.59 ± 3.90 83.63 ± 4.08 85.21 ± 4.13 0.17

ECr 10 km·h−1

(kcal·kg−1·km−1)
1.137 ± 0.096 1.232 ± 0.068 1.181 ± 0.096 0.05

ECr vLTh
(kcal·kg−1·km−1) 1.157 ± 0.079 1.232 ± 0.066 1.192 ± 0.081 0.07

ECr Race Pace
(kcal·kg−1·km−1) 1.160 ± 0.083 1.232 ± 0.068 1.194 ± 0.082 0.09

Race pace (km·h−1) 12.14 ± 0.60 8.63 ± 0.64 10.50 ± 1.91 0.01
Race Pace (%MAV) 73.82 ± 2.60 60.11 ± 3.13 67.42 ± 7.59 0.01
Race Pace (%vLTh) 105.08 ± 4.71 93.80 ± 6.20 99.82 ± 7.84 0.01
Race Pace (%vLTP) 89.45 ± 4.47 77.92 ± 6.14 84.07 ± 7.85 0.01

Race Pace (%HRmax) 83.91 ± 5.8 77.41 ± 5.40 80.87 ± 6.37 0.04
Race Pace (%VO2 max) 79.74 ± 7.65 68.80 ± 5.73 74.63 ± 8.68 0.01

HRmax: maximum heart rate, MAV: maximal aerobic velocity, vLTh: velocity (km·h−1) at lactate threshold, vLTP:
velocity (km·h−1) at lactate turn-point, ECr: energy cost of running.

3.2. Race Pace Characteristics

Medium-level runners had, by design, a lower (p < 0.05) marathon time (209.0 ± 10.4 min, range:
194–225 min) than the low-level runners (289.7 ± 25.1 min, range: 260–328 min). Marathon finishing
time was not related to the number of days between the maximal incremental test and the race day
(Figure 1). Medium-level runners had a higher (p < 0.05) race pace expressed as %MAV, %vLTh, %vLTP,
%VO2 max and %HRmax (Table 1). Medium- and low-level runners had a similar (p > 0.05) race
pace (expressed as %vLTh) at the first two running splits (0–10 and 10–21.1 km). However, low-level
runners had a lower (p < 0.05) race pace at the last two splits (21.1–30 and 30–42.195 km) compared to
the medium-level runners (Figure 2).

Figure 1. Plot of marathon finishing time vs. number of days between maximal incremental test and
race day for the low-(squares) and the medium-level runners (triangles).
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Figure 2. Race pace, expressed as a percentage of the velocity at lactate threshold (%vLTh), at the
running splits of 0–10, 10–21.1, 21.1–30 and 30–42.195 km (total ascent in meters/total decent in meters)
of the Athens Marathon, for the low-level, the medium-level and all runners. a: p < 0.05 significant
difference between low- and medium-level runners, b: p < 0.05 significantly different from the 0–10
and 10–21.1 km splits for the low-level runners.

3.3. Correlation between Marathon Time and Measured Variables

Marathon finish time correlated significantly (p < 0.05) with VO2 max (r = −0,76), MAV (r = −0.88),
vLTh (km·h−1; r = −0.91), vLTP (km·h−1; r = −0.88), LTh (%MAV; r = −0.58), LTh (mL·kg−1·min−1;
r = −0.86), LTP (mL·kg−1·min−1; r = −0.80), ECr 10 km·h−1 (r = 0.62), ECr vLTh (r = 0.59), ECr race pace
(r = 0.55), race pace (%VO2 max; r = −0.62), race pace (%vLTh; r = −0.75), race pace (%vLTP; r = −0.81)
and race pace (%MAV; r = −0.90). Marathon finish time did not correlate significantly (p > 0.05) with
LTP (%MAV; r = −0.38), LTh (%VO2 max; r = −0.22) and LTP (%VO2 max; r = −0.21).

4. Discussion

The purpose of this study was to provide further insight into the physiological and race pace
characteristics of medium- and low-level marathon runners with a completion time < 240 min and
> 240 min, respectively, of the Athens Authentic Marathon. This marathon race is famous, not only for
historical reasons but also for its level of difficulty due to the peculiarity of the terrain. The results
of the present study show that recreational medium-level runners compared to lower-level runners
have: (a) higher VO2 max, MAV and lactate threshold values in absolute velocity (km·h−1) and VO2

(mL·kg−1·min−1) units, (b) higher lactate threshold in relative velocity units (%MAV), (c) lower energy
cost of running at 10 km/h and (d) adopt a race pace corresponding to a higher percentage of their
lactate threshold velocity and fractional utilization of VO2 max and show no significant alterations in
their pace due to terrain alterations in contrast to the low-level runners to whom the uphill part of the
race leads to great reductions in race pace.

Previous studies have examined the importance of physiological parameters and race pace
characteristics of elite marathoners, but few studies provide data for recreational runners [2,19,20].
Maximal oxygen consumption, a high fractional utilization of VO2 max and the energy cost of running
are considered the determinants of endurance performance [26]. Indeed, in the present study the
medium-level runners had higher VO2 max than the low-level runners. This agrees with previous
reports where the better level marathoners had higher VO2 max than the lower level [2,7,18,19].
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The VO2 max values of the medium-level marathoners (55.56 ± 3.62 mL/kg/min) measured in the
present study are approximately the same (55.7 ± 4.8) as those reported by Gordon et al. [2] for
athletes who ran the marathon between 3:00 and 3:30 h as in the present study. The same holds
even for the low-level runners (VO2 max: 48.85 ± 4.77 mL/kg/min; finish time: 4:00–5:30 h) of the
present study and runners with approximately similar finishing times in Gordon et al.’s [2] (VO2 max:
46.5 ± 5.2 mL/kg/min; finish time: >4:30 h) and Chmura et al.’s [14] (VO2 max: 51 ± 2 mL/kg/min;
finish time: 4:17 ± 10.51 min) studies. It appears that certain levels of VO2 max are necessary to achieve
certain marathon times regardless of the level of the runner since VO2 max determines the upper limit
of aerobic performance. The high correlation between VO2 max and marathon performance which
has been previously reported for high-level to elite athletes [7,18,27,28] supports this notion. A large
correlation (r = −0.76) between VO2 max and marathon performance was observed as well in the
present study for medium- to low-level marathon runners, enriching the limited information available
for recreational athletes [2,19].

For most sports scientists, running economy or energy cost of running is a key factor for
performance in long distance events and becomes more important as running distance increases [29–32]).
In the present study, we examined ECr at a specific speed (10 km/h) and at the vLTh and we found
that medium-level runners had lower ECr than the lower-level runners. This was probably another
factor that allowed them to run the marathon at a faster pace. It should be noted that the ECr in the
medium-level runners tended to be lower in the race pace as well. This is of importance considering
that the medium-level runners sustained a faster running pace. Furthermore, ECr at 10 km/h and at
vLTh had large correlations with marathon time (r = 0.62 and r = 0.59, respectively). The results of
the current study reveal that running economy is a determinant of performance even for recreational
runners with limited training experience and supports the suggestion in the literature that athletes
should focus their training on the optimization of this parameter as well [32–34].

Besides the importance of VO2 max and energy cost of running for marathon performance,
stronger associations are observed between maximal aerobic velocity and the velocities at the lactate
threshold or any point on the blood lactate curve, and endurance performance [35–37]. Similarly, very
large correlations were observed in this study between marathon time and velocities at LTh and LTP
(r = −0.91 and −0.88) and MAV (r = −0.88) of recreational runners. The velocity at LTh was the stronger
single predictor of marathon finish time. This is not surprising considering that these indexes, when
expressed in velocity units, encompass both VO2 max and running economy [37]. When LTh and LTP
values were normalized to MAV and VO2 max, the relationship of these parameters with running
performance became lower (r = −0.22 to −0.58). This is because the effect of VO2 max and/or running
economy was diminished [37]. Medium-level runners had higher LTh values, expressed either in
velocity or VO2 units, than the lower-level runners. Even when LTh velocity was normalized to MAV,
medium-level runners had a higher LTh, indicating a higher ability of the fat oxidation rate to meet
ATP demands and the occurrence of a later increased stimulation of glycolysis and glycogenolysis
relative to their maximum performance. This probably reflects a greater aerobic capacity and increased
buffering capacity promoting the ability to achieve higher running velocities due to metabolic and/or
locomotor reasons.

Many studies declare that the fractional utilization of VO2 max at LTh, LTP and at race pace
is one of the most crucial parameters of aerobic performance along with VO2 max and running
economy [6,7,31]. Fractional utilization of VO2 max at LTh and LTP did not differ between the two
groups in the present study. Similarly, Gordon et al. [2] did not find any differences in fractional
utilization of VO2 max at LTh and LTP between recreational runners with different marathon finish
times. It could be that adaptations in the utilization of oxygen from working muscles may require
a significant amount of training load which was not achieved by our runners. In the present study,
however, we found that medium-level runners had a higher fractional utilization of VO2 max at
marathon race pace. This agrees with previous findings that in high-level athletes, increased levels of
fractional utilization of VO2 max at marathon race pace were associated with faster performance [1,2,7].
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In addition, a positive correlation of fractional utilization at race pace and marathon time was found (r
= −0.62), Therefore, our data reveal that even in recreational runners, fractional utilization of VO2 max
at marathon race pace appears to be a contributing factor to performance.

A main finding of the present study is that medium-level marathoners ran the marathon distance
with an average speed corresponding to higher percentages of vLTh and MAV. The better running
economy may allow them to adopt a higher running velocity. Furthermore, the higher LTh and LTP
velocities mean that the medium-level runners will cover a given distance at a shorter time. This may
allow them to run at a higher point on the blood lactate curve because they can sustain this pace
for the time needed to complete the race. On the contrary, the slower LTh and LTP velocities of the
low-level runners mean that they need to run for a longer time to complete the race having a lower
fractional oxygen utilization. It has been shown that as the duration of an endurance event increases,
fractional oxygen utilization decreases [38,39]. The lower running velocity of the low-level runners
made them spend more time running the uphill part of the Athens Marathon course. The total ascent
from the 21.1st km to the 30th km is about 122 m and almost all this split is uphill. This forced the
low-level runners to adopt an even lower velocity during this part of the route. Indeed, the split
analysis revealed that the low-level runners were more influenced by this uphill part than the medium
level. It appears that this specific segment has the greatest impact in the finish time between different
levels of athletes and makes the Athens Marathon a totally different terrain from other marathons. It is
worth noting that even at the last part of the route, which is mostly downhill, low-level runners were
not able to increase their speed. Probably, the accumulated fatigue after hours of running may increase
even more the stress placed on the musculoskeletal system, besides that induced by the increased
eccentric load during downhill running, which prevents an increase in running speed compared to the
previous uphill part. Therefore, the peculiarity of the terrain may affect differently the performance of
a marathon runner depending on his/her ability level. This is of importance for coaches and athletes
for the determination of the pace strategy to follow when running on a rolling hill terrain.

An advantage of the present study is that all recreational runners participated in the same
marathon race and not in different ones. This makes comparisons between different levels of runners
more reliable since all of them competed in the same route, on the same day and under the same
environmental conditions. In addition, physiological testing was performed at a time point very close
to the race day (three–nine days before) providing valid data about the relationship of physiological
determinants of endurance performance and actual marathon running performance. Limitations of the
present study, though, should also be acknowledged. A larger sample size would have given more
valid data about the different levels of marathon runners. It was difficult, however, to measure many
runners at a time close to the actual race. Furthermore, the energy cost of running at 10 km/h and at the
velocity corresponding to LTh was estimated from the relationship between exergy cost and running
velocity derived from the incremental test. Measurements at the exact velocities would have given
more precise values of the energy cost. Again, the execution of these submaximal measurements would
have increased the time of testing and it would not be possible to perform them near the race date.

5. Conclusions

The results of the present study enrich the existing literature regarding the physiological profile
and the race pace characteristics of recreational marathon runners competing in a difficult route,
the Athens Marathon. Medium-level runners (finish time range: 194–225 min) have higher VO2 max,
lactate threshold values, better running economy, greater oxygen fractional utilization at race pace and
adopt a faster race pace in relation to their lactate threshold velocity than low-level runners (finish
time range: 260–328 min). Furthermore, medium-level runners show no significant alterations in
their pace due to terrain alterations in contrast to the low-level runners to whom the uphill part of
the race leads to great reductions in race pace. Therefore, slower runners are more influenced by a
hilly terrain and they decrease more their running velocity to complete this part of the race. Thus,
careful planning of race pace should be considered so that pacing of the parts before the uphill would
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be of such an intensity to avoid a large decrease in running velocity at uphill. Therefore, besides the
focus on training for the improvement of important physiological parameters related to endurance
performance, it is recommended that the selected race pace strategy be applied individually according
to each athlete’s level.
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Abstract: This study examined changes in hip joint flexion angle after an intermittent or a continuous
static stretching protocol of equal total duration. Twenty-seven female subjects aged 19.9± 3.0 years (14
artistic and rhythmic gymnasts and 13 team sports athletes), performed 3 min of intermittent (6 × 30 s
with 30 s rest) or continuous static stretching (3 min) of the hip extensors, with an intensity of 80–90
on a 100-point visual analogue scale. The order of stretching was randomized and counterbalanced,
and each subject performed both conditions. Hip flexion angle was measured with the straight
leg raise test for both legs after warm-up and immediately after stretching. Both stretching types
equally increased hip flexion angle by ~6% (continuous: 140.9◦ ± 20.4◦ to 148.6◦ ± 18.8◦, p = 0.047;
intermittent: 141.8◦ ± 20.3◦ to 150.0◦ ± 18.8◦, p = 0.029) in artistic and rhythmic gymnasts. In contrast,
in team sports athletes, only intermittent stretching increased hip flexion angle by 13% (from 91.0◦ ±
7.2◦ to 102.4◦ ± 14.5◦, p = 0.001), while continuous stretching did not affect hip angle (from 92.4◦ ±
6.9◦ vs. 93.1◦ ± 9.2◦, p = 0.99). The different effect of intermittent vs. continuous stretching on hip
flexion between gymnasts and team sports athletes suggests that responses to static stretching are
dependent on stretching mode and participants training experience.

Keywords: range of motion; hamstrings; stretching exercises; gymnastics; team sports; straight
leg raise

1. Introduction

Warm-up routines usually include static stretching in its simplest form [1]. Static stretching is a
widely used type of flexibility training [2,3] which is used to increase joint range of motion (ROM)
in a duration dependent manner [4]. In this type of stretching, a limb is moved near to its end point
ROM and is typically maintained at this position for 15 to 60 s [5]. Transient increases in joint ROM
following static stretching are due to a modified stretch sensation [6] and an increased compliance of
the musculotendinous unit [7].

Loading characteristics of the stretching protocol, such as total stretch duration per muscle
group, the duration of each stretching bout, rest between stretches, stretch intensity, and the muscle
examined, influence acute joint ROM increases [8–11]. Previous research has reported that the total
stretch duration is more important for joint ROM enhancement irrespective of whether stretching was
performed in a continuous or intermittent manner [12,13]. In contrast, recent studies have found that
different stretching modes (e.g., intermittent or continuous) induce dissimilar ROM changes [14,15].
Trajano, Nosaka, Seitz, and Blazevich, [14] compared an intermittent (5 × 1 min stretches with 15 s
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rest intervals between stretches) to a 5 min continuous stretching protocol, in young healthy adults
and reported that only the continuous stretching protocol increased ankle angle during dorsiflexion,
possibly due to a greater creep effect. In another study in elite male gymnasts, Bogdanis et al. [15]
examined the effect of two different stretching protocols (3 × 30 s with 30 s rest, vs. 90 s) of the same
total duration on hip and knee joint ROM. In that study it was found that intermittent and continuous
stretching protocols induced similar increases in hip (+2.9◦ vs. +3.6◦, p = 0.001, respectively) and
knee joint ROM (+5.1◦ vs. +6.1◦, p = 0.001, respectively) [15]. Such brief stretching durations (~30 s)
are typically used in sports, since a typical warm-up routine includes 1–3 sets of shorter duration
stretches (15–30 s) interspersed with rest intervals of equal duration, while the contra-lateral limb is
being stretched [16,17]. Participants flexibility training experience may partly explain the discrepant
results between studies. Along this line, Blazevich et al. [18] examined neuromuscular factors affecting
maximum stretch limit and found that participants with a larger range of motion showed less resistance
to stretch compared to less flexible participants due to a greater stretch tolerance. Cross-sectional
studies comparing flexibility trained subjects (e.g., ballet dancers and rhythmic gymnasts) to controls or
athletes from other sports also reported larger joint ROM in flexibility trained compared to untrained
participants, as well as differences in muscle architecture [19,20].

Prolonged stretching durations (60–90 s or more) are used to maximize increases in ROM [4],
facilitate recovery from injuries [21], prevent muscle mass loss in clinical conditions [22], and enhance
performance in complex athletic tasks [23,24]. However, evidence is ambiguous regarding the
effectiveness of performing static stretching in an intermittent or a continuous manner [14,15], especially
when using stretching bouts lasting <60 s, as typically applied in sports. Also, the interaction of static
stretching type and flexibility training background is largely unexplored. To this end, we aimed to
examine changes in hip joint flexion angle after an intermittent (6 × 30 s with 30 s rest) or a continuous
(180 s) static stretching protocol of equal total duration between athletes with different flexibility
backgrounds. Hamstring muscles were chosen as they are important contributors to the work done at
joints during explosive leg extensions [25], their extensibility determines hip and lumbar spine joint
excursion [26], and a lack of hamstring flexibility is correlated to muscle injury [27]. It was hypothesized
that flexibility trained athletes would respond differently to less-flexibility-trained counterparts, to an
intermittent or continuous protocol of the same total duration.

2. Materials and Methods

2.1. Participants

Fourteen artistic and rhythmic gymnastics female college gymnasts were compared to thirteen
female team sports athletes. All gymnasts trained 5–6 times per week (~180 min per training session)
while team sports athletes competed in volleyball, basketball, and handball, and trained 2–3 times
per week for 60–90 min. Gymnastics and team sports include a variety of locomotion activities
using body weight, however gymnastics training additionally incorporates systematic daily flexibility
training (~ 30–45 min), while team sports training includes less than 10 min of stretching exercises
per training [28]. Participants anthropometric characteristics are shown in Table 1. Participants were
healthy and did not report a lower limb injury for the past 6 months.

Table 1. Anthropometric characteristics of the participants (means ± standard deviation).

Characteristics
Artistic and Rhythmic

Gymnasts (n = 14)
Team Sports

Athletes (n = 13)
p

Age (y) 20.64 ± 2.68 19.15 ± 3.29 0.207
Training experience (y) 11.64 ± 2.34 7.23 ± 4.66 0.004

Height (m) 166.64 ± 5.29 168.77 ± 6.53 0.364
Body mass (kg) 55.21 ± 4.59 59.77 ± 4.90 0.020

Body Mass Index (kg/m2) 19.86 ± 1.04 20.99 ± 1.46 0.031
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2.2. Ethical Considerations

The study was approved by Institutional Ethics Committee (registration number: 1040, 14/02/2018).
The design and conduct of the study was in accordance with the Helsinki declaration. Prior to the
start of the study and after pertinent information of the procedures and potential risks involved were
explained, participants signed a consent form.

2.3. Experimental Design

Participants performed one familiarization and one main testing session. During the familiarization
session, participants’ height and body mass were measured and they were familiarized with the testing
procedures. The main testing session took place one week later and no intense exercise or stretching
was allowed in the 48 h preceding testing. In order to stretch the hip extensors, the straight leg raise
maneuver was performed to the point of discomfort, and it was applied on the one leg of the same
individual in a continuous (180 s) and on the other leg in an intermittent manner (6 × 30 s with 30 s of
rest in between).

In the main testing session, participants’ hip flexion angle, was assessed using the straight leg
raise test, in two conditions: (a) immediately after warm-up, and (b) following stretching intervention.
The warm-up included 5 min of jogging at a moderate intensity (50%–60% of maximal heart rate).
During testing, participants performed with the one leg the intermittent protocol and with the other
leg the continuous stretching protocol. The assignment of the stretching type and the order of legs
was done in a random and counterbalanced order. A schematic representation of the study protocol is
shown in Figure 1.

Figure 1. Schematic diagram of the study protocol.

2.4. Static Stretching Procedure and Range of Motion Measurements

The straight leg raise maneuver was chosen as a valid and reliable test of the extensibility of the
hamstrings [29]. Furthermore, participants were familiar with this stretching movement because they
used it in their training sessions. The static stretching protocols were applied and controlled by the
same examiners. The straight leg raise was performed from a supine position on a physiotherapy
bed, with the knee locked and the lower back flat on the bed (Figure 2). The lower back and the
thigh of the non-stretched leg were stabilized with medical straps in order to prevent pelvic rotation.
The participant’s head was not supported by pillow. The examiner grasped the participant’s heel
of the tested leg with the one hand while with the other hand maintained the knee in an extended
position. Slowly the examiner raised the stretched leg by flexing the hip. At the point of discomfort,
the examiner maintained the stretch intensity for 30 s. The stretching movement was repeated for five
more times, interspersed with 30 s of rest each time. During continuous stretching, the same procedure
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was followed and when the point of discomfort was reached, participants were instructed and verbally
encouraged to maintain the stretch intensity for 3 min in order to induce the largest stretch they were
willing to tolerate (Figure 2).

 

Figure 2. Straight leg raise movement.

Researchers supervised the position during testing, ensuring that both legs were straight, and the
athletes kept a correct body alignment. Three anatomical markers were placed on hip (trochanterion),
knee (femur–tibia joint line), and ankle (lateral malleolus) in order to analyze the images of hip flexion
angle. A digital camera (Casio Exilim Pro EX-F1, Shibuya, Tokyo, Japan) placed perpendicular to
the plane of motion of each leg, and aligned with the center of the hip joint, was used to record the
position of the markers. Hip flexion angle was calculated using free software (Tracker 4.91 © 2016
Douglas Brown, Open Source Physics, Aptos, CA, USA). Straight leg raise angle was defined as the
angle created by the intersection between horizontal and the line joining the hip, knee, and ankle
markers. Intra-class correlation coefficients for hip angle was 0.96 (95% Confidence Intervals (CI):
0.81–0.99, p < 0.001). Participants gave feedback on stretch intensity to ensure that stretch achieved
the point of discomfort (rating 80–90 to 100). Stretch intensity was indicated by the participants on a
visual analogue scale used in previous studies, rated 0 (“no stretch discomfort at all”) to 100 (“maximal
stretch discomfort”) [30].

2.5. Statistical Procedures

Descriptive statistics were calculated. Kolmogorov–Smirnov test checked for normality of data
distribution. Unpaired t-test examined differences between groups in anthropometry. A three-way
mixed model analysis of variance (ANOVA; time × stretching protocol × group) with time (rest vs.
stretch) and stretching protocol (intermittent vs. continuous) as within-subjects factors and group
(gymnasts vs. team sports athletes) as a between-subjects factor was conducted to examine the effect
of stretching on hip flexion angle. Tukey’s post-hoc test was performed when a significant main or
interaction effect was observed (p < 0.05). Effect sizes for pairwise comparisons were calculated by
Cohen’s d [31]. Test–retest reliability was assessed by calculating the intra-class correlation coefficients
(ICCs). Statistical significance was set at p < 0.05. Statistical analyzes were conducted using SPSS (SPSS
Statistics Version 25.0, IBM corporation, Armonk, NY, USA).
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3. Results

Hip Flexion Angle

There was a 3-way interaction of time x stretching protocol x group (p = 0.041, η2 = 0.157).
As shown in Figure 3, the intermittent stretching protocol significantly increased hip flexion angle in
gymnasts and team sports athletes compared to baseline, by 6% and 13% (+8.2◦ ± 6.3◦, 95% CI = +5.5
to +11.0◦, p = 0.029, Cohen’s d = 0.43 and +11.40◦ ± 16.3◦, 95% CI = +2.6◦ to +20.2◦, p = 0.001, Cohen’s
d = 0.97, respectively). In contrast, the continuous stretching protocol resulted in an increase in hip
flexion only in gymnasts by 6%, while no increase was observed in team sport athletes (+7.7◦ ± 5.5◦
p = 0.047, 95% CI= +5.2◦ to +10.2◦, Cohen’s d = 0.41 vs, +1.0◦ ± 4.5◦, p = 0.99, 95% CI = −1.1◦ to +3.1◦,
Cohen’s d = −0.09, respectively; see Figure 3).

 

Figure 3. Hip flexion angle of gymnasts and team sport athletes during the intermittent and the
continuous static stretching pre- and post-stretching intervention. Data are mean ± standard deviations
of the mean. * p < 0.01 and p < 0.05 from pre-stretching.

4. Discussion

This study examined changes in hip joint flexion angle following an intermittent (6 × 30 s with 30
s rest) or a continuous (180 s) static stretching protocol of equal total duration between artistic and
rhythmic gymnasts and team sports athletes. The main finding of this study was that both stretching
protocols equally increased hip flexion angle in artistic and rhythmic female gymnasts while only
intermittent stretching increased hip flexion angle in team sports athletes.

Stretching is commonly performed in sports and rehabilitation to enhance joint range of motion [5,9],
increase the distance over which muscle force is applied [32], and prevent muscle injuries [33]. Despite
a considerable number of studies examining the acute effect of stretching on different performance
measures (i.e., muscle force and power) [9,19] the characteristics of the stretching protocols to induce
optimal joint ROM increases are not sufficiently documented. Some previous studies have shown
that intermittent or cyclic stretching is highly effective in increasing joint ROM. [34–36]. In line with
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these findings, the results of this study also indicate that intermittent stretching (6 × 30 s) increases
hip flexion angle in gymnasts and team sport athletes by 6% and 13%, respectively, thus this type of
stretching may be used as an effective method to enhance ROM in athletic populations. In a previous
study, Cipriani et al. [13] compared the effect of a 6 × 10 s vs. 2 × 30 s stretches repeated twice
daily on hip flexion and found significant increases in joint ROM irrespective of stretching duration.
In an older study, Roberts et al. [37] examined the effect of 5 × 9 s vs. 3 × 15 s of static stretching
on passive ROM of the lower extremities. The authors observed similar increases in passive joint
ROM following both stretching protocols [37]. Collectively, studies comparing intermittent stretching
protocols with different durations of each stretching bout, but equal total duration, found ROM
enhancement regardless of the duration of each stretching. To this end, it was suggested that after
10 slow stretches, the passive tension of the muscle–tendon unit was reduced for any given length
of the tissue, thus indicating tissue relaxation [38]. Konrad et al. [35] also reported decreased muscle
stiffness immediately after, and up to 5 min following, a 5 min intermittent stretch (5 × 60 s) in healthy
individuals. The efficacy of intermittent stretching may be due to the effect of rest between stretches,
which allows recovery of the nervous, muscular, and metabolic systems, so that muscles can continue
to extend against a pulling load [34].

In contrast, continuous stretching may not always be as effective as intermittent stretching
although there are reports for the contrary [14]. However, in this study, continuous stretching did
not have any effect on hip flexion ROM in team sports athletes, despite the fact that total duration
was similar between the two protocols. Nordez et al. [36] examined the effect of constant (180 s) vs.
cyclic stretching (6 × 30 s) on passive torque–angle curve of the hamstring muscles and reported that
different mechanisms were operating depending upon the type of stretching performed. Although
the present study did not examine neurophysiological and mechanical factors underpinning ROM
changes, it is possible that maintaining a stretch position for 180 s may result in an increased reflexive
activation in less trained in flexibility individuals even though the participants were instructed to
relax during stretching. The exact mechanisms of the reflex muscle activity are not known, although
input from spinal and supraspinal regions might be influential [18]. In addition, stretching transiently
decreases muscle–blood flow in proportion to the applied tensile force of the stretch [39,40]. Thus,
an ischemic response can occur during a passive muscle stretch due to an increase in intramuscular
pressure, which in turn, may interfere with muscle activation [39]. Trajano et al. [14] found a two-fold
higher muscle ischemia in a continuous (5 min) compared to an intermittent (5 × 1 min) stretching
protocol. In contrast, rest intervals between stretching, allowed for blood reperfusion and minimized
the decrease in HbO2.

The fact that gymnasts’ ROM increased equally with both stretching types may be due to their
training background and the fact that prolonged static stretching is widely used in gymnastics. It is well
established that flexibility training modifies stretch sensation (i.e., increases tolerance to the applied
stretch) [41] so that individuals can tolerate higher levels of stretch for the same amount of perceived
pain. It has also been reported that ballet dancers and rhythmic gymnasts have longer fascicles at
rest and during stretching compared to controls [19,20], and this may be related to lower muscle tone,
muscle stiffness, and resistance to stretching compared with team sports athletes. A previous study
that examined changes in hip and knee joint ROM, following an intermittent (3 × 30 s with 30 s rest)
or a continuous (90 s) static stretching protocol also reported that both stretching protocols similarly
increased hip extension and knee flexion in international level male gymnasts [15]. Furthermore,
flexibility trained individuals may also suffer less blood flow decrease during static stretching. For
example, Otsuki et al. [40] examined muscle oxygenation and fascicle length during passive stretching
between ballet dancers and controls and reported that ballet dancers demonstrated greater muscle
extensibility without a concomitant reduction in muscle–blood volume and muscle oxygenation.
The authors concluded that increased muscle extensibility attenuates muscle-tone-related vessels
compression and indices of muscle ischemia during stretching [40]. Thus, a lower level of ischemia
during continuous stretching in gymnasts compared to team athletes may partially explain their
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different responses. However, it is noteworthy that in relative terms, i.e., as a percentage of the resting
value, team sport athletes increased their hip flexion ROM following intermittent stretching by 13%
vs. 6% compared with gymnasts, albeit the absolute hip angles reached were far greater in gymnasts
(Figure 3). This may be due to a possible “ceiling effect” of flexibility in gymnasts, whose ROM
could have reached an absolute maximum and was possibly restricted by factors other than muscle
extensibility (e.g., articular structures). The fact that gymnasts had longer training experience and
were lighter compared to team sports athletes is a limitation that should be acknowledged. However,
gymnastics training, as well as somatotype and anthropometric demands are unique and different
from other sports.

5. Conclusions

In conclusion, both stretching types increased ROM in gymnasts, but only intermittent stretching
was effective in team sports athletes. Thus, there is an interaction between stretching type and
participants’ flexibility training background that should be considered among other factors (e.g.,
training experience, somatotype) when examining the acute effects of static stretching on range of
motion enhancement.
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Abstract: Insulin resistance and diabetes mellitus are common consequences of iron overload in
the pancreas of beta-thalassemia major (BTM) patients. Moreover, postprandial blood glucose
elevations are linked to major vascular complications. The purpose of this study was to investigate
the effects of a bout of acute resistance exercise following breakfast consumption of glucose and
fat on the metabolism in prediabetic, BTM patients. Six patients underwent two trials (exercise
and control) following breakfast consumption (consisting of approximately 50% carbohydrates, 15%
proteins, 35% fat), in a counterbalanced order, separated by at least three days. In an exercise trial,
patients performed chest and leg presses (3 sets of 10 repetitions maximum/exercise), while in the
control trial they rested. Blood samples were obtained in both trials at: pre-meal, 45 min post-meal
(pre-exercise/control), post-exercise/control, 1 h post-exercise/control, 2 h post-exercise/control and
24 h post-exercise/control. Blood was analysed for glucose and lipids (total cholesterol, High Density
Lipoprotein-cholesterol, Low Density Lipoprotein-cholesterol, triglycerides). Blood glucose levels
increased significantly 45 min following breakfast consumption. Blood glucose and lipids did not
differ between trials at the same time points. It seems that a single bout of resistance training is not
sufficient to improve blood glucose and fat levels for the subsequent 24-h post-exercise period in
prediabetic, BTM patients.

Keywords: haemoglobin; diabetes; fitness; cardiovascular health; nutrition

1. Introduction

Prediabetes is as a state of intermediate hyperglycaemia where a person has impaired fasting
glucose, impaired glucose tolerance or a combination of the two [1]. Although glucose levels in
prediabetes are not yet high enough for a diagnosis of Diabetes Mellitus (DM), prediabetes is associated
with macrovascular and microvascular complications of DM, including nephropathy, small fibre
neuropathy, retinopathy and coronary artery disease. Moreover, individuals with prediabetes are at
high risk of developing DM [2].

Lifestyle interventions have been shown to reduce the risk of DM in adults with prediabetes,
and they should be an essential part of the management of this condition. The main problem in glycaemic
control is the peak of glucose 1–2 h after a meal, i.e., postprandial hyperglycaemia. Exercise increases
contraction-mediated glucose uptake resulting in reduced postprandial hyperglycaemia and has been
proposed as an effective way to improve glucose control in individuals with type 2 DM. Indeed,
the timing of exercise relative to meal consumption may play a role in glycaemic control. The limited
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available data indicate that postprandial (consumption following dinner) exercise may be more
beneficial than preprandial exercise in type 2 DM patients, and both aerobic and resistance training
have been shown to be effective [3]. In addition, postprandial resistance exercise improves triglyceride
levels, another risk factor for cardiovascular disease in type 2 DM [4]. Thus, postprandial resistance
exercise may be an effective means of better glycaemic control and a lower risk of cardiovascular
disease in individuals with an abnormal glucose metabolism. The optimal postprandial exercise timing
and prescription are yet to be defined.

Beta-thalassemia major (BTM) is an inherited haemoglobin disorder that manifests within the
first few months of life with ineffective erythropoiesis and chronic haemolytic anaemia, and frequent
blood transfusions are required. There is no physiological mechanism to remove the excess iron load
resulting from regular blood transfusions, while ineffective erythropoiesis increases intestinal iron
absorption. Both processes induce iron accumulation in reticuloendothelial cells and parenchymal
tissues that can cause progressive damage in multiple organs [5]. Iron accumulation in the pancreatic
islets induces insulin resistance and reduced early insulin secretion, often resulting in DM in BTM
patients [6]. Although the pathophysiological mechanisms leading to the development of DM are
still unclear, it is most likely linked to the reversible oxidation and reduction of iron. This property
renders iron potentially hazardous due to its ability to participate in the generation of reactive oxygen
species [7], while pancreatic islets are susceptible to oxidative damage as they almost exclusively
rely on the mitochondrial metabolism of glucose for glucose-induced insulin secretion and they also
have a low antioxidant defence system [8]. Exercise is thought to provide various beneficial health
effects in various metabolic disorders; however, research on the effects of exercise in BTM patients is
non-existent. This could be due to the fact that BTM patients often manifest exercise intolerance and
fatigue mediated by anaemia and iron-mediated cardiotoxicity [9].

This study was therefore designed to investigate whether postprandial resistance exercise can
influence changes in glucose and lipid metabolism in prediabetic, BTM patients. Based on previous
literature on the effects of postprandial exercise on health parameters in prediabetics, we hypothesized
that an acute bout of resistance exercise 45 min following breakfast consumption would attenuate the
blood glucose response and improve lipid profiles throughout the subsequent 24-h post-exercise period.

2. Materials and Methods

2.1. Participants

Six prediabetic, BTM patients (3 men, 3 women; age: 39.5 ± 4.6 years) volunteered to participate
in this study. All of them had their doctor’s permission to participate, were informed about the study
protocol, filled a medical history questionnaire and signed an informed consent form. Due to transfusions,
these patients had suppressed their autologous hematopoiesis. Haemoglobin in BTM patients comes mainly
from frequent transfusions and therefore has a normal O2 affinity. Procedures were in accordance with
the 1975 Declaration of Helsinki (2000) and approval was obtained from the Institutional Review Board of
the Department of Physical Education and Sport Science, University of Thessaly (protocol number 1076).
Moreover, the study was registered at ClinicalTrials.gov as NCT03889977 [10].

Inclusion criteria:

• BTM patients requiring regular blood transfusions.
• Confirmed prediabetes with patients fulfilling one if the three following criteria: (a) impaired

fasting glucose (IFG) (fasting plasma glucose (FPG) of 6.1–6.9 mmol/L), or (b) impaired glucose
tolerance (IGT) (plasma glucose of 7.8–11.0 mmol/L, 2 h following ingestion of 75 g of oral glucose
load) or (c) a combination of the two, based on a 2 h oral glucose tolerance test [1].

• Age group of 25 to 55.

Exclusion criteria:

• Hypertension.
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• Injuries.
• Any other serious complications of BTM that could contraindicate participation to exercise.

Moreover, volunteers were instructed to avoid lifestyle changes and strenuous or unusual physical
activity for at least two days before each visit to the laboratory.

2.2. Experimental Design

All participants reported to the laboratory in the morning (9:00–10:00 a.m.) for physiological
measurements (blood pressure, resting heart rate, body composition analysis through DEXA test) and
determination of one repetition maximum (1RM). Moreover, they were asked to record their diet for
two days before their next visit and followed the same diet before the third and last visit.

In a randomized within-subject design, participants underwent two trials (exercise, ExT and
control, CoT) 45 min following breakfast consumption (consisting of approximately 50% carbohydrates,
15% proteins, 35% fat), in a counterbalanced order, separated by at least three days.

In each one of the experimental trials, participants reported to the laboratory in the morning
(9:00–10:00 a.m.) after overnight fasting (~10 h) and a blood sample was drawn. Then they were
provided with a standard breakfast that they had to consume in 10 min. Forty-five min later,
another blood sample was drawn. In the ExT, the participants initially performed a warm-up for
5–10 min consisting of 8–10 repetitions using a light weight. Then they performed chest and leg
press exercises (3 sets of 10 repetitions at 70% of their 1RM, each), and they finished the workout by
performing stretching exercises for approximately 5 min of the two major muscle groups used during
the workout. In the CoT, participants rested for the same duration. Blood samples were obtained
immediately after ExT and CoT, as well as 1 h, 2 h and 24 h following each trial. Water consumption
throughout trials was ad libitum.

2.3. Anthropometric and Physiological Characteristics

Body height was measured with a precision of 0.1 cm and body weight with a precision of
0.1 kg (Beam Balance, Seca, Birmingham, UK), with the participants lightly dressed and barefoot.
Body fat percentage was estimated by dual-energy X-ray absorptiometry (DEXA) (Lunar DPX NT,
GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK). Blood pressure (BP) was measured with
a manual sphygmomanometer (FC-101 Aneroid Sphygmomanometer; Focal Corporation, Kashiwa,
Japan) after 5 min of seated rest.

2.4. Blood Collection and Handling

In total, blood samples were obtained from a forearm vein with participants in a seated position
at the following time-points: pre-meal, 45 min post-meal (pre-ExT/CoT), immediately post- ExT/CoT,
1 h post-ExT/CoT, 2 h post-ExT/CoT, 24 h post- ExT/CoT. Blood samples were obtained after 10 min
rest, except for immediately post-ExT, where blood was obtained immediately following exercise.
Blood was immediately transferred to a tube containing Ethylene diamine tetraacetic acid (EDTA)
and centrifuged in order to obtain the plasma which was stored in aliquots at −80 ◦C until the day of
analysis. Plasma preparation has been described elsewhere [11].

2.5. Blood Analysis

Samples underwent only one freeze-thaw cycle and each parameter was measured in duplicates.
Plasma glucose and lipids (total cholesterol, HDL-cholesterol, LDL-cholesterol, triglycerides) were
determined using a biochemical analyser (Clinical Chemistry Analyzer Z 1145; Zafiropoulos Diagnostica
S.A., Koropi, Greece). LDL-cholesterol was calculated using the Friedewald equation [12].
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2.6. Statistical Analysis

Preliminary power analysis performed with G*Power [13] showed that the minimum required
sample size was 6 (with a probability error of 0.05, a statistical power of 80% and an effect size of 0.5).

Normality was checked using the Shapiro–Wilk test. Since some variables did not follow normal
distribution, nonparametric statistics were used for the analyses. The Friedman analysis of variance by
ranks test was performed to determine the time effects, accompanied by the Wilcoxon signed-rank test
to perform pairwise comparisons. Differences between trials were examined using the Mann–Whitney
U test (U values). Differences between genders for areas under the curve (AUC) and triglycerides
was assessed by a 2 × 2 (gender by condition) ANOVA. The level of statistical significance was set at
p < 0.05. Data are presented as means ± SD. Statistical analysis was conducted with IBM SPSS Version
19.0 (IBM Corp., Armonk, NY, USA).

Moreover, the incremental areas under the curves (AUCs) were measured for plasma glucose
and triglycerides with GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA).
Differences in AUCs between trials were examined using the Mann–Whitney U test (U values).

3. Results

3.1. Anthropometric and Physiological Characteristics

Anthropometric and physiological characteristics of the participants did not differ between the
ExT and CoT (Table 1). The mean body mass index (BMI) indicated that men were overweight
and women were normal weight. According to the International Diabetes Federation, the ethnic
group specific cut-point for waist circumference (WC) is 94 cm and 80 cm for European men and
women, respectively [14]. WC of the participants in the present study exceeded this cut-point,
indicating central obesity.

Table 1. Anthropometric and physiological characteristics before exercise (ExT) and control trial (CoT).

Variable ExT CoT

BM (kg) 66.0 ± 16.6 65.5 ± 16.2

BMI (kg/m2)
24.2 ± 5.4 (men: 25.7 ± 7.2; women: 22.6

± 3.8)
24.0 ± 5.2 (men: 25.6 ± 6.8; women: 22.4

± 3.7)
%BF 37.6 ± 5.1 (men: 25.7; women: 22.6) 37.6 ± 5.1 (men: 25.7; women: 22.6)

WC (cm) 93.5 ± 12.2 (men: 101.7 ± 9.1; women:
85.3 ± 9.5)

93.0 ± 11.6 (men: 101.0 ± 7.9; women:
85.0 ± 9.0)

HC (cm) 97.5 ± 8.2 (men: 100.3 ± 8.5; women:
94.7 ± 8.5)

97.5 ± 8.2 (men: 100.3 ± 8.5; women:
94.7 ± 8.5)

WHR 0.96 ± 0.07 (men: 1.01 ± 0.03; women:
0.90 ± 0.02)

0.95 ± 0.06 (men: 1.00 ± 0.03; women:
0.90 ± 0.01)

RHR 79.0 ± 8.6 77.5 ± 9.2
SBP (mmHg) 104.5 ± 9.7 103.7 ± 10.3
DBP (mmHg) 67.5 ± 7.6 67.5 ± 7.6

BM: Body Mass; BMI: Body Mass Index; %BF: Body Fat percentage; WC: Waist Circumference; HC: Hip Circumference;
WHR: Waist to Hip Ratio; RHR: Resting Heart Rate; SBP: Systolic Blood Pressure; DPB: Diastolic Blood Pressure.

3.2. Metabolic Parameters

In ExT, plasma glucose levels increased 45 min following breakfast consumption (%z = −2.20;
p = 0.028), immediately following exercise (%z=−1.99; p= 0.046) and 1 h following exercise (%z = −1.99;
p = 0.046) compared to baseline levels (before breakfast consumption). In CoT, plasma glucose levels
were increased 45 min following breakfast consumption (%z = −2.20; p = 0.028) and immediately
following rest (%z = −2.02; p = 0.043) compared to baseline levels (before breakfast consumption).
Moreover, pairwise comparisons showed that there was no significant difference in glucose levels at any
time point between trials (Figure 1). Table 2 indicates time related changes with significant increases
observed at 45 min post-meal following the exercise and control trials, immediately post-exercise/control
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and 1 h post-exercise. Moreover, no difference in glucose area under the curve (AUC) between trials or
gender was observed (Figure 2).

Figure 1. Changes in plasma glucose levels (mmol/L) following exercise (ExT) and control trial
(CoT). Time points: (1) pre-meal; (2) 45 min post-meal (pre-exercise/control); (3) immediately
post-exercise/control; (4) 1 hr post-exercise/control; (5) 2 h post-exercise/control; (6) 24 h
post-exercise/control. *Significant difference from (1) at the same trial.

Table 2. Changes in plasma glucose (mmol/L) levels (mean ± SD) following exercise (ExT)
and control trial (CoT). Time points: (1) pre-meal; (2) 45 min post-meal (pre-exercise/control);
(3) immediately post-exercise/control; (4) 1 h post-exercise/control; (5) 2 h post-exercise/control;
(6) 24 h post-exercise/control. * Significant difference from (1) at the same trial.

Time point ExT CoT

1 5.83 ± 1.33 6.32 ± 1.95
2 9.07 ± 3.11 * 10.62 ± 3.87 *
3 8.17 ± 3.85 * 8.07 ± 1.66 *
4 7.47 ± 3.71 * 6.60 ± 1.73
5 6.43 ± 2.99 5.61 ± 1.35
6 6.71 ± 2.99 6.07 ± 1.01

Figure 2. Glucose area under the curve (AUC) in mmol/L × 24h in exercise (ExT) and control trial (CoT).
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Triglycerides, total cholesterol, HDL and LDL levels did not change at any time point and were
similar in both conditions (Figure 3a–d). Moreover, no difference in triglycerides AUC between trials
or gender was observed (Figure 4).

Figure 3. Changes in plasma lipid levels following exercise (ExT) and control trial (CoT): (a) Triglycerides;
(b) Total cholesterol; (c) LDL: Low Density Lipoprotein; (d) HDL: High Density Lipoprotein. Time points:
(1) pre-meal; (2) 45 min post-meal (pre-exercise/control); (3) immediately post-exercise/control; (4) 1 h
post-exercise/control; (5) 2 h post-exercise/control; (6) 24 h post-exercise/control. Dotted lines represent
the mean values of the Control trial.

Figure 4. Triglycerides area under the curve (AUC) in mmol/L × 24h in exercise (ExT) and control trial
(CoT).
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4. Discussion

The main aim of this study was to examine whether postprandial resistance exercise can influence
changes in blood glucose in prediabetic, BTM patients. Supplementary analyses of blood lipids were
performed as these parameters are associated with glucose metabolism, DM and cardiovascular disease.
To the authors’ knowledge, this is the first study to test this hypothesis in this clinical population.
Our findings suggest that an acute bout of postprandial (post-breakfast) resistance exercise is not
a sufficient stimulus to (i) attenuate the blood glucose response, and (ii) change the lipids profile,
throughout the subsequent 24-h post-exercise period.

Although research on the effects of resistance training on glycaemic control in type 2 DM patients is
scarce, there is some data suggesting that this modality could be beneficial [15]. Moreover, the positive
effects of a single session of aerobic exercise (50% maximum workload capacity) and a single session
of resistance exercise (75% 1RM) on the 24-h average blood glucose levels and the 24-h prevalence
of hyperglycaemia were found to be similar [16]. In the present study, we did not observe any
change in blood glucose levels throughout the subsequent 24-h post-exercise period. It is possible
that prediabetic, BTM patients do not have similar responses to those of type 2 DM patients as the
underlining pathophysiology could lead to different results. Moreover, the high level of SD observed
could be explained by the small sample. The population examined in our study has very unique
characteristics and many factors (i.e., medication, frequency of blood transfusion, comorbidities) can
lead to different responses. Moreover, SD was higher in Ext at time points 2–6, indicating that these
unique characteristics may have an important role in blood glucose responses to exercise for up to
24-h. Besides, it has been reported that BTM patients often manifest exercise intolerance and fatigue
mediated by anaemia and iron-mediated cardiotoxicity [9]. Thus more research comparing the effects
of resistance exercise in prediabetic, BTM patients and DM patients is warranted.

The timing of exercise relative to meal consumption may also play a role in glycaemic control.
The limited available data indicate that postprandial exercise may be more beneficial than preprandial
exercise in type 2 DM patients [3]. Postprandial resistance exercise causes a greater reduction in glucose
incremental area under the curve (iAUC) (reduction by 30%) compared to preprandial resistance
exercise (reduction by 18%) [4]. In addition, postprandial resistance exercise improves triglyceride
levels, another risk factor for cardiovascular disease in type 2 DM [4]. Thus, postprandial resistance
exercise may be an effective means of better glycaemic control and lower risk of cardiovascular disease
in individuals with abnormal glucose metabolism. Based on this, Borror et al. [3] proposed that
resistance exercise should be performed following the largest meal of the day, 2 to 3 non-consecutive
days per week, at intensities varying between 50% and 80% of 1RM, working the major muscle groups
(1–4 sets of 8–15 repetitions/exercise) [17,18]. In the present study, we used an acute resistance exercise
protocol at an intensity of 70% of 1RM and we found no change in blood glucose levels, glucose AUC,
lipid levels or triglycerides AUC throughout the 24-h post-exercise period. The limited available data
suggest that resistance exercise could have positive effects that are associated with increases in lean
muscle mass and type II fibre type recruitment [15]. However, all aforementioned studies refer to acute
postprandial exercise studies and it needs to be stated that it is of great importance to perform exercise
training interventions to assess the long-term effects of exercise on not only the acute hyperglycaemia,
but the long-term glycaemia control as well. Previous reports indicate that glycaemia in type 2 DM
males and females is different with males exhibiting higher impaired fasting glycaemia and women
impaired glucose tolerance [19,20]. The results from this study do not coincide with the aforementioned
reports since there were no differences between males and females neither at rest nor following the
glycaemic load (AUC) at rest and after exercise. However, it needs to be stated here that the sample
size for males (n = 3) and females (n = 3) is rather small, this constitutes a limitation of the study and
concrete conclusions should be made with caution.

Postprandial hypertriglyceridemia has also been linked to increased risk of cardiovascular
disease [21]. In this study, blood lipids (triglycerides, total cholesterol, HDL and LDL) did not change
at any time point and were similar in both trials. This was also evident in the lack of difference in
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triglycerides AUC between trials. This may be explained by the fact that the breakfast provided
was low in saturated fat. A meal high in saturated fat increases blood triglyceride levels as well as
indices of oxidative stress and inflammation, resulting in a worsening of endothelial dysfunction,
vasoconstriction and systolic blood pressure [22,23]. Therefore, exercise following lunch or dinner
could be more beneficial in terms of cardiovascular health.

Patients with abnormal glucose levels are often diagnosed with Metabolic Syndrome (MS),
a multiple set of risk factors that confer an additional cardiovascular risk [24]. In this study, it was
shown that men were overweight and women were of normal weight according to BMI, and that both
genders had central obesity according to the WC cut-point [14]. The participants were also prediabetic
and had low HDL levels, meeting the criteria for metabolic syndrome set by the International Diabetes
Federation. As already mentioned, BTM causes various complications due to anaemia and iron
overload, and the presence of MS is an additional cardiovascular risk, rendering BTM patients a clinical
population with unique characteristics. Therefore, BTM patients may not respond to exercise in
a typical manner and long-term interventions are required.

In conclusion, postprandial resistance exercise, especially following the largest meal of the day,
could be an effective means of glycaemic control and could lower the risk of cardiovascular disease in
DM patients [3]. The results of the present study do not indicate that a bout of acute resistance exercise
45 min following breakfast is a sufficient stimulus to improve blood glucose lipid levels throughout
the subsequent 24-h post-exercise period. Future studies comparing the acute and chronic effects of
resistance exercise in prediabetic, BTM patients and DM patients are needed.
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Abstract: A growing body of evidence suggests that physical activity (PA) can be a complementary
intervention during breast cancer (BCa) treatment, contributing to the alleviation of the
chemotherapy-related side-effects. The purpose of this study was to assess physical activity (PA)
levels and quality of life (QoL) parameters of BCa patients undergoing chemotherapy and compare
them with healthy controls. A total of 94 BCa female patients and 65 healthy women were recruited
and self-reported QoL and PA levels. The results reveal that women suffering from BCa spent only
134 ± 469 metabolic equivalents (MET)/week in vigorous PAs compared with the healthy females
who spent 985±1508 MET/week. Also, BCa patients were spending 4.62±2.58 h/day sitting, contrary
to the 2.34±1.05 h/day of the controls. QoL was scored as 63.43±20.63 and 70.14±19.49 while physical
functioning (PF) as 71.48±23.35 and 84.46±15.48 by BCa patients and healthy participants, respectively.
Negative correlations were found between QoL and fatigue, PF and pain, and fatigue and dyspnea,
while a positive correlation was found between QoL and PF. This study indicated that the BCa
group accumulated many hours seated and refrained from vigorous Pas, preferring PAs of moderate
intensity. Additionally, BCa patients’ levels of functioning and QoL were moderate to high; however,
they were compromised by pain, dyspnea and fatigue.

Keywords: breast cancer; chemotherapy; physical activity; quality of life; exercise; QoL; treatment

1. Introduction

According to the World Health Organization (WHO), cancer is a leading cause of mortality
worldwide, while approximately one out of six deaths is due to cancer. In both sexes, lung cancer is
the most commonly diagnosed malignancy and the most frequent cancer leading to death. On the
other hand, among females, breast cancer (BCa) constitutes the most commonly diagnosed cancer, as
well as the first in mortality rate [1]. Epidemiological studies revealed that in spite of the fact that BCa
accounts for about 30% of all cancer diagnoses in women [2], the overall 5-year survival rate is over
90% for survivors diagnosed with BCa stage I or II [3].

The increased survival rates due to advancements in cancer detection and medical care indicate
that cancer should be handled as a chronic disease that requires long term management to maintain
patients’ quality of life [4]. It is well established that standard medical care for BCa, including
surgery, chemotherapy, radiotherapy and hormonal therapy, is associated with adverse effects on
cardiorespiratory, musculoskeletal, nervous and endocrine physiological systems [5–7]. In particular,
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cardiotoxicity, cancer-related fatigue, muscle atrophy, cachexia, peripheral neuropathy, immune system
dysfunction and altered body composition are some of the reported complications that result in a
diminished quality of life (QoL) of patients, while interfering with their ability to carry out regular daily
living activities [8–11]. Moreover, general pain and fatigue belong to the most frequently experienced
symptoms that cancer patients undergoing treatment exhibit and these symptoms are related to the
severity of the disease [12].

However, an increasing body of evidence suggests that prescribed exercise during and after cancer
treatment may attenuate many of these adverse effects and mitigate several symptoms, constituting
a safe complementary therapeutic intervention for cancer patients [12]. In addition to the studies
that suggest the preventive role of physical activity against BCa risk [13,14], there is also evidence
supporting that regular exercise also reduces the risk of disease recurrence for several types of solid
tumors including BCa. These inhibitory effects of regular exercise are probably mediated by different
mechanisms that alter the tumor microenvironment [15,16].

The American College of Sports Medicine (ACSM) and the American Cancer Society (ACS)
recommend that BCa patients should avoid remaining inactive and aim to return to their normal daily
routine as soon as possible after diagnosis and during the treatment of the disease. For instance, BCa
patients should be encouraged to accumulate at least 150 or 75 min of moderate or vigorous aerobic
exercise per week, respectively, and include resistant training exercises two to three times per week [17].
The compliance to these guidelines is really important for the individuals subjected to cancer treatment,
because, as in a chronic disease, so in cancer, there is a dose–response relationship between physical
activity (PA) levels and health benefits gained [18].

Despite the abovementioned recommendations, current research evidence suggests that the
majority of people living with cancer do not participate in PAs and they adopt sedentary behavior [19,20].
The purpose of the present study was to assess QoL and PA levels of BCa female patients living in Greece
and undergoing chemotherapy, and to compare them with healthy age- and sex-matched controls.

2. Materials and Methods

2.1. Ethical Approval

All volunteers provided written informed consent to participate in this cross-sectional observational
study, which was approved by the seven-member Ethics Committee of the Medical School of the
National and Kapodistrian University of Athens. All data were collected and handled according to
privacy law regulations.

2.2. Subjects

A total of 159 females, aged from 42 to 71 years, voluntarily participated in the study. From them,
94 women (age: 57.25 ± 13.59 years) were newly diagnosed with breast cancer for first time, stage I-III,
and had already started to receive first-line chemotherapy, while 65 healthy women (age: 49.60 ± 7.80
years) served as a control group. The patients were recruited in close collaboration with the attendant
physicians from three different Greek hospitals, from the October of 2017 to the October of 2018, and
filled the questionnaires during their first regimen of chemotherapy while no exclusion criteria were
set according to the type of surgery that had preceded. The women who comprised the control group
were recruited in the same chronological period and they should have never been diagnosed with
cancer. Moreover, all participants should speak and read Greek.

2.3. Data Collection

All participants filled in the structured questionnaires, while their body height and body mass
were measured in order for their body mass index (BMI) to be calculated. Participants were instructed
to answer all the questions as carefully and honestly as possible, while an investigator was available
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for providing clarifications for any possible questions raised regarding the way that the questionnaires
should be filled in.

2.3.1. Somatometric Characteristics

Body height was measured with the subject standing in bare feet with her back towards a height
measuring rod and body mass was measured with an electronic precision balance with two decimals.
Body mass index (BMI) was then calculated according to the following formula: BMI = body mass
(kg) / body height ˆ2 (m2). Individuals were considered to be of normal body weight if their BMI
was between 20 and 24.9, while they were considered as underweight if their BMI was lower than
20. If BMI was in the range between 25 and 29.9, or higher than 30, the individual was considered as
overweight or obese, respectively [21].

2.3.2. Quality of Life

Quality of life was self-estimated by the BCa patients and the healthy controls, using the
EORTQ-QLQ-C30 or the SF-36 Health Survey Version 3.0 questionnaire, respectively [22–24].
Specifically, EORTQ-QLQ-C30 is a cancer-specific questionnaire that incorporates global health
status/QoL scale, common symptom scales and physical, emotional, cognitive, role and social
functioning scales. For example, some of the items the questionnaire focuses on are pain, fatigue,
sleep, concentration, appetite etc. In this particular questionnaire, the score in each scale ranges
from 0 to 100. The higher the score on the functional scales or the global health status is, the greater
the level of functioning and QoL. Reversely, a high score in the symptom scale reflects a high level
of symptomatology.

Similarly, SF-36 is a 36-item questionnaire that covers eight health domains: physical functioning,
pain, fatigue, role limitations due to physical health problems, role limitations due to emotional
problems, emotional well-being, social functioning and general health perceptions. Each item of this
questionnaire is also scored on a 0 to 100 scale and in all scales a higher score defines a more favorable
health status. For instance, a higher score in the fatigue scale actually represents less fatigue. The two
questionnaires, SF-36 and EORTQ-QLQ-C30, have the same way of scoring and interpreting the results
in the scales general QoL, Physical Functioning, Emotional Functioning, Social Functioning and Role
Functioning. Thus, the comparisons of QoL were based on the similarity in scales (0–100, with a higher
score indicating better health) and not on actual survey questions or summary calculations.

2.3.3. Exercise Behavior

Current PA levels were self-reported by the participants using the short version of the International
Physical Activity Questionnaire (IPAQ). IPAQ assesses the duration and the intensity of PAs as well as
the time spent sitting in daily lives, while it is considered to estimate the total weekly energy expenditure
in MET-min per week. Activities that require up to 3 METs have been defined as light-intensity PAs,
activities that range from 3 to 6 METs have been categorized as moderate-intensity PAs, whereas those
that require more than 6 METs were defined as vigorous-intensity PAs [25].

2.4. Statistical Analysis

Statistical analysis was conducted using Graphpad Prism Version 5.03 (GraphPad Software, Inc.,
San Diego, CA, USA). For all quantitative variables, descriptive analysis was employed by mean
and standard deviation (MEAN ± SD), while evaluation of the potential differences between the two
independent groups (i.e., BCa vs Control group) was performed with a two-tailed, unpaired Student
T-test. Pearson parametric correlation coefficient was utilized to determine any potential associations
between the continuous variables—physical activity and QoL. The level of statistical significance was
set at P < 0.05.
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3. Results

3.1. Somatometric Characteristics

The somatometric characteristics of the participants in each group (i.e., BCa patients and healthy
controls) are shown in Table 1. Height was 1.61 ± 0.05 m and 1.65 ± 0.04 m in the BCa and control group,
respectively, while body mass was 69.49 ± 12.67 kg in BCa patients and 69.04 ± 5.25 kg in healthy
controls. BMI was used for the classification of participants as underweight, normoweight, overweight
or obese. These results reveal that BCa patients’ BMI was 26.63 ± 5.27 kg/m2, categorizing them as
overweight, by contrast with the healthy females in the control group whose BMI was marginally
normal (25.30 ± 3.95 kg/m2).

Table 1. Somatometric characteristics of breast cancer patients and healthy participants (control group).

Participants’ Characteristics Breast Cancer Group (n=94) Control Group (n=65)

Age (yrs) 57.25 ± 13.59 49.60 ± 7.80
Body Mass (kg) 69.49 ± 12.67 69.04 ± 5.25

Body Height (m) 1.61 ± 0.05 1.65 ± 0.04
Body Mass Index (kg/m2) 26.63 ± 5.27 25.30 ± 3.95

Data are presented as mean ± SD. No statistically significant differences were found between groups (p>0.05).

3.2. Quality of Life

3.2.1. Control Group

Healthy females who served as the control group self-evaluated their QoL using the SF-36 Health
Survey Version 3.0. Regarding their general QoL, the participants scored 70.14 ± 19.49, while for their
physical, emotional, social and role functioning their score was 84.46 ± 15.48, 59.33 ± 17.83, 61.79 ±
27.05 and 79.17 ± 29.76, respectively (Figure 1). Moreover, in the symptom scales, pain was scored
with 70.42 ± 22.93 and fatigue with 58.06 ± 12.23. Positive correlations were revealed between physical
functioning and pain (r = 0.4432, p = 0.007), fatigue (r = 0.4847, p = 0.003), emotional functioning (r =
0.4133, p = 0.012) and role functioning (r = 0.3869, p = 0.020). Positive correlations were also found
between QoL and the scales of physical functioning (r = 0.4072, p = 0.014) and fatigue (r = 0.6653, p =
0.00001), (Figure 2).

3.2.2. Breast Cancer Group

Similarly to the control group, the women of the BCa group self-estimated their QoL using
the EORTC-QLQ-C30 Questionnaire. Women in the BCa group scored their physical functioning
significantly lower compared with the healthy controls (71.48± 23.35 vs 84.46± 15.48; p<0.01). However,
their overall QoL, as well as their emotional, social and role functioning score, was 63.43 ± 20.63, 67.13
± 27.02, 68.52 ± 31.31 and 68.98 ± 26.77, respectively, revealing no significant differences with the
control group (p > 0.05) (Figure 1). It is noted that comparisons between the BCa and control group
were performed only between the above-mentioned scales, since the rest of them in each questionnaire
have a different way of scoring.

As far the symptomatology is concerned, fatigue was scored at 42.28 ± 20.54, dyspnea at 25.93
± 28.85 and pain at 19.44 ± 24.40. A negative correlation was found between QoL and fatigue (r =
−0.7410, p = 0.00001), as well as between physical functioning and pain (r = −0.6149, p = 0.0001),
fatigue (r = −0.6661, p = 0.0001) and dyspnea (r = −0.3320, p = 0.0493), (Figure 2). In contrast, a
positive correlation was revealed between physical functioning and QoL (r = 0.4914, p = 0.0024), social
functioning (r = 0.5954, p = 0.0001) and emotional functioning (r = 0.3663, p = 0.0263) (Figure 2).
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Figure 1. Self-estimation of the overall quality of life (QoL) and its functional parameters in women
undergoing chemotherapy for breast cancer compared with healthy controls. Data are presented as
mean ± SD. **: Significantly different at p < 0.01.

Figure 2. Correlational analyses revealed significant associations, among others (see text for details),
between fatigue and quality of life (a,c), as well as between physical functioning and quality of life
(b,d), both in the breast cancer and the control group.
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3.3. Exercise Behavior

Exercise behavior was self-reported by all participants using the International Physical Activity
Questionnaire (IPAQ) (Figure 3). Specifically, BCa patients exhibited a total energy expenditure of
2267 ± 1965 MET-min/week, while healthy controls spent 2630 ± 2840 MET-min/week, showing no
significant differences between groups (p > 0.05). In particular, no significant differences (p > 0.05)
were found between the two groups in the time spent walking (BCa group: 782 ± 1,153 MET-min/week
vs Control group: 721 ± 950 MET-min/week). A similar (p > 0.05) energy expenditure was also spent
in moderate PAs by both BCa and control group, i.e., 1460 ± 1549 vs 1089 ± 1724 MET-min/week,
respectively. Interestingly, on the other hand, BCa patients were found to participate in vigorous PAs
disproportionally less than the control group, expending only 134 ± 469 MET-min/week, as opposed to
the control group that spent 985 ± 1,508 MET-min/week in high-intensity activities (p < 0.001). It is
noted that moderate PAs require intermediate physical effort and make breathing somewhat harder
than normal, while vigorous PAs need excess physical effort, increasing breath rate.

Figure 3. Self-reported physical activity levels (International Physical Activity Questionnaire (IPAQ))
in women undergoing chemotherapy for breast cancer compared with healthy controls, expressed in
MET-min per week. Data are presented as mean ± SD.***: Significantly different at p<0.001.

Furthermore, BCa patients were found to spend more time sitting during the day (4.20 ± 2.76
h/day) in comparison with the control group (3.16 ± 1.25 h/day), (p < 0.05). Again, it is noted that
sedentary time includes time spent sitting or lying down during work and leisure, or at home and
excludes sleeping hours.

3.4. Associations between Exercise Behavior and Quality of Life

In the BCa group, a positive correlation was demonstrated between physical functioning and total
energy expenditure (r = 0.4069, p = 0.0316) (Figure 4a), as well as between QoL and participation in
vigorous PAs (r = 0.3985, p = 0.0357). Similarly, a positive correlation was also found in the control
group between the engagement in vigorous PAs and QoL (r = 0.4993, p = 0.0094) (Figure 4b), as well as
between vigorous PAs and physical functioning (r = 0.5149, p = 0.0071).
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Figure 4. Correlational analyses showed significant associations, among others (see text for details),
between (a) total energy expenditure and physical functioning in the breast cancer group as well as
between (b) the engagement in vigorous PAs and the quality of life, in the control group.

4. Discussion

The aim of the present study was to identify the levels of PA and the perceived QoL, investigating
their potential interactions, in females undergoing chemotherapy due to BCa diagnosis, and to compare
them with healthy females of the same age.

Our main findings demonstrate that women suffering from BCa and undergoing chemotherapy
were willing to exercise and they participated in regular PAs, exhibiting weekly energy expenditure
levels similar to those of sex- and aged-matched healthy individuals. However, they preferred to
exercise in low or moderate intensities, showing significantly lower levels of MET-min per week
expended in high intensity PAs compared with the healthy controls. These findings are in agreement
with previous studies implying that cancer patients demonstrate lower levels of vigorous-intensity PAs
post than before diagnosis [26,27]. Even though it has been established that high-intensity activities can
safely be performed by cancer patients, offering different health benefits than those derived from the
conventional exercise programs, cancer patients appear to hesitate to participate in vigorous PAs [28].
On the other hand, cancer-related fatigue and general pain probably exacerbate the overall burden of
the disease and the therapeutic interventions, making participation in more intense physical activities
difficult, especially for those patients with more advanced stages of the disease.

Moreover, our study showed that although the BCa patients were exercising in general, they
accumulated many hours per day sitting down, not only at work but also at home, since many patients
often interrupted their work during chemotherapy sessions, thus spending more hours per day seated
at home, which may result in their overweight phenotype. These findings strengthen the evidence
from previous studies which supported the hypothesis that an increased BMI is associated with a
sedentary lifestyle after cancer diagnosis [29]. Since an increased body weight has been associated
with a higher risk of disease recurrence and reduced survival, all cancer patients should not only avoid
remaining physically inactive but also they need to follow the specific exercise recommendations, so as
to optimize their health exercise benefits [30].

Regarding the QoL, our study showed that BCa patients exhibited moderate levels of perceived
QoL, similarly to the control group. More specifically, a strong negative correlation was found between
QoL and fatigue as expected, highlighting the fact that cancer-related fatigue remains a huge barrier
to patients’ daily life [31,32]. In addition, negative correlations were also found between physical
functioning and the side effects of the disease, such as pain, fatigue and dyspnea, indicating that these
symptoms compromise patients’ functional capacity and QoL [33]. Similar associations between the
symptomatology and functional scales were also observed in the control group, indicating that the
above-mentioned clinical symptoms influence the individuals’ daily life independently of the disease.
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Moreover, with regard to the relationship between exercise behavior and QoL, a positive correlation
was found between participation in vigorous PAs and QoL, as well as between total energy expenditure
and physical functioning in women with BCa. These findings corroborate a large body of evidence
supporting the hypothesis that a greater energy expenditure during the week leads to a better functional
ability, while participation in more intense activities implies a better self-evaluated QoL [34,35].
Moreover, the strong positive correlations found between physical, social and emotional functioning
further support previous findings that mental health symptoms and isolation are followed by a poor
functional ability in cancer patients [36,37].

Putting all the above findings together, it appears that new approaches are urgently needed to
improve tolerance and reduce the adverse effects of chemotherapy in cancer patients [38]. Physical
activity interventions should be incorporated in cancer non-pharmaceutical treatments during
chemotherapy, since the worst side effects of cancer therapy are experienced during this period,
while exercise can mitigate unfavorable changes in various physiological systems and their consequent
symptoms [39–41]. Clinical physicians are proposed to assess, advise and refer cancer patients to
exercise [19,42,43].

5. Conclusions and Future Perspectives

The outcomes of the present study unveil a close relationship between exercise behavior and QoL
in breast cancer patients; however, there remain challenging issues to be further addressed. Future
research lines of investigation should focus on the dose-dependent effects of physical activity and
on revealing the optimum dose as well as the potential maximum and minimum thresholds of the
cancer patients for benefit from physical activity. Furthermore, it remains a challenge to elucidate
whether cancer type, timing of physical activity and its specific components influence the effectiveness
of exercise and its interactions with cancer outcomes. For instance, in order for vigorous physical
activities to be realistically adopted and sustained by those patients during their treatment, a mode
of short-duration high-intensity physical exercise with adequate breaks might be a more applicable
suggestion for them, so as to take advantage of the time-effective, beneficial effects of vigorous activities
on their quality of life and physical functioning. Since physical activity is an important factor for
cancer prevention and treatment, policy makers, public health professionals, health care providers,
and exercise scientists should all communicate and promote the benefits of physical activity for both
cancer prevention and control, and work together with other stakeholders to improve the health and
quality of life of cancer patients.
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