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Abstract

Power declines at a greater rate during ageing and is more relevant for functional deteriora-

tion than either loss of maximum strength or muscle mass. Human movement typically con-

sists of stretch-shortening cycle action. Therefore, plyometric exercises, using an eccentric

phase quickly followed by a concentric phase to optimize power production, should resem-

ble daily function more than traditional resistance training, which primarily builds force pro-

duction capacity in general. However, it is unclear whether older adults can sustain such

high-impact training. This study compared the effects of plyometric exercise (PLYO) on

power, force production, jump and functional performance to traditional resistance training

(RT) and walking (WALK) in older men. Importantly, feasibility was investigated. Forty men

(69.5 ± 3.9 years) were randomized to 12-weeks of PLYO (N = 14), RT (N = 12) or WALK (N

= 14). Leg press one-repetition maximum (1-RM), leg-extensor isometric maximum volun-

tary contraction (MVC) and rate of force development (RFD), jump and functional perfor-

mance were evaluated pre- and post-intervention. One subject in RT (low back pain) and

three in PLYO (2 muscle strains, 1 knee pain) dropped out. Adherence to (91.2 ± 4.4%) and

acceptability of (� 7/10) PLYO was high. 1-RM improved more in RT (25.0 ± 10.0%) and

PLYO (23.0 ± 13.6%) than in WALK (2.9 ± 13.7%) (p < 0.001). PLYO improved more on

jump height, jump power, contraction time of jumps and stair climbing performance com-

pared to WALK and/or RT (p < 0.05). MVC improved in RT only (p = 0.028) and RFD did not

improve (p > 0.05). To conclude, PLYO is beneficial over RT for improving power, jump and

stair climbing performance without compromising gains in strength. This form of training

seems feasible, but contains an inherent higher risk for injuries, which should be taken into

account when designing programs for older adults.
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Introduction

During the ageing process, muscle mass, muscle force and power production decline progres-

sively [1–3]. This decline is more pronounced in power and rapid force production than in

maximal force or muscle mass [3, 4]. In addition, the ability to generate a high amount of

power enables individuals to perform better on everyday activities, such as rising from a chair

and climbing stairs [5]. In reactive motor tasks, such as balance recovery following sudden per-

turbations, muscle force needs to be generated in short time frames [6]. Consequently, reduced

lower-limb power and slowing of force production have been proposed as important predic-

tors of age-related deterioration in functional performance and should be targeted in exercise

programs for older adults.

Resistance exercise has been widely recognized as an effective strategy to improve muscle

mass, muscle strength and functional performance in older adults. The majority of interven-

tions prescribed slow-speed resistance exercise with 1–4 sets of about 8–15 repetitions at mod-

erate to high loads for at least 2x/week, in line with previous international recommendations

[7]. Although the benefits are well documented, limited improvements in power and rate of

force production have been reported when exercises are typically performed at slow and con-

trolled speeds [8]. As mentioned above and supported by recent insights and exercise guide-

lines, there are important arguments to justify the inclusion of explosive type of resistance

exercise in older adults [9, 10]. Machine-based resistance exercise performed with an explosive

concentric phase followed by a controlled, slower eccentric phase is feasible, even in institu-

tionalized elderly [11]. This type of explosive resistance exercise has shown greater effects on

functional performance than traditional slow-speed resistance exercise [12, 13].

However, human locomotion rarely involves pure concentric movements, but consists of

rapidly coupled eccentric-concentric multi-joint muscle actions, known as stretch-shortening

cycle (SSC) activities. Fast eccentric-concentric transition in a SSC movement facilitates subse-

quent power generation through storage and reutilization of elastic energy [14]. Therefore,

multi-joint SSC movements represent a mechanism behind optimal power production. This is

an important argument for the use of plyometric training, which specifically targets multi-

joint SSC, in older adults, especially considering that the utilization of elastic energy becomes

gradually impaired due to neural and structural changes in aged muscles [15, 16].

Plyometric training elicits numerous positive changes in neural and musculoskeletal sys-

tems, muscle function and performance of healthy individuals (for a review, see [17]). How-

ever, this training modality has primarily been used in athletes and/or young adults, while

limited research exists on plyometric training for older adults [18]. In addition, knowledge on

the potential adverse events of such high-impact training is lacking, as papers often fail to com-

ment on feasibility and injuries [19].

Therefore, we designed a 12-week multi-joint plyometric exercise program (PLYO) for

older men. This program was age-adapted to maximize feasibility by slowly progressing from

slow speed exercises over submaximal to maximal jumps, using only low-intensity drills,

allowing using wall bars for support and introducing short breaks between every jump. Its

effects on muscle strength, muscle power, jump performance and functional capacity were

compared to a traditional resistance training program (RT) and a walking program (WALK).

The walking group was considered a control group, as the exercise was not likely to improve

muscle strength or power, but did consist of low-load eccentric-concentric lower-limb move-

ments that might already affect functional performance. As a secondary outcome, the feasibil-

ity of the plyometric exercise program was investigated. We hypothesized that PLYO would

improve more on muscle power, jump performance and functional performance than RT and

WALK and that the program would be feasible in healthy community-dwelling older men.

Sport and Exercise Medicine: Theory and Practice 

2

https://doi.org/10.1371/journal.pone.0237921


Methods

Trial design

This randomized trial was designed as a parallel-group study, with three different exercise

interventions. The intervention duration was 12 weeks. Outcome measurements were

obtained at baseline (pre-intervention, from February to March 2018) and within one week

after the last exercise session (post-intervention, from May to June 2018). The study was

approved by the Human Ethics Committee Research UZ/KU Leuven in accordance with the

declaration of Helsinki. All subjects provided written informed consent.

Subjects

Community-dwelling older men aged 65 to 80 years were recruited through advertisements in

local newspapers. Exclusion criteria were unstable cardiovascular disease, neurological disor-

ders, cognitive malfunctioning, severe knee or hip problems, previous rupture of the Achilles

tendon and systematic engagement in (resistance) exercise in the 12 months prior to participa-

tion. In total, 42 men (age: 69.4 ± 3.8 years, body mass: 82.7 ± 10.5 kg, body height: 174.8 ± 6.4

cm, BMI: 27.1 ± 3.2 kg/m2) were found eligible and agreed to participate in the study (Fig 1).

Randomization

Subjects were randomly assigned to one of three intervention conditions by block randomiza-

tion (block size of 3): traditional resistance training (RT, n = 14), plyometric exercise (PLYO,

n = 14) or walking (WALK, n = 14). Allocation ratio was 1:1:1. In RT, two subjects were not

able to perform baseline measurements because of recurrent headache or muscle injury so

they were excluded from the study (Fig 1).

Exercise protocols

Resistance training protocol. Subjects exercised three times weekly on non-consecutive

days over a period of 12 weeks (total of 36 sessions). Exercise sessions were performed in small

groups of maximum four subjects and were supervised by at least one expert. Session duration

was about 35 minutes. After a standard 15-minute warm-up on a cycle ergometer (Techno-

gym, Bike Excite) at self-selected resistance and 70–80 revolutions per minute, three exercises

for the lower-limb muscles were performed: the bilateral leg press and straight-legged calf

raises (both on the plate-loaded linear leg press, Life Fitness Signature Series) and leg extension

(Life Fitness Optima Series). These exercises were chosen because they train the muscles

responsible for triple extension in the lower-limb (i.e. knee extensors, hip extensors and plan-

tar flexors), a multi-joint movement that is crucial in daily life activities such as walking and

stair climbing. Training variables and progression are shown in Table 1. Subjects were

instructed to perform the last set to concentric failure. When they were able to perform more

repetitions than the prescribed training zone, the load was increased in the next exercise ses-

sion. The rest period between sets and exercises was one minute and at least two minutes,

respectively. At the end of the exercise session, basic static stretching exercises were performed

for the trained muscle groups.

Plyometric exercise protocol. Similar to RT, training sessions (35-minute duration) in

PLYO were performed three times weekly on non-consecutive days for 12 weeks in small

groups of maximum four subjects and supervised by at least one expert. The warm-up con-

sisted of 10-minutes of cycling, followed by plyometric warm-up exercises: 4 x 10m high knee

skips, 4 x 10m sideways skips and 8 consecutive hops with short contact times. The core pro-

gram similarly consisted of three exercises, using the same muscle groups (triple extension) as
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in RT: two unilateral exercises, i.e. forward step-up (jump) and lateral step-up (jump), and one

bilateral exercise, i.e. countermovement jump. Exercise intensity progressively increased every

three weeks (see Table 1). The rest period between sets and exercises was one minute and at

least two minutes, respectively, in all training phases. From week 1–3, exercises were per-

formed at regular speed without jumping, i.e. either stepping up on a box (20-30-40 cm) in for-

ward or lateral direction or performing a squat (body mass with or without weight vest) with

bouncing movement at the lowest point. Weight vests (5–10 kg) were only used for the squat

exercise prior to progressing to jumping. From week 4–6, all exercises progressed to submaxi-

mal jumping with a short eccentric phase before all jumps (i.e. SSC action) (Fig 2) and weight

vests were no longer used as the squat exercise progressed to a countermovement jump exer-

cise. Subjects were instructed to have a short 5s-break between the repetitions to ensure proper

performance and to avoid fatigue. From week 7–9, subjects were instructed to jump as explo-

sively and as high as possible in every jump, with 5s-breaks between the repetitions. From

week 10–12, both step-up jumps were performed consecutively (no breaks between

Fig 1. Flowchart of the study. PLYO = plyometric training; RT = resistance training; WALK = walking.
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Table 1. Training variables for the resistance training (RT) and plyometric (PLYO) training program.

Sets Repetitions External load Break between repetitions Inter-set rest Performance

RT (leg press, straight-legged calf raise, leg extension)

Week 1–4 2 12–15 12-15RM / 1 min. 3s ecc– 3 sec conc

Week 5–8 3 10–12 10-12RM / 1 min. 3s ecc– 3 sec conc

Week 9–12 4 8–10 8-10RM / 1 min. 3s ecc– 3 sec conc

PLYO (forward step-up, lateral step-up, countermovement jump)

Week 1–3 2 15–20 BM� / 1 min. Regular speed, no jump

Week 4–6 3 8–12 BM 5s 1 min. Fast ecc–submax. jump

Week 7–9 4 6–8 BM 5s 1 min. Fast ecc–max. jump

Week 10–12 4 6–8 BM / 1 min. Fast ecc–max. jump

� Progression of intensity during week 1–3 in PLYO was based on subjects’ feelings of muscle fatigue: forward and lateral step-up: increase in step height (to maximum

40 cm); squat: adding weight vest of 5 to 10 kg.

BM = body mass; RM = repetition maximum (last set performed to concentric failure in RT); ecc = eccentric.

Fig 2. Visual representation of the three plyometric exercises from week 4 to 6.
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repetitions, short contact times) and as high as possible. The countermovement jumps were

preceded by a two pre-hops, the second one with countermovement to load both ankle and

hip/knee joints. In all exercise phases, subjects were allowed to use wall bars for support if

needed and were instructed to stop the exercise when feeling unable to perform maximally. At

the end of the exercise session, basic static stretching exercises were performed for the trained

muscle groups.

Walking protocol

The walking program was adapted from a 10-week progressive individualized walking pro-

gram, described in detail in previous work [20], by adding two additional weekly schedules to

complete a 12-week program (see Table 2). Briefly, subjects were assigned to a starting level of

the walking program based on the results of a 6-minute walk test at baseline. Each walking

schedule prescribed walks of a certain number of steps on 3–7 days a week, depending on the

starting level. Training volume was progressively increased weekly to a maximum of walks of

10000 steps performed three times weekly. Subjects received their personalized walking sched-

ule and a pedometer. They were instructed to walk at a moderate and comfortable pace that

increased breathing and heart rate without restricting the ability to talk. Subjects were allowed

to perform their walks at home, but were encouraged to engage in group walks that were

Table 2. Walking program (prescribed number of steps per day).

level N day 1 day 2 day 3 day 4 day 5 day 6 day 7 sessions per week volume per week

1 1000�� 1000�� 1000�� 1000�� 1000�� 1000�� 1000�� 7 7000

2 1000� 1000� 1000� 1000� 1000� 1000� 1000� 7 7000

3 1000 1000 1000 1000 1000 1000 1000 7 7000

4 1500 1000 1500 1000 1500 1000 1500 7 9000

5 1500 1500 1500 1500 1500 1500 1500 7 10500

6 2000 1500 2000 1500 2000 1500 2000 7 12500

7 4 2000 2000 2000 2000 2000 2000 2000 7 14000

8 2500 2000 2500 2500 2000 2500 6 14000

9 1 3000 2000 3000 3000 2000 3000 6 16000

10 2 3000 3000 3000 3000 3000 3000 6 18000

11 2 4000 3000 4000 3000 4 14000

12 5 4000 4000 4000 4000 4 16000

13 4000 4000 4000 4000 4 16000

14 6000 4000 6000 4000 4 20000

15 6000 4000 6000 4000 4 20000

16 8000 4000 6000 4000 4 22000

17 8000 4000 8000 4000 4 24000

18 8000 8000 8000 3 24000

19 8000 6000 10000 3 24000

20 10000 5000 10000 3 25000

21 10000 7000 10000 3 27000

22 10000 10000 10000 3 30000

23 10000 10000 10000 3 30000

�1 resting break allowed,

��2 resting breaks allowed.

N represents the number of subjects with the respective level as starting level of the program. Every week, subjects increased one level until the 12-week intervention was

finished.
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provided three times weekly at the training facility. All subjects were asked to document their

walk sessions, including the amount of steps performed, in a diary. Diaries were reviewed by

the research team when subjects joined the on-site group walks (on average once per week) or

at least once every two weeks through contact via e-mail or telephone.

Outcome measurements

Feasibility. Feasibility of the exercise protocols were assessed by the following criteria:

recruitment rate, exercise session adherence, number of drop-outs, acceptability and adverse

events [21]. Recruitment rate was calculated as the number of study subjects divided by the

total number of individuals that showed an initial interest in study participation. Adherence

rate was calculated as the number of training sessions performed divided by the recommended

training frequency (3x/week for 12 weeks, 36 sessions for PLYO and RT; 3-6x/week for 12

weeks, 41–56 sessions for WALK). Given that subjects in WALK could potentially perform

more sessions than recommended, which was not the case for PLYO and RT, we additionally

corrected the adherence rate in WALK. More specifically, the corrected adherence rate in

WALK was calculated by excluding any exercise sessions above the weekly prescribed number

of exercise sessions. For example, if a subject performed 5 exercise sessions instead of 4 in a

certain week, adherence was corrected to 100% instead of 125% for that week. The number of

drop-outs was recorded, including the time of and the reason for drop-out. All subjects were

asked to report any adverse events during the intervention.

Acceptability was evaluated through a short questionnaire completed 2-weekly in RT and

PLYO only. The questionnaire consisted of 5 questions answered on a 11-point Likert scale

(ranging from 0 = ‘not at all. . .’ to 10 = ‘very. . .’): (1) How much did you enjoy the exercises

while doing them? (2) How proud are you that you were able to complete these exercises? (3)

How confident are you that you will be able to complete these exercises in the next training

session? (4) How motivated are you to complete these exercises in the next training session?

(5) How feasible do you think that these exercises are for people of your age? The first four

questions were employed previously in similar populations [22, 23], while question 5 was

added. In week 12, a sixth question was added to the questionnaire: (6) How likely is it that

you will engage in similar exercise programs after the end of the intervention? The question-

naire in week 12 was also provided to the subjects of WALK. Internal consistency of the 5-item

questionnaire was good, with a Cronbach’s α coefficient of 0.79. Therefore, we calculated the

mean of the 5 items into one global scale representing acceptability of the intervention

program.

Leg press one-repetition maximum. Leg press one-repetition maximum (1-RM) was

assessed on the plate loaded linear leg press device (Life Fitness Signature Series). In accor-

dance with previous research [22], the assessment started with a standardized warm-up of 8

repetitions at 50% of the estimated 1-RM, followed by 5 repetitions at 70% of the estimated

1-RM. After this warm-up, single lifts with progressively heavier loads were performed until

failure. To standardize, these lifts were performed as concentric lifts only, starting in a knee

and hip joint angle of 90˚ and 65˚ respectively (full extension = 180˚). Rest periods between

warm-up sets and between single attempts were 1 to 5 minutes. The heaviest successful lift (in

kg) was determined as 1-RM.

Force production and jump performance. A sledge apparatus was used to assess leg-

extensor force production and jump performance [24]. The inclination of the sledge was 20˚

to horizontal and the seat was inclined backwards (130˚). A force platform was built in perpen-

dicular to the jumping direction (Fig 3) and a velocity sensor was attached to the seat of the

sledge. The force platform consisted of four S style load cells (YZC-516, capacity of 300kg
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each) that were attached to a custom-built platform. Prior to attachment to the platform, each

of the load cells was calibrated with a weight of 155kg. In addition, the platform was calibrated

by measuring the unloaded condition prior to each test. The velocity sensor consists of a per-

manent magnet DC motor riding along with the seat. A wheel running on a rail next to the

seat of the sledge drives the motor shaft. That way the motor acts as a generator, producing a

current linear with the rotational velocity. Calibration was done by measuring the current

while running the wheel at different velocities. Rotational velocity was measured with an elec-

tronic pulse counter (HP53131A) counting the pulses of a temporarily added pulse generator

on the shaft. The current was measured with a high precision multimeter (HP34405A). Linear

regression analysis showed a R2 of 0.9998 between current and velocity. The shoulders and

hips were stabilized with a 4-point seatbelt. Subjects wore standard flat non-cushioning shoes

to minimize the cushioning effect during explosive movements.

The test protocol consisted of explosive isometric voluntary contractions, squat jumps (SJ),

countermovement jumps (CMJ), and drop jumps (DJ). Prior to all tests, 2 to 4 practice trials

were allowed. All tests were performed three times. All data were relayed to a pc via an AD

converter (Micro 1401, Cambridge Electronic 180 Design, UK) and recorded using Signal 4.03

software (Cambridge Electronic Design, UK). Data (time, force and velocity) were sampled at

1000Hz and force data were filtered using a fourth-order low-pass Butterworth filter with a

70Hz cut-off frequency. The best trial (maximal force, maximal rate of force development or

highest jump) was used for further analyses.

Explosive isometric multi-joint leg-extensor contractions were performed unilaterally with

the right leg while the sledge was locked in position. The knee joint angle was set at 90˚ and

the hip angle at 70˚. The point of force application was aligned with the head of the fifth meta-

tarsal. Subjects were instructed to push as fast and as hard as possible and maintain their maxi-

mum force for approximately 3s. The start of the force-time curve was defined as the first

point where the force exceeded body weight by 3% and where the increase in force after 50ms

was at least 50N (to ensure the start of a slope). Maximal force (N) was defined as the highest

mean 500 ms epoch (rolling average) over the force-time curve. The rate of force development

(N/s) was defined as the linear slope of the force-time curve and was measured from the onset

of movement until 100 ms (RFD0-100).

In the bilateral SJ, subjects jumped with the sledge as high as possible from a squatting posi-

tion (90˚ knee flexion and 70˚ hip angle, same position as isometric tests) without counter-

movement by performing a fast upward movement. If the test leader visually detected a

countermovement, the jump was repeated. The start of the jump was defined as the first point

where the force exceeded body weight by 3% and the increase in velocity exceeded 0.02 m/s

Fig 3. Sledge apparatus with a force platform built in perpendicular to the jumping direction and a speed sensor attached to the seat of the sledge.

Position A represents the lowest position in the isometric tests and in the squat jumps, position B represents the flight phase during jumps.
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after 300 ms. Any jump preceded by a countermovement, defined as a drop in velocity of at

least -0.02 m/s in the 400 ms preceding the start of the jump, was deleted from the analyses.

In the bilateral CMJ, subjects jumped as high as possible by starting from an extended knee

joint position and performing a fast downward movement to about 90˚ knee flexion and 80˚

hip flexion, immediately followed by a fast upward movement. The start of the jump was

defined as the first point where the force dropped below body weight by 3% and the decrease

in velocity dropped below -0.02 m/s after 300 ms.

Bilateral drop jumps were performed as three maximal consecutive jumps. Feet were placed

lower on the force plate to allow for continuous jumps on the forefoot (hip joint angle of 130˚

in extended position). Subjects were asked to reverse the downward velocity as soon as possible

after landing on the force platform into an upward one. The second and third jump were used

as maximal drop jump performances. The start of the second or third jump was defined as the

point of landing (time point before force� 10N) after the first or second flight phase.

For the jump tests, instantaneous power was calculated as the product of force and velocity.

Instantaneous position of the chair was derived from the velocity signal. The following param-

eters were calculated: (1) jump height (m), i.e. the difference between the maximal value of the

position-time curve and the position at take-off (point before force� 10N); (2) contraction

time (s), i.e. the time from the start of the jump until take-off; (3) eccentric time (s) (for CMJ

and DJ), i.e. the time from the start of the jump until velocity > 0; (4) concentric time (s) (for

CMJ and DJ), i.e. the time from the end of the eccentric phase until take-off; (5) reactive

strength index (RSI, mm/s, for DJ), i.e. jump height (in mm) divided by contraction time; (6)

concentric peak power (watt) (Ppeak), i.e. the highest value of the power-time curve in the

concentric phase; and (7) concentric rate of power development (RPD, watt/s), i.e. the linear

slope of the power-time curve from start until peak in the concentric phase.

All settings of the sledge and subjects’ positioning were identical at baseline and post inter-

vention. Comparison of familiarization and baseline measurements showed that coefficients of

variation (CV, in %) ranged from 5.7% to 18.9% for all parameters measured with the sledge

apparatus. Additional reliability values are reported in S1 and S2 Tables. Acceptable reliability

was determined as an intraclass correlation coefficient (ICC) > 0.60 [25] and a CV < 15%

[26].

Functional performance. Functional performance was assessed by a test battery, consist-

ing of a 6-minute walk test (6MWT), a 10m fast walk, a 5-repetition sit-to-stand (5xSTS) test

and a 6-step stair ascent (SA) test.

In the 6MWT, subjects were asked to walk a 20m course (back and forth) at a fast but com-

fortable pace, and the total distance covered (m) was noted. In the 10m fast walk test, subjects

were asked to walk as fast as possible. Time (s) was registered through timing gates (Racetime2

Light Radio, Microgate, IT). During the 5xSTS and SA test, data were collected by means of

3D accelerometry positioned at the lower back (DynaPort MoveTest, McRoberts, The Hague,

NL). Sampling rate was 100Hz and data were analyzed using commercially available software

(DynaPort MoveTest, McRoberts, The Hague, NL). In the 5xSTS, subjects were instructed to

perform five sit-to-stand cycles as fast as possible with the arms crossed over the chest. Total

STS duration (from start until the fifth standing position) in seconds was calculated from the

accelerometer data [27]. Mean power (watt) was calculated for each single sit-to-stand transi-

tion and the highest mean power output was used in the analyses. In the SA test, subjects

ascended a flight of 6 stairs as fast as possible without using the handrail. Total SA duration (s)

and mean power (watt) during the rise phase (defined as vertical velocity > 0.1m/s) of each

single step were calculated. The highest mean power output was used in the analyses. For more

detailed information on the calculation of power by means of 3D accelerometry, see previous

work [28].
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The 6MWT was performed once and all other functional tests twice. The best result was

used in the analyses.

Statistical analyses

One-way analysis of variance with Bonferroni post hoc testing was used to test for baseline dif-

ferences and for differences in exercise adherence between groups. Non-parametric statistics

were used for the questionnaire variables (ordinal scales). Between-group differences on the

acceptability questionnaire were assessed with Mann-Whitney U (two groups) or Kruskal-

Wallis tests (three groups) at all points in time. Time-effects were assessed with Friedman

tests. Fisher’s exact test was used to check for differences in the number of drop-outs between

groups.

To assess between-group differences in changes over time for the performance variables,

linear mixed-model analysis with an unstructured covariance structure was used, with time as

repeated factor and group as fixed factor. Post hoc analyses were conducted for within-group

changes and to determine which groups differed in changes. Because of the risk for type II

errors, these post hoc analyses were performed when the time effect or the time by group inter-

action effect showed at least a trend (p< 0.1) towards significance. In order to test the normal-

ity assumption for multilevel regression models, we checked for all models whether the

residuals were normally distributed by means of Shapiro-Wilk tests. If a dependent variable

was non-normally distributed, a log or square-root transformation was conducted. Only when

these transformations did not result in normality, non-parametric tests were used as alterna-

tive. In that case, time effects from baseline to post intervention were analyzed with Friedman

tests, and within-group changes from baseline to post were analyzed with Wilcoxon-signed

rank tests. Percent changes from baseline to post were calculated and then used in Kruskal–

Wallis tests to determine differences in changes between groups, with Mann-Whitney U

tests as post hoc tests. The following parameters were not normally distributed: SA duration

and power (non-parametric), STS duration (log transformation), SJ jump height and contrac-

tion time (non-parametric), CMJ concentric time (log transformation), DJ RPD (log

transformation).

Cohen’s d effect sizes for between-group differences in percent changes from baseline to

post-intervention were calculated. This was done for the variables that showed a significant

difference in change between groups. Thresholds 0.20, 0.50 and 0.80 were used to interpret

small, medium and large effect sizes [29].

All statistical tests were executed with SPSS software version 25 (SPSS Inc., Chicago, IL).

Level of significance was set at p< 0.05.

Results

Table 3 shows the baseline characteristics of the subjects in each group.

Feasibility

In total, 101 older men were assessed for eligibility. Twenty-nine men declined to participate

and thirty-two were excluded (for reasons, see flowchart in Fig 1). Recruitment rate was

39.6%.

Of the 40 subjects that started the study, three in PLYO (one in week 5, two in week 6) and

one in RT (in week 11) dropped out. The number of drop-outs was not different between

groups (p = 0.190). Reasons for drop-out were knee pain (PLYO, n = 1), muscle strain in the

m. gastrocnemius during the forward or sideways step-up exercise (PLYO, n = 2) and lower

back pain (RT, n = 1). Other minor adverse effects included knee pain (n = 4 PLYO, n = 1 RT),
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mild muscle soreness (n = 5 PLYO, n = 4 RT), pain in glutes (n = 1 RT, n = 1 WALK), pain in

feet (n = 1 WALK). Three subjects in PLYO, six in RT and twelve in WALK did not report any

side effects over the 12-week period.

Exercise session adherence was higher in WALK (106.7 ± 18.6%) than in PLYO

(79.8 ± 23.3%, p = 0.001) and RT (91.9 ± 8.4%, p = 0.137). However, when the adherence rate

in WALK was corrected by excluding any exercise sessions above the weekly prescribed num-

ber, adherence in WALK dropped to 93.1 ± 7.8 and was no longer different from PLYO or

WALK (p = 0.052). In addition, when subjects who dropped out were deleted from the analy-

sis, adherence increased to 91.2 ± 4.4% in PLYO and 93.9 ± 4.8% in RT. The number of on-site

group walks attended was 12.4 ± 9.6 (ranging from 1 to 29), which corresponds to once per

week on average. Group size during these walks was 4 ± 2 subjects.

Acceptability of the exercise program was very high in both groups, with no difference

between groups and no change over time (all p > 0.05). All subjects indicated that they were

likely to engage in similar exercise programs in the future, apart from two subjects in RT, who

gave a neutral answer (5/10) (Table 4).

Performance outcomes

Analyses on baseline differences revealed that PLYO showed higher STS power than RT,

PLYO produced more concentric power in SJ and CMJ than WALK, and RT had shorter con-

centric times during CMJ than WALK. Given that PLYO improved most on power production

Table 3. Means ± SD for baseline characteristics of the subjects.

Characteristic RT (N = 12) PLYO (N = 14) WALK (N = 14) p-value

Age (years) 68.2 ± 2.7 69.6 ± 3.3 70.5 ± 5.1 0.334

Body height (cm) 170.1 ± 5.4 175.6 ± 5.8 177.6 ± 6.5� 0.008

Body mass (kg) 81.1 ± 9.9 86.1 ± 11.8 80.2 ± 10.2 0.305

BMI (kg/m2) 28.0 ± 2.8 27.9 ± 3.5 25.4 ± 2.8 0.060

RT = resistance training; PLYO = plyometric training; WALK = walking.

p-values: results of one-way analysis of variance.

�Significant difference with RT (p < 0.05).

Table 4. Means ± SD for questionnaire variables on acceptability of the exercise program.

Variables RT PLYO WALK p-value

Acceptability of the program

Week 2 8.2 ± 1.1 8.5 ± 0.7 0.379

Week 4 8.1 ± 1.3 8.2 ± 1.0 0.935

Week 6 8.2 ± 1.3 8.3 ± 1.0 0.853

Week 8 8.2 ± 1.4 8.6 ± 0.6 0.510

Week 10 8.3 ± 1.1 8.8 ± 0.6 0.289

Week 12 8.4 ± 0.8 8.5 ± 0.6 8.6 ± 1.0 0.729

Likelihood of participation in similar exercise programs in the future

Week 12 8.0 ± 1.8 9.1 ± 1.0 8.8 ± 1.7 0.305

RT = resistance training; PLYO = plyometric training; WALK = walking.

p-values: results of Mann-Whitney U tests (two groups) or Kruskal-Wallis tests (three groups).
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(see later) and that the comparison of RT and WALK was not the focus of this research, no

corrections for these baseline differences were conducted.

Jump data from one subject in PLYO were deleted due to not being able to perform the

tests in the correct manner and all performance data from one in WALK due to the influence

of illness during testing.

1-RM, force production and jump performance. Leg press 1-RM improved similarly in

RT and PLYO and significantly more than in WALK (p< 0.001, d = 1.84 (RT vs WALK) and

d = 1.47 (PLYO vs WALK)) (Table 5). The explosive isometric leg-extensor test did not show

any time-by-group interaction effects. However, RT was the only group that increased maxi-

mal force (p = 0.028). There was no within-group change for RFD (Table 5). PLYO improved

the most on jump performance. For an overview of the results, see S3–S5 Tables. With regard

to SJ, PLYO was the only group that improved jump height (p = 0.017) (Fig 4A), reduced con-

traction time (p = 0.059) and exerted more power (both Ppeak and RPD) post-intervention

(p< 0.05) (Fig 4B–4D). This improvement in contraction time and RPD was significantly dif-

ferent from WALK (p = 0.026, d = 0.98 and p = 0.014, d = 1.06 respectively). Similar results

were found for CMJ. In PLYO, overall contraction time reduced because of a reduction in

eccentric time, jump height increased and more concentric power was produced (p< 0.05).

Overall contraction time and eccentric time improved significantly more in PLYO than in

both RT and WALK (all p< 0.05, d ranged from 1.05 to 1.44), while jump height improved

significantly more in PLYO than in RT (p = 0.030, d = 1.16) (Fig 4A–4D). With regard to DJ,

PLYO was the only group that significantly increased jump height (Fig 4A) and RSI, and these

increases were greater than in WALK (p = 0.017, d = 0.57 and p = 0.006, d = 0.98 respectively).

In addition, PLYO was able to produce more power (Ppeak) in the concentric phase post-

intervention. This gain in Ppeak was significantly different from both RT (p = 0.014, d = 1.14)

and WALK (p = 0.001, d = 1.13) (Fig 4D).

Functional performance. Both 10m fast walk and 6MWD improved similarly in all

groups, while STS duration did not change. No time-by-group interaction effect was found for

STS power (p = 0.405), although only RT (p = 0.018) and PLYO (p = 0.011) showed a within-

group gain. Interestingly, stair-climbing performance, represented by stair ascent duration

Table 5. Estimated means and SE at baseline (pre-) and posttest and % change (±SD) for leg press one repetition maximum, leg-extensor maximal isometric force

and rate of force development in the three intervention groups.

RT PLYO WALK Statistics

Mean SE % Mean SE % Mean SE % Time Time x group

1-RM (kg) Pre 194.2 14.6 175.7 13.6 162.1 13.6

Post 244.3 15.1 25.0 ± 10.0�† 211.8 14.2 23.0 ± 13.6�† 161.7 14.1 2.9 ± 13.7 F (1, 31.1) = 72.0;

p < 0.001

F (2, 31.1) = 20.5;

p < 0.001

MVC (N) Pre 815.7 32.8 787.9 30.4 725.3 30.4

Post 862.1 31.7 6.8 ± 10.7� 807.3 30.2 2.9 ± 7.1 727.7 29.3 -0.2 ± 9.7 F (1, 32.9) = 4.0;

p = 0.053

F (2, 32.9) = 1.3;

p = 0.285

RFD0-100

(N/s)

Pre 2982.2 282.0 2638.7 261.1 2632.8 261.1

Post 2717.0 254.2 -6.1 ± 25.0 2887.0 245.7 4.3 ± 15.7 2507.0 234.6 -4.0 ± 24.5 F (1, 33.3) = 1.1;

p = 0.301

F (2, 33.3) = 1.0;

p = 0.374

Statistics of Linear Mixed Models analyses.

�Significant change from pre to post (p < 0.05);
†Significant difference with WALK (p < 0.05).

PLYO = plyometric training, RT = resistance training, WALK = walking, MVC = maximal voluntary contraction, RFD = rate of force development.
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Fig 4. Estimated means and SE for jump height (A), contraction time (B), eccentric time (C), concentric peak power (Ppeak)

(D) at baseline and post 12-weeks of plyometric training (PLYO), resistance training (RT) and walking (WALK) in squat

jump (SJ), countermovement jump (CMJ) and drop jump (DJ). �Significant change from pre to post (p< 0.05); †Significant

difference with WALK (p < 0.05); ‡ Significant difference with RT (p < 0.05).
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and power, improved significantly more in PLYO than in RT (p< 0.05, d = 1.12 and d = 1.07

respectively) (Table 6).

Discussion

This study developed and implemented a 12-week age-adapted and progressive plyometric

exercise program for community-dwelling older men and compared its effects to traditional

resistance training and walking. Primary outcomes were muscle strength, muscle power, jump

performance and functional capacity. In addition, the feasibility of the plyometric training pro-

gram was investigated. The results show that (1) PLYO is more effective than RT and WALK

for improving muscle power (Ppeak and RPD) and jump performance (jump height and con-

traction time), (2) PLYO is equally effective compared to RT for improving muscle strength

(1-RM), (3) all interventions equally improve walking performance, but PLYO seems favorable

for stair climbing performance, and (4) older men seem to accept the PLYO program to a simi-

lar extent as either the RT or WALK program, although risk for injuries might be greater in

PLYO.

In line with previous findings [24, 30, 31] and the principle of training specificity, plyomet-

ric exercise resulted in more optimal jump performance than traditional resistance training or

walking. In all jumps, PLYO improved jump height post-intervention (6.9–17.5%) and this

coincided with an increase in concentric power production (both Ppeak and RPD) and a

decrease in (eccentric) contraction time. In other words, PLYO was able to jump higher and

more powerfully, while needing less time to jump. We should acknowledge that ICC appeared

Table 6. Estimated means and SE at baseline (pre-) and posttest and % change (±SD) for functional performance in the three intervention groups.

RT PLYO WALK Statistics

Mean SE % Mean SE % Mean SE % Time Time x group

10m fast walk

(s)

Pre 4.50 0.23 4.41 0.21 4.42 0.21

Post 4.23 0.21 -5.3 ± 9.2� 4.12 0.20 -5.5 ± 8.6� 4.12 0.19 -6.5 ± 7.2� F (1, 34.3) = 23.2;

p < 0.001

F (2, 34.3) = 0.02;

p = 0.983

6MWD (m) Pre 579.6 21.9 600.6 20.2 604.2 20.2

Post 618.9 23.9 6.7 ± 6.5� 635.0 22.4 6.1 ± 4.9� 631.2 22.1 4.4 ± 3.8� F (1, 32.0) = 44.2;

p < 0.001

F (2, 32.0) = 0.5;

p = 0.596

SA duration (s) Pre 1.64 0.13 1.95 0.12 1.96 0.12

Post 1.67 0.10 2.1 ± 9.5 1.71 0.09 -10.1 ± 12.1�‡ 1.85 0.09 -4.8 ± 7.6� χ2 (1) = 4.2; p = 0.040

(np)

χ2 (2) = 6.0; p = 0.049

(np)

SA power

(watt)

Pre 846.4 66.7 854.9 61.8 753.4 61.8

Post 825.7 64.2 -1.5 ± 9.8 961.9 60.7 18.0 ± 23.8�‡ 774.1 59.3 2.0 ± 15.0 χ2 (1) = 0.1; p = 0.739

(np)

χ2 (2) = 4.8; p = 0.089

(np)

STS duration

(s)

Pre 8.44 0.42 8.06 0.41 9.25 0.38

Post 8.90 0.42 5.4 ± 10.8 8.42 0.40 4.8 ± 7.5 9.38 0.40 1.6 ± 12.6 F (1, 31.9) = 4.6;

p = 0.040

F (1, 31.9) = 0.5;

p = 0.601

STS power

(watt)

Pre 291.7 18.7 370.2 17.3 316.7 17.3

Post 329.6 18.3 14.6 ± 19.1� 410.6 17.7 12.9 ± 9.2� 331.9 16.9 5.8 ± 16.3 F (1, 32.2) = 13.3;

p = 0.001

F (1, 32.2) = 0.9;

p = 0.405

Statistics of Linear Mixed Models analyses; stair ascent duration and power were not normally distributed and non-parametric (np) tests were performed and reported

for these variables; STS duration was not normally distributed and log transformed for the analyses. For easier interpretation, non-transformed data means are reported

for all variables.

�Significant change from pre to post (p < 0.05)
‡ Significant difference with RT (p < 0.05)

PLYO = plyometric training, RT = resistance training, WALK = walking, 6MWD = 6-minute walk distance, SA = stair ascent, STS = sit-to-stand.
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poor for the duration of the eccentric phase in the countermovement jump (0.48), even though

CV% was good (9.7%). However, we should keep in mind that our reliability values are based

on a comparison between familiarization and baseline measurements. In subjects that are new

to jump tests, we can expect an improvement in jump strategy, i.e. a faster eccentric time and/

or faster transition from eccentric to concentric movement, from familiarization to baseline.

The ICC quantifies the between-subject variance in relation to the total variance, which also

contains the variance within subjects [25]. As the variance within subjects will increase in case

of a learning effect from familiarization to baseline, a lower ICC value will be obtained, espe-

cially when between-subject differences in means are small. This result should therefore be

interpreted with caution and replication in future studies is warranted.

Although we can only speculate on the underlying mechanisms behind improved jumping

performance, Hoffren-Mikkola et al. [30] demonstrated that improvements in jumping perfor-

mance after plyometric exercise were achieved with shorter operating lengths of the m. gas-

trocnemius and, therefore, increased fascicle stiffness and improved tendon utilization [30]. In

addition, Piirainen et al. [24] reported no increase in muscle activity of the triceps surae during

explosive isometric tests after plyometric exercise, suggesting that mechanisms other than

improved voluntary drive, such as increased utilization of elastic energy and/or stretch reflex

activity, may be responsible for enhanced jump performance [24]. With regard to muscle

architectural changes, 6 weeks of plyometric training has been shown to result in increased

muscle thickness, fascicle length and pennation angle, which likely contributed to the observed

changes in power [32].

In the current study, we did not observe a significant increase in leg-extensor RFD after

either plyometric or resistance exercise. Such null findings should be set in context with

respect to the body position specificity of the test and training exercises: a significant increase

in RFD may be more likely if the test is more body position-specific or if training is performed

with the intent to rapidly contract muscles [33]. Although RT included dynamic leg press

training and a multi-joint isometric leg press set-up was used to assess RFD, training was per-

formed bilaterally while testing unilaterally. In contrast, part of the training in PLYO was per-

formed unilaterally, but in different body positions regarding knee-joint angle. We should

however note that the percent change does seem to point out an exercise-induced improve-

ment in PLYO, but this improvement was not significant because of a large variability in train-

ing responses and small sample size. Coefficient of variation (18.9%) was high, but that is quite

typical in early phase RFD, even in young adults [34]. A longer time interval of 0–200 ms was

considered (CV of 9.9%), but as it did not lead to any different conclusions, we decided not to

include this information in the results section for brevity. In line with the results on RFD, no

time-by-group interaction effect was found for isometric MVC, although RT was the only

group that improved.

To our knowledge, limited reports exist on changes in 1-RM after plyometric exercise in

older adults. Bolam et al. (2016) reported no increase in leg press 1-RM after 9 months of plyo-

metric exercises performed at high (40–80 jumps) or moderate (20–40 jumps) dose 4x/weekly

in middle-aged and older men. However, these findings might have been related to the limited

adherence rates (i.e. 53–65%) [35]. On the contrary, Correa et al. [36] reported similar gains in

knee-extension 1-RM after 6 weeks of plyometric compared to traditional resistance exercise.

Both groups followed the same 6-week program of generalized strength training prior to divi-

sion in two exercise groups. Gains in 1-RM from week 6 to 12 were similar (+20–21%)

between groups [36]. This is in line with our findings, showing that short-term plyometric

exercise is able to induce similar gains in leg press 1-RM as traditional resistance exercise. This

gain in 1-RM might be linked to muscle architectural changes (i.e. increased muscle thickness

and pennation angle) and improved muscle recruitment, as found previously after 6 weeks of
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plyometric training in older men [32]. Although the long-term effects should be investigated,

these results show that PLYO is beneficial over RT for improving muscle power and jump per-

formance without compromising gains in strength, at least when older individuals begin a

high-intensity (resistance or plyometric) training program.

Improved (rapid) power production in PLYO was hypothesized to result in a greater gain

in functional capacity compared to RT and WALK [12, 13, 36]. However, this hypothesis was

only partly confirmed. Walking performance (10m fast walk and 6MWD) equally improved in

RT, PLYO and WALK, and to a similar extent (4.4–6.7%) as previously reported after resis-

tance exercise [22] or walking [20]. 5xSTS duration did not change significantly in either of

the groups. This test was probably not challenging or training-specific (i.e. no SSC) enough in

our sample of older men, as all subjects were classified as not mobility-limited

(6MWD > 400m). Although 5xSTS duration did not change, the highest mean power output

in a single sit-to-stand transition improved in both RT and PLYO. This result was not influ-

enced by gains in body mass, as there was no correlation between gains in power and in body

mass nor a significant gain in body mass post-intervention. Interestingly, PLYO showed a

greater improvement in stair climbing performance than RT. This result was not surprising,

given that PLYO improved power production in the leg-extensor (i.e. knee- and hip-extensor)

muscles, which play a dominant role in developing the power needed to progress from one

step to the next during stair ascent [37, 38]. In addition, the forward step-up (jump) exercises

in PLYO are mechanically very similar to stair climbing, enhancing the potential of inducing

training-specific adaptations. As stair climbing is one of the most demanding functional tasks

in older adults, improvements are crucial in maintaining independence.

It should be noted that some of our key findings of between-group differences (i.e. results

on stair ascent and squat jump) are based on non-parametric analyses. However, in most

cases, non-parametric tests are considered to have lesser statistical power than parametric

analyses, meaning that the latter are more likely to detect an effect when it actually exists.

Parametric analyses of our non-normally distributed parameters resulted in the same conclu-

sions, which indicates towards the robustness of our results.

A secondary aim of this study was to assess the feasibility of plyometric exercise in healthy

older men. Recruitment rate was 39.6%, which is acceptable and in line with recruitment rates

of (resistance) exercise trials in similar populations [22, 23, 39]. Exercise adherence was very

high (>80%) in all individuals, except in the four dropouts, independent of training group.

Subjects in WALK appeared to have higher adherence rates than the other groups, with some

individuals even exceeding the recommended amount of training sessions. This might have

been caused by the self-report in that group, with subjects noting down every daily life walk

instead of solely the walks as part of the training program. When adherence rates in WALK

were corrected by excluding any sessions above the prescribed training frequency, adherence

was similar in all groups.

Acceptability of the exercise program was very high in both PLYO and RT, demonstrating

that plyometric exercise is at least perceived by healthy older men as being feasible (and to a

similar extent as resistance exercise). All subjects in PLYO indicated that they were likely to

participate in similar exercise programs in the future. However, as shown previously, this

intention to participate in future programs appears to have limited predictive value for actual

long-term exercise behavior [40]. Also, inevitable in research with volunteers, a self-selection

bias might have occurred, by only including highly motivated subjects in the intervention. In

addition, subjects might have tended to give socially desirable answers to the questionnaires.

Acceptability should therefore be investigated in larger study samples to confirm these

findings.
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Although our subjects seemed to enjoy the plyometric exercise program and considered it

to be feasible, we cannot ignore the adverse events. Two in particular need further attention:

knee pain and muscle strain of the m. gastrocnemius. Five out of 14 subjects in PLYO reported

some kind of knee pain during the exercise program. In one subject, this was related to a non-

treated knee injury in the past and not specifically caused by the training program. In three

subjects, knee pain was only reported once in the beginning weeks of the exercise program

and disappeared later on. This might have been related to the height of the box (up to 30–40

cm) during step-up exercises, which may have caused an unfavorable knee joint angle (more

flexed), or poor technique (e.g. inversion at the knee, corrected when inspected by supervi-

sors). Height of the box was reduced once subjects progressed to jumping (20–30 cm) and

knee pain was no longer reported. In only one subject, knee pain was sufficiently severe to

cause a drop-out. It is not clear whether this pain was caused by the stepping exercises as such

or by the impact of the landing phase during jumping. A more severe adverse event, causing

two subjects to drop out, was a strain in the m. gastrocnemius. In both cases, the injury

occurred in the second phase of the plyometric program (week 5 or 6), in which slight, sub-

maximal jumps were performed to familiarize with the exercises. The injuries did not seem to

be caused by insufficient warm-up, nor by excessive fatigue, as they occurred in set 3 or set 6

(out of the total exercise volume of 9 pre-programmed sets). Importantly, the strain occurred

during the concentric phase of either the forward or the sideways step-up jump. These are

both unilateral exercises in which the calf muscles are part of the prime movers. Considering

that both subjects could be classified as obese (BMI of 30.5 and 33.45 kg/m2 respectively), the

calf muscles had to comply with high absolute loading forces. Excessive body weight in combi-

nation with a likely decrease in gastrocnemius fascicle length [15] and Achilles tendon stiffness

[15, 41] with ageing inevitably increases the risk of muscle injuries during such exercises.

With this in mind, we should reflect on the proper design and exercises to be included in a

plyometric exercise program for older adults. To be able to compare the effects of a plyomet-

ric-only protocol to traditional resistance exercise, we did not include a preparation phase of

resistance training before introducing jumps. It can be argued that a proper periodization

design is warranted, starting with traditional resistance exercise aimed to induce hypertrophy

and maximal strength gains, before progressing to explosive-type of exercises. However, we

did progress slowly from slow-speed exercises without jumping over submaximal jumps to

maximal jumps. The three plyometric exercises are all considered to be low-intensity drills

[42]. Countermovement jumps have been used multiple times in exercise programs for healthy

older adults without any adverse events [43, 44]. Step-up exercises were chosen considering

their beneficial effects on muscle strength and functional performance [23] and their resem-

blance to stair climbing, i.e. one of the most demanding functional tasks for older adults. In

addition, the lateral step-up jumps were already used in older women without any adverse

events [36]. Subjects in our study were recommended to use wall bars if necessary (both to

reduce intensity and the balance component), but only one subject chose to do so. Training

volume per session, in plyometrics typically expressed as total number of foot contacts, was

limited to recommended guidelines for beginners (i.e. 80 to 100) [42] and even decreased with

increasing training intensity to keep injury risk to the minimum. Adequate recovery, i.e.

between repetitions (5 s, consecutive jumps only in last training phase), between sets (1 min.),

between exercises (at least 2 min.) and between training sessions (48 – 72h), was provided

[42]. Although we did not measure markers of muscle damage, subjects in PLYO did not

report excessive muscle soreness after training. However, given that plyometric exercise inter-

ventions in older adults remain scarce in literature, more research is urgently needed to set the

appropriate training dose (volume, intensity, frequency, duration) [18] and exercises for opti-

mizing gains in power and functional capacity and for minimizing injury risk. In addition, we
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should acknowledge that it is challenging to quantify exercise intensity (i.e. both mechanical

load and neuromuscular demand) [45] and fatigue during plyometric exercises, although it

would definitely be of added value to optimize training dose.

Based on the findings of the current study, people might question whether it really is worth

doing more stressful plyometric jump training as opposed to regular walking. Aside from

training-specific gains in strength, power, jump and stair climbing performance, more ‘neu-

tral’ functional performance tests (i.e. walking and STS) do not seem to improve as robustly.

However, the following aspects need to be considered. Firstly, it should be noted that the rela-

tionship between muscle power and functional performance is curvilinear [5]. Hence, for low

levels of muscle power, the improvement in power leads to a substantial improvement in func-

tional performance. However, above a certain level of baseline muscle power, further increases

in power do not lead to further increases in the parameters usually assessed to register func-

tional performance (e.g. STS ability). Our subjects were well-functioning older men with rela-

tively high baseline levels of muscle power, which might explain the null findings with regard

to STS ability. Notwithstanding, any improvement in muscle power in well-functioning older

adults should be recognized as important, even if it does not result in further improvements in

functional performance. Higher levels of muscle power can at least postpone the drop below

the disability threshold. Secondly, STS ability is subject to a ceiling effect in well-functioning

adults, as noted previously [28]. Instead of questioning the beneficial effect of plyometric exer-

cise on functional performance, it may be necessary to question whether traditional functional

performance tests are sensitive enough to capture changes in well-functioning older adults.

Jumping is a more sensitive measure of power performance than chair rising [46]. Even

though jumping is not an activity that older adults do on a regular basis, the inability to jump

is related to poorer self-reported health, more comorbidities, worse cognitive functioning,

more limitations in daily life activities and higher fall incidence [47]. Thirdly, intensity is not

something to be feared, as discussed by Hunter et al. [48] and commented by Gentil et al. [49].

Ageing is associated with both a decline in type II fiber size and in the ability to activate these

fibers [50, 51], resulting in decreased strength and power production. To train these type II

fibers, high efforts are needed, either through using relatively high loads (as in RT), performing

exercises at high velocity (as in PLYO) or training to momentary failure [49]. According to

Henneman’s size principle, walking at comfortable pace is not sufficient to target the type II

fibers and is therefore incapable of countering this age-related decline.

Considering the cost-benefit of our plyometric exercise program, we cannot claim that

plyometric training is better than concentric-only machine-based power training, as previ-

ously performed by several research groups [13, 52]. While concentric-only machine-based

power training or alternative plyometric training with machines designed to limit the impact

of the landing phase (e.g. [24, 32]) might be considered a safer modality for older adults,

adverse events in the current study did not seem to be the result of high impact during landing.

Because of differences in the design of the traditional resistance exercise protocol as reference,

in the study population and in measurement outcomes, it is also difficult to compare our

results to previous findings in machine-based power training [13, 52]. What we can say is

that both plyometric and machine-based power training will improve power and functional

performance in older adults previously unaccustomed to systematic training, although the

mechanisms behind these improvements are very likely training-mode specific. While neuro-

muscular improvements due to machine-based power training are mainly attributable to

improved voluntary neural drive, plyometric training seems to result in a better utilization of

the advantaged provided by the SCC [24]. Both aspects are vulnerable to age-related deteriora-

tion [15, 16, 51] and deserve attention in exercise programs for older adults.
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To conclude, plyometric exercises are beneficial over traditional resistance training for

improving muscle power, jump and stair climbing performance without compromising gains

in muscle strength. This form of training seems feasible in older men, although proper supervi-

sion is warranted and caution is advised when applying unilateral exercise drills because of a

potential increase in the risk for calf muscle injuries. Box heights of 20–30 cm are feasible for

step-up jumps in older men, but higher heights might result in more reports of knee pain

because of unfavorable knee-joint angles. Given the beneficial performance-related effects of

plyometric exercise in older adults, future research should focus on optimizing the training

dose, exercise drills and periodization schemes.
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Abstract

Artificial gravity elicited through short-arm human centrifugation combined with physical

exercise, such as jumping, is promising in maintaining health and performance during space

travel. However, motion sickness symptoms could limit the tolerability of the approach.

Therefore, we determined the feasibility and tolerability, particularly occurrence of motion

sickness symptoms, during reactive jumping exercises on a short-arm centrifuge. In 15

healthy men, we assessed motion sickness induced by jumping exercises during short-arm

centrifugation at constant +1Gz or randomized variable +0.5, +0.75, +1, +1.25 and +1.5 Gz

along the body axis referenced to center of mass. Jumping in the upright position served as

control intervention. Test sessions were conducted on separate days in a randomized and

cross-over fashion. All participants tolerated jumping exercises against terrestrial gravity

and on the short-arm centrifuge during 1 Gz or variable Gz at the center of mass without dis-

abling motion sickness symptoms. While head movements markedly differed, motion sick-

ness scores were only modestly increased with jumping on the short-arm centrifuge

compared with vertical jumps. Our study demonstrates that repetitive jumping exercises are

feasible and tolerable during short-arm centrifugation. Since jumping exercises maintain

muscle and bone mass, our study enables further development of exercise countermea-

sures in artificial gravity.

Introduction

Lack of terrestrial gravity during space travel produces multiple physiological adaptations chal-

lenging astronaut performance and health. The issue is particularly relevant for future deep

space missions. Countermeasures relying on strength and endurance exercises help maintain-

ing skeletal muscle [1] and cardiopulmonary fitness [2]. Current exercise countermeasures on

the International Space Station are individually tailored for each astronaut. In general, an inte-

grated resistance and aerobic training schedule is prescribed [3–5]. Crewmembers typically

exercise six days per week, which consumes significant crew time and resources [6,7]. Yet,
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with current countermeasures, lower limb bone mass and muscle volume was still reduced

after 16–28 weeks in space [8]. Moreover, countermeasures for potentially serious changes in

ocular and brain structures likely resulting from chronic cephalad fluid shifts, the so called

space associated neuro-ocular syndrome [9, 10], have not been established. Other approaches

such as passive axial loading suits or lower body negative pressure systems [11–13] affect only

parts of the complex physiological adaption process during long-term space missions.

Artificial gravity elicited through axial acceleration on short-arm human centrifuges, which

distributes fluids to the lower part of the body, has been developed as potential countermea-

sure. Centrifugation may also help maintaining coordination and vestibular function, which

are crucial when arriving on other celestial bodies. Yet, centrifugation when simply added to

current countermeasures may not be practical given the tight schedule of astronauts. Com-

bined centrifugation and physical exercise may be more efficient. Because reactive jumps

appear to maintain skeletal muscle as well as bone mass in bed rest [5], jumping exercises dur-

ing centrifugation are particularly promising. However, exercise-induced head movements

within a rotating environment can produce severe motion sickness symptoms or illusory sen-

sations through cross-coupled angular accelerations of semi-circular canals [6]. The issue is

complicated by the steep g gradient away from the rotation axis during short-arm centrifuga-

tion [7]. Leg press exercises were tolerated during centrifugation, however, subjects were

restrained to avoid head movements [8]. Therefore, the aim of our study was to determine the

feasibility and tolerability of reactive jumping exercises during short-arm human

centrifugation.

Methods

Study participants

We included 15 healthy men (26.4 ± 5.8 yrs; 180.9 ± 4.0 cm; 77.2 ± 5.8 kg) who were naïve to

jumping exercises during centrifugation. Prior to the study, participants completed a brief

medical questionnaire detailing their drug and medical history and passed a standardized cen-

trifuge medical screening that includes clinical-chemical analyses of blood and urine, stress

electrocardiogram, and orthostatic testing. Participants were excluded if they were in pain, or

had any significant current or history of musculoskeletal, cardiovascular or neurological disor-

der or injury that could affect the ability to perform exercise. All participants were recreation-

ally active (engaging in a minimum of two sport sessions per week) in order to facilitate

exercise performance and minimize risk of injury during centrifugation. All participants gave

written informed consent to participate in the study. The study was approved by the North

Rhine ethical committee (Ref: 2017122).

Protocol

Participants attended to the laboratory at: envihab (DLR, Cologne, Germany) on four testing

sessions separated by at least three resting days to allow for muscle recovery. In a fifth session

participants ran on a treadmill at the German Sports University in Cologne. Participants were

not permitted to take anti-emetic medication (i.e. scopolamine) and were offered light food

(bananas, cereal bars) and non-sparkling water during each protocol to ensure hydration and

glycaemia. Our experiment on motion sickness was part of a broader physiological investiga-

tion of jumping exercises during centrifugation that will be published elsewhere. Briefly, we

compared effects of jumping exercises in the supine position on a short-arm centrifuge during

spinning at different gravity level with jumping in upright position in terrestrial gravity (see

Table 1).
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Prior to recording, participants were familiarized with equipment and testing procedures

including a brief centrifugation run. In two testing sessions, subjects performed jumping exer-

cises in artificial gravity (AG) on the DLR-short-arm centrifuge at constant +1 Gz along the

subject´s body axis (Continuous AG) and with +0.5, +0.75, +1, +1.25 and +1.5 Gz along the

subject´s body axis in randomized order (Variable AG). Jumping in the upright position

against terrestrial gravity served as control intervention (Terrestrial gravity). The study was

conducted in a randomized controlled cross-over fashion.

Participants performed jumping exercises in the supine position on the short-arm centri-

fuge using a horizontal sledge (Figs 1 and 2) against a fixed footplate. The jumping sledge was

attached to the short-arm centrifuge via low friction bearings that by riding along rails permit-

ted linear movements along the centrifuge arm (Fig 3A). In addition, the sledge allowed for

pitch at participants´ center of mass to facilitate natural jumping movements (Fig 1).

Table 1. Exercise conditions for each participant.

Condition Description

Terrestrial Gravity 15 x 15 vertical jumps in terrestrial gravity

Continuous AG 15 x 15 jumps at constant +1 Gz� at CoM

Variable AG SAHC: 3 x 15 jumps at +0.5 Gz�

3 x 15 jumps at +0.75 Gz�

3 x 15 jumps at +1 Gz�

3 x 15 jumps at +1.25 Gz�

3 x 15 jumps at +1.5 Gz�

in randomized order

�The value refers to Gz at the center of mass

Fig 1. Schematic of the jumping sledge used on the short-arm human centrifuge. Participants were secured in supine position with a

safety belt controlling their movement using two hand grips while jumping against a footplate mounted to the centrifuge. Due to the

sledge design, movements along the centrifuge radius (A) against earth´s gravity (B) and in pitch axis around the center of mass (C) are

possible.
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Participants were fastened on the sledge by safety belts around hip. The head was not

restrained. Each centrifugation session lasted approximately 30 min. In protocol 2, each G–

level lasted for around 6 min. Onset and offset acceleration of the centrifuge were 0.1 G/sec.

We terminated centrifugation when participants demonstrated pre-syncopal signs or

symptoms.

Data acquisition and analysis

During centrifugation, five lead electrocardiogram, brachial cuff blood pressure, finger pulse

oximetry (Philipps IntelliVue1), and a live video feed were continuously monitored subjects

by an experienced physician.

Fig 2. Presentation of participants position on the short-arm human centrifuge in bird’s-eye perspective. During

centrifugation participants performed jumping exercises against a footplate (A).
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We assessed tri-axial (pitch, yaw, and roll) head movement velocities throughout using a

wearable inertial sensor (Shimmer3, Shimmer, Dublin, Ireland) secured with an elasticated

band on the forehead. We determined motion sickness susceptibility prior to the study using

the Motion Sickness Susceptibility Questionnaire (MSSQ) short-form [10] that yields MSA

(based on childhood experience (before age 12) and MSB for that over the last 10 years (max

score = 54).

Directly before, and immediately following each condition, participants completed Subjec-

tive Motion Sickness Rating, Motion Sickness Assessment Questionnaire (MSAQ), Positive

and Negative Affect Schedule (PANAS), and Epworth Sleepiness Scale (ESS) questionnaires.

Subjective Motion Sickness Rating’s range from 0 “I am feeling fine” to 20 “I am about to

vomit” [14]. The MSAQ was used to measure (1 to 9 max) various dimensions (e.g. gastroin-

testinal, sopite) of motion sickness [15]. PANAS was used to measure the effect of symptoms

induced by jumping upon mood. Participants rated each item on a Likert scale from 1 “not at

all” to 5 “very much”. The ESS (which via rating from 0 (non-) to 3 “high chance of dozing” in

8 contexts) since “drowsiness” is a cardinal symptom of motion sickness [16–18]

In addition, participants were asked regularly during centrifugation whether they were

experiencing any motion sickness symptoms, and to report any unexpected symptoms such as

tunnel vision or tumbling sensations.

During centrifugation five lead ECG (Philipps IntelliVue1), cuff blood pressure and SpO2

as well as a live video feed were used to continuously monitor subjects by an experienced phy-

sician. Any run where participants demonstrated pre-syncopal symptoms was terminated

immediately.

Statistical analysis

Mean head movement (Pitch, Yaw, Roll) velocities were compared between jumping sessions

1–15 for each condition using analysis of variance with repeated measurement. All question-

naire pre and post data was compared between conditions per participant. Pre-data repre-

sented scoring from every questionnaire before starting of the individual condition and post-

data for every questionnaire after completion of each condition. Non-parametric tests (Fried-

man´s Chi-Square) were performed to evaluate whether there was an effect of condition. If sig-

nificant differences across conditions were observed, post-hoc tests with pairwise comparisons

using Dunn-Bonferroni were performed to determine which condition was significant

different.

Fig 3. Participant´s jumping position during (A) continuous or variable centrifugation on the short-arm human

centrifuge and (B) vertically against terrestrial gravity.
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All statistical tests were conducted using SPSS version 21 (IBM Corp., USA) with α< 0.05

indicating significance.

Results

All participants tolerated well jumping exercises against terrestrial gravity and on the short-

arm centrifuge during both, the continuous and the variable centrifugation protocol. Only one

subject experienced presyncopal symptoms requiring termination of the Variable AG protocol

but completed all other protocols without similar symptoms. No disabling motion sickness

symptoms occurred that required termination of testing. Serious adverse events did not occur.

Mean head movement velocities in pitch axes did not differ between centrifugation proto-

cols (Fig 4) but compared to terrestrial condition (p = 0.000, dfs = 14). In the eccentric phase

of the jumps, mean positive peak pitch angular velocity (Fig 5) was significantly greater during

continuous (t (14) = 5.06, p< 0.001) and variable centrifugation (t (14) = 6.27, p< 0.001)

compared to the terrestrial control condition. During concentric movements against the cen-

trifuge´s gravity vector, mean negative pitch angular velocity was also significantly greater in

continuous (t (14) = -8.503, p< 0.001) and variable centrifugation protocols (t (14) = -3.055,

p = 0.009) compared with the control intervention. We observed no significant changes in

head movements across time, F = 0.827, p = 0.643, partial η2 = 0.045, n = 15 (Greenhouse-

Geisser).

No participant reported motion sickness before the training sessions commenced. Motion

Sickness Susceptibility (MSSQ) scores were 10.84 ± 4.52 with sub-scores for MSA (5.68 ± 2.70)

and MSB (5.37 ± 2.93).

After the interventions, Subjective Motion Sickness Ratings were low with 1.33±0.48 fol-

lowing Terrestrial gravity intervention, 2.53 ± 1.45 following Continuous AG, and 2.15 ± 1.14

following Variable AG. Post-hoc analysis (Dunn-Bonferroni) across conditions showed that

Fig 4. Mean (± SD) head movement velocities in roll, yaw and pitch for each condition.
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Subjective Motion Sickness ratings were significantly higher during continuous centrifugation

compared to terrestrial control condition (z = 2.527, p = 0.034).

Post condition mean Motion Sickness Assessment Questionnaire scores were relatively low

(Fig 6) and did not differ between conditions (Friedman´s Chi-Square χ2 (2) = 0.792,

p = 0.673).

Fig 5. Mean (± SD) peak pitch angular velocities during each jumping session and in each condition. Subsequent jumps are labeled as J1 to J

15.

Fig 6. Motion sickness scoring from MSAQ questionnaire for each condition.

Sport and Exercise Medicine: Theory and Practice 

29

https://doi.org/10.1371/journal.pone.0234361.g005
https://doi.org/10.1371/journal.pone.0234361.g006
https://doi.org/10.1371/journal.pone.0234361


Post condition PANAS scores tended to be more positive in all conditions with PA:

26.25 ± 9.63, NA: 13.23 ± 4.81 following Continuous AG, PA: 29.76 ± 10.00, NA: 10.61 ± 1.66

following Variable AG and PA: 23.26 ± 8.72, NA: 15.73 ± 5.31 following terrestrial control

condition,. Between the terrestrial control condition and both centrifuge conditions no signifi-

cant effect (PANAS P χ2 (2) = 5.636, p = 0.060, χ2 (2) = 4.769, p = 0.092) occurred.

Post condition Epworth Sleepiness Scale scores did not differ significantly between condi-

tions ratings were numerically slightly higher with centrifugation (Continuous AG:

8.28 ± 5.31, Variable AG: 8.07 ± 5.89, terrestrial control condition: 6.33 ± 3.67).

Discussion

Our study demonstrates that repetitive voluntary jumping exercises are both feasible and toler-

able during short-arm centrifugation at levels ranging from +0.5 to +1.5 Gz at the center of

mass along the body axis. Indeed, the intervention was well tolerated by recreationally fit indi-

viduals who were naïve to jumping exercises during centrifugation as long as they were briefly

familiarized. Study participants could move their heads freely within certain safety limits on

the centrifuge and perform jumping exercises without experience increased motion sickness

levels. Thus, contrary to the common perception that whole-body movements, including head

motion during short-arm centrifugation result in motion sickness and related symptoms per
se, we demonstrated that vigorous repetitive jumping is possible without induction of negative

motion sickness symptoms.

Head movements within a rotating environment produce cross-coupled angular accelera-

tions in the semicircular canals. The mechanism can trigger adverse vestibular stimulation

with symptoms ranging from mild discomfort (e.g. sweaty palms) to severe nausea, vomiting

or even loss of consciousness [6]. Yet, not only was repetitive jumping possible but no partici-

pant needed to drop out due to motion sickness symptoms. In fact, Motion Sickness Scores

and Motion Sickness symptoms were low in all conditions. The finding is remarkable given

the high values for head yaw, pitch, and roll velocities being generated in all conditions that

are excess of those previously defined as being associated with comfort zones [9]. Moreover,

the comparison between both centrifuge conditions reveals the interesting fact that alternating

gravity levels seems to have only minor effects on the increase of motion sickness scoring or

other related symptoms.

Our study extends the recent findings of Piotrowski et al [8] who demonstrated that leg

press exercises on a sledge during centrifugation albeit with head movement restraint, could

be tolerated. Thus, contrary to that previously thought rapid, forceful and complex voluntary

repetitive movement such as jumping can be implemented during short-arm centrifugation.

The cardiovascular burden imposed by short-arm centrifugation may promote presyncopal

symptoms that can progress to frank syncope. The fact, that only one presyncopal event

occurred during the Variable AG condition is reassuring. It is likely that jumping or squat

exercise during centrifugation can help to maintain orthostatic tolerance even in a steep +Gz
gravity gradient.

PANAS Negative Affect (NA) Scores tended to be slightly lower during centrifugation.

These findings, albeit non-significant may be explained by participants perceiving centrifuga-

tion as exciting–particularly for unexperienced participants.

The fact that only men were included is a limitation that was part of the study design in

which our experiment was included. In our study, both average MSA and MSB MSSQ scores

were relatively low compared to normative populations [10,11]. Thus, whether similar results

would be observed in more or highly sensitive individuals is unknown. While some subjects in

our study scored relatively high in terms of motion sickness sensitivity (MSB> 11), none
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featured motion sickness requiring test termination. While the issue warrants further study,

astronaut populations undergo tight medical screening and are not likely to have high motion

sickness susceptibility. We cannot exclude that repeated exposure as part of a countermeasure

protocol mitigates motion sickness symptoms completely. Since our study only included men,

our findings cannot be simply extrapolated to women. Indeed, previous studies reported

impaired vasoconstriction leading to impaired orthostatic tolerance in women after bed

rest [12].

Despite these issues, we suggest that jumping exercises on a short-arm centrifuge are not

generally restricted by disabling motion sickness symptoms. We speculate that being ‘in con-

trol’ may have increased the tolerability against cross-coupled effects during head movements

while exercising on the short-arm centrifuge. This could be explained with increased controlla-

bility of the unknown setting on a centrifuge [13]

Since jumping exercise have been proven efficient in maintaining bone and muscle mass,

our study enables further development of exercise countermeasures in Artificial Gravity.
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Abstract

Introduction

Studies report that intense physical activity influences the down-regulation of immune

function in athletes as well as the interaction between adipose tissue and the immune

system.

Aim

This study aimed to compare the plasma soluble levels of the immune checkpoint HLA-G

(sHLA-G) molecule with the fat mass and muscle mass index among 77 bodybuilders and

64 controls.

Results

The comparisons of the percentage of body fat (%BF) revealed that the groups of male and

female bodybuilders showed a statistically significant reduction in the percentage of body fat

when compared to their control group, (P <0.0001, for both comparisons). Regarding sHLA-

G levels, the comparisons showed that the group of male bodybuilders had significantly

higher sHLA-G levels compared to the group of female bodybuilders (P = 0.0011).

Conclusion

Our results showed that in bodybuilders with less body fat, the systemic levels of soluble

HLA-G, an immunological molecule with recognized immunosuppressive function, are sig-

nificantly higher and suggest that this immune mechanism may corroborate the immunosup-

pressive state in athletes undergoing intense and prolonged physical training.
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Introduction

In contrast to moderate or intermittent physical activity, prolonged and intensive exertion

causes numerous changes in immunity that possibly reflects on immunological suppression.

In fact, evidence indicates that intense physical activity may downregulate the immune func-

tion and increase the risk of certain types of infection [1, 2]. Indeed, bodybuilding athletes are

submitted to high intensity resistance training to develop muscular hypertrophy (size), to

reduce the amount of subcutaneous fat, and to slow down the rate of recovery from fatigue

after exercise [3–5].

Exercise-induced immune depression has a multifactorial origin, depending on mecha-

nisms related to neuro/immune/endocrine systems. Evidence shows that prolonged periods of

intense training may alter the profile of immune cells, including lymphopenia [6, 7] mucosal

immunoglobulin levels [3], impaired phagocytosis [8, 9], and natural killer cell cytotoxicity

(NKCA) [10].

Human leukocyte antigens (HLA) are involved in several important functions of the

immune system, starting from antigen presentation to lymphocytes, performed by the classical

class I histocompatibility molecules (HLA-A/B/C), and extending until the control of the

immune response, as performed by the non-classical class I molecules (HLA-E/F/G). Among

these molecules, HLA-G is the most studied one, and its major function is the down-regulation

of the activity of the innate and adaptive immune system cells, by means of the interaction

with ILT-2/4 inhibitory leukocyte receptors. Accordingly, HLA-G may inhibit the prolifera-

tion of T and B lymphocytes [11, 12], the activity of antigen-presenting cells (APC) [13] and

the cytotoxicity of TCD8 and Natural Killer (NK) cells [11]. Because of these properties,

HLA-G has been recognized as an immune check point molecule. In certain infections and in

some types of cancer, the overexpression of HLA-G can create a tolerogenic environment;

inhibiting several steps of the immune response, propitiating the spreading of infectious and

malignant cells [14]. In contrast, in transplanted organs and autoimmune disorders the expres-

sion of HLA-G may produce beneficial effects.

Considering that: i) numerous studies report that intense physical activity may down-regu-

late the immune function in athletes [5, 8–10], ii) the reported interactions between adipose

tissue and the immune system [15] may be affected by the low amount of subcutaneous fat in

bodybuilders [3, 4], and iii) HLA-G down-regulates the function of cells of the innate and

adaptive immune system [11–14], this study aimed to evaluate the soluble HLA-G levels

among bodybuilders, stratified according to fat mass and muscle mass index.

Materials and methods

Sample

The sample consisted of 141 healthy individuals categorized into 77 bodybuilders and 64 con-

trols, who presented no infections, immunological or metabolic disorders at the time of inclu-

sion in the study. The bodybuilder group was composed of 50 (65%) male bodybuilders (MB)

with a mean age of 33.6 years and 27 (35%) female bodybuilders (FB) with a mean age of 33.2

years. The control group was composed of 24 (37.5%) female controls (FC) with a mean age of

28.0 years and 40 (62.5%) male controls (MC) with a mean age of 23.5 years. Due to lack of

data for all individuals, analyses related to height, total body weight, lean, fat and body mass

indexes were performed only with 14 females and 31 males in the control and 19 females and

33 males in the bodybuilders. The group of high performance bodybuilders was selected from

the participants of the 48th Brazilian Championship of Bodybuilding and Fitness–IFBB 2018,

held in the city of Ribeirão Preto, SP, Brazil. The athletes were assessed before or after the

https://doi.org/10.1371/journal.pone.0238044


standard weighing process to championship. All bodybuilders reported following the Ameri-

can College of Sports Medicine (ACSM) recommendations for training with respect to hyper-

trophy. Bodybuilders preparing for competition followed self- or coach- prescribed diets, with

the sole aim of supplying specific amounts of protein, fat and carbohydrate. The control group

was selected from bodybuilders with at least 1 year of practicing the sport. This investigation

was approved by the Ethics in Research Committee of the University of São Paulo at Ribeirão

Preto School of Physical Education and Sport of Ribeirão Preto (EEFERP-USP, pro-

cess#2,808,296). The athletes agreed to take part in this investigation by signing an informed

consent form.

Anthropometry

Measurements were taken according to the International Society for the Advancement of

Kineanthropometry guidelines (ISAK) [16], and from each subject the following variables

were taken: i) anthropometric assessment for the determination of body composition (% of

fat, lean mass, fat mass and BMI—Body Mass Index), ii) total weight, total stature, nine skin-

folds (tricipital, subscapular, bicipital, chest, medium axillary, suprailiac, abdominal, front

thigh, and medium calf), two muscle girths (flexed biceps, calf standing), and three bone

breadths (elbow, ankle and knee).

The following evaluations were taken: i) weight was measured using the Welmy1 (Santa

Barbara D´Oeste, BRA) scale, with accuracy of 100 g; ii) height with a vertical metric scale with

a 1 mm accuracy; iii) skinfold thickness was assess by a adipometer Cescorf1 with a 0.2 mm

accuracy; and iv) muscle girths were measured with a measuring tape Sanny Medical (Guang-

dong, China) with a 1 mm accuracy scale. After obtaining these values, we used the following

equation to estimate body density of male athletes: DC (g/cm2) = 1,112–0.00043499 (∑7doc) +

0.00000055 (∑7doc)2- 0.00028826 (age); and, for women: DC (g/cm2) = 1.0970 - [0.00046971

(ST) + 0.00000056 (ST)2]—[0.00012828 (age)], developed by Jackson and Pollock, 1978 [17],

followed by converting the result into a percentage of fat by applying the Siri Equation (1961):

% G = [(4.95/D) - 4.50] x 100 [18].

Soluble HLA-G quantification

Soluble HLA-G (sHLA-G) was quantified using MEM-G/9 antibody, which recognizes the

most abundant soluble isoforms (shed sHLA-G1 and secreted HLA-G5), and an anti-human

β2-microglobulin antibody, respectively, as capture and detection antibodies [19]. Microtitra-

tion plates were coated with 10 μg/mL MEM-G/9 mouse-anti-human HLA-G mAb (Exbio,

Praha, Czech Republic) and incubated overnight at 4˚C. Plates were saturated with 300 μL

ready to use diluent buffer (DAKO, Carpinteria, CA, USA) for 2 h. Plasma samples were

diluted (½) in diluent buffer, tested in duplicate and incubated for 2 h. After incubation and

washing, monoclonal anti-human beta2-microglobulin antibody (DAKO, Glostrup, Den-

mark), which recognizes the immobilized antibody sHLA-G complex, was added to the wells

and incubated for 1 h. The plates were then incubated for 1 h with 100 μL (1:200) envision

buffer + system HRP (DAKO, Carpinteria, CA, USA) to obtain anti-β2-microglobulin-horse-

radish peroxidase complex to improve the efficiency of the reaction. All incubation steps were

performed at room temperature and followed by four washes using washing buffer (H2O, PBS

1X, 0.1% Tween 20). The plates were incubated for 30 min with substrate (Tetramethylbenzi-

dine super sensitive-TMB, Sigma Aldrich, Saint Louis, MO, USA) and absorbance was mea-

sured at 450 nm after adding HCL (1 N). Total sHLA-G levels were determined from a five-

point standard calibration curve using dilutions (12.5–200 ng/mL) of HLA-G5 purified from

M8-HLA-G5 cell line culture supernatants. Results are presented in ng/mL.

Sport and Exercise Medicine: Theory and Practice 

35

https://doi.org/10.1371/journal.pone.0238044


Statistical analysis

Categorical variables were described using proportions and 95% confidence interval, and the con-

tinuous variables were described by the mean, median, amplitude and correlation. Continuous

variables were compared by means of Student T test, Wilcoxon-Mann-Whitney rank-sum test

and analysis of variance (ANOVA). We checked for normality of distribution using Kolmogorov-

Smirnov normality test. Since deviations from normality were found, non-parametric tests were

used, Kruskal-Wallis and Mann-Whitney tests. In all analyzes performed, two-tailed versions of

the tests were used and a significance level of 5% (alpha = 0.05) was adopted. Such analyzes were

performed using the program GraphPad InStat version 3.06, GraphPad Software (www.graphpad.

com). For intergroup analyzes, Spearman’s correlation was used, an analysis used to discover the

relationship between the two variables that do not have a normal joint distribution.

Results

Anthropometric assessment

Total body mass (body weight) and height were evaluated, and the body weight for the MB

group ranged from 67–108 kg (84.97 ± 10.45), for the FB group it ranged from 45.5–77 kg

(58.45 ± 9.56), for MC it ranged from 59–98 kg (79.17 ± 11.64) and FC of 48–74 kg

(642.42 ± 8.80). The height of individuals in the MB group ranged from 160–186 cm

(175.63 ± 6.29), for the FB group from 153–176 cm (164.68 ± 6.94), for MC it ranged from

164–192 cm (176.10 ± 6.80) and FC of 153–170 cm (162.18 ± 6.151) (Table 1).

Comparisons of the Body Mass Index (BMI) between the different groups showed that the

group of Male Bodybuilders has a significantly higher BMI compared to the Male Control

(P = 0.0213) and Female Bodybuilders group (P <0.0001) (Table 1).

Percentage of Body Fat (%BF)

Comparisons of the percentage of body fat (%BF) between the groups revealed that the groups

of male and female bodybuilders showed a statistically significant reduction in the percentage

of body fat when compared to their control group, male (P <0.0001) and female (P<0.0001),

respectively. The comparison between the groups of male and female bodybuilders showed

that the group of male bodybuilders showed a significantly greater reduction in the percentage

of body fat compared to the group of female bodybuilders (P<0.0001) (Table 1).

Lean Mass Index (LMI)

To enhance fitness in bodybuilders, LMI must have high levels associated with low levels of fat

mass index. The LMI was calculated using the formula LMI = TBM-FMI, where: LMI = Lean

Mass Index, TBM = Total Body Mass, FMI = Fat Mass Index. Table 1 shows the medians and

comparisons between the different groups studied.

Comparisons of the LMI between the groups showed that the groups of male and female

bodybuilders have significantly higher LMI compared to the male (P<0.0001) and female

(P = 0.0062) control groups, respectively. The control groups and male bodybuilders had sig-

nificantly higher LMI compared to the control (P<0.0001) and female bodybuilder

(P<0.0001) groups, respectively.

Fat Mass Index (FMI)

For the calculation of fat mass, the formula FMI = TBM x %BF/100 was used, where: FMI =

Fat Mass Index, TBM = Total Body Mass, %BF = Body Fat Percentage. Table 1 shows the

medians and comparisons between the different groups studied.
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Comparisons of the FMI between the groups showed that male and female bodybuilders

have significantly lower FMI compared to the male (P <0.0001) and female (P<0.0001) con-

trol groups, respectively. Among the controls, the male control group had significantly lower

FMI compared to the female control group (P = 0.0485).

Table 1. Anthropometric variables and comparison of the groups of individuals studied.

Statistical Comparisons (Mann-Whitney Test)

Variables FC (n = 24) MC (n = 40) FB (n = 27) MB (n = 50) TC (n = 64) TB (n = 77) FC vs

MC

FC vs

FB

MC vs

MB

FB vs

MB

TC vs TB

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Median Median Median Median Median Median

Min—max Min—max Min—max Min—max Min—max Min—max

Age (years) 29.042

(9.134)

24.325

(6.391)

33.222

(5.807)

33.420

(8.732)

26.094

(7.813)

33.351

(7.791)

0.0321 0.0416 < 0.0001 0.5861 <0.0001

27.500 22.500 33.000 31.500 24.000 32.000

16–48 18–44 24–45 20–57 16–48 20–57

Height (cm)� 162.18

(6.151)

176.10

(6.808)

164.68

(6.945)

175.63

(6.291)

171.77

(9.234)

171.63

(8.378)

<

0.0001

0.3579 > 0.9999 <

0.0001

0.9222

165 175 164 176 172 173

153–170 164–192 153–176 160–186 153–192 153–186

Total body mass

(kg)�
62.429

(8.806)

79.173

(11.641)

58.453

(9.561)

84.971

(10.454)

73.963

(13.295)

75.282

(16.343)

0.0002 0.2258 0.0729 <

0.0001

0.5850

66.700 77.600 56.000 83.000 74.000 77.500

48–74 59–98 45.5–77 67–108 48–98 45.5–108

BMI (Kg/m2)� 23.685

(2.773)

25.448

(2.854)

23.014

(3.196)

27.526

(2.959)

24.900

(2.917)

25.305–4.033 0.0931 0.0213 0.0156 <

0.0001

0.7106

24.250 25.230 22.310 26.570 24.540 25.715

19.540–

29.900

20.720–

31.770

18.000–

26.040

22.340–

35.270

19.540–

31.770

18.000–

35.270

%BF 28.741

(8.766)

16.715

(6.438)

10.593

(2.798)

6.460 (5.183) 21.225

(9.389)

7.909 (4.893) <

0.0001

<

0.0001

< 0.0001 <

0.0001

< 0.0001

28.335 16.620 10.560 5.055 20.320 6.800

3.030–42.610 5.560–31.790 4.220–17.810 0.4500–

29.950

3.030–42.610 0.4500–

29.950

LMI (kg)� 44.471

(5.015)

65.170

(7.824)

52.461

(8.572)

78.555

(10.493)

58.731

(11.962)

69.021

(2.219)

<

0.0001

0.0062 < 0.0001 <

0.0001

0.0008

44.185 66.070 49.540 76.630 59.660 70.385

36.270–

54.650

49.300–

82.150

41.170–

70.680

56.740–

102.87

36.270–

82.150

41.170–

102.87

FMI (kg)� 17.957

(5.876)

14.002

(7.459)

5.992 (2.029) 6.416 (5.534) 15.233

(7.181)

6.261 (4.551) 0.0485 <

0.0001

< 0.0001 0.1514 < 0.0001

18.800 13.660 5.890 4.910 13.970 5.045

9.320–28.410 3.940–31.150 2.700–10.710 2.220–27.010 3.940–31.150 2.220–27.010

sHLA-G (ng/mL) 86.549

(87.606)

166.42

(56.300)

76.518

(61.300)

129.17

(135.29)

136.47

(287.76)

110.70

(117.16)

0.0856 0.7989 0.2574 0.0011 0.3767

60.000 90.000 67.270 109.29 78.335 99.290

0.000–355.45 4.580–2266.4 8.890–330.00 0.000–932.14 0.000–2266.4 0.000–932.14

Statistical significant values are highlighted in boldface.

�Sample sizes for these variables are reduced. For FC, n = 14; for MC, n = 31; for FB, n = 19; for MB, n = 33; for TC, n = 45; and for TB, n = 52.

BMI = body mass index (median); FC = female control; MC = male control; FB = female bodybuilder; MB = male bodybuilder; vs = versus.
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Plasma levels of soluble HLA-G

Plasma levels of soluble HLA-G were analyzed and for the FM group their levels ranged from

0–932.14 ng/mL (109.29 ± 135.29), for the FF group from 8.89–330 ng/mL (67.27 ± 31.3), for

CM of 4.58–604.58 ng/mL (88.75 ± 105.37) and CF of 0–355.45 ng/mL (60 ± 87.6) (Fig 1).

Comparisons of plasma levels of soluble HLA-G (sHLA-G) showed that the group of male

bodybuilders had significantly higher levels of sHLA-G compared to the group of female body-

builders (P = 0.0011) (Table 1).

Considering that the age difference between the groups MB (33.6 years) and MC (23.5 years)

was of almost 10 years, we also correlated results according to age and gender in the four studied

groups. According to age, the following correlations were performed: i) (MB: rho = 0.0233; P =

0.8724; ii) FB: rho = -0.0724; P = 0.7196; iii) MC: rho = -0.0330; P = 0.8400; and FC: rho = 0.2936;

P = 0.1638). According to gender, the following correlations were evaluated: i) (males: rho =

0.1032; P = 0.3330; females: rho = 0.1708; P = 0.2307) or in the entire sample (rho = 0.0872;

P = 0.3037). These analyses revealed that age and gender did not influence intragroup results.

When compared to the different groups, male bodybuilders (MB) had significantly higher

values of sHLA-G and significantly lower values of Fat Mass Index (FMI) and Percentage of

Body Fat (%BF), we explored intra-group comparisons (Table 1).

Intragroup correlations (Table 2) showed that MB individuals with lower %BF had signifi-

cantly higher levels of sHLA-G (P = 0.0073). Similarly, individuals with lower FMI had signifi-

cantly higher levels of sHLA-G (P = 0.0087).

Discussion

The immune system presents several mechanisms for regulating the inflammatory response.

Several immunological mediators have anti-inflammatory and immunoinhibitory functions,

Fig 1. Plasma levels of soluble HLA-G (sHLA-G) from individuals in the FC (female control), MC (male control),

FB (female bodybuilder), MB (male bodybuilder) groups. sHLA-G levels among MB were significantly higher when

compared to FB. The horizontal bars in bold represent the medians.
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among these, HLA-G presents a well-recognized immunomodulatory activity [17–20]. This is

the first study to assess plasmas HLA-G levels in bodybuilders, highlighting male to female and

intragroup differences. In short, sHLA-G levels were augmented in: i) male bodybuilders (MB)

compared to female bodybuilders (FB) (P = 0.0011), ii) the correlation between MB evidenced

an inverse relationship between body fat and sHLA-G levels.

Studies have shown that adipose tissue secretes various inflammation-related cytokines,

such as leptin and IL—6, which can induce chronic low-grade inflammation in obese individu-

als, with a concomitant stimulation of sHLA-G production, which has anti-inflammatory

activities [21, 22]. This mechanism is possibly due to compensate the chronic pro-inflamma-

tory state of obesity. Other studies indicate that the presence of higher levels of sHLA-G in

patients with chronic diseases could, provisionally, represent a way to compensate the inflam-

matory condition [23].

Studies that measured the chronic effects of moderate or intermittent physical exercise

point to local and systemic reduction of pro-inflammatory mediators, with attenuation in the

production and secretion of acute phase proteins [24], and greater production and secretion of

cytokines with anti-inflammatory function (especially IL-6 in skeletal muscle tissue and blood)

[25]. The literature also suggests that the beneficial effects of physical training on the modula-

tion of inflammation depend on the quality and quantity of stimuli, which are directly related

to the rest time between stimuli to avoid the emergence of the stress condition [26]. In this

context, it is also reported that physical exercise when intensively performed contributed to

increase the incidence of upper respiratory tract infection, while exercise of moderate intensity

would have a protective effect against the risk of infections [27, 28].

Considering the relationship between susceptibility to infections and inflammatory\immu-

nologicalmediators associated with the practice of physical exercise, we sought to understand

what possible mechanisms may modulate the immune response, primarily focusing on

HLA-G. According to Costa Rosa and Vaisberge, 2002 [26], cellular and humoral components

are mobilized from the immune system in response to mechanical (hypoxia, hyperthermia and

muscle damage), metabolic (glutamine) and hormonal (adrenaline, cortisol) changes imposed

by exercise [27].

In normal muscle, HLA-G is undetectable. However, in the context of inflammation, mus-

cle fibers express HLA-G in a distribution similar to classical HLA class I molecules, as well as

under stimulation of inflammatory cytokines, such as IFN-gamma [29]. In inflammatory

myopathy, CD8 T cells destroy non-necrotic muscle fibers, showing a response mediated by

HLA class I restricted cytotoxic T cells against surface antigens expressed in muscle fibers.

Marzuillo et al. [30] reported that muscle fibers, in an inflamed environment, co-express

HLA-G, raising the intriguing possibility that HLA-G protects muscle fibers from injury medi-

ated by NK cells [31, 32]. Locally accumulated inflammatory cells produce a multitude of pro-

inflammatory cytokines, including TNF-alpha and IFN-gamma. As these cytokines are known

Table 2. Spearman correlations between plasma levels of soluble HLA-G with Body Fat Percentage, Lean Mass

Index and Fat Mass Index among bodybuilders.

sHLA-G (ng/mL) %BF LMI (kg) FMI (kg)

Female (n = 27)a p = 0.1689 p = 0.8194 p = 0.1827

Male (n = 50)b p = 0.0073 p = 0.8224 p = 0.0087

Significant values are highlighted in boldface.
a For correlation with LMI and FMI, a reduced sample size of 19 women was used.
b For correlation with LMI and FMI, a reduced sample size of 33 men was used.
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to induce HLA expression in many cell types, it seems likely that HLA-G expression, seen in

inflammatory myopathies, at least in part, results from stimulation by locally produced cyto-

kines after injury [33].

Insufficient physical exercise is related to the development of several diseases and metabolic

changes, such as decreased insulin sensitivity, changes in lipid metabolism, increased visceral

adiposity, decreased lean body mass and loss of muscle strength, resulting in low-grade

chronic inflammation [34]. On the other hand, muscle damage, resulting from physical exer-

cise, may initially result in a condition of acute inflammation with an increase in the produc-

tion of myocins and activation of immune system cells to the site of muscle damage in order to

initiate the tissue remodeling and repair process [35]. Noteworthy, it has been shown that sys-

tematic physical training can lead to a local and systemic anti-inflammatory state that enables

tissue regeneration and adaptation and, at the same time, protects the organism against the

development of chronic inflammatory pathologies [36]. In other words, an increase in the pro-

inflammatory organic condition, caused by the stimulation of acute exercise, would be coun-

terbalanced by the chronic anti-inflammatory environment, caused by systematic exercise,

which would restrict the magnitude and duration of the inflammation. Thus, the beneficial

effects of physical training on the modulation of inflammation depend on the quality and

quantity of stimuli, which are directly related to the rest time between stimuli [37]. Thus, trans-

versal and longitudinal data suggest that people who perform regular exercises of moderate

intensity maintain a protective state [28, 38]. However, intense and prolonged exercise has

been associated with greater morbidity and mortality [4, 39]. These findings gave rise to the

"J"-shaped model, related the relationship between the exercise dose and the risk of infection.

This model reports that moderate exercise may lower the risk of upper respiratory infection,

whereas excessive exercise may increase the risk. Indeed, greater risk for upper respiratory

infection is observed in over-trained compared with well-trained athletes [40].

Finally, our results present important evidence related to the immunological profile in

bodybuilders, associating the decreased body fat to an increased plasma sHLA-G levels, indi-

cating that, at least in part, HLA-G may contribute to the immunosuppressive state of athletes

undergoing intense and prolonged physical training. Indeed, bodybuilding performed with

extreme training to optimize lean mass and reduce the rate of body fat [31] may be associated

with immunosuppression process [41], which has been attributed to exhaustive and prolonged

exercises [32, 42, 43]. This cross-sectional study presents data obtained only at the time of

championship, and long-term follow-up studies evaluating the role of diet, supplements and

the role of the innate and adaptive immune response are needed to clarify the influence of

intense physical exercise on the immune function.
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Abstract

Soccer is the most popular sport in the world and, since it is a contact sport, players are at

risk for head injury, including concussion. Here, we proposed to investigate the association

of heading and concussion with macroscopic brain structure among adult amateur soccer

players. For this study, 375 amateur soccer players (median age 23 years) completed Head-

Count-12m to estimate heading over the 12 months prior to MRI and lifetime concussion.

T1-weighted 3D magnetization prepared rapid acquisition gradient echo (MP-RAGE) MRI

was performed at 3 Tesla. Parcellation was performed using Freesurfer to extract regional

gray and white matter volumes as well as regional cortical thickness and total intracranial

volume. Regional cortical brain volumes were normalized by total intracranial volume. We

categorized heading into quartiles and concussion as 0, 1 or 2 or more. Generalized linear

regressions were used to test the association of heading or concussion with each brain mor-

phometry metric, including age and sex, as covariates. Neither heading nor concussion

were associated with reduced brain volume or cortical thickness. We observed that greater

heading was associated with greater gray matter volume in the left inferior parietal area,

which may reflect effects related to training.

Introduction

Soccer is the most popular sport in the world [1]. As a contact sport, soccer players are at risk

for head injury including concussion [2, 3]. Unique to soccer, purposive heading, where the

head is used to impact and direct the ball during play, is a fundamental part of the game,

which raises concerns for adverse effects of repeated head impacts (RHI) in the context of soc-

cer play. Soccer heading has thus become an area of concern as a potential source of brain
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injury. Although recognized concussion is more prevalent in American football compared to

soccer [4], high levels of heading are associated with concussive symptoms and worse neuro-

cognitive performance (e.g., [5]). In addition, chronic traumatic encephalopathy (CTE) has

been reported in former soccer players [6, 7].

Over time, repetitive head impacts, such as occurring with heading in soccer, have the

potential to induce long-term structural effects. Indeed, imaging studies have identified

adverse microstructural effects of heading, suggestive of traumatic axonal injury [5, 8]. Using

diffusion-tensor imaging (DTI) to assess white matter integrity, professional soccer players

have been found to exhibit higher radial and axial diffusivity compared to swimmers [8].

Heading has also been shown to be associated with lower fractional anisotropy (FA) in the

temporo-occipital region in adult amateur players [5]. Moreover, ventricular enlargement

indicative of central cerebral atrophy was shown using CT in a small cohort of former profes-

sional soccer players [9]. More recently, using structural magnetic resonance imaging (MRI),

it was shown in a study with 15 subjects per group, that former professional soccer players had

a steeper age-associated decrease in cortical thickness [10]. Apart from these, we are unaware

of other studies that have addressed the potential effect of soccer RHI or concussion on brain

macrostructure. The purpose of this study was to determine whether heading or concussion

were associated with adverse effects on regional brain volume or cortical thickness in a large

cohort of adult amateur soccer players.

Materials and methods

Soccer participants

Players were participants in a large longitudinal study of soccer play and its consequences. Players

whose data are included in this report were adult amateur soccer players recruited between

November 2013 and May 2018 by print and Internet advertisement and through soccer leagues,

clubs and colleges in New York City and surrounding areas. Interested individuals were directed

to an enrollment website, which, after informed consent, collected screening information. A

research team member contacted qualifying individuals, confirmed eligibility, willingness to par-

ticipate in the study and invited enrollment. Inclusion criteria were: age 18–55; at least 5 years of

active amateur soccer play; current active amateur soccer play; at least 6 months of amateur soccer

play annually; and English language fluency. Participants were asked to report neurological or

other medical diagnoses. Exclusion criteria were: schizophrenia, bipolar disorder; current neuro-

logical disorder; pregnancy; or medical contraindication to MRI. At enrollment, each player com-

pleted HeadCount-12m (see below), to capture soccer activity, heading and concussion, as well as

brain MRI. Details of the overall study design have been published previously [11, 12].

Exposure measures

HeadCount-12m, part of a suite of web-based assessments that estimate heading over distinct

timeframes, was used to generate estimates of heading over the prior 12 months and recog-

nized concussions over the lifetime. Prior publications have reported on HeadCount in detail

(e.g., [11–15]). Briefly, participants were asked questions relative to their soccer activity,

including the number of months played per year, the mean number of competitive soccer

games per week, the mean number of headers per game, the mean number of practices per

week, and the mean number of headers per practice. The total number of headers in the past

year was estimated by multiplying the mean number of headers in each setting by the number

of sessions per week in each setting, converted to month, and then multiplying by the number

of months of play per year. Subtotals in each setting were summed to obtain an estimate of

total 12-month heading. The HeadCount questionnaire, also asks the number of years that
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participants have played soccer at a similar frequency and their lifetime concussion history.

Participants were instructed to consider a concussion as any head injury for which they sought

or were asked to seek medical attention. Due to the high degree of right skew in the exposure

measures, we treated each as a categorical variable. Heading was treated as an ordered categor-

ical variable of approximately equal size quartiles and concussion was treated as three catego-

ries: “zero”, “1” and “2 or more” concussions over the participant’s lifetime.

Imaging data acquisition

Whole-brain MR imaging was performed with a 32-channel 3.0-T MR unit (Achieva TX; Phil-

ips Medical Systems, Best, the Netherlands) and a 32-channel head coil (Philips Medical Sys-

tems, Best, the Netherlands). T1-weighted 3D magnetization prepared rapid acquisition

gradient echo (MP-RAGE) was acquired with axial slab selection. Imaging parameters were as

follows: TR/TE/TI = 9.9/4.6/900ms, flip angle 8˚, 1mm3 isotropic resolution, 240 × 188 × 220

matrix and FOV.

Clinical image review

A board-certified neuroradiologist reviewed all images to detect structural abnormalities and

evidence of prior trauma, including microhemorrhage.

Image processing

Segmentation of brain cortical and subcortical structures from T1-weighted image volumes

was performed using the Freesurfer toolkit version 5.3 (https://surfer.nmr.mgh.harvard.edu).

This software package implements a semi-automated segmentation workflow including skull

removal, normalization of WM intensity, spatial registration to the Talairach standard space

and tessellation of gray matter—white matter segmentation. For cortical parcellation, an atlas

considering the gyral and sulcal components as separate regions was used [16]. We extracted

and analyzed white matter gyral/sulcal volumes, cortical gyral/sulcal volumes, cortical thick-

ness and deep brain structures. Intracranial volume (ICV) was measured for each subject [17].

All volume measures were normalized to intracranial volume (ICV) prior to analysis as fol-

lows: Each participant’s ICV was divided by the median ICV of the entire study cohort. Each

brain region’s volume was then divided by this normalized ICV.

Data analysis

Statistical analysis was performed using IBM SPSS software, version 24 (IBM, New York,

USA) and GraphPad Prism7 software (http://www.graphpad.com). We constructed separate

general linear models to test the association of exposure (heading or concussion) with brain

morphometry metrics (volume or cortical thickness) at each location. In each analysis we

tested the significance of heading in the 2nd, 3rd and 4th quartiles compared to the 1st quartile

and of 1 and 2+ concussions compared to 0 concussions. We included sex, age and handedness

as covariates. ICV was included as a covariate in analyses of cortical volume, but not of cortical

thickness. Bonferroni correction was used to mitigate Type 1 error to a corrected p-value of

0.05 (actual p = 0.0002), for 250 corrections. Visualization and representation of brain regions

was accomplished using BrainNet Viewer 1.61 [18].

Participants consent

This study was reviewed and approved by the local institutional review board and complied

with the Health Insurance Portability and Accountability Act. Players recruited to participate
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in the “Einstein Soccer Study”, a multi-faceted longitudinal study of heading and its conse-

quences in adult amateur soccer players, gave written informed consent prior to initiation of

study procedures.

Results

375 amateur soccer players were included in the analysis. Median age was 23 years

(mean = 25.7). Average heading for the 12 months preceding MRI was 2188 (median 691;

range 0–139561). Players reported 0–6 prior concussions over their lifetimes (median 0, mean

0.71) (Table 1). History of a neurological diagnosis (such as headache or migraine, which were

the most frequently reported) or other medical diagnosis was inquired, and due to the small

number of participants with any individual medical or neurological history item (Table 1), we

were not able to reliably test the effects of specific conditions.

Table 1. Demographic characteristics of 365 amateur soccer players.

Soccer Players (N = 375) Frequency

Sex Male 70.9%

Female 29.1%

Race American Indian 0.8%

Asian 7.2%

Pacific Islander 1.3%

Black 16.5%

White 65.9%

Chose not to report 7.5%

Unknown 19.7%

Education

Mean = 15.70 0–13 17.1%

Median = 16 14–15 28%

IQR = 3 16 23.2%

SD = 2.24 17+ 31.7%

Age

Mean = 25.67 18–21 36.3%

Median = 23 22–23 16%

IQR = 7 24–27 25%

SD = 7.54 28+ 22.7%

Concussion Count

Mean = 0.71 0 63.7%

Median = 0 1 16.3%

IQR = 1 2+ 20%

SD = 1.17

Heading Count / Year

Mean = 2188.22 1 24.8%

Median = 691 2 25.3%

IQR = 1573 3 24.8%

SD = 10072.59 4 25.1%

ICV

Mean = 1395568 0–1273356 24.8%

Median = 1400780 1273357–1400779 25.1%

IQR = 224996 1400780–1498352 25.3%

(Continued)
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Radiological review of the imaging studies revealed no evidence of prior trauma or other

gross structural abnormalities. Thus, no players were excluded due to imaging findings.

Neither heading, at any level, nor concussion showed a significant association with either

lower volume or thinner cortex of any brain region tested. We did find that heading at all levels

was significantly associated (p<0.0001) with greater volume of the left inferior parietal cortex

(Fig 1).

Discussion

The main finding of this study is that soccer heading or concussion are not associated with

lower regional brain volume or cortical thickness in a large cohort of adult amateur players.

The diagnosis of CTE in professional and amateur athletes with long histories of sport-related

RHI, even in the absence of clinically diagnosed concussion [8], has raised concern regarding

the role of RHI in accumulating brain injury and long-term risk for neurodegenerative disease

[2]. It is important to consider the largely negative findings of this study of brain macrostruc-

ture in context of the nascent study of soccer effects on the brain as well as hypotheses regard-

ing the role of subconcussive RHI and the evolution of brain pathology before gross tissue loss

is detectable using volumetry [2].

Several studies have demonstrated microstructural changes related to soccer play and head-

ing [5, 8, 14]. Moreover, studies have shown that subconcussive heading may be associated

Table 1. (Continued)

Soccer Players (N = 375) Frequency

SD = 166578.78 1498353+ 24.8%

History of neurological diagnosis Yes 3.7%

No 80.5%

Unknown 15.7%

History of medical diagnosis Yes 9.8%

No 74.4%

Unknown 15.7%

All frequencies are reported as percentage of the entire cohort (n = 375). Concussion is reported as 0, 1, 2 or more

over the lifetime. Heading is reported as number of heading events during the prior 12 months. IQR: interquartile

range; SD: standard deviation; ICV: intracranial volume.

Fig 1. Heading was associated with greater volume of left inferior parietal cortex. (A) Lateral and (B) anterior 3D rendering

showing the left inferior parietal cortex in red.
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with concussion-like symptoms and worse cognitive function in the short and longer term

[5]. Importantly, similar findings have been reported for professional soccer players [7, 8].

The fact that we do not detect gross structural changes related to amateur soccer RHI thus

frames prior microstructural and functional findings as an early and potentially remediable

point on a continuum, which precedes overt tissue loss due to frank neurodegeneration.

Future work will be essential to better understand the nature of soccer-related RHI, potential

for recovery of microstructural and functional effects and how long-term risk varies among

individuals.

Heading is a complex motor skill, which requires precisely timed coordination of percep-

tion (the trajectory and speed of the incoming ball) and response (e.g., proprioception, muscle

contraction). Neuroimaging correlates of neuroplasticity in healthy adults have been reported

across a range of training paradigms [19]. Learning to juggle, for example, has been associated

with localized gray matter expansion at multiple cortical locations including the mid-temporal

area and the left intraparietal sulcus [20] as well as with localized increases in FA on DTI.

Long-term practice of a musical instrument, has been associated with greater cortical thickness

in the right frontal cortex [21]. In light of these and other examples (reviewed in [19]), we

hypothesize that our finding of greater left inferior parietal volume in soccer players who head

the ball more may represent an effect of heading skill acquisition. Further work would be

required to elucidate pathways and mechanisms subserving the development and maintenance

of heading skill. Understanding the potential neuroplastic effects of heading is therefore neces-

sary to inform assessment of the effects of RHI. Moreover, increased levels of heading could be

a surrogate marker for time playing soccer and, consequently, higher levels of fitness. Since fit-

ness is associated with greater gray matter volume [22], it may represent an alternate explana-

tion for the higher regional brain volumes we detect associated with heading.

Although we found no lower volume associated with RHI, these findings should be consid-

ered in light of several limitations. Even though our sample is the largest ever reported for the

adult amateur soccer population, it is nonetheless a subset of that population and may not gen-

eralize to other groups such as children. We also studied a relatively young adult population.

As such, our findings do not preclude brain volume loss due to neurodegenerative disease in

later life. While our localized finding of greater brain volume associated with greater exposure

to heading is consistent with a neuroplastic response to skill acquisition, our cross-sectional

design precludes any explicit causal inference. We estimated exposure to RHI using Head-

Count, which has been validated for this purpose [23]. Nonetheless, the possibility of reporting

error or bias cannot be entirely excluded [5, 12]. Additionally, even though the population

considered here is comprised predominantly of young adult athletes, we have not acquired

data or corrected for body mass index effects, which is another potential limitation. Finally,

due to the strong right skew of heading exposure, we treated it as a categorical variable

(Table 1). Nonetheless, results were similar when analyses were repeated treating heading as a

continuous variable.

In conclusion, we observed no adverse association of soccer-related RHI with brain macro-

structure in a large sample of adult amateur players. Further studies and longer follow up will

be required to determine whether previously reported adverse effects on brain microstructure

and function are associated with such changes over the longer term. On the other hand, the

highly localized elevation of brain volume we identified as associated with greater heading sug-

gests a neural correlate for the skill acquisition inherent in heading.
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Abstract

The aim of this study was to compare the effects of vibration (Vib versus noVib) during a

maximal graded cycling exercise on hormonal response, precisely on cortisol (C) and tes-

tosterone (T). Twelve active males (25 ± 5yrs; 181 ± 5cm; 80.7 ± 11.1kg) randomly per-

formed two maximal incremental cycling tests on two separate days and at the same time of

the day (09:00). The protocol consisted of incremental steps of 3 min duration performed on

a PowerBIKETM that induces vibration cycling. The study was a repeated measures design

and participants performed the test with and without vibration. Gas exchange and heart rate

(HR) were continuously assessed and blood lactate (Bla) was recorded at the end of each

incremental stage. Saliva samples were collected before and immediately after the test, and

analysed for (C) and (T).

The results show that C and T increased in both cycling conditions; however, the C’s

magnitude of change was significantly higher by 83% after Vib cycling in comparison to the

no Vib (p = 0.014), whereas the T’s magnitude of change were not statistically different

between trials (p = 0.715). Vibration induced a decrease of the T/C ratio (p = 0.046) but no

significant changes were observed following noVib (p = 0.476). As a conclusion, the investi-

gation suggests that adding mechanical vibration to cycling may potentiate a catabolic exer-

cise-induced state, which could have potential clinical implications in rehabilitation and

injury treatment. Sport experts should take this message home to carefully plan the recovery

process and time during training and competitions.

Introduction

Local body vibration (LBV) during dynamic activity has only recently been applied to cycling

exercise. Early and recent research on vibration cycling has reported a significant decrease in
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exercise duration compared to cycling-only trials [1]. However, more recent and meticulously

controlled trials have indicated no differences in cardiorespiratory and metabolic variables

between vibration cycling and cycling-only exercises, except a higher ventilation in favour of

the vibration cycling [2]. These recent finding did not confirm prior studies who suggested

higher rates of oxygen uptake, possibly due to vibration-induced activation of afferent neurons

causing contraction of inactive muscle fibres [1, 3]. Note that there is a difference between

whole body vibration exercise/training using platforms in comparison to vibration cycling

which is the context of this study. Whole body vibration exercise showed consistent significant

improvement of muscles’ viscoelasticity and flexibility [4] whereas studies investigating its

effect on strength are not unanimous, with some showing positive effects [4–6] and others

showing the opposite [7] or no effect [4, 8].

Most of the studies examining the hormonal responses induced by vibration during train-

ing have been conducted on resistance training and have reported conflicting results, such as

an elevation of the plasma testosterone [9], plasma cortisol [10] or no change [11–13]. These

mixed results might stem from an insufficient exercise stimulus to elicit a change in hormonal

response [14]. Therefore, it seems rational to investigate the hormonal response during high-

intensity aerobic exercise. This study is indeed the first of a series of investigations that high-

light several effects of different exercise regimes on the hormonal regulation with a particular

focus on testosterone and cortisol.

During acute stress, activation of the sympathetic nervous system occurs, with the release of

catecholamines and concomitantly, the hypothalamic-pituitary-adrenal (HPA) axis is stimu-

lated and cortisol is released [15]. Cortisol plays a permissive role on catecholamines and glu-

cagon in stimulation of gluconeogenesis and mobilisation of free fatty acids to initiate glucose

maintenance [16], this is particularly important in response to stress and may reflect the meta-

bolic demand of an exercise bout [17]. Furthermore, short term, acute stress has also been

shown to increase circulating levels of testosterone [18]. Previous work has established that an

incremental test to exhaustion elicits an increase in salivary cortisol [19, 20] and correlates

with blood lactate measurements [19]; with suggestion that lactate may activate chemorecep-

tors in the working muscles and stimulates the HPA axis [21]. Furthermore, an increase in sali-

vary cortisol and testosterone was observed after a short duration high intensity cycling bout

[22, 23]. Consistently, studies looking at aerobic exercise have demonstrated increases in corti-

sol and testosterone; whereas, there is considerable variability in results following resistance

based exercise for cortisol and power based exercise for testosterone [24]. As such, high-inten-

sity exercises, such as speed endurance maintenance and speed endurance production lead to

a significant acute increase in circulating cortisol levels [25]. However, the same authors did

not confirm a long-term trend but rather a slow decrease of the cortisol production after

repeated sprints training. Testosterone has been shown to increase few minutes post ade-

quately stimulating resistance exercise. According to (Kraemer and Ratamess 2005 [26], high

volume protocols, moderate to high in intensity, and exercise regimes that incorporate short

rest intervals and involve a large muscle mass, tend to produce the greatest acute hormonal ele-

vations (testosterone, Growth Hormone and Cortisol) when compared to low-volume, high-

intensity protocols incorporating long rest intervals.

A recent study showed that vibration-induced cycling did not increase energy demands [2].

However, the question that remains unanswered is what are the effects of vibration on cortisol

and other markers of metabolic stress during maximal exercise. Therefore, the aim of the

study was to assess the impact of added vibration to cycling using an incremental exercise test

on the salivary endocrine response compared to normal cycling. Our hypothesis states that

added vibration stimuli to cycling would increase the body’s endocrine response, in particular,

the cortisol.
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Methods

Participants

A call for participation in a research project was publicized across the University of Greenwich

(London, UK) sports clubs via the social media network in June 2014. The inclusion criteria

were: males only, recreationally active by performing at least three hours/week of sport for at

least one year, age range between 18–28 years old, not suffering from any cardiorespiratory

diseases, no family history of similar diseases. Exclusion criteria were: females, inactive and/or

sedentary males, younger than 18 or older than 28 years old, suffering from any cardiorespira-

tory diseases, family history of similar diseases.

Twelve males agreed to take part in the study. Most of them were students but also staff

members working across the campus. All have been seen by the main investigator and verbally

briefed about the study and the risks associated. Written information and instructions were

given to them to take away and written consent for participation was obtained from each par-

ticipant. The study was approved by the University of Greenwich ethics committee (Ref:

UoG-EC-FSE-SS-J-L-35-20/1/2014) and the research took place at the Faculty of Science and

Engineering labs between July and September 2014.

Participants’ anthropometrics characteristics were: age 25 ± 5 yrs; height 181 ± 5cm and

weight 80.7 ± 11.9kg.

Testing procedure

Each participant performed two maximal incremental cycling exercise tests, one with

vibration (Vib) and one without vibration (noVib) in a randomised order, on separate

days and at similar times of the day (09:00). Tests were performed at the same time of the

day, with a recovery period of 72 hours in between. Participants continued their habitual

training regimen during the study period; however, they were asked to refrain from eating

two hours prior to all trials, and from strenuous exercise, caffeine and alcohol consumption

in the 24 hours before each trial. All participants were invited for a screening questionnaire

as well as a familiarization session and to randomise the trials a few days prior the testing

day.

All exercise tests were performed on the PowerBIKE (Power Plate, Netherlands), a station-

ary bike that induces Vib cycling or normal cycling. The protocol was a speed-based and simi-

lar to a previously described study [27]. After a 4 minute warm up at 70 RPM at (4th gear)

cadence was increased 10 RPM every three minutes until volitional exhaustion (Fig 1). The

PowerBIKE was set according to participants’ anatomy: the height of the seat, distance between

the handle bar and the seat, seat to centre of the crank, handle bar to the centre of the crank

and handle bar to floor, recorded and applied identically at each trial.

Physiological measurements

Gas exchange was continuously assessed with an online gas analyzer Vacumed Metabolic

Measurement System (Metamax, Cortex, Germany) monitored by a TurboFit software, V.

5.0 (USA). A five μL blood sample was collected from the fingertip at rest and during the last

30 seconds of each exercise stage. Samples were analysed for blood lactate (BLa, mmol•l-1)

concentration using a lactate analyser (Biosen EKF diagnostic, Germany). Heart rate (HR,

beats•min-1) was continuously monitored using a HR monitor (Polar, Finland) and averaged

for the last 30 seconds of each stage; maximal HR was recorded at the end of each test

(HRmax).
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Saliva collection and cortisol and testosterone measurement

Saliva samples were collected pre-exercise and immediately post-exercise during each trial.

Hence, each participant had four saliva samples. Each subject was required to attend his tests

sessions at the same time of the day to avoid diurnal variation. Salivary measurement was cho-

sen as there is evidence that salivary cortisol and teststerone levels offer a more sensitive assess-

ment of the response to exercise than changes in blood concentration [22, 23]. Participants

were required to stop drinking ten minutes before each sample collection to avoid dilution.

Participants provided a stimulated saliva sample into a sterile container, with Parafilm to chew

on to increase flow, since cortisol and testosterone are unaffected by saliva flow rate [28, 29].

Prior to collection participants were instructed to chew for one minute before swallowing any

saliva in the oral cavity. The sampling time was three minutes to allow collection of a sufficient

saliva volume. Samples were centrifuged at 3000rpm, divided into four aliquots and stored at

-20˚C. Saliva was analysed for cortisol and testosterone with a commercially available ELISA

kits (Salimetrics, State College, PA, USA). The sensitivity of the kit was 0.029 ng•ml-1 for corti-

sol and 1 pg•ml-1 for testosterone. The mean intra assay coefficients of variation were 8.3% for

cortisol and 8.6% testosterone for duplicate samples.

Fig 1. Flow chart of the experimental study. Graded exercise cycling tests to the maximum on PowerBike.
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Statistical analysis

The Shapiro-Wilk test confirmed the normal distribution of the data (p: 95% CI [0.422, 0.681])

enabling parametric analysis of the variables. Data is presented as mean and standard devia-

tion. Cortisol, testosterone, HR and BLa differences, between pre-exercise and post-exercise as

well as between Vib and noVib cycling conditions were assessed with a Two-Way (2 trials x 2

conditions) analysis of variance for repeated measures (ANOVA). The Greenhouse-Geisser’s

correction factor was applied if the sphericity test for proportionality of the dependent variable

was significant (p< 0.05). Bonferroni post hoc adjustments were used for multiple compari-

sons and partial eta squared (η2) was used to report effect size.

Note that only nine participants were included in the hormonal analysis because of techni-

cal errors. The magnitude of changes induced by the cycling tests were calculated for cortisol,

testosterone and T/C ratio by subtracting post-exercise values from pre-exercise. These were

thereafter expressed as raw differences as well as in percentage relative to baseline (relative

increments). Cohen’s d test with Hedges’ g correction were used to report effect size when

pairwise comparing (Vib/NoVib). Statistical analysis was undertaken using SPSS statistics

package software version 20 for Windows1 (IBM, NY, USA). Statistical significance was

accepted at p� 0.05.

Results

Heart rate

Resting HR was not different before both trials (p = 0.98). Maximal values (HRmax) did not sta-

tistically differ between the Vib and the no Vib trials (177 ± 13 and 181 ± 16 BPM respectively)

at the end of the tests.

Maximal oxygen uptake ( _VO2max)

_VO2max did not significantly differ (p = 0.1631; d = 0.60) between Vib and no Vib trials

(34.32 ± 9.7 and 40.11 ± 9.49 ml•min-1•kg-1, respectively) although they were reached at an

average of 100 RPM with Vib and 120 RPM without Vib (98W after 13 min cycling and 118W

after 19 min cycling respectively).

Blood lactate (BL)

The maximal BLa concentration (BLamax) measured at the end of each trial was significantly

higher (p< 0.05; d = 0.87) after the Vib trial (14.05 ± 2.86 mmol•l-1) compared to no Vib

(11.31 ± 3.44 mmol•l-1)

Salivary cortisol

Baseline cortisol levels were not significantly different before Vib and noVib (p = 0.980).

ANOVA analysis revealed that the cortisol level increased significantly after both cycling tests

(Vib and noVib) (Table 1) (Fig 2). Moreover, an interaction between the trial and vibration

factors suggest a differentiated pattern of change when both factors are combined. The

increase in cortisol concentration was significantly higher after the Vib cycling test in compari-

son to the no Vib. Cortisol increased by 83% after the Vib trial (Fig 2A). Individual compara-

tive tests confirmed this observation for both, the absolute increment (p = 0.014) (Fig 1B;

p = 0.022) and relative increment with respect to baseline condition (Fig 4B).
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Salivary testosterone

Baseline testosterone levels were not significantly different before Vib and noVib (p = 0.392).

Salivary testosterone increased by 29% after Vib and 56% after noVib cycling test (Fig 3). Sta-

tistical analysis revealed that testosterone level increased significantly after both cycling tests

(Vib and noVib) (Table 1); however, there was no statistical difference in magnitude of change

between trials (p = 0.715) (Fig 3B).

Paired tests confirmed that the magnitude of the absolute (p = 0.116) and the relative incre-

ments with respect to baseline (p = 0.187) were similar after the two cycling tests (Fig 4B).

Table 1. Statistical analysis of the raw data for the cortisol, testosterone and their ratio pre- and post-cycling with or without vibration.

Variable Effect F df P η2 Post-hoc P
Cortisol Oc x Vb 9.91 1, 8 0.014 0.55 Vb: Oc2 > Oc1 0.001

nVb: Oc2 > Oc1 0.001

Oc 43.09 1, 8 0.001 0.84 Oc2 > Oc1 0.001

Vb 1.54 1, 8 0.240 0.16

Testosterone Oc x Vb 3.16 1, 8 0.113 0.28

Oc 81.52 1, 8 0.001 0.91 Oc2 > Oc1 0.001

Vb 0.04 1, 8 0.839 0.01

Ratio T/C Oc x Vb 21.07 1, 8 0.002 0.73 Vb: Oc2 > Oc1 0.046

nVb: Oc2 �Oc1 0.476

Oc 1.38 1, 8 0.274 0.15

Vb 0.76 1, 8 0.408 0.09

Oc : occasion; Vb : vibration; nVb : no vibration

Fig 2. Salivary cortisol pre- and post-maximal graded exercise with and without vibration (A) and their respective magnitude of change (B). S: (p�0.05).

Sport and Exercise Medicine: Theory and Practice 

57

https://doi.org/10.1371/journal.pone.0238051.t001
https://doi.org/10.1371/journal.pone.0238051.g002
https://doi.org/10.1371/journal.pone.0238051


Testosterone/cortisol (T/C) ratio

Baseline T/C ratios were not significantly different before Vib and noVib (p = 0.825). A signif-

cant main effect confirmed that Vib induced a decrease of the T/C ratio (p = 0.046) whereas

no significant changes were observed following noVib (p = 0.476) (Table 1; Fig 4A).

There was a significant difference in the absolute (p< 0.002) and relative (p� 0.001)

change in T/C ratio following the Vib trial compared to noVib (Fig 4).

Discussion

The main hypothesis of this study was that added vibration stimuli to cycling would increase

the salivary endocrine response, in particular, the cortisol level. Larger and significant cortisol

increase associated to a larger and significant T/C ratio decrease were noticed in the Vib trial

compared to noVib. While some authors have reported decrease in constant-load cycling

duration with the addition of a vibratory stimulus [1] others did not identified this trend [3].

Exercising with vibration has been hypothesised to recruit more motor neurons [30], and it

has been suggested that full activation of the muscle may lead to a quicker motor unit fatigue

[31, 32] and as a result contribute to an earlier onset of fatigue in Vibration exertions [33].

Bongiovanni and al. [34] argued that the decreased ability to generate high firing rates in high

threshold motor units may cause the inability to sustain exercise. Another reason for this dif-

ference may be a higher energy demand with the addition of Vib, contributing to an increase

in the ATP hydrolysis [35]. However, this study did not show any difference in the _VO2 max,

hence re-enforces our latest findings that adding vibration to cycling did not induce a greater

cardiorespiratory response compared to normal cycling [2]. Nonetheless, we acknowledge the

non-negligible difference in _VO2max between the trials (more than—15%). A potential protocol

Fig 3. Salivary testosterone pre- and post-maximal graded exercise with and without vibration (A) and their respective magnitude of change (B). S:

(p�0.05).
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effect could have been masked by not only the inter-participants’ variability but also by the

limited sample size (only 12 participants). The participants in the present study were recrea-

tionally active, undertaking a mixture of aerobic and weight training on average of three days

per week; therefore, they do not represent an elite or competitive athlete population and as a

consequence, these results should not be translated to a more highly trained cohort and neither

to unfit or unhealthy indivuduals. Yet, the results could have some implications for a much

wider and general population whose objective is to increase fitness for various reasons (e.g.,

quality of life). On the other side, one could question the higher BLa following the Vib trial

compared to no Vib; this could undeniably be explained by the fact that the participants have

perceived the Vib cycling stronger than no Vib as it was previously demonstrated by Filingerie

et al in 2012 [27].

The results of this study show an increase in cortisol and testosterone in both trials. Similar

high-intensity protocols have also triggered increased cortisol levels following acute exercise

bouts [19, 22, 36]. Nevertheless, we do not know about the existence of previous research

focused on cortisol levels in response to cycling with vibration. The present study supports

observations of an increase in cortisol with vibration added up to resistance exercise [10].

Some scientists have hypothesised an increase in cortisol to be linked with blood lactate levels

[19, 21, 37]. Given the observed higher blood lactate of the Vib trial in our study, this may have

activated the HPA axis and led to an increase in cortisol concentration.

Salivary testosterone increased in both trials of the present study. It has been hypothesised

that possible mechanisms for an increase in testosterone, as a result of exercise, include

increased production by sympathetic stimulation of the testes [38]. Furthermore, activation of

the sympathetic nervous system and increased lactate accumulation may have contributed to

the increase in testosterone concentration, although supporting evidence is limited to rats

Fig 4. Absolute increments of the testosterone and cortisol ratios induced by the cycling graded exercise with and without vibration (A). Pairwise

comparisons of the relative differences with respect to baseline (expressed in %) between the two cycling conditions (B).
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[39]. Protein binding affinity of the testosterone may be affected by changes in PH and temper-

ature elicited by exercise, this in turn may lead to a higher free proportion of cortisol and tes-

tosterone in the blood and increased levels in saliva [40, 41]. However, a more recent study

showed no binding affinity of testosterone changes after endurance exercise [38] and further

research is surely required.

Only very few studies have examined the response to vibration on testosterone levels. Bosco

et al. [9] demonstrated an increase in plasma testosterone following ten 60-second bouts on a

vibration platform. However, as the present study showed no significant additive effect of

vibration on salivary testosterone levels, hence these findings cannot be supported. It is worth

to mention that Bosco and his colleagues [4] have used a whole body vibration whereas we

only used localised vibration induced by the cycling gear through the lower limbs. The number

of stimulated neuromuscular units could have made this difference.

There is suggestion that testosterone may also contribute to muscular repair and growth in

response to training, however its role in this process has not been confirmed [42]. Owing to

the absence of a bigger increment of testosterone as a result of vibration in the present study,

and limited evidence to form a clear consensus, further research in this area is also warranted.

Should we admit that testosterone is just less sensitive to small changes in demand?

The T/C ratio showed a trend towards a decrease in the Vib trial, this is likely to be due to

the higher increase in cortisol after Vib. This decrease suggests that following Vib induced

cycling the body was in a more catabolic state and perhaps a higher acute response was initi-

ated with the addition of Vib. In support, a meta-analysis examining T/C in response to aero-

bic exercise showed a consistent decrease in the ratio which was primarily due to the

magnitude of the salivary cortisol response [24]. However, the T/C ratio has proven to be

more useful when considering the link with overreaching and overtraining; including absolute

values, comparison of consecutive measurements during a season or changes in relation to

baseline. Monitoring the T/C ratio in athletes has the potential to be used as a tool to diagnose

overtraining syndrome while taking into account other clinical measurements [43]. Previous

research has recognised that the mode of exercise and volume of stimulus is important in the

hormonal response [17, 37]; therefore, it is currently difficult to make valid comparisons

between vibration studies, given the use of many different protocols. Nonetheless, there is a

increasing clinical interest about vibration mainly following the confirmed positive effects on

muscles’ viscoelasticity [4]. Combining vibration and exercise could see further applications in

the medical sector where exercise alone has been suggested to prevent and to treat/rehabilitate

certain conditions.

The study has few methodological considerations/limitations. Firstly, it has been carried

out with recreational active subjects allowing statistical inference to a normal active and

healthy population. These results cannot be extrapolated to neither elite oriented athletes nor

unfit or unhealthy individuals, as it was not the aim of the present investigation. In addition,

seeing the small sample size, it cannot be considered representative of a larger population. Sec-

ondly, saliva samples were taken only once before and just after the two trials (Vib and noVib

cycling), while mostly the peak salivary cortisol and testosterone levels occur immediately post

exercise, they have been shown to peak later in some individuals as a result of intermittent

exercise [17]. Although our protocol was based on only one single long cycling bout, it could

be worth investigating post-exercise peak hormone values in future studies. However, we have

tried to double limit the C and T circannual variations by collecting the samples not only at the

same time of the day for each participant but also within a minimum time (12 weeks). A recent

study has indeed demonstrated that C, T and T/C incur significant circannual variations in

professional footballer players, with the cortisol increasing during winter (February) while tes-

tosterone and T/C peak in the summer months (July) [44]. Lastly, it is important to state that
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the increment between the test stages was not the same in comparison to the study we pub-

lished in 2019 [2]. Two different bikes were used in Jemni et al, 2019 (Lode Corvical and

PowerBike), where 1 watt increment was equivalent to 18 ml/min. However, in this study the

bike was the same, i.e the PowerBike, where 1 watt increment provoked an equivalent (27.5

ml/min). We presume that the higher value was due not only to the ergonomics difference

between the bikes but also to the fitness levels of the different studies’ cohorts. Jemni 2019 par-

ticipants were moderately trained male subjects with six to eight hours of training per week

(amongst them few cyclists), whereas this study involved few students and staff members from

the university campus who were slightly less active.

The results discussed in the present investigation justify further research focused on vibra-

tion exertion to better understand the complex relationship between hormonal, metabolic, car-

diovascular, respiratory and neurophysiological markers. Moreover, biomechanical and

electromyographic assessments could help to better understand the pattern of these markers

and their reciprocal influence with metabolic cost and muscle activation.

Finally, the fact that vibration cycling induced a higher acute catabolism in this investiga-

tion could lead to further practical implications either in the exercise training context or in the

clinical sector where such state is required. Making the competition weight in certain sports or

purposely elevating the catabolism state in certain health conditions could be of interest.

Conclusion

The main aim of this study was to examine the salivary endocrine response to vibration cycling

exercise. We were expecting a higher cortisol response compared to the no vibration condi-

tion. Overall, it appears that a Vib cycling trial elicited a greater cortisol increase. Therefore,

the null hypothesis is not accepted.

Cortisol increased dramatically after the Vib cycling and was significantly higher in com-

parison to the no Vib. Salivary testosterone has also increased after Vib cycling; however, there

was no statistical difference in the magnitude of change between the trials. Vib induced a sig-

nificant decrease of the T/C ratio whereas no significant changes were observed following

noVib.

The study suggest that adding mechanical vibration to cycling may potentiate a catabolic

exercise-induced state. Sport experts and mainly cyclists should take this message home to

carefully plan the recovery process and time during training and competitions. The overall

results could have potential clinical implications for older individuals and those undergoing

rehabilitation from illness and injury. Future research should investigate the longer-term

response to cycling exercise with added vibration.
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Abstract

Caffeine improves cycling time trial performance through enhanced motor output and mus-

cle recruitment. However, it is unknown if caffeine further increases power output entropy.

To investigate the effects of caffeine effects on cycling time trial performance and motor out-

put entropy (MOEn), nine cyclists (VO2MAX of 55 ± 6.1 mL.kg.-1min-1) performed a 4 km

cycling time trial (TT4km) after caffeine and placebo ingestion in a counterbalanced order.

Power output data were sampled at a 2 Hz frequency, thereafter entropy was estimated on

a sliding-window fashion to generate a power output time series. A number of mixed models

compared performance and motor output entropy between caffeine and placebo every 25%

of the total TT4km distance. Caffeine ingestion improved power output by 8% (p = 0.003) and

increased MOEn by 7% (p = 0.018). Cyclists adopted a U-shaped pacing strategy after caf-

feine ingestion. MOEn mirrored power output responses as an inverted U-shape MOEn dur-

ing the time trial. Accordingly, a strong inverse correlation was observed between MOEn

and power output responses over the last 25% of the TT4km (p < 0.001), regardless of the

ingestion, likely reflecting the end spurt during this period (p = 0.016). Caffeine ingestion

improved TT4km performance and motor output responses likely due to a greater power out-

put entropy.

Introduction

According to the dynamic system theory, the variability presented by a given physiological sys-

tem, a concept that is known as complexity, may reflect its flexibility to face natural perturba-

tions [1,2]. For example, the neuromuscular system is characterized by regular fluctuations in

electrophysiological responses (i.e. complexity) which enable the central nervous system

(CNS) to adapt to environment-induced perturbations [3]. Assuming that every single body

motion is a dynamic acceleration-deceleration interplay [4], the level of complexity in motor
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output responses may indicate the CNS ability to face a physical task-induced perturbation.

Studies have reported an association between motor output complexity and fatigue, as a

reduced knee extensor torque entropy has been observed as a fatiguing single-joint isometric

exercise progresses [5,6]. In this regard, it has been hypothesized that a “loss of complexity” is

likely present in fatiguing exercises, so that variations in neuromuscular complexity such as in

motor output entropy (MOEn), may indicate the neuromuscular system ability to face the

exercise-induced fatigue [7].

Studies investigating the MOEn-fatigue relationship have used highly controlled isometric

muscle tasks as an exercise mode [5,6]. Despite providing a well-controlled intensity and

power output response, this exercise mode has a low ecological validity as it reflects an unnatu-

ral form of exercise. Consequently, isometric muscle task-derived results cannot provide

enough to understand the MOEn in more usual forms of exercise. For example, exercises such

as a cycling time trial may be insightful to understand the MOEn-fatigue relationship in stren-

uous whole-body self-paced exercises, as this exercise mode requires a more complex,

moment-to-moment regulation when regulating pacing and exercise performance [8–15]. For

example, power output fluctuations during a cycling time trial may indicate the CNS ability to

deal with the central-peripheral fatigue interplay during a more natural form of exercise

[8,15], thereby offering insights on the role of the neuromuscular complexity in exercise regu-

lation and pacing strategy.

Whether both central and peripheral fatigue increase as a cycling time trial progresses, one

may argue that the neuromuscular complexity decreases as a function of the trial distance [16].

Consequently, a likely U-shape pacing strategy during a short cycling trial [17] may indicate a

reduction in MOEn, what could be related to the trial fatigue status. Importantly, a shorter

cycling time trial may be preferable to emphasize the CNS complexity when regulating the

motor output during exercise, given that the magnitude of neural drive required to complete a

short time trial such as 4km (TT4km) is greater than the neural drive necessary to complete lon-

ger ones (e.g. 40km). In this sense, a higher power output could suggest an enhanced motor

unit firing synchronization during exercise, as the electromyography (EMG) entropy is lower

in higher (i.e. 330 W) than lower (i.e. 150 W) power output values [18]. Therefore, considering

that trained cyclists produce a higher mean power output in short (TT4km) than in long cycling

time trials (i.e. 40km) [16], analysis of MOEn in TT4km could elucidate the MOEn-fatigue

interplay in a high ecological validity exercise.

Some ergogenic aids could add valuable information to the neuromuscular complexity-

cycling paradigm, as some ergogenics have the ability to change neuromuscular properties.

For example, caffeine may be an interesting approach to investigate the MOEn-fatigue inter-

play, indicating if fluctuations in power output responses during cycling time trials may be

related to changes in neuromuscular response complexity. It has been suggested that caffeine

increases MOEn through amplification of the synaptic inputs to α-motor neurons [19]. Caf-

feine increases the monoamines synthesis and turnover [20], thereby amplifying the synaptic

input and motoneuronal gain [21,22] as indicated by a steeper H-reflex curve and greater self-

sustained motor unit firing frequency [22,23]. Consequently, assuming that a higher motor

neuron gain is associated with a greater muscle force variability as suggested elsewhere [24],

one may hypothesize that caffeine increases MOEn through increased neuromuscular com-

plexity. Assuming this hypothesis is right, one may also expect that caffeine may further atten-

uate the fatigue-induced reduction in MOEn as the trial progresses, thereby likely improving

power output and performance [25].

Therefore, the present study aimed to characterize MOEn in a TT4km and verify if caffeine

ingestion increases power output complexity and performance in this trial. We hypothesized
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that caffeine would attenuate a fatigue-induced reduction in power output complexity,

improving power output and performance during TT4km.

Methods

Participants and experimental design

Nine endurance-trained male cyclists (32.0 ± 7.5 years, body mass of 74.9 ± 8.6 kg, height of

1.73 ± 5.2 m, VO2MAX of 55.0 ± 6.1 mL.kg-1.min-1,) having a minimum 3 years training experi-

ence competing at regional competitions, classified as performance level 3 [26] and experi-

enced in cycling time trials, volunteered to participate in this study. They were non-smokers

and had no neuromuscular or cardiopulmonary disorder that could affect the study outcomes.

Most cyclists (n = 7) were low-to-moderate consumers of caffeine (50–250 mg of caffeine per

day) and two were classified as non-consumers (�50 mg of caffeine per day), according to

classification used elsewhere [27,28]. The experimental procedures were previously approved

by the Research Ethics Committee of the University of São Paulo (#0023.0.342.000–10) and

explained to participants before the informed consent form signature.

After a preliminary visit to obtain anthropometric measures and assess the VO2MAX

through a maximal incremental cycling exercise performed with a 80 rpm pedal cadence (25

W�min-1 increases until exhaustion), cyclists attended to 3 sessions in a counterbalanced

order; 1) a baseline 4 km cycling time trial (TT4km); 2) a TT4km after caffeine ingestion; 3) a

TT4km after placebo ingestion. All visits were interspersed by a ~7 days interval. The cyclists

were encouraged to maintain the training schedule (intensity and volume) throughout the

study period and avoid vigorous exercise, alcohol, and stimulant or caffeine beverages for the

last 24 h before the sessions. Briefly, we chose a TT4km as a strenuous whole-body self-paced

exercise and assumed that endurance-trained cyclists complete this trial having a mean power

output higher than 300 W [15,16], therefore potentiating a likely reduction in MOEn [18]. In

contrast, caffeine ingestion may increase MOEn and TT4km performance.

Caffeine and placebo ingestion

Caffeine and placebo capsules (6 mg.kg-1 of body mass) were ingested ~ 60 min before the

TT4km commencement. Caffeine and sucrose-based (i.e. placebo) substances were formulated

in opaque capsules of equal size, color and taste to prevent that participants rightly guessed the

treatment. Importantly, instead of a double-blind, randomized placebo-controlled clinical

trial, we used a placebo-deceived design, as some have argued that the use of double-blind

designs is a possible source of bias in clinical trials [29,30]. To ensure that eventual differences

between caffeine and placebo were solely due to caffeine pharmacological effects, cyclists were

led to believe they ingested caffeine in both sessions and the study was investigating the repro-

ducibility of caffeine effects on TT4km performance. They were informed about the presence of

a placebo condition at the study completion, as reported elsewhere [31]. Informal and anec-

dotal communication revealed that participants were blinded about the presence of a true pla-

cebo pill.

Instruments, measures, and analysis

All cyclists performed the TT4km on the same road bike (Giant1, Thousand Oaks, CA, USA)

attached to a cycle-simulator calibrated before every test (Racer Mate1, Computrainer, Seat-

tle, WA, EUA), individually fitted with crank, pedals and saddle. This equipment provided

power output measures (W) at a 2Hz sampling rate. The validity and reliability of this system

have been previously reported [32,33]. Cyclists performed a standard 7 min warm-up,
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consisting of a 5 min self-paced (gear and cadence freely adjusted) and a 2 min controlled-

pace cycling (fixed gear at 100 W and 80 rpm pedal cadence). When they were still cycling at

the end of the controlled-pace warmup, they immediately started the TT4km. The cyclists were

oriented to rate their perceived exertion (RPE) at each 0.5 km, according to the 6–20 Borg’s

scale [34], so that the mean RPE during the TT4km was calculated. A researcher unaware of the

substance ingested encouraged the cyclists to complete the distance as fast as possible, while

distance feedback was available to cyclists to pace themselves.

Entropy calculation

The entropy could be interpreted as a non-linear analysis that provides a measure of the com-

plexity of a system [35]. Based on the information theory, entropy is a measure that reflects the

level of uncertainty of a dataset or time series. Entropy can be obtained as the probability (pk)

of each possible event multiplied by log of the inverse probability of each event (log 1

pk

� �
) [36]

as described in Eq 1.

H ¼
XN

i¼1

pklog
1

pk

� �

ð1Þ

However, the prior knowledge of the probability (pk) for the occurrence of all events is

impossible in stochastic processes, therefore, adequate methodologies such as the sample

entropy (SampEn) have been suggested [37]. The SampEn (Eq 2) fits the approximate entropy

[38] to generate less time series length-dependence and self-matching-reduced bias (Eq 2).

SampEn m; r;Nð Þ ¼ � ln
Amþ1ðrÞ
AmðrÞ

� �

ð2Þ

Where m is the length of sequences to be compared, r is the tolerance for accepting matches

and N is the length of the time series. In the present study, the input parameters were set as

r = 0.2, m = 2, N = 120. In the SampEn algorithm, r is multiplied by the standard deviation

(SD) of N, providing a matching threshold and allowing comparisons among sequences of m
points. Readers are referred to a seminal work by Richman et al. [37] for a comprehensive

SampEn demonstration.

Data analysis and statistics

In this study MOEn was estimated applying SampEn algorithm in the mechanical power out-

put signal obtained during TT4km. A custom code (Matlab v.2013a, The Mathworks, EUA)

was used to estimate MOEn over time, by applying a sliding-window over 120 samples epochs

having 10 samples overlap. Thereafter, absolute power output data, as well as MOEn vectors,

were expressed at each 25% of the total TT4km distance (i.e. 25%, 50%, 75% and 100% of the

trial).

Data were reported as mean (± SD) and 95% confidence limits (CI 95%). Power output and

MOEn obtained at each 25% of the cycling trial were compared through a number of mixed

models, having substance (caffeine and placebo) and distance (25%, 50%, 75% and 100% of the

TT4km) as fixed factors, and cyclists as the random factor. The Pearson correlation coefficient

was calculated between mean values of power output and MOEn for each 25% of the TT4km, as

we expected that MOEn would decrease if cyclists significantly increased the power output.

Significant results were accepted as p< 0.05 (SPSS software, version 17.0, SPSS Inc., Chicago,

IL, USA).
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Results

Ingestion of caffeine resulted in a 8% increase in mean power output (p = 0.003, F = 9.69)

when compared to placebo, as mean power output was 331.4 ± 53 W (CI 95% [306.5–356.3])

in caffeine vs 306.2 ± 40 W (CI 95% [281.3–331.1]) in placebo (Fig 1A). This improved power

output in caffeine was reflected in ~1.8% shorter times (p> 0.05) in caffeine (350.0 ± 14.6 s)

than placebo (357.0 ± 13.2 s). Additionally, cyclists presented comparable mean RPE during

the TT4km in both supplementations with caffeine (16 ± 0.62 a.u.) and placebo (16 ± 0.63 a.u.).

Cyclists adopted a U-shaped pacing strategy (Fig 2) so that a distance main effect was

detected (p = 0.002, F = 5.70), and power output decreased by 14% from 25% to 75% of the

TT4km (-41.6 ± 11.4 w; CI 95% [-10.3, -72.9], p = 0.004), but increased by 11% from 75% to

100% of the TT4km (35.9 ± 11.4 w; CI 95% [4.6, 67.2], p = 0.016). No substance by distance

interaction effects were found in power output responses (p = 0.178, F = 1.697).

We observed a substance main effect on MOEn results, as MOEn was 7% greater in caffeine

than placebo (p = 0.018, F = 5.983; CI 95% [0.019, 0.190]) (Fig 1B). We observed a distance

main effect in MOEn (p< 0.001, F = 10,118; CI 95% [0.032, 0.339]), so that MOEn increased

by ~ 20% from 25% to 50% of the trial (0.284 ± 0.060 A.U.; CI 95% [0.120, -0.449], p< 0.001),

but remained unchanged between 50% and 75% (- 0.005 ± 0.06 A.U.; CI 95% [- 0.170, 0.160],

p< 0.05) and between 75% and 100% (- 0.115 ± 0.060 A.U.; CI 95% [- 0.280, 0.050],

p = 0.368). No substance by distance interaction effect was found in MOEn (p = 0.337,

F = 1.151). Fig 3 depicts MOEn responses during the cycling trial, and Table 1 shows individ-

ual power output and MOEn responses over the TT4km in both supplementations.

Correlations analysis revealed that MOEn was inversely correlated with power output in

the first 25% (r = - 0.82; p< 0.001) of placebo condition, but not in caffeine. Negative correla-

tions were also founded between 25% and 50% of the TT4km in caffeine (r = - 0.76; p = 0.03),

but not in placebo, perhaps as a result of the steady power distribution in placebo during this

part of the trial. Furthermore, MOEn was inversely correlated with power output in the last

25% of the TT4km in both caffeine (r = - 0.92, p< 0.001) and placebo trials (r = - 0.83,

p< 0.001), being coincident with a ~11% increase in power output at the end of the trial,

regardless of the supplementation. Table 2 shows all correlation coefficients between MOEn

and power output.

Discussion

This study aimed to characterize the MOEn during a TT4km and investigate if caffeine could

change the MOEn-fatigue interplay during this strenuous, whole-body short cycling exercise.

Our results showed a progressive reduction in motor output complexity as the TT4km pro-

gressed, however caffeine increased TT4km performance through an altered MOEn-fatigue

interplay. These results may support the notion that caffeine increases power output responses

and attenuates the fatigue-induced reduction in MOEn during TT4km.

This is the first study characterizing the MOEn during a natural exercise mode with high

ecological validity such as a strenuous, whole-body short cycling time trial. In the present

study, cyclists used a U-shaped pacing strategy to complete the TT4km, as they yielded an end

spurt in the last 25% of the trial, after an increased power output in the initial 25% and unal-

tered power output in the intermediate 50%. In contrast, there was a progressive reduction in

MOEn in the last 25% of the TT4km, regardless of the ingested substance, thereby supporting

the fatigue-induced loss of entropy hypothesis as suggested in single-joint isometric exercises

[6,39]. Briefly, MOEn responses could involve changes in neuromuscular complexity such as

in CNS areas such as cortical, subcortical and spinal areas, as well as in motor neuron conduc-

tion to skeletal muscles. In this regard, the 20% increase in SampEn during the first half of the
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Fig 1. Cycling time trial performance and entropy. Mechanical power output (panel A) and motor output entropy (panel B) in

placebo and caffeine trials. � indicates supplementation main effect in power output (p = 0.003, F = 9.69) and motor output

entropy (p = 0.018, F = 5.983).
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TT4km was likely due to an enhanced exercise-induced perturbation, given that most relevant

increases in psychophysiological responses take place in this part of the trial [15]. However,

despite the increasing exercise-induced perturbation, neuromuscular fatigue was likely low

over this half of the trial and probably allowed an increased MOEn when regulating the motor

output during this part [40].

Fig 2. Pacing strategy. Mechanical power output relative to a percentage of the TT4km distance. � indicates distance

main effect (p = 0.002, F = 5.70) and † indicates supplementation main effect (p = 0.003, F = 9.69).

Fig 3. Motor output entropy during the cycling time trial. Motor output entropy was expressed relative to a

percentage of the TT4km distance. � indicates distance main effect (p < 0.001, F = 10.11) and † indicates

supplementation main effect (p = 0.018, F = 5.98).
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In the present study, we observed that cyclists attacked the first 25% of the TT4km more

aggressively when they ingested caffeine rather than placebo, somehow influencing the signifi-

cant inverse correlation between power output and MOEn observed only with caffeine for this

part of the trial. One may argue that neuromuscular fatigue is low during this initial part of the

trial, thus likely allowing an adequate response of the neuromuscular system to the exercise-

imposed perturbation through an increased motor unit firing variability. Moreover, the power

output reduction observed from 25% to 50% of the caffeine TT4km resulted in an inverse corre-

lation between MOEn and power output during this part of the trial. In contrast, such a corre-

lation between power output and MOEn was not observed in placebo TT4km during these

parts. In particular, the lowest MOEn and power output values were observed from 50% to

75% of the trials, so that no correlation between MOEn and power output was observed during

this part, regardless of the ingested substance. Importantly, MOEn was inversely correlated

with power output during the last 25% of the TT4km, regardless the ingested substance. This is

a part of the cycling trial usually characterized by a sharp increase in power output (i.e. end

spurt), so that one may hypothesize that the loss of MOEn during this latter part of the TT4km

Table 1. Individual power output (PO) and motor output entropy (MOEn) responses were reported as a percentage of the total cycling time trial distance.

Time trial distance (%)

25 50 75 100

Cyclists Caffeine PO MOEn PO MOEn PO MOEn PO MOEn

1 342.34 1.19 290.04 1.31 270.39 1.56 288.26 1.31

2 315.38 1.19 344.43 1.1 301.1 1.64 324.77 1.37

3 336.24 1.62 322.99 1.95 309.11 1.84 308.23 1.68

4 305.98 1.39 243.81 2.08 234.07 2.03 238.69 1.96

5 379.99 1.11 299.51 1.45 274.32 1.31 262.33 1.39

6 322.42 1.37 339.16 1.45 366.02 1.32 386.87 1.49

7 376.9 1.13 311.7 1.46 299.67 1.53 302.76 1.03

8 341.9 1.78 300.49 1.88 280.63 1.78 246.09 1.64

9 344.6 1.62 326.72 1.48 335.18 1.61 364.72 1.35

Placebo PO MOEn PO MOEn PO MOEn PO MOEn

1 308.22 1.21 291.75 1.48 267.53 1.32 268.5 1.63

2 298.72 1.24 339.59 1.44 319.98 0.91 342.24 1.03

3 349.09 1.19 283.82 1.7 268.22 1.67 256.75 1.61

4 253.83 1.28 235.22 1.75 224.6 1.69 240.1 1.68

5 365.88 0.58 297.12 1.38 275.27 1.59 291.38 1.36

6 364.19 0.9 370.11 1.38 359.13 1.51 364.02 1.38

7 369.75 0.99 295.63 1.57 281.31 1.5 287.63 1.55

8 311.61 1.7 308 1.7 310.87 1.77 320.73 1.54

9 365.57 1.35 311.37 1.39 314.31 1.45 370.08 1.12

Table 2. Pearson’s correlation coefficient between power outptut (PO) and motor output entropy (MOEn) over

the 4km cycling time trial (TT4km) expressed as a percentage of the trial distance, in both caffeine and placebo

supplementations.

%TT4km Caffeine p-value Placebo p-value

0–25 -0.25 0.33 -0.82 < 0.001

25–50 -0.76 0.03 -0.36 0.15

50–75 -0.36 0.16 -0.30 0.25

75–100 -0.92 < 0.001 -0.83 < 0.001
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was possibly related to a higher motor unit firing frequency, as neuromuscular fatigue is higher

in the second half of a cycling trial [40].

A short cycling time trial having an end spurt may be a challenging scenario for the neuro-

muscular system, as this may represent fewer chances to vary muscle recruitment during ped-

aling mainly at the final stages of the trial [18], thereby reducing the mechanical power output

variability (i.e. power output bandwidth) and MOEn. This hypothesis is based on a previous

study that reported a different neuromuscular strategy as indicated by EMG analysis when

contrasting fixed-load cycling at 150 W vs 300 W [18]. The authors of that study concluded

that the lower EMG entropy observed during higher cycling power output was likely due to a

higher synchronism of motor units firing.

The present study hypothesized that caffeine may increase MOEn by increasing motoneu-

ronal gain and changing the input-output relationship in the motor pathway, thereby resulting

in a greater variability in motor output. Although caffeine effects on skeletal muscles cannot be

ruled out [41], the most convincing caffeine mechanism involves its action on neuronal A1

adenosine receptors, as improvements in exercise performance after caffeine ingestion have

been associated with increases in spinal and supraspinal excitability [42,43]. Accordingly, the

7% increase observed in MOEn during the TT4km after caffeine ingestion may be related to the

caffeine’s action on neuronal tissue. Considering the 8% increase in mean power output in caf-

feine, one may argue that the higher power output observed in this condition was also related

to a higher synchronism of motor units firing [18].

Analysis of movement variability have been used in different research fields [1,2,44], so that

such analysis have been recently incorporated in neuromuscular fatigue studies [5,6]. In an

exercise performance scenario, nonlinear measures such as MOEn may be a useful mean to

estimate exercise-induced neuromuscular fatigue and its repercussion on motor control and

performance responses [5]. Therefore, such a nonlinear measure could be helpful to improve

the understanding of exercise performance and fatigue in different fields of sports sciences.

Limitations and methodological considerations

The increased motoneuronal gain suggestion should be interpreted with caution, as no specific

measures were performed to indicate motoneuronal gain. Insights to a motoneuronal gain

mechanism could be obtained with advanced EMG techniques, such as the motor unit decom-

position algorithms from electrode matrices-derived signal [45]. However, this technique is

still restricted to low-intensity isometric contractions so that the dynamic whole-body exercise

used in the present study limited the use of these measures to provide motoneuronal gain

mechanisms insights after caffeine ingestion. Future studies comparing recruitment and de-

recruitment frequencies of pairs of motor units could shed-light on caffeine effects on moto-

neuronal gain during voluntary contractions [46].

The present study is descriptive rather than mechanistic, and its design and methods may

not elucidate if losses in power output entropy during cycling time trial were due to central or

peripheral fatigue factors. In this sense, the power output was sampled at a 2 Hz frequency, a

sampling rate that may not detect all variability in power output data, given the possible alias-

ing effect resulted from sampling the data in different pedal positions at each revolution.

Another limitation was the absence of EMG responses, a measure that could have assessed the

neuromuscular system and power output entropy, simultaneously.

Furthermore, we disregarded eventual subgroup comparisons based on the habitual caf-

feine consumption effects on performance, given that a recent well-designed study [28] and an

important sports nutrients position stand challenged [27] the myth that habituation to caffeine

consumption affects the caffeine’s potential as an ergogenic aid. However, considering that
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habitual caffeine consumption may change physiological responses to caffeine supplementa-

tion such as heart rate and ventilation, future studies may want to investigate potential habitual

caffeine consumption effects on MOEn and EMG during cycling time trial.

Conclusion

Results of the present study showed a progressive reduction in MOEn during the TT4km, thus

revealing a progressive loss of motor output complexity as the trial progressed, mainly during

the last 25% of the TT4km. However, caffeine ingestion improved TT4km performance and

MOEn. These results reinforce a likely fatigue-induced loss of complexity hypothesis.
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Abstract

Training in elite sport aims at the optimization of the athletic performance, and to control the

athletes‘progress in physiological, anthropometrical and motor performance prerequisites.

However, in most sports, the value of longitudinal testing is unclear. This study evaluates

the longitudinal development and the influence of intense training over 2-years on specific

physiological performance prerequisites, as well as certain body dimensions and motor abil-

ities in elite youth athletes. Recruited between 11–13 years of age at Shanghai Elite Sport

school, the sample of student-athletes (N = 21) was categorized as the swimming group (10

athletes), and the racket sports group (11 players: 7 table tennis and 4 badminton players).

The performance monitoring took place over two years between September 2016 and Sep-

tember 2018 and included 5 test waves. In all the test waves, the athletes were assessed by

means of three physiological measurements (vital capacity, hemoglobin concentration,

heart rate at rest), three anthropometric parameters (body height, body weight, chest girth),

and two motor tests (back strength, complex reaction speed). Seven out of eight diagnostic

methods exhibit medium to high validity to discriminate between the different levels of per-

formance development in the two sports groups. The investigated development of the per-

formance characteristics is attributed partly to the inherited athletic disposition as well as to

the different sport-specific training regimens of the two sports groups.

Introduction

Worldwide, the predominant policies and structure of elite sport systems, and specifically in

the youth departments, reflect the ‘talent account’ at least to a certain extent [1]. This covers,

among other things, the search for talented players already at a young age who show natural

abilities for a certain sport (discipline). Although the debate about validness of innate talent is

lively and still ongoing, national sports associations are searching for the key-indicators for
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performance that can predict future successes. This early talent identification is considered

crucial to keep up with the global medal race [2]. Nevertheless, even without over- or underes-

timating the role of innate talent, research focusing on the value of specific profiles of perfor-

mance characteristics in elite youth athletes and the influence of training with respect to elite

sports seems sensible. It will provide a better insight in the characteristics needed to perform at

a high level and how efficient and effective trainings are to get there. Thus, it is paramount to

diagnose the typical characteristics of the athletic profile and progress of the participants of dif-

ferent types of sports.

At this moment, it is clear that performance profiles are multi-dimensional and various

characteristics should be taken into account [3–6]. Moreover, there is evidence that growth,

development and specific training can influence a player’s profile especially at adolescence [7,

8]. Until now, most of the existing research concerning this topic is cross-sectional and focused

on European and/or North-American athletes. These results might not be generalizable for

adolescent athletes with a different origin. Players’ profiles and their response to training

might be different across continents or even countries. Since Asia, and specifically China, can

be considered as an ambitious competitor in sports, this study focused on the profiles of Chi-

nese youth elite players of two different sports groups (i.e. swimming and racket sports) and

their response to training. In long-term athletic development programs, training aims at the

systematic optimization of performance prerequisites [9]. To allow for a close monitoring of

the performance development of youth athletes in Shanghai elite sport school, the general

sport administration and school officials introduced an assessment covering physiological,

anthropometric, and motor tests during the whole time-course of school attendance of the tal-

ented youngsters. Although that these tests were suggested to monitor the development of per-

formance characteristics over certain training stages, the development profiles can also help to

discriminate players of different types of sports. In this study, these follow-up tests are used to

investigate whether in the endurance sport swimming and the two speed-oriented racket

sports table tennis and badminton, the performance development is also responsive to the

intensive sport-specific training program. The insight in the discriminative ability and respon-

siveness to training of the different performance characteristics will support both concerns, tal-

ent identification and athletic development programs.

Elite endurance athletes as well as elite game sport participants are characterized by a

markedly increased O2 transport capacity, hemoglobin concentration [Hb] and hemoglobin

mass (Hbmass) [10, 11]. Hbmass and hemoglobin concentration [Hb] belong to the major

limiting factors of maximum endurance performance. In various studies in endurance sports,

a strong correlation between maximum oxygen uptake (VO2max) and Hbmass has been

shown at all ages [12–14]. Furthermore, also in certain game sports, like e.g. field hockey,

Hbmass is correlated with running endurance [15]. Therefore, swimmers, but also racket

sports athletes aim to develop a high hemoglobin concentration [Hb]. However, even in pri-

marily by aerobic endurance dominated sports, like e.g. cycling, no training effects were found

after a 12-month training intervention in 11–15 yrs aged players [16] or after an 18 month-

s‘period of intensive endurance training in elite athletes aged 15–17 yrs [17]. These results lead

to the assumption that erythropoietic adaptation might occur at a very young age or during

late adolescence or that Hbmass is genetically determined. In contrast, some authors found a

small (3%) increase in elite athletes during intensive training [16] or between training and

recovery periods [18]. Thus, the question arises whether the high hemoglobin concentration

[Hb]/high Hbmass observed in elite endurance athletes is primarily inherited and/or possibly

achievable through long-term endurance training already during childhood and adolescence.

One marker of the physical fitness, that is sensitive to training during adolescence, is the

heart rate at rest [19]. Thus, it is of major interest whether already at the preadolescent age
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there were differences between elite youth participants from the endurance-oriented sport

swimming, and the more speed-oriented racket sports table tennis and badminton.

Additionally, the vital capacity (VC) is normally increased in endurance athletes, especially

in swimmers [20]. Doherty and Dimitriou [21] found an 11% higher functional VC in male

swimmers than in land-based athletes at the mean age of 15 years (M = 4,010 ml; SD = 1,200).

As aerobic endurance does not play a dominant role in the individual game sports, table tennis

and badminton, it is not surprising that even young, preadolescent swimmers exhibit a VC

that comes close to that of adult table tennis (M = 4,420 ml, SD = 790) and badminton players

(M = 4,000 ml, SD = 630) [22]. The superiority of swimmers over athletes from the individual

game sports in VC was confirmed by Bloomfield et al. [23] as they found better values for 11–

12 years old swimmers in comparison to tennis players of the same age. Also Zhao et al. [24]

found VC values of M = 5,071 ml (SD = 863) in Chinese U15/U16 age group swimmers, which

were significantly higher than in a group, comprising youth athletes from five different other

sports. In contrast, in that study VC was systematically lower in table tennis athletes

(M = 3,823 ml; SD = 423). In combination with the VC, the chest girth (CG) is an adaptation

effect of the respiratory muscles in well-trained swimmers [25]. For a Chinese U15/U16 age

group of swimmers, Zhao et al. [24] reported a chest circumference of M = 90.3 (SD = 4.3),

which was significantly greater than in the group of the youth athletes from the other five

sports.

In racket sports, speed parameters, like the reaction time (RT), are suggested to play an

important role [26]. As a general result, one can confirm the assumption that elite athletes in

most sport disciplines similar to racket sports differ from non-athletes when performing

generic, single, and elementary reaction tasks (for table tennis, see [27]). Nevertheless, there is

but little evidence for the validity of a simple eye-hand RT assessment to distinguish between

elites from different sports [28].

Finally, in jumping disciplines like basketball [29] or volleyball [30] maximal dynamic back

strength (BS) turned out to be a relevant predictor of sport performance. This is explained by

that the deadlift exercise contributes to the activation of the m. semitendinosus during leg

extension and the push-off movement [31]. In swimming [32], the power of the squat move-

ment, which is highly dependent on dynamic BS, is a relevant predictor for the lunge speed

and swimming power, respectively. Zhao et al. [24] reported on a higher level of dynamic BS

in U15/U16 Chinese table tennis athletes compared to a group of other sports. Furthermore,

the high reliability of the deadlift test (ICC = 0.99; [33]) allowed for the use of this measure-

ment in all three sports groups included in this study.

On the basis of such findings, the purpose of this study was to investigate the profile and its

response to training of adolescent Chinese elite athletes of swimming and racket sports. It is

hypothesized that these youth players already show a sport specific development profile of cer-

tain physiological, anthropometric and/or motor performance characteristics which is in line

with the specific requirements of each of the particular sports. Moreover, it is hypothesized

that the response to the different sport-specific training regimens will also lead to increasing

differences in the development of the athletic make-up.

Materials and methods

Participants

The Shanghai Elite Sport School focuses on five different sports branches, of which the investi-

gated two sports groups are the largest at the respective age. Whereas the investigated endur-

ance sports group consists of the open water and bassin swimmers, the group of speed-

oriented sports embraces the comparatively homogeneous racket sports group of the
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investigated table tennis and badminton players. Besides these two groups, the Elite Sport

School also promotes combat sports which includes the more heterogeneous judo and fencing

athletes, as well as the "big" sports games which consist of baseball, basketball, and volleyball

players, and a selection of somewhat older sprint running, hurdling, high and long jump, pole

vault and decathlon athletes.

In total, 39 youth male Chinese elite athletes aged between 12–14 years started to take part

in the 2-years follow-up assessment. Due to injuries or illness 18 athletes could not take part in

all five waves of the repeated measurements, so that n = 21 participants completed the full

study (swimming = 10, and racket sports = 11 that is 7 table tennis and 4 badminton players;

mean age 12.14 ± 0.62 years, age range 11–13 years) participated in this study. All participants

were part of the Shanghai Elite Sport School, and regularly participated in the sports investi-

gated in one 3-hours training session from Monday to Friday and two 3-hours training ses-

sions on Saturday which amount to 21 hours total training time per week, as well as in

frequent competitions. The mean training time per week of the youth athletes was M = 20.8

hrs/w (not including school sports) over the entire study period. According to the coaches‘-

training log the swimmers weekly training volume of 60–75 km is apportioned to six days per

week and equivalent to about 15 hrs/wk of swimming. Over the course of the training year the

swimming program consisted of 67 percent of aerobic endurance training, 28 percent of

mixed aerobic-anaerobic, and 5 percent of anaerobic-lactic training. In addition to the swim-

ming sessions, the athletes conducted 2–3 of strength and conditioning sessions per week (4–6

hrs/wk). Although the training load of the in-water and dryland training could be differenti-

ated according to more precise categories of training intensity, at least the total training vol-

ume in both forms of training is in line with the data reported by Pollock et al. [34] for British

national caliber swimmers. Furthermore, the swimmers weekly training volume complies with

the time standard of 21 training hours of the racket sports players. The highly comparable total

amount of training load and a training quality on international level of the swimmers and

racket sports groups is secured by the official timetable of the Elite sport school training and

education program, and the professional expert staff, respectively. Like in the swimmers, the

racket sports groups‘training program included 15 hrs per week of 67 percent sport-specific

technical-tactical training and 33 percent match play activities, accompanied by 2–3 strength

and conditioning sessions amounting to 4–6 hrs/wk. In both sports groups the high volume of

sport-specific training should enhance the development of the aerobic endurance which in

swimming is needed for sustaining swimming speed [35], and in table tennis and badminton

for quick recovery (see [36, 37], as well as [38–40], resp). The strength and conditioning exer-

cises in both sports groups take place at the same high standard level and is focused predomi-

nantly on core strength and the explosive power of arms and legs. So, in both sports groups the

young elite athletes should demonstrate considerable training adaptations in the compared

physiological performance characteristics, body dimensions, and motor abilities [41, 42].

The mean training experience at the beginning of the study was two years. All athletes were

performing at a high level in their respective sport, representing China and/or the Shanghai

province in international competitions.

As non-athletes are not part of the Shanghai Elite Sport School, a control group was not at

hand. To allow for the conclusion that the investigated development of the 12–14 years old

youth athletes could not be related alternatively to the natural grow of Chinese teenagers, we

could refer our initial assessment parameters at least to actual data of representative Chinese

surveys on body height and weight [43], vital capacity [44], and hemoglobin concentration

[45].

The participants were recruited according to the ethical standards of the Shanghai Univer-

sity of Sports (SUS). This study was carried out in accordance with the recommendations of
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“Science Research Ethics Committee at the Shanghai University of Sport” with written

informed consent from all subjects. All subjects gave written informed consent in accordance

with the Declaration of Helsinki. The protocol was approved by the “Science Research Ethics

Committee at the Shanghai University of Sport.” All athletes’ parents were informed about the

protocol of this study, which was outlined in an information letter. No data collection took

place without parents’ consent.

Design of the study

In our study, a mixed cross-sectional and longitudinal design was used to allow for the detec-

tion of differences in the athletic development pathways exhibited by the two different sports

groups, and to inform about selection and/or training effects. Both sports groups were moni-

tored for two years by means of 5 test waves, with 2 visits (March and September) per year. All

21 athletes completed the study and performed all 8 tests.

Procedures and protocols

At each visit, all athletes completed a questionnaire that asked about their training volume and

frequency, injuries, and illnesses within the previous three months. None of the participants

taking part in all five test waves showed any severe injuries or illnesses that would have been a

reason for exclusion. For both groups, the same parameters were measured during one visit by

expert sport school staff members; body height (BH) and body weight (BW), resting heart rate

(HR), CG, Hb concentration [Hb] and VC, maximum dynamic BS and eye-hand RT. All tests

were conducted on the same day in both the gym and sports science laboratory on campus.

The testing started at 10 a.m., and all athletes refrained from strenuous exercise one day prior

to the test session.

Physiological characteristics. VC (in ml; high precision digital electronic spirometer,

Donghuateng Sports Apparatus Ltd, Beijing, CN) and hemoglobin concentration [Hb] (in mg

per l; HemoCue Hb 201; HemoCue AB, Angelholm, Sweden) were diagnosed by medical per-

sonnel of the Shanghai University of Sport. The typical error for the expiratory VC measure-

ment is 1.7% [46]. Arterialized blood samples were taken from a hyperemized earlobe to

determine the [Hb]. [Hb] was assessed photometrically (HemoCue1HB201+, HemoCue AB,

Sweden). The typical error for [Hb] measurement with this device is as accurate as CV< 1.0%

(limits of agreement –1.28 to 0.20 gr/dL; [47]). The HR at rest was recorded in all five periodi-

cal measurements for 2 min immediately after awakening in the morning by positioning an

H7 Bluetooth HR strap (Polar Electro, Kempele, Finland) on the chest.

Anthropometrics. BH were measured to the nearest 0.1 cm with a mechanical height tes-

ter (Donghuateng Sports Apparatus Ltd, Beijing, CN), BW to the nearest 0.1 kg (calibrated

Seca Alpha 770), and CG to the nearest 0.1 cm with a circumference ruler (Donghuateng

Sports Apparatus Ltd, Beijing, CN) were measured according to standardized test prescrip-

tions that ensure a high reproducibility [48, 49].

Motor performance prerequisites. Maximum dynamic BS (in kg; measured by a power

deadlift) and simple RT (in ms; PsyTech Sports; Xinyi Electronic Technology Company,

Shanghai, CN) were tested by expert staff members from Shanghai elite sport school. Before

the dynamic BS test, subjects performed a warm-up that consisted of cycling and dynamic

stretching, followed by the standardized one repetition maximum (1 RM) deadlift [50]. During

the test, the standardized procedures for the one repetition maximum (1 RM) deadlift was fol-

lowed [50]. A low-intensity set of 5–10 repetitions was performed using 40–60% of the per-

ceived 1 RM. After a 1-min rest, subjects performed a set of 2–3 repetitions at 60–80% of the

perceived 1 RM. Subsequently, subjects performed 3–5 maximal trials, followed by an
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assessment of 1 RM deadlift strength. For the power deadlift, Dorrell et al. [51] reported typical

errors varying for all variables between two visits from low to moderate (range 0.6–8.8%).

In the simple RT assessment, the test device was prepared to measure the time of a simple

finger movement response to light stimulation. The participant sat in front of the test instru-

ment, placed his right index finger on the button, and pressed the button when the red light

was on. The measurement included 20 repetitions, and the average value was calculated and

used for all further data analysis.

Data analyses

All data were analyzed with SPSS (Version 25.0; SPSS Inc., Chicago, IL, USA). To compare the

data from the two sports groups, the group means of each parameter were calculated for each

of the five test waves. Subsequently, these data were used in a General Linear Model (GLM)

with a 2�5 repeated measurements ANOVA to determine the differences between the five sub-

sequent test waves (factor time), and possible differences in the development of the 8 parame-

ters between the two groups (factor sports), as well as interactions between groups and

development. In all analysis the significance level was set at p< 0.05. According to the rules of

thumb proposed by Miles and Shevlin [52], effect sizes (partial η2) were interpreted as being

small (< .06), medium (< .14) and large (> .14). Although there were no systematic statistical

differences among the two sports groups in regard to calendar age, in the GLM analysis the

age of the participants at the beginning of the study (test wave 1) was used as a covariate to

exclude even slight influences of this factor on the parameters investigated.

Results

Descriptive statistics for all 8 variables of the 5 test waves used in the GLM can be found in

Table 1.

Physiological characteristics

The results of the General Linear Model (GLM) with age as a covariate for [Hb] in the athletes

from both sports groups are presented in Fig 1. When the two sports groups were compared,

[Hb] developed in a slightly different manner, and appears to have increased in a more linear

pathway in the swimmers, whereas the racket sports participants exhibit a time-lagged sharp

increase in the development of [Hb] over time, which took place on a significantly lower level

(F1;18 = 7.983; p< 0.05 partial η2 = 0.307). Nevertheless, no significant interaction effect

between the time course of [Hb] development and the sport performed could be detected

(F4;15 = 1.383; p = 0.249; partial η2 = 0.071).

A greater development of the VC took place in the group of swimmers, which was found to

be significantly different from that of the racket sports groups (F1;18 = 24.521; p< 0.001; partial

η2 = 0.577), which also showed an increase, but again on a lower level (Fig 2). Overall, the

investigated ten swimmers improved their VC by 31.5%. This large effect led to a maximum

VC at the end of the study period of almost five liters (M = 4,911 ml). Although the increase in

the racket sports athletes’ group by 32.5% was almost the same, the endurance athletes‘maxi-

mum VC was more than 1.5 liters higher (Table 1). As the development in the swim-

mers‘group took place on a higher level, a significant time by group effect (F4;15 = 2.665;

p = 0.039; partial η2 = 0.129) could be detected.

The resting HR in both sports groups did not decrease over the investigated 2-years preado-

lescent time span, and remained more or less on the same level (Fig 3). The significantly lower

HR at rest of the Chinese swimmers persisted over the whole investigation period (F1;18 =

13.674; p< 0.01; partial η2 = 0.432).
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Anthropometrics

Changes in the anthropometric parameters of the two groups during the study period are

shown in Table 1. The increase of BH in the pubertal athletes of both sports groups by approxi-

mately 6–7 cm per year did not reach significance (F4;15 = 2.348; p = 0.062; partial η2 = 0.115),

although the swimming group was significantly taller (F1;18 = 11.765; p< 0.01; partial η2 =

0.395). In the generally heavier swimmers (F1;18 = 8.212; p< 0.05; partial η2 = 0.313) body

mass showed a small increase in the first year, followed by a higher increase in both groups of

more than 5 kg during the second year (Table 1).

CG increased by 3–4 cm in the first, and also in the second year (see Table 1), thus the over-

all increase in the total group was significant (F4;15 = 2.989; p< 0.05; partial η2 = 0.142). As Fig

4 shows, the CG of the ten swimmers was already greater in the beginning of the monitoring

and their lead remained stable over the whole two-year follow-up period. Although the swim-

mers presented a much larger upper body than their racket sports counterparts (F1;18 = 9.790;

p< 0.05; partial η2 = 0.352), the shape of the course of the developmental pathway did not

vary significantly between the two sports groups.

Table 1. Physiological, anthropometric, and motor performance data.

Initial test (9/2016) Test wave 2 (3/2017) Test wave 3 (9/2017) Test wave 4 (3/2018) Test wave 5 (9/2018)

Swimming group (n = 10)

Age (months) 145.8 ± 7.2 151.8 ± 7.2 157.8 ± 7.2 163.8 ± 7.2 169.8 ± 7.2

Hemoglobin concentration (gr/l) 128.5 ± 11.1 129.8 ± 12.5 # 132.3 ± 8.3 � 137.2 ± 8.7 ### � 138.1 ± 11.0

Vital capacity (ml) 3796 ± 645 ### �� 4200 ± 857 ## �� 4486 ± 1064 ## ��� 4823 ± 1081 ## ��� 4911 ± 11.30 ##

Heart rate at rest (bpm) 61.9 ± 7.0 63.8 ± 7.5 61.7 ± 7.3 ## 62.6 ± 4.7 ### 61.7 ± 5.9 ##

Body height (cm) 165.1 ± 9.4 ## ��� 168.5 ± 10.6 ## ��� 171.9 ± 10.7 # ��� 175.4 ± 10.2 # ��� 177.9 ± 9.5 #

Body weight (kg) 57.2 ± 14.3 ## 57.9 ± 13.2 ## 58.9 ± 14.6 # 62.4 ± 15.0 # 63.7 ± 14.2 #

Chest girth (cm) 81.0 ± 7.5 ## �� 83.7 ± 7.3 ## �� 83.9 ± 8.0 # ��� 86.4 ± 8.9 ## ��� 87.5 ± 8.2 ##

Dynamic back strength (kg) 68.6 ± 10.1 � 74.7 ± 15.3 �� 79.6 ± 17.3 �� 89.8 ± 21.7 �� 90.3 ± 19.8

Eye-hand reaction time (ms) 210 ± 27 199 ± 18 197 ± 19 # 222 ± 26 200 ± 23

Racket sports group (n = 11)

Age (months) 145.6 ± 8.0 151.6 ± 8.0 157.6 ± 8.0 163.6 ± 8.0 169.6 ± 8.0

Hemoglobin concentration (gr/l) 119.7 ± 12.7 117.1 ± 9.7 # 122.3 ± 17.1 119.6 ± 10.4 ### �� 132.8 ± 14.5

Vital capacity (ml) 2686 ± 335 ### �� 2946 ± 399 ## ��� 3059 ± 478 ## ��� 3345 ± 414 ## ��� 3432 ± 477 ##

Heart rate at rest (bpm) 70.5 ± 10.1 68.1 ± 5.7 71.2 ± 6.4 ## 70.4 ± 3.8 ### 69.4 ± 4.0 ##

Body height (cm) 154.9 ± 8.7 ## ��� 157.7 ± 9.1 ## ��� 161.4 ± 9.6 # ��� 165.1 ± 9.4 # ��� 169.0 ± 8.9 #

Body weight (kg) 42.4 ± 9.1 ## �� 46.3 ± 9.2 ## �� 47.5 ± 9.7 # ��� 51.1 ± 9.0 # ��� 53.2 ± 9.2 #

Chest girth (cm) 71.7 ± 7.6 ## �� 73.9 ± 8.0 ## ��� 76.0 ± 7.1 # ��� 78.1 ± 6.6 ## ��� 79.8 ± 6.7 ##

Dynamic back strength (kg) 57.1 ± 17.0 �� 67.9 ± 19.3 ��� 71.1 ± 14.0 ��� 77.2 ± 18.6 ��� 85.2 ± 17.3

Eye-hand reaction time (ms) 223 ± 34 213 ± 32 219 ± 21 # 229 ± 17 223 ± 32

Values are means and standard deviations (M ± SD). Significance of differences within the two sports groups between initial and following values

�p < 0.05

��p < 0.01

���p < 0.001.

Significance of differences between the swimming and racket sports groups
#p < 0.05
##p < 0.01
###p < 0.01.
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Motor performance prerequisites

The swimmers‘group performed the BS test constantly on a higher level, but this difference

was not significant (F1;18 = 2.844; p = 0.109; partial η2 = 0.139). Also, the development of the

Fig 1. Changes in Hb concentration over two years in preadolescent male elite athletes from swimming and racket

sports.

Fig 2. Changes in vital capacity over two years in preadolescent male elite athletes from swimming and racket

sports.
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maximum dynamic BS was not systematically different between the racket sports and swim-

ming groups, although there seemed to exist a certain levelling of the BS development during

the last half year in the swimming group. In the racket sports group, the dynamic BS increased

Fig 3. Changes in heart rate at rest over two years in preadolescent male elite athletes from swimming and racket

sports.

Fig 4. Changes in chest girth over two years in preadolescent male elite athletes from swimming and racket sports.
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over the two years by 44.0%. Although the ten swimmers exhibited the highest maximum BS

over the whole investigation period, their relative gain in BS was less (34.2%; see Fig 5).

The development of the single RT exhibited a rather unsystematic pattern (see Fig 6). It

came as a surprise that the swimmers performed significantly better in the eye-hand RT test

(F1;18 = 7.718; p< 0.05; partial η2 = 0.300), even though these athletes did not improve much

over time (Table 1). As Fig 6 demonstrates, there was no significant interaction between the

RT development and the sports performed (F4;15 = 0.444; p = 0.776; partial η2 = 0.024).

Discussion

The aim of the study was to monitor the development of anthropometric, physiological and

motor performance prerequisites in elite youth athletes for a period of two years to investigate

the influence of systematic and sport-specific training on these variables. Based on the results

of this current study the development pathways of the anthropometric, physiological, and

motor performance prerequisites assessed in the elite sport school in Shanghai, China, are not

systematically different from Caucasian athletes investigated in comparable studies in the

literature.

In regard to body height and body weight, the swimmers‘group was at the age of 12 years

about 11 cm taller and 11 kg heavier than untrained male children of the same age, when com-

pared to the representative data of Zong et al. [43] from the large coastal cities in China. On

the other hand, the racket sports players did not exhibit a difference in body height, but were

about 4 kg lighter than non-athletes of the same age. Body height in swimming is widely recog-

nized as an important talent factor and performance characteristic [53]. In table tennis, a low

body weight as well as a short lower leg length [24] might enhance primarily the players‘agility

which plays an important role in elite table tennis performance [54].

The mean values for the [Hb] of the athletes of the three sports groups showed an average

yearly increase of 4.4% in the swimmers, and 6.5% in the racket sports players, which was

Fig 5. Changes in dynamic back strength over two years in preadolescent male elite athletes from swimming and

racket sports.
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similar to published data for Hbmass, showing a mean value of ~430 g in 11–13-yr-old boys

and ~370 g in 12–13-yr-old girls and boys [12]. Despite the general increase in hemoglobin

mass with age, Prommer et al. [11] did not find an independent statistical effect of age on

Hbmass because, in their study, the effects fully overlapped with those of lean body mass

(LBM) in such way that a 1 kg increase in LBM was associated with a 14.7 g increase in

Hbmass. As literature has stressed the close relationship between the circulating testosterone

levels and [Hb] [55], this leads to the hypothesis, that also the increase of [Hb] in young ath-

letes is primarily affected by androgens [56–58]. This supports the assumption that the sharp

increases in [Hb] of 15.8 percent in the racket sports group between the age of 13.7 and 14.1

years observed in our study seem to reflect puberty-associated changes in erythropoiesis and

were directly linked to an increase in testosterone levels in the male athletes. In contrast, it

remains unclear why such a nonlinear development of [Hb] was not found in the swimmers of

the endurance group who showed an almost linear increase over the two-years period.

The impact of the endurance training, itself, on accelerated erythropoiesis has been dis-

cussed and the findings are controversial. According to Steiner and Wehrlin [59], who com-

pared the Hbmass values of elite endurance athletes at various adolescent ages and concluded

that training at an age younger than 16 years appeared to have had negligible effects with

respect to enhanced erythropoiesis, our findings support the hypothesis that, during the inves-

tigated 2-years training period during adolescence, genetic predispositions more than the dif-

ferent sports-specific training regimens had an essential impact on [Hb]. Our results are also

in line with Ulrich, Bartsch, and Friedmann-Bette [17], who monitored the Hbmass of 15–

17-yr-old boys and girls during a 1.5-yr training period, and found a 15% higher Hbmass in

the trained subjects than in the untrained subjects, but no systematic training effects. Very

similar results were demonstrated by Eastwood et al. [16] for 11–15-yr-old boys and girls after

Fig 6. Changes in eye-hand reaction time over two years in preadolescent male elite athletes from swimming and

racket sports.
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a 1-year training period, showing 10% higher values in the athletic group (cyclists) compared

to non-athletes, which the authors attributed to the normal maturation process and not to the

training, itself. These results coincide well with the increase of 10–13 gr/l in [Hb] observed in

this study for the 12.1–14.1 years old age group (Table 1), corresponding to a change of 7.5%

in the swimmers‘, and 10.9% in the racket sports group over the 2-years training period. This

training effect exceeds the development of 5.1% of [Hb] in untrained Chinese children

between 12–14 years of age, that was reported by Song et al. [45] in his national overview.

However, when comparing the various training regimens during the training period, we

cannot determine whether this increase represents a sports-specific training effect, or whether

the higher values of the young swimmers are due to a selection process that favors children

with a naturally high [Hb] in this endurance sport [16, 17]. As a similar increase of [Hb]

occurred in the racket sports group during the pubertal phase investigated here, we hypothe-

size a high basic genetic impact and a genetically determined influence of endurance training

on [Hb], as the gains per year have not been higher in the swimming group. Alternatively, it

can be speculated that a higher effect of the swimmers endurance training regimen on [Hb]

had been masked by a parallel increase of blood plasma volume due to erythropoiesis [60].

In the HR at rest, similar results have been observed in former studies on preadolescent

elite athletes in sports that require particularly extended cardiac demands in response to an

overall endurance-oriented training program. So, it is interesting to note that in the investi-

gated Chinese age group swimmers, the average resting HR was about 7 bpm lower than in the

national calibre athletes of the same age (M = 14.3 yrs; SD = 1.0) from a Lithuanian elite sports

school, where Kamandulis et al. [61] diagnosed M = 68.6 ± 6.9 bpm. As the resting HR is one

marker of the functional status of the organism, it can be assumed that the lower values of the

Chinese youth athletes resulted from a more demanding training regimen that exceeded the

weekly training volume of the European swimmers by 2–3 training sessions that is about 5–6

hours per week.

A very similar picture as that for [Hb] and resting HR development was found for VC with

respect to the developmental change during the age period of 12.1 to 14.1 years investigated in

this study. As expected, the greatest development of the VC took place in the endurance

group. Here, the investigated ten swimmers improved their VC by 31.5%, which led to a maxi-

mum VC at the end of the study period of almost five liters (M = 4,911 ml). Although, the

increase in the racket sports athletes by 32.5% was almost the same, the endurance athletes‘-

maximum VC was about 1.5 liters higher (Table 1). The greater development found in the

swimmers agrees with the previous studies of Lazovic et al. [25], who reported higher lung vol-

umes in endurance sports compared to skill, mixed, and power sports. Furthermore, Mercier

et al. [62] stressed that, in 10–14 years old swimmers, the increase of V02max is strongly linked

to training volume. As the training volume of the circumpubertal swimmers investigated in

our study is higher than the amount of 14 h per week reported for the group with the highest

gain in V02max by Mercier et al. [62], it can be assumed that the superior values of the Chinese

swimmers compared to their racket sports counterparts resulted, primarily, from their sports-

specific training regimen. The main influence factor that might be responsible for the higher

gains in VC in the swimmers compared to the group of the racket sports participants, exhibit-

ing a quite similar development of their VC on a lower level, can be seen in the strengthening

effect of the underwater pressure on the respiratory muscles of the swimmers [63]. So, it is not

a surprise that the VC of the swimmers‘group already at the beginning of our investigation

period exceeded the mean value of 12.5 years old untrained subjects from the city of Shanghai

(M = 2517 ml; [44]) by 50.8%., while in the racket sports group this difference was 6.7%.

The strengthening effect of water pressure on the respiratory muscles of swimmers not only

enhances swimming performance but might also contribute to the greater CG in the
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swimmers of the endurance group. This mechanism is not only typical for swimmers but can

also be detected in fin swimming [64] and scuba diving [65]. The CG of the ten swimmers of

the endurance group was already greater in the beginning of the study and remained stable

over the whole 2-years follow-up period.

The relevance of dynamic BS was reported in a variety of different sports. In game sports

like basketball [29] or volleyball [30], maximal dynamic BS turned out to be a relevant predic-

tor of sport performance, and also reduced injury prevalence [66]. In swimming, Morouco

et al. [32] found that the power of the squat movement is a relevant predictor not only for

lunge speed and swimming power, but also enhances swimming endurance via a more stable

prone position which reduces drag resistance considerably for all swimming velocities. Besides

its validity, the high reliability of the deadlift test (ICC = 0.99; [33]) allowed for the use of this

measurement in both sports groups of this study.

The finding of this study, which concludes shorter RT in a single eye-hand coordination

task for the group of the swimmers needs further investigation as it cannot be confirmed by

the existing literature.

Study limitations

Our study has several limitations. The first limitation is the relatively small sample size, which

was a consequence of the inclusion of only elite athletes. This implies that members of the

investigated age group of 12-14-year-old male athletes cannot be numerous. Besides that, the

small number of athletes from the two sports groups, resulted also from the short-term drop-

out rate of 18 participants shortly before any one of the five single measuring dates due to inju-

ries, illness or other causes.

The second limitation is the study’s narrow focus on only male youth athletes. This was due

to feasibility reasons. At the moment of testing, the number of elite female athletes was even

smaller compared to the males. This would have caused further statistical restrictions. oreover,

we expected a different influence of the gender-specific athletic make-up on the sports-specific

performances of male and female youth athletes in the two sports groups. For this reason, it

seems invalid to group male and female athletes together.

Furthermore, the lack of a control group participating in a more general training program

on a non-elite level, monitored over the same time period and with the same frequency as the

elite youth athletes‘groups, makes it difficult to distinguish between real training effects and

genetic predispositions. Nevertheless, the data collected in this study provide valuable insights

into the changes in [Hb], VC, and CG, as well as BS development, under the relatively inten-

sive training regimen in an elite youth sport school in China. Although that the elite sport

school system secures a comparable maximum of total training load and a training quality on

the international standard level in the players from different sports, in future studies a deeper

insight into the details of the sports-specific training load set-up and the progression and peri-

odization of the training volume and intensity over this important age period in the long-term

athletic development is desirable. Besides more precise information on the kilometers swum

in different intensity categories in the swimmers group, and on the exercise duration in spe-

cific training content categories, like e.g. technical and tactical training drills and match play

in the racket sports group, further information on the individual training response is war-

ranted. So, besides measures of resting, exercise, and recovery heart rate during the training

sessions [67], also daily training logs, psychometric questionnaires [68], and frequent perfor-

mance testing of endurance, speed and strength parameters [69] may offer a more complete

solution to diagnose the long-term performance development in athletes participating in aero-

bic- and strength-oriented sports.
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Conclusion

In general, elite youth athletes of the different sports groups (swimming and racket sports)

from China between 12–14 years of age exhibit similar development profiles of physiological,

anthropometric, and motor performance prerequisites profiles, compared to North American

or European athletes. [Hb] and VC of Chinese male youth athletes linearly increase between

the ages of 12 and 14 years, showing a mean increase of 5% per year, not only reflecting their

sports-specific response to training, but also the impact of testosterone production during the

onset of puberty. These age-related changes in [Hb] are mainly promoted by the development

of body mass, although long-term training exerts additional effects. However, this study pro-

vides evidence that the higher [Hb] found in the endurance-trained swimmers between the

age of 12 and 14 years is not primarily due to the sports-specific training regimen alone, but

also to genetic preselection. From our study, there is no evidence that the talent recruitment

strategies or the sports-specific training regimens administered in a typical elite sport school in

China cause different development pathways in Chinese youth athletes when compared to

North-American or European players, and thus need to be changed. Nevertheless, the hetero-

geneity of the intra-group samples in the two racket sports disciplines table tennis and bad-

minton summed-up as similar sports types, require a cautious interpretation of our results.

Also, the focus on solely male athletes point to a need for further investigations in the talent

development process-up of elite youth sport cadres. Furthermore, a greater variety of motor

tests including speed, endurance and flexibility tests in the youth athletes‘assessments were

reasonable.
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32. Morouço P., Neiva H., González-Badillo J. J., Garrido N., Marinho D. A., and Marques M. C. (2011).

Associations between dry land strength and power measurements with swimming performance in elite

athletes: a pilot study. Journal of Human Kinetics. 29A:105–112. https://doi.org/10.2478/v10078-011-

0065-2 Epub 2011 Oct 4. PMID: 23486734

33. Comfort P. and McMahon J.J. (2015). Reliability of maximal back squat and power clean performances

in inexperienced athletes. Journal of Strength and Conditioning Research. 19, 3089–3096.

34. Pollock S., Gaoua N., Johnston M.J., Cooke K., Girard O. & Mileva K.N. (2019). Training Regimes and

Recovery Monitoring Practices of Elite British Swimmers. Journal of Sports Science and Medicine, 18

(3), 577–585. eCollection 2019 Sep. PMID: 31427881. PMCID: PMC6683628.

35. Reis J.F., Alves F.B., Bruno P.M., Vleck V. & Millet G.P. (2012). Oxygen uptake kinetics and middle dis-

tance swimming performance. Journal of Science and Medicine in Sport, 15(1), 58–63. https://doi.org/

10.1016/j.jsams.2011.05.012 Epub 2011 Jul 28. PMID: 21802360

36. Phomsoupha M. & Laffaye G. (2015). The science of badminton: game characteristics, anthropometry,

physiology, visual fitness and biomechanics. Sports Medicine, 45(4), 473–495. https://doi.org/10.1007/

s40279-014-0287-2 PMID: 25549780.

37. Rampichini S., Limonta E., Pugliese L., Cè E., Bisconti A.V., Gianfelici A., et al. (2018). Heart rate and

pulmonary oxygen uptake response in professional badminton players: comparison between on-court

game simulation and laboratory exercise testing. European Journal of Applied Physiology, 118(11),

2339–2347. https://doi.org/10.1007/s00421-018-3960-6 Epub 2018 Aug 18. PMID: 30121883.

38. Kondric M., Zagatto A.M. & Sekulic D. (2013). The physiological demands of table tennis: a review.

Journal of Sports Science and Medicine, 12(3), 362–370. eCollection 2013. PMID: 24149139. PMCID:

PMC3772576.

39. Zagatto A.M., Morel E.A. & Gobatto C.A. (2010). Physiological responses and characteristics of table

tennis matches determined in official tournaments. Journal of Strength and Conditioning Research, 24

(4), 942–949. https://doi.org/10.1519/JSC.0b013e3181cb7003 PMID: 20300034.

Sport and Exercise Medicine: Theory and Practice 

93

https://doi.org/10.1136/bjsm.19.4.232
http://www.ncbi.nlm.nih.gov/pubmed/4092147
https://doi.org/10.1136/bjsm.18.2.97
http://www.ncbi.nlm.nih.gov/pubmed/6466937
https://doi.org/10.3389/fphys.2019.00405
http://www.ncbi.nlm.nih.gov/pubmed/31105576
https://doi.org/10.3389/fnbeh.2019.00165
http://www.ncbi.nlm.nih.gov/pubmed/31379535
https://doi.org/10.2466/pms.106.1.163-170
http://www.ncbi.nlm.nih.gov/pubmed/18459365
https://doi.org/10.3390/sports6020045
http://www.ncbi.nlm.nih.gov/pubmed/29910349
https://doi.org/10.1519/JSC.0b013e3181a4e7f0
https://doi.org/10.1519/JSC.0b013e3181a4e7f0
http://www.ncbi.nlm.nih.gov/pubmed/19620905
https://doi.org/10.1519/0000000000002181
https://doi.org/10.2147/OAJSM.S79189
http://www.ncbi.nlm.nih.gov/pubmed/26170726
https://doi.org/10.2478/v10078-011-0065-2
https://doi.org/10.2478/v10078-011-0065-2
http://www.ncbi.nlm.nih.gov/pubmed/23486734
http://www.ncbi.nlm.nih.gov/pubmed/31427881
https://doi.org/10.1016/j.jsams.2011.05.012
https://doi.org/10.1016/j.jsams.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21802360
https://doi.org/10.1007/s40279-014-0287-2
https://doi.org/10.1007/s40279-014-0287-2
http://www.ncbi.nlm.nih.gov/pubmed/25549780
https://doi.org/10.1007/s00421-018-3960-6
http://www.ncbi.nlm.nih.gov/pubmed/30121883
http://www.ncbi.nlm.nih.gov/pubmed/24149139
https://doi.org/10.1519/JSC.0b013e3181cb7003
http://www.ncbi.nlm.nih.gov/pubmed/20300034
https://doi.org/10.1371/journal.pone.0239155


40. Zagatto A.M., Kondric M., Knechtle B., Nikolaidis P.T. & Sperlich B. (2018). Energetic demand and

physical conditioning of table tennis players. A study review. Journal of Sports Sciences, 36(7), 724–

731. https://doi.org/10.1080/02640414.2017.1335957 Epub 2017 Jun 5. PMID: 28582628.

41. Berryman N., Mujika I., Arvisais D., Roubeix M., Binet C. Bosquet L. (2018). Strength Training for Mid-

dle- and Long-Distance Performance: A Meta-Analysis. International Journal of Sports Physiology and

Performance, 13(1), 57–63. https://doi.org/10.1123/ijspp.2017-0032 PMID: 28459360.

42. Ozmen T. & Aydogmus M. (2016). Effect of core strength training on dynamic balance and agility in ado-

lescent badminton players. Journal of Bodywork and Movement Therapy, 20(3), 565–570. https://doi.

org/10.1016/j.jbmt.2015.12.006 Epub 2015 Dec 19. PMID: 27634079.

43. Zong X.N. & Li H. (2014). Physical growth of children and adolescents in China over the past 35 years.

Bull World Health Organ., 92(8):555–564. https://doi.org/10.2471/BLT.13.126243 PMID: 25177070

44. Wang H.J., Li Q., Guo Y., Song J.Y., Wang Z. & Ma J. (2017). Geographic variation in Chinese children’

forced vital capacity and its association with long-term exposure to local PM10: a national cross-sec-

tional study. Environ Sci Pollut Res Int., 24(28):22442–22449. https://doi.org/10.1007/s11356-017-

9812-9 PMID: 28803437

45. Song Y., Wang H.J., Dong B., Wang Z., Ma J. & Agardh A. (2017).National Trends in Hemoglobin Con-

centration and Prevalence of Anemia among Chinese School-Aged Children, 1995–2010. J Pediatr.,

183:164–169.e2. https://doi.org/10.1016/j.jpeds.2017.01.012 PMID: 28153479

46. Hutchison D.C.S., Barter C.E., and Martelli N.A. (1973). Errors in the measurement of vital capacity. A

comparison of three methods in normal subjects and in patients with pulmonary emphysema Thorax.

1973 Sep; 28(5): 584–587. PMCID: PMC470082. https://doi.org/10.1136/thx.28.5.584 PMID:

4784379.

47. Jaggernath M., Naicker R., Madurai S., Brockman M. A., Ndung‘u T., and Gelderbloom H. C. (2016).

Diagnostic Accuracy of the HemoCue Hb 301, STAT-Site MHgb and URIT-12 Point-of-Care Hemoglo-

bin Meters in a Central Laboratory and a Community Based Clinic in Durban, South Africa. PLoS One.

2016; 11(4): e0152184. Published online 2016 Apr 5. https://doi.org/10.1371/journal.pone.0152184

PMCID: PMC4821624. PMID: 27046200.

48. Hawes M.R., and Martin A.D. (2001). Human Body Composition. In Kinanthropometry and Exercise

Physiology Laboratory Manual: Tests, Procedures and Data (Vol I, pp. 00–00). London: Routledge.

49. Stewart A., Marfell-Jones M., Olds T., and de Ridder H. (2011). International standards for anthropo-

metric assessment. New Zeland: ISAK; LowerHutt.

50. Hoffman J. R. (2006). Norms for fitness, performance, and health. Champaign, IL: Human Kinetics.

51. Dorrell H. F., Moore J. M., Smith M. F., and Gee T. I. (2018). Validity and reliability of a linear positional

transducer across commonly practised resistance training exercises. Journal of Sports Sciences,

https://doi.org/10.1080/02640414.2018.1482588 PMID: 29851551

52. Miles J., and Shevlin M. (2001) Applying Regression and Correlation: A Guide for Students and

Researchers. Sage: London.

53. Moura T., Costa M., Oliveira S., Júnior M.B., Ritti-Dias R. & Santos M. (20199. Height and body compo-

sition determine arm propulsive force in youth swimmers independent of a maturation stage. J Hum

Kinet., 42:277–284. https://doi.org/10.2478/hukin-2014-0081 PMID: 25414760

54. Nikolić I., Nikolić I., Furjan-MandićG. & Kondric M. (2014). The relationship of morphology and motor

abilities to specific table tennis tasks in youngsters. Coll Antropol., 38(1):241–245. PMID: 24851624

55. Handelsman D.J., Hirschberg A.L., and Bermon S. (2018). Circulating Testosterone as the Hormonal

Basis of Sex Differences in Athletic Performance. Endocr. Rev. 2018 Oct 1; 39(5):803–829. https://doi.

org/10.1210/er.2018-00020 PMID: 30010735

56. Coviello A.D., Kaplan B., Lakshman K.M., et al. (2008). Effects of graded doses of testosterone on

erythropoiesis in healthy young and older men. J Clin Endocrinol Metab. 93:914–919. https://doi.org/

10.1210/jc.2007-1692 PMID: 18160461

57. Hero M., Wickman S., Hanhijärvi R., Siimes M.A., and Dunkel L. (2005). Pubertal upregulation of eryth-

ropoiesis in boys is determined primarily by androgen. J Pediatr. 146(2):245–52. https://doi.org/10.

1016/j.jpeds.2004.09.002 PMID: 15689918

58. Thomsen K., Riis B., Krabbe S., and Christiansen C. (1986). Testosterone regulates the haemoglobin

concentration in male puberty. Acta Paediatr Scand. 75(5):793–6. https://doi.org/10.1111/j.1651-2227.

1986.tb10292.x PMID: 3564947

59. Steiner T., and Wehrlin J. P. (2011). Does hemoglobin mass increase from age 16 to 21 and 28 in elite

endurance athletes? Medicine and Science in Sports and Exercise. 43, 1735–1743. https://doi.org/10.

1249/MSS.0b013e3182118760 PMID: 21311364

60. Sitkowski D., Szygula Z., Pokrywka A., Turowski D., and Malczewska-Lenczowska J. (2018). Interrela-

tionships between changes in erythropoietin, plasma volume, haemoglobin concentration, and total

Sport and Exercise Medicine: Theory and Practice 

94

https://doi.org/10.1080/02640414.2017.1335957
http://www.ncbi.nlm.nih.gov/pubmed/28582628
https://doi.org/10.1123/ijspp.2017-0032
http://www.ncbi.nlm.nih.gov/pubmed/28459360
https://doi.org/10.1016/j.jbmt.2015.12.006
https://doi.org/10.1016/j.jbmt.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/27634079
https://doi.org/10.2471/BLT.13.126243
http://www.ncbi.nlm.nih.gov/pubmed/25177070
https://doi.org/10.1007/s11356-017-9812-9
https://doi.org/10.1007/s11356-017-9812-9
http://www.ncbi.nlm.nih.gov/pubmed/28803437
https://doi.org/10.1016/j.jpeds.2017.01.012
http://www.ncbi.nlm.nih.gov/pubmed/28153479
https://doi.org/10.1136/thx.28.5.584
http://www.ncbi.nlm.nih.gov/pubmed/4784379
https://doi.org/10.1371/journal.pone.0152184
http://www.ncbi.nlm.nih.gov/pubmed/27046200
https://doi.org/10.1080/02640414.2018.1482588
http://www.ncbi.nlm.nih.gov/pubmed/29851551
https://doi.org/10.2478/hukin-2014-0081
http://www.ncbi.nlm.nih.gov/pubmed/25414760
http://www.ncbi.nlm.nih.gov/pubmed/24851624
https://doi.org/10.1210/er.2018-00020
https://doi.org/10.1210/er.2018-00020
http://www.ncbi.nlm.nih.gov/pubmed/30010735
https://doi.org/10.1210/jc.2007-1692
https://doi.org/10.1210/jc.2007-1692
http://www.ncbi.nlm.nih.gov/pubmed/18160461
https://doi.org/10.1016/j.jpeds.2004.09.002
https://doi.org/10.1016/j.jpeds.2004.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15689918
https://doi.org/10.1111/j.1651-2227.1986.tb10292.x
https://doi.org/10.1111/j.1651-2227.1986.tb10292.x
http://www.ncbi.nlm.nih.gov/pubmed/3564947
https://doi.org/10.1249/MSS.0b013e3182118760
https://doi.org/10.1249/MSS.0b013e3182118760
http://www.ncbi.nlm.nih.gov/pubmed/21311364
https://doi.org/10.1371/journal.pone.0239155


haemoglobin mass in endurance athletes. Res Sports Med. 26(3):381–389. https://doi.org/10.1080/

15438627.2018.1447936 Epub 2018 Mar 8. PMID: 29516744

61. Kamandulis S., Juodsnukis A., Stanislovaitiene J., Zuoziene I.J., Bogdelis A., Mickevicius M., et al.

(2020). Daily Resting Heart Rate Variability in Adolescent Swimmers during 11 Weeks of Training. Inter-

national Journal of Environmental Research and Public Health, 17(6), 2097. Published online 2020 Mar

22. https://doi.org/10.3390/ijerph17062097 PMID: 32235693

62. Mercier J., Vago P., Ramonatxo M., Bauer C., and Prefaut C. (1987). Effect of aerobic training quantity

on the VO2 max of circumpubertal swimmers. International Journal of Sports Medicine. 8, 26–30.

https://doi.org/10.1055/s-2008-1025635 PMID: 3557779

63. Lemaitre F., Coqart J.B., Chavallard F., Castres I., Mucci P., Costalat G., et al. (2013). Effect of addi-

tional respiratory muscle endurance training in young well-trained swimmers. Journal of Sport Science

and Medicine. 12, 630–638. eCollection 2013.

64. Vasickova J., Neumannova K., and Svozil Z. (2017). The effect of respiratory muscle training on fin-

swimmers’ performance. Journal of Sport Science and Medicine. 16, 521–526. eCollection 2017 Dec.

65. Simpson A.L., Ray A.D., Lundgren C.E., and Pendergast D.R. (2012). Energy cost of breathing at

depth: effect of respiratory muscle training. Undersea Hyperbaric Medicine. 39, 829–834. PMID:

22908839

66. Leetun D., Ireland M., and Wilson J. (2004). Core stability measures as risk factors for lower extremity

injury in athletes. Medicine and Science in Sports and Exercise, 36: 926–934. https://doi.org/10.1249/

01.mss.0000128145.75199.c3 PMID: 15179160

67. Buchheit M. (2014). Monitoring training status with HR measures: do all roads lead to Rome? Frontiers

in Physiology, 5, 73. Published online 2014 Feb 27. https://doi.org/10.3389/fphys.2014.00073 PMCID:

PMC3936188. PMID: 24578692.

68. Main L.C., Warmington S.A., Korn E. & Gastin P. (2016). Utility of the multi-component training distress

scale to monitor swimmers during periods of training overload. Research in Sports Medicine, 24(3),

269–80. https://doi.org/10.1080/15438627.2016.1202828 Epub 2016 Jul 1. PMID: 27368060.

69. McGuigan M. (2017). Monitoring Training and Performance in Athletes. Champaign, IL: Human

Kinetics.

Sport and Exercise Medicine: Theory and Practice 

95

https://doi.org/10.1080/15438627.2018.1447936
https://doi.org/10.1080/15438627.2018.1447936
http://www.ncbi.nlm.nih.gov/pubmed/29516744
https://doi.org/10.3390/ijerph17062097
http://www.ncbi.nlm.nih.gov/pubmed/32235693
https://doi.org/10.1055/s-2008-1025635
http://www.ncbi.nlm.nih.gov/pubmed/3557779
http://www.ncbi.nlm.nih.gov/pubmed/22908839
https://doi.org/10.1249/01.mss.0000128145.75199.c3
https://doi.org/10.1249/01.mss.0000128145.75199.c3
http://www.ncbi.nlm.nih.gov/pubmed/15179160
https://doi.org/10.3389/fphys.2014.00073
http://www.ncbi.nlm.nih.gov/pubmed/24578692
https://doi.org/10.1080/15438627.2016.1202828
http://www.ncbi.nlm.nih.gov/pubmed/27368060
https://doi.org/10.1371/journal.pone.0239155


The effect of an airflow restriction mask

(ARM) on metabolic, ventilatory, and

electromyographic responses to continuous

cycling exercise

João Francisco BarbieriID
1☯*, Arthur Fernandes GáspariID
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Abstract

This study analyzed the physiological adjustments caused by the use of the Elevation train-

ing mask® (2.0), an airflow restriction mask (ARM) during continuous exercise. Eighteen

physically active participants (12 men and 6 women) were randomized to two protocols:

continuous exercise with mask (CE-ARM) and continuous exercise without mask (CE).

Exercise consisted of cycling for 20 minutes at 60% of maximum power. Metabolic vari-

ables, lactate, and gas concentration were obtained from arterialized blood samples at pre

and post exercise. Continuous expired gases and myoelectric activity of the quadriceps

were performed at rest and during the test. We observed no reduction in oxygen saturation

in CE-ARM, leading to lower pH, higher carbon dioxide, and greater hematocrit (all p <0.05).

The expired gas analysis shows that the CE-ARM condition presented higher oxygen

uptake and expired carbon dioxide concentrations (p <0.05). The CE-ARM condition also

presented lower ventilatory volume, ventilatory frequency, and expired oxygen pressure (p

<0.05). No changes in electromyography activity and lactate concentrations were identified.

We conclude that using ARM does not induce hypoxia and represents an additional chal-

lenge for the control of acid-base balance, and we suggest the use of ARM as being suitable

for respiratory muscle training.

Introduction

The benefits of hypoxic training are well documented in the literature and this type of training

is known to act upon various body systems, including the central nervous, cardiorespiratory,

and muscular systems [1,2]. Because training in high altitudes or using the normobaric
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hypoxia strategy is not easily accessible, other methods to simulate hypoxic training were

developed in the last few years. The Elevation training mask1 is one of these products. Nowa-

days known as Training Mask1, this mask is characterized as an airflow restriction mask

(ARM). In the marketing material for the product (trainingmask.com), suggestions are made

comparing the ARM use and hypoxia exposure (see Training mask Works–Scientifically

Proven Performance section). The site states that the use of the mask would increase the circu-

lation Growth Hormone induced by hypoxic conditions [3]. The resistance to airflow would

provide this hypoxia condition during breathing via an adjustable valve system that have dif-

ferent “altitude” levels (Elevation Training Mask 2.0). In addition, the ARM is postulated to

increase respiratory muscle work leading to improvements in endurance performance, via

respiratory muscle training (RMT), as shown in previous literature [4].

The effectiveness of ARMs is not well understood because of the limited number of studies,

and limited access to more direct and precise physiologic measurements. Studies using ARMs

in long-term training (6 weeks or more) found no major changes in oxygen saturation and car-

diovascular adaptations such as maximum oxygen intake ð _VO2 maxÞ or time to exhaustion test

[5,6]. Porcari et al. [7] observed that aerobic performance improved after 6 weeks of training,

which was attributed to the potential action of ARMs influencing the respiratory muscles,

although there were no significant differences in the results of pulmonary function tests. Fur-

thermore, Porcari et al [7] demonstrated that ARMs significantly improved _VO2 and power

output at the respiratory compensation point and ventilatory threshold. However, the meta-

bolic and neuromuscular responses to exercise in the presence or absence of ARMs were not

investigated by these authors, and remain unknown.

In a randomized, counterbalanced, and within-subjects study, Romero-Arenas [8] demon-

strated that the use of ARMs during a maximal incremental exercise test on a cycle ergometer

reduced maximal power and lactate concentration. The use of ARMs in the test did not signifi-

cantly affect oxygen saturation (SaO2) in the muscle, but did increase the delivery of O2 to the

frontal cortex measured with near-infrared spectroscopy. The authors attributed this phenom-

enon to a hypercapnic state induced by the mask, but did not measure this variable (pCO2) in

the blood. Granados et al. [9] also investigated the use of ARM, showing that acute treadmill

exercise using a modified version of ARM reduces ventilation (VE) and respiratory rate (RR),

which can lead to an increase in CO2 blood level, although this variable was not directly

assessed in the study.

The purpose of this study was to compare blood gases, blood acid-base balance, ventilatory,

and electromyographic (EMG) responses during continuous acute cycling exercise using

ARM. We hypothesized that ARMs are effective in inducing a decrease in SaO2 when mea-

sured directly in the blood, as well as an increase in blood CO2. We hypothesized that the

mask use will cause changes in metabolites and EMG signals due to alterations in acid-basic

balance variables.

Materials and methods

Participants

The study included 18 healthy subjects (12 men and 6 women; age, 25.1 ± 4.6 years; BMI,

22.4 ± 2 kg/cm2; height, 170 ± 10 cm; _VO2max, 46.8 ± 4.0; maximum power, 247 ± 44 watts)

who were physically active (engaged regularly in at least 3 days of physical activity per week).

Before the study, the participants were informed about the protocols, possible risks and bene-

fits, and the schedule of activities. The participants were instructed not to perform strenuous

physical exercises for 48 hours and not to consume alcohol or stimulant drugs for 24 hours

before the tests. Also all participants was instructed to maintenance the supplements that their

Competing interests: The authors have declared

that no competing interests exist.
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used and avoid new supplements. The study was approved by the Research Ethics Committee

of the University of Campinas (Protocol No. 1.376.230) and was conducted in accordance with

the Declaration of Helsinki.

Experimental design

Subjects completed six visits to the laboratory. The first visit was intended to familiarize sub-

jects with the environment, procedures, and exercise protocols. All participants signed the

consent form during the first visit. In the second and third visits, a maximal incremental exer-

cise test was performed on a cycle ergometer in order to obtain the maximum power output

(Pmax). Two maximal incremental exercise tests were carried out to improve the reliability of

the evaluation. The highest Pmax in the two tests was used for training intensity prescription.

The Pmax was used for exercise prescription in the experimental sessions. The fourth visit

was intended to familiarize the subjects with the exercise protocol using ARMs. During visits

five and six, the participants performed a continuous exercise bout with ARMs (CE-ARM) or

a continuous exercise without ARMs (CE) in a crossover, counterbalanced, randomized and

within-subject design.

The maximal incremental exercise tests and the two exercise protocols were performed on

the same cycle ergometer (RacerMate1, CompuTrainerTM, Seattle, USA) at the same time of

day using the same seat, handlebar, and gait settings. The ARMs were configured to simulate

an altitude of 15,000 feet (4,572 m) in the CE-ARM condition. The CE condition wore the

mask to maintain the same dead space volume but did not use the valves to allow normal VE.

The ARM configuration, test protocols, and interval between visits (at least 48h) were deter-

mined previously using a pilot study in our laboratory.

Experimental session

For the EMG analysis, electrodes were placed in the quadriceps muscles. After that, the partici-

pants remained seated for 10 min, and blood was collected from the earlobe and the distal pha-

langes of the fingers for metabolic (see Table 1) and blood gas analyses. Participants were

positioned on the cycle ergometer at the beginning of the test, and expired gases were collected

for seven min at rest as baseline parameters. After this collection, the test began.

The cycling load of the CE-ARM and CE conditions was set at 60% of the Pmax, and was

held constant throughout the test at a cadence of 65–75 revolutions per minute (rpm). Both

experimental sessions lasted 20 min.

Expired breath-to-breath gases and the EMG activity of quadriceps muscles were collected

during all the test. Blood samples were drawn from the distal phalanges of the fingers immedi-

ately and at three, five, and seven min after exercise. Arterialized blood was drawn from the

left ear lobe for metabolite analysis at the end of the test.

ARM adaptation piece to gas analyzer

ARM was coupled to the gas analyzer using a mouthpiece made with the polymer acryloni-

trile-butadiene-styrene in an FDM-type 3D printer (RepRap Prusa Mendel I3, Sethi Indústria

e Comércio de Produtos Eletrônicos, São Paulo, Brazil). The total volume of the ARM and

mouthpiece was approximately 350 ml (see Fig 1). The experimental tests were performed in

both conditions using the mouthpiece and ARM (no valves were used in the CE condition) to

keep the same dead space volume between the two conditions. Neoprene was used on the

inner edge of the mouthpiece to ensure proper sealing, and the mouthpiece was attached to

the ARM using adhesive tape.
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Maximum incremental test

The test was performed on a cycle ergometer (CompuTrainerTM, RacerMate1, Seattle, USA)

with continuous collection of gas exchange ( _VO2, _VCO2 and VE) using an automatic gas ana-

lyzer (CPX UltimaTM, Medgraphics1, Minnesota, USA). The calibration of the cycle ergometer

and automatic gas analyzer was identical in all tests. The gear ratios and adjustments were identi-

cal in all tests and experimental sessions for both conditions. The participants performed progres-

sive exercise to exhaustion. The load was considered maximum when at least two of the following

criteria were met: 1. Plateau in oxygen uptake, defined as an increase of less than 2.1 ml/kg/min

in oxygen volume ( _VO2) even with increased load; 2. Respiratory exchange ratio� 1.1; and 3.

Heart rate (HR)� 90% of the maximum predicted by age (220 –age). These criteria were based

on the study by Howley, Bassett, and Welch [10]. The test comprised a preliminary five-min rest

and five-min warm-up to 50 W, followed by increments of 25 W every minute. The subjects were

instructed to maintain a cadence of 70–75 rpm. When it was impossible to maintain the desired

cadence, two reestablishment attempts were given. The test was discontinued when the partici-

pant failed to maintain cadence on the third attempt, even under strong verbal encouragement.

The third failed attempt was considered physical exhaustion. Heart rate was recorded during the

test using a cardio-frequency meter (Polar, Kempele, Finland).

Blood collection and analysis

For analysis of the lactate concentration [Lac], 25μL blood samples were collected from the dis-

tal phalanges of the fingers by puncture with disposable lancets after cleaning the fingers with

Table 1. Metabolic variables.

Variables Conditions Pre Post Δ (%)

pH CE 7,42 ± 0.01 7,33 ± 0.03� 1.21

CE-ARM 7,42 ± 0.001 7,29 ± 0.06� † 1.71

cHCO3 (mmol/L)& CE 22,31 ± 1,88 17,96 ± 2,14 19.43

CE-ARM 21,76 ± 1,66 17,62 ± 3,25 19.02

HHb (%)& CE 1,87 ± 1,01 3,14 ± 1,25 67.92

CE-ARM 1,77 ± 0.81 3,79 ± 1,55 114.1

BE (mmol/L)& CE -1,54 ± 1,52 -6,98 ± 2,16 353.2

CE-ARM -1,98 ± 1,27 -8,25 ± 3,71 319.61

Lactate (mmol/L)& CE 1,66 ± 0.51 7,71 ± 3,31 364.4

CE-ARM 1,53 ± 0.45 7,90± 2,92 416.34

pO2 (mmHg)& CE 85,15 ± 7,47 80.62 ± 6,32 5.32

CE-ARM 82,43 ± 4,04 79,96 ± 5,39 3.03

pCO2 (mmHg) CE 35,35 ± 3,19 34,76 ± 3,33 1.66

CE-ARM 34,61 ± 3,25 37,39 ± 4,06 � † 8.03

Hct (%) CE 44,23 ± 4,28 46,93 ± 4,46� 6.10

CE-ARM 45,01 ± 4,37 48,99 ± 4,78� † 8.84

SaO2 (%)& CE 98,09 ± 1,03 96,81 ± 1,26 1.30

CE-ARM 98,19 ± 0.84 96,16 ± 1,58 2.06

Abbreviations: BE, base excess; CE-ARM, continuous exercise with mask; CE, continuous exercise without mask; Hct, hematocrit; HCO3, bicarbonate concentration;

HHb, deoxyhemoglobin; SaO2, oxygen saturation; pO2, partial oxygen pressure; pCO2, and partial carbon dioxide pressure.

Data are expressed as Mean ± SD.

� interaction effect between time for the same condition (p <0.05). & difference between time (p <0.05).

† difference between conditions (p <0.05).
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70% alcohol. Blood was collected immediately before, immediately after, and at three, five, and

seven min after the end of the exercise. The blood samples were immediately transferred to

microtubes containing 25μL of 1% sodium fluoride and centrifuged for 10 min at 5,000 rpm

(Centrifuge Excelsa Baby I, Fanem, São Paulo, Brazil). The supernatant plasma was harvested

using an automatic pipette and stored at –80˚C for further analysis. Lactate concentration was

measured in a spectrophotometer (ELx800, Biotek1, Vermont, USA) using commercial kits

(Biotecnica1, São Paulo, Brazil).

Blood (approximately 125 μl) was collected from the earlobe in capillary tubes (Roche,

Diagnostics GmbH, Mannheim, Germany) before and immediately after the exercise to ana-

lyze the following blood gas variables: partial oxygen pressure (pO2), partial carbon dioxide

pressure (pCO2), pH, deoxyhemoglobin (HHb), base excess (BE), hematocrit (Hct), bicarbon-

ate concentration (HCO3), and oxygen saturation (SaO2). Ten minutes before the first blood

collection, the earlobe was pre-warmed for 5 min to activate blood flow and facilitate absorp-

tion of a vasodilator cream (Finalgon; Laboratorios FHER, SA, Barcelona, Spain) [11]. When

Fig 1. Piece to connect the ARM to the gas analyser. The 3D piece was used to connect the ARM to the gas analyser. The complex ARM + 3D piece had a dead space of

350 ml.
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necessary, the cream was applied again before the second collect. Blood samples were immedi-

ately analyzed using a point-of-care blood gas analyzer (Cobas b 123 POC System; Roche Diag-

nostics GmbH, Mannheim, Germany).

Electromyographic signal acquisition and processing

A Biopac EMG system model MP150 was used (Biopac System, Inc.; Santa Barbara, CA, USA)

for EMG signal acquisition. This model has 16 channels, active bipolar electrodes (model

TSD-150), and a common-mode rejection ratio of>95 dB. AcqKnowledge software version

3.8.1 (Biopac System, Inc., CA, USA) was used for signal analysis. The sample rate acquisition

was 2000 Hz, and the bandpass filter was 20–500 Hz.

The surface electrodes were attached to the rectus femoris (RF), vastus lateralis (VL), and

vastus medialis (VM) muscles with adhesive tape according to the recommendations of Sur-

face EMG for Non-Invasive Assessment of Muscles [12]. The centers of the electrodes were

kept at a fixed distance of two centimeters. A reference electrode was placed on the tibial tuber-

osity of the right leg of each participant. Hair and dead cells were removed from the skin to

decrease impedance. After signal collection, the root mean square (RMS) of EMG signals (100

bursts) was calculated using the software AcqKnowledge version 3.8.1 (Biopac System, Inc.,

CA, USA). After that, data were extracted, and a specific routine created in the MATLAB

(MathWorks) software was used to calculate the mean values per minute. The RMS result per

minute was normalized by the RMS of the first minute of each protocol. The normalized sig-

nals of the RF, VM, and VL muscles were summed and presented as a single variable (SUM

QF).

Statistical analysis

The normality of the data was confirmed using the Shapiro-Wilk test. Two-way analysis of var-

iance (ANOVA) was used for repeated measurements. The Tukey post-hoc test was applied to

analyze the interaction effect between condition and time (pre and post) in ANOVA. The sig-

nificant main effects of time and condition are indicated in the text. When appropriate, Tukey

post-hoc test was used to examine the main effect of time. The STATISTICA software version

6.0 was used for all statistical analyses (StatSoft, Inc., Tulsa, OK, USA). Data are presented as

mean and standard deviation (SD), and the significance level adopted for all comparisons was

p<0.05.

Results

Metabolic variables

The results of the metabolic variables are shown in Table 1. The pH decreased in the CE and

CE-ARM condition after exercise (CE p<0.01; CE-ARM p<0.01), and the decrease was larger

in the CE-ARM condition (p<0.01). HCO3, HHb, BE, and [Lac] showed a main effect of time

(HCO3 p<0.01; HHb p<0.01; BE p<0.01 and [Lac] p<0.01).

The pO2 showed a main effect of time (p = 0.05); as the concentration of pO2 pre-exercise

was smaller than post-exercise for both conditions. The pCO2 remained unaltered in the CE

condition and increased in the CE-ARM condition (p<0.01), and the difference between the

conditions was significant (p<0.01). Hct increased in both conditions post-exercise (both at

p = 0.05) and was higher in the CE-ARM condition (p<0.01). SaO2 did not present an interac-

tion effect between the conditions (p = 0.08) but showed a main effect of time (p<0.01) and

was lower after the test in both conditions.
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Gas analysis and ventilatory variables

A summary of ventilatory variables is presented in Fig 2. _VO2 was higher in the CE condition

in the first minute of the test (p<0.01) and higher in the CE-ARM condition from the seventh

minute until the end of the test (all p<0.01) (Fig 2A). VE was lower in CE-ARM at all time

points (p<0.01) (Fig 2B). The partial pressure of end-tidal CO2 (PETCO2) was higher in

CE-ARM at all time points (p<0.01) (Fig 2C). The partial pressure of end-tidal O2 (PETO2)

was lower in the CE-ARM condition before the test (p = 0.02) and from the second minute to

end of the test (all p<0.01) (Fig 2D). The RR showed a main effect of condition (p<0.01) and

time (p<0.01), and the post-hoc test indicated that this variable increased throughout the test.

However, the post-hoc analysis found no interaction effect between the conditions (p = 0.24).

Electromyographic variable

The analysis of SUM QF (Fig 3) data revealed that there was no interaction effect (p = 0.27)

between condition and time (p<0.01). However, there was a main effect of time (p<0.05).

Fig 2. Abbreviations: CE-ARM, continuous exercise with mask; CE, continuous exercise without mask; PETCO2,

Partial pressure of end tidal CO2; PETO2, Partial pressure of end tidal O2; RR, Respiratory rate; _VO2, Oxygen uptake

and VE, Ventilation. Data expressed in Mean (Standard Deviation). † denotes a significant difference between

conditions (CE x CE-ARM) identified by the Post Hoc (p<0.05).1Denotes main effect of time identified by

ANOVA (p <0.05).The dashed line indicates the maximum mean value reached in the incremental test.
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The post-hoc analysis indicated that the main effect of time was not significant at any time

point.

Discussion

This study evaluated whether the use of ARMs in continuous aerobic exercises could simulate

training in hypoxic conditions and cause metabolic and electromyographic changes. ARMs

caused significant changes in ventilatory variables, with a decrease in VE and PETO2 and RR

and an increase in O2 consumption and PETCO2. Moreover, there were significant changes in

the metabolic profile with the use of ARMs relative to CE, evidenced by lower blood pH,

higher blood CO2, and elevated hematocrit.

Our findings indicated that ARM did not induce hypoxia because the level of decrease in

SaO2 was similar between the two conditions. Furthermore, the absence of hypoxia was evi-

denced by the lack of significant differences in pO2 values between the conditions. The other

analyzed variables, as Lactate, corroborate that ARMs did not cause hypoxia. Hypoxic training

causes pronounced changes in [Lac] when compared with normoxic training [1]. There were

no significant differences in [Lac] between the conditions. In addition, it is known that myo-

electrical activity is attenuated under hypoxic conditions [1], which did not occur in the pres-

ent study, whereby there were no significant differences in SUM QF between the conditions.

ARM did not cause hypoxia, but significantly increased Hct. Hematopoietic changes due to

exposure to hypoxic environments are considered essential for improving athletic perfor-

mance [13]. Adaptations such as an increase in baseline Hct are observed in conditions involv-

ing chronic exposure to environments with low O2 saturation as a result of the action of the

hormone erythropoietin [14]. However, the increase in Hct at the end of the exercise cannot

be attributed to a hypoxic condition, and may be a mechanism to control acid-base balance

because the pH was lower in the CE-ARM condition, even with an increase in HHb after exer-

cise in both conditions. The increase in HHb suggests that hemoglobin serves to buffer excess

hydrogen protons (H+) [15]. In addition, it is possible that the decrease in pH and the increase

Fig 3. EMG response to the continues test. Abbreviations: CE-ARM, continuous exercise with mask; CE, continuous exercise without mask; Sum QF, the sum of the

signals of the already normalized RF, VL and VM muscles. Data are expressed as Mean (Standard Deviation).1Denotes main effect of time identified by ANOVA (p

<0.05).
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in pCO2 stimulated a sympathetic response for spleen contraction, releasing reticulocytes into

the bloodstream, which could contribute to the increase in Hct [16].

The lower blood pH found in the present study was attributed to respiratory acidosis. The

occurrence of metabolic acidosis was discarded because [Lac] was similar in both conditions

after exercise, demonstrating that the additional source of H+ protons did not come from the

active leg muscles. This is in agreement with non-differences in quadriceps muscles activation,

since there was no significant differences in the electromyographic signal of SUM QF

(p = 0.27).

Respiratory acidosis is common in some conditions such as chronic obstructive pulmonary

disease [17], but this condition can be induced by some techniques such as prolonged expira-

tion, as demonstrated in triathletes [11]. The impaired respiratory mechanics affect the acid-

base balance and cause the accumulation of blood CO2. In this study, ARMs impaired respira-

tory dynamics, evidenced by the decrease in VE, a main effect of condition on RR, and accu-

mulation of blood CO2, demonstrating a relationship between changes in ventilatory patterns

and changes in the metabolic profile caused by ARMs. In the present study, the magnitude of

changes in the ventilatory response was not sufficient to significantly alter SaO2, and the vari-

ables relating to acid-base balance were the most strongly affected.

Studies that use large dead space volumes for RMT found changes in the ventilatory pattern

and accumulation of blood CO2 [18]. These changes may be due to an increase in acidosis and

alterations in the composition of the inspired air [18]. The dead volume of the ARM set

(adapted mouthpiece and mask) used in the present study was approximately 350 ml, and a

small dead space combined with the use of ARM valves may have altered the composition of

the air in the mask. There were changes in the expired concentrations of O2 and CO2, and the

CE-ARM condition presented a decrease in PETO2 and an increase in PETCO2. These results

indicate that the air in the dead space had a higher concentration of CO2 and a lower concen-

tration of O2, which may have increased blood CO2 concentration due to rebreathing of the

expired air, as postulated previously [7,8].

The ARM may be used as a RMT device, this evidence was confirmed by changes in the

ventilatory pattern (VE and RR) via a decrease in air volume, indicating the increased difficulty

to perform the respiratory cycle and decreased RR, and demonstrating that time under tension

of the respiratory muscles are increased. Additionally, ARM induced respiratory acidosis by

increased CO2 rebreathing; a mechanism used in another RMT devices that use large dead

space [18].

A relevant finding of this study was the increase in O2 consumption in the CE-ARM condi-

tion, characterized by high _VO2 values. Given the lack of increase in electromyographic activ-

ity from SUM QF, we hypothesized that the higher consumption of O2 was due to the higher

activity of respiratory muscles, which might decrease ventilatory efficiency because of the

lower number of breaths. This phenomenon was been reported in previous studies that have

used prolonged expiration as RMT [11].

Limitations

The idea of the project was to evaluate the effect of wearing the mask on a population of physi-

cally active individuals. In this sense, adopting a mixed group did not seem to compromise the

results. Other studies that aimed to evaluate the effects of using an implement or supplementa-

tion also adopted similar methodological approach [19]. A detailed overview of male and

female analysis can be found in the supplementary material S1–S4 Tables.

Additionally, the present study has the following limitations. First, blood gas analysis indi-

cated systemic alterations but not metabolic changes in the muscle, so a muscle specific
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analysis such as from muscle biopsies or even NIR-S could give us a better picture of muscle

metabolism. Secondly, ventilatory muscles were not evaluated directly; therefore, the higher

activation of these muscles is speculative. Finally, it is possible to speculated a potential additive

ergogenic effect due any supplements taken by subjects, however as any supplementation was

maintained during the entire study, any effect would occur equally in both conditions.

We recommend that future researchers investigate the relationship between the use of the

mask and a heightened activation of the inspiratory musculature (through electromyography

or inspiratory force assessments). Future studies should take into account the increased inten-

sity of the exercise protocol, in order to exacerbate the physiological variations with the use of

the mask. In conclusion, our results demonstrate that the use of ARMs did not cause hypoxia.

Moreover, changes in VE affected metabolic parameters suggesting that the use of ARMs dur-

ing exercise represents an additional challenge for the control of acid-base balance, therefore

the use of ARM for RMT may be appropriate.
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Abstract

Objective

The aim of this study was to investigate the association between preschool playground size,

formalized physical activity (PA) policies, time spent outdoors and preschool teacher’s lev-

els of PA and children’s objectively assessed levels of PA and sedentary time (ST) during

preschool hours.

Methods

In total, 369 children and 84 preschool teachers from 27 preschools in Södermalm munici-

pally, Stockholm Sweden wore an Actigraph GT3X+ accelerometer during 7 consecutive

days. Preschool environmental and structural characteristics were measured via the Envi-

ronment and Policy Evaluation Self-Report (EPAO-SR) instrument and time in- and out-

doors was recorded by preschool teachers during the PA measurements. Weight and

height of children were measured via validated scales and parents filled out a question-

naire on demographical and descriptive variables. Linear mixed models, nested on pre-

school level, were used to assess the association between predictors and outcomes.

Results

The mean child age was 4.7 years (SD 0.8) and 45% were girls. We found that children

were more active in preschools with a formalized PA policy, compared to preschools without

such a policy, but not less sedentary. The association between policy and activity seemed to

be more pronounced when accounting for other environmental factors. Similar associations

were found in children spent most time outdoors (uppermost quartile) compared with chil-

dren spent least time outdoors (Lowermost quartile). Preschool teachers’ light PA (LPA) (ß

= 0.25, P = 0.004) and steps (ß = 0.52, P<0.001) were associated with children’s LPA and
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steps while the preschool playground size showed no association with PA in children, when

accounting for other environmental factors.

Conclusion

The current study showed that preschool structural characteristics such as formalized PA

policies and more time spent outdoors were positively associated with children’s PA. These

findings suggest that formalized PA policies and time outdoors may be of importance for

promoting children’s PA during preschool hours.

Introduction

Total physical activity (PA), moderate to vigorous PA (MVPA) [1] and steps per day [2] are

positively associated with multiple health indicators in young children, while more conflicting

findings have been reported for sedentary time (ST) [3]. Furthermore, several studies have

shown that physically active children tend to remain more physically active across their life-

span [4]. Despite the many known benefits of PA, children are in general physically inactive

[5]. A review on preschoolers’ physical activity level based on objective measure has shown

highly variable results that preschool children spend 2%–41% of their day in MVPA, 4%–33%

in light PA (LPA), and 34%–94% sedentary [6]. Moreover, Swedish data with objectively mea-

sured PA and ST, show that preschoolers’ levels of PA are low [7, 8]. Hence, effective strategies

informed by objective data are urgently required to promote child PA.

A theory base is suggested to be beneficial for the effectiveness of PA promoting strategies

[9], therefore the social ecological model was employed as framework to understand systemati-

cally what factors may enable effective PA promotion in preschool children [10]. According to

the social ecological model, there are different levels of determinants of health behaviors such as

physical activity namely individual level, interpersonal level, organizational level and physical

environment level [10]. Environmental intervention in preschool which lay emphasize on non-

individual level determinants of PA, can potentially be an effective PA promotion strategy also

addressing sustainability and equity but the evidence-base is scarce [11]. In Sweden, approxi-

mately 92% of all children 1–5 years of age are attending preschools, regardless of their parents’

socioeconomic status [12]. Furthermore, approximately 50% of children’s daily MVPA is accu-

mulated during preschool hours [8]. Therefore, the preschool environment presents an ideal

arena to promote early development of healthy PA and ST behaviors [13].

Potential modifiable characteristics for preschool includes physical environment, policy,

time spent outdoors on the organizational level and teachers’ PA on the interpersonal level,

but the evidence supporting effectiveness is preliminary. In terms of interventions to modify

physical environment, studies have shown that structural environmental factors such as play-

ground size, play equipment accessibility and design of the preschool playground may be of

importance for children’s PA during preschool hours [14, 15]. However, consensus on play-

ground size is hampered by the lack of evidence, application of objective measure on PA, and

the difficulty in studying this issue with randomized experimental design [16]. Although physi-

cal environment level interventions address all children in the environment with potentially

promising sustainability, they are seldom practical due to the requirement on resources espe-

cially on large scale [17].

Modifying organizational factors, such as policy and time spent outdoors, is less resource-

dependent but may be effective provided adequate evidence base. Having a PA policy in pre-

school is suggested to be beneficial for preschooler’s PA but objective measure on PA is lacking

[14, 18, 19]. Conflicting results have been demonstrated by the few existing studies with
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accelerometer data. While Dowda et al found more MVPA in PA promoting preschools where

policy is one of the components [20], Erinosho et al showed a negative association between PA

policy and accelerometer measured PA level in preschool children [21]. More research with

objective PA data is needed to determine the association between policy and PA levels in pre-

school children. Similarly, studies investigating associations between time spent outdoors at

preschool and children’s levels of PA using objective measures on PA are also scarce. Only a

few existing studies indicate that the amount of time preschool children spend outdoors is pos-

itively associated with their levels of PA and negatively associated with ST [22, 23]. A recent

randomized controlled trial showed that scheduling both shorter more frequent and longer

outdoor sessions during preschool hours significantly increased preschool children’s MVPA

[24]. Thus, increasing time spent outdoors during preschool hours may, in addition to policies

and environmental factors, be an effective strategy to promote healthy PA among preschool

children. However, more studies are warranted to further explore the potential of organiza-

tional level factors.

Interpersonal level factor such as preschool teacher’s attitude, initiative, and participation

in physical activities along with children, may play an important role in promoting preschool

children’s PA [25]. However, there is a lack of studies among the preschool population. Only

one Norwegian study has used objectively measured PA in both preschool teachers’ and chil-

dren and found a small, but statistically significant association, between preschool teachers’

and preschool children’s levels of PA during preschool hours [26]. More studies with objective

measure on both preschool teachers and children are imperative to confirm the potential asso-

ciation between preschooler’s PA and preschool teachers’ PA.

To address these knowledge gaps, the aim of the current study is to assess to what extent

the physical preschool environment, formalized PA policies, time spent outdoors and pre-

school teachers’ levels of PA were associated with children’s objectively assessed PA, steps

and ST during preschool hours to deepen knowledge in informing strategy development for

child PA promotion.

Materials and methods

Study design, setting and study population

In this cross-sectional observational study, 30 out of the total 51 municipal preschools within

the Södermalm district of Stockholm Sweden, were invited to participate. Preschools were cho-

sen to reflect a representative sample of the different environmental characteristics (outdoor

operation and different size of the playground) within the Södermalm district. In Sweden, all

children from the age of 1 to 5 are eligible to go to preschool. However, children aged 1–2

years are often separated in physical activity daily routines from children aged 3–5 years

because of the difference in their development stage [27]. Further, WHO have formulated dif-

ferent physical activity guidelines due to this variation in growth between 1–2 years old tod-

dlers and 3–5 years old preschool children [28]. As such, preschool children of 3–5 years old

were chosen as the study population of this research and children between 3–5 years of age,

at the participating preschools, were invited to participate. Written informed consent was

obtained from all participating children’s parents and preschool teachers and the study has

been approved by the Stockholm Ethical Review Board (EPN), Dnr: 2018/890-31/2. The field-

work measurements, comprising questionnaires for preschool teachers and parents, body

measures of children and 7 days of accelerometer measures of PA in children and preschool

teachers, were carried out at the participating preschools from September to November 2018.
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Preschool environmental characteristics, policies and time outdoors

The Environment and Policy Evaluation Self-Report (EPAO-SR) Instrument, showing good to

excellent validity and reliability [29], was administered to preschool teachers. The EPAO-SR

instrument includes both questions about nutrition and physical activity and only questions

regarding physical activity were distributed in this study. Subscales of the EPAO-SR were used

to measure environmental characteristics and formalized PA policies in the participating pre-

schools. The specific questions asked were “How large is your preschool playground?” and

“Does your preschool has written policy or any other written document about physical activ-

ity? Answers about playground size were categorized and modified to include the Swedish out-

door activity practice; (1)�200m2, (2) around 900m2, (3) >2700m2 and (4) outdoors activity

(all time at the preschool is spent outdoors). Formalized PA policy was analyzed as a dichoto-

mous variable (Yes/No), depending on if the preschool had any written policy concerning PA

or not. Time in-and outdoors was aggregated from in-out report, in which preschool teachers

recorded time spent “indoors” or “outdoors” in 30-minute periods for every child on all week-

days during the PA measurements. Time outdoors was thereafter converted into quartiles (Q1

<138min, Q2 138min� to<187.5min, Q3 187.5min� to<234min and Q4�234min), where

Q1 comprises those 25% of preschool children who spent the least time outdoors and Q4 com-

prises those 25% who spent the most time outdoors.

Body measures

Weight and height of participating children were measured via validated scales and stadi-

ometers, respectively (calibrated scale: VB2-200-EC, Vetek AB, Väddö, Sweden; portable stadi-

ometer: Seca 213, Seca, Chino, CA, USA). Body mass index (BMI) was classified as normal,

overweight or obese according to an international classification by Cole et al., correcting for

age and sex [30].

Physical activity and sedentary time

PA and ST were measured via the triaxial Actigraph GT3X+ accelerometer, which has been

tested extensively for reliability and validity and is widely used in epidemiological pediatric

research [31]. Wear protocol and analyzing techniques followed best practices and used the

latest recommendations to increase accuracy [31]: children and preschool teachers were

instructed to wear the accelerometer, at the right hip, all waking hours for 7 consecutive days.

A sampling rate of 60 Hz was used and vector magnitude (Vm) activity counts (Vm =
p

(X2

+ Y2 + Z2)) was analyzed. Accelerometer data were considered valid if the child wore the accel-

erometer for at least 3 days, 10 hours/day. Non-wear time was defined as 60 or more consecu-

tive minutes with zero counts, allowing up to 2 min of interruptions with non-zero counts

[31]. Steps were determined using the manufacturer’s step algorithm, using the normal filter.

MVPA, LPA and ST were calculated based on cut-offs and epochs developed specifically for

the GT3X+ accelerometer, using Vm activity counts, in 4-year-old children [32]. A 60-s epoch

length was used in analysis according to the epoch setting in the validation study that devel-

oped these cut-offs [32]. ST was calculated as any minute of less than 820 counts per minute

(cpm), LPA as 820–3907 cpm and MVPA as�3908 cpm. For preschool teachers, MVPA, LPA

and ST were calculated based on cut-offs and epochs developed by Santos-Lozano et al. for the

GT3X+ accelerometer, using Vm activity counts [33]. ST was calculated as any minute of less

than 150 cpm, LPA as 150–3207 cpm and MVPA as�3208 cpm [33]. After the validation and

classification of PA level for whole day PA accelerometer measure, the time-stamped acceler-

ometer data was further matched with preschool time information to extract PA during pre-

school time due to the focus of the preschool factors in this study. In Sweden, preschool hours

Sport and Exercise Medicine: Theory and Practice 

111

https://doi.org/10.1371/journal.pone.0239838


vary to fit parents’ working schedule, but most preschools are open from 7:00 to 19:00. The

preschool arrival and departure time information for each child was documented by preschool

teachers daily in the same in/out report that recorded children’s activity indoor or outdoor in

30 minutes periods from 7:00 to 19:00.

Family characteristics

At baseline, parents filled out a questionnaire on demographical and descriptive variables on

anthropometry (height and weight) and highest education level, categorized into elementary

school, upper secondary school and university education.

Teacher PA

Teachers’ PA outcomes were aggregated at preschool level by calculating the means of the

respective PA outcomes of all teachers in each preschool. Every outcome was then categorized

into high and low by the median. Cut-offs for teacher PA outcomes aggregated at preschool

level were defined as: MVPAlow<24.5 min, LPAlow<310.4 min, Stepslow<6656 steps,

STlow�184.5 min.

Statistical analyses

Descriptive analyses included the distribution (mean and standard deviation (SD)) of various

background characteristics and PA outcomes by preschool policy, playground size, time out-

doors and teacher PA.

Next, we used Linear Mixed Models (LMM), nested on preschool level, to examine associa-

tions between existence of formalized PA policy, playground size, time spent outdoors and

preschool teachers aggregated levels of MVPA, LPA, steps and ST with child levels of MVPA,

LPA, steps and ST. We analyzed each association between the exposures and outcomes inde-

pendently and all predictors jointly in both unadjusted and adjusted models. Adjustments, in

all models presented, were made for age of the child, sex and BMI [34] that has been selected

based on causal diagram [35]. There are no defined classrooms in Swedish preschools where

all teachers take care and interact will all children in principle [36]. Although children can be

divided into groups, these groups are not fixed, and most children participate in different

group constellations [27]. Therefore, a 2-level nesting, children/teachers nested in preschools,

was adopted in the LMM. In addition, we estimated the intra class correlation for each mixed

model to determine the preschool-level cluster effect.

All statistical analysis was performed in software STATA version 16.0.

Results

Fig 1 demonstrates the derivation of the analytical dataset. In total, 404 children and 92 pre-

school teachers from 27 preschools participated in the current study. First, 10 children and 6

teachers were excluded because they had less than 3 days or 10 hours/day of accelerometer

data. Second, 25 children and 2 teachers were excluded due to missing recorded preschool

hours, as such information were required to determine PA during preschool time. Thus, the

final analytical sample comprised 369 children and 84 preschool teachers. The mean child age

was 4.7 years (SD 0.1) and 45% were girls. On average, a child spent 475 minutes (7.9h) in pre-

school per day, of which 269 (SD 97.5) and 206 (SD 107.7) minutes were spent in- and out-

doors, respectively.

Table 1 provides an overview of the preschool characteristics by preschool policy, playground

size and time spent outdoors (exposures) and child’s daily average levels of PA, steps and ST
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(outcomes) during preschool hours. The overview of teacher’s PA, steps and ST aggregated on

preschool level and child’s daily average of PA during preschool time, steps and ST respectively is

presented in S1 Table. In total, girls spent 19% less minutes in MVPA, 5% less minutes in LPA

and spend 14% more minutes in ST compared with boys during preschool hours.

Associations between formalized preschool policy and children’s PA, steps

and ST

When formalized preschool policy was analyzed as the only predictor in the independent mod-

els, the effect of formalized preschool PA policy was hardly manifested (Figs 2–5, independent

model). However, when all predictors were analyzed simultaneously (Figs 2–5, joint model),

i.e. the direct association between each predictor and outcome, assuming all other predictors

constant, children spent 10.2 (95% CI: 2.8, 17.6) minutes more in MVPA (Fig 2, joint model),

15.6 (95% CI: 1, 30.2) minutes more in LPA (Fig 3, joint model) and acquired 997 (95% CI:

181, 1813) more steps (Fig 4, joint model) in preschools with formalized PA policies compared

with preschools with no such policies.

Associations between preschool playground area and children’s PA, steps

and ST

As is shown in Figs 2–4, the independent model shows dose-response association between pre-

school playground area and children’s PA and steps. However, this dose-response association

is not displayed when the preschool playground area is analyzed with other predictors

simultaneously.

Fig 1. Flowchart of participants.
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Associations between time spent outdoors and children’s PA, steps and ST

In the independent model where time spent outdoors was analyzed as the only predictor for

the association with children’s PA outcomes, children in the uppermost quartile of time spent

outdoors (Q4) spend 11.1 (95% CI: 3.5, 18.7) minutes more in MVPA (Fig 2, independent

model), 59.8 (95% CI: 45.5, 74.1) minutes more in LPA (Fig 3, independent model) and

acquired 2685 (95% CI: 2037, 3333) more steps compared with children in the lowermost

quartile of time spent outdoors (Q1) (Fig 4, independent model). Moreover, when analyzed

with all predictors and confounders simultaneously, children in the uppermost quartile of

time spent outdoors (Q4) spend 11.5 (95% CI: 3.0, 20.0) minutes more in MVPA (Fig 2, joint

model), 59.1 (95% CI: 43.1, 75.2) minutes more in LPA (Fig 3, joint model) and acquired 2092

(95% CI: 1399, 2785) more steps (Fig 4, joint model) compared with children in the lowermost

quartile of time spent outdoors (Q1).

Association between preschool teachers’ PA and children’s PA

Fig 6 illustrates the association between preschool teacher’s aggregated levels of MVPA, LPA,

steps and ST with children’s levels of MVPA, LPA, steps and ST on an individual level. Both

preschool teacher’s aggregated levels of LPA and steps were statistically significant associated

with children’s individual levels of LPA (ß = 0.25, P = 0.004) and steps (ß = 0.52, P<0.001).

However, there was no statistically significant association between preschool teachers

Table 1. Descriptive characteristics in relation to preschool level features.

Formalized PA Policy Playground area (m2) Time spent outdoors

Total No Yes �200 Around 900 >2700 Out group Q1 Q2 Q3 Q4

N = 369 N = 290 N = 79 N = 98 N = 69 N = 151 N = 51 N = 94 N = 93 N = 90 N = 92

Individual characteristics

Boys, n (%) 204 (55.3) 125 (43.1) 40 (50.6) 55 (56.1) 34 (49.3) 88 (58.3) 27 (52.9) 40 (43) 50 (54) 38 (42) 37 (40)

Age, mean (SD) 4.7 (0.1) 4.6 (0.8) 4.9 (0.7) 4.7 (0.7) 4.6 (0.9) 4.7 (0.7) 4.4 (0.9) 4.8 (0.8) 4.6 (0.8) 4.7 (0.7) 4.5 (0.8)

BMI, mean (SD) 15.7 (0.1) 15.7 (2.8) 15.5 (2.1) 15.2 (3.8) 16.0 (1.2) 15.6 (2.5) 16.2 (1.7) 14.6 (4.3) 15.7 (2.0) 16.2 (1.1) 16.2 (1.6)

Overweight, n

(%)

25 (6.8) 20 (6.9) 5 (6.3) 7 (7.1) 6 (8.7) 8 (5.3) 4 (7.8) 5 (5) 6 (6) 8 (9) 6 (7)

Obesity, n (%) 8 (2.2) 7 (2.4) 1 (1.3) 3 (3.1) 1 (1.4) 2 (1.3) 2 (3.9) 1 (1) 0 (0) 3 (3) 4 (4)

Preschool children’s physical activity level during preschool time, mean (SD)

MVPA (min) 39.2 (1.2) 37.2 (20.8) 46.4 (28.6) 33.5 (17.0) 36.1 (24.5) 43.3 (24.4) 42.0 (24.6) 37.4 (22.0) 33.5 (18.2) 42.3 (27.1) 43.7 (22.9)

LPA (min) 258.8

(45.5)

258.5

(45.4)

259.8

(45.9)

240.3

(42.3)

247.6 (42.0) 266.9

(45.5)

285.4 (37.3) 226.7

(38.7)

248.6

(38.4)

273.2

(41.8)

287.7

(37.7)

Steps (counts) 7343 (116) 7253

(2219)

7674

(2252)

6447

(1734)

6469 (1793) 7425

(1808)

10007

(2589)

6058

(1916)

6630

(1540)

7675

(1725)

9053

(2400)

ST (min) 177.5 (2.4) 181.9

(45.2)

161.1

(44.0)

175.3

(45.7)

177.5 (36.4) 180.9

(53.5)

171.4 (29.4) 164.7

(42.0)

178.3

(42.5)

182.7

(50.7)

184.6

(45.3)

Wear time (min) 446.1

(61.8)

448.6

(63.8)

437.1

(53.3)

419.9

(54.7)

431.2 (44.1) 462.2

(69.7)

469.0 (46.6) 401.5

(55.5)

431.2

(39.6)

467.6

(58.9)

485.8

(54.9)

Preschool time

(min)

475.6

(62.1)

477.8

(64.2)

467.4

(53.6)

449.3

(54.5)

461.3 (45.2) 491.2

(70.1)

499.0 (46.6) 429.0

(53.7)

460.5

(40.1)

498.3

(58.8)

516.2

(54.8)

Parental characteristics

Education, n (%) N = 337 N = 265 N = 72 N = 87 N = 64 N = 140 N = 46 N = 81 N = 84 N = 88 N = 84

University 271 (80.4) 214 (80.8) 57 (79.2) 73 (83.9) 52 (81.3) 106 (75.7) 40 (87.0) 70 (86) 66 (79) 66 (75) 69 (82)

Abbreviations: BMI = body mass index, MVPA = moderate to vigorous physical activity, LPA = light physical activity, ST = sedentary time, Q1-4 = quartile 1–4.
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Fig 2. Association between predictors and children’s MVPA during preschool time. Both models are adjusted for

age, sex and BMI category. Abbreviations: PA = physical activity, MVPA = moderate to vigorous physical activity, Q1-

4 = quartile 1–4, BMI = body mass index.

Fig 3. Association between predictors and children’s LPA during preschool time. Both models are adjusted for age,

sex and BMI category. Abbreviations: PA = physical activity, LPA = light physical activity, Q1-4 = quartile 1–4,

BMI = body mass index.
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Fig 4. Association between predictors and children’s steps during preschool time. Both models are adjusted for age,

sex and BMI category. Abbreviations: Q1-4 = quartile 1–4, BMI = body mass index.

Fig 5. Association between predictors and children’s ST during preschool time. Both models are adjusted for age,

sex and BMI category. Abbreviations: ST = sedentary time, Q1-4 = quartile 1–4, BMI = body mass index.
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aggregated levels of MVPA and ST and children’s levels of MVPA (ß = -0.01, P = 0.93) and ST

(ß = 0.20, P = 0.14).

Sensitivity analyses

In sensitivity analyses, we estimated the intra class correlation of each model shown in S2

Table. We observed small to modest ICC for all models (and all outcomes); there was a small

ICC for MVPA, and somewhat higher for Steps, LPA and ST (S3 Table). In addition, we ran

all models included in S2 Table with additional adjustment made for parental education in a

subset population of children (n = 337) (S4 Table). S4 Table shows that none of the estimates

are affected, to any substantial extent, by the introduction of parental education as a covariate.

Finally, we ran descriptive analyses comparing children in the analytical sample (n = 369) with

children with incomplete accelerometer data or missing data on anthropometrics and or miss-

ing data on time spent in- and outdoors (n = 35) (S5 Table). As shown in S5 Table, children

excluded from analyses, due to missing data, had a higher prevalence of obesity (33% vs. 2%)

and lower PA level. The excluded sample were generally distributed across the preschools

except for that one preschool contributed to 11 (31.4%) exclusions due to loss of sub-report

document for in/out report with information on preschool time and time spent outdoors.

This preschool had the smallest preschool playground and did not have a formalized policy.

Discussion

The current study examined associations between preschool playground size, formalized PA pol-

icies, time spent outdoors and preschool teacher’s levels of PA with children’s levels of PA and

ST at preschool. Our findings showed that preschool characteristics such as formalized PA

Fig 6. Association between preschool teachers’ and children’s PA and ST during preschool time. Abbreviations:

PA = physical activity, MVPA = moderate to vigorous physical activity, LPA = light physical activity, ST = sedentary

time.
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policies and more time spent outdoors were positively associated with children’s levels of PA.

Moreover, preschool teachers aggregated levels of LPA and steps were statistically significant

associated with children’s individual levels of LPA and steps. However, preschool playground

size showed no significant association with children’s levels of PA. These findings may be of

importance for promoting children’s PA during preschool hours and intervention development.

Comparison with previous research

Our finding that time spent outdoors was positively associated with children’s levels of PA is

supported by previous systematic reviews on positive associations between time outdoors with

PA [37] and negative associations with ST [38]. However, most previous studies have relied

on potentially biased self-reported levels of PA or retrospective information on time spent in-

and outdoors during preschool hours. One small (n = 46) observational study with objectively

measured PA and GPS-assessed time spent outdoors showed that children were approximately

twice as active and less sedentary when comparing outdoor verses indoor time in a preschool

setting [39]. The association in the aforementioned study is somewhat stronger than the 68%

more MVPA and 37% less ST accumulated during time spent outdoors compared to indoors

we observed in the current study. However, the study by Tandon et al. had a more precise mea-

sure of the exposure, i.e. time spend in- and outdoors (GPS vs. preschool teacher reports),

which to some extent may explain the observed differences between the two studies.

There is limited evidence that PA policies alone positively stimulate PA and reduce ST in

preschool children [40]. In general, PA interventions in preschool settings generate small to

moderate effect on children’s MVPA, where multicomponent interventions including struc-

tured outdoor activity are most effective [13]. However, a review on the promotion of PA in

preschool children [41] highlights the importance of implementing policies concerning PA in

preschools to promote children’s levels of PA during preschool hours. Findings in the current

study that children spent 10.2 minutes more in MVPA during preschool hours in preschools

having formalized PA policies compared with preschools with no such policies, further sup-

ports the importance of implementing formalized PA policies.

Systematic review data indicate that preschool playground size and playground software char-

acteristics e.g. play equipment are associated with levels of PA in preschool children [42]. Hence,

having enough space to play and having favorable playground conditions may be sufficient for

preschool children to be physically active. However, these observational associations have not

been reinforced in the few existing interventions studies. In the current study, we found a dose-

response association between playground size and children’s levels of PA during preschool hours.

However, this association was deteriorated when the association between playground size and

PA was evaluated together with PA policy and time outdoors. Thus, the association between play-

ground size and children’s PA may partly be explained by PA policy and time spent outdoors.

Nevertheless, more complex relationships may exist. For example, it is possible that these corre-

lating factors interact, and such interactions may be of relevance for PA. However, the potential

complex interplay was not explored due to the limited sample size and the cross-sectional design

of this study, future studies that perform such detailed investigations are warranted.

Preschool teachers’ individual attitudes and behaviors may play an important role in pro-

moting preschool children’s PA [43]. However, most previous research on the topic are based

on qualitative approaches. Thus far, only one Norwegian study has explored accelerometer

assessed associations between preschool teachers’ and children’s levels of MVPA during pre-

school hours [44]. This study demonstrated that there was a statistically significant association

between preschool teacher’s aggregated levels of MVPA and preschool children’s individual

levels of MVPA. In contrast, we were unable to detect any such association in the current
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study. However, we observed a statistically significant association between preschool teachers

aggregated levels of LPA and steps and children’s individual levels of LPA and steps. The dis-

crepancy between these studies may to some extent be explained by differences in approaches

used to classify MVPA intensity in both preschool children and preschool teachers.

Strengths and limitations

The current study possesses several strengths. First, PA in both preschool children and teach-

ers were assessed objectively with accelerometers during all preschool hours. Thus, limiting

certain biases associated with self-reported measures, e.g. social desirability and recall difficul-

ties. Second, the detailed in- and outdoor reports enabled us to match accelerometer data with

children’s in- and outdoor time with high resolution (in 30-minute intervals). Third, the study

included a large number of participants in preschools with different environmental character-

istics (e.g. playground size). Finally, we used a validated instrument (EPAO-SR) to assess pre-

school characteristics, e.g. PA policies.

Nevertheless, the current study has several limitations that need consideration. First, both

preschool characteristics, assessed via the EPAO-SR, and the in- and outdoor reporting relied

on preschool teacher’s self-reporting, which have several inherited biases. In addition, formal-

ized PA policy was dichotomized into yes/no which may have disregarded the influence of

policy’s specific content on PA outcomes [19, 21]. Investigation further into content of formal-

ized policy was hindered by the limited number of preschools that had formalized policy and

unavailability of implementation information. Second, the geographical distribution of pre-

schools was limited to a small area in Stockholm with a homogenous socioeconomic distribu-

tion. Furthermore, our sensitivity analysis showed that children with incomplete data had a

higher prevalence of obesity and lower PA level compared with those included in the main

analyses. However, it is important to note that few observations (25 observations for obesity

status and 8 observations for PA level) in the excluded sample due to missing value may limit

the representativeness of this result in the excluded sample. Further, one preschool, with no

formalized policy and a playground� 200m2, contributed to 31.4% of the excluded partici-

pants due to loss of sub-document of in/out report with information on preschool time and

time spent outdoors. This is of importance in relation to the center-level influence on missing

data. Nevertheless, the constricted socioeconomic and body size distribution limit the gener-

alizability of findings in the current study. Third, although accelerometry is considered as a

preferable measurement of PA among preschool children in free-living conditions, it is unable

to detect all PA when attached to the hip, e.g. cycling or upper-body movements [45]. Thus,

some of preschoolers PA during preschool hours may not be captured, which may impact or

estimates of PA and ST. Forth, information regarding child and preschool teacher associations

in PA may have been diminished due to aggregating preschool teacher levels of PA within the

preschools. Moreover, with the cross-sectional nature of data, it is not possible to conclude if

preschool teachers PA affect children’s PA or vice versa. Finally, by using the normal filter to

process accelerometer data we may have underestimated the number of steps taken during pre-

school hours [46]. In addition, a 60s epoch was adopted in accelerometer data analysis while a

shorter epoch length has been suggested to suit the young children’s sporadic moving nature

[31]. However, studies also suggest that scaling the cut-offs to suit a different epoch may be

problematic [47]. The accuracy of cut-offs to classify PA level may be optimal when they are

applied under the same epoch setting as the calibration setting that developed these cut-offs

[47, 48]. Therefore, accelerometer data was analyzed in 60 s epoch strictly following the epoch

length used in the validation study [32].
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Conclusions

The current study showed that modifiable preschool characteristics such as formalized PA poli-

cies and more time spent outdoors were positively associated with children’s objectively mea-

sured levels of PA during preschool hours. For promoting children’s PA during preschool

hours, preschools should consider incorporating formalized PA policies and aim to increase the

daily amount of time spent outdoors. However, given the cross-sectional nature of the current

study, these findings need further examination, preferably using experimental research designs.
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6bfaca41169863e6a65d897/1553968298535/pdf4049.pdf2019

37. Ferreira I, van der Horst K, Wendel-Vos W, Kremers S, van Lenthe FJ, Brug J. Environmental correlates

of physical activity in youth—a review and update. Obes Rev. 2007; 8(2):129–54. https://doi.org/10.

1111/j.1467-789X.2006.00264.x PMID: 17300279

38. Hinkley T, Salmon J, Okely AD, Trost SG. Correlates of sedentary behaviours in preschool children: a

review. Int J Behav Nutr Phys Act. 2010; 7:66. https://doi.org/10.1186/1479-5868-7-66 PMID:

20825682

39. Tandon PS, Saelens BE, Zhou C, Christakis DA. A Comparison of Preschoolers’ Physical Activity

Indoors versus Outdoors at Child Care. Int J Environ Res Public Health. 2018; 15(11).

40. Bower JK, Hales DP, Tate DF, Rubin DA, Benjamin SE, Ward DS. The childcare environment and chil-

dren’s physical activity. Am J Prev Med. 2008; 34(1):23–9. https://doi.org/10.1016/j.amepre.2007.09.

022 PMID: 18083447

41. Tremblay L, Boudreau-Lariviere C, Cimon-Lambert K. Promoting Physical Activity in Preschoolers: A

Review of the Guidelines, Barriers, and Facilitators for Implementation of Policies and Practices. Can

Psychol. 2012; 53(4):280–90.

42. Broekhuizen K, Scholten AM, de Vries SI. The value of (pre)school playgrounds for children’s physical

activity level: a systematic review. Int J Behav Nutr Phys Act. 2014; 11:59. https://doi.org/10.1186/

1479-5868-11-59 PMID: 24885611

43. Mikkelsen BE. Associations between pedagogues attitudes, praxis and policy in relation to physical

activity of children in kindergarten—results from a cross sectional study of health behaviour amongst

Danish pre-school children. Int J Pediatr Obes. 2011; 6 Suppl 2:12–5.

44. Fossdal TS, Kippe K, Handegard BH, Lagestad P. "Oh oobe doo, I wanna be like you" associations

between physical activity of preschool staff and preschool children. PLoS One. 2018; 13(11):e0208001.

https://doi.org/10.1371/journal.pone.0208001 PMID: 30496229

45. Cliff DP, Reilly JJ, Okely AD. Methodological considerations in using accelerometers to assess habitual

physical activity in children aged 0–5 years. J Sci Med Sport. 2009; 12(5):557–67. https://doi.org/10.

1016/j.jsams.2008.10.008 PMID: 19147404

46. Tudor-Locke C, Barreira TV, Schuna JM. Comparison of Step Outputs for Waist and Wrist Accelerome-

ter Attachment Sites. Med Sci Sport Exer. 2015; 47(4):839–42.

47. Hibbing PR, Bassett DR, Crouter SE. Modifying Accelerometer Cut-Points Affects Criterion Validity in

Simulated Free-Living for Adolescents and Adults. Res Q Exerc Sport. 2020:1–11.

48. Marissa Hope M, Ruth C, Shannon M, Laura AF-L. Accelerometry Analysis Options Produce Large Dif-

ferences in Lifestyle Physical Activity Measurement. Physiological Measurement. 2020.

Sport and Exercise Medicine: Theory and Practice 

123

https://doi.org/10.1136/bmj.320.7244.1240
https://doi.org/10.1136/bmj.320.7244.1240
http://www.ncbi.nlm.nih.gov/pubmed/10797032
https://doi.org/10.1249/MSS.0000000000000209
https://doi.org/10.1249/MSS.0000000000000209
http://www.ncbi.nlm.nih.gov/pubmed/24195866
http://www.ncbi.nlm.nih.gov/pubmed/22005624
https://doi.org/10.1111/resp.12238
http://www.ncbi.nlm.nih.gov/pubmed/24447391
https://www.skolverket.se/download/18.6bfaca41169863e6a65d897/1553968298535/pdf4049.pdf2019
https://www.skolverket.se/download/18.6bfaca41169863e6a65d897/1553968298535/pdf4049.pdf2019
https://doi.org/10.1111/j.1467-789X.2006.00264.x
https://doi.org/10.1111/j.1467-789X.2006.00264.x
http://www.ncbi.nlm.nih.gov/pubmed/17300279
https://doi.org/10.1186/1479-5868-7-66
http://www.ncbi.nlm.nih.gov/pubmed/20825682
https://doi.org/10.1016/j.amepre.2007.09.022
https://doi.org/10.1016/j.amepre.2007.09.022
http://www.ncbi.nlm.nih.gov/pubmed/18083447
https://doi.org/10.1186/1479-5868-11-59
https://doi.org/10.1186/1479-5868-11-59
http://www.ncbi.nlm.nih.gov/pubmed/24885611
https://doi.org/10.1371/journal.pone.0208001
http://www.ncbi.nlm.nih.gov/pubmed/30496229
https://doi.org/10.1016/j.jsams.2008.10.008
https://doi.org/10.1016/j.jsams.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19147404
https://doi.org/10.1371/journal.pone.0239838


Motor control integrated into muscle

strengthening exercises has more effects on

scapular muscle activities and joint range of

motion before initiation of radiotherapy in

oral cancer survivors with neck dissection: A

randomized controlled trial

Yueh-Hsia ChenID
1,2, Chi-Rung Lin2, Wei-An Liang2, Cheng-Ya HuangID

1*

1 School and Graduate Institute of Physical Therapy, College of Medicine, National Taiwan University,

Taipei, Taiwan, 2 Rehabilitation Center, Department of Plastic and Reconstructive Surgery, Chang Gung

Memorial Hospital Linkou Branch, Taoyuan, Taiwan

* rcyhuang@ntu.edu.tw

Abstract

Background

Accessory nerve shoulder dysfunction is common after neck dissection in oral cancer survi-

vors. This study aimed to investigate the short-term effects of scapular muscle strengthen-

ing exercises with motor-control techniques on neck dissection-related shoulder dysfunction

in oral cancer survivors before the initiation of radiotherapy.

Methods

Thirty-eight participants were randomly allocated into the motor-control and regular-exercise

groups. Each group received conventional physical therapy and specific scapular muscle

strengthening exercises for 1 month immediately after neck dissection. Motor control tech-

niques were integrated with scapular strengthening exercises for the motor-control group.

Shoulder pain, active range of motion (AROM) of shoulder abduction, and scapular muscle

activities including upper trapezius (UT), middle trapezius (MT), lower trapezius (LT), and

serratus anterior (SA) when performing maximal voluntary isometric contraction (MVIC) and

scapular muscle exercises were evaluated at baseline and after 1 month of training.

Results

Both groups reduced shoulder pain and increased muscle activity of maximum voluntary

isometric contraction (MVIC) of each muscle after the intervention. Increased AROM of

shoulder abduction was only observed in the motor-control group (95% CI 3.80 to 20.51, p =

0.004). Relative to baseline evaluation, muscle activities of UT decreased in the motor-con-

trol group when performing shoulder shrug with 1-kg weight (95% CI -33.06 to -1.29, p =

0.034). Moreover, the SA activity decreased in the motor-control group (95% CI -29.73 to
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-27.68, p<0.001) but increased in the regular-exercise group (95% CI 28.16 to 30.05,

p<0.001) when performing shoulder horizontal adduction and flexion.

Conclusion

Early strengthening exercise with motor control techniques has greater benefits for improv-

ing AROM of shoulder abduction, muscle economy, and reducing compensatory scapular

muscle activities in patients with neck dissection-related shoulder dysfunction before the ini-

tiation of radiotherapy.

Introduction

Accessory nerve shoulder dysfunction is one of the most frequent complications after neck dis-

section. Ewing and Martin first described the clinical signs of shoulder disability after radical

neck dissection, such as shoulder dropping, and limited range of motion of shoulder joint [1].

Even with selective neck dissection, the prevalence of spinal accessory nerve dysfunction is still

around 9% to 25% [2–5]. In addition, electromyogram (EMG) studies showed significant spi-

nal accessory nerve impairment [2] and decreased trapezius muscle activity after neck dissec-

tion [6, 7]. The decreased amplitudes of trapezius muscle persisted at least 9 months after neck

dissection [8].

Behavior phenomena of accessory nerve shoulder dysfunction (e.g., pain and limited active

range of motion (AROM) of shoulder joint) are often observed in head and neck cancer

(HNC) survivors with neck dissection [9–11]. McGarvey et al. identified that the EMG activi-

ties of the affected upper trapezius (UT) and middle trapezius (MT) were lower than those of

the unaffected side when performing scapular exercises such as shoulder shrug, overhead

press, shoulder adduction and flexion, and one-arm row [6, 12]. In contrast, higher activities

of rhomboid and the serratus anterior (SA) were observed in the affected side than the unaf-

fected side [12]. The symptoms of scapular muscle imbalance highlight the need for muscle

training and reeducation for HNC survivors with neck dissection. “Scapular dyskinesis” is

associated with abnormal scapular muscle activation and muscle balance during static and

dynamic movement [13–16], and has been linked to shoulder dysfunction and impairments in

many previous studies [13, 15, 16]. Few articles have addressed the effects of scapular muscle

training in HNC patients with neck dissection, which showed an improvement in behavior

phenomena (e.g., shoulder pain and AROM) after scapular muscle training [11, 17, 18]. How-

ever, the training effect regarding scapular muscle activation is lacking.

In addition to neck dissection, radiation therapy is one of the contributing factors for shoul-

der dysfunction. Based on a large population-based study using the national cancer registry

database, most cases (81%) start to receive adjuvant radiotherapy 4 weeks post-operation [19].

Many studies reported that patients suffer from shoulder impairment [20–22] and brachial

plexus-related neuropathic symptoms [23] after adjuvant radiotherapy. For the problem of

shoulder impairment, systematic reviews have shown early exercise implementation was more

effective in improvement of shoulder joint range of motion following breast cancer surgery

[24] and early intervention could prevent long-standing limitation of shoulder joint range of

motion and function for frozen shoulder [25]. Although early physical therapy intervention

for shoulder function has been conducted in some studies [11, 17], the training effect was con-

founded with radiation therapy.
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It has been proposed that strengthening exercise has positive effect on regaining scapular

muscle balance for scapular dyskinesis [26–29]. Furthermore, recent studies suggested motor

control intervention is beneficial to restore scapular muscle balance by improving muscle

recruitment pattern and scapular alignment with altering neurophysiological and biomechani-

cal effects [30, 31]. The motor control techniques, such as palpation, manual contact, verbal

cues or visual feedback, have been used to restore neuromuscular control [30, 32]. In addition,

motor control intervention is also used to educate, correct, and facilitate alignment and coor-

dination of movements [33].

The purpose of this study was to explore the effects of early motor control intervention with

specific scapular strengthening exercises on behavior phenomena and scapular muscle activi-

ties in oral cancer survivors before initiation of adjuvant radiotherapy. We hypothesized that

scapular strengthening exercises with motor control techniques would be more effective than

regular exercise in releasing shoulder pain, improving AROM of shoulder joint and muscle

activities.

Materials & methods

Participants

This study is a design of randomized controlled trial. The participants were enrolled from a

Memorial Hospital from June 2018 to December 2018. The inclusion criteria were as follows:

(1) newly diagnosed oral cancer subjects with neck dissection; (2) age between 20 and 65 years;

and (3) having all of the clinical signs of accessory nerve shoulder dysfunction, which were

shoulder droop, limited AROM of shoulder abduction, and insufficient muscle strength of

shoulder abduction to against gravity. Participants were excluded if they (1) were pregnant or

breastfeeding; (2) had distant metastasis or recurrence; (3) were unable to communicate or

comprehend the questionnaires; (4) had a history of shoulder dysfunction before neck dissec-

tion (e.g., shoulder pain, tendinitis, tendon rupture, shoulder capsulitis, or neuropathy); or (5)

had any disorder that could influence movement performance.

This study was approved by the Chang Gung Medical Foundation Institutional Review

Board (Approval No: 201800026A3 and 201800026A3C502) and Clinical Trials (Approval No:

NCT03545100). Written informed consent was obtained from all participants. Participants

were randomly allocated into the motor-control group or regular-exercise group with block

randomization by a researcher who did not involve in intervention and evaluations. The

method of 4 participants in one block was used, and 2 participants were assigned into each

group in every 4 participants. Each participant was blinded to the intervention allocation and

accepted a 1-month intervention by a physical therapist. All the interventions were conducted

by a different group of two certified physical therapists with an average of 6.5 years of clinical

experience. Before the study, these two physical therapists accepted one-month training for

intervention procedures and motor control techniques. Besides, all evaluations, including

baseline (pre-test) and 1-month after the intervention (post-test), were conducted by another

physical therapist with 24 years of clinical experience who was blinded to subject allocation.

A priori sample size calculation was performed using G�power software based on a pilot

study of 10 patients. The test family and statistical test which we used were F tests and ‘MAN-

OVA: Repeated measures, within-between interaction’, respectively. We used the absolute val-

ues of serratus anterior muscle activities when performing a scapular muscle exercise (e.g.,

horizontal adduction and flexion) to estimate sufficient sample size (motor-control group:

pre-test: 178.42±107.68; post-test: 123.99±20.37; regular-exercise group: pre-test: 211.36

±217.69; post-test: 325.13±263.77). The significance level was set at α = 0.05, and the power
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was set at 0.8. Considering a 10% drop-out rate, the estimation indicated that a sample size of

38 participants was required (effect size = 0.5).

Interventions

Both regular-exercise and motor-control groups received conventional physical therapy,

including pain management, scar massage, stretching, active and passive range of motion exer-

cise of shoulder joint, and specific scapular strengthening exercises. Specific scapular strength-

ening exercises for the UT, MT, LT and SA muscles were based on previous studies and were

administered respectively [12, 26–29]. The details of the strengthening exercises are shown in

S1 Table. For the specific scapular strengthening exercises, participants in the regular-exercise

group were instructed to perform the exercises without any information about the muscle

involved or alignment of scapula. In contrast, participants in the motor-control group received

anatomy education about the scapular muscles, including their function and proper alignment

before performing specific scapular strengthening exercises. A physical therapist instructed

and facilitated the participants in controlling the scapula with arm movement by manual con-

tact and verbal cues during exercises for the motor-control group. The intervention sessions

were performed 5 days a week during hospitalization and 1 day a week after discharged from

the hospital, with 60 minutes for each session. All participants were instructed to perform indi-

vidual home-programs for 60 minutes per day, and they were requested to record the per-

formed exercise in exercise diaries.

Outcomes

To assess shoulder behavior, we measured the AROM of shoulder abduction since it is the

most affected movement after neck dissection [3, 34] and shoulder pain at rest by a 10 cm

visual analog scale (VAS) [4, 35]. AROM was taken by a senior physical therapist with a two-

arm goniometer under standard procedures, and the means of three measurements were

recorded. The internal reliability of the two-arm goniometer is 0.58 to 0.99, and the concurrent

validity was good compared with a digital inclinometer (ICC = 0.85) for shoulder abduction

[36].

To measure the muscle activities during exercises, muscle activities of the UT, MT, LT, and

SA were recorded using surface EMG electrodes (Ambu1 BlueSensor NF-50-K, Malaysia) and

an AC amplifier (gain: 5000, cut-off frequency: 10–450 Hz; Model: QP511, GRASS, USA). Sur-

face EMG is a non-invasive and high reliable methodology to measure muscle activity [37, 38].

The investigator conducted surface EMG recording with a standardization procedure, espe-

cially for the electrode position. The placement of the EMG electrodes was in accordance with

the recommendations for surface EMG sensor placement [39] and previous studies [26, 40].

For the UT, the EMG electrodes were placed in the middle between the 7th cervical vertebra

and the posterior tip of the acromion process. For the MT, the EMG electrodes were placed

between the 3rd thoracic vertebra and the root of the spine of the scapula. For the LT, the

EMG electrodes were placed at the 2/3 position of the line from the trigonum spinea to the 8th

thoracic vertebra. For the SA, the EMG electrodes were placed at the intersection of mid axillar

line and the inferior angle of the scapula. Reference electrodes were placed over the 7th cervical

vertebra, 3rd and the 8th thoracic vertebra, and acromion process for the UT, MT, LT, and SA,

respectively. The sampling rate of the EMG signal was 1000 Hz.

Before electrode application, the skin was cleaned with alcohol and shaved if needed. Every

participant was requested to perform 7 testing tasks, including 4 maximum voluntary isomet-

ric contraction (MVIC) tasks for the UT, MT, LT and SA muscles, and 3 tasks of scapular

muscle exercise. Because some participants were unable to maintain prone position due to
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tracheostomy at pre-test, the 3 scapular muscle exercises were performed in an upright pos-

ture, including shoulder shrug with 1-kg weight, shoulder horizontal adduction and flexion,

and one-arm row with 1-kg weight for each participant [11, 12, 28, 29]. Details of the MVIC

tasks and 3 tasks of scapular muscle exercise were illustrated in S2 Table.

When performing the MVIC tasks, the participants placed their limbs to the standard test-

ing position, and then kept the limbs in the standard testing position with bearing the force

resistance which was provided by the physical therapist for 5 seconds. Each MVIC task was

repeated 3 times with a 30-second rest between each repetition. There was a 60-second rest

between different MVIC tasks. The root mean square (RMS) of the EMG data from the 2nd to

the 5th second of the MVIC task was analyzed. When performing the tasks of scapular muscle

exercise, the participants were asked to remain at the target position for 10 seconds and the

task was repeated 3 times. The RMS of the EMG data from the 3rd to 6th seconds for each

scapular muscle was analyzed. The RMS of the EMG data was normalized by the MVIC and

presented as %MVIC. All raw EMG data were visually inspected for artifacts. If there was an

artifact, artifacts were excluded and the task was repeated.

Statistical analysis

The Generalized Estimating Equations (GEE) procedure was conducted to analyze repeated

measures outcome variables over time [41]. GEE has the benefit to provide higher power with

small sample size for repeated measurements with complete or missing data [42–44]. We used

the GEE model with an exchangeable working correlation matrix. Separate models were run

for each muscle and each task. The level of significance was set at p<0.05. Statistical analyses

were completed using SPSS version 21 (SPSS Inc., USA).

Results

A total of 38 participants were analyzed in the present study. Thirty-five participants received

single-side neck dissection; whereas 3 participants received bilateral neck dissection (2 in the

motor-control group; 1 in the regular-exercise group), and the data of the worse side were

analyzed. The CONSORT flow diagram is shown in Fig 1. Table 1 presents the participants’

demographic and clinical characteristics. There was no significant difference at baseline mea-

surements and in the number of intervention sessions during hospitalization between the

two groups (regular-exercise group: 4.6±2.9 sessions; motor-control group: 5.8±3.6 sessions,

p = 0.251). Each participant accepted intervention for 3 consecutive weeks after discharged

from the hospital. The exercise diaries containing home-programs were checked by the physi-

cal therapist that provided the treatment. All participants followed the instructions and didn’t

present any side effects or complain about the treatment. Only 2 participants discontinued in

the motor control group due to a busy schedule (Fig 1).

Shoulder behavior outcomes

The GEE results showed a significant time effect (95% CI 0.01 to 2.42, p = 0.049) on the VAS

score of shoulder pain without group (95% CI: -0.90 to 2.01, p = 0.456) and interaction (95%

CI: -1.51 to 1.88, p = 0.830) effects. The shoulder pain score (VAS) decreased by 1.40 (95% CI:

-0.21 to -2.59, p = 0.021) in the regular-exercise group and by 1.21 (95% CI: -0.01 to -2.42,

p = 0.049) in the motor-control group. Also, the AROM of shoulder abduction had a signifi-

cant time effect (95% CI: -20.51 to -3.80, p = 0.004) without group (95% CI: -22.91 to 1.97,

p = 0.099) and interaction (95% CI: -6.28 to 16.61, p = 0.376) effects. The post-hoc showed the

improvement of AROM was only found in the motor-control group which was from 124.75
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degrees to 136.91 degrees (95% CI: 3.80 to 20.51, p = 0.004), but not in the regular-exercise

group which was 119.44 degrees at pre-test and 126.44 degrees at post-test.

Scapular muscle activations

Fig 2 illustrates the results of the EMG activities under the 4 MVIC conditions. Although there

were no group and interaction effects in each muscle under any MVIC condition, there were

significant time effects of EMG RMS in the UT, MT, LT, and SA muscles (p<0.001) with

greater RMS value after 1-month intervention.

For the task of scapular muscle exercise of shoulder shrug with 1-kg weight (Fig 3), the

model analyzed by GEE revealed a time effect (95% CI: 1.29 to 33.07, p = 0.034) on the UT acti-

vation (%MVIC) without group (95% CI: -20.73 to 20.33, p = 0.985) and interaction (95% CI:

-29.80 to 13.97, p = 0.478) effects. The UT activation decreased after a 1-month training only

Fig 1. CONSORT flow diagram.
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in the motor-control group (95% CI: -33.06 to -1.29, p = 0.034). However, muscle activation of

the MT, LT, and SA did not change after a 1-month training in both groups.

For the task of shoulder horizontal adduction and flexion (Fig 4), the model analyzed by

GEE revealed a time effect (95% CI: 1.32 to 29.68, p = 0.032) on the MT activation without

group (95% CI: -21.58 to 20.01, p = 0.941) and interaction (95% CI: -16.92 to 21.97, p = 0.799)

effects. The MT activity decreased after a 1-month training in both motor-control (95% CI:

-29.68 to -1.32, p = 0.032) and regular-exercise (95% CI: -31.32 to -4.73, p = 0.008) groups. Sur-

prisingly, there were group (95% CI: 0.58 to 156.79, p = 0.048), time (95% CI: 27.68 to 29.73,

p<0.001), and interaction (95% CI: -59.20 to -56.42, p<0.001) effects on the muscle activity of

the SA. The post-hoc showed that after a 1-month training, the SA activity increased in the

regular-exercise group (95% CI: 28.16 to 30.05, p<0.001) but decreased in the motor-control

group (95% CI: -29.73 to -27.68, p<0.001). Both the UT and LT muscle activities were not

affected during the task of shoulder horizontal adduction and flexion in both groups.

Table 1. Demographic and clinical characteristics of the study participants.

Characteristic Randomized (n = 38)

Motor-control group (n = 18) Regular-exercise group (n = 20)

Age (yr), mean (SD) 52.7 (9) 49.1 (9)

Male, n (%) 17 (94) 20 (100)

Days after surgery (dy), mean (SD) 11.4 (5) 12.3 (5)

Area of cancer, n (%)

Buccal 11 (61) 9 (45)

Lower gingiva 1 (6) 0 (0)

Lower gum 3 (17) 3 (15)

Lower lip 1 (6) 1 (5)

Mouth floor 0 (0) 2 (10)

Tongue 2 (11) 5 (25)

Disease stage, n (%)

I 0 (0) 2 (10)

II 6 (33) 2 (10)

III 2 (11) 3 (15)

IV 10 (56) 13 (65)

Neck dissection, n (%)

Selective neck dissection 13 (72) 17 (85)

Modified neck dissection 5 (28) 3 (15)

Affected side, n (%)

Left 9 (50) 12 (60)

Right 9 (50) 8 (40)

Affected side is dominant side, n (%) 10 (56) 8 (40)

Donor site, n (%)

ALT flap 8 (44) 13 (65)

ALT and VL flap 1 (6) 0 (0)

Fubular OSC flap 5 (28) 4 (20)

Fubular OSC flap and ALT flap 2 (11) 0 (0)

Medial sural artery perforator flap 1 (6) 0 (0)

Profunda artery perforator flap 1 (6) 3 (15)

ALT, Anterolateral thigh flap; VL, vastus lateralis; Fibular OSC flap, Fubular osteoseptocutaneous flap.
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For the task of one-arm row (Fig 5), there were no time, group or interaction effects on

each muscle activity.

Discussion

To the best of our knowledge, this is the first study to investigate the effects of early interven-

tion of specific scapular strengthening exercises with motor control techniques on shoulder

behavior and scapular muscle activation during the interval between surgery and initiation

of radiotherapy in oral cancer survivors with shoulder dysfunction. Some previous studies

reported that progressive resistance exercise reduced shoulder pain and improved muscle

strength of upper extremities for HNC survivors with neck dissection [9, 10]. However, these

studies have attracted some criticism because the intervention started up to 18 months after

neck dissection and the training was not specific to accessory nerve-related muscles [18, 45]. It

has been reported that the MVIC of the trapezius decreased by 70% at 21 to 30 days after neck

dissection compared to the pre-operative value [7], and lasted at least for 9 months [8]. Also,

Fig 2. The EMG activities under the 4 MVIC conditions. (A) Upper trapezius. (B) Middle trapezius. (C) Lower

trapezius. (D) Serratus anterior. The p values are shown if any significant difference (p<0.05) between the groups or

pre-post tests in that muscle.
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neck dissection led to lower EMG activities of affected UT and MT compared with the unaf-

fected side [6, 12]. Therefore, the effect of early intervention specific to accessory nerve-related

muscles for the restoration of muscle activation after neck dissection is worth further study. In

the model analyzed by the GEE procedure, early intervention of specific scapular strengthen-

ing exercises with or without motor control techniques all decreased shoulder pain and

increased muscle activity of MVIC of each muscle after a 1-month intervention. Furthermore,

motor control has more benefits for shoulder joint ROM of abduction and scapular muscle

activities when performing scapular muscle exercises.

Shoulder behavior outcomes

One of our key findings is that early intervention released shoulder pain and improved AROM

of shoulder abduction. Regarding shoulder pain measured by VAS, both groups showed a sig-

nificant decrease in shoulder pain intensity. The evidence of shoulder pain reduction by

Fig 3. Muscle activites in each muscle to perform shoulder shrug. (A) Upper trapezius. (B) Middle trapezius. (C)

Lower trapezius. (D) Serratus anterior. The p values are shown if any significant difference (p<0.05) between the

groups or pre-post tests in that muscle.
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specific scapular strengthening exercises was provided in patients with shoulder impingement

syndrome [46, 47]. In addition, it has been proposed that pain reduction after scapular

strengthening exercises was related to regained scapular muscle balance [26–29]. Although

McGarvey et al.’s study showed that early physical therapy intervention with scapular strength-

ening exercises did not have benefits to shoulder pain for patients with neck dissection, they

suggested the non-improvement phenomenon might because many participants underwent

radiation therapy during the intervention, and radiation therapy would impede the effects of

the intervention [11]. In the present study, none participants underwent radiation therapy

during the intervention, and the participants of both the motor-control group and the regular-

exercise group showed reduced shoulder pain after a 1-month intervention. Our results proved

that early physical therapy intervention with specific scapular strengthening exercises indeed

had a positive effect on pain reduction in oral cancer survivors with neck dissection.

Furthermore, improvement in AROM of shoulder abduction was observed only in the

motor-control group, the mean change achieved a minimal clinically important difference

Fig 4. Muscle activites in each muscle to perform horrizontal adduction and flexion. (A) Upper trapezius. (B)

Middle trapezius. (C) Lower trapezius. (D) Serratus anterior. The p values are shown if any significant difference

(p<0.05) between the groups or pre-post tests in that muscle.
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(11–16 degrees) [48]. In contrast, there was no significant improvement in the regular-exercise

group after the intervention. It has been reported that motor control training with consciously

correct scapular orientation could change scapular kinematics and increase AROM of shoul-

der joint for patients with shoulder impingement [30, 32], but the training effect for patients

with HNC was not proven. In the present study, the physical therapist used manual contact

and verbal cues to instruct and correct scapular movement for the motor-control group. Com-

bined verbal and hepatic feedbacks allow participants to enhance motor learning by improving

temporal muscle activation of motor tasks [49]. Because the control of scapular alignment

Fig 5. Muscle activites in each muscle to perform one-arm row. (A) Upper trapezius. (B) Middle trapezius. (C) Lower trapezius.

(D) Serratus anterior. The p values are shown if any significant difference (p<0.05) between the groups or pre-post tests in that

muscle.
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(e.g., scapular upward rotation and posterior tilt) is critical for the movement of arm elevation

such as shoulder abduction [50, 51], motor control training with manual contact and verbal

cues from a physical therapist could help the patients to learn how to control the alignment of

the scapula during arm movement. The present study confirmed that motor control interven-

tion has a greater benefit to improve AROM of shoulder abduction for HNC survivors with

neck dissection.

Scapular muscle activations

Specific scapular strengthening exercises could increase trapezius muscle activation in patients

with shoulder pathology [27, 29] and in HNC patients with shoulder dysfunction [12]. The

present study investigates the effects of scapular muscle exercises on patients with oral cancers

based on a 1-month intervention duration. According to our results, increased absolute muscle

activation values under MVIC conditions for each target muscle were observed in both groups

after intervention. EMG activities increased after short-term training was associated with neu-

ral adaption by increased motor unit firing rate leading to increased muscle activation [52, 53].

Even though shoulder girdle stretching and manual therapy (e.g., glenohumeral and scapu-

lothoracic joints mobilizations) were proposed to be effective in reducing shoulder pain [54,

55], it is less clear if either stretching or manual therapy could lead benefits to muscle activities.

Based on the results of the present study, we suggested that specific scapular strengthening

exercises are not only effective in pain reduction but also in the restoration of scapular muscle

activities in oral cancer survivors with neck dissection.

Besides increased muscle activities under MVIC conditions, a decreased muscle activation

of UT when performing shoulder shrug with 1-kg weight was identified in the motor-control

group after the 1-month intervention. The decreased muscle activation could be a phenome-

non of neural adaptation or muscle economy after resistance training that less motor units

are required for producing a given force [56]. Since the UT is the primary mover of shoulder

shrug, achieving a motor task with smaller muscle activation indicates the participants con-

sumed less muscle effort for the task. The results indicated that motor control intervention

prompted participants to be aware of controlling the alignment of scapula during movement

and to increase the efficacy to perform the movement.

Surprisingly, relative to pre-test, the present study identified the muscle activation of SA

decreased after a 1-month intervention in the motor-control group when performing the task

of shoulder horizontal adduction and flexion. In contrast, the activity of SA increased after

intervention in the regular-exercise group. In McGarvey et al.’s studies, HNC survivors with

neck dissection showed greater muscle activity of SA in the affected side than the unaffected

side when performing scapular exercise [6, 12]. The function of SA muscle is to stabilize the

medial border of the scapula on the chest wall when elevating the arm overhead and protract-

ing scapula [57] (i.e. shoulder horizontal adduction and flexion). Greater SA activity was

suggested to be a compensatory effect for insufficient strength of trapezius muscle [6]. The

present study provides the evidence that strengthening exercises with motor control tech-

niques for scapular muscles is effective in proprioception training for scapula orientation and

inhibiting muscle compensation in oral cancer patients with shoulder dysfunction.

Similar to our findings, Huang and his colleagues have reported that motor control inter-

vention by progressive conscious control scapular orientation with arm movement could

immediately restore intramuscular ratio in patients with clinical shoulder impingement [31].

In addition, enhanced muscle recruitments and duration of activation of SA muscle were iden-

tified in patients with clinical shoulder impingement after a 12-week motor control interven-

tion [30]. Compared to pre-intervention, the recruitment pattern of SA muscle was similar to
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healthy controls without delayed onset and early termination of activity during arm move-

ment. Different from impingement syndrome, neck dissection-related shoulder dysfunction

originates from neuromuscular dysfunction. As the nerve function recovers after neck dissec-

tion, motor control intervention is also recommended for regaining neuromuscular interac-

tion to stabilize the scapula and to coordinate with arm movement.

Although the LT is the primary muscle for the one-arm row [28], our results did not show a

muscle activity change of the LT in the task of one-arm row. Since the LT is a large muscle and

is innervated by the spinal accessory nerve with the longest distance from the posterior cervical

triangle [57]. We suggested it may require longer training duration for nerve reinnervation

to recruit motor units to achieve the significant change of LT muscle activation. Besides, the

main function of the LT is to depress and posterior tilt the scapula, which is not easy to be

trained specifically. Further study to explore the long-term effects of specific scapular muscle

strengthening exercises on the LT with motor control is needed.

Study limitations

There were some limitations in this study. First, we did not measure the absolute values of

force output in the MVIC conditions. Although the muscle activity of MVIC increased after

strengthening exercise, the muscle activity is uncertain to be equivalent to the real muscle

force. Second, the scapular kinematics was not measured in this study. It can provide informa-

tion on scapular movement and the biomechanical effects of motor control intervention.

Third, we did not measure the EMG activities before the operation of neck dissection. The

value of the EMG activities before the neck dissection may provide the object reference. Fur-

ther study is needed to evaluate the long-term functional or biomechanical effects of motor

control intervention with specific scapular muscle strengthening programs.

Conclusions

Shoulder dysfunction is common in patients with oral cancer after neck dissection. This is the

first study to investigate the effects of early intervention of specific scapular strengthening

exercises with motor control techniques on shoulder behavior and scapular muscle activation

in oral cancer survivors with shoulder dysfunction. Based on our results, we suggested the

intervention of specific scapular strengthening exercises with motor control techniques imme-

diately after neck dissection is necessary for relieving shoulder pain, improving shoulder

AROM, and reducing compensatory scapular muscle activities in oral cancer survivors with

shoulder dysfunction. In the future, exploration of the long-term effects of motor control with

scapular strengthening exercise is suggested to understand the progression of shoulder behav-

ior and scapular muscle activations even under the effects of radiation therapy.
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Abstract

Study design

Systematic review.

Background and objectives

Preoperative neuromuscular function is predictive for knee function and return to sports

(RTS) after reconstruction of the anterior cruciate ligament (ACL). The aim of this review

was to examine the potential benefits of prehabilitation on pre-/postoperative objective, self-

reported and RTS-specific outcomes.

Methods

A systematic search was conducted within three databases. From the 1.071 studies

screened, two randomized control trials (RCTs), two control trials (CTs) and two cohort stud-

ies (CS) met the inclusion criteria. Methodological quality rating adopted the PEDro- (RCT,

CT) or Newcastle-Ottawa-Scale (CS).

Results and conclusions

Methodological quality of the included studies was moderate (PEDro score: 6.5 ± 1.7; range

4 to 9). Two studies reported higher increases of the maximal quadriceps torque from base-

line to pre-reconstruction: one study in the limb symmetry index (LSI), and one in both legs

of the prehabilitation group compared to the controls. At 12-weeks post-reconstruction, one

study (from two) indicated that the prehabilitation group had a lesser post-operative decline

in the single-leg-hop for distance LSI (clinically meaningful). Similar findings were found in

terms of quadriceps strength LSI (one study). At both pre-reconstruction (three studies) and

two-year post-surgery (two studies), the prehabilitation groups reached significantly higher

self-reported knee function (clinically meaningful) than the controls. RTS tended to be faster

(one study). At two years post-surgery, RTS rates (one study) were higher in the
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prehabilitation groups. The results provide evidence for the relevance of prehabilitation prior

to ACL-reconstruction to improve neuromuscular and self-reported knee function as well as

RTS. More high quality confirmatory RCTs are warranted.

Registration number

PROSPERO 2017: CRD42017065491.

Introduction

Anterior cruciate ligament (ACL) reconstruction is the usual treatment for athletes after ACL

tears, followed by evidence-based physical rehabilitation therapy to restore function [1, 2]. The

final goal of the rehabilitation process after ACL reconstruction (ACLR), is to return to sport

(RTS) to pre-injury level as quickly as possible without exposing the athlete at undue risk for

re-injury [3, 4].

The RTS-decision should be based on the systematic and stepwise assessment of potential

risk factors [5, 6]. Particularly, the use of clinical tests to assess an athlete’s neuromuscular

function of the affected limb compared to the non-affected limb expressed by limb symmetry

indices (LSI) appear to be a crucial criterion for RTS decision [7–9]. More symmetrical limb

LSI are demonstrated to reduce the risk of reinjury [3, 10, 11]. Compared to healthy controls,

individuals and athletes who returned to sport after primary ACLR show a up to six times

higher incidence rate for re-injury within two years after surgery [12]. Furthermore, athletes

who successfully returned to sports nevertheless often display a shorter career duration and an

impaired game performance compared to controls after ACL reconstruction and RTS [13].

These issues highlight the importance of strategies for the improvement of the RTS-process.

One of these strategies is pre-operative rehabilitation (prehabilitation). Numerous studies

indicate the relevance of preoperative neuromuscular performance factors, such as knee exten-

sion and flexion strength as well as single-leg-hop performance in ACL-injured individuals for

postoperative knee function [14–19]. Accordingly, evidence-based guidelines for rehabilitation

after ACLR also recommend pre-operative rehabilitation (prehabilitation) programmes with

the aim to increase pre- and postoperative function [1].

Low-level evidence supports the relevance of prehabilitation to improve return to sports

(RTS)-rates and two years self-reported knee function [20]. Prehabilitation appears to be effec-

tive for improving postoperative LSI of neuromuscular performance [16, 21]. Recently, a sys-

tematic Review conducted by Alshewaier et al. [22] indicates the positive value of preoperative

training and post injury rehabilitation particularly in terms of increased knee-related function

and improved muscle strength. As the authors of the review mainly included studies using a

non-operative approach (no ACLR) and/or non-controlled trials (no usual care), the system-

atic assessment of potential benefits of prehabilitation on objective and self-reported outcomes

before and after ACLR compared to usual care and its effects on RTS, is still lacking. Therefore,

the aim of this systematic review was to examine the evidence for the effects of prehabilitation

prior to ACLR and postoperative rehabilitation on pre- and postoperative RTS-specific neuro-

muscular outcomes, long-term self-reported knee functions and RTS-rates compared to

ACLR and postoperative rehabilitation without prehabilitation.
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Materials and methods

The protocol for this systematic review was registered in the PROSPERO international pro-

spective register of systematic reviews https://www.crd.york.ac.uk/PROSPERO/ (registration

number: blinded for review). As studies on prehabilitation before ACLR often include partici-

pants below 18 years of age, the inclusion criteria on age was changed accordingly after the

PROSPERO registration. This review is reported in accordance to the PRISMA statement.

Study inclusion and exclusion criteria

We included randomized controlled trials, controlled trials (i.e. no randomized allocation into

control and intervention groups) and prospective cohort studies published in English and Ger-

man. We considered only studies including participants with primarily unilateral ACL rupture

scheduled for reconstruction regardless of the surgical technique (i.e. single or double bundle

technique), graft type (i.e. patellar or semitendinosus tendon) and concomitant injuries.

Included studies had to assess, at least, one objective or subjective functional outcome measure

and, at least, two of the following measuring points: Baseline (pre-prehabilitation), post-inter-

vention (post-prehabilitation/ pre-surgery), post-surgery/after rehabilitation or follow-up.

Non-controlled studies (i.e. no usual care group) case reports, protocols, oral presentations

and studies not based on original data were not included. Furthermore, trials including

patients who were not scheduled for reconstructive surgery (non-operative rehabilitation),

undergoing other orthopaedic operations than the reconstruction of the isolated, unilateral

injured ACL, and scheduled for secondary ACLR were not included.

Intervention groups consisted of patients who received a preoperative exercise programme

prior to ACLR and standard care following surgery (i.e. rehabilitation). Patients scheduled for

ACLR who received standard treatment (usual care, i.e. no prehabilitation) before and stan-

dard care following reconstruction (i.e. rehabilitation) were considered controls.

Database research

The databases PubMed/MEDLINE, Web of Knowledge and the Cochrane Library were

searched using the following search terms:

PubMed/Medline: (("acl"[All Fields]) OR "anterior cruciate ligament"[All Fields]) AND (Preha-
bilitation [All Fields] OR prehab [All Fields] OR pre-rehabilitation [All Fields] OR preopera-
tive [All Fields] OR pre-operative [All Fields]) AND (exercise OR physiotherapy OR training
OR intervention OR rehabilitation)

Web of Knowledge and the Cochrane Library: TOPIC: ((("acl" OR "anterior cruciate ligament")
AND (Prehabilitation OR prehab OR pre-rehabilitation OR preoperative OR pre-operative))
AND (exercise OR physiotherapy OR training OR intervention OR rehabilitation))

The initial search was performed for studies published until October 31th, 2017; an update

search was performed on June 12th, 2019.

Reference lists of the studies of interest were screened to identify extra articles. Two authors

(FG, DN) independently selected trials for inclusion based on titles, keywords, and abstracts to

determine eligibility. Any disagreements in terms of the study selection were discussed. If a

conclusion could not be reached after discussion, a third reviewer (LV) was asked to resolve

any conflicts. Full-texts of all trials considered eligible were retrieved. Then, one author (FG)

performed first data extraction. Another author (DN) reviewed all data blindly. Again, any dis-

agreements were discussed bilaterally. If a conclusion could not be reached, the third reviewer

delivered the decisive vote. The following data from included papers were extracted: sample
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size, participant characteristics (diagnosis, number, age, sex and time since injury, if indi-

cated), study methods (statistics), study specifics (setting, intervention, time points of assess-

ment, and length of follow-up). Outcomes of interest were quadriceps strength and single-leg

hop test (limb symmetry indices) as well as self-reported knee function. If not retrievable from

the original publications, the authors were asked to send us the required data by e-mail.

Study quality and risk of bias assessment

The methodological quality of (randomized) controlled trials was assessed using the PEDro

scale (11 criteria). The PEDro scale is a valid and reliable tool to assess the methodological

quality of clinical studies [23, 24]. The methodological quality of cohort studies was assessed

by using the Newcastle Ottawa scale (NOS, 9 criteria) [25]. Two authors (FG, DN) indepen-

dently assessed the risk of bias of the included (randomized) controlled trials using the Risk of

bias tool described in the Cochrane Handbook version 5.1.0. We rated the risk of bias of the

individual studies on an outcome-based level (self-reported and objective outcomes separately)

according to the handbook. Outcomes were graded for risk of bias in each of the following

domains: sequence generation, allocation concealment, blinding (participants, personnel, and

outcome assessment), incomplete outcome data, selective outcome reporting, and other

sources of bias. Risk of bias of the included cohort studies was rated using an assessment tool

contributed by the CLARITY Group at McMaster University. Any disagreements were dis-

cussed. If a conclusion could not be reached after discussion, a third reviewer (LV) made the

final decision.

Results

Search and synthesis of included studies

Fig 1 displays the research history and flow of the studies. From PubMed/ MEDLINE, we

retrieved n = 674, from Web of Knowledge n = 305 and from The Cochrane Library n = 92

potentially eligible studies. Seven studies were excluded because they were 1) no controlled tri-

als as both groups participated in a prehabilitation programme, or 2) used a non-operative

rehabilitation approach (no ACLR) [16, 26–31]. One study was excluded, because it was a sys-

tematic review [22]. From the six trials included in qualitative analysis are two cohort studies

[20, 32]; two controlled trials [33, 34] and two randomized controlled trials [35, 36].

Methodological quality

According to the PEDro-Rating (11 points maximum), the controlled and randomized con-

trolled trials were rated from four (one study [34]) over seven (two studies [33, 36]) to eight

(one study [35]). The mean score of the studies was 6.5, which indicates an overall moderate

methodological quality. The two cohort studies [20, 32] assessed with the NOS-scale displayed

a fair to good quality (five [20] to seven [32] out of nine points).

Risk of bias. Risk of bias assessed for the controlled and randomized controlled trials was

rated low for one study’s [35] (five out of seven), moderate for two studies’ [33, 36] (four out of

seven points) and high for one studies’ outcomes [34] (two out of seven points) (Table 1). Risk

of bias were mainly not rated different between the self-reported and objective studies’ out-

comes (Table 1). In terms of the included cohort studies [20, 32], risk of bias was rated rather

low for most items (Table 2).

Participants characteristics. A total of 5.131 participants (thereof n = 4.961 from cohort

studies) were included. Two studies recruited men only [35, 36]. The remaining four studies
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recruited both men and women. The mean age of the participants in the included trials ranged

from 24.5 to 41 years (Table 1).

Participants‘inclusion and exclusion criteria. Five studies [20, 26, 32, 42, 51] reported

the inclusion of participants with primarily unilateral ACL rupture and one study included

only individuals with chronic unilateral ACL ruptures [33] awaiting reconstruction. The clini-

cal assessment of knee instability (i.e. pivot shift test, anterior drawer or Lachman test) was

performed in two studies [33, 35], both with positive results. The remaining studies have not

assessed knee stability. In one study recreational sports persons were included [35]. Two stud-

ies included only individuals who participated, at minimum, twice a week in jumping, cutting

and pivoting sports such as football, basketball, American football, skiing or tennis, respec-

tively performed these activities more than 50 hours per year before injury [20].

Fig 1. PRISMA flow diagram.

Table 1. Risk of bias assessment of CT and RCT.

Shaarani et al. [35] Keays et al. [33] Kim et al. [36] Zdunski et al. [34]

self-reported objective self-reported objective self-reported objective self-reported objective

Sequence generation Low risk Low risk High risk High risk Low risk Low risk High risk -

Allocation sequence concealment Low risk Low risk High risk High risk unclear unclear High risk -

Blinding of participants and personnel unclear unclear unclear unclear unclear unclear unclear -

Blinding of outcome assessment Low risk High risk Low risk Low risk unclear unclear High risk -

Incomplete outcome data High risk High risk Low risk Low risk Low risk Low risk unclear -

Selective outcome reporting Low risk Low risk Low risk Low risk Low risk Low risk Low risk -

Other potential threats to validity Low risk Low risk Low risk Low risk Low risk Low risk Low risk -

Score 5 4 4 4 4 4 2 -

Sport and Exercise Medicine: Theory and Practice 

145

https://doi.org/10.1371/journal.pone.0240192.g001
https://doi.org/10.1371/journal.pone.0240192.t001
https://doi.org/10.1371/journal.pone.0240192


Table 2. Risk of bias assessment of cohort studies.

Grindem et al. [32] Failla et al. [20]

self-reported objective self-reported objective

Was selection of exposed and non-exposed cohorts drawn from the same population? Definitely yes (low

risk of bias)

- Definitely yes (low

risk of bias)

-

Probably yes Probably yes

Probably no Probably no

Definitely no (high

risk of bias)

Definitely no (high

risk of bias)

Can we be confident in the assessment of exposure? Definitely yes (low

risk of bias)

- Definitely yes (low

risk of bias)

-

Probably yes Probably yes

Probably no Probably no

Definitely no (high

risk of bias)

Definitely no (high

risk of bias)

Can we be confident that the outcome of interest was not present at start of study? Definitely yes (low

risk of bias)

- Definitely yes (low

risk of bias)

-

Probably yes Probably yes

Probably no Probably no

Definitely no (high

risk of bias)

Definitely no (high

risk of bias)

Did the study match exposed and unexposed for all variables that are associated with the

outcome of interest or did the statistical analysis adjust for these prognostic variables?

Definitely yes (low

risk of bias)

- Definitely yes (low

risk of bias)

-

Probably yes Probably yes

Probably no Probably no

Definitely no (high

risk of bias)

Definitely no (high

risk of bias)

Can we be confident in the assessment of the presence or absence of prognostic factors? Definitely yes (low

risk of bias)

- Definitely yes (low

risk of bias)

-

Probably yes Probably yes

Probably no Probably no

Definitely no (high

risk of bias)

Definitely no (high

risk of bias)

Can we be confident in the assessment of outcome? Definitely yes (low

risk of bias)

- Definitely yes (low

risk of bias)

-

Probably yes Probably yes

Probably no Probably no

Definitely no (high

risk of bias)

Definitely no (high

risk of bias)

Was the follow up of cohorts adequate? Definitely yes (low

risk of bias)

- Definitely yes (low

risk of bias)

-

Probably yes Probably yes

Probably no Probably no

Definitely no (high

risk of bias)

Definitely no (high

risk of bias)

Were co-interventions similar between groups? Definitely yes (low

risk of bias)

Definitely yes (low

risk of bias)

Probably yes Probably yes

Probably no Probably no

Definitely no (high

risk of bias)

Definitely no (high

risk of bias)
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Exclusion criteria. Participants with any injury induced associated fractures, injuries to

other ligaments in the same knee, collateral ligament injuries requiring repair/reconstruction

and contralateral injuries [20, 32, 35, 36], full-thickness articular cartilage lesions [20, 32, 34],

symptomatic meniscal injuries [20, 32], or previous injury or surgery of the involved or unin-

volved knee [20] were excluded. Two studies specifically reported that only participants with

isolated ACL rupture were included [35, 36]. One study has not reported any exclusion crite-

rion [33].

ACL grafts. Bone-patellar tendon-bone (BPTB) grafts, Hamstring autografts and soft tis-

sue allografts [20, 32] or BPTB grafts only [35] were used for reconstruction. The remaining

three studies did not report the graft types used for reconstruction surgery [33, 34, 36].

Time before surgery/enrollment. In one study, the time from injury to surgery was

6.3 ± 4.1 months in the prehabilitation, and 6.8 ± 4.2 months in the rehabilitation cohort (con-

trol group) [32]. In another study, the mean time from ACL injury to reconstruction was

approximately 5 months in the prehabilitation and 9 months in the control group [34]. One

study stated that the time from injury to enrollment, which was 1.9 ± 1 months in the prehabi-

litation, and lower than 6 months in the rehabilitation cohort (control group) [20]. In another

study, the average time from injury to baseline assessment was 6.7 months, ranging from 5 to

15 months [35], followed by a waiting time for surgery after baseline assessment of approxi-

mately 6 weeks. The remaining two studies have not reported any timeframes between injury

and baseline assessment before reconstructive surgery [33, 36]. Further details on the study

characteristics are displayed in Table 3.

Intervention

Intervention vs. usual care (no prehabilitation). All six studies compared preoperative

exercise interventions with no treatment or usual care in participants scheduled for unilateral

ACLR [20, 32, 33, 35, 36, 51]. In one study, usual care consisted of the maintenance of a nor-

mal daily physical activity level without any specific preoperative physical interventions [35].

In another trial [34], the participants of the control group received general recommendations

and instructions on particular exercises for people with ACL tears. The remaining studies did

not specifically define usual care [20, 32, 33, 36].

Postoperatively, all participants received a standardised, criterion-based rehabilitation pro-

gramme aiming to increase knee RoM and weight bearing to restore gait pattern and limb

symmetry of neuromuscular performance factors. In two studies, only preoperative measuring

points were considered [33, 34].

Preoperative training interventions. Both prospective cohort studies [20, 32] did not

describe any details about the training protocols used. Therefore, the authors referred to a

study of Eitzen et al. [31].

Type/content. The preoperative interventions included strengthening exercises mainly of

the lower limb in open and closed chain, [12, 16, 20, 23, 24, 32, 41, 50] neuromuscular (pertur-

bation, balance, stability, proprioceptive exercises) training, [20, 32–36] muscle control and

co-contraction exercises of the knee muscles with particular attention of the quadriceps [33,

34, 36], as well as stretching [33, 34] and RoM exercises [36] of the lower limb. One study

included mobilization of the patella and used kinesiology taping of the patellofemoral joint

[34]. Two studies included plyometric exercises, such as single leg hops with soft landing [20,

32].

Intensity. The same two studies used progressively increased strength training, with maxi-

mal effort for 3 or 4 sets of 6 to 8 repetitions. Progress was made, as the patients were told to

perform as many repetitions as they could manage in the last three or four sets. If they were

Sport and Exercise Medicine: Theory and Practice 

147

https://doi.org/10.1371/journal.pone.0240192


Table 3. Characteristics for which data were extracted for each study included into qualitative and quantitative synthesis.

Study

(year)

Participants (diagnosis,

N analyzed, age (mean,

SD), gender)

Measuring points

/follow-up period

Treatment (n) Control (n) Outcomes Statistics

Failla et al.

(2016) [20]

Primarily unilateral

ACL-R awaiting

reconstruction;

n = 2.187; 24,5 ± 9,5

years; 54,5% male

• Baseline before

(MOON) and after

impairment

resolution (DOC;

before training)

• 2 years post

reconstruction

DOC-patients:
Prehabilitation,

Rehabilitation

(n = 192)

MOON-Cohort:
Usual care,

Rehabilitation

(n = 1.995)

Self-reported knee function (IKDC,

KOOS–subscales: Pain, symptoms,

ADLs, sports/ recreation, QoL),

RTS rates

ANCOVA: 2-year IKDC/ KOOS

scores between groups (covariate:

baseline IKDC/ KOOS scores)

ANOVA: interaction of group and

meniscal surgery/ graft types on

2-year IKDC scores

Grindem

et al. (2015)

[32]

Primarily unilateral

ACL-R awaiting

reconstruction;

n = 2.774; 25,1 ± 7,5

years; 48,5% male

• no baseline

• pre reconstruction

• 2 years post

reconstruction

NAR-patients:
Prehabilitation,

Rehabilitation

(n = 84)

NKLR-Cohort: Usual

care, Rehabilitation

(n = 2.690)

Self-reported knee function (KOOS–

subscales: Pain, symptoms, ADLs,

sports/ recreation, QoL)

ANCOVA:

• Comparison of KOOS in the two

cohorts preoperatively and 2 years

postoperatively (covariates: sex,

age, time from injury to surgery,

presence of cartilage and

meniscus injury, Baseline KOOS)

• Stratification of preoperative

KOOS subscale scores (Low/high

scores were defined as scores

below/above the median

preoperative scores)

• Calculation of sex-specific KOOS

cutoff points for each subscale to

quantify the percentage of

patients with KOOS within the

normative range (18–34 yrs. age

group)

Do Kyung

Kim et al.

(2015) [36]

Isolated ACL Rupture

awaiting reconstruction;

n = 80; 27.8 ± 5.7 years,

100% male

• Baseline

• 3 month post

reconstruction

Prehabilitation,

Rehabilitation

(n = 40)

Usual care,

Rehabilitation

(n = 40)

• Isokinetic knee strength (range of

0 to 90˚ at an angular speed of

60˚/ sec, with four repetitions)

• sokinetic knee strength endurance
(angular speed of 180˚/sec, with

20 repetitions)

Independent sample T-Tests:

• The highest peak torque value for

each velocity was compared with

the uninjured side (percent of

strength deficit).

• For the single-leg hop test, the

mean average distance was

quantified by limb symmetry

index (LSI)

• Repeated measures analysis to

investigate the change in knee

extensor strength and single-leg

hop distance between groups

! therefrom derived strength
deficit for each angular speed

• SI of single-leg hop distance

Keays et al.

(2006) [33]

Chronic, unilateral ACL

rupture awaiting

reconstruction; n = 36;

29 ± 8 years; 69,4% male

• Baseline

• Post training (pre

reconstruction)

ACLD-group 1:

Prehabilitation

(n = 12)

ACLD-group 2:

Usual care (n = 12)

• Knee joint stability (KT1000

arthrometer which measured

anterior translation on

application of 67 Newton (N)

and 89 N forces, and a manual

maximum displacement test

(MMDT); clinical stability

assessed via anterior drawer,

Lachman and pivot shift tests)

• Quadriceps/ hamstring strength
at 60˚ and 120˚/s via

dynamometer

• single leg standing balance

• Objective Functional
performance (agility: shuttle run,

side-step and carioca tests)

• Self-reported function (via

modified Noyes and Trust

questionnaire)

ANOVA:

• 2 x 3, side-to-side differences for

strength, knee stability and

balance were calculated (injured

vs. uninjured side)

• Raw values were compared for the

subjective questionnaires and the

three agility tests.

• (Group matching for age, gender

and activity level)

Healthy controls:
nothing (n = 12)

(Continued)
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able to add two additional repetitions, weight was increased in the next session. Shaarani et al.

[35] also used a progressive strengthening training approach including three sets of 12 repeti-

tions with 10–15% weekly increase in the load. In the home-based exercise program of an

ongoing study, strengthening and activation exercises of the lower limb muscles were con-

ducted with 10 to 30 repetitions up to 30 to 50 repetitions, using materials such as elastic

bands. Progression was made by increasing the number of sets. Stretching exercises of the

lower limbs were performed about three sets with 30 seconds each [33], respectively RoM exer-

cises such as knee extensions and flexions in sitting position for 10 minutes [36]. In one study,

balance training, such as single leg standing on a balance board was performed about three

sets with 30 secs each [36], 30 secs to 3 min with open eyes and 5–10 sec with closed eyes in

another study. [33] Seperated in three consecutive phases, the 10 weeks perturbation protocol

[31] performed by two studies [20, 32] contained a total of 10–12 sets of unilateral stance exer-

cises on a rocker or roller board per session. To increase the level of difficulty, the participants

executed additional movements of the arms or self-initiated perturbations [33].

Duration/frequency. The preoperative intervention lasted 4.8 weeks on average (range 4–6

weeks; [32, 34–36]. In one study, individuals participated in ten neuromuscular training ses-

sions before ACL [20]. One study did not report information about the length of the interven-

tion period [33]. The training frequency ranged from two to four times per week [20, 32, 34,

35] with a duration of a maximum of 75 to 120 minutes [20, 32, 34], including 10- to

Table 3. (Continued)

Study

(year)

Participants (diagnosis,

N analyzed, age (mean,

SD), gender)

Measuring points

/follow-up period

Treatment (n) Control (n) Outcomes Statistics

Shaarani

et al. (2013)

[35]

Isolated ACL tear

awaiting reconstruction;

n = 23; 18–45 years

(inclusion criteria); 100%

male

• Baseline

• Post-training (pre

reconstruction)

• 3 month post

reconstruction

Prehabilitation,

Rehabilitation

(n = 14)

Usual care,

Rehabilitation

(n = 9)

• Quadriceps and hamstrings
strength (average peak torque,

average work per repetition, and

deficits) assessed by use of

isokinetic dynamometry (90˚/s.)

• Jump performance (single legged

hop test)

• Pain and function assessed via

the Modified Cincinnati Knee

Rating System score and Tegner

activity level

• RTS duration (defined as return

to preinjury levels of sport

activities)

• Quadriceps CSA (via fMRI)

• CSA, MHC, mRNA, IGF-1,

MuRF-1, MAFbx

ANOVA:

• One-way ANOVA was used to

evaluate potential group

differences in the baseline

characteristics

• Mixed-design for repeated

measures was used to analyze

potential differences between

groups over time

Zduński

et al. 2015

[34]

Isolated ACL Rupture

awaiting reconstruction;

n = 30; 40 ± 8 years,

56.7% male

• Baseline

• Post training (pre

reconstruction)

Prehabilitation,

Rehabilitation

(n = 15)

Usual care,

Rehabilitation

(n = 15)

Self-reported knee function

assessed by the Lysholm-Gillquist

scale

Students t-Test and Mann-Whitney

U tests were applied to detect

differences from baseline to pre-

surgery assessment within and

between groups

Moon = Multicentre Orthopaedic Outcomes Network; DOC = Delaware-Oslo ACL Cohort; NAR = Norwegian Research Centre for Active Rehabilitation;

NKLR = Norwegian Knee Ligament Registry; IKDC = International Knee Documentation Committee; KOOS = Knee injury and Osteoarthritis Outcome Score;

ADLs = Activities of daily living; ACL = Anterior cruciate ligament; ACLD = anterior cruciate ligament-deficient; QoL = Quality of life; LSI = Limb symmetry index;

CSA = Cross-sectional area; MHC = Myosin heavy chain; mRNA = messenger RNA; IFG-1 = Insulin-like growth factor 1; MuRF-1 = Muscle RING-finger protein-1;

MAFbx = Muscle atrophy f-box.
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20-minute warm-up exercises on a stationary ergometer cycle [20, 32, 36]. One study reported

daily home-based training of 30 minutes’ duration [33].

Supervision/setting. In three studies, the prehabilitation group was supervised twice a week

with two additional home-based training sessions a week [20, 32, 35]. The participants were

supervised, at least, three times a week in one study [36], but the authors of this study did not

provide information whether additional home-based training sessions were required. The

supervised training took place in a hospital [36] or gym [35]. A completely home-based train-

ing approach was used in one study [33].

Training compliance and dropouts. According to the study of Shaarani et al. [35], three par-

ticipants in the prehabilitation group did not complete the program because of time con-

straints. All patients in the exercise group completed more than 90% of the exercise protocol.

In another study, participants who participated in a home-based training programme,

reported high levels of compliance with a minimal self-score rating of 8 out of 10 [33]. None of

the remaining four studies have reported dropout rates, nor reported any information about

training compliance.

Pre-prehabilitation / baseline to pre-surgery effects

Objective outcomes. Two studies investigated the effects of prehabilitation on the limb

symmetry index of quadriceps strength from baseline to pre-reconstruction. Keays et al. [33]

observed a significant increase of the limb symmetry index from 85% to 102% (60˚/s, p< .05,

d = 1.7) and from 86% to 103% (120˚/s, p< .05, d = 1.6) in the prehabilitation group. No sig-

nificant changes occurred in the usual care and the healthy control group (p> .05). Shaarani

et al. [35] observed significant increases of the quadriceps peak torque (90˚/s) in both the

injured and uninjured limbs compared to baseline in the prehabilitation group only

(p< 0.05). Nevertheless, the peak torques did not differ systematically between groups neither

at baseline nor at pre-surgery (p > .05) (Table 4). Contrary to Keays et al. [33], Shaarani et al.

[35] found no significantly higher increases of the limb symmetry index in the prehabilitation

(+3.2%) relative to the control group (+6.6%) (based on original data sent by the authors).

One study [35] measured the single-leg hop for distance performance: Compared to the

control group, the authors found higher increases of the single-leg hop scores of the injured

limb in the prehabilitation (13.5%) compared to the control group (9%), resulting in an overall

preoperative score of 183.6 ± 16 in the prehabilitation and 156 ± 43 in the control group.

These improvements were significant (p < .05) in the prehabilitation group only. However,

both groups did not differ significantly neither at baseline nor at pre-surgery (p> .05).

One study [33] assessed knee joint stability, balance and agility. The authors found signifi-

cantly higher improvements in each of these outcomes for the prehabilitation compared to the

control groups (Table 4). In terms of hamstring peak torque assessed by two studies [33, 35],

no significant advantage was found for the prehabilitation group at pre-surgery (Table 4).

Self-reported outcomes. Two studies [33, 34] examined the effects of prehabilitation on

pre-operative self-reported knee function (Noyes, Trust [33] and Lysholm score [34]): Signifi-

cant higher improvements were found for the prehabilitation compared to the control groups

for both the Noyes (d = 1.1) and Trust (d = 1.2) scores (Table 4). In terms of the Lysholm

score, Zdunski et al. [34] reported a mean pre- to post change from 46 to 66 points in the pre-

habilitation and from 59 to 64 points in the control group. Similar findings were gained by

another study [35]: The authors observed a significant increase of the mean Cincinnati score

(62.6 to 76.5 vs. 66 to 70 points) in the prehabilitation group only. At pre-surgery, both groups

did not differ significantly.
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Table 4. Descriptive results of the individual studies included into qualitative and quantitative synthesis.

Study (year) Results

Failla et al. (2016) [20] Baseline:

•No differences between groups in age, sex, or body mass index

•Significantly higher proportion of concomitant meniscal surgery performed (p = .029) in the MOON cohort

•DOC patients had significantly higher baseline IKDC compared to MOON cohort (70 ± 13 vs. 50 ± 17; p < .001), which exceeded the MCID

•The preoperative training group had significantly higher baseline KOOS values across all subscales than MOON cohort patients (Pain: 84 vs. 73, Symptoms: 75

vs. 67, ADL: 93 vs. 82, Sports/Recreation: 66 vs. 48, Quality of Life: 51 vs. 37).

2-years IKDC scores:

•After controlling for baseline IKDC scores, DOC patients continued to have significantly higher IKDC scores than MOON cohort (84 ± 25 vs. 71 ± 32; p <

.001)

•Post hoc power analysis revealed the ability to detect a difference of 2 points on the IKDC between groups

•No significant group x meniscal procedure (p = .345) or group x graft type (p = .073) interactions on 2-year IKDC scores

2-years KOOS-subscale scores:

•After controlling for baseline KOOS values, DOC patients continued to have higher and clinically meaningful differences across all KOOS subscale scores

compared with MOON cohort (Pain: 94 vs. 78, Symptoms: 89 vs. 72, ADL: 98 vs. 82, Sports/Recreation: 85 vs. 70, Quality of Life: 76 vs. 64).

2-years RTS-rates:

RTS rates were significantly higher in the DOC compared with MOON cohort (p < .001)

Grindem et al. (2015) [32] Preoperative KOOS-subscale scores:

•No significant differences between the two cohorts in age, sex, time to surgery, presence or severity of cartilage or meniscus injuries

•NAR-patients had significantly better preoperative KOOS in all subscales (differences in all subscales except Symptoms were clinically relevant): Pain: 87 vs.

75.9, Symptoms: 82.6 vs. 73.6, ADL: 94.7 vs. 85.1, Sports/Recreation: 69.1 vs. 45.2, Quality of Life: 49.6 vs. 36).

2 years KOOS-subscale scores:

•NAR cohort still showed significantly better KOOS in all subscales, and clinically relevant differences were found in KOOS Symptoms, Sports and QoL (largest

group differences again for KOOS—Sports; 17.7 points)

•After controlling for the preoperative KOOS, the NAR cohort had significantly better KOOS scores (Pain: 93.5 vs. 86, Symptoms: 89.2 vs. 77.4, ADL: 98 vs.

92.5, Sports/Recreation: 85.1 vs. 67.6, Quality of Life: 78.6 vs. 67.7).

•In patients who had preoperative scores below the median score, the NAR cohort showed 20.6 higher KOOS—Sports scores (p = .003), and 12.3 points higher

KOOS—QoL scores (p = .006)

•A higher percentage rate of patients in the NAR cohort scored within the normative range in the different KOOS subscales compared to NKLR-cohort

Do Kyung Kim et al. (2015)

[36]

•Patients of IG showed a significantly lower post-operative loss of knee extensor strength deficits both at an angular velocity of 60˚/s (Prehab: 22.8±13.7 to 28.5

±9.0, p = .018), and 180˚/s (16.6±10.6 to 23.3±9.0, p = .033) compared to CG (60˚/s: 23.5±15.8 to 36.5±10.7, p > .05; 180˚/s: 17.5±11.9 to 27.9±12.6, p > .05).

•The IG also showed significant improvements in the single leg hop for distance test (higher limb symmetries; p = .029) in comparison to CG.

Keays et al. (2006) [33] Comparison between groups (Baseline):

•No significant differences in any measure existed between the two injured groups (Exception: hamstring strength measured at 60˚/s).

•Significant differences in all measures between each injured group and the control group (Exception: hamstring strength measured at 120˚/s, eyes-open and

foam balance tests).

Comparison between groups (post-training):

•Significant differences existed between the treated (Group T) and untreated (Group NT) injured groups for quadriceps strength (p < .001), standing balance

measure, for the three agility measures (p = .002; p = .003; p = .001) and for the Noyes and Trust questionnaires (p < .001 for both).

•No differences existed between the treated and healthy, control group (Group C) for quadriceps and hamstring strength, balance measures or agility measures

(p>.05). However, differences still existed for objective knee joint stability testing and for subjective testing.

•Differences between the untreated group (Group NT) and control group (Group C) remained unchanged.

Time effects (Baseline to post-training):

•Significant improvements in quadriceps strength for Group T (p < .01) from strength indices (60˚/s: 0.85 to 1.02; 120˚/s: 0.86 to 1.03) compared to NT (60˚/s:

0.74 to 0.75; 120˚/s: 0.85 to 0.81) and C (60˚/s: 1.01 to 0.99; 120˚/s: 1.04 to 1.05).

•No significant improvements of Group T, NT and C in terms of hamstring strength.

•Significant decrease in side-to-side translation measured at the 89 N testing force in Group T (p < .003)

•Balance improved significantly in Group T for eyes-closed (p < .001) as well as for eyes-open (p = .036)

•Group T improved significantly in all agility measures (p < .05)

•Group T only demonstrated significant improvements in scores for both the Noyes (57±14 to 70±6, p < .05, d = 1.1) and Trust (4.7±3.1 to 8.3±2.9, p < .05,

d = 1.2) assessments (p < .001)

•No significant changes in the other both groups (exception Group NT balance had worsened; p = .002)

Group x Time interactions:

•Were found for quadriceps strength (improved limb symmetries) at 60˚/s (p < .001) and 120˚/s (p < .001), for knee joint stability (p = .041), for standing

balance with eyes-open (p = .002) and eyes closed (p = .006; F = 6.13) and foam balance (p = .042), for functional performance such as the shuttle-run (p =

.001), the side-step (p = .021), the carioca test (p = .004) and subjective function such as the Noyes score (p < .001) and the Trust score (p < .001)

(Continued)
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Pre-prehabilitation or baseline to post-rehabilitation (12-week after

surgery)

Objective outcomes. Two studies [35, 36] examined the effects of prehabilitation on

quadriceps strength at 12-weeks post-surgery. Kim et al. [36] observed a significant lower

post-operative loss of the limb symmetry of the knee extensor strength relative to baseline in

the prehabilitation compared to the control group at both an angular velocity of 60˚/s (-5.7%

vs. -13%) and 180˚/s (-6.7% vs. -10.4%) (Table 4). This resulted in a more symmetric index at

both 60˚/s (prehab: 28.5 ± 9.0 vs. control: 36.5 ± 10.7, p< .05, d = 0.8) and 180˚/s (23.3 ± 9.0

vs. 27.9±12.6, p< .05, d = 0.4) in the intervention group. Similarly, Shaarani et al. [35] found a

trend for a lower reduction of the baseline limb symmetry index in the prehabilitation com-

pared to the control group (-20.3% vs. -24.8%, p> .05; based on original data sent by the

authors).

Two studies [35, 36] investigated the effects of prehabilitation on the single-leg jump perfor-

mance from baseline to 12-week post-reconstruction. Kim et al. [36] reported a significant

increase of the limb symmetry index for the prehabilitation (75.1 to 85.3%, p< .05, d = 1.1),

but not for the control group (76.5 to 80.5%, p > .05, d = 0.4). Shaarani et al. [35], found a

reduction of the single-leg jump test scores of the injured limb relative to pre-surgery in both

groups (p< .05). Nevertheless, the prehabilitation group maintained a higher score compared

to the control group (144.9 ± 15.5 vs. 113.3 ± 25.5, p< .05, d = 1.5). Relative to the controls,

Table 4. (Continued)

Study (year) Results

Shaarani et al. (2013) [35] Single leg hop performance (before surgery and at 12 weeks’ post-reconstruction):

•The single-legged hop test results improved significantly in the injured limb compared with baseline (p = .001). Mean single leg-hop test scores were higher

preoperatively in the exercise group than the control group (p = .001).

•At 12 weeks postoperatively, the rate of decline in the single-legged hop test was reduced in the exercise group compared with control (p = .001).

Quadriceps peak torque (before surgery and at 12 weeks’ post-reconstruction):

•Quadriceps peak torque increased significantly with similar gains in CSA in both the injured (p = .001) and uninjured limbs (p = .009) after prehabilitation

compared with baseline.

•However, there was a significant decrease in quadriceps peak torque of the injured limb in the exercise group at 12 weeks postoperatively compared with

baseline (p = .042) and preoperative time points (p < .001). No statistically significant differences between both groups for the injured limbs at any time point.

Hamstrings peak torque (before surgery and at 12 weeks’ post-reconstruction):

•Compared with baseline, preoperative hamstring peak torque increased significantly in the injured limb in both the exercise (p = .034) and control group (p <

.001). No significant differences were seen between the exercise and control groups at both pre- and postoperative time points.

Cincinnati scores (before surgery and at 12 weeks’ post-reconstruction):

•The mean modified Cincinnati scores were increased significantly from baseline to pre-operative and to 12 weeks postoperative time points in the exercise

group only (p = .004; p = .001). There was a significantly higher mean score (p = .004) in the exercise group compared with the control group only at 12 weeks

postoperatively.

RTS-duration:

•The mean time to return to sport was shorter for the control and exercise group. The difference almost reached statistical significance (p = .055).

Zduński et al. 2015 [34] The self-reported knee function (Lysholm score) improved in both groups. At pre-prehabilitation, patients from the prehabilitation group reported poor knee

function. At the pre-surgery measurement time point, the mean score had increased significantly. The difference was statistically significant (p < .001). At pre-

prehabilitation, the control group reported significant higher self-reported knee function than the prehabilitation group. At the second measurement, directly

before the ACL-reconstruction, the mean score improved. However, a greater pre-post improvement of the injured knee joint was found in patients from the

prehabilitation group.

Moon = Multicentre Orthopaedic Outcomes Network; DOC = Delaware-Oslo ACL Cohort; NAR = Norwegian Research Centre for Active Rehabilitation;

NKLR = Norwegian Knee Ligament Registry; IKDC = International Knee Documentation Committee; KOOS = Knee injury and Osteoarthritis Outcome Score; Group

T = Injured group receiving preoperative physiotherapy treatment; Group NT = Injured group receiving no preoperative physiotherapy treatment; Group

C = Uninjured control group; IG = Intervention group; CG = Control group; MCID = Minimal clinically important differences; ADL = Activities of daily living;

QoL = Quality of life; CSA = Cross-sectional area.

Sport and Exercise Medicine: Theory and Practice 

152

https://doi.org/10.1371/journal.pone.0240192.t004
https://doi.org/10.1371/journal.pone.0240192


the prehabilitation group indicated a lower reduction of the baseline limb symmetry (-10.8%

vs. -17.6%, p> .05; based on original data sent by the authors). However, these changes were

not significant.

In terms of hamstring peak torque assessed by one study [35], no significant advantage was

found for the prehabilitation group (Table 4).

Self-reported outcomes. One study [35] examined the effects of prehabilitation on

12-weeks postoperative self-reported knee function: the mean modified Cincinnati scores

increased significantly from baseline to 12-weeks post-surgery (prehab: 62.6 to 85.3, p< .05;

controls: 66 to 77.6, p> .05) resulting in a significant higher mean score for the prehabilitation

compared to the control group (85.3 vs. 77.6, p< .05).

Two-year self-reported knee function and return to sport

Two cohort studies [20, 32] compared the level of self-reported knee function ((International

Knee Documentation Committee, Knee injury and Osteoarthritis Outcome Score)). Both

studies indicated a superior effect of prehabilitation, when compared to usual care. In both

studies, the prehabilitation cohort exhibited significantly higher baseline/preoperative [20, 32]

scores than the controls. Controlled for this confounder, the prehabilitation cohort continued

to have significantly higher Knee injury and Osteoarthritis Outcome Score values in all sub-

scales [20, 32] and International Knee Documentation Committee [20] scores (84 vs. 71) at

2-years post-surgery (Table 4).

The RTS duration and rates were assessed by one study in each case [20, 35]. There was a

trend for significant faster RTS of the prehabilitation compared to the control group

34.18 ± 4.14 vs. 42.5 ± 10.46 weeks, p = .055) [35]. Nevertheless, no re-injuries occurred in the

prehabilitation group during a follow-up period of 15 month after reconstruction [35].

According to another study a significantly higher share of participants from the prehabilitation

compared to the control group returned to their preinjury sport at the two years’ follow-up

[20] (72% vs. 63%; p< .05).

Discussion

Low to moderate quality evidence indicates that exercises have a positive impact on pre-opera-

tive and postoperative functional performance. Low-level quality evidence supports the superi-

ority of prehabilitation in terms of self-reported knee function at both pre-reconstruction and

three months as well as two years after ACLR. The results further provide indications for

higher RTS rates and a trend for a shorter time until RTS through prehabilitation.

Quadriceps strength limb symmetry index

Superior intervention effects on quadriceps peak torque LSI were found preoperatively by one

study [33], and at three months’ follow-up by another study [36]. In contrast, Shaarani et al.

[35] reported no significant effects.

The latter findings [35] may be attributed to the fact that the maximum quadriceps strength

improved significantly for both the injured and uninjured limb after prehabilitation. These

symmetric training-induced improvements may have led to the maintenance of the already

existed baseline asymmetries between both limbs. Contrary, in the study of Keays et al. [33],

prehabilitation may have resulted in a disproportionate higher preoperative improvement of

the quadriceps strength of the injured relative to the unijured limb. Possibly, the prehabilitative

intervention in the study of Keays et al. [33] was more specific to quadriceps strength of the

injured limb (unilateral strength training) as the intervention by Shaarani et al. [35]. Further-

more, Keays et al. [33] encouraged their participants to perform daily home-based exercises
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while Shaarani et al. [35] used a gym- and home-based approach with four training sessions

per week. However, the influences of the intervention period (6 weeks) and content (strength

and balance training) on the treatment effects can be considered low, as both studies were

comparable in this regard. An alternative explanation for the higher preoperative LSI observed

by Keays et al. [33] may be that the quadriceps peak torque of uninjured limb decreased rela-

tive to the injured limb over the preoperative period as a potential result of a lower physical

activity level after injury. This mutual approach of both limbs may have resulted in a higher

LSI. According to Wellsandt et al. [37], this may consequently lead to an overestimation of the

neuromuscular performance of the injured limb.

The conservation of the preoperative neuromuscular performance (lower loss) through pre-

habilitation beyond the postoperative rehabilitation period may explain both the continuously

higher symmetry indices of the prehabilitation compared to the control group indicated by

Kim et al. [36] and the still non-significant different limb symmetries between both groups

indicated by Shaarani et al. [35] at 12-weeks postoperative.

Single-leg hop for distance limb symmetry index

Kim et al. [36] found an increased single-leg hop for distance LSI in the prehabilitation com-

pared to the control group at three months after ACLR relative to baseline. According to Reid

et al. [38] the improvements of the prehabilitation group exceeded the level for a minimal

detectable change (MDC: 8.1%). In Shaarani et al. [35], the LSI was reduced in both groups

after postoperative rehabilitation compared to baseline. However, there was a trend for a lesser

decline for the prehabilitation compared to the control group. The lower decline in the preha-

bilitation relative to the control group did not completely meet the cut-off for a minimal

detectable change [38]. Nevertheless, the prehabilitation group maintained the higher pre-

operative single-leg hop performance.

Single-legged hop tests are highly reliable in ACL-injured and -reconstructed participants

[29, 38]. The single leg hop for distance is a valid and reliable performance-based outcome

measure reflecting the combination of leg strength, neuromuscular control and self-confidence

in the ACL reconstructed knee [38], as well as the ability to tolerate sports-specific loads [39].

Thus, it may be possible that prehabilitation fostered the restoration of mechanical stability,

and patients’ confidence, in their knee stability. Consequently, the potentially reduced fear of

re-injury may have had positive implications on the postoperative single-leg hop for distance

LSI shown by both studies (high effect sizes). Nevertheless, these findings underline, particu-

larly, the specificity of the used prehabilitation contents to jump ability and neuromuscular

control. Together with the quadriceps strength, the single leg hop for distance was recently

shown to be of prognostic value of an ACL re-injury [10].

Self-reported knee function

Beneficial effects of prehabilitation on both preoperative [33, 34] and two year postoperative

self-reported knee function [20, 32] were reported. In terms of the Lysholm score, the

improvements in the prehabilitation group from baseline to pre-surgery exceeded the cut-off

for the minimal clinical important difference (10 to 17 points [40]). Regarding the Cincinnati

knee score, the increases of the prehabilitation group from baseline to pre-surgery and to three

month after ACLR met or even exceeded the minimal clinical important difference of 14

points [41] in contrast to the control group. The higher International Knee Documentation

Committee scores at both baseline (70 vs. 50 points) and two years post-surgery (84 vs. 71

points) of the prehabilitation compared to the control group exceeded the cut-off for minimal

detectable change (8.8 to 15.6 [42]). Similar findings occurred for the Knee injury and

Sport and Exercise Medicine: Theory and Practice 

154

https://doi.org/10.1371/journal.pone.0240192


Osteoarthritis Outcome Score: At two years post-surgery, the prehabilitation continued to

exhibit higher values as the control group, which exceeded the minimal detectable change in

almost all subscales (pain: 6–6.1, symptoms: 5–8.5, activities of daily living: 7–8, sports/recrea-

tion: 5.8–12, quality of life: 7–7.2% [42]).

These positive implications may be a consequence of the prehabilitation-related improved

pre- and postoperative neuromuscular performance as indicated above. The assumed associa-

tion between objective and self-reported outcomes are supported by Logerstedt et al. [39] pro-

viding evidence for the predictive value of the 6 months’ postoperative single-legged jump

performance for the self-reported knee function one year after ACL surgery. Furthermore, evi-

dence suggests the predictive value of preoperative neuromuscular performance for postopera-

tive self-reported function and RTS [14–19, 43].

Return to sport time points and rates

The higher RTS rates or shorter time until RTS success found by two studies [20, 35] may be a

consequence of the improved postoperative objective and self-reported knee function of the

prehabilitation groups as indicated above. The observed RTS rates were, in both the interven-

tion and control groups (in particular in the latter one) slightly below but comparable to such

reported in other studies. According to a systematic review of Ardern et al. [44], 81% of the

ACL-reconstructed individuals returned to some kind of sports, 65% returned to their prein-

jury level and 55% returned to competitive sport.

The prehabilitation programs and their practicability

The prehabilitation programmes of the included studies differed in terms of frequency, inten-

sity, time, supervision and setting. Nevertheless, the preoperative training protocols varied less

in terms of content: The studies included in the review primarily adopted stretching and bal-

ance exercises as well as strengthening and control and co-contraction training with particular

focus on the quadriceps. The prehabilitation protocols also included hamstrings strengthening.

The hamstring muscles represent a major synergist of the ACL as its contraction reduces ante-

rior tibia translation [45]. In the included cohort studies [20, 32], preoperative treatment was

subdivided into two phases. The goal of the initial phase (up to two months after injury) was to

resolve inflammatory symptoms and to restore full knee ROM [31]. After impairment resolu-

tion (about two month after surgery in average) [16, 20], a 5-week progressive exercise pro-

gram (second phase) was performed aiming to restore muscle strength and neuromuscular

function using intensive muscle strength, plyometric, and advanced neuromuscular exercises.

[31]

Based on two of the included studies training compliance appears to be high and dropout

rates appear to be low [33, 35]. Therefore, prehabilitation seems to be safe and feasible in par-

ticipants with ACL injury. This is supported by Eitzen et al. [31]. The authors found high com-

pliance to and tolerance for early staged interventions after ACL injury.

Time between rupture and reconstruction

The average time from injury to surgery 6.5 months [32], 8.2 months [35] and 5 to 9 months

[34]. In the remaining two studies, the preoperative timeframes were not reported, but Keays

et al. [33] described the inclusion of individuals with chronic ACL deficiencies, which also

implies rather longer periods between injury and surgery.

Due to the relatively long preoperative period, some participants may have been engaged in

physical training and exercise before or beyond prehabilitation. Except both of the cohort

studies in which exercises were already performed early after injury to restore basic knee
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function, no of the other studies reported if and which exercises/treatment preceded prehabili-

tation. Therefore, we cannot estimate the effects of these preoperative actions on the results of

this review.

Methological quality and limitations of the included studies

A common limitation in exercise trials is the limited possibility to blind participants [46]. This

limitation may particularly lead to a biased assessment of self-reported knee function. In order

to reduce the risk of bias as much as possible, all investigators shall be blinded to intervention

allocation. This was not reported in most of the included studies. The heterogeneity of the

study population may further limit the possibility to derive specific practical relevance.

Together, with the (partially) randomised study designs and the consideration of known and

suggested confounders, the included studies may provide a sufficient statistical power.

However, the included studies have certain limitations:

• Time between diagnosis of ACL tear and surgical reconstruction was not consistently

reported across the included studies.

• No consistent definition of standard care treatment (control condition) was provided. Physi-

cal activities and therapies potentially performed early after ACL injury have not been

reported neither for interventions nor for control groups.

• The heterogeneity across studies in terms of the characteristics of participants was high. For

instance, the age of the participants included in one study was quite high (about 40 years)

relative to the age groups (18 to 25 years), which are mainly affected by ACL-injuries [47].

The kind of sport and physical activity levels/demands were not described in most studies

and one study included only those with chronic ACL deficiency [33].

• Methodological quality of the included studies was moderate and risk of bias ranged from

low to high.

Limitations of this review

This systematic review has also certain limitations:

• We included only studies written in English and German. Therefore, relevant literature pub-

lished in other languages may not have been included.

• The number of the studies included into this systematic review was quite low (n = 6).

• The evaluation of the effects of prehabilitation on long-term self-reported function is based

on two prospective cohort studies implying low levels of evidence. Furthermore, both studies

referred to the same prehabilitation cohort. The partial overlap of participants may have

resulted in a substantial bias. Furthermore, the prehabilitation group exhibited higher self-

reported knee function at baseline. Although considered as a covariate in statistical analyses,

this may have limited the comparability between both groups.

• Due to the small number of studies available investigating the same outcome at comparable

measuring points, the overlap in participants in two studies, the diverse and partly unknown

content of the interventions, as well as the variations in study populations, we did not per-

formed qualitative data syntheses (meta-analyses).

• We only screened the databases PubMed (Medline), Web of Knowledge and the Cochrane

Library. Considering the topic of our review, almost all manuscripts of interest should be
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found therein. However, expanding the search to even more databases, like EMBASE,

PEDro, CINAHL, AMED, SportDiscus and CENTRAL may would have led to slightly more

hits.

Clinical implications

Our findings apply to physically active adults with primary, unilateral ACL rupture without

additional severe injuries to other intraarticular structures who had delayed ACLR. Besides

improved preoperative functions, this review provides first evidence that prehabilitation may

reduce the decline of postoperative neuromuscular performance of the lower limb and

improve self-reported knee function and RTS success. Although more high quality confirma-

tory RCTs are needed to finally evaluate the clinical importance of prehabilitation, the out-

comes found to be impacted by prehabilitation in this review are mostly the same as those

found to be predictive for a second ACL injury [10]. Despite these positive implications, the

majority of the orthopaedic surgeons seems to consider prehabilitation less important in the

preoperative care of ACL-injured individuals [48].

Delayed compared to early ACLR is unlikely to result in postoperative differences in sec-

ondary knee pathologies (incidence of meniscal/ chondral lesions, postoperative infection,

graft rupture) and functional outcomes [49] as well as two year self-reported knee function

[27]. Against this background, it appears plausible that additional preoperative training prior

to a delayed surgery may result in better postoperative function compared to early surgery.

Furthermore, the pre-ACLR contact time associated with a delayed surgery can help to

identify ACL-deficient individuals without knee instability who may be able to RTS without

surgery (copers [50]). This is in line with previous findings, which indicated that, more than

half the ACLR can be avoided without aversively affecting outcomes using a delayed ACLR

approach [27]. In line with current work applicable in non-professional or leisure time copers

[49], delaying surgery for a minimum of 3 months after the ACL tear may be recommended

[51].

Based on the studies included in this review, the preoperative or post-injury training proto-

cols (4 to 6 weeks, 2 to 4 times per week) should contain muscle control and co-contraction

exercises of the knee muscles with particular attention of the quadriceps as well as strengthen-

ing (open and closed chain) and stretching exercises of the lower limb. Moreover, advanced

neuromuscular (perturbation, balance, stability, proprioceptive exercises) as well as plyometric

exercises (e.g. single leg hops with soft landings) need to be considered. Such more intensive

preoperative interventions should be not started before initial impairment resolution (about

2–3 months) in dependence on the functional and tissue repair status as well as concomitant

injuries. Although, there are no specific evidence-based guidelines for strength and neuromus-

cular training in the early stage after ACL injury available yet, we recommend in exemplary

the exercise protocols published by Eitzen et al. [31] and Wilk et al. [52] as a guidance.

Conclusion

Low to moderate quality evidence indicates that exercises have a positive impact on pre-opera-

tive and postoperative functional performance. Low-level quality evidence supports the superi-

ority of prehabilitation in terms of self-reported knee function at both pre-reconstruction and

three months as well as two years after ACLR. Due to the low number of studies included into

this systematic review, divergent methodologic quality and high heterogeneity across the stud-

ies, high quality RCTs are warranted to finally evaluate the clinical importance of
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prehabilitation. Specifically, future trials need to investigate, if prehabilitation before delayed

compared to early ACLR lead to a faster or improved restoration of postoperative RTS-specific

neuromuscular or self-reported function and sport participation. Furthermore, the potential

effects of prehabilitation on re-injury incidences need to be assessed.
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Abstract

Introduction

The heart rate (HR) method is a promising approach for evaluating oxygen uptake ( _VO2),

energy demands and exercise intensities in different forms of physical activities. It would be

valuable if the HR method, established on ergometer cycling, is interchangeable with other

regular activities, such as level walking. This study therefore aimed to examine the inter-

changeability of the HR method when estimating _VO2 for ergometer cycling and level tread-

mill walking in submaximal conditions.

Methods

Two models of HR� _VO2 regression equations for cycle ergometer exercise (CEE) and

treadmill exercise (TE) were established with 34 active commuters. Model 1 consisted of

three submaximal intensities of ergometer cycling or level walking, model 2 included also

one additional workload of maximal ergometer cycling or running. The regression equations

were used for estimating _VO2 with seven individual HR values based on 25–85% of HR

reserve (HRR). The _VO2 estimations were compared between CEE and TE, within and

between each model.

Results

Only minor, and in most cases non-significant, average differences were observed when

comparing the estimated _VO2 levels between CEE and TE. Model 1 ranged from -0.4 to

4.8% (n.s.) between 25–85%HRR. In model 2, the differences between 25–65%HRR ran-

ged from 1.3 to -2.7% (n.s.). At the two highest intensities, 75 and 85%HRR, _VO2 was

slightly lower (3.7%, 4.4%; P < 0.05), for CEE than TE. The inclusion of maximal exercise in

the HR� _VO2 relationships reduced the individual _VO2 variations between the two exercise

modalities.
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Conclusion

The HR methods, based on submaximal ergometer cycling and level walking, are inter-

changeable for estimating mean _VO2 levels between 25–85% of HRR. Essentially, the

same applies when adding maximal exercise in the HR� _VO2 relationships. The inter-indi-

vidual _VO2 variation between ergometer cycling and treadmill exercise is reduced when

using the HR method based on both submaximal and maximal workloads.

Introduction

Acquiring knowledge of human oxygen uptake ( _VO2), energy demands and intensity levels in

physical activities is valuable for health education and promotion as well as from research per-

spectives. This is since much of the understanding of exercise effects on weight control, mor-

bidity, premature mortality, and physical performance is based on descriptions of intensity

levels relative to the maximal oxygen uptake (e.g. [1, 2]), energy expenditure (e.g. [3, 4]) and

MET hours (e.g. [5]). In these respects, the heart rate (HR) method can be a promising

approach. It is based on the linear relationship between HR and _VO2 during incremental loads

of physical work under steady state conditions [6, 7]. Thanks to this linearity, _VO2 can, in

principle, be estimated by only measuring HR, and based on caloric coefficients [8, p. 104] the

energy turnover can be calculated.

The first studies of the HR� _VO2 relationship in humans were published in the early 1900s

[9, 10]. Since then, several studies have used HR monitoring during various physical activities

to understand energy requirements and exercise intensity in both humans [7, 11–14] and ani-

mals [15]. An accurate way of establishing HR� _VO2 relationships is to create one for each

individual, since there are large inter-individual variations, particularly due to sex, age, body

weight and fitness level [16–19]. Today, these relationships are generally established in labora-

tories with portable HR monitors and stationary automated metabolic systems.

Even though the HR method has been used in several applied studies, a number of method-

ological issues connected to it appear not to have been sorted out completely, or only to a lim-

ited degree. These matters can be grouped into (1) reproducibility of HR� _VO2 relationships

and their outcomes when establishing the HR method under steady state conditions, (2) opti-

mal ways of establishing HR� _VO2 relationships under steady state conditions, (3) external

validity of HR� _VO2 relationships and the HR method established with one exercise form in

relation to another, and (4) external validity of them in relation to both prolonged exercise at

various constant exercise intensities as well as under non-steady state conditions.

It is only in recent times that fundamental methodological studies in terms of reproducibil-

ity have been carried out [20–22]. In general, these examinations have demonstrated good

reproducibility at group level with minor relative differences between test and retest at an

intensity range from resting to vigorous intensity levels. Several optimizing issues related to

reproducibility and validity do however remain to be further explored. It is, for example, not

known how many measuring points are needed, or how spread out they should be to enhance

the reproducibility, and thereby the potential validity of the HR method.

As stated above, the interchangeability of the HR method between various forms of exercise

to be investigated. So far, it is well known that dynamic exercise, with large muscle groups

involved, has a different HR� _VO2 relationship than static and dynamic exercise with
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smaller working muscle groups. For instance, _VO2 has been found to be significantly lower

during arm cycling compared to leg cycling as well as leg combined with arm cycling, when

compared at equivalent HR values [23–25]. If the comparisons instead are limited to

dynamic lower body work, through cycle ergometer and treadmill exercises, differences in

the HR� _VO2 relationships might not be obvious. When specifically comparing ergometer

cycling with the simplest form of treadmill exercise, i.e. level walking, there is, to our knowl-

edge, only one previous study. Berggren and Hohwü Christensen [26] observed similar

HR� _VO2 relationships for ergometer cycling compared to horizontal treadmill walking

and running. The examination was performed on repeated occasions over a broad measure-

ment range, containing a high number of submaximal steady state workloads for each of the

three modalities. However, one considerable limitation was that only one subject, a well-

trained man, was investigated.

The HR method can be applied principally in two different ways; one in which the oxygen

uptake is measured, the other in which the oxygen uptake is estimated based on knowledge

about the oxygen uptake at various workloads. For the latter purpose it is preferable to make

use of a cycle ergometer. This is because oxygen consumption during steady state workloads of

ergometer cycling is fairly constant between various individuals for both sexes [6] and inde-

pendent of cycling experience [27]. Results reported by Åstrand [28] and Ryhming [29] dem-

onstrated that two-thirds of healthy and trained individuals (50 men and 62 women) had _VO2

levels within a range of ± 6% around mean levels at different workloads. Part of this variation

can be explained by varying fitness levels, due to various relative positions of physiological

thresholds [30–32], and varying muscle fibre type compositions [33]. However, a number of

studies have shown that the oxygen cost at submaximal steady state work on cycle ergometers

is also dependent on body weight [18, 34–39, p. 87]. Due to the global developments in body

weight during the past three decades, this is an important factor to take into consideration

when applying this form of exercise. If taking these determining factors into account, and con-

sidering that metabolic systems are expensive and technically complicated to use, especially in

field exercise conditions [40, 41], it is advantageous that individual HR� _VO2 relationships

can be estimated with various cycle ergometer workloads. This would allow the HR method to

be used in health education and promotion, when high measurement accuracy is not a decisive

factor. It is also valuable from a research perspective in public health when large samples are to

be investigated, which could be difficult to accomplish practically if metabolic measurement

devices have to be used.

Considering the advantages in using the HR method, established through incremental con-

stant workloads of ergometer cycling, it would be valuable if its HR� _VO2 relationship and

_VO2 outcome when using the HR method mimic those of other common forms of dynamic

exercise, such as walking. We have therefore investigated this issue further, with focus on the

HR method’s interchangeability between submaximal ergometer cycling and level walking on

a treadmill. At the same time, we have investigated if the HR method, based on ergometer

cycling as well as treadmill exercise, can be methodologically optimized if endpoints of maxi-

mal exercise are added to the HR� _VO2 relationships.

The aim of this study was therefore to examine the interchangeability of the HR method

when estimating _VO2 for ergometer cycling and level treadmill walking in submaximal condi-

tions. In accordance with our previous reproducibility studies of the HR method [21, 22], two

different models of HR� _VO2 regression equations for cycle ergometer exercise (CEE) and

treadmill exercise (TE), respectively, were constructed. Model 1 consisted of three submaximal

steady state workloads of ergometer cycling or level walking, whereas model 2 also included
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one maximal workload of ergometer cycling or running. The HR� _VO2 regression equations

were applied to estimate oxygen uptake, using seven individually derived heart rate values

based on % of heart rate reserve (%HRR). The outcomes from CEE and TE were then com-

pared within and between each model (Fig 1).

Methods

Participants

Approval to conduct the study was obtained from the Ethics Committee North of the Karo-

linska Institute at the Karolinska Hospital (Dnr 03–637), Stockholm, Sweden.

Recruitment of participants. The recruitment of participants started by invitation

through advertisements in two major morning newspapers in Stockholm. The inclusion crite-

ria for participation were: being at least 20 years old, living in the County of Stockholm and

cycling or walking the whole way, any distance, between home and place of work or study and

actively commuting that way at least once a year. A questionnaire (The Physically Active Com-

muting in Greater Stockholm Questionnaire 1; PACS Q1, supporting information S1 Methods

and S2 Methods) was sent to 2148 volunteers [42]. The recruitment of the participants in this

particular study was based on those who had their age and commuting distance close to the

median values of the overall project’s categories of female and male cyclists who only cycled to

work (so-called single mode cyclists) and female and male pedestrians who only walked to

work (so-called single mode pedestrians), respectively. They also rated their profession as very

light or light physically. For details on the recruitment and categorization process as well as the

questionnaire used, see Stigell and Schantz [42].

Information describing the physiological studies, tests and standardization procedures as

well as a health declaration were sent to the selected volunteers. This information emphasized

the right of the participants to cancel at any time during the study, without giving a reason. A

Fig 1. Principal scheme for the analytic models in the study. Two models are used for the HR method to estimate

the oxygen uptake in cycle ergometer exercise versus treadmill exercise conditions, respectively. Model 1 is based on

three submaximal workloads, whereas model 2 is based on the same three submaximal workloads as well as a workload

corresponding to maximal exercise. The figure shows a conceivable example in which model 1 and model 2 in the

treadmill exercise results in two different regression equations, whereas in the cycle ergometer exercise, model 1 and

model 2 results in the same regression equation. The last step in the HR method is applied here in terms of oxygen

uptake being estimated from various percentages of HR reserve and the different regression equations.
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signed informed consent of participation was returned. Based on the replies from the health

declaration, individuals with high blood pressure or on medication that could affect the nor-

mal heart rate were excluded. The remaining were contacted until 10 individuals in each of the

four categories (female and male single mode cyclists, and female and male single mode pedes-

trians) fulfilled the criteria. Due to the fact that there were no systematic differences between

the cyclists and the pedestrians in this study’s analyses, they were combined into one study

group. Finally, with regard to some obstructive health conditions and technical problems with

the equipment, there were 34 healthy and physically active commuters who had complete

results; these are listed in Table 1.

Equipment

During all metabolic measurements, an automated stationary metabolic gas analysis system,

Jaeger Oxycon Pro1 (Carefusion GmbH, Hoechberg, Germany) was used in the mixing cham-

ber mode. The software used was JLAB 4.53. The metabolic system was switched on 30 minutes

before data collection and calibrated before and after each test using the automated procedures

and according to the manufacturer’s recommendations. A high precision gas of 15.00% O2 and

6.00% CO2 (accuracy: O2 ± 0.04% and CO2 ± 0.1%, Air Liquid AB, Kungsängen, Sweden) was

used for calibration. A face mask with a non-rebreathing air inlet valve (Combitox, Dräger

Safety, Lübeck, Germany) was used, while a tube (inner diameter of 35 mm) was attached to the

non-rebreathing valve to lead the exhaled air into the mixing chamber. The measured metabolic

variables, including HR, were saved in average values of 15 seconds. Using the mixing chamber

mode, Oxycon Pro has been found to be reliable (coefficient of variation for _VO2: 1.2% between

0.5–6.0 L�min-1) [43] and valid against the golden standard method [41, 43]. The HR measure-

ments were performed using Polar Electro S610i Heart Rate Monitor and the associated Polar

Wearlink 31 transmitter (Polar Electro Oy, Kempele, Finland).

The cycle ergometer exercise was performed on a manually braked Monark pendulum

ergometer cycle 828E (Monark Exercise AB, Vansbro, Sweden). Immediately before each test,

the scale was zeroed while the subjects sat on the saddle with their feet resting on the surface

between the pedals. A digital metronome (DM70 Seiko S-Yard Co. Ltd, Tokyo, Japan) was used

to keep correct cycling cadence. At regular intervals of one minute, the work rate was controlled

by checking the cadence and the braking force as indicated on the pendulum scale. The tread-

mill exercise was conducted on RL2500E treadmill ergometer (Rodby Innovation AB, Vänge,

Hagby, Sweden). Its accuracy for velocity and inclination were: ± 1.8% and 0.2˚, respectively.

Measurements

Study design and standardization. The subjects visited the laboratory on three different

occasions. All occasions followed the same procedure, including measurements of HR at rest,

simultaneous measurements of HR and _VO2 at submaximal and maximal level, with the only

difference between the occasions being the type of physical work; twice with cycle ergometer

exercise (CEE) and once with treadmill exercise (TE). The first occasion always consisted of

Table 1. Descriptive characteristics of the participants (means ± standard deviations (SD)).

Age Height Weight BMI HRrest

(years) (m) (kg) (kg�m-2) (beats�min-1)

Women (n = 17) 43 ± 4 1.70 ± 0.05 64 ± 9 22 ± 3 62.8 ± 7.9

Men (n = 17) 45 ± 8 1.82 ± 0.06 82 ± 12 25 ± 3 66.7 ± 9.8

All (n = 34) 44 ± 6 1.76 ± 0.08 73 ± 14 23 ± 3 64.7 ± 9.0
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CEE for all subjects. For most of the subjects, CEE was also performed at session two and fol-

lowed by TE at session three. The purpose of conducting repeated sessions with CEE was to

familiarize the subjects with the experimental process during the first session (familiarization

session). The number of days between the three occasions was 8 ± 9 days (means ± SD). Two

educated investigators carried out the experimental tests, all participants had the same investi-

gator for each occasion.

Prior to each test, the participants were instructed to follow some standardization guide-

lines: 1) not to take part in any vigorous exercise for 24 hours before the tests, 2) not to cycle to

the laboratory, 3) to refrain from eating, drinking, smoking and taking snuff for at least one

hour before arrival at the laboratory, 4) not to eat a large meal at least three hours before the

tests, 5) to avoid stress and 6) to cancel the test if they had fever, an infection or a cold.

On arrival at the laboratory, measurements of body weight and height (only in the familiari-

zation session) were conducted. Thereafter, a resting HR measurement was performed in

supine position on a treatment table during ten minutes, and values from the last five minutes

were used. Anthropometric and resting HR data were from the familiarization session, while

HR and _VO2 data during exercise were from sessions 2 and 3.

Cycle ergometer exercise. The submaximal ergometer cycling consisted of three different

workloads: 50, 100 and 150 watt (W) for the female and 100, 150 and 200 W for the male par-

ticipants. At each workload, the participants cycled until steady state occurred (approximately

six minutes), after which the resistance was increased. The third workload was increased to

only 125 W or 175 W for women and men respectively, if after the second workload, the sub-

jects’ HR was higher than 150 beats�min-1 and their rated perceived exertion (RPE), according

to the Borg scale, exceeded 15 for both legs and breathing [44]. A cadence of 50 revolutions per

minute (rpm) was used since it was when using this cadence that oxygen consumption has

been found fairly constant between individuals [6, 28, p. 19, 29].

Between the second and third workload, the participants continued cycling for one minute

at a self-selected low cadence with a resistance of 5 Newton (N). The subjects were then

instructed to resume the cadence of 50 rpm while the investigator gradually increased the resis-

tance until, after one minute, the third work rate was reached (resistance was increased to 50

W during the first 15 seconds, to 100 W the second 15 seconds and successively to the third

work rate during the last 30 seconds). After the submaximal workloads, and before the maxi-

mal test, the participants continued cycling for two minutes at a self-chosen low cadence and a

resistance of 5 N.

The maximal test was performed with a cycle cadence of 80 rpm. During the first three min-

utes, the work rates were set to 60, 100 and 120 or 140 W for one minute each. The latter alter-

natives depended on which third workload the subjects had achieved during the submaximal

phase; 120 W was chosen if the third work rate had been 125 W or 175 W for women and

men, respectively, and 140 W was chosen if it had been 150 W or 200 W for women and men,

respectively. After these first three minutes, the resistance was increased by 20 W every contin-

ued minute until voluntary exhaustion occurred. The increments of work rate were chosen in

accordance with our previous evaluation [21].

Treadmill exercise. The submaximal treadmill exercise consisted of three workloads of

level (0.0˚) walking. Velocities were set to: 4.0, 4.9 and 5.9 km�h-1. The participants continued

walking at each workload until steady state was attained (normally five minutes). Immediately

after completing the third walking load, the speed was increased to a comfortable level for run-

ning, after which the maximal phase was started.

The maximal running test was performed through constant speed (9.0 ± 0.7 km�h-1) and

successive increments of inclination. During the first minute of the test, the inclination was set
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to 0.0˚, after one minute it was increased to 1.0˚ and then by 0.5˚ every continued minute until

voluntary exhaustion occurred and the test was terminated.

For both exercise modalities, rating of RPE for legs and breathing, respectively, was noted

at the end of each submaximal workload as well as directly after completion of the maximal

tests. In order to ensure that the cycling and running maximal tests achieved their purposes, at

least two of the following three criteria were met by each participant: 1) a plateau in _VO2

despite increasing exercise intensity (defined as a _VO2 increment of< 150 ml), 2) a respiratory

exchange ratio of� 1.10 and 3) a RPE rating of� 17 [45–47].

Data processing and statistical analyses

For determination of HR at rest, values are based on each single time period between the heart

rate beats, the average of the last five minutes was transformed to beats per minute. For all

forms of submaximal exercise, paired HR and _VO2 values during the last, of the two consecu-

tive minutes, at steady state have been used as averages for each workload. Since HR has been

found to be more variable than _VO2 at lower intensity levels [48], steady state was defined

when HR values were within 2–3 beats�min-1. As recommended by Howley, Bassett [46], maxi-

mal values were calculated by averaging the minute with highest continuous paired values of

HR and _VO2. For calculation of a certain percentage level of heart rate reserve (%HRR), both

the resting and maximal heart rate values were used in the equation [49]. To exemplify, the HR

value of interest was subtracted with HRrest and then divided by HRmax minus HRrest. When

the submaximal workloads for cycling are expressed in relative levels of HRmax, HRR and

_VO2max, these levels have been based on the values from the maximal cycling test. Conversely,

the maximal values from the treadmill test have been used to describe the percentage levels for

treadmill walking.

The HR� _VO2 relationships, based on the individual paired values of HR and _VO2 from

the three submaximal workloads (model 1) plus one maximal workload (model 2), were

described by linear regression analyses for the two forms of exercise within each model. The

individual regression equations were then used by the HR method for estimating _VO2. Indi-

vidual HR values, based on % of HRR were created according to the American College of

Sports Medicine’s classification of exercise intensity [50]. The intensity levels: 25 and 35%

HRR, (very light to light exercise intensity), 45 and 55%HRR (moderate exercise intensity) and

65, 75 and 85%HRR (vigorous exercise intensity) were selected to cover a broad range of com-

monly used HR values during submaximal physical activities. In the calculations of individual

HR values, HRR was always based on the maximal values from the running test. The individu-

ally derived HR values were then used in each individual regression equation for estimating

_VO2 at the seven intensity levels. Confidence intervals (CI) of 95% were calculated for the

absolute values of the regression coefficients (y-intercept, slope and r-coefficient) and the _VO2

estimations, as well as the differences between the modalities. Analyses of both the absolute

and relative exercise mode differences were performed with Student´s one-sample t-test and

Wilcoxon´s one-sample signed rank test at the group level for all participants (n = 34), since

no systematic gender variations were observed.

The estimated mean _VO2 levels for CEE and TE, respectively, based on all individual values

between 25–85% of HRR, have been illustrated through linear line graphs with 95% CI for

both models. Linear regression equations, including 95% CI, were created to exemplify the dif-

ferent HR� _VO2 relationships. All individual estimated _VO2 values were also graphically pair-

wise compared between the exercise modalities and models in scatter plots and regressions

equations, including 95% CI. The linear line graphs and the scatter plots were created using
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Graph-Pad Prism1 8 software package (Graph-Pad Software Inc., San Diego, CA, USA). The

other statistical analyses were performed using the Statistical Package for the Social Sciences

(IBM SPSS Statistics, 25 and 26, Chicago, IL, USA). Values are presented as means ± SD, unless

otherwise stated. An alpha level of P< 0.05 has been used in all analyses.

Results

Descriptive data on cycle ergometer and treadmill exercises

Descriptive data from the cycle ergometer exercise (CEE) and the treadmill exercise (TE) are

presented for the female and male participants separately, and for all participants together in

Tables 2 and 3. Mean values of _VO2 and HR are expressed in both absolute and relative num-

bers for all workloads (three submaximal and one maximal) within each form of exercise. The

submaximal HR levels for all participants, ranged from 103.3 ± 12.7 to 148.7 ± 11.9 beats�min-

1 during CEE (Table 2) and from 89.1 ± 13.2 to 104.9 ± 12.7 beats�min-1 during TE (Table 3).

The corresponding maximal HR values were 178.9 ± 9.2 and 181.8 ± 8.3 beats�min-1, respec-

tively. For the _VO2 and RPE levels of each workload and exercise modality, see Tables 2 and 3.

Regression equations

The constituents of the regression equations (y-intercept, slope and r-coefficient) and their

absolute and relative differences between CEE and TE are presented for all participants of

model 1 (only submaximal workloads) in Table 4 and model 2 (both submaximal and maximal

workloads) in Table 5. There were no absolute or relative significant differences found for

either the y-intercept or the slope in model 1 (n.s.). However, the r-coefficient was significantly

higher for CEE than TE in both absolute, 0.022 ± 0.045 (P < 0.01), and relative numbers,

2.3 ± 4.6% (P < 0.01) (Table 4). In model 2, both the absolute and the relative differences

between CEE and TE were significant for all regression coefficients. The absolute differences

were 0.311 ± 0.532 (P< 0.01) for the y-intercept, -0.0025 ± 0.0036 (P< 0.01) for the slope and

-0.004 ± 0.009 (P < 0.05) for the r-coefficient. The corresponding relative differences were

38.1 ± 59.8% (P < 0.01), -12.4 ± 16.3% (P< 0.001) and -0.4 ± 1.0% (P< 0.05)(Table 5).

Table 2. _V_O2, HR, _V_O2=HR and RPE during submaximal and maximal cycle ergometer exercise (means ± SD).

Workload _V_O2
HR _V_O2=HR RPE

W L�min-1 mL�min-1�kg-1
% _V_O2max

beats�min-1 %HRmax %HRR L�min-1/ beats�min-1 legs breathing

Women 50 0.83 ± 0.09 13.2 ± 1.6 34.2 ± 4.9 98.2 ± 8.2 54.9 ± 3.7 30.2 ± 5.3 0.0085 ± 0.0010 8.8 ± 1.4 8.8 ± 1.2

(n = 17) 100 1.40 ± 0.11 22.3 ± 2.8 57.7 ± 7.3 126.9 ± 9.5 70.9 ± 4.6 54.9 ± 7.7 0.0111 ± 0.0010 12.2 ± 1.8 12.1 ± 1.8

137 ± 13 1.88 ± 0.19 29.7 ± 3.3 76.9 ± 7.4 151.1 ± 7.7 84.5 ± 3.8 75.9 ± 6.2 0.0125 ± 0.0014 15.3 ± 1.0 15.1 ± 1.3

Max 2.46 ± 0.28 38.9 ± 4.5 100.0 ± 0.0 179.0 ± 8.0 100.0 ± 0.0 100.0 ± 0.0 0.0137 ± 0.0013 18.6 ± 1.2 18.7 ± 1.1

Men 100 1.43 ± 0.17 17.7 ± 2.7 43.5 ± 8.8 108.4 ± 14.6 60.5 ± 6.1 37.1 ± 8.4 0.0134 ± 0.0022 10.9 ± 1.8 10.5 ± 1.8

(n = 17) 146 ± 11 2.02 ± 0.24 24.9 ± 3.7 61.0 ± 10.0 129.1 ± 15.8 72.1 ± 6.8 55.7 ± 9.8 0.0159 ± 0.0026 13.5 ± 1.7 12.9 ± 2.2

179 ± 20 2.46 ± 0.28 30.4 ± 4.7 74.0 ± 9.7 146.2 ± 14.9 81.8 ± 6.1 71.1 ± 8.9 0.0170 ± 0.0027 15.5 ± 1.5 14.4 ± 2.2

Max 3.38 ± 0.55 41.4 ± 6.3 100.0 ± 0.0 178.7 ± 10.6 100.0 ± 0.0 100.0 ± 0.0 0.0190 ± 0.0033 18.3 ± 1.0 17.9 ± 1.9

All 75 ± 25 1.13 ± 0.33 15.4 ± 3.2 38.9 ± 8.5 103.3 ± 12.7 57.7 ± 5.7 33.7 ± 7.7 0.0110 ± 0.0030 9.9 ± 1.9 9.7 ± 1.8

(n = 34) 123 ± 25 1.71 ± 0.36 23.6 ± 3.5 59.4 ± 8.8 128.0 ± 12.9 71.5 ± 5.8 55.3 ± 8.7 0.0135 ± 0.0031 12.9 ± 1.9 12.5 ± 2.0

158 ± 27 2.17 ± 0.38 30.1 ± 4.0 75.5 ± 8.6 148.7 ± 11.9 83.1 ± 5.2 73.5 ± 7.9 0.0148 ± 0.0032 15.4 ± 1.3 14.7 ± 1.8

Max 2.92 ± 0.64 40.2 ± 5.5 100.0 ± 0.0 178.9 ± 9.2 100.0 ± 0.0 100.0 ± 0.0 0.0163 ± 0.0037 18.4 ± 1.1 18.3 ± 1.6
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Estimation of oxygen uptake using the HR method

The estimated _VO2 levels, based on the individual regression equations and seven individual

HR values, derived from % of HRR, are presented for all participants in Tables 6 (model 1) and

7 (model 2). There were no significant absolute or relative differences between the estimated

_VO2 levels when comparing CEE with TE for any of the intensity levels between 25–85% of

HRR (94.0–164.2 beats�min-1) in model 1. The _VO2 differences between CEE and TE ranged

from 0.05 ± 0.24 to 0.10 ± 0.51 L�min-1 and -0.4 ± 34.9 to 4.8 ± 17.1%, respectively (n.s.)

(Table 6). When including the maximal workloads in the regression equations (model 2), the

estimated _VO2 differences between CEE and TE varied from 0.07 ± 0.26 to -0.05 ± 0.20 L�min-

1 and 1.3 ± 40.3 to -2.7 ± 10.0%, respectively, (n.s.) in the intensity range of 25–65% of HRR

(94.0–140.8 beats�min-1) (Table 7). At the two highest exercise intensities, 75 and 85% (152.5

and 164.2 beats�min-1), the _VO2 levels were slightly lower during the cycle ergometer exercise

than the treadmill exercise. These absolute _VO2 differences were -0.07 ± 0.20 (P = T-test:

0.041, Wilcoxon: 0.071) and -0.10 ± 0.22 L�min-1 (P < 0.05), respectively, the corresponding

relative differences were -3.7 ± 9.0% (P< 0.05) and -4.4 ± 8.6% (P< 0.05).

Illustrations of the estimated mean _VO2 levels and the 95% confidence intervals, based on

all individual values, are presented for all exercise intensity levels in Fig 2A (model 1) and 2B

(model 2). Although these figures show that the average _VO2 levels between the two exercise

modalities differ to a very low extent, when instead comparing the individual _VO2 values, the

spreading between CEE and TE is generally greater in model 1 compared to model 2 (Fig 3A

Table 3. _V_O2, HR, _V_O2=HR and RPE during submaximal (walking) and maximal (running) treadmill exercise (means ± SD).

Workload _V_O2
HR _V_O2=HR RPE

km�h-1 L�min-1 mL�min-1�kg-1
% _V_O2max

beats�min-1 %HRmax %HRR L�min-1/ beats�min-1 legs breathing

Women 4.0 0.64 ± 0.09 10.0 ± 1.1 24.1 ± 3.3 87.8 ± 11.7 48.1 ± 6.5 21.0 ± 6.3 0.0073 ± 0.0009 7.5 ± 1.2 7.5 ± 1.2

(n = 17) 4.9 0.74 ± 0.09 11.7 ± 1.2 28.0 ± 3.2 94.8 ± 10.3 51.9 ± 5.6 26.7 ± 5.5 0.0079 ± 0.0010 9.1 ± 2.1 9.1 ± 1.9

5.9 0.93 ± 0.13 14.7 ± 1.4 35.2 ± 3.9 105.2 ± 11.3 57.6 ± 5.8 35.4 ± 6.6 0.0089 ± 0.0012 10.8 ± 2.2 10.9 ± 2.0

Max 2.66 ± 0.31 42.0 ± 4.4 100.0 ± 0.0 182.9 ± 8.1 100.0 ± 0.0 100.0 ± 0.0 0.0145 ± 0.0015 17.4 ± 2.1 18.6 ± 1.0

Men 4.0 0.86 ± 0.16 10.5 ± 1.2 24.1 ± 4.6 90.5 ± 14.8 50.0 ± 7.2 20.8 ± 9.7 0.0097 ± 0.0021 8.3 ± 1.2 8.1 ± 1.5

(n = 17) 4.9 1.01 ± 0.20 12.3 ± 1.4 28.3 ± 5.1 95.9 ± 13.3 53.0 ± 6.1 25.6 ± 8.1 0.0107 ± 0.0024 9.8 ± 1.6 9.5 ± 1.7

5.9 1.27 ± 0.26 15.4 ± 1.8 35.4 ± 6.5 104.6 ± 14.3 57.8 ± 6.3 33.2 ± 8.4 0.0123 ± 0.0026 11.4 ± 1.5 11.2 ± 2.3

Max 3.60 ± 0.54 44.3 ± 6.8 100.0 ± 0.0 180.7 ± 8.7 100.0 ± 0.0 100.0 ± 0.0 0.0200 ± 0.0031 17.4 ± 1.1 17.6 ± 1.8

All 4.0 0.75 ± 0.17 10.3 ± 1.2 24.1 ± 3.9 89.1 ± 13.2 49.0 ± 6.8 20.9 ± 8.1 0.0085 ± 0.0020 7.9 ± 1.3 7.8 ± 1.4

(n = 34) 4.9 0.88 ± 0.21 12.0 ± 1.3 28.1 ± 4.2 95.4 ± 11.7 52.4 ± 5.8 26.1 ± 6.8 0.0093 ± 0.0023 9.4 ± 1.9 9.3 ± 1.8

5.9 1.10 ± 0.27 15.0 ± 1.7 35.3 ± 5.3 104.9 ± 12.7 57.7 ± 6.0 34.3 ± 7.5 0.0106 ± 0.0027 11.1 ± 1.9 11.1 ± 2.1

Max 3.13 ± 0.65 43.2 ± 5.8 100.0 ± 0.0 181.8 ± 8.3 100.0 ± 0.0 100.0 ± 0.0 0.0173 ± 0.0037 17.4 ± 1.6 18.1 ± 1.5

Table 4. Regression equations of model 1, and the absolute and relative exercise mode differences (n = 34, means ± SD, (95% CI) and P-values).

y-intercept slope r

Cycle ergometer exercise (CEE) -1.356 ± 0.743 (-1.615 to -1.097) 0.0240 ± 0.0073 (0.0215 to 0.0266) 0.995 ± 0.008 (0.992 to 0.998)

Treadmill exercise (TE) -1.364 ± 0.842 (-1.658 to -1.070) 0.0235 ± 0.0099 (0.0201 to 0.0270) 0.972 ± 0.045 (0.957 to 0.988)

Abs. diff. CEE-TE 0.009 ± 0.821 (-0.278 to 0.295) 0.0005 ± 0.0077 (-0.0022 to 0.0032) 0.022 ± 0.045 (0.007 to 0.038)

P-values T-test/Wilcoxon 0.952/0.952 0.738/0.611 0.007/0.008

Rel. diff. CEE-TE (%) 32.8 ± 180.1 (-30.0 to 95.7) 1.2 ± 35.8 (-11.3 to 13.7) 2.3 ± 4.6 (0.7 to 3.8)

P-values T-test/Wilcoxon 0.296/0.765 0.848/0.614 0.007/0.008
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and 3B). Additionally, when comparing the same individual _VO2 values between the two mod-

els within each exercise modality, the individual scattering is clearly less during the cycle

ergometer exercise than the treadmill exercise (Fig 4A and 4B).

Discussion

This is, to our knowledge, the first systematic study on the potential interchangeability of the

HR method when estimating oxygen uptake in cycle ergometer exercise (CEE) and treadmill

exercise (TE) with special reference to level walking. Another novel aspect was a search for

pathways that can optimize the HR method. This was analysed through comparing two differ-

ent models of HR� _VO2 relationships. Model 1 consisted of three submaximal steady state

workloads of ergometer cycling or level walking on the treadmill, while model 2 included one

additional workload of maximal exercise in CEE and TE.

In order to apply the HR method, the development of regression equations is a necessary

first step. A number of previous studies [18, 20, 51, 52] investigating issues related to the HR

method have primarily based their evaluations on separate regression coefficients. This divi-

sion of analyses can, however, lead to misinterpretations of the consequences of the HR

method. We have therefore instead applied the HR method by estimating different levels of

_VO2 based on a broad range of HR values, and combined it with analyses of ingredients from

the regression equations.

Table 5. Regression equations of model 2, and the absolute and relative exercise mode differences (n = 34, means ± SD, (95% CI) and P-values).

y-intercept slope r

Cycle ergometer exercise (CEE) -1.310 ± 0.609 (-1.523 to -1.098) 0.0236 ± 0.0060 (0.0215 to 0.0257) 0.994 ± 0.009 (0.991 to 0.997)

Treadmill exercise (TE) -1.621 ± 0.559 (-1.816 to -1.426) 0.0261 ± 0.0058 (0.0241 to 0.0282) 0.998 ± 0.002 (0.997 to 0.999)

Abs. diff. CEE-TE 0.311 ± 0.532 (0.125 to 0.496) -0.0025 ± 0.0036 (-0.0038 to -0.0013) -0.004 ± 0.009 (-0.007 to -0.001)

P-values T-test/Wilcoxon 0.002/0.003 0.000/0.001 0.015/0.024

Rel. diff. CEE-TE (%) 38.1 ± 59.8 (17.2 to 58.9) -12.4 ± 16.3 (-18.1 to -6.7) -0.4 ± 1.0 (-0.8 to -0.1)

P-values T-test/Wilcoxon 0.001/0.000 0.000/0.000 0.015/0.024

Table 6. Estimation of _V_O2 in model 1, and the absolute and relative exercise mode differences (n = 34, means ± SD, (95% CI) and P-values).

Exercise intensity

Very light–light Moderate Vigorous

25%HRR 35%HRR 45%HRR 55%HRR 65%HRR 75%HRR 85%HRR

HR (beats�min-1) 94.0 ± 7.5 105.7 ± 7.1 117.4 ± 6.8 129.1 ± 6.8 140.8 ± 6.8 152.5 ± 7.1 164.2 ± 7.5

Estimation of _V_O2 (L�min-1)

Cycle ergometer

exercise (CEE)

0.91 ± 0.31 (0.80

to 1.02)

1.19 ± 0.33 (1.07

to 1.30)

1.47 ± 0.37 (1.34

to 1.60)

1.75 ± 0.42 (1.60

to 1.89)

2.03 ± 0.48 (1.86

to 2.19)

2.30 ± 0.55 (2.11

to 2.50)

2.58 ± 0.62 (2.37

to 2.80)

Treadmill exercise

(TE)

0.86 ± 0.26 (0.77

to 0.95)

1.13 ± 0.33 (1.01

to 1.24)

1.40 ± 0.42 (1.25

to 1.54)

1.67 ± 0.52 (1.49

to 1.85)

1.94 ± 0.62 (1.73

to 2.16)

2.21 ± 0.72 (1.96

to 2.47)

2.48 ± 0.83 (2.19

to 2.77)

Abs. diff. CEE-TE

(L�min-1)

0.05 ± 0.24 (-0.03

to 0.13)

0.06 ± 0.22 (-0.02

to 0.14)

0.07 ± 0.25 (-0.02

to 0.15)

0.08 ± 0.29 (-0.03

to 0.18)

0.08 ± 0.36 (-0.04

to 0.21)

0.09 ± 0.43 (-0.06

to 0.24)

0.10 ± 0.51 (-0.08

to 0.28)

P-values T-test/

Wilcoxon

0.207/0.164 0.127/0.135 0.116/0.118 0.142/0.149 0.183/0.158 0.226/0.185 0.265/0.228

Rel. diff. CEE-TE (%) -0.4 ± 34.9 (-12.6

to 11.8)

3.7 ± 19.0 (-2.9 to

10.4)

4.6 ± 16.5 (-1.2 to

10.4)

4.8 ± 17.1 (-1.2 to

10.7)

4.7 ± 18.3 (-1.7 to

11.1)

4.6 ± 19.6 (-2.2 to

11.4)

4.5 ± 20.8 (-2.8 to

11.7)

P-values T-test/

Wilcoxon

0.952/0.343 0.260/0.161 0.114/0.081 0.112/0.144 0.140/0.153 0.179/0.164 0.220/0.222
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The main results are that only small, and in most cases (24 of 28) non-significant differ-

ences in estimated _VO2 levels (range of relative means: -4.4 to 4.8%) were noted between CEE

and TE when applying the HR method at intensity levels between 25–85% of HRR in both

models. When interpreting the results, we observe that these relative mean _VO2 differences

between CEE and TE are of the same order of magnitude as the relative test-retest differences

(range of means: 1.0–3.6%) of the HR method using ergometer cycling [21, 22]. At the same

time, rather large standard deviations and confidence intervals were occasionally seen among

the _VO2 differences between the two exercise modalities in both models. Thus, there may be

some undetected exercise mode differences due to the limited power of these results. If there

are any further significant differences, they are, however, most likely of rather low magnitude

and will therefore be of minor importance at the group level, but they may still be critical for

validity at the individual level.

The absence of significant differences in estimated _VO2 levels between submaximal ergom-

eter cycling and level walking (model 1; Table 6) is in line with the only previous study that we

can find that has specifically compared the HR� _VO2 relationship of ergometer cycling with

horizontal treadmill exercise [26]. Although, Berggren and Hohwü Christensen [26] did not

apply the HR method, they observed similar _VO2 levels at equivalent HR values in ergometer

cycling and walking in one trained man.

Whether the HR-method is interchangeable between ergometer cycling and other forms of

treadmill exercise, such as level running, as well as walking or running using inclination are

also relevant questions. After studying previous literature [18, 26, 53–55], our analyses of

appropriate studies [18, 54, 55], indicate that the HR method, based on ergometer cycling, is,

at group level, interchangeable with level treadmill running, but not with treadmill exercise

using inclination. For instance, our analysis of Lafortuna, Agosti [18] demonstrated between

16–24% (obese women) and 14–19% (normal weight women) lower _VO2 levels at equivalent

HR values during submaximal ergometer cycling when compared with treadmill walking

using work load increments of both increased speed and inclination. All our analyses, results

and supplementary texts in this literature survey can be found in the supporting information

in S1 Discussion. The overall picture indicates a clear need for further studies of these matters.

Table 7. Estimation of _V_O2 in model 2, and the absolute and relative exercise mode differences (n = 34, means ± SD, (95% CI) and P-values).

Exercise intensity

Very light–light Moderate Vigorous

25%HRR 35%HRR 45%HRR 55%HRR 65%HRR 75%HRR 85%HRR

HR (beats�min-1) 94.0 ± 7.5 105.7 ± 7.1 117.4 ± 6.8 129.1 ± 6.8 140.8 ± 6.8 152.5 ± 7.1 164.2 ± 7.5

Estimation of _V_O2 (L�min-1)

Cycle ergometer

exercise (CEE)

0.91 ± 0.33 (0.80

to 1.02)

1.19 ± 0.34 (1.07

to 1.30)

1.46 ± 0.36 (1.34

to 1.59)

1.74 ± 0.40 (1.60 to

1.88)

2.01 ± 0.45 (1.86 to

2.17)

2.29 ± 0.50 (2.11 to

2.46)

2.57 ± 0.56 (2.37 to

2.76)

Treadmill exercise

(TE)

0.84 ± 0.29 (0.74

to 0.94)

1.15 ± 0.32 (1.04

to 1.26)

1.45 ± 0.36 (1.33

to 1.58)

1.76 ± 0.40 (1.62 to

1.90)

2.06 ± 0.45 (1.90 to

2.22)

2.36 ± 0.51 (2.19 to

2.54)

2.67 ± 0.56 (2.47 to

2.86)

Abs. diff. CEE-TE

(L�min-1)

0.07 ± 0.26 (-0.02

to 0.16)

0.04 ± 0.23 (-0.04

to 0.12)

0.01 ± 0.21 (-0.06

to 0.09)

-0.02 ± 0.20 (-0.09

to 0.05)

-0.05 ± 0.20 (-0.12

to 0.02)

-0.07 ± 0.20 (-0.14

to 0.00)

-0.10 ± 0.22 (-0.18

to -0.03)

P-values T-test/

Wilcoxon

0.136/0.114 0.339/0.215 0.777/0.590 0.615/0.955 0.189/0.379 0.041/0.071 0.009/0.011

Rel. diff. CEE-TE

(%)

1.3 ± 40.3 (-12.8

to 15.3)

1.2 ± 21.8 (-6.4 to

8.8)

-0.3 ± 15.3 (-5.6

to 5.0)

-1.6 ± 11.9 (-5.8 to

2.5)

-2.7 ± 10.0 (-6.2 to

0.7)

-3.7 ± 9.0 (-6.8 to

-0.5)

-4.4 ± 8.6 (-7.5 to

-1.4)

P-values T-test/

Wilcoxon

0.857/0.270 0.752/0.388 0.912/0.700 0.429/0.765 0.119/0.281 0.024/0.047 0.005/0.011
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Issues of optimization of the HR method protrude when moving the focus from effects on

mean values (cf. Fig 2) to effects on individual values (cf. Figs 3 and 4). It is notable that the

deviances between the two exercise modalities are generally greater in model 1 than in model 2

(Fig 3 hin and 3B). Thus, the differences between CEE and TE seem to be reduced when the

maximal workloads are added to the HR� _VO2 relationships. Interestingly, when comparing

model 1 with model 2 within CEE, in contrast to TE, the values are well aligned along the line

of identity (cf. Fig 4A and 4B). Thus, the HR method in CEE, in itself, does not gain anything

through adding maximal exercise. Thereby it cannot explain the reduction in spreading when

Fig 2. Estimated mean _V_O2 levels between 25–85% of HRR in cycle ergometer exercise (CEE) and treadmill

exercise (TE) in model 1 and model 2. Based on all participants (n = 34) individual values. CEE: blue solid line. TE:

red dashed line. The linear regression equations with 95% CI and r-coefficients were: Model 1 (A) y( _V_O2CEE) = 0.210

(0.042─0.377) + 0.0279(0.0251─0.0308) � x(%HRR), r-coefficient = 0.781, y( _V_O2TE) = 0.178(-0.030─0.386) + 0.0271

(0.0236─0.0307) � x(%HRR) and r-coefficient = 0.700. Model 2 (B) y( _V_O2CEE) = 0.222(0.064─0.380) + 0.0276

(0.0249─0.0303) � x(%HRR), r-coefficient = 0.795, y( _V_O2TE) = 0.084(-0.072─0.241) + 0.0304(0.0277─0.0331) � x(%

HRR) and r-coefficient = 0.825.
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Fig 3. Comparison of the estimated individual _V_O2 values between cycle ergometer exercise (CEE) and treadmill exercise

(TE) in model 1 and model 2. Based on all participants (n = 34), ranging between 25–85% of HRR. The overall linear regression

equations (red dashed lines) with 95% CI and r-coefficients were: Model 1 (A) y( _V_O2TE) = -0.033(-0.148─0.082) + 0.9753

(0.9144─1.0362) � x( _V_O2CEE) and r-coefficient = 0.899. Model 2 (B) y( _V_O2TE) = -0.004(-0.081─0.073) + 1.0125(0.9714─1.0536)

� x( _V_O2CEE) and r-coefficient = 0.953.

Fig 4. Comparison of the estimated individual _V_O2 values between model 1 and model 2 in cycle ergometer exercise (CEE)

and treadmill exercise (TE). Based on all participants (n = 34), ranging between 25–85% of HRR. The overall linear regression

equations (red dashed lines) with 95% CI and r-coefficients were: CEE (A) y( _V_O2Model 2) = 0.056(0.028─0.084) + 0.9632

(0.9483─0.9780) � x( _V_O2Model 1) and r-coefficient = 0.993. TE (B) y( _V_O2Model 2) = 0.318(0.223─0.413) + 0.8606

(0.8091─0.9122) � x( _V_O2Model 1) and r-coefficient = 0.906.
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comparing CEE and TE in model 1 with model 2 (Fig 3A and 3B). It is more likely that it is

due to changes between model 1 and model 2 within TE, as indicated by a higher r-coefficient

in model 2 (r = 0.998) compared to model 1 (r = 0.972) (Tables 4 and 5).

How can this be understood? We think that a reasonable starting point in explaining the

overall pattern of differences between CEE and TE, as well as between the two models, is to

view them in relation to the positions and widths of the submaximal measurement ranges

applied, as well as their distances to the maximal HR and _VO2 values. In model 1, the submaxi-

mal ergometer cycling was performed at average HR levels ranging between 103.3–148.7

beats�min-1 (based on all participants), whereas the corresponding range of level walking was

between 89.1–104.9 beats�min-1. The rather narrow submaximal range in TE, as compared to

CEE, increases the sensitivity to variations in HR and _VO2 values on the linear regression

equations. This is mirrored in the significantly different r-coefficients in ergometer cycling

(0.995) and level walking (0.972) for model 1 (Table 4). An additional explanation to this insta-

bility in the individual submaximal TE values is that activities of light intensity, such as seden-

tary activities and slow walking, have been demonstrated to generate more varying HR� _VO2

relationships than activities of moderate exercise intensity [11, 56, 57]. The wide gap between

the submaximal and maximal HR and _VO2 values add further to the instability within the TE

models. To include a broader range of submaximal measurement points in level walking may

assist in curing the instability noted in this study, contribute to optimizing the HR method for

level walking, and thereby enhance its interchangeability with ergometer cycling.

As stated in the Introduction, a number of methodological issues related to the HR method

need to be sorted out. Previously we have studied the reproducibility of the HR method in

ergometer cycling [21, 22]. In the present study we have evaluated the interchangeability of the

HR method between two exercise modalities, and searched for ways to optimize the method.

In future studies, we will evaluate the external validity of the HR method in relation to exercise

in field conditions. It is, in this context, important to gain knowledge about if slow compo-

nents of HR and _VO2 kinetics [48, 58, 59] lead to drifts in HR� _VO2 relationships with time,

and in such cases under which conditions. If, for example, HR starts to increase disproportion-

ately more than _VO2, then this must be compensated for as part of the HR method. One way

to evaluate a need for such a correction would be to study each individual in the laboratory

during prolonged exercise at the average intensity that is anticipated in the measurement con-

text of interest. Additionally, this matter deserves to be studied under conditions of prolonged

intermittent exercise that mimic applied measurement conditions. In fact, ocular inspections

of HR and _VO2 recordings during active commuting point in the direction of that if slow com-

ponents exist, they increase to the same relative degree in HR and _VO2 [41].

In conclusion, the current study demonstrates that the HR methods based on submaximal

ergometer cycling and level walking are interchangeable for estimating mean _VO2 levels

between very light and vigorous exercise intensities corresponding to 25–85% of HRR. Funda-

mentally, the same finding is observed when including maximal exercise in the HR� _VO2 rela-

tionships. Finally, the inter-individual variation in _VO2 between ergometer cycling and

treadmill exercise is reduced when using the HR method based on both submaximal and maxi-

mal workloads.
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Abstract

The purpose of this study was to assess the effects of three different programs, i.e. active

dynamic warm-up program plus functional resistance warm-up using Theraband plus pre-

shot routine program (AFPR); pre-shot routine program (PR); and active dynamic warm-up

program plus functional resistance warm-up using Theraband (AF) on driver club head

speed, driving distance, and driving accuracy in the amateur golfers. Fifteen amateur golfers

with an average age of 19.67 ± 0.89 years and 4.87 ± 1.77 points of average handicap were

assigned to participate in either AFPR, PR or AF program. All participants in the three pro-

grams practiced three sessions on non-consecutive days per week during the intervention

phase. Each participant’s performance was assessed before and after six weeks of the pro-

gram through hitting ten maximal drives with the ball flight and swing analyzed using the

P3ProSwing Golf Simulator and recorded for the driver club head speed, driving distance,

and driving accuracy. Multivariate analysis of variance showed no statistically significant dif-

ferences (P < .05) of the performances of the golfers participated in the 3 programs (club

head speed: F = 1.02, P = 0.33; accuracy: F = 0.32, P = 0.72; distance: F = 0.18, P = 0.83).

Furthermore, a paired t-tests also showed no statistically significant (P < .05) improvement

occurred in the 3 programs after the six-week training. Although the effect of the 3 programs

did not show statistically significant increase in the performance of the amateur golfers, how-

ever, the three parameters of the performance, i.e. the driver club head speed, the driving

distance and the driving accuracy showed certain improvements. The 3 training programs

may have benefit to the amateur golfers with certain increases of their performance.

Introduction

Golf is an extremely popular sport played across the world regardless of gender, skill level or

age. It also involves a wide variety of shots to master (e.g., driving, chipping, and putting) [1].

Extended periods between shots, and competitive situations that could be distracting and

destructive performance [2]. Therefore, golf presents participants with both cognitive and

behavioral challenges [3]. Successful golfers have been identified as having the ability to hit the

ball effectively. An effective driving depends on many factors such as driver club head speed,

driving distance, and driving accuracy. These factors can be developed through the thorough
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physical and mental training programs. For example, flexibility, power, and strength training

can improve driving distance and driver club head speed [4]. A short-term activation in a

warm-up program can improve driving distance and driver club head speed [5]. Moreover,

sports science studies found that warming-up combining with post-activation potentiation

(PAP) technique can improve the efficiency of the movement [6–10]. The effect of utilizing the

PAP technique combined with a warm-up on golf performance can be seen by Tilley and Mac-

farlane’s study [11]. The study found that Active Dynamic warm-up program PLUS 10-minute

functional resistance warm-up using Theraband leads to a significant increase in immediate

performance of certain factors of the golf drive such as driving distance, drivers club head

speed, and driving accuracy. In addition to utilizing the PAP technique combined with a

warm-up, effective driving can be improved by controlling the psychological state while hitting

the ball. However, it was usually found that the golfers had the difficulty to control the psycho-

logical state during the competition due to the stress and the anxiety that they had to face.

Tanaka and Sekiya [12] revealed that the pressure condition increased physiological arousal,

decreased the amplitudes of arms and club movements on the backswing, and decreased the

club movement speed on the fore-swing. One specific cognitive-behavioral strategy used in

golfing is a pre-performance routine or pre-shot routine [13]. The use of pre-shot routines is

effective in improving the performance of skilled participants across several sports [2, 13–24].

Particularly, the pre-shot routine that focuses on both physical and mental (imagery, breathing

control, and self-talk) preparation will be a good effect on driving performance [13].

As mentioned above, it could be assumed that the development of an effective driving

could be achieved through the collaboration among the active dynamic warm-up, the post-

activation potentiation (PAP) technique, and the pre-shot routine that focused on physical

and mental preparation. Currently, however, there has been no studies on the effect of utilizing

dynamic warm-up programs combined with the post-activation potentiation (PAP) technique

and the pre-shot routine on driving performance of the golfers. Therefore, the purpose of this

study was to assess the effects of three different programs, i.e. active dynamic warm-up pro-

gram plus functional resistance warm-up using Theraband plus pre-shot routine program

(AFPR), pre-shot routine program (PR), and active dynamic warm-up program plus func-

tional resistance warm-up using Theraband (AF) on driver club head speed, driving distance

and driving accuracy in the amateur golfers. It was hoped that the results of the study can be

used as data and guidelines for improving and increasing the efficiency of driving of the golf

players.

Materials and methods

Participants

The Ethics Committee of Thammasat University certified that the study was accomplished

according to the Declaration of Helsinki as revised in 2013. The G�Power software version 3.1

was used to determine the sample size by using data of Tilley and Macfarlane’s study [11]. The

following parameters were selected: large effect size (f = 0.85), an alpha level of .05, a power

level of 0.8, and three groups. The total sample size was determined to be at least 12. However,

the total sample size of this study was 15 in case of any dropout of the participants and to con-

form to the Tilley and Macfarlane’s study [11]. Participants in this study included 15 amateur

golfers (14 males, 1 female) who were an average of 19.67 ± 0.89 years of age and 4.87 ± 1.77 of

the golf club handicap (Table 1). All participants met the inclusion criteria which included

being a member of the Thammasat University golf club, aged between 18–23 years old, pos-

sessing an official golf club handicap at the time of the study between 0–10, competing for at

least 3 times per year in the golf events organized by the public or private sector, no current
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physical injuries, no medical problem history of the upper and the lower limbs during 3 months

before the start of the study, be willing to participate in the study, no barriers to communication.

All participants were assigned either to AFPR (n = 5) or PR (n = 5) or AF (n = 5) group by sort-

ing the average value of club head speed, which was derived from 10 times driving (thirty-sec-

ond rest intervals between each shot) and randomly assigned to the experimental groups.

Measurements

The pre- and post-test of golf driving measurements were analyzed by a P3ProSwing Golf Sim-

ulator located in a golf lab at the Sports Science and Sports Development Department, Tham-

masat University. The participant performed a full swing and hit a real golf ball to a screen.

The screen presented a fairway, on which the ball was placed. It also presented a green and a

hole with a pin and a flag. A visual trajectory line of the golf ball flied to the final position was

displayed on the screen.

The golf ball was shot from a 22.9 cm x 35.6 cm sensing platform with 1.5 cm high artificial

grass on top. The platform contained 65 optical sensors that detected the information about

the speed and direction of the club head at the ball impact. The simulator estimated the dis-

tance and direction for each shot. The simulator accurately monitored the ball flight with 99%

precision [25].

Procedures

For each golf shot, the distance, the club head speed at the ball impact [11] and the accuracy in

terms of the direction [25] were measured. The collection of data of the pre-test was one week

before participating in the program and the post-test was one week after participating in the

program. All participants used their own drivers. They were informed that the same driver

and under the same conditions would apply for the post-test. Before the pre-test measurement

started, they could take practice shots with their drivers to familiarize themselves with the new

surface and the artificial environment. At the start of the measurement, the participants were

instructed to aim for the pin and to proceed at their own pace. All golfers performed 10 test

shots with thirty-second rest intervals between each shot. The same procedure was used during

the post-test. After the pre-test, the participants attended the study venue on three separate,

non-consecutive days (maximum of 1 hour required at each session) over a maximum of

6-week period at the Sports Science and Sports Development Department, Thammasat Uni-

versity. The set up for the exercises was identical at each session for each participant. At every

session, there was at least one researcher present for safety and supervising the program with

the participants. The participants carried out one of the three programs shown below

(Table 2), during each session:

Statistical analysis

A Shapiro-Wilk test was conducted to verify if all the data met the normality test assumption.

Comparing driver club head speed, driving distance and driving accuracy among the three

Table 1. Participant characteristics.

Experimental group N Age (yrs.) Handicap Experience (yrs.)

AFPR 5 20.20±1.10 4.80±1.64 8.20±1.64

PR 5 19.60±0.55 5.00±2.55 7.00±0.71

AF 5 19.20±1.10 4.80±1.48 8.40±1.52

Total 15 19.67±0.89 4.87±1.77 7.87±1.46
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programs by using a multivariate analysis of variance MANOVA test [26, 27]. Paired t-tests

were then performed between each of the three sets of data to identify within-group differences

between the data for each program [25]. An alpha value of p< 0.05 was set as the criterion

level of significance.

Results

The subjects in this study were tested for driver club head speed, driving distance, and driving

accuracy after AFPR, PR and AF treatments. The result of MANOVA revealed no statistically

significant differences for the driver club head speed (p = 0.33), driving distance (p = 0.83),

and driving accuracy (p = 0.72) between the three programs (Table 3). Paired t-tests between

pre and post-treatment were used to further investigate the three factors of performance that

showed no statistically significant differences. The result showed that no statistically significant

differences of the three factors were seen between the three programs for the pre- and post-

tests. However, the mean results did show improved figures for these three performance fac-

tors with post-intervention. The analysis showed that the AFPR had increased driving distance

by 4.1 yards (p = 0.70) and driving accuracy by 3.87 yards over the pre-treatment (p = 0.82).

The PR had increased the driver club head speed by 0.19 miles/hour (p = 0.82), the driving dis-

tance by 10.79 yards (p = 0.17), and the driving accuracy by 1.18 yards compared to the pre-

Table 2. Experimental programs.

Activity details Experimental

group

AFPR PR AF

Active dynamic warm-up program PLUS functional resistance warm-up using Theraband ✓ - ✓

1. Running on a treadmill at 60% of maximum heart rate for 5 minutes

2. Theraband (red) exercises (Each exercise conducted for 10 times and repeated for 2 sets with

30-second rest between set).

• trunk rotation movement in standing

• standing lunge and trunk rotation movement

• right arm cross chest adduction and internal rotation with body rotation

• left arm external rotation and shoulder abduction with rotation

• wood chops from the right and left trunk rotation

3. Ten practice swing shots with a driver (slow to speed pace and 30-second rest between shot).

Pre-shot routine program ✓ ✓ -

1. Taking a deep breath with tempo 1-2-3-4 during inhalation and 8-7-6-5-4-3-2-1 during

exhalation and aiming to the pin

2. Performing the practice swings at their own pace

3. Addressing the ball and the set-up position, grip checking, and eye contact with the ball.

4. Aiming to the pin and taking a deep breath with tempo 1-2-3-4 during inhalation and 8-7-6-5-

4-3-2-1 during exhalation

5. Performing the full swing (back swing, down swing, follow through)

Twenty practice swings shot with a driver in the Golf Simulator ✓ ✓ ✓

Table 3. Comparison of treatments on the golf performance variables after 6 weeks of training.

Experimental group F P

AFPR PR AF

Club head speed 110.47±5.33 107.78±6.00 103.19±10.22 1.02 0.33

Distance 259.89±16.18 257.21±16.48 251.93±28.11 0.18 0.83

Accuracy 23.58±20.58 30.85±22.33 21.29±14.66 0.32 0.72
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treatment (p = 0.90). The AF had increased the driver club head speed by 0.32 miles/hour

(p = 0.66), the driving distance by 22.39 yards (p = 0.05), and the driving accuracy by 22.60

yards (p = 0.11) over the pre-treatment (Table 4).

Discussion

The purpose of this study was to assess the effects of three different programs, i.e. AFPR, PR

and AF on driver club head speed, driving distance and driving accuracy in amateur golfers.

The results of this study revealed improvement in the driver club head speed, the driving dis-

tance, and the driving accuracy when compared to the pre-intervention. As there has been no

previous research on the performance of utilizing dynamic warm-up programs combined with

the post-activation potentiation (PAP) technique and the pre-shot routine on later driving per-

formance, therefore, it is difficult to draw a comparison to the other studies. Driving perfor-

mance has been shown to have a positive relationship with the driver club head speed, the

driving distance, and the driving accuracy. Several studies have used these factors as an indica-

tor of driving performance [4, 11, 28, 29]. The development of each factor can be achieved

through physical and mental training. For the club head speed, it can be achieved through

training warm-up programs [5–8, 11, 28] and pre-physical and mental routine [13, 14, 16].

However, there is no study focuses on a combination of both programs. Therefore, this study

tried to explore the effect of training warm-up and pre-shot routine together and compared to

solely train either warm-up program or pre-shot routine program. The result of this study

showed that the three programs did not significantly affect the club head speed. The difference

between this study and the previous research is the duration of the test in which conducted

after ending the one-week programs. This may be a reason why training the three programs in

this study led to little improvement in the parameters of the driving performance. Usually, the

study of the effect of pre-shot routine and warm-up programs were done in an acute phase,

which was tested immediately after the end of the program [6, 7, 11, 13]. An increase in the

training period for more than six weeks could be a technique to obtain a different result. Cohn

et al. suggested that the training routine of physical and mental skills should be practiced for

16 weeks or more because it would show the change in the performance of the golf players [2].

Although there was no significant difference after the sixth weeks, however, this study found

that the club head speed was increased in the PR and AF groups. This suggested that the three

Table 4. Comparison of the golf performance variables prior to training and after 6 weeks of training.

Club head speed

Experiment group Prior to training After 6 weeks t P

AFPR 110.63±5.53 110.47±5.33 0.33 0.75

PR 107.59±7.01 107.78±6.00 -0.23 0.82

AF 102.87±9.75 103.19±10.22 0.47 0.66

Distance

Experiment group Prior to training After 6 weeks t P

AFPR 255.79±12.53 259.89±16.18 -0.40 0.70

PR 246.42±27.52 257.21±16.48 -1.64 0.17

AF 229.54±34.27 251.93±28.11 -2.77 0.05

Accuracy

Experiment group Prior to training After 6 weeks t P

AFPR 27.45±26.09 23.58±20.58 0.23 0.82

PR 32.03±9.80 30.85±22.33 0.13 0.90

AF 43.89±27.45 21.29±14.66 2.04 0.11
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programs developed as part of this study helped to increase the club head speed score. This

supports the previous study that had suggested an increment in the club head speed score with

the implementation of the active dynamic warm-up, warm-up with post-activation potentia-

tion (PAP) technique, and the pre-shot routine [4, 5, 11, 13, 30] and increasing the athletes

performance [6–8, 31].

Another factor related to the driving performance is the driving distance which varies

according to the club head speed score [29]. This study found that the driving distance had lit-

tle improvement according to the club head speed score after participating for six weeks in the

programs. In addition, the findings of this study are similar to the previous research which

found that the driving distance before practicing driving skills, pre-shot routine, and practic-

ing driving skills in conjunction with pre-shot routine programs were not significantly differ-

ent after the five-week training [13]. Based on the previous research, the amateur golf player’s

ability to play golf would not increase or change immediately after a 14-week physical and psy-

chological skill training, but after 16 weeks [2]. It would appear that the duration of the train-

ing of the three programs in this study should be increased in order to allow the amateur

golfers for a more adaptation. Although there was no statistical significant difference in the

performances of the golfers after the sixth weeks, however, this study found that the driving

distance was increased in all experimental groups especially the AF and PR programs with a

rather distinct improvement (22.39 yards and 10.79 yards, respectively). An explanation for

the improvement in the driving distance seen in this study by adding of AF program is that the

effect of the warm-up training program throughout the sixth weeks led to the improved physi-

ological factors such as strength, balance, and flexibility [4, 10, 28] and neurological activity of

the skeletal muscles [11]. This, in turn, may have resulted in the greater coordination, the force

production, and the driving performance in relation to the driving distance. This finding is

similar to the previous study which found that the distance in the golf driving increased after

the warm-up program [11]. An explanation for the improvement in the driving distance seen

in this study by adding of the PR program is that focusing on various activities associated with

the driving led to the improved concentration during the driving. Besides, the practice of pre-

shot routine also allowed the movement mechanism while hitting the ball to work more auto-

matically [32]. As a result, swinging the ball to the sweet spot was more accurate and the smash

factor was increased. These two factors affected the increase in the driving distance [11]. As

mentioned above, it can be seen that the effect of AF and PR program trainings is consistent

with the results of the past studies. However, when the training program which combined

these two types of the exercises, a little improvement in the driving distance (4.1 yards) was

found. There are a number of factors that could have contributed to this outcome. The com-

plexity of the training program, the number of the activities, and the duration of the training

could cause the amateur golfers not to connect the skills and led to the obvious changes. This

supports the previous research which suggested that the amateurs may immediately recognize

and learn new strategies and tactics that excellent athletes used but obvious developments and

changes would occur after more than 14 weeks of training [33].

The last factor of this study related to the driving performance is the driving accuracy.

Results showed no statistically significant differences between the three programs. Thus, the

cumulative effects of training the three programs for six weeks on the driving accuracy cannot

be supported. An existing study reported that the advantageous effect of the 14-week cogni-

tive-behavioral intervention program did not immediately improve the performance in the

elite collegiate golfers. Improvements in the performance were reported in this particular

study; however, in a 4-month follow-up, the researchers acknowledged that intervening vari-

ables may have confounded these improvements [2]. It has been suggested that the extended

periods may be required for the internalization of cognitive-behavioral performance strategies
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[2, 33]. This may explain the findings in the present study, in that extended time may be

required to relegate well-established strategies, and learn and adjust to new ones [2]. The previ-

ous study reported the significant improvements in putting performance among the novice

golfers, utilizing a cognitive-behavioral intervention in the later stages of a 14-week study [33].

These improvements were maintained over a period, with a change in the behavior indicative

of motor skill learning [13]. Although there was no statistically significant difference after the

sixth weeks in which PR program according to previous research [20, 21, 23], however, this

study found that the driving accuracy was increased in all experimental groups especially in

the AF program, which had a rather distinct improvement (22.60 yards). An explanation for

the improvement in the driving accuracy seen in this study by adding of AF program is that

the effect of training the warm-up program throughout the six weeks led to improved physio-

logical factors such as strength, balance, and flexibility [4, 28]. These are factors that create the

power to hit the ball with distance and accuracy [34]. A disparate result for the cumulative

effects of AFPR program may be the complexity of the training program and the amount of

activity that was abundant. Thus, the training duration was not enough to connect the skills

and change. Reasons for the ineffectiveness of the PR program may be the duration of the post-

test which was determined one week after the training program to assess the accuracy that

occurred after the training program had stopped. This study is different from the previous

studies, which typically studied the effects of the pre-shot routine program in an acute phase

by testing immediately after the program ended [13, 23]. Thus, the results of driving accuracy

in this study are different from the previous studies.

Our results are in line with the later evidence showing that the limited time and the com-

plex intervention dose inhibited a cumulative benefit. This implies that providing an amateur

golfer with a single, easy-to-understand technique with limited time depends on their learning

is a good option in the applied settings for intervention development because it is likely to give

the amateur golfer to relegate the well-established strategies, and learn and adjust to the new

ones. As noted above, the results suggested that the AFPR, PR, and AF developed as part of

this study helped to improve the club head speeds, the driving distance, and the driving accu-

racy. Although the results of this study showed small increases in the club head speed, the driv-

ing distance, and the driving accuracy of the amateur golf players, however, the improvement

was in a good direction and also supported the previous studies. The results of this study can

be incorporated into the daily practice of the coaches with the amateur golfers when helping

them to devise their driving training program. More research is required to identify the latent

effect of these programs, the optimum duration of the warm-up and pre-shot routine, and the

optimum components of the exercises such as the repetitions, the level of resistance, the equip-

ment used, and the mental techniques used. Additionally, further research involving the use of

these types of exercises in structured training programs over a longer period and their effect

on the performance would also be beneficial.

Conclusions

The findings of the present study showed that amateur golfers were able to improve the speed

of the club head, the driving distance and the driving accuracy following a 6-week acquisition

phase utilizing either AFPR, PR or AF program. However, statistically significant improve-

ments in performance were not found in the 6-week programs. Although this study attempted

to provide a robust design, there are limitations that may have affected our results such as the

small number of the participants within the experimental groups, the complexity of the inter-

vention, and the limited time of the training. Increasing the duration of the training is an

option to improve the club head speed, the driving distance, and the driving accuracy.
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Moreover, the introduction of the program that combines pre-shot routine and warm-up

training should be done after the amateur golfers have solely learned a pre-shot routine and

warm-up programs, as the golfers have known how to use both techniques and have the skills

to use them. Thus, the connection between the two techniques is more facile.

Further research may be carried out by increasing the duration of the training for more

than 6 weeks to see the cumulative effects over the longer periods. The sample size should be

increased to infer to the population more reliable. Besides, further study may be extended to

the professional golfers to explore the effects on the different levels of the performance.
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21. Wergin VV, Beckmann J, Gröpel P, Mesagno C. Investigating cumulative effects of pre-performance

routine interventions in beach volleyball serving. PloS one. 2020; 15(1):e0228012. https://doi.org/10.

1371/journal.pone.0228012 PMID: 31968003

22. Lee S, Lee K, Kwon S. Developing and Instructing Pre-Performance Routines for Tenpin Bowling Com-

petitions. Percept Mot Skills. 2015; 120(3):673–86. https://doi.org/10.2466/30.25.PMS.120v14x5

PMID: 25932945

23. Mesagno C, Hill DM, Larkin P. Examining the accuracy and in-game performance effects between pre-

and post-performance routines: A mixed methods study. Psychol Sport Exerc. 2015; 19:85–94. https://

doi.org/10.1016/j.psychsport.2015.03.005

24. Mesagno C, Marchant D, Morris T. A pre-performance routine to alleviate choking in “choking-suscepti-

ble” athletes. Sport Psychol. 2008; 22(4):439–57. https://doi.org/10.1123/tsp.22.4.439
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Abstract

USA Football established five levels-of-contact to guide the intensity of high school football

practices. The objective of this study was to examine head impact frequency and magnitude

by levels-of-contact to determine which drills had the greatest head impact exposure. Our

primary hypothesis was that there would be an incremental increase in season-long head

impact exposure between levels-of-contact: air<bags<control<thud<live. This observational

study included 24 high-school football players during all 46 practices, 1 scrimmage, 9 junior

varsity and 10 varsity games in the 2019 season. Players wore a sensor-installed mouth-

guard that monitored head impact frequency, peak linear acceleration (PLA), and rotational

acceleration (PRA). Practice/game drills were filmed and categorized into five levels-of-con-

tact (air, bags, control, thud, live), and head impact data were assigned into one of five lev-

els-of-contact. Player position was categorized into lineman, hybrid, and skill. A total of 6016

head impacts were recorded during 5 levels-of-contact throughout the season. In the overall

sample, total number of impacts, sum of PLA, and PRA per player increased in a near incre-

mental manner (air<bags<control = thud<live), where live drills had significantly higher

cumulative frequency (113.7±17.8 hits/player) and magnitude [2,657.6±432.0 g (PLA), and

233.9 ± 40.1 krad/s2 (PRA)] than any other levels-of-contact, whereas air drills showed the

lowest cumulative frequency (7.7±1.9 hits/player) and magnitude [176.9±42.5 g (PLA), PRA

16.7±4.2 krad/s2 (PRA)]. There was no significant position group difference in cumulative

head impact frequency and magnitude in a season. Although there was no difference in

average head impact magnitude across five levels-of-contact and by position group PLA

(18.2–23.2g) and PRA (1.6–2.3krad/s2) per impact], high magnitude (60-100g and >100g)

head impacts were more frequently observed during live and thud drills. Level-of-contact

influences cumulative head impact frequency and magnitude in high-school football, with

players incurring frequent, high magnitude head impacts during live, thud, and control. It is
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important to consider level-of-contact to refine clinical exposure guidelines to minimize head

impact burden in high-school football.

Introduction

The long-term consequence of sport-related head injury is a complex public health issue with

no concrete solution [1, 2]. Despite inherent risk of head injury in contact sports (e.g., Ameri-

can football, hockey, soccer), participating in these team sports, especially during developmen-

tal age, provides well-documented benefits, including higher levels of physical activity,

improved mental health, and lower likelihood of smoking cigarettes and using illegal sub-

stances [3]. In 2017, in an attempt to promote a safer football environment, USA Football (the

national governing body over amateur football) developed a modified version of tackle football

to introduce kids to the sport by reducing the field size and number of players, as well as rule

changes to increase activity, game play, and learning [4]. These types of safety modifications

are further substantiated in high school, college, and professional football. For example, in

2018 kickoff rules were adjusted to reduce injuries due to high concussion incidence during

kickoff plays [5], players must wear helmets that meet certain laboratory safety standards, and

a hit to the head or neck area and blindside blocking are prohibited [6, 7]. Consistent with

these adjustments, concussion and catastrophic injury rates have been reduced [8, 9]; however,

subconcussive head impact exposure has proven more complex.

Subconcussive head impact is defined as a hit to the head that does not induce overt con-

cussion symptoms [10]. These head impacts are most common in American football, where

athletes can experience several hundred impacts with some exceeding 1,000 head impacts in a

single season [11]. Evidence has emerged to indicate that both high school and college football

players with frequent experience of subconcussive head impacts exhibit neuronal microstruc-

tural damage [12, 13], abnormal brain activation [14, 15], ocular-motor impairment [16], and

elevation in brain-injury blood biomarkers [17]. One line of research suggests that long-term

exposure to these hits is a key factor in developing neurodegenerative disorders later in life

[18, 19]. Although USA Football (for high school) and the NCAA (for college) have eliminated

practicing two times in the same day (two-a-days) to minimize head impact frequency, one

study found that total head impact frequency during a summer camp increased by 26% [20].

Similarly, a policy change to reduce the number of preseason practices from 29 to 25 failed to

reduce head impact frequency in college football players, with one team’s cumulative head

impacts increasing up to 35% [21]. These mixed results highlight the need to dissect football

practices to increase our understanding of what type of contact drills and intensities cause the

greatest frequency and magnitude of subconcussive head impacts.

USA Football has identified five levels-of-contact (air, bag, control, thud, live) that define

the intensities and structure of football practices nationwide. The levels-of-contact were

designed to guide effective practice schedules through a step-by-step approach to teach funda-

mental football skills [22]. The National Federation of State High School Associations imple-

mented the levels-of-contact in their high school football practice guidelines beginning in

2014. However, it remains unknown whether, and to what extent, different levels-of-contact

influence head impact frequency and magnitude in high school football players across an

entire season and between position groups.

Therefore, we conducted a longitudinal observational study to examine cumulative head

impact frequency and magnitude across different drill intensities in high school football
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players over the course of a single season. Our primary hypothesis was that there would be an

incremental increase in season-long head impact frequency and magnitude between levels-of-

contact, with live recording the greatest head impact exposure and air recording the lowest: air
< bags< control< thud< live. Since the proximity to opponents and nature of contact during

nearly every play for linemen [23], we also tested our secondary hypothesis that there would be

a group difference in head impact frequency, in which linemen would have greater head

impact frequency in most levels-of-contact, compared to the hybrid and skill positions. Our

exploratory aim was to identify the average head impact magnitudes by levels-of-contact and

position group, as well as to identify frequency of head impacts that were within 25–60 g, 60–

100 g, or >100 g in each level-of-contact.

Methods

Participants

This single-site, observational study included 24 male high school football players at Bloom-

ington High School-North. The study was conducted during the 2019 football season includ-

ing practices and games during the pre-season, in-season, and playoffs. None of the 24 players

was diagnosed with a concussion during the study period as confirmed by team athletic trainer

and physician. Inclusion criterion was being an active football team member which was

defined as any player, freshmen through seniors, planning to participate in the 2019 season.

Exclusion criteria included a history of head neck injury (including concussion) in the previ-

ous year or any neurological disorders, although no participant met any exclusionary criteria.

The Indiana University Institutional Review Board and the Monroe County Community

School Corporation Research Review Board approved the study, and all participants and their

legal guardians gave written informed consent.

Study procedures

At the preseason data collection, self-reported demographic information (age, race/ethnicity,

height, weight, number of previously diagnosed concussions, and years of experience in vari-

ous contact sports, including tackle football) were obtained. Participants were custom-fitted

with the Vector mouthguard (Athlete Intelligence, Inc.) that measured the number of hits and

magnitude of head linear and rotational acceleration. Participants wore the mouthguard for all

practices (n = 46), scrimmage (n = 1), and all games (n = 9 junior varsity, n = 10 varsity) from

pre-season training camp (August 13, 2019) to the end of the season (November 1, 2019). The

mean (SD) practice duration was 105 (20.5) minutes in duration. Video data were collected

using Hudl (Agile Sports Technologies, Inc.) during the same timeframe as subconcussive

head impact data collection. Participants’ playing positions were verified by team coaches and

categorized into three groups as follows: 11 linemen athletes (defensive lineman, offensive line-

man), 7 hybrid athletes (tight end, linebacker, running back), and 6 skill athletes (wide

receiver, defensive back), which is in line with prior literature [24, 25]. No quarterbacks partic-

ipated in this study. In accordance with USA Football guidelines [26], head impacts were cate-

gorized by levels-of-contact: air, bags, control, thud, and live. See Levels-of-Contact and Film

Review section for more details and supplemental file A for example video for each level-of-

contact.

Head impact measurement

This study used an instrumented Vector mouthguard for measuring frequency of head impacts

as well as linear and rotational head accelerations during impacts, as previously described [27].
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The mouthguard employs a triaxial accelerometer (ADXL377, Analog Devices) with 200 g
maximum per axis to sense linear acceleration. For rotational acceleration, a triaxial gyroscope

(L3GD20H, ST Microelectrics) was employed. An impact is detected when a linear accelera-

tion magnitude exceeds 10.0 g for three consecutive samples (sampling every 0.2 milliseconds).

All impact with a standard hit duration of 96 milliseconds were transmitted wirelessly through

the antenna transmitter to the sideline antenna and computer, then stored on a secure internet

database. The Vector mouthguard is installed with an in-mouth sensor to ensure that data

acquisition occurs only when the mouthguard is securely fitted in one’s mouth. Linear acceler-

ation data were transformed within the Athlete Intelligence software to the head’s center of

gravity based on the 50th percentile male. From raw impact data extracted from the server, the

number of hits, peak linear acceleration (PLA) of each hit, and peak rotational acceleration

(PRA) of each hit were used for analyses. Kinematic accuracy of the prototype of Vector

mouthguard [16] showed an excellent correlation with the matched data from an anthropo-

morphic testing device (crash test dummy) [28, 29]. When the mouthguard, headgear-

mounted, and skin-patch sensors were compared to high speed video during soccer headings,

the mouthguard showed superior skull coupling (displacement < 1 mm) compared to head-

gear (< 13mm) and skin patch (< 4mm) for the ear canal reference point [30]. A researcher

was present during all practices to track when the practice shifted between levels-of-contact,

and head impact data were categorized into each level-of-contact by corresponding time-

stamps of head impact to timeframes of each level-of-contact.

Levels-of-contact and film review

The five levels-of-contact are air, bags, control, thud, and live with air being estimated to have

the lowest intensity and live being the highest [26]. Air is defined as drills being run unopposed

and without contact. Bags is defined as drills being run against a bag or soft-contact surface.

Control is defined as drills being run at an assigned speed until the moment of contact. It does

not involve tackling, rather contact is above the waist and players stay on their feet. Thud is

defined as drills being run at a competitive, fast speed through the moment of contact. It does

not involve full tackling, rather contact is above the waist and players stay on their feet and a

quick whistle ends the drills. Live is defined as drills being run in game-like conditions that

include live-drill during practice as well as real games. Live should be the only time players are

allowed to fully tackle another player to the ground. All head impacts in air, bags, control, and

thud were during practices, whereas live occurred in both practices and games.

Statistical analysis

Our primary aim was to examine whether cumulative head impact frequency, PLA, and PRA

from a single season differ between 5 levels-of-contact (air, bags, control, thud, and live). Our

secondary aim further examined the difference in these head impact measures between 3 posi-

tion groups (lineman, hybrid, and skill). Three-way repeated measures ANOVA models were

used to compare outcome variables (season-long cumulative head impact frequency, PLA, and

PRA normalized per player) on 5 levels-of-contact and 3 groups. The assumption of sphericity

was assessed with Mauchly’s test and resulted in violation of sphericity (p<0.01), thus the

Greenhouse-Geisser correction was used to report within-subject outputs, followed by the

effect size (Partial Eta Squared). When there was a significant effect for levels-of-contact and/

or group, then Bonferroni post-hoc tests were used to determine where the difference in head

impact outcome occurred. For the exploratory aim, we similarly assessed whether average

head impact magnitude differed by levels-of-contact and group using repeated measures

ANOVA. Lastly, a total number of head impacts within ranges of 25–60 g, 60–100 g, or>100 g
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in each level-of-contact was descriptively assessed in the overall sample. These exploratory

thresholds are modeled based on the published papers that suggested < 25 g as minimal mag-

nitude [11, 31], 60 g being previously thought to be a cut-off threshold to induce concussion

[32], and 100 g (precisely, 102.5 + 33.8 g) being an average magnitude leading to concussion

diagnosis [24, 33]. All the data were analyzed using SPSS Statistics Version 25, and the level of

statistical significance was set to p<0.05. Data are presented per player.

Results

Demographics and overall head impact exposure

A total of 6016 head impacts were recorded during 5 levels-of-contact in 24 high school foot-

ball players throughout the season, resulting in a median of 203 hits, 4310.5 g, and 415.5 krad/

s2. Consistent with previous reports [13, 34], the distribution of head impact count was

strongly right skewed with a median PLA of 19.7 g (interquartile range: 15.3–27.8 g) and PRA

of 1.8 krad/s2 (interquartile range: 1.2–2.6 krad/s2) per impact (Fig 1). These data are not

reflective of head impacts that occurred outside the 5 levels-of-contact, such as walk-through

and pre-practice/game conditioning. For comparison purposes, a driver can experience 30 g to

40 g of head and chest acceleration when a car collides into a fixed wall at 30 mph [35, 36].

Demographics and head impact data in the overall sample are detailed in Table 1.

Level-of-contact-dependent cumulative head impact exposure

Levels-of-contact displayed an influence on cumulative head impact frequency and sum of

PLA and PRA sustained during a season, as illustrated by a statistically significant main effect

and medium effect size on levels-of-contact in the overall sample [Frequency, F(1.95, 40.88) =

22.44, p<0.001, ηp
2 = 0.517; PLA, F(1.77, 37.08) = 21.70, p<0.001, ηp

2 = 0.508; PRA, F(1.62,

34.15) = 20.56, p<0.001, ηp
2 = 0.494]. Bonferroni post-hoc tests revealed incremental increases

in head impact frequency and sum of PLA and PRA as levels-of-contact intensify, except for

between control and thud (air< bags< control = thud< live). For example, a football player

experienced an average of 113.7±17.8 hits, 2,657.6±432.0 g (PLA), and 233.9 ± 40.1 krad/s2

(PRA) during live drills throughout a season, whereas 7.7±1.9 hits, 176.9±42.5 g (PLA), PRA

16.7±4.2 krad/s2 (PRA) during air drills throughout a season. See Fig 2A–2C for the visual

trend of the outcomes and S1 Table for Bonferroni post-hoc results.

While all 3 position groups exhibited similar incremental patterns of head impact frequency

and magnitude (air< bags< control< thud< live), there was no significant group difference

in cumulative frequency as well as sums of PLA and PRA (Fig 3A–3C). Head impact kinemat-

ics for each level-of-contact are detailed in S2 Table.

Head impact magnitudes by levels-of-contact and position group

Median head impact magnitudes (PLA and PRA) were similar across all levels-of-contact and

all groups, ranging between 18.2 and 23.2 g for PLA (Fig 4A) and 1.6 and 2.3 krad/s2 for PRA

(Fig 4B) per head impact. See S3 Table for median PLA and PRA in each level-of-contact. Con-

sistent with published papers [13, 23, 34], it was evident that a large number of head impacts

across all levels-of-contact fell within 10 to 30 g, which might have diluted the minority of high

magnitude head impacts. Our exploratory descriptive analysis identified that levels-of-contact

also influence the number of high magnitude head impacts, whereby 60–100 g and>100 g
were most prevalent in live, followed by thud and control, whereas very few hits were observed

in bags and air (Fig 5A–5C).
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Discussion

Subconcussion research is still at its infancy, but it is a rapidly growing area of concern in

sport injury prevention. To contribute to this emerging field, this study examined whether

cumulative subconcussive head impact frequency and magnitude in a single season differed

across levels-of-contact and between player position groups. There were four key findings in

this study. First, cumulative head impact frequency and magnitude increased as the level-of-

contact increased, with the greatest head impact burden observed during live, followed by thud
and control drills, and minimal head impacts during bags and air drills. Second, there were

notable position group differences in head impact measures, where median values of head

impacts in the linemen and hybrid players were greater in all levels-of-contact than those of

the skill players. However, this was not supported by statistically significant group differences

Fig 1. Head impact distribution in 24 high school football players in a single season. A representative data from a defensive lineman demonstrates the estimated

locations of hits based on the data from the Vector mouthguard (A, front right; B, front left; C, back). Histogram of distribution of peak linear acceleration (D) and

peak rotational acceleration (E) for all hits occurred during 5 levels-of-contact.
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Table 1. Group demographics and head impact kinematics.

Variables Overall Linemen Hybrid Skill

N (%) 24 (100) 11 (46) 7 (29) 6 (25)

Age, y 15.7 ± 1.1 16.1 ± 0.9 15.1 ± 1.2 15.7 ± 1.0

BMI, kg/m2 27.3 ± 6.3 31.6 ± 7.0 24.4 ± 2.5 23.0 ± 0.8

No. of previous concussion

0, n (%) 16 (66.7) 6 (54.5) 0 (0) 3 (50.0)

1, n (%) 6 (25.0) 4 (36.4) 0 (0) 2 (33.3)

2, n (%) 2 (8.3) 1 (9.1) 0 (0) 1 (16.7)

Tackle football experience, y 4.9 ± 2.7 5.8 ± 2.7 3.6 ± 2.5 4.8 ± 3.4

Race, n (%)

White 21 (88) 9 (82) 7 (100) 5 (83)

Black/African American 0 (0) 0 (0) 0 (0) 0 (0)

Asian 0 (0) 0 (0) 0 (0) 0 (0)

American Indian/Alaska 1 (4) 0 (0) 0 (0) 1 (17)

Multiracial 2 (8) 2 (18) 0 (0) 0 (0)

Ethnicity, n (%)

Not Latino/Hispanic 20 (83) 9 (82) 5 (71) 6 (100)

Latino/Hispanic 4 (17) 2 (18) 2 (29) 0 (0)

Impact Kinematics for season, median (IQR)

Median cumulative impact count 203 (118.0–350.0) 213 (139.0–478.0) 204 (153.5–314.5) 131.5 (51.3–263.5)

Median cumulative peak linear acceleration, g 4310.5 (2686.3–8616.8) 4289.5 (3178.6–11143.9) 5262.7 (3445.1–7203.1) 2837.7 (1117.2–6269.6)

Median cumulative peak rotational acceleration, krad/s2 415.5 (179.2–828.0) 358.7 (203.2–919.3) 438.6 (293.0–655.9) 296.5 (132.6–569.6)

Data are reported as either mean (SD) or n (%), except for head impact data using median (IQR). BMI, body mass index. IQR, interquartile range. OL, offensive

lineman. DL, defensive lineman. TE, tight end. LB, linebacker. RB, running back. WR, wide receiver. DB, defensive back.

Fig 2. Cumulative head impact kinematics between levels-of-contact throughout a season. Cumulative (A) head impact count, (B) peak linear acceleration, and

(C) peak rotational acceleration per player was influenced by the level-of-contact in an incremental manner, with live being the highest and air being the lowest.

Data are presented as mean ± SD. Bonferroni post-hoc results are listed below: please refer to S1 Table for exact p-values of all possible comparisons. Please refer to

S2 Table for median (IQR) values of head impact kinematics. @ Live is greater than thud (p = 0.045), control (p<0.001), bags (p<0.001) and air (p<0.001). # Thud

is lesser than live (p = 0.045), no difference from control (p = 0.095), and greater than bags (p = 0.013) and air (p = 0.008). & Control is lesser than live (p<0.001),

no difference from control (p = 0.095), and greater than bags (p = 0.008) and air (p = 0.003). $ Bags is lesser than live (p<0.001), thud (p<0.01), and control

(p = 0.008), and greater than air (p = 0.041). � Air is lesser than live (p<0.001), thud (p = 0.007), control (p = 0.003), and bags (p = 0.041).
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likely due to the lack of sample size in each group. Third, the mean head impact magnitude

was similar (18 to 23 g) across all levels-of-contact. Lastly, very high impact magnitudes (>100

g) were small in number overall but were more frequent in thud and live than other levels-of-

contact. Taken together, our data, for the first time, empirically support the USA football’s cat-

egorization of levels-of-contact while calling for a need to dissect football practice guidelines to

make more specific recommendations for practice and games to minimize cumulative head

impact burden on adolescents’ brain health.

Owing to the sensor-installed helmets, mouthguards, headbands, and skin patches, our

knowledge of head impact exposure in American football has drastically improved in the past

15 years. These technological advancements allowed researchers to evaluate head impact fre-

quency and magnitude in various position groups, practice types (e.g., shell-only, full-gear),

Fig 3. Group-dependent cumulative head impact exposure between levels-of-contact. All 3 groups shared similar incremental pattern in cumulative (A) head

impact count, (B) peak linear acceleration, and (C) peak rotational acceleration per player, with live being the highest and air being the lowest. There was no group

difference in the cumulative head impact frequency or magnitude. Data are presented as mean ± SD. Please refer to S2 Table for median (IQR) values of head

impact kinematics.

Fig 4. Average head impact magnitude per impact between levels-of-contact and group. There was no significant difference in average peak linear acceleration

(A) and peak rotational acceleration (B) across 5 levels-of-contact and 3 groups. Data are presented as mean ± SD. See S3 Table for median (IQR) values of head

impact kinematics.
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play types (e.g., running, passing, special teams), and time-based hit rates [37–43]. Previous

research has suggested that overall head impact exposure elevates in relation to increased prac-

tice duration, contact intensity, and time spent in high risk drills [21, 39]. However, these vari-

ables differ greatly between players and position groups. For example, previous literature

demonstrated that the differences between individual players accounted for 48% of the vari-

ance in head impact exposure during practice [44]. Additionally, recent research suggests dif-

ferent types of plays (e.g., running, passing, special teams) also have different average head

impact magnitudes which will influence cumulative head impact exposure [41]. Despite this

high degree of variance between players and play types, previous studies reported that the line-

men and hybrid position groups consistently have higher head impact exposure compared to

skill positions such as receivers, defensive backs, and quarterbacks [37, 38]. In our sample, we

were able to observe a similar trend in the context of five different levels-of-contact, where the

linemen and hybrid positions sustained a minimum of 27% more head impacts in live drills,

with upwards of 3 to 4 fold higher head impact exposure in air, bags, and control than those of

the skill position (see S2 Table). However, these group differences did not reach statistical sig-

nificance likely due to the heterogeneous head impact exposure within each group (e.g., some

skill players sustain many hits while several linemen experienced less hits), pointing to the

issue of lack of sample size.

Another important finding from this study was that the average head impact magnitude

(PLA and PRA) was similar (18 to 23 g) across 5 levels-of-contact. However, the frequency of

strong magnitudes of head impacts (60–100 g and>100 g) were greater during live and thud
drills than other drills. These observations illustrate the fact that the majority of head impacts

in high school football are considered mild, but the minority high magnitude impacts are evi-

dent in contact-prone drills. This evidence fills the critical gap in knowledge that the restriction

of practice frequency and shortening of a season may not be effective unless considering

the intensity of practice drills. Nevertheless, there have been attempts by various football gov-

erning bodies to restrict the amount of full contact in practices [20, 21, 26, 38, 45]. For exam-

ple, USA Football’s National Practice Guidelines for Youth Tackle Football suggest that

Fig 5. Frequency of head impacts within various magnitude range. A total number of head impacts from the overall sample throughout a season was categorized

into peak linear acceleration ranging (A) 20–60 g, (B) 60–100 g, and (C)> 100 g. Live and thud consistently showed frequency head impacts in high impact

magnitudes.
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full-contact should not be done for more than 30 minutes per day and no more than 90 min-

utes per week during the regular season [26]. By limiting full contact practices from 3 days to 2

days per week, there was an average decline of 42% in head impact frequency (~250 hits per

player) in high school football players [38]. In the same study, although the overall average

head impact magnitude remained unchanged before and after reduction of contact practice,

researchers found that a frequency of high magnitude head impacts were elevated in linemen

and hybrid positions [38], suggesting that the team might have implemented higher intensity

drills (i.e., live, thud, control) to compensate for the reduction of practice frequency. This com-

pensatory trend was more conspicuous in the college setting. Even though the NCAA elimi-

nated two-a-day practices and reduced practice frequency from 29 to 25 practices during

summer camp, to compensate for the loss of practice times, football teams tended to incorpo-

rate more high-intensity, contact-prone practice drills, leading to increased head impact fre-

quency [20, 21]. These data further substantiate the importance of regulating the duration of

specific drill types, rather than restricting practice type and frequency.

Several studies suggest that football players who go on to sustain concussion tend to experi-

ence frequent subconcussive head impacts [24, 33]. Since none of the players in the current

study were diagnosed with concussion, we were unable to suggest the potential preventive

effect of levels-of-contact on concussion incidence. However, it is noteworthy that our explor-

atory analysis revealed no correlation (r = 0.07, p = 0.71) between previous number of concus-

sion and subconcussive head impacts sustained during this season. This finding suggests that

previous concussion history has almost no influence in how players perform, in the context of

head impact exposure, during the season.

Clinical implications

Pending confirmation by a larger-scale study, these results may have important implications

for the clinical management and guidelines regulating subconcussive head impact exposure in

high school football. If a restriction of contact-prone drills (i.e., live, thud) during practice is

indeed effective in reducing head impact frequency and associated magnitude, establishing a

policy or guideline to minimize head impact burden would be a logical next step. In addition

to the consideration of level-of-contact, the most effective method for informing clinical guide-

lines may be a blend of the different strategies. For example, it is important to implement

guidelines informed by head impact data derived not only from entire teams or position

groups, but also from more targeted and specific practice structural variables such as drill type

and hit per player per minute rates. Additionally, individual-level variables such as tackling

technique, starting status, or count of repetitions players participate in would be imperative to

determine who might be at risk for sustaining many head impacts in a short window. Fortu-

nately, coaches across the nation have the ability to implement the USA Football levels-of-con-

tact within their practice structures with relatively minimal effort. This strategy may allow

coaches to directly influence the total subconcussive head impact exposure in their athletes.

Limitations

There are several limitations to this study. Our examination of head impacts in high school

football is limited in that it was conducted on a single high school football team in the Midwest

composed of primarily white males. Because of lack of racial and ethnical diversity in our sam-

ple, we were unable to conduct any analysis to identify whether race/ethnicity played a role in

subconcussive head impact exposure. This should be addressed in a future study along with

whether race/ethnical background influence one’s neurologic resiliency and susceptibility to

subconcussive head impacts. Therefore, the results from the current study are not
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generalizable to the broader U.S. population of high school football teams. A second limitation

of the study is that the USA Football levels-of-contact guidelines are just that, guidelines. They

are not legislation, and it is unknown what percentage of high schools currently utilize the

USA Football level-of-contact system; thus, this further limits the generalizability. Implemen-

tation of the levels-of-contact is not a perfectly reliable variable in that situations occur in prac-

tice that may have overlapping levels-of-contact. This overlap made cumulative calculations of

time spent in each level-of-contact difficult during certain drills and the time spent in each

level is likely to influence cumulative head impact exposure. Coaches in this high school

attempted to implement the levels-of-contact consistently, but to control up to 22 athletes par-

ticipating in a single drill at the same time is not always feasible. An additional limitation is

that the Vector mouthguard has not been validated for true positive versus false positive data.

These limitations portend a follow-up research question as to whether regulating the number

of repetitions in each level-of-contact is a more effective approach than teamwide contact

restrictions for minimizing the frequency and magnitude of subconcussive head impacts in

individual players (or position groups). Hence, for future research we suggest examining sub-

ject-specific head impact data and playing style (run-first vs. pass-first offense) [46] that incor-

porate multiple predictor variables such as time spent in each level-of-contact, the repetitions

per player per drill, levels-of-contact, position group, and impacts per event (i.e., drill, prac-

tice/game, or week) for head impact outcomes.

Conclusion

Levels-of-contact may influence cumulative head impact frequency and magnitude in high

school football players, with players incurring frequent head impacts during live, thud, and

control. Strong magnitudes of head impacts (> 60 g) were frequently observed especially dur-

ing live and thud. It is important to consider levels-of-contact to refine football practice guide-

lines/policies to minimize cumulative head impact burden in high school football players.
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Abstract

High intensity interval exercise (HIIE) improves aerobic fitness with decreased exercise time

compared to moderate continuous exercise. A gap in knowledge exists regarding the effects

of HIIE on cerebrovascular function such as cerebral blood velocity and autoregulation. The

objective of this systematic review was to ascertain the effect of HIIE on cerebrovascular

function in healthy individuals. We searched PubMed and the Cumulative Index to Nursing

and Allied Health Literature databases with apriori key words. We followed the Preferred

Reporting Items for Systematic Reviews. Twenty articles were screened and thirteen arti-

cles were excluded due to not meeting the apriori inclusion criteria. Seven articles were

reviewed via the modified Sackett’s quality evaluation. Outcomes included middle cerebral

artery blood velocity (MCAv) (n = 4), dynamic cerebral autoregulation (dCA) (n = 2), cerebral

de/oxygenated hemoglobin (n = 2), cerebrovascular reactivity to carbon dioxide (CO2) (n =

2) and cerebrovascular conductance/resistance index (n = 1). Quality review was moderate

with 3/7 to 5/7 quality criteria met. HIIE acutely lowered exercise MCAv compared to moder-

ate intensity. HIIE decreased dCA phase following acute and chronic exercise compared to

rest. HIIE acutely increased de/oxygenated hemoglobin compared to rest. HIIE acutely

decreased cerebrovascular reactivity to higher CO2 compared to rest and moderate inten-

sity. The acute and chronic effects of HIIE on cerebrovascular function vary depending on

the outcomes measured. Therefore, future research is needed to confirm the effects of HIIE

on cerebrovascular function in healthy individuals and better understand the effects in indi-

viduals with chronic conditions. In order to conduct rigorous systematic reviews in the future,

we recommend assessing MCAv, dCA and CO2 reactivity during and post HIIE.
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Introduction

High intensity interval exercise (HIIE) has emerged at the forefront of exercise regimens due

to the shorter activity time needed to benefit [1–3]. HIIE confers similar or significant

increased aerobic fitness compared to conventional moderate intensity continuous exercise [1,

4–7]. While aerobic fitness is a measure of increased cardiovascular health, the entire vascular

system (including the cerebral vascular system) may be improved following increased aerobic

fitness [8]. With aging, higher aerobic fitness is associated with a lower risk of stroke and

dementia [9, 10]. A review and meta-analysis of HIIE in healthy adults has shown significant

increases in aerobic fitness [1, 5, 6, 11]. Preliminary evidence has also shown HIIE may

improve cognitive function [12]. However, the effects of HIIE on cerebrovascular function

have not been systematically reviewed.

Cerebrovascular function is the ability of the cerebral blood vessels to deliver oxygen and

nutrients for neuronal metabolism and maintain cerebral blood flow through dynamic autore-

gulation (dCA). dCA is the ability of the brain to sustain a constant cerebral blood flow despite

large fluctuations in peripheral blood pressure [13, 14]. During resting conditions, cerebral

blood flow responds to arterial blood pressure fluctuations, neuronal metabolism, cortical acti-

vation, arterial blood gases and cardiac output [15]. Cerebral blood flow can be measured at

rest using magnetic resonance imaging or transcranial Doppler ultrasound (TCD). Middle

cerebral artery blood velocity (MCAv) measured by TCD is the only technique to measure

cerebral blood flow during exercise, with high temporal resolution [16]. MCAv is linearly

related to cerebral blood flow with the caveat that the MCA diameter remains unchanged [17].

A normal cerebrovascular response to submaximal moderate continuous exercise results in

increased MCAv [18–20], increased cerebral oxygenation [21, 22] and sustained dCA [23, 24].

MCAv has been shown to concomitantly increase as exercise intensity increases, up to moder-

ate intensity [15, 18, 25–28]. MCAv is affected differently during high intensity exercise. Dur-

ing continuous high intensity exercise and hyperventilation, MCAv is decreased due to a

reduction in arterial carbon dioxide (CO2) [29, 30] causing downstream arteriole constriction

[15, 31]. Cerebrovascular reactivity is the ability of the small vessels in the brain to vasodilate

and vasoconstrict in response to fluctuating CO2 levels [32, 33]. The cerebrovascular response

to HIIE may differ from continuous high intensity exercise due to the repetitive short interval

bouts that rapidly increase blood pressure which may cause cerebrovascular hyper-perfusion

[34, 35]. If neuroprotective mechanisms of the brain, such as dCA, do not respond quickly to

the repetitive and rapid increases in blood pressure, HIIE could elevate the risk for leakage

within the blood brain barrier [34, 36]. For clinical populations with cerebrovascular

impairment, such as stroke [37–39], the cerebrovascular response to HIIE may play an impor-

tant role in guiding exercise prescription [36].

Previous scientific statements and narrative reviews have recounted the molecular, hemo-

dynamic and structural processes (i.e. CO2, nitric oxide, systemic blood pressure, vessel com-

pliance, glial cell integrity) associated with the cerebrovascular response that may occur during

HIIE [36, 40]. However, these detailed narrative reviews [41, 42] did not report the statistical

findings of previous studies showing cerebrovascular function during HIIE. To our knowl-

edge, our current systematic review is the first to systematically search and report the results of

during HIIE is important because it provides objective results to support the previously

described narrative statements on hemodynamic processes during HIIE [41, 42]. The purpose

of this systematic review was to address the gap in knowledge and report the various study

results of HIIE on cerebrovascular function compared to moderate continuous exercise or rest
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conditions. We systematically examined the results of HIIE studies in healthy individuals

based on the operationalization of cerebrovascular outcomes.

Methods

This review follows the guidelines for Preferred Reporting Items for Systematic Reviews [43].

Literature searches and reviews were performed using PubMed and the Cumulative Index to

Nursing and Allied Health Literature (CINAHL) databases. The University of Kansas Medical

Center Online Library system was used to access these databases in February, March, and June

2020. In this systematic review, we included peer-reviewed manuscripts written in English

from January 2010 to June 2020.

Key words used to search the databases included “high intensity interval training”, “HIIT”,

“high intensity interval exercise”, “HIIE” AND “cerebral blood flow”, “cerebral blood velocity”,

“dynamic autoregulation”. We believe these key words primarily reflect the high intensity

interval intervention and cerebrovascular function outcome measures. The main outcomes of

this systematic review were MCAv, an indirect measure of cerebral blood flow, and dCA, a

measure of cerebrovascular homeostasis during peripheral blood pressure changes [30, 44–

48]. MCAv supplies oxygen and nutrients to neurons while dCA maintains stable perfusion

[49]. However, additional cerebrovascular measures were also included such as oxygenated

hemoglobin [50–52], cerebrovascular reactivity [46, 53], cerebrovascular conductance index

and cerebrovascular resistance index [45, 54]. Oxygenated hemoglobin is an important mea-

sure of aerobic metabolism within cerebral tissue using near-infrared spectrometry [55]. Cere-

brovascular reactivity is a measure of cerebrovascular regulation [56] and shows the ability of

the vessels to vasodilate or vasoconstrict to a stimulus [57]. Cerebrovascular conductance

index is a measure of the conductance of peripheral blood pressure to cerebral blood velocity

and is calculated as MCAv/mean arterial pressure (MAP) [45]. Cerebrovascular resistance

index (MAP/MCAv) measures the resistance of cerebral perfusion pressure to cerebral blood

velocity [45].

The identified abstracts from PubMed and CINAHL were screened using the following

inclusion criteria: 1) experimental or quasi-experimental, 2) aerobic exercise identified as the

primary means of performing HIIE, 3) cerebrovascular measures were primary or secondary

outcomes and 4) human subjects across the lifespan with no current disease. After the removal

of duplicates, two researchers screened titles/abstracts for inclusion criteria (A.W. and M.A.).

The full texts were examined, and data extracted (A.W. and M.A.). If the authors were unable

to come to an agreement, a third author moderated incongruity (A.F.).

A quality review was performed for each article using the modified version of Sackett’s 1981

criteria [58]. We critically analyzed each article’s study design, population, HIIE protocols,

cerebrovascular outcomes and results. If an article did not report enough information to deter-

mine sufficient quality criteria a “No” rating was given. Articles were rated based on the level

of evidence including level I for large randomized control trials, level II for small randomized

trial, level III for nonrandomized design, Level IV for case series and Level V for case reports

[59].

The search methods resulted in 67 articles. After removal of duplicates, 15 [45, 46, 50, 53, 60–

69] articles were identified in PubMed and 5 [47, 51, 70–72] new articles in CINAHL. During

the initial screening of titles/abstracts, 11 articles were excluded due to HIIE not being the pri-

mary experimental protocol performed (n = 6), studies not measuring cerebral arteries (n = 4)

and an animal study (n = 1). Studies that combined other interventions with HIIE were
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excluded due to the confounding variables that could affect cerebrovascular outcomes (see S1

Table). After the full text assessment, two articles were excluded due to not meeting experi-

mental or quasi experimental criteria (n = 2). See Fig 1 for flow diagram of article selection.

We included seven articles describing cerebrovascular outcomes following HIIE within this

review [44–47, 50, 51, 53]. The full texts are described in Table 1. Of the articles reviewed, six

were small, randomized trials and one nonrandomized cross-over trial. All the studies

Fig 1. Flow diagram of article selection.

Sport and Exercise Medicine: Theory and Practice 

207

https://doi.org/10.1371/journal.pone.0241248.g001
https://doi.org/10.1371/journal.pone.0241248


Table 1. Summary of reviewed articles.

Study Design Level of

Evidence

Subjects Intervention Outcome measures Results

Burma

et al,

March

2020

Small Randomized

Cross-Over Trial

II 9 Young Adults (age

26 ± 5 years old)

3 cycling conditions:

• High intensity interval training

(HIIT, 1-min interval at 85–90%

predicted heart rate reserve with

1-min active recovery 15%

power output for 10 intervals)

• Moderate intensity continuous

exercise (MICT, 50–60%

predicted heart rate reserve for

45 min)

• No-exercise control

TCD measured: Average

Exercise MCAv

dCA via Transfer Function

Analysis during forced MAP

oscillations (repeated squat-

stand maneuver)

Significant increase in exercise MCAv

during MICT compared to HIIT

(p<0.05) and baseline (p<0.05).

No change in exercise MCAv during

HIIT compared to baseline (p>0.05).

Significantly higher systolic gain/phase

compared to diastolic/mean gain/phase

at 0.05 and 0.10 Hz during control

(p<0.05).

Decreased systolic phase in 0.05 Hz

immediately following HIIT (p>0.102)

and MICT until hour 4 (p>0.079).

Decreased systolic phase in 0.10 Hz

immediately following HIIT until hour 2

(p>.11) and immediately following

MICT until hour 4 (p>0.079).

No change in gain or coherence in 0.05

Hz or 0.10 Hz during HIIT or MICT.

Burma

et al, June

2020

Secondary Analysis of

the above Small

Randomized Cross-

Over Trial

II Same as above Same as above TCD measured:

Cerebrovascular reactivity to

hypercapnia

Cerebrovascular reactivity to

hypocapnia

Significantly decreased absolute and

relative MCA reactivity to hypercapnia

immediately following HIIT up to hour 2

(p<0.018) compared to MICT and

control (p<0.022).

Significantly decreased relative MCA

reactivity to hypercapnia immediately

following MICT up to hour 1 (p<0.024).

No significant differences in MCA

reactivity to hypocapnia between

conditions (p>0.31).

Coetsee

et al, 2017

Small Randomized

Controlled Trial

II 67 Inactive Adults

HIIT (age 64.5 ± 6.3

years old)

MCT (age 61.6 ± 5.8

years old)

CON (age 62.5 ± 5.6

years old)

16-week intervention

Treadmill 30 min, 3x/week

4 groups:

• High intensity Interval training

(HIIT, 4 min interval at 90–95%

HRmax with 3 min active

recovery 70% HRmax)

• Moderate continuous training

(MCT, 70–75% HRmax)

• No-exercise control (CON).

Near-Infrared Spectroscopy

measured during Cognitive

Stroop test:

• Oxygenated Hemoglobin

• Deoxygenated

Hemoglobin

• Total Hemoglobin Index

No significant differences in oxygenated

(effect size = .45, p = .3), deoxygenated

(effect size = 0.67, p = .14), or total

hemoglobin (effect size < .6, p>.18) after

HIIT.

Significant decrease in deoxygenated

hemoglobin (effect size = 1.14, p = .01)

and total hemoglobin index (effect

size = 1.49, p < .01) after MCT.

Significant increase in oxygenated

hemoglobin in CON (effect size = .76, p

= .03).

Drapeau

et al, 2019

Small Randomized

Clinical Trial

II 17 Endurance

Trained Males

HIIT85 (age 26 ± 6

years old)

HIIT115 (age 28± 6

years old)

6-week intervention.Cycled until

exhaustion, 3x/week2 groups:

• HIIT85 (1–7 min interval at

85% of maximal aerobic power,

with active recovery of 50% of

maximal aerobic power)

• HIIT115 (30sec– 1min interval

at 115% of maximal aerobic

power, with active recovery of

50% of maximal aerobic power).

TCD measured: Resting

MCAv

Resting CVCi

Resting CVRi

dCA via Transfer Function

Analysis during forced MAP

oscillations (repeated squat-

stand maneuver)

Significant decrease in phase at 0.10 Hz

in HIIT85 and HIIT115 (p = .048) with no

differences between intensity groups.

No significant difference in power

spectral density (p > .39), gain (p > .05),

or coherence (p>.05) between time or

intensity.

No significant differences in MCAv (p =

.4), CVCi (p = .87), or CVRi (p = .87).

Northey

et al, 2019

Small Randomized

Controlled Trial

II 17 Female Breast

Cancer Survivors

HIIT (age 60.3 ± 8.1

years old)

MOD (age 67.8 ± 7.0

years old)

CON (61.5 ±7.8 years

old)

12-week intervention

Cycled 20–30 min 3x/week

3 groups:

• High intensity interval training

(HIIT, 30 sec intervals at ~90%

maximal heart rate or ~105%

peak power with 2 min active

recovery)

• Moderate intensity continuous

power)

• No-exercise control (CON)

TCD measured: Resting

MCAv,

Cerebrovascular Reactivity to

CO2

No significant differences in resting

MCAv (p = .24) or cerebrovascular

reactivity (p = .54) after HIIT compared

to MOD.

No significant differences in resting

MCAv (p = .86) or cerebrovascular

reactivity (p = .72) after HIIT compared

to CON.

(Continued)
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involved healthy individuals, although some studies only included men (n = 1) [45], women

(n = 1) [46], or children (n = 1) [47]. Prior activity levels of participants ranged from inactive

[50], recreationally active [51] and endurance trained [45].

High intensity interval protocols

Methods of prescribing HIIE varied greatly and made comparisons between studies difficult.

HIIE protocols included 6- to 16-week exercise interventions (n = 3) [45, 46, 50] or one single

bout of exercise(n = 4) [44, 47, 51, 53]. By examining 6- to 16-weeks of HIIE, the long-term or

chronic effects of this intervention were studied. By examining a single bout of HIIE, the

immediate or acute effects of the exercise were reported. In addition to the duration variability,

we found that the mode of HIIE also differed across the included studies. One study used a

treadmill as the mode of exercise with 4-minute intervals of 90–95% maximal heart rate for 30

minutes [50]. The remaining six studies used cycling as the mode of exercise but differed in

parameters ranging from 30 seconds [46, 51] to 7-minute intervals [45] at 85% to 115% of

maximal watts [45, 47, 51] or ~ 85% to 90% maximal heart rate [44, 46, 50, 53]. A constant

between all studies included an active (rather than passive) recovery interval between sprints.

However, the intensity and duration of recovery intervals differed greatly.

Table 1. (Continued)

Study Design Level of

Evidence

Subjects Intervention Outcome measures Results

Tallon

et al,

2019

Small Randomized

Cross-over Trial

II 8 Prepubertal

Children (age

10 ± 1.9 years old)

2 Cycling conditions:

• High intensity interval

exercise (HIIE, 1 min

interval at 90%max watt

with 1 min active recovery at

20%max watt for 6 intervals)

• Moderate-intensity steady-

state exercise (MISS, 15 min

at 44%max watt)

TCD measured: Exercise

MCAv during each

interval

Immediate post-exercise

MCAv

30-minutes post-exercise

MCAv

Significant decrease in exercise

MCAv during the 6th interval of

HIIE compared to baseline (10.7%,

p = .004).

Significant decrease in exercise

MCAv during the 3rd and 4th

intervals of HIIE compared to MISS

(p = .001).

Significant decrease in MCAv

immediately post-exercise following

HIIE and MISS (p < .001).

No significant difference in MCAv

at 30-minutes post-exercise

following HIIE and MISS compared

to baseline (p>.05).

Significant increase in exercise

MCAv during the 2nd minute of

MISS compared to baseline (5.8%, p

= .004).

Monroe

et al,

2016

Nonrandomized

Cross-Over Trial

III 15 Recreationally

Active Adults (age

21.3 ± 2.4 years

old)

2 cycling conditions:

• Sprint Interval Cycling (SIC,

30 second all-out sprint

interval with 4 min active

recovery for 4 intervals)

• Constant Resistance Cycling

(CRC, 18 min at 70rpm with

resistance set by matching total

work performed during SIC)

Near-Infrared

Spectroscopy measured:

Oxygenated Hemoglobin

(HbO2)

Deoxygenated

Hemoglobin (HHb)

Significant increase in average

HbO2(effect size = .536, p = .001),

minimum HbO2 during recovery

(effect size = .392, p < .001) and

maximum HbO2 during recovery

(effect size = .588, p = .001) in SIC

compared to CRC.

Significant increase in average HHb

during SIC compared to CRC

(effect size = .386, p = .003).

MCAv = middle cerebral artery blood velocity, dCA = dynamic cerebral autoregulation, min = minute, HRmax = maximum heart rate, CVCi = cerebrovascular

conductance index, CVRi = cerebrovascular resistance index, CO2 = carbon dioxide.
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Cerebrovascular outcome measures

The results of this review can be operationalized based on the outcome variables measured

during HIIE such as MCAv (n = 4) [44–47], dCA (n = 2) [44, 45], cerebral de/oxygenated

hemoglobin (n = 2) [50, 51], cerebrovascular reactivity to CO2 (n = 2) [46, 53] and cerebrovas-

cular conductance/resistance index (n = 1) [45]. Table 2 describes whether HIIE increased,

decreased or had no influence on the operationalized cerebrovascular measures. A meta-analy-

sis was not performed due to low number of studies (� 2) reporting each operationalized cere-

brovascular measure.

MCAv. Of the studies reporting MCAv outcomes, resting MCAv (n = 2) [45, 46], exercise

MCAv (n = 2) [44, 47] and MCAv immediately post exercise (n = 1) [47] were used. No signifi-

cant differences were found for resting MCAv after 6- or 12-weeks of HIIE when compared to

moderate continuous exercise or control [45, 46]. During an acute bout of HIIE, exercise

MCAv was significantly decreased compared to moderate continuous exercise [44, 47]. Con-

flicting results were found between two studies comparing exercise MCAv to rest. Burma et al.

[44] reported no significant difference between average exercise MCAv and rest in adults.

However, rather than reporting average exercise MCAv of the entire HIIE bout, Tallon et al.

[47] reported exercise MCAv for each 1-minute sprint interval of HIIE. During the 6th sprint

interval of HIIE, Tallon et al. [47] reported significantly decreased exercise MCAv compared

to rest which remained immediately following exercise [47].

dCA. Transfer function analysis of dCA was reported in the very low and low frequency

bands (n = 2) [44, 45]. Drapeau et al. [45] conducted a 6-week intervention of HIIE and

reported a significant decrease in phase compared to rest with no significant change in coher-

ence or gain. Burma et al. [44] conducted a single bout of HIIE and reported decreased MCAv

systolic phase immediately following exercise that extended up to four hours later.

De/oxygenated hemoglobin. Oxygenated and deoxygenated hemoglobin were reported

during a single bout of HIIE (n = 1) [51] and during a 16-week HIIE intervention (n = 1) [50].

Monroe et al. [51] conducted a single bout of HIIE and reported an increase in oxygenated

Table 2. Summary of the effects of HIIE on operationalized cerebrovascular measures.

Resting

MCAv

Exercise

MCAv

Post-

Exercise

MCAv

dCA

phase

dCA

Gain

dCA

Coherence

De/Oxygenated

Hemoglobin

Cerebrovascular

Conductance Resistance

Index

Cerebrovascular

Reactivity to CO2

Burma et al,

March 2020

#

To moderate

# # #

Burma et al,

June 2020

#

To moderate and

control

Coetsee et al,

2017

#

During cortical

activation

Drapeau et al,

2019

# # # # #

Northey et al,

2019

# #

Tallon et al,

2019

#

To moderate

and rest

#

To rest

Monroe et al,

2016

"

During HIIE

# = Decreased effect, " = Increased effect, # = no effect
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and deoxygenated hemoglobin during HIIE compared to moderate continuous exercise. Coet-

see et al. [50] conducted a 16-week intervention of HIIE and reported no significant lasting

changes in oxygenated or deoxygenated hemoglobin during cortical activation.

Cerebrovascular reactivity. Cerebrovascular reactivity to CO2 were reported during a

single bout of HIIE (n = 1) [53] and during a 12-week HIIE intervention (n = 1) [46]. After a

single bout of HIIE, cerebrovascular reactivity to higher CO2, or hypercapnia, was significantly

decreased by 37% and remained an hour later [53]. The reduced cerebrovascular reactivity to

hypercapnia was also significantly different than moderate intensity and control. Cerebrovas-

cular reactivity to lower CO2, or hypocapnia, was not significantly different following a single

bout of HIIE [53]. Cerebrovascular reactivity to CO2 was also not significantly different follow-

ing 12 weeks of HIIE [46].

Cerebrovascular conductance and resistance. Cerebrovascular conductance index and

cerebrovascular resistance index were only reported in a single study [45]. A 6-week HIIE

intervention reported no significant changes in cerebrovascular conductance index or cerebro-

vascular resistance index [45].

Quality review

The quality review of each study is presented in Table 3. Out of seven total quality criteria, 2

studies reported five quality criteria [44, 53], one study reported four quality criteria [45] and

the remaining four studies reported three quality criteria [46, 47, 50, 51]. Therefore, the overall

quality criteria results were moderately poor. All studies accounted for subjects and monitored

the HIIE protocol parameters. No studies reported avoidance of contamination or co-inter-

vention. No studies reported blinding of the outcome assessments. Only Burma et al. [44, 53]

and Monroe et al. [51] reported their reliability via coefficient of reproducibility and intraclass

coefficients of their measures. And only Burma et al. [44, 53] and Drapeau et al. [45] reported

validity of their respective cerebrovascular outcomes.

Discussion

This review met the objective of reporting the results of various HIIE studies and the effects on

operationalized cerebrovascular function in healthy individuals. This review is the first to

report the effects HIIE on cerebrovascular function compared to moderate continuous

Table 3. Summary of quality review.

Avoided Contam-

ination and Co-

Intervention

Random

Assignment to

Conditions

Blinded

Assessment

Monitored

Intervention

Accounted for

All Subjects

Reported

Reliability of

Measures Used

Reported

Validity of

Measures Used

Total Number

of Criteria

Met

Burma et al,

March 2020

No Yes No Yes Yes Yes Yes 5

Burma et al,

June 2020

No Yes No Yes Yes Yes Yes 5

Coetsee et al,

2017

No Yes No Yes Yes No No 3

Drapeau

et al, 2019

No Yes No Yes Yes No Yes 4

Northey

et al, 2019

No Yes

Tallon et al,

2019

No Yes No Yes Yes No No 3

Monroe

et al, 2016

No No No Yes Yes Yes No 3
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exercise and rest in healthy individuals. In general, we found that the acute and chronic effects

of HIIE on cerebrovascular function vary largely depending on the methods and outcomes

measured.

MCAv

In these studies, 6- to 12-week HIIE interventions had no effect on resting MCAv in healthy

individuals. No significant change in resting MCAv may be due to the HIIE intervention dura-

tion being too short. Also a ceiling effect may be observed for young, healthy individuals and

could explain no changes in resting MCAv [19]. During a single bout of HIIE, hyperventilation

and downstream arteriole vasoconstriction may explain the acute decreases in exercise MCAv

compared to moderate continuous exercise [15, 31, 73, 74]. Vasoconstriction may play a pro-

tective role during HIIE due to heightened peripheral blood pressure potentially causing

hyper-perfusion [75] or damage to the blood brain barrier [36]. During a single bout of HIIE,

there is contradictory evidence comparing exercise MCAv to rest. One study reported no

change in average exercise MCAv compared to resting [44]. Another study reported decreased

exercise MCAv after six sprint intervals of HIIE and remained decreased compared to rest

immediately following HIIE [47]. The differences reported in exercise MCAv compared to rest

could be due to age [19] (adults versus prepubertal children) or due to the analysis of MCAv

during HIIE (average over entire exercise versus separate sprint intervals). Decreases in exer-

cise MCAv compared to rest may only occur in the late intervals of HIIE, during hyperventila-

tion [76]. Therefore, exercise MCAv should be reported for each interval of HIIE rather than

an average of the entire exercise bout.

dCA

After a 6-week intervention and single bout of HIIE, dCA phase was decreased compared to

rest. The chronic effects of HIIE on dCA phase may be due to elevated cardiorespiratory fitness

in endurance trained individuals being associated with attenuated dCA [45, 48]. In healthy

individuals, increased frequency within MCAv and MAP waveforms (that can occur with

HIIE) may cause a reduction in phase due to dCA being a high-pass filter [77, 78]. Burma et al.

[44] also suggests that systolic phase may reveal greater changes in dCA than both diastolic

and mean phase. After a single bout of HIIE, reduction in systolic phase extended up to 4

hours and therefore the common approach of abstaining from exercise 12 hours before

research studies [79–81] may be too conservative [44].

Although not included in this review due to the observational study design, contradictory

evidence of sustained dCA during HIIE has been reported [63]. Differences in exercise param-

eters between HIIE may be the cause to contradictory findings due to exhaustive exercise

showing decreased dCA [34, 82]. More studies are needed to confirm the acute and chronic

decreases in dCA following HIIE.

De/oxygenated hemoglobin

After a 16-week HIIE intervention, oxygenated and deoxygenated hemoglobin during cortical

activation did not change [50]. However, the 16-week HIIE intervention decreased reaction

time during cortical activation and therefore may have increased efficiency of cortical oxygen

use [50]. During a single bout of HIIE oxygenated and deoxygenated hemoglobin increased

compared to moderate continuous exercise [51]. As suggested by Coetsee et al, increased oxy-

genated hemoglobin during neuronal activation may suggest engaging additional regions of

the brain [50]; while decreased oxygenated hemoglobin may indicate reduced neuronal activ-

ity due to task-efficiency [50]. The acute and chronic effects of HIIE on oxygenated and
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deoxygenated hemoglobin still needs further investigation due to each only being reported in a

single study.

Cerebrovascular reactivity

A 12-week HIIE intervention did not significantly change cerebrovascular reactivity which

could be due to vascular desensitization from chronic exposure to CO2 during HIIE [36, 83].

Following a single bout of HIIE, cerebrovascular reactivity to hypercapnia was decreased

showing the inability of the cerebrovascular system to maximally vasodilate. The maximal

capacity for vasodilation after HIIE may be reduced following HIIE due to prolonged cerebro-

vascular vasoconstriction that occurs with hyperventilation during HIIE [36, 53]. Cerebrovas-

cular reactivity to hypocapnia was not changed following a single bout of HIIE due to the

ability of the vessels to vasoconstrict remaining intact [53]. The reduction in cerebrovascular

reactivity to higher CO2 remains an hour after HIIE. Therefore, the authors conclude again

that the common approach of abstaining from exercise 12 hours before research studies [54,

80, 84] may be too conservative [53].

Cerebrovascular conductance and resistance

Cerebrovascular conductance and resistance were not significantly changed following a

6-week HIIE intervention. While a 6-week HIIE intervention significantly improved periph-

eral arterial conductance and resistance [4], this change in the peripheral arteries may not be

demonstrated in the cerebrovascular arterial conductance or resistance [41, 45]. However, due

to the cerebrovascular conductance or resistance index being reported in only a single study,

no conclusive effects of HIIE can be determined.

Future research

We recommend future research on the effects of HIIE on cerebrovascular function should

include: 1) examining the cerebrovascular response during HIIE before and after an interven-

tion of HIIE, 2) analyzing cerebrovascular outcomes during each separate interval of HIIE

rather than an average of the entire bout, 3) simultaneously measuring MCAv, blood pressure,

heart rate, and CO2 during HIIE, 4) measuring cerebrovascular outcomes during HIIE, imme-

diately following HIIE and at a follow up 30 minutes to 4 hours post exercise.

Limitations

The authors acknowledge a risk of publication bias by only including peer-reviewed articles

written in English and did not include grey literature. The cerebrovascular function measures

included within this review vary greatly and have vast heterogeneity. The overall quality of

studies is moderately poor due to the lack of avoiding contamination, not blinding the assess-

ment, and scarce reporting of the reliability and validity of the outcomes measured. These

studies report the effects of HIIE on cerebrovascular function in healthy young individuals

which limits generalizability and cannot be translated to clinical populations with altered cere-

brovascular function at baseline, such as stroke [37, 39, 85, 86].

While HIIE is not a new mode of exercise, studying cerebrovascular measures during HIIE

is novel. There are potential limitations to using TCD during HIIE and MCAv may be under-

estimated [87]. Cerebral oxygenation may also be underestimated due to the two-channel near

infrared spectrometer not measuring the motor, occipital, or parietal cortex [50, 51]. Authors

could only identify seven small studies with the oldest article dating back to 2015. The primary

outcome of MCAv (n = 4) and dCA (n = 2) were reported in few studies with low power.
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Therefore, a meta-analysis could not be performed due to insufficient mathematical

combination.

Conclusion

This review has provided preliminary information studying the effects of HIIE on cerebrovas-

cular function. Currently, there are a sparse number of research studies with moderately poor

quality criteria that have reported the acute and chronic effects of HIIE on cerebrovascular

function. An increased amount of studies and greater quality of research avoiding contamina-

tion, blinding the assessments, and reporting reliability and validity is needed. Randomized

controlled trials with large sample sizes are needed to conduct a meta-analysis to combine and

statistically analyze the summary results of HIIE on cerebrovascular function. Additionally,

more studies are needed to determine the optimal interval parameters of HIIE to provide a

consistent exercise dose between studies.

With increased interest in healthy brain aging and implementing interventions to maintain

or improve brain health [88], studying the effects of HIIE interventions are critically needed

[41, 42]. While this review only included healthy individuals, we provide an early reference to

understanding “normal” physiological effects of HIIE on cerebrovascular function and the

need to compare to clinical populations. Researchers should make further efforts to investigate

and report the effects of HIIE on diverse measures of cerebrovascular function. To do so, it is

imperative that researchers implement high quality criteria within the planning of future

studies.
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Abstract

Isokinetic dynamometry is the gold standard for testing maximal strength in elite sport and

rehabilitation settings. To be clinically useful, such tests should be valid and reliable. Despite

some evidence regarding the relative test vs retest reliability of knee dynamometry, there is

still a paucity of research regarding the absolute reliability parameters. The purpose of this

study was to assess the absolute and relative intra-device reproducibility of isokinetic knee

flexion and extension using the novel SMM iMoment dynamometer. A total of 19 participants

(13 males and 6 females, aged 24 (2) years, height 178 (9) cm and weight 76 (11) kg) per-

formed two identical knee isokinetic tests with at least a week of rest between measure-

ments. Peak torque of knee extension and flexion were determined at 60˚/s. Moderate

(0.892) to excellent (0.988) relative reliability using the intraclass correlation coefficient

(ICC) was obtained for peak knee torque. Absolute reliability assessed with a standard error

of measurement (SEM %) was low, ranging from 2.54% to 6.93%, whereas the smallest real

difference (SRD %) was moderate, ranging from 7.04% to 19.22%. Furthermore, there were

no significant correlations between means and differences of two measurements, and

Bland-Altman plots also showed no signs of heteroscedasticity. Our measurement protocol

established the moderate to excellent reliability of the novel SMM iMoment isokinetic dyna-

mometer. Therefore, this dynamometer can be applied in sport rehabilitation settings to

measure maximal knee strength.

Introduction

Voluntary muscle contraction is vital for human physical functioning [1], as muscles generate

joint forces necessary for movement, joint stabilization, and posture maintenance [2]. Thus,

the accurate assessment of individual’s muscular capacities is important to identify possible

weakness related to disease or ageing [2], and later appropriately prescribe and monitor the

progress of the athletic or rehabilitation exercise program [3].
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Muscle strength can be expressed in numerous ways, including maximum weight lifted on

an exercise device, maximum isometric and maximum isokinetic torque with angle specific or

nonspecific assessment [1]. Since the early introduction of isokinetic dynamometry in 1967

[4], the method has become the gold standard in the evaluation of muscle performance and

pathology in research, elite sport, and clinical practice [5,6]. An isokinetic dynamometer

assesses joint-related muscle maximal concentric and eccentric strength under constant veloci-

ties throughout the range of motion [7]. To be clinically significant, such tests should be valid

and reliable. The test-retest reliability was previously assessed using different isokinetic

machines, such as Biodex [8–10], Cybex [6,11–14], Kin Com [5,15], Merac [16], Lido [17],

iSam 9000 [18], and Technogym’s REV9000 [7,19].

The majority of the older studies evaluated test-retest reliability of knee isokinetic torque

only using the intraclass correlation coefficient (ICC) as an indicator of relative reliability.

Some older studies using the ICC showed excellent reliability (>0.92) [8,11,13,20,21], while

others, mainly more recent studies all demonstrated good (0.89) to excellent (0.98) test-retest

reliability of knee flexors and extensors at a velocity 60 ˚/s [5,7,9,14,22,23]. In contrast, only a

few studies have also examined the absolute reliability using the standard error of measure-

ment (SEM) and/or the smallest real difference (SRD) for knee peak torque and work

[5,7,14,19,21]. The SEM and SRD varied between 3.5–6.7% and 9.7–19.47%, respectively

[5,7,14,21].

Furthermore, there is a paucity of research regarding the SRD during eccentric knee flex-

ion, with only three studies published [5,7,14]. In addition, most of the previous dynamome-

ters settings were controlled manually, from the repositioning of the dynamometer axis to

changes of seat settings and starting position angle of the arm or leg [5,7,13,14,16,18,19,21,22].

To date, no device has used software manoeuvred robotic dynamometer position adjustments,

which would have the potential to improve the reliability of the measurement of isokinetic

maximal knee torque further. Therefore, this study aimed to determine the test-retest absolute

and relative reliability of knee peak torque flexion and extension on the novel iMoment dyna-

mometer, and to encourage its possible use in clinical and research settings.

Methods

Study design

This study was designed as a reproducibility study in a test-retest fashion, with at least one

week break between both tests, as advised by the previous studies on the reliability of isokinetic

testing [5]. Both tests were conducted during the same time of the day to reduce the effect of

diurnal subject-linked variability [5]. To additionally optimize the accuracy of the measure-

ments, all tests were conducted by the same researcher (TK). The leg testing order was ran-

domly selected (e.g., leg tested first on the test, was tested second on a retest) in order to

minimize the possible learning effect. The absolute and relative reliability was assessed with

SEM (%), SRD (%) and ICC, respectively.

Subjects

Out of 24 healthy recreational subjects initially enrolled in the study, 19 completed both isoki-

netic tests (13 males and 6 females, aged 24(3) years, height 178 (9) cm, weight 76 (11) kg, all

were left leg dominant (100%)) with 8 (3) days break between measurements. The dominant

leg was defined as the leg used to kick a ball [24]. Four participants were excluded due to health

problems (pain during or after the trial repetitions and/or test) and one participant left the

study due to personal reasons.
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No adverse cardiovascular or musculoskeletal problems were reported during the data col-

lection. All subjects were advised to continue with their normal physical activity regimen, with

the exception of vigorous intensity aerobic activities and sports, and lower limb strength train-

ing during the study. In addition, subjects were advised to avoid any moderate to vigorous

physical activities at least two days prior to measurements and verbally recalled all recent phys-

ical activities to the researcher to ensure similar pre-test conditions.

Prior to inclusion into the study, all participants were informed about the methods and pro-

cedures, as well as possible risks during the isokinetic testing. Written consent was signed

prior to inclusion into the study. The study was conducted according to the Declaration of

Helsinki guidelines for the use of human participants. The study protocol was approved by the

Board of Ethics in Sport, held at the Faculty of Sport, University of Ljubljana (identifier: 15/

2018).

Study protocol

Measurements were performed on an isokinetic dynamometer SMM iMoment (SMM produc-

tion systems, Ltd., Maribor, Slovenia) using a standard leg attachment. This is a novel self-con-

structed dynamometer in co-operation between SMM d.o.o., Faculty of Sport in Ljubljana and

Faculty of Mechanical Engineering in Ljubljana (Fig 1). The device is a robotic dynamometer

that is operated through software in all aspects, including dynamometer height, dynamometer

position, chair position, seat length, seat backrest inclination as well as the rotation of the

chair. Prior to each testing day, the machine was calibrated using a standard calibration weight

(31.3 Nm), and before each test, the participant’s leg was weighted for gravitational error tor-

que (GET).

The warm-up consisted out of 8 minutes of cycling at 100 to 120 W with a cadence of 60 to

70 cycles per minute. Later all subjects performed a short dynamic stretching of lower limb

and 10 repetitions of squat and hip thrust exercise. The test was performed with the partici-

pants in the sitting position. Participants were strapped with belts across the chest, pelvis and

test leg thigh to minimize body movement and compensations of other muscles. Furthermore,

the dynamometer axis of rotation was aligned with knee’s joint axis of rotations using lateral

epicondyle as an anatomic mark. The range of motion was 60˚ (from 90˚ to 30˚ of knee flex-

ion, with full knee extension being 0˚).

After the general warm-up, each subject performed 10 submaximal concentric contractions

of knee extension and flexion and 5 submaximal eccentric contractions in flexion at 60 ˚/s as

part of a special warm-up and familiarization with the test. Intensity in the general warm up

sets was progressed during each repetition from 50% to 80% of individual‘s perceived maximal

strength of knee extensors and flexors. During the testing, subjects performed 5 maximal con-

centric contractions of knee extension and flexion in the first set followed by 5 maximal eccen-

tric contractions of knee flexion in the second set. In the first set, each concentric contraction

of knee extensors was followed by concentric contraction of knee flexors; in the second set,

eccentric contraction was followed by concentric contraction of knee flexors. There was a

2-minute break between both sets. Participants were verbally encouraged by the investigator to

give their maximal effort, and visual feedback was provided throughout the test on the dyna-

mometer‘s monitor (Fig 1a).

Statistical analysis

The iMoment’s software evaluation report provided data for each mode of contraction and

muscle for the left and right legs. The highest peak contraction torque of each set of both tests

was used in the reliability analysis. All data were calculated using the IBM SPSS Software for
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Windows (version 21, SPSS Inc., Armonk, New York, USA) and MedCalc (MedCalc Software,

Seoul, Republic of Korea).

Categorical variables are displayed as numbers and percentages, and numeric variables are

presented as means and standard deviations. All numeric variables were first checked for nor-

mality of distribution with Shapiro-Wilk’s test. The differences between test and retest were

assessed with repeated measure analysis of variance (ANOVA) for normally distributed vari-

ables and with Friedman’s test in case of asymmetrically distributed variables.

The agreement between measurements was assessed with the intraclass correlation coeffi-

cient (ICC), and with the 95% confidence interval (95% CI) for ICC. Values of the ICC are

interpreted according to recent guidelines [25]. Absolute and relative measurement error were

assessed with the standard error of measurement (SEM ¼ SD�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � ICC
p

) and with the

SEM %, respectively [5]. The latter represents the limit for the smallest change that indicates a

real improvement for a group of participants following a given intervention (e.g., exercise

training). To calculate the smallest change that indicates a real improvement for a single partic-

ipant, the absolute value and the percentage (%) of the smallest real difference (SRD) was used

[26]. In contrast to SEM, the SEM % and SRD % are independent of the units of measurement.

Fig 1. The novel SMM isokinetic dynamometer.
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The qualitative assessment of systematic changes between test and retest means was per-

formed using Bland-Altman plots. These graphs can illustrate the possible issue of heterosce-

dasticity, which occurs when the test-retest difference increases as the mean of the value of

both test decreases [27]. Additionally, the quantitative assessment of heteroscedasticity was cal-

culated with the Pearson‘s correlation coefficient or Spearman’s rank correlation coefficient

for normally or asymmetrically distributed variables, respectively. The significance level was

set at p-values <0.05.

Results

Table 1 summarizes test and retest findings. There were no statistically significant differences

between test and retest in all measured isokinetic torque parameters (Table 1).

Table 2 presents the ICC, and the absolute and relative reliability statistics. The mean values

of ICC for maximal peak concentric torque of the left and right quadriceps, the left and right

hamstring, and the peak eccentric torque of the left hamstring showed excellent reliability,

Table 1. Peak torque on test and retest.

Mean (SD) 95% CI for Mean % difference test vs re-test F p

Concentric extension at 60˚/s

Left leg Test 282.44 (64.00) 251.59, 313.29 4% 2.579 0.167�

Re-test 271.60 (55.02) 245.08, 298.12

Right leg Test 243.82 (55.02) 217.30, 270.34 1% 0.761 0.395

Re-test 241.31 (58.06) 213.33, 269.30

Concentric flexion at 60˚/s

Left leg Test 141.86 (30.18) 127.31, 156.40 1% 0.288 0.598

Re-test 140.64 (32.63) 124.91, 156.37

Right leg Test 145.87 (32.99) 129.97, 161.77 -1%�� 0.337 0.569

Re-test 147.63 (31.13) 132.63, 162.64

Eccentric flexion at 60˚/s

Left leg Test 168.72 (38.84) 150.00, 187.45 1% 0.183 0.674

Re-test 167.10 (37.77) 148.90, 185.30

Right leg Test 180.76 (36.30) 163.26, 198.25 4% 1.316 0.359�

Re-test 172.88 (42.06) 152.61, 193.16

�—Friedman test,

��—minus sign indicates better performance on retest, SD-standard deviation, CI-confidence interval, F-test statistic

Table 2. Reproducibility measures of the isokinetic concentric and eccentric knee flexion and extension.

ICC 95% CI for ICC p d (Nm) CVSD SEM (Nm) SEM % SRD SRD %

Concentric left quadriceps at 60˚/s (Nm) 0.967 [0.914, 0.987] <0.001 10.84 1.7% 10.67 3.85% 29.57 10.67%

Concentric right quadriceps at 60˚/s (Nm) 0.988 [0.967, 0.995] <0.001 2.51 1.5% 6.16 2.54% 17.07 7.04%

Concentric left hamstring at 60˚/s (Nm) 0.975 [0.935, 0.990] <0.001 1.21 2.2% 4.91 3.47% 13.60 9.63%

Concentric right hamstring at 60˚/s (Nm) 0.955 [0.884, 0.983] <0.001 -1.76 2.5% 6.66 4.54% 18.45 12.58%

Eccentric left hamstring at 60˚/s (Nm) 0.951 [0.873, 0.981] <0.001 1.62 2.4% 8.28 4.93% 22.95 13.67%

Eccentric right hamstring at 60˚/s (Nm) 0.892 [0.718, 0.958] <0.001 7.87 2.8% 12.26 6.93% 33.99 19.22%

ICC-intraclass correlation coefficient, d- mean difference between test and retest, CI-confidence interval, CVSD-coefficient of variation of standard deviation, SEM-

standard error of measurement, SRD-smallest real difference
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while the ICC for peak eccentric torque of the right hamstring showed only good reliability.

Based on the 95% CI for ICC, the reliability was excellent for the peak concentric torque of the

left and right quadriceps, and the left hamstring. Moreover, the 95% CI for ICC showed good

to excellent reliability for peak concentric torque of the right hamstring and peak eccentric tor-

que for the left hamstring. Additionally, the reliability according to 95% CI for ICC was mod-

erate to excellent for peak eccentric torque of the right hamstring. All ICC were significant

(p<0.001).

The values of CVSD and SEM were low. The lowest CVSD was obtained for the peak concen-

tric torque of the left quadriceps (1.7%), as the peak eccentric torque of the right hamstring had

the highest CVSD (2.8%). Similarly, the low SEM % ranged from 2.54% to 6.93% for peak con-

centric torque of right quadriceps and peak eccentric torque for right hamstring, respectively.

Quantitative assessment of the systematic change showed no significant correlation

between test-retest means and test-retest difference for all variables. All correlations values

were low and ranged from -0.322 to +0.252. Furthermore, the qualitative results via the Bland-

Altman plots showed good agreement between measurements and homoscedasticity for con-

centric torque of Quadriceps at 60˚/s (-28.2; 41.6 Nm), concentric torque of the hamstring at

60˚/s (-23.0;22.5 Nm) and eccentric torque of the hamstring at 60˚/s (-36.2;45.7 Nm). We iden-

tified one outlier in concentric torque of the left quadriceps and the right hamstrings at 60˚/s,

and two outliers in the eccentric torque of the right hamstring (Fig 2a–2c).

Fig 2. Test-retest qualitative agreement of concentric torque of Quadriceps (a.) and Hamstrings (b.), and eccentric torque of

Hamstrings (c.).
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Discussion

The results have demonstrated an excellent test-retest reliability for concentric peak torque in

knee extension and flexion, except for moderate reproducibility for the eccentric torque of the

right hamstring. There were small test-retest differences and SRD was acceptable, indicating

the potential for the clinical use of novel SMM iMoment dynamometer for the concentric and

eccentric evaluation of knee flexion and extension.

The ICC values obtained in our study ranged from 0.892 (0.718–0.958) for the eccentric

right hamstring peak torque to 0.988 (0.967–0.995) for concentric right quadriceps peak tor-

que. This is in line with previously published data, which showed excellent reliability of knee

extensors and flexors in a concentric and eccentric manner using both older [8,11,21] and the

latest types of isokinetic dynamometers [5,14,22,23]. The absolute percentage difference

between test and retest was low and varied between 1% and 4%. In addition, we have also per-

formed a subsequent analysis to control for leg dominance and the leg tested first to eliminate

any potential learning effects or effects of central fatigue, and the analysis have shown that the

choice of first tested leg had no impact on the results.

Small measurement error and smallest real difference are important for clinical implication

of the measurement protocol [5]. However, only a few previous studies reported the SEM,

SEM %, and SRD values as indicators of absolute reliability [7,14,21] or real test-retest

improvement of the sample [28] (Table 3). Our SEM values range (6.66–12.26 Nm) are in line

with previous reports (5.57–13.00 Nm) using the Technogym’s REV 9000 dynamometer [19],

the Kincom 500H dynamometer [5] or the IsoMed 2000 dynamometer [22].

Compared to other reports, we obtained lower SEM % values [5,7,14,19]. Our SEM % val-

ues were lowest for the right quadriceps peak concentric torque (2.54%) and the left hamstring

concentric torque (3.47%), and the highest for hamstring eccentric peak torque (4.93–6.93%).

Slightly higher SEM % values, ranging from 3.50% to 10.71%, were reported by previous stud-

ies [5,7,14,19]. Interestingly, we noted an intra-dynamometer reliability differences using

short (30˚) or full ROM (70˚) on the REV 9000 dynamometer [7,19]. The full ROM demon-

strated higher absolute reliability (3.5–5.1%) [7] compared to short ROM (8.52–10.71%) [19].

In this case, the number of maximal repetitions in the measurement might play a possible role,

as five maximal repetitions [7] using full ROM may induce higher reliability compared to only

two maximal efforts using short ROM protocol [28]. Additionally, our results also showed low

to moderate error (SRD %) to detect a real test-retest change, which is supported by previous

studies. The SRD % in other studies was very similar [5,7,14], ranging from 9.7% [7] to 19.47%

[5]. One possible reason for such minor discrepancies may lie in the protocol design, which

consisted of five maximal repetitions with longer rest duration (2 minutes) between sets, while

others mainly used two to three maximal effort separated by 60 seconds break [5,14]. Shorter

breaks between testing sets may lead to a higher rate of fatigue accumulation and subsequent

performance decrement in the later stages of the given protocol. Moreover, there were no dif-

ferences between longer test-retest break (>7 days) in our case compared with shorter test-

retest breaks (96 h) reported in other studies [7,14]. For example, Sole et al. (2007) conducted

a second measurement after 7 days and reported the highest values of SRD % to date using the

Kincom 500H dynamometer. Also, there was no heteroscedasticity observed in either of the

measurement via Bland-Altman plots or correlation, which is comparable with previous stud-

ies [5,19].

Lastly, we must also emphasize some mechanical characteristics of this new dynamometer

that could additionally influence good-to-excellent reproducibility parameters. First, the chair

has a very stable backrest and the movement of the chair was motorized, allowing us to align

dynamometer and knee joint axes very precisely. The majority of other commercially available
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Table 3. Overview of current studies examining absolute and relative reliability using different isokinetic dynamometers.

Device, year, reference N Type of contraction at 60˚/s ICC SEM SEM % SRD SRD %

Biodex, 1990, [8] 19 Concentric extension 0.95 NR NR NR NR

Concentric flexion 0.98 NR NR NR NR

Cybex 6000, 1993, [11] 20 Concentric extension 0.94 NR NR NR NR

Concentric flexion 0.97 NR NR NR NR

Cybex 6000 DYN, 1996, [13] 18 Concentric extension 0.84 NR NR NR NR

Concentric flexion 0.83 NR NR NR NR

Eccentric flexion 0.84 NR NR NR NR

Biodex System 2, 1997, [21] 21 Concentric extension� 0.97 NR 4.8 NR NR

Concentric flexion� 0.97 NR 4.9 NR NR

Biodex System 3 Pro, 2005, [9] 13 Concentric extension 0.98 NR NR NR NR

Concentric flexion 0.97 NR NR NR NR

Tecnogym REV9000, 2006, [19] 16 Concentric right extension 0.89 10.68 8.52 NR NR

Concentric left extension 0.81 13.00 10.71 NR NR

Concentric right flexion 0.92 6.74 7.22 NR NR

Concentric left flexion 0.92 6.47 7.16 NR NR

KinCom 500H, 2007, [5] 18 Concentric extension 0.93 8.21 6.48 22.75 17.95

Concentric flexion 0.93 5.57 7.02 15.45 19.47

Eccentric flexion 0.94 6.48 6.88 17.97 19.07

Cybex NORM, 2008, [14] 18 Concentric right extension 0.98 NR 4.3 NR 12.0

Concentric left extension 0.95 NR 4.7 NR 13.0

Concentric right flexion 0.95 NR 5.2 NR 14.5

Concentric left flexion 0.93 NR 6.7 NR 18.6

Eccentric right flexion 0.94 NR 6.5 NR 18.0

Eccentric left flexion 0.97 NR 5.2 NR 14.5

IsoMed 2000, 2012, [22] 35 Concentric right extension 0.96 8.7 NR NR NR

Cybex II, 2013, [6] 16 Concentric extension 0.95 NR NR NR NR

Concentric flexion 0.89 NR NR NR NR

Technogym REV9000, 2013, [7] 24 Concentric right extension 0.93 NR 3.6 NR 9.9

Concentric left extension 0.96 NR 3.8 NR 10.5

Concentric right flexion 0.89 NR 4.9 NR 13.5

Concentric left flexion 0.96 NR 4.8 NR 13.3

Eccentric right flexion 0.91 NR 5.1 NR 14.1

Eccentric left flexion 0.98 NR 3.5 NR 9.7

Biodex System 3, 2018 [23] 26 Concentric extension 0.99 NR NR NR NR

Concentric flexion 0.97 NR NR NR NR

Eccentric flexion 0.96 NR NR NR NR

SMM iMoment, 2020 19 Concentric right extension 0.99 6.16 2.54 17.07 7.04

Concentric left extension 0.97 10.67 3.85 29.57 10.67

Concentric right flexion 0.96 6.66 4.54 18.45 12.58

Concentric left flexion 0.98 4.91 3.47 13.60 9.63

Eccentric right flexion 0.89 12.26 6.93 33.99 19.22

Eccentric left flexion 0.95 8.28 4.93 22.95 13.67

ICC-intraclass correlation coefficient; SEM-standard error of measurement; SRD-smallest real difference; NR-not reported
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dynamometers have manual adjustment of the chair and increments for adjustments are not

as smooth as in the present case. Other dynamometer characteristics, such as maximal torque

on the rotational axis with maximal angular velocity were comparable to other devices.

During the course of our study we have identified few limitations. Firstly, we have included

only young, physically active adults, which means that our findings may not be valid for differ-

ent age groups or in groups of patients. Thus, it would be interesting to extend our research to

include such specific groups. Secondly, our study would benefit from cross confirmation of

our strength findings with commercially available dynamometers (e.g., Biodex or CSMI

Norm) [2,9], however, this comparison was not possible at the time of the study. Finally, future

reliability studies should implement the same leg testing order at test and rest for each partici-

pant to minimize potential onset of central fatigue [29], which was not observed in our study.

In conclusion, our study has established moderate to excellent reliability and reproducibil-

ity with low measurement error for knee flexors and extensor using a novel self-constructed

SMM iMoment isokinetic dynamometer. Therefore, we believe that our results indicate the

potential applicability of the SMM iMoment isokinetic dynamometer in research, sport reha-

bilitation and exercise settings in order to monitor athlete progress during training. Neverthe-

less, future research is needed to assess the reliability of unilateral and bilateral imbalance

muscle ratios and the reliability of SMM iMoment dynamometer in clinical settings.
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Investigation: Tim Kambič.

Methodology: Tim Kambič, Mitja Lainščak, Vedran Hadžić.
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