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Abstract

Advancements in wearable technology have facilitated performance monitoring in a number

of sports. Figure skating may also benefit from this technology, but the inherent movements

present some unique challenges. The purpose of this study was to evaluate the feasibility of

using an inertial measurement unit (IMU) to monitor three aspects of figure skating jumping

performance: jump count, jump height, and rotation speed. Seven competitive figure skat-

ers, outfitted with a waist-mounted IMU, performed a total of 59 isolated multi-revolution

jumps and their competition routines, which consisted of 41 multi-revolution jumps along

with spins, footwork, and other skills. The isolated jumps were used to develop a jump identi-

fication algorithm, which was tested on the competition routines. Four algorithms to estimate

jump height from flight time were then evaluated using calibrated video as a gold standard.

The identification algorithm counted 39 of the 41 program jumps correctly, with one false

positive. Flight time and jump height errors under 7% and 15% respectively were found

using a peak-to-peak scaling algorithm. Rotation speeds up to 1,500˚/s were noted, with

peak speeds occurring just over halfway between takeoff and landing. Overall, jump moni-

toring via IMUs may be an efficient aid for figure skaters training multi-revolution jumps.

1. Introduction

Figure skating has evolved throughout its history from an artform to an athletic sport. Notably,

in 1990 the discipline of figures, to which the sport owes its name, was eliminated from compe-

titions. This event accelerated an already ongoing shift in training time from figures to free-

style, and specifically to jumping. Judging criteria also evolved to reward more technically

demanding programs. Today’s competitive skaters train extensively, engaging in several hours

daily of both on-ice and off-ice workouts. The number of jumps that elite skaters perform each

day has been roughly estimated at between 50 and 100 [1], but to our knowledge has not been

formally tracked. With a potential link between increased jumping and increased injury rates

[2–8], there is a need to track jump training volume.

Elite figure skaters often face a potential conflict between performance improvement and

injury prevention. Numerous jump repetitions are performed to learn and hone technique, yet
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repetitive impacts from jump landings are likely linked to chronic overuse injuries. For many

skaters and coaches, short-term desires for performance improvement may supersede any

concerns of long-term injury risks. This dilemma is not unique to figure skating. Many sports

have increased monitoring and even regulations in an attempt to balance injuries and perfor-

mance. For example, in baseball, pitch count limits have been instituted [9, 10], while in Amer-

ican football there has been an increase in monitoring head impacts related to concussions

[11]. Advancements in wearable technology have increased the ability to measure and monitor

various parameters related to both injury risk and performance in a variety of sports. This has

the potential to increase understanding of risk factors, raise awareness of training volume, and

increase training efficiency. Figure skating may also benefit from this technology.

Existing wearable technology, in the form of an accelerometer and gyroscope (called an

inertial measurement unit, or IMU), could be used to monitor three important parameters for

figure skating: jump count, jump height, and rotation speed. Jump count could be used to doc-

ument, monitor, and regulate training volume while jump height could be used to measure

jumping performance as well as monitor fatigue or performance degradation. Rotation speed

could similarly be used as a performance feedback aid and a measure of performance degrada-

tion. The combination of the three parameters has the potential to help skaters train more effi-

ciently, which may be the key to balancing performance and injury conflicts. However, there

are a number of challenges in deriving these quantities from IMU signals in figure skating.

These three quantities depend on the ability to identify a jump from an accelerometer sig-

nal. For jumping in general, acceleration peaks are found near take-off and landing events.

Yet, figure skating performances often contain footwork and other movements that could con-

tain acceleration peaks that mimic those from jumps. Determining optimal peak detection tol-

erances is therefore important in avoiding false positives. Once a jump is identified, jump

height can be calculated from flight time using a Newtonian projectile motion relationship

(see Methods 2.3.2). A number of accelerometer-based methods to determine flight time have

been applied to vertical jumping, with good accuracy [12–14]. Additional challenges are inher-

ent in figure skating due to the rotation that accompanies jumps as well as potential differences

between take-off and landing positions.

The purpose of this study was to determine the feasibility and initial accuracy of using an

IMU to measure multi-revolution jump count, jump height, and rotation speed in figure skat-

ing. We theorized that the combined use of an accelerometer and gyroscope could successfully

capture the number of multi-revolution jumps performed despite the presence of numerous

confounding movements inherent in this sport.

2. Methods

2.1 Participants

Seven healthy competitive figure skaters between the ages of 12 and 27 years participated in

the study (6 F, 1 M). Skaters’ competition levels ranged from Juvenile to Senior (as determined

by their participation in U.S. Figure Skating sanctioned events), with all skaters able to perform

at least double revolution jumps. All skaters were volunteers and they and their parents (when

necessary) signed assent/consent forms approved by the Brigham Young University Institu-

tional Review Board. Subject mean ± standard deviation height and mass were 1.57±0.06 m

and 49.2±6.3 kg.

2.2 Data collection

Data collection consisted of two parts, the order of which was determined by the skater’s pref-

erence: isolated jumps and a competition routine. The isolated jumps were used as a training
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set for the jump-finding algorithm and as the primary analysis for the jump height calcula-

tions. The competition routine, which included jumps, spins, and footwork, was used as a test-

ing set to evaluate potential acceleration signals that could confound jump identification.

Jumps were classified as either successful or unsuccessful. Successful jumps were landed

cleanly on one foot, while falls, under-rotated jumps, and two-footed landings were considered

unsuccessful. Classification was performed from video by two experienced skaters.

Prior to collection, each skater was outfitted with an IMU (Opal model, APDM, Inc., Port-

land OR, USA), affixed to the lower back at approximately the L4-L5 spinal level with elastic

therapeutic tape (KT Health, LLC, American Fork UT, USA). The IMU axes were aligned with

the anatomical cardinal planes. As video recording was used for jump height validation, a high

contrast color elastic strap was wrapped around the waist at approximately the same level as

the IMU and used as a visual surrogate for the skater’s center of mass. A location on the ice

was marked for the isolated jumps. A high-speed camera (Sony nex-fs700U with a Canon EFS

17–55 mm lens), mounted on a tripod, was positioned approximately 8 meters from this loca-

tion. A range pole was used as a distance calibration reference. Snapshots of the pole were col-

lected with it held on the jump location as well as two other depths: approximately 0.5 m in

front of and behind the location. During jump testing, the closest of the three reference posi-

tions to the jump mid-flight location was noted.

Each skater performed between six and ten isolated multi-revolution jumps. These con-

sisted primarily of single axels (1.5 revolutions) and various double revolution jumps, with a

few of the simpler triple revolution jumps (Fig 1A). The numbers and types of jumps per-

formed by each skater were not controlled, as the goal was simply to achieve a sufficiently

broad data set to perform a group analysis without overburdening each skater. Competition

routines lasted between 2.0 and 3.5 minutes, depending on the level of the skater, and con-

tained between 4 and 11 jumps (Fig 1B) interspersed with other movements. IMU data was

recorded for both the isolated jumps and the competition routine at 128 frames/s. Video was

recorded at 240 frames/s with a resolution of 1920 by 1080 pixels for the isolated jumps. Com-

petition routines were recorded with a cell phone camera, which was used only as a reference.

2.3 Data analysis

The IMU data was analysed using custom MATLAB software (Mathworks, Inc., Natick MA,

USA). All accelerometer signals were processed with a low pass filtered (6th order Butterworth

with 10Hz cutoff) prior to analysis. MATLAB’s findpeaks() function was then used to identify

jumps and implement jump height algorithms. Video analysis was performed using Dartfish

software (Dartfish USA, Inc. Alpharetta GA, USA).

2.3.1 Jump identification. Video and IMU data were matched by manually identifying

the two acceleration peaks (from the IMU data) that corresponded with the beginning and end

of each jump (from the video). These acceleration peak magnitudes were extracted from the

IMU data along with the time between peaks and the peak rotational velocity occurring

between them (Fig 2). The algorithm for automated jump detection was developed from this

manual identification, using a three-step process. The appropriate IMU signal thresholds to be

used in each step were determined from the isolated jumps, with some additional tolerances

added to slightly broaden the characterization. In order to be counted, a jump had to include

the following:

1. Two acceleration peaks (take-off and landing), both greater than 25 m/s2
.

2. Acceleration peaks separated by 0.3 s to 0.85 s.

3. A rotation peak greater than 688 deg/s (12 rad/s) between the two acceleration peaks.
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Following characterization of the isolated jumps, the three-part algorithm, with the above

thresholds, was applied to the competition routines to determine its effectiveness in identifying

multi-revolution jumps while avoiding false positives. The number of jumps identified by the

Fig 1. Tally of all jump types performed. The numbers at the top of each stacked bar represent the total number of jumps performed and

number of skaters who contributed to that tally in parentheses. All jumps were marked as being landed successfully or unsuccessfully, the

latter designation given to falls, under-rotations, and two-footed landings. For the isolated jumps (A), a total of 59 multi-revolution jumps

were recorded from seven skaters. Forty-two (71%) of the jumps were successfully landed and 17 (29%) were unsuccessful. From the

competition routines (B), a total of 41 multi-revolution jumps were recorded from the seven skaters. Thirty-two (78%) of the jumps were

successfully landed and nine (22%) were unsuccessful. In addition, nine jumps of one rotation or less and 4 flying spins were tallied.
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IMU algorithm, along with the number of correct jumps (tallied from reference video) were

quantified at each algorithm step.

2.3.2 Jump height. IMU based jump height estimation was based on determining flight

time (t). Assuming that the center of mass height at take-off and landing are the same and that

air resistance is negligible, jump height can be determined from the physics of a free falling

body: Height = gt2/8. However, peak accelerations in most jumps typically occur slightly before

the instant of take-off and slightly after the instant of landing; therefore jump height estimation

focused on potential algorithms to either determine take-off and landing events in the acceler-

ometer signal, or adjust the time between accelerometer peaks. Four potential flight time algo-

rithms were considered (Fig 3):

1. Gravitational threshold (GT) (Fig 3B, triangles): Take off was marked as the time following

the first peak when acceleration dropped below 1.5�g. Landing was marked as the time

when it again rose above 1.5�g just before the second peak. This algorithm was adapted

from Monnet et al. [13].

2. Peak to peak scaling (PPS) (Fig 3B, circles): The time between accelerometer peaks was mul-

tiplied by a scale factor. This scale factor was calculated by dividing the mean peak to peak

time (from IMU) by the mean flight time (from video). The resulting scale factor was 0.761.

3. Valley to valley scaling (VVS) (Fig 3B, diamonds): The time between the first valley follow-

ing the take-off peak and the last valley before the landing peak was multiplied by a scale

factor. This scale factor was calculated by dividing the mean valley to valley time (from

IMU) by the mean flight time (from video). The resulting scale factor was 0.887.

4. Vertical / horizontal acceleration intersection (VHI) (Fig 3B, squares): Take-off and landing

were marked at the intersection of the vertical and horizontal accelerations (just after verti-

cal take-off peak and just before vertical landing peak).

Flight time and jump height were obtained from the isolated jump videos and used to deter-

mine algorithm accuracy (Fig 4). First, the events of take-off (the frame when the toe of the

take-off leg first lifted off the ground) and landing (the frame when the landing toe first

Fig 2. Boxplots characterizing all isolated jumps. A) Peak vertical accelerations during take-off and landing; B) Time between peak accelerations; and C) Peak rotation

speed between peak accelerations (as measured by the gyroscope). Boxplots are median and quartiles with range whiskers, outlier represented by red pluses.
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touched the ground) were marked. The time between the two events was considered the gold

standard for flight time. Next, the positions of the high contrast waistband were measured at

20 30 40 50 60 70 80 90 100
-20

0

20

40

60

m
/s

2

Vertical Acceleration

20 30 40 50 60 70 80 90 100

-20

0

20

40

60

m
/s

2

Horizontal Acceleration

20 30 40 50 60 70 80 90 100
time (s)

-10

0

10

20

ra
d/

s

Rotational Velocity

66 66.5 67 67.5 68 68.5 69
time (s)

-10

0

10

20

30

40

50

Vertical Acceleration (m/s2)
Horizontal Acceleratoin (m/s2)
Rotational Velocity (rad/s)

Fig 3. Example IMU signals. The first half of a roughly 3.5 minute long Novice level men’s competition routine is shown (Top). The top signal represents vertical

acceleration, the middle represents radial acceleration, and the bottom represents rotation around the vertical axis (from the gyroscope). A three-second sub-section

surrounding a double flip jump is highlighted and expanded (bottom). Each of the three signals are plotted on the same axis to show their interactions. Take-off and

landing events from the four algorithms are also shown using symbols. Take-off events are on the left, just following the first peak, while landing events are on the right,

just prior to the last peak.
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take-off, peak height, and landing positions. The snapshot of the ranging pole, in the appropri-

ate reference position, was used to convert pixels to centimeters. Video analysis was performed

by two separate researchers, with values averaged between them.

The temporal information from the video was considered more accurate than the spatial

information, so accuracy of the algorithm was first assessed by comparing IMU algorithm

based flight times to video based flight times using mean absolute errors (MAEs). Jump heights

derived from these flight times were similarly compared using MAEs. The spatial video analy-

sis was used primarily to determine whether there were any differences between take-off and

landing height positions. To do this, ascent height (vertical position at peak minus takeoff) was

compared to descent height (peak minus landing).

2.3.3 Rotation speed. Analysis of rotation speed focused on tabulating peak rotation

speeds along with the timing of these peaks relative to take-off and landing events. This was

done across all isolated and competition routine jumps. Peak rotation speeds were tabulated

for all multi-revolution jumps, as well as separated between double and triple jumps.

3. Results

3.1 Jump identification

Applying the three-step jump identification algorithm (developed on the isolated jumps) to

the competition routines successfully captured 39 of the 41 multi-revolution jumps. The two

missed jumps were a double loop that was the second jump in a two-jump combination (no

steps between jumps), and a double flip in which the skater fell on the landing. One of the sin-

gle revolution jumps also met the criteria. This was a single loop that was originally intended

to be a double, but the rotation was aborted in the air (i.e. popped). The algorithm did not cap-

ture the other nine� one revolution jumps. None of the flying spins, footwork, or connecting

movements were captured (Fig 5).

3.2 Jump height

PPS was the most accurate method, with MAEs of 0.03 s in flight time or 3.3 cm in derived

jump height (Table 1, Fig 6). The worst performing method was GT, which had MAEs of 0.098

s in flight time and 7.81 cm in jump height. VHI tended to slightly overestimate jump height,

while GT tended to underestimate it (PPS and VVS were scaled from the means and thus

inherently matched mean values). When algorithms were applied only to the successfully

landed jumps, accuracy improved slightly for PPS and VVS (but not GT and VHI), with PPS

MAEs reaching 0.024 s in flight time and 2.62 cm in jump height.

Jump height measured from spatial video analysis was on average 1.5 cm higher (25.9 ± 7.1

cm) than that derived from video flight time (24.4 ± 6.5). Spatially measured landing positions

were on average 1.5 cm (± 4.2 cm) higher than take-off positions (Fig 7).

3.3 Rotation speed

Peak rotation speed across all jumps ranged from 889 to 1,665 deg/s, with a mean of 1,289 deg/

s (see also Fig 1C). Separating double and triple jumps, the mean speed for the doubles was

1,273 deg/s and the mean speed for the triples was 1,465 deg/s. The peak rotation speed

occurred 64 ± 16% (mean ± SD) of the way between the two acceleration peaks.

4. Discussion

The purpose of this study was to determine the feasibility of using an IMU to characterize

multi-revolution jumping performance in the sport of figure skating. We performed a

Advances in Sport and Exercise Medicine 

7

https://doi.org/10.1371/journal.pone.0206162


systematic analysis on 59 isolated training jumps as well as competition routines containing 41

multi-revolution jumps and confounders such as spins, footwork, and other skills. The results

are promising for jump identification and rotation speed quantification, but some accuracy

hurdles remain for accurate jump height estimation.

4.1 Jump identification

Out-of-sample testing on the competition routines showed the potential for accurate multi-

revolution jump detection despite the presence of numerous confounding movements. These

non-jump movements also demonstrated the importance of all three steps in the algorithm.

For example, a number of movements met the first two algorithm criteria. Jump count was

reduced from 123 to 40 only after applying a rotational requirement. There were only two false

negatives. One was a fall in which the skater did not have a strong landing impact peak due to

off-axis positioning and continued rotation after landing contact. The other was the second

jump in a two-jump combination, having a small take-off acceleration (and low jump height).

There was also one false positive, a jump that was meant to be a double jump but was aborted

in mid-flight. This jump displayed initial acceleration and rotation characteristics more similar

to a double jump than a single jump. All other single jumps were excluded in our algorithm

due either to insufficient acceleration or insufficient rotation, and usually both.

Fig 4. Video identification of jumping events. Snapshots of the take-off (A), peak (B), and landing (C) events from a subject performing an isolated double axel jump.

The high contrast waistband is shown, from which spatial jump height measurements were taken. The individual in this picture has given written informed consent to

publish this photograph.
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We targeted jumps greater than one revolution as these are generally considered more dan-

gerous than single jumps, perhaps due to reduced landing preparation time [15]. However,

studies on impacts and injury development are still lacking; the proposed device could be a

first step towards empirically determining these relationships. If the supposed link between

jumps and injuries is related primarily to peak accelerations, it may be that single jumps and

other movements could also contribute to the cumulative toll that jump impacts apply to the

body. Many of the non-jump movements, such as footwork and flying spins, had accelerations

similar to single jumps, and sometimes doubles. Lowering thresholds to capture single jumps

is certainly possible, but would also capture many of these other movements. More research is

needed to determine the extent to which single jumps should be monitored. Our dataset also

consisted of intermediate to upper level skaters, which specifically train for double and triple

jumps; it is possible that lower level skaters may have greater distinction between single jumps

and other skills. Subject specific tuning of algorithm parameters may address these issues, but

would require a larger sample to fully implement and evaluate.

Fig 5. Jump identification flow chart. This shows the effect of each step of the jump identification algorithm on the competition routines. A total of 5,807 peak pairs

were present, indicating potential jumps. This was reduced to 40 jumps with the three-step algorithm. There were 41 total multi-revolution jumps performed, 39 of

these jumps were captured by the algorithm (missing 2), and one� one revolution jump was captured.

Table 1. Flight time and jump height.

Method All Isolated Jumps Successful Jumps Only

Flight time (s) Jump Height (cm) Flight time (s) Jump Height (cm)

Video 0.44 ± .060 24.4 ± 6.5 0.44 ± .058 24.4 ± 6.2

Errors compared to video:

GT 0.098 ± 0.154 7.81 ± 10.8 0.103 ± 0.165 8.00 ± 11.4

PPS 0.031 ± 0.025 3.33 ± 2.75 0.024 ± 0.015 2.62 ± 1.72

VVS 0.047 ± 0.046 7.81 ± 10.83 0.040 ± 0.041 4.36 ± 4.84

VHI 0.165 ± 0.053 4.87 ± 3.87 0.167 ± 0.056 4.85 ± 4.13

Flight time and derived jump height from video, followed by mean absolute errors (MAEs) from the four IMU-based algorithms (as compared to video). MAEs were

calculated as the absolute differences between each method and the gold standard video (expressed as means ± standard deviations). Evaluation consisted of all isolated

jumps followed by only the successfully landed jumps.
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4.2 Jump height

PPS was the most accurate algorithm for calculating jump height. However, PPS had a slight

inherent advantage as its scaling factor was tuned directly to the data (note that VVS was also

tuned to the data and it performed poorly). GT performed the worst but may have some future

Fig 6. Algorithm accuracy expressed as % error. All four algorithms were tested on the isolated jumps to determine accuracy in flight time (A) and jump height (B).

Fig 7. Spatial analysis of isolated video jump heights. Ascent height was calculated as the difference between vertical

positions at peak and take-off events. Descent height was similarly the difference between peak and landing events.

Landing position was on average 1.53 cm higher than take-off position.
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potential. Its poor performance was due primarily to fluctuations in vertical acceleration dur-

ing air time, resulting in delays in crossing the 1.5g threshold in some subjects. Thirteen of the

59 isolated jumps had obvious, large delays in threshold crossing. If these 13 are removed,

accuracy improves to rival that of PPS, with mean errors of 5.7% in flight time and 11.5% in

jump height (compared to 5.5% and 11.1% for PPS on successful jumps). Some of the accelera-

tion variability during air time may be due to off-axis rotations, which could be improved with

a more complex algorithm that incorporates orientation estimates. For further discussion of

this specific algorithm limitation, see 4.4 below. VHI utilized the crossing of the vertical and

radial acceleration signals, which we originally thought could have some physiological rele-

vance in signifying a transition from upwards linear acceleration to rotational motion. How-

ever, the variability in the signals makes this crossing an unreliable indicator of take-off or

landing. It is possible that thresholds in radial acceleration or gyroscope signals could be used

to indicate how take-off and landing events relate to rotation—this could be jump type specific

and would require a larger data set to fully evaluate.

While temporal information from the video analysis was considered a priori to be more

accurate than spatial information, both appeared to be in general agreement, allowing us to

draw some preliminary conclusions regarding future jump height accuracy. Spatial video anal-

ysis was used primarily to look for differences between take-off and landing positions. We

found that landing was on average 1.5 cm higher than take-off (i.e. subjects were more

extended at landing)—this would result in a slightly shorter flight time (compared to landing

at an equal height) and therefore a slight underestimation of true jump height when derived

from flight time. Using the mean values for flight time (0.44s) and height difference (1.5 cm),

this should result in a mean underestimation of approximately 1.0 cm (24.47 cm—23.7 cm).

This is close to the spatially measured jump height, which was on average 1.5 cm higher than

that determined from flight time. It may therefore be possible to improve overall jump height

accuracy by incorporating a fixed, or subject specific, height difference into the algorithm.

Alternately, it may be sufficient to simply focus training programs around within-subject

changes in flight time itself, rather than trying to derive accurate measures of jump height. For

many skaters, focusing only on these changes may still be extremely beneficial in identifying

fatigue onset or documenting performance improvements.

4.3 Rotation speed

Rotation speed may be the most desirable monitoring parameter for increasing skating jump

performance. To accomplish more difficult jumps, skaters can either increase jump height or

increase rotation speed. It is generally easier to lower rotational inertia by adjusting air posi-

tion than it is to gain jumping height, as evidenced by research showing no differences in

jump height between double and triple jumps [15]. A few previous studies have measured

peak rotation speeds derived from video analysis [15–17]. Our peak rotation speeds from the

IMU gyroscope compare favorably with these studies. In addition to peak rotation speed,

other aspects of the rotation speed/ time profile may be beneficial to training; for example, in

determining how quickly skaters achieve peak angular velocity. In our study, peak rotation

speeds occurred on average just over halfway (64%) between the take-off and landing accelera-

tion peaks. In order to complete more rotations, this may need to occur earlier in the jump.

4.4 Limitations and future opportunities

This was a feasibility study, and as such, we employed a relatively small sample size. There

were also some discrepancies between the difficulty of the isolated jumps and the jumps con-

tained in the competition routines, with slightly lower difficulty in the competition routines
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because skaters opted out of performing many of their harder jumps within the constraints of

the routine. However, these differences had no detrimental effect on the jump count algorithm

itself, which performed well across all competition routines. The main advantage of a larger

sample size would be the ability to perform additional analyses; for example, distinguishing

jump types (e.g. edge jumps from toe jumps) or investigating subject-specific threshold tuning.

For example, with a larger sample size machine learning methods could be used to help classify

jumps within competition routines.

Additional complexity could also be added to the algorithms to overcome potential drift

and orientation hurdles. Gyroscopes have inherent drift, which we did not control for in our

short-duration testing, but this may be a factor in longer duration monitoring. We also utilized

the IMU sensor components independently, aligning the IMU axes to the cardinal body

planes. Axis misalignment errors are therefore possible due both to placement and changes in

body posture. Two approaches to overcome misalignment errors have been used in other stud-

ies. The first simply combines the individual acceleration components into a single resultant

acceleration [18], but this does not appear to be feasible in skating due primarily to high radial

accelerations when rotating. The second relies on a sensor fusion algorithm to calculate orien-

tation and transform the sensor to body specific axes [19, 20]. Orientation accuracy has not

been tested in figure skating, and our positive results suggest that only minor improvements

are likely with the additional complexity. A few instances warrant note, however. Two of the

isolated double axel jumps contained an extra acceleration peak just after take-off. This was

caused by radial acceleration that bled into the vertical component because the skater had sub-

stantial off-axis body lean. This only occurred twice, but could negatively affect jump identifi-

cation in some skaters. Additionally, some of the flying spins have substantial changes in body

posture that could similarly confound jump identification.

5. Conclusions

In this study we developed a prototype jump monitor for figure skating. Overall, our results

suggest that accurate identification of multi-revolution jumps and quantification of rotation

speeds can be accomplished using a single waist-mounted IMU. Further algorithm develop-

ment could increase jump height estimation accuracy. A fully integrated jump monitor which

incorporates these capabilities may increase training efficiency and help skaters and coaches

balance injury and performance conflicts.
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Abstract
The aim of this paper is to provide a Bayesian formulation of the so-called magnitude-

based inference approach to quantifying and interpreting effects, and in a case study

example provide accurate probabilistic statements that correspond to the intended magni-

tude-based inferences. The model is described in the context of a published small-scale

athlete study which employed a magnitude-based inference approach to compare the

effect of two altitude training regimens (live high-train low (LHTL), and intermittent hypoxic

exposure (IHE)) on running performance and blood measurements of elite triathletes. The

posterior distributions, and corresponding point and interval estimates, for the parameters

and associated effects and comparisons of interest, were estimated using Markov chain

Monte Carlo simulations. The Bayesian analysis was shown to provide more direct proba-

bilistic comparisons of treatments and able to identify small effects of interest. The

approach avoided asymptotic assumptions and overcame issues such as multiple testing.

Bayesian analysis of unscaled effects showed a probability of 0.96 that LHTL yields a sub-

stantially greater increase in hemoglobin mass than IHE, a 0.93 probability of a substan-

tially greater improvement in running economy and a greater than 0.96 probability that

both IHE and LHTL yield a substantially greater improvement in maximum blood lactate

concentration compared to a Placebo. The conclusions are consistent with those obtained

using a ‘magnitude-based inference’ approach that has been promoted in the field. The

paper demonstrates that a fully Bayesian analysis is a simple and effective way of analys-

ing small effects, providing a rich set of results that are straightforward to interpret in terms

of probabilistic statements.
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Introduction
A key interest in sports science is the estimation and evaluation of small effects, such as the dif-
ference in finishing times between world-class athletes, or the impact of exercise training and/
or lifestyle interventions such as dietary changes or sleep behaviors on performance [1]. While
such an interest is not confined to this context [2], there are some features of sports science
that make accurate and relevant estimation of small effects particularly challenging. Two such
challenges are small sample sizes when dealing with international-standard, elite-level athletes
and frequent small true between-individual differences in competitive performance. The issue
of dealing with small sample sizes in studies has drawn comment in the fields of both medicine
[3, 4] and sports science [5].

These issues have been addressed by a number of sports science researchers. For example,
Batterham and Hopkins (2006) challenged the traditional method of making an inference
based on a p-value derived from a hypothesis test, arguing that it is confusing, potentially mis-
leading and unnecessarily restrictive in its inferential capability [6]. The authors suggested
alternative is to focus on the confidence interval as a measure of the uncertainty of the esti-
mated effect, and examine the proportion of this interval that overlaps pre-defined magnitudes
that are clinically or mechanistically relevant. As illustration, Batterham and Hopkins identify
‘substantially positive’, ‘trivial’ and ‘substantially negative’magnitudes, as well as more finely
graded magnitudes. The authors then translate these proportions to a set of likelihood state-
ments about the magnitude of the true effect.

Batterham and Hopkins justify their suggested approach and corresponding inferences by
drawing an analogy between their method and a Bayesian construction of the problem. In par-
ticular, they claim that their approach is approximately Bayesian based on no prior assumption
about the distribution of the true parameter values. This has drawn criticism by a number of
authors, such as Barker and Schofield (2008) who–rightly–point out that the approach is not
Bayesian, and that the assumed priors in an analogous Bayesian approach may indeed be infor-
mative [7]. More recently, Welsh and Knight (2014) further criticised the approach of Batter-
ham and Hopkins and suggested that relevant statistical approaches should use either
confidence intervals or a fully Bayesian analysis [8].

The aim of this paper is to provide a Bayesian formulation of the method proposed by Bat-
terham and Hopkins (2006) and provide a range of probabilistic statements that parallel their
intended magnitude-based inferences. The models described here can be expanded as needed
to address other issues. For further exposition, the model is described in the context of a small-
scale athlete study authored by Humberstone-Gough and co-workers [9], which employed Bat-
terham and Hopkins’ approach to compare the effect of two altitude training regimens (live
high train low, and intermittent hypoxic exposure) on running performance and blood mea-
surements of elite triathletes.

Methods

General model
Both Bayesian and frequentist approaches require specification of a statistical model for the
observed data, which contains a number of parameters that need to be estimated. Bayesian
methods are different from frequentist approaches in that the parameters are treated as ran-
dom variables. That is, they are considered as having true, but unknown, values and are thus
described by a (posterior) probability distribution that reflects the uncertainty associated with
how well they are known, based on the data. The posterior distribution is obtained by multiply-
ing the likelihood, which describes the probability of observing the data given specified values
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of the parameters, and the prior distribution(s), which encapsulates beliefs about the probabil-
ity of obtaining those parameter values independently of the data. These priors may be devel-
oped using a range of information sources including previous experiments, historical data and/
or expert opinion. Alternatively, they may be so-called uninformative or vague distributions, to
allow inferences to be driven by the observed data.

This study describes a simple statistical model that might be considered in the context of
examining small effects in sports science and also some possible prior distributions that might
be placed on the parameters of this model. Some extensions to the model are considered in a
later section.

Suppose that there are G treatment groups. For the gth group (g = 1,. . .,G), let ng denote the
total number of individuals in the group, yi(g) denote an observed effect of interest for the ith
individual in the group (i = 1,. . .,ng), yg denote the set of observations in the group, �yg and s

2
g

denote respectively the sample mean and sample standard deviation of all the observed
responses from the group, and vg = ng−1 denote the degrees of freedom. For example, in the fol-
lowing case study, there are G = 3 groups (training regimens); yi(g) is the difference between the
post- and pre-treatment measurements for a selected response for the ith athlete in the gth
training regimen, and �yg is the average difference for that group.

Assume that an observation yi(g) is Normally distributed around a group mean μg, with a
group-specific variance s2

g , i.e.:

yiðgÞ � Normalðmg ; s
2
gÞ ð1Þ

A vague prior density is adopted for the pair of parameters ðmg ; s
2
gÞ [10] so that:

pðmg ; s
2
gÞ / s�2

g ð2Þ

(where/ denotes proportional to). Based on [1] and [2], the posterior conditional distribu-
tions for μg and s2

g are given by

mg js2
g ; yg � Nð�yg ;

s2
g

ng

Þ ð3Þ

s2
g jyg � Inversew2ðug ; s2gÞ: ð4Þ

The marginal posterior distribution for μg can be shown to have a t distribution on vg
degrees of freedom: [10]

mg jyg � tgð�yg ;
s2g
ng

Þ ð5Þ

so that

ðmg � �ygÞ=ðs2g=
ffiffiffiffiffiffiffi
ngÞ

q
jyg � tug ð6Þ

Relationship with frequentist results
The marginal posterior distributions for s2

g and μg, based on the data, are given by Eqs (4) and

(5), respectively. Because of the choice of the vague prior (Eq (2)), these distributions can be
shown to be closely related to analogous distributions for the (appropriately scaled) sufficient
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statistics, given μg and s2
g , based on frequentist sampling theory: [10]

ugs
2
g js2

g � w2ug ð7Þ

ð�yg � mgÞ=ðs2g=
ffiffiffiffiffiffiffi
ngÞ

q
� tug : ð8Þ

Estimation of values of interest
A range of posterior estimates (conditional on the available data) arising from the model may
be of interest, including:

1. the mean and standard deviation for each group (e.g., each training regimen in the study),

given by μg and s2g , respectively

2. the difference between the group means: δkl = μk−μl and the associated standard deviation
of this difference, σkl

3. a (1−α)% credible interval (CI) for a measure of interest, θ, say, such that there is a posterior
probability (1−α) that θ lies in this interval (e.g., θ could be the mean of group 2, i.e., θ = μ2,
and a 95% CI of (3.1, 4.2), for instance, indicates that the probability that μ2 is between 3.1
and 4.2, given the data, is 0.95), which is a much more direct statement than is possible
under a frequentist approach

4. Cohen’s d [11] for the difference between two groups, given by dkl = δkl/σkl when comparing
groups k and l, k 6¼ l

5. the probability that Cohen’s d exceeds a specified threshold such as a ‘smallest worthwhile
change’ (SWC,[6]), given by Pr(dkl> SWC) or Pr(dkl< −SWC), depending on whether dkl
is positive or negative, respectively

6. the predicted outcome of each individual under each training regimen, regardless of
whether or not they have participated in that training, obtained from Eq (1), with an esti-
mate of the corresponding uncertainty of this prediction

7. the ranks of each individual under each training regimen, with corresponding uncertainty
in these orderings.

Given the data yg for each group (and hence the sufficient statistics �yg and s
2
g), it is straight-

forward to use Eqs (4) and (5) to compute posterior estimates μg and s2
g , and other probabilities

of interest. An alternative, simple approach is to simulate values of interest using Eqs (3) and
(4) iteratively, employing a form of Markov chain Monte Carlo (MCMC) [12]. A more techni-
cal explanation of this approach including the Gibbs sampling techniques is provided by
Geman and Geman [13]. At each iteration, a value of s2

g is simulated from Eq (4) and then a

value of μg given that value of s2
g is simulated from Eq (3). This process is repeated a large num-

ber of times. The simulated values can be used to compute other measures (e.g. exp(μ1−μ2) if
this is of interest), indicators I(μ1 > c) or I(μ1 > μ2) and so on. Then E(exp(μ1−μ2)), Pr(μ1 > c)
and Pr(μ1 > μ2) can be estimated (where E denotes expectation) as the respective averages of
these values over all of the iterations. Similarly, at each iteration, the simulated parameter val-
ues can be input into Eq (1) to obtain predicted values of y for each individual under each regi-
men, and the individuals can be ranked with respect to their predicted outcome. The posterior
distributions for individual predicted outcomes, and the probability distribution for the ranks,
are computed from the respective values obtained from the set of iterations.
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The Cohen’s d is a standardized effect size estimate, calculated as the difference between
two means divided by the corresponding standard deviation. While there are many effect size
estimators, Cohen’s d is one of the most common since it is appropriate for comparing between
the means of distinctly different group and it has appealing statistical properties; for example it
has a well known distribution and is maximum likelihood estimator [14].

Model extensions
The model described above can be easily extended in a range of ways. Three such extensions
are considered here. The first extension is that other prior distributions can be considered
instead of Eq (2) above. For example, another common approach is to assign a normal distribu-
tion for the group means,

mg � NormalðM;VÞ ð9Þ

and a Uniform distribution for the standard deviations,

sg � Uniformð0;RÞ; ð10Þ

where M and V denote the mean and variance of the normal distribution, respectively, and R is
the upper bound of the uniform distribution. Alternatives to the uniform are the half-normal
or half-Cauchy. If the sample sizes within groups are small and little is known a priori about
the comparative variability of measurements within and between the groups, then s2

g can be

imprecisely estimated; to avoid this, the individual variances be replaced by a common vari-
ance, σ2 say.

There are many ways of setting the values of M, V and R. For example, if there is no prior
information about these values and if the groups are considered to be independent, this can be
reflected by specifying very large values of V and R, relative to the data. This means that the pri-
ors in Eqs (9) and (10) will have negligible weight in the posterior estimates of the group means
μg and variances s2

g . If V is sufficiently large, the value of M will not matter, so it is commonly

set to 0 in this case. Alternatively, the groups can be perceived as having their own characteris-
tics (described by μg and s2

g) but also being part of a larger population with an overall mean M

and variance V. This random effects model is very common as it helps to accommodate outliers
and improve estimation of small groups. Another alternative is to use other information to set
the values of M, V and R. This information can include results of previous similar experiments,
published estimates, expert opinion, and so on. Depending on the problem and the available
information, different values of M, V and R can be defined for the different groups. The Bayes-
ian framework can be very helpful in providing a mechanism for combining these sources of
information in a formal manner.

The second extension is that the model described in Eq (1) can be expanded to include
explanatory variables that can help to improve the explanation or prediction of the response.
This is the model that is adopted in the case study described below, where the explanatory vari-
ables comprise the group label and a covariate reflecting training-induced changes. For this
purpose, Eq (1) is extended as follows:

yi ¼ x0ibþ ε ð11Þ

where the explanatory variables and their regression coefficients are denoted by x and β,
respectively, and εi describes the residual between the observation yi and its predicted value

x
0
ib. Note that the superscript

0 denotes the transpose. It is common to assume that 2i~Normal
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(0,σ2). Normally distributed priors are placed on the parameters in this regression model:

b � Normalkðb0;B�1
0 Þ; s2 � Gammaðc0=2; d0=2Þ ð12Þ

where k represents the number of parameters, Normalk indicates a k-dimensional Gaussian
distribution and Gamma indicates a Gamma distribution described by shape and scale parame-
ters, in this case given by constants c0 and d0.

An uninformative prior specification can be defined for β by setting zero values for the mean
vector b0 and precision matrix B0. Similarly, negligible prior information about the magnitude
of the residuals is reflected by setting small values for c0 and d0 in the distribution for σ2 [15].

An alternative, popular formulation is to use Zellner’s g-prior, whereby the variance of the
prior for β is defined in terms of the variance for the data. More explicitly, b is specified as a mul-
tivariate normal distribution with a covariance matrix that is proportional to the inverse Fisher
information matrix for β, given by g(xTx)−1. This is an elegant way of specifying the ‘informa-
tion’ contained in the prior, relative to that contained in the data: the value of g is analogous to
the ‘equivalent number of observations’ that is contributed to the analysis by the prior [16, 17].

The third extension is the choice of the response y. This depends on the aim of the analysis,
biological and other contextual knowledge of the problem, and the available data. The residuals
are assumed to have a normal distribution with a mean of zero, and normally distributed priors
can be defined as the difference between an individual’s post-training and pre-training measure-
ments, the difference of the logarithms of these measurements, the relative difference between
the pairs of measurements (i.e. (post-pre)/pre) or some other context-relevant transformation.

Case Study
The Bayesian approach described above was applied to a study by Humberstone-Gough et al.
[9] who used a two-period (pre-post) repeated measures design to compare the effects of three
training regimens ‘Live High Train Low’ altitude training (LHTL), ‘Intermittent Hypoxic
Exposure’ (IHE) and ‘Placebo’ on running performance and blood characteristics. The study
comprised eight subjects (elite male triathletes) in each regimen, and had one dropout in the
LHTL group. Although ten running and blood variables were considered in the original study;
three variables with the most complete data are selected here for illustration: hemoglobin mass
(Hbmass, units of grams), submaximal running economy (RunEcon, units of L O2.min-1) and
maximum blood lactate concentration (La-max, units of mmol/L). The authors also employed
a covariate reflecting training-induced changes, namely the percent change in weekly training
load from pre- to during-camp for each individual athlete. The data used for the analyses are
shown in S1 Table (data extracted from original study of Humberstone-Gough et al (2013 and
provided by co-author Gore).

Casting this study in terms of the models described above, there are G = 3 groups denoting
the training regimens (Placebo by g = 1; IHE by g = 2; LHTL by g = 3). Letting prei and posti
denote respectively the pre- and post-treatment measurements for the ith individual, an
(unscaled) effect of interest, yi, was defined in terms of the difference between the pairs of mea-
surements:

yi ¼ posti � prei: ð13Þ

A log transformation was adopted in the original analysis by Humberstone-Gough et al. [9]
but was not performed in the analysis described below, as there was insufficient information in
the observed data to strongly motivate a transformation of the measurements, particularly after
adjusting for the covariate reported by Humberstone-Gough et al. (comparative summary
plots not shown). However, it is acknowledged that this decision was based purely on the
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available data and there may be compelling biological or experimental reasons for choosing the
log (or other) scale; for example, under this transformation covariates can be considered to
have multiplicative rather than additive effects on the original response. On the one hand,
retaining the original scale allows for more direct interpretation of the results. On the other, if
the underlying assumptions are not met, the inferences based on the results must be treated
with caution. In this study, the premise was adopted of not transforming unless there is a com-
pelling domain-specific or statistical reason to do so. Hence the decision was made not to take
a log transformation of the data as other authors have suggested–a statistical decision–and to
consider a relative change in performance as well as an absolute difference–a domain-based
decision since this measure is of interest to sports scientists. A similar issue arises about the
inclusion of covariates in a small sample analysis. In this case, the associated regression param-
eters may be estimated with substantial uncertainty and the usual model comparison methods
are often inadequate in determining any associated improvement in model fit. Again, the deci-
sion may be more domain-based than statistical. In the study considered here, results were
reported with and without a covariate that was considered to be important for sports scientists,
and a deliberate decision was made to avoid formal model comparison. These issues of data
transformation and model comparison for small samples merit further research.

Here we consider instead an analogous scaled effect defined in terms of the relative differ-
ence between the pairs of measurements:

yi ¼ ðposti‐preiÞ=prei: ð14Þ

For both the unscaled response given by Eq (13) and the relative response given by Eq (14),
the list of posterior estimates of interest were:

• the differences between the two experimental training regimens (IHE, LHTL) and the Pla-
cebo group, given by δ12 and δ13, respectively, and the difference between the two training
regimens IHE and LHTL, given by δ23;

• Cohen’s d for each of the two experimental regimens compared with the Placebo regimen,
given by d12 = δ12/σ12 for IHE and d13 = δ3/σ13 for LHTL;

• Cohen’s d for the standardized difference between LHTL versus IHE, given by d23 = δ23/σ23;

• the probabilities that the standardized difference between the IHE training regimen and the
Placebo exceed the ‘smallest worthwhile change’ (SWC, specified as a standardised change of
0.2 based on previous recommendations [18]), denoted by SWCU12 = Pr(d12 > 0.2) and
SWCL12 = Pr(d12 < -0.2);

• analogous probabilistic comparisons with the SWC for the difference between the LHTL
training regimen and the Placebo, and the LHTL and IHE training regimens,

• the posterior distributions of the expected outcome E(yij) = β0 + β1X + β2Ij = 1 + β3Ij = 2 for
the ith individual under the jth training regimen (where Ij = 1 = 1 if the treatment is IHE
and = 0 otherwise, and Ij = 2 = 1 if the treatment is LHTL and = 0 otherwise); the expected
outcome, obtained by substituting the simulated parameter values (β0, β1, β2, β3) into this
equation at each MCMC simulation,

• the analogous posterior predicted outcome for each individual under each training regimen,
which allows for within-subject variation around the expected outcome, i.e.,

ypredij ¼ ypredij þ eij; eij � Nð0; s2Þ, which is obtained in the same manner as above,
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• the ranks of the individuals based on their expected and predicted outcomes under each of
the treatment regimens; again, this is a probability distribution, reflecting the fact that rank-
ings may change depending on the precision of the estimated treatment effects and within-
subject variation.

Note that although the denominator of the Cohen’s dkl values can be calculated using the
traditional equation, i.e., σkl =

p
Var(δl-δk) =

p
((vlVar(δl)+vkVar(dk))/(vl+vk)), this can also be

directly calculated using the simulated values of dkl obtained from the MCMC iterations, i.e.,
σkl =

p
Var(dkl).

Based on exploratory plots of the relationships between the observed pre- and post-training
values of Hbmass, RunEcon and La-max among the three groups, and with the covariate, two
analyses of the data were undertaken. In the first analysis, the covariate was excluded and the
model was fit using Eqs (3) and (4). In the second analysis, the covariate was included given
previous work showing that training load can influence the hemopoietic response [19] and the
model was fit using Eq (11). The models were implemented using the statistical software R,
with packages BRugs and R2WinBugs, which call WinBUGS [15, 20, 21], and MCMCregress
in the MCMCpack library [22]. Estimates were based on 150,000 MCMC iterations, after dis-
carding an initial burn-in of 50,000 iterations. For comparability with Humberstone-Gough
et al [9], the results of the second analysis are reported below. The R code for this model is pre-
sented as a text file in S1 Text.

As described above, the primary analyses for the case study utilized an uninformative prior
specification for β in Eq (12), which was obtained by setting the values of the prior mean vector
b0 and prior precision matrix B0 to zero. The impact of informative priors was evaluated by
considering a range of non-zero values for these terms, with Hbmass as the response measure.
The values were motivated by the results of a recent meta-analysis of training regimens on
Hbmass [23], which reported a mean response of 1.08% increase in Hbmass per 100 hours of
LHTL training. Based on the study of Humberstone-Gough with 240 hours of exposure, the
prior expectation is thus that the mean increases for the LHTL and IHE groups would be 2.6%
and 0% respectively. The latter figure is also supported by a report that 3 h/day at 4000–5,500
m was inadequate to increase Hbmass at all [24]. This literature also provides a prior expecta-
tion of 0% increase in Hbmass of the Placebo group. The 2013 meta-analysis [23] also provided
an estimate of 2.2% for the within-subject standard deviation of Hbmass.

Results
The distribution of the covariate X (representing the % change in weekly training load from
pre- to post-camp) within and among the three training regimens (Placebo, IHE, LHTL) is dis-
played in Fig 1. The plots show that there is non-negligible variation between individuals
within a regimen with respect to this variable and substantive differences between the regi-
mens. It is clear that adjustment needs to be made for X before evaluating the comparative
impact of the three regimens. This is accommodated in the regression model described in Eq
(11).

Scatterplots of the unscaled differences given by Eq (13) and scaled differences given by
Eq (14) are presented in Figs 2–4. Based on these plots, there is no clear visual association
between the three measurements under consideration in this case study (Hbmass, RunEcon
and La-max), or between these measurements and the covariate.

Plots of the posterior distributions of the differences between the training regimens, IHE vs
Placebo, LHTL vs Placebo, LHTL vs IHE, given by δ12, δ 13 and δ23, respectively, are shown in
Fig 5. Corresponding posterior estimates of the effects (mean, s.d., 95% and 90% credible inter-
vals) are given in Table 1.
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From Fig 5 and Table 1, it can be seen that for Hbmass and RunEcon, although there is a
slight detrimental effect of IHE and a slight beneficial effect of LHTL compared with the Pla-
cebo, these are not substantive: a difference of 0 is reasonably well supported by the posterior
distributions. However, this slight differential in response results between IHE and LTHL: a
difference of 0 appears to have less support in the posterior densities; the 90% credible interval
does not include 0 and the posterior probability that Cohen’s d exceeds the SWC is 0.96 and
0.93 for Hbmass and RunEcon respectively. These outcomes strongly indicate that LHTL is
substantively better than IHE for both of these outcome measures.

In contrast, for La-max, both IHE and LHTL show a substantive beneficial effect compared
with the Placebo, with the corresponding 95% (and hence 90%) credible intervals excluding 0

Fig 1. Exploratory analyses comprising stripcharts (left) and boxplots (right) for the covariate X in the three training regimens (Placebo,
Intermittent Hypoxic Exposure (IHE), Live High Train Low (LHTL)), where X is a measure of the percent change in training load for each of the 23
individuals in the study. (See text for details.).

Fig 2. Three-dimensional scatterplot of the three measurements, Hemoglobin Mass (Hbmass), Running Economy (RunEcon) andmaximum blood
lactate concentration (La-max), unscaled data (left) and scaled data (right).Unscaled data are calculated as posti−pre, and scaled data are calculated
as (posti−prei) / prei.
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and a probability of 0.97 that Cohen’s d exceeds the SWC. As a consequence, the difference
between LHTL and IHE is thus attenuated for this outcome measure.

Posterior estimates of parameters of interest for the scaled (relative) measures are shown in
Fig 6 and Table 2. The figures and table confirm the above results. Similar to the unscaled
effects, there is no clear visual association between two of the measurements under consider-
ation in this case study (Hbmass and RunEcon), or between these measurements and the
covariate of change in weekly training load. However, there is a clear difference in the values of
the covariate among individuals in the Placebo group compared with the two training regimens
(LHTL and IHE). The two training regimens both appear to substantively improve La-max,
even after accounting for training-induced changes in the individual athletes. The direct proba-
bilistic comparisons with the SWC provide more complete information about these treatments
based on these data.
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Fig 3. Two-dimensional scatterplots of the three measurements of Hbmass, RunEcon and La-max, under three regimes Placebo, Intermittent
Hypoxic Exposure (IHE) and Live High Train Low (LHTL), unscaled data.
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The posterior expected outcome of Hbmass for each individual under each regimen is illus-
trated in Fig 7, for the unscaled data. The boxplots indicate the distribution of possible out-
comes, with the box corresponding to the middle 50% of values and the limits of the bars
corresponding to the minimum and maximum values. The corresponding expected rank and
associated interquartile range for the 23 individuals are reported in Table 3. It is noted that the
predictions and ranks are substantively driven by the covariate values in this model, with com-
paratively much less influence from the effect of the training regimens. Hence Table 3 displays
only a selection of results.

A comparison of two of the primary outcome measures Hbmass and RunEcon based on the
Bayesian and magnitude-based inference approach is presented in Table 4. Note that the two
sets of results differ slightly not only because of differences in analytic method, but also because
of differences in modelling. For example, the magnitude-based inferences are based on a log-
transformed response forecast to a covariate value (a 44% increase in weekly training load),
with covariate adjustment undertaken within each treatment group; in contrast, the Bayesian
inferences are based on the unadjusted and relative responses forecast to the mean covariate
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Fig 4. Two-dimensional scatterplots of the three measurements of Hbmass, RunEcon and La-max, under three regimes Placebo, Intermittent
Hypoxic Exposure (IHE) and Live High Train Low (LHTL), scaled data.
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value and adjustment is undertaken using all of the data for reasons of small sample size. Fur-
thermore, as described above, the method of computation of the denominator of the standard-
ized values is not based on asymptotics in the Bayesian analysis, which makes a difference for
small samples. Notwithstanding these differences, the overall conclusions are similar for the
two sets of analyses. For Hbmass, the Bayesian analysis indicated a substantially higher increase
for LHTL with both unscaled and scaled data, with magnitude-based analysis indicating possi-
bly higher for LHTL with unscaled data, and likely higher with scaled data. Similarly for RunE-
con the outcomes were similar between the analytical approaches—the Bayesian analysis
indicated a substantial improvement (lower oxygen cost) with both unscaled and scaled data,
while magnitude-based analysis indicated possibly lower oxygen cost in both cases.

Comparison of the expected values of Hbmass and La-max under each of the training regi-
mens is further illustrated in Fig 8. The diagonal line indicates no treatment effect. The cloud
of points represents the values obtained from the MCMC simulations in the Bayesian analysis.
Displacement of the cloud from the line indicates that that there is an expected improvement

 

 

 

 

Hbmass 

La-max 

RunEcon 

Fig 5. Posterior densities of the three measurements, Haemoglobin Mass, Running Economy and Running Maximum Lactate, comparing Live
High Train Low (LHTL) vs Intermittent Hypoxic Exposure (IHE) (solid line), LHTL vs Placebo (dotted line) and IHE vs Placebo (dashed line),
unscaled data.
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Table 1. Posterior estimates based on unscaled data.

Hbmass

Posterior parameter estimates (units of grams)

Effect Mean s.d. 95% CI 90% CI

X 0.25 0.25 -0.25, 0.74 -0.17, 0.66

IHE -1.4 19.8 -40.5, 37.8 -33.8, 30.9

LHTL 30.7 21.7 -12.4, 73.4 -4.9, 66.2

LHTL-IHE 32.0 15.3 1.9, 62.2 7.04, 57.2

Cohen’s d

Effect Mean s.d. 95% CI 90% CI

IHE -0.07 1.0 -2.1, 1.9 -1.7. 1.6

LHTL 1.4 1.0 -0.57, 3.4 -0.23, 3.0

LHTL-IHE 2.1 1.0 0.12, 4.1 0.46, 3.7

Prob. Cohen’s d <> 0.2

Parameter Prob. d<-0.2 Prob. d>0.2

IHE 0.45 0.39

LHTL 0.052 0.89

LHTL-IHE 0.013 0.97

RunEcon

Posterior parameter estimates (unit of L/min)

Effect Mean s.d. 95% CI 90% CI

X 0.00045 0.0010 -0.0016, 0.0025 -0.0012, 0.0021

IHE 0.039 0.079 -0.12, 0.20 -0.09, 0.17

LHTL -0.080 0.090 -0.26, 0.097 -0.23, 0.065

LHTL-IHE -0.12 0.064 -0.25, 0.0094 -0.22, -0.014

Cohen’s d

Effect Mean s.d. 95% CI 90% CI

IHE 0.50 1.0 -1.5, 2.5 -1.1, 2.1

LHTL -0.89 1.0 -2.9, 1.1 -2.5, 0.73

LHTL-IHE -1.85 1.0 -3.8, 0.15 -3.5, -0.22

Prob. Cohen’s d <> 0.2

Parameter Prob. d<-0.2 Prob. d>0.2

IHE 0.23 0.62

LHTL 0.77 0.13

LHTL-IHE 0.95 0.023

La-max

Posterior parameter estimates (units of mmol/L)

Effect Mean s.d. 95% CI 90% CI

X -0.018 0.015 -0.050, 0.013 -0.044, 0.0076

IHE -2.5 1.3 -5.0, -0.06 -4.6, -0.50

LHTL -2.8 1.3 -5.6, -0.10 -5.10-, -0.59

LHTL-IHE -0.32 1.0 -2.3, 1.66 -1.2, 1.3

Cohen’s d

Effect Mean s.d. 95% CI 90% CI

IHE -2.0 1.0 -4.0, -0.054 -3.7, -0.40

LHTL -2.1 1.0 -4.0, -0.070 -3.7, -0.48

LHTL-IHE -0.32 1.0 -2.3, 1.7 -2.0, 1.3

(Continued)
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or decline in the outcome measure associated with the respective treatment, and the range of
values for which this is anticipated to take effect.

The alternative priors that were motivated by the available external information are shown
in Table 5. The consequent changes in the parameter values arising from the incorporation of
these priors in the model are also shown in this table. It is clear that although the parameter
estimates change slightly, the inferences reported above are generally robust to relatively small
changes in the priors. However, the posterior estimates start to differ in a natural manner when
the priors become more informative with respect to either the mean or variance. It is also
noted that, reassuringly, the original (vague prior) setting yielded a posterior estimate of a rela-
tive increase of 2.6% in Hemoglobin mass under the LHTL regimen, which is equivalent to the
anticipated value based on the (independent) prior information.

Table 1. (Continued)

Prob. Cohen’s d <> 0.2

Parameter Prob. d<-0.2 Prob. d>0.2

IHE 0.97 0.015

LHTL 0.98 0.015

HTL-IHE 0.55 0.29

Hbmass 

La-max 

RunEcon 

Fig 6. Posterior densities of the three measurements, Haemoglobin Mass, Running Economy and
Running Maximum Lactate, comparing Live High Train Low (LHTL) vs Intermittent Hypoxic Exposure
(IHE) (solid line), LHTL vs Placebo (dotted line) and IHE vs Placebo (dashed line), scaled data.
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Table 2. Posterior estimates based on scaled data.

Hbmass

Posterior parameter estimates (units of percent / 100)

Effect Mean s.d. 95% CI 90% CI

X 0.00020 0.00029 -0.00038, 0.00077 -0.00028, 0.00067

IHE -0.0075 0.023 -0.053, 0.038 -0.045, 0.030

LHTL 0.026 0.025 -0.023, 0.076 -0.015, 0.068

LHTL-IHE 0.034 0.018 -0.0011, 0.069 0.0050, 0.063

Cohen’s d

Effect Mean s.d. 95% CI 90% CI

IHE -0.33 1.0 -2.3, 1.7 -1.2, 1.3

LHTL 1.1 1.0 -0.93, 3.0 -0.60, 2.7

LHTL-IHE 1.9 1.0 -0.059, 3.9 0.28, 3.6

Prob. Cohen’s d <> 0.2

Parameter Prob. d<-0.2 Prob. d>0.2

IHE 0.55 0.29

LHTL 0.10 0.81

LHTL-IHE 0.019 0.96

RunEcon

Posterior parameter estimates (units of percent / 100)

Effect Mean s.d. 95% CI 90% CI

X 0.00023 0.00031 -0.00038, 0.00083 -0.00027, 0.00072

IHE 0.015 0.023 -0.032, 0.061 -0.024, 0.053

LHTL -0.016 0.027 -0.069, 0.037 -0.060, 0.027

LHTL-IHE -0.031 0.019 -0.069, 0.0071 -0.062, 0.00016

Cohen’s d

Effect Mean s.d. 95% CI 90% CI

IHE 0.63 1.00 -1.4, 2.6 -1.0, 2.3

LHTL -0.61 1.00 -2.6, 1.4 -2.2, 1.0

LHTL-IHE -1.62 1.00 -3.6, 0.37 -3.3, 0.0085

Prob. Cohen’s d <> 0.2

Parameter Prob. d<-0.2 Prob. d>0.2

IHE 0.19 0.68

LHTL 0.67 0.20

LHTL-IHE 0.93 0.035

La-max

Posterior parameter estimates (units of percent / 100)

Effect Mean s.d. 95% CI 90% CI

X -0.0019 0.0016 -0.0051, 0.0013 -0.0045, 0.00072

IHE -0.26 0.13 -0.51, -0.0094 -0.47, -0.054

LHTL -0.29 0.14 -0.58, -0.014 -0.52, -0.065

LHTL-IHE -0.034 0.10 -0.24, 0.17 -0.20, 0.13

Cohen’s d

Effect Mean s.d. 95% CI 90% CI

IHE -2.6 1.0 -4.0, -0.074 -3.7, -0.43

LHTL -2.1 1.0 -4.1, -0.10 -3.7, -0.46

LHTL-IHE -0.33 1.0 -2.3, 1.7 -2.0, 1.3

(Continued)
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Discussion
In 2008, Barker and Schofield [7] suggested that “to correctly adopt the type of inference advo-
cated by Batterham and Hopkins [6], sport scientists need to use fully Bayesian methods of
analysis”. They also noted that most sport scientists are not trained in Bayesian methods, likely
because this approach has only become commonplace as a statistical technique in approxi-
mately the last 20 years. To help make the Bayesian approach more accessible for those work-
ing in exercise science and sports medicine, we have provided here both a worked example
(using statistical software) together with a description of the underlying models. We hope that
this template will encourage those who deal with small samples and small effects to explore the
full Bayesian method, which is well suited to the analysis of small samples. Other supporting
information, where available, can be represented via the prior and hence formally and trans-
parently incorporated with the data. In the absence of such information, the uncertainty
induced by small samples is properly incorporated in the posterior estimates and inferences. In
both of these situations, the analytical decision-making is enhanced, in support of the ultimate
practical/clinical decision-making undertaken by sports practitioners.

Case study re-interpreted with Bayesian inferences
An experimental study by Humberstone-Gough and colleagues reported changes (mean ± 90%
confidence interval) in Hbmass of -1.4 ± 4.5% for IHE compared with Placebo and 3.2 ± 4.8%

Table 2. (Continued)

Prob. Cohen’s d <> 0.2

Parameter Prob. d<-0.2 Prob. d>0.2

IHE 0.97 0.014

LHTL 0.97 0.014

LHTL-IHE 0.56 0.29

Fig 7. Boxplots of the posterior expected outcomes for Hbmass for each individual in the study, under each of the two training regimens
Intermittent Hypoxic Exposure (left) and Live High Train Low (right).
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for LHTL compared with Placebo [9]. For RunEcon the authors reported ‘no beneficial
changes’ for IHE compared with Placebo, and a change of 2.8 ± 4.4% for LHTL compared with
Placebo. Although the analyses were undertaken using different outcome measures and a
slightly different analytical model, the conclusions based on the posterior estimates and proba-
bilities obtained from the Bayesian analysis reported above are broadly consistent with those
reported by Humberstone-Gough et al. Importantly, the Bayesian approach allows a much
more direct probabilistic interpretation of credible intervals and posterior probabilities; for
example, the probability that the mean change in Hbmass after LHTL compared with the
change after IHE is greater than the smallest worthwhile change (0.2) is 0.96.

Cohen’s effect size magnitudes are well established [11] but the selection of a small effect
(d = 0.2) as the threshold value for a worthwhile change or difference has been questioned. In
the sporting context, worthwhile changes in competition performance, which can alter medal
rankings, have been derived [25] as approximately 0.3 times the within-subject standard devia-
tion [26, 27], or ~0.3–1% of performance time in a range of sports [28–30]. Empirical evidence
confirms that small effects (on competitive performance) are worthwhile for elite athletes and of
practical relevance for coaches and scientists attempting to understand the likely benefit or
harm of training regimen, lifestyle intervention or change in technique. The full Bayesian
approach provides a robust and acceptable method of estimating the likelihood of a small effect.
For instance, in the Humberstone-Gough et al. case study Hbmass increased ~21 g (or by 2.3%)
more in LHTL vs IHE. Given that every gram of hemoglobin can carry ~4 mL O2, [31], it is

Table 3. Expected rank and associated interquartile range for the 23 individuals in the study.

ID Hbmass RunEcon La-max

Mean IQR Mean IQR Mean IQR

1 3 3–19 3 3–19 19 3–19

2 NA NA NA NA NA NA

3 10 10–12 10 10–12 12 10–12

4 5 5–17 5 5–17 17 5–17

5 12 10–12 12 10–12 10 10–12

6 15 7–15 15 7–15 7 7–15

7 11 11–11 11 11–11 11 11–11

8 8 8–14 8 8–14 14 8–14

9 6 6–16 6 6–16 16 6–16

10 2 2–20 2 2–20 20 2–20

11 1 1–21 1 1–21 21 1–21

12 17 5–17 17 5–17 5 5–17

13 4 4–18 4 4–18 18 4–18

14 7 7–15 7 7–15 15 7–15

15 9 9–13 9 9–13 13 9–13

16 18 4–18 18 4–18 4 4–18

17 21 1–21 21 1–21 1 1–21

18 13 9–13 13 9–13 9 9–13

19 16 6–16 16 6–16 6 6–16

20 14 8–14 14 8–14 8 8–14

21 20 2–20 20 2–20 2 2–20

22 NA NA NA NA NA NA

23 19 3–19 19 3–19 3 3–19

doi:10.1371/journal.pone.0147311.t003
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reasonable to infer that this small increase in Hbmass is likely beneficial to overall oxygen trans-
port capacity. The corresponding 95% credible interval for this comparison of absolute change
ranged from -11.8 to +53.8 g, but on balance the probability is>0.8 that the true increase in
Hbmass is substantial (worthwhile), which should be sufficient encouragement for most

Table 4. Analysis of pre- to post-training measurements for LHTL vs IHE–outcomes for Bayesian and Magnitude-based Inferences for both
unscaled and scaled data. SD = standard deviation, CL = confidence limits, CI = credible interval.

Analysis Measure Hemoglobin Mass Running Economy
(g) (L.min-1)

Bayesian Unscaled Mean ± SD 21 ± 17 -0.17 ± 0.052

90% CI -6, 48 -0.25, -0.08

Cohen’s d; 90% CI 1.26; -0.37, 2.90 -3.20; -4.84, -1.57

Probability |d|>0.2 0.931 0.998

Qualitative inference Higher Lower

Magnitude-based Inference Mean; 90% CL 36; -5, 78 -0.13; -0.22, 0.04

Cohen’s d; 90% CL 0.18; -0.02, 0.39 -0.20; -0.34, -0.07

Qualitative inference Possibly Higher Possibly Lower

Bayesian Scaled Mean ± SD (% / 100) 0.023 ± 0.019 -0.042 ± 0.017

90% CI -0.008, 0.054 -0.069, -0.015

Cohen’s d; 90% CI 1.21; -0.42, 2.85 -2.51; -4.14, -0.88

Probabilty |d|>0.2 0.926 0.993

Qualitative inference Higher Lower

Magnitude-based Inference Smallest worthwhile difference (% / 100) 0.016 0.019

Difference ± SD 0.047 ± 0.035 -0.028 ± 0.044

Cohen’s d; 90% CL 0.20; 0.05, 0.35 -0.14; -0.34, 0.07

Qualitative inference Likely Higher Possibly Lower

Fig 8. Comparison of the posterior distributions of the expectedmeasurements of Hbmass (left) and La-max (right) under each of the training
regimens Intermittent Hypoxic Exposure (IHE) and Live High Train Low (LHTL), unscaled data.
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scientists and coaches to utilize altitude training to increase Hbmass–a position also supported
by a meta-analysis of Hbmass and altitude training [23]. Likewise in the Humberstone-Gough
et al. case study RunEcon improved (was lower) by ~0.17 L.min-1 (or lower by 4.2%) more in
LHTL vs IHE. The associated 95% credible interval for this comparison of relative change ran-
ged from –0.9 to -7.5%, with a probability of ~0.99 that the true decrease in submaximal oxygen
consumption is substantial (worthwhile). Although contentious [32], an improved running
economy after altitude training is advantageous to distance running performance because it
reduces the utilization of oxygen at any given steady-state running speed [33, 34].

Limitations of quasi-Bayesian approaches
Batterham and Hopkins (2006) have challenged the frequentist approach as being too conser-
vative, and provided a useful, if somewhat unconventional, framework for interpreting small
effects. The so-called magnitude-based approach emerging in sports science [18, 26, 35] is
based on defining and justifying clinically, practically or mechanistically meaningful values of
an effect. Confidence intervals are then used to interpret uncertainty in the effect in relation to
these reference or threshold values. Much discussion has centred on the legitimacy of using
vague priors in the magnitude-based approach and whether prior knowledge is actually useful
in all cases [36]. There are inferential limitations to their approach [7, 8] which can be circum-
vented by using a full Bayesian approach that we have elaborated here.

A major criticism of the approach suggested by Batterham and Hopkins (2006) is that, con-
trary to the authors’ claims, their method is not (even approximately) Bayesian and that a
Bayesian formulation of their approach would indeed make prior assumptions about the distri-
bution of the true parameter values. Barker and Schofield (2008) suggest that the underlying
prior distribution would be uniform, which makes a clear assumption about the parameter val-
ues (that any parameter value in the defined range is equally likely) and which can be influ-
enced by transformations of the parameter. As demonstrated in our paper, a Bayesian
formulation of the problem considered by Batterham and Hopkins (2006) can quite easily be

Table 5. Configurations of hyperparameter values for informative priors in the Bayesianmodel [Eqs (11 and 12)]. Here b0 and B0 denote respectively
the prior mean vector and precision matrix for the regression coefficients, and c0/2 and d0/2 denote respectively the shape parameter and scale parameter
for the inverse Gamma prior on σ2 (the variance of the disturbances). These latter two parameters can be respectively interpreted as indicating the amount of
information, and the sum of squared errors, from c0 pseudo-observations, for the inverse Gamma prior on σ2 (the variance of the residuals) [16]. Note that (a)
depicts the baseline uninformative priors used in the primary analyses, whereas (b) to (h) illustrate seven alternate priors.

Setting (a) (b) (c) (d) (e) (f) (g) (h)

b0 (0,0,0,0) (0,0,0,2.6) (0,0,0,2.6) (0,0,0,2.6) (0,0,0,0) (0,0,0,0) (0,0,0,0) (0,0,0,2.6)

diag(B0) (0,0,0,0) (0,0,.2,.2) (5,5,5,5) (0,0,5,5) (0,0,0,0) (0,0,0,0) (0,0,5,5) (0,0,0,0)

c0 0.0001 0.0001 0.0001 0.0001 20 20 20 20

d0 0.0001 0.0001 0.0001 0.0001 100 5 100 100

Int. 0.00047 0.0044 -0.0027 -0.0028 0.011 0.0060 -0.64 0.0060

(0.026) (0.026) (0.026) (0.026) (1.4) (0.30) (0.28) (0.30)

X 0.00020 0.00020 0.00026 0.00026 0.00018 0.00019 0.0062 0.00019

(0.00029) (0.00029) (0.00029) (0.00029) (0.015) (0.0034) (0.0033) (0.0034)

IHE -0.0075 -0.0073 -0.0021 -0.0021 -0.017 -0.0096 0.41 -0.0096

(0.023) (0.023) (0.023) (0.023) (1.2) (0.27) (0.23) (0.27)

LHTL 0.026 0.027 0.035 0.035 0.024 0.026 0.79 0.26

(0.025) (0.025) (0.025) (0.025) (1.3) (0.29) (0.27) (0.29)

σ2 0.0011 0.0011 0.0011 0.0011 2.9 0.14 0.17 0.14

(0.00042) (0.00042) (0.00043) (0.00043) (0.71) (0.035) (0.047) (0.045)
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constructed, using a reference prior which is arguably vague (often referred to as the Jeffreys
prior [10]). Moreover, there are clear and natural links between the frequentist distributions
based on sampling theory and the Bayesian posterior distributions under these prior assump-
tions. The use of the reference prior for the estimation and comparison problem considered in
this paper is well-founded, theoretically sound and very commonly employed [10]. As dis-
cussed in the Methods section, however, other priors can also be considered, particularly if
there is other information available to complement the analysis.

Another criticism levelled at Batterham and Hopkins (2006) by Barker and Schofield (2008)
is their choice and use of an expanded set of categories, based on a non-standard choice of the
thresholds used to define the categories, the use of different thresholds for different problems
(e.g., sometimes 0.025 and 0.975 instead of 0.05 and 0.95), and the descriptors used to label the
categories, namely ‘almost certainly not,. . .almost certainly’). However, while the expanded set
of categories proposed by Batterham and Hopkins is not ‘standard’ in classical statistics, this
does not mean that it is wrong, misleading or not useful. Indeed, such categorizations can be
very useful if they are clearly justified, interpreted properly and provide additional decision
support for clinical (or, in this case, sporting) interventions. Even in ‘traditional’ statistics,
some statisticians suggest that a p-value less than 0.10 indicates ‘substantive’ evidence against
the null hypothesis, while other statisticians would not counsel this. Similarly, although a p-
value of 0.05 is almost overwhelmingly taken as the ‘significance level’, many statisticians
strongly advise against its unconsidered use and suggest that other levels (such as 0.01 or 0.10)
may be more appropriate for certain problems and desired inferences. A number of commenta-
tors in the sports science field have made similar observations [1, 37, 38]. The overwhelming
advice is that the probabilities obtained as a result of statistical analysis must be useful in pro-
viding decision support for the problem at hand, and different probabilities can indeed be used
if they are well justified, transparently reported and correctly interpreted.

The technical interpretation of a (frequentist) confidence interval is poorly understood by
many practitioners. This has caused, and will continue to lead to, clumsy statements about the
inferences that can be made on its basis. In contrast, an analogous Bayesian interval is directly
interpretable: for example, a 95% credible interval indicates that the true parameter lies within
this interval with an estimated probability of 0.95. Moreover, the analysis can be used to obtain
other decision support statements such as a set of meaningful probabilities; for example, as
demonstrated in the case study, one can obtain the probability that a particular parameter
exceeds an objectively-derived threshold of clinical/practical/sporting interest. Of course, the
particular decisions that are made on the basis of these probabilities remain the prerogative of
the decision-maker. For example, the outcome of an intervention to improve athletic perfor-
mance (e.g. a new experimental therapeutic treatment) may be classified as ‘possible’ in some
cases (acceptable probability of improving performance, within minimal adverse effects, low
cost, readily available, and legal in terms of anti-doping regulations), and hence lead to a deci-
sion of using, whereas in another context it may be deemed too risky (unacceptable risk of
impairing performance, adverse effects on health and well-being, high cost and limited avail-
ability, and some uncertainty in meeting anti-doping regulations) and lead to no action. In
practice, these decisions may not coincide with the traditional statement of a statistically signif-
icant effect at a 5% level [36]. In both cases, however, the decisions are enhanced by the richer
probabilistic and inferential capability afforded by the Bayesian analysis.

In the context of small samples such as those encountered in this study, it is important to
understand the nature and implications of the statistical assumptions underlying the adopted
models and inferences. For example, in a standard linear regression model a common assump-
tion is that the residuals (the differences between the observed and predicted values) are nor-
mally distributed. Note that this only applies to the residuals, not the explanatory or response

Advances in Sport and Exercise Medicine

33



variables. This assumption was also adopted in the model and analysis presented in this paper.
There is a rich literature about the appropriateness of this assumption for small sample sizes.
Importantly, if the residuals are indeed normally distributed then the regression estimates will
possess all three desirable statistical characteristics of unbiasedness, consistency, and efficiency
among all unbiased estimators; however, even if they are not normally distributed they will still
be unbiased (accurate) and consistent (improve with increasing sample size) but will only be
most efficient (i.e. have smallest variance) among a smaller class of (linear unbiased) estimators
[39]. The most obvious implication of non-normal residuals is that the inferences may not be
as sharp, but by virtue of the central limit theorem the sampling distribution of the coefficients
will approach a normal distribution as the sample size increases, under mild conditions. In our
study, this was achieved by employing a single residual term across all groups which effectively
increased the sample size. Feasible alternatives would have been to allow different residual vari-
ances for each group or to employ a robust regression approach, for example using a t distribu-
tion for the errors. It is also noted that the Bayesian estimates avoid some of the inferential
concerns, since the credible intervals and probabilistic rankings are obtained from the MCMC
samples, i.e., from the posterior distributions themselves, as opposed to relying on stronger
asymptotic assumptions that are required for frequentist inferences

Another topical issue that has substantive implications for small sample analysis is repro-
ducibility [40]. Indeed, the very measure of reproducibility arguably faces similar challenges as
those reported here, and a Bayesian approach is arguably preferable over measures based on p-
values or confidence intervals [41–43]. See also a recent blog article that discusses this topic
(http://alexanderetz.com/2015/08/30/the-bayesian-reproducibility-project/). The current
debates are often conducted in the context of large samples, so the challenge is much greater
for studies such as the one presented here. This is another topic for future research.

Conclusion
We have demonstrated that a Bayesian analysis can be undertaken for small scale athlete stud-
ies and can yield comparable, but more directly interpretable and theoretically justified proba-
bilistic outcomes compared with the so-called magnitude-based (quasi-Bayesian) approach.
The model described here is one of the simplest Bayesian formulations, and can be expanded
as needed to address other issues. Analytical approaches for small sample studies using full
Bayesian, quasi-Bayesian, and frequentist decisions must be well justified, reported transpar-
ently and interpreted correctly.
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Abstract

Introduction

Blood lactate concentration rises exponentially during graded exercise when muscles pro-

duce more lactate than the body can remove, and the blood lactate-related thresholds are

parameters based on this curve used to evaluate performance level and help athletes opti-

mize training. Many different concepts of describing such a threshold have been published.

This study aims to compare concepts for their repeatability and predictive properties of

endurance performance.

Methods

Forty-eight well-trained male cyclists aged 18–50 performed 5 maximal graded exercise

tests each separated by two weeks. Blood lactate-related thresholds were calculated using

eight different representative concepts. Repeatability of each concept was assessed using

Cronbach’s alpha and intra-subject CV and predictive value with 45 minute time trial tests

and a road race to the top of Mont Ventoux was evaluated using Pearson correlations.

Results

Repeatability of all concepts was good to excellent (Cronbach’s alpha of 0.89–0.96), intra-

subject CVs were low with 3.4–8.1%. Predictive value for performance in the time trial tests

and road race showed significant correlations ranging from 0.65–0.94 and 0.53–0.76,

respectively.

Conclusion

All evaluated concepts performed adequate, but there were differences between concepts.

One concept had both the highest repeatability and the highest predictability of cycling per-

formance, and is therefore recommended to be used: the Dmax modified method. As an

easier to apply alternative, the lactate threshold with a fixed value of 4 mmol/L could be used

as it performed almost as well.
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Trial registration

Dutch Trial Registry NTR5643

Introduction

The measurement of blood lactate is extensively used in sports medicine, although there is

debate on how lactate affects fatigue in endurance athletes. [1] Nevertheless, the concentration

of lactate in the blood relative to the exercise intensity is a relevant marker of endurance per-

formance. [2–5] This can be visualized in a blood lactate curve (BLC) using a maximal graded

exercise test (GXT): as the workload on the athlete increases over time, blood lactate concen-

trations (bLa) are measured at defined intervals. During high intensity contractions lactate is

formed along with H+ in the muscles, [6] followed by an increased elimination of lactate from

plasma. [7, 8] When elimination becomes saturated, bLa will start to rise when production

exceeds clearance. This (exponential) rise in bLa in the BLC is of importance, as the corre-

sponding exercise intensity is associated with endurance performance since it correlates with

the transition from aerobic to anaerobic workout. [9] Since the 1960’s BLCs have been ana-

lysed trying to accurately determine a point in this curve that predicts endurance performance.

Although many terms have been used for this point, in this work they will be termed lactate

threshold (LT) concepts. BLCs and LT concepts can be used to assess ‘endurance fitness’ in

athletes, [10] and to evaluate the effects of and to prescribe training exercises for individual

athletes. [4, 5] Therefore these measures are relevant in sports medicine, both in amateur

and professional sports. But as LT is based on a maximal exercise test protocol that does not

directly mimic endurance exercise, finding a single point in the resulting BLC that has a strong

relation to endurance performance is challenging. Moreover, determining where this single

point lies in the relatively smooth curve, that is the result of a complex system of factors, can

prove difficult as well. On the other hand, the more accurate method of determining maxi-

mum lactate steady state (MLSS), using several sessions with different workloads takes more

time, which is the reason why an approximation of MLSS using lactate threshold concepts was

developed. [11]

A previous literature review showed that there are many methods used to analyse the BLCs,

with approximately 25 different concepts identified in literature to describe some form of LT.

[9] These different concepts are used interchangeably throughout scientific studies and in

sports and show variable repeatability and predictive value. Moreover, populations that were

included in different studies often differed in training status, age and category of sport. For

these reasons there is debate about these LT concepts. [9] The aim of this study is to evaluate

the repeatability and predictive value of representative concepts using a large dataset of BLCs

from a group of well-trained cyclists who performed multiple GXTs, time trials and an uphill

road race in the setting of a clinical study.

Materials and methods

Study design and participants

Blood lactate curve data in this paper were generated in a previously published study. [12]

Briefly, the study was a double-blind, randomized, placebo controlled, parallel, single centre

trial to evaluate the effects of recombinant human erythropoietin (rHuEPO) in forty-eight

healthy male cyclists aged 18 to 50. Informed consent was obtained from all individual
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participants included in the study. The study was approved by the Independent Ethics Com-

mittee of the Foundation Evaluation of Ethics in Biomedical Research (Stichting Beoordeling

Ethiek Biomedisch Onderzoek, Assen, Netherlands). The study is registered in the Dutch Trial

Registry (Nederlands Trial Register), number NTR5643. For inclusion, participants had to be

well-trained, as evaluated by a maximum power-to-weight ratio during the GXT at screening

that should exceed 4 W/kg. During the eleven week study duration, twenty-four participants

received weekly rHuEPO injections and twenty-four received placebo injections for eight

weeks. Participants had to maintain their regular training schedule during the study.

Procedures

Maximal exercise tests. Five GXTs were performed on a Monark LC4r ergometer

(COSMED, Rome, Italy) with approximately 2-week intervals between each test, see Fig 1.

After a two-minute warm-up at 75 Watts, the GXT dictated an increase in pedalling resistance

to 175 Watts, which increased by an additional 25 Watts every five minutes. Between 4:15 and

4:45 into each step and immediately after termination of the exercise test, blood was drawn to

measure bLa. Gas exchange was measured using a Quark CPET system (COSMED, Rome,

Italy) and breath-by-breath sampling technology. During the test cadence had to be main-

tained between 70 and 90 rpm. The test terminated when cadence could not be maintained

above 70 rpm or when a participant stopped the test.

Lactate determination. During the GXTs blood for lactate determination was drawn via

an IV cannula (Venflon 7 Pro Safety, BD, Switzerland) with a 30 cm extension set between the

cannula and a three way stopcock for blood sampling in the antecubital vein. Before the first

and after every sampling the stopcock and extension set were flushed with 2 mL saline. Before

blood sampling 0.5 mL was withdrawn from the stopcock to remove any remaining saline.

Next, 1 mL of blood was taken from the stopcock. Within ten seconds from withdrawal the

blood was placed on the Lactate Pro 2 (Arkray, Kyoto, Japan) strip which was then inserted in

the Lactate Pro 2 device. The same device was used throughout the whole study and was given

at least 20 minutes to adjust to the room temperature before sampling.

Time trial tests. The time trial tests were performed twice on the same ergometer used

for the GXT, with the first (TT1) 3–8 days after the first GXT and the second (TT2) one week

after GXT four. Participants were instructed to produce the highest mean power output during

a 45-minute period at a cadence of 70–90 rpm, attempting to mimic competitive cycling time

trials. At the start of the test pedalling resistance was set at 80% of the maximal power reached

during GXT1. Participants could adjust the power by indicating to increase or decrease in

power by steps of 10 Watts. They were informed of the remaining time on a regular basis dur-

ing the test.

Mont Ventoux race. Approximately one week after the last GXT participants competi-

tively climbed the Mont Ventoux (Vaucluse département, France) via Bédoin, a climb of

approximately 21.5 km with an average gradient of 7.5%. The race was preceded by a stage of

110 km in the French Provence (total elevation gain 1524 m) that was completed collectively.

Fig 1. Study design. Study design showing timing of different tests. Time point 0 weeks indicates start of treatment

(rHuEPO or placebo) for all participants. GXT, graded exercise test; TT, time trial test; RR, road race.
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Racing bikes of participants were equipped with a Single Leg Power Meter SGY-PM910H2

(Pioneer Europe, Antwerp, Belgium) with Shimano Ultegra 6800 crank (Shimano, Osaka,

Japan) to log power data on the bicycle during the race. Data were uploaded to the dedicated

database Cyclo-Sphere.

Lactate threshold concepts. The BLCs from the GXTs were then used to calculate several

representative LT concepts. Concepts were selected as follows: First, published concepts were

retrieved from a review by Faude et al. [9] and by a literature research within the PubMed

database. The database was searched for the search terms ‘lactate threshold’, ‘aerobic thresh-

old’, ‘anaerobic threshold’, ‘endurance performance’ or ‘maximal lactate steady state’ or similar

terms in different combinations. The references of the selected articles were searched for fur-

ther relevant articles. Secondly, retrieved concepts were divided into seven different categories,

see S1 Table. A few retrieved concepts could not be implemented, reasons being lacking lactate

concentrations in the recovery phase after exercise and no availability of the full text article

describing the method of the concept despite various efforts obtaining it. (S1 Table, listed

under “not selected categories”). From each remaining category, concepts that were represen-

tative and were used frequently in other research were selected. If there were multiple concepts

in one category that were commonly used and fundamentally different in methodology, more

than one concept of that category was included in the analysis. Selecting multiple commonly

used, but very similar concepts from one category was not deemed useful for the purpose of

this study. This resulted in a final selection of eight concepts from the five implementable cate-

gories for analysis in our study.

Implementation of lactate threshold concepts. All selected concepts were implemented

according to the articles that described the concept (S1 Table). When exact reproduction of

the method was not feasible due to the use of different parameters (e.g. running velocity was

used), we approximated the description as close as possible (e.g. we used power output). For

concepts that required data fitting of the blood lactate curve a third-order polynomial was cho-

sen, based on the shape of the blood lactate curve data and given that it is a proven method,

although there is no generally accepted method for data fitting. [9] An example of a blood lac-

tate curve with a depiction of all lactate threshold concepts is shown in Fig 2.

LT1. Similar to what Tanaka described [13] we plotted bLa (mmol/L) versus power (W).

Three authors (JH, WdMK and PG) were asked to independently select the first point in the

BLC that marks a substantial increase above resting level. LT1 was defined as the power value

corresponding to the point selected by at least two researchers, or in cases without consensus,

the three researchers discussed until consensus was reached.

LT2. Coyle et al. [14] determined LT as 1 mmol/L above a visually determined baseline in

the BLC. We took the lactate measurement chosen as LT1 and calculated the mean of the mea-

surements preceding this point to create an average baseline value. The power value belonging

to the first measured lactate value after baseline that supersedes the baseline value plus 1

mmol/L was considered LT2.

LT3. As Dickhuth et al., [15] we determined the minimum lactate equivalent (the lowest

value when bLa is divided by work intensity) using third-order polynomial fitting and added

1.5 mmol/L to the corresponding bLa, termed individual anaerobic threshold in the paper, to

find the power value on the fitted polynomial of the BLC and termed it LT3.

LT4. As described by Amann et al., [16] we calculated the first rise of 1 mmol/L or more

between two bLa measurements where the next rise was similar or larger than 1 mmol/L. The

measurement that preceded this first increase was considered LT4.

LT5. Based on the method described by Dickhuth et al., [17] we divided bLa (mmol/L) by

the 30 second average VO2 (mL/min/kg) and plotted it against power. These values were
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interpolated with a third-order polynomial and the power value at the lowest point in this

curve was considered LT5.

LT-4mmol. A widely used concept is the LT-4mmol method, as described for example by

Sjodin et al. [18] The power in the interpolated third-order polynomial BLC that corresponds

to a bLa of 4 mmol/L was considered LT-4mmol.

Dmax and Dmax modified. Similar to the method proposed by Cheng et al., [19] we plot-

ted bLa versus power, interpolated with a third-order polynomial and plotted a line from the

first measurement to the last measurement. The point in the interpolated BLC that has the

maximum perpendicular distance with that line was considered Dmax. A modified version as

Fig 2. Graphical representation of lactate threshold concepts. Example of a blood lactate curve with the location of the different lactate threshold

concepts for this particular curve. Open circles: observed blood lactate values at each exercise intensity; Black curve: third-order polynomial; Grey

dashed line: baseline; Green circle and arrow: LT1, observer-determined first rise in blood lactate; Yellow circle and arrow: LT2, first observed blood

lactate value more than 1 mmol/L above baseline; Pink circle and arrow: LT3, minimum lactate equivalent (blood lactate divided by power) plus 1.5

mmol/L; Purple circle and arrow: LT4, first blood lactate value that shows an increase of at least 1 mmol/L; Orange circle and arrow: LT5, minimum

lactate equivalent (blood lactate divided by VO2); Brown circle and arrow and dashed line: LT-4mmol, value at 4 mmol/L; Red circle and arrow and

dashed line: Dmax, value with the maximum perpendicular distance to the polynomial from the dashed line; Blue circle and arrow and dashed line:

Dmax-mod, value with the maximum perpendicular distance to the polynomial from the dashed line.
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described by Bishop et al., [20] uses the measurement that precedes an increase of at least 0.4

mmol/L instead of the first bLa measurement to draw the line to the last measurement, which

is termed Dmax modified (Dmax-mod).

Data management

Data was stored in a validated database system (Promasys, Omnicomm Inc., Fort Lauderdale,

USA) and checked for accuracy and completeness. Blinded data review before code-breaking

and analysis was performed according to a standard procedure at our unit. This included eval-

uating whether the GXT was performed to maximal ability, which was based on power, VO2

and bLa values and report by the subject.

Statistical analysis

We used statistical software R version 3.4.0 [21] to plot measurements, calculate the third-

order polynomial that best fits the data using polynomial regression with the R-function lm

(y~poly(3)), implement the LT concepts and perform the statistical testing. R was used with

the following packages: dplyr 0.5.0, [22] psych 1.7.5, [23] tidyr 0.6.3. [24] Data of all subjects

enrolled in the study were used in the analysis.

Repeatability. To measure repeatability we determined the weighted intra-subject coeffi-

cient of variation (CV) and the Cronbach’s alpha based on the five GXT results for each LT

concept. Weighted intra-subject CV was calculated correcting for missing values (CV based

on the sum of the variance per subject multiplied by the amount of measurements, divided by

the total amount of measurements). Both the weighted intra-subject CV and Cronbach’s alpha

were calculated only using data from participants receiving placebo, as there might have been

longitudinal effects of rHuEPO treatment on the GXTs.

Predictive properties. For the predictive properties we calculated the Pearson correlation

between each LT concept and the mean power of the corresponding relevant endurance

parameter. The LT concept from the GXT closest in time to the endurance tests TT1 and TT2

and road race (see Fig 1), namely GXT 1, 4 and 5 respectively, were used for correlations

between the LT concept and corresponding average power output. In addition, the difference

between each measurement pair was calculated and averaged to create the mean difference

between the LT concept and endurance test power. This value indicates how the power at the

LT concept translates to average endurance power in a time trial or race. For these Pearson

correlation and mean difference analyses both subjects receiving rHuEPO and placebo were

included. This was done as LT concepts are designed to be a predictive parameter for endur-

ance exercise, which should be irrespective of a subject being treated with rHuEPO or not. In

addition, given that the measurements of each pair are at most a week apart, no changes in the

LT concept or endurance performance are expected due to rHuEPO. Moreover, GXT1 and

TT1 were performed before starting the treatment period, and no rHuEPO administrations

took place between GXT5 and the race. For these analyses therefore no treatment effect was

expected and pooling was considered appropriate.

Results

In total 49 subjects entered the study, of which 47 were completers (Fig 3); one subject dropped

out after having performed the first GXT and time trial test and was replaced. One other sub-

ject dropped out after completing two GXTs and one time trial test and was not replaced. Sub-

ject characteristics can be found in Table 1. Of the remaining 238 planned GXTs, five were not

performed due to illness or injury. An additional 22 were excluded from analysis, five due to

having less than four bLa samples for the GXT, most others due to the fact that subjects
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Fig 3. CONSORT flowchart.

Table 1. Subject disposition.

All subjects Placebo subjects

N 48 24

Age (years) 33.6 (20.0–50.0) 33.8 (20.0–50.0)

Weight (kg) 76.9 (9.0; 59.2–95.6) 76.9 (8.9; 59.2–95.6)

Height (cm) 186 (7.3; 172–203) 186 (6.7; 174–203)

Maximal Power output per kg (W/kg) 4.36 (4.03–5.18) 4.36 (4.03–4.94)

VO2,max (mL/min/kg) 55.7 (4.6; 45.3–67.5) 56.0 (4.1; 47.0–62.8)

Values are presented as mean (standard deviation (SD) where appropriate; range where). VO2,max: maximal oxygen

consumption.
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indicated having physical problems (e.g. illness/injury, sore legs from recent exercise) poten-

tially affecting test results, leaving 211 GXTs (of which 109 from placebo subjects) with analy-

sable lactate threshold data. A total of 96 time trial tests were performed and used in the

analysis, and power data of 37 subjects was available for the road race. Out of the 47 subjects

that completed the study, three could not participate in the road race, four did not reach the

finish line due to exhaustion, and three did not have a power meter on their bike, therefore

lacking power data for the road race.

Lactate threshold concepts and endurance

All eight LT concepts were successfully implemented on the GXT data; for LT1 which was

determined visually by three researchers, a unanimous decision about the lactate threshold

was reached in 56.8% of the tests, in 40.0% of the cases two out of three researchers agreed

and there was originally no consensus in 3.2% of the tests. Several concepts were based on the

third-order polynomial data fitting, mean r-squared values of all individual curves were 0.978

(SD = 0.032, range 0.716–1.000). Mean values for each LT concept of the placebo group can be

found in Table 2. Mean (SD) power output for TT1 was 268 W (28 W) in the placebo group

and 271 W (29 W) in the rHuEPO group, and estimated mean for TT2 was 277 W and 283 W

for the placebo and rHuEPO groups respectively. Estimated mean power during RR were 266

W and 257 W for the two groups, during a mean race time of 1 h 37 min 45 s (SD = 12 min 40

s) and 1 h 38 min 23 s (SD = 14 min 9 s), respectively.

Repeatability

The overall intra-subject CV of each LT concept is indicated in Table 2, and shows some

minor differences between concepts, with LT3, LT-4mmol, Dmax and Dmax-mod having

CVs < 5% and LT5 having the highest intra-subject CV with 8.1%. The Cronbach’s alpha val-

ues for all LT concepts in the placebo group are between 0.89 and 0.97 and although 95% CIs

largely overlap, the same four concepts as observed for intra-subject CVs perform best with

Cronbach’s alpha values >0.95 (Table 3).

Predictive properties

Pearson correlation coefficients and the mean difference between each correlation pair are

listed in Table 4. All correlations are highly significant (p<0.0002), indicating the null

Table 2. Mean lactate threshold concept power output.

GXT

number

LT1 (W) LT2 (W) LT3 (W) LT4 (W) LT5 (W) LT-4mmol (W) Dmax (W) Dmax-mod (W)

1 283.3 (29.9; 225–

350)

292.9 (37.2; 250–

375)

286.1 (32.9; 219–

352)

275.0 (41.1; 200–

350)

225.0 (31.2; 175–

283)

301.8 (41.0; 222–

381)

275.7 (24.6; 222–

323)

299.5 (35.3; 225–

367)

2 283.0 (22.3; 225–

375)

293.2 (31.0; 250–

375)

288.7 (29.2; 231–

373)

276.1 (34.0; 175–

375)

231.8 (25.7; 175–

300)

305.0 (33.0; 234–

389)

280.0 (23.6; 233–

339)

301.2 (28.7; 237–

369)

3 281.0 (29.5; 225–

400)

290.5 (27.9; 250–

400)

285.7 (26.3; 240–

390)

272.6 (33.5; 225–

375)

224.5 (29.5; 175–

318)

300.8 (28.9; 253–

411)

278.7 (20.9; 250–

343)

297.5 (29.6; 257–

413)

4 283.7 (35.8; 225–

400)

292.4 (38.0; 225–

425)

291.6 (29.1; 240–

392)

272.8 (36.9; 200–

400)

229.8 (29.5; 175–

323)

307.0 (34.2; 249–

415)

284.0 (22.7; 232–

338)

308.7 (35.6; 251–

396)

5 278.3 (28.5; 225–

325)

290.2 (37.5; 225–

350)

285.0 (31.6; 216–

339)

271.7 (37.9; 200–

350)

230.4 (30.5; 175–

274)

297.2 (38.9; 204–

364)

280.3 (20.3; 245–

325)

298.9 (29.2; 253–

365)

Overall 282.1 (5.7%) 292.2 (5.0%) 287.7 (3.6%) 274.1 (5.6%) 228.4 (8.1%) 302.7 (3.8%) 280.0 (3.4%) 301.5 (4.3%)

Weighted mean power output (SD; range) for the placebo group at every exercise test. Overall combined (based on 109 GXTs) for each lactate threshold concept (CV).

CV is weighted intra-subject CV.
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hypothesis that the correlation is equal to zero can be rejected. The strength of the relationship

differs for different concepts. Correlation with TT1 was very strong for Dmax-mod and strong

for all other concepts except LT5, which showed a moderate correlation. Correlation with TT2

was strong for all concepts except LT5, which showed a moderate correlation. Correlation

with RR was strong for Dmax and Dmax-mod, and moderate for all other concepts. Dmax-

mod has the highest correlation with time trial test 1 (r = 0.94), LT-4mmol with time trial test

2 (r = 0.85) and Dmax-mod with road race power (r = 0.76). The mean difference with the

endurance parameters differs substantially between concepts, ranging from the lactate thresh-

old on average being up to 45.3 W lower than the related endurance parameter for LT5 to 36.6

W higher for LT-4mmol. Linear regression between each LT concept and average race power,

including accompanying r2 values, is plotted in Fig 4.

Discussion

All LT concepts that were included in this analysis performed good on repeatability and rea-

sonable to good on predicting a lab-based time trial and a real-life road race. Nevertheless, this

Table 3. Cronbach’s alpha for each lactate threshold concept.

Lactate threshold concept Cronbach’s alpha Lower 95% CI Upper 95% CI

LT1 0.91 0.85 0.96

LT2 0.95 0.92 0.98

LT3 0.97 0.94 0.99

LT4 0.94 0.91 0.98

LT5 0.89 0.82 0.96

LT 4_mmol 0.96 0.94 0.99

Dmax 0.96 0.93 0.98

Dmax-mod 0.96 0.94 0.98

Cronbach’s alpha for the placebo group for each lactate threshold concept with 95% confidence interval (CI).

Table 4. Predictive value of lactate threshold concepts.

Lactate threshold concept Pearson correlation Mean difference (SD)

TT1 TT2 RR TT1 TT2 RR
n = 42 n = 46a n = 34b n = 42 n = 46a n = 34b

LT1 0.78 0.74 0.54 -11.3 (18.3) -8.7 (22.1) -9.8 (37.2)

LT2 0.87 0.80 0.53 -23.2 (16.0) -18.5 (19.3) -27.4 (39.3)

LT3 0.88 0.84 0.64 -16.2 (14.3) -16.1 (18.1) -21.9 (33.8)

LT4 0.78 0.82 0.61 -3.5 (23.7) -0.6 (26.2) -13.5 (36.1)

LT5 0.67 0.65 0.58 43.7 (21.7) 45.3 (23.5) 39.1 (35.9)

LT-4mmol 0.88 0.85 0.61 -31.7 (19.4) -32.3 (23.0) -36.6 (36.1)

Dmax 0.89 0.82 0.73 -4.4 (12.1) -3.8 (15.8) -13.4 (32.4)

Dmax-mod 0.94 0.84 0.76 -27.3 (11.8) -29.9 (16.6) -33.7 (29.1)

Pearson correlation between each lactate threshold concept in GXT 1 and time trial test 1 (TT1), GXT 4 and time trial test 2 (TT2) and GXT 5 and average road race

(RR) power for all subjects combined. All correlations are significant (p<0.0002). To determine potential differences in power output between the LT concept and time

trial power or race power, mean difference (SD) between each measurement pair is calculated. Negative values indicate lactate threshold power is higher than exercise

test average power.
a For LT5 n = 44;
b for LT5 n = 32.
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study identified several LT concepts that outperformed the others in the setting of this trial.

The best method being Dmax-mod, but Dmax, LT-4mmol and LT3 performed well too.

Methodology

The design of the exercise protocol, for example stage duration, is known to impact blood

lactate curves. [25, 26] We selected an exercise protocol with five minute stages and 25 W

increments because it takes 3–4 minutes for the body to reach steady state and lactate accom-

panying that effort level can be measured accurately. [27] In addition, longer protocols may be

more sensitive to performance changes. [25] As described in more detail elsewhere, [12] GXT

results show our subjects were well-trained with maximal power output and VO2 max values

comparable to elite cyclists and triathletes when using longer exercise protocols. [28, 29] All

evaluated concepts were applied to data from the same exercise tests, with the same sampling

and assay method, and the same fitting procedure was used for those applicable concepts. As a

result such factors could not have affected the comparison between concepts within this study.

The current study was designed in that way to give the most accurate estimate of performance

parameters and its controlled set-up seems to be the most robust and valuable way to deter-

mine differences between concepts. Nevertheless, when any of these factors are changed (e.g.

using a different exercise test protocol) it is possible the outcomes might not translate perfectly.

With regards to data fitting, the third-order polynomial in the applicable concepts performed

well given the high mean r-squared values observed.

Selection of concepts

After inspection of all identified lactate concepts, it became clear that there were similarities

between quite some of them. For this reason, the concepts were grouped into categories, and a

selection was made of concepts to be analysed to have at least one representative per category

Fig 4. Linear regression lactate threshold concept power and average race power. Linear regression of lactate threshold power and average race power per LT

concept for all subjects depicting linear regression line (solid line) and 95% confidence interval (dotted lines). r2: R-squared or coefficient of determination is the

proportion of the variance in the dependent variable that is predictable from the independent variable.
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and thereby ensuring that results from this study would be informative for all regularly used

lactate concepts. The selection includes concepts such as a fixed lactate value (usually at 4

mmol/L) and the visually determined LT concepts that have been used since the conception of

the LT, and more recent concepts such as LT3, LT4 and Dmax and Dmax-mod. [9]

Mean threshold

The mean power output (Table 2) is relatively constant over time for each concept. These

results confirm there was no placebo-effect on any of the LT concepts, although such an

impact would already theoretically be improbable. What can also be seen is that not all con-

cepts seem to identify the same point in the blood lactate curve: LT5 gives the lowest estimate

of LT (228.4 W), much lower than other concepts (274.1–302.7 W). LT-4mmol and Dmax-

mod have the highest estimates (302.7 and 301.5 W), indicating these concepts identify differ-

ent intensities of performance and have different physiological meanings. Applying the termi-

nology as described in Faude et al, [9] based on mean threshold and mean difference with TT

and RR (Table 4), some concepts seem to be more related to the aerobic threshold (LT5), oth-

ers to the aerobic/anaerobic transition (e.g. LT1, LT4, Dmax) or the anaerobic threshold (LT-

4mmol, Dmax-mod).

Repeatability

Intra-subject CV’s over all five measurements were low (3.4–8.1%) and Cronbach’s alphas

high (0.89–0.97), indicating repeatability of all concepts over the study period of approximately

8 weeks was good. This corresponds well to previous findings of repeatability for power or

speed at different lactate concepts, both in terms of CV, determined at 1.3–5.9% in a meta-ana-

lytic review, [30] and in terms of Pearson correlations 0.88–0.96 [31, 32] or ICC 0.98–0.99.

[33] One study applied different LT concepts to the same dataset from two exercise tests and

showed that intra-subject CV’s and correlation was good for LT2, LT-4mmol and a concept

similar to LT4 (CV 3–4% and r� 0.85), but not for Dmax (10.3% and 0.57). [34] Our data,

based on more subjects (24 versus 14) and more measurements per subject (5 versus 2), dis-

putes this relatively poor repeatability for Dmax. However, our study does show differences

between concepts, with LT3, LT-4mmol, Dmax and Dmax-mod having the lowest intra-sub-

ject CV (<5%) and the highest Cronbach’s alpha (>0.95).

Correlation with performance

As we have established that CV and repeatability for all LT concepts was good, the most rele-

vant question is whether these concepts correlate to actual endurance performance. As previ-

ously indicated, it is highly unlikely that the rHuEPO treatment impacted this particular

correlation analysis. When analysing the groups separately, some differences in correlation

coefficients could be observed between the two groups (data not shown), but these differences

were already present for the correlation between GXT1 and TT1 when treatment had not yet

started, indicating that this was not due to rHuEPO treatment. Because combining all subjects

generates more informative and robust results being based on a bigger population, pooling the

groups was considered justified.

Data in Table 4 show that for all concepts correlations with time trial tests were higher com-

pared to the road race (based on all subjects median of all concepts r = 0.875 for TT1 and 0.82

for TT2, versus 0.61 for RR). This is most likely partly due to additional variability in the road

race due to the circumstances (e.g. weather, uphill racing with changes in steepness over the

course, and differences in race duration (range 72–126 minutes)). Possibly there was also a

minor impact of using different equipment for power measurement during the RR, as it was
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not measured on the ergometer but on the subjects’ bike. What can also be seen is that correla-

tion of the LT concepts with TT1 in general is slightly higher than with TT2. More importantly

however, correlation for both time trials show that the ranking among different concepts is

very similar, confirming the results are robust. It seems that in general, using a technique of

interpolation for the BLC has superior performance, as LT concepts that were based on the

third-order polynomial derived from the individual lactate concentration measurements (LT3,

LT5, LT-4mmol, Dmax, Dmax-mod) performed better than the ones that used actual mea-

sured bLa values without interpolation (LT1, LT2 and LT4), with the exception of LT5. This

poor performance of LT5 is most likely due to the fact that it is conceptually different from the

other concepts; it is the power at the minimum lactate equivalent, in this case the lowest value

for the lactate-VO2 ratio. In contrast, LT3 also uses a form of the minimum lactate equivalent,

but it adds 1.5 mmol/L to this value. As can be seen in Table 2 and Fig 2, this leads to LT5 on

average determining a point even before the first rise in lactate concentration as determined

by LT1. This concept therefore relates to much lower (aerobic) work intensities than the other

concepts. Additionally it is less repeatable (see Table 3). From all tested concepts LT5 corre-

lates least with 45 min TT performance, but for the longer RR performance relative to the

other concepts it performs somewhat better than for TT. This could mean that is this concept

is more related to long-term exercise efforts.

Many studies previously evaluated correlations of LT concepts with endurance perfor-

mance, of which most used running performance. An overview of these studies by Faude et al
shows a median r = 0.84–0.92 for several different LT concepts for endurance distances

(>5km), [9] comparable to our results. There are fewer studies that have compared LT con-

cepts and their correlation with different types of cycling endurance performance, [16, 20, 26,

35–38] but correlation with endurance performances (30–90 minutes) for each concept seem

to vary between these studies, see Table 5. In addition, the comparison between concepts

within these studies shows varying conclusions about which is the best concept. This could

partially be due to differences between studies, for example study populations differ (mean

VO2max ranges from 48 to 68 mL/kg/min, and some studying female, others male cyclists

and/or triathletes). However, they are more or less as heterogeneous as our population with an

SD of 4–8 mL/kg/min on VO2max. The applied exercise protocols all used long stages similar

to ours (3–5 minutes), although the increases in workload differ (20-50W). Finally, correlation

to endurance exercise was based on time trials that lasted between approximately 30 to 90 min-

utes (our TT of 45 min at the lower end and RR of on average 98 min at the higher end), a dif-

ference that might impact the correlation to different LT concepts. Nevertheless, taking these

differences into account, comparison is possible, albeit with some caution. Moreover, a robust

Table 5. Reported correlations between LT concepts and endurance performance.

Correlation reported in publication Lactate threshold concept

LT1 LT2 LT4 LT-4mmol Dmax Dmax-mod LTlog

Amann [16] - 0.72 0.59 0.60 - - -

Bentley [37] - - - 0.54 0.77 - 0.91

Bishop [20] 0.81 - 0.61 0.81 0.84 0.83 0.69

Borszcz [35] - 0.31 - 0.56 0.75 - -

McNaughton [38] - - - 0.90 0.91 - 0.86

Nichols [36] - - 0.88 0.67 - - -

Literature data for LT concepts and correlation with 30–90 minute-during performances. LTlog: the power output at which bLa starts to increase when log(bLa) is

plotted against log(power output).
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and valid LT concept should perform well in any of these datasets. What can be observed is

that all these concepts except LT1, Dmax and Dmax-mod have shown correlations below 0.75,

and that in all four direct comparisons that evaluated both Dmax and LT-4mmol, Dmax

showed a higher correlation. This latter finding could be due to the fact that LT-4mmol is

less robust to changes in settings such as exercise protocol duration, sampling site and lactate

analyser because of its fixed nature. Our study expands on this information, and compared to

previous studies as reviewed in Table 5, is based on approximately 2–4 times more subjects,

therefore allowing for more robust conclusions. This is especially true since our population is a

heterogeneous well-trained, and therefore relevant, group (range maximal power output at

baseline 256–425 W). Similar to what can be extracted from the literature, our study too shows

that Dmax and Dmax-mod have highest correlations with time trial performance, although

LT-4mmol and LT3 show a similarly high correlation in our study. For the correlation with

RR, there are slightly larger differences between concepts. Correlation is highest for Dmax and

Dmax-mod, mainly because for the other concepts correlation for a few subjects is very poor,

as visualized in Fig 4 (e.g. for LT-4mmol). These findings combined, we conclude that Dmax,

and even more so Dmax-mod, have the best correlation with endurance performance. One

recent study evaluated correlation between MLSS, which could be considered to be the gold

standard for the physiological endurance threshold, and different LT concepts generated from

GXTs with different protocol durations. [26] This study concluded that for a GXT with 4-min-

ute steps (most similar to our GXT), correlation was high for many of the concepts, but validity

was highest for LT-2.5mmol, Dmax-mod, and two modified versions of Dmax-mod. In con-

trast, LT2, LT-4mmol and Dmax showed much higher mean differences with MLSS and there-

fore were designated as invalid estimates of MLSS. Combining these findings with our own

results, Dmax-mod determined in a GXT with approximately 5-minute stages is both a valid

estimate of MLSS and has a high correlation with actual endurance performance.

Absolute power difference

The mean difference of each concept with the endurance parameter gives an indication of how

the absolute power of the LT concept corresponds to the average power produced during TT

and RR. On average, power is higher compared to the endurance test for each concept (except

the poorest performing concept LT5). This difference in power between LT concepts and

endurance test is possibly due to having to sustain the power for a much longer time during

the endurance tests, needing a systematic lower power in order to cope with the effort. Inter-

estingly, Dmax-mod and LT-4mmol, concepts that show among the highest correlations, have

the largest difference in absolute power (approximately 30 W). Given the high correlation with

performance this should not disqualify these concepts, but one should take into account that

there is a systematic difference with endurance performance of approximately 30 W.

Conclusions

LT concepts are correlated with endurance performance, but a review showed that many dif-

ferent concepts are used in literature, which is undesirable. [9] Also for cycling performance,

there is no consensus on which LT concept should be applied and results vary highly. [16, 20,

35–38] In this study we compared eight different representative LT concepts on the same large

cycling performance dataset to evaluate repeatability and predictive properties. All concepts

showed high repeatability, and correlated with endurance performance. However, LT3, LT-

4mmol, Dmax and Dmax-mod showed the best repeatability, and had the highest correlation

with time trial performance. As correlation with performance was consistently high for Dmax

and Dmax-mod, also with the uphill road race, the latter performing slightly better on each
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criterion, and because Dmax-mod was previously shown to be a valid estimate of MLSS, we

would recommend using Dmax-mod when analyzing the blood lactate curve.
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Abstract

In cooperation with the Sports Association of the Palatinate (SBP), a survey was conducted

on substance use by recreational and amateur athletes. Distribution of the online question-

naire took place by means of chain-referral sampling, and questions on substance use

were presented using the randomized response technique (RRT) to protect the anonymity

of respondents and prevent socially desirable answers. The estimated lowest limit for the

population share for use of prohibited substances during the last season (4%) and for life-

time use (3.6%) did not differ significantly. Approximately 21% of respondents had used

substances for training or competitions that were taken for a purpose other than perfor-

mance enhancement (e.g., to improve their mood or to help with recuperation from a minor

injury or illness) in the last year. 49% had done so at some point in their life.

Introduction

In recent years, there has been a multitude of studies on doping in recreational and in amateur
sport. As a result, the extent of this phenomenon was clarified for special populations (like e.g.
bodybuilders [1–2]) and for special substances (mostly for anabolic steroids [3–9]). Neverthe-
less, the prevalence in the total population of amateur and recreational sportsmen and -women
remained unclear due to several analytical, methodological, and empirical issues. Despite the
uncertainty of prevalence data, doping in recreational and in amateur sport has been labelled a
public health issue [10–12]. The following article aims to supplement this argument with a
sound estimation of the prevalence of doping in a general population of sportsmen and
-women.

Theoretical Assessment of the Problem Area

State of research

It is immediately evident that the large number of studies on the prevalence of doping in recre-
ational and amateur sport taking into consideration only certain substance classes or special
sport populations can only provide limited estimates of the prevalence within the total

Editor: Fabio Lucidi, University of Rome, ITALY

Competing Interests: The authors have declared

that no competing interests exist.

4

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0165103&domain=pdf
http://creativecommons.org/licenses/by/4.0/


population. Therefore, we will first focus on studies that address either unspecific or general
substance (ab-)use, or that address general populations with only minor limitations in socio-
economic parameters, especially those studies without limitations by sport discipline.

A survey among students at four universities in Belgium,Demark, Germany, and Switzer-
land (population: well educated young European adults) on the use of enhancing substances
for both mental performance (neuro-enhancement) and sports performance (doping) with the
RandomizedResponse Technique (RRT) (see methods section in this article) showed that the
prevalence of doping in that population was 5%, while the prevalence of (neuro-) enhancement
ranged between 3 and 8% [13]. It should be noted here that this proportion only represented
the reliably estimated lower boundary of “honest yes respondents” in the Randomized
Response estimate (see methods section). The existence of respondents who failed to follow
survey instructionsmay have led to an inaccurate estimate of the potential number of users.
Another study, conducted at the German Sport University Cologne, revealed a higher preva-
lence of substance use at 11.2% among students (population: young, well educated German
adults, highly interested in sports). This figure resulted from analyses of urine test samples and
is not affected by any voluntary bias. However, the prevalence rate may be elevated due to the
specific nature of the university, at which only sports students were questioned [14].

Concerning the substance use of young male adults in school and university environments,
unspecified substance use has also been studied using direct questioning. With a wide defini-
tion of performance enhancing substances, which also include dietary supplements, the preva-
lence was found to be about 31% [15]. This rate suggested a high level of readiness to enhance
performance among the sample. Among those who indicated they had used performance
enhancing substances, 31% confessed to having used illicit substances according to the NCAA
guidelines. This resulted in a doping prevalence of 9.6% for this population. For a similar popu-
lation from Sweden, the overall proportion of doping was reported at 1.6% [16]. A study
among Italian high school attendees found a prevalence rate of 1.5% for using illegal perfor-
mance enhancing substances, while the total rate of substance use for performance enhance-
ment was 6.8% [17]. As the focus of the study was substance use during the last three months,
the reported prevalence might be low in comparison to other studies considering a longer
period for reporting use.

To critically assess the evidence from these studies, it is important to note that the first two
studies used methods which were either impervious to social desirability bias [14] or that were
designed to minimize it [13]. This was not the case for the latter studies that were conducted
using direct questioning. As a result of these survey findings on relatively large populations for
general substance use to enhance physical performance, we estimated the overall prevalence
between approximately 5% and 10% in the total population.

Now we turn to studies that additionally identified risk factors for smaller populations or
for single substances or substance groups. In order to structure the large number of studies, we
will categorize the discussion based on the different determinants studied.

The most important and highly stable social background variable is gender, with female
respondents generally showing a lower propensity to dope. Its significance as a determinant of
doping prevalence in amateur and recreational sport was shown in studies among gym users
[1–2, 18] as well as for the use of anabolic androgenic steroids among university students ([3–
9, 16], 14 more studies from the United States, cited in [5], 25 studies and three periodically
conducted national youth surveys in the U.S., cited in [11], and three studies from Great Britain
and Germany, cited in [10]). This effect was also shown in a special mixed sample of at-risk
individuals [9], as well as in studies on doping substances in general among university students
[17]. Few studies where the influence of gender was investigated offered no support for this
determinant [19] or provided contradictory results [20]. Although this pattern is stable, there
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have been only few attempts to link these results to theoretical issues such as gender specific
health-related behaviour or gender specific risk behaviour.

Additionally studies have identified further social background variables such as social status
[4, 7, 9, 12, 20, 21] and the intensity of involvement in sport [2, 7, 17, 19, 22] as determinants of
doping. As we were not able to test hypotheses on these parameters due to the limited number
of responses to our survey (see results section), we will not discuss these variables in detail.

Besides these social background variables, an increased prevalence among users of other
legal or illegal substances has been reported in several studies [2, 6–9, 15–16, 22–24], though
there were some inconsistent results concerning various drugs [22].

Drawing on this research, we hypothesized that doping prevalence in recreational and in
amateur sport differs by gender. In general, this study did not aim to identify new determinants
for doping, but to 1.) estimate the overall prevalence, and 2.) to determine if gender is a deter-
minant for doping. So far, gender has only been shown as a determinate in limited populations
and mostly for single substances.

The concept of doping in recreational and amateur sport

The concept of doping has evolved in the context of professional elite sport and it is unclear if
this concept can be adopted in sporting activities outside the professional realm. It is important
to note that the definition of substance use relevant to this study is not necessarily that promul-
gated by the World Anti-Doping Agency (WADA). To clarify the concept of “substance use in
recreational and amateur sports”, we must differentiate between three definitions.

1. Substance use, or doping, according to the World Anti-Doping Code (WADC): This code
defines doping in terms of a list of prohibited substances or methods. Whether or why the
athlete intends to use these substances or methods does not matter, due to the strict liability
principle. Additionally, under this definition doping does not require intent to enhance
one's performance, because there are additional reasons why substances are prohibited (e.g.,
the “spirit of sport” argument).

2. The European Union’s (quoted in [25]) definition of substance use: The core concept is the
intention to unfairly enhance one's athletic performance; the specific techniques and meth-
ods used therefore do not matter at all.

3. Lay persons' understanding of substance use in sports contexts, which can be derived, for
example, from discussions on the internet: In this context, neither the intention to increase
one's performance nor a specific list of substances matter. For example, some pain-killers
are discussed as “doping substances”, while pharmaceuticals that are included on lists of
banned substances are not necessarily seen as doping as long as they are used for (self-)
therapy.

If participants in mass sport events are members of a sports club, they accept the rules of the
WADC and of the sports organization, especially those of fair play, with their membership.
Athletes in recreational and amateur sport, too, are expected to perform at their best by using
only their talent and by training hard, even if there is no organized surveillance for doping vio-
lations. Doping surveillance and sanctioning can, at least in principle, be applied to those who
participate in organized competitions. However, as there are typically no doping tests at the
amateur level of sport there is no practical need for participants to be informed about the legal
meaning of doping (WADA’s definition) or the list of prohibited substances.

Therefore, substance use in recreational and amateur sport is better understood in the sense
of the Thomas theorem: “If people think that something is real, it is real in its consequences”
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[26]. In recreational and amateur sport, the lack of doping tests and their results mean that
there is no institutional agent for defining behaviours as doping. This means the labelling of a
behaviour by the participants in this field is most relevant, whether or not tests have been con-
ducted. If the behaviour is labelled as doping, consequences such as loss of reputation and
socialmarginalization are equally effective sanctions, regardless of whether the behaviour was
doping in a legal sense.

In recreational and amateur sport, it is also important to consider the intent behind sub-
stance use. For athletes who are under surveillance in the WADA Anti-Doping Testing regime,
the relevant question is only whether or not a substance is in the athlete’s body; it does not mat-
ter why this substance has been used. Applying this standard to recreational and amateur sport
could have major consequences for the use of over-the-counter medicine. Taking a pill to treat
nasal congestion caused by a cold may constitute an anti-doping rule violation if the pill con-
tains pseudoephedrinehydrochloride. Under WADA’s definition, this is a prohibited sub-
stance. However, using it for self-treatment in a non-sports-related context would hardly be
considered doping (see [27] for the differentiation between doping/enhancement and treat-
ment in the general public). Using a medication to facilitate training participation when an ath-
lete feels like he may have caught a cold might not be labelled prohibited substance use by
athletes in recreational and amateur sport. On the other hand, using creatine, caffeine, or l-car-
nithin (none of which are prohibited) in marathon training [28] or using pain-killers in sport
[29] has already been colloquially labelled doping by some in these populations.

Taking these observations together, substance use in recreational and amateur sport is
understood by participants in this field as a behaviour

1. that is regarded as performance-enhancing, and

2. that is (self-) perceived as illegal.

Therefore, measuring prohibited substance use prevalence in this sense requires measuring
the proportion of athletes who believe they have done something prohibited. This prevalence is
an indicator of an openness to transgress between substance categories (i.e., from acceptable to
prohibited) that is accepting of doping. Cases where prohibited substance use acceptance exists
but has not (yet) led to substance use behaviour due to the absence of necessity or opportunity
are known systematic measurement errors, which lead to an underestimation of the prevalence
of a doping-tolerant mind-set.

Method

Study’s definitions–doping and sport induced self-medication

The operationalization of substance use has one important implication when measuring its
prevalence: to rule out other reasons for substance use. When measuring the concept of “dop-
ing”, one has to emphasize three essential elements of our definition: “athlete”, “prohibited sub-
stances or methods”, and “the intention to enhance your performance in sport”. Our
questionnaire asked explicitly about the use of substances that the respondent believes to be
prohibited. Therefore, using substances that are not known to be prohibited would lead to the
answer “no”, while substances that are thought to be prohibited would lead to the answer “yes”,
irrespective of whether these substances are, in fact, prohibited. The defining element “athlete”
ensures that respondents will refer to a behaviour that they perceive as related to their sports
participation. Substances used for marginal health problems, which are not part of the social
phenomenon “illicit substance use in recreational and amateur sports”, are beyond the scope of
this definition.

Advances in Sport and Exercise Medicine 

56



In addition to these performance related behaviour, we were interested in the substance use
for purposes other than performance enhancement. The differences to these two behaviours
are 1) the intention (other than performance enhancement, such as pain reduction, mood,
etc.), 2) that the reference to a specific sport is only relevant for doping but not for sport
induced self-medication, and 3) that the substances which are used for doping are seen as illicit
by the respondents, while in the case of self-medication this issue is irrelevant. By taking the
substance, the athletes could, for example, try to reduce pain, accelerate recuperation, or
improve their mood. Although any of these attempts can be seen as (also) performance
enhancing, the main difference to doping is that medication use was not primarily intended to
enhance performance.

We asked the entire sample about substance use for sport-induced self-medication (in tables
and figure, we will use the abbreviation medi) over their whole sport life and the persons who
were still active in the last year. This means we only asked about substance use linked to active
sports participation. The original question (translated into English) is: “Have you ever (last
year) used substances in training or competition which were not intended to enhance your
performance?”

Instruments (structure of the questions)

We used an online survey to investigate the prevalence of doping and sport induced self-medi-
cation. At the beginning of the survey, respondents were asked if they participate in sports and
which sport disciplines they practice or have practiced. For these disciplines, we also asked if
they participate/have participated in competitions. If the response was yes, we asked for their
last competitive level, as well as for the highest competitive level they have ever reached. This
was used to prioritise sport disciplines in our questionnaire (see below). These questions were
followed by at least two and up to six questions concerning their sports-related substance use
(see RRT procedure section). The questionnaire finishedwith socio-demographic information
(i.e., age, gender, education level).

Specific instrument—The RRT questions

With RRT, we asked a maximum of two questions relating to doping (lifetime and last season)
and two questions relating to medication (lifetime and last year). Because of that all partici-
pants got one question (sport-induced self-medication, lifetime) in minimum and could get up
to four RRT questions. A summary of the questions surveyedusing the RRT is shown in Fig 1.

The questions related to doping in the last season in one sport (basketball in our example,
for the lifetime prevalence the question was modified accordingly) were asked in the following
way: “Have you, as a basketball player, last season used prohibited substances or methods with
the aim to enhance your performance?” This question was asked to those persons who partici-
pated in sport competitions over the previous season (or ever). The relevant sport was decided
after the prioritisation (see instruments section).

In addition to the doping questions, we asked about sport-induced self-medication during
the last year and over the respondent’s lifetime. For this question, we asked about use in the
last year because non-competitive athletes were also questioned here and they might not find
the term “season” helpful or intuitive, which may lead to respondents assuming different win-
dows of time. These questions about sport-induced self-medicationwere not specific to any
one type of sport, but according to the differentiation between doping and sport induced self-
medication (see study’s definiton section), they explicitly excluded the intention to enhance
sporting performance.
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The RRT procedure

Because admitting to doping can be highly embarrassing, we used the randomized response
technique (RRT) for questions on doping and medication. In addition to ensuring our results
are comparable to other surveys [13, 19, 30–33], this approach leads to more reliable answers
than those obtained by asking direct questions because RRT reduces distorting influences, such
as those resulting from social desirability [34–35]. RRT cannot erase all social desirability bias,
but in our opinion it guards against the worst fear, which is of exposure. We know from meth-
odological studies on RRT [36–41] that results come closer to capturing true prevalence than
direct questions. We only know two studies with lower prevalence estimations in the RRT
questionnaire than when questioning directly [42–43]. That may be the result of reduced fear,
since RRT questions can moderate the weight of expectation to answer “correctly” by means of
social desirability. Additionally, recent publications have shown this technique produces reli-
able estimations of doping prevalence in sport (see [30–32] for elite sport as well as [13, 19, 33,
44], for sport below the professional realm).

This method protects against bias by giving an additional instructionwhen answering a
question for an embarrassing property. Depending on which result is randomly generated
from a known distribution, respondents either answer the embarrassing question or a corre-
sponding innocuous question. In our case, this second question is structured in such a way that
a cooperative person will always answer it with “yes”.

Fig 1. Overview of the questions about the embarrassing characteristic substance use that are asked

using the RRT.
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The literature contains reports on the use of different random generators [45–47] or other
randomly generated characteristics such as the final digit of telephone numbers [48–49]. How-
ever, for an Internet survey, it cannot be assumed that all respondents will have easy access to a
random generator in the form of a coin or die precisely at the moment they are taking part in
the survey. Other randomly generated characteristics, such as the final digit of a telephone
number, assume the researchers know the distribution of telephone numbers at the moment
the survey is administered. In this survey, we decided to use randomly generated numbers with
equally distributed digits.

The process is illustrated by means of an example in Fig 2 that shows the forced answer
model of the RRT for qualitative characteristics [50] (for other variants, such as the unrelated
question model or for quantitative characteristics, see, for example, the summary in [45]).

Because the researcher does not know the random number generated for the respondent, he
cannot conclude from a “yes” answer that the respondent has actually used prohibited sub-
stances or methods. However, because we do know the distribution from which the random
number is generated, we can derive the probability that the respondent is instructed to answer
the embarrassing question. From this, the proportion of people in the population exhibiting
the characteristic (here, athletes who have taken substances) can be calculated.

Despite special instructions, cases continue to occur in which, for unknown reasons, the
respondents do not comply with the RRT procedure [51–52]. These cases of so-called “cheating”
can occur for a variety of reasons (for example, deliberately not complying with the instruction,
not understanding the instruction, or similar errors) and thus reduce the precision of the esti-
mate. To control for these biases, the “cheater detectionmodel” [53] has been developed. The
cheater detection is based on the assumption that RRT estimates of population shares are inde-
pendent from the probability to answer one of the innocuous questions or the embarrassing
question. To detect cheating, the sample is randomly split into (normally equally sized) subsam-
ples with different probabilities. With these two groups, we can estimate three population pro-
portions, namely the rate of honest yes responders, the rate of honest no responders and the rate
of respondents who do not answer according to the instructions. In the literature on RRT, this
third proportion is called “cheaters” although this does not imply that these respondents did not
follow the instructions deliberately, nor that, in the present case, they cheated in the sense that
they used prohibited substances. Nevertheless, we will use the term “cheater” for this population
share according to the terminology in this special field of statistical methods. Further analysis of
the RRT method with cheater detection is available elsewhere [54].

Data Analysis

The RRT can be used for exploratory prevalence estimation as well as for hypothesis testing,
although the statistics needed for this second purpose are not straightforward. For the variants
of RRT used here, error components are typically not distributed normally, but are heavily
skewed [13]. Therefore, significance tests should be performed using bootstrap methods to cal-
culate confidence intervals independently from any distribution assumption [55–56]. When
using bootstrap statistics the meaning of a significant difference between two groups must be
reinterpreted. For our purposes, the difference between the two groups under study and the
(bootstrapped) confidence interval of the difference are used, and the reference bcα-(bias cor-
rected and accelerated) value is reported in Tables A-D in S1 Appendix (5th column). For two
groups to differ significantly, the value of the difference and the limit both must be positive or
negative. Otherwise, the test fails and the hypothesis is rejected.

With this method, results of statistical tests are reported in a distinctive way because it lacks
the value of a statistic (such as a t-value or an F-value from an ANOVA) or degrees of freedom.
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Additionally, the often-reported p-value, indicating the estimated significance level, becomes
meaningless. A p-value could be reported [55], but would likely vary between different boot-
strap-simulations even if the null hypothesis were consistently rejected at the selected level for
significance (here: p<0.05). The results of the bootstrap analyses are shown in the additional
tables (Tables A-D in S1 Appendix).

Ethical Issues

According to the guidelines of the German Research Association, no ethical approval was
needed because the research did not pose any threats or risks to the respondents and the
respondents were fully informed about the objectives of the study (http://www.dfg.de/

Fig 2. Example of an RRT question similar to those asked from respondents.

Advances in Sport and Exercise Medicine 

60

http://www.dfg.de/foerderung/faq/geistes_sozialwissenschaften/index.html


foerderung/faq/geistes_sozialwissenschaften/index.html).A member of the ethical committee
of Saarland University confirmed that ethical approval was not needed for this study.

Conformity with the data privacy act of the European Union is confirmed by the data secu-
rity officer at Sportbund Pfalz. This includes that neither participation nor non-participation
could render negative consequences to the addressees, and that complete anonymity of the
respondents was verified. As a result of this procedure, there is no possibility of de-identifying
or de-anonymizing the records prior to analysis.

Implicit informed consent is given by participating after being fully informed of the objec-
tives of the study. Written or verbal informed consent is not obtained during this study for two
reasons. First, recording information that could be used to identify the participants (especially
names and e-mail-addresses but also IP-addresses, time of participation) is explicitly prohib-
ited by the data security officer. Therefore, written or verbal consent could not be obtained.
Second, recording these data would have lowered the trust of the respondents in the anonymity
of the study and would have foiled the logic of the RRT survey. The study was performed
according to the principles of the Helsinki declaration.

Sample

The surveywas carried out in the catchment area of the SBP, the umbrella organization for
organised sport in the Palatinate. Access to recreational and amateur athletes was achieved
with the cooperation of the SBP via different media (such as press releases and reports in
regional newspapers) and using a snowball process. The sports-practicing public was notified
about the survey via the Sports Association, with the organization and the group of researchers
writing several times (in “special newsletters” to all subscribers, approximately 8,000 people,
and in emails to the addresses held by the SBP for association officials, trainers, participants in
events, etc., approximately 9,900 people). In all of the communications, the persons contacted
were first asked to take part in the survey themselves. They were additionally asked to further
distribute the information about the surveywithin their club, their training group, their circle
of friends, etc.

Due to the snowball process, the transmission of information depended on a large number
of factors that are almost impossible to influence, e.g., the commitment of those individuals ini-
tially contacted during the distribution, the (communication) networks in the clubs, the inten-
sity and frequency of information exchange, etc. This gave rise to biased distributions with
regard to the types of sport practiced (see Table 1). A further reason for this bias was the fact
that, in the questionnaire, non-team sports were mentioned, while the distribution of athletes
in the SBP was determined by the distribution of members across the constituent specialist
clubs.

Two oddities in Table 1 (indicated by �) were influenced by the special structure of sports in
Germany and do not reflect sampling errors. First, a rather small number of respondents stated
“gymnastics” as their type of sport. The Palatinate Gymnastics Association covers different
sport disciplines and sport clubs that are historically under the umbrella of German “Turnen”.
Additionally, this association covers all types of sport that lack a special regional umbrella orga-
nisation. Therefore, the number of members of the Palatinate Gymnastics Association far
exceeded the share of respondents practicing gymnastics. The opposite phenomenon explained
the difference between the number of athletes involved in “jogging/running”and in "athletics"
and the number of members of the Palatinate Athletics Association. Running competitions are
governed by the Athletics Association and there is no special runners' association. Neverthe-
less, it is possible for athletes who do not belong to any athletic club to take part in competi-
tions, such as city marathons or fun runs, which can be organized to allow runners who do not
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belong to a sports club to participate (that is, these competitions do not require athletes to have
a starting license).

Our dataset comprised 1,930 responses containing individual data and 1,964 responses con-
taining questions about types of sport (here, one person can contribute with two datasets about
their sports behaviour). The first question asked for the participant’s zip code to assure that the
person lives in the region of Palatinate. Then we asked if the person is or had been formerly
engaged in sports. For the RRT questions we prioritise one sport (see methods section) stated
by the respondent.

It was not easy to quantify the response rate due to the snowball process. We only can esti-
mate the rate from those persons who directly received the questionnaire. We scored all news-
letter subscribers from SBP, a sample with more than 10,000 persons, with a special newsletter.
Additionally, an email went out to all instructors and participants of an advanced training
course (about 9,000). There was some overlap between these two groups, so that 10,000 direct
mail recipients would be a conservative estimation. Using this number, we had a response rate
of less than 20%. Because of other processes, like information sharing across sports clubs and
the several newspaper articles about the survey, the response rate was clearly lower. 65.8% of
the responses came from male athletes and 33.42% from female (the gap betweenmale and
female respondents comes from item non-responders). This distribution did not correspond to
the population distribution in Rhineland-Palatinate, but it was very close to the distribution of
sexes at the SBP and, thus, presumably to that of the population of the Palatinate who actively
practice sport and who are the targets of the study.

Furthermore, the sample was characterized by high educational and professional status,
which was evident from the high proportion of persons having completed secondary education
and the that almost one third of respondents had a university degree.

Table 1. Distribution of responses by types of sport practiced compared with the distribution of sports practice in the SB Pfalz. N = 1,620 data

sets stating the type of sport practiced in the sports with the highest priority.

Sport Number of respondents Percentage of respondents Percentage of athletes in SBP

Football 297 15,2 30,0

Running * 197 10,1 -

Athletics * 183 9,4 3,9

Tennis 137 7,0 6,3

Handball 100 5,1 3,5

Aquatics 91 4,7 1,7

Gymnastics * 83 4,3 18,9

Volleyball 69 3,5 1,0

Cycling 68 3,5 1,0

Triathlon 64 3,3 0,2

Badminton 60 3,1 0,9

Table tennis 58 3,0 2,9

Dancing 49 2,5 1,2

Judo 48 2,5 0,7

Shooting 37 1,9 3,8

Alpine Skiing 29 1,5 2,1

Equestrian 28 1,4 2,1

Bowling 22 1,1 0,5

* the asterisk denotes a sport with special characteristics that is explained in the text.
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Results

Results–prevalence of doping

When assessing the prevalence of substance use, we estimated the rate of honest yes respon-
dents and of honest no respondents directly from the data. Typically, both shares did not sum
up to 100%, as there remains a range of indifference because some participants (deliberately or
by chance) did not obey the RRT instructions correctly (“cheaters” in the RRT-terminology).
Therefore, we calculated an interval for the true prevalence: The lower boundary is the propor-
tion of honest yes respondents (the red bars in Fig 3), while the upper boundary is defined by
the proportion of honest no respondents (the green bars in Fig 3). The breadth of the interval
between these two shares refers to the level of indifference. It ranges from the estimated pro-
portion of honest yes respondents to 100% minus the share of honest no respondents.

Results–prevalence for sport-induced self-medication

Regarding whether athletes in the SBP deliberately used prohibited substances and/or methods
with the aim of enhancing their competitive performance during the last season of their named
sport, the proportion of honest “yes” respondents was 4.29%. With a proportion of honest no
responders of 69.52%, the true prevalence falls between 4.29% and 30.48%. The percentage of
respondents who doped at any point in their sports life to date falls between 3.35% and 10.55%.
The proportion of honest no respondents was 89.45%. The much larger range of the interval
due to non-compliance to the RRT instructions for the first question may be surprising at first,
but it was similar to that seen in comparable studies of deviant behaviour [30–31]. A possible
explanation for the fact that non-compliance to RRT-instructions on the question relating to

Fig 3. Results of the RRT questions for doping and sport-induced self-medication (medi).
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the last season is seen more often than on the question relating to one’s entire sporting life
might lie in the proximity of the response to the embarrassing question to the deviant behav-
iour itself. The risk of being identified is higher for deviance that occurred recently than it is for
deviance that occurred at some point during a long period of time.

Another question asked whether the athletes in the SBP used any substance for sport-
induced self-medicationwithout intending to enhance their competitive performance in the
past year. With regard to substance use in the last year, the proportion of honest “yes” respon-
dents in the last year was 21.40%. The proportion of honest no responders was estimated at
78.60%. Thus we did not have an interval for this question. With regard to the lifetime preva-
lence of substance use for self-medication in a sport-related context, we obtained an estimate of
49.20% honest yes respondents and 27.87% honest no respondents. The upper limit of the
interval for lifetime use is 72.1%.

Hypotheses Tests

The results broken down by gender are shown in Tables A and B in S1 Appendix. The differ-
ences betweenmale and female athletes are highest for the question regarding whether they
have ever taken prohibited substances (doping), but the differences between genders did not
reach significance for any question. The cell frequencies for the questions question were very
low, so each estimate to compare sexes is relatively unreliable.

For the social status as well as the sport involvement hypotheses, the cell frequencies were
even lower, which meant that this study did not provide any evidence either to support or to
reject these hypotheses.

Without a pre-defined hypothesis, we additionally compared the substance use for doping
purposes to the use of medication in the sport context for other purposes than to enhance per-
formance. We have N = 616 respondents who answered both the doping question and the
question for sport-induced self-medication during the last season or year and N = 786 answers
for both questions about lifetime use. Although numerically different, the prevalence for dop-
ing and medication use did not differ significantly for the last season/last year question (see
supporting information Table C in S1 Appendix). Likewise, there is a significant difference in
these questions on the respondent’s lifetime in both the number of honest “yes” and the num-
ber of honest “no” responses (see Table D in S1 Appendix).

Discussion

We found a last season prevalence of doping over 4% and a lower lifetime prevalence (3.6%).
The common logic would say that lifetime prevalence can only be the same or higher than the
last season's prevalence. So these results may puzzle at first and need more explanation. First,
these results are estimations that contain a certain error term. Because of the result of the sig-
nificance test we can say, that the difference isn’t a relevant difference. Second, different argu-
ments affect the RRT procedure. For each RRT question we have to use a randomization
process to divide the sample into 2 groups. This means that between the two questions (last
year and lifetime) the sample that has to answer honestly can be assembled in a different way.
For example, in the first question respondents get the instruction to answer honestly and in the
second to answer always yes (respectively to answer the right or left question). The information
on the prevalence only can come from those who answer honestly, so that the randomization
process can lead to a different estimation.

When interpreting our results in a public health context, we must conclude that in spite of
the low prevalence rate of doping, from a population of (conservatively estimated) more than
20 million amateur and recreational athletes in Germany, nearly 900,000 are estimated to have
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used illegal substances in the last season to enhance their sporting performance. In addition,
more than four million amateur and recreational athletes have used pharmaceuticals for pur-
poses other than performance enhancement in the context of sport. Therefore, we must con-
cede that substance use without the aim of performance enhancement in sports-related
contexts is a larger public health problem than doping (substance use with the aim of perfor-
mance enhancement), but that both problems indeed affect large numbers of individuals.
These forms of sport-induced use of medication at least partly counteract health implications,
which are often seen as a side effect of recreational sport. In contrast to the cited literature we
could not find a gender difference in such a way that substance use is a male problem. Maybe
the multidisciplinary sample and the recreational sports level can cause this. We found the
reported differences especially at students and bodybuilding studies.

Regarding the RRT questions about prohibited substances that are used with the aim of
enhancing performance, we highlight the tension between the fact that, at least in principle, the
WADC applies to recreational and amateur athletes and the fact that we cannot assume that
casual athletes are aware of the list of banned substances and its contents. Responses to our sur-
vey are thus biased by this tension in different ways. On the one hand, we had respondents
who take substances that they regard as prohibited but that are not prohibited according to the
WADC, leading to an overestimation of the prevalence of doping. On the other hand, we had
respondents who take substances that they believe are permitted but are actually prohibited
according to the WADC, leading to an underestimation of the prevalence of doping. Neverthe-
less, the blurred line that separates conforming behaviour from deviance in amateur and recre-
ational sport is a strong argument for a tailored Anti-Doping regime in this realm to preserve
fairness and the spirit of sport [57].

At this point, we lack information about how familiar recreational and amateur athletes are
with the WADA list of banned substances, and thus which substances they consider to be pro-
hibited or performance enhancing. Further studies are required on this topic so that this bias
can be factored into future models. In this study we are measuring substance use, as we are
focused on how many athletes reported taking substances they considered to be performance
enhancing and prohibited.

When comparing the rates of substance use for sport-induced self-medicationwith rates of
doping, we show that motives other than performance enhancement are the far more prevalent
phenomenon. One argument for testing in or outside of competitions is that anti-doping mea-
sures protect athletes' health. It is therefore interesting that we find the more widespread
behaviour is related to medication, which is not under the purviewof competitions, federa-
tions, or sports organisations. In our opinion, there is no way to introduce a testing system sim-
ilar to elite sports in this domain, and any type of organized regulation is destined to fail in this
area. One reason is because there is no money to do it. Another reason is that recreational ath-
letes use substances as they see fit if they are for medication purposes (but possibly prohibited
in the sports environment). There are lots of areas in amateur sports that cannot be controlled
by sports organizations (no license need, private sports participation, fitness studios etc.). If we
look at the reported motivations for substance use, performance enhancement has less of an
effect than do other motivations like pain reduction, recuperation, or mood improvement.
Additionally, prohibited substances are less used than permitted substances.

Limitations of the Study

This study has limitations, so generalizations from the results should be made with caution.
First of all, the use of RRT aims to address the problem of social desirability bias, although

this limits the reliability of any attempts to measure embarrassing properties by principle.
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When estimating the proportions of the three response types (honest yes respondents, honest
no respondents, and cheaters in RRT-terminology) it is apparent, as has already been shown in
other studies, that the range of indifference due to respondents not obeying the RRT instruc-
tions correctly is lower when the embarrassing question (here, doping) asks about a broader
and more distant period of time (here, any point in one’s athletic life). When the behaviour
takes place more recently, the proportion of indifference is higher. This finding is consistent
with findings from work on elite German athletes [30–31] and on substance use by students
[13]. It strongly supports the assumption that this range of indifference is largely influenced by
deliberate cheating while random fluctuations in respondents’ behaviour adds little to this pro-
portion. The sensitivity of the proportion of cheaters to the temporal proximity of the doping
behaviour, and the degree of threat from confessing to the embarrassing characteristic, is a
strong argument for using RRT even in recreational and amateur sport where the social desir-
ability bias is plausibly lower than in elite sport. This means that with the use of the RRT
method we are sure to reduce this general limitation problem. Additionally, we can show that
with the RRT the proportion of social desirable answers are lower and we can measure this
proportion.

Second, the studied sample was not necessarily representative of all amateur athletes or of
all sports represented by the SBP, due to the rather poor response rate in comparison to the
athletes taking part in different sports (see Table 1). Nevertheless, it provided the first estimate
of the prevalence of substance use in a population survey using a technique that elicits reliable
results. These results are comparable to other studies in recreational sport, as well as to studies
on doping in elite sports. Nevertheless, the results should be interpreted cautiously until they
can be independently replicated.

Third, the athletes in our sample may not have known which products are banned and
which are not in their particular sport. We made a distinction between doping and medica-
tion for other purposes than performance enhancement in the analysis. However, though the
respondents were asked if they had “ever used prohibited substances or methods with the
aim to enhance their performance” or “ever used substances with other aims than perfor-
mance enhancement”, we did not know if this distinction was clear for the individual respon-
dents or if the substances they believed to be banned matched those actually banned by the
WADC. Therefore, the results should be understood as reflecting the relative frequency of an
openness to transgress between substance categories (i.e., from acceptable to prohibited)
rather than as information on the frequency of genuine anti-doping rule infringements.
Additionally, we cannot distinguish between substance use that is a kind of self-medication
and those used under the guidance of a physician. We only asked about intent and not the
kind of medication.

Finally, due to the challenges of implementing no-cheater detection for RRT [54], the setup
may not have been not fully optimized to reduce error variance in the estimators. On the other
hand, given the intrinsic difficulties in obtaining reliable prevalence data for sensitive behav-
iour and the paucity of doping prevalence data in the general population, our study had the dis-
tinction of being the first to report results in amateur athletes in a specific region across all
sports using a method that allows us to reduce bias in surveys on sensitive issues.

Supporting Information

S1 Appendix. Explanation to the Bootstrap-tests for significanceand Tables A-D with the
different comparisons (with the independent variable “sex” and between the questions for
doping and medi).
(DOCX)
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Abstract

It has been demonstrated that expertise in sport influences standing balance ability. How-

ever, little is known concerning how physical contact in sport affects balance ability. The aim

of this study was to examine whether differences between contact and limited-contact sport

experiences results in differences in postural control. Twenty male collegiate athletes

(10 soccer/contact, 10 baseball/limited contact) and ten male untrained students stood qui-

etly on a force plate under various bipedal and unipedal conditions, with and without vision.

Significant differences for sway area and COP speed were found between the soccer play-

ers and the other two groups for unipedal stances without vision. Soccer players were found

to have superior postural control compared with participants involved in limited contact sport

or no sport at all. Contact sports may lead to increased postural control through enhanced

use of proprioceptive and vestibular information.

Introduction

Expertise in sports which required good balance, e.g. gymnastics and dance, is of particular

benefit to postural control [1,2,3,4,5,6]. Posture is controlled by integrating visual, propriocep-

tion and vestibular information [7]. These three types of information are obtained from the

environment and the task [1,3,8,9,10,11]. In light of this fact, it should be expected that if non-

gymnasts and non-dancers spend a great deal of time in environments with continual external

disturbance, they may also develop greater adaptive ability in postural control. However, one

limitation in postural control research is that previous studies may have been “contact sport

biased” in non-gymnastics sports such as soccer, handball or American football [1,2,3]. Bal-

ance studies have been conducted on a variety of sports [12,13], however, the amount of physi-

cal contact involved has not been taken into account when attempting to clarify how expertise

in sport contributes to postural control. Ideally, to obtain this information, a prospective study

of contact experience is necessary. An extensive review of the literature on balance and differ-

ent sports has been conducted [14], however, the consistency of measures (equipment and

task difficulty) and sports of different amounts of contact has not been conducted. In the

review of balance and various sports the consideration of the amount of contact involved in a

sport is not addressed [14].
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“Contact sport” is a term used in both competitive activity and in medical terminology to

indicate a sport that emphasizes or requires physical contact between players [15]. Different

classification has been used in different situations in relation to contact in sports. In order to

categorize the degree of contact in different sports optimally, the system adopted by the United

States for medical terminology has been used. This system uses the term “contact sport” to

refer to sports such as soccer and basketball, in which athletes routinely make contact with

each other or inanimate objects, but usually with less force than in “collision sports”, such as

rugby and American football. The term “limited-contact sport” denotes sports such as squash

and baseball, in which contact with other athletes is infrequent or inadvertent [15]. The focus

of the present study was to make comparisons between soccer players, baseball players, and

controls (novices) to establish whether differences between contact and limited-contact sport

experiences result in differences in postural control.

Postural responses induced by external perturbations have been thoroughly investigated in

relation to standing positions such as bipedal and unipedal stances [1,2,5,16,17,18,19], which

have aimed to differentiate the complexity of postural performance in line with decreases in

the “supporting area”. However, in many control studies, postural sway in bipedal stance

showed no difference among athletes of different sports or compared with novices, while uni-

pedal stance has been shown to be a less stressful task for gymnasts compared to non-gymnasts

or for high-level soccer players compared to low-level soccer players [1,2,10]. Garcia et al. [6]

reported that gymnastics training benefits postural control of bipedal standing only in younger

children and suggested that more challenging stances should be investigated. Similarly, bipedal

and unipedal tests may not be sufficiently challenging to compare the postural differences that

may be present in the contact and limited-contact sports. With this in mind, the use of toe-

stance [20] (i.e. standing on toes), which is more challenging than unipedal and bipedal

stances, may be helpful to further determine to what extent expertise in sport contributes to

postural regulation.

It is suggested that the cerebellar-cortical loop is responsible for adapting postural responses

based on prior experiences [21]. The effect of sport experiences on postural control will relate

to how the athlete more effectively uses sensory information. For example, the somatosensory

inputs involved in the perception of the support conditions may play an important role in pos-

tural control in athletes participating in contact and limited-contact sports. Furthermore, since

visual input is extremely important feedback information, postural control always deteriorates

in eyes-closed conditions compared with eyes-open conditions [7,22,23,24]. Thus, the aim of

this study was to investigate how postural performance differs from the amount of contact in

sport (soccer and baseball) across bipedal, unipedal, unipedal on foam and toe stances with

both eyes-open and eyes-closed.

It is hypothesized that (1) the soccer players (contact sport) will demonstrate greater pos-

tural stability compared to the baseball players (limited contact) and controls, especially when

vision is removed, and that (2) this effect will become more pronounced as the difficulty of the

task increases. More generally it is hypothesized that (3) less postural stability will demon-

strated as the supporting area of the task decreases, especially in eyes-closed condition, how-

ever, as hypothesized above this effect will be less pronounced in the contact sport group.

Methods

Subjects

Thirty male college students, consisting of 10 collegiate soccer players (age = 21.5±1.9, height,

171.7±2.2cm; body mass, 64.3±4.8kg), 10 collegiate baseball players (age = 19.3±1.6, height,

174.3±4.0cm; body mass, 71.83±7.4kg), and 10 male students who had no special experience of
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any sport (age = 22.4±1.5, height, 173.3±3.6cm; body mass, 68.83±5.8kg) were recruited. The

soccer and baseball players were selected based on a minimum of 8 years competitive training,

playing only one sport, and having representation at primary, middle and high school, and

university in Japan. The controls were selected based on not having taken part in any competi-

tive sport or training. None of the participants had injuries inhibiting maximal exertion or

conditions likely to be aggravated by maximal exertion. All participants agreed to the experi-

mental procedure of the study that was specifically approved by the Human Research Ethics

Committee in Faculty of Sport Sciences, Waseda University.

Data collection

The participants were initially asked to stand barefoot in front of the force plate. When record-

ing was initiated, the participants were instructed to step onto the force plate and adopt a ran-

domly assigned posture. Once quiet balance had been achieved a trigger (including a tone)

was activated. For each trial 60 seconds of data were recorded from the force plate (AMTI

model OR6-5-1) which were sampled at 100 Hz. The data from the first 10 seconds after the

trigger were chosen for analysis. Four tasks/postures of increasing difficulty were tested. In the

first posture (bipedal stance), participants stood comfortably on both feet, separated as they

desired. In the second posture (unipedal stance), participants stood on their customary sup-

porting foot (e.g. the supporting leg when kicking a ball) while the other foot was lifted with

the big toe placed alongside the medial malleolus of the supporting leg. In the third posture

(unipedal_foam stance), participants stood on a 9 cm thick foam mat (16g/cm3) placed on top

of the force plate in unipedal stance as described in the second posture. In the fourth posture

(toe stance), the participants stood on their customary supporting foot and raised the heel, the

other foot was lifted placing the big toe alongside the medial malleolus of the supporting leg.

The participants conducted each task with conditions of eyes-open and eyes-closed. When

the participants had their eyes open, they were asked to fix their gaze on a letter ‘E’ (font

size = 72) which was placed in front of them at eye level a distance of 5 m away. During the

tests with eyes-closed, participants were asked to keep their “gaze” straight ahead [25] and

maintain balance. In all trials, participants were instructed to keep their body straight with

their hands on their hips. Participants performed three trials for each condition, so that 24 tri-

als were completed for each participant. A one minute rest was taken between trials and the

order of the 24 trials was randomized over the participants.

Data processing

The force plate data were low pass filtered with a second-order Butterworth filter (10 Hz). The

displacement of the center of pressure (COP) in the anterio-posterior (AP) and medio-lateral

(ML) directions was calculated from the vertical and horizontal reaction forces. Two depen-

dent variables were used to investigate the participants’ postural behavior. The mean speed of

the COP displacement (mm/s) was calculated by the sum of the displacement scalars (i.e. the

cumulated distance over the sampling period) divided by the sampling time [25] using the fol-

lowing equation:

COP Speed ¼
1

T

� �
XN

i¼1

jCOPi � COPi� 1j

where T is the time duration of the series and N is the total number of points in the series. The

area of the stabilogram (AOS) was calculated by taking the ratio of the major and minor axes

and then fitting an ellipse that included 85% of all the trajectory points [26] (Fig 1). COP speed
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and AOS were calculated using custom software written using MATLAB (The Mathworks

Inc).

Statistical analysis

Mean values for each dependent variable were calculated across the three trials for each condi-

tion and posture. Since all participants were unable to perform toe stance with eyes-closed,

and only a small number of participants in the novice group were capable of performing toe

stance with eyes-open, the main analysis excluded toe stance.

The effects of the group, conditions and tasks were evaluated, 3 (groups: soccer, baseball,

and novices) × 2 (conditions: eyes-open and eyes-closed) × 3 (postures: bipedal, unipedal and

unipedal with foam), using three-factor analysis of variance (ANOVA) for each dependent var-

iable. The interaction between two factors was evaluated in the simple main effects. Post hoc

tests were made using t-Tests with a Bonferroni correction. In addition one-way ANOVA of

expertise in toe stance with eyes-open between groups was conducted to compare the effect of

group on AOS and COP speed of postural sway. The Shapiro-Wilk test was used for normality,

and homogeneity of variances was investigated using Levene’s test. Statistical significance was

established a priori as p = 0.05 and partial eta squared (η2) was used to calculate the effect size

(small = 0.01, medium = 0.06 and large = 0.14) [27].

Results

The dependent variable of AOS revealed expertise (F (2,162) = 4.460, p< 0.05, η2 = 0.05),

vision (F (1,162) = 174.458, p< 0.001, η2 = 0.52), and posture effects (F (2,162) = 103.480,

p< 0.001, η2 = 0.56) and also significant two-way interactions of expertise and vision

(F (2,162) = 3.714, p< 0.05, η2 = 0.04) (Fig 2), and of vision and posture (F (2,162) = 41.846,

Fig 1. A typical example of the fluctuation of the COP in AP (anterior-posterior) and ML (medial-lateral)

directions and the AOS as ellipse shown in a baseball subject with eyes-open and eyes-closed in the bipedal,

unipedal, unipedal_foam, and toe stances.
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p< 0.001, η2 = 0.34). Soccer players had little sway in the eyes-closed condition in comparison

to baseball players and novices for both unipedal and unipedal_foam. Postural sway in baseball

players was comparable to that of the novices. Postural sway increased as the difficulty of pos-

ture increased only in the eyes-closed condition among the three groups.

The dependent variable of COP speed in the ML direction and AP direction revealed vision

((F (1,162) = 131.597, p<0.001, η2 = 0.55) and (F (1,162) = 224.169, p<0.001, η2 = 0.58),

respectively), and posture effects ((F (2,162) = 142.448, p<0.001, η2 = 0.64) and (F (2,162) =

308.479, p<0.001, η2 = 0.79), respectively) and also significant two-way interactions of

vision and posture ((F (2,162) = 29.641, p<0.001, η2 = 0.27) and (F (2,162) = 53.235, p<0.001,

η2 = 0.40), respectively)) (Figs 3 and 4). That is, the eyes-closed condition lead to the COP

Fig 2. The AOS in the baseball, soccer and novice groups with eyes-open and eyes-closed in the bipedal stance,

unipedal, and unipedal_foam stances.

Fig 3. The COP speed in ML direction in the baseball, soccer and novice groups with eyes-open and eyes-closed in

the bipedal, unipedal and unipedal_foam stances.
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speed increasing more than in the eyes-opened condition only when the unipedal and unipe-

dal_foam stances were performed.

The one-way ANOVA of expertise was made to clarify the effect of expertise with the

amount of contact among three groups in the most challenging posture of toe stance. It

showed there was no significant effect for expertise between the soccer, baseball and novice

groups in regard to AOS of the toe stance in the eyes-open condition (F (2,24) = 0.451,

p> 0.05, η2 = 0.04). There was also no significant difference in COP speed in the AP direction

(F (2,24) = 1.670, p> 0.05, η2 = 0.10), and ML direction (F (2,24) = 1.255, p> 0.05, η2 = 0.12).

Only seven out of ten participants in the novice group were able to perform the posture of toe

stance while all the participants from the sports groups could.

Discussion

Previous research has shown that expertise in sport results in superior postural control

[14,18,19,28,29] although the effect of the amount of contact within those sports on postural

control was still to be established. Additionally, across the range of available research the meth-

ods of assessing balance (field based and force plate) and the complexity of tasks (bipedal, uni-

pedal, eyes open, eyes closed, on foam) has not been sufficiently consistent to make direct

comparisons [14]. The purpose of the present study was to investigate whether an athlete’s par-

ticipation in a contact sport such as soccer resulted in better postural control than those who

participated in limited-contact sports such as baseball or those who did not participate in any

sport. A significantly lower postural sway area was found for the soccer players (contact sport)

compared with baseball players (limited contact) and novices (no contact), during uni-pedal

stance and uni-pedal_foam stance under the condition of no vision. This result supports the

hypothesis that expertise in contact sport has a positive impact on postural control. That the

baseball group were comparable with the control group is in contrast to Davlin [30] who

found that expertise in sport resulted in better dynamic balance than controls. It also confirms

that more challenging tests of balance than previously used [12,13] are required to determine

differences between the various levels of contact in different sports. However, comparable pos-

tural performance was found amongst all three groups during toe stance. In particular none of

Fig 4. The COP speed in AP direction in the baseball, soccer and novice groups with eyes-open and eyes-closed in

the bipedal, unipedal and unipedal_foam stances.
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the participants was able to perform toe stance when vision was removed. This result only par-

tially supports the hypothesis that as the task becomes more challenging, the benefits of exper-

tise in contact sport become more pronounced in uni-pedal stances (Fig 3).

Increased postural stability may be developed with the diverse nature of expertise in sport,

similar to being trained on an unstable compared with a stable surface [29] and requiring

‘dynamic balance’ as opposed to ‘static balance’ [19]. The aforementioned results can only

show that contact experience benefits postural control in general. Whether the amount of con-

tact experience would lead to differential effects on postural control, is still to be established.

Thus, additional statistics (two-way ANOVA) were carried out in the distinguished stances of

unipedal and unipedal_foam without vision, between just the soccer and baseball groups. Both

AOS and COP speeds (ML and AP) in the soccer group were significantly lower than the base-

ball group (F (1,36) = 13.220, p< 0.01, η2 = 0.27; F (1,36 = 8.915, p< 0.01, η2 = 0.20; F (1,36) =

11.878, p< 0.01, η2 = 0.25) (Fig 5). This, together with above results, confirmed the hypothesis

that the contact group demonstrated greater postural stability than the limited-contact and

non-sport groups, with special attention on the eyes-closed condition in unipedal stances.

These findings have implications for the study of postural control in sport, as the level of

expertise and contact experienced by the participants will have an effect on postural control.

That is, care should be taken to avoid any “contact sport bias” when selecting participant

groups.

It has been suggested that for healthy people the sensory contributions to quiet standing are

70% from somatosensory, 20% from vestibular and 10% from visual information [31,32]. In

the present study, postural performance became worse when visual information was removed

(Fig 2). It was also observed that the soccer players had significantly less dependence on vision

compared to the other participants, which would suggest that they were better able to use

somatosensory and vestibular information when vision was removed. This result is similar to

those shown in a study on gymnasts and dancers by Vuillerme et al. [16], who suggested that

gymnasts are capable of using the remaining sensory information to keep posture stable even

with the loss of vision. Golomer et al. [33] and Paillard and Noe [10] presumed that soccer

players and ballet dancers were able shift the sensorimotor dominance from vision to

Fig 5. The COP speed in ML & AP directions in the soccer, baseball and novice groups with eyes-closed in the

unipedal and unipedal_foam stances.
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proprioception. It is interesting that specific balance skills are often practiced in gymnastics

and dance, which might be expected to result in more efficient utilization of vestibular and

proprioception sensory information. However, soccer is not supposed to highlight any particu-

lar balance training, but players seem more able to transfer to proprioception and vestibular

systems when vision is not available, compared to baseball players and the untrained partici-

pants. Bressel et al. [34] also reported that soccer players and gymnasts did not differ in balance

tests. Presumably, physical contact training works well for improving postural control. Perrin

et al. [12] found that judo players, a sport which would be defined as a collision sport, per-

formed better than dancers in bipedal stance with the eyes closed. It could be argued that judo,

unlike soccer, involves specific balance training since one of the goals of the sport is to avoid

being toppled by an opponent. Additionally, study [12] did not say how sports with more lim-

ited contact would compare.

Previous research has shown that soccer players demonstrate superior balance compared to

basketball players and controls [11,34,35,36]. Basketball could be classed in the contact sport

group, however, given that excessive contact is penalized by the referee, and the evidence from

previous studies, it would fall into the limited contact group alongside such sports as baseball

and squash. Again, it is difficult to directly compare results due to the limited number of con-

ditions used and the predominantly field based testing used. Although, the present experimen-

tal designed aimed to resolve this issue, there are still limitations with the present study. The

present cohort of participants was drawn from collegiate athletes and was relatively low in

numbers. However, collegiate athletes have been used extensively in the literature

[14,28,34,35,37] and all participants had undergone extensive training in their one sport for

numerous years. While it would have been ideal to have a larger sample size, the effect sizes

found in the present study were meaningful [26], and based on a review of the area [14] the

majority of studies comparing balance in a variety of sports have also had comparatively small

sample sizes [2,10,11,13,14,16,34,35,37,38].

What remains unclear is whether, by having a challenging stance, effects on postural control

could arise from changes in the area of the base of support, support surfaces, or both. Introduc-

ing less supporting area might thus reveal a more complex phenomenon amongst subjects.

However, the soccer players were not more stable in toe stance in the eyes-open condition.

There are two possibilities; one is that the task of toe standing is overwhelming for all partici-

pants, which is supported by the completely failed trials in toe-standing with eyes-closed in the

present study. The other is that the participants were using the control strategy (eg. ankle and

hip strategies) for bipedal stance in the toe stance condition. Nolan & Kerrigan [20] concluded

that despite more open loop corrections, there were no significant differences in the closed

loop control between toe standing and bipedal stance. The present finding of comparable pos-

tural performance amongst the three groups in bipedal stance may indirectly support the latter

possibility (Figs 2, 3 and 4). This finding is also consistent with results from previous studies

where specific training experience has been shown to have a small effect on fine postural con-

trol in bipedal stance [1,2]. Bipedal stance was therefore found to be limited in revealing differ-

ences in postural stability due to transfer from particular training [39,40,41]. This is likely due

to the somatosensory stimulation being below the physiological threshold leading to an inter-

mittent process [42,43,44]. This implies that when attempting to establish difference in pos-

tural control between players of various sports it is necessary to design tests that are suitably

challenging.

It may be argued that having a smaller AOS and lower COP speeds are indicative of partici-

pants who possess steady posture control within a changed environment. Results from the

additional analysis support this view, with significantly less postural sway in the contact sport

group compared with the limited contact group under the non-vision condition. Biec &
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Kuczynski [17] proposed that soccer players exhibited different postural strategies from nov-

ices with a lower rate of postural corrections, more feedforward control and higher postural

automaticity. As Deveau et al. [45] reported, specific training alters the brain so it is better able

to respond to real life situations. More specifically, soccer players who were pushed off balance

in such situations would react in a way that closely resembled balance training, particularly

when the original balance was broken by an external disturbance. Thus, the proprioception

and vestibular sensory systems are evoked and provide necessary input channels for sensory

information when soccer players are working on ball control and combatting physical distur-

bance by an opponent. This would help explain why the soccer players are better able to cope

with the loss of visual information. In that regard, contact-sport training such as in soccer may

improve the proprioceptive and vestibular functions relevant for retaining balance, as sensory

reweighting occurs when sensory systems change with environmental conditions [24,46].

It remains unclear whether the soccer players are better at detecting relevant sensory infor-

mation or whether they are better able to respond to the information compared to the baseball

players, due to having acquired different postural control strategies. According to Horak [32],

there are two main types of movement strategies used to maintain balance during quiet stance,

the ankle strategy and the hip strategy. It has been suggested that the former strategy is used

for small perturbation in situations such as bipedal standing, and the latter strategy is used for

larger perturbations, as in heel-toe standing [47]. In the same unperturbed stance while on a

hard surface or with a foam support, Mesure et al. [48] confirmed that the experts with sport

training preferred the ankle strategy, but the controls chose to use the hip strategy. Hence, the

selection of postural strategy seems to be related to previous experience in sport, so that for a

given situation the player is able to select the most appropriate strategy in order to respond to

the perturbation [32,49,50].

Conclusion

Participants involved in sport with physical contact (soccer) were found to have superior pos-

tural control compared with participants involved in sport with limited contact (baseball).

This was particularly evident during the more challenging unipedal stance. Routine participa-

tion in sport involving physical contact appears to be an effective method for training proprio-

ceptive and vestibular plasticity to posture control, particularly when vision is lacking.

Supporting information

S1 File. Sway area and sway speed data for all participants.
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Abstract

Objectives

The aim of our scoping review was to identify and summarize current evidence on the bio-

mechanics of fencing to inform athlete development and injury prevention.

Design

Scoping review.

Method

Peer-reviewed research was identified from electronic databases using a structured key-

word search. Details regarding experimental design, study group characteristics and mea-

sured outcomes were extracted from retrieved studies, summarized and information

regrouped under themes for analysis. The methodological quality of the evidence was

evaluated.

Results

Thirty-seven peer-reviewed studies were retrieved, the majority being observational studies

conducted with experienced and elite athletes. The methodological quality of the evidence

was “fair” due to the limited scope of research. Male fencers were the prevalent group stud-

ied, with the lunge and use of a foil weapon being the principal movement evaluated. Motion

capture and pedabarography were the most frequently used data collection techniques.

Conclusions

Elite fencers exhibited sequential coordination of upper and lower limb movements with

coherent patterns of muscle activation, compared to novice fencers. These elite features of

neuromuscular coordination resulted in higher magnitudes of forward linear velocity of the

body center of mass and weapon. Training should focus on explosive power. Sex- and

equipment-specific effects could not be evaluated based on available research.
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1. Introduction

Modern fencing emerged as a competitive sport in Europe and is now a well-recognized Olym-

pic sport, with over 150 member federations [1]. Both the sport and the culture of fencing have

progressed significantly over the past decades, with an estimated 22,000 participants in the

United States in 2006 [2] and 25,000 in Germany in 2008 [3]. The dressing culture and fighting

traditions until the 19th century are likely to have contributed to the promotion of this combat

sport [4].

Owing to its unique asymmetry in movement, fencing imposes high physiological demands

in terms of neuromuscular coordination, strength and power, and the impact on the musculo-

skeletal system [5]. As an example, for the basic ‘on-guard’ stance, fencers align their leading

foot with their opponent’s position, with the trailing foot placed at an angle to the lead foot for

stability [6]. To score against their opponent, fencers must thrust their weapon quickly toward

their opponent, which requires an explosive extension of the trailing leg to perform a forceful

forward lunge. These quick ‘propulsion’ and ‘dodge’ offense/defense movements further

expose fencers to impacts, explosive forces, power absorption, and shear forces of varying mag-

nitude, asymmetrically distributed across the body [7].

Resulted from this dynamic and repetitive movements in fencing matches, fencing injuries

were quite prevalent among the athletes. In spite of the rare cases of severe trauma caused by

penetration (puncture by broken blades, account for 2.7–3.2%) [2, 8], most of the fencing inju-

ries arise from overuse. In a 5-year survey by the USFA [2], 184 cases of time-loss injuries were

recorded for 610 exposures with an overall 30.0% of injury rate. Approximately 52% of all

reportable injuries were first or second-degree strains and sprains. Lower limb is most suscep-

tible to injuries. The injury rates were 19.6%, 15.2%, and 13.0% respectively for the knee, thigh,

and ankle. These injuries also carry a high risk of chronic morbidity, predominantly achillody-

nia and patellofemoral pain [9]. Understanding the biomechanics and demands of a sport

provides a pathway to injury prevention and safety promotion [10]. An analysis of the biome-

chanics of a sport can also improve athletes’ skills, tactics and overall performance and

competitiveness.

Currently for fencing, biomechanics of performance have been investigated for different

movement components of the offensive and defensive manoeuvres and using varying method-

ologies, which has made interpretation of findings for practice difficult. Therefore, our aim

was to perform a scoping review to identify, evaluate and summarize current evidence on the

biomechanics of fencing to inform athlete development and injury prevention.

2. Methods

2.1 Search strategy and study selection

The research was approved by The Human Subject Ethics Sub-committee of The Hong Kong

Polytechnic University. The reference number is HSEARS20150814001. As electronic search

of five databases was conducted (PubMed, EBSCOhost, Wiley, Web of Science and Google

Scholar), using a pre-defined keyword combination (fencing AND (biomechanics OR kine-

matics OR kinetics OR dynamics OR movements OR performance)) to identify relevant

research published in English.

Publication time was not restricted. Nighty-seven articles were identified after duplication

removal and screened for eligibility. Inclusion criteria were 1) studies that addressed fencers’

neuromusculoskeletal features and the biomechanics of fencing movements; 2) studies that

examined the performance of fencing-specific equipment and training strategy. Studies were

excluded if they 1) did not involve human subjects; 2) did not provide numeric results; 3)
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recruited subjects for sports other than fencing. Literature search was performed on between

March 3rd to March 11th, 2016.

During the article screening, titles and abstracts of identified studies were reviewed, inde-

pendently, by the first two authors to ensure that studies were experimental in nature and

addressed the biomechanics of fencing. Papers for retained titles were retrieved for full review

to confirm relevance to the aim of our scoping review, as well as to extract required data for

analysis: experimental setting and design, characteristics of the study group, sample size, and

measured outcomes. Data extraction was done independently by two authors (DWW and

YW) of this study. Any inconsistency in the results was solved by group discussion involving a

third author (MZ). Based on these summaries of available research evidence, three emergent

themes were identified and used to organize our data for analysis: (1) intrinsic, athlete-specific,

factors; (2) extrinsic factors; and (3) basic biomechanics.

2.2 Quality assessment

Quality of the recruited studies was assessed by two authors (TLC and DWW) using the tool

developed by the Effective Public Health Practice Project [11]. Each of following components

was rated: selection bias (the likelihood that the selected subjects can represent the target popu-

lation); study design (the bias resulted from allocation and the independence of exposure and

outcomes); confounders (the inter-group imbalance associated with variables that influence

intervention or exposure); blinding (concealment of subject allocation and outcome assess-

ment); data collection method (the validity and reliability of outcome measurement); with-

drawals and drop-outs; intervention integrity (the percentage of subjects received complete

intervention and reports of unintended intervention); analysis appropriate to question (correct

statistics and intention-to-treat analysis). A score of ‘strong’, ‘moderate’, and ‘weak’ was

assigned to each study according to existing standard [11]. If consensus was not reached, a

third author (MZ) made the final decision.

3. Results

3.1 Search results

The retrieve results are summarized in Fig 1. We identified 548 studies, with 37 retained for

analysis. Among the retained studies, 24 examined the lunge manoeuvre, which was consid-

ered to be the core component of fencing (Fig 2). Nine studies did not specify the fencing

manoeuvre (Table 1). The biomechanics of the lower limbs was evaluated in 27 studies, and

the biomechanics of the upper limbs in 15. The majority of studies were conducted in Europe

(70.3%), with three studies conducted in the United States. Expert/elite fencing athletes were

the major components of research subjects, which increases the difficulty of enlarging sample

size for the recruited studies because top athletes are always rare. All three types of fencing

weapons were included in these studies-foils, épées, and sabers. Foils were addressed in 16

studies, épées in 10 and sabers in 6. All studies were lab-based experiments except one per-

formed measurements during competitions (video footage) [12]. Measurements during com-

petitions could provide valuable information of high standard game and athletes. However,

the video-based analysis could not quantify fencing biomechanics as accurately as in-lab 3D

motion capture technique.

3.2 Sample characteristics

Relevant characteristics of the study groups in the 37 retained studies are summarized in

Table 1. Male fencers were included to a higher extent than female fencers, overall, and sex-
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specific effects were not typically addressed. The Body Mass Index (BMI) of fencers was gener-

ally within normal limits or slightly lower (23.85kg/m2 in fencers VS 24.95kg/m2 in the

untrained group) because fencers were commonly taller (1.83m VS 1.69m) than the general

population [13]. Ethnicity, which would potentially influence anthropometry, was seldom

reported, limiting the generalizability of findings. Moreover, two-thirds of the studies enrolled

experienced or elite fencers, which further limits the application of findings in developing

comprehensive programs for athlete development and injury prevention (in this study, fencing

injury refers to those injury types associated with overuse in fencing sports).

Fig 1. Flow diagram of the search strategy and screening of identified research for inclusion.

Fig 2. Sequence of movement for lunging using a saber fencer. (A) on-guard position; (B) lifting of the

lead leg; (C) forward flying phase of the lead leg and push-off with the trail leg; (D) landing of the lead foot with

the armed upper limb in full extension; and (E) final lunge position.

Advances in Sport and Exercise Medicine 

85



Table 1. Basic characteristics of the participants in studies included in our analysis.

Study Reference

number

Location Subject Handedness Age

(year)

Mass

(kg)

Height

(m)

BMI

(kg/m2)

Weapon Experience and level

Akpinar et al.,

2015

38 United

States

4 males 4

females

Right 21.5 N/A N/A N/A N/A 8.8 years on average

Aquili et al., 2013 14 Italy 32 males 25

females

N/A 25.7 71.2 1.79 22.2 Saber World class

Bottoms et al.,

2013

16 United

Kingdom

9 males 5

females

Right 26.2 75.6 1.76 24.4 Epee At least 3 years

Chang et al.,

2009

22 Taiwan 8 males N/A 19.0 65.7 1.73 22.0 Foil At least 3 years

Cronin et al.,

2003

31 New

Zealand

21 males N/A 23.1 76.3 1.76 24.6 N/A Not fencer athletes

Do and Yiou,

1999

42 France 5 males Right 25.0 66.0 1.72 22.3 Foil Not fencer athletes

Frère et al., 2011 17 France 8 males 6 right 2 left 23.0 77.2 1.83 23.1 Epee 10.5 years on average

National team

Geil, 2002 20 United

States

9 males 4

females

N/A N/A N/A N/A N/A N/A 3 to 27 years

Gholipour et al.,

2008

25 Iran 8 males Right 22.8 72.2 1.80 22.3 Foil Novice fencer: college

team

Elite fencer: national

team

Greenhalgh et al.,

2013

27 United

Kingdom

6 males 7

females

N/A 32.4 74.4 1.78 23.5 Foil At least 3 years

Gresham-Fiegel

et al., 2013

32 United

States

12 males 13

females

N/A 20.3 N/A N/A N/A N/A National team

Guilhem et al.,

2014

28 France 10 females N/A 22.2 67.3 1.70 23.3 Saber National team

Gutierrez-Davila

et al., 2013

33 Spain 30 subjects N/A 35.2 82 1.79 25.6 Epee National team

Gutierrez-Davila

et al., 2013

29 Spain 30 subjects N/A 29.6 79.8 1.80 24.6 Foil National team

Hassan and

Klauck, 1998

18 Germany 4 females N/A 16–17 N/A N/A N/A Foil At least 5 years

Irurtia et al., 2008 26 Spain 16 males 7

females

N/A 18.7 68.9 1.79 21.5 N/A National team

Kim et al., 2015 36 Korea 9 males Right 28.2 76.5 1.82 23.1 4 Epee National team

5 Saber

Lin et al., 2010 21 Taiwan 12 males 3

females

Right 19.2 63.2 1.68 22.4 Foil At least 3 years

Margonato et al,

1994

23 Italy 58 males N/A 23.0 71.9 1.78 22.7 Foil 11.4 years on average

Morris et al., 2011 15 Canada 1 subject Right N/A N/A N/A N/A Foil N/A

Mulloy et al.,

2015

37 United

Kingdom

10 subjects N/A 22.8 73.6 1.79 23.0 N/A Novice fencer: at least

1-year experience

Elite fencer: regional

team

Poulis et al., 2009 48 Greece 16 males 14

females

N/A 18.2 62.7 1.73 20.9 N/A National team

Sinclair and

Bottoms, 2015

45 United

Kingdom

8 males 8

females

Right 26.1 69.5 1.73 23.2 Epee Minimum of 3 training

sessions per week

Sinclair et al.,

2010

7 United

Kingdom

19 males 17 right 2 left 25.6 76.8 1.78 24.2 2 Foil At least 2 years

16 Epee

1 Saber

(Continued )
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3.3 Methodological quality

The EPHPP tool assesses many important aspects of the research quality that are critical for

studies in public health and injury prevention. The tool is also commonly used by profession-

als of various topic areas to facilitate their decision-making based on high-quality evidence. In

this study, the inter-rater reliability for EPHPP was 0.87 (Cohen’s kappa coefficient), indicat-

ing a good agreement between the two reviewers. As showed in Tables 2 and 3, eleven studies

(29.7%) were rated as high-quality studies (strong), eight (21.6%) were rated ‘weak’, and the

remaining eighteen (48.7%) had ‘moderate’ quality. For most of the recruited studies, they

were less scored due to the potential bias present in research design, confounders, and sample

selection. Based on the descriptions in the paper, only five studies (13.5%) were randomized

controlled trial. However, they were all classified as controlled clinical trial in EPHPP assess-

ment because none of them clarifies the method of randomization in the text. The majority of

the studies had case-control design (20 studies, 54.1%) while ten were cross-sectional studies

Table 1. (Continued)

Study Reference

number

Location Subject Handedness Age

(year)

Mass

(kg)

Height

(m)

BMI

(kg/m2)

Weapon Experience and level

Sinclair and

Bottoms, 2013

30 United

Kingdom

8 males 8

females

Right 26.1 69.5 1.73 23.2 Epee Minimum of 3 training

sessions per week

Sterkowicz-

Przybycień, 2009

13 Poland 30 subjects N/A 23.3 79.1 1.83 23.6 10 Foil World class

10 Epee

10

Saber

Steward and

Kopetka, 2005

24 United

Kingdom

15 subjects Right N/A N/A N/A N/A Epee N/A

Trautmann et al.,

2011

3 Germany 20 males 9

females

N/A 19.3 70.8 1.76 22.9 N/A National team

Tsolakis et al.,

2006

51 Greece 84 males 68

females

N/A 17.0 59.1 1.67 21.2 N/A Age-based International

ranking

Tsolakis et al.,

2006

49 Greece 8 males N/A 12.3 N/A N/A N/A N/A At least 1 year

Tsolakis et al.,

2010

34 Greece 15 males 18

females

N/A 19.9 66.1 1.75 21.6 N/A National team

Turner et al.,

2016

47 United

Kingdom

49 males 21

females

N/A 16.8 68.2 1.78 21.5 21 Foil National team

30 Epee

19

Saber

Williams and

Walmsley, 2000

67 New

Zealand

5 males 1

female

N/A 19–26 N/A N/A N/A Foil Elite fencer: world class

Novice fencer: local club

Williams and

Walmsley, 2000

39 New

Zealand

5 males 1

female

N/A 19–26 N/A N/A N/A Foil Elite fencer: world class

Novice fencer: local club

Wylde, 2013 12 United

Kingdom

9 males Right 27.4 89.4 1.73 29.9 Foil Elite fencer: world class

Novice fencer: not

previous fencing

experience

Yiou and Do,

2000

40 France 11 males Right 29.2 72.1 1.71 24.7 Foil N/A

Yiou and Do,

2001

41 France 11 males Right 31.0 73.0 1.70 N/A Foil N/A

Notes: N/A, not available.
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Table 2. Methodological characteristics of studies included in our analysis.

Study Reference

number

Objective Moves Measurement and

Equipment

Variable of interest Results

Akpinar et al.,

2015

38 Examined the handedness and

performance asymmetries in

fencers

N/A Motion capture (Flock

of Birds)

Movement speed As compared to fencers, non-fencers showed

greater inter-limb differences in error making and

pointing path deviation under the non-choice

condition (p<0.01).

Movement time

Movement accuracy (point

error)

Movement quality (path

deviation from linearity)

Fencers used less right arm to reach middle and

left regions under the choice condition (17.0%-

23.5% less).

Aquili et al.,

2013

14 Time-motion characteristics of

saber fencing

Complete

bout

Motion capture (Casio

& Dartfish)

Time-motion parameters

(the type and quantity of

actions during the bouts)

There were gender differences in saber data.

Males were faster and more frequent in attacking

(action/break ratio: 1:6.5 VS 1:5.1, lunge

frequency: 23.9/s VS 20.0/s, time of direction

change: 65.3s VS 59.7s).

In both sexes, the percentage of offensive action

(49% - 55%) was higher than for defensive action

(26% - 31%). The number of lunges was high

compared to the number of changes in direction.

Bottoms et al.,

2013

16 Identified the kinematic

determinants of lunge

performance

Lunge Motion capture

(Qualisys)

Kinematics The average sword velocity was 12.8±3.3m/s,

Knee range of motion (30.7˚±10.7˚) and peak hip

flexion of the trailing leg (9.7˚±10.9˚), and peak hip

flexion of the leading leg (102.0˚±13.0˚) were

significant predictors of sword velocity (R2 = 0.14–

0.36, p<0.01).

Regression analysis for

lunge performance

Chang et al.,

2009

22 Determine appropriate foil handle

shape which could reduce the

load on grip force

Quarte

sixte

EMG measurement

(Biometrics)

Muscle activity The defensive position has no significant effects on

muscle activity (p = 0.39). Activity of the adductor

pollicis and the extensor carpi radialis (average

value = 0.16±0.02) was significantly lower when

using the Poistol-Viscounti in comparison to other

types of handles.

Cronin et al.,

2003

31 Identified the strength qualities

predictive of lunge performance

Lunge Squat performance

(Fitness Works)

Squat strength and velocity The average lunge velocity was 1.62±0.21m/s

(concentric velocity), The best three predictors of

lunge velocity (R2 = 0.85, p<0.05) were time to

peak squat force (0.48±0.07s), leg length (83.9

±5.2cm), and flexibility (171.0±12.5cm).

Explosive strength

Lunge test

(Unimeasure)

Regression analysis for

lunge performance

When lunge velocity was normalized by body

mass, the three best predictors (R2 = 0.87, p<0.05)

were time to peak squat force, mean squat power

(364.0±96.8W) and relative squat strength (1.65

±0.32kg/body mass).

Do and Yiou,

1999

42 Examine the effects of

anticipatory postural adjustments

on fencing speed

Touche Force plate

(Unspecified)

Displacement of the foot In lunge + touche condition, when touche was

initiated (onset of anterior deltoid) before the

postural adjustment of lunge (200ms prior to foot

off), touche speed was comparable to that in the

isolated touche condition.

Accelerometer

(Entran)

Acceleration of the foil

Lunge EMG measurement

(Unspecified)

Muscle activity When touche was initiated during postural

adjustment, touche speed dropped. The average

touche speed was significantly lower when

executed at the time of foot off (2.19±0.52m/s VS

2.54±0.44m/s, p<0.01) than that in the isolated

touche condition.

Frère et al.,

2011

17 Classify fencers based on

kinematics and muscular

activation pattern

Fleche Motion capture (Vicon) Kinematics Experienced and elite fencers did not differ

significantly in their anthropometries.

EMG measurement

(Noraxon)

Muscle activity Fencers were firstly sorted into two groups based

on the timing of maximal elbow extension (MEE,

early group: 0.20±0.06s, late group: 0.47±0.03s).

Further EMG-based classification was performed

to the two groups. The results showed that early

MEE group exhibited higher deltoid intensity (91

±18%) than late MEE group (36±13%) in attacking

(p<0.05). Spherical classification confirmed that

muscular activity was different based on the

strategies used in the two groups.

(Continued)
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Table 2. (Continued)

Study Reference

number

Objective Moves Measurement and

Equipment

Variable of interest Results

Geil, 2002 20 Effects of different footwear on

plantar pressure

Advance Motion capture (Peak

Performance)

Kinematics The court shoes significantly reduced plantar

pressure by 15.37–26.38% as compared to the

fencing shoes in all fencing movements.

Lunge Plantar pressure

(Pedar)

Plantar pressure Pressures were consistently higher at the front

foot. The major pressured regions are the front

heel and back medial forefoot (average pressure

normalized by body mass: 0.0611–0.0862N/

kg�cm2).

Fleche The court shoes altered fencers’ kinematics by

increasing the range of motion of the weapon

hand. The consistency of repeated movement and

lunge velocity also reduced in course shoes

condition.

Gholipour

et al., 2008

25 Compared the kinematics of

fencers at different levels

Lunge Motion capture

(Kinemetrix)

Kinematics Elite fencers had a higher mean lunge length (1.17

±0.17m VS 1.02±0.10m), larger late-phase knee

extension (51±9˚ VS 18±8˚), and shorter time gap

in hand/foot motion (0.07±0.05s VS 0.13±0.15s) in

comparison to the novice fencers.

Greenhalgh

et al., 2013

27 Effects of sports surface on

impact shock during a fencing

movement

Lunge Accelerometer

(Biometrics)

Impact shock Significantly larger impact shock magnitude

(F = 17.07, p<0.001) was identified during a lunge

on the concrete-based surface (14.9±8.5g)

compared with the wooden-based surface (range:

11.1–12.0g). Use of a ‘piste’ had no significant

effect on the overall impact shock magnitude

(p = 0.38–0.69).

Gresham-

Fiegel et al.,

2013

32 Effects of trail leg displacement

angle on lunge performance

Lunge Power measurement

(TENDO Weightlifting

Analyzer)

Lunge power and velocity For all fencers, their natural trail leg displacement

angles were 68˚ to 100˚, 60% of them had a

forward deviation, 12% had a perpendicular

stance, and 28% had a backward deviation.

A perpendicular placement (90˚) of the feet

produced the greatest average power (411.1

±97.8W) and velocity (0.59±0.11m/s) during

lunging, while forward deviation (45˚) produced the

lowest values (336.8±70.2W in power, 0.49

±0.09m/s in velocity).

Guilhem et al.,

2014

28 Investigated the coordination of

the leg muscles in fencing

execution

Advance

lunge

Dynamometer (CMV) Muscle strength and activity Concentric contraction tests showed that peak

torque produced by hip extensors (221.1

±64.0N�m) and knee extensors (173.4±33.9 N�m)

were significantly greater in the front leg than the

rear leg. The front ankle dorsiflexor torque was

20% stronger than the rear leg on the whole range

of motion.

EMG measurement

(Zerowire)

Lunge displacement

Force plate (Kistler) E The fencers reached their peak velocity (2.6

±0.9m/s) at the early phase 4 of lunge, while peak

acceleration (6.5±0.9m/s), force (469.6±77.4N),

and power (1051.8±231.5W) occurred in the

middle of phase 3.

Knee extensors of the trailing leg were mainly

activated (25.3%-35.1% more than the front leg)

during propulsive phases, and less activated than

that of the front leg (10.4% more than the trailing

leg) during the braking phase.

Hip extensors of the leading leg were mainly

activated (54.1% more than the trailing leg) during

the final braking phase.

Hip and knee extensors and ankle plantarflexors

were earlier activated in the trailing leg, while ankle

dorsiflexors were earlier activated in the front leg.

Gutierrez-

Davila et al.,

2013

33 Effects of target change on

fencing performance

Lunge Motion capture (Vicon) Kinematics A change in target location significantly increased

the reaction time (by 28±32ms), movement time

(by 69±50ms), the time used in acceleration (by 43

±49ms), and errors made (by 18±19%) during

lunge, while it also decreased the attacking

velocity (by 0.33±0.35m/s) and action time in front

foot (by 0.083±0.023s).

Force plate (IBV) Kinetics

Time-motion parameters

(Continued)
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Table 2. (Continued)

Study Reference

number

Objective Moves Measurement and

Equipment

Variable of interest Results

Gutierrez-

Davila et al.,

2013

29 Examined the differences

between elite and medium

fencers in response to changed

lunge target

Lunge Motion capture (Vicon) Kinematics Elite fencers generated higher flight time (36

±37ms VS -2±12ms), late-phase horizontal foot

velocity (4.56±0.75m/s VS 3.59±0.30m/s), sword

velocity (2.55±0.42m/s VS 1.88±0.48m/s), and

lunge length (1.40±0.15m VS 1.13±0.13m) as

compared to the medium-level fencers.

Force plate (IBV) Kinetics

Time-motion parameters Elite fencers made fewer errors (31±17% VS 43

±12%) and maintained better arm-foot timing

sequence in responses to target change.

Hassan and

Klauck, 1998

18 Evaluate the fencing lunge

movement based on quantitative

analysis

Lunge Motion capture

(SELSPOT II)

Kinematics The maximal horizontal foil velocity was 3.40–

3.91m/s, horizontal foil velocity at hit time was

2.96–3.56m/s, and maximal horizontal hip velocity

was 2.28–2.33m/s across four subjects.

Irurtia et al.,

2008

26 Assessed the anthropometry and

limb asymmetry in Spanish junior

fencers

N/A Anthropometric

assessment

Anthropometries Male fencers showed significantly (p = 0.01–0.05)

larger forearm and thigh girths, as well as higher

thigh muscle cross-sectional area (236±26 vs. 212

±19cm2) on the armed side than the Spanish

reference population, while females fencers did not

exhibit the advantages.

No inter-limb significant differences were identified

in both genders.

Kim et al., 2015 36 Effects of a specific training

program in improving muscle

imbalance

N/A Motion capture (Motion

Analysis Corporation)

Dispersion of center of

mass and center of

pressure

Fences showed significant improvement in

mediolateral sway of the non-dominant leg during

one-leg standing (8.55±4.46cm/fl VS 7.95±1.52cm/

fl), mediolateral sway during deep squats (14.76

±7.18cm/fl VS 9.95±2.54cm/fl) and the balance

scale after (3.14±1.72 VS 1.81±0.92) training.

Force plate (Kistler) Balance score

Lin et al., 2010 21 Evaluated the workload of the

wrist muscles for different foil

handle types

Quarte

sixte

EMG measurement

(Biometrics)

Muscle activity The Viscounti-type handle elicited the most equal

load distribution for all muscle groups in

comparison to other handle types. However,

Adductor pollicis and extensor carpi radialis were

more activated in Viscounti-type handle condition

(p = 0.011–0.017) and may be more vulnerable to

fatigue.

Handle angles for 21˚ and 24˚ increased risks of

muscle fatigue, Grip strength was highest (8.66–

9.52 (unknown unit)) at the two handle angles

(p = 0.029).

Margonato

et al, 1994

23 Investigate the bilateral

differences in forearm muscle

trophism and force

N/A Anthropometric

measurement

Dynamometer (Lafayette

Instruments)

Fencers exhibited significant differences in cross-

sectional area (51.7±8.2cm2 VS 45.8±7.8cm2) and

isometric force (502±126N VS 449±115N) of the

forearm between the dominate and non-dominate

side (p<0.001).

Fencers and the control groups were not

significantly different on non-dominate side

regarding muscular force and trophism.

The absolute gains in muscular force and trophism

of the dominate side were greater in fencers than

the control group (5.9cm2 VS 2.0cm2, 53N VS

15N).

Morris et al.,

2011

15 Investigated the characteristics of

two fencing movements

Lunge Motion capture (Vicon) Kinematics During the lunge, the ankle plantarflexors and knee

extensors of the trailing leg contributed

significantly to the attack. On the other hand, ankle

plantarflexors and extensors of the hip and knee of

both limbs contributed significantly to the

progression of fleche. (Results are displayed by

graphs only).

Fleche Force plate

(Unspecified)

Kinetics

Mulloy et al.,

2015

37 Determined the kinematic chain

in lunge

Lunge Motion capture (Motion

Analysis Corporation)

Kinematics Expert fencers exhibited greater peak sword

velocity (3.21±0.22m/s VS 2.63±0.29m/s), lunge

distance (1.12±0.07 leg length VS 0.83±0.15 leg

length), and peak ankle extension velocity (564

±132˚/s VS 273±184˚/s).

The sequential motion of the hip-knee-ankle

sequential is more tightly coupled in elite than in

non-elite fencers, allowing elite fencers to achieve

greater ankle extension and forward sword

velocity. (sequence identified by graphic

comparison).

(Continued)
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Table 2. (Continued)

Study Reference

number

Objective Moves Measurement and

Equipment

Variable of interest Results

Poulis et al.,

2009

48 Examined the asymmetry of

muscle strength in fencers

N/A Anthropometric

assessment

Anthropometries Fencers had greater knee extension torque

(112.3–221.4Nm VS 111.7–210.4Nm), flexion

torque (66.9–119.7Nm VS 62.3–112.4Nm), and

flexor/extensor peak torque ratio (F = 3.04–3.79,

p = 0.01–0.03) compared to the non-fencer group,

in regardless of the differences in angular velocity

(30˚/s, 60˚/s, and 240˚/s).

Strength test (Cybex) Isokinetic strength The differences in peak torque between the

dominant and non-dominant legs were not

significant in both groups.

Sinclair and

Bottoms, 2015

45 Determined sex-differences in

joint loading during lunge

Lunge Motion capture

(C-Motion)

Kinematics Female fencers had significantly greater peak

knee extension moment (2.05±0.22Nm�kg VS 1.72

±0.25Nm�kg), patellofemoral joint contact force

(2.90±0.58BW VS 2.18±0.43BW), and contact

force loading rate (22.12±5.74BW/s VS 14.14

±6.36BW/s) in comparison to male fencers.

Force plate (Kistler) Kinetics

Joint loading

Sinclair et al.,

2010

7 Effects of footwear on shock

attenuating

Lunge Accelerometer

(Biometrics)

Impact shock Traditional fencing shoes significantly increased

the magnitude of peak impact shock in comparison

to sports shoes that had shock absorbing qualities

(p<0.01).

Sinclair and

Bottoms, 2013

30 Investigated sex-differences in

fencing kinematics and kinetics

Lunge Motion capture

(C-Motion)

Kinematics FWhen variables were normalized by body

weight., there were no significant inter-gender

differences in both kinetics and kinematics except

that, female fencers had significantly greater peak

hip (42.79±12.42˚ VS 51.64±10.25˚) and knee

abduction angles (1.91±6.44˚ VS -8.99±4.91˚) in

comparison to male fencers.

Force plate (Kistler) Kinetics

Sterkowicz-

Przybycień,

2009

13 Body composition and

somatotype of male fencers

N/A Anthropometric

assessment

Anthropometries Fencers were characterized by higher

mesomorphy and lower ectomorphy (p<0.05)

compared to untrained males. Fencers’

somatotypes differed from that of the untrained

(3.3–4.8–2.3 vs. 3.7–4.3–3.1).

Fencers using sabers were relatively heavier

(84.4kg VS 74.9–77.9kg) and had higher

mesomorphy (3.4–5.4–1.8 VS 3.6–4.9–2.5 and

2.9–4.2–2.8) than fencers using two other types of

weapons.

Steward and

Kopetka, 2005

24 Kinematic determinants of lunge

speed

Lunge Motion capture (Peak

Motus)

Kinematics Lunge velocity was significantly correlated to the

time-to-peak angular velocity of the trailing knee

(p = 0.022) and leading elbow (p = 0.047).
Regression analysis for

lunge performance

Trautmann

et al., 2011

3 Determined the foot loading

characteristics of three fencing

movements

Lunge Plantar pressure

(Pedar)

Plantar pressure For the leading leg, the heel was predominately

loaded during lunge (peak pressure: 551.8

±113.9kPa, contact time: 705.4±166.9ms) while its

hallux was more loaded during retreating

movements (peak pressure: 341.0±122.4kPa,

contact time: 205.0±43.0ms).

Advance Time-force parameters For the trailing leg, the forefoot was generally

loaded across the three different fencing

movements (peak pressure: 170.2–352.7kPa,

contact time: 191.8–682.2ms).

Retreat

Tsolakis et al.,

2006

51 Investigated the anthropometric

profile of young fencers

N/A Anthropometric

assessment

Anthropometries There were generally no significant differences

between male and female fencers in all age group

in terms of anthropometric measurements.

The mean somatotype of male fencers was 3.1–

2.6–3.2 as compared to 3.8–14.8–3.3 in females.

Female fencers were mainly situated in the

ectomorph region.

Cross-sectional area of the arms was higher in

males compared to females and higher on the

dominant side compared to the non-dominant side.

Tsolakis et al.,

2006

49 Effects of a conditioning program

to peripubertal fencers

N/A Anthropometric

assessment

Anthropometries Increases in anthropometries, hormone level, and

handgrip strength were detected in both groups.

However, differences between fencers and the

inactive children were not significant (p>0.05).
Blood sampling Hormones concentrations

Not fencing specific

physical test (Psion

XP)

Muscle strength

Physical performance

(Continued)
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Table 2. (Continued)

Study Reference

number

Objective Moves Measurement and

Equipment

Variable of interest Results

Tsolakis et al.,

2010

34 Investigated selected correlates

of fencing performance

Lunge Anthropometric

assessment

Anthropometries Lunge time was best predicted (R2 = 0.42,

p = 0.001) by drop jump performance (30.5

±8.58cm) and thigh cross-sectional area (205.3

±38.50cm2). When lunge time was normalized by

body mass, only performance on the arm-driven

counter-movement jump (37.7±9.26cm) was

predictive of lunge time (R2 = 0.71, p<0.001).

Not fencing specific

physical test (Psion

XP)

Physical performance

Lunge test (Polifermo

Radio Light)

Regression analysis for

lunge performance

Turner et al.,

2016

47 Determined physical

characteristics that underpinned

lunge performance

Lunge Anthropometric

assessment

Anthropometries Standing broad jump (177.7±0.32cm) was the

strongest predictor of lunge velocity (3.35±0.70m/

s, R2 = 0.507, p<0.001) and change of direction

speed (5.45±0.65m/s, R2 = 0.425, p<0.001).
Not fencing specific

physical test

(Optijump)

Physical performance

Lunge test (Casio) Regression analysis for

lunge performance

Williams and

Walmsley,

2000

67 Compare response profile

between novice and elite fencers

under several levels of target

choice

Lunge EMG measurement

(Medicotest)

EMG signals timing The elite fencers showed superiority over the

novice fencers in reaction time (32-33ms less),

total response time (19-23ms less), onset of

activation in anterior deltoid (37-45ms less) and

front rectus femoris (52-55ms less) in regardless of

the changed target conditions (F = 10.29–34.46,

p<0.05).

Timing record Timing parameters Increased target number slightly elongated

reaction time and delayed the onset of muscle

activation for all fencers. However, the differences

were not significant in both elite and novice groups.

Elite fencers made fewer errors (11 VS 70) in

hitting target than the novice fencers (X2 = 12.18,

p = 0.002).

For both groups, the within-subject correlation was

75% (all variables of interest), indicating inter-trial

consistency of movement pattern.

Williams and

Walmsley,

2000

39 Compare response timing and

muscle coordination between

different fencers under target

changing condition

Lunge EMG measurement

(Medicotest)

EMG signals timing Elite fencers showed shorter reaction time (333

±128ms, 40% of total response time VS 613

±62ms, 66% of total response time) and total

response time (808±53ms VS 934±34ms) in

response to changed target.

Timing record Timing parameters Elite fencers exhibited faster activation of selected

muscle groups (178-378ms VS 301-617ms) in

comparison to the novice fencers.

Lunge distance

measurement

Lunge distance Elite fencers exhibited more coherent muscle

synergy and consistent patterns of muscle

coordination (rear knee extensor-front shoulder

extensor-front knee extensor-front knee flexor).

Wylde, 2013 12 Time-motion analysis of foil

fencing

Complete

bout

Time-motion analysis

(Sportstec)

Movement timing High-intensity movements had a mean duration of

0.7s and accounted for 6.2% of the total bout time

in elite women foil fencing.

Movement duration The work: recovery ratio of female’s foil (15-touch)

was 1:1.1, which was similar to that of men’s epee

(1:1), men’s foil (1:3), and men’s epee (8:10).

For the 5-touch and team bouts the work: recovery

ratio was 1:1, indicating an increased duration of

moderate- and high-intensity movements.

Yiou and Do,

2000

40 Examine the differences between

singular and combined training

strategy of fencing performance

Touche Force plate

(Unspecified)

Foot pressure There were no significant differences in body

acceleration and peak velocity between the elite

and novice fencers when touche and lunge were

executed separately.
Accelerometer

(Entran)

Acceleration of body center

Lunge EMG measurement

(Unspecified)

Muscle activity Elite fencers exhibited higher foil velocity (2.90

±0.30m/s VS 2.66±0.29m/s) and postural velocity

(0.41±0.20m/s VS 0.05±0.09m/s) in the sequential

touché + lunge condition compared to the isolated

touché condition, while no significant differences

emerged for novice fencers.

(Continued)
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(27.0%). Cross-sectional studies were assigned with ‘weak’ in EPHPP assessment. Some studies

recruited less representative samples which had limited control on confounders regarding gen-

der [14, 15], competitiveness [16–18], fencing events [12, 14, 19], and equipment features [20,

21]. Measurement method/collection (e.g. EMG signal processing and motion capture tech-

nique) was considered less reliable/not fully elaborated in four studies [13, 22–24]. Statistical

analysis was not performed/not introduced in details in five studies [12, 15, 18, 25, 26]. Due to

the nature of fencing sports and biomechanical study, outcome assessors could not be blinded

to intervention/exposure. Since subjects were generally required to give their best performance

in various fencing tasks, we assumed that they were not aware of the research questions for all

recruited studies.

In addition to EPHPP score, the main limitation across the studies was the small sample

size of study groups, with 14 studies including�10 participants. Sample size estimation, based

on feasibility studies, was performed in only three studies [7, 27, 28]. Although significance

level of 0.05, using two-tailed tests, was the most prevalent cut off for statistical analysis, the

cut-off was not clarified in some studies [20, 22]. The small size of study groups increases the

risk of violating the assumption of normal distribution required for parametric statistics. Yet,

normality for analysis of variance and t-tests was verified in only six studies [7, 17, 27–30].

Therefore, the statistical methodology of studies included in our analysis was only “fair”, with

none of the studies reporting the statistical power of their results. Effect size, using Cohen’s d-

statistic (range in included studies, 0.29–2.26) and the eta-square statistic (range in included

studies, 0.09–0.59) were reported in only six studies. The reliability of measured outcomes

was evaluated by computing the interclass correlation coefficient (range in included studies,

(0.570–0.988) in four studies [31–34].

3.4 Measurement methods

Techniques used for measurements are summarized in Table 2. Motion capture was used in 15

studies and force platform in 10 studies respectively, with electromyography measurement

used in nine studies and accelerometers in five studies. However, there was noticeable varia-

tion in equipment and signal processing/analysis used across studies, even within a specific

measurement technique. As an example, both infrared-based retroreflective marker [15, 17,

18, 29, 33, 35–37] and electromagnetic sensor tracking systems [38] were used in motion cap-

ture analysis. In terms of the processing of electromyography data, some studies used the root

Table 2. (Continued)

Study Reference

number

Objective Moves Measurement and

Equipment

Variable of interest Results

Yiou and Do,

2001

41 Examined the effects of

“refractory period” on fencing

movement

Touche Force plate

(Unspecified)

Displacement of the foot There were no significant differences in postural

velocity, speed performance, speed of focal

movement, onset of anterior deltoid, and time of

target hit between the elite and novice fencers in

isolated touche condition.

Accelerometer

(Entran)

Acceleration of the foil

Lunge EMG measurement

(Unspecified)

Muscle activity In lunge + touche condition, when the signal of

touche was initiated more than 300ms prior to foot-

off, there were no significant differences between

groups. When touche was initiated within 200ms

prior to foot-off or at the time of postural

adjustment, speed performance and speed of focal

movement were significantly higher in elite

fencers.

Maximum speed of touché was higher in elite

fencers than in novice

Notes: N/A, not available.
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mean square of the signal [21, 28] while others normalized the signal to the magnitude of a

maximal voluntary contraction [17, 22, 39–42].

4. Discussion

4.1 Intrinsic, athlete-specific, factors

4.1.1 Sex-specific differences. As commonly reported for other sports, sex-specific differ-

ences in the kinematics of fencing were identified [35, 43, 44]. Specifically, females exhibited

Table 3. EPHPP score for the included studies.

Study Research design Number of subjects EPHPP Score

Akpinar et al., 2015 Case-control 8 1

Aquili et al., 2013 Case-control 57 2

Bottoms et al., 2013 Cross-section 14 3

Chang et al., 2009 RCT 8 2

Cronin et al., 2003 Cross-section 21 2

Do and Yiou, 1999 Case-control 5 2

Frère et al., 2011 Case-control 8 2

Geil, 2002 RCT 13 2

Gholipour et al., 2008 Case-control 8 3

Greenhalgh et al., 2013 RCT 13 1

Gresham-Fiegel et al., 2013 Case-control 25 1

Guilhem et al., 2014 Case-control 10 1

Gutierrez-Davila et al., 2013 Cross-section 30 2

Gutierrez-Davila et al., 2013 Case-control 30 2

Hassan and Klauck, 1998 Cross-section 4 3

Irurtia et al., 2008 Cross-section 23 3

Kim et al., 2015 Cohort 9 2

Lin et al., 2010 RCT 15 3

Margonato et al, 1994 Case-control 58 2

Morris et al., 2011 Cross-section 1 3

Mulloy et al., 2015 Case-control 10 2

Poulis et al., 2009 Case-control 30 1

Sinclair and Bottoms, 2015 Case-control 16 1

Sinclair et al., 2010 RCT 19 2

Sinclair and Bottoms, 2013 Case-control 16 1

Sterkowicz-Przybycień, 2009 Case-control 30 2

Steward and Kopetka, 2005 Cross-section 15 3

Trautmann et al., 2011 Mixed design 29 1

Tsolakis et al., 2006 Case-control 152 2

Tsolakis et al., 2006 Controlled Clinical Trial 8 1

Tsolakis et al., 2010 Cross-section 33 2

Turner et al., 2016 Cross-section 70 2

Williams and Walmsley, 2000 Case-control 6 2

Williams and Walmsley, 2000 Case-control 6 2

Wylde, 2013 Cross-section 9 3

Yiou and Do, 2000 Case-control 11 1

Yiou and Do, 2001 Case-control 11 1

Notes: RCT, randomized controlled trial; N/A, not available.
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greater hip adduction, knee abduction/adduction, ankle eversion and patellofemoral contact

forces of the leading leg during lunging movements [30, 45]. Some researchers have proposed

that sex-specific differences in anthropometrics, neuromuscular functions and muscle strength

may account for these differences in the kinematics of the leading leg [35, 43, 44]. Overall, the

prevalence of injury was higher in female fencers (29%-44%, averaged: 36%) than in males

(22%-32%, averaged: 27%) [2]. However, further evidence is required to characterize sex-spe-

cific differences based on high-quality evidence.

4.1.2 Anthropometry and muscle strength. The assessment of anthropometrics and

strength is an important component for establishing functional profiles of fencers [46]. Perfor-

mance of the lunge, considered to be the core component of fencing, was evaluated using step-

ping time or velocity, counter-movement jump strength and dynamometric tests [28, 47], with

some studies evaluating the value of squat jump tests for predicting lunge performance [31,

34]. Despite differences in measurement, there is a consensus that greater lower limb strength

and explosive power generated higher lunge velocity and quicker fencing moves [48, 49]. Bal-

listic training is therefore recommended to increase the rate of muscle force generation [50,

51], or a combination of resistance and ballistic training to optimize the explosive, power and

endurance requirements of fencing [51, 52]. Turner et al. reported that most training pro-

grams were customized to a fencer’s ability, sex and age by coaches, based on their experience

or anecdotal knowledge rather than on evidence. Turner et al. [53] advocated the need to

develop evidence-based training protocols which would consider a fencer’s biomechanics, as

well as physiological and psychological factors. Continued evaluation of the predictive value of

somatotypes and measures of muscle strength and power to evaluate and improve fencing per-

formance overall, and the lunge component more specifically, using multivariate analysis

should be pursued in future studies.

4.1.3 Asymmetry. Fencing is clearly an asymmetric sports event based on its kinematic

and kinetics [3, 15, 18]. Intuitively, the asymmetric sports contributed to asymmetry anthro-

pometry due to the unilateral nature of the training. Irurtia et al. and Turner et al. [26, 53]

showed that fencers had significantly higher handgrip strength and greater isokinetic leg

strength on the dominant side than on the non-dominant side. Margonato and colleagues [23]

conducted surveys on national-level fencers and discovered that they had higher muscle cross-

sectional area in the dominant forearm. Arm and leg asymmetries were also observed in

young fencers [49]

However, the effects of laterality on measures of muscle structure and performance have

not been always consistently reported. Poulis et al. [48] failing to identify differences in peak

knee and ankle isokinetic torques between the dominant and nondominant lower limb. It

was argued that fencing movements do not necessarily induce unequal muscle growth

between two sides of the lower limb. In fact, both trailing and leading legs contributed signifi-

cantly to the progression of various fencing actions, especially for advance and fleche [15,

24]. Besides, Akpinar et al. [38] investigated the differences in movement accuracy, speed,

multi-joint coordination, and handedness between fencers and non-fencers in a series of

hand reaching tasks. They showed that fencers may have performance symmetry superior to

non-fencers due to an underlying high skill in bilateral control, while Poulis also advocated

that elite fencers have all-round development on their neuromuscular system [48]. In fact,

the risk of injury associated with asymmetry is recognized, such that balance or weight train-

ing is often introduced to tackle with possible asymmetry-induced injuries [54–56] [36, 57].

The variation in outcome measures and training method may contribute to the inconsistency

of results. Therefore, the development and role of asymmetry in fencing should be subject of

future studies.
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4.2 Extrinsic factors

4.2.1 Weapon. Foil, saber, and epee are the three major weapons used in fencing sports.

Each weapon has its own rules and strategies. Though the basic offensive and defensive tech-

niques are universally applicable in the three weapons, their biomechanics may differ due to

the variances in blade type (e.g. length and weight), valid target (e.g. torso with and without

the extremities) and scoring technique (e.g. thrusting and cutting). Both epee and foil are

thrusting weapons which score only by landing their tips on the valid area, while epee is

heavier (775g VS 350-500g, same in blade length: 90cm) than foil. In spite of the limited evi-

dence from existing studies, there was a trend in the numbers present that foil fencers had

slightly higher peak velocity in mass center (1.92m/s VS 1.72m/s), weapon (2.91m/s VS 2.49m/

s), and the front foot (4.56m/s VS 4.10m/s) than epee fencers during the execution of simple

lunge attack [16, 18, 24, 25, 29, 33, 40–42]. Though the comparison is based on different sam-

ples, there are also signs from some performance analyses that the length of action and break

was shorter in foil than in epee (5.2s VS 12.7s, 15.6s VS 18.2s) [14]. Ratio of action to break

was lower in foil (1:3) than in epee (1:1.0–1.4) [1, 58], indicating quicker-finished bouts in foil.

Saber (weight: 500g, length: 88cm in the blade) is most distinctive from the other two weapons

by its ‘cutting’ rule. Data from research on saber biomechanics was rare, but saber was thought

to have a fast tempo and a quicker burst of speed than the other two weapons [59]. Length of

action/break (2.5±0.6s, 16.5±2.7s) and ratio of action to break (1:6.5) was the lowest in saber

[14]. Up to date, fencing weapons were usually studies in simple movement and controlled in-

lab conditions, e.g. lunge and fleche. However, in-game combat is more complex involving

many extensions of the fundamental actions. Saber fencing may be even faster paced than

reports.

In addition to having to bear the weight of the long weapon itself, fencers’ wrist further sus-

tains abrupt and violent loading during the series of attack and defense fencing actions. There-

fore, a well-designed weapon handle is important for reducing abnormal wrist joint motion

and lowering the risk of wrist injury. Three types of handles are generally used in fencing: the

French, the pistol, and the Italian handle. The French and Italian handles have evolved from

the classical rapier handle from the Baroque period, with the French handle slightly contoured

to the curve of the hand. The pistol handle is much like that of a pistol and commonly known

as the “anatomical” or “orthopaedic” grip. Use of the pistol handle is advocated as it elicits

lower activation in the adductor pollicis and extensor carpi radialis muscles compared to the

French and Italian handles [22]. Moreover, the Visconti style pistol handle also promotes a

more balanced activation of forearm muscles [21, 22] which would delay muscle fatigue and

improve the capacity of the wrist to resists excessive motion when external forces are applied.

This protective function of the pistol handle can be enhanced by placing the handle at an angle

of 18˚-21˚, which also improves hit rate and accuracy while delaying the onset of early fatigue

[21].

4.2.2 Footwear and the fencing piste. Fencers’ feet are repeatedly exposed to large tran-

sient impact shock, especially during sudden forward thrusts, increasing the risk of lower limb

injuries [60]. The metal carpet piste is the main source of these high impact forces. Although

different overlay materials have been used for shock absorption, Greenhalgh et al. [27] could

not confirm a significant attenuation of impact magnitude for different overlays.

Fencing shoes compound this problem by providing little intrinsic shock absorption, com-

pared to standard court shoes. Geil [20] and Sinclair et al. [7] confirmed the lower shock

absorption capacity of fencing shoes compared to squash and running shoes. Geil [20] did dis-

cuss the trade-off between increased shock absorption of shoes and a slower and less reliable

performance, with shock absorbing materials reducing sensory information from the floor
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which provides important proprioceptive input for agility and balance [61]. Therefore, finding

a balance between shock absorption and performance remains an issue to be resolved.

4.2.3 Training and conditioning. The success of fencing was largely determined by speed

and explosive strength [53]. Therefore, ballistic training is recommended to increase the rate

of muscle force generation [62], with most of the improvements occurring within the first 200

to 300 milliseconds of a single lunge movement [63, 64]. Research has shown that pure fencing

training regime did not induce growth of muscle strength that overrode the progression of

puberty for the adolescent fencers (compared to the inactive children: increases in arm cross

sectional area: 17.1% VS 6.97%, increases in grip strength: 25.81% VS 18.07%) [51]. The

increases of leg muscle cross sectional area (32±7%) and body mass (16±3%) in fencers was

also insignificant when the effects of body height were ruled out. The author thus recom-

mended strength training for young fencers to complement their training routine.

Training of balance and coordination is also a fundamental element [65], By taking specific

balance training, fencers demonstrated better coordination (42.36% improvement in balance

score) and less body sway (7.02% less in dispersion of the center of plantar pressure) in single-

leg standing tasks. When coordinating touché and lunge movements, elite fencers produced

higher sword velocity (2.90±0.30m/s VS 2.52±0.29m/s) and body center velocity (0.41±0.20m/

s VS 0.04±0.10m/s), compared to novice fencers [36, 40]. In their review of training programs,

Turner et al. [53] reported that most programs are customized to a fencer’s ability, sex and age

by coaches, based on their experience or anecdotal knowledge rather than on evidence. Turner

et al. advocated the need to develop evidence-based training protocols which would consider a

fencer’s biomechanics, as well as physiological and psychological factors.

4.3 Biomechanics of fencing

Fencing is a highly asymmetric sport, with the armed side of the body leading movement over

a substantial duration of a competitive bout, and during training. Moreover, the upper and

lower extremities present distinctive motion patterns, which imposes a considerable burden

on the neuromuscular system, including effects of dominance on kinematics and kinetics [66].

The advance, retreat, fleche, and lunge movements, commonly used in fencing, have been eval-

uated using motion capture, demonstrating the greater joint motion and force output required

to perform the fleche and lunge movements [31, 67].

4.3.1 Posture and kinematics. In lunging, power during the propulsion phase is provided

by the ankle plantarflexors and knee/hip extensors of the trailing leg, with additional contribu-

tion from the hip flexors and knee extensors of the leading leg during the subsequent flight

phase [15]. Contrarily in fleche, both lower limbs provided power in a cyclical sprint-like man-

ner. During the initial phase, the trailing leg provides the thrusting power as its ankle plantar-

flexors and knee extensors control the velocity of flexion at the ankle and knee joints of the

leading leg. Once the trailing leg passes in front of the leading leg, the thrust-absorption cycle

is repeated with a reversal of the power and absorption roles of the lower limbs [15]. Lower

limb coordination and balance also significantly influence performance, with elite fencers gen-

erating greater hip flexion force of the leading leg at the end of a lunging movement and,

hence, a higher sword velocity [16, 25]. Range of motion of the knee and peak hip flexion

range of the trailing leg and hip flexion range of the leading leg were identified as significant

predictors of lunge performance, allowing fencers to assume a low on-guard position and

adjust movement of the leading leg in lunge to improve their performance [16]. Though these

studies of fencing performance were based on small sample size, their subjects were mostly

elite fencers who can represent the significance of fencing sports. Besides, the outcomes were

quite consistent in terms of phase-contributors of lunge dynamics.
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Study of in-shoe pressure revealed the asymmetric characteristics of weight bearing on the

foot. Trautmann, Martinelli & Rosenbaum [3] and Geil [20] evaluated the distribution of plan-

tar pressures during three fencing movements [3]. Load was predominantly placed on the heel

of the leading foot and on the forefoot of the trailing foot during performance of a lunge and

advance, with plantar pressure being a maximum under the hallux, bilaterally, during the

retreat movement, regardless of the type of shoes worn. Steward and Kopetka [24] further

reported time-to-peak angular velocity of the knee joint of the trailing leg and of the elbow of

on the leading side to have a significant effect on overall lunge speed. The angle of the trailing

foot relative to the lead foot also influenced lunge performance [68]. Gresham-Fieg, House &

Zupan [32] evaluated the effects of three different angles of rear foot placement on lunge per-

formance, confirming that placement of the rear foot perpendicular to the alignment of the

forefoot produced higher magnitudes of peak and average power and average velocity of

lunging.

4.3.2 Joint coordination and synergy. The proximal-to-distal coupling of upper and

lower limb motion ensures an effective transfer of joint segmental angular velocity of the lower

limb to the maximum linear velocity of the center of mass [69], a feature which differentiates

elite from novice fencers [37]. Elite fencers extended the weapon arm prior to initiating front

foot movement during lunge [18]. Focusing specifically on the coordination among lower

limb joints, Mulloy et al. [37] identified that elite fencers exhibited greater peak horizontal

sword velocity and lunge distance in comparison to novice fencers through a clearly sequential

increase in angular velocity of joint extension from the hip, to the knee, to the ankle. This kine-

matic sequence was claimed to be the correct technique that increase fencing success in elite

fencers [39]. Do and Yiou has identified a ‘refractory period’ existing between motor tasks that

had negative effects on fencing performance [42]. Elite fencers were competent to inhibit the

effects by closely linking ‘touche’ movement of the arm and ‘lunge’ movement of the legs in

perfect timeline [41]. Technical training should take into account of the specific fencing move-

ment pattern, with emphasis on practicing different movement components in combination

rather than in separate form [40].

4.3.3 Muscle coordination and synergy. The proximal-to-distal sequence was also

reported for muscle activation, with activation of the anterior deltoid of the armed upper

limb, with extension of the armed hand, preceding the lifting of the lead foot at the initia-

tion of lunging in expert fencers [40]. In contrast, novice fencers exhibited a delayed onset

of upper limb muscle activity, associated with shortened propulsion phase by the trailing leg

resulting in an earlier “kick off” of the trailing leg in novice fencers [18, 67]. Overall, elite

fencers presented more coherent muscle synergies of the upper and lower limbs, compared

to novice fencers, characterized by sequential activation of shoulder/elbow extensors of the

armed upper limb and hip/knee extensors of the rear lower limb, followed by activation of

the forelimb during lunging, with the ability to maintain this quasi-invariant pattern of acti-

vation despite changing task requirements during a fencing bout [39, 67]. In contrast, mus-

cle activation patterns for novice fencers were more variable with changing task demands

imposed by their opponents, often leading to interruptions in their movement [29, 33].

Therefore, novice fencers may not have consolidated neuromuscular strategies for complex,

multi-segmental movements [70], while elite fencers are able to finely adjust muscle activa-

tion patterns to optimize attacking (lunge) efficiency without violating the “correct” kine-

matic sequence of upper and lower limb motions (as the sequence mentioned in section

4.3.2: rear knee extension-front shoulder extension-front knee extension-front knee flex-

ion) [17].
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5. Summary and remarks

Fencing is an idiosyncratic sport, with unique patterns of asymmetrical movements and bio-

mechanics. Although athlete-specific (intrinsic) and external factors were identified as influ-

encing performance and, probably the risk of injury, current evidence can be considered

incomplete and of “fair” quality only. However, we did identify key points that can begin to

inform practice, as well as providing a direction for future research. Foremost, fencing requires

explosive force and as such, evidence regarding effects of sex, anthropometry, muscle structure

and neuromuscular coordination is required. Although intuitively, effects of asymmetry have

been discussed and evaluated, evidence of an effect of handedness on muscle strength should

be more deeply studied. Moreover, elite fencers were found to have a higher capacity for bilat-

eral performance of hand tasks than the novice or untrained individuals. However, neuromus-

cular control of multi-joint movements is essential to an elite fencing performance. A unique

feature of fencing is the metal carpet piste and the poor shock absorbing characteristics of the

fencing shoes which increase the magnitude of impact forces and the risk of foot/ankle and

knee injuries. Strategies to mitigate impact forces while optimizing performance are required.

Current evidence is limited by the narrow scope of the research and “fair” methodological

quality. Foremost, due to differences in the characteristics of different weapons and, therefore,

movement requirements, findings are not transferable across weapon type [14]. Information

available largely addresses the lunge component, which is understandable as it is the core

movement component in fencing. Although a range of measures of lunge performance has

been used, ranging from sword velocity to timing of target hit, the predictive value of these dif-

ferent measures to overall tactical performance and injury has yet to be determined. Moreover,

fencing contest regularly lasts for more than an hour, during which fencers experience rapid

alternation between resting and intensive activity [5]. Therefore, muscle fatigue and psycho-

physical exhaustion would influence performance measures and increase overall risk for injury

and poor performance outcomes [1]. Future studies will need to evaluate effects of fatigue on

fencing performance.

For future direction, current training programs mainly focus on improvement of muscle

strength and power, with endurance training having received relatively less attention, despite

its importance to injury prevention [71, 72]. Footwear design will also need to be addressed to

reduce exposure to repetitive high magnitude impacts. Numerical modeling, in combination

with neurophysiological measures of proprioception and muscle activation and performance-

based outcomes, could assist in identifying optimal design criteria for fencing shoes by predict-

ing internal loading across the geometrically complex anatomy of the foot and ankle [73, 74].
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Abstract

Introduction

Injury prevention programs (IPPs) are an inherent part of training in recreational and profes-

sional sports. Providing performance-enhancing benefits in addition to injury prevention

may help adjust coaches and athletes’ attitudes towards implementation of injury prevention

into daily routine. Conventional thinking by players and coaches alike seems to suggest that

IPPs need to be specific to one’s sport to allow for performance enhancement. The system-

atic literature review aims to firstly determine the IPPs nature of exercises and whether they

are specific to the sport or based on general conditioning. Secondly, can they demonstrate

whether general, sports-specific or even mixed IPPs improve key performance indicators

with the aim to better facilitate long-term implementation of these programs?

Methods

PubMed and Web of Science were electronically searched throughout March 2018. The

inclusion criteria were randomized control trials, publication dates between Jan 2006 and

Feb 2018, athletes (11–45 years), injury prevention programs and included predefined per-

formance measures that could be categorized into balance, power, strength, speed/agility

and endurance. The methodological quality of included articles was assessed with the

Cochrane Collaboration assessment tools.

Results

Of 6619 initial findings, 22 studies met the inclusion criteria. In addition, reference lists

unearthed a further 6 studies, making a total of 28. Nine studies used sports specific IPPs,

eleven general and eight mixed prevention strategies. Overall, general programs ranged

from 29–57% in their effectiveness across performance outcomes. Mixed IPPs improved in

80% balance outcomes but only 20–44% in others. Sports-specific programs led to larger
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scale improvements in balance (66%), power (83%), strength (75%), and speed/agility

(62%).

Conclusion

Sports-specific IPPs have the strongest influence on most performance indices based on

the significant improvement versus control groups. Other factors such as intensity, technical

execution and compliance should be accounted for in future investigations in addition to

exercise modality.

Introduction

In the past decade, youth participation in organized sport has increased 21% resulting in

approximately 30 million youth amateur athletes in the US alone [1]. This observation is likely

driven by numerous health initiatives encouraging the many physical and psychosociological

benefits of physical activity [2]. Aside from the clear benefits of participation, >30% of injuries

among adolescents are sport-related making it the leading cause of injury for this population

in western societies [3]. Risk factors such as increasing level of competition, training duration

and intensity [4] were consistently identified across 15 different sporting disciplines [5] and

deemed responsible for the high injury rates. However, despite increasing research and knowl-

edge of injury mechanisms (e.g. anterior cruciate ligament injury [6]), risk factors and recov-

ery methods, injury rates remain high in both the youth [5] and professional [7] ranks.

There is a general agreement among sport professionals that injury has an unfavorable

impact on the sport they are involved in. In a survey that collaborated with 72 professionals

within soccer, 77% believe that injury has a negative impact on their teams overall perfor-

mance [8]. Additionally, 98% of soccer professionals share the belief that evidence based injury

prevention exercises should be applied to their regular training routine [8]. Injury prevention

programs (IPPs) such as the FIFA 11+ [9], [10], the PEP Program [11] and Sportsmetrics [12]

have been previously designed and proven effective in preventing sports-related injuries. How-

ever, long-term implementation of IPPs is often problematic as proving effectiveness against

injury is insufficient for coaches and athletes to convert from their conventional routine [13].

Additionally, modified versions of evidence based programs are partially implemented to

add variation, progression and individualization as well as to align with specific training for-

mats and goals [8]. In the survey, the FIFA 11+ was implemented in their original (12% of ses-

sions) and modified version (28% of sessions) [8]. This could be attributed to the fact

compliance to an IPP is highly dependent on the exercises being enjoyable, practicable, pro-

gressive and result in physical benefits for their athletes [10,14], which often manifests itself in

the form of exercises that pertain directly to the given sport e.g. sports specific.

Specificity is recognized by coaches as a key principle of training that result in training

adaptations and is therefore, frequently carried out in sessions [15]. If it can be revealed that

specific IPPs lead to performance improvement in comparison to other types of IPPs, then

coaches would be assured that specificity should remain an integral part of their training time

with their athletes.

A previous systematic review conducted by the present authors aimed to determine

whether specificity of an IPP affects the injury rates of young athletes [16]. One main finding

was that there is currently a dearth of research using sports specific IPPs (n = 2) as per the

authors´ definition, thus making practical recommendations challenging. Due to this, a new
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perspective that hasn’t previously been addressed is: Does additional injury prevention train-

ing culminate in performance improvement in athletes? If so, then does the specificity of the

program make a difference in enhancing crucial performance parameters? Or, could it be the

case that programs with general training exercises attribute to this improvement and thus

resulting in a one size fits all type approach. There are IPPs that integrate tasks that are more

sports-specific e. g. using cutting maneuvers and jumping/landing exercises [17] [18]. Con-

versely, other IPPs aim to develop general fitness abilities indirectly related to the athlete’s

sport e.g. core stability exercises such as squats and side planks [19]. It remains unclear, which

of these program types (sports specific or general IPPs) have the highest evidence-based justifi-

cation for implementation regarding the positive effects on critical performance indices.

Therefore, the aim of the present systematic review was to evaluate the effectiveness of evi-

dence based IPPs on performance in young athletes.

Methods

Data sources

A systematic search of the literature, in compliance with the preferred reporting items for Sys-

tematic Reviews and Meta-Analyses [20] was conducted.

Relevant articles were identified via PubMed and Web of Science and were systematically

searched between Jan 2006 until May 2019. The search terms used were “athletes” AND “injury
prevention” OR “exercise program”. Two authors (HM; AP) performed the literature search

independently, with disagreements resolved by consensus and further consultation from a

third author (JM) was sought if necessary. The search process entailed removing duplicates,

screening titles, abstracts and eligible full texts. Additionally, reference lists of excluded system-

atic reviews, meta-analyses and reviews were manually searched to identify studies of

relevance.

Eligibility criteria

Inclusion criteria: with the aim of evaluating the effectiveness on performance.

1. Individual and team sport athletes aged 11–45 years who had to have either participated in

an IPP or have kept their usual training routine/standardized protocol.

2. The design of the study was restricted to randomized controlled trails (RCT) and non-ran-

domized control trial (NRS).

3. Included at least one of the following outcome measures; a) dynamic balance (e.g. star

excursion balance test), b) static balance (e.g. centre of pressure), c) power (e.g. jump

height), d) strength (e.g. isokinetic strength at different angle velocities), e) endurance (e.g.

repetitions per minute) or f) speed/agility (e.g. timed short distance tests) (S3 Table)

4. Had at least two measurement time points; before and after the IPP. In the event of multiple

post intervention assessments, the measurement immediately post-intervention was used.

There were no limits placed on athletic level, sex or duration of the intervention. Passive

IPPs, among others based on stretching, were considered irrelevant and excluded.

Data extraction

The following data was extracted from each eligible full text: the first author’s last name, publi-

cation year, study design, country, follow-up period, study duration, type of sport, exposure

data, subject information (sample size, dropout rate, sex and age) and intervention (name,
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description, type, dose, frequency, compliance, effects and categorization according to authors’

definition).

Data analysis

The IPPs’ were categorized into three sections: 1) general, 2) mixed and 3) sports-specific.

Each exercise that comprises an IPP was determined by the authors and added to a category

which most aptly describes them; category a): The exercise directly relates to the movement,

task or skill performed in the athletes’ respected sports (e.g. a jumping motion in a program

for basketball players) or category b) The exercise focuses on developing general physical abili-

ties that do not directly pertain to the movement, task or skill performed in their sport. Sports-

specific IPPs were defined as IPPs which comprise primarily (i.e. >80%) of exercises from cat-

egory a and general IPPs were defined as programs that consisted of exercises (i.e. >80%)

from that described in category b. In cases where the components did not show a clear direc-

tion, i.e. either 21–79% not related or related to the sport, were categorized as a mixed IPP. For

clarity, this is illustrated in the already published first part of this review assessing the effects of

IPPs on injury rates [16]. This review focuses on the various IPPs effect on performance.

Table 1 displays a summary of the main characteristics in each IPP type (e.g. intervention/con-

trol group, age range, sport type and target extremity). Table 2 identifies the tests used to assess

the performance parameters in the included studies whereas Table 3 displays the overall effec-

tiveness of the IPPs on various sports performance parameters. For clarity, the effectiveness of

a given IPP is determined whether within each study the outcome measurement is significantly

improved versus control e.g. In a study by Hermassi et al. [21], they used what would be

defined as a sports specific IPP and assessed whether that increased throwing velocity [m.s-1],

which is a measurement of power. It could then be determined whether the intervention

group improved this measure significantly against the control group.

Risk of Bias assessment

The internal validity of the RCTs was assessed using the Cochrane Collaborations’ risk of bias

assessment tool [22]. Independently, the two authors (HM; AP) examined the studies of inter-

est for the following sources of bias: selection (sequence generation and allocation conceal-

ment), performance (blinding of participants/personnel), detection (blinding outcome

Table 1. Study characteristics of included studies.

IPP Type General Mixed Sports Specific

Study No. 11 8 9

N Intervention 185 179 119

N Control 167 179 100

Age 12–25 10–21 14–27

Intervention

type

9 Training programs [23] [24] [25] [26] [19] [27]

[28] [29] [30]

2 Warm-up [31] [32]

3 Training programs [33] [34] [35]

5 Warm-up [36] [37] [14] [18] [38]

9 Training programs [39] [40] [41] [42] [43] [21]

[44] [45] [46]

Target

extremity

8 Lower extremity [23] [24] [25] [26] [19] [27]

[28] [30]

1 Upper extremity [29]

8 Lower extremity [33] [34] [35] [36] [37]

[38] [14] [18]

7 Lower extremity [39] [40] [42] [43] [21] [45]

[46]

2 Upper extremity [41] [44]

Sport 6 Football [23] [24] [26] [32] [27] [30]

1 Handball [25]

7 Football [10] [14] [18] [47] [35] [17] [33]

1 Basketball [34]

3 Basketball [39] [40] [46]

1 Handball [25] [21]

1 Football [43]

1 Hockey [42]

1 Track Sprinting [45]

1 Tennis [44],
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assessors), attrition (incomplete outcome data), reporting (selective reporting) and other

potential bias.

Results

The initial search identified 6881 potentially relevant studies (Fig 1). Duplicates, reports, gen-

eral review articles, current concepts, commentaries, systematic reviews and meta-analyses as

well as studies that did not match the inclusion criteria were excluded following screening of

titles and abstracts. Forty-four studies remained for full text screening and of which, 22 were

found to be ineligible. Additional evidence was retrieved via reference lists of previously

excluded reviews which unearthed a further 6 suitable articles. Consequently, 28 studies met

the inclusion criteria for the investigation.

Table 2. Outcome measures used in the five performance categories.

Dynamic

Balance

SEBT (x3) [24] [32] [48] SEBT [17] SEBT [39]

Static

Balance

One legged stand time [19] Time to stabilization,

BESS, COPsway [31]

Stability [18] COP [34] Single leg balance [17] COP, Centre of gravity control [49]

Power CMJ (x8) [30] [25] [28] [29] [27] [26] [23] [32],

Squat jump (x4) [23] [25] [30] [26], Vertical

Jump [19] 5-jump test, Drop jump [30] 20 &

40cm drop jump [28], Kicking performance

[27], Absolute power, Maximal force [23], Triple

hop distance [32]

CMJ (x3) [14] [33] [36] Average kicking distance,

Vertical jump height [35] 3 Step jump [14], Vertical

drop jump, distance kick [36] Single legged triple hop

[17]

Ball throwing velocity [21] Running based

anaerobic sprint test- Max. and mean

power [40] Standing throw, Jumping

throw, Throw with run [25]

Strength/

Endurance

Push up, Sit up, Grip strength [19], Bench press,

Full squat, [29] Trunk muscular strength [27]

Hip extension/flexion torque [26] Maximal

lower limb load [25]

Squatting, Stepping, Lunging, Leg raising, Push up [18],

Concentric/eccentric knee flexors/extensors peak torque

[47] Core stability [14] Isokinetic leg strength, Isometric

leg strength [36]

Concentric and eccentric external/internal

rotation [21] Concentric/Eccentric

shoulder peak torque/Total work [44] Pull

over, Bench press [25]

Yo-Yo test, Maximal aerobic speed [30] 2.4km

[28]

Bar jumps [17] Running based anaerobic sprint test-

fatigue [40]

Speed/

Agility

20m sprint (x4) [30] [26] [28] [32], 10m sprint

(x3) [26] [30] [32], T-test (x2) [30] [27], Side

Step [19] 10m, 30m sprint [30], 15m sprint [26]

Sprint velocity [23] Illinois agility test [32]

Agility, 20m sprint [14] 40m sprint, Shuttle run [36]

9.1m,18.2m,27.3m,36.6m sprint, Illinois and pro agility

test [33]

T-test [40] [46] Total/fastest/slowest/mean

sprint time [42] 7.32m 10m Shuttle and

Timed circuit test [43]

BESS, Balance Error Scoring System; CMJ, Countermovement jump; m, meters min., minutes; COP, Centre of Pressure; SEBT, Star Excursion Balance Test; s, seconds

Table 3. A summary of the effectiveness of each outcome measure in each of the 3 IPP types.

IPP Type General Mixed Sports Specific

Eff. NE Eff. NE Eff. NE

Balance 4 3 4 1 2 1
Effectiveness 57% 80% 66%

Power 7 14 4 5 5 1
Effectiveness 33% 44% 83%

Strength 4 4 2 8 6 2
Effectiveness 50% 20% 75%

Endurance 3 0 1 0 1 0
Effectiveness 100% 100% 100%

Speed/Agility 4 10 3 7 8 5
Effectiveness 29% 30% 62%

Eff.: effective; NE: not effective
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Table 1 displays a summary of the study characteristics. Twenty one studies applied a train-

ing intervention in addition to regular training and 7 studies used a warm-up intervention in

place of the usual warm-up routine [14] [18] [31] [32] [36] [37] [38]. Stated compliance in the

10 IPPs ranged from 24–100% [50] [26] [27] [48] [17] [18] [10] [14] [33] [21] whereas 18 were

undefined [23] [24] [25] [19] [28] [29] [30] [47] [34] [35] [39] [40] [41] [42] [51] [49] [44] [46].

The S1–S3 Tables give a comprehensive overview of the interventions, study characteristics

and results. In the interest of coherence and readability, the programs will be collectivized into

first either a) General, b) Mixed or C) Sports-specific. No specific mention will be given to the

type of intervention (e.g. strength program, plyometrics etc.) but references will be giving for

every reporting of a result.

Fig 1. Flowchart for screening and selection of studies according to PRISMA.
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General IPPs

Of the 11 studies comprising of general IPPs, 3 assessed dynamic balance [32] [31] [24], 2 static

balance [31] [19], 4 strength (10 overall measures) [19] [29] [27] [26], 8 power (20 overall mea-

sures) [30] [28] [29] [27] [26] [23] [32], 2 endurance [30] [28] and 7 speed/agility (14 overall

measures) [19] [30] [28] [27] [26] [23] [32] as a function of performance. The IPPs ranged

from 1–29 different exercises lasting between 10-90min. and were applied 2 to 5 times per

week for the duration of 4 to 13 weeks.

Balance. Three studies measured dynamic balance as expressed by the Star Excursion Bal-

ance Test (SEBT). Two of which (warm up programs) show no improvement in SEBT score

[32] [48]. The same general neuromuscular warm-up program assessed 3 measures of static

balance and only the Balance Error Scoring System (BESS) improved whilst Time-to-Stabiliza-

tion and Centre of Pressure (COP) sway were unaffected relative to control [31]. In active

interventions, SEBT was improved in 3 out of 6 measures in one study [24] whilst another

found that closed eyes one legged stand significantly improved compared to control [19].

Power. There were 17 measures of various jump types across 8 active IPPs [19] [30] [28]

[29] [27], [26] [23] and a single warm up program [32]. Six jump measures were increased

compared to control and 11 did not differ significantly. The other power measure that

improved was maximal force [23]. Kicking performance [27] and absolute power [23] failed to

show a significant increase versus control.

Strength. Bench press, full squat weight, hip extension torque (although not hip flexion

torque) and maximal lower limb load were significantly improved following active IPPs [29]

[26] [25]. Conversely, push-up/sit-up number and grip strength [19] remained unaffected. A

general warm up IPP led to no significant changes in trunk muscular strength [27].

Endurance. Maximal aerobic speed / yo-yo test and a 2.4km time trial increased signifi-

cant compared to control group following 2 active strength protocols [30], [28].

Speed/Agility. Five studies measured 9 types of sprint speed (e.g. 20m), only 3 improved

following 2 different active strength IPPs [30] [28]. Highest sprint velocity was significantly

improved following a warm up plyometric protocol [23].

For tests of agility, 4 measures in 4 different studies failed to yield significant improvement.

Side Step [19], [30] [27] [32] failed to improve compared to control.

Mixed IPPs

Of the 8 studies comprising of mixed IPPs, a single study assessed dynamic balance [17] as an

aspect of performance, 3 static balance [17] [34] [18], 5 power (9 overall measures) [35] [14]

[36] [17] [33], 4 strength (10 overall measures) [18] [38] [14] [36], 3 speed/agility (10 overall

measures) [14] [36] [33] and 1 endurance [17]. The IPPs comprised 12–41 different exercises

lasting between 10-120min. and were applied 2–5 times per week for the duration of 4 weeks-

20 months.

Balance. The FIFA 11+ is a neuromuscular warm-up program and is commonly applied

in studies attempting to determine its efficacy, one study [17] found a significant improve-

ment in 2 from 6 possible angles in the dynamic SEBT following FIFA 11+. As for static bal-

ance, the single legged eyes closed balance test in both legs [17] was significantly improved

compared to the control group. Another study that applied the FIFA 11+ program failed to

show improvement in functional stability amongst young male footballers [18]. A 20 week

neuromuscular warm-up showed significant improvement COP, particularly in the domi-

nant limb [34].

Power. CMJ was measured in 3 separate studies [33] [14] [36]. Following the PEP pro-

gram and the F-MARC 11, this measure was not improved [33] [36] although a study
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implementing the same program (F-MARC 11) found significant improvement versus control

[14]. Football kicking distance, vertical jump height and improved post plyometric training

[35]. The F-MARC 11 program did not result in significant improvement in vertical drop

jump [36] or kick distance [36] and the updated version of the program (FIFA 11+) did not

significantly increase single legged triple hop distance [17].

Strength. A study that measured knee extensor torque found a concentric improvement

without much effect on the knee flexors when working eccentrically following a specific knee

IPP [47]. Amongst three studies, the F-MARC 11 or the FIFA 11+ program resulted in no dif-

ference in core stability [14] isokinetic/isometric leg strength [36], squatting, stepping, lunging,

leg raising or push-ups [18].

Endurance. The only measure of endurance that was found for mixed programs was bar

jumps which was assessed before and after the FIFA 11+ [17] and was significantly improved.

Speed/Agility. Sprint times for 20m [14] 27.3m and 36.6m [33] in 2 separate studies were

significantly improved post IPP. Agility [14] 40m sprint, Shuttle run [36] 9.1m,18.2m sprint,

Illinois and pro agility test [33] were all unaffected by the F-MARC 11 [14] [36] or the PEP

program [33].

Sport-specific IPPs

Of the 9 studies comprising of sports specific IPPs, 1 assessed dynamic balance [39], 1 static

balance (2 overall measures) [45], 3 power (7 overall measures) [21] [40] [25], 3 strength (8

overall measures) [21] [44] [25], 4 speed/agility (9 overall measures) [40] [42] [43] [46] and 1

endurance [40] as a function of performance. The IPPs ranged from 1–20 different exercises

lasting between 15-60min. and were applied 2 to 5 times per week for the duration of 3 to 8

weeks.

Balance. Following plyometric training, the SEBT improved in 6 out of 8 directions [39],

The progressive sprinter-specific proprioception training program found significantly better

stability with eyes open in the medial-lateral plane in the experimental group. Furthermore,

gravity control was measured and did not yield in statistical significant differences, although

differences on the right side and the back were reported [45].

Power. Strength training led to no significant increase in ball throwing velocity compared

to control [21]. Conversely, mid-season resistance training improved the standing, jumping

and running throw in handball athletes [25]. Sports specific plyometric training led to signifi-

cant mean and maximum (w) anaerobic sprinting power gains [40].

Strength. Eccentric and concentric shoulder peak torque improved during a strength

training program albeit not compared to control. The total work of the internal/external rota-

tors did significantly improve in the same study [44]. Another strength training IPP only

found concentric and eccentric improvements of the external/internal rotators of the non-

dominant arm [21]. Sports-specific resistance training resulted in increased strength (kg) in

pull overs and bench press [25].

Endurance. Running based anaerobic sprint test- fatigue improved following plyometric

training in a single study investigating endurance [40].

Speed/Agility. Two studies implementing plyometric training and dynamic balance train-

ing improved post-protocol t-test scores [40] [46]. A significant between group interaction

effect was observed at total, fastest, slowest and mean linear sprint time as well as shuttle

sprints with and without a ball after completing sprint training [42], although no difference

was observed during the slalom runs. A group x time effect was observed following soccer spe-

cific training but no significant difference in the 7.32m, 10m Shuttle and Timed circuit test

were apparent [43].
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Risk of bias assessment

The results of the methodological quality assessment across all included RCTs is presented in

Fig 2.

Discussion

The present systematic review presented the effectiveness of general versus sports-specific IPPs

and their role on enhancing key indices of athletic performance. The current consensus

amongst coaches is that the highest performance benefit can only be achieved through imple-

mentation of a sports-specific IPPs. Although not entirely in line of the presented evidence,

there is no apparent necessity to deviate from this existing perception as the results are largely

positive in favor of specificity to the sport concerned.

The first part of the current research attempted to define the definition of sports-specific.

This has been discussed in a previous review [16]. The intention was to define a sports specific

program as one that consisted of maneuvers whereby >80% are used in the sport itself. e.g.

starting, stopping, twisting, turning, running, jumping, landing, shuffling, pushing, pulling,

hitting, throwing, catching, hopping, accelerating, decelerating, sliding, blocking. Isolated

actions such as planks, bench press and squats do not directly correspond to the movement

pattern involved in any sport and would be considered as general movements. The research

attempted to address this question and to identify possible avenues for future research.

As summarized in Table 3, general programs arguably show a modest effect (29–57%) on

all performance outcomes except for endurance (100%). Mixed interventions resulted in a rel-

atively low success rate in measurements of strength (20%), power (44%) and speed (30%)

whereas the sports-specific programs shown significant improvement in every measurement

of endurance, 75% of strength measurements and power, balance and speed/agility were

largely positive in their effectiveness (63–66%).

The sports-specific IPPs generally show a more positive relationship in terms of effective-

ness in power, strength and speed/agility when compared to the other types. In a sporting envi-

ronment, being able to perform repeated explosive movements such as rapid acceleration/

deceleration (i.e. power) and changing direction (i.e. agility) is critical to success and injury

risk reduction. Power production is stated to be influenced by motor unit synchronization,

neuronal adaptation [25] and increases in neural activation [30]. Whereas agility is linked to

ATP production [40], ATP resynthesis [42] and thereby reducing the time required for volun-

tary muscle activation. This reduction would manifest itself in faster changes in movement

and therefore more agility. In this regard, the speed of movement should provide the neuro-

muscular stimulation to mimic that performed in the explosive movements of match play.

This stimulus often comes in the form of sports-specific exercises whilst a lot of mixed and

general programs fail to replicate this [32] [19] [36] [14] [27] [29] [26] [17] [33] [30] perhaps

Fig 2. Risk of bias assessment of included RCTs.
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thereby explaining the discrepancy in the results. A few notable exceptions is that a few general

programs did see increases in at least one measure of power following strength training pro-

grams [30] [25] [28] so it would appear IPPs that progress their exercises (by either increasing

the resistance or degree of difficulty) or have movements in the program that directly replicate

the outcome of the assessed movement (e.g. in the case of Chelly et al. (2010), the IPP consisted

of hurdle and drop jumps and used CMJ and squat jumps as the performance outcome) lead

to some improvement in power. Additionally, there were incidences of improved sprint speeds

[14] [33] and jumps [14] [35] following mixed IPPs and it was suggested in the literature that

plyometric exercises could have prompted these enhancements [14].

If we examine strength acquisition, all three sports specific IPPs improved versus control

[25] [21] [44]. The unifying factor of these IPPs is that resistance level was progressively

increased during the time period to adapt to the athletes’ current strength level. In one of these

studies, sports specific strengthening resulted in a tangible performance improvement in

handball players [25], it was observed that all throwing types were significantly faster (m.s-1)

than their control counterparts. This type of sports specific IPP may appeal to both coaches

and players alike. If for example, a team has been suffering with multiple injuries of the same

nature e.g. there is a high incidence of hamstring strains in football [52], general functional

strengthening may be appropriate to either add to regular training or be implemented as an off

season IPP as improvements are observed [27] [19], but in regards to warm-up programs of

mixed exercises (e.g. the FIFA 11 and 11+), there was less significant improvements in strength

[18] [47] [14] [36]. This effect is largely attributed to the program being short in its duration of

15-20mins and not providing the necessary stimulus for strength acquisition.

When examining the influence of IPP content on balance, certainly a necessary stimulus

should replicate the unpredictable high-speed environment of sport, but simultaneously, having

a certain level of general thigh, hip, ankle and core strength is also an important factor [17]. In

this regard, a program of mixed exercises for balance improvement may be the most efficacious

[17] [34]. Interestingly, in the mixed IPPs, there were two studies that investigated dynamic or

static balance following FIFA 11+ (which is also considered a warm up program) [17] [18] with

the only difference one was lasting longer (16 [17] weeks compared to 6 [18]) and was coach

focused (i.e. supervised and corrected). The same authors uniquely tested for and indeed found

a dose-response relationship between the volume of FIFA 11+ exercises performed and the

magnitude of balance performance. On this basis, dosage and compliance should be factored in

to any future investigations before assessing the true effectiveness of the program itself.

A prior review suggested that regardless of low volume, the FIFA 11+ warm-up is enough

to improve balance [53]. Although the FIFA 11+ was originally intended for footballers, there

is no reason why these abilities cannot be transferable to other sports that replicate some of the

movement patterns e.g. hockey, basketball, rugby and handball. There is a general lack of stud-

ies that measured endurance, but the ones that do show significant improvement versus the

control group regardless of IPP content [30] [28] [17] [40]. Future research should perhaps

consider endurance more intently as an outcome measure after IPP intervention.

Recommendations

The authors can reasonably make some creditable recommendations based on the presented

results. For future researchers, it is crucial that other factors such as compliance, age and stan-

dard of the athletes, time of season, facility access and execution of exercises are well consid-

ered to reveal the true effectiveness and therefore clinical relevance of IPPs. A dose-response

relationship should be investigated which has previously been found over the course of 4

months for key performance indicators [17]. For coaches, particularly of young athletes, IPPs

Advances in Sport and Exercise Medicine 

113

https://doi.org/10.1371/journal.pone.0221346


should be applied to prevent injuries [16]. However, do coaches need to consider the IPP type

to gain an additional benefit to performance? It appears that IPPs that focus on general exer-

cises do not provide an additional performance benefit and it is therefore recommended that

sports specific IPPs are desirable.

In accordance with the TRIPP model, proving an injury reducing effect of IPPs (e.g. the

FIFA 11+ [54]) is often insufficient for coaches and athletes alike to yield implementation [13].

Over the course of a season, providing tangible performance benefits (short and long-term)

may increase the likelihood of real-world implementation. A further recommendation is that

professionals with less time constraints or recreational athletes in the off season may benefit

from longer duration (>30min) neuromuscular training that has been shown to improve

strength [26] [29] [44] [21] [25], balance [19] [39], power [30] [28] [29] [21] [40] speed/agility

[30] [28] [40] and endurance [30] [28] [40] in several studies regardless of IPP content.

Risk of bias assessment

The overall quality of the included RCTs was considered moderate. Sequence generation and allo-

cation concealment in these sorts of studies are inherently difficult. Moreover, blinding of partici-

pants as well as personnel for exercise interventions is not feasible. Moreover compliance of such

IPPs mostly rely on self-reports; therefore, all trials showed high risk of performance and detection

bias. Nevertheless, the overall quality could have been underestimated by non-transparent report-

ing. Accordingly, consensus statements such as CONSORT [55] should be followed across studies.

Study limitations

It could be argued that the initial search strategy lacked robustness, with only two databases

searched and six articles retrieved during the manual screening of reference lists from system-

atic reviews. The largest limitation is the considerable number of variables of an IPP and its

implementation into a study design (e.g. the repetitions and execution of exercise, the compli-

ance rate). The sizeable number of outcome measures that assess performance lead to further

complications when attempting to determine the overall IPP effectiveness. Furthermore, no

standard tests exist that truly correlates with the performance and the internal validity of per-

formance studies may thus be constrained.

Future research

In order to make recommendations regarding the effectiveness of sports-specific IPPs on ath-

letic performance (short or long-term), future investigation need to compare effects of sports-

specific versus general IPPs. To allow further comparisons, outcome measures would ideally

be similar across investigations. Moreover, to control for adequate compliance/application of

the IPPs, future studies have to invest more resources in following up on athletes and coaches/

training staff without rising concern about potential motivational bias.

Conclusion

There are contradictory findings regarding the effect that neuromuscular programmes may

have in improving physical performance. A large majority of sports-specific IPPs did improve

outome measure that the researchers found to be of use so in this regard, additional sports-spe-

cific training does indeed benefit performance. It cannot be unstated, however, that key perfor-

mance improvements are potentially affected by a variety of other factors (e.g. compliance,

frequency, intensity, technical execution) so it is difficult to assess the magnitude of influence

that specificity to the sport actually has.
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Abstract

Purpose

The aim of this study was to examine the effects of aerobic high-intensity training with

reduced volume and training cessation on body composition and physical fitness after the

end of season and the time required to recapture physical fitness with intensified retraining

following two weeks of detraining in elite soccer players.

Method

Twenty male semi-professional soccer players participated in this study. The soccer players

were assigned to either a group that completed high-intensity aerobic training (HAT, n = 10)

or to a detraining and retraining group (DHAT, n = 10) for a 5-week period immediately after

the end of the season. The first 2 weeks of the period, members of the HAT group performed

high-intensity aerobic exercise (80–90% of HRmax, 12 min × 3, three times per week),

whereas members of the DHAT group abstained from any physical activity. During the sub-

sequent 3 weeks, members of both the HAT and DHAT groups completed high-intensity

aerobic exercise. Exercise performance testing and body composition analysis were per-

formed before; after 2 weeks of detraining; and at 1, 2 and 3 weeks of retraining.

Results

Intensified high-intensity training for 5 weeks maintained the performance in the Yo-Yo Inter-

mittent Recovery level 2 test (Yo-Yo IR2) and repeated sprints at any time point (P > 0.05).

However 2 weeks of detraining resulted in significant decreases in the performance on the

Yo-Yo IR2 (P < 0.01) and repeated sprints test (P < 0.05). Performance on the Yo-Yo IR2

enhanced after 2 weeks of retraining and was maintained up to 3 weeks after retraining, with

no significant differences between conditions (P > 0.05). In addition, repeated sprint perfor-

mance markedly decreased after the detraining period (P < 0.05) and was continuously

lower compared to the baseline at 2 weeks after retraining (P < 0.05). Furthermore, this

value reached baseline level at the end of the experimental period (P > 0.05). There were no

significant differences between conditions in body composition, performance of agility, or

sprint ability throughout the 5-week experimental period (P > 0.05).
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Conclusions

The present data suggest that short-term detraining after the competitive season can

markedly decrease performances in the Yo-Yo IR2 test and repeated sprints. To return to a

previous level of ability on the Yo-Yo IR2 and/or sprint test with retraining through high-inten-

sity aerobic training after a period of detraining, a similar or longer period of retraining is

required. However, the high-intensity training with reduced amount of training after competi-

tive season can prevent reductions in physical fitness.

Introduction

Soccer is a high intensity intermittent exercise that requires a high level of physical fitness for

players to successfully perform in the game. Elite soccer players perform 587±133 m of high-

speed running (19.8–25.2 km/h) and 184 ± 87 m of sprinting (>25.2 km/h) during a typical

game [1]. The total distance of high-intensity running depends on the position of the player

and team success in a league [2]. The amount of high-intensity running performed during a

game also depends on the competitive standards between leagues: top-class professional soccer

player perform more high-intensity running compared with moderate professional soccer

players [3]. Thus, high level of physical performance is an important factor in determining

team success in soccer.

Due to the high intensity performance required in soccer, players should perform system-

atic and scientific physical fitness training. Several studies have shown that high-intensity

training improves soccer players’ fitness levels and skills, such as sprint, strength, and speed

endurance [4, 5]. The organization of fitness training for soccer players varies according to the

time frame of the periodization along with changes in training volume and intensity. These

changes seek to the optimize player’s physical condition and minimize injury [6]. For example,

training is conducted to improve physical fitness during the preseason in preparation for the

impending competitive season [7, 8].

Elite soccer players normally cease training or perform training with reduced volume and

lower intensity for more than two weeks after the end of the competitive season for physical

and mental recovery. A prolonged period of rest after the competitive season causes the partial

or complete loss of training-induced physiological and performance adaptations, which is

defined as detraining [9]. The magnitude of changes during training-induced adaptations after

detraining is different depending on the fitness level and the duration of training cessation or

insufficient training [9]. Three to six weeks of detraining did not result in changes in aerobic

capacity and muscle strength in recreational players and untrained individuals [10–12]. How-

ever, decreases in physical fitness are inevitable after such a period of detraining in well-trained

elite players who have a relatively higher level of fitness compared to recreational players [9,

13]. Unlike reduced physical fitness after a prolonged period of detraining in elite players, the

effects of short-term detraining (~2 weeks) on fitness are controversial. Buchheit et al. [14]

observed that short-term detraining after a competitive season improved levels of strength and

cardiorespiratory fitness in Australian football players [14]. In contrast, several studies

reported that physical fitness was reduced after a short-term detraining period in elite soccer

players [5, 15]. The reasons for these contrasting results are not apparent, but may be due to

differences in sports and testing methods.
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During the preseason, the aim of training is mainly to improve physical fitness, while dur-

ing the in-season period, it is performed to develop playing strategies and to enhance perfor-

mance, while maintaining physical fitness. High-intensity training is a more efficient method

of inducing skeletal muscle adaptation in comparison to moderate-intensity training [16].

High-intensity aerobic training has been widely used by athletes to improve physical fitness

during the preseason. Indeed, high-intensity aerobic training consisting of 4 bouts of 4 min at

90–95% of the maximum heart rate during the preseason significantly improved aerobic fit-

ness and match performance in soccer players [17]. Those results indicated that high-intensity

aerobic training might be effective at improving the physical fitness of soccer players and

inducing rapid training adaptation in skeletal muscle during the preseason.

In order to start the season without injury, athletes must gradually improve their post-sea-

son, resting period-induced reduction in physical fitness with an appropriate exercise intensity

and volume. However, there is limited information available regarding the effects of retraining

during pre-season training in well-trained elite soccer players. Therefore, the aim of the study

was to investigate 1) the effects of aerobic high-intensity training with reduced volume and

training cessation on body composition and physical fitness after the end of season and 2) the

time required to return to the previous level of physical fitness with intensified retraining fol-

lowing two weeks of detraining in semi-professional soccer players.

Materials and methods

Participants

Twenty semi-professional male Korea soccer players (age: 22.1±1.8 years, height: 175.5±4.7

cm). The Korean professional soccer league is divided into K League Classic (first division)

and K League Challenge (second division). The semi-professional league consists of the

National League and K3 Leagues (K3 League Advanced [12 teams] and K3 League Basic [8

teams]). The soccer players participating in this study were members of K3-league teams. All

participants had experience of elite soccer players for at least more than 7 years. All partici-

pants were non-smokers, no history of neurological disease or musculoskeletal abnormality

and none were under any pharmacological treatment during the course of the study.

Ethics statement

Before testing, all participants gave written informed consent to participate after details and

procedures of the study had been fully explained. All of the fitness testing and exercise were

performed in the research institute for sport and exercise science at Honam Unviersity. All of

the experimental protocols and related procedures were approved by the ethical committee of

Honam University.

Intervention period and training

All players participating in the study trained for more than 2 hours per day for 4–5 times per

week (excluding matches) during the previous season. An independent research assistant

selected the 20 participants from among 35 players who were between 20 and 23 years of age

by drawing a sealed envelope containing a player’s name followed by drawing another sealed

envelope containing the name of the group to which they were assigned (i.e., high-intensity

aerobic training (HAT) or detraining and high-intensity aerobic training (DHAT) group). The

two-week detraining period started immediately after the last match of the season. The fitness

tests were conducted two days and one day before the last match as a pre-test; after two weeks

of detraining; and at one, two, and three weeks of retraining.
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During the detraining experimental period, high-intensity aerobic training was performed

three times per week for two weeks in the HAT group. After approximately a 20-min warm-up

period, the players performed a soccer drill (Fig 1) on an artificial grass surface and three repe-

titions of 12 min of exercise at 80–90% of the maximum heart rate (HRmax) measured during

Yo-Yo IR2 test. These repetitions were interspersed by 3 min active recovery. The players con-

trolled exercise intensity by watching their HR monitor that recorded at 5 s intervals (Polar

Team System, Polar, Electro Oy, Kempele, Finland). These data were downloaded to a per-

sonal laptop for further analysis. The mean HR during the 12 min exercise sessions was

87.3±1.5% of HRmax. The DHAT group did not perform any exercise sessions during the two

weeks of detraining and conducted normal daily activities.

Fig 1. Diagram of high-intensity training.
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During the retraining period, the HAT and DHAT groups performed high-intensity aero-

bic training (12 min × 3) four times per week for three weeks. The mean HR during the 12

min exercise sessions was 86.5±1.4% of HRmax in the HAT group. The DHAT group com-

pleted moderate intensity aerobic training (HRmax 70–80%; 76.5±3.2%) for two days before

completing the high-intensity training (HRmax 80–90%; 87.7±1.3%).

Experimental protocol

A schematic illustration of the experimental design is shown in Fig 2. The subjects completed

the 30 m sprint test, Yo-Yo intermittent recovery level 2 (Yo-Yo IR2) test, arrowhead agility

test, repeated sprint test, and isokinetic strength test. The tests were conducted for two days.

The participants refrained from alcohol and caffeine in the 24 h prior to the test. The partici-

pants arrived at the laboratory having completed the appropriate diet regime to monitor the

diet level. The participants were instructed to ingest water 5 mL of water for every kilogram of

their body mass 2 h before arriving at the laboratory. Upon the arrival at the laboratory, body

composition (Inbody 520, Biospace, Seoul, Korea) and height (BSM, Seoul, Korea) were mea-

sured. Following the completion of the baseline assessments, the participants commenced the

tests on an artificial grass surface. A 30-m sprint test, arrowhead agility test, and repeated

sprints test were performed in the morning. The Yo-Yo IR2 test was conducted in the evening

with 5 hours of recovery after lunch. Isokinetic strength tests were performed in the laboratory

the next day. Body composition and exercise tests were completed immediately before the end

of the season; after two weeks of detraining; and at one, two, and three weeks of retraining

intervention.

30m sprint test

The sprint tests which consisted of 2 maximal sprints of 30 m with 2-minute rest between each

sprint were conducted. The sprint times at 5, 10, 20 and 30 m were recorded using the photo-

cell gates (Microgate, Bolzano, Itaia). The participants started to run 50 cm before the photo-

cell gate recordings. The fastest times at the distances were recorded for data analysis.

Fig 2. A schematic illustration of the experimental design.
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Repeated sprint test

The repeated sprint test consisted of seven maximal 34.2 m sprints, interspersed by 25 s of

active recovery (40 m jogging distance) [18]. Recovery was timed so that the subjects returned

to the start line between the 23rd and 24th second. Additionally, verbal feedback was given at 5,

10, 15 and 20 s of the recovery. Performance was measured as the total sprint time in seconds.

Yo-Yo intermittent recovery test (level 2)

The Yo-Yo IR2 test was performed on an artificial turf. The Yo-Yo IR2 test consists of 2 × 20

m shuttle runs at increasing speeds, controlled by audio signals from a compact disk. Between

each bout of running, the subjects completed 10 s of active recovery, consisting of 2 × 5 m jog-

ging [19]. The test was terminated when the subjects failed twice to reach the start line on time

and the distance (meters) covered at the end point was recorded [5].

Arrowhead agility test

The arrowhead agility tests consisted of 4 sprints (2 right, 2 left), with 2-minutes rest between

each sprint [20]. Each subject started 50 cm behind the start line and sprinted 10 m forward to

a cone. From the cone, the subjects turned at a right angle to a cone being apart from 5m

before turning to a cone 15 m straight from the start line. They turned again from the cone to

accelerate in a straight line for 15 m over the initial start line to complete the run. The fastest

times were recorded for data analysis. Timing gates were used to accurately assess the time to

completion.

Isokinetic strength

The subjects performed the Isokinetic dynamometry (Cybex MET-300, New York, USA) to

evaluate the unilateral strength of the concentric contraction of the flexors and extensors of the

knee [21]. The angular speed parameters of 60˚ × s-1, 180˚ × s-1, and 240˚ × s-1 were used for

the measurements. The results of the measurements were expressed in absolute peak torque

(Nm) for the purposes of the off-seasonal variation comparisons.

Statistical analysis

All data are presented as means ± SD. Two-way analysis of variance (ANOVA) with repeated

measure was conducted to determine any treatment differences between the HAT and DHAT

conditions. The assumption of sphericity (homogeneity of covariance) was assessed and cor-

rected for using the Huynh-Feldt epsilon. Because there were only 2 levels in the main effect of

condition, follow-up multiple comparisons were not necessary. A significant effect of time was

followed up with planned multiple contrasts in line with the a priori hypotheses. Therefore,

data at the specific time points were compared with the baseline (first) time point using New-

man-Keuls multiple contrasts. Where a significant interaction between condition and time

was observed, differences between conditions were examined at each time point using New-

man-Keuls multiple contrasts. Baseline values were compared using an independent samples t
test. The alpha level for evaluation of statistical significance was set at P< 0.05. Effect sizes

were assessed by partial eta squared (Z2
P), which were defined as trivial (<0.1), small (0.1–0.3),

moderate (0.3–0.5) and large (>0.5) [22].

Results

Body weight and body fat were similar between the HAT and DHAT groups throughout the

experimental period (P > 0.05; Tables 1 and 2). There was no significant effect of condition
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nor was there an interaction of condition and time (P> 0.05) in the performance of players

on sprint and agility tests (Tables 3 and 4). However, a significant effect of time was observed

for sprint test at 5 m, 10 m, and 30 m as well as in the left direction of arrowhead agility

(P< 0.05). Isokinetic strength at all angular speeds remained similar to baseline under both

conditions throughout the experimental period, with no significant effects of time, condition,

or an interaction between the two (P> 0.05; Tables 5 and 6). There was a significant interac-

tion in the Yo-Yo IR2 test (F = 3.273; P< 0.05; Z2
P ¼ 0:267), while the measurement time

(F = 1.517; P> 0.05; Z2
P ¼ 0:144) and condition were not significant (F = 1.938; P> 0.05;

Z2
P ¼ 0:177). Compared to the pre-detraining performance, the Yo-Yo IR2 test performance

decreased significantly after the two-week detraining period (P < 0.01) and the values reach

before detraining level after two weeks of retraining in the DHAT group (P > 0.05). No differ-

ences were detected at three weeks post-retraining between conditions (P > 0.05), whilst val-

ues in the HAT group remained stable throughout the experimental period (P> 0.05; Fig 3).

A main effect of time was found (F = 3.539; P< 0.05; Z2
P ¼ 0:282), along with a significant

interaction between condition and time for repeated sprint performance (F = 3.127; P< 0.05;

Z2
P ¼ 0:258). No changes in repeated sprint performance were observed at any time point

under HAT conditions (P> 0.05), whereas repeated sprint performance declined after two

weeks of detraining (P< 0.05) and remained lower than at baseline by two weeks post-

Table 1. Body composition of the subjects before, after two weeks of detraining and at one, two and three weeks of retraining (mean ± SD).

Pre 2W DT 1W RT 2W RT 3W RT

Body weight (kg) HAT 68.1±7.1 68.5±7.1 68.6±7.2 68.6±7.3 68.4±7.3

DHAT 67.5±7.3 67.8±7.3 67.9±7.3 68.2±7.2 67.9±7.3

Body mass index (kg/m2) HAT 22.7±0.4 22.7±0.5 22.7±0.5 22.5±0.6 22.9±0.4

DHAT 22.1±0.8 22.4±0.9 22.4±0.6 22.5±0.9 22.3±0.8

Skeletal muscle mass (kg) HAT 32.6±3.5 32.5±3.3 32.3±3.2 32.6±3.6 32.4±3.3

DHAT 33.0±3.5 33.2±2.3 33.1±3.2 33.4±3.3 33.3±3.3

Percent body fat (%) HAT 9.6±0.7 9.7±0.7 9.8±1.3 9.5±0.9 9.9±1.3

DHAT 9.3±1.2 9.8±1.3 9.8±1.1 9.7±1.2 9.5±1.4

Values are means ± standard deviation

Table 2. Differences in the body composition of the subjects between conditions in each test (n = 20).

F P Z2
P

Body weight Condition 0.048 0.831 0.005

Time 12.372 0.001 0.579

Condition x Time 0.628 0.646 0.065

Body mass index Condition 2.524 0.147 0.219

Time 0.716 0.587 0.074

Condition x Time 1.776 0.155 0.165

Skeletal muscle mass Condition 0.228 0.644 0.025

Time 0.178 0.948 0.019

Condition x Time 0.117 0.976 0.013

Percent body fat Condition 0.046 0.834 0.005

Time 2.201 0.088 0.197

Condition x Time 0.653 0.629 0.068

F; testing criteria level, P; level of statistical significance, Z2
P ; partial eta squared
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retraining under DHAT conditions (P< 0.05). It reached baseline level at the end of the exper-

imental period (P> 0.05; Fig 4).

Discussion

The major findings in the present study were that two weeks of detraining after competitive

season decreased performance in the Yo-Yo IR2 test and repeated sprints. The detraining-

induced reductions in the Yo-Yo IR2 test performance improved compared to baseline levels

after two weeks of high-intensity aerobic training. Meanwhile, three weeks were required to

Table 3. Sprint and agility before, after two weeks of detraining and at one, two and three weeks of retraining (mean ± SD).

Pre 2W DT 1W RT 2W RT 3W RT

5 m HAT 1.04±0.04 1.05±0.03 1.06±0.04 1.02±0.05 1.02±0.05

DHAT 1.05±0.04 1.04±0.03 1.05±0.03 1.01±0.04 1.01±0.04

10 m HAT 1.75±0.06 1.74±0.10 1.73±0.05 1.71±0.04 1.72±0.06

DHAT 1.78±0.05 1.73±0.05 1.73±0.05 1.71±0.06 1.72±0.07

20 m HAT 3.00±0.09 3.01±0.13 3.02±0.08 2.99±0.06 2.99±0.09

DHAT 3.05±0.05 3.07±0.08 3.03±0.06 2.99±0.09 2.99±0.09

30 m HAT 4.13±0.11 4.22±0.17 4.25±0.12 4.21±0.11 4.23±0.13

DHAT 4.23±0.07 4.30±0.12 4.29±0.09 4.23±0.12 4.25±0.10

Agility (R) HAT 8.04±0.19 8.09±0.22 8.13±0.17 7.99±0.21 8.03±0.22

DHAT 8.06±0.16 8.09±0.22 8.09±0.19 8.04±0.25 8.05±0.25

Agility (L) HAT 7.99±0.17 8.12±0.20 8.10±0.20 7.98±0.23 8.00±0.18

DHAT 8.04±0.18 8.14±0.24 8.14±0.18 8.08±0.15 8.08±0.20

Values are means ± standard deviation. R; right, L; left

Table 4. Differences in sprint and agility between conditions in each test (n = 20).

F P Z2
P

5 m Condition 0.095 0.765 0.010

Time 7.657 0.001 0.460

Condition x Time 1.586 0.199 0.150

10 m Condition 0.305 0.594 0.033

Time 4.672 0.004 0.342

Condition x Time 1.010 0.415 0.101

20 m Condition 0.480 0.506 0.051

Time 2.500 0.060 0.217

Condition x Time 1.167 0.342 0.115

30 m Condition 0.879 0.373 0.089

Time 5.357 0.002 0.373

Condition x Time 1.619 0.191 0.152

Agility (R) Condition 0.013 0.912 0.001

Time 2.516 0.058 0.218

Condition x Time 0.357 0.838 0.038

Agility (L) Condition 0.499 0.498 0.053

Time 3.542 0.015 0.282

Condition x Time 0.382 0.820 0.041

R; right, L; left, F; testing criteria level, P; level of statistical significance, Z2
P ; partial eta squared
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return to the initial level of repeated sprint performance with retraining using high-intensity

training. Ultimately, a reduced amount of high-intensity training after the competitive season

facilitated the maintenance of physical fitness.

The HAT group that continued to perform high-intensity aerobic exercise after the compet-

itive season maintained their performance level in the Yo-Yo IR2 test over the five week treat-

ment period. These results are supported by previous studies, which indicate that, after the last

match of the season, 10 training sessions, consisting of high-intensity training for two weeks,

do not change performance in the Yo-Yo IR2 test in elite soccer players [15]. However, Naka-

mura et al. [23] observed that running and plyometric training for two days per week for three

weeks after the completion of a competitive season did not prevent the decrease in perfor-

mance in The Yo-Yo IR2 test in elite soccer players. The reason of these differences in results

is unclear but it probably related to exercise intensity. Indeed, there was no significant decrease

in performance in the Yo-Yo IR2 test during off-season in the present study and Christensen

et al. [15]’s study applying high-intensity exercise despite reduced exercise time compared to

that in-season. Furthermore, the exercise intensity was higher than that in the previous study

conducted by Nakamura et al. [23], which modulated endurance training (70–80% of

HRmax).

In the present study, we found that two weeks of detraining after the competitive season

markedly decreased performance in the Yo-Yo IR2 test in elite soccer players. Accordingly,

Table 5. Peak torques (Nm) during concentric knee flexion and extension before, after two weeks of detraining and at one, two and three weeks of retraining

(mean ± SD).

Pre 2W DT 1W RT 2W RT 3W RT

DL-PT-E-60 HAT 208.2±12.3 208.2±12.3 209.6±27.3 210.0±25.2 205.2±19.8

DHAT 211.5±13.9 212.7±15.9 214.2±15.9 216.7±17.5 208.3±12.4

DL-PT-F-60 HAT 135.8±32.3 135.8±30.6 135.8±37.7 139.2±29.5 135.2±28.2

DHAT 121.2±21.6 137.2±26.9 140.3±29.1 137.2±27.7 136.5±19.1

NL-PT-E-60 HAT 189.9±33.1 194.6±39.0 197.0±35.2 200.9±38.1 191.0±31.0

DHAT 198.1±28.0 189.1±24.2 183.9±26.8 193.0±24.6 187.0±16.4

NL-PT-F-60 HAT 129.1±30.5 127.9±26.4 125.1±34.8 128.1±26.1 127.1±31.5

DHAT 132.6±23.1 127.1±20.2 125.7±23.1 131.9±24.6 135.3±26.2

DL-PT-E-180 HAT 138.8±18.9 146.6±21.4 146.6±23.9 145.3±23.3 140.4±18.8

DHAT 145.2±23.6 146.1±15.1 152.0±20.1 150.3±15.4 152.6±18.8

DL-PT-F-180 HAT 105.4±17.3 105.2±14.8 108.5±13.8 107.3±10.9 107.7±13.4

DHAT 108.5±9.8 107.2±14.2 110.6±15.7 110.5±17.3 106.1±15.3

NL-PT-E-180 HAT 136.9±18.9 137.0±25.4 139.5±21.1 141.1±18.0 137.7±19.5

DHAT 138.1±16.5 139.6±16.6 137.9±21.9 142.7±21.4 138.5±20.8

NL-PT-F-180 HAT 97.4±18.7 93.7±18.4 99.7±24.4 96.4±18.9 95.7±21.6

DHAT 102.6±16.7 100.5±15.3 100.7±19.2 101.7±17.5 102.6±19.9

DL-PT-E-240 HAT 114.9±19.0 115.9±15.9 116.9±17.6 115.2±15.6 113.4±17.1

DHAT 116.2±16.2 118.6±12.4 117.5±13.6 119.5±12.7 115.8±11.7

DL-PT-F-240 HAT 84.6±15.1 83.8±16.8 84.8±14.1 87.3±12.2 86.2±13.8

DHAT 89.1±9.3 87.8±13.4 92.6±17.4 92.9±16.0 89.3±12.7

NL-PT-E-240 HAT 113.3±16.7 112.7±15.4 112.6±13.7 114.4±11.2 110.3±14.6

DHAT 115.2±10.8 110.3±13.1 116.1±14.6 114.2±16.8 115.4±13.2

NL-PT-F-240 HAT 83.3±15.2 83.4±18.6 81.0±19.2 85.1±16.2 86.3±12.8

DHAT 88.4±14.6 81.7±14.5 86.3±18.4 89.2±18.6 87.2±18.6

Values are means ± standard deviation. DL; dominant leg, NL; non-dominant leg, PT; peak torque, E; extensors, F; flexors, 60, 180, 240; angular velocities (˚�s-1)
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Thomassen et al. [5] and Christensen et al. [15] observed that the Yo-Yo IR2 test performance

after detraining for two weeks decreased from 845 m to 654 m in elite soccer players. In addi-

tion, a study from another laboratory reported that a prolonged detraining period can induce

an 8% decline in maximal oxygen consumption [24], which is strongly associated with distance

on the Yo-Yo IR2 test [25]. The degree of deterioration of physical fitness over the course of

the detraining period after the competitive season is closely related to the fitness level of

Table 6. Differences in sprint and agility peak torques (Nm) during concentric knee flexion and extension

between conditions in each test (n = 20).

F P Z2
P

DL-PT-E-60 Condition 1.674 0.228 0.157

Time 1.665 0.180 0.156

Condition x Time 0.100 0.982 0.011

DL-PT-F-60 Condition 0.032 0.862 0.004

Time 1.249 0.308 0.122

Condition x Time 1.156 0.346 0.114

NL-PT-E-60 Condition 0.113 0.744 0.012

Time 0.721 0.583 0.074

Condition x Time 1.050 0.395 0.104

NL-PT-F-60 Condition 0.059 0.814 0.007

Time 1.287 0.293 0.125

Condition x Time 0.469 0.758 0.050

DL-PT-E-180 Condition 0.355 0.566 0.038

Time 1.283 0.295 0.125

Condition x Time 0.695 0.600 0.072

DL-PT-F-180 Condition 0.143 0.714 0.016

Time 0.419 0.794 0.045

Condition x Time 0.268 0.896 0.029

NL-PT-E-180 Condition 0.007 0.935 0.001

Time 0.485 0.747 0.051

Condition x Time 0.177 0.949 0.019

NL-PT-F-180 Condition 0.373 0.556 0.040

Time 0.481 0.749 0.051

Condition x Time 0.520 0.721 0.055

DL-PT-E-240 Condition 0.097 0.762 0.011

Time 0.549 0.701 0.057

Condition x Time 0.153 0.960 0.017

DL-PT-F-240 Condition 0.872 0.375 0.088

Time 0.834 0.512 0.085

Condition x Time 0.297 0.878 0.032

NL-PT-E-240 Condition 0.047 0.833 0.005

Time 0.651 0.630 0.067

Condition x Time 0.971 0.435 0.097

NL-PT-F-240 Condition 0.147 0.711 0.016

Time 1.786 0.153 0.166

Condition x Time 0.696 0.600 0.072

DL; dominant leg, NL; non-dominant leg, PT; peak torque, E; extensors, F; flexors, 60, 180, 240; angular velocities

(˚�s-1), F; testing criteria level, P; level of statistical significance, Z2
P ; partial eta squared
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athletes [23]. Therefore, these results can support the notion that performance in the Yo-Yo

IR2 test can be reduced despite only a few days of detraining in elite soccer players with a high

level of physical fitness. These decreases in performance in the Yo-Yo IR2 test can be explained

at the muscle level. Several weeks of detraining lead to a return in muscle capillarization to

Fig 3. Yo-Yo IR2 performan for the high-intensity training (HAT; n = 10) and detraining + retraining (DHAT;

n = 10) before, after two weeks detraining and at one, two and three weeks of retraining (n = 11, mean ± SD).
��P< 0.01; significantly different from pre. �P< 0.05; significantly different from pre. ##P< 0.01; significantly

between conditions. #P< 0.05; significantly between conditions.

Fig 4. Repeated sprint test for the high-intensity training (HAT; n = 10) and detraining + retraining (DHAT;

n = 10) before, after two weeks detraining and at one, two and three weeks of retraining (n = 11, mean ± SD).
�P< 0.05; significantly different from pre. #P< 0.05; significantly between conditions.
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baseline before detraining in athletes and a 25%-45% decline in oxidative enzyme activities,

which result in reduced mitochondrial ATP production in skeletal muscle [9].

Several previous studies have reported that high intensity training improves the perfor-

mance in the Yo-Yo IR2 test of elite soccer players [25, 26]. In line with these results, high-

intensity aerobic training after two weeks of detraining was found to improve performance in

the Yo-Yo IR2 test in the present study. Two weeks of retraining with high-intensity exercise is

required to return close to the baseline level of performance. This result is inconsistent with a

previous study that suggested that athletes with a high fitness level must perform exercise

training for a period that is at least twice as long as the resting time period in order to improve

their physical fitness to a level of before detraining [24]. The discrepancy in time periods

required to return to the physical fitness level at baseline can be due to variations in the length

of the detraining period (four weeks versus eight weeks) and the fitness level of the athletes

(compared to end of season versus before the Olympic game). Indeed, the performance in the

Yo-Yo IR2 test decreased by 11% at the end of the season compared to the start of the season

and a 42% increase was observed during the eight weeks of pre-season training [25]. This phe-

nomenon is likely due to accumulated fatigue experienced during the competitive season. This

assumption is supported by the finding from the present study that the performance in the Yo-

Yo IR2 test was higher at three weeks of post retraining compared to baseline. Furthermore,

Noon et al. [20] and Oliver et al. [27] observed that perceptual well-being (e.g., motivation,

sleep quality, recovery, appetite, fatigue, stress, muscle soreness, stiffness) deteriorated with

an increase in training exposure and accumulated fatigue as the season progressed in elite

athletes.

Repeated sprint performance did not change over five weeks of high-intensity training after

competitive season in the present study. In contrast to the present study, previous studies

reported that two weeks of high-intensity training immediately after the end of season

enhanced repeated sprint performance in elite soccer players [5, 15]. These different results

may be associated with the high-intensity training method used during the retraining period.

Aguiar et al. [28] observed that intermittent training for 12 weeks consisting of 20 minutes per

training session resulted in greater improvements in repeated sprint performance than did

continuous training. Indeed, the training sessions in the present study largely comprised of

high-intensity endurance exercise, whereas the training sessions used in previous studies con-

sisted of five high-intensity aerobic training, including small-sided (4 vs. 4 and 3 vs. 3) soccer

drills (8 × 2 min) and five speed endurance training (10–12 × 25–30 s sprints) over the course

of two weeks. In other respects, since well-trained athletes are more sensitive to changes in

physical fitness with inadequate training intensity and do not easily experience improvements

following further training due to the ceiling effect [25], the capacity of repeated sprint perfor-

mance of the players in the present study might be optimal by the end of the competitive sea-

son. This is supported by the observation that repeated sprint performance in players from the

present study was similar to previous study conducted with professional soccer players during

the competitive season [18].

It is well known that anaerobic exercise performance decreases in highly trained elite soccer

players, despite a short period of detraining after the competitive season [9]. There was also a

significant decrease in repeated sprint performance over two weeks of detraining after the end

of a match in the present study. The detraining-induced decrease in performance gradually

increased during the three weeks retraining period. The aerobic high-intensity training-

induced increase in repeated sprint performance in the present study is likely to be the result

of training-induced biochemical adaptation in skeletal muscles. Thomassen et al. [5] and

Christensesn et al. [15] observed that two weeks of high-intensity exercise immediately after

the last match of the season enhanced Na+-K+ pump α2-isoform expression by 15%, increased
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the FXYD1ser68-to-FXYD1 ratio by 27%, increased the level of pyruvate dehydrogenase by

17%, and improved repeated sprint performance. In comparison, cessation of training for two

weeks did not affect the expression of Na+-K+ pump isoform expression and resulted in a

reduction of the AB_FXYD1ser68 signal by 18%; decreased pyruvate dehydrogenase level by

17%; a drop in citrate synthase and 3-hydroxyacyl-CoA activity to 12% and 18% of maximal,

respectively; and a reduction in performance. However, repeated sprint performance at 3

weeks post-retraining was still lower than the performance recorded at baseline. As men-

tioned, aerobic high-intensity training is not optimal for improving repeated sprint perfor-

mance, which represents the capacity for anaerobic exercise performance. On the contrary,

improvements in repeated sprint performance through aerobic high-intensity training might

be associated with the training period during the preseason. Recently, Teixeira et al. [29]

reported that high-intensity aerobic training involving shuttle-run intervals (4 × 4 min) for

five weeks during the preseason enhanced repeated sprint ability with increased aerobic per-

formance in elite athletes. When considered, these findings suggest that more than three weeks

of high-intensity aerobic training is required to develop repeated sprint performance during

preseason in elite players.

The observed lack of changes in body composition and sprint performances (10 m, 20 m,

30 m) for five weeks during the study period in both groups disagrees with previous studies

that engaged in more than two weeks of detraining [13, 30]. For example, Koundourakis et al.

[13] examined the effect of detraining on exercise performance and body composition in

professional soccer players. They observed that prolonged detraining period (six weeks) signif-

icantly increased body weight and body fat percentage and reduced maximal oxygen con-

sumption and performances in squat-jump, countermovement-jump, and sprints (10 m, 20

m). These results suggest that a short period of detraining (approximately two weeks) may not

lead to changes in body composition and explosive exercise performance in well-trained soccer

players. This is supported by findings that there were changes in neither isokinetic strength at

any angular speeds in the present study nor squat, vertical jump, or isometric and isokinetic

knee force following two weeks detraining in high fitness athletes [31]. A possible explanation

for the absence of changes in explosive exercise performance after a short period of detraining

is the lack of changes in muscle fiber characteristics. Mujika and Padilla. [9] reported that two

weeks of detraining did not alter muscle fiber distribution in well-trained athletes. However,

three weeks of detraining after the first half of a competitive season in elite soccer players

resulted in changes in skeletal muscle morphology, including a reduction in mean fast twitch

(FT) fiber cross-sectional area and reduction in mitochondrial enzyme activities and exercise

performance [32]. Taken together, these data suggest that more than two weeks of detraining

in elite soccer players could have resulted in a decrease in explosive exercise performance by

reduced ATP production in skeletal muscle.

Conclusions

In conclusion, the findings demonstrate that two weeks of detraining after the competitive sea-

son resulted in a marked decrease in performance in the Yo-Yo IR2 test and repeated sprints.

To return to a previous level of physical fitness with retraining through high-intensity aerobic

training after a period of detraining required a similar period of retraining for performance in

Yo-Yo IR2 and/or more periods for repeated sprint performance. The off-season rest period

did not result in changes in explosive exercise performances and body composition. Aerobic

high-intensity training with reduced training volume after a competitive season can prevent

reductions in performances in the Yo-Yo IR2 test and repeated sprints. On the contrary, the

decrease in aerobic and anaerobic performance induced by two weeks of detraining was
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recovered within a few weeks of adequate training during the preseason. Therefore, these find-

ings suggest that elite soccer players can be allowed to take short periods of rest (~2 weeks)

without training during the off-season for the release of mental and physical stress that is accu-

mulated throughout the competitive season.
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Abstract

Objectives

To estimate the prevalence of leisure-time physical activity (LTPA) or sports in the Brazilian

population according to demographic and income variables.

Methods

Data from 60,202 Brazilian individuals (18 years and over) were analyzed, belonging to the

National Health Survey 2013 sample. The prevalence of different modalities of LTPA and

sports was estimated according to age, sex, skin color and income. The adjusted preva-

lence ratios were estimated by Poisson regression.

Results

Of every thousand Brazilians, 695 do not practice LTPA or sports. Walking is the most prac-

ticed LTPA (98/1000), followed by soccer (68/1000) and weight training (45/1000). For poor

and black men, the most frequent LTPA was soccer, and, for women, gymnastics and walk-

ing. The prevalence of weight training and gymnastics was higher for white people com-

pared with black people. All LTPA practices were more prevalent in individuals with higher

income, except for soccer. Running on a treadmill and weight training had, respectively,

24.7 and 6.4 times higher prevalence in the richer quartile.
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Conclusions

The study allowed identifying the type of LTPA and sport reported as the most frequent by

the Brazilian population according to age, sex, skin color, and income, detecting strong

social disparities in these practices.

Introduction

Several studies [1–8] analyzed the levels of leisure-time physical activity (LTPA) based on

information about duration and intensity of the practices, and some of them, providing results

on the classification of the individuals in active, insufficiently active and inactive. However,

fewer studies estimated the prevalence of the type of LTPA practices [9–13].

The guides and recommendations for physical exercise, aimed at promoting health, con-

sider the type of physical activities in addition to levels, duration, frequency and intensity

[14,15]. Knowledge on the type of LTPA practiced by the population is important, considering

that different dimensions of physical capacity, such as the cardiorespiratory fitness, muscular

strength and neuromotor function exert particular influences in the various aspects of health.

The best cardiorespiratory fitness may be achieved through aerobic exercises, while increasing

muscle strength is possible with weight training exercises and other activities using external

weights or the body itself. Exercises as Yoga, Pilates and dance, in their turn, contribute to

improve neuromotor functions [14–16].

Each type of LTPA may depend, in a specific way, on some factors for its accomplishment,

such as location and income, considering that LTPA can be practiced indoors and paid, or out-

doors, in squares, beaches, sidewalks, without necessarily demanding financial resources [17],

and some activities require more expensive devices and accessories [18]. Some practices also

are dependent on cultural factors [19–21].

Inequities in the health conditions of the population are widely known [22], and studies

have shown that the disparities are also present in health behaviors and, particularly, in LTPA

[1–5]. Although various studies have been conducted to monitor social disparities in LTPA

levels, the analysis regarding type of physical activity are still scarce.

The Brazilian National Human Development Report, published by the United Nations

Development Programme (UNDP) [17], showed, based on the National Household Sample

Survey (PNAD) data, information on some of the main types of LTPA. Despite having descrip-

tive analyses and not assessing associations regarding race/skin color, it points out to social

disparities in the LTPA practice. In addition, the information available in the National Health

Survey on the type of the practice of LTPA and sports was not analyzed, and only two popula-

tion-based investigations assessed the socioeconomic disparities of these practices in the Bra-

zilian population [10,17], but none evaluated them according to race or skin color. Other

studies were performed with specific group [23] or in a particular region [24, 25].

The analysis of the disparities regarding type of physical activity may provide knowledge

about associations in different directions regarding gender, age, race, income, in the several

types of LTPA or sports, expanding and enriching our understanding about more and less

widespread practices. These findings will be useful to guide more targeted and specific LTPA

strategies.

This study aimed to estimate the prevalence of the type of LTPA or sport reported as the

most frequent, and to verify the association with age, sex, skin color and income in the Brazil-

ian population.
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Methods

The study was carried out using data from the PNS, developed by the Brazilian Institute of

Geography and Statistics (IBGE) in partnership with the Brazilian Ministry of Health and the

Oswaldo Cruz Foundation, in 2013 and 2014. The PNS sampling was stratified and conducted

in three stages: census, household, and resident tracts. In the first stage, the primary sampling

units (PSU) were composed of one or more census tracts; in the second stage, 10 to 14 house-

holds of each PSU were selected randomly; and, in the third and final stage, an adult (18 years

or older) in each household was selected with equiprobability among other residents for the

individual interview. The number of households covered by the PNS was of 64,348, and 60,202

individuals were interviewed, with 86.1% response rate.

Data were collected using personal digital assistance (PDA), programmed for critic data

entry processes at the time of data collection. A detailed description of the development of the

PNS was published [26].

Information on LTPA was obtained from 2 questions. The first one was whether the inter-

viewee practiced or not any type of LTPA in the last three months before the survey. If the

answer was positive, they were questioned about the LTPA or sport more often practiced in

the period and only one of the following was recorded: outdoor walking, treadmill walking,

street running, treadmill running, biking (on the street or ergometric), aerobics, swimming,

dancing (practicing PA purpose), muscle training, water aerobics, gymnastics/Pilates/stretch-

ing/Yoga, soccer, basketball, tennis, martial arts and wrestling, other practices. Each of these

activities was analyzed as one variable, categorized in (0) do not practice and 1 (yes).

In order to describe the sample according to the main socio-demographic variables, we also

analyzed sex, age in years (18 to 29; 30 to 59; 60 or more), self-reported skin color (black and

brown; white), and monthly family income per capita in quartiles: (1) up to R$355.99 (= low

income); (2) R$356 to R$677.99; (3) R$678 to 1,199.99; (4) R$1,200.00 or more (= high

income).

The prevalence per thousand people of the reported practices was estimated according to

age group, sex, skin color and income. Prevalence differences were tested using Pearson’s Chi-

square (Rao-Scott correction). Multiple Poisson regression models were used to estimate the

prevalence ratios (PR) [27] and their respective confidence intervals (CI 95%). We made

adjustments for sex and age, considering that these factors can be determinants of LTPA [4, 6,

17, 28]. To verify associations with skin color, we added income to the adjustment in order to

know to what extent the relationship between race and type of LTPA can be explained by

income, considering the strong income disparity by race [29]. Data analysis was performed

using STATA software version 15.0, with svy commands, which consider the corrections for

non-response and adjustments for the post-stratification [30].

The PNS was approved by the National Research Ethics Committee (CONEP) under pro-

cess no. 328,159 of June 26, 2013.

Results

For every 1,000 inhabitants, 695 did not practice LTPA, and, in the elderly group, only 213 for

every 1,000 people reported practicing it. The most frequent LTPA was walking (98/1,000), fol-

lowed by soccer (68/1,000) and weight training (45/1,000). Soccer and muscle training were

substantially higher among individuals aged from 18 to 29 years in relation to the elderly. In

adults, the activities reported as more frequent were walking, followed by soccer and muscle

training. The prevalence of outdoor walking (PR = 2.06) and gymnastics/stretching/Yoga

(PR = 1.62) were higher in elderly people, in addition to water aerobics (PR = 26.2), which was

rare among younger adults (Table 1).
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The main LTPA practiced by men were soccer, walking, muscle training, street running

and biking. Among women, the most frequent were walking, water aerobics, muscle training,

gymnastics and treadmill walking. Regarding sex, the greater differences were in the following

practices: soccer (PR = 0.03), martial arts (PR = 0.25) running on the street (PR = 0.31), biking

(PR = 0.41), swimming (PR = 0.45) and muscle training (PR = 0.71), with lower frequencies of

practice for women. On the other hand, practices markedly more frequent among the female

population were water aerobics (PR = 6.23), aerobics (PR = 5.69) and other gymnastics

(PR = 4.41), and dancing, which was almost three times higher in this population (Table 2).

All LTPA and sports were more prevalent among individuals who self-reported being

white, except for dancing, tennis, martial arts and wrestling, for which no statistically signifi-

cant difference was observed. Soccer was the only one whose prevalence was higher among

black and brown people. After adjustment according to monthly income per capita, associa-

tions remained significant only for muscle training and gymnastics (exercises, stretching and

Yoga), with a prevalence that was 17% and 39% higher in white people in relation to black,

respectively. Soccer remained associated with higher prevalence in black people after adjust-

ment (Table 3).

The prevalence of all LTPA practices, reported as the most frequent, was higher in individu-

als with higher income, comparing the first and last income quartiles, except for soccer. The

greatest disparities were observed in treadmill running (PR = 24.7), treadmill walking

(PR = 7.6), and muscle training (PR = 6.4). Gymnastics showed a growing gradient as income

increased. Soccer was the only practice with higher prevalence in the poorest quartile of the

population (Table 4).

Table 1. Prevalence and prevalence ratios of LTPA and sports reported as the most frequently practiced, according to age group, PNS 2013.

LTPA and sports reported as the most frequently practiced Prevalence (per thousand inhabitants)

Total Age Prevalence ratiosa adjusted for sex (CI

95%)

18 to 29

(1)

30 to 59

(2)

60 or more (3) 2/1 3/1

No LTPA 695.2 581.6 718.7 786.8 1.23 (1.20–1.27) 1.34 (1.30–1.38)

LTPA

Outdoor walking 98.1 60.2 106.5 127.0 1.75 (1.54–1.99) 2.06 (1.77–2.39)

Soccer 67.7 149.4 50.0 4.2 0.35 (0.32–0.39) 0.03 (0.02–0.04)

Muscle training 45.1 91.1 35.2 9.2 0.39 (0.34–0.45) 0.10 (0.07–0.14)

Aerobics, spinning, step, jump 17.0 21.6 16.9 10.7 0.76 (0.59–0.99) 0.46 (0.31–0.68)

Street running 14.4 25.7 13.1 1.6 0.52 (0.40–0.68) 0.6 (0.41–0.11)

Gymnastics, stretching, Yoga 14.0 11.6 13.1 20.3 1.09 (0.81–1.48) 1.62 (1.15–2.27)

Biking (street/ergometric) 9.7 11.3 10.5 5.2 0.97 (0.70–1.35) 0.49 (0.32–0.76)

Treadmill walking 7.4 5.6 8.7 6.2 1.55 (1.03–2.32) 1.08 (0.61–1.94)

Martial arts and wrestling 4.5 9.2 3.3 1.3 0.37 (0.23–0.59) 0.15 (0.1–0.45)

Water aerobics 4.3 0.04 3.8 11.4 9.26 (3.05–28.0) 26.2 (8.57–80.2)

Swimming 3.2 4.3 3.0 2.1 0.72 (0.44–1.15) 0.51 (0.26–1.01)

Basketball, volleyball 2.9 6.7 1.9 0.8 0.28 (0.17–0.47) 0.12 (0.03–0.44)

Dancing (practicing PA purpose) 2.7 3.8 2.4 1.9 0.62 (0.37–1.06) 0.48 (0.24–0.98)

Treadmill running 2.6 2.3 3.2 1.9 1.26 (0.73–2.16) 0.79 (0.30–2.14)

Tennis 1.8 1.7 2.2 0.7 1.36 (0.39–4.72) 0.44 (0.1–2.1)

Others 9.0 13.3 7.2 8.4 0.55 (0.37–0.80) 0.64 (0.41–1.01)

a Reference category: 18 to 29 years old
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Table 2. Prevalence (per 1,000) and prevalence ratios of LTPA and sports reported as the most frequently practiced, according to sex, PNS 2013.

LTPA and sports reported as the most frequently practiced Sex p Prevalence ratios adjusted for agea (CI 95%)

Male Female

No LTPA 644.9 740.0 <0.0001 1.14 (1.12–1.16)

LTPA

Outdoor walking 76.6 117.2 <0.0001 1.50 (1,36–1.66)

Soccer 138.7 4.5 <0.0001 0.03 (0.02–0.04)

Aerobics, spinning, step, jump 5.0 27.8 <0.0001 5.69 (4.29–7.56)

Street running 22.8 6.9 <0.0001 0.31 (0.23–0.42)

Muscle training 54.4 36.8 <0.0001 0.71 (0.62–0.81)

Gymnastics, stretching, Yoga 5.0 22.1 <0.0001 4.41 (3.30–5.89)

Biking (street/ergometric) 14.2 5.8 <0.0001 0.41 (0.31–0.55)

Treadmill walking 4.7 10.0 0.0001 2.14 (1.47–3.11)

Martial arts and wrestling 7.5 1.8 <0.0001 0.25 (0.15–0.42)

Water aerobics 10.8 71.8 <0.0001 6.23 (3.22–12.04)

Swimming 4.5 2.0 0.0001 0.45 (0.29–0.69)

Basketball, volleyball 2.7 3.2 0.5285 1.24 (0.76–2.02)

Dancing (practicing PA purpose) 1.4 3.9 0.0001 2.77 (1.66–4.63)

Treadmill running 2.1 3.1 0.1196 1.45 (0.91–2.41)

Tennis 3.3 0.4 <0.0001 0.12 (0.04–0.32)

Others 10.9 7.4 0.0229 0.69 (0.49–0.97)

a Reference category: Male

Table 3. Prevalence (per 1,000) and prevalence ratios of LTPA and sports reported as the most frequently practiced, according to skin color, PNS 2013.

LTPA and sports reported as the most frequently practiced Black and brown White p PRa (CI 95%) PRb (CI 95%)c

No LTPA 718.0 672.8 <0.0001 0.92 (0.91–0.94) 1.00 (0.98–1.02)

LTPA

Outdoor walking 89.9 106.0 0.0005 1.13 (1.03–1.24) 0.99 (0.90–1.09)

Soccer 80.0 54.6 <0.0001 0.79 (0.71–0.88) 0.94 (0.75–0.94)

Muscle training 36.8 53.3 <0.0001 1.62 (1.41–1.86) 1.17 (1.02–1.34)

Street running 12.4 16.5 0.0168 1.48 (1.17–1.88) 1.05 (0.81–1.37)

Aerobics, spinning, step, jump 14.3 20.0 0.0013 1.44 (1.17–1.76) 1.05 (0.86–1.28)

Gymnastics, stretching, Yoga 9.6 18.8 <0.0001 1.89 (1.46–2.44) 1.39 (1.07–1.82)

Biking (street/ergometric) 8.6 10.9 0.0890 1.33 (1.00–1.77) 1.16 (0.86–1.56)

Treadmill walking 4.9 10.1 <0.0001 2.02 (1.43–2.83) 1.29 (0.90–1.87)

Martial arts and wrestling 4.8 3.9 0.4211 0.96 (0.61–1.51) 0.75 (0.47–1.20)

Water aerobics 30.7 57.3 0.0010 1.58 (1.09–2.30) 1.06 (0.72–1.57)

Swimming 2.3 4.2 0.0050 1.94 (1.25–3.01) 1.26 (0.84–1.89)

Basketball, volleyball 2.4 3.6 0.1247 1.67 (1.01–2.77) 1.39 (0.84–2.30)

Dancing (practicing PA purpose) 2.5 2.8 0.6595 1.15 (0.71–1.87) 0.87 (0.53–1.44)

Treadmill running 20.1 34.5 0.0329 1.75 (1.05–2.91) 1.12 (0.67–1.84)

Tennis 1.1 2.5 0.1692 2.30 (0.77–6.86) 1.27 (0.36–4.49)

Others 7.2 10.7 0.0216 1.56 (1.12–2.18) 1.18 (0.83–1.68)

a Prevalence ratio with adjustments by sex and age
b Prevalence ratio with adjustments by sex, age and income
c Reference category: black and brown.
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Discussion

The prevalence of LTPA in this study was low, considering that only 305 out of 1,000 individu-

als reported practicing LTPA and sports and that this observation is even more alarming

among the elderly. Women are 14% less active than men and studies in Brazil [6, 17] and in

other countries [4,28] also pointed out to a higher prevalence of LTPA among men and youn-

ger individuals. In the Brazilian population, this evidence has been attributed to cultural

aspects, considering that boys used to be more encouraged to participate in outdoor games. In

the Brazilian culture, girls are most encouraged to engage in children games such as playing

Table 4. Prevalence (per 1,000) and prevalence ratios of LTPA and sports reported as the most frequently practiced, according to monthly family income per capita,

PNS 2013.

LTPA and sports, reported as the most frequently

practiced

Income in deciles of minimum wage PR adjusted by sex and age (CI 95%)a

1st quartile
(low income)

(1)

2nd quartile
(middle-low

income)

(2)

3rd quartile
(middle-high

income)

(3)

4th

quartile
(high income)

(4)

Prevalence per 1,000 inhabitants 2/1 3/1 4/1

No LTPA 790.6 746.2 709.1 555.8 0.93 (0.91–

0.95)

0.86 (0.84–

0.88)

0.68 (0.66–0.70)

LTPA

Outdoor walking 67.9 86.5 96.9 135.7 1.25 (1.07–

1.46)

1.33 (1.15–

1.52)

1.87 (1.63–2.13)

Soccer 85.8 71.8 65.4 51.3 0.92 (0.80–

1.06)

0.97 (0.83–

1.12)

0.81 (0.69–0.95)

Muscle training 17.0 31.7 45.2 80.6 2.05 (1.52–

2.77)

3.34 (2.48–

4.50)

6.35 (4.84–8.32)

Street running 6.5 9.8 9.8 29.7 1.64 (0.93–

2.88)

1.85 (1.08–

3.16)

5.88 (3.54–9.78)

Aerobics, spinning, step, jump 7.6 12.2 17.0 29.3 1.68 (1.13–

2.52)

2.50 (1.78–

3.50)

4.35 (3.13–6.06)

Gymnastics, stretching, Yoga 5.9 10.0 11.0 27.4 1.68 (1.03–

2.73)

1.78 (1.14–

2.80)

4.44 (2.94–6.71)

Biking (street/ergometric) 5.8 9.1 1.0 1.3 1.7 (1.07–2.48) 1.93 (1.23–

3.02)

2.49 (1.61–3.83)

Treadmill walking 2.3 2.4 7.0 1.7 1.07 (0.53–

2.17)

3.13 (1.59–

6.16)

7.58 (3.97–14.48)

Martial arts and wrestling 1.7 5.2 3.5 7.0 3.32 (1.62–

6.80)

2.60 (1.36–

4.96)

5.56 (3.16–9.80)

Water aerobics 1.2 1.6 3.8 9.9 1.12 (0.46–

2.79)

2.08 (0.91–

4.76)

5.79 (2.84–11.81)

Swimming 0.5 1.4 2.9 7.3 2.62 (0.89–

7.70)

5.59 (1.96–

15.95)

14.4 (5.40–38.6)

Basketball, volleyball 2.1 3.2 1.9 4.5 1.70 (0.84–

3.43)

1.18 (0.63–

2.20)

2.95 (1.69–5.14)

Dancing (practicing PA purpose) 1.2 1.5 3.8 4.0 1.29 (0.50–

3.30)

3.49 (1.47–

8.32)

3.76 (1.69–8.37)

Treadmill running 0.3 1.7 0.2 5.9 6.80 (2.54–

18.19)

9.78 (3.81–

25.07)

24.70 (11.04–

55.27)

Tennis 0.6 0.03 0.5 5.7 0.55 (0.04–

0.75)

0.81 (0.08–

8.84)

10.19 (1.22–

84.95)

Others 3.9 5.4 9.7 15.9 1.45 (0.88–

2.39)

2.83 (1.71–

4.69)

4.69 (3.02–7.27)

a Reference category: 1st income quartile.
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house and cooking, generally with dolls [31], stimulating the permanence of women at home

in a sexist way.

Walking was the main practice reported, which was also verified by other authors [7, 17,

32], however, some groups of the population, such as men and younger individuals, did not

report this activity as the most frequent. The prevalence of walking grew as age increased, simi-

lar to what was observed in a study using the PNAD data in 2015 [17]. Although it is a very

common practice, national and abroad, the incentives to walking for leisure purposes should

be valued and maintained since this exercise can be practiced by different population groups,

with low cardiorespiratory and neuromotor demand and minimum cost because it does not

require special equipment or accessories, and in democratic places [33]. In addition, special

walking programs, such as trekking would be encouraged, which can also attract younger peo-

ple and men. Brazil has a great potential to the development of these activities. Based on

Camino de Santiago de Compostela, in Spain, there are three important routes in Brazil, in the

states of Minas Gerais and São Paulo: O Caminho do Sol, O Caminho da Fé, O Caminho da Luz
[33].

Soccer is the second most frequently practice sport nationwide, but the first among men

(139 among 1,000). In Brazil, soccer has always been the favorite sport among men, with great

cultural appeal and traditionally practiced in open and public spaces, in the cities, outskirts

and neighborhoods, country towns and rural areas [10]. However, VIGITEL data showed a fall

in the soccer practice after 2012 in Brazilian capitals and, according to Rodrigues (2008) [34],

the decrease of the soccer game in major cities must be due to real estate speculation and the

replacement of these spaces with buildings and roads.

Brazil has stood out in women’s soccer, and a female player from the Brazilian team is the

athlete who scored the most goals in the history of both women’s and men’s soccer cups. Nev-

ertheless, the visibility of women in soccer in Brazil is still low, which is mainly due to the prej-

udice against women participating in this sport, considered for men [19,35]. Female soccer

could be a great opportunity in LTPA practices and a good strategy to raise the women’s level

of physical activity if it was more encouraged among the female population.

Muscle training is the third LTPA reported and is more prevalent in young adults and men,

noting that only 37 women and 9 elder people out of 1,000 individuals reported this practice as

the most frequent. One emphasizes that muscle strength and resistance exercises are very

important, especially for these population groups. Evidence shows that these activities can act

positively on bone and muscular mass, being constituted of considerable exercises to prevent

and control musculoskeletal diseases, such as osteoporosis [36, 37]. Muscle strength and resis-

tance exercises, along with balance exercises, also assist in the prevention of falls and disabili-

ties [15,38].

Water aerobics is a very common practice for the elderly in Brazil [21]. This phenomenon

can lead to some generation conflict in LTPA, as young and adult people tend to avoid this

practice because of prejudice and the elderly, on the other hand, lose the company of younger

people.

In this study, the prevalence of the practice of almost all types of LTPA was greater, except

for soccer, in individuals with white skin. However, after income adjustments, associations lost

significance in most activities. In Brazil, the strong economic inequality in relation to race/skin

color is known, disfavoring black people [29], and worse economic conditions tend to hinder

the practice of some types of LTPA due to the need for expenses to practice them. In addition,

people in worse economic condition usually also live in areas with less facilities and spaces for

recreational physical activity. However, the associations between race/skin color and muscle

training and gymnastics (localized exercises, stretching and Yoga) remain with higher preva-

lence among white people, even after adjustments by income, showing that, not just income,
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but other aspects related to segregation can contribute to the racial disparities in LTPA. Soccer

also remains associated with black people and is more prevalent among them. As far as is

known, no studies evaluated the association of race/skin color with the practice of several types

of LTPA. Although scarce, investigations have only examined walking. Bates et al. (2005) [11],

and Kruger et al. (2008) [33] verified a higher prevalence of walking in non-Hispanic white

people when compared with black people.

The results of the analyses by income are coherent with the results of the PNAD in 2015,

published in a UNDP report [17]. In Brazil, De Sá et al. (2014) [10] observed that the preva-

lence of muscle training and running are around 3 times higher for people with the better edu-

cational level, than for the less educated. It is noteworthy that this study detected a prevalence

of treadmill running 24 times higher compared with the extreme income quartiles; treadmill

walking was 7.6 times higher, and muscle training was 6.4 times higher in the segment of the

highest income. Muscle training, as well as gymnastics, demand equipment and special acces-

sories, which might hinder and decrease its practice among the poorest. Some municipalities

have implemented outdoor academies, which include the fixing of exercise equipment for

strength training and stretching in open and public places. This could contribute to decrease

the disparities, however, the results of these strategies are still little studied [39].

In 2011, the Brazilian Ministry of Health created the Health Academy Program (PAS),

which consist of activities integrated to the primary health care of the Brazilian Unified Health

System (SUS), in order to promote physical activities, healthy eating and educational programs

by territories [40]. Maintaining and analyzing this government strategy is important, since

social disparities are still strong in several LTPA. The appropriation of the city, as well as of the

public spaces, connects to aspects related to the promotion of health habits and healthy life-

styles and the regular practice of physical activities. Historically, cities have been built as spaces

for production of disparities, since they have not been able to meet socially determined speci-

ficities [41].

Soccer is a strong social marker, being the only sport more present in the poor and black

population and strategies to maintain and not to hinder this practice among this population is

important to guarantee some activity for more socioeconomic vulnerable groups. According

to the results of the 2015 PNAD, people with lower income reported practicing LTPA espe-

cially because they like to compete and to have fun [17], which is contemplated by a soccer

match. On the other hand, individuals in the higher-income stratum mostly reported practic-

ing LTPA or sports to improve their quality of life and well-being [17].

The results of this study bring important elements to understand existent disparities in

prevalence of the type of LTPA or sport and to provide knowledge about more elite and more

democratic practices, pointing out to the need for specific interventions to rise and maintain

physical activity levels in the Brazilian population.

However, the study has some limitations. The question about physical activity was self-

referred and tend to be overestimated [42, 43], the validity and reliability of the outcome ques-

tions are not known, however other studies assessed the LTPA using similar information

[9,10,14]. In addition, self-reported data about the most frequent physical LTPA and sports

practiced are self-referred and, possibly, the study could be influenced by some information

bias. Also, only the most frequently practiced LTPA was analyzed instead of all the activities

practiced by the individuals. Nonetheless, describing population subgroups that refer certain

practice as the main one was possible. On the other hand, the study was elaborated with data

from the PNS, a survey developed with representative sample of the Brazilian population.

Information was discussed on the type of LTPA, which have been little analyzed in the national

scope, especially focusing on social disparities, which are crucial when considering the popula-

tion’s health.
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Conclusions

This study allowed identifying the types of LTPA and sports reported as the most frequent by

the Brazilian population according to age, sex, race/skin color and income, detecting strong

social and demographic disparities in these practices. These results reinforce the importance of

encouraging the practice of LTPA, disseminating knowledge on the benefits of the different

practices and facilitating these activities through appropriate spaces and means to perform

them. These tasks should be maintained, assessed and regularly rethought considering espe-

cially the health of the less favored subgroups. In addition, thinking about strategies to try to

avoid age and gender prejudice in the types of LTPA is important.
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Abstract

We investigated (1) the relationship between Type D personality, stress intensity appraisal

of a self-selected stressor, coping, and perceived coping effectiveness and (2) the relation-

ship between Type D personality and performance. In study one, 482 athletes completed

the Type D personality questionnaire (DS14), stress thermometer and MCOPE in relation to

a recently experienced sport stressor. Type D was associated with increased levels of per-

ceived stress and selection of coping strategies (more emotion and avoidance coping) as

well as perceptions of their effectiveness. In study two, 32 participants completed a rugby

league circuit task and were assessed on pre-performance anxiety, post-performance affect

and coping. Type D was associated with poorer performance (reduced distance; more

errors), decreases in pre-performance self-confidence and more use of maladaptive resig-

nation/withdrawal coping. Findings suggest that Type D is associated with maladaptive cop-

ing and reduced performance. Type D individuals would benefit from interventions related to

mood modification or enhancing interpersonal functioning.

Introduction

Competitive sport is associated with stressful experiences [1]. For athletes to perform to the

best of their ability and to feel satisfied with their performance, it is essential that they use

adaptive coping strategies to deal with these stressors [2, 3]. A number of factors have been

found to influence the stress and coping process including the personality of athletes [4, 5]. A

personality construct which has been shown to have significant consequences for behavior,

health, stress, and coping but which has not been examined in the domain of sport is the dis-

tressed or Type D personality [6]. To address this research gap, two empirical studies were

conducted using a crossectional and quasi-experimental design respectively, to investigate

how Type-D personality in a sport context might influence (i) stress, coping preferences and

perception of coping effectiveness; (ii) performance on a novel sport task. Type D personality

is likely to result in maladaptive coping with stress experienced in sport thereby influencing
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athletic performance adversely. However, this issue has not been examined to date. As such

this research might have important implications for athletes and practitioners.

The cognitive-motivational-relational model of stress and coping describes the relation

between stress and coping as a dynamic process between an individual’s internal and situa-

tional environment [7, 8]. Through primary appraisal an individual will assess the significance

of an event to their personal values, beliefs or intentions. Secondary appraisal involves the

complex evaluative process in which a person analyses their available coping options in rela-

tion to the specific situation, maximizing gains or favorable outcomes and limiting harm [8].

Perceived stress intensity [9] as well as perceptions of control [10] have been found to be fac-

tors influencing the coping process.

Coping has been defined as “a constantly changing cognitive and behavioral effort to man-

age specific external and/or internal demands that are appraised as taxing or exceeding the

resources of the person” (p.141) [8]. Coping responses have been classified into higher order

dimensions. Nicholls and Polman [11] in their systematic review on coping in sport suggested

three dimensions. First, problem-focused coping refers to cognitive and behavioral attempts to

manage distress by reducing or eliminating the stressor. Second, emotion-focused coping is

concerned with the regulation of emotional arousal and distress [7]. Finally, avoidance coping

includes behavioral and psychological efforts to disengage from a stressor [12]. Endler and

Parker [13], on the other hand, made a distinction between approach- (efforts to deal with a

stressful situation) and avoidance-oriented (cognitive changes to avoid confrontation) coping,

whereas Gaudreau and Blondin [14] identified three higher order dimensions (task, distrac-

tion and disengagement-oriented coping).

The use of any particular coping strategy does not guarantee its effectiveness; rather, its

effectiveness depends on the context in which it is employed [7]. A number of approaches to

coping effectiveness have been put forward [15]. The goodness-of-fit approach to coping effec-

tiveness [16] has found that problem-focused coping strategies are more adaptive to athletic

performance than either emotion-focused or avoidance coping strategies [3]. However, some

avoidance coping strategies can be effective in dealing with acute stressors. Blocking (i.e., shut

out thoughts, mentally withdraw from stressor) has been found to be an effective coping strat-

egy in elite rugby union athletes [17]. The latter provides support for the choice of coping strat-

egy [18] to coping effectiveness.

Personality has been found to influence the stress-coping process directly by restricting or

assisting the use of specific coping strategies and indirectly, by influencing the type and inten-

sity of the stressors experienced or coping effectiveness [19]. There is also evidence that per-

sonality has an influence on athletic performance. For example, Piedmont, Hill, and Blanco

[20] showed that 23% of variance of coaches rating of female soccer players was predicted by

their neuroticism and conscientiousness. Also, conscientiousness explained 8% of the variance

in game statistics. Crust and Clough [21] showed that higher levels of mental toughness were

associated with better performance on a physical endurance task. However, to our knowledge

no study has examined how personality influences coping during actual sporting performance.

A personality type which has received significant attention in the health domain is the dis-

tressed or Type D personality. Individuals with Type D personality experience a variety of neg-

ative emotions (NA; negative affectivity) and exhibit an inability to express emotions and/or

behaviors in social interactions (SI; social inhibition) [6]. It is the interaction or synergetic

effects of NA and SI which characterizes the Type D personality. Individuals high on NA are

more likely to experience across time and situation negative emotions, depressed mood, anxi-

ety, hostility, irritability, a negative self-view and an attentional bias towards adverse stimuli.

Individuals high on SI feel inhibited, tense, have fewer personal ties, and feel uncomfortable

and insecure in encounters with other people [22].
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Type D personality represents a relatively homogeneous subgroup of personality traits

grounded in psychological theory [23]. The subcomponents NA and SI are well represented

within the five-factor framework of personality (supporting its construct validity) sharing less

than 50% of the variance with neuroticism and extraversion [6]. Type D personality has incre-

mental value above and beyond the five factor trait model [24] which suggests that Type D per-

sonality is a distinct construct. Individuals with Type D personality (those who score > 10 on

both NA and SI on the DS14) appear to experience higher levels of chronic stress, emotional

and social difficulties and adverse health events. Type D personality is closely associated with

symptoms of depression and anxiety, chronic tension, pessimism, lack of perceived social sup-

port, lower subjective well-being and self-esteem, dissatisfaction with life, lower quality of life,

and poor body image. It is also a predictor of adverse clinical events and poor coronary heart

disease prognosis [22, 25–27].

In non-clinical populations, Type D personality is related to major psychosocial stressors

[28], greater cardiovascular and neuroendocrine reactivity [29], increased cardiac output in

response to acute laboratory stressors [30], and a hemodynamic maladaptation to an acute

mental arithmetic stressor in women [31]. Type D individuals are also more likely to appraise

stressful events as a threat and higher levels of perceived stress [32] and use more passive, mal-

adaptive avoidance coping strategies, which are associated with burnout, decreased self-

reported health and morale [33–35]. There is some evidence suggesting that when experienc-

ing an acute laboratory stressor Type D individuals show greater stress reactivity [29]. How-

ever, studies have not yet examined the effects on actual (sport) performance.

Type D personality has been shown to be associated with detrimental health behaviors (e.g.,

more smoking) and avoidance of facilitative health behaviors (e.g., physical activity), adverse

health outcomes as well as poor coping with stress [36–38]. However, to date no study has

examined how Type D personality manifest itself in the realm of sport. This is an important

research endeavor since sport participation has the potential to facilitate emotional regulation,

which is an important need for individuals with Type D personality. Hence, being physically

active has been associated with improved affective states [39]. In addition, understanding the

relationship between Type D personality and stress and coping in sport can help inform effec-

tive applied stress management interventions. As such, the aim of study one was to examine

the relationship between Type D personality, stress intensity appraisal of a self-selected

stressor, coping, and perceived coping effectiveness in a sport context. We predicted that ath-

letes classified as Type D would perceive the self-selected sport stressors with higher levels of

intensity and would mainly use avoidance coping and emotion-focused strategies, and report

lower levels of problem-focused coping. No a priori prediction was made with regard to coping

effectiveness. The aim of study two was to examine the role of Type D on performance on a

novel sport task as well as pre-performance anxiety levels, coping, and post-performance

affect. For study two we predicted that Type D personality would be associated with increased

levels of anxiety, lower levels of self-confidence prior to completing a rugby league novel task,

poorer performance, and more negative emotions post-performance.

Study1

Materials and methods

Participants. Participants were 482 British, mainly Caucasian (93.8%) athletes (male

n = 305; female n = 177) aged between 16 to 45 years (M age = 20.44 years, SD = 3.98), with

experience in their sport from 1 to 35 years (M = 9.63, SD = 4.69). Athletes were recruited

from different Universities (68%) and sports clubs in the region of Yorkshire, UK. See also

Table 1 for additional demographic information. The study was approved by a University’s
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Research Ethics Committee and participants provided written informed consent prior to

participating.

Instruments. First, the participants completed a demographic section. This included

questions on their gender, age, sport (i.e., team/individual; contact/non-contact), years they

participated in their sport, skill level (i.e., University/club, county, national or international).

The Type D scale 14 (DS14) provides a taxonomic and continuous assessments of distressed

personality by measuring the traits of negative affectivity (NA, 7-items; e.g., "I often feel

unhappy") and social inhibition (SI, 7-items; e.g., "I am a closed kind of person"). Participants

respond using a 5-point Likert scale anchored at 0 = false to 4 = true. Based on cluster analysis

and item response theory, a score of 10 or more on both subscales indicates the likelihood of a

respondent fitting the Type D personality profile [40]. In addition to its taxonomic use the NA

and SI subscales can be multi-plicatively combined to produce a continuous measure of dis-

tressed personality, with higher scores corresponding to a greater likelihood that the respon-

dent behaves in a manner consistent with the distressed personality type. This dimensional

interpretation of distressed personality is supported by psychometric evaluations of the DS14,

which have indicated that item responses are additive at the subscale and total scale levels [41,

42]. The DS14 total score (α = .88) and subscale scores (NA, α = .86; SI, α = .80) were internally

consistent in the present sample, in accordance with previous studies [6].

The Modified Cope Inventory (MCOPE) [43] has 12 coping scales each consisting of four

items which can be classified under 3 higher order dimensions (1) Problem focused coping:

Active coping, seeking informational social support, planning, suppression of competing activ-

ities, increasing effort; (2) Emotion focused coping: Seeking emotional social support, humor,

venting emotions, self-blame, wishful thinking; (3) Avoidance coping: Behavioral disengage-

ment, denial. There is extensive evidence supporting the convergent validity of the MCOPE

subscales and the MCOPE subscales have demonstrated acceptable levels of internal consis-

tency in previous research [43, 44]. To measure coping effectiveness a 5-point Likert scale was

added to the MCOPE which was anchored by 1 = extremely ineffective and 5 = extremely

effective [17]. The three higher order dimensions achieved acceptable levels of reliability

(Cronbach alpha between .76 and .89 for coping and coping effectiveness).

Prior to completing the MCOPE, participants reported the most intense sport stressor expe-

rienced in the last 14 days and appraised the stressor in terms of how much stress the event

caused by dissecting a 10 cm bipolar line anchored by ‘not at all stressful’ vs. ‘extremely stress-

ful’. The ‘stress thermometer’ has already demonstrated normal distribution properties and

adequate variability for male and female athletes [45]. The MCOPE was completed in relation

to the self-reported stressor.

Procedure. Athletes and coaches of sports teams received letters detailing the nature of

the study and participant requirements. If the coaches granted permission for the data collec-

tion, an information letter and consent form was distributed to athletes. Research assistants,

who had received training in quantitative data collection techniques, administered the paper

based questionnaire pack in the same order prior to or following training sessions. All of the

participants were actively involved in competitive sport and had participated competitively

within 14 days of the questionnaires being administered.

Analysis strategy. The statistical analysis was conducted with SPSS version 22. After

screening for outliers and normality, Cronbach alphas and descriptive statistics for all study

variables were obtained. The influence of Type D personality on stress and coping was exam-

ined using both the taxonomic and continuous approach. For the taxonomic approach we first

conducted a test to examine differences in stressor intensity as a function of Type D personal-

ity. Following this we conducted multivariate analysis of variance (MANOVA) to test differ-

ences in coping and coping effectiveness at the dimensional level. Type D was entered as a
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fixed factor for each analysis, and the coping dimensions were entered as the dependent vari-

able in each analysis. MANOVA main effects were further analyzed with Bonferonni adjusted

univariate analysis of variance (ANOVA) to test between group differences (Type D vs. non-

Type D athletes).

We conducted regression analysis to examine the role of Type D personality as a continu-

ous variable. Stress, and coping and coping effectiveness at the dimensional level were the

dependent variables and NA, SI entered at step one and centered NA X SI at step two, the pre-

dictor variables.

Results study 1

The coping dimensions were multivariate normal when regressed on Type D. Box’s M and

Levene’s test were not significant for the variables. Table 1 shows the distribution of Type D

personality among the athlete participants in the present study based on demographic vari-

ables. Type D athletes reported fewer years of participation in sport than non Type D athletes

(t (480) = -2.17, P = .03; d = -0.20) and were comparatively less likely to compete at a regional

or county level and more likely to compete at a University or local level (χ2 (4, 482) = 14.14,

P = .02; Phi = .17). Type D groups were comparable with respect to age, gender, sport classifi-

cation (contact vs. non-contact) and pursuit (team vs. individual sport).

Taxonomic analysis. The t-test for stressor intensity was significant (t = -3.07, P = .002;

Cohen d = 0.32) with a small effect size and Type D individuals reporting higher levels of stress

intensity.

Table 2 shows the mean standard deviations, and results, for coping and coping effective-

ness at the dimensional level for the Type D and non-Type D athletes. The MANOVA for cop-

ing (Wilks’ λ = 0.94; p< .001, η2p = .06) and coping effectiveness (Wilks’ λ = 0.94; p< .001,

η2p = .06) were both significant with small effect sizes. As predicted, Type D athletes reported

less frequent use of problem- and emotion-focused coping but more avoidance coping. Type

D athletes also reported lower coping effectiveness for problem-focused coping but higher

coping effectiveness for avoidance coping.

Table 1. Sample characteristics of the athlete participants in study 1 and difference between Type D and non-Type D athletes.

Variable N Total Sample N Non-Type D N Type D p
Age, years (M, SD) 482 20.4 (4.0) 342 20.4 (4.1) 140 20.5 (3.6) .81

Males (N, %) 305 (63.3) 221 (64.6) 84 (60.0) .35

Years in sport (M, SD) 482 9.6 (4.7) 342 9.9 (4.8) 140 8.9 (4.6) .02

Skill level (N, %) 482 342 140 .007

No response 12 (2.5) 7 (2.0) 5 (3.6)

University/club 175 (36.3) 110 (32.2) 65 (46.4)

County 220 (45.6) 174 (50.9) 46 (32.9)

National 60 (12.4) 40 (11.7) 20 (14.3)

International 15 (3.1) 11 (3.2) 4 (2.9)

Classification (N, %) 481 341 140 .19

Contact 267 (55.4) 196 (57.5) 71 (50.7)

Non-contact 214 (44.5) 145 (42.5) 69 (49.3)

Pursuit (N, %) 481 341 140 .20

Team 323 (67.0) 235 (68.9) 88 (62.9)

Individuals 158 (33.0) 106 (31.1) 52 (37.1)

Stress Intensity 342 6.2 (2.3) 342 6.0 (2.4) 140 6.7 (2.1) .002
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Continuous analysis. The regression analysis for stress intensity was significant at step

one (F (2,479) = 11.51; P < .001) but not step two with NA being a significant predictor

(Beta = .199; P< .001). Table 3 provides the results of the regression analysis for Type D per-

sonality as a continuous variable. As predicted, for emotion-focused and avoidance coping the

interaction between NA and SI added small but significant variance to the model. However,

no such effect was found in problem-focused coping.

Discussion study 1

As predicted, the results of study one suggest that Type D personality influences the stress-cop-

ing process in sport. Athletes with Type D reported higher levels of stress independent of

stressor type and made use of more emotion-focused and avoidance coping strategies and less

use of problem-focused coping strategies. In addition, Type D athletes reported the emotion-

focused strategies as more effective, and the problem-focused coping strategies as less effective.

As predicted, and supporting previous work in organizational settings [46] and with univer-

sity students [33], athletes classified as Type D reported higher levels of stress intensity inde-

pendent of stressor type. The continuous analysis suggests this was mainly due to higher levels

of NA. These results are not dissimilar to a study by Schoormans, Husson, Denollet and Mols

[47] in a sample of cancer survivors and provide some support for the notion that competing

in sport is more stressful for Type D than non-Type D athletes. On the other hand, sport par-

ticipation can facilitate emotional regulation of individuals with Type D. Regular and acute

bouts of exercise have been shown to have positive effects on affective states [39]. It might be

that sport participation moderates the experience of stress, making the differences between

Type D and non-Type D individuals less pronounced in such environments. This issue would

warrant further investigation because it provides a potential mechanism for intervention to

help individuals with Type D to reduce their stress levels.

Table 2. Mean and standard deviations for each of the coping dimensions and coping effectiveness (CE) for the Type D and non-Type D participants and results of

the analysis of variance (significant results only).

Non-Type D Type D Results Coping Results CE

Coping CE Coping CE F(1,480) p Eta F(1,480) p Eta

Problem Focused Coping�$ 3.30 (.50) 3.02 (.44) 3.16 (.55) 2.83 (.46) 7.38 .02 .02 16.40 < .001 .03

Emotion Focused Coping� 2.55 (.64) 2.41 (.51) 2.73 (.69) 2.43 (.55) 6.97 .009 .02 n.s

Avoidance Coping�$ 1.85 (.63) 2.13 (.79) 2.10 (.73) 2.28 (.74) 13.46 < .001 .03 4.00 .046 .01

� Denotes significant difference for coping between the Type D and non-Type D group.
$ Denotes significant difference for coping effectiveness between the Type D and non-Type D group.

Table 3. Results of the regression analysis for Type D as a continuous variable (continuous analysis).

Coping Coping Effectiveness

Step 1 R2 and Beta predictors Step 2 ΔR2 Step 1 R2 and Beta predictors

Problem Focused Coping 5.7%��; NA = -.141��; SI = -.131�� n.s. 5.7%��; NA = -.141��; SI = -.131�

Emotion Focused Coping 6.4%��; NA = .294��; SI = .122� 1.4%��; NAxSI = .389�� n.s.

Avoidance Coping 7.8%��; NA = .301�� 1%�; NAxSI = -.328� n.s.

�P < .05

��P < .01

NA = Negative affectivity; SI = Social inhibition
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Both the taxonomic and continuous analysis supported the predictions that Type D was

directly associated with significantly more use of emotion-focused and avoidance coping

whereas the taxonomic analysis also indicated less use of problem-focused coping [33, 35].

The finding that Type D is associated with more use of emotion-focused coping might be due

to the fact that participants experienced more intense emotions because of higher levels of

stress. This is supported by recent findings that Type D is associated with lower HRV which in

turn is associated with greater social threat and anxiety [48]. A priority for Type D athletes

would be to down regulate such emotions. Lower resting HRV as found by Jandackova et al.

[48] in Type D individuals is associated with reduced context appropriate emotional responses

[49]. However, there was no difference in coping effectiveness for emotion-focused coping

suggesting that Type D athletes might have developed strategies to deal with increased emo-

tionality and stress. The physiological and psychological responses to being physically active

might influence the experience of stress and emotions as well as the coping responses. How-

ever, this would require further study.

Avoidance coping is likely to be used in situations in which the athlete experiences limited

power to change the outcome of a situation [50]. Such coping strategies can be adaptive if the

athlete is unable to achieve their goal regardless of investment of effort [51, 52]. Avoidance

coping is not an uncommon strategy used by athletes. Nicholls, Jones, Polman, and Borkoles

[53] for example found that professional rugby union athletes used blocking as one of the most

frequent coping strategies during training and competition. Although providing temporary

relief from an acute stressor, in the long-term avoidance coping is maladaptive and can result

in adverse psychological and physiological outcomes including higher stress levels [50, 54].

Most studies report that athletes make a greater use of problem-focused coping in compari-

son to emotion-focused or avoidance coping [1]. Problem-focused coping involves active

problem solving and is regarded more adaptive in nature. For example, problem-focused cop-

ing is associated with positive affect [55] and subjective performance ratings [3]. The taxo-

nomic analysis showed that individuals classified as Type D used less problem-focused coping

and rated this form of coping as less effective.

The present findings support the cognitive-motivational-relational model of stress and cop-

ing [7], which predicts that variables, including personality, influence how frequently coping

strategies are used and how effective they are perceived to be. The study’s observational design

precludes inferences about the causal links between personality, stress and coping. For exam-

ple, it is possible that stressor intensity confounds the association between Type D personality

and coping. However, the pattern of results may prove informative for future research.

The present results are also consistent with a functional account of behavior [56, 57]. In

particular, the tendency of Type D individuals to perceive stressors as more intense in con-

junction with their inclination to use avoidance and emotion-focused coping, and their disin-

clination to use problem-focused coping. A functional viewpoint conceives of coping as

behavior that is based on predictions of one’s own future behavior, and that seeks to maximize

long-term rewards [56].

Distressed personality implies a susceptibility to acute stress, which may engender reliance

on coping strategies that have utility in situations of acute stress. The utility of avoidance

strategies becomes evident if one considers that the negative affect associated with avoidance

coping may serve as a substitute for emotional states that are relatively more damaging to per-

formance and self-esteem, such as shame associated with the prospect of failure. This interpre-

tation implies that Type D personality, through the preferential use of avoidance and emotion-

focused coping, are primarily motivated to manage aversive emotional states induced by

stressors. They may correspondingly be less inclined (or less able) to cope by responding to

aspects of the stressor that exist apart from its emotional impact, as is characteristic of
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problem-focused coping. The latter coping process implies a sensitivity to long-term contin-

gencies that reach into the past and extend into one’s future or imagined prospects. By con-

trast, so-called maladaptive coping strategies may predominantly arise from short-term

contingencies whose immediate consequences are paramount [56]. This interpretation pre-

dicts that individuals responding to acute stress will be inclined to use coping strategies that

have short-term utility because such strategies ostensibly forestall aversive emotional states in

the short term. However, habitual use of avoidance coping, for instance, is likely to be a strat-

egy of diminishing returns [56, 58]. Over the long run, avoidance coping may consequently

prove detrimental to athletic performance. Study two investigates the effect of Type D person-

ality and affective states on objective measures of athletic performance of athletes.

Study 2

Material and methods

Participants. Thirty-two healthy Caucasian British male university student athletes (M

age = 20.5 years; SD = 1.0 years) took part in study two. Participants reported M = 11 (SD =

4.2) years of sporting experience, played M = 4.2 (SD = 3.1) competitive games per month,

trained M = 2.38 (SD = 1.12) times per week with session of M = 78.9 (SD = 33.8) minutes’

duration. The effort exerted was rated M = 7.7 (SD = 1.7) on the ten point Borg scale. The

main sport of 27 participants was soccer, followed by cricket (n = 1), athletics (n = 1), fitness

(n = 2) and tennis (n = 1). The study was approved by a University ethics committee. In addi-

tion, all participants provided written informed consent prior to their involvement in the

study.

Instruments. Participants first completed a demographic section consisting of questions

regarding age, ethnicity, sport played, years of participation, time spent training, duration and

perceived effort in training and frequency of competition. Following this they completed the

DS14.

Pre-performance state anxiety and self-confidence was assessed with the Competitive State-

Anxiety Inventory-2 Revised [59]. The CSAI-2R consist of 7-items measuring somatic anxiety,

5-items cognitive anxiety and 5-items self-confidence and is scored on a 4-point Likert scale

(1 = not at all to 4 = very much). The CSAI-2R has been shown to have a good factorial struc-

ture and internal consistency [59]. In the present study internal consistency was good for the

somatic anxiety (α = .82) and self-confidence (α = .80) scales and adequate for the cognitive

anxiety scale (α = .67).

Post-performance affect was examined using the Positive and Negative Affect Scale

(PANAS) [60]. The PANAS is scored on a 5-point Likert scale (1 = not at all to 5 = extremely)

with 10 items measuring positive affect and 10 items measuring negative affect. Higher scores

on each subscale indicate a greater presence of affect it measures. Both scales have been shown

to be uncorrelated and stable over a 2 month period, with high internal consistency [60]. Inter-

nal consistency in the current study was acceptable (Cronbach’s α = .87 and .70 for PA, NA

respectively). For both the CSAI-2 and PANAS the participants were asked to complete the

instrument with how they felt ‘right now’.

Because of coping being assessed immediately following performance and the inclusion of

other constructs this study made use of the much shorter Brief Approach/ Avoidance Coping

Questionnaire (BACQ) [61] to reduce the burden on participants. The BACQ is a 12-item con-

struct, measuring three distinct coping dimensions. Six-items assess general approach coping,

3-items cognitive avoidance coping and 3-items measure resignation/ withdrawal. The scale is

anchored by a 5-point Likert scale (1 = disagree completely to 5 = agree completely). Previous

research has shown the BACQ to be internally consistent [61]. Weak internal consistency was
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shown for the cognitive avoidance (α = .55) and resignation/ withdrawal (α = .66) scales and

good reliability for the approach coping scale (α = .83). Considering the low number of scale

items [62], item total correlations [63] and arguments set out in study one all subscales were

used for statistical analysis.

Procedure. Participants were recruited from one University in England through advertis-

ing and referrals. On the first visit to the laboratory participants were informed about the

nature of the study before providing consent. Following this a questionnaire pack was com-

pleted. On the second visit the participants were made aware of previous performance charts

regarding distance and success on the task to be completed. They were then provided with

standard instructions regarding the aims and objectives of the task before completing the

CSAI-2R.

The experimental task consisted of a rugby league circuit and was new to all participants.

The task was extensively piloted to test its suitability and how effectively it induced stress. The

task consisted of participants running as many circuits in 3 minutes in a sports hall. From a

start line, 10 m were run before returning to the line. Once turned, a further 20 m were run,

again returning to the start. The individual turned and ran 30 m, before progressing 5 m to a

cone station located on the left. Side-stepping around 6 cones placed 1 m apart and 0.5 m away

from the center, in an alternating fashion, followed by 5 m of running. On the first passing sta-

tion, 4 rugby balls were passed from left to right, at a target 8 m away, 1.50 m parallel to the

floor and 0.5 m in diameter. A 5 m length ladder was located 5 m from the first passing station,

requiring one foot placed in each section of the ladder. Travelling a further 5 meters, a second

passing station was positioned. Four rugby balls were passed from right to left, at a target 8

meters away, 1.50 m parallel to the floor and 0.5 m in diameter. The individual ran 5 meters

back to the start and repeated until 3 minutes expired. Running one circuit lasted approxi-

mately 50 seconds, and was 130 meters in distance. The outcome measures for the perfor-

mance task were distance travelled in 3 minutes and the number of errors made (targets

missed).

To increase anxiety participants were provided with verbal prompts during the circuit: ‘you

are falling behind, what are you going to do about it (30 sec); ‘you are 5 seconds adrift, keep

working (90 sec), and ‘last 30 seconds, put everything into it’ (150 sec). Also, £50 was offered

to the participant who performed the best on the circuit as assessed by a Great Britain rugby

league player. To this end a video camera was used to film each performance. The researcher

filmed performance, with two assistants as ball collectors. Shuttle run and ladder placement

made achievement of success on the passing stations more difficult. Following this the partici-

pants completed the PANAS and BACQ which was followed by a debriefing.

Data analysis. Descriptive statistics for all dependent variables were calculated. Indepen-

dent sample t-test were conducted to examine differences between those classified having

Type D personality (NA and SI> 10) and non-Type D participants. Minimum group sizes of

12 participants were required to achieve an 80% chance of detecting a large effect (Cohen’s

d> 1) at a two-tailed α level of .05 [64]. We did not use regression analysis in this study

because of lack of power due to its small sample size. Statistically significant contrasts are

reported with bias-corrected (Hedges’) Cohen’s d effect sizes with 95% confidence intervals.

Results study 2

Ten participants were classified as Type D and 22 as non-Type D. The two groups did not dif-

fer on the demographic variables except duration of training. Type D participants (M = 57.58)

trained for a considerably smaller length of time per session than non-Type D (M = 88.64) par-

ticipants (z = 2.42, P = .01).
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Table 4 provides the means and standard deviations for the two groups for the dependent

variables as well as the results of the statistical analysis. Pre-performance the non- Type D ath-

letes reported significantly higher scores for self-confidence than the Type D participants with

a large effect size (t30 = -3.07; P = .003; d = 1.20; 95% CI 0.40 to 2.00). Although the Type D

participants reported higher somatic and cognitive anxiety these were not significantly differ-

ent from the non-Type D participants.

During performance of the 3 minute rugby league circuit task the Type D participants cov-

ered significantly less distance (t(30) = -6.23; P< .001; d = -3.04; 95% CI -4.00 to -1.99) and

made more errors (t(30) = 6.24; P< .001; d = 2.38; 95% CI 1.38 to 3.26) than the non- Type D

participants. The effect sizes were large for both distance travelled and errors made.

Post-performance the Type D and non-Type D participants did not report any differences

in either positive or negative affect. However, Type D participants reported more use of resig-

nation/withdrawal coping (t(30) = 2.85; P = .008; d = 1.06; 95% CI 0.27 to 1.85) but not

approach or avoidance coping strategies.

Discussion study 2

Type D individuals in study two reported lower levels of self-confidence prior to completing

the rugby league circuit task. In addition, they performed poorer as indexed by less distance

completed and more mistakes made. This was associated with more frequent use of resigna-

tion/withdrawal coping. No differences in post-performance affect were observed.

Previous studies have indicated that Type D individuals report increased levels of stress and

show higher levels of stress reactivity in laboratory tasks [30, 31]. This is the first study to indi-

cate that Type D personality is also associated with decreased task performance. In addition,

poorer performance was associated with lower self-confidence prior to the task and increased

use of resignation/withdrawal coping after completion of the task. This is supported by find-

ings that Type D individuals have a tendency to search the environment for trouble [65] and

report lower levels of general self-efficacy [37]. The lower levels of self-efficacy in the study by

Wiencierz and Williams [37] were associated with significant less total exercise participation

and walking in Type D versus non Type D individuals. Our findings also support meta-

Table 4. Mean and standard deviations and statistical result for the dependent variables of study 2.

Non-Type D

(n = 22)

Type D

(n = 10)

CIs difference

M (SD) M (SD) t30 p Lower Upper

CSAI ns

Somatic Anxiety 17.73 5.82 20.71 6.43 ns

Cognitive Anxiety 17.45 5.42 20.40 4.97 ns

Self-Confidence 29.45 5.79 22.00 6.60 -3.07 .003 -12.2 -2.7

PANAS

Positive Affect 32.05 6.35 35.00 4.98 ns

Negative Affect 12.86 2.23 14.50 4.14 ns

BACQ

Approach 21.18 4.01 20.50 5.48 - ns

Avoidance 9.27 2.14 9.10 2.02 - ns

Resignation/withdrawal 5.41 2.13 7.80 2.34 2.85 .008 0.68 4.10

Performance

Distance (m) 372 19.9 320 25.7 -6.23 < .001 -69 -35

Targets missed 9.5 2.5 15.6 2.7 6.24 < .001 4.1 8.1
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analytic findings in sport [66] which have shown that self-confidence in particular (r = .24) has

an influence on performance whereas cognitive anxiety (r = -.10) has a minimal influence.

Few studies have examined the association between coping and objective measures of per-

formance. Our results suggest that the increased use of resignation/withdrawal coping by the

Type D participants is associated with poorer performance [3]. We deliberately used a shorter

coping questionnaire for this study to reduce demands on the participants. However, in line

with study one it appears that Type D is associated with the use of more maladaptive coping

strategies. More importantly, this is the first study to demonstrate that Type D personality neg-

atively influences actual performance in sport rather than self-rated performance satisfaction

[3].

No difference was found in post-performance affect between the Type D and non- Type D

participants. This finding provides partial support for the observation from study one in that

sport might provide an outlet for Type D individuals to regulate their emotions. This could be

partly due to the fact that exercising, albeit at moderate intensity, is associated with positive

affect [39]. An important limitation of the current study is the generalizability of the rugby

task to real sporting competitions. Although the task selected has many similarities to real

rugby competition behavior the environment in which it was conducted was very different.

The task however allowed for the quantification of completion time and error. Future research

could identify and examine behaviors which reflect this in real sporting competitions.

Overall discussion

This is the first study to examine the role of Type D personality, stress, coping, and perfor-

mance in the context of sport. There is ample evidence that Type D personality has a negative

impact on mortality and morbidity in CHD patients [26] and the general population [25]. The

present study indicates that Type D personality has consequences for dealing with stress dur-

ing competition and negatively affects performance in sport.

From a theoretical perspective, this study adds to our understanding of factors which influ-

ence the stress and coping process as well as athletic performance. The findings indicate that

Type D personality influences actual sport performance and that the use of coping strategies

that are maladaptive in the long run by Type D athletes may explain this finding.

In sport [67], health and medicine [68] individual or personalized approaches have been

advocated. Although Type D is characterized by high levels of NA and SI the psychosocial,

health and behavioral consequences are likely to vary across populations and settings. Based

on our findings interventions for Type D athletes could focus on mood modification and

enhancing interpersonal functioning [69]. With regard to mood modification it has been

shown that a mindfulness-based stress reduction training program reduced NA and SI in the

general population. Increased proficiency in mindfulness was found to be the main mecha-

nism for this reduction [70]. Also, research in the sport context [71] suggests that higher levels

of mindfulness are associated with reduced stress and improved coping effectiveness. Hence,

future investigation are recommended to test the usefulness of mindfulness practice among

Type D athletes. In addition, relaxation training (e.g., autogenic training, progressive muscle

relaxation, relaxation imagery) or psychosocial coping interventions might be beneficial to

Type D athletes. Psychosocial interventions could in particular target the appraisal process

(perceive a stressful event as a challenge rather than a threat) through cognitive restructuring,

development of emotion-focused skills to down regulate their emotional state (e.g., breathing),

developing their problem-focused coping repertoire (e.g., planning, increasing effort) whilst

reducing maladaptive avoidance coping strategies. Interpersonal functioning of Type D indi-

viduals could be improved through assertiveness training. This would allow Type D athletes to
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use more active and adaptive coping strategies in stressful encounters rather than using passive

maladaptive coping strategies.

Our studies are not without limitations. Study one had a cross-sectional design which can-

not support causal inferences. Also, athletes self-reported retrospectively on the stress experi-

enced and coping used to deal with a stressful event. This can result in bias and forgetfulness.

The sample used in study one was also heterogeneous in nature. In study two only males par-

ticipated, as such it is unclear whether findings can be generalized to females. In addition,

future research has to establish whether the task selected generalizes to behaviors in actual

sporting competitions.

In conclusion, our novel findings suggest that Type D personality is associated with the use

coping strategies which are considered to be maladaptive in the context of sport. In addition,

Type D personality is associated with poorer performance on a sporting task which was associ-

ated with lower levels of self-confidence and more use of resignation/withdrawal coping.
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Abstract

The main aim of this study was to investigate the acute effects of the use of a weighting set

(Powerinstep®) on measures of stroke velocity (StV), accuracy and change of direction

speed (CODS) in junior tennis players. A within-subjects design was used to evaluate sev-

enteen (6 female and 11 male) tennis players (mean ± SD; 16.5 ± 1.3 years old; 1.75 ± 8.4

m; 67.0 ± 8.1 kg; 22.04 ± 1.8 kg/m2) on StV of three specific tennis actions (serve, forehand

and backhand) and CODS for the following conditions: wearing a 50, 100, 150, 200 g weight

or no weight at all (baseline). No significant differences were found between conditions for

forehand (F = 0.412; p = 0.799), backhand (F = 0.269; p = 0.897) and serve (F = 0.541; p =

0.706) velocity and forehand (F = 1.688; p = 0.161), backhand (F = 0.567; p = 0.687) and

serve (F = 2.382; p = 0.059) accuracy and CODS (F = 0.416; p = 0.797). Small-to-moderate

effect sizes (ES) negatively affecting StV when using 200 g compared to the baseline (ES =

0.48, 0.35 and 0.45) could be observed. Moderate (ES = -0.49) and trivial (ES = -0.14 and

-0.16) ES for a higher accuracy score were noticed in serve, forehand and backhand 100 g

compared to the baseline. Moreover, small ES (ES = 0.41) for improvement in 200 g CODS

comparing to baseline conditions were found. These results indicate that the use of a

weighting set does not significantly affect StV or CODS respectively. Notwithstanding,

small-to-moderate changes show impact in accuracy and no variance in velocity production

when using 100 g alongside faster execution in CODS when using 200 g.

Introduction

The development of hitting or throwing velocity in overhead sports has often involved improv-

ing movement patterns, enhancement of conditioning or modifying implement such as rac-

quets or baseballs [1]. As speed, power and stroke velocity (StV) have become determinant

factors of tennis [2,3], it may become interesting to observe specific strategies to improve

velocity production that practitioners can use to manage and plan new training methods. Con-

cerning modification of implement, and focusing on tennis, customizing racquets in order to

alter their weight, balance point and swing weight is an extended practice performed by players
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and coaches [4]. This practice, in addition to other reasons, intends to use the transfer of

momentum created by the mass of the racquet to hit the ball faster. In this line, heavier rac-

quets will produce faster balls but consequently be swung slower than lighter versions [5]. Nev-

ertheless, current literature is scarce about the effects of these variations and also offers doubts

on how different customizing techniques (i.e., how the mass is distributed throughout the rac-

quet) may affect speed [1,4] or accuracy. Moreover, intervention programs have suggested that

the use of overweight implements or balls could be an effective way of improving throwing

velocity in overhead sports [6,7] including tennis [8]. Although in this case tendencies have

generally aimed to vary weight on the frame of the racquet, no investigations are available on

how StV may be affected by the use of extra loading on extremities, raising uncertainty on how

this may affect ball speed alongside kinetics and kinematics. Taking into account that the

International Tennis Federation (ITF) does not prohibit the use of materials that modify the

shape or physical properties of the racquet, the appearance of new equipment and training

techniques may offer other ways of modifying momentum and consequently StV without

modifying the racquet’s features, giving insight on new ways of affecting velocity production.

As a starting point, further knowledge on how StV and accuracy are affected when modifying

swing weight could be interesting for developing specific intervention programs that seek to

maximize the mechanical power output using light loads [9].

Added to this, around four changes of direction per point and as many as 1000 per

match are produced during tennis match-play and cover on average a distance of 8–15 m

per point [10,11], highlighting the importance of short distance sprinting, change of direc-

tion speed (CODS) and agility for competitive tennis players [3]. Following the aforemen-

tioned use of wearable resistance training systems in order to improve physical aspects in

predominantly upper body actions, literature shows some interesting performance adapta-

tions when using this kind of equipment. Aspects such as oxygen consumption or energy

cost are increased when running using certain external light loads on the lower limbs [12].

Furthermore, the use of wearable devices on the trunk and limbs may also affect sporting

aspects such as jumping and sprinting, decreasing or increasing performance [13,14]. The

use of light loads that can easily be attached and don’t interfere in the athlete’s movement

could enable higher execution velocities that performed in a sport-specific context may

further optimize training adaptations [15]. However, literature seems to be limited when

speaking of the effects of these wearables in over-the-ground sprinting or acyclic sporting

actions such as agility or CODS [13], which would more appropriately fit those actions

present in tennis match-play.

A mobile weighting set with the name of Powerinstep1, consisting of various weight

capsules (50, 100, 150, 200 g) and a wristband or plastic pieces to place them on the play-

er’s wrist or instep could be one of the aforementioned systems that practitioners may be

interested in using in order to develop velocity production on both, specific tennis strokes

and change of direction performance. Therefore, the purpose of this study was to investi-

gate the acute effects of the use of a weighting set (Powerinstep1) on the tennis player’s

wrist or shoe on measures of StV, accuracy and CODS in comparison with 5 different con-

ditions (i.e., wearing 50, 100, 150, 200 g weights or no weights at all) in young competitive

tennis players. It is hypothesized that the use of certain weights that increase the momen-

tum of the swing without altering speed (i.e., 100 g and 150 g) and that do not exceed a cer-

tain weight and interfere in velocity production (i.e., 200 g) will improve StV without

affecting accuracy. On the other hand, CODS will be negatively affected exponentially as

weight increases.
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Materials and methods

Subjects

Seventeen (6 female and 11 male) competitive tennis players (mean ± SD; age, 16.5 ± 1.3 years;

height, 1.75 ± 8.4 m; weight, 67.0 ± 8.1 kg; BMI 22.04 ± 1.8 kg/m2) with an International Ten-

nis Number (ITN) ranging from 2 to 4 participated in this study. Based on the repeated-mea-

sures design and an anticipated statistical power of 0.80 with an effect size 1.2, it was

determined that a minimal sample size of n = 15 subjects would be necessary (G-Power soft-

ware version 3.1.9.5, University of Dusseldorf, Dusseldorf, Germany). The player’s ITN was

established by the consensus of three coaches accredited with RPT (Registry of Tennis Profes-

sionals) level 3, following the ITN Description of Standards. Out of the seventeen players, just

one of them used a one-handed backhand style while the remaining subjects played two-

handed. Participants had a weekly volume of training of 25h/week-1, and were required to

have a minimum of 1 year of experience in tennis and strength training. Also, they should not

have experienced any pain in the trunk/upper body or other musculoskeletal discomfort in the

six previous months.

Ethics statement

All subjects were informed in advance about the characteristics of the study and, before their

participation, the participants and their legal tutors, in the case of being underage, voluntarily

signed an informed consent. The study was conducted following the ethical principles for bio-

medical research with human beings, established in the Declaration of Helsinki of the AMM

(2013) and approved by the Ethics Committee of the Catalan Sports Council (01/2019/

CEICEGC).

Experimental design

A randomized, repeated measures within study design were assessed to compare the acute

effects of wearing a set of weights (50, 100, 150, 200 g. Powerinstep1) with respect of not

wearing them on StV, accuracy and CODS in young competitive tennis players. All weight sets

were provided by Powerinstep1 and consisted of one weight attached to a wristband for StV

testing and two weights with instep plastic pieces for attachment to assess CODS (Fig 1). A

familiarization session was carried out to inform on how to place the weights to avoid discom-

fort and possible inconveniences. Conditions were randomly distributed to avoid the influence

of fatigue and test-learning effects. Subjects weren’t familiarized with in-step or wrist weights.

As dependent variables, StV (in km�h1), accuracy points and CODS (in seconds) were

recorded to compare between 4 different conditions (50, 100, 150, 200 g) and baseline condi-

tions (0 g). The comparison between these situations aimed to investigate the effects of using

light weight loads on StV, accuracy and CODS.

Measurements

The collection of data took place in March during a normal in-season training week in groups

of 4 players and on 2 separate testing sessions, performed in the morning and executed at least

48h apart. Participants hadn’t trained in the previous 24h to any of the testing sessions and

received all information regarding the risks and benefits of the study to obtain the informed

consent in advance. Players were allowed to consume water ad libitum. Isotonic, energetic and

caffeinated drinks were not allowed before or during the testing sessions. The first session con-

sisted of performing the CODS test while the second session was scheduled to obtain StV and

accuracy parameters.
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Maximum stroke velocity and accuracy. Data collection was executed on a tennis hard

court with stable wind conditions (< 2 m�s1) using new tennis balls (Head ATP Pro, Spain).

Before the test, subjects performed a standardized warm-up that included mobility exercises, 5

minutes of free rallies and 5 to 10 progressive serves. Each subject randomly executed 5 series

of 8 serves (4 on each side of the court) with 2 minutes of rest between sets for each one of the

analyzed conditions (i.e., wearing a 50, 100, 150, 200 g or no weight set on the dominant wrist

as shown in Fig 1). Following the serves, and after a 5-minute rest, participants performed 5

random series of 8 forehands and 8 backhands (crossed-court) without alternating strokes fol-

lowing each testing condition and following the same resting periods, as explained in Fig 2.

Participants wore one of the weight sets exclusively attached to the dominant extremity. Only

the serves that were in the serve box and the groundstrokes that landed in the singles court

were registered. Maximum StV was determined using a hand-held radar gun (Stalker ATS II,

USA, frequency: 34.7 GHz [Ka-Band] ± 50 MHz). The radar was positioned in the center of

the baseline, 2 m behind the line and at an approximate height of 2 m for the serves and behind

the player following the trajectory of the ball. Hitting as hard and precise as possible was indi-

cated and immediate feedback was provided to the subjects to encourage maximum effort. To

avoid variability performing groundstrokes, balls were fed by a ball-throwing machine (Pop-

Fig 1. Powerinstep1 wristband and in-step weight attachment.

Fig 2. StV and accuracy experimental design.
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Lob Airmatic 104, France) at a constant speed (68.6 ± 1.9 km�h-1). Also, accuracy of the strokes

was registered for further analysis using a similar approach to Pialoux et al., 2015 [16] as

explained in Fig 3. To assess serve accuracy, a ball that landed in the S1 area (1�1 m) accounted

for 5 points; S2 (2�2 m), 3 points and S3 (remaining area of the serve box), 1 point. To assess

groundstrokes, a ball that landed in the area FH1 or BH1 (2�2 m) accounted for 5 points; FH2

or BH2 (3�3 m), 3 points and FH3 or BH3 (rest of the tennis court besides doubles alleys), 1

point. All other ball placements resulted in zero points. Accuracy was defined by the sum of all

points, with a higher score corresponding to a higher accuracy. StV assessment measurements

showed good to excellent test-retest reliability (ICCs 0.73 to 0.96) with a coefficient of variation

(CV) ranging from 4.6 to 5.9%. Accuracy showed poor to moderate test-restest reliability

(ICCs <0.2 to 0.550), similar to previous investigations [17] but contrary to studies that found

good reliability in similar assessments [18].

CODS assessment. To assess the ability to perform a single change of direction (CODS),

the 505-agility test was performed on a tennis hard court [19]. Participants executed a stan-

dardized warm-up prior to the commencement of the test, consisting of a series of mobility

exercises, a 5-minute jog and 3 progressive sprints. The 505-agility test consisted of sprinting

from a standing position for 15 m (through the timing gates at 10 m) and executing a 180˚

change of direction on their preferred foot to further sprint through the timing gates [20].

Players assumed a preferred foot behind the starting position and started the test voluntarily.

Results were registered using timing gates (Chronojump1, Barcelona, Spain), as they offer

higher degrees of accuracy than stopwatch-recorded times [21]. All subjects executed the test

two times with each one of the analyzed conditions (i.e., wearing a 50, 100, 150, 200 g on both

feet (Fig 1) or no weight set in a randomized order. After every attempt, subjects were asked to

rest for 1 minute prior to performing again. All measurements demonstrated a good to excel-

lent test-retest reliability (ICCs 0.79 to 0.91) with CV ranging from 1.6 to 3.3%.

Statistical analyses

Descriptive data were expressed as mean ± standard deviation (SD). The normality of the dis-

tributions and homogeneity of variances were assessed with the Shapiro–Wilk and Levene

tests, respectively. The reliabilities of test measurements were assessed using intraclass correla-

tion coefficients (ICCs), all of agility, serve, forehand and backhand velocity measurements

reached an acceptable level of reliability (ICC > 0.73). The typical error of measurement

(TEM) was calculated for the intraindividual test–retest strokes (i.e., forehand, backhand and

service) and CODS variables and expressed as a mean CV. Differences between the StV and

accuracy and CODS 0 g (baseline) and the scores at 4 conditions (50, 100, 150 and 200 g) were

evaluated using a one-way analysis of variance (ANOVA) with repeated-measures with Bon-

ferroni-corrected post hoc analysis. Mean differences in absolute and percent values were also

used. The magnitude of the differences in mean was quantified as effect size (ES) and inter-

preted according to the criteria used by Cohen [22] (<0.2 = trivial, 0.2–0.5 = small, 0.5–

0.8 = moderate, >0.8 = large). Because forehand velocity 0 g and 150 g data were not normally

distributed, Friedman’s test was used to examine the differences between baseline and different

weights in forehand velocity. The level of significance was set at p� 0.05. All statistical analyses

were performed using SPSS 23.0 software (SPSS Inc., Chicago, IL, USA).

Results

No significant differences were found between conditions for forehand (F = 0.412; p = 0.799),

backhand (F = 0.269; p = 0.897) and serve (F = 0.541; p = 0.706) velocity and forehand
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(F = 1.688; p = 0.161), backhand (F = 0.567; p = 0.687) and serve (F = 2.382; p = 0.059) accu-

racy and CODS (F = 0.416; p = 0.797).

There were no significant decreases and small-to-moderate effect sizes of StV in serve, fore-

hand and backhand 200 g compared to the baseline (-4.5, -2.91 and -2.99%; ES = 0.48, 0.35

and 0.45) (Table 1). Moderate (23.04%; ES = -0.49) and trivial (6.06 and 7.33%; ES = -0.14 and

-0.16) effect sizes for higher accuracy were found in serve, forehand and backhand 100 g com-

pared to the baseline (Fig 4). A non-significant small effect size (-2.35%; ES = 0.41) for

improvement in 200 g CODS comparing to the baseline conditions was observed (Fig 5).

Fig 3. Tennis court layout for stroke velocity and accuracy assessment. S1, S2 and S3, the target areas for the serve; FH1, FH2 and FH3, the target areas for

forehand drives; BH1, BH2 and BH3, the target areas for backhand drives. The full arrows indicate the ball trajectories for the serve, the dotted arrows indicate

the ball trajectories for backhand drive, and the dash arrows the ball trajectories for forehand drive.

Table 1. Magnitude and percentage changes from baseline (0 g) in serve, forehand and backhand velocity and accuracy and change of direction speed (CODS)

between 4 conditions (50, 100, 150 and 200 g).

50 g 100 g 150 g 200g

ES % ES % ES % ES %

Serve

Velocity (km�h-1) 0.06 -0.61 0.08 -0.76 0.29 -0.31 0.48 -4.50

Accuracy (points) -0.08 4.30 -0.49 23.04 0.55 -29.58 0.11 -5.42

Forehand

Velocity (km�h-1) -0.06 0.52 0.06 -0.50 -0.01 0.10 0.35 -2.91

Accuracy (points) 0.48 -23.40 -0.14 6.06 0.25 -10.94 0.53 -21.47

Backhand

Velocity (km�h-1) -0.05 0.36 0.13 -0.96 0.02 -0.14 0.45 -2.99

Accuracy (points) 0.00 0.00 -0.16 7.33 -0.01 0.44 0.31 -12.09

CODS

Time (s) 0.13 -0.60 0.13 -0.64 0.11 -0.48 0.41 -2.35

ES, Cohen’s effect size; CODS, change of direction speed.
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Discussion

The main findings of this investigation were that the use of external light loads on upper and

lower extremities do not seem to have significant effects on StV or CODS in junior tennis play-

ers. However, certain negative small-to-moderate changes were observed regarding StV when

using heavier loads (200 g) and a higher accuracy without affecting velocity when using mod-

erate loads (100 g). Regarding the use of weights on lower limbs, similar changes indicated that

the use of heavier loads (200 g) could affect CODS in a positive way. Although no significant

Fig 4. Comparisons of serve (A), forehand (B) and backhand (C) velocity and accuracy between 4 conditions (50, 100, 150 and 200 g). �Significant change

from 150 g at p� 0.05.
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increases in performance were observed by using a weighting set, no variables were diminished

either.

More specifically, the lack of significant positive results regarding higher StV when using

certain weights matches findings in other similar studies [1,4]. While literature has mainly

focused on the acute effects of serve speed when adding weight to the racquet rather than the

extremity as in this study, results did not find significant increases in velocity either. Even

though a higher momentum caused by a heavier extremity could result in greater StV, the

need of maintaining an optimal speed of the swing is necessary to benefit from this principle.

As suggested by other authors, an increment in weight might cause deceleration in key deter-

minant contributors to velocity production as internal rotation speed of the arm in the case of

the serve [1,4,23]. Moreover, heavier loads placed on the extremity instead of the implement

could reduce the speed of the racquet head due to a decreased linear and angular speed of the

wrist, which is an important contributor to velocity production [23]. Precisely this issue may

be the causative of no increases in speed in any of the weights used in this investigation and

the greater loss of velocity that seems to happen when using 200 g weights (Fig 4). Interest-

ingly, and focusing on groundstrokes, similar changes towards a decrease in StV occurred in

players with a 2-handed backhand and the single subject that performed a 1-handed backhand

with the weight and wrist band on his dominant extremity (2.99 and 1.12%; ES = 0.45 and

ES = 0.49 respectively). Differences in both types of strokes rely on aspects such as a greater

trunk rotation in the 2-handed backhand and a more rotated shoulder complex when playing

with one hand [24]. In any case, as literature points out, players with either technique are able

to produce similar horizontal racquet speed relying on a higher linear velocity in the 1-handed

Fig 5. Comparisons of change of direction speed (CODS) between 5 conditions (0, 50, 100, 150 and 200 g).
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fashion or angular velocity in the 2-handed style [24]. The fact that two strokes that build

speed around different kinematic aspects but obtain similar results when performing with

extra light loading as in this study, may reinforce the idea that certain weights affect key factors

that influence the players ability to provide speed to the stroke. Added to this, investigations

have found important kinematic and physical differences between elite and competitive play-

ers, concluding that those of a greater level rely on certain variables to produce speed. Aspects

such as a more efficient use of elastic energy in leg extensors [2] or horizontal shoulder and

racquet velocities [25], among others, contribute to enhancing StV, highlighting the impor-

tance of specific strength and kinematic parameters. As stated previously, the use of weights

on the player’s extremity may affect some of the mentioned key factors. Moreover, only players

of a certain age and level may be able to maintain arm and racquet swing speed invariable and

benefit from a higher momentum at impact on both, groundstrokes and serves. As a limitation

of this study and aspects further investigations could focus on, the analysis of kinematic differ-

ences between the use of different weights and maturity/age status differences of the players

could be registered to offer a further approach to the results obtained. Regarding the differ-

ences observed in the use of moderate weights (100 g), results seem to indicate slight changes

towards an increased accuracy with unaffected velocity. It may appear that this could be a suit-

able load to observe positive longitudinal effects on StV or accuracy. Unlike non-significant

immediate results observed in investigations that focused on acute effects [1,4], longitudinal

studies that proposed the use of extra light loading around the implement or mobile offered

positive increases in other overhead sports [6,7] besides tennis [8]. As literature suggests, the

use of these kinds of strength training programs seem to be a good way of enhancing velocity

production [26], benefiting from the principle of overload. On the other hand, this approach

could compromise other factors such as kinematics and kinetics of the sporting action or

injury rates [7]. Following suggestions presented by other authors, these interventions could

be a way of improving velocity production after achieving a certain strength level in previous

programs to, after, transfer these gains into specific tennis actions such as the serve and

groundstrokes [4]. Concerning accuracy, as results seem to show small-to-moderate differ-

ences for greater scores with velocity unaffected, the use of this approach to training may offer

players and coaches some beneficial technical outcomes regarding skill acquisition based on

variability during the training of the stroke itself, following modern coaching practices [27]. In

any case, to our knowledge, this is the first study to examine the acute effects of increasing

weight on extremities) on StV or accuracy, manifesting the need of further investigations to

expose such statements. As a limitation, and regarding accuracy reliability, the test was proba-

bly limited by asking subjects to hit the ball at maximum speed, causing greater variability in

accuracy and consequently decreasing it. This issue has previously been observed in tennis

[17] and is frequent when testing accuracy.

Regarding the use of light weights on lower limbs, no studies, to our knowledge, have

attempted to investigate the effects on agility aspects or, more specifically, on CODS. Linear

sprinting has received attention from literature both on treadmill and over-the-ground condi-

tions [13,28], showing no changes in running or sprinting technique but decreases in perfor-

mance (maximum sprint running), especially in the acceleration phase due to a reduction in

stride frequency [29]. Contrary to results noticed when analyzing StV, the differences observed

in this study showed a small decrease in time when using the heavier load (200 g), unlike the

mentioned researches. These contrary results could be due to the differences in the weight

used in previous investigations. The loads presented ranged from 1–5% of bodyweight in the

mentioned studies whereas the higher load in this investigation (i.e., 200 g) accounted for

around 0.335% of bodyweight. Loads of a certain magnitude may interpose stride frequency

and consequently sprinting velocity. Although little literature is available on this matter,
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presumably we will find differences when analyzing linear sprinting and change of direction

or agility parameters such as the present here. In fact, some authors have analyzed kinematic

factors affecting CODS and found better performances in those groups that had an increased

stride frequency [30]. The use of wearable weights may cause greater stride rate triggered by

the enhanced gravitational forces [31] and consequently result beneficial for agility-based tasks

as the 505-agility test analyzed in this study. At any rate, further studies should focus on inves-

tigating longitudinally the effects of in-step weights on change of direction and agility and

examine how loads may affect essential kinematic aspects such as stride length or frequency

that are key determinants of CODS [13] performance before being able to state this.

In conclusion, the use of a weighting set on both wrists and in-steps does not significantly

affect StV or CODS respectively. Although differences are not observed, the use of these light

weights do not affect negatively velocity production or accuracy scores in junior tennis players

either. Taking into account that further investigation is needed, small-to-moderate differences

show an interesting improvement in accuracy and no variance in velocity production when

using some of the weights tested (i.e., 100 g), suggesting that the use of this kind of apparel as a

training tool could result in some way useful. This study also shows certain small changes for

an increased performance in CODS when using 200 g in-step weights, suggesting that gear of

these characteristics may affect change of direction or agility aspects to some extent. In any

case, further investigations on the effects of the use of weighting sets on StV and CODS would

be of great interest.

Practical applications

Taking into account that using certain external light loads on the upper limbs in the form of a

weight set does not seem to affect negatively velocity production or accuracy scores in young

competitive tennis players, the use of this kind of apparel as a training tool could result in

improvements on StV in the mid-long term, as suggested in similar literature [8]. Most likely,

it would be preferable that strength training preceded wearable weight interventions, being

this type of protocols more adequate for in-season programs where the goal is to transfer

strength gains into specific tennis actions. Furthermore, programs should be applied with cau-

tion and not be maintained during long periods of training or competition since some studies

suggest compromised kinematics and kinetics of the sporting action or increases in injury

rates when analyzing light-weight interventions [7]. Moreover, variability of practice may be

induced by the use of this piece of equipment and offer coaches and players new insights in

emergent methods of training [27]. Regarding the use of in-step weights and their effects on

CODS, further studies are needed to examine how loads may affect essential kinematic aspects

such as stride length or frequency that are key determinants of CODS performance.
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Abstract

Scientific production has increased exponentially in recent years. It is necessary to find

methodological strategies for understanding holistic or macro views of the major research

trends developed in specific fields. Data mining is a useful technique to address this task. In

particular, our study presents a global analysis of the information generated during last

decades in the Sport Sciences Category (SSC) included in the Web of Science database.

An analysis of the frequency of appearance and the dynamics of the Author Keywords

(AKs) has been made for the last thirty years. Likewise, the network of co-occurrences

established between words and the survival time of new words that have appeared since

2001 has also been analysed. One of the main findings of our research is the identification

of six large thematic clusters in the SSC. There are also two major terms that coexist

(’REHABILITATION’ and ’EXERCISE’) and show a high frequency of appearance, as well

as a key behaviour in the calculated co-occurrence networks. Another significant finding is

that AKs are mostly accepted in the SSC since there has been high percentage of new

terms during 2001–2006, although they have a low survival period. These results support a

multidisciplinary perspective within the Sport Sciences field of study and a colonization of

the field by rehabilitation according to our AK analysis.

Introduction

Sport Sciences is a field of study that embraces knowledge produced by research around those

social practices such as sport, physical activity, play, game and exercise which is developed

from different epistemological and methodological research perspectives. In order to under-

stand the nature of this field, the present paper undertakes a grand overview by analyzing the

articles published within the research journals that circulate through Web of Science (WOS),

one of the main international data bases. This task is particularly difficult since the scientific

production in this and other fields has grown exponentially over the years [1–3], and this is

closely linked to the growth of scientific journals. These journals increase in diversity and spe-

cialization and multiply the number of articles per year. This inordinate growth has evolved
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with the advent of the digital age, which has facilitated the reduction of publishing costs associ-

ated with the old paper-based system. Researchers have also seen how the amount of informa-

tion contained in an article has spread with the appearance of supplementary materials. In

short, this boost in scientific information is causing researchers to have great problems in

knowing the state of the art of a particular topic of study.

Paradoxically, this augment of information is not always an advantage for research groups,

since much of the findings are diluted in the large number of bytes that are published [4]. For

this reason, research teams are including specialists in the recovery, classification and analysis

of information, which improves the efficiency of the scientific documentation search [5]. How-

ever, despite the fact that information retrieval systems have become more sophisticated over

the last few years, the analysis of scientific literature still requires crafting processes that involve

expert reading and interpretation.

Researchers write reviews, systematic reviews, meta-analyses or letters to the editor in order

to make the main findings accessible in a given field [6]. These works have been gathered in

specialized products in the form of journals or databases (e.g., Cochrane Library). The most

successful authors concisely summarize the knowledge they have acquired in their laboratories

or the interpretation of the results of the best published articles. With enormous effort and

remarkable cognitive abilities, researchers use their experience in this type of article to high-

light the strengths and weaknesses in a particular subject of study. It seems that the ability of

the human brain to include or discard relevant information is one of the most effective ways to

address this type of task [7]. Undoubtedly, this huge effort to successfully manage the informa-

tion overload deserves the production of papers that usually receive more citations and aca-

demic recognition.

However, the highly specialized nature of these review works should be balanced with other

works of a more general focus in a certain field of study [8]. Science is increasingly universal

and interdisciplinary [9], and yet the specialized literature suffers from the lack of an overview.

Cross-sectional knowledge of what is being done in a field might feed the imagination of future

researchers, thus leading them to pose hypotheses that could break the barriers imposed by

super-specialized knowledge. These grand overviews are even more necessary in fields, such as

Sports Sciences, which gathers biological, social and humanities-based studies accompanied by

other works of inter and cross-disciplinary character. Therefore, the challenge relies on how

we address the analysis of an entire field of study with hundreds of thousands published

works.

The increase in data and academic documents has boosted data-mining and text-mining

disciplines to manage the huge amount of data. Both disciplines automatically look for pat-

terns that underlie the large masses of information. Although data-mining is a promising alter-

native, intellectual property protection and the lack of open source data are, to date, two

obstacles that seem insurmountable in the short term. Nonetheless, text-mining presents some

interesting advantages since what the authors write in their articles is usually expressed in nat-

ural language, and most of their information is available in open access (e.g., titles, abstracts,

keywords, etc.) [10].

Text-mining refers to the process of extracting useful and non-trivial knowledge from dif-

ferent textual databases using various techniques that are automatically applied to digital envi-

ronments [11]. Although the text-mining term mainly refers to the analysis of an unstructured

text, many of its techniques (e.g. link analysis, reduction dimensionality or clusterization) are

also used for structured texts. These techniques are mainly used to analyse content published

on the Internet [12–14], although they are also used on scientific documents published in

repositories or databases. Bibliometrics, as a discipline that studies the behaviour of scientific
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publications, also applies these analyses to full texts or parts of the text, such as the title,

abstract or keywords [15–17].

Among the different sections stored from a document in scientific databases, Author Key-

words (AKs) play a prominent role. The investigations around the AKs are numerous and

developed from different approaches, although most of them use the counting terms and co-

occurrence networks as the main tools [18–24]. Only a few papers over the years have focused

their research interests on the dynamics of keywords [25–27]. Several studies also analysed

AKs in the whole field of Sport Sciences [28,29] through the subject matter contained in the

documents. However, to the best of our knowledge, no work to date has conducted a global

analysis of the issues addressed in the Sport Sciences field.

Against this backdrop, the purpose of this study is threefold. First, to detect the most rele-

vant AKs of the Web of Science (WOS) Sport Sciences Category (SSC) as a representation of

the field of study that bears the same name. Second, to discover the dynamics of these words

over the years and how these AKs are related to each other, thus giving rise to major research

topics. Third, to quantify the most innovative words and how they survive throughout the sub-

sequent years.

Materials and methods

The authors voluntarily choose AKs, thus performing a succinct exercise of representing the

whole text of a document [30]. According to Jones and Jackson, "Keywords are a list of words

or phrases that are provided by the author and signify the meaning or main ideas presented in

the paper" [31].

AKs have advantages when compared to other sections that are stored in databases (e.g.,

title, abstract). For instance, their volume of information is easier to manage in storing and ana-

lysing than other sections. In fact, AKs consume few bytes of information because there are no

connectors between words, which consequently facilitates their storage and handling through

computer systems. Obviously, other similar sections like the title, abstract or even the full text

contain more information, but the analysis of hundreds of thousands of works supposes a very

large volume of text that requires very exclusive computer systems that are accessible to few

researchers. The AKs sections do not contain irrelevant information, and everything is ‘edible’.

In this sense, AKs do not allow for the manipulation of information by the researchers, thus cre-

ating an unbiased position compared with the management of sections with more words. Since

there is no possibility of selecting or transforming words, AKs allow to accomplish the positivist

science postulate that the observer should not influence the phenomenon under study.

Author keywords selection

AKs selection criteria include belonging to SSC journals and the Science Citation Index (SCI)

in which AKs were published. Eighty-one journals were indexed in this category in 2016. All

the AKs published in journals of the SSC were the universe of our study.

The SSC ranks 86 out of 234 categories based on the number of journals published. The

median Impact Factor of this category is 1.681, which ranks it as the 104th out of 234 catego-

ries. Fig 1 shows the WOS categories from which Sport Sciences documents are retrieved. As

can be observed, the three categories with the highest representation beyond the specific SSC

are (in this order) Physiology, Orthopaedics and Rehabilitation.

The Journal Citation Reports from WOS was used as the tool for searching the journals and

the AKs. The ISSNs of each of the journals included in the SSC were downloaded and com-

bined into a single equation. The file used for searching is included in Supplementary Material

(S1 File).
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The equation was introduced 2017-09-19 in the WOS Core Collection database and it was

established the publications before 2017 as the time limit. Only articles, reviews and letters

were considered for this analysis. There was no restriction to the language because English is

compulsory for title, abstract and keywords. The aforementioned search yielded 168,299 docu-

ments. The records were downloaded in batches of 500 documents in plain text format with

the following fields: i. Author keywords, ii. Year Published, iii. Subject Category, iv. Publica-

tion Name, v. ISSN, vi. Times Cited and vii. Unique Article Identifier. The downloaded files

were stored on a hard drive for further analysis.

To obtain and store the AKs in a single document, the software bibexcel (version 2011-02-

03, Olle Persson, Umeå University, Umeå, SWE) was used. Since there was no declared AK

field in many journals or it was recently declared, the resulting file contained fewer references

than the original search. The final document was stored in plain text, and the fields associated

with each keyword were separated through a tabulator.

Author keywords description and co-occurrence analysis

The retrieved AKs were described through frequency tables. The number of times that AKs

appeared and their dynamics throughout the period were studied. Those keywords with high

frequency appear in the results section, and all of them can be observed in S1 Table. The clean-

ing process of the 100 most frequent words was done manually, mainly unifying the terms that

were in singular and plural and acronyms. For instance, SPORT and SPORTS or ELECTRO-

MYOGRAPHY and EMG.

A citation analysis of the articles in which the AKs had been published was also carried out.

With the total number of appointments, the following parameters were calculated: i. Number

Fig 1. WOS categories from which documents were retrieved.
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of citations per article that contained the AK, ii. Percentage of articles that contained the AK

that had never been cited, iii. Number of citations obtained by the most cited article that con-

tained the AK, and iv. Hirsch index [32]. Additionally, the three most frequent words that

appeared in the journals belonging to the Sport Sciences category were calculated.

A co-occurrence analysis was also performed with the AKs in order to show the number of

times that two words appeared simultaneously in a published article. This relationship is estab-

lished with greater or lesser strength depending on the repetition of this pair of words in a pub-

lished paper. The co-occurrences of AKs form a graph in which the nodes are the AKs and the

edges are the co-occurrence relationships between them. As in any graph, the importance of

the nodes can be measured through different parameters of centrality.

We used the bibexcel software to create the AKs’ co-occurrence network, and only the co-

occurrences that appeared at least two times or more were taken into account. Pajek software

(version 5.01, Batagelj and Mrvar, University of Ljubljana, Ljubljana, Slovenia) was used to

visualize and perform the centrality calculations of the network. To facilitate the visual inter-

pretation, several reductions of the original network were made, such as eliminating those

edges that had smaller values. The following centrality parameters were calculated: i. All

Degree, ii. All Proximity Prestige, iii. Betweenness centrality and iv. Average Distance from All

Domain. These are usual parameters to describe the importance each node has within the net-

work. A more detailed description of the equations used for its calculation can be found in pre-

viously published works [18,33,34]. In order to locate the nodes in a two-dimensional space a

Kamada-Kawai algorithm was used [35]. Once nodes were located, small manual changes

were developed to improve the visibility of labels.

The clusters originated from the most important co-occurrence relationships in the last net-

work were also calculated. We used VOSviewer software (version 1.6.4, Nees Jan van Eck and

Ludo Waltman, Leiden University, Leiden and Erasmus University, Rotterdam, Netherlands)

to establish the clusters, especially the equation that produces the density maps and calculates

the resulting clusters [36–38]. This software uses a new mapping technique called VOS, which

stands for visualization of similarities. In a simplified way, the equation proposed by the

authors calculates the forces of repulsion and attraction of the different nodes as a function of

the distance and the strength that joins them. Finally, the number of clusters depends on the

resolution that is applied. In our case, this parameter took the value of γ = 1.

An analysis of the clusters dynamic through time was performed using a heat map, in a sim-

ilar way as it has been done with AKs frequencies. In this analysis the results were expressed as

parts per unit regarding to the highest count of a specific AK within a cluster during a year

(highest value = 1).

New author keywords search from 2001–2006

We choose a six-year period (2001–2006) as a first step to locate new AKs, since there were no pre-

vious studies that use this type of methodology. This period is in between of many previous years

and sufficient subsequent years with AKs to conduct the analysis of new words with guarantees.

In order to locate the new words and to track their frequencies of appearance during the 10

subsequent years, custom-written software routines were established (MATLAB R2013a, Math-

Works Inc., Natick, MA, USA). Any word variation from previous ones was considered as a

‘new’ word and included those that were written with some orthographic or typographical mis-

takes. However, the ‘mistaken’ words will likely disappear over the years, thus becoming anom-

alies without impacts. If anomalies still survive, then it would be a case of new use accepted by

the scientific community, and consequently, it would have an impact on the scientific writings.
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We only made two exceptions to this rule: i) differences between uppercase and lowercase were

not considered, and ii) Hyphens were removed. For instance, Meta-analysis!Meta analysis.

As a necessary step prior to the analysis, the records were divided into three periods based on

the years in which the AKs were published: 1) the historical period [1889–2001], 2) the onset

period [2001–2006], and c) the survival period [10 subsequent years 2002–2011, 2003–2012 (. . .)

2007–2016]. Once the periods were established, a retrospective search was started with the words

published in the period of appearance looking back into the historical period. Those words that

had never been published in the historical period were selected as new words in the SSC.

Later, a search was made in the survival period with the new words selected. The search was

conducted year after year, thus resulting in a vector of 10 columns for each word in which 1

indicated the appearance of the term and 0 indicated no appearance. In addition, the number

of times the word appeared every year was counted. Frequency tables were calculated for the

entire generated file.

New author keywords analysis during the survival period

With the new words detected, a first analysis was carried out. It consisted of calculating the

probability that each new word had to survive or disappear. An analysis of the survival through

Kaplan-Meier curves was then proposed. This type of analysis estimates the time that passes

until a certain event occurs. This analysis can be used beyond the estimation time until death

since the survival analysis can be applied to all those events that occur over time and have been

previously defined. In fact, this type of analysis has been applied to a large number of fields of

study, such as medicine, economics, production engineering and social sciences [39].

Before conducting this analysis, it is necessary to establish three fundamental aspects: the

time of observation, the moment in which the event of interest occurs and when a subject is

censored. In our analysis, the research subjects are the AKs, and they were followed up over

the survival period. That is, we are going to test over 10 years if these words appear in an article

published in the SSC.

Regarding the definition of the event, it is necessary to consider that a word can appear and

disappear discontinuously over a period of 10 years. Therefore, it could be argued that the data is

interval-censored [40]. However, we think that as long as there are subsequent records in which

the word appears, a particular AK is alive as researchers use it while preparing their articles. As a

general criterion, it was established that a word ‘died’ in the following year of its last appearance

in which there were records. When this circumstance occurred, this year was indicated as the

moment in which the event occurred and then the analysis stopped for this word [39].

The last step in our analysis was to establish which words were censored. In our work, only

those words that appeared throughout the observation period were considered censored

(right-censoring).

Once the data matrix was prepared, the analysis was performed using the SPSS 20 software

(IBM, Armonk, USA). We calculated the Kaplan-Meier curves for the total set of new words,

the average survival times, and the 95% confidence intervals.

Results

Descriptive statistics

In all, 111,606 documents that contained AKs were obtained from a total of 168,299 records.

The first AK of the SSC appeared in 1983. As expected, the amount of AKs has been growing

over the years due to the increase in scientific production and the popularization of AKs usage

in the field for indexing papers. AKs usage was not generalized until 1991, as can be observed

in Fig 2. A total quantity of 504,479 AKs were recorded between 1983 and 2016. This amount
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is reduced to 101,824 AKs when duplicate words are discarded. Although there is an average

of four AKs per article, 27 AKs were observed in a particular paper [41].

Twenty-six words appeared more than 1000 times over the tested years (Table 1). The most

repeated word was ’REHABILITATION’ followed by ’EXERCISE’. Both terms represent

approximately 1.5% of the total. Words with a lower frequency of appearance can be found in

S1 Table. Regarding the evolution of these words over the years analysed, Fig 3 shows how

’EXERCISE’ was the most used AK until 1999, and ’REHABILITATION’ became the predomi-

nant AK in the following years.

The AKs had an average number of 19 characters in length. Particularly, 0.4% of the AKs

had a greater length than 50 characters, and only 5 AKs had a length of 1 character.

Regarding citations received by articles which contain the main AKs, Table 2 shows how

the words ‘AGING’ and ‘PHYSICAL ACTIVITY’ were more efficient. On the contrary,

‘SPORT’ and ‘ATHLETES’ were the less efficient words.

It can be observed in Table 3 the AKs most used within the journals with top ten impact fac-

tor in 2016 in SCC.

Author keyword co-occurrence and clusters

A co-occurrence network was built with a total of 504,479 AKs. Only those words that at least

appeared accompanied by others a minimum of 2 times were considered for elaborating the

Fig 2. Frequency of AK appearance in sport sciences category throughout the 1983–2016 period. The arrow indicates that 1991 was when AK

usage began to be generalized.

Advances in Sport and Exercise Medicine 

178

https://doi.org/10.1371/journal.pone.0201435.g002
https://doi.org/10.1371/journal.pone.0201435


co-occurrence matrix. The resulting network had 101,757 nodes and 729,800 edges. To visually

represent it with a manageable number of words (nodes), several reductions were made. The

process of reducing the general network is graphically represented in Fig 4.

Fig 4A shows the first reduction (threshold� 5). It is a network with 3994 nodes and a total

of 15037 edges. The average degree of the network is 7.52. The largest distance between nodes

was 10 jumps between the words ’BREATH HOLD’ and ’SENSORIMOTOR SYNCHRONI-

ZATION’. In Fig 4B the edges with values less than 25 (threshold� 25) have been eliminated

and a network with 469 nodes was presented. Finally, a more drastic reduction is presented in

Fig 4C. In this graph, only those edges with values above 50 co-occurrences (threshold� 50)

appear. It is then possible to visualize a network with 185 nodes and 302 lines. This network

visually facilitates its interpretation, but the number of nodes is still very large. Therefore, a

network only with co-occurrences greater than 100 was used for centrality calculations and

cluster extraction. All networks centrality parameters can be observed in S2 Table.

Table 4 shows the centrality values of the 20 most prestigious AKs within the network. The

AK that reached the greatest number of co-occurrences was ’REHABILITATION’, with it con-

currently being the word with the highest degree and betweenness. This AK was also the one

that had the lowest average distance (1.44 jumps) from the other AKs. The remaining values

for the set of nodes can be observed in S2 Table.

Table 1. Author keywords that appeared more than 1000 times during the 1983–2016 period in the sport sciences

category.

Author Keyword Counts

REHABILITATION 7647

EXERCISE 5975

ELECTROMYOGRAPHY 3136

BIOMECHANICS 2961

PHYSICAL ACTIVITY 2510

KNEE 2273

ANTERIOR CRUCIATE LIGAMENT 2199

GAIT 1996

FATIGUE 1700

AGING 1671

PERFORMANCE 1622

KINEMATICS 1610

SPORT 1519

SHOULDER 1394

OXYGEN CONSUMPTION 1353

STROKE 1316

ATHLETES 1313

STRENGTH 1253

SPINAL CORD INJURIES 1235

HEART RATE 1223

TRAINING 1214

INJURY 1186

MAGNETIC RESONANCE IMAGING 1180

CHILDREN 1119

SOCCER 1050

RUNNING 1007
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In a second level of analysis, we grouped the AKs into clusters in order to indicate which

topics are the most common in the SSC. The clusters are represented with different colours in

Fig 5. In our analysis, there are 6 major themes that are related to each other.

The most central cluster of all is commanded by the word ’REHABILITATION’ and

appears in red. Several medical terms about musculoskeletal and nervous system pathology

share a space in this cluster with different physiotherapy techniques.

The cluster commanded by the word ’EXERCISE’ appears in yellow, and it exerts absolute con-

trol over other terms. It is a cluster in which training and physiology have an important position.

In pink and blue are two clusters close to each other. The first refers to the ’BIOMECHAN-

ICS’ and the second to postural control. In between biomechanics and postural control, a clus-

ter whose main theme is traumatology is coloured in garnet.

A sixth cluster is formed by the words ’PHYSICAL ACTIVITY’ and is related to different

moments of the life cycle.

It can be seen in Fig 6 the dynamics of each cluster along the years. The ‘EXERCISE AND

TRAINING’ cluster ‘was the predominant at the end of the past century, given this place to

‘REHABILITACION’ later on.

New author keywords appeared in the period 2001–2006 and survival in the

following years

During the years from 2001–2006, a total of 21,662 new AKs were published, which corre-

sponds to 42.31% of the total AKs published in this period. Among the new ones that appeared

Fig 3. Changes in the frequency of the 10 most frequent AKs over the years from 1991–2016. No AKs before 1991 appear in the figure because the total frequencies

are under 30 AKs. A total of 31 AKs among the top frequent ten were identified during the analysed years. The size of the lines is proportional to the count of the

number of times they appear in a given year. In the first year (1991), the total frequency was 363 AKs, and in the last year the total frequency of the 10 most used words

was 3294 AKs.

Advances in Sport and Exercise Medicine 

180

https://doi.org/10.1371/journal.pone.0201435.g003
https://doi.org/10.1371/journal.pone.0201435


Table 2. Citation parameters for articles which contain the most popular AKs in the sport sciences category.

Author Keyword citations /

artı́cle

% artı́cles without

citations

h-index Maximum number of citation of an

article

Unique Article Identifier�

AGING 31.55 5.45 101 1111 WOS:000227665400002

PHYSICAL ACTIVITY 29.01 9.04 115 2417 WOS:A1993KG53700011

EXERCISE 27.56 8 146 3185 WOS:000089257400009

CHILDREN 25.79 7.77 75 805 WOS:000207606400001

GAIT 25.72 5.91 96 979 WOS:000177649600002

ANTERIOR CRUCIATE LIGAMENT 24.96 6.91 89 362 WOS:000169666000011

STROKE 24.47 4.94 80 567 WOS:000231077900028

FATIGUE 24.32 6.88 86 455 WOS:A1996VA58600029

REHABILITATION 24.06 5.57 133 921 WOS:000170275000007

OXYGEN CONSUMPTION 23.66 6.95 75 1185 WOS:000292773000025

STRENGTH 23.56 8.06 79 589 WOS:000185850300013

MAGNETIC RESONANCE

IMAGING

23.31 5.34 64 703 WOS:000088230400011

INJURY 22.89 9.19 74 369 WOS:000072475800012

RUNNING 22.75 9.04 71 649 WOS:000084834900012

SPINAL CORD INJURIES 22.66 3.97 60 517 WOS:A1992HX73900002

HEART RATE 21.95 9.4 72 565 WOS:000167227800019

ELECTROMYOGRAPHY 21.83 7.08 87 603 WOS:000178034600020

KINEMATICS 21.5 8.7 83 369 WOS:000072475800012

BIOMECHANICS 21.18 6.35 98 555 WOS:A1992JX14100009

SOCCER 21.11 12.76 72 446 WOS:000230141300007

KNEE 20.94 7.22 92 362 WOS:000169666000011

TRAINING 20.57 8.98 70 423 WOS:A1995RV19200001

PERFORMANCE 18.91 8.2 76 431 WOS:000263752200026

SHOULDER 18.39 8.32 70 335 WOS:000083353800002

SPORT 15.41 15.14 66 391 WOS:A1997XJ67700017

ATHLETES 14.42 14.85 58 289 WOS:000230326800005

Data are ordered according to the number of citations by article which contains the AK. h-index = Hirsch index.

� Indicates the WOS identifier of the most cited paper (for searching purposes, include this identifier in the Advanced Search tag field UT).

Table 3. Most used author keywords within the top ten journals of the sport sciences category.

Journal� AK 1 AK 2 AK 3

Exercise Immunology Review EXERCISE INFLAMMATION CYTOKINES

British Journal of Sports Medicine EXERCISE INJURY PREVENTION EPIDEMIOLOGY

American Journal of Sports Medicine KNEE ANTERIOR CRUCIATE LIGAMENT SHOULDER

Exercise and Sport Sciences Reviews EXERCISE AGING SKELETAL MUSCLE

Medicine and Science in Sports and Exercise EXERCISE PHYSICAL ACTIVITY AGING

Journal of Science and Medicine in Sport PHYSICAL ACTIVITY EXERCISE CHILDREN

Journal of Applied Physiology EXERCISE SKELETAL MUSCLE HYPOXIA

Scandinavian Journal of Medicine & Science in Sports EXERCISE PHYSICAL ACTIVITY SOCCER

Archives of Physical Medicine and Rehabilitation REHABILITATION SPINAL CORD INJURIES STROKE

Knee Surgery Sports Traumatology Arthroscopy KNEE ANTERIOR CRUCIATE LIGAMENT TOTAL KNEE ARTHROPLASTY

�Sports Medicine is not included in the table because this journal does not accept AKs. AK1, AK2, AK3 the three more frequent words in each journal, ordered from

major to minor.
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in this period, those that had greater success during the following years were ’POSTURAL

BALANCE’, ’DOUBLE BUNDLE’, ’PERFORMANCE ANALYSIS’ and ’COMBAT SPORTS’,

which had total frequencies above 100 (Table 5). The word that had a stronger debut was

’PHYSICAL THERAPY TECHNIQUES’, which was used for the first time 11 times in 2003.

Only 61 journals accepted new AKs during the 2001–2006 period out of the total number of

journals in the SSC. The Journal of Applied Physiology, Medicine and Science in Sports and

Exercise and Aviation Space and Environmental Medicine were the ones that published a

greater number of new AKs among all the analysed ones.

Fig 7 shows the survival curves of AKs over the 10 years after their appearance. It can be

observed that during the first year, more than half of the words disappeared and were not used

again until the end of the analysed period. Since then, a soft fall is observed that is accentuated

slightly towards the end. Only 9.4% of the words arrived at the end of the period without any

event being observed. Moreover, only 2027 words were used during the ten years after its

appearance. The average time (95% CI) of survival for the series was 2.93 (2.88 to 2.98) years.

Discussion

This is the first article in performing an empirical global analysis of the Sport Sciences

research, by using AKs from articles contained in WOS, to identify major research trends in

Fig 4. Author keyword networks co-occurrence. (A) shows the network of co-occurrences with 3994 nodes

(threshold� 5). (B) shows the reduction of the network (threshold�25) with a total of 469 nodes. (C) shows 185 nodes

with the highest co-occurrence values (threshold�50).

Table 4. Centrality parameters of author keywords co-occurrence network.

Author Keyword All Degree All Proximity Prestige Betweenness centrality Average Distance from All Domain

REHABILITATION 39 0.616 0.662 1.446

EXERCISE 15 0.459 0.283 1.938

BIOMECHANICS 8 0.416 0.027 2.138

AGING 3 0.416 0.024 2.138

MUSCLE 3 0.416 0.005 2.138

KNEE 9 0.405 0.089 2.200

GAIT 10 0.402 0.044 2.215

ELECTROMYOGRAPHY 7 0.394 0.042 2.262

ANTERIOR CRUCIATE LIGAMENT 4 0.391 0.024 2.277

SHOULDER 5 0.388 0.058 2.292

OSTEOARTHRITIS 2 0.381 0.000 2.338

BALANCE 3 0.378 0.001 2.354

STROKE 2 0.376 0.000 2.369

WALKING 2 0.376 0.000 2.369

CEREBRAL PALSY 2 0.376 0.000 2.369

POSTURE 2 0.369 0.000 2.415

SPINAL CORD INJURIES 1 0.366 0.000 2.431

BRAIN INJURIES 1 0.366 0.000 2.431

OUTCOME ASSESSMENT (HEALTH CARE) 1 0.366 0.000 2.431

QUALITY OF LIFE 1 0.366 0.000 2.431

The table shows the 20 words with the highest Proximity Prestige value. The parameters have been calculated over a network with 74 nodes (threshold�100)
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Fig 5. Main research topics in the sport sciences category according to the co-occurrence of author keywords. 6 large clusters appear with different colours as

follows: Red = Rehabilitation, Yellow = Exercise and training, Pink = Biomechanics, Garnet = traumatology, Blue = Gait and balance, and White = Physical activity. The

size of the nodes indicates co-occurrence between related terms, and a larger size means a greater co-occurrence.

Fig 6. Heat map on the AKs dynamic contained in each cluster. Data were expressed as parts per unit regarding to the highest count of a specific

AK within a cluster during a year (highest value = 1).
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this field of study. Previously, only partial and regional analyses had been developed, [28,29,

42] but global analyses are necessary for understanding holistically this complex field.

A particular surprising result is the emergence of ’REHABILITATION’ as the most frequent

AK in the SSC. It is paradoxical that the most common term in this subject category is the one

that gives name to another subject category precisely called Rehabilitation. According to WOS,

the SSC would encompass the following topics:

“Sport Sciences covers resources on the applied physiology of human performance, physical

conditioning for sports participation, optimal nutrition for sports performance, and the

prevention and treatment of sports-related injuries and diseases. This category also includes

resources on sport psychology and sociology”.

Fig 7. Kaplan–Meier curves of the ten years following of a new AK.
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These topics make it possible that rehabilitation has a place in this category as part of the

treatment of injuries produced during sport practice. However, such a large number of words

in SSC requires a more detailed reflection.

Since journals may be assigned to more than one WOS category, 13% of our analysed docu-

ments have been published in journals that belong to Rehabilitation and SSC. This percentage

is not enough to explain the predominant position of Rehabilitation AK. Since the second cate-

gory of WOS that shares the most number of documents related to Sports Sciences is Physiol-

ogy, it was more likely that any word related to this category would have obtained the first

positions. Moreover, in one of the few studies analysing the AKs that appeared in one of the

most important congresses on sports sciences held in Europe [29], the authors observed a rela-

tively low weight of rehabilitation compared to physiology (2% vs 22%, respectively). This dis-

sonance between our results and those described in the cited study may be due to the

European College of Sport Science congress organization and its journal that consciously con-

trols the main themes under which authors present their communications. However, the WOS

category is made up of different journals, which have different editors that make decisions in

competition with other journals, and consequently, their management is characterized by the

decentralization of decisions. Although our data does not allow us to infer why rehabilitation

has been imposed in SSC, it seems that journals editors themselves have prioritized the con-

tents related to the secondary prevention of sports injuries.

The second most frequent AK is ’EXERCISE’, a key term that undoubtedly is a fundamental

part of the SSC. In essence, the word expresses the orderly development of physical activity for

the purpose of maintaining or improving physical fitness [43]. Although this word is usually

associated with training (as will be seen later in this discussion), its use permeates much of

what is published in the area [28]. However, the absence of some terms that should theoreti-

cally emerge among the most cited in the SSC is astonishing. For instance, the term ’SPORT’ is

not among the most repeated words, as would be expected since it names the category. How-

ever, the term could be obliterated because the authors may assume it is not necessary to

explicitly indicate the word of the category in their publications. Despite this explanation, it is

still surprising that among the most cited words there is only one sport, ’SOCCER’.

The academic sport disinterest shown by our results has already been previously proven by

Stone et al. in 2004 [44]. According to these authors, sport as a subject matter is being dis-

placed by others more focused on biomedical aspects related to the practice of exercise. They

argue for the methodological difficulties (i.e., internal validity vs. external validity), little train-

ing of the coaches who are consumers of the final product, deficient training of university stu-

dents about the sport and scarce employability of sport scientists. Although our results do not

allow us to know why researchers choose a certain subject of study, we think that the system of

academic rewards are influencing the decision-making of researchers about their topics of

study. This idea is reinforced by the statistics obtained regarding the citation parameters,

where the word ‘SPORT’ gets the worst results.

Researchers who publish in journals with a high impact factor are more likely to obtain rele-

vant positions within academic institutions and more funding for their projects [45,46].

Researchers choose topics that are of interest to the journals with the greatest impact, and they

are inclined towards topics that are more likely to be cited, thus entering a vicious circle from

which it is difficult to leave. The journals are also part of this ‘game’ and are not exempt from

pressure. Since prestige is associated with journal citations, it is possible that the best placed

journals tend not to accept breakthrough ideas because they increase the quotations with

mainstream themes that allow them to preserve their prestige. It is possible that, since the bio-

medical sciences have a long research tradition and well-structured methods, the topics associ-

ated with the word ’SPORT’ may not be too attractive for journals. However, our experimental
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data does not allow us to conclude in this direction. We believe that future work should

address this problem by looking at other factors or co-variables that explain the phenomenon.

Regarding the dynamics of the AKs, the last 20 years are characterized by showing few

changes with respect to the analysis of the total frequency. It indicates that the SSC is quite sta-

ble over time. Both words, ’REHABILITATION’ and ’EXERCISE’, have a hegemonic position

since AKs were introduced in the normalization of SSC journals. There are no themes that

appear and then disappear. Perhaps the only exceptions to this rule are the ’AGING’,

’STROKE’ and ’TOTAL KNEE ARTHROPLASTIA’ AKs that during the years 2012–2014

show a slight increase in their frequency of appearance. These words are directly or indirectly

associated with the ageing process. Therefore, their appearance among the most cited words in

the last decade may be strengthened, due to the growing concern with the progressive ageing

of the population in developed countries.

An analysis of AKs alone does not offer an accurate view of what occurs in a field of study,

since AKs only express a part of the articles content and are usually used as a claim for readers.

Therefore, a more complex analysis focused on the connections among words (such as their

co-occurrence) may enrich the view of the field. In fact, our analysis of co-occurrences among

AKs has yielded interesting results. When authors match two terms in a single article, they are

indicating the use of different topics to solve a particular problem. In our co-occurrence net-

works, it can be seen that the words ’REHABILITATION’, ’EXERCISE’ and ’BIOMECHAN-

ICS’ are the ones that obtain the highest values in the centrality parameters that were analysed.

It is especially revealing that the betweenness value obtained reflects the mediating role that

’KNEE’ plays as a gateway for traumatology in our graph. Beyond the individual values that

each AK obtains, the co-occurrence analysis ultimate aim is to obtain clusters that trace the

predominant themes.

The clusters obtained in the results show that the rehabilitation and biomechanics AKs

(two names of recognized disciplines) come together with physiology and traumatology within

the SSC. It is an amalgam of multiple AKs that are fundamentally related with biomedical dis-

ciplines, while words from other social and human sciences are absent. If the SSC is intended

to represent the Sport Sciences field of study in the WOS, it should expand the articles from

the social and human sciences. The editors of the journals and WOS managers should assume

this task, since the editors are members of the Sport Sciences community with responsibilities

within the field of study [47,48], and the WOS managers are accountable for a balanced selec-

tion of journals from the field of study as a whole.

However, authors of the scientific community make the decision to write the AKs in their

articles, and thus they are also responsible for the disciplinary and thematic mixtures reflected

in the clusters. These clusters reflect a field of study that has not achieved an international con-

sensus to define itself as a scientific discipline with a clear subject matter, as various authors

have noted [49–51]. Since Henry [52] opened up this issue in the mid-1960s, various disciplin-

ary proposals [53–55] and several contributions around its subject matter [56–59] have been

made. These proposals have been unevenly followed, and a multidisciplinary perspective

seems to have been imposed. The interdisciplinary and cross-disciplinary proposals that

involve a greater integration of knowledge from biomedical, human and social disciplines

present conceptual and practical problems that make them difficult to materialize [49,55,60–

62].

Our analysis of AKs supports this multidisciplinary perspective that the Sport Sciences field

of study has experienced since the middle of the last century. As Henry stated [63] more than

fifty years ago, this field still displays a few common interests, key issues and conceptual sys-

tems, and it is not characterized by a single body of knowledge. The Sports Sciences field has

been developed as an amalgam of isolated sub-disciplines that are derived from the mother
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ones and seek rapid academic respectability [64]. Therefore, there are few or no connections

among sub-disciplines to build common aspects from all of them. This is indicated by the

empirical analysis of the AKs conducted in this work and which is closer to the reflections of

authors that refer to chaos [50], fragmentation and over-specialization [49,65] or the lack of

integration [63] in this field of knowledge, despite some recent integrative advances [66,67]. In

addition, AK analysis reflects a lack of agreement, even in the subject matter that revolves

around historically consolidated concepts in the field of study, since terms such as sport, game,

body and movement are missing in our analysis. However, the situation of colonization is

even worse when there is a predominance of ’REHABILITATION’ over other concepts, thus

endangering the identity of the field of study by dissolving and absorbing the key concepts of

another field of close study that has attracted the scientific interest of our community of

researchers. Only ’EXERCISE’ and ’PHYSICAL ACTIVITY’ have a presence in the cluster

analysis. This makes us think that, in addition to epistemological, methodological and concep-

tual problems, there are practical problems linked to prestige, recognition, employability and

ultimately personal survival within academia and science in general.

Finally, the survival analysis of AKs during the years 2002–2007 allows us to establish the

quantity of new terms that appear in the category and the average survival time that they have

in the following years. In particular, the analysis shows that 40% of new terms are basically

small variations of terms already known. Only two of them stand out for their great acceptance

in the subsequent years, ’POSTURAL BALANCE’ and ’DOUBLE BUNDLE’. Although there

are no similar studies with which we can compare our data, it seems that the area has a good

attitude towards the new words. However, they have scarce relevance since more than half of

the AKs fail to pass the first year. According to our survival analysis, the average lifetime for a

new word is 3 years. Only 9% of the words were used throughout the survival period. The

works of Santos and Irizo [68,69] employ a model of analysis closer to ours, using the citations

received by the articles. Obviously, the behaviour of citations and keywords does not have to

be similar; however, we have found some similarities. Although the results section has simpli-

fied the analyses carried out to improve reading fluency, like Santos and Irizo we have tested

our empirical model with different theoretical models. As with their findings, the distribution

that best fits here is the Weibull distribution (k = 0.69, SE = 0.01, where k is the shape parame-

ter), which indicates that the failure rate decreases over time. In other words, despite the sharp

decline of the first year, data indicate that after a while, words begin to gain strength in the

SSC.

The main limitations of our work are related to the methodology used. In our research, we

choose AKs as an indicator of the contents that appear in the articles, but authors may not

properly select them. Moreover, AKs from the SSC present some inaccuracies in the way that

they are written, since some of them show an excessive extension. However, the impact of

these singularities on our results is diluted since we have analysed the entire universe of AKs

that have appeared within the WOS category. Works that choose smaller samples will have to

take this limitation into account.

A second limitation refers to the period of AK analysis of 40 years and not since the begin-

ning of the SSC. The studies whose objectives include the historical evolution of concepts

should necessarily opt for the use of other fields of search in the database. The third is about

the survival analysis that is restricted to the appearance of AKs in the SSC, although the words

could appear in a different WOS category or other parts of the paper (title, abstract or main

text).

Finally, the way in which the results are shown in this article (ordered by their frequency of

appearance) may highlight the most common topics but not the most important ones. To save

space, the tables and figures of our article only contain those terms that reached a high number
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of repetitions and excluded those terms that are more residual or less frequent from a quantita-

tive point of view. This method limits our results, probably because the front of the SSC knowl-

edge is made of AKs with low or medium frequency. For this reason, we choose to increase the

information of this paper and make it available to the scientific community in the supplemen-

tary materials for future interpretations and analyses. Despite the effort made by the research

team to maintain a neutral tone in the discourse of this article, our own background as

researchers may have influenced the way of ordering and discussing the results. This is espe-

cially relevant in the case of a global analysis such as the one presented in this paper. Future

studies should discuss our results from the point of view of researchers from other disciplines

or people who, because of their professional work (e.g., journal editors), have a global but dif-

ferent view of the Sport Sciences field of study.

Conclusions

One of the main findings of our research is the identification of 6 large thematic clusters in the

SSC. There are also two major terms that coexist (’REHABILITATION’ and ’EXERCISE’) and

show high frequencies of appearance, as well as a key behaviour in the calculated co-occur-

rence networks. Another significant finding is that new AKs are mostly accepted in the SSC

since a high percentage of new terms during 2001–2006 were observed, although with a low

survival period. These results support a multidisciplinary perspective within the Sport Sciences

field of study and a colonization of the field by rehabilitation according to our AK analysis.

This global view of the SSC has been possible through the methodology used, which includes

data mining methods for the analysis of a large amount of data. Of special interest is the sur-

vival analysis developed because it represents a new methodology in the AKs analysis. This

type of analysis opens new possibilities in different areas of research to study trends and intro-

duction of new words, not only in the academic world but also in the information and com-

munication professional contexts.
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Abstract

Ageing is associated with declines in cognitive functions and physical fitness (PF). Physical

exercise training and physical activity (PA) have been shown to have positive effects on cog-

nitive functions and brain plasticity. This study aims to establish a practical equation for eval-

uating cognitive functions using PF parameters in healthy older adults. One-hundred and

two older subjects were physically and clinically evaluated. Participants performed the Short

Physical Performance Battery (SPPB) and handgrip test (HG); general cognitive functions

were examined using the Mini Mental State Examination (MMSE). For all of them, a multiple

regression analysis was used to predict MMSE from age, SPPB and HG variables. The new

equation was cross validated to determine its prediction accuracy. Considering that SPPB

and MMSE reference score are not different between genders, only one equation was

developed for females and males. Age, SPPB and HG correlated significantly (p<0.01) with

the MMSE score. The developed equation was MMSE = 19.479 + (1.548 x SPPB)–(0.130 x

age) (R2 = 0.72 and root mean square errors of 3.6). The results of PF are useful for exercise

specialists to achieve the best physical exercise training and PA in older adults. In conclu-

sion, this study showed for the first time that our new equation can be used to predict sub-

jects’ cognitive functions based on SPPB results and subject age. We suggest its use when

patients’ cognitive functions or more appropriate clinical tests cannot be pursued.

Introduction

Between 2015 and 2050, the number of people over 60 will almost double from 12% to 22%

[1]. As a result, the population structure will be changing in developed countries, with fewer

children and more elderly people. Because of this change, the pace of population aging around

the world is also increasing [1]. A longer life might bring new opportunities or disabilities

depending on whether people can experience these additional years of life in a healthy or non-

healthy condition. Indeed, if these added years are dominated by declines in physical and
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mental capacity the prevalence of many chronic conditions is expected to increase. Healthy

ageing is defined as the process of developing and maintaining the functional ability that

enables well-being in old age [1]. With increased longevity it is very important to prevent the

age-related impairment of cognitive functions such as mild cognitive impairment (MCI) and

dementia. Dementia, the end stage of brain diseases and Alzheimer disease (AD), is the most

common one, while MCI is a heterogeneous state between normal ageing and early dementia.

There are different methods to assess subjects’ cognition state, however, the most common

one, employed in 80% of studies, is the Mini-Mental State Examination (MMSE) or its modi-

fied version [2]. A healthy lifestyle, including correct diet, abstinence from cigarette smoking

and regular physical activity (PA) has a pivot role for healthy aging. Through the manuscript

we use the term “physical activity” to indicate any bodily movements, “exercise” to indicate a

subset of physical activity characterized by a planned and purposeful training, and “physical

fitness” (PF) to indicate a set of attributes that are health related [3]. Many studies support the

idea that PA might be considered as non-invasive therapy for physical and mental health

improvements [4–6]. For instance, Blair et al. (1989) showed that high level of PF appears to

delay all-cause mortality decreasing the rates of cardiovascular diseases and cancer [7]. It has

been recognized that healthy lifestyle might counteract physical and cognitive decline in sub-

jects affected by illness or impairment. PA has been recognized as the stronger factor to coun-

teract the development of AD [8]. PA might maintain or improve cognitive functions in

ageing and reduce the risk of AD in subjects older than 35 years old [9]. Moreover, physical

active behaviors and PE might produce benefit in executive functions, and memory counter-

acting cognitive aging [10,11]. However, to reach these positive health effects, volume, inten-

sity, frequency, and the type of exercise should be planned to achieve the best clinical results.

When, these exercise parameters are not planned correctly, it could be possible that exercise

might induce health complications or the training goals will not be achieved. Recent data sug-

gest that functional mobility impairment in cognitive dual task is correlated to cognitive

decline in patients with AD [12]. Dual-task actions require simultaneous motor and cognitive

tasks and they are frequently used during daily living activity. Scientific research has been

focused on the effects of dual-task training in older adults with [13] and without [14,15] mild-

to moderate dementia and with Parkinson’s disease [16] showing an enhanced cognitive and

physical functions after training. Moreover, Vaccaro et al. (2019) showed that dancing practice

might increase fitness performance, memory functions and anxiety in older adults [17]. As

previously reported, a decline in physical functions has been associated with cognitive decline

[18]. Indeed, slow gait speed and weaker grip strength are strongly associated with worse cog-

nitive performance [18]. Given that the evaluation of subjects’ physical functions is usually a

non-invasive and well tolerated procedure, it could be useful to consider it as an additional

marker for the assessment of MCI to validated expensive instrumental tests, i.e. positron emis-

sion tomography and functional magnetic resonance imaging. Moreover, whether it could be

possible to estimate the global cognitive functions from physical fitness tests, sport science spe-

cialist could optimize the training program (e.g. choosing the most appropriate type of exer-

cise) in order to counteract the subjects’ cognitive decline, using as example a dual-task

training program. Therefore, the aim of this study was to establish a practical equation for eval-

uating cognitive functions using PF parameters in healthy older adults.

Materials and methods

Participants

One hundred and two older adults (65 females; 37 males) (age = 74.3±6.7 years, BMI = 28.3

±4.0 kg/m2) were recruited in this study from patients admitted to Geriatric Evaluation Unit
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for Cognitive Disorders—Azienda Sanitaria Provinciale Catanzaro and Endocrinology Unit—

Department of Experimental and Clinical Medicine, University Magna Graecia, Catanzaro.

Inclusion criteria consisted of older age (> 65 years). The exclusion criteria were: physical

impairment, severe psycho-cognitive diseases (major depressive disorder or psychosis), any

neuropathy or autonomic dysfunction, significant renal or liver disease, uncontrolled cardio-

vascular disease, i.e., myocardial infarction/myocardial ischemia or ventricular tachycardia/

obstructive valvular heart disease during the previous 6 months, uncontrolled hypertension

(blood pressure values exceeding 140 mm Hg systolic or 90 mm Hg diastolic), uncontrolled

hyperglycaemia, thyroid disease including autoimmunity, or any treatment with thyroid hor-

mone preparations or amiodarone, methimazole or propylthiouracil in the prior 3 months. All

participants underwent clinical examination to exclude any contraindications to PA and were

recruited according to their willingness to participate to the study protocol and signature of

informed consent. Moreover, independent samples of forty-five subjects (26 females; 19

males) (age = 78.4±6.4 years, BMI = 28.1±4.7 kg/m2) were selected for cross-validation analy-

sis. These subjects were recruited using the same inclusion/exclusion criteria and from the

same Centers. All tests were performed in the morning from 9:00 AM to 2:00 PM and MMSE

was assessed with face-to-face interview by a trained physician. After that, subjects performed

the Short Physical Performance Battery and Handgrip test in order to evaluate subjects’ physi-

cal fitness. Each participant provided a written informed consent before entering the study.

This study was conducted according to the Declaration of Helsinki and was approved by the

Ethical Committee of the Magna Graecia University, (approval number 149, 2017) as an

amendment to baseline screening evaluation included in Eudract protocol n. 2016-005198-11.

General cognitive functions, anthropometric and physical fitness

assessment

Subjects’ general cognitive impairment were assessed by using the standardized neuropsycho-

logical Mini Mental State Examination (MMSE) test [19]. Height (to nearest 0.01 cm) and

weight (to nearest 0.1 kg) were measured using a stadiometer with weighting station. Body

mass index (BMI) was calculated dividing body weight in kilograms by height in meters

squared (kg/m2). After a familiarization session, subjects performed the Short Physical Perfor-

mance Battery (SPPB) [20] and Hangrip test (HG) [21]. The individual score of SPPB was

derived from three functional tests that evaluate balance (Bal), lower body strength (CST) and

gait speed (GS). The procedure is described in detail elsewhere [20]. Grip strength was mea-

sured using a JAMAR handheld dynamometer (BK-7498, Fred Sammons, Inc.) with partici-

pants seated, with their elbow by their side and flexed to right angles. The participants’ hand

grip strength data were evaluated as left or right according to the dominant hand (the hand

used in performing heavy tasks or using heavy tools). Subjects performed three trials and the

average of the three attempts was used for data analysis. To minimize the effects of fatigue 45

seconds of recovery time was allowed between each trial.

Statistical analysis

The Kolmogorov-Smirnov test was used to ensure normally distributed data. All data are pre-

sented as mean values ± standard deviation (SD). Differences between males and females were

evaluated with an unpaired t-test. Correlation analysis was used to explore the relationships

between MMSE and the physical fitness variables. Stepwise regression analysis was performed

to identify which combination of significantly related variables would best predict MMSE

measured by the interview. The coefficient of determination (R2) and the SEE were estimated.

The criterion for inclusion (addition and retention) of predictors was the highest R2 model
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and the lowest SEE. Statistical significance was assumed at the conventional level of p� 0.05.

In the current study, cross-validation of predicted equations was performed by using the root

mean squared error (RMSE) methods [22] to an independent sample. RMSE is a measure of

the performance of prediction equation when applied to an independent sample. It is calcu-

lated as the square root of the sum of squared differences between the observed and the pre-

dicted values divided by the number of subjects in the cross-validation sample. All statistical

analyses were performed with the SPSS statistical package (Version 24.0 for Windows; SPSS

Inc., Chicago, IL, USA).

Results

This section was divided by subheadings to provide a concise and precise description of the

experimental results, their interpretation as well as the experimental conclusions that can be

drawn.

Cognitive functions, anthropometric and physical fitness results

Subjects’ cognitive functions, anthropometric characteristics and physical fitness results are

shown in Table 1. As expected, height, weight, and HG were significantly higher (P< 0.01) in

male than in female subjects. No differences were observed for age, body mass index (BMI),

SPPB and MMSE variables between males and females (Table 1).

Stepwise and multiple regression analyses between MMSE and independent

variables

Considering that SPPB and MMSE reference score are not different between genders, we

decided to develop only one equation for both female and male subjects. MMSE showed signif-

icant (p<0.001) negative correlation with age (R = -0.532) (Fig 1a) and significant (p<0.001)

positive correlation with SPPB (R = 0.841) (Fig 1b) and HG (R = 0.558) (Fig 1c).

The results of the stepwise multiple regressions showed that age, and SPPB data can give

the best predictive model (R = 0.85, R2 = 0.72) as shown in Table 2.

Table 1. Subjects’ anthropometrics characteristics, physical fitness and cognitive functions results. Data are presented as mean ± SD.

Parameters Female (N = 65) Male (N = 37) Pooled (N = 102) P value

Age (years) 73.4 ± 6.9 75.7 ± 6.1 74.3 ± 6.7 P = 0.10

Height (m) 1.52 ± 0.08 1.66 ± 0.07�� 1.57 ± 0.09 P<0.01

Weight (kg) 66.5 ± 11.5 76.5 ± 11.1�� 68.9 ± 12.7 P<0.01

BMI (kg/m) 28.6 ± 4.4 27.7 ± 3.2 28.3 ± 4.0 P = 0.27

CST (score) 2.9 ± 1.5 3.2 ± 1.1 3.0 ± 1.4 P = 0.28

GS (score) 2.8 ± 1.1 3.2 ± 1.0 3.0 ± 1.1 P = 0.10

Balance (score) 3.5 ± 0.9 3.5 ± 0.8 3.5 ± 0.9 P = 0.86

SPPB (score) 9.2 ± 3.1 9.9 ± 2.5 9.4 ± 2.9 P = 0.24

HG (score) 19.5 ± 6.8 26.4 ± 9.3�� 22.0 ± 8.4 P<0.01

MMSE (score) 24.1 ± 6.4 25.1 ± 4.6 24.5 ± 5.8 P = 0.44

BMI = body mass index; CST = lower body strength; GS = gait speed; SPPB = Short Physical Performance Battery; HG = handgrip test; MMSE = Mini Mental State

Examination;

�� Statistically significant vs female (P < 0.01)
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Fig 1. Correlation between Mini Mental State Examination (MMSE) score and age (a), Short Physical

Performance Battery (SPPB) score (b) and Handgrip (HG) (c) in one hundred and two older adults (age range: 65

to 92 years).

Table 2. Stepwise regression analysis results.

Title 1 Coefficient SE R SEE P

Constant 19.479 4.812

SPPB 1.548 0.127

Age -0.130 0.055

Total model 0.850 3.1 <0.01

1 SPPB = Short Physical Performance Battery
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From the result of multiple regression analysis, the prediction equations to estimate MMSE

is:

MMSE ¼ 19:479þ ð1:548� SPPBÞ � ð0:130� ageÞ

For cross-validation analysis, prediction equations were used on forty-five subjects

(age = 78.4 ± 6.4 years, SPPB = 9.0 ± 2.9 score. Subjects’ MMSE was 24.2 ± 5.6 score and pre-

dicted mean MMSE was 23.3 ± 4.9 score. The MMSE values for the RMSE were 3.0 score,

therefore, RMSE was 13% of the range of target property value.

Discussion

In this study we evaluated the correlation between PF parameters and MMSE score to establish

a simple and practical equation that may help to predict cognitive functions in older adults.

The results showed for the first time that, age and SPPB could be used as predictive variables of

MMSE in older adults of both genders. It is worthy to mention that the subjects enrolled in

our study were physically healthy, without any severe physical acute problem and severe psy-

chological diseases that could negatively influence the results of PF tests. Moreover, we should

point out the attention to the claim of our study that was not to establish a new method for

MCI diagnosis; rather, we aimed to estimate subjects’ cognitive functions to prescribe the best

PE protocols in older adults. In fact, more appropriate and validated methods are available for

the evaluation of subjects’ cognitive functions, i.e. positron emission tomography and func-

tional magnetic resonance imaging. With the increasing of population aging, it is important to

apply any tool that could lead to a healthy aging such as be involved in PE practice. However,

different PE parameters such as intensity, frequency and the type of exercise might influence

the training effects. Therefore, the use of our practical equation might give to the sport science

specialist more details in order to choose the most appropriate type of physical exercise (e.g.

dual task exercise instead of strength exercise). Physical inactivity is associated with increased

risk of cardiovascular and metabolic diseases that in turn are associated with increased risk of

dementia [23]. Increased level of PA and PF result in a 20% lower mortality rate [24]. More-

over, Hu and colleagues (2004) showed that physically inactive middle-aged women have a

52% increase of all cause of mortality when compared with physically active subjects [25]. Kor-

pelainen and co-workers (2016) reported that exercise capacity is the strongest predictor of

cardiovascular diseases and all-causes of mortality in both genders especially for cardiovascular

deaths in women [26]. Moreover, Myers et al. (2002) showed that each one metabolic equiva-

lent (1 MET = 3.5 ml/kg/min) increase in exercise capacity conferred a 12% survival improve-

ment in men [27]. Lower extremity muscle efficiency is also important in delaying the onset of

disability since it correlates with gait and balance [28]. Falls are one of the causes of morbidity

and mortality in older adults and gait and balance are also strongly associated with the risk of

falls [28]. Once again, it has been shown that PE might prevent falls in community-dwelling

older people [28]. However, PA and exercise do not have only positive effects on physical

health but also on psychological well-being and cognitive functions, decreasing symptoms of

anxiety and depression [5,29]. Indeed, it has well known that PA and PE may have a positive

effect on cognition in multiple sclerosis [30], depression [31], stress disorders [32], and Parkin-

son’s disease [33]. The PE-related improvement in cognitive functions and psychological state

seem to be associated with an increased expression of brain-derived neurotrophic factor

(BDNF), glial cell-derived neurotrophic factor (GDNF) in some brain areas and insulin growth

factor-1 (IGF-1) [34; 4]. BDNF is a growth factor expressed in the brain and throughout the

rest of the central nervous system [35] and enhances the survival and differentiation of neu-

rons, even dendritic arborization and synaptic plasticity [36]. Moreover, like BDNF, IGF-1
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plays a fundamental role in many exercise-induced adaptations in the brain. The positive

effects of PA on psychological state is also due to the increase of β-endorphin in peripheral

blood resulted after exercise and it depends on the exercise intensity performed [37].

Low level of PF is linked to low cognitive performance and this relation could be explained

by changes in the neurotrophic factors in the brain. Scientific literature showed that decreased

physical performance is associated with poor cognitive functions [38]. Veronese and col-

leagues (2016) showed that slow walking speed precedes the onset of poor cognitive functions

and that poor SPPB score is significantly associated with the onset of cognitive impairment in

both genders. Moreover, chair standing time predicts the onset of cognitive impairment in

females [38]. The authors [38], elucidated that one reason of the relation between gait speed

and cognitive impairment should be that gait speed is closely associated with an impaired bal-

ance and fear of falling which has been associated with grey matter volume loss. Our results

are in agreement with those reported by Veronese and co-workers; indeed, muscle strength

and SPPB are positively correlated to MMSE showing that muscle strength and PF are corre-

lated to subjects’ cognitive functions. However, to reach these positive health and physiological

effects, volume, intensity, frequency and the type of exercise should be planned to achieve the

best clinical results.

Scientific evidence showed that both endurance and resistance training may lead to positive

results on subjects’ physical health by decreasing the risk of fall and by increasing the cardio-

vascular capacity and cognitive functions in older people [13,28,39]. Indeed, it is known that

resistance-exercise training improves cognitive functions in healthy older adults [40] and that

the types of PA might influence differently the structural and functional brain [41]. Recently,

the number of studies on the effects of physical-cognitive dual task training on cognitive func-

tions has increased [14,42]. Dual-task exercise requires a multitasking ability since subjects

must simultaneously perform two tasks (physical and cognitive). For instance, subjects might

walk while processing a cognitive task (e.g. counting backwards) simultaneously. As previously

reported by Falbo and colleagues (2016) the addition of dual-task exercise to physical training

enhance gait performance in general, suggesting to include dual-task exercise into physical

training. To date, no equation allowing estimation of MMSE from SPPB and age in older

adults has been published. The possibility to estimate the subjects’ cognitive level in older

adults might lead the physical exerciser specialists to choose the best training protocol to reach

the greatest clinical positive effects. Our regression model might be useful and suitable to all

professionals that work in interdisciplinary teams to realize and optimize PE intervention. Our

results have shown that SPPB was the highest predictor of MMSE whit a correlation coefficient

equal to 0.841. The second predictor was people age with a correlation coefficient of 0.532. As

expected, PF (SPPB) and age variables are strongly correlated with MMSE. In fact, a high level

of PF resulted in a positive while age in a negative relationship with MMSE, respectively. A

lower SPPB score and higher age will result in a low MMSE, on the contrary, higher SPPB

score and younger age will result in a high MMSE score. The standard error of our predicted

equation was 3.1. As described by Alexander and co-workers (2015) [22], the coefficient of

determination (R2), the value of the root mean squared error (RMSE), and the use of an inde-

pendent test set are recommended to characterize the external predictively of the model. In

detail, values of R2 > 0,6 and MRSE < 10% are suggested [22]. In our equation, R2 value was

0.72 and RMSE value from the cross-validation results was 13% of the range of target property

values. Although the well-known and more invasive (positron emission tomography) and

expensive test (functional magnetic resonance imaging) remain the gold standard method for

the assessment of cognitive impairments, this study suggests a valid alternative and an easier

method to estimate MMSE when these methods are not available.
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Nevertheless, when using this equation researchers and exercise professionals should be

cautious to exclude older adult with physical and psychological diseases that might influence

the SPPB results. We are aware of some important study limitations. For instance, different

physical tests including other variables may be used for future studies to establish a new equa-

tion to estimate MMSE with RMSE lower than 10%. In addition, in our study the evaluation of

subjects’ cognitive level was not supported with diagnostic imaging tests. Moreover, our cohort

was made up of physical healthy subjects without severe psychological disease that could influ-

ence the PF tests and that could be able to attend an exercise training program. For all these

reasons, future studies may implement the current equation with new parameters and different

healthy subjects’ variables to achieve the highest correlation.

Conclusions

This is the first study aimed to establish a practical reference equation to estimate the MMSE

in healthy older adults. SPPB and age might be used to predict MMSE in both genders. This

practical reference equation may a valid and alternative method to evaluate the cognitive func-

tions in elderly when gold standard methods are not applicable or available in clinical practice

and it could be useful to the sport science specialist in order to choose the most appropriate

type of exercise training.

Finally, this design suggests several clinical research perspectives. In the next studies it will

be interesting to evaluate if there are different levels of oxidative stress [43] capable of interfer-

ing on the validation of this equation and contextually evaluate the correlation with the quality

of sexual activity [44], as well as compare aerobic exercise patterns vs other types of exercise.
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Abstract

Background

Although performance-enhancing drugs appear to be prevalent in adolescent sports, rela-

tively little attention has been paid to why adolescent athletes decide to use these drugs. In

this study, we examine doping among adolescents from a motivational perspective and

explore how motivational variables, such as achievement goal orientations and the per-

ceived self-determination of sports activities, may be related to moral attitudes, doping inten-

tions and doping behavior in adolescents who participate in competitive sports.

Methodology

The study included 1035 adolescents participating in competitive sports from all regions of

the Czech Republic (mean age = 16.3 years). The respondents completed a battery of ques-

tionnaires assessing their achievement goal orientations (task, ego), sports motivation at

various levels of self-determination (intrinsic motivation, external regulation, amotivation),

moral attitudes toward sport competition (acceptance of cheating, keeping winning in pro-

portion, attitudes toward doping), doping intentions and doping behavior. A structural equa-

tion model was used to test the relations among motivational variables, attitudes, intentions

and doping behavior.

Principal results

Our analyses indicated a good fit with the proposed model, which explained 59% of the vari-

ance in doping intentions and 17.6% of the variance in doping behavior. Within the model,

task orientation was positively associated with intrinsic motivation and lower amotivation,

whereas ego orientation was positively associated with extrinsic regulation and amotivation.

Furthermore, intrinsic motivation was positively associated with keeping winning in propor-

tion and negatively associated with acceptance of cheating and attitudes toward doping; the

less self-determined forms of motivation showed opposite relationships. However, only the

acceptance of cheating and attitudes toward doping were related to doping intention, which

subsequently predicted doping behavior.
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Conclusions/Significance

The results provide further evidence that sports motivation represents a psychological vari-

able that should be considered in anti-doping policies, programs, and interventions aimed at

the adolescent population because motivation was linked to the doping-related attitudinal

variables and also partially mediated the effect of achievement goal orientations in this

regard. On the basis of these results, we may argue that the focus on intrinsic enjoyment,

self-referenced criteria of success and self-improvement may be related to more negative

attitudes toward doping and cheating, lower doping intentions and less frequent doping

behavior, whereas the emphasis on competition, comparison with others and external moti-

vation appear to be related to the opposite outcomes.

Introduction

The abuse of performance-enhancing drugs (PEDs) represents a significant problem in both

competitive and leisure sports. The use of PEDs violates the spirit of fair play [1] and repre-

sents a significant health concern because doping has been linked to a number of health issues,

including cardiovascular, neurological, and psychiatric disorders [2–3]. The World Anti-Dop-

ing Agency [4] reported that approximately 1% of the tested samples from Olympic sports ath-

letes and approximately 3% of the tested samples from non-Olympic sports athletes showed

positive results for doping. However, these relatively low numbers contrast with the results of

questionnaire surveys that suggest a much higher prevalence of doping: approximately 10%-

15% of competitive and recreational athletes report past or current use of doping, with some

studies suggesting even higher percentages [5]. (Doping represents an umbrella term encom-

passing PED use, blood doping, gene doping, etc. However, we use the term doping in the arti-

cle to refer only to the use of PEDs.)

Adolescent athletes may be considered particularly vulnerable to the abuse of PEDs. From a

health perspective, adolescent users are at high risk of the side effects of PEDs such as anabolic

steroids [3, 6]. From a psychological perspective, adolescents are especially susceptible to social

pressures and expectations regarding sports competition and physical appearance [7] and tend

to participate in risky behavior with possible harmful long-term effects [8]. A large-scale inter-

national meta-analytic study [9] observed that approximately 3%-6.5% of boys and 1%- 2% of

girls reported current or past use of anabolic steroids. Other national surveys have found that,

depending on the methodology used, 2.1%-11% of adolescents reported past or current use of

PEDs [10–14].

A number of behavioral and psychological factors have been related to PED abuse in ado-

lescents. Adolescent users of PEDs report more positive attitudes toward doping, show higher

levels of moral disengagement toward doping and perceive higher approval of doping abuse by

other people [12, 15]. Adolescent users of PEDs also report lower self-confidence and lower

status in their peer group [7] and experience higher levels of anxiety [16], more frequent

depression [17], lower self-regulation [12, 15], and more frequent use of other addictive sub-

stances, such as alcohol, tobacco, and hard drugs [11, 13]. Adolescent users of PEDs also expe-

rience more frequent eating disorders [17] and engage in other types of risk behavior, ranging

from school absences [11] to membership in violent groups [18].

Two major motivations for adolescents’ use of PEDs have been discussed in the literature.

First, adolescents use PEDs because they strive for physical attractiveness [7], which appears to

be an especially dominant motive among adolescent athletes not engaged in competitive sports
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[2, 14]. For example, Sas-Novosielski [14] observed that a majority of adolescent PED users

predominately strove for a “better body” with the primary goal of gaining muscle and losing

body fat. Although more than half of the participants reported side effects from the substances

(such as acne, hair loss, depression, and sexual disorders), they insisted that they would con-

tinue to use PEDs to improve their physical appearance. Second, adolescent athletes use PEDs

to obtain a competitive advantage and succeed in sports competition. It appears that a focus

on victory and success in competition has become a dominant discourse even in youth sports,

which has increased the incidence of problematic behavior such as cheating and doping [19].

Motivational orientations that emphasize competitive performance and “winning at all costs”

have been related to positive attitudes toward doping as well as toward doping behavior [20–

21]. Although adolescent athletes generally report negative attitudes toward doping, they

sometimes admit that they would be willing to use PEDs to develop their professional athletic

careers [22].

Numerous research studies have suggested that attitudes toward doping, intentions to dope

and actual doping abuse are significantly influenced by sports motivation; i.e., the subjective

reasons underlying why athletes participate in sports affect the decision to use PEDs [23–30].

However, there are some limits to current research on the relationship between sports motiva-

tion and doping. Despite a recent surge of interest in this research topic [23–28], studies focus-

ing on the relationships between sports motivation, doping-related attitudes, intentions and

behavior in adolescents remain limited. In addition, some of the studies have investigated rela-

tively small samples in the context of selected sports [27, 31], further limiting the generalizabil-

ity of the current findings. Finally, there have been calls for more thorough implementation of

coherent theoretical frameworks in doping research that would enable a better understanding

of the psychological processes underlying doping behavior in adolescence [25, 31]. To address

these limitations, this study’s primary goal was to further explore the motivational perspective

on doping in a large sample of Czech adolescent athletes participating in competitive sports. In

this manner, we integrate some key ideas from the achievement goal theory, self-determina-

tion theory and integrative model of behavioral prediction [32–33], and we postulate a series

of relationships among achievement goal orientations, sports motivation, sports-related moral

attitudes, doping intentions and actual doping behavior. On the basis of these hypotheses, we

formulate a structural model, which we test within the structural equation-modeling

framework.

Theoretical framework

To understand the complexity of the psychosocial influences that determine an intentional

behavior, Fishbein and Capella [33] proposed hierarchical relationships among behavior, an

intention to carry out the behavior and behavior-related attitudes. Those authors suggested

that “any given behavior is most likely to occur if one has a strong intention to perform the

behavior, has the necessary skills and abilities required to perform the behavior, and there are

no environmental or other constraints preventing behavioral performance” [33]. From this

perspective, behavior-related intention is the direct determinant of a behavior, and we should

strive to understand the factors that influence how an individual’s intentions to carry out a

behavior are formed. Numerous studies have shown that doping-related attitudes represent a

significant predictor of doping intentions [24, 27, 29]. However, we may hypothesize that the

key attitudes related to doping intentions may be broader in scope and include more general

attitudes toward cheating and winning in sports competition [19, 27] because the doping rep-

resents an instance of a cheating behavior [27] and has been related to increased emphasis on

competition and winning in youth sports [19]. The attitudinal variables may then be

Advances in Sport and Exercise Medicine 

207

https://doi.org/10.1371/journal.pone.0205222


considered proximal predictors of doping intentions that mediate the effects of other distant

variables, including motivational beliefs [21, 24–25, 27].

To further explore the mediating role of attitudes in the relationship between sports motiva-

tion and doping, we adopted two well-established theories of sports motivation in our

research. These theories include the achievement goal theory [14, 34–37] and the self-determi-

nation theory [25, 27, 38]. Specifically, based on these sports motivation theories, we consider

task and ego achievement goal orientations and different positions on the self-determination

continuum, including intrinsic motivation, external regulation, and amotivation, as possible

predictors of doping attitudes and sports-related moral attitudes that further predict doping

intentions and behavior. Below, we provide an introduction to these sports-motivation theo-

ries and their possible associations with these attitudes, intentions and behavior.

Based on self-determination theory [38], we expected that motivational states characterized

by different levels of self-regulation (i.e., intrinsic motivation, external regulation and amotiva-

tion) may have different effects on moral and doping-related attitudes and behavior [23–25,

27]. Self-determination theory suggests that people strive to fulfill several basic psychological

needs, such as the needs for autonomy, inner organization and better relationships with others.

These basic needs are predominantly manifested by “intrinsically motivated behavior” or

behavior that people engage in for its own sake, such as for the enjoyment stemming from the

activity itself. The other end of the self-determination spectrum is represented by “externally

regulated behavior,” which people engage in for external reasons, such as obtaining a reward

or avoiding punishment. The least self-regulated motivational state is “amotivation,” in which

people perceive a lack of self-regulation and personal agency toward the behavior. On the basis

of extensive research, Deci and Ryan [38] asserted that engagement in intrinsically motivated

behavior (as opposed to extrinsically regulated or amotivated behavior) is related to a range of

positive outcomes, such as better performance, better relationships, and a higher level of well-

being. With regard to doping, researchers have found that motivational states with higher self-

determination were negatively related to attitudes toward doping [25], doping intentions [24],

and past doping use [23], whereas external regulation was associated with moral disengage-

ment in sports situations [27] or positive attitudes toward doping [28]. Furthermore, several

other studies found that less self-determined forms of motivation predicted antisocial moral

values and a lack of sportspersonship in athletes, including acceptance of cheating and win-

ning-at-all-costs attitudes [39, 40]. On the basis of this research, we may argue that athletes

who experience low levels of self-determination in their sport participation are lacking in

some of their basic psychological needs and may compensate for this deficiency with more

positive doping-related attitudes, intentions and behavior.

By contrast to self-determination theory, which focuses on why people engage in an activity,

another group of motivational theories explores how different people subjectively prefer differ-

ent achievement outcomes. Achievement goal theory [34, 41–43] conceptualizes these achieve-

ment outcomes through the dichotomy of “success in comparison with past performance” and

“success in comparison with others.” In this framework, a subjective preference for one of

these two dimensions has been determined to have different effects on achievement-related

beliefs, choices, intentions and behavior. Various authors proposed different terms for these

two dimensions, such as task-ego [34] and mastery-performance [42] orientations. It is impor-

tant to note that in the context of doping research, the 2x2 model of achievement goal orienta-

tion has been used [23–24] to distinguish between two dimensions: mastery x performance

and approach x avoidance (i.e., striving for success versus avoiding failure). However, effects

on doping intentions and behavior have been observed in the mastery/performance rather

than the approach/avoidance dimension, with mastery-oriented athletes showing lower dop-

ing intentions and behavior [23]. In our research, we applied the more traditional distinction
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of task-ego, which has also been used in the doping research [14, 36]. These two dimensions

appear to be relevant in the context of doping: a negative relationship has been identified

between the orientation toward improving past performance (task, mastery) and doping-

related intentions, attitudes and behaviors, whereas the orientation toward comparison with

other people (ego, performance) generally showed the opposite relationships [14, 24, 35–36,

44]. It seems that “task”-related goals do not provide an incentive for doping because these

types of goals may be achieved solely through practice, and task-oriented athletes may be not

motivated to expose themselves to the health and social risks related to doping. Conversely,

“ego”-related goals appear to be supportive of doping because the standards of performance

based on other athletes are much more difficult (or even impossible) to achieve, and athletes

are more motivated to use immoral or even illegal practices to reach these goals [35–36, 44].

We may argue further that a link exists between the achievement goal orientations and self-

determination [38, 45–47]. Task and ego goal orientations may be seen as different interpreta-

tive frameworks that influence the ways in which athletes perceive their autonomy, compe-

tence and relatedness to others. In this way, these achievement goal orientations affect the

degree to which the athletes perceive themselves as self-determined [45–47]. For example,

Duda and her colleagues [46] provided evidence that task orientation (as opposed to ego orien-

tation) predicted sports-related intrinsic motivation in youth athletes. These authors argued

that task orientation reduced the probability that athletes would perceive themselves to be

incompetent because they compared themselves with self-referenced standards of achievement

rather than standards set by other athletes, some of whom inevitably performed at a higher

level. Similarly, other authors argued that task-oriented athletes experience fewer social con-

straints on their autonomy because they do not feel obliged to meet the performance standards

set by other people and also experience better relationships because they do not perceive them-

selves to be in competition with others [45–47].

Aim of the study

Based on the theoretical framework introduced above, we formulated a set of hypotheses

regarding the relationships among the constructs of achievement goal orientation, self-deter-

mined sport motivation, attitudes, intentions, and doping behavior. We empirically tested

these hypotheses within the structural equation modeling framework on a large sample of

Czech adolescents involved in competitive sports. The implemented structural model was

based on the following hypotheses:

H1: Task orientation is positively related to intrinsic sports motivation and negatively related

to less self-determined forms of sports motivation (amotivation, extrinsic motivation).

H2: Ego orientation is positively related to less self-determined sports motivation (amotiva-

tion, extrinsic motivation) and negatively related to intrinsic motivation.

H3: Intrinsic motivation is negatively related to attitudes toward doping and acceptance of

cheating and positively related to attitudes toward keeping winning in proportion.

H4: External regulation and amotivation are positively related to attitudes toward doping and

acceptance of cheating and negatively related to attitudes toward keeping winning in

proportion.

H5: Attitudes toward doping, acceptance of cheating, and keeping winning in proportion are

directly related to doping intentions.

H6: Doping intentions are directly related to doping behavior.
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Methods

Design of the study

The present paper is a component of the research project “Doping in Czech adolescents: Prev-

alence, correlates and experiences,” which was conducted with the support of the World Anti-

Doping Agency. The data were collected from November 2014 –May 2015. The main part of

the data collection occurred at high schools and elementary schools throughout the Czech

Republic. The data collection at schools was facilitated by the Czech Association of School

Sport Clubs, a nationwide educational organization that works with children and adolescents

who are engaged in sports. Additionally, competitive and elite adolescent athletes were con-

tacted through various Czech sports associations. In total, 60 schools and 7 sports associations

participated in the research. Based on the preferences of the schools and sports associations,

the questionnaires were administered either in paper form or by identical electronic question-

naires. The questionnaires were administered at schools or at training camps of the sports

associations by the research team members and research assistants, who were PhD students of

the Faculty of Physical Education and Sport, Charles University. Before the beginning of the

data collection, the research was approved by the ethics committee of the Faculty of Physical

Education and Sport, Charles University. The data collection was voluntary and anonymous,

and the questionnaire was constructed in a way that prevented the identification of individual

schools or respondents. Because the questionnaires were collected at the schools during school

hours, the response rate was high (95%). Prior to the data collection, the children’s parents/

guardians were informed of the research by the assisting teachers/coaches and requested to

provide written consent. Approximately 5% of the contacted students did not participate in

the data collection either because the parents/guardians did not provide consent or because

the students were not willing to participate; these students were provided with an alternative

activity under the supervision of the assisting teachers/coaches during the data collection.

Sample

In total, we collected fully completed questionnaires from 2851 respondents (mean age 16.2

years, SD = 1.84). However, in the present article, we based our findings only on participants

involved in competitive sports (n = 1035). The description of the sample is provided in Table 1.

Measures

In the first section of the questionnaire, the respondents were asked about demographic vari-

ables such as gender, age, and type of school and about their participation in sports (see

Table 1. Demographic description of the respondents.

Demographic variable

Age (years) M (SD) 16.3 (1.92)

Gender Male 64.4%

Female 35.5%

Type of school Elementary 32.6%

Vocational 2.4%

Secondary 42.1%

Grammar 22%

Other .9%

Attending a sports school Yes 25.1%

No 74.9%
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Table 1). In the following section, the respondents were asked about their experiences with

doping. The World Anti-Doping Agency defined doping as “breaking one or more anti-dop-

ing rules,” meaning that athletes who were found to be “positive” either used substances or

methods present on the list of banned substances or were not compliant with doping control

regulations [48]. On the basis of the WADA definition, some studies have examined the preva-

lence of doping by inquiring about the substances respondents used in the past that were sub-

sequently classified according to the WADA list [15]. However, we deemed this approach

appropriate for the population of adult athletes but not for adolescents. For the purpose of our

study, we defined doping in the questionnaire as the “use of any substance which aims to

enhance sport performance artificially and unfairly.” Therefore, we explored subjective evalua-

tions of the respondents’ experiences with doping; i.e., we measured the extent to which the

participants believed they doped to gain an unfair competitive advantage rather than measur-

ing actual doping behavior. The respondents evaluated the frequency of their perceived experi-

ences with doping on a six-point scale ranging from 1 (no) to 6 (yes, regularly). Similar

research methods for doping prevalence have been implemented by other studies [13].

To assess the respondents’ attitudes toward doping, we used the Performance Enhancement

Attitude Scale (PEAS) [49]. The PEAS is a one-dimensional 17-item scale measuring general

attitudes toward doping in sports (unrelated to personal intentions to use doping). In the

PEAS, respondents indicate on a 6-point Likert scale ranging from 1 (“completely disagree”)

to 6 (“completely agree”) their agreement with statements evaluating various aspects of doping,

such as “Doping is not cheating since everyone does it,” “Athletes are pressured to take perfor-

mance-enhancing drugs,” or “The risks related to doping are exaggerated.” In scoring the

PEAS, the overall score is obtained as the mean of all items. Overall, the PEAS shows good psy-

chometric properties [47] and has been used in studies focusing on adolescent populations

[15]. In our study, the PEAS showed acceptable reliability (Cronbach’s alpha = .755), although

it did not originally fit well with our model. Confirmatory factor analysis of the one-dimen-

sional scale showed poor fit indices (RMSEA = 0.075; 90% CI [0.069 to 0.081]; CFI = 0.826).

We performed exploratory factor analysis of the scale that suggested 4 factors, which we

labeled “Necessity of doping,” “Harmlessness of doping,” “Recreational drugs as doping,” and

“Doping in media.” The four-factor model was further supported by confirmatory factor anal-

ysis that showed good fit (RMSEA = 0.054; 90% CI [0.047 to 0.060]; CFI = 0.926). In the struc-

tural equation model, we used a 7-item shortened version of the PEAS that included only

items with factor loadings in the first factor higher than .5 (i.e., items 1–2, 6, 8, and 13–15 from

the original scale).

To measure doping intentions, we utilized four items from an older Czech study focusing

on the doping intentions of Czech adolescents [50]. The respondents answered on a scale rang-

ing from 1 (“definitely not”) to 6 (“definitely yes”) regarding whether they would use doping

in four hypothetical situations: 1) “Would you use doping if you strove for an important vic-

tory and were absolutely certain that nobody would find out?” 2) “Would you take a perfor-

mance-enhancing substance that is not illegal but could have undesirable health effects?” 3)

“Would you use doping if you were certain that it would help you succeed and would not have

undesirable health effects?” and 4) “Would you use doping to enhance your performance if

you knew that it would help you to achieve the highest level of sports success, such as winning

the Olympic games?” On this basis, we computed doping intention as the mean of these four

items. This scale showed good reliability (Cronbach’s alpha = .873). Furthermore, we used the

Acceptance of Cheating and Keeping Winning in Proportion scales from the Attitudes to

Moral Decisions in Sport Questionnaire [51] to measure general moral attitudes in sports situ-

ations. On these scales, respondents are asked to indicate on a 5-point Likert scale (from 1 –

strongly agree to 5 –strongly disagree) how much they agreed with statements presenting
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them with sports situations, including a moral dilemma such as “It is OK to cheat if nobody

knows?” or “Winning and losing are a part of life.” The Acceptance of Cheating scale appeared

to have good reliability (Cronbach’s alpha = .895); the Keeping Winning in Proportion scale

also had acceptable reliability (Cronbach’s alpha = .746).

To assess motivation-related constructs, we used selected scales from two questionnaires:

the Perception of Success Questionnaire (PSQ) [52] and the Sport Motivation Scale-6 (SMS-6)

[53]. The PSQ measures achievement goal orientations on a 5-point Likert scale, i.e., which

types of sport-related outcomes are perceived as “success” by the respondents. The PSQ stems

from the two-dimensional approach to achievement goal orientations and distinguishes

between success stemming from mastering a task (“task”) and success in comparison with oth-

ers (“ego”). Respondents indicate on a scale ranging from 1 (“strongly disagree”) to 5 (“strongly

agree”) the sports situation in which they perceive themselves to be most successful. An example

of the “task” item is “When playing sport, I feel most successful when I really improve,” and an

example of an “ego” item is “When playing sport, I feel most successful when I am the best.”

The “task” and “ego” dimensions are computed as the means of all corresponding items. Addi-

tionally, the PSQ showed good reliability in our study (Cronbach’s alpha = .857).

To measure the reasons why respondents participate in sports, we implemented several

constructs based on self-determination theory [54]. Specifically, we used the dimensions of

intrinsic motivation, external regulation, and amotivation from the SMS-6 [53], which repre-

sents a revised version of the Sport Motivation scale [54]. Each of these dimensions was mea-

sured by four items on a 5-point Likert scale ranging from 1 (“Does not correspond at all”) to

5 (“Corresponds completely”). Respondents were prompted by the statement, “Using the scale

below, please indicate to what extent each of the following items corresponds to one of the rea-

sons for which you are presently practicing your sport”, based on which the respondents indi-

cated their reasons for their participation in sports. The items used to measure each dimension

included “For the excitement I feel when I am really involved in the activity” (intrinsic motiva-

tion), “Because it allows me to be well regarded by people I know” (external regulation), and “I

don’t know anymore; I have the impression of being incapable of succeeding in this sport”

(amotivation). The SMS-6 questionnaire showed good psychometric properties (Cronbach’s

alpha = .888 in our sample) and has been widely used in sports psychology research [53]. All

scales and items used are provided in S1 Appendix.

Analysis

We tested the hypothesized relationships within a structural equation modeling (SEM) frame-

work using the statistical open source software R [55] and Lavaan, an R structural equation

modeling package [56]. Only data from complete questionnaires were included in the analysis;

therefore, there were no missing values. No outliers were identified in the data, and all the

reported coefficients from our analyses were standardized. The model fit was assessed using

standard measures of model fit: the chi-square statistic and corresponding p-value; the stan-

dardized root mean square residual (SRMR, which should approximate or be less than .08 for

a good-fitting model) [57]; the root mean square error of approximation (RMSEA, with values

approximately .05 or less being indicative of a close fit and values of .08 or less being indicative

of a good fit) [58]; and the comparative fit index (CFI, in which values should be higher than

0.90 for adequately fitting solutions) [59].

Results

Descriptive statistics and correlations of all variables included in the analysis are reported in

Table 2. We observed significant but rather weak correlations among the majority of the
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variables included in the analyses. There were moderate to strong correlations among the

motivational variables, such as task orientation-intrinsic motivation (r = .396) and ego orienta-

tion-external regulation (r = .315). Additionally, we observed strong correlations between dop-

ing intention and attitudes toward doping (r = .513) and between doping intention and

acceptance of cheating (r = .663).

Based on our hypotheses, we formulated a structural model in which achievement goal ori-

entations (task and ego) predicted sport motivation at different levels of self-determination

(intrinsic motivation, extrinsic regulation and amotivation). The sports motivation was then

associated with moral- and doping-related attitudes (attitudes toward doping, acceptance of

cheating, and keeping winning in proportion) that were further related to doping intentions,

which subsequently predicted doping behavior. Overall, we determined that the SEM model

fit well with our data (χ2 = 19789.3; df = 946; p< 0.001; RMSEA = 0.042; 90% CI [0.040 to

0.044]; SRMR = 0.055; CFI = 0.913) and explained 59% of doping intentions and 17.6% of dop-

ing behavior. The measurement loadings for all latent variables were moderately high to high

(range, 0.419–0.895) and highly significant (p< .001). The SEM model is presented in Fig 1.

All measurement loadings are provided in S1 Appendix.

In accordance with our hypotheses, we observed that task and ego goal orientations were

inversely related to sports motivation variables. Task orientation was linked to more self-deter-

mined sports motivation because it was moderately to strongly positively related to intrinsic

motivation (β = .474) and negatively related to amotivation (β = -.185). At the same time, ego

orientation was moderately to strongly positively related to extrinsic regulation (β = .395) and

to amotivation (β = .103). Within the SEM model, the sports motivation was further associated

with the attitudinal variables. Specifically, intrinsic motivation was negatively related to atti-

tudes toward doping (β = -.180) and acceptance of cheating (β = -.260) and strongly and posi-

tively related to keeping winning in proportion (β = .607). Extrinsic regulation was positively

associated with acceptance of cheating (β = .388), attitudes toward doping (β = .251), and nega-

tively associated with keeping winning in proportion (β = -.510). Amotivation was positively

associated with acceptance of cheating (β = .249) and attitudes toward doping (β = .161). The

sports motivation variables also appeared to moderate the indirect effects of achievement goal

Table 2. Descriptive statistics and correlations.

1.

Task

orientation

2. Ego

orientation

3.

Intrinsic

motivation

4.

External

regulation

5.

Amotivation

6. Winning in

proportion

7.

Acceptance of

cheating

8.

Attitudes

toward doping

9.

Doping

intention

10.

Doping

behavior

1. -

2. .341�� -

3. .396�� .237�� -

4. .110�� .315�� .460�� -

5. -.103�� ns .ns .259�� -

6. .259�� ns .190�� -.091�� -.165�� -

7. -.125�� .243�� ns .230�� .346�� -.197�� -

8. ns .132�� ns .135�� .204�� -.107�� .467�� -

9. ns .250�� ns .123�� .187�� -.132�� .663�� .513�� -

10. ns .100�� .084�� .210�� .207�� -.107�� .346�� .265�� .391�� -

M 4.33 3.66 3.45 2.65 1.73 3.88 2.01 2.40 2.43 1.18

SD .60 .80 .85 .94 .81 .83 .88 .78 1.15 .639

�� Correlation significant at p < .001 level.

ns—correlation not significant
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orientation on the attitudinal variables. Specifically, we observed a negative indirect effect of

task orientation on the acceptance of cheating (β = -.169), attitudes toward doping (β = -.115),

and positive indirect effects on keeping winning in proportion (β = .288). In ego orientation,

we observed a reversed direction of relationships because ego orientation was indirectly and

positively related to the acceptance of cheating (β = .179), attitudes toward doping (β = .116),

and indirectly and negatively related to keeping winning in proportion (β = -.202). Further-

more, the acceptance of cheating and attitudes toward doping were moderately to strongly

related to doping intention, with acceptance of cheating having approximately twice the effect

(β = .575) of attitudes toward doping (β = .283). Notably, keeping winning in proportion was

not significantly related to doping intention. This suggests that excessive focus on winning

may not be as important for the occurrence of doping behavior as athletes’ positive attitudes

toward doping and cheating in sports. Finally, doping intention was moderately to strongly

related to doping behavior (β = .419) within the SEM model.

Discussion

As we hypothesized, the proposed model showed a good fit, and the observed relationships

largely confirmed our expectations regarding the possible effects of sports motivation variables

on doping attitudes, intentions and behavior in adolescent athletes. From the model, we may

infer several main findings. First, doping intention may be perceived as an important predictor

of doping behavior in competitive adolescent athletes, although not a perfect predictor. Over-

all, our model explained nearly the same amount of variance in doping behavior as an aggre-

gate model based on meta-analysis of studies stemming from the theory of planned behavior,

in which doping intentions were also used as the proximal predictor of doping behavior [5].

As argued by Fishbein [33], behavior-related intentions are particularly predictive of behavior

when people have an opportunity to engage in the behavior and no environmental constraints

are present. This is, of course, not a case of doping in adolescent athletes because this group

can be expected to have limited access to doping and also perceive severe penalties related to

doping. Therefore, we may argue that other variables also should be considered to explain dop-

ing behavior; simultaneously, however, doping intentions represent an important factor that

should be targeted in doping prevention [24, 27, 29].

Fig 1. SEM model.
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Second, a large portion of the variance in doping intentions was explained by the attitudinal

variables included in the model. By contrast to the studies focusing solely on attitudes toward

doping [12, 15, 24–25, 28–29, 31, 60], we broadened our scope and also included attitudes

toward winning and cheating in sports as complementary attitudinal variables. These addi-

tions appeared to be particularly productive in the case of the acceptance of cheating. Hodge

et al. [27] suggested that doping should be approached as an instance of cheating behavior; our

findings corroborate this idea because the association between the acceptance of cheating and

doping intentions was more than twice the size of the attitudes toward doping–the doping

intention relationship. In any case, we may see both of these attitudinal variables as related,

which has been supported by our results as well as by other studies [60]. Preventive anti-dop-

ing programs frequently target attitudes toward doping [61–63], and our findings suggest that

focusing on broader moral values rather than on doping-specific attitudes may represent a

more effective manner of understanding and preventing doping behavior. However, contrary

to some authors, who suggested that the growing focus on winning in contemporary youth

sports leads to more frequent occurrences of doping [19], the attitudes toward winning (i.e.,

keeping winning in proportion) did not show a significant relationship with doping intentions

in the model. On this basis, we may argue that the doping may stem not from the focus on

winning itself but rather from the growing acceptance of cheating and more positive attitudes

toward doping that may be related to contemporary trends in (youth) sports [63].

Third, the intrinsic motivation showed negative relationships between attitudes toward

doping and acceptance of cheating whereas the less self-determined forms of motivation

showed relationships moving in the opposite direction. On the basis of the self-determination

theory, we may argue that athletes who engage in competitive sports for enjoyment have satis-

fied through sports their “basic needs” of autonomy, competence and relatedness [38]. There-

fore these athletes may place less value on the behavior that would provide them with further

unfair advantages, such as doping or cheating. Conversely, athletes at a lower level of self-

determination who experience a lack in some of these basic needs could be expected to have

less restraint and demonstrate more positive attitudes toward these undesirable practices [39].

Similar results were reported by other authors: Zucchetti et al. [28] found that extrinsic moti-

vation was related to more positive attitudes toward doping, and Chan et al. [25] observed that

autonomous motivation predicted doping avoidance-related attitudes and, indirectly, the

intention to avoid doping. Barkoukis et al. [23] determined that athletes high in amotivation

reported higher doping intentions and higher past PED use whereas athletes high in external

regulation reported higher past use of PEDs compared with other athletes. Therefore, we may

argue that the positive effects of self-determined motivation [38] apply also to doping-related

attitudes, intentions and behavior and that sports environments supporting such a positive

motivational climate should be endorsed as a component of anti-doping efforts.

Fourth, sports motivation also mediated the effect of achievement goal orientations on the

attitudinal variables within the model. Significant effects of achievement goal orientations on

doping-related variables have been observed in numerous other studies: Barkoukis et al. [23]

observed that athletes who emphasized mastery goals and de-emphasized performance goals

also reported the lowest levels of past doping use and the lowest doping intentions. Sas-Nowo-

sielski and Swiatkowska [36] determined that athletes with high task and low ego orientation

reported the most negative attitudes toward doping whereas athletes with low task/high ego

goals reported the most positive attitudes toward doping. These contradictory effects of mas-

tery and performance orientations were also observed with regard to cheating and cheating

intention in sports situations [64]. Our results suggest that these effects may be partially medi-

ated by the relation between achievement goal orientations and sports motivation. Consistent

with other researchers [45–47], we argue that a subjective preference of task or ego-related
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goals structures the experiences of athletes in a manner that affects the degree to which they

perceive their sports participation as self-determined. Being “task oriented,” i.e., focusing on

self-improvement and self-referenced standards of achievement, allows for disregarding socie-

tal constraints, comparison and competition with other athletes, which may be beneficial for

the fulfillment of the basic needs of autonomy, competence and relatedness. However, “ego-

oriented” athletes who set their standards of achievement based on the results of others may

more easily question their competence, feel controlled in their sporting activity or experience

worse relationships with other athletes, which affect the level of their self-determination.

Because the sports motivation variables appear to be directly related to attitudes toward doping

and cheating, we argue that the achievement goal orientations are related to doping intentions

and behavior by this path.

Our study has some limitations that should be considered. Most importantly, the study

employed a cross-sectional design that limits causal interpretations of the proposed relation-

ships. We based our hypotheses on a review that suggested that the proposed direction of rela-

tionships would be at least partially valid; however, it is necessary to acknowledge that these

relationships may be bi-directional, and we must interpret our results with caution. In addi-

tion, we included variables in the study that we hypothesized were important to doping in ado-

lescents; however, a number of other variables that were not included may have similar or

even greater effects. Additionally, although we recruited a large number of respondents from

all regions of the Czech Republic and the response rate was high, our sample differed in some

attributes from the general population of Czech adolescents. However, we believe that the sam-

ple showed sufficient diversity for the performed SEM analyses. We should also emphasize

that we did not use objective methods to evaluate the prevalence of doping; instead, we relied

on participants’ self-reports. Although self-reports of doping prevalence have been commonly

used in studies of doping in adolescents [13], these methods may have significant limitations

[64]. For example, respondents may perceive substances that are not on the list of banned sub-

stances to be doping, or they may conceal doping because it is generally a condemned behavior

that may even lead to potential penalties. It is also important to note that the relationships

between the sport motivation and doping-related variables were significant but weak-to-mod-

erate in magnitude, which suggests that although motivational variables appear to play a role

in doping among adolescents, this role should not be exaggerated. Finally, because our model

explained a relatively low portion of variance in doping behavior, we may argue that the effect

of sport motivation and attitudes toward doping/cheating is much more noticeable with regard

to doping intentions than actual doping behavior. Other variables not included in our study,

such as the availability or affordability of doping [65], may moderate the relations among

motivation, attitudes, and doping behavior.

Conclusion

The present research makes theoretical as well as practical contributions. Theoretically, we

used well-established constructs of sports motivation and tested their hypothesized relations

with doping-related variables in a complex model, largely confirming our hypotheses regard-

ing the possible effects of achievement goal orientations and self-determined sports motivation.

The tested model suggests a series of relationships between sports motivation and doping-

related variables that are partially modifiable. Our findings thus suggest practical implications

that may be used in doping-prevention efforts. First, it seems that it would be useful to target

both doping-specific attitudes and general moral attitudes to decrease doping intentions and

perhaps doping behavior. Second, sports motivation appears to play a significant role in atti-

tudes toward doping and cheating and consequently toward doping intentions and actual
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doping behavior. The dimensions of sports motivation related to intrinsic immersion in the

activity appear to have beneficial effects whereas the less self-determined forms of sports motiva-

tion may have some undesirable effects with regard to doping. Third, our results also suggest

that achievement goal orientations are related to different levels of self-determination in sports

activities and through this path, also to moral attitudes. In this manner, self-referenced task-goal

orientations focusing on self-improvement appear to be beneficial whereas ego-goal orienta-

tions toward competition and comparison with others seem to have some detrimental effects.

Therefore, our results further support the suggestions of numerous authors [9, 19–21, 63, 66]

that the values present in contemporary youth sports that emphasize high-level performance,

success in competition and victory at all costs may have negative consequences, including a

greater susceptibility to doping. Positive change could come from parents, coaches, and teachers

as well as sports and educational organizations, which all co-create a motivational climate and

provide feedback that shapes individual motivational orientations [39, 67]. On this basis, we

should once again endorse the classic Coubertin motto that “the important thing is not winning

but taking part; the essential thing is not conquering but fighting well”.
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8. Blatný M, Hrdlicka M, Sobotková V, Jelı́nek M. Prevalence antisocialnı́ho chovani ceskych adolescentu
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1☯¤a*, Vera Moniz-Pereira1¤a‡, Fátima Ramalho2¤b‡, Rita Santos-

Rocha2¤b, António Veloso1¤a, Filomena Carnide1☯¤a

1 CIPER, Sports & Health Department, Biomechanics and Functional Morphology Laboratory, Faculty of

Human Kinetics, University of Lisbon, Cruz Quebrada-Dafundo, Lisbon, Portugal, 2 Sport Sciences School of

Rio Maior, Polytechnic Institute of Santarém, Rio Maior, Portugal

☯ These authors contributed equally to this work.

¤a Current address: Estrada da Costa, Cruz Quebrada-Dafundo, Lisbon, Portugal

¤b Current address: Avenida Dr. Mário Soares, Rio Maior, Portugal

‡ These authors also contributed equally to this work.

* heloandre@fmh.ulisboa.pt

Abstract

Introduction

Mobility significantly depends on the ankle muscles’ strength which is particularly relevant

for the performance of daily activities. Few tools are available, to assess ankle strength with

all of the measurement properties tested. The purpose of this study is to test the responsive-

ness of Calf-Raise Senior Test (CRS) in a sample of elderly participants undergoing a 24-

week community exercise program.

Methods

82 older adults participated in an exercise program and were assessed with CRS Test and

30-second chair stand test (CS) at baseline and at follow-up. Effect size (ES), standardized

response mean (SRM) and minimal detectable change (MDC) measures were calculated

for the CRS and CS tests scores. ROC curves analysis was used to define a cut-off repre-

senting the minimally important difference of Calf-Raise Senior test.

Results

Results revealed a small (ES = 0.42) to moderate (SRM = 0.51) responsiveness in plantar-

flexion strength and power across time, which was lower than that of CS test (ES = 0.64,

SRM = 0.67). The responsiveness of CRS test was more evident in groups of subjects with

lower initial scores. A minimal important difference (MID) of 3.5 repetitions and a minimal

detectable change (MDC) of 4.6 was found for the CRS.

Conclusion

Calf-Raise Senior Test is a useful field test to assess elderly ankle function, with moderate

responsiveness properties. The cutoff scores of MDC and MID presented in this study can
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be useful in determining the success of interventions aiming at improving mobility in senior

participants.

Introduction

Population aging is a major global demographic trend. The increase in life expectancy raises

the related concern of increasing morbidity, prolonged disability and dependency, with a

reduction in quality of life [1]. This demographic transition is influencing the economy, care,

social development, welfare and well-being. Thus, it is crucial to adapt policy, health services

and intervention programs to an aging and frailer population.

The quality of life of the elderly depends on their health and ability to perform activities

of daily living (ADLs) [2]. Mobility is a prerequisite for the performance of most common

ADLs and its maintenance is a major goal of geriatric health professionals [3]. Mobility

greatly depends on the strength in the lower limbs, especially in the ankle muscles, which

are particularly relevant in gait function [2, 4, 5] climbing stairs and rising from a chair [5–

7]. Plantar-flexors (PF) muscles act to support and to propel the body forward in late stance

and their strength is positively related to gait velocity and step length [8]. Lower strength

levels are very common in older adults [9, 10] and are associated with poor gait and balance

[11, 12]. PF muscles, in particular, reveal large decline in strength with aging, presenting a

decrease of 2.3% in very old adults (>85 years-old) per year [13], and differences of about

40% when comparing elderly with young men [14, 15].

PF assessment is especially important to design programs or implement strategies, aiming

the preservation of the mobility. This issue is even more relevant in the design of exercise pro-

grams tailored to functional status of older adults [16–18]. In order to ensure meaningful and

quality data related to the functional loss and changes in mobility parameters with age, the use

of measurement tools with relevant psychometric properties is essential. Studies reporting

validity and responsiveness of strength and mobility assessment tools are relatively scarce [19,

20]. Additionally, few of the aforementioned studies report sensibility and sensitivity data,

allowing the establishment of the minimal importance difference. To our knowledge, only the

“30 second chair stand test” (CS) [19] and the “Timed Up and Go” (TUG) [20] have been

tested for responsiveness in community-setting interventions with healthy and independent

older adults. Although both tests are used to assess lower limbs muscle function, none of them

provides specific information about the PF strength, which has already been mentioned as

being relevant for preserving the quality of gait in the elderly [2, 4–5]

The Calf-Raise Senior (CRS) test is the only field assessment tool developed to evaluate

ankle muscle function in the elderly and has shown to have an excellent test-retest reliability

(ICC = 0.90), inter-rater reliability (ICC = 0.93–0.96) and a good intra-rater reliability

(ICC = 0.79–0.84) [21,22]. The test also presented a significant association between its scores

and laboratory strength assessments (isometric, r = 0.87, r2 = 0.75; isokinetic, r = 0.86, r2 =

0.74; and rate of force development, r = 0.77, r2 = 0.59), demonstrating to be an excellent indi-

cator of ankle strength in older adults [21]. Despite good results regarding the reliability and

validity of the CRS test [21,22], its responsiveness has not yet been established. Therefore, the

purpose of this study is to test the responsiveness of the CRS test in a sample of elderly partici-

pants undergoing a 24 weeks’ community exercise program.
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Materials and methods

Study design and subjects

A prospective multi-site cohort study was conducted, with a 24-week follow-up period. The

follow up interval was defined by having into account that although major adaptations in

strength and power in the elderly occur after 12 weeks of training [23–25] higher effect has

been showed after longer training periods (�24 weeks) [26]. All participants underwent a mul-

ticomponent community-based exercise intervention included in the “More Active Aging

Project” (MAAP), which was implemented in 5 municipalities in the West and Ribatejo

Regions of Portugal. The study was coordinated by the Faculty of Human Kinetics, University

of Lisbon and Sport Sciences School of Rio Maior, between September 2014 and December

2015. All detailed information about the protocol and methods used in the MAAP intervention

can be found in Ramalho et al. [27].

A sample of 82 older adults from the abovementioned cohort was recruited through adver-

tising in local centers and sports community services by a multi-stage sample method. Using

the results from our previous study [21], the minimum sample size of 61 participants was

determined, considering and effect size of d = 0.80, with 80% power and alpha at 0.

To be considered eligible for this study, participants should be 65 years or more, live inde-

pendently in the community, be autonomous and correctly understand the Portuguese lan-

guage. Exclusion criteria were considered: self-reported cognitive, neurological, bone and

joints, or other impairments that could inhibit the performance of exercises in the standing

position autonomously; inability to walk independently and/or without assistance of a walking

aid and not having a hip or knee prosthesis.

A written informed consent was obtained from all participants at the beginning of the inter-

vention. The Faculty of Human Kinetics Ethics Committee (Lisbon University) approved the

study protocol.

Exercise program

The MAAP 24-weeks exercise program comprised group-based multicomponent 50-min exer-

cise sessions twice a week. Graduated exercise specialists received 20 hours of training regard-

ing the program methodology and follow-up guidelines during the intervention period. The

structure of the exercise program is fully explained elsewhere [27]. In brief, the program aims

to develop postural control, balance (static and dynamic), endurance, mobility, walking pat-

tern, and to improve strength and muscle resistance. In order to provide continuous and pro-

gressive stimulus to the participants’ functional capacities, weekly progressive changes in

intensity and complexity, and monthly variation in exercise mode, were incorporated into the

program. The progression of the exercise program was controlled through periodic and

unscheduled visits by the research team, in order to verify the compliance of the guidelines.

Additionally, the instructors recorded a monthly qualitative classification of the participants’

performance.

Assessments

All assessments were conducted at baseline (BL) and after 24 weeks (follow-up, FU) and were

administered by examiners who received specific training in applying the test protocols.

To evaluate the eligibility of participants, a health and falls assessment questionnaire

designed and validated by the Portuguese Language and Culture [28] was administered

through face-to-face interviews. The questionnaire included questions about demographics,

health, self-perception status, medication intake, medical history, and falls history. It was used
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to verify the eligibility of participants in the study, as well as, identifying health conditions that

could prevent participation in the exercise program sessions and interfere with performance

in the assessment tests.

All participants were evaluated using the CRS and CS tests on the same day in each phase

(BL and FU) by the same examiners. The CS test was chosen as an external reference measure

(anchor) in this study, as it measures the same attribute of the CRS (lower limbs strength) and

presents results that can be partially explained by the PF strength (β = 0.358, P = 0.074) [29].

The CS test protocol consists of the performance of the maximum possible repetitions of the

stand/sit down movements in 30 seconds [19]. The test was administered using an armless

chair (height: 43.2 cm), which was supported against a wall to ensure stability. The final score

corresponded to the total number of complete cycles performed, i.e., the participants should

extend their knees and sit fully on the chair, not lift the feet off the floor and keep the arms

folded over the chest. The CRS test protocol is fully described elsewhere [21]. Briefly, the pro-

tocol includes the performance of a maximum number of heel lifting / lowering repetitions in

the standing position, in 30 seconds, with the knees extended, at maximum possible range and

velocity, without transferring the body weight to the hands. The test score corresponded to the

number of cycles correctly executed at the end of 30 seconds.

Data analyses

Descriptive statistical analyses were performed to characterize the sample. Central tendency

parameters were determined for continuous variables (mean, standard deviation and median)

and relative frequency was calculated for categorical and ordinal variables. The normal distri-

bution of continuous variables was checked with the Kolmogorov-Smirnov Test.

The responsiveness of the CRS test was determined using two different methods: a distribu-

tion-based approach and an anchor-based approach.

For the distribution-based approach the results of the two assessment phases were used to

calculate the change in scores (FU score—BL score) of the CRS and CS tests. The following sta-

tistical parameters, commonly used to assess the responsiveness of instruments, were com-

puted: 1) Effect size (ES)—provides information about the magnitude of change over time by

dividing the Mean Change Score of a variable by the SD of its BL Scores[30,31]. To interpret

the effect-size data, the cutoff points proposed by Hopkins [32] (ES< 0.20 = trivial effect;

0.20� ES< 0.60 = small effect; 0.60� ES< 1.20 = moderate effect; 1.20� ES< 2.0 = large

effect; 2.0� ES< 4.0 = very large; and ES� 4.0 = nearly perfect); 2) Standardized response

mean (SRM)—parameter that indicates if the change of the results over time were large relative

to the variability in the measurements. The SRM can be calculated as the Mean Change Score

of the variable divided by the SD of the same Change Score. SRM values of 0.20, 0.50, and 0.80

are considered as small, moderate and large change, respectively [33]; 3) Minimal Detectable

Change (MDC)—measure that reflects the smallest change in score that can be interpreted as a

‘true’ change, i.e. beyond measurement error [34]. The formula for the calculation of MDC

can be expressed as: 1.96 (
p

2 x Standard Error of Measurement). The calculation of the Stan-

dard Error of Measurement was based on the results of our previous study using the following

equation: SEM = SD of BL scores (
p

1-ICC). The proportion of participants achieving a degree

of improvement beyond the MDC was then determined [35].

The anchor-based approach was performed using a Receiver Operating Characteristic

(ROC) curve analysis in order to verify whether the CRS test could discriminate between par-

ticipants with positive change (improved) versus no change (stable) [36,37]. The cut-off of 3.01

was considered to dichotomize sample in accordance with the minimal detectable change

(MDC) determined in a previous test-retest reliability study (CS change score < 3.01 = stable
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group; CS change score� 3.01 = improved group). An area under the curve (AUC) was used

to determine specificity and sensitivity [38], and the cut-off corresponding to the point closer

to the upper left corner was defined as the score that best classifies participants who had

improved or maintained their state. This cut-off represents the “minimally important differ-

ence” (MID) of this test [34], that is, the smallest change in the CRS scores that is considered

clinically relevant, or worthwhile to the participants [35], also frequently referred to in the lit-

erature as the “minimal clinically important difference” (MCID) [36, 39]. Paired t-tests (or

non-parametric Wilcoxon tests) were used to compare data at BL and FU within groups of

change.

Results

Eighty two healthy older adults were eligible to participate in the responsiveness study of the

CRS test. All participants were present in both assessment periods and met a minimum atten-

dance threshold in the training sessions. Furthermore, none of the participants showed signs

of overexertion, pain in the lower limbs or other signs of discomfort that prevented them from

complying with the requirements for a satisfactory assessment.

Participants were mainly women (87.8%) with good general health perception (�3 points-

scale) and a mean BMI of 29.9±5.1 kg/m2 (Table 1), indicating that this group is overweight

(� 25,0 kg/m2) [40], although out of the range for increased mortality risk (BMI <23.0

or> 33.0) [41].

In general, participants underwent statistically significant improvements in their lower

limb strength (CRS and CS, P< 0.001). Regarding the distribution-based approach, the effect

size was low to moderate, ranging from 0.4 to 0.6 (CRS and CS, respectively) and SRM values

were moderate, ranging from 0.5 to 0.7 (Table 2).

The change detected using the CRS was higher, by a statistically significant difference, for

the group of participants who improved (CRS change score = 5.8±5.4) when compared with

the stable group (CRS change score = 3.0±6.5) (Table 3). Accordingly, it is also possible to ver-

ify that the proportion of changes related to initial values in CRS was higher in the improved

group (CRS relative change = 37.9 ± 54.9%) than in the stable group (CRS relative

change = 15.4 ± 31.5%). The results of the comparison between BL and FU scores validate the

Table 1. Demographics and functional fitness measures in baseline from the total group of participants and sub-

groups of CRS scores.

Demographic and health parameters

N = 82 Mean ± SD (median)/ %

Age (years) 72.3 ± 5.0 (72,0)

Gender, female (%) 87.8

BMI (kg/m2) 29.9 ± 5.2 (29.4)

HPS (1–4 scale) 3,3 ± 0,8 (3,0)

Functional fitness parameters

N = 82 Mean ± SD (median)/ %

CRS (x/30s) 25.0 ± 8,8 (24,0)

CS (x/30s) 16,1 ± 4,6 (15,5)

Data are presented as mean ± standard deviation (median) for continuous variables, and percentage for categorical

variables on Baseline.

Abbreviations: BMI = Body mass index; HPS = Health Perception Status; CRS = Calf-raise Senior test; CS = 30 s

chair stand test.
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lack of significant changes in the stable group, as expected. Subgroups of change did not reveal

equivalence on BL (stables = 27.9± 9.0 vs improved 2.00±6.7; P = 0.006) but the differences

were non-significant on FU (P = 0.61).

A ROC curve analysis shows a change score in the CRS test greater than or equal to 3.5 reps

has a sensitivity of 0.68 and specificity of 0.33. The area under the curve found in this test was

0.67 (P<0.01) indicating moderate discriminative ability.

Fig 1 shows the proportion of participants in the exercise program who had greater

improvements in plantar-flexors (PF) strength and power than the MDC values (42.7%) and

beyond MID (47.6%). Thirty five participants reached or overcame the MDC cut-off point of

4.6 and presented a mean CRS change score of 9.60 (± 4.33), while 37 elderly subjects

improved PF function (�MID of 3.5) and revealed a CRS change score of 9.03 (± 4.45).

Discussion

This study aimed to test the responsiveness of CRS test, in a sample of older-adult participants

undergoing a 24-weeks’ community exercise program.

The CRS test showed a small to moderate responsiveness. A higher responsiveness was

found for the CS test both in this study, as well as in other studies [42].

The responsiveness of the CRS test was also performed using an external measure to com-

pare changes and establish cut-off values associated with meaningful improvements in physical

function as a result of the intervention. The comparative analysis of the CRS scores obtained in

the two time points (BL and FU) between the groups of positive change (improved group) and

without change (stable group) in the reference test (CS) revealed significant differences in

absolute and relative changes. Considering that the attribute assessed in both tests is the same

—strength in the lower limbs; and that the two tests are evaluated in a similar way—the num-

ber of movements performed in 30s (revealing the same limitations in cognitive and sensory

terms); it seems reasonable to state that the CRS test is responsive to discriminate elderly sub-

jects with relevant changes after an exercise intervention program.

The ROC curve analysis revealed an optimal cut-off point of 3.5 repetitions allowing us to

establish the minimal important difference for the CRS test. With this analysis it was possible

to identify about 70% of the participants who underwent a truly important change after the

intervention, while recognizing approximately 30% of the elderly who did not show a real

change in their strength in any of the methods. The MDC value revealed that a change score of

4.6 would be required for the resulting change in participant status to be outside the test error

range, which is higher than the MID estimate. This is in accordance with other responsiveness

studies, in which anchor-based approaches outweigh the values found in the distribution

Table 2. Responsiveness of FF measures for the Total Sample and by Subgroups of Lower and Higher CRS Scores.

Change Score (N = 82)

Parameters mean ± SD (median) ES SRM

CRS score (x/30s) 3.4 ± 6.6 (3.0) 0.4 0.5�

CS score (x/30s) 3.6 ± 5.3 (3.0) 0.6† 0.7�

Data are presented as mean ± standard deviation (median). Cohen’s Effect Size (ES) and Standardized Response

Mean (SRM) from the comparison between baseline and follow up scores. Dagger (†) indicates ES|d| > 0.6 and

asterisk (�) indicates SRM > 0.5 (medium to high Effect Size or response mean, here considered as important

differences between group means).

Abbreviations: CRS = Calf-raise Senior test; CS = 30 s chair stand test; ES: Effect Size; SRM = standardized response

mean.
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approaches [40,43], highlighting the difficulties in using the former method due to the lack of

an optimal threshold which can accurately determine the cut-offs to set the MID. Therefore, if

only the value of MID is considered to evaluate the effects of an intervention, the results may

indicate that improvements can be attributed to test error and not necessarily to a true change.

Moreover, if the MDC is used as the only reference of change, then a small but significant

effect can be neglected [40]. Several authors state that the value of the MID may be related to

the SEM, depending on the degree of improvement defined by the anchor [44,45]. It has been

shown that a cut-off point for MID between "slightly improved" and "moderately improved"

may be similar to 2.0–2.3 � SEM [34], while in studies requiring “moderate” or “much

improvement”, MID corresponds to about 2.5–2.6 times the SEM value [34]. In the present

study, the SEM value calculated for the CRS test was 2.8, indicating that the closest cut-off

point of this relationship would be the MDC = 2.3 � SEM. In this case, the MID would be on

the order of 1.25 � SEM, which is more in line with other studies [44] in which similar values

using clinical parameters as the anchor were observed. Therefore, it is suggested that both val-

ues should be used in assessing ankle strength improvements resulting from an exercise pro-

gram. In practice, we can establish that changes in CRS scores below 3.5 must be considered

insufficient, values between 3.5 and 4.6 may be viewed as acceptable for slight to moderate

changes (but with a chance of being inside the range of measurement errors), while scores

above 4.6 can be considered as a true change.

The anchor-based approach used in the present study was based on an ecological perspec-

tive, considering that the effects of community programs are usually assessed through field

tests, which are easy to administer, have good acceptability and motivation, and reach a large

number of participants in screenings [17]. Therefore, taking into account that the CS test is

widely used in this context, and that it has been showing very positive indicators of validation,

reliability and sensitivity to change in previous studies [19,46,29], its use seems to us acceptable

for a preliminary approach in the scope of CRS test responsiveness assessment. Nonetheless, to

indicate a true change in the plantar-flexors strength, a comparison with a quantitative direct

measures as gold-standard measures would be more accurate, such as a dynamometer strength

test, force platform, a biomechanical gait analysis, or the use of other specific clinical test for

ankle strength assessment (e.g. manual muscle testing) [47].

The lack of other studies assessing CRS responsiveness prevents comparison of the results

found in the present study. As suggested by Revicki [48], the estimate of MID should be

Table 3. Responsiveness of CRS test to the 24 weeks-exercise program, considering groups of change in the CS test (stable and improved).

CS stable group (N = 34) CS improved group (N = 48)

Parameters mean ± SD (median) mean ± SD (median) P value ES (d)

CRS Baseline (x/30s) 27.8 ± 9.0 (27,0) 22.0 ± 6.7 (23.0) 0,00�� 1.2†

CRS Follow up (x/30s) 30.8 ± 9.1 (30,0) 27.8 ± 6.5 (28.0) NS 0.4

CRS Change score (x/30s) 3.0 ± 6,5 (2.0) NS 5.8 ± 5.4 (5.0)§ 0.03� 0.6†

CRS relative change (%) 15.4 ± 31.,5 (15.0) 37.9 ± 54.,9 (32.0) 0.02� 0.5†

Means ± standard deviations (median) of CRS test results on baseline and follow up; change scores and relative change (%) in groups of participants classified as stable

or improved (CS test change scores, MDC = 3.01).

�P<0.05,

��P<0.001, comparison between groups (T-Student or Mann Whitney tests);

§P<0.001, comparison between baseline and follow-up scores (Wilcoxon test);

†ES |d |>0.5 (medium to high Effect Size, here considered as clinically relevant differences between group means); NS indicates non-significant differences.

Abbreviations: CRS = Calf-raise Senior test; CS = 30 s chair stand test.
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confirmed through on the accumulation of evidence from several studies, in order to build

greater confidence in the defined cut-offs values. Therefore, it is necessary to develop further

studies using a larger sample composed of participants with higher / lower functional-fitness

levels, as well as performing interventions that address longer-term changes in physical func-

tion. We also suggest carrying out additional research to evaluate whether the test can detect rel-

evant changes in people with a higher baseline physical condition since the sensitivity to change

demonstrated by the CRS test was more evident in groups of subjects with lower initial scores.

Despite the weaknesses identified, this is the first article that defines the responsiveness of the

CRS test, identifying cut-off values of MDC and MID that may help to establish a basis for

future studies focused on plantar flexion strength and power interventions in the elderly.

Conclusions

This study aimed to examine the responsiveness of the Calf-Raise Senior (CRS) test through a

24-week exercise intervention designed to improve muscle strength, endurance, flexibility and

balance, as key factors affecting physical function.

Fig 1. Means and standard deviations of change scores, and proportion of participants who reached or exceeded

the MDC and MID cut-off points.
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The results strengthen the psychometric properties of CRS, revealing its ability to detect

change after a 24 week community exercise program focused on improving functional mobil-

ity in the elderly. In addition to its excellent validity, reliability, and acceptability by partici-

pants and professionals, the CRS test revealed good responsiveness in detecting changes in

plantar flexion function over time. The present study also provides data relevant to the field

application of these measures, reporting cutoffs of 3.5 and 4.6 for the MDC and MID esti-

mates, respectively.

Supporting information

S1 File.

(ZIP)

Acknowledgments

The authors are grateful to all of the seniors who voluntarily participated in this study, and

acknowledge the valuable assistance of Sara Gabriel and all the other MAAP project techni-

cians who gave their support in data collection.

Author Contributions
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21. André H-I, Carnide F, Moço A, Valamatos M-J, Ramalho F, Santos-Rocha R, et al. Can the calf-raise

senior test predict functional fitness in elderly people? A validation study using electromyography, kine-

matics and strength tests. Physical Therapy in Sport. 2018; 32:252–9. https://doi.org/10.1016/j.ptsp.

2018.05.012 PMID: 29883924
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test predicts falls in a cohort of institutionalized older veterans. PLoS One. 2017; 12(5):e0176946.

https://doi.org/10.1371/journal.pone.0176946 PMID: 28464024

Advances in Sport and Exercise Medicine 

231

https://doi.org/10.1016/j.jsams.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23806877
https://doi.org/10.1123/japa.2015-0290
https://doi.org/10.1123/japa.2015-0290
http://www.ncbi.nlm.nih.gov/pubmed/27623478
http://hdl.handle.net/10400.5/5202
https://doi.org/10.1016/j.jclinepi.2007.04.016
http://www.ncbi.nlm.nih.gov/pubmed/18177792
https://doi.org/10.2165/00007256-200030010-00001
http://www.ncbi.nlm.nih.gov/pubmed/10907753
https://doi.org/10.1016/s0895-4356(03)00044-1
https://doi.org/10.1016/s0895-4356(03)00044-1
http://www.ncbi.nlm.nih.gov/pubmed/12812812
http://www.ncbi.nlm.nih.gov/pubmed/16649896
https://doi.org/10.2165/11531370-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20545379
https://doi.org/10.1097/BRS.0000000000000159
http://www.ncbi.nlm.nih.gov/pubmed/24573078
https://doi.org/10.3945/ajcn.113.068122
https://doi.org/10.3945/ajcn.113.068122
http://www.ncbi.nlm.nih.gov/pubmed/24452240
https://doi.org/10.2522/ptj.20100398
http://www.ncbi.nlm.nih.gov/pubmed/22114200
https://doi.org/10.1097/BRS.0000000000001034
http://www.ncbi.nlm.nih.gov/pubmed/26110663
https://doi.org/10.1016/s0895-4356(01)00477-2
http://www.ncbi.nlm.nih.gov/pubmed/11864800
https://doi.org/10.1016/s0895-4356(99)00071-2
http://www.ncbi.nlm.nih.gov/pubmed/10529027
https://doi.org/10.1371/journal.pone.0176946
http://www.ncbi.nlm.nih.gov/pubmed/28464024
https://doi.org/10.1371/journal.pone.0231556


47. Hislop H, Avers D, Brown M. Daniels and Worthingham’s muscle Testing-E-Book: Techniques of man-

ual examination and performance testing: Elsevier Health Sciences; 2013

48. Revicki D, Hays RD, Cella D, Sloan J. Recommended methods for determining responsiveness and

minimally important differences for patient-reported outcomes. Journal of clinical epidemiology. 2008;

61(2):102–9. https://doi.org/10.1016/j.jclinepi.2007.03.012 PMID: 18177782

Advances in Sport and Exercise Medicine 

232

https://doi.org/10.1016/j.jclinepi.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/18177782
https://doi.org/10.1371/journal.pone.0231556



