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Abstract: The purpose was to examine the effect of prior performance of dumbbell lateral squats
(DBLS) on an agility movement-into-a-sprint (AMS) test. Twelve collegiate, resistance-trained,
baseball athletes participated in three sessions separated by three days. Session One consisted of AMS
baseline test, DBLS 5-RM test, and experimental protocol familiarization. Subjects were randomly
assigned the protocol order for Sessions Two and Three, which consisted of warm up followed by
1-min sitting (no-DBLS) or performing the DBLS for 1 ˆ 5 repetitions @ 5RM for each leg. Four
minutes of slow recovery walking preceded the AMS test, which consisted of leading off a base and
waiting for a visual stimulus. In reaction to stimulus, subjects exerted maximal effort while moving
to the right by either pivoting or drop stepping and sprinting for 10 yards (yd). In Session Three,
subjects switched protocols (DBLS, no-DBLS). Foot contact time (FCT), stride frequency (SF), stride
length (SL), and 10-yd sprint time were measured. There were no differences between conditions for
FCT, SF, or SL. Differences existed between DBLS (1.85 ˘ 0.09 s) and no-DBLS (1.89 ˘ 0.10 s) for AMS
(p = 0.03). Results from the current study support the use of DBLS for performance enhancement
prior to performing the AMS test.

Keywords: agility; complex training; lower body strength; postactivation potentiation; speed

1. Introduction

The importance of lower body muscular power to performance in sporting activities is well
documented [1–3] Therefore, training techniques designed to improve lower body power are of
interest, and methods such as plyometrics and complex training are commonly employed [4–6].
These training methods utilize exercises similar to the movements of sporting activity in order to
provide sport specific enhancements and improve power development.

The response of skeletal muscle to specific stimuli is a function of the prior contraction history [7].
Complex training, a method that involves performing a moderate to heavy resistance exercise as a
conditioning contraction followed by a lighter-resistance ballistic activity, has been shown to elicit
greater lower body power production in subsequent explosive movements [8,9]. An example of complex
training is performing a squat as the heavy strength exercise, followed by explosive vertical jumps. Acute
performance enhancement found in power movements following a conditioning contraction exercise,
such as a heavily loaded resistance exercise or maximal voluntary contractions (MVC), is likely due to
post-activation potentiation (PAP) [10–14], which is defined as an increase in muscle function following
a preload stimulus [7]. The application of complex training to elicit PAP, both acutely and in training
programs, has long been thought to improve lower body power [4,15–17]. Both PAP and neuromuscular
fatigue are stimulated by the same factors [18] and can occur simultaneously [19], but the greatest
motor performance occurs with minimal neuromuscular fatigue [7]. It may be for this reason that the
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numerous studies that have examined complex training and PAP have pursued acute identification of
the optimal load or the timing after loading where peak power production occurs. Previous research
with resistance-trained athletes indicates that the optimal load for complex training may be achieved
using MVCs [11] or 60%–85% 1-RM [20] and 3 to 8 min rest between the heavy strength exercise and the
ensuing explosive movement [20,21]. However, the effect of complex training on PAP has been shown to
vary with the individual’s training status, exercise intensity, exercise volume, and length of rest period
between the strength exercise and the explosive activity [20,22]. Further, it has been suggested that the
interplay between a subject’s individual characteristics and the protocol design (e.g., strength and power
exercise selection) may have an important effect on the extent of potentiation elicited [23].

Strength is critical to developing force rapidly and is integral to the baseball skills of batting,
throwing, and running [24], and agility movements (e.g., drop step, pivot, shuffle) are important when
reacting to a stimulus (e.g., fielding, leading off of a base). Previous methodology to induce PAP has
utilized dynamic movements, such as squat [13], bench press [25], Olympic lifts [26], loaded drop
jumps [27], as well as isometric MVC [11,28]. Little research exists to indicate how PAP induced by
lateral movements acutely impacts lower body power development. Further, because most studies
have used the squat and vertical jump as the conditioning contraction exercise and ensuing explosive
movement, respectively, little is known about the impact of loaded lateral strength exercises on
explosive movement and power production. Yet, sports such as baseball, basketball, hockey, and
football require as much as 50%–90% agility movements in a lateral direction [29]. Additionally, little
research has been completed analyzing methods to improve the first stride in a frontal plane following
a stationary athletic position. Therefore, the purpose of the current study was to examine the acute
impact of dumbbell lateral squat (DBLS) exercise on an agility movement-into-a-sprint (AMS) test in
collegiate baseball players.

2. Material and Methods

2.1. Subjects

Twelve (n = 12) National Collegiate Athletic Association (NCAA) Division-III resistance-trained
baseball position players volunteered to participate in the current study. All subjects were proficient
weight lifters and had ě 1 year of formal strength and conditioning training experience. All subjects
were medically cleared for intercollegiate athletic participation, had the risks and benefits explained to
them beforehand, signed an institutionally approved consent form to participate, and completed a
medical history form. The Institutional Review Board for Human Subjects approved all procedures.
Exclusion criteria consisted of severe musculoskeletal injuries of the lower body or spinal injuries
within 6 months before the start of the study. The subjects were instructed to refrain from lower body
exercise for 72 h before each testing session. Also, they were asked to consume an identical diet for
the 24 h before each testing session. Testing sessions were conducted during the off-season training
period. All subjects in the current study were members of the same baseball team, and were familiar
with the DBLS exercise and the AMS test from their participation in the same collegiate strength and
conditioning off-season program. Physical characteristics are included in Table 1.

Table 1. Physical characteristics of baseball athletes.

Physical Characteristic Mean SD

Age (y) 19.9 1.2
Training experience (y) 3.2 2.1

Height (cm) 175.9 6.6
Body mass (kg) 79.9 10.9
5-RM DBLS (kg) 18.2 4.9

n = 12. Year (y); Centimeter (cm); Kilogram (kg); Standard deviation (SD).
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2.2. Experimental Design

The purpose of the current study was to investigate the acute effect of DBLS exercise on an agility
movement into a 10 yd sprint. A within-subject randomized crossover design was used as subjects
completed the AMS test following DBLS exercise and a control condition (no-DBLS) without DBLS
exercise. In both the DBLS and no-DBLS conditions, four minutes of slow recovery walking preceded
the AMS test.

2.3. Procedures

2.3.1. Session One: 5-RM DBLS Testing and Protocol Familiarization

Session One consisted of completing the informed consent and medical history forms,
familiarization with the 10-min supervised standardized warm-up (i.e., five minutes of stationary
cycling at 70–80 RPM with a 0.5-kg load and five min of dynamic flexibility exercises), application
of reflective markers, baseline AMS test, and 5-RM DBLS test. Prior to testing and familiarization,
subjects’ height and body mass were determined to the nearest 0.1 cm and 0.1 kg, respectively, using a
stadiometer (Tanita; Arlington Heights, IL, USA) and self-calibrating digital scale (Tanita; Arlington
Heights, IL, USA) with subjects in sock feet.

2.3.2. Sessions Two and Three: Experimental Protocol

Seventy-two hours after Session One, subjects returned to the laboratory at the same time of
day on two separate occasions, each separated by seventy-two hours, to perform two randomly
ordered experimental trials (DBLS, no-DBLS). Athletes were randomly assigned to the DBLS or
no-DBLS protocol. In Session Three, which took place 72 h later, the subjects switched protocols.
On the day of each experimental trial, subjects arrived having refrained from lower body resistive
exercise since the previous experimental trial. After a supervised, standardized, 10-min warm-up
identical to that performed prior to testing during session one, subjects performed DBLS exercise
of 1 ˆ 5 repetitions @ 5-RM for each leg or sat quietly for 1 min, depending upon their assigned
protocol. The DBLS exercise was performed according to the methods described for the 5-RM test.
However, both legs were trained. After the left knee flexed to meet the proper squat depth five
consecutive times, the right leg followed. Following four minutes of slow recovery walking subjects
performed the AMS test.

2.3.3. 5-RM DBLS Test

Lateral squat [30] strength was assessed for the right leg with a 5-RM test using dumbbells. Briefly,
subjects completed a 10-min whole body warm up followed by supervised warm up sets for the
DBLS test. While performing the DBLS, the athlete assumed a stance approximately twice that of
shoulder width (Figure 1). Each subject’s foot placement was measured and recorded. The pelvis
was tilted posteriorly and the subject performed a downward squatting motion until the anterior
thigh was parallel to the floor. When the subject reached parallel squat depth, a sound was emitted
from the safety squat beeper (Bigger, Faster, Stronger, Inc., Salt Lake City, UT, USA), which had been
placed anteriorly on the thigh of the right leg [24]. The beeper location was noted for each subject
and repeated for subsequent experimental sessions. In the down position of the DBLS, both heels
remained in contact with the floor. The down position was held for one second. Upon completion of
the down position, the subject rose to the upward position with full extension in the hips and knees,
while keeping the feet in contact with ground. Dumbbells were rested upon the anterior deltoids of
the subject in a front squat hold position. A timed rest of three minutes was taken before each maximal
effort set. Weight was increased based upon the performance of the previous attempt, and the subject
continued to perform sets of five repetitions until failure or until it was determined that he could no
longer perform the DBLS safely with proper form. After two failures, testing was stopped, and the
best lift for 5-RM was recorded.
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Figure 1. Mid-range of the DBLS exercise.

2.3.4. AMS Test

The AMS test was conducted in the laboratory following the DBLS or no-DBLS exercise. All subjects
performed a 4-min slow walking recovery [21] prior to the start of the AMS test. The AMS consisted of
performing a 10-yd sprint from a base runner’s stance for the starting position. Ten reflective markers
were applied to the body: left and right anterior superior iliac spine, center of the left and right patella,
left and right mid-thigh, distal anterior portion of the left and right tibia, medial malleolus on the
right leg, and lateral malleolus on the left leg. Individual anatomical locations of marker placements
were located and marked on each subject with semi-permanent ink to enable reproducibility for
subsequent measures. Athletes were required to wear compression shorts to clarify movement of the
lower extremities for the video analysis. Prior to the initiation of the agility movement, the subject
was stationary and had a stance slightly wider than shoulder width, with slight flexion in the knees
and hips. Body weight was distributed evenly on the balls of the feet, and both feet were parallel
with the sagittal plane. Each subject’s foot placement was measured and recorded. The direction of
movement was to the right of the subject in the frontal plane, which is identical to stealing a base in
baseball; consequently, athletes were well versed in the movement. The initial movement began upon
reaction to a visual stimulus, which was a light emitting diode. The subject exerted maximal effort
while moving to the right by either pivoting both feet or drop stepping with the right foot in order
to place the feet in a position similar to that of a linear sprint during initial acceleration. The subject
maximally sprinted for 10 yd. Each athlete’s choice of a pivot or drop step was noted by the researcher
and repeated during subsequent testing sessions.

In AMS testing Sessions Two and Three, the foot contact time (FCT) and stride length (SL) for the
Stride 1 and Stride 2, and stride frequency (SF) for Segment 1 and Segment 2 were recorded by a video
camera (50 fps, JVC GR-DVL9800 Mini, JVC USA, Wayne, NJ), which was placed perpendicular to the
sagittal plane of the subject and 10 yd from the running lane. Markers were placed at 0, 5, and 10 yd on
the blank wall that was parallel to the running lane. The same trained researcher analyzed all recordings
using two-dimensional video analysis software (Dartfish 5.0 Connect, Fribourg, Switzerland). Timing
sensors with single beamed infrared photocells (Brower Timing Systems, Salt Lake City, UT, USA)
were placed to capture the time at the 5 and 10 yd locations.

Test-retest reliability for the AMS was determined from data collected during baseline AMS
tests in session one and the subsequent no-DBLS condition, which was either Session Two or Three
depending upon the random order assignment of each subject’s no-DBLS condition.

Foot contact time (FCT). The FCT time was defined as the time that each foot was in contact with
the ground following initial lower body movement. The initial movement pattern varied based upon
how the athletes were taught to steal a base (i.e., drop step vs. pivot). Approximately half of the athletes
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drop stepped with the right foot prior to pivoting and striding with the left. Only FCT prior to a stride
was recorded in order to maintain consistency among measures. Athletes repeated their chosen initial
movement (i.e., drop step, pivot) for both DBLS and no-DBLS conditions.

Stride frequency (SF). For comparison of SF or number of strides per section of distance, the AMS
test was divided into two segments: 0–5 (Segment 1) and 6–10 yd (Segment 2). Using video analysis,
SF for each segment was determined from the total number of strides taken during the total time taken
to cover Segment 1 and to cover Segment 2.

Stride length (SL). Stride length for Stride 1 and Stride 2 were determined from video analysis
and recorded in inches for both experimental sessions. Stride 1 was defined as the distance covered
between first two successive ground contacts by the left foot. Stride 2 was defined as the distance
covered between next two successive ground contacts by the right foot.

2.4. Statistical Analyses

Normality of data was assessed by the Kolmogorov-Smirnov test of normality, which determined
all primary outcome measures of interest to be normally distributed. Foot contact (FCT), stride
frequency (SF), and stride length (SL) were analyzed with 2 (condition: DBLS, no-DBLS) ˆ 2 [time
(FCT), distance (SL), number (SF)] repeated measures analysis of variance (ANOVA). The AMS
test was analyzed by a 2 (condition) ˆ 3 (segment 1, segment 2, total time) repeated measures
ANOVA. Bonferroni’s pairwise post hoc analyses examined differences across condition and within
testing periods. Effect sizes were calculated and a modified classification system (trivial, 0.0–0.2;
small, 0.2–0.6; moderate, 0.6–1.2; large, 1.2–2.0; very large, >2.0; extremely large, >4.0) was used [31].
Test-retest reliability was determined through the intra-class correlation coefficient (ICC). Statistical
procedures were conducted using the Statistical Package for the Social Sciences (IBM SPSS Statistics
20.0, IBM Corporation, Armonk, NY, USA). The alpha level was set at p < 0.05.

3. Results

There was no significant interaction between the DBLS and no-DBLS conditions for FCT (p = 0.70),
SF (p = 0.28), or SL (p = 0.79) (Table 2). Significant differences were found for FCT (ES = 5.3, p = 0.0001)
and SL (ES = 1.2, p = 0.0004) between Stride 1 and Stride 2. The SF for Segment 2 (6–10 yard) was
significantly (ES = 2.2, p < 0.0002) less than for Segment 1 (0–5 yard). A significant difference existed
between conditions for the AMS test for Segment 1 time (ES = 0.61, p = 0.01, DBLS: 1.11 ˘ 0.06 s;
no-DBLS: 1.15 ˘ 0.07 s), and total time (ES = 0.42, p = 0.03, DBLS: 1.85 ˘ 0.09 s; no-DBLS: 1.89 ˘ 0.10 s)
(Figure 2). There was no significant difference (p = 0.414) in overall AMS time between session one
(1.90 ˘ 0.09 s) and the no-DBLS condition (1.89 ˘ 0.10 s), and the ICC of 0.98 between the two testing
sessions was considered strong.

Table 2. Foot contact, stride frequency, and stride length for DBLS and no-DBLS conditions.

Measure
DBLS Condition

M ˘ SD
no-DBLS Condition

M ˘ SD

Foot Contact Time (FCT) (s):

Stride 1 0.39 ˘ 0.05 0.38 ˘ 0.04
Stride 2 0.64 ˘ 0.04 * 0.63 ˘ 0.06 *

Stride Frequency (SF):

0–5 yd (Segment 1) 3.75 ˘ 0.45 3.75 ˘ 0.45
6–10 yd (Segment 2) 2.92 ˘ 0.29 # 2.67 ˘ 0.49 #

Stride Length (SL) (in):

Stride 1 46.52 ˘ 3.97 46.19 ˘ 5.75
Stride 2 52.23 ˘ 5.36 * 51.54 ˘ 7.11 *

* Significant difference (p < 0.001) between Stride 1 and Stride 2; # significant difference (p < 0.001) between
0 and 5 yd (Segment 1) and 6 and 10 yd (Segment 2); n = 12, yd (yard), s (second), in (inch).
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0.5

1

1.5

2

Segment 1 Segment 2 Total time

DBLS

no-DBLS

Figure 2. AMS test time (s) for DBLS and no-DBLS conditions. # significant difference (p < 0.05)
between total LMS time for DBLS and no-DBLS conditions; * significant difference (p < 0.05) between
Segment 1 (0–5 yd) and Segment 2 (6–10 yd).

4. Discussion

This is the first study to examine whether or not an acute bout of DBLS exercise would enhance
agility movement and the subsequent sprint in resistance-trained, collegiate baseball athletes. It was
hypothesized that measures of FCT, SF, SL, and AMS time would improve as a result of acute lower
body resistive exercise. The overall findings supported a positive effect on the use of resistive exercise
on AMS time; however, no difference was found for FCT, SF, or SL across the DBLS and no-DBLS
conditions. To our knowledge, no study to date has reported on the effect of complex training on an
agility movement-into-a-sprint, FCT, SF, or SL in baseball athletes, yet, baseball is a sport that requires
a large percentage of agility movements in a lateral direction [29]. The performance measure (AMS
test) in the current study was comparable to the baseball specific movement of stealing a base [32].
It required reaction to a visual stimulus, quick change of direction, and a short burst sprint, all of
which are regularly used movement patterns in baseball [33].

The mechanisms responsible for eliciting PAP and the optimal conditions for performance
enhancement from complex training have not been clearly defined. The utilization of dynamic
strength movements for a conditioning exercise to induce PAP during plyometric exercise has yielded
mixed results [10,14,23,34–36]. Previous research has demonstrated improved sprint times following
single joint and isometric strength exercise [37]. However, the effect of dynamic strength exercise on
sprint time is equivocal and varies by individual and rest time [21,22]. Further, the exercise selection
and intensity of the conditioning contraction can impact subsequent power production [20]. Complex
training has resulted in improved 10-m shuttle run time [38], 10-m [22], 40-m [13], and 100-m [39]
sprint times. In contrast, other research has shown no effect on 10-m [13], 30-m [24] and 40-m [26]
sprint times.

In the current study, complex training did not elicit a PAP response for the FCT, which was defined
as the time that each foot was in contact with the ground following initial lower body movement
until the foot completed the stride. The contact time for Stride 1 was significantly lower than Stride 2,
irrespective of DBLS or no-DBLS condition. This was likely due to the required movement direction to
the right, which was similar to that necessary when stealing a base. As a result, the left foot always
completed Stride 1, and the right foot stayed in contact with the ground for a longer period of time.
Varying differences in the agility movement patterns (drop step, pivot) were existent, but not the focus
of the current study.

Complex training did not elicit a PAP response for the SF. In both conditions the SF for Segment 1
was significantly greater than Segment 2, which is likely a result of the short explosive strides required
during the initial acceleration of Segment 1 versus the longer strides of Segment 2 as the athlete
increased his running speed [40].
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The primary purpose of examining SL was to determine change in SL due to PAP; however, the
condition (DBLS, no-DBLS) had no effect on SL in the current study. Irrespective of condition, Stride 2
was significantly greater than Stride 1, and this finding was likely due to the specific mechanical
tendencies of the movement pattern. The initial agility movement that was performed prior to
sprinting was identical to that of a baseball player attempting to steal a base; therefore, the subject
was required to move to his right in the frontal plane following a stationary athletic position. After
visual examination of the digital recordings of running mechanics it was clear that an initial stride
of the subject with the left foot was needed in order to rotate the hips and shoulders to the right
and rapidly move the center of gravity so that the momentum of the subject was correctly oriented
toward the target. The pivoting limited the initial stride of the left foot. The subject could then make
a significantly greater second stride with the left foot because he was facing in the direction of the
sprinting destination.

Regardless of condition (DBLS, no-DBLS) the AMS test time for Segment 2 (6–10 yd) was
significantly lower than Segment 1 (0–5 yd), which is likely a result of the athlete beginning the
AMS test from a stationary athletic stance position. After accelerating through the 5 yd sensor and
completing Segment 1, the athlete had created enough momentum to propel himself through Segment 2
and the final 10 yd sensor at a faster speed.

While FCT, SL, and SF, did not differ between DBLS and no-DBLS conditions, AMS Segment 1
and total time were significantly lower (0.04 s) for the DBLS condition than the no-DBLS condition;
therefore, the resistive exercise may have induced PAP, which enhanced the sprint time. Segment 1 was
3.6% faster and the total AMS time was 2.2% faster when the AMS was preceded by DBLS. Although
the effect size was small, milliseconds can determine whether or not a base runner is safe or out,
therefore, such a magnitude of improvement might have noteworthy ramifications during competition.
In the current study, the DBLS exercise was followed by a 4-min rest period during which the subjects
completed a slow recovery walk prior to performing the AMS test. In previous research reporting a
significant PAP effect during sprinting distances of 10-m [22], 30-m [38], 40-m [13], and 100-m [39], the
dynamic resistance exercise selection and intensity have varied for the conditioning contraction, but
the most effective rest periods have consistently been ě 4 min. The design of the current study was
unique because it examined the effects of PAP on a ballistic agility movement that led into a sprint.
The use of resistance-trained baseball athletes who were familiar with the AMS test and the DBLS
in conjunction with the standardization of all warm-up procedures may have also been contributing
factors in the positive results of the current study.

We acknowledge some study limitations. First, although all subjects in the current study were
resistance-trained collegiate baseball position players, the sample size of twelve was small. A larger
sample size may have resulted in other differences between the DBLS and no-DBLS conditions. It has
been demonstrated that results from studies examining PAP in relation to performance on field tests
are equivocal, in part due to the varied individual response to complex training methods [20,22,26].
Second, a higher grade of video analysis software may have allowed for better discrimination in
measures of FCT, SL, and SF.

It is well known that responses to a PAP protocol may vary depending upon the individual’s
training background and strength level [14,23,34,36,39]. Future research that examines the effects
of dynamic strength movements on varied sprint distances, repeated sprint measures, and the
establishment of how long the PAP effect remains are warranted. The investigation of efficiency
of various agility movement patterns (e.g., drop step, pivot) for directional change would also be of
interest. Further, the effect of implementing such complex training methods between innings during
game play would be of interest to the baseball practitioner.

5. Conclusions

Results from the current study are applicable to sport and training. Successful skill execution
in baseball often requires the development of power over a short period of time. Effective use of
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PAP (movement specific conditioning exercise, proper rest time) in the form of complex training
can enable an individual to train at a greater intensity, therefore, attaining superior gains in power
production. Program implementation of complex training, which pairs DB lateral squats with short
sprints, may provide an adequate training stimulus for enhancing agility movements and, thereby,
improve base running.
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Abstract: Short-term resistance training has been shown to increase isokinetic muscle strength and
performance after only two to nine days of training. The purpose of this study was to examine the
effects of three days of unilateral dynamic constant external resistance (DCER) training and detraining
on the strength of the trained and untrained legs. Nineteen men were randomly assigned to a DCER
training group or a non-training control group. Subjects visited the laboratory eight times, the first
visit was a familiarization session, the second visit was a pre-training assessment, the subsequent
three visits were for training sessions (if assigned to the training group), and the last three visits were
post-training assessments 1, 2, and 3 (i.e., 48 h, 1 week, and 2 weeks after the final training session).
Strength increased in both trained and untrained limbs from pre- to post-training assessment 1 for
the training group and remained elevated at post-training assessments 2 and 3 (p ď 0.05). No changes
were observed in the control (p > 0.05). Possible strength gains from short-term resistance training
have important implications in clinical rehabilitation settings, sports injury prevention, as well as
other allied health fields such as physical therapy, occupational therapy, and athletic training.

Keywords: training-induced; neuromuscular adaptation; isotonic; muscle mechanics; unilateral;
cross education

1. Introduction

Allied health professionals, such as physical therapists, occupational therapists, and athletic
trainers, may benefit from rapid increases in strength of a patient or athlete recovering from injury [1–3].
In theory, if an individual’s strength can be increased within a short period of time, an alternative to
more expensive and invasive medical procedures may be offered [1,2]. In addition, they are more likely
to comply with a rehabilitation program and perhaps decrease the risk of reinjury [3]. Consequently,
short-term resistance training has been shown to increase isokinetic muscle strength and performance
after only two to nine days of training [1,2,4,5]. This short time course for strength adaptations may
conveniently coincide with the commonly limited rehabilitation treatments due to minimal insurance
coverage or lack of compliance [1,2], or the time demands for return to play in sports. If patients do
not improve quickly, the risk of injury reoccurrence may increase [1]. This potential for short-term
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resistance training to improve muscular performance in a relatively shorter period of time would have
important implications for professionals working in rehabilitation settings [1–3].

Evidence has shown that improvements in muscle performance can be observed in a shorter
period than what is typically used in longer traditional training programs [1,2,6,7]. For example,
Prevost et al., (1999) investigated velocity-specific short-term training for two days and reported 22.1%
increases in peak torque (PT) at 270˝¨s´1 after training at 270˝¨s´1, but no changes for training at
30 and 150˝¨s´1 at the testing velocities of 30 and 150˝¨s´1 [4]. Similarly, Coburn et al., (2006) compared
short-term resistance training effects after three sessions of slow- or fast-velocity and found that PT
increased for both training groups [2]. However, the slower velocity training group increased PT at
both velocities whereas PT increased only at the faster velocity for the faster velocity training group [2].
No changes in PT were observed for the control group and no changes in EMG amplitude were
reported for any of the groups at any of the velocities. The authors concluded three sessions of slow or
fast velocity isokinetic resistance training were sufficient to increase PT and the lack of EMG amplitude
changes suggested increases in leg extension PT were not caused by increases in muscle activation [2].

The principle of training called reversibility, or detraining, occurs when a complete cessation or
substantial reduction in training causes a partial or complete reversal of the adaptations induced
by training [8,9]. Detraining occurs after an individual discontinues a training program [8–15].
Most of the increases in strength found with resistance training are lost after several weeks of
detraining [10–14,16,17]. However, Colliander and Tesch (1992) showed that a resistance training
program incorporating combined concentric and eccentric leg extension exercise retained more of the
novel strength gains than a concentric-only training program [16]. In addition, Farthing (2003) found
eccentric muscle action training elicited greater strength gains than concentric training [18]. Because
isokinetic muscle actions are typically concentric, it is unknown whether dynamic constant external
resistance (DCER) training, which uses coupled concentric and eccentric muscle actions, and isokinetic
training would affect detraining differently.

Isokinetic muscle actions have been traditionally used in rehabilitation and testing scenarios.
Several studies have examined the effects of isokinetic training on strength and/or muscle
cross-sectional area (CSA) [1,2,4,5] and isokinetic training allows development of maximum tension
throughout the range of motion [7]. However, DCER training would offer a more accessible, convenient,
cost-effective, and practical method of training, in addition to perhaps providing a greater stimulus to
elicit increases in strength [19]. Furthermore, no studies have investigated the effects of short term
resistance training on the contralateral untrained limb or on detraining. Therefore, the purpose of
this study was to examine the effects of three days of DCER training and subsequent detraining on
isokinetic on strength of the trained and untrained contralateral leg extensors during maximal leg
extension muscle actions.

2. Method

2.1. Subjects

Nineteen apparently healthy untrained men (mean ˘ SD age = 21.6 ˘ 3.4 years; body
mass = 77.9 ˘ 14.0 kg; height = 173.9 ˘ 4.1 cm) were randomly assigned to a DCER training group or
control group. Participants were minimally active and naïve to the intent of the study. Individuals
with a history of chronic resistance training (>1 day/week) in the previous 12 months or those who
reported engaging in one or more lower-body resistance training exercise for six months prior to
the start of the study were excluded from participating. Prior to any testing, all subjects read and
signed an informed consent form and completed a health status questionnaire. Individuals with any
degenerative neuromuscular or joint disorders, or who sustained injuries distal to the waist within
six months prior to screening were also excluded from the study. Subjects were asked to maintain their
daily activities, but refrain from any exercise and/or nutritional supplements throughout the course of
the study. Individuals who had been taking nutritional supplements three months prior to screening
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were not permitted to participate. This study was approved by the university’s Institutional Review
Board for the Protection of Human Subjects.

2.2. Research Design

A mixed factorial design was used to examine the effects of three days of short-term unilateral
resistance training and subsequent detraining on strength. Subjects visited the laboratory on eight
separate occasions. The first visit was a familiarization session, the second visit was a pre-training
assessment, the subsequent three visits were for training (if assigned to the training group), and the last
three visits were the post-training assessments (i.e., 48 h, 1 week, and 2 weeks after the final training
session). Pre-training assessments were performed 48 h prior to the start of training. Testing included
assessments of DCER strength. The training group performed DCER leg extension exercise with the
dominant leg in each of the three days of training whereas the control group did not take part in the
training intervention. After the three training sessions, post-training assessments were performed in
an identical manner to the pre-training assessments. In order to examine the time course of the effects
of training, post-training assessments were performed 48 h, 1 week, and 2 weeks after the final training
session. All pre- and post-training assessments were conducted at approximately the same time of day.

2.3. Dynamic Constant External Resistance Assessments

The maximal strength of the leg extensors were assessed using a DCER Nautilus leg extension
machine (Nautilus, Inc., Vancouver, WA, USA). The input axis of the machine was aligned with the
axis of rotation of the knee. The distal anterior portion of the leg superior to the ankle was used
as the load bearing point. Three submaximal warm-up sets of increasing tester-selected intensities
(i.e., 6–8, 3–5, and 1–2 repetitions) preceded the maximal strength attempt. When one attempt was
successful, the load was increased by 2–5 kg until a failed repetition occurred. A failed repetition was
defined as the inability to complete the full range of motion with the assigned load. During the tests,
loud verbal encouragement was provided by the investigator. Each subject was instructed to provide
maximal effort throughout the entire range of motion. The greatest load moved through a complete
leg extension range of motion was considered the one repetition maximum (1-RM). A 1-min rest was
allowed between each successive attempt [20,21].

2.4. Dynamic Constant External Resistance Training Protocol

After a rest period of 48 h following the pre-training assessment, the training group took part
in three DCER training sessions separated by 48 h. Participants in the training group performed
4 sets of 10 repetitions. Each training session began with ten warm-up repetitions at approximately
25% of the resistance used for the DCER training session. Approximately 80% of the 1-RM obtained
during the DCER maximal strength assessment was used as the starting load for the DCER group.
A 2-min rest period was allowed between each training set. Training load for the DCER group was
continually increased and adjusted by approximately 1.14 kg as each participant was able to tolerate
a given load with ease in order to ensure that the subject reached failure at approximately the 10th
repetition. All participants taking part in the DCER training intervention were supervised during all
training sessions.

2.5. Rating of Perceived Exertion

Rating of perceived exertion (RPE) was used to compare effort among the DCER training days
and sets [22–26]. Prior to the start of the study, subjects received instructions on how to use the RPE
scale to rate their perceived exertion. A Category-Ratio scale (CR-10) was used, where “0” is classified
as rest (no effort) and “10” is classified as maximal effort (most stressful exercise ever performed).
The CR-10 has been slightly modified to reflect American English (e.g., easy and hard instead of light
and strong, respectively) [24]. Subjects were asked to provide a number on the scale to rate their
overall effort immediately after each set was completed and after the entire training session. The RPE
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assessments were conducted during each session by showing the scale and asking subjects “How
would you rate your effort?” and “How would you rate your entire workout?” immediately after each
set of training and after each training session, respectively. Therefore, in this study, “set RPE” was
defined as the RPE reported by the subject after each set, while “session RPE” was defined as the RPE
reported each day after the training session was completed.

2.6. Statistical Analyses

A three-way mixed factorial ANOVA (time (pre- vs. post-training assessment 1 vs. post-training
assessment 2 vs. post-training assessment 3) ˆ group (DCER vs. control) ˆ limb (trained vs. untrained)
was used to analyze the 1-RM data. A two-way repeated measured ANOVA (time [training session 1 vs.
training session 2 vs. training session 3) ˆ set (1 vs. 2 vs. 3 vs. 4)) was used to analyze RPE assessed
after each set during training. A one-way repeated measures ANOVA (time (training session 1 vs.
training session 2 vs. training session 3)) was used to analyze training session RPE. When appropriate,
follow-up analyses were performed using lower-order two- and one-way repeated measured ANOVAs,
and paired sample t-tests. An alpha level of p ď 0.05 was considered statistically significant for all
comparisons. Predictive Analytics SoftWare (PASW) version 18.0.0 (SPSS Inc., Chicago, IL, USA) was
used for all statistical analyses.

3. Results

3.1. Dynamic Constant External Resistance Assessments

Table 1 contains the means (˘SE) for 1-RM strength in the trained and untrained leg. There was
no three-way interaction for time ˆ group ˆ limb (p = 0.11). However, there was a significant
two-way interaction for time ˆ group (p = 0.001). Post-hoc pairwise comparisons for the marginal
means indicated that 1-RM increased in both trained and untrained limbs from pre- to post-training
assessment 1 for the DCER group (p < 0.001) (Figure 1). There were no differences in 1-RM strength
for the DCER group among post-training assessments 1, 2, and 3 (p > 0.05) (Figure 2). No significant
changes were found for the control group (p > 0.05).

Table 1. Means (˘SE) for leg extension 1-RM.

Group
Pre-Training
Assessment 1

Post-Training
Assessment 1

Post-Training
Assessment 2

Post-Training
Assessment 3

1-RM (kg)

DCER
(n = 10)

Trained 43.0 ˘ 3.0 52.6 ˘ 3.8 * 50.5 ˘ 3.5 * 50.2 ˘ 3.2 *
Untrained 41.9 ˘ 2.7 48.9 ˘ 4.2 * 48.9 ˘ 3.8 * 48.6 ˘ 3.5 *

CONT
(n = 9)

Trained 41.7 ˘ 2.2 41.9 ˘ 2.1 41.8 ˘ 1.9 42.7 ˘ 1.6
Untrained 41.9 ˘ 2.1 41.8 ˘ 1.9 41.7 ˘ 2.0 42.2 ˘ 1.7

Notes: 1-RM = 1 repetition maximum; DCER = dynamic constant external resistance; CONT = control. * Denotes
significant change from pre- to post-assessments.

3.2. Rating of Perceived Exertion

Table 2 contains the means (˘SE) for set and session RPE from the training group. There was
no two-way interaction for time ˆ set for set RPE (p = 0.41). However, there was a significant main
effect for set (p < 0.001). Post-hoc pairwise comparisons for the marginal means (collapsed across time)
indicated a significant main effect for set RPE (p < 0.05). RPE increased significantly from the first until
the last set within each session (p < 0.05). For session RPE, there was no main effect for time (p = 0.55).
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Figure 1. Means of percent change for leg extension 1-RM for the trained (A) and untrained (B) legs.
* Denotes significant difference from the pre-test for the DCER group. DCER = dynamic constant
external resistance; CONT = control.

Figure 2. Means (˘SE) for leg extension 1-RM collapsed across limb. * Denotes significant difference
from the pre-test for the DCER group. DCER = dynamic constant external resistance; CONT = control.
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Table 2. Means (˘SE) for set and session rating of perceived exertion for the DCER group.

Training Session 1st Set 2nd Set 3rd Set 4th Set Session

Session 1 6.4 ˘ 0.54 7.3 ˘ 0.63 * 8.3 ˘ 0.45 * 8.6 ˘ 0.37 * 7.6 ˘ 0.48
Session 2 5.4 ˘ 0.37 6.9 ˘ 0.31 * 7.8 ˘ 0.29 * 8.6 ˘ 0.43 * 7.1 ˘ 0.35
Session 3 5.8 ˘ 0.33 6.9 ˘ 0.43 * 7.9 ˘ 0.50 * 8.5 ˘ 0.48 * 7.5 ˘ 0.40

Notes: DCER = dynamic constant external resistance. * Denotes significant change over sets within each
training session.

4. Discussion

Perhaps the most important finding of the present study was the increase in DCER strength
acquired by the training group. DCER strength increased from pre- to post-training assessment 1
in the trained and untrained legs for the DCER training group and remained elevated during
post-training assessments 2 and 3. To our knowledge, this was the first study to report DCER
strength gains with short-term resistance training while also considering the detraining period of two
weeks. These findings are in agreement with previous studies reporting PT increases after short-term
isokinetic training [1,2]. In addition, the DCER group retained the strength gains during post-training
assessments 2 and 3. That is, DCER strength remained elevated over a two-week period. Typical
increases in strength obtained in longer resistance training programs are diminished after several
weeks of detraining [10–14,16]. Colliander and Tesch (1992) compared the effects of resistance training
and detraining using concentric-only and combined concentric and eccentric muscle actions of the leg
extensors and reported that the group performing coupled concentric and eccentric muscle actions
had a greater overall increase in PT after training and detraining than the concentric-only group [16].
These authors suggested strength decreases observed during detraining are not likely due to atrophy,
but perhaps a reduction in neural drive or motor unit activation and hypothesized eccentric muscle
actions are capable of inducing greater motor unit activation than concentric muscle actions [16].
Thus, it was suggested a resistance training program incorporating combined concentric and eccentric
repetitions of leg extension can retain more of the obtained strength gains than the training program
with concentric-only repetitions [16]. Likewise, Farthing (2003) found eccentric-only muscle action
training elicited greater strength gains than concentric-only training [18]. Similarly, Knight et al., (2001)
suggested that isotonic muscle actions may be more effective at increasing torque because isokinetic
resistance is accommodating, hence, it decreases with fatigue [19]. These findings [16,18,19], along
with the findings of the current study may indicate an advantage of DCER over isokinetic resistance
training programs when conducted over a relatively short period of time.

For the DCER training group, despite training only one leg, strength increased on the contralateral
limb and was maintained over the two-week detraining period. Unilateral resistance training of a limb
can increase the strength of the contralateral limb through a concept termed cross-education [27].
Increases in strength of the contralateral, untrained limb, have been extensively reported in the
literature [27,28]. Possibly an important finding of the current study is that short-term resistance
training also elicited the cross-education effect. This has important implications for injury rehabilitation,
where in the initial period post-injury strength gains on an injured limb can conceivably be obtained
with short-term contralateral resistance training. Contralateral strength gains have been hypothesized
to be attributed to central neural adaptations (i.e., excitation of the cortex), increased motoneuron
output, and improved postural stabilization [27–29]. Accordingly, structural changes in the brain
have been reported after only four weeks of unilateral resistance training concomitant with strength
increases in trained and untrained limb [30]. In fact, strength gains may not be restricted to the
contralateral untrained muscle, but might be observed in the contralateral untrained antagonist
muscle [31]. Therefore, future studies should investigate the effects of short-term resistance training
on contralateral antagonist muscles.
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Strength gains were also maintained during the two-week detraining period in the DCER group.
Although in the present study subjects were untrained, these findings were similar to those of
Hortobagyi et al., (1993), who found that two weeks of detraining of resistance-trained athletes
did not cause a significant decrease in maximal bench press, squat, isometric, or concentric isokinetic
strength [32]. Similarly, Shaver (1975) reported that recently acquired strength can be maintained in
both trained and untrained limb for up to one week [33]. To our knowledge, the current study is
the first to demonstrate short-term increases in strength can be maintained for a two-week period
and in untrained limbs. In contrast, other authors have suggested strength gains that have been
recently acquired may diminish faster than in strength-trained athletes [9,33]. Thus, the experience
with resistance training (novice vs. well-trained athletes) should be considered when interpreting the
results of a short-term resistance training program and its potential lasting effects.

The neuromuscular system undergoes numerous adaptations following a resistance training
program [6,7,34–38]. Short-term resistance training has been shown to increase muscle strength and
isokinetic performance after only a few days of training. Increases in muscular strength following
a resistance training program can be attributed to neural and hypertrophic factors [6,34–37,39].
Therefore, voluntary strength increases due to not only the CSA and quality of muscle mass but also
to the extent in which the muscle mass is able to activate [39]. In general, neural factors are believed
to account for most of the increases in strength in the early stages of a resistance training program,
whereas hypertrophic factors gradually become prevalent after several weeks of training [6,36,38–42].
Research suggests early adaptations to resistance training programs are related to improvements in
neuromuscular efficiency, which perhaps indicates an increased capacity to activate skeletal muscle
voluntarily [1,2,4,7,42]. Hence, initial improvements in strength and muscular performance reported
following short-term resistance training are generally attributed to neural adaptations rather than
muscle fiber hypertrophy [6,7]. However, the specific mechanisms of such adaptations in short-term
training are not fully understood [2]. For example, Akima et al., (1999) reported increases in PT after two
weeks of resistance training but no changes in muscle CSA or fiber area suggesting strength increases
occurred without muscle hypertrophy [7]. Similarly, Prevost et al., (1999) reported velocity-specific
increases in PT training at 270˝¨s´1 after increases in PT after two days of isokinetic training but not
with training at 30 and 150˝¨s´1 [4]. Because improvements were only seen in one velocity, and muscle
hypertrophy would most likely yield strength increases at the other velocities, investigators suggested
that neural adaptations play a major role in strength improvements which are specific to a training
velocity [4]. Beck et al., (2007) suggested that responses to training might be influenced by the number
of training sessions, training volume, and muscle(s) being tested [3]. Nevertheless, Akima et al., (1999)
and Costa et al., (2013) suggested future studies should investigate the precise mechanisms underlying
strength gains obtained with short-term resistance training [7,43].

The results revealed there were no differences in RPE as acknowledged by the subjects among the
DCER training sessions. However, RPE increased from the first to the fourth set within each training
session. These results are similar to those found by Egan et al., (2006), who reported mean session RPE
values of 7.3 for six sets of six repetitions of traditional resistance training using squats at an intensity
of 80% of 1-RM [22]. Likewise, Sweet et al., (2004) reported mean RPE values between 6.8 and 8.2 for
70 and 90% of leg press 1-RM, respectively [23]. Thus, perceived effort from a short-term resistance
training program in the current study was similar to previous studies and was not lower because of
the shorter training program duration.

5. Conclusions

The primary finding of this study was that DCER strength increased in the trained and untrained
limbs with three days of contralateral training. This has important implications for injury rehabilitation,
where in the initial period post-injury, strength gains on an injured limb can possibly be obtained
with short-term resistance training. Furthermore, research has shown the feasibility and benefits
of preoperative resistance training prior to surgical intervention to decrease the odds of inpatient
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rehabilitation, reduce the length of hospital stay, and promote overall postoperative recovery [44–47].
It is believed the increases were due to an unidentified factor because of strength gains observed
in the untrained limb after DCER resistance training. Future studies should investigate the precise
physiological components responsible for short-term contralateral strength gains. The findings of
the current study may indicate an advantage of DCER over isokinetic resistance training programs
when conducted over a relatively short period of time. These findings have important implications in
clinical rehabilitation settings, sports injury prevention, as well as in other allied health fields such
as physical therapy, occupational therapy, and athletic training. To our knowledge, the current study
is the first to demonstrate recently-acquired strength can be maintained for a two-week period in
untrained limbs. Therefore, future studies should examine the effects of short-term resistance training
on injury prevention and rehabilitation.
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Abstract: Exercise performance is partially limited by the functionality of the respiratory musculature.
Training these muscles improves steady-state exercise performance. However, less is known about
the efficacy of executing a respiratory muscle warm-up (RWU) immediately prior to high-intensity
exercise. Our study purpose was to use a practitioner-friendly airflow restriction device to
investigate the effects of a high, medium, or low intensity RWU on short, high-intensity exercise and
pulmonary, cardiovascular, and metabolic function. Eleven recreationally active, males (24.9 ± 4.2 y,
178.8 ± 9.0 cm, 78.5 ± 10.4 kg, 13.4% ± 4.2% body fat) cycled at 85% peak power to exhaustion (TTE)
following four different RWU conditions (separate days, in random order): (1) high; (2) medium;
(3) low airflow inspiration restriction, or no RWU. When analyzed as a group, TTE did not improve
following any RWU (4.73 ± 0.33 min). However, 10 of the 11 participants improved ≥25 s in one of
the three RWU conditions (average = 47.6 ± 13.2 s), which was significantly better than (p < 0.05)
the control trial (CON). Neither blood lactate nor perceived difficulty was altered by condition.
In general, respiratory exchange ratios were significantly lower during the early stages of TTE in all
RWU conditions. Our findings suggest RWU efficacy is predicated on identifying optimal inspiration
intensity, which clearly differs between individuals.

Keywords: intervals; high-intensity; performance; respiratory; hypoxia; breathing; restriction;
hypocapnia; fatigue

1. Introduction

Numerous physiological factors such as pH, temperature, neurological input, and substrate
availability limit exercise performance. One particularly understudied aspect is the role of the
respiratory musculature. The available literature provides clear evidence that fatigue of this system
hampers exercise performance [1–4] by inducing a metaboreflex response, which causes sympathetic
outflow and a resulting vasoconstriction/reduced oxygen delivery to working muscles [3,5–9].
Fortunately, functional capacity of the respiratory musculature is modifiable. Intentionally restricting
airflow during inhalation, exhalation, or both [10–12] forces the respiratory muscles to increase
work output to adequately support airflow and gas exchange needs. Improvements in whole-body
performance have been found in a variety of sports [12–15] and general exercise settings [16–18]
following these types of respiratory exercise. For example, Romer, McConnell, and Jones (2002)
reported that chronic respiratory training significantly improved 20 km and 40 km cycling time trial
performance by ~3%–5% [12].

Restrictive airflow breathing activities may also improve acute exercise performance by
functioning as a pre-exercise respiratory muscle warm-up (RWU). This is of particular importance

Sports 2015, 3, 312–324 20 www.mdpi.com/journal/sports



Sports 2015, 3, 312–324

when engaging in high-intensity exercise. The respiratory muscles have high aerobic capacities,
multiple sources of blood supply, and a unique resilience to vasoconstriction; making them naturally
fatigue-resistant to low-moderate exercise intensities. However, they are susceptible to fatigue when
exercising at intensities greater than 80% of VO2max for prolonged periods of time [5]. Volianitis
and colleagues (1999) understood this phenomenon and sought to examine whether or not a RWU
(which presumably improves function of the respiratory muscles) could sufficiently alter high intensity
exercise performance.

This was accomplished by comparing performance during a six-minute maximal rowing test
following either a sport-specific warm-up or a RWU. The researchers noted the RWU induced a
significant increase in rowing distance of 18 m. On the contrary, Johnson et al., (2014) found no change
in 10 km cycling time trial performance following a RWU combined with a sport specific warm-up
(compared to a sport specific warm-up alone). Thus, while RWU appears helpful when utilized prior
to short duration, high-intensity rowing, its effectiveness may be eliminated when cycling. Further
examination of this speculation is important given the popularity of high-intensity cycling among
personal trainers, strength and conditioning coaches, and health professionals.

Confusing the matter even more, the intensity (i.e., amount of airflow restriction) and volume of
the RWU significantly affect its outcome. Most studies report success when implementing two sets of
30 respiratory cycles at 40% of maximal inspiratory pressure [1–15,18]. Higher intensity restriction
actually fatigues the system, while less restriction is insufficient [19]. Measurement of maximal
inspiratory pressure typically requires specialized, expensive equipment. Practitioners attempting
to implement a RWU are unlikely to possess such devices. However, less expensive RWU devices
that allow manipulation of airflow restriction intensity are commercially available, but lack scientific
scrutiny. Therefore, the purpose of this study was to utilize one of these practitioner friendly devices
to investigate the effects of a high, medium, or low intensity RWU on cycling time to exhaustion and
pulmonary, cardiovascular, and metabolic function.

2. Materials and Method

2.1. Study Design

This study was designed to investigate the effectiveness of three different RWU intensities on
exercise performance. Day 1 consisted of baseline measurements and familiarization of the RWU
protocol. On Days 2–5, participants performed a RWU with either high (HI), medium (MID), or low
(LO) amounts of airflow restriction (or no RWU CON) immediately prior to a cycling test to exhaustion
(TTE). Each trial (HI, MID, LO, CON) was separated by at least 48 h, and the order of each trial
was randomized. Exercise performance and measures of pulmonary, cardiovascular, and metabolic
function were collected and analyzed during each of the four trials.

2.2. Study Controls

Trial order was randomized via a Latin Squares design, with each trial occurring at least 48, but
no more than 96, h apart. All trials occurred in the morning between 6:00 and 10:00 am, with each trial
occurring ±1 h from the first experimental visit for each individual participant. To ensure training
status did not change throughout the study, participants kept a training log for the week prior to their
first testing session. Activity levels were then mimicked and recorded their throughout the duration
of their involvement in the study. Participants were asked to refrain from exercise for the 36 h before
testing and were encouraged to sleep ≥8 h the night before each test. Similar measures were taken
for dietary intake during the 24 h period that preceded each individual testing session. Participants
fasted 12 h prior to each testing session. Nonetheless, three participants were removed from the study
because of significant differences in their carbohydrate intake the 24 h prior to one or more of their
trials. To ensure sufficient hydration, participants were instructed to drink water the night before
(~1000 mL) and the morning of (~500 mL) testing. Hydration status was monitored via urine specific
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gravity analysis prior to each trial. Recordings of greater than 1.020 resulted in a rescheduling of the
exercise trial [20]. No external motivation (e.g., cheering, yelling, music, etc.) was provided or allowed
during the RWU, pulmonary testing, or the TTE.

2.3. Participants

Fourteen healthy male recreational exercisers enrolled in the study, but three were removed from
the final analyses (n = 11, Table 1). Participants were excluded prior to beginning any activities of the
study if they had any prior experience with RWU (or similar) practices. Inclusion criteria required
participants be free from any cardiovascular, metabolic, and pulmonary diseases or illnesses that may
affect the pulmonary system, or have any joint, musculoskeletal, and/or neuromuscular injuries or
pain that may affect their ability to perform maximal cycling exercise. To ensure adequate levels of
aerobic fitness, participants were also required to demonstrate a VO2max of ≥45 mL·kg1·min−1. Prior
to participating, all volunteers were informed of the risks and signed a document of informed consent.
This document, as well as the study, were approved by The University Institutional Review Board.

Table 1. Participant descriptive information.

Variable Mean ± SD

Age (y) 24.9 ± 4.2
Height (cm) 178.8 ± 9.0
Mass (kg) 78.5 ± 10.4

Body Fat (%) 13.4 ± 4.2
VO2max (mL·kg−1·min−1) 54.8 ± 6.9

Cycling Intensity (W) 274.5 ± 45.8

2.4. Preliminary Testing

During Visit 1, investigators assessed height and mass via stadiometer (SECA, Ontario, CA, USA)
and an electronic scale (Healthometer Toledo ES200L, Ohaus, Pine Brook, NJ, USA), respectively. Body
fat percentage was calculated via a three site skinfold protocol from the chest, thigh, and abdomen [21].
Participants then performed a cycle ergometer (Ergomedic 839E, Monarch, Stockholm, Sweden)
VO2max test. Expired gasses were measured using a TRUEMAX 2400 metabolic cart (PARVOMEDICS,
Sandy, UT, USA), calibrated before each trial. The test required participants to initially cycle at 50 W
for five minutes. The test subsequently increased 25 W every minute until the participant was too
exhausted to continue, VO2 plateaued, heart rate (HR) (Polar Electro Inc., FS1 and TS1, Woodbury,
NY, USA) failed to increase despite increasing intensity, a respiratory exchange ratio (RER) greater
than 1.15 was achieved, or the participant indicated a rating of perceived exertion (RPE) of greater
than 18 [22]. Following the VO2max test, participants were familiarized with the RWU protocol. This
consisted of 2 sets of 30 breaths (1 min rest between sets) [19] while the nose was clipped shut and an
air flow inhalation restriction device (O2 Trainer™, Westwood, CA, USA) was placed in the mouth.
The device (Figure 1) was set to the highest restriction setting possible during the familiarization for
all participants to ensure they were capable of completing the protocol during HI. Participants were
instructed to both inhale and exhale with maximum effort per breath.

2.5. Experimental Trials

Visit 2–5 consisted of either a RWU with HI, MID, or LO airflow restriction, or no RWU of any type
(CON), followed by TTE. RWU was accomplished by performing 2 sets of 30 repetitions (1 min rest
between sets) of maximal breaths at their normal breathing cadence. During CON, participants rested
quietly on the cycle and performed no respiratory warm-up. The time between the end of the warm-up
and the start of TTE was matched between all four experimental conditions. Participants used the same
device for all familiarization and experimental trials. The specific RWU volumes and intra-set rest
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intervals used here replicated procedure used in previous studies [13–18]. The device was specifically
chosen because it is inexpensive, portable, and allows the amount of airflow restriction to be adjusted
(range of 3–13 mm), making it a realistic option for practitioners. Moreover, the device includes a three
way valve built into the mouthpiece allowing airflow to be restricted during inhalation, yet unrestricted
during exhalation. To contribute to this literature regarding optimal inspiratory intensity, we included
RWU conditions across the spectrum of airflow inhalation restriction allowed by the device. Linear
changes in airflow restriction diameter settings on the device likely translate into exponential changes
in flow rate and/or inspiratory pressure. Thus, we chose to perform HI with a 3 mm opening (fitting
#13), MID with an 8 mm opening (fitting #7), and LO with a 13 mm opening (fitting #2).

Figure 1. Photo of airflow restriction device used for the respiratory warm-up. Interchangeable caps
are placed on one side of the device, restricting inhalation of air to the desired diameter, but allowing
unrestricted exhalation. The high restriction (HI) warm-up used the 3 mm opening (fitting #13), the
medium restriction (MID) used the 8 mm opening (fitting #7), and the low restriction (LO) used the
13 mm opening (fitting #2).

Upon arrival at the laboratory for all experimental trials, participants were assessed for hydration
and training/nutrition logs were examined. After verifying compliance with all pre-study controls,
participants were fitted to the cycle ergometer and the metabolic mask was sized to the participant’s
head and mouth. Personal cycle settings were recorded and reproduced for subsequent trials. After a
five minute rest, blood lactate was measured via finger prick of the index finger (Accutrend Lactate
Analyzer, Roche Diagnostics, Basel, Switzerland). Participants then performed pulmonary function
testing via spirometry (SpiroLab II, SDI Diagnostics, Easton, MA, USA) until three repeatable values
were recorded.

Volunteers then performed a five minute warm-up at 50 W on the cycle ergometer. Then, while
remaining on the cycle, they performed the appropriate RWU protocol. Another pulmonary function
assessment was conducted following the completion of the last set of RWU. This testing, and all
pre-TTE preparations (e.g., mask set-up, etc.) were completed within two minutes of completing the
cycling warm-up. TTE was performed at 85% of the participants adjusted peak wattage (achieved
during the VO2max test). RPE was measured at 1 min intervals using the Borg 6–20 scale. Volume of
oxygen exhaled (VO2), volume of carbon dioxide exhaled (VCO2), RER, minute ventilation (VE), and
HR were recorded using 15 s averages during the TTE. The TTE was terminated when the exerciser
failed to maintain ≥60 revolutions per minute for five consecutive seconds [23,24]. Blood lactate was
taken immediately after TTE was terminated. Five minutes of rest on the ergometer was given to
participants before a post-exercise pulmonary function test was completed.
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2.6. Statistical Analyses

Performance during TTE was analyzed by using a 4 (RWU Intensity) × 1 (time) repeated measures
analysis of variance (ANOVA). A 4 (RWU Intensity) × 2 (pre and post TTE) repeated ANOVA was
used to assess statistical differences among treatments for blood lactate. A 4 (RWU Intensity) × 6 (pre,
1 min, 2 min, 3 min, 4 min, and post TTE) repeated ANOVA was used to assess statistical differences
among treatments for RPE. A t-test was used to compare the each individual’s best performance
against CON. Forced vital capacity (FVC), forced expiratory volume in 1 s (FEV1), forced expiratory
volume percentage (FEV1%), forced inspiratory vital capacity (FIVC), and peak expiratory flow (PEF)
were analyzed via separate 4 (RWU Intensity) × 3 (baseline, post RWU/pre TTE, and post TTE)
repeated ANOVA. Metabolic data were analyzed only to the point of the earliest TTE. Thus, 4 (RWU
Intensity) × 13 (time) repeated ANOVA were used to assess statistical differences among treatments
for absolute VO2, VCO2, RER, VE, and HR. In the presence of a significant F ratio, Tukey’s post hoc
test was used to analyze pair-wise comparisons. The alpha level was set at 0.05.

3. Results

3.1. Time to Exhaustion

There were no significant differences (p ≥ 0.05) across conditions for TTE (4.73 ± 0.33 min).
However, 10 of the 11 participants displayed a noticeable improvement (≥25 s) in one of the three
experimental conditions (HI, MID, or LO) when compared to CON. Five had their best performance
during MID (Figure 2), three during LO (Figure 3), and two during HI (Figure 4). The average
improvement among these best trials was 47.6 ± 13.2 s, which was significantly different than CON.

Figure 2. Changes in time to exhaustion during a cycling test immediately following a respiratory
warm-up, which consisted of two sets of 30 repeitions of maximal breathes while wearing an air flow
inhalation restriction device set at 13 mm (HI), 8 mm (MID), or 3 mm (LO) of restriction. A control trial
(CON) was performed with no warm-up. Performance during CON was considered zero. The amount
of time (seconds) more or less than CON is plotted above for each participant who experienced their
best perfomrance during MID.
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Figure 3. Changes in time to exhaustion during a cycling test immediately following a respiratory
warm-up, which consisted of two sets of 30 repeitions of maximal breathes while wearing an air flow
inhalation restriction device set at 13 mm (HI), 8 mm (MID), or 3 mm (LO) of restriction. A control trial
(CON) was performed with no warm-up. Performance during CON was considered zero. The amount
of time (seconds) more or less than CON is plotted above for each participant who experienced their
best perfomrance during LO.

Figure 4. Changes in time to exhaustion during a cycling test immediately following a respiratory
warm-up, which consisted of two sets of 30 repeitions of maximal breathes while wearing an air flow
inhalation restriction device set at 3 mm (LO), 8 mm (MID, or 13 mm (HI) of restriction. A control trial
(CON) was performed with no warm-up. Performance during CON was considered zero. The amount
of time (seconds) more or less than CON is plotted above for each participant who experienced their
best perfomrance during HI.

3.2. Rating of Perceived Exertion and Lactate

There were significant main effects, but not condition interactions, of time for lactate (Table 2) or
RPE (Pre = 7.8 ± 1.4, Post = 20.0 ± 0.0).

Table 2. Lactate before and after a time to exhaustion trial. Data are reported as mean ± SD.

Condition Pre Post

HI 1.95 ± 0.56 15.38 ± 4.49
MID 1.91 ± 0.40 15.80 ± 4.03
LOW 2.17 ± 0.82 13.74 ± 4.14
CON 1.88 ± 0.47 14.20 ± 3.70
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3.3. Pulmonary Function

No time main effects, condition main effects, or time by condition interactions were reported for
FVC, FEV1, FEV1%, or FIVC. A significant main effect of time and an interaction by condition existed
for PEF. Baseline (10.33 ± 1.54, 10.33 ± 1.48, 10.33 ± 1.49 L/s) and post TTE (10.26 ± 1.47, 10.36 ± 1.70,
10.35 ± 1.61) were not different from each other, but were both significantly greater than post RWU
(9.89 ± 1.55, 9.88 ± 1.84, 9.68 ± 1.42) for HI, MID, and CON, respectively. Baseline PEF (10.30 ± 1.68)
was significantly greater than both post RWU (9.80 ± 1.81) and post TTE (10.06 ± 1.80) during LO.

3.4. Gas Exchange

A main effect of time was statistically significant for VCO2, VO2, RER, and HR. However,
interaction effects between condition and time were only significant for VCO2, RER, and VE, while a
trend (p < 0.10) existed for VO2. Regarding VCO2, CON was significantly greater than MID for all
time points up to one minute and 30 s. For time points between 45 s and one minute and 30 s, CON
was significantly greater than LOW. Regarding RER, CON was significantly higher than HI, MID, and
LO for all time points up to one minute and 30 s, and higher than MID for all time points up to two
minutes and 30 s. For VE, CON was significantly greater than LOW and MID, and HI was significantly
greater than MID at the one-minute time point.

4. Discussion

The primary findings of this study indicate the effectiveness of the inspiratory RWU is highly
contingent upon the intensity (i.e., amount of airflow restriction) being optimized for the individual.
If accomplished, the RWU protocol resulted in statistically significant and practically important changes
in short-term, cycling to exhaustion performance. Our results also suggest that RWU, regardless of
intensity, significantly decreased early stage (of exercise) RER, without altering blood lactate or
perceived exertion, or decreasing exercise performance.

4.1. Performance

The interpretation that our RWU provided no performance benefit also holds merit as all
conditions (HI, MID, and LO) failed to reach statistical significance. Several potential explanations
exist. Firstly, the time between our RWU and the start of our exercise differed from some of the
previous research. The current study followed the general methods of previous literature with similar
procedures [16,18]. However, we chose to implement a rest interval that was shorter than previous
research as it better reflected practices during normal exercise settings. Others have found performance
enhancements when engaging in the RWU 30 min before exercise [25,26]. The optimal rest interval
between RWU and exercise remains unclear, but our findings, combined with previous research [25,26],
suggest longer may be better than shorter. Secondly, the limitations of the RWU device precluded us
from controlling and/or quantifying inspiratory pressure or flow rate during the RWU, meaning we
could not standardize conditions between or within participants. This directly influenced our grouped
performance results.

Most previous research in this area has focused on identifying physiological mechanisms
associated with RWU, not necessarily practitioner-friendly applications. This important stage in
the research required scientists to control and monitor as many variables as possible [13–18], and led to
the prescription of a desired inspiratory pressure of 40% [19]. Our goal was to examine RWU in setting
more realistic to practitioners. Thus, we chose to use an inexpensive, commercially available device,
knowing it could not be set to an optimal airflow restriction (per participant) a priori. We directly
examined the loading intensity issue by asking participants to repeat the TTE trial under three different
settings (which spanned the ability of the device, and was reasonable to complete the protocol).
Finding significant differences among conditions was therefore difficult because of the high deviations
in performance between each person’s trials. This was particularly evident by the participants who
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had decreases in performance of ≥18 s (when compared to CON) during HI. These findings support
previous research and suggest an optimal range exists for the intensity of a RWU, with too low of an
intensity failing to produce benefit and too high of an intensity causing premature respiratory muscle
fatigue [19]. However, significant improvements (p < 0.05) in performance were noted when the best
trial per person was compared to their own CON trial. No clear patterns emerged among participants
who performed best at a given RWU intensity. In conclusion: (1) an ideal inspiratory pressure exists; (2)
previous research shows significant benefits of respiratory training [13,14,17,18]; and (3) individualized
performance benefits of 10 of the 11 participants were more than double the standard deviation (±20 s)
better than CON during at least one of the RWU conditions. This collective evidence allows us the
confidence to conclude the protocol has the potential to provide practically important benefits to the
physical performance test. The viability of a RWU under different circumstances deserves further
investigation. For example, our RWU protocol only targeted the inspiratory muscles. Protocols which
target the expiratory muscles (or both) may yield different findings.

4.2. Metabolic Function

The RWU significantly altered ventilation and O2/CO2, at least during the first two minutes of
exercise. Specifically, the decrease in RER appeared to mirror those of VCO2, but over a slightly longer
time point. This was matched by a corresponding increase in VO2 (trend). These factors could explain
the enhanced VE displayed during the first minute of exercise, and combine to suggest the RWU
induced arterial hypocapnia. Unfortunately, this speculation cannot be confirmed as measurement of
endtidal CO2 during the RWU was not possible. Previous studies have found hyperventilation-induced
hypocapnia increases locomotor vasoconstriction, decreases muscle perfusion, and reduces O2

delivery [27,28], which should combine to produce a diminution of exercise performance. Yet, here we
report performance enhancement. Explanation of this apparent conundrum is not directly possible
with the given data as specific examination of the interplay between RWU and hypocapnia requires an
entirely different study design and focus. The authors can only speculate that either hypocapnia did
not occur, or the RWU offset any potential detriments.

4.3. Blood Lactate and Pulmonary Function

Blood lactate was not different between RWU conditions, meaning it does not explain the changes
in performance. Similar conclusions were reported in other related studies [14–16]. As expected,
performance enhancements cannot be explained by acute changes in pulmonary function either
as it was also generally unresponsive to the RWU, which was expected [4,12,14,29–31]. PEF did
show condition specific responses, but the magnitude of change (<8%) indicates a limited clinical
relevance [32]. Researchers should consider designing future research in a manner that allows specific
evaluation of the pulmonary, metabolic, perceptual, muscular, neurological or other mechanisms
responsible for performance enhancements.

5. Conclusions

The current study provides unique insight into the effects of RWU. Our data indicate RWU may
enhance short-term, high-intensity exercise performance, but only when performed at an optimal
intensity (i.e., airflow restriction). Practitioners should implement with caution as intensity differs
between individuals, and too difficult of a RWU hinders exercise performance. Further examination
of the relationship between (1) performance-based classifications of optimal airflow restriction and
(2) previously established guidelines of 40% maximum inspiratory pressure [19] would provide
validation to both approaches and afford coaches/users the ability to effectively incorporate RWU into
practice. It is unknown if other warm-up protocols (e.g., different volumes, longer rest between RWU,
etc.) provide similar benefits. Moreover, the effectiveness of this RWU on exercise of other intensities,
durations, or modes (e.g., running, rowing, swimming, etc.) is unknown. Researchers should also
apply a similar, application-based research approach to study participants from other populations,
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particularly those with cardiopulmonary abnormalities. Further investigations in this area would
benefit both the scientific community and practitioners.

Acknowledgments: The research team would like to thank all the participants for their hard work and effort in
this exhausting task.

Author Contributions: Taylor S. Thurston, Jared W. Coburn, Lee E. Brown, Daniel A. Judelson and Andrew J. Galpin
conceived and designed the experiments; Taylor S. Thurston, Albert Bartolini, Tori L. Beaudette, Patrick Karg,
Kathryn A. McLeland, and Jose A. Arevalo performed the experiments; Taylor S. Thurston, Jared W. Coburn,
Lee E. Brown, Daniel A. Judelson, and Andrew J. Galpin analyzed the data; Andrew J. Galpin contributed
reagents/materials/analysis tools; Taylor S. Thurston, Jared W. Coburn, Lee E. Brown, Daniel A. Judelson and
Andrew J. Galpin wrote the paper.

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

References

1. Mador, M.J.; Acevedo, F.A. Effect of respiratory muscle fatigue on subsequent exercise performance.
J. Appl. Physiol. 1991, 70, 2059–2065. [PubMed]

2. Verges, S.; Sager, Y.; Erni, C.; Spengler, C.M. Expiratory muscle fatigue impairs exercise performance. Eur. J.
Appl. Physiol. 2007, 101, 225–232. [CrossRef] [PubMed]

3. Romer, L.M.; Polkey, M.I. Exercise-induced respiratory muscle fatigue: Implications for performance.
J. Appl. Physiol. 2008, 104, 879–888. [CrossRef] [PubMed]

4. Volianitis, S.; McConnell, A.K.; Jones, D.A. Assessment of maximum inspiratory pressure. Prior submaximal
respiratory muscle activity (“warm-up”) enhances maximum inspiratory activity and attenuates the learning
effect of repeated measurement. Respir. Int. Rev. Thorac. Dis. 2001, 68, 22–27.

5. Dempsey, J.A.; Romer, L.; Rodman, J.; Miller, J.; Smith, C. Consequences of exercise-induced respiratory
muscle work. Respir. Physiol. Neurobiol. 2006, 151, 242–250. [CrossRef] [PubMed]

6. Hill, J.M. Discharge of group iv phrenic afferent fibers increases during diaphragmatic fatigue. Brain Res.
2000, 856, 240–244. [CrossRef]

7. Jammes, Y.; Balzamo, E. Changes in afferent and efferent phrenic activities with electrically induced
diaphragmatic fatigue. J. Appl. Physiol. 1992, 73, 894–902. [PubMed]

8. Harms, C.A.; Babcock, M.A.; McClaran, S.R.; Pegelow, D.F.; Nickele, G.A.; Nelson, W.B.; Dempsey, J.A.
Respiratory muscle work compromises leg blood flow during maximal exercise. J. Appl. Physiol. 1997, 82,
1573–1583. [PubMed]

9. Sheel, A.W.; Derchak, P.A.; Morgan, B.J.; Pegelow, D.F.; Jacques, A.J.; Dempsey, J.A. Fatiguing inspiratory
muscle work causes reflex reduction in resting leg blood flow in humans. J. Physiol. 2001, 537, 277–289.
[CrossRef] [PubMed]

10. Verges, S.; Lenherr, O.; Haner, A.C.; Schulz, C.; Spengler, C.M. Increased fatigue resistance of respiratory
muscles during exercise after respiratory muscle endurance training. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2007, 292, R1246–R1253. [CrossRef] [PubMed]

11. Verges, S.; Renggli, A.S.; Notter, D.A.; Spengler, C.M. Effects of different respiratory muscle training regimes
on fatigue-related variables during volitional hyperpnoea. Respir. Physiol. Neurobiol. 2009, 169, 282–290.
[CrossRef] [PubMed]

12. Romer, L.M.; McConnell, A.K.; Jones, D.A. Inspiratory muscle fatigue in trained cyclists: Effects of inspiratory
muscle training. Med. Sci. Sports Exerc. 2002, 34, 785–792. [CrossRef] [PubMed]

13. Volianitis, S.; McConnell, A.K.; Koutedakis, Y.; Jones, D.A. Specific respiratory warm-up improves rowing
performance and exertional dyspnea. Med. Sci. Sports Exerc. 2001, 33, 1189–1193. [CrossRef] [PubMed]

14. Wilson, E.E.; McKeever, T.M.; Lobb, C.; Sherriff, T.; Gupta, L.; Hearson, G.; Martin, N.; Lindley, M.R.;
Shaw, D.E. Respiratory muscle specific warm-up and elite swimming performance. Br. J. Sports Med. 2013,
48, 789–791. [CrossRef] [PubMed]

15. Lin, H.; Tong, T.K.; Huang, C.; Nie, J.; Lu, K.; Quach, B. Specific inspiratory muscle warm-up enhances
badminton footwork performance. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2007, 32, 1082–1088.
[CrossRef] [PubMed]

28



Sports 2015, 3, 312–324

16. Cheng, C.F.; Tong, T.K.; Kuo, Y.C.; Chen, P.H.; Huang, H.W.; Lee, C.L. Inspiratory muscle warm-up attenuates
muscle deoxygenation during cycling exercise in women athletes. Respir. Physiol. Neurobiol. 2013, 186,
296–302. [CrossRef] [PubMed]

17. Tong, T.K.; Fu, F.H. Effect of specific inspiratory muscle warm-up on intense intermittent run to exhaustion.
Eur. J. Appl. Physiol. 2006, 97, 673–680. [CrossRef] [PubMed]

18. Lomax, M.; Grant, I.; Corbett, J. Inspiratory muscle warm-up and inspiratory muscle training: Separate and
combined effects on intermittent running to exhaustion. J. Sports Sci. 2011, 29, 563–569. [CrossRef] [PubMed]

19. Roussos, C.S.; Macklem, P.T. Diaphragmatic fatigue in man. J. Appl. Physiol. Respir. Environ. Exerc. Physiol.
1977, 43, 189–197. [PubMed]

20. Armstrong, L.E.; Maresh, C.M.; Castellani, J.W.; Bergeron, M.F.; Kenefick, R.W.; LaGasse, K.E.; Riebe, D.
Urinary indices of hydration status. Int. J. Sport Nutr. 1994, 4, 265–279. [PubMed]

21. Jackson, A.S.; Pollock, M.L. Practical assessment of body composition. Phys. Sports Med. 1985, 13, 76–90.
22. American College of Sports Medicine. Acsm’s Guidelines for Exercise Testing and Prescription, 7th ed.; Lippincott

Williams & Wilkins: Philadelphia, PA, USA, 2006; p. 366.
23. Ghosh, A.K.; Rahaman, A.A.; Singh, R. Combination of sago and soy-protein supplementation during

endurance cycling exercise and subsequent high-intensity endurance capacity. Int. J. Sport Nutr. Exerc. Metab.
2010, 20, 216–223. [PubMed]

24. Ferguson-Stegall, L.; McCleave, E.L.; Ding, Z.; Kammer, L.M.; Wang, B.; Doerner, P.G.; Liu, Y.; Ivy, J.L. The
effect of a low carbohydrate beverage with added protein on cycling endurance performance in trained
athletes. J. Strength Cond. Res. 2010, 24, 2577–2586. [CrossRef] [PubMed]

25. Volianitis, S.; McConnell, A.K.; Koutedakis, Y.; Jones, D.A. The influence of prior activity upon inspiratory
muscle strength in rowers and non-rowers. Int. J. Sports Med. 1999, 20, 542–547. [CrossRef] [PubMed]

26. Johnson, M.A.; Gregson, I.R.; Mills, D.E.; Gonzalez, J.T.; Sharpe, G.R. Inspiratory muscle warm-up does not
improve cycling time-trial performance. Eur. J. Appl. Physiol. 2014, 114, 1821–1830. [CrossRef] [PubMed]

27. Chin, L.M.; Heigenhauser, G.J.; Paterson, D.H.; Kowalchuk, J.M. Effect of voluntary hyperventilation with
supplemental CO2 on pulmonary O2 uptake and leg blood flow kinetics during moderate-intensity exercise.
Exp. Physiol. 2013, 98, 1668–1682. [CrossRef] [PubMed]

28. Fan, J.L.; Bourdillon, N.; Kayser, B. Effect of end-tidal CO2 clamping on cerebrovascular function,
oxygenation, and performance during 15-km time trial cycling in severe normobaric hypoxia: The role of
cerebral O2 delivery. Physiol. Rep. 2013, 1. [CrossRef] [PubMed]

29. Enright, S.J.; Unnithan, V.B.; Heward, C.; Withnall, L.; Davies, D.H. Effect of high-intensity inspiratory
muscle training on lung volumes, diaphragm thickness, and exercise capacity in subjects who are healthy.
Phys. Ther. 2006, 86, 345–354. [PubMed]

30. Kilding, A.E.; Brown, S.; McConnell, A.K. Inspiratory muscle training improves 100 and 200 m swimming
performance. Eur. J. Appl. Physiol. 2010, 108, 505–511. [CrossRef] [PubMed]

31. Romer, L.M.; McConnell, A.K. Specificity and reversibility of inspiratory muscle training. Med. Sci.
Sports Exerc. 2003, 35, 237–244. [CrossRef] [PubMed]

32. Jain, P.; Kavuru, M.S. A practical guide for peak expiratory flow monitoring in asthma patients. Clevel. Clin.
J. Med. 1997, 64, 195–202. [CrossRef]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

29



sports

Article

Individual Responses for Muscle Activation,
Repetitions, and Volume during Three Sets to Failure
of High- (80% 1RM) versus Low-Load (30% 1RM)
Forearm Flexion Resistance Exercise

Nathaniel D. M. Jenkins 1,*, Terry J. Housh 1, Samuel L. Buckner 2, Haley C. Bergstrom 3,
Kristen C. Cochrane 1, Cory M. Smith 1, Ethan C. Hill 1, Richard J. Schmidt 1 and Joel T. Cramer 1,*

1 Department of Nutrition and Health Sciences, 211 Ruth Leverton Hall, University of Nebraska-Lincoln,
Lincoln, NE 68583, USA; thoush1@unl.edu (T.J.H.); kcochrane@unl.edu (K.C.C.); csmith@unl.edu (C.M.S.);
ethan.hill@unl.edu (E.C.H.); rschmidt1@unl.edu (R.J.S.)

2 Department of Health, Exercise Science, and Recreation Management, University of Mississippi, Oxford,
MS 38677, USA; bucknersamuel@gmail.com

3 Department of Kinesiology and Health Promotion, University of Kentucky, Lexington, KY 40506-0219, USA;
hbergstrom@uky.edu

* Correspondence: Nathaniel.jenkins@unl.edu (N.D.M.J.); jcramer@unl.edu (J.T.C.);
Tel.: +1-402-472-7533 (J.T.C.)

Academic Editor: Lee E. Brown
Received: 18 August 2015; Accepted: 22 September 2015; Published: 25 September 2015

Abstract: This study compared electromyographic (EMG) amplitude, the number of repetitions
completed, and exercise volume during three sets to failure of high- (80% 1RM) versus low-load (30%
1RM) forearm flexion resistance exercise on a subject-by-subject basis. Fifteen men were familiarized,
completed forearm flexion 1RM testing. Forty-eight to 72 h later, the subjects completed three sets
to failure of dumbbell forearm flexion resistance exercise with 80% (n = 8) or 30% (n = 7) 1RM.
EMG amplitude was calculated for every repetition, and the number of repetitions performed and
exercise volume were recorded. During sets 1, 2, and 3, one of eight subjects in the 80% 1RM group
demonstrated a significant linear relationship for EMG amplitude versus repetition. For the 30% 1RM
group, seven, five, and four of seven subjects demonstrated significant linear relationships during
sets 1, 2, and 3, respectively. The mean EMG amplitude responses show that the fatigue-induced
increases in EMG amplitude for the 30% 1RM group and no change in EMG amplitude for the 80%
1RM group resulted in similar levels of muscle activation in both groups. The numbers of repetitions
completed were comparatively greater, while exercise volumes were similar in the 30% versus 80%
1RM group. Our results, in conjunction with those of previous studies in the leg extensors, suggest
that there may be muscle specific differences in the responses to high- versus low-load exercise.

Keywords: electromyography; skeletal muscle; muscle fatigue; resistance training intensity;
biceps brachii

1. Introduction

The current American College of Sports Medicine [1] and National Strength and Conditioning
Association [2] guidelines recommend the utilization of resistance exercise loads corresponding
to 60%–80% and 67%–85% of one repetition maximum (1RM), respectively, to maximize muscle
hypertrophy. However, recent studies have challenged these recommendations [3–5]. For example,
Burd et al. [3] demonstrated that acute resistance exercise performed to failure at 30% 1RM resulted
in similar magnitudes of muscle protein synthesis and anabolic signaling as resistance exercise at
90% 1RM. In a follow-up study, Mitchell et al. [4] demonstrated that 10 weeks of leg extension
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resistance training to failure at 80% 1RM versus 30% 1RM resulted in comparable muscle hypertrophy.
Similarly, Ogasawara et al. [5] showed that six weeks of bench press resistance training at 80% 1RM
caused muscle hypertrophy equivalent to that observed after training at 30% 1RM. Therefore, the
disparity between current resistance training recommendations and recent experimental results [3–5]
has sparked a debate [6,7] regarding the most effective loads to prescribe to enhance muscle size with
resistance training.

It has been suggested [8] that the recommendation of high-load resistance training (i.e., ≥60% 1RM)
to maximize muscle strength and hypertrophy is based on Henneman’s size principle [9], which states
that the recruitment of high-threshold motor units is dependent on the intensity of the stimulus [9].
Theoretically, therefore, motor unit recruitment is greater during resistance exercise at 80% 1RM than
at 30% 1RM. While this may hold true for a single repetition in unfatigued muscle, the performance
of submaximal contractions to volitional exhaustion may evoke the recruitment of additional motor
units [10]. Accordingly, Burd et al. hypothesized that the similar acute increases in muscle protein
synthesis and similar chronic muscle hypertrophy following low-load resistance training may be due
to achieving “a similar degree of muscle fiber activation to that of high-intensity resistance exercise
regimes.” [11] (pp. 552–553). Burd et al. also suggested that the volume of exercise is “related to the
degree of (muscle) fiber activation.” [3] (pp. 7–8). However, while studies have examined muscle
activation [12–15] and exercise volume [12] during high- versus low-load leg extension resistance
exercise, we are unaware of previous studies that have compared muscle activation or exercise volume
during high- versus low-load forearm flexion (i.e., biceps curl) resistance exercise. Therefore, the
purpose of this study was to compare electromyographic (EMG) amplitude, the number of repetitions
completed, and exercise volume during three sets to failure of high- (80% 1RM) versus low-load (30%
1RM) forearm flexion resistance exercise on a subject-by-subject basis.

2. Materials and Methods

2.1. Subjects

Fifteen men (mean ± SD; age = 21.7 ± 2.4 years; height = 181.6 ± 7.5 cm; weight = 84.7 ± 23.5 kg)
completed this study. Prior to any data collection, all subjects signed an informed consent form and
completed a health history questionnaire. To be eligible, each participant must have been between
the ages of 19 and 29, free from any current or ongoing musculoskeletal injuries or neuromuscular
disorders involving the shoulders, elbows, or wrists, and could not have completed any regular or
formal resistance training for at least six months prior to the start of the study. This study was approved
by the university’s Institutional Review Board for the protection of human subjects (IRB Approval #:
20140314046FB).

2.2. Experimental Design

A between-subjects design was utilized for this study, which consisted of three visits to the
laboratory. During visits 1 and 2, subjects were familiarized with the exercises and procedures and
forearm flexion (i.e., biceps curl) 1RM was determined. The subjects were then randomized to either a
high-load (80% 1RM; n = 8) or a low-load (30% 1RM; n = 7) resistance exercise group before returning
to the laboratory 48 to 72 h later. During visit 3, subjects completed three sets to failure of bilateral
dumbbell forearm flexion (e.g., biceps curl) resistance exercise with their assigned load. Each laboratory
visit occurred at the same time of day (±2 h).

2.3. One Repetition Maximum

1RM testing was carried out according to the guidelines established by the National Strength
and Conditioning Association [2]. Specifically, the subjects performed a light warm-up set with
5–10 repetitions at 50% of estimated 1RM, followed by 2–3 heavier warm-up sets of 2–5 repetitions
with loads increasing by 10%–20% at each set. Subjects then began completing trials of 1 repetition
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with increasing loads (10%–20%) until they were no longer able to complete a single repetition. The
highest load (kg) successfully lifted through the entire range of motion with the right arm with proper
technique was denoted as the 1RM, which was determined in ≤4 trials for all subjects. Two to four min
of rest were allowed between successive warm-up sets and 1RM trials. EMG and electrogoniometer
signals were recorded from the right arm during the 1RM attempts.

2.4. Resistance Exercise

Subjects completed 3 sets of dumbbell forearm flexion resistance exercise to failure with loads
corresponding (to the nearest 1.1 kg) to either 80% or 30% of 1RM. The subjects stood with their
backs against a wall and their elbows supported by a brace (Bicep Bomber, Body Solid, Inc., Forest
Park, IL, USA) to eliminate swinging of the torso or arms. Subjects were instructed to perform all
repetitions through a complete range of motion. A metronome (Pro Metronome, EUMLab, Berlin,
Germany) was set to 1 Hz, and participants were instructed to perform the concentric and eccentric
phases corresponding with each tick of the metronome so that the concentric and eccentric phases were
approximately 1 s. Verbal instruction and encouragement were provided during each set. Failure was
defined as the inability to complete another concentric muscle action through the full range of motion.
Two minutes of rest was provided between all sets for both groups. EMG and electrogoniometer signals
were recorded from the right arm during all sets. In addition, the number of repetitions completed
during each set was recorded and exercise volume was calculated as the product of the load (kg) and
the number of repetitions completed during each set, summed across sets.

2.5. Electromyography

Pre-gelled bipolar surface electrodes (Ag/AgCl, AccuSensor, Lynn Medical, Wixom, MI, USA)
were placed on the biceps brachii (BB) muscle of the right arm with an inter-electrode distance of 30 mm.
The center of the bipolar electrode pair was placed at 33% of the distance between the fossa cubit
and the medial acromion process [16]. A single pre-gelled surface electrode (Ag/AgCl, AccuSensor,
Lynn Medical, Wixom, MI, USA) was placed on the lateral epicondyle of the humerus to serve as the
reference electrode. To reduce inter-electrode impedance and increase the signal-to-noise ratio [17],
local areas of the skin were shaved, abraded, and cleaned with isopropyl alcohol prior to the placement
of the electrodes. Interelectrode impedance was kept below 2000 Ω [17].

2.6. Signal Processing

The EMG and goniometer signals were sampled at 2 kHz (MP150WSW, Biopac Systems, Inc.,
Santa Barbara, CA, USA), recorded on a personal computer, and processed off-line with custom
software (Labview 12.0, National Instruments, Austin, TX, USA). The EMG signals were amplified
(gain 1000) using a differential amplifier (EMG 100, Biopac Systems, Inc., Santa Barbara, CA, USA,
bandwidth 1–5000 Hz) with a common mode rejection ratio of 110 dB min and an impedance of 2M Ω,
digitally filtered (zero-phase shift 4th-order Butterworth filter) with a band-pass of 10–499 Hz, and
rectified. The electrogoniometer signals were low-pass filtered (zero-phase shift 4th-order Butterworth
filter) with a 15 Hz cutoff. The EMG amplitude was calculated as the time-averaged, integrated
amplitude value (μV·s−1). EMG amplitude was quantified during the same 70◦ concentric portion
of each repetition during each set, and then normalized to 1RM (expressed % 1RM). In addition, we
compared EMG amplitude during the final common repetitions of sets 1, 2, and 3 for the 80% and
30% 1RM groups. The number of repetitions analyzed at the end of each set was established by the
minimum number of repetitions achieved by any one subject within each group during sets 1, 2, and 3
(Table 1).

2.7. Statistics

Simple linear regression analyses were used to determine whether the slope coefficients for the
individual EMG amplitude versus repetition relationships during sets 1, 2, and 3 were significantly
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different from zero. A type-I error rate of 5% was considered statistically significant for the
linear regression analyses. Where applicable, 95% confidence intervals were calculated using the
studentized t-distribution.

Table 1. The number of repetitions completed during sets 1, 2, and 3 and the volume (reps × load)
completed across all sets, for each subject, as well as the mean (±95% confidence interval) volume
completed for each group.

Group Subject
Repetitions Completed Individual Volume Mean

VolumeSet 1 Set 2 Set 3 All sets

80% 1RM

1 11 9 6 339.7

350.8 ± 72.8

5 12 8 6 294.8
6 7 7 6 344.7
9 10 7 4 190.5

10 10 6 2 367.4
13 12 11 8 492.2
14 15 10 8 411.6
18 12 8 3 365.1

30% 1RM

2 58 24 26 269.4

382.8 ± 101.4

3 37 24 14 323.2
4 39 20 20 308.2
7 47 16 15 398.0

11 54 14 14 390.5
12 37 20 20 384.2
15 51 28 20 606.2

3. Results

Table 1 displays the number of repetitions completed for each subject during each set, the total
volume completed by each subject, and the mean (±95% confidence interval) volume completed by
the 80% and 30% 1RM groups. The individual EMG amplitude versus repetition relationships for each
subject during sets 1, 2, and 3 are depicted in Figure 1.

The results from the individual simple linear regression analyses for the EMG amplitude versus
repetition relationships during sets 1, 2, 3 are depicted in Table 2. During sets 1, 2, and 3, one of
eight subjects in the 80% 1RM group demonstrated a significant linear relationship. However, for the
30% 1RM group, seven of seven, five of seven, and four of seven subjects demonstrated significant
linear relationships.

Figure 2 displays the EMG amplitude during the final common repetitions of sets 1, 2, and 3 for
the 80% and 30% 1RM groups.
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Figure 1. Individual electromyographic amplitude responses to resistance exercise at 80% one repetition
maximum (1RM) during (A) set 1; (B) set 2; and (C) set 3 and at 30% 1RM during (D) set 1; (E) set 2;
and (F) set 3.
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Figure 2. A comparison of the mean (±95% confidence interval) electromyographic amplitude
responses during the final common repetitions for the 80% versus 30% 1RM groups during (A) set 1;
(B) set 2; and (C) set 3. The number of repetitions analyzed for each set was based on the minimum
number of repetitions achieved by any one subject in each group during sets 1, 2, and 3. For set 3,
subject 10 was not included because he only completed two repetitions (see Table 1 for the repetitions
completed by each subject during sets 1, 2, and 3).
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4. Discussion

Mitchell et al. hypothesized that, “as lighter loads are repeated, the point of failure/fatigue
ultimately necessitates near maximal motor unit recruitment to sustain muscle tension. Thus, relatively
lighter loads lifted to the point of failure would result in a similar amount of muscle fiber activation
compared with heavier loads lifted to failure” [4] (p. 75). Interestingly, our results supported this
hypothesis [4]. The individual EMG amplitude versus repetition responses in our study indicated that
muscle activation increased linearly for all subjects in the 30% 1RM group during set 1. Subsequently,
however, EMG amplitude increased for five of seven and four of seven subjects during sets 2 and 3,
respectively. In contrast, only one of eight subjects demonstrated an increase in EMG amplitude
during the 80% 1RM group during sets 1, 2, and 3, which suggested that muscle activation started
and remained at or near the same level across all repetitions and sets at 80% 1RM. Furthermore,
the mean EMG amplitude responses (Figure 2) show that the fatigue-induced increases in EMG
amplitude for the 30% 1RM group and no change in EMG amplitude for the 80% 1RM group resulted
in similar levels of muscle activation in both groups. These results are in contrast to our recent
study [12] and others [13,15,18] showing that muscle activation was higher during high- versus
low-load leg extension resistance exercise to failure. The primary difference between the present
study and those previous studies [12,13,15,18] is the muscle group studied. Factors such as location
(i.e., upper- versus lower-body), blood flow [19], architecture (i.e., pennate versus fusiform), or fiber
type composition [20,21] of the muscle may influence the activation responses to high- versus low-load
resistance exercise. Therefore, the muscle activation achieved during high- compared to low-load
resistance exercise to failure may be muscle specific.

The information provided by the amplitude of the surface EMG signal is considered a global
measure of muscle activation [22]. Because traditional surface EMG is unable to isolate individual
motor units, EMG amplitude is related to net motor unit activity, which is a function of both motor
unit recruitment and motor unit firing rate [17,22]. Furthermore, EMG amplitude is influenced by
peripheral (i.e., fiber membranes properties, action potential shapes, etc.) factors [17,22]. Therefore,
it is not possible to distinguish between alterations in motor unit recruitment and firing rate in the
present study with EMG amplitude alone. However, the amplitude and frequency content of the
surface mechanomyogram (MMG) are thought to reflect motor unit recruitment and global motor unit
firing rate, respectively [23,24]. Therefore, future studies should examine the surface MMG signal in
conjunction with surface EMG during high- versus low-load resistance exercise to failure to provide
more specific information regarding changes in motor unit recruitment versus motor unit firing rate.

In the present study, the numbers of repetitions completed by the subjects in the 30% 1RM group
were comparatively greater than the numbers completed by those in the 80% 1RM group (Table 1). This
supports data presented by Jenkins et al. [12] who reported that the mean ± standard deviation for the
numbers of repetitions completed during leg extension resistance training at 80% and 30% 1RM during
sets 1, 2, and 3 were 8.9 ± 2.7 and 45.6 ± 14.3, 6.7 ± 1.9 and 26.8 ± 8.3, and 6.2 ± 1.7 and 22.2 ± 8.6
repetitions, respectively. Unexpectedly, however, the exercise volumes for the 80% and 30% 1RM
groups were similar in the present study (Table 1). Previously, Jenkins et al. [12] showed that exercise
volume during three sets of 30% 1RM leg extension resistance exercise was 58% greater than during
three sets at 80% 1RM. Therefore, the volume of exercise performed during high- versus low-load
training may be also be dependent on the muscle group studied, such that the exercise volume may be
similar for high- and low-load exercise for the forearm flexors, but greater during low-load exercise for
the leg extensors.

5. Conclusions

Overall, the results of the present study indicated that forearm flexion resistance exercise to failure
at 30% 1RM caused fatigue-induced increases in EMG amplitude, whereas during 80% 1RM, EMG
amplitude remained relatively constant (Figure 1). This load-dependent interaction for EMG amplitude
led to similar levels of muscle activation during the final common repetitions at 80% and 30% 1RM
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(Figure 2). In addition, the numbers of repetitions achieved were comparatively greater for the 30%
1RM than the 80% 1RM group during sets 1, 2, and 3, while total exercise volume was similar between
groups (Table 1). Thus, our results conflict with several previous studies [12,13,15,18] showing that
muscle activation is greater, but exercise volume is lower [12], during 80% versus 30% 1RM resistance
exercise in the leg-extensors. Future studies are needed with simultaneous examinations of EMG and
MMG amplitude to better understand the interactions between motor unit recruitment and motor unit
firing rate during these loading schemes. Based on the results of the present study, in conjunction with
those of previous studies [12,13,15,18], the muscle activation responses and exercise volume completed
during low-load training may be dependent on the location, blood flow, architecture, or fiber type
composition of the muscle group studied.
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Abstract: The purpose of this study was to evaluate the effect of different rest intervals following
whole-body vibration on counter-movement vertical jump performance. Sixteen females, eight
recreationally trained and eight varsity athletes volunteered to participate in four testing visits
separated by 24 h. Visit one acted as a familiarization visit where subjects were introduced to
the counter-movement vertical jump and whole-body vibration protocols. Visits 2–4 contained
2 randomized conditions. Whole-body vibration was administered in four bouts of 30 s with
30 s rest between bouts. During whole-body vibration subjects performed a quarter squat every
5 s, simulating a counter-movement vertical jump. Whole-body vibration was followed by three
counter-movement vertical jumps with five different rest intervals between the vibration exposure
and jumping. For a control condition, subjects performed squats with no whole-body vibration.
There was a significant (p < 0.05) main effect for time for vertical jump height, peak power output,
and relative ground reaction forces, where a majority of individuals max jump from all whole-body
vibration conditions was greater than the control condition. There were significant (p < 0.05) group
differences, showing that varsity athletes had a greater vertical jump height and peak power output
compared to recreationally trained females. There were no significant (p > 0.05) group differences
for relative ground reaction forces. Practitioners and/or strength and conditioning coaches may
utilize whole-body vibration to enhance acute counter-movement vertical jump performance after
identifying individuals optimal rest time in order to maximize the potentiating effects.

Keywords: rest time; counter-movement; warm-up; athletic women

1. Introduction

Identifying key variables in an athlete’s performance is essential to improving athletic
performance. It is common to use traditional training techniques, such as strength training, plyometrics,
and weightlifting and it may be beneficial to incorporate non-traditional techniques to further
enhance performance [1–3]. It has become increasingly popular to incorporate non-traditional training
modalities such as, whole-body vibration (WBV) [4–8] to achieve performance enhancement.

Whole-body vibration uses a platform that oscillates, sending vibration to the whole body while
standing on the platform. It has been shown to improve upper and lower body muscular activity
in both trained and untrained individuals [7,9–16]. Previous research indicates WBV exposure at a
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moderate intensity is safe and effective in stimulating the neuromuscular system [4] and has been
shown to induce non-voluntary muscle contractions [17]. Power output is a key variable for sports
performance and previous research have shown an increase in power production by facilitation of an
explosive strength effort [9,18,19] leading to augmentation of performance via muscular strength and
motor function [20,21]. Bouts of WBV exposure have also been seen to improve sprinting and jumping
performance [5,8,10,22,23], with little or no effort by the individuals [24]. Although many studies has
shown positive effects, there are several studies have shown no performance enhancements following
WBV [5,7,12,25–27], resulting in inconsistency in previous literature.

Warming up prior to any physical performance is highly recommended and a widely accepted
and acknowledged practice. WBV is increasingly being utilized as a warm-up for its potentiating
effects prior to performance [5,8,13,16,24,28,29], to prepare the body for active performance instead
of traditional warm-up techniques [30–32]. Further, WBV has been used passively and/or combined
with active movements due to its reported acute performance enhancing effects [5,8]. The acute lower
body neuromuscular activation from WBV [22,33] may be beneficial in many power sports.

Numerous variables during WBV exposure can affect optimal performance outcomes such as
frequency, amplitude, duration, rest intervals, platform type, and population tested [8,22,23,34].
Several combinations of these variables have been manipulated in previous research, attempting to
identify optimal performance. Rest intervals, specifically, have been shown to effect performance
outcomes, varying from too short of rest with possible over stimulation of the neuromuscular system
or too long of rest with possible dissipating effects [8,22]. Therefore, to increase performance variables,
optimal rest intervals are critical when utilizing whole-body vibration. Previous research have shown
conflicting results using varying rest intervals following acute bouts of WBV, from immediately post to
10 min [5,8,10,12,22,23,35,36]. To our knowledge there is no current literature that has investigated this
vibration protocol with these specific rest times comparing athletes versus non-athletes.

Therefore, the purpose of this study was to investigate the effect of different rest intervals
following WBV on vertical jump (VJ) performance in female recreationally trained and varsity athletes.
Identifying optimal rest intervals following WBV exposure is critical to maximize vertical jump
performance in trained individuals. Additionally, identifying differences between female varsity
athletes and recreationally trained females will allow conclusions to be made on the applications of
WBV exposure to different trained populations.

2. Material and Methods

2.1. Subjects

Sixteen females, recreationally trained (n = 8, age: 22 ± 1 year, height: 162.87 ± 2.6 cm, body
mass: 64.35 ± 4.64 kg) and varsity athletes (n = 8, age: 20 ± 1 year, height: 168.19 ± 7.73 cm, body
mass: 61.35 ± 9.68 kg) volunteered to participate in four testing visits. The participants were selected
randomly from responders to fliers distributed over the university campus, and by word-of mouth.

Participants who were recreationally trained were defined as individuals who within the last year
participated in lower body strength and power activities about three times a week. Varsity athletes
were defined as highly trained athletes currently on a Division I athletic team. Participants were asked
to refrain from any physical activity 24 h prior to testing and were excluded if they reported any lower
body orthopedic injury or musculoskeletal injury within the past year. Each visit was within plus or
minus one hour from initial to all proceeding visits, separated by at least 24 h. Participants were asked
to wear comfortable clothing and the same shoes for each visit. Diet and hydration were not recorded
but participants were asked to keep fluid and food consistent throughout the duration of the study.
Each subject read and signed a university Institutional Review Board approved informed consent form
prior to participation.
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2.2. Study Design

The purpose of the study was to investigate acute performance potentiation following WBV
exposure as it might be used in a potentiation warm-up procedure. Therefore, this study used a mixed
factor-repeated measures design by having subjects perform five different rest interval conditions and
comparing VJ performance to a control condition without WBV in recreationally trained and varsity
athletes. Rest intervals ranged from immediate post to four minutes post.

2.3. Procedures

Visit one served as a familiarization session, which included completing the informed consent,
anthropometric measurements, familiarization with the countermovement vertical jump (CMVJ) and
WBV protocol. During the familiarization session, each subject completed three CMVJ’s to assess
variability; if the three CMVJ’s exceeded 5% difference in jump height, they were asked to return to the
lab on a subsequent day to complete another three jumps until the criterion was met. Participants then
performed six experimental conditions in three days with two conditions per day [23] separated by a
10 min rest period. This rest period was deemed sufficient since previous literature has shown that
WBV is ineffective after 10 min of exposure [22]. The order in which the conditions were performed
was randomized and days were separated by at least 24 h.

WBV was performed on an AIRadaptive (Power Plate, Inc.) vibration platform, which
administered a tri-axial vibration frequency at 30 Hz [5,22] and an amplitude setting low (2–4 mm).
WBV sessions entailed four bouts of 30 s [23] for a total of two minutes of vibration exposure with
30 s rest between bouts. During WBV, subjects performed quarter squats [23,37] every 5 s while also
simulating the arm swing used in a CMJ’s. Participants were instructed to step off the plate during
the bouts of rest. Following WBV exposure subjects were instructed to walk quickly to the force plate
(~ 15 feet) to complete their rest interval for that condition followed by the three CMVJ’s.

One condition served as a control during which participants stood on the vibration platform with
no vibration, completed the squatting protocol then immediately performed three CMVJ’s. The other
five conditions used rest intervals of either immediately post, 0.5 min, 1 min, 2 min, or 4 min followed
by three CMVJ’s [22]. In addition, each subjects max value during experimental conditions for each
variable (vertical jump height, peak power output, relative ground reaction forces), regardless of rest
interval, was analyzed as another condition, thereby making seven conditions overall.

During all conditions participants were instructed to begin with their arms at a 90-degree angle
then perform a CMVJ to a self-selected depth with arm swing and jump as high and as explosively
as possible. Fifteen seconds of rest separated each jump and all jumps were performed on an AMTI
force plate (Advanced Mechanical Technology, Inc., Watertown, MA, USA). A Vertec® (Columbus,
OH, USA) was used as a visual target and to measure jump height to the nearest half-inch and was
positioned next to the force plate. Vertical jump height (VJH) was measured and peak power output
(PPO) was calculated using the Sayers equation [38]. Peak relative ground reaction force (rGRF) was
sampled at 1000 Hz and maximum values from the highest jump from each condition were used for
analysis. After completing one condition subjects sat in a chair with no active movement for 10 min
then completed the second condition for that visit.

2.4. Statistical Analyses

All statistical procedures were conducted using the Statistical Package for the Social Sciences
(PASW 20.0 for Windows, SPSS, Inc., Chicago, IL, USA). An a-priori alpha was set at 0.05 to determine
significance. Differences between groups for height, weight, and age were analyzed with a one-way
ANOVA. Differences in VJH, Peak Power, and rGRF between conditions were analyzed with a 2 × 7
(training status by condition) mixed factor ANOVA.
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3. Results

There were no significant differences between recreationally trained and athletes in height
(p = 0.08), weight (p = 0.44), and age (p = 0.07). There was no significant interaction for training
status and time for VJH (p = 0.18), PPO (p = 0.18), and rGRF (p = 0.97). There was a significant main
effect for time for VJH (p < 0.001), PPO (p < 0.001), and rGRF (p = 0.01), where each individuals max
jump from all WBV conditions was greater than the control condition (Figure 1), however no significant
(p > 0.05) differences were found between all other conditions (Table 1). There was a significant group
differences, showing that varsity athletes had a greater VJH (p < 0.001) and PPO (p < 0.001) compared
to recreationally trained females. There were no significant (p = 0.96) group differences for rGRF
(Figure 2). Additionally, where each participant reached their max jump during the experimental
conditions is list here: IM = 4, 0.5 min = 2, 1 min = 3, 2 min = 6, and 4 min = 1.

Table 1. Vertical Jump Height (VJH), Peak Power Output (PPO), and relative ground reaction
force (rGFR) maximum values and values for each condition (mean ± SD) for varsity athletes and
recreationally trained.

Conditions
VJH (cm) PPO (W) rGRF (N)

Varsity Rec Varsity Rec Varsity Rec

Control 50.48 ± 6.78 42.06 ± 5.74 * 4062.50 ± 411.54 3551.79 ± 348.27 * 1608.91 ± 510.74 1613.90 ± 356.66
0 min 50.95 ± 7.0 41.91 ± 4.55 * 4091.41 ± 425.11 3542.15 ± 276.42 * 1616.72 ± 502.40 1599.02 ± 363.28
5 min 51.91 ± 6.84 39.84 ± 5.72 * 4149.23 ± 415.01 3416.88 ± 347.05 * 1629.38 ± 561.86 1645.71 ± 327.41
1 min 48.89 ± 9.77 40.95 ± 6.29 * 3966.14 ± 592.85 3484.34 ± 381.57 * 1626.78 ± 468.27 1628.41 ± 289.14
2 min 50.16 ± 6.18 43.33 ± 2.29 * 4043.23 ± 375.40 3628.88 ± 145.32 * 1629.38 ± 525.42 1600.58 ± 384.68
4 min 50.80 ± 8.56 40.64 ± 6.40 * 4081.78 ± 519.59 3465.06 ± 388.73 * 1662.43 ± 634.03 1643.70 ± 387.99
Max 53.34 ± 7.25 # 44.45 ± 3.84 *# 4235.95 ± 439.96 # 3696.33 ± 233.10 *# 1727.36 ± 387.99 # 1692.04 ± 355.47 #

* indicates significant (p < 0.05) differences between varsity and recreational athletes; # indicates significant (p <
0.05) differences greater than control.
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Figure 1. Individual differences between control and maximal VJ height (cm).
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Figure 2. Differences between control condition and max condition for Peak Power Output (PPO)
for varsity and recreationally trained females. # indicates significant (p < 0.05) differences between
conditions; * indicates significant (p < 0.05) differences between groups.

4. Discussion

The aim of the current investigation was to determine the optimal rest interval following bouts of
WBV on vertical jump performance variables. The main findings were that following WBV; VJH, PPO,
and rGRF showed individual increases during one of the rest interval conditions with WBV exposure
compared to the control condition (no WBV). Indicating that individuals respond differently to the
WBV exposure, resulting in individual optimal rest times following WBV exposure. Another finding
in this investigation was that for all conditions varsity female athletes had a greater VJH and PPO
compared to the recreationally trained females.

In a previous study, the researchers found individual optimal rest intervals between WBV
exposure and vertical jumping performance, similar to the current investigation using similar protocols
but comparing recreationally trained males and females only [8] instead of an athletic population.
These similarities indicate that regardless of training status or sex, a majority of individuals responded
to the WBV exposure and had an increased vertical jump performance. The only other methodical
difference from this particular previous research was that the current study used a tri-axial WBV
platform, while the previous study used a pivotal vibration platform. Therefore, similar results in
both studies indicate that the type of vibration platform exposure has similar benefits on vertical jump
performance as well. This is a positive finding, since most research studies using WBV are done on a
variety of platforms, it is often uncertain if researchers can make comparisons. Previous studies have
examined the differences using different types of WBV platforms [34,39], since different platforms
have different oscillatory motions. A recent study examined the differences in three platform types
and found no differences on their acute vertical jump performance [34]. The researcher concluded that
different devices could be used similarly for acute vertical jump performance bouts.

Other key variables are critical when using WBV for performance enhancement such as frequency,
amplitude, rest times, and vibration exposure time. Frequency can easily be changed on most devices
and can be described as the intensity of the vibration where amplitude can be described as the volume.
Previous research has shown that 1 min rest post vibration exposure and a frequency of 30 Hz were
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optimal for vertical jump performance increases [22,23]. The frequency exposure was similar to the
current study, however our study did differ in the time exposure of WBV. Bedient and Adams [22,23]
exposed participants to one bout of 30 s of WBV and found an increase in CMVJ, resulting in a
homogenous optimal rest interval of 1 min post when compared to immediate post, 5 min, or 10 min.
In contrast, our study exposed subjects to four bouts of 30 s of vibration with a 1:1 rest ratio, and found
individual optimal rest intervals for an increase in vertical jump performance. In contrast, another
study examined varied frequencies and durations of vibration exposures and found no differences in
vertical jump performance, indicating no conclusive frequency or vibration exposure time [34].

There are some research studies that conclude that using WBV prior to vertical jump performance
induces a post-activation potentiation (PAP) response [5,35]. PAP has been shown to increase voluntary
force development during muscle actions [40] but can induce fatigue if the intensity is too high or there
is not sufficient rest periods before performance [41]. PAP has been shown to vary on an individual
basis [42], some individuals have different optimal rest times and fatigue effects, which should be
considered when inducing PAP [41]. Previous research that uses WBV for PAP to enhance vertical
jump performance have seen positive effects at enhancing acute performance [5,8,35]. In the current
investigation, no differences between rest intervals were found, however when taking individual max
vertical jump values with WBV and comparing it to the control group, individuals showed an increase
in vertical jump performance. Thus, the increases in vertical jump performance induced by WBV may
have been sufficient enough to induce PAP but limited enough not to induce fatigue.

The current study compared female college athletes to recreationally trained females. As we
expected, the college athletes performed at a higher level with greater vertical jump performance
compared to the recreationally trained individuals. These results are most likely contributed to
college athletes having a higher level of training, increasing their potential to develop a higher force
generating capacity [42], resulting in a higher VJH. Additionally, the athletic population may have
more experience with vertical jumping allowing them to have greater vertical jumping performance
accompanied with a higher level of strength and conditioning periodized programs required by their
college sport. However, there have been conflicting results in a variety of studies with athletic and
recreationally trained individuals with WBV and jumping performance [7,8,43,44]. In the current
study, there were no group differences in the rGRF but there was a difference for VJH and PPO. This
may be due to the use of the Vertec® device to measure VJH instead of estimating flight time from the
force plate. The use of the Vertec® doesn’t account for changes in arm reach or trunk twist during
the jumps, which may modify scores [45]. On the other hand, VJH estimation could be altered with
landing mechanics when using the force plate [45].

Our study has a few potential limitations that may have influenced the results of our study. One
may have been our testing protocol, there were two conditions performed in one testing day with a
10 min washout period between conditions. This was randomized to control for any learning effects
however, it is possible that one condition influenced the other. Research suggests that after 10 min,
WBV has no effect on vertical jump performance [22], therefore we do not suspect a learning effect
occurred. Another limitation may have been that since our data reflects the maximum VJH for each
condition, it is possible that it may have affected subsequent VJ performance. However, previous
research shows that when analyzing kinetics during VJ performance there were no subsequent effects
shown [46]. It is important to note that three of the participants actually perform better in the control
condition compared to the experimental condition. This has been shown in other studies and has been
suggested that there are responder and non-responders to WBV treatment [8]. Another important
limitation to mention is the small power due to the sample size. A critical factor is the type of WBV
platform utilized. The present study utilized a tri-axial platform where others [8,22,23,35] have utilized
similar and other types (e.g., vertical, sliding horizontal, and pivotal), which may affect the outcome of
the study.
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5. Conclusions

Post activation potentiation was induced using whole-body vibration exposure on vertical jump
performance on eight female college athletes and eight recreationally trained females. Four sets of 30 s
bouts of WBV prior to vertical jump performance showed statistically significant differences between
individual maximum jumps at different rest times with WBV compared to the control (no WBV).
Therefore, it is recommended that practitioners determine individual optimal rest times following
WBV prior to high level performance to obtain greatest potentiating effects. Acquiring individual
optimal rest times prior to performance would allow individuals to maximum their potentiating acute
effects in a single explosive movement. Therefore, this study specifically applies to female athletes that
perform single bouts of explosive movements such as, high jumpers and long jumpers. Once optimal
rest time is determined, it will allow for optimal performance during competition. This investigation
has shown these effects to be applied to female athletic and recreationally trained individuals.
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collection, data interpretation, and manuscript writing.
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Abstract: This study compared the physiological, perceptual and mechanical responses to kettlebell
swings at different loads and swing speeds. Following familiarization 16 strength trained participants
(10 males, six females, mean age ± SD = 23 ± 2.9) performed four trials: 2 min kettlebell swings
with an 8 kg kettlebell at a fast cadence; 2 min kettlebell swings with an 8 kg kettlebell at a slow
cadence; 4 min kettlebell swings with a 4 kg kettlebell at a fast cadence; 4 min kettlebell swings with
a 4 kg kettlebell at a slow cadence. Repeated measured analysis of variance indicated no significant
differences in peak blood lactate or peak net vertical force across loads and cadences (P > 0.05).
Significant main effect for time for heart rate indicated that heart rate was higher at the end of each
bout than at mid-point (P = 0.001). A significant Load X cadence interaction for rating of perceived
exertion (RPE) (P = 0.030) revealed that RPE values were significantly higher in the 8 kg slow cadence
condition compared to the 4 kg slow (P = 0.002) and 4 kg fast (P = 0.016) conditions. In summary, this
study indicates that the physiological and mechanical responses to kettlebell swings at 4 kg and 8 kg
loads and at fast and slow cadence were similar, whereas the perceptual response is greater when
swinging an 8 kg kettlebell at slow cadence.

Keywords: force; swing; nontraditional training; resistance exercise

1. Introduction

Kettlebells comprise a cast iron/steel weight, resembling a cannonball with a handle and are
popular and widely used for resistance training. Their use has been advocated as a means to enhance
muscular strength and endurance, and aerobic endurance whilst also reducing body fatness [1].
Unlike dumbbells, kettlebell training tends to comprise ballistic and swing movements where the
centre of mass of the kettlebell is extended beyond the hand. Kettlebell training has also been
recommended to condition occupation groups including the armed services [2] as well as being an
efficacious rehabilitation tool [3,4]. While the use of the kettlebell dates back to circa 1700 s [1], scientific
analysis of kettlebell training and individual movements with a kettlebell has only recently gathered
momentum. Consequently, there are still significant gaps in the literature relating to the best use of
kettlebells for strength and conditioning.

To date, studies examining kettlebell science have tended to focus on either physiological
variables [5–7] or biomechanical variables [8,9]. A number of studies have also compared kettlebell
exercise to treadmill running [7,10]. For example, Hulsey et al. [10] reported higher caloric expenditure,
oxygen uptake (VO2), metabolic equivalents and pulmonary ventilation during treadmill exercise,
compared to 10 min kettlebell swinging. More recent work by Thomas et al. [7] compared a
moderate-intensity kettlebell protocol with brisk walking performed on a treadmill. Ten novice
participants performed a 30 min kettlebell protocol, comprising three continuous sets of 10 kettlebell
swings followed by 10 sumo deadlifts (16 kg for males, 12 kg for females) with a 3 min rest between
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sets. This was compared to a 30 min treadmill walk (3,10 min bouts separated by 3 min rest) where
VO2 was matched from the kettlebell session. Their data indicated similar blood pressure, energy
expenditure and respiratory exchange ratios between conditions but higher rating of perceived exertion
(RPE) and heart rate during kettlebell exercise. Thomas et al. concluded that kettlebell training may
therefore be used to enhance aerobic capacity to the same extent as brisk walking. Mechanically
focused studies of kettlebell exercise have reported that kettlebell exercise results in a hip-hinge squat
pattern, eliciting rapid muscle activation-relaxation cycles, opposite in polarity to that of traditional
Olympic weightlifting techniques [9]. Other work [8] has reported on the mechanical demands of
the kettlebell swing specifically. In their study, 16 males performed two sets of 10 kettlebell swings
with 16, 24, and 32 kg kettlebells. Lake and Lauder [8] reported that swing mean and peak power
was greater than power recorded during a back squat and comparable with power recorded from a
jump squat.

A recent review of kettlebell research suggested a need to examine the effects of different kettlebell
loads, as research has not fully examined responses across the range of kettlebell loads available [11].
Understanding the optimal loads for kettlebell training is an important consideration for coaches
and athletes, yet without this initial comparison type research, this aspiration will not be elucidated.
Moreover, in by far the majority of research using kettlebell training, participants have used different
loads. For example, in Thomas et al. [7] kettlebell load differed between males and females, whereas
in Lake and Lauder [8] participants performed two sets of 10 kettlebell swings across a standardised
spectrum of kettlebell loads. As such, it is difficult to compare across kettlebell loads as the total
volume of work will differ and therefore making inferences about the effect of load alone may be
open to debate. Further, in research studies employing the kettlebell swing, there has seemingly
been no standardisation of swing speed or cadence. Modification of swing cadence may result in
different intensities of exercise, particularly if swing volume is set as a product of a set duration. The
current study seeks to address this issue by comparing the physiological and mechanical responses to
kettlebell swings at different loads and swing speeds. We hypothesized that heavier kettlebell load
and faster swing speeds would elicit greater physiological and mechanical responses compared to
lighter kettlebell load and slower swing speed.

2. Method, Results, Discussion

2.1. Method

2.1.1. Participants

Following institutional ethics approval, briefing regarding the study and provision of written
informed consent, 16 strength trained participants (10 males, six females; mean age ± S.D. = 23 ± 2.9 years,
height = 176.2 ± 9.2 cm, body mass = 76.3 ± 14.7 kg) volunteered to participate. Participants were
recruited from the pool of MSc Strength and Conditioning Students at the institution where the
testing took place. All participants had experience performing resistance exercise, including work with
kettlebells, and were free of any musculoskeletal pain or disorders. Inclusion criteria included currently
participating in > 10 h week−1 programmed physical activity including strength and endurance based
activities and prior experience using kettlebells. Exclusion criteria included any musculoskeletal injury
that would have prevented engagement in the experimental protocol. Mean ± S.D. of years training
experience was 4.5 ± 1.5 years.

2.1.2. Procedures

This study used a within groups, repeated measures design, where participants undertook five
visits to the human performance laboratory. The first visit was for familiarisation, and the subsequent
four visits were counterbalanced experimental trials, which were all performed at the same time of day
to minimise circadian variation. Participants were asked to refrain from strenuous exercise in the 24 h
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before exercise and to attend the laboratory in a hydrated state (e.g., minimum water consumption of
500 mL in the 3 h before testing). Participants engaged in the following four trials: 2 min kettlebell
swings with an 8 kg kettlebell at a fast cadence; 2 min kettlebell swings with an 8 kg kettlebell at a
slow cadence; 4 min kettlebell swings with a 4 kg kettlebell at a fast cadence; 4 min kettlebell swings
with a 4 kg kettlebell at a slow cadence. Heart Rate (HR) and RPE were assessed at mid and end
points of each bouts of swings. Blood lactate (BLa) was determined following each swing bout using a
5 μL capillary blood sample taken from the fingertip (Lactate Pro, Arkray Instruments, Kyoto, Japan).
Peak net vertical force was also calculated from force platform data (AMTI AccuGait, Watertown, MA,
USA), collected throughout each bout of kettlebell swings. Slow and fast cadence was determined via
pilot work where different swing speeds were performed by an experienced strength and conditioning
professional with 4 and 8 kg kettlebells. From this the two cadences chosen to represent slow (40 BPM)
and fast (80 BPM) were selected as being ecologically sound in terms of use within fitness and strength
and conditioning programmes. Throughout all trials a metronome (Seiko SQ44, Tokyo, Japan) was
used to regulate cadence with a full swing (upwards and downwards phase) being completed in 2 BPM.
This resulted in 20 full swings being completed per minute in the slow conditions and 40 full swings
being completed in the fast conditions. In this manner, the total work completed in the slow and fast
swing speed condition was the same when comparing across 4 kg and 8 kg kettlebell loads. All swings
were performed in accordance with the technique reported by Tsatsouline [1] and as used in prior
studies examining kettlebell swing performance [8]. Participants were positioned with feet shoulder
width apart and standing on the force platform for each trial. Prior to each trial, all participants
completed a 5 min warm up protocol at 25 W on a cycle ergometer (Monark, Vansbro, Sweden). They
then began each trial 2 min after completion of the warm-up.

2.1.3. Statistical Analysis

In order to examine any changes in Heart Rate, Rating of Perceived Exertion and peak force,
a series of 2 (4 kg vs. 2 kg kettlebell load) × 2 (slow vs. fast swing speed) × 2 (time, mid point vs.
end point) ways repeated measures analysis of variance (ANOVA) were used. Any differences in
post exercise blood lactate were examined using repeated measures ANOVA. Where any statistical
differences were found, Bonferroni post-hoc multiple comparisons were used to determine where
the differences lay. Partial 2 (P 2) was used as a measure of effect size. The statistical package for
social sciences (SPSS, version 22, IBM Inc, New York, NY, USA) was used for all analysis and statistical
significance was set as P = 0.05 a priori.

2.2. Results

In regard to heart rate, results indicated no significant higher order interaction or main effects
due to load or cadence (all P = > 0.05). However, there was a significant main effect for time (P = 0.001,
P 2 = 0.621), whereby heart rate at mid-point in each trial was significantly lower than heart rate at the
end point of each trial (P = 0.001). Mean ± SE of heart rate was 148.1 ± 4.1 BPM and 155.5 ± 3.8 BPM at
mid and end points respectively. There was also no significant difference in peak Bla across conditions
(P = 0.377). For RPE there was a significant Load X cadence interaction (P = 0.030, P 2 = 0.293, see
Figure 1) where RPE was higher during the 8 kg slow cadence condition compared to the 4 kg fast
cadence and 4 kg slow cadence condition. Post hoc analysis indicated that there was a significant
difference between 8 kg load at a slow cadence and 4 kg load at a slow cadence (P = 0.002) and 8
kg load at a slow cadence and 4 kg load at a fast cadence (P = 0.016). When peak vertical force was
examined there were no significant differences between loads, cadence or time points (all P > 0.05).
Mean ± SE of heart rate, peak blood lactate concentration and peak vertical force across loads and
cadences and at mid and end point in each trial are presented in Table 1.
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2.3. Discussion

The current study compared physiological, perceptual and mechanical variables during the
kettlebell swing at two different loads and two different cadences. This is the first study to date to
examine this issue in a manner where total work can be equalised across loads and cadence. The
results of this study demonstrate that when this is the case the physiological and mechanical responses
are similar between 4 and 8 kg kettlebells. However, when the 8 kg kettlebell swings at a slow cadence
produced significantly higher perception of exertion than any of the other conditions. For strength
and conditioning coaches and athletes this has useful implications for the development of kettlebell
training programmes in that a heavier load (8 kg) when swung more slowly results in higher RPEs
when the physiological and mechanical response is the same. In such cases, adherence to training
programmes might be more effective if using a 4 kg load on the basis that it will feel more comfortable
but elicit the same physiological response as an 8 kg load.

Figure 1. Mean ± SE of RPE values during kettlebell swings across loads and cadences (* P = 0.002,
** P = 0.016).

Table 1. Mean (SE) of heart rate, peak blood lactate concentration and peak vertical force at the mid
point and end point of kettlebell swings at different loads and cadences.

4 kg Slow 4 kg Fast 8 kg Slow 8 kg Fast

Mid
Point

End
Point

Mid
Point

End
Point

Mid
Point

End
Point

Mid
Point

End
Point

HR (BPM) 144 (4.8) 151 (4.4) 148 (3.9) 155 (3.7) 148 (7.1) 160 (4.3) 150 (3.7) 155 (4.2)

Bla (mmol/L) - 5.8 (1.1) - 4.9 (.55) - 7.5 (1.6) - 5.8 (1.1)

Peak Force (N) 562.5
(67.0)

551.2
(63.1)

516.2
(126.3)

462.9
(136.8)

623.1
(60.1)

585.4
(56.3)

557.6
(112.2)

539.3
(112.1)

In some respects it is difficult to compare the results of this study to prior work that has employed
kettlebells as previous studies by Thomas et al. [7], Hulsey et al. [10], Lake and Lauder [10] have used
discrete bouts of kettlebell exercise at different loads. Thus, the differences they report may be a
consequence of greater work completed rather than a difference in the load employed. The results
present in the current study build on this work by also examining different swing cadence. Prior
research [7,8,10,12] has not tended to standardise or consider the effect of swing speed/cadence on
responses to this type of exercise.
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There are some limitations of the current study, due to lack of prior literature relating to optimum
swing speed, cadence was determined via pilot study by strength and conditioning professionals. The
two swing cadences employed may not however be “optimal” and additional research examining
across the spectrum of possible swing speeds might be useful in determining whether there is an
“optimum” kettlebell swing speed. Likewise, two relatively light loads (4 kg and 8 kg) were utilised in
the present study. This was again based on pilot data in terms of what loads might conceivably be
used for kettlebell swing durations over 2 min in duration. Research designs employed by previous
authors have used kettlebell loads in excess of those used in the current study, and up to 32 kg e.g., [8].
They have also tended to use much longer durations of kettlebell swinging, which may lack ecological
validity. For example, Hulsey et al. [10] employed a continuous 10 min period of kettlebell swings and
Thomas et al. [7] employed three sets of 10 min kettlebell swings, each separated by a 3 min rest period.
Such durations of kettlebell exercise seem in excess of what would realistically be engaged in within
a gym setting, and particularly physically demanding. Hence the decision in the present to design
to employ a smaller duration of swings, more akin to what might be used by the general exercising
public. In addition only net peak net vertical force was assessed in the present study and future work
that presents an analysis of overall mechanical demands, as well as asymmetry, may elucidate further
information in relation to the biomechanics of the kettlebell swing. In regard to practical application,
this study suggests that, when matched for work, 4 kg and 8 kg kettlebells when swung at fast or slow
cadence, produce similar physiological and mechanical responses but the perceptual response was
greater when the kettlebell was swung with an 8 kg load at a slow cadence. Thus, coaches and athletes
may likely benefit to the same extent by swinging a 4 kg kettlebell than an 8 kg kettlebell.

3. Conclusion

The present study indicates that the physiological response to kettlebell swings at slow and fast
cadences with 4 and 8 kg kettlebells is similar, as is the peak net vertical force. Perceived exertion
values are higher when using an 8 kg kettlebell with a slow swing cadence. For coaches and athletes a
4 kg kettlebell swing protocol may be preferable as it results in similar physiological and mechanical
response but lower RPE as compared to an 8 kg protocol.
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Abstract: Studies have shown that advanced rock climbers have greater upper body strength than
that of novice climbers or non-climbers. The purpose of this study was to compare upper body
strength between rock climbing and resistance trained men. Fifteen resistance trained men (age
25.28 ± 2.26 yrs; height 177.45 ± 4.08 cm; mass 85.17 ± 10.23 kg; body fat 10.13 ± 5.40%) and
15 rock climbing men (age 23.25 ± 2.23 yrs; height 175.57 ± 8.03 cm; mass 66.66 ± 9.40 kg; body fat
6.86 ± 3.82%) volunteered to participate. Rock climbing (RC) men had been climbing for at least two
years, 2–3 times a week, able to climb at least a boulder rating of V4–5 and had no current injuries.
Resistance trained (RT) men had been total body strength training for at least two years, 2–3 times a
week with no current injuries. Each participant performed pull-ups to failure, grip strength, and pinch
strength. RT were significantly older and heavier than RC. RC performed significantly more pull-ups
(19.31 ± 4.31) than RT (15.64 ± 4.82). RC had greater relative pinch strength (R 0.27 ± 0.10 kg/kg;
L 0.24 ± 0.07 kg/kg) than RT (R 0.19 ± 0.04 kg/kg; L 0.16 ± 0.05 kg/kg) and greater relative grip
strength (R 0.70 ± 0.10 kg/kg; L 0.65 ± 0.12 kg/kg) than RT (R 0.57 ± 0.14 kg/kg; L 0.56 ± 0.15 kg/kg).
Overall, RC men demonstrated greater performance in tests involving relative strength when
compared to RT men. Rock climbing can promote increased upper body strength even in the
absence of traditional resistance training.

Keywords: grip; finger; pinch; pull-ups; push-ups; relative

1. Introduction

Rock climbing involves lifting their body mass by pulling with their upper body musculature and
using many different handholds and grips, including a wide 4-finger pinch and a small two finger
pinch. This requires significant finger, grip and upper body strength. Balas [1] demonstrated that a
higher climbing volume and an eight week training program resulted in increased grip and relative
upper body strength of youth climbers. They also observed that hand-arm strength and endurance,
body composition and climbing volume combined were predictors of climbing performance. Studies
have also shown a significant difference in grip and pinch maximal voluntary contraction (MVC) in
elite climbers when compared to recreational and non-climbers [2–6].

Predictors of climbing ability include upper body strength, grip and finger strength, along with
high relative strength and lower body fat [7,8]. Elite climbers exhibit significantly greater strength
than recreational climbers and non-climbers and this is seen even more prominent when the grip is
more climbing specific [5,6,9]. Limonta et al. [2] observed a higher maximal voluntary contraction and
a significant difference in endurance time between elite climbers and sedentary individuals during
controlled fatiguing contractions in finger flexor muscles. Grant [4] determined that elite climbers had
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significantly greater flexibility (leg span), upper body strength (pull-ups and bent arm hang), and left
and right pincer strength than recreational climbers and physically active non-climbers.

Based on the previous studies, rock climbing appears to have an important upper body strength
component, which is derived from that training. Studies have observed significant differences in
handgrip and pincer strength between climbers and sedentary individuals [3,4]. However, there is a
paucity of research comparing strength of those involved in high-level rock climbing and traditional
resistance training. Therefore, the purpose of this study was to compare upper body strength between
rock climbers and resistance-trained men. We hypothesized that resistance trained men would
exhibit significantly greater absolute grip due to their traditional training. Another hypothesis was
that climbers would exhibit superior relative strength due to their experience with bodyweight
support activity.

2. Materials and Methods

2.1. Participants

All participants were males between the ages of 20–29 with no injuries in the past six months that
would prevent them from completing each task. Climbers had at least two years’ experience, climbed
indoors 2–3 times per week, outdoors at least once a month and did not participate in a structured
resistance training program. Each participant was considered a self-reported “advanced” climber with
at least a Hueco Scale rating of V4–5 (on a V0–16 scale) [10]. Resistance-trained men had at least two
years’ experience in full body lifting consisting of squats, deadlift, bench press and pull-ups. At the
beginning of each visit, subjects signed a university IRB approved informed consent document. Then
height and weight were recorded on a stadiometer (216, Seca Corporation, Ontario, CA, USA) and
weight scale (ES200L, Ohaus Corporation, Pinebrook, NJ, USA).

2.2. Body Fat Percentage

Skinfold thickness was measured to the nearest .5mm using skinfold calipers (Lange, Santa Cruz,
CA, USA). Two measurements were taken on the right side of the body (chest, abdomen and thigh)
and the average of the values was recorded for analysis. Body fat percentage was estimated using the
Jackson and Pollock equation [11].

2.3. Pull-Ups

For all performance tests, subjects performed at least three repetitions for warm-up and
familiarization until they could execute the test per the specific guidelines, then rested for 2 min.
Pull-ups and push-ups were counterbalanced. They completed the maximum number of pronated
pull-ups possible in one minute [12]. They were positioned hanging from the bar with arms at full
extension then pulled up so their chin reached the top of the bar then lowered themselves back down
to full arm extension with their legs also fully extended [4]. If they used any momentum from their
lower body as assistance the repetition was not counted. They were able to rest with arms at full
extension, but if they let go of the bar the test was terminated.

2.4. Push-Ups

They laid prone on the floor and placed their thumbs at shoulder width, kept their body in a
straight line and touched their chin to a tennis ball at the bottom of each repetition [13]. A cadence was
set to 80 beats per minute (40 push-ups per minute) with a metronome and the test lasted a maximum
of two min. When they were unable to keep the cadence or stopped due to fatigue, the test was
terminated. [14].
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2.5. Finger Strength

Participants rested for 5 min before finger strength tests were administered. A Flexiforce sensor
(Model A201, South Boston, MA, USA) was used to measure finger strength between the thumb and all
four fingers (1 = index, 2 = middle, 3 = ring, and 4 = little finger) [15]. They squeezed putty grip (Power
putty) five times with each hand for warm-up, then rested 2 min. They were seated in an upright
position with their arm placed on a table that was adjusted so that the elbow and shoulder joints were
flexed to 90 degrees. Starting with the thumb and index finger, they placed the finger lightly over the
sensor with the thumb opposed. The other fingers were curled under to prevent them from assisting
when the sensor was squeezed. When signaled, they gradually squeezed the sensor for 5 s leading
to maximal force. Next the thumb and middle finger were tested, with only the ring and little finger
curled under. Then the ring finger was tested with only the little finger curled under. Finally, the little
finger was tested last. Each finger on each hand was measured alternately three times with 15 s rest
and the best of the three repetitions was recorded for analysis. Relative values were determined by
dividing strength by body mass (kg/kg).

2.6. Pinch Strength

A handgrip dynamometer (T.K.K5401 Takei Koyo, Tokyo, Japan) was used to measure pinch
strength. Participants squeezed putty grip (Power putty) five times with each hand for warm-up,
then rested 2 min. The dynamometer was set to 4.5 cm wide [4]. They were seated in an upright
position exactly the same as for finger strength with the dynamometer digital display facing away.
They grasped the moveable arm of the dynamometer with four fingertips and the thumb opposed and
braced around the immovable part of the device, while the administrator held the device stable [16].
Measurements were taken alternately between left and right hands with 15 s rest. Each hand was
measured three times and the best of the three repetitions was recorded for analysis. Relative values
were determined by dividing strength by body mass (kg/kg).

2.7. Grip Strength

The same handgrip dynamometer was used for measurement. The size of the grip was adjusted
so that the second joint of the middle finger was positioned at 90 degrees. Participants were seated in
an upright position on a box that was 47 cm tall, while holding the dynamometer in one hand, arm
at their side with the digital display facing away. They squeezed the dynamometer for 5 s leading to
maximal force then released [17]. Measurements were taken alternately between the left and right
hands with 15 s rest. Each hand was measured three times and the best of the three repetitions was
recorded for analysis. Relative values were determined by dividing strength by body mass (kg/kg).

2.8. Statistical Analyses

Two independent t-tests analyzed pull-ups and push-ups between groups. Multiple 2 × 2
(group × hand) mixed factor ANOVAs analyzed absolute and relative grip and absolute and relative
pinch strength. Multiple 2 × 2 × 4 (group × hand × finger) mixed factor ANOVAs analyzed absolute
and relative finger strength. Main effects were followed up with t-tests or LSD post hoc tests. Alpha
level was set a-priori at 0.05.

3. Results

RT were significantly older and heavier than RC, but height and body fat percentage were not
significantly different (Table 1).
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Table 1. Mean ± SD of age, height, mass and body composition between resistance trained (RT) and
rock climbing (RC) men.

Variable RT RC

Age (yrs) 25.28 ± 2.26* 23.25 ± 2.23
Height (cm) 177.45 ± 4.08 175.57 ± 8.03
Mass (kg) 85.17 ± 10.23* 66.66 ± 9.40

Body Fat (%) 10.13 ± 5.40 6.86 ± 3.82

Note: * Significantly (age P = 0.02; mass P = 0.02) greater than RC.

For pull-ups and push-ups, RC performed a significantly greater number of pull-ups than RT, but
push-ups were not significantly different (Table 2).

Table 2. Mean ± SD of pull-ups and push-ups between resistance trained (RT) and rock climbing
(RC) men.

Performance RT RC

Pull-ups (#) 15.64 ± 4.82 19.31 ± 4.31*
Push-ups (#) 38.28 ± 4.89 34.56 ± 8.13

Note: * Significantly (P = 0.03) greater than RT.

For absolute grip, there was no interaction or main effect for group but there was a main effect for
hand with the right being stronger than the left. For relative grip, there was no interaction but there
was a main effect for hand with the right being stronger than the left and a main effect for group with
RC having significantly greater relative grip strength than RT (Table 3).

Table 3. Mean ± SD of left and right absolute and relative grip between resistance trained (RT) and
rock climbing (RC) men and combined total for both groups.

Performance RT RC Group Total

R grip (kg) 49.26 ± 14.16 46.15 ± 6.24 47.60 ± 10.61#
L grip (kg) 48.45 ± 15.42 43.16 ± 6.33 45.63 ± 11.60

R gripREL (kg/kg) 0.57 ± 0.14 0.70 ± 0.10 0.64 ± 0.14#
L gripREL (kg/kg) 0.56 ± 0.15 0.65 ± 0.12 0.61 ± 0.14

R&Lavg gripREL (kg/kg) 0.56 ± 0.14 0.67 ± 0.11* -

Note: # Significantly (absolute P = 0.03; relative P = 0.01) greater than left; * Significantly (P = 0.02) greater
than RT.

For absolute pinch, there was no interaction or main effect for group but there was a main effect
for hand with the right being stronger than the left. For relative pinch, there was no interaction but
there were main effects for group and hand. RC had significantly greater relative pinch strength than
RT (Table 4).

Table 4. Mean ± SD of left and right absolute and relative pinch strength between resistance trained
(RT) and rock climbing (RC) men and combined total for both groups.

Performance RT RC Group Total

R pinch (kg) 16.07 ± 3.00 18.03 ± 7.01 17.11 ± 5.52#
L pinch (kg) 14.15 ± 4.65 16.11 ± 5.35 15.19 ± 5.05

R pinchREL (kg/kg) 0.19 ± 0.04 0.27 ± 0.10 0.23 ± 0.08#
L pinchREL (kg/kg) 0.16 ± 0.05 0.24 ± 0.07 0.20 ± 0.07

R&Lavg pinchREL (kg/kg) 0.18 ± 0.04 0.25 ± 0.08* -

Note: # Significantly (absolute P = 0.00; relative P = 0.00) greater than left; * Significantly (P = 0.00) greater
than RT.
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For absolute and relative finger strength there were no significant three way or two-way
interactions or main effects for group or hand. However, there was a main effect for fingers for
both. Both absolute (Figure 1) and relative (Figure 2) finger strength were followed up with LSD post
hoc tests for pairwise comparisons that showed the first finger was significantly stronger than fingers
three and four. The second finger was significantly stronger than fingers one, three and four. The third
finger was significantly stronger than finger four.
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Figure 1. Mean ± SD of absolute finger strength. 1 = index, 2 = middle. 3 = ring and 4 = little.
* Significantly (P = 0.00) greater than fingers 3 and 4; # Significantly (P = 0.00) greater than fingers 1,3
and 4; @ Significantly (P = 0.00) greater than finger 4.
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Figure 2. Mean ± SD of relative finger strength. 1 = index, 2 = middle. 3 = ring and 4 = little.
* Significantly (P = 0.00) greater than fingers 3 and 4; # Significantly (P = 0.00) greater than fingers 1,3
and 4; @ Significantly (P = 0.00) greater than finger 4.

4. Discussion

The purpose of this study was to compare upper body strength between rock climbing and
resistance trained men. The main findings were that rock climbers performed a significantly (P = 0.03)
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greater number of pull-ups, and had significantly greater relative grip (P = 0.01) and relative pinch
(P = 0.00) strength than resistance trained men. This may be due to the physical demands required of
rock climbing men to negotiate challenging routes successfully. These demands include lifting their
body mass by pulling with their upper body musculature and supporting their body weight by many
different handholds and grips [7,8]. Requirements for these demands include low body mass, strong
pulling, pinching, and gripping strength to support body weight movements, and a large climbing
volume in order to see increased relative strength and climbing ability [4,9,17]. In contrast, resistance
trained men perform traditional weight room exercises and generally demonstrate greater absolute
upper body strength but less relative strength than climbers. Grip strength of resistance trained men is
developed through upper, and lower body exercises [18,19]. Climbers strengthen their upper body
by lifting their own body mass and by directly working the grip via pinching and gripping [1,4,17].
Resistance trained men utilize exercises that indirectly strengthen their grip (i.e., push-ups, squats,
leg press, etc.) [18,19]. Therefore, it appears that both activities may be utilized to improve upper
body strength.

In this study, we found that although groups were similar in height, climbers had significantly
less body mass when compared to resistance trained men. This is probably due to the specific demands
of each respective activity. Schweizer [20] determined that climbers had low levels of body mass and
that body weight and height were negatively correlated with climbing performance. The current study
corroborates that climbers’ lower body mass probably led to greater relative strength.

In a contrasting study, Grant [4] demonstrated that there were no significant differences between
elite, recreational and non-climbers for body mass, height, height:body mass ratio, or body fat %. It is
important to note that they compared climbers to other climbers, not resistance trained men. So it is
not known whether the elite climbers would have been significantly different in mass and body fat
when compared to the resistance trained men of the current study. It is clear that low body fat and
mass are desirable to climbers, however, there are numerous other variables that are used to determine
climbing level such as type of training, climbing volume, grip, pinch, and finger strength [1,4,9,17].
For resistance trained men, training leads to hypertrophy and increased body mass which results in
greater strength. This may be why resistance trained men in our study had significantly greater body
mass. Despite differences in training, each group’s goals overlap to some degree. Both desire increased
upper body strength, which improves grip strength.

Balas [1] concluded that the practice of rock climbing resulted in increased upper body strength.
He had young climbers, with little or no experience, participate in an 8-week climbing program and
saw a significant increase in upper body strength, specifically, relative grip strength. In a similar
study [17], he demonstrated that climbing volume and experience can predict performance, with a
notable relationship between number of meters climbed per week, body fat, grip and bent- arm hang.
Our results correspondingly showed that rock climbers had significantly greater relative pinch and
grip strength. These two different grip types were chosen to be tested for the purpose of variation
and specificity. The pinch is more climbing specific and the grip is more resistance training specific.
It seems reasonable that if climbers utilized resistance training, focusing on larger lifts, it would
result in improved upper body strength. However, a significant increase in mass might decrease
climbing performance.

Several studies have shown that elite or advanced climbers demonstrate significantly greater
MVC in a grip or pinch test [4,9,17,21]. Green [21] saw that trained climbers (similar to those in this
study) had a significantly greater MVC and intermittent exercise capacity than untrained climbers.
The conclusion is that climbing directly increases grip strength, similar to the current study.

Resistance training is commonly used to increase upper body strength. Thomas [18] observed the
effects of a resistance training program on handgrip strength in young adults. Their results indicated
that even though none of the movements in the training program involved specifically strengthening
grip, each exercise contributed to overall improvement of absolute grip strength of the right hand
only. Another study by Wilmore [19] supports resistance training as a way to improve handgrip
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strength. Subjects participated in a training program that consisted of basic strength exercises and
increased their absolute grip strength even though none of the exercises specifically strengthened
handgrip. We hypothesized in the current study that resistance trained men would exhibit significantly
greater absolute grip strength because absolute strength is the primary outcome of resistance training.
However, we observed no difference between groups but climbers had significantly greater relative
grip and pinch strength. Once again, this is probably due to climbers having less body mass.

Another hypothesis was that climbers would exhibit superior performance in tests of relative
strength, such as push-ups and pull-ups. This was partially confirmed as climbers performed
significantly more pull-ups than resistance trained men. Again, probably a result of climbers having
significantly less body mass. Additionally, pull-ups are a very common movement performed in
climbing and could lead to greater muscular endurance in rock climbers. Grant [4] also observed that
elite climbers were able to perform significantly more pull-ups than recreational and non-climbers. In
contrast, push-ups demonstrated no significant difference between groups. Push-ups were one of the
exercises Balas [1] utilized in the resistance training program that indirectly improved grip strength.
This suggests that push-ups could be part of a rock climbers training routine to aid in strengthening
the upper body while also working the anterior chain in addition to the posterior chain, which is
most often utilized while climbing. Resistance trained men are also at a slight disadvantage during
push-ups as they must support greater overall body mass [13].

We did not find a significant difference in finger strength between groups. In contrast, Grant [4]
found a significant difference in finger strength between elite and recreational climbers, but only for a
climbing specific grip. The sensor used in the current study was very thin, making it less specific to a
climbing grip and may not be a valid indicator of climbing finger strength. In addition, the resistance
trained men were not familiar with the finger strength position.

Finally, Grant [9] compared climbing specific finger endurance in intermediate rock climbers,
rowers, and aerobically trained men. This is the most similar study to ours comparing rock climbers to
resistance trained men. Since the rowers followed a resistance training program it was thought that
they would perform similarly to climbers. However, climbers demonstrated significantly greater MVC
of a climbing specific grip when compared to rowers and aerobically trained men, but there was no
difference between groups in endurance. These results further support that climbing directly improves
grip strength.

5. Conclusions

Climbers demonstrated significantly greater relative grip and pinch strength and were also able
to perform significantly more pull-ups than resistance trained men, due to their significantly lower
body mass. Therefore, training for rock climbing should promote increased upper body strength in the
absence of increased mass as relative strength appears to be an important parameter in this population.
Additionally, testing rock climbers should focus on relative upper body strength as a positive indicator
of performance.
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Abstract: Taper, or reduced-volume training, improves competition performance across a broad
spectrum of exercise modes and populations. This article aims to highlight the physiological
mechanisms, namely in skeletal muscle, by which taper improves performance and provide a practical
literature-based rationale for implementing taper in varied athletic disciplines. Special attention will
be paid to strength- and power-oriented athletes as taper is under-studied and often overlooked in
these populations. Tapering can best be summarized by the adage “less is more” because maintained
intensity and reduced volume prior to competition yields significant performance benefits.
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1. Introduction

Taper can be defined as a structured reduction in training volume (as compared to peak training
load) for a specific period of time prior to athletic competition as a means to enhance performance.
In simpler terms, taper is formalized recovery training that occurs after a heavy training block. Rest as
an integral aspect of training is not a recent concept. The importance of obligatory recovery time during
training was recognized as early as the ancient Olympic games [1]. However, the role of adequate rest
in optimizing performance has been more widely publicized in the last 60 years with the concept of
periodization [2,3], or varied training (i.e., mode, time, intensity) for a specific goal.

Endurance athletes have systematically practiced relative rest via reduced-volume training as
a means to improve performance for at least 50 years. However, Costill and colleagues [4] in 1985
were the first to experimentally evaluate the physiological effects of a specific tapering protocol using
competitive swimmers. Since that time, taper’s efficacy has been well documented in swimming,
cycling, running, triathlon, rowing, strength training, and team sports to name a few. The effects
of tapering are apparent from the whole body (macro) [4] to the cell and gene (micro) [5,6] levels
and even include psychological improvements [7]. Despite the multitude of data supporting taper’s
effectiveness, some athletes and coaches still fail to acknowledge its importance and implement the
practice. The purpose of this article is to highlight how taper is experimentally shown to enhance
athletic performance across multiple exercise modes and populations. An overview of tapering
in endurance-type athletes will be provided, but special attention will be paid to strength- and
power-oriented athletes for whom tapering is generally less emphasized. Additionally, the discussion
will highlight taper-mediated skeletal muscle improvements and provide broad literature-based
guidance for tapering. We hope to underscore the necessity for coaches and athletes to employ
well-controlled taper regimens during their training programs.
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2. How to Taper

An effective taper regimen can be conducted in numerous ways. The duration and type of taper
generally varies by sport but the common theme among endurance tapering protocols is a substantial
reduction in training volume prior to competition. The literature suggests that an effective taper
could be as short as four days [8] and involve reductions in training volume of up to 90% [9,10].
An improperly conducted taper where endurance exercise volume is only reduced by 25% and
high- intensity work is increased to compensate will not yield favorable results [11]. Increasing
training volume instead of tapering affords no benefits and may hinder performance [12,13]. For
most endurance-oriented activities, a taper lasting two to three weeks characterized by a 40%–70%
reduction in volume from peak training with maintained intensity will produce significant performance
benefits. For a more in-depth review of specific endurance tapering protocols, refer to Mujika et al. [14],
Bosquet et al. [15], and Wilson et al. [16].

The nature of taper is less defined in the literature regarding intermittent type athletic disciplines
such as strength-focused weightlifting, power-focused Olympic-style weightlifting, and track and field
or team sports where both strength and power are emphasized. However, a recent review on tapering
in strength sports suggests (similar to endurance athletics) that performance is improved with a
30%–70% reduction in volume (via reduced intra-session volume or less overall training frequency) for
up to four weeks with maintained or slightly increased intensity [17]. The tapering literature specific
to power athletes is particularly limited. However, a recent investigation found a 25%–40% reduction
in resistance training volume (sessions per week) with maintained intensity improved throwing
performance after two weeks in track and field athletes [18]. Another study found enhanced maximal
power output with a three week taper characterized by a ~75% resistance-training volume reduction, a
slight increase in intensity, and maintained sport-specific training in elite rugby players [19]. Similar to
endurance athletes, reduced volume with maintained or slightly increased intensity appears to be the
key elements for tapering in strength- and power-focused athletes.

3. Magnitude of Performance Benefits with Taper

A properly conducted taper improves race performance across a broad spectrum of athletic
activities and populations (Figure 1). It enhances performance in shorter race events (i.e., 50 meter
swim, <10 km cycling time trial [TT], 2000 m row) [4,7,13,20–22] as well as middle distance swimming,
biking, and running competition [4,5,9,13,20,22–24]. Taper also improves performance indices in
longer-duration events such as the duathlon [25], 40 km cycling TT [26], and triathlon [27,28]. For
any distance event, it is reasonable to expect that taper will increase performance on the order of
2%–3%. This is no small change when considering that a 3% improvement in a collegiate 8 kilometer
runner’s performance could account for a 50 s faster race time [5]. Moreover, meaningful performance
benefits are not exclusive to endurance and race events with tapering. A 2%–3% improvement in the
bench press and squat in strength athletes [29] and a 5%–6% increase in throwing distance can occur in
competitive track and field athletes following a taper period [18].
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Figure 1. Reported performance benefits from taper in different athletic events and populations. Data
were derived from the following studies in order from left to right: Swim-Mujika et al. 2002 [30],
Costill et al. 1985 [4], D’Acquisto et al. 1992 [9]. Bike-Berger et al. 1999 [7], Neary et al. 2003 [24],
Neary et al. 2003 [26]. Run-Luden et al. 2010 [5], Houmard et al. 1994 [23]. Row-Steinacker et al.
2000 [21]. Throw-Zaras et al. 2014 [18]. m = Meter; M = Male; F = Female; HS = High School; TT = Time
Trial; T + F = Track and Field.

4. Fitness Is Not Lost with Taper

A common misconception among athletes and coaches is that less training always equates to
a loss of fitness. However, the literature indicates that fitness in endurance athletes (measured as
aerobic capacity, or VO2max) is not lost following the taper period and five studies have actually shown
an increase in fitness with less training [18,21–23,25]. Reducing training volume for as long as four
weeks [7] by >85% (in the last week) [6,19] still yields gains in performance without a loss of fitness.
Considering the robust adaptations observed with short-duration high-intensity interval training, even
in already highly trained individuals [26,27], it should come as no surprise that a well-designed taper
of reduced volume and quality high intensity work can preserve fitness for up to a month. In strength
athletes, short-term complete rest (≤1 week) does not reduce force-producing capacity while tapering
only seems to improve strength [17]. To our knowledge, there is little to no evidence in the literature
showing that a properly conducted taper does not improve fitness indices in endurance, strength,
power, or team sport athletes.

5. Taper and Muscle Energy Usage

If an athlete consistently trains rigorously and with high volumes, one could expect muscle energy
stores (i.e., carbohydrate, or glycogen) to be chronically lowered. Logically, a reduction in training
volume during taper with proper diet reverses this condition (Figure 2) [10,24]. Initial muscle glycogen
levels do not seem to affect short-term high-intensity performance (i.e., a sprint) [31,32]. Indeed, the
performance decrements from overtraining [33] and the performance benefits from taper [26] can occur
independent of muscle glycogen levels during shorter duration activities. However, initial glycogen
levels do affect performance during repeated high-intensity efforts [34,35] as well as endurance efforts
lasting ~60 min or more [36,37]. Expanded muscle glycogen stores may therefore be a desirable
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taper-induced adaptation for endurance athletes, team sport athletes, and during activities requiring
multiple individual efforts in quick succession. Other measures related to muscle energy usage such as
lactate [4,9,10,13,23,38,39] and aerobic enzymes [8,10,26] are less affected by tapering. Taper-mediated
muscle glycogen replenishment enhances performance in some circumstances but does not fully
account for the beneficial effects of tapering.

Figure 2. Illustration of training volume, accumulated fatigue, and skeletal muscle glycogen content
in response to training with and without taper (assuming proper diet). Concept derived from
Sherman et al. [37] and Halson et al. [40].

6. Taper Improves Muscle Power in Endurance Athletes

Numerous studies spanning various exercise modes and subject populations [21,41–43] have
since corroborated the original findings [4] of increased muscle power with taper in endurance athletes
(Figure 3). Taper-derived muscle power gains may occur in two phases (early and late) which reinforces
that a taper should be of adequate length (generally ≥2 weeks) [43]. One might predict the main effect
of tapering in endurance athlete’s muscle would be targeted to the highly aerobic slow-twitch muscle
fibers. However, it is the less abundant and 5–8 times more powerful fast-twitch fibers that drastically
respond [5,22,26,28]. These fibers grow at an alarmingly fast rate with taper [5,22,26], improving power
output without a measurable change in body mass [5,22]. Improved fast-twitch fiber function may
allow for a harder “push” to the finish line or improve economy (faster speed with the same amount
of effort). It has recently been shown that favorable regulation of molecular hypertrophy markers,
specifically in fast-twitch fibers, may support the high rate of growth in these fibers with tapering [6].
Although taper has a positive effect down to the molecular level, taper-mediated growth is only realized
when volume is adequately reduced [11]. To our knowledge, data on the mechanisms of performance
enhancement with tapering in strength or power athletes are not available at the muscle cell level.
However, strength and power training can selectively hypertrophy fast-twitch muscle fibers [6],
potentially maximizing growth adaptation before tapering ensues. Thus, tapering likely augments
performance in intermittent-type athletes by a different mechanism than in endurance athletes.
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Figure 3. Skeletal muscle improvements from taper across different exercise modes and muscles.
Data were derived from the following studies in order from left to right: Fast-Twitch Size-Luden et al.
2010 [5], Neary et al. 2003 [26], Trappe et al. 2000 [22]. Fast-Twitch Force-Luden et al. 2010 [5],
Trappe et al. 2000 [22]. Whole Muscle Power-Steinacker et al. 2000 [21], Jeukendrup et al. 1992 [41],
Costill et al. 1985 [4]. CSA = Cross Sectional Area; mN = Millinewtons.

7. How Tapering Improves Performance in Strength and Power Athletes

In the early phases of resistance training, neuromuscular mechanisms largely contribute to
strength increases independent from cellular mechanisms [44,45]. It follows that strength augmentation
in the early phase of taper (≤1 week) after heavy resistance training could be attributable to a reversal
of neuromuscular fatigue, specifically in highly-conditioned muscle [46]. Strength improvements
could also be mediated by general recovery from wear and tear caused by intense resistance training.
This is evidenced by reduced circulating markers of muscle damage with taper after progressive
resistance training in team sport athletes [47]. Increased muscle strength generally equates to
improved power production [29,48] since power is the product of strength and speed. However,
the mechanism of improved muscle function is not particularly well-documented in dedicated power
athletes (e.g., competitive Olympic-style weightlifters). Regardless, total work, average peak power,
repeated sprint ability, vertical jump height, and maximal power output in power-oriented athletes is
observed with 10 days to three weeks of tapering [18,19,49,50]. These findings support the “rest-related
augmentation” or “super-compensation” concept familiar to strength- and power-focused athletes
who employ a long-term periodized training model that favors intensity over volume as competition
approaches [51]. While additional mechanisms responsible for tapering’s positive effect in strength,
power, and team sport athletes remain to be elucidated, performance benefits are clear and tapering
should be part of their training programs just as with endurance-type athletes.

8. Summary and Perspectives

The full complement of physiological effects from tapering are numerous and extend beyond the
scope of this article (see Mujika et al. [52] and Pritchard et al. [17] for thorough reviews). However,
the take-home points from the literature are: (1) fitness is not lost with reduced-volume training;
(2) the profound effects of taper on whole muscle and fast-twitch fiber power are what appear to most
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greatly contribute to performance enhancement in endurance athletes; and (3) tapering is effective for
improving performance in strength, power, and team sport athletes, but likely for different reasons
than in endurance athletes. It should also be noted that psychological research on taper reveals that
tapering improves mood state [7,21,53] and decreases perception of effort [54,55] in conjunction with
improved performance. While more difficult to quantify, the psychological benefits that taper may
afford prior to competition should not be understated. Nearly every well-controlled study to date on
the topic of taper has shown some degree of performance enhancement so long as training volume is
adequately reduced and intensity is maintained.

9. Practical Applications

The signals for adaptive processes occur during acute exercise bouts, but the actual adaptations
take place during the proceeding rest periods. It follows that after a long period of chronic high-volume
training that an extended period of relative rest and recovery is necessary to reap maximal performance
benefits. Generally speaking, the problem with most athletes is not a lack of training rigor but
demonstrating discipline and “pulling back” on training when necessary. This is evidenced by the
recent findings that: (1) some elite and world-champion athletes do not adhere to the optimal tapering
protocols outlined by the scientific literature and likely do not achieve true peak performance [56,57];
and (2) functional over-reaching, a common practice among recreational and elite athletes alike, may
undercut the benefits of tapering [58]. Thus, tapering is adequately described by the adage “less is
more” because maintained intensity with less volume yields significant performance benefits.
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Abstract: Although side-to-side asymmetry of the shoulder rotators calculated by independent peak
torque (IPT) has been used for interpretation of injury risks in athletes, it may not measure strength
through the entire range of motion (ROM) tested. The aim of this study was to compare side-to-side
asymmetry of the shoulder rotators between independent peak torque (IPT) and ten-degree angle
specific torque (AST). Twenty healthy adult males (24.65 ± 2.4 years) performed concentric and
eccentric internal rotation (IR) and external rotation (ER) of the preferred and non-preferred arms on
an isokinetic dynamometer at 60◦/s through 150◦ of total ROM. The total ROM was divided into 14
ten-degree angles of the physiological ROM from −90◦ of ER to 60◦ of IR. Concentric and eccentric IR
IPT (10.5% ± 8.7% and 12.1% ± 7.2%) and ER IPT (13.6% ± 9.8% and 8.7% ± 5.6%) were significantly
less than AST at several angles (p < 0.05). IPT might lead to erroneous interpretations of side-to-side
asymmetry in the shoulder rotators and does not represent the entire ROM tested. This information
could be used to prescribe strength exercises to enhance overhead performance and reduce risk of
shoulder injuries.

Keywords: angle specific torque; independent peak torque; strength imbalance; injury prevention;
performance enhancement

1. Introduction

The shoulder rotator muscles are important for coordinated performance of overhead activities,
such as pitching in baseball, swinging a racket in tennis or pushing against the water in swimming [1–3].
Forceful and repetitive actions in overhead sports have been associated with an increased susceptibility
of shoulder rotator injuries [3,4], strength differences between external (antagonists) and internal
rotator (agonists) muscles [1,3–5], and side-to-side differences between upper-limbs [2,5]. Typical
shoulder strength asymmetry has been reported as an upper-limb dominance of 5%–10% measured by
independent peak torque (IPT) in nonathletic and recreational-level athletes [5]. However, these IPT
measurements fail to reproduce the functionality of muscles during sporting activities, because torque
is not calculated through the entire range of motion (ROM), or at corresponding angles [1,6,7].

2. Context

A previous investigation has demonstrated that this can lead to misinterpretation of strength
imbalance of the shoulder rotators [1]. In addition, a few studies have opted to use 5◦, 10◦, 15◦ or end
of ROM angle specific torque (AST) intervals for a more accurate estimation of unilateral dynamic
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muscle balance of the knee or shoulder joints [1,3,4,6–9]. Dehail et al. [7] demonstrated there was a
significant progressive decline of flexion/extension and abduction/adduction AST strength ratios as
the shoulder progressed to flexion and abduction, respectively. Yildiz et al. [4], found that although
internal rotator eccentric strength of the preferred side was greater than the non-preferred side at the
end of the ROM, only the internal rotator concentric strength was greater than the non-preferred side at
the beginning of the ROM. Although IPT evaluations may be more sensitive to assess muscle strength
balance changes after strength rehabilitation programs [10], AST analysis has been shown to be a more
appropriate tool to precisely locate potential muscle imbalances present at specific joint angles [1,6,7].
This information may be used for the prescription of strength exercises of the weak angles.

Although AST analysis has been used to measure unilateral imbalance, there is a lack of
information using this approach to measure side-to-side asymmetry of the shoulder rotators. Thus,
the aim of this study was to compare side-to-side asymmetry of the internal and external shoulder
rotators between traditional IPT and ten-degree AST methods.

3. Method

3.1. Participants

Twenty healthy adult males (age 24.6 ± 2.4 years, body mass 81.6 ± 15.5 kg, height 175.3 ± 8.0 cm)
volunteered to participate in this study. All of them participated in recreational activities (e.g.,
basketball, jogging, resistance training) at least once a week, and had no history of shoulder injuries in
the previous six months prior to testing. Their body mass was measured using a digital scale (Model #
ES200L, Ohaus, Pine Brook, NJ, USA), and height using a wall-mounted stadiometer (Seca Stadiometer,
ON, Canada). All participants read and signed an informed consent form prior to participation. The
study was approved by the University Institutional Review Board (HSR#130126), and the rights of the
subjects were protected.

3.2. Experimental Design

Prior to testing, participants were asked about their preferred arm when throwing an object
(dominance) [2]. To examine their torque capabilities, concentric isokinetic tests were performed for the
internal and external shoulder rotators of the preferred and non-preferred arms. Side-to-side torque
asymmetry was calculated based on these results.

3.3. Experimental Procedures

Maximal internal and external rotator concentric and eccentric strength was measured on a Biodex
System 3 isokinetic dynamometer (Biodex Medical Systems, Shirley, NY, USA). Participants laid supine
on the dynamometer with straps across their chest and hips to avoid additional movement. Participants
grasped the lever arm of the machine and their tested arm was positioned at 90◦ of shoulder abduction
and 90◦ of elbow flexion with their forearm in a neutral position in the coronal plane for alignment
with the dynamometer’s axis of rotation [1,11]. This position was considered 0◦. Both preferred and
non-preferred arms were tested.

Shoulder rotator strength was measured through 150◦ of total ROM, from 90◦ ER (−90◦) to
60◦ IR of physiologic ROM. This ROM was chosen as it was uncomfortable for subjects to perform
maximal strength beyond these limits in a pilot study. Prior to testing, participants performed
a warm up of 5 submaximal repetitions at 180◦/s and 3 maximal repetitions at the test speed of
60◦/s for familiarization purposes. Testing consisted of 5 reciprocal concentric/concentric and
5 eccentric/eccentric maximal repetitions, with 3 min rest between modes. Preferred and non-preferred
arms were assessed in random order. Participants were asked to push and pull as hard and fast as
possible and verbal encouragement was provided during the test.
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3.4. Outcome Measures

Maximal concentric and eccentric internal rotation (IR) and external rotation (ER) independent
peak torque (IPT) were measured, as well as the angles of IPT (AIPT).

All data were collected and analyzed using custom LabVIEW Software (version 2013, National
Instruments, Austin, TX, USA) and was divided into 14 ten-degree AST from −90◦ ER to 60◦ IR of
physiological ROM. Side-to-side asymmetry of the shoulder rotators for both IPT and AST were calculated
as the percentage differences between the peak torque of the preferred and non-preferred arms.

3.5. Statistical Analyses

Four (IR and ER) 1 × 14 repeated measures ANOVAs were used to compare concentric and
eccentric percentage differences between IPT and AST between arms. The effect size for each significant
difference was calculated by using means (M) and standard deviations (SD) between variables to
identify the magnitude and direction of the differences (d = MAST − MIPT/SDIPT), in which values <0.35
were considered trivial, 0.35–0.80 small, 0.80–1.50 moderate, and >1.50 large for recreationally trained
subjects [12]. All analyses were performed with SPSS version 20 (Statistical Package for Social Sciences,
Chicago, IL, USA). An a-priori alpha level of 0.05 determined statistical significance.

4. Results

Means of concentric and eccentric IPT and AIPT of IR and ER of the preferred and non-preferred
arms are presented in Table 1. Means of concentric and eccentric ten-to-ten-degree absolute AST of
internal rotation (IR) and external rotation (ER) of the preferred and non-preferred arms (Table 2).

Table 1. Means ± SD of concentric and eccentric independent peak torque (IPT) and angles of
independent peak torque (AIPT) of internal rotation (IR) and external rotation (ER) of the preferred
and non-preferred arms.

Action

Concentric Eccentric

IPT (N.m) AIPT (◦) IPT (N.m) AIPT (◦)

Preferred Non-preferred Preferred Non-preferred Preferred Non-preferred Preferred Non-preferred

IR 46.5 ± 16.6 44.3 ± 14.1 −35.6 ± 34.6 −33.2 ± 40.2 58.1 ± 21.0 56.9 ± 17.2 −40.9 ± 24.5 −16.3 ± 29.7
ER 42.7 ± 13.7 39.9 ± 12.1 0.7 ± 35.4 0.7 ± 31.8 52.5 ± 13.8 53.6 ± 15.1 −30.8 ± 10.8 −26.6 ± 13.9

Table 2. Means ± SD of concentric and eccentric absolute ten-to-ten-degree angle specific torque (AST)
of internal rotation (IR) and external rotation (ER) of the preferred and non-preferred arms.

Angle (◦)
Concentric Eccentric

AST (N.m) AST (N.m)

Preferred Non-Preferred Preferred Non-Preferred

IR-80 38.2 ± 18.7 34.1 ± 13.0 34.4 ± 23.1 23.9 ± 24.8
IR-70 39.8 ± 17.5 37.4 ± 15.1 41.0 ± 21.2 31.3 ± 21.7
IR-60 40.9 ± 16.9 38.2 ± 15.9 47.0 ± 20.9 38.0 ± 18.8
IR-50 41.7 ± 16.8 38.0 ± 15.5 50.0 ± 20.3 45.2 ± 17.9
IR-40 41.7 ± 16.8 36.8 ± 15.0 50.9 ± 19.1 47.3 ± 18.4
IR-30 41.2 ± 15.4 37.4 ± 15.4 51.2 ± 18.5 49.6 ± 17.6
IR-20 39.6 ± 13.6 36.5 ± 14.1 50.7 ± 16.7 50.5 ± 17.3
IR-10 37.3 ± 12.1 36.6 ± 13.5 49.9 ± 15.8 50.5 ± 15.7
IR0 36.6 ± 11.6 36.8 ± 13.6 47.4 ± 16.1 50.2 ± 15.7

IR10 35.6 ± 10.7 36.3 ± 13.0 44.0 ± 15.0 49.1 ± 15.5
IR20 34.7 ± 9.9 35.8 ± 13.2 39.8 ± 14.4 47.1 ± 15.9
IR30 32.9 ± 8.9 34.9 ± 13.2 33.8 ± 14.7 42.7 ± 17.9
IR40 30.7 ± 8.5 34.0 ± 13.3 25.7 ± 14.9 35.7 ± 16.6
IR50 27.1 ± 9.1 32.3 ± 13.2 19.5 ± 11.6 24.9 ± 15.4
ER50 33.9 ± 15.1 32.8 ± 13.0 18.9 ± 14.0 19.0 ± 18.9
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Table 2. Cont.

Angle (◦)
Concentric Eccentric

AST (N.m) AST (N.m)

Preferred Non-Preferred Preferred Non-Preferred

ER40 36.9 ± 16.2 35.2 ± 13.9 24.8 ± 17.3 27.6 ± 18.9
ER30 37.5 ± 16.0 35.7 ± 14.0 29.9 ± 17.3 33.7 ± 17.7
ER20 38.0 ± 15.2 35.9 ± 13.7 35.4 ± 15.2 37.8 ± 17.7
ER10 38.0 ± 14.0 36.0 ± 12.6 39.9 ± 14.7 40.6 ± 17.4
ER0 37.9 ± 13.0 35.9 ± 11.5 43.7 ± 14.2 44.6 ± 16.3

ER-10 38.0 ± 12.0 36.2 ± 11.5 46.5 ± 14.1 47.7 ± 16.4
ER-20 37.9 ± 11.1 36.5 ± 11.1 48.1 ± 13.2 50.8 ± 15.6
ER-30 37.8 ± 10.2 36.6 ± 10.5 50.9 ± 13.0 50.8 ± 14.1
ER-40 37.2 ± 9.6 35.6 ± 9.6 49.8 ± 12.9 48.4 ± 13.9
ER-50 35.8 ± 9.0 32.9 ± 8.4 46.4 ± 13.1 43.1 ± 13.2
ER-60 33.9 ± 9.8 29.2 ± 7.1 39.1 ± 14.3 34.4 ± 12.8
ER-70 29.1 ± 8.1 24.1 ± 6.6 29.2 ± 12.0 23.5 ± 12.7
ER-80 23.0 ± 7.9 17.2 ± 9.1 17.9 ± 10.7 14.5 ± 7.8

Concentric side-to-side IR IPT asymmetry was significantly less than AST at −80◦ (p = 0.018),
−70◦ (p = 0.045), −50◦ (p = 0.029), −40◦ (p = 0.018), −30◦ (p = 0.016), −20◦ (p = 0.027), 40◦ (p = 0.010)
and 50◦ (p = 0.001). Side-to-side ER IPT asymmetry was significantly less than AST at 50◦ (p = 0.011),
40◦ (p = 0.013) and −80◦ (p = 0.00017) (Figure 1). Eccentric side-to-side IR IPT was significantly less
than AST at 50◦ (p = 0.000024) 40◦ (p = 0.000063) 30◦ (p = 0.00042), 20◦ (p = 0.006), 0 (p = 0.037),
−70◦ (p = 0.0013) and −80◦ (p = 0.0034). Side-to-side ER IPT was significantly less than AST at
−80◦ (p = 0.00042), −70◦ (p = 0.00026), −60◦ (p = 0.0014), 30◦ (p = 0.0076), 40◦ (p = 0.0032) and 50◦

(p = 0.000016) (Figure 2). Effect sizes are presented for each significant difference (Figures 1 and 2).
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Figure 1. Means ± SD of concentric internal rotators (IR) and external rotators (ER) angle specific
torque (AST) and independent peak torque (IPT) side-to-side asymmetry. * Significantly less than IR
AST; x significantly less than ER AST. Effect sizes are presented for each significant difference.
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Figure 2. Means ± SD of eccentric internal rotators (IR) and external rotators (ER) angle specific torque
(AST) and independent peak torque (IPT) side-to-side asymmetry. * Significantly less than IR AST;
x significantly less than ER AST. Effect sizes are presented for each significant difference.

5. Discussion

The aim of this study was to compare side-to-side asymmetry of the shoulder rotators between
IPT and ten-degree AST methods. Our results revealed that concentric IPT was different than AST at
eight angles for IR, and three angles for ER. In addition, eccentric IPT was different than AST at seven
angles for IR, and six angles for ER. ER differences were found primarily at the beginning and end
points of ROM. This demonstrates that IPT might not be an accurate representation of the entire ROM
tested in either testing mode. The AST values allow a more precise estimation of strength asymmetry
between shoulder rotator muscles. The use of IPT alone may lead to erroneous interpretations of full
ROM side-to-side strength differences.

The reliability of IPT and AST for clinical use has been questioned. Brown et al. [13] demonstrated
a high test-retest reliability of IPT on the Biodex device over a wide velocity spectrum in the knee
flexors and extensors. However, Ayala et al. [10] showed that this is not transferred to knee unilateral
asymmetry calculations, which presented moderate reliability in strength ratios calculated by IPT, and
poor reliability in ratios calculated by AST. This was also confirmed for IPT side-to-side calculations
of the shoulder rotators in another recent study [14]. This might be explained by strength imbalance
calculations being composed of two measurements, where each can vary in two different directions [14].

The IPT is the highest point of the torque curve across a full ROM [15]. This measurement is
widely used to indicate maximum strength levels, as well as the occurrence of possible muscle strength
imbalance [1,2,5,15–18]. Previous studies have widely utilized IPT as a measure to calculate side-to-side
asymmetry of the shoulder internal and external rotators [2,5,14,19–22]. Ellenbecker and Davies [5]
concluded that a 5%–10% IPT difference between arms is normal in recreational level upper-limb sport
athletes and non-athletes. Our results are slightly outside this range, as both concentric ER and IR IPT,
and eccentric IR IPT demonstrated a 10%–15% difference. This may be due to the specific method we
used in our isokinetic testing. We measured participants in a supine position with their arms abducted
in the frontal plane. This position was based on Forthomme et al. [11], which indicated that it results
in greater reliability and reproducibility compared to other testing positions. To our knowledge, this
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position has not been used to determine side-to-side strength imbalance of the shoulder rotators in a
non-athletic population. Therefore, direct comparison of our results to established normative values
of previous studies [5] is problematic since shoulder asymmetry is probably position dependent as
has been shown in other joints [23,24]. Nevertheless, our eccentric ER IPT results were still within the
normal range suggested by Ellenbecker and Davies [5].

Our tested velocity may have also played a role in our results. Even though overhead actions
such as throwing can reach speeds up to 7200◦/s, especially in sports performance [4], we tested at
60◦/s in order to avoid a large load range reduction during isokinetic testing, thereby significantly
decreasing the total ROM available for analysis [25–27]. Brown et al. [26] have shown that very fast
isokinetic velocities significantly affect torque patterns. This may also influence side-to-side asymmetry
assessment. Greater repetitive use of the preferred arm in throwing actions in recreational and sporting
activities may explain our asymmetry results [2,21]. However, previous studies have used a variety of
different speeds in order to provide sport specific information about strength imbalance and injury
risk in the shoulder rotators [3,4,9]. The use of a single velocity to describe angle specific strength is a
limitation of our study.

The limitation of IPT is that it does not take into account the full ROM [15]. This has also been
shown to affect the interpretation of shoulder rotators unilateral strength imbalance [1], and many
studies have opted to use an AST approach in order to gain more specific information of joint strength
imbalances [1,3,4,6–8]. We have previously demonstrated that shoulder IPT dynamic control ratios are
significantly different than AST at several angles when calculated by 10◦ intervals over a 150◦ total
ROM [1]. Similar to this, our present study also found significant differences between side-to-side
asymmetry between concentric and eccentric IPT and AST through many ROM angles, especially
for IR. In contrast, ER differences were found primarily at the beginning and end of the ROM.

The beginning shoulder ROM (cocking phase) is critical in overhead activities due to full
external rotation, and superior and anterior forces being applied to the shoulder; while the end ROM
(deceleration phase) requires the arm to be stopped in a short period of time from high velocities [3,4,9].
These points of the ROM have been suggested as where most imbalances may occur, leading to shoulder
muscle and ligament injuries [3,4,9]. Previous reports found there were side-to-side asymmetry
differences between these phases in athletes [3,4], and college students [9]. This is in agreement with
our results and makes the use of AST especially important. In fact we found that eccentric ER AST
at 50◦, which represents the last deceleration angle at the end of the ROM, had the greatest difference
and magnitude of change across all angles when compared to IPT. While ER strength is important
for the preparation and deceleration phases of overhead actions, IR strength is primarily used for
the acceleration phase in overhead throwing and racket sports [2,4]. A strength balance of IR and
ER between upper limbs across the entire ROM, especially at the beginning and end [3–5,9], may not
only help to avoid and rehabilitate injuries, but help determine performance in overhead sports [21].
Although unilateral overhead sports may result in dissimilar side-to-side differences, clinicians have
assumed that peak torque value equivalency between shoulders may be used as a target for prevention
and rehabilitation of injury in athletes and physically active individuals [5,21]. A strength balance
between the upper limbs could be used to precisely identify where primary imbalances are present
and prescribe strength exercises to diminish these differences at the affected angles. However, the
greatest side-to-side asymmetry differences we found were near the extreme ranges and could be due
to muscle sarcomeres being at a disadvantage on the length-tension curve and thereby generating low
torques [28].

We also found that although IPT occurred at similar angles for concentric strength, they were at
non-corresponding angles for eccentric strength. This could influence decision making of clinicians
and physical therapists when interpreting shoulder strength results. Our results demonstrate that
AST may provide a more accurate and detailed assessment of side-to-side asymmetry across the
full ROM. This information can be used for the prescription of strength training programs based on
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bilateral equivalency for optimal performance and prevention of injury caused by repetitive sporting
activities [20,21].

6. Conclusions

This study demonstrates that IPT is significantly less than AST at several angles when measuring
side-to-side asymmetry of the shoulder rotators. IPT represents only one single angle across the entire
ROM tested, and may occur at non-corresponding angles for eccentric strength. Therefore, AST is
suggested as a new approach, which allows for measurement of the specific angles where strength
differences between arms are present. This information could be used to assist in the prescription
of strength training programs that focus on the precise angles where asymmetry occurs to enhance
performance and reduce risk of shoulder injuries.
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Abstract: In collegiate level soccer acceleration, maximal velocity and agility are essential for
successful performance. Power production is believed to provide a foundation for these speed
qualities. The purpose of this study was to determine the relationship of change of direction
speed, acceleration, and maximal velocity to both the counter movement jump (CMJ) and squat
jump (SJ) in collegiate soccer players. Thirty-six NCAA Division II soccer players (20 males and
16 females) were tested for speed over 10 and 30 m, CODS (T-test, pro agility) and power (CMJ, SJ).
Independent t-tests (p ď 0.05) were used to derive gender differences, and Pearson’s correlations
(p ď 0.05) calculated relationships between the different power and speed tests. Female subjects
displayed moderate-to-strong correlations between 30 m, pro agility and T-test with the CMJ
(r = ´0.502 to ´0.751), and SJ (r = ´0.502 to ´0.681). Moderate correlations between 10 and 30 m
with CMJ (r = ´0.476 and ´0.570) and SJ (r = ´0.443 and ´0.553, respectively) were observed for
males. Moderate to strong relationships exist between speed and power attributes in both male and
female collegiate soccer players, especially between CMJ and maximal velocity. Improving stretch
shortening cycle (SSC) utilization may contribute to enhanced sport-specific speed.

Keywords: soccer; agility; power; change of direction speed; linear speed

1. Introduction

The ability to start, stop and change directions rapidly and efficiently is essential for success in
most team sports [1–4]. This is especially true for sports that require intermittent repeat sprints, such
as soccer. Within a 90 min soccer match, players may perform over 600 changes of direction [5] and
numerous linear sprints ranging in distance between 1.5 and 105 m. These high-intensity speed bouts
are critical to the game’s outcome and ultimately a team’s success [2,6,7].

There appears to be a significant relationship between speed and one’s ability exert force
rapidly [8]. Subsequently, the countermovement vertical jump (CMJ) and squat jump (SJ) are two
commonly used field tests to assess lower-body power [9]. Numerous studies indicate that a significant
relationship exists between sprint acceleration performance and SJ height. Similarly, the CMJ has been
shown to demonstrate moderately strong correlations to maximal sprint velocity [10,11].

Several studies have also revealed an association between measures of leg power and change of
direction speed (CODS) [12–15]; however, these results have been inconsistent. In a study conducted
by Fatih (2009) [12], moderate relationships between vertical jump performance and CODS (Hexagonal
Obstacle Test) were discovered among both adolescent boys (p < 0.05) and girls (p < 0.01). Barnes et al.
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(2007) [13] found the CMJ was a significant predictor of agility performance (34% variance) among
female collegiate volleyball players in which the athletes performed four 5 m sprints with three
180˝ turns. Lockie et al. (2014) [16] investigated the relationship between unilateral jump performance
and multi-directional speed in male team-sport athletes (n = 30). Left leg vertical jump (LVJ) had no
notable correlations with T-test scores, however right leg vertical jump (RVJ) did (r = ´0.380 to ´0.512,
p ď 0.05). Left-leg standing broad-jump (SBJ) and lateral jump (LJ) correlated with both the T-test and
505 agility tests (r = ´0.370 to ´0.729, p ď 0.05). This demonstrates a relationship between CODS and
power in male athletes as well, however the existence of such relationships seem to be dependent on
the CODS test being performed, as well as whether a jump test is conducted bilaterally or unilaterally.
These varied results may be due to the diversity in both study populations and different CODS
tests performed.

It is also important to determine whether there are gender differences in lower-body power
measured by jump performance, and linear speed and CODS. Possible physiological and biomechanical
differences that may influence the strength of the relationship between power production and speed
qualities include muscular strength, technique, motor abilities, and anatomical difference (i.e., Q-angle,
femoral notch width) [17,18]. The relationships between leg power, as measured by the SJ and CMJ,
and linear speed and CODS requires further investigation in collegiate soccer players, both from
a performance and gender perspective.

Therefore, the purpose for this study is to investigate the production of power as measured
by the SJ and CMJ and their relationship to the performance of acceleration, maximal velocity, and
CODS among NCAA Division 2 male and female soccer players [9]. Please note that as SJ and CMJ
are not direct measures of power, jump height is a measurable result of power production that is
highly applicable to performance in many sports, and serves as an easy, cost effective field assessment
for strength and sport coaches. Sport and strength coaches could design efficient and relevant skill
testing/training regimens to better improve performance qualities by incorporating power tests
that are more strongly associated with acceleration, maximal velocity and CODS as independent
speed attributes.

2. Materials and Methods

2.1. Subjects

Performance testing data for thirty-six (Male = 20, Female = 16) NCAA Division II soccer
players was used for this analysis. All subjects were between 18 and 23 years of age, a mean height
of 67.71 ˘ 3.50 cm for males and 64.21 ˘ 2.68 cm for females, and mean weight of 75.80 ˘ 7.73 kg for
males and 62.37 ˘ 7.07 kg for females. Institutional Review Board approval was obtained to conduct
data analysis on this archival data set. Nonetheless, the study still conformed to the recommendations
of the Declaration of Helsinki. All testing was performed indoors on a hardwood basketball court in
single session.

2.2. Procedures

Two different pre-season testing sessions were performed in close proximity, one for males
and one for females. Athletes were requested to wear clothing that would not restrict movement
(i.e., shorts, sweats, and athletic wear) and to wear a good pair of athletic shoes. All testing
was conducted indoors on a hardwood basketball court in order to maintain a consistent testing
surface and eliminate extraneous variables, such as wind or rain that may confound testing results.
After anthropometric information was measured and recorded for each athlete, a standardized
warm-up, led by a certified strength and conditioning specialist, was conducted prior to testing.
This warm-up lasted approximately 10 min and consisted of light walking, jogging, and dynamic
stretching. Once the warm-up was completed the testing began. All tests were performed on the same
day under the direction of the university’s athletic performance staff. Testing order was arranged in
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a manner to ensure that one test would interfere with the performance of another test. Subjects also
received an oral and visual demonstration of the proper techniques required to successfully complete
each test before they were asked to perform them. Subjects were then allowed up to three sub-maximal
trials to practice technique. Once the submaximal trials were completed the athletes performed each
assessment. The SJ and CMJ were performed at the same time in a randomized fashion. Immediately
following these measures the athletes were randomly assigned to either perform the pro-agility or
T-test. The order of both agility tests were randomized in order to reduce any order effects, as well
as maximize the allotted amount of time to conduct the testing session. Once all CODS tests were
completed the athletes performed the 30 m sprint.

2.3. Anthropometric Data

Anthropometric information, including height (cm) and weight (kg) measurements were collected
using standard procedures on a doctors beam scale (Cardinal; Detecto Scale Co, Webb City, MO, USA).

2.4. Squat Jump and Countermovement Jump Test

Vertical jump height for the SJ and CMJ was measured using an electronic jump mat (Just Jump,
ProBotics Inc., Huntsville, AL, USA). This device calculates vertical jump height by measuring flight
time against gravity (9.81 m/s), and when compared to the jump and reach Vertec measuring device
the Just Jump Mat system has been shown to be a valid method (R = 0.906) for measuring vertical
jump height [19]. All athletes were instructed to step on the mat, place their hands on their hips,
and when ready, jump as high as possible. For the SJ the athletes were further instructed to lower
themselves to the bottom of a jumping position so that an angle of approximately 90˝ knee flexion was
achieved, hold for a minimum of 2 s, and proceeding through a strictly concentric jumping motion.
Each athlete performed the SJ and CMJ in a randomized order, recording the best of 3 attempts for
each. The Sayers power equation (Peak power (Watts) = 60.7 ˆ jump height (cm) + 45.3 ˆ body mass
(kg)—2055) was used to estimate total power output in watts. This information was normalized for
each athlete by dividing power output by total body mass to determine the power to weight ratio
(P:W) for SJ and CMJ.

2.5. Pro-Agility Shuttle

Athletes stood on the starting line and on the “go” command sprinted 5 yards to the right, touch
the designated line with the right foot, immediately sprinted 10 yards to the left and touched the
designated line with the left foot, then completed the shuttle by sprinting through the start line. Similar
to previous research, a hand held stopwatch was used to record the time required to complete this test,
with times rounded to the nearest 0.10 s, and the best of three trials was recorded [20].

2.6. T-Test

The T-test used the protocol outlined by Paulo et al. [21]. Time required to complete each trial
was measured with a Speed Trap II (TC-System, Brower Timing Systems, Draper, UT, USA) automatic
timing device. This device was set up on the starting line. To perform the test athletes assumed
a staggered stance just behind the starting line. The timer started when the crossed the infrared beam
and stopped when they crossed the beam a second time upon returning to the start line. The best of
three trials was recorded, and rounded to the nearest 0.10 of a second.

2.7. Thirty Meter Sprint Test

Sprint speed (10 m and 30 m) were measured using an electronic timing system (TC-System,
Brower Timing Systems, Draper, UT, USA). The 10 m time provided a measure of acceleration, while
30 m time measured maximal velocity sprinting. Each athlete was allowed three attempts with the best
time being recorded to the nearest 0.10 s. using a staggered stance, athletes positioned themselves
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behind the starting line with their front foot on a weight sensitive timing pad. The timer started when
the athlete stepped the pad, and stopped after sprinting the full 30 m distance. Timing gates were set
at both the 10 and 30 m marks in order to measure both acceleration and maximal velocity. The best of
three trials was recorded, and rounded to the nearest 0.10 of a second.

2.8. Statistical Analysis

Collected data was entered into a computer file suitable for statistical analysis using the Statistics
Package for Social Sciences (Version 23.0; IBM Corporation, New York, NY, USA). A descriptive
statistical analysis was conducted to determine the mean scores and standard deviations for the
total sample on all anthropometric and performance scores. Between groups comparisons were
analyzed using a series of independent t-tests. Pearson’s correlations were also performed to
determine the relationships between all four speed and CODS measures, and the squat jump and
countermovement jump tests. Relationships between all speed and CODs and estimated peak power
in watts, in relative an absolute terms were investigated (p = 0.05). In addition, significance level was
set at p ď 0.05 for all calculations and r-values were interpreted as weak (ď0.39), moderate (ď0.40–0.69)
or strong (ě0.70) [22].

3. Results

Descriptive statistics for both groups are displayed in Table 1. When separated by gender,
female collegiate soccer players displayed strong correlations between (PAPw) and CODS, as well as
the 30 m sprint (Table 2). Male players displayed moderate correlations between PAPw and both the 10
and 30 m sprints, but not CODS. For the females, the 30 m was almost as strongly related to CMJ as
SJ, and CMJ displayed considerably stronger relationships to the pro-agility shuttle and T-test than
did SJ. In male soccer players, a slightly stronger correlation was seen between CMJ and both the
10 and 30 m compared to the SJ. The power to weight (P:W) ratios calculated for both the CMJ and
SJ displayed moderate to strong correlations with the various speed qualities, however they were
inconsistent across the different tests and gender.

Table 1. Descriptive statistics.

Performance Test Gender (M = 20; F = 16) Mean ˘ SD

SJ (cm)
F 40.15 ˘ 4.66
M 54.81 ˘ 6.70

CMJ (cm)
F 41.85 ˘ 4.98
M 58.47 ˘ 6.53

10 m
F 1.92 ˘ 0.31
M 1.63 ˘ 0.12

30 m
F 4.78 ˘ 0.22
M 4.16 ˘ 0.14

Pro Agility (s) F 5.36 ˘ 0.18
M 4.64 ˘ 0.25

T-test (s)
F 11.920 ˘ 0.56
M 10.22 ˘ 0.41

PAPw (CMJ)
F 3310.54 ˘ 474.11
M 4927.71 ˘ 567.16

P:W (CMJ)
F 53.08 ˘ 5.03
M 86.13 ˘ 5.17

PAPw (SJ)
F 3207.43 ˘ 448.91
M 4705.703 ˘ 616.91

P:W (SJ)
F 51.44 ˘ 4.60
M 62.10 ˘ 4.96

Notes: SJ = squat jump; CMJ = counter movement jump; PAPw = peak anaerobic power in watts; P:W = power
to watt ratio.
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Table 2. Correlations (r-values) of selected measures of power with acceleration, maximal speed and
CODS by gender.

Performance
Test

10 m
(Acceleration)

30 m
(Max Speed)

Pro Agility T-Test

M F M F M F M F

SJ ´0.44 ´0.31 ´0.55 * ´0.68 * ´0.32 ´0.50 * ´0.23 ´0.68 *
CMJ ´0.47 * ´0.22 ´0.57 * ´0.67 * ´0.30 ´0.58 ´0.16 ´0.76 *

PAPw (CMJ) ´0.49 * ´0.53 * ´0.48 * ´0.53 * 0.03 ´0.50 * 0.02 ´0.46
P:W (CMJ) ´0.30 ´0.10 ´0.45 * ´0.63 * ´0.45 * ´0.60 * ´0.25 ´0.79 *
PAPw (SJ) ´0.43 ´0.61 * ´0.44 ´0.53 * 0.01 ´0.44 ´0.02 ´0.41
P:W (SJ) ´0.32 ´0.23 ´0.48 * ´0.65 * ´0.48 * ´0.53 * ´0.34 ´0.72 *

Notes: SJ = squat jump; CMJ = counter movement jump; PAPw = peak anaerobic power in watts; P:W = power
to watt ratio; *: p ď 0.05.

4. Discussion

In the sport of soccer, power has been linked to the ability to accelerate, achieve maximal velocity
and effectiveness in COD tasks [1–4,10–15]. By definition, acceleration refers to the capacity to rapidly
increase speed [10]. As such, starting strength, or the ability to rapidly generate working force,
is a major factor [23]. This elicits the functional significance of lower-body power in the production
of acceleration. Compared to the CMJ, slightly stronger correlations have been found between SJ
and acceleration over distances of 0–20 m (r = ´0.43 to ´0.76, respectively) [12–14]. This was further
reinforced by our findings with female soccer players, though the correlation between CMJ was only
marginally lower (r = ´0.317 SJ, r = ´0.222 CMJ, p ď 0.05). However, for the males SJ had a slightly
lower correlation with acceleration compared to CMJ (r = ´0.443 SJ, ´0.476 CMJ p ď 0.05). Results
showing stronger correlations between SJ and acceleration may be due to the fact that adequate starting
strength is necessary to initiate acceleration and overcome inertia and does not rely as heavily on the
SSC due to a static starting position [24]. However, in the sport of soccer, players are often already in
motion when a sprint is initiated [2]. In this case, the SSC is already contributing to force generation
during a moving or rolling start. This means that mechanically it is more similar to a maximal sprint
where short ground contact time and the assistance of stored elastic energy as seen in the CMJ is
now a contributing factor. Given this knowledge, it may be more beneficial for coaches to focus
on assessment tests and exercise selections, which improve the SSC utilization when working with
collegiate soccer players. It should be considered that other variances in acceleration performance
outcomes including maximal leg strength and technique are unaccounted for and may have a strong
influence on such performance outcomes [25].

Strong correlations were shown between maximal velocity and power output in both male and
female soccer players in this study. For males, the CMJ had a slightly stronger correlation when compared
to SJ. For the females the opposite was seen, with SJ showing slightly stronger correlations with maximal
velocity than CMJ. This is in agreement with previous research studies [12,13]. This further indicates the
possible benefits of maximal velocity obtained from improved utilization of the SSC.

When considering gender differences the test results and the training and assessment indications
vary for males and females. Female soccer players demonstrated that the CMJ was more strongly
correlated with CODS (r = ´0.58 Pro Agility, r = ´0.76 T-test, p ď 0.05). In the males, we observed
only minor relationships between CMJ and CODS (p > 0.05). This is similar to the results seen by
Barnes et al. (2007). Barnes et al. (2007) discovered strong correlations between CMJ and CODS utilizing
short sprints and 180˝ turns in female athletes. Furthermore, there appears to be relatively consistent
findings showing CMJ as a good predictor of CODS performance in females [10]. It is difficult to
determine if the observed differences are due to gender or the specific tests used in the research studies.
For example, a contributing factor could be the volume of linear sprinting that exists within a COD test.
COD assessments that feature more linear sprinting may reduce the influence of COD ability, and rely
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more heavily on characteristics important for linear speed, such as the SSC qualities of muscles [26,27].
Future research into the relationship between leg power, and a measure such as exit velocity from
a COD, would be beneficial [27–30].

It may be of note that the authors of this paper decided to focus on the SJ and CMJ heights
achieved due to their practical applications. The results of this study may only be applicable to division
II collegiate soccer players specifically. Other weaknesses of this study include the sample size being
limited to division II varsity soccer teams for only one university, as well as the exclusion of other
power tests such as weighted jumps squats or drop jumps. Other such tests could be indicative of
other power categories such as reactive strength, and their impact on the development of the various
speed qualities pertinent to successful performance in soccer.

5. Conclusions

The results of this study indicate moderate to strong relationships between speed and power
attributes in both male and female collegiate soccer players, especially between CMJ and maximal
velocity. By including exercises that improve SSC utilization when training soccer players, improved
development of acceleration, CODS, and especially that of maximal velocity may occur. If time
restraints during testing sessions are also an issue, as they often are, the coach may choose to only
use CMJ for power testing as it seems to have stronger correlations with respect to all of the above
speed attributes pertinent for soccer performance. It is unclear as to whether or not the results of
this study would apply to all soccer populations as our study sample consisted of male and female
division II collegiate soccer players. Future studies observing different populations and competitive
levels within the soccer community will further enhance our knowledge regarding the relationships
between power production and various speed performance. It may also be advantageous to investigate
power production differences and their relationships between different field positions (i.e., defenders,
midfielders, forwards and goalkeepers). Also, further investigation into the correlations witnessed
between both P:W and PAPw may contribute to the understanding of physiological and performance
relationships between power production and speed qualities in field sport athletes. Collectively, this
knowledge will further benefit sport specific training and player development.
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Abstract: There is growing evidence to support change in the rehabilitation strategy of patellofemoral
pain syndrome (PFPS) from traditional quadriceps strengthening exercises to inclusion of hip
musculature strengthening in individuals with PFPS. Several studies have evaluated effects of
quadriceps and hip musculature strengthening on PFPS with varying outcomes on pain and
function. This systematic review and meta-analysis aims to synthesize outcomes of pain and function
post-intervention and at follow-up to determine whether outcomes vary depending on the exercise
strategy in both the short and long term. Electronic databases including MEDLINE, EMBASE,
CINAHL, Web of Science, PubMed, Pedro database, Proquest, Science direct, and EBscoHost
databases were searched for randomized control trials published between 1st of January 2005 and
31st of June 2015, comparing the outcomes of pain and function following quadriceps strengthening
and hip musculature strengthening exercises in patients with PFPS. Two independent reviewers
assessed each paper for inclusion and quality. Means and SDs were extracted from each included
study to allow effect size calculations and comparison of results. Six randomized control trials met
the inclusion criteria. Limited to moderate evidence indicates that hip abductor strengthening was
associated with significantly lower pain post-intervention (SMD −0.88, −1.28 to −0.47 95% CI),
and at 12 months (SMD −3.10, −3.71 to −2.50 95% CI) with large effect sizes (greater than 0.80)
compared to quadriceps strengthening. Our findings suggest that incorporating hip musculature
strengthening in management of PFPS tailored to individual ability will improve short-term and
long-term outcomes of rehabilitation. Further research evaluating the effects of quadriceps and hip
abductors strengthening focusing on reduction in anterior knee pain and improvement in function in
management of PFPS is needed.

Keywords: anterior knee pain; function; hip; muscle strengthening; muscle endurance

1. Introduction

Patello-femoral pain syndrome (PFPS) is one of the most diagnosed knee pain syndromes in
paediatric physical therapy or orthopaedic outpatient clinics [1–3] and is thus implicated as the primary
cause of knee pain in clinical settings in up to 40% of cases [4,5]. PFPS is prevalent in active young
adults with a noticeable peak of prevalence in young, active adolescents between the ages of 12 and
17 years with double the annual incidence in women compared to men [1–3].

Diagnosis and treatment of PFPS poses a challenge in clinical practice, as its exact aetiology
is unknown. However, PFPS describes anterior knee pain resulting from several intrinsic factors
including increased Q-angle in the weight-bearing position, genu valgus, tibia internal rotation,
patellar mal-alignment, muscular imbalance around the hip and knee joints, and over-activity [6].
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Thus, diagnosis of PFPS requires exclusion of other conditions including intra-articular pathologic
abnormality, plica syndromes, Osgood-Schlatter disease, neuromas, and other rare causes [6,7].

Conservative management options, which have been suggested for PFPS, include quadriceps
strengthening, stretching, bracing, and patella taping although no specific intervention has been
reported to be most effective in management of PFPS [8–10]. Quadriceps strengthening in the
management of PFPS has been the focus of clinical interventions to correct patella tracking, alignment,
and motion seen in PFPS thus reducing resultant increased patellar joint pressure and pain [8,10].
However, abnormal hip motion in both frontal and transverse planes due to weak hip muscles occurs
in PFPS further influencing pain, knee kinematics, and function [9]. Poor eccentric hip abductors and
external rotator muscle strength causes a resultant femoral adduction and medial rotation during
weight-bearing activities, causing a lateral patellar tracking as the femur medially rotates beneath the
patella, resulting in patellar mal-alignment [10,11].

Studies have reported that when compared to healthy controls, persons with PFPS show deficits
in hip abductor, extensor, and external rotator muscle strength [12,13]. A deficit in hip abductor
strength deficit compared with healthy controls of up to 14% has been reported in persons with
PFP syndrome, resulting in impaired medial–lateral postural stability with diminished quantitative
balance performance difference of up to 39%–45% [14]. This strength deficit plays huge biomechanical
significance as seen in diminished single leg stance performance with following fatiguing of the hip
abductor muscles [15] and also a reported correlation between balance performance and hip muscle
abductor strength in adults [16]. The gluteus medius is an important muscle in controlling frontal-plane
motion in a far reaching movement of the arm compared to ankle evertors and invertors, and as such
play a significant role in maintaining normal posture in response to medial-lateral perturbations on
the body [17].

The primary goals in management of PFPS, either surgical or conservative management, are the
reduction in intensity of anterior knee pain, and restoration of patient optimal function (aspects of
interaction between a person’s health status and their contextual factors either environmental and
personal factors) [8,13]. Evaluation of pain intensity and function pre and post intervention, provides
a means of determining whether goals of conservative management of PFPS are achieved and serve
as a means of assessing severity of patient symptoms at different time points during the course of
management [8].

Although several studies have focused on the effects of both quadriceps strengthening and hip
abductor strengthening on pain, hip muscle function and functional activities in PFPS reported mixed
and inconclusive results.

Therefore, this meta-analysis was aimed to:

a. Determine differences in patient-reported anterior knee pain intensity in management of PFPS
following quadriceps strengthening or hip abductor strengthening programs in management
of PFPS.

b. Determine differences in function following quadriceps strengthening or hip abductor
strengthening programs in management of PFPS.

2. Materials and Methods

2.1. Type of Participants

Studies were included if they reported having both male and female participants aged 15 to
40 years with a diagnosis of PFPS by medical and radiographic examination.

2.2. Types of Studies

Studies selection was limited to randomized control trial studies to reflect the highest level of
clinical research quality. All studies reported pre and post intervention data of outcomes of anterior
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knee pain intensity and function following quadriceps strengthening and hip abductor strengthening
programs in management of PFPS.

2.3. Type of Interventions

The interventions under consideration were quadriceps strengthening alone or hip abductor and
external rotator strengthening programme in management of PFPS.

2.4. Outcome Measurements

Outcome measures used in selected studies in this review to evaluate pain and function included:

• Function—Evaluated with outcome measures including lower extremity function score (LEFS),
Western Ontario and McMaster Universities Arthritis Index (WOMAC), or anterior knee pain
score (AKPS), which have all been consistently used in research to assess function of the lower
extremity pre and post intervention in management of PFPS [8].

• Pain as measured with outcome measures including the visual analogue scale or numerical pain
rating scale (0/10) which have both been consistently used in research to assess anterior knee
pain intensity pre and post intervention, in management of PFPS [3,8].

Validity and Reliability of Outcome Measures

Reliability for the LEFS and AKPS has been reported to be R = 0.98 and R = 0.95 in subjects with
PFPS [18]. Reliability and validity of outcome measures of pain selected for this study, including the
visual analogue scale (VAS) and numerical pain rating scale (NPRS) have been described in literature.

The VAS and the NPRS compared to other pain rating tools has a better responsiveness compared
to other rating tools with an inter-rater reliability of ICC = 0.76 and 0.84 respectively [3,8].

2.5. Electronic Search

An electronic online search was conducted using a systematic search strategy to identify relevant
articles in electronic databases including MEDLINE, EMBASE, CINAHL, Web of Science, PubMed,
Pedro database, Proquest, Science direct, and EBscoHost for studies published in English between
2008 and May 2015 to reflect current research knowledge. Key word combinations used included:
patellofemoral pain syndrome, anterior knee pain, function, hip, muscle strengthening, and muscle
endurance. The electronic data search was limited to randomized control trial studies only to reflect
the highest level of clinical research quality included in this review. In addition, a manual searching of
the references of all articles selected for the review and bibliographies of relevant texts and journals
was conducted. Depositories of unpublished research were not perused and although the authors
agree this may potentially lead to publication bias [19], it is impossible to exhaustively peruse all
unpublished work on effects of strength training interventions associated with PFPS from all authors
and institutions around the world related to this research area.

2.6. Inclusion and Exclusion Criteria

Inclusion Criteria—Studies with

• Participants aged 15–40 years.
• Comparison of pre and post intervention outcomes following quadriceps strengthening or hip

abductor strengthening programs in management of PFPS including anterior knee pain and
patient reported function.

• Incidence of PFPS of at-least four weeks onset. Participants had to report anterior, retro, or
peri-patellar pain during at least two or three of the following provocative activities: squatting,
kneeling, prolonged sitting, ascending or descending stairs, running, hopping, jumping, palpation
or compression of medial or lateral patella facet, and isometric quadriceps contraction.
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• Studies published between 1st of January 2005 and 31st of June 2015.

Exclusion criteria

� Studies were excluded if they reported inclusion of participants with a previous history of knee
surgeries, lower limb pathology, or dysfunctions including knee/patellar osteoarthritis, bursitis,
meniscal injuries and knee collateral or cruciate ligament injuries, or other pathological diseases
of the knee joint.

2.7. Study Selection

Two reviewers independently performed the process of study selection based on the title and
the abstract. Articles not excluded by both reviewers were assessed in full-text and disagreement
regarding inclusion was resolved by consensus.

Quality Rating of Selected Studies

For studies meeting inclusion criteria, the PEDRO scale was used to appraise their methodological
quality. It has a fair inter-rater agreement for individual domains and substantial agreement for the
final grade in contrast to similar rating tools (ICC = 0.56–0.68) [19]. This was independently applied by
two reviewers, with discrepancies resolved during a consensus meeting.

2.8. Data Abstraction

Data relating to study design, participants, PFPS definitions, and protocol for exercise intervention
(frequency, intensity, type, and time) were extracted from all studies. The mean differences of pre
and post intervention for anterior knee pain using the Visual Analogue Scale/Numerical Pain rating
Scale were determined. Similarly, pre and post intervention mean differences of outcome measures
of function of the lower extremity using the Anterior Knee Pain Scale (AKPS), Lower Extremity
Function Scale (LEFS) and WOMAC (The Western Ontario and McMaster Universities Arthritis Index)
questionnaires between subjects with PFPS in both quadriceps strengthening group and hip abductor
and external rotator groups were extracted. If data were missing, information was requested from the
authors to allow effect size (ES) calculations.

2.9. Data Analysis

The Cochrane review statistical program Revman 5.3 was used for statistical data analysis of
effect size, heterogeneity, and Standard Error of Effect size estimate. Data were pooled for pain with
the VAS and where studies evaluated lower extremity function, results were pooled using functional
outcome measures for the lower extremity function variable. Calculated individual or pooled ES were
categorised as small (=0.59), medium (0.60–1.19) or large (=1.20). The level of statistical heterogeneity
for pooled data was established using the Chi2 and I2 statistics (with heterogeneity defined as p < 0.05).
Thus, the summary measure of treatment effect was the between-groups difference in mean levels
of post intervention pain reduction and increase in function, expressed as a standardised mean
difference (SMD) using Hedges’ (adjusted) g, which includes a correction term for sample size bias [20]
Statistical heterogeneity was assessed by the I2 test, which describes the percentage of variability
among effect estimates beyond that expected by chance. Heterogeneity can be considered as unlikely
to be important for I2 values up to 40%. In the absence of statistical heterogeneity (I2 less than or equal
to 40%), individual effect sizes were combined statistically using the inverse variance random-effects
method, which assumes that true effects are normally distributed [21]. Levels of evidence definitions
employed in this study were as recommended by van Tulder et al. [22].
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3. Results

The literature search produced a total of 402 studies. Six randomized control trials met the
inclusion and exclusion criteria for this review. Manual search of literature sources did not produce
any additional study. The search strategy is itemized in Figure 1 below.

 
Figure 1. Flow chart showing search strategy.

3.1. Study Characteristics

A total of six randomized controlled trials met the inclusion and exclusion criteria and were
included in the review. All six studies [23–28] evaluated anterior knee pain intensity (VAS/NPRS
0/10) as a pre and post intervention outcome measure. A total of four studies examined function
using the functional assessment tools AKPS [25,26], LEFS [25,26,28] and WOMAC [27]. All six studies
randomized a total of 214 participants (89.7% female), with sample size ranging from 14 to 54 subjects.
The mean age of studies populations ranged from 16 to over 40 years. Participant eligibility was
determined by clinician diagnosis of PFPS of at least four weeks onset, and a fulfilment of an inclusion
and exclusion criteria as itemized in Table 1. Interventions typically involved exercising for three
30–45 min sessions per week for 4-8 weeks, a range of 12–24 sessions per trial [23–28].
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In three of the six studies, [23,25,26] the hip abductor strengthening group (HABSG) performed
both hip abductor, external rotator, and quadriceps muscle strengthening exercises, while the
quadriceps strengthening group (QUADSG) performed quadriceps muscle strengthening exercises
alone. In the other three studies [24,27,28], the hip abductor strengthening group performed
hip abductor and external rotator strengthening exercises alone, while subjects in the quadriceps
strengthening group performed quadriceps strengthening exercises alone.

In four studies, all subjects performed stretching exercises as part of their exercise intervention
sessions in both hip abductor strengthening groups and quadriceps strengthening groups [23–25,28],
while stretching was not performed in the other two trials [26,27]. In two studies, all weekly exercise
sessions were performed in a rehabilitation setting and supervised by the investigator [24–27] while in
the other two of the studies [23,28], one out of five session weekly sessions [23] and one out of three
weekly sessions [28] were supervised in the clinic by the investigator while all other sessions were
performed by the subject at home unsupervised (Table 1). Only two of the six studies [26,27] reported
a post-intervention follow-up period (6 and 12 months respectively).

3.2. Effect of Hip Abductor and Quadriceps Strengthening Exercise on Anterior Knee Pain

Post Intervention: The point estimate of effect size for each study indicated a greater reduction in
PFPS amongst subjects in the hip abductor and external rotator muscle strengthening group compared
with subjects in the quadriceps muscle strengthening groups post intervention (Figure 2). In four
out of six trials [23,24,26,27] the post intervention difference in intensity of anterior knee pain was
statistically significant between both groups (p < 0.05). One study reported non-statistically significant
differences in post intervention usual pain [28] and in ascending pain post intervention [25]. In the
presence of statistical heterogeneity (I2 greater or equal to 40%), individual effect sizes could not be
combined statistically using the inverse variance random-effects method, which assumes that true
effects are not normally distributed. Synthesis of data showed evidence of high statistical heterogeneity
(I2 = 78%, p < 0.05), and therefore effect size estimates from the three subgroups (usual pain, pain
during ascending stairs, and descending stairs) could not be pooled (Figure 2).

However, from results of analysis of overall pain, focusing on usual pain as a subgroup of overall
pain, analysis of estimates of effect sizes of usual pain intensity from four studies [23,24,27,28] indicated
that there is moderate evidence showing that the hip abductor strengthening group compared to the
quadriceps strengthening alone in management of PFPS resulted in more significant reduction in usual
pain (I2 = 28%, p = 0.24) with a medium pooled ES (SMD −0.88, −1.28 to −0.47 95% CI) (Figure 2).

Six months follow up: In the presence of statistical heterogeneity (I2 = 67%), effect size estimates
could not be pooled statistically. However, sub group analysis of inverse variance random effects
showed an increase in effect size at six months follow-up from post-intervention levels between both
groups in usual pain intensity (−0.87 to −1.43), during stair ascending (SMD −1.12 to −2.65 95% CI),
and stair descending (SMD −1.09 to −2.50 95% CI) (Figure 3).

Twelve months follow up: In the absence of statistical heterogeneity (I2 = 0%, p = 0.07), synthesis
of data at 12 months follow up from one high quality study [26] shows limited evidence for significant
differences in pain reduction between both the hip abductor strengthening group and the quadriceps
strengthening group at six months follow-up with no evidence of statistical heterogeneity among
the pooled estimates and a large pooled effect size (SMD −3.10, −3.71 to −2.50 95% CI) (Figure 4).
However, sub group analysis of inverse variance random effects showed a more significant increase
in effect size estimates at 12 months follow-up between both groups in pain intensity during stair
ascending (SMD −2.65 to −2.99 95% CI) and stair descending (SMD −2.50 to −3.22 95% CI) (Figure 4).
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Figure 2. Post intervention: Effect size comparison and estimate of anterior knee pain intensity
measured a 10 point visual analogue scale (VAS) and numerical pain rating scale (NPRS) (0/10) in both
Hip abductor strengthening group (HABSG) and Quadriceps strengthening group (QUADSG).

 

Figure 3. At six months follow-up: Effect size comparison and estimate of anterior knee pain intensity
measured with a 10 point visual analogue scale/NPRS (0/10) in both Hip abductor strengthening
group (HABSG) and Quadriceps strengthening group (QUADSG).
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Figure 4. At 12 months follow-up: Effect size comparison and estimate of anterior knee pain intensity
measured with a 10 point VAS/NPRS (0/10) in both Hip abductor strengthening group (HABSG) and
Quadriceps strengthening group (QUADSG).

3.3. Effect of Hip Abductor and Quadriceps Strengthening Exercise on Function

Post intervention: Four trials evaluated function pre and post intervention. The point estimate of
effect size of each study [25–27] excluding Doldak et al. [28] indicated a greater increase in function
amongst subjects in the hip abductor strengthening group compared with subjects in the quadriceps
muscle strengthening group. Contrastingly, Doldak et al. [28] showed a point estimate of effect size
indicating a greater increase in function post-intervention in the quadriceps strengthening group
compared to the hip abductor strengthening group (Figure 5). In two out of four studies [26,27] the
post intervention differences in increased function between both groups were statistically significant
and non-significant in the other two studies [25,28] (p < 0.05) (Figure 5). Synthesis of data showed
evidence of high statistical heterogeneity (I2 = 87%, p < 0.05), and therefore effect sizes from the three
subgroups (LEFS, AKPS and WOMAC) could not be pooled for further analysis.

 

Figure 5. Post intervention: Effect size comparison of estimates of Function in subjects with
Patellofemoral pain in both Hip abductor strengthening group (HABSG) and Quadriceps strengthening
group (QUADSG).
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Six months follow up: Due to high statistical heterogeneity (I2 = 66%, p = 0.05) individual effect
sizes could not be combined statistically assuming that true effects are not normally distributed.
Therefore, ES estimates from the three subgroups (LEFS, AKPS and WOMAC) could not be pooled
(Figure 6). However, sub group analysis showed a more significant increase in effect size estimates
(SMD) of function at six months follow-up from post-intervention levels between both groups in LEFS
(SMD 0.99 to 2.49 95% CI); AKPS (SMD 1.07 to 1.86 95% CI); WOMAC (SMD 1.09 to 1.20 95% CI)
(Figure 6).

 

Figure 6. At six months follow-up: Effect size comparison of estimates of Function in subjects
with patellofemoral pain in both Hip strengthening group (HABSG) and Quadriceps strengthening
group (QUADSG).

Twelve months follow up: Due to high statistical heterogeneity (I2 = 65%, p = 0.05) individual
effect sizes could not be combined, assuming that true effects are not normally distributed. Results
from only one high quality study [26] showed a more significant increase in effect size estimates of
function at from six to 12 months follow-up levels between both groups in LEFS (SMD 2.49 to 2.65 95%
CI) and a slight decrease in AKPS (SMD 1.86 to 1.76 95% CI) (Figure 7).

 

Figure 7. At 12 months follow-up: Effect size comparison and estimate of Function in subjects with
patellofemoral pain in both Hip abductor strengthening group (HABSG) and Quadriceps strengthening
group (QUADSG).
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4. Discussion

The aim of this meta-analysis was to compare effects of hip abductor strengthening and quadriceps
strengthening in management of PFPS. Results from individual studies indicated significant differences
in usual pain intensity post intervention, and pain and function at six and 12 months follow-up with
large effect sizes. However, these post intervention differences were not consistent in their level of
statistical significances across all studies and tasks with high statistical heterogeneity of data during
synthesis. While attempting to identify methodological differences to explain this disparate finding,
one possible explanation could be because PFPS diagnosis is based on a group of symptoms and not a
specific test. And although inclusion and exclusion criteria were similar, they differed between studies
with some variability in terms of localization, onset of pain and pre-intervention level of function of
subjects meeting eligibility criteria for inclusion across studies. In two studies [23,28] onset of PFPS
as an inclusion criteria of participants was minimum of four weeks onset of PFPS while the four
remaining studies [24–27] reported an inclusion criteria of a minimum of six months onset of PFPS
(Table 1).

Due to high level of statistical heterogeneity, outcomes of overall pain post-intervention and at six
months follow-up and function post intervention and at six months and 12 months follow-up were not
pooled. Thus, individual effect sizes could not be combined statistically using the inverse variance
random-effects method, assuming that true effects were not normally distributed across studies.

4.1. Anterior Knee Pain

Post intervention, effect sizes were medium-to-strong, indicating that the hip strengthening group
demonstrated greater improvements in usual pain post intervention (Figure 2) and overall pain at
12 months follow-up (Figure 4) compared with the quadriceps strengthening group. Moderate evidence
indicates that usual pain was significantly reduced in the hip abductor strengthening group compared
to the quadriceps strengthening group with a moderate effect size (SMD −0.88, −1.28 to −0.47 95% CI)
immediately post-intervention (analysis of a total of 108 subjects). While hip abductor strengthening
exercises and quadriceps strengthening exercises reduced usual pain intensity post-intervention, there
was a significant difference in the magnitude of this post-intervention usual pain reduction between
both groups, with far greater pain reduction in the hip abductor strengthening groups.

At 12 months follow-up for overall pain, analysis of data (a total of 49 subjects) showed a large
pooled effect size (SMD −3.10, −3.71 to −2.50 95% CI). This increased effect size estimate compared to
post intervention effect sizes between both groups may be explained as a consequence of a gradual
increase in overall pain post-intervention in the quadriceps strengthening group. Low evidence
indicates an increased reduction in overall pain in the hip abductor strengthening group compared to
the quadriceps strengthening group at 12 months follow up.

4.2. Function

Results show that the hip abductor strengthening groups showed a greater increase in function
post-intervention and at six and 12 months follow-up compared to the quadriceps strengthening
groups according to point estimates of effect sizes across subgroups for LEFS, AKPS [25,26,28] and
WOMAC [27]. However, the magnitude of effect sizes of function between both groups became more
significant at six and 12 months follow-up compared to post intervention estimates. This may be
explained to be as a result of a noticeable steady decline in function in the quadriceps strengthening
groups compared to the hip abductor strengthening group from post intervention levels, widening
the point estimates of effect size between groups in the long term as seen from the results. Overall
estimates of function could not be pooled due to heterogeneity of effect size estimates across studies.
Although individual studies report increased function post intervention, no evidence exists due to
statistical heterogeneity of outcomes reported.
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A recently published study by Regelski et al. (2015) [29] reported similar outcomes post
intervention and at follow-up by interpreting pooled effect sizes of individual studies post-intervention
and at follow-up where applicable. However, they did not provide a clear interpretation of data as
they did not perform further analysis with pooling and synthesis of data with recommendations made
from effect sizes from individual studies.

4.3. Exercise Interventions

Changes in lower limb kinetics and kinematics occur in PFPS with weakness of hip muscles,
a clinical finding in PFPS, associated with changes in hip and knee joint kinematics in PFPS [8–10].
Incorporating hip musculature strengthening (abductors and external rotator) into rehabilitation
programs in management of PFPS may increase patient function and reduce severity of PFPS
symptoms [23]. Amongst included trials, there were similarities in hip strengthening and quadriceps
protocols with regards to exercise frequency: three sessions weekly for four weeks [24–26,28]. Two
studies, Khayambashi et al. [27] and Nakagawa et al. [23] required patients to perform exercises three
times per week for eight weeks and five times per week for six weeks, respectively. However, the
types of exercises performed varied across studies. Apart from the study by Razeghi et al. [24] where
exercise protocol was not properly described, five studies incorporated stretching of the hamstrings,
quadriceps, and triceps surae as part of the PFPS protocols and used side-lying hip abduction in the
hip strengthening protocol [23,25–28].

Standing hip abduction exercise was performed in three studies [25,26,28] while three studies [25–27]
progressed hip abduction exercises in side-lying and standing by incorporating use of an elastic band.
Four studies performed strengthening of the hip external rotation in sitting with or without the use of
an elastic band [25–28]. Dolak et al. [28] and Nakagawa et al. [23] combined hip abduction and external
rotation in side-lying to strengthen both abductors and external rotators. With reference to exercise
types, Nakagawa et al. [23] used isometric exercises while the other five studies used isotonic exercises.

While there is no evidence of effects of different quadriceps strengthening and hip abductor
strengthening exercise protocols influencing rehabilitation outcomes in management of PFPS, there is
a possibility that this may have contributed to the high heterogeneity of pooled data across studies
included in this review.

4.4. Strengths and Limitations and Recommendations

Strengths of this study include synthesis of homogenous data only where data are assumed to
reflect similar effects across studies and are normally distributed. Therefore, this review not only
provides data crucial to healthcare decision-making, such as uptake of hip strengthening exercise in
rehabilitation strategies for PFPS, but data that are derived from trials conducted under conditions
that most closely match the context of usual healthcare practice.

Limitations of this review include inclusion of a small number of studies as only the six included
RCTs met the inclusion criteria. Additionally, as a result of the high heterogeneity of pooled data
(I2 greater or equal to 40%), further analysis of pooled data for overall pain post-intervention and
function post-intervention and at follow-up could not be made. Future studies should systematically
homogenize participant’s eligibility criteria for selection of patients with PFPS to improve the quality
research and consistency of outcomes in management of PFPS. While methodological quality across all
studies was moderate to high with the Pedro scale, only one of the studies stated that the assessors
responsible for collecting baseline and post-intervention outcomes were blinded to group assignment.
Heterogeneity of reported outcomes in research on PFPS is too large to allow a clinically and
scientifically sound meta-analysis of data. Better designed studies should be conducted considering
limitations of currently existing studies.

In addition, valid and reliable scales, responsive to PFPS specifically, like the anterior knee pain
scale (AKPS) (also known as the Kujula scale) was used by only two of the included studies [25,26]. The
systematic use of the AKPS in studies on PFPS could allow optimal comparability between participants.
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PFPS is a multifactorial and complex condition and it is evident that the target population is often
heterogeneous and thus could be separated in subgroups. Also, similarities and variances in exercise
protocols provide a strong basis to incorporate a standardised exercise protocol and regimen for hip
abductor or quadriceps strengthening exercises in conservative management of PFPS to aid future
research into this condition.

5. Conclusions

Although results indicate that quadriceps strengthening may also reduce intensity of usual pain
post-intervention, for greater significant post-intervention and clinically beneficial long-term outcomes,
hip strengthening should be the preferred treatment approach for management of PFPS. However,
there is currently low to moderate quality evidence to support this recommendation. Future studies
should seek development of eligibility criteria/PFPS subject checklists for inclusion of subjects into
studies on PFPS, and also take into consideration limitations of current studies so as to minimize, to
the barest minimum, heterogeneity of outcomes from studies on PFPS.
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