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Abstract

Aquatic exercises can be used in clinical and sporting disciplines for both rehabilitation and
sports training. However, there is limited knowledge on the influence of water immersion on
the kinematics of exercises commonly used in rehabilitation and fithess programs. The aim
of this study was to use inertial sensors to quantify differences in kinematics and movement
variability of bodyweight squats, split squats, and single-leg squats performed on dry land
and whilst immersed to the level of the greater trochanter. During two separate testing ses-
sions, 25 active healthy university students (22.312.9 yr.) performed ten repetitions of each
exercise, whilst tri-axial inertial sensors (100 Hz) recorded their trunk and lower body kine-
matics. Repeated-measures statistics tested for differences in segment orientation and
speed, movement variability, and waveform patterns between environments, while coeffi-
cient of variance was used to assess differences in movement variability. Between-environ-
ment differences in segment orientation and speed were portrayed by plotting the mean
difference £95% confidence intervals (Cl) throughout the tasks. The results showed that the
depth of the squat and split squat were unaffected by the changed environment while water
immersion allowed for a deeper single leg squat. The different environments had significant
effects on the sagittal plane orientations and speeds for all segments. Water immersion
increased the degree of movement variability of the segments in all exercises, except for the
shank in the frontal plane, which showed more variability on land. Without compromising
movement depth, the aquatic environment induces more upright trunk and shank postures
during squats and split squats. The aquatic environment allows for increased squat depth
during the single-leg squat, and increased shank motions in the frontal plane. Our observa-
tions therefore support the use of water-based squat tasks for rehabilitation as they appear
to improve the technique without compromising movement depth.
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Introduction

The benefits of aquatic-based exercise constitute its common practice in rehabilitation,
recovery, and fitness [1-3]. The reduced joint loading and external resistance provided by
the buoyancy and viscosity are easily modifiable by manipulation of immersion depth [4],
and practitioners can adjust the degree of offloading and resistance to progress exercises in
a safe manner. Further, researchers suggests that viscosity slows movements and therefore
prolongs the time an individual has to regain postural control and that buoyancy provide
additional support [5, 6], which suggest that balance in the aquatic environment also is
likely affected by water depth [7, 8]. The adaptability of aquatic exercise protocols means
that they are suitable for exercise and rehabilitation of individuals with injury and pathol-
ogy, as well as older and obese populations, where full gravitational loading might be inap-
propriate [4]. Previous research has indicated differences in muscle activity, joint angles,
and movement speeds when walking and running in water [9, 10] and during isolated knee
flexion-extension tasks [11], but the influence of the aquatic environment on closed-chain
exercises often prescribed for rehabilitation and fitness programs has not been well
researched. This has left practitioners without a comprehensive understanding of kine-
matic implications of water immersion on prescribed exercises, which potentially reduces
their ability to ensure optimal efficacy of water-based exercise.

The squat exercise (and its variants) is common to numerous aquatic and land-based reha-
bilitation programs, with these movements described as functional, closed-chain exercises that
involve all major muscles and joints of the lower body [12, 13]. In addition to the traditional
squat, research supports the prescription of the split squat (SS) and single-leg squat (SLS), and
their land-based kinematics are well documented in the literature [13, 14]. It is likely that squat
kinematics differs, as is the case with walking and running [9, 10], when performed in water
rather than on land. However, despite the significant body of literature on the land-based kine-
matics of these exercises, their water-based kinematics are not well investigated. To provide
practitioners with the understanding to ensure optimal application of aquatic exercises, further
examination of how the two environments affect squat kinematics is needed.

The aquatic environment is often considered a safer exercise setting than land, based on the
fact that the density of the water slows movement speeds [5, 15], and thereby has been sug-
gested to improve control and stability of movements [9]. Further, researchers have shown
that slower squatting speeds reduce shear and compressive joint loads on the spine and knees
[16, 17]. Additionally, it is important to control and monitor movement speeds during the
ascending and descending phases of an exercise as they induce different muscular responses
[18, 19], and biomechanics [20, 21]. In water, the buoyancy force decreases the loading during
the descending phase, and during the ascending phase, it provides lifting assistance [22], while
the viscosity also provides additional resistance [23]. Accordingly, water immersion likely
affects the kinematics of the phases differently, although at the time of submission this has not
been reported in the scientific literature, and increased understanding of these implications
would be useful practitioners when employing the aquatic environment.

Water-based exercise creates numerous eddies, waves, and currents around the body, caus-
ing the accompanying forces to change constantly in response to body movements and water
depth. According to the concepts described in dynamical systems theory [24], exercising
immersed in this ever-changing environment will require the body to adapt and thus increase
its movement variability. While research in this area is still relatively new, exercises that
increase movement variability are probably beneficial as reduced variability linked to overuse
injuries [25]. Further, as injured populations commonly portray reduced adaptability [24],
increased movement variability is likely advantageous for rehabilitation programs. However,
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despite research on movement variability have espoused its roles in athletic performance and
rehabilitation, its impact in the aquatic environment has received little attention and remains
largely unreported.

The growing use of aquatic exercises in training and rehabilitation, coupled with the relative
absence of objective research on the influence of the aquatic environment on movement pat-
terns for squats and squat based exercises were the key motivations for this study. Accordingly,
this study aims to (1) quantify differences in segmental orientation and speed between land-
and water-based squats, SS and SLS during the ascending and descending phases, and (2)
examine whether the aquatic environment affects the degree of movement variability of the
exercises when performed by individuals without previous exposure to water-based squats. It
was hypothesized that water immersion would change the segmental orientations and reduce
the speeds compared to land, and that the degree of movement variability would increase due
to unfamiliar environmental constraints.

Materials and methods
Participants

Twenty-five healthy university students (11 females: 1.64+0.06 m, 59.2+10.3 kg, 21.6+2.3 yrs.,
and 14 males: 1.77+0.08 m, 75.3£10.5 kg, 22.6+3.3 yrs.) volunteered for participation in this
study. The participants were healthy at the time of testing and had at least 3 years’ experience
in gym-based activity with no prior exposure to aquatic-based exercise. Inclusion criteria
ensured that participants were without any past lower limb surgeries and injury free at the
time of testing. Self-reported leg dominance was recorded (left = 2, right = 22) by determining
participants preferred kicking leg, and written informed consent was obtained prior to any
testing in accordance with the approval from the University of the Sunshine Coast Human
Research Ethics Committee.

Instrumentation

The use of inertial sensors for biomechanical analyses provide an accurate and portable
method for analyzing segmental kinematics and has the advantage of being readily adaptable
for use both on land and in water [26, 27]. Few researchers have used inertial sensors to assess
underwater kinematics, however a recent study reported sagittal and frontal plane kinematics
for the lower limbs and trunk during underwater gait [28]. The inertial sensors used in this
study were waterproof and contained tri-axial accelerometers and gyroscopes (100 Hz) (Nano-
trak, Catapult sports, Docklands, VIC). Each sensor has its own internal coordinate system
and with the direction of segmental rotations differing both between left and right sides and
between segments during the exercises (i.e. in the sagittal plane, the left thigh and right shank
rotated in an anticlockwise direction during the ascending phase, whilst the left shank and
right thigh rotated in a clockwise direction), the individual sensors differed in recording posi-
tive or negative values. Therefore, the data was adjusted so recordings from all sensors com-
plied with a global coordinate system with the positive Y-axis directed anteriorly, the positive
X-axis directed from left to right and the positive Z-axis pointing vertically. Four sensors were
attached bilaterally to the participant’s lateral mid-thigh and shank, half-way between the
proximal and distal joint centers and one sensor was positioned over the spinous process of
the third thoracic vertebra. The allocation of the sensors was measured to be at equal distance
from the proximal and distal joint centers for the lower body segments to ensure consistency,
although researchers have highlighted that a considerable advantage of portable systems is that
they are less sensitive to exact placement on the segments [26]. To measure squat depth, one
additional sensor was attached to the sacrum, at equal distance from the posterior superior
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iliac spines. Before each exercise, a static calibration was performed with the participant stand-
ing still in an upright posture for ten seconds to establish 0° orientations for the sensors and
identify any offset in sensor allocations [28]. Each sensor was attached to the participant using
38mm rigid sports tape, and to avoid any intra-sensor bias, the same sensor was allocated to
the same segment for all participants.

Experimental protocol

Each participant attended two testing sessions; one land-based and one water-based, both with
identical testing protocols and occurring within one week of each other. Following a self-
selected warm up that included a few minutes of aerobic activity, stretches and between five
and ten practice repetitions of each exercise for familiarization of the protocols and environ-
ments, the participants performed ten repetitions of the exercises; squat, SS, and SLS. All uni-
lateral exercises were performed on both legs however, to avoid any bilateral asymmetries
associated with leg dominance [29], the dominant leading leg data is presented. In order to
capture each participants’ natural technique, and to ensure consistency between environments,
no instructions were provided concerning foot positions or depth of the exercises [30]. Partici-
pants were instructed to maintain their elbows extended, palms facing down, arms straight
and horizontal during all exercises, and during the SLS, the contralateral leg was flexed at the
knee to between 70-90°, and kept behind the participant during the task. Participants per-
formed all exercises to a tempo indicated by a metronome [31, 32] set at 100 beats per minute
with four beats during the ascent and four beats during the descent, and were allowed between
one and two minutes rest between the exercises. No randomization of the order of the exer-
cises was used to allow the same task familiarization for each participant, and due to the natu-
ral sequencing progression of the movements. Also, as this was an inaugural study on
kinematics the traditional approach is to use a homogeneous sample to begin with and future
research should assess other populations. We based this on the current needs and demands of
the local population to make the study relevant and practical.

The second testing session occurred at an outdoor pool complex and took place within one
week of the first session. To ensure a consistent water depth and allow between-subject com-
parisons, participants performed the exercises on a platform of adjustable height, which was
set so the water depth was level with the greater trochanter on each individual participant. The
pool was of Olympic standard that was 1.35 meters deep without the platform, and had lane-
ropes in place to reduce water turbulence, and the water temperature was maintained at
29.1°C+1.0 during the testing period.

Data processing

The data from the inertial sensors was imported using Catapult Sprint (version 5.1; Catapult
sports, Docklands, VIC), and the raw data from the gyroscopes (angular velocity in three spa-
tial dimensions) was extracted into a comma-separated value (.csv) file. Each of the three gyro-
scope datasets were integrated and any gyroscopic drift was quantified with linear regression;
the raw datasets were corrected for the drift and integrated again to yield non-drifting datasets
of angular displacement as a function of time. The start and completion times of each repeti-
tion were identified from the minima and maxima of the dataset which had the largest ampli-
tude of motion. This dataset was smoothed with a custom, variable-width, non-weighted box-
smoothing algorithm, so that all true minima and maxima (peak angles) were correctly identi-
fied and false peaks due to noise were ignored, with a minimum amount of smoothing (exces-
sive smoothing has potential to slightly “shift” maxima and minima). The individual
repetitions in each of the three datasets were extracted, collated into sets, and processed. The
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data was processed so that the start of each cycle occurred at the bottom of the movement
where the peak angle was most obvious, so for the analysis, the start of the movement (0%)
represented the bottom of each task (the point of peak knee flexion), and subsequently, the top
of the movement (point of peak knee extension) occurred around 50% (Fig 1). Further, the

0 & 100% 50%

Split Squat Squat

Single leg Squat

Fig 1. Exercise protocol. Participant performing the three exercises during immersion to highlight the top (0
and 100%) and bottom (50%) position of the three exercises.

https://doi.org/10.1371/journal.pone.0182320.9001
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accelerometer data from the sacral sensor was used to determine its vertical displacement,
which indicated movement depth [20].

Data analysis

The data for each of the ten repetitions was time-normalized to 1000 data points and imported
to Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA) for comparison and analysis.
As previous research has questioned the accuracy of transverse plane data recorded with iner-
tial sensors [27, 28], only sagittal and frontal plane kinematics was analyzed in this study. All
statistical analyses were performed with IBM SPSS software version 22 (IBM, New York, NY).
Absolute values were used for all velocity data to allow comparisons between environments
throughout both the ascending and descending phases, so it is portrayed as non-directional
speed of movement. To identify differences between the phases of movement, time series data
for displacements and speeds were divided into four phases; the early ascent (0-25%), late
ascent (25-50%), early descent (50-75%) and late descent (75-100%). Kinematic variables of
interest included the average angular displacement and speed for each phase, total range of
motion, and peak velocities. The movement depths were tested for covariance, and all kine-
matic variables were tested for compliance with the assumptions of an analysis of covariance.
Wherever the assumptions were met, an analysis of covariance determined significant differ-
ences between the environments, and elsewhere, a repeated measures one-way analysis of vari-
ance was used.

To allow comparison of environmental differences in displacements and movement speed
throughout the tasks, the differences between the group mean waveforms £95% confidence
limits (95% CI) were plotted as a time series [33, 34] for the full movements (0-100%). The
95% CI was calculated using the critical ¢-value and degrees of freedom, and wherever it
(shaded areas on figures) did not include zero, the environments were considered to have a
significant effect on the variable. The mean differences were calculated as the land-based values
less the aquatic-based values, thus a shaded area above zero indicated a trend of higher
recorded values on land, and vice versa. variability of the individual waveforms was analyzed
by calculating the coefficient of variance (CV), with additional calculations analyzing variabil-
ity in pattern (CVp) and offset (CV) [35] in both environments. The latter two techniques
have been applied successfully to cyclical data and have been shown to be more sensitive to
changes in movement patterns than the more traditional CV analysis techniques [35, 36].To
portray the influence of the changed environment on variability, the differences between envi-
ronments are presented as the land-based percentage less the pool-based percentage. Effect
sizes were calculated and ranked using the method developed by Cohen [37], with scores
d>0.2 considered small, d>0.5 moderate and d>0.8 considered large effect. The alpha level
was set at p<0.05.

Results

The analysis showed that immersion in water did not significantly affect the depth of the squat
(land: 0.43+0.18 m, pool: 0.45+0.15 m, p = 0.700, d = 0.12) and SS (land: 0.34+0.06 m, pool:
0.38+0.09 m, p = 0.091, d = 0.53). However, the environment had a significant effect on the
depth of the SLS (land: 0.22+0.09 m, water: 0.31+0.11 m, p = 0.006, d = 0.89).

The analysis of the angular displacement time series showed that water immersion had
moderate and large effects on all segments in the sagittal plane during at least one exercise (Fig
2 and S1 Fig). Though, only the movements of the shank segment were effected in the frontal
plane (Fig 3 and S2 Fig). Moderate and large effects were also observed in the movement speeds
in the both planes of motion in all three exercises (Fig 4 and Fig 5). The waveforms also
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Fig 2. Waveforms of the mean difference (¥95% ClI) of sagittal plane displacements for the three
segments between land- and aquatic-based squats during the movements. Differences between the
group means (solid line) +95% confidence limits (shaded area) for sagittal plane displacements for the thorax,
thigh, and shank segments between land- and aquatic-based during the squat, split squat, and single leg
squat throughout the movement. 95% confidence interval above zero indicates larger segmental inclination
on land and vice versa. Vertical lines indicate the start and end of each phase; early ascent (0-25%), late
ascent (25-50%), early descent (50—-75%) and late descent (75-100%). ® indicates a /arge environmental
effect size at Cohen’s D >0.8, P indicates a moderate environmental effect size at Cohen’s D >0.5.

https://doi.org/10.1371/journal.pone.0182320.g002

revealed differences in both orientation and speeds that differed between the phases when per-
forming these exercises immersed in water.
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Fig 3. Waveforms of the mean difference (¥95% CI) of frontal plane displacements for the three
segments between land- and aquatic-based squats during the movements. Differences between the
group means (solid line) £95% confidence limits (shaded area) for the thorax, thigh, and shank segments
between land- and aquatic-based during the squat, split squat, and single leg squat throughout the
movement. 95% confidence interval above zero indicates larger segmental inclination on land and vice versa.
Vertical lines indicate the start and end of each phase; early ascent (0-25%), late ascent (25-50%), early
descent (50-75%) and late descent (75—-100%). ¢ indicates a large environmental effect size at Cohen’s D
>0.8, P indicates a moderate environmental effect size at Cohen’s D >0.5.

https://doi.org/10.1371/journal.pone.0182320.g003
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Squat Split squat Single leg squat

Shank

Fig 4. Waveforms of the mean difference (¥95% ClI) of sagittal plane movement speeds for the three
segments between land- and aquatic-based squats during the movements. Differences between the
group means (solid line) 95% confidence limits (shaded area) for the thorax, thigh, and shank segments
between land- and aquatic-based during the squat, split squat, and single leg squat throughout the
movement. 95% confidence interval above zero indicates faster segmental speed on land and vice versa.
Vertical lines indicate the start and end of each phase; early ascent (0-25%), late ascent (25-50%), early
descent (50-75%) and late descent (75—-100%). ¢ indicates a large environmental effect size at Cohen’s D
>0.8, P indicates a moderate environmental effect size at Cohen’s D >0.5.

https://doi.org/10.1371/journal.pone.0182320.9004

The CV analysis showed several moderate and large significant effects on the segments
movement variability in both planes of motion, with CV values often larger in the aquatic envi-
ronment (Table 1). Only the shank segment portrayed more variability on land in the frontal

Squat Splitsquat Single leg squat
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© 1008

Fig 5. Waveforms of the mean difference (¥95% CI) of frontal plane movement speeds for the three
segments between land- and aquatic-based squats during the movements. Differences between the
group means (solid line) £95% confidence limits (shaded area) for thorax, thigh, and shank segments
between land- and aquatic-based during the squat, split squat, and single leg squat throughout the
movement. 95% confidence interval above zero indicates faster segmental speed on land and vice versa.
Vertical lines indicate the start and end of each phase; early ascent (0-25%), late ascent (25-50%), early
descent (50-75%) and late descent (75—-100%). ¢ indicates a large environmental effect size at Cohen’s D
>0.8, P indicates a moderate environmental effect size at Cohen’s D >0.5.

https://doi.org/10.1371/journal.pone.0182320.g005
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Table 1. Difference in movement variability (%) between land and water for the segments during the three exercises.

Squat CVp (%)
CVo (%)
CV (%)

SS CVe (%)
CVo (%)
CV (%)

SLS CVp (%)
CVo (%)
CV (%)

Shank Thigh Thorax
X Y X Y X Y
-8.5 -14.0 -0.2 -15.6° -9.08 -57.8
7.7 -3.5 2.5 -13.5 -5.6° -29.0
5.1 -3.4 1.2 -6.6 7.7%¢ -0.2
-11.7%F -16.3° -3.6 -27.8%F -6.6 -25.3
0.7 1.6 -1.1 -21.7%F 7.6 14.7
-4.8 -15.0° 2.2 -15.9 -22.1° -4.8
37 1.8 -1.8 -60.8*% -6.8 -10.1
-13.6 30.4 -4.2 -15.5 2.6 -30.6
7.4 57.1 -0.4 -18.4 -4.8 -68.1

CV—Coefficient of variance, CVp—Coefficient of variance for pattern, CVo-Coefficient of variance for offset.
Negative percentages indicate larger movement variability in the aquatic environment.
" indicates significant difference between environments at P<0.05.

“indicates large effect size at Cohen’s d >0.8.

P indicates moderate effect size at Cohen’s d>0.5.

https://doi.org/10.1371/journal.pone.0182320.t001

plane during the SLS. The individual CV values for each segment in the two environments are
provided in the supplementary material (S1 Table). The overall range of motion and peak
velocities were also affected by the changed environment, with the data presented in the sup-
plementary material (S2 Table, and S3 Table).

Discussion

Our study shows that immersion in water alters squat, SS, and SLS trunk and lower body kine-
matics in young, healthy adults. These results support previous research on the influence of
immersion in water on gait kinematics [9, 28]. To the best of our knowledge, this is the first
study to use inertial sensors to compare the kinematics of squat variations on land and in
water. A key finding is that water immersion to the greater trochanter does not limit the depths
of squats and SS, and allows participants to maintain a range of movement similar to that they
typically use on land. However, the aquatic environment does allow performers increased
squat depth during the SLS.

During squats and SLS, the sagittal plane orientation of the thorax was particularly affected
by the immersion protocols (Fig 2). These changes were indicative of a more vertically aligned
trunk posture throughout the movements, being particularly apparent closer to the bottom
position of both tasks (0-25% and 75-100% in Fig 2). This is a positive find as research high-
lights the important role that maintaining an upright trunk during squats and lifting tasks has
in minimizing spinal compressive loads and shear forces [16, 38], and decreasing reliance on
passive structures for support [39]. The more vertically aligned trunk posture in the aquatic
environment is most likely an indication of the added support provided by the water coupled
with the influence of the buoyant force acting up through the thorax. Further, the forward
inclination of the trunk during squats performed on land is no doubt a strategy to maintain
balance, and the participants might feel unstable if they attempt to employ a more vertical
trunk posture, as it shifts their center of mass backwards [40]. Therefore, it appears the gravita-
tional offloading and viscosity of the water reduces the performers’ reliance on their body posi-
tion for stability and allows them to use a more upright trunk posture. Theoretically, the trunk
posture employed in the aquatic environment during squats and SLS reduces spinal forces
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beyond what is already achieved with buoyancy, and provides a more stable movement with
less reliance on the individuals’ balance skills. Our study assesses kinematic variables, so future
research is needed to examine kinetic implications of water immersion during these exercises
to provide additional understanding of the mechanical aspects of water-based exercise. How-
ever, it remains important for practitioners to understand the kinematic implications of water
immersion to assist in the prescription of exercises. For example, researchers have highlighted
increased forward trunk inclination during squats in older populations and individuals with
lower back pain [41, 42], so the upright posture in the aquatic environment is likely beneficial
for these populations. These results suggest that practitioners can employ the aquatic environ-
ment to improve squatting depth while simultaneously minimize spinal loads and improving
trunk orientation. Further, although the analysis showed moderate and large effect sizes on the
frontal plane speed of the trunk during the squat between the environments, these differences
are probably too small to be of clinical importance.

The additional support in the aquatic environment is also evident in more vertically aligned
shanks during the squats and SS, especially during the deeper phases of the tasks as the per-
former can ‘sit back’ in the movement without compromising balance. Again, this is a positive
find as the upright shank positions are associated with reduced strain on the knees [43]. Con-
trary to the other exercises, the SLS had a slight, temporary increase in sagittal plane shank
inclination in the aquatic environment during the ascending phase, which probably was asso-
ciated with balance. On land, participants employ a forward trunk inclination to maintain the
center of mass within the base of support, but the supportive and offloading properties of the
water allow them to maintain vertical trunk posture and instead shift their entire body forward
(i.e. increasing their shank inclination), without compromising balance. The buoyant force
provided by the water would both reduce joint loading and offer lifting assistance during the
ascending phase [22]. Combined, this means that participants probably were less limited by
muscle strength and balance when they performed SLS in water and were thus able to squat
deeper. Research have previously reported different muscle activation patterns between land
and water and suggested that the offloading and reduced movement speeds dictated the mus-
cular responses [44]. Future research is needed to assess muscle activity and kinetics during
water-based squat tasks to determine neuromuscular responses to water immersion. Unsur-
prisingly, our examination revealed faster sagittal plane movement speeds for the segments in
the environment with larger movement range (Fig 4). However, when the ranges are similar,
the speeds appear highly individual and the environmental effects differ throughout the move-
ment phases, particularly for the thigh and shank. Although, there seems to be some tendency
for faster speeds in water during the late ascent, which could be explained by the buoyancy
force adding to the muscular force providing an upthrust [45]. These preliminary findings
could indicate that practitioners can employ the aquatic environment to train movements
their clients might be unable to perform on land, likely as a part of early rehabilitation. A
reduced restriction of strength and balance would allow clients to perform exercises such as
SLS will full range earlier in the water than what is possible on land.

Our data also reveal more frontal plane movements of the shank in the aquatic environ-
ment during the SLS and the descending phase of the squat (Fig 3). While the frontal plane
speeds of both lower body segments show similar trends to the sagittal plane, few differences
are large enough to be of clinical interest (Fig 5). Nevertheless, lower body mediolateral align-
ment is an important consideration during squat performance as increased translation is
linked to knee instability and injury [14]. Despite the aquatic environment often is considered
unstable [46], it is possible that the properties of water can benefit balance through a few differ-
ent features: First, the oftfloading reduce limitations by muscular strength for stability, second,
slower movements provide increased time for postural corrections [5, 6], and third, it is
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possible that density and viscosity of the fluid can provide some support. The combination of
these aspects could explain the increased frontal plane shank movements employed by our par-
ticipants as they utilized the water for improving their balance. Previous research suggests that
the aquatic environment reduces muscle activity of prime movers due to gravitational offload-
ing [47], and similar trends are likely occurring in the stabilizing muscles, although further
research is needed for confirmation. The practical implications of the increased frontal plane
movements during water-based SLS require further examinations of whether it affects the leg
muscle activity, and whether any changes are beneficial for rehabilitation.

Reduced reliance on muscle force for stability can also explain the increased movement vari-
ability in the aquatic environment. Increased movement variability indicates that the performer
adapts to the constant movements of the surrounding water. Previous research suggests that
injury and pain changes movement patterns by reducing movement variability [48], leaving the
individual with decreased ability to adapt to surroundings and consequently, reduced function-
ality [24]. The increased movement variability during these squat exercises in the aquatic envi-
ronment can potentially assist in restoring the adaptability in an injured population, further
supporting its use in rehabilitation. Interestingly, during the SLS the shank portrays less vari-
ability in the frontal plane while in water but maintains a larger movement range. This could be
linked to the strategy of using the vicious fluid for balance that we proposed earlier. Performers
would not be able to apply this strategy on land under full gravitational loading as no additional
support is provided by the air. It is also possible that the balance strategies employed on land are
more variable than those applied in water, however future research should examine this further.
Comparative research on movement variability in aquatic settings is lacking, thus preventing
further comparisons and conclusions regarding its clinical significance.

One limitation of our study is that although our sensor allocation was thorough, there is a
risk of slight discrepancies in sensor positions between testing sessions and participants. How-
ever, our method of landmark identification is the same as is used in practical settings and pre-
vious research and the risk of errors should be further reduced with the static capture [28].
Further, the sensors we used did not contain magnetometers, which potentially increased their
susceptibility to internal drift [27], but the analysis compared only data recorded with the
same sensor in the two environments, and any drift remaining after the filtering should be the
same within each sensor. Additionally, we acknowledge that the greater variability in the water
might be attributed to the participants performing the exercises in a novel environment. All
participants were experienced in performing the exercises on land, but had not performed the
exercises in water prior to the day of testing. It is possible that the inexperience of the partici-
pants increased their movement variability in the water. Future research should assess if habit-
uation decreases the movement variability in the aquatic environment to further the research
into this area. Further, researchers have shown kinematic differences between males and
females during squatting tasks [49], and changing the depth of immersion can potentially also
affect the kinematics of the exercises [46]. However, the small sample size of this study did not
allow for analysis of differences between sexes and we limited our analysis to one depth how-
ever, we highlight that future research should assess if water immersion affects the kinematics
differently between sexes, and quantify implications of different water depths on kinematics.

Conclusion

This study reveals several kinematic differences between land and water when healthy adults
perform bodyweight squats, SS and SLS. Our data shows that immersion in water to the greater
trochanter does not limit the overall movement range or depth during the squat and SS, while
it allows performers to achieve greater depth during the SLS. The aquatic environment
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encourages more vertically aligned trunk and shank segments with an overall smaller range of
motion, which consequently decreases the speed of the segments. We also observe increased
motions in the frontal plane during water-based SLS, and that all three exercises show
increased movement variability in water. This study also highlights the need for further
research into the applications of water-based squatting tasks in order to provide practitioners
with a more comprehensive understanding of movement mechanics in water. Combined, the
findings of our study highlight the suitability of aquatic-based squats, SS and SLS for lower
body rehabilitation as water immersion emphasizes improved technique without changing the
overall movement pattern.
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limits (blue area) for thorax, thigh, and shank segments during the squat, split squat, and single
leg squat. Vertical lines indicate the start and end of each phase; early ascent (0-25%), late
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squat. Vertical lines indicate the start and end of each phase; early ascent (0-25%), late ascent
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* indicates significant difference between environments at P<0.05.

o, —indicates large effect size at Cohen’s d >0.8. B —indicates moderate effect size at Cohen’s
d>0.5.

(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0182320  August 2, 2017 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182320.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182320.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182320.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182320.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182320.s005
https://doi.org/10.1371/journal.pone.0182320

@° PLOS | ONE

Kinematic differences between land and water during lower body exercises

Acknowledgments

The authors would like to thank all participants who volunteered for participation in this

study.

Author Contributions
Conceptualization: Anna C. Severin, Brendan J. Burkett, Mark R. McKean, Mark G. L.

Sayers.

Data curation: Anna C. Severin, Aaron N. Wiegand, Mark G. L. Sayers.

Formal analysis: Anna C. Severin, Mark G. L. Sayers.

Funding acquisition: Brendan J. Burkett, Mark R. McKean.

Investigation: Anna C. Severin, Brendan J. Burkett, Mark R. McKean, Mark G. L. Sayers.

Methodology: Anna C. Severin, Mark R. McKean, Mark G. L. Sayers.

Project administration: Brendan J. Burkett, Mark R. McKean, Mark G. L. Sayers.

Resources: Aaron N. Wiegand.

Software: Aaron N. Wiegand.

Supervision: Brendan J. Burkett, Mark R. McKean, Mark G. L. Sayers.

Writing - original draft: Anna C. Severin.

Writing - review & editing: Anna C. Severin, Brendan J. Burkett, Mark R. McKean, Aaron N.

Wiegand, Mark G. L. Sayers.

References

1.

10.

Bidonde J, Busch AJ, Webber SC, Schachter CL, Danyliw A, Overend TJ, et al. Aquatic exercise train-
ing for fibromyalgia. Cochrane Database Syst Rev. 2014; 10(10):CD011336. https://doi.org/10.1002/
14651858.CD011336 PMID: 25350761

Costa MJ, Oliveira C, Teixeira G, Marinho DA, Silva AJ, Barbosa TM. The influence of musical cadence
into aquatic jumping jacks kinematics. Journal of Sports Science and Medicine. 2011; 10(4):607—-15.
PMID: 24149548

Takahashi J, Ishihara K, Aoki J. Effect of aqua exercise on recovery of lower limb muscles after downhill
running. J Sports Sci. 2006; 24(8):835—42. https://doi.org/10.1080/02640410500141737 PMID:
16815777

Harrison RA, Hillman M, Bulstrode S. Loading of the lower limb when walking partially immersed: Impli-
cations for clinical practice. Physiotherapy. 1992; 78(3):164—6.

Resende SM, Rassi CM, Viana FP. Effects of hydrotherapy in balance and prevention of falls among
elderly women. Rev Bras Fisioter. 2008; 12(1):57-63.

Geigle PR, Cheek W, Gould M, Hunt H, Shafiq B. Aquatic physical therapy for balance: the interaction
of somatosensory and hydrodynamic principles. The Journal of Aquatic Physical Therapy. 1997; 5
(1):4-10.

Bressel E, Louder TJ, Dolny DG. Age-related changes in postural sway are not consistent between land
and aquatic environments. Journal of geriatric physical therapy (2001). 2016.

Louder T, Bressel E, Baldwin M, Dolny DG, Gordin R, Miller A. Effect of aquatic immersion on static bal-
ance. International Journal of Aquatic Research and Education. 2014; 8(1):53-65. https://doi.org/10.
1123/ijare.2013-0014

Kaneda K, Mckean M, Ohgi Y, Burkett B. Walking and running kinesiology in water: a review of the liter-
ature. J Fitn Res. 2012; 1(1):1-11.

Orselli MI, Duarte M. Joint forces and torques when walking in shallow water. J Biomech. 2011; 44
(6):1170-5. https://doi.org/10.1016/j.joiomech.2011.01.017 PMID: 21334630

PLOS ONE | https://doi.org/10.1371/journal.pone.0182320  August 2, 2017 13/15


https://doi.org/10.1002/14651858.CD011336
https://doi.org/10.1002/14651858.CD011336
http://www.ncbi.nlm.nih.gov/pubmed/25350761
http://www.ncbi.nlm.nih.gov/pubmed/24149548
https://doi.org/10.1080/02640410500141737
http://www.ncbi.nlm.nih.gov/pubmed/16815777
https://doi.org/10.1123/ijare.2013-0014
https://doi.org/10.1123/ijare.2013-0014
https://doi.org/10.1016/j.jbiomech.2011.01.017
http://www.ncbi.nlm.nih.gov/pubmed/21334630
https://doi.org/10.1371/journal.pone.0182320

@° PLOS | ONE

Kinematic differences between land and water during lower body exercises

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Poyhonen T, Kyrolainen H, Keskinen KL, Hautala A, Savolainen J, Malkia E. Electromyographic and
kinematic analysis of therapeutic knee exercises under water. Clin Biomech (Bristol, Avon). 2001; 16
(6):496-504. https://doi.org/10.1016/S0268-0033(01)00031-6

Bartels EM, Lund H, Hagen KB, Dagfinrud H, Christensen R, Danneskiold-Samsoe B. Aquatic exercise
for the treatment of knee and hip osteoarthritis. Cochrane Database Syst Rev. 2007(4):CD005523.
https://doi.org/10.1002/14651858.CD005523.pub2 PMID: 17943863

Schutz P, List R, Zemp R, Schellenberg F, Taylor WR, Lorenzetti S. Joint angles of the ankle, knee, and
hip and loading conditions during split squats. J Appl Biomech. 2014; 30(3):373-80. https://doi.org/10.
1123/jab.2013-0175 PMID: 24345718

Escamilla RF. Knee biomechanics of the dynamic squat exercise. Med Sci Sports Exerc. 2001; 33
(1):127—41. PMID: 11194098

Miller MG, Cheatham CC, Porter AR, Ricard MD, Hennigar D, Berry DC. Chest-and waist-deep aquatic
plyometric training and average force, power, and vertical-jump performance. Int J Aquat Res Educ.
2007; 1(2):6.

Schoenfeld BJ. Squatting kinematics and kinetics and their application to exercise performance. J
Strength Cond Res. 2010; 24(12):3497-5086. https://doi.org/10.1519/JSC.0b013e3181bac2d7 PMID:
20182386

Vakos JP, Nitz AJ, Threlkeld AJ, Shapiro R, Horn T. Electromyographic activity of selected trunk and
hip muscles during a squat lift. Effect of varying the lumbar posture. Spine (Phila Pa 1976). 1994; 19
(6):687-95.

Isner-Horobeti ME, Dufour SP, Vautravers P, Geny B, Coudeyre E, Richard R. Eccentric exercise train-
ing: modalities, applications and perspectives. Sports Med. 2013; 43(6):483-512. https://doi.org/10.
1007/s40279-013-0052-y PMID: 23657934

LaStayo PC, Woolf JM, Lewek MD, Snyder-Mackler L, Reich T, Lindstedt SL. Eccentric muscle contrac-
tions: Their contribution to injury, prevention, rehabilitation, and sport. J Orthop Sports Phys Ther. 2003;
33(10):557-71. https://doi.org/10.2519/jospt.2003.33.10.557 PMID: 14620785

McKean MR, Dunn PK, Burkett BJ. Quantifying the movement and the influence of load in the back
squat exercise. J Strength Cond Res. 2010; 24(6):1671-9. https://doi.org/10.1519/JSC.
0b013e3181d8eb4e PMID: 20508473

Flanagan S, Salem GJ, Wang MY, Sanker SE, Greendale GA. Squatting exercises in older adults: kine-
matic and kinetic comparisons. Med Sci Sports Exerc. 2003; 35(4):635—43. https://doi.org/10.1249/01.
MSS.0000058364.47973.06 PMID: 12673148

Roth AE, Miller MG, Ricard M, Ritenour D, Chapman BL. Comparisons of static and dynamic balance
following training in aquatic and land environments. J Sport Rehabil. 2006; 15(4):299-311.

Martel GF, Harmer ML, Logan JM, Parker CB. Aquatic plyometric training increases vertical jump in
female volleyball players. Med Sci Sports Exerc. 2005; 37(10):1814-9. PMID: 16260986

Davids K, Glazier P, Araujo D, Bartlett R. Movement systems as dynamical systems—The functional
role of variability and its implications for sports medicine. Sports Med. 2003; 33(4):245-60. https:/doi.
org/10.2165/00007256-200333040-00001 PMID: 12688825

Hamill J, Palmer C, Van Emmerik RE. Coordinative variability and overuse injury. Sports Med Arthrosc
Rehabil Ther Technol. 2012; 4(1):45. https://doi.org/10.1186/1758-2555-4-45 PMID: 23186012

Ertzgaard P, Ohberg F, Gerdle B, Grip H. A new way of assessing arm function in activity using kine-
matic exposure variation analysis and portable inertial sensors—A validity study. Man Ther. 2016;
21:241-9. https://doi.org/10.1016/j.math.2015.09.004 PMID: 26456185

Ohberg F, Lundstrom R, Grip H. Comparative analysis of different adaptive filters for tracking lower seg-
ments of a human body using inertial motion sensors. Meas Sci Technol. 2013; 24(8). https://doi.org/
10.1088/0957-0233/24/8/085703

Fantozzi S, Giovanardi A, Borra D, Gatta G. Gait kinematic analysis in water using wearable inertial
magnetic sensors. PLoS One. 2015; 10(9):e0138105. https://doi.org/10.1371/journal.pone.0138105
PMID: 26368131

Newton RU, Gerber A, Nimphius S, Shim JK, Doan BK, Robertson M, et al. Determination of functional
strength imbalance of the lower extremities. J Strength Cond Res. 2006; 20(4):971—7. https://doi.org/
10.1519/R-5050501x.1 PMID: 17194256

Roos PE, Button K, van Deursen RW. Motor control strategies during double leg squat following anterior
cruciate ligament rupture and reconstruction: an observational study. J Neuroeng Rehabil. 2014; 11
(1):19. https://doi.org/10.1186/1743-0003-11-19 PMID: 24581172

Lee JD, Koh DH, Kim K. The kinematics of the lower leg in the sagittal plane during downward squatting
in persons with pronated feet. J Phys Ther Sci. 2015; 27(1):285-7. https://doi.org/10.1589/jpts.27.285
PMID: 25642092

PLOS ONE | https://doi.org/10.1371/journal.pone.0182320  August 2, 2017 14/15


https://doi.org/10.1016/S0268-0033(01)00031-6
https://doi.org/10.1002/14651858.CD005523.pub2
http://www.ncbi.nlm.nih.gov/pubmed/17943863
https://doi.org/10.1123/jab.2013-0175
https://doi.org/10.1123/jab.2013-0175
http://www.ncbi.nlm.nih.gov/pubmed/24345718
http://www.ncbi.nlm.nih.gov/pubmed/11194098
https://doi.org/10.1519/JSC.0b013e3181bac2d7
http://www.ncbi.nlm.nih.gov/pubmed/20182386
https://doi.org/10.1007/s40279-013-0052-y
https://doi.org/10.1007/s40279-013-0052-y
http://www.ncbi.nlm.nih.gov/pubmed/23657934
https://doi.org/10.2519/jospt.2003.33.10.557
http://www.ncbi.nlm.nih.gov/pubmed/14620785
https://doi.org/10.1519/JSC.0b013e3181d8eb4e
https://doi.org/10.1519/JSC.0b013e3181d8eb4e
http://www.ncbi.nlm.nih.gov/pubmed/20508473
https://doi.org/10.1249/01.MSS.0000058364.47973.06
https://doi.org/10.1249/01.MSS.0000058364.47973.06
http://www.ncbi.nlm.nih.gov/pubmed/12673148
http://www.ncbi.nlm.nih.gov/pubmed/16260986
https://doi.org/10.2165/00007256-200333040-00001
https://doi.org/10.2165/00007256-200333040-00001
http://www.ncbi.nlm.nih.gov/pubmed/12688825
https://doi.org/10.1186/1758-2555-4-45
http://www.ncbi.nlm.nih.gov/pubmed/23186012
https://doi.org/10.1016/j.math.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26456185
https://doi.org/10.1088/0957-0233/24/8/085703
https://doi.org/10.1088/0957-0233/24/8/085703
https://doi.org/10.1371/journal.pone.0138105
http://www.ncbi.nlm.nih.gov/pubmed/26368131
https://doi.org/10.1519/R-5050501x.1
https://doi.org/10.1519/R-5050501x.1
http://www.ncbi.nlm.nih.gov/pubmed/17194256
https://doi.org/10.1186/1743-0003-11-19
http://www.ncbi.nlm.nih.gov/pubmed/24581172
https://doi.org/10.1589/jpts.27.285
http://www.ncbi.nlm.nih.gov/pubmed/25642092
https://doi.org/10.1371/journal.pone.0182320

@° PLOS | ONE

Kinematic differences between land and water during lower body exercises

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44.

45.

46.

47.

48.

49.

Lynn SK, Noffal GJ. Lower extremity biomechanics during a regular and counterbalanced squat. J
Strength Cond Res. 2012; 26(9):2417-25. https://doi.org/10.1519/JSC.0b013e31823f8c2d PMID:
22076098

Stuelcken MC, Ferdinands RE, Sinclair PJ. Three-dimensional trunk kinematics and low back pain in
elite female fast bowlers. J Appl Biomech. 2010; 26(1):52—-61. PMID: 20147758

Schache AG, Blanch P, Rath D, Wrigley T, Bennell K. Differences between the sexes in the three-
dimensional angular rotations of the lumbo-pelvic-hip complex during treadmill running. J Sports Sci.
20083; 21(2):105-18. https://doi.org/10.1080/026404 1031000070859 PMID: 12630790

O’Dwyer N, Smith R, Halaki M, Rattanaprasert U. Independent assessment of pattern and offset vari-
ability of time series waveforms. Gait Posture. 2009; 29(2):285-9. https://doi.org/10.1016/j.gaitpost.
2008.09.005 PMID: 18976919

Steele J, Bruce-Low S, Smith D, Jessop D, Osborne N. Lumbar kinematic variability during gait in
chronic low back pain and associations with pain, disability and isolated lumbar extension strength. Clin
Biomech (Bristol, Avon). 2014; 29(10):1131-8. https://doi.org/10.1016/j.clinbiomech.2014.09.013
PMID: 25451860

Cohen J. Statistical power analysis for the behavioural sciences. 2 ed. Hillsdale (NJ): Lawrence Erl-
baum Associates; 1988.

Bazrgari B, Shirazi-Adl A, Arjmand N. Analysis of squat and stoop dynamic liftings: muscle forces and
internal spinal loads. Eur Spine J. 2007; 16(5):687-99. https://doi.org/10.1007/s00586-006-0240-7
PMID: 17103232

Schmitz A, Ye M, Boggess G, Shapiro R, Yang R, Noehren B. The measurement of in vivo joint angles
during a squat using a single camera markerless motion capture system as compared to a marker
based system. Gait Posture. 2015; 41(2):694-8. https://doi.org/10.1016/j.gaitpost.2015.01.028 PMID:
25708833

Hof AL, Gazendam MG, Sinke WE. The condition for dynamic stability. J Biomech. 2005; 38(1):1-8.
https://doi.org/10.1016/j.jpiomech.2004.03.025 PMID: 15519333

Sterud T, Tynes T. Work-related psychosocial and mechanical risk factors for low back pain: a 3-year
follow-up study of the general working population in Norway. Occup Environ Med. 2013; 70(5):296—
302. https://doi.org/10.1136/0emed-2012-101116 PMID: 23322920

Fukagawa S, Leardini A, Callewaert B, Wong PD, Labey L, Desloovere K, et al. Age-related changes in
kinematics of the knee joint during deep squat. Knee. 2012; 19(3):208—12. https://doi.org/10.1016/].
knee.2011.02.009 PMID: 21511482

Escamilla RF, Zheng N, MacLeod TD, Edwards WB, Hreljac A, Fleisig GS, et al. Patellofemoral com-
pressive force and stress during the forward and side lunges with and without a stride. Clin Biomech
(Bristol, Avon). 2008; 23(8):1026—37. https://doi.org/10.1016/j.clinbiomech.2008.05.002 PMID:
18632195

Barela AM, Stolf SF, Duarte M. Biomechanical characteristics of adults walking in shallow water and on
land. J Electromyogr Kinesiol. 2006; 16(3):250-6. https://doi.org/10.1016/}.jelekin.2005.06.013 PMID:
16111894

Heywood S, McClelland J, Geigle P, Rahmann A, Clark R. Spatiotemporal, kinematic, force and muscle
activation outcomes during gait and functional exercise in water compared to on land: A systematic
review. Gait Posture. 2016; 48:120-30. https://doi.org/10.1016/j.gaitpost.2016.04.033 PMID:
27236637

Colado JC, Borreani S, Pinto SS, Tella V, Martin F, Flandez J, et al. Neuromuscular responses during
aquatic resistance exercise with different devices and depths. J Strength Cond Res. 2013; 27
(12):3384-90. https://doi.org/10.1519/JSC.0b013e3182915ebe PMID: 23539078

Masumoto K, Mercer JA. Biomechanics of human locomotion in water: an electomyographic analysis.
Exerc Sport Sci Rev. 2008; 36(3):160-9. https://doi.org/10.1097/JES.0b013e31817bfe73 PMID:
18580297

Lamoth CJ, Meijer OG, Daffertshofer A, Wuisman PI, Beek PJ. Effects of chronic low back pain on trunk
coordination and back muscle activity during walking: changes in motor control. Eur Spine J. 2006; 15
(1):23-40. https://doi.org/10.1007/s00586-004-0825-y PMID: 15864670

Nakagawa TH, Moriya ETU, Maciel CD, Serrao FV. Trunk, pelvis, hip, and knee kinematics, hip
strength, and gluteal muscle activation during a single-leg squat in males and females with and without
patellofemoral pain syndrome. J Orthop Sports Phys Ther. 2012; 42(6):491-501. https://doi.org/10.
2519/jospt.2012.3987 PMID: 22402604

PLOS ONE | https://doi.org/10.1371/journal.pone.0182320  August 2, 2017 15/15


https://doi.org/10.1519/JSC.0b013e31823f8c2d
http://www.ncbi.nlm.nih.gov/pubmed/22076098
http://www.ncbi.nlm.nih.gov/pubmed/20147758
https://doi.org/10.1080/0264041031000070859
http://www.ncbi.nlm.nih.gov/pubmed/12630790
https://doi.org/10.1016/j.gaitpost.2008.09.005
https://doi.org/10.1016/j.gaitpost.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18976919
https://doi.org/10.1016/j.clinbiomech.2014.09.013
http://www.ncbi.nlm.nih.gov/pubmed/25451860
https://doi.org/10.1007/s00586-006-0240-7
http://www.ncbi.nlm.nih.gov/pubmed/17103232
https://doi.org/10.1016/j.gaitpost.2015.01.028
http://www.ncbi.nlm.nih.gov/pubmed/25708833
https://doi.org/10.1016/j.jbiomech.2004.03.025
http://www.ncbi.nlm.nih.gov/pubmed/15519333
https://doi.org/10.1136/oemed-2012-101116
http://www.ncbi.nlm.nih.gov/pubmed/23322920
https://doi.org/10.1016/j.knee.2011.02.009
https://doi.org/10.1016/j.knee.2011.02.009
http://www.ncbi.nlm.nih.gov/pubmed/21511482
https://doi.org/10.1016/j.clinbiomech.2008.05.002
http://www.ncbi.nlm.nih.gov/pubmed/18632195
https://doi.org/10.1016/j.jelekin.2005.06.013
http://www.ncbi.nlm.nih.gov/pubmed/16111894
https://doi.org/10.1016/j.gaitpost.2016.04.033
http://www.ncbi.nlm.nih.gov/pubmed/27236637
https://doi.org/10.1519/JSC.0b013e3182915ebe
http://www.ncbi.nlm.nih.gov/pubmed/23539078
https://doi.org/10.1097/JES.0b013e31817bfe73
http://www.ncbi.nlm.nih.gov/pubmed/18580297
https://doi.org/10.1007/s00586-004-0825-y
http://www.ncbi.nlm.nih.gov/pubmed/15864670
https://doi.org/10.2519/jospt.2012.3987
https://doi.org/10.2519/jospt.2012.3987
http://www.ncbi.nlm.nih.gov/pubmed/22402604
https://doi.org/10.1371/journal.pone.0182320

