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Abstract

Background: Lower limb biomechanics, including asymmetry, are frequently
monitored to determine sport performance level and injury risk. However, con-
tributing factors extend beyond biomechanical and asymmetry measures to in-
clude psychological, sociological, and environmental factors. Unfortunately,
inadequate research has been conducted using holistic biopsychosocial models
to characterize sport performance and injury risk. Therefore, this scoping review
summarized the research landscape of studies concurrently assessing measures
of lower limb biomechanics, asymmetry, and introspective psychological state
(e.g., pain, fatigue, perceived exertion, stress, etc.) in healthy, competitive athletes.
Methods: A systematic search of MEDLINE, Embase, CINAHL, SPORTDiscus,
and Web of Science Core Collections was designed and conducted in accordance
with PRISMA guidelines. Fifty-one articles were included in this review.
Results: Significant relationships between biomechanics (k = 22 studies) or asym-
metry (k=20 studies) and introspective state were found. Increased self-reported
pain was associated with decreased range of motion, strength, and increased
lower limb asymmetry. Higher ratings of perceived exertion were related to in-
creased lower limb asymmetry, self-reported muscle soreness, and worse jump
performance. Few studies (k=4) monitored athletes longitudinally throughout
one or more competitive season(s).

Conclusion: This review highlights the need for concurrent analysis of intro-
spective, psychological state, and biomechanical asymmetry measures along with
longitudinal research to understand the contributing factors to sport performance
and injury risk from biopsychosocial modeling. In doing so, this framework of bi-
opsychosocial preventive and prognostic patient-centered practices may provide
an actionable means of optimizing health, well-being, and sport performance in

competitive athletes.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | INTRODUCTION

Neuromuscular function and lower limb biomechanics
are often monitored in athletic populations to optimize
performance, minimize the risk of injury, and identify
potential deficiencies in movement patterns.'” A variety
of biomechanical and performance assessments ranging
from vertical jump tasks, musculoskeletal strength or
power, sprint or change of direction speed, balance, and
other sport-specific movements are commonly utilized.®’
While the relative importance of an assessment can vary
greatly from one sport to another,” comparing lower limb
asymmetries may be an important marker which can be
broadly applied across most assessments and sports.®*°

The existence of lower limb biomechanical asymme-
tries has been related to athletic performance or increased
injury risk,*'°"* but one of the most common applica-
tions remains benchmarking return-to-sport (RTS) read-
iness."*"7 It is well-established that a lower limb injury
results in a variety of biomechanical lower limb asym-
metries, and these inter-limb differences can continue
throughout a seemingly successful rehabilitation and
well after RTS.'®*"** Moreover, as athletes progress through
their rehabilitation journey, the observed asymmetries
can be closely aligned with a variety of psychosocial vari-
ables that reflect the athlete's introspective psychological
state (e.g., pain, rating of perceived exertion (RPE), sleep
quality, anxiety, fear, etc.) and readiness to RTS.>*"*’ For
instance, lower limb asymmetries related to factors such
as strength,” jumping kinetics,* and gait,”® among oth-
ers, have been shown to be related to self-reported intro-
spective state throughout their path of RTS. Therefore,
from a RTS perspective, the association between lower
limb asymmetries and an athlete's introspective state is
well established.

Unfortunately, the relationship between lower limb
asymmetry and the introspective psychological state of
healthy athletes who are either free of injury or have suc-
cessfully returned to sport is less clear and often poorly
assessed. Oftentimes, pain and other introspective psycho-
logical factors are dichotomized such that the relevance
of these psychosocial factors on health and well-being
is placed in rehabilitation and the injured athlete, and
largely ignored in healthy and actively competing ath-
letes. However, the occurrence of pain is not synonymous
with injury, pain may persist even after the athlete has
overcome their injury, and elite athletes often display a
high tolerance for pain and/or coping mechanisms that

help them modulate their pain so that they can continue
to train and compete.”** Logically, it would make more
sense to contextualize psychosocial factors, such as pain,
and their relationship to biomechanical factors like lower
limb asymmetry on a continuum, rather than treating
these health-related factors as irrelevant in those athletes
who are healthy and competing.

This scoping review aimed to highlight the literature
that included measures of both lower limb biomechan-
ics, specifically those related to within- and between-limb
asymmetry, and introspective psychological state in non-
injured, competitive athletes, and competitive athletes
who RTS after injury. Specifically, we aimed to (i) identify
primary aims/designs of studies collecting both asymme-
try and introspective metrics, (ii) map the biomechanical
asymmetry metrics and introspective outcomes collected
together and examine previously reported relationships of
introspective state with lower limb biomechanical asym-
metries, and (iii) identify gaps while providing recommen-
dations for future research.

2 | METHODS

Given the gaps in knowledge surrounding the relation-
ship between biomechanics, asymmetry assessments, and
the introspective state of the healthy athlete, we selected a
scoping review methodology for this work.’*! It was ex-
pected that this framework could support mapping poten-
tial relationships and identifying gaps that could support
future primary research or systematic reviews in the area.*
This scoping review was conducted in accordance with
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses extension for Scoping Reviews (PRISMA-
ScR) guidelines®* and the corresponding PRISMA-ScR
checklist can be found in Appendix A: Table Al.

2.1 | Eligibility criteria

Studies were included in the present scoping review if
the population consisted of healthy, competitive athletes
(i.e., categorized as national, professional/elite, collegiate,
or other competitive athletes (e.g., semiprofessional/sub-
elite, club-level, etc.)),33 they had at least one assessment
of lower limb biomechanical (e.g., kinetics or kinematics)
or performance-based (e.g., inter- or intra-limb strength
differences) asymmetry, and at least one self-reported
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measure of introspective psychological state (e.g., pain,
RPE, sleep quality, anxiety, fear, etc.). Articles were ex-
cluded if, (i) it was a systematic review, meta-analysis, or
conference abstract, (ii) the population consisted of rec-
reational athletes,”® (iii) only lower limb biomechanical
(e.g., kinetics or kinematics) or performance-based asym-
metry were measured without data or reporting on the
self-reported introspective state, or vice-versa, and (iv) the
study only reported on athletes undergoing a RTS progres-
sion (i.e., had yet to return to their sport).

2.2 | Search strategy and screening

A systematic search was completed using the follow-
ing five databases: Web of Science Core Collections,
SPORTDiscus, CINAHL, MEDLINE, and Embase. To
optimize the overall scope of the literature search, a per-
sonalized search strategy was employed for each database
utilizing the following overarching topics: lower limb,
asymmetry, movement/mechanics, athlete, and self-
report. The complete search strategy and specific syntax
used for each database are presented in Appendix B. The
systematic search was conducted on November 22, 2021,
and the included studies were sequentially imported to
Covidence for screening upon the removal of duplicates.
The removal of duplicates was then verified by an indi-
vidual reviewer (J.K.) to ensure that no additional arti-
cles were removed inadvertently by the software. Five
reviewers (J.K., Z.M., M.R., E.ZW., S.M.) independently
completed title and abstract screening using Covidence.
Each article was independently screened by two review-
ers, and any conflicts were resolved in consultation with
a third reviewer (D.K.). Subsequently, full-text screening
to determine inclusion in the study was completed by five
independent reviewers (J.K., EW., A.P., SK., S.M.). As
before, each article was screened by two reviewers and
any conflicts were resolved in consultation with a third
reviewer (D.K.).

2.3 | Data charting and synthesis

Upon the completion of full-text screening, data were
extracted independently by two reviewers (Z.M., M.R.,
A.P., S.K., S.M.), with a final consensus check by a third
(J.K. or E.W). The number of extracted articles is denoted
with “k”, while the number of participants within a study
is denoted with “n”. Based on the study aims, data were
extracted surrounding the (i) study design and aim, (ii)
biomechanical asymmetry metrics and self-reported in-
trospective measures, and (iii) observed relationships be-
tween introspective state with lower limb biomechanical

asymmetries. Specifically, study designs were summa-
rized as cross-sectional or repeated measures, with stud-
ies that employed a quasi- or true experimental study
design, based on a hierarchy proposed by Harris and
colleagues,® identified for the purposes of distinguish-
ing the potential causality of highlighted relationships.
Additionally, study aim was grouped into one of six
themes which emerged as, (i) performance assessments,
(ii) injury risk assessments, (iii) effects of fatigue, (iv)
training with pain, (v) comparing healthy, competitive
athletes to injured, and (vi) the effect of previous injury
history on performance or risk of reinjury. The biome-
chanical assessment and testing methodology, along with
the self-reported introspective state measure (e.g., pain,
RPE, fatigue, anxiety, etc.) and questionnaire were ex-
tracted from these studies. Finally, studies that reported
a statistically significant relationship between lower limb
biomechanics variables and the introspective state of the
athlete was extracted in this scoping review. Specifically,
we extracted effect size metrics whenever possible to elu-
cidate the magnitude of such relationships (e.g., r - as-
sociations; Cohen's d - standardized difference between
two group means; partial eta squared — effect size metric
often used for ANOVA; Hazard Ratio - effect size meas-
ure relating to probability statistics). These data and con-
nections were summarized in a Network Graph using
NetworkX Python package.™

3 | RESULTS

3.1 | Search results and screening

A total of 3871 articles were identified using our search
strategy. After the removal of duplicate articles, 2484 stud-
ies remained for the title and abstract screening. After
full-text screening of 286 articles, 51 articles'*3%% were
ultimately included in the present scoping review. The
rationale for exclusion at the full-text level can be found
in Figure 1. The most frequent reason for exclusion was
“assessed the effect of an intervention during return-to-
sport” (k=108), followed by “wrong population” (k=65),
indicating the study sample did not consist of healthy and
actively participating competitive athletes.

3.2 | Area of research and study design

The most common area of study was the effect of pre-
vious injury history on performance or risk of reinjury
(k=19), followed by injury risk assessment (k=13), and
the effects of fatigue (k=13). Importantly, only 23 out of
51 [45%] included studies utilized a repeated-measures
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§ Additional records I:)—iczt:’:)ln (k= 1459) (k=1151)
B identified through (k= )
% Google Scholar
i3 (k=0)
= .
£ Titles and Abstracts Screened Studies Removed (k = 2198)
g (k =2484) ’
3
. . Studies Removed (k = 235)
Full-Text Articles Assessed for Eligibility *

(k=1286) - Full-text unavailable (k=3)
g - Wrong study design (k=2)
3 - Wrong population (k = 65)
= - Missing introspective state assessment (k = 45)
w - Missing asymmetry assessment (k= 12)

- Assessed effect of intervention during return-to-
sport (k= 108)

2
3 Studies Included in Scoping Review Quantitative Synthesis
3 (k=51)

FIGURE 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of the screening process.

I T I T

I
[l Performance Assess

[l Traininng with Pain
14 |/ Effects of Fatigue

ments

[ Injury Risk Assessments
16 [T The Effect of Previous Injury History on Performance or Risk of Reinjury

[ Comparing Healthy, Competitive Athletes to Injured

Studies (k)

2005 2008 2010 2011 2012 2014 2015 2016 2017 2018 2019 2020 2021
Year

FIGURE 2 The number of studies published each year that measured biomechanical or performance-based asymmetry in conjunction
with self-report introspective state in healthy, competitive athletic populations. The vertically stacked bar graph visualizes the total number
of publications and the proportion of themes addressed in that year (i.e., a single study may span more than one theme).

study design to monitor biomechanics and introspec-

tive state across >2 collection ses

only 4 [7.8%] of these studies***>®>%® followed athletes
prospectively throughout one or more competitive

season(s). Figure 2 and Table 1 represent the overall
sions. Furthermore, distribution of included studies, their respective area of
research, and whether an observational, quasi-, or true
experimental study design was employed.
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3.3 | Sample characteristics

Overall, a total of 4184 (n=1773 male, n=2028 female,
and n =383 undeclared) athletes were assessed through-
out the 51 included studies. The sample sizes used in these
studies ranged from 8 to 858, with a median of only 32
participants. The majority of studies examined only male
participants (k=28), with 14 studies using both male
and female participants, and 9 as female only. The most
frequently studied levels of competition were elite/pro-
fessional (k=24) and other (i.e., semiprofessional/sub-
elite or club-level athletes) (k=33), followed by national
(k=16), and collegiate (k=6). Soccer (k=22 [43%]) was
the most studied sport, followed by rugby (k=38), and vol-
leyball (k=7) as visualized in Figure 3.

3.4 | Biomechanical, asymmetry and
introspective assessments

The most utilized biomechanical lower limb asymme-
try assessments were inter- and intra-limb differences
in strength (k=26, and k=17, respectively), followed by
kinetic or kinematic asymmetries from vertical jumps
(k=16), and various assessments of range of motion
asymmetry (k=12). Subsequently, the testing methodolo-
gies for these assessments were isokinetic/handheld dy-
namometers or load cells (k=27), followed by single- or
dual force plates (k=13) utilized concurrently with optical
3D motion capture systems (k=8), and goniometers/incli-
nometers (k=9), respectively. The most measured intro-
spective states were pain (k=33) and rating of perceived
exertion (RPE) (k=17), which were most frequently

collected using a visual analog scale (VAS) (k=8) and
Borg Scale for RPE (k=17), respectively. Additional de-
tails regarding these assessments and testing methodolo-
gies can be found in Table 2.

3.5 | Lower limb biomechanics,
including asymmetry and introspective
state relationships

While all 51 of the included studies measured biomechani-
cal and introspective state variables, not all of them directly
examined the relationships between these two constructs.
That said, 22 and 20 of the studies reported a statistically sig-
nificant relationship between lower limb biomechanics and
asymmetry with introspective state, respectively. Figure 4
visually summarizes the introspective state measures taken
in conjunction with biomechanical measures in a network
graph. In this figure, the diameter of the nodes depicts the
total number of studies which collected each measure, while
the width of the lines between nodes depicts the number of
studies that collected both measures together. Additionally,
where significant relationships were observed, lines were
highlighted according to whether that relationship was
identified for assessments of asymmetry or not.

The largest introspective node in Figure 4 was per-
ceived pain, which was significantly related to strength
(k=6), ROM (k=5), jumping (k=1), and propriocep-
tion (k=1). Further, this significant relationship to pain
existed with measures of asymmetry in strength (k=6),
ROM (k=5), balance (k=2), and jumping (k=1). There
were also significant relationships identified between
RPE and jumping (k =3), sport-specific tasks (k=2), ROM
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FIGURE 3 The proportion of studies published categorized by both sporting population and the level of competition. The horizontally
stacked bar graph visualizes the total number of publications and the proportion of the level of competition addressed in that year by
sporting population (i.e., a single study may span more than one sport and/or level of competition).
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(k=1), and balance (k=1), which further translated to
asymmetries in strength (k=3), jumping (k=1), and ROM
(k=1) metrics.

There were three other domains where significant re-
lationships were found. First, there were significant rela-
tionships for fear with strength (k=1), balance (k=1), and
between-limb differences in jumping (k=1). Second, sig-
nificant relationships were found for perceived soreness
with strength (k=1) and sport-specific measures (k=1).
Finally, there were two significant relationships found for
perceived functional capacity with strength (k=1) and
sport-specific measures (k=1), while also demonstrating
an association to jumping asymmetry (k=1), and strength
asymmetry (k=1).

4 | DISCUSSION

This is the first review to investigate the relationship be-
tween an athlete's introspective or psychological state
and their biomechanical state, with a focus on lower limb
asymmetry. While much of the previous literature exam-
ining these associations have focused on injured athletes
as seen by the primary rationale for exclusion in Figure 1,
the current review aimed to summarize work examining
these relationships in healthy athletes. In doing so, we
identified 51 studies that met our criteria for collecting

Function

Balance

biomechanical asymmetry with introspective data in
healthy, competitive athletes. Pain and RPE were the two
most collected introspective variables, though a variety
of additional introspective variables were measured with
unique linkages to biomechanical outcomes, as visualized
in Figure 4. Overall, these findings highlight the potential
impact of the athlete's self-reported, introspective state
across a variety of biomechanical variables, specifically
those assessing lower limb asymmetries. This scoping re-
view highlights the importance of collecting these multi-
disciplinary data to provide a more holistic understanding
of factors affecting sport performance and risk of injury or
reinjury.

4.1 | Pain and biomechanical
asymmetries

Although this scoping review examined healthy, competi-
tive athletes, the most assessed self-reported measure of
introspective state was pain. This finding speaks to the
fact that not only do many seemingly healthy athletes
train and play with some level of perceived pain,* but that
this pain can be associated with lower limb biomechanics
and asymmetry.*®* With respect to general biomechani-
cal associations, it was found that higher ratings of pain
correlated with reduced ROM,**7""*** reduced muscle

Strength
mmmm Ave Biomech and Asym Relationship

mmmm Ave Biomech Relationship Only
Asym Relationship Only
No Significant Relationship

Soreness

‘m

Physiological
)

EMG
@

Fatigue

FIGURE 4 Network graph depicting lower limb biomechanical and introspective state measures collected together in healthy,
competitive athletes. The dark maroon nodes show biomechanical assessments and the light maroon nodes show introspective assessments.

Further, the size of the node and the width of the lines connecting them represent the number of times they were reported and the number
of times they were reported together in a study, respectively. Lastly, the lines are colored to highlight where significant relationships were
found, with gray lines indicating no statistically significant relationships found.
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strength/torque output,'**® poor ankle proprioception

(np2=0.08, p<0.05),° and altered vertical jump kin-
ematics (hazard ratio=2.2 [1.1-4.3] when femur-pelvic
angle <80°).°® However, with respect to the focus of our
scoping review, higher pain ratings were also associated
with greater asymmetries in lower limb ROM,*¥4372
strength,14’46’56’58’74’82 and balance (np2=0.08, p<0.01;
npz =0.06, p<0.05, anterior and posterior-medial direc-
tions, respectively).”’ These observed relationships may
not be surprising based on what we know about how pain
alters biomechanics,®*®® but most prior observations are
generated from cross-sectional studies. If we aim to draw
stronger conclusions regarding the relationship between
pain and biomechanics, including the application of a
more holistic prognostic tracking model for athletes, then
future longitudinal, prospective studies are needed.

Only two studies were identified that measured intro-
spective pain with lower limb biomechanical asymme-
try variables in a prospective manner.>®® While Niering
and colleagues® conducted a longitudinal study over the
course of a competitive season in a cohort of adolescent
sub-elite male soccer players, the authors did not examine
individual differences in the relationships between phys-
ical and psychological variables, but rather quantified
the group differences between those who had returned
from an injury and those who had not sustained any in-
jury. Nevertheless, while there were differences between
these groups in performance outcomes throughout the
season (i.e., worse CODS (left side: 1.37<Cohen's d<1.51,
p <0.001; right side: 1.24<Cohen's d<1.53, p<0.001) and
sprint performance (0.48<Cohen's d<1.26, p<0.01) in
those who had RTS compared to those without any injury
history) and introspective states at both the start of the
season and 6 weeks into the competitive season (i.e., hope
for success: d=0.65, p<0.05, and d=0.50, p=0.076; fear
of failure: d=0.68, p<0.05, and d=0.80, p<0.05), which
highlighted potential associations between these domains,
lower limb asymmetries did not show any significant dif-
ferences between these cohorts. Similarly, Rossi and col-
leagues® looked at back pain and lower limb jumping
biomechanics (i.e., frontal plane pelvic kinematics, and
vertical ground reaction force) prospectively over the
course of multiple competitive seasons (e.g., once per year
over 3years). The authors found that frontal plane hip ki-
nematics were related to injuries (i.e., pain and time loss;
hazard ratio=2.2 [1.1-4.3], p <0.05), but strangely, this re-
lationship was only observed on the right limb, potentially
relating to some aspect of limb dominance. Nevertheless,
these studies demonstrate that when looking prospec-
tively, the relationship between lower limb biomechanical
asymmetry and perceived pain is much less clear due to
the scarcity of longitudinal studies investigating these re-
lationships. Further, it is important to note that the way in

which pain was assessed in these studies was simplified to
describe injuries.

As reviewed by Hainline and colleagues,®® pain is a
highly complex and personalized experience that depends
on a variety of biopsychosocial factors. Critically, the
occurrence of pain is not synonymous with injury; that
is, pain may persist even after the athlete has overcome
their injury. Therefore, while several studies included in
this scoping review reported on the relationships between
pain and lower limb biomechanical or asymmetry mea-
sures in healthy, competitive athletes, the way that pain
was often summarized limits our ability to understand
precisely how it relates to biomechanical asymmetries.
Specifically, the cross-sectional evaluation and/or the bi-
nary oversimplification (i.e., grouping as with or without
pain) fails to encapsulate individual differences in the
experience of pain over time, and therefore, the current
summary may underestimate or overestimate the true re-
lationships between pain and lower limb biomechanics or
asymmetry. For example, we know that elite athletes often
display a high tolerance for pain and/or coping mech-
anisms that help them modulate their pain so they can
continue to train and compete.”®** Therefore, grouping
competitive athletes based on the presence versus absence
of pain, especially from a single-time point, is inherently
confounded by individual differences in the threshold of
pain that they will report and how much effort is required
to cope with the pain they feel. Moreover, contextualizing
pain based on its' variable impact on performance, mood,
and function,?® as well as an athlete's pain perception and
coping strategies,®® will be important to better understand
this complex relationship between pain perceptions and
biomechanical asymmetry.

4.2 | Rate of perceived exertion and
biomechanical asymmetries

RPE was another frequently used measure of introspective
state identified in this review. In contrast to our results
on pain, we found that RPE with lower limb asymmetry
was often monitored in repeated-measures and even lon-
gitudinal contexts. Typically, RPE assessments were taken
before and after a fatiguing protocol or training session,
and in relation to sport performance rather than injury. In
this context and in accordance with previous findings,”
a higher RPE, which often implies greater fatigue in ath-
letes, was found to relate to reduced jump performance as
quantified by kinetic and kinematic variables,>>>788%% and
impaired postural control (Cohen's d+90% confidence
limit=0.68+0.66; 6.9+6.7%).”> Specific to our focus
on asymmetry however, we found that increased RPE
was associated with reduced musculoskeletal strength
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of the nondominant limb compared to the dominant
limb (i.e., increased between-limb differences) (r=0.70,
and r=0.63-0.70, p<0.05; and Cohen's d=0.27-0.51,
p<0.05, respectively),’”** and greater kinetic or kin-
ematic between-limb differences during vertical jump
tasks (np2=0.24—0.53, p<0.05; no effect size reported in
Webster et al., 2012).52’78 However, contradicting find-
ings remain,* and the heterogeneous findings related to
fatigue and lower limb asymmetry are often reported’~**
due to the many nuances that exist in study designs,
protocols, metrics assessed, and the calculation of asym-
metries. Nevertheless, the majority of findings presented
on the relationship between RPE and biomechanics and/
or asymmetry, here and previously,”** pertain to either
vertical jumping or gait asymmetries, and did not directly
highlight the association between RPE and asymmetry in
a more prospective, longitudinal context that considers
data points across multiple sessions or a complete com-
petitive season.

Only five included studies concurrently monitored
RPE and lower limb biomechanics and asymmetry at
multiple timepoints during training camps or a compet-
itive season. Two studies used sessional-RPE (e.g., value
of perceived session difficulty obtained by multiplying
the duration of the session by the RPE)’” to track inter-
nal load (perceived effort) of sport practices, training
sessions, or games alongside measures of biomechanical
asymmetry or performance measures.’>®” Unfortunately,
neither of these studies attempted to examine the statis-
tical relationship of RPE with lower limb biomechanics
and asymmetry. The remaining three studies tracked in-
trospective state measures including RPE and perceived
muscle soreness*”**’° at multiple timepoints in a train-
ing season to monitor changes across time. However,
only Arede and colleagues*’ directly examined this rela-
tionship between the psychological and biomechanical
domains. Unfortunately, in this work, asymmetry was
only assessed once (at the onset of the study) and was
not assessed in relation to other biomechanical (e.g.,
on-court training load and accelerations) and introspec-
tive (e.g., RPE, soreness) measures taken throughout
training and competition over the year. Therefore, while
these studies have numerous strengths related to moni-
toring athletes over time, our ability to draw strong infer-
ences related to the interconnectivity of biomechanical
asymmetry and RPE in competitive athletic populations
is limited.

To fill the gap in the current literature, greater use of
concepts such as sessional-RPE and “internal load” are
recommended. Measuring internal load with sessional-
RPE has been found to have high reliability and internal
consistency across many sports and levels of competi-
tion.”® Not only do these concepts quantify a rating of both

internal (introspective RPE rating), and external (dura-
tion) variables, these values can be compared to additional
biomechanical (external) measures to examine if the per-
ception of the workload is correlated to the mechanical
output of the task.” Specifically, we have seen, with some
heterogeneity, that RPE from a single session can be re-
lated to lower limb asymmetry,®>>>788491-94 byt the more
important, cumulative effect of this relationship over
multiple sessions or an entire season remains unknown.
Therefore, future research may look to examine this as-
sociation experimentally over multiple training sessions
longitudinally, or perhaps more practically by integrating
longitudinal asymmetry assessments alongside RPE in
real-world, sport-specific settings prospectively. In doing
so, we may begin to better uncover this relationship and
its' potential application to sport performance, injury risk,
and risk of reinjury.

4.3 | Other introspective state
assessments and biomechanical
asymmetries

While self-reported pain and RPE were the most used
measures of introspective state by far, a small number of
studies (k=6) also reported relationships between other
introspective measures and lower limb biomechanics.
Specifically, lower self-reported function was associated
with reduced lower limb strength and greater lower limb
strength asymmetry (p=0.52 and p<0.001 for high vs.
low symmetry RTS cohorts, and healthy athletic controls
vs. athletes who had RTS, respectively),14 as well as in-
creased side hop test performance asymmetry,”> but was
also reported to be uncorrelated with vertical jump kinet-
ics and sport-specific performance in ballet (np2=0.01—
0.30, p>0.05).%° This increased side hop test performance
asymmetry was also related to a greater fear of movement
or fear of reinjury (r=— 0.30, p<0.05).73 However, fear
of reinjury was also reported to not be related to overall
torque production or asymmetry (p> 0.05).%* As for sore-
ness, higher delayed onset muscle soreness post-training
was associated with decreased strength/toque output dur-
ing subsequent training sessions,” but was also found to
be associated with improved sport-specific performance
as assessed via the agility ¢-test and game-related statistics
(r=0.59, [0.06; 0.86], p=0.09, and p < 0.01, respectively).*’
Unfortunately, the limited and inconsistent use of intro-
spective measures outside of pain and RPE appear to pre-
clude the ability to draw strong conclusions regarding the
relationships that may exist between lower limb biome-
chanical asymmetry and self-reported function, fear, or
soreness, in addition to a potential variety of other intro-
spective measures not observed here.
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As demonstrated by research in rehabilitative settings,
the introspective psychological state, such as fear, hope,
and athlete psychological readiness or perceived function,
closely align with lower limb biomechanical asymmetries
during RTS progression.”*® Additionally, the literature
on athletes who have RTS suggests that biomechanical
asymmetries'®** and psychological dysfunction (e.g., fear
or kinesiophobia),”” which are independent of pain and
RPE, may persist well after RTS despite a seemingly suc-
cessful rehabilitation, and may be prognostic factors for
reinjury risk."” Furthermore, while some findings indicate
that poor mental health and associated executive dysfunc-
tion may be related to biomechanical asymmetries during
gait,”* 1% these findings have been limited to clinical or
aging populations, and there is no known research inves-
tigating the relationship between general mental health
and biomechanical asymmetry in healthy, competitive
athletes. Therefore, while clinicians and researchers have
no problem concurrently monitoring psychological and
biomechanical domains during rehabilitation and RTS
progression, they must now be encouraged to investigate
how the relationship between introspective psychological
factors and biomechanical asymmetry change in healthy,
competitive athletes and those who have successfully RTS.
If we are to truly understand contributory factors to sport
performance and injury and delineate prognostic factors
for reinjury, we must include a more fulsome character-
ization of the athlete's psychological state by including
factors that are known to affect athletic performance, well-
ness, and injury risk such as but not limited to sleep'®"**?
and general mental health'®*!* in prospective, longitu-
dinal studies. Additionally, mental health literacy should
be emphasized for coaching staff, athletes, and the associ-
ated healthcare team, as well as careful consideration and
contextualization of biopsychosocial and environmental
factors that contribute to general mental health, and ul-
timately, athletic performance, wellness, and risk of [re]
injury.103’104

4.4 | Practical applications and
future directions

As seen in Figure 4, this review highlighted a wide variety
of potential connections between biomechanical asymme-
try metrics and introspective state assessments in healthy
competitive athletes. The studies which reported con-
nections between introspective state and biomechanical
asymmetry measures primarily reported trends between
assessments of strength, ROM, or vertical jump kinetics
and kinematics with assessments of pain and RPE, among
a handful of others. Surprisingly, many introspective met-
rics known to impact athletic performance, such as sleep

and general mental health'®*"** were not identified in this
scoping review. While hope, anxiety, and fear were identi-
fied in some articles,****%>°*7* these were often more as-
sociated with athletics or reinjury, rather than aspects of
general mental health and well-being, which is especially
concerning following the COVID-19 pandemic whereby
nationwide surveys have indicated up to a two times in-
crease in mental health disorders.'® In addition to the
lack of incorporation of relevant introspective factors
such as sleep and general mental health in sports medi-
cine research that concurrently assesses biomechanical
asymmetry, the sporadic and single-domain monitoring of
competitive athletes' psychological state was further dem-
onstrated in recent work by Neupert and colleagues.'*®
The study conducted by Neupert and colleagues'® high-
lighted that while many elite sporting organizations cite
the use of athlete self-report measures that are purported
to be backed by research, most of which appear to be sin-
gle items questionnaires that were not necessarily vali-
dated. Furthermore, Neupert and colleagues106 noted that
there was often a divide between researchers/clinicians
and elite sporting organizations, whereby feedback pro-
cesses are felt to be insufficient and ineffective. Therefore,
if introspective psychological states are to continue being
incorporated in assessments of sport performance, injury
risk, and risk of reinjury, novel streamlined self-report
questionnaires that can be easily completed by athletes
and used to gather and monitor information on the many
domains of introspective state (e.g., pain, fatigue, exertion,
sleep quality and quantity, anxiety, etc.) should be devel-
oped, with the results of these multidomain question-
naires being regularly communicated to and discussed
with competitive athletes, coaching staff, and the associ-
ated healthcare team. However, while validation is impor-
tant, practicality must be kept in mind when developing
novel multidomain questionnaires so that the overall
breadth of questions involved and the frequency by which
these questionnaires are administered are not deterrents
to compliance rates and utility in prospective, longitu-
dinal contexts. Collecting all measures longitudinally is
not possible, but determining a minimal set of criteria in
a validated questionnaire is. As such, we urge research-
ers and clinicians to work with end-users in developing
projects and questionnaires that are not only meaningful
to the researcher and stakeholders, but practical for the
athletes as well. Furthermore, the data that are obtained
from these multidomain questionnaires should be contex-
tualized on a subject-level basis with biomechanical data,
such as asymmetry, for patient-centered preventive and
prognostic purposes.

Additionally, given that lower limb asymmetry has
been demonstrated to be a task-specific measure, and
varies between muscle groups, motor task, and outcome
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measure of interest,'*”'%® the seldom collection of sport-

specific biomechanics and asymmetry (i.e., on-field or
on-court) which would be most telling of sport perfor-
mance and risk of [re]injury is concerning. The majority
of research focuses on biomechanical asymmetries pres-
ent during musculoskeletal strength, ROM, and jump-
ing assessments; however, due to task-specifi(:ity,m’108
these asymmetries may be vastly different than those
seen in sport-specific settings.109 Moreover, while a 10%—
15% threshold is often cited for meaningful within- and
between-limb differences,''' there may be large be-
tween and within athlete variability'®''**"''? that can
make these metrics challenging to interpret with any level
of consistency and at the group level, especially without
complementary information on the introspective psycho-
logical state of the athlete. Therefore, given the recent
development and availability of wearable technology
that permits clinicians, practitioners, and researchers to
bridge the gap between traditional in-lab and real-world
or sport-specific assessments,>'” it will be important to
also gain context of movement patterns and asymmetries
existing within their daily training and competition, and
to contextualize changes in lower limb asymmetry with
changes in psycho-social factors for preventive and prog-
nostic purposes.

Next, while 23 studies used a repeated-measures study
design, only four of which monitored athletes longitu-
dinally throughout one or more competitive season(s).
Across a sporting season, both the biomechanical load and
asymmetry,"'>'? and psychological stress’® incurred by
an athlete can change dramatically, often largely increas-
ing during competition periods, and thus contributing to
potential changes in performance level or injury risk. As
such, prospective, longitudinal studies aimed at deter-
mining how periods of accumulated or abrupt external
(objective work performed) and internal (compounded
physiological and psychological stress) workload intensi-
fication during various stages of competition coupled with
changes in lower-limb biomechanics and asymmetry af-
fect sport performance and risk of [re]injury should be in-
cluded in future research. This can be accomplished with
the use of innovative and accessible wearable technology
that permits clinicians and researchers to monitor com-
petitive athletes outside of traditional lab- and field-based
assessments in real-world, sport-specific settings, which
may be more indicative of biomechanical asymmetry that
is relevant to sport-performance and injury susceptibility.

Lastly, there was a lack of diversity in both sport and
level of competition identified, such that soccer and pro-
fessional or semiprofessional athletes were overrepre-
sented in the literature. Additionally, while the inclusion
of male and female athletes in this review appears to be
evenly distributed, 73% of the included female athletes in

this scoping review have come from four recent (i.e., 2014-
2021) female-only studies®®**”®#! in an effort to increase
the inclusion of female athletes in this research landscape.
This highlights a potential barrier in equity, diversity, and
inclusion in sports medicine research, whereby there is
an underrepresentation of female athletes, and in which
sports and level of competition with access to funding are
disproportionately favored, which has been highlighted
in a similar scoping review conducted by Benson and
colleagues.’

4.5 | Limitations

There are some noteworthy limitations to the present
investigation. First, pain is discussed throughout this re-
view, which includes both the overarching construct and
intensity of this perceived pain. Additionally, the location,
methodology used to report, and cueing used to contextu-
alize such pain are heterogeneous throughout the included
literature, and this review might under- or overestimate
the associations that exist with biomechanical asymmetry
due to these generalizations. Next, this review included
healthy, actively participating competitive athletes, and
excluded studies that have concurrently collected biome-
chanical asymmetry and introspective psychological state
in injured competitive athletic populations. While rela-
tionships have been identified between these constructs
in RTS settings,”*’ the importance of the connection
between biomechanics and psychology has been largely
neglected in healthy competitive athletes, and this review
provides an important, foundational step toward under-
standing how these domains of health are related and
their potential implications to sports performance and in-
jury risk. Last, studies included in the present scoping re-
view were required to collect biomechanical asymmetry.
Therefore, there is the possibility that relevant literature
where other relationships have been identified between
biomechanics and psychology without stratifying biome-
chanical measures into unilateral terms for between-limb
comparison may have been missed.

5 | CONCLUSION AND
PERSPECTIVE

The present scoping review highlights the existing but lim-
ited research relating measures of lower limb biomechan-
ics and asymmetry with introspective psychological state
in healthy, competitive athletes. While informative rela-
tionships exist between these domains, they are limited
in their scope, as many introspective psychological factors
known to affect sport performance and injury were largely
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neglected, and biomechanical asymmetry assessments in
sport-specific settings (i.e., on-court or on-field) were lim-
ited. Furthermore, the majority of relationships identified
pertained to cross-sectional investigations, with minimal
research assessing the relationship between biomechani-
cal asymmetry and introspective state in prospective, lon-
gitudinal contexts throughout one or more competitive
season(s). Therefore, longitudinal, and concurrent analy-
ses examining the relationships between biomechanical
asymmetry and introspective states are needed to provide
a more complete understanding of the contributory fac-
tors that may affect sport performance, injury risk, and
risk of reinjury from a biopsychosocial and holistic per-
spective. In doing so, this framework of biopsychosocial
preventive and prognostic patient-centered practices may
provide an actionable means of optimizing health, well-
being, and sport performance in competitive athletes.
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APPENDIX B

B.1 | Complete search strategy

Search strategy individually optimized for each database
based on the five broad topics of asymmetry, lower limb,
movement/mechanics, athlete, and self-report joined
using the AND search command/function.

B.2 | Web of Science core collection:
Asymmetry: TS=(asymmetr* OR symmetr* OR limb-
dominance* OR lateralit* OR inter-limb OR intra-limb
OR side adj5 difference OR imbalance OR side-to-side dif-
ference OR side difference OR lateral difference OR domi-
nant adj5 non-dominant)

Lower Limb: TS =(lower-extremit* OR lower-limb* OR
lower extremit* OR lower limb* OR lower body OR leg
OR hip OR knee OR ankle OR foot OR Lower Extremity/).

Movement/Mechanics: TS=(ground reaction force OR
GRF OR strength OR power OR range of motion OR flex-
ibility OR landing OR kinematic* OR kin* OR run* OR
jump* OR biomechanic* OR mechanic*)

Athlete: TS=(athlete* OR athletic* OR team* OR sport*
OR player* OR Athletes/ OR Sports/ OR Team Sports/)

Self-Report: TS=(fatigt OR exhaust* OR weari* OR
tired* OR exert* OR stress OR load OR strain OR effort
OR pain* OR rpe OR mental OR questionn* OR surve¥*).

B.3 | Medline/Embase:

Asymmetry: (asymmetr* OR symmetr* OR limb-
dominance* OR lateralit* OR inter-limb OR intra-limb
OR side-to-side difference OR side difference OR lateral
difference).mp OR (side adj5 difference OR imbalance).
mp OR (dominant adj5 non-dominant).mp

Lower Limb: (lower-extremit* OR lower-limb* OR
lower extremit* OR lower limb* OR lower body OR leg OR
hip OR knee OR ankle OR foot).mp OR Lower Extremity/.

Movement/Mechanics: (ground reaction force OR GRF
OR strength OR power OR range of motion OR flexibility
OR landing OR kinematic* OR kin* OR run* OR jump*
OR biomechanic* OR mechanic*).mp

Athlete: (athlete* OR athletic* OR team* OR sport* OR
player®*).mp OR Athletes/ OR Sports/ OR Team Sports/

Self-Report: (fatig® OR exhaust* OR weari* OR tired*
OR exert* OR stress OR load OR strain OR effort OR pain*
OR rpe OR mental OR questionn* OR surve*).mp.

B.4 | Cinahl/SPORTDiscus:

Asymmetry: TX=(asymmetr* OR symmetr* OR limb-
dominance* OR lateralit* OR inter-limb OR intra-limb
OR side adj5 difference OR imbalance OR side-to-side dif-
ference OR side difference OR lateral difference OR domi-
nant adj5 non-dominant)

Lower Limb: TX =(lower-extremit* OR lower-limb* OR
lower extremit* OR lower limb* OR lower body OR leg
OR hip OR knee OR ankle OR foot OR Lower Extremity/).

Movement/Mechanics: TX =(ground reaction force OR
GRF OR strength OR power OR range of motion OR flex-
ibility OR landing OR kinematic* OR kin* OR run* OR
jump* OR biomechanic* OR mechanic*)

Athlete: TX = (athlete* OR athletic* OR team* OR sport*
OR player* OR Athletes/ OR Sports/ OR Team Sports/)

Self-Report: TX = (fatig* OR exhaust* OR weari* OR
tired* OR exert* OR stress OR load OR strain OR ef-
fort OR pain* OR rpe OR mental OR questionn* OR
surve*).
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