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Abstract

Background: Non-contact injuries such as anterior cruciate ligament ruptures often occur during physical load
toward the end of a match. This is ascribed to emerging processes due to exercise-induced fatigue. Moreover, non-
contact injuries often occur during dynamic actions such as landing or cutting movements. Inter-limb asymmetries
are suggested as one possible cause for those injuries based on findings indicating that asymmetries between
limbs are associated with a higher injury risk. Hence, assessing inter-limb asymmetry during physical load in the
condition of exercise-induced fatigue is warranted to identify potentially relevant precursors for non-contact
injuries.

Objective: The objective of this study was to overview the current state of evidence concerning the influence of
exercise-induced fatigue on inter-limb asymmetries through a systematic review.

Methods: A systematic literature search was conducted using the databases Web of Science, Scopus, PubMed,
SURF, and SPONET to identify studies that assessed inter-limb asymmetries of healthy people, calculated with an
asymmetry equation, before and after, or during a loading protocol.

Results: Thirteen studies were included in the systematic review. The loading protocols involved running, race
walking, jJumping, squatting, soccer, rowing, and combinations of different exercises. Moreover, different tasks/
procedures were used to assess inter-limb asymmetries, e.g., squats, single-leg countermovement jumps, gait
analysis, or isokinetic strength testing. The results seem to depend on the implemented loading protocol, the tasks/
procedures, and the measured parameters.

Conclusions: Future research needs more systematization and consistency, assessing the effect of exercise-induced
fatigue on inter-limb asymmetries. Moreover, the emergence of inter-limb asymmetries should be regarded in the
context of sport-specific movements/tasks. Testing before, after, and during a physical loading protocol is advisable
to consider the influence of exercise-induced fatigue on sport-specific tasks and to identify the possible
mechanisms underlying load-dependent inter-limb asymmetries with regard to risk of non-contact injury.

Keywords: Physical load, Injuries, Biomechanics, Side-to-side differences

* Correspondence: jessica.heil@uni-oldenburg.de
Institute of Sport Science, Carl von Ossietzky University Oldenburg,
Ammerldnder Heerstrale 114-118, 26129 Oldenburg, Germany

. © The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
@ SPrlnger Open which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
— appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40798-020-00270-x&domain=pdf
https://orcid.org/0000-0003-2406-3746
https://orcid.org/0000-0002-5496-9146
https://orcid.org/0000-0003-2632-5308
http://creativecommons.org/licenses/by/4.0/
mailto:jessica.heil@uni-oldenburg.de

Heil et al. Sports Medicine - Open (2020) 6:39

Key Points

e Inter-limb asymmetries and exercise-induced fatigue
are suggested risk factors for non-contact related
injuries.

e The amount of inter-limb asymmetries during phys-
ical load is influenced by different factors, e.g., the
used tasks/procedures, the implemented loading
protocols, or the measured parameters.

e Research on the influence of exercise-induced fa-
tigue on inter-limb asymmetries needs more
systematization to provide better insight into the
suggested causal relationship and its underlying
mechanisms.

Background

Athletes must deal with different external physical loads
during training, matches, or competition. Physical loads
are the entirety of the ascertainable influences in the
training system that affect the athlete. These impacts
lead to different internal loads depending on the individ-
ual characteristics of an athlete [1]. In sports, physical
loads are necessary to improve or maintain an athlete’s
performance [1, 2]. At the same time, they also expose
athletes to a risk of sustaining an injury by putting them
into situations with high impacting forces such as tack-
ling, landing, or cutting. Many injuries, especially non-
contact injuries such as anterior cruciate ligament (ACL)
ruptures, occur during physical load toward the end of a
match [3-5]. Often a single or repetitive physical load
causes such injuries [6]. Exercise-induced fatigue, mean-
ing fatigue due to physical load (e.g., training or compe-
tition), is one possible consequence potentially
enhancing the likelihood for non-contact injuries [7-9].
Specifically, exercise-induced fatigue might alter physio-
logical processes, thereby reducing, for example, the
level of voluntary muscle activation or altering muscle
activation patterns [8].

Furthermore, non-contact injuries often occur during
dynamic actions such as landing or cutting [10, 11]. One
reason suggested underlying this phenomenon are differ-
ences between an individual athlete’s limbs, i.e., inter-
limb asymmetries [12]. Inter-limb asymmetries relate to
the phenomenon of reduced function, physical capacity,
strength, etc. of one limb in relation to the other. In
sports, inter-limb asymmetries might be functionally in-
duced as a consequence of the sporting activity [13-15],
especially in sports that are mainly characterized by
asymmetric (or unilateral) execution of movements with
the preferred limb such as kicking in soccer or throwing
in handball [16]. However, also in symmetric sports that
are characterized by cyclic or alternating movement pat-
terns (e.g., running, cycling, or swimming), inter-limb
asymmetries occur [13, 15, 17]. Those asymmetries
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might originate from the preference for one side of the
body over the other. According to Parrington et al. [17],
the predominant use of the limb “on one side of the
body can cause uneven flexibility, range of movement,
strength development, and neural development occur-
ring on the favored side” (p. 283), ultimately leading to
inter-limb asymmetries.

Inter-limb asymmetries are associated with a higher
injury risk because they might lead to unequal force
absorption or a loss of frontal plane stability, which
are essential to bear the impacting forces [18]. Most
commonly, differences of 10 to 15% in parameters
such as ground reaction force (GRF), impulses or
jump height, between limbs are said to be critical
[19], and often these values are also used as criteria
for a return to play decision following the recovery
from injury [20, 21]. However, these limits are criti-
cized for being arbitrary and needing better empirical
justification [19]. Nevertheless, it must be mentioned
that the concept of thresholds in the context of inter-
limb asymmetries must be doubted [22].

Assessing the impact of exercise-induced fatigue on
inter-limb asymmetries appears of particular importance
with regard to understanding the mechanisms possibly
underlying non-contact injuries. Exercise-induced fa-
tigue may evoke otherwise non-apparent or worsen pre-
existing inter-limb asymmetries [7, 17, 23] potentially
driven by worse movement patterns due to detrimental
changes of neuromuscular control, altered propriocep-
tion, postural control, or movement coordination due to
fatigue [23]. These processes might influence the execu-
tion of certain movements or parameters of a movement
leading to or worsening asymmetries [17]. A systematic
overview and discussion of evidence on whether and
how inter-limb asymmetries change under the influence
of exercise-induced fatigue are missing so far. Here, we
aimed to systematically review the current findings con-
cerning the influence of exercise-induced fatigue on
inter-limb asymmetries.

Methods
Literature Search
A systematic literature search was conducted in January
2020 according to the Preferred Reporting Items for System-
atic Reviews guidelines (PRISMA) [24] to review the current
state of evidence concerning the influence of exercise-
induced fatigue on inter-limb asymmetries. The search was
performed in five different databases: Web of Science (all da-
tabases), Scopus, PubMed, SURF (in German and English),
and SPONET (in German and in English). The search strat-
egy included a combination of terms concerning (1) load/fa-
tigue, (2) asymmetries, and (3) limbs (Table 1).

The results of the different searches were combined,
and the duplicates were removed. The titles and
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Table 1 Search strategy (English version)

Operator Terms

#1 fatig* OR exhaust* OR weari* OR tired* OR exert* OR stress
OR load OR strain OR effort

AND #2 asymmetr* OR imbalance* OR dissymmetr* OR “side-to-side

difference” OR “side difference” OR “lateral difference”

limb* OR arm* OR leg* OR thigh OR knee OR hip OR ankle
OR calf OR shoulder

AND #3

*truncation character

abstracts of the remaining articles were checked, and ir-
relevant articles were excluded. Afterward, the full texts
of the suitable articles were analyzed for eligibility. Add-
itionally, a manual check of the list of references of the
included studies was performed.

To be eligible for the systematic review, the studies
had to match each of the following criteria: (1) investi-
gated the influence of exercise-induced fatigue on bio-
mechanical (kinetic or kinematic) parameters in a
sports-related context, (2) compared the measured
values between the limbs by calculating asymmetry or
asymmetry could be calculated post-hoc based on the
values provided in an article, (3) recorded the values at a
minimum of two points of time before and after or dur-
ing the progression of a generalized loading protocol
that affects the cardiovascular and motor systems in
whole, (4) included healthy subjects, and (5) full text
available in English or German. Reviews, abstracts, pro-
ject descriptions, conference papers, interviews, theoret-
ical papers, or dissertations were excluded. The year of
publication was not restricted.

Data extraction and analysis

The central features of the studies were extracted, in-
cluding subject characteristics, study design, loading
protocol details, tasks/procedures to investigate asym-
metries, asymmetry equation, outcome measurements,
and results. For those studies that did not report effect
sizes or asymmetry indices, the corresponding values
were calculated post-hoc. For missing asymmetry indi-
ces, the percentage difference suggested by Bishop et al.
[25] was calculated according to the formula: 100/ (max
value) x (min value) x (- 1) + 100. For missing effect sizes,
Cohen’s d [26] was calculated as suggested by Cumming
[27] for dependent samples using: d = Mgie/SDpye, Where
Mg is the difference of the mean values and SDy,. the
standard deviation of the pretest scores. The effect sizes
were categorized as either small (0.2 < d < 0.5), medium
(0.5 < d < 0.8), or large (d > 0.8) according to Cohen [26].
No meta-analysis could be performed due to the hetero-
geneity of the included studies concerning the loading
protocols, the tasks/procedures, and due to the different
calculations of asymmetry and the missing of necessary
values to compute post-hoc effect sizes.
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Study Quality

The methodological quality of the included studies was
evaluated with a scale extracted from the systematic re-
view by Bishop et al. [19]. These authors adjusted the
scale from a systematic review of Black et al. [28]. The
scale was originally developed by Brughelli et al. [29] for
studies in the field of sports and exercise training. The
scale consisted of nine different criteria that were rated
with 0 = no, 1 = maybe, and 2= yes (Table 2).

Results

Database Search

In total, the searches revealed 12,748 articles (Web of
Science = 6106, Scopus = 4580, PubMed = 1498, SURF
= 357, SpoNET = 207), thereof 4625 duplicates were re-
moved. Additional searches revealed eleven articles. The
remaining 8134 were checked by title and abstract for
their eligibility according to the above-mentioned cri-
teria. This resulted in 59 articles for further full text in-
spection, which finally led to 13 articles being included
in the review. Reasons for exclusion based on analysis
were (1) no asymmetry equation was used or could be
used to calculate the values afterwards (z = 10), (2) no
generalized loading protocol (n = 4), (3) influence of
exercise-induced fatigue on asymmetries was not ana-
lyzed or compared at different points of time (n = 19),
(4) only one leg tested (n = 10), (5) no sports-related
context (1 = 1), (6) full text not available (z = 1), and (7)
language (1 = 1) (Fig. 1).

Study Characteristics

Study Design

The studies used different designs. A differentiation can
be made between studies regarding inter-limb asymmet-
ries during a loading protocol [20, 21, 30-34] (Table 3)
and studies regarding inter-limb asymmetries with a
supplementary task in a pre-post design [7, 16, 35-38]

Table 2 Study quality scoring system (adapted from [19])

Criteria ltem Score
1 Inclusion criteria stated 0-2
2 Subjects assigned appropriately 0-2
3 Procedures described 0-2
4 Dependent variables defined 0-2
5 Assessments practical 0-2
6 Training duration practical (acute vs. long term) 0-2
7 Statistics appropriate 0-2
8 Results detailed (mean, standard deviation, percent 0-2
change, effect size)
9 Conclusions insightful (clear, practical application, future  0-2
directions)
Total 0-18
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Fig. 1 Flowchart of the searching process (from [24])

\

(Table 4). In six studies, the subjects were tested for
asymmetries at different points of time during the load-
ing protocol [20, 21, 31-34]. One study interspersed the
loading protocol with several single-leg countermove-
ment jumps (SLCM]J) to test asymmetries [30], and six
studies used other tasks/procedures, such as jumps,
isokinetic strength testing or a gait analysis, to test the
subjects before and after the loading protocol [7, 16, 35—
38]. Furthermore, all studies investigated the acute influ-
ence of exercise-induced fatigue on inter-limb asymmet-
ries. Only Bromley et al. [16] additionally considered
specific points of time after the physical load to evaluate
not only the effect of acute fatigue but also asymmetries
during the recovery period. Moreover, Bishop et al. [38]
tested asymmetries with several jump tests before and
after five consecutive soccer matches to investigate long
term changes.

Loading Protocols

All thirteen studies used different types of physical load:
five studies used a running protocol (three on a tread-
mill [20, 31, 35], one on a running track [30] and one
used a soccer-specific running protocol modified with a

kicking task [37]), one study used a race walking proto-
col on a treadmill [34], one study conducted an on-
water field test in rowing [33], two studies tested asym-
metries before and after soccer matches [16, 38], two
studies used the repetition of exercise as loading proto-
col (squatting [32], jumping [21]), and two studies used
a combination of different exercises [7, 36].

The loading protocols had different durations, and dif-
ferent methods were used to determine the end of the
protocol: one study [7] used the ratings of perceived ex-
ertion (RPE) scale by BORG [39], two studies ended
their loading protocol when the exercise or a certain
output could no longer be maintained [21, 36], in two
cases the loading protocol was executed until volitional
exhaustion [32, 35], and in seven studies the subjects
had to complete the prescribed protocol [16, 20, 30, 31,
33, 34, 37, 38]. Moreover, exercise-induced fatigue was
inferred based on four methods: four studies [7, 31, 35,
37] used the RPE scale [39], another calculated a fatigue
index [30], Girard et al. [20] calculated a sprint decre-
ment score, and others operationalized fatigue as the de-
crease of lower limb muscle power [21] or the point
when an exercise could no longer be maintained [36].
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Table 3 Study characteristics—asymmetry examined during a loading protocol/task
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Study Subjects (Sex,  Physical load/fatigue Measure of fatigue Task/ Outcome measures Asymmetry equation
age, sport) loading protocol procedure
Bishop n=18 4 rounds of 6 X 40 m Fatigue index = SLCMJ Jump height Percentage difference: 100 /
et al. 18 M (289 +  sprints on running track (100 X (total sprint (maximum value) x
[30] 5.1) (interspersed with a time/ideal sprint (minimum value) x — 1 + 100
Recreationally  SLCMJ) time)) - 100)
active
Girard  n=13 RSA test Sprint decrement  Running  Running kinetics, running Bilateral leg asymmetry
et al. 1B3M@B12+ score ona kinematics and spring-mass  (BLA%): [(high value — low
[20] 48) treadmill  characteristics value)/ low value] x 100
Recreational
team- and/or
racket-sport
Hanley n=14 10,000 m run (103% of RPE scale by Borg  Running  VGRF, spatio-temporal data Symmetry angle: [(45° - arctan
and 14 M (31 +£7) season's best) ona (step length, step frequency,  (Xie/Xiignd/90°)] X 100%
Tucker — Competitive treadmill  contact time, flight time, im- X = the mean value for a
[31] runners pact force, maximum force, variable on each leg
(best time 10 impulse), gait variability
km 31:00-35:
20)
Hodges n=17 5 sets with 8 repetitions ~ Not measured Free- VGRF GRF asymmetry: left vGRF% -
et al. I9M/8F of free-weight barbell weight right vGRF%
[32] (223 +25) back squats, 3 min rest barbell
Recreationally  between each set, 90% of back
trained 8 repetitions maximum squats
Jordan n=22 Jump test loading Operational Jump test  Vertical ground reaction Asymmetry Index control:
et al 12M, 10 F protocol (20 squat jumps  definition of (Squat force (Fz), EMG data, vertical  [(left limb impulse - right
21] 11 ACLR (age in 805) fatigue: exercise- jumps) jump HBCM limb impulse) / (maximum of
N/A) induced decrease left and right impulse)] x 100
6 M (265 + in lower limb Asymmetry Index ACLR:
58)/5F (236 muscle power [(contralateral limb impulse —
+1.8) affected limb impulse) /
11 CG (age N/ (maximum of contralateral
A) and affected limb impulse)] x
6 M (233 + 100
33/5F (218
+3.2)
Elite skiers
Mattes  n =32 2000-meter race test Not measured On-water  Leg stretcher force Symmetry Index: [(x; - x5) / 0.5
and 16M, 16 F rowing (X + x2)] X
Wolf (age N/A) test 100%
[33] High- X; = outside leg
performance X5 = inside leg
junior rowers
(German
National Team
u19)
Tucker n=10 10 km race-walk on tread- Not measured Race VGRF data (impact peak Symmetry angle: [(45° - arctan
and 5M/5F (age mill —103% of their most walking force, loading peak force, Xier/ Xiigh/90°)] X 100%
Hanley  N/A for the recent 20 km speed ona mid-stance force, push off X = the mean value for a
[34] subgroup) treadmill  peak force, impulse) variable on each leg
Elite race
walkers

ACLR anterior cruciate ligament rupture, BLA bilateral leg asymmetry, CG control group, EMG electromyography F female, GRF ground reaction forces, HBCM height
of body center of mass, M male, N/A not available, RPE rate of perceive exertion, RSA repeated sprint ability, SLCMJ single-leg countermovement jump, VGRF

vertical ground reaction force

Furthermore, five studies did not measure exercise-
induced fatigue and assumed that the physical load was
fatiguing [16, 32—34, 38].

Tasks/Procedures
Six studies used different tasks/procedures to test the sub-
jects before and after a loading protocol. Bishop et al. [30]

interspersed the protocol with a separate task. The tasks/pro-
cedures that were used were jump landings [7], SLCM] [16,
30, 38], single-leg drop jumps (SLDJ) [38], squats [36], gait
analysis [35], and isokinetic strength testing [37]. Six studies
used no separate task/procedure and measured certain pa-
rameters during the loading protocol. Thereby, asymmetries
were measured during a repeated sprint ability (RSA)
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Table 4 Study characteristics—asymmetries examined pre and post a loading protocol/task

Study Subjects (Sex,  Physical load/fatigue Measure of fatigue Task/ Outcome measures Asymmetry equation
age, sport) loading protocol procedure

Bell etal. n=40 Exercise loading protocol  Loading protocol was Jump Peak VGRF, loading rate, % asymmetry:

71 20 M (209 +  based on literature: warm-  repeated until a RPE of 17  landings LESS score ([dominant limb -
1.2)/ 20 F up-running course--30's  on the scale by Borg was non-dominant limb]/
212+ 14) wall sit-=10 fast-paced two- reached 1/2 [dominant limb +
Recreationally legged vertical jumps—-30 non-dominant limb])
active s prone plank X 100%

Bishop n=18 Five Soccer matches Not measured SLCMJ, SLCMJ: jump height, peak  Percentage difference:

etal [38] 18 M (16.89 = (played for a minimum of SLDJ force, concentric impulse 100/ (maximum value)
0.32) 60 min in each match) SLDJ: jump height, ground X (minimum value) X
Elite academy contact time, RSI -1+ 100
soccer players Global positioning system

data

Bromley n=14 Single 90-min soccer Not measured SLCMY Jump height, peak force,  Percentage difference:

etal. [16] 14 M (176 £ match eccentric impulse, 100/ (maximum value)
0.5) concentric impulse, peak X (minimum value) x
Elite soccer landing force, peak -1+ 100
players landing impulse

Delextrat n =14 Modified Loughborough RPE Isokinetic ~ Peak torque of the Calculated afterwards

etal. [37] 14F (26.1 = Intermittent Shuttle Test strength quadriceps, peak torque of by the authors with
46) assessment  the hamstrings, HeccQcon ~ percentage difference:
Amateur 100/ (maximum value)
soccer players X (minimum value) X

—-1+100

Radzak n=20 Speed blinded exhaustive ~ RPE Gait Kinematic data (joint Symmetry angle: [(45°

etal.[35] 14M/6F loading protocol Until volitional exhaustion  analysis angles - ankle, knee, hip), - arctan (Xjeq/Xiigho/
(20.8 + 2.48) kinetic data (external joint ~ 90°)] x 100%
No sporting moment - ankle, knee, X = the mean value
background hip), GRF, stiffness, spatio-  for a variable on each
mentioned temporal parameters leg

Webster n =20 Generalized loading Fatigue was operationally ~ Squats Kinetic data (external joint ~ Symmetry Index =

etal. [36] 20 M protocol: squats 10 %, two  defined: jump height moments), ground [Vaffected — Vunaffected /

10 ACLR (23 + vertical jumps, 10 drop

reduced by 20% OR when

reaction force (peak VGRF) V2 (Vaffected +

3)
10CG (23
2)

landings (5 right/ 5 left)
(repeated several times)

the subject could no
longer complete the
fatigue loading protocol

— weight-bearing sym-
metry, kinematic data
(joint angles)

vunaﬁacted)] x 100
Vaffected = Value of the
the former injured leg

Engaged in
sports
activities
weekly

Vunaffected = value of
the "healthy” leg

ACLR anterior cruciate ligament rupture, CG control group, F female, GRF ground reaction force, Hec:Qcon functional ratio of the peak eccentric torque of the
hamstrings to the peak concentric torque of the quadriceps, LESS landing error scoring system, M male, N/A not available, RPE rate of perceived exertion, RS/
reactive strength index, SLCMJ single-leg countermovement jump, SLDJ single-leg drop jumps, VvGRF vertical ground reaction force

protocol on a treadmill [20], a 10,000-m run or race walk
(103% of season's best) on a treadmill [31, 34], a 2000-m on-
water rowing test [33], five sets of squats (8 repetitions at
90% of 8 repetitions maximum) [32], or a protocol of 20
squat jumps in 80 s [21].

Subject Characteristics

In total, 252 people were examined (173 males and 79
females). Six studies included only male subjects (n =
97) [16, 20, 30, 31, 36, 38], six both sexes (76 males, 65
females) [7, 21, 32-35], and one only considered females
(n = 14) [37]. The number of subjects in a study ranged
from ten (five males, five females) [20] to 40 (20 males,
20 females) [7]. Most of the subjects had a sporting
background: in five studies, they were recreationally or
physically active (n = 108) [7, 20, 30, 32, 36], one tested

active runners (n = 14) [31], one included elite race
walkers (7 = 10) [34]; three studies focused on soccer
players (n = 46) [16, 37, 38], one on university soccer
players (n = 14) [37] and two on elite soccer players (1 =
32) [16, 38]; one study included elite skiers (n = 22) [21];
and one was on high-performance junior rowers (n =
32) [33]. Radzak et al. [35] tested healthy and injury free
athletes (n = 20), but did not mention their sporting
background. Two of the thirteen studies compared
healthy subjects with a former ACL rupture (n = 21)
with healthy controls without a former ACL rupture [21,
36]. None of the other studies used a control group.

Study Quality
The study quality was assessed regarding the procedures,
statistics, and results on inter-limb asymmetries. All
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studies reached 14 to 17 points on the quality scoring
system (Table 5). Most of the studies clearly described
their procedures, defined their variables, and used prac-
tical assessments and appropriate statistics. However,
the analyses and the report of the results concerning the
effect of fatigue on asymmetries were sometimes inad-
equate. Some studies did not achieve the highest score
on a criterion due to the following reasons: no consider-
ation of percentage asymmetry values in their statistical
analyses [20, 37], they omitted some mean values and
standard deviations on asymmetries [16, 20, 21, 30, 32,
34, 38], effect sizes regarding the effect of fatigue on
asymmetries were not calculated or reported [7, 20, 21,
31, 32, 34, 35, 37, 38], and a percent change was not re-
ported in any of the studies.

Outcome Analysis

In the studies, different outcome parameters were measured.
In all studies, parameters of the lower limbs were regarded,
and no study considered the upper limbs. In total, seven

Table 5 Assessment of study quality
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different equations were used to calculate asymmetries: two
studies used the symmetry angle according to Zifchock and
Davis [40], three used the percentage difference suggested by
Bishop et al. [25], and the other studies used different equa-
tions (see Tables 3 and 4 for details). For the study of Delex-
trat et al. [37], a percentage difference [25] was calculated
and analyzed post-hoc.

Measured parameters for which an asymmetry equation
was applied were, among others, GRF [7, 16, 20, 31, 32, 34—
36], jump height [16, 30, 38], leg stiffness [20, 35], or leg
stretcher force [33]. Tables 3 and 4 show a detailed list of the
measured parameters and asymmetry indices. The analysis of
the study results (Tables 6 and 7) showed statistically signifi-
cant differences between the asymmetry values in one study
[30]; in five studies, both significant and non-significant re-
sults were found [16, 32, 33, 35, 36], varying between the
measured parameters. In three studies, the changes were only
significant when the group was divided into subgroups [32,
36] or by sex [33], and seven studies found no significant

Criteria  Item Bell  Bishop Bishop Bromley Delextrat
etal etal et al. et al. et al. [37]

(7] [30] [38] [1e]

Webster
et al.
[36]

Radzak  Tucker
et al. and

Mattes
and

Jordan
et al.
[21]

Girard Hanley Hodges

etal. and et al.

[20] Tucker  [32] Wolf [35] Hanley
[31] (33] [34]

1 Inclusion criteria 2 2 2 2 2
stated

2 Subjects 2 2 2 2 2
assigned
appropriately

3 Procedures 2 2 2 2 2
described

4 Dependent 2 2 2 2 1
variables
defined

5 Assessments 2 2 2 2 2
practical

[§ Training 2 2 2 2 2
duration
practical (acute
vs. long term)

7 Statistics 2 2 2 2 2°
appropriate

8 Results detailed 1 1 0 1 2°
(mean, standard
deviation,
percent change,
effect size)

9 Conclusions 2 2 2 2 2
insightful (clear,
practical
application,
future
directions)

Total score 17 17 16 17 17

2 1 2 2 1 2 1 2

“Values calculated post-hoc by the authors
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Table 6 Study results—asymmetries examined during a loading protocol/task
Study Parameter il 2 3 4 t5 p ES (d)
Mean SD Mean SD Mean SD Mean SD Mean SD

Bishop  Jump height 762 N/A 982 N/A 995 N/A 1325 N/A 1467 N/A <005 083 tlvs.t4
et al.
130] < 0.05 116 tlvs. t5
Hanley  Step length 042 039 051 046 053 042 053 045 054 039 >005 0.31* 11 (1500 m) vs. t5
and for all (9000 m)
Tucker  JteP frequency 058 052 056 036 055 049 056 053 059 046 ... 002*
31] Contact time 042 035 033 020 036 022 045 034 046 034 0.11*

Flight time 116 092 114 075 125 103 140 120 129 1.0 0.14*

Impact force 197 147 287 152 274 210 265 223 277 237 0.54*

Maximum force 1.00 081 095 070 101 081 115 087 112 075 0.15*

Impulse 086 058 082 059 092 061 073 046 081 065 0.09*
Matthes  Leg stretcher force Male 82 59 9.1 70 >005  0.15% 60-90 s vs. 360—
and . 390 s (Female) /
Wolf Female 249 198 283 195 0023 017% 60-90 s vs. 300—
[33] 330 s (Male)
Girard Performance and running Only averaged asymmetry values over all 5 sets of sprints >005 N/A  Could not be
et al. kinetics, running for all calculated
[20] kinematics, spring-mass variables

characteristics
Hodges absolute average VGRF Not stated 06 N/A Could not be
et al. asymmetry calculated
132] 0.229
Jordan  Functional Al values Not stated 0.76 N/A  Could not be
et al. calculated
[21]
Tucker  Step length, contact Not stated > 0.05 N/A  Could not be
and time, step frequency, for all calculated
Hanley  vGRF data variables
[34]

Al asymmetry index, ES effect size, N/A not available, t point of time, SD standard deviation, vGRF vertical ground reaction force

*value was calculated afterwards by the authors

changes due to the implemented loading protocol [7, 20, 21,
31, 34, 37, 38].

Asymmetries of GRF or related parameters were mea-
sured in eight studies. In the study of Bell et al. [7], no
considerable effects of the loading protocol on vertical
ground reaction force (VGRF) were found in males and
females. Moreover, there was no meaningful interaction
between time and sex. For loading rate asymmetry, a
small effect was found for females but not males and for
the interaction between time and sex. Bromley et al. [16]
found large effects of a soccer match on eccentric im-
pulse and peak force measured with SLCMJ. For concen-
tric impulse, peak landing force, and peak landing
impulse, only small or medium effect sizes were found.

In the study of Radzak et al. [35], significant changes
in loading rate and free moment at peak braking force
were found after a speed blinded protocol on a treadmill,
however, with only small effect sizes. Moreover, the
speed blinded protocol had a small effect on maximum
adduction free moment, maximum absolute free mo-
ment, vertical stiffness, and maximum knee varus

velocity, a medium effect on knee stiffness, and a large
effect on knee internal rotation excursion.

Hanley and Tucker [31] assessed different parameters
during a 10,000-m run on a treadmill, such as impact
force, maximum force, or impulse. For impact force,
small effect sizes were found between 1500 and 7500 m
and medium effect sizes between 1500 and 9000 m. For
maximum force, no effects were found either comparing
the values successively or with the first measured section
at 1500 m. For impulse, a small effect was found be-
tween 1500 and 7500 m. An effect size for the changes
over the different time points could not be calculated
due to missing values.

The study of Hodges et al. [32] revealed a significant
main effect of repetitions on absolute average vGRF
asymmetry and instantaneous %Left-Right vGRF asym-
metry during the execution of barbell back squats, but
only when initially highly symmetric subjects were re-
moved. In this study, subjects became more symmetric
within a set of squats. However, this was only an acute
effect over the repetitions of one set, and the subjects
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Table 7 Study results—asymmetries examined pre and post a loading protocol/task

Study Parameter Pre Post p ES (d)
Mean SD Mean  SD
Bell et al. [7] Peak VGRF Male 16.68 1453 1592 1402 094 0.05*  Pre vs. post
Female 14.55 11.67 14.91 17.81 0.03*
Loading rate Male 25.80 1964 2549 1802 043 0.02*
Female 19.71 1728 2611 25.66 0.37*
Bishop et al. [38] SLCMJ Jump height Not stated > 0.05 for all variables ~ N/A
Peak Force
CON Impulse
SLDJ Jump height
RSI
Bromley et al. [16] ECC impulse 14.24 N/A 3200  N/A <005 3.15
CON impulse 7.73 N/A 10.50 N/A > 0.05 0.31
peak force 14.71 N/A 31.85 N/A < 0.05 28
jump height 465 N/A 1722 N/A > 0.05 1.18
peak landing impulse 5.89 N/A 8.51 N/A > 0.05 0.62
peak landing force 722 N/A 9.13 N/A > 0.05 032
Delextrat et al. [37]  Peak torque quadriceps 11.0% 7.2% 13.9% 142 051* 0.40*
Peak torque hamstrings 13.2% 9.5% 11.8% 7.8*% 0.68* 0.15*
Hecc:Qcon 104* 8.5% 137 96* 0.27* 0.39%
Radzak et al. [35] Koert 466 328 307 203 0.034 049*  Pre vs. post
Maximum knee varus velocity 16.97 9.20 13.85 1024 0052 0.34*
Knee internal rotation excursion 15.37 6.50 2940 11.81 0.001 2.16%
Loading rate 296 2.25 191 2.25 0.035 047*
Maximum absolute free moment 10.22 727 733 583 0.057 040*
Maximum adduction free moment 11.05 8.39 8.36 6.46 0.062 0.32*
Free moment at peak breaking force 17.22 2091 10.90 1328 0018 0.30*
Knee stiffness 9.18 6.74 14.48 1127 0092 0.79*
Webster et al. [36] vGRF ACL -9.1 104 -06 164 0.02 0.82%
Control group 19 15.2 1.7 144 N/A 0.01*
Knee joint moment ACL -120 147 57 234 > 0.025 1.20%
Control group 38 255 35 219 N/A 0.01*
Hip joint moment ACL —-11.7 17.2 4.0 26.1 0.004 091*
Control group -6.5 20.2 28 26.6 N/A 046*

ACLR anterior cruciate ligament rupture, CON concentric, ECC eccentric, ES effect size, Hecc:Qcon functional ratio of the peak eccentric torque of the hamstrings to
the peak concentric torque of the quadriceps, Kvert vertical stiffness, N/A not available, RS/ reactive strength index, SD standard deviation, SLCMJ single-leg
countermovement jump, SLDJ single-leg drop jump, VGRF vertical ground reaction force

*value was calculated post-hoc by the authors

started asymmetric again in the next set. Absolute peak
instantaneous asymmetry (based on each foot’s instant-
aneous maximum GRF) and average %left-right vGRF
asymmetry (calculated as the left GRFv% minus the right
GRFv%) were not affected significantly by repetitions.
Importantly, effect sizes were not stated and could not
be calculated post-hoc due to missing values.

In the study of Webster et al. [36], subjects with
former ACL rupture showed a more symmetric weight-

bearing during the execution of squats. A large effect of
the squat protocol on vGRF for the ACL group and no
considerable effect for the control group was found. For
the ACL group, there was also a large effect on knee and
hip joint moment, but again no considerable (knee) or
only a small (hip) effect in the control group.

Regarding parameters other than GRF, Bishop et al.
[30] investigated the influence of a repeated sprint
protocol on jump height measured with SLCM]Js. They
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found a large effect on jump height asymmetry, but only
between the last two sets compared to baseline. Jump
height was also measured by Bromley et al. [16], who
found a large effect of a soccer match on jump height
asymmetry. In another study, Bishop et al. [38] also mea-
sured different parameters during SLCMJ (jump height,
peak force, concentric impulse) and SLDJ (jump height,
reactive strength index) before and after soccer matches.
Although asymmetries were calculated, the exact values
(means, standard deviations, effect sizes) were not pro-
vided. It was only stated that no meaningful changes
were found on a group level and that the individual re-
sponses were highly variable.

Delextrat et al. [37] analyzed peak torque of the quad-
riceps, the hamstrings, and the functional ratio of the
peak eccentric torque of the hamstrings to the peak con-
centric torque of the quadriceps (Hece:Qcon)- The asym-
metry values and effect sizes (calculated post-hoc)
revealed no considerable effect of the protocol on peak
torque of the hamstrings and small effects on the peak
torque of the quadriceps and on the Hee.:Qcon. More-
over, Mattes and Wolff [33] found significant changes
for leg stretcher force with a main effect of the competi-
tion section on leg stretcher force. When considering
separately by sex, no considerable effects were found for
males and females.

Besides GRF, Hanley and Tucker [31] also measured
spatio-temporal data, such as step length, step frequency,
contact time, and flight time during a 10,000-m run. A
medium effect was found when comparing the asym-
metry values successively and to the 1500 m section.
Only the contact time during the 10,000-m run changed
with a small effect between 5000 and 7500 m.

Jordan et al. [21] found no significant changes for
functional asymmetry values [21]. Girard et al. [20]
found no significant changes for performance and run-
ning kinetics, running kinematics, or spring-mass char-
acteristics. Similarly, Tucker and Hanley [34] reported
that no significant changes were found for any of the
measured variables. In none of the former three studies
were effect sizes stated, nor could these be calculated
post-hoc due to missing values. Regarding the size of
asymmetries, it is noticeable that they vary a lot between
the studies reaching from 0.33% [31] to 32% [16]. The
values varied between the measured parameters, the
used indices, and the points of time when they were
measured (pre, post, or during the loading protocol).

Discussion

The systematic review aimed to summarize the find-
ings concerning the influence of exercise-induced fa-
tigue on inter-limb asymmetries. Regarding the results
in total, no explicit conclusions can be drawn as to
whether exercise-induced fatigue influences asymmetries
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and increases the injury risk of an athlete. There are many
diverging results due to the variation between the single
studies. This was also found in similar systematic reviews
or papers concerning the influence of fatigue on biomech-
anical parameters [8, 9, 41]. Therefore, the present results
must be considered in more detail to infer recommenda-
tions for future research. In the following parts, the differ-
ences and consequences of the different study designs,
loading protocols, tasks/procedures, and subjects will be
discussed. Moreover, the outcome of the different studies
will be analyzed to assess the potential influence of
exercise-induced fatigue on inter-limb asymmetries. We
will conclude with preliminary implications and directions
for future research.

Study Characteristics

Study Design

Two different kinds of study designs have been used:
comparisons of pre-post measurements using separate
tasks to investigate asymmetries before and after a load,
and comparisons of asymmetries measured at different
points of time during a loading protocol. These designs
provide different perspectives of asymmetries under
loading conditions: (1) an investigation of the influence
of exercise-induced fatigue on a (sport) specific task dis-
connected from the movements during the physical load
and (2) the consideration of possible changes directly
connected with the physical load and its specific
movements.

By using separate tasks pre and post, the influence of
exercise-induced fatigue on a particular aspect of the
sporting activity or the injury mechanism can be investi-
gated. Importantly, however, the occurrence of asym-
metries seems to depend on the chosen task and,
therefore, should be analyzed with this in mind [7, 16,
19]. Measuring during a loading protocol enables ana-
lysis of how asymmetries change within a person over
time. This might be helpful to find the point when asym-
metries are likely to change because changes might
occur progressively [23] and earlier than expected [9].
Furthermore, the level of effort might also influence
asymmetries by leading to different internal loads [7].
Therefore, it could also be helpful to investigate how
asymmetries change with different efforts and over the
progression of an increasing physical load beyond the
point an athlete might be fatigued. Furthermore, consid-
ering specific points of time after the physical load is
suggested relevant as well to estimate how long changes
in asymmetry persist and what this could mean for the
injury risk and the recovery of an athlete [16].

Overall, a combination of both types of study designs
seems appropriate to obtain more insights into asym-
metries and possible occurring changes due to exercise-
induced fatigue. This might help to answer how
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asymmetries change and why such changes are occur-
ring. Moreover, it could be helpful to include a control
group to learn more about the “real” influence of
exercise-induced fatigue on inter-limb asymmetry and to
measure asymmetries continuously to reveal possible
changes over time.

Loading Protocols
Regarding the types of physical load, in all studies, differ-
ent loading protocols were used to fatigue the subjects.
The loading protocols had different durations and differ-
ent termination criteria. Therefore, different external
physical loads might lead to different internal loads, such
as exercise-induced fatigue [1]. Also, the resulting in-
ternal loads depend on the individual athlete’s fitness
level. Hence, the same external physical load might lead
to different internal loads and a different amount of
exercise-induced fatigue in different athletes [1]. This
makes it difficult to compare the various loading proto-
cols and studies, as suggested previously [8, 9, 41].
Moreover, it remains unclear if and how the different
loading protocols stressed the subjects, and if a loading
protocol has induced the same or a comparable amount
of exercise-induced fatigue. The studies reviewed here
used different methods to evoke and assess fatigue. This
leads to the problem of different definitions, measure-
ments, and operationalization of fatigue (see also [41]).
A consistent approach is needed to improve research.
According to Enoka and Duchateau [42], fatigue should
be defined and regarded as the interaction of perform-
ance fatigability and perceived fatigability. Their ap-
proach includes physiological and psychological
processes, but fatigue is only regarded as a general
phenomenon and not divided into subcategories, e.g.,
central or peripheral fatigue. Benjaminse et al. [43] also
describe fatigue as a complex interaction between psy-
chological and physical factors. This interaction might
influence the reactions to external stimuli and the deci-
sions of an athlete in complex situations, e.g., landing or
cutting in high-risk sports. The latter, in turn, might be
associated with higher injury risk. However, the exact
mechanisms behind the role of fatigue for injury risk are
still unclear, and such a taxonomy needs greater evi-
dence and application in research to become valid [41].
Moreover, athletes perceive fatigue differently, and other
factors such as stress or recovery level may also influ-
ence fatigue [23].

Tasks/Procedures

Asymmetries were analyzed either with separate tasks/
procedures or during the loading protocol as the given
task. In both cases, the tasks were very different, and
even within the same type of task, e.g., running, a con-
siderable variability exists (durations, distances, or
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velocities). Besides, even when the same type of param-
eter, e.g., GRF, was measured, the results were also very
different and inconsistent. This might be due to different
internal loads and amounts of exercise-induced fatigue
due to the different demands of the protocols. According
to the different demands, different muscle groups are
addressed, or the muscles are stressed differently. This
again leads to different internal loads and different out-
comes and results, even for the same parameter. Accord-
ingly, task specificity of asymmetries should be taken
into account during the selection of the tasks and proto-
cols [7]. We recommend using tasks/procedures that re-
flect the sporting demands, e.g, SLCM], because
unilateral landings depict one of the common injury
mechanisms of non-contact injuries like ACL ruptures
[8, 30]. Moreover, it should be considered that some
tasks are not useful to detect large inter-limb asymmet-
ries. For example, King et al. [44] showed that hop tests
for distance seem to over-estimate an athlete’s rehabili-
tation status, especially when compared to vertical jump
tests, which seem to be a better choice.

Subject Characteristics

Different groups of subjects with different characteristics
were investigated. In total, more males were examined,
although females are said to be more vulnerable to injur-
ies like ACL ruptures suggesting that sex is an essential
factor in this context [45]. Females have a two to ten
times higher risk for injuries like ACL ruptures [45-47],
and asymmetries are suggested as one possible explan-
ation [12].

Moreover, the subjects also had different sporting
backgrounds. In the context of sports, asymmetries are a
phenomenon appearing in different kinds of sports [30].
Several sports are asymmetric in nature, e.g., soccer or
handball, and promote the development of asymmetries
[17]. Therefore, asymmetries might be a consequence of
the sporting activity, rendering necessary that the sport-
ing history of an athlete is considered [14—16]. In this
context, the fitness level [13, 23] of an athlete might be
relevant and influence the fatigue resistance and percep-
tion of an athlete [23]. Athletes with lower resistance to
fatigue, for example, might fatigue earlier during physical
load and show less optimal landing kinetics and kine-
matics [23]. Moreover, the volume of exposure to a spe-
cific sport and the familiarity with the investigated task
might also influence the outcome. Maloney [13] suggests
that asymmetries are an adaptive consequence magnify-
ing due to longer participation in a specific type of sport.

In all studies, the subjects had to be healthy and
injury-free at the time of the investigation. Two stud-
ies examined athletes with a former ACL rupture [21,
36]. Athletes with a previous injury often reduce the
physical load on the affected side and use
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compensation mechanisms on the other side to main-
tain the performance [36]. Thus, they are still asym-
metric, even if they are considered “healthy” (i.e., free
of injury at the time of testing). Therefore, also the
injury history appears an essential factor when asses-
sing inter-limb asymmetries [9, 15].

All mentioned factors lead to different starting posi-
tions/baseline status of the subjects. In this context, little
is known about the influence of exercise-induced fatigue
on athletes without asymmetries or only small asymmet-
ries at baseline [32], but this might be an interesting
issue and give more information about which athletes
are at a higher injury risk. Depending on the baseline
value, athletes might react differently to a physical load,
and there might be differences in the changes of asym-
metries for athletes with a higher or lower baseline
asymmetry value. Finally, the anthropometry of an ath-
lete also influences the baseline level, for example, leg
length discrepancy leads to asymmetries [15, 20, 32]. All
these factors need to be either controlled by setting
stricter inclusion/exclusion criteria or factored in ana-
lyses to better understand the role of asymmetries for in-
jury risk.

Other Potential Factors

Apart from the above, the variability and inconsistency
in the results prompt that more factors might influence
asymmetries and their changes in fatigued conditions.
Therefore, the reasons for inter-limb asymmetries have
to be investigated and considered [31]. The factors dis-
cussed below determine the primary position of an ath-
lete and the reaction to a physical load.

Laterality

Laterality is assumed to influence the injury risk and the
performance of an athlete [17]. Due to the asymmetric
nature of sports [19] and because athletes have a pre-
ferred side to perform sport-specific actions like kicking
or throwing [17, 48], athletes might be predisposed to
the development of asymmetries [19]. According to Mal-
oney [13], this task-specific preference, especially in
sports, could be described as skill dominance. Addition-
ally, he suggests differentiating such skill dominance
from force dominance for given tasks, because asym-
metry values differ if skill or force dominance is used as
a reference. Therefore, a clear determination which leg
is the dominant leg according to the athletic demands is
essential [13]. Many studies equal a subject’s kicking leg
with his/her dominant leg [49-51]. However, often this
is not necessarily equivalent to the stronger or more
skillful leg [52]. Also, in sports with repetitive and alter-
nating movements, e.g., running or cycling, bilateral
asymmetries are apparent [17]. One reason might be the
different roles of the legs during movements: one is
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dominant for stabilization and support, and one for
mobilization (e.g., propulsion or braking) and manipula-
tion (e.g., kicking), altogether possibly causing inter-limb
asymmetries [20, 35, 53]. Moreover, there may also be
differences in the fatigability of the limbs [23, 30, 37,
54-56] and the direction of asymmetries [57]. Therefore,
a consideration of laterality is advisable.

Limbs

It is also essential to differentiate between the lower and
the upper limbs and to investigate both. Most of the re-
search on inter-limb asymmetry has focused on the
lower limbs, and in the current review, none of the in-
cluded studies considered the upper body. The influence
of asymmetries on the performance of the upper limbs
has been investigated, e.g., in swimming [58], but less so
in the case of injury prevention. Only a few studies were
found regarding asymmetries of the upper limbs in this
context (e.g., Corben et al. [56]), but none of them met
the inclusion criteria. Indeed, asymmetries are not so
often discussed as an influential factor for injuries of the
upper limbs. This might be due to the main use of one
limb during sporting actions, e.g., throwing or hitting,
wherefore asymmetries might be present but have less
influence on injuries or performance. Moreover, due to
the nature of the upper limbs, the performance of one
side is not directly affected by the other side. This makes
asymmetries possibly less relevant, especially in asym-
metric sports, e.g., handball or tennis. Nevertheless,
many injuries in the upper limbs occur due to or during
sporting activities, and it remains open whether asym-
metries might also play a role in their emergence [59].
Therefore, asymmetries of the upper limbs should also
be regarded, in sports with symmetric/cyclic actions of
the upper limbs (e.g., swimming) as well as in sports
with asymmetric actions of the upper limbs (e.g., hand-
ball, tennis).

Neuromuscular Aspects

Another point often discussed is that inter-limb asym-
metries are not only mechanically based but also neuro-
logically based [60]. Neuromuscular control is an
important factor in the context of asymmetries and
might be influenced by occurring fatigue [16]. In this
context, movement strategies, especially during landings,
are considered [21, 30, 31] because landings are one
common mechanism for non-contact-injuries [8]. The
landing strategies seem to change over time as the mus-
cles became fatigued. In this regard, a loss of muscular
control may lead to increased landing forces and in-
creased injury risk [61-63]. Therefore, it seems import-
ant to consider neuromuscular deficits and changes to
avoid injuries [21]. However, changes in neuromuscular
strategies and patterns according to fatigue or increasing
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workload not only occur during landings but also during
walking or cycling [35, 64]. Additionally, an athlete’s ex-
pertise might also influence their neuromuscular strat-
egies. More experienced athletes might be able to use
different neuromuscular strategies or to change their
strategies, e.g., from quadriceps-dominant to ankle-
dominant strategies during landing, to compensate for a
loss of neuromuscular control due to asymmetries and
fatigue and to maintain the level of performance [7, 30].

Calculation of Asymmetries

The equation used to calculate asymmetry is also import-
ant and influences the amount of the asymmetry. In all of
the studies, an asymmetry value was calculated, but the
calculation methods varied. This makes it difficult to com-
pare the given values because there are differences in the
equations, their reference values, and their results [65].
According to Bishop et al. [25], in the case of unilateral
testing, the percentage difference (i.e., 100/ (max value) x
(min value) x (-1) + 100) should be used to calculate
asymmetries. For bilateral tests, they recommend to use
the Bilateral Asymmetry Index ((Dominant — Non-
dominant)/(Dominant + Non-dominant) x 100) from
Kobayashi et al. [66]. To obtain comparable results, we
suggest using one of these equations depending on the
type of task employed (ie., unilateral or bilateral). More-
over, it might be helpful to regard not only the magnitude
of asymmetry but also their direction to obtain insights on
the underlying mechanisms and the influence of fatigue
on limb dominance and asymmetries [57].

In the context of the amount of asymmetry, we also
suggest that the (arbitrary) threshold needs to be scruti-
nized according to the variation between the different
parameters [22]. According to a high variability (within
the groups) and missing research with test-retest de-
signs, the use of a concrete value to determine who has
a higher risk for an injury is insufficient. Therefore, the
“real” difference in function, strength, physical capacity,
etc. between the limbs should be regarded. At least a
more individual approach might be the best method to
assess the injury risk of an athlete [67] because group
means do not provide sufficient information [57]. In this
respect, intra-limb variability should be considered, and
the coefficient of variance of the test should also be cal-
culated to quantify if the measured asymmetry is “real”
[25, 68]. Moreover, longitudinal data are needed to de-
tect changes over time [25, 57] as it has been done by
Bishop et al. [38].

Altogether, the given results are highly inconsistent,
just as in related reviews of Barber-Westin and Noyes
[8] or Santamaria and Webster [9]. This is attributed
to task specificity of asymmetries, the different loading
protocols, or the way that asymmetry was quantified.
Therefore, we suggest that not only one parameter should
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be considered, but rather a combination of different pa-
rameters is necessary to consider an athlete as asymmetric
[31] and to assess the injury risk of an athlete [16]. The
tasks/procedures should be adapted to the given sporting
demands of the sport an athlete is competing in (e.g.,
intensity, duration) and to its specific movements and
requirements. Finally, limb dominance and fatigue should
be clearly defined and assessed, and a clear concept for
the calculation of asymmetries is necessary to improve
research and render findings comparable.

Conclusion

In view of the results and the formerly discussed points, a
clear statement on the influence of exercise-induced fa-
tigue on inter-limb asymmetries is difficult. The main rea-
son for the inconsistent and diverging results is that no
clear systematization exists in current research concerning
asymmetries and physical load. The study characteristics
are so heterogeneous that it is difficult to compare the
studies and to derive explicit conclusions about the influ-
ence of exercise-induced fatigue on asymmetries and the
relation to the injury risk of an athlete. Future research
needs to implement a systematic research program, con-
sidering the above-discussed aspects.

Regarding the design of the studies, based on the sys-
tematic review, we suggest a combination of the two dif-
ferent types of designs (pre/post and during). First, pre-
post designs should be used to assess asymmetries with
sport-specific tasks. Then, as a second step, an observa-
tion over the progression or at different points of time
during physical load should follow. Moreover, longitu-
dinal studies are needed to provide more information on
long-term changes of asymmetries.

Concerning the selection of protocols and tasks, it
cannot be stated which type of loading protocol
should be used. This depends on the context or aim
of the study or assessment. Nevertheless, according to
the nature of inter-limb asymmetries, it seems plaus-
ible to create a design that reflects the real sporting
situation and its demands [23]. Additionally, inter-
limb asymmetries could occur in many different
movements or actions [30]. Therefore, to consider an
athlete as asymmetric and to assign him or her the
degree of injury risk, it is useful to examine different
parameters.

To systematize the research, we suggest the imple-
mentation of laboratory studies using, for example,
running protocols and the use of cutting or landing
movements to depict “real” sporting demands. More-
over, we recommend unilateral (when possible) and
bilateral testing, to avoid as well as to assess that one
side is compensating for the other and to reflect the
common injury mechanisms. Moreover, the construc-
tion of study design, the selection of subjects, and the
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analysis should consider different factors such as sex,
sporting background, injury history, or anthropomet-
ric factors like leg length, which all might influence
asymmetry. In addition, the analyses should concern
an individual athlete’s reaction to physical load (i.e.,
the internal load) and the occurrence of exercise-
induced fatigue (Fig. 2). Future research could also
benefit from a more individual approach and the in-
clusion of a control group to obtain more insights
into the “real” influence of fatigue.

Finally, the above-mentioned steps could also be im-
plemented in research programs targeting asymmetries
of the upper limbs, which have almost been neglected in
the context of sports injuries.

Abbreviations

ACL: Anterior cruciate ligament; CON: Concentric; ECC: Eccentric;

GRF: Ground reaction force; PRISMA: Preferred Reporting Items for Systematic
Reviews; SLCMJ: Single-leg countermovement jump; SLDJ: Single-leg drop
jump; RPE: Rating of perceived exertion; RSA: Repeated sprint ability;

VGRF: Vertical ground reaction force

Acknowledgements
Not applicable.

Authors’ Contributions

All authors have made substantial contributions to the conception and
design of the review. Literature search, acquisition of data, and analysis were
undertaken by JH. All authors contributed to the interpretation of the results.
The first draft of the manuscript was written by JH. DB and FL critically
revised the work. All authors read and approved the final manuscript.

Funding
Open access funding provided by Projekt DEAL.

Availability of Data and Materials
All data supporting the findings of this review are available in this article.

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Competing Interests
The authors, Jessica Heil, Florian Loffing, and Dirk Blsch, declare that they
have no competing interests.

Received: 18 February 2020 Accepted: 12 August 2020
Published online: 26 August 2020

References

1. Impellizzeri FM, Marcora SM, Coutts AJ. Internal and external training load:
15 years on. Int J Sports Physiol Perform. 2019;14(2):270-3.

2. Viru A, Viru M. Nature of training effects. In: WEG J, Kirkendall DT, editors.
Exercise and sport science. Philadelphia: Lippincott Williams & Wilkens; 2000.
p. 67-95.

3. Ekstrand J, Hagglund M, Walden M. Injury incidence and injury patterns in
professional football: the UEFA injury study. Br J Sports Med. 2011;45(7):553-8.

4. King D. Incidence of injuries in the 2006 New Zealand national junior rugby
league competition. New Zeal J Sports Med. 2006;34(1):21-7.

5. Gabbett TJ. Influence of training and match intensity on injuries in rugby
league. J Sports Sci. 2004;22(5):409-17.

6. Kalkhoven JT, Watsford M, Impellizzeri F. A conceptual model and detailed
framework for stress-related, strain-related, and overuse athletic injury.
SportRxiv. 2019. https.//doi.org/10.31236/0sfio/vzxga.

7. Bell DR, Pennuto AP, Trigsted SM. The effect of exertion and sex on vertical
ground reaction force variables and landing mechanics. Am J Sports Med.
2016;30(6):1661-9.

8. Barber-Westin SD, Noyes FR. Effect of fatigue protocols on lower limb
neuromuscular function and implications for anterior cruciate ligament
injury prevention training: a systematic review. Am J Sports Med. 2017;
45(14):3388-96.

9. Santamaria LJ, Webster KE. The effect of fatigue on lower-limb
biomechanics during single-limb landings: a systematic review. J Orthop
Sports Phys Ther. 2010;40(8):464-73.

10.  Boden BP, Sheehan FT, Torg JS, Hewett TE. Non-contact ACL injuries:
mechanisms and risk factors. J Am Acad Orthop Surg. 2010;18(9):520.

11, Yu B, Garrett WE. Mechanisms of non-contact ACL injuries. Br J Sports Med.
2007:41(suppl 1):i47-51.

12. Hewett TE, Ford KR, Hoogenboom BJ, Myer GD. Understanding and
preventing acl injuries: current biomechanical and epidemiologic
considerations-update 2010. N Am J Sports Phys Ther. 2010;5(4):234-51.

13. Maloney SJ. The relationship between asymmetry and athletic performance:
a critical review. J Strength Cond Res. 2019;33(9):2579-93.

14.  Hart NH, Nimphius S, Weber J, Spiteri T, Rantalainen T, Dobbin M, et al.
Musculoskeletal asymmetry in football athletes: a product of limb function
over time. Med Sci Sports Exerc. 2016;48(7):1379-87.

15. 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.

16. Bromley T, Turner A, Read P, Lake J, Maloney S, Chavda S, et al. Effects of a

competitive soccer match on jump performance and interlimb asymmetries


https://doi.org/10.31236/osf.io/vzxga

Heil et al. Sports Medicine - Open

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2020) 6:39

in elite academy soccer players. J Strength Cond Res. 2019. https;//doi.org/
10.1519/j5c.0000000000002951.

Parrington L, Ball K. Biomechanical considerations of laterality in sport. In:
Loffing F, Hagemann N, Strauss B, MacMahon C, editors. Laterality in Sports:
Theories and applications. San Diego: Academic Press; 2016. p. 279-308.
Paterno MV, Schmitt LC, Ford KR, Rauh MJ, Myer GD, Huang B, et al.
Biomechanical measures during landing and postural stability predict
second anterior cruciate ligament injury after anterior cruciate ligament
reconstruction and return to sport. Am J Sports Med. 2010,38(10):1968-78.
Bishop C, Turner A, Read P. Effects of inter-limb asymmetries on physical and
sports performance: a systematic review. J Sports Sci. 2018;36(10):1135-44.
Girard O, Brocherie F, Morin J-B, Millet GP. Lower limb mechanical
asymmetry during repeated treadmill sprints. Hum Mov Sci. 2017;52:203-14.
Jordan MJ, Aagaard P, Herzog W. Asymmetry and thigh muscle coactivity in
fatigued anterior cruciate ligament-reconstructed elite skiers. Med Sci Sports
Exerc. 2017;49(1):11-20.

Bishop C. Interlimb Asymmetries: Are Thresholds a Usable Concept?
Strength Cond J. 2020. https://doi.org/10.1519/55¢.0000000000000554.
Smeets SA, Vanrenterghem J, Staes F, Verschueren S. Match play-induced
changes in landing biomechanics with special focus on fatigability. Med Sci
Sports Exerc. 2019;51:1884-94.

Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. Int J
Surg. 2010:336-41.

Bishop C, Read P, Lake J, Chavda S, Turner A. Interlimb asymmetries:
understanding how to calculate differences from bilateral and unilateral
tests. Strength Cond J. 2018,40(4):1-6.

Cohen J. Statistical power analysis for the behavioral sciences. New York:
Routledge Academic; 1988.

Cumming G. Cohen'’s d needs to be readily interpretable: Comment on
Shieh (2013). Behav Res Ther. 2013;45(4):968-71.

Black GM, Gabbett TJ, Cole MH, Naughton G. Monitoring workload in
throwing-dominant sports: a systematic review. Sports Med. 2016;46(10):
1503-16.

Brughelli M, Cronin J, Levin G, Chaouachi A. Understanding change of
direction ability in sport. Sports Med. 2008;38(12):1045-63.

Bishop C, McAuley W, Read P, Gonzalo-Skok O, Lake J, Turner A. Acute Effect
of Repeated Sprints on Interlimb Asymmetries During Unilateral Jumping.

J Strength Cond Res. 2019. https.//doi.org/10.1080/02640414.2017.13618%4.
Hanley B, Tucker CB. Gait variability and symmetry remain consistent during
high-intensity 10,000 m treadmill running. J Biomech. 2018;79:129-34.
Hodges SJ, Patrick RJ, Reiser RF. Effects of fatigue on bilateral ground
reaction force asymmetries during the squat exercise. J Strength Cond Res.
2011;25(11):3107-17.

Mattes K, Wolff S. Asymmetry of the leg stretcher force high-performance
female and male juniors in sweep rowing. Int J Perform Anal Sport. 2019;
19(5):737-48.

Tucker CB, Hanley B. Gait variability and symmetry in world-class senior and
junior race walkers. J Sports Sci. 2017;35(17):1739-44.

Radzak KN, Putnam AM, Tamura K, Hetzler RK, Stickley CD. Asymmetry
between lower limbs during rested and fatigued state running gait in
healthy individuals. Gait Posture. 2017,51:268-74.

Webster KE, Austin DC, Feller JA, Clark RA, McClelland JA. Symmetry of
squatting and the effect of fatigue following anterior cruciate ligament
reconstruction. Knee Surg Sports Traumatol Arthrosc. 2015;23(11):3208-13.
Delextrat A, Baker J, Cohen DD, Clarke ND. Effect of a simulated soccer
match on the functional hamstrings-to-quadriceps ratio in amateur female
players. Scand J Med Sci Sports. 2013;23(4):478-86.

Bishop C, Read P, Stern D, Turner AN. Effects of Soccer match-play on
unilateral jumping and Inter-limb asymmetry: a repeated measures design.
J Strength Cond Res. 2019. https://doi.org/10.1519/jsc.0000000000003389.
Borg G. Borg's perceived exertion and pain scales. Human kinetics; 1998.
Zifchock RA, Davis |, Higginson J, Royer T. The symmetry angle: a novel,
robust method of quantifying asymmetry. Gait Posture. 2008;27(4):622-7.
Bourne MN, Webster KE, Hewett TE. Is fatigue a risk factor for anterior
cruciate ligament rupture? Sports Med. 2019;49(11):1629-35.

Enoka RM, Duchateau J. Translating fatigue to human performance. Med Sci
Sports Exerc. 2016;48(11):2228-38.

Benjaminse A, Webster KE, Kimp A, Meijer M, Gokeler A. Revised Approach
to the Role of Fatigue in Anterior Cruciate Ligament Injury Prevention: A
Systematic Review with Meta-Analyses. Sports Med. 2019,49(4):565-86.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 15 of 16

King E, Richter C, Franklyn-Miller A, Daniels K, Wadey R, Moran R, et al.
Whole-body biomechanical differences between limbs exist 9 months after
ACL reconstruction across jump/landing tasks. Scand J Med Sci Sports. 2018;
28(12):2567-78.

Dick R, Putukian M, Agel J, Evans TA, Marshall SW. Descriptive epidemiology
of collegiate women's soccer injuries: National Collegiate Athletic
Association Injury Surveillance System, 1988-1989 through 2002-2003.

J Athl Train. 2007;42(2):278-85.

Agel J, Arendt EA, Bershadsky B. Anterior cruciate ligament injury in national
collegiate athletic association basketball and soccer: a 13-year review. Am J
Sports Med. 2005;33(4):524-31.

Hewett TE, Myer GD, Ford KR, Heidt RS Jr, Colosimo AJ, McLean SG, et al.
Biomechanical measures of neuromuscular control and valgus loading of
the knee predict anterior cruciate ligament injury risk in female athletes: a
prospective study. Am J Sports Med. 2005;33(4):492-501.

Loffing F, Solter F, Hagemann N. Left preference for sport tasks does not
necessarily indicate left-handedness: sport-specific lateral preferences,
relationship with handedness and implications for laterality research in
behavioural sciences. PLoS One. 2014,9(8). https//doi.org/10.1371/journal.
pone.0105800.

Brown N, Donelon T, Smith LC, Jones PA. An investigation into the effect of
limb preference on knee mechanics and braking strategy during a 180°
change of direction task: An exploratory study. J Sports Sci. 2016;34:557.
Greska E, Cortes N, Ringleb S, Onate J, Van Lunen B. Biomechanical
differences related to leg dominance were not found during a cutting task.
Scand J Med Sci Sports. 2017;27(11):1328-36.

Thomas C, Dos'Santos T, Kyriakidou |, Cuthbert M, Fields C, Jones PA. An
investigation into the effect of limb preference on knee mechanics and
braking strategy during pivoting in female soccer players: An exploratory
study. The 8th Annual Strength and Conditioning Student Conference.
London: Middlesex University; 2017.

Dos'Santos T, Bishop C, Thomas C, Comfort P, Jones PA. The effect of limb
dominance on change of direction biomechanics: a systematic review of its
importance for injury risk. Phys Ther Sport. 2019;37:179-89.

Sadeghi H, Allard P, Prince F, Labelle H. Symmetry and limb dominance in
able-bodied gait: a review. Gait Posture. 2000;12(1):34-45.

Brown AM, Zifchock RA, Hillstrom HJ. The effects of limb dominance and
fatigue on running biomechanics. Gait Posture. 2014;39(3):915-9.
Sanchez-Sanchez J, Bishop D, Garcia-Unanue J, Ubago-Guisado E, Hernando E,
Lopez-Fernandez J, et al. Effect of a Repeated Sprint Ability test on the muscle
contractile properties in elite futsal players. Sci Rep. 2018;8(17284):1-8.

Corben JS, Cerrone SA, Soviero JE, Kwiecien SY, Nicholas SJ, McHugh MP.
Performance Demands in Softball Pitching: A Comprehensive Muscle
Fatigue Study. Am J Sports Med. 2015;43(8):2035-41.

Bishop C, Read P, Chavda S, Jarvis P, Brazier J, Bromley T, et al. Magnitude or
Direction? Seasonal variation of interlimb asymmetry in elite academy
soccer players. J Strength Cond Res. 2020. https.//doi.org/10.1519/jsc.
0000000000003565.

Morouco PG, Marinho DA, Fernandes RJ, Marques MC. Quantification of
upper limb kinetic asymmetries in front crawl swimming. Hum Mov Sci.
2015;40:185-92.

Achenbach L, Laver L, Walter SS, et al. Decreased external rotation strength
is a risk factor for overuse shoulder injury in youth elite handball athletes.
Knee Surg Sports Traumatol Arthrosc. 2020;28:1202-11. https://doi.org/10.
1007/500167-019-05493-4.

Simon AM, Ferris DP. Lower limb force production and bilateral force
asymmetries are based on sense of effort. Exp Brain Res. 2008;187(1):129-38.
Dai B, Mao D, Garrett WE, Yu B. Anterior cruciate ligament injuries in soccer:
Loading mechanisms, risk factors, and prevention programs. J Sport Health
Sci. 2014;3(4):299-306.

Gardiner JC, Weiss JA, Rosenberg TD. Strain in the human medial collateral
ligament during valgus loading of the knee. Clin Orthop Relat Res. 2001;391:
266-74.

Hewett TE, Myer GD, Ford KR. Decrease in neuromuscular control about
the knee with maturation in female athletes. J Bone Joint Surg. 2004;
86(8):1601-8.

Bini R, Hume P. Relationship between pedal force asymmetry and
performance in cycling. J Sport Med Phys Fit. 2015;55:892-8.

Bishop C, Read P, Chavda S, Turner A. Asymmetries of the lower limb: The
calculation conundrum in strength training and conditioning. Strength
Cond J. 2016;38(6):27-32.


https://doi.org/10.1519/jsc.0000000000002951
https://doi.org/10.1519/jsc.0000000000002951
https://doi.org/10.1519/ssc.0000000000000554
https://doi.org/10.1080/02640414.2017.1361894
https://doi.org/10.1519/jsc.0000000000003389
https://doi.org/10.1371/journal.pone.0105800
https://doi.org/10.1371/journal.pone.0105800
https://doi.org/10.1519/jsc.0000000000003565
https://doi.org/10.1519/jsc.0000000000003565
https://doi.org/10.1007/s00167-019-05493-4
https://doi.org/10.1007/s00167-019-05493-4

Heil et al. Sports Medicine - Open (2020) 6:39

66. Kobayashi Y, Kubo J, Matsubayashi T, Matsuo A, Kobayashi K, Ishii N.
Relationship between bilateral differences in single-leg jumps and
asymmetry in isokinetic knee strength. J Appl Biomech. 2013;29(1):61-7.

67. Bishop C, Lake J, Loturco |, Papadopoulos K, Turner A, Read P. Interlimb
asymmetries: the need for an individual approach to data analysis. J

Strength Cond Res. 2018. https://doi.org/10.1519/JSC.0000000000002729.

68. Exell TA, Irwin G, Gittoes MJR, Kerwin DG. Implications of intra-limb
variability on asymmetry analyses. J Sports Sci. 2012;30(4):403-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 16 of 16

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1519/JSC.0000000000002729

	Abstract
	Background
	Objective
	Methods
	Results
	Conclusions

	Key Points
	Background
	Methods
	Literature Search
	Data extraction and analysis
	Study Quality

	Results
	Database Search
	Study Characteristics
	Study Design
	Loading Protocols
	Tasks/Procedures
	Subject Characteristics

	Study Quality
	Outcome Analysis

	Discussion
	Study Characteristics
	Study Design
	Loading Protocols
	Tasks/Procedures
	Subject Characteristics

	Other Potential Factors
	Laterality
	Limbs
	Neuromuscular Aspects
	Calculation of Asymmetries


	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Ethics Approval and Consent to Participate
	Consent for Publication
	Competing Interests
	References
	Publisher’s Note

