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Abstract 

Background  The presence of inter-limb asymmetry in the human body has traditionally been perceived to be det-
rimental for athletic performance. However, a systematic review addressing and comprehensively assessing the asso-
ciation of asymmetry between the lower limbs and middle- and long-distance running performance-related metrics 
is currently lacking.

Objective  The main purpose of this systematic review was to examine the relationship between lower inter-limb 
asymmetry and determinants of running performance in healthy middle- and long-distance runners. The secondary 
objective was to identify possible avenues for further research in this area.

Methods  PubMed, Web of Science and SPORTDiscus were systematically searched for studies investigating the rela-
tionship between lower inter-limb asymmetry and (determinants of ) running performance in healthy and injury-
free middle- and long-distance runners. The quality of studies eligible for inclusion was assessed using the Downs 
and Black Quality Index Tool.

Results  Out of 4817 articles screened, 8 studies were included in this review which assessed the association 
between functional, morphological, kinematic and kinetic asymmetry and running performance-related metrics. The 
quality score of the included research varied between 5/10 and 9/10. Our results revealed mixed findings, show-
ing both significant negative (n = 16) and positive (n = 1) associations as well as no significant associations (n = 30) 
between inter-limb asymmetry and running performance-related metrics.

Conclusions  A high heterogeneity across study methods and outcomes was apparent, making it difficult to draw 
a straightforward conclusion. Our results indicate that the majority of metrics of functional, morphological, kinematic 
and kinetic inter-limb asymmetry are negatively or not associated with running performance (and/or its determi-
nants). Thus, a more extensive high-quality body of research using standardised asymmetry magnitude metrics 
is essential to determine whether, and to what extent asymmetry between the lower limbs could affect middle- 
and long-distance running performance. Future studies should establish potential trade-off values to help practition-
ers develop evidence-based training programs.
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•	 In the majority of  the metrics, the magnitude of  lower inter-limb asymmetry was negatively or not associated 
with middle- and long-distance running performance.

•	 Coaches, athletes and researchers should be attentive of the task, time- and metric-specificity as well as the inter- 
and intra- individual variability of magnitude outcomes, when assessing inter-limb asymmetries.

Keywords  Side-to-side differences, Bilateral difference, Between-limb, Functional asymmetry, Morphological 
asymmetry, Kinematic asymmetry, Kinetic asymmetry, Biomechanics, Running economy, Distance running

Background
The concept of lateralization is a fundamental aspect of 
human neurodevelopment that involves the preferential 
use of one side of the body over the contralateral side 
during voluntary movement [1]. This phenomenon, that 
initiates before birth and expands during early infancy, 
occurs in almost every individual resulting in imbalances 
between body sides [1]. Such inter-limb asymmetry can 
manifest itself in multiple dimensions, encompassing 
functional (e.g., strength, power, speed, range of motion 
and agility), morphological (e.g., muscle mass, bone 
mineral content and fat mass), kinematic (e.g., body 
centre of mass displacements, joint angles or spatiotem-
poral measures, such as contact time, flight time, step 
length and step frequency), and kinetic (e.g., peak verti-
cal ground reaction force) measures [2–5]. Interestingly, 
previous studies have shown that these different types of 
asymmetry are not necessarily related to each other [2, 
6]. Furthermore, the magnitude of asymmetry has also 
been reported to be specific according to the task, metric, 
test occasion, and individual [7–13]. Given that the pres-
ence of inter-limb asymmetry has intuitively been con-
sidered to increase injury risk and to compromise athletic 
performance among sport practitioners, an abundance of 
research has been conducted on this topic over the last 
decade [4, 14–16].

From a sports performance perspective, recent 
research has shown that a larger magnitude of func-
tional asymmetry can be associated with impaired sport 
performance [17–21]. For instance, larger inter-limb 
differences resulting from the unilateral countermove-
ment (CMJ) and drop jump (DJ) tests have been shown 
to be positively correlated (i.e., indicating poorer per-
formance) with sprint time (CMJ: r = 0.43 to 0.71, DJ: 
r = 0.52 to 0.58) and change of direction time (CMJ: 
r = 0.61 to 0.71, DJ: r = 0.52 to 0.66) in youth team-sport 
athletes [20–23]. However, there are also several stud-
ies demonstrating no meaningful relationship between 

functional inter-limb asymmetry and athletic perfor-
mance [22, 24–26]. In terms of morphological asymme-
try, the existing literature on athletes shows that a higher 
degree of lean mass asymmetry between the lower limbs 
is also related to a decreased sport performance, in tasks 
such as kicking (r = − 0.31 to 0.41) [27]. Further to this, 
inter-limb asymmetry in calf girths has been negatively 
associated with cycling performance (r = − 0.46) [28], 
whereas asymmetries in knee and ankle widths have been 
reported to explain 5% of the variation in track and field 
performances [29]. Also regarding kinematic and kinetic 
asymmetry, several studies demonstrated significant rela-
tionships with sport performance [30, 31]. For instance, 
Rannama et  al. [31] documented negative associations 
between peak isokinetic torque asymmetry (at 180° 
sec−1) (r = − 0.50) as well as trunk (r = − 0.65) and pelvis 
(r = − 0.63) kinematic asymmetry and power output dur-
ing a 5-s maximal cycle test.

Although extensive research has recently been con-
ducted on the link between inter-limb asymmetry and 
sports performance, the available body of literature has 
focused mostly on unilateral dominant sports (i.e., sports 
that involve primarily one side of the body or predomi-
nantly use one limb, such as tennis, soccer or cricket) [4, 
32, 33]. Examining inter-limb asymmetry in unilateral 
dominant sports is relevant because athletes performing 
unilateral dominant sports will likely exhibit larger mag-
nitudes of inter-limb asymmetry due to the demands and 
nature of their specific sport [2, 3]. However, research has 
indicated that alternating unilateral sports (e.g., cycling 
and running) significant inter-limb asymmetries may also 
occur due to the preferential use of one side of the body 
during repetitive movement patterns [16]. For example, 
functional, kinematic and kinetic asymmetries at lower 
limb level, respectively ranging from 16 to 17, 3 to 54% 
and 3 to 54%, have been reported in adult endurance run-
ners [9, 34, 35].
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In line with research focussing on unilateral domi-
nant sports, inter-limb asymmetry could also affect 
running performance-related metrics. For instance, a 
positive relationship (r = 0.85) between inter-limb func-
tional asymmetry and running economy (i.e., a major 
determinant of long-distance running performance) 
was documented in female adolescent elite middle- and 
long-distance runners, indicating that inter-limb asym-
metry could possibly impair running performance [36]. 
Also, regarding morphological asymmetry, Jamaican 
track athletes have been shown to perform better in 
100  m sprinting when having more symmetrical knee 
and ankle widths [29, 37]. Whilst it is acknowledged that 
these are non-modifiable factors, such data could have 
a role to play as part of the talent identification process. 
In contrast, previous research has shown no significant 
associations between maximal sprint velocity and run-
ning velocity with spatiotemporal, kinematic and kinetic 
asymmetry [5, 38].

Middle- and long-distance running is a popular sport 
and leisure time activity on a global level. Given the 
potential impact of inter-limb asymmetry on middle- and 
long-distance running performance, a clear overview 
of the available literature is warranted and should help 
practitioners better understand the role of inter-limb 
asymmetry in their sport. However, a systematic review 
on the association between inter-limb asymmetry and 
middle- and long-distance running performance-related 
metrics is currently lacking. Therefore, the main aim of 
this systematic review was to comprehensively synthesize 
and appraise the available literature relating to inter-limb 
asymmetry and its association with determinants of mid-
dle- and long-distance running performance in healthy 
populations. Based on the resulting synopsis, some pos-
sible avenues for future research on the topic will be 
suggested.

Methods
This systematic review was written in accordance with 
the “Preferred Reporting Items for Systematic reviews 
and Meta-Analyses” (PRISMA) guidelines [39], and 
was registered on PROSPERO on 31 October 2023 (ID: 
CRD42023474606).

Eligibility Criteria
Table  1 presents an overview of the eligibility criteria 
that were used during the systematic search in order to 
guide the selection procedure. All criteria were deter-
mined a priori in accordance with the population (P), 
outcome (O) and study design (S) dimensions from the 
PICO(S) acronym [39]. The study selection, data collec-
tion process and risk of bias assessment were performed 
in a blinded and standardized manner by two independ-
ent researchers (J.D. and L.C.). Any divergence between 
both reviewers was resolved by consensus, or by discus-
sion with a third reviewer (D.A.).

Search Strategy
The electronic databases PubMed, Web of Science, 
and SPORTDiscus (EBSCOhost) were systematically 
searched to gather relevant literature in August 2023. 
Searches included all papers using “Title / Abstract” for 
PubMed, and “Abstract” for Web of Science and EBSCO-
host. In accordance with the eligibility criteria, the search 
was limited to English-language articles only. Addition-
ally, “Article” and “Early access” in Web of Science, and 
“Academic Journals” in EBSCOhost were selected as 
source type, whereas no source type could be selected in 
PubMed. No limit was imposed on the publication date. 
Forward citation tracking (i.e., identifying more recent 
articles that cited the studies included in the present sys-
tematic review, using Web of Science) as well as back-
ward citation tracking (i.e., screening the reference list 

Table 1  Eligibility criteria

Inclusion criteria Exclusion criteria

Participants Healthy injury-free male and/or female participants of any 
age
Any type of middle- and long-distance runners (e.g., distance 
runners, but also triathletes or duathletes) of any level

Physical conditions that may influence running asymmetry 
or running performance
Sprint athletes (i.e., up to distances of 400 m)

Outcome of interest Analysis of the association between lower inter-limb asym-
metry and middle- and long-distance running performance 
(and/or its determinants)

Analysis of the association between inter-limb asymmetry 
and sports performance, but not specifically related to middle- 
and long-distance running
Only reporting the magnitude of asymmetry

Study type and design English original peer-reviewed articles
No restrictions were imposed on the type of study design 
(e.g., cross-sectional, longitudinal and interventional studies)

Umbrella reviews, systematic reviews or meta-analyses, books, 
conference abstracts
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of the studies included in the present systematic review) 
was performed for the eligible articles. Citations and 
reference lists of related (systematic) reviews identified 
during the search were also screened. The correspond-
ing flow diagram is depicted in Fig. 1 and the complete 
search strategy with Boolean operators is detailed in 
Table 2. 

Study Selection
All articles were retrieved from the three scientific data-
bases consulted, and duplicates were removed using the 
Endnote software. Subsequently, all titles and abstracts 
were screened using the Rayyan software [40]. The 
remaining articles were evaluated based on full text and 
reasons for exclusion were registered.

Fig. 1  Flow diagram representing the selection and identification process of studies

Table 2  Schematic overview of the search strategy

Database Retrievals Complete search strategy using Boolean operators (as applied across all databases, N = 3)

PubMed
Web of Science
EBSCOhost

952
3613
252

(“distance runn*” OR “endurance runn*” OR “middle distance runn*” OR “jogging” OR “marathon” OR “trail runn*” OR “ultra-
marathon” OR “track and field” OR “5 k” OR “10 k” OR “run” OR “runn*” OR “sprint” OR “treadmill”)
AND
(“asymmetr*” OR “symmetr*” OR “imbalance” OR “side-to-side” OR “dissymmetr*” OR “interlimb” OR “inter-limb” OR “between-
limb” OR “bilateral difference”)
AND
(“performance” OR “time trial” OR “trial” OR “speed” OR “velocity” OR “economy” OR “cost of running” OR “energy cost” 
OR “VO2max” OR “VO2peak” OR “maximal oxygen uptake” OR “oxygen consumption” OR “fatigue” OR “exhaustion” OR “lac-
tate” OR “aerob*” OR “anaerob*” OR “stride length” OR “step length” OR “contact time*”)
NOT
(“injur*” OR “ACL” OR “anterior cruciate ligament” OR “syndrome” OR “traum*” OR “facture” OR “illness” OR “disease” 
OR “amput*” OR “stroke” OR “cerebral palsy” OR “tremor” OR “diagnosed” OR “disorder” OR “osteoarthritis” OR “geriatric” 
OR “return to sport” OR “rehabilitat*” OR “diagnosis” OR “pathology” OR “surgery”)
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Data Collection Process
A self-created form was used to collect the follow-
ing data per included study: year of publication, study 
design, sample characteristics (i.e., sample size, mean 
age, sex distribution, training status [e.g., athletes or 
non-athletes]), type of assessments as well as the metrics 
used to determine inter-limb asymmetry and equations 
applied to calculate asymmetry magnitude, association(s) 
between inter-limb asymmetry and any measure or met-
ric to express participants’ running performance.

Risk of Bias Assessment
The included studies quality was assessed using the 
Downs and Black Quality Index Tool [41]. In accordance 
with two recent systematic reviews, a modified version 
of this tool was used by only including the items deemed 
relevant for this current review [42, 43]. More specifically, 
the items relating to patient treatment, training interven-
tions and group randomization processes were excluded 
from the assessment. Each remaining item (N = 10, see 
Table  3) was scored either a 1 (yes = ‘•’), a 0 (no = ‘○’) 
or was indicated as ‘-’ when unable to determine a score 
based on the information in the study reports.

Results
Study Selection
The search strategy yielded a total of 4817 articles, of 
which 672 duplicates were removed. Subsequently, 4136 
articles were excluded based on title and abstract screen-
ing. In total, 7 articles were included in this systematic 
review after full text screening and one additional article 
was included from backward citation tracking, resulting 
in a total of 8 studies being included. The most common 
reasons for exclusion of studies (i.e., based on titles and 
abstracts) were: wrong study field (97.3%), wrong popula-
tion (1.7%), wrong outcome measures (0.6%), and wrong 
study design or statistical analyses (0.4%). In the second 
screening phase (i.e., based on full text articles), all fur-
ther exclusions were due to a wrong study design or pop-
ulation (100%).

Risk of Bias
The risk of bias assessment is presented in Table 4. Based 
on the modified assessment tool of Downs and Black 
[41], including only 10 items, we were unable to con-
firm the external validity of all the studies included due 
to the lack of information regarding the proportion of 

Table 3  Questions from the modified Downs and Black [44] checklist used to evaluate methodological quality of the included studies

Item number Question

Reporting

1 Is the hypothesis/aim/objective of the study clear?

2 Are the main outcomes to be measured clearly described in the introduction or methods section?
*Information outlined in introduction/methodology for both physical characteristics and running performance measure used for associative 
analysis pertaining to assessment(s) used, any calculations used and units of measurement

3 Are the characteristics of the subjects included in the study clearly described?
*Source defined, with characteristics included

4 Are the main findings of the study clearly described?

5 Does the study provide estimates of the random variability in the data for the main outcomes?
*One of the following included for both physical characteristics and running performance measures: a) mean ± SD, b) standard error, c) 
confidence intervals and d) interquartile range

6 Have actual probability values been reported (e.g. 0.035 rather than < 0.05) for the main outcomes except where the probability value 
is less than 0.001?
*Exact correlation (r) and significance (p) values provided, specific to the associative analysis

External validity

7 Were the subjects to participate in the study representative of the entire population from which they were recruited?
* Proportion of subjects asked to participate, relative to the sample population, explicitly stated. Unless evident, then answer "unable 
to determine"

Internal validity

8 If any of the results of the study were based on ’data dredging,’ was this made clear?
*Were any additional data analysis reported in the results not highlighted in the methodology?

9 Were statistical tests used to assess the main outcomes appropriate?

10 Were the main outcome measures accurate (valid and reliable)?
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individuals recruited relative to the overall sample popu-
lation. Furthermore, no internal validity bias was appar-
ent, except for some studies that failed to report data on 
the validity and reliability of the outcome measures used. 
In general, total scores ranged between 5/10 and 9/10 for 
study methodological quality and risk of bias.

Study Characteristics
From all included studies, 37.5% were performed in 
Europe (UK, Italy, Poland) [36, 44, 45], 37.5% in North 
America (USA) [46–48], 12.5% in South America (Bra-
zil) [49] and 12.5% in Asia (China) [50]. Furthermore, and 
except for one study published in 2013 [44], all studies 
were published from 2018 onwards.

Sample Characteristics
Information regarding study characteristics is provided 
in Table 5. The 8 included studies represented a total of 
181 participants, including 52% males (n = 94) and 48% 
females (n = 87). The mean age of study participants 
ranged between 17.1  years [36] and 42.6  years [44]. 
Across studies, 68% of the participants were competitive 
runners (54% female) [36, 44, 45, 47, 48, 50], 22% were 
recreational runners (36% female) [44, 46, 49, 50] and 
10% were novice runners (33% female) [44, 50].

Test and Outcome Measures
Asymmetry Tests and Metrics
Two studies examined functional asymmetry [36, 45], 1 
study morphologic asymmetry [44], 6 studies kinematic 
asymmetry [45–50] and 2 studies kinetic asymmetry [46, 
48] in relation to middle- and long-distance running per-
formance and/or its determinants. Functional asymmetry 
was assessed using strength tests (i.e., isometric quarter-
squat, isometric hip extension, isometric hip abduction, 

isokinetic knee flexion, isokinetic knee extension) [36, 
45], whilst morphological asymmetry was measured by 
performing magnetic resonance imaging [44]. Kinematic 
(e.g., spatiotemporal variables: step time, ground con-
tact time, flight time, stride asymmetry; displacements 
in body centre of mass) and kinetic (e.g., ground reaction 
force, leg stiffness, braking impulse) variables were all 
collected while running [46–50] or during the execution 
of a CMJ [45]. Kinematic data were measured using an 
instrumented treadmill in 2 studies [46, 50], an acceler-
ometer in a wrist wearable in 1 study [47], a 3D acceler-
ometer in 1 study [49], a passive marker system in 1 study 
[48], an inertial measurement unit (IMU) in 1 study [45] 
and an optoelectronic system in 1 study [44].

Equations for Calculating Asymmetry
A variety of equations were used to express the magni-
tude of inter-limb asymmetry among participants in the 8 
included studies (see Table 5). Four studies calculated the 
percentage of asymmetry related to the right versus left 
lower limb [45, 47, 48, 50], while only one accounted for 
stronger and weaker lower limb in the formula [36]. Fur-
thermore, two studies used the global symmetry index to 
identify the magnitude of asymmetry in body centre of 
mass trajectory [44, 49], whereas one study also adopted 
a normalised cross-correlation coefficient to quantify the 
magnitude of asymmetry between 3D split volumes with 
magnetic resonance [44].

Running Performance‑Related Metrics
The middle- and long-distance running performance vari-
ables taken into account could be divided in two specific 
subcategories: determinants of running performance ver-
sus actual running performance metrics based on race 
performances. As an important determinant of running 
performance, running economy (e.g., metabolic power 

Table 4  Results of the risk of bias assessment for all included studies

• = yes; ○ = no; - = unable to determine

Study Modified Downs and Black checklist item number Total 
score out 
of 10Reporting External validity Internal validity

1 2 3 4 5 6 7 8 9 10

Beck et al. [49] • ○ • • • • - • • - 7

Blagrove et al. [36] • • • • • • - • • • 9

Joubert et al. [50] • • • • • • - • • • 9

Melo et al. [51] • • • • • • - • • - 8

Mo et al. [52] • • • • • • - • • - 8

Seminati et al. [47] ○ ○ • • • ○ - • • - 5

Stiffler-Joachim et al. [46] • • • • • • - • • - 8

Tabor et al. [48] • ○ • • • ○ - • • - 6
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[46], energy cost [36], caloric unit cost [47], metabolic 
cost [44] and mechanical efficiency [49]) was examined. 
All of these physiological parameters were examined in a 
steady metabolic state. Furthermore, race performances or 
personal best times [36, 48] and running velocity [45, 50] 
were used as an actual running performance metric in four 
included studies. Metabolic power, metabolic cost, energy 
cost, caloric unit cost and personal best times should be 
interpreted inversely with a view to running performance, 
as lower values in these metrics correspond to better run-
ning performance.

The Association Between Inter‑limb Asymmetry 
and Running Performance‑Related Metrics
Evidence for an association between inter-limb asymme-
try and middle- and long-distance running performance 
(and/or its determinants) in healthy populations was 
mixed. All asymmetry outcomes could be sub-divided 
into four dimensions (i.e., functional asymmetry, mor-
phologic asymmetry, kinematic asymmetry and kinetic 
asymmetry) and were assessed independently in view 
of their link with running performance metrics. Table 6 
summarises all (significant positive, significant negative 
or no significant) associations between functional, mor-
phological, kinematic and kinetic asymmetry and run-
ning performance-related metrics.

Functional Asymmetry Linked to Running 
Performance‑Related Metrics
The magnitude of functional inter-limb asymmetry 
across studies ranged between 4.2 and 9.9% [36, 45]. 
Tabor et  al. [45] reported significant negative associa-
tions of asymmetry in the sum of muscle torque under 
static conditions in the hip, knee and ankle with maximal 
running velocity (β = − 5.77, p < 0.01). In contrast, swing 
phase time symmetry measured during a CMJ was not 
significantly correlated with running velocity (β = − 2.50, 
p > 0.05) [45]. In the study by Blagrove et al. [36], negligi-
ble associations were reported between muscle strength 
asymmetry and race performance as well as running 
economy (race performance: r = − 0.20 to 0.13; running 
economy: r = 0.02 to 0.30), except for the correlations 
found between hip abduction strength asymmetry and 
race performance (r = -0.47, p = 0.07) as well as running 
economy (r = 0.85, p < 0.001) in female middle- and long-
distance runners.

Morphological Asymmetry Linked to Running 
Performance‑Related Metrics
The only study documenting morphological asymmetry 
included in this systematic review reported no signifi-
cant associations of anatomical asymmetry (i.e., volume 

assessed by means of magnetic resonance images) at 
the pelvis and lower limb level with the metabolic cost 
of running (r = 0.06–0.16, p = 0.55–0.82) [44]. In the lat-
ter study, the range of morphological asymmetry was 
described in absolute terms, and ranged between 0.77 
and 0.83 [44].

Kinematic Asymmetry Linked to Running 
Performance‑Related Metrics
Except for one study in which the magnitude of step time 
inter-limb was predetermined while running on a tread-
mill and set at 0%, 7%; 14% and 21%, respectively, the 
magnitude of kinematic asymmetry ranged between 1.7 
and 8.6% [45–50]. Significant associations were reported 
between kinematic asymmetry and metabolic power 
(β = 0.10–0.80, p < 0.001) [46]. More specifically, for every 
10% increase in step time asymmetry and ground contact 
time asymmetry an increase of 3.5% and 7.8% in meta-
bolic power was observed, respectively [46]. Similarly, 
ground contact time asymmetry was strongly and posi-
tively related to caloric unit cost (r = 0.81, p = 0.003) [47]. 
For every 1% increase in ground contact time asymmetry, 
the caloric unit cost increased by 0.0354 kcal kg−1 km−1. 
Symmetry in displacements of the body centre of mass 
during running was moderately and positively related to 
mechanical efficiency (r = 0.66, p = 0.015) but not associ-
ated with metabolic cost (r = − 0.00, p = 0.995) [44, 49]. 
Kinematic asymmetry was not related to within-season 
personal best times (β = − 5.50 to 0.40, p = 0.27–0.90) 
[48], with the exception of asymmetry in peak ankle dor-
siflexion (i.e., for every 1° increase in peak ankle dorsiflex-
ion asymmetry, personal best times over 8  km for male 
runners and 6 km for female runners decreased by 7.6 s). 
Support phase time asymmetry was negatively related to 
running velocity (β = − 6.60, p = 0.03) [45].

Kinetic Asymmetry Linked to Running Performance‑Related 
Metrics
The magnitude of kinetic inter-limb asymmetry across 
studies ranged between 2.6% and 19.7%. It was reported 
that every 10% increase in peak braking ground reaction 
force asymmetry (β = 0.13, p < 0.001), peak propulsive 
ground reaction force asymmetry (β = 0.20, p < 0.001), 
stance average vertical ground reaction force (β = 0.35, 
p < 0.001) and leg stiffness asymmetry (β = 0.39, p = 0.04), 
respectively, elicits a 1.3%, 2.0%, 3.5% and 3.9% metabolic 
power increase [46]. In contrast, peak vertical ground 
reaction force asymmetry was not found to be signifi-
cantly correlated with net metabolic power (p = 0.47) 
and within-season personal best times (β = − 2.70, 
p = 0.42) [46, 48]. Conversely, peak vertical ground reac-
tion force asymmetry while running was reported to 
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be significantly related to running velocity (i.e., 3  min 
at fixed velocity of 8, 9, 10, 11 and 12  km/h) (p = 0.03; 
competitive runners: β = − 0.50, recreational runners: 
β = 0.30, novice runners: β = 0.60) [50]. In competitive 
and recreational runners, asymmetry in peak vertical 
ground reaction force and vertical load rate asymmetry 
showed a linear and U-shaped trend across velocities, 
respectively [50]. In novice runners, a lower asymmetry 
of time to peak vertical ground reaction force was associ-
ated with increasing running velocity, whilst asymmetry 
in vertical load rate did not differ across velocities [50]. 
As opposed to average loading rate and braking impulse 
asymmetry (β = 0.00, p = 0.99), propulsive impulse asym-
metry (β = 14.60, p < 0.01) was positively associated with 
within-season personal best times on distances of 8 km 
for male runners and 6  km for female runners [48]. 
Controlled for sex, for every 5% increase in propulsive 
impulse asymmetry, personal best times within the run-
ning season increased by 16 s [48].

Discussion
The main objective of this systematic review was to 
synthesize and evaluate the available literature regard-
ing the associations between inter-limb asymmetry at 
lower limb level and middle- and long-distance running 

performance-related metrics in healthy populations. 
According to the risk of bias assessment, all included 
studies were of moderate to strong quality. To compare 
and evaluate the association of inter-limb asymmetry 
with running performance (and/or its determinants), 
it was necessary to differentiate between dimensions to 
quantify asymmetry. Therefore, this review addressed 
the link between functional, morphological, kinematic 
and kinetic inter-limb asymmetry with running perfor-
mance-related metrics, separately. Overall, the results 
from this review indicate that functional (3 out of 13 
metrics), kinematic (6 out of 20 metrics) and kinetic (7 
out of 10 metrics) inter-limb asymmetry were partly 
negatively associated with running performance (and/or 
its determinants). In contrast, no significant association 
was observed between morphological asymmetry and 
the determinants of running performance. It is important 
to note that the limited available literature on the topic 
alongside the high heterogeneity in terms of asymmetry 
assessments and running metrics, as well as the different 
mathematical equations for calculating asymmetry mag-
nitude, made it difficult to compare studies and impos-
sible to conduct a meta-analysis. This discrepancy across 
test protocols and outcome measures resulted in incon-
sistent findings highlighting the task, metric, test occa-
sion and inter- and intra-individual specific nature of 
inter-limb asymmetry and its magnitude [7–13, 51–53].

Functional Asymmetry and Running Performance‑Related 
Metrics
Functional asymmetry was most commonly assessed 
using strength measures (e.g., isometric strength) [36, 
45]. This is unsurprising since strength training-induced 
neuromuscular adaptations have been demonstrated to 
enhance running economy (i.e., 2—8%) as well as time 
trial performance and maximal sprint velocity in mid-
dle and long-distance runners [54–56]. Moreover, larger 
magnitudes of inter-limb strength asymmetry have also 
been associated with increased gait asymmetry (r = 0.44), 
indicating a transfer from functional assessments to 
sport-specific measures [57].

Blagrove et al. [36] examined the relationship between 
the magnitude of isometric muscle strength asymmetry 
(i.e., quarter-squat, hip extension and hip abduction) and 
running performance as well as running economy (i.e., 
energy cost in kJ.kg−75.km−1) in male and female competi-
tive middle- and long-distance runners. In general, this 
study observed group mean asymmetry values ranging 
between 4.6–8.4%, resulting in negligible associations 
between inter-limb strength asymmetry and running 
performance (r =− 0.26 to 0.13), and inter-limb strength 
asymmetry and running economy (r =− 0.02 to 0.13). 
However, a larger magnitude of inter-limb asymmetry of 

Table 6  Summary of the (significant positive and significant 
negative or not significant) associations between inter-limb 
asymmetry and running performance-related metrics

Running performance includes actual running performance as well as running 
performance determinants. The outcome measures from the determinants 
metabolic power, metabolic cost, energy cost, caloric unit cost and personal best 
times were inversely interpreted given their negative relationship with running 
performance. Similarly, symmetry magnitudes were inversely construed as 
asymmetry magnitudes

Type of asymmetry # of asymmetry 
outcome measures 
associated with running 
performance

Studies

Functional asymmetry Significantly positive 0 –

Significantly negative 3 [36, 50]

Not significant 10 [36]

Morphological asym-
metry

Significantly positive 0 –

Significantly negative 0 –

Not significant 4 [49]

Kinematic asymmetry Significantly positive 1 [47]

Significantly negative 6 [46, 48, 50–52]

Not significant 13 [47, 50]

Kinetic asymmetry Significantly positive 0 –

Significantly negative 7 [47, 48, 51]

Not significant 3 [47, 51]

Overall Significantly positive 1 [47]

Significantly negative 16 [36, 46–48, 50–52]

Not significant 30 [47, 49, 51]
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10% was found in hip abduction torque asymmetry for 
the female middle- and long-distance runners. This inter-
limb asymmetry in abduction strength was significantly 
positively correlated (r = 0.85) with running economy, 
indicating the potential negative impact of larger inter-
limb asymmetry magnitudes on running performance as 
higher energy costs are detrimental to middle- and long-
distance performances [58]. Similarly, Tabor et  al. [45] 
reported that reductions in the magnitude of the sum of 
muscle torque in knee and hip flexors and extensors were 
negatively correlated with running velocity in female 
middle-distance runners (β = − 6.64). However, given the 
task-dependent nature of functional asymmetry [7], it 
may not be advisable to add together different strength 
measures to determine strength asymmetry. Therefore, 
this latter result should be interpreted with caution.

Morphological Asymmetry and Running 
Performance‑Related Metrics
Previous research documented a negative relation-
ship between asymmetry in various traits (e.g., nostrils 
and ears) and running performance in middle-distance 
runners [59]. However, the existing literature on the 
association between the magnitude of morphological 
asymmetry and (determinants of ) running performance-
related metrics seems to be limited to only one study in 
untrained, occasional and skilled runners. A first impor-
tant finding of this study conducted by Seminati et  al. 
[44] was the moderate and positive correlation (r = 0.61) 
between anatomical asymmetry (i.e., side-to-side differ-
ences in volume of the lower limbs measured by magnetic 
resonance imaging) and dynamical asymmetry (i.e., body 
centre of mass displacements), indicating that runners 
with greater magnitudes of morphological asymmetry 
tend to exhibit more pronounced asymmetrical running 
patterns. Moreover, this latter study showed that training 
status moderated this relationship, as more experienced 
runners showed smaller magnitudes of dynamic asym-
metry at higher running velocities compared to their 
untrained peers. However, this study did not report a sig-
nificant correlation between anatomical asymmetry and 
metabolic cost. The authors speculated that certain phys-
iological adaptations may compensate for the relatively 
small anatomical asymmetry magnitudes observed (i.e., 
0.77–0.83%), regardless of training status [47].

Given the scarcity of literature on the link between 
morphological inter-limb asymmetry and running per-
formance, it is difficult to draw clear conclusions. How-
ever, it is important to note that none of the studies 
included in this review addressed leg length discrepan-
cies. This is probably because leg length differences are 
typically reported as an absolute difference between the 

right and left lower limb, rather than as a relative asym-
metry score (i.e., expressed as a percentage). As such, 
larger absolute leg length differences (> 2 cm) have been 
reported to increase oxygen consumption and energy 
expenditure during walking [60, 61]. Moreover, and 
although this seems to be individual specific, absolute leg 
length differences have been positively associated with 
a more pronounced gait asymmetry (r = 0.29–0.51) [62, 
63]. In contrast, leg length differences smaller than 1 cm 
do not appear to be significantly associated with running 
economy [47, 64]. These results support the notion that 
the magnitude of morphological asymmetry between the 
lower limbs could affect running performance-related 
metrics [62].

Kinematic Asymmetry and Running Performance‑Related 
Metrics
Despite the wide range of kinematic asymmetry mag-
nitudes observed (i.e., 3–54%), the narrative review 
by Carpes et  al. [16] concluded in 2010 that the avail-
able studies failed to establish significant relationships 
between kinematic asymmetry and running perfor-
mance. Due to the recently growing interest in the topic, 
several studies attempted to investigate the association 
between kinematic inter-limb asymmetry and determi-
nants of running performance as well as personal best 
times [45–47, 49, 50]. For instance, two studies included 
in the current systematic review indicated that inter-limb 
asymmetry in ground contact times (i.e., the average 
time each foot spends in contact with the ground while 
running) was correlated with impaired caloric unit cost 
(r = 0.81) and metabolic power (i.e., energy cost, based 
on O2 consumption and CO2 production [65]) (β = 0.78) 
[46, 47]. As discussed in a recent review by Moore et al. 
[66], there is still debate on whether short or long contact 
times are favourable in terms of running performance. 
Whereas short ground contact times are suggested to 
impose a higher metabolic cost due to the need for faster 
force production [67, 68], longer ground contact times 
are suggested to increase the metabolic cost during the 
increased deceleration, resulting in a lengthened braking 
phase [69]. However, the findings in our review indicate 
that inter-limb asymmetry in ground contact times has a 
negative impact on running economy, potentially impair-
ing running performance. Similarly, step time asymme-
try (i.e., including both the ground contact time and the 
subsequent aerial time) was significantly positively corre-
lated (β = 0.35) with metabolic power [46]. This result is 
consistent with previous research in which larger asym-
metric step times were associated with increased meta-
bolic power in walking [70]. Beck et  al. [46] attributed 
these findings to reduced mechanical energy conserva-
tion in asymmetric step times, resulting in increased 
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muscle mechanical work per step and an increased meta-
bolic rate.

Studies investigating the association of asymmetry in 
trajectories of body centre of mass and (determinants 
of ) running performance revealed equivocal results. 
Whilst asymmetry in body centre of mass displacements 
was moderately negatively related to mechanical effi-
ciency (r = − 0.66), no significant association was found 
with metabolic cost [44, 49]. Differences in duration of 
the running protocol have been postulated as a possi-
ble explanation for these discrepancies. Melo et  al. [49] 
argued that longer distance protocols (e.g., 10  km) are 
more suitable for detecting kinematic asymmetry, which 
may not be evident in shorter running bouts. Moreover, 
variations in running experience [71], running intensity 
[72, 73] and muscle fatigue [74] could also explain these 
differences in findings.

Previous research showed that peak ankle dorsiflex-
ion (i.e., maximal ankle dorsiflexion angle during stance 
phase) later in stance was positively related to running 
economy and thus possibly affected running perfor-
mance [75]. In the study by Stiffler-Joachim et  al. [48], 
inter-limb asymmetry in peak ankle dorsiflexion was the 
only kinematic variable that was significantly and nega-
tively correlated with within-season personal best times 
(β = − 6.1, 95% CI [− 12.9, 0.7]). Every 1° increase in 
peak ankle dorsiflexion asymmetry was related to a 7.6 s 
decrease in the best running time over 8 km for male and 
6 km for female distance runners. Whilst the underlying 
mechanism for this finding is unclear, it should be noted 
that the magnitude for peak dorsiflexion was quantified 
as the absolute value of the inter-limb differences and not 
as a percentage. Lastly, Tabor et  al. [45] demonstrated 
that swing phase asymmetry can impair running velocity 
in intermediate and advanced middle-distance runners 
(i.e., 800–1500  m). Given that a shorter support phase 
has been related to increased running velocity [69, 76], it 
seems plausible that asymmetry in the extension of the 
swing phase could impair running velocity [45].

Kinetic Asymmetry and Running Performance‑Related 
Metrics
Stiffler-Joachim et  al. [48] documented varying kinetic 
asymmetry percentages in National Collegiate Athletic 
Association (NCAA) Division I runners, ranging from 
3% for peak vertical ground reaction force up to 20% for 
average vertical loading rate. Propulsive impulse asym-
metry has been reported to be related to impaired race 
performance in distance running [48]. Given that a larger 
propulsive impulse (i.e., body acceleration) is related to 
increased energy consumption and thus higher meta-
bolic cost, practitioners should also consider minimiz-
ing side-to-side differences in this respect. In contrast, 

inter-limb asymmetries in average vertical loading rate, 
braking impulse and peak vertical loading rate were not 
found to be significant predictors of race performance 
[66]. This could potentially be attributed to the fact that 
these associations were investigated in elite runners, who 
exhibited low overall asymmetry scores for these particu-
lar metrics.

Regarding the relationship between kinetic inter-limb 
asymmetry and determinants of running performance, 
the results indicated that stance average vertical ground 
reaction force, peak propulsive ground reaction force and 
leg stiffness asymmetry were positively associated with 
metabolic power in recreational runners [46]. This sug-
gests that more pronounced kinetic inter-limb asymme-
try could increase energy expenditure while running and 
thus potentially have an adverse effect on running per-
formance. [46]. In contrast, peak ground reaction force 
asymmetry was not found to be significantly associated 
with metabolic power, demonstrating the variable nature 
of asymmetry [46]. This variability in asymmetry metrics 
and their associations with running performance-related 
metrics was further emphasized in the study conducted 
by Mo et al. [50]. The latter study indicated that the asso-
ciation between inter-limb kinematic asymmetry and 
running performance depends on the velocity of the run-
ning test, the running experience of the participants and 
the parameter of interest assessed [50]. Consistent with 
previous research, the magnitude of asymmetry not only 
varied considerably within kinetic variables, but also 
appeared to be more pronounced compared to kinematic 
variables [50, 77].

Limitations and Strengths
Although this is the first systematic review to provide a 
holistic view on the available evidence concerning lower 
inter-limb asymmetry and the association with (deter-
minants of ) running performance in middle- and long-
distance runners, this research effort is not without 
limitations.

First, it is difficult to draw definitive conclusions due to 
the high heterogeneity among the included studies. More 
specifically, the heterogeneity was evident in a variety of 
dimensions, (e.g., functional, morphological, kinematic 
or kinetic), methods, equations and metrics being used 
to assess and express inter-limb asymmetry, as well as 
in a diversity of population characteristics (e.g., sex, age 
and/or training status of participants). Furthermore, cau-
tion is warranted when interpreting these results because 
of the scarcity of eligible studies, making comparisons 
between study results difficult and less robust. It is also 
important to note that associations between inter-limb 
asymmetry and determinants of running performance do 
not necessarily indicate a (causal) relationship between 
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inter-limb asymmetry and running performance. Moreo-
ver, only a quarter of the studies documenting Pearson’s 
or Spearman’s rank order correlations also reported an 
assessment of normality on their raw data. Since falsely 
(i.e., with non-normal data) using a Pearson’s correlation 
coefficient highly increases type I error rates, justification 
for the use of parametric statistics by means of normality 
tests (e.g., Shapiro–Wilk test) is essential [78]. Further-
more, the small sample sizes frequently employed limit 
the statistical power of the studies, making it difficult to 
establish meaningful correlations [79]. Lastly, only one 
study reported the reliability of the asymmetry metric 
of interest. Given the inherently high variable nature of 
inter-limb asymmetry [14], a good test–retest as well as 
inter-rater reliability are necessary to ensure the quality 
of the data.

Directions for Future Research
By analogy with the work of Afonso et al. [14], the synop-
sis of literature on the topic presented in the current sys-
tematic review is important to identify a research agenda 
highlighting some key areas for future research on inter-
limb asymmetry in middle- and long-distance runners 
(see Fig. 2 for an illustrative overview):

1.	 In literature, inter-limb asymmetry is often not 
reported using sport-specific and field-based assess-
ments in middle- and long-distance runners. Whilst 
functional asymmetry is generally measured using 
maximal (isometric) strength, (repeated) hop tests 
are presumed to have a greater ecological validity for 
assessing inter-limb asymmetry in runners due to 
their ability to measure various facets related to the 
stretch–shortening cycle [80]. Notably, storing and 
returning mechanical energy in the process of elas-
tic energy utilization plays a key role in the metabolic 
energy-saving mechanism, and consequently run-
ning economy [81]. In this regard, leg stiffness (i.e., 
resistance to deformation of the limb) and reactive 
strength (i.e., the ability to effectively use the stretch 
and shortening cycle as well as the energy produced 
by the muscle–tendon complex) have been proposed 
to be important neuromuscular factors contributing 
to the elastic energy utilization [66, 82, 83]. Given 
that these factors can be measured using (repeated) 
hop tests and rebound jump protocols, significant 
correlations (r = 0.58–0.70) between countermove-
ment jump metrics and running economy have been 
previously reported [84]. Hence, future research 
should consider investigating the effect of func-
tional inter-limb asymmetry in leg stiffness and reac-
tive strength using unilateral (repeated) hop tests. 
Moreover, the use of sport-specific, valid and reliable 

field-based assessments of functional asymmetry is 
needed to enhance the ecological validity and appli-
cability among practitioners.

2.	 Disparities in asymmetry outcomes and magnitudes 
between different types of runners underscore the 
necessity for practitioners to account for inter-indi-
vidual differences. Variables such as type of running 
(e.g., track versus road running), training status of 
runners (e.g., trained versus untrained) and injury 
history of runners (i.e., injured versus non-injured) 
should be considered when assessing lower inter-
limb asymmetries [50, 85–87]. Although larger mag-
nitudes of inter-limb asymmetry are expected in 
novice middle- and long-distance runners compared 
to elite middle- and long-distance runners [50], the 
results of the present review indicate that – based 
on the included studies – 68% of research has been 
conducted in competitive runners and only 22% in 
recreational runners and 10% in novice runners. 
Therefore, addressing a more diverse range of run-
ning populations in terms of training status, age and 
sex, while acknowledging the high inter- and intra-
variability, is warranted.

3.	 The direction of asymmetry is highly variable 
between tasks and between test occasions [88, 89]. 
For instance, a distance runner may favour their right 
limb on a first test occasion whilst favouring their left 
limb on a second test occasion. Given that asymme-
try is a ratio metric, reporting kappa values is highly 
recommended to assess differences in the direction 
of asymmetry between different tasks and/or test 
occasions.

4.	 Several factors relating to test protocols, such as 
running velocity, test intensity or fatigue, will likely 
induce intra-individual differences in asymmetry [50, 
51, 72]. In addition, environmental factors such as the 
running surface, air humidity and ambient tempera-
ture may possibly lead to different asymmetry magni-
tudes and/or running performances. This accentuates 
the need for a standardized approach under stable 
conditions when evaluating inter-limb asymmetry.

5.	 Recognizing the highly variable nature of inter-limb 
asymmetry, researchers are urged to report the reli-
ability of their tests and related outcome measures 
(e.g., test–retest or inter-rater reliability) to mitigate 
the impact of fluctuations on asymmetry due to 
test errors. A standardized approach for expressing 
asymmetry magnitude across studies is also needed, 
preferably using “stronger” and “weaker” limb instead 
of “right” and left “limb” [90].
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Conclusion
In summary, the limited literature on inter-limb asym-
metry in middle- and long-distance runners displayed 
a high heterogeneity regarding study samples, study 
methods, assessments and metrics used, making direct 
comparisons difficult. With the exception of one study 
demonstrating a positive association between inter-
limb asymmetry and running performance, the major-
ity of findings suggest inter-limb asymmetries are either 
negatively associated with or do not affect running per-
formance or its determinants in healthy populations. 
However, more research across diverse running popula-
tions is needed to confirm these assertions and to estab-
lish critical thresholds in this regard. Practitioners should 
be mindful of the task, test occasion and metric speci-
ficity as well as the inter- and intra-individual variability 
when monitoring inter-limb asymmetry.

Abbreviations
CMJ	� Countermovement jump
DJ	� Drop jump
PRISMA	� Preferred Reporting Items for Systematic reviews and 

Meta-Analyses
PICO acronym	� Population (P), outcome (O) and study design (S)

Author Contributions
All authors contributed to the development of the present systematic review. 
The initial design of the search strategy was performed by J.D. and revised 
by L.C., C.B., D.A., K.D.P., P.C. and E.D.. The screening process as well as the 
data-analysis and risk of bias assessment were conducted by J.D. and L.C. 
Where there were divergences of opinion, D.A. was involved. The first version 
of the manuscript was drafted by J.D. and revised and edited by all authors. 

All authors read and approved the final version of the manuscript prior to 
submission.

Funding
No funding was received for this study.

Availability of Data and Material
Not applicable.

Declarations

Ethical Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Competing Interests
Joachim D’Hondt, Laurent Chapelle, Chris Bishop, Dirk Aerenhouts, Kevin De 
Pauw, Peter Clarys and Eva D’Hondt have no conflicts of interest relevant to 
this review.

Author details
1 Movement and Nutrition for Health and Performance (MOVE) Research 
Group, Department of Movement and Sport Sciences, Faculty of Physical Edu-
cation and Physiotherapy, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, 
Belgium. 2 London Sport Institute, Middlesex University, London, UK. 3 Human 
Physiology and Sports Physiotherapy (MFYS) Research Group, Department 
of Physiotherapy, Human Physiology and Anatomy, Faculty of Physical Educa-
tion and Physiotherapy, Vrije Universiteit Brussel, Brussels, Belgium. 4 Brussels 
Human Robotics Research Center (BruBotics), Vrije Universiteit Brussel, Brus-
sels, Belgium. 

Received: 4 January 2024   Accepted: 31 October 2024

Fig. 2  Points of attention for future researchers of inter-limb asymmetry in endurance runners



Page 18 of 19D’Hondt et al. Sports Medicine - Open          (2024) 10:127 

References
	1.	 McCartney G, Hepper P. Development of lateralized behaviour in the 

human fetus from 12 to 27 weeks’ gestation. Dev Med Child Neurol. 
1999;41(2):83–6.

	2.	 Chapelle L, Bishop C, D’Hondt J, D’Hondt E, Clarys P. Morphological and 
functional asymmetry in elite youth tennis players compared to sex- and 
age-matched controls. J Sports Sci. 2022;40(14):1618–28.

	3.	 D’Hondt J, Chapelle L, Van Droogenbroeck L, Aerenhouts D, Clarys P, 
D’Hondt E. Bioelectrical impedance analysis as a means of quantify-
ing upper and lower limb asymmetry in youth elite tennis players: an 
explorative study. Eur J Sport Sci. 2022;22(9):1343–54.

	4.	 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.

	5.	 Nagahara R, Gleadhill S. Asymmetries of kinematics and kinetics in female 
and male sprinting. J Sports Med Phys Fitness. 2023;63(8):891–8.

	6.	 Chapelle L, Bishop C, Clarys P, D’Hondt E. No relationship between lean 
mass and functional asymmetry in high-level female tennis players. Int J 
Env Res Pub He. 2021;18(22):11928.

	7.	 Virgile A, Bishop C. A narrative review of limb dominance: task 
specificity and the importance of fitness testing. J Strength Cond Res. 
2021;35(3):846–58.

	8.	 Stiffler-Joachim MR, Lukes DH, Kliethermes SA, Heiderscheit BC. Lower 
extremity kinematic and kinetic asymmetries during running. Med Sci 
Sports Exerc. 2021;53(5):945–50.

	9.	 Karamanidis K, Arampatzis A, Bruggemann GP. Symmetry and reproduc-
ibility of kinematic parameters during various running techniques. Med 
Sci Sport Exer. 2003;35(6):1009–16.

	10.	 Bissas A, Walker J, Paradisis GP, Hanley B, Tucker CB, Jongerius N, et al. 
Asymmetry in sprinting: An insight into sub-10 and sub-11 s men and 
women sprinters. Scand J Med Sci Sports. 2022;32(1):69–82.

	11.	 Dos’Santos T, Thomas C, Jones PA. Assessing interlimb asymmetries: are 
we heading in the right direction? Strength Cond J. 2021;43(3):91–100.

	12.	 Chapelle L, Bishop C, D’Hondt J, Rommers N, D’Hondt E, Clarys P. Devel-
opment of upper and lower extremity functional asymmetries in male 
and female elite youth tennis players: a longitudinal study. J Sports Med 
Phys Fitness. 2023. https://​doi.​org/​10.​23736/​S0022-​4707.​23.​15043-2.

	13.	 D’Hondt J, Chapelle L. Change of direction asymmetry in youth elite ten-
nis players: a longitudinal study. Int J Sports Med. 2024. https://​doi.​org/​
10.​1055/a-​2231-​9630.

	14.	 Afonso J, Pena J, Sa M, Virgile A, Garcia-de-Alcaraz A, Bishop C. Why sports 
should embrace bilateral asymmetry: a narrative review. Symmetry-Basel. 
2022;14(10):1993.

	15.	 Helme M, Tee J, Emmonds S, Low C. Does lower-limb asymmetry increase 
injury risk in sport? A systematic review. Phys Ther Sport. 2021;49:204–13.

	16.	 Carpes FP, Mota CB, Faria IE. On the bilateral asymmetry during running 
and cycling - a review considering leg preference. Phys Ther Sport. 
2010;11(4):136–42.

	17.	 Philipp NM, Garver MJ, Crawford DA, Davis DW, Hair JN. Interlimb asym-
metry in collegiate American football players: effects on combine-related 
performance. J Human Sport Exercise. 2022;17(3):708–18.

	18.	 Madruga-Parera M, Bishop C, Read P, Lake J, Brazier J, Romero-Rodriguez 
D. Jumping-based asymmetries are negatively associated with jump, 
change of direction, and repeated sprint performance, but not linear 
speed, in adolescent handball athletes. J Hum Kinet. 2020;71:47–58.

	19.	 Fort-Vanmeerhaeghe A, Bishop C, Buscà B, Aguilera-Castells J, Vicens-
Bordas J, Gonzalo-Skok O. Inter-limb asymmetries are associated with 
decrements in physical performance in youth elite team sports athletes. 
PLoS ONE. 2020;15(3): e0229440.

	20.	 Bishop C, Read P, McCubbine J, Turner A. Vertical and horizontal asym-
metries are related to slower sprinting and jump performance in elite 
youth female soccer players. J Strength Cond Res. 2021;35(1):56–63.

	21.	 Bishop C, Turner A, Maloney S, Lake J, Loturco I, Bromley T, et al. Drop 
jump asymmetry is associated with reduced sprint and change-of-direc-
tion speed performance in adult female soccer players. Sports (Basel). 
2019;7(1):29.

	22.	 Bishop C, Brashill C, Abbott W, Read P, Lake J, Turner A. jumping asym-
metries are associated with speed, change of direction speed, and jump 
performance in elite academy soccer players. J Strength Cond Res. 
2021;35(7):1841–7.

	23.	 Bishop C, Read P, Bromley T, Brazier J, Jarvis P, Chavda S, et al. The associa-
tion between interlimb asymmetry and athletic performance tasks: a 
season-long study in elite academy soccer players. J Strength Cond Res. 
2022;36(3):787–95.

	24.	 Loturco I, Pereira LA, Kobal R, Abad CCC, Rosseti M, Carpes FP, et al. Do 
asymmetry scores influence speed and power performance in elite 
female soccer players? Biol Sport. 2019;36(3):209–16.

	25.	 Lockie RG, Callaghan SJ, Berry SP, Cooke ER, Jordan CA, Luczo TM, et al. 
Relationship between unilateral jumping ability and asymmetry on 
multidirectional speed in team-sport athletes. J Strength Cond Res. 
2014;28(12):3557–66.

	26.	 Michailidis Y, Pirounakis V, Savvakis C, Margonis K, Metaxas T. The influ-
ence of unilateral jumping asymmetry on acceleration and speed 
performance, in U10 and U15 groups of youth soccer players. Trends in 
Sport Sciences. 2019;26(4):145–51.

	27.	 Hart NH, Nimphius S, Spiteri T, Newton RU. Leg strength and lean mass 
symmetry influences kicking performance in australian football. J Sport 
Sci Med. 2014;13(1):157–65.

	28.	 Rauter S, Simenko J. Morphological asymmetries profile and the differ-
ence between low- and high-performing road cyclists using 3D scan-
ning. Biology (Basel). 2021;10(11):1199.

	29.	 Trivers R, Fink B, Russell M, McCarty K, James B, Palestis BG. Lower body 
symmetry and running performance in elite Jamaican track and field 
athletes. PLoS ONE. 2014;9(11): e113106.

	30.	 Bini RR, Hume PA. Relationship between pedal force asymmetry and per-
formance in cycling time trial. J Sports Med Phys Fitness. 2015;55:892–8.

	31.	 Rannama I, Port K, Bazanov B, Pedak K. Sprint cycling performance and 
asymmetry. J Human Sport Exercise. 2015;10:S247–58.

	32.	 Fox KT, Pearson LT, Hicks KM. The effect of lower inter-limb asymmetries 
on athletic performance: a systematic review and meta-analysis. PLoS 
ONE. 2023;18(6): e0286942.

	33.	 Guan Y, Bredin SSD, Taunton J, Jiang Q, Wu N, Warburton DER. Association 
between inter-limb asymmetries in lower-limb functional performance 
and sport injury: a systematic review of prospective cohort studies. J Clin 
Med. 2022;11(2):360.

	34.	 Yanci J, Los AA. Muscle strength and leg asymmetries in elite runners and 
cyclists. Int SportMed J. 2014;15(3):285–97.

	35.	 Zifchock RA, Davis I, Hamill J. Kinetic asymmetry in female runners 
with and without retrospective tibial stress fractures. J Biomech. 
2006;39(15):2792–7.

	36.	 Blagrove RC, Bishop C, Howatson G, Hayes PR. Inter-limb strength 
asymmetry in adolescent distance runners: test-retest reliability and 
relationships with performance and running economy. J Sports Sci. 
2021;39(3):312–21.

	37.	 Trivers R, Palestis BG, Manning JT. The symmetry of children’s knees is 
linked to their adult sprinting speed and their willingness to sprint in a 
long-term Jamaican study. PLoS ONE. 2013;8(8): e72244.

	38.	 Meyers RW, Oliver JL, Hughes MG, Lloyd RS, Cronin JB. Asymmetry during 
maximal sprint performance in 11- to 16-year-old boys. Pediatr Exerc Sci. 
2017;29(1):94–102.

	39.	 Page MJ, Moher D, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, 
et al. PRISMA 2020 explanation and elaboration: updated guidance and 
exemplars for reporting systematic reviews. BMJ. 2021;29(372): n160.

	40.	 Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan-a web and 
mobile app for systematic reviews. Syst Rev. 2016;5(1):210.

	41.	 Downs SH, Black N. The feasibility of creating a checklist for the assess-
ment of the methodological quality both of randomised and non-
randomised studies of health care interventions. J Epidemiol Commun H. 
1998;52(6):377–84.

	42.	 Jarvis P, Turner A, Read P, Bishop C. Reactive strength index and its asso-
ciations with measures of physical and sports performance: a systematic 
review with meta-analysis. Sports Med. 2022;52(2):301–30.

	43.	 Fox JL, Stanton R, Sargent C, Wintour SA, Scanlan AT. The association 
between training load and performance in team sports: a systematic 
review. Sports Med. 2018;48(12):2743–74.

	44.	 Seminati E, Nardello F, Zamparo P, Ardigò LP, Faccioli N, Minetti AE. Ana-
tomically asymmetrical runners move more asymmetrically at the same 
metabolic cost. PLoS ONE. 2013;8(9): e74134.

	45.	 Tabor P, Mastalerz A, Iwańska D, Grabowska O. Asymmetry indices in 
female runners as predictors of running velocity. Polish J Sport Tourism. 
2019;26(3):3–8.

https://doi.org/10.23736/S0022-4707.23.15043-2
https://doi.org/10.1055/a-2231-9630
https://doi.org/10.1055/a-2231-9630


Page 19 of 19D’Hondt et al. Sports Medicine - Open          (2024) 10:127 	

	46.	 Beck ON, Azua EN, Grabowski AM. Step time asymmetry increases 
metabolic energy expenditure during running. Eur J Appl Physiol. 
2018;118(10):2147–54.

	47.	 Joubert DP, Guerra NA, Jones EJ, Knowles EG, Piper AD. Ground contact 
time imbalances strongly related to impaired running economy. Int J 
Exerc Sci. 2020;13(4):427–37.

	48.	 Stiffler-Joachim MR, Kliethermes SA, Martin JA, Tanaka CS, Benkert R, 
Heiderscheit BC. Longitudinal changes in running gait asymmetries and 
their relationship to personal record race times in collegiate cross country 
runners. Symmetry-Basel. 2021;13(9):1729.

	49.	 Melo CC, Carpes FP, Vieira TM, Mendes TT, de Paula LV, Chagas MH, et al. 
Correlation between running asymmetry, mechanical efficiency, and 
performance during a 10 km run. J Biomech. 2020;26(109): 109913.

	50.	 Mo S, Lau FOY, Lok AKY, Chan ZYS, Zhang JH, Shum G, et al. Bilateral 
asymmetry of running gait in competitive, recreational and novice run-
ners at different speeds. Hum Mov Sci. 2020;71: 102600.

	51.	 Heil J, Loffing F, Büsch D. The influence of exercise-induced fatigue 
on inter-limb asymmetries: a systematic review. Sports Med-Open. 
2020;6(1):16.

	52.	 Trowell D, Phillips E, Saunders P, Bonacci J. The relationship between per-
formance and biomechanics in middle-distance runners. Sport Biomech. 
2021;20(8):974–84.

	53.	 Ueberschär O, Fleckenstein D, Warschun F, Kränzler S, Walter N, Hoppe 
MW. Measuring biomechanical loads and asymmetries in junior elite 
long-distance runners through triaxial inertial sensors. Sports Orthopae-
dics Traumatol. 2019;35(3):296–308.

	54.	 Guglielmo LGA, Greco CC, Denadai BS. Effects of strength training on 
running economy. Int J Sports Med. 2009;30(1):27–32.

	55.	 Storen O, Helgerud J, Stoa EM, Hoff J. Maximal strength training 
improves running economy in distance runners. Med Sci Sport Exer. 
2008;40(6):1087–92.

	56.	 Blagrove RC, Howatson G, Hayes PR. Effects of strength training on the 
physiological determinants of middle- and long-distance running perfor-
mance: a systematic review. Sports Med. 2018;48(5):1117–49.

	57.	 Laroche DP, Cook SB, Mackala K. Strength asymmetry increases gait 
asymmetry and variability in older women. Med Sci Sports Exerc. 
2012;44(11):2172–81.

	58.	 Conley DL, Krahenbuhl GS. Running economy and distance run-
ning performance of highly trained athletes. Med Sci Sports Exerc. 
1980;12(5):357–60.

	59.	 Manning JT, Pickup LJ. Symmetry and performance in middle distance 
runners. / Symetrie et performance chez des coureurs de demi-fond. Int J 
Sports Med. 1998;19(3):205–9.

	60.	 Delacerda FG, McCrory ML. A case report: effect of a leg length differen-
tial on oxygen consumption. J Orthop Sports Phys Ther. 1981;3(1):17–20.

	61.	 Gurney B, Mermier C, Robergs R, Gibson A, Rivero D. Effects of limb-
length discrepancy on gait economy and lower-extremity muscle activity 
in older adults. J Bone Jt Surg Am. 2001;83(6):907–15.

	62.	 Kaufman KR, Miller LS, Sutherland DH. Gait asymmetry in patients with 
limb-length inequality. J Pediatr Orthop. 1996;16(2):144–50.

	63.	 Seeley MK, Umberger BR, Clasey JL, Shapiro R. The relation between mild 
leg-length inequality and able-bodied gait asymmetry. J Sport Sci Med. 
2010;9(4):572–9.

	64.	 Perttunen JR, Anttila E, Sodergard J, Merikanto J, Komi PV. Gait asym-
metry in patients with limb length discrepancy. Scand J Med Sci Sports. 
2004;14(1):49–56.

	65.	 Brockway JM. derivation of formulas used to calculate energy-expendi-
ture in man. Hum Nutr-Clin Nutr. 1987;41(6):463–71.

	66.	 Moore IS. Is there an economical running technique? A review of modifi-
able biomechanical factors affecting running economy. Sports Med. 
2016;46(6):793–807.

	67.	 Roberts TJ, Kram R, Weyand PG, Taylor CR. Energetics of bipedal running I. 
Metabolic cost of generating force. J Exp Biol. 1998;201(19):2745–51.

	68.	 Kram R, Taylor CR. energetics of running - a new perspective. Nature. 
1990;346(6281):265–7.

	69.	 Nummela A, Keränen T, Mikkelsson LO. Factors related to top running 
speed and economy. Int J Sports Med. 2007;28(8):655–61.

	70.	 Ellis RG, Howard KC, Kram R. The metabolic and mechanical costs of step 
time asymmetry in walking. Proc Biol Sci. 2013;280(1756):20122784.

	71.	 Cavanagh PR, Pollock ML, Landa J. A biomechanical comparison of elite 
and good distance runners. Ann N Y Acad Sci. 1977;301:328–45.

	72.	 Lee JB, Sutter KJ, Askew CD, Burkett BJ. Identifying symmetry in running 
gait using a single inertial sensor. J Sci Med Sport. 2010;13(5):559–63.

	73.	 Arampatzis A, Brüggemann GP, Metzler V. The effect of speed 
on leg stiffness and joint kinetics in human running. J Biomech. 
1999;32(12):1349–53.

	74.	 Mizrahi J, Verbitsky O, Isakov E, Daily D. Effect of fatigue on leg kinemat-
ics and impact acceleration in long distance running. Hum Mov Sci. 
2000;19(2):139–51.

	75.	 Moore IS, Jones AM, Dixon SJ. Mechanisms for improved running 
economy in beginner runners. Med Sci Sport Exer. 2012;44(9):1756–63.

	76.	 Brughelli M, Cronin J, Chaouachi A. Effects of running velocity on running 
kinetics and kinematics. J Strength Cond Res. 2011;25(4):933–9.

	77.	 Furlong LM, Egginton NL. Kinetic asymmetry during running at preferred 
and nonpreferred speeds. Med Sci Sports Exerc. 2018;50(6):1241–8.

	78.	 Bishara AJ, Hittner JB. Testing the significance of a correlation with non-
normal data: comparison of Pearson, Spearman, transformation, and 
resampling approaches. Psychol Methods. 2012;17(3):399–417.

	79.	 Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. 
Mahwah: Lawrence Erlbaum Associates; 1988.

	80.	 Markstrom JL, Olsson CJ. Countermovement jump peak force relative to 
body weight and jump height as predictors for sprint running perfor-
mances: (in)homogeneity of track and field athletes? J Strength Cond 
Res. 2013;27(4):944–53.

	81.	 Sasaki K, Neptune RR. Muscle mechanical work and elastic energy utiliza-
tion during walking and running near the preferred gait transition speed. 
Gait Posture. 2006;23(3):383–90.

	82.	 Vogt M, Hoppeler HH. Eccentric exercise: mechanisms and effects 
when used as training regime or training adjunct. J Appl Physiol. 
2014;116(11):1446–54.

	83.	 Li F, Newton RU, Shi Y, Sutton D, Ding HY. Correlation of eccentric 
strength, reactive strength, and leg stiffness with running economy in 
well-trained distance runners. J Strength Cond Res. 2021;35(6):1491–9.

	84.	 Dumke CL, Pfaffenroth CM, McBride JM, McCauley GO. Relationship 
between muscle strength, power and stiffness and running economy in 
trained male runners. Int J Sports Physiol Perform. 2010;5(2):249–61.

	85.	 Exell T, Irwin G, Gittoes M, Kerwin D. Strength and performance asym-
metry during maximal velocity sprint running. Scand J Med Sci Sports. 
2017;27(11):1273–82.

	86.	 Ishimura K, Sakurai S. Asymmetry in determinants of running speed dur-
ing curved sprinting. J Appl Biomech. 2016;32(4):394–400.

	87.	 Bredeweg SW, Buist I, Kluitenberg B. Differences in kinetic asymmetry 
between injured and noninjured novice runners: a prospective cohort 
study. Gait Posture. 2013;38(4):847–52.

	88.	 Bishop C, Lake J, Loturco I, Papadopoulos K, Turner A, Read P. Interlimb 
asymmetries: the need for an individual approach to data analysis. J 
Strength Cond Res. 2021;35(3):695–701.

	89.	 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. 2022;36(4):1031–7.

	90.	 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.

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


	Association Between Inter-Limb Asymmetry and Determinants of Middle- and Long-distance Running Performance in Healthy Populations: A Systematic Review
	Abstract 
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 
	Key Points 

	Background
	Methods
	Eligibility Criteria
	Search Strategy
	Study Selection
	Data Collection Process
	Risk of Bias Assessment

	Results
	Study Selection
	Risk of Bias
	Study Characteristics
	Sample Characteristics
	Test and Outcome Measures
	Asymmetry Tests and Metrics
	Equations for Calculating Asymmetry
	Running Performance-Related Metrics

	The Association Between Inter-limb Asymmetry and Running Performance-Related Metrics
	Functional Asymmetry Linked to Running Performance-Related Metrics
	Morphological Asymmetry Linked to Running Performance-Related Metrics
	Kinematic Asymmetry Linked to Running Performance-Related Metrics
	Kinetic Asymmetry Linked to Running Performance-Related Metrics


	Discussion
	Functional Asymmetry and Running Performance-Related Metrics
	Morphological Asymmetry and Running Performance-Related Metrics
	Kinematic Asymmetry and Running Performance-Related Metrics
	Kinetic Asymmetry and Running Performance-Related Metrics
	Limitations and Strengths
	Directions for Future Research

	Conclusion
	References


