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SYSTEMATIC REVIEW

Are Leg Muscle, Tendon and Functional 
Characteristics Associated with Medial Tibial 
Stress Syndrome? A Systematic Review
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Abstract 

Background: Medial tibial stress syndrome (MTSS) is a common overuse injury that lacks effective evidence-based 
treatment options. Reduced leg girth has been associated with MTSS development because it is hypothesised to 
impair the ability of the leg to modulate tibial loading generated during foot–ground contact. Measuring total leg 
girth, however, does not provide specific information about the structural composition or functional capacity of indi-
vidual leg muscles. Consequently, uncertainty remains as to which specific muscles are compromised and contribute 
to MTSS development. Therefore, this paper aimed to systematically review the body of literature pertaining to how 
the structure and function of the leg muscles are thought to be associated with MTSS injury.

Methods: The review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis Protocols (PRISMA-P). Medline, PubMed, SCOPUS, SPORTDiscus with Full-texts and Web of Science were 
searched until March 2021 to identify articles in which lower limb muscle structural or functional variables associated 
with MTSS injury were investigated.

Results: Seventeen studies, which were predominately case–control in design and captured data from 332 individu-
als with MTSS symptoms and 694 control participants, were deemed appropriate for review. The average Downs and 
Black Quality Assessment score was 71.7 ± 16.4%, with these articles focussing on leg girth, tendon abnormalities, 
muscle strength and endurance, shear modulus and neuromuscular control. Of the risk factors assessed in the 17 
studies, decreased lean leg girth and higher peak soleus muscle activity during propulsion were most strongly corre-
lated with MTSS development. Individuals with MTSS also displayed deficits in ankle plantar flexor endurance, greater 
isokinetic concentric eversion strength, increased muscle shear modulus and altered neuromuscular recruitment 
strategies compared to asymptomatic controls.

Conclusions: Future prospective studies are required to confirm whether decreased lean leg girth and higher peak 
soleus muscle activity during propulsion are associated with MTSS development and to elucidate whether these 
structural and functional differences in the leg muscles between MTSS symptomatic and asymptomatic controls are a 
cause or effect of MTSS.
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Key Points

• Decreased lean leg girth is a likely risk factor associ-
ated with developing MTSS, although this reduction 
in muscle girth is not related to the capacity of the leg 
muscles to produce maximal force.
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• Higher peak soleus muscle activity during propulsion 
is likely associated with MTSS development.

• The small number of prospective studies deemed 
appropriate to include in this review resulted in large 
knowledge gaps as to how leg muscle structure and 
function are associated with MTSS. Therefore, future 
prospective studies are necessary to assess leg muscle 
structural and functional characteristics in popula-
tions at risk of MTSS development.

Background
Running is a popular form of physical activity primar-
ily driven by the physical health benefits associated with 
exercise and the relative ease of accessibility to running 
[1]. Although the health benefits associated with running 
are widely acknowledged [2], runners of all levels and dis-
ciplines experience overuse injuries, with those training 
for longer distances at greater risk of injury [3]. Overuse 
injuries can be problematic for runners because these 
injuries have the potential to disrupt active lifestyles and 
negatively influence the positive physiological adapta-
tions gained from running [4].

One overuse injury afflicting both novice and experi-
enced runners is medial tibial stress syndrome (MTSS), 
more commonly referred to using the outdated term, 
shin splints. With an incidence rate of between 4 and 35% 
[5–7], MTSS predominately affects individuals partici-
pating in activities that impose repetitive loading upon 
the lower limb, such as running [8]. Pain is diffuse, cover-
ing an area of at least 5 cm at the middle to distal third 
of the posteromedial tibial border [5]. MTSS is a separate 
pathology from a stress fracture, chronic exertional com-
partment syndrome and neuropathies affecting the lower 
limb [6].

To better inform MTSS treatment protocols, numer-
ous research studies have been conducted to identify risk 
factors for developing the injury. The authors of a sys-
tematic review and meta-analysis reported that the risk 
factors for developing MTSS included female sex, pre-
vious history of MTSS, fewer years running experience, 
orthotic use, increased body mass index (BMI), increased 
navicular drop and greater hip external rotation range of 
motion in males [8]. Difficulty exists, however, in basing 
MTSS treatment protocols on these current risk factors 
because many of them cannot be easily modified. Fur-
thermore, there is no high-quality evidence for the effect 
of any current intervention in managing MTSS based on 
these risk factors [9].

One risk factor proposed to contribute to developing 
MTSS, which could be modified, but is yet to be exten-
sively explored, is reduced leg girth [10]. Reduced leg 
musculature is thought to impair the ability of the leg 

to modulate tibial loading caused by the ground reac-
tion forces generated at foot–ground contact during the 
stance phase of running, resulting in increased tibial 
loading placing individuals at risk of developing MTSS 
[10]. Although leg girth provides a gross measure of mus-
cular bulk, it does not provide detail as to the structural 
composition or functional capacity of the leg muscles. 
Therefore, we do not know which specific leg muscles 
might be compromised in individuals with MTSS or 
how this might impact lower limb function. However, 
leg muscle structure and function could be targeted and 
relatively easily modified with appropriate interventions 
to modulate tibial loading and reduce MTSS incidence.

Several research teams have assessed leg muscle struc-
tural and functional characteristics in individuals with 
and without MTSS [10–24]. To date, however, no publi-
cation could be located in which the outcomes of these 
studies were systematically reviewed or how changes to 
leg muscle structure and function might predispose indi-
viduals to MTSS injury. The long recovery period from 
MTSS symptoms [25] combined with the high MTSS 
incidence rate highlight that further exploration of modi-
fiable risk factors for MTSS is needed to develop better 
treatment protocols. Therefore, this paper aimed to sys-
tematically review the body of literature pertaining to 
how the structure and function of the leg muscles were 
associated with MTSS injury. Our secondary aim was 
to develop recommendations to direct future research 
studies to fill knowledge gaps related to leg structure and 
function with the ultimate goal of better informing MTSS 
treatment protocols.

Methods
Literature Search Strategy
To conform to best practice guidelines for systematic 
literature reviews, we conducted this review following 
the Preferred Reporting Items for Systematic Reviews 
and Meta-Analysis Protocols (PRISMA-P) (see Addi-
tional file 1: Appendix 1 Prisma-P checklist). The review 
protocol was registered on the PROSPERO interna-
tional prospective register for systematic reviews web-
site (https:// www. crd. york. ac. uk/ prosp ero) (PROSPERO 
2020 CRD42020154523). The question for this systematic 
literature review was ’Do individuals who develop and 
are afflicted with MTSS display differences in lower leg 
muscle structure or function compared to active asymp-
tomatic individuals?’.

A systematic literature search was completed in March 
2021, and relevant articles in which the authors had 
investigated leg muscle structure or function associated 
with MTSS injury were identified. This included all avail-
able years through a series of systematic searches of the 
databases Medline, PubMed, SCOPUS, SPORTDiscus 

https://www.crd.york.ac.uk/prospero
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with Full-text and Web of Science (see Fig. 1). The data-
bases were searched by the lead author using combina-
tions of the key search terms: (i) "medial tibial stress 
syndrome" OR "MTSS" OR "shin splints" OR "exertional 
medial tibial pain"; (ii) "musc*", "calf” "lower*" and "leg" 
(see Additional file  2: Appendix  2-search strategy). The 
terms "musc*" and "lower*" were chosen to include as 
many articles as possible in which the authors investi-
gated muscle, muscular or musculoskeletal structure 
or function and leg, lower limb and lower extremity, 
respectively.

Inclusion and Exclusion Criteria
In this systematic literature review, we defined MTSS 
according to the criteria described by Yates et  al. [6]. 
However, studies that used alternate terminology to 

define MTSS were also included in the review if the 
study authors had excluded participants with a tibial 
stress fracture, chronic exertional compartment syn-
drome, lower leg tendinopathy and neurovascular 
pathologies.

Eligibility criteria were established before beginning 
the search. Articles were included if they were written 
in English and investigated lower limb muscle structural 
(excluding anatomical location) or functional variables 
associated with MTSS injury (e.g. a measure of leg cir-
cumference or ankle plantar flexor endurance). Addi-
tional relevant published papers were then obtained from 
the reference lists of the sources located in the databases 
to help explain and support the information presented 
throughout this review. Articles were excluded if the 
authors had investigated chronic exertional compartment 
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Fig. 1 Systematic review flow diagram
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syndrome, tibial stress fracture, lower leg tendinopathy 
or shin pain of neurovascular origin.

Numerous authors have assessed ankle joint plantar 
flexion and dorsiflexion range of motion associated with 
MTSS injury [6, 26–32]. Although leg muscle structure 
and function can influence ankle joint range of motion, 
numerous other factors are also involved, such as the 
geometry of the articulating surfaces, the joint capsule, 
age and sex [33]. As this paper focussed on leg muscle 
structure and function, ankle joint range of motion was 
not included as an outcome variable.

Procedures
The lead author assessed the methodological quality 
of the studies described in the articles included in the 
review using the modified Downs and Black Quality 
Assessment Checklist [34]. The Downs and Black Qual-
ity Assessment Checklist exhibits high test–retest and 
inter-rater reliability (r = 0.88 & 0.75) and criterion valid-
ity when compared with the global scores obtained using 
the Standards of Reporting Trials Group (r = 0.90) [34]. 
Therefore, the Downs and Black Quality Assessment 
Checklist is an appropriate tool to assess the methodo-
logical quality of both randomised and non-randomised 
health care intervention studies. The Quality Assessment 
Checklist has recently been modified to allow a fairer 
appraisal of intervention and non-intervention studies 
[35, 36]. The Quality Assessment Checklist reports on 
the bias of study reporting, internal and external valid-
ity and power. The following amendments to the Downs 
and Black Quality Assessment Checklist [34], mod-
elled on the previous work of Hebert-Losier et  al. [35], 
were implemented for this review (see Additional file 3: 
Appendix  3-Modified Downs and Black Quality Assess-
ment Checklist). The terms ’patient’ or ’subject’ were 
replaced with ’participant’ and ’treatment’ interpreted in 
the context of testing. An additional option of ’Not Appli-
cable’ was added to several questions (4, 8–9, 12–14, 
17, 19, 21–24, 26), which were deemed inappropriate 
to answer (i.e. the study was not an intervention study), 
and these questions were excluded from the total appli-
cable points when this option was selected. Question 27 
was simplified to cover statistical significance, whereby if 
a study reached statistical significance, it was answered 
’Yes’ (1 point), and if it did not reach significance, it was 
answered ’No’ (0 points). In Question 20, an article was 
scored ’Yes’ if its author reported or referenced the level 
of accuracy of the instruments used in the study. When 
referencing confounders in Questions 5 and 25, age, sex, 
athletic activity, competitive level or measure of weekly 
training and BMI were considered confounding variables. 
When assessing prospective studies, a history of MTSS 
was also considered a confounding variable. A score 

of 2 points was given if all principle confounders were 
reported. One point was awarded if three confound-
ers were reported, and a score of zero was given when 
only two confounders were stated. All scores were then 
expressed, using Eq. (1), as a percentage of the total appli-
cable points.

Two other authors reviewed controversial articles to 
reach a consensus before being included in the review. 
Once included in the review, data concerning the study 
design, aims, population (e.g. military or recreational 
athlete), muscle structural or functional variables, or 
interventions were assessed along with the implications 
for MTSS injury. Collated data were stored in a custom 
Microsoft Excel® 2016 spreadsheet (Microsoft Corpora-
tion, Redmond, WA, USA).

Statistical Analysis
Where relevant, data were pooled, and descriptive sta-
tistics were expressed as the pooled mean ± standard 
deviation (see Eqs. 2 and 3) to summarise available data 
to assist in understanding the structural and functional 
characteristics of the leg muscles associated with MTSS. 
Additional data were sought from one author who had 
not responded to the request at the time of publication.

Results
The initial search results from five databases are shown 
in Fig. 1. After applying the inclusion criteria, 3705 stud-
ies remained. After the exclusion criteria were applied, 
17 studies remained and were included in this review. 
Of the 17 articles, there were 13 case–control studies, 3 
prospective cohort studies and 1 case series. Using the 
modified Downs and Black Quality Assessment Checklist 
(see Table 1), the average score was 71.7 ± 16.4% (range 
35–100%). The most common areas of poor performance 
with respect to the checklist were related to participants 
not being representative of the source population and a 
lack of blinding to those measuring the main outcomes 
variables.

Within this review, nine studies included participants 
from athletic populations of varying competitive lev-
els, three studies included participants from military 

(1)
Total number of points

Total applicable points
× 100

(2)
Pooledx̄ =

((x̄1 × n1)+ (x̄2 × n2)+ · · · (x̄x × nx))

�n

(3)
Pooledσ

=
[(n1 − 1)× σ1]+ [(n2 − 1)× σ2]+ · · · [(nx − 1)× σx]

�n− 1x
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populations and five studies failed to report the study 
population, totalling 332 individuals with MTSS symp-
toms and 694 control participants (see Table  2). The 
studies included in this review were predominately 
case–control in design. Therefore, the authors could not 
establish whether the characteristics associated with leg 
muscle structure or function were a cause or effect of 
MTSS. In the three prospective studies included in this 
review [10, 17, 37], the structural and functional charac-
teristics of leg muscles were assessed and prospectively 
followed in asymptomatic military and university athlete 
populations to determine whether these characteristics 
had implications for MTSS development. In total, 11 
articles included assessments of functional characteris-
tics [11–13, 15–17, 19, 21–23, 37] and 6 articles included 
assessments of structural characteristics [10, 14, 18, 20, 
24, 38] of the leg muscles (see Table  3). The assessed 
structural characteristics were lean and maximal leg girth 
and tendon structure [10, 14, 18, 20, 24, 38]. Pooled mean 
data from three case–control studies in which maxi-
mal leg girth was assessed [14, 18, 20] revealed no sig-
nificant difference between MTSS symptomatic (n = 51; 
379.2 ± 27.8 mm) and asymptomatic individuals (n = 177; 
378.7 ± 31.4  mm). The functional characteristics that 
were assessed were leg strength [11, 17, 21, 23], isotonic 
ankle plantar flexor endurance [12], leg muscle shear 
modulus [13, 22] and neuromuscular control of leg mus-
cles [15, 16, 19, 37]. The primary variables found to be 
associated with MTSS included decreased lean leg girth 
and higher peak soleus muscle activity during propulsion 

and were deemed most likely to be associated with MTSS 
development based on the findings of the prospective 
studies. From case–control studies, decreased ankle 
plantar flexor endurance, greater isokinetic concentric 
eversion strength, increased leg muscle shear modulus 
and altered neuromuscular recruitment strategies were 
deemed possible risk factors. However, a causal rela-
tionship between the outcome variables identified from 
case–control studies and MTSS development cannot be 
determined (see Table 4).

Discussion
To our knowledge, this is the first systematic review to 
critically appraise the scientific literature pertaining to 
structural and functional leg muscle characteristics asso-
ciated with MTSS. Despite numerous authors assessing 
risk factors associated with MTSS development, there 
is a lack of high-quality evidence to determine whether 
individuals with MTSS display differences in leg muscle 
structure or function compared to active asymptomatic 
individuals. Therefore, only 17 articles were deemed suit-
able to include within this systematic review. The primary 
variables found to be associated with MTSS development 
in the 17 studies are discussed below.

Structural Characteristics
Leg Girth
Leg girth has been assessed as a risk factor for develop-
ing MTSS because it is hypothesised that the amount 
of leg muscle bulk will influence the ability of the leg 

Table 1 Modified Black and Downs Quality Assessment scores for 17 articles included in the systematic review

Article Reporting External 
validity

Bias Confounding Power Score Total Rating (%) Ranking

Akiyama et al. [13] 7 1 2 0 1 11 18 61.1 13

Burne et al. [10] 8 1 4 3 1 17 20 85 2

Clement et al. [14] 3 1 1 2 0 7 20 35 17

Ercan et al. [23] 7 1 2 2 0 12 17 70.6 9

Franettovich et al. [15] 8 1 3 0 1 13 18 72.2 8

Garth et al. [16] 4 0 2 0 1 7 17 41.2 16

Hubbard et al. [17] 8 1 3 4 0 16 19 84.2 3

Madeley et al. [12] 7 1 3 0 1 12 16 75 6

Moen et al. [18] 8 1 3 2 0 14 19 73.7 7

Naderi et al. [37] 7 0 4 4 1 16 20 80 4

Rathleff et al. [19] 5 1 3 1 1 11 18 61.1 13

Sabeti et al. [24] 5 1 2 1 0 9 17 52.9 15

Saeki et al. [22] 6 1 3 1 1 12 17 70.6 9

Saeki et al. [21] 6 1 3 1 1 12 17 70.6 9

Sobhani et al. [20] 7 1 3 3 0 14 18 77.8 5

Winters et al. [38] 8 1 4 3 1 17 17 100 1

Yüksel et al. [11] 7 1 3 0 1 12 17 70.6 9
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to attenuate ground reaction forces generated at foot–
ground contact [10]. Researchers have used two pro-
tocols to measure leg girth: (i) lean leg girth and (ii) 
maximal leg girth. Lean leg girth is the maximal leg girth 
measured while a participant is standing, corrected for 
adipose tissue thickness [10, 18]. Maximal leg girth is a 
standing non-corrected measure of leg girth [14, 18, 20].

In the only published prospective study identified in 
this field, the study authors measured the maximal leg 
girth of 158 military recruits (122 men and 36 women). 
They found a statistically significant (p = 0.044) 4.2% 
reduction in the right-sided lean leg girth of the 12 men 
who developed exertional medial tibial pain compared to 
the male military recruits who did not develop the injury 
(control group) [10]. The diagnostic criteria for exertional 
medial tibial pain included an atraumatic 7-day history of 
at least 10 cm of diffuse medial tibial pain. Although this 
definition differs from the current best practice injury 

definition [6], the diagnostic criteria fulfilled the key 
characteristics of the current best practice MTSS injury 
definition and was therefore included in this review. Fur-
thermore, although not statistically significant, men who 
developed exertional medial tibial pain had a mean left 
lean leg girth that was 2.9% less compared to the con-
trol group. Although there was no significant difference 
between the lean leg girth of women who developed 
exertional medial tibial pain (n = 11) compared to control 
participants (n = 25), the small number of women par-
ticipants reduced the statistical power of the study. In a 
case–control study of 15 MTSS symptomatic and 20 con-
trol male military recruits [18], the authors did not find 
any significant difference between the two participant 
groups for lean leg girth.

Pooled mean data for maximal leg girth revealed no 
significant difference between MTSS symptomatic and 
asymptomatic individuals. However, these pooled mean 

Table 2 Characteristics of the participants tested in each of the 17 articles included in the systematic review

Con, Control; Inj, Injured; NR, Not reported
a Author calculated from available data

Article Sample size 
injured v control 
(n)

Sex (n) Population Age (years) BMI (kg/m2)

Akiyama et al. [13] Inj (24), Con (20) Male (44) Various sports Inj (21.9 ± 6.4), Con 
(19.4 ± 2.9)

Inj (23.9), Con (23.1) a

Burne et al. [10] Inj (23), Con (135) Male (122), Female (36) Military Inj (18.4, 17.1 – 20.8), Con 
(18.4, 17.1 – 21.8)

Inj (22.4, 19.4 – 26.3), Con 
(21.3, 17.8 – 27.8)

Clement et al. [14] Inj (20) Male (12), Female (8) Various sports Inj (17.5, 13 – 24) NR

Ercan et al. [23] Inj (21), Con (12) Male (24), Female (9) Track and field and 
football

Inj (17.0 ± 0.3), Con 
(15.0 ± 0.3)

Inj (19.8 ± 2.3), Con 
(18.7 ± 1.6)

Franettovich et al. [15] Inj (14), Con (14) Female (28) NR Inj (25.9 ± 5.5), Con 
(25.5 ± 6.2)

Inj (22.6), Con (23.0) a

Garth et al. [16] Inj (17), Con (17) Male (24), Female (10) Various sports Cohort (15.0 – 35.0) NR

Hubbard et al. [17] Inj (29), Con (117) Male (65), Female (81) Various sports Inj (19.0 ± 0.98), Con 
(19.9 ± 1.8)

Inj (21.5), Con (21.4) a

Madeley et al. [12] Inj (30), Con (30) Male (32), Female (28) Various sports Inj (24.0 ± 5.7), Con 
(22.8 ± 5.2)

Inj (23.5 ± 2.7), Con 
(22.8 ± 2.3)

Moen et al. [18] Inj (15), Con (20) Male (35) Military Inj (19.0 ± 1.5), Con 
(19 ± 1.5)

Inj (23.8 ± 2.0), Con 
(22.5 ± 1.6)

Naderi et al. [37] Inj (23), Con (112) Male (51), Female (61) Various sports Inj (23.1 ± 2.2), Con 
(22.9 ± 2.1)

Inj (21.5 ± 2.3), Con 
(24.0 ± 3.0)

Rathleff et al. [19] Inj (14), Con (11) NR NR Inj (27.8 ± 8.8), Con 
(27.3 ± 6.2)

Inj (25.8 ± 5.1), Con 
(24.9 ± 3.1)

Sabeti et al. [24] Inj (17), Con (18) NR NR Inj (21.1 ± 2.3), Con 
(20.7 ± 2.5)

Inj (21.7 ± 2.7), Con 
(20.7 ± 2.2)

Saeki et al. [22] Inj (14), Con (10) Male (24) NR Cohort (20.0 ± 1.7) Cohort (19.4) a

Saeki et al. [21] Inj (15), Con (12) Male (27) Collegiate runners Cohort (20.0 ± 1.6) Cohort (19.4) a

Sobhani et al. [20] Inj (30), Con (151) Male (181) Military Inj (29.5 ± 3.8), Con 
(30.3 ± 4.8)

Inj (26.8), Con (27.4) a

Winters et al. [38] Inj (15), Con (27) Male (8), Female (34) Dance athletes Inj (20.3 ± 2.4), Con 
(21.1 ± 3.4)

Inj (22.3 ± 2.5), Con 
(21.1 ± 2.5)

Yüksel et al. [11] Inj (11), Con (11) Male (14), Female (8) NR Inj (21.0 ± 1.9), Con 
(23.2 ± 2.9)

Inj (22.4 ± 2.6), Con 
(22.0 ± 3.1)
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data should be interpreted with caution due to limita-
tions of the methodologies used to measure maximal leg 
girth [14, 18, 20]. That is, Sobhani et al. [20] measured the 
maximal leg girth of the 181 military recruits only to the 
nearest 0.5 cm, resulting in imprecise data. Furthermore, 
the case series data presented by Clement [14] compared 
unilateral symptoms of MTSS individuals to the same 
individuals’ non-affected limbs rather than to the limbs 
of matched control participants. Therefore, factors such 
as limb dominance and neuromuscular adaptations post-
injury have the potential to confound these results.

Although only one study found leg girth to be associ-
ated with developing MTSS, it was prospective in design, 
and it scored highest on the Quality Assessment Check-
list of the studies in which leg girth was assessed [10]. 
The remaining studies in which leg girth was assessed 
were case–control in design. Therefore, the authors 
of these case–control studies were unable to ascertain 
whether the lack of difference in leg girth was an effect of 
the injury or related to rest and subsequent morphologi-
cal changes to the leg muscles. It must also be acknowl-
edged that circumferential measures of leg girth do not 
compensate for variances in bone volume and adipose 
tissue. Therefore, future research is warranted to quantify 
the relative proportion of lower limb muscle, bone and 
adipose tissue to determine how lean leg girth affects the 
composition of leg muscles in  vivo to help inform pre-
vention strategies.

Leg Tendon Abnormalities
In combination with leg muscle composition, lower 
limb tendon composition plays a pivotal role in attenu-
ating ground reaction forces at foot–ground contact and 
transferring forces between leg muscles and bony struc-
tures to which they attach. In vivo assessment of the deep 
ankle plantar flexor tendons using musculoskeletal ultra-
sound of MTSS symptomatic and asymptomatic danc-
ers has been provided by Winters et al. [38]. The authors 
assessed the flexor hallucis longus (FHL), flexor digito-
rum longus (FDL) and tibialis posterior (TP) of 15 MTSS 
symptomatic and 27 asymptomatic matched controls for 
pathological changes such as the presence of intratendi-
nous and tendon sheath hypoechoic areas or hypoechoic 

oedema distending from the tendon sheath [38]. The 
authors reported that MTSS was not a function of ten-
don abnormality because both MTSS symptomatic and 
asymptomatic dancers displayed pathological changes 
within the tibialis posterior tendon [38].

Functional Characteristics
Leg Muscle Strength and Endurance
Assessing leg structural characteristics provides surro-
gate measures upon which functional characteristics of 
the lower limb are inferred because they do not consider 
the functional capacity of the leg. To address this, several 
research teams [11–13, 15, 17, 19, 21–23] have assessed 
leg muscle strength and endurance, shear modulus and 
neuromuscular control metrics to better understand 
how leg muscle function differs between individuals with 
MTSS symptoms and asymptomatic individuals.

Researchers have investigated the association between 
MTSS and leg muscle strength and endurance to provide 
evidence for the two main theories associated with MTSS 
development: (i) muscular traction inducing periostitis 
[39–42] and (ii) a bone stress reaction of the tibial cortex 
associated with repetitive tibial loading and subsequent 
bending resulting in posteromedial tibial bony overload 
[5, 43–46]. To test these theories, researchers have meas-
ured the strength of the muscles that most commonly 
attach to MTSS symptomatic locations and to quantify 
the relative strength contribution of the leg muscles to 
determine their ability to modulate tibial loading. This 
review includes one case–control study in which isotonic 
ankle plantar flexor endurance was measured [12] and 
four case–control studies in which leg muscle force was 
measured using dynamometry [11, 17, 21, 23]. From the 
results of these studies, authors have made inferences as 
to the potential role of these muscles in the development 
of MTSS.

Clinical rehabilitation protocols often incorporate 
ankle plantar flexion strengthening exercises into their 
treatment protocols [47]. The rationale for improv-
ing ankle plantar flexion endurance in MTSS sympto-
matic individuals is provided by Madeley et al. [12] who 
assessed 30 MTSS symptomatic individuals (median 
symptom duration 15  weeks) and 30 sex, age and BMI 

Table 4 Likelihood of risk factors associated with MTSS for 17 articles included in the systematic review

MTSS, Medial tibial stress syndrome; MVIC, Maximal voluntary isometric contraction; SOL, Soleus

Likely Possible Not associated

Decreased lean leg girth [10] Deficit in ankle plantar flexor endurance [12] Leg tendon abnormality [38]

Higher peak SOL muscle activity during 
propulsion [37]

Greater isokinetic concentric eversion strength [11] MVIC strength of leg muscle 
groups [17, 21]Increased shear modulus of leg muscles [13, 22]

Altered neuromuscular recruitment strategies [15, 19]
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matched controls. The authors reported that MTSS 
symptomatic individuals were able to complete signifi-
cantly fewer single-leg heel raises (23 ± 5.6) compared 
to control participants (33 ± 8.6; p ≤ 0.001). Due to the 
potential influence of pain on the number of heel raises 
completed, future prospective studies are required to 
determine whether the reduced ankle plantar flexion 
endurance capacity of MTSS symptomatic individuals 
was a cause or effect of MTSS.

Several authors have also assessed the strength of leg 
muscles of individuals with MTSS using dynamometry. 
The studies by Hubbard et  al. [17] and Saeki et  al. [21] 
demonstrated that individuals who developed and had a 
history of MTSS displayed no statistically significant dif-
ference in the maximal voluntary isometric contraction 
(MVIC) strength of the leg plantar flexor, dorsiflexor, 
invertor or evertor muscle groups when compared to 
control individuals. Individuals with a history of MTSS, 
however, displayed a significantly greater MVIC plan-
tar flexion torque of the FHL (12.0 ± 3.0 Nm) compared 
to asymptomatic controls (9.8 ± 2.3 Nm; p = 0.04) [21]. 
However, Saeki et al. [21] concluded that the FHL is not 
likely to be related to the development of MTSS because 
the FHL does not connect to the tibial fascia. Individu-
als with MTSS have also been shown to display, on aver-
age, a significantly greater isokinetic concentric eversion 
strength (p < 0.05) [11], although there was no difference 
in isokinetic dorsiflexion and plantar flexion strength 
compared to asymptomatic individuals [23]. Based on 
these results, the authors of the study concluded that 
MTSS symptomatic individuals had a strength imbal-
ance between the invertor and evertor muscles, whereby 
the evertor muscles were stronger [11]. These findings 
should be interpreted with caution, however, because 
age of activity initiation (p < 0.056) and training volume 
(p < 0.001) were significantly different between the two 
participant groups, with the control group beginning 
activity at an earlier age and having a greater training vol-
ume than their counterparts with MTSS.

Current evidence suggests that individuals with MTSS 
have a reduced isotonic ankle plantar flexor endurance 
capacity compared to asymptomatic matched controls. 
However, these findings are not supported by a reduced 
strength of the ankle plantar flexor muscle group when 
assessed using dynamometry. Assessing the lower limb 
plantar flexor, dorsiflexor, invertor and evertor muscle 
groups as a functional unit could mask variability in the 
strength of individual muscles within that functional 
unit in MTSS symptomatic compared to asymptomatic 
controls. Potentially, individuals who are susceptible 
to MTSS could employ compensatory muscle recruit-
ment strategies to produce comparable force to those 
who do not develop MTSS. Therefore, future prospective 

research is warranted to assess ankle plantar flexor 
endurance and individual leg muscle strength to eluci-
date whether specific ankle plantar flexor muscles are 
responsible for the reduced isotonic ankle plantar flexor 
endurance capacity seen in individuals with MTSS. Fur-
thermore, although current research indicates that a 
strength imbalance between the invertor and evertor 
muscles is apparent during isokinetic but not isometric 
contraction in individuals with MTSS, whether this is 
a cause or effect of MTSS requires further prospective 
assessment.

Leg Muscle Shear Modulus
Although reduced ankle dorsiflexion range of motion is 
not reported to be a risk factor associated with MTSS 
development [8, 9], MTSS symptomatic individuals com-
monly report a sensation of increased muscle tightness 
of the ankle joint plantar flexors [8]. Two case–control 
studies [13, 22] were reviewed in which the research 
teams used shear wave elastography to quantify leg mus-
cle tightness in men, represented via the shear modulus 
of the muscles of the superficial posterior compartment 
of the leg (lateral gastrocnemius (LG), medial gastroc-
nemius (MG), soleus (SOL) and peroneus longus (PL)). 
Akiyama et  al. [13] also assessed an antagonist to ankle 
plantar flexion, the tibialis anterior (TA), whereas Saeki 
et  al. [22] specifically assessed the muscles contribut-
ing to ankle plantar flexion, and therefore also included 
FDL, FHL, peroneus brevis (PB) and TP. Although both 
studies identified an increase in the shear modulus of 
several muscles in symptomatic participants relative to 
controls, there was a lack of consistency in the muscles 
identified between the studies. Akiyama et  al. [13] con-
cluded that individuals with MTSS had a greater shear 
modulus of the LG, MG, PL, SOL and TA, whereas Saeki 
et  al. [22] concluded that only the FDL and TP dem-
onstrated an increase in shear modulus in individuals 
with MTSS compared to asymptomatic controls. These 
between-study differences in results can be attributed to 
several factors, including different participant inclusion 
criteria. For example, Akiyama et  al. [13] assessed indi-
viduals with MTSS who were symptomatic at the time of 
testing, whereas, in order to avoid the confounding vari-
able of pain, Saeki et al. [22] assessed individuals with a 
history of MTSS, excluding individuals with pain at the 
time of testing. Both research teams also used differ-
ent metrics to report the shear modulus, preventing the 
pooling of the data. Despite these limitations, conclu-
sions drawn from the available data suggest an increase 
in shear modulus of the lower limb muscles, particularly 
of the ankle plantar flexors, in MTSS symptomatic men 
that persists following recovery of symptoms. For more 
meaningful conclusions to be reached, future prospective 
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research, including both men and women, is required to 
avoid the confounding variable of pain on shear modu-
lus and determine whether a causal relationship can be 
established between the shear modulus of the leg muscles 
and the development of MTSS.

Neuromuscular Control
Much of the previous research examining functional 
characteristics of the leg that might predispose indi-
viduals to MTSS has been limited by the experimental 
task being non-weight bearing or not activity specific 
for the individual (e.g. isometric or isokinetic muscle 
contraction) [11, 13, 17, 21–23]. One method to better 
understand the functional capacity of the leg muscles is 
to monitor the neuromuscular control of these muscles 
during dynamic tasks, such as running or walking. One 
prospective and two case–control studies were located in 
which neuromuscular control of the leg muscles in indi-
viduals with MTSS and asymptomatic individuals were 
assessed [15, 19, 37]. In a prospective study, Naderi et al. 
[37] assessed SOL and TA electromyographic (EMG) 
signals during the stance phase of running of 112 active 
university students. During a 17-week follow-up period, 
23 (9 men and 14 women) individuals were diagnosed 
with MTSS. The authors found a statistically significant 
higher peak SOL EMG amplitude during absorption 
(p = 0.01) and propulsion (p = 0.02) in the MTSS group 
compared to the control group, although no significant 
difference was found for TA. Using a stepwise logistic 
regression analysis, the authors concluded that higher 
peak EMG amplitude of the SOL during propulsion sig-
nificantly increased the risk of MTSS development by 5% 
(p = 0.01). The authors hypothesised that the increased 
SOL EMG amplitude during propulsion could induce 
greater SOL traction on the posteromedial tibia, par-
ticularly in individuals with a higher dynamic foot pos-
ture due to greater and prolonged SOL contraction [37]. 
In a case–control comparison, Franettovich et  al. [15] 
assessed EMG signals of 12 lower limb muscles and lower 
limb kinematics while 14 female participants who had a 
history of exercise-related leg pain within the previous 
12  months and 14 sex, age, height and weight-matched 
asymptomatic controls walked on a treadmill. Individuals 
with a history of exercise-related leg pain demonstrated 
a significant (p = 0.048) reduction in LG peak activity by 
20.5% and 1.7% MVIC during stance and swing. Despite 
differences in peak LG muscle activity, the authors 
observed no differences in foot posture, foot mobility 
or motion at the pelvis, hip, knee and ankle between the 
participant groups. Franettovich et al. [15] hypothesised 
that lower peak LG activity could potentially increase 
posteromedial tibial loading and MTSS development 

or be a compensatory effect of exercise related leg pain 
symptoms. In addition, Rathleff et al. [19] assessed SOL 
and TA EMG signals along with midfoot kinematics from 
14 MTSS symptomatic and 11 asymptomatic controls 
during treadmill walking. Rathleff et  al. [19] reported 
that MTSS symptomatic individuals displayed a signifi-
cant increase in complexity of the TA (p = 0.01) and SOL 
(p = 0.02) EMG signals with a lower complexity of mid-
foot kinematics compared to control participants. Com-
plexity was defined as the degree of variability within the 
signal, where lower values indicated a more regular signal 
and higher values indicated an increase in randomness 
in the signal [19]. Rathleff et al. [19] concluded that the 
increased complexity of the TA and SOL EMG signals 
and lower midfoot kinematic complexity in the MTSS 
symptomatic group were associated with less move-
ment variability. Increased complexity of EMG activity 
is hypothesised to be caused by the effects of adaptation 
due to pathology [48]. Contention remains, however, as 
to whether the neuromuscular system up or down-regu-
lates in response to pathology [49, 50]. This finding sup-
ports the notion of Hamill et al. [51], who hypothesised 
that increased tissue stress in patellofemoral pain was 
caused by individuals who experienced a narrow range 
of motion with less movement variability compared to 
healthy controls. Lower limb muscle EMG signal adap-
tations reported by Naderi et al. [37], Franettovich et al. 
[15] and Rathleff et  al. [19] build on the earlier work of 
Garth et al. [16], who demonstrated that individuals with 
posteromedial shin pain displayed significant impairment 
of intrinsic muscles controlling the toe flexors and exten-
sors compared to control participants. Furthermore, the 
findings by Franettovich et  al. [15] and Rathleff et  al. 
[19] are also consistent with previous research in which 
individuals with MTSS were able to produce force out-
put that was comparable to asymptomatic individuals 
[17, 21], although possibly using compensatory muscle 
recruitment strategies to achieve this.

Findings of the three studies included for review 
demonstrate that altered leg muscle recruitment strat-
egies of the triceps surae are associated with MTSS 
injury. The findings of Naderi et  al. [37] build on ear-
lier work by Franettovich et  al. [15] who assessed the 
SOL, LG and MG and concluded that when matched 
to controls, MTSS symptomatic individuals displayed 
lower peak LG muscle activation only. Building on the 
findings of Naderi et  al. [37], it could be hypothesised 
that once individuals experience MTSS pain, they alter 
their neuromuscular patterning to reduce SOL mus-
cle activation and associated muscular traction on the 
tibia as a pain management strategy. To substantiate 
this notion, however, further prospective assessment of 
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neuromuscular patterning of the triceps surae by indi-
viduals who develop MTSS is required.

Limitations
The primary limitation of this review is that most stud-
ies included for appraisal were case–control in design, 
limiting our ability to determine whether the assessed 
factors were a cause or effect of MTSS. In this review, 
we identified decreased lean leg girth as a likely risk 
factor associated with developing MTSS. We acknowl-
edge, however, that decreased lean leg girth does not 
account for variances in tibial bone volume. Further-
more, a lack of consistent testing procedures and out-
come variables in the studies we reviewed reduced our 
ability to pool a greater proportion of data, limiting our 
ability to draw firm conclusions.

Conclusions
The key findings from the prospective studies included 
for review indicate that decreased lean leg girth is a 
likely risk factor for developing MTSS [10], although 
this reduction in muscle girth was not related to the 
capacity of the leg muscles to produce maximal force 
[17]. Furthermore, higher peak soleus muscle activ-
ity during propulsion is associated with an increased 
risk of MTSS development [37]. Cross-sectional com-
parison of individuals suffering MTSS compared to 
asymptomatic controls demonstrated deficits in ankle 
plantar flexor endurance, greater isokinetic concentric 
eversion strength, increased muscle shear modulus and 
altered neuromuscular recruitment strategies. How-
ever, whether these differences between symptomatic 
patients and controls were due to pain or associated 
with injury development needs to be further explored.

This review highlights large knowledge gaps in the 
available literature investigating how leg muscle struc-
ture and function are associated with MTSS devel-
opment. These knowledge gaps are due to the lack of 
prospective studies, which are required to identify a 
causal relationship between risk factors and MTSS 
development, and the failure of researchers to miti-
gate the confounding variable of pain. Future research 
should assess specific structural characteristics of the 
leg, such as the relative proportion of in vivo lower limb 
muscle, bone and adipose tissue, to determine whether 
specific muscles are responsible for the reduction in 
lean leg girth between individuals who develop MTSS 
compared to asymptomatic controls. Finally, future 
research should assess ankle plantar flexor endurance, 
individual leg muscle strength and the neuromuscular 

patterning of the triceps surae during running to better 
inform MTSS injury prevention strategies and rehabili-
tation protocols.
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