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Abstract 

Chronic exertional compartment syndrome (CECS) has been hypothesised, following 

clinical observations, to be the result of abnormal biomechanics predominantly at the 

ankle.  Treatment of CECS through running re-education to correct these abnormalities 

has been reported to improve symptoms. However no primary research has been 

carried out to investigate the movement patterns of those with CECS. This study aimed 

to compare the running kinematics and muscle activity of cases with CECS and 

asymptomatic controls. 

20 men with bilateral symptoms of CECS of the anterior compartment and 20 

asymptomatic controls participated. Barefoot and shod running 3D kinematics and 

muscle activity of the left and right legs; and anthropometry were compared. 

Cases displayed less anterior trunk lean and less anterior pelvic tilt throughout the 

whole gait cycle and a more upright shank inclination angle during late swing (peak 

mean difference 3.5°, 4.1° and 7.3° respectively). Cases demonstrated greater step 

length and stance time, although this was not consistent across analyses. There were 

no consistent differences in Tibialis anterior or Gastrocnemius medialis muscle activity. 

Cases were heavier (mean difference 7.9kg, p=0.02) than controls with no differences 

in height (p>0.05) 

These differences only partially match the clinical observations previously described. 

However, no consistent differences were found at the ankle joint suggesting that 

current running re-education interventions which focus on adjusting ankle kinematics 

are not modifying pathological aspects of gait. The longer step length is a continuing 

theme in this population and as such may be a key component in the development of 

CECS. 
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Introduction 

Chronic exertional compartment syndrome was first described in 1956 [1]. It is an 

overuse condition presenting as pain in the lower limb, associated with the muscles 

contained within the myofascial compartments of the shank. The anterior 

compartment is most frequently affected [2]. While numerous studies have tried to 

understand the pathophysiology of CECS [3-6], few studies have tried to identify 

potential risk factors for CECS. The higher reported incidence of CECS in the military 

compared to civilian practice makes this population ideal for testing potential factors.  

CECS is commonly defined as a condition where elevated intramuscular compartment 

pressure (IMCP) during exercise impedes local blood flow leading to ischaemia and 

impaired neuromuscular function within the compartment [7,8]. Two systematic 

reviews recently questioned the role of IMCP and the validity of its use in diagnosis 

[9,10]. However, we have since reported much improved diagnostic criteria for CECS 

using continuous IMCP measurement during exercise, thus confirming the intrinsic role 

of IMCP in this condition [11].  

IMCP can be increased through changes in compartment compliance, compartment 

content or muscle activity [3,12,13]. We recently reported the finding that IMCP in 

patients is elevated on standing prior to exercise. This suggests that a structural 

component, presumably increased fascial stiffness, results in reduced compartment 

compliance [11]. Biomechanical factors have been considered to play a role in the 

development of CECS for a long time [14]. More recently CECS has been hypothesised, 

following clinical observations, to be the result of abnormal biomechanics 

predominantly at the ankle [15]. However, only one other group has investigated the 



 

 

role of movement patterns and muscle activity in the pathology and aetiology of CECS 

[16]. This study was focussed on skiing biomechanics and had a very limited sample 

(n=5 cases); limiting the applicability to the wider population.  

Conservative treatment through gait modification has recently been promoted as a 

viable option for CECS [15,17,18]. Forefoot running was first described as a possible 

treatment in a case report by Cunningham [19] that may reduce the anterior 

compartment muscle activity [20] and therefore pain. This has since been followed up 

by further case reports and a case series of ten US military patients [21-23].  

We recently reported the kinematic and kinetic differences between CECS patients and 

controls during walking and marching [24]. Patients had greater ankle plantarflexion 

at toe-off and generated lower ankle inversion moments than healthy controls. 

However, patients typically also complain of pain during running; indeed running is the 

most common cause of pain within civilians [25]. All of our military patients describe 

their pain as stopping them from either marching or running; while 30% of these 

individuals describe pain stopping them from only one of these activities (unpublished 

data). We therefore aimed to identify the differences in the running biomechanics 

between patients with CECS and healthy controls. 

Methods 

20 male cases with symptoms consistent with CECS of the anterior compartment of 

the leg and 20 asymptomatic controls were recruited. The diagnosis of CECS was 

established from typical symptoms, with clinical examination and MRI excluding 

alternative pathologies. Controls were recruited from the UK armed forces. All 

participants gave informed consent. Cases were recruited from the Lower Limb Pain 

clinic at the Defence Medical Rehabilitation Centre prior to the provision of any gait 

advice. Ethical approval was granted by the MOD Research Ethics Committee.  



 

 

The inclusion criteria were: Male; Aged 18-40 (representing the typical age-range of 

UK military service personnel); BMI<35; and no lower limb length discrepancy >2cm. 

Cases required the following: symptoms of exercise-induced leg pain consistent with 

a diagnosis of anterior compartment CECS; a negative MRI of the affected limb(s); no 

diagnosis other than anterior CECS more likely, and the ability to run for short periods 

without pain limiting performance. All patients were assessed in a multidisciplinary 

clinic by a consultant in sport and exercise medicine and senior physiotherapist. This 

specialist clinic was specifically for patients presenting with exercise induced leg pain. 

Detailed history taking, including direct questioning and physical examination were 

used to determine the exact localisation of the patients’ pain. This often included a 

symptom provocation test on a treadmill. Patients were only included in the study if 

their symptoms were purely localised to the anterior myofascial compartment. Controls 

were included when they were able to run for at least 20 minutes and had: no lower 

limb pain in the previous 12 months; no current pain at any site, including during 

exercise activities; and no reliance on orthotics.   

Measurements of leg length, height and body mass were performed using a tape 

measure, stadiometer (SECA, UK) and medical grade scales (SECA, UK) respectively.  

Kinematics and electromyography 

Retro-reflective markers were placed on specific anatomical landmarks to form 15 body 

segments including the feet, shank, thigh, pelvis, trunk, head, upper arm, forearm and 

hand by the same operator. The head, upper arm, forearm and hand were not 

analysed as part of this study; these were not considered further. Data were collected 

using a 10 camera (4xT160, 4xT40-S, 2xT10) 3D motion analysis system (Vicon MX 

system, Oxford Metrics Ltd., Oxford, England) at a sampling frequency of 120 Hz. A 

static calibration trial was first collected.  



 

 

Participants walked barefoot on the treadmill for familiarisation, once happy the 

participant directed a member of the research team to increase the speed until they 

were at a comfortable running pace that they felt could be sustained for 15-30 minutes 

under normal circumstances. Once at the chosen speed this was maintained for a 

further 2 minutes. Only the final minute was used for analysis in order to allow gait to 

normalise to the running environment as much as possible. Five trials of five seconds 

of data were collected at five-second intervals in accordance with a similar previous 

study [26]. This process was repeated with participants provided with military issue 

training shoes (Hi-Tec Silver Shadow). Orthotics were not used during testing. A 

recorded trial was deemed suitable if it had minimal marker dropout and no major gait 

inconsistency on the part of the subject as judged by an observer, e.g. stopping or 

stumbling.  

The pelvis and thigh segments were defined according to Wu [27], the shank segments 

were defined according to Peters [28] and tracked using the marker cluster 

recommended by Manal [29], the feet segments were a modified version of the foot 

flat option defined by Pratt [30]. The thorax was defined according to Gutierrez [31]. 

Electromyographic (EMG) data were collected using 4 wireless Trigno (Delsys Inc., 

Boston, MA, USA) sensors (16-bit Resolution; four 5mm x 1mm silver contacts; fixed 

10mm inter electrode distance) at a sampling frequency of 1200Hz. Hair was removed 

from the EMG testing locations using a surgical razor. In order to reduce skin 

impedance, the skin was cleaned using an alcohol wipe and lightly rubbed so that the 

skin went light red [32]. EMG activity of the Tibialis anterior and Gastrocnemius 

medialis were recorded bilaterally during all movement trials and sensors placed 

according to the guidelines by Sacco [33] and the SENIAM project [34]. The Tibialis 

anterior EMG sensor locations were determined by measuring 1/3 of the way along a 

line drawn from the fibular head to the medial malleolus. The Gastrocnemius medialis 



 

 

was defined as halfway along a line drawn from the medial margin of the popliteal 

fossa to the medial insertion of the Achilles tendon at the calcaneus. In all cases the 

lower left corner of the electrode was placed at this point in order to improve 

standardisation. The sensors were attached using double sided adhesive tape along 

the longitudinal axis of the muscle. Correct placement and satisfactory signal quality 

was confirmed by performance of a maximum voluntary contraction of the individual 

muscle with observation of changes on the monitor in line with guidelines provided by 

Hislop [35]. 

Data processing and statistical analysis 

Gaps smaller than 14 frames in the raw marker data were interpolated using a 3rd 

order least squares fit [36]. In the case of larger gaps the whole segment was excluded 

from analysis at these time points. The marker data was then filtered using a 6Hz low 

pass bidirectional Butterworth filter [37]. Gait data were normalised to leg length as 

recommended by Hof [38] and Pierrynowski [39]. 

Kinematic and kinetic data were normalized to 100% of the gait cycle and stance phase 

respectively. Bootstrapped t-tests on each individual normalised time point were 

carried out to identify regions within the gait cycle that were significantly different 

[40]. 

A custom MATLAB (R2015b,Mathworks, Natick,MA) script was used to carry out a 

wavelet analysis [41], normalise the result to 100% of the gait cycle, and perform 

bootstrap t-tests on each wavelet and time point to identify regions within the gait 

cycle that were significantly different [40]. A wavelet analysis allows the power of the 

EMG signal to be described in both the frequency and time domain. The R statistical 

software (v3.2.2, The R Foundation for Statistical Computing, Vienna, Austria) script 

published by Armstrong [42] was called by MATLAB to calculate the intensity of 11 



 

 

wavelets using the EMG-specific parameters defined by von Tscharner [41]. The 

centre-frequency of these wavelets ranged from 7Hz to 395Hz. 

Running speed was self-selected by the participants. Consequently there were 

variations in speed between participants. ANCOVA was therefore used to cross-check 

that controlling for the variations in speed would not alter the interpretation of the 

original analyses. Alpha for all analyses was set to 0.05. SPSS (v18; SPSS Inc, USA) or 

Matlab (v2014a; MathWorks, USA) were used for all analyses. 

Results 

Cases ranged in age between 18-37 (M=27.5, sd=5.2); controls between 18-36 

(M=25.0, sd=6.1). No significant pain was reported during testing. 

Cases (M=84.1kg, sd=10.0kg) were heavier (p=0.02) than controls (M=76.2kg, 

sd=11.4kg). There were no significant differences in height (Cases: M=1.77m, 

sd=0.05m; controls: M=1.79m, sd=0.09m). Cases (M=26.9, sd=2.7) also had a larger 

body mass index (BMI; p<0.001) than controls (M=23.6, sd=2.5). 

Self-selected speed was slightly faster (p<0.05) for cases (M=11.0 kph, SD=1.1 kph) 

than controls (M=10.1 kph, SD=1.2 kph). When speed was controlled for, no 

consistent differences were seen in the temporal-spatial variables. As such there were 

no consistent differences in normalised step time, stance time, swing time or flight 

time. The faster speed necessitated a significantly longer step length (relative to leg 

length), as shown in the uncorrected data, for cases. This difference was generally no 

longer significant when speed was controlled for; although was still significant in the 

left shod condition. These differences are summarised in Table 1. 

Normalisation to the gait cycle resulted in 101 individual tests for each movement 

plane where heel strike (HS) occurs at time points 0 and 100 and toe-off occurs 



 

 

between 32-35% of the gait cycle for both the barefoot and shod conditions. All 

participants had initial contact with the heel. The mean position of Toe-Off (TO) of 

33% is marked on all gait curves. Key kinematic variables are presented graphically 

highlighting regions of data that differ significantly (p<0.05) between the two groups 

(Figure 1). 

Cases displayed less anterior trunk lean and less anterior pelvic tilt throughout the 

whole gait cycle. During the late swing phase, cases had a more upright shank 

inclination angle. There was also some evidence that cases had less hip flexion during 

early swing phase (and terminal stance); although these differences were not apparent 

when speed was controlled for. A summary of the significant differences for kinematic 

data is presented in Table 2. Four different combinations of experimental condition 

were defined (Left / Right; Barefoot / Shod).  

In view of the consistency of the results (with the exception of the hip angle) reported 

in Table 2, graphs of the original data (i.e. unadjusted for speed) are shown (Figure 

1). Graphs for the left-sided shod condition are shown as there were no differences 

between left and right-sided data. The magnitudes of the differences in angular 

measurements are presented in Table 2 and summarised in Figure 2. 

There were no consistently significant differences in any of the wavelet intensities or 

time points of the gait cycle for Tibialis anterior or Gastrocnemius medialis (Figure 3). 

Discussion 

This study demonstrates a number of key differences in biomechanical variables 

between CECS cases and asymptomatic controls. Anthropometric findings contrast 

with our recent study that demonstrated that cases in that cohort were on average 

10cm shorter than controls; with no significant differences in mass [11] or BMI 



 

 

(unpublished data). As such, we have previously suggested that smaller stature may 

be a risk factor for CECS in the military. The results of the current study suggest that 

a prospective study is now needed to provide more robust data on this theory. 

Our findings are the first to demonstrate that patients with CECS run with a different 

gait pattern to asymptomatic controls. The results complement the differences found 

in our earlier study [24] demonstrating that CECS patients have different ankle 

mechanics during walking and marching; but no differences occur further up the 

kinetic chain. The localisation of these differences to the planes of motion controlled 

by Tibialis anterior suggested that this muscle is functionally disadvantaged in these 

patients. However, during running, the main differences occur at the trunk with these 

differences then appearing to be propagated but diluted down the kinetic chain. It is 

feasible that the reduced requirements of Tibialis anterior during running compared to 

fast walking [43] explain why the disadvantage is not apparent during running. Studies 

directly testing the strength, endurance and mechanical properties of Tibialis anterior 

are therefore required. It is also possible that there is a separate aetiology for CECS 

developing for an athletic/running population versus a fast walking/marching 

population. Comparisons between the biomechanics of civilian and military populations 

are therefore required.  

Modifications to running style that have been used in an attempt to reduce the anterior 

compartment muscle activity of CECS patients have typically encouraged greater 

forward lean; along with changing from a heel strike to a forefoot strike, increasing 

cadence and reducing step length [18]. Clinical observations have also suggested that 

patients have abnormally high levels of ankle dorsiflexion throughout the gait cycle 

and ‘reduced heel lift during swing phase’ [15]. While a reduced heel lift was observed 

during swing phase in the current study (differences in shank inclination), evidence for 

any differences at the ankle joint was not found. Similarly there was no evidence of 



 

 

altered ankle muscle activity. This is surprising as an expected consequence of less 

heel lift would be increased ankle dorsiflexion during the swing phase to allow foot 

clearance.  

The similarity in ankle joint kinematics observed between cases and controls suggests 

that it is unlikely that running technique alone is the sole cause of CECS development. 

Thus current running re-education interventions which focus on adjusting ankle 

kinematics do not focus on modification of pathological aspects of gait; yet have been 

reported to reduce CECS complaints in soldiers for up to one year [11]. Given the 

reports of reduced anterior compartment muscle activity in forefoot runners in healthy 

populations [44], these interventions may simply be an option for activity modification 

that has not previously been explored. A resulting reduction in anterior compartment 

muscle activity would also explain the differences in IMCP observed after exercise 

following the intervention [21,45]. The ability of these interventions to provide a lasting 

solution to military personnel that also need to regularly walk and march at a fast pace 

while carrying load is unclear. 

The lack of angular differences at the ankle joint suggests that there is no difference 

in mechanical load of the anterior compartment musculature (and therefore fascia 

through myofascial force transmission) during running in this population. This is 

confirmed to some extent with the EMG analyses. Military personnel typically 

experience pain that causes them to stop both marching and running. Although the 

pain from CECS is more prevalent and of greater intensity during marching than 

running activities [46]. Replication of these results within the civilian athletic population 

is therefore warranted. 

The temporal-spatial results in the current study are very similar to those reported in 

our walking/marching study [24]. The increased stride length (relative to leg length) 



 

 

during walking/marching was suggested to reflect ingrained changes induced by 

military training; whereby all personnel are required to move at a uniform cadence 

and speed. During running, cases also ran with a significantly longer step length 

(relative to leg length), although this was only significant in the left shod condition 

when speed was controlled for. Ingrained movement strategies are believed to explain 

the differences in gait seen between trained distance runners and sprinters running at 

the same speed [47]. We believe that a similar mechanism is occurring in this 

population whereby the increased stride length ingrained during walking and marching 

becomes translated into running gait.  

Three prior studies comparing body mass and/or BMI between cases and controls have 

reported mixed findings [48-50]. The reasons for this are not clear, although some of 

the differences may be due to study design. For example, the comparisons in two of 

these studies may not be entirely valid as they were made between groups that 

consisted of both male and female subjects [48,49]. The study by Varelas [50] is also 

not directly comparable as they recruited an all-female cohort [50]. It is unclear 

whether the greater body mass observed in military studies is a result of deconditioning 

following the development of CECS or a risk factor for the condition itself. 

One inherent limitation of our study was the inclusion of an all-male sample that might 

limit its translation to females. Cases were selected based on a clear clinical history 

rather than IMCP measurement due to strong evidence that IMCP testing had poor 

diagnostic validity at the start of this study [9]. A recent study now reports that IMCP 

can only provide an accurate diagnosis when it is measured during exercise to the 

limits of pain tolerance [11]. Future studies would therefore ideally use this new 

diagnostic method for case selection.  



 

 

The differences in speed selected also could have affected the results. It was therefore 

reassuring that both the bootstrapped t-tests and ANCOVA tests gave predominantly 

the same results. In order to prevent the onset of pain during testing, the 

familiarisation period at the selected speed could not be as long as generally 

recommended. However, even after just two minutes of familiarisation, the 

measurements can be considered to have high reliability [51]. In light of this, and due 

to the constancy of this period for all participants, we do not believe that this would 

have adversely affected our results. However this condition did not allow the 

investigation of the biomechanics of muscle activity during a longer time period and 

after the onset of fatigue when the development of this condition may be expected to 

occur. Finally, to differentiate between cause and association it is acknowledged that 

these results would ideally be confirmed in a prospective longitudinal study. 

In summary, this study demonstrates differences in the running biomechanics of cases 

with CECS that are present prior to the onset of notable symptoms. These differences 

match to some extent the clinical observations previously described [15]. However the 

lack of differences in ankle kinematics and anterior compartment muscle activity 

suggests that current running re-education interventions do not focus on modifying 

pathological aspects of gait. The increased step length is a continuing theme in this 

population and as such we believe this may be a key component in the development 

of the condition.  
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