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ABSTRACT   

Background  

Patients with Chronic Exertional Compartment Syndrome (CECS) have exercise 

limiting pain that subsides at rest. Diagnosis is confirmed by intramuscular 

compartment pressure (IMCP) measurement. Accompanying CECS, subjective 

changes to gait (foot slap) are frequently reported by patients. This has not 

previously been investigated. The aim of this study was to investigate differences in 

barefoot plantar pressure (BFPP) between CECS cases and asymptomatic controls 

prior to the onset of painful symptoms.   

 Methods   

40 male military volunteers, 20 with symptoms of CECS and 20 asymptomatic 

controls were studied. Alternative diagnoses were excluded with rigorous inclusion 

criteria, magnetic resonance imaging and dynamic IMCP measurement. BFPP was 

measured during walking and marching. Data were analysed for: Stance Time (ST); 

foot progression angle (FPA); centre of force; plantarflexion rate after heel strike 

(IFFC-time); the distribution of pressure under the heel; and, the ratio between inner 

and outer metatarsal loading.  Correlation coefficients of each variable with speed 

and leg length were calculated followed by ANCOVA or t-test.  Receiver operating 

characteristic (ROC) curves were constructed for IFFC-time.  

Results   

Cases had shorter ST and IFFC-times than controls.  FPA was inversely related to 

walking speed (WS) in controls only. The area under the ROC curve for IFFC-time 

ranged from 0.746 (95%CI: 0.636-0.87) to 0.773 (95%CI: 0.671-0.875) representing 

‘fair predictive validity’.   



Conclusion  

Patients with CECS have an increased speed of ankle plantarflexion after heel strike 

that precedes the onset of painful symptoms likely resulting from a mechanical 

disadvantage of Tibialis Anterior. These findings provide further insight into the 

pathophysiology of CECS and support further investigation of this non-invasive 

diagnostic. The predictive value of IFFC-time in the diagnosis of CECS is 

comparable to post-exercise IMCP but falls short of dynamic IMCP measured during 

painful symptoms. 

  



BACKGROUND  

The patient with anterior compartment CECS usually complains of exercise-limiting 

pain localised over the anterior compartment, which is relieved by rest. It is common 

for patients to report a description of fullness, tightness, or increased girth over the 

antero-lateral aspect of the leg18,19,23 . The pain and associated symptoms of CECS 

commonly subside over a period of minutes following cessation of activity 46,49,61 such 

that Exercise Induced Leg Pain (EILP) typically presents a diagnostic challenge to 

the practitioner as subsequent examination of the patient is typically normal10,22,42.   

 CECS, which is commonly bilateral4,49,58, has been defined as a painful condition in 

which exercise induces high pressure within a closed myofascial space, resulting in 

a decrease in tissue perfusion and ischaemia38,48 although the underlying 

pathophysiology has not been confirmed5,39. Recent evidence, from this same study 

group, has shown that in CECS, Intramuscular Compartment Pressure (IMCP) is 

elevated above that of controls immediately on standing at rest52. This divergence 

was amplified during a symptom-provoking exercise challenge suggesting that a 

structural component results in reduced compartment compliance52, presumed to be 

a result of an increase in fascial stiffness.  

Subjective neurological and gait impairments often accompanying the pain in CECS 

include: first web-space paraesthesia and numbness and, if exercise persists beyond 

the onset of pain, a change to the gait pattern is frequently reported13. This typically 

manifests as foot-drop1 due to a loss of control of the foot at heel strike (Initial Foot 

Contact, IFC)3,60. This is often described as ‘foot-slapping24’ resulting from loss of 

function of, primarily, the Tibialis Anterior, Extensor Hallucis Longus and Deep 

Peroneal Nerve as it passes through the anterior compartment13.   

 Gait disturbance in CECS is infrequently reported in the literature17,53 but is 

commonly observed in military patients and those undergoing dynamic IMCP testing 

on a treadmill in our clinic. In extreme cases, patients report having tripped and fallen 

because of this loss of control of ankle dorsiflexion. This can be a dangerous 

occurrence in a military context and has occasionally been the trigger for patients to 

seek intervention.   

 The nature of military training, demanding intense determination and a will-

tosucceed, associated with perceived negative career implications of failure6, often 

results in EILP patients continuing well beyond the onset of painful symptoms. 

Results of an exercise protocol with dynamic IMCP measurement, designed to mimic 

this real-world situation where subjects continue exercising to the point of maximal 

pain rather than ceasing at the onset, were recently reported in this same study 

group52. It was demonstrated that the greatest diagnostic discrimination, in IMCP 

terms, corresponds to the period of maximal symptom provocation52. Patients often 

developed foot-slap well before the voluntary cessation of exercise or completion of 

the test protocol. There is no evidence in the literature of this phenomenon being 

investigated.   

Little objective data is currently available regarding any biomechanical differences 

that might exist between patients with CECS and healthy controls. Treatment is 



usually surgical although conservative treatment options involving gait modification 

have been proposed with some reported success14,15,24. These are based on a 

theoretical ‘off-loading’ of the anterior compartment musculature through 

encouraging a transition from rear-foot to forefoot strike running.   

 Prospective studies assessing barefoot plantar pressure (BFPP) recordings in 

patients with overuse lower limb injuries have highlighted differences in loading 

characteristics associated with injury64,65. Within the military, plantar pressure during 

walking has been reported to be predictive of injury in a single small study20. BFPP 

variables related specifically to CECS however have not yet been identified. Where 

plantar pressure has been measured with the shod condition, this has been reported 

to be less sensitive in identifying risk factors for injury than when barefoot 65.   

  

We hypothesised that there is a difference in rates of plantarflexion and foot loading 

between CECS cases and asymptomatic controls. Accordingly, the aim of this study 

was to investigate differences in BFPP characteristics between IMCP-proven CECS 

cases and asymptomatic controls prior to the onset of painful symptoms. The 

variables chosen relate to the measurement of ‘foot slap’ as well as biomechanical 

and anthropometric parameters commonly assessed in clinical settings.   

 

METHODS  

 Participants  

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

compartment of the leg and 20 asymptomatic controls were recruited. This number 

was used as little evidence was available to support sample size calculation and this 

same study group was used in the previously reported IMCP study demonstrating 

statistical significance52. Cases were recruited from the Lower Limb Pain clinic at the  

Defence Medical Rehabilitation Centre, Headley Court (Surrey, UK). Controls were 

recruited from the UK Armed Forces. The diagnosis of CECS was established from 

typical symptoms, with clinical examination and MRI excluding other pathologies 

before IMCP was performed. Cases had higher IMCP than controls (114±32mmHg 

vs 68.7±22mmHg) and reported pain in the anterior compartment within 10 minutes 

of loaded marching as previously reported52. The Ministry of Defence Research 

Ethics Committee granted ethical approval.  

 Inclusion Criteria   

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.  Subjects required the following: symptoms of EILP consistent with a 

diagnosis of CECS, by definition affecting their ability to complete full duties; a 

negative MRI of the affected limb(s) and lumbar spine; no diagnosis other than 

CECS more likely; absence of multiple lower limb pathologies; and, no previous 

lower limb surgery.  Healthy controls were included when they had: no lower limb 



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

activities; no reliance on orthotics; and, could run pain-free for up to 20 minutes.    

 Equipment   

BFPP was assessed using a 2m pressure-plate (RSScan International, Belgium, 2m 

x 0.4m x 0.02m, 256 lines at 120Hz and 3 sensors per cm2, 16384 sensors) 

permanently fitted flush to the floor of the laboratory. Data were extracted using 

Footscan® software (RSScan International, Version 7.97).  

 Assessment Protocol (Data Collection)   

Measurements of height, leg length (LL), UK shoe size and body mass were 

performed using a stadiometer (SECA, UK), tape measure and medical grade scales 

(SECA, UK) respectively. Anthropometrics were collected to allow analysis of data in 

line with the recommendations of made by Hof that all gait data should be scaled to 

body size28.  

Participants completed a barefoot dynamic calibration and four familiarisation 

traverses of the laboratory (approximately 18m) over the BFPP walkway. 

Participants were then asked to walk at their natural pace and march ‘as if they were 

doing their military fitness test’. Foot placement order was self-selected. Ten 

successful trials were obtained per participant. A trial was considered successful if it 

was completed without visible adjustment in approaching or traversing of the 

pressure plate and foot strikes occurred within the required area. Speed was 

assessed post-hoc using analysis of video camera data.    

 The statistical relationship of speed with each variable was assessed to determine 

the requirement to include speed as a covariate in the analysis. This is in line with 

studies of conditions, unlike CECS, in which gait speed is considered a fundamental 

component of the pathology and with the recommendation of Rodgers50 that the 

effect of speed should be considered in all biomechanical data.    

Barefoot Plantar Pressure Measurements   

Footscan® software defined ten anatomical zones (Figure 1).   

 The calculated variables were defined as follows:   

1. Stance time (ST, ms)  

2. FPA: Foot Progression Angle; the angle made between the line of walking 

progression and the long axis of the foot defined by a line drawn between the 

boundary of HM-HL and M2-38.   

3. COFx: The mean of the medial-lateral displacement of centre of force (COF) 

curves. The axis is perpendicular to the longitudinal axis of the foot with a higher 

value indicating more medial displacement.    

4. IFFC-time (plantarflexion rate): Time(ms) from IFC to initial full forefoot contact 

when all metatarsal heads, M1-5 (IFFC), are in contact with the ground.   



5. HM/HL: The medial-lateral distribution of pressure under the heel was measured 

as HM/[HM+HL] at IFC, 5% of ST and at IFFC. Higher measures indicate medial 

distribution of the total pressure under the heel which has been suggested to be a 

marker of pronation56 but no literature is available showing an association with 

movement.   

6. FORE: The ratio, between inner and outer metatarsal loading: 100((M1-M5)/Zone 

average). As previous, higher measures indicate a more medial distribution of PP 

however this has not previously been shown to be associated with a specific 

movement.   

 For each variable the mean of all successful foot strikes at each speed was 

calculated and used in subsequent analysis. Scilab v5.3.2 (INRIA, France) was used 

to process data export from Footscan®.  

IMCP results for this study group have already been described and a detailed 

analysis published previously52.  

 Statistical Analysis  

SPSS (Version 20, SPSS Inc., Chicago, IL, USA) with a significance level of 0.05 

was used for all analyses. Homogeneity of variance was assessed using Levene’s 

test25,68. The relationship of each BFPP variable with LL and walking speed (WS) 

was checked using Pearson's correlation coefficient in accordance with  

recommendations28,44,50. Variables that were correlated with either LL or WS were 

analysed using ANCOVA29,62,66 as reported in similar studies2,41.  In other cases, 

independent samples t-tests were used.  

BFPP variables for the right and left leg were analysed separately. Where no 

differences were seen in the results of the tests for either leg, values for the left leg 

were chosen as representative41. Similarly, where the results of the tests were not 

dependent on the speed tested, values for WS were chosen as representative.  

 Receiver operating characteristic (ROC) curves were constructed for IFFC-time to 

determine specificity and sensitivity (left and right combined). Curves were 

generated for walking and marching to compare diagnostic ability. The area under 

the curve was calculated as an indicator of overall diagnostic ability59. Cut-offs were 

generated to maximise the sum of sensitivity and specificity with a minimum of 60% 

set for each measure.    

  

RESULTS  

 Cases were aged between 21-40 (mean=27.5, sd=4.9); controls between 19-40 

(mean=28.3, sd=7.4). Controls (1.81m  0.06) were significantly taller (p=0.002) 

than cases (1.71m  0.13); although there were no differences in weight or height-

to-leg length ratio. One control subject’s data could not be processed correctly by the 

RSScan software due to large feet (UK size 13) and was excluded from analysis.   

  



LL was not significantly correlated with any BFPP variables (Table 1).  WS correlated 

with FPA and ST for all four conditions; ANCOVA was carried out on these variables 

with speed as the covariate. IFFC-time was not correlated with WS. HMHL variables 

showed varying degrees and directions of association with WS; in each case only 

one side at one speed was significant. HMHL variables were therefore tested using 

the t-test.  

 The ANCOVA assumption of the homogeneity of regression slopes was not met by 

the FPA (all conditions) and the ST variable in the marching condition (Figure 2) 

however when the difference is small and group sizes are equal, this type of 

heterogeneity was shown early on in the literature to be an insignificant problem32 

with the ANCOVA remaining robust and valid11. ANCOVA results agree with t-tests 

using the same variables.  

Cases had significantly shorter ST and IFFC-times than controls (Table 2) however 

there were no differences in stride-length when normalised to leg length, as per the 

recommendations of Hof28, for this study group. The differences in ST and IFFC-time 

were consistent between left and right feet and at both speeds. While there were 

some significant differences present in the other variables, these were not consistent 

between walking and marching.  

 The area under the ROC curve ranged from 0.746 (95%CI: 0.636-0.87) to 0.773 

(95%CI: 0.671-0.875) representing ‘fair predictive validity’ for IFFC-time. Optimal cut-

off values and indices of diagnostic accuracy for each condition are described in 

Table 3.   

  

DISCUSSION   

 These results suggest differences exist between CECS cases and controls FPA 

adaptation to increasing WS (Figure 2). Previous studies suggested that, in the 

normal state, FPA reduces as WS increases7,26,57,63. Shanthikumar et al. reported a 

mean FPA of 13.3° with a WS of 1.33m/s 56.  This is consistent with the reduced 

FPA reported in Table 2 as the overall mean WS in this study was 1.7m/s. Controls 

reduced FPA with WS but cases demonstrated minimal adaptation. It is not clear 

what is responsible for this effect although abnormal TA activity has previously been 

implicated in FPA30. This idea fits with the infero-medial oblique orientation of the 

TA across the axis of the shank as well as the postulated role of TA in the walk-run 

transition 36,54,55. If TA is operating at a mechanical disadvantage in CECS, as 

suggested by the increased rate of plantarflexion reported here, this might account 

for this reduced ability to adapt to increasing WS. Alternatively, this could be the 

result of kinematic differences, further up the kinetic chain, which cannot be identified 

with BFPP alone. Despite the differences observed in the regression slopes for FPA 

the results did not reach significance using either t-tests or ANCOVA however the 

relationship remains interesting warranting further kinematic study to better define 

the nature of the motion taking place. The effect of fatigue and pain should also be 

further investigated as CECS is usually only discussed in the presence of pain.  



In this context both conditions might be expected to amplify the effect sizes on BFPP 

seen in this study.    

 HMHL results suggest that CECS patients have more medial pressure distribution 

under the heel at both IFC and 5% of the gait cycle after IFC although this only 

reached significance on the right side.  This was not shown during walking (Table 2). 

Shanthikumar et al. demonstrated that HM force was greater than HL force, during 

the initial foot contact phase, indicating calcaneal pronation56 although this has not 

been proven to be associated with rearfoot movement. This is also what is seen 

throughout the data reported here. This current study shows that the distribution of 

pressure became more medially located in all cases from HMHL-IFC to HMHL-5%.  

The differences between CECS cases and controls were only significant during 

marching suggesting this activity is an ingrained adaption differing from the subjects’ 

normal gait pattern; further kinematic studies are warranted to investigate this.    

The temporal data reported in Table 1 confirm that in both groups ST is inversely 

proportional to WS in this study (r= -0.86 to -0.89, p<0.001). The shorter IFFC 

observed in CECS patients in this study accounted for between 32-36% of the 

shorter stance time observed; yet IFFC accounts for only 13-16% of stance time. 

The mechanism for the remaining unexplained variance is unclear.  

This study is the first to report that, despite the absence of painful symptoms at the 

time of testing, patients with CECS demonstrate a significantly increased rate of 

plantarflexion after IFC (Table 1). This suggests a diminished ability of the anterior 

compartment musculature to control the lowering of the foot during plantarflexion in 

CECS. Data was collected in a rested state using a non-fatiguing or symptom 

provoking protocol and differences occurred from the start of data collection 

confirming fatigue of TA at the time of testing is not the explanation.   

The diagnostic cut-off values for IFFC for anterolateral CECS are not dissimilar in 

their diagnostic potential to those recently reported for the widely adopted Pedowitz 

criteria for invasive IMCP measurement43,52. Whilst the likelihood ratios fall well short 

of the utility of the IMCP results reported using continuous dynamic IMCP 

measurement in this same study group52, it is worthy of note that the IFFC values 

were collected in an asymptomatic setting. In comparison, both the Pedowitz criteria 

and dynamic IMCP were collected during or after provocation of painful symptoms52. 

Unlike IMCP, BFPP represents a non-invasive investigation therefore deserving 

further evaluation including in the presence of painful symptoms.   

 New insights into the mechanism resulting in movement of the ankle joint after IFC 

have recently been reported. Chleboun et al. concluded that there is essentially no 

eccentric lengthening of the TA muscle after IFC such that lowering of the foot 

occurs through tendon stretch whilst the muscle contracts isometrically9.This 

suggests that the stiffness of the TA tendon12,35 is a vital element in the effective 

functioning of the anterior compartment. Therefore, if IFFC is reduced in CECS 

cases it is plausible that this is due to stretching of TA tendon although inherent 

weakness in the muscle cannot be excluded based on these studies alone.   

  



Maganaris et al. showed that some of this tendon lengthening can be 

accommodated by flex in the anterior retinaculum of the ankle under which the TA 

tendon runs like a pulley. The effective moment arm of TA shortens from rest to 

maximal isometric contraction by anterior displacement of the tendon action line by 

0.8-1.2cm as a result of this stretching of the retinaculum33,34. Footwear constricting 

this displacement might therefore effectively increase the distance that the TA 

tendon has to travel in order to slow plantarflexion at IFC. Future studies, including 

plantar pressure and kinematics, should therefore consider the role of (military) 

footwear in the possible compression of the extensor retinaculum of the ankle and 

stretch of TA.  

Limitations  

 This data cannot attribute the reduced control of plantarflexion to a relative 

weakness of the TA versus an effective lengthening or change in the elastic 

composition of the TA tendon preventing the transmission of the effect of TA 

contraction to the foot. This study also cannot confirm if this increased rate of 

plantarflexion is causal or resultant from CECS; further prospective studies are 

required to investigate this. It has been shown that the elastic properties of tendons 

can be modified over time through training practices45,67 and this is appealing in the 

context of CECS being an acquired rather that inherent condition.  

 The correlation results in Table 1 demonstrate that the only BFPP measurement 

significantly correlated with WS was FPA (r=0.01 to 0.21, P=0.01 to 0.21). This is 

consistent with previous studies 26,50,51,56 where FPA was shown to reduce with 

increasing WS and is reassuring in this context.   

 This is the first study to investigate the relationship of IFFC with walking speed. 

These results indicate that IFFC is not significantly correlated to walking speed, 

however IFFC is a component of stance time which has previously been shown to be 

inversely proportional to walking speed 40. This suggests that IFFC is independent of 

stance time. IFFC results were crosschecked using ANCOVA with speed as the 

covariate. The results are reassuringly in agreement and do not improve on the level 

of significance suggesting that, under similar experimental conditions, either method 

is suitable should accurate control of speed not be possible in the initial study 

design.  

  

CONCLUSIONS  

Patients with symptoms of anterolateral CECS of the leg have an increased rate of 

plantarflexion after IFC preceding the onset of pain. This is proposed to be as a 

result of a mechanical disadvantage of TA either through muscle weakness or 

elongation of the tendon. Further studies using EMG and kinematics as well as in the 

presence of painful symptoms are now recommended to address these questions 

and confirm the diagnostic utility of PP measurement in CECS.  
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Table 1 - Pearson’s correlation coefficient for variables of interest and walking speed 

and leg length with chosen analysis method for each variable. Ranges represent 

differences between walking speeds and side evaluated. *Single value was 

significant, t-test chosen as r-values cross zero. (FPA, foot progression angle; IFFC, 

initial forefoot contact; COFx, centre of force; FORE, ratio between inner and outer 

metatarsal loading; HMHL, medial-lateral distribution of pressure under heel at heel 

strike, 5% of gait cycle and initial forefoot contact)  

  

  



 Table 2 - Comparison of differences between groups. AANCOVA F-Value reported 

for stance time and FPA data in brackets. BMean adjusted for effect of covariate 

(speed) for ANCOVA analysis. ADJAdjusted value used. (FPA, foot progression 

angle; IFFC, initial forefoot contact; COFx, centre of force; FORE, ratio between 

inner and outer metatarsal loading; HMHL, medial-lateral.   

 

 

  

  



Table 3  - Optimal cut off points and their associated diagnostic indices for IFFC-

time.  

 

  



Figure 1 - Plantar pressure anatomical Zones defined by Footscan® software (HM: 

medial heel; HL: lateral heel; MF: midfoot; M1-5: metatarsals; T1: hallux; T2-5: toes)  

 

  



Figure 2 - Regression slopes for speed and FPA showing expected pattern of 

reducing Foot Progression Angle (FPA) with speed for CON (R2=0.105) 7,26,51,57,63 

but minimal effect of speed on FPA for PT group (R2=0.001).  

  

  

  



Figure 3 – IFFC-time ROC curve for combined data - all gait speeds  

  

  

  

  



Research Highlights   

  

1. Intramuscular Compartment Pressure (IMCP) is gold standard for diagnosis of 

CECS  

2. Patients with CECS have increased rate of plantarflexion (IFFC) after heel strike 

 3. CECS cases appear less able to adapt foot progression angle to walking speed  

4. Predictive value of plantarflexion rate similar to post-exercise IMCP  

5. Further studies of IFFC in presence of CECS pain symptoms now indicated   

 


