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ABSTRACT

ABSTRACT

Th is thesis on intramuscular pressure (IMP) in the lower leg is concerned with 
two topics. Th e fi rst of these is external compression; more specifi cally, the eff ect 
of compression stockings (CS). Th ere are confl icting data on how compression 
garments such as CS aff ect IMP and muscle function during activity.

Th e second topic in this thesis covers diff erent aspects of IMP in patients with 
chronic exertional compartment syndrome (CECS). CECS includes a pathological 
increase in IMP caused by muscle expansion, which leads to pain during exercise 
and reversal of symptoms at rest. Th e diagnosis is confi rmed by IMP measurement, 
and the cut-off  values are traditionally the same for all muscle compartments 
and both genders. Th e gold standard treatment for CECS is fasciotomy of the 
compartment(s) involved, but few studies have evaluated the postoperative IMP.

Th e aim of the present thesis was to examine how IMP in the lower leg is aff ected by 
external compression in healthy individuals during activity, whether IMP diff ers 
with regard to gender and the localization of the compartment in individuals with 
exercise-induced leg pain, and whether fasciotomy results in a normalization of 
IMP values in patients with CECS.

Study I evaluated the eff ects of external compression with CS on the anterior 
compartment of the lower leg among 20 healthy participants during and aft er 
running, in terms of IMP, muscle tissue oxygenation, and levels of serum 
biomarkers of muscle injury. Th e study concluded that wearing CS during and 
aft er this activity led to elevated IMP and decreased muscle tissue oxygenation, 
and did not reduce the levels of biomarkers for muscle damage post-exercise. 

Study II investigated possible diff erences in post-exercise IMP between the 
compartments of the lower leg in 864 patients evaluated for exertional lower leg 
pain. Th e fi ndings showed that IMP was signifi cantly lower in the lateral and 
posterior compartments than in the anterior compartment. 
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Study III examined possible gender diff erences in post-exercise IMP in the lower 
leg compartments in 962 patients with suspected CECS. Th e study revealed that 
women with CECS had signifi cantly lower IMP in all four compartments of the 
lower leg, compared to men with CECS. 

Study IV evaluated the eff ects of anterior fasciotomy in 144 patients with anterior 
CECS, at a minimum of one year aft er the treatment. Th e fi ndings showed 
that anterior fasciotomy resulted in a signifi cant decrease in IMP and a patient 
satisfaction rate of 77%. Further, 83% of the patients reported a reduction of pain 
level and 94% participated in physical activities postoperatively.

Th ree conclusions can be drawn from this work. First, the use of CS during running 
aff ects the muscles in the lower leg negatively in healthy individuals. Second, in 
patients with CECS, diff erent IMP cut-off  levels for diff erent compartments and 
for men versus women may be considered. Th ird, most patients treated surgically 
for CECS obtained a good result both subjectively and in terms of a lower 
postoperative IMP.

Keywords: intramuscular pressure, external compression, compartment 
syndrome, chronic exertional compartment syndrome, fasciotomy
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SAMMANFATTNING

SAMMANFATTNING

Denna avhandling handlar om intramuskulära tryck i underbenet och 
har två teman. Det första temat är yttre kompression, och mer specifi kt, 
eff ekten av kompressionsstrumpor. Det råder delade meningarna kring hur 
kompressionskläder, såsom kompressionsstrumpor, påverkar det intramuskulära 
trycket och muskelfunktionen vid aktivitet.

Det andra temat är intramuskulärt tryck hos patienter med kroniskt 
kompartmentsyndrom, vilket är ett tillstånd där en patologiskt ökning av det 
intramuskulära trycket sker när muskeln aktiveras i samband med träning. Denna 
tryckökning ger smärtor i samband med aktivitet, som klingar av i vila. Kroniskt 
kompartmentsyndrom är vanligast förekommande i underbenen, och oft a i form 
av bilaterala besvär. Underbenet är indelat i fyra olika muskelloger: den främre, 
den yttre, den ytliga bakre och den djupa bakre. Kroniskt kompartmentsyndrom 
drabbar oft ast den främre muskellogen. Diagnosen ställs genom mätningar av det 
intramuskulära trycket direkt eft er aktivitet och gränsvärdet har hittills varit det 
samma för alla muskelloger och oavsett kön. Standardbehandlingen är operation 
i form av fasciotomi, klyvning av bindvävshinnan som omger den/de drabbade 
muskellogen/muskellogerna. Denna behandling har visat sig framgångsrik i 
fl ertalet studier, dock är det få studier som har utvärderat om och hur mycket det 
intramuskulära trycket verkligen sänks av operationen.

Målet med denna avhandling var att undersöka hur det intramuskulära 
trycket i underbenet påverkas av yttre kompression hos friska individer, 
om det intramuskulära trycket varierar mellan de fyra muskellogerna i 
underbenet och undersöka skillnader mellan kvinnor och män hos patienter 
med ansträngningsutlöst underbenssmärta, samt om fasciotomi leder till 
en normalisering av det intramuskulära trycket hos patienter med kroniskt 
kompartmentsyndrom.
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I den första studien undersöktes hur yttre kompression i form av 
kompressionsstrumpor påverkade den främre muskellogen avseende 
intramuskulärt tryck och syresättning av muskulaturen samt eff ekten på nivån 
av muskelskademarkörer i blodet hos 20 friska individer. Studien visade att 
användande av kompressionsstrumpor under och eft er löpning höjde det 
intramuskulära trycket och minskade syresättningen av muskulaturen. Att bära 
kompressionsstrumpor ledde inte till minskade nivåer av muskelskademarkörer.

Den andra studien undersökte potentiella skillnader i intramuskulärt tryck 
eft er aktivitet mellan de fyra olika muskellogerna i underbenet. Denna studie 
baserades på 864 patienter med ansträngningsutlöst underbenssmärta och visade 
att det intramuskulära trycket var signifi kant lägre i den yttre och de två bakre 
muskellogerna jämfört med den främre muskellogen. I tillägg, hos patienter 
med kroniskt kompartmentsyndrom var de intramuskulära trycken i de bakre 
muskellogerna även signifi kant lägre än i den yttre muskellogen.

I den tredje studien utforskades möjliga könsskillnader i intramuskulärt tryck 
eft er aktivitet hos 962 patienter utredda för ansträngningsutlöst underbenssmärta. 
Studien visade att kvinnor med kroniskt kompartmentsyndrom hade signifi kant 
lägre intramuskulärt tryck i alla fyra muskellogerna i underbenet jämfört med 
män med kroniskt kompartmentsyndrom. Även hos patienter utan kroniskt 
kompartmentsyndrom var de intramuskulära trycken signifi kant lägre i den 
främre och yttre muskellogen hos kvinnor jämfört med män.

Den � ärde studien utvärderade resultaten minst ett år eft er främre fasciotomi 
hos 144 patienter med kroniskt kompartmentsyndrom i den främre muskellogen. 
Studien visade att främre fasciotomi resulterade i en signifi kant minskning av 
det intramuskulära trycket och att 77% av patienterna var nöjda med resultatet. 
Vid uppföljningen rapporterade 83% av patienterna en minskning av smärta vid 
aktivitet och 94% att de var fysiskt aktiva.

Slutsatserna utifrån studierna i avhandlingen var att I) användning av 
kompressionsstrumpor i samband med löpning hade negativa eff ekter på 
underbensmuskulaturen, II) gränsvärdena för vad som bedöms som patologiskt 
intramuskulärt tryck vid diagnostisering av kroniskt kompartmentsyndrom 
bör anpassas till vilken muskelloge som är engagerad samt utifrån patientens 
kön och III) de fl esta patienter som genomgick fasciotomi för kroniskt 
kompartmentsyndrom uppnådde ett subjektivt gott resultat och även en sänkning 
av det intramuskulära trycket.

11

SAMMANFATTNING



10

INTRAMUSCULAR PRESSURE IN THE LOWER LEG

I den första studien undersöktes hur yttre kompression i form av 
kompressionsstrumpor påverkade den främre muskellogen avseende 
intramuskulärt tryck och syresättning av muskulaturen samt eff ekten på nivån 
av muskelskademarkörer i blodet hos 20 friska individer. Studien visade att 
användande av kompressionsstrumpor under och eft er löpning höjde det 
intramuskulära trycket och minskade syresättningen av muskulaturen. Att bära 
kompressionsstrumpor ledde inte till minskade nivåer av muskelskademarkörer.

Den andra studien undersökte potentiella skillnader i intramuskulärt tryck 
eft er aktivitet mellan de fyra olika muskellogerna i underbenet. Denna studie 
baserades på 864 patienter med ansträngningsutlöst underbenssmärta och visade 
att det intramuskulära trycket var signifi kant lägre i den yttre och de två bakre 
muskellogerna jämfört med den främre muskellogen. I tillägg, hos patienter 
med kroniskt kompartmentsyndrom var de intramuskulära trycken i de bakre 
muskellogerna även signifi kant lägre än i den yttre muskellogen.

I den tredje studien utforskades möjliga könsskillnader i intramuskulärt tryck 
eft er aktivitet hos 962 patienter utredda för ansträngningsutlöst underbenssmärta. 
Studien visade att kvinnor med kroniskt kompartmentsyndrom hade signifi kant 
lägre intramuskulärt tryck i alla fyra muskellogerna i underbenet jämfört med 
män med kroniskt kompartmentsyndrom. Även hos patienter utan kroniskt 
kompartmentsyndrom var de intramuskulära trycken signifi kant lägre i den 
främre och yttre muskellogen hos kvinnor jämfört med män.

Den � ärde studien utvärderade resultaten minst ett år eft er främre fasciotomi 
hos 144 patienter med kroniskt kompartmentsyndrom i den främre muskellogen. 
Studien visade att främre fasciotomi resulterade i en signifi kant minskning av 
det intramuskulära trycket och att 77% av patienterna var nöjda med resultatet. 
Vid uppföljningen rapporterade 83% av patienterna en minskning av smärta vid 
aktivitet och 94% att de var fysiskt aktiva.

Slutsatserna utifrån studierna i avhandlingen var att I) användning av 
kompressionsstrumpor i samband med löpning hade negativa eff ekter på 
underbensmuskulaturen, II) gränsvärdena för vad som bedöms som patologiskt 
intramuskulärt tryck vid diagnostisering av kroniskt kompartmentsyndrom 
bör anpassas till vilken muskelloge som är engagerad samt utifrån patientens 
kön och III) de fl esta patienter som genomgick fasciotomi för kroniskt 
kompartmentsyndrom uppnådde ett subjektivt gott resultat och även en sänkning 
av det intramuskulära trycket.

11

SAMMANFATTNING



12

INTRAMUSCULAR PRESSURE IN THE LOWER LEG

13

LIST OF PAPERS

LIST OF PAPERS

Th e thesis is based on the following studies:

I Rennerfelt K, Lindorsson S, Brisby H, Baranto A, Zhang Q. 
 E� ects of exercise compression stockings on anterior muscle 
compartment pressure and oxygenation during running: A 
randomized crossover trial conducted in healthy recreational runners. 
Sports Medicine 2019 Sep;49(9):1465-1473.

II Lindorsson S, Zhang Q, Brisby H, Rennerfelt K. 
 Signi� cantly lower intramuscular pressure in the posterior and 
lateral compartments compared with the anterior compartment 
suggests alterations of the diagnostic criteria for chronic exertional 
compartment syndrome in the lower leg. 
Knee Surgery, Sports Traumatology, Arthroscopy 2021 Apr;29(4):1332-
1339.

III Lindorsson S, Rennerfelt K, Brisby H, Zhang Q. 
 � e e� ect of gender on intramuscular pressure in patients with 
chronic exertional compartment syndrome of the lower leg. 
Scandinavian Journal of Medicine & Science in Sports 2022 Jan;32(1):202-
210.

IV Lindorsson S, Zhang Q, Brisby H, Rennerfelt K. 
  Intramuscular pressures and patient-reported outcomes at follow-

up in patients surgically treated for anterior chronic exertional 
compartment syndrome.
Submitted



12

INTRAMUSCULAR PRESSURE IN THE LOWER LEG

13

LIST OF PAPERS

LIST OF PAPERS

Th e thesis is based on the following studies:

I Rennerfelt K, Lindorsson S, Brisby H, Baranto A, Zhang Q. 
 E� ects of exercise compression stockings on anterior muscle 
compartment pressure and oxygenation during running: A 
randomized crossover trial conducted in healthy recreational runners. 
Sports Medicine 2019 Sep;49(9):1465-1473.

II Lindorsson S, Zhang Q, Brisby H, Rennerfelt K. 
 Signi� cantly lower intramuscular pressure in the posterior and 
lateral compartments compared with the anterior compartment 
suggests alterations of the diagnostic criteria for chronic exertional 
compartment syndrome in the lower leg. 
Knee Surgery, Sports Traumatology, Arthroscopy 2021 Apr;29(4):1332-
1339.

III Lindorsson S, Rennerfelt K, Brisby H, Zhang Q. 
 � e e� ect of gender on intramuscular pressure in patients with 
chronic exertional compartment syndrome of the lower leg. 
Scandinavian Journal of Medicine & Science in Sports 2022 Jan;32(1):202-
210.

IV Lindorsson S, Zhang Q, Brisby H, Rennerfelt K. 
  Intramuscular pressures and patient-reported outcomes at follow-

up in patients surgically treated for anterior chronic exertional 
compartment syndrome.
Submitted



14

INTRAMUSCULAR PRESSURE IN THE LOWER LEG

TABLE OF CONTENTS

    ABBREVIATIONS 17

1. INTRODUCTION 19

 1.1 Muscle compartments of the lower leg 20

 1.1.1. Anterior compartment  21

 1.1.2. Lateral compartment 21

 1.1.3. Superfi cial posterior compartment 22

 1.1.4. Deep posterior compartment 22

 1.1.5. A fi fth compartment 23

 1.2. Muscle physiology and intramuscular pressure (IMP) 23

 1.2.1. Muscle physiology and blood perfusion 23

 1.2.2. IMP 23

 1.2.3. Perfusion pressure 24

 1.2.4. External compression and IMP 24

 1.3. Acute compartment syndrome (ACS) 24

 1.3.1 Pathophysiology of ACS 24

 1.3.2 Clinical features of ACS 25

 1.3.3 Diagnosis of ACS 26

 1.3.4 Treatment of ACS 26

 1.4. Chronic exertional compartment syndrome (CECS) 26

 1.4.1 Historical perspective of CECS 26

 1.4.2 Pathophysiology of CECS 27

 1.4.3 Incidence of CECS 28

 1.4.4 Localization of CECS 28

 1.4.5 Clinical features of CECS 29

 1.4.6 Diagnosis of CECS 30

 1.4.7 IMP criteria for CECS 30

 1.4.8 IMP in relation to the different lower leg compartments 31

 1.4.9 Gender differences in CECS patients 31

 1.4.10 Treatment and prognosis of CECS 32

 1.4.11 Differential diagnosis of exercise-induced lower leg pain 35

 1.5. Methods of measuring IMP and muscle tissue oxygenation 37

 1.5.1 Methods of measuring IMP 37

 1.5.2 Precautions for invasive IMP measurement 39

 1.5.3 Procedure of invasive IMP measurement in the lower leg 40

 1.5.4 Near-infrared spectroscopy 40

 1.6. Rationale of this thesis 42

2. AIMS  45

3. METHODS AND MATERIALS 47

 3.1. Study participants 47

 3.1.1. Healthy participants (Study I) 47

 3.1.2. Patients (Studies II–IV) 48

15

INTRODUCTION

 3.2. Methods used in Study I 49

 3.2.1. Experimental procedures (Study I) 49

 3.2.2. IMP measurement before, during, and after exercise (Study I) 50

 3.2.3. Muscle tissue oxygenation monitoring (Study I) 51

 3.2.4. Blood pressure measurement (Study I) 51

 3.2.5. Blood sampling and analysis (Study I) 52

 3.3. Methods used in Studies II–IV 52

 3.3.1. Primary clinical visit (Studies II–IV) 52

 3.3.2. Questionnaire (Studies II–IV) 52

 3.3.3. Exercise test (Studies II–IV) 53

 3.3.4. Post-exercise IMP measurements (Studies II–IV) 53

 3.3.5. Diagnostic criteria for CECS (Studies II–IV) 54

 3.3.6. Anterior fasciotomy (Study IV) 54

 3.3.7. Follow-up visit (Study IV) 54

 3.4. Ethical considerations 55

 3.5.  Statistical methods 55

4. SUMMARY OF RESULTS 59

 4.1. The effects of external compression on the anterior compartment (Study I) 59

 4.1.1. IMP 59

 4.1.2. Muscle tissue oxygenation index 60

 4.1.3. Levels of serum biomarkers 60

 4.2. Characteristics of patients (Studies II–IV) 61

 4.2.1. Patients with exercise-induced lower leg pain (Studies II and III) 61

 4.2.2. Patients treated with anterior fasciotomy for CECS (Study IV) 62

 4.3. Affected compartments in patients with CECS (Studies II and III) 63

 4.4. Differences in IMP between the muscle compartments of the lower leg (Study II) 64

 4.5. Gender differences in IMP in the lower leg compartments (Study III) 66

 4.6. Long-term effects of fasciotomy in patients with anterior CECS (Study IV) 68

 4.6.1 Postoperative IMP 68

 4.6.2. Patients’ satisfaction with the treatment result 69

 4.6.3. Level of pain during activity 70

 4.6.4. Physical activity level 71

5. DISCUSSION 73

6. STRENGTHS AND LIMITATIONS 83

7. CONCLUSIONS 87

8. FUTURE PERSPECTIVES 91

9. ACKNOWLEDGEMENTS 95

10. REFERENCES 99

11. PAPERS 111



14

INTRAMUSCULAR PRESSURE IN THE LOWER LEG

TABLE OF CONTENTS

    ABBREVIATIONS 17

1. INTRODUCTION 19

 1.1 Muscle compartments of the lower leg 20

 1.1.1. Anterior compartment  21

 1.1.2. Lateral compartment 21

 1.1.3. Superfi cial posterior compartment 22

 1.1.4. Deep posterior compartment 22

 1.1.5. A fi fth compartment 23

 1.2. Muscle physiology and intramuscular pressure (IMP) 23

 1.2.1. Muscle physiology and blood perfusion 23

 1.2.2. IMP 23

 1.2.3. Perfusion pressure 24

 1.2.4. External compression and IMP 24

 1.3. Acute compartment syndrome (ACS) 24

 1.3.1 Pathophysiology of ACS 24

 1.3.2 Clinical features of ACS 25

 1.3.3 Diagnosis of ACS 26

 1.3.4 Treatment of ACS 26

 1.4. Chronic exertional compartment syndrome (CECS) 26

 1.4.1 Historical perspective of CECS 26

 1.4.2 Pathophysiology of CECS 27

 1.4.3 Incidence of CECS 28

 1.4.4 Localization of CECS 28

 1.4.5 Clinical features of CECS 29

 1.4.6 Diagnosis of CECS 30

 1.4.7 IMP criteria for CECS 30

 1.4.8 IMP in relation to the different lower leg compartments 31

 1.4.9 Gender differences in CECS patients 31

 1.4.10 Treatment and prognosis of CECS 32

 1.4.11 Differential diagnosis of exercise-induced lower leg pain 35

 1.5. Methods of measuring IMP and muscle tissue oxygenation 37

 1.5.1 Methods of measuring IMP 37

 1.5.2 Precautions for invasive IMP measurement 39

 1.5.3 Procedure of invasive IMP measurement in the lower leg 40

 1.5.4 Near-infrared spectroscopy 40

 1.6. Rationale of this thesis 42

2. AIMS  45

3. METHODS AND MATERIALS 47

 3.1. Study participants 47

 3.1.1. Healthy participants (Study I) 47

 3.1.2. Patients (Studies II–IV) 48

15

INTRODUCTION

 3.2. Methods used in Study I 49

 3.2.1. Experimental procedures (Study I) 49

 3.2.2. IMP measurement before, during, and after exercise (Study I) 50

 3.2.3. Muscle tissue oxygenation monitoring (Study I) 51

 3.2.4. Blood pressure measurement (Study I) 51

 3.2.5. Blood sampling and analysis (Study I) 52

 3.3. Methods used in Studies II–IV 52

 3.3.1. Primary clinical visit (Studies II–IV) 52

 3.3.2. Questionnaire (Studies II–IV) 52

 3.3.3. Exercise test (Studies II–IV) 53

 3.3.4. Post-exercise IMP measurements (Studies II–IV) 53

 3.3.5. Diagnostic criteria for CECS (Studies II–IV) 54

 3.3.6. Anterior fasciotomy (Study IV) 54

 3.3.7. Follow-up visit (Study IV) 54

 3.4. Ethical considerations 55

 3.5.  Statistical methods 55

4. SUMMARY OF RESULTS 59

 4.1. The effects of external compression on the anterior compartment (Study I) 59

 4.1.1. IMP 59

 4.1.2. Muscle tissue oxygenation index 60

 4.1.3. Levels of serum biomarkers 60

 4.2. Characteristics of patients (Studies II–IV) 61

 4.2.1. Patients with exercise-induced lower leg pain (Studies II and III) 61

 4.2.2. Patients treated with anterior fasciotomy for CECS (Study IV) 62

 4.3. Affected compartments in patients with CECS (Studies II and III) 63

 4.4. Differences in IMP between the muscle compartments of the lower leg (Study II) 64

 4.5. Gender differences in IMP in the lower leg compartments (Study III) 66

 4.6. Long-term effects of fasciotomy in patients with anterior CECS (Study IV) 68

 4.6.1 Postoperative IMP 68

 4.6.2. Patients’ satisfaction with the treatment result 69

 4.6.3. Level of pain during activity 70

 4.6.4. Physical activity level 71

5. DISCUSSION 73

6. STRENGTHS AND LIMITATIONS 83

7. CONCLUSIONS 87

8. FUTURE PERSPECTIVES 91

9. ACKNOWLEDGEMENTS 95

10. REFERENCES 99

11. PAPERS 111



16

INTRAMUSCULAR PRESSURE IN THE LOWER LEG

17

ABBREVIATIONS

ABBREVIATIONS

∆  Delta

ACS Acute compartment syndrome

BMI  Body mass index

Botox  Botulinum toxin A

CECS Chronic exertional compartment syndrome

CK  Creatine kinase

CS Compression stockings

DUS Duplex ultrasonography

FDL  Flexor digitorum longus 
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INTRODUCTION

INTRODUCTION

Intramuscular pressure (IMP) is a form of tissue pressure, defi ned as the fl uid 
hydrostatic pressure generated within a muscle1. Th is thesis focuses on IMP in 
the lower leg, and has two main topics.

Th e fi rst topic is external compression; more specifi cally, the eff ect of compression 
stockings (CS). IMP can be aff ected by active muscle contractions, muscle volume 
load, passive stretch, fascial anomalies, or external compression2. Interest in 
exercise compression apparel has grown among athletes at all levels during recent 
decades. External compression from CS has been suggested to optimize the local 
blood fl ow and reduce muscular waste products during activity, but it is not known 
how the use of CS aff ects the local IMP. 

Th e second topic is chronic exertional compartment syndrome (CECS). 
Compartment syndrome  occurs when the IMP within an enclosed muscle 
compartment increases to the point where it restricts the blood fl ow to the 
area and  thereby impairs muscle function. Th e acute form, acute compartment 
syndrome (ACS), is a limb-threatening condition where the increase in IMP is 
caused by an injury or loss of circulation, and the time to treatment is critical to 
avoid irreversible injuries. In the chronic form, CECS, the pathological increase 
in IMP is caused by muscle expansion which leads to pain during exercise but 
reversal of symptoms at rest, with no permanent impact on the circulation. ASC 
is described in more detail below (section 1.3) in order to clarify the diff erences 
between the two conditions. However, the present thesis focuses on CECS, which 
is described further in section 1.4.

Measurement of IMP is the most widely accepted method to confi rm the diagnosis 
of CECS. Th e currently used cut-off  values are the same for all compartments and 
both genders, and there have been no previous studies on whether these cut-off  
values should be diff erent for the diff erent compartments of the lower leg and/or 
adjusted for gender. 
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FIGURE 1 Cross-section of the middle part of the lower leg illustrating the four muscle compartments 
including muscles, vessels, nerves, and bones.

Th e gold standard operative treatment for CECS is fasciotomy of the 
compartment(s) involved. Earlier studies have reported a high rate of return to 
activity and satisfaction aft er fasciotomy3. However, few studies have investigated 
the postoperative IMP at follow-up, and even fewer have focused solely on the 
most commonly involved compartment: the anterior. 

1.1 MUSCLE COMPARTMENTS OF THE LOWER LEG

A muscle compartment is defi ned as the muscles, nerves, and blood vessels 
enclosed within the same osseofascial space. Th e surrounding fascia consists of 
tough connective tissue septa, which has a thickness of 0.65–0.8 mm in the lower 
leg4. Th e rigid structure of the fascia keeps the tissues in place, and also links 
muscles arranged in series5. Traditionally the lower leg muscles are divided into 
four distinct compartments: the anterior, lateral, superfi cial posterior, and deep 
posterior. Th e anatomy of the lower leg is presented in Figure 1.
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FIGURE 2 The anterior 
compartment of the lower leg.

FIGURE 3 The lateral
compartment of the lower leg.

FIGURE 2 
compartment of the lower leg.
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1.1.1 ANTERIOR COMPARTMENT
Th e anterior compartment encloses three muscles: the tibialis anterior, the 
extensor hallucis longus, and the extensor digitorum longus (Figure 2). Th e 
functions of these muscles are dorsifl exion and inversion of the foot. Th e anterior 
compartment also includes the anterior tibial artery and vein, and the deep 
peroneal nerve. It is bounded anteriorly by the deep fascia of the leg, laterally by 
the anterior intramuscular septum, and posteriorly by the tibia, the fi bula, and the 
interosseous membrane.

1.1.2 LATERAL COMPARTMENT
Th e lateral compartment encloses two muscles: the peroneus longus and the 
peroneus brevis (Figure 3). Th ese muscles act to evert the foot. Th e superfi cial 
peroneal nerve is localized within this compartment, but the compartment 
contains no larger vessels. Th e lateral compartment is bordered anteriorly by the 
anterior intermuscular septum, laterally by the deep fascia, posteriorly by the 
posterior intermuscular septum, and medially by the fi bula.
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1.1.3 SUPERFICIAL POSTERIOR COMPARTMENT
Th e superfi cial posterior compartment encloses three muscles: the plantaris, 
the soleus, and the gastrocnemius (Figure 4). All three muscles are attached to 
the calcaneal bone of the foot via the calcaneal tendon, and their function is 
to plantarfl ex the foot at the ankle joint. Th e sural nerve is localized within the 
superfi cial posterior compartment. Th e superfi cial compartment is separated 
from the deep posterior compartment by the deep transverse fascia.

1.1.4 DEEP POSTERIOR COMPARTMENT
Th e deep posterior compartment encloses three muscles: the tibialis posterior 
(TP), the fl exor hallucis longus (FHL), and the fl exor digitorum longus (FDL) 
(Figure 5). Th e TP inverts and plantarfl exes the foot, the FHL fl exes the big toe, 
and the FDL fl exes the other toes. Th is compartment also encloses four vessels — 
the peroneal artery and vein, and the posterior tibial artery and vein — as well as 
the posterior tibial nerve. Th e posterior compartments are bordered anteriorly by 
the tibia, the interosseous membrane, and the fi bula, and posteriorly by the deep 
fascia.

FIGURE 4 The superfi cial 
posterior compartment
of the lower leg.

FIGURE 5 The deep 
posterior compartment 
of the lower leg.

FIGURE 4 
posterior compartment
of the lower leg.
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1.1.5 A FIFTH COMPARTMENT
It has been suggested that the TP is enclosed by a separate fascia, and thereby 
constitutes a fi ft h compartment of the lower leg6,7. More recent studies have 
concluded that there is no distinct fascial septum separating TP from the deep 
posterior compartment8-10. However, there is an anatomical variation in which a 
fi bular origin of the FDL muscle is present and creates a sub-compartment within 
the deep posterior compartment.

1.2 MUSCLE PHYSIOLOGY AND
INTRAMUSCULAR PRESSURE (IMP)

1.2.1 MUSCLE PHYSIOLOGY AND BLOOD PERFUSION 
Muscle function is dependant on adequate blood fl ow for saturation of the muscle 
cells and disposal of muscle metabolism waste products. Muscle contractions 
aff ect the local blood fl ow by increasing the hydrostatic pressure in the muscle. 
Th e muscle cells obtain arterial blood supply between the contractions, in the 
relaxation phase. Typically, muscular activity results in a 20% expansion in muscle 
volume. 

Tissue pressure was fi rst defi ned by Starling in 189611. He suggested that the fl uid 
movement due to fi ltration across the capillary wall is dependent on the balance 
between the hydrostatic pressure gradient (hydrostatic pressure in capillary blood 
and in interstitial fl uid) and the oncotic pressure gradient (osmotic pressure 
in capillary blood and interstitial fl uid) across the capillary. Starling’s equation 
presents the movement of fl uid across a capillary membrane and describes how 
the balance of intravascular and extravascular fl uids aff ects the capillary fl ow.

1.2.2 IMP
IMP is a form of tissue pressure, defi ned as the fl uid hydrostatic pressure 
generated within a muscle1. According to the law of Laplace, IMP is directly 
related to the tension of the muscle fi bres, the measuring depth, and the muscle 
architecture12. Muscle contraction results in changes in pennation angle and 
muscle fi bre curvature, which aff ect IMP. It has been suggested that curved 
muscle fi bres generate higher stresses on the muscle compared to straighter fi bres, 
and that high stresses generate high IMP13. Oedema, external compression, and 
passive stretching of the muscles also increase IMP. In a resting muscle, the IMP is 
normally 10 mmHg or lower. IMP is traditionally measured by invasive methods, 
but more recently non-invasive methods have been proposed. Th e diff erent 
methods of measuring IMP are described further in section 1.5.



22

INTRAMUSCULAR PRESSURE IN THE LOWER LEG

1.1.3 SUPERFICIAL POSTERIOR COMPARTMENT
Th e superfi cial posterior compartment encloses three muscles: the plantaris, 
the soleus, and the gastrocnemius (Figure 4). All three muscles are attached to 
the calcaneal bone of the foot via the calcaneal tendon, and their function is 
to plantarfl ex the foot at the ankle joint. Th e sural nerve is localized within the 
superfi cial posterior compartment. Th e superfi cial compartment is separated 
from the deep posterior compartment by the deep transverse fascia.

1.1.4 DEEP POSTERIOR COMPARTMENT
Th e deep posterior compartment encloses three muscles: the tibialis posterior 
(TP), the fl exor hallucis longus (FHL), and the fl exor digitorum longus (FDL) 
(Figure 5). Th e TP inverts and plantarfl exes the foot, the FHL fl exes the big toe, 
and the FDL fl exes the other toes. Th is compartment also encloses four vessels — 
the peroneal artery and vein, and the posterior tibial artery and vein — as well as 
the posterior tibial nerve. Th e posterior compartments are bordered anteriorly by 
the tibia, the interosseous membrane, and the fi bula, and posteriorly by the deep 
fascia.

FIGURE 4 The superfi cial 
posterior compartment
of the lower leg.

FIGURE 5 The deep 
posterior compartment 
of the lower leg.

FIGURE 4 
posterior compartment
of the lower leg.

Soleus m

Plantaris m

Heads of
gastrocnemius m

Calcaneal
tendon

FIGURE 5 
posterior compartment 
of the lower leg.

Tibialis
posterior m

Popliteus m

Flexor hallucis
longus m

Flexor digitorum
longus m

23

INTRODUCTION

1.1.5 A FIFTH COMPARTMENT
It has been suggested that the TP is enclosed by a separate fascia, and thereby 
constitutes a fi ft h compartment of the lower leg6,7. More recent studies have 
concluded that there is no distinct fascial septum separating TP from the deep 
posterior compartment8-10. However, there is an anatomical variation in which a 
fi bular origin of the FDL muscle is present and creates a sub-compartment within 
the deep posterior compartment.

1.2 MUSCLE PHYSIOLOGY AND
INTRAMUSCULAR PRESSURE (IMP)

1.2.1 MUSCLE PHYSIOLOGY AND BLOOD PERFUSION 
Muscle function is dependant on adequate blood fl ow for saturation of the muscle 
cells and disposal of muscle metabolism waste products. Muscle contractions 
aff ect the local blood fl ow by increasing the hydrostatic pressure in the muscle. 
Th e muscle cells obtain arterial blood supply between the contractions, in the 
relaxation phase. Typically, muscular activity results in a 20% expansion in muscle 
volume. 

Tissue pressure was fi rst defi ned by Starling in 189611. He suggested that the fl uid 
movement due to fi ltration across the capillary wall is dependent on the balance 
between the hydrostatic pressure gradient (hydrostatic pressure in capillary blood 
and in interstitial fl uid) and the oncotic pressure gradient (osmotic pressure 
in capillary blood and interstitial fl uid) across the capillary. Starling’s equation 
presents the movement of fl uid across a capillary membrane and describes how 
the balance of intravascular and extravascular fl uids aff ects the capillary fl ow.

1.2.2 IMP
IMP is a form of tissue pressure, defi ned as the fl uid hydrostatic pressure 
generated within a muscle1. According to the law of Laplace, IMP is directly 
related to the tension of the muscle fi bres, the measuring depth, and the muscle 
architecture12. Muscle contraction results in changes in pennation angle and 
muscle fi bre curvature, which aff ect IMP. It has been suggested that curved 
muscle fi bres generate higher stresses on the muscle compared to straighter fi bres, 
and that high stresses generate high IMP13. Oedema, external compression, and 
passive stretching of the muscles also increase IMP. In a resting muscle, the IMP is 
normally 10 mmHg or lower. IMP is traditionally measured by invasive methods, 
but more recently non-invasive methods have been proposed. Th e diff erent 
methods of measuring IMP are described further in section 1.5.



24

INTRAMUSCULAR PRESSURE IN THE LOWER LEG

1.2.3 PERFUSION PRESSURE
Th e perfusion pressure (PP) is the diff erence between the mean arterial pressure 
(MAP) and venous pressure in a specifi c vascular bed. In 1988, Heppenstall et 
al. presented a relationship between tissue PP and oxygen distribution at cell 
level14. Th ey stated that the lowest PP at which the normal cellular metabolism 
can be maintained is 30 mmHg in a normal muscle and 40 mmHg in a moderately 
traumatized muscle. 

Th e venous pressure in a muscle can never be less than the IMP2, and so the 
local tissue PP during muscle relaxation can be calculated as the diff erence 
between MAP and IMP. A pathological increase of IMP during activity results 
in a decreased local tissue perfusion pressure, and hence can interfere with the 
muscular blood fl ow. An increase of IMP above 35 mmHg in the relaxation phase 
has been shown to impede the muscle blood fl ow and lead to ischemic pain and 
decreased muscle function15.

1.2.4 EXTERNAL COMPRESSION AND IMP
It is known that IMP can be aff ected by external compression. Compression 
during activity, in the form of exercise compression garments, has grown in 
popularity among athletes at all levels during the last 20 years. Certain types of 
exercise CS have been launched to increase performance during running, aimed at 
both elite and recreational runners16. Th e CS on the sports market are reported to 
improve the local blood circulation, reduce the levels of muscular waste products 
during exercise, and optimize recovery following activity17,18. However, there are 
confl icting data on how CS aff ect the muscle function during activity, and whether 
or not wearing CS during exercise may be benefi cial to healthy individuals. 
Some studies have reported that wearing CS during exercise had negative eff ects 
on blood pressure, heart rate, cardiac output, oxygen uptake, calf muscle tissue 
oxygenation, arterial lactate concentration, pH, and muscle damage markers19-21.

1.3 ACUTE COMPARTMENT SYNDROME (ACS)

1.3.1 PATHOPHYSIOLOGY OF ACS
Fractures account for 69% of all cases of ACS22. ACS can also be caused by 
crush injuries, external compression during surgery or intoxication, ischemia-
reperfusion injury aft er revascularization, burns, snake bites, or drug injections23. 
Th e tissue swelling secondary to these events is restricted by the rigid intact fascia, 
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which leads to an increase in IMP and thereby a decrease in PP (Figure 6). If 
the local PP in a traumatized muscle is below 40 mmHg, the normal cellular 
metabolism cannot be maintained and ischemia occurs14. Potential causes of 
increased IMP in patients with ACS are presented in Figure 62.

1.3.2 CLINICAL SIGNS OF ACS
Early signs of ACS are swelling of the aff ected compartment and decreased range 
of motion in the adjacent joints, due to an increase in IMP. In the next stage, the 
patient experiences increasing and out-of-proportion pain, due to ischemia. Th e 
pain cannot be treated with conventional medication, and is provoked by passive 
stretching of the muscles. In the later stage of ACS, paraesthesia and muscle 
weakness occur. Pulselessness is also a late sign. Th e three clinical stages of ACS 
are presented in Table 12.

TABLE 1 The three clinical stages of acute compartment syndrome.

Stage Pathophysiology Symptoms

I Increased intramuscular pressure Swelling and decreased range of motion

II Decreased blood fl ow Pain at rest and during passive stretching

III Decreased function Paraesthesia and muscle weakness

FIGURE 6 Potential causes of increased intramuscular pressure (IMP) in patients with acute 
compartment syndrome.
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1.3.3 DIAGNOSIS OF ACS
It has been suggested that clinical signs of ACS are more useful for ruling out the 
diagnosis (lack of signs) than for predicting the disorder (presence of signs)24. 
However, a previous study showed that the risk of ACS increases in the presence 
of more than one of the four clinical signs: pain, paraesthesia, pain during passive 
stretching, and paresis. With two clinical signs present, the risk of ACS is 68%; 
with three signs, the risk is 93%; and with four signs, the risk is 98%25. IMP 
measurements are used as a diagnostic tool for ACS in unconscious patients or 
in cases where the clinicians are in doubt. Single IMP measurements have a high 
false positive rate in diagnosing ACS26, but in patients with continuous measured 
IMP >30 mmHg for 2 hours the false positive rate was only 3.9%27. A third method 
used in the decision-making process for patients at high risk for ASC is to analyse 
levels of biomarkers that indicate muscle cell damage. However, there is a lack 
of diagnostic thresholds, and the levels of biomarkers might be elevated due to 
other injuries, perhaps explaining why the decision is more rarely based on these 
fi ndings28. Moreover, analysing blood samples can be time-consuming, and a 
delay in diagnosing ASC can cause irreversible injuries.

1.3.4 TREATMENT OF ACS
Th e only treatment for ASC is acute fasciotomy of all compartments in the aff ected 
limb. Both the skin and the fascia are released with a long incision in order to 
reduce the compartment pressure and restore the circulation. In the lower leg, 
all four compartments can be released through either a single-incision technique 
or a double-incision technique29,30. It is well established in the literature that time 
to treatment is critical for a good outcome31-33, though the exact timing to avoid 
muscle necrosis is still debated. Th e general assumption has been that ischemia for 
less than 3 hours causes reversible damage, but ischemia for more than 4–6 hours 
causes irreversible necrosis. However, the ischemia can cause muscle necrosis even 
within the fi rst 3 hours aft er the trauma23. A delay in treatment can lead to nerve 
injury, permanent muscle necrosis, and later contractures in the aff ected limb34,35. 

1.4 CHRONIC EXERTIONAL 
COMPARTMENT SYNDROME (CECS)

1.4.1 HISTORICAL PERSPECTIVE OF CECS
Th e fi rst documentation of CECS was published by Edward Wilson in 1912, 
describing his own symptoms during an Antarctic expedition36. In his diary, he 
wrote that his “left  leg is exceedingly painful” and “the whole of the Tibialis anticus 
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is swollen and tight”. Muscle changes during exercise were described in 1916 by 
Barcroft  and Kato37. In 1956, Mavor published a report on surgical treatment 
of CECS in a professional soccer player with bilateral anterior leg pain during 
exercise, describing how fasciotomy led to relief of symptoms38. Six years later, in 
1962, French and Price were the fi rst to correlate the exercise-induced pain with 
an increase in IMP39. 

1.4.2 PATHOPHYSIOLOGY OF CECS
An abnormal increase in IMP post-exercise with delayed restoration of normal 
IMP is indicative of CECS. Th e abnormally high IMP may be explained by 
increased muscle volume during exercise in combination with tightness of the 
fascia40. Anatomical risk factors in the form of chronic fascial thickening and 
limited capillary density have been proposed41,42. However, a study of fascia 
stiff ness and thickness in healthy individuals, patients with CECS, and patients 
with diabetes mellitus and CECS found no diff erences in fascial characteristics 
between the three groups43. Another suggested risk factor for CECS is the use 
of anabolic steroids and creatine, which increases muscle volume44. Rear foot 
landing, overpronation, and eccentric exercise might also increase the risk of 
CECS44,45. Potential causes of increased IMP in patients with CECS are presented 
in Figure 7.

FIGURE 7 Potential causes of increased intramuscular pressure (IMP) in patients with chronic exertional 
compartment syndrome.
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CECS manifests as pain provoked by activity, due to increased IMP and reduced 
tissue perfusion within the muscle compartment15,46. In healthy individuals, IMP 
increases during exercise but returns to normal at rest47. Conversely, in patients 
with CECS, the IMP becomes abnormally high in the aff ected compartments 
during exercise and takes longer to return to normal aft er activity, resulting in a 
lower microvascular fl ow and reduced muscle perfusion15,48. Tissue ischemia is not 
fully accepted as the only cause of pain in patients with CECS. It has been suggested 
that this pain may be caused by traction of the fascia, due to the  stiff ness and 
volume increase in the compartment, resulting in compression of sensory nerve 
endings49. Th e complete pathophysiology of CECS is not yet fully understood; nor 
is the relationship between increased IMP and pain.

1.4.3 INCIDENCE OF CECS
In a previous study of 150 athletes with exercise-induced lower leg pain, CECS 
was diagnosed in 33%, stress fractures in 25%, muscle strain in 14%, and medial 
tibial stress syndrome (MTSS) in 13%50. Th e incidence of CECS in the general 
population is diffi  cult to determine, as patients in studies on CECS are mostly 
from selected cohorts: patients with therapy-resistant exercise-induced pain. 
Moreover, the incidence is probably falsely low, as some people tend to adjust 
their activities to decrease their symptoms instead of seeking health care51. In 
addition, the diagnosis can be missed by clinicians since patients with CECS are 
asymptomatic at rest and oft en lack objective clinical signs52. Orlin et al. suggested 
a CECS prevalence of 7.6%, based on patient history and clinical fi ndings, in a 
randomly selected sample of 3000 individuals aged 25–75 years53. However, when 
IMP measurements were performed in a sample of participants diagnosed with 
“defi nite CECS”, none of them reached the post-exercise cut-off  IMP values for 
CECS.

1.4.4 LOCALIZATION OF CECS
CECS may occur in many diff erent localizations of the body: in the forearm, the 
hand, the lower back, the thigh, the lower leg, and the foot2,54. Most commonly 
involved are the compartments of the lower leg, accounting for 95% of all CECS45. 
Th e anterior compartment is predominantly aff ected; in some studies, isolated 
anterior CECS represents up 70% of lower-leg CECS49,55. Th e anterior compartment 
is one of the least yielding compartments in the body, which probably makes it 
more vulnerable than other compartments to an increase in IMP2.  

29

INTRODUCTION

1.4.5 CLINICAL FEATURES OF CECS
Patients with CECS have usually had long-standing muscle symptoms induced 
by activity prior to the diagnosis, sometimes for several years47. Th e pain is 
located over the aff ected compartment, but may radiate distally. For example, 
patients with CECS in the anterior compartment of the lower leg oft en complain 
about pain in the ankle and/or dorsal part of the foot. In addition to pain, CECS 
patients suff er from muscle tightness and impaired muscle function induced by 
activity49. Bilateral symptoms occur in 67–95% of patients with CECS47,56,57. Fascial 
herniation has been reported to occur in 40–60% of patients, but herniation can 
also occur in the absence of CECS56,58 (Figure 8). 

FIGURE 8 Fascial herniation of the lower leg.

Fascial hernia
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1.4.6 DIAGNOSIS OF CECS
Th e diagnosis of CECS is based on the patient’s history, clinical examination 
before and aft er an exercise test, and post-exercise measurement of IMP. Th e one-
minute post-exercise IMP is proposed to be the best measure59,60. Th e exercise test 
aims to elicit the patient’s symptoms, and can be individually adjusted depending 
on which activity triggers the pain and on symptoms such as numbness, stiff ness, 
and lack of functional ability. IMP measurement performed by an experienced 
clinician is generally considered to be safe, but as it is an invasive investigation, 
complications can occur. Possible complications include infection, thrombosis, 
damage to neurovascular structures, haemorrhage, and the development of 
ACS61. Due to these potential risks, IMP is usually only measured in clinically 
symptomatic compartments and in the most symptomatic leg. 

Th e use of near-infrared spectroscopy (NIRS) to diagnose CECS has been 
presented in earlier studies62,63. However, a more recent study concluded that 
changes in muscle oxygen saturation cannot be used to distinguish between 
patients with and without CECS64. Both NIRS and methods of measuring IMP are 
described further in section 1.5. 

Another proposed method for the diagnosis of CECS is magnetic resonance 
imaging (MRI)65. Th is might be used in screening for CECS in the anterior 
compartment, but an in-scanner exercise-based MRI would be needed66, which 
is presently not available.

1.4.7 IMP CRITERIA FOR CECS
Th e most widely used IMP criteria for CECS are based on the Pedowitz diagnostic 
criteria: cut-off  values for all muscle compartments and both genders are set at ≥ 
15 mmHg pre-exercise, ≥ 30 mmHg at one minute post-exercise, or ≥ 20 mmHg 
at fi ve minutes post-exercise67. Pedowitz’ suggested cut-off  values were based 
on calculations of the mean IMP value for all four compartments plus 2 SD in 
patients with no CECS (a total of 210 compartments). Th e time point of IMP 
measurement is of great importance. As an increase in IMP during and right aft er 
activity is a normal physiological process, measurement must start at one minute 
post-exercise to enable the IMP to decline in patients with causes of exercise-
induced leg pain other than CECS.
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Th e value of IMP testing in the diagnosis of CECS has been questioned68-70. It has 
not yet been established how best to perform or evaluate the IMP measurements 
in terms of a standardised exercise test, the timing of IMP measurement in relation 
to activity, and the IMP cut-off  values 71-73. Roscoe et al. suggested a revision of the 
diagnostic criteria, including a relatively tough exercise test and continuous IMP 
measurement73. However, their study only evaluated the anterior compartment 
in male patients aged 21–40 years. Van Zantvoort et al. described the role of 
repeated IMP measurements in the evaluation of patients with persistent lower leg 
complaints aft er previously normal IMP values, but could not clarify whether the 
increased IMP values from the repeated measurements really represented CECS 
or just refl ected a high false-positive rate74.

1.4.8 IMP IN RELATION TO THE DIFFERENT
LOWER LEG COMPARTMENTS

Th e fact that there are anatomical diff erences in the four muscular compartments 
of the lower leg brings challenges to the process of diagnosing CECS. Measurement 
in the deep posterior compartment is technically challenging compared to the 
anterior compartment, due to the depth and surrounding structures. Th e accuracy 
of IMP values in the deep posterior compartment has been discussed75. In a recent 
study which used MRI to analyse the IMP catheter placement in the deep posterior 
compartment, 42% of the catheters were found to be placed accurately in the tibialis 
posterior muscle while 38% were placed in the deep posterior compartment but 
outside the tibialis posterior76. Current knowledge of post-exercise IMP values is 
predominantly based on studies of the anterior compartment, and there are few 
investigations of IMP values in all four compartments in patients with exercise-
induced lower leg pain55.

1.4.9 GENDER DIFFERENCES IN CECS PATIENTS
Early studies on CECS described a male predominance, probably because the 
study groups of professional athletes and military recruits included mostly men 
at that time41,56. In a more recent study, 60% of the patients diagnosed with CECS 
were women55.

It has been reported that men have higher IMP than women in the anterior 
compartment of the lower leg, both in healthy control groups and in patients with 
CECS64,77,78. Th e gender diff erences in IMP might be explained by anatomical factors 
known to diff er between men and women, such as muscle mass and morphology, 
substrate usage, and neuromuscular activation79-82. Th e currently most widely used 
diagnostic criteria of IMP for CECS do not take gender into account67.
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1.4.10  TREATMENT AND PROGNOSIS OF CECS

Nonoperative treatment of CECS

A decrease in activity has been shown to reduce CECS symptoms83. However, most 
patients with CECS are young and successful in their sports, and therefore not 
prepared to give up their favoured sport activities. Other proposed nonoperative 
options such as rest, stretching, massage, anti-infl ammatory drugs, ultrasound 
therapy, electrostimulation, and orthotics have had limited success in the 
treatment of CECS72,84-86.

Modifi cations of running style and marching technique have been demonstrated 
to play a role in nonoperative management of anterior CECS87-89. A forefoot 
running and walking technique has been claimed to reduce the eccentric activity 
of the muscles in the anterior compartment. However, current studies in this area 
are case series of military personnel, and the results might not be applicable to 
athletes with CECS90.

Case reports have demonstrated that intramuscular injections of botulinum 
toxin A (Botox) result in decreased IMP and a reduction of pain in patients with 
CECS91,92. However, it is unclear how long these eff ects last; moreover, some 
patients treated with Botox experience muscle weakness and foot drop.

Surgical treatment of CECS

Th e gold standard operative treatment for CECS is fasciotomy of the 
compartment(s) involved, which has proved to be successful in most cases93,94. Th e 
deep posterior compartment and the superfi cial posterior compartment can both 
be released through a longitudinal medial incision. Th e anterior compartment is 
released through an anterolateral incision and the lateral compartment through a 
lateral incision; or these two compartments can be released simultaneously through 
an incision slightly more lateral than the one used for anterior compartment 
release, placed over the septum between the anterior and lateral compartment. 
Th e diff erent fasciotomy techniques used for the anterior compartment include 
traditional open technique, single minimal incision, ultrasound-guided 
fasciotomy, and endoscopy-assisted compartment release90. Each of these surgical 
techniques has advantages and disadvantages, but the traditional open technique 
is used in a majority of published outcome studies3. Th is open technique includes 
a 7–10 cm incision 3 cm lateral of the tibial crest in the middle third of the leg. 
Subcutaneous elevation is managed with retractors, dissection is performed in the 
proximal and distal directions, and the fascia is then split percutaneously under 
vision with long scissors (Figure 9). 
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Th e single minimal incision technique involves the same dissection and 
fasciotomy method as the open technique, but includes a 2.5 cm vertical incision 
1 cm lateral of the tibial crest in the midportion of the leg. Th e single minimal 
incision technique has a satisfaction rate of 76%, and 94% of patients return 
to sport, but it is associated with a higher range of nerve injuries95,96. To avoid 
nerve complications, ultrasound-guided fasciotomy has been suggested97,98. 
Th is technique allows the nerves and vessels to be visualized and avoided, but 
requires the surgeon to be trained in using an ultrasound probe and interpreting 
the fi ndings. Another technique suggested to avoid nerve injuries and to confi rm 
completion of the fasciotomy is the endoscopy-assisted compartment release. A 3 
cm incision is made anterolaterally on the middle third of the leg, and dissection 
is performed to the anterior fascia. Th e fascia is then split under vision through an 
arthroscope, and the fasciotomy is carried out in the proximal and distal directions 
by meniscal knives. Th is endoscopic technique has shown good results, but 
postoperative bleeding is a common complication99. As with ultrasound-guided 
fasciotomy, the endoscopy-assisted compartment release requires the surgeon to 
be trained in using an arthroscope.

Surgical outcome in CECS patients

A recent systematic review including 68 reports on patients with CECS concluded 
that fasciotomy decreased IMP and resulted in an 80% (±17%) rate of return to 
activity and a patient satisfaction rate of 85% (±13%)3. In military personnel, 
however, fasciotomy of the anterior, lateral, and/or posterior compartments has 
produced less successful results: 45% of the patients suff ered from symptom 
recurrence, 28% were unable to return to full activity, and 16% reported surgical 
complications100.

Outcome measures vary between studies evaluating results aft er fasciotomy, 
and a majority of the studies contain relatively small cohorts95,101-103. Patient-
reported outcomes have been assessed through questions about satisfaction, 
diff erent activity scores, visual analogue scales, and questionnaires85,101-105. IMP 
measurement has been suggested to be the most useful objective measure of the 
surgical outcome aft er fasciotomy94. Since there are anatomical diff erences in the 
four muscular compartments, it is important to study the result aft er fasciotomy 
in each compartment separately. Th ere are few previous studies of postoperative 
IMP exclusively focusing on the anterior compartment, and a majority (80–92%) 
of the patients included were men63,106,107. Overall, there is a need for separate 
evaluations of the clinical eff ect aft er fasciotomy in patients with CECS of the 
diff erent compartments in the lower leg.
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1.4.11 DIFFERENTIAL DIAGNOSIS OF
EXERCISE-INDUCED LOWER LEG PAIN

Th ere is a wide range of possible causes of exercise-induced lower leg pain (Table 2). 

TABLE 2 Differential diagnosis of exercise-induced lower leg pain.

Category Diagnosis

Bone Stress fracture
Medial tibial stress syndrome
Tibial periostitis 

Muscle Chronic compartment syndrome 
Tennis leg
Tendinopathy

Vascular Popliteal artery entrapment syndrome
Arterial endofi brosis
Deep vein thrombosis
Claudication

Nerve Nerve entrapment syndromes
Lumbar nerve root compression

Th e most common diagnoses are CECS, MTSS, popliteal artery entrapment 
syndrome (PAES), stress fractures, and nerve entrapment syndromes50,108.
To diff erentiate CECS from other diagnoses, the patient’s history, clinical 
examination, and in some cases post-exercise IMP measurements play signifi cant 
roles. A history of bilateral exercise-induced leg pain and the clinical fi nding of 
fascial herniation are indicative of CECS. Moreover, apart from CECS, none of the 
diff erential diagnoses are associated with elevated post-exercise IMP. 

Medial tibial stress syndrome (MTSS)

MTSS, or true shin splints, is one of the most common injuries in runners109. 
Th e syndrome is defi ned as exercise-induced pain along the distal third of the 
posteromedial tibial border. In contrast to patients with CECS, MTSS patients 
have pain on palpation in this specifi c area of tibia at rest, and some describe 
a persistent pain for hours or days aft er exercise. Th e risk factors for MTSS are 
suggested to be female sex, higher body weight, previous running injury, higher 
navicular drop, and greater external rotation in the hip110. 

Th e pathology of MTSS is not fully understood. An early study suggested its 
causes to be either tibial stress fracture, tibial periostitis, or CECS of the deep 
posterior compartment111. More recent studies suggest MTSS to be a bone overload 
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injury112,113. First-line treatment is non-surgical, including rest, stretching, ankle 
muscle training, and then progressive return to running114. In some cases, when 
non-surgical treatment fails, surgery in the form of fasciotomy of the deep 
posterior compartment can be performed. Th e indication for fasciotomy in these 
cases is not to decrease an elevated IMP, as IMP is normal post-exercise, but rather 
to release the fascia from the medial tibia and thereby decrease the stress on the 
bone. Th e outcomes aft er surgical treatment include an excellent and or good 
result in 69% of the patients, and a return-to-activity rate of 41%115.

Popliteal artery entrapment syndrome (PAES)

Entrapment of the popliteal artery is a rare but important diff erential diagnosis in 
patients with exercise-induced lower leg pain. Long-standing untreated PAES can 
lead to thrombosis of the artery116. Patients present with intermittent claudication 
during exercise. Th e majority of patients with PAES are men (83%), the median age 
at diagnosis is 30 (17–52) years117, and the symptom presents unilaterally in 60% 
of cases118. Anatomical variation makes the condition diagnostically challenging. 
In PAES Types I–III there is an abnormal relationship between the popliteal artery 
and the medial head of the gastrocnemius, in Type IV the artery is compressed by 
the popliteus muscle, in Type V the popliteal vein is entrapped, and in Type VI 
there is a functional entrapment without any anatomical explanaition118. 

PAES can be diagnosed by colour duplex ultrasonography (DUS) during dynamic 
exercise117. Positive DUS fi ndings motivate further imaging in the form of MRI 
or computed tomography angiogram119. Th e treatment of choice depends on the 
clinical presentation. Th e gold standard treatment in cases where the popliteal 
artery is intact is surgical release of the entrapment structure. When the popliteal 
artery is damaged or occluded, vascular reconstruction might be neccessary120. 

Stress fractures

Repetitive stress in the form of monotonous exercise can lead to fatigue fractures 
in the lower leg. Stress fractures are more common in the tibia than in the fi bula, 
and female athletes are predisposed121. In runners, stress fractures in the tibia 
commonly occur in the distal third of the bone108. Th e onset of pain is usually 
gradual, the pain is increased by weight bearing, and the patient has pain on 
palpation of the tibia/fi bula. Patients with stress fractures locate the pain to the 
bone, in contrast to CECS patients who locate the pain to the aff ected muscle 
compartment. Stress fractures can be detected on conventional x-ray, but are 
usually diagnosed by MRI. Th e treatment of stress fractures is rest from activity, 
and in some cases immobilisation of the aff ected limb.
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Nerve entrapment syndromes

Th e nerves most commonly involved in entrapment syndromes of the lower leg 
are the common peroneal, superfi cial peroneal, saphenous, and sural nerves. 
Depending on which nerve is aff ected, the symptoms of nerve entrapment can 
include radiating pain, muscle weakness, paraesthesia, and loss of coordination. 
Th e symptoms are worsened by activity, but are not exclusively exercise-induced 
as in CECS. Symptoms of nerve entrapment may occur during the night and 
can be elicited by certain body positions, such as sitting with crossed legs122. Th e 
aetiology of nerve entrapments is not fully understood, but trauma has been 
suggested as the primary cause123. A physical examination including percussion 
and/or compression of the nerve can reveal nerve entrapments, and the diagnosis 
can be confi rmed through nerve conduction studies. First-line treatment is non-
surgical including physiotherapy, modifying activities, and stretching124. If non-
surgical treatment fails, surgical decompression of the nerve might be indicated. 

1.5 METHODS OF MEASURING IMP AND
MUSCLE TISSUE OXYGENATION

1.5.1 METHODS OF MEASURING IMP
Various techniques have been devised for monitoring IMP. Th e choice of method 
depends on whether the IMP is recorded at rest or during exercise, the length of 
time for which it should be measured, and the clinical situation. 

Infusion techniques

Infusion techniques include constant infusion with a pump125, and non-constant 
microcapillary infusion with multiple side-holes at the needle or catheter tip126. 
Th e pressure catheter is connected to a transducer line fi lled with saline, which is 
linked to a pressure recording system. Th e volume infused with the microcapillary 
fl uid-fi lled system depends on the pressure diff erence over the microcapillary. Due 
to its good dynamic properties, the microcapillary infusion method has proved to 
be a useful tool for monitoring IMP both at rest and during muscle contraction126.

Needle-injection technique

Th e needle-injection technique is only used to measure IMP at rest. Injections 
of fl uid are necessary to avoid occlusion and maintain patency of the needle or 
catheter. Th e measurement of IMP can be accomplished either by an arterial 
line transducer connected to a digital manometer, by a hand-held fl uid pressure 
monitor, or with Whitesides’ apparatus. A study of effi  ciency in the measurement 
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of IMP concluded that the arterial line manometer was the most accurate device 
(Figure 10), and that side-port needles and slit catheters were more accurate than 
straight needles127.

FIGURE 10 Arterial line transducer connected to a digital manometer.

Electronic and fi bre-optic technique

An electronic transducer-tipped catheter system has been recommended for 
routine use in the diagnosis of ACS and CECS. Th is system has a transducer placed 
at the tip of the catheter in order to avoid the hydrostatic artefact caused by the 
height diff erence between the limb and the transducer when using a fl uid-fi lled 
catheter connected to an extracorporeal transducer128. It is therefore less aff ected 
by calibration errors. Another IMP measurement technique which eliminates 
the eff ect of hydrostatic pressure artefacts is the transducer-tipped fi bre-optic 
system, exemplifi ed by the Camino fi bre optic129 and Samba Sensors130. However, 
electronic-based and optic-based measurement systems are both only available at 
a high cost, and are usually not used in daily clinical practice.
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Non-invasive methods

Quantitative hardness measurements have been suggested as a non-invasive 
method of measuring IMP. Th e non-invasive compartment syndrome evaluator 
(NCSE) is a handheld device which is used by applying an indenter to a muscle 
compartment. Th e NCSE then formulates a quantitative hardness curve of force 
versus depth. A study of healthy individuals found that the device could detect 
the diff erence between IMP >50 mmHg and IMP <30 mmHg131. However, it can 
only be used on compartments localized directly under the skin, and so cannot 
be used on the deep posterior compartment of the lower leg. Th ere is also a lack 
of validated studies showing that the NCSE is a useful tool in the diagnosis of 
compartment syndromes.

1.5.2 PRECAUTIONS FOR INVASIVE IMP MEASUREMENT
Th e clinician performing the IMP measurement must take precautions against 
possible sources of error. Occlusion of the IMP needle or catheter is a source of 
falsely high IMP values. To avoid the IMP needle becoming clogged by tissue, 
the skin over the muscle compartment is fi rst penetrated using a separate needle, 
which is withdrawn before insertion of the IMP needle.

IMP has been reported to diff er depending on the depth of the needle or catheter 
in the muscular tissue82. Ultrasound monitoring can be used to verify the distance 
between the muscle fascia and the tip of the IMP needle/catheter during the 
measurement. 

Body position can aff ect the IMP when measuring at rest, and therefore 
measurements are taken with the patient in supine position132. External 
compression can also infl uence the IMP133, so elastic soft  supports are used under 
the limb to avoid external compression from the examination table. Attention 
should be paid to the position of the limb, which should be at the same height as 
the pressure transducer in order to avoid height diff erences between the trans-
ducer and the tip of the catheter causing hydrostatic artefacts.

For IMP recording at rest aft er exercise, a falsely elevated IMP can be caused by 
remaining muscle contraction or by an inability to relax the muscle134. Patients 
should be instructed to relax their legs and remain at rest during the IMP 
measurement in order to avoid visible movements of the leg. Simultaneous 
measurements of IMP and electromyography of the leg muscles following exercise 
might be helpful46.
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1.5.3 PROCEDURE OF INVASIVE IMP 
MEASUREMENT IN THE LOWER LEG

Th e positioning of the IMP needle/catheter is of great importance. Anatomical 
landmarks must be identifi ed to ensure that the correct muscle compartment is 
being measured. For IMP measurement of the anterior compartment, the IMP 
needle is inserted anteriorly of the leg; for the lateral compartment, it is inserted 
laterally of the leg; and for the posterior compartments, it is inserted medially 
of the leg. For measurements of the anterior, lateral, and superfi cial posterior 
compartments of the lower leg, the IMP needle should be inserted parallel to the 
muscle fi bres and at a 30° angle to the long axis of the leg in a distal direction 
(Figure 11). Aft er insertion, the position of the needle can be controlled by the 
investigator pressing a fi nger on the skin close to the approximate location of the 
tip of the needle or catheter. If correct, the curve of the IMP will show a direct 
rise in amplitude when the external pressure from the fi nger is applied2. For 
measurements of IMP in the deep posterior compartment, the same insertion site 
is used as for measurements of the superfi cial posterior compartment, but the 
IMP needle is inserted at a 90° angle to the axis of the leg (Figure 11). Th e position 
of the needle is harder to control by external press due to the deep localization.

1.5.4 NEAR-INFRARED SPECTROSCOPY
NIRS can be used to continuously measure the absolute level of muscle tissue 
oxygenation in an active muscle135. Th is non-invasive method is based on 
chromophore absorption of infrared light. Th e NIRS probe, consisting of near-
infrared light-emitting diodes and detector photodiodes, is placed on the skin 
over the muscle of interest. Adhesive stickers on the probe stabilize its position 
and protect the applied beam of the probe from surrounding light during 
measurement136. On its way through the tissue, the light from the diodes will be 
partly absorbed when it comes into contact with optical haemoglobin pigments 
(Figure 12). Th e resultant spectrum will vary depending on the oxygenation status 
of the optical pigments. Detectors on the NIRS probe collect the fraction of light 
which returns to the tissue surface. Th e transport of oxygen and the disposable 
oxygen in an exercising muscle are important factors which infl uence exercise 
performance17.
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FIGURE 11 Position of the needle when performing intramuscular pressure measurements of the 
anterior, lateral, superfi cial posterior, and deep posterior compartments.
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1.6 RATIONALE OF THIS THESIS

It is known that IMP can be increased by external compression2. However, it is 
unclear exactly how much compression is needed to infl uence the IMP. Th e use 
of compression garments during exercise has grown in popularity among the 
general population during recent decades, but there is confl icting evidence on 
whether these confer any circulatory benefi ts during activities such as running.  

Current knowledge of IMP in patients with CECS is mostly based on measurements 
in the anterior compartment, and there are limited data on IMP values for all four 
compartments in the lower leg55. Further, the cut-off  values used today in clinical 
practice are the same for all compartments and all genders. More information 
on post-exercise IMP values for all the compartments of the lower leg in patients 
with exercise-induced leg pain would be of interest, as would a more detailed 
investigation of gender diff erences. An accurate diagnosis of CECS would lay 
the groundwork for the best possible treatment for this patient group. Treatment 
in the form of fasciotomy has been reported to be performed with relatively few 
complications, and the success rate is high; however, there is a lack of long-term 
follow-up studies including postoperative IMP.

Light sent

Light returned

Adipose tissue

23 mm
95% signal threshold

Skeletal
muscle

Patient sensor

40 mm

FIGURE 12 A near-infrared spectroscopy probe with near-infrared light-emitting diodes. On its way 
through the tissue, the light from the diodes is partly absorbed when it comes into contact with optical 
haemoglobin pigments.
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unclear exactly how much compression is needed to infl uence the IMP. Th e use 
of compression garments during exercise has grown in popularity among the 
general population during recent decades, but there is confl icting evidence on 
whether these confer any circulatory benefi ts during activities such as running.  

Current knowledge of IMP in patients with CECS is mostly based on measurements 
in the anterior compartment, and there are limited data on IMP values for all four 
compartments in the lower leg55. Further, the cut-off  values used today in clinical 
practice are the same for all compartments and all genders. More information 
on post-exercise IMP values for all the compartments of the lower leg in patients 
with exercise-induced leg pain would be of interest, as would a more detailed 
investigation of gender diff erences. An accurate diagnosis of CECS would lay 
the groundwork for the best possible treatment for this patient group. Treatment 
in the form of fasciotomy has been reported to be performed with relatively few 
complications, and the success rate is high; however, there is a lack of long-term 
follow-up studies including postoperative IMP.
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AIMS

AIMS

Th e overall aim of the present thesis was to examine how IMP in the lower leg 
is aff ected by external compression in healthy individuals, whether IMP diff ers 
between genders and compartments in individuals with exercise-induced leg 
pain, and whether fasciotomy results in a normalization of IMP values in patients 
with CECS. 

The specifi c aims of the individual studies were:

•  To evaluate the eff ects of external compression in the form of CS on the tibialis 
anterior muscle in terms of changes in IMP, muscle tissue oxygenation, and levels 
of serum biomarkers of muscle injury, in healthy runners during and directly 
aft er a 10-km treadmill run (Study I).

•  To identify possible diff erences in IMP at one minute post-exercise between the 
four muscle compartments of the lower leg, in a large cohort of patients with 
lower leg pain during exercise (Study II). 

•  To investigate possible gender diff erences in the one-minute post-exercise IMP 
in the lower leg compartments in a large cohort of patients with suspected CECS, 
and to examine possible eff ects of gender on IMP in relation to covariation 
factors (Study III).

•  To evaluate the long-term eff ects of anterior fasciotomy in patients with anterior 
CECS in terms of postoperative IMP, patient satisfaction with the treatment 
result, level of pain during activity, and level of activity, at a minimum of one year 
aft er the surgical treatment; and also to investigate potential pre- or postoperative 
factors aff ecting satisfaction with the treatment result at follow-up (Study IV).
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METHODS

3.1 STUDY PARTICIPANTS

Th e study participants in Studies I–IV are presented in Figure 13.

FIGURE 13 
Study participants
in Studies I–IV. 

3.1.1 HEALTHY PARTICIPANTS (STUDY I)
Th e population in Study I comprised 20 healthy individuals (10 men, 10 women), 
with a median age of 27 (range 22‒35) years, who were involved in running 
activities on a regular basis. 

Th e inclusion criteria were: 

1. Capacity to run 10 km in 50‒60 minutes

2. Good general health

3. Age 20‒60 years

4. No prior injury to the lower legs
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3.1.2 PATIENTS (STUDIES II–IV)

Study II

Th e population in Study II comprised a consecutive series of 864 patients (486 
women and 378 men), with a median age of 26 (range 11–82) years, who were 
evaluated for exertional lower leg pain at the Department of Orthopaedics, 
Sahlgrenska University Hospital, Gothenburg, Sweden, between May 2009 
and December 2018. All patients underwent IMP measurement as part of the 
evaluation. 

Study III

Th e population in Study III comprised a consecutive series of 962 patients (541 
women and 421 men), with a median age of 27 (range 11–82) years, who were 
evaluated for exertional lower leg pain at the Department of Orthopaedics at 
Sahlgrenska University Hospital, between May 2009 and December 2019. All 
patients underwent IMP measurement as part of the evaluation. All of the patients 
from Study II were included along with additional patients evaluated at the same 
department in 2019.

Study IV

Th e participants in Study IV were drawn from a consecutive series of 209 patients 
(101 women and 108 men) who had undergone fasciotomy of the anterior 
compartment for CECS at the Department of Orthopaedics at Sahlgrenska 
University Hospital sometime between May 2009 and December 2019. All of these 
patients were invited to a follow-up visit a minimum of one year postoperatively, 
which included IMP measurement of the anterior compartment, a questionnaire, 
and a question about satisfaction with the treatment result. A total of 144 
patients (70 women and 74 men) underwent follow-up with postoperative IMP 
measurements of the anterior compartment in the same leg as preoperatively, and 
hence were included in Study IV. Th e median age of the included patients was 26 
(range 13–82) years, and the median follow-up time was 3.4 (1.0–11.5) years.

Th e fi nal study population included patients from Studies II and III who had 
been diagnosed with anterior CECS and treated with anterior fasciotomy at the 
Department of Orthopaedics at Sahlgrenska University Hospital, along with 
additional patients who were diagnosed with anterior CECS prior to May 2009 
but treated for it aft er that date.

Th e methods used in Studies I–IV are presented in Table 3.
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TABLE 3 Methods used in Studies I–IV.

Method used Study I Study II Study III Study IV

IMP before, during, and after exercise X

TOI before, during, and after exercise X

Blood samples before and after exercise X

Primary clinical visit X X X

Questionnaire X X X

IMP after exercise X X X

Follow-up visit X

IMP: intramuscular pressure; TOI: Tissue oxygenation index.

3.2 METHODS USED IN STUDY I

3.2.1 EXPERIMENTAL PROCEDURES (STUDY I)
Participants performed two identical 10-km running sessions on a treadmill 
(Energetics Power Run 9.0 HRC), one session wearing CS and one session wearing 
normal ankle-high socks (Figure 14). 

FIGURE 14 Participants performed one session wearing compression stockings and one session 
wearing normal ankle-high socks. Images show a healthy participant in Study I who consented to being 
photographed for publication.
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Th e running session included a standard warm-up at the speed of 8 km/h for 5 
min, followed by a 10-km run at a speed between 10 and 12 km/h. Both 10-km 
runs were performed at the same speed. Blood samples were collected before and 
aft er the runs. IMP and muscle tissue oxygenation were monitored before, during, 
and aft er the running sessions.

3.2.2 IMP MEASUREMENT BEFORE,
DURING, AND AFTER EXERCISE (STUDY I)

Continuous measurement of IMP started at rest with the participant in supine 
position, continued during the warm-up and the 10-km run, and ended aft er a 
5-minute recovery period with the participant in supine position (Figure 15). 
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FIGURE 15 The study protocol for the running sessions with and without compression stockings (CS). 
Reproduced with permission from Springer Nature (Rennerfelt K, Lindorsson S, Brisby H, Baranto A, 
Zhang Q. Effects of exercise compression stockings on anterior muscle compartment pressure and 
oxygenation during running: A randomized crossover trial conducted in healthy recreational runners. 
Sports Medicine 2019 Sep;49(9):1465-1473).

A pressure catheter with four side holes at its tip (IMPCATH; ProtomedLabs SAS, 
Marseille, France) was used to measure IMP. Th e catheter was connected by a 
transducer line (200 cm) fi lled with saline to a microcapillary infusion system 
(Hemo 4; Siemens, Erlangen, Germany) and a monitor (SC9000; Siemens, 
Gothenburg, Sweden)78,126,137. Th e infusion rate was 1.0‒1.5 ml/h with a pressure 
of 100‒150 mm Hg over the microcapillary. Th e pressure catheter was inserted 
parallel to the muscle fi bres through a Venfl on introducer (1.8 × 45 mm) into 
the tibialis anterior muscle in the participant’s lower leg (Figure 16). Th e position 
of the catheter was controlled by ultrasound with a linear probe (L10-5, Acuson 
CV70; Siemens Medical Solutions USA Inc., Malvern, PA) and the pressure 
recording system was calibrated before each measurement. 
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3.2.3 MUSCLE TISSUE OXYGENATION MONITORING (STUDY I)
Tissue oxygenation of the tibialis anterior muscle was monitored using a three-
wavelength continuous-wave NIRS system (Niromonitor NIRO-200; Hamamatsu 
Photonics, Hamamatsu, Japan). Th e NIRS probe was placed over the tibialis 
anterior muscle of the test leg at the same localization as the IMP catheter (Figure 
16). NIRS signals were sampled at 2 Hz. Th e NIRS system presented the local 
tissue oxygen saturation in the form of the tissue oxygenation index (TOI), which 
expresses the ratio between oxygenated haemoglobin and total haemoglobin in 
the tissue. Th e TOI value monitored during the initial 2-minute resting period was 
used as the baseline TOI value. TOI values measured during running and aft er 
running for each participant were expressed as percentages of that participant’s 
baseline TOI value, resulting in an initial value of 100% for normalized data.

3.2.4 BLOOD PRESSURE MEASUREMENT (STUDY I)
Systolic and diastolic blood pressures were measured in supine and standing 
positions before and aft er the running sessions using a pressure manometer 
(NAIS; Matsushita Electric Works, Kadoma, Japan) applied to the left  upper arm.

FIGURE 16 The intramuscular pressure (IMP) 
was monitored by an IMP catheter in the tibialis 
anterior muscle. Tissue oxygenation was quantifi ed 
using a near-infrared spectroscopy probe on the 
skin over the tibialis anterior muscle.
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3.2.5 BLOOD SAMPLING AND ANALYSIS (STUDY I)
It is generally accepted that demanding exercise induces muscle damage138. Serum 
creatine kinase (CK) and myoglobin are biological markers used to detect muscle 
membrane disruption138,139. Th e normal reference values for serum myoglobin are 
< 90 μg/L, and the normal reference intervals for serum CK are 0.6‒6.7 μkat/L in 
men and 0.6‒3.5 μkat/L in women. At the fi rst running session, blood samples 
of serum CK and myoglobin were collected from the healthy participants both 
before insertion of the IMP catheter prior to the run and within 10 minutes aft er 
the run. At the second session, blood samples were collected only aft er the run. All 
blood samples were collected by a nurse and then sent to the hospital laboratory 
for analysis. 

3.3 METHODS USED IN STUDIES II–IV

3.3.1 PRIMARY CLINICAL VISIT (STUDIES II–IV)
At the primary clinical visit, the patients referred for exertional lower leg pain 
had their medical history collected and a clinical examination performed by one 
of three orthopaedic surgeons with several years of experience of this specifi c 
patient group. All patients then underwent an exercise test intended to induce 
their symptoms, followed by IMP measurement in the clinically symptomatic 
compartments of the lower leg. In patients with bilateral symptoms, only the most 
symptomatic leg was measured. 

3.3.2 QUESTIONNAIRE (STUDIES II–IV)
All patients fi lled out a questionnaire prior to their primary clinical visit, including 
questions regarding their gender, age, height, weight, duration of pain (in 
months), level of leg pain during activity, and physical activity level (“no activity”, 
“recreational”, “club sports”, or “elite”). Th e questionnaire was also used to collect 
the patients’ written consent to use the information in future research work.

Th e questionnaires were changed slightly during the study period in order to 
improve patient care. In the version used earlier than January 2018, patients were 
asked to rate their leg pain during activity on a categorical scale: “no pain”, “mild 
pain”, “moderate pain”, “severe pain”, or “worst possible pain”. In the later version 
of the questionnaire, they were asked to grade their pain on a numeric rating scale 
(NRS) ranging from 0  (“no pain”) to 10 (“worst possible pain”). 
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3.3.3 EXERCISE TEST (STUDIES II–IV)
Th e exercise test started with running on a treadmill, followed by repeated 
dorsifl exion of the ankle in a standing position with fl exed knees and heel raise 
alternating between fl exed and straight knees. Th e exercise test was ended when 
lower leg pain or fatigue hindered the patient from continuing, or aft er a set time 
(postoperative IMP measurements in Study IV).

3.3.4 POST-EXERCISE IMP MEASUREMENTS (STUDIES II–IV)
Th e IMP measurements were started one minute aft er the exercise test, with the 
patient supine on the examination table and the legs extended with elastic soft  
supports (ESWELL, Simonsen & Well, Denmark) under the heel and the knee. 
Th e skin over the symptomatic compartment was penetrated using a 1.2 mm 
needle, and then the 18-gauge (1.2 × 50 mm) IMP needle with four side-holes 
at its tip was inserted into the muscle compartment through the hole in the skin 
(Figure 17). 

FIGURE 17 Insertion of the intramuscular pressure needle in the anterior compartment. Image shows 
a patient evaluated for suspected chronic exertional compartment syndrome who consented to being 
photographed for publication.
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Th e IMP needle was connected to a transducer line (150 cm) fi lled with saline, 
which was linked to a microcapillary infusion system (Hemo 4; Siemens, Erlangen, 
Germany) and a monitor (SC9000; Siemens, Gothenburg, Sweden)78,126,137. Th e 
IMP recordings were presented on the monitor. Th e pressure recording system 
was calibrated before and aft er each measurement. If the one-minute post-exercise 
IMP value was between 20 and 29 mmHg, the IMP was measured continuously 
for fi ve minutes. However, the fi ve-minute values were only obtained from a small 
number of patients and are therefore not presented in this thesis.

3.3.5 DIAGNOSTIC CRITERIA FOR CECS (STUDIES II–IV)
Th e diagnostic criteria used for CECS included: 

1. Exertional leg pain with reversal of symptoms at rest

2. Swelling and/or tenderness of the aff ected compartment directly aft er exercise

3. IMP ≥ 30 mmHg at one minute post-exercise and/or IMP ≥ 20 mmHg at fi ve 
minutes post-exercise 

3.3.6 ANTERIOR FASCIOTOMY (STUDY IV)
Th e fasciotomies of the anterior compartment were performed by one of the three 
orthopaedic surgeons who evaluated the patients at the primary clinical visit. 
Th e surgeries were performed using a traditional open technique. A tourniquet 
was used during the intervention, and resorbable sutures were used for the skin. 
Compression bandages were applied. In patients with bilateral symptoms, the 
surgery was performed either concomitantly or in a staged manner.

Postoperatively, the patients kept the operated leg(s) elevated for 2 hours before 
discharge. All patients were instructed to remove the compression bandages 48 
hours postoperatively,  to use crutches the fi rst day postoperatively, to begin short 
walks aft er one week, and to then gradually increase the walking distance. Th ey were 
allowed to go back to full activity aft er a wound control three weeks postoperatively. 

3.3.7 FOLLOW-UP VISIT (STUDY IV)
Prior to the follow-up appointment, patients were asked to fi ll out the same 
version of the questionnaire as they did at the preoperative appointment. Patient 
satisfaction with the result aft er anterior fasciotomy was assessed by an additional 
written question: “How satisfi ed are you with the treatment result aft er surgery?”, 
with response options of “very satisfi ed”, “satisfi ed”, “uncertain”, and “dissatisfi ed”. 
Th is method of assessing patient satisfaction with the treatment result has been 
used in earlier studies104,140.
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Preoperative IMP values and surgical details were collected from the patients’ medical 
records. Th e follow-up appointment also included re-measurement of the IMP of the 
anterior compartment aft er an exercise test. If the patient had undergone bilateral 
surgery, IMP of the anterior compartment in both legs was measured simultaneously. 

3.4 ETHICAL CONSIDERATIONS

Study I was approved by the Regional Ethical Review Board in Gothenburg, 
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Ethical Review Board in Gothenburg, Sweden (2018-07-26; ref: 589-18). All 
patients provided their informed consent before inclusion.

3.5 STATISTICAL METHODS

Descriptive statistics are presented as medians and interquartile ranges for 
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variables. Mean IMP values with standard deviation (SD) in patients without 
CECS were calculated to determine potential cut-off  values for each compartment 
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Chi-square test X
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A paired t test was used to identify statistical diff erences in mean IMP and TOI 
values between the two running sessions (Study I). Th e non-parametric Wilcoxon 
signed rank test was used to compare matched pairs of serum myoglobin and 
CK concentrations (Study I) and to compare matched pairs of preoperative and 
postoperative data (Study IV). Correlations were measured with Pearson’s r
(Study II). Th e Mann-Whitney U-test was used to compare continuous variables 
between groups (Studies II–IV). Pearson’s chi-square test was used for categorical 
variables (Study II). Th e Kruskal-Wallis test was used to compare the IMP values 
for the four compartments between patients with CECS and those without CECS 
(Study II) and to evaluate the association between IMP and level of pain during 
activity (Study IV). A binomial test was used to measure the proportions of men 
and women in each group (Study III). Th e eff ect of the covariates gender, age, 
height, and duration of pain on IMP for the anterior and lateral compartments 
was analysed in a multiple linear regression model (Study III). Th e assumptions of 
multiple linear regression analysis were verifi ed, and the covariates were assessed 
for collinearity. Fisher’s exact test (Studies III and IV) and the chi-square test 
(Study IV) were used to analyse categorical variables.
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4.1 THE EFFECTS OF EXTERNAL COMPRESSION 
ON THE ANTERIOR COMPARTMENT (STUDY I)

4.1.1 IMP
When CS were applied at rest, IMP was elevated by 24 ± 1.1 mmHg compared 
to the baseline value (p < 0.001). During running, the average IMP was 22 ± 
3.1 mmHg higher when using CS compared to not using CS (p < 0.001). IMP 
decreased aft er both running sessions, but continued to be signifi cantly higher 
throughout the fi ve-minute post-run period aft er the session when CS were 
used (p < 0.01). No gender diff erences were observed for the diff erences in IMP 
between CS sessions and non-CS sessions. Figure 18 shows the changes in IMP 
before, during, and aft er running.
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FIGURE 18 Changes in intramuscular pressure (IMP) in the anterior compartment in 20 healthy 
participants before, during, and after running with or without compression stockings (CS). Values are 
expressed as mean ± standard error.
*p < 0.001 between the two running sessions 
†p < 0.01 between the two running sessions
Reproduced with permission from Springer Nature (Rennerfelt K, Lindorsson S, Brisby H, Baranto A, 
Zhang Q. Effects of exercise compression stockings on anterior muscle compartment pressure and 
oxygenation during running: A randomized crossover trial conducted in healthy recreational runners. 
Sports Medicine 2019 Sep;49(9):1465-1473).
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4.1.2 MUSCLE TISSUE OXYGENATION INDEX
When CS were applied at rest, the TOI was decreased by 6 ± 0.7% compared to 
the baseline value (p < 0.001). During running, the TOI values were lower than 
the values measured at rest in all subjects, whether wearing CS or not. However, 
the mean TOI value was 11 ± 1.8% lower when the participants wore CS than 
when they wore normal ankle socks (p < 0.001). TOI values increased aft er both 
running sessions. Th e changes in TOI were similar for men and women. Figure 
19 shows the changes in muscle TOI before, during, and aft er running relative to 
the baseline values.

4.1.3 LEVELS OF SERUM BIOMARKERS
A serum myoglobin concentration of >90 μg/L was found in 50% of the participants 
aft er the session with CS and in 25% of the participants aft er the session with 
normal ankle socks. Th e increase in median serum myoglobin concentration 
(n = 20) post-running compared to pre-running was signifi cantly larger when 
wearing CS (58 [9‒210] μg/L) than when not wearing CS (38 [0‒196] μg/L) (p
= 0.04). Th e increase in median serum CK concentration (n = 13) post-running 
compared to pre-running was 0.7 (-17.6 – +6.0) μkat/L when running with CS and 
0.6 (-9.3 – +6.0) μkat/L when running without CS. No signifi cant diff erences in 
CK concentrations were found between the two running sessions. 
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FIGURE 19 Changes in tissue oxygenation index (TOI) in the anterior compartment in 20 healthy 
participants before, during, and after running with or without compression stockings (CS). Values are 
expressed as mean ± standard error.
*p < 0.001 between the two running sessions
†p < 0.05 between the two running sessions
Reproduced with permission from Springer Nature (Rennerfelt K, Lindorsson S, Brisby H, Baranto A, 
Zhang Q. Effects of exercise compression stockings on anterior muscle compartment pressure and 
oxygenation during running: A randomized crossover trial conducted in healthy recreational runners. 
Sports Medicine 2019 Sep;49(9):1465-1473).
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4.2 CHARACTERISTICS OF PATIENTS (STUDIES II–IV)

4.2.1 PATIENTS WITH EXERCISE-INDUCED LOWER LEG PAIN 
(STUDIES II AND III)

Th e characteristics of patients diagnosed with CECS and those in whom the 
diagnosis was ruled out are presented in Table 5 (Study II). Th e characteristics 
of men and women with and without CECS are presented in Table 6 (Study III).

Th ere were similar proportions of men (52–53%) and women (47–48%) in the 
group of patients diagnosed with CECS, but a signifi cantly higher proportion of 
women (65–66%) than men (34–35%) in the group of patients for whom CECS 
was ruled out (Studies II and III). Furthermore, in Studies II and III, a majority 
of the patients with CECS and without CECS presented with bilateral symptoms, 
but bilateral symptoms were more common among patients with CECS (84–88%) 
than among patients diagnosed as not having CECS (60–71%).
In Study II, patients with CECS were signifi cantly younger and had a signifi cantly 
higher body mass index (BMI) than non-CECS patients. In Study III, the male 
patients were signifi cantly older and taller than the female patients, both in the 
group with CECS and in the group without CECS.

In Study II, a higher proportion of patients with CECS (69%) than patients 
without CECS (59%) had symptom duration ≥24 months. In Study III, symptom 
duration ≥24 months was signifi cantly more common in women (76%) than in 
men (65%) among patients with CECS; conversely, in patients without CECS, this 
was signifi cantly more common in men (65%) than in women (54%). 

TABLE 5 Characteristics of the patients in Study II diagnosed with chronic exertional compartment 
syndrome (CECS) and those in whom the diagnosis was ruled out (non-CECS).

Characteristics CECS
n = 442

non-CECS
n = 422

p-value

Men/women (%)   53/47   34/66 <0.001

Age in years, median (range)   25 (13–82)   28 (11–75)   0.002

BMI in kg/m2, median (range)*   25 (18–41)   23 (17–36) <0.001

Bilateral symptoms 382 (86%) 294 (70%) <0.001

Symptoms ≥ 24 months 307 (69%) 247 (59%) <0.001

*n = 815 (418 CECS and 397 non-CECS).
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TABLE 6 Characteristics of male and female patients in Study III diagnosed with chronic exertional 
compartment syndrome (CECS) and those in whom the diagnosis was ruled out (n=962).

Characteristics Men Women p-value

Patients with CECS (n=491)

n 257 (52%) 234 (48%) 0.32

Age in years, median (range) 27 (12–82) 24 (14–80) <0.001

BMI in kg/m2, median (range)a 26 (17–37) 25 (18–41) 0.23

Height in cm, median (range)b 178 (147–199) 166 (146–180) <0.001

Bilateral symptoms 216 (84%) 205 (88%) 0.35

Symptoms ≥ 24 months 168 (65%) 177 (76%) 0.013

Patients without CECS (n=471)

n 164 (35%) 307 (65%) <0.001

Age in years, median (range) 39 (12–75) 25 (11–80) <0.001

BMI in kg/m2, median (range)a 25 (17–54) 23 (18–39) <0.001

Height in cm, median (range)b 180 (156–194) 167 (130–187) <0.001

Bilateral symptoms 99 (60%) 218 (71%) 0.019

Symptoms ≥ 24 months 107 (65%) 167 (54%) 0.023

a CECS: n=364 (150 men, 214 women), non-CECS: n=447 (157 men, 290 women). 
b CECS: n=472 (251 men, 221 women), non-CECS: n=456 (159 men, 297 women).

4.2.2 PATIENTS TREATED WITH ANTERIOR FASCIOTOMY FOR 
CECS (STUDY IV)

Among the 144 patients, the primary fasciotomy was isolated anterior in 104 
patients (72%) and combined anterior, lateral, and/or posterior in 40 patients 
(38%). Th e primary anterior fasciotomy was bilateral in a majority of the patients, 
either performed concomitantly (48%) or in a staged manner (38%). A total of 16 
patients (11%) had undergone a revision fasciotomy of the anterior compartment 
prior to the follow-up (revision surgery group). Th e most common indications for 
the surgical revisions included persistent or recurrent symptoms in combination 
with IMP above the cut-off  value, or painful fascia defects. Th ere were no signifi cant 
diff erences in patient characteristics between the patients in the revision surgery 
group and those who had only undergone anterior fasciotomy once (primary 
surgery group) (Table 7). However, there was a majority of women in the revision 
surgery group and a majority of men in the primary surgery group.
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TABLE 7 Baseline characteristics of patients in the primary surgery group (n=128) and the revision 
surgery group (n=16) of Study IV.

Baseline data Primary surgery Revision surgery p-value

n 128 16

Men/women (%) 53/47 38/63 0.24

Age in years, median (range) 27 (13–82) 24 (15–50) 0.83

BMI in kg/m2, median (range) 25 (18–41) 25 (20–36) 0.67

Symptom duration in months, median (range)* 36 (2–240) 60 (12–156) 0.26

Post-exercise IMP in mmHg, median (range) 49 (25–130) 52 (30–70) 0.90

*Symptom duration prior to the preoperative visit.

4.3 AFFECTED COMPARTMENTS IN PATIENTS WITH CECS 
(STUDIES II AND III)

Isolated CECS of the anterior compartment was the most common diagnosis in 
Studies II and III, followed by CECS of the anterior and lateral compartments. 
When comparing the aff ected compartments between gender in Study III, a 
signifi cantly higher percentage of women were diagnosed with isolated anterior 
CECS (p = 0.025) and a signifi cantly higher percentage of men were diagnosed 
with CECS of all compartments (p = 0.019). Th e most common combinations of 
aff ected compartments in CECS patients are presented in Table 8 (Study II), and 
the most common combinations for men and women with CECS are presented in 
Table 9 (Study III).

TABLE 8 The most common combinations of affected compartments in patients (n = 442) with chronic 
exertional compartment syndrome (CECS) in Study II.

Affected compartments No. of patients* % of CECS patients

Isolated anterior 281 63.5

Isolated lateral 9 2

Isolated deep posterior 9 2

Anterior and lateral 91 20.6

Superfi cial and deep posterior 11   2.5

All four compartments 18   4.1

*23 patients (5.3%) had other combinations of affected compartments.
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BMI in kg/m2, median (range) 25 (18–41) 25 (20–36) 0.67

Symptom duration in months, median (range)* 36 (2–240) 60 (12–156) 0.26

Post-exercise IMP in mmHg, median (range) 49 (25–130) 52 (30–70) 0.90

*Symptom duration prior to the preoperative visit.

4.3 AFFECTED COMPARTMENTS IN PATIENTS WITH CECS 
(STUDIES II AND III)

Isolated CECS of the anterior compartment was the most common diagnosis in 
Studies II and III, followed by CECS of the anterior and lateral compartments. 
When comparing the aff ected compartments between gender in Study III, a 
signifi cantly higher percentage of women were diagnosed with isolated anterior 
CECS (p = 0.025) and a signifi cantly higher percentage of men were diagnosed 
with CECS of all compartments (p = 0.019). Th e most common combinations of 
aff ected compartments in CECS patients are presented in Table 8 (Study II), and 
the most common combinations for men and women with CECS are presented in 
Table 9 (Study III).

TABLE 8 The most common combinations of affected compartments in patients (n = 442) with chronic 
exertional compartment syndrome (CECS) in Study II.

Affected compartments No. of patients* % of CECS patients

Isolated anterior 281 63.5

Isolated lateral 9 2

Isolated deep posterior 9 2

Anterior and lateral 91 20.6

Superfi cial and deep posterior 11   2.5

All four compartments 18   4.1

*23 patients (5.3%) had other combinations of affected compartments.
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TABLE 9 The most common combinations of affected compartments in men (n = 257) and women (n = 
234) diagnosed with chronic exertional compartment syndrome (CECS) (n=491) in Study III.

Affected compartments No. of CECS patients*

Men Women   p-value

Isolated anterior 150 (58.4%) 160 (68.4%)   0.025

Anterior and lateral 62 (24.1%) 45 (19.2%) 0.23

All four compartments 15 (5.8%) 4 (1.7%)   0.019

4.4 DIFFERENCES IN IMP BETWEEN THE FOUR MUSCLE 
COMPARTMENTS OFTHE LOWER LEG (STUDY II)

In patients diagnosed with CECS, the highest IMP value in the anterior 
compartment was 120 mmHg and the highest in the lateral compartment was 106 
mmHg (Table 10). In the same group of patients, the highest IMP values in the 
superfi cial and deep posterior compartments were just above 50 mmHg. Among 
the patients with CECS in all four compartments, the IMP values in the anterior 
compartment were 50 mmHg or above in 83% of the patients.

TABLE 10 Intramuscular pressure (IMP) in patients with chronic exertional compartment syndrome 
(CECS) and without CECS (non-CECS).

Compartment IMP in mmHg, median (range)

CECS (n=442) non-CECS (n=422)

Anterior 47 (24–120) 18 (4–34)

Lateral 40 (26–106) 14 (2–26)

Superfi cial posterior 35 (27–54) 12 (2–27)

Deep posterior 33 (25–53) 12 (2–28)

*55 patients (11%) had other combinations of affected compartments.
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FIGURE 20 One-minute post-exercise intramuscular pressure (IMP) in the anterior, lateral, superfi cial 
posterior, and deep posterior compartments in 442 patients diagnosed with chronic exertional 
compartment syndrome (CECS) and in 422 patients without CECS (non-CECS). The boxes represent the 
interquartile range and the whiskers represent the highest and lowest values. Outliers are indicated by 
circles. *p < 0.05, **p < 0.01, ***p < 0.001
Reproduced with permission from Springer Nature (Lindorsson S, Zhang Q, Brisby H, Rennerfelt K.
Signifi cantly lower intramuscular pressure in the posterior and lateral compartments compared with the 
anterior compartment suggests alterations of the diagnostic criteria for chronic exertional compartment 
syndrome in the lower leg. Knee Surgery, Sports Traumatology, Arthroscopy 2021 Apr;29(4):1332-1339).

In patients with CECS, the median IMP was signifi cantly lower in the lateral (p 
= 0.005), superfi cial posterior (p < 0.001), and deep posterior compartments (p 
< 0.001) than in the anterior compartment (Figure 20). Moreover, the median 
IMP was signifi cantly lower in the two posterior compartments (p = 0.026 and p 
< 0.001) than in the lateral compartments. In patients without CECS, the median 
IMP was signifi cantly lower in the lateral, superfi cial posterior, and deep posterior 
compartments than in the anterior compartment (p < 0.001). 

Th e mean IMP value plus two standard deviations (2 SD) among the non-CECS 
patients was 31 mmHg in the anterior compartment, 26 mmHg in the lateral 
compartment, 25 mmHg in the superfi cial posterior compartment, and 24 mmHg 
in the deep posterior compartment (Figure 21).
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Th e mean IMP value plus two standard deviations (2 SD) among the non-CECS 
patients was 31 mmHg in the anterior compartment, 26 mmHg in the lateral 
compartment, 25 mmHg in the superfi cial posterior compartment, and 24 mmHg 
in the deep posterior compartment (Figure 21).
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FIGURE 21 One-minute post-exercise intramuscular pressure (IMP) in the (a) anterior, (b) lateral, (c) 
superfi cial posterior, and (d) deep posterior compartments in 442 patients with chronic exertional 
compartment syndrome (CECS) and in 422 patients without CECS (non-CECS). The mean IMP value 
and the mean plus two standard deviations (2 SD) are shown for the non-CECS patients. Note that 
the scales on the x-axes differ between (a)–(b) and (c)–(d). Reproduced with permission from Springer 
Nature (Lindorsson S, Zhang Q, Brisby H, Rennerfelt K. Signifi cantly lower intramuscular pressure in the 
posterior and lateral compartments compared with the anterior compartment suggests alterations of the 
diagnostic criteria for chronic exertional compartment syndrome in the lower leg. Knee Surgery, Sports 
Traumatology, Arthroscopy 2021 Apr;29(4):1332-1339).

4.5 GENDER DIFFERENCES IN IMP IN THE LOWER LEG 
COMPARTMENTS (STUDY III)

Among CECS patients, the median one-minute post-exercise IMP values were 
signifi cantly lower in female patients compared to male patients in all four 
compartments of the lower leg: the anterior (p < 0.001), lateral (p = 0.021), 
superfi cial posterior (p = 0.018), and deep posterior (p = 0.009) (Table 11). Among 
non-CECS patients, IMP was signifi cantly lower in female patients in the anterior 
(p = 0.030) and lateral (p = 0.018) compartments.
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TABLE 11 One-minute post-exercise intramuscular pressure (IMP) in men and women with and without 
chronic exertional compartment syndrome (CECS) (n=962).

Compartment IMP in mmHg, median (range)

Men (M) Women (W) p-value

Patients with CECS

Anterior (M=236, W=220) 50 (24–130)               44 (24–120) <0.001

Lateral (M=83, W=58) 40 (26–106)                 35 (20–89) 0.021 

Superfi cial posterior (M=29, W=15) 37 (22–54)                32 (27–39) 0.018

Deep posterior (M=35, W=21) 34 (24–53)                            31 (25–36) 0.009

Patients without CECS 

Anterior (M=97, W=204) 20 (4–33)                      18 (4–34) 0.030

Lateral (M=48, W=88) 17 (3–29)                       12 (2–26) 0.018

Superfi cial posterior (M=80, W=136) 12 (2–26)                         12 (2–27) 0.90

Deep posterior (M=86, W=138) 12 (2–23)                       10 (2–28) 0.30

An adjusted analysis was performed in the patients with CECS, using a multiple 
linear regression model for the anterior compartment and the lateral compartment. 
For the anterior compartment, gender was the only covariate that had a signifi cant 
eff ect on IMP; female gender decreased the IMP by 8.6 mmHg aft er adjusting for 
the covariates in the model. For the lateral compartment, patients’ height had a 
signifi cant eff ect on IMP; an increase of 1 cm in height (within the height interval) 
corresponded to an increase of 0.48 mmHg in IMP.

None of the women diagnosed with CECS had an IMP ≥ 40 mmHg in the superfi cial 
or deep posterior compartments, but in men the IMP values were 53–54 mmHg in 
the posterior compartments (Figure 22). Further, IMP ≥ 40 mmHg in the lateral 
compartment was seen in a larger proportion of men than of women.
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FIGURE 21 One-minute post-exercise intramuscular pressure (IMP) in the (a) anterior, (b) lateral, (c) 
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Nature (Lindorsson S, Zhang Q, Brisby H, Rennerfelt K. Signifi cantly lower intramuscular pressure in the 
posterior and lateral compartments compared with the anterior compartment suggests alterations of the 
diagnostic criteria for chronic exertional compartment syndrome in the lower leg. Knee Surgery, Sports 
Traumatology, Arthroscopy 2021 Apr;29(4):1332-1339).

4.5 GENDER DIFFERENCES IN IMP IN THE LOWER LEG 
COMPARTMENTS (STUDY III)
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TABLE 11 One-minute post-exercise intramuscular pressure (IMP) in men and women with and without 
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An adjusted analysis was performed in the patients with CECS, using a multiple 
linear regression model for the anterior compartment and the lateral compartment. 
For the anterior compartment, gender was the only covariate that had a signifi cant 
eff ect on IMP; female gender decreased the IMP by 8.6 mmHg aft er adjusting for 
the covariates in the model. For the lateral compartment, patients’ height had a 
signifi cant eff ect on IMP; an increase of 1 cm in height (within the height interval) 
corresponded to an increase of 0.48 mmHg in IMP.

None of the women diagnosed with CECS had an IMP ≥ 40 mmHg in the superfi cial 
or deep posterior compartments, but in men the IMP values were 53–54 mmHg in 
the posterior compartments (Figure 22). Further, IMP ≥ 40 mmHg in the lateral 
compartment was seen in a larger proportion of men than of women.
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4.6 LONG-TERM EFFECTS OF FASCIOTOMY IN PATIENTS WITH 
ANTERIOR CECS (STUDY IV)

4.6.1 POSTOPERATIVE IMP
For the study group of 144 patients in Study IV, the median one-minute post-
exercise IMP of 17 (5–91) mmHg at follow-up aft er fasciotomy was signifi cantly 
lower than the preoperative median one-minute post-exercise IMP of 49 (25–130) 
mmHg (p < 0.001). Th e IMP values showed less variability in the revision surgery 
group, both preoperatively (52 [30–70] mmHg) and at follow-up (16 [9–24] 
mmHg). At follow-up, all patients except one had a lower one-minute post-
exercise IMP in the anterior compartment compared to preoperatively. Eleven 
patients (7.6%) had an IMP above the diagnostic cut-off  value for CECS (30 
mmHg) at follow-up. 
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FIGURE 22 One-minute post-exercise intramuscular pressure (IMP) in the (a) anterior, (b) lateral, 
(c) superfi cial posterior, and (d) deep posterior compartments in a total of 491 men and women with 
chronic exertional compartment syndrome (CECS) and 471 men and women without CECS (non-CECS).
Reproduced with permission from Wiley (Lindorsson S, Rennerfelt K, Brisby H, Zhang Q. The effect of 
gender on intramuscular pressure in patients with chronic exertional compartment syndrome of the lower 
leg. Scandinavian Journal of Medicine & Science in Sports 2022 Jan;32(1):202-210).

69

SUMMARY OF RESULTS

Preoperative IMP, IMP at follow-up, and ∆IMP of the patients who underwent 
isolated anterior fasciotomy and the patients who underwent fasciotomies of 
additional compartments in the primary surgery are presented in Table 12. 
Th e median preoperative IMP and ∆IMP in the anterior compartment were 
signifi cantly higher in the patients in whom isolated anterior fasciotomies were 
performed.

TABLE 12 Comparison in preoperative intramuscular pressure (IMP), IMP at follow-up, and ∆IMP of the 
anterior compartment between patients (n=104) who had an isolated anterior fasciotomy in the primary 
surgery and patients (n=40) who had fasciotomies of additional compartments.

Compartments involved in fasciotomy

Isolated anterior Additional p-value

n 104 40

Preoperative IMP in mmHg, median (range) 47 (25–130) 57 (30–112) 0.004

IMP in mmHg at follow-up, median (range) 19 (5–91) 17 (7–48) 0.22

∆IMP in mmHg, median (range) 31 (0–99) 36 (10–88) 0.020

4.6.2 PATIENTS’ SATISFACTION WITH THE TREATMENT RESULT
Overall, 111 patients (77%) were very satisfi ed or satisfi ed with the treatment 
result aft er fasciotomy of the anterior compartment. Th e satisfaction rate (very 
satisfi ed or satisfi ed) was higher (80%) in the primary surgery group than in the 
revision surgery group (56%).

Patients’ satisfaction with treatment was not aff ected by the way the primary 
fasciotomy of the anterior compartment was performed (unilateral, staged 
bilateral, or concomitantly bilateral) or if the primary anterior fasciotomy included 
fasciotomies of additional compartments. Th e group of patients who were satisfi ed 
(very satisfi ed and satisfi ed) with the treatment result had a higher proportion of 
men, a lower proportion of revision patients, and a signifi cantly higher change in 
IMP (∆IMP) compared to the group of patients who were not satisfi ed (uncertain 
and dissatisfi ed). Details are given in Table 13.
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FIGURE 22 One-minute post-exercise intramuscular pressure (IMP) in the (a) anterior, (b) lateral, 
(c) superfi cial posterior, and (d) deep posterior compartments in a total of 491 men and women with 
chronic exertional compartment syndrome (CECS) and 471 men and women without CECS (non-CECS).
Reproduced with permission from Wiley (Lindorsson S, Rennerfelt K, Brisby H, Zhang Q. The effect of 
gender on intramuscular pressure in patients with chronic exertional compartment syndrome of the lower 
leg. Scandinavian Journal of Medicine & Science in Sports 2022 Jan;32(1):202-210).
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Preoperative IMP, IMP at follow-up, and ∆IMP of the patients who underwent 
isolated anterior fasciotomy and the patients who underwent fasciotomies of 
additional compartments in the primary surgery are presented in Table 12. 
Th e median preoperative IMP and ∆IMP in the anterior compartment were 
signifi cantly higher in the patients in whom isolated anterior fasciotomies were 
performed.
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IMP (∆IMP) compared to the group of patients who were not satisfi ed (uncertain 
and dissatisfi ed). Details are given in Table 13.



70

INTRAMUSCULAR PRESSURE IN THE LOWER LEG

TABLE 13 Comparison between patients (n=111) who were satisfi ed (very satisfi ed and satisfi ed) and 
patients (n=33) who were not satisfi ed (uncertain and dissatisfi ed) with the treatment result after 
fasciotomy of the anterior compartment: patients’ characteristics, symptom duration, preoperative 
intramuscular pressure (IMP), IMP at follow-up, change in IMP between preoperative and postoperative 
values (∆IMP), follow-up time, and revision rate.

Variable Satisfi ed Not satisfi ed p-value

n 111 33

Men/women (%) 56/44 36/64 0.049

Primary clinical visit

Age in years, median (range) 27 (13–60) 21 (15–82) 0.12

BMI in kg/m2, median (range) a 25 (19–41) 25 (18–36) 0.35

Symptom duration in months, median (range) b 36 (2–240) 36 (6–240) 0.51

Post-exercise IMP in mmHg, median (range) 50 (25–120) 46 (25–130) 0.15

Follow-up

Post-exercise IMP in mmHg, median (range) 17 (5–55) 16 (9–91) 0.55

∆IMP in mmHg, median (range) 34 (3–99) 27 (0–64) 0.016

Post-exercise IMP >30 mmHg, n (%) 7 (6) 4 (12) 0.27

Follow-up time in years, median (range) 3.7 (1–12) 3.2 (1–8) 0.17

Revision prior to follow-up, n (%) 9 (8) 7 (21) 0.035

a n = 97/29
b n = 99/29

4.6.3 LEVEL OF PAIN DURING ACTIVITY
Th e categorical scale was used by 95 patients to grade their level of pain during 
activity both preoperatively and at follow-up. Reported level of leg pain decreased 
between the preoperative and follow-up measurements in 83% of the patients in 
the total study group (p < 0.001), 86% of the patients in the primary surgery group 
(p < 0.001), and 64% of the patients in the revision surgery group (p = 0.018). 
Th e NRS was used by 22 patients to grade their level of pain during activity both 
preoperatively and at follow-up. Median NRS score decreased signifi cantly (p < 
0.001) to 5 at follow-up as compared to 8 preoperatively, and 77% of the patients in 
the total study group reported a reduction in leg pain during exercise at follow-up. 
No association was found either between the IMP measured preoperatively and 
the level of pain during activity reported preoperatively, or between the IMP at 
follow-up and the level of pain at follow-up.
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4.6.4 PHYSICAL ACTIVITY LEVEL
Th e level of activity preoperatively and at follow-up was available for 127 patients 
in the total study group, 94% of whom reported that they were physically active 
at follow-up. At follow-up, 16% of the patients reported an increase in physical 
activity, 61% were on the same level, and 23% reported a decreased in physical 
activity as compared to preoperatively. No signifi cant diff erences were found in the 
level of activity preoperatively and at follow-up, either in the total study group or in 
the subgroups. However, when dividing the patients into three groups depending 
on follow-up time (<3 years, 3–6 years, and >6 years) a signifi cant diff erence was 
found when comparing physical activity level preoperatively and at follow-up. In 
patients with a follow-up time of <3 years, 10% had a decreased activity level at 
follow-up, while the corresponding fi gure in patients with a follow-up time of >6 
years was 52%.
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a n = 97/29
b n = 99/29

4.6.3 LEVEL OF PAIN DURING ACTIVITY
Th e categorical scale was used by 95 patients to grade their level of pain during 
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4.6.4 PHYSICAL ACTIVITY LEVEL
Th e level of activity preoperatively and at follow-up was available for 127 patients 
in the total study group, 94% of whom reported that they were physically active 
at follow-up. At follow-up, 16% of the patients reported an increase in physical 
activity, 61% were on the same level, and 23% reported a decreased in physical 
activity as compared to preoperatively. No signifi cant diff erences were found in the 
level of activity preoperatively and at follow-up, either in the total study group or in 
the subgroups. However, when dividing the patients into three groups depending 
on follow-up time (<3 years, 3–6 years, and >6 years) a signifi cant diff erence was 
found when comparing physical activity level preoperatively and at follow-up. In 
patients with a follow-up time of <3 years, 10% had a decreased activity level at 
follow-up, while the corresponding fi gure in patients with a follow-up time of >6 
years was 52%.
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Tissue pressure in terms of IMP was fi rst defi ned in 189611, and in 1962 the correlation 
between the symptoms in CECS patients and an increase in IMP was proven39. Th e 
gold standard method to diagnose CECS is by invasive IMP measurement; suggested 
alternative methods such as MRI and NIRS are not as reliable or convenient64,66. 
Th ere are scattered opinions regarding the cut-off  IMP values for CECS, but today 
the Pedowitz criteria from 1990 are the most generally accepted67. 

IMP is a complex parameter which can increase with oedema, external 
compression, passive stretch of the muscles, and muscle contractions133,134. During 
IMP measurement it is of great importance to avoid external compression, 
and patients are instructed to relax their muscles and remain at rest during the 
measurement to avoid muscle contractions. IMP can also diff er in relation to the 
depth of the needle in the muscle during measurement82. Th is thesis provides 
further details on the eff ect of external compression on IMP, along with evidence 
that IMP diff ers between the diff erent compartments of the lower leg and between 
men and women. Moreover, the results confi rm that post-exercise IMP is 
signifi cantly decreased in CECS patients aft er fasciotomy.

External compression increases IMP

Local external compression impairs the ability of the muscle to expand, which 
leads to an increase in IMP141. Th ere are confl icting reports on how external 
compression in the form of compression garments, such as CS, aff ects the local 
blood circulation and muscle tissue oxygenation17-21. Study I demonstrated that 
when applying external compression in the form of exercise CS, the initial resting 
IMP increased by 24 mmHg on average in the anterior compartment within 
healthy individuals. Moreover, the IMP in the anterior compartment was 22 
mmHg higher during running when CS were used, compared to regular socks. 
Th ese results support previous fi ndings that >90% of a local external pressure is 
transferred to the muscle compartments142. 
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Study I found that that external compression in the form of exercise CS used 
in healthy participants during exercise produced a decrease of 11% in muscle 
oxygenation. Th ese results support previous fi ndings that an increase in IMP leads 
to a decrease in muscle oxygenation143-146. Changes in muscle oxygen saturation 
due to increased IMP have also been proposed to be useful in diagnosing 
CECS62,63. However, a more recent study found a saturation diff erence of only 2% 
between patients with CECS and patients without CECS, which is not enough to 
diagnose CECS64. Th e results of Study I indicate that local external compression 
in the form of exercise CS is not benefi cial during and immediately aft er running 
for healthy individuals, with regard to muscle oxygenation of the tibialis anterior 
muscle. Previous studies on the eff ects of external compression on the medial 
gastrocnemius muscle found improved muscle oxygenation at rest and during 
exercise17,147,148. External compression might have contrasting eff ects on diff erent 
muscles, due to anatomical diff erences. However, none of the three studies on 
the medial gastrocnemius muscle evaluated the eff ects of external compression 
during running.

Muscle damage has been identifi ed as one important reason for reductions in 
speed and muscular performance in runners149,150. Study I found that wearing 
CS did not decrease the levels of serum biomarkers for muscle injury (CK and 
myoglobin). Th ese results are in line with a previous study of marathon runners, 
which reported similar post-race values of serum CK and myoglobin in those 
wearing CS and those wearing regular socks21.

Th e manufacturers of CS claim that the external compression around the calves 
improves the venous haemodynamics by stimulation of the calf muscle pump21.
Study I did not investigate the eff ects of CS on the venous haemodynamics. It is 
known that graduated CS increase the venous return and blood fl ow in patients 
postoperatively and in patients with chronic venous insuffi  ciency151,152. However, 
an earlier study of 10 healthy runners wearing CS during a 10-km run detected no 
benefi cial eff ects on post-exercise heart rate, lactate variation, or the calf muscle 
pump153.

Patients with CECS usually have longstanding symptoms prior to receiving the 
diagnosis, due to both patient delay and doctor delay. In their hunt for a solution, 
most patients try diff erent approaches such as acupuncture, physiotherapy, 
insoles, cupping, radial extracorporeal shock wave therapy, CS, and rest. Th e 
one thing most patients later diagnosed with CECS mention as a pain trigger 
rather than a pain reliever is CS. Th e fi nding in Study I that external compression 
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increases the IMP during exercise may suggest an explanation for the worsening 
in pain when CS are used during exercise by CECS patients, as these garments 
might produce even more increase in an already abnormally high IMP. However, 
Study IV found no association between IMP and the level of pain during activity, 
either preoperatively or postoperatively. Th ese results are in line with an earlier 
study which found no correlation between preoperative IMP and the percentage 
of pain relief 85. Th e explanation for this might be that patients adapt over time to 
high IMP during exercise. Some patients have been in pain for so many years that 
they consider this to be their normal state. It is possible that CECS patients who 
suddenly experience an additional increase in IMP, as when CS are used during 
exercise, are not adapted to the larger increase in IMP and hence experience a 
higher level of pain. However, Study I was conducted in healthy individuals, and 
so no patients with exertional lower leg pain were included. It is still not known 
whether the eff ect of local external compression on IMP is larger or smaller in 
patients with CECS compared to healthy controls.  

Post-exercise IMP differs between compartments

Th e IMP cut-off  values for diagnosing CECS used in clinical practice have 
traditionally been the same for all the compartments in the forearm as well as in 
the compartments of the lower leg48,154. Further, these cut-off  values do not diff er 
between the compartments in the same limb. Previous knowledge of post-exercise 
IMP in patients with exercise-induced lower leg pain is primarily based on studies 
of the anterior compartment55, most likely because the anterior compartment is 
the most commonly aff ected compartment in CECS patients. In Studies II and III, 
which included 442 and 491 CECS patients, respectively, isolated anterior CECS 
was the most common type of CECS. Th is is in line with earlier studies reporting 
isolated anterior CECS in up to 70% of lower leg CECS patients49,55. However, 
there might be anatomical diff erences between the compartments; for example, 
the rigid fascia of the anterior compartment might make it more vulnerable to an 
increase in IMP2. Potential diff erences in IMP between the compartments with 
regard to anatomy must therefore be identifi ed, and cut-off  values might need to 
be adjusted. 

Th e fi ndings of Study II indicate that post-exercise IMP values are signifi cantly 
higher in the anterior compartment compared to the lateral and the posterior 
compartments of the lower leg in patients with exercise-induced leg pain, and 
also signifi cantly higher in the lateral compartment compared to the posterior 
compartment in patients with CECS. Among CECS patients, the highest IMP 
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value recorded in the anterior compartment was 120 mmHg, the highest in the 
lateral compartment was 106 mmHg, and the highest values in both the superfi cial 
posterior compartment and the deep posterior compartment were just above 50 
mmHg. A previous study concluded that patients with CECS and diabetes mellitus 
present signifi cantly higher IMP values at one minute post-exercise compared to 
CECS patients without diabetes155. Th e number of patients in Study II diagnosed 
with diabetes mellitus was too small to allow them to be studied as a subgroup.

It is still unknown whether and how an extremely high post-exercise IMP in 
one compartment aff ects the other compartments in the same limb. Study II
found that a majority of the patients with CECS in all four compartments had a 
post-exercise IMP of 50 mmHg or above in the anterior compartment. Further, 
in Study IV the preoperative IMP and the ∆IMP in the anterior compartment 
were signifi cantly higher in patients who were treated for CECS in the anterior, 
lateral and/or the posterior compartments as compared to patients treated for 
isolated anterior CECS. As the compartments in the lower leg are anatomically 
in close relation to each other, an extreme stiff ness and volume increase in one 
compartment could in theory result in a decreased ability for muscle volume 
load in a nearby compartment, and thereby nearby compartments could be more 
predisposed to an increase in IMP. 

CECS in the deep posterior compartment is less common and generally seen as 
harder to clinically diagnose than CECS in the anterior compartment. Th e location 
of the deep posterior compartment makes it harder to examine for stiff ness and 
fascial herniation, and therefore it is also initially harder to distinguish CECS 
from diff erential diagnoses such as PAES and MTSS. In addition, there have been 
theories regarding a fi ft h compartment within the deep posterior compartment6,7, 
though recent studies have concluded that there is no distinct fascial septum 
surrounding the TP muscle8-10. Nevertheless, a study of patients with persisting 
pain aft er fasciotomy of the deep posterior compartment reported that the 
patients became pain-free aft er reoperations including opening of the ultrathin 
TP fascia156. 

Th e standard method to diagnose deep posterior CECS, as for the other 
compartments of the lower leg, is IMP measurement. However, the precision of the 
IMP needle placement in the deep posterior compartment has been demonstrated 
to be lower than in the anterior compartment76. Th e diagnostic work-up for 
deep posterior CECS is known to have shortcomings, including the fact that 
the IMP cut-off  values were derived from studies on the anterior compartment, 
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and pathological pressures in the deep posterior compartment have never been 
defi ned75. To our knowledge, Study II is the fi rst study to investigate and compare 
post-exercise IMP in all four compartments of the lower leg.

Th e Pedowitz diagnostic criteria for CECS specify cut-off  IMP values of ≥ 30 
mmHg at one minute post-exercise or ≥ 20 mmHg at fi ve minutes post-exercise. 
Th ese criteria are based on the total mean IMP value plus 2 SD (representing the 
95% CI) for all four compartments, from a study of 210 compartments in patients 
in whom CECS was ruled out67. In Study II, separate IMP values were recorded in 
280 anterior compartments, 119 lateral compartments, 182 superfi cial posterior 
compartments, and 187 deep posterior compartments in patients without CECS. 
Th e mean IMP one-minute post-exercise plus 2 SD was 31 mmHg in the anterior 
compartment, 26 mmHg in the lateral compartment, 25 mmHg in the superfi cial 
posterior compartment, and 24 mmHg in the deep posterior compartment. Based 
on these fi ndings, the IMP one-minute post-exercise cut-off  value of 30 mmHg 
appears to be too high for the lateral and the posterior compartments, which 
can result in underdiagnosis. Th e results of Study II thus suggest that a lowering 
of the post-exercise IMP cut-off  values for CECS in the lateral and posterior 
compartments could be considered. 

Lower post-exercise IMP in women compared to men

Early studies of CECS were based on study groups of professional athletes and 
military recruits, with a majority of men, which led to statements that there was a 
male predominance in CECS 41,56. More recent studies have presented more equal 
gender proportions for patients157, and even a female predominance51,55. Studies 
II and III showed similar proportions of men (52–53%) and women (47–48%) 
among patients diagnosed with CECS. However, there were signifi cantly more 
women (65–66%) in whom CECS was ruled out, compared to men (34–35%). 
Th e explanation for the larger proportion of women not being diagnosed with 
CECS might be that they are underdiagnosed. Today’s cut-off  values for CECS are 
the same regardless of gender, but studies both of healthy control groups and of 
patients with CECS have shown that men have 9–11 mmHg higher IMP values 
than women in the anterior compartment of the lower leg64,77,78. 

In line with these previous results, Study III found that post-exercise IMP values 
were signifi cantly lower in female patients with exercise-induced leg pain in both 
the anterior and the lateral compartment, compared to male patients. Moreover, 
among patients with CECS, the women had signifi cantly lower IMP values in all 
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four compartments of the lower leg compared to men. According to the multiple 
linear regression analysis of CECS patients, the gender diff erences found in IMP 
in the lateral compartment may be infl uenced by height diff erences, but for the 
anterior compartment no covariate other than gender was demonstrated to have 
an eff ect on IMP. Further, the highest IMP values observed in Study III were in 
male CECS patients, and CECS diagnosed in all four compartments was more 
common in men than in women. Th e results of Study III imply that gender 
diff erences need to be taken into account when diagnosing CECS, and that there 
might be a need for adjustment of the IMP diagnostic criteria in relation to gender 
when diagnosing CECS.

Factors suggested to explain the IMP diff erences between men and women 
include gender variations in muscle size and/or muscle fi bre composition, as men 
generally have larger and stronger muscles in men44,77,158-160. Women have also 
been shown to have fewer muscle fi bres within the tibialis anterior and the biceps 
brachii muscles161,162, though these fi ndings are not supported in investigations of 
the triceps brachii and vastus lateralis muscles163,164. Moreover, previous studies 
propose that women are more fatigue-resistant than men165-169. Th e reasons behind 
the greater muscle endurance in women is not fully understood, but the female 
hormone oestrogen has been suggested to infl uence the carbohydrate metabolism 
during exercise79. However, the connection between higher IMP in men and more 
fatigue-resistance in women is not clear. In theory, a higher intensity and longer 
duration of the exercise test before the IMP measurements in women could rather 
result in higher IMP values in women. Nevertheless, our experience is that most 
patients with CECS terminate the exercise test due to pain and not due to fatigue.

Th e results of Study IV suggest that there are gender diff erences regarding 
satisfaction with treatment aft er fasciotomy of anterior CECS, as signifi cantly 
more men than women were satisfi ed. Th ese results are supported by an earlier 
study of young female athletes with CECS, which reported lower success rate aft er 
fasciotomy compared to studies including both men and women170. Further, in a 
study of CECS patients undergoing two- or four-compartment fasciotomies of the 
lower leg, male gender was an independent predictor for a positive outcome103. 
Th e reasons for these gender diff erences regarding patient satisfaction are unclear, 
but there has been speculation that women might respond to fasciotomy less 
eff ectively than men170. Less satisfying results have also been found in women 
compared to men aft er surgical treatment for MTSS, including lower rates of 
symptom relief and lower proportions of women returning to sports171.
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Other factors identifi ed as being associated with satisfaction aft er anterior 
fasciotomy in Study IV were a large decrease in IMP, and being in the primary 
surgery group rather than the revision surgery group. Th e association between 
a large diff erence between preoperative and postoperative IMP values and 
satisfaction with the treatment result has, to our knowledge, not been presented 
earlier. Th ese fi ndings may be linked to the higher preoperative IMP values in 
men compared to women. It is also possible that the gender eff ect on satisfaction 
could have been aff ected by the fact that there were more women than men who 
underwent revision surgery. 

The effect of fasciotomy on IMP

Post-exercise IMP measurement is the gold standard for CECS diagnosis, and 
IMP is suggested as the most useful objective measure to assess the treatment 
result of fasciotomy94. Still, postoperative IMP measurement is rarely performed 
in routine clinical practice, and few follow-up studies aft er fasciotomy report on 
postoperative IMP values3. It was concluded in Study IV that anterior fasciotomy 
in patients with CECS results in a signifi cant reduction of IMP. At follow-up a 
minimum of one year aft er the surgery, the median one-minute post-exercise IMP 
was far below the cut-off  value. Th is fi nding of a signifi cant reduction in IMP is 
in line with earlier studies assessing the outcome aft er fasciotomy of the anterior 
compartment63,106,172. However, the study groups of the three earlier studies 
comprised 80–100% male patients, whereas Study IV had equal proportions of 
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Overall, 77% of the patients in Study IV were satisfi ed with the treatment, which 
falls within the range of satisfaction rates reported in earlier studies85,102,173,174. 
However, in these previous studies the patients included were treated for CECS 
in varied combinations of compartments; this means that the results may not be 
comparable to Study IV, which investigated the eff ects of anterior fasciotomy 
exclusively. Other variations of outcome measure have been used. For example, 
in a study by Detmer et al., patients were asked if they would have undergone the 
fasciotomy again if symptoms recurred or developed in another compartment41. 
Another example comes from Schepsis et al., who used a grading system combining 
the patient’s impression of the success of surgery and level of postoperative pain to 
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patient satisfaction can be hard to interpret. Th ere are many factors that aff ect 
patient satisfaction, and it is hard to adjust for this in an analysis.

Study IV also found that fasciotomy of the anterior compartment in patients 
with CECS led to decreased pain during exercise in 83% of the patients, which 
is also in line with a previous study on anterior fasciotomy106. In comparison to 
patients who had revision surgery, those who only underwent primary surgery 
showed a higher satisfaction rate and a larger proportion reporting decreased pain 
at follow-up, though the median post-exercise IMP at follow-up did not diff er 
between the primary surgery group and the revision surgery group. Th e reason 
for the lower satisfaction rate and smaller proportion of patients with decreased 
pain aft er fasciotomy among revision patients can only be speculated on. Th ese 
patients might have had other undiagnosed lower leg conditions contributing to 
the pain, or there might have been unidentifi ed complications from their primary 
or revision surgery leading to decreased function. Moreover, having more than 
one surgery increases the potential for negative eff ects on surrounding tissues as 
well as the amount of scar tissue, and this may cause a feeling of muscular stiff ness. 

Th ere are also theories that longstanding CECS can cause irreversible injury, 
resulting in persistent pain despite a reduction of post-exercise IMP following 
fasciotomy. An earlier study on outcomes aft er fasciotomy in 62 patients with 
CECS found better results in patients with a limited symptom duration (<12 
months)176. In Study IV, the median symptom duration prior to the preoperative 
visit before the fi rst surgery diff ered between patients in the primary surgery group 
(36 months) and the revision surgery group (60 months), though this diff erence 
did not reach statistical signifi cance. Moreover, Study IV found no signifi cant 
correlation between symptom duration and patient satisfaction in the cohort of 
144 CECS patients.

At follow-up aft er anterior fasciotomy, almost all of the patients in Study IV were 
physically active, but just below 25% of the patients reported a lower physical 
activity level compared to preoperatively. Th is result is in line with previous 
studies evaluating the results aft er anterior or anterior/lateral fasciotomies85,101. 
However, when adjusting for follow-up time in Study IV, only 10% of the patients 
with a follow-up time of <3 years reported a lower activity level postoperatively, 
while over half of the patients with a follow-up time of >6 years reported a reduced 
activity level compared to preoperatively. It is entirely possible that these patients 
initially increased or maintained their physical activity level postoperatively, 
and later decreased their activity level due to lifestyle changes, injuries, or other 
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factors. In summary, it can be misleading to use physical activity level as an 
outcome measure when there are large variations (1–11 years) in follow-up time, 
as for Study IV.
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STRENGTHS AND LIMITATIONS

STRENGTHS AND 
LIMITATIONS

Th e main strengths of the present thesis are the large cohorts of patients with 
exercise-induced lower leg pain and patients with CECS who underwent 
preoperative and postoperative IMP measurements (Studies II–IV). In addition, 
the cohorts had an equal distribution of men and women, included patients at 
all activity levels, and had a large age range of 13–82 years. Another strength is 
that all patients were clinically examined, underwent IMP measurement, and were 
surgically treated by one of three experienced clinicians at a clinic specializing 
in patients with exercise-induced leg pain (Studies II–IV). An additional 
strength is that the eff ects of external compression with CS on the lower leg were 
systematically investigated using several methods (IMP, TOI, and blood samples) 
in a well-defi ned cohort of healthy subjects (Study I).

A limitation is that the only the anterior compartment was investigated regarding 
the eff ects of external compression in the form of CS (Study I), and so it remains to 
be seen whether external compression has the same eff ects on other compartments 
of the lower leg. Th e unblinded design (Study I) might also be considered a 
limitation; however, it is not expected to have had an eff ect on the results, since 
only objective measurements were used.

Another limitation is that the studies on IMP values in CECS patients and non-
CECS patients were performed solely on patients in the clinical setting referred 
for evaluation of exercise-induced leg pain, and did not include healthy control 
groups (Studies II and III). Further, the IMP measuring procedure did not allow 
measurement of multiple compartments simultaneously (Studies II and III), 
and so in patients with symptoms from more than one compartment, the most 
symptomatic compartment was measured fi rst. It is possible that a slight decline 
in IMP might have occurred for the compartment(s) measured last. However, 
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the measurement takes approximately 15 seconds for each compartment, and in 
CECS patients it takes at least 5 minutes for the IMP to return to normal aft er 
activity15,48.

Th e pain and risk involved in invasive measurement of IMP might be a reason why 
some of the patients declined to participate in the follow-up (Study IV). However, 
patients’ characteristics were similar in patients who participated in the follow-up 
and those lost to follow-up or excluded. A fi nal limitation is the use of diff erent 
versions of the questionnaire fi lled out by the patients preoperatively and at follow 
up (Study IV). However, the only change that aff ected Study IV was the use of two 
diff erent scales to rate pain level during activity, and all patients were asked to fi ll 
out the same version of the questionnaire at follow-up as they did preoperatively.
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CONCLUSIONS

CONCLUSIONS

Overall conclusion

IMP is a complex parameter used for diagnosing CECS. IMP is elevated by local 
external compression, which results in a reduction in muscle tissue oxygenation. 
Th ere are diff erences in IMP between the compartments of the lower leg, with the 
highest IMP values in the anterior compartment and the lowest in the posterior 
compartments. Further, IMP diff ers between genders, with men having higher 
IMP than women. In patients treated for CECS with fasciotomy, the postoperative 
IMP is signifi cantly lower than the preoperative IMP.

Specifi c conclusions

•  Local external compression, in the form of exercise CS worn by healthy 
individuals during and following a 10-km treadmill run, elevates IMP and 
reduces muscle tissue oxygenation in the anterior compartment compared to 
not wearing CS. Furthermore, wearing exercise CS during and aft er activity 
does not reduce the levels of serum biomarkers for muscle damage post-
exercise (Study I).

•  In patients with and without CECS, the IMP at one minute post-exercise 
is signifi cantly lower in the two posterior compartments and the lateral 
compartment compared to the anterior compartment. Further, in patients 
diagnosed with CECS, the IMP is signifi cantly lower in the two posterior 
compartments than in the lateral compartment (Study II). 

•  Among patients without CECS, women have signifi cantly lower post-exercise 
IMP in the anterior and lateral compartment compared to men. Among 
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patients diagnosed with CECS, women have signifi cantly lower one minute 
post-exercise IMP in all four compartments of the lower leg, compared to men. 
 When adjusted for the eff ect of the covariates, no factor other than female 
gender infl uences the IMP in the anterior compartment, but height signifi cantly 
infl uences the IMP in the lateral compartment (Study III). 

•  Anterior fasciotomy as a treatment for anterior CECS results in a signifi cant 
decrease in IMP and a patient satisfaction rate of 77%. Further, 83% of the 
patients reported a reduction of pain level and 94% participated in physical 
activities postoperatively. Factors positively associated with patient satisfaction 
with treatment are male gender, a large decrease in IMP, and no revision 
surgery (Study IV).
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FUTURE PERSPECTIVES

FUTURE PERSPECTIVES

Study I found that local external compression in healthy individuals led to 
increased IMP and decreased TOI. CECS patients report increasing pain from 
local external compression in the form of CS during exercise. It is not known how 
local external compression aff ects patients with CECS in terms of IMP and local 
blood fl ow. One can assume that the eff ects would be similar in CECS patients as 
in healthy individuals, but this needs to be further investigated. 

It has been known since 1962 that there is a correlation between exercise-induced 
pain and increased IMP39. Although CECS is one of the most common causes of 
lower leg pain during exercise, there are still gaps in knowledge within the area. 

Firstly, the underlying reasons why some athletes and not others suff er from CECS 
are unclear. Th e answer is probably a combination of anatomical risk factors, some 
of which might be inheritable, and running pattern, but there might also be other 
unknown factors. Future studies on heredity and CECS would be of interest.

Secondly, the reason why an increase in IMP during exercise causes pain is not 
fully understood. An earlier theory was that ischemia caused the pain, but more 
recently it has been proposed that the increase in IMP causes traction of the fascia, 
which results in compression of sensory nerve endings during exercise49. If this 
more recent suggestion is correct, one could assume that the pain would increase 
as the IMP increases. However, Study IV did not reveal any association between 
post-exercise IMP and pain level. Further elaboration of how increasing IMP 
causes pain is therefore still required. Nerve conduction studies during exercise 
might be a way to investigate this further.

Questions have been raised regarding the value of IMP testing in the diagnosis of 
CECS68-70. However, the patient’s history and clinical examination are not enough 
to distinguish CECS from other diagnoses. Th ere is a need for an objective method 
to diagnose CECS, and invasive IMP measurement is currently the gold standard 
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method. Previously suggested alternative methods of diagnosing CECS have not 
been successful, and so a non-invasive method for effi  cient diagnosis of CECS is 
still to be found. 

Earlier studies on IMP in patients with CECS are predominantly based on 
measurement in the anterior compartment. According to the fi ndings in Study 
II, which investigated IMP values in all four compartments of the lower leg, post-
exercise IMP diff ers signifi cantly between these compartments. One can conclude 
from this that a lowering of the one-minute post-exercise IMP cut-off  value for 
diagnosing CECS in the lateral and posterior compartments could be suggested. 
Th ere is a need for future studies of the postoperative result among patients 
with one-minute post-exercise IMP of 25–30 mmHg in the lateral and posterior 
compartments. 

Th e results of Study III suggest that gender should be taken into account in the 
diagnostic criteria for CECS of the lower leg. It would be of value to conduct 
studies focusing on the outcome of surgical treatment in women with a high 
clinical suspicion of CECS, but with one-minute post-exercise IMP values just 
below the IMP cut-off  values.

Today, fasciotomy of the aff ected compartment(s) is the gold standard treatment of 
CECS. Th e most commonly used technique is the traditional open technique. Newer 
techniques such as ultrasound-guided97,98 and endoscopy-assisted fasciotomy99

have been suggested to reduce the complications, but can only be performed by 
surgeons with training in these techniques. Non-operative treatment options such 
as modifi cation of overall running technique87-89 and Botox injections91,92 have 
been suggested; their potential eff ects have not been evaluated in a scientifi cally 
satisfactory manner, but might be of interest to investigate further in studies of 
athletes with CECS.
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