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IMPORTANCE Acute compartment syndrome (ACS) can cause catastrophic tissue damage
leading to permanent muscle and nerve loss. Acute compartment syndrome is a clinical
diagnosis, with intracompartmental pressure (ICP) used in equivocal cases. There are no
reliable diagnostic methods. The clinical evaluation is impossible to standardize, and the
threshold for ICP has been known to be unreliable; thus, guidelines for diagnosis can result in
overtreatment or delayed diagnosis.
OBJECTIVE To present and review the advantages and disadvantages of each diagnostic
modality and identify gaps that need to be addressed in the future and to review the most
used and appropriate animal and human ACS models.
EVIDENCE REVIEW We included clinical studies and animal models investigating diagnostic
modalities for ACS of the extremities. A MEDLINE and Web of Science search was performed.
The protocol for the study was registered on PROSPERO (CRD42017079266). We assessed
the quality of the clinical studies with Newcastle-Ottawa scale and reported level of evidence
for each article.
FINDINGS Fifty-one articles were included in this study, reporting on 38 noninvasive and 35
invasive modalities. Near-infrared spectroscopy and direct ICP measurement using a Stryker
device were the most common, respectively. Cadaveric studies used saline infusions to create
an ACS model. Most studies with human participants included injured patients with acquired
ACS or at risk of developing ACS. In healthy human participants, tourniquets formed the most
commonly used ACS model. Application of tourniquets and infusion of saline or albumin were
the most used ACS models among animal studies.
CONCLUSIONS AND RELEVANCE This article reports on the most common as well as many new
and modified diagnostic modalities, which can serve as inspiration for future investigations to
develop more effective and efficient diagnostic techniques for ACS. Future studies on
diagnostic modalities should include the development of tools for continuous assessment of
ICP to better identify the earliest alterations suggestive of impending ACS. With the advent of
such technologies, it may be possible to develop far less aggressive and more effective
approaches for early detection of ACS.
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Key Points

cute compartment syndrome (ACS) is a devastating musculoskeletal disorder in clinical practice. The mean incidence is estimated to be 3.1 per 100 000 people per
year, with a strong male predominance of 7.3 per 100 000 men
compared with 0.7 per 100 000 women.1 Acute compartment syndrome typically occurs in trauma settings; it occurs in 1% to 9% of
lower extremity fractures, with severe limb contusion, limb ischemia, revascularization after arterial obstruction, and burn among
other common causes. Increased pressure within a muscle compartment leading to reduced capillary blood flow is commonly recognized as the main mechanism behind development of ACS.1 In addition, the accumulation of waste products along with the lack of
oxygenated blood can result in nerve irritation and severe pain. Acute
compartment syndrome initially presents as intense pain that appears to be out of proportion to the severity of the injury.2 Patients
may have palpable tightness, progressive paresthesia, and increased pain on passive stretch. The diagnosis of ACS is largely based
on clinical assessment, with intracompartmental pressure (ICP) measurements as supportive data in equivocal cases. The most common clinical approach to treating high-risk patients is serial clinical
examination and close monitoring of patients at high risk. The major downside of relying on clinical features only is that by the time
all symptoms have developed, the limb may already have had
severe, sometimes irreversible, tissue damage. The most reliable
symptoms that have been identified are increasing pain and pain on
passive stretching of the muscle within the affected compartment.3
However, these symptoms are subjective, rely heavily on clinical expertise, and are impossible to standardize. This is especially true in
patients who are either unconscious, sedated, noncooperative, or
those with a regional block or any inadequate analgesia.
The standard modality to measure ICP is via insertion of a pressure monitor device into the muscle compartment. The most commonly used device is produced by Stryker (Stryker Surgical). High
ICP pressures can cause irreversible tissue necrosis within 6 to 10
hours and therefore demand acute surgical treatment.4 While this
modality can be useful when applied by trained physicians, it is highly
user dependent, and an absolute compartment pressure with the
current threshold of 30 mm Hg is not universally accepted.
The goal of this systematic review is to identify the existing
modalities for diagnosing ACS, review the advantages and disadvantages of each modality, and identify gaps that need to be
addressed. Furthermore, the article aims to review the different
animal and human models of ACS that can be used to help develop
improved diagnostic methods.

Question What are the existing diagnostic modalities and
research models for acute compartment syndrome (ACS)?
Findings In this systematic review of 51 studies, near-infrared
spectroscopy and direct intracompartmental pressure
measurement using a Stryker device were the most commonly
used methods, but all modalities lacked a reliable threshold. Of the
most commonly used models, cadaveric studies used saline
infusions; most studies with human patients included injured
patients with acquired ACS or at risk of developing ACS; in healthy
human patients, tourniquets formed the most commonly used
ACS model; and application of tourniquets and infusion of saline or
albumin among animal studies.
Meaning Future studies on diagnostic modalities should include
continuous assessment tools to better identify the earliest signs of
ACS and thereby establish a reliable threshold.

was adopted for searching Web of Science. Moreover, the references of included studies as well as previous reviews2,5 were manually searched to identify articles that did not appear in the original
search. However, no additional studies were identified through crossreference checking. The protocol of this systematic review was
registered prior to data collection at the PROSPERO register
(CRD42017079266). The institutional review board at Beth Israel
Deaconess Medical Center waived approval from this study because the data collection was previous studies in which informed
consent has already been obtained by the trial investigators.
All studies involving human, animal, and cadaveric models,
evaluating ACS of extremities and published in the English
language, were included. Exclusion criteria were chronic compartment syndrome, noncompartment syndrome models, ex vivo
studies, not original studies, or studies not published in full text. Of
the 2601 studies, 51 articles were included in this review (Figure 1).
Two independent reviews (A.M. and M.M.V.) performed all screening, and data abstraction were done by 3 authors (S.J.M., M.M.V.,
C.L.W.) and independently verified by a fourth one (A.M.). Two
independent reviewers (S.J.M. and A.M.) graded the level of
evidence of each article based on Oxford Centre for EvidenceBased Medicine evaluation,6 and methodologic quality of the clinical studies were assessed using Newcastle-Ottawa Scale.7

Results
Characteristics

Methods
A MEDLINE (PubMed) search of the English literature extending from
inception to September 2017 was performed using the following
search strategy: (“Diagnosis”[Mesh] OR “diagnosis”[Subheading]
OR “Diagnosis, Computer-Assisted”[Mesh] OR “Ultrasonography”[Mesh] OR “diagnostic imaging”[Subheading]) OR (“Pressure”[Mesh] OR “Transducers, Pressure”[Mesh]) AND (“Humans”[Mesh] OR “Disease Models, Animal”[Mesh]) AND
“Compartment Syndromes”[Mesh] AND English[lang] NOT “IntraAbdominal Hypertension”[Mesh] NOT “Chronic Disease”[Mesh] NOT
“Treatment Outcome”[Mesh]. The MEDLINE search strategy later
E2

Fifty-one articles were included, dating from 1975 to 2017. The final
articles included 33 clinical studies and 1 with both human participants and rabbit subjects (Table 1).8-41 Furthermore, 15 animal models and 2 cadaveric studies were included in this review (Table 2).42-58
This study includes 852 human participants and 319 animals, out of
which there were 27 dogs (specifically beagles), 53 pigs, 118 rabbits, and 121 rats. Thirty articles included a control group or control
contralateral extremity.

Diagnostic Modalities
We found 38 noninvasive modalities, of which near-infrared spectroscopy (NIRS) was the most common (n = 12). Of the 35 invasive
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Figure 1. PRISMA Flow Diagram
1382 Web of Science

Review Clinical Review & Education

1615 PubMed

2601 Records after duplicates removed
2601 Records screened
2465 Records excluded
136 Full-text articles assessed for eligibility
85 Exclusion
34 Not included diagnostic modality
32 Not original work
14 Not extremities ACS (eg, chronic
or intra-abdominal)
3 No full text available
2 Ex vivo study
51 Studies included in qualitative synthesis

ACS indicates acute compartment syndrome.

modalities included, direct ICP measurement using a Stryker
device was the most commonly used approach (n = 8). Other invasive modalities included the Whiteside method (n = 7), slit catheter (n = 2), and invasive arterial blood pressure monitoring (n = 3).
Some studies did not fully define their modalities and stated an ICP
measurement technique without further clarification. Of other noninvasive modalities, the studies included ultrasonic pulsed phase
locked loop (PPLL; n = 5), magnetic resonance imaging (n = 4), computed tomography (n = 3), contrast-enhanced ultrasonography
(CEUS, n = 2), and tissue hardness (n = 2), among others. Most of
these modalities were shown to be able to successfully identify ACS;
however, discrepancies exist for threshold and reliability in the clinical setting.

ACS Model
Among the human participant studies, 25 of 31 studies included patients with existing injuries who either acquired ACS or were at risk
of developing ACS (eg, due to injury). Moreover, tourniquets appeared to be the preferred method for creating a reversible ACS
model in healthy human participants. The 2 cadaveric studies used
a saline infusion model to create ACS. Use of tourniquet and infusion of saline or albumin were the most commonly used ACS models in the animal studies. Other models included balloon catheter,
pressure chamber, and induction of injuries. All of these models were
able to successfully create an ACS model; however, some were not
extensively studied and properly validated.

Discussion

Most of the human studies included patients with injuries/trauma
and either verified ACS, suspicion of ACS, or at risk of developing ACS.
However, in healthy volunteers, the clinical studies used tourniquets or pressure cuffs to create a model of high ICP resembling that
seen in ACS. Although most ACS cases are the result of trauma rather
than ischemia reperfusion, an ACS model can only be simulated in
humans effectively by using circumferential compression and pressure elevation. Yet it has not been properly validated, and it is unlikely that a realistic perfusion impairment in ACS can be simulated
with this approach. Furthermore, not all participants can tolerate the
high tourniquet pressures needed to create this model of high ICP.
It is still unclear how factors, such as age, comorbidities, and individual muscle mass, affect and possibly confound the ICP. There are
several essential weaknesses with a tourniquet model for simulation of ACS in humans and may potentially impose a risk of ACS to
healthy volunteers. Studies using this technique should take these
limitations under consideration and include an invasive direct ICP
measurement to validate their models.

Animal ACS Model
Tourniquets were used frequently in the animal models alongside
the infusion techniques to increase the ICP. Both animal models have
been studied extensively and are therefore preferred by several
investigators.44-46,48,50,53-55,57-60 Rodent studies usually include relatively larger numbers of animals and also include the advantage of
lower cost and maintenance. However, the skeletal muscle of a rat
is more sensitive to ischemia than those of a dog or human.61-63
Therefore, differences in the response to ischemia between various animal models may lead to flawed conclusions and should be
taken into consideration. Furthermore, similar to the human tourniquet model of ACS, the animal models might not simulate a true
perfusion impairment such as that occurring in ACS. A possible benefit of the infusion model vs the tourniquet model is that both limbs
of the animal can be used for a paired analysis if needed. Release of
a tourniquet results in systemic secretion of metabolites, rhabdomyolysis, and fluid shifts,64 and may compound the systemic toxicity if bilaterally released, which should specially be taken into
account when studying biomarkers for the purpose of ACS diagnostic. The infusion model allows use of bilateral limb, enabling each animal to act as its own control. Daly et al49 reported on an animal model
of ACS, which includes a combination of crush injury and increased
ICP by saline infusion in rabbits.49 While this model needs to be verified and validated, it appears to be effective because it includes an
element of injury/trauma, which is the most common risk factor for
developing ACS.
We included all available original studies meeting our inclusion
criteria to explore different diagnostic modalities for ACS. Several
modalities recur in many of the studies such as the Stryker device
and NIRS. The following subsection includes the most commonly reported modalities.

Invasive Diagnostic Modalities

To avoid irreversible tissue damage, early and appropriate diagnosis of ACS is required. Despite efforts in this field, there continues
to be a need for a more reliable tool to diagnose ACS. This review
highlights the diagnostic modalities available, as well as the different research models of ACS.

The Stryker ICP device is portable and relatively easy to use
(Figure 2A). Measurements of the compartment pressure are successfully obtained as an adjunct to clinical examination, although it
requires some technical learning to accurately use the device.22 Absolute compartment pressures from 30 to 45 mm Hg have been
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Table 1. Diagnostic Modalities and Acute Compartment Syndromes in Human Studies
Source
Chambers
et al,8 2011

Population
Human

Study Group, Control Group,
No.
No.
1
NA

Jensen
et al,9 1986

Human

1

NA

Jiang et al,10 Human
2016

1

NA

Wang et al,11 Human
2016

1

NA

Bariteau
Human
et al,12 2011

7

NA

Blick et al,13
1986

18

180

Boonstra
Human
et al,14 2012

1

NA

De Franciscis Human
et al,15 2016

7

212

Geis et al,16 Human
2012
Goyal
Human
et al,17 2017

8

NA

32

NA

11

160

Kenny
Human
et al,19 2013
Lee et al,20
Human
2013

1

NA

15

15
Contralateral

Lynch
et al,21 2009
McQueen
et al,22 1996
Mitas et al,23
2014
Nygren
et al,24 2014
Ogunlusi
et al,25 2005

Human

23

Human

116

23
Contralateral
NA

Human

13

42

Human

20 (40
Limbs)
3

NA

Ozkan
Human
et al,26 2015

43

NA

Phillips
Human
et al,27 1987

11

12

Reisman
Human
et al,28 2013
Human
Roskosky
et al,29 2014
Schmidt
Human
et al,30 2017

20

20 Baseline

50

50

24

167

Sellei et al,31 Human
2014
Shuler
Human
et al,32 2010

8

8 Contralateral

14

14
Contralateral

Katz et al,18
2008

Human

Human

Human

49

Compartments
Evaluated
Medial
compartment of
the foot
All 4
compartments of
the lower leg
All 4
compartments of
the lower leg
All 4
compartments of
the lower leg
All 4
compartments of
the lower leg
All 4
compartments of
the lower leg
Anterior tibial
compartment

ACS Model
Nontraumatic injury

Diagnostic
Techniques
MRI;
Stryker device

Level of
Evidence
V

NewcastleOttawa Scale
NA (case
report)

Iatrogenic hematoma

CT

V

NA (case
report)

Injury

MRI;
CTA

V

NA (case
report)

Injury

CT

V

NA (case
report)

Injury

NIRS

II

5

Injury

Whitesides
infusion
technique
Whitesides
infusion
technique
Clinical;
ICP ≥30, 40-55,
or ≥55 mm Hg
CEUS

III

7

V

NA (case
report)

II

7

II

6

III
Modified
Whitesides’
technique
Infrared imaging II

6

V
III

NA (case
report)
7

III

7

Postsurgery

All 4
compartments of
the lower leg
Lower limb and
upper extremity
Deep posterior
compartment of
the leg
All 4
compartments of
the lower leg and
foot
Supraspinatus and
infraspinatus
Anterior tibial
compartment

Acute ischemia owing to
embolism/thrombosis

Anterior tibial
compartment
Anterior tibial
compartment
Unspecified tibial
compartment
Anterior tibial
compartment
Anterior and deep
posterior
compartment of
the leg
All compartments
of the upper
extremity
Forearm and
anterior tibial
compartment

Pressure cuff

Stryker device
and diastolic BP
NIRS;
ultrasonic PPLL
slit catheter for
direct IMP
Ultrasonic PPLL

Injury

Slit catheter

II

7

Embolism of the femoral
artery
Pneumatic tourniquets
and/or exercise
Injury

Stryker device;
biomarkers
NIRS

II

7

III

6

Whitesides’
infusion
technique

III

7

Injury (burn)

Clinical

IV

7

Forearm injury (injured
patients) and pneumatic
antishock garment
(healthy control)

7

Tourniquet

Vibrometer with III
different tuning
forks and Wick
catheter
technique
NIRS
III

7

Injury

NIRS

IV

5

Injury

Twin Star ECS;
PMFC catheter;
ECS monitoring
unit; and NIRS
CEUS

II

7

III

7

NIRS; Stryker
device with a
side port needle

III

6

Anterior tibial
compartment
Anterior tibial
compartment
Anterior and deep
posterior
compartment of
the leg
Anterior tibial
compartment
All 4
compartments of
the lower leg

Injury
Injury

Injury

Injury
External pressure
chamber

Tourniquet
Injury

8

(continued)
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Table 1. Diagnostic Modalities and Acute Compartment Syndromes in Human Studies (continued)
Study Group, Control Group,
No.
No.
52
52

Compartments
Evaluated
All 4
compartments of
the lower leg

Suzuki
Human
et al,34 2005

8 (9 Thighs)

0

Injury

Tobias
Human
et al,35 2007

1

NA

Whitney
Human
et al,36 2014

46 (48
Fractures)

NA

Wiemann
Human
et al,37 2006

3

14

All 3
compartments of
the thigh
All 4
compartments of
the lower leg
All 4
compartments of
the lower leg
Anterior tibial
compartment

Yilmaz
Human
et al,38 2014

5

NA

Shuler
Human
et al,39 2009

26

25

Joseph
Human and
et al,40 2006 amputated
legs

20 Adults;
189
children; 3
amputated
limbs

20 Adults; 189
children;
contralateral

Tian et al,41
2016

20 Rabbits,
30 healthy
humans, 11
humans with
ACS

20 Rabbits, 30
healthy
humans, 11
humans with
ACS

All 4
compartments of
the lower leg
All 4
compartments of
the lower leg
Forearm on
humans, anterior
tibial
compartment in
the amputated
limbs
Anterior tibial
compartment in
rabbits and healthy
humans, all
extremities in ACS
humans

Source
Population
Steinberg
Human
et al,33 2011

Human and
rabbit

Diagnostic
Techniques
Quantitative
tissue hardness
with NCSE
device;
Synthes
compartment
pressure
monitoring
system
Whitesides’
infusion
technique
NIRS; undefined
IMP

Level of
Evidence
II

NewcastleOttawa Scale
7

III

5

V

NA (case
report)

Injury

Stryker device

II

7

Tourniquet (control);
injury (study group)

7

Multifactorial

Ultrasonic PPLL; II
Stryker device
with slit
catheters
MRI
IV

Injury

NIRS

II

8

A fluid bag; amputated
legs with ICP increased
by saline infusion;
healthy control without
ACS

Tissue hardness; III
Stryker device
on the fluid bag
and amputated
legs

7

Tourniquet (rabbit);
injury (human)

Whitesides’
technique;
invasive arterial
blood pressure
monitor

III

7

ACS Model
Parallel tourniquets

After cardiac surgery

NA (case
series)

Abbreviations: ACS, acute compartment syndrome; BP, blood pressure;
CEUS; contrast-enhanced ultrasonography; CTA, computed tomography
angiography; ECS, extremity compartment syndrome; ICP, intracompartmental

pressure; IMP, intramuscular pressure; MRI, magnetic resonance angiography;
NA, not applicable; NIRS, near-infrared spectroscopy; PMFC, pressure
monitoring fluid collection; PPLL, pulse phase locked loop.

advocated to warrant fasciotomy.2 These diagnostic pressure thresholds have low specificity and have been debated extensively owing
to the concern of overtreatment. Several studies have shown that
these thresholds are too unreliable to be used as indicators for the
need for fasciotomy, thus subjecting patients to an unnecessary surgical treatment with its concurrent risks and disfigurement.65 Some
of the potential complications associated with fasciotomy include
one or two 20-cm to 30-cm length scars, infections, secondary procedures to close the wound, impairment of calf muscle function, and
most commonly, chronic venous insufficiency.2 Controversy still exists regarding the use of absolute compartment pressure vs change
in pressure (the difference between diastolic blood pressure and
compartment pressure) as an objective diagnostic test. In 1996,
McQueen et al22 studied the use of continuous ICP monitoring with
a slit catheter in addition to the diastolic pressure of each patient
with tibial diaphyseal fracture before and after surgery. They found
that fasciotomy is only indicated if the change in pressure falls to less
than 30 mm Hg. Thus, a change in pressure greater than 30 mm Hg,
even in the presence of relatively high absolute compartment pressures, only necessitates observation with continuous monitoring.
Despite encouraging results,4,22 with 1 study reporting a sensitivity
of 94% and a specificity of 98%,4 continuous pressure monitoring

has not become a standard diagnostic measurement. Continuous ICP
monitoring is possible with the Stryker device by attaching a reliable catheter to an arterial transducer system; such an approach
could be easily used at most level 1 trauma centers in the United
States.3,66 Continuous pressure monitoring allows for a better understanding of the pressure changes and may be important for detecting trends of increasing ICP prior to the development of clinical
ACS. However, the standard ICP measurement is usually performed as a 1-time analysis only. Furthermore, similar to other invasive diagnostic modalities, the Stryker device cannot be used for
home monitoring after discharge following trauma. This would be
valuable because ACS can develop in the days following an acute injury and may be detected too late, when the patient returns to the
hospital with an already infarcted compartment.
There are many other devices available for ICP measurement,
using catheters such as slit catheters, wick catheters, or simple needle
manometry. The Wick catheter method is illustrated in Figure 2B.
Most of these devices are expensive and may not be available in underfunded hospitals. The Whitesides infusion technique67 is another invasive diagnostic modality. Although not in use where digital devices are available, it is still used in underdeveloped countries.
The materials needed for this technique include a mercury manom-

jamasurgery.com

(Reprinted) JAMA Surgery Published online May 1, 2019

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Imperial College London User on 05/02/2019

E5

Clinical Review & Education Review

Diagnostic Modalities for Acute Compartment Syndrome of the Extremities

Table 2. Diagnostic Modalities and Acute Compartment Syndromes in Cadaveric and Animal Studiesa
Source

Study
Population

Study Group,
No.

Control Group, No.

Compartments Evaluated

ACS Model

Diagnostic Techniques

Lynch et al,42 2004

Cadaver

6

NA

Anterior tibial
compartment

Saline infusion

Ultrasonic PPLL; coach
pressure measurement
system

Sellei et al,43 2015

Cadaver

6

6 Baseline

Anterior tibial
compartment

Saline infusion

Ultrasonography,
pressure-related; invasive
pressure measurement
using a Codman
intracranial pressure
monitor

Doro et al,44 2014

Dog

12

12 Contralateral

Craniolateral compartment
of the leg

Lactated Ringer’s
solution with
100-mg/dL glucose
infusion; tourniquet on
the control limb;
dissolved oxygen probe
insertion into the
compartment

A side-port 18-gauge
needle with a standard
pressure transducer (not
further defined); blood
glucose

Weick et al,45 2016

Dog

15

NA

Anterolateral compartment Hydroxyethyl starch
of the leg
colloid fluid infusion on
one limp; tourniquet on
the other

Straight needle connected
to a pressure transducer
(not further defined);
polarographic tissue
oxygen electrode

Garabekyan et al,46
2009

Pig

6

6 Contralateral

Anterior tibial
compartment

Albumin infusion

Ultrasonic PPLL

Altay et al,47 2013

Pig

31

31 Contralateral

All compartment of the
lower leg

Injury

Stryker device with
side-ported 18-gauge
needle

Babinkov et al,48
2000

Pig

7

7 Contralateral

Anterior compartment of
the lower leg

Tourniquet

A modified device;
pressure at which the
liquid overcomes tissue
resistance and enters the
tissue through a needle
injected along muscle
fibers (compensation
method)

Daly et al,49 2011

Pig

9

9 Contralateral

Anterolateral compartment Saline infusion alone;
of the leg
saline infusion w/
crush; crush technique
alone

16-Gauge side portal
needle connected to an
arterial blood pressure
monitor (not further
defined)

Greenberg et al,50
1988

Rabbit

20

NA

Anterior tibial
compartment

Tourniquet

MRI

Sheridan and
Matsen51 1975

Rabbit

16

NA

Anterior and posterior
tibial compartment

Balloon catheter

Intracompartmental
balloons were placed and
pressure from them
registered

Kearns et al,52 2010

Rabbit

10

10 Contralateral

Anterior tibial
compartment

Pressure chamber/CS
simulation chamber

Chamber pressure; arterial
pressure

Lawendy et al,53
2011

Rabbit

18

18 Contralateral

Anterior tibial
compartment

Saline infusion

Electronic compartmental
pressure monitoring
system inserted with a
14-gauge angio-catheter

Oyster et al,54 2015

Rabbit

34

NA

Anterior tibial
compartment

Tourniquet and
neonatal pressure cuffs

Implantable transmitter

Rat

38

19

Cremaster muscle

Pressure cuff

Pressure managed with
the pressure cuff

Budsberg et al,56
2016

Rat

5

5

Anterior and posterior
compartment of the
hindlimb

Balloon catheter,
internal compression

NIRS

Cathcart et al,57
2014

Rat

40

40 Contralateral

Anterior compartment of
the hindlimb

Albumin infusion;
trauma

NIRS

Garr et al,58 1999

Rat

38

38 Baseline

Anterior compartment of
the hindlimb

Albumin infusion

55

Zhou et al,

2014

NIRS; two 18-gauge
needles attached to
pressure transducers
Abbreviations: ACS, acute compartment syndrome; CS, compartment syndrome; MRI, magnetic resonance imaging; NA, not applicable; NIRS, near-infrared
spectroscopy; PPLL, pulse phase locked loop.
SI conversion factor: To convert glucose to millimoles per liter, multiply by 0.0555.
a

All of these studies have a level of evidence of V.

eter, 2 intravenous extension tubes, an 18-gauge needle, a 20-cc syringe, a 3-way stopcock, and a bag of normal saline (Figure 2C). The
Whitesides apparatus is simple and can easily be assembled with
E6

these materials that are available at any hospital.68 However, there
are studies that find the Whitesides method to be inaccurate and
not appropriate for clinical use.69 Nevertheless, there are other
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Figure 2. Invasive Modalities
A Stryber device

B

Catheter method
(1)

(2)
(1)

STRYKER

(3)
(3)
(2)

mm Hg

C

Whitesides technique
(1)

300
200
150

(5)

100
60

air

30

saline

0

(5)
(2)

(2)
(3)

A, The Stryker device with (1) prefilled syringe, (2) diaphragm chamber, and
(3) side-port needle. B, The catheter method with (1) pressure transducer and
recorder, (2) 3-way stopcock, and (3) Wick catheter. Before insertion, the
catheter is filled with 20 units per mL saline and calibrated to zero hydrostatic
fluid pressure after removing excess saline from the fibers in the catheter.
C, The Whitesides technique with (1) mercury manometer, (2) extension tube,
(3) 3-way stopcock, (4) 20-cc syringe with 15-mL air, and (5) 18-gauge needle.

The method is done under antiseptic conditions; the second extension tube is
filled with sterile saline until about half of the length of the tube. With the
stopcock off, the needle is inserted into the compartment, after which the
stopcock is turned so both sides with the extension tubes are open to the
syringe. The air is then injected slowly until the saline meniscus begins to move,
and the pressure at this point represents the intracompartmental pressure.

similarly low-cost methods that use widely available materials, such
as the intervenous arterial catheter manometer method. This
method has been shown to be more accurate compared with the
Stryker and Whitesides apparatus.70

trauma. Some of these issues have been addressed by using the
bilateral uninjured leg compartments as controls.72 However,
without a definite and objective tissue oxygenation threshold for
ACS, this method cannot be implemented in a clinical setting. A
case report from 2011 reported on the use of NIRS as a continuous
monitoring device, which was able to detect perfusion changes in
real time. 73 Further studies need to establish an appropriate
threshold through continuous measurement of intramuscular tissue oxygenation of a compartment during controlled simulation
of ACS.
The ultrasonic PPLL is being studied as a potential modality for
diagnosing ACS.37,42 In 1998, Ueno et al74 developed this technique as a noninvasive method to monitor intracranial pressure. This
modality involves an ultrasonic device that uses PPLL to measure
the micromovement of the fascia wall (Figure 3B). As the ICP increases in ACS, it causes small fascial displacements, which this
device can detect and continuously monitor.37 Similar to other diagnostic procedures, a major limitation of this technique is the lack
of a diagnostic threshold. However, relative changes in serial PPLL
recordings have shown good sensitivity and specificity in detecting changes in ICP.21 While it requires further investigation, the
ultrasonic PPLL is a promising noninvasive method for the early
diagnosis of ACS.
Several studies have investigated CEUS for diagnosis of ACS16,31
(Figure 3C). This method can be used to examine muscle perfusion

Noninvasive Diagnostic Modalities
Because pressure-induced ischemia of the muscle tissue underlines the pathophysiology of ACS, monitoring muscle tissue oxygenation appears to be a logical diagnostic approach. Whereas
direct pressure measurement reflects the ICP, which may or may
not result in muscle ischemia, tissue oxygenation measurement
with NIRS reflects the underlying pathophysiology of muscle
ischemia and necrosis. This technology was first used in 1977 by
Jöbsis71 to monitor cerebral and myocardial oxygenation. There
are many studies investigating its use in the diagnosis of ACS.
Figure 3A illustrates an example of the setup of NIRS. However,
despite the promising advantages of NIRS, it includes several limitations such as its limited maximum penetration depth of 30 to
40 mm. Although this is the biggest critique of NIRS, a 2014 study
by Roskosky et al29 found subcutaneous tissue rarely extends
beyond 30 to 40 mm and is therefore unlikely to affect NIRS
measurements. Other limitations include variables that could
affect the penetration and reflection of the radiated infrared light
signal (eg, melanin), the lack of an appropriate threshold that is
diagnostic of ACS, and the effects of hypotension and hypoxia in
jamasurgery.com
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Figure 3. Noninvasive Modalities
A Near-infrared spectroscopy

B

(1)

Contrast-enhanced ultrasonography
(1)

89%Sp02

(2)
(2)
mm Hg

(3)

C

D Quantitative tissue hardness method

Ultrasonic PPLL

(1)
(1)
(2)
Computer
Data
Acquisition

PPLL

(4)

(2)

Frequency Counter

A, Near-infrared spectroscopy (NIRS) with (1) spectrophotometer monitor,
(2) optical fiber cable, and (3) optical sensor containing light an emission probe
and a light detection probe. B, Ultrasonic pulsed phase locked loop (PPLL) with
(1) computer data acquisition, (2) PPLL, (3) ultrasonic transducer, and
(4) frequency counter. C, Contrast-enhanced ultrasonography (CEUS) with
(1) ultrasonography machine and (2) transducer. D, Quantitative tissue hardness
method with (1) computer and (2) probe containing a nonmovable pressure

probe in the middle of a movable spring-loaded platform. The probe is pressed
on the desired compartment, and the pressure is measured as the probe is
pushed into the extremity. When the movable platform shifts, the space
between the probe tip to the platform represents the depth of compression.
This is plotted in association with the incremental pressures in the probe,
creating a linear regression analysis representing a quantitative measurement of
hardness.

in an affected limb. Limitations include the need for an experienced ultrasonography examiner, sensitivity to movement artifacts, and an undetermined threshold for diagnosis.31 Further research is needed to determine how CEUS is affected by factors such
as soft tissue as well as chronic diseases such as diabetes and arterial diseases.31 Comparison with an uninjured contralateral limb is
likely necessary to overcome many of these limitations. One big disadvantage of this method is that it cannot be used for continuous
monitoring.
Measurement of tissue hardness has also been explored as a diagnostic modality for compartment syndrome. Different devices
have been developed for this purpose, such as the noninvasive
compartment evaluator (EBI Medical Systems) and the noninvasive compartment syndrome evaluator. This modality includes a
manually held device, which is not optimal for continuous monitoring (Figure 3D). Steinberg et al33 found a sensitivity of 97%
and specificity of 66% to 81% when using this modality. However,
other studies have demonstrated variability in measurements
based on age, testing location, active muscle contraction, and
dominance of the limb.40 These factors are significant limitations,
and there is a need for great improvements before this method
can be considered.

ing technique for early detection of ACS. Although molecular biomarkers may be used to diagnose ACS, many studies have been
unable to identify sensitive and specific biomarkers that increase
within a timely fashion following the development of compartment syndrome. While myoglobin rises within 30 minutes of
muscle injury and creatinine kinase within 2 hours, they are
not specific for skeletal muscle injury and are late indicators
of muscle damage. Doro et al44 found that intramuscular glucose
and oxygen tension decline significantly within 15 minutes of
the onset of compartment syndrome, which allows for the possibility to detect ACS prior to the onset of irreversible damage.
Although this is a promising biomarker, the technique requires
further development. A few of its limitations include inability to
detect glucose readings less than 40 mg/dL (to convert to millimoles per liter, multiply by 0.0555), and a lengthy calibration process that may take several hours. Furthermore, in many cases, the
patients at risk for ACS are patients with trauma or burn, where
systemic molecular biomarkers might be affected for multiple
other reasons than the increasing compartment pressure of the
limb. Additionally, continuous monitoring is necessary to detect
changes in biomarkers rather than comparing single time measurements and to establish a threshold, which is currently lacking.
For the purposes of our study, we chose not to include the
reported molecular biomarkers from some of the studies in our
results owing to inaccuracy and inconsistent reporting in the
literature.

Molecular Biomarkers for ACS Diagnosis
A review of diagnostic techniques of ACS by Shadgan et al75 identified serum molecular markers, among other things, as a promisE8
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Limitations
As with any systematic review, our results are as good as the data
that they are based on. Furthermore, owing to inconsistent reporting of the diagnostic performance for each modality and wide variety of ACS models, we were not able to perform a meta-analysis. Additionally, we were only able to assess methodologic quality of the
clinical studies owing to lack of a well-accepted tool for nonclinical
studies; however, we graded the level of evidence assessment for
all studies to provide a general overview regarding available evidence in this topic.

Conclusions
This work reviews the literature on ACS diagnostic modalities to facilitate and inspire further research on effective ACS models and diagnostic modalities. For animal models, larger animals are preferred for
ACS studies, although smaller animals (eg, rodents) offer the possibility of studying more animals owing to accessibility. Tourniquets and saline infusion are the 2 most commonly used methods and are both well
examined. However, 1 study included both crush injury and saline injection to create a more accurate model that stimulates the most common ACS circumstance, which is seen after injury/trauma.
Furthermore, many new and modified diagnostic modalities are
used that can serve as inspiration for future guidelines for diagnoARTICLE INFORMATION
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