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a b s t r a c t

Diagnosis and treatment of acute compartment syndrome are quite challenging. It is well known that
compartment pressure is an important factor for diagnosing fasciotomy. However, the current technology
to measure the pressure using a needle-catheter is invasive and painful. Recently ultrasound elastogra-
phy has been used to measure soft tissue elasticity based on shear wave propagation speed. Because
the muscle’s elasticity is affected by the pressure within the compartment, ultrasound elastography
might be a possible tool for the compartment pressure evaluation. Ultrasound shear wave elastography
and pressure were simultaneously measured using a clinical ultrasound system and clinically used cathe-
ter in a turkey anterior-lateral and anterior-deep compartment under elevated pressures of baseline, 10,
20, 30, 40, and 50 mmHg using vascular infusion technique. Shear wave propagation speed increased lin-
early in proportion to the increase in intra-compartmental pressure. Strong correlation was observed
between measured pressure and mean shear wave speed in each compartment (anterior-lateral compart-
ment, mean R2 = 0.929, P < 0.001; anterior-deep compartment, mean R2 = 0.97, P < 0.001). Compared with
anterolateral compartment pressure, anterior-deep compartment pressure was the same at the baseline;
however, it was significantly higher at intended anterolateral compartment pressures of 20 and
30 mmHg (P = 0.008, P = 0.016). By using ultrasound shear wave elastography, the compartment pressure
can be accurately measured. This noninvasive technology can potentially help surgeons for the early
detection, monitoring, and prognosis of intra-compartmental pressure.

! 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Acute compartment syndrome (ACS) increases the intra-
compartmental pressure (ICP) because of tissue injury in a
physically-confined compartment for patients suffering from
extremity trauma, such as fractures or crush injuries (Rorabeck
and Clarke, 1978).

For trauma surgeons, early diagnosis and treatment of ACS are
quite challenging (Wall et al., 2010; Bhattacharyya and Vrahas,
2004). Clinical symptoms for ACS patients, including pain, pares-
thesia, and pain with passive movement, are generally similar.
Prospective studies on compartment syndrome are useful for clin-
ical findings (Ulmer, 2002); however, clinical symptoms vary
between patients because of an individual’s tolerance levels.
Therefore, ICP measurements are important for diagnosing and

helpful for decision-making regarding fasciotomy. For a standard
diagnosis of ACS, the pressure is measured by inserting a needle
into the muscle (Wilson et al., 1997; Leversedge et al., 2011).
However, this method is invasive and painful, especially if the
ICP needs to be frequently measured. Hence, a noninvasive and
reliable alternative diagnostic tool is desired.

Ultrasound shear wave elastography (SWE) estimates the elas-
tic modulus of tissues from shear wave speed (SWS) induced by
the acoustic radiation force of a focused ultrasound beam
(Athanasiou et al., 2010; Park et al., 2014). SWE can provide quan-
titative in vivo measurements for soft tissue elasticity or stiffness
by measuring SWS, which is inherently related to the elastic
modulus (Garra, 2007). The SWE examination is noninvasive, con-
venient, and applicable to various clinical scenarios in which other
approaches would potentially be inadequate.

The purpose of this study was to test if SWE could be used as a
noninvasive tool for the assessment of ICP variations and simulta-
neous measurement of the ICP value in two compartments using a
turkey leg model in vitro. We hypothesized that there would be a
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significant correlation between increased ICP and SWS, which
could be measured using SWE.

2. Materials and methods

2.1. Anatomy

A turkey has a thin and soft skin like human and has less excess
fat in their compartments than the pig, which is a common animal
model for the compartment syndrome-related research. The
anterior compartment is the common compartment involved
compartment syndrome in humans, which corresponds to the
anterior-deep and anterior-lateral compartments of a turkey.
During preliminary experiments, we injected colored saline into
the anterior-deep compartment and confirmed that the liquid
was trapped within the compartment, and only ICP was increased.
With further dissection, we identified that similar to the anatomy
of the four-compartment human lower leg, the turkeys hind limb
compartment was completely divided into the medial, anterior-
lateral, anterior-deep, posterior-deep, and posterior compartments
(Fig. 1).

2.2. Creation of the compartment model

We created a compartment model in which ICP was simultane-
ously increased in all compartments by the vascular infusion tech-
nique using six turkey limbs (Bourbon Red Tom Turkeys, 12+
months) obtained from turkeys sacrificed from other Institutional
Animal Care and Use Committee (IACUC)-approved studies. The
turkey’s lower limbs were stored at !30 "C and thawed at 4 "C just
two days before testing. A balloon catheter (Advance# ATB PTA
Dilation Catheter; Cook Medical, Indianapolis, IN, USA) was

inserted into the femoral artery, and the balloon was inflated just
before branching toward the sural and fibular arteries. The femoral
vein was suture ligated, and the proximal femoral vein was bound
with vinyl tape to inhibit venous return.

Subsequently, the saline solution was injected through the
catheter. When the ICP of the anterior-lateral compartment
reached the intended level, to maintain pressure, a Harvard pump
(Catalog No: 881004, Harvard Apparatus, South Natick, MA, USA)
was used. The ICP of the anterior-lateral compartment was
increased stepwise beginning from the baseline, which was the
prevalent pressure at the start of the experiment to 10, 20, 30,
40, and 50 mmHg, respectively. We set the range of ICP from 10
to 50 mmHg based on the common pressure range observed in a
clinic within 12 h of acute compartment syndrome (McQueen
and Court-Brown, 1996). The ICP of the anterior-deep compart-
ment was then measured when the ICP of the anterior-lateral com-
partment reached the above values. Furthermore, we measured the
ICP of the anterior-lateral and the anterior-deep compartment
without moving either the specimen or the probe.

2.3. Measurement of intramuscular pressure

The induced ICP was monitored by a pressure measurement
using a Pressure MAT Single-Use Sensor (PendoTECH, Princeton,
NJ, USA) and recorded using the HART-Regen software (Harvard
Apparatus). An 18-gauge needle connected to the piezoelectric
microsensor was placed in the peroneus and tibialis cranialis mus-
cle bellies. Furthermore, needle positioning was confirmed with
ultrasound imaging.

2.4. SWE assessment

Using a commercial ultrasound system (GE LOGIQ E9; GE
Healthcare, Milwaukee, WI, USA), SWE was assessed using a 9L-D
linear array ultrasound transducer with musculoskeletal preset
(GE Healthcare Japan, Tokyo, Japan). SWE measurements for each
region were assessed independently in the plane parallel to the
muscle fibers. The rectangular-shape elastography window cov-
ered the entirely anterior-lateral compartment and the anterior
portion of the anterior-deep compartment during the ultrasound
examination. The elastographic data were analyzed with a single
circular region of interest (6 mm diameter) within the center of
the rectangular area in each compartment (Fig. 2). The elasticity
range was set from 0 to 180 kPa; 0–7.1 m/sec. For minimizing
experimental variations caused by probe positioning or probe pres-
sure, the elastography window was first allowed to stabilize for
five seconds to obtain stable color-codedmaps before the first elas-
tography image was acquired. The second and third elastography
images were then captured after three and six seconds (Koo
et al., 2013). The two-dimensional SWE elastography method
was used to create a color mapped elastogram. For minimizing tis-
sue compression, an articulated arm was used to hold the ultra-
sound transducer in place. Assuming that tissues are
homogeneous, the relationship is E = 3qVs2 (E = elastic modulus
[kPa], q = muscle density which is assumed to be 1000 kg/m3,
Vs = shear wave propagation speed [m/s]) (Gennisson et al.,
2005; Bercoff et al., 2004; Koo et al., 2014). A parameter related
to tissue stiffness can be measured by measuring the propagation
of SWS (Parker et al., 2011; Garra, 2007; Sigrist et al., 2017). The
value obtained by dividing the measured SWS by the mean SWS
at the baseline was used to determine the SWS ratio (rSWS).

2.5. Statistical analysis

The data following normal distribution were described as
mean ± SD. The normal distributions of each data set were

Fig. 1. Anatomy of the turkey hind limb. The anterior-deep compartment is
composed of the flexor perforates digiti (FPD) and tibialis cranialis muscles,
whereas the anterior-lateral compartment is composed of the peroneus longus
muscle. The turkey hind limb compartment is completely divided into the medial,
anterior-lateral, anterior-deep, posterior-deep and posterior compartments.
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evaluated by performing the Shapiro–Wilk test. For determining
the relationship between measured ICP and SWS, Pearson’s corre-
lation was used. A linear equation was also computed by regres-
sion to further establish the relationship between measured ICP
and SWS at different time points. A linear mixed-effects regression
model assuming compound symmetry covariance structure was
used to examine the effect of intended ICP and compartment group
for measured ICP. The model for each intended ICP included
compartment group as fixed effects and the specimen as a random
effect. The multiplicity of comparisons was accounted by using
Bonferroni correction. The statistical analyses were performed
using SPSS ver. 22.0 (IBM Japan, Ltd., Tokyo, Japan). Statistical sig-
nificance was set at p < 0.05.

3. Results

The typical SWE images in each ICP are shown in Fig. 2. The
elasticity maps showed that the color distribution of the muscle
was largely homogeneous. Fig. 3 shows the SWS findings of the
anterior-lateral compartment and anterior-deep compartment at
the measured ICPs. At baseline, the SWS was 2.45 (±0.11) in the
anterior-lateral compartment and 2.19 (±0.24) in the anterior-
deep compartment. In both compartments, there was an increase
in the SWS with an increase in the ICP. Additionally, in both com-
partments, a strong correlation was observed between the mean
measured ICP and the mean SWS (anterior-lateral compartment,
mean R2 = 0.929 (0.25), P < 0.001; anterior-deep compartment,
mean R2 = 0.97 (0.17), P < 0.001) (Fig. 4). The SWS increased shar-
ply as the measured ICP increased from the baseline value to
10 mmHg and then, continued to increase gradually. The rSWS
increased as the ICP increased in each compartment (Fig. 5).

The baseline ICPs for both compartments was the same; how-
ever, the ICP of the anterior-deep compartment was significantly
higher than that of the anterior-lateral compartment within the
lower ICP range (20 mmHg: P = 0.008, 30 mmHg: P = 0.016). Fur-
thermore, when the intended ICP was 40 and 50 mmHg, there
was no difference between the two compartments (Fig. 6).

4. Discussion

We created a compartment syndrome-like animal model using
a vascular infusion technique in a turkey hind limb. We evaluated
the relationship between the measured ICPs and SWS in superficial
and deep compartments. We observed two important findings.
First, SWS increased linearly with an increase in ICP. Second, ICP
of the anterior-deep compartment was higher than that of the
anterior-lateral compartment within the lower ICP range. To the
best of our knowledge, this is the first study to evaluate the feasi-
bility of SWE for ICP measurements in a compartment syndrome-
like model.

Confirming muscle stiffness is an important clinical finding
related to the risk of ACS. Compartment hardness is a direct
expression of increased ICP and probably is the earliest objective
indication of compartment syndrome (Steinberg, 2005; Sarvazyan
et al., 2011; Olson and Rhorer, 2005). Recently, ultrasound tech-
nologies, including ultrasonic pulsed phase-locked loop (PPLL)
and strain elastography, have been tested for ACS diagnosis. PPLL
can detect very subtle fascia movement that corresponds to local
arterial pulsation; thus, it could be useful for the assessment of
ACS, especially at the early stage (Garabekyan et al., 2009; Lynch
et al., 2004). However, PPLL needs to be further improved because
many confounding factors affect fascia movement and many other
conditions affect arterial pulsation (Shadgan et al., 2008). Strain

Fig. 3. The shear wave speed (SWS) of the anterior-lateral compartment and anterior-deep compartment at the measured intra-compartment pressure (ICP).

Fig. 2. Shear wave elastography (SWE) images showing the shear wave speed (SWS) at different intra-compartment pressures (ICPs).

Y. Toyoshima et al. / Journal of Biomechanics 98 (2020) 109427 3

Downloaded for Anonymous User (n/a) at Nova Southeastern University from ClinicalKey.com by Elsevier on July 14, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.



elastography involves the use of an ultrasound probe to push the
tissue, and ICP could be evaluated based on tissue deformation.
This technology has some significant drawbacks because muscle
strain is significantly affected by the tissues between the probe
and muscle, including the skin and subcutaneous tissues, espe-
cially when the compartment is deep (Bloch et al., 2018; Itoh
et al., 2006; Parker et al., 2011; Sellei et al., 2015; Nowicki and
Dobruch-Sobczak, 2016). While strain elastography is a qualitative
evaluation of tissue stiffness and can be less reliable owing to
unknown distribution of pressure across tissue areas, SWE is a
quantitative evaluation of tissue elastic properties (Prado-Costa
et al., 2018; Paluch et al., 2016).

SWE is suitable for quantitatively evaluating mechanical prop-
erties such as muscle stiffness (Koo et al., 2014; Paluch et al.,
2016; Winn et al., 2016). The SWS is not correlated with cross-
sectional muscle area, physiological parameters (age, extremity
lengths, body mass index, height, and weight), and sex at rest
(Dubois et al., 2015; Koo et al., 2014; Souron et al., 2016). However,
the SWS may be affected by increased muscle tone, muscle tissue

Fig. 4. The relationships between the shear wave speed (SWS) and intra-compartment pressure (ICP) in the anterior-lateral compartment and anterior-deep compartment
(n = 6).

Fig. 5. The shear wave speed ratios of the anterior-lateral compartment and anterior-deep compartment at the measured intra-compartment pressure (ICP).

Fig. 6. The measured intra-compartment pressures (ICPs) in the anterior-lateral
compartment and anterior-deep compartment when the intended ICPs of the
anterior-lateral compartment were baseline value, 10, 20, 30, 40, and 50 mmHg.
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properties, muscle length, and mechanical muscle properties (Koo
et al., 2014). We consider that evaluation using rSWS is useful for
excluding the difference in individual variations. In actual clinical
practice, it is often difficult to compare the affected and baseline
condition. SWS of the tibialis anterior muscle in humans was found
to be 2.1– to 3.2 m/s at rest, which was converted from Young’s
module or the shear elastic module, according to a formula
described previously (Akiyama et al., 2016; Koo et al., 2014;
Shinohara et al., 2010). SWS of the tibialis cranialis muscle in tur-
keys in this study was 2.45 (0.11) m/s, which is similar to the SWS
findings in humans. We found a high correlation between
increased ICP and increased SWS measurements using SWE, which
is a useful tool to objectively quantify the elevated compartment
pressure evaluated by physical findings, such as palpation.

An increase in soft tissue stiffness is associated with an increase
in the internal pressure of soft tissue, owing to an increase in blood
volume (Arokoski et al., 2005). The pathophysiology of ACS impli-
cates a widely distributed change in the visco-elastic behavior of
the muscle with edema (Sellei et al., 2015). Although previous
ACS animal models were created by injecting saline directly or
inserting a balloon into the compartment, we created a compart-
ment syndrome-like model to inject saline into the femoral artery.
ICP could be easily set and maintained according to the intended
ICP. Furthermore, our animal model was able to demonstrate mul-
tiple ICP increases, which are simultaneously similar to ACS. In our
study, SWS sharply increased with the increase in ICP from the
baseline value to 10 mmHg and then, gradually increased. The
sharp increase in SWS indicates that the saline-injected through
the femoral artery enters each compartment, and the muscle vol-
ume and compartment pressure increase, causing the muscle to
change from relaxation to tension. In our preliminary experiment
(N = 3) using the same model, ICP increased to 50 mmHg and fas-
ciotomy was performed, and then, ICP and SWS were measured.
ICP was 7.6 (1.8) mmHg, and SWS was 2.39 (0.89) m/s at 5 min
after fasciotomy. This result was consistent with the approxima-
tion formula obtained from the results of this study. It is unlikely
that the water content in the muscle immediately decreased to
the baseline value after the fasciotomy, and it is considered that
the measured SWS was not affected by increased water content.
We are planning further in vivo studies that will evaluate the
relationship between ICP and SWS using SWE and histological
evaluation to assess water content.

According to our results, when ICP of the superficial compart-
ment is in 20 and 30 mmHg, the ICP of the deep compartment
may have already exceeded 30 mmHg. It is believed that the fascia
of the surficial compartment limits the expansion of the deep com-
partment. Therefore, when measuring ICP of the compartment, it is
necessary to evaluate ICP is not only the superficial compartment
but also the deep compartment (Matsen and Clawson, 1975;
Heckman et al., 1994).

Our study has several limitations. The number of specimens in
this study was small (n = 6); however, we were able to detect sig-
nificant differences between various ICPs of two compartments.
We used an 18-gauge needle as an actual clinical measurement
tool of ICP. As reported by Bloch et al., the needle hole was occa-
sionally occluded because of the muscle tissue; therefore, we fre-
quently modified the needle position under ultrasonic guidance
to properly measure the pressure for our study (Bloch et al.,
2018; Whitesides et al., 1975). Whether the compartment pressure
is controlled by our method in a live animal is unknown because a
live animal has blood circulation and metabolism. Additionally, the
responses of muscle fibers and intravascular connective tissues to
increasing ICP in a live animal may be different from that in a dis-
sected lower limb model. The relationship between the measured
ICP and SWS identified in this study may not apply to humans
because humans and turkeys have different muscle fiber types.

In conclusion, SWE can be recommended as a noninvasive
method to detect an increase in ICP for cases of lower extremity
compartment syndrome. Note that SWS increased significantly
with an increase in ICP, making it possible to discriminate clinically
significant differences for ICP levels.
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