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Abstract

Purpose There is a risk of misinterpreting the clinical
signs of acute compartment syndrome of the lower limb
resulting in delayed fasciotomy. Up to date, the diagnosis
of compartment syndrome is based on clinical assessment
and of invasive needle pressure measurement in uncertain
cases. Close monitoring is necessary for early recognition
of raising compartment pressures. Clinical assessment of
muscle firmness by the physician’s palpation alone is
unreliable. Thus, a device objectifying this assessment
would be beneficial. The purpose of this study was to
determine the feasibility of muscle compartment elasticity
measurements by a novel and non-invasive device using
pressure-related ultrasound.

Methods In a cadaveric model, the anterior tibial com-
partment was prepared to simulate raising intra-compart-
mental pressures (0-80 mmHg) by saline infusion.
Standard invasive pressure monitoring was compared with
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a novel method to determine tissue elasticity. Changing
cross-sectional view in B-mode ultrasound was exerted to
measure the compartment depth before and after physi-
cian’s probe compression of 100 mmHg. Compartment
displacement (Ad) was measured and related to the corre-
sponding compartmental pressure (Spearman correlation
coefficient). Delta (mm) of the control group at 10 mmHg
compartment pressure was compared with measured data at
rising compartmental pressures of 30, 50, and 70 mmHg
using the Wilcoxon rank-sum test. The intra-observer
reliability (x) was additionally calculated.

Results Fresh and never frozen lower human limbs
(n = 6) were used. The average displacement measured in
the anterior tibial compartment was 2.7 mm (0.3—6.7 mm).
A concordant consistent correlation between the compart-
mental displacement and the intra-compartmental pressure
occurred. The Spearman coefficient (r; = 0.979) showed a
significant correlation between the rising pressure and the
decreasing tissue displacement visualized by ultrasound.
The intra-observer value kappa showed reliable values
(K10 = 0.73, K39 = 0.80, and x79 = 0.79).

Conclusions We introduce a new method of ultrasound
imaging enhanced with probe pressure measurement to
determine changes of the visco-elastic behavior of iso-
lated muscle compartments. Pressure-related ultrasound
could be a reliable tool to determine the correlation
between the measured compartmental displacement and
the increasing intra-compartmental pressure. Its accuracy
revealed promising results. This technique may help the
physician to objectify the clinical assessment of com-
partment elasticity, mainly indicated in cases of uncon-
scious patients and imminent pathology. Further clinical
studies and improvements of this technique are required
to prove its accuracy and reliability in cases of compart-
ment syndrome.
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Introduction

The pressure increase within the fascial layers is an
important and probably the most impartial parameter,
accelerating the pathophysiology of an acute compartment
syndrome (ACS) [1]. Timely diagnosis of compartment
syndrome is mainly based on clinical examination includ-
ing patient’s history and physical examination. In this
context, the assessment of soft tissue firmness and the
examination of muscle tissue elasticity represent important
clinical findings for early identification of ACS [2]. How-
ever, belittlement or misinterpretation of clinical exami-
nation may provoke a devastating delay of fasciotomy,
which is the most relevant cause of a poor outcome after
ACS [3-6]. Furthermore, health-related quality of life is
reported to be decreased after compartment syndrome in
cases, which required skin graft and had a prolonged clo-
sure time [7]. Therefore, adjunct invasive compartmental
pressure measurement is used to improve the accuracy of
clinical diagnosis and to specify the indication of fasciot-
omy. Nevertheless, also the combination of clinical find-
ings [8] and invasive pressure measurements [9] may be
misleading for decision making because of a low reliability
particularly in specific subsets of patients. In this context, a
high reliability of three simple clinical parameters (pain,
swelling, and loss of function) for diagnosis of ACS has
been described in orientated and cooperative patients.
However, when the cooperation of patient is limited, the
probability of early diagnosis declines significantly [10]. In
unconscious patients, the only clinical finding that does not
change is the firmness of the muscle compartment.
Therefore, in the early period of the syndrome, serial
physical examinations in these patients by manual palpa-
tion are required to determine and to unmask critical
pressure elevations [11]. But the needle compartment
pressure measurement itself is susceptible for measuring
errors due to weak users’ reliability [11].

Therefore, a simple, non-invasive, low cost, and reliable
screening tool to objectify clinical assessment of palpation
in uncertain cases of elevated muscle compartment pres-
sures may help to improve diagnostic accuracy and may
reduce the sequelae of delayed fasciotomy. The aim of this
study was to test the use of an investigational non-invasive,
pressure-related ultrasound device to assess the stiffness of
the affected muscle compartment. We hypothesize that a
high correlation between an increase of the compartmental
pressure and a decrease of compartmental elasticity mea-
sured by the technique introduced in this study exists. If
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there is sufficient reliability and accuracy, this enhanced
ultrasound determination of elevated compartment pres-
sures may improve early diagnosis of ACS.

Materials and methods
Compartment model

Fresh and never frozen lower limbs were used in our cadav-
eric model. All specimens sustained the time of death within
48 hprior the investigation, to avoid exceeded autolysis at the
time of measuring the compartments. The body mass index
(BMI) of any torso resulted in the normal values within
20-25. The temperature of the extremities at the point of
measurement was kept between 60 °F (15.5 °C) and 77 °F
(25 °C). Specimens with previous lower leg surgery, skin
damage, fracture or other operations of the lower leg were
excluded. The anterior tibial compartment was utilized to
simulate raising intra-compartmental pressures (ICP). In this
pressure-controlled model, saline (0.9 % sodium chloride
solution) was infused via a 2-mm cannula, which was placed
precisely in the middle of the anterior tibial compartment.
The needle tip position was verified by B-mode ultrasound.
The pressure increase was performed stepwise until the
required ICP was reached.

Intra-compartmental pressure measurement

The resulting intra-compartmental pressure induced by the
infused solution was monitored by invasive pressure
measurement using a Codman intracranial pressure moni-
tor (Serial number: LE 10351, Codman & Shortleff,
Raynham, MA, USA). The pressure measurement device
was calibrated at barometric pressure. This piezoelectric
microsensor catheter was placed in the muscle belly as
described in the manufacturer’s manual guidelines for
measurements. Again the sensor tip positioning was veri-
fied with ultrasound imaging.

Pressure-related ultrasound device

Brightness-mode (B-mode) cross-sectional ultrasound view
of the muscle compartment (Aloka SSD 1700, Dynaview
II, Tokyo, Japan) was used to determine the compartment
depth of the muscle belly. These images were measured
with and without the physician’s manual compression of
the US probe. The extrinsic pressure of 100 mmHg was
determined using a water-filled probe head connected to a
pressure sensor device (Fig. 1). The pressure sensor was
placed in the cavity of the probe head and was calibrated at
barometric pressure. The pressure transducer within the
probe head determined the exerted pressures on the lower
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Fig. 1 Pressure measurement
located in the head of the
ultrasound probe (left); sample
of cross-sectional US view of
anterior tibial muscle before and
after extrinsic compression by
the observer (right)
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Pressure measurement sensor
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Water filled ultrasound probe head

limb. Ultrasound images at 0 and 100 mmHg of probe
pressure were taken and the difference of the compartment
depth (Ad) was measured using the software of the ultra-
sound unit. Linear compartment displacement in mm (Ad),
measured in the cross-sectional ultrasound view, was
assessed and related to the increasing compartment pres-
sure every S mmHg (6.66 hPa). The absolute values were
related to the compartment depth and illustrated as relative
values to eliminate differences between the individual
compartment sizes.

Groups
The control group was represented by the delta measure-

ments at compartment pressures of 10 mmHg. Accord-
ingly, measurements at 30 mmHg (group I), 50 mmHg
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(group II), and 70 mmHg intra-compartmental pressures
(group III) were assessed.

Statistics

All values were assumed to be arithmetic mean and ranges.
The correlation was determined using Spearman rank corre-
lation analysis (7). The intra-rater agreement (k) was calcu-
lated at an ICP of 10 mmHg, 30 mmHg, and 70 mmHg with
ten measurements each. A kappa value of 1 indicates a per-
fect level of agreement. A value of 0 traditionally indicates
that the level of agreement is equal to that of chance. Inter-
mediate values are categorized as follows: <0.2, slight
agreement; 0.21-0.4, fair; 0.41-0.6, moderate; 0.61-0.8,
good; >0.81, very good agreement. Differences in soft tissue
movement at increased ICP were compared with a rank-sum
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test for paired samples (Wilcoxon test). The probability level
was set at p < 0.05. Statistical analyses were performed using
MedCalc, version 11.3 (MedCalc Software, Belgium).

Results
Compartmental diameter

In this cadaveric model, six lower limbs of different
specimens (two male, four female, age 73—84 years) were
included. Measurement of the compartment diameter
showed an individual range from 19.3 up to 36.3 mm. The
elastic properties at low pressures (10 mmHg) were mea-
sured with the described pressure-related ultrasound tech-
nique. Hereby, we determined the control group in each
series (n = 6). Then the ICP of the anterior tibial com-
partment was raised subsequently and monitored. The

Table 1 Average tissue displacement in the cross-sectional view and
diameter measurements of the anterior tibial compartment of the
specimens

n = 6 (5-80 mmH) Mean SD Range
Ad (mm) 2.97 +1.15 0.3-6.7
Ad (%) 10.35 +3.79 0.9-27.5
Compartment & (mm) 30.55 +0.77 19.6-36.3
Increase of & (%) 67.85 +11.24 53.5-80.6

volume of saline solution needed to achieve an ICP of
80 mmHg ranged individually between 59.5 and 95 ml
(mean volume = 75.5 ml).

Compartmental elasticity

There was an increase of the compartment diameter rec-
ognized by rising pressures up to 80.6 % of its original size
(Table 1). A concordant consistent correlation between the
compartmental displacement and the intra-compartmental
pressure occurred (Fig. 2). Linear tissue displacement in
the cross-sectional view, illustrated with Ad, ranged in the
control group from 13.0 up to 27.5 %. In cases of elevated
ICP Ad it ranged from 4.8 to 19.2 % in group I, from 2.0 to
11.9 % in group II, and from 1.2 to 5.7 % in group III
(Fig. 3).

Statistical values

The difference between the control and the elevated
compartment pressure of group I showed no statistical
differences (p = 0.063). With rising pressures (group II
and III), the compartment elasticity (Ad) showed a fur-
ther decrease, leading to significant differences (group II:
p = 0.031 and group III: p = 0.027). The correlation,
determined with the Spearman correlation coefficient
revealed values of ry, = 0.979 (absolute values) and 0.998
(relative values), and showed statistically high correla-

tions. The reliability of the observer (kappa),
Fig. 2 Correlation of ICP Relation of Pressure and Tissue Motion (n=6)
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Visco-elastic behaviour in raising ICP
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Fig. 3 Subsequent decrease of relative tissue motion (%) at intra-
compartmental pressures (ICP) of 10 mmHg (control), 30 mmHg
(group I), 50 mmHg (group II), and 70 mmHg (group III) revealed
statistically significant values (**, ***) compared to the control

K10 mmHg = 0.73, 130 mmHg = 0.80, and k70 mmHg =
0.79, revealed good values.

Discussion

Palpation, the historically most disseminated as well as eas-
iest way to determine soft tissue firmness, is one of the most
important clinical investigations to diagnose compartment
syndromes [8, 12]. Butisolated manual estimation of elevated
compartment elasticity has been proven to be a poor param-
eter particularly in unconscious patients [12]. Hence, there is
aneed for a simple, low cost, and reliable tool objectifying the
clinical findings [13]. Invasive pressure measurement is
considered to be the gold standard method to objectify ele-
vated intra-compartmental pressures. But its reliability is
weak and therefore counts as an adjunct implement [11].
Therefore, our study aimed to evaluate the usefulness of
ultrasound for diagnosis of compartment syndrome.
Our main findings are:

e Depth of muscle compartments in B-mode ultrasound
changes at different intra-compartmental probe pres-
sures (Ad).

e The compartment depth (Ad) correlates with rising
intra-compartmental pressures.

e Delta (mm) changes significantly with pathological
compartment pressures compared to physiological
levels.

The idea to investigate the visco-elastic properties of
muscle tissue has already been followed in different stud-
ies, although some authors reported about difficulties due
to the anisotropic behavior of muscle tissue [14, 15]. Mu-
rayama et al. [16] have shown that muscle stiffness and
muscle volume of the biceps brachii muscle increased
following eccentric exercise. They concluded that muscle
stiffness after muscle damage may be a consequence of
accumulation of intra-compartmental water caused by
muscle swelling. Arokoski et al. [17] showed that soft
tissue hardness of the forearm increased during venous
occlusion with 60 mmHg. They stated that the increase of
soft tissue stiffness is associated with a rise of the internal
pressure of soft tissue due to an increase in blood volume.
Steinberg and Gelberman observed a strong positive cor-
relation between stiffness and interstitial intra-compart-
mental pressure in patients suspected of developing limb
compartment syndrome [18]. Steinberg also demonstrated
in a model of increased interstitial pressure by inflating a
tourniquet cuff in healthy volunteers that muscle stiffness
depends on the degree of interstitial pressure within the
muscle compartment [19]. Therefore, a safe and reliable
determination of the elastic properties of muscle com-
partment may improve the accuracy of the clinical finding
and may help to objectify the physician’s palpation. In our
study, we demonstrate a simple enhancement of ultrasound
to measure decreased elastic properties of the anterior tibial
compartment in case of compartment syndrome. We tested
the principle of pressure-related ultrasound to determine
the correlation between the ICP, the intra-compartmental
volume, and its elasticity, evaluated by the compartmental
depth measurement. Our results revealed a strong positive
correlation between stiffness decrease and the ICP
increase. This technique compromises several advantages.
The use of relative values may allow discrimination of a
percentage of compartment motion or displacement, which
suggests an elevated risk or even reveals as a manifest
acute compartment syndrome. In cases of uncertain com-
partment firmness the comparison with the contra-lateral
limb might be helpful. Furthermore, ultrasound imaging is
a low cost, non-invasive and viable tool in clinical practice.
The selective measurement of the fascial displacement
excludes the dermal and subcutaneous tissue. This may
reduce misinterpretation in obese patients. Also subcuta-
neous hematoma could be identified (e.g., decollement) and
excluded from measurements. This visualizing technique
allows determining the elasticity of different compart-
ments. Even the deep dorsal compartment of the lower
limb could be interpreted.

In the past, several non-invasive measurement tools for
diagnosis of ACS were introduced and showed promising
results. Probably the most competitive technique was
published by Steinberg et al. [18, 19]. They introduced a
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novel and non-invasive measurement of muscle compart-
ment elasticity. Their technique revealed the correlation
between the firmness of the muscle tissue and the intra-
compartmental pressure. This was the first reliable tool
objectifying the muscle elasticity. However, in contrast to
our technique, this method does not visualize the com-
partments and, therefore, lacks the ability to discriminate
between the different compartments and hematoma.
Imaging and estimation of tissue elasticity by ultrasound
have developed over the last two decades. Elastography,
estimating the visco-elastic properties of soft tissue, is able
to visualize areas with different hardness within the tissue
by imaging [20, 21]. Hence, this might be helpful to outline
hematoma and edema within the muscle tissue in cases of
acute compartment syndrome. However, the pathophysi-
ology of a compartment syndrome implicates a widely
distributed change of visco-elastic behavior of the muscle
with edema. Gennisson et al. investigated the relationship
between muscle hardness using transient elastography
technique and its activity level. They showed linear rela-
tionship between transverse shear moduli and the corre-
sponding isometric muscle activity values [22]. This may
allow observation of the visco-elastic properties changing
in rising ICP. Kimura et al. [23] demonstrated that tissue
stiffness by palpation of the body surface is highly corre-
lated with the cross-sectional area. This cross-sectional
area apparently is associated with the intra-compartmental
pressure, within soft tissue. Therefore, internal pressure
within soft tissue contributes to tissue stiffness, which is
amenable to assessment from the body surface. Further-
more, they stated that the changes in soft tissue stiffness
palpated from the body surface reflect changes in the fascia
or intramuscular tissue volume rather than in dermal-sub-
cutaneous tissue. Gershuni et al. [24] demonstrated a strong
correlation between intra-compartmental pressure and
compartmental volume, as well as the cross-sectional area,
within the leg compartments following exercise and
determined this by ultrasound. These investigations
underline our idea, to visualize muscle compartment dis-
placement correlated to extrinsic pressure to determine the
muscle tissue elasticity.

There are some important limitations of this investigation.
We present a feasibility study using a cadaveric model. But
the pathophysiology of acute compartment syndrome, sim-
ulated by saline infusion, does not reflect the muscle edema
expected in compartment syndromes. The homogeneity of
the intra-compartmental pressure distribution in case of ACS
is not simulated properly. But the over-all elasticity of a
single isolated compartment was determined to test the basic
principle of pressure-related ultrasound, used in our study.
The number of cases does not allow general proposition
regarding its reliability and effectiveness, despite results
being promising. In addition, the technical setup is
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complicated and susceptible to impairment. The tightness of
the probe head filled with water, the reduced penetration
depth of the ultrasound, and difficulty calibrating the mea-
surements all have to be improved before clinical imple-
mentation is feasible. Our model is not capable of proving the
clinical reliability or utility. To answer this, we need data
showing that the displacement depends preliminary on the
intra-compartmental pressure. Furthermore, it is unclear
whether other factors such as compartment diameter, frac-
ture hematoma, and individual surrounding tissue compo-
sition do not confound these measurements. In summary, a
human subject model is required.

Evidence of an improved accuracy in measuring the
compartment elasticity is difficult to achieve, as the
demanded clinical relevance can neither be proven by an
in vitro model nor by a cadaver study simulating rising
compartmental pressures. They all approximate the path-
ophysiology of compartment syndromes. However, the
main purpose of our investigation was to test the feasibility
of a simple but potentially useful technique, which may
have important clinical impact after further improvements.

Whether the probe head pressure of 100 mmHg is useful
or should be adapted, has to be shown in further studies.
This technique of pressure-related ultrasound shows con-
vincing advantages, but it has to show an appropriate level
of accuracy, reliability, and practicability before introduc-
tion to daily clinical trauma care. The clinical relevance
has to be shown in a prospective clinical trial comparing
the clinical signs, the values of the invasive and non-
invasive measurements.

Conclusion

Our data suggest that pressure-related ultrasound of single
compartments might be suitable for early detection of intra-
compartmental pressure elevation. However, improve-
ments in pressure-related ultrasound imaging might help to
develop a reliable tool for early detection of elevated
compartment pressures. Further clinical studies are
required to prove its validity and reliability in clinical
scenario. The impact of the individual compartment size,
volume, muscle fat content, and general data as age, sex,
and BMI has to be considered in these investigations.
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