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Introduction: The methods for diagnosing compartment syndrome non-
invasively remain under debate. Bioimpedance measurements offer a
promising avenue in clinical practice, detecting subtle changes in organ
impedance due to volume shifts. This study explores bioimpedance
measurement as a novel, painless method for diagnosing compartment
syndrome, potentially enabling continuous monitoring.

Objective: This work aims to develop a prototype device for non-invasive
diagnosis of compartment syndrome based on bioimpedance changes and
assess initial results through in vitro experiments on inanimate biological
material. We assume a change in the bioimpedance value after the application
of physiological solution.

Materials and Methods: Between 2018 and 2022, a prototype device for
diagnosing limb compartment syndrome was collaboratively developed with
the Department of Cybernetics and Biomedical Engineering at the Technical
University of Ostrava, Czech Republic. This device operates by comparing
bioimpedance between two compartments, one of which is pathologically
affected (experiencing compartment syndrome). The Bioimpedance Analyzer
for Compartment Syndrome (BACS) has been utilized to conduct measurements
on inanimate biological material in laboratory settings. Two samples of duck and
chicken tissue, as well as piglets, were employed for these experiments.
According to the size of sample was compartment syndrome simulated by
injecting 20-120 mL saline into one limb (breast) while leaving the other as a
control. Invasive intramuscular pressure measurements were conducted post-
saline injection using a conventional device (Stryker). Changes in bioimpedance
were evaluated following saline application.

Results: The non-invasive bioimpedance measurement instrument has been
developed. It meets the safety requirements of European standard EN 60601-
1. Measurement of accuracy showed minimal deviation for both channels (1.08%
for the left channel and 1.84% for the right channel) when measuring on resistors.
Ten measurements were conducted using the BACS prototype - two on chicken
legs, two on duck breasts, two on duck legs, and four on piglets. Compartment
syndrome simulation was achieved for all 10 measurements (IMP variance
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31-45 mmHg). Following saline application, a notable decrease in bioimpedance
was observed in the compartment simulating compartment syndrome (decrease

by 12-78 Q).

Conclusion: Non-invasive methods could
syndrome diagnosis,

revolutionize limb compartment
offering advantages such as non-invasiveness and

continuous monitoring of compartment swelling.

compartment syndrome, bioimpedance, compartment syndrome bioimpedance analyzer,
bioimpedance changes, saline injection

Introduction

Compartment syndrome arises when increased pressure within
a confined space restricts blood supply to nerves and muscles,
exacerbating swelling (Mubarak et al., 1978). Diagnosis relies on
clinical assessment, including patient-reported symptoms and
objective signs. In case of uncertainty, intramuscular pressure
measurement is considered the gold standard, despite its invasive
nature and associated risks such as pain, bleeding, risk of infection
(Jagminas, 2022).

Non-invasive diagnosis of compartment syndrome remains a
topic of research and debate, lacking a universally accepted “gold
standard” method (Sellei et al., 2021). Current investigations explore
various techniques, including infrared imaging, laser flowmetry,
near-infrared spectroscopy (NIRS), tissue stiffness measurements,
pulsed wave ultrasonography, and ultrasound elastography (Sellei
et al.,, 2021).

Bioimpedance, or the body’s resistance to electric current, is
utilized in clinical settings to detect minute changes in organ
impedance over time, such as in the heart, lungs, and blood
vessels (Piuzzi et al., 2018). Trauma-induced structural alterations
in limb soft tissues, such as swelling and bleeding, lead to volume
changes, affecting bioimpedance (Kassanos, 2021).

Objective

Development of a prototype device for non-invasive diagnosis of
compartment syndrome. Evaluation of the possibilities of measuring
bioimpedance in a non-invasive way in an in vitro experiment on
inanimate biological material.

Material and methods
Development of the device prototype
The research was conducted in collaboration with the
Department of Cybernetics and Biomedical Engineering at the
Technical University of Ostrava between 2018 and 2022. The
data presented in this publication were obtained through
measurements of compartment syndrome using inanimate
biological materials from Barto$ovice farm (Agricultural Farm
Novy Ji¢in, Veterinary University Brno). Specifically, samples
from ducks and piglets were used. These inanimate biological
materials were purchased from certified suppliers specializing in
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research purposes. All samples were handled in accordance with
established ethical guidelines and protocols to ensure the integrity
and accuracy of the data collected.

The non-invasive bioimpedance measurement instrument
developed was named BACS.

At its core, the instrument features two AD5933 chips serving as
integrated impedance converters. Chips were supplied by Analog
Devices (Wilmington, Massachusetts, United States). It can sense
impedance and phase angle within a frequency range of 1-100 kHz.
The dual-chip design enables simultaneous impedance sensing of
the paired limbs (see Figure 1). Data acquired can be displayed on a
connected computer or stored on a microSD card for later analysis.

Safety was a paramount concern during development. The
instrument limits the current passing through the patient’s soft
tissues using resistors, meeting the requirements of European
standard EN 60601-1
Electrotechnical ~ Standardization. To

issued by European Committee for
ensure measurement
accuracy, the device was tested on resistors ranging from 50 to
50,000 Q. The instrument showed a relative deviation of 1.08% for
the left channel and 1.84% for the right channel when measuring on
resistors. The device’s prototype was officially registered as a utility

model on 16 November 2021 (utility model registration number

Measurement circuit
of the compartment

Measurement circuit
of the compartment |

= -

AD5933 AD5933

LCD AFkiinG microSD
Nano

FIGURE 1
Wiring diagram of the designed BACS prototype (source: author’s
own photodocumentation).
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FIGURE 2
Application of Kendall CA610 electrodes to inanimate biological
material (duck breast) (source: author’s own photodocumentation).

35 545, issued by the Industrial Property Office of the
Czech Republic).

Procedure for measuring bioimpedance
with a prototype instrument

Compartment syndrome simulation involved injecting saline
into one limb of the paired limbs (or one breast). Confirmation of
compartment syndrome and attainment of adequate compartment
pressure post-saline application were confirmed through a single
measurement of intra-compartmental pressure using the Intra-
compartmental Pressure Monitor system (Stryker-supplied by
ProMedica Praha Group, Plc, Czech Republic).

Duck legs, breasts, chicken legs, and piglets were selected as the
inanimate biological materials. The apparatus underwent testing in a
laboratory environment at a consistent temperature of 25°C. Before
commencing the experiment, the inanimate biological material was
acclimated to room temperature for 60 min following removal from
refrigeration.

Bioimpedance measurements were conducted using ECG
electrodes Kendall, supplied by GPS Praha, Ltd., Czech Republic.
In the duck breast experiment, Kendall H92SG ECG electrodes were
initially utilized but were found to occupy excessive space and detach
during use (although measurements were ultimately completed
post-electrode fixation). During the bioimpedance measurements
on the duck breast, also interference occurred between the individual
Kendall H92SG ECG electrodes, which, due to their anatomical
placement, were close together. Consequently, smaller Kendall
CA610 ECG
experiments from the second duck sample (two measurements)

electrodes were employed in subsequent
including piglets (four measurements). They occupy a smaller
surface area and have greater adhesion to the inanimate

biological material.
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After preparing the inanimate biological material, electrodes
were affixed to the cleaned area (see Figure 2). The placement of
electrodes was mirrored to accommodate paired measurements,
with four electrodes on each side.

Following the connection of individual BACS device channels to
the electrodes, basic bioimpedance measurements commenced (see
Figure 3). Basic bioimpedance measurements lasted for 300 s. After
this duration, physiological saline solution was introduced into the
compartment space (20-40 mL for chicken legs, 80-100 mL for duck
breasts, 100-120 mL for duck legs, 20-25 mL for piglet forelimb, and
50-60 mL for piglet hindlimb) (see Figure 4). Following saline
application, a single invasive measurement of intramuscular
pressure within the compartment was conducted (see Figure 5).
The volume of saline solution administered depended on the value
of intramuscular pressure (IMP) measured via invasive examination,
ensuring that IMP was maintained at or above 30 mmHg.

The total measurement duration with the BACS device on both
sides (with and without compartment syndrome) was 600 s. We
tracked changes in bioimpedance over time by comparing
compartments following physiological saline solution application
to those without.

Results

The BACS prototype was used to perform 10 measurements (2x
chicken thighs, 4x duck breasts, 2x forelimb arms, 2x hindlimb
thighs). In all the tested inanimate biological materials, it was
possible to simulate the developing compartment syndrome by
applying saline and absolute value of IMP was >30 mmHg for
both samples from each inanimate biological material-chicken
thighs 32, 45; duck breasts 31, 34; duck legs 36, 34; piglet
forelimbs 42, 45; piglet hindlimbs 35, (IMP
variance 31-45 mmHg).

38 mmHg

After application of saline, the side with simulated compartment
syndrome showed a decrease in the bioimpedance value for both
samples from each inanimate biological material-chicken
thighs —42, —35; duck breasts —43, —54; duck legs -20, —12;
piglet forelimbs —16, —19; piglet hindlimbs -78, —27 Q. (Table 1,
Figures 6-9).

Discussion

A non-invasive diagnosis of limb compartment syndrome based
on bioimpedance measurements would be a breakthrough in the
provision of healthcare not only for trauma patients. A non-invasive
approach would allow continuous painless assessment of the
risk of

secondary complications - bleeding, infection. The disadvantage

developing compartment syndrome with minimal
is the limitation of use to patients who have sustained an injury to
one of the paired limbs.

Bioimpedance measurement is used in clinical practice to record
small changes in the impedance of organs that change their volume
over time - heart, lungs, blood vessels (Khalil et al., 2014). A method
referred to as impedance cardiography (ICG) is used to monitor the
hemodynamic parameters of the heart and large vessels based on
bioimpedance measurements as current passes through these
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FIGURE 3

BACS measurements without changing the measured environment in a laboratory at a consistent temperature of 25°C (forelimbs of piglet and duck

breasts) (source: author’s own photodocumentation).

FIGURE 4

Application of saline solution to the compartment area (left forelimb arm in the piglet and left duck breast) (source: author’s own

photodocumentation).

structures. In this way, cardiac output and pulse volume can be non-
invasively assessed in patients with heart failure (Krzenski et al.,
2021). Furthermore, bioimpedance measurements are used in
clinical practice to assess human body composition (percentage
of body fat, total body water volume and the ratio between
extracellular and intracellular fluid) (Campa et al., 2021).
Technically, bioimpedance is composed of resistance, which
corresponds to the total amount of water in the human body, and
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reactance, which is a picture of the capacitance of cell membranes
(Khalil et al.,, 2014). The reduction in cell membrane capacitance, which
can be expected in the case of cell membrane destruction (cell death or
its destruction directly by trauma), leads to a significant change in
bioimpedance (Bera, 2014; Naranjo-Hernandez et al., 2019). Mention of
the use of bioimpedance measurements in limb compartment
syndrome can be found in two studies (Tonkovic and Voloder,
1998; Tonkovic et al., 2000). The first study in 1998 was performed
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FIGURE 5
Invasive IMP measurement after saline application (left duck thigh and right hindlimb thigh in the piglet) (source: author’'s own

photodocumentation).

TABLE 1 Measurement results of the BACS prototype on inanimate biological material (L-left side, R-right side).

Sample  Weight Before/After application Amount of Difference IMP Difference
[kal of saline applied saline [ml] [mmHg] impedance [Q]
IMP Impedance
[mmHg] [Q]
Chicken 1 0,110 10/32 82/ 80/ 20 +22 ~42(L)/0(R)
thighs 40 (L) | 80 (R)
2 0,120 11/45 69/ 65/ 40 +34 ~35(L)/+3(R)

34 (L) 68 (R)

Duck breast 1 2,159 11/31 88/ 80/ 80 +20 —43(R)/0(L)
45 (R) | 80 (L)

2 2,175 13/34 94/ 95/ 100 +21 —-54(R)/-7(L)
40 (R) 88 (L)

Duck legs 1 2,159 $/36 35/ 25/ 100 +28 ~20(L)/0(R)
15(@L) 25 (R)

2 2,175 10/34 22/ 18/ 120 +24 ~12(L)/+2(R)
10(L) 20 (R)

Piglets - 1 20 15/42 108/ 113/ 20 +27 —16(L)/-3(R)
forelimbs 92 (L) 110 (R)
2 21 17/45 101/ 69/ 25 +28 —-19(L)/+3(R)

82(L) 72 (R)

Piglets - hind 1 20 12/35 330/ 238/ 60 +23 —-78(R)/+12(L)
limbs 252 (R) = 250 (L)
2 21 13/38 205/ 215/ 50 +25 -27(R)/-5(L)

178 (R) = 210 (L)

on 29 patients with a confirmed diagnosis of limb compartment injured and uninjured limb. On average, the injured limb had
syndrome. IMP and bioimpedance measurements were performed 18 mmHg higher IMP and 346 Q lower impedance (Tonkovic and
on both lower extremities. Values were compared between the  Voloder, 1998). Based on the results of our study, an absolute value
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Graphical representation of the BACS measurement process (duck breasts), interference during the measurement with Kendall H92SG electrodes
for sample 1, without interference using CA610 electrodes for sample 2.
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IMP >30 mmHg was achieved in all 10 samples of inanimate biological
material on the side with saline application (IMP variance
31-45 mmHg). Difference against the side without saline application
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was 20-34 mmHg (on average: 253 mmHg). In all cases of
bioimpedance measurement, there was a decrease in bioimpedance
after saline application in the compartment from 12 to 78 Q (on
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Graphical representation of the BACS measurement process (hindlimb thighs in the piglets).

average: 34,6 ()). A greater average increase in IMP compared to the  amount of saline leads to a larger increase in IMP. A smaller
study from 1998 was likely due to nature of inanimate biological — average decrease in bioimpedance compared to the referenced study
material, which is stiffer, and the application of even a smaller  was likely due to the absence of tissue destruction, which accompanies
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the actual development of compartment syndrome in patients. Tissue
destruction leads to further release of intracellular fluid into the
extracellular space, including ions that affect the bioimpedance value.

Table 1 shows the measurement results obtained during our
study. The second sample of duck thighs and both samples of piglets’
front legs exhibit a smaller difference in impedance values. We
believe that the IMP value and impedance value were evaluated
within a shorter time interval after the application of the saline. In
the graphical representation of the measurement progress on the
piglets’ front legs (Figure 8), it is evident that impedance continued
to decrease. We suspect that if we had evaluated impedance later, the
difference would have been greater. At the moment when the
stabilized, the
bioimpedance value was already constant, however, it remained
lower compared to the “healthy” side.

amount of saline in the compartment

Various methods have been tested in the past for non-
invasive diagnosis of compartment syndrome, such as tissue
stiffness measurements, near-infrared spectroscopy (NIRS),
elastography, and pulsed phase-locked loop (PPLL). However,
their standard use in the diagnosis of compartment syndrome in
clinical practice has not yet been published (Sellei et al., 2021).
Measurement of tissue stiffness does not allow for continuous
measurement but is praised for its ease of use. However, it suffers
from low specificity and its readings can be significantly
influenced by the amount of subcutaneous fat present in the
patient. This makes it less reliable in providing accurate
assessments of compartment syndrome. NIRS allows for
continuous measurement, making it a valuable tool for
ongoing monitoring. It is also easy to use, which adds to its
practicality in clinical settings. Despite these advantages, NIRS
has notable limitations. Its effective measurement depth is
limited to a maximum of 3 cm, necessitating the use of a
control compartment for accurate readings. Additionally,
NIRS can be affected by factors such as skin pigment,
hematomas, and defects in the integrity of the skin cover,
potentially compromising its reliability. Elastography does not
support continuous measurement but offers the advantage of not
being affected by hematomas and subcutaneous fat. This can
make it more reliable in certain scenarios compared to other
methods that are influenced by these factors. However, its major
drawback is that it has not yet been tested in patients with limb
compartment syndrome, limiting the current understanding of
its efficacy in this specific application. PPLL has potential benefits
for continuous monitoring and ease application, similar to NIRS.
Nevertheless, like elastography, it has not been tested in patients
with limb compartment syndrome, raising questions about its
applicability in clinical practice. Additionally, PPLL may be
affected by low blood pressure, which can impact its accuracy
and reliability in certain patients (Novak et al., 2022). The further
valuable recent research advances in compartment syndrome can
be found in (Peng et al., 2022; Yang et al., 2021; Karonen et al,,
2021; Henn et al., 2021).

Advantage of the non-invasive method for diagnosing
compartment syndrome by assessing changes in bioimpedance
is its non-invasiveness and the minimization of secondary
complications such as infection and bleeding, and potential
subjective perception of pain. Clearly, the bioimpedance value
responds to the presence of saline in the compartment. It can be
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inferred that the change in bioimpedance could be monitored
and observed over a longer timeline in the increasing swelling of
the limb after trauma, when there is an accumulation of
extracellular fluid in the compartment space. A further
decrease in bioimpedance might also be expected based on the
reduction in capacitance that is caused by the destruction of cell
membranes after trauma.

In the experimental study conducted, it was shown that the
small distance between the compartments being compared leads
to the compartments influencing each other. However, no
influence was observed when comparing bioimpedance on
paired limbs. It was also found that the smaller Kendall
CA610 ECG electrodes were more suitable for bioimpedance
measurements, as they have better adhesion to inanimate
biological material and can be used on smaller areas to be
measured (e.g., in paediatric patients).

A current limitation of the non-invasive bioimpedance
method is the
measurement. This method cannot be applied to patients who

measurement necessity for comparative
have had an amputation on one limb and have compartment
syndrome on the other paired limb. However, developments
that

eventually be feasible without the need for

suggest tetrapolar bioimpedance measurement may
comparative
measurement. Another limitation of this measurement technique
is the requirement for an area where measuring electrodes must be
applied. Although the use of Kendall CA610 electrodes allows for the
technique to be applied to smaller areas, it is important to note that
the skin should be intact. This means further clinical research is
needed to verify whether this technique can be used, for example, in
patients after fasciotomy, or with skin injuries. A relative limitation
for the application of this method is the immobilization of the limb,
such as a plaster splint, in which windows can be created to attach

the measuring electrodes.

Conclusion

The measurement results of our study clearly demonstrated a
change in bioimpedance when the extracellular fluid was increased.
We can conclude that the idea of measuring bioimpedance and its
changes in compartment syndrome proved to be correct. The
application of the prototype BACS device in the non-invasive
diagnosis of the limb compartment syndrome in clinical practice
requires further clinical testing.
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