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Abstract

In an ageing society, the incidence of hard-to-heal wounds is rising. Chronic

wound healing is a complex process, which requires specialised treatment. Clini-

cal assessment of the wound is essential to establish care approaches but is usu-

ally based on visual evaluation and it remains challenging. Therefore,

innovative quantitative methods for the assessment of chronic wounds are

needed. We conducted a single-centre observational study designed to assess the

feasibility of a bioimpedance measurement method conducted with a multielec-

trode sensor array to monitor the wound healing process in patients with

chronic wounds of venous, mixed venous–arterial and diabetic aetiology. In

total, 104 measurements of bioimpedance were conducted in 18 ulcers during

the study. Across all 7 patients analysed, the bioimpedance of the ulcers was

consistently increasing as the wound surface was decreasing. The variables had

significant (p < 0.001) and strong negative correlation (r = �0.86). We validated

the feasibility of the bioimpedance measurement method for the monitoring of

the wound healing process on the lower legs. It may be a promising quantitative

method for monitoring the status of the wounds. However, long-term measure-

ments are needed to show the usability of the electrode dressing and bioimpe-

dance measurement in the assessment of chronic wounds.
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Key Messages
• We confirmed the feasibility of bioimpedance measurement and method for

the monitoring of chronic wounds in the clinical environment.
• Across all 14 wounds analysed, as the wound surface was decreasing, the

bioimpedance of the ulcers was consistently increasing.
• Bioimpedance measurement method seems to be a promising quantitative

tool for monitoring chronic ulcers.
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1 | INTRODUCTION

In an ageing society, hard-to-heal wounds incidence is
rising and in Europe alone this condition affects around
1.5–2 million people.1,2 Long-term treatment and con-
sumption of immense amounts of medical products cre-
ate substantial costs to healthcare systems.1

Chronic wound healing is a complex process, which
requires proper and specialised treatment.3 Clinical
assessment of the wound is essential to establish care
approaches, both local and systemic. Numerous parame-
ters should be assessed including tissue types in the
wound, extent, area and exudate to treat the wound
according to TIMERS (T: Tissue management; I: Inflam-
mation and Infection; M: Moisture balance; E: Epithelial
Edge; R: Regeneration, Repair of tissue; S: Social factors.)
principle.4

Moreover, performing the assessment requires dress-
ing removal, which may lead to the destruction of the
regenerating epithelium.5 The clinical assessment and
management of chronic wounds remains challenging,
therefore, innovative quantitative methods for assess-
ment and monitoring chronic wounds are needed.

Many novel medical devices for monitoring wound
healing progress have received much attention in recent
years. A variety of sensors have been presented assessing
different parameters such as temperature, pH, the con-
centration of C-reactive protein, level of moisture in
wounds and other physical parameters for example
bioimpedance.6–8 Sensors measuring bioimpedance in
the wound have shown promising results for wound
monitoring.9–14

Bioimpedance describes the ability of a tissue to
oppose the flow of alternating electrical current. The out-
ermost layer of the epidermis (stratum corneum) consists
of flattened dead keratinocytes and is characterised by
higher impedance and lower conductivity. Deeper to the
epidermis layers (dermis and the subcutaneous tissue),
provide significantly higher electrical conductivity.15 As
the wound heals, bioimpedance gradually increases and
eventually reaches the level of the intact skin,10 therefore,
it can be used as a parameter for the monitoring of the
wound healing process. Even a minor abrasion induces a
discernible elevation in skin conductivity. Consequently,
Kekonen et al. developed a method and system based on
changes in bioimpedance to evaluate the state of wound
healing.10,15-17 In 2021, the results of the first clinical
proof-of-concept study were published.16

In current clinical practice of chronic wounds moni-
toring the assessment of wounds is mainly based on
visual evaluation, which can be subjective and vary
depending on the experience of the medical personnel.
Since wound bioimpedance has been shown to increase
during the healing process, it may be proposed as a non-

interfering monitoring modality. Whilst these findings
appear promising as a quantitative means of monitoring
the condition of chronic ulcers, the validation of this
method is needed. Thus, the primary objective of our
study was to establish the feasibility of the proposed
method through a clinical proof-of-concept conducted on
patients with chronic ulcers. The secondary objective of
the study was to confirm the correlation between the
increase of bioimpedance in wounds and the decrease of
the wound surface area during the process of wound
healing.

2 | MATERIALS AND METHODS

2.1 | Study group

A single-centre observational study was designed to
assess the feasibility of a bioimpedance measurement
method conducted with a multielectrode sensor array to
monitor the wound healing process in patients with
chronic wounds of venous, mixed venous–arterial or dia-
betic aetiology. The study was performed in compliance
with the ethical principles of the Declaration of Helsinki.
The Ethical Committee Approval was obtained on
22 September 2021 by the Independent Bioethics Com-
mittee for Scientific Research at the Medical University
of Gdansk (number NKBBN/700/2020-2021). Patients
enrolled in the study gave informed consent prior to the
inclusion.

The study included eligible participants who met the
inclusion criteria. Criteria for recruitment comprised
adult patients of both genders with ulcers present for
more than 4 weeks, of width less than 5 cm, intact skin
around the wound and moderate exudate. Patients hav-
ing an infection, being pregnant or breastfeeding were
excluded.

Patients' visits were held at the General Surgery Out-
patient Clinic at the University Clinical Centre in
Gdansk, Poland between April 2022 and April 2023. The
ulcers were measured one to two times a week, every
2 weeks or less frequently, when the patient's condition
was not good enough to attend a follow-up visit to the
Clinic. At each visit, clinical parameters such as wound
depth, size and appearance, and the presence of fibrin or
granulation tissue buds, were registered.

2.2 | Measurement instrumentation

The bioimpedance measurement instrumentation consisted
of a perforated multielectrode sensor array (electrode dress-
ing manufactured by CutoSense Ltd.), and a bioimpedance
measurement system for wound monitoring, which
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comprised a bioimpedance measurement device unit and a
mobile phone application for the data collection and stor-
age (presented in Figure 1). The sensor array is specifically
designed for monitoring venous ulcers located above the
ankle level. A detailed description of the device is explained
elsewhere.16 A wound dressing was made of a highly perfo-
rated, transparent and film-like material (thermoplastic
polyurethane) on which small carbon-ink-coated electrodes
were printed and covered with a solid hydrogel. The
circular-shaped electrodes localised in the centre of the sen-
sor array are in contact with the wound or skin and are
encircled by four larger counter electrodes, which must be
placed on intact skin. The measuring device was connected
to the extension of the electrode dressing for the bioimpe-
dance measurements. The impedance values measured by
the electrodes were transmitted to the phone via Bluetooth
and utilised to determine the Wound Status Index (WSI).
The WSI is the ratio of impedances measured by electrodes
of the bioimpedance sensor array and compared to a con-
stant impedance value measured on the intact skin.
Description of calculations is explained elsewhere by Keko-
nen et al.16 The mobile application displayed the measure-
ment results as the percentage value of the WSI and a
graphic impedance map of the area of electrode dressing.

2.3 | Procedures during visits in
outpatient clinic

Prior to wound assessment and before each bioimpe-
dance measurement, ulcers were treated according to the
TIMERS strategy.4 Antiseptic with hypochlorous acid
and sodium hypochlorite was applied to the wound area.
Debridement was conducted during every visit until a

significant reduction of slough tissue was achieved or
healthy tissue was exposed. The multielectrode sensor
array was positioned directly on the wound and sur-
rounding intact skin and covered with gauze. The contact
of electrodes was ensured by either pressing gauze by
researcher's hand or compression therapy, depending on
clinical indications. After the measurement, the sensor
array was usually taken off. To ensure a standardisation
process across measured wounds black dots with markers
were made on the skin in the dedicated holes at the edges
of the sensor array, therefore, the sensor array was placed
in the exact same place during every control visit based
on the wound photographs. Wound management proce-
dures were performed according to clinical status and
TIMERS in each patient.

2.4 | Wound size evaluation

Evaluation of the wound size was based on digital plani-
metry of wound surface. Photographs of wounds with a
paper ruler next to the wound were taken with a high-
resolution mobile phone camera perpendicularly to the
wound. The margins of wounds were outlined manually
on the pictures by the researcher. The wound surface
area [mm2] was determined by the analysis of wound
surfaces in AutoCAD software.

2.5 | Statistics

The number of subjects enrolled in the study was deter-
mined based on a clinical proof-of-concept study.16 The
primary aim of the study was to establish the feasibility

FIGURE 1 (A) Picture of a perforated multielectrode sensor array placed on the wound localised on the calf. (B) The circular shaped

electrodes localised in the centre are in contact with the wound or skin, and are encircled by four larger counter electrodes, which must

always be on intact skin. (C) Presentation of measurement results as a graphic impedance map: a screenshot of a mobile application. The

blue colour represents intact skin, and red or yellow describes the wound area.
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of the proposed method for patients with chronic ulcera-
tions, and thus no power calculation was performed. For
the secondary outcome – correlation of WSI to wound
surface – in a post-hoc analysis with 91 measurements, at
an alpha level of 0.05 and considering a coefficient of
�0.7 for strong negative correlation the analysis that was
performed was powered at the level of 0.98, what is suffi-
cient to draw conclusions. GraphPad Prism software was
used for conducting the statistical analyses. Pearson's lin-
ear correlation analysis was applied in the evaluation of
the relationship between the wound surface area and the
WSI for each wound. p-value <0.05 was considered to
indicate a statistically significant difference and the
strength of the relationship was evaluated by the value of
correlation coefficient.

3 | RESULTS

Eleven patients were recruited to the study: three males
and eight females with an age range from 37 to 93 years
(mean 66.9 ± 14.8 years). Eighteen wounds were mea-
sured. The etiologies (and numbers) of the wounds were
venous (9), mixed venous–arterial (4), neurotrophic (2),
and acute (3), whereas the latter appeared on the skin
surrounding venous ulcer during the treatment process.
Two wounds were localised on the foot (lateral surface
and foot stump after toe amputation), and 16 wounds
were on the lower leg above the ankle. Patients' detailed
descriptions including comorbidities are presented in
Table 1.

In total, 104 measurements of bioimpedance were
conducted during the study. Results of 4 patients
were excluded from further analyses due to reasons such
as too deep wound to provide good contact of electrodes
to the skin and to measure bioimpedance (1 patient) or
loss to follow up after the first visit to outpatient clinic
and only one bioimpedance measurement (3 patients).
Fourteen wounds in total having 91 measurements were
statistically analysed. The time range of follow-up dura-
tion was 4 days up to 88 days and the median duration of
observation was 45.5 (7–71.75) days.

Across all 7 patients analysed, the bioimpedance (the
WSI) of the ulcers was consistently increasing as the
wound surface decreased. The scatter plot presented in
Figure 2 contains the wound surface area and the WSI
data from 14 ulcers of the study. The variables had signif-
icant and strong negative correlation, the Pearson corre-
lation coefficient was r = �0.86, p < 0.001.

Three acute wounds, which appeared in the skin sur-
rounding the patient's number 11 wounds during the
treatment process were statistically analysed only
together with chronic wounds.

In patient number 1 and patient number 11 (ulcer
number 7) compression therapy was applied and elec-
trode dressings were left underneath the primary dressing
until the next dressing changed within 3 days, therefore
bioimpedance measurements were conducted also at the
beginning of the next control visits. In 9 patients elec-
trode dressings were taken off from the wound right after
the measurements. In patients who had electrode dress-
ing placed on the wound underneath the primary
dressing for a longer period, no adverse events were
observed. In patients with ulcerations on the foot, chal-
lenges with adherence to the dressing were faced due to
the geometry of the foot and due to the design of the sen-
sor array, which was intended to be placed on a larger
straight surface area. Even though bandages were applied
to ensure good fixation of the dressing, the dressing was
slipping off the wound surface, which made it impossible
to perform a bioimpedance measurement during the next
visit without changing the electrode dressing to a
new one.

In patients who did not have compression therapy, it
emerged that after putting an electrode sensor array on
the wound, covering it with gauze and pressing only for
1–3 min, in some cases it was not enough to conduct a
proper bioimpedance measurement as the electrodes did
not adhere properly to the wound and skin surface, and
the measurements had to be repeated at least 2 times. In
patients who had sensor arrays underneath the primary
dressing, and the contact of the electrodes to the wound
and skin had a proper pressure, bioimpedance measure-
ments were conducted properly and one measurement
was enough to collect data.

4 | DISCUSSION

Analysis of skin bioimpedance has been of interest to
many researchers and a wide range of different devices
measuring bioimpedance have been developed recently:
a ‘wound mapping’ device based on electrical impedance
spectroscopy analysis by Weber et al.,12 a bandage-like
electronic sensor was by Liao et al.,18 a custom made
sensor-sock for assessment of diabetic peripheral neurop-
athy using skin impedance by Tronstad et al.,11 and a
flexible wireless electronic system for in situ and real-
time monitoring the bioimpedance of wounded skin by
Pei.19 Novel quantitative tools and methods aim to enable
medical personnel conduct an objective assessment of the
wound and make relevant adjustments in the treatment
process. Moreover, these techniques move towards the
analysis of wounds underneath the primary dressings,
which may lead to the reduction of unnecessary dressing
removal and may reduce dressing changes. It is
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anticipated above-mentioned devices will make an
impact on telemedicine and will enable patients to send
detailed data about the status of their wounds from
home, which may potentially reduce the number of visits
in outpatient clinics as the clinical decisions might be
made remotely.

Results presented by Kekonen et al. in a clinical proof-
of-concept showed the feasibility of a bioimpedance-based
method for monitoring venous ulcers.16 In our study,
we have validated the feasibility of this method for the

evaluation of 14 chronic wound changes of the surface
in chronic ulcers in two localisations: lower leg and
foot. A statistically significant strong linear correlation
was found between wound surface area and the WSI.
Our results support the hypothesis that bioimpedance
measurements of the skin can be a promising method
used as an assessment tool for the wound healing
process.

The main limitation of this study is the varying num-
ber of measurements for specific patients with low

FIGURE 2 The wound

surface area and the WSI data

from (A) 14 ulcers in total and

(B) separate results of 8 wounds,

which had more than

3 measurements.
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numbers of measurements for some. This may have
introduced bias into the calculation of the correlation
coefficient. However, to mitigate this we have used ana-
lytical weights by the number of measurements for each
wound. Furthermore, this situation increases the clinical
generalisability of the results since a varying number of
visits/measurements per wound resembles a real-world
situation in the treatment of chronic wounds.

Power analysis of the study sample was not warranted
as the primary aim of the study was to establish the feasi-
bility of the proposed method. However, as outlined in
methods a post-hoc power analysis has shown that we
had sufficient power to detect strong correlation.

In patients with wounds on the lower leg electrodes
adhered well to the skin, which enabled us to collect
proper measurement data. However, did not adhere well
to the foot region. To overcome the sensor array's
placement-related issues when measuring wounds typi-
cally located on the foot area, a specific sensor array with
appropriate geometry and dimensions should be designed.

Another limitation of quantitative analyses presented
in the study was the sub-optimal measurement technique
due to the medical personnel learning curve as it was one
of the first implementations of the bioimpedance sensor
in the clinical environment. The manual outlining of the
wound margins in AutoCAD software can introduce vari-
ability, however it was conducted by a single researcher
to ensure reproducibility.

Variations in pressure during the data collection pro-
cess due to different techniques (pressure applied by the
researcher's hand vs. pressure applied by compression
therapy) may have influenced the measurements, as
highlighted by Lukaski and Moore.13 They emphasised
the importance of ensuring optimal electrode contact
near the wound. Interestingly, the use of compression
therapy appears to enhance electrode adhesion more
effectively than when gauze is held by the researcher. To
ensure good electrode contact not only the pressure is
essential, but also the type of wound (superficial) and its
size (at least two electrodes should cover the wound to
collect more valuable data).

Even though dots with marker were done on the skin
in the dedicated holes at the edges of the sensor array,
placement of the electrodes may vary due to the decrease
of oedema and calf diameter.

The presented limitations may impair drawing con-
clusions from the quantitative analyses presented in the
study. However, the primary aim of the study was to
assess the feasibility of clinical use of the method and
determine and resolve possible technical issues, and what
has been done. Furthermore, since a significant strong
correlation was shown it can be considered a valid clini-
cal conclusion despite the technical limitations.

Based on the present findings, it is warranted to
undertake additional studies focusing on a cohort com-
prising patients with wounds of identical aetiology situ-
ated on the lower extremity above the ankle. This would
help demonstrate the efficacy of the method, particularly
in patients with chronic vein insufficiency, where com-
pression therapy stands as the gold standard for the treat-
ment of lower extremity wounds.

The results presented in our paper support the feasi-
bility of bioimpedance measurement methods for moni-
toring the wound healing process on the lower legs.
Long-term measurements are needed to show the usabil-
ity of the electrode dressing and bioimpedance measure-
ment in the assessment of chronic wounds.
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