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Oxygen is of critical importance to tissue viability and there is increasing demand for its reliable real-time
clinical monitoring in order to prevent, diagnose, and treat several pathological disorders, including
hypoxia, stroke and reperfusion injury. Herein we report the development and characterisation of
a prototype clinical O, sensor, and its validation in vivo, including proof-of-concept monitoring in
patients undergoing surgery for carpal tunnel release. An integrated platinum-based
microelectrochemical device was custom designed and controlled using a miniaturised telemetry-
operated single channel clinical potentiostat. The in vitro performance of different sensor configurations
is presented, with the best sensor design (S,) displaying appropriate linearity (R> = 0.994) and sensitivity
(0.569 + 0.022 nA pM™Y). Pre-clinical validation of S, was performed in the hind limb muscle of
anaesthetised rats; tourniquet application resulted in a significant rapid decrease in signal (90 + 27%,
[AO;] ca. 140 £ 18 uM), with a return to baseline within a period of ca. 3 min following tourniquet
release. Similar trends were observed in the clinical study; an immediate decrease in signal (39 + 3%,

[AO,] ca. 30 £+ 20 uM), with basal levels re-established within 2 min of tourniquet release. These results
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Accepted 27th April 2020 confirm that continuous real-time monitoring of dynamic changes in tissue O, can serve as an indicator

of reperfusion status in patients undergoing carpal tunnel surgery, and suggests the potential usefulness
DOI: 10.1039/d0ay00206b of the developed microelectrochemical sensor for other medical conditions where clinical monitoring of

rsc.li/methods O, and perfusion is important.

have limitations depending on the technique,"* such as the
use of intravenous reporter molecules trapped in the tissue,
calibrations limited to hypoxic conditions, and the output of an

1. Introduction

Oxygen is of critical importance to cell and tissue viability.

Consequently, abnormal fluctuations in O, levels can lead to
a number of ischemic conditions including hypoxia, cardio-
myopathy, stroke, reperfusion injury, and oxygen toxicity.™ It
is, therefore, important to be able to measure and/or monitor
tissue O, levels for the prevention, diagnosis, and treatment of
these pathological disorders. To date, several methods for the in
vivo monitoring of O, have been reported. These include
imaging techniques such as functional magnetic resonance
imaging (fMRI), positron emission tomography (PET), near-
infrared spectroscopy (NIR), and diffuse reflectance spectros-
copy (DRS).>™° Although these methods are non-invasive, they
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average or unreliable tissue O, value. Another non-invasive
method routinely used in clinical monitoring is pulse oxime-
try.***® To measure O, saturation, this technique exploits the
difference in light absorption properties between reduced and
oxygenated haemoglobins and relies on the patient's normal
pulse waveform,*®'” which is a function of perfusion. Therefore,
poor perfusion can result in erratic or absent readings. For
example, it has been found that pulse oximetry is unreliable in
conditions such as hypotension, hypothermia, cold extremities,
cardiopulmonary cardiac  output or
hypovolaemia.***

Electrochemical sensors have also been successfully used for
clinical O, measurement. These devices have predominantly
been developed based on the principal of the Clark electrode,*
where O, is reduced at a cathodically polarised Pt surface and
the resulting faradaic current is taken to be proportional to the
concentration of O,.>* For example, the Integra Licox® sensor
(Integra Life Sciences Corporation, Plainsboro, New Jersey)
employs Clark electrode technology to measure continuous
tissue O, levels in patients with traumatic brain injury (TBI).>>**

bypass, low
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However, calibration can take up to an hour resulting in delayed
output of a signal reflecting local O, levels.>**” Thus, depending
on the clinical application, there is still a recognised unmet
need for analytical methodologies capable of measuring tissue
oxygenation/perfusion with appropriate sensitivity and
temporal resolution in order to assist physicians in diagnostic
and treatment decision-making. The information provided by
this technology may also have a broader impact by facilitating
a better understanding of the physiological role of O, and its
potential use in medical therapy.*®

We have previously reported the successful use of implant-
able microelectrodes developed for real-time monitoring of O,
levels in cerebral tissue of freely-moving rodents,*>' and
demonstrated that such measurements are a reliable index of
changes in blood flow.?*** In this study, we used our experience
of developing real-time neurochemical sensors to design and
validate a new integrated microelectrochemical sensor device
for in situ clinical monitoring of peripheral tissue O, and
perfusion. The technology was characterised both in vitro and in
vivo before performing a proof-of-concept clinical study to
monitor rapid continuous dynamic changes in oxygenation in
patients undergoing surgery for carpal tunnel release.

2. Experimental
2.1 Chemicals

Sodium chloride (NaCl), sodium hydroxide (NaOH) and sodium
hydrogen phosphate (Na,HPO,), used to make the phosphate
buffered saline (PBS), were of analytical grade and purchased
from Sigma-Aldrich Ireland (Dublin). All solutions were
prepared using Milli-Q® water (Milli-Q® Direct Water Purifica-
tion System, Merck).

2.2 Sensor fabrication

Two geometries of Pt electrodes (Pt-disk and Pt-cylinder) were
constructed using ca. 5 cm lengths of Teflon®-insulated Pt/Ir
(90%/10%) wire (125 um bare diameter, 175 pm coated diam-
eter (5T); Advent Research Materials, Suffolk, UK). 2 cm of
Teflon® was removed from one end of the wire and soldered
into a gold clip for electrical conductivity and rigidity. The
opposite end of the wire was cut with a sharp scalpel blade to
create a disk surface (Pt-disk). The Pt-cylinder was constructed in
a similar manner, except that after the soldering process 1 mm
of Teflon® was removed from the opposite end of the wire,
which served as the active surface. Two of these electrodes were
then combined with the Pt-disk electrode and encased in heat
shrink tubing parallel to each other. The Pt-cylinder electrodes
were used as pseudo-reference and auxiliary electrodes (RE, AE),
with the Pt-disk electrode employed as the working electrode
(WE).

Two different sensor configurations (S; and S,) were
prepared. As the active surface of the AE and RE is cylindrical,
there is a risk of short-circuit if these electrodes are aligned side-
by-side, particularly following in vivo implantation. Therefore,
S; was designed by incorporating an electrode spacer in the
construction of the device to avoid touching of the exposed
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electrode surfaces. The spacer was made of plastic using an
injection molding (Irish Micro Mouldings Ltd, Galway, Ireland).
It incorporated two grooves for AE and RE positioning, with the
WE fed through a central cavity such that it protruded ca.
0.5 cm. UV adhesive was applied to each end of the spacer to
secure the electrodes and to facilitate waterproofing of the
device (Fig. 1A). S, was constructed without the use of the
electrode spacer (Fig. 1B); RE was placed 1.5 mm above the
working and auxiliary electrodes, which were positioned beside
each other. The ClinOX O, sensor was manufactured by Nord-
son Medical (Clada Medical Devices, Galway, Ireland) following
a previously described procedure.*®

2.3 Instrumentation and software

All in vitro, in vivo and clinical O, measurements were per-
formed using constant potential amperometry (CPA) on
a portable telemetry-based battery-operated potentiostat (ISO
13485 compliant) with an in-built A/D converter (Bluebridge
Technologies, Dublin, Ireland). Data collection (Microsoft
Excel) was performed with a custom designed IEC 62304
compliant I0S App (Bluebridge Technologies) running on an
Apple iPad (Bluebridge Technologies). As the amperometric O,
reduction reaction (—650 mV vs. SCE) produces increasing
negative cathodic currents with increasing concentration
(Fig. 2), data are presented as absolute values (unless otherwise
stated) in order to avoid visual confusion with respect to
changes (increases/decreases) in O, levels. The significance of
differences observed was estimated in GraphPad Prism 5
(GraphPad Software Inc., CA, USA) using Student's t-tests (two-
tailed paired or unpaired where appropriate). All data are
expressed as the mean =+ standard error (SEM).

2.4 Invitro experiments

All amperometric O, calibrations (pre- and post-implantation)
were carried out in a standard three-electrode glass electro-
chemical cell containing PBS (20 mL, pH 7.4) as the supporting
electrolyte and using the manufactured sensors S; and S,,
described in Section 2.2. PBS saturated with N, or O, was ob-
tained by purging with the respective gas for approximately 1
hour. Calibrations were performed over the O, concentration
range of 0-125 uM by adding standard aliquots (25 uM) of the
O,-saturated PBS to the cell containing PBS (N,-saturated). The
cell solution was mixed following each aliquot injection using
a magnetic stirrer (IKA MST Mini Magnetic stirrer, Lennox
Laboratory Supplies Ltd., Dublin, Ireland) and a stirrer bar
(5 mm diameter x 10 mm length) for ca. 3 s. A N, cloud was
maintained just above the surface of the solution to avoid
a backflow of ambient air into the cell. All in vitro experiments
were performed at room temperature (23 £+ 2 °C) using Pt-
cylinders as pseudo-reference and auxiliary electrodes, unless
otherwise stated. Concentrations were determined from pre-
implantation calibration obtained using CPA at —650 mV as
this potential has previously been reported to be optimum for
the electrochemical reduction of O, at Pt-based
microelectrodes.>*

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Schematic representation of the tips of sensors S; and S, showing the configuration of the Teflon®-insulated Pt/Ir wires used to construct
the sensors. In both designs the working electrode (WE) has a disk geometry. (A) S; configuration showing the exposed cylindrical surfaces of the
reference (RE) and auxiliary electrodes (AE), inserted into opposite grooves of the spacer, with the WE fed through the central cavity. (B) S,
configuration showing the spatial configuration of the cylindrical surfaces of RE and AE separated by ca. 0.5 mm to avoid electrode touching. For

construction details see Section 2.2.
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Fig. 2 (A) Current-time profiles for ClinOX and bare Pt microelec-
trode O, sensors in N»-saturated PBS, pH 7.4. Arrows indicate appli-
cation of —650 mV (vs. Pt RE, Pt AE) O, reduction potential. (B)
Example of a raw data trace recorded using a ClinOX sensor implanted
in the hind limb of an anaesthetised rat (CPA, —650 mV vs. Pt RE).
Hashed lines represent application (red) and removal (green) of tour-
niquet. Data presented as absolute values.
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2.5 In vivo experiments

Male Wistar rats (300-600 g; Charles River Laboratories Inter-
national, Inc., U.K.) were housed in a temperature and humidity
controlled facility with a 12 h light/dark cycle with access ad
libitum to food and water. The rats were allowed to acclimatise
to their new environment for a period of one week prior to
sensor implantation. All animal work was carried out with
approval from the Maynooth University Research Ethics
Committee, and under license in accordance with the European
Communities Regulations 2002 (Irish Statutory Instrument 566/
2002 - Amendment of Cruelty to Animals Act 1876).

The animals were initially anaesthetised in an induction
chamber with the volatile anaesthetic isoflurane (4% in air;
Isofluorin® 1000 mg g ', Vetpharma Animal Health, S.L.,
Spain) using a Univentor 400 Anaesthesia Unit and Scavenger
(AgnTho's AB, Sweden). They were then placed in the supine
position on a temperature-controlled heating pad and body
temperature maintained at 37 &+ 0.5 °C using a rectal probe
(Harvard Apparatus; PanLab, Barcelona, Spain). The level of
anaesthesia was reduced to 2% and rerouted using a gas routing
switch to an anaesthesia mask (AgnTho's AB) which was placed
over the nose. After ca. 5 min the level of anaesthesia was
reduced to a maintenance level of ca. 1.5% and checked regu-
larly (pedal withdrawal reflex and tail pinch).

A tourniquet (tie wrap) was then positioned loosely around
the base of the hind limb. The sensor was inserted into the
muscle via a sterile siliconised stainless-steel needle with
double wings (16 G x 30 mm, Vygon UK Ltd., MedGuard, Ire-
land), and once fully implanted the needle was carefully
retracted and split in half while maintaining the position of the
sensor within the muscle. After application of the applied
potential, each animal was given a further 5 min before
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experiments were begun in order to ensure that the background
current for the sensor was stabilised. Ischemia was then
induced by tightening the tourniquet to reduce blood flow
which was checked visually by the pallor of the foot. The tour-
niquet was applied for a maximum period of 10 min. Pre- and
post-tourniquet recordings (baselines) were obtained for
a similar period of ca. 10 min. At the end of this process, the
tourniquet was removed and the animal was euthanised by
intraperitoneal administration of sodium pentobarbital
(Euthanimal - 200 mg mL™'; Bioresource Unit, Maynooth
University).

2.6 Sensor sterilisation

The prototype sensors prepared for clinical use were carefully
packaged in sealable Tyvek bags (Bemis Healthcare Packaging,
Co Offaly, Ireland) following construction and calibration. The
bagged sensors were then subjected to gamma irradiation (25
kGy min~", Synergy Health, Co Mayo, Ireland) in preparation
for use in a clinical setting.

2.7 Clinical proof-of-concept study

The prototype clinical sensor S, was implanted in patients
undergoing surgery for carpal tunnel release. This procedure
involves severing the tranverse carpal ligament in the wrist to
reduce pressure on the median nerve. Briefly, local anaesthetic
(2% lidocaine with 1:200 000 adrenaline) was administered
along the incision line at the wrist prior to surgery. A small
amount of local anaesthetic was used to anaesthetise a small
area of the forearm prior to sensor insertion through the skin.
An un-inflated tourniquet was applied to the proximal arm
above the site of sensor insertion and above the incision site.
The sensor was implanted into the extensor muscles of the
forearm through the previously anaesthetised skin using a 23 G
introductory needle (Vygon UK Ltd., MedGuard, Ireland) that
was retracted leaving the device at the recording site. The
instrumentation was started and a 5 min baseline period was
recorded before tourniquet application (above the site of sensor
implantation) and before the commencement of surgery. A
further 5 min baseline period was recorded after surgery and
tourniquet release. The sensor was then carefully removed from
the muscle, and kept for recalibration before disposal. Six
patients agreed to participate in this clinical research study,
which was carried out with approval from the Maynooth
University Research Ethics Committee (BSRESC-2016-001), and
the Clinical Research Ethics Committee of Galway University
Hospital (C.A.1389). Insurance was provided by Willis Towers
Watson (Ireland) Ltd.

3. Results and discussion
3.1 Invitro and in vivo O, measurements

Our initial plan was to perform the clinical study using a previ-
ously reported Pt-Pt ClinOX sensor that had been specifically
designed and commercially manufactured for clinical applica-
tion.** However, despite in vitro and in vivo (rodents and pigs)
data suggesting potential suitability for clinical application, we
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found that the device had a tendency to be unreliable, and
hence unsuitable in its current format for clinical use. Fig. 2A
shows typical capacitance current data for both the ClinOX
sensor and a standard Pt O, electrode®* following application of
the O, reduction potential. The latter reached a stable baseline
current within a couple of minutes, as expected, while the
former failed to settle producing a large wandering signal over
a similar recording period. Fig. 2B shows in vivo data from
a ClinOX sensor implanted in the hind limb of an anaesthetised
rat (see Section 2.5 for experimental protocol) where the base-
line failed to settle, and tourniquet application and removal
(hashed lines) resulted in a variable increase in the O, signal,
despite the decrease in tissue O, associated with reduced blood
flow (e.g. see Fig. 3B). A detailed investigation revealed this to be
the result of a combination of poor seals and electrical shorting
between electrodes. As such, a new sensor design, S; (see
Fig. 1A), was configured which incorporated insulated wires and
an electrode spacer to avoid shorting.

The electrochemical behavior of S; was investigated by per-
forming O, calibrations in N,-saturated PBS (pH 7.4) over the
physiologically relevant concentration range 0-125 pM. Both
capacitance and faradaic signals were normal with S; displaying
both good linearity (R* = 0.989) and sensitivity of 0.38 + 0.02 nA
uM~"' (n = 3, Fig. 3A). The sensor's performance was then
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Fig. 3 (A) In vitro O, calibration plot (0-125 uM, N,-saturated PBS, pH
7.4) for sensor configuration S; (n = 3) carried out using constant
potential amperometry (CPA) at —650 mV vs. Pt RE. Mean background
currents subtracted. (B) Raw data trace recorded at sensor S, in vivo
(hind limb of anaesthetised rat). Hashed lines represent application
(red) and removal (green) of tourniquet. CPA carried out at —650 mV
vs. Pt RE.
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assessed in vivo (rodent hind limb) using the same mild
ischemic insult (tourniquet) previously applied to the ClinOX
device. In this case, the sensor displayed typical O, signal
changes associated with ischemia and reperfusion (see Fig. 3B);
the current decreased from a baseline of 48.7 nA to a minimum
value of 15.8 nA (AO, ca. 80 pM), and then subsequently
returned to initial levels (48.4 nA) following tourniquet release.
However, on occasion, it was observed that removal of the
sensor from the tissue resulted in movement/displacement of
the electrode spacer. As this would represent a potential risk
with respect to dislodgment in a patient it was decided to
further modify the design. Staggering the electrodes resulted in
a reproducible design (S,, see Fig. 1B) where no spacer was
required. Injection of each calibration (O,-saturated PBS)
aliquot to the cell resulted in an immediate increase in current,
followed by a steady-state plateau (inset, Fig. 4), and yielded
similar sensitivity (0.57 + 0.02 nA uM ™!, n = 14), and linearity
(R* = 0.994) to that observed with S; (see Fig. 4A).

As with S4, in vivo validation using tourniquet application/
removal resulted in a rapid decrease in tissue O, levels to 9.15
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Fig. 4 (A) In vitro O, calibration plot (0-125 uM) for sensor configu-
ration S, (n = 14). CPA was carried out at —650 mV vs. Pt RE in N»-
saturated PBS (pH 7.4). Mean background currents subtracted. (Inset)
Typical raw data trace (current—time) showing sequential step
increases in signal for injection of each O, concentration (25 uM).
Arrows represent point of addition for each aliquot. (B) Average (+SEM,
gray) O, current response recorded from sensor S, implanted in the
hind limb of anaesthetised rats (n = 3, 2 animals). Hashed lines
represent application (red) and removal (green) of tourniquet. Blue and
gray traces represent the mean O, response and SEM, respectively.
CPA carried out at —650 mV vs. Pt RE.
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+ 3.69 nA (89.8 &+ 27.0%, P = 0.0297, n = 3, 2 animals) from
a baseline value of 90.02 + 17.87 nA, corresponding to an O,
concentration change of ca. 140 £ 18 uM. Tourniquet release
resulted in a return to baseline values (98.74 £ 38.15 nA) within
a period of ca. 4 min, followed by a slight overshoot, most likely
due to post-ischemic hyper-perfusion®-* (see Fig. 4B). There are
two possible explanations for the high baseline SEMs observed.
Firstly, one would expect some inter-electrode variability in
terms of sensitivity. Secondly, tissue O, levels measured can
vary depending on implantation parameters such as depth,*
tissue heterogeneity,* and the relative proximity to the local
vasculature.” These are most likely to be the main contributors,
particularly given the in vitro reproducibility shown in Fig. 4A.
The larger SEM observed for reperfusion may be ascribed to
differences in post-ischemic hyper-perfusion. These results
clearly demonstrate that S, is appropriately sensitive to monitor
in situ changes in tissue O, and suitable for clinical use. A proof-
of-concept clinical study was thus designed to test this
conclusion.

3.2 Clinical testing

S, was implanted in patients undergoing surgery for carpal
tunnel release. This procedure was chosen as it requires alter-
ations in perfusion (ischemia/reperfusion) to facilitate severing
of the transverse carpal ligament. These alterations are achieved
through the application/release of a tourniquet positioned on
the upper arm (see Fig. 5 and Section 2.7 - Clinical proof-of-
concept study). Typical results from two patients are shown in
Fig. 6. Tourniquet application resulted in an immediate
decrease in signal from baseline (31.77 + 8.01 nA, n = 5),
reaching a minimum of 18.64 + 3.94 nA (39.2 + 3.3%, P < 0.05)
after 2.38 £ 0.52 min. Return to baseline (34.51 + 10.28 nA, P >
0.63) was typically achieved within 2 min of tourniquet release;
the average duration of the procedure, as defined by tourniquet
application/release, was 5.56 + 0.81 min. This data highlights

Clinical
Potentiostat

|

Tourniquet Cuff ——»

Implanted O, Sensor %

Pa
|0, Signal/Perfusion|

AWM

(

Surgery Site

[N X X

Fig. 5 Schematic diagram illustrating the setup used for the real-time
monitoring of tissue O,/perfusion during carpal tunnel release surgery.
The microelectrochemical sensor (S,) implanted into the forearm is
connected to a miniaturised battery-operated single channel poten-
tiostat. Circulation was stopped (and restored) prior to (and after)
surgery by using a tourniquet cuff. The O, signals were wirelessly
transmitted to an Apple iPad for visualisation.
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Fig.6 Examples of raw data traces from S, sensors (CPA, —650 mV vs.
Pt RE) implanted in patients undergoing surgery for carpal tunnel
release. Hashed lines represent application (red) and removal (green)
of tourniquet. Data normalised to pre-tourniquet baseline current.
(Inset) Typical example of a rapid change in absolute O, signal asso-
ciated with repositioning of a patient's arm (hashed grey line) prior to
commencement of the surgical procedure.

the ability of the prototype sensor to monitor physiologically
relevant rapid changes in perfusion over the course of a short
clinical procedure. It is also noteworthy that, on occasion,
adjustment of the position of the patient's arm was required
prior to tourniquet application, and this also produced fast
changes in perfusion that were detected by the sensor (see Fig. 6
inset). The estimated change in O, concentration, based on in
vitro pre-calibration curves, was found to be ca. 30 £+ 21 uM. In
units of pressure (mmHg), commonly used to represent clinical
0O, levels,****™** this corresponds to 23 + 16 mmHg. Several of
the S, sensors were re-calibrated 18 days after the clinical
procedure. The sensitivity was found to have decreased from
0.44 + 0.03 nAuM ' t0 0.28 = 0.02 nA uM " (n = 4, R> = 0.98, P
= 0.0136). Given that previous in vitro biocompatibility experi-
ments performed in protein, lipid and brain tissue prepara-
tions,** and in vivo characterisation in rodents,*****¢ suggest
small non-significant changes in O, sensitivity at Pt electrodes,
it is possible that this may have resulted from the mechanical
manipulation associated with removal from the patient. Indeed,
longitudinal studies® suggest that this type of sensor should be
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viable for at least several days following implantation, and
possibly longer, and opens the potential for use in longer
surgical procedures, and subsequent recovery.

4. Conclusions

The aim of the present study was to design and validate an
integrated microelectrochemical sensor device suitable for real-
time monitoring of peripheral tissue O, in patients undergoing
carpal release surgery. To accomplish this goal, different Clark-
type O, sensors were procured (ClinOX) and manufactured in-
house (sensors S; and S,). The in vivo characterisation of Cli-
nOX and S; using a mild ischemic insult (tourniquet) high-
lighted that these sensors were not reliable for clinical use.
Whilst the former produced high capacitive currents that failed
to settle, the latter showed movement/displacement of the
electrode spacer following removal from rodent hind limb. S,,
which involved a staggered electrode configuration, was con-
structed to address these issues and thus enable tissue O,
monitoring in humans. In vitro calibration data confirmed
appropriate sensitivity and rapid response characteristics,
which were subsequently supported by in vivo experiments
performed in the hind limb of anaesthetised rats using tour-
niquet application and removal. These results paved the way for
application of the prototype sensor in a clinical research study
involving patients undergoing carpal tunnel surgery, where
similar real-time dynamic changes in tissue O, were observed.
Success in these proof-of-concept studies suggests that the
developed device could potentially find application in other
medical conditions (e.g. free flap surgery) where monitoring of
peripheral tissue oxygenation/perfusion could improve the
procedure and patient outcome.
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