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Abstract—In fasciocutaneous free flap surgery, close
postoperative monitoring is crucial for detecting flap fail-
ure, as around 10% of cases require additional surgery due
to compromised anastomosis. Different biochemical and
biophysical techniques have been developed for continu-
ous flap monitoring, however, they all have shortcoming
in terms of reliability, elevated cost, potential risks to the
patient, and inability to adapt to the patient’s phenotype.
A wearable wireless device based on near infrared spec-
troscopy has been developed for continuous blood flow and
perfusion monitoring by quantifying tissue oxygen satura-
tion (StO2 ). This miniaturized and low-cost device is de-
signed for postoperative monitoring of flap viability. With
self-calibration, the device can adapt itself to the character-
istics of the patients’ skin such as tone and thickness. An
extensive study was conducted with 32 volunteers. The ex-
perimental results show that the device can obtain reliable
StO2 measurements across different phenotypes (age, sex,
skin tone, and thickness). To assess its ability to detect flap
failure, the sensor was tested in a pilot animal study. Free
groin flaps were performed on 16 Sprague Dawley rats. Re-
sults demonstrate the accuracy of the sensor in assessing
flap viability and identifying the origin of failure (venous or
arterial thrombosis).

Index Terms—Free flap, NIRS, optical sensing, oxygen
saturation.

I. INTRODUCTION

FASCIOCUTANEOUS free flap surgery is a common oper-
ation for reconstructive surgery following cancer or trauma.

The operation consists of the removal of a tissue flap with all
skin layers, fascia, blood vessels and fat from the donor site. The
flap is then anatomosed onto the receiver site. The survival of
the flap is usually ensured by one artery (providing oxygenated
blood coming from the heart and lungs) and one vein (retrieving
the deoxygenated blood). The challenge of this operation lies
upon the proper microvascular anastomosis of the blood ves-
sels to secure flap survival by ensuring oxygen and nutrients
are supplied through the anatomosed vessels. The first 24 to 48
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hours after surgery are critical for identifying and salvaging a
failing flap. Frequent and regular assessments of the flap are
therefore necessary to detect failures at an early stage. Although
there are no standardized methods across hospitals for moni-
toring free flaps after surgery, the clinical team often regularly
examines the color, texture, skin turgor and capillary refill time
of the flap. This assessment is subjective and depends on the
experience of the clinical team to provide a reliable diagnosis
on the status of the flap. In the case of dark or thick skin, visual
and haptic assessments are inefficient as both successful and
failing flaps tend to give similar results. In addition, the clinical
team can only provide routine spot checks on patients given
the overwhelming workload in the hospital. Such subjective
and sporadic monitoring approaches could lead to late inter-
vention and missing the opportunity to salvage a failing flap.
Among other consequences, a failed flap increases morbidity
and costs, delays the patient’s recovery time and psychologi-
cally impacts both the patient and the clinical team. Therefore,
continuous monitoring can reduce flap failing rate. Several sys-
tems have been developed for continuous monitoring of tissue
flaps after surgery by measuring microvascular parameters [1].
Observing the evolution of the flap’s temperature is one of the
first techniques used for microvascularisation assessment [2].
Different embodiments of temperature sensors have been pro-
posed such as temperature probes, thermal sensitive tape [3]
or hand-held contact-free thermometers [4]. However, there are
concerns about its effectiveness and reliability in monitoring
the flap’s status [3], [5]. Khouri et al. [2] argued that observing
temperature as a marker for flap viability requires strict regula-
tion of variables such as room temperature, patient movement,
clothing and the positioning of the control temperature sensor
near the flap. Although two sensors (control and test) are nec-
essary to evaluate the measurements difference for continuous
monitoring of the tissue flap, this method remains inexpensive
and can be combined with standard monitoring routine if it is
adequately applied [3]. With the development of biochemical
probes [6], implantable sensors such as microdialysis or tissue
oxygen tension have shown promising results and are ideal for
monitoring buried flaps. Whilst biochemical sensing provides a
continuous assessment of the investigated chemicals with high
sensitivity to variation in their concentrations, there is a lack
of detailed studies demonstrating the biochemical probes’ effi-
ciency and reliability over different situations, risks to the pa-
tients, cost and usability, which could hinder its practical use in
hospitals [7], [8]. The long set up time also hinders the use of the
biochemical probes in routine clinical practice [8]. Biophysical
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methods, such as Doppler probe, have been developed for both
implantable and hand-held devices. Implantable Doppler has
shown to be effective in detecting flap failures, particularly for
buried and muscle flaps [9]. The laser Doppler flowmetry is a
hand-held device for discrete assessment of non buried flaps
[10]. Its manipulation demands careful handling as it is sensi-
tive to motion and it does not remain at a fix penetration depth.
Near infrared spectroscopy (NIRS) is another common nonin-
vasive biophysical method based on the optical properties of the
hemoglobin compounds. Many studies have shown the ability
of NIRS devices to continuously monitor free flaps [11] with
progress in miniaturization to facilitate its use [12], [13]. How-
ever, previous studies often overlooked the variation of NIRS
response among people of different phenotypes (e.g., skin tone
and thickness). Skin composition and layers depths vary in par-
ticular with age, sex [14] and body mass index (BMI) level
due to different blood vessels depths and elasticity and general
skin thickness. In particular, Amirlak et al. [14] indicated that
males have thicker skin than females in most anatomic locations.
Wassenaar et al. [15] showed current devices fail to provide re-
liable oximetry results when used on people with dark skin.
Melanin is a protein that aims to prevent ultraviolet (UV) light
from reaching the deep layers of the skin and its concentration
determines the tan level of the skin - darker skins have higher
melanin concentration. Compared to fair skin, black skin has
more skin layers [16]. Thus, darker skin tend to absorb more
light in general. NIRS measurements could remain reliable pro-
viding that the optical effects of melanin are subtracted. Previous
studies on older adults show that blood perfusion parameters are
significantly different from those of younger individuals due to
calcium deposition which increases the stiffness of the blood
vessel walls [17]. Ageing skin is found to be thicker and dryer
[18]. Similarly, a high BMI level is linked to thickened subcuta-
neous fat layer which can compromise measurements due to its
dense vascular network [19], [20]. In general, light penetration
depth can be reduced by different factors such as melanin and
skin thickness.

This paper is an extension of our previous research on devel-
oping a wearable miniaturized wireless self-calibrated device
for monitoring blood flow and perfusion [13], [21]. The self-
calibration on-node program aims to provide subject-specific
monitoring while removing the need for subject-specific calibra-
tion. It has been tested on volunteers comprising different ranges
of age, BMI levels, skin tones and sex. Flap failure detection
with its origin (venous or arterial thrombosis) has been tested
with free groin flap surgeries performed on rats and compared
with our previous results on a vascular phantom [13]. These
steps aim to demonstrate that the device is a potential assess-
ment tool for fasciocutaneous free flap monitoring regardless of
the patient’s phenotype.

II. SELF-CALIBRATED StO2 SENSOR

A. Device Properties

As previously introduced [13], a wearable wireless device
based on NIRS technique has been developed for the mea-
surement of tissue oxygen saturation (StO2) (see Fig. 1) of

Fig. 1. Top and bottom views of the wearable wireless Hamlyn StO2
sensing device. BLE = Bluetooth low energy. (see [13]).

free flaps. The device is integrated with Bluetooth low energy
(BLE) and can seamlessly link up with our mobile application
on a smartphone or tablet (see Fig. 2(a)) from which data is
recorded and forwarded to an online secured server. As de-
picted on Fig. 2(b) and (c), a tri-color band (green, amber
and red which respectively represent the three different state
of the flap i.e., viable, to be carefully monitored and failing
flap) based on the overall gradient of the StO2 measurements
allows the clinical team to directly interpret the results. Other
functionalities and features are listed in Fig. 2(b) and (c). The
mentioned device consists of a red (740 nm) LED, infrared
(IR) (880 nm) LED [22] and a photo-detector (TEMD5010X01
from Vishay). Several studies have shown that the oxygenated
hemoglobin (HbO2) level can also be detected using green
light [23], [24]. The extinction (or absorption) coefficient of
green light with HbO2 behaves similarly to that of the red
light and has been shown to yield better results [23]. Fig. 3
shows the molar extinction of HbO2 and HHb hemoglobin
compounds according to the wavelength. It shows that HbO2 is
more transparent to green and red wavelength bandwidths than
HHb; with HbO2 being more transparent to the red wavelength
bandwidth than to the green wavelength bandwidth. Follow-
ing the law of energy conservation, we have Incidentlight =
αlight + βlight with, αlight = Absorbedlight and βlight =
Transmittedlight + Scatteredlight + Reflectedlight , which
empirically gives αJ [H bO2 ] < αJ [H H b] and βJ [H bO2 ] >
βJ [H H b] , with J = {red wavelength bandwidth [620 nm–
780 nm], green wavelength bandwidth [520 nm–600 nm]} [19].
Higher extinction produces less light transmission and the re-
maining transmitted light has higher gradient change for small
compound variations. Therefore, [520 nm–600 nm] bandwidth
produces wider light intensity variations for small HbO2 com-
pound variations than [620 nm–780 nm] bandwidth; [520 nm–
600 nm] bandwidth is empirically more suitable for the detec-
tion of small HbO2 compound variations. To test the theory and
determine the optimal configuration, the red LED of a StO2 sen-
sor was replaced with a green (568 nm) LED to analyze signals
from the pairs of red/IR and green/IR wavelengths. To enable
reliable monitoring, the sensor is designed to self-calibrate to
provide consistent results (robust detection of StO2 level vari-
ations) independent of the patient’s skin type. The reliability
of NIRS readings with regard to patients with different skin



BERTHELOT et al.: SELF-CALIBRATED TISSUE VIABILITY SENSOR FOR FREE FLAP MONITORING 7

Fig. 2. Experimental set up and main view of the mobile application
designed for this study. It shows StO2 , HbO2 and HHb readings in real
time and a tri-color band (green, amber, red which respectively mean the
flap is considered viable, have to be carefully monitored or failing) which
changes according to the variations in the StO2 gradient (see b) and c)).
Calibration curves (Gain A, which is G, and Gain B, which is PWM) and
noise level can also be displayed (see Fig. 4). Other information such
as temperature, recording time and direct StO2 level are also displayed
(see b)). Other functionalities such as “Notes” (allows the clinical team
to take notes) and “See StO2 ” (shows the overall StO2 measurements)
are also available (see c)). Multiple devices can be connected at once
using the “Add Device” function.

Fig. 3. Molar extinction of the HbO2 and HHb hemoglobin compounds
according to the light spectrum. As shown, the extinction of HbO2 is
smaller at 660 nm than at 740 nm, which is itself smaller than at 568 nm.
660 nm have been used as the gold-standard wavelength for HbO2 mea-
surement [19]; 740 nm wavelength is primary used for our sensor [22],
[26]. For HbO2 and HHb measurements, UV and visible violet to blue
light (from about 200 to 500 nm) are not suitable due to skin absorption
characteristics [25]. Approximatively, [500–530] nm, [545–570] nm and
[585-800] nm wavelength ranges could be used for HbO2 measurements
while above 800 nm wavelengths could be used for HHb measurement
due to their respective transparencies to those wavelengths and to that
of the other investigated compound (HHb and HbO2 respectively) [19].
Optical extinction coefficients were taken from [27].

tones, especially darker skin tones, have been questioned but
poorly tackled [15]; our previous research suggested that it is
possible to overcome unreliable NIRS measurements caused by
skin pigmentation and thickness by designing a steadfast cal-
ibration system [13]. The main benefit of this self-calibration
scheme is to provide subject-specific reliable data measurement
- for further time domain signal analysis - while overcoming
subject-specific calibration need. Fig. 4 shows the block dia-
gram of the embedded program of the Hamlyn StO2 device
[13]. With a closed loop system, the LED intensities and the
signal amplification are adjusted according to the digitalized
and filtered signal in order to maintain it within a satisfactory
potential range. The Fitzpatrick scale is a common way of clas-
sifying the six main categories of human skin tones; used for
dermatological purposes, it helps predicting skin response to
UV light based on skin pigmentation (or melanin) level [25].
The Fitzpatrick scale is divided into six skin tones from very
fair (1) to very dark (6) [13], [25].

B. Healthy Human Study

Using both devices - one equipped with the red LED and
another equipped with the green LED - 32 healthy volunteers
with no known vascular or dermatological disorders were re-
cruited in an ischaemia test study (see Table I). As both pairs of
red/IR and green/IR wavelengths devices were used, 64 datasets
were collected. This study was approved by the NHS South
East London Research Ethics Committee 3 (10/H0808/124).
The protocol consists of placing the investigated devices on the
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Fig. 4. On node automatic self-calibration gain control of the Hamlyn
StO2 device. K = red or green; t = time; τ = t + 5; DAC = digital-
analogue converter; ADC = analogue-digital converter; PWMI,I = {K,
IR} = I LED reading; G = gain of the ampliop; Sa = analogue output of
the ampliop; Sd = digitalized Sa signal; RI, I = {K, IR} = register saving
calibration parameters for I; MI, I = {K, IR} = SdI result from median
filtering; α = 0.87 mV; β = 13 mV; ϕm in = 86 mV; ϕm ax = 2 V. (see
[13])

TABLE I
LIST OF THE GROUPS OF PARTICIPANTS FOR THE ISCHAEMIA TEST

SPECIFYING THE AGE AND BMI RANGES, SKIN TONE ACCORDING TO THE
FITZPATRICK SCALE AND SEX

Group N Sex Age BMI Skin Tone

1 6 F < 30 < 25 1 to 6
2 6 F < 30 < 25 1 to 6
3 6 M < 35 < 25 1 to 6
4 6 2M–4F < 30 < 25 3
5 2 1M–1F < 30 > 28 3
6 6 F > 50 < 25 3

F = female; M = male; N = number of participants.

subject’s forearm to first acquire a baseline signal after cali-
bration, then using a sphygmomanometer wrapped around the
upper arm, 70 mmHg pressure is first applied to disrupt blood
flow for approximately 90 seconds, then the pressure is released
for about 120 seconds to let the blood flow return to a normal
stage. Afterwards, a pressure of 100 mmHg is induced to disrupt
blood flow for 90 seconds and finally the pressure is released for
about 120 seconds [13] (see Fig. 2(a)). As normal blood pres-
sure is about 80 mmHg, 70 mmHg is believed to disrupt only
superficial blood vessels while 100 mmHg affects deeper blood
vessels with a stronger ischaemia effect. The 32 participants
were divided into 6 groups as indicated in Table I. In a group of
6 individuals with the skin tone specified from 1 to 6, there is
one person of each category of the Fitzpatrick scale. Between
groups, there is only one condition that differs in order to rigor-
ously compare the results. The group aged over 50 years old is
on average 63 years old, with the youngest being 50 and the old-
est 72. The participants from the groups aged under 30 years old
were all over 20 years old. The aim of this experiment is to show
that the device is able 1) to provide reliable StO2 measurements
independent of the subject’s phenotype (age, sex, skin tone and

Fig. 5. Correlation of the StO2 results of pairs of participants within the
under 30 years old (<30 YO) females and males groups for both devices.
CRED and CGREEN values are the average correlation over the 15 correla-
tions of the combinations of each group with the sensor embedded with
red or green LED respectively.

thickness) and 2) to evaluate the StO2 sensor response with
regard to the red or green LED.

Results show high correlation between the StO2 measure-
ments over all participants when using the red and green LED
devices, with an average of 0.862 ± 0.071. For all groups, the
average correlation between members of the same condition but
different skin tone is 0.855 ± 0.068 with the red LED device
and 0.868 ± 0.082 with the green LED device. Fig. 5 shows the
correlation of the StO2 measurements of each pairs of partic-
ipants of different skin tones. As there are six participants per
group, 15 pairs are examined. For example, pair (1, 6) from the
red LED device of under 30 years old females is at the top right
corner of the top left color map and each color square stands
for a correlation value scaled between 0 in blue and 1 in yellow
(see the color bar at the right of each color map). The average
correlation of each group and color LED of the device is also
indicated (CRED and CGREEN). For under 30 years old females and
males groups, the closer the skin tones are, the higher the cor-
relation is between paired participants of the same group - i.e.,
same phenotype but different skin tone (see Fig. 5). In the cases
of BMI over 28, over 50 years old and under 30 years old fe-
males groups with the same skin tone, the average correlation is
0.861 ± 0.058 with the red LED device and 0.869 ± 0.095 with
the green LED device. This shows high homogeneity among
people of the same condition and skin tone.

Fig. 6 shows the correlations among males and females groups
based on the same principle as per shown in Fig. 5. As ex-
pected, comparison between under 30 years old males and fe-
males groups shows that the more the skin tones are different,
the higher the correlation is - i.e., during the ischaemia test, the
StO2 measurements of a male with pale skin is more correlated
to those of a female with tanned skin than those of a female with
pale skin.
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Fig. 6. Correlation of the StO2 results of pairs of participants across
the under 30 years old males and females groups for both devices. CRED

and CGREEN values are the average correlation over the 36 correlations
of the pair combinations with the sensor embedded with red or green
LED respectively.

Fig. 7. Ratio index (from 0: smallest gap to 1: maximum gap based
on the minimum and maximum values measured after analogue signal
conversion - see Fig. 4 and [13] for further details) of the gap between
the average of the StO2 baseline and the latest level of the StO2 during
100 mmHg pressure applied using the sphygmomanometer. This quan-
tifies the variation of StO2 following ischaemia. aRED and aGREEN are the
average index values of the red and green LEDs device respectively.
stdRED and stdGREEN are the standard deviation values of the red and
green LED device respectively.

Fig. 7 shows the ratio index of the StO2 variations during the
simulated ischaemia. It compares the average level during the
baseline with the last level measured when 100 mmHg pressure
was applied onto the upper arm with the sphygmomanometer
(between 0: smallest gap and 1: largest gap measured using the
minimum and maximum StO2 possible level). The results show
that there is no significant difference among under 30 years old
females and males of different skin tones for the same wave-
length LED (in Fig. 7, aRED and aGREEN are the average obtained
with the red and green LED devices respectively; stdRED and
stdGREEN are the respective standard deviation for the red and
green devices).

Optimizing energy consumption for embedded systems is
crucial to enable miniaturization and ensure convenience and

ease of use, which are important factors to be considered for
clinical use. The StO2 measurements obtained with either the
red or green LED are very similar. The provided intensities
between the red and green LED device depends on the cali-
bration modalities (see Fig. 4) [13]. The average pulse width
modulation (PWM) values encoded on 8bits for the light inten-
sity level of the green LED device is 24% ± 8%. 3.4 V ± 15 mV
is in average given to the negative feedback ampliop for gain
amplification of the signal coming from the green LED device.
The average of the PWM values for the light intensity of the
red LED device is 25% ± 8%. 3.5 V ± 20 mV is in average
given to the negative feedback ampliop for gain amplification
of the signal coming from the red LED device. The average cor-
relation of the red and green LED intensities is 0.719 ± 0.151
with an average correlation amplification gain of 0.656 ± 0.131.
The resistance remained the same for the two LED devices. The
photo-detector used (TEMD5010X01 from Vishay) has higher
sensitivity for the red light spectrum (about 0.6 of relative spec-
tral sensitivity) than for the green light spectrum (about 0.4 of
relative spectral sensitivity). Considering that the average sig-
nal amplification of the red LED device is higher than that of
the green LED device with higher relative spectral sensitivity
but similar StO2 outcome, the green LED device is therefore
empirically more power efficient.

III. DEVICE VALIDATION WITH A PILOT ANIMAL STUDY

A. Vascular Phantom Study

Our previous study [13] has proposed a vascular phantom
model to evaluate the ability of the device to 1) detect pulses,
2) distinguish synthetic venous from arterial blood flow and
3) distinguish different levels of partial venous occlusions (0%
[or release], 25%, 50%, 75% and 100% [or complete occlusion]
compared to the baseline flow). Although in the clinical setting,
occlusion is detected or not, in the vascular phantom model, par-
tial occlusion can be emulated to observe the device’s behavior
and its ability in detecting early stage occlusion. The classifi-
cation was done using Bayes classifier. The Bayes’s theorem is
defined as Eq. (1).

p(Ck |X) =
p(X|Ck )P (Ck )

p(X)
(1)

X = [x1 , x2 , ..., xn ], with ∀n ∈ N∗, the dimensions for which
the classifier is applied, ∀x ∈ R, X is a vector of the variables to
be classified and Ck is the kth class. It can therefore be derived
as Eq. (2).

p(Ck |x1 , x2 , ..., xn ) =
P (Ck )

p(x1 , x2 , ..., xn )

n∏

i=1

p(xi |Ck ) (2)

In the case of a naive Bayes classifier, p(X) = p(x1 , x2 , ..., xn )
is identical for all classes and can be represented as a normalizing
constant 1/α. Eq. (2) becomes Eq. (3).

p(Ck |x1 , x2 , ..., xn ) = αP (Ck )
n∏

i=1

p(xi |Ck ) (3)
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TABLE II
GAUSSIAN PARAMETERS FOR THE NAIVE BAYES CLASSIFIER OF VENOUS

AND ARTERIAL DISTINCTION (SEE [13])

Unit depends on the device calibration (see Fig. 4). std=standard deviation; P (Ck ) =
prior probability of the classification; k = {venous, arterial}.

The likelihood of xn to belong to the class Ck is assumed to be
Gaussian distributed, which follows Eq. (4).

p(X = xn |Ck ) =
1√

2πσ2
Ck

exp

[
−(xn − μCk

)2

2σ2
Ck

]
(4)

μCk
is the mean of the Gaussian distribution of the class Ck

and σ2
Ck

is the variance of the Gaussian distribution of the class
Ck . In these cases, two dimensions were investigated: x1 is the
vector including the red/green light extinction observations for
the first dimension of the naive Bayes classifier, while x2 is
the vector including the IR light extinction observations for the
second dimension. Therefore, the equation reads:

p(Ck |x1 , x2) = αP (Ck )
2∏

i=1

1√
2πσ2

Ck

exp

[
−(xi − μCk

)2

2σ2
Ck

]

(5)
Results from our previous study [13] show that the device

can accurately 1) detect pulses; 2) distinguish venous from
arterial synthetic blood flow using a naive Bayes classifier,
with a second degree polynomial fit of the data given by
f1(x) = p1x

2 + p2x + p3 with p1 = −0.002, p2 = 1.46 and
p3 = −93.09. Eq. (5) shows the naive Bayes classifier for the
venous and arterial distinction with k = {Venous, Arterial}; the
constants μCk

, σCk
and P (Ck ) are defined in Table II; 3) dif-

ferentiate StO2 measurements for the simulated partial venous
occlusion using a naive Bayes classifier, with a second degree
polynomial fit of the data given by f2(x) = q1x

2 + q2x + q3
with q1 = −0.004, q2 = 2.064 and q3 = −138.5. Eq. (5) shows
the naive Bayes classifier for the distinction of partial venous
occlusion levels with k = {0% occlusion, 25% occlusion, 50%
occlusion, 75% occlusion, 100% occlusion}; the constants μCk

,
σCk

and P (Ck ) are defined in Table III.

B. Animal Study

According to the Home Office Licence, training surgeons
performed free groin flap transfer (which is a fasciocutaneous
epigastric free flap, see Fig. 8 (a)) on male Sprague Dawley rats,
weighting approximately 300 g. The rats were anesthetised with
an intraperitoneal injection of urehane 0.3 g/ml administered at
2 g/kg. The skin of the ventral abdomen was shaved with elec-
tric clippers and the rats were placed in a supine position on the
operating surface (see Fig. 8). A flap with an approximate area
of 3 cm2 was raised on the epigastric pedicle (see Fig. 8(a)). The

TABLE III
GAUSSIAN PARAMETERS FOR THE NAIVE BAYES CLASSIFIER OF THE

PARTIAL VENOUS OCCLUSION DISTINCTION (SEE [13])

Unit depends on the device calibration (see Fig. 4). std=standard deviation; P (Ck ) =
prior probability of the classification; k = {0% occlusion, 25% occlusion, 50% occlusion,
75% occlusion, 100% occlusion}.

Fig. 8. Schematic illustration of a) a groin free flap on a rat; the grey
area depicts the flap and b) the postoperative experiment set up; the
green rectangles depicts the Hamlyn StO2 sensors: the one on top
of the flap is used for testing while the other one is used for control
purposes.

epigastric artery and vein were transected at their mid-point and
re-anastomosed, artery first (see Fig. 8(a)). At the end of the
operation, the two expert instructors examined the anastomosis
of the blood vessels with visual observation and by perform-
ing the flicker test, the milky test and blood vessel massage.
Once proper blood vessel anastomosis was ensured - i.e., the
flap is viable - the flap was included in the study. Although at
the beginning of the monitoring all flaps are healthy (see Fig. 9),
arterial and/or venous thrombosis can develop (see Fig. 11) thus
altering the viability of the flap and change the final recorded
health status of the flap. To assess the StO2 sensing device for
flap monitoring in a clinical setting, a device with a green LED
was placed on top of the flap for monitoring purposes and an-
other one was placed on the opposite groin as a control device
(see Figs. 8(b) and 10 ). The sensor monitoring time lasted at
least 20 minutes. At the end of the monitoring period, the in-
structors evaluated the health condition of the flap with visual
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Fig. 9. Microscopic view of the blood vessels (the vein is about 2 mm
diameter and the artery is about 1 mm diameter) after anastomosis for
a groin flap on a rat. Both vein and artery are successfully patent.

Fig. 10. Set up of the Hamlyn StO2 sensor placed on a flap after
anastomosis of the blood vessels.

Fig. 11. Microscopic view of the blood vessels (the vein is about 2 mm
diameter and the artery is about 1 mm diameter) after anastomosis for a
groin flap on a rat. It shows venous and arterial thrombosis, preventing
blood flow into and out of the flap. The flap being at the right end side of
the anastomosis.

observation of the blood vessels and the flap and performed
the flicker test, the milky test and blood vessel massage. The
testing device was used to monitor long-term variation of StO2
perfusion during the postoperative time of groin flap. The obser-
vations of the instructors did not influence the data analysis. The
control device placed on the symmetric healthy area of the rat
is used to observe the StO2 level variations of healthy tissue,
while the testing device monitors StO2 level variations on a
flap. From this study, 16 free groin flaps were successfully cre-
ated at the end of the operation and monitored, 4 of which were
shown to be successfully patent. Venous thrombosis caused non-
patency and therefore failure of 5 flaps whilst 7 failed due to
arterial thrombosis. Fig. 11 shows an example of both venous
and arterial thrombosis. As the main cause of failure is due to
venous thrombosis and to follow our previous work on partial
venous occlusion [13], only successful and venous thrombosis
cases are taken into consideration.

Out of the 9 investigated flaps, the final decision about
flap viability (successful or failed flap) given by the StO2

Fig. 12. Data collected on a successful flap. The top graph shows the
processed HbO2 and HHb measurements. The bottom graph shows
the StO2 measurements. As shown, the StO2 level increases.

Fig. 13. Data collected on a failing flap. The top graph shows the
processed HbO2 and HHb measurements. The bottom graph shows the
StO2 measurements. As shown, the StO2 measurements decreases.

measurements concurred with the final assessment given by the
instructors (two expert in microvascular operations). Figs. 12
and 13 show the HbO2 , HHb [26] and StO2 measurements
of a successful and a failed flap respectively. In the case of the
investigated successful flap, the StO2 level increases about 4
units before remaining steady, while the StO2 level decreases
about 2 units in the case of the failed flap. The StO2 signals
are coherent with the final status of the flaps and the expected
physiological responses [13]. Fig. 14 shows the HbO2 , HHb
and StO2 measurements of the control device (see Fig. 8(b)).
The StO2 measurements remain within a constant oxygenation
level, with ± 1.02 unit of standard deviation. The HbO2 , HHb
and StO2 measurements were processed with a smoothing filter
for noise removal. This also agrees with the expectations of the
evolution of the oxygenation level in a healthy tissue [13].

To compare the animal study results obtained with those of the
vascular phantom [13], both successful and failed flap datasets
are separately placed within the trained naive Bayes classifier
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Fig. 14. Data collected on an untouched tissue with the control device.
The top graph shows the processed HbO2 and HHb measurements.
The bottom graph shows the StO2 measurements. As shown, the StO2
measurements remain constant.

for venous and arterial blood flow distinction; this classifier was
trained with the data acquired from the simulations with the vas-
cular phantom. The datasets taken from the animal studies are
also placed within Fuzzy, Kμ (K = 10) and K nearest neighbour
(KNN) (K = 10) classifiers. In the case of the successful flap,
50% of instances are classified as venous blood whilst 51% are
found for the failed flap using the naive Bayes classifier; sim-
ilar results are found for the Fuzzy and Kμ classifiers. Using
the KNN classifier, from the failed flap dataset, 71% instances
are identified as venous blood against 47% in the case of the
successful flap. This suggests that the device can differentiate
venous from arterial blood flow with both the StO2 gradient and
the classifiers as metrics to define the overall state of the flap.
Similarly, the datasets associated with failed flaps are separately
placed within the trained naive Bayes classifier for classifying
different levels of partial venous occlusion; this classifier was
trained with the data acquired from the vascular phantom simu-
lations. In the case of the failed flap, the first instance of 100%
occlusion is detected at about 50 minutes after the anastomosis
- the StO2 level has decreased about 1.5 unit.

Consequently, results of animal studies and our previous work
[13] accord and show the sensor’s ability in monitoring flap
status with the general blood type within the flap (venous i.e.,
more HHb compound or arterial i.e., more HbO2 compound),
while in the case of venous thrombosis, classifying the degree
of venous occlusion.

IV. DISCUSSION

Close postoperative monitoring of free flap is crucial for
early intervention and salvaging failing flaps. Currently, there
are no standard methods across hospitals for monitoring flap.
The methods usually rely on the experience of the clinical
team and their routine assessments of the flap via observation
and palpations which can be difficult in the case of patients
with dark skin tone or thick skin. To enable early detection
of flap failure to reduce failure rate and morbidity, continuous

monitoring is necessary. A miniaturized wearable wireless de-
vice is proposed for continuous monitoring of blood flow and
tissue perfusion through StO2 measurements. Designed for
postoperative monitoring of fasciocutaneous free flap trans-
fer, this low cost wireless sensor is self-calibrated and can au-
tomatically adjust to the patient’s phenotype (age, sex, skin
tone and thickness) while ensuring the reliability of the mea-
surements. Integrated with a BLE transceiver, it can seam-
lessly connect to a smart-phone which can forward data to
a cloud server. The clinical team can ubiquitously access the
data in order to provide a timely response in the case of flap
failure.

By extending our previous work [13], 32 volunteers of dif-
ferent skin tones (based on the Fitzpatrick scale), BMI levels
(under 25 and above 28), age ranges (under 30 and above 50)
and sex were recruited to perform an ischaemia test (for which
a sphygmomanometer is used to simulate ischaemic effects).
Using the Hamlyn StO2 device embedded with pairs of red/IR
or green/IR LEDs, the extensive experiment results have shown:

1) that the correlation between StO2 levels of the red and
green LED devices is averaged at 0.862 ± 0.071 among
all participants.

2) The average correlation among all pairs of members of
the same group but different skin tone (under 30 years
old females and males) is 0.855 ± 0.071 for the red
LED device and 0.868 ± 0.082 for the green LED de-
vice. Results show that the closer the skin tones are,
the higher the correlation is between paired participants,
which concurs with our previous findings [13]. In the
case of BMI over 28, over 50 years old and under 30
years old classes with similar skin tones, the average cor-
relation is 0.861 ± 0.058 for the red LED device and
0.869 ± 0.095 for the green LED device, which shows
homogeneity among people of the same phenotype and
skin tone.

3) Cross group correlation for under 30 years old males and
females showed the StO2 measurements of a male with
pale skin is more correlated to those of a female with
tanned skin than those of a female with pale skin. This is
due to the fact that males tend to have thicker skin than
females and that darker skin has more skin layers than
pale skin [14], [16], which causes these identical results.

4) Ratio between the StO2 average of the baseline and the
last StO2 level during the application of 100 mmHg
pressure showed, as expected, no significant difference
among females and males of different skin tones for each
wavelength LED used. Therefore, the self-calibration al-
lows the measurement of consistent StO2 level variations
across and within different groups of subject with differ-
ent skin tones and thickness.

5) Voltage and LED intensity levels estimations suggest that
the use of the green LED is more power efficient for the
introduced device than the red LED, while both give sim-
ilar results. This result concurs with the theory of the
green wavelength being able to better detect HbO2 com-
pound variations due to its higher extinction (or absorp-
tion) level; signal amplification is reduced.
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Those results show that the self-calibrated device can provide
consistent StO2 results over different age ranges, sex and skin
tones and thickness.

As a first step to assess the feasibility and reliability of the
device for potential clinical use as an additional monitoring
device, free groin flap surgery was performed on rats. All viable
flaps at the end of the operation were monitored and independent
data analysis was performed. In addition to raw data analysis, the
data taken from the animals were classified and compared with
the data obtained in the previous phantom study [13]. Results
demonstrated that:

1) after the operation, a StO2 decrease is observed in the
case of venous thrombosis while it increases for the suc-
cessful flap. In the case of the control device, the StO2
level remains constant over time. These outcomes agree
with biological responses and show that the device can
estimate flap failure by only analysing the gradient of the
StO2 .

2) Placing the gathered animal datasets within the KNN
(K = 10) classifier for venous and arterial blood flow dis-
tinction, from the failed flap dataset, the KNN identified
71% instances of venous blood - i.e., 29% instances of ar-
terial blood. From the successful flap, the KNN identified
47% instances of venous blood instances - i.e., 53% in-
stances of arterial blood. This concurs with normal phys-
iological responses [13]. This shows the device can also
detect thrombosis by classifying the data.

3) Placing the gathered animal datasets within partial venous
occlusion classifiers, in the case of the failed flap, the first
instance of 100% occlusion happens after 50 minutes
monitoring, with the StO2 level starting to decrease after
the first 15 minutes, which suggests that the vein slowly
thrombosed. This shows that the device can estimate the
venous occlusion level combined with the StO2 gradient
analysis.

The animal study results agree with our previous findings on
the vascular phantom [13] and demonstrate the possibility of
detecting venous occlusion and blood type (venous or arterial)
using the proposed sensor.

Both healthy subject and animal studies suggests that the
device can detect flap failure for different phenotypes or other
external conditions.

Future research includes conducting a clinical feasibility
study on patients who have undergone fasciocutaneous free flap
surgery to 1) evaluate the robustness of the device in an hospital
environment, 2) demonstrate the use of the device within the
current workflow of the clinical team, 3) assist the clinical team
in postoperative monitoring. The main purpose of the device
is to assist the clinical team in the postoperative monitoring.
Other work on 4) a variable cut-off point is also considered; as
each flap is different (e.g., size, perforators location, fat layer
width), it is hypothesized that an absolute StO2 cut-off point is
not applicable - further analysis of StO2 gradient deviations on
different flap conditions is required. At the moment, decision
on the flap viability is given by the color band on the mobile ap-
plication based on the relative variations of the StO2 gradient.
Finally, at this stage, our focus has been placed upon fasciocu-

taneous flap as the device is not designed for buried free flaps,
such as muscle. In the animal studies, the groin flap is a 3 cm2

fasciocutaneous flap with less than 1cm width. Therefore, 5)
work on depth spatial resolution will also be conducted to en-
able better target of the tissue layer which requires monitoring,
enabling monitoring of buried flaps.

V. CONCLUSION

In this paper, we have introduced a wireless device based on
near infrared spectroscopy (NIRS) for continuous blood flow
and perfusion monitoring by quantifying tissue oxygenation
saturation (StO2). The goal of this device is to be an addi-
tional tool to monitor free flaps after surgery. To do so, an
on-node self-calibration program was developed to provide re-
liable subject-specific monitoring while overcoming the need
for subject-specific calibration due to different phenotypes or
other external conditions. Flap failure detection was also demon-
strated through a pilot animal study. The outcomes demonstrated
the device’s ability 1) to adapt to the patients’ skin type and 2)
to provide flap failure detection. These results suggest that the
device could be used for objective StO2 tissue flap assessment
while providing real-time data to assist the clinical team to pro-
vide early intervention.
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