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Abstract

Objective: Intestinal anastomotic failure that occurs mainly due to ischaemia is a serious risk in
colorectal cancer patients undergoing surgery. Surgeons continue to rely on subjective methods

such as visual inspection to assess intestinal viability during surgery and there are no clinical tools

to directly monitor viability postoperatively. A dual-wavelength reflectance optical sensor has been
developed for continuous and dynamic monitoring of intestinal viability via the intestinal lumen.
Maintaining direct contact between the sensor and the inner intestinal wall can be difficultin an
intraluminal design, therefore impacting on signal acquisition and quality. This paper investigates
the effect of direct contact versus variable distances between the sensor and the tissue surface of the
buccal mucosa as a surrogate. Approach: The in vivo study involved 20 healthy volunteers to measure
the effect of optical sensor-tissue distances on the ability to acquire photoplethysmography signals
and their quality. Signals were acquired from the buccal mucosa at five optical sensor-tissue distances.
Main results: Distances between 0 mm (contact) to 5 mm were the most optimal, producing signals

of high quality and signal-to-noise ratio, resulting in reliable estimations of the blood oxygen
saturation. Distances exceeding 5 mm compromised the acquired signals, and were of poor quality,
thereby unreliably estimating the blood oxygen saturation. Significance: The developed optical sensor
proved to be reliable for acquiring photoplethysmography signals for cases where distances between
the optical sensor-tissue may arise during the assessment of intraluminal intestinal viability.

1. Introduction

Colorectal cancer is the fourth most common cause of cancer deaths in the UK (Cancer Research 2016) and
surgery is the only curative treatment. Surgery for colorectal cancer often involves excision of the tumour bearing
intestine followed by an intestinal anastomosis to restore intestinal continuity. Restoring intestinal continuity
after cancer resection is deemed the gold standard as any stoma after surgery is proven to cause a poor quality of
life in cancer survivors. In 2%—10% of patients anastomotic failure occurs mainly due to inadequate vascularity
surrounding the anastomosis (Jafarietal 2013). Currently, there are no reliable tools to directly monitor intestinal
perfusion across a newly constructed anastomosis and hence, prediction of anastomotic failure remains a clinical
challenge (Jafarietal 2013).

Splanchnic circulation is the main source of blood supply to the intestinal tract which is susceptible to
ischemia and is easily compromised to a variable extent in systemic illnesses (Nachiappan ef al 2014). Intestinal
ischaemia is a cause of disruption of gut-mucosal barrier, which allows bacterial translocation and endotoxin
absorption into the portal circulation. Consequently, there is amplification of systemic inflammatory response
(Hickey etal 2010).
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The current gold standards to assess the adequacy of intestinal viability intraoperatively are based on visual
inspection of the colour, arterial pulsation and presence of peristalsis (Kingham and Pachter 2009). The major-
ity of the other techniques previously described for assessing the intestinal viability via measurements of oxygen
tension (Lee et al 2006), fluorescence (Jafari et al 2015) and laser Doppler flowmetry (Abdollahi et al 2015) have
all remained as research tools and have not been adopted into mainstream clinical practice. Significantly, none of
the described techniques allow continuous and dynamic monitoring of intestinal viability especially in the post-
operative period (Hyman 2009). Additionally, most researched technologies are operator dependent, resulting in
inter-observer inconsistency and unreliable technological performance.

To overcome these limitations, a novel intraluminal optical sensor system was proposed (Patel et al 2017).
The intraluminal sensor system bases its technology on photoplethysmography (PPG) and pulse oximetry (PO),
which is known for many clinical and research applications (Kyriacou 2006). The intraluminal PPG sensor sys-
tem aims to provide dynamic monitoring of intestinal viability through a continuous measurement of blood
volumetric changes through PPG amplitudes and perfusion indexes. Thereby, enabling a potential clinical moni-
toring tool for both intraoperative and postoperative use.

The PPG sensor is inserted into the lumen of the intestine via the anal orifice. Light emitting from the sen-
sor at two wavelengths, red and infrared, penetrates the intestinal mucosal lining. The reflected light intensity
is measured by the photodetector, where changes in blood volume and oxygen saturation (S,0;) are estimated
(Webster 1997).

Conventionally, the acquisition of good quality PPG signals and the accuracy of S,0,s depend on a reliable
contact between the optical sensor and the tissue surface (Allen 2007, Hickey et al 2011, Sun and Thakor 2016).
However, in an intraluminal design, the reliability of sensor-tissue surface contact is uncertain. Balloon designs,
although might improve sensor-tissue surface contact, might inadvertently cause pressure-related complica-
tions. Therefore, this study investigates the influence of direct contact versus no contact between the sensor and
the tissue surface on the acquisition and quality of endocavitary photoplethysmograph signals. Furthermore, the
study would provide information on the optimal distance in order to obtain reliable, high-quality signals.

Buccal mucosa is selected as a surrogate for intestinal mucosa due to its ease of access and tissue similarity. Using
acustom made intraluminal probe, PPGs at two wavelengths were investigated. The paper aims to describe the tech-
nical developments of the dual-wavelength intraluminal PPG sensor and relevant instrumentation, and investigate
the effects of varying optical sensor-tissue separations on PPG signals acquired from the buccal mucosa.

2. Materials and methods

A dual-wavelength reflectance PPG sensor probe was developed to measure intestinal viability through an
intraluminal route. Prior to its validation in the human intestine, evaluations were designed for obtaining
measurements using the sensor from the human buccal mucosa, given the location’s tissue similarity and its
easy accessibility. A previous study reported successful PPG acquisition from the buccal mucosa of healthy
human volunteers (Patel et al 2017). The present study investigated the effects of varying the separation distance
between the optical sensor and the tissue mucosa. Figure 1 illustrates the method in obtaining PPG signals when
separation distances between the intraluminal PPG sensor and the buccal mucosa tissue were created.

2.1. Intraluminal PPG sensor
Aprototypeintraluminal PPG sensor hasbeen developed and described (Patel etal2017). The capsular prototype,
having a diameter and length of 5.5mm and 10.2mm respectively, was deemed unsuitable for intraluminal
insertion into the human colon; therefore a second sensor of a longer length has been designed and fabricated for
intraluminal colonic measurements, to reduce strain between the wire and sensor casing.

A sensor printed circuit board (PCB), figures 2(a) and (b), with the dimensions of 22 x 4.2 x 2.51 mm
(I x w x h) was fabricated using an electronic computer aided design software. The intraluminal PPG sensor
consists of a red and infrared surface mount light emitting diodes (LEDs), with peak wavelength emissions of
660nm (KP-2012SRC, Kingbright, Taiwan) and 880 nm (KP-2012SF4C, Kingbright, Taiwan) respectively. For
the detection of back scattering of light from the tissue, a flat-top photodiode with an active area of 0.65 mm?
and peak wavelength sensitivity of 900 nm (SR10BP, Excelitas Technologies, Massachusetts, US) was used. The
separation distance from the centre of the photodiode to the centre of each LED was 5 mm. Previous studies
have shown such separation distance would provide good quality PPGs with a high signal-to-noise ratio (SNR)
(Hickey and Kyriacou 2007).

2.1.1. Sensor casing

The anatomical structures of the large intestine (colon and rectum) were taken into consideration when
developing the intraluminal PPG sensor. The large intestine is tubular shaped, with an approximate lumen
dimension and wall thickness of 50 mm and 5 mm (Nicholls and Dozois 1997).
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Figure 1. Simplified representation of the signal acquisition method. The intraluminal PPG sensor (blue) records
photoplethysmography signals at several distances, x;, from the buccal mucosa. Let x; be 0 mm from the buccal mucosa. Initial
photoplethysmography signals would be acquired at x; for a chosen measurement period, before increasing the sensor-buccal
distance to x,, x; till x,,.
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Figure 2. Mechanical drawing with dimensions of the components required to develop the modified intraluminal PPG sensor.
Drawings illustrate: (a) reflectance PPG sensor (side view), where the emitter-detector separation distance and the length and
total height are annotated; (b) reflectance PPG sensor (top view), indicating the width and location of the components, such as the
light emitting diodes and the photodetector; (c) sensor casing dimensions, where the rectangular recess is of the same length of the
reflectance PPG sensor, allowing the placement of the reflectance PPG sensor within the capsular casing.

A capsular design for the casing was developed using SolidWorks 2016 (Dassault Systems, Vlizy-Villacoublay,
FR) and 3D printing technology, Object24 3D printer (Stratasys Ltd, Minnesota, US). The casing was designed to
provide smooth and even surfaces with rounded edges to minimise any intestinal damage during the placement
of the sensor. The modified sensor casing, shown in figure 2(c), has a diameter and length of 6 x 36 mm respec-
tively, with a rectangular recess, allowing placement of the reflectance PPG sensor within the capsular casing.

The reflectance PPG sensor was securely fixed within the sensor casing, with black absorbing material sur-
rounding the optics to reduce the effect of optical shunt (penumbra effect). An optically clear medical epoxy
(Dymax Corporation, Torrington, CT, US), was used to seal the reflectance PPG sensor within the casing to pro-
vide electrical isolation. Electrical isolation was imperative, should the sensor come into contact with biological
tissue and fluids. A multicore cable drawn through the sensor casing and soldered onto the PCB, provides electri-
cal contact between the intraluminal PPG sensor to the processing and data acquisition system. To allow detected
signals to enter the processing and data acquisition system, a male D-Sub 9 connector was used (figure 3).

2.2. Development of an adjustable distance apparatus

As figure 1 suggests, the study required an apparatus to alter the optical sensor-tissue separation in a controlled
and repeatable manner. Five optical sensor-tissue separations were chosen for the study; 0 mm, 2.3 mm, 8 mm
and 10 mm. At each separation, the sensor was inserted into the mouth and positioned in the maxillary vestibule,
directing the emitted light into the inner cheek buccal mucosal lining.

Measurements at the optical sensor-tissue distance of 0 mm (contact) required the sensor to be covered in a
clean plastic sheath. Measurements with the use of the plastic sheath was considered as direct contact between
the intraluminal PPG sensor and the buccal mucosal lining, with the assumption of the sheath being of negligible
thickness. The remaining measurements utilised customised clean, clear rectal catheters (Pennine Healthcare,
Derby, UK), with inner dimensions of 13.2mm and the length of 40 mm. The purpose of the catheters was to
obtain optical sensor-tissue distances as described above. The first non-contact separation was 2.3 mm, which
corresponds to the wall thickness of the catheter.
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Figure 3. The intraluminal photoplethysmography sensor for the assessment of intestinal viability. (a) 3D visualisation of the
intraluminal PPG sensor. (b) Image of the developed intraluminal sensor. A black absorbing material surrounds the optics, acting
asan optical barrier before being sealed with a medical epoxy. The sensor includes a D-Sub 9 connector allowing connection
capabilities with the processing and data acquisition system.

In order to adjust the distances within the catheter, catheter caps were designed using SolidWorks 2016
(Dassault Systems, Vlizy-Villacoublay, FR). Each catheter cap was designed to ensure the sensor was accurately
positioned at the needed distance. The portion of the cap that resides within the catheter (inner catheter cap)
was designed to have the same dimension as the inner dimensions of the catheter. Figure 4(a) illustrates the
recess position changing depending on the distance required. To guarantee the intraluminal PPG sensor directed
towards the buccal mucosal lining at all times, a flat indent to the catheter cap was created indicating the direc-
tion required for the sensor, as shown in figures 4(a) and (b). The further the sensor moves away from the flat
indent, the optical sensor-tissue distance increases. A recess within the catheter cap was designed to have the
same dimensions of the intraluminal PPG sensor, ensuring the sensor would fit precisely, preventing movement
or rotation within the catheter. Additional to the extruded catheter caps, sealed catheter caps were developed to
avoid liquid ingress, as shown in figure 4(c).

2.3. PPGprocessingand data acquisition system

A battery operated, customised PPG processing system, ZenPPG, developed by the Research Centre for
Biomedical Engineering at City, University of London was utilised (Budidha et al 2018). ZenPPG, as shown in
figure 5, is a modular system of dual channels, permitting the acquisition of raw, dual-wavelength PPG signals
prior to analogue-to-digital conversion for offline analysis and further signal analysis. Both channels allow PPG
acquisitions via the intraluminal optical sensor and an electrically and optically identical finger sensor.

Within a rectangular portable unit (16.0 x 10.3 x 5.6 cm), there are identical dual pulse oximeter chan-
nels, comprising of multiplexed current sources to drive the infrared and red LEDs, alternatively. The cur-
rent source module allows current for one channel to be adjusted digitally, whereas the second channel is
altered through trimmers. When the LEDs illuminate the tissue, the light detected from the photodiode
are passed to a trans-impedance amplifier for current-to-voltage conversion. The core board of the ZenPPG
was accountable for the multiplexing and de-multiplexing process for the dual channels via a micro-
controller (Atmel ATtiny 2313-20SU, California, US). Additionally, signals were passed through filters to condi-
tion the acquired signals preceding digitisation.

All output signals were digitised by a 16-bit data acquisition card (NI DAQ-6211, National Instruments
Corp., Texas, US), at a sampling rate of 1kHz. With the use of LabVIEW (National Instruments Corp., Texas,
US), all signals were saved and displayed simultaneously, with the availability of adjusting the light intensities, by
digitally controlling the driving currents of the LEDs (Budidha et al 2018).

2.4. Invivovolunteer study

2.4.1. Subjects

With institutional research ethics approval, 20 healthy volunteers were recruited based on the completion of
a patient questionnaire regarding current and past medical conditions. The healthy volunteers were equally
distributed between males and females, with ages ranging from 18 to 38 (mean age [£SD] : 28 [+4]) years.
Following full explanation of the study objective, informed consent was obtained from all subjects prior to the
commencement of the study.

2.5. Study protocol

The in vivo study was carried out in the Research Centre for Biomedical Engineering Physiological Measurements
laboratory. The room temperature was maintained at an average temperature of 20 °C £ 2 °C throughout the
study. Overhead fluorescent lights were switched off to eliminate additional light interference when recordings
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Figure4. Adjustable distance apparatus achieving five separation distances between the intraluminal PPG sensor and the buccal
mucosa. (a) Mechanical drawing of the apparatus, where all measurements, except at 0 mm, requires the use of catheters and catheter
caps. The inner cap (+--) corresponds to the measurement distance of 2.3 mm. (b) 3D visualisation of the intraluminal PPG sensor
fitting into the extruded catheter caps, where the flat indent indicates the sensor direction. (¢) Example of the full assembly for
measurements at 2.3 mm, where the intraluminal PPG sensor is inserted within the customised catheter and both catheter caps,
extruded and sealed, placed on either ends of the catheter.

took place. To minimise motion artefacts, volunteers rested comfortably in a semi-Fowlers position, which is the
supine position with the head of the bed at an upright angle between 30-40°. Furthermore, all reusable materials
were disinfected using sterilising fluid (Milton, UK) and volunteers were offered to rinse their mouth with
mouthwash, before and after the study.

Two sensors were utilised concurrently, the intraluminal PPG sensor and a finger reflectance PPG sensor for
buccal mucosa and finger measurements respectively. Measurements from both locations were obtained at five
sensor-tissue separations, 0 mm, 2.3 mm, 5mm, 8 mm and 10 mm. For mucosal measurements to commence
at 0mm, the intraluminal PPG sensor was covered in a plastic sheath. The covered sensor was inserted into the
mouth and positioned in the maxillary vestibule, directing towards the left cheek buccal mucosa. Subsequently,
the separation between the sensor and the mucosal lining was achieved with the use of the adjustable distance
apparatus (section 2.2). After positioning the sensor correctly in the maxillary vestibule, volunteers were asked
to close their mouth. All raw measurements were acquired at two light intensities, by driving the LEDs simultane-
ously with currents of 20 mA and 40 mA, respectively. Two minutes of recorded data at each distance was saved
and displayed on a computer running LabVIEW. The overall study duration lasted for up to 45 min, where short
breaks were provided between changes of the sensor-tissue separations and the driving currents of the LEDs.

2.6. Data analysis and statistics

The recorded PPG signals were processed and analysed offline using MATLAB®. The recorded PPG signals were
down sampled to 100 Hz to remove high frequency noise. Further noise reduction and DC offsets were removed
with digital filters. A band-pass, finite impulse response (FIR) filter, with a pass-band between 0.45-10 Hz and
60 dB attenuation in the stop-band was designed. The designed filter coefficients were utilised with filtfilt
(Mitra 2001) in MATLAB®, to perform zero-phase filtering of all signals.

For each volunteer, 20 s samples of the PPG signals were selected from the recorded PPG signals, from
the buccal mucosa and finger at the five sensor-tissue separations at each light intensity. From the PPG sig-
nal, the changes in absorbance of the arterial blood (ac component) can be identified from the non-pul-
satile venous blood and other body tissue (dc component) due to the pulsatile nature of the arterial blood
(Hickey and Kyriacou 2007). To identify each component of both red and infrared, a 2 s rolling window over the
chosen 20 s measurement period was used to obtain the peak-to-peak amplitudes of the pulsatile signal (ac) and
the relatively constant values of light attenuation (dc).

To aid in comparisons, let the term ‘overall mean and standard deviation’ (Mq + qu) be the mean of the
means of the signal parameter of interest (q) from all subjects. Therefore, for a signal parameter (g), first the mean
per subject are obtained; followed by an average of all the subjects’ mean (M) and standard deviation (+SD,)).

Comparison of the ac PPG amplitude changes against the sensor-tissue separation were made, where the
overall mean and standard deviation (M, + SD,.) was calculated for each of the five separations, when the LEDs
were driven with currents of 20 mA and 40 mA, respectively.

The quality of the acquired ac PPG signals was assessed by measuring the signal-to-noise ratio (SNR). This
was achieved by using measurements of the signal against background noise in the time domain with the usage



of MATLAB®’s robust quadratic regression and snr functions. For comparisons, the overall mean of the SNR
of the ac PPG signals ( Msnr) were obtained for each of the five separations and the two LED driving currents.

For the estimation of the arterial oxygen saturation, S,O,, the estimation followed two steps: calculating the
ratio of the components (i.e. ratio of ratios, Rps) at two wavelengths, equation (1) and correlating the ratio of
ratios to S,0,, equation (2) (Kyriacou 2013). Similarly, the comparisons of S, 0, against the sensor-tissue separa-
tion were obtained by calculating the overall mean and standard deviation (Mgpo2 + @gpoz) for each of the five
separations and the two LED driving currents.

()R

Ros = 25 (1)
(ﬁ)IR

S,0, = 110 — 25(Ros). (2)

A Kolmogorov—Smirnov (KS) test (Massey 1951), was used to validate normality of the ac PPG signals from
the buccal mucosa and finger. For multiple comparisons, the one-way analysis of variance (ANOVA) (Hogg
and Ledolter 1987) was then applied, to test for statistical significance between the ac PPG amplitudes means
acquired at the recorded distances. If significant difference were found, a post-hoc correction method, Bonfer-
roni, was used (Neter et al 1996). P-values less than 0.05 were considered to be statistically significant.

3. Results

Analysis of the recorded PPG signals was performed on 19 of the 20 volunteers. In one volunteer, the recorded
signals were particularly hindered due to electromyogram interference from the cheek and overall motion
artefact. Identifying fundamental characteristics of the PPG waveform was challenging, therefore this data set
was excluded from further analysis.

PPG signals were recorded (n = 19), from both wavelengths and all separations between the intraluminal
PPG sensor and the buccal mucosa lining. Figure 6 depicts typical infrared ac PPG traces from the buccal mucosal
at each sensor-tissue distance, at two light intensities utilising LED driving currents of 20 mA and 40 mA respec-
tively. For illustration purposes, figure 6(c) depicts an example of noisy PPG signals obtained at a sensor-buccal
distance of 10 mm, when the LEDs driving currents were set to 20 mA.

For each sensor-tissue distance, the mean infrared and red ac PPG amplitudes were calculated by averaging the
amplitudes with the use of a 2 s rolling window over the chosen 20 s measurement period, section 2.4. The overall
mean and standard deviation of the ac PPG amplitude (M, & SD,.) from the buccal mucosa for different sensor-
buccal distances are illustrated in figure 7 for each light intensity where the LEDs were driven with 20 mA and 40 mA.

As described in section 2.4, the SNR was calculated. Figure 8 presents the overall mean of the SNR ( Mgng) for
red and infrared ac PPG signals from the buccal mucosa at each sensor-buccal separation. The SNR was calcu-
lated for each wavelength when driven with currents of 20 mA and 40 mA per sensor-buccal separation.

Preliminary estimations of 5,0, was calculated using equations (1) and (2) respectively. Calculations were
based on each subject per sensor-tissue separation from the buccal mucosa and finger at the two light intensities,
where the LEDs were driven with currents of 20 mA and 40 mA.

The Ms,0, values presented in table 1 were found to have a normal distribution (KS test) at each separation
and hence, the t-test was used to determine significant differences between the Ms,o, from the buccal mucosa
and finger per sensor-tissue distance. At each sensor-tissue separation, no significance was found, where all p-

values were above 0.05.

The M, from the buccal mucosa had a normal distribution (KS test) and hence, a one-way analysis of var-
iance (ANOVA) tested for statistical significance between the M, from the buccal mucosa from two related
sensor-buccal distance, for example, 8 mm versus 10 mm sensor-tissue distance. As significant differences were
found, a post-hoc Bonferroni correction was used. Table 2 is a multiple comparisons table presenting the p-val-
ues from the Bonferroni correction of the paired tests on each sensor-buccal distance pair. The Bonferroni cor-
rection was tested at the two light intensities, by driving the LEDs with currents of 20 mA and 40 mA. Tests that
were unable to reject the null hypothesis are highlighted in bold.

4. Discussion

Photoplethysmography signals were obtained at two light intensities, driven with currents of 20 mA and 40 mA,
after altering the distance between the intraluminal sensor and the buccal mucosa, figure 6. As expected, the PPG
amplitude and morphology differed with the changes in the separation between the intraluminal optical sensor
and the buccal mucosal tissue. The overall trend displayed a decrease in the PPG amplitude as the sensor-buccal
separation increased.
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Figure 6. Twenty seconds of typical infrared ac PPG traces from a healthy volunteer at different sensor distances from the buccal
mucosa. For visualisation purposes, five signals are equally spaced with a 20 mV offset; as the offset increases, the separation
increases. PPG measurements were obtained at two light intensities by driving the LEDs with currents of (a) 20 mA and (b) 40 mA.
(c) illustrates examples of noisy ac PPG signals from both wavelenths, infrared (bottom) and red (top). These were obtained ata
separation of 10 mm, where the LED’s driving current was 20 mA. The two signals are equally spaced with a 1 mV offset.

Similar trends were observed when comparing the M, between the infrared and red PPG signals, as shown in
figure 7. For the infrared LED, with a driving current of 20 mA, the ANOVA test indicated statistical significance
within the five M, obtained at each distance [F = 41.025, p = 0.001 (< 0.05)]. Results from the Bonferroni
correction, table 2, showed the multiple comparison of sensor-buccal distance of 0 mm against the remaining
distances, having significant differences at 5% level between the overall mean of infrared ac PPG amplitudes from
the buccal mucosa at 0mm (M, = 5.25 mV) compared to the overall means of infrared ac PPG amplitudes at
2.3mm,5mm, 8 mmand 10 mm (M, = 2.70 mV, 1.95 mV, 1.83 mV,and1.09 mV respectively).

The detected red ac amplitudes were smaller than the infrared ac amplitudes. This is a common finding due
to the differences in the light absorption of oxygenated and deoxygenated haemoglobin at these two wavelengths
(Webster 1997, Kyriacou 2006). For the red LED, with a driving current of 20 mA, the ANOVA test indicated
statistical significance within the five M, obtained at each distance [F = 16.516, p = 0.001 (< 0.05)]. The Bon-
ferroni correction showed there were significant differences between the buccal distance of 0 mm against the
remaining distances at a 5% level between the overall mean of red ac PPG amplitudes from the buccal mucosa at
0mm (M, = 1.76 mm) compared to the means of red ac PPG amplitudes at 2.3 mm, 5mm, 8 mm and 10 mm
(M, = 0.75 mV,0.72 mV, 0.57 mV, and 0.47 mV respectively). The overall means of red ac PPG amplitudes
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Figure7. Overall mean and standard deviation of the ac PPG amplitudes (M, & SD,) at different sensor-buccal distances. The
results present the overall mean and standard deviation from the buccal mucosa using red (M-R, red) and infrared (M-IR, yellow)
wavelengths at two light intensities by driving the LEDs with currents of (a) 20 mA and (b) 40 mA.

(a) (b)
2
2
22
20
18
16
14
12

——o6— M-IR
0} e MR

0 2.3 5 8 10 0 2.3 5 8 10
Distance (mm) Distance (mm)

Figure8. Overall mean of the signal-to-noise ratio (Msng) for red (M-R SNR, orange — x —) and infrared (M-IR SNR, blue —)—)
at different sensor-buccal separations. Signal-to-noise ratio was calculated for each LED driving current: (a) 20 mA, (b) 40 mA.

Table 1. Overall mean and standard deviation of blood oxygen saturation (MSpOz + @5‘,02) estimated at each sensor-tissue separation.

The results present the overall mean and standard deviation of blood oxygen saturation from the buccal mucosa and left middle finger;
each obtained at the five distances.

Ms,0, + SDs,0,(%)

Distance (mm) Buccal Finger
0 96 £3 97 +1
2.3 98 £ 1 96+ 2
5 97 +£2 96 +2
8 96 £ 4 94+4
10 95+ 3 94+5

were found to have no statistical difference between the sensor-buccal distance of 2.3 mm and all distances up to
10mm ata 5% level.

Atadriving current of 40 mA, observations from table 2 suggests more pairs of different distances showing a
significant difference between the M, ’s. By increasing the LED driving currents from 20 mA to 40 mA, the light
intensity increases by two folds, resulting in the M, for both wavelengths to approximately double. For instance,
at 0mm (contact), the M, for infrared was found to be 5.25 mV and 10.79 mV, respectively. The increase in




Table 2. One-way analysis of variance (ANOVA) tested for statistical significance between the overall mean ac photoplethysmography
signals (M,,) from two related sensor-buccal distance. A post-hoc comparison test, Bonferroni, was used to determine where statistical
significance were found. The table presents the p-values of the paired test on each pair (first and second column). Bonferroni correction
was tested at two light intensities by driving the LEDs with currents of 20 mA and 40 mA. Tests where the null hypothesis could not be
rejected are highlighted in bold.

p-values
20 mA 40 mA
Distance (mm) Infrared Red Infrared Red
0 versus 2.3 0.001 0.001 0.001 0.001
5 0.001 0.002 0.001 0.001
8 0.001 0.001 0.001 0.001
10 0.001 0.001 0.001 0.002
2.3 versus 5 >0.05 >0.05 >0.05 >0.05
8 >0.05 >0.05 0.001 >0.05
10 0.001 >0.05 0.001 0.002
5 versus 8 >0.05 >0.05 >0.05 >0.05
10 >0.05 >0.05 0.020 0.018
8 versus 10 >0.05 >0.05 >0.05 >0.05

amplitude is due to the increase in the number of photons emitted in order to penetrate the tissue, similarly
increasing the number of returning photons to the photodetector, therefore resulting in a larger PPG amplitude.

Referring to figure 8(a), high SNRs were observed up to distances of 5mm, as exceeding this distance lead
to a substantial reduction in the red SNR, from approximately 18 dB to 8.5 dB. As the sensor-buccal separation
increased, the PPG signals detected at both LED driving currents became of poor quality, which are identifiable
due to the erratic and slight resemblance of the conventional signals, as shown in figure 6(c). As the optical sen-
sor-tissue separation increases, the photons reaching the mucosal lining diminishes, resulting in the reduction of
photons penetrating the tissue. The number of photons returning to the photodiode could also be compromised
by the physical distance of the optics and the buccal mucosa. As the number of photons returning to the photodi-
ode is significant to the quality of PPG signals, the use of 40 mA within the intestine would be chosen. Referring to
figure 8(b), with the increase of emitted photons, the overall SNR for both wavelengths were seen to increase and
approximately halve the SNR range.

Preliminary blood oxygen saturation estimations were conducted as an indication whether the system had
the capability of calculating reliable S, O, values when an optical sensor-tissue separation was present. Consider-
ing the left index finger S,0, at 0 mm (contact) as the reference value, table 1 shows an agreement between the
estimated saturations obtained from the buccal mucosa and finger. The t-test suggests no significant differences
between the M;,o, buccal mucosa and finger at each distance, where p-values above 0.05 were found. As an
observation, when the optical sensor is at a farther distance, there are slight reductions in the estimated M 5,0,
values and an increase in the STSPOZ. This is due to the inaccurate determination of the ratio of ratios (equation
(2)), which relates to the diminishing SNR.

Discrepancies in the results for the distance of 0mm (contact) was due to a challenge encountered by the
stabilisation of the intraluminal sensor within the mouth. As measurements during contact were obtained with a
plastic sheath, each individual handled the sensor differently. Furthermore, assumptions were made for the SNR
to decrease proportionally as the separation distance increased. However, due to participants swallowing and the
resultant electromyogram interference from the cheek, recorded signals were hindered.

Despite the challenges encountered, the study provides confidence and reassurance that the sensor would
obtain good quality PPG signals from an endocavity; even when a sensor-tissue separation may occur. With med-
ical reference to the intestine anatomy, it is known for the intestine to be in a collapsed state (Nicholls and Dozois
1997), which supports the assumption of the sensor not exceeding a separation distance of 5mm. Consequently,
ahigher light intensity such as 40 mA, would guarantee the capability of acquiring reliable PPG signals and S, 0,
estimations to aid in the dynamic monitoring of intestinal viability via an intraluminal route.

5. Conclusion

A dual-wavelength, reflectance, intraluminal PPG sensor was developed with the long-term aim of dynamically
assessing intestinal viability continuously, during intestinal resectional surgery for cancer and benign conditions.
Utilising the human buccal mucosa as a surrogate of the intestinal mucosa, the study demonstrated feasible
acquisition of PPG signals. Furthermore, good quality PPG signals could be acquired for up to a 5 mm sensor-



tissue separation. Within this range, PPG signals of high quality and SNR were produced, thereby providing
reliable S, 0, estimations. This preliminary study suggests the ability to obtain PPG signals within the lumen
of the large intestine, to assess intestinal viability. The evaluations for the current study was carried out in a
controlled environment, and repeating the study in a clinical setting may result in different findings, which may
bealimitation of our study. Further experiments are required to study the potential impact of intestinal contents,
both liquids and solids on the quality of the signals acquired from within the intestinal lumen. Clinical proof
of concept studies are being planned to test the novel intraluminal intestinal optical sensor as a tool to monitor
intestinal viability during and after surgery.
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