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ABSTRACT

A new, continuous method of monitoring splanchnic organ oxygen saturation (SpO,) would
make the early detection of inadequate tissue oxygenation feasible, reducing the risk of
hypoperfusion, severe ischaemia, and, ultimately, death. In an attempt to provide such a
device, a new fibre optic based reflectance pulse oximeter probe and processing system
were developed followed by an in vivo evaluation of the technology on seventeen patients
undergoing elective laparotomy. Photoplethysmographic (PPG) signals of good quality and
high signal-to-noise ratio were obtained from the small bowel, large bowel, liver and stom-
ach. Simultaneous peripheral PPG signals from the finger were also obtained for comparison
purposes. Analysis of the amplitudes of all acquired PPG signals indicated much larger
amplitudes for those signals obtained from splanchnic organs than those obtained from
the finger. Estimated SpO; values for splanchnic organs showed good agreement with those
obtained from the finger fibre optic probe and those obtained from a commercial device.
These preliminary results suggest that a miniaturized ‘indwelling’ fibre optic sensor may be
a suitable method for pre-operative and post-operative evaluation of splanchnic organ SpO,
and their health.

1. Introduction

Currently, there is no widely accepted method for assessing
splanchnic perfusion in the clinical care environment. Tech-
niques such as polarographic oxygen electrodes and positron

If an organ or tissue is not sufficiently perfused with oxy-
genated blood, cell death and tissue necrosis can ensue.
Failure of one organ due to malperfusion may lead indirectly
to the dysfunction of distant organs through the release of var-
ious toxins into the portal blood stream [1]. This could result in
the onset of multiple organ failure, which is a common cause
of morbidity following major surgery [2]. Previous studies have
indicated that the gastrointestinal tract may be the canary of
the body, making early detection of malperfusion feasible [3].
This suggests that a continuous method for monitoring per-
fusion of the splanchnic area would be invaluable in the early
detection of inadequate oxygenation [4].

emission tomography remain research tools [2], while laser
Doppler, Doppler ultrasound [5], and intravenous fluores-
cein [2] methods are complex, expensive, do not measure
oxygenation directly, and are not suitable for routine moni-
toring. Gastric tonometry, although one of the few techniques
currently used in clinical practice for estimating intestinal
hypoxia, has not been widely accepted due to the intermit-
tent, heavily operator dependent and time consuming nature
of the device [6].

Pulse oximetry has also been used experimentally in both
animals and humans [7-10] where it was found to be a
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rapid, reproducible, as well as a highly sensitive and specific
technique for detecting small bowel ischaemia. The use of
commercial pulse oximeters for estimating splanchnic per-
fusion in humans has been found to be impractical (bulky
probes, cannot be sterilized, etc.) [4]. More recently a custom
made reflectance pulse oximeter has shown for the first time
that good quality photoplethysmographic (PPG) signals can be
detected from various human abdominal organs (bowel, kid-
ney, liver) during open laparotomy [4]. However, this probe
is not suitable for prolonged continuous monitoring in the
abdomen.

In an attempt to overcome the limitations of the current
techniques for measuring splanchnic blood oxygen satura-
tion, a new prototype fibre-optic probe was developed for
investigating PPG signals from various splanchnic organs and
also estimating arterial blood oxygen saturation (SpO,) of
splanchnic organs during open laparotomy. An electrically iso-
lated instrumentation system and a signal acquisition system
were also developed for driving the optical components of
the sensor, pre-processing and displaying the acquired PPG
signals on the screen of a laptop computer. The developed sys-
tem was evaluated in vivo on seventeen patients undergoing

surgery.

2. Methods
2.1.  Fibre optic pulse oximeter probes

A reflectance fibre optic splanchnic pulse oximeter probe was
designed using 600 pm core silica glass step index fibres,
infrared (850nm) and red (650nm) emitters, and a 1mm?
active area photodiode [9]. In order to facilitate the evaluation
of the fibre optic probe during open laparotomy;, it was decided
to configure the probe as a handheld device. Fig. 1(a) shows the
finished splanchnic probe. For comparison purposes an identi-
cal (electrically and optically) reflectance fibre optic probe was
also developed to enable the monitoring of PPG signals from a
peripheral site (finger or toe) (Fig. 1(b)).

Fig. 1 - (a) The developed splanchnic fibre optic probe and
(b) the identical finger probe.

2.2.  Isolated instrumentation system and virtual
instrument

An electrically isolated instrumentation system was designed
and developed to drive the optical components of the fibre
optic probes and also to detect and pre-process the red and
infrared ac and dc PPG signals (Fig. 2). For each probe, the
light detected by the photodiode is split into its red (R) and
infrared (IR) PPG components, before passing through an iso-
lation barrier, which was included for increased patient safety.
The R and IR PPG signals from each probe where then further
processed to divide each signal into its ac and dc PPG parts.

A virtual instrument (VI) implemented in LabVIEW
(National Instruments, USA) was also developed. The VI is
used for driving various hardware sections of the instrumenta-
tion system and for the acquisition, displaying, analysis and
storing of all acquired PPG signals. It also provides an algo-
rithm for the estimation of SpO,. Detailed technical details of
the processing system are described by Hickey and Kyriacou
[11].
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Fig. 2 - Block diagram illustration the functional aspects of the instrumentation system (IR: infrared and R: red).
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2.3.  Preliminary investigation of fibre-optic probe
during open laparotomy

Local Research Ethics Committee approval was obtained to
investigate ASA 1 and 2 (American Standard of Anaesthesiol-
ogy; scale 1-5, with 5 the most critically ill patient) patients
undergoing elective laparotomy following informed written
consent. Photoplethysmographic measurements were made
in seventeen patients (three male and fourteen female, mean
age (+SD): 54+9.7). Table 1 presents more details on the
patients included in the investigation. As the study was
observational, patients’ surgical, anaesthetic and monitor-
ing management were as per routine. All patients were
induced with propofol (2 mg/kgIV) and anaesthesia was main-
tained with either 1-3% isoflurane or sevoflurane in a 50-70%
air/oxygen or N,O/oxygen mixture. The inspired concen-
tration of the volatile anaesthetic was varied to maintain
hemodynamic stability. All patients were intubated and ven-
tilated using volume controlled intermittent positive pressure
ventilation set at 12 breaths per minute (Datex-Ohmeda Aes-
tiva/5, GE Healthcare, UK). Patient temperature was measured
using temperature probes (Temprecise, Arizant, UK) sited in
the oesophagus. Blood pressure was measured non-invasively
from the arm every 5 min. The blood pressure cuff was placed
on the opposite arm to the finger pulse oximetry sensor.
Before introducing the splanchnic fibre optic pulse oxime-
ter into the surgical site, the probe was placed into a sterile
medical ultrasound cover which was transparent to the light
being emitted. At an appropriate time during the surgery, the
surgeon placed the splanchnic pulse oximeter probe on the
surface of each accessible abdominal organ (Fig. 3). For com-
parison purposes the identical fibre optic finger pulse oximeter
probe was also placed on the index finger of the right hand.
Signals were monitored and acquired for approximately 2 min
at each site. Blood oxygen saturation from a commercial finger
pulse oximeter (GE Healthcare, UK) was also simultaneously

Fig. 3 — In vivo measurement of red and infrared splanchnic
PPG signals during open laparotomy.

monitored and recorded. The commercial finger probe was
placed on the middle finger of the right hand as well.

3. Results

Good quality PPG signals with large amplitudes were recorded
in all attempts from the small bowel (n=17), large bowel
(n=14), liver (n=5) and stomach (n=5). Fig. 4 depicts ac red
(R) and infrared (IR) PPG traces from the large bowel, stom-
ach and the finger. The low frequency artifact present on the
splanchnic PPG traces was due to the mechanical ventilator
and movement of the handheld sensor.

The quality of the obtained ac PPG signals was assessed by
measuring the signal-to-noise ratio (SNR). This was performed
using measurements of pulse power against background noise
in the frequency domain, achieved using the pwelch method in
Matlab [12]. The SNR values of all signals were approximately
80dB.

Table 1 - Details of patients included in the preliminary investigation. All parameters were taken prior to the

investigation.

Sex Procedure Pulse rate (bpm) Temp (°C) Blood pressure
(mm Hg)

1 M Whipples 90 36.2 108/62
2 F Laparotomy 85 36.4 100/76
3 B Laprascopy assisted Anteriorresectum + open 92 36 90/63

4 M Laparotomy + subtotal colectomy 89 36.9 90/56

5 F Laparotomy + debulking anterior resection 61 36.7 112/65
6 M Laparotomy 71 36.2 98/64

7 B TAH? radical 74 36.7 122/71
8 F Hepatectomy 104 36.5 114/60
9 F Laparotomy for invitional hernia repair 64 36.4 118/71
10 F Laparotomy 69 36.7 117/67
11 F Laparotomy 67 36.7 98/60

12 F TAHBSOP 87 35.9 129/85
13 F TAHBSOP 70 36.2 100/50
14 F TAHBSOP + removal of ovarian mass 61 36.4 144/64
15 B Laparotomy + pelvic exentoration 74 36.1 110/54
16 F Laparotomy for pelvic mass 60 36.2 96/67

17 F TAHBSOP 73 36.2 100/60

2 Total abdominal hysterectomy.
b Total abdominal hysterectomy bilateral salpingo-oophorectomy.
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Fig. 4 - Acred (R) and infrared (IR) PPG signals from the large bowel, stomach and periphery.

Table 2 - Mean (+SD) infrared (IR) and red (R) ac and dc amplitudes for all sites.

Site Mean IR ac (V) Mean R ac (V) Mean IR dc (V) Mean R dc (V)

Small bowel (n=17) 237 £ 1.26 0.76 + 0.41 1.23 £ 0.07 0.84 + 0.04

Large bowel (n=14) 2.29 + 1.11 0.76 + 0.35 1.20 £+ 0.06 0.83 + 0.03

Liver (n=5) 3.32+ 247 0.91 + 0.82 1.16 £ 0.03 0.79 £+ 0.03

Stomach (n=5) 1.71 £ 0.84 0.62 + 0.23 1.20 £ .07 0.84 £+ 0.02

Finger (n=17) 0.85 + 0.26 0.23 £ 0.07 0.09 £+ 0.03 0.05 £+ 0.01

In order to provide an indication of how PPG ampli- Although this is an uncalibrated pulse oximetry system,

tudes differ between sites, the mean splanchnic ac and preliminary mean SpO; values were calculated for the small
dc PPG amplitudes for each site were calculated. The bowel, large bowel, liver, stomach and finger (Table 3). The-
mean finger ac and dc amplitudes were also calculated mean SpO; values from the commercial pulse oximeter are
(Table 2). also included for comparison purposes.

Table 3 - Mean (+SD) SpO, values for each patient and each measurement site. The mean of the mean (+SD) SpO, for

each measurement site is included at the end of the table.

Patient Small bowel Large bowel Liver Stomach Finger Commercial
1 96.99 + 3.77 98.31 + 3.11 103.7 £+ 1.02 100.99 + 2.13 97.46 + 2.74 98 + 0
2 97.29 + 3.25 98.15 + 2.27 101.18 + 3.71 90.46 + 1.58 97.14 + 2.99 97 £ 0
3 95.49 + 3.61 95.39 + 2.94 - - 95.40 + 2.86 97 £ 0
4 92.01 + 5.29 91.30 + 4.36 96.92 + 4.31 - 95.79 + 3.03 97 £ 0
5 94.88 + 3.62 94.47 + 3.5 - - 97.28 + 2.51 98 + 0
6 94.86 + 2.71 96.61 + 2.95 - - 96.01 + 2.89 97 £ 0
7 99.93 + 3.31 102.34 + 2.51 - - 101.52 + 2.54 9 + 0
8 92.50 + 3.24 94.78 + 3.5 - - 95.86 + 2.89 98 + 0
9 100.46 + 1.91 100.83 + 2.75 - - 97.75 + 2.96 97 £ 0
10 101.12 + 2.33 - - - 100.42 + 3.17 99 + 0
11 101.38 + 3.78 - - 98.81 + 3.88 97.64 + 2.92 98 + 0
12 100.79 + 2.15 100.51 £ 2.4 - - 98.96 + 2.5 99 + 0
13 95.38 + 2.13 94.64 + 3.27 - 94.73 + 2.95 95.77 + 2.52 97 £ 0
14 97.22 + 4.88 - - - 100.25 +£ 2.4 99 + 0
15 94.58 + 2.12 95.51 + 1.5 99.46 + 2.4 93.95 + 3.08 97.88 + 2.83 98 + 0
16 100.29 + 4.4 100.39 + 3.8 - - 101.18 +£ £2.92 99 + 0
17 101.86 + 2.17 96.7 £+ 4.29 101.8 £+ 3.25 - 98.11 + 3.17 97 £ 0

Mean 97.41 + 3.14 97.14 £ 3.11 100.60 + 2.70 95.80 + 4.32 97.94 + 1.87 97.88 + 0.86
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Table 4 - Results of paired t-test comparisons on estimated SpO, values from all sites.

Small bowel Large bowel Liver Stomach Finger Commercial
Small bowel - NS p=0.023 NS NS NS
Large bowel NS - p <0.001 NS NS NS
Liver p=0.023 p<0.001 = NS NS p=0.038
Stomach NS NS NS = NS NS
Finger NS NS NS NS = NS
Commercial NS NS p=0.038 NS NS -

A paired t-test was used to determine if there was any
significant difference between the estimated SpO, values
obtained between sites (Table 4).

4, Conclusion

A new fibre optic pulse oximeter probe, an instrumentation
system and a virtual instrument were successfully devel-
oped and evaluated on seventeen patients during surgery.
Good quality PPG signals with high signal-to-noise ratios were
recorded on all attempts from various splanchnic organs. By
observing Fig. 4 and Table 2, it can be seen that there is a
significant difference between the mean ac and dc PPG ampli-
tudes obtained from the splanchnic sites when compared with
those obtained from the finger. These differences might be
due to differences in tissue type and vasculature amongst the
sites investigated. It is possible that in the tissue of splanch-
nic organs, the arteries and, therefore the blood supply, are
closer to the surface than in a peripheral site such as the finger.
In this case, the light travelling through the splanchnic tis-
sue will possibly encounter more pulsatile arterial blood along
its path, than light travelling in the finger. This may explain
the larger red and infrared ac PPG signals obtained from the
various splanchnic organs in comparison with those obtained
from the finger. Peripheral tissue, such as that on the finger,
has a thick epidermis layer and as a result light travelling in
the finger may undergo more absorption due to non-pulsatile
tissue than light travelling in the splanchnicregion. Again, this
may explain the smaller red and infrared dc PPG amplitudes
obtained from the finger. During the described clinical study,
amore detailed and thorough investigation into the morphol-
ogy of the splanchnic PPGs in comparison to the peripheral
PPGs was not possible. However, it is proposed that a more
controlled study (perhaps animal studies) where every organ
can be looked at in more detail may provide answers to the
suggested hypothesis.

Despite the differences in the amplitude of the splanch-
nic PPGs, the mean SpO, values from all splanchnic sites
together with the finger SpO, values estimated from the fin-
ger fibre optic pulse oximeter and the SpO, values obtained
from the commercial pulse oximeter showed a broad agree-
ment (Table 3). There was larger variation in the obtained
finger SpO, values obtained using the fibre optic sensor
than those obtained from the commercial sensor (Table 3).
This may be due to the different signal processing methods
applied to the acquired PPG signals within the commercial
device. Therefore, the commercial SpO, values were only
included for comparison purposes. Furthermore, the SpO, val-
ues obtained from both fibre optic probes sometimes give

estimations over 100%. This is not alarming in an uncalibrated
device.

The results of a paired t-test on the SpO, data (Table 4)
showed that there was no significant difference in the estima-
tion of blood oxygen saturation from the small bowel, large
bowel, stomach, and finger. Furthermore, no statistically sig-
nificant difference was found when the signals from these
sites were compared with the recorded commercial pulse
oximeter SpO, values. The SpO, values from the liver showed
statistically significant differences between the values from
the commercial device, as well as those obtained at the small
and large bowel. However, this may be due to the small sample
size (n=5) of the liver data.

This preliminary evaluation has provided sufficient confi-
dence that the PPG signals acquired from the small and large
bowel using a new fibre optic pulse oximeter probe are of
sufficient quality to be used in the determination of splanch-
nic arterial blood oxygen saturation. Good quality PPG signals
from the liver and stomach were obtained, however, the sam-
ple sizes for both sites (n=5) were too small to allow for more
robust conclusions.
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