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Abstract. In abdominal trauma patients, monitoring intestinal perfusion and oxygen consumption is essential during
the resuscitation period. Photoplethysmography is an optical technique potentially capable of monitoring these
changes in real time to provide the medical staff with a timely and quantitative measure of the adequacy of resus-
citation. The challenges for using optical techniques in monitoring hemodynamics in intestinal tissue are discussed,
and the solutions to these challenges are presented using a combination of Monte Carlo modeling and theoretical
analysis of light propagation in tissue. In particular, it is shown that by using visible wavelengths (i.e., 470 and
525 nm), the perfusion signal is enhanced and the background contribution is decreased compared with using
traditional near-infrared wavelengths leading to an order of magnitude enhancement in the signal-to-background
ratio. It was further shown that, using the visible wavelengths, similar sensitivity to oxygenation changes could be
obtained (over 50% compared with that of near-infrared wavelengths). This is mainly due to the increased contrast
between tissue and blood in that spectral region and the confinement of the photons to the thickness of the small
intestine. Moreover, the modeling results show that the source to detector separation should be limited to roughly
6 mm while using traditional near-infrared light, with a few centimeters source to detector separation leads to poor
signal-to-background ratio. Finally, a visible wavelength system is tested in an in vivo porcine study, and the pos-
sibility of monitoring intestinal perfusion changes is showed. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI:

10.1117/1.JBO.18.8.087005]
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1 Introduction

Injury is the leading cause of death for people aged 1 to 44 year
(s) in the United States. It results in 31 million Emergency
Department (ED) visits each year and accounts for approxi-
mately a third of all ED visits and 8% of all hospital stays.!
Injury is a worldwide problem, and it results in 5.8 million
deaths annually, many of which can be prevented.> When a
patient loses a large volume of blood due to an injury, their
blood pressure drops causing poor perfusion and oxygen deliv-
ery to the tissue. This lack in perfusion results in anaerobic
metabolism that causes tissue acidosis, which can lead to
the failure of multiple vital organs, known as multiple organ
dysfunction syndrome (MODS). To avoid MODS, treatment
usually starts by controlling the bleeding and volume resuscita-
tion before operating on any of the primary injuries.>* The oxy-
gen deprivation period is commonly known as shock. Longer
shock periods result in a higher tissue oxygen debt, which usu-
ally requires longer resuscitation time even after some of the
vital signals (i.e., heart rate, blood pressure, etc.) of the patient
are back to normal levels. During that period, the tissue oxygen
uptake/consumption and perfusion are elevated to accommodate
for tissue needs. Consequently, normal oxygen consumption has
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been proposed as the safe end-point of resuscitation.” The
current standard of care for the resuscitation end-point relies
on systemic indicators such as blood pressure, urine output, and
heart rate. After these parameters are normalized, up to 85%
of patients are still in “compensated shock,” and they still
have tissue acidosis.> Monitoring tissue perfusion and oxygen
consumption in real time can provide clinicians with a more
clear and safe end-point of resuscitation.’

Some functional imaging modalities, such as magnetic res-
onance imaging, can provide information about perfusion and
oxygen consumption; however, they are not cost efficient and
have a low throughput, and thus, they are not appropriate for
continuous monitoring.® Optical techniques can potentially pro-
vide a real-time, cost-efficient, and minimally invasive way for
monitoring perfusion and oxygenation changes in tissue.””
Currently, the gold standards for tissue perfusion and flow mon-
itoring in operating rooms are thermal diffusion, laser Doppler,
and transit-time ultrasound flowmetry.'>~!® Although these tech-
niques can provide continuous, real-time reading of microcir-
culation perfusion changes and/or vascular flow levels, they do
not provide any data on the oxygen uptake, which is critical to
assess the adequacy of perfusion and tissue stress.

Traditional oxygenation measurement techniques, such as
catheterization and blood draws, are invasive and not suitable
for long-term, continuous monitoring of oxygenation changes.
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Optical techniques remain the gold standard for noninvasive
monitoring of tissue oxygen saturation because of hemoglobin’s
optical properties that change depending on its oxygenation
state, as shown in Fig. 1 (Ref. 17 and 18). Near-infrared
spectroscopy (NIRS) is perhaps the most common of these tech-
niques.”'**’ The technique delivers multiple NIR wavelengths
of light to the tissue, and the diffusely reflected light is collected
and analyzed. The difference in attenuation between the optical
bands is measured and can be used to track the changes in
reduced hemoglobin (Hb), oxygenated hemoglobin (HbO,),
total hemoglobin (HbT), and other chromophores of interest.
A measure of the light-path length is required to get quantitative
information, which can be accomplished by multiple techniques
such as NIRS in the frequency domain (FD-NIRS) or in the time
domain (TD-NIRS).?! FD-NIRS uses a modulated light source
for illumination, and the phase information of the collected wave
is used to calculate the path length. TD-NIRS employs pulsed
light illumination and detects the shape of the pulse after propa-
gation through tissue to calibrate the measurements. NIRS mea-
sures tissue hemodynamics, but it cannot separate arterial and
venous contributions.

Photoplethysmography (PPG) is another optical technique,
which is based on measuring fluctuations in tissue blood volume
due to the arterial pulsatility and information about pulse pres-
sure at a certain wavelength can be extracted and correlated with
perfusion levels.?? The principle of PPG can be combined with
that of spectroscopy by measuring the PPG signal at multiple
wavelengths (typically two). This can be used to obtain a mea-
sure of arterial oxygen saturation, which is the basis of pulse
oximetry. Pulse oximetry is the most widely accepted technique
for monitoring oxygenation noninvasively.!! Pulse oximeters
measure peripheral oxygen saturation which, in the case of
severely injured patients, does not always correlate with tissue
oxygenation in vital organs. Moreover, pulse oximetry, in its
basic form, measures only arterial oxygen saturation and does
not provide any information about venous oxygenation or oxy-
gen extraction/consumption. However, PPG can be modified to
measure venous and arterial saturations, which can then be used
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Fig. 1 Extinction coefficient of reduced hemoglobin (Hb, in blue) and
oxygenated hemoglobin (HbO,, in red). Multiple isobestic points can
be seen in the visible and NIR ranges. The NIR isobestic point around
800 nm is the most commonly used for near-infrared spectroscopy
(NIRS) and photoplethysmography (PPG) sensors (plot based on data
from Ref. 18).
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to calculate tissue oxygen consumption.® In addition, if the sen-
sor is designed to operate in reflection mode, it can be used to
monitor splanchnic organs.”?* Moreover, PPG has been shown
to have the ability to track changes in perfusion and oxygenation
independently,. 2426

The aforementioned optical techniques commonly employ
long visible and NIR wavelengths (660 to 940 nm), due to
the relative transparency of biological tissue in that range.””*
Compared with visible light, this allows a higher-penetration
depth (several millimeters) and a larger probing volume that is
typically desired to increase the hemoglobin signal. For that
same reason, large source to detector separations (~10 to
50 mm) are typically used to probe deep tissue and to avoid
superficial poorly vascularized regions.”=? However, in the
case of monitoring trauma patients during resuscitation, particu-
larly abdominal trauma, it is of paramount importance to mon-
itor perfusion and oxygen uptake in the intestines which are
relatively thin and transparent to light.**3* The human jejunum
is 3.5 to 4 mm in thickness, and probing it with conventional
NIR probes leads to high background signals and causes strong
motion artifact from the lumen of the intestine and/or other tis-
sue surrounding it.* This is problematic for any optical tech-
nique, and in particular to PPG sensors that measure the
inherently weak arterial pulsatile signal (0.2% to 5.2%), which
can sometimes be overridden by these motion artifacts.*® In
addition, because of the small volume of probed tissue, the
hemoglobin signal is usually weak. Previous studies by Hickey
et al. showed that using shorter source to detector separations
can lead to better PPG signals from the splanchnic organs
such as the bowel and stomach.’’® However, wavelength selec-
tion was not discussed, which is essential to maximize the
signal-to-background ratio from the small-probed volume.
Moving to the visible wavelengths range (where hemoglobin
absorption is an order of magnitude higher than in its NIR
counterpart) increases the sensitivity to hemoglobin changes.
In this article, a thorough theoretical analysis of the problems
in monitoring perfusion and oxygenation using NIR light in
the intestine are presented. Monte Carlo (MC) simulations to
support the findings as well as potential solutions are also pro-
posed and tested. Finally, the results are verified with prelimi-
nary in vivo porcine studies with a sensor based on the PPG
technique.

2 Materials and Methods

In order for an optical sensor to succeed in monitoring perfusion
and oxygenation changes in the intestine, it has to satisfy a few
conditions: (1) High sensitivity to hemoglobin concentration
changes, (2) optical contrast between the two oxygenation states
of hemoglobin at the selected wavelength(s), and (3) penetration
depth that is sufficient to satisfy conditions (1) and (2), but that
does not exceed the thickness of the probed tissue (<3 mm). In
the following sections, the methods used to adjust these param-
eters to conform to the proposed criteria are presented. The two
main independent variables are illumination wavelengths and
source to detector separation.

2.1 Perfusion and Oxygenation Signal

Hemoglobin absorption is the main source of contrast in
monitoring perfusion and oxygenation changes. To study the
strength of the signal at different wavelengths, we look at the
absorption coefficient dynamic range due to perfusion and oxy-
genation changes. This is followed by MC simulations (Sec. 2.3)
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that consider the contribution of both the absorption and the
scattering of light in tissue.

The oxygenation signal is mainly a result of the change in the
absorption properties of hemoglobin when it switches between
its oxygenated and deoxygenated state (HbO, and Hb respec-
tively). A typical pulse oximeter would operate two red-NIR
wavelengths of light: one that is more sensitive to oxy-hemoglo-
bin, and the other more sensitive to deoxy-hemoglobin. Most
sensors employ a third wavelength at an isobestic point that
has optical properties independent of the oxygenation state.
This wavelength is typically used to measure and/or separate the
contribution of other hemoglobin forms (met-hemoglobin and
carboxy-hemoglobin) as well as other confounder chromo-
phores and dyes in the selected spectral region.*>** A common
method for studying the oxygenation signal as a function of
wavelength is to look at the differences between the optical
properties of oxy- and deoxy-hemoglobin. These differences
are mainly due to the absorption coefficient, since the scattering
properties of blood have been shown to be relatively indepen-
dent of its oxygen content.!” Equation (1) was used to look at the
oxygenation signal at each wavelength. Note that the zero cross-
ings of that equation correspond to isobestic points.

S; = |enbs — €mpo,.a- ()

In Eq. (1), S, is the difference signal and ey, ; and ey, ; are
the absorption coefficient of deoxy- and oxy-hemoglobin,
respectively.

The perfusion signal is a result of the change in blood volume
in the tissue. To simulate that signal, the full dynamic range due
to changes in blood volume is examined. This is quantified by
the difference in absorption coefficient between normally per-
fused tissue and unperfused (ischemic) tissue [Eq. (2)]. This
quantity, designated SBR;, has the same trend as the signal-
to-background ratio (blood to total signal). Further details on
Egs. (1) and (2) are described in the Appendix.

_ |8perfused,ﬂ - gtissue,/1|

SBR; = . )
(Sperfusedg{ + 8tissue,/1)

These simplified equations served as a guide for the simu-
lations. Specifically, they provided information regarding which
wavelengths are viable candidates for determining appropriate
oxygenation and perfusion signals and which ones are less
sensitive to hemodynamic changes. The performance of the
wavelengths of interest guided by the above two equations
was modeled using MC simulations as described in Sec. 2.3.

2.2 Penetration Depth

The penetration depth properties were assessed using the equa-
tions derived by Weiss et al. based on a random walk model.*!
The first quantity of interest is the mean penetration depth (Z).
This symbolizes the average penetration depth of a group of
photons launched into a medium. This quantity is a function
of the optical properties (u, and p.) of the medium, which in
turn depend on the wavelength of light and the distance from
the source to detector (r) used to collect these photons [Eq. (3)].

B 0.476r1/2

In Eq. (3), u, and u. are the absorption coefficient and the
reduced scattering coefficient of the medium (perfused tissue),
respectively. In addition, r is the source to detector separation.
Although it is important to describe, on average, how deep the
photons propagate in the medium, the mean penetration depth
(Z) described above provides neither the full picture to under-
stand the probing volume nor what percentage of photons are
probing the intestine lumen and/or surrounding tissue. To obtain
that information, the probability density function (p)
of the penetration depth is calculated as described in Eq. (4).*!
This equation describes the distribution of the collected photons
over depth in which z represents the depth in tissue which is
different from the mean penetration depth Z.

2
< <
Per = 8(3:“21#5/)1/2 ’ ; - €Xp |:_(48/’la/"s/)1/2 : 7:| G

Note that Egs. (3) and (4) assume a homogeneous infinite
medium of perfused tissue. The optical properties are also
considered to be the weighted average of tissue and fully oxy-
genated blood (SO, = 100%), and all of these equations
[Egs. (1)~(4)] are evaluated in MATLAB (Mathworks Inc.,
Natick, Massachusetts).

2.3 Monte Carlo Model

For the MC simulations, the Monte Carlo in multilayered tissues
program developed by Wang et al. was employed.*? The
medium was considered as a single layer of homogeneous tis-
sue. The optical properties were varied to model changes in the
perfusion and oxygenation state, as shown in Table 1. Eight
commercially available light-emitting diode (LED) wavelengths
were selected for the simulations. The optical properties used for
the intestine tissue were reported by Chan et al.** The tissue
refractive index and anisotropy factor were assumed to be
1.4 and 0.9, respectively. There are numerous references for
the optical properties of blood, but the ones used in this
work were based on the data reported by Prahl'® and Friebel
et al.'” The refractive index of blood was assumed to be constant
at 1.4. Previous work has shown that the changes in whole blood
refractive index are minimal and that the refractive index ranges
between 1.375 and 1.4 for the wavelength range of interest.*’
Every MC simulation consisted of 10 million photon packets.

In the case of perfused tissue, the medium was considered
homogeneous, and the optical properties were set to the
weighted average of the two (tissue and blood). Skinner and
O’Brien reported that the percentage of vasculature within the
mucosa of the colon tissue varies between 7.7% and 13.4% v /v
depending on the exact location (proximal, mid, and distal
colon).* This number should be a fair estimate of the percentage
of vasculature in the small intestine. In the model, 12% was used
as the percentage of vasculature.

2.4 Instrumentation

To verify the results of the model, data was collected using a
PPG sensor system developed by our group. The instrumenta-
tion has been previously described in detail, and the perfor-
mance of the system has been validated on phantoms and
liver tissue.”?**7 In brief, the sensor system interface board
has four channels each of which can drive a three wavelength
PPG probe. The wavelengths are time multiplexed, and the

A = (7,1/4~ 3) o X i
Uald) reflected light is collected using a single photodetector. The col-
lected signal from each sensor, after passing through a pre-amp,
Journal of Biomedical Optics 087005-3 August 2013 « Vol. 18(8)
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Table 1 Optical properties of the human jejunum and oxygenated and deoxygenated blood. The absorption and scattering coefficients are all in

cm™'.

Tissue Oxygenated blood Deoxygenated blood

Wavelength (nm) Ha Hs g Ha Hs g Ha Hs g

470 3.98 129.2 0.9 177.8 400.8 0.996 86.5 400.8 0.996
525 2.65 107.5 0.9 165.4 392.0 0.995 188.3 392.0 0.995
590 3.08 129.2 0.9 7712 329.5 0.992 151.7 329.5 0.992
630 1.5 81.6 0.9 3.26 316.0 0.992 27.57 316.0 0.992
660 1.32 76.8 0.9 1.71 315.0 0.991 17.28 315.0 0.991
735 1.47 69.2 0.9 2.21 304.2 0.992 5.90 304.2 0.992
805 1.73 65.8 0.9 4.49 292.5 0.991 3.93 292.5 0.991
850 2 64 0.9 5.67 282.5 0.991 3.70 282.5 0.991

is split into two channels. The first channel, the AC channel, has
a band-pass filter with cutoff frequencies (f34g) at 0.15 and
15 Hz. It should be noted that the high-pass cutoff frequency
in the band-pass filter was set at 0.15 Hz to separate the DC
level from the AC signal. The pulsatile AC signal is known
to be around 0.2% to 5.2% of the total collected signal®® and
requires high-gain amplification; however, it is essential that
the DC signal can be eliminated from the amplification channel
to avoid saturation and that is the role of the 0.15-Hz cutoff fil-
ters. In the new generation of this device, the cutoff frequency is
set at 0.55 Hz to eliminate the respiratory motion. The filtered
AC signal passes through a variable gain amplifier that allows
for eight gain settings in the range of 1 to 400 v/v. In the second
channel, the DC channel, the signal passes through a low-pass
filter with a 3-dB cutoff frequency at 0.15 Hz. The same process
is applied to all three wavelengths of each sensor resulting in a
total of 24 channels (four sensors, three wavelengths each, AC
and DC signals). All channels are digitized and sent to a com-
puter for processing via a USB-6529 (National Instruments
Corporation, Austin, Texas).

Two types of probes were used in the in vivo porcine study.
The NIR probes, which our group has used in the past to mea-
sure perfusion and oxygenation in liver tissue, consist of three
wavelengths, 735, 805, and 940 nm (L660/735/805/940-40B42,
Epitex Inc., Japan).”*** All three wavelengths are packaged in
the same lens to probe the same location and to avoid problems
associated with tissue perfusion heterogeneity. The second set
of probes was fabricated for the sole purpose of this study
and consists of visible wavelengths bands centered at 465, 525,

and 639 nm (part number LED528EHP, LED465E, and
LEDG630E respectively, Thorlabs Inc., Newton, New Jersey).
Each of the wavelengths is a separate LED with a separate
lens. The three LEDs were placed at three corners of the photo-
detector to insure the source to detector spacing is the same for
all wavelengths. Both probes used the same silicon photodetec-
tor (S2833-01, Hamamatsu, Bridgewater, New Jersey). The
edge to edge separation on all probes used in this work was
approximately 2 mm (equivalent to 6 to 7 mm center-to-center
separation). The visible probes were coated with polydimethyl-
siloxane to protect the circuitry from the wet tissue. Figure 2
shows the sensor interface and the probes.

2.5 In Vivo Porcine Study

All animal studies were performed under an animal use protocol
(AUP #2010-257) approved by the Institutional Animal Care
and Use Committee at Texas A&M University. The study
was performed on a pig (body weight 27.5 kg). The pig was
premedicated with Telazol 5 to 10 mg/kg. Buprenorphine
0.01 to 0.05 mg/kg was used as an analgesic. Both drugs
were introduced intramuscularly 10 to 15 min prior to anesthesia
induction. Initial anesthesia was induced via inhalation of 3% to
4% isoflurane in oxygen at 3 L/ min. An endotracheal tube was
placed and connected to a breathing circuit. Anesthesia was
maintained by inhalation of isoflurane (0.5% to 4%) in oxygen
(15 mL/Ib). Once the animal was anesthetized, a laparotomy
was performed to get access to the intestine. The two PPG
probes (NIR and VIS) were placed in adjacent spots on the

Fig. 2 The benchtop PPG sensor (on left) including the laptop, data acquisition card, and sensor interface electronics (from left to right). The right panel

shows the visible (upper) and NIR LEDs (lower) used in this study.
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serosal surface of the jejunum and sutured in place. Throughout
the operation, the animal’s vital signals (SpO,, pressure, heart
rate, temperature, and respiratory rate) were monitored and
recorded. To alter the perfusion levels, the intestine was clamped
for short durations (< 1 min) throughout the study. The PPG
signals on both probes were recorded continuously before, dur-
ing, and after the occlusions. At the end of the data collection,
while still anesthetized, the animal was euthanized with a bar-
biturate derivative solution administered intravenously (80 to
120 mg/kg).

3 Results and Discussion

3.1 Perfusion and Oxygenation Signals

Using Eq. (2), the changes in signal-to-background ratio as a
function of wavelength (Fig. 3) were investigated. The visible
wavelengths were shown to carry a higher signal from blood
relative to tissue. The results of this equation (solid line in
Fig. 3) were compared with the ratio of reflectance from the
perfused and unperfused cases of an MC simulation (dots in
Fig. 3). The two methods show the same trend indicating a
higher perfusion signal from the visible wavelengths. The signal
(reflectance ratio) is over an order of magnitude higher at
470 nm compared with the NIR wavelengths (735, 805, and
940 nm). Note that the three wavelengths of 470, 525, and
590 nm have similar levels of perfusion signal. This quantity
was calculated for the case of oxygenated and deoxygenated
blood, and the results are similar in both cases (data shown in
the Appendix). In summary, at 470 nm the signal is higher in the
oxygenated case, while for the 590-nm wavelength the signals
are flipped, and the deoxygenated case shows a higher level of
signal. The 525 nm showed the same levels of signal indepen-
dent from the oxygenation level and can be used as an isobestic
wavelength.

Equation (1) was used to better quantify the oxygenation sig-
nal. The zero crossings in that equation indicate isobestic points
in the hemoglobin spectrum (Fig. 4, solid line). Since this equa-
tion is simplified and does not take into account the effects of
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Fig. 3 Perfusion signal as a function of wavelength when the intestine is
perfused with oxygenated blood. The solid lines show the SBR calcu-
lated from the change in the optical properties between perfused and
ischemic tissues [Eq. (2)]. The dots are the Monte Carlo (MC) simulation
results at the wavelengths of interest. The data show over an order
of magnitude enhancement when moving from the NIR to VIS
wavelengths.

Journal of Biomedical Optics

087005-5

T T T T T T
& 100+ 0.10
©
5 80 -0.08
2]
c
S —
g 60 | 006 &
S o
> 1
X 4 - =
g 40 004 'z
o i o
g x
= 20 10.02
£
(o]
Z 04 10.00

T T T T T T . T T T v T T
300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 4 Oxygenation signal as calculated by Eq. (1) (solid line) and
through MC simulations (red dots). Note the multiple isobestic points in
the visible range and the bands of oxygenation-sensitive wavelengths.

scattering, tissue optical properties, and geometry, we compared
the results to the change in reflectance measured from MC sim-
ulations (|Roxy — Rpeoxy |), as reflected by the red dots in Fig. 4.
The results show that the level of the oxygenation signal is sim-
ilar for both the visible and NIR wavelengths. Moreover, there
are multiple wavelengths in the visible range that can be used as
isobestic points. Note that the oxygenation signal defined in
Eq. (1) and shown in Fig. 4 describes the sensitivity of the sensor
to oxygenation changes, since it measures the total change in
signal over the full range of oxygenation (from 0% to 100%
saturation).

One possible issue in using the visible wavelengths is the
narrowness of the oxygen sensitive bands which might pose
a problem when using LEDs. To test that, the extinction
coefficient of hemoglobin over the wavelength band of com-
mercially available LEDs was integrated, and the ratio of
extinction coefficient of oxy- and deoxy-hemoglobin over these
bands for both the NIR and visible wavelengths were explored.
This ratio shows the change in hemoglobin absorption coeffi-
cient with the change in its oxygenation state indicating whether

735 805 940
2.0 T T T T T

18 ©940
1.6

1.4 + w470 1
1.2 -
T ©805 1

1.0 o .
m525 ]

Ratio

0.8
0.6

0.4 735

0.2
i =630 ]

0.0

T T
525 630

Wavelength (nm)

T
470

Fig. 5 Ratio of the average absorption coefficient of oxy- to deoxy-
hemoglobin over the band of commercially available LEDs in the visible
and NIR ranges. The data show that the change in the hemoglobin
absorption coefficient with oxygenation changes is similar for NIR
and VIS wavelengths.
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or not a wavelength is sensitive to hemoglobin’s oxygen satu-
ration levels. The specifications of the LEDs are based on the
datasheets of Epitex LEDs (part # L470-30M32, L525-30T52,
L590-35D32, and L660/735/805/940-40B42) and the full-
width-half-maximum ranged between 14 and 45 nm. The results
shown in Fig. 5 indicate that the 525 and 805-nm LEDs can both
be considered as isobestic points, and their absorption coeffi-
cients are independent of the oxygenation level (ratio close to
1). The other wavelengths showed similar levels of change
(40% to 80% change in optical properties) depending on the
oxygenation state. The 470 and 940-nm wavelength bands
are more sensitive to oxy-hemoglobin, while the 590 and
735-nm wavelength bands are more absorbed by deoxy-
hemoglobin.

3.2 Penetration Depth

The simulation results presented in the previous section show
that some visible wavelength bands (i.e., 470, 525, and
590 nm) carry enough perfusion and oxygenation information
to be used in a PPG sensor. However, the simulation results
do not answer the concerns about motion artifacts from the
lumen of the intestine and adjacent tissue. To study the effects
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Fig. 8 Transmittance (squares) and reflectance (dots) as a function of
wavelength as calculated by MC simulations. Note that the y-data is
shown on a log scale.

of motion, the mean penetration depth described in Eq. (3) was
explored. As shown in Fig. 6, the mean penetration depth
depends on the illumination wavelength and the source to detec-
tor separation. (A plot of mean penetration depth versus source
to detector separation is provided in the Appendix.) There is a
clear increase in the penetration depth when moving from vis-
ible to NIR wavelengths, and that is why this region of NIR is
sometimes referred to as the therapeutic window. Note that even
for a 16-mm separation, the mean penetration depth of NIR
wavelength is still less than 3 mm. However, different photons
penetrate to different depths in tissue, and the mean penetration
depth is only the average and does not represent the maximum
penetration of photons.

Although the mean penetration depth provides insight into
the relationship between the penetration depth and the wave-
lengths and source to detector separation, it does not tell the
full story. To assess the amount of light probing the background,
the probability distribution of the penetration depth given by
Eq. (4) is investigated. Below is an example of the probability
distribution for the two studied isobestic points (525 and
805 nm). The mean wall thickness used for the human small
intestine is 4 mm.*> This number varies across patients and
even across different areas of the intestine of the same patient;
however, the serosal side of the intestine is where perfusion
should be monitored, and the penetration depth should be lim-
ited to around 3 mm. Anything past that limit is assumed to

Depth (mm)

Fig. 7 Probability density function of the photon penetration depth for the visible and NIR isobestic wavelengths (525 and 805 nm) for multiple source

to detector separations.
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contribute to the background signal. The data in Fig. 7 show that
approximately 25.25% of photons probe the background when
using NIR wavelengths and a 16-mm separation. This can be
reduced by either limiting the source to detector separation to
<6 mm for the NIR wavelengths or using visible wavelengths
with separations up to 20 mm. As mentioned earlier, most
NIR-based sensors utilize separations that are greater than
10 mm. Furthermore, if the sensor is utilizing regular LEDs
and photodiodes, the average diameter of each is approximately
5 mm, which constrains the source to detector separation,
measured from center-to-center, to 5 mm or more. Moving to
the visible wavelengths gives more flexibility in the geometry
of the probe.
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Figure 8 shows the transmittance and reflectance data from
the MC simulation. Transmittance is the amount of light that
was transmitted through the wall relative to the light that was
incident on the tissue. It is 3 to 7 orders of magnitude lower
for visible wavelengths compared with their NIR counterparts.
Furthermore, this decrease in the transmittance does not reduce
the reflectance substantially. The reflectance is the light intensity
collected at the surface of the tissue relative to the intensity com-
ing from the source.

In summary, the modeling indicates that the visible wave-
lengths (470, 525, and 590 nm) have a better perfusion signal
with similar oxygenation signal compared with their NIR coun-
terparts. The green (525 nm) wavelength can be used as an
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Fig. 9 The time domain (right column) PPG signal collected in vivo and the corresponding fast Fourier transform (FFT) spectrum (left column) for VIS
and NIR wavelengths. In Fig. 14 in the Appendix, the 1 to 5-Hz region is zoomed in showing the cardiac cycle and high-frequency motion peaks.
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Fig. 10 The signal-to-background ratio from the in vivo porcine data
(black squares) compared with the MC simulations results (red dots).

isobestic point if needed. Moreover, all three visible wave-
lengths have similar perfusion signal levels and similar penetra-
tion depths. This is imperative to insure similar probing volumes
and to avoid problems associated with perfusion heterogeneity
that can lead to erroneous oxygenation results.?’ In addition, at
typical separation distances, NIR wavelengths penetrate through
the wall of the intestine to probe its lumen and sometimes its
neighboring tissue. This results in high background signals
that can vary tremendously with motion artifact. In the following
section, preliminary in vivo results are presented that validate
and fortify these theoretical findings.

3.3 In Vivo Porcine Study

Data was collected from the jejunum using two probes simulta-
neously. One of the probes had three NIR wavelengths (735,
805, and 940 nm), while the second probe had three visible
wavelengths (470, 525, and 630 nm). As shown in the modeling
results in the previous section, the red LED (630 nm) used in the
visible probe for these experimental results was not optimal,
since it would pick up a strong background. However, at the
time of the study, the 590-nm LED was not available so the
630-nm LED was used as a reference, since it uses the same
photodetector as the other visible wavelengths and is probing
the same tissue. Figure 9 shows the time domain PPG waveform
collected on each of the wavelengths (on right) and the corre-
sponding fast Fourier transform (FFT) (on left). Three peaks can

—
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be seen in the spectra: (1) 0.25 Hz which corresponds to the
respiratory rate (15 breaths/ min), (2) 2.18 Hz corresponding
to the cardiac cycle peak (130.8 beats/ min), and (3) 3.95 Hz
that corresponds to a nonthermoregulatory shivering motion.
Note that the body temperature was closely monitored and
controlled throughout the study. Multiple reports discuss the
nonthermoregulatory shivering, which is common in an anes-
thetized animal but still not completely understood.*®** This
high-frequency motion peak was slightly shifted on the NIR
probe (4.61 Hz) compared with the VIS probe (3.95 Hz),
which might be due to the different wavelengths probing differ-
ent locations or different depths.

In Fig. 9, it was shown that the NIR wavelengths have a
much greater background at low frequency. In addition, the car-
diac cycle peak, which carries information about arterial blood,
is higher for the visible wavelengths (see zoomed in 1 to 5-Hz
range in Fig. 14 in the Appendix). These findings indicate that
the visible wavelengths have higher blood signal and lower
background levels and verify the modeling from the previous
section. To quantify the signal-to-background enhancement, the
ratio from these spectra is plotted, as shown in Fig. 10. The sig-
nal-to-background ratio is defined as the ratio of the cardiac
cycle peak to the highest background frequency component
above 0.15 Hz (DC excluded). Compared with the signal-to-
background ratio from the MC simulations (red dots), it can
be seen that both quantities follow the same trend and show
a better performance for the visible wavelength range compared
with the traditional NIR wavelength range. Note that the MC
simulations assumed monochromatic sources, while the in vivo
data were collected with LEDs that had a bandwidth [full-width
half-maximum (FWHM) ~14 to 45 nm]. This accounts for some
of the discrepancy in the results for the 630-nm wavelength that
falls on the tail of the decaying SBR graph. The LED data show
a higher SBR for that wavelength compared with the model, in
part because it is integrating over that tail.

To verify that the cardiac cycle peak is not motion artifact and
is in fact probing the microvasculature, the part of the small
intestine that had the optical probes was occluded for short
periods of time (~30 s). The probes recorded data continuously
throughout the process (four occlusions and four baselines).
The FFT was applied to a sliding window (25 s in width and
shifted 10 s for every data point), and the cardiac cycle peak
was detected using an automated program implemented in
MATLAB (Mathworks, Inc.). The cardiac cycle peak was moni-
tored during baseline and occlusion periods (Fig. 13, Appendix).
Figure 11 shows the change in the peak amplitude due to the

XXX Green 525nm
Il Blue 470nm

Occlusion

Baseline

Fig. 11 In vivo porcine occlusion study data. (a) The change in time of the FFT peak on the two wavelengths of interest. The gray areas correspond to the
occlusion periods. (b) The average of the FFT peaks during baseline and occlusion periods.
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drop in perfusion during occlusions at the two visible wave-
lengths (470 and 525 nm). The data show that the peaks corre-
late well with perfusion changes and can discriminate the
baseline and occlusion state (p < 0.05, two pair student #-test).
The goal of these studies was to assure that the detected signal
was due to the microvasculature perfusion. In the future, the
sensor will be optimized, and quantitative studies comparing
its performance to other monitors (i.e., laser Doppler) will be
conducted to assess the accuracy, sensitivity, and resolution of
the sensor to perfusion and oxygenation changes. The inspired
oxygen level was maintained constant during these studies. The
modulation ratio (R) was calculated using the data from the two
visible wavelengths (470 and 525 nm), as shown in Fig. 13 in
the Appendix.

The findings presented in this paper can be applied to other
cases where limited penetration depth is desired. One example is
monitoring skin oxygenation and perfusion, which is of interest
in cases such as wound healing and critical limb ischemia >*>!
As discussed earlier, current perfusion and oxygenation systems
are optimized to probe relatively deep tissue and when sensors
are applied to the skin, the collected signal is mainly probing
muscle vasculature and reflects muscle rather than skin hemo-
dynamics, which is a desired property when studying muscle
physiology.?>>%3 The reported findings can be applied to mea-
sure skin perfusion and oxygenation changes for the aforemen-
tioned applications or can be coupled with NIRS measurements
of muscle hemodynamics to correct small variations in the
muscle signal due to skin perfusion.

4 Conclusions

In this work, the use of a custom PPG sensing system using both
visible and NIR wavelengths was modeled and measured for
using as an intestinal perfusion and oxygenation sensor. This
type of sensing system, once optimized and reduced in size,
could be a critical improvement for monitoring trauma patients
during resuscitation. By modeling the signal in the visible wave-
length range (i.e., 470, 525, and 590 nm), it was shown that the
perfusion signal could be increased and the background signal
could be reduced, while keeping the same levels of oxygenation
sensitivity as traditional NIR sensors. In addition, it was shown
that by using small source to detector separations (6 mm or less),
the background signals collected from the lumen of the intestine
and/or surrounding tissue can be decreased by limiting the prob-
ing depth. These findings were confirmed in an in vivo porcine
study by comparing NIR and VIS LED-based probes. VIS
wavelengths had a higher signal-to-background ratio than NIR
wavelengths. In addition, we used the sensor to monitor perfu-
sion changes during in vivo occlusion studies and showed that
the signal correlates with the perfusion state.
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Appendix

According to the Beer—Lambert law, the collected intensity on
the surface of the tissue can be expressed in a simplified case by
the following equation:

=1Iy.exp(—¢-C- 7).
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Diffuse reflectance is the ratio of the collected light at the
surface of the tissue (/) to the light from the light source (/)

R, =1/Iy=exp(—e-C-?),
in which

e-C-¢= Eblood Cblood ! Z’ﬂblood + Etissue Clissue : ftissue‘

A1 Oxygenation Signal

To look at the oxygenation signal, the ratio of the diffuse reflec-
tance is considered in the cases where tissue is perfused with
oxygenated and deoxygenated blood. These two cases represent
the extreme in oxygenation changes and can be used to study the
dynamic range of oxygenation changes which correlates to the
sensitivity of the sensor.

Rupo

— 2 —

Sy = log( R = €up * Colood * Lblood — €HbO, * Chlood
Hb

4 blood

S) o epp; — EHbO,, A

This quantity can be positive or negative depending on the
wavelength used. The oxygenation signal is defined as the abso-
lute value of this quantity, in order to have a comparison of the
sensitivity across the spectrum without being affected by the
direction of change in the signal.

S, = |€Hb,/1 - €Hb02./1|'

The above equation corresponds to Eq. (1).

This equation makes the assumption that the optical path-
length does not change between the cases of oxygenated and
deoxygenated blood perfusion. Although this is not exactly
true, it can be used as a simplified theory to guide the more accu-
rate MC models.

A2 Perfusion Signal

Similar to the derivation of the oxygenation signal, the diffuse
reflectance ratio of the ischemic tissue (Cyjooq = 0) to the nor-
mally perfused tissue can be defined.
In ischemic tissue, there is no blood and Cigpemic = Clissue-
In normally perfused tissue, blood constitutes 12% of the
total volume, and thus, Cpgpused = 0-12Cp100q4 + 0-88Ciiseue and
the signal-to-background is

Rlschemic
SBR = 10g< = Eperfused CPerfused = Elschemic
Perfused

' Clschemic L.

Assuming that the product of the chromophores concentra-
tion and the pathlength stays the same, the SBR can be reduced
to

SBR = (0'128b100d + 0~88€tissue - é?tissue) -C-7
SBR 0'12(8b100d - gtissue)-

Although these equations have many assumptions, for this
article they were adequate to build hypotheses that were verified
through the more accurate MC simulations and in vivo data.
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A3 Mean Penetration Depth

In the article, the change in the mean penetration depth was
shown as a function of wavelength for multiple source to detec-
tor separations (Fig. 6). In Fig. 12, the mean penetration depth
versus source to detector separation for multiple wavelengths is
shown. Data in this figure were generated using Eq. (3) based on
the work of Weiss et al.*!

A4 In Vivo Data

The modulation ratio (R) was calculated using the equation
below. This ratio is typically used in pulse oximetry to measure
oxygen saturation changes. In this study, the inhaled oxygen lev-
els were maintained constant, and we did not expect any signifi-
cant changes in oxygen saturation levels. The modulation ratio
was measured to see how stable the signal was. Figure 13 shows
the modulation ratio as a function of time and the detected heart
rate for the two wavelengths (470 and 525 nm). The modulation

15'I'I'I'I'I'I'_

T T T 17
0 100 200 300 400 500 600 700

(b) Time (s)

Fig. 13 Heart rate (a) and modulation ratio (b) measured from the visible wavelengths data. The gray segments indicate the occlusion periods during

which the monitored section of the intestine was clamped.
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Fig. 14 Zoom in for the 1 to 5-Hz range in the FFT of the AC signal for all six wavelengths. The cardiac cycle peak is four to five times higher for the 470-

and 525-nm wavelengths compared with the NIR wavelengths.
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ratio shows a stable level during baseline indicating stable oxy-
genation levels. During the occlusions, the modulation ratio
shows an increase which can indicate an increase in oxygena-
tion. However, the pulse almost disappeared during these occlu-
sions, which sometimes leads to erroneous oxygenation and
heart rate data.

_ (ACs,5/DCsys)
(ACy470/DCyz9)

Due to the high amplitude of the noise peak on the NIR
wavelengths, it is difficult to visualize the cardiac cycle peak
and the high frequency motion in the spectra of Fig. 9.
Figure 14 shows the 1- to 5-Hz range of the spectra for com-
parison of the signal peaks. It can be seen that the cardiac
cycle peak is four to five times higher on the visible wavelengths
(470 and 525 nm) compared with the NIR wavelengths.
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