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Introduction

Abstract. The aim of this study was to discover a simple/convenient geometrical arrangement of radiation
sources and detector to acquire finger-photoplethysmograms (PPGs) with wavelength regions of blood glucose
(BGL) absorption, toward practical noninvasive BGL measurement. First, we compared PPGs with three wave-
lengths: 808 nm (without water absorption), 1160 nm (with weak water absorption), and 1600 nm (with nearly
peak BGL absorption and strong water absorption), while the source-detector spacing was successively
increased circumferentially around a fingertip. In 10 healthy subjects, we observed clear cardiac-related pulsatile
components of PPG signals at 808 and 1160 nm in any incident positions with more than 15 dB of signal-to-noise
ratio (S/N), but reliable PPG detections at 1600 nm with more than 10 dB of S/N was only possible when the
source-detector distance was less than 3 mm around the fingertip circumference. Second, with this arrangement,
an experiment was performed using six wavelengths to cover glucose absorption bands (from 1550 to 1749 nm),
obtaining pulsatile PPG signals with more or less 15 dB of S/N. Through the present experiments, this orthogo-
nal arrangement of the source and detector to detect forward- and side-scattered radiation through the tissue
is appropriate for PPG measurements with wavelength regions where there is potential for BGL measurement.
© The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in
part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JB0O.22.6.067001]
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tissues; this is the side-by-side configuration or reflectance-

Plethysmography' is a useful method with which to detect
and, in some cases quantitatively measure, volume or volume
change. It has been particularly useful for the measurement
of blood volume changes in biological tissues. There are several
underlying measurement principles upon which plethysmogra-
phy can be based, such as electrical impedance® and optical
absorption and scattering.*> The use of light to implement non-
invasive plethysmography in biological tissues has attracted
considerable interest for almost a century, with the creation
of so-called photoelectric plethysmography, now commonly
termed photoplethysmography.®” This is a simple, easy-to-use,
and low-cost optical technique that is based on the detection of
changes in light intensity due to blood volume changes. A popu-
lar example application is to measure cardiac-related blood vol-
ume pulsations in a finger—finger-photoplethysmography—
and this is usually achieved by placing a light source on the one
side of the finger and a photodetector (PD) on the other side; this
is transmittance-type finger-photoplethysmography. It is also
possible to position the light source and the detector adjacent to
each other on the same side of the finger, or indeed, other

*Address all correspondence to: Yasuhiro Yamakoshi, E-mail: yamakoshi@ist
.hokudai.ac.jp
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type photoplethysmography. As described below, the technique
of photoplethysmography can provide valuable physiological
information that can be derived from the signal produced, the so-
called photoplethysmogram (PPG). The PPG comprises a pul-
satile component (the so-called AC component) attributed to
cardiac synchronous changes in blood volume in each cardiac
beat and a slowly varying baseline [the so-called direct-current
(DC) component] with lower frequency components attributed,
among other possible influences, to respiration and sympathetic
activity, which influence the light attenuation by the tissue seg-
ment being interrogated.

At present, there is interest in using photoplethysmography
for the measurement of such physiological indices as pulse
rate,®’ blood pressure,'>'* pulse volume, normalized pulse
volume as an indication of peripheral vascular tone,'>~'” periph-
eral arterial stiffness,'® tissue and skin blood flow,'”?° blood
oxygen saturation,”’*? and cardiac output based on pulse dye-
densitometry.?® In these applications, a variety of wavelengths,
from red (610 nm) through to near-infrared (~1200 nm) have
been chosen for the light source, although recent studies have
demonstrated some benefits from the use of green light (about
530 nm) to achieve less motion artifact.”**? It is generally
agreed that the wavelength selections should attempt to avoid
wavelength regions of water absorption (more than ~ 900 to
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1000 nm). However, in the special case of attempting to measure
blood constituents noninvasively, such as blood alcohol,?® glu-
cose,”” and other circulating compounds,”® there is a challenge
since the target molecules exhibit several spectral absorbance
peaks in the wavelength regions of water absorption. We
have recently searched the literature for a conventional transmit-
tance- or reflectance-type photoplethysmography measurement
using wavelengths greater than the first peak of water absorb-
ance at 1450 nm and have found reports on lip-photoplethys-
mography to show spectral changes due to pulsatile blood
volume changes within the near-infrared and overtone region.?**°
Also of relevance are our own studies using a high-speed
spectrophotometry?’ and on the use of an integrating sphere
technique.>’ Although photoplethysmography in the lip tissue
using a special diffuse reflection accessory based on a rotational
ellipsoid for collection of backscattered radiation is a promising
technique, it is necessary to resolve the limitations imposed by
the time resolution of the measurements, that is, to achieve
spectrophotometry at a higher speed.

In order to achieve very high-speed spectrophotometry, we
developed an experimental system comprising of a spectrometer
with an effective wavelength range from 900 to 1700 nm with a
resolution of better than 8 nm, a linear, liquid nitrogen-cooled
InGaAs photodiode-array (512-channel PD), and a personal
computer. This system allows simultaneous transmittance PPG
measurements at 100 selected wavelengths, deriving absorbance
spectra related to blood constituents. A partial least squares
model is used with the spectral data to predict levels of blood
glucose (BGL), which we refer to as “pulse glucometry.””’
Although this system provides the necessary measurement sen-
sitivity, precision, and accuracy with a high signal-to-noise ratio
(S/N), itis very expensive to construct and to maintain, and it is
bulky and complex to operate. This system is very useful for
research studies but is not suitable for routine clinical use,
such as in diabetes self-monitoring.

We have also reported the use of an integrating sphere to
enhance the performance of finger-photoplethysmography.’!
The enhanced photon collection possible with this technique has
been shown to be effective when used for deriving the PPG from
the highly scattering tissue of the finger. PPGs at 1600 nm were
successfully collected using an integrating sphere of 150 mm
diameter. The reported study’! is the first successful attempt to
obtain the PPG in the wavelength region where there is strong
water absorption. However, this approach is not free from prac-
tical difficulties, correct placement of the sphere on the finger
being critical and slight movements of the finger inside the sphere
resulting in unstable and unreliable PPGs. Furthermore, the sphere
and the overall assembly is complex and costly to construct.

The present study was performed with the aim of investigat-
ing the possibility of developing a simple, effective, and low cost
method to address these disadvantages and, thereby, to facilitate
the use of pulse glucometry for noninvasive BGL measurement.
It is well known that photon propagation through biological tis-
sue is complex in terms of multiple scattering, absorption, and
reflection, and these optical phenomena are also influenced by
the wavelength.*>* Analysis of these fundamental phenomena
can be pursued with the radiative transfer equation,®® although
practical solutions are difficult to achieve, even though the scat-
tering phase function may be useful when formulating our inter-
pretations of photon propagation in and around the soft tissue—
hard tissue interfaces that no doubt play critical roles in our
present study due to the close positioning of source-detector to
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the digital bone. Also, in terms of spatial sensitivity, a very
important influence is the geometrical arrangement of the radi-
ation source and the PD.** Our working hypothesis was that a
specific geometrical arrangement of the radiation source(s) and
the PD could yield an innovative but simple design for laser-
based photoplethysmography suitable for wavelength regions
particularly aimed at glucose absorption bands. To test this
hypothesis, we have first performed PPG measurements in a fin-
gertip with different positions of the incident laser beams rela-
tive to the PD position. For this part of the study, we used three
specific wavelengths: 808 nm, an isosbestic wavelength for oxy-
and deoxyhemoglobins used in pulse oximetry; 1160 nm, an
absorption window of water and blood alcohol; and 1600 nm,
a high absorption band of glucose. After determining an effec-
tive position of the laser beam with 1600 nm, we then carried out
the second part of the study, in which we collected simultaneous
PPGs using multiple wavelengths chosen specifically to identify
and quantify BGL levels.

2 Materials and Methods

In this study, we carried out two experimental protocols. First,
(Experiment-1; Exp-1) we aimed to determine the optimal geo-
metrical arrangement of the radiation source and the PD to
produce PPGs at a wavelength for which there is a glucose
absorption peak. Second, (Experiment-2; Exp-2), as a prelimi-
nary study toward BGL measurement based on pulse glucom-
etry, we aimed to demonstrate the use of multiple wavelengths
covering the glucose absorption bands but using the geometrical
arrangement of source and detector determined by Exp-1.

2.1 Configuration of Incident Radiation and
Photodetector for Exp-1

Figure 1 shows an outline of the geometrical arrangement of a
laser-based photoplethysmograph applied to a fingertip for Exp-
1. Laser diodes (LDs) at three wavelengths (1) were used for this
experiment: 808 nm (RLT808-10MG, Roithner Laser Technik
Com., Vienna, Austria: spectral width, 12 nm), an isosbestic
point of oxy- and deoxyhemoglobins, usually used for pulse oxi-
metry; 1160 nm (APLD-1160-S20, Alfa Photonics Inc., Riga,
Latvia: spectral width, 10 nm), a window through absorption
spectra of water and blood alcohol; and 1600 nm (APLD-1600-
S10, Alfa Photonics Inc., Riga, Latvia: spectral width, 10 nm)
where water absorption is very high, but there is also an absorp-
tion peak of glucose. The three LDs were fired by a pulsed LD
driving unit, as described below. The radiation emitted by each
of the LDs was transported through a custom-made optical fiber
(40-cm long, step-index fiber, 400-um core diameter, 500-ym
clad diameter, covered with nylon tube of 1.4-mm outer diam-
eter). The distal ends of the three fibers were contained together
to form a “flatpack” assembly on an acrylic plate [flatpacked
optical fibers (FOF)] as shown in Fig. 1(c). The part number
of this fiber is FC(8F)/S400-0.4m/Pigtail (8F), and this was
made for us by Keystone International Co., Ltd., Chiba, Japan.

To make a measurement, a finger (usually an index finger)
was placed on a finger-stand so that the ball of the fingertip was
in gentle contact with a 0.5-mm-thick silica glass plate, which
is, in turn, in contact with the front surface of a photodiode
(PD: FDG1010, Thorlabs Inc., New Jersey: wavelength range,
800 to 1800 nm; peak wavelength, 1550 nm; and peak respon-
sivity, 0.95 A/W; active area, 10x 10 mm; rise/fall time,
3.5 us/3.5 ps; dark current, 50 pA) [see Figs. 1(a) and 1(b)].
At this time, care was taken for the acceptance surface of the
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Fig. 1 Outline of geometrical arrangement of laser-based photoplethysmograph in a fingertip. (a) Lateral

view, (b) front view, and (c) dimensions of FOF.

PD to be completely covered with the fingertip ball. Also, since
the PD (FDG1010) does not have a flat spectral response, we
have corrected the PPG signals by reference to the data provided
in the FDG1010 specification sheet,”” in Exp-1 followed by
Exp-2, described below. The FOF assembly producing the
three radiation beams was applied to be in soft contact with
the fingertip at specific positions around the circumference of
the fingertip. The radiation beams were horizontally incident
to the skin, and a height (/) of the incident position from the
surface of the ball of the fingertip to the center of the fiber
was precisely adjusted using spacers of thickness d =0, 0.5,
1.0, 1.5, 2.0, and 3.0 mm. The construction of the FOF
means that there is also a fixed displacement equal to half
the diameter of the individual clad fiber, i.e., 0.7 mm. Thus, & =
(0.7 4 d) [see also Figs. 1(a) and 1(b)]. The positions are there-
fore defined as Py (d =0 mm, 7 = 0.7 mm); Pys = 0.5 mm
(h=12mm); Py =1.0mm (h=1.7 mm); P;5s= 1.5 mm
(h=22mm); P, =2mm (h=27 mm); and P; =3 mm
(h = 3.7 mm). In addition to these positions corresponding to
the different spacer thicknesses, we used two more strategic
placements defined by the finger size. First, we defined a “lateral
position,” termed Py g, for which the point of contact of the
incident radiation beam was equal to one-half of the thickness of
the fingertip (7'4/2). Second, we defined an “opposite position,”
P13y geg» for which the incident beam contacts the finger at
a point diametrically opposite to the PD and the ball of the fin-
gertip. Therefore, PPG measurements were made at a total of
eight positions circumferentially around the fingertip.
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2.2 System Description

Figure 2 shows a schematic diagram of the six-channel LD-based
experimental system for the measurement of fingertip photople-
thysmograms (PPGs*) with different wavelengths (4). In Exp-1
only three channels were used while in Exp-2 all six channels
were needed. The system consists of five units: (1) a PPG* detec-
tion unit (upper right part), (2) a pulsed LD driving unit (middle
left), (3) an analog circuit unit for PPG* signals (middle right),
(4) an ECG measuring unit (lowest left), and (5) a conventional
personal computer. By applying a time-sharing transmission
arrangement and associated synchronous demodulation, the sys-
tem can simultaneously produce 6 or 12 PPG* signals, three (for
Exp-1; see Sec. 2.3.3) or six (for Exp-2; see Sec. 2.3.3) for each
wavelength, each comprising of a mean direct-current (DC)
component (PPG{}C) and an alternating-current (AC) component
(PPG,; pulsatile component superimposed on PPG* signal).
The PPG” detection unit for Exp-1 has been described in
Sec. 2.1, and three LDs (4 = 808, 1160, and 1600 nm) were
used. To conduct Exp-2, six wavelengths were chosen: 1160 nm
as a reference; 1550 nm (APLD-1550-S10, Alfa Photonics Inc.,
Riga, Latvia: spectral width, 60 nm); 1600 nm; 1650 nm (QLD-
1650-50S, QPhotonics L.L.C., Michigan: spectral width, 29 nm);
1701 nm (1702-nm DFB laser, Nanosystems and Technologies
GmbH, Gerbrunn, Germany: spectral width, 15 nm; typical wave-
length 1701 nm); and 1749 nm (1749-nm DFB laser, Nano-
systems and Technologies GmbH, Gerbrunn, Germany: spectral
width, 27 nm). Another FOF probe with external dimensions of
40-mm long and 9-mm width [FOF-probe (2)] was prepared for
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Fig. 2 Schematic diagram of the six-channel laser-based experimental system for the measurement of
PPG* with different wavelengths (1). The three of six channels was used for the PPG* measurements in
various positions of incident laser beams (Exp-1), while in the Exp-2 the six-channel was used.

Exp-2, in which six optical fibers were flatpacked. Based on the
International Electrotechnical Commission: IEC/EN 60825-1
(2014), the intensity (power) of the pulsed laser radiation at
the exit of the FOF for each wavelength was measured by a
laser power meter [PM100D/S132C (photodiode power sensor),
Thorlabs Inc., New Jersey] in the continuous mode of the present
six-channel laser system: 4 mW at 808 nm, 2.5 mW at 1160 nm,
and 5 mW at 1550, 1600, 1650, 1701, and 1749 nm, being limited
to a maximum of 5 mW. Therefore, the effective power was 1/6
times of each value in the pulsed laser radiation mode, which
was substantially within maximum permissible exposure and
accessible emission limit prescribed in the IEC/EN 60825-1.

The pulsed LD driving unit has been designed based on the
previous study reported elsewhere.’! This is comprised of (1) an
LD driver (TXP5016, Thorlabs Inc., New Jersey), (2) an LD
driver interlock, and (3) an LD mounting base. The LD is trig-
gered by the radiation timing signals from a microprocessor
(MDSPIC2012, Marutsu Elec Co. Ltd., Tokyo, Japan) in the
analog circuit unit. Each LD is successively driven with a pulse
duration of 20/6 ms (20 ms/period), and its corresponding
transmitted radiation detected by the PD is passed to the analog
circuit unit via a photoamplifier (Amp; C9329, Hamamatsu
Photonics K. K., Hamamatsu, Japan).
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In the analog circuit unit, the three or six channels of analog
PPG” signals are separately extracted through the sample-and-
hold (S/H) circuits, which, again, are fed with timing signals
from the microprocessor. The analog signals are amplified
(with variable gain) and separated by filtering using a multiple
feedback Butterworth filter, and then the DC and AC compo-
nents of each PPG* are further separated. The DC amplifiers
are low-pass with a cut-off frequency of <0.3 Hz (first order:
—3 dB, —6 dB/octave) and the AC amplifiers have passbands
of 0.3 to 30 Hz (third order: —9 dB, —18 dB/octave). The ana-
log signals representing the three (for Exp-1) or six channels (for
Exp-2) of PPG/. and PPG, together with the ECG signal mea-
sured using disposable spot-electrodes connected to a standard
bioamplifier are sent to an analog-to-digital convertor [A/D:
sampling frequency (f) of 1 kHz with a resolution of 16 bits;
USB-6218, National Instruments Japan Corp., Tokyo, Japan],
which allows digital filtering to be performed as follows.

Two digital filters with sharp cut-off characteristics at the
selected frequencies are employed by use of the fast Fourier
transform (FFT) and inverse fast Fourier transform algorithms.
The lower cut-off frequency was set at 0.5 Hz. This was deter-
mined on the basis that the respiration-induced vascular volume
frequency components are less than 0.3 Hz. While the higher
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Fig. 3 Example of power spectra calculated by the FFT using the pul-
satile component of the photoplethysmogram (PPGZ.) during the time
window (T = 16.384 s) (upper right record). A spectral peak of the
fundamental frequency corresponds the mean ECG R-R interval,
as shown in the lowest part.

cut-off frequency was set at 10 Hz in this study, this was deter-
mined on the grounds that the cardiac-related components of the
PPG signal have negligible frequency components above
15 Hz*® and are mainly up to 10 Hz.5*° Also, statistical obser-
vation of the frequency spectra of the AC component of the PPG
in resting healthy adults indicated that 90% to 95% of the signal
power is usually contained within a spectral region extending to
three times the subject’s fundamental frequency equal to heart
rate.>**" For example, when the heart rate is around 1.2 Hz in
a resting adult, it is appropriate to include the second and third
harmonics at 2.4 and 3.6 Hz to fully represent the AC compo-
nent. Thus, almost all of the energy related to the signal of inter-
est is mainly found below 10 Hz,”*%% and it is assumed in
Exp-1 that the spectral power summed from 0.5 to 5 Hz (Pg;gna1)
is the “signal” of the PPG and that from 5 to 10 Hz is ascribed as
“Pooise”? (see Fig. 3). Each participant in this experiment was
asked to relax in a resting state in the darkened test room, and the
measuring site was covered with a black cloth for light shield-
ing. Therefore, the movement artifacts and interference from
natural or artificial light were almost entirely eliminated or at
least minimized. Any remaining noise in the overall setup could
have been instrument noise from the PD, the amplifiers, envi-
ronmental electromagnetic noise, and, possibly, from laser
switching that can be transmitted through the power supplies.
Prior to the PPG measurement, therefore, the total noise level
of the output signal was checked to be more or less 0.02 [a.u],
under both the completely darkened experimental room and the
light-shielded PPG detection unit covered with a black cloth.

The digital data from the A/D were sent to the personal com-
puter where real-time waveform monitoring and recording were
conducted using LabVIEW 2009 software (National Instru-
ments Japan Corp., Tokyo, Japan).

2.3 Experimental Methods
2.3.1 Ethics statement

The safeguards and protocols of this study were approved by
the ethics committee of Showa University School of Medicine
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(March 8, 2016, No. 2001), and the study was conducted in
accordance with the principles expressed in the Declaration
of Helsinki. Written informed consent was obtained from all
of the participants after they had been provided with a complete
description of the study.

2.3.2 Participants

We recruited arbitrarily healthy volunteers without current
cardiovascular disease to participate in the study, acquiring a total
of 10 healthy male (n = 6) and female (n = 4) participants with a
variety of ages from 24 to 75 years (mean =+ standard deviation
age of 55.7 £ 17.3 years, thickness of fingertip of 10.2 &
1.03 mm, and body mass index of 23.8 +4.10). They were
requested to refrain from any medication for at least 1 day
before the experiment and from smoking, intense physical activ-
ity, and taking any foods or drinks for at least 2 h before
the study.

2.3.3 Procedure and experimental design

The experiment was performed in a quiet, darkened, and entry-
restricted experimental room at an averaged room temperature
and humidity of 25°C and 50%, respectively. The participant sat
on a chair in a relaxed state with both hands placed on a desk
about 20 cm below the level of their heart. The index fingertip of
the left hand was used as the measuring site and was placed on
the PPG* detection unit that was completely shielded from light
using a black cloth. The spot electrodes were attached to the
right and left wrist and the lower right abdomen as a reference
to measure the lead II ECG.

In order to shorten the test duration for the elderly partici-
pants, the PPG* measurement was performed only once in
each experimental condition, regardless of whether or not the
measurement had been completed satisfactorily. The stages of
the experiment were made in the following order for the
Exp-1 and -2 while the participants sat quietly.

Exp-1: (a) adaptation for 2 min; (b) rest measurement for 20 s
in each position of the incident radiation beams [P, (d = 0, 0.5,
1, 1.5, 2, and 3), Py geg and Pigy gegl- The measurement was
stopped during the changing of each position, using the spacers,
for ~30 s, during which time the participants kept as still as pos-
sible. The changing of the spacer was handled as quickly as pos-
sible, from d = 0 mm in ascending order to d =3 mm. The
FOF-probe holder (see Fig. 1) was used when the PPG* mea-
surements were made at the positions of Pgj gee and Pjgg geg-
The test was performed and completed within 10 min for each
participant.

Exp-2: 3 of the 10 participants were selected based on con-
firmation criteria that the PPG* measurements with 1600 nm at
the P; (d =0, 0.5, 1, and 1.5) were considered successful
throughout the tests in Exp-1. In these selected participants, the
stages of the experiment were in the following order, as (a) adap-
tation for 2 min and (b) rest measurement for 20 s using the
radiation beam incident position, P,;, deemed to have been the
most suitable in Exp-1. The aim of this experiment was only to
confirm the feasibility of collecting PPGs with multiple wave-
lengths as a preliminary stage before progressing toward the
next major stage of the project, which would eventually involve
performing glucose tolerance tests to predict BGL using the sys-
tem based on pulse glucometry.
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2.3.4 Evaluation of PPG" signal

It is well known that an idealized PPG* contains the DC com-
ponent and its superimposed AC component, and both of these,
therefore, must be evaluated.’! In reality, the DC component
itself also contains non-DC elements, an important example
being the low-frequency signals at about 0.3 Hz due to respira-
tion-induced vascular volume changes. This frequency compo-
nent naturally depends on breathing and sympathetic nerve
activity and is, therefore, subject to variation. As mentioned
in Sec. 2.2, therefore, we used the digital filter with the low
cut-off frequency of 0.5 Hz to eliminate these frequency ele-
ments,”’ and the mean DC component of PPG* (PPGﬁC) was
obtained as one of the evaluation measures in the Exp-1.

As for the AC component, i.e., the pulsatile component of
PPG* (PPGZ.), we particularly focused on the frequency band
between 0.5 and 10 Hz, in accord with previous studies.>*354
In the present Exp-1, we specified that the spectral power
summed from 0.5 to 5 Hz (Pggy) is the “signal” of the PPGZ,
and that from 5 to 10 Hz is considered as “P,.;.”*">° (see Fig. 3),
as also mentioned in Sec. 2.2. Both spectral powers were obtained
through the FFT (BIMUTUS II, Kissei Comtec Inc., Tokyo,
Japan) using 2! sampling points (N) [length of time window
T(= N/f,) = 16.384 s of PPG, recording; delete the first 2 s
of the 20 s recording]. Then, the S/N value was calculated using:

S/N = 10IOgIO(Psignal/Pnoise) [dB]

With this S/N value, we evaluated the quality of the PPG/,
waveforms.

In addition, for Exp-1, we introduced another evaluation
measure of “similarity” of PPG}, waveforms measured at the
wavelengths (1) of 1160 and 1600 nm compared to those at
808 nm as a reference. The “similarity” was evaluated on the
basis of the correlation coefficients () between the successive
values of the PPGZ, sampled every 1 ms for the time window (T
used in the spectral power analysis (i.e., 7 = 16.384 s) measured
at 808 nm and those at 1160 nm (rgpg_1149) and at 1600 nm
(r308—1600)> Which were derived from Fisher’s z-transformation.

3 Results

3.1 Exp-1: Evaluation of PPG Measurements in
Various Positions

3.1.1 Evaluation of measure of DC component of PPG

Figure 4 is a summary graph showing the averaged DC compo-
nents of the PPGs for the three wavelengths (PPGAC; A = 808,
1160, and 1600 nm) during the time window (7T') against the
positions of the fingertip [P, (d =0, 0.5, 1, 1.5, 2, and
3 mm), Pgggee, and Pigggee]- The vertical logarithmic axis
denotes an arbitrary unit (a.u.) and each plot indicates the
mean =+ standard errors (SE) obtained in all participants. The
PPG/, values clearly show maxima at P, and then a gradual
decrease, those with A = 1600 nm becoming very low at P,, P,
Pyj geg» and Pigg geq (from about 20 to 30 a.u.). This simply indi-
cates that the maximal DC components at P, correspond to the
minimal optical path length with the minimal distance between
the incident laser beam point and the PD. Thus, the DC com-
ponents at P represent the photodetection of the backscattered
radiation. The very low values of the DC components with
A =1600 nm at P, P3, Py 4eq, and Pjg) g, indicate that for
these longer optical path lengths, the photons are considerably
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Fig. 4 A summary graph showing the averaged DC components of
the PPGs with three wavelengths (PPG{,; 4 =808, 1160, and
1600 nm) (ordinate; logarithmic axis) against the various positions
of the fingertip (abscissa). Vertical axis denotes an a.u. and each
plot indicates the mean + SE obtained in all participants.

attenuated, although this is also influenced by the sensitivity of
the PD and the following amplifiers. The results shown here
for 1165 and 808 nm by comparison with those for 1600 nm
are influenced by the strong water absorption peak at 1600 nm.

3.1.2 Evaluation measure of AC component of PPG: sig-
nal-to-noise ratio

Figure 5 shows three typical simultaneous recordings of the AC
components of the PPGs with three wavelengths (PPGZ, (a.u.):
0.5 to 10 Hz digital band pass filtered) measured at three posi-
tions of the fingertip (Py s, Pog geg> and Pgp geg), together with
ECG signals for reference of cardiac contraction (lowest record).
S/N values in each position are indicated in the PPGY, records.
In the three charts, the pulsatile PPG waveforms (AC component)
at 1 =808 nm (PPG2%®) and at 1= 1160 nm (PPG.!%0) are
clearly shown for all three positions. However, the PPGs at A =
1600 nm (PPGL8%) are only clearly shown in position Py .

Figure 6 is a summary graph showing the S/N values in dB
(ordinate) against the positions of Py, Poggeg> and Pigg geg
(abscissa). Each plot indicates the mean + SE obtained in all
participants. It is demonstrated that relatively higher S/N values
are obtained at 808 and 1160 nm in all positions. However, the
S/N values for the PPGs obtained at 1600 nm were very low in
positions P3, Pog geg> and Pigg qeg, indicating that noise compo-
nents of the PPGégog waveforms were comparable with or larger
than the signal components in these positions.

3.1.3 Evaluation measure of AC component of PPG:
waveform similarity

Figure 7 shows a summary graph of the correlation coefficients
(ordinate: rgpg_;160 and rgog_i600) derived from Fisher’s z-trans-
formation against the positions of Py, Pgggeg, and Pigg geg
(abscissa). Each plot indicates the mean + SE obtained in all
participants. Although the mean rgyg_11¢9 values were over
0.9 in all positions, the mean rgyg_1409 values showed a peak
of about 0.8 in the position of P\ s but less than about 0.3 in
P3, Pgg deg> and Pigo deg-

3.2 Exp-2: Sample Recordings of Six-Channel
Simultaneous PPG Measurement

The six-channel simultaneous PPG measurements were success-
fully made in all of three subjects selected from 10 participants
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Fig.5 Three typical simultaneous recordings of the AC components of the PPGs with three wavelengths
(PPG}c: 4 = 808, 1160, and 1600 nm) measured at three positions of the fingertip shown in the middle
lower part, together with ECG signals (lowest record).

without any problems in the fingertip positions of Pys, Py, or 17.4 dB at 1701 nm, and from 19.0 to 24.5 dB at 1749 nm.
P;5. The S/N values were different among individuals and Figure 8 shows an example of the simultaneous recordings of
among wavelengths, ranging from 16.5 to 25 dB at 1160 nm, the AC components of the PPGs with six wavelengths [PPG/,
from 17.7 to 25.9 dB at 1550 nm, from 10.2 to 14.9 dB at (a.u.): A = 1160, 1550, 1600, 1650, 1701, and 1749 nm] mea-
1600 nm, from 19.0 to 25.2 dB at 1650 nm, from 14.7 to sured at the position of P, together with the ECG signal. The
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Fig. 8 An example of the simultaneous recordings of the AC compo-
nents of the PPGs with six wavelengths (PPGZ%.) measured at the
position of P4, together with ECG signal (lowest record).

S/N values in each PPGY, record are also indicated. It is dem-
onstrated that the pulsatile PPG waveforms with all wavelengths
are well recorded and are all synchronized with the ECG-
R peaks.

4 Discussion

Photoplethysmography attracts considerable interest as a sim-
ple, noninvasive, low cost method for the monitoring of physio-
logical variables of value in research and routine clinical
applications. In this study, we aimed to explore the possibility
of enhancing the ability of photoplethysmography to measure
BGL using our method of pulse glucometry. As its name sug-
gests, pulse glucometry is based on the analysis of the cardiac-
related pulsatile component, or AC component, of the photople-
thysmogram, PPG/. We have conducted successful in vivo
proof-of-principle studies of pulse glucometry and good results
have been achieved when using large-scale, sophisticated, cus-
tom-built laboratory instrumentation.?’” For the widespread use
of pulse glucometry for BGL measurement it is essential to pro-
vide for reliable, easy to use instrumentation, with appropriate
precision and accuracy, at an affordable cost. We hypothesised
that this could be achieved with very simple instrumentation by
establishing geometrical conditions for the optical source and
detector under which PPGs could be reliably and accurately
obtained at wavelengths appropriate for the BGL estimations.
A major part of the technical challenge has been that of over-
coming the influences of photon absorption by water while, at
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the same time, achieving specificity in the recovery of data from
selected glucose absorption band.

The basis of our experimental protocol was to compare PPGs
obtained with three chosen wavelengths (4 = 808, 1160, and
1600 nm) while the source-detector spacing was successively
increased circumferentially around a fingertip (see Fig. 1). In
the case of using the spacer of thickness d, the range of the
height (h) between the incident laser point and the surface of
the fingertip ball was from 0.7 to 3.7 mm, giving source-detector
spacing ranging from ~5 to 7 mm. The optical path lengths for
each position of the source depend on the finger size, the scat-
tering coefficient, the optical absorbance, and the anisotropy of
the interrogated tissues, as is well known.

The most significant and, initially, surprising results are seen
in Fig. 5. First, although for the P;g 4¢, (Opposite) and Py geq
(lateral) positions, the 1600-nm source did not produce any rec-
ognizable AC component of the PPG, at the P 5 position a very
clear AC component was produced. This is a very optimistic
finding regarding potential BGL measurement with pulse gluc-
ometry. Second, the AC components of the PPGs obtained with
the 808- and 1160-nm sources at the P 5 position were signifi-
cantly increased as compared with those obtained at the Pg geq
and Py ¢e, positions. By simply considering the progressive
reduction in the optical path length from positions Pgg gegs
through Py geg to Py s, we would expect the optical attenuation
for all three wavelengths to decrease correspondingly as the path
length decreases. The higher signal at the P, position to detect
the backscattered radiation due to decrease in path length is also
seen very clearly in Fig. 4, that is, the DC components of the
PPGs increase as path length is decreased. As expected, this
indicates that the attenuation of the interrogating radiation
beam diminishes as the spacing is reduced (see also Ref. 41),
and so the rate of arrival of the photon stream at the detector
increases and this then feeds through to produce a larger
PPG/,. It should be noted that in Fig. 5, the y-axis scales are
different for the three wavelengths, for the Pgs position the
1600-nm PPG?, is 5 a.u. pk-to-pk, the 1160-nm PPG, is 20
a.u. pk-to-pk, and the 808-nm PPGZ is 100 a.u. pk-to-pk
(these a.u. are the same as the a.u. in Fig. 4). Clearly these
differences reflect the different absorption and scattering coef-
ficients of the interrogated tissues at the three wavelengths.

It is well known that the source-detector placement on or
around an interrogated tissue, in the present case the index fin-
ger, can be a major factor in defining the volume of tissues being
interrogated. In this study, we have the two extreme situations.
First, the P gy g¢ configuration is essentially the same as con-
ventional transmission photoplethysmography, which is most
commonly used for pulse oximetry. Second, the P, 5 configura-
tion is effectively the backscatter or diffuse reflectance form of
photoplethysmography. In the transmission case, photons arriv-
ing at the detector have mostly been propagated in the forward
direction from the source and the volume of tissue interrogated,
from which the PPGs arise, is almost cylindrical [see Fig. 9(a)].
The geometrical path length in this case is equal to the finger
thickness formed by the source and the detector. The average
optical path length is greater than the physical path length due
to scatter, and this can be estimated by using a path length
factor.*® The PPG produced in this transmission case will reflect,
first, the semifixed attenuation as seen in the DC component
and, second, the cardiac-related blood volume pulsations of the
vascular elements interrogated within the cylindrically shaped
volume, as seen in the AC component. The vascular components
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Fig. 9 Schematic drawings of possible photon propagation paths in a fingertip in case of the incident
radiation source with wavelength region of water absorption. (a) In the incident position of Pygg geg, ran-
domly scattered radiation in the tissue is absorbed with few photons reaching the PD. (b) In the incident
position Pgg 4eq, Photons are highly absorbed but some are reaching the PD. (c) In the incident position
P4, almost all photons in the tissue are absorbed, but some forward- and side-scatted radiation can be

detected by the PD.

include the large digital arteries and veins as well as parts of the
skin microcirculation, with its capillary bed, and parts of the
arteriolar network.

In the second case, where the P, 5 configuration creates con-
ditions for backscatter or diffuse reflectance, the vascular com-
partment of the tissues being interrogated is almost entirely that
of the skin circulation in the superficial regions of the dermis,
which includes the capillary loops that rise from the dermal vas-
culature and the arterioles [see Fig. 9(b)]. The optical path in this
case is the familiar “banana-shape,”* stretching from the point
of contact of the interrogating beam with the skin surface,
through the skin circulatory layers, to the contact area formed
by the skin surface and the silica glass plate on the surface of the
PD. The penetration depth of the interrogating beam, under the
conditions of diffuse reflectance, is commonly known to be
approximately half of the physical spacing between the source
and detector. If the source-detector spacing is 5 mm, then the
depth of penetration will be 2.5 mm, which would be sufficient
to embrace the epidermis, the capillary bed, and the upper
regions of the intradermal arterioles. As P, is increased, the
physical path length increases and so too does the optical
path length. The net effect is to increase the depth of penetration
and with it the interrogated volume to include more of the
arteriolar regions and even the more major arterial and venous
vessels.

Based on these theoretical considerations, we see the combi-
nation of several opposing phenomena. We have the adverse
effect arising from the increased water absorption at 1600 nm
as compared with that seen with both 808 and 1160 nm.
Then, we see that reducing the source-detector spacing produces
a concomitant reduction of the optical path length, which results
in shallower penetration depth. The latter would tend to reduce
the ability of the system to detect the pulsatile component of the
PPG (PPG,.). However, at the same time, the reduction in the
optical path length reduces the attenuation of the interrogating
beam, especially that due to water absorption, allowing more
penetration, and yielding larger PPG/, signals.

Since the PPGY, signals for 1600 nm are small relative to
those obtained at 808 and 1160 nm, it is pertinent to consider
the S/N achieved for each wavelength as this will influence the
precision and accuracy of BGL estimates derived by pulse gluc-
ometry. The S/N values were calculated from the power spectra
of the AC component (PPGZ,), and as can be seen in Fig. 6,
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although the S/N for the 1600-nm wavelength is extremely
low for the longest three source-detector positions it rises
steadily as P, is reduced, reaching around 12.5 dB at P,.
This is to be expected, since the optical path length and attenu-
ation both fall as P, is reduced so there must be more signal. The
results of the similarity analysis (see Fig. 7), again, are relatively
poor for the longer P, positions, and are very good for Py, Py,
and P;. Inevitably, as the PPG, signals increase in size they
become clearer and the noise components will appear to dimin-
ish in relative terms.

The results of Exp-2 provide encouraging evidence that sim-
ple instrumentation could be developed to approach the goal of
implementing the principles of pulse glucometry for easy to use,
affordable, and noninvasive measurement of BGL. Based on the
findings from Exp-1 to determine an appropriate arrangement of
the source and detector, Exp-2 successfully confirmed the pos-
sibility of reliable PPG measurement with multiple wavelengths
having glucose optical absorption bands around the region of
1600 nm. Although there were only three subjects in this experi-
ment from the 10 participants taking part in Exp-1, the results
were convincing. The outputs of the six LDs were applied to the
side of the fingertip using the FOF-probe (2) embedded with six
optical fibers; one LD had a peak wavelength of 1160 nm (men-
tioned above) as a reference, and the other five LDs were 1550,
1600, 1650, 1701, and 1749 nm. The magnitude of the PPG,
for the six wavelengths differ somewhat, as would be expected
from the differences in the degree of attenuation by water and
other species. Similarly, the S/N values for the six wavelengths
differ, ranging from 10.2 dB at 1600 nm to 19.0 dB for both
1650 and 1749 nm.

Although we have previously reported the successful simul-
taneous multichannel measurement of PPGs with a relatively
bulky high-speed spectrophotometer,?’ the simple and conven-
ient technique proposed here to collect similar PPGs is a signifi-
cant advance.

5 Conclusion

We have described a geometrical arrangement of a radiation
source (LD) and a PD for the measurement of PPGs, which
we term “‘side-scattered finger-photoplethysmography,” particu-
larly focusing on the wavelength regions where there exists
very strong optical absorption by the water component in the
tissue but where there is potential for BGL measurement. A
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six-channel experimental laser-based system was developed for
the experimental investigations to search for an appropriate
source-detector configuration around the fingertip using three
wavelengths; 808 nm, an isosbestic point of oxy- and deoxyhe-
moglobins; 1160 nm, one of blood alcohol absorption peaks;
and 1600 nm, an absorption peak of glucose. In 10 healthy
adult subjects, we have been able to observe clear cardiac-
related pulsatile changes in optical intensity at the wavelengths
of 808 and 1160 nm in any incident positions, but reliable detec-
tion of the PPG was only possible at 1600 nm when the source-
detector distance was less than ~3 mm around the finger cir-
cumference. We conclude through the present experiment that
this orthogonal arrangement of the LD and the PD to detect for-
ward- and side-scattered radiation through the tissue is the most
appropriate for the PPG measurement especially in wavelength
regions with very strong optical absorption by the tissue water.
Based on this arrangement, we have also been able to measure
successfully the simultaneous PPGs with six wavelengths; one
was 1160 nm used as a reference and the other five included the
optical absorption bands of glucose, suggesting that the tech-
nique could have potential for practical use in achieving non-
invasive optical measurement of BGL using the “pulse
glucometry” technique previously reported. Since the present
study is an initial development to investigate the new technique,
further work including, e.g., Monte Carlo simulation analysis, is
required to optimize the geometrical arrangement for more prac-
tical and easier use. We also aim to further reduce the instrumen-
tation noise, thereby improving the S/N, for example, by
utilizing a time averaging technique applied to PPG signals
so as to improve the noninvasive BGL measurement.
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