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Simulations of a spatially resolved reflectometry signal
from a highly scattering three-layer medium
applied to the problem of glucose sensing in human skin

A.V. Bykov, M.Yu. Kirillin, A.V. Priezzhev, R. Myllyla

Abstract.  The possibility of using spatially resolved
reflectometry (SRR) at a wavelength of 820 nm to detect
changes in the optical properties of a highly scattering layered
random medium simulating a biological tissue caused by
changes in the glucose level is analysed. Model signals from a
three-layer biological tissue phantom consisting of two skin
layers and a blood layer located between them are obtained
by the Monte-Carlo method. It was assumed that variations
in the glucose level induce variations in the optical parameters
of the blood layer and the bottom skin layer. To analyse the
trajectories of photons forming the SRR signal, their
scattering maps are obtained. The ratio of the photon path
in layers sensitive to the glucose level to the total path in the
medium was used as a parameter characterising these
trajectories. The relative change in the reflected signal caused
by a change in the glucose concentration is analysed
depending on the distance between a probe radiation source
and a detector. It is shown that the maximum relative change
in the signal (about 7 %) takes place for the source — detector
separation in the range from 0.3 to 0.5 mm depending on the
model parameters.
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1. Introduction

At present the development of new methods for measuring
and monitoring the glucose level in human tissues is an
urgent problem of biomedical diagnostics, which is related
to the widespread incidence of diabetes (over 170 million
people over the world [1]). Among the methods being
developed, the most promising are noninvasive methods,
which do not require the sampling of blood from patients
for analysis and provide the continuous control (monito-
ring) of the glucose level in blood. In this connection,
different optical methods were tested for their sensitivity to
measure the glucose level in human tissues [2].

Laser methods for measuring the glucose level in blood
and liquids in tissues are based on the fact that a change in
the glucose content induces a change in the optical proper-
ties of a scattering medium, in particular, its scattering
coefficient u, and the effective anisotropy factor g. This
occurs due to a change in the refractive index n of the
medium surrounding light-scattering particles (cells) (in the
case of blood, this medium is blood plasma) [3], which in
turn results in changes in the average scattering cross section
and the shape of the scattering phase function of particles. It
was shown in papers [4—6] that the presence of glucose in a
scattering random medium changes its parameters in the
following way:

n=n"+1515%x107°C, (1)
te = (1-22x107*C/18)ud, )
g=(14+7x107%C/18)g", (3)

where C is the glucose concentration in mg dL™'; n, U, &,
and n°, 10, g° are the refractive index, scattering coefficient,
and anisotropy factor of the medium after and before the
addition of glucose to the medium, respectively.

It was proposed recently [7-9, 10] to use optical
coherence tomography and time-of-flight photometry for
measuring and monitoring the glucose level in scattering
media. We suppose that it is also expedient to study the
sensitivity of spatially resolved reflectometry (SRR), which
has been efficiently applied for measuring the oxygenation
level of haemoglobin in human blood [11], to a change in the
glucose level in human tissues. The efficiency of this method
for measuring the glucose level in blood was demonstrated
earlier in [12].
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The aim of this paper is the numerical Monte-Carlo
(MC) study of the possibility of using SRR for noninvasive
measurements of variations in the glucose level in a highly
scattering layered random medium by the example of the
three-layer model of skin containing a blood layer and also
the determination of the optimal detection parameters.

2. Monte-Carlo simulations of SRR signals

The Monte-Carlo method is based on the procedure of
statistical tests. Monte-Carlo simulations of radiation pro-
pagation in a scattering medium involve repeated cal-
culations of random photon trajectories and a subsequent
analysis of accumulated statistical data. In this paper, we
used the program realisation of the MC method that we
developed earlier [11, 13—15] to simulate signals obtained
by different optical diagnostic methods, including SRR.
The SRR method is based on the measurement of the
radiation intensity I backscattered by a medium as a
function of the distance r between a light source and a
detector. This dependence is called a SRR signal. Such
measurements are usually performed by using a linear
detector array placed on the same surface of the medium as
the source or by displacing one detector by steps along
some line. As a rule, fibreoptic detectors are used in modern
setups, so that a measuring head directly adjacent to the
object under study consists of a set of optical fibres of a
chosen diameter with the specified numerical aperture.

The statistical averaging in the MC method is performed
over detected photons. To increase the number of detected
photons, we assumed in our calculations that the number of
emitted photons was 10°. To accelerate MC simulations in
the case of an axially symmetric medium, the distribution of
a signal depending on the source—detector separation is
usually calculated not along one chosen direction but in all
directions, which gives after normalisation the result based
on a larger statistics.

3. Multilayer biological tissue model

The results of MC simulations of radiation propagation in
biological tissues or model media depend to a great extent
on the choice of the model of the object under study and its
optical parameters. Because optical parameters of different
biological tissues (absorption and scattering coefficients,
and the anisotropy factor) are measured indirectly [16],
their values determined by different authors differ strongly
depending on the sample type and the calculation method.
For example, it was shown in [17] that, depending on the
form of the scattering phase function of a particle, the
calculated optical parameters of the medium can change by
an order of magnitude.

Various optical methods and MC simulations are often
tested by using the aqueous solution of intralipid whose
optical properties at the concentration 2 % are close to those
of skin [18]. Intralipid is a polydisperse suspension of nearly
spherical scattering particles of average diameter about
0.3 um suspended at concentrations 10 % or 20 % in the
glycerol-water mixture. The scattering particles are drops of
soybean oil covered with a thin lipid membrane of thickness
2.5-5.0 nm [19, 20]. However, a comparison between the
optical properties of skin and intralipid solution shows that
the anisotropy factors of these two media are different,
although the reduced scattering coefficients uf = (1 — g)p,

can be close. For this reason, we considered here a three-
layer model consisting of two layers, characterised by the
averaged optical parameters of skin, and a layer located
between them and characterised by blood parameters. It was
assumed in simulations that a change in the glucose
concentration does not change the optical properties of
the upper skin layer because the glucose level in the human
organism changes first in blood and then in tissues adjacent
to blood vessels, while variations in the glucose level in the
surface skin layer occur later and they are insignificant.

The scheme of the simulated experiments is presented in
Fig. 1. The embedment depth L; of the blood layer was
varied from 100 to 300 um, which corresponds to the range
of embedment depths of the upper capillary plexus of
human skin. The thickness L, of the blood layer was
fixed at 200 pm. The thickness of the lower skin layer
was chosen to obtain the total thickness of a sample equal to
10 mm. This thickness is large enough to consider the lower
layer as semi-infinite.

The normal glucose level in human blood lies in the
range from 70 to 160 mgdL™! [2]. In this paper, we
considered variations in the glucose level from 0 to
500 mg dL~!, which covers the range of physiological
glucose concentrations in blood, the extreme values of
this range corresponding to pathological cases.

X Probe
radiation r | Detector
L,
- V\,\@
"
Photon
trajectories

Figure 1. Scheme of the simulated experiment.

Optical parameters characterising the layers simulating
skin were averaged by using their values presented in
[16, 21, 22], whereas for a layer simulating blood they
were taken from [23]. These parameters are presented in
Table 1. The probe radiation wavelength was set equal to
820 nm because this wavelength lies within the so-called
diagnostic transparency window (600—1300 nm) and is
widely used in the noninvasive diagnostics of biological
tissues.

Table 1. Optical parameters used in simulations (4 = 8§20 nm).

Medium pg/mm~t g /mmt g n Iy /mm
Blood 57.3 0.82 0.977 1.4 0.468
Skin 10 0.002 0.9 1.4 0.98
Intralipid 10 0.002 0.7 1.4 0.33

We used in simulations two values of the anisotropy
factor typical for skin (0.9) and the aqueous solution of
intralipid (0.7). Because this factor plays a considerable role
in the propagation of light in a scattering medium, it is
important to analyse its influence on the results. Table 1 also
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presents the transport length I, = (u,+ u.)~' for both
media (where g, is the absorption coefficient of a medium).
This parameter characterises the photon free path in a
medium after which the direction of its propagation
becomes random.

4. Results and discussion

4.1 SRR signals

The SRR signals were calculated as a function of the
source —detector separation r for the above-described model
(phantom) of a biological tissue by the MC method and the
discrete-coordinate grid method by using the RADUGA-
5.1(P) program [24]. These dependences obtained for the
zero concentration of glucose are presented in Fig. 2. Good
agreement between the results obtained by these two
methods suggests that they are adequate. Signals obtained
by the MC method for a medium simulating skin for
g =0.9, the blood embedment depth 200 um, and glucose
concentrations 0 and 500 mg dL~' are presented in the
interval of their maximum difference in the inset in Fig. 2.

r/mm

Figure 2. Spatially resolved reflectometry signals from a three-layer
medium for the embedment depth of the second layer simulating blood
L; =200 um and the zero glucose concentration obtained by the
discrete-coordinate (m) and MC (solid curve) methods. The inset shows
signals obtained by the MC method for the glucose concentration equal
to 0 (solid curve) and 500 mg dL™! (dashed curve) for the skin
anisotropy factor ¢ =0.9 in the interval of the maximum relative
difference of the signals.

The dependences of the number of detected photons on
the source—detector separation are normalised to the
detector area and the total number of emitted probe
photons. The numerical aperture of the detector was set
equal to NA = 0.24, which corresponds to the receiving
cone angle of 28°. Thus, the dimensionality of the quantity /
in Fig. 2 is mm™>. The reflection coefficient R of the
detector surface, which was calculated by using Fresnel
formulas, is ~ 1 %. Therefore, this reflection was neglected
in calculations. However, it can be further decreased by
filling the space between the detector and sample by an
immersion liquid.

The detected radiation power P can be calculated from
the dependences presented in Fig. 2 by the expression

P = Py(1 — R)IS,.

where P, is the probe radiation power and Sy is the
detector area. Of course, the calculation by this expression
is correct only if the linear size of the detector is smaller
than the characteristic distance at which the SRR signal
changes considerably.

An important parameter of measurements is the probe
radiation intensity. In the case of glucose detection, the
probe radiation intensity is strictly limited because the
heating of a tissue even by 1°C can induce changes in
the optical properties resulting in the error in the measure-
ment of the glucose level [6]. Therefore, according to the
data presented in [14], the maximum intensity in this case is
~1W mm 2.

The spatial resolution in the calculation of the SRR
signal was 20 um, which corresponds in principle to the
linear size of the detector (or the diameter of an optical fibre
directed to the detector). This means that in this case the
detector area is ~ 400 pm?, the detected power is
107*—10°* W, and the corresponding intensities are
1071 = 107> W mm 2 for source—detector separations r =
0 — 8 mm and the maximum probe radiation intensity. This
radiation power can be measured quite accurately with
modern detectors. The power of a detected signal can be
obviously increased by increasing the detector area because
the chosen value 20 um is a model parameter rather than the
real diameter of a fibre.

4.2 Relative sensitivity of the SRR method

We estimated the relative sensitivity S of the SRR signal to
variations in the glucose concentration depending on the
source —detector separation r from the expression

Iy(r) — Isgo(r)
1y(r)

s

S(r) =

where I, and 5y, are SRR signals at glucose concentrations
0 and 500 mg dL™'. The results obtained for three
embedment depths of the blood layer are presented in
Fig. 3. The signal fluctuations at large distances r are the
result of insufficient statistics. One can see that for g = 0.9
(Fig. 3a), the relative sensitivity S has a local maximum at
r ~ 0.4 mm. The minimum at r &~ 2.5 mm appears because
the difference 7y(r) — I50o(r) changes its sign, and since the
quantity S is introduced as nonnegative, it has the
minimum for [y(r) — Iso9(r) = 0. The sensitivity S again
achieves a local minimum at the distance r &~ 7 mm. In this
case, the power of detected radiation decreases by three
orders of magnitude compared to its value for r = 0.4 mm,
i.e. it is better, of course, to perform measurements for
r = 0.4 mm. Moreover, as will be shown below, photons
forming a backscattered signal at r =7 mm achieve the
penetration depth in the medium comparable with r.
However, the thickness of human skin is only 2—3 mm,
although we considered the sample of a greater thickness in
our model.

For g = 0.7 (Fig. 3b), the relative sensitivity S also has a
maximum at r =~ 0.5 mm. However, Fig. 3b shows that in
this case the position and intensity of the maximum stronger
depends on the embedment depth of the blood layer. In
addition, the value of S for small r is lower than in the case
of g = 0.9, which is related to a greater stochastisation of the
propagation direction of a photon before it reaches ‘glucose-
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Figure 3. Relative sensitivity S of the SRR signal to the change in the
glucose concentration from 0 to 500 mg dL~! in the blood layer and
depth skin layer for L; = 100 (m), 200 (0), and 300 pm (A) and the skin
anisotropy factor g = 0.9 (a) and 0.7 (b).

sensitive’ layers, i.e. layers whose optical characteristics are
sensitive to variations in the glucose concentration. Thus,
while for g = 0.9 the transport length considerably exceeds
the embedment depth of blood layers, for g = 0.7 it is equal
to 0.33 mm (see Table 1), which is comparable to the
embedment depth of the blood layer. Therefore, in the
case of the maximum considered embedment depth of the
blood layer, the regime is realised in fact when the
propagation direction of a photon becomes stochastic
before it reaches ‘glucose-sensitive’ layers. In this case,
the ‘sensitivity’ to glucose is observed at large distances
r, where diffusion backscattering is realised.

4.3 Information content of a single photon

The sensitivity of the SRR method analysed by using MC
simulations is determined by two quantities; the number of
photons contributing to a signal and the mean sensitivity of
a single photon (i.e. by some averaged photon characteristic
dependent on the optical properties of the medium). In the
SRR method, this characteristic is the photon trajectory
which depends on the structure and optical properties of
the medium. The results of this analysis can be extended to
real experimental conditions.

In the case under study, the decisive factor is the
propagation of a photon in layers whose optical character-
istics depend on the glucose concentration (blood and depth
skin layers). We characterised the information content of a
photon by the ratio of the photon free path in these layers to
its total path in the medium. The dependences of this
characteristic on the source—detector separation obtained
for different parameters of the medium are presented in
Fig. 4. One can see that the information content of a photon
monotonically increases with increasing the source—detec-
tor separation. This is explained by the fact that, as the
source —detector separation is increased, the fraction of the

8 r/mm 0 2 4 6 r/mm

Figure 4. Mean ratio of the photon free path /y in layers with optical
characteristics dependent on the glucose concentration to the total
photon path / in the medium for L; =100 (7), 200 (2), and 300 pm
(3) for the skin anisotropy factor g = 0.9 (a) and 0.7 (b).

photon path in the upper layer where the influence of
glucose is absent decreases. The same tendency takes place
with decreasing the upper layer thickness, which results in
an increase in the photon sensitivity at fixed r with
decreasing the upper layer thickness.

Note also that the increase in the information content of
a single photon with depth is compensated by a drastic
decrease in the signal intensity, so that the distance
r=0.4 mm should be considered optimal for the model
under study. Moreover, the detected power for this source —
detector separation is not so small (~ 107® W) as for
r=7mm (~ 10~% W), which imposes milder requirements
on the detector sensitivity.

4.4 Scattering maps

To analyse the trajectories of photons forming the SRR
signal, we obtained scattering maps characterising the
density of scattering events in the medium. The brightness
at each point of the map is proportional to the number of
scattering events. The scattering maps were obtained for the
blood embedment depth L; =200 um and distances
r =400, 800, and 1200 pum. The results are presented in
Fig. 5. The scattering maps illustrate the distribution of
trajectories with a high density and small width at the
points of radiation coupling and detection. The distribution
between these points has a low density and broadens. The
density of trajectories is proportional to the picture
brightness, which is much higher in the region correspond-
ing to the blood layer because the map is the density of
scattering events of photons forming the signal, and the
scattering coefficient of blood exceeds that of skin
approximately by a factor of five.

The trajectory distributions for g =0.9 are narrower
than those for g = 0.7, which is explained by a greater
chaotisation of photon propagation directions in the latter
case. As the source—detector separation is increased, the
overlap of the brightest parts of the picture in the embed-
ment regions of the source and detector decreases.

The information content of a photon should increase
with increasing the photon path in layers ‘sensitive’ to the
glucose concentration. Therefore, it is reasonable to expect
that the photon information content will be maximal when
the photon path in the upper layer is minimal (i.e. when
photons intersect this layer almost perpendicular), which is
realised with a higher probability for g = 0.9. This fact is
also confirmed in Fig. 3.
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Figure 5. Scattering maps of photons forming the SRR signal in a three-layer skin model for L; = 200 pm, the skin anisotropy factor g = 0.9 (a) and
0.7 (b), and different distances r. The coordinate origin coincides with the point of incidence of probe radiation.

4.5 Dependence of the SRR signal on the glucose
concentration

At the final stage of the study, we investigated the
dependence of the SRR signal on the glucose concentration
for the blood embedment depth 100 pm for the two
combinations of parameters: g=0.9, r=04mm and
g=0.7, r = 0.3 mm. As shown above, these combinations
of parameters are optimal. The results are presented in
Figs 6a and b, respectively. One can see that a distinct
correlation is observed between the detected SRR signal
and glucose concentration in the medium in the range from
0 to 500 mg dL .

1/10* mm ™ 1/107 mm™2
3.5 12.6
a b

34 12.4

122
33

12.0
32 1 1 1 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 0 100 200 300 400 500

C/mg dL™" C/mg dL™"
Figure 6. Dependences of the SRR signal for g = 0.9, r = 0.4 mm (a),
and g =0.7, r = 0.3 mm (b) on the glucose concentration C in depth
layers of the phantom for L; = 100 pum.

If the above-mentioned optical fibre with a cross-sec-
tional area of ~ 400 um? is used, the detected power will be
from 1.28 to 1.4 uW upon changing the glucose concen-
tration from 0 to 500 mg dL™', which will require, of
course, a high enough detection accuracy. However, the
cross-sectional area of the optical fibre presented above is a
characteristic of the method used rather than the real
characteristic of a measuring system. Of course, the detected
power will increase with increasing the fibre diameter, which
will reduce the requirements on the sensitivity of a photo-
detector. Thus, the sensitivity of a ThorLabs APD210
photodetector in the wavelength region that we consider
is 10° V W', which is sufficient for reliable measurements
of signals for the cross-sectional area of the fibre
~0.01 mm~. In this case, the signal power will vary
from 32.1 to 34.7 uW, which will result in the change in
the measured voltage from 3.21 to 3.47 V. Therefore, the
sensitivity to variations in the glucose concentration will be
0.52 mV mg~'dL.

2

5. Conclusions

We have analysed the possibility of applications of SRR for
the noninvasive detection of the glucose level in the three-
layer phantom of human skin. The sensitivity of this
method has been estimated for different source—detector
separations and different embedment depths of layers
containing glucose. It has been shown that the maximum
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sensitivity to variations in the glucose concentration in the
three-layer model considered in the paper is observed for
the source—detector separation equal to 0.4 mm. In this
case, the change in the glucose concentration from 0 to
500 mg dL~! results in the change in the detected signal
intensity by ~ 7% and the signal power is ~ 1 uW
(corresponding to the intensity ~ 10 mW mm™>) for the
probe radiation intensity of ~ 1 W mm 2.

We have also obtained the scattering maps for probe
radiation upon the formation of SRR signals and have
analysed the information content of photons. It has been
shown that the mean information content of a single photon
monotonically increases with increasing the source—detec-
tor separation; however, the detected signal power decreased
from 10° to 107> pW (and the corresponding intensity
decreased from 0.1 to 107> W mm™?) with increasing the
source —detector separation from 0 to § mm. We have found
that the sensitivity of the method for the case under study
was 0.52 mV mg~' dL.

The results obtained in the paper show that the SRR is
promising for detecting variations in the glucose level in
human skin models. However, to analyse the sensitivity of
the method in in vivo measurements, additional investiga-
tions are required which would more accurately consider
variations in the optical properties of skin induced by
various components of blood and intercellular liquid, which
were ignored in our model.
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