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Studies of non-invasive glucose measurement with optical coherence tomography (OCT) in
tissue-simulating phantoms and biological tissues show that glucose has an effect on the OCT
signal slope. Choosing an efficient fitting range to calculate the OCT signal slope is important
because it helps to improve the precision of glucose measurement. In this paper, we study the
problem in two ways: (1) scattering-induced change of OCT signal slope versus depth in intralipid
suspensions with different concentrations based on Monte Carlo (MC) simulations and exper-
iments and (2) efficient fitting range for glucose measurement in 3% and 10% intralipid. The
results show that the OCT signal slope expresses a contrary change with scattering coefficient
below a certain depth in high intralipid concentrations, so that there is an effective fitting depth.
With an efficient fitting range from 100µm to the effective fitting depth, the precision of glucose
measurement can be 4.4mM for 10% intralipid and 2.2mM for 3% intralipid.

Keywords : Optical coherence; tomography; noninvasive glucose measurement; multiple scattered
photons.

1. Introduction

Non-invasive measurement of the glucose concentra-
tion of the human body based on optical techniques
has been developed during the past 20 years. Opti-
cal coherence tomography (OCT) was proposed by
Huang et al.1 as a new technique for high-resolution
imaging based on the detection of light backscat-
tered from tissue and further analyzed in respect to
its applicability for non-invasive glucose monitoring
by Esenaliev et al.2 and Larin et al.3 The measure-
ment relies on the glucose-induced change of OCT
signal slope which is calculated by linear fitting with
a certain range; hence, the study of the efficient fit-
ting range is significant to improve the accuracy of
glucose measurement.

Increasing glucose concentration decreases the
refractive index mismatch between the scattering
particles and the base medium, and thus reduces
the scattering coefficient.4 The OCT signal slope
is demonstrated to express the glucose-induced
change of scattering coefficient by simulations
and experiments in tissue-simulation phantoms,
in vitro and in vivo. Kirillin et al.5 show a
7%/ 56 mM change in simulations for 5% intralipid.
Kinnunen et al.6 show a 2.1%/ 30 mM change in
2% intralipid and a 0.86%/ 30 mM change in 5%
intralipid. Their study in vitro also shows changes
between 20% and 52%/ 30 mM in different mouse
skin samples. Larin et al. show a 0.023%/ mM
change in polystyrene microsphere suspension and
a 0.032%/ mM change in 3% fat milk.7 Their study
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in vivo also shows a 3.3%/ mM change in the rab-
bit ear, a 2.3%/ mM change in the micropig skin,8

and a change of 3.4%/mM in human subjects.9

It was shown that the OCT technique has several
advantages over other optical methods proposed for
non-invasive measurement and monitoring of tis-
sue optical properties such as high resolution and
capability of probing specific tissue layers. How-
ever, various fitting range are used to calculate the
OCT signal slope in their experiments. Kirillin et al.
and Kinnunen et al. chose the fitting range where
the linear dependence was most clear. Larin et al.
chose the range of 300–400 µm for the rabbit ear,
260–400 µm for the micropig skin, 550–600 µm, and
380–500 µm for forearm skin of human body. Differ-
ent fitting range leads to different change and accu-
racy of OCT signal slope, as a result, the precision
of glucose measurement is different. As to which can
be an efficient fitting range has not been discussed
in their researches.

In order to choose an efficient fitting range, it
is necessary to better understand the scattering-
induced changes of OCT signal slope versus depth
in a highly scattering medium. The single scatter-
ing model describes the OCT signal as the prob-
ing light into the tissue being continuously atten-
uated according to the total extinction coefficient
of the propagation medium.10 It was then quickly
realized that this model appears to give an incom-
plete description of beam propagation progressing
deep into the tissues where the multiple scatter-
ing effect can no longer be neglected.11 For glucose
sensing in human body, OCT technique measures
glucose-induced changes of scattering coefficient in
the dermis layer of skin, where the multiple scat-
tering photons (MSPs) play a non-negligible role.
A model also taking into account MSPs could be
more preferable.

Monte Carlo (MC) simulation has been proven
to be an accurate method to study photon-
tissue interaction. MC simulation provides a sta-
tistical method for implementing realistic models
of the experimental situations based on specific
geometries, characteristic parameters of source and
detector, as well as stochastic modeling of light
propagation in the scattering medium. Smithies
et al.12 developed an MC model according to their
specific OCT system geometry to investigate how
signal attenuation and localization are influenced
by multiple scattering effects. In the meantime, Yao
and Wang13 developed an MC model to simulate

how multiple scattering degrades the OCT signal
attenuation into the tissue, by separate consider-
ations of the least scattering and MSPs. Despite
these advances, an investigation of the scattering-
induced change of OCT signal slope versus depth is
still lacking so far.

In this study, we applied MC simulation tak-
ing into account MSPs and experiments to study
the scattering-induced changes of OCT signal slope
versus depth in intralipid suspensions with differ-
ent concentrations. We also studied the efficient fit-
ting range for glucose measurement in 3% and 10%
intralipid.

2. Materials and Methods

2.1. MC simulation

In OCT, the low-coherence interference modulation
is equal to the product of mutual correlation of two
functions,14

Id(Lr) = 2(IsIr)1/2[R1/2(Ls) ⊗ C(Ls)] (1)

where Is and Ir are the signal intensities in the sam-
ple and reference arms respectively, Lr and Ls are the
corresponding path lengths of Is and Ir, ⊗ denotes
convolution, C(Ls) is the self-coherence function of
the light source, R(Ls) = [dIs(Ls)/dLs]/Is is the
pathlength-resolved diffuse reflectance of the sam-
ple, which is the key of the OCT signal. The aim of
MC simulation is to obtain R1/2(Ls).

The MC program was modified according to
Wang et al.15 to take into account the OCT prin-
ciple. Each individual photon launched from the
probe was propagated into the medium, while
accounting for its accumulated pathlength and
the number of scattering events. At each interac-
tion within the medium, the scattering angle was
determined by stochastically sampling the Henyey–
Greenstein phase function. For each interaction,
the position of the scattering event was recorded;
the accumulated pathlength was increased by the
length of the latest path segment. The propaga-
tion of any photon was terminated if it exits the
medium outside the probe radius r and probe
angle θ as shown in Fig. 1, or half of its accu-
mulated pathlength exceeds the maximum pre-
specified depth to be monitored. If the photon exits
within the probe area, its history and scattering
events will be recorded. To ease the simulations, it
was assumed that the probe is in direct contact with
the turbid medium. For simplicity, the incident light
from the probe was assumed to be a pencil beam.
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Fig. 1. The MC simulation model of OCT.

The specular reflection from the air-tissue interface
was neglected in the simulations.

In this simulation, r = 30 and θ = 5◦, which
can be altered according to different numerical aper-
ture (NA) of the objective lens. According to the
formulas of scattering coefficient µs and anisotropy
factor g of standard 10% intralipid proposed by
Staveren et al.,16 and g of C% intralipid was esti-
mated: µs = 8.4Ccm−1 and g = 0.34. Based on
Ref. 17, refractive index n of water was chosen
as 1.32. Absorption coefficient µa = 1cm−1 was
assumed. Concentrations of 1%–10% were studied.
The total number of incident photons used in each
simulation was 109.

Fig. 2. Schematics of OCT system with grating-based RSOD line used in the experiment.

2.2. Measurement system

The OCT system with a grating-based rapid-
scanning optical delay (RSOD) line used in our
studies is depicted in Fig. 2. The RSOD line
that employs phase control has several advan-
tages, including high-speed, high-duty cycle, phase-
and group-delay independence, and group-velocity
dispersion compensation.18 We used a superlumi-
nescent diode (SLD) with the center wavelength
of 1310 nm and the full-width at half-maximum
(FWHM) spectral width of 40 nm as a light source.
The output power of SLD was 1 mW. The emit-
ted radiation was coupled into a single-mode fiber-
optic Michelson interferometer. The light was split
by a 4 × 2 coupling module into sample and ref-
erence arms and then reflected back, respectively.
The 4 × 2 coupling module consisted of one 2 × 2
beam splitter (50:50) and two 1 × 2 beam split-
ters (50:50). The reflected beam from reference arm
and sample arm was recombined at the coupling
module, producing an interference pattern when
the difference between their pathlengths is smaller
than the coherence length of the light source. In-
depth scanning with a frequency of 100 Hz was
produced electronically by galvanometer mirror in
the reference arm. The generated interference sig-
nal is detected by two photodiodes, differential
amplified to suppress background light noise, elec-
tronically filtered around the modulation frequency
(f = 36 kHz), digitized by a 12-bit data acqui-
sition card (National Instruments type PCI6111),
and recorded by a computer for further process-
ing. The actual axial and lateral resolutions of our
OCT system were measured as 22 µm and 18 µm,
respectively.
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Fig. 3. Schematics of sample set-up.

The probe depth was 1400 µ m into intralipid
samples. Nearly 10,000 scans are applied to each
measurement with 100 seconds. Each sample was
measured 5 times, and the average and standard
deviation (SD) were calculated.

The sample set-up shown in Fig. 3 was used to
avoid the influence of confocal function19 and DC
component. The glass plate (a standard 1 mm-thick
microscope slide) was stuck on the fixed bracket.
The vessel was filled with sample suspension and
put on a vertical translation stage. The intralipid
suspension surface was higher than the edge of the
vessel due to the tension of the liquid surface. The
stage was adjusted to the very position such that
the surface of the sample suspension was just touch-
ing the glass plate. This set-up keeps the surface of
sample suspension at the same probe depth during
all the experiments.

(a) (b)

Fig. 4. (a) Simulated pathlength-resolved diffuse reflectance and (b) experimental OCT signal in logarithm as a function of
depth in intralipid suspensions with different concentrations.

2.3. Materials

Intralipid suspensions are widely used as a tissue-
simulating phantom in biomedical research, chiefly
because their scattering properties resemble those of
skin tissue. Experiments were performed with con-
centrations of 1%–10%. Samples were prepared by
adding distilled water to 20% intralipid solution.
The constituents of intralipid 20%, according to the
manufacturer, are: soybean oil 20%, lecithin 1.2%,
glycerin 2.2%, and water 76.6%. We also used 3% and
10% intralipid as scattering medium with different
scattering properties. Glucose concentrations (500,
1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500, and
5000 mg/dL) were used to study the change of OCT
signal slope. These glucose concentrations were cho-
sen because the effect of glucose on the optical prop-
erties is quite small in intralipid suspension.

3. Results

3.1. Scattering-induced change of
OCT signal slope versus depth

Simulated R1/2(Ls) and experimental OCT signal
from intralipid suspensions are shown in Fig. 4.
One can see that an increasing scattering coeffi-
cient causes two kinds of changes. First, more back-
scattered photons are detected from the surface;
second, the OCT signal has larger slope in low depth.
However, in high concentrations, the scattering-
induced change of slope decreases with an increas-
ing depth, and has a contrary phenomenon below
a certain depth. As it can be seen, the slope of
8% intralipid is larger than that of 10% intralipid
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(a) (b)

Fig. 5. Simulated and experimental OCT signal slope as a function of intralipid concentration calculated between the range:
(a) 100–200 µm and (b)700–800 µm.

below approximately 600 µm in simulated R1/2(Ls)
and approximately 700 µm in experimental OCT sig-
nal. The difference between simulations and exper-
iments can be due to the simplification of the
simulation model and difference between the para-
meters used in simulations and the practical one.

Figure 5(a) shows the simulated and experi-
mental OCT signal slope (SOCT) as a function
of intralipid concentration calculated between the
range 100–200 µm. Each SOCT was calculated by
a linear function y = SOCT x + b, where y is the
magnitude of OCT signal in logarithm and x is the
depth, using the least-square method. The relation-
ship between SOCT and concentration is almost lin-
ear in simulation results, however, a quadratic fitting
gives a better correction in experiment results. This
is due to the quadratic behavior of scattering coeffi-
cient and concentration as previously mentioned by
Zaccanti et al.20 Figure 5(b) shows the simulated and
experimental OCT signal slope (SOCT) as a function
of intralipid concentration calculated between the
range 700–800 µm. SOCT and intralipid concentra-
tion can be well fitted with quadratic functions. As
can be seen, the scattering-induced change of SOCT

is obvious in low concentrations, but undistinguish-
able in high concentrations. It is reasonable to point
out that SOCT at the range 700–800 µm from 8%, 9%
and 10% intralipid, shows a contrary change.

3.2. Efficient fitting range of
glucose measurement

Increasing the amount of glucose reduces the
mismatch between scattering particles and the

Fig. 6. Experimental OCT signals in logarithm from 3% and
10% intralipid with different glucose concentrations.

aqueous media and hence decreases the scattering
coefficient. As a consequence, the OCT signal slope
decreases within the effective fitting depth, which
can be seen from Fig. 6. The experimental OCT
signals for 10% and 3% intralipid with glucose con-
centrations of 500 mg/dL and 5000 mg/dL, respec-
tively are presented. The glucose-induced change of
OCT signal can be clearly observed. The effective
fitting depth is 730µm in 10% intralipid, which is
calculated by getting the position of extremum from
the subtraction of the two signals, and the effec-
tive fitting depth is the whole probe range in 3%
intralipid.

The fitting range was chosen below 100 µm
for a greater similarity with the glucose sensing
in the dermis layer of the human skin. First, we
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chose the fitting range 100–300 µm where the linear
dependence is most clear. The dependence of
SOCT on the glucose concentration in 3% and
10% intralipid is shown in Fig. 7(a) and 7(c)
respectively. The SOCT in Fig. 7 was normalized
by that calculated at the range 100–200 µm in 10%
intralipid. The glucose-induced change of scatter-
ing coefficient is quite small, therefore, SOCT and
glucose concentration can be well-fitted with lin-
ear function. The average glucose-induced change
of SOCT is 0.25 × 10−3 mM−1 in 3% intralipid
and 0.45 × 10−3 mM−1 in 10% intralipid. Secondly,
we chose the fitting range from 100 µm to the
effective fitting depth. The dependence of SOCT

on the glucose concentration in 3% and 10%
intralipid is shown in Figs. 7(b) and (d), respect-
ively. The average glucose-induced change of SOCT

(a) (b)

(c) (d)

Fig. 7. Experimental OCT signal slope as a function of glucose concentration calculated at the range: (a) 100–300 µm
(b) 100–1400 µm from 3% intralipid, and at the range (c) 100-300 µm (d) 100–730 µm from 10% intralipid.

is 0.25 × 10−3 mM−1 in 3% intralipid and
0.37 × 10−3 mM−1 in 10% intralipid. However, a
rather small SD can be seen in the plots.

We calculated SOCT of every scan, and then got
the statistic characteristics of SOCT after averag-
ing of 50,000 scans, as shown in Table 1, ∆Z is
the fitting range, SEM is the standard error of the
mean, ∆SOCT is glucose-induced change of SOCT.
One can see from Table 1 that SOCT at fitting range
100–730 µm has a 1

5.4 SEM in comparison with
100–300 µm despite of a little smaller change in 10%
intralipid. The SOCT at fitting range 100–1400 µm
has a 1

16 SEM in comparison with 100–300 µm, and
also has a same change in 3% intralipid. The range
from 100 µm to the effective fitting depth shows to
be efficient for glucose measurement.
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Table 1. Statistical characteristics of OCT signal slope.

Samples ∆Z (µm) SOCT SD SEM (10−3) ∆SOCT (10−3/mM)

Intralipid 10% 100–300 1.04 0.98 4.4 0.45
Intralipid 10% 100–730 1.07 0.18 0.81 0.37
Intralipid 3% 100–300 0.29 0.98 4.4 0.25
Intralipid 3% 100–1400 0.53 0.061 0.27 0.25

4. Discussions

As shown in the simulation result in Fig. 5(a),
the fitting conic is almost after the origin, that is,
when the backscattering coefficient is zero, the slope
equals zero. But in the experimental results, the
OCT signal slope in 1% intralipid is under zero,
because the confocal function made the light inten-
sity detected at the focal plane larger, which was
adjusted at a depth approximately 400µm in the
experiment, and the DC component made the light
intensity detected from the lower depth larger in our
OCT system. The set-up in Fig. 3 could keep focal
plane at the same depth, and make the DC com-
ponent consistent with probe depth into samples
during the experiment, so that there is no effect on
the scattering-induced change of slope.

The scattering-induced change of SOCT de-
creases with an increasing fitting depth in high
intralipid concentrations, but almost the same with
increasing fitting depth in low intralipid concentra-
tions, which can be explained in Fig. 8. The plots
for the single-scattered photons (SSP) and multiple
scattered photons (MSP) signals separately from

Fig. 8. Simulated pathlength-resolved diffuse reflectance for
the SSP and MSP as function of depth from 3% and 10%
intralipid.

3% and 10% intralipid are presented. It can be seen
that the signal of SSP has almost a linear relation-
ship with the depth, but the signal of MSP has a
complicated form. The scattering-induced change of
MSP signal slope is clear in low depth, but can-
not be distinguished in large depth. The SSP signal
is dominant within the whole probe depth in 3%
intralipid, and the MSP signal is dominant below
60µm in 10% intralipid. Therefore, the decreasing
change of OCT signal slope with increasing depth
in high concentrations is due to the dominant MSP
signal, and the same change in low concentrations
is due to the dominant SSP signal.

The effect of glucose on the scattering prop-
erties of intralipid has been studied by Kinnunen
et al.6 Their results show that the relative
value of glucose-induced change of OCT signal
slope (∆SOCT/SOCT) is larger in 2% intralipid
(0.07% mM−1) than in 5% intralipid (0.029%
mM−1). Our results show that a 0.25× 10−3mM−1

change with a relative value of 0.086% mM−1 in 3%
intralipid and a 0.45×10−3 mM−1 change with a rel-
ative value of 0.043% mM−1 in 10% intralipid when
the fitting range 100–300 µm was chosen. The rel-
ative value is also larger in lower concentration in
our experiments; however, the relative value from
10% intralipid is larger than the result from 5%
intralipid, and the relative value from 3% intralipid
is larger than their result from 2% intralipid. In
our opinion, the confocal function and DC com-
ponent mentioned above are the most important
factors except for the different fitting ranges and
wavelengths. We also mentioned that the absolute
change of slope is larger in 10% intralipid than in
3% intralipid, showing that the absolute change of
scattering coefficient is larger in 10% intralipid than
in 3% intralipid, which can be explained by Mie
scattering theory.

According to the statistics, for 95% confi-
dence interval, one needs to use the width of
this interval of approximately ±2 SEM. There-
fore, assuming that the systematic error is neg-
ligible compared to the statistical error, when
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the efficient fitting range from 100µm to the
effective fitting depth is used, the glucose con-
centration can be measured with a precision of
approximately ±2 SEM/∆SOCT =± 4.4 mM in 10%
intralipid and ±2.2 mM in 3% intralipid. We also
mentioned that the precision of glucose measure-
ment in 3% intralipid can be improved by apply-
ing a larger probe depth. Since the effective fitting
depth decreases with the square root of the number
of independent scans used for averaging, the pre-
cision of glucose measurement can be improved by
applying a higher scanning frequency in the limited
acquisition time.

As can be seen from Fig. 4, the effective fit-
ting depth increases with decreasing µs. We also
found that the effective fitting depth increases with
increasing g by MC simulations, which is not given
here. A light with longer center wavelength has a
smaller µs and a larger g in tissue.21 Hence, using a
light source with longer center wavelength in OCT
could bring a larger effective fitting depth. Addi-
tionally, higher-depth resolution can reduce the dis-
tortion of OCT signal caused by multiple scattering,
as a result, this could lead to a larger efficient fit-
ting depth. Our future work will be focused on the
points proposed above.

5. Conclusions

Our results show that the OCT signal slope
expresses a contrary change with scattering coef-
ficient below a certain depth in high intralipid con-
centrations, so that there is an effective fitting
depth. The precision of glucose measurement can be
± 4.4 mM for 10% intralipid and ± 2.2 mM for 3%
intralipid when the fitting range is 100µm to the
effective fitting depth. The results suggest that the
effective fitting depth should be considered when
choosing an efficient fitting range for glucose mea-
surement with OCT in tissue.
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