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Abstract. Recently, the capability of optical coherence tomography (OCT) has been demonstrated for noninvasive
blood glucose monitoring. In this work, we investigate the administration of chemical agents onto human skin tissue
to increase the transparency of the surface of the skin, as a means of improving the capability of OCT imaging for
clinically relevant applications. Eight groups of experiments were proposed, in which different optical clearing
agents (OCA) were used. The results indicate that, when properly used, some OCAs perform well in promoting the
capability of OCT for noninvasive blood glucose monitoring. Among the four kinds of OCA we used, 50% v∕v
glycerol solute turns out to be the best enhancer. Compared with the results of the experiments in which no
OCA was used, when 50% glycerol was applied onto the human skin topically, the correlation coefficient between
the OCT signal slope (OCTSS) and blood glucose concentration (BGC) was improved by 7.1% on average, and the
lag time between changes in the OCTSS and BGCwas cut by 8 min on average. The results of 10 w∕v mannitol were
also good, but not as pronounced. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.10.101513]
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1 Introduction
The World Health Organization estimates that more than 346
million people worldwide have diabetes. Without intervention,
this number is likely to more than double by 2030. Almost 80%
of diabetes deaths occur in low- and middle-income countries.1

Diabetes has become a major public health problem in China,
where there are 92.4 million adults with diabetes (the most in the
world) and 148.2 million adults with prediabetes.2 Diabetes and
its complications (including heart disease, stroke, hypertension,
blindness, kidney disease, and nervous system disease) killed
more than 231,000 Americans in 2007. In the United States,
25.8 million children and adults (8.3% of the population)
have diabetes. Worse still, as obesity rates in children continue
to soar, this disease is becoming more common in young people,
whereas it used to be seen primarily in adults over age 45.3

These facts indicate that strategies aimed at the prevention
and treatment of diabetes are needed.

Tight monitoring and control of blood glucose in diabetic
patients would significantly reduce complications and mortality
caused by this disease. Therefore, monitoring of glycemic status
in patients with diabetes is considered a cornerstone of their
care. Results from monitoring are of great value to achieve
the best possible glucose control.4,5 Currently, control of this
disease involves daily self-monitoring of blood glucose
(SMBG) by finger puncture several times a day to obtain a
blood sample for further chemical analysis. This procedure is
invasive, painful, and unpleasant for patients. Even though
SMBG has revolutionized the management of diabetes, these
defects may limit its frequent application and result in poor

management of the disease. Therefore, there is a vital need
for development of a noninvasive blood glucose monitoring
technique that would provide continuous, painless glucose mon-
itoring and much greater insight into glucose levels throughout
the day so as to promote the quality of life for diabetic patients
and reduce complications and mortality associated with this
disease.4–6

In the past three decades, several scientific groups and com-
panies have tried to develop a continuous noninvasive device for
blood glucose concentration measurements. At present, two
types of noninvasive glucose measuring techniques are under
development: optical and transdermal. Most of the noninvasive
methods use optical signals by detecting the physical properties
of light in biological tissues. These approaches include polari-
metry, near-infrared (NIR) spectroscopy, Raman spectroscopy,
photoascoustics, and optical coherence tomography (OCT).7–9

Polarimetry measures the optical rotary dispersal of polarized
light. The concentration of the solution can be obtained by
calculations based on the polarimetric results. This method is
implemented across the anterior chamber of the eye. One obsta-
cle to this is that the cornea causes some intrinsic rotation. In
addition, it is uncomfortable and inconvenient for patients to
measure glucose concentration across the eye.10,11 Blood glu-
cose concentration has been measured across the oral mucosa12

and the tongue13 using NIR spectroscopy. The NIR spectros-
copy technique uses absorption spectrum dependent on molecu-
lar structure. However, the NIR spectroscopy is influenced by
many tissue components, including water, fat, protein, and glu-
cose, as well as temperature. Thus, the SNR is depressed.14,15

Raman spectroscopy has been implemented to measure glucose
transcutaneously and in human aqueous humor. The results
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sound good, but in vivo, biological tissue is at the risk for
damage from the powerful laser of the Raman system.16

What’s more, the Raman signal is weaker than with other tech-
nologies. Surface enhancement Raman spectroscopy (SERS)
has the advantage of greatly enhancing the signal strength.
But this technique requires metal nanoparticles to be implanted,
which is hardly to be realized.8,16,17 Photoacoustic spectroscopy
uses the principle that absorption of light causes ultrasonic
waves. The photoacoustic process involves the conversion of
optical energy into acoustic energy by a multistage energy con-
version process. The complicated nature of both the photoacous-
tic generation process and the structure and composition of
human tissue can be impediments to this method.18

OCT is a relatively new imaging technique that provides
images of tissues with high resolution of about 10 μm or
less. It was first introduced in 1991 to perform tomographic
imaging of the human eye.19 Subsequently, this technique was
actively developed by several research groups for many diagnos-
tic applications and medical imaging.20–29 It has been proposed
for blood glucose monitoring as well and was tested in vivo and
in vitro. It has been shown that OCT is capable of detecting
changes of blood glucose concentration in the normal physiol-
ogy range.29–34 OCT allows measurement of light attenuation in
biological tissues, using an interferometer with a low coherent
light source. It operates with ballistic and near-ballistic photons.
2-D OCT images are obtained by collecting the back-reflected
light from the subject.35,36 Backscattered light from the object is
detected and integrated to assemble an image. According to the
Beer–Lambert law, light attenuation inside tissues is exponen-
tial. By analyzing the exponential slope of the light attenuation
in specific layers of tissue, one can calculate the attenuation
coefficient of ballistic photons. The slope of this exponential
attenuation is proportional to the total attenuation coefficient of
ballistic photons (μ ¼ μs þ μa, where μ is total attenuation, μs is
scattering, and μa is the absorption coefficient). The scattering
coefficient in the NIR spectral range is substantially greater than
the absorption coefficient in most biological tissues, including
skin. Thus, the slope of light attenuation is proportional to the
tissue-scattering coefficient.37 The variations of the blood
glucose concentration (BGC) can induce changes in the tissue-
scattering coefficient of a specific layer in the biological tissues.
Therefore, BGC can be measured by analyzing the glucose-
induced changes in the OCT signal slope detected from the
biological tissues, such as the dermis area of the skin.38

The skin consists of three major layers: stratum corneum
(SC), epidermis, and connective tissue of dermis, which is
the only layer containing a developed blood microvessel net-
work. The OCT technique allows measurement of glucose-
induced changes in the skin-scattering coefficient directly
from the dermis. However, one limitation to the application
of light-based diagnostic imaging is the skin surface, which pre-
vents light access to deeper targets. One method to enhance light
penetration into skin and control the optical properties of tissues
is the use of optical clearing by means of immersion technology.
Several optical clearing agents (OCAs) with different refractive
indices have been used to decrease scattering, enhance light
penetration depth, and increase image contrast.39–44 When
monitoring blood glucose with OCT across the skin, proper
application of OCAs would increase the effective light dose
penetrating through the SC and the epidermis; i.e., more light
reaches the targeted area of the tissue. The purpose of this
study is an experimental examination of how optical clearing

affects the results of noninvasive blood glucose monitoring
with OCT. To facilitate, this we used four kinds of OCAs
made of two kinds of agents in the trial, which were applied
in vivo through human skin tissues. The experimental results
clearly show the significant improvement in the accuracy
of blood glucose measurement with OCT when OCAs are
properly applied.

2 Materials and Methods

2.1 OCT System

In this work, we used a portable spectral domain OCT system
with a central wavelength of 840 nm, a bandwidth of 80 nm, and
longitudinal and transverse resolution of 7.8 and 30 μm, respec-
tively. It is made by Shenzhen MOPTIM Imaging Technique
Co., Ltd., China. Figure 1 shows the diagram of the OCT system
used in this study, and a photograph of the experimental setup is
shown in Fig. 2.

Lateral and longitudinal scanning are at 3 and 1.8 mm,
respectively. Single lateral scans can be accomplished in
1∕15 s; in other words, we can obtain 15 images every second.
The OCT system operation is controlled automatically by a por-
table personal computer (PC), and a 2-D OCT image is selected
every half minute. Altogether, there are more than 300 2-D OCT
images obtained in each experiment and stored in the PC for
further processing.24

Fig. 1 Diagram of the OCT system.

Fig. 2 Photograph of the experimental setup.
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2.2 Materials

The measurements were carried out on 12 volunteers (7 men and
5 women) aged 22 years or older (mean age 28 years). They
were in good health, took no medication, and were selected
from the same racial groups randomly. A signed informed con-
sent was obtained from all subjects.

The in vivowindow preparation had a 1-cm diameter circle in
the skin of dorsal forearms, and OCT images were taken. Before
each individual experiment, the detected area would be shaved
to eliminate influences to the experimental results by the fine
hair on the arm.34 During the measurements, the volunteers
were asked to remain still to minimize motion artifacts, and
food and drinks were not permitted. Three subjects were
excluded from the study because they were not able to complete
the experiments.

A standard oral glucose tolerance test (OGTT) using 75 g
glucose was performed in all volunteers starting at 0900
(time 0) after an overnight fast. At the same time, OCA was
applied to the surface of the skin (approximately 0.1 mL) of
the volunteers’ forearms where the OCT images were taken.
Synchronously, BGC was monitored serially at about 10-min
intervals using one touch ultra easy glucose analyzers.
Whole-blood samples were drawn from the subjects’ finger-
tips.31,33 The duration of each individual experiment was
about 160 min. Before being treated with the OCAs, the
detected regions of subjects were measured for about 10 min
to establish a baseline. Continuous monitoring of tissue optical
properties upon application of different OCAs was performed
for up to 150 min. The room temperature was maintained at
25°C throughout the experiment, so as to eliminate influences
caused by temperature fluctuation.32,45

Four kinds of OCA were used in this study: 100% v∕v gly-
cerol (100% G), 50% v∕v glycerol (50% G), 16% w∕v manni-
tol (16% M), and 16% w∕v mannitol (10% M) solutions. The
50% v∕v glycerol solution was prepared through mixing the
agents with distilled water, and mannitol solutions were pre-
pared by dissolving 16 or 10 g of mannitol in 100 mL purified
and distilled water. Mannitol and glycerol (with 99.9% concen-
tration) were purchased from Tianjhi Damao Chemical Reagent
Factory, China.

2.3 Methods

In this study, OCT images obtained from human skin were pro-
cessed using an original program developed in Microsoft Visual
C++ 6.0 to obtain the OCT signal and calculate the OCT signal
slope (OCTSS)45 Over approximately 1 mm, which is sufficient
for speckle noise suppression, the 2-D images were averaged in
the lateral (x axis) direction into a single curve to obtain an OCT
signal that represents 1-D distribution of light in depth.26 To
reduce the effect of surface curvature, the most flat regions
of the 2-D images were used for averaging.45 The 1-D distribu-
tion was plotted in logarithmic scale as a function of depth for
further analysis.

The local increase of glucose concentration in the chosen
region caused the scattering coefficient to decrease, which
was clearly reflected in the OCTSS graph. The average effects
of OCAs on glucose monitoring by OCTwere estimated by ana-
lyzing correlation between the OCTSS changes and the actual
blood glucose concentration. The correlation coefficients (R)
and P values were calculated. The OCTSS was calculated by
linear least-squares fit of a segment with the length of 75 to

125 μm, where the signal is linear and undergoes minimal altera-
tions. This segment lies in the 400- to 650-μm depth range. This
analytical method is shown in Fig. 3. The OCT signal slopes
were plotted in the inverse scale, and then slopes of four con-
secutive OCT signals were averaged, normalized, and plotted as
a function of time or of actual blood glucose concentration.30

The reason we decided to monitor BGC in the forearm is for
convenience. The epidermis of the forearm appears to be much
thinner than that of the hand, finger, or wrist.46 During rapid
blood glucose changes, however, forearm blood glucose lags
behind fingertip blood glucose by 30 min on average. As a
result, there is a lag time (tlag) between glucose-induced changes
in skin optical properties and variations in BGC.47–49 We varied
tlag to find the maximal absolute value of R to determine the
value of tlag.

50 Values of tlag varied from 10 to 50 min with
an interval of 1 min, and the value of R could be calculated
according to each tlagT . When R reached its maximum value,
the lag time of the test was determined.

3 Results and Discussion

3.1 Correlation between OCTSS and BGC

The experiments in which sharp blood glucose changes were
realized by glucose uptake can be divided into five groups:
group A was a control group (no OCA was used), group B
used 50% G, group C used 10% M, group D used 100% G,
and group E used 16% M. Every volunteer who completed
the experiments took part in all five tests (nine people tested
in each group).

In group A, good correlations were found between the values
of blood glucose and the OCTSS, which is in agreement with
Larin’s findings in 2002.30 In the results of group A, when
OCTSS is calculated in the 430 ∼ 550-μm depth region from
the skin surface, R (correlation coefficient between the
OCTSS and the BGC) varied between 0.81 and 0.87, and the
average value was 0.848; no calculated P value was higher
than 5%, and most of the P values were <1%. One representative
result is shown in Fig. 4.

Figures 4 and 5, which are derived from the same individual,
indicate that with the increase of BGC, the OCTSS decreases.

Fig. 3 OCT signals recorded from the human skin in vivo at different
times, indicating OCTSS analysis method.
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In human skin, the scattering of light depends on the ratio of the
refractive indices of the components. Changes in the ratio of the
refractive indices of the scattering particles and the solute lead to
a variation in the transparency of the tissue. An increase in BGC
leads to a subsequent rise in the refractive indices of blood and
interstitial fluid, whereas the refractive index of scattering par-
ticles in the skin remains unchanged.51,52 Thus, the refractive
index mismatch between the solute and the particles diminishes
and the scattering is decreased, which was clearly reflected in
the OCT signal slopes.

Figures 4 and 5 indicate that when the OCTSS is calculated
at a depth region of 560 to 650 μm, the correlation between the
OCTSS and the BGC is better than that of the region of 430 to
510 μm. Most likely, this phenomenon is caused by the gradient

of glucose concentration from dermal blood microvessels to
the epidermis. Therefore, sensitivity and accuracy of the
OCT measurements of BGC would be maximal in the lower
dermis area.30 This was also demonstrated in the results of
groups B and C.

In this study, low-concentration OCAs performed better than
high-concentration ones. In groups B and C, both the sensitivity
and accuracy of the measurements were improved significantly.
The results of group B were the best ones: when OCTSS was
calculated in the 540–660-μm region, R ranged between 0.88
and 0.94, average value 0.908; no calculated P value was higher
than 1%. One representative result is shown in Fig. 5.

OCAs, such as glycerol, have been identified that can change
the light-scattering properties of turbid biological tissues. The
strong affinity of OCAs produces a water flux out of tissue
and leads to dehydration in the tissue. There is a difference
in the biomembrane (mainly cell membrance) penetrability
between water and glycerol. These factors are the main reasons
for optical clearing. In addition, the interaction between collagen
and OCAs can also lead to a substantial reduction in tissue light
scattering.51–53 Thus, there would be more effective light dose
penetrating through the SC and the epidermis into the lower der-
mis area, where blood in the skin tissue is much more abundant.

Fig. 4 (a) OCTSS (plotted in the inverted scale) and corresponding BGCs for one of the experiments of group A; no OCA was used in this group.
(b) OCTSS versus BGC for the data shown in (a); R ¼ 0.83, P < 5%. The slope was calculated at a depth region of 430–510 μm.

Fig. 5 OCTSS versus BGC for one of the experiments of group B; 50%
glycerol was used in this group; R ¼ 0.92, P < 1%. The slopes were
calculated at a depth region of 560–650 μm.

Table 1 Correlation coefficient between OCTSS and BGC for groups
A, B, and C.

R

Calculated
depth

region (μm) Min Max Mean
Standard
error

A 430 ∼ 550 0.81 0.87 0.848 0.024

B 540 ∼ 660 0.88 0.94 0.908 0.025

C 510 ∼ 650 0.85 0.93 0.892 0.030

Journal of Biomedical Optics 101513-4 October 2012 • Vol. 17(10)

He et al.: Effects of optical clearing agents on noninvasive blood glucose monitoring : : :



The probing depth of OCT was increased when the glycerol
optical clearing agent was applied topically on the skin.40

Mannitol is also a hyperosmotic agent with molecular weight
similar to that of glucose. However, the influence of mannitol on
biological tissues has been little studied except in the dura
mater.43 In our study, 10% mannitol did not perform as well
as 50% glycerol. In group C, R varied between 0.85 and
0.93, average value 0.892 (no calculated P value was higher
than 1%). For comparison, the results for groups A, B, and
C are shown in Table 1.

In groups D and E, we could hardly see any result better than
in group A, most likely because diluted OCAs more easily dif-
fuse into biological tissue. We did not continue investigating the
optical clearing effects of these two kinds of high-concentration
agents in our trials.

3.2 No Glucose Uptake

To see the effects of OCAs only, three additional groups of
experiments were proposed in which there is no glucose uptake.
No OCAwas used in group A1, 50% G was used in group B1,
and 10% M was used in group C1. In these groups, no good
correlation was found between the values of blood glucose
and the OCTSS, and no value of R was > 0.78. Figure 6
gives two representative result of groups A1 and B1. More
details about the results are shown in Table 2.

The main reason we did not find good correlation may be that
when BGC is low and undergoes tiny fluctuations, it leads to
little rise in the refractive indices of blood and interstitial
fluid, and the refractive index mismatch inside the tissue

does not change much. Thus, there is a less effect on the
OCT signal.

3.3 Lag Time between OCTSS and BGC

In this study, the OCT signals presenting the optical properties
of the skin tissues were obtained from dorsal forearms, and the
glucose values were measured by fingerprick. The glucose
levels in interstitial fluid determined the optical properties of
the skin tissues, while the BGC values in fingertips closely
followed arterial BGC. However, changes of glucose levels in
interstitial fluid do not occur at the same time as those in the
intravasal compartment; actually they occur with a delay. During
rapid blood glucose changes, the forearm lags behind the finger-
tip by about 30 min on average. As a result, the detection of
hyperglycemia as well as hypoglycemia could be delayed.
This physiological delay is dangerous.48,49

The maximum and minimum values of tlag (the lag time
between the OCTSS and the BGC) in our experiments were

Fig. 6 (a), OCTSS (plotted in the inverted scale) and corresponding BGCs for one of the experiments of group A1; R ¼ 0.63, P < 5%. The slope was
calculated at a depth region of 450–540 μm. (b), OCTSS (plotted in the inverted scale) and corresponding BGCs for one of the experiments of group B1;
R ¼ 0.65, P < 5%. The slope was calculated at a depth region of 500–600 μm.

Table 2 Correlation coefficient between OCTSS and BGC for groups
in which there is no glucose uptake.

R

Calculated
depth

region (μm) Min Max Mean
Standard
error

A1 430 ∼ 550 0.62 0.77 0.677 0.038

B1 540 ∼ 660 0.62 0.77 0.672 0.032

C1 510 ∼ 650 0.61 0.78 0.678 0.047
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15 and 46 min, respectively; the mean value was 33 min. When
compared with group A, however, the tlag in group B was 8 min
shorter on average, and 5 min shorter in group C. This is mainly
because the OCT signal slopes in groups B and C were calcu-
lated in the lower dermis region where the glucose level in inter-
stitial fluid more closely follows that in veins.

4 Conclusions
The results of our studies performed on healthy volunteers
showed that there is a good correlation between changes in
the OCTSS and actual blood glucose concentration in normal
subjects during an OGTT, which is in agreement with previous
studies. In addition, if the detected area of the human skin is
properly treated with OCAs, the correlation would be improved
significantly. To discuss the effects of skin optical clearing in
this trial, comparisons were performed between different groups
of experiments. Among the four kinds of OCAs we used in the
experiments, 50% v∕v glycerol solute is the best enhancer of
noninvasive blood glucose monitoring using OCT. When
50% glycerol is applied onto the human skin topically, the cor-
relation coefficient between the OCTSS and BGC is improved
by 7.1% on average, the P values become much smaller, and the
lag time between changes in the OCTSS and BGC is cut short by
8 min on average. OCAs increase the transparency of superficial
skin tissues and detecting light permeates deeper into the skin.
Thus, the depth of imaging is significantly improved.

Without OGTT, we could hardly find good correlation
between the OCTSS and BGC. In the groups where there
was no glucose uptake, the BGC kept to low levels and under-
went tiny fluctuations, making less impact on the OCT signal.

During the measurements, the room temperature was main-
tained at 25°C. As normal temperature fluctuations of the skin
(�1°C) do not change the OCT signal slope,27 fluctuation of
data points obtained in our experiments are mostly caused by
motion artifacts and tissue inheterogeneity.

Our further studies will focus on finding out the detailed
mechanism of the results of this study and more effective meth-
ods improving the accuracy and sensitivity of noninvasive blood
glucose monitoring, especially when the BGC are at a low level
or undergo tiny fluctuations.
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