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1. Introduction

Among the many different approaches of drug de-
livery, such as systemic, intravitreal, oral, buccal,
rectal, etc., that are approved by the Food and
Drug Administration, the transdermal method of-
fers several advantages such as large accessible

areas and being relatively painless [1]. Drug deliv-
ery through pills and injections suffers from disad-
vantages such as metabolic degradation in the intes-
tines and time-variable concentrations in the blood
stream. Therefore, topical drug delivery through the
skin is a preferable route for many applications and
treatments.
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Topical trans-dermal delivery of drugs has proven to be
a promising route for treatment of many dermatological
diseases. The aim of this study is to monitor and quanti-
fy the permeability rate of glucose solutions in rhesus
monkey skin noninvasively in vivo as a primate model
for drug diffusion. A time-domain Optical Coherence
Tomography (OCT) system was used to image the diffu-
sion of glucose in the skin of anesthetized monkeys for
which the permeability rate was calculated. From 5 ex-
periments on 4 different monkeys, the permeability for
glucose-20% was found to be (4.41 � 0.28) 10�6 cm/sec.
The results suggest that OCT might be utilized for the
noninvasive study of molecular diffusion in the multi-
layered biological tissues in vivo.

3D representation of glucose diffusion in monkey skin
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The skin is the largest organ in the human body
and thus plays a number of important roles. For ex-
ample, skin protects the body against the environ-
ment, infections, and excessive fluid loss as well as
serves as an important thermoregulatory function.
Although a common route for non-invasive drug de-
livery [2, 3], the skin and most notably the stratum
corneum, its outmost layer, is an extremely potent
natural barrier; thus, relatively few drugs and macro-
molecules can penetrate the skin in sufficient quanti-
ties to be effective therapeutically. Many skin pene-
tration enhancement studies have been conducted in
the past few years [4, 5]. Consequently, techniques
have been developed to improve bioavailability and
increase the range of drug types used. Some of these
methods include the modification of the stratum cor-
neum by hydration [6, 7], the addition of chemical
enhancers acting on the structure of the stratum cor-
neum lipids and keratin [8, 9], and the partitioning
and solubility effects of the drugs used [10].

Abnormalities in the epithelium and connective
tissue of skin may alter the physical and physiological
properties of the extracellular matrix, thereby chan-
ging the permeability rate of certain drugs or ana-
lytes. This change in the permeability rate could be
detected and serve as a tool for differentiating be-
tween healthy and diseased tissues [11–13]. Further-
more, monitoring and quantifying diffusion through
tissues is of great importance for many biological
applications, including therapy and diagnostics of
several diseases.

Experimental techniques such as spectrofluorom-
eters and Ussing apparatus have been developed to
study drug diffusion in tissues [14, 15]. The Ussing
chamber allows very accurate measurement of the re-
sistance, current, and voltage, in addition to the impe-
dance and capacitance. By determining the trans-
epithelial electrical potential on each side of the semi-
permeable membrane, the diffusion rate can be pre-
cisely measured. Moreover, fluorescence microscopy
[16–18], and microdialysis [19] have also been used in
the study of drug diffusion. Microdialysis monitors the
chemistry of the extracellular space in the biological
tissue. A microdialysis probe mimics a blood capillary
into which physiological solution is slowly pumped. As
the solution reaches equilibrium with the extracellular
tissue fluid, the probe collects a representative sample
of the tissue fluid molecules and is then extracted and
analyzed in the laboratory. These techniques andmore
have enhanced the understanding of diffusion of ana-
lytes and drugs through tissues; however, these techni-
ques are limited to in vitro studies only.

There have also been a few imaging methods
capable of assessment the topical drug delivery in
vivo. For instance, ultrasound has been used in
trans-dermal diffusion studies [20], but low resolu-
tion and the need for contact procedure limit its ap-
plications. Magnetic Resonance Imaging (MRI) has

also been proposed as a method for studying trans-
dermal diffusion [21]. MRI could be a very powerful
technique in this field; however, there are only a few
drugs with paramagnetic properties, and low resolu-
tion, long image acquisition and signal processing
time requirements of MRI limit its utility.

Optical Coherence Tomography (OCT) is a non-
invasive, high-resolution optical imaging technique
that has been developed to perform in vivo high-re-
solution, cross-sectional microstructure imaging in
biological tissues [22]. Recently, OCT has been intro-
duced to the study of drug and analyte diffusion in
aorta, corneal and scleral tissues [11–13, 23–26], as
well as in cancerous tissues [27]. Hence, OCT is ra-
pidly establishing itself and being recognized for var-
ious applications in medical imaging [28–30]. OCT
in its basic configuration uses a Michelson interfe-
rometer, illuminated by a low-coherence light source
[22]. The light is split by a beam splitter (with var-
ious splitting ratio) into a sample and reference path.
Light returning from the reference and the sample is
recombined at a beam splitter and is recorded by a
photodetector in the detection arm of the interfe-
rometer. Currently, OCT systems have signal-to-
noise ratio (SNR) up to 130 dB. The high SNR is
necessary in medical imaging for the detection of the
extremely low light intensities typically backscat-
tered from turbid samples such as biological tissue.

Due to many advantages provided by OCT, this
study reports the first results (to the best of our
knowledge) on the application of OCT for noninva-
sive monitoring and assessment of passive diffusion
of analytes (glucose) in vivo in animal skin. The un-
ique capability of OCT for depth-resolved imaging
and analysis of tissues’ optical properties allowed
noninvasive quantification of the glucose permeabil-
ity rate in monkey skin.

2. Materials and methods

The experiments were conducted using a time-do-
main OCT (TD-OCT) system (Imalux Corp, Cleve-
land, OH). Because the tissue being studied under-
goes small changes in scattering induced by the
molecular movement flux, the high SNR of OCT fa-
cilitates clear, precise data for use in the permeabil-
ity rate calculations. Moreover, monitoring and
quantification of relatively slow diffusion processes
in skin relaxes the requirement for a fast image
acquisition methods. A schematic diagram of the ex-
perimental setup is shown in Figure 1. The optical
source used in this system is a low-coherent broad-
band, near-infrared (NIR) light source with wave-
length of 1310 � 15 nm, output power of 3 mW, and
resolution of 25 mm (in air). A single-mode optical
fiber and a specially designed miniature endoscopic
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probe were employed to direct the light of the sam-
ple arm of the interferometer into the skin. The en-
doscopic probe allowed lateral scanning of the sam-
ple surface in the lateral direction (X-axis). Light
scattered from the sample and light reflected from
the reference arm mirror formed an interferogram,
which was detected by a photodiode. In-depth scan-
ning was produced electronically by piezo-electric
modulation of fiber length in the reference arm of
the interferometer. Scanning the incident beam over
the sample surface in the lateral direction and in-
depth (Z-axial) produced two-dimensional OCT
images that are 2.2 � 2.4 mm. The full image (450
by 450 pixels) acquisition rate was approximately
3 seconds per image.

All animal experiments were performed in accor-
dance with the Association for Research in Vision
and Ophthalmology (ARVO), Statement for the Use
of Animals in Ophthalmic and Vision Research, and
under an institutionally approved animal protocol.
Experiments were performed on rhesus monkeys
(Macaca mulatta, identified by numbers 34, 54, 96,
and 111). The OCT experiments were performed
concurrently with other unrelated studies being per-
formed on the monkeys that required anesthesia.
Monkeys were initially anesthetized with intramus-
cular 15 mg/kg ketamine and 0.5 mg/kg aceproma-
zine (Phoenix Pharmaceutical, St. Joseph, MO), and
the experiments were performed under intravenous

propofol (Propoflo; Abbott Laboratories, North Chi-
cago, IL) anesthesia with an initial bolus of 1.5 mg/
kg and a continuous infusion at a rate of 0.5 mg/kg/
min. Throughout the experiment, pulse rate, body
temperature, and SpO2 were monitored, and the
monkey was wrapped in a 37 �C water-heated pad to
maintain body temperature. First, the hair on the
right hind leg was shaved. Then, a specially designed
plastic probe holder was taped to the shaved skin
for about 5 minutes prior to the start of the experi-
ment. 0.2 ml of 20%-concentrated glucose (diluted
in distilled water; refractive index – 1.35, pH – 4.6)
was topically applied through the hole in the probe
holder during the course of imaging and its diffusion
in the skin was monitored with OCT as described be-
low.

The permeability rate of glucose in monkey skin
was measured by monitoring changes in the OCT
signal slope (OCTSS) at a pre-defined in-depth re-
gion in the tissue. OCT signal slope is defined as the
change in OCT signal value extracted from the OCT
images as a function of the distance from the surface
of the dermis to a point x mm below the dermis. The
detailed description of measurement protocol as well
as the theoretical description of molecular-induced
changes of OCT signal slope are described pre-
viously [11, 31–37]. Absorption of glucose in the
skin changed the local scattering coefficient and was
detected by the OCT system. The penetration of glu-
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Figure 1 (online color at: www.biophotonics-journal.org) Schematic drawing of the OCT setup used in the experiments.
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cose is responsible for the washout of water from the
dermis due to the hyperosmotic properties of glucose,
thus, the two oppositely directed matter flows (glu-
cose in and water out) lead to the refractive index
matching of scatterers and ground (interstitial) mate-
rial. The increase in the local in-depth concentration
of glucose resulted in a progressive decrease in the
scattering coefficient and hence in the decrease of the
OCT signal slope as a function of time.

First, two-dimensional OCT images (Figure 2a)
obtained from the continuous monitoring of the skin
optical properties were averaged in the lateral (X-
axial) direction into a single logarithmic curve (Fig-
ure 2b). In order to clearly distinguish between the
different layers of the skin in the images, a program
written in Matlab was used to flatten the dermal

layer of the tissue to reduce errors caused by local
variations in tissue height. The software was written
to identify the first value of the first A-scan that is
greater than a threshold determined for each image.
Then, the rest of the A-scans of each image were
aligned according to that first location. Processing
the images through this software code aided in dif-
ferentiating the various layers of the monkey tissue
so that diffusion could be clearly discerned in each
layer. The results of an image processed through the
written Matlab program and its effect on the corre-
sponding 1D logarithmic curve can be seen in Fig-
ure 2c and Figure 2d, respectively.

To illustrate the diffusion process as a function of
depth and time at the same instance, 1D logarithmic
A-scans corresponding to all time points of a typical

a)

d)

c)

b)

Figure 2 (online color at: www.biophotonics-journal.org) OCT image and corresponding 1D signal recorded from monkey
skin in vivo.
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experiment were arranged as a 2D matrix such that
the rows of the matrix correspond to the depth and
columns to the time. A Matlab program was written
to measure and calculate the slope of the signal at
all depths of the tissue. To illustrate the diffusion
process as shown in Figure 3, the slope data is nor-
malized and set to a color scale. Unlike the OCTSS
method which provides the slope at a particular re-
gion in the tissue, the 3D diffusion images give a vi-
sual representation of slope data over the entire tis-
sue at all depths. As demonstrated by Figure 3(a),
the 3D diffusion image of a control experiment does
not show any signals of the diffusion whereas the ex-
perimental data plotted in Figure 3(b) clearly shows
changes in the OCT signal slope (scattering proper-
ties) of the tissue while the glucose is diffusing
through it.

A region in the tissue, where minimal alteration
to the OCT signals occurred with depth (typically –
the dermis skin layer), is selected for further time-
dependent analysis of its optical properties. The
thickness of the chosen section is denoted by z. The
diffusion of glucose in the selected area dynamically
changed the optical properties of the skin and al-
lowed the calculation of the diffusion time, which
was defined as the time taken for the signal to reach
a stable minimum time, (t). The permeability rate
was then calculated by dividing the thickness of the
selected tissue region by the time it took for the glu-

cose to diffuse through �PP ¼ zregion
tregion

� �
.

3. Results and discussion

Figure 4a shows the typical OCT signal recorded
from monkey skin before adding glucose and
60 minutes after adding glucose. The highest peak of
the signal represents the beginning of the stratum
corneum layer and the rest of the OCT signal is the
scattering from the dermal layer of the skin. Due to
the addition of glucose, a noticeable change in the
slope of the OCT signal is observed, as illustrated in
Figure 4b. Figure 5a shows a typical OCT signal
slope graph as a function of time for monkey skin
in vivo during a glucose-20% diffusion experiment.
First, the skin was imaged for about 8 minutes to re-
cord the OCTSS base line. During this time, a slight
increase in the signal slope was observed in all ex-
periments including the control experiment (Figur-
e 5b). After the 8 minute period, 0.2 ml of glucose-
20% was topically applied to the OCT scanning area
where imaging continued for another 2 hours. The
in-depth glucose diffusion process was monitored in
a 140 mm thick region 210 mm below the stratum cor-
neum layer (dermis region). The increase in the local
in-depth glucose concentration resulted in the de-
crease of the OCTSS during the diffusion process.
Flattening of the OCTSS graph indicated the elimi-
nation of the refractive index mismatch in the tissue,
which was believed to infer that the diffusion of glu-
cose had ceased or reached an equilibrium state. Fol-
lowing this flattening of the OCTSS in the analysis
region, an increase in the OCTSS was observed. This
could have been the result of a reverse process in
the tissue where water began to return in the inter-
ior of the tissue. A gradient in the concentration be-
tween two sides of a tissue creates a driving force
for a fluid to travel from the medium of high concen-
tration to that of a lower one. A smoothed time-sig-
nal was obtained by adjacent averaging every 50
points (3 seconds/image ¼ 150 seconds). The perme-
ability rate of glucose in skin was measured in 5 in-
dependent experiments from 4 different monkeys,

a)

b)

Figure 3 (online color at: www.biophotonics-journal.org)
(a) 3D representation of a control monkey skin experi-
ment (no glucose added). (b) 3D representation of glucose
diffusion in monkey skin.
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which was estimated to be (4.41 � 0.28) 10�6 cm/sec
and summarized in Table 1.

Several pathological and disease conditions can
change the mechanical properties and ultra-structure
of the extracellular matrix (ECM). For example, the
increased deposition of ECM proteins and fibro-
blasts in the stroma surrounding the epithelial cells
of the breast is the leading risk factor for breast car-
cinoma (accounts for 30% of breast cancer) [38].
This and many other diseases might potentially be
diagnosed by comparing the permeability rates of
several therapeutic or diagnostic agents in normal
and abnormal tissues. Therefore, precise assessment
of the diffusion processes in normal and abnormal
tissues with OCT might provide truly noninvasive
way for evaluation of tissue health [11, 13].

a)

b)

Figure 4 (online color at: www.biophotonics-journal.org)
(a) Representative OCT signals obtained from monkey
skin before adding glucose and 60 minutes after glucose
diffusion. (b) A part of the OCT signal showing the
change in the slope as an effect of the molecular diffusion.

a)

b)

Figure 5 (online color at: www.biophotonics-journal.org)
(a) OCT Signal slope graph of monkey skin during a glu-
cose 20% diffusion experiment. (b) Control OCT Signal
slope graph of monkey skin with no glucose added.

Table 1 Permeability rate of glucose 20% in separate
monkey experiments.

Monkey number Permeability rate (cm/sec)

54 4.68 � 10�6

96 4.17 � 10�6

111 3.54 � 10�6

34 4.96 � 10�6

54 4.70 � 10�6

Average � Standard deviation
(4.41 � 0.28) � 10�6
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For the permeability rate calculations, the refrac-
tive index for the skin was assumed to be uniform
and equal to 1.4. This assumption is not entirely cor-
rect for two main reasons: 1) molecular diffusion
into the monitored region will dynamically change
the local value for the refractive index and 2) the lo-
cal value for the refractive index might be not uni-
formly distributed across the selected region. A com-
parison between the control and other experiments
indicated that the diffusion of glucose is what chan-
ged the refractive index during the course of the ex-
periment and therefore determined the size of the
region selected for calculations. Glucose induces a
change in the refractive index of 2.5� 10�5 per mM
[39]. Therefore, the maximal changes of the local re-
fractive index for glucose-20% in the 140 micron re-
gion shown in Figure 5a is 2.8� 10�2 which would
result in a dimensional change in the tissue being im-
aged of 3.9 mm – the absolute value of the error in
thickness determination. This error would lead to
the error of the measured permeability rate by
2.2%, which is within the standard deviation of the
experimental data presented in this paper. Thus, the
difference is small and was not considered in our cal-
culations of the permeability rates presented. In ad-
dition, the skin is a turbid non-uniform tissue with
some variation in the refractive index through its
layers. Nevertheless, a correction that accounts for
the change of local refractive index and its influence
on the accuracy of the permeability rates calcula-
tions will be done in our future studies.

The OCT signal slope measured in the dermis re-
gion might have been sensitive to changes induced
by glucose in the stratum corneum layers [40]; thus,
the slope could not only be carrying information
about the permeability in the dermis region but also
from the above layers such as the epidermis as well.
However in a study by Schmitt et al. [41] using scat-
tering media with two layers of different attenuation
coefficients found that the scattering coefficient of
the second layer was not dependent on the proper-
ties of the first layer. Similarly, since skin is com-
posed of the outer stratum corneum layer and the
dermis region below, it can be presumed that the
measured slope in dermis region is not affected by
the changes in optical properties in the stratum cor-
neum layer. Hence, any changes in measured slope
of dermis region are because of changes in scattering
properties of the region brought about by diffusion
of glucose into the region.

In all trials conducted, an increase in the signal
slope was observed at the very beginning of the ex-
periment. We speculate that the tissue’s physiologi-
cal response to the pressure introduced to the mon-
key skin by adding the probe-holder might have

played a role in this change. Compressing soft tissues
while applying some local pressure would instigate
water displacement causing a reduction in the over-
all tissue thickness. This phenomenon was shown to
initiate an increase in the scattering in the tissue dur-
ing in vitro experiments [42]. These changes could
be unidirectional (both increase) or have an oppo-
site direction (scattering coefficient decrease and ab-
sorption increase) in dependence of compression
mode (uniformly distributed or point-wise). This
could have also resulted from preventing surface
evaporation and therefore changing the moisture
gradient, the density gradient, and the refractive in-
dex gradient in the skin. This issue will be investi-
gated in more detail in future experiments to show
the effect’s prevalence in in vivo experiments as
well.

4. Conclusion

The OCT noninvasive and nondestructive functional
imaging technique shows promise as a tool for the
study of drug and analyte diffusion. In this study,
the permeability rate of glucose through rhesus
monkey skin in vivo was quantified. By measuring
the glucose-induced changes in refractive index
within the tissue, the permeability rate was calcu-
lated. OCT’s noninvasive and nondestructive cap-
abilities allow for high accuracy and little variance
among the different monkeys. Some image proces-
sing techniques were utilized on the acquired
images to reduce tissue curvature and eliminate the
error caused by it. The mean permeability rate of
glucose-20% was calculated to be (4.41 � 0.28) �
10�6 cm/sec from five independent experiments. The
small standard deviation of the permeability rate
suggests high accuracy of the OCT-based method
for assessment of molecular diffusion processes in
skin and relatively low variability of skin structure
from monkey to monkey. These results may serve
as a useful permeability model for future studies
and considerations regarding topical dermatological
drugs.
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