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Abstract. We use polarization-sensitive optical coherence tomogra-
phy �PS-OCT� to monitor the wound healing process in vitro and
in vivo, which are affected by various drugs. Five rabbit subjects are
used for in vitro studies and another five are used for in vivo studies.
The in vitro studies are conducted to compare the PS-OCT images
with histopathology. For each subject, three biopsy lesions are created
on each ear: one site is not treated �control�; the second site is treated
with sphingosylphosphorylcholine, which is expected to promote
healing; and the last is administered with tetraacetylphytosphingosine,
which negatively affects the healing process. Each site is examined
with a PS-OCT system at 1, 4, 7, 10, and 14- days after wound gen-
eration. The variations of phase retardation values caused by the col-
lagen morphology changes on wound sites are quantified for all cases.
Our results suggest that PS-OCT may be a useful tool for visualization
of collagen fiber regeneration and for quantification of various drug
effects during the wound healing process. © 2006 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.2338826�
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1 Introduction
Wound healing is a complex process that restores cellular
and/or tissue structures and functions. It involves synthesis
and remodeling of collagen fibers, which are structural pro-
teins abundant throughout the body.1,2 Occasionally, the
wound healing mechanism becomes abnormal and induces fi-
brosis, hypertropic scars, and keloid formation that result
from excessive proliferation of the collagen fibers. Therefore,
monitoring the morphological changes of collagen fibers may
lead to understanding of the pathophysiology and, ultimately,
to prevention of these abnormal conditions. Especially for ab-
normal wound healing patients such as diabetics, evaluation
of the healing process and application of proper intervention
are crucial.

Noninvasive monitoring technologies for wound healing
are thus important tools to aid clinicians and researchers who
need safe ways to evaluate healing. Monitoring treatment re-
sponse with invasive biopsy procedure is not an option be-
cause a biopsy causes wounds. Researchers monitored electri-
cal skin impedance to measure reepithelialization during
wound healing, and local oxygenation measurements were
also used to evaluate the recovery of tissues noninvasively.3,4

However, these methods cannot provide information regard-
ing the structural changes of collagen that play a significant
role during wound healing.
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Optical coherence tomography �OCT� is a relatively new
noninvasive imaging modality that can image the cross-
sectional structure of skin with high resolution �1 to 20 �m�
by means of low coherence interferometry.5 Polarization-
sensitive OCT �PS-OCT� is a more advanced imaging method
that can provide not only the cross-sectional images, but also
information regarding the polarization changes due to tissue
birefringence. In normal skin, birefringence is attributed to the
loose and interlaced meshwork of collagen fibers in the der-
mis. Therefore, the PS-OCT allow us to evaluate the wound
healing process involving the local variations of structural in-
tegrity of collagen fibers noninvasively.6–8

In this study, we used the PS-OCT system to monitor the
wound healing of the rabbit skin tissues. The experiment was
designed to detect differences in collagen fiber regeneration
under the presence of healing and antihealing drugs, sphingo-
sylphosphorylcholine �SPC� and tetraacetylphytosphingosine
�TAPS�, respectively. Although both drugs are not clinically
established agents for wound healing yet, these agents have
been studied to control the speed of healing. SPC is reported
to stimulate wound healing by various mechanisms including
mitogenic effect, and TAPS is known to deter neovasculariza-
tion, which is necessary for healing.9,10

Because the PS-OCT is a noninvasive technique, the same
wound sites can be studied at various times after surgery. For
the in vitro study, the PS-OCT images were analyzed and the
tissue birefringence was quantified. These data were later
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compared with conventional histopathology. An in vivo study
followed to analyze the same wound sites at various postop-
erative dates.

2 Materials and Methods
2.1 Sample Preparation
Ten adult white rabbits weighting between 3.5 and 4.0 kg
were conditioned before our study. Three full thickness �about
0.5-mm depth� wound sites were made with biopsy punch
�5-mm diameter� on each auricle skin of the rabbits so that the
cartilage surfaces were exposed. Wounds were divided into
three sets. One set was left untreated �control�, and to each
remaining set a different substance was applied topically im-
mediately after wounding: SPC �5 �mol�, TAPS �5 �mol�.
All wound sites were allowed to heal under transparent Duo-
derm dressing. For the quantitative in vitro study, five rabbits
were scarified just before PS-OCT imaging of wound sites on
days 1, 4, 7, 10, and 14 postwounding. Therefore, we could
obtain two PS-OCT images per animal for control, SPC, and
TAPS at each time point. Biopsies were performed on each set
of wounds after the imaging. All biopsy sections used for
histology slides were selected to be close to the imaging sec-
tion for the comparison. By referring to the same boundary
marks for both imaging and the biopsy, we registered histol-
ogy sections with the OCT images. The excised samples were
stained with Mason trichrome, which is known to color the
collagen blue. For continuous monitoring of the wound heal-
ing, another five rabbits were chosen. Each of them was indi-
vidually imaged at 1, 4, 7, 10, and 14 days at the same wound
sites with the PS-OCT system in vivo. Ten data points �two for
each of five animals� for control, SPC, and TAPS at each time
point were acquired.

2.2 PS-OCT Instrumentation for In Vitro Study
Figure 1 shows the schematic of the bulk-optics-type PS-OCT
system used for the in vitro investigation. It is basically a
partial coherence Michelson interferometer designed to detect
the polarization state of backscattered light from tissues.
Broadband light from a superluminescent diode �SLD� with a

Fig. 1 Schematic of the bulk-type PS-OCT system. LP: linear polarizer,
NBS: nonpolarizing beam splitter, PBS: polarization beam splitter,
QWP: quarter wave plate.
center wavelength of 1296 nm and full width at half maxi-
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mum bandwidth of 40 nm is coupled into a linear polarizer
�LP�. After transmission through LP, a horizontal light is split
into the sample and reference arms. Light in the reference arm
passes through a quarter wave plate �QWP� oriented at
22.5 deg with respect to the horizontal axis so that the re-
flected light has a 45-deg linear polarization state after round
trip. The QWP plate in the sample arm is oriented at 45 deg to
horizontal to provide circularly polarized light to the sample.
Light reflected from the skin is recombined with that from the
reference arm, which then is split into two orthogonal polar-
ization states. Lights are detected by two photodetectors and
digitized by data acquisition board. The axial scanning rate is
20 Hz, and the axial and lateral resolutions are 18 �m and
14 �m, respectively. The power incident on the sample is
0.6 mW and the signal-to-noise ratio �SNR� is 96 dB. This
slow scan speed helps us to obtain high quality OCT images,
which we can then directly compared to the histology pic-
tures. The Stokes parameters �S0�z�S1�z�S2�z�S3�z�� are cal-
culated from the two orthogonal polarized lights.6 A conven-
tional OCT structure image is formed using intensity of
backscattered light S0�z�. A birefringence image constructed
from S3�z� visualizes the birefringent tissue regions in the
form of depth-resolved polarization change of light reflected
from tissue. The rate at which the Stokes parameter S3�z�
oscillates with depth is proportional to the magnitude of phase
retardation �. Therefore, the phase retardation angle can be
calculated from the depth-resolved polarization changes. We
obtained the quantitative information by calculating phase re-
tardation as a function of depth.6

2.3 PS-OCT Instrumentation for In Vivo Study
Figure 2 is the schematic of the fiber-based PS-OCT system
used for in vivo study. The basic principle of the system used
in this study is the same as the previously described bulk-type
PS-OCT system, but it was built to conduct a fast scanning of
tissue for in vivo samples.11 Briefly, light from SLD with a
center wavelength of 1310 nm and bandwidth of 60 nm is
passed through the polarization controller �PC1� and linear
polarizer �LP1� to make linear polarized light with full power.
Linear polarized light is sent to a piezodriven polarization
modulator controlled by a four-step driving function designed
to change into four orthogonal states in a Poincaré sphere
representation. After passing through the polarization modu-
lator, the light is split into the sample and reference arms by a

Fig. 2 Schematic of the fiber-based PS-OCT system. PC: polarization
controller, PBS: polarization beam splitter, Pol. Mod.: polarization
modulator.
50/50 beam splitter. In the reference arm, PC2 and LP2 are
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used to maintain the linear constant polarization state. We use
the rapid scanning optical delay for depth scanning. In the
sample arm, a linear piezomotor is attached to a focuser for
B-scanning. Light reflected from the skin is recombined with
light from the reference arm, which then is split into two
orthogonal polarization states and detected by two photode-
tectors. The axial scanning rate and polarization-changing rate
of the polarization modulator are 200 Hz and 50 Hz, respec-
tively. The axial resolution is about 20 �m in air. The power
incident on the sample is 0.9 mW and the SNR is 83 dB. We
referred to Park et al. for obtaining phase retardation in bire-
fringent tissue from the raw data.12

3 Results
A representative in vitro image of normal auricle skin is
shown in Fig. 3 with the corresponding histology. The layered
structure of skin composed of epidermis �e�, dermis �d�, and
cartilage �c� is visible in backscattering intensity image �Fig.
3�a��. The distinction between epidermis and dermis is more
pronounced by corresponding birefringence image �Fig. 3�b��.
The gray level represents the cosine of the phase retardation.
If the collagen density is high or collagen fiber orientation is
parallel to the surface, the phase retardation angle changes
rapidly with depth and the black and white strips appear re-
peatedly. There is a small birefringence change inside the epi-
dermal layer as manifested by no gray level change, while the
birefringence change within the dermal layers is clearly vis-
ible, as shown by the S3 parameter �cosine of phase retarda-
tion angle� change from 1 to −1 �from black to white�. The

Fig. 3 PS-OCT images of normal auricle skin. �a� Backscattering in-
tensity, �b� birefringence, and �c� the histology of a region nearby
�H&E stained�. The images are 1.3 mm �depth� �7.5 mm �width� in
physical dimension. Epidermis, dermis, and cartilage are marked in
�a�, �c� as e, d, and c, respectively.
hematoxylin and eosin �H& E� stained histology image �Fig.
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3�c�� taken near the same region validates the layered struc-
ture in the auricle skin. Figure 4 shows the mean retardation
values with depth over the full width of the image correspond-
ing to Fig. 3�b�. The graph indicates that the retardation val-
ues linearly increase from 0.05 mm to 0.2 mm from the sur-
face, which is inside the dermis. The least-squared linear fits
of the linear regions are used to quantify birefringence inside
the dermis. The fitting line in Fig. 4 shows that the mean
phase retardation is approximately 0.3 deg/�m for normal
auricle skin. This value is similar to that of human skin, which
is known to be in the range of 0.25 to 0.6 deg/�m.13 It is
difficult to obtain quantitative information behind the linear
range because randomly distributed collagen fibers scramble
the polarization state of the backscattered light. For this study,
we used only the linear regions for the quantification of the
wound healing process.

Figure 5 shows the representative in vitro results after 14
days postsurgery. The three sets of images are backscattering
intensity �S0� and birefringence �S3� images of the control
site, SPC site, and TAPS site, respectively. S0 images show
that the tissue volume between cartilage and surface inside the
wound site is thicker than that in the no-wound region and
that its thickness varied depending on the applied agent. This
enlarged tissue volume for the SPC-treated tissue seems
smaller than those for TAPS and control sites. Comparing the
birefringence images, the birefringence by collagen fibers are
better restored when SPC was applied, which is evident from
the larger polarization change under the wound �rapid gray
level change with depth�. The white arrows inside the S3 im-
age of the SPC site indicate these regions. On the other hand,
the birefringence image of the TAPS wounds show less pro-
nounced collagen restoration. It seems that the control wound
images have a different feature, which can de described as
scattered spots of strong birefringence change. The measured
mean phase retardation � of each case supports our observa-
tion: 0.06, 0.10, and 0.04 deg/�m for control, SPC, and
TAPS sites, respectively, for wounds in Fig. 5.

The mean degree of wound healing was quantified for
in vitro and in vivo samples at 4, 7, 10, and 14 days post-
wounding. We measured mean phase retardation angles both
inside the wounds and near no-wound regions from each im-
age. The mean phase retardation angle inside the wound was
estimated by averaging 150 axial scans �1.5-mm length� near
the wound center, which was identified visibly, bounded by
both wound edges. The same number of axial scans was used

Fig. 4 Measured mean phase retardation of normal rabbit auricle skin.
for investigation of no-wound regions from each image. Then
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the mean phase retardation angle values of wound sites were
normalized with those of no-wound regions to compensate for
the individual difference of the samples. Therefore, if the nor-
malized birefringence becomes close to the value of 1, it may
mean that the collagen structure in the wound region is almost
restored. The normalized phase changes �birefringence
change� at various dates are shown in Fig. 6. For the in vivo
case, five animals were imaged to acquire data, and the error
bars in the graph represent the maximum and minimum val-
ues for each data set. Even if the error bars are large due to
sample variations, the overall trend of in vivo and in vitro data
show the same feature. First, the SPC-treated and the control
wounds show increasing birefringence restoration with time,

Fig. 5 PS-OCT images of day 14 postwounding. All images take th
1.3 mm �depth��8.5 mm �width�. Wound edges and cartilage are m
arrows in the S3 image for the SPC case indicate a region with rapid

Fig. 6 The correlation between mean phase retardation and days postw

represent the standard deviation of measured values for each data set.
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while TAPS-applied wounds show no or negligible improve-
ment. Second, drug effects start to be pronounced after 10
days postsurgery. Before 10 days postsurgery, all the samples
show low mean phase retardations and drug effects were not
obvious. After 10 days postsurgery, SPC-applied wounds start
to have higher phase retardations than control wounds and
reach almost to that of the nearby normal tissue in 14 days.
Statistical analysis of the data in Fig. 6�b� supports the trends
we found in both in vivo and in vitro experiments. Both p
values for each agent at 14 days postsurgery indicate that the
differences in mean phase retardations are statistically signifi-
cant �p�0.05�.

e color map drawn at Fig. 4. The physical size of each image is
as e and c, respectively. Arrows point to wound boundaries. White
vel change inside the wound healing region.

ng: in vitro �a� and in vivo �b� cases. The error bars in the in vivo case
e sam
arked
gray le
oundi
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It should be noted that the phase retardation is not only
correlated to collagen content, but also to the orientation of
collagen fibers.14 To identify the dominant source of mean
phase retardation difference in the wound healing process, we
compared some of our PS-OCT images with the correspond-
ing histologies. The in vitro results at 10 days postsurgery and
corresponding histologies are presented in Fig. 7. The left
three sets of images are birefringence �S3� images of control,
SPC, and TAPS sites, respectively. The right column images
are corresponding histology pictures with Mason trichrome
staining, which selectively stains the collagen blue. The his-
tology images show that the collagen fiber density is high for
both SPC and control cases, and low in TAPS wound.
Figure 8 shows the image-processed histology pictures that
signify the orientation of collagen fibers. An image thinning
process was applied to enhance the visualization of fiber
orientation.15 Collagen fiber orientation maps of SPC-applied
wounds indicate preferentially aligned fibers in parallel with
the skin surface. On the contrary, randomly distributed fiber
bundles are found in control and TAPS wounds. Therefore, it

Fig. 7 PS-OCT images and the corresponding histology of day 10 pos
Each row of images is from the control, SPC, and TAPS sites, respec
1.3 mm �depth��8.5 mm �width�, 1.0 mm �depth��1.5 mm �width�
boundaries.
is concluded that SPC stimulated more and parallel collagen
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generation, both of which contributed to the large phase retar-
dation shown in the PS-OCT images.

4 Discussion
In this study, PS-OCT was used to quantify the healing pro-
cess in terms of the phase retardation values in wounded skin
to which either SPC or TAPS were topically applied. The
results support the conclusion that the SPC-treated wounds
have about 30% higher phase retardation than the control
wounds �P=0.03�, and the TAPS-treated wounds have 52%
lower phase retardation than the control wounds �P�0.01�.

SPC is known to be a wide modulator of the cells involved
with wound healing including the upregulation of fibronectin
that mediates collagen deposition and wound contraction, in-
ducing alignment of fibers in granulation tissue.9,10 The obser-
vations of a larger amount of collagen fibers and the uniform
orientation in the SPC site support the theory that the strong
birefringence in PS-OCT images is caused by the accelerated
healing process. Randomly distributed fiber bundles in TAPS-

ding: �a� PS-OCT images and �b� Mason trichrome stained histology.
The physical size of each OCT image and histopathologic image is
ctively. Wound edges are marked as e, and arrows point to wound
twoun
tively.
, respe
applied sites indicate that the drug does impede the healing
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process. The weak birefringence in the corresponding PS-
OCT images can be explained by the same reason.

It is of interest to point out that our observation shown in
Fig. 6 shows clear drug effects after 10 days postsurgery. Be-
fore 10 days postsurgery, all the samples display low mean
phase retardations and drug effects were not distinguishable
from each other. This specific timing of sudden change in
phase retardation can be correlated to the healing phase. The
entire wound healing process consists of four phases: hemo-
stasis, inflammation, granulation tissue formation, and remod-
eling. Histopathologic findings of rabbit auricles showed that
granulation tissues were markedly decreased and also showed
signs of active collagen matrix remodeling, especially in SPC-
treated sites at 10 days after wounding. Thus, our observation
results support the conclusion that the quantification of the
healing process by PS-OCT images reflects the progress of
collagen matrix remodeling and its properties such as collagen
contents and fiber orientation. Also, our results support that
the SPC drug, which was known to improve the wound heal-
ing process, does so by optimizing the collagen remodeling
process.

It is known that wound healing lasts for years after the
initial injury occurred. In that period, collagen is degraded
and deposited in an equilibrium-producing rate. Also, changes
in collagen fiber orientation are expected. As a future study,
we design long-term observations longer than 14 days to ob-
tain complete views regarding changes of PS-OCT images
through out the entire healing process.

5 Summary
In this study, we obtained the cross-sectional and polarization
images of wounds by means of PS-OCT. Drug effects, such as
acceleration or inhibition of the process, were noninvasively
monitored using the system. Wound healing processes for two

Fig. 8 Image-processed histology pictures of control, SPC-, and TAPS-
the fiber directions in the SPC-treated wound are more parallel to the
drugs that cause opposite effects were monitored, and distinc-
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tive features were extracted from them. Based on in vitro and
in vivo experiments, we found that the quantification of the
degree of wound healing using PS-OCT images reflects the
initiation of matrix deposition and its properties of collagen
contents and fiber orientation. Our studies indicate that the
PS-OCT system might be useful for studies related to abnor-
mal wound healing and drug developments.
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