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Scattering coe±cients of human skin in vivo with and without vitiligo were measured with optical
coherence tomography (OCT). The experimental results show that there exist signi¯cant
di®erence between the scattering coe±cient of the epidermis of in vivo human skin with and
without vitiligo disease. The results may be helpful for quantitatively diagnosing or evaluating
the treatment of the disease.
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1. Introduction

Since the ¯rst optical coherence tomography of the
human retina and optic disk in vitro were obtained
by optical coherence tomography (OCT),1 high-
resolution cross-sectional images of various types of
tissues have been generated successfully with this
technique. Several excellent review articles about
the applications of OCT have been published.2�10

Several theoretical models have also been proposed
to evaluate the imaging performance of OCT sys-
tems such as its depth resolution and signal-to-noise
ratio, or to ¯nd out what information about the
microstructures of tissues can be measured by OCT
systems.11�17 Because of the strong scattering, the
great challenge for theoretical analysis is how to
describe the scattering process for probing light
beam propagating through the tissue. The simplest
approximation is the single scattering approxi-
mation, in which the contribution to the measured
detector signal is assumed to be arising from
the light only and there is backscattering from

tissue.11,12 To consider the e®ect of the multiple
scattered light, the extended Fresnel principle has
been employed.18 Because the OCT signal is depth-
resolved localized re°ectivity or backscattering
characteristic of tissue, it is possible to use OCT to
measure the backscattering coe±cients.11 Realizing
that OCT has the capability of accurately measur-
ing the axial optical path length in the sample arm,
OCT has been employed to measure the average
refractive index of in vitro tissues.19�23 Due to the
tissue degradation and dehydration, the refractive
index of in vivo tissue may be di®erent from that of
in vitro tissue. Tearney et al.19 then measured the
refractive index of in vivo tissue placed in the
sample arm of OCT system by tracking the focal
position of the sample objective as the sample was
scanned through the focus. Because the scattering
of light in tissue arises from the spatial variations in
refractive index, Schmitt and Kumar24 investigated
the characteristics of the spatial variations in the
index of refraction of a variety of tissues.24 More
recently, by using calibrated samples in the ¯xed
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focus geometry, the validity of the single-scattering
and multiple-scattering models for both the highly-
scattering and weakly-scattering media have been
investigated.25 The results show that with a proper
correction for the confocal properties of the sample
arm, both models are appropriate for the extraction
of scattering coe±cients of the weakly scattering
media. For the highly-scattering media, the multiple-
scattering model is more accurate.

In this work, we will use the method developed in
Ref. 25 to obtain the averaged scattering coe±cients
of human skin in vivo with and without vitiligo dis-
ease. The results may be helpful for quantitatively
diagnosing or evaluating the treatment method.

2. Theory

As pointed out above, for weak scattering medium
the light signal backscattered from within the
sample can be described by the single scattering
approximation. On the other hand, for strong
scattering medium such as human skin, the mul-
tiple-scattering model based on the extended Fres-
nel principle may be employed.16,23 According to
this model, the OCT signal can be expressed as18,25:

iðzÞ / expð�2�szÞ þ
2 expð��szÞ½1� expð��szÞ�

1þ !2
S=!

2
H
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!2
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�1=2
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The ¯rst term in Eq. (1) represents the single-
backscatter contribution; the third term represents
the contribution from multiple-scattering events,
while the second term is the cross-term. The quan-
tities !H and !S are the 1=e irradiance radius at the
probing depth in the absence and presence of scat-
tering, respectively, given by
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where A and B are elements from the ABCD
ray-matrix for light propagation from the lens plane
to the probing depth in the sample. The quantity
!0 represents the 1=e irradiance radius of the
input sample beam at the objective lens plane, k is
the wave number, f is the focal length of the lens,

and �0ðzÞ is the lateral coherence length. �0ðzÞ is
given by11

�0ðzÞ ¼
ffiffiffiffiffiffiffiffi
3

�sz

s
�0

��rms

nB

z

� �
2

; ð4Þ

where n is the mean index of refraction of the
sample, and �rms represents the root-mean-square
scattering angle,

�rms �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1� gÞ

p
; ð5Þ

where g is the anisotropy factor. Equation (1) is
appropriate for the dynamic focusing geometry, and
the confocal property of the sample arm, i.e., the
position of the focus in the sample and the depth of
focus were not considered. For the ¯xed focusing
arrangement, the divergence of the light beam
generates an additional loss of signal and makes the
extracted �s higher than the expected values. For
OCT system to consider the e®ect of confocal
properties of the sample arm optics, an axial con-
focal PSF can be employed, which can be expressed
as26,27

hðzÞ ¼ z� zf
zR

� �2

þ 1

 !�1

; ð6Þ

where the position of the focal plane zf ¼ 0, and
zR is the \apparent" Rayleigh length used to
characterize the PSF. In this study zR was ¯xed at
99�m during the processes of scattering coe±cient
extraction.

3. Results and Discussion

Vitiligo is a commonly encountered dermatosis. In
China, about 0.1% to 2% of the normal people
may su®er from this disease, i.e., nearly 1 million to
20 million people may catch vitiligo. The fact that
vitiligo usually occurs on the exposed parts of the
human body such as the face, feet, and hands,
brings people much stress because it a®ects the
appearance of the image of people. Furthermore,
vitiligo is very di±cult to cure. At present there is
no speci¯c remedy. The basic pathological change of
vitiligo is that the melanocyte of skin tissue partly
or totally loses its function, leading to the shortage
of the melanocytes in epidermis of the skin. Hence,
the basic purpose of treatment is to help the mela-
nocyte to recover the capability of melanocyte or to
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stimulate the development of the melanocyte to
generate more melanins. The major function of
melanins in human skin is solar photoprotection,
provided through optical absorption and scattering
by epidermal melanosomes.28 Because the refractive
index of melanin is much higher than other elements
of tissue and cells (1.7),28�30 it is expected that the
scattering coe±cient and refractive index of skin
with vitiligo disease may change.

The measurements of the scattering coe±cients
of the skin with and without vitiligo were performed
with the OCT system developed in our lab. The
detailed description of the system can be found in
Ref. 25. Brie°y, a light beam from a super-
luminescent diode (SLD) (central wavelength
�0 ¼ 834 nm, output power � 2mW, coherence
length 14:5 �m in free space) illuminates a single-
mode ¯ber-optic Michelson interferometer along
with an aiming beam of a cw laser diode with the
wavelength of 658 nm. The light was split into the
sample and reference arms by a 50� 50 beam
splitter. A mirror on a translation stage was moved
at a constant velocity V ¼ 11mm/s over the
measurement range to vary the optical path length
in the reference arm and simultaneously modulate
the frequency of the interference signal at Doppler-
shift frequency f0 ¼ 2V =�0 ¼ 26:4 kHz, together
with bandwidth B ¼ 2V��=�2

0 ¼ 0:67 kHz.
The magnitude of the interference signal was

measured by a photodiode, and demodulated on its
Doppler-shift frequency. And then, the root-mean-
squared (rms) power of the resultant signal was
digitized and stored in a computer. B-scan was
performed by moving the sample arm beam with
respect to the ¯xed sample. In each B-scan, 200
consecutive in-depth scans were acquired. The 2D
images were reconstructed by LabVIEW. The sen-
sitivity of �90 dB was obtained by the OCT system.
In this system, the ¯xed focus geometry is
employed, i.e., the focal plane of the sample beam is
¯xed on the top of the surface of the sample in all
experiments. For the geometry, A ¼ 1 and
B ¼ f þ z=n. The 1=e irradiance radius of the input
sample beam at the objective lens plane is deter-
mined by the ¯ber collimator, and !0 ¼ 1:07mm,
the focal length of the objective lens f ¼ 18mm.

Figure 1 shows the image of skin of the back of
the right hand of a volunteer with vitiligo disease
obtained with a CCD camera. The positions and the
areas of the skin with vitiligo are clearly shown. In
Figs. 2 and 3 in vivo OCT images of normal human

skin of the left forearm of a volunteer and in vivo
OCT image of human skin of the right forearm of a
volunteer with vitiligo disease are displayed. It can
be seen from the images that both the epidermis and
the upper dermis can be identi¯ed.

Figure 4 shows curve of the averaged OCT in-
depth signal of normal human skin of the left fore-
arm of a volunteer without vitiligo disease and the
¯tted curve for the epidermis by using EHF model.
Figure 5 displays the curve of the averaged OCT in-
depth signal of the right forearm of a volunteer with
vitiligo disease and the ¯tted curve for the epidermis
by using EHF model. The scattering coe±cients �s

were extracted by ¯tting the model to the signal
corresponding to the epidermis in the OCT image.
To improve the accuracy of the scattering

Fig. 1. Image of skin of the back of the right hand of a
volunteer with vitiligo disease obtained with a CCD camera.

Fig. 2. In vivo OCT image of normal human skin of the left
forearm of a volunteer without vitiligo disease.

Characterization of Vitiligo by In Vivo Scattering Coe±cient of Human Skin 69

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
1.

04
:6

7-
72

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 H
U

A
Z

H
O

N
G

 U
N

IV
E

R
SI

T
Y

 O
F 

SC
IE

N
C

E
 A

N
D

 T
E

C
H

N
O

L
O

G
Y

 o
n 

10
/2

4/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



coe±cient �s, the average of the signals obtained
from di®erent sites of the sample (spatial averaging)
were calculated to reduce the e®ects of the
speckle.31,32 To remove the e®ect of the rough skin
surface on the accuracy of the estimation of the
scattering coe±cient, the 200 in-depth scans in each
image were ¯rst divided into 10 groups, OCT sig-
nals were then calculated by averaging over 20 in-
depth scans in extraction of scattering coe±cients
�s (mm�1). Finally, the average scattering coe±-
cient �s was obtained by calculating the average of
the 10 values of scattering coe±cients �s. It was

found that the average scattering coe±cient of the
epidermis of the forearm with vitiligo disease is
ð4:56� 0:31Þ mm�1, and the corresponding value
for normal epidermis of the forearm is
ð5:59� 0:50Þ mm�1. With the same method, the
scattering coe±cients of the back skin of the hands
with vitiligo disease and without vitiligo disease are
ð4:79� 0:32Þ mm�1 and ð5:88� 0:34Þ mm�1, re-
spectively. These changes in scattering coe±cients
may result from the decrease of melanin in skin
tissue. As mentioned above, the pathological change
of vitiligo is that the melanocyte of skin tissue
partly or totally loses its function, leading to the
shortage of the melanocytes in the epidermis of the
skin. As a consequence, the generation of melanin
decreases. Because melanin has higher refractive
index than other cell components,30 the spatial
distribution of the refractive index in skin tissue
with vitiligo varies, resulting in the change in scat-
tering coe±cients.

In conclusion, scattering coe±cients of human
skin in vivo with and without vitiligo were obtained
by ¯tting the model to the signal measured with
OCT. The experimental results show that there
exist signi¯cant changes in the scattering coe±cient
of the epidermis of in vivo human skin with vitiligo
disease. Hence, quantitative measurement of the
scattering coe±cient of in vivo human skin with
vitiligo disease may be helpful for quantitatively
diagnosing or evaluating the treatment of the skin
disease.

Fig. 4. Curve of the averaged OCT in-depth signal of normal
human skin of the left forearm of a volunteer without vitiligo
disease and the ¯tted curve for the epidermis using EHF model.

Fig. 5. Curve of the averaged OCT in-depth signal of the right
forearm of a volunteer with vitiligo disease and the ¯tted curve
for the epidermis using EHF model.

Fig. 3. In vivo OCT image of human skin of the right forearm
of a volunteer with vitiligo disease.
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