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Abstract. The dermal degeneration accompanying photoaging is con-
sidered to promote skin roughness features such as wrinkles. Our pre-
vious study demonstrated that polarization-sensitive spectral domain
optical coherence tomography �PS-SD-OCT� enabled noninvasive
three-dimensional evaluation of the dermal degeneration of photo-
aged skin as a change in dermal birefringence, mainly due to collag-
enous structures. Our purpose is to examine the relationship between
dermal birefringence and elasticity and the skin morphology in the
eye corner area using PS-SD-OCT. Nineteen healthy male subjects in
their seventees were recruited as subjects. A transverse dermal bire-
fringence map, automatically produced by the algorithm, did not
show localized changes in the dermal birefringence in the part of the
main horizontal wrinkle. The averaged upper dermal birefringence,
however, showed depth-dependent correlation with the parameters of
skin roughness significantly, suggesting that solar elastosis is a major
factor for the progress of wrinkles. Age-dependent parameters of skin
elasticity measured with Cutometer did not correlate with the param-
eters. These results suggest that the analysis of dermal birefringence
using PS-SD-OCT enables the evaluation of photoaging-dependent
upper dermal degeneration related to the change of skin roughness.
© 2009 Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3207142�
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Introduction

ging brings changes in skin morphology such as microrelief
nd wrinkles.1–3 Particularly, the deep wrinkles in exposed
reas such as the back of the neck and the face are an issue
ot only in cosmetic science but also in dermatology. Aging in
he exposed areas is called photoaging, or extrinsic aging,
hich is different from intrinsic aging. Photoaged skin shows
istological alternation, such as the Grenz zone and solar
lastosis.4–6 In general, the upper dermis is roughly made up
f two layers, i.e., the papillary dermis and reticular dermis.7

he papillary dermis is a fine-collagen layer with a thickness
f about 100 �m.7–9 The reticular dermis is a thick layer of
ollagen bundles located just under the papillary dermis.8 As
olar elastosis �accumulative degeneration of elastic fibers�
rogresses in the course of photoaging, the degenerated elas-
ic fibers come to occupy most of the reticular dermis, and the
apillary dermis tends to be clear. This clear layer of papillary
ermis is called the Grenz zone.4,10 Photoaged skin demon-
trates decreased collagen content,10–13 and disorganized col-
agen fibers14–16 have been observed under the epidermis. Ox-
talan fiber also decreases in this region.17 Solar elastosis,
hich does not have birefringence, shows characteristic depo-

ddress all correspondence to: Shingo Sakai, Basic Research Laboratory,
anebo Cosmetics, Inc., 5-3-28, Kotobuki, Odawara, Kanagawa, 250-0002, Ja-
an. Tel: +81-465-34-6116; Fax, +81-465-34-3037; E-mail:
akai.shingo@kanebocos.co.jp
ournal of Biomedical Optics 044032-
sition of abnormal elastin under the Grenz zone. Characteris-
tic depth-dependent dermal degeneration progresses with pho-
toaged skin. However, there are not many reports regarding
the relationship between the histological dermal degeneration
and the morphology of wrinkles. Kligman et al.18 and Bosset
et al.19 reported that wrinkles did not have any diagnostic
histological changes, compared with the surrounding sites.
Tsuji et al.20,21 demonstrated the progression of solar elastosis
accompanying wrinkle formation. Contet-Audonneau et al.22

showed the immunohistochemical changes of the differentia-
tional markers such as filaggrin and transglutaminase of kera-
tinocytes and collagen IV and elastic fibers at the epidermal–
dermal junction in the bottom of wrinkles. Significantly, the
deformation of the skin by physical contact during biopsy
procedures makes it very difficult to observe the histology of
wrinkles with high precision.

Alternatively, chronic exposure to ultraviolet rays has been
shown to promote wrinkle formation in animal models. The
degeneration of collagen,23 elastin,24 basal membrane,25 and
keratin,26 are proposed as candidates for wrinkle-formation
factors. It is very important to identify and quantify the struc-
tural change directly related to the morphology of wrinkles.
The measurement of skin elasticity is thought to be helpful in
the evaluation of structural change through photoaging. Skin
elasticity decreases with aging.27–29 Examinations using sub-

1083-3668/2009/14�4�/044032/8/$25.00 © 2009 SPIE
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ects of all generations demonstrate a significant correlation
etween the morphology parameters of wrinkles and skin
lasticity.30–32 The elasticity of sun-exposed skin decreases
ore than that of nonexposed skin in aging.44,29,33,34 However,

ittle statistical analysis for the relationship between skin elas-
icity and skin roughness such as wrinkles using subjects of
he same generation has been reported. So far, we cannot suf-
ciently understand the quantified dermal degeneration di-
ectly related to wrinkle morphology by measurement of skin
lasticity. Alternatively, ultrasonic imaging is also useful for
he evaluation of the dermal structure.34–37 De Rigal et al.
eported the evaluation of the dermal degeneration as upper
ermal echogenicity using ultrasonic imaging.34,35 They dem-
nstrated that the subepidermal nonechogenic band increased
n the dorsal forearm �exposed site� more than in the ventral
ne �nonexposed site� of the older subjects. None of the ear-
ier studies, however, have statistically examined the relation-
hip between dermal echogenic and objective skin roughness
f the eye-corner area in subjects of the same age group.

Polarization-sensitive optical coherence tomography �PS-
CT� has higher resolution than ultrasonic imaging and can
isualize not only the backscatter light intensity, but also der-
al birefringence related to collagenous structures in biologi-

al tissue. To take advantage of these capabilities, PS-OCT
as been applied to dermatology in several earlier studies.38,39

S-OCT analyses of dermal birefringence have been reported
n cases of scars, burns, and wound-healing with changes of
he collagenous structure of the skin.38,40–42 Fiber-based
olarization-sensitive spectral domain optical coherence to-
ography �PS-SD-OCT� using B-scan-oriented polarization
odulation was developed for high speed and highly sensitive
easurement.43 PS-SD-OCT enables three-dimensional �3-D�

nalysis of the dermal birefringence, which produces a trans-
erse birefringence map corresponding to the surface mor-
hology of the skin. Moreover, noninvasive and noncontact
easurement of dermal birefringence by PS-SD-OCT is ex-

ected to be useful for wrinkle evaluation, because wrinkles
re deformed easily by external force and biopsy methods. In
ur previous study, we demonstrated upper dermal degenera-
ion by photoaging but not intrinsic aging as changes in der-

al birefringence using PS-SD-OCT44. In this study, we have
sed PS-SD-OCT to three-dimensionally analyze the dermal
irefringence in the eye-corner area including a horizontal
ain wrinkle of subjects in their seventies, measured the skin

lasticity and morphology of the same area, and examined the
elationship between them.

Materials and Methods
.1 Subjects
ineteen healthy, elderly male Japanese volunteers were re-

ruited. The volunteers were selected within a narrow age
ange �71.8�2.3 years old, mean � standard deviation� to
liminate the effects of intrinsic aging in this study. All of the
ubjects gave their informed consent to participate. The pro-
ocol was conducted according to the Declaration of Helsinki
rinciples and approved by the ethics committees of Kanebo
osmetics, Inc., and the University of Tsukuba. The subjects
ashed their faces with a facial wash and tap water and their
ellus hair around the eye-corner area was shaved using an
lectric shaver. The areas �6 mm�3 mm� of the eye corner,
ournal of Biomedical Optics 044032-
keeping the distance to the outer corner of the eyes �1.5 cm�
of each subject, were sequentially measured using PS-SD-
OCT and imaged using a CCD camera �Fig. 1� in a room at a
constant temperature of 25 °C �humidity, 50% Rh�. After
measuring dermal birefringence, negative replicas �25 mm
�25 mm� of the areas including the areas scanned by PS-SD-
OCT were taken by using SILFLO �Flexico Developments
Ltd., England�. Skin elasticity at the scanned areas was mea-
sured by Cutometer SEM 574 �Courage and Khazaka, Köln,
Germany� at 15 min after taking replicas. Probe diameter and
suction were 2 mm and 350 mbar, respectively. The time-
strain curve was recorded by sucking up a section of skin for
3 s �350 mbar� and then releasing the skin for 3 s. Ue and
Uv are the immediate deformation at 0.1 s after commencing
the sucking-up and delayed deformation, respectively. Uf and
Ur are max deformation and immediate restoration at 0.1 s
after release, respectively. Uv /Ue and Ur /Uf were deter-
mined as described by Cua et al.15,28.

2.2 PS-SD-OCT System
The PS-SD-OCT system was described in previous
reports.44,43 The light source was a superluminescent diode
�SLD-37-HP, Superlum, Moscow, Russia� with a central
wavelength of 840 nm, a bandwidth of 50 nm, and a depth
resolution of 8.3 �m in air �Fig. 2�. After the polarization was
vertically aligned by a linear polarizer �LP�, an electro-optic
�EO� modulator with a fast axis of 45 deg modulated the in-
cident polarization state. The incident beam was coupled into

Fig. 1 Targets for the measurements. Area a �6 mm�3 mm� was ana-
lyzed for dermal birefringence and skin elasticity. Areas a and b
�1.8 cm�1.3 cm� were analyzed for the depth and volume of the
wrinkle by Voxelan and for the roughness by Primos using replicas,
respectively.

Fig. 2 Diagram of the PS-SD-OCT system. The following notations are
used: SLD, superluminescent diode; PC, polarization controller; ND,
neutral density filter; LP, linear polarizer; EO, electro-optic modulator;
M, mirror; G, grating; PBS, polarizing beamsplitter; CCD, line-CCD
camera.
July/August 2009 � Vol. 14�4�2
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fiber coupler, the splitting ratio of which is 70 /30. The LP
n the reference arm provided constant amplitude and constant
elative phase between the two orthogonal polarizations at the
pectrometer, independent of the incident state of the polar-
zation. In the sample arm, the beam was scanned by the
wo-axis galvano scanner mirror. The probing power was
00 �W, which is below the safe occupational exposure level
stablished by the American National Standards Institute
ANSI Z 136.1�. The backscattered signal from the skin was
oupled into the fiber again and detected by the polarization-
ensitive spectrometer. The spectrometer contained a polariz-
ng beamsplitter and two line-scan CCD cameras for the si-

ultaneous detection of the horizontal and vertical
olarization channels. The line trigger for both cameras
27.7 kHz� was synchronized with the EO modulator. The
ensitivity was 100.7 dB. The targeted area on the skin was
mm�3.0 mm, which corresponds to 2045 pixels
70 pixels. The measurement time was 5.5 s.

.3 Algorithm for Analysis of Dermal Birefringence
he three-dimensional �3-D� distributions of backscattering

ntensity and double-pass phase retardation in the sample
ere measured using a method of B-scan-oriented polariza-

ion modulation, as described in the previous study.43 The
irefringence of the sample is represented by the slope of the
easured phase retardation, a parameter that shows the cumu-

ative effect of birefringence along the depth. This same pa-
ameter, the slope of phase retardation, has been regarded as
n essential quantitative index of the dermal collagen
tate.39–41 To analyze the histological-change-based character-
stic of dermal birefringence in this study, two fixed-depth
anges �100 to 200 �m and 200 to 300 �m from the skin
urface� were applied for the slope of the phase retardation.
or each A-scan, double-pass phase retardation was moving-
veraged by 30 axial pixels �30 pixels correspond to
3.5 �m�. The surface of the sample was detected by thresh-
lding the backscattering intensity image. Pixels above the
urface were removed, and the phase retardation data were
ealigned with respect to the surface. The slope of the phase
etardation was calculated by applying the linear-regression
tting method to the fixed range. The moving average and the

inear regression effectively suppressed low signal-to-noise-
atio points caused by the speckle noise. This procedure was
sed for each of the 70 B-scans, resulting in the two trans-
erse slope maps, i.e., transverse birefringence maps 1 and 2
1: 100- 200-�m depth region; 2: 200- 300-�m depth re-
ion�. The averaged dermal birefringence 1 and 2 �ADB1 and
DB2� were determined by averaging the 2-D slope data of

ransverse birefringence maps 1 and 2, respectively �Fig. 3�.

The Morphological Parameters of
Wrinkles

.1 Evaluation for Volume and Averaged Depth of
Main Horizontal Wrinkle in Scanned Area

he replicas were performed by using a small object type 3-D
urface morphology measurement system �Voxelan HEV-50S,
amano Engineering Co., Ltd., Kawasaki, Japan�.29 This

ommercial system employed a noncontact morphological
easurement method using laser slit beam and CCD cameras.
ournal of Biomedical Optics 044032-
The measurable area was 10 mm�9.4 mm. The accuracy of
this system on the z axis is approximately 0.01 mm. The 3-D
data obtained were analyzed using 3D-Rugle for Windows
�Medic Engineering, Inc., Japan� The data obtained were sub-
jected to corrective processing �e.g., flattening out of overall
sloping and undulation and removal of low-level noise�. The
analysis data was generated by subtracting the third-order re-
gression plane from the original data. After correction of the
slope, the volume and the average depth of the main horizon-
tal wrinkle in the ROI �6 mm�3 mm�, which was identical
to the PS-SD-OCT measurement area, were calculated.

3.2 Evaluation for Skin Roughness of Replicas Using
Primos

Measurements were carried out using the Primos system
�GFMesstechnik GmbH, Berlin� for the 3-D analysis.45,46 This
commercial system is based on the so-called digital stripe
projection technique, which is used as an optical measurement
process. A parallel stripe pattern is projected onto the skin
surface and depicted on the CCD chip for recording. The mea-
suring field was 18 mm�13 mm in the silicon replica, of
which the PS-SD-OCT measurement area was located in the
center. The length of the lines for calculating roughness pa-
rameters was 10 mm. The five lines were placed 2 mm apart
in the center of the replicas. A wave undulation removal filter
�polynomial filter, rank=5�, which was in the Primos system
software �Primos ver. 4.075�, was used to remove the wave
undulation of the obtained 3-D data. The acquisition software
then made it possible to obtain 3-D measurements to deter-
mine roughness parameters of the skin. As roughness param-
eters, Ra, Rz, Sm and Wt were determined in this study. These
parameters correspond to the German standardization norm
DIN EN ISO 4288 and the international standardization ISO
4288 �1996�. Ra is an arithmetic average value of profiles
peaks within the total measuring length. Rz is the mean value
of these different maxima obtained on five successive regions
of the profile. Sm is the mean spacing between profiles peaks
at the mean line measured over the assessment length. Wt is

Fig. 3 Methods for producing the transverse dermal birefringence
maps. A, B, and C indicate the direction of scan. Transverse birefrin-
gence map 1 and map 2 were produced by mapping the slope of
phase retardation in each A-scan at the region of 100 to 200 �m and
200 to 300 �m from the surface two-dimensionally, respectively.
Scale bar: 3 mm.
July/August 2009 � Vol. 14�4�3
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he vertical distance between the highest profile peak and the
eepest profile valley of the waviness profile W within the
easurement length.
Correlation analysis was examined using Pearson’s corre-

ation coefficients by statistical software, SPSS �SPSS ver.
2.0j, SPSS Japan, Inc., Tokyo�.

Results
.1 Individual Variation of Depth-Dependent Dermal

Birefringence
e focused on depth-dependent change of the birefringence
ith dermal degeneration. Figure 4 shows a typical depth pro-
le of phase retardation in an A-scan of a subject’s eye-corner
rea. The averaging of phase retardation produced an offset at
he surface. Since the measurable range of phase retardation is
rom 0 to pi, the phase noise around 0 retardation contributed
nly to the positive direction, as described in the previous
tudy.47 As reported,39,41,44 the epidermis showed little change
n phase retardation at the region of 0 to 100 �m from the
urface. In our study, the dermal phase retardation was inte-
rated with depth and saturated at depths deeper than
00 �m. Our phase retardation plots showed two distinctly
ifferent slopes. They were seen in all subjects �data not
hown�. The algorithm produced the transverse dermal bire-
ringence maps 1 and 2, and calculated averaged dermal bire-
ringence 1 �ADB1� and 2 �ADB2� of the two fixed-depth
egions, 100 to 200 �m and 200 to 300 �m from the skin
urface, respectively. In earlier studies, ADB1 mostly corre-
ponded to the birefringence of the papillary dermis,7,9 while
DB2 mostly corresponded to the birefringence of the upper

eticular dermis, the layer where solar elastosis progresses.
ome subjects showed higher ADB1 and lower ADB2 �Fig.
�, suggesting individual variations in depth-dependent der-
al degeneration.

ig. 4 A line depth profile of the phase retardation of the eye-corner
rea of a typical subject in his seventies. There were two regions
aving different birefringence in the dermis. Solid line: The automati-
ally calculated slope of phase retardation at the 100 to 200-�m
epth region from the skin surface �the dermal birefringence 1�.
ashed line: The automatically calculated slope of phase retardation

t the 200 to 300-�m depth region from the skin surface �the dermal
irefringence 2�.
ournal of Biomedical Optics 044032-
4.2 Dermal Birefringence in the Parts of Wrinkles

To investigate the change of dermal birefringence localized in
wrinkles, the transverse dermal birefringence maps were com-
pared with images taken with a CCD camera. The averaged
depth of the main horizontal wrinkles varied sufficiently from
80 �m to 820 �m �335 �m�214 �m�. The horizontal
wrinkles with significantly deep wrinkles �390 to 820 �m�
did not have any pronounced localized changes of dermal
birefringence �Fig. 6�. The subject with the deepest wrinkle
had an overall low intensity of transverse dermal birefrin-
gence map 2 �Fig. 6�.

Fig. 5 Averaged dermal birefringence 1 �ADB1� did not correlate with
averaged dermal birefringence 2 �ADB2� significantly. Nineteen sub-
jects in their seventies were recruited.

Fig. 6 Wrinkles did not have any localized changes of dermal bire-
fringence. The eye corner areas of four subjects �a–c, d–f, g–i, j–l�. �a�,
�g�, �d�, �j�: Images of the CCD camera. �b�, �h�, �e�, �k�: Transverse
dermal birefringence map 1 �100 to 200 �m�. �c�, �i�, �f�, �l�: Trans-
verse dermal birefringence map 2 �200 to 300 �m�. Dotted line indi-
cates valley of wrinkles: �a–i� deep wrinkles; �j–l� shallow wrinkles.
Averaged depth of main wrinkle was 820 �m �a–c�, 728 �m �d–f�,
390 �m �g–i�, 68 �m �j–l�. Scale: 3 mm. ��� The edge of window-type
taped for marking.
July/August 2009 � Vol. 14�4�4
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.3 Relationship between the Averaged Birefringence
and Skin Roughness

he algorithm determined the averaged dermal birefringence
ADB1, ADB2� by each map. We compared them with mor-
hological parameters of scanned areas by PS-SD-OCT and
arge areas including them using their replicas by Voxelan and
rimos, respectively. ADB2 showed a significant negative
orrelation with the averaged depth �r=−0.537, p=0.018�
nd volume of the wrinkles �r=−0.562, p=0.012�, param-
ters for the Voxelan measurements �Table 1�. ADB1, how-
ver, did not show the correlation with them. ADB2 also
howed a negative correlation with Ra �r=−0.518, p=0.023�
nd Rz �r=−0.556, p=0.014�, roughness parameters of the
arge areas; however, ADB1 did not show any correlation with
hem �Tables 1 and 2; Fig. 7�. ADB1 correlated with Sm �r
−0.543, p=0.016�, a spacing parameter, significantly. Both
DBs showed a significant negative correlation with Wt, a
aviness parameter �Tables 1 and 2; Fig. 7�. These results

uggested that the relationship between dermal degeneration
nd skin roughness was dependent on the depth.

.4 Relationship between Skin Elasticity Measured by
Cutometer and Skin Roughness

either Uv /Ue nor Ur /Uf, age-dependent parameters of skin
iscoelasticity28,29 correlated with any parameters of skin
oughness significantly �Table 1; Fig. 8�. They did not corre-
ate with either averaged dermal birefringence significantly
data not shown�.

Discussion
n this study, the correlation between upper dermal birefrin-
ence measured by the PS-SD-OCT system and skin rough-
ess has been demonstrated. To our knowledge, this is previ-
usly unreported. Ra and Rz are thought to be objective
oughness parameters for qualification of facial wrinkles.30,46

t is also a major skin roughness parameter.45,48 The Ra

Table 1 Averaged dermal birefringence �ADB� but not skin el

Parameters 100 to 20

Voxelan
�in the window�

Volume of
the wrinkle

−0.27
�0.264

Averaged depth
of the wrinkle

−0.18
�0.439

Primos
�in the large

replica�

Ra −0.29
�0.223

Rz −0.09
�0.704

Sm −0.54
�0.016

Wt −0.57
�0.010

ote: n=19; values indicate correlation coefficient; � �, p value.
asticity correlated with morphological parameters of skin surface.

Birefringence Cutometer

0 �m 200 to 300 �m Uv/Ue Ur/Uf

0
�

−0.562
�0.012�

−0.011
�0.965�

−0.157
�0.522�

9
�

−0.537
�0.018�

−0.057
�0.817�

−0.098
�0.69�

3
�

−0.518
�0.023�

0.104
�0.671�

−0.22
�0.365�

3
�

−0.556
�0.014�

0.112
�0.647�

−0.279
�0.247�

3
�

−0.205
�0.400�

0.179
�0.463�

−0.089
�0.718�

3
�

−0.459
�0.048�

0.052
�0.833�

0.064
�0.795�
ournal of Biomedical Optics 044032-
Table 2 Averaged dermal birefringence �ADB� and skin roughness
�Ra ,Wt� of subject.

Subject
ADB1

�deg/�m�
ADB1

�deg/�m�
Ra

��m�
Wt

��m�

1 0.272 0.055 58.7 225.5

2 0.175 0.130 25.0 143.8

3 0.162 0.079 14.2 84.2

4 0.228 0.044 45.5 171.1

5 0.274 0.127 13.7 52.8

6 0.216 0.136 29.0 81.9

7 0.204 0.137 38.2 144.5

8 0.139 0.087 42.7 289.7

9 0.190 0.107 20.4 73.7

10 0.210 0.111 51.3 185.6

11 0.216 0.136 31.3 131.6

12 0.178 0.084 48.1 224.5

13 0.117 0.097 66.9 385.2

14 0.169 0.110 45.8 151.6

15 0.231 0.121 29.2 114.5

16 0.261 0.119 24.0 102.7

17 0.198 0.148 15.7 64.6

18 0.154 0.115 33.6 224.9

19 0.260 0.123 21.0 83.8
July/August 2009 � Vol. 14�4�5
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alue in this study is almost the same as that in the previous
tudy regarding the relationship between wrinkle score and
a.46 ADB2 showed a significant negative correlation with

he depth and volume of the main horizontal wrinkle. These
esults suggest that the upper dermal degeneration of collagen
nd/or elastic fibers is related to the morphology of wrinkles.
owever, we could not detect the change of dermal birefrin-
ence localized in the parts of wrinkles. The result agrees with
revious speculation for the mechanism of wrinkle formation.
ligman et al. reported that there was not any wrinkle-
ependent histological dermal degeneration,18 and
hotoaging-dependent dermal degeneration such as abnormal-
ty of elastic fibers brought decreased recuperative strength to
eformation by external force during photoaging process,
hich promotes the progress of wrinkles. Bosset et al. also
ave the same opinion.19 Tsuji speculated that the progress of
bnormal elastic fibers accompanying photoaging promoted
he deformation of the skin by external force and that the
urther progress of solar elastosis was influenced by the sun-
xposed condition with the valley formation of wrinkles.20,21

n either case, localized dermal degeneration may not be a
irect factor to determine the generation of wrinkles. Mean-
hile, the orientation of dermal birefringence may be related

ig. 7 Averaged dermal birefringence correlated with the parameters
f skin roughness. Data were the same as that in Tables 1 and 2.

ig. 8 The parameters of skin viscoelasticity did correlate with Ra, a
kin roughness parameter. Data were the same as that in Table 2.
ournal of Biomedical Optics 044032-
to wrinkling. A wrinkle in the eye-corner area progresses in
the horizontal direction,49 and the direction of the dermal fiber
structure is thought to have an anisotropic property.8,50,51 The
orientation of dermal phase-retardation is another issue to be
explored in the future.

Interestingly, there were depth-dependent correlations be-
tween averaged dermal birefringence and skin roughness pa-
rameters of the photoaged skin. Solar elastosis develops be-
low the papillary dermis under the epidermis and does not
have birefringence.44 ADB2 may indicate the progress of solar
elastosis under or in the papillary dermis. It may be reason-
able to conclude that ADB2 correlates with the roughness
parameters, such as Ra and Rz more than ADB1. Solar elas-
tosis may be a major factor for the progress of wrinkles.

Alternatively, ADB1 correlated with Wt and Sm, but not
Rz and Ra. Particularly, Sm means the spacing of grooves and
showed a low correlation with Ra and Rz �r=0.477,0.376,
respectively�. The Grenz zone is a collagen-rich layer beneath
the epidermis and is maintained even in elderly subjects.10,52

Lavker demonstrated that the collagen fibrils in the upper
Grenz zone are densely packed and highly oriented and con-
tain fewer microfilaments.53 Montagna et al., meanwhile, re-
ported abundant small collagen fibers beneath the epidermis
of photoaged skin.54 The upper Grenz zone may be the result
of some type of fibrotic change.52,53 In this study, the subject
with the deepest wrinkle had significantly high ADB1 and
significantly low ADB2. The status of fibrosis in the Grenz
zone may be influenced by factors other than photoaging. Al-
ternatively, the Grenz zone is reported to contain degenerated
collagen fibers. Nishimori et al. observed a dispersed collagen
fiber structure in regions beneath the epidermis in photoaged
skin.15 Bernstein et al., meanwhile, noted differences in the
collagen structure between the upper and lower parts of the
Grenz zone.14 At the least, depth-dependent dermal degenera-
tion such as Grenz zone and solar elastosis may influence the
skin morphology of photoaged skin in a different manner.

The parameters of skin elasticity measured by Cutometer
did not correlate with the skin roughness. Skin elasticity de-
creases with aging,28,29 and correlates with the roughness of
photoaged skin across generations.31 Moreover, sun-exposed
sites decrease skin elasticity more than nonexposed
ones.44,29,33 Skin elasticity is thought to be a useful parameter
to detect aging-dependent dermal degeneration. To our knowl-
edge, however, there are no reports regarding the relationship
between skin roughness and skin elasticity using subjects of
the same generations. There were no relationships between
skin elasticity and skin roughness parameters using only sub-
jects in their seventies in this study. Cutometer measurment
shows overall dermal degeneration, including intrinsic aging
and photoaging.28 PS-SD-OCT enables the measurement of
only the upper dermis �100 to 300 �m�, which is sensitive to
photoaging, because we could not observe the change of der-
mal birefringence in the inner upper arm �nonexposed site�
with aging in the previous study.44 Moreover, the parameters
of skin elasticity measured by Cutometer did not correlate
with either of the averaged dermal birefringence data in this
study �data not shown�. The dermal birefringence is more sen-
sitive to photoaging-specific dermal degeneration related to
skin roughness than skin elasticity measured by Cutometer.
Very recently, Fujimura et al. have reported that loss of skin
July/August 2009 � Vol. 14�4�6



e
f
a
d

l
f
t
b
s
g

g
s
d
r
a
m

A
T
O
s
t

R

1

1

1

1

1

Sakai et al.: Relationship between dermal birefringence and the skin surface roughness of photoaged human skin

J

lasticity, measured by Cutometer, proceeds to increases of
ace wrinkle levels during aging.32 They speculated that the
mount of UV exposure to skin and not intrinsic aging was an
irect factor to determine wrinkle levels.

In our previous study,44 the region around the infundibu-
um of the hair follicle also showed a birefringence distinct
rom that of the regular dermis. This birefringence may dis-
urb the quantification of the papillary and reticular dermal
irefringence. It may be possible to raise the precision of the
tatistical analysis in the future by segmenting the birefrin-
ence around the infundibula.

In conclusion, the analysis of the upper dermal birefrin-
ence using PS-SD-OCT is useful not only to make a diagno-
is of photoaged skin44 but also to evaluate photoaging-
ependent upper dermal degeneration related to skin
oughness for the study of wrinkle formation. PS-SD-OCT is
lso expected to provide evidence for the efficacy test and
echanism study of antiwrinkle reagents.
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