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Characterization of age-related effects in human skin:
A comparative study that applies confocal laser
scanning microscopy and optical coherence tomography

Sieglinde Neerken Abstract. Skin structure and age-related changes in human skin were
Gerald W. Lucassen characterized in vivo by applying confocal laser scanning microscopy
Marielle A. Bisschop (CLSM) and optical coherence tomography (OCT). The overall effect
Egbert Lenderink* of aging skin, derived from studies of volunteers belonging to two age
Tom (A. M.) Nuijs groups, was found to be a significant decrease in the maximum thick-
Philips Research ness of the epidermis and flattening of the dermo-epidermal junction.
Personal Care Institute (WB 32) At a certain depth in the dermis, well below the basal layer, a reflect-
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5656 AA Eindhoven, The Netherlands ing layer of fibrous structure is observed in CLSM images. The loca-

tion of this layer strongly depends on age and is situated much deeper
below the skin surface in younger than in older skin. In addition, large
structural changes were observed with age. The OCT images show
two bright reflecting layers. The first one is due to scattering at the skin
surface. The second band appears to be caused by a layer of fibrous
structure in the dermis. Direct comparison of CLSM and OCT suggests
that the same fibrous layer is imaged by the two techniques. This layer
might be due to the transition between the papillary and reticular
dermis. A comparison of CLSM and OCT enables a better understand-
ing of the images. © 2004 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction Optical coherence tomograpi@CT) is a technique that

Recently, great progress has been achieved in noninvasiveMore effectively regluce_s the effe_cts of multiple scattering and
in vivo imaging of human skin. Various optical methods have therefore enables imaging of skin layers as deep as 1-2 mm.
been developed to section living tissue with high resolution OCT is based on the principle of Michelson interferometry
and contrast. This enables a noninvasive diagnostic “biopsy” and was introduced by Fercher ef‘and Huang et a. to
of skin and also serves as a powerful tool for basic research ininvestigate transparent tissue of the human eye. Later on, sev-
dermatology. eral research groups developed OCT to image highly scatter-
In vivo imaging of the upper skin layers was demonstrated ing and absorbing tissue, such as human skin, by using longer
for the first time about 10 years ago with white light tandem Wavelength in the near infrared where scattering is rather
scanning confocal microscopy® In 1995 Rajadhyaksha low.*?”?° For reviews we refer the reader to work by
et al* developed a laser-based scanning confocal microscope, Schmitt?* Fujimoto et al3* Welzel?® and the book edited by
a technique that is nowadays commonly used for confocal Bouma and Tearney that deals with theory and applications of
microscopy of skirf~® The cellular structure in the epidermis OCT?*
and fibrous tissue of superficial dermis can be visualized and Confocal laser scanning microscog¢LSM) and OCT
good similarity of the confocal images with histology has give complementary information on the composition and
been reported® structure of skin, mainly due to their differences in spatial
Human skin is a nontransparent medium, due to absorptionresolution and penetration depth. In contrast to CLSM, the
and scattering. Absorption depends on the concentration ofresolution in our OCT system is not high enough to visualize
melanin and hemoglobin scattering on differences in refrac- individual cells. OCT instead reveals images of optical struc-
tive index. The optical sectioning capability of confocal mi- tural inhomogeneities in tissue. The penetration depth and
croscopy is based on detection of singly scattered photons.field of view of OCT, however, is much larger compared to
Due to multiple scattering especially from deeper layers the CLSM. OCT provides cross-sectional images, whereas CLSM
signal-to-noise ratio diminishes with the depth and the tech- measures images parallel to the skin surface. Optical coher-
nique is therefore restricted to the upper layers of the skin. ence microscopyOCM) is a novel technique that combines
low-coherence interferometry with confocal microscopy to
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micrometer resolution in both transversal and axial
directions*?® The advantages, however, come at the cost of
increased overall complexity of the imaging system. An ex-
tensive overview on OCM can be found in thkandbook of
Optical Coherence Tomograpfi{Chapter 10, by Wang et al.

In some cases, due to the lower resolution, interpretation of
the OCT signals is not straightforward and the results appear
to not always be consistent with those obtained with confocal
laser scanning microscopy and histolégg® On the other
hand, the choice of marker of the various skin layers in the
analysis of confocal laser scanning microscopy images
strongly influences the results of the different skin parameters. i L1
In this paper detailedh vivo characterization of the various [ ez
human skin layers of the epidermis and upper dermis has been i
performed for two groups of volunteers that differ in age
younger and an older grougn the past, age-related changes
in skin have extensively been studied by histological
sectioning?’~32 data obtained within vivo imaging are, how-
ever, rare® We have studied age-related changes in human
skinin vivo by applying the two imaging techniques, confocal
laser scanning microscopy and optical coherence tomography.
A direct comparison of the results obtained by the two meth-
ods allows a better, more consistent interpretation of the im-
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2 Materials and Methods
2.1
In order to investigate age-related changes in healthy huma

Volunteers

dapth {um)

Fig. 1 OCT images and intensity profiles: (a), (b) Cross-sectional OCT
images and (c) corresponding average intensity profiles measured on
the volar forearm of a 23 year old volunteer, (a) and solid line intensity

pprofile in (c) and of a 57 year old volunteer, (b) and dashed line in (c).

The surfaces in the images were flattened. The positions of the surface

skin in ,VIVO’ we h,ave St_Udled two groups of 15 \{olunteers reflection and of the second reflecting layer in the dermis are indi-

each with Caucasian skin type. One group comprised volun- ceq roughly in the images. The profiles and images show that the
teers age 19 up to 24 years, referred to as the younger groupalue of Doct is relatively small for the older volunteer.

(mean age: 22.5 years; 8 female, 7 masand the other group

age 54 up to 57 years, referred to as the older gr@ogan

age: 55.3 years; 5 female, 10 maldeasurements were per-  strumente E-5000n the objective assembly. Together with
formed on the volar aspect of the forearm and on the temple. proprietary software for control and data acquisition, auto-
At both sites three measurements at slightly different posi- mated accurate axial stepping is possible. Images are taken
tions were performed with OCT as well as with CLSM. All en faceparallel to the skin surface. In this study, a region of
volunteers gave informed consent. Measurements were car-interest of 0.5%0.41 mnf was scanned at various depths up
ried out in climate controlled test rooms at 22 °C, 50% rela- to 200 um, with the step size for axial scanningi2n. The

tive humidity. three-dimensional scans are saved on a disk for further analy-
sis. During an axial scan the laser power applied at each depth
is adjusted for optimal brightness. Before scanning the laser
power was adjusted at each gfn depth interval; i.e., near
the surface we used 4% of the maximum laser power, while
for imaging the deepest layers maximum laser power of 15

2.2 Optical Coherence Tomography

OCT is an interferometric technique that uses a low-
coherence light source. The principle of OCT is extensively
described elsewheré?! Our specially designed OCT system
is a fiber-optic based interferomeféiA broadband semicon- MW was applied. A 48, 0.8 numerical aperturéNA) water
ductor amplifier sourcBBS 1310, AFC Technologigss immersion microscope objectieeica) was used. To achieve
used to provide low-coherence light at a center wavelength of good optical contact between the skin and the optical system
1310 nm with spectral width of 50 nm. The axial resolution of we applied water to the skin. The resolution of the microscope
the system is 14m and the penetration depth into the skin is iS 1 um in the lateral direction and am in axial. One mea-
about 1 mm. The OCT system acquires slices perpendicular tosurement100 steps of 2um) took approximately 20 s.
the skin surface of 22 mnt (lateralxaxial direction. One
measurement consists of 10 slices at 0.25 mm lateral inter-2.4 Data Analysis: OCT
vals. A typical two-dimensional, cross-sectional OCT image of the

) ) forearm and of the temple shows two bright barisise, for
2.3 Confocal Laser Scanning Microscopy example, images of the forearm in Fig). The first bright
Confocal laser scanning reflectance microscopy was per-band is due to scattering of light at the skin surface, and the
formed with a modified Vivascope 10@Qucid Inc), using a second band is located deeper below the skin surface. For
laser diode with a wavelength of 834 nm. The Vivascope 1000 analysis, in each image the surface was flattened such that the
was equipped with a piezo mechanical positiofi&nysik In- maximum intensity, caused by reflection at the skin surface,
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Fig. 2 Skin layer parameter determination by CLSM: CLSM profile of integrated reflected intensity in the lateral image as a function of the depth,
measured on the forearm (age of volunteer: 24 years). The profile is plotted on a logarithmic scale and corrected for refractive index mismatch. The

vertical lines indicate the following markers: %ImaX determined on the linear scale, set to 0 um; SC; E min; depth at the onset of the first change in
slope at £ max and the second change in slope around UD, with UD min and UD max. The corresponding images, shown at the top, were
recorded parallel to the skin surface at different depths: (a) lower boundary of SC, (b) E min epidermal cellular structure only, (c) £ max no cells,
dermis only, (d) UD layer of collagen fibers in upper dermis. The layer is also very visible in the cross-sectional (x—2z) view.

was located at a fixed depth. For all 10 images of a single CLSM measurements. Boundaries of different skin layers
measurement an average intensity profile was determined.were determined from visual inspection of structural informa-
Figure 1 shows image§flattened surfacgsof the forearm tion in the images in combination with analysis of the average
together with their corresponding intensity profiles. The inten- reflected intensity profile. The three-dimensiof@&D) stacks

sity profile was calculated by integration of the signal along of bitmap images were visualized with the software package
the lateral positiorx as a function of the depth in each image. Alice (version 3.0, Perspective Systems Jné profile of the

An intensity profile of the forearm or of the temple shows two reflected intensity can be derived from the stack of images: at
peaks caused by the two bright reflecting bands. The skin each depth the intensity reflected in the whole image is aver-
surface was defined at the depth at which the intensity of the aged, divided by the laser intensity applied and plotted as a
first peak reached half its maximum. This depth was set to O function of the depth. An example of a typical profile on a
um. The location of the second layer @bct is determined logarithmic scalgtogether with images corresponding to cer-
relative to the skin surface by calculating the position at tain boundaries, see belpus shown in Fig. 2. At the glass—
which the second band has climbed half its maximum inten- skin interface we determined the location of the skin surface
sity on the ascending slope. For all volunteers the averagefrom the depth at which the reflected intensity reaches half its
location of Doct was calculated from the three individual maximum on the linear scalgl/21,,,,); this depth is set to 0
measurements per site. The results were used to determine the@m. The thickness and locations of various skin layers are
average value oboct and standard deviation per group and determined relative to this plane. The measured depth
site. The measured optical depdh(OCT) was corrected for ~ d’(CLSM) was corrected for refractive index mismatch to

the refractive index to obtain the real physical dep{®CT), obtain the real physical depth(CLSM),
d’'(OCT) n
d(OCT)=T, d(CLSM)zn—d’(CLSM),
0

wheren is the average refractive index of the tissue. We as-
sumed a constant refractive index for all skin layersnof
=1.43

where n is the average refractive index of the tiss(ie
=1.4) andng is the refractive index of the immersion me-
dium, in our case watefny,=1.33. Taking into account

) variation of the refractive index for different skin layers de-
2.5 Data Analysis: CLSM termined by Krittel and Boehlau-Goddtiappeared to be of
The thickness and location of different skin layers in the epi- minor influence on the thickness values of the skin layers so
dermis and upper part of the dermis can be derived from the we therefore applied the average refractive index. The follow-
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Table 1 Skin parameters as a function of age.

Forearm Temple

19-24 yrs 54-57 yrs 19-24 yrs 54-57 yrs

location; location; location; location;

thickness thickness thickness thickness
Parameter ()’ () P () () p
dsc 29+3 29+4 0.97 27+3 28+5 0.48
dE min 47+5 50+8 0.33 53+5 56+6 0.11
dE max 89+8 75+7 1x1079 83+10 76+6 0.04
dog 41+8 25+8 3x10°° 30+8 20+6 7x1074
ub 13610 107+8 2x1078 122+13 95+10 3x10°
Doct 14312 112+8 5%x107° 12117 93+9 5%x10°¢

@ Mean location or thickness of skin layer=standard deviation derived from group of 15 volunteers.

b Result of comparison between the younger and older groups using an independent samples # test.

ing skin layer parameters were determinéal a schematic
overview of the skin parameters, we refer the reader to Fig.
4):

2.5.1

The thickness of the stratum corneuly is determined as the
depth at which a regular structure of cells is first visifigy.

2(a)].

Stratum corneum

2.5.2  Epidermis (Emin and Emax)

(i) The minimum thickness of the epiderndg i, is deter-
mined by the top of the uppermost papillée E min). If no
papillae were visible in the imagg&, min would be defined as
the maximum depth at which only the cellular structure of the
epidermis contributes to the signal, i.e., no contribution by the
dermis[Fig. 2(b)].

(i) The maximum thickness of the epiderndiis o, is de-
fined by the valleys of the papillae. The different optical prop-
erties of the cellular structure in the epidermis and fibrous

structure in the dermis cause a change in slope in the reflected”

intensity profile. The onset of this change in sldpeE max)
corresponds to the depth at which for the first time no cellular

structure is observed any longer in the stack of images upon

going from the surface to deeper positions. The signal in the
image is determined by the dermis onfig. 2(c)].

2.5.3 Dermo-epidermal junction

The determination oflg i, anddg hax allows one to calculate
the thickness of the dermo-epidermal junctidEJ) dpg;

= dg max—de min-

2.5.4 Upper dermis
At a certain depth a reflecting layer of fibrous structure in the

maximum intensity. The boundary can also be derived from
the intensity profile, and it appears as a second change in
slope aroundJD (Fig. 2, intensity profile

The above-listed skin parametetdsc, dg min, dE max:
dpes, andUD) were determined for the forearms and temples
of all volunteers(three measurements per $ite

2.6 Statistics

For all skin parameters the results of the three individual mea-
surements per volunteer and per site were averaged. From
these results the mean values and standard deviation per
group and site were calculated. To compare parameters be-
tween the younger and older groufger site an independent
samplet test was used that had a significance levelpof
=0.05. Statistical analysis was performed with the Statistical
Package for Social SciencéSPSS.

3 Results

In Fig. 1 two typical OCT image€lattened surfacgdogether

ith the corresponding intensity profiles measured of the fore-
arm of two volunteers are presented. The image on the left
and solid line profile represent measurement on a 23 year old
volunteer; the image on the right and the dashed line intensity
profile that on a 57 year old volunteer. In the images two
bright reflecting layers are visible. The first bright band is due
to reflectance from the stratum corneum. Just below this layer,
in the viable epidermis, the signal intensity diminishes. As
will be discussed below, the second reflecting layer, deeper in
the skin, can be ascribed to backscattering of light at the fi-
brous structure of collagen in the dermis. In the younger vol-
unteer this reflecting layer is located much deeper below the
surface than in the older volunteer. The images and corre-
sponding profiles clearly show smaller values@bct for
older skin. A summary of all measurementsddct is given

upper dermis is observed in the stack of three-dimensionalin Table 1. The mean values and standard deviations of the 15

CLSM images[Fig. 2(d)]. The locationUD of this layer is
defined agUD min+UD max)/2, whereUD min is the loca-
tion of the onset of this layer andD max the location of its

volunteers of the younger and older group and the corre-
sponding p values are presented for the forearm and the
temple. The differences in the location of the second bright
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Fig. 3 Changes in fibrous structure with age: The two CLSM images
were measured at depth UD max, where a layer of reflecting collagen
is visible. The image on the left was obtained for a 24 year old and the
one on the right for a 54 year old volunteer both of the forearm. The
data are shown in a x—z view as well as in a x—y view, indicating the (©) temple, age: 19-24 () temple, age: 54-57
age-related changes in location and structure of collagen fibers.

Fig. 4 Skin models derived from CLSM and OCT data: Illustration of
the location and thickness of various skin layers of the forearm of

reflecting layer aDoct between the younger and older group volunteers (a) age 19-24 years, (b) age 54-57 years and of the temple
are statistically significant at both sites for (c) age 19-24 years and (d) age 54-57 years. Graphical represen-

Table 1 summarizes also the outcome of the skin param- t@tion of the findings.
eters determined by CLSM. At both sites, forearm and temple,
the CLSM parameters show a similar trend. The thickness of
the stratum corneurdsc and minimum thickness of the epi-

dermisde iy, Up to the top of the papillae change slightly, ¢ 16 younger voluntegiimage on the leftcompared to the
but not significantly, with age. The other paramet@s max, older one(image on the right Moreover, the structure of the

dpey, andUD), however, show a considerable decrease With p,,yqjes at this deptix—y view) is completely different. The

age at ?]Othf sites. A , hick ¢ the YoUNger skin consists of relatively large bundles, whereas the
On the forearm, the average maximum thickness of the 446 "skin shows a network of thin small fibers.

epidermisdg max iN the younger group is significantly larger Figure 4 gives a schematic overview of the location and

than in the older group. Although the epidermal layer up 10 ickness of the various skin layers and their changes with age
the top of the papillagde min) becomes somewhat thicker, the — gpiained by OCT and CLSM of the forearm and the temple. It
overall thickness of the whole epidermis decreases signifi- \iq,ajizes the overall effects of aging in the upper skin layers
cantly by 15um with increasing age. At the temple, the de- ¢ the epidermis and dermis: upon aging the stratum cormeum
crease inde ma is smaller and just meets the significance |5yer yndergoes no measurable changes; the thickness of the
requirement. . i . layer, solely determined by the epidermal cellular structure,
The decrease de max together with aslight) increase of — §_  increases somewhat, but is not statistically significant,
de min results in a significantly flatter interface between the |\ hereas the maximum thickness of the epideriis, ., de-
epidermis and dermis in aged skin. Besides the decrease iN.reases and as a consequence the dermo-epidermal junction

thickness of the dermo-epidermal junction, the number of pa- fayens significantly. A highly scattering layer of collagen fi-
pillae decreases as well, especially at the temple. In images alyqrs is located much deeper in the dermis in younger skin

the temple of 10 of the 15 elderly volunteers papillae were not {41 in older skin. The same holds for the reflecting layer

visible at all, whereas for all volunteers of the younger group, qpained with OCT. We did not observe significant differences

papillae could be observed in all images acquired. in skin parameters between female and male volunteers.
Just below the epidermis a low scattering, “optically dark”

area is entered. Only a little contrast is obtained in the CLSM . .
images of this layer where the reflected intensity profile drops 4 Discussion
only slightly with the depth(Fig. 2). Images recorded of this ~ Our results demonstrate that OCT and CLSM are feasible
first layer of the dermis show some fine fibrous structure, tools for noninvasive anth vivo analysis of the skin morphol-
presumably due to collagen and elastin. At a certain depth a0gy. The data allow determination of the thickness and loca-
strongly light reflecting layer of larger, more tightly packed tion of various skin layers in the epidermis and upper part of
collagen bundles is observed. The location of the collagen the dermis. Significant differences in the thickness, location,
layer atUD in the dermis appears to be much higher in older and structure of various skin layers between a younger and an
skin compared to in younger skiffable 1. The differences  older group were observed with OCT and CLSM.
are statistically highly significant. ) ) )

Not only does the position of the fibrous layer change with 4-1 Th’Ck”ess and Location of Skin Layers as a
age, large changes were also observed in the structure of theunction of Age
collagen fibers and bundles. Both effects can be observed inDuring recent years, the upper skin layers, especially the epi-
Fig. 3, which shows CLSM images at depttb max parallel dermis, have been studied extensively and good correspon-
to the skin surfacéx—y view) and in a cross-sectionéx—z) dence betweein vivo measurements and histology has been
view. The location of the reflecting layers can be directly ob- reportec®*"3¢In general, our data are in fair agreement with

served in thx—z view and are indicated by arrows. It is clear
that this layer is located much deeper below the skin surface
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those of earlier studies. Good correspondence is obtained foryounger skin, suggesting that the thickness of the papillary

the thickness of the stratum corneudgc and the minimum
thickness of the epidermidg i, .2433*¢3"The thickness of
the stratum corneum is found to not change with age, con-
firming histological data of earlier studié$The minimum
thickness of the viable epidermik i, was somewhat larger

in the older group, but no significant differences were identi-
fied between the two groups investigated. Sauermannét al.
studied a relatively old group with a mean age of 72.5 years
(compared to a mean age of 55.3 years in our gram
reported a significantly larger layer thickness &y i, for
elderly volunteers. The large age difference in their study ac-
counts for the significant difference whereas in our study the
difference is not yet significant. While the minimum thickness

of the epidermis increases, the maximum thickness of the epi-

dermisdg o decreases with age. This finding agrees with the
observation from histological sectionifg®*31* Conse-

quently, the dermo-epidermal junction flattens by approxi-
mately 35%°~32Moreover, our images show that the number

of papillae per area becomes much smaller upon aging. This

aspect has been studied in a more quantitative manner b
Huzaira et af® and Sauermann et #and the results are con-
sistent with histology.

Determination of the epidermal thickness is strongly de-
pendent on the definition of markefsDue to undulation of
the dermo-epidermal junction, large differences can be ob-
tained in skin layer thickness o i, anddg nax- The dg max
in our study compares well with the values determined by
Corcuff and Levequé.The peak-to-valley modulation of the
dermo-epidermal junction of the forearm in our study was 25
and 41um in older and younger skin, respectively. The cor-
responding value for the thickness of the dermo-epidermal
junction determined by Rajadhyaksha et‘ahowever, was
more than two times largef90 um). Rajadhyaksha et 4l.
reported a maximum thickness of the epidermis of approxi-
mately 130 um (forearm), whereas we obtained a much
smaller dg hax (89+8 and 75-7 um in younger and older
skin, respectively The value of 13Qum given by Rajadhy-
aksha et af.for the epidermal thickness is more comparable
with the value we have determined fatD than with our
E max. UD was located at average depths of ¥3® and
107=8 um for the younger and older groups, respectively,
and it appeared as a strongly light-scattering layer of fibrous
structure. In between markeBSmax and UD an optically
dark layer is visible in the stack of images, where no cellular
only fibrous structure is identified. Therefore, we ascribed the
images in this area to the first layer of the dermis.

A comparison with results obtained with high-frequency
ultrasound imaging by El Gammal etlindicates that the
location ofUD on the forearm corresponds with the location
of a straight ultrasound-scattering band. EI Gammal &? al.

dermis decreases considerably with age. A decrease in thick-
ness of the superficial dermis in aging skin is in agreement
with histological findings tod?

Like the parametetJD obtained with CLSM, the results
obtained with OCT show large differences between the
younger and older groups. The parameissct, measured
with OCT, decreases significantly with age by approximately
23%. OCT turns out to be an attractive measuring technique,
since it is fast and sensitive in identifying differences in hu-
man skin properties between the two groups studied. For fur-
ther interpretation of the OCT signals we have made a com-
parison with those obtained with CLSIkdee below.

4.2

The average skin layer parameters at both sites, temple and
forearm, show the same trend. Several skin layers become
significantly thinner with aging. The difference in parameters

between younger and older skin, however, appears to not be

identical for the forearm and temple. At the temple the rela-

Intrinsic versus Photoaging

Ytive decrease in thickness and change in location of the vari-

ous skin layers with age turned out to be smaller than that
measured of the volar forearm. This is most probably due to
the more extensive exposure to sunlight of the temple com-
pared to the volar forearm. According to Takema €et'alho-
toaging causes thickening of the skin layers, whereas intrinsic
aging results in a decrease of most skin layers. We have made
a rough estimate of the contribution of photoaging versus in-
trinsic aging, assuming thdt) the effects of intrinsic aging
are the same for all sites of the human bo(iy, the skin of

the younger group may not have experienced photoaging yet,
and iii) at the volar forearm the effect of photoaging is neg-
ligible. Although differences in aging were obtained between
skin parameters at the forearm and temple, the contribution of
photoaging appears to not be statistically significant.

4.3 Comparison of CLSM and OCT

We have compared the results obtained with CLSM and OCT.
The mean values of the parametet® andDoct are of the
same order of magnitude, suggesting that their signals might
be due to the same layer in the skin. Therefore, we have
plotted for all volunteers and sites the paramétdd mea-
sured with CLSM against the corresponding parambtect
determined with OCTFig. 5. Good correlation betwedd D
andDoct is obtained: revealed is a Pearson correlation coef-
ficient as high as 0.91. Since the two parameters are random
variables a principal components analysis is applied which
gives a measure of the association between the two variables.
The solid line in Fig. 5 represents the regression line obtained
under the assumption of a bivariate normal distribution, and it

ascribed this echo-rich signal to the interface between the showsUD =0.86xDoct+15um. The regression line sug-

papillary and reticular dermis. The papillary dermis is a rela-
tively thin layer that usually forms no more than 1/10 of the
full dermal thicknes€® With this interpretation, the optically
dark area in the stack of our CLSM images would represent
the papillary dermis and the high contrastib would be

gests a reasonably strong association betwgBnandDoct
measured by the different techniques.

Several aspects may cause deviation from a perfect rela-
tionship to one between the two variabld® andDoct: (i)
it is not easy to locate the measuring probes of both tech-

caused by the interface between the papillary and reticular niques at exactly the same position, which introduces some

dermis. This is in line with the observation by Rajadhyaksha
et al® The location of the fibrous layer &tD in the dermis is
located significantly higher in older skin compared to in

anatomical variation of the datéj) the penetration depth of
our CLSM is limited to about 20Qum. Large values deter-
mined forUD may give a lower limit onlyjiii) studies with
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Fig. 5 Comparison of CLSM and OCT skin parameters: UD and
Doct: Values of UD determined with CLSM are plotted versus Doct
determined with OCT. Good correlation is found between the two
parameters, with a Pearson correlation coefficient of 0.91. The solid
line represents the regression line obtained under the assumption of a
bivariate normal distribution with UD=0.86X Doct+15 um, indi-
cating a reasonably strong association between the two variables.

highly scattering material of known thickness and refractive
index have shown that especially large values obtained with
OCT are overestimated to some extdhy approximately
8%), most probably due to multiple scattering. Therefore, pre-
cise determination of large values@bct that were observed
on forearms of the younger group in particular is difficult. By
considering a correction for multiple scattering for the OCT

values, the slope of the regression line further increases. Al- 4
together, our data show a reasonably strong association be-

tween the two variable$)D andDoct, obtained with CLSM

and OCT, respectively, suggesting that the same layer in the &

skin is measured with the two techniques.

A typical OCT image of a forearrfsee Fig. 1 shows two
bright reflecting layers. The upper layer is due to scattering
from the stratum corneum. In earlier studf@$® the second
layer was ascribed to the fibrous structure immediately below

the basal cell layer, the interface between epidermis and der-

mis. Our direct comparison of the OCT images with corre-

sponding CLSM data, however, shows that the second bright &
reflecting band is located much deeper below the epidermal
basal layer and can be ascribed to scattering of light at the
fibrous structure in the dermis. Possibly the signal is caused 9.

by the interface between the papillary and reticular dermis.
Our analysis suggests that the mark@gct, measured with
OCT corresponds with thelD obtained by CLSM. In other
words, the second light-reflecting layer in OCHig. 1) is due

to scattering at collagen fibers in the dermis, of which the
structure and location can also be observed with CL&H.

3).

5 Conclusion

OCT and CLSM were used to characterize noninvasive age-

related changes in human skimvivo. In two groups of vol-
unteergyoung: 19—-24 and older: 54—57 yeanseasurements
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were performed on the volar forearm and temple. From the
images several parameters were obtain@tic, dgmin,

dg max: dpey, UD, and Doct). The overall effect of aging
skin was found to be a significant decreasedin,ax, dpes,

UD, andDoct, whereasdsc anddg i, changed only slightly
with age. Striking structural differences were clearly visible in
the images between the young and older groups, i.e., thick
collagen bundles in younger skin and thin bundles in older
skin.

A direct comparison of CLSM and OCT suggests that the
second bright reflecting layer in OCT corresponds to the deep
bright fibrous layer visible in CLSM. This fibrous layer might
be due to the interface between the papillary and reticular
dermis. A comparison of the two imaging techniques is im-
portant in understanding and interpreting OCT and CLSM
images. Both OCT and CLSM enable vivo noninvasive
characterization of the upper human skin layers.
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