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Abstract: A set of fully automated algorithmsthat is specialized for ana-
lyzing athree-dimensional optical coherence tomography (OCT) volume of
human skin is reported. The algorithm set first determines the skin surface
of the OCT volume, and a depth-oriented algorithm provides the mean
epidermal thickness, distribution map of the epidermis, and a segmented
volume of the epidermis. Subsequently, an en face shadowgram is produced
by an agorithm to visualize the infundibulain the skin with high contrast.
The population and occupation ratio of the infundibula are provided by a
histogram-based threshol ding algorithm and a distance mapping algorithm.
En face OCT dlices at constant depths from the sampl e surface are extracted,
and the histogram-based thresholding algorithm is again applied to these
dices, yielding a three-dimensional segmented volume of the infundibula.
The dermal attenuation coefficient is also calculated from the OCT vol-
ume in order to evaluate the skin texture. The algorithm set examines
swept-source OCT volumes of the skins of several volunteers, and the re-
sults show the high stahility, portability and reproducibility of the algorithm.
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1. Introduction

Histopathological study is an important part of dermatology, and optical coherence tomog-
raphy (OCT) [1] has been widely employed in this field [2]. It has been reported that the
stratum corneum and a dermal-epidermal junction are evident in OCT images [3-5]. Further
appendages such as hair follicles, sebaceous glands, and sweat glands are also visible in these
images [2, 6, 7]. Polarization-sensitive OCT [8], which may contrast the birefringence in hu-
man skin, was also applied in fundamental dermatological studies such as the investigation of
the burnt tissue of porcine and rat skin [9, 10], where the collagen fibers in skin are denatured,
thereby the birefringence are changing. Doppler OCT was also applied to skin investigationsin
order to visualize the blood flow under the skin [11,12]. Further, the variation of the blood flow
of aport-wine stain skin was also investigated [13].

In cosmetic science, in contrast to dermatology, it isvery important to investigate the relation-
ship between surface morphology, e.g., wrinkles, skin texture, and facial pores, and the internal
structures of the skin. Wrinkles, for example, are considered to have acorrelation with the struc-
ture of the basement membrane[14] and collagen fibers [15]. Thus far, video-microscopes[16]
and a replication method [17] have been employed for the observation of surface morphology,
while confocal microscopes [18], ultrasound tomography, and OCT [19] have been applied for
noninvasive investigations of the internal structures. However, the depth measurement range
of a confocal microscope, which has a higher spatial resolution than OCT, is limited. The res-
olution and image contrast of ultrasound tomography are not sufficient to recognize the indi-
vidual structures of the skin [19]. OCT has a higher depth measurement range than confocal
microscopes, and has a higher resol ution than ultrasound tomography. However, in reality, con-
ventional time-domain (TD-) OCT is only capable of two-dimensional tomographic imaging
and is not sufficient for the three-dimensional morphological investigations including surface
morphology and internal tomography.

Fourier domain optical coherence tomography (FD-OCT), which is also referred to as spec-
tral domain optical coherence tomography (SD-OCT) [20, 21], is a promising alternative to
TD-OCT because of its higher measurement speed [22, 23] and sensitivity [24-27] than TD-
OCT. While spectrometer-based 830 nm band SD-OCT is a booming technology for retinal
imaging [23,28], 1.3 um band is more suitable for use in dermatology and cosmetic science
because of its deeper penetration than 830 nm band. However, a spectrometer-based 1.3 um
SD-OCT [29,30] requires a line detector array that is sensitive to this band, and this line de-
tector array is expensive and the options are limited. Swept-source (SS-) OCT [31-37], which
is based on wavelength-resolved interferometry involving a wavelength scanning laser source
and a point photo-detector, is emerging as an aternative to the spectrometer-based 1.3 um
SD-OCT. Recently, high-speed scanning light sources have been developed [33-35, 38], and
SS-OCT systems employing these scanning light sources are applied to high-speed [32, 35, 36]
and three-dimensional [36, 37] in vivo investigations. In this study, a custom built SS-OCT
system [36] was employed for the three-dimensional tomographic imaging of in vivo human
skin.

For cosmetic studies, we have focused on the investigation of infundibulain human facial
skin. An infundibulumis a part of the sebaceous follicle, whichis atype of hair follicle, and is
attached to the ducts of the sebaceous glands[39]. It has been reported that the morphol ogy of
the infundibulum of a sebaceousfollicle in the human face is closely related to the size of the
sebaceous glands and the growth of acne[39]. Hence, the evaluation of the size and distribution
of infundibulais a fundamental topic in cosmetic studies. Although infundibula are visible in
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Fig. 1. A schematic of the SS-OCT system (left) and an example of the OCT volume of
forehead skin in vivo (right). In the schematic, HSL is the high-speed wavel ength scanning
light source; C, the circulator; RM, the reference mirror; OL, the objective; and BR, the
balanced photo-receiver.

OCT images|[2], it is difficult to evaluate them morphol ogically because their two-dimensional
images have a poor contrast. However, the morphological evaluation and screening study of
infundibula are still interesting topics in the field of cosmetic science, and it is essential to
develop an objective and automated method to contrast the infundibulafrom the OCT images.

This paper presents an algorithm that extracts the characteristic parameters and morphol ogi-
cal structures of infundibulafrom athree-dimensional OCT image. This algorithm providesthe
mean thickness and thickness map of the epidermis, an en face shadowgram that enhances the
contrast of the infundibula, the popul ation and occupation ratio of the infundibula, and the der-
mal attenuation coefficient. The segmented volumes of the epidermis and infundibula are also
provided by the algorithm. This algorithm is applied to the OCT volumes of human forehead
skin and provides the characteristic parameters with regard to cosmetic science. The interpre-
tations of these parameters with regard to cosmetic science are discussed. The algorithmis also
applied to human cheek and human forearm skin to evaluate the portability of the algorithm.
The reproducibility of the algorithm and a comparison between this algorithm and a simplified
algorithm are also discussed.

2. Optical coherencetomography system

A schematic of the SS-OCT system used for human skin measurementsin this study isshownin
Fig. 1 (Ieft). Thelight sourceis a high-speed wavel ength scanning light source (HSL-2000, Ver.
1.0, Santec), which employsan external cavity with a polygon scanner for wavel ength scanning.
Thelight source has an A-scan rate of 20K Hz, a central wavelength of 1.31 um, and a scanning
bandwidth of 110 nm. The interferometer is a fiber-based Mach-Zehnder interferometer with a
10/90 coupler, two circulators, and a 50/50 coupler. A probe unit, which is attached to one of
the circulators, consists of afiber collimator lens (11 mm focal length, Thorlabs, Inc.), a two-
axis galvano mirror (Cambridge Technology), and an achromatic doubl et objective lens (60 mm
focal length, Thorlabs, Inc.). The maximum probe beam power is 3.0 mW, which is sufficiently
below the ANSI safety standard [40]. A reference unit, which is attached to the other circulator,
comprises a collimator lens, an achromatic doublet lens, and a static gold-protected mirror.
The light beams reflected from the probe and the reference unit are combined by the 50/50
coupler and detected by an InGaAs balanced photo-detector (PDA10BI, Thorlabs, Inc.). As
the wavelength scanning of the light source, a spectral interferometric signal is obtained. This
detected spectral interference signal is amplified by an RF amplifier and sampled by an analog-
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Fig. 2. A B-scan of an OCT volume. The green points indicate the maximum intensity
points along the depth, and the red curve indicates the surface determined by the algorithm.

Fig. 3. A realigned B-scan (left) and the corresponding OCT volume (right). All the A-
scans are realigned to flatten the sample surface. The green line and the green box indicate
the flatten sample surface.

to-digital (A/D) converter. The digitized interference signal is rescaled to a frequency-even
domain, and digital inverse Fourier transform yields a single A-scan (A-scan). The maximum
sensitivity of our SS-OCT system is 112 dB and the depth resolution is 11.7 um.

For three-dimensional tomography, the two-axis galvano mirror performs a two-dimensional
raster scan on the probe. This SS-OCT has been previously described in detail [36].

In the measurements, we examine the human forehead skin in vivo with ameasurement range
of 4.0 mm (horizontal) x 4.0 mm (vertical) x 6.1 mm (depth) corresponding to 200 pixel x
200 pixel x 1024 pixel OCT volume, and its measurement time is 2 s. An example of the
three-dimensional OCT volumeis shownin Fig. 1 (right).

3. Methods

To examine the three-dimensional OCT images obtained by the abovementioned SS-OCT sys-
tem, a set of algorithms was developed. From the algorithms, the following are obtained: seg-
mented epidermis, a two-dimensional epidermal thickness map, the mean epidermal thickness,
a shadowgram of infundibula, the occupation ratio and population of the infundibula, three-
dimensional segments of the infundibula, and the dermal attenuation coefficient. In this section,
we describe the algorithmsin detail.

3.1. Surfacedetection

The first step of our algorithm is the surface detection of the OCT volume of the human skin.
To determine the sample surface, the algorithm first locates the maximum intensity points of
all the A-scans in a logarithmic cross-sectional image (B-scan), where the B-scan has been
median-filtered by a5 x 5 kernel. The intensity peaks corresponding to peak intensities greater
than m, + o, or lower than mp — o are rejected, and a 6th-order polynomial fits the remainder.
Here, mp is the mean peak intensity in the B-scan, and op is the standard deviation of the peak
intensity. This procedure is applied to al the B-scans of an OCT volume. The fitting curves
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Fig. 5. (a) The distribution of epidermal thickness (epidermal thickness map), and (b) the
detected surface and dermal-epidermal junction in a B-scan, where the red curve indicates
the surface of the skin, and the blue curve indicates the dermal-epidermal junction.

form a surface, and the surface is then transversally sliced perpendicular to the B-scan, and a
6th-order polynomial again fits the cross-sections of the surface to smooth the result and yield
aresulting surface profile as shown in Fig. 2. Subseguently, all the A-scans of the OCT volume
are realigned to flatten the surface as shown in Fig. 3, and this realigned volume is considered
for al the following algorithmsin this study.

The standard deviation of the departures of the polynomial from the peak positions might
provide a measure of the accuracy of the surface detection. In our examples, the standard devi-
ation wastypically 15 um, which is close to the depth resolution of our SS-OCT.

3.2. Thickness map and segmentation of epidermis

The algorithm then determines the thickness di stributi on map and the mean thickness of the epi-
dermis, which areimportant in cosmetic science and dermatol ogy. Subsequently, the epidermis
is segmented from the OCT volume by using the epidermal thickness map.

First, in the realigned OCT volume, neighboring 3 x 3 A-scans are moving-averaged to
reduce speckle noise. In the averaged A-scan, the position of the local intensity minimum be-
tween the surface and thefirst intensity maximum under the surfaceis detected, and the distance
between the surface and the local intensity minimum is defined as the epidermal thickness as
shownin Fig. 4. Thisoperationis applied to all the A-scans, resulting in an epidermal thickness
map shown in Fig. 5(a), where the thickness values are adjusted by using a refractive index of
1.38. The epidermal thickness distributions of each B-scan are fitted with 6th-order polynomi-
als to prevent spike noise, and the fitting results are averaged and provide the mean epidermal
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Fig. 6. (&) An example of a B-scan. The red curve indicates the detected surface and the
red area indicates the domain of integration. (b) An example of the en face shadowgram;
white corresponds to low signal intensity and black corresponds to high signal intensity.
The white spots indicate the infundibula. (c) The histogram of the shadowgram (b). Pixel
intensities are normalized by the mean and standard deviation of the histogram. The dis-
tributions under the red line (10% of the maximum) were not considered while calculating
the mean and standard deviation. (d) A binary map of the distribution of the infundibula.
(e) Thered circles indicate the island spots detected as circles by the Danielsson distance
mapping agorithm. The circles are superimposed on the shadowgram (b).

thickness. Subsequently, this thickness map is employed to segment the epidermis from the
OCT as shown in Fig. 5(b).

3.3. Shadowgramand statistic properties of infundibula

In the OCT images, an infundibulum appears as a low signal intensity segment because of its
weak scattering property [2]. In our agorithm, the distribution of the infundibulais analyzed
by an en-face-oriented algorithm.

In this algorithm, the OCT volume that isfirst realigned to flatten the surface as described in
section 3.1, isintegrated along the depth from 100 um to 300 um on alinear scale, where these
depths are adjusted by using a refractive index of 1.38. The integration areais indicated by the
red belt in Fig. 6(a). Thisintegration providesan en faceimage of theinfundibulawith enhanced
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contrast as show in Fig. 6(b). Thisimage is similar to the shadowgram demonstrated by Jiao et
al. for contrasting retinal vessels [42]. Because the infundibula appear as low signal intensity
segments in the OCT image, the low intensity (white) spots in the shadowgram correspond to
the infundibula.

The histogram of the shadowgram with 2000 bins is then employed to determine the thresh-
old in order to obtain a binary contrast of the infundibula. An example of the histogram is
shown in Fig. 6(c). Because the infundibula exhibit weak scattering, the side lobe of the low
intensity pixelsindicated by an arrow correspondsto the infundibula. The mean (my,) and stan-
dard deviation (op) of the histogram are then calculated; the side |obes below the 10% of the
maximum of the histogram (the red line in the figure) are not considered to calculate the mean
and the standard deviation. The threshold s for segmenting the infundibulais determined as

S=my— aoh )

where ¢ is a constant dependent on the region of measurement. For forehead skin, c is 1. This
threshold and the shadowgram provide an en face binary map of the infundibula as shown in
Fig. 6(d), and the binary map provides the occupation ratio of the infundibula.

Subseguently, the Dani el sson distance mapping algorithm [43], which detects theisland spots
inabinary imageascircles, is applied to the binary map. The circles detected by the Daniel sson
distance mapping algorithm are superimposed on the shadowgram as shown in Fig. 6(e). The
low intensity island spots (white spots) on the binary map correspond to the infundibula, hence,
the given circles also correspond to the infundibula. Finally, the population of the infundibula
is obtained by this mapping algorithm.

3.4. Three-dimensional segmentation of the infundibula

Recently, a B-scan-oriented segmentation algorithm was successfully demonstrated for reti-
nal OCT [44, 45]. The important structures of the retina are mostly depth-oriented layers, and
it is reasonable to apply such a B-scan-oriented segmentation algorithm. On the other hand,
infundibula are immersed in the skin as isolated spots, hence, it is difficult to segment them
by the B-scan-oriented algorithm. Furthermore, a B-scan-oriented thresholding segmentation
algorithm is not always suitable, although the infundibula exhibit aweaker scattering than oth-
ers parts of skin, because the depth-dependent signal decay of an OCT image due to sample
scattering disturbs this threshol ding. Therefore, we employed an en-face-oriented thresholding
method to segment the infundibula, where each en face image is extracted from the realigned
OCT volume, and has a constant depth from the surface.

In this segmentation, an en faceimage at a particular depth from the surfaceis extracted from
the OCT volume. A histogram-based thresholding method, which is identical to the method
described in section 3.3, is applied, and the threshold is obtained. From the threshold, a bi-
nary mask to segment the infundibula at this depth is obtained. This thresholding algorithm
is applied to the en face images at every depth of the OCT volume, and this finally yields a
three-dimensional binary mask to extract the infundibulafrom the OCT volume.

Based on this three-dimensional binary mask and the epidermal segmentation described in
section 3.2, three segments of the skin can be distinguished from a single OCT volume. Fig-
ure 7(a) and its movie show sequences of B-scans extracted from an OCT volume. The upper
image is the original OCT image and the lower image is the segmented OCT image by the
above-mentioned procedure in which the blue area indicates the epidermis and the green areas
indicate the infundibula. The infundibula are visible in the original OCT image as low scat-
tering regions [2], and the correspondence between the infundibula in the origina OCT and
those of automatically segmented OCT are evident in the movie. Figure 7(b) shows the corre-
sponding shadowgram. Figure 8(a) shows a non-segmented OCT volume and Fig. 8(b) shows
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Original OCT

Segmented OCT

Fig. 7. (@) A B-scan of the original OCT volume and that of the segmented OCT volume.
The white arrows and the green spots indicate the infundibula. (b) Corresponding shadow-
gram. Click the figure (a) to see amovie (2.4 MB).

Scale bar: 1 mm x 1 mm

Left Right
(d) (e)

Fig. 8. () The original OCT volume, (b) a segmented OCT volume, and (c) the top view
of the segmented OCT volume. The blue, green, and orange volumes in the right figure
correspond to the segments of the epidermis, infundibula, and the remaining volume, re-
spectively. In (c¢), the infundibula are superimposed on the epidermis. (d) A stereogram of
(b) for three-dimensional understanding of the structure. (€) A sebum absorbent tape im-
age. The white spots represent the absorbed sebum. Click the figure (b) to see amovie (1.9
MB).
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Fig. 9. An example of the attenuation curve. The portion of the curve between the bluelines
isfitted by alinear line to obtain the attenuation coefficient.

the corresponding segmented OCT volume, where the epidermis (a blue volume), infundibula
(green volumes), and remaining volume (an orange volume) are shown at different positions
with different color maps. Figure 8(c) is the top view of the volume of Fig. 8(b), where the in-
fundibula are superimposed on the epidermis. Figure 8(d) is a stereogram of Fig. 8(b) for three
dimensional understanding of the structure.

3.5. Dermal attenuation coefficient

We determined the dermal attenuation coefficient from the OCT volume. For this purpose, all
the A-scans of the realigned OCT volume are averaged on a linear scale. The averaged A-
scan is represented by a logarithmic scale as shown in Fig. 9, and a linear line fits a portion
of the A-scan. This portion has a depth of 200 um and starts from a 120 um in depth to the
second maximum peak (see Fig. 9). This portion corresponds to the reticular dermis, while
the superior 120 um-thickness layer corresponds to papillary dermis, where the depth values
are again adjusted by using a refractive index of 1.38. This fitting line provides the dermal
attenuation coefficient it as

1(2) o e 2(u+tuocr)z 2

where z is the depth position and | (z) is the signal intensity of the averaged A-scan. tocr iS
a system attenuation coefficient dominated by the resolution of spectral sampling of SS-OCT
and the instantaneous linewidth of the wavelength scanning light source, andis 1.7 cm ~L in our
SS-OCT [36]. The dermal attenuation coefficient is related with the absorption coefficient and
the scattering coefficient of the dermis, and can be considered as a measure of the translucency
of skin [47].

4. Measurementsand results

4.1. Segments and shadowgrams

To validate this method, we examined five volunteers. The subjects are Asian males whose ages
range from 22 to 44, and the forehead skins of these subjects are measured by SS-OCT. Figure
10 shows the shadowgrams, and the segmented volumes of the epidermis, the infundibula and
the remaining volumes of the three representative subjects. For all the calculations, the parame-
ters of the algorithm do not change. The high stability of this automated algorithmis reflected
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Fig. 10. Shadowgrams and segmented OCT volumes of the forehead skin of three repre-
sentative subjects.

in the results, and this method might be applicable to large-scale studies.

The epidermal volumes provide intuitive understanding of epidermal thickness and surface
morphology. The shapes and distributions of the infundibula are evident from the segmented
volumes. The shadowgrams give the distributions of the infundibula, and the individual varia-
tions of the distribution are evident.

On the epidermis of subject-(B), the hollows on the surface are evident as shown in Fig.
10. The infundibula co-localizing at the hollows are observed in the corresponding segmented

volumes of the infundibula.

4.2. Characteristic parameters

Table 1. The mean epidermal thicknesses, populations and occupation ratios of the in-
fundibula, and dermal attenuation coefficients of the five subjects.

Mean epidermal  Infundibulum Infundibulum Dermal attenu-
thickness (um)  population occupationratio  ation coefficient
(cm™?) (%) (em™)

Subject 1 100 + 28 225 20.9 31.7
Subject2 90+ 8 194 19.9 20.5
Subject3 100+ 3 181 21.6 24.8
Subject4 100 + 29 181 20.3 275
Subject5 90+ 10 188 224 31.9
Mean 98 194 21.0 27.3

The characteristic parameters of the five subjects are shown in Table 1. The epidermal thick-
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nesses are adjusted by using arefractiveindex of 1.38. The obtained epidermal thicknesses[41],
the populations of the infundibula[39], and the dermal attenuation coefficients[47] arein good
agreement with previously reported values. The populations of the infundibulawere also man-
ually counted from the original OCT volumes, and the root-mean-square error between the
manually counted val ues and the automatically counted values was 18.8%. Taking the errors of
the manual count into account, it is reasonable to think that the automated algorithm correctly
determines the population of infundibula.

5. Discussions

5.1. Dermatological interpretations of the segments and parameters

It is known that the size of an infundibulum is related to that of a sebaceous gland, and the
structural changes of an infundibulum accompany the growth of acne [39]. Thus, the structural
observation of infundibulawith sesgmented OCT volumeswill be auseful tool for understanding
these dermatological dynamics.

Sebaceous glands are classified into two types: active and inactive. The active gland secretes
sebum while the inactive gland does not. The distribution of the infundibula measured by our
method is related to both active and inactive glands. This distribution and the distribution of
active glands measured by other method, such as a sebum absorbent tape, will contribute to
understanding the dynamics of sebum secretion. Figure 8(e) shows an example of the sebum
absorbent tape (Sebutape, CuDerm Corporation, Texas) image of human forehead skin of close
area of the OCT measurement in Figs. 8(a)-(c). The difference of the populations of the spots
between the sebum absorbent tape image and the segmented volume/shadowgram may account
for the popul ation difference between the active and inactive glands.

Itisknown that secreted sebum is stored in the ducts of sebaceous glands and the infundibula.
Therefore, theinfundibulum occupation ratio might have arelation with the rate at which sebum
isre-formed on the face after washing.

It has been reported that due to cutaneousinflammatory diseases, the epidermisthickens[47]
and the stratum corneum becomes abnormal [46]. Hence, the mean epidermal thickness can
be considered as a quantitative parameter for skin diagnosis, and two-dimensional epidermal
thickness maps will help in understanding the mechanism of development of cutaneous inflam-
matory diseases.

It has been reported that the scattering coefficient is altered by the exposure to ultraviolet
radiation [48]. Since the dermal attenuation coefficient obtained in section 3.5 is well related
with the scattering coefficient, it might be useful to study the photoaging of skin.

5.2. Portability of the algorithm

To examine the portability of this algorithm, we applied it to forearm skin and cheek skin. o in
Eq. (1) is selected as 2 for the forearm skin and 0.5 for the cheek skin.

The agorithm was successfully applied to several OCT volumes of the forearm skin and
the cheek skin. Table 2 shows some examples of the charateristic parameters of the forearm
skin and the cheek skin, and Fig. 11 shows examples of shadowgrams and the segmented OCT
volumes. In the measurements, the forearm rests on a glass plate in order to fix the position
to be measured. The shadowgram and the segmented volume of the infundibula show that the
population of theinfundibulaof the forearm skinis considerably lower than that of the forehead
skin and the cheek skin as previousely reported [39]. The mean infundibulum population of
the forearm skin of the five subjects is automatically counted as 44 4+ 20 counts/cm? by the
agorithm, which agrees with the previousely reported value of 50 counts/cm? [39]. From the
shadowgram and the infundibulum segments of the cheek skin, it is evident that both small and
big infundibulaexist on the cheek.
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Table 2. The mean epidermal thicknesses (MET), the infundibulum populations (IP) and
infundibulum occupation ratios (OP) of the five subjects.

MET (um) IP(cm~2) OP (%) MET (um) IP(cm~?) OP (%)

Forearm Cheek
Subject1 70+ 20 25 3.9 100 + 30 369 338
Subject2 63+5 8l 8.9 60 + 23 435 351
Subject3 65+5 38 7.9 60 + 30 462 35.6
Subject4 96+ 4 31 4.8 90+ 20 344 34.3
Subject5 76+ 6 44 6.1 70+ 20 462 35.6
Mean 72 44 6.3 76 412 34.7
Shadowgram Epidermis Infundibula Remaining

Fig. 11. Shadowgrams and segmented OCT volumes of the forearm skin and the cheek
skin.

5.3.  Reproducibility of the algorithm

Table 3. The mean epidermal thicknesses, populations and occupation ratios of the in-
fundibula, and dermal attenuation coefficients of a single subject. The measurements were
repeated ten times, and the unbiased standard deviations of each parameter are also shown.

Mean epidermal  Infundibulum Infundibulum Dermal attenu-
thickness (um)  population occupationratio  ation coefficient
(em? (%) (em™)
Forehead 98.3+ 5.7% 239 + 15.6% 19.7+3.2% 34.4+5.3%
Forearm 67.6 + 4.1% 49 + 30.4% 75+ 13.3% 51.6 + 5.2%

Cheek  66.8 + 5.8% 372+ 9.8% 344+ 1.8% 452 + 7.9%

To evaluate the reproducibility of the algorithm, a single subject was examined 10 times.
The size of the measurement area was 4 mm times 4 mm, and the measurement positions were
randomly selected from a 20 mm time 20 mm region. The mean parameters and their unbiased
standard deviations are shown in Table 3.

Most of the standard deviations are around 5% and they are resonably small. The standard
deviations of the populations of infundibula are in the range of 10% to 30%, and are slightly

#10151 - $15.00 USD Received 3 January 2006; revised 20 February 2006; accepted 27 February 2006
(C) 2006 OSA 6 March 2006/ Vol. 14, No. 5/ OPTICS EXPRESS 1875



Forehead Cheek

Fig. 12. Sebum absorbent tape images of the forehead skin and the cheek skin of a subject
of Table 3. The red squares indicate the size of asingle OCT volume (4 mm times 4 mm).

Shadowgram Epidermis Infundibula Remaining

Fig. 13. The shadowgrams and segmented OCT volumes produced by a simplified algo-
rithm. The raw OCT volume isidentical to that of subject (A) shown in Fig. 10.

larger than others. However, the sebum absorbent tape images of the forehead skin and cheek
skin of the subject shown in Fig. 12 indicate the nonuniform distributions of the sebaceous
glands, and it is reasonable to think that the real distribution of the infundibulaitself also has
nonuniformity.

5.4. Constant depth algorithm versus constant delay algorithm

In the method described in sections 3.4 and 3.3, the agorithm used en face OCT dlices at a
constant depth from the surface determined by another algorithm described in section 3.1 in
order to avoid the problems related to the depth-dependent signal decay of OCT images. An
algorithm that uses en face OCT dlices at a constant depth from the zero-delay point, i.e., using
anon-realigned OCT volume, seemed to be asimpler alternative to our algorithm. To compare
these two algorithms, we apply the latter to the OCT volume of subject (A) show in Fig. 10.

Intheresultsshownin Fig. 13, theinfundibulaappear to belocalized in theright upper side of
the shadowgram. Thislocalization is an artifact due to the departure of the sample surface from
a constant delay plane and consequent variation of signal offsets in the en face OCT images.
The result indicates that this simple al gorithm did not work correctly, and it is reasonable to use
our agorithm.

6. Conclusions

A set of fully automated algorithms which was specialized to analyze three-dimensional OCT
volumes of human skin was developed. A surface detection algorithm first determined the sur-
face of the OCT volume, and subseguently, thickness map and the mean thickness of the epi-
dermiswere obtained. An en face shadowgram of the OCT volume, which displaysinfundibula
with higher contrast than conventional OCT images, was produced by an algorithm that uses
the detected surface. A histogram-based thresholding was applied to the shadowgram and this
threshol ding provided a binary map of the distribution of the infundibula. The occupation ratio
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of the infundibulais obtained from the binary map. Circular structuresin the binary map were
obtained by the Danielsson distance mapping algorithm, and it provided the population of the
infundibula. The dermal attenuation coefficient was aso provided from the OCT volume as a
measure of skin texture.

The OCT volume was sliced into en face OCT dlices at constant depths from the sample
surface. The histogram-based thresholding was applied to each individual dice to provide a
three-dimensional segmented volume of the infundibula, while the segmented volume of the
epidermis was obtained by using the epidermal thickness map.

The algorithm set was applied to severa OCT volumes of human forehead skin, and the
high stability of the algorithm set was confirmed. The portability of the algorithm set was also
confirmed by its application to other parts of the human skin, such as forearm skin and and
cheek skin. The reproducibility of the algorithm set was examined by repetitive measurement
of a single subject, and the algorithm set showed reasonable reproducibility. A comparison
between our method and a simple method was also discussed, and this comparison showed the
advantages of our method.

The forehead skins of five volunteers were examined, and the their characteristic parameters
of their skin were in agreement with the previous reports. Dermatological interpretations of the
characteristic parameters were al so discussed.
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