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Abstract. We have developed ultraviolet (UV)- and visible-light one-shot spectral domain (SD) optical coher-
ence tomography (OCT) that enables in situ imaging of human skin with an arbitrary wavelength in the UV—
visible-light region (370-800 nm). We alleviated the computational burden for each color OCT image by physi-
cally dispersing the irradiating light with a color filter. The system consists of SD-OCT with multicylindrical lenses;
thus, mechanical scanning of the mirror or stage is unnecessary to obtain an OCT image. Therefore, only a few
dozens of milliseconds are necessary to obtain single-image data. We acquired OCT images of one subject’s
skin in vivo and of a skin excision ex vivo for red (R, 6504+ 20 nm), green (G, 550 + 20 nm), blue (B,
450 + 20 nm), and UV (397 £ 5 nm) light. In the visible-light spectrum, R light penetrated the skin and was
reflected at a lower depth than G or B light. On the skin excision, we demonstrated that UV light reached
the dermal layer. We anticipated that basic knowledge about the spectral properties of human skin in the
depth direction could be acquired with this system. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10

.1117/1.JB0.20.7.076014]
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1 Introduction

It is important to evaluate the appearance and health of human
skin in the fields of cosmetics and medicine. Skin consists of the
stratum corneum, epidermis, dermis, and hypodermis. Melanin
is in the epidermis, and hemoglobin is in the blood capillaries in
the dermis. It is beneficial to clarify the relationship between
structures in the skin and its appearance for the development
of cosmetics and the fundamental study of skin. Moreover, it
is important to clarify the propagation of ultraviolet (UV)
light, which is ascribed as the cause of skin damage. By cutting
the skin, we can evaluate its structure with stained skin and the
penetration depth of light into the skin from transmittance spec-
tra.! However, it is difficult to evaluate human skin without
injuring it. A nondestructive measurement is needed to measure
the distinctions between each person and the effects of the appli-
cation of cosmetic or pharmaceutical products.

A method based on the diffused spectral reflectivity was
reported to spectroscopically analyze the spatial distributions
of melanin and hemoglobin in human skin.> The spatial distribu-
tion of melanin and hemoglobin can be obtained by assuming a
value for the optical constant of the skin. Techniques for nondes-
tructively observing a tomogram of skin include: magnetic reso-
nance imaging, supersonic waves, x-ray computed tomography,
and optical coherence tomography (OCT). Among these, OCT is
the best method to observe the stratum corneum (approximately
10-um thickness), the epidermis (100-um thickness), and the
superior part of the upper layer of the dermis (300-um thickness)
at an appropriate resolution. OCT is an imaging method using
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light interference.>® OCT was developed in the 1990s and has
been applied to an examination of the fundus. As for the source
of light, near-infrared (NIR) light (1.3 xm) is mainly used. It has
been reported that the OCT image changes when a cosmetic prod-
uct is applied to human skin in real time.” However, the use of
visible light is preferred instead of NIR light to evaluate the
appearance and impression of a person.

In recent years, the OCT using visible light has been
reported. Full-field (FF) OCT using red (R), green (G), and
blue (B) light-emitting diode light sources was reported,
which measures the application thickness of foundation and
the change in the reflection of each color caused by the appli-
cation of foundation.® It is necessary to operate a sample stage
for measurement by FF-OCT; thus, a skin replica was substi-
tuted. In other reports, in vivo human skin images were obtained
by FF-OCT with a high resolution (approximately 1 gm).° It is
necessary to physically maintain the same measurement point in
human skin with a cover glass during the measurement. With the
application of moisturizer, the refractive-index matching
between the stratum corneum and the cover glass changed,
and the imaging depth of tomography increased. It is difficult
to evaluate the skin with cosmetics in its natural state because
of the cover glass. Only red—NIR light was used for measure-
ment, and images with B and G light were not obtained. In other
reports, an in vivo albino mouse was measured by Fourier-
domain (FD) OCT (SD-OCT) with a broadband visible-light
source and after the measurement, the data were spectrally dis-
persed to each color with a calculation.'” In the blue-light
region, the short wavelength side (approximately 400 nm
near the UV region) was not measured. The measurement of
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a human finger by SD-OCT using a superluminescent diode
with wavelengths of 680, 840, or 930 nm has been reported.'!
In another report, a broadband visible-NIR light source was
used without spectroscopic dispersion to achieve a high
depth resolution.'? Therefore, there are no reports on visible-
light OCT for the systematic evaluation of a tomogram of
human skin with RGB light owing to a problem with the method
of measurement of OCT and the wavelength range of the light
source. In addition, there are no reports on OCT of human skin
within the UV-light region.

In this report, we developed a system to obtain OCT images
of human skin nondestructively using light in the UV-visible
(370-800 nm) range with a color filter and one-shot OCT.!>!4
We obtain the tomograms for R, G, B, and UV lights of human
skin.

2 Method

2.1 System

The optical system for UV- and visible-light one-shot SD-OCT
is shown in Fig. 1. The light source (an ultrabroadband super-
continuum laser, SC400, Fianium) has a wavelength ranging
from 370 to 2400 nm, a pulse width of 6 ps, and a repetition rate
of 40 MHz. Light is fixed at the central wavelength of any vis-
ible level and with wavelength width by a color filter. The source
light beam is split into two beams—the sample light beam and
reference light beam—by a quartz substrate beamsplitter. The
sample light beam is linearly focused on human skin by an ach-
romatic cylindrical lens (CL1). We use CL3 behind the quartz
substrate for the object lens in the y direction of human skin. We
use a beam expander (BE) to improve the resolution in the y
direction by increasing the magnification ratio of the image.
Light propagates into the spectrometer through an image lens.
The two-dimensional (2-D) signal in the y direction of human
skin and the spectrum is obtained by a spectroscope and a 2-D
charge-coupled device. We adopt SD-OCT in this system. The
optical power of the detected interference light is expressed as

follows:'>1°

I(k) = Ir(k) + 2\/ Is(k)lr(k)zan €os (kzn) + Is(k)’

ey
Supercontinuum light source
(370-2400 nm)
Color filter
Skin Quartz plate
Spectrometer
+2D-CCD

Reference mirror

Fig.1 Ultraviolet(UV)- and visible-light one-shot spectral domain opti-
cal coherence tomography (SD-OCT) system.
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where I (k) and I,(k) are the wavenumber-dependent intensities
of the sample and reference light beams, respectively, and & is
the wavenumber. The second term on the right-hand side of
Eq. (1) represents the interference between the sample and refer-
ence light beams. a,, is the square root of the sample reflectivity
at the depth z,,. The information in the depth direction of the
sample is obtained by an inverse Fourier transform of Eq. (1) as

FT-1 ()P = T2(2) ® {5(0) + Y @ - z,)
FY s ol o

where I'(z) represents the envelope of the coherence function.
The first term in the curly braces expresses the autocorrelation
function of the reference light. The second and third terms
express the interference of the sample light and reference
light, which gives us information related to the depth direction
in the sample. The fourth term expresses the autocorrelation
function noise. The system, consisting of SD-OCT with multi-
cylindrical lenses, allows us to obtain a single image by a one-
shot measurement whose time is only a few dozens of millisec-
onds. Therefore, we can nondestructively and noninvasively
obtain a tomogram of human skin.

2.2 System Performance

Figure 2 shows the spectrum of light that was used for the OCT
measurement of human skin in this study. The wavelengths of
the R, G, B, and UV lights are 650 £ 20, 550 £ 20, 450 £ 20,
and 397 £ 5 nm, respectively. The light intensity is approxi-
mately 1 mW/cm? for R, G, or B light and approximately
5 uW/cm? for UV light. The depth resolution for OCT is
given by 2 x [In(2)/x] x (A2/nAl) in theory, where 1 is the
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Fig. 2 Light spectra transmitted by a single-color transmittance filter:
(@) R, (b) G, (c) B, and (d) UV light.
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central wavelength, n is the refractive index, and A4 is the spec-
trum width of the light source. The depth resolution improves as
A is decreased or A4 is increased. The theoretical depth resolu-
tion in air was 9.3, 6.7, 4.5, and 14 um in reference to R light, G
light, B light, and UV light, respectively. The transverse reso-
lution was approximately 6 pgm, which was acquired from an
USAF 1951 resolution target.

3 Results
3.1 Validation

Figure 3 shows the absolute-squared interferograms of light,
which were obtained by a fast Fourier transform of the spectra
in Fig. 2. The half bandwidth for the peak in air was 7.7 ym in
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Fig. 3 Absolute-squared interferograms of the light spectra in Fig 2:
(@) R, (b) G, (c) B, and (d) UV light.

Film A ! 0
% 100
Film B
Film C 2 200
2 300
5
2 400
(=)
500
600

W

600 tim

NN Lk

@

reference to R light, 5.3 ym in reference to G light, and 3.6 ym
in reference to B light. We accurately estimated the depth res-
olution for R, G, and B light almost as planned. As for UV light,
the half bandwidth for peak in Fig. 3 was 5.0 ym, which was
very narrow compared to the theoretical depth resolution.
Meanwhile, the bottom of the spectrum in Fig. 3 was broad.
This was thought to be due to the deviation in the UV light spec-
trum in Fig. 2 from an ideal Gaussian distribution.

Figure 4 shows an example measurement of a multilayered
film with R light (698 & 32 nm). We measured the reflection of
light from the surface, boundary faces, and reverse face of the
film. Assuming that the refractive index of the sample is 1.5, the
half bandwidth for the peak in Fig. 4(c) was estimated to be
~4 pm, which is approximately the same as the theoretical res-
olution with R light (698 £ 32 nm). The maximum measure-
ment depth was approximately 600 ym. The measurement
time was 100 ms on average because the sample did not
move during the measurement.

3.2 Red Green Blue Tomography of Live Human
Skin

Figure 5 shows a tomogram of live human skin (the back of the
left arm, skin phototype III, 36 years old) for each RGB color.
The measurement time was 20 ms. For a comparison of the
tomograms of each color, the brightness of each tomogram
was divided by the peak intensity of the spectrum of the
laser source with each color filter in Fig. 6 for normalization.
The peak intensities depended on the overall system perfor-
mance including the intensity of the laser source, the transmit-
tance of the color filter, and the sensitivities of the spectroscope
and detector. In Fig. 5, we can observe an irregularity in the skin
surface and the stratum corneum, the epidermis, and the upper
layer of the dermis.!” The imaging depth of R light was greater
than 200 um in Fig. 5(a). The signal from the dermis is higher
than that from the epidermis because of the large scattering of
light by fibrous tissue such as collagen in the dermis. The signal
of the G light was mainly observed within the depth of approx-
imately 150 um from the surface of the skin in Fig. 5(b). The
signal of the G light from the dermis was smaller than the signal
of the R light from the dermis because G light was absorbed by
the hemoglobin in the blood capillaries in the dermis. B light
was mainly reflected from a depth of less than 100 ym in
Fig. 5(c). This is mainly because B light is absorbed by the
melanin in the epidermis, which has a larger coefficient of
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Fig. 4 Example measurement of a multilayered film. (a) Schematic of the film. The numbers indicate
the boundaries. (b) Tomogram of the film. The brightness corresponds to a logarithmic scale.

(c) One-dimensional profile of the tomogram.
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Fig. 5 RGB tomography of live human skin: (a) R light (650 + 20 nm), (b) G light (550 + 20 nm), and
(c) B light (450 + 20 nm). The brightness corresponds to a linear scale.

absorption in the wavelength region of B light than G and R
light. To our knowledge, these are the first tomographic images
of live human skin with R, G, and B lights. This makes it pos-
sible to discuss the differences in the imaging depth of each
color. We attributed the differences in the imaging depth to
the absorption by the pigment cells in human skin.'3!°

Averaged intensity (a.u)

005 T T T T T T

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 6 Spectra of the laser source with each color filter. The intensity
of each position (y-direction) was averaged. The dashed line is the
Gaussian curve.
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R light deeply penetrated the skin and was reflected from
various depths in the skin. Therefore, in daily life, R light is
considered to make mottled points and wrinkles on the surface
of the skin less noticeable by the soft focusing effect in the depth
direction. On the other hand, B light was reflected from the skin
at more shallow depths. Therefore, B light is considered to
emphasize mottled points and wrinkles on the surface of
the skin.

3.3 Ultraviolet Tomography of a Skin Excision

The entire protocol was approved by the institutional review
board at the Fujifilm Co. Figure 7(a) shows a stained skin exci-
sion (female, Caucasian, abdomen, 38 years old, BIOPREDIC).
The epidermal thickness was approximately 100 ym. A tomo-
gram of the skin excision with UV light (397 4+ 5 nm) is shown
in Fig. 7(b). The locations of measurement for Figs. 7(a) and
7(b) are different. The intensity of the UV light is much smaller
than the visible-light intensity, so we removed BE in Fig. 1 to
increase the detected intensity. The resolution in the y direction
decreased as the detected intensity increased. We changed the
grating of the spectrometer from 1200 to 2400 L/mm to
increase the measurement depth by improving the wavelength

500 1000 1500 2000
Position (um)
(b)

Fig. 7 (a) Stained skin excision. (b) Tomogram of the skin excision, which is the same as (a) with UV light
(397 £ 5 nm). The locations of measurement for (a) and (b) are different. The brightness corresponds to

a logarithmic scale.
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resolution. The intensity of the UV light is much smaller than
the intensity of sunlight.

In Fig. 7, scattered light from a depth of approximately
200 pm from the surface of the skin was observed. On one sub-
ject, we demonstrated that UV-A light reached the dermis with
tomography. UV-A light (320-400 nm) is said to reach the der-
mis and causes aging such as the appearance of creases.”’ The
penetration depth was simulated with various laser wavelengths
and skin model types.?"?? In the simulation, for fair or very fair
skin, less than 15% of the UV-A light (365 nm) was simulated to
penetrate a depth of 200 ym.?> The OCT system could detect
light that penetrated a depth of 200 pm, decayed to less than
15% in intensity, and scattered back. When the epidermal thick-
ness was assumed to be 100 ym, the relative intensity integrated
over the entire dermis and the total amount of backscattered light
was calculated to be approximately 20%. The simulated trans-
mittance of the skin heavily depends on the skin type, so we
need to measure the various skin types in detail.

4 Conclusion

We developed one-shot SD-OCT that allows for nondestructive
observation of a tomogram of human skin for each wavelength
region of the UV-visible-light (370-800 nm) spectrum. The
OCT images of human skin for R, G, B, and UV lights were
measured. In the visible-light spectrum, R light penetrated
the skin and was reflected from a lower depth than G or B
light. R light is considered to make mottled points and wrinkles
on the surface of the skin less noticeable. On the other hand, B
light is considered to emphasize the mottled points and wrinkles
on the surface of the skin. On one subject, we demonstrated that
UV light (397 &5 nm) reached the dermis of the skin with
tomography.

The system consists of SD-OCT with multicylindrical lenses;
it takes only a few dozens of milliseconds to obtain a single
image. Therefore, there is no need to physically maintain the
same measurement point in human skin during the measure-
ment. We anticipated that we could evaluate the effect of the
application of cosmetics and pharmaceutical products to
human skin.
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