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A Study on Applying Slide-Free Label-Free
Harmonic Generation Microscopy For Noninvasive
Assessment of Melasma Treatments With
Histopathological Parameters
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and Chi-Kuang Sun

Abstract—Melasma, which is thought to be associated with hy-
peractivation of melanocytes, is a common hyperpigmentary skin
disorder. To treat this skin disorder, dermatologists can benefit
from in vivo information of cellular morphometrics to evaluate
pathologies of melasma and effectiveness of treatments. To acquire
this useful information, we applied the in vivo slide-free label-
free harmonic generation microscopy (HGM) to retrieve real-time
HGM images and subsequent critical histopathological parame-
ters. These in vivo quantitative parameters included melanin mass
density (MMD), melanocyte dendricity score (MDS), melanophage
density (MPD), and thickness of dermal papilla zone (DPZ). The
statistical results from 33 recruited Asian female melasma pa-
tients showed that MMD, MDS, and MPD in melasma lesions
were significantly higher than those in the surrounding normal
skin; by contrast, the DPZ was lower. After treatment, the MMD,
MPD, and DPZ restored toward the normal level; however, we
observed no significant change of MDS. Our study indicates that
these parameters are able to serve as clinical indices to evaluate
the histopathological characteristics of melasma patients and the
effectiveness of treatments.

Index Terms—Harmonic generation microscopy (HGM), in vivo
melanocyte activity, melanin mass density (MMD), melasma.
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1. INTRODUCTION

ELASMA, caused by hyperpigmentation of melanin
M and thought to be associated with hyperactivation of
melanocytes, is a common hyperpigmentary skin disorder found
frequently on both sides of the face. Sivayathorn et al. [1], [2]
have observed that the prevalence of melasma in some Southeast
Asian populations can be up to 40% in females and 20% in
males. Histopathologically, melasma is characterized by epider-
mal hyperpigmentation [3], increased number of melanocytes
[3], modification on the extracellular matrix [4], and perivascular
lymphohistiocytic infiltrates [5]. Unfortunately, the exact mech-
anisms of this common skin disorder are not well understood
[6].

Despite the unclear mechanisms, melanocytes, especially
their activity, are generally considered to be the keystone in
the mechanism of melasma. Akabane et al. [6] pointed out
that melasma was thought to be UV-induced or hormone-
induced hyperactivation of melanocytes. According to the past
research with a traditional skin biopsy and the followed suit-
able immunostaining for melanocytes, the number of epidermal
melanocytes [7], staining intensity [7], dendricity [8], and even
activation status [8] in melasma lesions were significantly higher
than those in normal skin. For example, Kang er al. [7] stated
that 47 of 56 cases (84%) showed an increased number of
melanocytes in melasma lesions. These ex vivo histopathologi-
cal parameters of cellular morphometrics, including the number
and dendricity of melanocytes, are considered to be critical
parameters to determine the pathogenesis.

Dermatologists usually diagnose melasma patients by exam-
ining their skin with the naked eye or a Wood’s light, rather
than using invasive biopsy. As concluded by Pandya et al.
[9], Melasma Area and Severity Index (MASI) and mMASI
(modified Melasma Area and Severity Index, a clinical index
defined and modified from MASI) are the most common out-
come measures in clinical examination on melasma. Since it
is with no invasive nature, current studies applied the MASI
or mMASI scores before and after the treatments to evaluate
the effectiveness of the treatments [10]. On the other hand,
MASI or mMASI is a relative and complex score, which is
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dependent on the dermatologists’ experience and naked eye
to evaluate, with no histopathological information. A quanti-
tative non-invasive clinical microscopy to be able to provide
both absolute melanin quantity and histopathological cellular
morphometrics, especially melanocyte dendricity, in melasma
patients for dermatologists to diagnose the pathological severity
of melasma and to evaluate the effectiveness of treatments, may
fulfill this clinical need.

There are a few in vivo optical technologies available to
quantify melanin contents or to retrieve microscopy images
inside human skin [11]-[15]; however, most of them still have
some drawbacks. Diffuse reflectance spectroscopy (DRS) can
quantify the absolute melanin quantity of human skin, but it
lacks the information of depth and imaging capability [11]. Re-
flectance confocal microscopy (RCM) [12] and two-photon ex-
citation microscopy (TPEM) [13] are both in vivo non-invasive
imaging techniques that can only acquire relative rather than
absolute melanin quantity. Recently, an in vivo label-free study
reported that 1260 nm-based third harmonic generation (THG)
microscopy can reveal strong THG contrasts with high speci-
ficity to dendritic melanocytes owing to the resonance THG
enhancement due to the presence of melanin in focus [14].
With the same mechanism, absolute quantities of melanin of
keratinocytes in human skin can be noninvasively measured by
using third harmonic generation enhancement-ratio microscopy
[15]. Combining THG with second harmonic generation (SHG)
microscopy, Liao et al. pointed out that some structural vari-
ables, including the thickness of dermal papilla zone (DPZ)
[16], [17] and the size of keratinocytes [17], [18], have a
statistically significant relationship with intrinsic skin aging.
Similarly, Kapsokalyvas et al. used in vivo SHG microscopy
to measure and characterize the dermal papilla length, corre-
sponding to DPZ thickness, in psoriatic and healthy skin as
well [19].

In this study, we applied the in vivo slide-free label-
free harmonic generation microscopy (HGM) to retrieve crit-
ical histopathological parameters for treatment assessment of
melasma. These in vivo quantitative parameters include absolute
melanin mass density (MMD) for keratinocytes in rete ridges,
the melanocyte dendricity score (MDS) for dendritic melanin-
producing melanocytes, the melanophage density (MPD) for
irregular-shaped melanin-engulfing macrophages, and the thick-
ness of dermal papilla zone (DPZ). Our clinical study indicated
that these parameters were able to serve as clinical indices to
evaluate the histopathological characteristics of melasma pa-
tients and the effectiveness of treatments. With 33 Asian female
melasma patients, this HGM study showed that MMD, MDS,
and MPD in melasma lesions were significantly higher than
those in the surrounding normal skin; while DPZ in melasma
lesions was significantly lower than the surrounding normal.
After treatment, the MMD, MPD, and DPZ were found to
be restored toward the normal level; however, we observed
no significant MDS change. As a result, our study further
supports the capability of 1260 nm-based HGM for the treat-
ment assessment of melasma with quantitative histopathological
parameters.
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Fig. 1. (a) and (b) are the left face and right face of a melasma patient,
respectively, before treatment (week 0). (c) and (d) are the left face and right
face of a melasma patient, respectively, after treatment (week 12).

II. METHODS
A. Study Population and Clinical Trials

In this research, 33 Asian women, between 37 to 72 years old
and having symmetrically distributed melasma on the cheeks, of
Fitzpatrick skin phototypes III to IV were recruited. We excluded
subjects suffering from infection or wounds on the face.

This is a split-face, randomized and controlled study com-
paring the use of topical triple combination bleaching agent
along (left side, TTT group) and the combination of low-
fluence Q-switched (QS) neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser with the topical treatment (right side,
TTT+QSNYL group) in melasma patients. All facial lesions
were treated once at night for 12 weeks with a topical triple-
combination agent mixing hydroquinone cream 4%, tretinoin
cream 0.05%, and fluticasone propionate cream 0.05% ina 1:1:1
ratio. At weeks 5 and 7, low-fluence (1064 nm, 6 mm spot size,
2.5-3.0 J/em?, 10 Hz) QS Nd:YAG laser (MedLite C6, Hoya
ConBio, Fremont, CA) illumination was performed on the right
side with the endpoint of mild erythema.

Modified MASI (mMASI) was calculated for each side of
the face as follows: mMASI = Area (A) * [Darkness (D) +
Homogeneity (H)] — before and 12 weeks after the treatment
process [Fig. 1]. The calculation is based on the percentage of
involved area (A = 0-6: 0 = 0%, 1 = 10%, 2 = 10-29%,
3 = 30-49%, 4 = 50-69%, 5 = 70-89%, 6 = 90-100%);
darkness of pigment (D = 0—4: 0 = absent or normal skin
color without evidence of hyperpigmentation, 1 = slight visible
hyperpigmentation, 2 = mild visible, 3 = marked, 4 = severe),
and homogeneity or density of hyperpigmentation (number of
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pigmented lesions per unit facial area; H = 0—4: 0 = minimal,
1 = slight, 2 = mild, 3 = marked, 4 = severe). Thirty-one
volunteers finished the whole two-acquisition process, while
the other two came for their pre-treatment acquisition only. For
an extensive discussion on the possible photodamage, please
refer to Ref. [20]. Same as Ref. [20], no optical damage during
the HGM image acquisition was observed as evaluated by the
dermatologists (YHL, YSS). The total HGM image acquisition
time for each visit is less than 30 minutes.

The entire protocol was approved by the Research Ethics
Committee of National Taiwan University Hospital (NTUH-
REC No.:201209069DOC), and informed consent was obtained
from each subject prior to study entry. This study was conducted
according to the Declaration of Helsinki Principles.

B. In Vivo HGM 3D Image Stacks of Human Skin

We acquired the SHG and THG signals using HGM with a
1260 nm femtosecond Cr:forsterite laser [14]-[18], [20]-[22].
The backward epi-SHG and epi-THG signals were collected
to form an in vivo human skin en face image with a 295 x
295 pm field of view (FOV) at 15 frames per second (FPS),
with 512 x 512 pixels. The 14-bit pseudo-color HGM 3D
image stacks including 100 frames and 2 channels were obtained
through the epidermis and the upper dermis with a total depth
of 180 pm, and the transverse resolution was approximately
0.5 pm. For system details, please refer to Ref. [20]. Seriously
saturated or blurred images were excluded. The in vivo 3D HGM
image stacks consist of 2D images of different layers from the
surface of epidermis to the upper dermis. Moving down into
the skin, the stratum corneum (SC), stratum granulosum (SG),
stratum spinosum (SS), stratum basale (SB), dermal papilla
(DP), and reticular dermis (RD) appear in order [16], [17],
[21], [22]. Fig. 2(a-f) shows different layers of epidermis and
upper dermis of melasma patients. The HGM images contain
THG and SHG signals, which are expressed in pseudo colors
(magenta and green, respectively). The cells in the epidermis,
such as keratinocytes, and the collagen fibers in the dermis can
be identified via the pseudo colors.

The XZ or YZ transverse images can be derived by image
reconstruction, and the rete ridges (RR) and the dermal papillae
(DP) can also be shown in Fig. 2(g)(YZ-section).

In HGM images, well-trained dermatologists can identify the
activated melanocytes by their dendrites in the lower epidermis
and the melanophages in the upper dermis.

C. Thickness of Dermal Papilla Zone (DPZ)

The same definition of DPZ proposed by Liao et al. was used
in the analyses [16], [17]. The upper boundary of DPZ was
defined at the level where DP disappeared. The lower boundary
of DPZ was defined at the level where SB disappeared. The
stacked images of DPZ in human skin mostly consist of basal
cells in SB (THG, shown in magenta) and collagen fibers in DP
(SHG, shown in green).
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Fig. 2. (a)-(f) are the HGM acquired in vivo 2D images at depths of (a) 34.2,
(b)70.2,(c) 86.4, (d) 106.2, (e) 120.6, (f) 142.2 pum from the surface of melasma
lesion on face. (a) and (b) show keratinocytes at different depths of the epidermis.
(c) is the layer as the top of dermal papilla zone (DPZ), where the collagen fibers
(shown in green SHG signals) start to appear. (d) is a typical image in the DPZ
and shows both basal cells and collagen fibers. (e) is the layer at the bottom of
DPZ, where the basal cells (shown in magenta THG signals) disappear. In this
case, the thickness of DPZ is 120.6-86.4 = 34.2 pum. (e) and (f) are typical in
vivo HGM images in the dermis and show collagen fibers at different depths of
the dermis. In (g), the YZ-transverse-section image is derived from the same 3D
image stack by image reconstruction. This sectional image of human skin shows
several different layers, including the stratum corneum (SC), stratum granulosum
(SG), stratum spinosum (SS), stratum basale (SB), dermal papilla (DP), and the
upper reticular dermis (RD). The rete ridge (RR) is the downward projection of
the epidermis between the dermal papillae. In this case, the macrophages (MP)
and the trace of red blood cells (RBC) can also be found in the dermis of this
HGM image. Scale bar = 50 pm. THG and SHG are shown in magenta and
green pseudo color, respectively.

D. Melanocyte Dendricity score (MDS)

Besides basal keratinocytes, the basal layer in the epider-
mis contains melanocytes. The melanin-containing melanocytes
have dendrites to transport melanosomes. The dendrite length
can be significantly increased especially when melanocytes
are hyperactive. In human skin HGM images, the well-trained
dermatologists can distinguish the active melanocytes near the
basal layers by melanocyte dendrites [14], and then evaluate
the “dendritic ratio” (area with dendritic cells / area with cells)
to determine the melanocyte dendricity score (MDS) from the
THG images of the two layers above the upmost SHG-signal-
containing layer (dermo-epidermal junction) in an HGM 3D
image stack. The melanocyte dendricity score (MDS) is reported
on a 4-point scale as follows: 3 is given for high dendritic ratio
(70% and above), 2 for medium (30%-70%), 1 for low (<30%,
except 0) and, O for no dendritic cells (0%) [Fig. 3].

E. Melanophage Density (MPD)

The melanophages are melanin-containing macrophages,
the macrophages which have phagocytosed melanin, and
they are frequently found in pigmented skin lesions. The
melanophage density in the upper dermis is the average number
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Fig. 3. Representative in vivo THG human skin images with different
melanocyte dendricity scores (MDS). To enhance the contrast, the 14-bit pseudo-
color THG images of melanocytes were converted from 14-bit grayscale THG
images via a Look-Up Table (LUT) named “Smart”, using the built-in function
of ImagelJ software (ver.1.50i, NIH, USA). (a) A typical melanocyte in the THG
human skin image with a cell body (blue arrow) and an obvious long dendrite
(yellow arrow). (b)(c)(d) Examples of THG human skin images with the lowest
MDS equivalent to 0. (e)(f)(g)(h) Examples of THG human skin images with
the highest MDS equivalent to 3. Scale bar = 50 pm.

of melanophages per square millimeter in the basal layer counted
by dermatologists from the HGM image with the pre-processing
for color-coding [Fig. 4].

F. Melanin Mass Density (MMD) of Keratinocytes in
Rete Ridges

Following the method reported in Ref. [15], [23], the MMD of
the keratinocytes in rete ridges can be acquired from every frame
with both clear keratinocytes in rete ridges and collagen fibers in
DPZ. We analyzed four frames in DPZ of a single HGM image
stack and then got the average MMD of a stack. We analyzed one
to three clearer stacks (depend on the image quality) in melasma
lesion group and one clearest stack in normal group. Then the
MMD of the keratinocytes in rete ridges in both the melasma
lesions and surrounding normal skin can be quantified.

Because the HGM images sometimes contained parts of
saturated pixels in THG signals, we adopted a protocol to
calibrate the average THG intensity of a single frame. We got
the histogram of the intensity from one THG frame with an
ROI cell mask and then removed all the pixels with intensity
equal to 16383, the saturated threshold for 14-bitimages. A fitted
normal distribution with a mean and a standard deviation could
be acquired from our MATLAB code containing a built-in fitting
function in MATLAB. Then all the removed pixels were redis-
tributed to the part over the saturated threshold of the histogram
in proportion by the fitted normal distribution curve. Then the
calibrated average THG ytoplasm in the saturated images could
be acquired from the histogram of THG intensity to replace the
original number for analysis in this study.

G. Statistical Analysis

All the statistical results were all expressed as mean +
standard deviation (SD). The two-tailed paired t-tests were
performed with the Microsoft Excel 2016 and OriginPro 2018
software, and P < 0.05 was considered statistically significant.
(NS, no significance. %, P < 0.05. x%, P < 0.01. %%x*, P < 0.001.)
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Fig. 4. Representative in vivo THG and HGM human skin images with
different melanophage densities (MPD). (a)-(e) A serial HGM unstacked images
in the dermis. (f)-(j) The color-coded THG images correspond to (a)-(e). (k)-(0)
A serial HGM unstacked images in the dermis with higher MPD. (p)-(t) The
color-coded THG images correspond to (k)-(0). Color coding follows the same
table as Fig. 3. (u) The stacked THG image of (f)-(j). There are 4 melanophages
(yellow arrows) in this stacked THG image (MPD = 44.4 cells/mm?). (v) The
stacked THG image of (p)-(t). There are 44 melanophages in this stacked THG
image (MPD = 488.9 cells/mm?). Scale bar = 50 um; Z step = 1.8 pm.

At least three image stacks in the lesion and one image stack in
the surrounding normal skin were acquired on either side of the
face. For one subject, the results on all available images were
averaged before the statistical analysis.

III. RESULTS AND DISCUSSION
A. mMASI and Darkness of mMASI

After subject recruitment, the conventional visual mMASI
score and its several subcomponents, including the darkness
(D), were acquired to evaluate the weighted pathologies of each
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Fig.5. Theresults of the mMASI and the average darkness (D) subcomponent

in all the subjects including the TTT and the TTT4+QSNYL groups. The TTT
group was the subjects having their left face treated with topical cream. The
TTT+QSNYL group was the subjects having their right face treated with
the combination therapy containing both the topical and laser treatments. The
average mMASI (TTT: 12.2 and 6.8 respectively, P = 0.0006; TTT+QSNYL:
12.5 and 6.2 respectively, P = 0.0001), as well as the average darkness (D)
subcomponent (TTT: 2.3 and 1.9 respectively, P = 0.0006; TTT+QSNYL: 2.3
and 1.7 respectively, P = 0.0001), in the melasma lesions decreased significantly
after treatment. *x*, P < 0.001.

melasma patient before and after treatment. Both mMASI and
D significantly decreased after treatments [Fig. 5].

B. Thickness of Dermal Papilla Zone (DPZ)

In previous research, skin aging has been demonstrated to
be associated with flattening of the dermal-epidermal junction,
so the thickness of DPZ is expected to decrease with age [16],
[17]. Likewise the dermal papilla length, corresponding to DPZ
thickness, in psoriatic and healthy skin are significantly different
[19]. Thus, the thickness of DPZ may also be a meaningful
parameter as an index for some skin disorders [19] such as
melasma. The results show that the DPZ of the melasma lesions
is significantly thinner than the surrounding normal skin. The
average DPZ in all subjects is 18.3 and 32.6 um in melasma
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Fig. 6. The results of the DPZ in all the subjects, the TTT and TTT+QSNYL
groups. The average DPZ of melasma lesions is significantly lower than the
surrounding normal skin (All subjects: 18.3 and 32.6 ;sm in melasma and normal
skin respectively, P = 0.0000009; TTT: 19.9 and 28.5 um respectively, P =
0.0045; TTT+QSNYL: 16.7 and 37.1 pm respectively, P = 0.00004). The
average DPZ in the melasma lesions increased significantly after combination
therapy but only increased slightly with no significant difference after topical
treatment (TTT: 19.9 and 24.9 pm respectively, P = 0.3047; TTT+QSNYL:
16.7 and 25.5 pmrespectively, P = 0.0058). The baseline DPZ in the surrounding
normal skin didn’t change significantly after treatments (TTT: 28.5 and 34.6 pm
respectively, P = 0.0564; TTT+QSNYL: 37.1 and 34.5 pm respectively, P =
0.7017). NS, no significance. %, P < 0.05. sx, P < 0.01. s%x, P < 0.001.

and normal skin respectively (P = 0.0000009), in the TTT
group is 19.9 and 28.5 pm respectively (P = 0.0045), and in
TTT+QSNYL group is 16.7 and 37.1 pum respectively (P =
0.00004) [Fig. 6]. This result implies that the DPZ parameter
can be an effective index to evaluate the severity of melasma
besides the mMASI score.

As a result, we found DPZ could also be acquired to eval-
uate the effectiveness of treatments. In this study, combina-
tion treatment with topical cream and laser could partially re-
cover the thickness of DPZ in melasma lesion after treatment
(TTT+QSNYL group: 16.7 and 25.5 pm, before and after
treatment respectively: P = 0.0058) [Fig. 6]; on the contrary,
treatment with only topical cream did not (TTT group: 19.9 and
24.9 pm, before and after treatment respectively; P = 0.3047)
[Fig. 6]. With partially recovered DPZ thickness, the melanin
in the dermis layer will be further away from the surface for
visualization.

These results related to the DPZ parameter point out the
potential similarity in the reduction of DPZ caused by melasma
and skin aging. The finding of decreased DPZ could be regarded
as a common pathological phenomenon of melasma and skin
aging; fortunately, such decreased DPZ caused by melasma
could be recovered by combination treatment with topical cream
and low-fluence QS Nd: YAG laser. Therefore, melasma could
be considered as a local and partially recoverable “equivalent
skin photoaging”.

Through DPZ thickness, we observed a different effect of the
two treatments used in this study. In terms of DPZ recovery, the
combination therapy with topical cream and laser is more effec-
tive than topical treatment along. Unlike the topical treatment,
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Fig.7. Theresults of the MMD in all the subjects, the TTT and TTT+QSNYL
groups. The average MMD of the keratinocytes in the rete ridge of melasma
lesions is significantly higher than the surrounding normal skin (All subjects:
22.2 and 16.6 mg/ml respectively, P = 0.0000037; TTT: 22.1 and 16.5 mg/ml
respectively, P = 0.0049; TTT4+QSNYL: 22.3 and 16.8 mg/ml respectively, P =
0.0003). The average MMD in the melasma lesions decreased significantly after
treatments (TTT: 22.1 and 12.3 mg/ml respectively, P = 0.0004; TTT4+QSNYL:
22.3 and 13.2 mg/ml respectively, P = 0.0003). The average MMD in the
surrounding normal skin decreased significantly after treatments (TTT: 16.5
and 10.6 mg/ml respectively, P = 0.0006; TTT+QSNYL: 16.8 and 12.0 mg/ml
respectively, P = 0.0002). NS, no significance. sx*, P < 0.01. #xx*, P < 0.001.

which did not significantly recover the decreased DPZ caused
by melasma, the combination therapy significantly recovered
the thickness of DPZ. Even though the decreased DPZ reverted
toward the normal level, yet the restored DPZ thickness was
still significantly lower than the surrounding normal skin. As for
the topical cream containing hydroquinone, tretinoin, and fluti-
casone propionate, it may not significantly affect the structure
of dermal-epidermal junction (DEJ). In contrast, low-fluence
1064-nm QS Nd: YAG laser treatment in the combination therapy
could penetrate into the dermis and impact pigment-containing
cells in the basal layer and upper dermis. Therefore, remodeling
of dermal-epidermal junction could be possibly contributed by
the add-on 1064-nm QS Nd: YAG laser treatment [24].

C. Melanin Mass Density (MMD)

The average MMD of the keratinocytes in the rete ridges of
melasma lesions is significantly higher than the surrounding
normal skin (All subjects: 22.2 and 16.6 mg/ml respectively,
P = 0.0000037) [Fig. 7]. This result is consistent with the
diagnosis of the dermatologist, which implies that the MMD
parameter can be an effective index to evaluate the pathological
severity of melasma besides the mMASI score.

In this study, the average MMD in the melasma lesions
decreased significantly after the topical cream treatment as
well as the combination therapy (TTT: 22.1 and 12.3 mg/ml
respectively, P = 0.0004; TTT4+QSNYL: 22.3 and 13.2 mg/ml
respectively, P = 0.0003), as summarized in Fig. 7.
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Fig. 8. The results of the MPD in all the subjects, the TTT and TTT+QSNYL
groups. The average MPD of the melasma lesions is significantly higher
than the surrounding normal skin (All: 41.9 and 17.1 cells/mm? respectively,
P = 0.00001; TTT: 43.5 and 14.3 cells/mm? respectively, P = 0.0016;
TTT4+QSNYL: 40.3 and 20.1 cells/mm? respectively, P = 0.0023). The average
MPD in the melasma lesions increased significantly after treatments (TTT:
43.5 and 68.4 cells/mm? respectively, P = 0.0049; TTT4+QSNYL: 40.3 and
76.3 cells/mm? respectively, P = 0.0004). The average MPD in the surround-
ing normal skin increased significantly after treatments (TTT: 14.3 and 42.9
cells/mm? respectively, P = 0.000001; TTT4+QSNYL: 20.1 and 53.1 cells/mm?
respectively, P = 0.000001). *, P < 0.05. *x, P < 0.01. #%x, P < 0.001.

It is interesting to notice that after treatments, the average
MMD in the surrounding normal skin also decreased signifi-
cantly due to the application of the topical cream. More im-
portantly, after treatment, there are no significant differences
between the average MMD in the melasma lesions and the
surrounding normal skin. This shows that both treatments can
decrease the differences of the pigments between the melasma
lesions and adjacent areas, which is the main focus of the therapy.

D. Melanophage Density (MPD)

The average MPD of the melasma lesions was found to
be significantly higher than the surrounding normal skin (All:
41.9 and 17.1 cells/mm? respectively, P = 0.00001 [Fig. 8].
Furthermore, the average MPD in the melasma lesions increased
significantly after treatments (TTT: 43.5 and 68.4 cells/mm? re-
spectively, P =0.0049; TTT4+QSNYL: 40.3 and 76.3 cells/mm?
respectively, P = 0.0004). The average MPD in the surrounding
normal skin also increased after treatments (TTT: 14.3 and
429 cells/mm? respectively, P =0.000001; TTT+QSNYL: 20.1
and 53.1 cells/mm? respectively, P = 0.000001) [Fig. 8].

Before treatment, the average MPD of the melasma lesions
is significantly higher than the surrounding normal skin due
to severer pigmentation, in consistent with the mMASI score.
After treatment, the increase of the average MPD either in the
melasma lesions or the normal adjacent area can be attributed to
the treatment effect. The melanophages in the dermis of human
skin are the phagocytes that engulf the redundant melanin.
We attribute the increase of MPD to the treatments’ result of
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Fig. 9. The results of the MDS in all the subjects, the TTT groups, and the
TTT+QSNYL groups. The TTT groups are the results of left face with the
topical cream treatment. The TTTH+QSNYL groups are the results of right
face with the combination therapy containing both the topical cream treatment
and laser treatment. The average MDS of the melasma lesions is significantly
higher than the surrounding normal skin (All: 0.97 and 0.43 respectively, P =
0.00000000019; TTT: 0.93 and 0.46 respectively, P = 0.0003; TTT+QSNYL:
1.02 and 0.41 respectively, P = 0.0000001). The average MDS in the melasma
lesions did not increase significantly in spite of the slight rise of the mean value
after treatments (TTT: 0.93 and 1.13 respectively, P = 0.2608; TTT+QSNYL:
1.02 and 1.11 respectively, P = 0.3800). The average MDS in the surrounding
normal skin increased significantly after treatments (TTT: 0.46 and 0.77 respec-
tively, P = 0.0208; TTT4+QSNYL: 0.41 and 0.79 respectively, P = 0.0091).
NS, no significance. *, P < 0.05. #¥, P < 0.01. **x, P < 0.001.

dropping down the photodamaged melanin fragment from the
epidermis to the dermis layer.

E. Melanocyte Dendricity Score (MDS)

Since melasma is caused by hyperactivation of melanocytes,
anoninvasive way to evaluate the melanocyte’s hyperactivation,
the keystone of melasma’s mechanism, is critical.

The analysis results show that the average MDS of the
melasma lesions is significantly higher than the surrounding
normal skin (All subjects: 0.97 and 0.43 respectively, P =
0.00000000019) [Fig. 9]. This result implies that the MDS pa-
rameter could be an effective index to evaluate the pathological
severity of melasma besides the mMASI score and conventional
biopsy for dermatologists. On the other hand, the average MDS
in the melasma lesions did not decrease significantly after
treatment. Instead, the minor rise of the mean value can be
found after treatments (TTT: 0.93 and 1.13 respectively, P =
0.2608; TTT4+QSNYL: 1.02 and 1.11 respectively, P = 0.3800).
Even worse, the average MDS in the surrounding normal skin
increased significantly after treatments (TTT: 0.46 and 0.77
respectively, P = 0.0208; TTT+QSNYL: 0.41 and 0.79 respec-
tively, P = 0.0091), indicating the activation of the melanocytes
due to treatment stimulation.

Previous studies [3], [6]-[8] show that the hyperactivity of
melanocytes has a strong positive correlation with the patholog-
ical severity of melasma. The unexpected results after treatments
suggested that some treatments might remove the melanin in the
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epidermal keratinocytes but stimulate the melanocyte activity
so that the density of melanocytic dendrites increase. Even
though more studies, especially longitudinal studies, should be
performed, our observation might be related to the relapse of the
skin disorder after treatment.

F. Melanocyte-Hyperactivation Case Ratio

It is worth noting that before treatment the MDS, MMD, and
MPD parameters of the melasma lesions were all significantly
higher than the surrounding normal skin. The observed increase
of MDS is consistent with our understanding regarding the
melasma’s possible pathogenesis, while the observed MMD
increase is the result of the melanocyte hyperactivation. With
the overproduction of melanin, the melanophages gathered to
engulf the excessive melanin, leading to the increased MPD.

After treatments, these three parameters responded in differ-
ent ways. Treatments removed the excess melanin, leading to
the decreased MMD. To remove the dropped down melanin,
phagocytes were attracted and gathered to engulf those excess
melanin, leading to the increased MPD. As for the MDS in
the melasma region, which could be the most essential score,
we observed no significant increase nor decrease in the score
statistically.

To further investigate the potential role of hyperactivation of
melanocytes, we studied the population of melasma patients with
a higher MDS. We defined the melanocyte-hyperactivation case
ratio as the population ratio of the melanocyte-hyperactivation
cases, whose melanocyte activity or number analyzed from the
histopathological images in melasma group is higher than that in
normal skin. As a result, in this research, the case ratio provided
by THG microscopy is 29 (cases with a higher MDS in melasma
group than that in normal skin) out of 33 (all cases), equivalent to
88%. Under the same definition, the melanocyte-hyperactivation
case ratio calculated from the ex vivo study by using conven-
tional biopsy with suitable immunostaining for melanocytes
is 47 out of 56 cases, equivalent to 84% [7]. This agreement
supports not only the primary role of melanocyte hyperactivation
in melasma, but also the high specificity of HGM to melanocyte
dendrites. In contrast, the melanocyte-hyperactivation case ratio
calculated from several in vivo studies by using RCM to image
the dendritic-shaped cells were all less than 25% (12.5%, 20.0%,
23.1%) [25]-[27]. We attribute the difference between our HGM
results and previous RCM results to the lower specificity of
RCM to melanocyte dendrites. In a previous RCM study [28],
the dendritic cells in the spinous layer, found in 5/15 cases
(33.3%), were interpreted as activated Langerhans cells more
than melanocytes. Several studies [14], [29]-[31] indicate that
current RCM system is hard to differentiate dendritic Langer-
hans cells from dendritic melanocytes. On the other hand, by
using conventional ex vivo biopsy with suitable immunostain-
ing, for example, HMB-45 [14], [30] and CD-1a [7], [14], [27],
[29]-[31], researchers can specifically identify melanocytes and
Langerhans cells respectively.

Compared with the lower case ratio (<25%) given by RCM,
the ratio (88%) given by melanocyte-dendricity-sensitive THG
microscopy is close to the ratio (84%) given by biopsy with
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Fig. 10. The advanced analysis results of the MDS variation in the TTT
group and TTTH+QSNYL group. The average MDS variation in the TTT and
TTT4+QSNYL groups between HA and LA group (MDS > = 1.0 and MDS
< 1.0, respectively) are significantly different. In other words, the in vivo
melanocyte activity in melasma lesion in HA group decreased after treatment;
on the contrary, that in LA group increased. sx, P < 0.01. s%x, P < 0.001.

suitable immunostaining for melanocytes, supporting the high
specificity of the adopted THG microscopy to melanocyte-
dendricity and its capability to differentiate melanocyte-
dendricity from dendritic Langerhans cells. This closer ratio
once again supports that the THG-based melanocyte dendricity
score can suitably reflect melanocyte dendricity of melasma.

To further pursue the treatment responses with different MDS,
we divided the subjects into high (HA) and low (LA) activation
groups based on high (MDS> = 1.0) and low (MDS<1.0) MDS
values, respectively. Further analysis [Fig. 10] showed that the
in vivo melanocyte activity in melasma lesion in HA group
decreased after treatment; on the contrary, that in LA group
increased. The different melanocyte activity between these two
groups before treatment caused different treatment outcomes,
indicating the importance of pretreatment MDS score, which
would eventually result in different treatment decisions in the
future.

G. Potential for Quantitative Assessment of Melasma

According to the above results, the histopathological param-
eters MDS, MMD, MPD, and DPZ provided by HGM can be
considered as metrics or biomarkers for quantitative assessment
of melasma — as well as other similar pigmentary skin disorders
— and its treatment.

The DPZ can reflect structural changes in human skin, poten-
tially implying changes in elasticity, and correspond to equiv-
alent skin photoaging. Clinicians can assess the degree of re-
covery for patients with DPZ thickness after various treatments.
Besides DPZ, three melanin-related parameters MDS, MMD,
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and MPD can potentially assess the synthesis, density, and the
amount of on-going melanin removal.

Compared with the relative, weighted, and subjective mMASI
score as well as its subcomponent the darkness (D), MMD and
MPD can reflect histopathological characteristics and patholo-
gies and act as absolute, particular, objective indices; moreover,
the two indices may potentially demonstrate the melanin content
at each specific depth and even the vertical distribution of
melanin. Based on the vertical distribution of melanin, MMD
and MPD can represent the amount of epidermal and dermal
melanin content, which may help clinicians differentiating epi-
dermal and mixed (epidermal and dermal) types of melasma [5].

Admittedly, MMD and MPD can reflect just the physiological
phenomenon rather than the disease activity; in contrast, MDS
can reflect the disease activity of melasma and hence may
potentially assess the histopathological severity of melasma.
Besides being helpful in diagnosis, MDS can non-invasively
assess different melasma treatments and help dermatologists
make treatment decisions. For instance, in this study, MDS can
provide advanced suggestions to clinicians that melasma lesions
with higher MDS (HA group) can more likely get beneficial ther-
apeutic effects in decreasing melanocyte activity; while those
with lower MDS (LA group) may not. Besides the lesions with
lower MDS, the surrounding normal skin, also with lower MDS
but without apparent clinical abnormality, is recommended not
to be treated. In this case, the topical cream is suggested to apply
only on lesions with higher MDS instead of on all the face.

Altogether, MDS provides quantitative information to show
the activity of melasma, not only for predicting the therapeutic
effects but also for predicting the relapse of melasma. Clini-
cians might no longer be confused by the various responses of
melasma patients.

IV. CONCLUSION

In conclusion, HGM is capable of providing both the in vivo
non-invasive human skin images and the cellular morphometrics
of melanin-containing cells from the skin of melasma patients.
As the diagnosis and treatment indices of melasma for the derma-
tologists, the cellular morphometrics provided by HGM include
the absolute melanin mass density (MMD), the melanocyte
dendricity score (MDS), the melanophage density (MPD), and
the thickness of dermal papilla zone (DPZ). Different from
the traditional invasive biopsy, treatment assessment becomes
possible since the lesions were removed after biopsy so that
longitudinal studies on the same location were impossible. HGM
can thus serve as a suitable label-free slide-free trauma-free
imaging tool with cellular details for treatment assessment,
complementary to the subjective mMASI scores. In this study,
we applied HGM for the treatment assessment of a split-face
study of melasma with triple topical bleaching agent along
and the combination of low-fluence QS Nd:YAG laser with the
topical treatment. Before treatment, the MDS, MMD, and MPD
parameters of the melasma lesions were all significantly higher
than the surrounding normal skin, while the DPZ parameter was
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significantly lower. The observed increase of MDS is consis-
tent with our understanding regarding the melasma’s possible
pathogenesis: melanocyte hyperactivation, while the observed
MMD increase is the result of it. With the overproduction of
melanin, the melanophages gathered to engulf the excessive
melanin, leading to the increased MPD.

After treatment, the MDS, MMD, and MPD parameters
responded in different ways. Treatments removed the excess
melanin, leading to the decreased MMD. To remove the dropped
down melanin, phagocytes were attracted and gathered to engulf
those excess melanin fragments, leading to the increased MPD.
As for the MDS in the melasma region, we observed no sig-
nificant increase nor decrease in the score statistically. For the
tissue level DPZ, moderate recovery toward the normal level was
observed. Our study supports not only the capability of HGM
for quantitative treatment assessment of melasma, but also the
high specificity of HGM to the dendricity of melanocytes, which
is a critical diagnosis parameter of melasma.
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