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Abstract. In vivo harmonic generation microscopy (HGM) has been applied successfully in healthy human skin
and can achieve a submicron resolution, similar to histopathologic examination, even at a penetration depth up
to 270 μm. This study aims to investigate the clinical applicability of HGM imaging for differential diagnosis of
nonmelanoma pigmented skin lesions. A total of 42 pigmented skin tumors, including pigmented basal cell car-
cinoma, melanocytic nevus, and seborrheic keratosis were evaluated by HGM ex vivo or in vivo. Based on the
standard histopathologic characteristics, we established the corresponding HGM imaging criteria for each pig-
mented tumor. Diagnostic performance of HGM for differentiating nonmelanoma pigmented skin tumors was
evaluated through the observers’ direct general assessment (overall evaluation) or the presence of two imaging
criteria with the highest sensitivity and specificity (major criteria evaluation). Our results show that, based on the
direct general assessment, the sensitivity is 92% [95% confidence interval (CI): 67 to 97%] and the specificity is
96% (95% CI: 83 to 99%); by major criteria evaluation, 94% sensitivity (95% CI: 70 to 99%) and 100% specificity
(95% CI: 87 to 100%) are achieved. Our study indicates that HGM serves as a promising histopathological
examination tool for noninvasive differential diagnostics of nonmelanoma pigmented skin tumors. © The
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1 Introduction
Because of the increasing prevalence of skin cancer, screening
for malignant skin lesions has become a common prevention
intervention for the general population. Among skin cancers,
basal cell carcinoma (BCC) is a common skin cancer accounting
for a dominant part of all skin cancers worldwide.1 In Asians,
the BCC, which typically presents as pigmented skin lesions
with a rolled pearly border and telangiectasia,1,2 is the most
common skin cancer, accounting for ∼70% of all malignant
cutaneous tumors.1,2 Although it rarely metastasizes, BCC
can cause significant destruction and disfigurement by local
invasion.3 Melanocytic nevus and seborrheic keratosis (SK)
are the two most common benign pigmented skin lesions
that, importantly, may mimic BCC clinically.4,5 Patients are
often worried about the change in appearance of their pigmented
skin lesions and concerned about the potential of the lesions to
turn into a skin malignancy. Given the large variation of the
appearance and behavior of pigmented skin tumors, diagnosis
by the naked eye is certainly insufficient to identify skin can-
cers.5,6 Therefore, the timely and precise detection of malignant
pigmented tumors is strongly required to ease patient anxiety
and improve clinical outcomes.

Dermoscopy has been proven to provide the pattern of pig-
ment in diagnosing pigmented skin tumors,7–9 but it cannot
provide histopathological features to make a final diagnosis.
Therefore, skin biopsy with histopathological examination is
still the standard diagnostic method for skin cancer. The pro-
cedure of biopsy, which requires removal, fixation, embedding,
sectioning, and staining of lesional skin tissues, is labor-inten-
sive, time-consuming, and may involve unwanted processing
artifacts. Skin biopsy is also invasive and can cause discomfort
to the patients. It is, thus, desirable to develop noninvasive im-
aging tools capable of providing histopathological information.
The need for providing noninvasive methods for diagnosing
skin tumors has led to the development and investigation of
a variety of imaging tools, such as high-resolution ultrasound,10

optical coherence microscopy,11 confocal microscopy,12–15 two-
photon fluorescence microscopy,16–18 and harmonic generation
microscopy (HGM), which includes second-harmonic-genera-
tion (SHG) and third-harmonic-generation (THG) imaging
modalities.19

Similar to two-photon fluorescence microscopy based on
a Ti:sapphire laser, which has been frequently combined with
the SHG modality for exploration of skin lesions,16–18,20–22

HGM is based on nonlinear optical processes to provide high
three-dimensional resolution. Different from the two-photon
fluorescence process, higher harmonic generation processes
mostly excited with an ∼1230 nm pulsed Cr:forsterite laser are
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based on virtual transitions. Without electronic transitions,
higher-harmonic-generation processes are known to leave no
energy deposition to the interacted tissues, and therefore, no
photodamage and photobleaching effects are observed.23–25 A
recent study reported that the SHG images excited by a Ti:sap-
phire laser with a wavelength of 800 nm became out of focus
when the probing depth exceeded 110 μm, and the SHG light
almost disappeared beyond a depth of 200 μm.26 However,
under the same excitation power while utilizing a Cr:forsterite
laser as the excitation source, the SHG images became out of
focus and lost sharpness beyond a 250-μm depth, and the
SHG signals were still detectable even at a depth of
350 μm.26 In addition to the penetration depth, the noninvasive-
ness is also an important issue for in vivo applications. In our
previous mouse embryo study, by using an excitation laser
at 1230 nm, a similar rate of blastocyst development could
be found in imaged embryos versus nonimaged control set
under the average power of 140 mW.27 Under the excitation
wavelengths of 730 to 800 nm, the common laser sources
used in two-photon fluorescence technique, hamster ovary
cells were found to be unable to form clones with >6 mW
mean power, and complete cell destruction occurred at an aver-
age power >10 mW.28 Moreover, it has been shown that the
formation of cyclobutane pyrimidine dimers in cellular DNA
was induced under the two-photon process at the excitation
wavelengths of 695 to 810 nm.29

HGM has been demonstrated to have a superior performance
on healthy human skin, in terms of submicron resolution,
cellular contrast provision, penetration capability, and non-
invasiveness.19,30,31 A previous HGM study revealed its excel-
lent imaging capability to directly provide histopathological
information for differentiation of oral cancerous tissues from
normal mucosa.32 Furthermore, we found that melanin pigment
provides a strong source of THG contrast.19 These results under-
line the potential applicability of the 1230-nm-based HGM for
noninvasive, in vivo histopathological diagnosis of pigmented
skin tumors. The goal of this study is to establish HGM diag-
nostic criteria for three most commonly occurring nonmelanoma
pigmented skin lesions, melanocytic nevus, SK, and BCC, and
to evaluate the applicability of HGM for their differential
diagnosis.

2 Materials and Methods

2.1 Subjects

In this study, the inclusion criteria were patients aged 18 to 90
years and having pigmented skin lesions that would undergo
surgical excision. The patients who had infectious skin disease
on the examination sites were excluded. HGM was performed
ex vivo on surgical samples and in vivo directly on the lesional
skin before surgical excision. After HGM observation, all
surgically removed specimens were sent for histopathological
analysis to confirm the diagnosis. Among them, there were
47 nonmelanoma pigmented lesions, but HGM image acquisi-
tion from five in vivo lesions (two melanocytic nevi, two BCC,
and one SK) could not be completed because of an overlying
thick horny layer (e.g., nail and palm) or lesions being located
on areas with irregular curvature that the objective lens could
not closely approach (e.g., the nasal bridge). HGM images of
42 nonmelanoma pigmented lesions (14 ex vivo and 28 in vivo)
from 40 patients (24 men and 16 women, age range of 23 to 82;
two patients had two lesions), which included 18 melanocytic

nevi (2 ex vivo and 16 in vivo), 10 SK (2 ex vivo and 8 in vivo),
and 14 pigmented BCC (10 ex vivo and 4 in vivo; nodular and
superficial types), were evaluated in this study. The process of
image acquisition was performed under the protocol reviewed
and approved by the Research Ethics Committee of National
Taiwan University Hospital. Informed consent was obtained
from each subject prior to study entry.

2.2 Harmonic Generation Microscopy

The HGM system was modified from a commercial scanning
system (Olympus, FV300) and was excited by a Cr:forsterite
laser with a wavelength of 1230 nm, a pulse width of 100 fs,
a repetition rate of 110 MHz, and an output average power
of 500 mW. This excitation wavelength enables minimal light
attenuation in skin and mucosa tissues.33 Figure 1 is the sche-
matic diagram of the HGM imaging system. The collimated
laser beam transmitted through the scanning system, an 865-
nm dichroic beam splitter (DBS1), and an infrared water immer-
sion objective (Olympus,UPlanApo∕60 × ∕NA ¼ 1.2) to excite
skin or skin samples. The backward harmonic generation signals
were collected by the same objective and reflected by DBS1 to
two photomultiplier tubes (Harmamatsu R4220P for THG and
Harmamatsu R928P for SHG). SHG and THG signals were
divided by a 490-nm dichroic beam splitter (DBS2) and were
filtered by two bandpass filters (D410/30 for THG and D615/10
for SHG) inserted. Based on the Cr:forsterite laser at 1230 nm,
our previous HGM studies have indicated a diminished two-
photon fluorescence in viable epidermis and dermis by measur-
ing the spectra in live human skin.23,34,35 Submicron spatial
resolution could be achieved (lateral <0.5 μm in superficial
layers and <0.7 μm at a 270 μm depth) for THG, which is
the primary contrast modality for cancer diagnosis in this
study. The total exposure time of the laser light for one volunteer
was equal to or slightly less than 30 min. The average excitation
power after the objective was around but slightly less than
100 mW. The accumulated photon energy was ∼180 J in each
volunteer. Under such an accumulated light dose, no erythema,
pigmentation, or blister formation on the examined skin was
found in this study. For all followed-up histological examina-
tions by pathologists on the illuminated specimens, no evidence
of photodamage, such as coagulation necrosis, was found.

Fig. 1 Harmonic generation microscopy imaging system. The illumi-
nation source was a Cr:forsterite laser. The collimated laser beam
performed a scanning system. Second-harmonic-generation and
third-harmonic-generation (THG) signals were divided by a dichroic
beam splitter and guided to two photomultiplier tubes with bandpass
filters inserted.
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2.3 HGM Feature Description

Under THG images, the cell nuclei appear dark and the cyto-
plasms of cells appear bright. The proliferation of cells
means an increase in cell number. According to the uniformity
of cellular size and morphology, the proliferation of THG-bright
cells with bright cytoplasm and dark nucleus in the stratum
granulosum and spinosum was defined as monomorphous or
polymorphous cells. The cell nests in rete ridges or in the dermis
were also recognized as two types, namely monomorphous
and polymorphous cell nests. Elongation of rete ridges repre-
sented the presence of rete ridges that could be observed
continuously for a depth beyond 50 μm. Normal epidermal
stratification indicated that the stratum corneum, granulosum,
and spinosum could be visualized clearly in serial optical sec-
tions. Acanthotic epidermis meant that the thickness of epider-
mis was increased compared to the surrounding normal skin.
Changes in connective tissues represented altered distribution
or density of SHG-bright collagen fibers.

2.4 Image Analysis and Statistics

The database of HGM images from 42 nonmelanoma pigmented
tumors was retrospectively analyzed by three independent
observers in a blinded fashion (blinded to participant name,
sex, age, and diagnosis). One week before the assessment,
the observers were instructed in the interpretation of the en face
HGM images using representative images for each HGM
criterion. During the assessment, the presence or absence of
the HGM criteria (Table 1) was documented, and a tentative
diagnosis was given under observer’s general assessment
for individual case. The HGM data were compared with the

histopathological findings that were exploited as the gold
standard. Sensitivity and specificity analysis was performed
with cross-tabulations and SPSS 12.0 software (SPSS Inc.,
Chicago, Illinois). Calculations were carried out for each cri-
terion alone and in combination with two major criteria.

3 Results

3.1 HGM Images of Healthy Skin

Morphologic information of normal skin was assessed in vivo
according to our previous HGM studies.19,30,31 As shown in
Figs. 2(a) to 2(d), different cell morphologies and sizes can
be visualized in optical sections taken at different depths parallel
to the skin surface through THG images (presented by purple
pseudocolor). Due to the multilayer structures of the stratum
corneum and lipids within the corneocytes, the stratum corneum
appeared bright with a strong contrast of THG [Fig. 2(a)]. As
the imaging depth moved deeper into the viable epidermis
[Figs. 2(b) to 2(d)], the stratum granulosum, spinosum, and

Table 1 Sensitivity and specificity of individual harmonic generation
microscopy (HGM) diagnostic criterion.

Disease diagnostic criteria
Sensitivity
(95% CI)

Specificity
(95% CI)

Basal cell carcinoma (n ¼ 14)

Peripheral palisading cells 95 (84 to 99) 100 (96 to 100)

Proliferation of polymorphous
basaloid cells

98 (88 to 100) 90 (82 to 95)

Elongated cells/nuclei 88 (75 to 95) 92 (85 to 96)

Collagen changes 67 (52 to 79) 98 (92 to 99)

Melanocytic nevus (n ¼ 18)

Monomorphous cell nests 98 (90 to 100) 96 (89 to 99)

Normal epidermal stratification 98 (90 to 100) 88 (80 to 94)

Elongation of rete ridges 74 (61 to 84) 81 (71 to 88)

Seborrheic keratosis (n ¼ 10)

Proliferation of monomorphous
basaloid cells

97 (83 to 99) 98 (93 to 99)

Acanthotic epidermis 97 (83 to 99) 100 (96 to 100)

Note: CI, confidence interval.

Fig. 2 The harmonic generation microscopy (HGM) images of normal
skin on arm. A representative in vivo series of horizontal HGM images
from healthy skin at different depths relative to the surface (5, 15, 30,
45, 60, and 85 μm) showed different epidermal layers [(a) to (d)], the
dermo-epidermal junction (e), and the dermis (f). SC, stratum cor-
neum; SG, stratum granulosum; SS, stratum spinosum; SB, stratum
basale. Bars ¼ 20 μm.
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basale could be visualized showing cells with bright cytoplasm
and dark nuclei. The sizes of basal cells are smaller than the cells
in the spinous layer, and the cytoplasm of basal cells revealed
strong THG contrasts owing to the resonance enhancement of
melanin.19 In addition to cell morphology, HGM provided the
contrast of collagen fibers from SHG (presented by green pseu-
docolor) in the dermis [Fig. 2(f)]. Thus, the dermo-epidermal
junction [Fig. 2(e)] could be explicitly observed by combining
SHG and THG signals.

3.2 HGM Images of Melanocytic Nevus

Normal epidermal stratification beginning from the stratum cor-
neum, granulosum to spinosum was observed. The presence of
the aggregation of THG-bright cells in the dermo-epidermal
junction [Fig. 3(a), dashed circle] and in the dermis [Fig. 3(c),
arrows] was found in junctional and intradermal melanocytic
nevus, respectively, in accordance with the nests of nevomela-
nocytes found by the conventional pathologic examination
from the same tumors [Figs. 3(b) and 3(d)]. The cells in the
nests were monomorphic in size and shape, and could be
revealed from both THG imaging and the histopathologic
examination. The THG-bright cells distributed linearly along
the elongated rete ridges represented basal hyperpigmentation
in junctional nevus. Some scattered melanocytes [Fig. 3(a),
arrow], which had dendritic processes and were larger than
basal cells, were also found in the stratum basale.

3.3 HGM Images of Acanthotic Seborrheic
Keratosis

The series of in vivo HGM images obtained from an acanthotic
SK at different depths [Figs. 4(a) to 4(f)] showed the prolifer-
ation of THG-bright keratinocytes in the lower epidermis. Due
to the increased melanin content, THG-bright cytoplasm was
observed in some spinous cells and the majority of monomor-
phous basaloid cells [Fig. 4(c), arrows]. More epidermal HGM
sections were taken in SK than that in normal skin, which indi-
cated epidermal acanthosis. Intact dermo-epidermal junction
with linearly aligned normal basal cells could be seen clearly
[Fig. 4(f), arrows]. The corresponding histological section
showed acanthotic epidermis and proliferation of melanin-con-
taining basaloid cells [Fig. 4(g)].

3.4 HGM Images of Basal Cell Carcinoma

Many characteristic morphological abnormities were present in
BCC through in vivo HGM observations. There were THG-
bright cell islands raising from the stratum basale and extending
into the dermis [Figs. 5(d) to 5(f)]. These THG-bright cells
appeared polymorphous with variation in size and shape. In con-
trast to the round to oval shapes of the normal basal cells with
well-defined borders, many of the BCC cells became elongated
with irregular borders. The presence of peripheral palisading
cells in the tumor nodules was detected in vivo by HGM
[Fig. 5(e), dashed line]. Collagen bundles surrounding the
tumor nests [Fig. 5(e), dashed circle] in the reticular dermis
became more thickened and coarse than the normal counterpart
as revealed from SHG images [Fig. 5(e), yellow arrow]. The
most striking finding was the presence of a large number of
cells with dendritic processes [Figs. 5(f) and 5(g) to 5(i),
arrows].

3.5 Sensitivity and Specificity of HGM Criteria

The images from 42 tumors were analyzed in an observer-
blinded manner to evaluate the presence or absence of HGM
diagnostic morphologic criteria, which were established accord-
ing to the traditional histopathological features of BCC, mela-
nocytic nevus, and SK. Using the corresponding pathologic
examination of each lesion as the golden reference, Table 1
shows summaries of the sensitivity and specificity for each
HGM diagnostic criterion. We selected two HGM criteria
with the highest sensitivity and specificity as major criteria
for each disease. Take BCC, for instance; the presence of poly-
morphous basaloid cells and cells with peripheral palisading
were selected as major HGM criteria for diagnosing BCC
because they were the two criteria with the highest sensitivity
and specificity compared to the other two. As mentioned pre-
viously, the dendritic cell can be commonly found in BCC
cases. We obtained the sensitivity and specificity of the dendritic
cells as 95% (95% CI: 72 to 99%) and 89% (95% CI: 70 to
94%), respectively. As the presence of dendritic cells is not
a diagnostic gold standard in pathology, this feature is not
included in the statistics for diagnostic performance.

3.6 Sensitivity and Specificity of HGM
for Diagnostic Performance

Our aim is to explore the clinical applicability of HGM by
evaluating the diagnostic performance of HGM for differential
diagnosis of nonmelanoma pigmented skin tumors. We

Fig. 3 Representative in vivo HGM images of junctional nevus and
intradermal nevus. (a) THG-bright monomorphous nevus cell nests
(dashed circle) and scattered dendritic melanocytes (arrows) in the
elongated rete ridges were observed in a junctional nevus. The junc-
tional nests can be seen as a compact, well-outlined structure in
contiguity with the basal layer. (c) Well-circumscribed, THG-bright
monomorphous cell nests (arrows) in the dermis of an intradermal
nevus. Comparative hematoxylin and eosin (H&E)-stained skin
biopsy of the junctional nevus (b) and the intradermal nevus (d),
respectively (vertical plane). Bars ¼ 20 μm.
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analyzed the diagnostic performance from 42 pigmented
tumors through the direct general assessment (overall evalu-
ation) or the presence of two imaging criteria (major criteria
evaluation). In the overall evaluation, each specified HGM
criterion was taken into account under the diagnostic decision

process, and the observers were asked to give the final diag-
nosis under general assessment. Based on a judgment process
similar to the traditional pathological interpretation, 92%
sensitivity (95% CI: 67 to 97%) and 96% specificity (95%
CI: 83 to 99%) could be achieved (Table 2). In major
criteria evaluation, which exploited the two specified criteria
with the highest sensitivity and specificity for the diagnostic
decision, 94% sensitivity (95% CI: 70 to 99%) and 100%
specificity (95% CI: 87 to 100%) were achieved (Table 2).
Taken together, excellent diagnostic performances with high
sensitivity and specificity can be achieved through direct
general assessment or the presence of two imaging criteria.
These results indicate that HGM can provide real-time, accu-
rate diagnostic outcomes. It is important to note that not all
considered features are present in one lesion, which is true
for our in vivo images and for traditional stained images. In
addition, we also evaluated the performance of HGM for dif-
ferential diagnosis in direct general assessment by comparing
the ex vivo and the in vivo data. The sensitivities for in vivo data
and ex vivo data were 92 and 99%, respectively. The specificity
of 95% for in vivo data and 96% for ex vivo data could be
obtained. There was no statistically significant difference in
the diagnostic sensitivity as well as specificity between ex vivo
and in vivo groups.

4 Discussion
Although melanin pigment provides a strong source of THG con-
trast,19 HGM imaging also revealed its excellent imaging capabil-
ity to providehistopathological information inoralmucosa32,36 and
skin19,30,31 without the presence of pigmentation. Due to the large
variation of the appearance of pigmented skin tumors in clinical
diagnosis, we focused on the differentiation of pigmented skin
lesions in this study. Our results showed that the traditional
histopathological features, such as monomorphous cell nests in
nevocellular nevus, or peripheral palisading of tumor cells in
BCC, could clearly be observed using HGM. Moreover, the sen-
sitivity/specificity analysis demonstrated that HGM possessed
excellent diagnostic performance, based on both the general
assessment and major criteria assessment. Therefore, HGM is a
promising, noninvasive in vivo imaging tool having a submicron
resolution that opens a window into biotissues.

Cr:forsterite laser-based HGM has been demonstrated as a
safe imaging device with no evidence of tissue damage based
on a clinical trial of 52 healthy individuals.31 In this study,
after in vivo HGM measurements, the skin tumor was excised
and processed for routine histological examination. We found no
pathological evidence of photodamage, such as coagulation
necrosis or subepidermal vesicular formation. Similarly, reflec-
tance confocal microscopy using a low-power laser also pro-
vides a safe, in vivo modality for the examination of human
skin.37 However, multiphoton fluorescence microscopy using
a femtosecond-pulsed near-infrared laser with the wavelength
of 700 to 800 nm should cause concern about the risk of photo-
damage.38,39 Therefore, with a richer contrast, a much improved
spatial resolution, and an improved penetration capability com-
pared to reflectance confocal microscopy, HGM offers the
unique opportunity to investigate the skin with a high penetra-
tion depth, a subcellular spatial resolution, and a high safety pro-
file at the same time. Compared with the healthy volunteers, in
which HGM can achieve a penetration depth in skin of at least
300 μm,30 in this study we found that HGM can also achieve
a similar penetration depth (>270 μm) in pigmented lesions

Fig. 4 Acanthotic seborrheic keratosis. [(a) to (f)] A representative
series of in vivoHGM images at different depths relative to the surface
(5, 40, 65, 85, 105, and 130 μm). The whole thickness of the epidermis
increased to ∼130 μm. (a) and (b) Thickened stratum corneum
(∼40 μm) was observed, which correlated with the hyperkeratosis
of seborrheic keratosis. (c) Scattered THG-bright spinous cells
were noted (arrows), which resulted from melanin retention in the
cytosol. (d) to (f) Proliferation of monomorphous THG-bright basaloid
cells in the lower epidermis. The dermo-epidermal junction was intact
with linearly aligned basal cells noted [arrows; (f)]. (g) H&E-stained
section of the lesion. Bars ¼ 20 μm.
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in vivo, as shown in Fig. 5(i). This is due to the fact that in both
healthy and lesion cases, the system penetration depths are
both limited due to the working distance of the adopted
objective.

Due to the subcellular resolution and the combined acquis-
ition of SHG and THG signals of HGM, the histopathological
features of individual nonmelanoma pigmented tumor could be
revealed clearly to make the differential diagnosis successful.
Our results suggest that the locations of cell nests and the

morphology of proliferating THG-bright cells were important
for identifying a specific disease. For diagnosing BCC by
HGM, we found that the peripheral palisading cells were
able to provide significant diagnostic clues for BCC. In addition
to the morphological abnormalities of tumor cells, the changes
in peritumoral connective tissue can also be clearly revealed
from SHG images. Furthermore, HGM provides excellent
capability to clearly distinguish the epidermis and the dermis,
which is crucial to reveal the degree of tumor invasion.

Fig. 5 Basal cell carcinoma. (a) to (f) A representative series of in vivo HGM images of a case of basal
cell carcinoma (BCC) at different depths relative to the surface (5, 25, 40, 60, 75, and 90 μm) revealed
proliferation of polymorphous THG-bright tumor cells from the stratum basale (d) and continuously
extended into the dermis [dashed circle; (e)] from one BCC patient. Several tumor nests [arrow; (f)]
were found in the dermis. The tumor cells appeared irregular, elongated, and peripheral palisaded
[dashed line; (e)]. Collagen bundles [yellow arrow; (e)] surrounding the tumor nests were more thickened
and coarse than the normal counterpart. A characteristic feature noted was the presence of a large num-
ber of cells with dendritic processes [arrow; (f)], and the feature can also be found from the other patient
with deeply invasive BCC at different depths relative to the surface (80, 150, and 270 μm) [arrows; (g) to
(i)]. (j) H&E-stained section of the first lesion. SC, stratum corneum; SG, stratum granulosum; SS, stratum
spinosum. Bars ¼ 50 μm.
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Besides the specified features well consistent with classic
histopathologic characteristics, HGM can provide information
other than conventional H&E-stained pathologic examinations.
During the examination of BCCs, many elongated cells with
long dendritic processes were found in BCC nests through THG
images. Similar findings have been reported in pigmented BCCs
by reflectance confocal microscopy.40,41 Immunohistochemical
studies have shown that the dendritic cells populating in BCCs
represent benign intratumoral melanocytes or Langerhans
cells.40,41 A recent publication has demonstrated that Langerhans
cells and melanocytes share similar morphologic features
as bright dendritic cells under in vivo reflectance confocal
microscopy.42 Our preliminary immunohistochemical studies
also revealed CD1a- or HMB45-positive dendritic cells in
the BCC nests.

We found that a better diagnostic performance by general
assessment was achieved by analyzing the ex vivo data (99%
sensitivity) in comparison with the in vivo data (92% sensitiv-
ity). The most important reason was that a better image quality
could be obtained during ex vivo measurement without motion
artifacts. In our study, it usually took ~5 to 10 min to acquire an
HGM image stack. The time consumed increased if multiple
sampling was required due to the size or heterogeneity of the
tumor, or if adjustment of patient or instrument position due
to difficult-to-reach skin areas with surface irregularities was
required. Muscular fatigue or instability could cause image blur-
ring or distortion after prolonged examination. For future clini-
cal application in tumor screening, it will be more feasible to
improve the speed of image acquisition.

In this study, HGM images could not be obtained from five
lesions due to an overlying thick horny layer or being located on
areas with irregular curvature where our objective lens could not
be closely attached. A current existing limitation to HGM or to
other noninvasive in vivo imaging technology is that it is diffi-
cult to assess tumors located on palms and soles with an over-
lying thick stratum corneum/stratum lucidum, or tumors covered
with hyperkeratotic layers. The thick horny layers prevent infra-
red light penetration to the viable epidermis and dermis.18,37 As
most melanomas in Asians belong to acral lentiginous mela-
noma developing on palms and soles, the diagnosis of most
melanomas in our patients by HGM was hampered. This
might be improved by pretreatment with keratolytic agents on
the lesions or testing of different immersion media to improve
laser penetration.

In summary, our clinical trials support the evidence that
in vivo HGM not only provides critical diagnostic information
with a resolution comparable to traditional histopathology, but

also explicitly diagnoses skin diseases in nonmelanoma pig-
mented tumors. These advantages are important for clinicians
to immediately access useful and reliable pathological informa-
tion in the lesional sites for their diagnostic decisions. Due to
the in vivo noninvasive imaging capability, HGM holds a great
potential as a new modality for disease screening, diagnosis,
classification, and continuous therapeutic monitoring during and
after treatment.
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