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In Vivo Longitudinal Tracking of
Lymphangiogenesis and Angiogenesis in
Cutaneous Melanoma Mouse Model Using
Multifunctional Optical Coherence Tomography

Pei-Yu Lai1,2, Tai-Yu Shih1,2, Yu-Huan Chang1,2, Ya-Shuan Chou3,4, Ting-Hua Wu3, Yu-Ya Su3,4,
Chung-Hsing Chang3,4,5,6 and Wen-Chuan Kuo1,2
Melanoma is a high-risk skin cancer because it tends to metastasize early and ultimately leads to death. In this
study, we introduced a noninvasive multifunctional optical coherence tomography (MFOCT) for the early
detection of premetastatic pathogenesis in cutaneous melanoma by label-free imaging of microstructures (i.e.,
providing the thickness and the scattering information) and microcirculation (i.e., providing depth-resolved
angiography and lymphangiography). Using MFOCT-based approaches, we presented an in vivo longitudinal
observation of the tumor microenvironment in Braf V600E/V600E;Pten�/� mice with inducible melanoma monitored
for 42 days. Quantitative analysis of MFOCT images identified an increased number of lymphatic and vascular
vessels during tumor progression and faster lymphangiogenesis (beginning on day 21) than angiogenesis
(beginning on day 28) in the melanoma microenvironment. We further observed lymphatic vessel enlargement
from the first week of melanoma development, implying tumor cells interacting with the vessels and increased
likelihood of metastasis. MFOCT identified cutaneous melanoma‒associated angiogenesis and lymphangio-
genesis before the possible visual perception of the tumor (�42 days) and before metastasis could be diag-
nosed using micropositron emission tomography (35 days). Thus, the proposed quantitative analysis using
MFOCT has the potential for early detection of cutaneous melanoma progression or prediction of metastatic
melanoma in a mouse model. However, retrospective and extensive experiments still need to be performed in
the future to confirm the value of MFOCT in clinical application.
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INTRODUCTION
Melanoma is not a common type of skin cancer. Neverthe-
less, it accounts for most of the deaths among patients with
cutaneous tumors because it tends to spread to vital organs of
the body. Reducing the likelihood of mortality is principally
achieved through the early identification of patients who
have a high risk of developing metastasis. In clinical practice,
patients with melanoma are staged according to their Clark
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level, Breslow thickness, primary tumor ulceration, mitotic
activity, and sentinel lymph node (LN) biopsy (Leachman
et al., 2016). Several studies have discovered that increased
Breslow thickness is an indicator of sentinel LN metastasis in
patients with melanoma (Cadili and Dabbs, 2010; McMasters
et al., 2001; Paek et al., 2007).

Nonetheless, metastasis does occur in some patients with
melanoma tumors <1 mm thick (Morton et al., 2003).
Although no highly specific predictive factors of metastatic
melanoma have yet been identified, melanoma is known to
induce angiogenesis (Streit and Detmar, 2003), and metas-
tasis is known to spread mostly through the lymphatic vessels
(Doeden et al., 2009; Storr et al., 2012). Lymphangiogenesis
has been correlated with LN metastasis and patient survival
(Dadras et al., 2003; Emmett et al., 2010; Massi et al., 2006;
Shayan et al., 2012), indicating that lymphangiogenesis is a
better indicator of whether tumor had become metastatic
than the current measurement of the tumor thickness (Dadras
et al., 2005). Tumor-associated lymphatic vessels have
emerged as a valid therapeutic target for controlling meta-
static disease, and the first specific antilymphangiogenic
drugs have recently entered clinical testing (Dieterich and
Detmar, 2016).

However, imaging the lymphatic system is difficult
because the lymphatic vessels transport mostly lymph and
carry a few cells. Hence, a contrast agent must be
estigative Dermatology. This is an open
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administered in most imaging techniques. The noninvasive
visualization techniques currently used clinically include
computed tomography (CT), positron emission tomography
(PET), magnetic resonance imaging, and near-infrared fluo-
rescence imaging (Eklund et al., 2013; Munn and Padera,
2014). The uptake of 18fluorodeoxyglucose into cancer
cells, which have a higher demand for glucose than non-
cancer cells, can be detected using PET. The integration of
PET and CT is often employed in LN staging (Seo et al., 2014;
Takenaka et al., 2012). Magnetic resonance imaging can be
used to assess lymphatic vessels and LNs with or without the
injection of a contrast agent. Although the field of view and
penetration depth of PET, CT, and magnetic resonance im-
aging are sufficient, imaging of capillaries using these tech-
niques is impossible owing to low spatial resolution. Near-
infrared imaging using indocyanine green has been
employed to image the lymphatic system, but indocyanine
green was found to alter lymph transport in vivo (Gashev
et al., 2010). The techniques listed earlier have been used
in several clinical and preclinical research, but each has
certain limitations.

Consequently, advanced approaches are needed, such as
optical coherence tomography (OCT). OCT provides a
noninvasive, depth-resolved, nondestructive imaging at a
higher resolution, and follow-up assessment with OCT im-
ages may add subsurface three-dimensional (3D) informa-
tion. Vakoc et al. (2009) pioneered OCT lymphangiography
using intrinsic contrast caused by the weak scattering of
lymph relative to that of the surrounding tissue. OCT
lymphangiography has since been used to track inflammation
(Qin et al., 2015) and the wound healing process (Yousefi
et al., 2014).

In this study, we introduced a quantitative multifunc-
tional OCT (MFOCT), explored the capability of MFOCT to
display the network structure of blood vessels and
lymphatic vessels in the ears of a mouse with spontane-
ously induced cutaneous melanoma, and compared its use
with that of PET in detecting prognostic microstructural
markers that could predict early metastasis to the lym-
phatics. Our findings reveal the potential benefit of
MFOCT in simultaneously imaging depth-resolved micro-
structures and microcirculation through contrast-free
angiography and lymphangiography.
RESULTS
Histopathology and S100 immunohistochemistry of
melanoma samples

The time-course study of the histopathology of melanoma on
Braf V600E/V600E;Pten�/� mouse ears is illustrated in Figure 1.
In normal mouse ear skin, pigmented melanocytes scatter in
the dermis (day 0). Pigmented cells increase in number and
gather to form patches in the dermis (day 21); thickening of
the dermis with increased fibrosis and vessels (day 28) are
noted during melanomagenesis. In advanced melanoma (day
42), pigmented cells infiltrate diffusely in the dermis with loss
of adipose tissue. To characterize the nonpigmented tumor,
we stained it using a melanocyte marker (S100) and
confirmed that the tumors were composed of S100-positive
cells, indicating nonpigmented melanoma in the Braf V600E/
JID Innovations (2021), Volume 1
V600E;Pten�/� mouse ear (Figure 2). The histological pictures
provided a reference map for the parallel MFOCT study.

Microstructure change

An MFOCT cross-sectional in vivo image of a normal mouse
ear parallel with its H&E and S100 staining is shown in
Figure 3a where the epidermis, dermis, and cartilage are
visible because of the various scattering properties of each
tissue type. The microstructure features in the image corre-
spond to the standard histology. In the advanced stage of
melanoma (i.e., on day 56), strong scattering regions within
the tissue, indicated with yellow arrows, as seen in Figure 3b,
correspond to the dense infiltration of S100-positive mela-
noma cells in the dermis. A 3D reconstruction of a Braf V600E/
V600E;Pten�/� mouse ear (on day 56) is shown in Figure 3c.
We reduced the 3D-reconstructed image of the mouse ear to
the enface maximum intensity projection and inverted the
grayscale (Figure 3e). White areas in the maximum intensity
projection are artifacts caused by the reflection from the
optical gel, which was used to maintain the skin moisture and
eliminate the strong back reflection of light from the skin
surface. The condensed black dots in the maximum intensity
projection map indicate the tumor locations and correspond
to the strongly scattered signals in the OCT 3D reconstruction
(Figure 3c), similar to that in the corresponding photograph
(Figure 3d).

Figure 3f shows a photograph and corresponding thickness
map of a Braf V600E/V600E;Pten�/� mouse ear on day 42. No
direct correlation can be observed between the surface black
dots and the thickness map because a part of the melanoma
cells is amelanotic and may not be observed in photographs.
This implies that only seeing the skin surface is indeed a
limitation of visual inspection. We also evaluated tissue
thickness changes in the same region of the ear at different
time points. The bar chart in Figure 3g statistically summa-
rizes this quantitative result, indicating a significant differ-
ence in the measured ear thickness between the Braf V600E/

V600E;Pten�/� and Braf CA/CA;Ptenloxp/loxp mice only on day 42
(P < 0.05).

Lymphangiogenesis and angiogenesis

Alteration of the microvascular and lymphatic dynamics
(intensity, diameter, tortuosity) was perceived at the early
stage of Braf V600E/V600E;Pten�/�mice with melanoma.
Although no tumor lesion could be visualized on the skin
surface after 7 days of treatment with (Z)-4-hydroxytamoxifen
(4-HT) (Figure 4a), lymphangiogenesis was clearly observed
using OCT lymphangiography (Figure 4b). In comparing
each time point with the baseline, significant differences
were found (indicated with the plus sign þ in Figure 4c) in
lymphatic density on day 21 (P < 0.01), day 28 (P < 0. 01),
day 35 (P < 0.01), and day 42 (P < 0.05). Furthermore, sig-
nificant increases in the lymphatic vessel diameter of the Braf
V600E/V600E;Pten�/� mice were observed on day 7 (P < 0.05),
day 14 (P < 0.01), day 21 (P < 0.01), day 28 (P < 0.01), and
day 42 (P < 0.01). Increases in lymphatic vessel tortuosity of
the Braf V600E/V600E;Pten�/� mice were also significant on day
14 (P < 0.05), day 21 (P < 0.01), day 28 (P < 0.01), day 35 (P
< 0.01), and day 42 (P < 0.01). We observed significant
differences in lymphatic density (indicated with asterisk *)
between Braf V600E/V600E;Pten�/� mice and control Braf CA/



Figure 1. Time-course study of histopathology of melanoma on Braf V600E/V600E;PtenL/L mouse ears. In normal mouse ear skin, pigmented melanocytes scatter

in the dermis (day 0). Pigmented cells increase in number and gather to form patches in the dermis (day 21); thickening of the dermis with increased fibrosis and

vessels (day 28) are noted during melanomagenesis. In advanced melanoma (day 42), pigmented cells infiltrate diffusely in the dermis with a loss of adipose

tissue.
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CA;Ptenloxp/loxp mice on day 21 (P < 0.01), day 28 (P < 0.01),
day 35 (P < 0.05 ), and day 42 (P < 0.01). Lymphatic vessel
diameters were also significantly different in these mice on
day 7 (P < 0.05), day 14 (P < 0.01), day 21 (P < 0.01), day 28
(P < 0.01), and day 42 (P < 0.01). The lymphatic vessel
tortuosity of the Braf V600E/V600E;Pten�/� mice was higher at
all time points than that of the BrafCA/CA;Ptenloxp/loxp control
mice, with significant differences observed on day 21 (P <
0.01) and day 28 (P < 0.01) (Figure 4c).

Changes caused by angiogenesis in the vascular network
were smaller than the changes caused by lymphangiogenesis
before day 28, but remarkable angiogenesis was observed
from day 28 to day 42 (Figure 5b). The newly formed vessels
were small and curved compared with the existing vessels
and had an average diameter of w9 mm, as measured using
ImageJ software (National Institutes of Health, Bethesda, MD)
(Schneider et al., 2012). A significant difference in the blood
vessel density between each time point and the baseline was
seen on day 7 (P < 0.05), day 28 (P < 0.01), day 35 (P <
0.01), and day 42 (P < 0.01). In addition, a significant in-
crease in blood vessel tortuosity was observed on day 14 (P <
0.05), day 28 (P < 0.01), day 35 (P < 0.01), and day 42 (P <
0.01) compared with that at baseline. In comparison with that
of the control Braf CA/CA;Ptenloxp/loxp mice, a significant dif-
ference in blood vessel density was observed on day 28 (P <
0.01), day 35 (P < 0.01), and day 42 (P < 0.01). We also
observed a significant difference in blood vessel tortuosity on
day 35 (P < 0.01) and day 42 (P < 0.05). However, no
Figure 2. Immunohistochemistry of S100 on a nonpigmented tumor of a

BrafV600E/V600E;PtenL/L mouse ear. S100-positive cells were shown in the

dermis, which indicates that the tumor is composed of nonpigmented

melanoma cells. Bar ¼ 100 mm.
significant increase in blood vessel diameter was observed
comparing each time point with the baseline or comparing
with the control mice (Figure 5c).

Coregistration of lymphangiography and angiography
showed that lymphangiogenesis did not occur in parallel
with angiogenesis (Figure 6a). The change in the distribution
of lymphatic capillaries occurred earlier on day 7. We
employed the MFOCT system to observe tumors with ame-
lanotic melanoma (Figure 6b, lower row, day 35), as
confirmed with S100 protein staining of histological sections
at the endpoint of the experiment (Figure 2). Lymphatic and
blood vessels surrounding the tumor can be observed in both
pigmented melanoma and amelanotic melanoma, which
implies that patterns of lymphangiogenesis and angiogenesis
are not affected by pigmentation. In contrast to the ear of the
mice with a tumor, the coregistration of lymphangiography
and angiography in control Braf CA/CA;Ptenloxp/loxp mice ear
from day 0 to day 42 shows no significant pattern changes
(Figure 7).

The microPET imaging is shown in Figure 8a, using 18flu-
orodeoxyglucose amassments in the cervical LN of one
representative Braf V600E/V600E;Pten�/� mouse on days 21, 28,
and 35. Details of the rectangular regions (upper row) are
enlarged (lower row). White arrows indicate the cervical LNs
on the PET-CT images. Uptake of 18fluorodeoxyglucose was
higher in the cervical LN on days 28 and 35 than on day 21.
Quantitative analysis using the average from three mice
yielded the mean uptake in the cervical LNs relative to that in
the leg versus time (Figure 8b). A significant difference was
observed between day 21 and day 35 (n ¼ 3, P < 0.05),
indicating that metastasis may occur around day 35. MFOCT
was able to detect the lymphatic changes in cutaneous
melanoma much earlier than the LN changes detected by PET
scan.
DISCUSSION
OCT provides a noninvasive, depth-resolved, nondestruc-
tive imaging at a higher resolution than ultrasonography and
a deeper imaging depth than confocal microscopy and can
add subsurface 3D information during follow-up assess-
ment. Since 1997, OCT has been applied in dermatology
and is now employed in much clinical skin research (Baran
et al., 2016; Gong et al., 2014; Pomerantz et al., 2011;
Welzel et al., 2003). Although histological examination of
www.jidinnovations.org 3
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Figure 3. MFOCT shows the

microstructure, 3D reconstruction,

thickness, and scattering analysis in

Braf V600E/V600E;PtenL/L mouse ear.

H&E, S100-stained section, and

MFOCT cross-sectional in vivo image

of (a) control and (b) Braf V600E/

V600E;Pten�/� mouse ear (day 56).

Yellow arrows point to the strong

scattering region. Bar ¼ 50 mm. (c) 3D

reconstruction of MFOCT cross-

sectional images; area of the yellow

rectangle corresponds to b. Bar ¼ 1

mm. (d) Photograph and (e)

corresponding MIP of the area in c

(inverted grayscale). Bar ¼ 1 mm. (f)

Photograph and corresponding

thickness map of a Braf V600E/

V600E;Pten�/� mouse ear (day 42).

Bar ¼ 1 mm. (g) Measured tissue

thickness in the same region of the ear

at different time points. Statistical

significance was evaluated between

Braf V600E/V600E;Pten�/� mice and

control Braf CA/CA;Ptenloxp/loxp mice

using the two-sided t-test. *P< 0.05.

Quantitative results were conducted

on the same scanned areas at different

time points. N represents the number

of scanned areas. 3D, three-

dimensional; 4-HT, (Z)-4-

hydroxytamoxifen; C, cartilage; D,

dermis; E, epidermis; MFOCT,

multifunctional optical coherence

tomography; MIP, maximum intensity

projection.
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skin lesion remains the gold standard for diagnosis, per-
forming biopsies on all skin lesions are not feasible. Finding
the correct lesion(s) to perform a biopsy on in a patient with
many pigmented lesions is still a challenge. Besides, the
JID Innovations (2021), Volume 1
specificity of visual inspection of lesions by the ABCD
criteria (Asymmetry; Border; Color; Diameter or Dark) varies
widely based on the experience of the clinician (Thomas
et al., 1998).



Figure 4. Longitudinal tracking of lymphangiography employed surface vascular features as landmarks for registration across time points in Braf V600E/

V600E;PtenL/L mouse ears. Changes in lymphatic area density are evident after 21 days of 4-HTadministration, whereas changes in diameters are evident after 7

days of 4-HT administration. (a) Photograph, (b) lymphangiography, and (c) quantitative analysis of lymphatic vessel networks in vivo, revealing

lymphangiogenesis during melanoma progression. Quantitative results were obtained from the same scanned areas at different time points, and values were

normalized to those on day 0. Statistical significance was evaluated between (i) each time point and the baseline (indicated with plus sign þ) and between (ii)

BrafV600E/V600E;Pten�/� mice and control Braf CA/CA;Ptenloxp/loxp mice (indicated with asterisk *) using the two-sided t-test. þP< 0.05; þþP < 0.01; *P< 0.05; **P

< 0.01. N represents the number of scanned areas. Bar ¼ 1 mm. 4-HT, (Z)-4-hydroxytamoxifen; MFOCT, multifunctional optical coherence tomography.
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In this work, we obtained subsurface information that
indicated that advanced melanoma (on day 56) caused
strong scattering in the MFOCT image and perceived an
increase in quantitative ear thickness. On the basis of
lightetissue interaction theories (Bohren and Huffman,
1983), the strong scattering characteristics and the in-
crease of the ear thickness in MFOCT images may be due to
the significant variation of refractive indices in malignant
www.jidinnovations.org 5
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Figure 5. Longitudinal tracking of blood vessels using MFOCT in a Braf V600E/V600E;PtenL/L mouse ear. Angiogenesis is evident after day 28. (a) Photograph, (b)

angiography, and (c) quantitative analysis of vascular networks in vivo, revealing angiogenesis during melanoma progression. Quantitative results were obtained

from the same scanned areas at different time points, and values were normalized to those on day 0. Statistical significance was evaluated between (i) each time

point and the baseline (indicated with the plus sign þ) and between (ii) BrafV600E/V600E;Pten�/� mice and control Braf CA/CA;Ptenloxp/loxp mice (indicated with

asterisk *) using the two-sided t-test. þP<0.05; þþP < 0.01; *P< 0.05; **P < 0.01. N represents the number of scanned areas. Bar ¼ 1 mm. 4-HT, (Z)-4-

hydroxytamoxifen; MFOCT, multifunctional optical coherence tomography.
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tissues with increased concentration of melanocytes and
cell size (Turani et al., 2019), as shown in our time-course
results of histopathology in melanoma mouse ear
(Figure 1). Because an increase in the number of melano-
cytes and in the number of cells with pleomorphic nuclei is
the hallmark of melanoma on pathological assessment
JID Innovations (2021), Volume 1
(Rhodes et al., 1983), the scattering information obtained by
MFOCT can help locate tumor locations in a 3D fashion
(Figure 3cee). Melanoma can be differentiated from healthy
tissue using maximum intensity projection images or
thickness maps when the surface-visible melanoma area is
�1 mm2.



Figure 6. Coregistration of lymphangiography (blue color bar) and angiography (red color bar) reveals that lymphangiogenesis does not occur in parallel with

angiogenesis. Newly formed lymphatic (inner) and blood (outer) vessels surrounding the tumor can be observed in densely distributed melanoma and

amelanotic melanoma. (a) Monitoring of the angiography and lymphangiography within the Braf V600E/V600E;Pten�/� mouse ear. (b) Photograph, thickness map,

MFOCT lymphangiography, MFOCT angiography, and MFOCT angiography merged with MFOCT lymphangiography of the ear of the mice with melanoma

(upper row) and those with amelanotic melanoma (lower row). Bar ¼ 1 mm. MFOCT, multifunctional optical coherence tomography.

P-Y Lai et al.
Lymphangiogenesis and Angiogenesis in Cutaneous Melanoma
We also observed vascular network changes during cancer
progression, with a significant increase in vessel density that
began on day 28. The newly formed small vessels had a more
tortuous vessel trajectory than those in the normal skin (day
0), indicating that angiogenesis had begun before metastasis
could be identified using microPET (day 35), even before
visual inspection of the tumor (�42 days). When comparing
these parameters with those of the control group, a significant
difference was found after day 28 in blood vessel density and
after day 35 in blood vessel tortuosity. However, the change
in vessel diameter was less prominent than that in vessel
density and tortuosity.
Contrary to the vascular pattern, the number of lymphatic
vessels began to increase on day 21. Lymphatic vessel
diameter started to increase on day 7. The lymphatic vessel
tortuosity began to increase on day 14 and lasted until day
42, indicating that lymphangiogenesis does not parallel with
angiogenesis. We also observed a significant difference be-
tween Braf V600E/V600E;Pten�/� and Braf CA/CA;Ptenloxp/loxp in
lymphatic density after day 21 and in lymphatic vessel
diameter after day 7. Among these parameters, lymphatic
enlargement was the most sensitive indicator of tumor lym-
phangiogenesis and could be a prognostic marker for pre-
dicting whether tumors are metastatic to sentinel LNs.
www.jidinnovations.org 7
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Figure 7. Coregistration of lymphangiography (blue color bar) and angiography (red color bar) of the ear of Braf CA/CA;Ptenloxp/loxp control mice from day 0 to

day 42. The blood vessels and lymphatic ducts are differentially expressed in the images without significant change in the pattern during the time-course study.

(a) Photograph. (b) MFOCT angiography merged with MFOCT lymphangiography of the control mouse ear. Bar ¼ 1 mm. MFOCT, multifunctional optical

coherence tomography.
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The development of melanoma in the mouse model we
used has been previously reported with short latency and
metastases observed in LN and lungs (Dankort et al., 2009).
In that study, mice were killed onwday 49 after the detection
of the presence of malignant melanoma lesions, assessed by
visual inspection of the underside of the ventral and the
lateral skin. Our experiment found malignant melanoma le-
sions at dorsal skin around day 42, implying that tumor
metastasis happened before day 42. PET-CT imaging also
found increased uptake of 18fluorodeoxyglucose in the cer-
vical LNs of mice, indicating that tumor metastasis may occur
around day 35. Besides, our quantitative MFOCT result
shows a rapid increase in lymphatic diameter (20%) and
density (40%) around days 14 and 21 compared with that at
the baseline, with a relative increase of w20% and w30%,
respectively, on day 42. The results discussed earlier indi-
cated that the lymphatic diameter and density on days 14 and
21 were nearly the same as those at the time point when the
metastasis occurred. Therefore, from these quantitative re-
sults, we may conclude that lesions with a relative increase in
lymphatic vessel density and diameter above 20% can be
considered high-risk metastatic.

Nevertheless, lymphangiogenesis is not specific for meta-
static melanoma. Inflammatory skin diseases that can be
characterized as acute or chronic also induce lymphangio-
genesis. Acute inflammation is a short-term process occurring
in response to tissue injury (Baran et al., 2016). This finding is
different from our observation of tumor metastasis with
persistent lymphangiogenesis lasting from day 7 through day
42. Other chronic inflammatory skin diseases, such as
dermatitis (eczema), rosacea (Rainer et al., 2017), seborrheic
dermatitis, and psoriasis, may also induce lymphangio-
genesis; however, these diseases are easily distinguished from
melanoma by appearance and symptoms (Borda and
Wikramanayake, 2015; Kim et al., 2017; McPherson, 2016;
Rainer et al., 2017).

Some limitations are evident in applying MFOCT in the
clinic. First, penetration depth in MFOCT images will be
affected when heavy pigmentation exists, as shown in
Figure 3b. Therefore, observing melanoma-associated
angiogenesis and lymphangiogenesis in the dermis seems to
be only feasible in patients with early-stage melanoma.
JID Innovations (2021), Volume 1
Second, lymphangiogenesis is a relevant predictor only if it
follows suspicious skin lesions over time. Besides, comparing
the suspicious skin regions with nearby healthy tissues may
also be needed to suggest characteristic lymphangiogenesis.
Third, human participants are required to establish a cut-off
value of lymphangiogenesis to achieve clinical utility.

In summary, using MFOCT in murine cutaneous mela-
noma, our findings indicate that the detection of lym-
phangiogenesis is a more sensitive factor than the
measurement of an OCT scattering information or tumor
thickness for predicting the risk of metastasis in melanoma,
providing direct evidence of what could only be speculated
in previous studies (Dadras et al., 2005, 2003). The following
advantages of MFOCT have been shown: (i) the technique is
capable of revealing the complete network structure of blood
vessels and lymphatic vessels; (ii) lymphatic vessels and
blood vessels can be visualized separately; (iii) the diameter
of lymphatic vessels can be measured as an early biomarker
of metastasis in response to tumor growth; (iv) dilatation of
lymphatic duct can be identified earlier than the positive
finding in PET and even before visual inspection of the tumor;
and (v) as a noninvasive technique, MFOCT can scan the
whole area of a primary tumor and the surrounding normal-
appearing skin (rather than small area sampling in skin bi-
opsy) to build a 3D information by a designed time course.
The technique can also be used as an adjunct to histopa-
thology in circumstances in which large areas must be
examined, where apprehensive patients are screened, large
populations are studied, or patients are regularly monitored.

MATERIALS AND METHODS
Melanoma mouse model and induction protocol

A breeding pair of B6.Cg-Braftm1Mmcm Ptentm1Hwu Tg(Tyr-Cre/

ERT2)13Bos/BosJ mice (stock #013590) was purchased from the

Jackson Laboratory (Bar Harbor, ME). We obtained Tyr::CreER;

BrafCA; Ptenlox/lox mice from a breeding pair at the National Labo-

ratory Animal Center (Tainan, Taiwan). Activation of CreER by 4-HT

leads to melanocyte-specific conversion of BrafCA to BrafV600E and

the conversion of Ptenlox alleles to null alleles (Dankort et al., 2009).

For the topical treatment, 4-HT (H6278; Sigma-Aldrich, St. Louis,

MO) was dissolved in 99.9% alcohol (32205; Sigma-Aldrich), and

1.5 mg/500 ml of 4-HT was administered to the dorsal part of both



Figure 8. MicroPET-CT imaging and quantitative analysis in vivo. (a) Longitudinal 18 F-FDG microPET-CT images of a Braf V600E/V600E;Pten�/� mouse. Details in

the rectangular regions are enlarged. The white arrows point to the cervical LNs. (b) Mean uptake values in the cervical LNs relative to that in the leg versus time.

Statistical significance was evaluated using the paired t-test. *P<0.05. 18 F-FDG, 18fluorodeoxyglucose; CT, computed tomography; LN, lymph node; PET,

positron emission tomography.
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ears on 10 occasions over 2 weeks (Chang et al., 2017). Melanoma

was generated in the skin at a rate of 100% on day 42, and histo-

pathology showed pigmented or nonpigmented S100-positive tumor

cells in the dermis. These mice developed 100% neck LN metastasis

by 56e70 days, which was the end of their survival.

Skin tissue processing and H&E and S100 staining

Skin tissues were fixed overnight in 10% neutral-buffered formalin at

4 �C and then transferred to 70% ethanol before being processed

and embedded in paraffin. Paraffin-embedded specimens were cut

into 5-mm sections and stained with H&E. Paraffin sections were

deparaffinized and treated with antigen retrieval solution (citrate pH

6.0, Dako S236984) at 95 �C for 30 minutes, and 3% hydrogen

peroxide in double-distilled water was used to block endogenous
peroxidase activity. The primary antibody was applied with anti-

S100 (1:500, ab868, Abcam, Cambridge, United Kingdom) at 4 �C
overnight and was then incubated with secondary antibody at room

temperature for 30 minutes. The signal was detected by AECþ

Substrate-Chromogen (Dako K346111). The sections were then

counterstained with hematoxylin.

Imaging experiment design

We monitored the microenvironment changes of melanoma in the

outer one third of each mouse ear once per week for 7 consecutive

weeks. One to three regions per ear with less hair were selected to

reduce image artifacts, and the areas easier to be fixed on the stage

to minimize motion effects were chosen (Figure 9a, right). There

were a total of 18 scanned areas (N ¼ 18) in this study, 9 collected
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Figure 9. Experimental design. (a) Left: the cartoon indicates the stabilized procedure of a mouse ear lobe; right: photograph of a mouse ear. The scanned area is

indicated with white squares. (b) Schematic of the experimental timeline. One to three regions per ear were chosen. Areas with less hair were selected to reduce

image artifacts, and areas that were easier to be fixed on the stage were selected to reduce motion effects. N represents the number of scanned areas, and n

represents the number of mice. 4-HT, (Z)-4-hydroxytamoxifen; MFOCT, multifunctional optical coherence tomography; PET, positron emission tomography.
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from five Braf V600E/V600E;Pten�/� mice and 9 collected from three

Braf CA/CA;Ptenloxp/loxp mice. In the experimental timeline

(Figure 9b), day 0 refers to the time point immediately before 4-HT

treatment of mice began; after 7 days of 4-HT treatment, the time

point was set as day 7; and so on. OCT images were obtained every

week for both the Braf V600E/V600E;Pten�/� and Braf CA/CA;Ptenloxp/loxp
Figure 10. Setup of the MFOCT system. The light source of the MFOCT system ha

passing through dichroic mirrors and a color filter. Then, the light was coupled

interferometer consisted of a mirror. The sample arm of the interferometer consiste

2D, two-dimensional; MFOCT, multifunctional optical coherence tomography.

JID Innovations (2021), Volume 1
mice; microPET images (Gamma Medica-Ideas, Nortridge, CA) were

obtained on days 21, 28, and 35 to confirm the timing of neck LN

metastasis of melanoma. During the acquisition of OCT images,

mice were anesthetized using 1% isoflurane, and the ears were fixed

on the stage using double-sided tape. One adhesive side of the tape

was fixed to the imaging stage, and the other side was fixed to the
s a central wavelength of 1,275 nm and a spectral bandwidth of 240 nm after

into a fiber-based Michelson interferometer. The reference arm of the

d of a dual-axis scanning mirror and an objective lens (Thorlabs, Newton, NJ).



Figure 11. Flowchart of the MFOCT image processing. MFOCT, multifunctional optical coherence tomography; OMAG, optical microangiography algorithm.
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mouse ear (Figure 9a, left). For longitudinal monitoring and relative

comparison of the same area, the surface vascular features taken by

photography were used as landmarks for registering the same region

across time points. All animal procedures were reviewed and

approved by the Institutional Animal Care and Use Committee of

National Yang-Ming University, Taipei, Taiwan, where these exper-

iments were performed.

MFOCT system

Figure 10 shows the setup of the MFOCT system (Kuo et al., 2016).

The light source has a central wavelength of 1,275 nm and spectral

bandwidth of 240 nm after passing through dichroic mirrors and a

color filter, delivering an axial resolution of approximately 5 mm in

air. Subsequently, the light is coupled to a fiber-based Michelson

interferometer. The reference arm of the interferometer consists of a

mirror. The sample arm of the interferometer comprises a dual-axis

scanning mirror and an objective lens (Thorlabs, Newton, NJ),

providing 7-mm lateral resolution. The x-scanner in the galvo system

is steered using a saw-tooth waveform, and the y-scanner is steered

using a step function. In this study, we obtained four repeated frames

in each step, and each frame contained 900 A-lines. The 3D data set

obtained consisted of 400 steps and covered an image volume of 4 �
4 � 2 mm3. Backscattered light from the sample and reference arm

was captured using a spectrometer. In our setup, the integration time

of the camera in the spectrometer was set to 32.75 ms, and the im-

aging speed was 33 frames per second. Each 3D imaging took 50

seconds.

MFOCT signal processing

Figure 11 shows the procedure of the MFOCT signal processing. The

dispersion was compensated using a numerical dispersion

compensation algorithm (Wojtkowski et al., 2004), and axial signals

were retrieved through the Fourier transform of the spectral inter-

ferogram. The complex scattering signal first underwent phase

correction and motion correction in both axial and lateral directions
(Lee et al., 2011). Simultaneously, the magnitude of the complex

number was calculated to construct cross-sectional images.

OCT angiography was determined using the optical micro-

angiography algorithm (Wang, 2010). OCT angiography is a tech-

nique to generate in vivo vascular images using endogenous motion

contrast. It can distinguish the moving particles from the static tissue,

generate flow signals, and allow the visualization of microvascular

networks in biological tissues without a need for intravenous dye

injection. The optical microangiography algorithm we used to

calculate OCTangiography has been proven valid using multiphoton

microscopy (Wang et al., 2014). Because the lymphatic vessels

scattered less light than the mouse ear tissue, lymphangiography can

be identified through the automatic lymphatic segmentation of

weakly scattering areas in the cross-sectional image, using our

recently proposed method (Lai et al., 2020) where an in vivo fluo-

rescence lymphangiography was used for validation.

Quantitative analysis

We measured the ear thickness for quantitative analysis, which was

defined as the distance between the corneum stratum and articular

cartilage. The top boundary and the dermis‒cartilage junction were

determined using the method described in the literature (Lai et al.,

2020). Operator-dependence manual boundary‒determined steps

were not necessary. Three parameters—vessel density, vessel diam-

eter, and the tortuosity of lymphatic and blood vessels—were also

automatically calculated using a program written in MATLAB and

were used to assess microenvironment changes in Braf V600E/

V600E;Pten�/� and Braf CA/CA;Ptenloxp/loxp mouse ears.

The vessel density is defined as the area of the vessels in the

projection view divided by the area of the imaging region. Using the

Euclidean distance transform of the binarized vessel en face pro-

jection map, the distance between each pixel in a binarized map

and the pixel locations that approximate the centerline of the blood

vessels (i.e., vessel skeleton) can be counted in pixel number and

then averaged as the median vessel diameter. Vessel tortuosity was
www.jidinnovations.org 11
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determined by calculating the entropy of the skeletonized vessel en

face projection map. Larger tortuosity entropy corresponds to a more

tortuous and wavier vessel trajectory (Chen et al., 2018).

Statistical analysis

Two-sample t-tests (two-sided) were used to compare the treatment

and control samples. In comparing the same area at the different

time points in the control and induced groups, the paired t-tests were

used. Given that microcirculation’s condition varies from mouse to

mouse and even varies from a different region in the same ear, we

calculated a relative (%) increase in the same region across different

time points. To explore the effect of different scanned areas on OCT

quantitative analysis at each time point, the linear mixed model was

performed using the Statistical Package for the Social Sciences

software (SPSS 24, IBM, Armonk, NY). The linear mixed model

analysis confirmed no significant difference in OCTangiography and

lymphangiography among different scan areas at each time point.
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