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ABSTRACT Laser ablation can be an effective modality for treatment, but it is complicated to apply
continuous-wave (CW) light sources for laser ablation because of the unpredictable photothermal damage.
In this study, an integrated theranostic system combining a low-cost CW laser diode with optical coherence
tomography (OCT)/angiography (OCTA) was utilized for the in vivo ablation of tumor tissues. To examine
the effect of laser exposure on tissue scattering characteristics, the OCT backscattering intensities of non-
ablated and ablated tissues were analyzed, and the effect on the skin microvasculature produced by laser
ablation was quantitatively evaluated. Moreover, the integrated system and the proposed method were
implemented for the treatment of skin tumor on the mouse model. The obtained results indicate that the
developed laser ablation system can effectively remove tumor tissues with controllable photodamage under
OCT/OCTA guidance and that the system cost may be significantly reduced by using the CW laser diode.

INDEX TERMS Laser diode, laser ablation, biomedical optical imaging, angiography, medical diagnostic
imaging, biophotonics.

I. INTRODUCTION

Laser therapy has become an alternative treatment solution
in addition to conventional surgical resection by using high-
intensity light to shrink or damage tissue [1], [2]. Its effects
are produced via two main mechanisms corresponding to
thermotherapy and photocoagulation [3], [4]. During ther-
motherapy, the optical energy of laser light is absorbed by
the tissue leading to the thermal effect and tissue evapora-
tion. When a high-intensity or high-power laser is applied,
the irradiated cells can be severely damaged, changing the
tissue composition. In contrast, photocoagulation is mainly
caused by the absorption of red blood cells, leading to their
coagulation and the formation of thrombi. The latter process
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results in ischemia, low oxygen levels, and poor nutrition
transportation that are essential for tissue growth. Currently,
photocoagulation has been commonly applied in ophthalmol-
ogy and for the treatment of liver cancer [5], [6]. In the past,
various lasers such as CO; and Nd:YAG ones were utilized
for medical treatment [7], [8]. It was also demonstrated that
either continuous-wave (CW) or pulsed-mode lasers could
be used for laser therapy [9], [10]. In clinical applications,
short-pulse lasers represent the most commonly used ther-
apeutic tool because they are able to damage the irradiated
tissues without melting the surrounding before heat accumu-
lation occurs [11]. However, such short-pulse lasers are very
expensive and bulky, which makes their clinical application
extremely challenging.

Tumors (also known as neoplasms) are abnormal masses
caused by the excessive growth of biological tissues that can
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be divided into three main types: benign, premalignant, and
malignant (cancer) ones [12]. Unlike normal tissue, malig-
nant tumors contain cancer cells, which aggressively invade
the surrounding tissues such as vessels and lymph nodes.
The resulting metastases also alter the tissue morphology
and microcirculation. Typically, histology is used as a golden
standard for the determination of a tumor type in clinical
diagnostics. However, the histologic examination of biopsy
tissues is an invasive and time-consuming method that can
lead to misdiagnosis due to a sampling error. Therefore,
a noninvasive diagnostic method involving real-time imaging
is more preferable for this purpose. Previous clinical studies
and trials have demonstrated that lasers can be effectively
used for treating brain, skin, and liver cancers [13]-[15].
Imaging-guided laser therapy approaches were able to sig-
nificantly improve treatment accuracy and prevent additional
damage to the normal tissue from the occurrence. These tech-
niques included ultrasound imaging [ 16], magnetic resonance
imaging [17], and fluorescence microscopy [18]. However,
because the spot size of a treatment laser typically ranges
from tens of micrometers to millimeters, the resolution of the
imaging technique should be limited to the micrometer scale
such as those of fluorescence microscopy and optical coher-
ence tomography (OCT) [19], [20]. Among various optical
imaging methods, OCT can achieve a micrometer-scale reso-
lution with an imaging depth of 2—3 mm. Moreover, OCT is
based on the backscattering of biological tissues and does not
require using any exogenous contrast agents. Additionally,
OCT possesses basic functional imaging abilities for the
identification of tissue characteristics. In the case of OCT
angiography (OCTA), various methods including speckle
variance [21], [22], decorrelation [23], Doppler effect [24],
and optical micro-angiography [25] have been developed.
Considering the use of OCT as guidance for laser therapy,
Boppart et al. first demonstrated that laser ablation could be
dynamically monitored by high-resolution OCT [26]. Kauf-
mann et al. proposed to integrate OCT and selective retinal
therapy with a pulsed laser for the real-time monitoring of
treatment outcome in the case of retinal pigment epithe-
lium [27]. Moreover, Katta ef al. demonstrated an integrated
system combining OCT and laser ablation for conducting a
precise and bloodless tumor surgery [28]. In previous stud-
ies, pulsed lasers were used for ablation, which significantly
increased the cost and size of the treatment system. Addition-
ally, Beaudette et al. proposed to use a double-clad fiber cou-
pler to integrate a two-dimensional OCT and a CW modulated
Raman fiber laser centered at 1436 nm for tissue coagulation
[29]. However, the proposed configuration was based on
a Michelson interferometer, making dynamically adjusting
the incident power on the sample to optimize the imaging
sensitivity difficult. Moreover, only two-dimensional OCT
imaging was utilized to identify the difference in the tissue
morphology and the backscattered intensity along with the
depth after laser coagulation, and thus it was difficult to
investigate the photothermal effect in a three-dimensional
perspective. To monitor the induced photothermal effect due
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FIGURE 1. Schematic of the OCT-guided laser ablation system. SS: swept
source, FC: fiber coupler, CIR: circulator, GAL: galvanometer, DM: dichroic
mirror, SL: scanning lens, TL: treatment laser, DC: dispersion compensator,
M: mirror.

to laser exposure, Lo et al. evaluated the complex difference
variance from the OCT results [30]. A tunable fiber laser with
a tuning range from 1860 nm to 1895 nm was implemented
for laser thermal therapy. To examine the tissue coagulation
induced by laser exposure, 10 consecutive B-scans were
required for the CDV estimation and the ex vivo results of
different biological tissue were demonstrated. Repeated scans
might be a problem to be applied to in vivo experiments.

As mentioned previously, high-power short-pulse lasers
have become the most commonly used solution for laser
therapy or ablation. However, high costs and bulky volumes
of these instruments significantly limit their clinical applica-
tions. In this study, a CW laser diode was integrated with
a swept source (SS)-OCT/OCTA system for the feasibility
studies of laser ablation and tumor removal. OCT was used
for the in vivo evaluation of induced photothermolysis and
determination of the heating region. Additionally, the inte-
grated system was implemented for the identification of
the tumor region and evaluation of the treatment outcome.
Moreover, the backscattering intensities of the ablated and
non-ablated tissues were compared, and the vessel densities
determined before and after laser ablation were quantitatively
analyzed. Finally, the proposed method was applied to in vivo
tumor removal.

Il. EXPERIMENTAL SETUP

A. OCT-GUIDED LASER ABLATION SYSTEM

Figure 1 shows the schematic diagram of the developed OCT-
guided laser ablation system. In this setup, a MEM-based
swept source (HSL-20, Santec Corp., Komaki, Japan) was
utilized; its center wavelength and tuning spectral range were
1310 and 110 nm, respectively. The sweep rate of the light
source was 100 kHz, which corresponded to an A-scan rate
of 100 kHz. The light source was connected to a fiber-based
Mach-Zehnder interferometer, which split the light beam
into the reference and sample arms. The interferometer was
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composed of two fiber circulators and two fiber couplers with
different coupling ratios. In the reference arm, a reflective
mirror was fixed on a single-axis translational stage to adjust
the optical path difference between the sample and reference
arms. In the sample arm, a two-axis galvanometer (GVS002,
Thorlabs, New Jersey, USA) was used for beam scanning.
A dichroic mirror (DMLP735B, Thorlabs, New Jersey, USA)
was installed before the galvanometer to combine the OCT
and treatment laser beams. Finally, the two beams passed
through the galvanometer and were focused on the sample by
a scanning lens (LSMO2, Thorlabs, New Jersey, USA). The
utilized treatment laser contained a CW laser diode with a
center wavelength of 450 nm. The maximum output power of
the laser diode can reach up to 6 W. To study the feasibility
of using a CW laser diode for laser treatment, the incident
power focusing on the sample was only set to 4 W to avoid
the extra damage and too rapid tissue reaction which may
cause the difficulty in the observation of the induced changes
with OCT/OCTA. The used laser diode is under multimode
operation, and the beam diameter after the focusing lens in
the sample arm was measured approximately 550 pm, corre-
sponding to an energy fluence of 1.68 x 103 J/cm? incident
on the sample. The laser diode costs ~US $80. Because the
absorption coefficient of hemoglobin is higher at 450 nm,
laser energy can be easily absorbed by red blood cells and
converted into heat for tissue ablation [31]. In our experiment,
the OCT frame rate was set to 100 frames/s, and each frame
consisted of 1000 A-scans. Both the micromorphology and
microvasculature of tissues were simultaneously determined
by OCT imaging. During the OCTA analysis procedure, the
same skin location was scanned twice, after which the speckle
variance between two sequential images was calculated to
obtain vascular information [32]. Each in three-dimensional
(3D) OCTA data set consisted of 1000 x 1000 x 1024 voxels
(X x Y x Z). The measured axial and transverse resolutions
of the OCT system were 7 and 10 pm, respectively.

B. EXPERIMENTAL ANIMALS

In this study, C57BL/6 wild-type mice with ages of 7-8 weeks
were used. To investigate the feasibility of utilizing a 450-nm
laser diode for tissue ablation, the normal mouse ear skin was
exposed to its light beam and scanned with the OCT/OCTA
system before and after laser exposure. Additionally, the
OCT-guided laser therapy system was applied for in vivo
tumor ablation. A dorsal skin window chamber implemented
on the C57BL/6 mice was used to observe the tumor growth
and outcome of laser ablation. A detailed procedure for the
preparation of this chamber has been described in a previous
study [33]. Briefly, the window chamber consisted of two
complementary titanium frames with a circular observation
area having an inner diameter of 11 mm. The observation
area was made of a laterally positioned fold of dorsal skin
sandwiched between the two frames. One side of the folded
skin was removed and covered with a round glass piece fixed
by a snap ring. Two microliters of phosphate-buffered saline
solution containing 1 x 10° transgenic adenocarcinoma of
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FIGURE 2. En-face OCT images of the mouse ear skin obtained (a) before
laser exposure and after the laser exposures at an average incident
power of 4 W on the sample for (b) 20, (c) 40, (d) 60, (e) 80, and (f) 100 s.
(g)—(I) Corresponding 2D OCT images of the mouse ear skin obtained for
the closer locations indicated by the yellow-dash lines in panels (a)—(f).
The scale bars in panels (f) and (I) denote the length of 500 xm. E:
Epidermis, D: dermis, and AC: auricular cartilage.

the mouse prostate (TRAMP) tumor cells were injected into
the dermis at the center of the observation area. The growth
of tumor cells was monitored by either a fluorescent micro-
scope or OCT/OCTA at various time points. Because the
inner diameter of the window chamber was 11 mm, it required
four individual 3D scans to cover the entire window area,
and the resulting images were combined into one 3D image.
As the OCT beam was merged with the treatment laser
beam on a common-path configuration as shown in Fig. 1,
the treatment beam was guided to the center of the treated
region using the obtained OCT/OCTA results by adjusting
the driving voltages of the two-axis galvanometer before laser
ablation. While only A-scans could be conducted in the center
of the treated region during laser ablation, 3D OCT/OCTA
imaging was performed before and after the laser ablation
procedure. In this study, six normal mouse ears were involved
and 11 mice with the dorsal skin tumor were used for the laser
treatment.

Ill. RESULTS

To explore the feasibility of using the CW laser diode for
tissue ablation, mouse ear skin was exposed to the laser
beam with an average incident power of 4 W on the sam-
ple for different times followed by repeatedly scanning
with OCT/OCTA. To examine the relationship between the
induced photodamage and the exposure time, a selected skin
area was scanned with OCT/OCTA before laser exposure,
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after which it was exposed to the 450-nm laser beam for
20 seconds (s) and scanned with OCT/OCTA again. The
same experimental procedure was repeated until the total
exposure time of 100 s was achieved. Figure 2 shows the
en-face OCT images extracted from the 3D images at a depth
of 100 um beneath the skin surface and the corresponding
two-dimensional (2D) OCT results obtained for the locations
indicated by the yellow-dash lines in Figs. 2(a)—(f). The latter
represents the en-face images obtained before and after the
laser exposures for 20, 40, 60, 80, and 100 s, respectively.
The red circle in Fig. 2(a) denotes the incident area of the
treatment laser. Note that the damage induced by the laser
exposure for 40 s can be clearly identified (Fig. 2(c)) and
that the backscattering intensity for the surrounding tissue of
the ablated area gradually changed with the exposure time.
After the total exposure for 100 s, the backscattering intensity
significantly increased (see the yellow arrows in Fig. 2(f))
as compared with the results presented in Figs. 2(c)—(e).
Such a variation in the backscattering intensity was caused
by the thermal diffusion from the exposure area to the sur-
rounding tissue that changed its composition. Additionally,
Figs. 2(g)—(1) show the 2D images of Figs. 2(a)—(f) obtained
from the indicated locations for better comparison. It is diffi-
cult to identify the changes in tissue architectures induced by
laser exposure in Fig. 2(b), but the difference in the backscat-
tering intensity can be clearly observed in Fig. 2(h) as indi-
cated by the white arrow. As the exposure time increased,
a blister was formed at a total exposure time of 40 s (see
the white arrow in Fig. 2(i)). Afterward, this blister collapsed
in Fig. 2(j), and the backscattering intensity in the surround-
ing area significantly increased, as shown in Fig. 2(1).

Moreover, it can be noted from Fig. 2 that laser exposure
changed the backscattering properties of the tissue because
photon energy significantly affected its composition and mor-
phology. Therefore, further analysis of the backscattering
intensity variation enables the detection of the damaged skin
region. As shown in Fig. 3(a), firstly, the skin surface of
each B-scan was detected according to the previously pro-
posed method, and then, the skin surface of each B-scan
was realigned to be flattened [34]. After that, the intensity
distribution at the same depth along the transverse direc-
tion was obtained. Fig. 3(b) displays the distributions of the
backscattering intensity along the transverse direction at a
depth of 100 um beneath the skin surface (i.e., within the
epithelium region) obtained from Figs. 2(g)—(l) after the
procedure outlined in Fig. 3(a).

Fig. 3(b) shows the variation of the OCT backscattering
intensity along the transverse direction before and at the
different time points after the laser exposure initiated (i.e.,
different exposure), which can be used for identifying the dif-
ference between the ablated and non-ablated tissues. After the
surface flattening procedure, every eleven B-scans adjacent to
the locations indicated by the yellow lines in Figs. 2(g)—(1)
were selected for the estimation of the mean and standard
deviation (STD) values of the intensity distribution along
the transverse direction at a depth of 100 um beneath the
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FIGURE 3. (a) Flowchart of the developed algorithm for estimating the
intensity variation along with the skin depth. (b) Distributions of the
backscattering intensity along the transverse direction obtained from
Figs. 2(g)—(l) at a depth of 100 xm beneath the tissue surface after
processing. (c)(d) Mean backscattering intensity and STD values of the
gray and yellow regions estimated from Figs. 2(g)—(l) at the same skin
depths.

skin surface (see Figs. 3(c) and (d)). Here, the yellow region,
as shown in Fig. 3(b) covers a transverse distance of 1 mm
including both the exposed and surrounding (non-exposed)
areas. Additionally, a transverse distance of 1 mm was
selected for the gray region, representing the non-exposed
area. The laser exposure altered the tissue composition and
morphology, leading to the variation in the mean backscatter-
ing intensity. The red curve in Fig. 3(c) plotted for the yellow
region including both the exposed and surrounding regions
significantly changed after laser exposure. Although the blue
curve in Fig. 3(c) represents the results obtained for the gray
region, the mean value for the blue curve gradually decreased
after the total exposure for 60 s, which likely resulted from the
thermal diffusion from the exposed region to the surrounding
one. The data presented in Fig. 3(d) also shows that the STD
of the backscattering intensity along the transverse direction
increases after laser exposure, as shown by the red curve (the
exposed region) in Fig. 3(d). As the exposure time increases,
the STD values of the red curve continue to increase, and the
STD values of the blue curve (the unexposed region) slightly
change after 60 s, suggesting that the generated heat diffused
into the unexposed region.

As previously mentioned, OCTA imaging can be simulta-
neously performed to identify the microvasculature of mouse
skin. Figure 4 shows the maximum-intensity-projection
OCTA images over a depth range of 1.5 mm, corresponding
to the OCT results depicted in Fig. 2 that were obtained
before and after the laser exposures for 20, 40, 60, 80, and
100 s. Figures 4(a)—(f) indicate that the vessels in the exposed
area disappeared after the laser exposure for 20 s, while the
black area gradually became larger with increasing exposure
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FIGURE 4. Maximum-intensity-projection OCTA images corresponding to
the results depicted in Fig. 2, which were obtained (a) before laser
exposure and after the laser exposures at an incident power of 4 W for
(b) 20, (c) 40, (g) 60, (h) 80, and (i) 100 s. (g) Vessel densities estimated
for the three areas indicated by the yellow squares in the inset at various
exposure times. The scale bars represent the length of 500 xm.

time. Because the OCTA algorithm is based on measuring the
time-dependent intensity variance at the same tissue location,
the disappearance of vessels from the OCTA images indicates
that either the blood flow over the irradiated region was
stopped or the microvascular network was destructed. More-
over, the vessel densities in Figs. 4(a)—(f) were quantitatively
analyzed according to the algorithm developed in a previous
study [32]. Three individual areas denoted by the yellow
squares in Fig. 4(a) were selected to estimate the vessel
densities at various exposure times in the inset of Fig. 4(g)
(Regions I, II, and III). The obtained results indicate that
the vessel density in the central area (Region I) is reduced
to zero after a 40-s exposure, while those in the upper and
lower regions (Regions II and III) decreased to zero after
100 s of laser exposure, owing to the heat diffusion from the
exposed area (Region I). These data also demonstrate that the
estimated vessel density can be effectively used to identify the
heating area, which is typically larger than the exposed area.

Figures 3 and 4 show that the tissues damaged by laser
exposure can be distinguished from unexposed tissues by
measuring the intensity variation along the transverse direc-
tion and vessel density. To further investigate the feasibility of
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FIGURE 5. 2D OCT images of the mouse skin extracted at the close
location from the 3D images obtained on (a) Day 1 after implantation,
(b) Day 10 after implantation, (c) Day 10 after laser ablation, and (d) Day
11. (e) Histological data corresponding to the image displayed in panel
(d). (f) Corresponding CD31 microscopic image. The white outline
indicates the tumor region, and the scalar bar denotes the length

of 500 xm.

using the integrated laser system for tumor removal, an exper-
iment involving the tumorous animal model and dorsal skin
window chamber was conducted. Tumor cells were implanted
into the mouse skin, and OCT scanning was performed to
monitor tumor growth and determine the outcome of the
laser ablation procedure. Figures 5(a) and (b) display the 2D
OCT images of the mouse skin extracted at a closer location
from the 3D images obtained on Days 1 and 10 after the
tumor cell implantation, respectively. In Fig. 5(a), different
layer structures can be identified including the muscle layer,
subcutis, and cutis. After subcutaneous implantation of tumor
cells for 10 days, the tumor region can be identified from the
OCT result as indicated by the white outline in Fig. 5(b).
From Fig. 5(b), it can be found that the scattering inten-
sity of the tumor tissue is significantly weaker than that
of the normal tissue. Therefore, the tumor region can be
identified according to the scattering property. In our experi-
ments, the laser exposure was performed when the tumor size
reached 1.5 mm in width which can be measured from the
OCT results. According to the OCT results obtained on Day
10 as shown in Fig. 5(b), the targeted treatment region was
identified, and the beam of the treatment laser was directed
toward the tumor center by adjusting the tilting angles of the
galvanometer. Subsequently, the tumor center was exposed to
the 450-nm laser beam at a power of 4 W for 100 s. Figure 5(c)
shows the OCT image obtained after laser ablation, and the
scan in Fig. 5(d) was acquired 24 h after laser ablation. The
yellow arrow in Fig. 5(c) denotes the exposure location. Here,
the laser exposure changed the backscattering intensity of the
exposed region as compared with that in the OCT images
obtained before exposure. The same skin area was scanned
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FIGURE 6. (a)—(d) OCTA scans corresponding to the images depicted in
Figs. 5(a)—(d). (e) A photograph of the skin window chamber taken after
laser exposure. The scale bars denote the length of 500 xm.

again 24 h later, as shown in Fig. 5(d). To validate the obtained
OCT results, the mouse was sacrificed, and the skin locations
specified in Figs. 5(a)—(d) were selected for biopsy.

The resulting histological image (Fig. 5(e)) can be used
to locate the heating area; it also shows that the com-
position and morphology of the mouse skin have signifi-
cantly changed. Because CD31 is a platelet endothelial cell
adhesion molecule 1 (PECAM-1) which can be a vascular
marker, CD31 microscopic results are used to validate the
OCTA results in our experiments as shown in Fig. 5(f) [35].
In Fig. 5(f), the dark red spots represent the damaged vessels
induced by laser exposure, and the bright red parts indi-
cate the vessels without photodamage. Since the maximal
absorption regime of hemoglobin ranges from 410 to 420 nm,
the exposure time can be further reduced by using the laser
diodes with either shorter wavelengths or higher output pow-
ers to render a higher absorption efficiency.

Apart from the OCT results, the corresponding OCTA data
are presented in Fig. 6. Figure 6(a) shows the projection-
view OCTA image of the mouse skin within the window
chamber that was obtained on Day 1 after tumor cell implan-
tation; the same skin area was scanned again on Day 10 after
implantation, as shown in Fig. 6(b). The red circle in Fig. 6(a)
(overlapped with yellow-dash box for region I) denotes
the implantation area. The angiogenesis induced by tumor
growth is indicated by the yellow circle in Fig. 6(b), and the
450-nm laser beam was incident on the center of the tumor
region for ablation. After the laser exposure for 100 s, the
vessels in the central region of the window chamber disap-
peared (Fig. 6(c)), suggesting that laser ablation destroyed the
vessels and stopped the blood flow. Furthermore, Fig. 6(d)
displays the OCTA results obtained 24 h after laser exposure,
which also does not contain the disappeared vessels, illus-
trating that the ablation procedure can effectively damage the
tissue and vessels. Finally, Fig. 6(e) shows the photograph
of the window chamber taken before the histological exam-
ination. The white region in this figure denotes the ablated
area, and the vessels can still be observed in the surrounding
area without thermal damage. These results show that the
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photodamage induced by the CW laser may be monitored
by OCT/OCTA for tumor removal. Similar to the results
presented in Figs. 3 and 4, the changes in the intensity dis-
tribution along the transverse direction and vessel density
were evaluated as well. Every eleven B-scans adjacent to each
B-scan in Figs. 5(a)—(d) were selected for the estimation of
the mean and STD values of the intensity distribution along
the transverse distance of 1 mm at a depth of 100 um beneath
the skin surface. Additionally, to identify the changes in the
tumor region induced by laser ablation, the areas denoted by
the yellow squares in Fig. 6(a) (Regions I, II, and III) were
selected for evaluation.

Figure 7(a) displays the mean intensity (red curve) and
STD (blue curve) values determined along the transverse
direction at different time points, including Day 1, Day
10 before laser exposure, Day 10 after laser ablation, and 24 h
later after laser ablation. For the red curve, the mean intensity
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decreased during tumor growth and slightly increased after
laser ablation. After 24 h, the mean value decreased and
remained smaller than the intensity estimated on Day 1. For
the blue curve, the STD value continuously increased with
time, indicating that the tumor growth and laser ablation
processes increased the intensity variation. These results are
similar to the data presented in Fig. 3(c), suggesting that laser
heating changed the backscattering intensity of the biological
tissue. To analyze the changes in the vessel density, the three
regions denoted by the yellow squares in Fig. 6(a) were
selected. The inset of Fig. 7(b) displays the magnified data
obtained immediately after laser exposure and 24 h later.
They show that the vessel density increased because of the
angiogenesis that occurred during tumor growth. However,
the vessel density suddenly decreased after laser ablation, and
no significant changes in its values were observed in 24 h,
indicating that the tumor was successfully removed by the
OCT-guided CW laser ablation procedure.

IV. DISCUSSION

Pulsed lasers have been widely used in clinical therapy, and
the photodamage caused by their use can be easily con-
trolled. However, the high cost and bulky size of these lasers
significantly limit their clinical applications. Thus, in this
work, we used a low-cost CW laser diode to examine the
feasibility of tumor removal under the OCT/OCTA guidance.
Using this procedure, a treatment region was identified, and
the treatment outcome was effectively monitored. Moreover,
the photodamaged area was determined by OCT/OCTA to
prevent additional damage to the surrounding tissues caused
by the laser beam.

From Fig. 5, the abnormal tissue region can be distin-
guished by identifying the difference in the backscattered
property and the morphological change between the normal
and abnormal tissues. Additionally, tumor growth causes
angiogenesis, thereby increasing the vessel density in the can-
cerous region. Consequently, the vessel density in a specific
area obtained on Day 1 and Day 10 were compared to rec-
ognize the normal and cancerous tissues. Thus, OCT/OCTA
was used for the identification of normal and abnormal
tissues before laser ablation, and the treatment laser beam
was guided according to the obtained OCT/OCTA images.
In order to control the incident location of the laser beam on
the sample surface, a dichroic mirror was inserted before the
galvanometer in the current design of the sample arm that
combined OCT with the treatment beams. In the resulting
setup, the incident angle of the treatment beam on the sample
surface could be easily adjusted by the galvanometer accord-
ing to the region of interest determined from the OCT/OCTA
results. During laser exposure, both beams are fixed at the
same location. Meanwhile, only OCT M-mode scans can be
performed to observe the dynamics of laser ablation at the
exposure location. However, B-mode and C-mode scans may
not be conducted during laser exposure, making the dynamic
observation of the photothermal effect on the surrounding
tissue very difficult. Alternatively, the dichroic mirror can be
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inserted after the galvanometer; in this case, the combined
beams may be focused through the lens in the sample arm,
and only the OCT beam is driven by the galvanometer, while
the treatment beam is fixed in the middle of the lens without
scanning. To change the skin location for laser exposure,
additional translational stages must be installed to focus the
treatment beam at the region of interest. However, the latter
approach is difficult to implement in an in vivo study. There-
fore, in this work, the dichroic mirror was inserted before the
galvanometer.

As shown in Figs. 2 and 5, laser ablation alters the composi-
tion and morphology of biological tissues, thus changing their
optical properties and microcirculation. At the beginning of
laser exposure, laser beam irradiation results in the formation
of blisters that later collapse. In previous studies, it was
demonstrated that the tissue temperature was proportional to
the exposure time and that the scattering coefficient increased
with temperature [36], [37]. As shown in Fig. 2(1), the scatter-
ing intensity increases in the exposed region and surrounding
tissues, which is consistent with the results of earlier works.
The same phenomenon is seen in Figs. 5(c) and (d). Although
the observed changes in the tissue morphology and optical
properties are different in these two figures, it is difficult to
determine the photothermal effect for the surrounding tissue
from the OCT results. Meanwhile, the CW laser diode with a
center wavelength of 450 nm was used for tissue ablation,
and the absorption coefficient of hemoglobin at 450 nm
is higher than the values obtained at longer wavelengths.
Therefore, the photon energy can be efficiently absorbed by
hemoglobin and then transformed into heat. Thus, OCTA
can be helpful in studying tissue microcirculation, which is
strongly affected by the angiogenesis occurring during tumor
growth. Moreover, OCTA results can serve as guidance for
positioning the laser ablation beam because the absorption
efficiency is optimal when the treatment laser is incident on
a vessel-rich region. Additionally, it is difficult to evaluate
the photodamage of the surrounding tissue caused by OCT;
however, its degree can be determined by OCTA.

For the treatment with CW lasers, laser energy can be
absorbed by biological tissue and red blood cells, and then,
transferred to the thermal effect. Although the usage of a
450-nm laser diode may penetrate a shallower depth than
the lasers with longer wavelengths, the heat can be trans-
ferred to the surrounding and even deeper tissue for treatment
purposes. Additionally, our histological results in Figs. 5(e)
and 5(f) also indicate that the deeper tissue layer can be
coagulated when the 450-nm laser diode was used. There-
fore, the integration of the 450-nm laser diode with the
OCT/OCTA system is feasible for tumor therapy in a depth
range of 1 mm. Compared to other commercial CW lasers,
the used 450-nm laser diode in the visible spectral range
is commercially available, and the small size is easy to be
integrated with an OCT system for in vivo applications.
To further avoid the disruption from the damaged surface and
to treat the deeper tissue, a needle-type OCT/OCTA-guided
laser therapy system can be implemented [38]. In the previous
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experiments, the tumor tissue can be ablated for an exposure
time of 100 s with an exposure power of 4 W on it. However,
the exposure time can be further improved by increasing the
exposure power. The utilization of CW laser diodes with
higher absorption efficiencies for hemoglobin or water is also
beneficial to optimize the exposure period [39]. Additionally,
the exposure time can be further reduced with the needle-type
OCT/OCTA-guided laser surgery system.

V. CONCLUSION

In conclusion, the low-cost CW laser diode with a center
wavelength of 450 nm was utilized for laser ablation and
integrated with the SS-OCT system having a center wave-
length of 1310 nm. Using this setup, both OCT and OCTA
images were simultaneously obtained. To investigate the fea-
sibility of laser ablation with the 450-nm laser diode, mouse
skin was exposed to its beam, and the exposed region was
scanned with OCT/OCTA. The resulting changes in the skin
morphology and optical properties were determined from
the OCT images, and a method for investigating the alter-
nation of the scattering intensity was proposed to differenti-
ate between the non-ablated and ablated tissues. Moreover,
OCTA was used for observing tissue microcirculation and
evaluating the photothermal effect quantitatively from the
estimated vessel density. Finally, the developed OCT/OCTA-
guided laser ablation system was utilized for tumor removal.
From the obtained results, it can be concluded that a tumor
may be effectively removed by the 450-nm laser diode and
that the photodamaged area can be monitored and controlled
under the guidance of OCT/OCTA. Hence, the developed
OCT/OCTA-guided laser therapy system is advantageous in
terms of cost and treatment efficiency.
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