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Abstract: Fractional photothermolysis induced by non-ablative fractional 
lasers (NAFLs) or ablative fractional lasers (AFLs) can remodel the skin, 
regenerate collagen, and remove tumor tissue. However, fractional laser 
treatments may result in severe side effects, and multiple treatments are 
required to achieve the expected outcome. Thus, the treatment outcome and 
downtime after fractional laser treatments are key issues to determine the 
following treatment strategy. In this study, an optical coherence 
tomography (OCT) system was implemented for in vivo studies of wound 
healing after NAFL and AFL treatments. According to the OCT scanning 
results, the laser-induced photothermolysis including volatilization and 
coagulation could be morphologically identified. To continue monitoring 
the wound healing process, the treated regions were scanned with OCT at 
different time points, and the en-face images at various tissue depths were 
extracted from three-dimensional OCT images. Furthermore, to 
quantitatively evaluate the morphological changes at different tissue depths 
during wound healing, an algorithm was developed to distinguish the 
backscattering properties of untreated and treated tissues. The results 
showed that the coagulation damage induced by the NAFLs could be 
rapidly healed in 6 days. In contrast, the tissue volatilization induced by 
AFLs required a longer recovery time of 14 days. In conclusion, this study 
establishes the feasibility of this methodology as a means of clinically 
monitoring treatment outcomes and wound healing after fractional laser 
treatments. 
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OCIS codes: (110.4500) Optical coherence tomography; (290.1350) Backscattering; 
(170.2655) Functional monitoring and imaging; (170.1870) Dermatology; (170.3880) Medical 
and biological imaging. 
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1. Introduction 

As laser technology has developed, lasers have been widely used for biomedical applications, 
including laser therapy and imaging. Currently, laser surgery has become an excellent 
solution in clinical medicine because of the following advantages: less bleeding, reduced 
infections, and minimized incision areas. For dermatology applications, ablative lasers, such 
as carbon dioxide (CO2) lasers, can volatilize skin tissue and result in the tissue coagulation in 
the surrounding area [1,2]. In contrast, non-ablative laser resurfacing results in tissue 
coagulation without volatilization, which effectively minimizes the side effects and the 
downtime. However, compared to ablative laser resurfacing, the treatment efficiency is 
limited. To further improve the side effects and the downtime after laser treatments, non-
ablative fractional lasers (NAFLs) or ablative fractional lasers (AFLs) can be used. Fractional 
lasers produce arrays of minimal thermal wounds known as microthermal zones (MTZs) in 
the tissue while sparing the tissue surrounding each wound [3,4]. Typically, the diameter of 
the MTZ ranges from 125 μm to 250 μm with a zone of intact skin between the MTZs. The 
optical beam can penetrate skin to a depth range of 1-2 mm, which is dependent on several 
parameters, such as the incident energy of the optical beam, the incident angle, and the optical 
properties of skin [5–7]. In clinical applications, fractional laser surgery can remodel the skin 
and regenerate collagen in addition to removing tumor tissue. Recently, Wang et al. proposed 
a new approach for the treatment of cosmetic tattoos using a NAFL and investigated the 
pathophysiological changes in an animal model. With the proposed scheme, the histological 
results showed that tattoos have excellent responses. Furthermore, the induced microscopic 
epidermal necrotic debris (MEND) appeared on day 1, increased on day 2, and was exfoliated 
after 5 days [8]. Nevertheless, multiple treatments are still required. Thus, to determine the 
following treatment strategy, the treatment outcome and downtime after fractional laser 
treatments are key issues. In clinic, it is difficult to monitor outcomes in vivo and to evaluate 
the morphological changes induced by the occurrence of MTZs at various tissue depths in real 
time. With NAFL/AFL treatments, the treatment outcome is related to several parameters, 
such as the penetration depth, the spot size of optical beams, the incident density of laser 
spots, and the optical properties of skin. Thus, even with the limited number of these 
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abovementioned parameters and even for treatments that expose the same tissue to the same 
optical beam in the same region, different results may occur. Currently, the treatment 
outcome and wound healing process beneath skin are difficult to observe non-invasively and 
to quantitatively evaluate in clinical settings. 

In previous reports, there are several approaches, such as histology [9], near-infrared 
fluorescence [10], confocal microscopy [11–14], second harmonic microscopy [15], and 
optical coherence tomography (OCT) [16–18] for observing wound healing in animal models 
or on human skin. Although histology is the gold standard for measuring tissue morphological 
changes, it is an invasive and time-consuming method. Reflectance confocal microscopy 
(RCM) has been widely used for dermatology studies in clinic. In previous report, RCM was 
implemented for the analysis of tissue changes at different time points following AFL 
exposures. The phenomenon of collagen remodeling can be observed and the results also 
show that collagen remodeling has a long-term effect after AFL treatments [12]. Moreover, 
Sattler et al. proposed the usage of 2D OCT images to visualize tissue changes after AFL 
treatments and to measure the penetration depths of MTZs after AFL exposures. Additionally, 
confocal laser scanning microscopy (CLSM) was used to evaluate the diameter of MTZs for 
quantitatively evaluating the wound healing process. However, the maximal imaging depth of 
CLSM is limited to the papillary dermis, which made imaging the deeper tissue difficult [14]. 
Therefore, microscopy techniques, including fluorescence, confocal or nonlinear optical 
microcopy, can provide a cellular-level resolution, but the imaging depth is limited by the 
high NA objective lens. Observing deeper tissue structures may suffer from the insufficient 
imaging sensitivity and degraded resolution; therefore, imaging deeper tissue structure with 
microscopy techniques is difficult. In addition, fractional lasers can achieve a penetration 
depth greater than 1 mm beneath the tissue surface to stimulate the collagen regeneration in 
the dermis layer. Thus, an imaging technique with a deeper penetration depth is required. 
Additionally, OCT has been implemented for the assessment of wound healing in animal 
models and skin-equivalent tissue model. An ultrahigh-resolution OCT was developed for the 
noninvasive evaluation of cutaneous wound healing in the mice model. With OCT imaging, 
the wound size, epidermal migration, dermal-epidermal junction formation and difference in 
wound composition can be identified [16]. Furthermore, OCT has also been applied to 
monitor post-laser irradiation collagen injury in model skin. With OCT, the injury extent can 
be determined and the wound healing process can be monitored as well [17]. 

In 1991, Fujimoto et al. proposed the use of OCT to probe internal tissue microstructures 
noninvasively [19,20]. In the past few decades, OCT has attracted much attention in 
biomedical and industrial applications due to its advantages of non-invasive scanning, high-
speed imaging and high resolution. OCT can measure a depth-resolved structural image at a 
depth range of 2-3 mm, depending on the optical properties of the sample. With the 
development of Fourier-domain OCT, including spectral-domain OCT (SD-OCT) [21–23] or 
swept-source OCT (SS-OCT) [24–26], the imaging speed and system sensitivity were greatly 
improved to hundred frames per second and more than 100 dB, respectively. In SD-OCT, a 
high-speed charge-coupled device (CCD) camera is used for wavelength-resolved detection. 
Thus, the imaging speed and depth of SD-OCT systems are determined by the performance of 
the CCD camera. In the 800-nm spectral range, high-speed, line-scan cameras are well-
developed and widely used in SD-OCT systems. In contrast, the SS-OCT system utilizes a 
frequency-swept laser source and, thus, eliminates the requirement of a spectrometer for 
detection. Moreover, because the operation mechanism of OCT is based on the backscattering 
property of tissue, a longer wavelength (1300 nm) can probe deeper tissue structures than a 
short wavelength (800 nm) can probe, effectively increasing the imaging depth. In addition, 
OCT has been widely used for dermatology studies [27–30]. Most of these studies focus on 
detecting pathological changes in the skin due to skin disorders, especially skin cancer. 
Furthermore, dermal birefringence, which can be utilized to diagnose sun damage [31] or 
determine burn depth [32], can be visualized and quantitatively evaluated using polarization-
sensitive optical coherence tomography (PS-OCT). Moreover, OCT was used to assess 
human burn scars through quantification of the vascularity [33]. Furthermore, Yasuno et al. 
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were able to differentiate young and old photo-aged human skin based on a birefringence 
analysis using PS-OCT [34]. OCT applications extend beyond characterizing skin 
morphology. Ohmi et al. proposed the use of OCT as a tool for performing dynamic analysis 
of mental sweating from human fingertips [35]. Therefore, in this study, an SS-OCT system 
with three-dimensional imaging capability was used on the basis of characteristics of 1300-
nm OCT system. Then, the SS-OCT system was used to investigate the fractional 
photothermolysis induced by NAFLs and AFLs and to quantitatively evaluate treatment 
outcomes and wound healing processes of human skin, based on the differentiation of 
scattering properties of treated and untreated skin. 

2. System setup and experimental methods 

 

Fig. 1. (a) Schematic diagram of the portable SS-OCT system used for monitoring wound 
healing. (b) Layout of the handheld probe for skin scanning. (c) Picture of the handheld probe. 
PC: polarization controller, CIR: optical circulator, FBG: fiber Bragg grating, FC: fiber 
coupler, DAQ: data acquisition board, C: collimator, L1, L2, L3: lenses, M: mirror, and G: 
galvanometer. 

In this study, an SS-OCT system with three-dimensional imaging capability was implemented 
to monitor wound healing after fractional laser treatments, as shown in Fig. 1(a). A 
commercial swept source (HSL-2000, Santec) was used as the light source, providing a 
broadband scanning range of 110 nm with a center wavelength of 1310 nm. The swept source 
can provide an output power of 6 mW, and only 2 mW of output power was incident on the 
skin. To reduce the asynchrony between the interference spectrum and the A-scan trigger, 
10% of the output power of the light source was connected to a narrowband fiber Bragg 
grating (FBG) to generate an A-scan trigger for each A-scan [36]. The used FBG had a Bragg 
wavelength at 1270 nm, and then, the reflected signal from the FBG was combined with the 
OCT interference spectrum by a 10/90 fiber coupler. In contrast, 90% of the output power 
from the swept source was connected to a Mach-Zehnder interferometer, and a hand-held 
probe composed of two-axis galvanometer was used as a scanning unit in the sample arm. 
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Figures 1(b) and 1(c) show the layout and a picture of the probe. The probe consists of a 
beam expander, a two-axis galvanometer, and an achromatic lens. When skin is scanned with 
our OCT system, the skin directly contacts the probe, fixing the focal point at an approximate 
depth of 300 μm beneath the skin surface. Finally, the interference and A-trigger signals were 
detected by a balanced detector (PDB150C, Thorlabs). The OCT system can achieve a frame 
rate of 50 frames/s, where each frame consists of 600 A-scans. In addition, it takes 4 seconds 
to acquire a three-dimensional image composed of 600 × 200 × 600 voxels, corresponding to 
a physical image size of 1.5 × 1.5 × 2 mm3. 

To investigate both the photothermolysis induced by NAFLs and AFLs and the wound 
healing process, the facial and belly skins of volunteers were exposed to a fractional erbium-
doped fiber laser (SR 1500, Fraxel) lasing at 1550 nm as the NAFL or to a fractional carbon-
dioxide laser (UltraPulse CO2, Lumenis) centered at 10600 nm as the AFL. After laser 
exposures, the skins were scanned with the OCT system to differentiate the photothermolysis 
induced by NAFLs and AFLs, based on the analysis of backscattered intensities and 
morphological changes. To futher investigate the wound healing process of skin, the exposed 
regions were scanned using the OCT system at different time points. In the experimental 
setup, the incident spot sizes of the AFL and NAFL were approximately 120 and 140 μm, 
respectively. Both the NAFL and AFL produce an approximate exposure area of 1 × 1 cm2 
for every exposure. In this study, 3 volunteers were treated with NAFLs on the belly or facial 
skin, and 4 volunteers were treated with AFLs on the belly or facial skin. All of them were 
scanned with our OCT system after laser exposures. This study was approved by the Chang 
Gung Medical Foundation Institutional Review Board (No. 101-2921A3). 

3. OCT scanning results 

3.1 Phantom experiment 

Before investigating the fractional photothermolysis in human skin, the phantom made by 
gelatin was used as the sample to simulate the soft tissue and was exposed to the AFL. Figure 
2 shows the en-face and 2D OCT scanning results for the phantom exposed to various 
exposure energies (15, 20 and 25 mJ). In the en-face OCT images (Figs. 2(a), 2(b), and 2(c)), 
the dark spots represent the areas of MTZs at a depth of 250 μm beneath the phantom surface; 
these spots were due to the volatilization induced by the AFL. The en-face results showed that 
the shapes and areas of the MTZs induced by the same exposure energy were not identical. 
Moreover, the B-scan results of locations I-IX, indicated by the red lines in Figs. 2(a)-2(c), 
are shown in the lower figures of Fig. 2. From the 2D OCT images, one can see that the 
shapes, the areas and the penetration depths of the MTZs are different, even exposed by the 
same exposure energy. The difference results from the fact that the penetration depth, shape, 
and damaged area of the induced MTZ vary, based on several parameters, such as the optical 
properties of the sample, the water concentration of the sample, the incident angle of the 
optical beam, and the exposure energy. These variations increase the importance of in vivo 
and real-time observations for monitoring treatment outcomes and the wound healing process. 
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Fig. 2. OCT images of the phantom exposed to various AFL exposure energies. (a), (b), and (c) 
represent en-face images at the depth of 250 μm beneath the phantom surface for exposure 
energies of 15, 20 and 25 mJ, respectively. (I)-(IX): B-mode results of locations I-XI indicated 
by the red lines in (a), (b), and (c). 

3.2 Scanning results of human skin 

To determine the difference in the photothermolysis induced by NAFLs and AFLs, the belly 
and facial skins of the different volunteers were exposed to the NAFL and the AFL. The 
exposure energies of NAFL and AFL were set to be 25 mJ. The exposure densities of NAFLs 
and AFLs were set to be 20%. Here, the exposure density was defined as the percentage of 
skin occupied by MTZs. Figures 3(a) and 3(b) represent the pictures of belly skin, which were 
taken after NAFL and AFL exposures. In this study, both the NAFL and AFL can produce an 
exposure area of 1 × 1 cm2 for every exposure, as indicated by the black arrows in Figs. 3(a) 
and 3(b). Then, the exposure areas were scanned with our OCT system. Figures 3(c)-3(h) 
show the in vivo 2D OCT scanning results of facial (Figs. 3(c)-3(e)) and belly skin (Fig. 3(f)-
3(h)), which were obtained before (Figs. 3(c) and 3(f)) and after the NAFL (Figs. 3(d) and 
3(g)) or AFL exposure (Figs. 3(e) and 3(h)), respectively. In the OCT results for the skin 
without laser exposures, shown in Figs. 3(c) and 3(f), the epidermal and dermal layers can be 
clearly identified. The dermal layer shows stronger backscattered intensities than those of the 
epidermal layer for normal skin. In contrast, the OCT results for the skin after fractional laser 
exposures show that the exposures to NAFL or AFL caused changes in the backscattering 
properties of the epidermal and dermal layers and induced strip structures, indicated by the 
red arrows. Further comparisons of the structural changes induced by NAFLs and AFLs show 
that the backscattered intensities of MTZs in Figs. 3(d) and 3(g) are stronger than those of 
Figs. 3(e) and 3(h). This difference was due to the tissue volatilization that was induced by 
AFL, decreasing the backscattered intensities from the center region of the MTZ. In contrast, 
the NAFL exposure caused tissue coagulation, enhancing the backscattered intensities in the 
epidermal layer. However, the NAFL also induced side effects, such as MEND and cleft 
basement membrane [37]. The NAFL exposure caused the dermal layer damaged without 
destroying the stratum corneum, resulting in the accumulation of necrotic debris below the 
stratum corneum to induce a bulged structure below the skin surface, indicated by the white 
arrows in Figs. 3(d) and 3(g). However, the MEND formation can eliminate the damage in the 

#194937 - $15.00 USD Received 30 Jul 2013; revised 27 Sep 2013; accepted 1 Oct 2013; published 7 Oct 2013
(C) 2013 OSA 1 November 2013 | Vol. 4,  No. 11 | DOI:10.1364/BOE.4.002362 | BIOMEDICAL OPTICS EXPRESS  2368



epidermal layer and facilitate the regeneration of the epidermis by the rapid movement of the 
surrounding viable keratinocytes. In addition, the cleft basement membrane was due to the 
exposure of high laser energy, which can be found in Fig. 3(d) as a dark hole between the 
epidermal and dermal layers. From the results, one can see that the difference in the 
photothermolysis including volatilization and coagulation can be identified with OCT 
imaging. 

 

Fig. 3. In vivo results of skin before and after NAFL and AFL exposures. (a), (b) pictures of 
belly skin taken after NAFL and AFL exposures, respectively. The black arrows indicate the 
exposed areas, and each area equals approximately 1 × 1 cm2. (c), (f) the OCT results of facial 
and belly skin before laser exposures, respectively. (d), (g) the OCT results of facial and belly 
skin after NAFL exposures at 25 mJ. (e), (h) the OCT results of facial and belly skin after AFL 
exposures at 25 mJ. The epidermal layer is indicated by the yellow arrow. The red arrows 
indicate the structures of the induced MTZs, and the white arrows represent micro-epidermal 
necrotic debris (MEND). E: epidermis. 

3.3 Monitoring of wound healing process after NAFL exposures 

To further monitor the progress of wound healing process after NAFL exposures, the treated 
regions were scanned using the OCT system to acquire 3D images at different time points. To 
scan the same regions and monitor the progress of wound healing process, the specific 
exposed areas (1 × 1 cm2), indicated by the dash square in Fig. 3(a), were chosen for OCT 
imaging at different time points. Because the whole exposed area was not able to be 
simultaneously scanned with our OCT system, it was not easy to scan the exact region every 
time. However, as shown in Figs. 3(a) and 3(b), the exposed squares can be identified by the 
naked eye during the wound healing process. Therefore, the same exposed square can be 
selected for monitoring the wound healing process. To further reduce the scanning deviation 
of monitoring regions during wound healing process, a ring mount was fixed on the output 
end of a handheld probe. The outer diameter of the ring was designed to be 1 cm. Thus, in 
each measurement, the ring was aligned to the edges of each exposed area (1 × 1 cm2), 
ensuring the same central region of the exposed square was scanned. Although such 
measurement may not cover the identical region for observation of wound healing, most of 
the scanned region is the same in each measurement. Figure 4 illustrates the 2D OCT images 
of belly skin after the NAFL exposure, obtained on day 0, day 1, day 2, day 3, day 4, and day 
6. The resulting stripe structures induced by NAFL can be found in Fig. 4 and gradually 
disappeared as the recovery time increased. Again, a cleft basement membrane can be found 
after the NAFL exposure, as shown in Fig. 4(a) and indicated by the white arrow, which was 
due to the high exposure energy. To determine the wound healing after fractional laser 
treatment, the wounds were examined by experienced physicians. In a clinic, a wound can be 
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diagnosed to be completely healed by the reepithelialization. However, collagen remodeling 
can last for 3 months after AFL/NAFL treatments. Therefore, from the OCT results, one can 
see that the tissue was completely healed on day 6 after the NAFL exposure, as shown in Fig. 
4(f). 

 

Fig. 4. 2D OCT images of belly skin after the NAFL exposure, obtained on day 0, day 1, day 
2, day 3, day 4, and day 6. The white arrow indicates a cleft membrane induced by the NAFL, 
and the red arrows show the structures of the induced MTZs. 

 

Fig. 5. (a)-(d) En-face images of the basement membrane obtained on day 0, day 2, day 4, and 
day 6. The yellow arrows indicate the cleft basement membrane caused by the exposure to a 
higher energy of 25 mJ, and the white arrows represent the damaged spots on the basement 
membrane induced by the NAFL exposure. (e), (f) En-face images at a deeper depth of 500 μm 
below the skin surface, obtained before and 1 month after the NAFL treatment. The spots 
indicated by the red arrows show the appearance of tissue scaring even though the tissue had 
completely healed, providing evidence of collagen regeneration. 

In addition, because NAFL causes the backscattered intensities of epidermal and dermal 
layers to be changed, the boundary (basement membrane) of two layers becomes unclear. 
Hence, the en-face images of the boundary are used to observe the wound healing. The 
structural changes in the en-face plane can be extracted from the 3D OCT images, and Figs. 
5(a)-5(d) show the en-face images obtained on day 0, day 2, day 4, and day 6. The yellow 
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arrows in Fig. 5(a) indicate the cleft basement membrane, and the white arrows represent the 
damaged spots on the basement membrane that were induced by the NAFL exposure. To 
further compare the difference before and after the NAFL exposure, the same belly region 
was scanned using the OCT system before and 1 month after the NAFL treatment. The 
resulting en-face images from a deeper depth (500 μm below the skin surface, in the dermal 
layer) are shown in Figs. 5(e) and 5(f), respectively. Before the treatment, the image shows 
uniform backscattered intensities with small black dots, most likely indicating hair follicles. 
However, in Fig. 5(f), the spots indicated by the red arrows shows the appearance of tissue 
scaring even though the tissue had completely healed, which provides evidence for collagen 
regeneration. Here, the scar refers to the mark due to the laser treatment, and not the crust. 
Additionally, the area indicated by the lowest red arrow in Fig. 5(f) might be due to the 
overlapping of adjacent MTZs, resulting in a merged damage area. Finally, it became a larger 
area of collagen regeneration after wound healing. 

3.4 Monitoring of wound healing process after AFL exposures 

Similarly, to understand the wound healing of skin tissue after AFL treatments, the area 
indicated by the dash square in Fig. 3(b) was scanned with the OCT system at different time 
points. As abovementioned, although the region scanned every time was not exactly identical, 
each scan did cover the same exposed square. Figure 6 shows the 2D OCT images of the belly 
skin after the AFL exposure, obtained on day 0, day 1, day 2, day 3, day 4, day 6, day 10, and 
day 14. The white arrows indicate MTZs induced by AFL. As shown in Fig. 6, the stripe 
structures induced by AFL gradually disappeared with time. In our experiments, the exposed 
regions after AFL treatments were scanned every day for the following four weeks. Because 
the OCT results did not show significant differences and MTZ structures cannot be found in 
OCT images after 2 weeks, the data obtained from day 0, day 1, day 2, day 3, day 4, day 6, 
day 10, and day 14 were chosen to represent the wound healing process. Further observations 
of the structural changes during the healing process in the en-face plane are shown in Fig. 7, 
which shows the en-face OCT images at two depths of 500 and 750 μm. However, en-face 
images at various depths can also be obtained for monitoring the wound healing process. The 
data were recorded on day 0, day 1, day 2, day 3, day 4, day 6, day 10, and day 14. The time-
resolved en-face OCT images show that the healing process of the induced MTZs and the 
diameters of the induced MTZs at the different depths can be estimated. Figure 7 shows that 
the MTZs induced by AFL can be healed in 2 weeks in contrast to the healing process after 
NAFL treatments. 

 

Fig. 6. 2D OCT images of belly skin obtained on day 0, day 1, day 2, day 3, day 4, day 6, day 
10, and day 14. The white arrows indicate the structures of the induced MTZs. 
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Fig. 7. En-face OCT images at two depths: (a) 500 μm and (b) 750 μm. The data were recorded 
on day 0, day 1, day 2, day 3, day 4, day 6, day 10, and day 14. 

4. Quantitative analysis and discussion 

To further quantitatively evaluate the wound healing process, an algorithm for evaluating the 
MTZ area was developed. This algorithm was based on the differentiation of the 
backscattering properties of the treated and untreated tissues. Figure 8 shows the flow 
diagram of the OCT image-processing algorithm. First, en-face OCT images at various depths 
were extracted from 3D OCT images. Next, each en-face image, ( , )I x y , was smoothed using 

a moving averaging approach with a window size of 15×15 pixels to acquire the averaged 
en-face image, ( , )avI x y . Here, x and y represent the transverse and lateral directions, 
respectively. Because the backscattered intensity decays as a function of depth, it is difficult 
to evaluate the damaged areas at various depths while using the same intensity value as a 
threshold value. Therefore, to differentiate the backscattered intensities of the treated and 
untreated regions, the mean value of the backscattered intensities over the whole B-scan range 
(x-direction) in each en-face image was used as a threshold value, ( )th jI y . Then, the 

deviations of the backscattered intensities, ( , )DI x y , in each en-face image can be expressed 
as 

 
1

1
( , ) ( , ) ( , ) ( , ) ( )

n

D i j av i j av i j av i j th j
i

I x y I x y I x y I x y I y
n =

= − = −  (1) 
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where i and j represent the ith pixel and jth pixel in the transverse and lateral directions, 
respectively. Because AFL induces tissue volatilization in the central regions of MTZs, the 
backscattered intensities in the central regions of MTZs are weaker than those of the 
surrounding or untreated tissues. Thus, in the central region of MTZs, the DI  values become 
negative, and the positive values represent stronger backscattered intensities from the 
surrounding and untreated tissue. Next, the binary images of the induced MTZs, ( , )bI x y , can 

be obtained by digitizing ( , )DI x y  using zero value as a threshold value. Finally, the areas of 
each induced MTZ at various depths can be estimated. 

 

Fig. 8. Flow diagram of the OCT imaging process algorithm estimating the MTZ area at 
various depths. 

Figure 9 shows the results of the MTZ areas that were estimated from Fig. 7 using the 
abovementioned algorithm. Here, from Fig. 7, only complete MTZs were chosen to evaluate 
an averaged MTZ area for each en-face image. Because the exposed energy decreases as the 
depth increases, the averaged area of the induced MTZs at the depth of 500 μm was slightly 
larger than that at the depth of 750 μm on day 0, which can be observed in Fig. 9. In addition, 
the results also illustrated that the averaged areas of the MTZs decrease as the recovery time 
increases and that the induced MTZs at deeper depths can eventually recover in two weeks. 
Here, because the shape, the area and penetration depth of induced MTZs are related to 
several parameters, such as the water concentration of skin, the optical properties of skin, the 
incident angle of optical beam, and the incident energy, it causes different damaged areas at 
the specific depths. Some of the MTZs were still filled with tissue fluid and blood since day 
1, making the effective MTZ areas smaller. Also, some MTZs suffered from inflammation, 
causing the wounds to deteriorate (i.e. the wound size increased). The corresponding 
measured results hence display the larger standard deviation. Furthermore, in previous 
reports, the epidermis starts to reepithelialize 72 hours after laser treatment. Therefore, the 
wound healing of some MTZs again resulted in larger standard deviations after day 4. Thus, it 
shows large standard deviations of averaged MTZ areas in Fig. 9. Additionally, from the 
results, the progress of wound healing can be quantitatively evaluated. To further investigate 
the MTZ areas at different depths, the area ratio of the averaged MTZs area of 750 μm to that 
of 500 μm was estimated. MTZs induced at deeper depths are smaller than those at shallower 
depths owing to the decrease in the exposure energy as the depth increases. Therefore, the 
area ratio is less than one. Figure 10 shows the relationship between the healing time and the 
area ratio. Here, because the wounds healed on day 14 at both depths, the area ratio of day 14 
was not considered in Fig. 10. The result shows that the ratio decreases over time, illustrating 
the wound healing in the deeper layer is faster than that in the shallower layer. Most 
importantly, our finding suggests show that wound recovery starts from the deeper tissue, 
which is also consistent with previous reports [38]. 
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Fig. 9. Results of estimating the MTZ areas from Fig. 7. The results indicated that the averaged 
areas of the MTZs decrease as the recovery time increases and that the MTZs induced at 
deeper depths can eventually recover in two weeks 

 

Fig. 10. Relationship between the healing time and the area ratio of the averaged MTZs area of 
750 μm to that of 500 μm 

As compared with the previous report [39], it indicates that the wounds can completely 
heal in two weeks after AFL exposures. In the stark contrast, the epidermis has already 
reepithelialized with partial restoration of the basement membrane after 72 hours of NAFL 
treatment. By 7 days after treatment, the MEND has been exfoliated whereas complete 
replacement of MTZs with new collagen occurs by 3 months [40]. Consequently, although 
collagen regeneration can last for three months after NAFL treatment, the epidermis can be 
reepithelialized in 7 days, which is an indicator to evaluate the wound healing. The wound 
healing process observed on our OCT results are consistent with those of previous reports. 
Additionally, we also analyzed the wound healing process after NAFL exposures using the 
proposed algorithm, but only the result from the en-face plane of the basement membrane 
exhibits the same trend as the AFL results, which was mainly due to there being no 
significant change in the backscattered intensity of MTZ, besides the basement membrane. 
However, in this study, wound healing after NAFL treatments can be directly monitored by 
the appearance of a basement membrane and the existence of side effects such as MEND. 
From the results, one can see that OCT can be a clinical methodology for quantitative 
monitoring of wound healing and outcomes after fractional laser treatments. 

5. Conclusions 

This study is the first to implement optical coherence tomography to study the 
photothermolysis induced by NAFLs and AFLs and to quantitatively evaluate the wound 
healing process after fractional laser exposures. With OCT scanning, the MTZs induced by 
NAFLs or AFLs can be identified from OCT images. The NAFL exposure causes tissue 
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coagulation, changing the backscattering properties of the epidermal and dermal layers and 
making it difficult to identify the basement membrane. In contrast, AFL induces tissue 
volatilization in the central region of MTZs and tissue coagulation in the surrounding tissue; 
these changes result in the much weaker backscattered intensities in the center of the MTZs. 
To monitor the progress of the wound healing process after fractional laser treatments, an 
OCT system was used to scan the treated region at various time points. The OCT results show 
that the NAFL-induced MTZs can be completely healed in 6 days. In contrast, wound 
recovery after the AFL exposure takes 2 weeks. Moreover, in this study, we propose a new 
approach for quantitative evaluation of MTZ areas at various depths. The results show that 
the areas of the MTZs induced at deeper depths are smaller than those at shallower depths due 
to the decrease in the exposure energy as the depth increases. Additionally, the quantitative 
results also provide evidence that wound recovery starts from the deeper region. Finally, the 
results show that the wound can be healed in 2 weeks after AFL treatments. In conclusion, 
this study establishes the feasibility of OCT to quantitatively monitor wound healing and 
outcomes in clinical settings after fractional laser treatments. 
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