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Background: Skin autografting is a common clinical procedure for reconstructive surgery. Despite its 
widespread use, very few studies have been conducted to non-invasively evaluate and monitor the vascular 
and structural features of skin grafts. This study, therefore, aims to demonstrate the potential of optical 
coherence tomography (OCT) alongside OCT-based angiography (OCTA) to non-invasively image and 
monitor human skin graft health and integration over time.
Methods: An in-house-built clinical prototype OCT system was used to acquire OCT/OCTA images from 
patients who underwent split-thickness skin graft surgery following severe burn damage to the skin. The 
OCT imaging was carried out at multiple locations over multiple time points with a field of view of ~9 mm 
× 9 mm and a penetration depth of ~1.5 mm. In addition to obtaining high-resolution qualitative images, we 
also quantitatively measured and compared specific structural and vascular parameters, such as identifiable 
layer thickness and corresponding vascular area density and diameter.
Results: Two patients (patient #1 and #2) were enrolled for this preliminary study. Vascular and structural 
features were successfully imaged and measured in the graft tissue and integration layer immediately beneath 
at different time points. Revascularization, healing, and integration were monitored with patient-specific 
details. Results of the quantitative image analysis from patient #1 indicated that integration layer thickness 
16-day post-surgery was significantly less (~50%) than that of 7-day post-surgery. Additionally, with patient 
#2, significant growth (~20%) was seen with the vascular area density of both the graft and corresponding 
integration layer beneath between 6 and 14 days post-surgery.
Conclusions: Our preliminary studies show that OCT/OCTA has clinical potential to image and measure 
numerous features of human skin graft health and integration in the days and weeks following split-thickness 
surgery. For the first time, we demonstrate the applicability of non-invasive imaging technology for novel 
clinical uses that could eventually aid in the betterment of surgical practices and clinical outcomes.
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Introduction

Skin autografting is a form of reconstructive surgery that 
involves the transfer of skin from a healthy donor site to 
a recipient site in a need of repair on the same person. It 
has been widely used as a treatment strategy to improve 
the quality of life for patients suffering from burn damage, 
trauma, or cancer (1). Skin autografts can be harvested 
as split-thickness or full-thickness grafts, of which split-
thickness skin grafts are more frequently used for tissue 
coverage. A split-thickness skin graft includes epidermis 
and varying amounts of dermis, with a thickness ranging 
between 125 and 750 μm (2). With that, any visualization 
of a skin graft integrating into the recipient tissue beneath 
would require an imaging technique capable of providing 
cellular-level resolution and an imaging depth of at least 
1 mm. Initially, a skin graft does not have its own blood 
supply and must therefore rely on the wound bed for 
nutrients (3). Such a process ensures that the viability of a 
skin graft during the early stages of incorporation is entirely 
determined by its integration with the blood supply of the 
recipient tissue beneath. Any buildup of fluid between the 
skin graft and wound bed caused by hematoma, seroma or 
infection could impact the ability of the recipient tissue’s 
blood supply to connect with the graft resulting in an 
incomplete graft take or even failure. Therefore, a technique 
to reliably assess the structure and vascular perfusion of 
individual layers, i.e., the graft itself, referred to here as the 
graft layer, and the intermediate layer between the graft and 
recipient tissue, referred to here as the integration layer, 
over time would greatly facilitate our ability to identify 
complications early and monitor the integration process of 
the skin graft.

Whilst numerous studies have been carried out to 
evaluate and optimize both surgical and post-operative 
practices regarding skin transplantation (4-12), little 
research has been conducted to develop appropriate 
techniques to objectively and accurately evaluate skin graft 
health post-surgery. The studies that have assessed graft 
healing were typically invasive or employed the use of 
animal models (6,9,12), or measured superficial parameters, 
such as graft contraction (10), or re-epithelialization (11). 
Notwithstanding the considerable improvements made in 
the availability and applicability of modern, non-invasive 
imaging technologies (13), the imaging and assessment of 
human skin autograft subsurface structure and vasculature 
during the integration process remains underexplored and 
underutilized.

In a clinical setting, graft health is typically assessed 
via visual inspection by health providers (14). In the event 
of graft failure or incomplete integration, the extraction 
of biopsies is currently thought to be the only accurate 
method available to determine the cause of failure. This is 
not ideal, however, as biopsies cause further tissue damage, 
can be time consuming, increase the risk of infection, and 
may introduce inaccurate results if the wrong site is chosen 
for assessment. Moreover, repeated biopsies could result 
in a complication of scarring. The need for a non-invasive 
imaging modality that could aid in monitoring graft health 
is ever-present. For that reason, we have employed here the 
use of a non-invasive imaging modality capable of assessing 
both vascular and structural features of the skin to monitor 
graft health over time.

Optical coherence tomography (OCT) with its cellular 
level resolution, imaging depth of ~1.5 mm and three-
dimensional (3D) imaging capabilities is a potential tool 
to non-invasively image and monitor the integration 
of the skin graft in real time. It uses infrared light in a 
similar way to how ultrasonography utilizes sound waves 
to image subsurface tissue structures (15). With improved 
resolution, sensitivity and scanning speeds, OCT is quickly 
becoming an important tool for both research and clinical 
practices in dermatology (16-18). OCT-based angiography 
(OCTA) is a functional extension of OCT that can provide 
additional information beyond that of tissue structure, 
such as identifying functional blood vessels. OCTA 
distinguishes blood vessels from the surrounding static 
tissue by measuring OCT signal differences at the same 
location over multiple time points in quick succession. 
Blood vessels become distinct because the OCT signal 
derived from blood flow varies over time, while the 
OCT signal backscattered from the surrounding static 
tissue remains almost unchanged (19,20). Additionally, 
advances in the development of algorithms, such as 
attenuation correction, segmentation, en face mapping, 
thickness measurement, and vascular measurement, 
allow for the imaging and analyzing of structural and 
vascular features in individual layers both qualitatively and  
quantitatively.

In this study, we aimed to explore the potential of 
applying OCT/OCTA to visualize and monitor the healing 
and integration of skin autografts. To do this, we used 
a prototype OCT imaging system capable of extracting 
OCTA information to visualize and analyze the vascular 
(via OCTA-derived blood vessel mapping) and structural 
(via OCT-derived attenuation correction mapping) features 
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of the graft itself and the corresponding integration layer 
beneath.

Methods

Subject volunteers

Two patients (denoted as patient #1 and patient #2) who 
underwent split-thickness skin graft surgery following 
severe burn damage to the skin were recruited, consented, 
and scanned at two separate time points post-operatively. 
Both patients had 250 μm-thick autologous grafts excised 
from the anterior of the femoral thigh and transplanted to 
the dorsum (patient #1) or ventrum (patient #2) of the right 
forearm. Both patients received sheet grafts (not meshed). 
Patient #1 was scanned at 7 and 16 days post-surgery, 
and patient #2 was scanned at 6 and 14 days post-surgery. 
Multiple scan sites, i.e., 3–4, were chosen for each patient. 
For comparative purposes, patient #1 had adjacent burn 
site and control site scans (contralesional forearm) carried 
out in addition to three graft site scans. Patient #2 had only 
three graft scans carried out. The use of OCT laboratory 
equipment on human subjects was reviewed and approved 
by the Institutional Review Board of the University of 
Washington.

OCT imaging system

An in-house-built clinical prototype OCT system  
(Figure 1A) was used in this study. The system was similar 
to that published in (21,22) but re-configured for clinical 
research in dermatology. Briefly, the system was equipped 
with a 200 kHz swept laser source (SL1310V1-10048, 
Thorlabs Inc.) with a central wavelength of 1,310 nm 
(infrared range) and spectral bandwidth of 100 nm to 
provide an axial resolution of ~8 µm in tissue (~11 µm in 
air). The sample arm was configured as a hand-held probe 
with a 6.5", 1080p display monitor, sample spacer, and 
disposable contact unit. A 5× objective lens focused the 
light source into a beam spot with an incident power of 
5 mW, whilst a paired galvo scanner was used to scan the 
probe beam over the skin to form raster sampling patterns 
consisting of fast (x-axis) and slow (y-axis) axes.

Imaging protocol

Briefly, 3D OCT scans were acquired with a field of view 
of 9 mm × 9 mm, a penetration depth of ~1.5 mm and 
lateral resolution of ~10 µm using 800 A-lines to produce a 
single B-frame, and 800 B-frame locations with 4 repeated 
B-frames in each, to produce a single volumetric C-scan. 

Figure 1 Images showing the prototype OCT system alongside a schematic of data processing. (A) The prototype OCT 
system capable of OCTA data acquisition; (B) original structural cross-section B-frame images; (C) attenuation correction 
cross-section B-frame images; (D) 3D structure image. Red lines highlight graft layer boundaries (graft layer further 
highlighted with a red arrow) and green lines highlight integration layer boundaries (integration layer further highlighted 
with a green arrow). Layer segmentation was carried out using these lines; (E) vascular cross-section B-frame images; (F) 
original en face projection of 3D blood vessels; (G) binarized vascular image used for the quantification of vascular area 
density; (H) skeletonized vascular image used for the quantification of vascular diameter. Scale bar represents 1 mm.
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Each of the 4 repeated, single-location B-frames were 
then registered into one using optical microangiography 
(OMAG) (23-25) to extrapolate OCTA information, 
i.e., blood flow information (Figure 1). OCT (Figure 1B) 
and OCTA (Figure 1E) provided structural and vascular 
information, respectively . The total acquisition time for 
one imaging session, including preparation time and all 
scans, was approximately ~30 minutes with each 3D scan 
taking ~6 seconds.

Attenuation correction mapping 

The contrast between the graft and integration layer is low 
in the OCT images because the intensity of OCT light is 
exponentially attenuated along its path as the light beam 
propagates through the skin due to the scattering and 
absorption of said light. To enhance the contrast between 
the graft layer and integration layer in the OCT image, so 
as to facilitate the segmentation algorithm for accurately 
separating adjacent layers, we applied an attenuation 
correction algorithm to the structural images. According 
to Vermeer et al. (26), the OCT signals compensated with 
attenuation correction at each pixel, μ(i) can be expressed 
as:
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the end of each A-line.

Pixel intensity exponentiation is a common method used 
to enhance imaging contrast, but it is not always feasible 
in areas with large attenuation since processed signals 
could present with more shadows or signal loss (27). The 
attenuation correction algorithm above could restore 
signal in attenuated areas. Therefore, to further improve 
the contrast of the image, we applied exponentiation after 
attenuation compensation, and each pixel intensity is 
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Where UAttn-corr is the signal corrected by attenuation 
compensation and pixel intensity exponentiation. This 
approach improves the ability to detect the boundaries 
between adjacent layers (Figure 1C), which aids us in 
segmentation.

Image segmentation

As mentioned above, assessing the structure and vasculature 
of the graft and integration layers independently plays 
a critical role in identifying complications early and 
evaluating the integration of said skin graft. To visualize 
the individual layer’s features independently, we segmented 
the 3D attenuation correction images into separate graft 
and integration layers. Each layer was acquired by semi-
automatically outlining the layer boundaries within the 
attenuation correction B-frame images of each volumetric 
C-scan (28) (Figure 1D) .  The same segmentation 
information was then applied to vascular imaging volumes; 
that is, the vascular imaging volumes were also segmented 
at the same depths (Figure 1E).

En face mapping of layer thickness and vessel measures

For convenient visualization and further quantification, en 
face images were generated based on segmented volume 
information. An en face thickness map was obtained by 
calculating the depth separation between the upper 
and lower boundaries of each layer (i.e., graft layer 
and integration layer) at each A-line. A color-code was 
subsequently applied to represent a thickness range of  
0–500 μm. The processed OCTA volumetric data was 
collapsed into a two-dimensional (2D) map with a maximum 
intensity projection (MIP), where the highest intensity 
along the depth was chosen for each A-line, allowing 
for the generation of a 2D map, termed as en face map  
(Figure 1F). Where applicable, color codes were applied 
to en face-projected vasculature to represent a vessel depth 
ranging from 0–1 mm.

Quantification of layer thickness, and vascular area density 
and diameter

To demonstrate the potential of OCT to assess post-
operative recovery of skin grafting objectively, we measured 
multiple layer thicknesses, as well as vascular area density 
and diameter values from both the graft and corresponding 
integration layer of both patients at indicated time points. 
Mean thickness measurements were taken from each 
layer (i.e., graft layer and integration layer) based on the 
segmentation information. Measurements of vascular area 
density and vascular diameter were performed on each 
layer using en face images using a procedure developed 
during previous studies (29,30), where vascular area 
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Figure 2 En face OCTA imaging of patient #1. (A,F) showing photographs of the grafted forearm 7 and 16 days post-surgery, 
respectively. Highlighted are approximate scan sites (yellow perforated boxes) labeled G1, G2, G3 and B1. G1–G3 refer to 
three graft sites, and B1 refers to a burn site adjacent to the graft. The graft boundary is also highlighted (white perforated 
line). (B,C) demonstrating the graft vasculature 7 days post-surgery from scan site G2. (D,E) showing the vasculature of the 
normal skin (contralesional forearm) on the same patient. (G,H) showing the graft vasculature 16 days post-surgery from scan 
site G2. (I,J) showing the vasculature of a burn site adjacent to the graft 23 days after the initially burn injury from scan site 
B1. (C,E,H,J) Magnified images of the regions highlighted in the dashed rectangles shown in (B,D,G,I). All en face images are 
maximum intensity projected representing the depth of 0–1 mm. Color bar represents the vessel depth. Scale bar represents  
1 mm. Shown are the three segmented slabs representing the depths of (A,B,C,D,E): 265–530 μm (papillary dermis).
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density refers to the percentage of vascular area in OCTA 
images. To calculate vascular area density, the en face 
vascular map was processed into a binary image (Figure 1G)  
after carrying out global thresholding, and applying a 
hessian filter and adaptive thresholding. A skeletonized 
vascular image (Figure 1H) was then generated from the 
binary image, in which each blood vessel, ignoring its 
diameter, was shown as a single-pixel line. The length of 
the blood vessels was then extracted from the skeletonized 
image, which allowed us to calculate the average vascular 
diameter by dividing total vascular area by total vascular 
length.

Statistical analysis

Three measurements of each layer thickness, vascular 
area density and diameter were averaged and presented 
as mean ± standard deviation. Both imaging sessions 
were compared using two sample t-tests. Statistical 
significance is represented at two levels: *P≤0.05, and  
**P≤0.01. 

Results

Presented here are the OCT- and OCTA-derived features 
observed over time as the grafted autologous skin tissue 
integrated with the severely burn-damaged skin tissue 
beneath. Figure 2 shows the vascular (through en face vessel 
maps) changes that occurred within and immediately 
below the graft over the dorsum of the right forearm of 
patient #1. Figure 2A and F shows the grafted forearm at 
7 and 16 days post-surgery, respectively, with approximate 
scan locations and dividing graft borderline highlighted. 
For comparative purposes, multiple OCT scans were 
taken of the graft, adjacent burn and equivalent healthy 
sites (contralesional forearm). Figure 2D alongside a 
magnified inset, Figure 2E, shows that the control site 
has a homogenous vascular morphology, density, and 
distribution. Comparatively, Figure 2I and J (a burn site 
adjacent to the graft) show that the burn-damaged skin 
has extremely high vascular area density, even at 23 days 
post-burn, making it difficult to identify individual vessel 
morphology. Comparatively again, Figure 2B and C show 
that the vasculature of the graft just 7 days post-surgery 



789Quantitative Imaging in Medicine and Surgery, Vol 11, No 2 February 2021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(2):784-796 | http://dx.doi.org/10.21037/qims-20-750

A
ttenuation C

orrection Value

0

18

E

D

G

I

G
I

E

D

B

D

A

C

Figure 3 Representative cross-sectional B-frames of OCT structure (after attenuation correction processing). Shown are 
the B-frames acquired at the site indicated by the white dashed lines in Figure 2A,C,E,G. (A) Shows the graft 7 days post-
surgery; (B) shows the normal skin (contralesional forearm) on the same patient; (C) shows the graft 16 days post-surgery; (D) 
shows a burn site adjacent to the graft 23 days after the initial burn injury. Yellow dashed lines highlight the epidermal-dermal 
junction. Red dashed lines highlight the boundary between graft layer and the integration layer. Green dashed lines highlight 
the boundary between the integration layer and the recipient tissue. Scale bar represents 1 mm. E, epidermis; D, dermis; G, 
graft layer; and I, integration layer. Color bar represents OCT intensity after attenuation correction.

already with a morphology and distribution more akin 
to that of the normal control (Figure 2D,E), albeit with 
fewer superficial blood vessels (shown as green vessels in  
Figure 2). Figure 2G alongside a magnified inset, Figure 2H, 
shows the vasculature of the graft 16 days post-surgery, 
where the vasculature appears even more reminiscent of 
the normal control compared to the first imaging session.

Figure 3 shows the representative cross-sectional 
B-frames of the tissue structure (after attenuation correction 
processing) at the position indicated by the white dashed 
lines in Figure 2. In these images, the epidermal-dermal 
junction and adjacent layer boundaries are clearly visible. 
The yellow dashed line highlights the epidermal-dermal 
junction. The red dashed line highlights the lower boundary 
of the graft layer and the upper boundary of the integration 
layer. The green dashed line highlights the lower boundary 
of the integration layer and the upper boundary of the 
recipient tissue. Figure 3B shows the normal control with 
a smooth and consistent structure. In contrast, Figure 3D  
shows the burn-damaged skin structure with a rough 
epidermis. Figure 3A demonstrates that the epidermis 
of the graft tissue is significantly thicker than that of the 
normal control site with the integration layer also being 
clearly visible beneath. Figure 3C shows that over time, the 
epidermal thickness returned to a level closer to that of the 
normal control, as evidenced when comparing the second 
imaging session to the first. Additionally, the integration 

layer in the second imaging session is also thinner and less 
pronounced compared to the first imaging session. 

Shown in Figure 4 are the same graft scans presented 
in Figure 2 and Figure 3 only segmented into two distinct 
layers, i.e., the graft layer and integration layer, to 
separately demonstrate the vasculature and thickness maps 
of each layer. For patient #1, it appears that the vascular 
distributions in both the graft and integration layer 
were more homogeneous in the second imaging session 
compared to the first. Additionally, the graft and integration 
layers both seemed to have thinned between the first and 
second imaging session.

Figure 5 shows the vascular (through en face vascular 
maps) and structural (through representative cross-sectional 
B-frames of attenuation correction maps) changes that 
occurred within and immediately below the graft over the 
ventrum of the right forearm of patient #2. Figure 5A and E  
shows the grafted forearm at 6 and 14 days post-surgery, 
respectively, with approximate scan locations highlighted. 
Figure 5B alongside a magnified inset, Figure 5C, shows 
the grafted skin 6 days post-surgery with a sparse density 
of blood vessels. Clearly visible is a gap between the graft 
tissue and recipient tissue in the cross-sectional B-frames 
(Figure 5D). Figure 5F and G shows that the distribution 
of blood flow 14-day post-surgery is more homogenous 
compared to the blood flow of 6-day post-surgery.  
Figure 5H  shows that the integration layer is now 
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significantly less obvious in the second imaging session 
compared to the first. Moreover, Figure 5F presents dark 
vessel-like structures which are highlighted by the yellow 
arrow. 

Shown in Figure 6 are the same graft scans presented 
in Figure 5 segmented into two layers, i.e., the graft 
and integration layers, to separately demonstrate the 
vasculature and thickness maps of each layer. For patient 
#2, blood vessels were denser in the second imaging session 
compared to the first for both the graft and integration 
layers. However, neither the graft nor the integration layer 
appeared to have changed significantly in terms of thickness 
between the first and second imaging sessions.

Table 1 shows the detailed quantification results of layer 
thickness measurements, and vascular area density and 
diameter measurements from both patients at both time 
points. Integration layer thickness at the second time point 
was significantly lower than that of the first time point 
with patient #1 (P=0.0047). Significant growth can be seen 
for both graft vascular area density (P=0.042) as well as 
integration layer vascular area density (P=0.0052) between 
both imaging sessions for patient #2. Vascular diameter 

within the integration layer of patient #2 also increased 
significantly between the first and second imaging sessions 
(P=0.042).

Discussion and conclusions

Skin autografting has been clinically used worldwide as 
a treatment strategy for numerous conditions including 
burns, soft tissue wounds, and cancer. However, there is 
still a failure rate of 10–30% (31). Few studies have been 
conducted to monitor the wound healing, integration and 
maturation process of a skin graft. Therefore, the need 
for an accurate, non-invasive imaging tool to evaluate 
graft health and integration remains. To the best of our 
knowledge, the work presented in this study demonstrates 
for the very first time the ability of OCT and OCTA to 
image and monitor the health and integration of autologous 
human skin grafts following split thickness skin graft 
surgery. Two patients were imaged separately post-surgery 
at two time points. Alterations to the graft tissue itself and 
the tissue immediately beneath the graft tissue, referred 
to here as the integration layer, were monitored through 
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Figure 4 En face projected blood vessel and layer thickness maps from patient #1 spanning two imaging sessions. (A,C,E,G) 
En face projected vasculature maps derived from the graft and integration layers, respectively. (B,D,F,H) Thickness maps 
derived from the graft and integration layers, respectively. All en face blood vessel images are maximum intensity projected. 
Color bar presents a depth range of 0–0.5 mm. Scale bar represents 1 mm.
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Figure 6 En face projected blood vessel and layer thickness maps of patient #2 spanning two imaging sessions. (A,C,E,G) En 
face projected blood vessel maps derived from the graft and integration layers, respectively. (B,D,F,H) Thickness maps are 
derived from the graft and integration layers, respectively. All en face blood vessel images are maximum intensity projected. 
Color bar presents a depth range of 0–0.5 mm. Scale bar represents 1 mm.

Figure 5  En face OCTA images and structural (after attenuation correction processing) cross-sectional B-frames from patient 
#2. (A,E) showing photographs of the grafted forearm 6 days and 14 days post-surgery, respectively. Highlighted are three 
scan sites (red perforated boxes) labeled G1, G2, G3. G1–G3 refer to three graft sites. (B,C,D) showing the graft 6 days post-
surgery from scan site G2. (F,G,H) showing the graft 14 days post-surgery from scan site G2. (B,C,F,G) En face projected 
blood vessel maps with color coded vessel depth. (C,G) Magnified images of the regions highlighted in the dashed rectangles 
in (B,F). (D,H) Representative cross-sectional B-frames of OCT structure corresponding to the white dashed line in (B,F). 
All en face images are maximum intensity projected representing the depth of 0–1 mm. Color bar on the left represents vessel 
depth. Color bar on the right represents OCT intensity after attenuation correction. Scale bar represents 1 mm. Yellow 
arrow: dark vessel-like structures.  E, epidermis; D, dermis; G, graft layer; and I, integration layer.
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Table 1 Quantitative analysis of layer thickness and vascular parameter measurements

Groups Session #1 (N=3), mean ± SD Session #2 (N=3), mean ± SD P value

Patient #1

Graft layer thickness (μm) 364.52±38.48 335.00±42.50 0.64

Integration layer thickness (μm) 235.53±17.88 114.82±11.36 0.0047**

Graft layer vessel area density 0.3609±0.0166 0.3699±0.0274 0.79

Integration layer vessel area density 0.2948±0.0054 0.3486±0.0438 0.29

Graft layer vascular diameter (μm) 37.04±2.48 37.28±1.32 0.94

Integration layer vascular diameter (μm) 35.43±1.63 39.66±2.14 0.20

Patient #2

Graft layer thickness (μm) 285.11±41.18 311.31±20.40 0.61

Integration layer thickness (μm) 72.48±13.91 104.42±19.06 0.25

Graft layer vessel area density 0.3034±0.0113 0.3496±0.0109 0.042*

Integration layer vessel area density 0.2841±0.0079 0.3470±0.0063 0.0052**

Graft layer vascular diameter (μm) 31.43±1.87 36.07±1.32 0.11

Integration layer vascular diameter (μm) 30.54±2.56 39.09±1.27 0.042*

P values were obtained by two sample t-tests. *, P≤0.05; **, P≤0.01.

the vascular (via blood vessel mapping) and structural (via 
attenuation correction mapping) features of both tissue 
layers.

The importance of graft revascularization for graft 
survival has been noted previously (32); accordingly, we 
aimed to utilize a non-invasive imaging modality capable 
of assessing skin features for evaluating graft health. As 
mentioned above, OCTA detects functional blood vessels 
by identifying differences between moving particles in the 
blood, i.e. red blood cells, and the surrounding static tissue. 
That is, OCTA would not detect the flow if there is no 
blood flow in the blood vessels or the blood flow is too slow 
that is below its detection limit (typically less than ~10 µm/s).  
A skin graft initially does not have its own blood supply; 
therefore, theoretically we should not observe any blood 
flow immediately after surgery. Blood flow was observed in 
the graft and integration layers from both patients at the 
first imaging session, which indicates that patient #1 and 
patient #2 had realized revascularization 7- and 6-day post-
surgery, respectively. This is consistent with the theory 
that revascularization takes 3–7 days after surgery (33). 
This also proves the ability of OCT/OCTA to evaluate 
revascularization of a skin graft. There are two main 
hypotheses regarding the processes of the revascularization: 
(I) that graft vessels link to the existing wound tissue bed 

directly; and (II) that new vessels grow into the graft from 
the wound bed beneath, i.e., angiogenesis (33,34). With the 
exact mechanism behind skin graft revascularization not 
yet being fully understood, OCT/OCTA could become an 
important tool to explore the mechanisms and dynamics of 
early vessel transformation. In addition, significant growth 
was observed both in graft vascular area density (P=0.042) 
and integration layer vascular area density (P=0.0052) 
between the two imaging points from patient #2, indicating 
further revascularization of skin grafts over time.

Visually, epidermal thickening, a common feature of 
a graft with edema (35), was evident in patient #1 as seen 
in the graft cross-sectional B-frame images (Figure 3A), 
which partially subsided later (Figure 3C). The edema is 
thought to result from lymphatic dysfunction (36) and 
inflammation. Lymphangiogenesis later contributes to the 
edema reduction (32). Dark vessel-like structures were 
visualized during the second imaging session for patient #2 
(Figure 5H). Patient #1 too showed dark-vessel structures in 
both the graft layer and integration layer during the second 
imaging session, but for patient #1, these structures were 
not as evident as patient #2. These structures are thought 
to be lymphatic vessels, because lymph fluid is almost 
transparent, allowing lymphatic vessels to appear as dark 
regions (low scattering intensity) with vessel-like shapes in 
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the OCT images. In this way, OCT may be used to provide 
evidences of lymphangiogenesis in terms of direct structural 
images and edema reduction.

Whilst both patients imaged offered an informative 
glimpse into the vascular and structural features of 
integrating graft tissue that could potentially allow a 
clinician or researcher to monitor the various stages of 
healing, an additional observation is unveiled when we 
compared data derived from patient #1 with those derived 
from patient #2. Taking both time points into account, 
patient #1 had thicker epidermis that lead authors to believe 
that edema was still present 7-day post-surgery, which then 
partially subsided 16-day post-surgery. Epidermal thickness 
for patient #2, however, was notably more stable 6-day post-
surgery, as evidenced by the similar measures taken 14-day 
post-surgery. For patient #1, the thickness of the integration 
layer was significantly (~50%) reduced in the second 
imaging session compared to the first (P=0.0047), whilst 
patient #2 did not due to an already thinned integration 
layer during first time imaging session. This may be due 
to several complications that arose in the days initially 
following surgery for patient #1, which meant additional 
blebbing was required; thus, maintaining patient #1 in an 
inflamed condition for longer than patient #2.

This prolonged inflammation for patient #1 is also 
thought to have affected vascular area density, as well as 
integration layer thickness. Simply, the aforementioned 
complications and consequent inflammation experienced by 
patient #1 led to an increased vascular area density during 
imaging session #1. As healing progressed for this patient, 
the increased vascular area density caused by inflammation 
during imaging session #1 was replaced by an equally 
high vascular area density resulting from revascularization 
during imaging session #2. Comparatively, patient #2 did 
not experience the same degree of inflammation and so 
had a relatively low vascular area density during imaging 
session #1 compared to patient #1. As healing progressed 
for this patient also, revascularization led to a significantly 
higher vascular area density during imaging session #2. 
Whilst this might appear initially as though both patients 
revascularized at different rates, the values seen here are 
simply due to inflammation affecting the first of two time 
points. During imaging session #2, both patients had again 
simply normalized. This additional observation highlights 
the advantages of using non-invasive imaging technology 
over other invasive modalities; in that, repeated measures 
can be conducted more easily over time without interfering 
with the healing process. This allows for a more in-depth 

assessment of healing.
Overall, these data, although limited, do offer an insight 

into the vascular and structural features observable via OCT 
and OCTA that may be useful to a clinician in establishing 
the integration and maturation progress of grafted skin in 
the days and weeks following surgery. Additionally, from a 
clinical standpoint, the potential applications for OCT and 
OCTA in graft imaging are vast. OCTA, for example, could 
not only be used to monitor graft integration but to also 
evaluate donor site vascularity prior to excision and aid with 
predicting graft survivability. OCTA also shows its potential 
in evaluating wound healing in burn site. For example, 
we suspect the vessels shown in Figure 2J are fenestrated 
vessels surrounding a hair follicle providing the necessary 
nutrients to accommodate re-epithelialization. This could 
be argued as a marker for skin healing if identified early 
enough as this would be a subsurface feature that would 
predate visible surface healing. The limited number of 
other non-invasive methods described in the literature (11)  
are restricted to assessing specific features of the graft alone 
and cannot assess donor site, integration layer, wound 
bed tissue, or incomplete graft intake. Even from a pre-
clinical standpoint, OCT and OCTA can be employed 
for the assessment of grafting practices and engineered 
skin tissue substitutes—a growing area of research 
(37,38). Polarization-sensitive OCT (PS-OCT), which is 
sensitive enough to detect different dermal layers as well 
as anisotropic biological structures (39,40), e.g., collagen—
an important dermis component, and its restoration during 
wound healing process, would further enhance the use of 
OCT in skin autograft studies.

Several limitations in this study need to be acknowledged. 
Firstly, the field of view in this study is limited to 9 mm × 
9 mm, which results in the loss of information outside the 
field of view. To minimize this bias, we scanned multiple 
locations over the graft of each patient in the hope of 
gathering as much information as possible. To further 
address this issue in future studies, some technologies with 
a wider field of view, such as laser speckle contrast imaging, 
could be used to objectively guide OCT imaging to the graft 
sites of interest. Secondly, our study is limited by a small 
cohort of subjects. It is worthwhile to mention that this 
study aims to explore the potential of applying OCT/OCTA 
to visualize and monitor the healing and integration of skin 
autografts, rather than provide novel medical discoveries. 
Certainly, to fully understand skin graft in OCT imaging, a 
large-scale clinical study would need to be conducted in the 
future. Thirdly, the penetration depth of OCT is limited 
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to approximately 1.5 mm, which could result in the loss of 
pertinent, deep structural and vascular information. This 
is a limitation of OCT in general and not an issue with 
our specific imaging system. With that, to overcome such 
a limitation, the use of a complimentary modality could 
again be used. Photoacoustic imaging (PAI) is an example 
of another non-invasive optical imaging modality with 
a potential penetration depth of ~5 mm. With a lateral 
resolution of ~50 µm and an axial resolution of ~22 µm,  
however, the level of detail acquired with such would be 
considerably lower than OCT/OCTA, which has a lateral 
resolution of ~10 µm and an axial resolution of ~8 µm (41). 
This is not thought to be an issue though, as the vessels 
beyond several millimeters in depth would be significantly 
larger than those of more superficial depths, and would, 
therefore, not require the capillary-level detail afforded by 
OCT/OCTA. The combination of OCT/OCTA and PAI, 
therefore, could be a very promising route of investigation 
with both technologies working synergistically to solve the 
issue of penetration depth whilst maintaining a high level of 
detail where needed in skin graft evaluation. 

In summary, OCT/OCTA in this study has shown 
its potential to image and measure numerous features of 
human skin graft health and integration in the days and 
weeks following split-thickness surgery. For the first time, 
we demonstrate the applicability of non-invasive OCT/
OCTA imaging technology for novel clinical uses that 
could aid in the betterment of surgical practices and clinical 
outcomes in the future.
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