Original Article

Optical coherence tomography angiography monitors human

cutaneous wound healing over time
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Background: [ vivo imaging of the complex cascade of events known to be pivotal elements in the healing
of cutaneous wounds is a difficult but essential task. Current techniques are highly invasive, or lack the level
of vascular and structural detail required for accurate evaluation, monitoring and treatment. We aimed to
use an advanced optical coherence tomography (OCT)-based angiography (OCTA) technique for the non-
invasive, high resolution imaging of cutaneous wound healing.

Methods: We used a clinical prototype OCTA to image, identify and track key vascular and structural
adaptations known to occur throughout the healing process. Specific vascular parameters, such as diameter
and density, were measured to aid our interpretations under a spatiotemporal framework.

Results: We identified multiple distinct, yet overlapping stages, hemostasis, inflammation, proliferation,
and remodeling, and demonstrated the detailed vascularization and anatomical attributes underlying the
multifactorial processes of dermatologic wound healing.

Conclusions: OCTA provides an opportunity to both qualitatively and quantitatively assess the vascular
response to acute cutaneous damage and in the future, may help to ascertain wound severity and possible

healing outcomes; thus, enabling more effective treatment options.
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Introduction

The accurate assessment of cutaneous wounds, such
as burns, chronic skin ulcers, and surgical wounds, is
critical if an effective treatment plan is to be prescribed. If
misdiagnosed, hindered or ineffective, wound healing may
increase the risk of scarring and/or infection, which can
lead to morbidity or even death (1). The process of wound
healing involves a highly coordinated cascade of events
comprising multiple cell types, bioactive molecules, and
extracellular matrix proteins (2) to form four distinct, yet
overlapping phases: hemostasis, inflammation, proliferation,
and remodeling (3). The skin’s microvasculature plays a

pivotal role in each of the various stages of wound healing,
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as it regulates blood flow and tissue perfusion, facilitates
oxygen and nutrient delivery, and supports granulation
tissue formation (4). Therefore, identifying and accurately
assessing the characteristic vascular changes that occur
throughout each phase and correlating them with structural
changes could provide a basis for wound healing assessment.
For example, monitoring the vascular features associated
with re-epithelialization, reformation of the dermal-
epidermal junction, the subsequent thickening of the newly
formed epidermis, and dermal remodeling could be used
to as indicators for normal wound healing (5). Additionally,
any deviations from normal could be addressed with
treatment adjustments to ensure optimal recovery.
"Typically, visual observations and surface measurements
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have been used to evaluate wound healing via the monitoring
of wound size, color, odor, drainage and eschar (6,7).
Such measurements, however, are restricted to the
skin’s surface and depend heavily on the experience of
medical professionals, wound condition and treatment
history (8). Attempts have been made to quantify such
measurements, such as with the use of the Vancouver
scar scale and the Manchester scar proforma, but these
too suffer from significant subjective drawbacks (9,10).
Currently, biopsies provide the best objective assessment
of wound recovery, but this technique causes further
tissue destruction and increases the risk of infection (11).
With that, various techniques and technologies have
been explored for the quantitative evaluation of wound
healing, particularly burn wound healing, such as
the use of magnetic resonance imaging (MRI) (12),
ultrasound imaging (13), fluorescence imaging (14),
polarization-sensitive optical coherence tomography (PS-
OCT) (15,16), and laser Doppler flowmetry (LDF) and
perfusion imaging (17,18). To date, however, no technique
is without its disadvantages, and whilst LDF is proving the
most popular non-invasive imaging technique, its limited
sensitivity concerning various wound conditions and lack of
three-dimensional (3D) imaging capabilities have restricted
its use clinically (19).

The continued development of OCT technology
over recent years has significantly increased its use in
a variety of fields, both research and clinically driven.
Although a well-established diagnostic tool in the field
of ophthalmology (20,21), modern technical advances,
such as an increased resolution via improved laser
sources (22), enhanced sensitivity through the use of phase
information (23-25), accelerated scanning speeds (26,27) and
a larger field-of-view (28,29), have enabled the exploration
of OCT applications in dermatology (30,31). With regards
to cutaneous repair or regeneration, for example, OCT has
been used in conjunction with other techniques, such as
multiphoton microscopy and histopathology, to monitor
over time wound healing in mice (5), wound healing in
an engineered skin equivalent tissue model (32), and scar
formation during skin substitute-assisted wound healing (33).
It has proven itself particularly useful in determining
cutaneous burn severity (19,34) because whilst the light
signal is attenuated as it propagates through the skin due
to multiple scattering by protein components, thermally
damaged collagen changes the magnitude of light
attenuation (32); thus, allowing for the establishment of
burn severity via the measurement of burn depth (15). The
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determining of burn depth is especially relevant for treatment
planning and is a major factor in long term prognosis (35,36).
Unlike first and third degree burns where treatment options
are typically predetermined, i.e., unaided spontaneous healing
vs. skin grafting, respectively, second degree burns are often
more complicated to treat because surgeons have to wait
to evaluate if the wound can heal unaided before a decision
is made regarding surgical intervention, i.e., skin grafting,
meaning the chances of infection are heightened (34).
The use of OCT can aid in the earliest evaluations of burn
severity, negating the need to wait for signs of healing; thus,
accelerating treatment and subsequent recovery.
Furthermore, a more profound examination of the
OCT signal can provide additional information beyond the
visualization of tissue structure (37). Since signals derived
from tissue regions with moving particles, such as blood
vessels, contain larger variance compared to those from
static tissue, one could contrast said regions within complex
OCT signals. This allows for the identification of functional
blood vessels within tissue by isolating the scattering
properties of moving red blood cells (21,38,39). The use
of OCT in such a way constitutes a suite of OCT-based
angiography (OCTA) technologies (21,40). There are a
number of approaches one could use to contrast vasculature,
each with its own advantages, but of interest here is a
complex-signal based method because it provides more
sensitive measurement to slow blood flow, such as in the
functional capillary vessels (41,42). One such method whose
high sensitivity has already been shown to be successful in
the visualization of functional vasculatures in small animal
models and human tissues, such as skin and eye (43-45)
is optical microangiography (OMAG) (39,46-48).
The recent development of OMAG for imaging dynamic
blood perfusion within tissue beds was heralded as
one of the most significant extensions of conventional
OCT, and has been successfully translated to clinical
ophthalmic imaging (45,49-51). Here, we present a clinical
prototype OMAG system that was specially designed for
dermatological applications for high resolution monitoring
of the microcirculatory and structural features underlying
the processes of wound healing in otherwise healthy skin.

Methods
Subject volunteer

The injury was sustained when a piece of molten plastic
accidentally fell onto the skin of the subject’s right hand.
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Upon realizing the injury, the subject attempted to remove
the offending plastic, with which, the epidermal layer
of skin was removed. Scanning commenced ~48 hours
after the incident took place. Informed written consent
was obtained from the subject volunteer prior to imaging
and the use of OCT laboratory equipment was approved
by the Institutional Review Board of the University of
Washington.

OC'TA prototype system

For this study, we used an in-house-built, clinical prototype
swept source-OCT (SS-OCT) system, as shown in
Figure 1A. The system setup was similar to that used in a
previous study in our lab (52). In short, a 200-kHz vertical-
cavity surface-emitting (VCSEL) swept laser source
(SL1310V1-20048, Thorlabs Inc., Newton, USA) was used as
the light source providing a central wavelength of 1,310 nm
(infrared/IR) and a spectral bandwidth of 100 nm, giving
an axial resolution of ~8 pm in tissue (~11 pm in air). The
sample arm consisted of a hand-held probe, where a paired
X-Y galvo scanner and sample optics assembly were housed.
To facilitate scanning, a monitoring screen was integrated
with the hand-held where the OCT and OCTA cross-
sectional images are displayed in real time to aid the operator
during imaging. In this study, the probe was affixed with a
sample spacer to maintain a consistent distance between the
objective lens and the skin. A disposable glass cover plate
was attached to the spacer to support even, comfortable
contact with the skin. A 5X objective lens within the hand-
held probe focused the IR light source into a beam spot on
the skin with an incident power of 5 mW, similar to that
of a common laser pointer. Alongside the IR light source
was a visible laser beam, which was used to guide OCTA
imaging, which also provided an opportunity to position and
orientate the beam spot over the same area of skin for each
scan session, producing reliable and repeatable scans over
different time points (53). The field-of-view was 10x10 mm’
with a penetration depth of ~1.5 mm.

Imaging protocol

The specific area of skin intended for scanning was located
on the dorsum of the right hand, over the first dorsal
interosseous between the thumb and index finger. For
scanning, the hand-held probe was positioned approximately
perpendicular to the wound. Prior to scanning, a drop
of glycerin was placed on the skin to act as a refractive
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index matching medium (54). Scanning was carried out
at 2, 5,9, 16, 23 and 44 days post-injury. Each scanning
session, including preparation, required 30-40 minutes,
approximately, as multiple scans were taken of the wound
during each session for quantitative purposes with each
3D scan taking ~6 seconds. Multiple scans were also taken
of the healthy skin adjacent to the wound for comparative
purposes.

High resolution 3D OCT (Figure 1B) and OCTA
(Figure 1C) images were generated for tissue structure
and vascular visualization, respectively, with the following
scanning protocol. Firstly, reflectivity profiles of skin depth,
i.e., A-lines, were acquired consecutively (10 pm apart)
along the fast scanning axis to produce a two-dimensional
(2D) cross-sectional image, i.e., B-frame. Each B-frame scan
was repeated four times at the same position for vascular
information extraction using OMAG algorithm (46).
Numerical phase-stabilization algorithms were also applied
to the complex data for enhanced angiography contrast (52).
Next, consecutive cross-sectional positions (10 pm apart)
were scanned along a perpendicular axis to the fast axis, i.e.,
slow axis, to yield a 3D volume scan, i.e., C-scan. A final
volumetric dataset comprised 1,000 A-lines and 1,000 cross-
sectional positions (4,000 B-frames), covering a region of
10x10 mm’ of skin. From the volumetric scans, 3D tissue
structure was constructed, as shown in Figure 1B. In addition,
for improved 3D vascular mapping, each 3D volume scan
was repeated four times to enhance visualization of actively
alternating capillary perfusion. The four volumes were then
combined via 3D registration, followed by averaging, to
produce a single, high resolution 3D OCT/OCTA volume
scan, using a proprietary algorithm developed in our lab.
Each OCT/OCTA volume scan is presented here as an
X-Y maximum intensity projection (MIP) en face projected
image. Where applicable, a color code was applied to en face
projected vasculature to denote vessel depth.

Immage segmentation

To gain a better insight into how vascular and structural
features might differ at various depths during healing, the
OCTA volume scans were segmented to reveal separated
slabs of skin. To do this, we employed a semi-automatic
segmentation software that was previously used and
validated in ophthalmology to segment retinal layers (55),
and modified it for the purposes of segmenting skin layers.
Based on OCT structural features of epidermis and dermis
layers, the software segmented each of the OCTA volume
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Figure 1 Clinical prototype OCTA system alongside the imaging and data collection protocols. (A) Photograph showing the clinical

prototype swept-source OCTA system; (B) a 3D OCTA volume scan showing a wound in the skin; (C) the vascular data derived from the 3D

OCTA volume scan depicted in (B); (D) a cross-sectional B-frame selected from (B) highlighting three layers where segmentation is carried

out. OCTA, optical coherence tomography-based angiography.

scans into three slabs with depths of 265-530, 530-795,
and 795-1,200 pm, thought to represent the papillary
dermis, lower papillary/upper reticular dermis, and reticular
dermis layers, respectively. Illustrated in Figure 1D is an
example of such slabs highlighted by colored regions in one
structural B-frame. Both the vascular and structural volumes
were segmented at these depths based on structural features
before being en face projected for convenient monitoring.

Quantification of the vascular response

To quantify the vascular response, vascular parameters,
such as vessel diameter and functional vessel density
changes over time, were measured. This was carried out
using a quantification algorithm previously developed by
Reif er al. (56) and further explained by Chu er al. (57).
Quantification was carried out on all three vascular slabs
obtained from segmentation. These analyses were carried
out in two ways. First, vessel diameter was quantified
for the whole scan area, i.e., taking both the wound and
surrounding skin into account, over time. Given the
significant role played by peripheral vasculature during
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healing, this method allowed for a comprehensive overview
of the whole healing process. Second, positive and negative
masks of the wound were created for more region-specific
vascular measurements to be taken (Figure 2). This allowed
for healing to be measured directly within the wound and
indirectly in the surrounding skin. The masks were created
using the en face projected OCT structural image of the
wound at its earliest time point as a template. Simply, the
outline of the wound was traced to produce positive and
negative masks (Figure 24,B). The masks were checked
to ensure they accurately represented the wound on all
three vascular layers. The control scans were masked also
to ensure continuity. Figure 2C,D show the negative mask
and its application to the papillary dermis layer of a control
scan. This allowed for vessel diameter and functional vessel
density changes to be measured solely within the wound
itself, and/or within an equivalent control site. Figure 2E,F
show the positive mask and its application to the same
control scan shown in Figure 2D. This allowed for vessel
diameter and functional vessel density changes to be
measured solely within the surrounding skin of the wound,
and/or within an equivalent control site.
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Figure 2 Mask preparation for quantification of vessel parameters
inside and outside the wound. (A) A positive mask derived from a
MIP en face projected structural image of the wound; (B) a negative
mask correlating to the positive mask depicted in (A); (C) the final
negative mask prior to application to a MIP en face projected vascular
image for quantification. This allowed for quantification of vessel
parameters solely within the wound; (D) a MIP en face projected
vascular image of a control scan with the negative mask depicted in
(C) applied; (E) the final positive mask prior to application to a MIP
en face projected vascular image for quantification. This allowed for
quantification of vessel parameters solely outside of the wound; (F)
a MIP en face projected vascular image of a control scan with the
positive mask depicted in (E) applied. Scale bar represents 1 mm.

MIP, maximum intensity projection.

Statistical analysis

A minimum of three en face images, each derived from a
separate 3D-registered 3D OCT volume scans, per variable
were used for statistical analysis. Data was averaged and
represented as a mean value = standard error of the mean
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(SEM). Groups were compared using 7-tests and one-
way analysis of variance (ANOVA). A P value below 0.05
was denoted to indicate statistical significance. In graphs,
statistical significance is indicated at four levels: *, P<0.05;
** P<0.01; ***, P<0.001; and ****, P<0.0001.

Results

The data presented here outlines alterations from normal
to vascular and structural features of the skin using a
spatiotemporal framework.

Temporal vascular features

Figure 3 shows the overall summary of the results over
44 days of the same wound alongside the adjacent control
site, displayed in en face OCTA (Figure 34,B,C,D,E),
and corresponding en face OCT structural images
(Figure 3EG,H,L3), and selected B-frame OCTA and OCT
images (Figure 3K,L,M,N,O). Also displayed are the results
captured from normal skin (left column) for comparison.

The en face projection of the vasculature of normal
skin (Figure 3A) typically gives homogenous vascular
distribution. Shown in Figure 3K is the cross-sectional
B-frame of the vasculature of normal skin (top), together
with corresponding structure (bottom), obtained at the
perforated red line in (A), which again shows a relatively
homogenous vessel distribution, besides vessel diameter
expectedly increasing with depth (58).

Shown in Figure 3B,C,D,E are the selected en face projected
vascular maps of the skin during healing at time points post-
injury as shown. Compared to normal skin, dilated vessels
surrounding and immediately below the wound can be
seen in Figure 3B,C. In Figure 3C,D, angiogenic vessels can
be seen migrating into the wound, with the latter image,
Figure 3D, showing more developed vascular sprouts. A
reduction in peripheral vasodilation can also be seen in
Figure 3D with deeper, large vessels now appearing within the
wound. In Figure 3E, angiogenic vessels are no longer visible
and vasodilation appears only in the wound area. Shown
in the top of Figure 3K,L,M,N,O are the cross-sectional
B-frames corresponding to the perforated red lines in ez face
images, respectively. Each of the vascular features previously
mentioned are corroborated here with one interesting
addition. Shown in Figure 3L,M are two bright regions visible
immediately below the wound. This is thought to represent
the presence of thermally damaged collagen. This feature is
lost in Figure 3N,O.
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Day 16 Day 44

1.2 mm I O

Figure 3 MIP en face projected whole volume scans presenting the vascular and structural features of normal and healing skin. (A,B,C,D,E)
MIP en face projected vascular images during normal and healing states. Color bar on the right side represents vessel depth; (F,G,H,L,]J)
MIP en face projected structural images during normal and healing states. The red dotted line on each en face image indicates where the
corresponding cross-sectional B-frames were taken from; (K,L,M,N,O) cross-sectional B-frames of the vasculature (top part) and structure

(bottom part) during normal and healing states, respectively. Shown is the vasculature and structure of acutely wounded skin healing/

returning to a state similar to that of normal skin. Scale bar represents 1 mm. MIP, maximum intensity projection.

Temporal structural features

The en face projection of the structure of normal skin
(Figure 3F) shows the topographically smooth structure of
the skin. Shown in Figure 3K (bottom) is the cross-sectional
B-frame of the structure of normal skin corresponding to
the perforated red line in Figure 3F, which shows an intact
epidermis with a consistent thickness and homogenous
structural brightness, besides an increased brightness
immediately below the epidermis thought to represent
the highly organized extracellular matrix of the papillary
dermis (59).

Shown in Figure 3G,H,1,7 are the en face projected
structures of the skin during healing. A fibrin clot can
clearly be seen in Figure 3G, which later becomes an eschar
in Figure 3H. The tissue immediately surrounding the
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wound appears brighter (Figure 3G) and progressive wound
contraction can be seen in Figure 3H,I,7, respectively. The
wound itself is no longer visible in Figure 37, aside from
swirled patterns, most likely due to increased collagen
production as collagen type III was being turned over
to type I. Shown in the bottom of Figure 3K,L,M,N,O
are the cross-sectional B-frames corresponding to the
perforated red lines in Figure 3FG,H,LJ, respectively. As
was the case with vascular features, each of the structural
features mentioned previously are corroborated here with
additional information. The eschar, a thickened epidermis,
and an epidermal tongue are all visible in Figure 3M, and
Figure 30 shows a thickening epidermis and a brighter
dermis immediately below (coinciding with the bright
swirled patterns noted in Figure 3I).
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Control Day 2

265-530 pm

530-795 pm

795-1,200 pm

Day 5

Figure 4 MIP en face projected vascular images showing depth-specific vascular features over time. Shown are the three segmented slabs

representing the depths of (A,B,C,D,E): 265-530 pm (papillary dermis); (F;G,H,LJ): 530-795 ym (lower papillary/upper reticular dermis);

and (K,L,M,N,0): 795-1,200 pm (reticular dermis). From left to right, images are obtained from the scans of normal skin, and wound at day 2,

day 5, day 16 and day 44 post-injury, respectively, demonstrating how the vasculatures of different depths respond during healing. Scale bar

represents 1 mm. MIP, maximum intensity projection.

Depth-specific vascular features

The depth-specific vascular features over 44-day post-
injury are given in Figure 4. Shown in Figure 44,FK are the
vascular maps of the papillary dermis, the lower papillary/
upper reticular dermis, and the reticular dermis layers,
respectively, taken from normal skin. Vascular distribution
appears homogenous throughout each of the three anatomic
layers; however, both diameter and density appear to be
increasing with depth.

Shown in Figure 4B,C,D,E are the superficial vessels of the
papillary dermis; Figure 4G,H,L7 are the vessels of the lower
papillary/upper reticular dermis; and Figure 4L,M,N,O are
the deeper vessels of the reticular dermis, all during healing
at time points post-injury as shown. Shown in Figure 4B,G,L
are uniformly distributed vasodilation surrounding the
wound, regardless of vessel depth, and vasodilation within
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the wound appeared to be dominated by the deeper vessels of
the reticular dermis. Angiogenic sprouts are seen only in the
uppermost slabs, i.e., the papillary dermis and lower papillary/
upper reticular dermis layers (Figure 4C,H), and interestingly,
these immature angiogenic vessels also appeared brighter
than their surrounding counterparts. Shown in Figure 4D,[,N
is an upsurge in angiogenic sprouting from the reticular
dermis. Shown in Figure 4E, 7,0 is vasodilation throughout
each of the three vascular layers being located solely within
the remodeling wound area.

Depth-specific structural features

The depth-specific structural features over 44-day post-
injury are given in Figure 5. Shown in Figure SA,FK are
the structures of the papillary dermis, the lower papillary/
upper reticular dermis, and the reticular dermis layers,
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Control Day 2 Day 5 Day 16 Day 44

530-795 pm 265-530 pm

795-1200 ym

Figure 5 MIP en face projected structural images showing depth-specific structural features over time. Shown are the three segmented slabs
representing the depths of (A,B,C,D,E): 265-530 pm (papillary dermis); (F,G,H,L]) 530-795 pm (lower papillary/upper reticular dermis),
and (K,L,M,N,0) 795-1,200 pm (reticular dermis). From left to right, images are obtained from the scans of normal skin, and wound at
day 2, day 5, day 16 and day 44 post-injury, respectively, demonstrating how the structures of different depths respond during healing. Scale

bar represents 1 mm. MIP, maximum intensity projection.

respectively, taken from normal skin. Whilst features
differed between each layer, they were all intact and
homogenous in distribution.

Shown in Figure 5B,C,D,E are the structural features
of the papillary dermis; Figure 5G,H,I7 are the structural
features of the lower papillary/upper reticular dermis; and
Figure SL,M,N,O are the structural features of the reticular
dermis, all during healing. Whilst wound contraction can
be clearly seen in the uppermost slabs (Figure 5B,C,D,E),
the processes of healing are perhaps most evident in the
lower papillary/upper reticular dermis (Figure 5G,H,L7). At
the earliest time point, Figure 5G, tissue structure within
the wound appeared to still have features similar to that
of undamaged skin (comparing Figure 5G,F). However,
as shown in Figure SH, structure within the wound has
been completely altered. The wound now appeared almost
featureless except for bright tissue immediately adjacent.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Shown in Figure 51, tissue structure appeared to be
normalizing. Shown in Figure SE,7,0 are tissue structures
across all depths at days 44 post injury, with very similar
features to that of normal skin. A swirled pattern thought to
be symptomatic of collagen turnover is the only indication
that a wound was ever present.

Quantitative measures

Figure 6 provides the quantification results of various
vascular parameters. Each of the three vascular slabs
throughout each of the six scanning sessions at the days 2,
5,9, 16, 23, and 44 post-injury, respectively, are represented
alongside the control scan. Figure 64 shows vessel diameter
measurements taken from the whole affected region,
i.e., the wound and surrounding skin. In terms of vessel
diameter, each of the three vascular layers differed from
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Figure 6 Quantification of vessel parameters from three separate layers spanning the whole healing process. The three separate layers
represent vessels from three depths: 265-530 pm (papillary dermis), 530-795 pm (lower papillary/upper reticular dermis), and 795-1,200 pm
(reticular dermis). (A) Whole scan area vessel diameter; (B) wound only vessel diameter; (C) wound only vessel density; (D) surrounding

area vessel diameter; (E) surrounding area vessel density. Levels of significance are depicted as: *, P<0.05; **, P<0.01; ***, P<0.001; and ****,

P<0.0001.

one another, ranging from approximately 27 pm (x1 pm)
in the papillary dermis to approximately 67 pm (+2 pm)
in the reticular dermis (one-way ANOVA, P<0.0001).
Increased vessel diameter resulting from wounding was
most significant in the deeper of the vascular layers and
lessened in significance as vasculature became more
superficial (lower papillary/upper reticular dermis, one-way
ANOVA, P=0.0011; reticular dermis, one-way ANOVA,
P=0.0019; papillary dermis, one-way ANOVA, P=0.014).
Each of the three layers normalized by day 16. These
findings corroborate with the ez face projected images noted
previously (Figure 3). The reticular dermis was the only
vascular layer to significantly alter after day 16 (one-way
ANOVA, P=0.0004); again, corroborating previously noted
observations.

Shown in Figure 6B are vessel diameter measurements
taken solely from within the wound. Again, each of the
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vascular layers differed from one another, ranging from
approximately 25 pm (1 pm) in the papillary dermis to
approximately 53 pm (+5 pm) in the reticular dermis (one-
way ANOVA, P<0.0001). Neither vascular layer appeared to
have more significant vessel diameter increases compared to
the others (papillary dermis, one-way ANOVA, P=0.0065;
lower papillary/upper reticular dermis, one-way ANOVA,
P=0.0064; reticular dermis, one-way ANOVA, P=0.0043).
Shown in Figure 6C are vessel density measurements
taken solely from within the wound. In terms of vessel
densities, neither of the uppermost vascular layers, i.e., the
papillary dermis and lower papillary/upper reticular dermis,
differed from one another, but the deeper of the three
vascular layers, i.e., the reticular dermis, did (unpaired #-test,
P=0.0001). In terms of degree of density change in response
to healing, all three layers differed from one another. Early
on, loss of vessel density was most significant in the most
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superficial vascular layer, and lessened thereafter [papillary
dermis, one-way ANOVA, P=0.0003; lower papillary/upper
reticular dermis, one-way ANOVA, P=0.014; reticular
dermis, one-way ANOVA, P=0.06 (ns)]. A similar trend was
measured over the duration of the study. Overall alterations
in vessel densities were most prominent in the uppermost
vascular layers, and lessened thereafter (papillary dermis,
one-way ANOVA, P<0.0001; lower papillary/upper reticular
dermis, one-way ANOVA, P<0.0001; reticular dermis,
one-way ANOVA, P=0.0006). Taken together, these data
corroborate visual findings, confirming that the majority of
cutaneous damage was located in the uppermost vascular
layers.

Shown in Figure 6D are vessel diameter measurements
taken solely from the surrounding skin of the wound. Each
vascular layer differed from one another and increased
vessel diameter correlated with increased vessel depth (two
unpaired #-tests, P<0.0001). With regards to vessel diameter
changes in response to healing, vessel diameter increased in
all three layers with the degree of significance correlating
with vessel depth. That is, the deeper the vessels, the
more significant the increase in vessel diameter (papillary
dermis, one-way ANOVA, P=0.0049; lower papillary/upper
reticular dermis, one-way ANOVA, P=0.0005; reticular
dermis, one-way ANOVA, P=0.0006). Vasodilation across
all three layers was observed previously (Figure 4), but
depth-specific degrees of significance were not elucidated
from visual inspection. Each layer normalized by day 16,
with the reticular dermis being the only vascular layer to
increase in diameter again thereafter (one-way ANOVA,
P=0.0019). This trend was not noted previously from visual
inspection.

Shown in Figure 6E are vessel density measurements
taken solely from the skin surrounding the wound. Similar
to vessel densities measured within the wound, neither of
the two uppermost vascular layers, i.e., the papillary dermis
and the lower papillary/upper reticular dermis, differed
from one another. The deepest of the three layers, however,
i.e., the reticular dermis, was more dense (unpaired #-test,
P=0.0003). Whilst vascular densities increased across all
three layers as a response to healing, none of the layers
differed from another in terms of degree of significance
(papillary dermis, one-way ANOVA, P<0.0001; lower
papillary/upper reticular dermis, one-way ANOVA,
P<0.0001; reticular dermis, one-way ANOVA, P<0.0001).
All three layers normalized by day 16.

Interestingly, when taken together, it appears vessel
density changes, particularly in the most superficial vessels,
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was the dominant response within the wound, whilst vessel
diameter changes, particularly in the deeper vessels, was the
dominant response in surrounding tissue.

Discussion

In this study, using OCT and OCTA/OMAG, we have
non-invasively monitored over time the various vascular
and structural characteristics associated with the multiple
phases of wound healing in human skin. We were
successful in identifying with capillary level resolution,
numerous key vascular adaptations and correlate them
with structural alterations that are essential elements
in the overall processes of healthy wound healing. By
analyzing the vascular and structural features outlined
in this study, we were able to formulate an approximate
wound healing timeline, which includes multiple distinct,
yet overlapping phases of the cutaneous wound healing
process, i.e., hemostasis, inflammation, proliferation, and
remodeling. Shown in Figure 7 are the four phases of
healing as a timeline schematic. Whilst not all elements of
the regenerative process depicted in this figure were directly
visualized in this study, they were indirectly visualized via
the vascular and structural responses to such elements.

The early phases of wound healing, i.e., hemostasis
and inflammation, elicit a number of distinct vascular
and structural responses. Here, we observed from the
first imaging session a complete loss of superficial vessels
within the wound and a significant increase in vessel
diameter surrounding the wound. This is typical of partial
thickness burns because as they extend to the dermis and
damage blood vessels, the immediate response of the
microcirculation is to cause coagulation at the wound site
and hyperemia in the surrounding areas (60). A similar
hyperemic response was noted previously with OCT (61).
At this point in the healing process, the increased
vasculature was not the result of angiogenesis; rather, the
recruitment of pre-existing vessels that previously had little
or no blood flow, which was below the minimal velocity that
can be detected by OCTA (~4 pm/s) (62). This rationale
could be used to explain the vascular measurements noted
within this study; in particular, why superficial vessels saw
an increase in density over diameter, whilst deeper vessels
saw an increase in diameter over density. The onset of the
proliferation phase was seen here on the 5th day with the
migration of horizontal angiogenic sprouts into the wound,
thought to be symptomatic of the recruitment of fibroblasts
from adjacent tissues, as well as the differentiation of
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A Hemostasis, 0-2 days B

Inflammation, 1-8 days

Epidermis
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C Proliferation, 3-25 days D Remodeling, 23 days-ongoing

Fibroblast Endothelial cell Platelet

Bacterium

Monocyte  Neutrophil Keratinocyte Macrophage

Figure 7 A schematic diagram outlining the multiple phases of wound healing over a timeline. (A) Identifies the first of four phases,
hemostasis. Shown is the initial response to the development of the wound, the formation of a fibrin clot; (B) identifies the second phase,
inflammation. Shown is the increased capillary blood flow allowing for the augmented migration of cells and other inflammatory products; (C)
identifies the third phase, proliferation. Shown is the formation of an eschar, the proliferation of fibroblasts, the formation of an epidermal

tongue, i.e., re-epithelialization, and the sprouting of new blood vessels, i.e., angiogenesis; (D) identifies the final phase, remodeling. Shown

is thickening of the new epithelium and remodeling of collagen type III to type L.

fibrocytes to fibroblasts (63,64). The early onset of
revascularization, i.e., superficial angiogenic sprouts,
typically coincides with the onset of re-epithelialization,
which can be observed with the tightening of the wound
from its edge (65). Here, this tightening also coincided with
the appearance of bright structural features. The bright
tissue surrounding the contracting wound is thought to be a
feature of enhanced collagen deposition (66), which at this
stage serves two purposes: to provide structural strength and
facilitate the migration of various cell types responsible for
wound healing (67,68). This ultimately results in high levels
of collagen with relatively low tensile strength, however (69);
hence, later remodeling. Interestingly, in this study,
increased brightness was not restricted to tissue structure.
The angiogenic vessels visualized here also appeared
brighter than their surrounding counterparts (Figure 4).
Studies have shown that the OMAG signal is proportional to
the flux of red blood cells passing through the vessels (70,71).
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Thus, the brighter appearance of the vasculature around
the wound may signify an increased volume of red blood
cells. This augmented flow subsequently resulted in the
increased scattering of light from the red blood cells, which
appeared brighter under OCTA. This may have been
due, in part, to the leaky nature of angiogenic vessels (72)
or to a decreased resistance to flow caused by the formation
of new vessels (73) causing a shift in the balance of red
blood cell flow. The remodeling phase imaged here
coincided with the completion of revascularization and
the normalization of vascular parameters surrounding
the wound area. Similar observations were noted
previously (61). Additionally, the swirled dermal
patterns observed here have been linked previously
to collagen type III being converted to type I (61,69).
This is corroborated by the bright dermis imaged
immediately below the now healed wound indicating
enhanced collagenous activity (65).
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Figure 8 Mask preparation for and quantification of wound contraction. (A) MIP en face projected structural images of the wound over the
first five of six scanning sessions at the days of 2, 5, 9, 16, and 23 post-injury, respectively. The final scanning session is not included because
the wound had healed. The blue area in each image highlights the wound area being masked for quantification; (B) the positive wound masks

correlating to each of the images depicted in (A), respectively; (C) wound contraction rate. Levels of significance are depicted as: *, P<0.05;

**, P<0.01; and ***, P<0.001. MIP, maximum intensity projection.

One parameter often used in assessing wound healing
is wound contraction. Whilst wound contraction rate was
measured here (Figure §), it was intended for demonstrative
purposes and was not included as a primary measure
of healing. This is largely because of what contraction
rate means to wound healing in tight-skinned animals,
such as humans. In loose-skinned animals, such as mice,
measuring wound contraction could be used as a gauge
for the health of the healing process because contraction
is the primary route of healing in such cases. In humans,
however, wound contraction may not be the primary
source of wound healing; rather, re-epithelialization is.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Wound contraction is typically associated with failed re-
epithelialization and unhealthy wound healing in humans,
resulting in hypertrophic scarring (74). Additionally,
failed re-epithelialization is often associated with chronic
wounds (74), which are themselves often associated
with pathologies comprising flawed blood flow and/or
angiogenic capacities (75). Here, it is suspected that wound
contraction was observed alongside the aforementioned
vascular response because the wound was of a relatively
small size. Should the wound have been larger, the authors
believe a measurable vascular response would still be
distinguishable, but without observable contraction. With
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that, features of revascularization are considered here a
more accurate measure of wound healing health given the
significant role played by such during re-epithelialization,
and the monitoring of specific traits associated with
revascularization, such as those demonstrated in this study,
could be used to distinguish tissue regeneration, i.e., healthy
healing, from tissue repair; i.e., scar formation.

It should be acknowledged, however, that this study is
not without limitations. Firstly, the study comprised a single
subject, secondly, OCT/OCTA was the sole method of
analysis used throughout, and thirdly, the wound analyzed
was relatively small in size. Whilst such limitations are
inhibiting, they are not detrimental. This study was
intended to showcase recent advances in OCT technology
and associated analytical techniques via the monitoring of
cutaneous wound healing; it was not the authors’ intention
to hypothesize upon novel medical discoveries, or to
prove OCT/OCTA as an all-encompassing diagnostic
tool without its own shortcomings. The aforementioned
limitations should not take from the validity of the data
presented. That being said, however, should OCT/OCTA
be used in further studies, a number of adaptations to the
study design should be considered. For example, a larger
cohort of subjects with a wider array of dermatological
injuries would permit the assessment and advancement
of OCT technology under different conditions within a
variety of scenarios; thus, expanding the applicability of
OCT/OCTA. Whilst the vascular and structural features
outlined in this study are thought to represent the healing
processes via cutaneous regeneration, it is acknowledged
that cutaneous repair may offer additional features not
represented here. Future studies should include wounds
of various depths and severities to possibly establish a
threshold whereby regeneration becomes repair, or vice
versa. Additional analytical techniques should also be
implemented to substantiate the findings of OCT/OCTA.
This would allow for further refinement of analytical
algorithms and for a more in-depth study in to the various
processes involved in wound healing.

In conclusion, OCT/OCTA has provided us with the
opportunity to non-invasively image specific vascular
adaptations that occur during the numerous stages of
human cutaneous wound healing. Additionally, such
vascular features have been correlated with structural traits,
further adding to the capabilities of this technology. With
continued development and refinement, this tool and
the information it affords us could be used to assess and
monitor wound healing, giving patients more specific and

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

precise treatment options in the future.
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