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Abstract

The aim of this study was to investigate acute wound healing with dynamic
optical coherence tomography (D-OCT). From 22 patients with 23 split skin
graft donor sites, vessels at four wound edges, the wound bed, and adjacent
and unaffected skin of the contralateral leg were measured by D-OCT at six
time points from surgery to 4 weeks of healing. Changes in vessel orientation,
density, diameter, morphology and pattern in horizontal, vertical and 3D
images were analysed for wound healing and re-epithelialization. At 300 pm
depth, there were significant differences of blobs and serpiginous vessels
between normal and wounded skin. The wound had significantly more verti-
cally oriented vessels, a higher degree of branching, vessel density and diame-
ter compared with healthy skin. 3D images showed increased angiogenesis
from healthy skin towards the wound centre, significantly higher vessel den-
sity at the wound than at normal skin and the highest at the interface. During
wound healing blobs, coils and serpiginous vessels occurred significantly more
frequently in lesional than healthy skin. Vessel density was greatest at the
beginning, decreased and then increased by 4 weeks post-surgery. D-OCT
helps to evaluate acute wound healing by visualizing and quantifying blood
vessel growth in addition to re-epithelialization.

KEYWORDS
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healing

Key Messages

« D-OCT helps to evaluate acute wound healing by visualizing blood vessel
growth.

« The aim of the study was to investigate acute wound healing with D-OCT.
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« The vessel shapes blobs, coils and serpiginous vessels were significantly
more common in the wound area than in unaffected healthy skin during

wound healing.

« Vessel density was high at the beginning of wound healing, decreased and
then increased again at the end of 4 weeks of follow-up.

1 | INTRODUCTION

Acute wounds generally heal faster than chronic wounds.
Good blood and oxygen supply are the most important
components for successful wound healing. Therefore, the
study of blood vessels is essential for understanding the
wound healing process. At the beginning of wound heal-
ing, haemostasis plays a major role, and over time, the
transport of metabolites leads to the nutrition and
immune defence of wound tissue."

Split-thickness skin grafts have a thickness of about
0.4 mm. Thus, they cause defects of the epidermis and
upper dermis, leading to an abrasion of superficial skin
layers."* Deeper skin levels are not affected. Therefore,
the deep dermal blood plexus remains intact and may
rebuild the superficial plexus to supply the newly formed
epidermis. Surgical transection of the capillaries in the
papillary layer removes the upper blood plexus, resulting
in superficial punctate bleeding in the wound.

The injured tissue requires optimal neovasculariza-
tion for rapid wound healing. Therefore, the study of
the vascular system using dynamic optical coherence
tomography (D-OCT) could be helpful in analysing
pathophysiological processes that might prevent acute
wounds from turning into severe scars or chronic
wounds.”

Software-based devices for blood flow detection have
been developed since 2015 and are referred to as
speckle-variance OCT,® decorrelation-mapping OCT’
and optical microangiography.® These methods are col-
lectively known as OCT-angiography or D-OCT. D-OCT
is superior to Doppler-OCT due to its lack of sensitivity
caused by high noise and to Doppler flowmetry due of
its lower resolution and lack of depth discrimination.”'°
D-OCT is similar to laser speckle contrast imaging but
offers the possibility to resolve depth below skin and
visualize individual small blood vessels."' The ability to
image blood capillaries in high resolution with depth
measurement is why D-OCT could be a useful new tool
for assessing vascular development in acute wounds
non-invasively, painlessly, in real time and in vivo.
Therefore, D-OCT can help to select appropriate thera-
pies, monitor healing and treatment effects, and detect
disturbances in wound healing, such as infections, at
an earlier stage.

2 | MATERIALS AND METHODS

2.1 | Patients and procedure

Twenty-two patients (8 female, 15 male, median age
80.0 years, first quartile: 71 years, third quartile: 86 years,
all non-smokers) with 23 split-thickness skin grafts (one
patient received two skin grafts on the same thigh) partic-
ipated in the study. Thirteen skin graft sites were on the
right thigh, and 10 skin graft sites were on the left thigh.
The median size of the grafts was 25cm” (range
6.25 cm®-176 cm?). Each patient had an excised skin
tumour and required a skin graft to cover the wound,
which could not be closed by other means. The ethics
committee of the Ludwig-Maximilian-University Munich
(No. P30-14) and the ethics vote of the University of
Liibeck, Germany (No. 97-061) approved the study. The
study was conducted at the Department of Dermatology,
University Hospital Augsburg, Germany. The principles
of the Declaration of Helsinki and the international
guidelines for human studies were always observed. The
patients in this manuscript gave written informed con-
sent for the publication of their case details.

Patients older than 18 years, with written signed
informed consent, healthy skin at the donor site and
adjacent areas, and unaffected perilesional skin as a con-
trol site were included. Patients with local and systemic
infections, generalized skin diseases, systemic drugs
(e.g., cytostatics or corticosteroids), allergies to topical
treatments, scars, acute or chronic wounds, medications,
or skin irritation in the scan area were excluded. Antico-
agulants were allowed. Skin graft removal was performed
by a dermatosurgeon. The graft thickness was adjusted
with the dermatome to 0.4 mm. The wound was mea-
sured and photographed with a Panasonic Lumix DMC-
TZ8 camera. All patients received standardized treatment
according to local protocol (Opsite® wound dressing
10 x 14 cm, followed by Allevyn® gentle border after
6 days). The wound was scanned with the D-OCT at the
four wound edges (top, right, bottom and left)
(Figure 1A). The fifth scan point was at the wound bed,
the sixth scan point was at 2 cm outside the wound from
unaffected skin and the seventh scan point was at the
same location on the contralateral leg as a control. For
each scan of the margin, the probe was oriented so that
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Leg with split skin graft donor site

Overview of the measurement process at the seven measurement points; position of the OCT probe in sterile sheath with

spacer. (A) Illustrates the standardized measurement process at seven different measurement points, which were scanned at every patient's
visit. Scans were conducted at the midpoint of the four wound edges (1-4), at the wound bed (5), at least 2 cm adjacent to the wound (6) and
at the same location on the contralateral leg (7). The corresponding D-OCT images illustrate the branching, diameter and density of vessels

depending on the measurement point (1-4 = wound edge, 5 = wound bed, 6, 7 = normal skin). Compared with normal skin (6, 7), more

arborizing vessels were found at the wound edge or bed (1-5). In healthy skin, vessels with a smaller diameter appeared (6, 7). At the wound

edge (1-4), smaller vessels were more common than in the wound bed (5). In normal skin, vessel density was nearly absent or very low

(6, 7), whereas vessel density at the wound edge or bed was of medium size (1-5). (B) shows the standardized scanning position of the probe
with healthy skin on the left side of the image and the wound on the right side. (C) Depicts the OCT probe enclosed in sterile sheath, over
which a sterilized ‘standoff’ (arrow) is fitted to set skin at the correct focal distance.

healthy skin was on the left side of the image and the
wound was on the right side (Figure 1B). The protocol
included six appointments for each patient over a 4-week
period. Scans were taken on the day of surgery (day 0),
and on Days 1, 4, 7, 14 and 28 after surgery.

2.2 | Dynamic optical coherence
tomography

In this study, the VivoSight® Dx OCT scanner
(Michelson Diagnostics Ltd, Maidstone, Kent, UK) was
used with dynamic OCT imaging software. It is CE-
marked and FDA 510(k) cleared for non-invasive in vivo
skin imaging. Its use in open wounds is contraindicated
due to the potential risk of cross-infection from a detach-
able plastic spacer used to keep the probe at the correct
focal distance, which contacts the wound during scan-
ning. For this study, pre-sterilized disposable spacers in
sealed bags with approval from the ethics committee

were used. After each visit, a new set of spacers was
opened, and the device was disinfected by wiping. A
transparent sterile disposable sheath was placed over the
OCT probe and cable (Figure 1C).

The OCT uses a laser wavelength of 1305 nm with an
optical resolution of 7.5 pm in the lateral and 5 um in the
axial direction. The field of view is 6 x 6 mm” with a 1.0-
2.0 mm depth. The D-OCT works well until 0.5 mm, but at
greater depths, the image appears blurry due to background
noise. The handpiece is equipped with a colour camera to
help guide positioning and monitor the lesion. No gel or oil
is used. The device acquires a 3D scan (6 x 6 x 2 mm®) of
120 D-OCT images with a pixel size of 4.4 pm in 30 s.

2.3 | D-OCT image analysis

ImageJ® was used to evaluate vessel morphology without
adjustment or enhancement.”'* As in other D-OCT
studies,>*"> vessel morphology was assessed after
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FIGURE 2
for vessel density analysis. This figure shows the processed OCT

Example of processing and trisection of an image

image (6 mm X 6 mm) transitioning from healthy skin over the
wound edge to the wound bed. The original OCT image in TIFF
format displayed a red overlay of the vessels, which was converted
to an 8-bit file, with brightness adjusted to 85 to reduce image
noise. The processed image was analysed using Volume Viewer
with the “measure” tool to calculate the density. This calculation
was performed for the entire image and for three equal sections
highlighted by red lines to visualize the healthy skin (NS), the
wound edge (WE) and the wound bed (WB) from left to right. The
density was shown as a percentage of tissue volume by measuring
the average pixel intensity.

adjusting the surface to a flat line (“fitting”) at 150, 300
and 500 pm. Vessel shapes were analysed in en face
images regarding density, diameter, distribution (regular,
irregular or clustered) and direction (no orientation,
streaming or radiating) compared with healthy adjacent
skin (less, average or more) according to Ulrich et al."?
Vessel shapes were described using the terms dots (small
points), blobs (larger points), coils (small, knotted ves-
sels), clumps (large knot-like vessels), lines, curves and
serpiginous vessels. Each shape was rated 0 = absent or
1 = present (S1). Vessel density was measured using
ImageJ® 3D plugin Volume Viewer. The TIFF image was
converted into an 8-bit file and brightness was uniformly
corrected to the value of 85 to suppress the so-called
image noise. The processed image was examined with
Volume Viewer and the “Measure” tool by calculating
the density of the entire image and of three equally sized
image sections (for wound bed, wound edge and healthy
skin) as a percentage (%) of tissue volume, which outputs

the average pixel intensity in the view (Figure 2). For ves-
sel morphology and density, the average of the results
from the scans of the four edges was calculated. The aver-
age of scan points six and seven was calculated for
healthy skin.

2.4 | Statistics

Data were collected with Microsoft® Excel® for Windows
2016, and statistical analyses were performed with IBM®
SPSS® Statistics Software for Windows (SPSS 24.0, IBM
Corp., Armonk, NY, USA). Statistical analysis comparing
the wound centre, wound border, and adjacent and con-
tralateral skin was performed using the Wilcoxon
matched pairs test. A p-value <0.05 was considered statis-
tically significant.

3 | RESULTS

3.1 | Vascular shapes, vessel density and
diameter in the en face view depending on
the measurement location

Different vessel shapes were examined at three locations
at 150, 300 and 500 pm depth (Table 1). At 150 pm, dots
were always visible at each measurement point. The pro-
portion of curves, blobs and lines was significantly differ-
ent for wound edge (WE) and wound bed (WB) compared
with normal skin on the contralateral leg (NSCL). All
three vessel shapes were frequently present in WE and
WB (curves: 68%/67%; blobs: 40%/51%; lines: 50%/46%)
but less frequently in NSCL (curves: 30%; blobs: 7%; lines:
24%). Coils and serpiginous vessels were uncommon at all
sites and only serpiginous vessels differed significantly
between the measurement point locations.

At 300 pm, dots, blobs, lines, curves and serpiginous
vessels were observed in most cases. Coils were detected
in approximately 20% of all wounds. All vessel shapes
were present in a higher proportion of cases than at
150 pm. Blobs and serpiginous vessels were frequently
more present in both WE and WB compared with NSCL
(blobs: 96%/ 96% vs. 77%; serpiginous: 85%/90% vs. 43%;
all p < 0.001). WE had a higher proportion of coils than
NSCL (23% vs. 13%; p < 0.001).

The results at 500 pm depth were similar to those at
300 pm depth. All vessel shapes except coils and serpigi-
nous vessels were present in almost all cases. Coils and
serpiginous vessels appeared in significantly higher pro-
portions in WE and WB compared with NSCL (coils:
71%/ 80% vs. 49%; serpiginous vessels: 97%/98% vs. 77%;
all p < 0.001).

[umod ‘8 *¥T0T X18¥THLI

:sdny woiy pap

ASUAOI'T suowwo)) aAnear) a[qedrjdde ay) Aq pauIdA0S aIe SA[ONIR Y £aSN JO SA[NI 10 AIRIqIT AUIUQ AJ[IAN UO (SUOIIPUOD-PUR-SULId) /W0 AS[1M" ATRIqI[aul[uo//:sdny) suonipuo) pue swia ], ) 33§ [$z0g/€0/81] uo Areiqry aurjuQ Aapipy “SingsSny [qigsiaeiisiaatun £q 1O0L I/ 11°01/10p/woo Ka[im ",



1742481x, 2024, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/iwj.70015 by Universitaetsbibl Augsburg, Wiley Online Library on [18/03/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

"UOIJBIASD pIepUe)s ‘(IS ‘ON[BA UBIUW ‘[ :SUONBIARIQQY
"S19139] P[Oq UT USNIIM U3q dABY AU} ‘sonjea-d 9say) asiseyduws o], "JueonyruSis A[[ednsIiels paIapIsuod sem G0°0 > onjea-d  :aJoN

P WiLEY- Lo

%ETY F BLL %09 F %00T %0 F %001 %1°0S F %67 %8LT F %L6 %0 F %00T TOSN
T100°0> %91 + %86 LTE0 %0 F %001 T %0 F %001 100°0> %Y 0v + %08 7€0°0 %S'8 F %66 T %0 F %001 am
%BETY F BLL %0'9 + %00T %0 F %001 %10S + %61 %S LT F+ %L6 %0 F %001 TOSN
T100°0> S’ LT F %L6 LIE0 %EY + %00T LST'0 %YL F %66 T100°0> %9'Sy + BIL 5[0 4] %EET + %86 T %0 F %00T am
%Y1 + %86 %0 F %001 %0 F %001 %t 0F F %08 %S'8 F %66 %0 F %001 am
T BS'LT F %L6 000T %EY F %00T LST0 %YL F %66 €€0°0 %9'SY + BIL 2010 %EET + %86 T %0 F %001 am
anyea-d as ¥ N anyea-d as ¥ N anpea-d as + W anpea-d as ¥ N anpea-d as W anpea-d as + W wiid gos
snoursrdiog paAIn) aury [Live) qord 1o
%96V F %EY %BLTT F %S6 %Y'ST F %E6 %EEE F %ET %ETY F BLL %0 F %00T TOSN
T00°0> %€ 0€ F %06 TL0°0 %8'8T + %96 8LT°0 %S EE F BLS 90°0 %6'0v + %1T T00°0> %S°0T + %96 T %0 F %00T am
%96 ¥ %EY %BLTT F %S6 %Y'ST F %E6 %EEE F %ET %ETY F BLL %0 F %00T TOSN
T100°0> %T9€ + %S8 ¥L0°0 %9YT + %86 €670 %¥'0T + %96 T100°0 BTTY F %ET T00°0> %L 6T F %96 T %0 F %00T am
%€0€ F %06 %881 F+ %96 %8EE F BLY %6°0v + %1T %S0T F %96 %0 F %001 am
€150 %T9E + %S8 000T %91 + %86 61°0 %Y 0T + %96 080°0 BTTY F %ET L6T0 BL'6T F %96 T %0 F %001 am
anyea-d as+ anyea-d as+ anpea-d as+ anpea-d as+ anpea-d as+ anpea-d as+ wr 0pg
snoursrdiog paAm) aury 10J0] qo1g 10
%01 F %1 %LV F %0E %S TV F BT %91 F %T BLYT F BL %09 F %001 TOSN
T100°0> %0°8Y + %9¢€ T100°0> %0°LY F L9 900°0 %T°0S + %9t 9020 %S €T F %9 T00°0> %T0S + %1S T %0 F %001 am
%t0T F %1 %L Y F %0E %S TV F BT %9 YT F %T BLYT F BL %09 F %001 TOSN
T100°0> %6°€y + %9T T00°0> %6'9% + %89 T00°0> %8°0S + %0S ¥L0°0 %80T + %S T100°0> %L6v + %0V LTIE0 %0 + %001 am
%08y F %9¢ %0°LY F L9 %1°0S F %9¥ %S €T F %9 %T0S F %IS %0 F %001 am
S00°0 %6'€Y F+ %9C ¥L9°0 %697 + %89 06°0 %8°0S + %0S L€9°0 %80T + %S L€9°0 L6V + %OV T %0 F+ %001 am
anyea-d as+ anyea-d as+ anyea-d as+ anyea-d as+ I anyea-d as+ anyea-d as+ wt gsT
snourSidiag paam) aury oo qorg j0Q
‘syutod aw Je sso1oe (TOSN) Sof [e19)e[eI U0 SY) WOIJ UNS PIJOJJJeun pue punom
. a1} 03 JUddE(pe WD 7 UDS [BWIOU ‘(M) P2q punom (FA) 25pa punom 3y} Je pasIasqo ‘sjudnjed [[& WOIF MITA d0BJ US Ul Wi 0OS pue 0OE ‘0ST 18 Sodeys [9SS9A JO % UT dudeAd]d T ATIV.L
2
5
5
3



60f12 WIL EY—m SCHUH kT AL.

Overall and detailed blood vessel density

Overall WE 1/3 WE-NS 2/3 WE-WE 3/3 WE-WB Overall WB Overall NSCL
Location of measurement

25 %

20

X

N
a
ES

10

B

Density of vessels, as a % of scanned tissue volume
(92}
R

0

E

FIGURE 3 Overall vessel densities measured at the wound edge (WE), wound bed (WB), normal skin 2 cm adjacent to the wound, and
unaffected skin from the contralateral leg (NSCL) and the detailed vessel densities measured at three sections of one image at all averaged
measurement time points. The measured vessel density varied from 14% to 22% of the total scanned tissue volume. The vessel density of NS
was significantly lower compared with the wound (NSCL: 15.2% vs. WE: 20.9% and WB: 22.2%) (for each p < 0.001). WB showed a
significantly higher vessel density compared with WE (p < 0.001). Overall vessel density for WE consisted of the averaged vessel densities of
the wound edge locations 1-4. Overall vessel density for NSCL consisted of the averaged vessel densities of NS (normal skin 2 cm adjacent to
the wounds) and of NSCL (unaffected skin from the contralateral leg). For overall density, the mean vessel density as a percentage of vessels
within the whole image (6 mm x 6 mm) was calculated. For detailed density, the mean vessel density as a percentage of vessels within one
third of the whole image (6 mm x 6 mm) was calculated. The whole image was divided into three parts (area of the WE-WE, WE-WB and
WE-NS). The detailed vessel density varied from 15% to 23%. The vessel density was highest for 2/3 WE-WE (23.3%), followed by 3/3 WE-
WB (20.9%) and 1/3 WE-NS (19.6%). The differences between each of the three thirds were significant (p < 0.001).

TABLE 2 Prevalence in % of vessel shapes in vertical view The rule for all vascular shapes is as follows: if a
from all patients at the wound edge (WE), wound bed (WB), morphological structure appears, regardless of depth, it
normal skin 2 cm adjacent to the wound and unaffected skin from is generally more common in the wound than in
the contralateral leg (NSCL). healthy skin, provided that this shape does not occur

Spikes Columns with maximum frequency in healthy skin (such as
dots). The mean frequency of the vessel shapes directly

MW =+ SD p-value MW =+ SD p-value . .
correlates with depth: the deeper the skin, the more fre-
WE 100% + 4.3% 1 4% + 23.7% 0.012 quently a vessel structure appears, regardless of the
WB 100% + 0% 98% =+ 14.6% measuring area (based on a comparison of the fre-
WE 100% + 4.3%  <0.001  94% +23.7%  <0.001 quency of vessel shapes at 150-500 pm in Table 1 and
NSCL  66% + 47.6% 32% + 46.5% Figure 4).
WB 100% + 0% <0.001  98% + 14.6%  <0.001 Normal skin exhibited either no or very low density
NSCL 66% + 47.6% 30% + 46.5% of sr.nall-dlamfater. vessels, whereas these V'essels had a
medium density in the wound area. Details on vessel
Note: The vessel shapes were counted as follows: 0 = absent, 1 = present. density are shown in Figure 3. Smaller vessels were more
A p-value < 0.05 was considered statistically significant. To emphasise these . . .
oo prevalent at the WE, while medium or large diameter
p-values, they have been written in bold letters. . . .
Abbreviations: M, mean value; SD, standard deviation. vessels were pr lmarﬂy observed in the WB.
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Day 0 Day 1 Day 4

P - WiLEY-L 7

Day 7

FIGURE 4 Clinical pictures, clinical images in the OCT camera, cross-sectional OCT pictures and 3D images of the exact same position
of wound healing over time. At the wound edge, numerous anastomosing high-density blood vessels were observed, especially between Days

1 and 7. In the wound bed, the vessels were frequently organized in a connecting pattern, whereas in healthy skin, the vessels appeared

clustered with a small calibre.

3.2 | Vascular shapes in the vertical view
depending on the measurement location
(S12-14)

Spikes (WB and WE 100%, NSCL 66%) were more com-
mon than columns (WE 94%, WB 98%, NSCL 32%)
(Table 2). Spikes and columns appeared significantly
more often at WE and WB in comparison with NSCL (for
all four p < 0.001). Columns were significantly more pre-
sent at WB in comparison with WE (p = 0.012).

3.3 | Clinical and OCT cross-sectional
features of wound healing over time

Clinically, after skin removal, punctiform bleedings
occurred even on the day after surgery (Figure 4). On that
day, serous exudate and a blot clot appeared and stayed
until Day 7, typical of the proliferating phase of wound
healing. From Day 7 to Day 28, crusts and a hyperaemic
margin appeared. After 2 weeks, scar formation began,
starting from the wound edge. In cross-sectional OCT
images, the tissue loss could be observed as an uneven
surface without a detectable epidermal layer. After
4 weeks, the cut was replaced by a continuous surface

with a lighter texture, corresponding to scar tissue. The
epidermis and dermo-epidermal junction were again visi-
ble (Figure 4).

3.4 | Vascular shapes, branching and
density over time (S2-14)

Figure 5 provides an overview of vessel shapes over
time for WE, WB and NSCL. While the proportion of
each vessel shape remained stable at 300 and 500 pm
depths, there was a decrease for some vessel shapes at
150 pm depth. The details on wound healing dynamics
for WE, WB and NSCL between the timepoints 0 and
28 (T0-T28) can be found in S2-S10. At 150 pm, there
were significant differences between TO and T28 for
blobs and serpiginous vessels at the WE. At 300 pm,
the number of serpiginous vessels at the WE, WB and
NSCL was different between TO and T28, as did the
number of curved vessels in NSCL. At 500 pm, the
number of coiled vessels varied between Days 0 and
28 at the WE and WB. There were no significant differ-
ences between visits for spikes. However, for columns
at WE, significant differences were visible between Days
4 and 7 and between Days 7 and 14.
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On the day of surgery, branched vessels were seen at
WE. At both 150 and 300 pm depths, the number of
branched vessels was highest on the first day and
decreased from Day 4 to Day 28. At the WB, branched
vessels decreased more slowly and remained the same
from Day 7 to Day 28. At 150 pm, healthy skin showed

no branched vessels, but at 300 and 500 pm, they were
present, although less than in the wound.

Figure 6 shows that healthy skin exhibited only low
blood vessel density and no significant changes over time.
Vessel density at WE and WB was significantly different
between Day 0 and Day 28 (p < 0.001). The first peek in
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vessel density at WB and WE occurred on Day 1, followed
by a decline over the next 4 days. Vessel density then
increased again at both WE and WB, reaching its highest
value on Day 28. All densities and p-values are presented
in S11.

4 | DISCUSSION

The purpose of this study was to examine split-thickness
skin graft donor sides using D-OCT, to study the wound
healing of acute superficial wounds. Monitoring acute
wounds remains a challenge for current diagnostic
devices. OCT is fast, easy to use and allows repeated non-
invasive in vivo real-time imaging of the same site.
Dynamic or angiographic OCT not only visualizes tissue
morphology but also shows and quantifies blood vessels.
The gold standard for wound follow-up is clinical assess-
ment, which requires experience and is not objective,
along with histology. However, histology is invasive and
painful for the patient, causes injury to already damaged
tissue and makes it difficult to monitor the same area as
tissue is removed. Blood vessels collapse after biopsy,
making it difficult to assess vessels in histology. Addition-
ally, Doppler ultrasound can visualize large blood vessels,
but the microcirculation, which is important for wound
healing, is too small to be seen. Another disadvantage of
ultrasound and confocal laser microscopy is that both
require gel between the probe and the skin for imaging,
posing a risk of infection. Nevertheless, the use of D-OCT
in open wounds, even with sterile procedures, poses
potential risks, particularly regarding infection and
patient safety. Ethical considerations focus on ensuring
that D-OCT does not increase the infection risk, necessi-
tating strict sterile techniques, which can be challenging
in high-throughput environments like emergency rooms
compared with day hospitals or dedicated wound centres.
Informed consent is essential, and the principle of “do no
harm” must guide the use of D-OCT, considering alterna-
tive methods if risks are high. Maintaining sterility in
emergency settings is difficult due to time and resource
constraints, increasing cross-contamination risks. Mitiga-
tion steps include comprehensive staff training, using dis-
posable equipment and considering alternative imaging
methods when maintaining sterility is challenging.
Ensuring patient safety through these measures is crucial
to uphold ethical standards in clinical practice.

In our study, certain vessel types, such as serpiginous
vessels, were significantly more common in the WB than
at the edge. This could be because these vessels originate
only from the deep dermal plexus and not from adjacent
healthy skin. The same is true for blobs and coiled ves-
sels, which may be responsible for attracting angioblasts

P WiLEY- L oo

or endothelial cells.'® Endothelial cells, in particular,
form new capillaries, which could explain why larger ver-
tical vessels, such as spikes and columns, emerge from
the dermal plexus after injury and were found more
frequently in the wound than in normal skin. Similar fea-
tures were found after burn injuries, where large, so-
called “truncated” wvessels without branching were
visible."”

Examining the morphology reveals that, after surgery,
the incision caused chaos and breakage in the blood ves-
sels. Later, a mesh network due to branching and higher
vessel density was observed in the wound. Thus, angio-
genesis of the few remaining capillaries could be initiated
after injury, with branching and growth supporting the
wound."®* When wound healing processes like these
are impeded, acute wounds can become chronic.”’ Our
chronic wound study with D-OCT demonstrated different
vessel morphology and density at the wound edges com-
pared with healthy skin. Clusters of glomeruli-like ves-
sels, clumps, greater blood perfusion and the absence of
linear branching vessels were seen in the wound area
of chronic venous ulcers.”"** The future of imaging
wound healing will involve automated D-OCT monitor-
ing, as described by Wang et al. in their study on diabetic
wounds.*?

3D images showed a section of vessels at the wound
edge, typically with many small anastomosing vessels
resembling ‘sprouting’.**** Vessel density is higher in
the wound than in healthy skin, as confirmed by other
studies.**° Surprisingly, in 3D images, the highest vessel
density was found at the WB compared with the edge.
This contrasts with the results of Tonnesen, while Gong
et al. also demonstrated increased vessel density and
diameter in acute burn wounds compared with contralat-
eral healthy skin.>*” One reason for the lower vessel den-
sity at the wound edge might be that the entire tissue was
examined, not just the edge. Another could be that crusts
appearing earlier at the edge lead to poorer visualization
of the vessels.”®> We were able to demonstrate that the
vessel density at the exact wound edge, which is the origi-
nal cut zone, was significantly higher than at the bed.

Wound healing in our study was comparable with
other studies,'® except that the rate of healing was
slightly slower in some patients, possibly due to the older
age of the participants. As age increases, the rate of cell
division decreases, and molecular processes are
altered.”” ! As none of our patients were smokers, the
results on wound healing were not impacted by smoking.
Re-epithelialization was shown in vertical OCT images
and might be faster at the wound edge due to the large
number of mobilized keratinocytes from the lesion bor-
der compared with adnexal keratinocytes.”>*> The time
course results suggest that VEGF, which leads to
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angiogenesis, may be responsible for the presence of ser-
piginous vessels at 300 pm for 7 days, coinciding with the
exudative and resorptive phase of wound healing.**

Coils were mainly visible in the proliferation phase,
but also in regeneration, which might be due to previous
findings of coiled vessels in hyperplastic tissue.>> Vessel
density and branching increased significantly 1 day post-
surgery and remained elevated, though less so, after
weeks.*® This increase might be attributed to high levels
of VEGF, which directly correlate with a higher vessel
density.**?” Wounds with complete re-epithelialization
show reduced vessel density, indicating a potential indi-
rect correlation between re-epithelization and vessel
density.

There are some drawbacks of our study due to intra-
and inter-individual skin variations caused by differences
in skin water content, age, sex and lesion localization.***
Our study consisted of 23 split-thickness skin grafts from
mainly elderly, non-smoking and Caucasian patients.
Therefore, there are limitations related to sample size
and demographic characteristics. The study's results may
not be applicable to all age groups, genders or ethnicities,
leading to biased findings. Future research should
include larger and more diverse samples to ensure
broader applicability, external validity and relevance of
the results. Different dermatologists used the dermatome,
so even with a fixed depth of 0.4 mm, the pressure on the
skin could vary, resulting in different wound thicknesses
of split-thickness skin grafts. Sawhney et al. demon-
strated that wounds between 0.4 and 1.6 mm heal at the
same rate. Therefore, deviations and the consequences
for wound healing should be minimal.* Moreover, the
dressing material and the frequency of change could
impact wound healing. The use of polyurethane dress-
ings, which were changed regularly in a standardized
manner for all patients, leads to a higher number of
blood vessels on the 7th and 10th postoperative days.*!
Another limitation is that D-OCT is technically unable to
image beyond a depth of 0.5 mm, restricting the assess-
ment to superficial layers, potentially missing critical
data on deeper tissues involved in wound healing. This
constraint can lead to incomplete evaluations, inaccurate
diagnoses and inadequate monitoring of wound healing,
affecting clinical decision-making and treatment out-
comes. To overcome this, alternative methods such as
high-frequency ultrasound (HFUS), magnetic resonance
imaging (MRI) and photoacoustic imaging can be used.
These technologies provide deeper tissue imaging and,
when used in conjunction with D-OCT, offer a more
comprehensive analysis, improving diagnosis, treatment
planning and monitoring in clinical practice.

Another aspect to consider is that 4-week follow-ups
often miss the full healing process in complex or chronic

wounds. Although this period may be sufficient for acute
wounds, chronic wounds require longer-term studies
with D-OCT, like those by Vélez et al., to gain compre-
hensive insights into long-term healing, recurrence pat-
terns and treatment durability.”* These extended studies
enable thorough assessment, tracking the entire healing
process, identifying recurrences and evaluating treatment
durability over time. They should last several months to a
year with regular D-OCT imaging, include diverse cases
and provide quantitative metrics. Long-term studies
improve diagnostic accuracy, detect early complications
and refine treatment protocols for optimized care, dem-
onstrating cost-effectiveness by reducing prolonged treat-
ments and improving resource allocation. Extending
studies beyond 4 weeks for chronic wounds is crucial for
capturing the full benefits of D-OCT and improving
patient outcomes.

5 | CONCLUSION

Conclusively, D-OCT allows repeated, non-invasive visu-
alization of wound morphology, and the shape and den-
sity of superficial wound blood vessels in acute wounds
over time. This method enables the monitoring of the
exact same lesion, which cannot be achieved with a one-
time invasive biopsy or other non-invasive devices that
require gel for imaging, potentially leading to infection.
Therefore, D-OCT may be useful in the future to detect
wound healing disorders, study differences between acute
and chronic wounds, and evaluate the effect of wound
dressings. Future advancements in higher resolution, fas-
ter examination of larger surfaces and automatic software
with artificial intelligence for vessel detection will
enhance the applicability and provide more objective
evaluations of wound healing in clinical practice.
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in the Supporting Information section at the end of this
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