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Abstract

Background: Chronic ulcers, especially venous leg ulcers, are a major burden on the
healthcare system. To date there are only few non-invasive established procedures for
evaluation of blood perfusion in wounds. Dynamic optical coherence tomography
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(D-OCT) provides images of the skin's superficial vascularisation.

Objectives: This study aims to investigate if and how the D-OCT measurement of
chronic wounds can provide new information about the vascularisation during the
healing process.

Methods: We examined 16 venous ulcers over 16 weeks and evaluated the vessel mor-
phology and density using D-OCT at the wound bed, borders, two centimetres adja-
cent to the wound und at non-ulcerated skin on the contralateral leg.

Results: In D-OCT scans clumps were unique and the most common vessel type
in the wound area of venous ulcers, whereas lines and serpiginous vessels were the
most common in non-ulcerated skin. At the wound border mottle and cluster pat-
terns occurred more frequently. Healthy skin showed a significant increase of mesh
pattern. Vessel density significantly increased at the wound area compared to non-
ulcerated skin. During the healing process the wound border showed the most
vascular changes while only an increase in curves was observed in the wound cen-
tre. Non-healing wounds had fewer dots and blobs at the borders, fewer dots, coils,
clumps, lines and serpiginous vessels at the centre and fewer dots in adjacent skin.
Temperature analysis showed higher temperatures in non-ulcerated skin, followed
by the wound margin and centre. Non-healing wounds showed the lowest tempera-
tures in the wound centre.

Conclusions: These results highlight the non-invasive use of D-OCT for the exami-
nation and monitoring of wound healing in chronic venous ulcers. D-OCT imaging
of blood vessels may offer the potential to detect disorders of wound healing at an
early stage, differentiate ulcers of different genesis and to tailor more individualized,
patient-oriented therapy.

INTRODUCTION

Venous ulcers of the lower extremity often imply a long,
complicated and burdensome course." The pain, impaired
mobility, poor sleep, depression, restricted work capacity and
social isolation result in a significantly diminished health-
related quality of life for patients and their relatives.” Lower
extremity ulcers belong with 64% to the most diagnosed

chronic wounds in Germany. The estimated prevalence of
venous leg ulcers was 0.7% in Germany, whereas the preva-
lence of diabetic ulcers was 0.27%.

Optical coherence tomography (OCT) is already well-
established as a diagnostic device in non-melanoma skin
cancer (NMSC).* This in vivo examination is non-invasive
and painless.® The further development of OCT into dy-
namic optical coherence tomography (D-OCT) enabled the
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imaging of small blood vessels in high resolution. D-OCT
detects motion of blood of 0.1-1.0 mm/s. This allows the im-
aging of blood capillaries, but not from vessels with station-
ary blood or slowly flowing fluid, like in lymphatic vessels.”
On these grounds D-OCT adds important information to
the micro-morphology of the skin, which was feasible until
now just by invasive skin biopsy. Although histological ex-
amination is still considered as gold-standard, a punch bi-
opsy cannot be carried out twice at the same skin location
and as a traumatic procedure it cannot be established as a
standard for the monitoring of healing wounds.*® This is
why non-invasive devices like D-OCT are needed to exam-
ine the process of wound healing, for monitoring of chronic
wounds like venous ulcers to collect important information
which could support wound specialists to make effective
therapeutic decisions.

MATERIALS AND METHODS
Patients and procedure

Twelve patients with 16 chronic lower extremity wounds
were recruited for this study (eight women and four men
with a median age of 73years and range between 50 and
88years). The study was carried out at the Department of
Dermatology and Allergology of the University Hospi-
tal in Augsburg with the ethics committee approval of the
Ludwig-Maximilians University (Project Number 755-16) as
a prospective, observational, non-interventional, longitudi-
nal study. This study was guided according to the principles
of the Declaration of Helsinki and international guidelines
concerning clinical studies.

We included patients >18years with venous leg ulcers
with a pre-existing duration from at least 3months. They
gave their written signed informed consent for performance
of the study and publication of their case details. Bilateral
ulcers were also included. Six patients suffered from Type
2 diabetes, one underwent topical therapy for psoriasis and
one took an oral §3-Blocker (propranolol). Six patients took
anticoagulation.

Patients were excluded with severe peripheral arterial
occlusive disease, cancer, under treatment for cancer or
waiting for interventions, decompensated cardiac failure,
significant renal insufficiency, stroke, rheumatoid arthritis,
scleroderma, Charcot foot, Raynaud's phenomena or preg-
nancy. Ulcers with superinfection were either excluded from
this study or treated before beginning of the study.

Patients were scanned during the study at 4 weeks inter-
vals, over a 16-week period, coinciding with their visits for
dressing changes and clinical assessment in the standard
course of care. All wounds were treated according to local
treatment protocols. OCT measurements of the wound were
made at baseline and at each subsequent patient visit with
the D-OCT Vivosight Dx®. The wounds were photographed
with a Canon Powershot A 1200 and at 15cm distance
from the wound. Skin temperature was measured with an

IR thermometer (Exergen Temporal Scanner TAT-2000).
We documented wound healing based on the measurement
of the ulcer dimensions (largest diameter, diameter in the
orthogonal direction and the wound area) and of the calf
circumference. Healing wounds were defined as such when
they were 30% smaller by week 4, because then there is a
chance to heal by week 12.'° If they were not 30% smaller by
week 4 or remained stable, they were named non-healing.
The ankle brachial pressure index (ABPI) of all recruited
patients was between >0.5 and <1.2 in the ulcerated leg. All
patients received routine diagnostic with Duplex ultrasound
prior to the study and other differential diagnosis were ex-
cluded prior to inclusion to the study due to results of taken
punch biopsies. Venous insufficiency in the deep and/or su-
perficial veins were found in all patients. The ulcers had a
preexistence from 14months to 15years. Chronic wounds
are those that have not healed after 12 weeks. These can be
divided into healing and non-healing wounds. Non-healing
wounds are wounds, where the patient's physical capacity
does not allow the wound to heal or just to heal slower due to
multiple causes, which makes them harder to treat.

To guarantee the replicability of OCT scans, the scans
were done at standardized locations at the wound borders:
at the upper, right, lower and left pole with patients' legs in
supine position. One scan was done at the wound centre and
the other two at comparative reference sites as internal con-
trols: >2 cm adjacent from the ulcer in dermatosclerotic skin
and at the same position as the ulcer on non-ulcerated skin
of the contralateral limb (Figure 1).

The centre of the probe was positioned 2mm from
the clinical edge, and oriented in a way so that the scan
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FIGURE 1 Seven standardized scan locations of the wound for
temperature and D-OCT measurement.

Reference site 2:
Non-ulcerated skin on other limb
at same location as wound:
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proceeds from the outside of the wound to the inside. The
OCT probe was held with both hands ensuring that the
probe tip touches the lesion only slightly to ensure that
the pressure of the probe does not constrict the blood
vessels.

Dynamic OCT

The OCT device in this study is the ‘VivoSight Dx® (Michel-
son Diagnostics Ltd) with a laser wavelength of 1305nm."
It is CE-marked, and FDA 510(k) -approved. To avoid any
risk of cross-contamination or infection, the probe was en-
cased in a disposable transparent plastic sheath which was
discarded after each patient. A new, pre-sterilized probe tip
was provided for each patient at each visit.” The image reso-
lution is <7.5pm in the lateral and <5pm in the axial direc-
tion.” The focal depth is 1-2mm, but the D-OCT function
is limited to a depth of 0.5 mm because of the speckle noise/
signal ratio in the deeper parts of the skin.”'* A 3D image in
a scanned field of view from 6 x 6 mm? takes 30s. Through
the colour camera, the position and monitoring of the lesion
of interest is possible. No gel or oil is needed. D-OCT al-
lows simultaneous visualisation of superficial blood vessels
through detection of moving blood cells.>'*"? It permits im-
aging of capillaries (20 pm diameter) and enables to examine
the perfusion of the mid/upper dermis, the vascular supply
of the wounds.

Analysis of OCT scans

For the vascular analysis of the D-OCT images at 300 pm in
‘en-face’ view the nomenclature from Ulrich et al. was used
to assure replicability of the results.'” We added a seventh
vessel category, which we named ‘clump’. ‘Clumps’ appear as
big, knot-like or glomerulum-like vessels (Figure 2). These
were already described for the first time by our group in
the already published analysis of week 0 of this study.” The
present study focuses on the vessel analysis over 16 weeks.
Each vessel morphology was visually estimated on a scale of
0-3, at which ‘0’ corresponded to absent, ‘1’ to a few, 2’ to

FIGURE 2 Example of a D-OCT Scan at the wound border in the
horizontal view at 300 pm. Image size 6 x 6 mm, clumps are shown like
knot-like vessels (see red arrow). Scale bar equals 1 mm.

some and ‘3’ to many as described in previous studies. The
blood vessel density was obtained in percent by the Image
J* Tool “Measure” and the 3D plugin Volume Viewer."*!¢
This tool provides the average pixel intensity in the D-OCT
dataset.” Statistical analyses included the vessel shapes (S-
parameters), pattern and vessel density (D-parameters)."* D-
parameters included depth, density, diameter, direction and
distribution of the vessels.

Statistical analysis

Data were collected with Microsoft® Excel® and Microsoft®
PowerPoint® 2016 for Windows 10, and statistical analy-
ses were performed with R Software Version 4.1.2 (R Core
Team (2021). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vi-
enna, Austria. URL https://www.R-project.org/). Statistical
analysis comparing wound centre, wound border, adjacent
and contralateral skin was performed using the Wilcoxon
signed-rank test. A p-value less than 0.05 was considered
statistically significant.

RESULTS

Eleven of the sixteen venous ulcers healed, four did not heal
and grew and one remained stable. Vessel morphology and
density at the four wound borders were examined. Statisti-
cal analysis did not show significant differences between the
four poles, so that the mean value was used subsequently
as the ‘border’ score. A comparison of vessel morphology
and density between dermatosclerotic adjacent skin and
non-ulcerated skin at the contralateral limb was performed.
Statistically significant differences were found for coils
(p=0.028) and clumps (p=0.005).

Vascular types depending on the measurement
point location

In D-OCT scans, clumps were the most common vessel
type observed at the wound border, while serpiginous ves-
sels were the least common. In dermatosclerotic skin adja-
cent to the wound and non-ulcerated skin contralateral to
the wound, lines and serpiginous vessels were the most com-
mon. The comparison between both non-ulcerated skin
sites showed differences in vessel morphology with a more
frequent occurrence of coils and clumps in skin adjacent to
the wound (Figure 3). The highest differences between the
measurement sites were found in the vessel forms clumps,
blobs and serpiginous vessels. Clumps were seen more fre-
quently at the wound border than in the centre and were
more common at the wound area than in non-ulcerated
skin. Blobs occurred more frequently at the wound area
than in non-ulcerated skin, while it is the opposite for ser-
piginous vessels (Table 1).
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Estimated prevalence in D-OCT image on scale 0-3
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Location of Measurement

FIGURE 3 Overview of mean values of estimated vessel morphology of all five control appointments of the seven vessel shapes at the wound border,
wound centre, in adjacent dermatosclerotic skin and in contralateral non-ulcerated skin. Scale ranges from 0 to 3, at which ‘0’ corresponded to absent, ‘I’

to a few, 2" to some and ‘3’ to many vessels.

Vascular arrangement depending on the
measurement point location

Differences in vessel arrangement in all examined areas were
seen. At the wound border, the mottle and cluster pattern
were found more frequently. Non-ulcerated skin showed a
significant increase in mesh pattern.

Vascular types, arrangement and density
over the course of time

During the healing process, the most striking changes were
observed at the wound border during the 16 weeks. Blobs and
coils were more common in week 0 than in week 16, while
curves were less common (all p <0.05). In the wound centre,
there were only significant differences for curves, which were
higher in week 16 (1.14 vs. 0.25 at week 0; p=0.021). As ex-
pected, the non-ulcerated skin sites showed no variation in
vascular morphology. The weekly comparison of the vessel
morphology between the different measurement sites can be
seen in Figure 4.

At the beginning the cluster pattern clearly predominated
with a frequency of more than 80%, while after 16 weeks the
mottle pattern was predominant with a frequency of 75%.
This was the case for wound borders, while adjacent skin
showed a mottle followed by a mesh pattern initially and
changed to no pattern, mottle and mesh in the course of time.
Vessel density was significantly higher at the wound edge
than in non-ulcerated skin at weeks 0, 8 and 16. In the wound
centre, this difference was only statistically significant in

weeks 0 and 16, with higher density in the wound centre
than in non-ulcerated skin.

Vascular analysis based on the healing
tendency of the wounds

Non-healing wounds had fewer dots and blobs at the wound
margin, fewer dots, coils, clumps, lines and serpiginous ves-
sels at the centre, and fewer dots in healthy skin adjacent to
the wound. Serpiginous vessels were not found in the wound
centre in non-healing wounds (Figure 5).

Vessel density showed no differences between healing
and non-healing wounds. At the wound margin, non-
healing wounds showed a mottle pattern less frequently
and a cluster pattern was more common compared to heal-
ing wounds. At the wound centre of non-healing wounds,
the mottle pattern decreased and no pattern could be
detected.

Temperature measurement of the wounds

In non-ulcerated skin higher temperatures were found in
comparison with the wound border but also at the border
compared with the wound centre. Over time a significantly
higher temperature was found in non-ulcerated skin at weeks
8 and 16 compared to the wound centre. In week 16 there
was a significantly higher temperature at the wound border
compared to the wound centre. The comparison of the tem-
perature at the three measurement sites according to wound
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Estimated mean value (MV) of vessel morphology prevalence, standard deviations (SD) and significance values (p-values) of the seven vessel shapes of all five control appointments at the wound

border, wound centre, adjacent dermatosclerotic skin >2 cm adjacent from the ulcer and in non-ulcerated skin on the contralateral leg.

TABLE 1

Blobs Coils Clumps Lines Curves Serpiginous

Dots

MV +SD p-Value  MV+SD p-Value  MV*SD p-Value  MV+SD p-Value  MV+SD p-Value  MV+SD p-Value

p-Value

+SD

MV

0.410

0.07 (0.16)
0.25 (1.13)
0.07 (0.16)
1.32 (1.12)
0.07 (0.16)

0.042

0.82 (0.59)
1.00 (0.81)
0.82 (0.59)
1.04 (0.78)
0.82 (0.59)

0.168

1.11 (0.63)
1.25 (0.82)
1.11 (0.63)
1.44 (0.83)
1.11 (0.63)
1.36 (0.90)
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1.14 (0.92)
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0.140

0.71 (0.57)
0.83 (0.76)
0.71 (0.57)
0.35 (0.58)

1.34 (0.56) 0.261
1.41 (0.81)

1.34 (0.56)
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1.05 (0.93)
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1.49 (1.02)

1.04 (0.80)

0.25 (0.62)
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0.25(1.13)

0.783

1.00 (0.81)
1.04 (0.78)
1.00 (0.81)

0.148

1.25(0.82)
1.44 (0.83)
1.25(0.82)
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0.93 (0.89) 0.422 1.09 (1.11) 0.006
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Note: The darker the color shade is, the higher is the significance.

status only showed differences at the wound centre, which
had significantly lower temperatures in non-healing wounds
(Figure 6).

DISCUSSION

Chronic leg ulcers are a major burden on our health care
system. Thus, the need is high for new diagnostic methods
which allow non-invasive repetitive evaluation of the vas-
cularisation of chronic wounds. D-OCT is a non-invasive
imaging device which allows the visualisation of superficial
blood vessels of the skin and can be used for the follow-up
examination of chronic wounds. Important information on
chronic wounds can be obtained by D-OCT, which until
now can only be partially reached by biopsies, only from
one location, invasively and not replicable for monitoring.

This study showed a higher presence of clumps at the
wound area of venous ulcers. These findings correlated
with the histopathological glomerulum-like vessels in
the wound area.'” The presence of serpiginous vessels in
non-ulcerated skin was striking and may be interpreted as
a sign of microvaricosis.” At the wound border, the mot-
tle and cluster patterns appeared more frequently, which
can be explained by the higher presence of clumps in this
area. In the wound centre, the cluster pattern was less fre-
quent compared to the wound border due to a significantly
lower occurrence of clumps. As expected, non-ulcerated
skin showed a significant increase in mesh pattern due
to more serpiginous vessels. The branching of arborising-
type vessels was almost exclusively seen in non-ulcerated
skin. This could be explained by the discontinuity of the
tissue and their associated vessels in the ulcer, making it
difficult for the vessels to fully mesh. Vessel density in the
wound area was found to be significantly increased com-
pared to non-ulcerated skin. This observation correlates
with previously published findings that capillary volume
at its peak in healing wounds can reach three or even more
times of normal uninjured tissue."® These new capillaries
supply the wound not only with oxygen, but also with nu-
trients and immune cells to support wound healing.'>*

Blobs and coils occurred more frequently at the wound
edge in week 0, and curves more frequently in week 16. In
the wound centre, only differences for curves were found,
with an increase in week 16. Curved vessels can therefore
be a good parameter for therapy response, as they ap-
peared more common at the wound margin and centre
with increasing treatment time. Vessel arrangement also
showed significant differences over time. At the beginning
the cluster pattern clearly predominated, while at the end
of the study it was the mottle type. Thus, it can be con-
cluded that newly developing vessels form a mottled pat-
tern during wound healing.

Patients with non-healing wounds had fewer dots, coils,
clumps, lines and serpiginous vessels at the wound centre.
Unexpected was the fact that serpiginous vessels were not
detected there. This could be explained by the depth of the
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FIGURE 4 Mean values of the measurements of the seven different vessel morphologies over time at the wound border, wound centre, adjacent
dermatosclerotic skin and contralateral non-ulcerated skin. Scale ranges from 0 to 3, at which ‘0’ corresponded to absent, ‘1’ to a few, 2’ to some and ‘3’ to

many vessels.

wound; a parameter we did not consider in this study. In
deeper wound defects, the missing of serpiginous vessels
may be explained by the absence of both dermal vascular
plexuses. It is possible that the formation of these vessels
is a feature of the progression of new vessel formation.
Until now, these vessels were considered characteristic for
healthy appearing skin in chronic venous insufficiency pa-
tients. These new findings could imply that the formation
of new serpiginous vessels is essential for wound healing in
the wound centre. Ultimately, the appearance of serpiginous
vessels requires a larger tissue and vascular continuity than
the other smaller vessel forms. Another interesting obser-
vation is that in non-healing wounds, most of the differ-
ences were found in the wound centre and not at the wound
edge where re-epithelialisation and angiogenesis actually
begin.?'** This observation should lead to further inves-
tigations and new therapeutic approaches concerning the
wound centre.

Higher temperatures were found in non-ulcerated skin
followed by the wound border and then the wound cen-
tre. This may be explained by the discontinuity of blood
flow in the ulcer. Other explanations could include differ-
ences in the wound milieu in chronic wounds compared
to non-ulcerated skin, as the three key factors regulating
skin temperature are the ambient temperature, the rate
of water loss from the skin surface through sweating and
the diffusion of thermal energy from within the body.?’

Another reason could be the massive dermatoliposcle-
rosis, leading to a prolonged diffusion distance due to a
perivascular fibrosis and sclerosis.”® The decrease in skin
temperature following injury has been demonstrated as
an indication of skin barrier impairment in mouse mod-
els.”” In horses, wound temperature was shown to be
lower in limb than in trunk wounds throughout the heal-
ing process.”® Therapeutic approaches like temperature-
activated dressings could be of great importance. Yao et al.
proposed a programmable skin temperature-activated
electromechanical synergistic wound dressing that suc-
cessfully demonstrated wound healing in rats.*® ‘Smart’
wound dressings could also be developed to raise the tem-
perature of the wound bed to the physiological tempera-
ture of healthy skin. Another study tested the reduction
of wound temperature during dressing changes. Pre-
intervention temperatures showed that wound beds were
slightly below the threshold of 33°C immediately after
dressing removal (mean: 32.7°C). This value decreased
by an average of two further degrees because of dressing
change. A threshold of 33°C is required for normal cellu-
lar activity and temperatures below this threshold cause
delayed wound healing.’® Maintaining normothermia of
the wound bed at dressing changes would be an interest-
ing approach for future research.

Limitations of this study included the small sam-
ple size, the genesis and location of the wounds, which
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FIGURE 5

Mean values of the estimated prevalence of the seven vessel shapes of all five control appointments at the wound border and wound

centre in healing and non-healing wounds. Scale ranges from 0 to 3, at which ‘0" corresponded to absent, ‘I’ to a few, ‘2’ to some and ‘3’ to many vessels.
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FIGURE 6 Mean values of the temperature over time at the wound
border, in the wound centre and in non-ulcerated skin.

were limited to venous ulcers. The subjectivity of the
vessel analysis by the human eye should also not be
underestimated.

CONCLUSION

These results highlight the use of D-OCT for the examina-
tion and monitoring of venous ulcers. Based on this proof-of-
concept study, further multicentre studies on chronic wounds
should be conducted. Due to the steady ageing of our popula-
tion, the incidence of chronic leg ulcers and wound healing
disorders will continue to increase in the future. The blood
vessel visualisation will allow us to detect disorders of wound
healing at an early stage and may allow the differentiation of
ulcers of different genesis in the future. A process that has so
far been limited to clinical assessment. D-OCT will allow a
more individual, patient-oriented therapy and monitoring of
wounds.
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