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Background: Skin avulsion injuries caused by high-energy traffic and machinery accidents
are important topics in the field of repair and reconstruction. The injury generates a skin flap
with uncertain vascular basis resulting in ischemic necrosis of the distal portion of the flap.
Yet there is lack of reliable way for estimating the extent of blood supply in damaged tissue,
which has limited the possibility of prompt surgical intervention. Recent studies have
confirmed that photoacoustic microscopy imaging has a wide range of applications in the
biomedical field owing to its good performance in angiography.

Methods: In our study, we successfully surgically induced skin avulsion injury on mice
hindlimbs. Then, we used this novel approach to image skin microcirculation and predict
skin necrosis with impaired blood supply after injury in live mice.

Results and Conclusion: All skin tissues in the avulsed hindlimb flap group show different
levels of necrosis at the end of the observation period. The “dark zone” with impaired
microcirculation in PAM images, which continuously extends over time, was seen as
a prediction of necrosis of skin tissue and at 60 min after surgery was similar to the area
of clinical necrosis on postoperative day 7. All these indicate that photoacoustic microscopy
imaging is a feasible, precise, high-resolution, non-invasive technique for early prediction of
necrosis in skin avulsion injury, providing a promising tool for surgeons to manage the
injury.
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Introduction

The skin avulsion injury also called Morel-Lavallée lesions is a tough surgical
challenge in an emergency context due to its high morbidity and mortality." The
injury is caused by the vertical shearing force during motor vehicle or machinery
accidents, resulting in abrupt detachment of the skin and subcutaneous tissue from
the underlying fascia, muscle and periosteum.” It has been classified into four
patterns of injury: abrasion/avulsion, non-circumferential degloving, circumferen-
tial single plane and circumferential multi-plane degloving.* It is generally
acknowledged that microcirculation involves subdermal capillaries which play an
indispensable role in the transport of nutrients and oxygen to the cells and maintain
the perfusion of different layers of the skin and subcutaneous tissue.” ® So once the
microcirculation of skin and subcutaneous tissue is disrupted by the forceful
detachment in the skin avulsion injury, skin necrosis of the avulsed area will
happen. Sometimes the skin may remain intact after the initial injury with the latent
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harm to blood supply hidden, but delayed necrosis will
develop from hours to several weeks after trauma.” Thus,
it is imperative to accurately assess the vascular basis of
the avulsed skin for early prediction of tissue viability.
Currently, the evaluation of the microcirculation of an
avulsed flap is mainly assessed by clinical observation
including color, skin temperature, dermal bleeding and
capillary refill, but these clinical indicators are subjective
and have limited sensitivity and/or specificity.'®'" In addi-
tion, although routine imaging techniques including ultra-
sound, magnetic resonance imaging, and computed
tomography can be used to diagnosis the injury and deter-
mine whether or not the injury has underlying hematoma
or fracture, their resolution is still unsatisfactory to reveal
the cutaneous microcirculation.'”'* Due to their certain
intrinsic limitations, it is difficult for surgeons to accu-
rately predict the extent of an avulsed flap and decide
beforehand what to remove or conserve, which really
predisposes the injury to secondary infection and subse-
quent skin necrosis. Therefore, an available imaging tech-
nique which can accurately evaluate the vascular basis of
the damaged tissue is urgent.

As a fast emerging, noninvasive biomedical imaging
modality based on the effect of photoacoustics, photoa-
coustic microscope imaging (PAM) is currently capable of
bridging this gap with its high-resolution images of blood
vessels within biological tissues.'>'” In photoacoustic
microscope imaging, non-ionizing laser pulses are deliv-
ered into biological tissues; the delivered energy will be
absorbed and converted into heat, resulting in the genera-
tion of ultrasound in the tissue, then the photoinduced
ultrasound is detected and converted into electrical signals
by ultrasonic transducer, and then the signals are analyzed
to reconstruct images.'® Studies have demonstrated that
optical absorption is closely associated with physiological
properties.'® Since blood usually has orders of magnitude
higher absorption than surrounding tissues, there is suffi-
cient endogenous contrast for PAM to visualize blood
vessels. Most importantly, it is characterized by the high
resolution, deep penetration, quantitative analysis, real
time and noninvasiveness when visualizing the microcir-
culation of tissue. Recently, surging studies have shown
that PAM can be used in vivo for observing the micro-
circulation in many physiological and pathophysiological
conditions, such as subcutaneous microvasculature ima-
ging, brain functional imaging, and tumor angiogenesis/

treatment response monitoring, etc.?

Although it has long been realized that photoacoustic
microscope imaging has a good ability in observing the
microcirculation, there are no studies in which PAM hasb-
een involved beforehand for visualizing the microcircula-
tion in a skin avulsion injury. Therefore, the aim of this
study was to describe this noninvasive imaging method for
predicting viable and nonviable tissues in skin avulsion
mouse models by evaluating the cutaneous microcircula-
tion in a very quantitative and precise way.

Methods and Materials

Photoacoustic Microscopy System

The schematic of the photoacoustic microscopy imaging
system is shown in Figure 1. A miniature laser (532-2-V,
Innolas, Germany), which operates a wavelength of 532
nm with a pulse width of 12 ns and a repetition rate of 50
kHz, is used as the irradiation source. The laser beam is
coupled into a single-mode fiber (460HP, Thorlab, USA)
via a fiber collimator (PAF-X-7-A, Thorlab, USA). Then
the laser beam from the fiber is collimated and focused by
fiber collimator (F240FC-532, Thorlabs, USA) and 4x
objective (GCO-2111, Daheng Optics, China) to excite
the sample. The energy density on the tissue surface is
around 11 mJ/cm? which is below the ANSI safety limit
of 20 mJ/cm®.*!

To realize the aim of maximizing the sensitivity and
signal-to-noise ratios, we make ultrasonic detection and
optical excitation confocal. The imaging detector consists
of two major components: objective lens and ultrasound
transducer. The photoacoustic signals from the sample are
collected by a self-made ultrasonic transducer (35 MHz,
Doppler, China), the diameter of the element is 8§ mm and
with a 3 mm center hole for the exit of the laser beam, then
amplified with a 50 dB low noise amplifier (LNA-650, RF
Bay, USA), finally digitized using a dual-channel data
acquisition card (M3i.3221, Spectrum, Germany; sampling
rate of 250 MHz; 14-bit dynamic range).

Establishing an Animal Model

Our experiments were performed in compliance with the
guidelines of the Institutional Animal Care and Use
Committee (IACUC) of Wuhan University. The experimen-
tal protocol was approved by the Committee on the Ethics of
Animal Experiments of Wuhan University, Wuhan, China
(Approval number: 2019173). We purchased female BALB/
¢ mice at age 5-6 weeks and weight 20-30 g from the
laboratory Animal Center of Wuhan (China). Animals
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Figure | (A) The mechanism of photoacoustic microscopy, (B and C) the system used for in vivo photoacoustic imaging of mouse limb.
Abbreviations: FPGA, field programmable gate array; DAS, data acquisition system; Amp, amplifier.

were allowed to acclimate to their holding facility for at least
5 days before the start of the experiment. All surgeries and
clinical assessments were performed by a senior surgeon.
The experimental procedures, including both operation and
measurements, were under general anesthesia with ketamine
hydrochloride (30 mg/kg body weight). All efforts were
made to minimize animal suffering.

The protocols of establishing skin avulsion model have
been described in detail previously.?? In our study, 18 mice
were used to establish the model, and mice were randomly
divided into avulsed hindlimb flap group and sham group.
The anesthetized mouse was placed in prone position,
upper and lower limbs were stretched slightly and fixed,
the lower limbs was shaved and disinfected with 70%
ethyl alcohol. Just like described above, in avulsed hin-
dlimb flap group, a circular incision of skin was made in
proximal hindlimb along inguinal and gluteal creases, then
the skin was affixed with a surgical towel clamp and was
avulsed down to distal femur, finally the avulsed skin was
sutured back in its original position using nylon 5-0
suture. In sham group, a circular incision along inguinal
and gluteal creases was performed and then sutured in situ.

In vivo Imaging
Prior to photoacoustic imaging, the hindlimb was shaved
and chemically depilated with a depilatory cream, to try to
realize the aim of acquiring a high-quality image by mak-
ing the skin surface evennand the focal plane suitable for
the region of interest. Photoacoustic microscopy imaging
acquisition happened before surgery; immediately after
surgery; 30 minutes and 60 minutes after surgery. The
“dark zone” with hardly any intact microvessels was
counted as predictive of necrosis. After 12 h observation,
every mouse was raised in a separated cage in an air-
conditioned room and fed a standard laboratory diet for 7
days. The overall 7-day duration was an adequate amount
of time to exhibit the clinical necrosis of avulsion tissue.
Digital photographs were acquired before surgery and on
postoperative day 7 to demonstrate avulsion flap necrosis.
The avulsion flap sample after 7-day observation was
collected for standard histological examination by
Hematoxylin-Eosin staining (H&E). In addition, the
score of tissue lesions were analyzed via National
Pressure  Ulcer (NPUAP)

(Table 1).2

Advisory  Panel Scale
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Table | The score of tissue lesions

Stage | Histological Findings

0 Normal skin

| Visible inflammation but intact skin with non-blanchable
redness of a localized area

2 Partial thickness loss of dermis presenting as a shallow open
ulcer

3 Full thickness tissue loss. Subcutaneous fat may be visible
but bone, tendon or muscle are not exposed

4 Full thickness tissue loss with exposed bone, tendon or
muscle

Quantitative Assessment and Statistical
Analysis

The original data were processed to generate images using
our developed algorithm implemented in LabVIEW (2016,
National Instruments, USA), then image post-processing
and analysis was managed using MATLAB (R2014b, the
MathWorks, USA) and ImageJ (National Institutes of
Health, USA). Vascular density and PA intensity in region
of interest (ROIs) were computed to quantitatively assess
the change of the vascular properties in ROIs. Mice were
followed weekly for clinical evaluation. Black color, dehy-
dration, and eschar formation of skin were defined as
clinical signs of skin necrosis. The necrosis was predicted
on POD 7 digital images by two different surgeons based
on the clinical assessment.

Results

The mechanism of photoacoustic microscopy is shown in
Figure 1A. After a specific wavelength laser pulse is delivered
into tissue, the energy is partly absorbed by hemoglobin and
converted into heat which leads to transient thermoelastic
expansion of red blood cells and thus generates the broadband
frequency ultrasound named photoacoustic signals. The gen-
erated photoacoustic signals are detected and converted into
electrical signals via an ultrasonic transducer. Next, electrical
signals are obtained by the data acquisition system and finally
analyzed to produce vessel images by a computer. The sche-
matic of the photoacoustic microscopy imaging system is
shown in Figure 1B and C. Avulsed hindlimb flap following
a proximal circumferential incision is shown in Figure 2A, the
microvascular networks in hindlimb were visualized via PAM
(Figure 2B), and Figure 2C and D show the digital and PAM
image of region of interest in hindlimb. In order to verify the

ability of PAM in early prediction of tissue necrosis, and to
further validate its clinical potential to help in monitoring of
skin avulsion injuries, the experiments shown in Figure 2 were
performed. After avulsed hindlimb flap group and control
group were created, we evaluated preoperative and postopera-
tive PAM images and digital images of ROIs. On the 7th post-
operative day, the decision about tissue viability were assessed
by three experienced surgeons based on digital photographs
and clinical assessment at the end of the observation period. At
the start of the observation, ROIs in the two groups were
healthy, however, skin tissue necrosis happened at the end of
the observation period in the avulsed hindlimb flap group. On
the contrary, the necrosis was not seen in the sham group on
postoperative day 7. The H&E staining and ulcer scores in the
two groups in Figure 3 also show this conclusion. All this
indicates that our skin avulsion injury model is reliable, and
has laid an important foundation for this research. Through the
PAM image system, microvascular networks in ROIs could be
observed clearly during the entire course of experiment; and in
the avulsed hindlimb flap group, all PAM images at 60 min
after operation show a “dark zone” with hardly any intact
microvessels, which was counted as predictive of necrosis.
As is shown in Figure 4, the representative PAM images of
ROIs in the two groups were obtained before the surgery and
immediately, at 30 minutes, and 60 minutes after the operation.

To gain quantitative insight into change of microvas-
cular networks, the PA intensity and vascular density were
calculated at every specific time point. The analysis in
Figures 5 and 6 shows that PA intensity and vascular
density decreased significantly versus time when com-
pared with the control group, which shows great potential
to help predict the necrosis of skin in avulsed injury.

Discussion

As an important topic in the field of repair and reconstruction,
better assessment of cutaneous microcirculation in skin avul-
sion injuries may provide important diagnostic information for
early prediction of skin necrosis.>” After the occurrence of this
injury, how to non-invasively and accurately assess skin status
remains a challenge to the surgeon and the patients.”* In
general, early and quantitative assessment of microvessels
and prompt surgical intervention are thought to be key con-
tributors to deal with this disease before complications arise.”’
For minor injuries, anticoagulants, A-V shunts, etc. can be
used to deal with the problem, but debridement and soft tissue
reconstruction may be optimal choices for another
situations.® Therefore, it is very important for treatment

option selection to evaluate the extent of the injury based on
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Figure 3 (A and B) H&E staining in avulsed hindlimb flap group and sham group. (C) The ulcer scars in two groups and the results show that the ulcer scars in avulsed
hindlimb flap (necrosis) group were significantly higher than sham group. **¥p < 0.0001.

the assessment of microvessels. Although the condition has
shown the need for a reliable technique reflecting true physio-
logical and pathological behaviors of cutaneous circulation,
the effective imaging modalities for prediction of tissue necro-
sis in skin avulsion injuries remain largely limited.>’ Currently,
the most often used imaging tools for skin avulsion injuries are
ultrasound, x-ray angiography, magnetic resonance angiogra-
phy, and computed tomographic angiography. All of these
show various intrinsic limitations; for example, they are not
able to obtain images in a noninvasive, dynamic, in vivo and

real-time way; unsatisfactory resolution makes it difficult, if
not impossible, for them to provide detailed visualization of
the cutaneous micro-blood vessel networks; more importantly,
x-ray angiography, magnetic resonance angiography, and
computed tomographic angiography need to inject angio-
graphic agents which really disturb the intrinsic physiology
of the hinder

monitoring.®'*?® Therefore, a clinical and technical imaging

microcirculation  and longitudinal

platform that could image true cutaneous microvessels
through a noninvasive, precise and quantitative way is in
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Figure 6 Quantitative analysis of vascular density in ROIs detected by PAM
between two groups. *p < 0.05, ***p < 0.0001.

demand. In recent years, PAM has attracted much attention in

various basic and clinical studies based on its good

performance in visualizing the microvessels. The technology
was used to get structural and functional images of brain
which is very important for cerebral vessel disease; for exam-
ple, it has been performed to realize the aim of early diagnosis
and treatment for stroke, Alzheimer’s disease and ischemic
neurodegeneration in animal models.”*° In addition, as stu-
dies described previously, PAM can find more microvessels in
thyroid/breast imaging, which is very important for early
detection of tumors, compared with other modalities; and the
data show that it holds great potential to distinguish between
microvessels-nerves complexes and surrounding tissue intrao-
peratively in gynecological and urologic disorders, which is
vital for surgeons to improve the clinical outcomes.>'>?
Although PAM exhibits outstanding performance in mapping
the microvessels, there are no studies involving the application
of PAM in skin avulsion injuries. In our study, we developed
a PAM system which takes advantage of high spatiotemporal
resolution, deep penetration, multiple contrasts and high detec-
tion sensitivity. Our results showed that PA intensity and
vascular density decreased significantly in the experimental
group at 30 min and 60 min after surgery, which indicates this
system could predict skin necrosis in skin avulsion as early as
30 min after injury. It would give more possibilities for sur-
geons to manage this injury, and further to better the clinical
outcome.

Conclusion

Taken together, this study explicitly shows that the PAM
image system can be used as an effective imaging technol-
ogy tool for clinical application in skin avulsion injuries,
mainly based on the early prediction of skin necrosis in
a noninvasive and dynamic way.
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