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ABSTRACT

Existing clinical approaches and tools to measure burn tissue destruction are limited resulting in
misdiagnosis of injury depth in over 40% of cases. Thus, our objective in this study is to
characterize the ability of short wave infrared (SWIR) imaging to detect different moisture levels
which could serve as surrogate for tissue viability as well as the ability to differentiate between
superficial and deep burns damaging the epidermis and dermis at different depths. To accomplish
our aim we constructed an imaging system consisting of a broad-band Tungsten light source, 1200,
1650, 1940 and 2250 nm wavelength filters and a specialized SWIR camera. We initially used agar
slabs to provide a baseline spectrum for SWIR light imaging and demonstrated the differential
absorbance at the multiple wavelengths, with 1940 nm being the highest absorbed wavelength.
The 1940 nm reflected light was then demonstrated to detect levels of moisture in inorganic and
in vivo mice models. The multi-wavelength SWIR imaging approach was then used to diagnose
depth of burns using an in vivo porcine burn model. Healthy and injured skin regions were imaged
72 hours after short (20 sec) and long (60 sec) burn application and biopsies were extracted from
those regions for histologic analysis. Burn depth analysis based on collagen coagulation histology
confirmed the formation of superficial and deep burns. SWIR multi-spectral reflectance imaging
showed enhanced intensity levels in long burned regions, which correlated with histology and
distinguished between superficial and deep burns. This SWIR imaging method represents a novel,

real time method to objectively distinguishing superficial from deep burns.
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INTRODUCTION

Thermal injuries represent a significant public health burden given that over 265,000
people die of burn injuries each year. In the United States alone, over 400,000 people receive
medical care for burn injuries each year, with over 10% of these injuries requiring hospitalization
and surgical intervention'2. In the setting of thermal injury, depth of injury dictates therapy and
patient outcomes. It is well known that superficial thickness burns heal well without surgery, while
deep, full thickness injuries require prompt debridement and grafting to prevent the adverse
sequelae of scar contractures, infections, and delayed wound healing®®. Thus, the crux of decision-
making for burn surgeons lies in gauging the necessity of surgical debridement, a determination
commonly made within seven days of presentation®. The current standard of care relies on clinical
judgment and experience, factors that are difficult to appraise critically due to the absence of
objective data and standardization-2. Additionally, as burn care is provided by both experienced
and inexperienced clinicians, objective diagnostic strategies can improve the triage process for
patients in the field in a point of care fashion.

Objective pre- or intra-operative measurements of tissue viability using histology from
tissue biopsy are impractical, expensive, invasive, and subject to sampling errors. Additionally,
tissue biopsy only provides information at the specific time and site from where the biopsy was
taken. Therefore, physical exam is the most commonly utilized method to evaluate depth of injury.
Importantly, clinician judgment regarding the need for intervention correlates to objective

measures of tissue viability only 60% of the time. Consequently, patients undergo either
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disproportionately more or less surgery than what is appropriate 40% of the time leading to longer
hospital stays and poorer outcomes®”®. Thus, an objective and practical method of measuring the
depth of tissue injury has the potential to augment currently available diagnostic modalities.
Methods for better imaging strategies to evaluate tissue viability and guide the need for
surgical debridement are necessary and short wave infrared spectroscopy (SWIR) has been
proposed as a potential solution®*2. Light in the SWIR spectrum, defined as wavelengths between
about 1000 and 2500 nm (Figure 1A), contains absorption peaks for O-H bonds (1430 and 1940
nm), lipid-associated C-H absorption peaks (1210, 1730, and 1760 nm) and collagen (1200 and
1500 nm). Thus, measuring the reflectance of light in the SWIR range was proposed for
measurement of moisture.'2 We further surmise that the SWIR light reflectance sensitivity to tissue
factors and moisture could also make it an important marker of skin tissue viability in burns, as
suggested by the conjunction between water loss and epidermal barrier dysfunction'®**°. Previous
literature, especially in dermatologic journals, have characterized the composition of healthy
cutaneous tissues. Namely, strong water signals have been characterized within the stratum
corneum and viable epidermist®. Furthermore, studies investigating compositional changes after
mechanical damage to the cutaneous layer have demonstrated increases in transepidermal water
loss i.e. decrease in moisture content*>, Thus, in Figure 1B we illustrate the derived postulate
that in viable skin that is well-hydrated, increased water content preferentially attenuates the
reflectance of the 1940 nm wavelength compared to the 1650 nm or 1200 nm. However, in full-

thickness burns, damage to vasculature and sebaceous glands renders the tissue less hydrated and
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it is hypothesized to increase reflectance intensity across the whole SWIR spectrum. Therefore,
the goal of the current study is to evaluate the ability of SWIR imaging to distinguish between
burns of different depth. To this end, we applied the SWIR light imaging to inert compounds with

variable thicknesses and moisture levels, and ultimately to an in vivo porcine thermal skin injury

model.
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METHODS
Ethics Statement

All animal experiments described were approved by the Institutional Animal Care and Use
Committee at the University of Michigan, Ann Arbor. This study was carried out in strict
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health.
The Imaging System and Procedures

The Short Wave Infrared (SWIR) imaging system consisted of three components: (i) a
custom made broadband DC 0.5 kW collimated tungsten-filament light source, (ii) Filters centered
at 1200, 1650, 1940 and 2250 nm and £10 nm width (Thorlabs). The filters were either mounted
on a filter-wheel attached to the light source or attached to the camera; and (iii) a SWIR camera
(Xeva-2.35-320, Xenics, Leuven Belgium) with a type 2 strained sensor layer (T2SL) sensitive in
the 1-2.35 um wavelengths range. Images of targets were acquired and processed with the software
provided with the SWIR camera (Xeneth v2.6, Xenics, Leuven, Belgium). Images of 320x256 14-
bit pixels were collected as 100 frames videos at 15 frames per second with integration time
between 12 and 30 msec. Camera output yielded pixels intensity values in Analog to Digital
converter Units (ADU). Recorded images were processed before analysis with a factory-supplied
filter compensating for aberrant pixel values and fixed pattern noise of the imaging sensor. All
SWIR readings were conducted in procedures space with controlled temperature (23 °C) and

relative humidity (40-50 %) in accordance with animal care guidelines.
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Agar Preparation for Baseline SWIR Characteristics

Agar is a heterogeneous mixture of two classes of polysaccharide polymer derived from
seaweed and used to cast gel layers in skin phantom model slabs®. Baseline SWIR imaging was
performed on agar slabs. Slabs using 1 g agar (Sigma Aldrich Corporation, USA) mixed into 30
ml water were constructed in petri dishes (ThermoFisher Scientific, USA) as 2D layers with 1, 2,
3, 5 and 10 mm thickness. The petri dishes were then placed in two different configurations for
illumination and imaging as schematically described in Figure 2A. In the Epi-illumination (left
panel) configuration the petri dish is illuminated and imaged from the same side such that the light
is traversing the slab twice. In the Trans-illumination configuration (right panel), the illumination
and the imaging is at opposing sides of the slab such that the light is traversing the slab only once.
For scaling of absorbance, images were also obtained with empty petri dishes equivalent to zero
thickness slabs.
Baseline Moisture Models

To ensure that the SWIR imaging system detected variation in moisture levels we
performed three tests. The light source and SWIR camera were placed about 20 cm from the
imaged surfaces in an Epi-illumination configuration. A 25-cm diameter P8 grade filter paper
(Fisherbrand, Fisher Scientific, Pittsburgh, PA) was applied with 50 pL distilled water at room
temperature and imaged at 1200, 1650, 1940 and 2250 nm simultaneously across the dry and wet
regions. Additionally, light reflectance at 1940 nm, which is a water characteristic O-H bond

absorption peak!’, was imaged from Kimwipe (Kimtech Science Brand; Roswell, Georgia)
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measuring 4.4x8.4 inches sequentially before and after application of 30 uL of distilled water at
room temperature. To evaluate the ability of SWIR imaging to detect different levels of moisture
in vivo, we also applied no water, 10, 20, and 30 uL of distilled water to the dorsum of 3 male
C57BL/6 mice of 6 weeks of age (Charles River, Wilmington, MA). Mice were anesthetized using
inhaled 1-3% isoflurane, and euthanized with CO> overdose upon completion of the procedure.
Porcine Burn Model

The porcine burn model was adapted from the protocol previously described by Singer et
al'®, Five female Yorkshire-cross pigs (Michigan State University Swine Research, East Lansing,
MI) weighing 30-35 kg were singly housed with access to water and enrichment and allowed to
acclimate to the facilities for at least 7 days prior to the procedures. On the day of a procedure,
each pig was sedated with telazol (2.0-8.0 mg/kg IM, Zoetis, Kalamazoo, Ml) and xylazine (1.0-
3.0 mg/kg IM, AnaSed, Akorn, Decatur, IL). Anesthesia was maintained using 1-4 % isoflurane
in 100% oxygen delivered by mask. Prior to the burn injury, the pigs were given an intramuscular
injection of 0.05 mg/kg buprenorphine and transdermal buprenorphine patches (total dose of 30
ug/hr, Butrans, Purdue Pharma, Stamford, CT) were applied at the dorsal base of the neck. Animals
were euthanized with an overdose of pentobarbital given in the ear vein upon completion of the
procedures.

Following anesthesia, the animal’s dorsal skin was prepped by chemically removing all
hair with Nair for 8-10 minutes followed by a wash with warm water. The skin was then disinfected

with three alternating scrubs of chlorhexidine and alcohol, which was allowed to dry. Using a, 150
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g copper block with an area of 5x5 cm? and heated in a hot water bath (80 °C) before each
application, up to 4 burns were created by applying the block to the dorsum of the pig for 20 sec
(referred to as short duration burns) and additional up to 4 burns deeper burns by applying the
heated block for 60 sec (referred to as long duration burns). The burn regions were 2 cm lateral to
the dorsal midline and at least 2 cm apart from one another to ensure independency from the
adjacent zone of thermal injury. The burn sites were bandaged with Telfa (Medline, Mundelein,
IL) and Tegaderm (3M, St Paul, MN). Cotton padding was placed over the bandaged burns and
the pigs were -wrapped loosely with Coban (3M, St Paul, MN) from thorax to abdomen, then
covered with a cotton jacket. Dressings were changed daily using the anesthesia protocol outlined
above. Animals were also anesthetized to facilitate image acquisition and punch biopsies for
histological analysis.

Short wave infrared (SWIR) imaging of pigs’ burns was performed 72 hr after the burns
were created. Light source and SWIR camera were set in Epi-lllumination configuration affixed
to amobile cart, ensuring a fixed angle of about 30 deg between optical axes of camera and incident
light. Camera was positioned normal to the preparations surface at a distance of about 20 cm. Each
burn site was imaged individually along with 2 flanking control regions from an unburned area of
nearby skin. SWIR images of reflectance from a template uniform background (Figure 2) were
used as a normalizing reference for the distribution of illumination intensity in space. Areas of
50x50 pixels (~5x5 mm?) at the center of each region of interest, excluding burn edges and biopsy

sites, were used to determine average intensity values.

This article is protected by copyright. All rights reserved.



Histological Analysis

Full burn thickness punch biopsies (4 mm diameter) were acquired at the time of anesthesia
from the porcine skin. The tissue specimens were fixed in 10 % buffered formalin for 24 hr at 4
°C and dehydrated in serial preparations of ethanol. In order to accurately assess the depth of the
burns, specimens were embedded in paraffin (Leica EG1150 C, Leica, Wetzlar, Germany) and
sectioned into 5 uM thick longitudinal slices (Leica RM2255, Leica, Wetzlar, Germany). Sections
were then deparaffinized, rehydrated, and stained with H&E and Picrosirius red®. Analysis for
burn depth was primarily based on collagen alteration depth as determined by hyaline changes and
seroproteinaceous infiltrate?®?!. Depth of injury was determined within specimens by measuring
the length from the outer edge of the epidermis layer to the level of the deepest area of collagen
coagulation. All images were manually segmented in FIJI/ImageJ to circumscribe the entire region
of the burn and calculate average depth. Segmentations were performed by three blinded analyzers
previously trained by a board certified clinical pathologist’s practice set.
Statistical Analysis

Animal imaging and histology data are confirmed to be normally distributed with Shapiro-
Wilk test and are reported as mean =+ standard deviations, except where noted. One-sided or two-
sided student’s t-tests were used to show significant difference between imaged and histology
groups, respectively. Weighted linear regression analysis was performed on moisture imaging.

Levene’s (homoscedasticity) test was applied to porcine histology analysis. 2-way ANOVA was
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applied to porcine spectral imaging of burns of various durations. For each test, p less than 0.05 is

considered significant.
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RESULTS
Basic SWIR Light Imaging Characteristics

For basic characterization of SWIR light absorption and reflection in a biological phantom
model we performed a well-controlled Epi- and Trans-illumination imaging experiments on agar
slices of variable thicknesses*®. Figure 2A shows the imaging setups (see Methods) and Figure 2B
describes the dependence of the absorbance fraction on the thickness of the agar slabs. The
absorbance fraction was calculated as the space averaged ratio of intensity without agar minus the
intensity with agar to the intensity without agar. The absorption fraction graphs show
approximately similar relative dependency for Epi- and Trans-illumination imaging for all
wavelengths. It is seen that the 1200, 1650 and 2250 nm light is gradually and monotonically more
absorbed by slabs with increasing thicknesses between 1 and 5 mm regardless of the Epi-and
Trans-illumination settings. The data also show that for both illumination configurations our light
sources and camera system is not capable to determine the agar slab thickness by the 1940 nm
light because that light is almost entirely absorbed already by a 1 mm thickness slab. The
information from this test suggests that the 1650 nm light is absorbed in agar more than 1200 and
2250 nm light. It is also suggested that the 1940 nm light should be used mainly for sub-millimeter
surface-most skin layer analyses and that the 1200 and 2250 nm light could be used for deeper
skin layers analyses.

SWIR Light Imaging Delineates Moisture Content

12
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A baseline demonstration of water effect on SWIR reflectance is demonstrated in Figure
3A. White paper was wetted with 50 pL distilled water and then the dry and wetted regions were
imaged with the Xeva-2.35-320 camera under collimated tungsten Epi-illumination at 1200, 1650
1940 and 2250 nm light. Images (top) show a central dark spot corresponding to the wet region. A
profile of light intensity across the dry and wet regions (red line) demonstrates that the relative
reflectance of the moist regions in this setup was less than the surrounding dry regions. Notably
the reflectance at 1940 nm was the lowest among all 4 wavelengths at 50 % in the wetted relative
to the dry regions. Following, the effect of water on reflectance was quantified at the 1940 nm
sequentially in the same region before and after application of 30 uL of water. Reflectance
intensity wavelength was significantly less in the wet region compared to dry region with a mean
difference between dry and wet regions of the paper measuring 635 ADU (p<0.0001; panels A and
B in Figure 3). Taken together, panels A and B demonstrate that regional water application is
detectable using our SWIR, mainly 1940 nm, Epi-illumination imaging approach. Similar
differences between moist and dry tissue were noted when varying degrees of water were applied
topically to the dorsum of a mouse (Panel C in Figure 3). In this model, there was a significant
decrease in spectral intensity in moist skin compared to dry skin after application of 10, 20, and
30 pL water. Cumulative data from 3 mice shown in Panel D demonstrates a monotonic decreased
in averaged 1940 nm reflectance intensity with increasing amounts of applied water (in ADU):
794183, 444+73, 334190 and 235+43 for 0, 10, 20 and 30 uL water, respectively (p<0.05 between

all groups comparisons). A weighted linear regression analysis of the data in Figure 3D yielded
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R=0.953 (Adjusted R-Square=0.863 and p=0.047) and confirmed that light reflectance at 1940 nm
is sensitive to water content!?,
SWIR Light Imaging and Depth of Damaged Tissue in a Porcine Burn Model

Next we used a clinically relevant porcine model to study spectral SWIR light reflectance
in deep and superficial burns. Figure 4A shows a total of 8 burn regions in a sample animal: In
each animal, up to 4 short (S) and 4 long (L) duration contact with a heated metal block were
applied in the demarcated dorsal regions with unburned surrounding area. At 48 hr post burn,
biopsies from the burned regions were excised and at 72 hr post burn, the burn and unburned
regions were imaged with the spectral SWIR. Figure 4B shows 4 unprocessed SWIR images from
sample short (top) and long (bottom) duration burn regions. The images demonstrate
heterogeneous reflectance with heterogeneous demarcation of the short (pink arrow) and long (red
arrow) heat application regions and whereby overall reflectance intensity at 1200 and 2250 nm is
visibly higher than at 1650 and 1940 nm. In Panel C of Figure 4, the unprocessed images of Panel
B were processed to differentiate between the short and long duration burn regions. The processing
consisted of summing the 1650 and 2250 nm images and normalization by the 1940 nm image to
account for non-uniform illumination. The resulted images show pixels in the short burn (top) are
darker than in the long burn (middle), which is further illustrated by an image of the difference in
their pixels values (L -S, bottom) showing more white pixels in the burned regions and black

pixels in the surrounding area.
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To quantify the general ability of the SWIR imaging to distinguish between burn regions
we processed a total of n=17 short and n=17 long duration heated regions, along with nearby
unburned regions, imaged at the 4 separated wavelengths. The processing of the images for
reflectance fraction of each individual region and wavelength included normalizing the images
with the corresponding spectral images of reflectance from a reference surface to account for the
non-uniform illumination (see Methods). The cumulative reflectance fractions for all the regions
and all wavelengths are shown in Figure 4D. A 2-way ANOVA analysis on the data from the 5
animals reveals that reflected fraction is different for both each wavelength (p<0.001) and for each
treatment (i.e., unburned, short and long duration heating, p=0.011). As shown in the graph,
imaged wavelengths of 1200, 1650 and 2250, but not 1940 nm, show a significant 10-20 % higher
averaged reflectance in the long duration burn in comparison to the unburned region. The
insensitivity of the 1940 nm reflectance to the burns is consistent with the insensitivity of that
wavelength to agar thickness shown in Figure 2B. Notably, the 1650 and 2250 nm reflectance
intensity from long duration heating regions was 10-20 % higher while the 1940 nm reflectance is
not significantly different from the short duration heating regions, which explains the processing
of images at those wavelengths to distinguish between the sample short and long burns illustrated
in Figure 4C.

In addition to the SWIR imaging, biopsies where taken from the edges and center of the
burned regions for histology analysis as shown in Panel B (green arrows). Figure 4E shows sample

H&E and Picrosirius red stained sections from short (left) and long (right) burns duration biopsies.
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The superimposed outlined edges of collagen alteration®?! used as a marker for burn depth
corroborates the deeper dermis incurred damage in tissue under heating. The graph in Figure 4E
analyzes 10 sampled biopsies in each treatment region and finds that on average the long duration
heating damages tissue as deep as 922+45 um while the short duration heating damages tissue
590+57 um deep (p<0.001). Taken together, the data presented in Figure 4 shows that we have
generated a deep and superficial dermis burned regions in the porcine model and that SWIR

imaging at specific wavelengths of 1650 and 2250 nm can distinguish between these two regions.

16
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DISCUSSION

Our study aimed at demonstrating the conceptual utility of short wave infrared (SWIR,
~1000-2500 nm) imaging in diagnosing the depth of viable tissue in skin burns. We have
demonstrated that specific wavelengths of the SWIR light range are sensitive to tissue moisture in
mice and distinguish between superficial and deep burn injury in porcine.
Models of Skin Burns

Papp et al (2004)?! previously validated a reproducible model of pig burn for histological
analysis of burn depth. While the authors were able to demonstrate reliability and reproducibility
of their model, their deeper burns all converged to a deep burn depth. In order to produce a more
tunable model, we performed our inductive burns with cooler blocks and for longer contact times
(20° C cooler, and x2-4 longer, respectively). Meyerholz et al (2009)?° previously characterized
parameters to determine burn depth via histology in an acute rat model, demonstrating a linear
relation between contact time and average depth. Although their study’s biopsies were performed
at 5 hours, extrapolating their dose-dependency linear regression on burn depth is consistent with
our porcine model that remained stable to the day 3 time point (not shown). This resolution affords
advantages in the validation of separate diagnostic modalities and characterization of treatment
effects in a burned skin model that resembles human tissues.
SWIR Light and Imaging of Biological Tissue

The benefit of imaging skin burns in the SWIR spectrum lies in the ability of light in this

range to penetrate tissue deeper than light in the visible and near-infrared spectrum, while limiting
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penetration to avoid confounding deep tissue edema, as occurs in mid-infrared light. Additionally,
the presence of resonance wavelengths for O-H and C-O vibrational overtone in this region of the
SWIR light detects compounds such as collagen, lipid, and water with greater sensitivity than near-
infrared imaging or other modalities. Moisture levels, a tissue quality commonly evaluated by burn
surgeons to gauge the depth of tissue injury, are best captured in the SWIR spectrum, with signal
absorbance at 1940 nm that is 260 fold greater than at 970 nm in the near-infrared spectrum?2,
Nevertheless, variability in skin conditions and imaging methods hamper comparisons of water
absorbance of SWIR light between different studies?®. Furthermore, the need for a consistent
electrical contact with the skin surface as well as an exquisite sensitivity to ambient temperature
render also electrical measurements for assessment of trans-epidermal water loss, such as
capacitance, as non-adequate for comparisons with our imaging results*>*°,

In this study, we demonstrate that SWIR imaging at certain wavelengths detects differences
in moisture and differentiates superficial from deep burns in a non-invasive fashion using an in
vivo porcine model with histology as the gold standard for comparison. These distinctions, while
binary and not yet representative of the clinical spectrum of burn depths encountered, suggests a
future role for SWIR imaging in determining viability of tissue in the acute setting. The moisture
imaging data shown in Figure 3 is consistent with the ability of 1940 nm reflectance to detect
moisture levels in vivo amounts of <30 pL, but the relation of 1940 nm light reflectance to burn
depth has not been fully established as our imaging analysis in the agar slabs of >1 mm in thickness

(Figure 2) and burns with damaged collagen at depth between about 0.5-1 mm (Figure 4) show
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similar levels of absorbance or reflectance of 1940 nm light. Further investigation is required to
clarify the effect of water content at different skin depths on the SWIR light reflectance!°.

Our 2-way ANOVA of the burns images demonstrated that the SWIR reflectance depends
on both the wavelengths of the images and the burn depths. In general, the combined analysis of
reflectance-sensitive wavelengths could enhance the burn depth discrimination, while a reflectance
that is indifferent to the physiological underlying conditions of the substrate could be used for
calibration purposes. Accordingly, in this study we utilized sample burns images captured at 1940
nm, who showed no significant reflectance sensitivity to the skin conditions (Figure 4D), to
normalize the images captured at 1650 and 2250 nm. As illustrated in Figure 4C, the panels of the
normalized images augmented the visual impact of the images in Figure 4B, who showed a modest
10-20 % reflectance differences (Figure 4D), and enabled a clearer distinction between the
unburned, the short and the long burn regions. Future research following the concepts utilized here
may identify other SWIR wavelengths and processing for a better analysis of different burn depths.

Our results agree with those of previous studies that indicate the benefit of SWIR
technology. SWIR optical sensing of skin has been previously used to characterize porcine and
human skin'?2425, However, these measurements have been performed ex-vivo, with a limited
SWIR range and have not been used to assess burns or traumatic wounds. SWIR has also been
used to identify atherosclerotic plaque and stages of malignancy in breast cancer?®?’. The non-
invasive method of measuring the composition and nature of deeper anatomic structures is

critically important to the overarching benefit of SWIR imaging. SWIR imaging is currently used
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to quantify skin moisture after application of topical facial cosmetics'!*2, however SWIR imaging
has not been tested in the past with regards to its efficacy in the setting of thermal injury.
Clinical Management of Burns

The current standard of care for thermal injury is debridement to viable tissue layers,
however, the precise plane of transition is difficult to determine across an injury and under or over
debridement ultimately lead to increased patient morbidity’8. We propose that use of our non-
invasive point of care SWIR imaging modality will allow clinicians to more clearly diagnose
superficial versus deep burns based on surface moisture and tissue viability as the key variables of
interest guiding the treatment toward excision or non-surgical management. This modality, like a
conventional visible light point and shoot camera, does not contact the patient and does not require
the injection of fluorescent markers??. Given short, efficient acquisition times, the development of
a novel, accurate, non-contact, rapid, and portable point of care technology for use in military,
veteran, and civilian patients will allow for a more objective assessment of burn wound depth.

Although technologies have been developed to facilitate burn injuries management
including determination of viability, currently available modalities, including LDI, ICG video
angiography and NIR imaging, have important limitations that have restricted the potential for
standardized clinical use in military, veteran, and civilian populations?2. While new technologies
have recently come forth to define burn depth, these modalities have important limitations that
restrict their potential for standardized clinical use?®. Laser Doppler imaging (LDI) measures the

volumetric flux of blood at a site to determine tissue viability. While studies have demonstrated
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greater than 95 % correlation between histology and LDI in terms of accuracy of determining
tissue viability, this method requires large instrumentation that is not portable and can be very
expensive. Most importantly, however, LDI is only able to be used within the narrow window of
2-5 days after injury, and is not recommended for use in patients with comorbidities such as
anemia, cellulitis, or vascular disease?®*°. Thus, clinical applicability is severely limited as a result
of these restrictions. ICG videoangiography is another modality of macroimaging used to visualize
the patency of vasculature within the deep dermis. Using this system, patients receive an
intravenous injection of indocyanine green. Tissues that are viable demonstrate high uptake of
indocyanine green, while tissues that are less viable demonstrate lower uptake visualized as lower
fluorescence. The main limitation of this modality is the need for intravascular injection, an
invasive procedure that is difficult to repeat and can result in pain, anaphylaxis, headache, and
urticaria®®. Another example of a technology that has demonstrated limited clinical adoption is
near infrared (NIR) imaging. Although this device visualizes burn wound edema as a metric of
tissue injury, the particular wavelength used is only able to evaluate the quality of deeper tissues
and not the more superficial tissues that require debridement®2?23L, Furthermore, NIR is not able to
reliably and reproducibly evaluate surface moisture, which is the primary region of interest with
our new system. Finally, both NIR and LDI depend on blood flow; thus, burn debridement
performed on extremities under tourniquet preclude use of these technologies.

Limitations
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There are important limitations to consider. First, our analysis is a proof of concept
validation of the feasibility of SWIR imaging in determining the extent of burn injury, but it is not
yet correlated to differences in clinical outcomes. Second, our study was conducted in only 2 burn
depths and we do not have sufficient spatial resolution in biopsies for histological data to support
the fine spatial details that represent all pathological conditions that may affect light reflectance.
Furthermore, our burn study was performed at 72 hr post injury and did not perform long-term
follow up of burned specimens and debridement based on the SWIR readings. Finally, although
the porcine thermal injury model has been extensively validated, intrinsic differences to human
skin necessitate additional studies to assess the efficacy of SWIR systems in human patients®.
Conclusions

Objective measures of burn wound depth are important to properly diagnose and treat
patients with burns. Our study in mice and porcine models suggests that SWIR imaging can detect
skin moisture and can distinguish between superficial and deep burns under certain conditions.
Thus SWIR imaging and metrics may represent a new non-invasive technology to guide tissue
debridement. Once validated in humans, SWIR technology will add objective data to supplement

pre-existing clinical standards of care.
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FIGURE LEGENDS

Figure 1.

SWIR spectrum encompasses excitation frequencies of endogenous cutaneous
chromophores. (A) Short Wave Infrared (SWIR), defined here between about 1000 nm and 2500
nm, lies in the region between visible-near infrared (VIS-NIR) and Medium Wave Infrared
(MWIR) encompassing the most specific wavelength marker for water spectroscopy, 1940 nm.
(B) Viable and burned human skin (left) and schematic of SWIR reflectance from these regions
(right). In viable skin that is well hydrated (top), increased water content is postulated to
preferentially attenuate the reflectance of the 1940 nm wavelength compared to the 2250, 1650 nm
or 1200 nm. However, in full dermis thickness burns (bottom), damage to vasculature and
sebaceous glands renders the tissue less hydrated with proposed increased reflectance intensity
across the SWIR spectrum.

Figure 2.

Basic SWIR imaging characteristics. (A) Imaging setups. In Epi-illumination configuration
(left) the light source and the camera are on the same side of specimen and the light transverses
twice the agar slab. In the Trans-illumination configuration the light transverses only once the agar
slab. In both configurations the light intensity at the camera depends on absorbance and scattering
of the light along its path, however air-agar surface scattering doesn’t depend on the agar slab
thickness. (B) Absorption Fraction vs. agar slab thicknesses for 1200, 1659, 1940 and 2250 nm

light. Apart from light at 1940 nm which is fully absorbed by slabs 1 mm or more thick, the
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absorbance of other wavelengths is greater in the Epi-illumination (left) than in the Trans-
illumination (right) configuration, but is sensitive to the slab thickness at least up to 5 mm thick.
Figure 3.

SWIR light reflectance detects moisture levels in biologic tissue. (A) As baseline, 50 uL
distilled water was applied on 4 inert substrate surfaces (P8 Grade filter paper, Fisher Scientific)
and imaged with the Xeva-2.35-320 camera under collimated tungsten Epi-illumination at 1200,
1650 1940 and 2250 nm light. Top: Reflectance images normalized to no-substrate reflectance
show attenuated reflectance in wetted regions at center for all wavelengths. Dark bands in wetted
regions result from wrinkles. Bottom: Reflectance normalized to dry regions along red line in
images. Reflectance fraction is visibly least attenuated for 1200 nm and most attenuated at 1940
nm (about 50% of dry regions). (B) An inert substrate (Kimwipe) was imaged with the 1940 nm
filter on the camera under tungsten Epi-illumination before and after application of 30 pL water.
Significant signal attenuation is present within the wetted region demarcated by red dashed line.
SWIR reflectance at 1940 nm demonstrates diminished reflectance after water application
(13824369 vs. 747+249 ADU, p<0.0001). (C) SWIR reflectance images at 1940 nm of mouse skin
under normal conditions and after administration of 10, 20, 30 puL of water, demonstrating
progressive decrements of signal reflectance with increasing water administration. (D) SWIR
reflectance at 1940 nm demonstrating diminished signal of dry depilated dorsum of mouse at
progressive administrations of 10, 20, and 30 pL of water (794+83 vs. 444173, 33490, 235143

ADU, p< 0.001). N=3 mice/group. p<0.05 demarcated by asterisk.
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Figure 4.

SWIR reflectance can delineate superficial and deep burns in a porcine burn model: (A) In
a porcine thermal injury model, a heated block delivered heat in 5x5-cm regions for short (S) and
long (L) durations. Picture illustrates 8 regions in a sample animal under ambient visual light
imaging. Unburned regions in between burns were used as controls. (B) SWIR images from sample
animal with long (top) and short (bottom) duration heated regions with surrounding unburned
areas. The heated regions (pink and red arrows) and sample biopsies regions (green arrows) are
indicated. (C) Images showing processing outcomes for short (top) and long (middle) burns images
whereby images from Panel B at 1650 and 2250 nm were summed and then divided by the
corresponding 1940 nm images. The higher brightness in the long vs. short burn areas is
corroborated by a bright area in the difference image (L — S, bottom). Difference is reduced in the
top of the heated regions where skin surface is far from normal to the optical axis. (D) Collective
analysis of SWIR images taken for each burn site (N=5 pigs, n=17 regions/group). Graph shows
mean+SE of SWIR reflectance fraction of intensity of unburned (blue), short (pink) and long (red)
burn regions, respectively, at: 1200 nm (0.3562+0.0146, 0.3925+0.0187, 0.4079+0.0155), 1650
nm (0.1884+0.0102, 0.18+0.011, 0.2347+0.0179), 1940 nm (0.111+0.0089, 0.12+0.0074,
0.1348+0.0145) and 2250 nm (0.3741+0.0146, 0.363+0.13, 0.42+0.0204). Asterisks indicate
p<0.05. (E) Sample micrographs of biopsy sections from short and long burn regions (top) and
cumulative analysis (bottom). White-dotted lines on standard H&E stained micrographs demarcate

burned vs. normal dermis. White-dotted lines on Picrosirius (Pic) red stains corroborated burn
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boundaries by highlighting changes to collagen ultrastructure. White arrows = depth from
epidermis. Scale bars = 100 um. Manual segmentations by three blinded analyzers averaged each

individual specimen and show short burn resulted in burn depth of 590+57 um vs. a long burn

resulted in burn depth of 922472 um (p=0.0002, triple asterisks). N=5 pigs, n=10 specimen/group.
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