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Abstract: The accuracy of current burn triage techniques has remained between 50-70%.
Accordingly, there is a significant clinical need for the quantitative and accurate assessment of
partial-thickness burn injuries. Porcine skin represents the closest animal model to human skin,
and is often used in surgical skin grafting procedures. In this study, we used a standardized
in vivo porcine burn model to obtain terahertz (THz) point-spectroscopy measurements from
burns with various severities. We then extracted two reflection hyperspectral parameters, namely
spectral area under the curve between approximately 0.1 and 0.9 THz (-10 dB bandwidth in each
spectrum), and spectral slope, to characterize each burn. Using a linear combination of these
two parameters, we accurately classified deep partial- and superficial partial-thickness burns (p
= 0.0159), compared to vimentin immunohistochemistry as the gold standard for burn depth
determination.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Burn injuries result in over 450,000 emergency room visits per year [1]. Traditionally, thermal
injuries are categorized from first-degree to third-degree burns. First-degree, or superficial
burns, only affect the epidermis and will typically heal with minimal intervention. Third-degree
burns, or full-thickness burns, damage the entirety of the dermis and require surgical excision
and grafting. Second-degree burns, where the damage is contained within the dermis, can be
further classified into two groups: superficial partial-thickness and deep partial-thickness burns.
Similar to first-degree burns, superficial partial-thickness burns also will heal spontaneously,
whereas deep partial-thickness burns eventually will progress into full-thickness burns and
require surgical intervention. Accurate assessment of burn injuries is therefore critical, in cases
requiring surgical intervention, as early excision results in better overall healing outcomes [2].
Although determination of burn severity often is performed by experienced burn care physicians,
the accuracy rate of burn triage, based on the depth of dermal damage, can be as low as 50-70%
in second-degree burns [3].

Many techniques, such as laser Doppler imaging (LDI) [4], polarization-sensitive optical
coherence tomography (PS-OCT) [5], photoacoustic imaging [6], and multispectral imaging
[71, have been proposed to provide quantitative methods for objective assessment of burn depth.
Laser doppler is a non-contact method that measures perfusion in the burn area, but has not
achieved clinical adoption because LDI instruments are not user-friendly and can be subject to
inconsistencies and variability when imaging uneven surfaces or in patients with comorbidities
[8]. PS-OCT provides cross-sectional imaging from backscattered illumination with additional
contrast from damaged collagen fibers that have lost their structural arrangement due to thermal
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insult. However, the field of view of OCT imaging is usually much smaller than clinically practical
for burn management. Multi-spectral imaging has also shown some promise in determining burn
depths by measuring the reflectance at a specific wavelength using optical filters [7].

Terahertz time-domain spectroscopy (THz-TDS) is emerging as an effective tool in burn
assessment because of the unique properties of skin and other biological tissue in the terahertz
(THz) regime [9]. THz waves (wavelength between 3 mm and 10 pm) are nonionizing and highly
absorptive in polar liquids (i.e. water) [10], thus THz-TDS is sensitive to small changes in water
content. Additionally, the sizes of adnexal skin structures (such as glands and follicles) are on the
same scale as THz wavelengths. As a result, electromagnetic scattering from skin structures can
be an additional source of contrast [11] as granular, volume and rough-surface scattering are
wavelength dependent [12—-14]. Previous THz studies have used narrow band detection schemes
(500 GHz + 125GHz) for THz imaging of ex vivo porcine burns [15]. However, due to the limited
bandwidth, the effect of scattering from skin structures could not be detected. Also, because the
study was performed ex vivo, the physiological and anti-inflammatory response to a burn injury
could not be observed. Further in vivo studies in rat models used narrow band THz imaging to
show the formation and dissipation of edema in response to a thermal injury [16]. Dual-modality
studies with co-registered magnetic resonance imaging also confirmed that hydration plays a
major role in the signal contrast of THz burn imaging [17,18]. Broadband THz in vivo studies
in rats have shown the sensitivity of time-domain spectroscopy modality to different grades of
burn injury, not only based on the higher THz reflectivity of partial-thickness burns, but also due
to the change in density of skin structures post burn [11,19,20]. However, the major limitation
of the rat studies for assessment of burn depth is that the anatomy and physiology of rat skin is
significantly different from human skin.

The pathophysiology of wound healing in burn injuries is a complex process. Porcine skin is
an ideal animal model for burn studies because of its physiological and anatomical resemblance
to human skin. Humans and swine have firmly attached skin architecture, thick dermis and
epidermis, and sparsely distributed hair, whereas rodents have loosely attached skin, thin dermal
and epidermal layers, and dense hair [21]. Moreover, the mechanism for wound healing in humans
and swine is reepithelialization, whereas wound healing in rodents is through a contraction
mechanism. Additionally, the genomic and proteomic responses of inflammatory diseases, such
as burn and sepsis, are much closer between swine and humans, and distinctly different in rodents
[22]. Therefore, porcine models are accepted as the appropriate animal model to capture the
wound healing and dynamic response of skin burns for future clinical translation.

In this paper, we show that the THz spectral parameters, which we have shown to be accurate in
characterizing rat burns [ 1 1], are also able to differentiate burn severities in porcine burns. We used
a standardized protocol to induce burns with multiple severities, and a commercial THz system to
obtain point spectroscopy measurements of each burn. We used vimentin immunohistochemistry
(IHC) as the gold standard to determine the burn depth. We show that a linear combination of
two THz spectral parameters, namely spectral area to represent reflectivity and spectral slope to
represent scattering, can classify deep partial- and superficial partial-thickness burns accurately (p
= 0.0159). The new spectroscopic method for the classification of porcine burns with THz-TDS
is an important preliminary step towards clinical translation of THz spectral imaging for burn
wound assessment.

2. Materials and methods

2.1.  Animal model

The experimental protocol used in this study was reviewed and approved by the Institutional
Animal Care and Use Committee at the University of Washington. After induction of anesthesia,
burns were created on Landrace Yorkshire cross pigs (N = 3, 12 weeks age, male, 40 kg). Burn
injuries were created using a standardized induction protocol described by Cuttle et al. [23].
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Shown in Fig. 1(a), a "hot water bottle" (500 ml Pyrex laboratory Schott Duran bottle) with the
glass bottom removed and replaced with plastic wrap fastened with heat resistant tape was filled
with 300 ml of deionized water heated to 92°C. The plastic wrap conforms to the anatomical
contours of the body, resulting in even surface contact. Three dorsal locations were chosen
along the midline for burn induction with three contralateral sites for healthy skin (control).
Each burn site received 10, 15, or 20 seconds exposure to 92°C, respectively creating superficial
partial-thickness, deep partial-thickness, and full-thickness burns, for a total of 3 burns per
experimental arm. After burn induction, the necrotic epidermis was debrided in accordance
with clinical wound management per the protocol described in [23]. Each circular wound was 8
cm in diameter, and approximately 10 cm apart. Figure 1(b-d) shows a representative set of the
histological sections for normal and burn tissues obtained by vimentin immunohistochemistry.

Fig. 1. (a) shows visual images of the "hot water bottle" device before use. Vimentin IHC
section slides are shown from a representative (b) normal, (c) superficial partial-thickness,
and (d) deep partial-thickness burn. The arrows indicate the depth of the burn injury.

2.2. Histopathology

Vimentin IHC is based on the labeling of an intermediate filament protein that is ubiquitous
among mesenchymal, melanocytes and Langerhans’ cells [24]. We used the well-established
vimentin IHC assay because antisera testing can label the exact depth of thermal tissue damage in
burns [24]. Arrows in Fig. 1(b-d) show the burn depth, according to the loss of vimentin-positive
stained cells in the dermis. The depth of the burn was measured in sections labeled for vimentin
using a stereological approach. Briefly, vertical uniform random sampling of each specimen
was used to obtain unbiased, isotropic sections to make depth measurements [25]. Parallel lines
with an interline distance of 1500 um were randomly overlaid on rotated images of each slide.
Orthogonal lines to the surface of the epidermis were drawn from these intersections to measure
the depth [25]. From these measurements, the arithmetic and harmonic thickness were calculated
to account for overestimation of thickness due to variation in sectioning angles.

2.3. THz measurements

Our measurements were completed using a commercial THz-TDS unit (K15, Menlo Systems
Inc, Newton, New Jersey, USA) mounted on a flexible platform. The pulsed system uses a
mode-locked <90 femtosecond (fs) fiber laser operating at 1560 nm. The optical pulse is split
into a pump and probe beam. Each beam is focused onto a photoconductive antenna to emit and
detect broadband THz radiation. The THz beam generated by the photoconductive antenna is
diverging, so it was collimated and then focused with a 50 mm focusing lens. The spot size
of the beam at the focal point was 1-2 mm. Illustrated in Fig. 2(a), the emitter and receiver
were mounted at 37° relative to normal incidence. The emitting and detecting modules were
placed inside a plastic enclosure and purged with nitrogen. Figure 2(b) shows the enclosure
mounted on a cantilevered c-arm and anchored to the operating table with vertical motor control.
THz measurements were obtained approximately 20-30 minutes after burn induction and each
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measurement took approximately 5 minutes to complete. At the time of measurement, the
operating table was moved close to the porcine subject on an adjacent operating table, and the
THz enclosure was lowered onto the selected spot. We first measured the THz reflection spectra
at the center of each burn and subsequently measured the edge by laterally shifting the setup
by approximately 4 cm. Reflectivity data were collected in the time domain, with a total scan
range of 52 picoseconds (ps) and time resolution of 0.195 ps. All pulses were gated with a 178
ps Hamming window and Fourier transformed using a 512-point FFT. The maximum frequency
that can be extracted is therefore 2.56 THz with the frequency resolution of 0.01 THz.
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Fig. 2. (a) shows a schematic drawing of the burn sites and the contralateral healthy controls
along with the typical wave incidence and propagation through the quartz window and the
sample. (b) A picture of the THz-TDS system is shown mounted over an animal subject in
the operating room. (c) THz-TDS signals of the thick window reference (black-solid), thin
window reference (black-dashed) and a representative burn (red-solid).

A quartz measurement window was used as part of a self-calibration procedure [19,26] and to
ensure smooth contact with the porcine skin sample. Illustrated in the schematic from Fig. 2(a)
and the THz-TDS signals in Fig. 2(c), the raw THz waveform typically contains two pulses,
one from the air-quartz interface, and another from the quartz-sample interface. The first pulse
from the quartz window served as a phase and amplitude reference to which all subsequent THz
pulses were normalized in amplitude and aligned in time prior to Fourier transform. A reference
measurement was taken without a sample, representing the reflection from the quartz-air interface.
We also obtained a separate reference measurement from a thick slab of quartz (approximately
1.566 mm) and subtracted it from the thin quartz reference (approximately 1.044 mm), to calculate
a Differential Reference. This step removes the background ringing due to air-quartz reflection
from the second reflection from the quart-air interface [19,26]. The same subtraction operation
was performed on sample measurements to remove the background signal.

2.4. Signal processing

Figure 3(a) describes the signal processing steps in which the reference measurements were used
to calculate the spectral parameters. A split cosine window was applied to the first and last 20
points of the time-domain signal of the differential reference and background removed-sample
before fast Fourier transformation (FFT). Sample measurements that were taken from the same
burn were averaged together in the frequency domain.
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Fig. 3. (a) shows the signal processing flowchart and (b) shows a representative sample
reflectivity after the FFT and deconvolution by Differential Reference. Vertical dashed lines
show the —10 dB bandwidth used for the spectral area and slope calculations in the THz
amplitude spectrum.

We calculated the spectral parameters by first determining the frequency bins of the —10 dB
bandwidth in the THz amplitude spectrum of the differential reference, shown by the vertical
black dotted lines in Fig. 3(b). This was done by selecting the upper and lower frequencies bins
where the THz signal approached —10 dB with respect to the maximum THz amplitude. We then
deconvolved the sample signal by the quartz reference. The area under the curve was determined
within the —10 dB bandwidth and the roll-off spectral slope, shown by the black-dashed line in
Fig. 3(b) was calculated by a least-squares linear fit between the maximum amplitude (black
circle) to the upper —10 dB frequency bin. A unitless hyperspectral parameter, dubbed Z-metric,
was calculated by

Z =aSA +b-SS. 1)

where a and b are coeflicients between 0 and 1, SA is the spectral area, and SS is the spectral
slope. The coefficients, a and b, were optimized for classification of burns greater than 350 um.
The search domain for the optimization of a and b was between 0 and 1, with increments in the
fourth decimal position, until the maximal distance between the two classes was achieved. We
selected 350 um depth because it would ensure that the epithelium was damaged (deeper than
superficial burns) but many of the adnexal structures in the dermis were still healthy. Adnexal
structures, such as hair follicles, are sources of appendageal keratinocytes that will migrate and
promote reepithelialization.

3. Results
3.1.  Burn depth variability

Figure 4(a) shows the average burn depth for each induction protocol at the center and edge of the
burns, determined by the vimentin IHC assay. With increasing exposure time from 10 to 15 and
20 seconds, the average burn depth increases at both the center and edge of each experimental
arm. The error bars, representing the standard deviation of the mean, show large variability in
burn depths across exposure times. This variability in burn depth from each condition is likely a
result of the burn’s anatomic location, as explained in Fig. 1(a). Figure 4(b) shows that burn
depth increased in cranial sites as compared to middle and caudal positions. This is likely due
to hard tissue, such as bone or cartilage, beneath the skin at those sites, which provide more
gravitational support to the burn device and compression to the skin. This effect can result in
more force and thus deeper burns [27]. Burn depth was also found to be deeper at the center of
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the burn than at the edge, which can be explained by dissipation of thermal energy toward the
healthy skin. Although the standardized protocol for burn induction created a wide range of burn
depth variation, in the following section we will show that the THz spectroscopic measurements
were able to accurately characterize the burn depth.
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Fig. 4. (a) shows the average burn depth for various exposure times at the center and edge
of the burn area, (b) compares the burn depth at the center of the burn from three anatomical

locations (cranial, middle, and caudal) for each burn condition. Error bars represent standard
deviation.

3.2. Spectral parameters and classification

Figure 5(a) shows the linear relationship between the calculated spectral parameters and burn
depth from histology. By combining these two parameters into a Z-metric (Eq. 1, where a = 0.7475
and b = 0.0202), as it is shown in Fig. 5(b), we were able to see improved classification accuracy
(Mann-Whitney U-Test, p = 0.0159) between deep partial- and superficial partial-thickness burns.
We used the Mann-Whitney U-Test over the Student’s t-test because there is no population data
available for THz reflectivity in porcine burns to determine the distribution. Assuming that THz
measurements from deep partial- and superficial partial-thickness burn injuries have similar
population distributions, the Mann-Whitney U-test is appropriate to test the null hypothesis. Also,
interestingly, as compared to our previous work in rat models [11, 28], the relatively smaller
weight for spectral slopes represented by the b coefficient is in agreement with the smaller density
of hair follicles and thus less scattering in porcine skin.
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Fig. 5. (a) shows a linear relationship (illustrated by the black least squares line in the scatter
plot) between spectral area and spectral slope with the burn depth represented by the colored
markers and the color axis. (b) A linear combination of spectral area and spectral slope,
defined by the Z value in Eq. (1), shows statistically significant classification of superficial
partial- and deep partial-thickness burns (Mann-Whitney U-Test, p = 0.0159).

4. Conclusion

We presented an in vivo THz-TDS study for characterization of burn injuries in a porcine model.
We used a standardized burn protocol that produces uniform burns by allowing a hot water
bottle to conform to the contours of the animal’s skin. After burn induction, we obtained
point spectroscopy measurements with a commercial THz-TDS system modified to be mounted
on a cantilevered c-arm for use inside an operating room. We showed that by using spectral
parameters that represent reflectivity and electromagnetic scattering in the measured THz-TDS
signal we can classify burn depth, as determined by the vimentin assay as the histopathological
control. Future work includes assessment of burn injuries using in vivo THz spectral imaging
and long-term survival studies, in which the final healing outcome of each partial-thickness burn
can be determined. THz spectral imaging in porcine burn models will pave the way to creating a
translational imaging modality that will help physicians rapidly and accurately treat burn victims.
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