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Abstract. A diagnosis criterion is proposed for noninvasive grading of burn injuries using terahertz radiation.
Experimental results are presented from in vivo terahertz time-domain spectroscopy of second- and third-degree
wounds, which are obtained in a 72-hour animal study. During this period, the change in the spectroscopic
response of the burned tissue is studied. It is shown that terahertz waves are sensitive not only to the postburn
formation of interstitial edema, but also to the density of skin structures derived from image processing analysis
of histological sections. Based on these preliminary results, it is suggested that the combination of these two effects,
as probed by terahertz spectroscopy of the tissue, may ultimately be used to differentiate partial-thickness burns that
will naturally heal from those that will require surgical intervention. © The Authors. Published by SPIE under a Creative Commons
Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its
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1 Introduction

The survivors of almost 500,000 burn injuries that receive medi-
cal treatment each year in the U.S. face immense social and eco-
nomic costs during their recovery and reintegration period.'?
Characterization of burn injuries during the early postinjury
assessment period is a critical decision point in determining
the management course, healing process, and ultimate outcome,
since the treatment of a given burn differs considerably depend-
ing upon the results of the initial assessment. Burns are usually
classified according to the depth of the damaged skin in three
clinically useful categories: first-, second-, and third-degree.2 In
a full-thickness or third-degree burn, the entire depth of the skin,
through the stratum corneum, epidermis, and dermis layers,
is destroyed. In a partial-thickness (second-degree) burn, the
extent of the damage is contained within the dermis layer.
Finally, first-degree or superficial burns only involve the epider-
mis layer of the skin and usually heal without any scars or need
for medical care. The clinical course of treatment is substantially
different for burns of greater severity. Third-degree injuries can-
not heal without surgical and skin grafting procedures, whereas
for second-degree wounds, the recovery progress consists of
careful monitoring and infection prevention over a 2- to 3-
week period after the burn.>* During this period, a subgroup
of the second-degree burns will spontaneously heal, while others
will develop to a full-thickness state and will require surgical
intervention.> The complex nature of partial-thickness burns
is due to the extent of irreversible thermal damage to the
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microvasculature and the new epithelium generation sites. If
an insufficient number of microvascular and epithelium gener-
ation structures survive after the injuries, the remaining viable
parts of the dermis layer will slowly desiccate and eventually
reach the third-degree injury level.>* Therefore, in order to
investigate the utility of a diagnosis technique for differentiating
second-degree burns from third-degree ones, in vivo animal
models should be employed, as opposed to ex vivo studies, due
to the complex dynamics of wound healing after thermal injury.

1.1 State of the Art in Assessment of Burn Injuries

The accuracy rate of current clinical assessment technique
to differentiate between burn grades, based mainly on visual
inspection by experienced surgeons, is only about 65% to
70%.>> Highly accurate differentiation and delineation of
burn wounds can potentially alter management, reduce length
of hospital stay, and improve overall recovery for the burn
patient. For instance, a noninvasive clinical diagnostic modality
that could guide the treatment plan by predicting the healing
outcome of second-degree burns and guide surgical delineation
to minimize the scar formation would be of significant value.
This idea has motivated the development of a wide variety of
invasive and noninvasive diagnostic tools,> which are usually
benchmarked against histology as the gold standard. These
techniques include, for example, indocyanine green dye fluo-
rescence imaging,>® nuclear magnetic resonance imaging,’
ultrasonography,® contact dielectric measurement at radio
frequencies,” multispectral optical reflection imaging,’ laser
Doppler imaging, '° polarization-sensitive optical coherence tomo-
graphy,'! and near-infrared spectroscopy.'*!'> Although some of
these techniques have shown promising results, they still have
not been able to achieve sufficient specificity and sensitivity, as
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compared with histological assessment of wound biopsies.
Moreover, significant problems have limited the implementation
of such modalities in clinical environments, including cost effec-
tiveness and compatibility to routine patient care.”

1.2 Terahertz Modality for Characterization of
Burn Wounds

The terahertz part of the electromagnetic spectrum, known as the
so-called “THz gap,” is usually defined by the frequencies
between 100 GHz and 10 THz (wavelengths from 3 mm to
30 um).'* The high absorption of terahertz radiation by both
bound and free water molecules provides a sensitive signal con-
trast for imaging applications.' Difference in the water content
of the tissue has been recently proposed as the main basis for
many biomedical and biological applications of terahertz radi-
ation.''® Pickwell et al. furthermore showed that a double
Debye dielectric relaxation model can be used to describe the
terahertz response of healthy human skin,'*° which is very sim-
ilar to the model often used for polar liquids.>! Pulsed-terahertz
emissions have also been used to image and delineate basal cell
carcinoma®>2* and human breast cancer tumor margins,zs’26
based on the differences in the water content of the cancerous
tumor versus healthy tissue.?’

Terahertz reflectometry and imaging has recently been pro-
posed for the diagnosis of burn injuries ex vivo®™=° and in
vivo.31733 We have previously shown that the double Debye
model, proposed by Pickwell et al.,'* can be extended to explain
the higher terahertz reflectivity of moderate burn samples
immediately postinjury.’® In accordance with the general burn
literature,” an increase in the water content of the burned tissue,
due to formation of interstitial edema, has been experimentally
observed using THz spectroscopy.**~** Furthermore, we pro-
posed that the sensitivity of THz waves to the postburn reduc-
tion in the number and size of discrete normal skin structures,
such as microvasculature, sweat glands, and hair follicles can be
used as a source of signal contrast in THz burn imaging.’**

In this paper, we formulate a hypothesis for a burn diagnosis
criterion based on in vivo terahertz reflection spectroscopy
results obtained from second- and third-degree burns over a
72-hour period after injury. In order to do so, we first introduce
an image processing approach to objectively quantify the den-
sity of skin structures (DOS) in histological sections of tissue
samples. We then show that a strong statistical correlation exists
between the THz observations and the DOS metric.

2 Materials and Methods

The experimental animal model and burn protocol used in this
study was approved by the Institutional Animal Care and Use
Committee at the University of Washington. Male Sprague—
Dawley rats (n = 9), weighing between 300 and 400 g, were
divided into two groups. After the animal was anesthetized
with isoflurane (4% for induction, 2% for maintenance, with
O, flow rate of 11/ min), its back was shaved and epilated
with hair remover lotion (Nair, Church & Dwight Co,
Princeton, New Jersey). Two posterior sites corresponding
approximately to the 12th thoracic vertebra were marked
3 cm laterally from the midline on both sides of the rats, one
to create a burn and the other as the control tissue. Each
group of rats received either a second-degree burn (n =5),
100°C for 3 s, or third-degree burn (n = 4), 100°C for 30 s,
while being maintained under analgesics for the duration of
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the experiments. A 313 g brass rod, with a 1 cm diameter cylin-
drical protrusion, was heated in a water bath maintained at 100°
C. The cylindrical protrusion was then held against the marked
site for the specified time using only the weight of the rod.
Terahertz time-domain spectroscopy (THz-TDS) was used to
measure the reflectivity of both control and burned tissue at a
near normal incidence angle (6 ~ 10 deg) immediately and at
72 h postburn. After the conclusion of the terahertz experiments
on the third day, and after euthanasia by an overdose of pento-
barbital (250 mg/kg), biopsy samples were collected using a
3 mm punch. Hematoxylin and Eosin (H&E)-stained histology
of all samples confirmed the consistent formation of second- and
the third-degree burns using this protocol.

2.1 THz-TDS Technique

The THz-TDS setup used in this study was custom-made
and consisted of an 800 nm 50 fs Ti:Saphire laser (Micra,
Coherent Inc., Santa Clara, California), which by impinging
upon a biased photoconductive antenna (Zomega Terahertz
Corporation, East Greenbush, New York), built with 100 ym
gap on low-temperature GaAs, generated the terahertz waves.
Terahertz radiation was first collimated and then focused,
using a pair of off-axis parabolic gold mirrors, on the samples
placed on a fused-silica imaging window. Upon reflection from
the burned and normal skin samples, the terahertz waves were
detected via the electro-optic sampling method in a 1 mm thick
ZnTe crystal. The entire THz-TDS system was enclosed in a box
and purged with dry N, to eliminate the absorption features of
ambient humidity from the experimental results.

2.2 Self-Calibration and Signal Processing

Before employing the fast Fourier transform (FFT) to investigate
the spectral dependence of normal and burned skin samples, a
split cosine taper was multiplied by the first and the last 20 to 25
points of the time series, and additional zeros were padded to
both ends. The FFT amplitudes of the samples were normalized
by the FFT of the differential reference to eliminate the effect of
the intrinsic system response function. Moreover, to account for
a typical terahertz signal amplitude drift in between measure-
ments, the signal peak from the first interface of the slab,
between air and fused silica, was used to self-calibrate each
measurement with that of the references.*

3 Results and Discussion

Figure 1 shows microscope images of H&E-stained biopsy sam-
ples for several groups of second- and third-degree burns created
with this protocol. Biopsy samples were blindly studied by his-
topathologists, confirming the existence of second- and third-
degree burns, as appropriate, in every sample generated by
this protocol. Nonetheless, these images show that even when
the same physical protocol is used to create burns, a wide
range of damage can result. This variation is mostly due
to the random fluctuation of the number and size of normal
skin constituents such as hair follicles, sweat glands, capillaries,
etc. Most notably, we have observed three groups of skin burns,
as represented in the columns of Fig. 1, based on the skin struc-
tures present after generation of second- and third-degree inju-
ries. In the first column, a deeply coagulated layer of the burned
tissue can be seen with few superficial cracks, while in the sec-
ond column, a number of hair follicles and sweat ducts was
identified in the burned regions of the dermis. The tissue
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Fig. 1 Hematoxylin and Eosin (H&E)-stained microscope images from a representative group of the second- (a—c) and third-degree burns (d—f) obtained
on day 3 postinjury. Three subgroups based on the nature and density of discrete structures within the skin layers were observed: (a) and (d) show a deep
coagulation of the burned tissue with minor superficial skin cracks, (b) and (e) reveal the existence of hair follicles in the burned regions of dermis,
and (c) and (f) show a large density of various discrete skin structures. Scale bars represent 500 um.

samples in the third group exhibit a large density of various
discrete skin structures.

THz-TDS measurements of burned and healthy (control) tis-
sue were obtained using a self-calibrating technique through a
fused-silica imaging window. The reflection measurements
were obtained immediately and at 72 h postburn at an angle
of incidence close to normal (0 < 10 deg). The 72-hour junc-
ture was chosen based on the well-established peak of the
standard inflammatory response of the tissue to thermal
damage by the formation of interstitial edema.>*** Due to
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the inhomogeneity of skin tissue, and especially because the
size of normal skin structures are comparable to the terahertz
wavelength, for each skin sample the average reflectivity
over several (3 to 5) spatially disjoint terahertz realizations
was obtained. Moreover, the spot size of the beam was approx-
imately 2 mm in diameter at the focal point. Figure 2(a) and 2(b)
shows the normalized excess terahertz reflectivity of burns,
induced with either 100°C for 3 s or 100°C for 30 s protocol,
immediately and at 72 h postinjury. The error bars show the
full range of the data obtained over different rats used in the
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Fig. 2 (a) Normalized change in terahertz reflectivity of the second-degree burns compared with normal skin (control experiment), measured
immediately postburn and on day 3, (b) same quantity for the third-degree burns. The bars indicate full range of the experimental data obtained

in our animal study.
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study. The progression of the burn injuries can be seen by the
comparison between the acute and the 72-hour characterization
of the wounds. It is evident that the large degree of variability
between samples renders the simple use of the percentage
change in the THz reflectivity relative to healthy (control) tissue
too ineffectual for the discrimination of burn severity.

This observation is in part because burn wounds are not static
in their physiological nature.>**> For example, as explained
earlier, some of the second-degree injuries can reach a
full-thickness depth (third degree) within a few days, due
to the extent of thermal damage to the microvasculature
and epithelium generation sites. This dynamic nature of the
wound further complicates burn triage at the time of patient
presentation.

3.1 Density of Skin Structures

Histopathological study of wound biopsies remains the gold
standard of the burn depth assessment despite its invasive
and time-consuming nature. Even though there still does not
exist any universally accepted benchmark for inference of
burn depth from histological sections,*® the accuracy of all
other technological aids are usually measured against this
method. The complexity of the dynamic molecular and cellular
level changes, which skin constituents experience postburn,
gives rise to most of the discrepancies in this field. For instance,
while some studies indicate that the patency of microvasculature
at the burn sites is the most critical factor in recovery,*® other
methods emphasize cellular and epithelial intactness as the
main predictor for wound healing.> The presence of discrete
skin structures, which are also known to be determinants of
the healing likelihood of the burned skin,!'~'>33 can poten-
tially give rise to scattering of electromagnetic waves as they
propagate through skin layers. In this section, we introduce a
simple image processing method to objectively quantify the
DOS in an attempt to relate our histopathological findings to
the THz observations.

Figure 3(a) shows a flowchart diagram of the steps involved
in the image processing of the histology sections to count each
pixel associated with the discrete structures in the burned and
normal skin samples. The algorithm first identifies the skin
edge, and subsequently defines a search area approximately
400 pm deep in the tissue. It then recognizes tissue structures
such as microvascular capillaries, hair follicles, sweat glands,
and their skin duct based on the ratio of the red and blue com-
ponents of the acquired image in comparison to the two detec-
tion thresholds, #; and #,. To determine these threshold values,
we used two groups of the histological sections as learning sub-
sets: (1) deeply coagulated tissue with only minor superficial
skin cracks (usually of lighter colors) and (2) burned tissue
including only dark-colored hair follicles and shafts. Each
group included two skin biopsy samples and four cross section
images per biopsy. We varied the values of #; and ¢, within the
search domain for the learning subsets until all pixels associated
with white skin cracks or dark hair structures were correctly
identified by the algorithm. The determined threshold values
were then used for all remaining histological images that pre-
sented a more complex collection of skin structures. Finally,
the program calculates the total areal density of such structures
within the search area. This density value is the largest (~20%
to 30%) for healthy skin, and the more severely the tissue is
damaged, the smaller the DOS will be. Figure 3(b) and 3(c)
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shows typical outcomes of the image processing routine for a
full-thickness and partial-thickness burn sample, respectively.

Figure 4 maps out our experimental results in the form of a
scatter plot, where the x-axis shows the average reflectivity of
skin samples between 0.2 and 1 THz, while the y-axis shows the
spectral slope or rate of change in reflectivity with respect to
frequency at 72 h postinjury. The color code is determined
by averaging the DOS metric from the image processing analy-
sis of up to four histological sections of each tissue biopsy.
Individual symbol types correspond to individual rats. The dot-
ted y = —x lines, which are vertically offset for clarity, are
drawn here as a visual aid. It can be seen that while all normal
samples are aggregated in the lower left quadrant of the figure,
the burned tissue data are spread out according to the degree of
deviation of the THz reflectivity from their respective normal
controls. In this plot, the excess reflectivity along the x-axis
is generally attributed to the formation of interstitial edema at
the burned sites.’*>*> However, the change in the spectral
slope of the THz reflectivity (THz color of the burns), which
is shown in the y-axis, is not well understood. One possible
explanation suggests that a potential change in the dispersive
properties of normal skin as a result of the thermal insult as
well as absorption by the water content of the tissue may be
responsible for this observation. It may also be consistent
with a reduction in electromagnetic scattering of terahertz
waves due to a decrease in the density of discrete scatterers,
i.e., the DOS value, as we observe here. Specifically, in all nor-
mal tissue samples, where the DOS is the largest, the normalized
THz reflectivity showed a steep roll-off with higher frequencies,
resulting in negative slope values along the y-axis for the blue
symbols in Fig. 4. However, the burned samples demonstrated
near-zero or positive spectral slopes, suggesting reduced scatter-
ing levels as the DOS value decreases.

From this map, we infer that some of the second-degree inju-
ries were severe enough to reach DOS values comparable to
third-degree burns within 72 hours. For example in Fig. 4,
the burn sample marked with DOS = 6.7% was created with
a second-degree protocol, but in both THz spectroscopy
response and DOS, it has reached values corresponding to a
full-thickness burn. We can also confirm from histological
sections that other samples showed signs of healing within
the same period. For instance, the second-degree burn with
DOS estimated at 15%, placed very closely to its normal (con-
trol) tissue on the scatter plot, illustrates this effect. Of the nine
rats in our survival studies, we found only one outlier to this
general trend (a nominally second-degree burn with DOS
value of 7.7%).

These results suggest that while discrimination of burn
severity cannot be ascertained solely based on the absolute
value of the terahertz reflectivity, a combined measure of reflec-
tivity (R) and spectral slope (S) can differentiate among them
based on the DOS metric. We define this combined measure,
Z, with a linear combination of R and S, as given in Eq. (1),

Z=a-R+b-S, (D

where 0 < g and b < 1 are two arbitrary coefficients that can be
optimized to achieve maximum specificity in Z for the differ-
entiation of burn grades. The results of our optimization search
over all experimental results reveal that all a = b contours sat-
isfy such a condition. Alternatively, a and b can be optimized to
reach other objectives, such as maximum linear correlation
between DOS and Z, maximum square distance between

July 2013 « Vol. 18(7)



Arbab et al.: Terahertz spectroscopy for the assessment of burn injuries in vivo

Image processing flow chart

(@)

Take a derivative of
» the monochromatic
image

Convert the image to
monochrome bitmap

e Edge detection; . Visualization and
Initialization . Structure Detection .
search domain postprocessing
—
¥ For every pixel of the
v »  RGBfilein the
Import image file in search domain do
RGB format the following:
v
v

Calculate the ratio of
the red to the blue
component of each

pixel

v

Define the largest

the skin edge

derivative contour as

If the ratio is

Define a search
zone equal to 400
microns inside the

skin

v

smaller than t;

No

If the ratio is

v

larger than t,

v
Yes Calculate the density
v of skin structures
Count the pixel as a (DOS)dln the_ Search
. . iomain
discrete skin

structure, save the
pixel index.

Highlight the
detected pixels;
display the
output image

Move to
the next
pixel and

repeat the

loop

200
400
600 |
3
800

1000

1200

200 400 600 800 1000

Fig. 3 (a) Cross-functional flowchart of the image processing and dens
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ity of skin structures (DOS) calculation routine. (b, ¢) Typical pseudo-colored

figures of the burned skin cross-sections show the thresholds t; and t, used in detection of skin structures for a representative third- and second-degree
burn, corresponding to Fig. 1(e) and 1(c), respectively. The edge of the skin is previously detected in the image processing algorithm, and therefore

pixels outside the tissue margins are not considered.

healthy and burned tissue, etc. The linear transformation of R
and S into Z under this optimized condition (a = b) simply
rotates the Cartesian coordinates in Fig. 4 perpendicular to
the dashed lines. It should also be noted that limiting the
range of variables a and b does not constrain the possible linear
combinations of THz reflectivity and spectral slope, when a
and b are varied simultaneously and therefore their ratio can
be quite large. Figure 5 summarizes our hypothesis for a new
burn diagnosis criterion using this combined measure, Z, when
a = b = 1. Specifically, we hypothesize that the anticorrelation
relation between DOS and Z, as shown in Fig. 5, can be used to

infer the severity of burn injuries, and therefore their likelihood
for spontaneous healing, when THz radiation is used to inter-
rogate the intactness of skin structures.

Large scale experimental studies, complete with statistical
models, are necessary before the usefulness of the Z-value cri-
terion in predicting the healing outcome of partial-thickness
burns can be verified. In order to develop such statistical models,
the progress of different burn grades should be monitored over
a 2- to 3-week period to determine which values of DOS and
Z correspond to the samples that naturally heal, while others
require surgical intervention.
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Fig. 4 The severity of burn injuries can be mapped out based on the mean and spectral slope of their THz reflectivity at 72 h postinjury. The more severe
burns (lower DOS values) are further apart from their normal (control) tissue (blue). The dotted lines (y = —x) are guide to the eye and
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Fig. 5 The anticorrelation between the DOS and Z metrics (a and b
coefficients are optimized for maximum specificity, resulting in
a=>b=1) are shown. The green-colored data point refers to the
partial-thickness sample that exhibited signs of healing within 72 h
postinjury.

4 Conclusion

We have presented experimental results from in vivo THz-TDS
of second- and third-degree burns in a survival study over the
72-hour period postinjury. We showed examples of the wide
range of histopathological manifestation of burned tissue that
must be characterized during triage for successful treatment
of burns. We then introduced an image processing approach
to objectively quantify the severity of these injuries based on
the DOS metric. We showed that the terahertz response of differ-
ent burn grades is not only consistent with the presumed overall
water content in the tissue, but also correlates with the density of
discrete scattering structures within the skin layers. These obser-
vations suggest, in turn, a new diagnosis criterion for clinical
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discrimination of burn injuries based on the THz response of
the tissue.
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