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Abstract

The accurate and objective evaluation of burn depth is a significant challenge in burn wound care.
Herein, we used near infrared spectroscopy (NIRS) technology to measure the different depth
of thermal burns in ex vivo porcine models. Based on the intensity of the spectral signals and
the diffuse reflection theory, we extracted the optical parameters involved in functional (total
hemoglobin and water content) and structural (tissue scattered size and scattered particles) features
that reflect the changes in burn depth. Next, we applied support vector regression to construct
a model including the optical property parameters and the burn depth. Finally, we histologically
verified the burn depth data collected via NIRS. The results showed that our inversion model could
achieve an average relative error of about 7.63%, while the NIRS technology diagnostic accuracy
was in the range of 50 um. For the first time, this novel technique provides physicians with real-time
burn depth information objectively and accurately.
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Highlights

* This study is the first to use near infrared technology to determine the depth of burn tissue.
* This study is the first to apply support vector regression to construct a model that includes the optical property parameters
and the depth value of burn tissue.
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* This study is the first to realize nanometer accuracy of burn depth diagnosis.
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Background

The treatment of burns depends on the depth of skin injury
and the extent of the burned area [1]. However, current diag-
nosis of burn depth is subjective, i.e. using the naked eye, the
accuracy of which depends on a physician’s skill. In practice, it
is relatively easy to recognize very superficial or full thickness
burn injuries. Conversely, distinguishing superficial from deep
partial thickness burns remains the most difficult endeavor of
burn wound depth assessment [2, 3]. Previous reports proved
that the most skilled burn surgeons could assess burns depth
with about 70% accuracy [4].

Various diagnostic tools, such as laser Doppler imaging
(LDI) [5], optical coherence tomography [6], near infrared
spectroscopy (NIRS) [7], terahertz imaging [8], spatial fre-
quency domain imaging [9] and indocyanine green (ICG)
fluorescence [2], have been used to evaluate burn depth [10].
At present, commercial LDI systems have become a mature
technology and can be used for the clinical diagnosis of burn
depth, especially for superficial and deep partial thickness
burn wounds [11]. The LDI signal is based on changes in
local tissue blood flow; however, the acceptable accuracy of
burn degree diagnosis is limited to a maximum of 48 hours
after the injury [12]. Reportedly, ICG fluorescence technology
showed a certain accuracy in a limited number of human
experiments [2] but interpretation of the fluorescent image is
subjective. At the same time, the ICG technique requires intra-
venous injection of a fluorescent dye, which limits its clinical
application. Many studies have shown that NIRS allows
diagnosis of burns of different degrees based on the amount
of oxy-hemoglobin, de-oxyhemoglobin, water content and
total hemoglobin, which are all important parameters of burn
injuries [7, 13-15]. However, these studies only aimed to
improve the accuracy of assessment of the degree of burn
injuries (superficial, partial thickness and full thickness burns)
to determine whether to carry out surgery. The purpose of this
study was to use NIRS to evaluate burn depth and compare
this with the gold standard of pathological detection, so as to
provide the basis for accurate debridement in the future.

Methods

Study design

All animal studies were approved by the Management Com-
mittee of Laboratory Animals Use of the Shenzhen Transla-
tional Medicine Institute (AUP-190708-YMF-002). A total of
5 Bama miniature pigs, each aged 4 months, were used in this
study.

Collagen fiber models and analyses

The collagen I (Sigma, USA) solution was diluted to a con-
centration of 250 pg/dL with phosphate buffered saline. The
thermo-denaturation group was incubated in a 100°C water
bath for 1 minute, after which the samples were loaded into
the sample console for Atomic Force Microscope detection.

Animals and anesthesia

The pigs were sedated with 25 mg/kg sodium pentobarbital
(concentration, 2%) (Shanghai Chemical Reagent Company,
China) via marginal ear vein injection. The flank and back
hairs were trimmed with electric clippers and the skin was
scrubbed with soap and water. While still sedated, the pigs
were killed by an intracardiac injection of pentobarbital and
dissected away the skin.

NIR diffuse reflectance spectroscopy measurements
The NIRS system consists of a spectrometer (NIR-Quest 256—
2.1, Ocean Optics, USA), a tungsten halogen lamp (HL 2000,
Ocean Optics, USA) and a fiberoptic probe (QP600-2, Ocean
Optics, USA). The spectral range varies from 900-2200 nm
and the spectral resolution is 4.91 nm when co-adding 64
scans.

Burn models and analyses

Contact thermal burns were created on the ex vivo pig
skin using a round metal hot iron (diameter, 2 ¢cm) of a
temperature-controlled burner (Ltd YLS-5Q, Beijing Zhong-
shi Di Chuang Technology Development Co., China). The
temperature of the metal head was set at 100°C. The hot iron
was applied to the ex vivo pig skin for 5, 10, 20, 30, 40 and
60 seconds in order to create burns of different depths. After
collecting the spectral data, the skin tissue was harvested,
fixed in 10% formalin and the specimens were stained with
Masson trichrome. Each burn depth was measured 5 times
by 2 independent researchers. Next, the average histological
depth served as the golden standard of the burn depth.

Data analysis

After smoothing all the data and removing the outliers, the
experimental data were obtained. The total number of data
samples was 1557. The diffuse theory [16] was used to
analyse the contents of the extracted component information
(Hb, HbO, and H,O) and the structural information (A,
B) to characterize the functional status of the burned skin.
The above parameters represent the optical properties of
the burned skin. The expression of diffuse reflection is as
follows:

A\ P
k= A(%)

e (“Hb‘AHb ) +anpo, -Ampbo, M+am,0-AH,0 (k))

where A is proportional to the density of the scattering
particles and is related to the average scatter size. App, 0, (A)is
the absorption coefficient of oxygenated hemoglobin
and Ay, (A)is the absorption coefficient of deoxygenated
hemoglobin [17]. aHbOzand oy, are the contents of
oxygenated hemoglobin and deoxygenated hemoglobin,
respectively. The total hemoglobin is equal to a0,
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plus apy,. The Ay, and @y, are the water absorption
coefficient [18] and water content, respectively. The selected
central wavelength of the wave band is A¢. By calculating and
minimizing the error between R(A) and original measured
diffuse spectral data , we obtain the parameters.

We employed the obtained characteristic parameter sam-
ples for support vector regression (SVR) training. We used
SVR to develop the burn depth inversion model according
to the information provided by the 4 parameters. The output
value of the radial basis kernel function of the inversion model
was the estimated value of burn depth.

The training set and test set were divided into 2 groups
using the hold-out method. Two-thirds of the samples (1037
samples) were randomly selected as training samples, and
one-third of the specimens (520 samples) were used as test
samples. We used the inversion model to classify and identify
each test sample. We performed every classification exper-
iment 10 times and then calculated the precision of the
inversion model.

Results

Changes of collagen fibers after thermal injury

The predominant extracellular matrix component of the skin
is collagen. The structural alteration of collagen may corre-
spond to the damage level of burned skin and be detectable by

(Mm)

NIRS imaging. Therefore, we used atomic force microscopy to
observe the possible structural changes of overheated collagen
fibers. After thermo-denaturation, the helical structure of the
collagen fibers completely disappeared, instead being trans-
formed into sand-like particles (Figure 1). The 3D synthesis
diagram showed the profound alteration of the structure
of the collagen, with total loss of orientation and severe
fragmentation of the fibers (Figure 2).

Establishing thermal injury models with different

burn depths

We created a total of 6 different burn depth models by
changing the hot iron contact time [9]. As shown in Figure 3,
by lengthening the contact time the color of the skin in the
damaged areas became darker while the boundary with nor-
mal skin became sharper. Masson staining showed the neat
boundary between necrotic and normal tissues (Figure 4),and
in these pig models the depth of the thermal injuries ranged
from 92 pm to 1010 pm, spanning superficial to full thickness
burns (Table 1).

Analysis of structural and functional parameters
correlated with histological burn depth

Figure 5 shows that the reflectance spectra obtained with
NIRS pertaining to 6 different burn depths overlapped at the

S0 200 400 600 800 1000
(nm)

0 200 400 600 800
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400
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Figure 1. Atomic force microscopy reveals the deep structural changes of collagen fibers after a thermal injury: (a) normal collagen fibers, (b) high magnification
view of normal collagen fibers, (¢) burned collagen fibers, and (d) high magnification view of burned collagen fibers
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Figure 2. Three-dimensional synthesis of the collagen fibers spatial distribution under healthy and burned conditions

Figure 3. Thermal injury models of different depths. The contact time between the hot iron and the pig skin surface: (a) 5s, (b) 10s, (c) 20s, (d) 30s, (e) 40s, (f) 60s

1150-1850 nm region. To characterize the burned skin, we
used Monte Carlo analysis to extract both the functional (i.e.
total hemoglobin and water content) and structural (i.e. scat-
tering size B and density of scattering particles A) information
parameters as the features typical of burn depth. Scattering
size and scattering particles were suitable for describing the
structural condition of the tissue, such as collagen fibril diam-
eter and density, since the size and distribution of collagen
fibers were the main sources of skin scattering signals [18].
Figure 6 shows the relationship between the functional
and structural information parameters and the different
degrees of burns. As burn depth increased the water content
tended to decrease. In turn, the decrease in water content
slowly increased the total hemoglobin concentration and
collagen fibril density. Thus, we found that the scattering
intensity tended to decrease, which was consistent with the

changes in the spatial structure and diameter of collagen
fibrils elicited by the burn (Figures 1-2). These results proved
that the method could extract the information about the
structure and function of the burned skin.

Burn depth evaluation based on the SVR model

We selected the above mentioned 4 parameters (total
hemoglobin parameters, water content parameters, scattering
particles size B parameters, density of scattering particles
A) as the initial features to predict burn depth, as the burn
depth was obviously related to them. Thus, we used SVR
to develop the burn depth inversion model according to
the information provided by the 4 parameters. To this end,
we randomly selected two-thirds of the samples as training
specimens. We used the remaining one-third of the samples
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Figure 4. Masson trichrome-stained slides of thermally injury tissues. The contact time between the hot head and the pig skin surface: (a) 5s, (b) 10s, (c) 20s, (d)

30s, (e) 40s, (f) 60s. The black bars represent the depth of thermal injury
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Figure 5. Original near infrared spectroscopy curves of different times of hot
head application

to test the inversion model of burn depth. Table 1 shows
the results of the average predicted burn depths based on
SVR. The experiment was repeated 10 times under the same

conditions. By comparing the predicted burn depth with the
histological burn depth, we found that the average relative
error was 7.63% (Table 1). The predicted burn depth was
close to the histological burn depth. Table 1 shows the results
of the average predicted burn depths based on SVR.

Discussion

It is worth recalling that NIRS has many advantages over
other detection methods. First, near infrared photons pene-
trate more deeply (up to 5-10 mm) into living tissues [20].
Second, it is a non-invasive, low-cost device that does not
need any chemical reagent, such as ICG dye [21]. Third,
unlike orthogonal polarization spectroscopy, which requires
direct contact with the wound, NIRS diagnosis avoids cross
infection [22]. Last, when compared to traditional high-
frequency ultrasonic and pathological methods, NIRS results
do not depend upon subjective appraisals and can be gained in
only 1 minute [23]. Altogether these advantages indicate that
NIRS technology can be used as an ideal objective technique
to diagnose burn depth.
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Table 1. Pathological burn depth values, average predicted burn depth values and inversion model predicting the average relative error of

10 tests for each different hot iron application time

500 1000

500 1000

Time Ss 10's 30s 40s 60s
Pathological depth (pm) 92+ 4 151+ 9 378 + 16 470 + 16 713 + 18 1008 + 29
Predicted depth (pm) 120 £ 12 164 £ 5 329 £ 18 462 +9 709 £ 7 1008+ 3 x 1072
Relatively error (%) 30.9+13.1 8.7+ 3.2 13.1+4.7 1.9+ 1.8 0.4+0.9 (3.0+£2.0) x 1073
a b
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Figure 6. Relationship between extraction parameters and scald depth: (a) total hemoglobin parameters, (b) water content parameters, (c) scattering particles

size B parameters, and (d) scattering particles density A parameters

As with the classical assessment of burn degree based on
visual signs such as color and swelling, NIRS is a multivariate
technology allowing simultaneous assessment of many of
these signs. The diffuse reflectance spectrum of the skin is
characterized by absorption and scattering spectra [24]. The
knowledge of the data about such absorption and scattering
spectra provides information about the tissue composition
and its structural parameters, respectively [25, 26].

Previous studies have confirmed that NIRS can quickly
and non-invasively diagnose the different degrees of burns on
the basis of the amount of total hemoglobin, hemoglobin
oxygen saturation, HbO,, Hb and the water content of
injured tissue [7, 13-15]. According to literature reports,
partial thickness injuries are difficult to differentiate on the
basis of tissue oxygenation measurements made within the
first 3 hours following the injury. Intermediate and deep
partial thickness burns have oxygenation levels that show
small differences, whereas more severe injuries exhibit dis-
tinctly lower oxygenation levels [13]. According to previous

research, we used 2 better-performing experimental parame-
ters, total hemoglobin and water content, which can be used
as indicators of tissue function (i.e. tissue composition).

In addition to changes in tissue function after a burn injury,
changes in tissue structure also occur. As shown in the Masson
trichrome-stained slides (Figure 4), thermal damage causes
collagen denaturation and effectively melts collagen fibrils.
This is the most dramatic change compared to normal skin
and is consistent with the results found in the literature that
the size and distribution of collagen fibrils are the primary
contrast mechanism for scattering signals in the skin [19].
Therefore, we choose 2 structural parameters, scattering size
and scattering particles, which are suitable for describing
the diameter and density of collagen fibers. To sum up, we
selected 4 optical parameters representing the composition
and structure of the burned tissue to optimally establish our
diagnosis model of burn depth.

The relationship between these parameters and burn depth
is a non-linear regression problem with multiple inputs and
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outputs. Therefore, we used the SVR inversion model to detect
the depth of the burned skin. From the results of the Monte
Carlo analysis, we found that the changes of the 4 parameters
were truly consistent with the alterations of the structure
and function occurring at different burn depths. Thus, we
argued that a multivariate analysis, taking into account the
total hemoglobin, water content, scattering size and scattering
particles parameters, could jointly and dramatically improve
the reliability and robustness of the NIRS when applied to
burn depth evaluation. Our model accurately established the
complex relationships intervening between NIRS signals and
burn depths.

Previous studies could not satisfactorily improve the diag-
nostic accuracy of the degree of a burn injury and do not
provide factual information about burn depth. Our results
prove for the first time that it is possible to accurately and
quantitatively assess the depth of burns with an average
relative error amounting to less than 10% (in fact, only
7.63%). The burn depth predicted via our method was close
to the histologically assessed burn depth—the error is about
50 pm. The advantages of NIRS diagnosis of burn depth,
compared with other methods that only determine the degree
of burn injuries, is that NIRS can provide the exact thickness
of the injured tissue, so as to provide guidance around how
much tissue to remove during debridement surgery in the
future.

In this experiment, we used pig skin ex vivo to eliminate
the interference of age, edema, heartbeat fluctuation and
other factors on the NIRS signal. After the preliminary estab-
lishment of the detection model, we found that age, injury
site and other clinical factors were a great challenge to the
diagnostic accuracy of the model. As more clinical factors
are added to the model, the interaction of all factors will add
value to its accuracy.

Conclusions

We have presented results demonstrating that the accuracy
of NIRS technology in detecting the burn depth in ex vivo
models falls in the range of microns. The fact that NIRS can
accurately detect burn depth in real time in a non-invasive
and contactless way hopefully represents a great opportunity
to improve burn diagnosis and treatment. Our present work
has laid the foundation for further algorithm developments
and clinical applications.
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