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Abstract

Thermal injury to skin and subcutaneous tissue is common in both civilian and combat scenarios.
Understanding the change in tissue morphologies and properties and the underlying mechanisms
of thermal injury are of vital importance to clinical determination of the degree of burn and
treatment approach. This review aims at summarizing the research involving experimental and
numerical studies of skin and subcutaneous tissue subjected to thermal injury. The review consists
of two parts. The first part deals with experimental studies including burn protocols and prevailing
imaging approaches. The second part deals with existing numerical models for burn injuries of
tissue and related computational simulations. Based on this review, we conclude that though there
is literature contributing to the knowledge of the pathology and pathogenesis of tissue burn, there
is scant quantitative information regarding changes in tissue properties including mechanical,
thermal, electrical and optical properties as a result of burn injuries that are linked to altered tissue
morphology.
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Introduction

Burns are one of the most common injuries in both civilian combat scenarios. In the United
States, there are over 1 million burn injury victims every year that need medical attention,
reported by Center for Disease Control (CDC) [1]. Severe burns can lead to disability or
even mortality, due to subsequent complications and infection. Numerous treatment efforts,
such as early excision and skin grafting, have emerged to reduce the mortality rate of burn
victims, and to shorten their time of hospitalization.
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Proper treatments largely rely on a prompt and accurate diagnosis of burn depth. To classify
different burn depths as well as the related outcomes, three levels of burn injury are widely
adopted. These are superficial (first degree), superficial partial and deep partial thickness/
dermal (second degree), and full thickness burns (third degree or above), shown in Fig. 1.
While first degree and superficial second degree burns usually heal within 3 weeks, for
which conventional treatment may be sufficient, deep second and third degree burns that do
not heal within 3 weeks have a high risk of developing hypertrophic scars, for which early
surgical intervention is recommended [2]. The assessment of the burn depth, however, is
problematic, due to the complexity of the dynamic changes that occur to the cellular and
parenchymal elements of skin post-burn [3]. In many prior works it is reported that the
clinical assessment of burn depth only has 50%-80% accuracy [4] [5] [6], even performed
by experienced burn surgeons. Hence it is of vital importance to carry out studies that
improve the understanding of burnt tissue so that early diagnosis of burn injuries could be
facilitated.

This review aims at summarizing research work involving experimental and numerical
studies of skin and subcutaneous tissue subjected to thermal injury. It consists of two parts:
part | reviews experimental studies while part Il covers the numerical studies. Under part |
there are three sections. In the first section we briefly introduce the structure of the skin and
subcutaneous tissue and their properties in order to provide readers a general understanding.
In the second section we summarize prevailing imaging technique used to determine burn
depth and discuss relative advantages and disadvantages of these techniques, particularly
with regard to the accuracy of determining burn depth using these techniques. In the third
section we summarize burning protocols presented in literature, including burning apparatus,
burning time and animals used. Under part Il there are four sections. In the first section we
introduce the well-known Arrhenius type damage mode, which is widely used in modeling
and simulation of thermal burn processes in tissue. In the subsequent sections we present the
governing equations for bioheat transfer processes for Fourier type, wave type and dual
phase lag type models utilized for modeling burn injuries.

Part 1. Experimental studies

1.1 Structure and properties of skin

Basic knowledge of skin anatomy and physical properties helps in burn assessment and
developing experimental and numerical burn models. In this section, we will provide a brief
introduction to skin structure and summarize skin properties reported in the literature.

The skin of humans and other mammals is constructed of major two layers: epidermis and
dermis (Fig. 1). The subcutaneous tissue (mainly fat), which is not a part of the skin, is often
included in the diagram of skin structure for completeness, because it serves as a connection
between skin and the underlying muscle and bone, and in burn degree characterization, the
damage may reach the subcutaneous tissue. Each layer can be further divided into sub-layers
based on morphological distinctions. The epidermis, which is the outmost layer of the skin,
can be subdivided into four layers: stratum corneum, stratum lucidum, stratum granulosum,
and stratum germinativum [7]. However, this layer is usually very thin and contributes little
to the overall mechanical response of the skin [7] [8]. Similarly, it does not contribute
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significantly to the thermal response when skin is subjected to thermal insult. The dermis,
which is the layer below the epidermis, is thicker and can be subdivided into mainly two
regions: the papillary and the reticular regions. Both these regions are composed of
connective tissues. The papillary region is closer to the epidermis, while the reticular region
is deeper down, containing blood vessels, roots of hair, sweat glands, sensory receptors, and
an extensive network of nerves [7]. The dermis also contains dense collagen and elastin
networks, which govern the bulk mechanical properties of the skin [9]. Any changes in the
collagen and elastin fibers in the dermis, i.e. aging [10] or scarring [11], will result in
changes in mechanical properties of the skin.

The thickness of the skin varies with anatomic position, gender, age and other factors. For
example, the thinnest epidermis is (~0.05 mm) over the eyelid while the thicker (up to 1
mm) one lies over the soles of the feet. The thickest dermis is on the back. The skin of the
male is generally thicker than that of the female. Skin reaches its peak thickness in middle
age and gradually gets thinner as people aging, thus infants, young children or old people
usually have much thinner dermal layer compared to mid-aged adults [12]. Variations in skin
thicknesses result in different extents of burn damage, which is confirmed in the numerical
studies in [13] [14] [15].

Properties of healthy skin are helpful in understanding burn injuries or performing related
modeling/simulation. Table 1-5 provides ranges of physical, mechanical, thermal, optical
and electrical properties of healthy skin collected from the literature. It is worth noting that
though these quantities are often referred as a range of ‘constants’, they are functions of
tissue heterogeneity as well as location in the body and are influenced by activated bio
mechanisms, especially in live tissues [7]. The literature on the properties of healthy skin
tissues is extensive, and will not be reviewed here.

1.2 Imaging modalities for burn assessment

To clinically determine the degree of burn, quantitative assessment of burn depth is
necessary. Various imaging techniques and apparatus have been developed to facilitate this
purpose. These include biopsy and histology, laser-Doppler techniques, thermography, vital
dyes, videomicroscopy, orthogonal polarization spectral imaging (OPSI), reflectance
confocal microscopy (RCM), multispectral imaging (MSI), optical coherence tomography
(OCT), near infrared spectroscopy (NIRS), terahertz imaging, ultrasound, laser speckle
imaging (LSI), spatial frequency domain imaging (SFDI) and photoacoustic imaging.
Sometimes more than one of these techniques are combined together to assess burn depth. In
this section, we will review these imaging modalities and provide a comparative assessment.

Biopsy and histology—~Punch biopsy of burnt tissue followed by histological analysis is
often regarded as the ‘gold standard’ of burn depth assessment, providing reference for other
diagnostic modalities [44] [45]. The general procedure of biopsy and histology is stated as
follows: first, the tissue of interest is excised from the subject and fixed in reagent such as
formalin, to prevent it from degradation. Then, after being cleaned, dehydrated and
infiltrated, it is cut into very thin sections (50nm 44m, depending on the type of microscopy
used). After that, the tissue section is stained with a reagent such as Ehrlich’s Haematoxylin
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and Eosin (H&E), Periodic Acid Schiff (PAS) and Masson’s trichrome, etc. Finally, the
specimen is placed under microscopy and analyzed. Biopsy reflects the patency of dermal
vessels, the structural integrity of interstitial and cellular proteins [45] and the collagen
stainability, providing clear and straightforward information about the burnt tissue.

Many studies were performed to characterize the morphologies of tissue with different
degrees of burn using biopsy and histology. Mortiz [46] showed images of porcine and
human skin with first, second, third degree burns and extreme burns. He reported that in
severe first degree burns, the epidermis is degenerative and loses secure attachment to the
dermis, see Fig. 2. In porcine skin there is generalized pyknosis of nuclei, and in human skin
there are focal and swollen nuclei. For the early second degree of burn, both porcine and
human skin showed spontaneous detachment of the epidermis from the dermis, see Fig. 3.
There is also vacuolar cytoplasmic disintegration in the basal cell layer, and uprooted
tonofibrils from the detached basal cells. For third degree burns, 24 hours after the injury,
porcine skin shows coagulation of epidermis and dermis, and the denatured collagen appears
swollen, homogeneous and increasingly basophilic. However, sometimes coagulation does
not occur, and the dermis is infiltrated by exudative cells, see Fig. 4. 72 hours after the injury
porcine skin shows migrated exudative cells between the coagulated collagens, see Fig. 5.
For extreme burns (2.5 minutes exposure to > 400°C air), the skin shows carbonized surface
and intense basophilic coagulated dermis, see Fig. 6. Watts et a/. [3] characterized burn
degrees by measuring the level of micro vascular damage. They calculated the burn depth by
measuring the level of blocked and patent vessels within the burnt specimen. Figs 7 and 8
show the histologic morphology of blocked vessel and patent vessel. Blocked vessels are
filled with red blood cells, with destructed vessel walls and loose endothelial cell lining,
while the patent vessels have intact vessel walls, and do not contain cellular debris or
densely packed erythrocytes. By measuring the depth of the deepest blocked vessel and that
of the most superficial patent vessel, the burnt depth is herein determined. For third degree
or deeper burns, Chvapil et al. [47] reported that burn depth can be reflected by the change
in collagen stainability due to denaturation, that denatured collagen becomes red under
Masson’s trichrome stain, while normal collagen becomes blue-green. Similarly, Singer et
al. [48] reported that thermal injury resulted in a change in the stainability of collagen on the
H&E stain from red to blue. In sum, the structural integrity, the vascular patency and the
extent of collagen stainability etc. can be the indicators of thermal injuries in the histology.

Though punch biopsy with histological analysis is a well-known and widely accepted
method for burn depth assessment, it does have several drawbacks. First, its interpretation is
subjective, thus requires experienced pathologists to analyze the results. Second, it only
provides a shapshot of the tissue morphology at a certain time and thus lacks the ability to
capture the progressive nature of burn wound conversion and loses accuracy at early burn
assessment. Third and most importantly, its invasive nature limits its clinical application
because it adds scarring and increases the risk of infection [3] [45].

In general, biopsy and histology provide an excellent method for studying burn injuries, but
there is a need to develop non-invasive technique for clinical usage.

Burns. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ye and De

Page 5

Laser-Doppler techniques—There are generally two types of laser Doppler techniques:
laser Doppler flowmetry giving rise to laser Doppler imaging. They both work on the under
the Doppler principle, which states that laser light waves reflected by moving objects such as
red blood cells undergo a Doppler frequency shift. As a result, the amount of frequency shift
of laser lights can be correlated with tissue perfusion, which is an indication of tissue blood
flow [49]. Laser Doppler flowmetry, which is one of the oldest Doppler-based techniques,
uses a fiber-optic probe in direct contact with the burn wound and assess microcirculation
below it. This technique, though provides high accuracy in determining burn depth (>90%),
is limited by its contact nature because of the increased risks of infection and patient
discomfort. Laser Doppler imaging (LDI), which is more recent and advanced, exploits a
non-contact scanning technique that is capable of measuring the entire burn wound surface.
Its efficiency and high accuracy render it as one of the most helpful techniques to assess
burn depth. In fact, LDI is the only technique that has been approved by the American
Federal Drug Administration (FDA) for the clinical burn depth assessment [44].

The interpretation of laser Doppler image relies on the correlation between burn depth and
microvascular blood flow, which is well-studied by many researchers [50] [51] [52]. After
scanning, the LDI device usually provides a color image with standard six-color palette:
dark blue, blue, green, yellow, pink and red (some machine may provide palette more than
six colors, see Fig. 15, but the classification is similar). In this scale areas with high skin
blood perfusion will appear red and yellow, whilst areas with low perfusion will appear
blue(the exact value of the scale of perfusion depends on the machine specification). Normal
skin or full-thickness burn will both appear blue, due to the fact that intact epidermis will
reflect great amounts of the HeNe beam without altering the light frequency, or full
thickness burn has damaged most vessels thus not much frequency shift happens. The
distinction between normal skin and deep burn can, of course, be easily made by clinical
appearance. Yellow, pink and red colors represent the more superficial burns, while green or
blue represents deep partial-thickness burns [5][6]. Fig. 9 shows the images from LDI at
various days post-burn, indicating a wound healing process with increasing tissue perfusion.

Many studies have demonstrated LDI’s high accuracy and efficiency. Niazi et a/. [53] first
reported that the LDI assessment correlated 100% with biopsy-histology, while clinical
assessment correlated only 41%. Pape et al. [54] reported an accuracy of 97% with LDI in
the assessment of burn depth in their auditing study. Hoeksema et al. [5] performed a series
studies on assessing burn depth 0, 1, 3, 5 and 8 days post-burn and showed that LDI
achieved accuracies of 54%, 79.5%, 95%, 97% and 100% compared with clinical
assessment accuracies of 40.6%, 61.5%, 52.5%, 71.4% and 100%. This indicates that LDI
can accurately assess burn depth at as early as 3 days post-burn. Similarly, Holland et a.
[55] showed that LDI achieved accuracies of 90% at around 48 hours post-burn in assessing
burn injuries on children (5 months to 15 year and 8 months old). Nguyen et a/. [56] further
investigated the accuracies of LDI within 48 hours post-burn and found that no statistically
significant difference between results predicted from scans <48 hours and those from scans
>48 hours. In general, LDI can accurately assess burn depth at as early as less than 48 hours
post-burn.
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Despite its high accuracy and efficiency at early burn injury assessment, LDI is not flawless.
The accuracy of LDI is compromised when there is excessive patient movements (which is
common in children), strong ambient light reflection from the burnt surface;, curvature of
the scanned surface increasing beam scattering and presence of tissue abnormalities such as
eschar, blisters, slough, or certain topical antimicrobials [6]. It is also reported that LDI
appears less useful after 8 days post-burn [5]. In addition, the LDI apparatus is quite
expensive (~$66,064 for a Moor LDI) and takes long time to set up before clinical
evaluation. Also, deployment of such an apparatus on the battlefield is not practical.

Thermography—Thermography is based on the fact that the burn wound surface
temperature can be indicative of burn depths. It inversely correlates temperature with burn
depth since deeper wounds are colder than more superficial ones due to decreased vascular
perfusion [44]. There are two kinds of thermography: static and active dynamic
thermography (ADT). For static thermography, A7 (the difference in temperature of burnt
wound and unaffected area) is measured with infrared camera and the relationship between
it and the burn depth is established through comparison with histology [57]. Though good
correlation is found between A 7-and the burn depth, the classification of burn depth based
on AT is subjective to hospitals/institutes. For ADT, the temperature response is assessed
following a thermal pulse excitation: first the steady state temperature distribution on the
tested surface is measured with an infrared camera; then external thermal excitation is
applied, followed by measurements of temperature transients on the tested surface; finally,
burn depth of skin can be quantitatively assessed by calculating the thermal time constant =
[58]. The application of ADT in burn assessment on pigs found zto be significantly
different (P < 0.05) between groups of burn wounds that healed before or after 3 weeks, and
the results fully agreed with biopsy-histology. Compared to static thermography, ADT is not
as sensitive as to environment and more quantitative.

Though thermography is fast, easy to use and cost-efficient, it can be confounded by effects
of ambient heat loss such as evaporation. Additionally, accuracy is compromised if wounds
begin to granulate, so thermography should be performed within 3 days post-burn for
optimal results, which excludes the usage on patients received after 3 days post-burn [44]
[59].

Vital dyes—Several vital dyes can be injected intravenously followed by illumination with
light in a certain spectrum to make microvascular structure visible. Some of them are non-
fluorescent such as Evans blue, patent blue V, and bromophenol blue, and some of them are
fluorescent, such as sodium fluorescein and Indocyanine green (ICG). Non-fluorescent dyes
have generally been proven not capable of distinguishing partial thickness burns from full
thickness burns [44] [60]. One of the fluorescent dyes, ICG, is a non-toxic, protein-bound
dye. After being injected intravenously, it stays within the vasculature for a few minutes and
then will be quickly cleared by the liver [61]. Within the near-infrared spectrum, ICG
fluoresces and shows the microvascular structure, which can then be detected, quantified,
and digitally translated into color-mapped images similar to that of LDI, indicating relative
perfusion for burn depth assessment [61]. It is reported that ICG fluorescence is relatively
brighter in superficial burns, and much darker in deep burns, compared to the subject’s
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normal skin [62] [63]. In some studies the ICG videoangiography correlated with biopsy-
histology and/or clinical outcome closed to 100%, while some others showed that ointments/
dressings used for burn care or blood massively compromise the accuracy of ICG
videoangiography, which shall be avoided by completely removing all topical substances
from a wound at least 10 minutes before ICG examination [64].

ICG videoangiography is capable of distinguishing burn depth a few hours post-burn. It is
also cost coefficient and easy to interpret. Its major disadvantage lies in the need for
intravenous injection, which is inherently ‘invasive’. Though ICG is non-toxic, it inevitably
has side effects such as headache, pruritus, urticaria, diaphoresis, and the ever-present risk of
life-threatening anaphylactic reaction [61] [65]. Children less than 20 years of age, pregnant
women, and patients with a history of allergic reactions are excluded for ICG examination
[66].

Videomicroscopy—Videomicroscopy is a technique that makes use of the transcutaneous
microscopy with the fiber-optic light source to visualize dermal capillary structure on the
burnt site. Based on the integrity of microvascular structure, it assesses burn depth. McGill
et al. [6] established different grades of capillary integrity correlated to burn depth. They
defined grade 0 (intact capillary plexus) as corresponding to superficial partial thickness
burn; grade 1 (minor capillary destruction), also corresponding to superficial partial
thickness burn; grade 2 (large amounts of capillary destruction and hemoglobin deposition)
corresponding to deep partial thickness burn; and grade 3 (complete destruction of capillary
plexus with absent capillaries) corresponding to full thickness burn. Fig. 10 shows the
videomicroscopy images of different grades. Based on this criterion, McGill et a/. reported a
strong correlation between videomicroscopy assessments with LDI and clinical outcomes.
Mihara et al. [67] studied the critical time point of videomicroscopy in early burn
assessment, and reported that 24 hours post-burn is the critical time point. VVideomicroscopy
achieved accuracy of only 57.1% when used within 24 hours while a much higher accuracy
of 93.3% is achieved when used beyond 24 hours. Mihara ef a/. [68] also proposed a new
classification based on the capillary pattern. They defined that ‘dots’, ‘dots and reticular’,
‘reticular’, ‘sparse’ and ‘avascular’ corresponded to capillaries “mainly composed of dot
patterns”, “composed of dot and reticular patterns”, “mainly composed of reticular patterns”,
“with apparent destruction of capillary plexus”, and “with no vascular pattern”, respectively.
‘Dots’, “dots and reticular’, and ‘reticular’ correspond to superficial partial thickness injury
while “sparse’ corresponds to a deep partial thickness injury, and ‘avascular’ corresponds to
a deep partial thickness injury. Fig. 11 shows the videomicroscopy images of different
patterns. Base on this classification, they reported an accuracy of 92.9% in burn assessment,
even for inexperience personnel.

Videomicroscopy has several advantages over LDI. It can accurately assess burn depth at as
early as 24 hours post-burn, while LDI needs 48 hours; it is considerably less expensive than
LDl, it is easier to operate and simpler to interpret; and it is not affected by patient
movement, skin curvature or high ambient light reflection [6] [67] [68]. However,
videomiscroscopy also has limitations. It requires direct contact of the probe with the burnt
skin surface, increasing the risk of infection and patient discomfort and it can only visualize
a small area under the probe, thus making assessing large burn areas difficult.
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Orthogonal polarization spectral imaging (OPSI)—Orthogonal polarization spectral
imaging (OPSI) is a specialized form of transcutaneous videomicroscopy that provides real-
time imaging of the capillary network. It makes use of the cross polarization phenomenon.
Light with wavelength around 548 nm (well absorbed by hemoglobin) polarized by a first
filter is directed at the tissue, and reflected light is gathered through a second polarization
filter orthogonal to the first one [61]. The portion of light reflected from the surface retains
its polarization and is thus eliminated from the image, while the portion of light that reaches
the deeper structure is either scattered then reflected, or absorbed by the hemoglobin. After
being captured by a video camera, the reflected light forms an image of bright background
with apparent dark patterns indicating the microvascular structures. OPSI provides images
with resolution high enough to visualize red blood cells in healthy tissue, thus coagulated
thrombosis in burnt tissue is also clearly visible, see Fig. 12. Milner et al. [69] reported that
there is significant difference between the mean optical density in images of healthy tissue
and burnt tissue. OPSI has also been validated for the measurement of various
microcirculatory parameters, particularly the functional capillary density (FCD, defined as
length of perfused vessels per observation area) as parameter of skin perfusion [70].
Combining the images of microvascular structure and the FCD parameter, one is able to
determine the burn depth. Goertz et al. [70] defined that an FCD value of 100 cm/cm? is the
threshold for deep thickness burn: areas with FCD <100 are classified as badly perfused
deep burnt areas, while those with FCD > 100 are classified as superficial burns. They
reported congruence of 76.5% with the final treatment of burns. However, their results were
not compared with histology, resulting in a specificity of only 45%.

Though OSPI has excellent resolution of the microvascular structure, its disadvantages are
also obvious. First, it requires direct contact, which increases the risk of infection and patient
discomfort. Second, its high resolution also introduces confounding factors to the results:
even small perturbations in pressure, either from interstitial hydrostatic forces or from the
application of the OPSI probe itself, may cause substantial variation in perceived perfusion
[61]. Third, it takes a long time to scan the burn surface and its optimal scan time post-burn
is not established.

Reflectance confocal microscopy (RCM)—Reflectance confocal microscopy (RCM,
also named reflectance-mode confocal microscopy or confocal-laser-scanning microscopy in
the literature) is a recent technique that provides “optical biopsy’ for tissue without actually
physically dissecting it. A RCM setup includes a laser source which generates near-infrared
light, a detector, a beam splitter, a scanning and focusing optical lens and a skin contact
device. Laser is emitted from the source, travels through the splitter and lens, and is focused
on a small spot on the tissue. The reflection is gathered by the detector. A small pinhole-size
spatial filter is placed in front of the detector to filtrate out the reflection from out-of focus
planes. In this way, the RCM is able to visualize a plane of interest parallel to the tissue
surface. The term ‘confocal’ comes from the fact that the light source point, the illuminated
spot of the sample and the pinhole aperture all lie in optically conjugated focal planes [71].
By adjusting the focal points, RCM can reach any plane within a maximum depth of about
200-300 pm. If multiple planes are stacked together, 3D images can be reconstructed. RCM
has resolution high enough to detect hair follicles, dermal vessels with erythrocytes inside
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and white blood cells, which are helpful in determining burn depth. Altintas et a/. [72]
assessed parameters such as cell size, thickness of layers and number of perfused dermal
papillae in burnt tissue with RCM. They found significant difference of these parameters
between burnt and normal tissue, see Fig. 13. It is shown that /n vivo RCM can differentiate
burn depth on a histological level.

RCM, however, has several limitations. First, it requires contact of the probe with the burnt
site, which increases the risk of infection and patient discomfort. Secondly, the sampling
time is relatively long since the imaging field is small. Third, it is very expensive (~
$130,000) [61]. Also, to the best of our knowledge, the accuracy of RCM in burn depth
assessment has not yet been reported.

Multispectral imaging—Multispectral imaging (MSI) works under the principle that the
optical properties (i.e. reflectivity, absorption and scatter coefficient) change under thermal
injury due to the alteration in collagen and vessel structure. In 1987 Afromowitz et al. [73]
developed a device called imaging burn depth indicator (IBDI), which measured the red-to-
infrared and green-to-infrared diffuse reflectivity ratios of selected sites on burn wounds,
and they showed that measurements of the optical reflectivity of burn wounds on the third
day post-burn in the red, green, and near infrared bands were strongly correlated with time-
to-healing. They further used a 3-layer Kubelka-Munk model of clean (debrided) burn
wounds and showed that the back-scattering of red, green, and near infrared light from a
wound is a function of the thickness of the denatured collagen layer at the wound surface
(known as eschar), the volume fraction of blood in the tissue just below this denatured layer
where patent vascular structures exist, and the oxygen saturation of the perfusing blood.
They also applied the IBDI device to clinical usage and reported an accuracy of 79%-86%
compared to that of 48%—71% from clinical assessment [74]. Eisenbeis et al. [4] also
applied a similar technique with blue, green red and near infrared spectrum to clinical
assessment of burn depth and claimed an improved reliability in their technique due to the
improved burn depth classification algorithm, which adapted to different skin types.
However they also pointed out that meaningful results can only be obtained 3-4 days post-
burn and strong light source should be avoided during the examination. With the rapid
advancement of technique, MSI has achieved higher accuracy within shorter time post-burn.
King et al. [75] applied MSI to burn assessment on pigs in comparison with histology. They
reported that MSI detects significant variations in the spectral profiles of healthy tissue,
superficial partial thickness burns, and deep partial thickness burns. Specifically, the
absorbance spectra of 515, 542, 629, and 669 nm were the most accurate in differentiating
superficial from deep partial-thickness burns, while the absorbance spectra of 972 nm was
the most accurate in indicating the debridement process. The assessment was performed
immediately post-burn and 1 hour post-burn.

MSI is non-invasive, motion tolerant, ointment tolerant and requires no contact with the burn
site. Though its validity in clinical applications remains to be seen, it holds great potential
for a clinical device.

Optical coherence tomography (OCT)—Two types of extension of conventional OCT
are applied in burn depth assessment. They are polarization-sensitive optical coherence
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tomography (PS-OCT) and spectroscopic OCT (SOCT). PS-OCT quantifies tissue damage
by assessing the loss of collagen birefringence through the degree of polarization in reflected
light, which can be detected as phase retardation [61]. Park et a/. [76] first applied PS-OCT
to /n vivo burn assessment in rats. They reported good correlation between the degree of
phase retardation as a function of depth and burn depth determined by histology. Jiao et al.
[77] applied polarization-sensitive (PS) Mueller-matrix optical coherence tomography
(OCT) to in situlex vivo burn assessment in rats. They reported that PS Mueller OCT
provided complementary structural and functional information on biological samples, such
as the amplitude of birefringence, the orientation of birefringence, and the diattenuation in
addition to the polarization-independent intensity contrast. They also reported that
polarization contrast is more sensitive to thermal denaturation of biological tissue than
amplitude-based contrast. Kim et al. [78] performed /n vivo burn assessment studies on
human with PS-OCT. They imaged the burnt sites and their contralateral controls in 3D, and
compared the difference in vascular structure as well as the accumulated phase retardation.
They reported that superficial burns exhibited the same layered structure as the contralateral
controls, but more visible vasculature and reduced birefringence while deep burns showed
destruction of the layered structure with minimal vasculature, and much smaller
birefringence compared to superficial burns. SOCT provides not only cross-sectional
tomography but also the spectroscopic imaging of the tissue, by detecting and processing the
interferometric OCT signals [79]. Maher et a/. [80] applied POCT to assess burn depth in
rats /n vivo. They reported an overall accuracy of 91% in differentiating third degree burns
from healthy tissue, and significant difference was found in the spectral data between burnt
and healthy tissue. Similarly, Zhao et al. [81] performed burn experiment in rats /n vivo and
assessed the burn depth with POCT. They also reported significant difference in spectal data,
as well as strong negative correlation between spectral data and histologic results. Compared
to the work of Maher et al., they developed a depth-dependent analysis method and
improved the accuracies of classifying superficial partial thickness and deep partial thickness
burns.

OCT has been demonstrated to have potential for quantifying burn degree in clinical
application. However, it is worth noting that OCT is expensive and can only penetrate 1—
2mm depth, which may be a limitation to its application to thicker skins. Moreover, it has a
small field of view.

Near Infrared spectroscopy (NIRS)—NIRS is sensitive to changes in both scattering
and absorption properties of tissue [82]. By capturing changes in scattering properties in
ways similar to other optical imaging technique such as OCT, NIRS is capable of detecting
changes in tissue structure due to thermal injury. Additionally, it reflects the status of
hemoglobin and water content within the burnt wound by measuring the amount of near-
infrared light absorbed by hemoglobin and water, since de-oxy hemoglobin, oxy-
hemoglobin and water share distinctly different peak absorption spectra. On the basis of
oxygen saturation, total hemoglobin and tissue water content, NIRS is capable of
differentiating burn depths. Sowa et a/. [82] reported that NIRS had an accuracy of 86.7% in
differentiating superficial and full thickness burn in porcine tissue within 1-3 hours post-
burn. Cross et al. [83] [84] applied NIRS to clinical assessment of burn depth in adults. They
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reported that compared to normal skin, superficial burns showed an increase in oxygen
saturation and total hemoglobin, while full-thickness burns showed a decrease. In that sense,
NIRS is able to distinguish superficial and full-thickness burns.

Due to the ability of deeper penetration of near infrared lights, NIRS is able to detect
changes deeper under the skin. Though it is demonstrated that hemodynamic parameters are
capable of quantifying burn depth, there is also a distinct lack of standardization. The
accuracy of NIRS in clinically assessing burn depth remains to be seen.

Terahertz imaging—Terahertz radiation usually refers to the part of the electromagnetic
spectrum with frequencies between 100 GHz and 10 THz (wavelengths from 3 mm to 30
um), which is known as the so-called “THz gap” [85]. Its high absorption by both bound and
free water molecules renders it a sensitive tool for contrast imaging in soft tissue. Hence,
terahertz reflectometry is able to capture the change in water contents in burnt tissue due to
the formation of interstitial edema, thus characterizing the burn depth.

Terahertz imaging has been applied for burn assessment both ex vivo and in vivo. Taylor et
al. [86] and Minttleman et al. [87] reported that for ex vivo porcine or chicken tissue, a lower
reflectivity is present in burnt area compared to the unburnt tissue. On the contrary, Tewari et
al. [88] reported an increase in reflectivity of burnt tissue in /in vivo burn test of rats. This
difference can be understood as that edema forms in live tissue but not in excised tissue.
Arbab ef al. [85] reported that the terahertz reflectivity is consistent with the water content in
tissue as well as the density of skin (DOS) structures obtained from image processing
analysis of histological sections. They then proposed that terahertz reflectivity and DOS
should be combined to quantify burn depth.

It is worth noting that terahertz imaging is capable of detecting burn depth through certain
‘obstacles’ such as gauze and bandages, due to its high frequency [86] [89]. Thought
terahertz imaging is shown to be capable of detecting burn tissue, it still lacks
standardization for burn depth quantification. The accuracy of terahertz imaging in burn
assessment remains to be seen.

Ultrasound—The ultrasound technique works under the pulse-echo principle -- a
piezoelectric transducer generates pulses and the reflected signals are collected. After the
signals are processed, structural information of the tissue can be reconstructed. The
application of ultrasound in burn assessment was initially done by Goans et a/. [90], who
determined burn depth based on the pulse-echo reflection spectra. They reported that in
normal porcine skin, the spectra showed two peaks of signals, indicating the epidermis-
dermis and dermis-subcutaneous fat interface, while in burnt tissue additional peaks
appeared between the interfaces, indicating burn injuries. They also reported nice correlation
between the burn interface in histologic sections and the ultrasound spectra peaks, indicating
that ultrasound technique can effectively determine burn depth. Kalus ef a/. [91] was the first
to use ultrasound scanning B-mode images to assess burn depth in 2 patients. They
accurately predicted the burns to be superficial on one patient and full thickness on the other.
With advancing techniques, high frequency ultrasound (>20 MHz) is available for imaging
histological details in the skin. Brink et al. [92] used 25MHz ultrasound to visualize burnt
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site images and compared them to histologic sections and found good correlations (Pearson
correlation r=0.9). Lin et a/. [93] used 50MHz ultrasound to measure ultrasonic signals
backscattered from the burnt skin tissues and correlated burn depth with two ultrasonic
parameters: integrated backscatter (IB) and Nakagami parameter (/77) calculated from
ultrasonic signals acquired from the burnt tissues. They reported that both 1B and m
decreased exponentially with increase in burn degree, indicating potential to assess burn
degree quantitatively with high frequency ultrasound. While conventional ultrasound
requires direct contact on burnt site, Iraniha et a/. [94] developed a non-contact ultrasound
which functioned via a probe that can be held 1 inch away from the skin. With this device,
they achieved an overall accuracy of 96% in predicting burn wounds that would heal within
3 weeks in patients.

Ultrasound has been wildly used in clinical applications. Though its applicability for burn
assessment remains to be seen, it holds great potential, especially when combined with other
computational methods such as elastography which can detect tissue elasticity.

Laser speckle imaging (LSI)—Laser speckle is a random interference effect that
generates a high-contrast grainy pattern on objects illuminated by laser light [95]. If the
object contains moving particles such as red blood cells, the speckle pattern is altered,
resulting in blurring of the image, the level of which correlates with the velocity of the
moving particles. LSl is often compared with LDI, due to the fact that they are both laser-
based techniques to measure blood perfusion. In fact, they are two different ways of looking
at the same phenomenon. They create similar color-code maps of blood perfusion, see Fig.
15. Unlike LDI, which requires 10-20 minutes scanning time, LSI is capable of generating a
map of velocities in real time by illuminating the whole region of interest. Moreover, LSI
provides higher resolution images. Hence, LSI is gaining increasing attention for burn
assessment in recent years.

Several studies are performed to compare LSI with LDI. Stewart et a/. [96] showed that there
is a strong correlation (/2=0.86) between the results from LSI and LDI in assessing scar
perfusion and both of them also correlate significantly with clinical grading. Similarly,
Millet et al. [97] showed a linear correlation between LSI and LDI in the measurement of
blood perfusion. Lindahl et a/. [98] used LSI to assess pediatric scald injuries and studied the
effect of camera distance/angle and ambient light on the perfusion value generated by the
LSI system. They reported that LSI results were not affected by those factors, and LSI is
capable of predicting outcomes of burn injuries.

Though LSI shows promising results and obvious advantages over LDI, statistical evidence
is needed to justify its accuracy relative to LDI. Besides, the LDI technique also has some
theoretical and practical problems which are discussed in detail by Briers e a/. [99].
Nonetheless, LSl is a promising technique for the assessment of burn wounds and deserves
further developments.

Spatial frequency domain imaging (SFDI)—SFDI is a honcontact wide-field optical

imaging technique developed at the Beckman Laser Institute and Medical Clinic in Irvine,
California. It works under the principle that spatially modulated near-infrared light patterns
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of various spatial frequencies are projected over a large (over 100 cm?) area of a sample and
the reflected diffusive lights are captured with a camera, then demodulated to extract
information of change in optical properties [100]. Capable of investigating tissue structure
about 1-5 mm below the skin surface, SFDI is able to measure spatially resolved
concentrations of clinically relevant chromophores including oxy-hemoglobin, de-oxy
hemoglobin, lipid, water, and tissue oxygen saturation as well as the quantitative wide-field
reduced scattering coefficients at each wavelength [101]. The changes in the above
mentioned parameters can be indicative of burn depth. Nguyen et a/. [101] performed an /n
vivo burn study on rats and found that there are statistical difference between superficial
partial thickness burns and deep partial thickness burns in water concentration,
deoxygenated hemoglobin concentration and optical scattering properties. In particular, the
differences in water concentration and optical scattering manifest themselves at as early as
10 minutes post-burn, while the difference in oxygenation does not occur until 50 minutes
post-burn. Mazhar et a/. [100] performed an /n vivo burn study on pigs and showed that
optical scattering parameters differentiated superficial burns from all burn types immediately
after injury, and separated all 3 degrees of burns 24 hours post-burn. On the other hand,
tissue oxygenation is less sensitive to burn degree and cannot differentiate deep partial from
full thickness wounds in 72 hours post-burn.

SFDI is a recent, powerful technique for monitoring changes of properties in burnt tissue.
Though no human tests have been reported with this technique and its clinical accuracy for
burn assessment remains to be seen, it holds great potential for quantifying burn depth at an
early stage.

Photoacoustic imaging—Photoacoustics is a blossoming field of science that exists at
the intersection of optics and acoustics. It works under the principle that the deposition of
laser energy into an optically absorbing medium can produce an acoustic signal for detection
[102]. It provides high spatial resolution at deeper than 1mm below the skin, overcoming the
imaging depth limitation of pure optical imaging techniques such as RCM or OCT, due to
the fact that ultrasonic scattering is orders of magnitude weaker than optical scattering in
tissue [103]. Hence, it is able to detect change in hemoglobin absorption, blood volume etc.
due to thermal injury, differentiating burn depth. Sato et a/. [104] performed an /in vivo burn
study on rats and successfully distinguished superficial dermal, deep dermal, and full-
thickness burns based on the signal depth. Zhang et a/. [105] performed an /n vivo burn
study on pigs and reported that they could clearly define the zone of hyperemia with
photoacoustic technique. Ida et a/. [106] compared the performance of photoacoustic
imaging with that of LDI in burn assessment in rats /n vivo. They reported that the burn
depths indicated by photoacoustic imaging were highly correlative with biopsy-histology
results, while the perfusion values measured by LDI were less correlative. They also
reported a smaller error from photoacoustic imaging results than that of LDI results.

Photoacoustic techniques show good potential for the experimental assessment of burns but
further animal tests or clinical studies are needed to prove its accuracy. Moreover, the narrow
field of view may not be suitable for large area burns.
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Combined techniques—There is a growing trend toward combining two or more of the
imaging modalities for burn assessment. Ganapathy et a/. [107] combined OCT with LSI to
classify the degrees of burn. With OCT providing the cross sectional image and LSI the
blood perfusion information, they were able to classify different degrees of burns 1 hour
post- burn. Iftimia et a/. [108] combined RCM with OCT to assess burn damage in /n vitro
human skin models and reported potential benefits of combining these methods. Ponticorve
et. al[109] combined SFDI with LSI in assessing burn depth /7 vivo on pigs. With LSI
characterizing the blood flow changes and SFDI providing the information about changes in
tissue scattering properties, they were able to distinguish superficial partial and deep partial
thickness burns at one hour after burn injury. Nam et a/. [106] combined ultrasound with
photoacoustic imaging to assess burn injury /n vivo on rats. They reported that a combined
ultrasound and photoacoustic image provided richer information for quantifying damages in
skin structures.

Attention should be paid to the compatibility of equipment as well as the cost when trying to
develop such combined techniques for burn assessment. However, there is no doubt that
combined techniques will benefit the process of burn assessment, and it will be an exciting
new field in future developments.

1.3 Experimental burn protocols

Burn protocol is an important component in experimental studies of burns, particularly
because it helps recreate different level of burn severity in experiments, which facilitates the
subsequent process of burn assessment. Burn protocols are usually subjective, depending on
the specific experimental condition, and there is lack of any standardization. Nonetheless,
various efforts have been made to develop standardized burn models. The burn time/
temperature vs. burn depth relation is available in literature, mostly in the form of look-up
tables. In this section, we summarize some of these burn protocols.

Burn depth is related to the temperature and time exposed to the heat source. Mortiz and
Henriques [110] were the first to demonstrate on pigs and human that a classical inverse
relation exists between the temperature and time required to produce a specific degree of
burn, see Fig. 16. It is worth noting that the critical temperature for thermal damage is about
43 °C - below which no damage occurs no matter how long the tissue is exposed to the
source [111] [112]. This inverse relation indicates that one can create different degrees of
thermal injury by either varying the time of exposure or varying the temperature of the heat
source. The actual burn depth created depends on the specific experimental condition, i.e.
heat source type and animal species, and is usually confirmed with subsequent histology
analysis.

Heat source—A stable, safe and portable heat source with regular shape is very helpful in
creating controlled burn injuries. Scalding is one of the common options for creating burn
injuries for small animals [80] [113]—the animal is immersed in liquid boiled to a certain
degree for a certain period of time. This method, however, is not suitable for larger animals
such as pigs, because of the difficulty of immersing them in liquid. Cuttle et a/. [114] built a
customized burning device with a Schott Duran bottle. They removed the bottom of the
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bottle, replaced it with a plastic warp, and filled the bottle with sterile water. They heated the
bottle of water in a microwave oven. This device, though portable, has potential safety
hazard for high temperatures. Thus multiple researchers chose to heat up a piece of metal
and then place it on the animal to create desire burns. The metals are usually aluminum [48]
[115] [116], brass [93] [100] [101] [117], stainless steel [118] or iron [92]. The burning
devices are usually heated up to desired temperatures via immersion in boiling water.
However, Gaines et al. [117] pointed out that boiling water produces air bubbles, which
creates non-uniform heating in the piece of metal. The uneven temperature distribution of
the burning device will then create uneven burning in the animal, leaving confounding
factors in the subsequent observation. Hence, Gaines et al. proposed heating up the piece of
metal with boiling azeotropic mixture of deionized water and polyethylene glycol and
reported a more uniform burning. Venter et al. [115] replaced the head of a soldering iron
with the burning head so as to maintain the burning temperature. Their device, though
convenient, requires customization of the circuit for safe operation. When applying the heat
source to an animal, the pressure of application has a direct effect on the intensity and depth
of burn [119]. Hence, it is also important to maintain consistent pressure while applying the
heat source. It is common practice to use the burning head’s own weight as the pressure—
simply placing the burning head on the animal without any additional force will keep the
pressure consistent. For more delicate experiments, customized device with springs or
pistons to control the pressure have been developed [109] [116] [117].

The above mentioned burning devices are developed generally for recreating burning
scenarios encountered in civilian life which is characterized by low burning temperatures
(100-200 °C) and longer exposure times (>1s). In combat scenarios, so-called ‘flash burn’
may occur which is characterized by high temperatures (>1000 °C) with short exposure time
(<1s). Several studies have been made to characterize such effects. To create flash burns,
Pearse et al. [120] ignited a small amount (124g) of magnesium with electric spark,
generating approximate 3500 °C for about 0.338s. They confined the pigs inside a box with
a small open area, which exposed the animal to the explosion. Dersken et al. [40] used high
intensity carbon arc, a tungsten lamp that operated at 3000°C, and infrared radiation to
create flash burns.

Animal model—Using the proper animal model for burn experiments is very important,
since it determines whether the results translate to humans. Henriques et a/. [110] performed
some of the burning experiments on human subjects, which, due to obvious ethical reasons,
is unlikely to be repeated. Pigs appear to be the de facto model due to the anatomical and
functional similarity between porcine and human skins. Anatomically, both porcine and
human skin have comparable dermal-epidermal thickness ratios; well-developed rete-ridges,
dermal papillary bodies, abundant subcutaneous fat, sparse body hair and no panniculus
carnosus (which can be found in small animals). Additionally, they contain blood vessels
similar in size, orientation and distribution; and they have biochemically similar dermal
collagen. Functionally, they share similar epidermal turnover time, immunohistochemical
stainability, and wound healing process [121]. Though differences exists in adnexal
structures as porcine skin contains no eccrine glands and the apocrine glands are distributed
through the surface of the skin, the overall similarities between porcine and human skin
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make pigs the most favorable surrogate for human in burn experiments. Many studies on
imaging modalities have been reported on pigs prior to their clinical trials [109] [114] [118]
[117]. However, pigs are large and relatively expensive. Hence lab rats have also been used
[48] [113] [115], after removal of their hair. Similarly, sometimes hamsters [122] or guinea
pigs [47] have also been used in burn experiments. It is worth mentioning that the usage of
small mammals is mainly based on the fact that they are low-cost and easy to handle. The
anatomical structures and functions of their skin, however, differ from that of human in
various ways, i.e. small mammals has much more hair and thinner epidermis compared to
human, and their wound healing process is different than that of human [121]. Some
researchers chose rats particularly because of their thin skin, since the penetration depth of
imaging modalities such as OCT is limited [80] [81]. Nonetheless the results obtained from
burn experiments on small mammals should only be comparable within the same species,
and extreme caution should be paid when translating those results to humans.

The time/temperature vs. burn depth relation varies between different species. Table 7 gives
the information about time/temperature vs. burn depth with respect to pigs and rats. Note
that those are ranges of data collected from prior works. For an accurate determination of
burn depth, subsequent biopsy and histologic analysis are needed.

Part 2: Numerical studies

Numerical studies play an important role in developing a deeper understanding of thermal
damages in tissue. In this part, we are summarizing the numerical models of burn injuries in
literature.

2.1 Damage model

The Arrhenius type damage equation developed by Henriques [123] is widely used by many
researchers to calculate damage distribution in skin:

o0 AE
=t A ==
o AP Rr) g

In this equation Q, is the damage integral, A is the frequency factor, A£ is the activation
energy controlling the development of the tissue injury, and R is the universal gas constant.
T'is the transient temperature distribution, which can be calculated from the governing
equation of bioheat transfer process that we are present in the next section. By integrating
equation (1) over time, one can obtain the accumulated damage. It is reported that an Q value
of 0.53, 1.0 and 10% corresponds to first, second and third degree burns, respectively [124].

The values of A and A£ depend on the temperature and the specific tissue. Thus, they are
determined by empirically fitting the equation to experimental data. Several researchers have
provided the values of A and AE, and their results are collected by Ng et a/. [125], which is
presented in Table 8. Ng et a/. also performed studies to determine the effect of Aand AEon
predicted burn damage. They found out that the predicted burn damages using different sets
of parameters were not much different in low temperature regimes, while significant
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differences existed in high temperature regimes. Orgill et al. [124] compared the prediction
from the damage model with experimental histology results and found good correlation
between them. It has been demonstrated that the Arrhenius type damage model can provide
reasonable estimation of burn damage.

2.2. Bioheat transfer model

A bioheat transfer equation is needed to predict the temperature profile in the tissue based on
applied heating. In general, there are three types of equations presented in literature: the
Fourier type equation, wave type equation and dual phase lag type equation. In this section,
we summarize these models for simulating burning process in skin.

Fourier type heat transfer equation—Fourier’s law provides a linear relationship
between the heat flux (q) and the gradient of temperature (7):

q=—kVT (2)

where kis the thermal conductivity. The general governing equation for bioheat transfer
process is simply an energy balance relation expressing the First law of Thermodyanmics:

ar
pC—=-V - q+Wbprb(Tb*T)‘FQmet*FQewt

ot 3)

where pand Care the density and specific heat of the skin tissue, respectively. W, op, Cp, Tp
are the perfusion rate, density, specific heat and temperature of blood, respectively. Qe is
the metabolic heat generated in the tissue, and Qg is heat from the external heat source.
Substituting (2) into (3), Pennes’ bicheat equation [129] is obtained:

oT
pC— :kV2T+Wbprb (Tb*T)‘i‘Qmet +Q ext

ot 4)

Pennes’ bioheat equation with variations (neglecting some of the terms) has been widely
used in simulation of burn process in the skin. Orgill et a/. [124] and Diller [130] neglected
the blood perfusion as well as the heat terms in their simulation. Diller et a/. [131] took into
account the blood perfusion and determined the damage contours of skin subject to a round
plate heating surface. Jiang et a/. [13] used a similar model to study how the different
thicknesses of each layer affected the level of burn injuries. They reported that the epidermis
and dermis thicknesses significantly affect the temperature and burn injury distributions —
the thicker the epidermis and dermis, the less the thermal damage. Consistent results are also
reported by Aliouat Bellia et al. [132]. Ng et al. [125] performed a parametric and sensitivity
analysis on how different thermal properties of skin affected the level of burn injuries. They
reported that the thermal conductivity of the epidermis and dermis, convective heat transfer
coefficient and initial tissue temperature have a substantial influence on assessing the burn
injury threshold. The effect of blood perfusion rate, on the other hand, did not have much
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influence on the extent of burn injuries. This result confirms the opinion of Lipkin et a/. [33],
that the time taken for the skin to react by increasing the blood flow is about 20 s, thus blood
perfusion may be neglected in computation for short exposure time.

Several efforts have been made to use the numerical results from Pennes’ bioheat equation
as guidelines to predict clinical outcomes of thermal injuries. Johnson et a/. [133] simulated
skin subjected to scalding using Pennes’ bioheat equation with boundary conditions that
took care of the extended exposure to heat source due to clothing, and compared the
numerical results to experimental results. They reported that the delay of removal of hot
clothing can indeed lead to significant increase of burn injuries from scalding, and the
prediction of thermal damage from this model is consistent with experimental findings.
Abraham [134] et al. proposed a simple approximating function, which depends on
temperature and exposure time to the heat source, and used it to predict the extent of burn
injuries. They reported a /2 value of 0.967 between the results from the simple
approximating function and the ones from Pennes’ bioheat equation, indicating that the
simplified function is helpful in clinical practice since it allows medical practitioners to
determine burn injuries accurately and quickly. Later Bourdon et a/. [135] provided a more
simplified look-up table that categorizes and predicts the outcome of the burn injuries of
scalding from different temperature and cooling time. These results are significant as they
bridge the gap between numerical simulation and clinical practice.

Despite the popularity of the Fourier type model, there are doubts about is completeness. In
the Fourier’s law, it is assumed that any temperature disturbance or thermal wave will travel
instantaneously (velocity = 00) through the medium, which is not true in reality, especially
during the short duration of an initial transient, or when the thermal propagation speed of
thermal wave is low [136]. It is also reported that Pennes’ equation fails to describe some
thermal wave effects of changing power on bioheat transfer in tissue [137]. Hence, some
researchers have proposed the wave type model, which will be discussed next.

Wave type heat transfer equation—It is reported that inhomogeneous materials such as
tissue exhibits a comparatively long thermal relaxation/lag time (1073-103 s, compared to
108-1071% in homogeneous engineering materials [136]), often denoted by z, which
physically represents the time needed to establish steady thermal conduction within a
material volume element as soon as a temperature gradient has been imposed upon it [138].
To describe this phenomena, Fourier’s thermal conduction law can be replace by the
Cattaneo-Vernott flux law (or Maxwell-Cattaneo flux law), namely

0 Jq=—kVT

17—
(+T8t

©)
This equation can be viewed as a first order Taylor expansion of

a(x, t+7)=—kVT(x,t) (6)
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where X is the position vector and t is the time.

Substitute (5) into (3), we then obtain the wave type (hyperbolic) governing equation of
bioheat transfer:

or  9*T

oT
g* +TWypoChp—m =k V2T + Wi pp Co(Th—T)+Q et +Q ext

PGt 5m) ot

U]

Of course, when =0, equation (7) reduces to Pennes’ equation.

Several studies have been conducted to simulate burn injuries using the wave type model.
Liu et al. [139] compared the wave type model with Pennes’ model in 1D case when the
tissue was subjected to instantaneous heating. They reported that for high flux heating with
extremely short duration (i.e. flash fire) the wave type model may provide more realistic
predictions of burn evaluation as it accounts for thermal wave propagation. Dai ef a/. [138]
developed a triple-layer 3D model with embedded countercurrent vasculature for skin
subjected to radiation heating. They reported that the wave type model predicted a lower
temperature distribution than Pennes’ model with expected delay in temperature rise.
Similarly, Lin etal. [140] and Ozen et al. [141] reported a lower increase in temperature
using the wave type model. They also reported that the blood perfusion had some cooling
effect when burn time is long.

Although the wave type model has explained some interesting phenomena, its validity can
be questionable [136] as it does not take into account the temperature dependence of .
Though it includes the wave model that captures the microscale response in time, it does not
include the microscale response in space, which may result in unphysical solutions. Thus a
more complicated model -- the dual phase lag model, has been developed.

Dual phase lag type heat transfer equation—Similar to equation (6), if we introduce
another ‘lag term’ in the temperature gradient, we then obtain the dual phase lag (DPL)
equation:

a(x, t+7)=—kVT(x,t+7;) (8)

where z;denotes the lag in time, while T7denotes the lag in space. Their physical meaning
can be interpreted as “thermal inertia” and “microstructural interaction”, respectively [142].
If z7=0, the DPL model reduces to the wave type model. And if z=z7=0, the Fourier type
model is recovered.

By exploiting the first and second order Taylor expansions, the DPL model can be developed
into several pertinent models [143].

If we apply first order Taylor expansion for both sides of equation (8), we obtain
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2191
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(1+n§)q:— (147, 50

©)

Substitute (9) into (3), we obtain the 7ype 1 DPL model, given as

TtpCd T =k V2T 41 kNG~ Wi CoT— (1 WopppCot-pC) 57
+(WbprbTb+cht+cht+Tf QMEt +7 dQeIt) (10)

If we apply first order Taylor expansion to the left hand side of (8) and second order Taylor
expansion to the right hand side, we obtain

2 2
Tt 9 \or

3 o) (11)

0
(1+Ttat Ja=—Fk(1+7, 5

Substituting (11) into (3), we obtain the 7Type 2 DPL model, given as

7pC L=k 2T 47, kV2 L4 kT 22T Wy, Oy T— (1 Wiypy G- pC) 9L
+(WbprbTb+Qmet+Qezt+TtQM 7y %est ) (12)

If we apply second order Taylor expansion to both sides of equation (8), we obtain

o 2 32 a 2 62
(4mg +?W)q kT g5V (1)

Substituting (11) into (3), we obtain the 7ype 3 DPL model, given as

2 pC 8L =k V2T 47, kV 2L F kg g ST WbprbT (reWopuCotpC) 25
+(— WbeCb 7pC) 2L atz
+(WbprbTb+Qmet+Q€Zt+Ttana+T aQut+Tt 02 Q1mt+7’t 02 szi) (12)

There is a growing trend to apply the DPL to simulate the process of burning on skin. Xu et
al. [143] applied all three types of DPL models to simulate burn injuries in skin and
compared the result to Pennes’ model as well as the wave type model. They reported that the
three DPL models behaved similarly, while substantial difference existed between the DPL,
wave-type and Fourier models for the same exposure temperature. The difference in
temperature distribution resulted in significant difference in burn damage. For example, the
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thermal wave model generated the largest value of thermal damage at the end of heating for
the epidermis-dermis interface, while the DPL model gave the smallest damage distribution
along the depth of skin. Liu et a/. [144] applied type 1 DPL model in an 1D case and
reported that the DPL model can be reduced to the Fourier model when z=z7, even when
the effect of blood perfusion is taken into account, as long as the thermal effect of metabolic
heat generation can be neglected.

Conclusion

Burn depth assessment is of vital importance in clinical practice. Accurate determination of
the burn depth at early stages will facilitate treatments such as skin excision or grafting,
which enhance the rate of recovery, shorten hospital stay and reduce cost of care. Clinical
assessments are shown to have an accuracy of only 50%-80%. Various imaging techniques
have been developed to improve the accuracy of burn assessment. While each existing
imaging modality has its own advantages and disadvantages, newer and more powerful
techniques are emerging rapidly to provide clearer images and easier ways to assess burn
depth. On the other hand, numerical analysis aids understanding the underlying physics of
burn injuries. The models developed till date only account for the thermal physics and a
heuristic understanding of tissue damage based on thermal profiles. A major knowledge gap
exists in quantitative characterization and modeling of changes in intrinsic tissue properties
including mechanical, electrical, thermal and optical properties, as a result of the burning
process. Future diagnostic and therapeutic procedures may benefit significantly from a
detailed understanding of such properties. Physically realistic tissue damage laws may be
derived that would provide improved predictive capabilities. It is anticipated that predictive
modeling would augment imaging modalities to provide more accurate, noninvasive
diagnosis of burn injuries and treatment modalities.
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Highligths

A summary of properties of skin and subcutaneous tissue is provided.

Prevailing imaging modalities for burn assessment are reviewed and
compared.

Burning experiment protocols are summarized.

Models for simulation of burn injury process are reviewed.
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First-degree burn
p— Superficial
Epidermis Second-
S degm
D&D burn
Dermis (corium) -
Third-degree burn
Subcutaneous fat
Fig. 1.
Diagram for skin anatomy showing different degrees of burns, adopted with permission from
[12].
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Fig. 2.
(x400) Histologic images of porcine (left) and human (right) skin of severe first degree

burns, adopted with permission from [46].
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Fig. 3.
(x400) Histologic images of porcine (left) and human (right) skin of early second degree

burns, adopted with permission from [46].
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Fig. 4.
(x400) Histologic images of third degree burnt porcine tissue 24 hours post-burn, with (left)

and without (right) coagulated dermis, adopted with permission from [46].
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Fig. 5.
(x400) Histologic images of third degree burnt porcine tissue, 72 hours post-burn, adopted

with permission from [46].
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Fig. 6.
(x85) Histologic images of extremely burnt porcine tissue, adopted with permission from

[46]
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Fig. 7.
(x1050) Histologic image of blocked vessel 48 hours post-burn, adopted with permission

from [3].
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Fig. 8.
(x1050) Histologic image of patent vessel, adopted with permission from [3]
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Fig. 9.

Laser Doppler imaging at day 0, 1, 3, 5 and 8 post-burn, showing wound healing and
increasing perfusion. The healed wound at day 21 post burn is also shown, adopted with
permission from [5].
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Grade1: Grade2: Grade3:

Intact capillary plexus Minor capillary destruction  Large amounts of Complete destruction of
capillary destruction capillary plexus
with absent capillaries

Fig. 10.
Videomicroscopy images of different grades of burn depth, adopted from [67].
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SDB

DDB

Fig. 11.
Videomicroscopy findings of capillary patterns corresponding to different burn depth. SDB

refers to ‘superficial dermal burns’, while DDB refers to ‘deep dermal burns’, adopted with
permission from [68].
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Fig. 12.

Page 41

Orthogonal polarization spectral images of A) normal skin, with visible dermal capillaries
and individual red blood cells; (B) superficial thermal burn, a resemblance to the normal

skin; (C) deep thermal burn, with visible larger coagulated thrombosis, adopted with

permission from [69].
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Fig. 13.
RCM images of stratum granulosum layer of skin. (a) healthy tissue with cells appearing as

dark nuclei (b) superficial burnt tissue with larger cells (c) superficial partial thickness burnt
tissue with destroyed cell structure (d) deep partial thickness burnt tissue with cells
appearing in a dark shadow Figure is adopted with permission from [72].
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Fig. 14.
True-color image (left) and false-color image (right) from MSI, adopted with permission

from [4]. Blue color indicates deep partial thickness; green indicates deep-dermal thickness
and red indicates full-thickness burns.
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Fig. 15.

Low
Perfusion

High

Page 44

Comparison of images from LSI and LDI. (a) photograph of a hypertrophic from LSI CCD

camera; (b) LSI image showing tissue perfusion on the same site; (c) Moor LDI total

reflected light intensity map of the same site; (d) Moor LDI image showing perfusion of the

same site. Figure is adopted with permission from [96].
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Fig. 16.

Time-temperature threshold for thermal injury and second degree burn, replotted with
permission from [110].
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Table 1
Some physical properties of healthy skin
Species  Layer Density p (kg/m3)  Thickness (mm)
Epidermis 1110-1190 [16] 0.075-0.15[17]
Dermis 1116 [16] 1-4[17]
Human
Subcutaneous fat 971 [16] Vary largely w.r.t. anatomic sites[17]

Skin as a single layer  1093-1190 [16]
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Table 2.1

Young’s modulus and ultimate strength of healthy skin

Species  Experimental method  Anatomic site Young’s modulus (MPa)  Ultimate strength (MPa)
Thorax/neck 11[16]
Abdomen/back/arm/foot 9.5[16]
Uniaxial tension
Leg/hand (IW*) 4.6-20 [17][18] 7.3[16]
Face/head/external genitals 3.7[16]
Dorsal forearm (ivv) 0.42-0.85 [17]
torsion
Human Ventral forearm (ivw) 1.12[17]
Various sites (ivv) 0.13-0.26[17][19]
suction
\olar forearm (ivv) 0.129+88[20]
\olar Forearm (ivv) 0.0045-0.008[21]
indentation Thigh 0.00199[17][22]
Forearm 0.00109-0.00151[17][22]

*
(e) indicates ex vivotest, (ivv) indicates /n vivotest, and (ivtr) indicates /n7 vitro test
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Table 2.2

Hyperelastic models and their parameters for healthy skin

Page 48

Species  Experiment method Anatomic site

Material model with free energy function

Model Parameters

Uniaxial tension Various sites

W:CI [GCQ (Il _3) — 1]

Veronda-Westmann

JRee’
2

(I2—3)

W)

C =
0.00124+8.78x107°
G, =1.07+0.148

[23]

\olar forearm

Suction

\olar forearm

Extended Mooney Rivlin W= Co(4—3)+Cy1(h-3)(h-3)

Neo-Hookean W= Cy(4-3)

(ivw) Gy =
(9.4+3.6) kPa

Ciy = (82+60) kPa
[24]

(iw) G u=

0.11kPa **
Ci g = 160kPa [25]

Posterior upper arm

Human (straight)

Posterior upper arm
o . (bent)
Uniaxial tension

Anterior upper forearm

Anterior lower forearm

2p
W=="5(AT4+AT+N)—p(J -1
Ogden az( THAS+AS)—p( )

(ivv) u=9.6kPa
a =35.993 [26]

(ivv) u=9.6kPa
a = 35.993[26]

(ivv) p=39.8kPa
a = 33.452[26]

(ivv) u=2.6kPa
a = 35.883[26]

Bi-axial tension Medial forearm

/’L (a4 « (07
W== Ao+ —=3)—p(J—1
Ogden a< THA+A=3)—p( )

(ivv) = 10Pa
a=26[27]

Uniaxial compression Abdominal

2p
W="E (g +Ag+73—3
Ogden ag( THA+A5=3)

(ivtr) 4= 0.1MPa

a=9

Murine Uniaxial tension Along the spline

W=0 [eC2t-3) 1) - G1C2

Veronda-Westmann 2

(I2—3)

©

Cl =
0.000278+0.000118
G, =10.242.71
[23]

*

(e) indicates ex vivotest, (ivv) indicates /n vivotest, and (ivtr) indicates /n vitro test

*
In [25] the skin is divided into two layers: upper layer (epidermis + papillary dermis) and the reticular dermis. Cis obtained for each layer.
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Table 3

Thermal conductivity, heat capacity, and thermal inertia of healthy skin

Page 49

Species Layer

Thermal conductivity k (W/(m-K))  Heat capacity C (J/
(kg:K))

Thermal inertia k p C (W2-s/(m*K?))x10°

Epidermis

(e 0.21 ([28][29])

Dermis

() 0.29[28]

Subcutaneous fat

Human

(e) 0.20[28][30]

(e) 0.21 [28][31][32]
(e) 0.22[28][33]

(ivv) 0.21-0.37[28][34]
(ivv) 0.23-0.27[16]
(ivv) 0.37(upper 2mm)
(ivv) 0.54 (cool)

(€)4.55£0.5[33]

Skin as a single layer

(ivv) 2.81 (warm)[28][35]
(ivv) 0.33-3.14[28][36]

(ivv) 0.31[28][37]

(ivv) 0.38[28][33]

(ivv) 0.29[28]

(ivv) 0.50-0.75 (23-25°C)[7]
(ivv)0.385-0.393[16]

(ivv)12.25-25.39[28]
(ivv)19.43[28]
(ivv)15.76[28][33][38]
(ivv)13.13-31.69[28][39]

(ivv) 15.76-70.03 [7]

(ivv) 15.1+0.9 [40]

(e) 9.63 (dry)-13.13(moist)[33]

Epidermis (ivtr)0.21[41] (e)3600[41]
Dermis (ivtr)0.37[41] (e)3224[41]
Porcine
Subcutaneous fat (ivtr)0.16[41] (e)2303[41]
Skin as a single layer (e) 3349[7]

*

(e) indicates ex vivotest, (ivv) indicates /n7 vivotest, and (ivtr) indicates /n vitrotest

*ok

The values reported in literature have been converted to Sl units in the table.
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Table 4

Optical absorption and scatter coefficients of healthy human skin [16]

Page 50

Layer Wave length A (nm)  Absorption Scatter coefficient Attenuation coefficient x = x, + xg
coefficient x, (MM™) x5 (mMm™) (mm™1)
Skin as one unity 630 0.18 394
248 86.6
265 114
280 126
Stratum corneum (/n V/'vo*) 302 56.4
365 224
546 11.6
270 70-122 15-25
Epidermis 400 6-48 5-9.5
600 2.5-24 2.5-7.0
248 110
265 126
280 120
Epidermis (/n vivo)
302 42.3
365 239
546 10.5
Dermis 633 0.27 18.7 19.0

*
For more detailed summary of optical properties of skin measured /n vitroand ex vivo, refer to [42].
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Electrical properties of healthy skin

Table 5

Layer Frequency (Hz)

Conductivity (S/m)

Relative permittivity

Direct Current (DC)

1.25x1075 [43]

2 10% [43]
Stratum corneum 104 0.0001[16] 1100[16]
10° 0.001[16] 1005[16]
106 0.02[16] 450[16]
Direct Current (DC)  0.227[43]
Lower-lying layers
2 1.2x106 [43]
108 0.33-0.53[16] 48.7-65.7[16]
Skin as a single layer (/in vivo) 5x108 0.43-0.73[16] 32.7-47.1[16]
109 0.48-1.0[16] 30.2-43.5[16]
9.4x10° 3.06[16] 43.5[16]
Skin as a single layer (in vitro) 1.8x1010 8.39[16] 35.5[16]
2.4x1010 17.1]16] 23[16]
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Values of activation energy and frequency factors, collected by Ng et a/. [125], adopted with permission.

Table 8

Injury model Temperature range (°C)  Activation energy AE (J/kmol)  Frequency factor A (1/s)
Henriques[123] AlIT 6.27x108 3.1x10%
Fugitt[126] T<55 6.27x108 3.1x10%
T>55 2.96x108 5.0x10%
Stoll eral[39] T<50 7.82x108 2.185x10124
T> 50 3.27x108 1.823x10%
Takata[127] T<50 4.18x108 4.322x1054
T>50 6.69x108 9.389x10104
Wu[128] T< 50 6.27x108 3.1x10%
T>50 6.27x108 ~ 5.10x10° x (T-53) 3.1x10%
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