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Abstract: Burns are a frequent cause of traumatic injury, accounting for an average of 1,230 visits to the emergency 
department every day in the United States. While many of these injuries will heal spontaneously, nearly 1 in 10 are 
severe enough to require hospitalization or transfer to a specialized burn center. The early surgical management of 
a severe burn is critical to patient outcome, but few tools exist for triaging viable and non-viable tissue at early time-
points post-injury. Without a validated outcome measure, even experienced burn surgeons diagnose tissue viability 
with an accuracy of only 50-70%, with significant consequences for patient morbidity, mortality and cost to the 
healthcare system. In this work, we have developed a non-invasive device that uses near-infrared spectroscopy to 
rapidly assess traumatic burns at the bedside. We report that near-infrared spectroscopy can detect methemoglo-
bin non-invasively, and that this molecule increases in burned tissue immediately following injury in both a porcine 
model and in humans. Methemoglobin levels are highest in non-viable tissue, and correlate with tissue viability as 
early as 24 hours post-burn. Methemoglobin is the first reported objective outcome measure for use in the manage-
ment of traumatic burn injury. 
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Introduction

Emergency departments in the United States 
treat approximately 890 adult patients and 
340 children per day who are suffering from 
burns [1, 2]. Approximately 1 in 10 of these pa- 
tients is burned severely enough to warrant 
hospitalization or transfer to a specialized burn 
center. Burn triage is usually done in a non-spe-
cialized emergency department setting based 
on 1) total body surface area (%TBSA) of the 
burn using an estimation technique such as  
the Wallace Rule-of-9s, and 2) an estimate of 
burn depth. However, non-specialized person-
nel overestimate %TBSA in half of all cases  
and have an accuracy rate of only 60% when 
assessing burn depth [3]. While acute burn 
care has improved over the past several deca- 
des such that patients can survive with burns 
to 100% of their bodies [4], delays in the man-
agement of patients with difficult-to-diagnose 
deep partial-thickness injuries can result in ex- 
tensive scarring and contractures that restrict 

movement, cause pain, and lower quality of  
life. Inaccurate determination of burn depth 
can delay surgery (for those that need it), or 
lead to unnecessary procedures (for those that 
do not), and has a significantly negative impact 
on patient morbidity and mortality. The acute 
care of these wounds is essential to patient 
outcomes, but no objective outcome measures 
exist to differentiate viable from non-viable tis-
sue and classify burns accurately. Even experi-
enced burn clinicians make an incorrect diag-
nosis 30-40% of the time [5-8].

Several technologies exist to aid in the charac-
terization of burn depth, with limited clinical su- 
ccess (thermography, ultrasonography, nuclear 
magnetic resonance, laser Doppler, confocal 
microscopy [9]). Histopathology remains the 
gold standard, but is invasive for the patient 
and impractical for the acute care physician,  
as results often take 4-5 days. A non-invasive, 
quantitative and real-time measure of burn 
depth and tissue viability has the potential to 
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make a significant impact on patient outcomes 
in the management of burn injury, particularly 
in the acute care setting.

Our group has focused on using non-invasive 
near-infrared (NIR) spectroscopy to measure 
oxygenation, perfusion and edema in burn wo- 
unds to assess viability [10-12]. NIR spectros-
copy can penetrate a variety of tissues, and is 
able to assess perfusion using reflection rather 
than direct transmission between an emitter 
and receiver pair [13]. Given its contactless 
and portable nature, it is a technique well suit-
ed to the real-time measurement of burn depth. 
We hypothesized that NIR spectroscopy would 
be able to differentiate viable from non-viable 
burn tissue in real time. To test this hypothe- 
sis, we characterized burns of varying depth in 
both a well-established porcine model and in 
human using NIR imaging. Specifically, our aim 
was to identify physiological markers that wo- 
uld aid in clinical triage of burn injury in the  
porcine model, and validating our results in 
humans. We report the successful identifica-
tion of a novel marker of tissue viability in both 
our porcine burn model and its validation in 
human burn patients using non-invasive and 
real time NIR imaging. We have used a comput-
er science-based approach to demonstrate the 
diagnostic accuracy of this marker using artifi-
cial neural networks. This work has the poten-
tial to revolutionize the acute care and surgical 
management of burn wounds and has applica-
tion to the assessment of tissue viability in 
other areas of wound care including surgical 
flap viability, traumatic wounds, and chronic 
wound management.

Materials and methods

Pre-experiment

Ethics approval was obtained from the Natio- 
nal Research Council of Canada’s Animal Care 
Committee. Adult Yorkshire swine (30-45 kg) 
were acclimatized for 4 days prior to the start  
of the experiment. Animals were housed in in- 
dividual cages with water and food ad libitum. 
The animals were fasted 12 hours, and pre-me- 
dicated with midazolam (0.3 mg/kg IM), ket-
amine 20 mg/kg IM, and atropine 0.02 mg/kg 
IM prior to anesthesia. Animals were induced 
by mask at 4-5% isoflurane in 2-3 liters oxygen 
per minute and intubated with a 7.0-7.5 French 
endotracheal tube. Isoflurane was delivered at 

1.5-2.5% carried by 40-60% oxygen mixed with 
medical air, with a flow of 2.0-3.0 L/min, via the 
anesthetic cart (Excel 210, Ohmeda, Mississa- 
uga, ON) for the duration of the experiment. 
Heart rate and oxygen saturation were moni-
tored via a pulse oximeter (PM-9000 Vet by 
Mindray and 5250 RGM by Ohmeda) position- 
ed on the ear. Body temperature was main-
tained at 39.0°C ± 0.5°C with a heating blan- 
ket placed underneath the animal and moni-
tored via a rectal temperature probe. Animals 
were placed in a sternal recumbency for the 
duration of the experiment. 

Burn wounds

A pre-fabricated template was used to mark ten 
(n=10) sites, each 3 cm in diameter, on the dor-
sal surface of a shaved pig with an indelible 
pen. Five burn sites were created by holding the 
brass rod (2 cm diameter) heated to 100°C at 
constant pressure of 5 pounds for 3, 12, 20, 
30, 90 seconds. The control sites (n=5) were 
created using a brass rod kept at 37.5°C held  
in situ with constant pressure for 20, 30, 75, 
90 and 120 seconds. Varying the time points 
for the control was important to show that the 
increasing the length of time of brass rod place-
ment did not produce a crush injury to the tis-
sue and affect the NIR measurements. 

The 3 second burn site was treated with poly-
sporin antibacterial ointment and the remain-
ing four burns with silver sulfadiazine (Flamazi- 
neTM, Smith and Nephew, UK). A custom dress-
ing and swine jacket was placed over the top to 
keep the dressings clean and prevent the ani-
mal from injuring the wounds. Buprenophrine 
(0.1 mg/kg IV or IM) and carprophen (4.4 mg/
kg IM) were given for post-operative pain. The 
anesthesia was reversed by turning off the 
Isoflurane. The swine recovered under a heat-
ing lamp and all vital signs were monitored 
before return to the animal housing facility. 
Pain control was maintained throughout the 
study by a daily dose of carprophen IM (4.4  
mg/kg IM).

Near infrared point spectroscopy (NIR point) 
data collection

A complete set of NIR spectroscopic measure-
ments was acquired pre-burn, and immediately 
post burn under anesthesia. Subsequent NIR 
measurements were acquired at 12, 24, 36, 48 
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and 96 hours after injury. Medetomidine 0.1 
mg/kg IV (Domitor®, Pfizer, London, ON) was 
utilized to sedate the swine for NIR measure-
ments. The custom swine jacket burn quilt and 
dressings were removed. Any excess ointment 
or cream was removed gently with dry gauze as 
silver may interfere with the Near Infrared data 
collection. Once the NIR data were collected, 
the dressings were replaced and sedation re- 
versed with atipamezole hydrochloride IV or IM 
0.1 mg/kg (Antisedan®, Pfizer, London, ON). 

Euthanasia was the endpoint of the study and 
the time of last NIR spectroscopic data collec-
tion. Biopsies were acquired from each site for 
histology to confirm the burn depth diagnosis 
and categorized into superficial partial thick-
ness, deep partial thickness or full thickness 
burn wounds. Euthanasia time points included 
12 hours (n=1), 24 hours (n=1), 36 hours (n=1), 
48 hours (n=1), 72 hours (n=1) and 96 hours 
(n=11). One animal was euthanized at specific 
time points after burn injury to correlate the 
histology with the NIR findings. Once the experi-
ment was completed, animals were euthanized 
by an intra-venous injection of potassium chlo-
ride (149 mg/ml, 1-10 ml per animal) or eutha-
nyl (125 mg/kg IV) while under anesthesia. 

Data processing & statistical analysis

The NIR point spectroscopy device design has 
been described previously [10]. Briefly, the de- 
vice is comprised of a fiber optic probe that 
delivers and collects (detects) light from the  
tissue. Collected light is dispersed into a spec-
trum via an imaging spectragraph and a CCD 
(charge coupled device) records the spectrum 
over 500 to 1100 nm wavelength range (Sci- 
encetech Inc., London, On, Canada). NIR point 
spectroscopy data were processed using a 
modified Beer Lambert relationship. The rela-
tive concentrations of methemoglobin were 
derived over a spectral range of 610-840 nm 
by a least squares estimate of the extinction 
coefficients to the measured spectrum. To ac- 
count for tissue scatter variations in the mea-
sured spectrum a linear scatter term (mλ + off-
set) was added to the Beer-Lambert relation-
ship. All computations were performed using 
MATLAB Version 2016B (The Mathworks Inc., 
South Natick, MA). 

All statistical analysis was performed using 
SPSS v. 17 (Chicago, IL). An ANOVA was utilized 

to evaluate the specific differences between 
the burn wounds at each time point with statis-
tical significance achieved with a p-value <0.05. 
The results are presented as mean MHB values 
as a change from the pre-burn measurement. 
Results are presented for superficial partial 
thickness (SPT), deep partial thickness injuries 
(DPT) and full thickness injuries. The DPT and 
FT burns were collapsed into the category of 
non-viable burn wounds and the SPT as viable 
burn wounds for statistical analysis. 

Artificial neural networks (ANN)

These ANNs were trained using scaled conju-
gate gradient back propagation (MATLAB 20- 
16B Mathworks, USA), and designed to differ-
entiate between viable and non-viable tissue 
using histology (porcine model) or time-to-heal 
(human model) as truth. Samples were ran-
domly selected and divided into three separate 
groups of data to train, evaluate and test the 
performance of the ANN. 70% of the data (from 
148 burns) were used to train the network. 
Another 15% of the data (from 31 burns) were 
used to validate and assess network general-
ization. This validation data was not used to 
optimize the conjugate gradient minimization 
and thus did not have any effect on network 
learning. The remaining 15% of the data (from 
32 burns) were used to test and assess the 
ANN performance. 12582 values representing 
reflected light intensity at spectral wavelength 
sampling points for both burned and control 
sites were used as input node values. 10 sig-
moid hidden nodes were included to facilitate 
data processing and 2 output nodes, represen- 
ting either viable or non-viable were created. 

Individual ANNs were created to process data 
for 12, 24, 48, and 72 hours post burn injury. 
Receiver operator characteristic curves (ROC) 
were generated and a sensitivity and specifi- 
city were calculated based at the maximum 
Youden’s Index from the ROC.

Results

Porcine burn model and NIR spectroscopy

Finding an outcome measure for burn viability 
determination would be invaluable to acute 
care management teams, who currently make 
burn treatment decisions based on their best 
judgement alone. Towards that end, we chose  
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a validated porcine burn wo- 
und model for this study, as 
swine wound healing and his-
tology is most similar to hu- 
mans [14]. Punch biopsies 
and NIR spectral data were 
collected from burn sites im- 
mediately following burn in- 
jury and at 12-hour intervals 
up to 96 hours post-burn. 
Biopsies were used to clas- 
sify burns according to depth 
(Figure 1), and spectra were 
analyzed for ratios of oxy-  
and deoxyhemoglobin to total 
hemoglobin, and for the mark-
er of free radical accumula-
tion, methemoglobin (MetHb). 
Over all time points, the ratio 
of deoxyhemoglobin to total 
hemoglobin was low in the 
superficial burns and increa- 
sed as the depth of injury in- 
creased (results not shown). 
The opposite was true for  
oxyhemoglobin, as high levels 
were found in the superficial 
wounds and declined as burn 
depth increased. While these 
results were not unexpected 
[9, 15], we also noted an im- 
mediate, striking and signifi-
cant accumulation of MetHb 
in deep partial thickness and 
full thickness burns over time 
(Figure 1). To better underst- 

Figure 1. Near-infrared evalua-
tion of methemoglobin accumu-
lation in a porcine burn model. 
(A) Immediately post burn, punch 
biopsies were taken for histologi-
cal classification of burns into su-
perficial partial thickness (SPT), 
deep partial thickness (DPT) and 
Full thickness (FT) burns. Methe-
moglobin accumulation at burn 
sites was then assessed imme-
diately post burn injury (B) and 
over time (C), and accumulated 
significantly over time in deep 
partial thickness and full thick-
ness burns over a 72 hour period. 
Conversely, methemoglobin lev-
els did not rise significantly above 
baseline in superficial partial 
thickness burns over the same 
time frame.
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and the significance of these findings, we used 
computer modeling to correlate burn depth to 
spectral data.

Methemoglobin can distinguish viable from 
non-viable tissue: computer modeling

We constructed artificial neural networks (ANN) 
using full NIR spectral data and a two layer, 
feed-forward approach to determine if a com-
puter could automatically differentiate viable 
from non-viable tissue. We created and trained 
100 different ANNs to process the NIR spectral 
data for 12, 24, 48, and 72 hours post burn 
injury. Ninety-six out of the 100 networks we 
created were able to classify burn depth with 
an accuracy greater than 91%, using histology 
and clinical wound healing data as truth. This 
data confirms our hypothesis that NIR spectral 
analysis leads to robust classification of burn 

injury. In an attempt to elucidate the features  
of the spectra that drive network performance, 
data was broken down into ranges of 50 nm 
throughout the spectrum. 100 networks were 
again trained on these sub-spectra and classi-
fied (Figure 2). We found that specific ranges of 
the NIR spectra had more predictive accuracy 
than others. Particularly, the range between 
600 and 650 nm had a very high burn depth 
diagnostic accuracy (81% of the networks were 
able to classify burn depth with an accuracy of 
>86% (Figure 2)). This region corresponds to 
the spectral detection range for MetHb. In con-
trast, regions with few spectral characteristics 
(725-775 nm, 875-975 nm) performed poorly 
(only 50% of networks had a classification 
accuracy >60%). From these results, we con-
clude that MetHb is a novel marker sufficient to 
differentiate viable from non-viable burned tis-
sue non-invasively using NIR spectroscopy.

Figure 2. Artificial neural networks (ANN) were built in silico using NIR spectral data to determine if a computer 
could automatically differentiate viable from non-viable tissue using NIR in our porcine burn model. The majority of 
networks we created were able to classify burn depth with an accuracy greater than 91%, using histology and clinical 
wound healing data as truth. We next trained ANNs on spectra broken down into ranges of 50 nm throughout the 
spectrum, and found that specific ranges of the NIR spectra had more predictive accuracy than others. Particularly, 
the range between 600 and 650 nm (corresponding to MetHb) had a very high burn depth diagnostic accuracy, 
indicating that spectral data in this range is highly accurate for burn depth determination.
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Methemoglobin is also diagnostic in human 
burn depth determination

Seki et al (2014) found a strong correlation 
between rSO2 values obtained via NIR spectro- 
scopy and regional tissue blood flow assessed 
by Laser Doppler Imaging, suggesting that NIR 
spectroscopy is a promising tool for the asse- 
ssment of burn severity in humans [13]. We set 
out to verify that the novel marker MetHb was 
sufficient to differentiate burn depth in humans 

cant consequences for the patient and the he- 
althcare system that range from the physical 
(infection, pain, mortality) to the financial (lon-
ger hospital stays, more complex medical care) 
[15]. The early and accurate triage of traumatic 
burns is imperative to improved outcomes, and 
an objective outcome measure coupled with a 
portable, non-invasive technology would make 
a tremendous impact in this area. NIR spectro- 
scopy is well suited to this role, and is already 
used to assess cerebral and muscle perfusion 

Figure 3. MetHb in human burns relative to control sites over time (A) and 
72 hrs post-burn (B). Viable burns included superficial and superficial par-
tial burns, and non-viable included deep partial thickness and full thickness 
burns. Results from our porcine burn model appear to translate well to hu-
man burns, and suggest that NIR spectroscopy offers a real time measure 
of burn viability.

by assessing 297 burn sites 
in 26 patients using NIR spec-
troscopy. At 24 hours post-
injury, MetHb levels increased 
by 25% in non-viable injuries 
compared to viable wounds, 
and were 44% greater than 
that of controls (Figure 3). At 
48 hours, MetHb levels in 
non-viable injuries increased 
to 46% above non-viable inju-
ry and 73% greater than con-
trol. By 72 hours post-burn, 
non-viable burns had MHB 
80% greater than control (Fig- 
ure 3), suggesting that Met- 
Hb is sufficient to differenti-
ate tissue viability in humans. 
To confirm MetHb is a diag-
nostic marker in humans, we 
again constructed artificial 
neural networks using NIR 
data from the entire spec-
trum, and using only the 600-
650 nm sub-spectral range. 
By 24 & 48 hr post-burn, the 
diagnostic accuracy of ANNs 
trained on data from the Met- 
Hb range was equivalent to 
the accuracy of an ANN train- 
ed over the entire spectra, 
confirming that MetHb levels 
alone can predict tissue via-
bility (data not shown).

Discussion

Clinical assessment is still 
considered to be the most 
reliable way to evaluate the 
viability of a burn wound, des- 
pite its 60-70% accuracy rate 
[8]. However, the misdiagno-
sis of burn depth has signifi-
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along with the determination of end points of 
resuscitation in trauma patients [16-19]. In this 
study, we have shown that NIR spectroscopy 
has the potential to change clinical practice in 
burn care by identifying a novel marker of burn 
wound viability. Importantly, we found that lev-
els of the free-radical indicator molecule MetHB 
can clearly differentiate viable from non-viable 
burns at early time points in both a porcine 
model and in human burn patients. In fact, the 
diagnostic accuracy of our neural networks was 
the same if they were fed all spectra (including 
data for oxy- and deoxyhemoglobin) or just the 
range corresponding to MetHb. These results 
held true in a human burn population, and we 
therefore suggest that MetHb is novel outcome 
measure for tissue viability assessment. 

The mechanism or combination of pathways 
responsible for MetHb production in burn tis-
sue is unknown, but its presence in non-viable 
tissue fits with our current knowledge of burn 
wound pathophysiology. Methemoglobin is fo- 
rmed when the heme group is oxidized and  
may be secondary to the elevated levels of 
reactive oxygen and nitrogen species in dam-
aged tissue [20]. ROS are generated in burns 
from neutrophils, the upregulation of xanthine 
oxidase and hydrogen peroxide [21-23]. Reac- 
tive nitrogen species (RNS) like nitric oxide, 
contribute to methemoglobin formation through 
interactions with deoxy- and oxy-hemoglobin 
[24]. In burn patients, nitric oxide and nitrate 
levels are elevated and can remain high for  
up to a week post injury (reviewed in [23]). We 
speculate that MetHb is therefore a surrogate 
marker for the free radical injury that is known 
to occur post-burn. Moreover, we suggest that 
there may be two roles for MetHb in thermally 
injured skin: 1) Anti-Oxidant Role: MetHb is a 
free radical scavenger as long as reduction me- 
chanisms can keep pace with MetHb forma-
tion. 2) Pro-Oxidant Role: Increased production 
that exceeds MetHb removal results in lipid 
peroxidation of the endothelium and the red 
cell phospholipid membrane, which can cause 
irreversible damage to the tissue.

The toxicity of MetHb is also related to its fer- 
ryl intermediate. The ferryl (Fe4+) intermediate, 
formed by the ferrous hemoglobin interaction 
with hydrogen peroxide and peroxynitrite, will 
abstract a hydrogen from unsaturated fatty 
acids, resulting in heme loss and toxicity to 
endothelial cells [25]. It can also further react 

with hydrogen peroxide to produce free iron 
and porphyrin degradation products [24]. Its 
formation also produces a reactive globin ch- 
ain radical which affects the lipid cell mem-
brane resulting in the release of free MetHb 
and the subsequent release of iron. Reactive 
globin chain radicals are toxic too as they can-
not be reduced by the mechanisms that exist  
in the red blood cell. Ferrous iron scavenging  
of hydrogen peroxide or the superoxide anion 
generates not only MetHb but a highly reactive 
hydroxyl radical. MetHb is therefore a marker of 
free radical accumulation and tissue injury, and 
a cause of irreversible damage through mem-
brane peroxidation effects. 

NIR spectroscopy has been available clinically 
for some time, and has shown promise in the 
diagnosis of perfusion in trauma care [16-19]. 
However, NIR technology has not been widely 
adopted in burn care, largely due to a lack of 
properly controlled studies, the size of the 
spectroscopy apparatus required for measure-
ment, and a focus in previous studies on mea-
suring oxygenation and edema alone. This work 
showing that a narrow spectral range is suffi-
cient to differentiate viable from non-viable 
burns will permit the development of smaller, 
more portable technology that can be more 
easily incorporated into trauma care. 

While more work is needed to definitively estab-
lish MetHb’s genesis and role in burned tissue, 
our results in both a well validated porcine burn 
model and in human burn patients confirm that 
MetHb is a marker of tissue viability. Trained 
burn surgeons have a success rate of 60-70% 
in the determination of burn depth, and we 
have achieved classification accuracies appro- 
aching 90% using an objective outcome mea-
sure and non-invasive imaging. The use of NIR 
spectroscopy to evaluate MetHb has the po- 
tential to change how burns are triaged and 
managed in an acute care setting, and has fur-
ther application in the assessment of tissue 
viability in surgical flaps, traumatic wounds and 
in chronic wound care. 
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