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Sharp tangential excision is the partial excision of 
a burn in a uniform, serial fashion until the viable 
wound bed is reached.1 Surgical excision is nec-
essary in severe burns that are classified as either 
deep partial thickness or full thickness, because 
these burns have eliminated the skin’s regenerative 
capacity. Excision and grafting allows healing and 

prevents necrosis, contractures, disfiguring scar-
ring, and other complications that, without sur-
gery, ultimately lead to amputation, death, or other 
comorbidities.2

One of the most challenging aspects during exci-
sion is the delineation of vital from nonvital tissue. 
Important features of the tissue that differentiate 
injury from healthy wound beds were described as 
early as 1953 by Jackson.3 In this three-zone model, 
blood flow, inflammation, and protein denaturation 
are important differentiating features. Yet none of 
these features can be easily assessed quantitatively 
during surgery. The current gold standard histol-
ogy is slow and does not translate easily to irregular 
depth of burn often seen in the clinical setting; blood 
flow can be seen during surgery, but only after exci-
sion. Diagnostic imaging tools that measure perfu-
sion are available, such as laser Doppler imaging and 
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Burn excision, a difficult technique owing to the training required to identify the extent 
and depth of injury, will benefit from a tool that can cue the surgeon as to where and how 
much to resect. We explored two rapid and noninvasive optical imaging techniques in 
their ability to identify burn tissue from the viable wound bed using an animal model of 
tangential burn excision. Photoplethysmography (PPG) imaging and multispectral imaging 
(MSI) were used to image the initial, intermediate, and final stages of burn excision of a 
deep partial-thickness burn. PPG imaging maps blood flow in the skin’s microcirculation, 
and MSI collects the tissue reflectance spectrum in visible and infrared wavelengths of light 
to classify tissue based on a reference library. A porcine deep partial-thickness burn model 
was generated and serial tangential excision accomplished with an electric dermatome set 
to 1.0 mm depth. Excised eschar was stained with hematoxylin and eosin to determine 
the extent of burn remaining at each excision depth. We confirmed that the PPG imaging 
device showed significantly less blood flow where burn tissue was present, and the MSI 
method could delineate burn tissue in the wound bed from the viable wound bed. These 
results were confirmed independently by a histological analysis. We found these devices 
can identify the proper depth of excision, and their images could cue a surgeon as to 
the preparedness of the wound bed for grafting. These image outputs are expected to 
facilitate clinical judgment in the operating room. (J Burn Care Res 2016;37:38–52)
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indocyanine green imaging, but these tools can be 
costly and require significant training.4

Histological staining of excised burn eschar has 
shown that up to half of the tissue removed during 
a burn surgery is actually viable.5 It is unknown how 
often surgeons excise deeper than necessary, but at 
least one study has demonstrated that the majority 
of sharp tangential excisions performed resect well 
into the underlying viable tissue.5 Unnecessary exci-
sion into viable tissue has been explained by the dif-
ficulty in estimating burn depth, the inconsistency of 
burn depth across the injured area, and the exper-
tise needed to attain a skillful clinical judgment.6–9 
These data are not validated across the country, and 
no standard has been established to rate excessive 
excision. It is clear, however, that both burn depth 
assessment and the proper depth of excision are dif-
ficult to identify with clinical judgment alone,9 and 
that years of training are necessary to develop these 
skills. Nonsurgical burn debridement methods, such 
as enzymatic or chemical, retain more viable tissue, 
but they are slow and expose the patient to the risk 
of infection. Therefore, the present consensus is that 
a tool to aid a surgeon in rapidly and quantitatively 
identifying the proper depth of sharp tangential exci-
sion and/or burn severity over a large tissue surface 
area would be of value.

To address the possibility of improving the accu-
racy of sharp tangential excision, we explored two 

rapid and noninvasive optical imaging techniques 
in an animal model of burn excision: photoplethys-
mography imaging (PPG imaging) and multispectral 
imaging (MSI) (Figure 1). PPG imaging is a perfu-
sion measurement that detects the intensity of arterial 
blood flow just below the surface of the skin.10 MSI 
analyzes the various wavelengths of light absorbed 
and reflected by tissues to classify tissue by compar-
ing its investigated reflectance spectra to a reference 
library. There are a variety of other technologies that 
have been proposed to aid the burn surgeon, includ-
ing laser Doppler imaging, indocyanine green imag-
ing, color photography, hyperspectral imaging, and 
thermography.4,6,11,12 We chose to investigate PPG 
imaging and MSI modalities because they comple-
ment each other in the type of tissue properties they 
assess, and they can be performed using the same 
hardware. Our objective was to determine whether 
these technologies could distinguish burn tissue 
from viable tissue at multiple stages of sharp tangen-
tial excision in an animal model.

PHOTOPLETHYSMOGRAPHY 
IMAGING

PPG imaging is the same technology used in 
pulse oximetry to capture vital signs including 
heart rate, respiratory rate, and SpO2.

13 The PPG 

Figure 1. During burn excision procedures, the viable wound bed for grafting (A) is exposed by removing necrotic tissue 
(B). The photoplethysmography (PPG) imaging device detects the difference in relative blood flow to distinguish one tissue 
from the other. Meanwhile, multispectral imaging (MSI) technology can differentiate these tissues using the reflectance spec-
tra determined by the molecular and structural difference between the wound bed (A) and necrotic burn tissue (B).
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signal is generated by measuring light’s interac-
tion with dynamic changes in the vascularized tis-
sues ( Figure 2). Vascularized tissue expands and 
contracts in volume by approximately 1 to 2% with 
each incoming systolic blood pressure wave at the 
frequency of the cardiac cycle.14 This influx of blood 
not only increases the volume of the tissue, but it 
also brings additional hemoglobin proteins that 
strongly absorb light. Therefore, the absorbance of 
light within the tissue oscillates with each heartbeat. 
Changes in tissue blood flow can thereby be identi-
fied by analyzing the plethysmogram generated by 
recording how light is absorbed as it travels through 
tissue. This information is then translated into the 
vital signs reported by pulse oximeters.

To generate images from the plethysmogram, we 
take advantage of the light’s pathway through the 
tissues.15 A small portion of light incident on the 
tissue surface scatters into the tissue. A fraction of 
this scattered light exits the tissue from the same 
surface it initially entered.16 Using a sensitive digital 
camera, this back-scattered light is collected across 
an area of tissue so that each pixel in the imager 
contains a unique PPG waveform determined by 
changes in intensity of the scattered light. To gen-
erate a two-dimension (2D) map of relative tissue 
blood flow, the amplitude of each unique waveform 
is measured. To improve accuracy, we can mea-
sure the average amplitude over many heart beat 
samples.

MULTISPECTRAL IMAGING

MSI measures the reflectance of select wavelengths 
of visible and near-infrared light from a surface 
(Figure 3). Spectral characterization of substances 
is primarily used in remote sensing (eg, satellite or 
inflight imaging) for geological exploration or the 
detection of military targets but is gaining ground 
in medical applications.17 MSI is applicable to burns 
because various tissue types, including both viable 
and necrotic tissue, consist of a unique combination 
of tissue components that interact with light differ-
ently. These varied light-tissue interactions produce 
unique reflectance signatures that are captured by 
MSI.18 Spectral signatures collected from a patient’s 
burn are compared with a database of known spec-
tral signatures to characterize the patient’s burn. 
Although MSI has lower number of unique wave-
lengths to describe the tissue compared with newer 
hyperspectral imagers, MSI remains superior when 
the combination of spatial resolution, spectral range, 
image acquisition speed, and cost are considered.17

Spectral identification of burn severity has been pro-
posed as a means to supplement clinical observation 
during initial burn assessment as early as the 1970s.19 
The feasibility of identifying burn severity by study-
ing unique optical reflectance properties of burns 
of differing depth was demonstrated in 1977 using 
a National Aeronautics and Space Administration–
developed camera equipped with interchangeable 

Figure 2. The major components of our reflectance mode and two-dimensional photoplethysmography (PPG) imaging 
system (left). Monochromatic light incident on the tissue surface scatters within the tissue as it interacts with molecular 
structures. A small portion of that light returns to the camera. When measured over time, the intensity changes in the back-
scattered light produce a PPG waveform. Each pixel in the raw data cube contains a unique PPG waveform that is analyzed 
to generate a single blood flow image of the tissue (right).
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filters.19 Other groups also achieved some success 
in applying this technology to characterize burn tis-
sues.20,21 They not only showed that MSI was capable 
of improved determination of burn depth when com-
pared with clinical judgment, but also reported MSI 
was limited in clinical applications by technical diffi-
culties such as the need to filter increasingly bright 
spectral reflection from the moisture on the skin’s sur-
face. Most importantly, MSI required data acquisition 
times on the order of days when this technology was 
initially developed because of severe limitation in data 
processing that engineers no longer face today given 
modern computing technology. More recently, our 
group has assessed the use of MSI in differentiating 
key burn tissues, including various burn depths.22,23

OVERVIEW

To apply PPG imaging and MSI technologies to 
burn care, scientists and engineers must demonstrate 
the ability of these technologies to improve the cur-
rent standard of care. In this article, we outline our 
experiments to determine whether these technolo-
gies could distinguish burn tissue from viable tissue 
at multiple stages of sharp tangential excision in an 
animal model. PPG imaging was used to determine 
whether blood flow variations could distinguish 
viable tissue from nonviable. For MSI imaging, a 
spectral reference library was developed from an ani-
mal image database composed of images taken from 
known time points during burn excision and used 
to train a supervised machine-learning algorithm. 
We demonstrate that the classification algorithm 

outperforms the current standard of clinical care. 
This algorithm will ultimately be applied to translate 
the imaging data collected by PPG imaging and MSI 
into essential information for healthcare providers 
performing excision and grafting surgery.

METHODS

Photoplethysmography Imager
The PPG imager system consisted of a 10-bit mono-
chromatic complementary metal-oxide–semiconductor 
camera (Nocturn XL, Photonis USA) that provides low 
dark noise and high dynamic range. The 10-bit analog-
to-digital converter resolution offers a signal-to-noise 
ratio of 60 dB. The resolution of this imager was set 
to 1280 × 1040 (aspect ratio 5:4). The camera was 
mounted vertically and facing down to the object sur-
face. A common field of view (FOV) of 20 × 16 cm was 
controlled for intersystem comparison. The exposure 
time of the camera was calibrated with a 95% reflectance 
reference standard (Spectralon SG3151; LabSphere 
Inc.; North Sutton, NH). To illuminate the tissue, four 
monochromatic and high-power light-emitting diode 
(LED) emitters (SFH 4740, OSRAM) were positioned 
in a 2 × 2 array mounted in the same plane as the sen-
sor. The LED emitter array was placed with camera at 
15 cm to the target surface. LED emitters were chosen 
because they provide an even illumination of the tis-
sue in the camera’s FOV (ie, the spatial intensity varia-
tion was less than 15%). The FOV of the camera was 
controlled by the optical lens and was slightly narrower 
than the illumination area.

Figure 3. The major components of our multispectral imager included a broad spectrum illumination source, a digital cam-
era, and a rotating filter wheel equipped with various optical filters that isolate predetermined wavelengths of light reflected 
from the target’s surface (left). This system quickly collects an image at each position in the filter wheel to generate a spectral 
data cube (right). Each pixel in the data cube represents a low spectral-resolution reflectance spectrum of the tissue.
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Multispectral Imager
MSIs were collected by the Staring method using a 
filter-wheel camera (SpectroCam, Pixelteq; Largo, 
FL) equipped with eight unique optical band-pass 
filters between 400 and 1100 nm wavelengths. To 
select the most relevant filters for our system, we 
tested 22 unique filters identified in previous stud-
ies and performed wavelength selection data analysis 
using a technique called feature selection.24 Wave-
length filters with the following peak transmission 
were used in this study: 581, 420, 620, 860, 601, 
680, 669, and 972 nm (filter widths were ±10 nm; 
Ocean Thin Films; Largo, FL). The system was 
calibrated using a 95% square reflectance standard 
(Spectralon SG3151; LabSphere Inc.; North Sut-
ton, NH) to compensate for the different spectral 
response of the imaging sensor. The light source used 
was a 250-watt tungsten–halogen lamp (LowePro) 
equipped with a frosted glass diffuser to create a 
more even illumination profile within the imager’s 
FOV. The system utilized a telescopic lens (Distagon 
T* 2.8/25 ZF-IR; Zeiss Inc.).

Swine Model
The methods used in this animal study were modified 
from Branski et al25 and Gurfinkel et al.26 Four adult 
Hanford swine weighing approximately 40 kg were 
acclimated before surgery. Surgery was performed 
under appropriate anesthesia. Initially, animals were 
sedated with Telazol (~2.2 mg/kg, internal medicine) 
and Xylazine (~0.44 mg/kg, internal medicine), then 
immediately intubated endotracheally and maintained 
using isoflurane (0.5–5% in 100% oxygen). The dor-
solateral back area of each animal was closely clipped 
with electric clippers and shaved with a razor to remove 

hair. Deep partial-thickness burns were created proxi-
mal to the midline of the dorsal side of the pig. Injuries 
were generated using a spring-loaded brass rod heated 
to 100°C and pressed to the skin (pressure, 0.24 kg/
m2) for 60 seconds. The brass rod was 3.6 cm in diam-
eter, and resulting wounds were of identical dimen-
sions. A total of six injuries were generated on each pig 
to maintain spacing between wounds that would allow 
the use of healthy tissue adjacent to each circular burn 
as uninjured control tissue.

To calibrate the imaging devices to the proper 
excision depth, a standard model for sharp tangential 
excision was developed. This was accomplished by 
passing an electric dermatome (Zimmer; Model No.: 
8821-06) set to 1.0 mm in depth (6.0 cm width) over 
the burn multiple times. We excised the deep partial-
thickness burns in three passes of the dermatome to 
expose the wound bed. An excision was deemed suc-
cessful if we had removed the tissue to a plane where 
punctate bleeding was present.

Data collection time points were (1) preinjury; 
(2) immediately post injury; (3–5) at each of the 
three excision depths (Figure 4). At each time 
point, we collected PPG images, MSI images, and 
physiologic data including heart rate, respiratory 
rate, and blood pressure. The healthy tissue adja-
cent to each circular burn was used as uninjured 
control tissue. After each tangential excision, we 
saved the excised tissue for histological assessment. 
Data were collected immediately after the burn 
injury with approximately 20 minutes between 
time points. Therefore, the initial excision occurred 
at approximately 20 minutes after the burn injury, 
and the final excision occurred approximately  
80 minutes after burn injury.

Figure 4. The steps involved in the deep partial-thickness porcine burn excision model. The five time points, color photo-
graphs, and data collection from each time point are depicted.
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Identification of Viable Wound Bed
A histopathologist, who was blinded to the details 
of the study, determined the depth at which the 
viable wound bed was exposed using both histol-
ogy and color photography. Histology was per-
formed according to Gurfinkel et al.5 Briefly, each 
tangentially excised tissue sample was fixed in 10% 
neutral buffered formalin and sent for processing 
and examination by a board certified histopatholo-
gist (Alizee Pathology, Thurmont, MD). One rep-
resentative biopsy was taken from each sample and 
stained using hematoxylin and eosin. To determine 
at which tangential excision the viable wound bed 
was reached, the histopathologist identified the 
margins of the most severely burned areas of the 
thin slice of tissue, and morphometric analysis was 
used to find the depth of this burn (Figure 5). At 
each time point in the study, digital photographs 
of the burns were taken. A color reference strip 
was placed beside the wounds for standardization 
of color.

The severity of the burn injury was assessed by 
the histopathologist and graded as the coagulative 

zone or the zone of stasis. The coagulative zone 
represented the area where maximum damage has 
occurred. Histologically, this region was charac-
terized by loss of cellular detail. The zone of sta-
sis had decreased tissue perfusion as evidenced by 
vascular occlusion. In this region, collagen gener-
ally retains its structural integrity. However, there 
is some evidence of cellular necrosis, with pyknotic 
nuclei. This tissue zone is considered to have the 
potential to be salvaged during burn resection 
(Figure 6).

Image Processing and Statistics
All image processing and statistics were performed 
on MATLAB (v2013b). Data analysis for each imag-
ing system is described as follows:

PPG Imager Data Analysis. PPG images are 
created according to Thatcher et al.15 Briefly, a 
27-second video of the burn was collected for each 
PPG image. For each pixel, the plethysmography 
waveform was identified (if present) by filtering the 
signal, performing a time-to-frequency conversion 
with a fast Fourier transform, and then identifying 

Figure 5. Histology of tangentially excised tissue specimens from a deep partial-thickness burn. Numbers indicate the order 
of excision from epidermis into the dermal layer. The most severely burned tissue lies in excision layer 1 (1). Tissue with minor 
burn effects lies in excision layer 2 (2), as seen by the similarities between normal and degraded collagen in that layer. Tissue 
in excision layer 3 is not shown and was determined to be without injury.
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the signal strength at the frequency of the animal’s 
heart rate. The final output images represented the 
relative amplitude of the plethysmography wave-
form at each pixel.

The introduction of noise into the PPG signal by 
the motion of the animal during respiration made 
initial analysis of PPI imaging difficult. We were 
able to reduce the influence of respiratory motion 
using a signal processing method called envelope 
extraction. To each pixel in the image, the signal 
was smoothed with a low pass filter to extract the 
envelope of the noisy signal. The noisy signal was 
then divided by its envelope to remove the dramatic 
motion spikes in the signal. The remaining clear 
signal demonstrated information that was then pro-
cessed into the PPG image.

PPG imaging data were collected from six 
wounds and two animals totaling 12 burn injuries. 
From each wound, we imaged all five time points 
described in the animal model. From the PPG 
images of the burn injuries, we sorted pixels into 
three physiologic classes: healthy skin, burn injury, 
and viable wound bed. To compare the differ-
ence in PPG signal from tissue types, pixels from 
every image were sorted into their specific tissue 
type, based on the standard procedure of histol-
ogy. These data were combined from both animals, 
summarized, and compared with analysis of vari-
ance. Multiple comparisons were performed using 
Tukey’s honest significance test.

Classification Algorithm for Multispectral 
Imaging. To generate classified image outputs 
from the raw MSI data, a classification algorithm 
and a burn tissue spectral reference library were 
generated. To create a reference library, pixels of 
known physiology were labeled in our raw MSI 
data according to the histological findings.27 Pixel 
labeling was performed by two technicians under 
supervision of an expert surgeon equipped with the 
histopathology results and the color photographs 
from each data collection time point. The color 
photographs could assist the expert to identify the 
location of punctate bleeding and viable vs nonvi-
able tissue in the excised burn wounds. Sorting of 
pixels occurred on approximately 120 MSI images 
from 24 burns across four pigs, resulting in a ref-
erence library composed of approximately 4000 or 
more pixels per physiologic class.

The six burn tissue classes sorted into our refer-
ence library were as follows (Figure 7):

Healthy skin—Healthy skin was a common tissue 
present in almost all of our images and was chosen as 
a class to help determine the margins of burn injury.

Hyperemia—Hyperemia is one of the three zones 
of burn injury described by Jackson.3 Vasculature in 
this area is vasodilated, and complete recovery of this 
tissue is to be expected.

Severe burn—Zone of coagulation where necrosis 
and irreversible burn injury has occurred. This tissue 
is not expected to heal spontaneously or support a 
skin graft because it was selected based on histologi-
cal findings that indicate severe thermal damage.

Wound bed—Viable wound bed tissue that is 
expected to be ideal for applying skin grafts. It is 
white or pink in color with punctate bleeding, and 
histology of this tissue shows no thermal effects.

Some burn effects—Zone of stasis where the 
tissue has minor burn injury found at the margin 
between the severely burned tissue and the unin-
jured tissue.

Figure 6. The average total depth was determined by 
measuring the extent of epidermal and dermal damage. A. 
Normal skin at a magnification of 10×. The epidermis, col-
lagen, and capillaries have a distinct morphology. B. After 
thermal injury, the loss of epidermal detail, the separation 
of collagen, and the loss of collagen morphology. These 
characteristics define the extent of thermal injury and were 
used to indicate the coagulative zone and zone of stasis.
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Blood—Large accumulations of blood on the sur-
face of the tissue is part of this classification scheme. 
When tissue is classified as blood, the imager is 
expected to cue the surgeon to suction or clean the 
blood away and reimage this area.

A machine-learning algorithm to sort pixels 
into six different physiologic classes was developed 
based on the reference data generated in the previ-
ous step. We used quadratic discriminant analysis as 
our classifier algorithm. The algorithm’s accuracy 
was determined as follows: once the pixels from 
each MSI image were sorted into their appropriate 
classes according to the histology, we trained our 
classification algorithm with 2000 pixels for each of 
the six classes across all 24 burn sites. Then, with-
out replacement of the training pixels, we randomly 
selected a new set of 2000 per class as data to test 
the classification algorithm’s efficiency using cross-
validation. A confusion matrix was generated, and 
classification accuracy was calculated according to 
Sokolova and Lapalme.28

RESULTS

Burn Generation and Depth
Twenty-four deep partial-thickness burns were cre-
ated on four minipigs. We found that 16 of 24 (67%) 
wounds had homogeneous wound areas with the 
pressure controlled burn rod. From each burn, three 
tangential excisions were taken, totaling 72 sections. 
Morphometric analysis was performed to quantify 
the consistency of the burn depth and the consis-
tency of each tangential excision generated by the 
dermatome.

With each pass of the dermatome, the average 
thickness of excised tissue was 1.36 ± 0.16 mm (12% 
standard deviation; n = 72 excisions). We found that 
the average total depth of the burned tissue was 
3.73 ± 0.58 mm (±16% standard deviation), and the 
depth of the Coagulative Zone was approximately 

1.49 ± 0.59 mm (±39% standard deviation). The lat-
ter metric had the highest variance, which was likely 
related to the more subjective tissue changes used by 
the histopathologist to delineate this region from the 
region of some burn involvement (zone of stasis). The 
sectioning method we utilized for this experiment pre-
vented us from measuring this depth accurately in our 
study. However, the skin on the dorsum of the minipig 
varies in depth and is reported to be 3.72 ± 0.11 cm in 
the Yorkshire swine, which makes the burns generated 
in this study very deep partial thickness.29

With the tangentially excised burn tissue, histology 
was performed to verify that we had reached the viable 
wound bed after three passes with the dermatome. An 
excision was deemed successful if we had removed the 
tissue to a point where punctate bleeding was present. 
In 24 of 24 injuries (100%), we removed the tissue to 
reveal even and punctate bleeding across the wound 
bed. This was confirmed by histology, which showed 
that all of the severely burned tissue was removed in 
three or fewer passes of the dermatome (Figure 8). 
Despite evidence of punctate bleeding, the histol-
ogy demonstrated that in 8 of 24 injuries (33%), we 
had not completely removed all tissue with any burn 
effects. In such instances, we assumed that there was 
burn remaining in the wound bed with similar histo-
logical characteristics to the excised eschar from the 
above layer, and in all eight of these cases, this resulted 
in labeling the tissue as some burn effects for our clas-
sifier algorithm.

Photoplethysmography Imaging
We looked at the differences in the PPG signal from 
three tissues present in the images: healthy skin, burn 
injury, and wound bed tissue. We found a significant 
difference between the signal-to-noise ratio of the 
PPG signal from the burned tissues compared with 
the other two tissue types: healthy skin, 6.5 ± 3.4 dB; 
viable wound bed, 6.2 ± 4.1 dB; and burned tissue, 
4.5* ± 2.5 dB (*P < 0.05).

Figure 7. Location of the six tissue classes on color photographs of a burn injury at different excision depths: a, Healthy skin; 
b, hyperemia; c, severe burn; d, wound bed; e, some burn effects; f, blood pooled on the surface.
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We present one series of images from an injury to 
highlight the PPG signal changes throughout the 
depth of the burn (Figure 9). Initially, the PPG sig-
nal is relatively uniform across the uninjured skin. 
The signal dramatically decreases in the center of 
the image where the burn injury was created. As 
the first 1.0 mm layer of skin is removed, the burn 
tissue is still evident in the wound bed, and the 
lower relative PPG signal correlates to the presence 
of burn injury in the excised region. At a depth of 
approximately 2 to 3 mm (after the second cut), a 
PPG signal is identified in the burn wound bed, 
which indicates fresh blood flow through unin-
jured blood vessels beneath the deepest point of 
thermal injury.

Multispectral Imaging
From the labeled database of pixels selected under 
surgeon and histologist supervision, 2000 pixels 
randomly selected from all 24 burns were combined 
into a test data set. The test set was classified by the 
previously trained quadratic discriminant analysis 

algorithm and compared with their actual class 
labels to generate a confusion matrix (Table 1). 
This matrix shows the number of correct classifica-
tions across the diagonal in the center of the matrix. 
Incorrect classifications are in the off-diagonal ele-
ments. We found overall classification accuracy 
to be 86%. Blood expressed from the wound bed 
could be classified by our algorithm with 92% suc-
cess rate, the highest accuracy of the six classes. The 
other five classes were classified with similar rates 
of accuracy with “severe burn” having the lowest 
classification accuracy at 81%. The confusion matrix 
demonstrates that a common inaccuracy was the 
misclassification of severely burned tissue as healthy 
skin and healthy skin as severe burn. Also, we find 
that hyperemic tissue is often misclassified as blood 
and vice versa.

The classified MSI image outputs demonstrate the 
location of the burn and its margins well ( Figure 10). 
MSI could surely identify the viable wound bed as we 
cut deeper into the burn area with the dermatome. 
Again, the misclassification of pixels mentioned pre-
viously is seen in these images. The spatial representa-
tion shows that errors are not typically random, but 
rather they occur in certain areas of the image with 
higher frequency. For example, much of the wound 
bed was classified as healthy skin in error only in the 
top portion of the first excision image in Figure 10.

For a burn that contained different burn depths 
within the same injury (a common clinical scenario), 
the MSI image results could identify the more 
severely burned areas (Figure 11). This was the case 
for the time points that occurred immediately after 
injury and during the excision process.

DISCUSSION

The animal model provided a suitable method to 
mimic burn surgical technique of sharp tangen-
tial excision in a reproducible manner. Burn tissue 
was strong enough to withstand shear stress from 
the dermatome despite degradation of structural 
proteins. Burn resection scenarios achieved in this 
model included under excision, over excision, and 
properly excised wound beds. Although the der-
matome was set to 1.0 mm thickness, the average 
thickness of the excision was slightly thicker. This 
can be attributed to the downward force applied 
by the technician operating the dermatome. An 
increased force was used to ensure the tissue was 
removed intact, and this likely resulted in increased 
excision thickness by compressing the tissue as it 
was removed.

Figure 8. Complete histology sequence of tangentially 
excised tissue specimens from a deep partial-thickness 
burn. Numbers indicate the order of excision from epi-
dermis into the dermal layer, and arrows indicate the most 
superficial aspect of each dermatome specimen. The most 
severely burned “coagulative zone” lies superficial to the 
yellow lines. The zone of stasis lies between the black and 
yellow lines. Tissue deep to the black lines was deemed to 
be normal.
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Results from the PPG imaging data demonstrate 
that burned tissue has significantly less PPG signal 
compared with healthy tissue. From a clinical stand-
point, this means that a suspected burn injury can 
be identified with the assistance of PPG imaging 
technology. As a surgeon excised tissue, they could 
expect a corresponding increase in PPG imaging sig-
nal as they removed necrotic tissue to expose a per-
fused wound bed. When the signal reached a PPG 
intensity characteristic of viable tissue, a PPG imag-
ing device would indicate to a surgeon that there is 
adequate blood flow in the wound bed and that the 
tissue would support a graft. Further research will be 

necessary to determine whether an automatic thresh-
old value of the PPG signal can be identified and used 
to accurately separate viable from nonviable tissue.

Results from MSI imaging are also promising. With 
the eight wavelengths used in this study, we arrived 
at an average of 86% accuracy in classification of vari-
ous tissue classes. The six tissue classes chosen for this 
analysis were selected after discussion with burn sur-
geons, analysis of preliminary MSI data generated in 
our laboratory, and attempts to adhere to the classic 
zones of burn injury described by Jackson.3 However, 
we realize that these six specific tissue classes may not 
relevantly translate to a clinical setting. These classes 

Figure 9. (Left) Greyscale reference images, and (Right) photoplethysmography (PPG) imaging results from serial tangen-
tial excision of a deep partial-thickness burn. In the thermal injury and first excision time points, burn tissue is evident by the 
lower relative PPG signal. In the second excision and third excision time points, there is PPG signal in the wound bed. This 
indicates blood flow in the tissue and reduced or absent thermal injury at this depth.
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can be altered for applications in humans, and clini-
cal trials will be necessary to determine relevant tissue 
classifications for clinical application.

Despite its high accuracy, MSI images contain 
some areas of misclassified tissue. For instance, in 
some cases, the healthy skin was classified as burn tis-
sue (Figure 10). Future work is necessary to continue 
to improve the accuracy of MSI to a level tolerable 
to a clinician. Nevertheless, the initial application of 
MSI in tissue classification suggests that this technol-
ogy has significant potential to improve clinical deci-
sion making. We do not believe that this technology 
can replace clinical judgment—rather it is expected 
to be a clinical assist tool, and an expert clinician is 
needed to determine the final surgical plan.

We have presented two imaging methods that per-
form similarly in identifying viable from nonviable tis-
sues. However, the two techniques are fundamentally 
different in the physiologic characteristics that they 
measure. PPG imaging can identify viability by mea-
suring the dynamic changes in tissue blood flow, which 
are only present in living tissue, and blood flow in the 
skin is amenable to physician interpretation. However, 
PPG imaging is dependent on adequate blood pres-
sure and is highly sensitive to motion of the patient. 
MSI is very rapid and much less sensitive to patient 
motion, and a variety of tissue types can be identified 
with only a few key measurements. However, the sys-
tem’s wavelengths must be determined experimentally, 
and the algorithm is based on previously collected 
reflectance tissue data that must be used for algorithm 
training before use on a patient. Both imaging modali-
ties may be affected by skin pigmentation differences 
and the presence of tattoo ink.30 The hardware to per-
form both imaging types is available off-the-shelf at 
relatively low costs with high durability.

The fusion of these technologies into a single clas-
sification image is currently under development. Fea-
tures calculated from the PPG data can be combined 
with the reflectance spectrum data using the same 
machine-learning techniques already established for 

MSI data analysis to further increase classification 
accuracy. Because both PPG and MSI raw data can 
be collected with the same optical hardware, it is a 
matter of statistical analysis to determine the salient 
features from each system to include in the classifier 
equation. Although MSI alone can effectively iden-
tify the margins of the burn, we believe the dynamic 
blood-flow information from the PPG signal will 
combine with the reflectance data to include critical 
tissue viability information, increasing classification 
accuracy over one or the other technology alone.

The proper classification of burn wounds during 
excision and grafting is essential to optimizing care 
for burn patients. The current standard of care for 
burn tissue classification is the clinical judgment of 
experienced burn surgeons via direct visualization. 
Typically, burned tissue is excised in layers until the 
surgeon can visualize a viable wound bed as sug-
gested by the presence of punctate bleeding from 
capillaries.2 This technique, however, has never been 
clinically validated, and up to half of excised tissue 
is actually viable and unnecessarily removed.5,31 This 
suggests that relying on visualization of punctate 
bleeding as a stopping point during burn resection 
results in excessive excision, and, therefore, a method 
to identify viable tissue earlier in the process would 
spare a significant amount of viable tissue. Both 
PPG imaging and MSI have shown promise in this 
study to characterize viable tissue accurately with-
out reliance on visualizing surface punctate bleeding 
because the light collected and measured by these 
technologies penetrates through the tissue surface 
before being scattered and returning to the camera. 
This information collected below the surface of the 
tissue is not available to the naked eye, so PPG imag-
ing and MSI should be able to identify appropriate 
stopping points during excision earlier than visual-
ization. Although the data from this study suggest 
feasibility for clinical application, our study has some 
limitations. The acute nature of our experiment lim-
its the interpretation of these results to a very acute 

Table 1. Multispectral Imaging Confusion Matrix and Classification Accuracy

Actual State of Tissue Under Test

Accuracy  
(%)

Average 
Effectiveness

Healthy  
Skin

Wound  
Bed

Less Severe 
Burn

Severe  
Burn Blood Hyperemia

Classification 
result

Healthy skin 1216 291 34 948 31 101 82 86%
Wound bed 211 1264 314 226 0 14 87
Less severe burn 48 132 1175 21 5 250 89
Severe burn 485 294 103 761 0 199 81
Blood 9 7 46 2 1061 13 92
Hyperemia 31 12 328 42 903 1423 84
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burn setting. In our experiment, the inflammatory 
response that follows hours to days after burn inju-
ries was not given time to fully manifest, and burn 

progression would not be completed after such a 
short duration between burn injury and data collec-
tion.32,33 Therefore, the tissue that we have deemed 

Figure 10. Multispectral images from the serial tangential excision of a deep partial-thickness burn. The presence of severe 
burn decreases as more layers of skin are removed. At the second excision, the burn is nearly excised and is completely re-
moved at the third excision. Some errors are present, notably in the first excision where healthy wound bed is classified as 
healthy skin. Error can be decreased through algorithm and hardware improvements, such as selecting more effective wave-
lengths.
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viable according to histology may have eventually 
progressed with conversion to nonviable tissue given 
additional time. Future studies are planned to assess 
the time of excision in relation to burn injury as an 
important variable. Also, the clinical viability of a 
wound bed can only be confirmed by a study follow-
ing the success of grafts after excision. In general, 
these technologies will be applicable to the human 
setting only following carefully planned clinical trials.

Applicability to Practice
Proper wound bed preparation during sharp tangen-
tial excision is important to prevent complications. 
Incomplete removal of eschar results in placement of 
grafts on devitalized tissue causing poor graft uptake 
and increased risk for infection.8,34 Conversely, exci-
sion past the margin between nonviable and viable skin 
risks loss of the skin’s regenerative capacity. Recent ani-
mal and human investigations have demonstrated that, 
if sufficient viable dermis is left intact after enzymatic 
debridement of partial-thickness burns, the remaining 

dermis can epithelialize spontaneously, which reduces 
autografting and donor sites.31,35 Similarly limiting 
tangential excisional debridement to only the removal 
of injured tissue may result in the same benefit.

In addition to performing the technical aspects 
of the procedure, the surgeon must be able to dic-
tate the proper fluid and blood management peri-
operatively.36 Furthermore, timing is critical, as 
patients who undergo excision for wounds after only  
48 hours lose twice the amount of blood when 
compared with similar patients who receive surgery  
24 hours earlier.37 Finally, multiregion burns that 
vary in depth over the total burn area further com-
plicate provision of burn care.38 Excision and graft-
ing of these burns is challenging to plan to ensure 
maximal removal of unviable tissue with minimal 
excision of remaining viable skin.

Even determining whether the patient requires 
surgery can be challenging to burn specialists, as the 
accuracy of initial visual burn depth assessment by 
experienced surgeons has been reported to be 60 to 

Figure 11. The effectiveness of the multispectral imaging technique can be observed in this heterogeneous burn. The inter-
nal portion of this injury was burned less severely than the outer ring, confirmed by histology. Burns of heterogeneous depth 
are common in the clinical setting. A burn such as this may be presented to the surgeon who must determine whether the 
tissue needs surgery (top). During surgery, the surgeon encounters burns of nonuniform depth. These images can cue the 
surgeon as to where more burn injury must be removed and where viable wound bed is already reached (bottom).
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80% accurate for decades.12 Although the focus of 
this article is not on initial burn depth assessment, 
it is important to note that both PPG imaging and 
MSI may be utilized to assess burn depth using the 
same strategies as for identifying viable wound beds 
during surgery.22 Because inexperienced surgeons 
are even less accurate (approximately 50%) at initial 
burn depth assessment, these technologies would 
be particularly useful during disaster scenarios when 
burn specialists may be overwhelmed with patients.6

The ideal solution would be a clinical device that 
can identify regions that must be excised, determine 
the proper depth of excision, and monitor vitals to 
guide therapeutic management of the patient. Fur-
ther requirements for clinical adaption would be an 
increase in diagnostic accuracy, accommodation of 
realistic patient conditions, and provision of useful 
data immediately to the treatment team. Further-
more, a solution could be employed based on these 
imaging techniques to aid nonspecialists in a situa-
tion where burn specialists were overwhelmed with 
patients, such as in a mass casualty event.

As previously discussed, several imaging modali-
ties have been proposed as potential solutions to this 
problem. To date, most technologies have proven 
impractical in clinical practice for a variety of reasons. 
Some technologies are less accurate than the unaided 
clinical judgment of surgeons. Other solutions 
require patients to lie immobilized for prolonged 
periods, have data acquisition times on the order 
of days, or require invasive procedures for accurate 
diagnosis. Clinical tools with these limitations have 
not been readily adopted by healthcare providers.39

Initial investigations into MSI and PPG imaging, 
including the experiments outlined in this manu-
script, have shown promise that these technologies 
may in fact meet these requirements to improve burn 
care. By working to translate these technologies into 
clinical tools that can be utilized at the bedside, out-
comes in quality-of-life metrics can be improved for 
burn victims.
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