ORIGINAL ARTICLE

Coming to Consensus: What Defines Deep Partial
Thickness Burn Injuries in Porcine Models?
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Deep partial thickness burns are clinically prevalent and difficult to diagnose. In order to develop methods to assess
burn depth and therapies to treat deep partial thickness burns, reliable, accurate animal models are needed. The
variety of animal models in the literature and the lack of precise details reported for the experimental procedures
make comparison of research between investigators challenging and ultimately affect translation to patients. They
sought to compare deep partial thickness porcine burn models from five well-established laboratories. In doing so,
they uncovered a lack of consistency in approaches to the evaluation of burn injury depth that was present within and
among various models. They then used an iterative process to develop a scoring rubric with an educational component
to facilitate burn injury depth evaluation that improved reliability of the scoring. Using the developed rubric to
re-score the five burn models, they found that all models created a deep partial thickness injury and that agreement
about specific characteristics identified on histological staining was improved. Finally, they present consensus
statements on the evaluation and interpretation of the microanatomy of deep partial thickness burns in pigs.

The assessment of burn depth is key to the clinical manage-
ment of patients with burn injury. Cutaneous burns are classi-
fied as superficial partial thickness (SPT), deep partial thickness
(DPT), or full thickness (FT), and often have heterogeneous
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depths throughout the surface area of the wound, complicating
the assessment (Figure 1). SPT and FT burns are straightfor-
ward in their management, requiring wound care, or excision
and grafting, respectively.! Burns classified as DPT are often
of indeterminate depth early after injury and present a unique
clinical challenge.? These DPT burns may initially look the
same, but can be divided into two separate categories. The first
category includes burns that heal normally within 2 to 3 weeks
without surgical intervention.>* The second category includes
those DPT burns that, without surgical intervention, take over
3 weeks to heal and therefore have the propensity towards hy-
pertrophic scarring with sub-optimal outcomes.> An ability to
distinguish between these two DPT burn categories is needed
to reduce unnecessary surgeries and thus shorten length of
stay, reduce costs, and improve outcomes related to donor site
morbidities. However, the accurate and timely clinical estima-
tion of burn depth is highly variable amongst providers and is
often inadequate.”8

ANIMAL MODEL CONSIDERATIONS FOR
STUDIES ON BURN DEPTH

Preclinical research has relied on animal models to study
burn wound characteristics and the degree of tissue damage
where the burn stimulus, severity, timing, and measure-
ment can be controlled. These preclinical models are also
essential for the evaluation and translation of novel burn
wound treatments. The species most commonly reported
are mouse, rat, and pig, which vary with respect to skin
anatomy, wound healing processes, and cost.” Pigs are well
accepted as an appropriate animal model as their skin is
most anatomically and physically similar to human skin;!%-
13 therefore, porcine burn models were chosen for these
studies.
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Figure 1. Skin anatomy demonstrating various depths of thermal injury. Depth of clinically relevant thermal injury is defined according to depth
into the dermal tissue. Superficial partial thickness (SPT) burns are limited to the upper dermis. Deep partial thickness (DPT) burns extend deep
into the lower dermis. Full thickness (FT) burns extend all the way through the dermis into the underlying subcutancous tissue or beyond.

Published porcine burn models developed by numerous
research groups vary with respect to mechanism of burn
(eg, contact, scald, or flame), size of burn, materials used
to create the burn (eg, brass, aluminum, and water through
a plastic membrane), burn conditions (eg, temperature,
pressure, and duration of exposure), sex, age, and breed.!*
Burn studies are performed on pigs of varying breed in-
cluding Large White or Yorkshire, Landrace, red Duroc,
Yucatan minipig, and Gottingen minipig. The Large White
breed, and the Yorkshire breed from which it was derived,
are among the most commonly utilized breeds. These pigs
have little pigmentation and are white with areas of pale pink
skin. They are championed in wound healing research as
they heal in a manner that approximates the normal wound
healing process in humans.!>!¢ These pigs are large in size
allowing for multiple treatment/study sites on the same an-
imal. Similarly, the red Duroc breed provides substantial
skin surface area for study with significantly more pigmenta-
tion in their red to brown colored skin. Red Durocs, in par-
ticular, have been championed for scar research due to the
human-like, hypertrophic scars that form following injury.!”

Adding to the potential bias in interpretation of wound
healing in these models, there is no uniform protocol for
assessment of the extent of tissue injury. The differences
in published models present challenges when making
comparisons of outcomes in research occurring across var-
ious laboratories. In this report, important topics to con-
sider when evaluating pig models of DPT burn injury are
reviewed. Published burn models are then compared with
respect to the methods used to create and evaluate the injury.

HISTOLOGICAL CONSIDERATIONS FOR
BURN DEPTH ASSESSMENT

FT punch biopsies with subsequent histological assess-
ment are considered the “gold standard” for burn depth

assessment, particularly for animal models.'®!” Examination
of the microanatomy allows for more objective and quantita-
tive evaluation of the model’s characteristics. However, there
is no published concensus within the burn research com-
munity of a standard protocol for the collection, evaluation,
and assessment of depth in burn wound biopsies. Importantly,
the location of the biopsy, at the edge of the wound versus the
center, can affect the interpretation of burn depth and healing
potential. Additionally, the zone of stasis in a burn wound
represents a region adjacent to the necrotic tissue (zone of
necrosis) where cells are in limbo between reversible and irre-
versible injury. In a process known as burn wound conversion,
the cells in the zone of stasis become irreversibly injured in
the days to weeks after a burn injury, ultimately leading to a
deeper burn.?%22 A previously published systematic review of
porcine burn models identified that a variety of time points,
from 0 hours to 8 days postburn, were utilized to measure
depth of injury, further complicating the interpretation of
burn depth.!* These authors reported that the most common
mechanism of injury in these porcine burn models was con-
tact (81%), followed by scald mechanism (10%), and the most
consistently reported time points where biopsies have been
collected for burn wound histological analyses were 1, 24, and
48 hours postburn.'#

Multiple approaches have been utilized to detect tissue
damage from burn injury in biopsy samples that have been
formalin-fixed and paraffin embedded (FFPE). Stains in-
clude hematoxylin and ecosin (H&E),?*3* hematoxylin
phloxine saffron (HPS),** Masson’s Trichrome 2?3440
and Elastin Van Gieson.?** Immunohistochemical probes
for vimentin,?34%2 caspase 3a,283%434 Kji-673%* and
high mobility box 1 (HMGBI1)3**3% proteins have also
been proposed. Lastly, terminal deoxynucleotide trans-
ferase dUTP nick end labeling (TUNEL) has also been
used as a surrogate for apoptosis detection.3%#647 For
samples that have been snap frozen and freshly sectioned,
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)** and lactate dehydrogenase (LDH)
assays®®! have been used to differentiate live versus dead
tissue. Collectively, these histological methods detect
various aspects of dermal cellular and tissue injury, in-
cluding collagen alteration or discoloration,!8:34:3552,53 ya-
cular patency, endothelial, 102534365455 and epithelial cell
damage.!%3%5% To a lesser extent, damage to mesenchymal
cells and smooth muscle have also been reported as injury
markers.2%:27:34

Histologically, burn depth can be calculated by meas-
uring depth in millimeters between the epidermal basement
membrane and the most deeply irreparably injured (dead/
necrotic) dermal component based on the parameter of in-
terest.2»36:40:56 Various scoring systems are composed of any
number of the components described above. A certain depth
of injury is often given a numerical score to indicate severity.
As an alternative to categorical, semi-quantitative scoring,
measurements of the actual depth in millimeters of thermal
damage can be provided instead of a score. However, this
method suffers from propagation of error related to biopsy
collection, embedding, and sectioning and requires the usage
of multiple sections per experimental condition and normali-
zation to uninjured tissue.

There remains no universally agreed upon set of criteria
for the measurement of histological burn depth. The re-
producibility of the depth measurements depends upon the
expertise and training of the person evaluating the sample.
Dermatopathologists are specialists in evaluating human skin
samples; however, their experience with burn tissue is limited
given that human burn tissue is rarely, if ever, submitted for
dermatopathological evaluation.®”

The authors of this paper have previously published sev-
eral different DPT porcine contact burn models, which have
used a variety of different histological assessments of depth of
injury in burn wound punch biopsies to assess burn severity.
The aims of this paper are twofold: 1) to combine multiple,
disparate assessment methods into a single scoring rubric that
can assist researchers (eg, not pathologists /dermatologists) to
evaluate histological burn depth and damage in pig contact
burn models, and 2) to assess the variability of burn depth
in several well-characterized and self-reported “DPT burn in-
jury” pig contact burn models.
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METHODS
Study Design

This study was conducted as an iterative process in two
phases with input from laboratories with extensive experience
utilizing porcine burn wound models (Figure 2). The data
from the initial phase of model comparisons were presented at
the American Burn Association (ABA) 51st Annual Meeting,
and iterations were developed based upon comments and
discussions within the ABA Research Committee Subgroup
on Cutaneous Thermal Injury.8

Porcine Burn Models

The chosen models are published and reported as DPT burn
injuries in pigs (Sus scroft domesticus). All tissue samples were
provided from individual labs and Table 1 provides the details
and references for each model. Four of five models had samples
from early and late time points after injury. One model only
had samples obtained early after injury.

Histology and Imaging

Existing tissue samples from five laboratories experienced
in conducting and publishing research using DPT pig burn
models were included for analyses in this iterative two-phase
study. For each burn model, new tissue sections from the
same tissue blocks were cut fresh for staining, image capture,
and scoring in both phases. All samples within each phase
were stained at the same time in one lab. Standard H&E
staining and EVG staining (Miilipore Sigma, Burlington
MA. Cat #HT25A-1KT) were performed per manufacturers
instruction.

Phase 1. Nine porcine samples identified as DPT burns were
included in this analysis. Of the porcine samples, five labs
contributed an early sample (0 hours after injury: n = 1, and
1-2.5 hours after injury: n = 4), and four labs contributed a
late sample (24 hours after injury: n = 4). The central region
of the H&E-stained tissue sections was imaged with 4x and
20x objectives to capture the entire depth of the tissue using
a Nikon Ti-S inverted microscope. Digital images were ac-
quired with a Nikon DS Ri2 cooled color camera, X-Cite
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Figure 2. Schematic of study design.
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Table 1. Deep partial thickness burn wound porcine models
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Model AS Model B32 Model C* Model D8 Model E®
Method Hot water enclosed Aluminum rod  Brass rod contact Aluminum rod contact Brass rod contact
in cling wrap contact
Temperature 92 100 100 80 100
(°C)
Thermocouple  Yes No Yes No No
Contact time 15 12 15 20 6
(second)
Pressure Weight of water Weight of rod 0.089 kg/cm? Weight of rod Weight of rod (358 g)
(300 g) (486 g) (150 g) + spring loaded device
applied pressure (2 kg)
Dry or wet N/A Wet bath, rod Dry Wet bath, rod wiped dry Wet bath, rod wiped dry
bath wiped dry
Wound size 7.5 cm diameter lecmbylcem 6 cm diameter 2.5 by 2.5 cm square 0.85 cm diameter circle
circle square circle
Breed Large white Duroc First generation Red  Yorkshire Specific pathogen-free
Duroc cross with Yorkshire
Yorkshire
Sex Female Castrated male ~ Female Female Female

120LED BOOST System lamp from Excelitas, and Nikon
Imaging Software (NIS Elements, Nikon, Tokyo, Japan).
The 4x and 20x images of H&E-stained tissues were placed
into Microsoft PowerPoint slides for blinded review by
four independent researchers familiar with H&E-stained
burned skin, using the initial scoring rubric (Supplementary
Appendix A).

Phase I1. Three uninjured normal porcine skin samples and
13 porcine skin samples previously identified as DPT burns
were included in this analysis. Five labs contributed an early
sample (0 hours after injury: n = 3 and 1 to 2 hours after in-
jury: n = 4), and four labs contributed a late sample (24 hours
after injury: n = 4, and 48 hours after injury: n = 2) and three
labs contributed a normal, nonburned sample (n = 3). The
entire slides of H&E stained tissue sections were imaged with
the Aperio Digital Pathology Slide Scanner System (Leica
Biosystems, Buffalo Grove, IL). The Aperio ImageScope pa-
thology slide viewing software was used to visualize the entire
high-resolution tissue section image file with magnification
ranges of 2x to 40x. The EVG-stained slides were imaged
with a 4x slide scanner to view the entire tissue sample using
PathScan Enabler 5 (Meyer Instruments, Houston, TX).
Image files were reviewed independently by eight authors in a
blinded fashion, using the rubric usage guide (Supplementary
Appendix B) and revised scoring rubric (Supplementary
Appendix C).

Depth Assessment Scoring

Initial rubric development. phase I. An initial rubric was created
by the authors by combining two previously established rubrics
that evaluated depth of thermal injury in porcine samples.
These previously established rubrics have been used to assess
depth of thermal injury in published articles from individual
labs, but the rubrics themselves have not been published in
detail. Prior to scoring, authors responsible for slide imaging
ensured that the stained slides would be sufficient for usage

with the rubric. An iterative phase of discussion resulted in
five versions of the rubric before a final version was used for
scoring of samples in Phase I (Supplementary Appendix A).
Four reviewers then used the rubric to score nine slides to
assess interrater reliability. Six months after the initial scoring
was completed, the same four reviewers scored the images
again in a blinded fashion to assess intra-rater reliability.

Rubric refinement. After the initial scoring, the entire group
submitted feedback on the rubric and scoring system. The
investigators who performed the Phase I scoring review
of slides raised several concerns. One concern focused on
the format and low quality of the images for scoring which
led to difficulty in assessing nuanced collagen discoloration
differences. Additionally, consolidation of all dermal damage
characteristics into a single question (Supplementary Appendix
A, Question 5) was raised as an issue. Finally, the lack of
examples of representative photomicrographs that illustrated
the characteristics of the rubric was a main concern among
users. After analysis of the Phase I scoring, it was determined
through group consensus that a new rubric, focused on the
importance of including depth and intensity, with prescoring
education was required to facilitate more consistent scoring
among raters.

Phase II. A revised version of the rubric was created to
address the concerns noted with the initial version. The
revised rubric split dermal damage into three separate
components: collagen discoloration, vascular blockage, and
dermal appendage damage. Depth of injury and intensity
(severity) of the damage were included for each component.
Inflammatory cell infiltrate, as a characteristic, was removed
as this was not consistently observed for sections < 48 hours
postburn. The hair follicle examination was broadened
to encompass all dermal appendages given the heteroge-
neity of the tissue sections. It was agreed that increasing
the magnification to high-resolution 40x imaging with a
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slide scanner would provide the reviewers with enough de-
tail to grade the slides sufficiently while allowing evaluation
of the entire tissue section, and could be accomplished re-
motely. Lastly, to assist reviewers, a “Rubric Usage Guide”
was created to provide example photomicrographs for each
question (Supplementary Appendix B). Example images
were collated from the Phase I stained samples with known
severity of burn injury based on burn model experimental
methods in addition to negative (uninjured skin) and posi-
tive (FT burns) controls that were stained at the same time
as the Phase I samples. The samples that were used to gen-
erate the Rubric Usage Guide were not included as samples
that were scored in Phase II. This version of the rubric
contained substantially more detail than the Phase I rubric
and was not intended to be simplistic. Extensive discussions
resulted in nine iterative versions of the rubric before a final
revised rubric (Supplementary Appendix C) was used for
blinded scoring of samples in Phase II by eight reviewers.
The reviewers all have had extensive experience with burn
depth research and included PhD scientists and a burn sur-
geon scientist.

Statistical Analyses

Phase I. Scores ranging from 0 to 5, with 0 indicating no burn
and 5 being a FT burn (100% of the tissue), were given by the
four raters (R1-R4) for the depth of damage (Supplementary
Appendix A, Question 5) of histological slides from each
model (Models A-E). Raters scored each histological slide
twice, with a 6-month gap in time between reviews. To eval-
uate the consistency of each rater, we examined the frequency
of exact agreement with the mode between scores for review
1 and review 2 and the frequency when the two scores were
within 1 point. In each of the first and second reviews, for the
early time point (1-2 hours after burn injury), there were 20
comparisons. For the 24-hour time point after burn injury,
there were 16 comparisons, as 24-hour time point samples for
one model were not available (Model B). To examine the reli-
ability of responses, an intra-class correlation coefficient (ICC)
and its associated 95% confidence interval were calculated
from each rater’s first score using a two-way random effects
model based on absolute-agreement and single-measures. To
evaluate interrater reliability for additional questions, percent
agreement and percent within 1 point of the mode response
for each sample were calculated. These percentages were then
averaged across all time points.

Phase 1I. Scores were given by the eight raters for histolog-
ical slides from Models A-E. Burn depth was assessed by
three questions (Supplementary Appendix C, Questions 5, 7,
and 8) ranging from 0 to 5, with 0 indicating no burn and
5 being a FT burn (100% of the tissue). Intensity of damage
was assessed by three questions (Supplementary Appendix C,
Questions 3, 6, and 9) ranging from 0 to 3, with 0 indicating
normal and 3 being severe. For each sample within each ques-
tion, the mode of the scores for eight raters was determined
and percent exact agreement with the mode or percent within
1 point of the mode was calculated. The percent exact agree-
ment or percent within 1 point agreement for each question
was then calculated by averaging across all samples, including
carly and late time points. Percent agreement and percent
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within 1 point agreement for early and late time points were
calculated by averaging across 0 to 2 hour burns and 24 to 48
hour burns, respectively. Summary statistics were used to eval-
uate all samples over the time points. The median values of the
scores from eight raters for all samples at each time point were
averaged with interquartile range displayed. To further as-
sess interrater reliability, an ICC and 95% confidence interval
were calculated for Question 8, which is directly comparable
to Question 5 from phase 1, using a two-way random effects
model based on absolute-agreement and single-measures.

RESULTS

Initial Porcine Burn Model Comparison (Phase I)

Clinically, a DPT wound represents injury in the mid to
lower third of the dermis, correlating to a score of three
(Supplementary Appendix A, Question 5) on the rubric
(Figure 3A). Scores of injury depth in phase I were analyzed
between raters and models, and repeated scoring within raters
(Figure 3B-E). The scoring of damage to the dermis and hair
follicles was variable between raters and models, at early and
late time points, ranging from 1 to 5 (superficial to FT injury).
Table 2 shows interrater reliability of all scores for all questions
in the rubric, using only the initial score given by a rater for
cach sample. When averaged across all time points, the percent
of the four raters scores in exact agreement ranged from 50% to
69.4%. The agreement increased to a range of 66.7% to 86.1%
when considering scores within one point of the mode. Initial
scores related to dermal appendage damage depth (Question
5) had an ICC = 0.097 with a 95% CI = -0.099-0.056. Given
this poor agreement, we evaluated interrater reliability between
a rater’s first and second score (performed 6 months apart)
for one question (Supplementary Appendix A, Question 5).
There was agreement on the depth of injury to the dermis and
hair follicles only 36% of the time. The agreement increased to
72% when considering the scores that were within one point of
the mode. Given the poor reliability in all raters and models,
no further analyses were completed. When evaluating these
phase I results, individual raters commented on the difficulty
of using magnified partial images of the tissue section rather
than having an entire slide to review. Furthermore, raters
commented on the lack of representative examples given for
individual questions within the rubric, which led to difficulty
in choosing between two adjacent scores and resulted in poor
intra-rater and interrater reliability of the scores.

Revised Porcine Burn Model Comparison (Phase II)

In this phase, questions were grouped into intensity (mild
to severe damage) and depth categories (0-100% of tissue).
Nonburned (NB) skin had a median score of 0, indicating the
ability of this rubric to distinguish between nonburned and
burned skin. Across all models, the median scores in questions
related to intensity of thermal damage showed a mild to
moderate intensity of damage to dermis, with more con-
sistent scoring noted in samples immediately after the injury
(Figures 4A and 5, and Supplementary Figures). Intensity of
the epidermal damage immediately after injury was lower than
at later time points, likely reflecting the fragile nature of the
superficial component of skin in the environment over time.
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Figure 3. Variability of scoring is present within individual raters, between raters, and between models in phase I. (A) Representative 20x image
of H&E-stained sections with score of depth correlated to percentage of total depth of tissue. Individual scores for each rater (R) and model (M)
in samples early (B, D) or late (C, E) after injury. “1st” and “2nd” represent scoring of the same images by the same individuals 6 months apart.

Table 2. Interrater reliability of phase I

Phase 1—averaged across all time points—first review

Feature Exact score Within 1 point
Epidermal damage intensity 69.4% 86.1%
Dermal appendage damage depth 58.3% 75%
Dermal appendage damage intensity 61.1% 86.1%
Inflammatory cell infiltrate 50% 69.4%
Hair follicle damage severity 52.7% 66.7%

Table 3 shows interrater reliability of all scores for all
questions in the revised rubric. Among the eight raters,
averaged across all time points, the agreement for in-
tensity scores that were identical ranged from 67.2% to
77.3%. This agreement increased (96.9%-97.7%) when
considering scores within one point of the mode. When
scores were averaged across carly or late time points, the
agreement for scores that were identical ranged from
62.5% to 80.4% (ecarly) or 62.5% to 81.3% (late). The
agreement increased (92.9%-96.4% for carly and 95.8%—

DPT burns are important clinically because they represent
injury deep into the dermis where the density of regenera-
tive cells is lower, as is the chance of healing without surgery.
The questions relating to the depth of injury focused on col-
lagen discoloration, vascular blockage, and dermal appendage
damage. Over time, median scores for vascular blockage and
dermal appendage damage reflected DPT injury (Figures 4B
and 5, and Supplementary Figures). However, the range of
scores for vascular blockage increased over time, suggesting
that this measure may not be helpful at late time points. The
depth of dermal appendage damage was lowest at 0 hours after
injury (HO) and increased slightly over time suggesting pro-
gression of injury depth. Nevertheless, consistency in scoring
of this question decreased over time, making the confirmation
of burn wound conversion challenging. Over time, intensity
and depth of collagen discoloration decreased (Figure 4A and
B). This finding correlated with decreased EVG staining of
the tissue sections visualized at 24 and 48 hours (Figure 6).

100% for late) when considering scores within one point
of the mode. Overall, the agreement for depth scores that
were identical ranged from 53.1% to 59.4%. This agree-
ment increased to a range of 82% to 84.4% when consid-
ering scores within one point of the mode. When scores
were averaged across early or late time points, the agree-
ment for scores that were identical ranged from 46.4%
to 55.4% (early) or 43.8% to 62.5% (late). The agree-
ment increased to a range of 71.4% to 89.3% (early) or
66.7% to 89.6% (late) when considering scores within one
point of the mode. Overall, there was lower agreement in
questions related to depth compared with intensity; how-
ever, this could be affected by the different scales for in-
tensity (0-3) vs depth questions (0-5). Question 8 scores,
which related to dermal appendage damage depth, had an
ICC = 0.67 with a 95% CI = 0.483-0.849, representing
moderate reliability® and an improvement over a sim-
ilar question in phase I which yielded poor reliability
(ICC = 0.097).
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Figure 4. Intensity and depth of thermal damage is variable over time. A median score was obtained for each sample based on n = 8 raters. Samples
were grouped by time point (H, hours) and scores for different models at each time point were grouped. Box whisker plot shows median, range,
and quartiles; “0” indicates a score of 0. NB (n = 3), HO (n = 3), H1-2 (n=4), H24 (n = 4), H48 (n = 2). (A) Scores for questions related to inten-
sity of epidermal damage, collagen discoloration, and dermal appendage damage. (B) Scores for questions related to depth of epidermal damage,
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Figure 5. Histological changes in burn microanatomy over time. Shown are tissue sections from a single porcine model (Model A) over multiple
time points stained with H&E. NB = not burned, H = hours postburn. Scale bar = 200 um. White circle = blood vessel. White arrow = vascular
occlusion.

In addition to potential variability resulting from different as a function of the pig model used to generate the injury.
raters scoring the sample and different time points from injury, Individual scores obtained for samples in each model for two
variability in the damage observed in the samples can occur questions on dermal appendage damage depth (Figure 7) and
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Figure 6. EVG staining reveals decreased intensity and depth of collagen damage over time. Shown are tissue sections from a single porcine
model over multiple time points. Top panel: EVG-stained tissue sections. Dark purple in the dermis represents damaged collagen. Bottom panel:

Corresponding H&E-stained sections. Scale bar = 1 mm.

Table 3. Interrater reliability of phase II

Phase 2—averaged across all time points

Feature Exact score Within 1 point
Intensity of damage Epidermal damage 77.3% 96.9%

Collagen discoloration 76.6% 97.7%

Dermal appendages 67.2% 96.9%
Depth of damage Collagen discoloration 53.1% 82%

Vascular blockage 59.4% 83.6%

Dermal appendages 57% 84.4%

Phase 2 — averaged across early time points (HO0-2)

Feature Exact Score Within 1 point
Intensity of Damage Epidermal damage 80.4% 96.4%

Collagen discoloration 67.9% 96.4%

Dermal appendages 62.5% 92.9%
Depth Collagen discoloration 46.4% 89.3%
of Damage Vascular blockage 46.4% 71.4%

Dermal appendages 55.4% 82.1%

Phase 2—averaged across late time points (H24-48)

Feature

Exact score Within 1 point

Intensity of damage Epidermal damage
Collagen discoloration
Dermal appendages
Collagen discoloration
Vascular blockage

Dermal appendages

Depth of damage

68.8% 95.8%
81.3% 97.9%
62.5% 100%
43.8% 66.7%
62.5% 89.6%
43.8% 79.2%

intensity (Figure 8) demonstrate the model variability that was
encountered. No clearly superior model with respect to consist-
ency was identified, with the exception of the early time point
in Model C (Figure 7A) where 7 of 8 raters scored the sample
as DPT (score 3). This variability within and among all of the
models was present for all questions (Supplementary Figures).
Overall, positive comments from the raters about the re-
vised rubric included the improved ease of scoring with
examples of images for each question in the Rubric Usage

Guide corresponding to a specific score, the enhanced image
quality, and the ability to scan the entire slide to determine the
score for each question.

DISCUSSION

The advancement of burn depth research depends upon the
reproducibility and comparability of findings from different
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Figure 7. Variability of scoring of dermal appendage depth of injury is present within individual raters, between raters, and between models in
phase II. Individual scores for each rater (R1-R8) and model (A-E) in samples early (A) or late (B) time points after injury. Data represent Question
8 from phase II rubric which evaluated depth of thermal injury by damage to dermal appendages.
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research teams. A working group on cutaneous thermal injury
sponsored by the American Burn Association and Underwriters
Laboratory brought together experts on burn injury and burn
wound modeling to identify biologic standards.’® The gap in
knowledge identified at this conference prompted the work
presented here. The initial goal of the study was to compare
models of DPT burns from various published models through
histological evaluation of H&E-stained tissue. However, the
previously unreported complexity of this type of evaluation
was uncovered during the study and prompted the addition
of an educational component and expert opinion consensus
on how to evaluate DPT burn models. The results from phase
I of this study highlight the challenges that we anticipated
in attempting to compare porcine burn models from various
well-established labs. Most importantly, the low intra-rater re-
liability and poor ICC meant that all other analyses in phase
I were unreliable. Therefore, through an iterative process,
phase II focused on the development and implementation of
an educational process and guidelines for burn depth interpre-
tation for the burn research community to enhance the repro-
ducibility and translatability of future research. Unfortunately,
despite lengthy discussions and iterations the reliability of the
improved scoring rubric only improved modestly, putting
into question the ability to compare pig burn models of DPT
burns using H&E alone.

The low agreement of injury depth scoring seen in the first
phase was likely multifactorial, including ambiguity in the
descriptors for the scoring rubric, low-quality images, lack
of prescoring education to define the characteristics, and po-
tential variability in depth created by each model. However,
without a reproducible method to score the different models,
the conclusion about variability between models was prema-
ture. Upon revising our scoring rubric and providing educa-
tional materials, we found an increase in interrater agreement
and improved ICC on comparable questions (phase I ques-
tion 5 and phase I question 8) allowing us to use this rubric
to compare models more consistently. The decision to split
the sample into five distinct regions of depth into the tissue
for scoring was made to allow more discrimination between
the samples. A score of 3 was chosen to represent a DPT burn
because losing more than 75% of the viability in the tissue
(maximum depth with a score of 3) is clinically considered a
FT injury that requires grafting to avoid complications asso-
ciated with prolonged wound healing. The use of the meas-
urement of percent agreement within 1 point allowed us to
include those samples that were on the border between two
scores in the assessment of reliability in scoring, as the clinical
difference in those samples is likely negligible.

When analyzing the dermal component of skin, it is chal-
lenging to differentiate between structural and functional
cell death, and reversible and irreversible injury.!® Many of
the stains highlighted in the introduction provide informa-
tion about the structure of certain cell or tissue components,
but provide no information on whether these cells will re-
cover from damage and be able to function normally (re-
versible damage), or whether the damage acquired will result
in cell death (irreversible damage). Cellular (eg, endothelial
cells) and extracellular matrix (eg, collagen) have different
heat capacities resulting in differences in the maximum
temperatures reached by each component and their subse-
quent ability to recover from this damage.®® These properties
of skin contribute to the challenge of choosing various stains
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to evaluate depth as they may indicate different burn depths
for the same injury.3* The use of EVG in these studies allowed
a clear colorimetric readout (ie, dark purple), whereas de-
termining collagen changes through H&E (ie, discrimi-
nating changes in fiber thickness and organization) can be
challenging and can also be altered by tissue processing and
staining.?”-%! It was reassuring that collagen changes scored
on H&E-stained samples correlated with those seen on EVG-
stained samples and suggest that the effects of thermal injury
to collagen can be determined from H&E. However, the de-
crease in collagen damage seen in our studies over time likely
represents a remodeling that is occurring in the extracellular
matrix of the wound after infiltration with inflammatory cells,
and it suggests that using collagen damage at later time points
may not represent true depth of injury. It also supports dif-
ferent timelines of collagen and cellular recovery. In addition,
different burn etiologies such as low temperature, prolonged
scald, or contact burns may result in different tissue injury
profiles compared with high temperature scalds, chemical, or
flame burns.3*%% Although not evaluated in this study, these
challenges in characterizing depth highlight the importance
of establishing time to healing in each model as a marker for
initial depth of injury.

The phenomenon of burn wound conversion,?! in which
the vertical and horizontal depth of the damage increases
over the first few days after injury, occurs as the cells in the
zone of stasis convert from at-risk cells (ie, reversible injury)
to irreversible cell death. This process supports the need to
evaluate the depth of injury at multiple time points because
H&E staining does not discriminate between reversible and
irreversible injury. Evidence of burn wound conversion in
the samples was not consistently observed when the samples
were evaluated using the rubric. However, the fact that
these data failed to demonstrate a clear increase in depth of
injury in all variables considered over time may be a func-
tion of the definition of depth as a score rather than an ab-
solute measurement.

An additional consideration for histological burn depth as-
sessment is determining who is considered qualified to per-
form such an assessment. Although it has been acknowledged
by those in the burn research field that dermatopathologists
are not called upon to assess burn depth, many researchers rely
on dermatopathologists to assess burn depth in a research set-
ting.**%” A previous study comparing a dermatopathologist, a
burn surgeon and a novice surgeon reported an improvement
in scoring of H&E for burn depth in human burn patient
samples by a dermatopathologist;! however, this was only
after training of the pathologist on the samples collaboratively
with the burn surgeon to put context into the samples based
on patients outcomes and visual wound characteristics, and
yet H&E remained an inconsistent method to measure cel-
lular viability. We show that if rubric education is provided,
burn researchers could provide consistent/accurate scoring
of sections and a specialized dermatopathologist may not
be needed.

Overall, we found that all models included in this study
produced burn wounds that are considered DPT; however,
there were noticeable differences in each model related to the
thickness of the skin, timing of evaluation, and processing
of the tissue. It is important to be cognizant of the many
variables that may contribute to bias in the interpretation of
wound healing data. For example, porcine breeds are chosen
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for wound healing phenotypes such as hypertrophic scarring
in the red Duroc pig.®® Furthermore, selection of biopsy site
(edge vs central wound), processing of tissue biopsy, and the
selection of staining to identify cellular death or extracel-
lular matrix changes all contribute to variability in the results.
Future studies are necessary to compare the models using the
same time points, ideally performed in a single setting to min-
imize these variables as much as possible.

To aid the burn research community in generating burn
depth data that can be compared across models, the authors
collaboratively developed guiding principles from this study
based on the collective expert opinion in the group.

Expert opinion consensus statements:

e For accurate comparison of DPT burn injury in pig
models between labs, a consistent rubric is necessary for
scoring depth and intensity of injury.

e While H&E is considered the “gold standard” for anal-
ysis of burn depth, there are challenges associated with
the nuances of evaluating cell death and tissue damage.
More detailed descriptors of the depth of injury do not
improve the consistency of scoring.

e H&E is unreliable to distinguish between reversible and
nonreversible damage. Therefore, time to wound clo-
sure with standard wound care should be established
and reported for each model.

e When evaluating collagen discoloration through H&E
or EVG stains, time from injury must be considered.
Earlier time points show distinct damage that is not vis-
ible at later time points.

e Dermal appendage evaluation is critical, and there-
fore, when evaluating histological burn depth, sections
should include dermal appendages.

e Given changes in depth of injury that may occur over
time, early (within 2 hours) and late (>24 hours) time
points should be included in the study.

e A dermatopathologist without specialized burn experi-
ence for reviewing and interpretation of H&E histology
of burn injured tissue is comparable to a burn researcher
trained in reviewing burn tissue histology.

e Caution should be given to extrapolation of findings
from porcine models to human clinical care, given
the differences in pig versus human wound healing.
However, the challenges noted in the evaluation of
thermally injured pig skin are the same that occur with
human skin and should be considered in the develop-
ment of automated intelligence algorithms for human
burn depth assessment.

e In future studies using burn depth as an outcome
measure, the authors recommend use of the scoring
rubric and education (Supplementary Appendices B
and C) to evaluate depth of thermal injury in research
studies. Scores for each question in the rubric should
be provided in the supplementary methods section of
articles submitted for publication. For the intensity
questions, scores of ~2 in the dermal region indicating
that moderate intensity should be considered DPT. For
the depth questions, scores of ~3 indicating that 50%
to 75% injury should be considered DPT. Although we
did not specifically evaluate our rubric on tissue that

Journal of Burn Care & Research
January/February 2021

was identified as SPT or FT injury by the investigators,
it was felt that depth scores of 1 and 2 represent SPT
burns and those in the range of 4 to 5 represent FT. It
would follow that a severity score of 1 is more likely to
be associated with a SPT, whereas a score of 3 is con-
sistent with a FT injury. Ideally, the scoring should be
performed by at least one blinded reviewer and should
include nonburned skin and FT burn as negative and
positive controls.

SUPPLEMENTARY MATERIAL

Supplementary data is available at Journal of Burn Care &
Research online.
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