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Abstract

In the management of indeterminate depth burns (IDB), common challenges include the ability
to predict time to healing and regenerative potential, risk of burn wound progression, and timing
of excision. Several technologies exist to aid in determination of the depth of a burn injury,

yet surgeons continue to rely on the naked eye—visual assessment—as the standard of care.
Newer and improved imaging technologies are closing in on the goal of inexpensive, accurate,
non-invasive modalities for depth determination. Likewise, management of indeterminate depth
burns is becoming more sophisticated as newer wound healing technologies continue to be
developed. By describing what is meant by “indeterminate” depth burns, and their associated
challenges, we hope to stimulate interest in research to develop new therapies and management
strategies. The ultimate goal is to treat indeterminate burns without the need for autografts.
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Introduction

The depth of a burn wound dictates the healing course, need for surgery, and morbidity
associated with the injury.1:2 Thus, depth is one of the most important determinants of burn
wound management. Indeterminate depth burns (IDB) represent a perplexing diagnostic
and management challenge for clinicians. The term “indeterminate depth burn” (IDB) is
typically used to describe cases of deeper partial thickness burns with an unknown healing
potential; in such wounds, healing is expected to take longer than 2—3 weeks. While full
thickness burns clearly require excision and grafting for wound closure, and superficial
partial thickness burns usually heal with non-operative wound care, no definitive strategies
exist for the management of IDB.3
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In this review, we will explore the determinants of burn depth and regenerative capacity,
summarize the methods of depth determination, examine the recent literature on the

natural progression of burn depth, reflect on current advances in burn wound healing

for management of IDB, and discuss how these technologies affect both surgical and non-
surgical management of IDBs. Ultimately, the goal is to identify gaps in our knowledge and
stimulate further discussion and research that will influence the way surgeons manage 1DBs,
with a focus on enhancing regenerative capacity, reducing scarring, and improving patient
outcomes.

Burn depth and diagnostic approaches for depth determination

Burn Depth:

In the early 1950s, Jackson described two degrees of burn depth based on appearance

of skin after injury — partial thickness skin loss and full thickness skin loss. He noted

that the presence or absence of “sufficient living epithelial elements to resurface the area”
signaled the difference between these two depths.* Today, burn depth is designated by

a structural-anatomical classification system (Table 1) ranging from superficial injury of
the epidermis only, to full thickness burns extending beyond the dermis (see Figure 1).
This more extensive classification system, described in the next section, is a useful guide,
however, it is important to note that burns are heterogenous and the categories of depth are
not always easily delineated in the clinical setting.

Burn depth is influenced by both extrinsic and intrinsic factors. In thermal burns, extrinsic
factors include temperature, contact time, pressure, and specific heat capacity (related to
thickness) of the skin.? Insights into the important role of patient-specific characteristics in
burn wound healing have been learned from studies in the elderly; in fact, age is one of

the most significant factors affecting burn wound healing.%:7 Factors common in the elderly
population that contribute to the morbidity and mortality from burn wounds include thinner,
less elastic skin, a delayed hypermetabolic response, comorbidities such as hyperglycemia
and hyperlipidemia, weakened immune response from acquired or inherited causes, and
finally, a delay in wound healing secondary to stem cell senescence.8

Depth Determination:

Historically, to classify burn depth, surgeons relied upon visual assessment of physical
characteristics on the surface of the burn. This classification method underwent several
iterations until 1995, when the International Society for Burn Injuries, in collaboration
with the World Health Organization, published a guide to burn treatment that described
four depths of burns (Table1).2-11 The four classifications (superficial, superficial partial
thickness, deep partial thickness, and full thickness) were based on clinical signs as well
as their associated histologic diagnosis and prognosis.1? Visual assessment is still the most
commonly used method for burn depth determination; however, histological and advanced
imaging methods are also available. Each method has unique strengths and weaknesses.13-16
For the purpose of this review, we will summarize three main methods of burn depth
assessment.

J Surg Res. Author manuscript; available in PMC 2021 December 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karim et al. Page 3

Visual assessment

Visual assessment of burn wounds is a simple and inexpensive method to determine depth of
injury, and is enhanced by consideration of tactile information such as pain, blanching, and
moisture content of the wound. Surgeons develop assessment skills, often in an apprentice-
like fashion, through years of observing patterns of healing in their patients.1” However,
visual assessment has some challenges. In one study, burn surgeons correctly predicted
wounds they expected to heal within three weeks 89% of the time; yet surgeons were correct
only 65-75% of the time when they predicted non-healing.2 Another study analyzed 951
cases of <15% total body surface area (TBSA) burns and found that in 27.5% of burns, the
initial diagnosis of depth was different than the final diagnosis.18 Of these wounds, 44%
were not as deep as initially assessed. In a study of indeterminate burns in 40 patients, two
independent observers with experience in burn care performed clinical assessments of burn
depth over the first week. Their assessments were found to be correct in 40.6%, 61.5%,
52.5%, 71.4%, and 100% of patients for assessments on days 0, 1, 3, 5 and 8 respectively,
suggesting that determination of depth becomes more reliable over the course of healing.1®
In this same study, superficial dermal burn depth determination by clinical assessment was
overestimated in 50%, 38.5%, 57.7%, 30.8% and 0% of patients on days 0, 1, 3, 5, 8 post
burn, respectively, and would have led to unnecessary grafting in one third of patients if the
decision to operate had been made based on clinical judgment alone.

Intraoperatively, visual assessments made during tangential excision allows the surgeon to
determine how much tissue to remove, while attempting to leave as much viable tissue

as possible in the wound bed. Complicating this assessment is the use of tourniquets and
infiltration of vasoconstrictor agents (e.g. epinephrine) that are often employed to decrease
the amount of blood loss during excision.2 There is a fine balance between inadvertently
removing viable tissue and leaving necrotic tissue in the wound bed; the latter risks autograft
loss, as necrotic tissue increases inflammation and hinders wound healing. Therefore,
surgeons tend to over-excise the wound, as evidenced by studies showing viable cells present
in excised burn tissue.! The consequences of overestimation in the eventual outcome of
wound healing have not been evaluated in humans. However, it is clear that over-excision
increases donor-site surface area for the purpose of autografting, and there are morbidities
associated with the additional donor-site wounds.

Histologic assessment

The gold standard for diagnosing depth of injury in burn wounds is the histologic assessment
of a full thickness wound biopsy using hematoxylin and eosin (H&E) staining. Unlike visual
assessment, there is very high inter- and intra- observer reliability between histological
assessments of epithelialization.2: When visual and histologic assessments were compared,
there was no agreement between the observers about the depth of burn injury.

In histologic assessments, various characteristics of dermal elements in the skin tissue are
evaluated to determine the depth of injury in burn tissue. A study of burn samples taken 30
minutes after injury in a porcine model revealed that the depth of injury varies depending
on the different dermal elements that are assessed, including the vasculature, collagen, and
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epithelial-lined skin appendages such as hair follicles and eccrine glands.22 In another study,
microvascular occlusion was used as a measure to determine the extent of dermal damage,
and in turn the depth of burn.23 New methods continue to be developed. Data from our
laboratory have shown that the use of a lactate dehydrogenase (LDH) assay as a marker

for cell viability (see Figure 1) is an easier method to consistently assess tissue viability as
compared with H&E stain interpretation, even when performed by a novice.24:25

While histological assessment may be superior to visual assessment, it is not a common

practice due to the pain associated with performing a biopsy, the heterogeneity of the wound
bed necessitating multiple biopsies within one wound, and the length of time it takes for the
staining procedure. However, histologic assessment of wound depth is a useful technique in
the research setting, as an objective measure of healing potential and responses to treatment.

Imaging

In light of the fact that visual assessment can be unreliable, and histology is not feasible

for intraoperative depth assessment, surgeons have turned to imaging technologies to gain
more objective data for burn depth assessment. Extensive reviews of imaging for burn depth
assessment and healing potential have been performed elsewhere.26-29 |n this section, we
present some of the established and emerging advanced imaging technologies employed to
measure burn depth in humans.

Indocyanine Green (ICG) Microangiography:

ICG is an amphipathic molecule that has been tested extensively for safety since the
1950s and has been used for microangiography in laparoscopic, vascular, reconstructive,
and oncologic surgery.3° When ICG is injected into the bloodstream it normally binds

to lipoprotein (ICG-LP), protecting the hydrophilic domain of the ICG molecule from
binding the lipid bilayer of intact cell membranes, a characteristic that is important

in detecting microperfusion. Video fluorescent microangiography allows for real-time
dynamic assessment of tissue perfusion. In burn wounds, the decrease in blood flow
related to microvascular occlusion and edema leads to a reduction in ICG fluorescence,
allowing for identification of the depth of injury with high sensitivity.3! In a study of 20
patients with burn injuries of various depths, ICG microangiography correlated with visual
and histological evaluation of burns. However, this study found that measurements are
influenced by bandages, blood, and ointments, resulting in a decreased absorption of ICG
signal by 63+36%, which ultimately leads to over- and under-estimation of burn depth.32

While ICG is mainly used to measure microvascular perfusion, a recent study revealed a
novel property of ICG many hours after the microangiography signal is gone.33 This study
suggested that 12 to 24 hours after IV injection, ICG-LP diffused into the tissues and the
exposed hydrophobic domain of ICG was bound to the exposed phospholipids of necrotic
cell membranes, thereby acting as a necrosis-avid dye. The use of this property of ICG could
be harnessed to augment pre- and intra-operative determination of necrotic tissue to enhance
visual assessment in surgical decision-making in burn injury.
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Thermography:

Thermography is based on the premise that skin emits infrared (IR) radiation, which can

be correlated with temperature. Diminished blood flow results in decreased temperature

in deep dermal and full thickness burns, whereas superficial burns demonstrate increased
blood flow and emit higher IR radiation. Still in use today, this technique was pioneered in
the 1960s by Lawson, who was able to predict burn wound depth in dogs that correlated
90% with histological analysis, using a technique called static thermography.34 However,
the results of this technique can be confounded by evaporative heat loss, variable depth of
blood vessels based on location of burn and body habitus, and finally, active changes in the
wound as a result of the formation of granulation tissue.29 Hackett found that evaporative
heat loss can be mitigated by placement of a polyethylene barrier (cling film).3% In that
study, Hackett was able to predict the depth of the burn using thermography more accurately
than clinical evaluation (90% versus 60% of the time). An experimental technique offering
improvements over static thermography, called active dynamic thermography (ADT), has
shown some promise in pilot studies.2” ADT measures heat conduction trends over time
after application of heat to the skin.36 Normal tissue dissipates heat through IR radiation and
through conduction or convection to blood vessels, while burned skin can only conduct heat
through IR radiation. This variation in heat conduction can be used to create a 3D image of
the wound. ADT technology has potential for use with indeterminate depth burns but is still
in early stages of development.

Laser Doppler Imaging (Laser Scanning):

Laser Doppler Imaging (LDI) for evaluation of burn wounds was first described in 1975

by Stern.16 Originally evolving from Doppler principles, early investigations of LDI
demonstrated 70-100% accuracy in prediction of wounds that would heal within 21 days,
and 93-100% accuracy in determining wounds that would fail to heal. However, it became
apparent that the technique is limited by the natural evolution of burn wounds over time,

the variable behavior of wound perfusion based on depth of injury, and environmental and
physiologic factors. In addition, early models of LDI required physical contact between the
Doppler probe and the burn, thus increasing risk for pain and infection, and decreasing the
surface area that could be investigated.? As LDI developed, the technology was refined to
include scanning capabilities, eliminating the need for direct contact with skin surface and
expanding the size of surface area available for evaluation. The positive predictive value of
this technique was found to be as high as 98.4%, and it is currently the only FDA-approved
imaging technique for burn assessment.26 A study of 28 burn patients performed by Merz et
al. demonstrated the utility of LDI analysis at 24 hours post burn.3” All wounds clinically
evaluated to be full thickness burns underwent excision and grafting. Wounds that were
classified as superficial, deep, or indeterminate thickness were clinically followed for 3
weeks. In their analysis, the authors found LDI to have a 93.1% positive predictive value

in predicting partial thickness wounds that were clinically assessed to heal in less than 3
weeks. Only 6.9% of partial thickness wounds that were predicted to heal by LDI ultimately
required grafting. From the same dataset, LDI had a negative predictive value of only 69.3%.
Of note, 70% of these wounds that were classified as indeterminate depth required excision
and grafting within 8 days, while the remaining 30% healed without surgery.
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Optical Measurement (Reflection-Optical Multispectral Imaging):

Optical measurement, the next frontier in imaging of burn wounds, obtains data from

optical changes in the dermal components of denatured skin (collagen structure, blood

flow, water content, etc.) by measuring absorption and scattering of light. This method
provides structural and functional assessment of burn wounds.2”+2° Table 2 summarizes

the advantages and disadvantages of the most promising of these imaging technologies. A
combination of three non-invasive imaging techniques—Photoplethysmography (PPG), Real
Image, and Multispectral Imaging—nhas recently been employed to discriminate healthy
from superficial and deep burned tissue, as well as viable wound bed.38 Features from all
three imaging technologies were incorporated into a machine-learning algorithm to develop
a set of imaging characteristics used to discriminate different injury depths. The combination
of three technologies proved superior to each technology alone. Image acquisition is fast,
and the technology has the potential for intraoperative use. One substantial limitation of this
technology is that PPG relies on pulse variation, which is not feasible for intraoperative use
if operating under tourniquet or with vasoconstrictive drugs. As this technology continues

to be refined, combinations of imaging and machine learning algorithms may represent the
future of burn depth determination.

Burn progression and implications to timing of depth determination

Evaluation of burn depth is especially challenging in the early hours to days after burn
injury, as the wound continues to evolve. While there is some controversy among burn
surgeons regarding the idea that burn progression occurs in humans, animal models of
thermal injury have demonstrated the phenomenon anywhere from 48 hours to two weeks
after injury.3%40 Shortly after burn injury, the appearances of the wound can be divided
into three zones corresponding to the presumed degree of tissue damage: the inner zone
of coagulation (necrosis), the zone of ischemia (stasis), and the outer zone of hyperemia
(Figure 2). In Jackson’s initial description of these zones, developed after detailed daily
observations of 20 patients with confirmation of findings in over 1200 patients, he noted
that the appearances evolve over 3 weeks. He further emphasizes that what appears in
week 1 — mostly due to the vascular state of the superficial dermis — is independent of the
appearance 2-3 weeks after injury, which is more indicative of repair?. Burn progression
and its association with the injury zones is comprehensively reviewed by Shupp et af.,°
therefore we will only highlight the implications for the timing of depth determination
here. While early excision and grafting is a standard treatment for deep partial and full
thickness burns, the optimal timing of what is considered “early” is not well defined.*!

In addition to the systemic response to injury, local responses such as inflammatory cell
infiltration, microthromboses leading to ischemia, and oxidative stress from reperfusion play
a major role in burn wound progression.#2 In a murine model of burns, a study compared
the inflammatory response in very early (24 hours after burn) and later (8 days after burn)
injuries.?! Delayed excision resulted in a more severe cytokine and chemokine regulatory
cell response compared with early excision. Together, timing of burn depth determination
and timing of excision may influence burn progression potential. By understanding the
wound environment in the “at risk” zone of ischemia (Figure 2) we will be able to test
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therapeutic approaches that can diminish or inhibit the progression of injury to necrosis,
potentially decreasing the areas requiring autografting.

Management of burn wounds and implications in indeterminate depth

burns

Burn treatment can be divided into two categories: operative and non-operative management.
Whereas superficial burns are managed non-operatively with wound care, deeper wounds
that are not expected to heal within 3 weeks benefit from excision and grafting.2 This
treatment paradigm is supported by research revealing that deeper burns heal through
activation of fibroblasts in the reticular dermis, which can lead to scarring.#3 In addition,
early excision and grafting is associated with shorter hospital stays, and less time away

from work.4445 Despite this evidence, questions regarding the exact timing of excision and
grafting remain. In the next few sections we will review the evidence behind operative

and non-operative management of burn injuries, including challenges associated with
indeterminate depth burns.

Early excision and grafting

In 1970, Dr. Zora Janzekovic published what is perhaps the most influential case series to
describe the benefits of early excision and grafting in management of full and deep partial
thickness burns.*> She presented findings of wound healing from a study of more than

1600 burn patients over the course of 10 years. The main points, supported by the clinical
findings, included the use of occlusive dressing for the first 3-5 days to prevent desiccation
of the wound, and excision and immediate autografting between days 3 and 5 after a burn.
While the concept of early excision was known at the time, this study highlighted the
importance of early grafting for preventing pain and infection. Dr. Janzekovic also noted that
the determination of the precise depth of injury can only occur at the time of excision. While
this study was pivotal in promoting early excision and grafting in the field, the potential
healing capacity of IDBs was not addressed.

Knife excision and grafting

The most common way to excise burn wounds is with a surgical knife, such as the Goulian,
Blair, or Humby knives (Figure 3). One of the earliest randomized controlled trials (RCT)
comparing early excision and grafting with non-operative management in indeterminate
depth wounds was reported by Engrav et a/. in 1983.46 In this study, 22 patients who
underwent excision and grafting were compared with 25 patients who underwent non-
operative management of their burns with twice daily hydrotherapy, debridement, and
silver sulfadiazine cream. All patients had burns < 20% Total Body Surface Area (TBSA).
IDBs were classified clinically as lacking features of full thickness but having decreased
sensation and capillary refill. Patients with wounds that were deemed likely to heal within 3
weeks were excluded from the study. The study showed that patients who underwent early
(day 5-7 after burn) excision and grafting had more blood loss, but shorter hospital stay,
lower hospital costs and less time off work compared with those who had their wounds
managed non-operatively. In addition, the severity and quantity of burn scar hypertrophy
were increased in the group of patients that were treated non-operatively. Twelve of the 25
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patients in the non-operative group eventually required surgery. The study concluded that
early excision and grafting was the preferred method for management of IDBs. No mortality
data were reported in this study.

The first meta-analysis of six RCTs evaluating the importance of early excision and grafting
of burns was published in 2006 by Song er a/* Studies included all age groups and
contained data regarding mortality, blood loss, blood transfusion, wound healing time,
length of stay, sepsis, operating room time, and long-term morbidity. The meta-analysis
revealed that early excision and grafting (within 1-6 days after burn) was associated with
increased blood transfusion requirements but overall shorter length of stay. When stratified
to exclude patients with inhalation injury, early excision and grafting was associated with
decreased mortality compared with initial non-operative management until eschar separation
with delayed grafting. Due to the limited number of patients and heterogeneity of reported
results, no conclusions could be drawn regarding duration of sepsis, wound healing time,
skin graft take, and long-term morbidity.

Hydrosurgery

Determination of the amount of necrotic tissue to excise is subjective and relies on surgeon
experience. In an effort to minimize the amount of viable tissue excised, excisional methods
such as hydrosurgery were developed. Hydrosurgery involves using a narrow nozzle to
apply a jet of saline, which fans out into a narrow wall of high velocity saline that acts

as a fine scalpel.*” Through the Venturi effect, the increase of velocity through the narrow
nozzle is accompanied by a loss of pressure at the nozzle tip. This loss in pressure acts as

a vacuum that removes the debrided tissue. The velocity can be adjusted (10 settings) to
modulate debridement, which in theory results in decreased loss of viable tissue. The depth
of excision using the Versajet system® (Smith and Nephew, Andover, MA), compared to

a Goulian knife on discarded abdominoplasty samples showed that Versajet® at its highest
setting (10) resulted in removal of 200 uM of tissue (1/10 of dermis thickness), whereas the
Goulian knife removed an average of 738 + 86 uM (3-4/10 dermis thickness).3 However,
this study is misleading for burn excision since the investigators measured the thickness of
Versajet® excision using normal skin and compared this to excision of burned tissue using
the Goulian knife. Burned tissue is inflamed and likely has varying thicknesses related to the
inflammation.

Two RCTs (adult and pediatric populations) comparing hydrosurgery to conventional knife
methods found no difference in healing time, postoperative pain, or contractures.#8:49
Adequate debridement was achieved with both techniques. Operating times in the adult
study were longer for large burns using hydrosurgery, but shorter when hydrosurgery

was used for difficult areas such as genitals, hands, and feet.*8 In the pediatric study,

the investigators also found a significantly higher amount of dermal preservation with
hydrosurgery.4® However, the increase in the amount of viable dermis left behind was not
associated with any functional outcomes such as decreased healing time or contracture rates.
This may be a reflection on the highly operator-dependent nature of hydrosurgery.

In summary, hydrosurgery has demonstrated utility as an adjunct to conventional therapy,
especially in hard to excise areas, but is not versatile enough to replace knife excision
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completely, especially for larger and deeper burns. In combination with improved
identification of necraotic tissue, the precision of hydrosurgery may be useful in surgical
excision of indeterminate depth burns.

Enzymatic debridement

In an effort to preserve healthy dermis, investigators have turned to biologic and chemical
processes to aid the debridement of necrotic tissue. Whereas the technologies discussed so
far are based on interventions at the tissue level, enzymatic debridement removes damaged
tissue at the molecular level. This technique has been used for hundreds of years.>° Acids,
enzymes of plant origin, and proteolytic enzymes of bacterial origin have been reported in
the literature.?9 Here we present two examples of current enzymatic treatments that are in
use today. Because the enzymes are removing the necrotic tissue and leaving behind the
viable tissue, selective debridement would reduce the need to define the depth at the time of
treatment. For a more in-depth discussion of other enzymatic debridement methods, refer to
an excellent review of the subject by Edmondson et a/.>°

Bromelain-based enzymatic agents: NexoBrid® (EDNX; MediWound, Yavne, Israel)
is a bromelain-based enzymatic debridement agent that has been under development for

30 years.! In the literature it is also referred to as debriding gel dressing (DGD). This
agent was approved in the European Union in 2012, and remains under investigation in the
United States.>? It is a mixture of purified proteolytic proteins with bromelain, a derivative
of pineapple stems. DGD acts only on dead tissue and cannot penetrate viable dermis, thus
providing selective and safe debridement. In an RCT, NexoBrid® was shown to reduce the
time to complete debridement, the need for surgery, the area of burn excised, and the need
for autografting, without changes in scar quality or complication rate.>3 A recent European
consensus statement has also endorsed DGD for the management of thermal burns up to
15% TBSA in adults, including management of circumferential burns, as DGD reduces

the incidence of compartment syndrome based on recent evidence.>* Some drawbacks of
DGD are severe pain after application, which may be mitigated by analgesics, and difficulty
maintaining occlusive dressings on wounds in areas such as the perineum. NexoBrid® is

in Phase 11 clinical trials in the U.S. More RCTs are needed to establish its efficacy and
feasibility before it is broadly accepted.>2:2°

Collagenase: Collagenase ointment generally refers to a collagenase proteolytic mixture
derived from Clostridium histolyticum, although collagenase mixtures derived from other
bacterial sources such as Streptomyces also exist.%%:57 Because collagenase is specific to
collagen, a protein comprising up to 75% of the dermis, it is considered a ‘selective’
debriding agent.58 A recent systematic review identified three high-quality studies using
collagenase for enzymatic debridement of partial thickness wounds.>? In two studies,
collagenase was compared with silver sulfadiazine for management of partial thickness
burns, and was found to be equivalent to silver sulfadiazine in time to wound healing, time
to clean wound bed, and need for grafting after 10 days.58:29 There have been no studies
comparing collagenase to bromelain-based agents for selective debridement.
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Adjuncts and alternatives to autografting

A period of “watchful waiting” may be beneficial, with minimal added risk to the patient
with IDB, by providing the possibility to achieve wound healing over time without
autografting. This concept differs from the delayed grafting after eschar separation that
was shown to increase mortality, as described below. Rather, IDBs may possess a potential
regenerative capacity that is not clearly apparent early after injury. Therefore, a period of
observation along with the use of adjuncts to enhance autologous wound healing may be
possible. We present several options that may enhance the watchful waiting strategy and
avoid or reduce the need for autografting and associated donor site morbidity.

Biological tissue substitutes

While an autograft represents the best replacement of lost epidermis and dermis, there is
significant morbidity associated with autograft donor sites. Additionally, in very large TBSA
burns there may be insufficient donor sites elsewhere on the patient’s body for complete
early wound closure. For these reasons, allografts, xenografts, and several biological tissue
substitutes have been considered for use as temporary wound coverage until autografting is
possible, in healing of deep partial thickness burns, or in conjunction with widely meshed
autografts.80 Attributes of these substitutes include temporary barrier function to prevent
fluid loss and infection, as well as physical and biological properties that provide a scaffold
to stimulate new dermis growth and enhance re-epithelialization. Here we present examples
of skin substitute technologies that are currently used in practice or are under clinical
investigation.

Allograft/Xenograft: Cadaveric skin (allograft) can provide temporary coverage until the
wound is autografted, or can be used as a biologic dressing over IDB burns to enhance

the wound healing environment.81.62 Prior to placement of the allograft, the wound requires
excision of necrotic tissue prior to autografting or will need to be debrided if using the
allograft as a biologic dressing. This debridement can be accomplished using a curved
metal instrument (Norsen-Belmed Inc. Mchenry, IL) that has a blunt edge which allows

for more aggressive debridement of adherent necrotic tissue. While allografts are useful as
a short-term covering when autograft donor is unavailable, as a test graft when there are
concerns about the readiness of the wound bed to accept an autograft, or as a biologic
dressing to improve the wound healing environment, they are costly and have the potential
risk of transmitting pathogens.

When allografts are unavailable or cost-prohibitive, xenografts (skin from a donor of a
different species) can be used as an alternative. The most commonly used xenograft source
in the United States is porcine, however other sources include a variety of animals such

as sheep, frogs, and fish.63:64 Much like autografts, xenografts also provide temporary
wound coverage; they do not fully revascularize prior to rejection, and should be viewed
as a biologic dressing rather than a permanent substitute.5® They also have the potential

to provoke an antigenic response, transmit disease, and may pose ethical and religious
considerations that limit their use. Additionally, in order for the allo- or xenograft to
adhere, the wound requires excision down to viable tissue. Excision using currently available
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methods increases the risk that viable dermal cells, which could contribute to autologous
wound healing, will be removed in the process. The use of allo- or xenograft in combination
with enzymatic debridement (discussed earlier) is a potential way to enhance wound healing
without the need for autografting.

Placental membrane: The placental membrane, composed of the amnion and chorion
layers, is a reservoir of growth factors and cytokines that promote wound healing

and prevent fibrosis, infection, and scarring.56 These membranes have the advantage of
being immune-privileged, therefore they do not elicit an inflammatory immune response.
Cryopreserved or dehydrated human placental products allow for long-term storage and
avoid the potential bioburden associated with fresh placental membranes.8°> While these
products have historically been used for treatment of diabetic and venous stasis ulcers,
recent data suggest some success in the treatment of burns.%7 Placental membranes can

be placed directly on debrided superficial partial thickness burns, for example after using
a Norsen as described above, to promote re-epithelization. Alternatively, the placental
membrane can be used in a staged technique, followed by split thickness skin grafts
(STSG).%7 At our institution, we have anecdotal experience using dehydrated placental
membranes on IDB to facilitate more rapid healing than with standard daily wound

care (Figure 4). Additionally, the inflammation associated with prolonged wound healing
anecdotally appeared to subside with placental membrane treatment. Advantages of the
placental membranes include easy adherence and off-the-shelf availability. However, these
membranes are currently more costly per square centimeter than allografts — ten times more
at our institution; they can also be difficult to handle, and degrade quickly in the wound
bed.56

Dermal substitutes: Several dermal substitutes are available for use on burn patients,
such as Integra® (Integra LifeSciences, Plainsboro, NJ) and NovoSorb™ Biodegradable
Temporizing Matrix (BTM; PolyNovo, Victoria, Australia). These products can be mono-
or multi-layered, and serve the purpose of dermal reconstruction and wound coverage until
the wound heals or until autograft can be applied. These dermal substitutes usually require
full thickness dermal excision and are beyond the scope of this review of indeterminate
depth burns. One example of a dermal substitute that does not require full thickness dermal
excision is Fetal Bovine Collagen (FBC). FBC, such as Primatrix® (TEI Biosciences,
Boston, MA), is a newer technology for the management of burns. This product is intended
for the management of deep and full thickness burns. Much like Integra®, it is composed of
dermal scaffold to support the growth of an STSG. The dermal scaffold is rich in type 11
collagen, which is one of the components of early healing. FBC has been shown to result in
80% graft take of complex traumatic surgical wounds with subsequent STSG placement.58
Unlike Integra®, It has been shown to result in wound healing without STSG in a patient
with mixed full and partial thickness burn.8% Of note, the burn wound in this study was
assessed clinically as a full thickness burn, however subsequent biopsies revealed that there
was a mixture of full and partial thickness burns in the wound bed. This case study is an
example of an IDB that was treated as a full thickness burn, and serves to illustrate the
difficulty encountered by physicians with respect to depth determination.
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Delayed excision and grafting

Historically, non-operative treatment of burns increased patient morbidity and mortality.4>:70
While results of some retrospective studies and RCTs.13:44-46 clearly show the benefit of
early excision and grafting, especially in large TBSA burns, some clinicians have raised
doubts about early excision and grafting in IDBs. In a letter to the editor of the journal
Burnsin 2012, M.J. Hop from the Dutch Association of Burn Centres issued a call for more
evidence of the efficacy of early versus delayed excision and grafting.”* Hop pointed to the
differing opinions of British and Dutch burn surgeons on the subject. The Dutch surgeons
argued that most evidence in support of early excision and grafting came from studies done
in the 70s and 80s, and that burn care has progressed to the point that delayed excision

and grafting may have decreased morbidity due to less overzealous excision. There is some
evidence in a recent porcine model that this may be true.”2 More studies in humans are
necessary to support delayed excision and grafting.

Emerging technologies

With advances in technology and an improved understanding of wound healing, options

for wound coverage are becoming more sophisticated. An ideal skin substitute--whether
synthetic, allogeneic, or from the patient’s own cells--would reliably take the place of
autografting. We will focus our discussion on two promising products, one recently
approved, and one in the late stages of clinical trials, as well as several other technologies in
earlier phases of translational research.

Cultured Epidermal Autografts: Autologous cell transplantation using cultured
epithelial autograft (CEA) has been around since the 1980s. CEA (Epicel® Vericel,
Cambridge, Massachusetts) is a sheet of keratinocytes 2—8 cell layers thick requiring a

full thickness skin biopsy from the patient and subsequent culture expansion over 3 weeks.
This technology is fragile, difficult to apply, susceptible to infection, costly, and has variable
take rates.’3 Modifications to the recommended use of CEA include the use in a sandwich
technique over widely meshed grafts or micrograft to overcome some of the reported
disadvantages, and highlight the need for dermal elements for enhanced wound healing.”®
The most robust evidence for the use of CEA comes from an 18-year long study of 88
patients treated for large burns (mean 58.5%) at Indiana University.’® This group reported
graft take rates of approximately 72%. However, the group stressed the importance of
adequate preparation of the wound bed, as well as the importance of early excision (within
2-3 days) of the burn. It is important to note that the group used cadaver dermis or 1:6
meshed STSG before application of CEA.

ReCell®: ReCell® (Avita Medical, Cambridge, United Kingdom), a recently FDA-
approved device indicated for the treatment of partial and full thickness burns, involves
fractionating the patients cells from a small donor site into a suspension that is sprayed on
the wound. This modification avoids the costly, time-consuming culturing process that is
necessary for CEA.”® The cell suspension contains 1.7 x 108/cm? cells and is composed of
65% keratinocytes, 30% fibroblasts and 3.5% melanocytes. The technique can be used in
the OR and does not require specialized equipment in addition to the ReCell® system.”3
In a recent multicenter RCT, the ReCell® system was compared to 2:1 meshed STSG for
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the management of deep partial thickness burns—defined as a wound that contained viable
dermis throughout the wound base.””:78 The study found that there was no difference in
healing, pain, subject satisfaction or scarring outcomes at 4 weeks. The ReCell® system had
the advantage of a smaller harvested donor site (2cm? for ReCell® vs 110cm? for autograft)
with less postoperative pain and improved patient satisfaction due to a smaller donor site.
The presence of melanocytes in the cell suspension also had a favorable impact on final
pigmentation compared with other systems.”8 When compared with meshed autograft,
ReCell® had a slightly more favorable final pigmentation, and was similar to unmeshed
graft with respect to final pigmentation.’® Disadvantages of the system include high cost and
loss of cells during spraying.5®

StrataGraft®: StrataGraft® (Stratatech-Mallinkcrodt, Madison, WI) is a stratified bilayer
skin substitute that has shown great promise, earning an “orphan product” designation

from the FDA in 2012 and “Regenerative Medicine Advanced Therapy” designation in
2017.95.79 1t is composed of a dermal layer containing human fibroblasts and a fully
stratified, biologically active epidermis derived from a human keratinocyte progenitor cell
line.8 This product is intended for coverage of excised burns as a substitute for autografting.
In the initial safety clinical trial comparing StrataGraft® to allograft in full thickness

burns before autografting, StrataGraft® was found to be safe, well tolerated, and did not
induce an immunologic response.81:82 A safety and efficacy multicenter clinical trial was
completed in adult patients, comparing StrataGraft® with autograft in deep partial thickness
burns—defined as wounds containing intact dermal elements; results have not yet been
published.83 A Phase 111 clinical trial of StrataGraft® on deep partial thickness burns is
currently enrolling, with an estimated completion date of December 2019, according to
clinicaltrials.gov.83

Stem cells: The dermal substitutes and bi-layered or multicellular substitutes discussed
so far contain fully differentiated cells. In general, dermal substitutes have poor potential
for revascularization and epithelialization.84 Some contain fibroblasts, which induce stem
cell activation and differentiation in the wound bed through the release of cytokines, but
results have been variable.84 In order to produce a skin substitute with a dermal component
that is more similar to human dermis, advances in tissue engineering aim to include stem
cells in the dermal layer of skin substitutes, such as the recent integration of skin-derived
mesenchymal stem cells (MSCs) with Integra®.8° Potential stem cell sources include bone
marrow, adipose tissue, and burn eschar.85-87 Stem cells contribute to wound healing by
differentiation into skin cells, secretion of cytokines that assist in repair, and modulation of
the immune response to prevent wound deterioration.8* Bone marrow-derived MSCs have
been studied in humans for treatment of burns, and have shown some promise in decreasing
scarring and promoting angiogenesis.84:86.88.89 Nevertheless, their utility is limited by the
difficulty of obtaining a sufficient yield of stem cells from bone marrow aspirates, and the
effects of bone marrow suppression seen during stress states. Alternatively, adipose cells
are abundant and have similarly demonstrated potential for skin regeneration.8487 However,
there are no RCTs to date to support their use. The biggest concern plaguing stem cell
therapies is the danger of tumor formation.8490 Further studies are needed to establish the
safety and feasibility of stem cell therapeutics for burn care.
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Three-dimensional printing of skin: The prospect of three-dimensional bioprinting of
skin as an alternative to autografting is promising; it would allow the use of human-derived
building blocks to reconstruct all components of the skin.%! Several technologies for printing
tissue exist using inkjet, extrusion, laser assisted, /n situ, and dynamic optical projection
stereolithography (DOPsL) printers.92:93 These methods have variable printing speeds,
resolution, and cell viability. DOPsL printers are the fastest of these technologies, with

the highest cell viability.92 Bioink, the material used for bioprinting, is currently a mixture
of extracellular matrix and cells (keratinocytes and fibroblasts). However, embryonic and
adipose-derived stem cells have been reported as bioink material with post-print cell
viability of 94%.%94 Although in its infancy, this exciting technology holds much promise.

Inhibitors of burn progression: An alternative way to enhance wound healing is

to inhibit the injury from progression to a deeper wound. The zone of ischemia in

a burn wound has long been recognized as a target for halting burn progression.42
Potential mediators of burn progression in the zone of ischemia include thrombosis of
vessels; vasoconstriction mediated by cytokines such as thromboxane A2, IL-6, and TNF-
alpha; reactive oxygen species that develop from tissue hypoxia; and inflammatory cell
infiltration.?> Inhibition of these targets has been shown in animal studies to lead to halting
of burn progression in the zone of ischemia.®> However, our limited understanding of the
wound microenvironment in the early phases after thermal injury in humans has limited the
development of molecular targets for human use. This is an important area of research that
could provide insights into novel therapeutic targets for indeterminate depth burns in the
future.

Long term sequelae

Scar quality is a crucial outcome measure for burn patients, as abnormal or hypertrophic
scarring in burn patients can result in long-term pain, pruritis, and functional restrictions.*3
Microscopically, hypertrophic scars are characterized by aberrations of fibroblast action,
collagen imbalance, and extracellular matrix abnormalities, ultimately resulting in the
clinically observed manifestations of the scar. Scar quality can be clinically assessed by
multiple objective measures, including color, thickness, relief, pliability, pain, and pruritis.%6
One prospective cohort study of 141 patients evaluated scar quality between patients with
various depth burns.% In a clinical trial by the same group, Laser Doppler Imaging (LDI)
was used to categorize patients into either low, intermediate, or high healing potential.
Surgeons then used these results to decide on surgical intervention, no surgery, or delayed
decision for surgery.%” Patients included in the trial were followed up 19 months after

the burn, and scar quality was objectively assessed.%8 Investigators found no difference in
scar quality for intermediate and high healing potential burns, while low healing potential
burns demonstrated significantly poorer scar quality. Darker skin and multiple operative
debridements during the acute phase of injury were found to be independent predictors of
poor scar quality. Important for the treatment of indeterminate depth burns, this study also
noted that early versus late surgical intervention did not impact scar quality; and there was
a trend toward faster healing in intermediate healing potential wounds that were treated
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non-operatively. These findings differ from some historical precedents and lend support to a
“wait and see” approach.*®

While development of scarring is undesirable, it can be managed with therapy and
compression, as well as new operative techniques. Laser therapy of traumatic and burn
scars has been shown to positively impact patient outcomes.%8 Expert opinion indicates that
traumatic scars benefit the most when treated with ablative fractional lasers, as compared
to PDL, non-ablative fractional, and ND:YAG lasers.%8 Patient-reported measures of pain,
pruritis, color, and mobility show improvement following serial treatments with ablative
fractional laser.%8 Additionally, there may be a synergistic role for PDL plus ablative
fractional lasers for improvement in pigmentation, appearance, and mobility.%

More recent studies investigating fat grafting for management of hypertrophic scarring
following trauma and burns suggest a potential role for this modality in scar

management. A prospective cohort study evaluated hypertrophic scars of 80 burn

patients following fat transfer, with follow-up over 1 year after completion of grafting.
Based on immunohistochemistry analyses, the study found significant improvement in

scar appearance, normalization of fibroblasts, and collagen.% Additional non-operative
management modalities of hypertrophic scars that have been reported in the literature
include topical cell division, and contraction inhibitors such as imiquimod, calcium channel
blockers, tacrolimus, 5-FU, and bleomycin.#3 Other treatment modalities under investigation
target cellular signaling molecules such as interferon alpha, 1L-10, TGF-beta, and CXCR4,
which have been implicated in scar formation and fibrosis, 100101

Ultimately, in order to optimize management recommendations for indeterminate depth
burns, rigorous outcomes studies evaluating long-term scar results, cost of various treatment
options, and overall morbidity associated with non-operative versus operative management
are necessary. Understanding the treatment-associated outcomes with burns of various
depths, including IDB, will greatly improve clinical decision making earlier in the course of
healing.

Conclusions

IDBs continue to represent a diagnostic and management dilemma for the burn surgeon.
Visual assessment of burn depth is imprecise. Several imaging modalities exist for burn
depth determination; of these, Laser Doppler Imaging is the most widely adopted.1®
Newer modalities, such as confocal microscopy, tomography and spectroscopy have
shown some promise, but they are not yet ready for clinical application. Indeterminate
depth burns have the potential either to progress to full thickness injury or, given the
right wound environment, to heal without autografting. Individual factors related to the
wound microenvironment, which may contribute to burn progression and depth, remain
unknown. Here we highlight gaps in our understanding of the relationship between burn
injury depth and healing capacity in indeterminate depth burns. We also explore multiple
avenues of research that focus on addressing the challenges associated with management
of indeterminate depth burns, as well as wound coverage options. With continued research
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towards harnessing the regenerative potential of IDBs, it may be possible to reduce or
eliminate the need for autografting in these burns in the future.

Abbreviations:

ADT Active Dynamic Thermography

H&E Hematoxilin and Eosin

ICG Indocyanine Green

BTM Biodegradable Temporizing Matrix

CEA Cultured Epithelial Autografts

DGD Debriding Gel Dressing

DOPL Dynamic Optical Projection Stereolithography

FBC Fetal Bovine Collagen

IDB Indeterminate Depth Burn

IR Infrared

LDH Lactate Dehydrogenase

LDI Laser Doppler Imaging

LP Lipoprotein

PPG Photoplethysmography

PSU Pilosebaceous unit

MSC Mesenchymal Stem Cells

STSG Split Thickness Skin Graft

TBSA Total Body Surface Area
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Figure 1:
Histologic sections illustrating normal human skin, and representative biopsies from partial

thickness, and full thickness burned human skin tissue. A, C, E, G are hematoxylin and
eosin (H&E) stained tissue (scale bar = 500 microns). B, D, F, H are lactate dehydrogenase
(LDH) stained tissue with viable cells stained blue (scale bar = 500 microns). A and B
illustrate normal tissue. The dotted line represents the interface between papillary dermis
and reticular dermis. The dermis contains the pilosebacous unit (PSU) (partially visible

in the dotted rectangle). The PSU, composed of a hair follicle, arrector pili muscle, and
associated sebaceous gland, extends from the epidermis into the dermis and represents

an important regenerative niche for wound healing. Dotted circles represent eccrine gland
structures, representing another important regenerative center located throughout the dermis
and often deeper than the PSUs. Panels C and D represent a superficial partial thickness
burn. Arrows point to regenerative centers. Panels E and F show a deep partial thickness
burn with arrows pointing to regenerative centers. Panels G and H represent a full thickness
burn with no visible regenerative potential.
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Figure 2:
Zones of burn injury.
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Figure 3:
Excision of burn with Goulian knife. A) Represents a picture prior to excision of a full

thickness burn. B) Indicates the first tangential excision with arrows pointing to thrombosed
blood vessels.
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Figure 4:
Management of an indeterminate depth burn using placental membrane after hydrosurgery

excision in a patient who was a poor autograft candidate due to comorbidities. A) Full
thickness burn on the day of injury, B) 15 days post burn (PB), postoperative day (POD) 0,
C) 21 days PB PODS6, D) 28 days PB, POD13, E) 35 days PB, POD 27, F) 49 days PB, POD
41,
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Visual Assessment of Burn Depth
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Clinical Depth

Layer Affected

Visual Characteristics

Tactile Characteristics

Prognosis

Superficial (First
Degree)

Epidermis only

Erythema, dry

Painful

Heals within a few days

Superficial Partial
Thickness (Second
Degree)

Epidermis and
superficial dermis

Erythema, blisters, moist,
weeping

Painful, blanchable with
applied pressure

Heals within 3-15 days

Deep Partial
Thickness (Second
Degree)

Epidermis and deep
dermis

Erythema or pale, +/—
blisters, moist or dry

Painful or anesthetic, non-
blanchable with applied
pressure

May heal within 2-3
weeks

Indeterminate Depth
Burn

Epidermis and deep
dermis or full dermis

Erythema or pale, +/-
blisters, moist or dry

Painful or anesthetic, non-
blanchable with applied
pressure

Healing time unknown
but likely longer than 2—
3 weeks

Full Thickness (Third
Degree)

Complete epidermis
and dermis destruction

into subcutaneous layer.

Dry, leathery, white/brown/
black in color

Non-painful, non-
blanchable with applied
pressure

Healing slowly from
edges only, requires
autograft for normal
orderly healing
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Advantages and Disadvantages of Optical Imaging Techniques2729

Page 27

Modality

Advantages

Disadvantages

Microscopy:

Confocal Microscopy
Multiphoton Microscopy

Photoacoustic
Microscopy

Video Microscopy

High resolution, high contrast
Three dimensional imaging

Provides information about
cellular, architectural and
morphological attributes

Real time information on
inflammation, edema, blood vessel
dilation

Limited to superficial wounds

Some imaging cannot be
performed real time

Some have large, expensive
setup which cannot be use
intraoperatively

Videomicroscopy requires
contact with skin

Long imaging acquisition times
(—10 minutes)

Perfusion imaging:

Laser Doppler Imaging

Laser Speckle Imaging

Real time perfusion measurement

Does not work under tourniquet

Tomography:

Optical Coherence
Tomography

High resolution, multisectional

Has same accuracy as biopsies,
and is non-invasive

Can differentiate epidermis
from dermis, useful to study
epithelialization

Real time imaging

Limited penetration power
Expensive
Small field of view

Long acquisition time (~5
minutes)

Spectroscopy:

Imaging Spectroscopy

Near-infrared Imaging
Spectroscopy

Orthogonal Polarization
Imaging Spectroscopy

Spatial Frequency
Domain Imaging

Small, portable devices

Real time assessment of oxy-
and deoxyhemoglobin and water
concentration

Small field of view (1x1 mm)
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