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Abstract

In 2012 the European Medicines Agency approved a pineapple stem-
derived Bromelain-based debridement concentrate of proteolytic enzymes
(NexoBrid®, MediWound Ltd, Yavne, Israel) for adult deep burns. Over
10 000 patients have been successfully treated with NexoBrid® globally,
including in the US. The aim of our study is to perform a systematic
review of the current literature on Nexobrid® outcomes. We conducted a
literature search in PubMed, Google Scholar, Embase, and other search
engines (2013-2023). The online screening process was performed by two
independent reviewers with the Covidence tool. The protocol was
reported using the Preferred Reporting Items for Systematic Review and
Meta-Analyses, and it was registered at the International Prospective Reg-
ister of Systematic Reviews of the National Institute for Health Research.
We identified 103 relevant studies of which 34 were found eligible. The
included studies report the positive effects of Nexobrid® on burn debride-
ment, functional and cosmetic outcomes, scarring, and quality of life.
Also, they validate the high patient satisfaction thanks to enhanced
protocols of analgosedation and/or locoregional anaesthesia during
Bromelain-based debridement. Two studies investigate potential risks
(coagulopathy, burn wound infection) which concluded there is no strong
evidence of these adverse events. NexoBrid® is a safe, selective, non-
surgical eschar removal treatment modality. The benefits of Bromelain-
based debridement are faster debridement and healing times, reduced
operations, length of stay, cases of sepsis, blood transfusions, and preven-
tion of compartment syndrome. Existing evidence suggests that the indi-
cations and the role of Bromelain-based debridement are expanding to
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1 | INTRODUCTION

Over half a century ago, Zora Janzekovic introduced the
concept of early tangential excision of deep burns and
selective eschar removal followed by skin grafting which
allows the preservation of viable dermis.' It took many
years for this pioneering technique to be accepted as the
standard of care (SOC) around the world.>'" Despite sur-
gical escharectomy remaining the mainstay of treatment
for deep burns, it is often associated with complications,
such as bleeding, heat loss, risk of hypothermia, as well
as high operating room (OR) costs and utilization of
human resources.

On the other hand, bromelain-based debridement
(BBD) with NexoBrid® (NXB, MediWound Ltd, Yavne,
Israel), a pineapple plant (Ananas comosus) stem-
derived concentrate of proteolytic enzymes (anacau-
lase-bcdb, e.g., thiol-endopeptidases, phosphatases,
glucosidases, peroxidases, cellulases, glycoproteins,
carbohydrates, and other nonprotein components),'?
has become popular for deep partial thickness (DPT)
and/or full thickness (FT) burn debridement.**™*3

The product consists of a powder of enzymes mixed
with a hydrating gel. The mixture is applied topically on
the burn eschar for 4 h during which, selective debride-
ment is achieved. Bromelain has anti-inflammatory,
anti-oedematous, analgesic, anti-thrombotic, and exfoli-
ative properties mediated through the kallikrein-kinin
and arachidonic acid pathways, as well as through
effects on cell-mediated immunity.'®™'® Unlike surgical
debridement, NXB is a more selective eschar removal
agent resulting in a wound bed with a sufficient

cover “off-label” cases with significant benefits to the global healthcare

bromelain, enzymatic debridement, learning curve, NexoBrid, review, selective, spontaneous

« during the past decade since European approval of Bromelain based burn
debridement there has been a growing body of evidence regarding its safety

« we conducted a literature search in PubMed, Google Scholar, Embase, and
other search engines using the terms “NexoBrid”, “bromelain” and “burn
enzymatic debridement” published during 2013-2023

« we identified 103 relevant studies of which 34 were eligible, reporting the
positive effects of Nexobrid® on burn debridement, functional and cosmetic
outcomes, scarring, and quality of life

quantity of viable dermis to support spontaneous
re-epithelialization. BBD is a bedside procedure with no
requirement for OR staff, sophisticated equipment, or
expensive resources.

NXB proved valuable during the COVID-19 pandemic
which pushed the healthcare system to its limit due to
staff shortages, and high Intensive Care Unit (ICU)
demands (e.g., ventilators, transfusion of blood products,
operating room supplies, etc.). In an attempt to save
resources, there was a shift towards non-surgical care of
burn patients worldwide.'**' For example, several
authors reported their successful experiences with the
use of NXB during the pandemic. They believed BBD was
a suitable alternative to surgery with the highest level of
evidence globally.?***?

Decades of translational research on NXB led to its final
approval for clinical use in 2012 by the European Medicines
Agency (EMA).**?7 The centralized European Union
approval was based on the results of 7 clinical trials.*® Since
then, approximately 10 000 patients have been successfully
treated with NXB for deep thermal burns. European con-
sensus guidelines’*’ and individual European country
guidelines have been published, including Spain,***
Italy,* Romania,* and Poland.*’ It is currently approved
for use in forty-four countries worldwide, most recently in
the United States,® and in pre-approval stages in
Australia.*’

The aim of our systematic review is to analyse the
data of the randomized clinical trials (RCTs) and retro-
spective studies on patient safety, efficacy and outcomes
from BBD, published during the decade since the initial
European approval.
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2 | METHODS

We conducted a literature search (2013 until April
8, 2023) in PubMed, Google Scholar, Embase,
Clinicaltrials.gov, World Health Organization Interna-
tional Clinical Trials Registry Platform (WHO
ICTRP), UK Clinical Research Network (UKCRN)
Portfolio, International Traditional Medicine Clinical
Trial Registry (ISRCTN) using the terms “NexoBrid”,
“bromelain” and “burn enzymatic debridement” in
various combinations (Boolean operators).

The first two authors completed the search. Regard-
ing the PubMed search, 746 papers were identified in
the last decade, and screened by two independent
reviewers based on title and abstract using the Covi-
dence tool. After exclusion of irrelevant articles
(n = 212), full-text online screening of 576 articles took
place based on predetermined inclusion and exclusion
criteria. A similar approach was applied for identifying
the relevant clinical trials on www.clinicaltrials.gov
and the other search engines (Table 1). The screening

TABLE 1 Search strategy, inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

Adult and paediatric
deep partial/ full
thickness burns

Superficial burns

Treatment modality: Pilot studies

BBD

Human subjects Reviews and commentary

articles

Prospective and Letters to the Editor, Case
retrospective clinical reports (<10 patients),
trials Correspondence,

Viewpoints, low level of
evidence

In vitro, in vivo, ex vivo
studies

Publication in the
English language
Published from 2013

until April 2, 2023

Non-English language

Full text available

PubMed/ Google Scholar/ Embase Search strategy
(((nexobrid[Title/Abstract]) OR (enzymatic[Title/Abstract]))
AND (burn debridement[Title/Abstract])) OR (eschar|Title/
Abstract])

Clinicaltrials.gov/ WHO ICTRP/UKCRN/ ISRCTN Search
Strategy bromelain OR NEXOBRID

Abbreviations: BBD, bromelain-based debridement; ISRCTN,
International Standard Registered Clinical Trial Number Registry (WHO
Registry Network); UKCRN, UK Clinical Research Network Portfolio;
WHO ICTRP, World Health Organization International Clinical Trials
Registry Platform.
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yielded 103 relevant reports about NXB, of which
34 were found to be eligible. The clinical characteris-
tics of the participants in the publications were not
limited by age, sex, location, nationality, race, wound
depth and TBSA (%).

The PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) flowchart is
shown in Figure 1. The protocol was registered at the
International Prospective Register of Systematic
Reviews (PROSPERO, CRD42023411458: Bromelain-
based Enzymatic Burn Debridement: A Systematic
Review on Patient Safety, Efficacy and Long-term
Outcomes) of the National Institute for Health
Research (NIHR).

Primarily, our focus was articles analysing the out-
comes of BBD on burn patients from RCTs and prospec-
tive studies, and secondarily from retrospective studies.
These outcomes pertain to the following categories: effi-
cacy of selective debridement (i.e., time to complete
debridement (TCD), time to wound closure (TWC),
wound management), need for surgery, length of stay
(LOS), pain management, scar quality (i.e., functional
restoration, cosmetic results), quality of life (QoL),
application in burn mass casualty events (BMCEs), cost-
effectiveness, safety profile (i.e., potential risks), and sup-
porting literature.

3 | RESULTS

The study designs and treatment methods used were
highly variable among the articles. The data retrieved
were heterogeneous and could not be combined
numerically. Therefore, a systematic review without a
meta-analysis was performed. One hundred and three
papers were identified as relevant to our study, of
which 34 were eligible based on the review criteria.
These included four prospective (including 3 RCTs)
and 30 retrospective studies. The additional 69 reports
published about NXB during the past decade included
case reports, letters, reviews, learning curve reports,
consensus papers, combined modality studies, non-
english language reports and in vitro studies.

3.1 | Treatment efficacy

Four prospectives studies (including 3 RCTs) and
10 retrospective studies on efficacy, and eight studies
on “off label” indications were analysed in which the
number of participants ranged from 26 to 182, both
children and adults. Studies with statistically signifi-
cant results are shown in Tables 2-4. Suboptimal
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FIGURE 1 Preferred Reporting
[ Flowchart for the systematic review ] Ttems for Systematic Reviews and
Meta-Analyses flowchart.
N
Records identified through Records excluded
S | | PubMed/ Embase n=746 Duplicate records n = 177
3 ICCI‘T"I':;“r“(‘)lS'g"V = ——>| Clinicaltrials.gov n=34 (not burns related)
s n= _ :
£ UKCRN n=0 ;SRCTN n=1 (Proteolytic enzyme Streptomyces
2 | |ISRCTN n=1 avus)
~—
Records screened > | Non BBD reports excluded (n=473)
(n=1576)
£
=
8
3
o 69 reports about BBD excluded (case
Full text reports assessed for eligibility > | reports, reviews, non English language,
(n=103) letters, learning curve reports, in vitro
studies, consensus papers, combined
modality studies)

-

Studies included in review (n=34)
e  Prospective studies n =4 (table 2)
e  Retrospective studies n=30
o efficacy n=10 (table 3)
o “off label” indications n=8 (table 4)
o suboptimal outcomes n=2 (table 5)
o pain management n=4 (table 6)
[0}
o

cost effectiveness n=4 (table 7)
safety n=2 (table 8)

outcomes were reported in two studies (Table 5). These
studies report the effects of NXB on burn debridement,
the functional and cosmetic outcomes, scar and quality
of life, and complications.

3.2 | Pain management

Four studies on different types of pain regimes
(i.e., analgosedation, locoregional anaesthesia), their
efficacy and safety were analysed for our review. The
number of participants ranged from 20 to 491. The age
of the participants, TBSA, and outcome measures var-
ied in each study (Table 6). These reports validate the
high patient satisfaction during BBD.

3.3 | Cost-effectiveness

Four cost analysis studies were identified. The data
were obtained from the national burn registries of each
country, or from the simulation models. BBD may have
enormous economic benefits for the healthcare system
(Table 7).

3.4 | Safety profile

Two studies investigate potential risks (coagulopathy,
burn wound infection). The number of participants ran-
ged from 40 to 132. They concluded there is no strong
evidence of these adverse events (Table 8).
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Studies on NexoBrid® safety profile.

TABLE 8

Primary

No. of
Country Type of study Participants Age Range (yr) Mean TBSA (%) outcome

Results Conclusion

Parameters

INR

Reference

NXB does not

1st week: significantly

Coagulopathy

17

46

132

Switzerland Retrospective

Pfister et al.,

increase risk of
bleeding

higher factor-V in NXB

group
No difference in INR-,

aPTT

2022

Fibrinogen
Factor XIII

PLTs

aPTT-, fibrinogen-,

factor-XIII- and
thrombocyte-

SHOHAM ET AL.

concentrations

No strong

Microbial profile of burn

11.78-2.08 Burn wound Gram-positive

45.7

40

Retrospective

UK

Sharaf et al.,

evidence NXB
changes

wounds treated with

microbiology Gram-negative pathogens

2022

NXB is similar to what
cases treated without

ED

bacterial

colonization in
burn wounds

Abbreviations: aPTT, activated partial thromboplastin time; INR, international normalized ratio; NXB, Nexobrid; PLTs, platelets.

4 | DISCUSSION

4.1 | Controlled trial outcomes on
treatment efficacy, safety, scarring,
function and quality of life

In 2021, the phase III multicenter RCT from major burn
centers in the US, Europe, India, and Israel (DETECT
study, NCT #: NCT04040660) showed superior and faster
complete debridement with BBD vs. Gel (placebo) and
BBD vs. SOC cohorts, respectively (93.3% vs. 4%,
and 1day vs. 3.8 days, p < 0.0001), significantly less
blood loss vs. SOC, lower incidence of surgical excision
vs. SOC (4 vs. 72%) Additionally, it showed that the BBD
cohort (n = 75) had significantly better Modified Vancou-
ver Scar Scale scores (MVSS) compared to the cohort
treated with SOC debridement methods (n = 75) in one-
year follow-up.*®

A 2021 multicenter RCT (NCT#: NCT02020746)
showed that EscharEx (ESX, NexoBrid) and gel vehi-
cle arms achieved similar reductions in wound area,
non-viable tissue area and wound healing scores dur-
ing the debridement period in 73 patients with dia-
betic foot ulcers (DFUs), venous leg ulcers (VLUs),
and post-traumatic/ postoperative wounds. They
found faster healing with ESX (55.1% vs. 29.2% gel
group) and complete debridement with 10 daily
treatments (7.6 + 4.1 ESX vs. 8.4 +4.1days gel
group). There were no significant safety issues and
ESX demonstrated a favourable benefit to risk profile
in 6 months follow-up.*’

Schulz et al. performed a clinical trial including
26 patients with deep facial burns, where they found
significantly superior functional and cosmetic out-
comes from NXB compared to surgical debridement
(SD) based on a series of objective readings, e.g.,
exameter® MX 180 that measures scar erythema and
melanin, and Patient and Observer Scar Assessment
Scale (POSAS).”®

Rosenberg et al. (2014) reported promising results
from BBD in a multicenter RCT (NCT #:
NCT00324311) with 182 patients. They found that
NXB significantly reduced TCD (2.2 vs. 8.7 days in the
SOC group), decreased the percentage of wounds
requiring SD (24.5% vs. 70.0% in SOC group),
decreased the burn area surgically excised (13.1%
vs. 56.7% in SOC group), and expedited the TWC in
children and hand burns. In addition, they found supe-
rior long-term outcomes in the children and hand
burn cohorts. They concluded that NXB is a valid min-
imally invasive modality which significantly reduced
the need and extent of surgery including escharotomies
and autografting.”*
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FIGURE 2
left upper limb. (A) Pre-, (B) post-Nexobrid® enzymatic

Hot oil mixed-depth circumferential burn on the

debridement down to healthy bleeding wound bed, note selective
debridement and release of distal constriction.

4.2 | Paradigm shift, selective
debridement, and wound management
from retroprospective studies

BBD represents a major paradigm shift in the treatment
of burns, and as such requires a number of changes from
previous standard practice. This includes the following:
medical training (a requirement by EMA in order for a
burn center to be able to use NXB safely),”” logistic alter-
ations in the management of burns in the Emergency
Department and on the wards (e.g., avoiding the use of
Silver Sulfadiazine or Iodine-based ointments before
NXB application), the need for several dressing changes
necessitating an increased nursing staff workload on
treatment day, and adequate pain management on the
ward/ ICU. Sequential BBDs for treatment of large burns
(up to 15% TBSA per session) requires adequate monitor-
ing and hemodynamic support.*® Patient compliance is
crucial to achieve a sufficient debridement.”® Even for
experienced burn surgeons there is a learning curve to
assess the post-enzymatically debrided wound bed and
to predict the need for grafting versus spontaneous
wound healing and epithelial regeneration.

One of the key benefits of BBD is the selective debride-
ment which preserves viable dermis and allows spontane-
ous epithelialization, reducing the need for autografting
and donor-site morbidity. Although post-BBD of deep
burns often require more than 21 days to re-epithelialize,
long-term cosmetic outcomes are equivalent, if not better,
to surgical excision and grafting.>* In cases of residual via-
ble dermis that is insufficient to sustain spontaneous heal-
ing post-BBD, prolonged pre- (2-24 h) and post- (12-24 h)
NXB wet-to-dry soakings to ensure a moist environment,

P WiLEy-L =

enhance graft take after a few days.*>*"**%*°>"% A moist

wound environment is achieved with a plethora of dress-
ings that have been used, including Suprathel®, Mepilex
Ag®, Biobrane®, Medihoney® and allografts,®*"5
SpinCare™, an electrospun polymer nanofibrous tempo-
rary epidermal layer,®" intact fish skin grafts (Kerecis®),®?
and Epiprotect™ (a thin film of biosynthetic cellulose
polymer),® as well as platelet-rich fibrin (PRF),** autolo-
gous cell therapy combined with PRF or fibrin glue.®

After gaining ample experience with this novel
product,”>>>>® the post-BBD wound bed viability and
perfusion are assessed immediately after removal of NXB,
thus allowing surgeons to correctly diagnose wound
depth, and potentially reduce the need for grafting (-
Figure 2).>”°>®” Schulz et al. in a study with 40 patients
with hand burns found superior outcomes post-BBD in
burn depth evaluation, tissue preservation, completeness
of debridement, and wound closure.® Although Laser
Doppler Imaging (LDI),**”° and ultrasound for assessing
skin thickness”' may be helpful, subjective clinical
inspection of the remaining dermal elements is the stan-
dard method for assessing the post-enzymatically deb-
rided wound bed.

Despite a learning curve needed to master this
technique, researchers agree on the superior func-
tional’? and aesthetic outcomes post-BBD,**7*7* skin
preservation,”®®"7>7° reduced need for skin grafting,
decreased hypertrophic scarring,°®’”’® and faster
healing times.”” These outcomes are based on objec-
tive measures of quality of life (QoL), good scarring
and functional outcomes (e.g., Disabilities of the Arm,
Shoulder and Hand (DASH) questionnaire, the Michi-
gan Hand Outcomes Questionnaire (MHOQ), and
Vancouver Scar Scale (VSS), respectively).

Additionally, multiple studies show encouraging out-
comes for off-label indications, e.g., burn-induced com-
partment syndrome (BICS),”***%' paediatric burns,
electrical burns,®? chemical burns,®® hard to heal chronic
wounds,** genital burns,®*> >15%TBSA burns,***” and
delayed BBD.*® However, not all off-label reports are
unanimous about BICS. While Griinherz et al. reported a
steady increase in the use of NXB for preventive decom-
pression in circumferential deep burns in their practice,
they concluded that a surgical escharotomy is still to be
preferred in severely burned patients.®’

4.3 | Pain management

Adequate pain management should be considered stan-
dard practice during BBD as per the European consensus
guidelines.*” Patients should be appropriately informed
as enzymatic debridement with NXB is painful without
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adequate analgesia.’® Pain levels peak shortly after
application of NXB and again upon its removal. Thus,
analgesia (e.g., non-steroidal anti-inflammatory drugs,
opioids), anaesthetic agents (e.g. ketamine), sedation
(e.g. midazolam), and/or locoregional blocks should be
tailored accordingly.’®®" Patient satisfaction was
reported as high when adequate pain management
with analgosedation, or locoregional anaesthesia was
utilized.”

4.4 | Burn mass casualty events
(BMCEs)

The principles of BBD can be applied in BMCEs. Rapid
and efficient non-surgical debridement has the potential to
raise surgical capacity. The US government via the Bio-
medical Advanced Research and Development Authority
(BARDA) recognized NXB as a potential solution to a
radiological or nuclear event, where there may be an over-
whelming need to treat radiation and/or thermal burns.”
In this scenario, traditional burn care methods would
prove insufficient. In addition, BARDA invested many
public funds for the development of NXB as part of its
arsenal of medical countermeasures for potential
BMCEs.”® BBD was used to treat 39 patients in 3 hospitals
during the 2015 aftermath of the nightclub fire in
Romania.”* Bowers et al. advocated that BMCEs could be
successfully managed with BBD in their experience of a
house explosion with five patients.®® Kiely et al. reported a
similar experience in a house explosion with 4 patients.”

4.5 | Cost-effectiveness

Several reports confirm that thousands of dollars are
saved from hospital budgets thanks to reductions in ICU
stays, length of hospitalizations, need for surgical exci-
sion and autografting. NXB use reduces OR utilization,
allowing for increased reimbursements from other surgi-
cal cases.”® Indeed, a market access consultant calculated
that NXB will realize yearly savings for the Belgian
Healthcare budget of at least 30.000€, and therefore reim-
bursement was approved.”’ Farahati et al. projected the
economic spillovers of this public investment, assuming
integration of BBD into the US burn care system. They
calculated potential cumulative spillover benefits of up to
$1.8 billion, depending on the extent of reduction in hos-
pital LOS, the number of autografts performed, and peak
market share in 10 years.”® Similarly, a cost analysis was
performed by Giuduce et al. who estimated savings worth
53 300€ by using NXB in ten patients.’” Martinez-Mendez
et al. found that hospital length of stay was the main cost

determinant and the actual cost of NXB was only 13.9%
of the total treatment cost.'*

4.6 | Safety profile

Despite its success in treating burn patients, there have
been a few potential safety issues. The potential risk of
bromelain dust inhalation, respiratory sensitization and
subsequent allergic reactions were historically questioned
as a result of mixing the enzyme powder with the hydrat-
ing gel before topical application. Smolle et al. measured
the particle concentration in the air during the mixing
process and found that very low exposure levels of inhal-
able particles were present. They concluded that the
manufacturer's instructions for safe preparation and use
of the product were sufficient.'”!

According to the Summary of Product Characteristics,
oral bromelain administration reduced platelet aggregation
and plasma fibrinogen concentrations, and moderately
increased prothrombin and activated partial thromboplastin
times (aPTT). Bromelain is safe, however, according to a
2016 safety and efficacy report. Caution should be exercised
by healthcare providers with patients on anticoagulants,
with thrombocytopenia, or in other causes of increased risk
of bleeding.'® Pfister et al. found that enzymatic debride-
ment in burn patients (n = 66) with a mean TBSA of 17%
does not increase the risk of coagulation abnormalities
based on the international normalized ratio (INR), aPTT,
fibrinogen, factor-XIII and platelet counts compared to the
regular surgical approach.'® The safety profile was con-
firmed by investigating trends in systemic inflammatory
reaction, bleeding, hemodynamic stability, and electro-
lytes.*” It is important to remember that coagulopathy is
often associated with the burn pathophysiology itself.

Regarding possible alterations in the microbiological
pattern of burn wounds post-BBD, Sharaf et al. showed
that the microbial profile of 40 burn patients treated with
NXB was similar to what is widely reported in cases trea-
ted without enzymatic debridement in all stages of
wound healing.'*

4.7 | Strengths and limitations

Additional studies to corroborate the findings of our
work include Edmondson et al. They strongly advocated
for modern enzymatic approaches for eschar debride-
ment which have the potential to maximize dermal pres-
ervation and improve long-term scar outcomes.'* Others
considered debriding enzymes as adjuncts to surgical
excision, and concluded that NXB is effective in deep
burns by decreasing the percentage of grafting required
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without significant adverse effects.'”>'°” Kwa et al. found
the TCD was the shortest for NXB, while the TWC was
the longest compared to tangential excision, hydrosur-
gery, and shock waves, although this did not lead to
decreased scar quality. They hypothesized that this may
be due to the earlier eschar removal and its implications
on the quality of spontaneous healing.'®®

A 2020 review on the clinical trial experience in chil-
dren showed that BBD is safe and effective in children.'”
The results of a recent paediatric RCT on 72 children
treated with NXB compared to 73 children treated with
standard debridement methods, mentioned that all three
primary endpoints (shorter TCD, less need for surgical
excision, and non-inferior scarring results) were
achieved. Also, the safety and efficacy of NXB in the pae-
diatric population were demonstrated.''’ As over two-
thirds of NXB treated patients in this RCT suffered from
scalds, these results contradict those of a retrospective
study by Tapking et al where NXB efficacy in scalds was
questioned as compared to its efficacy in flame burns.'"!

Future research should focus on optimizing the proto-
cols for treatment of the paediatric population and burn
patients with comorbidities and BICS.

5 | CONCLUSIONS

Through scrutinous review and approval processes from
multiple regulatory agencies including the US Food and
Drug Administration (FDA), a substantial body of evi-
dence supporting the safety and efficacy of NXB as a valid
non-surgical eschar removal agent has accrued over the
past decade. The benefits of BBD include faster time to
complete eschar removal and faster healing time, reduced
operations, LOS, cases of sepsis, blood transfusions, and
prevention of BICS of the extremities and escharotomies.
Existing evidence suggests that the indications and the
role of BBD are expanding to cover “off-label” cases with
significant benefits to the global healthcare economy.
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