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Foreword'’

It is a great honour for me to be invited to provide a foreword for the series of
six books edited by Dr. Shiffman and Dr. Low, which cover a broad expanse
of subjects relevant to and important in the care of patients with wounds.

Wounds have existed since the beginning of time and, until recent years,
have received scant attention unless major conflicts developed which neces-
sitated innovation in the treatment of patients with wounds. However, in
recent years there has been an increasing interest in this subject as evidenced
by the explosion of journals, meetings, societies and associations and initia-
tives that have been developed in this field.

The need for an academic underpinning of the subject of wound healing is
without question. Research papers published in recent years have undoubt-
edly enhanced the scientific basis for wound healing. This, coupled with
demographic changes in many countries around the world, has led to increas-
ing numbers of patients developing wounds or wound healing problems. It is
recognised that in the vast majority of geographies globally the number of
patients with wounds is increasing in everything other than major burns
where better health and safety initiatives have been an effective preventive
strategy.

This series of books not only attempts to deal with subjects that are nor-
mally seen in wound healing text but also provides a huge amount of space to
the management of wounds seen in surgical practice, both general and spe-
cialist surgery. The sections on infection are an attempt to deal with a very
common but poorly managed clinical problem and one that requires urgent
attention in view of the global challenge of antimicrobial stewardship. The
tradition chronic wounds are also included and provide a medical as well as a
nursing and paramedical focus on these subjects.

It is particularly pleasing to see books and chapters focused on specialised
surgical practice as these are areas that are rarely covered in other educational
products in this area. The opportunity for new therapies, measuring the range
of effective and appropriate outcomes and the use of new technologies are all
included.

For those of us who work in the area of wound healing, these books will
unquestionably be an important reference source. For those readers who want
to get an insight into this common, expensive and complex problem they will
without doubt find the content of these books an important source of informed
opinion and refer to the rapidly expanding evidence base that is developing in
this subject area.
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Foreword

I would urge you to immerse yourself in these books. Read, reflect and con-
sider how information that you have had access to can and will change your
clinical practice.

Keith Harding

Clinical Innovation Cardiff (CIIC),
College of Biomedical and Life Sciences,
Cardiff University School of Medicine,
Heath Park, Cardiff,

UK

'P. S.

We, Melvin A. Shiffman and Mervin Low, are greatly enthralled by Keith Harding’s will-
ingness to write the Foreword for the books on wounds. Keith Harding is the Director of
TIME Institute (Translation, Innovation, Methodology and Engagement) and Head of the
Wound Healing Research Unit in the School of Medicine at Cardiff University. He is
Clinical Lead for Wound Healing in the Cardiff and Vale NHS Trust. In September 2013
Harding was appointed Dean of Clinical Innovation at Cardiff University. From 2002 to
2005 he was Head of the Department of Surgery at Cardiff University. He is Editor-in-
Chief of the International Wound Journal. Harding is a Past President of the European
Tissue Repair Society. He was the first President of the European Pressure Ulcer Advisory
Panel and first Recorder of the European Wound Management Association. He was Chair
of the International Working Group on Wound Healing in Diabetic Foot Disease in 2003.
He was Chair of the Expert Working Group that produced a range of International
Consensus Documents from 2004 to 2011. Professor Harding was appointed a Commander
of the Order of the British Empire in the 2013 New Year Honours for services to medicine
and healthcare.
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Preface

We are delighted to have the book on wounds extended into six volumes.
There is so very much medical literature in journals and books that to cover
the whole gamut of wounds would be virtually impossible. We tried to include
as many of the experienced practitioners in wound care as possible, but many
of them are too busy to spend the time committing to submitting a chapter.
The selection of topics in each of the volumes was decided by the number
of authors responded to each of the subjects. As usual in editing a book, many
authors who agreed to submit manuscripts finally were not available to com-
plete the chapters. We contacted or tried to contact over 1500 authors and
most of them did not respond or the responses were not as good as expected.
The volumes include:

. Biofilm, Pilonidal Cysts and Sinuses

. Burns, Infections and Wound Management

. Pressure Injury, Diabetes and Negative Pressure Wound Therapy

. Plastic and Thoracic Surgery, Orthopedics and Ophthalmology

. Vascular Surgery, Neurosurgery, Lower Extremity Ulcers, Antimicrobials,
Wound Assessment, Care, Measurement and Repair

6. Chronic Wounds, Wound Dressings and Wound Healing

DN AW N

There are many expert international contributors who have worked in vari-
ous aspects of wound research as well as clinical practice. We have tried to
have chapters that involved humans and in vivo results and avoided as much
as possible animals and in vitro results. Chapter conclusions are those of the
authors and may not be the same as those of the editors. At times the chapter
may appear cumbersome, but the authors try to show some proof of their
results. Language difficulties are common when translated into English so
that grammar, spelling and sometimes words have to be corrected.

Hopefully, the reader will get information that adds to their care and treatment
of patients. Researchers may gain knowledge of other researchers’ progress and
improve on the results or can continue their work in other directions. Controversy
is many times a good thing since looking in other directions to prove or disprove
a result can improve knowledge. We have a long way to go to be able to treat all
wounds properly and successfully in as short a time as possible.

Tustin, CA, USA Melvin A. Shiffman
Newport Beach, CA, USA Mervin Low
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Overview of Burns

Melvin A. Shiffman

1 Introduction

Burns can be one of the most devastating injuries,
although ranging from first-degree burn that can
be treated at home to third- and fourth-degree
burns that can require extreme care both medi-
cally and surgically that can, hopefully, keep the
patient alive but with major scars that may remain
to be treated.

2 History

Cave paintings from more than 3500 years ago
showed burns and their management [1]. The ear-
liest Egyptian records on treating burns describe
dressings prepared with milk from mothers of
baby boys [2]. The 1500 BCE Edwin Smith
Papyrus describes treatments using honey and
the salve of resin [1]. Tea leaves were used by the
Chinese as early as 600 BCE. Hippocrates
described the use of pig fat and vinegar in
400 BCE, while Celsus used wine and myrrh in
100 CE [1]. Ambroise Paré was the first to
describe different degrees of burns in the 1500s
[3], and Guillaume Dupuytren developed the 6°
classification of burns 1832 [4, 5].

M.A. Shiffman, M.D., J.D.
Private Practice, Tustin, CA, USA
e-mail: shiffmanmdjd @gmail.com

James Syme established the first burn unit
in Edinburgh in 1843 [6]. He argued that mix-
ing burn patients with postoperative patients
would make him “chargeable with the highest
degree of culpable recklessness.” This logic
motivated the Edinburgh Royal Infirmary
leadership to set aside the former high school
janitor’s house for burn patients. This experi-
ment was relatively short-lived, however, since
burn patients were transferred to one of the
“sheds” in 1848 to make way for an increased
number of mechanical trauma casualties from
railway accidents. Glasgow Royal Infirmary
had from 1833 to 1933 accumulated 100 years
of experience with over 10,000 burn patients
and in 1883 established a separate burn ward.
In Dunbar’s report on these patients, he com-
mented that in the pre-antiseptic era, only the
worst burns would come to the hospital; there
were a biphasic mortality pattern (with the
highest number of deaths between postburn
hours 12-24), a high incidence of streptococ-
cal wound infection, the infrequency of skin
grafting, and a frustratingly high mortality
rate of 20-30% despite the introduction of
antisepsis.

During World War I, Henry D. Dakin and
Alexis Carrel developed standards for the
cleaning and disinfecting of burns and wounds
using sodium hypochlorite solutions, which
significantly reduced mortality [1]. In the
1940s, the importance of early excision and
skin grafting was acknowledged, and around
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the same time, fluid resuscitation and formu-
las to guide it were developed. In the 1970s,
researchers demonstrated the significance of
the hypermetabolic state that follows large
burns.

3 Types of Burns

1. Heat burns (thermal burns):

Caused by fire, steam, hot objects, or hot
liquids.

2. Cold temperature burns:

Caused by skin exposure to wet, windy, or
cold conditions.

3. Radiation burns:

Caused by the sun, tanning booths, sun-
lamps, X-rays, or radiation therapy for cancer
treatment.

4. Chemical burns:

Caused by contact with household or
industrial chemicals in a liquid, solid, or gas
form.

5. Electrical burns:

Caused by contact with electrical sources
or by lightning.

6. Friction burns (abrasion and heat burns):

Caused by contact with any hard surface
such as roads (“road rash”), carpets, or gym
floor surfaces.

7. Inhalation injuries:
Breathing in hot air or gases can injure the lungs.

4 Burn Degree [7, 8]

1. First-degree burns:

Burns of the epidermis. Painful but no blis-

ters and get better over 3—7 days
2. Second-degree burns:

Superficial partial-thickness burns to the
papillary layer. Pink, moist, and painful and
forms blisters. Heal within 2-3 weeks without
scarring

Deep partial-thickness burns to the reticu-
lar layer. White, pink, or red but less painful
and fairly dry. Slow capillary refill. Heal
within 3-8 weeks with scarring

3. Third-degree burns (full-thickness burns):

Injury to all the skin layers and subcutaneous
layer. Leathery, no pain, and no capillary refill.
Heal by epithelial migration from the periphery

4. Fourth-degree burns:

Extend through the skin and subcutaneous
tissues to injured muscle, ligaments, tendons,
nerves, blood vessels, and bones. Black and
necrotic

5 In this Article

5.1 Symptoms of Burns
The symptoms of burns depend on the cause and
type of burn. They can include:

Red skin or pale and clammy skin.
Blisters with peeling.
Swelling.
Pain: The degree of pain is not related to the
severity of the burn. The most serious burns
can be painless.
Faintness.
Weakness.
Decreased alertness.
Dizziness.
9. Bluish lips and fingernails.
10. Muscle twitching.
11. Seizures.
12. White or charred skin.
13. Irregular heartbeat.
14. Shock.
15. Cardiac arrest.

=
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6 Surface Area Assessment
of Burns

Smart (1876) [9] noted that burn severity was deter-
mined by their size and depth as well as other bodily
systems that were affected including airway.

6.1 Rule of Nines

The rule of nines was devised by Pulaski and
Tennison in 1947 [10] and published by Wallace
in 1951 [11].
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The extent of burn injury to the skin can be
estimated using the “rule of nines” (Fig. 1). This
allocates approximate percentages to the major
anatomical areas relative to the total body sur-
face area (TBSA). The adult head and neck are
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Fig. 1 Rule of nines

allotted 9% of TBSA, each upper limb 9%, each
lower limb 18%, each anterior and posterior sur-
faces of the trunk 18%, and perineum and uro-
genital structures 1%. The area of an adult palm
and fingers is approximately 1% of TBSA, and
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the total of multiple scattered areas of burn
injury can be estimated using the open hand size
as a guide.

6.2 Serial Halving

Serial halving is a prehospital assessment tool
for burns. Using this method, the assessor
decides if the area burned is greater than half
of total body surface area (TBSA), between a
quarter and half, between an eighth and a
quarter, or less than an eighth. This can be
useful in decisions about initial management
and does not depend on knowledge of the pro-
portion of the major anatomical areas relative
to the TBSA.

Smith et al. (2005) [12] found no statistical
difference between serial halving and the rule
of nines as an initial assessment tool when
determining dispositional. Serial halving has
an inherent weakness when assessing certain
sizes of burn. The rule of nines requires that
the assessor knows and understands the pro-
portionate areas of the body. The mathematics
of percentages and fractions appeared to con-
fuse some assessors. Simply stated, a burn
from the wrist to the elbow is 50% of the arm,
while a burn from the wrist to the mid-forearm
is 25% of the arm. A burn from the feet to the
nipple line is 75%.

6.3 Berkow Formula (Berkow’s

Table)

Berkow (1924) [13] described a method of esti-
mating the extensiveness of lesions (burns and
scalds) based on determining the percentage of
total body surface affected by a burn. A method
for the formula is derived from the rule of nines
where certain body areas account for 9% each
and the total body area is given a value of 99. The
remaining 1% is the perineum. The age of the

patient is taken into consideration when applying
the Berkow formula. For example, the head of a
1-year-old child is proportionately larger than
that of an adult; therefore, the 1-year-old’s head
would account for 19% of total body surface,
while the head of an adult would account for 7%.

6.4 Lund and Browder Chart

A series of charts was produced by Lund and
Browder in 1944 [14]. They are useful in the
management of burns of children for estimating
the total body surface area affected. It takes into
consideration the age of the person, with decreas-
ing percentage of body surface area (BSA) for
the head and increasing percentage of BSA for
the legs as the child ages. Children have smaller
extremities but larger heads than adults.

More accurate assessment can be made using a
Lund and Browder chart that maps the percentage
total body surface area (TBSA) in a little more
detail and includes some of the variations that
occur with age, from birth to adulthood (Table 1).

The degree of burn can be drawn on Fig. 2.

7 Resuscitation Fluid

For calculation of resuscitation fluid, Jain (2014)
[15] used the Berkow formula to determine the
percent surface area burned.

A simplified version of the Parkland
burn therapy fluid formula is described by

Table 1 Lund and Browder chart

Age Age Age Age Age

Area 0 1 5 1 15 Adult
1/2 of the 91/2 81/2 61/2 51/2 41/2 31/2
head

1/2 of the 23/4 31/4 4 412 4172 43/4
thigh

1/2 of the 2172 21/2 23/4 3 41/4 3172
lower leg
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2nd degree 3rd degree

Fig.2 Lund and Browder

Freshwater and Su (1979) [16]. The rule 8 Indications for Referral

states that for the first 8 h after burn, the to a Burns Unit [17]

hourly rate of Ringer’s lactate solution (in mil-

liliters per hour) equals the patient’s weight in 1. All complex injuries should be referred.
pounds multiplied by the percent burn and 2. A burn injury is more likely to be complex if
divided by 9. associated with:
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(a) Extremes of age—under 5 or over 60 years
3. Site of injury:
(a) Face, hands, or perineum
(b) Feet (dermal or full-thickness loss)
(c) Any flexure, particularly the neck or axilla
(d) Circumferential dermal or full-thickness
burn of limb, torso, or neck
4. Inhalational injury:
(a) Any substantial injury, excluding pure
carbon monoxide poisoning
5. Mechanism of injury:
(a) Chemical injury >5% of total body sur-
face area
(b) Exposure to ionizing radiation
(c) High-pressure steam injury
(d) High-tension electrical injury
(e) Hydrofluoric acid burn >1% of total body
surface area
(f) Suspicion of non-accidental injury
6. Large size (dermal or full-thickness loss):
(a) Pediatric (<16 years old) >5% of total
body surface area
(b) Adult (>16 years) >10% of total body
surface area
7. Coexisting conditions:
(a) Any serious medical conditions (cardiac dys-
function, immunosuppression, pregnancy)
(b) Any associated injuries (fractures, head
injuries, crush injuries)

9 Mortality in Burns

Schjerning (1884) [18] advanced the idea of the
relation of mortality with burn size in 1884. He
found that death always followed if two thirds of
the body was burned, was to be expected if 50%
of the body was burned, and generally occurred if
a third of the body was burned.

9.1 Baux Score

The Baux score is a system used to predict the
chance of mortality due to severe burns. The
score is an index which takes into account the
correlative and causal relationship between mor-

tality and factors including advancing age, burn
size and the presence of inhalational injury.
Studies have shown that the Baux score is highly
correlative with length of stay in hospital due to
burns and final outcome.

9.1.1 Original Method

The original Baux score was proposed by Baux
in 1961 [19]. Two factors were used. The first
was the total body surface area affected by burn-
ing (usually estimated using the Wallace rule of
nines or calculated using a Lund and Browder
chart) and the second being the age of the patient.
According to Roberts et al. (2012) [20], the Baux
score continues to provide an indication of the
risk of mortality.

9.1.2 Modified Baux Score

The modified score takes into account the effect
of inhalation injury. It was found that inhalation
injury resulted in an increase of around 17 on the
Baux score, and this addition means that a patient
with inhalation injury would have their score cal-
culated by body area affected + age of patient + 17
[21]. Recent analysis of mortality in burn units
worldwide has shown that for well-performing
units the LD50 (the point at which 50% of
patients would be expected to die) for major
burns has significantly improved and the best
units have a modified Baux score of 130-140.
This means that all burns in children (except
100% TBSA full-thickness burns) should be con-
sidered survivable injuries and actively treated
[22].

9.2 The Belgian Outcome in Burn

Injury (BOBI)

The Belgian Outcome in Burn Injury (BOBI)
prediction model consists of a 0—10 point score
based on three major predictors for mortality:
increasing age, total burned surface area, and the
presence of inhalation injury [23]. This is an
easy-to-use prediction model, which proved to be
accurate in distinct populations with severe burn

injury.
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9.3 Charlson Comorbidity Index

(cq)

Heng et al. [24] reviewed the revised Baux score,
Belgian Outcome in Burn Injury (BOBI) score,
Abbreviated Burn Severity Index (ABSI), APACHE
II score, Sequential Organ Failure Assessment
(SOFA) score, and updated Charlson Comorbidity
Index (CCI). Only the revised Baux score and the
updated CCI were independently associated with
shorter time to death. The data suggested that the
revised Baux score and the updated Charlson
Comorbidity Index (CCI) are independently associ-
ated with inpatient mortality in patients admitted to
intensive care with burn injuries affecting >15%
total burn surface area (TBSA). This emphasizes
the importance of comorbidities in the prognosis of
patients with severe burn injuries.

The Charlson Comorbidity Index (CCI)
assesses the comorbidity risk associated to a
series of conditions in order to offer medical spe-
cialists an informed decision-making process in
terms of specific screenings or medical proce-
dures [25]. The index accounts for the patient age
and 16 conditions. This instrument is used to cat-
egorize comorbidities of patients and uses the
International Classification of Diseases (ICD)
diagnosis codes [26].

9.3.1 Charlson Comorbidity Index
Scoring System

The CCI index predicts the 10-year mortality for
patients presenting one or more of the conditions
in the model. This is an index used in decision-
making when a medical professional is presented
with a treatment solution but needs to take into
account the short- and long-term benefits of the
treatment in a patient with other comorbidity
conditions and should assess their long-term risk.
Comorbidity is the term given to the presence of
one or more additional conditions existing simul-
taneously, independently or not (with or without
a causal effect), with a disease considered pri-
mary. It also suggests the effect of one or more
additional conditions on the primary disease.

The age groups and each condition are awarded
a specific number of points, some conditions

Table 2 Charlson Comorbidity Index scoring system

Score Condition

1 Over 40 years of age: Divided into four age
groups of different
risk—under 50, between 50 and 59, between 60
and 69, and 70 or over
Myocardial infarction: Patient or family
Congestive heart failure
Peripheral vascular disease peripheral artery
occlusive disease and peripheral obliterative
arteriopathy, including aortic aneurysm
Cerebrovascular disease
Dementia
Chronic pulmonary disease
Connective tissue disease
Peptic ulcer disease
Mild liver disease
Diabetes without end organ damage (excludes
diet controlled alone)

2 Hemiplegia
Moderate or severe renal disease
Diabetes with end organ damage or brittle
diabetes
Tumor without metastasis except over 5 years
Leukemia
Lymphoma

3 Moderate or severe liver disease

6 AIDS (not just HIV positive)

weighing more than others, based on the adjusted
risk of mortality (Table 2). The more points given,
the more likely the predicted adverse outcome.
The index then sums the points and offers a
10-year survival/mortality prognosis.

9.3.2 Calculating the Charlson
Probability

This is the method through which the CCI score
is transformed into a survival/mortality percent-
age: taking into account that C is the score result
obtained by adding the points. For example, at a
score of 6, the 10-year survival is 2.25%.

The list of comorbidities has been modified to
17 categories by Deyo et al. (1992) [27]. The list
of specific ICD diagnosis codes that are used to
identify different categories of comorbidity has
been modified by Romano et al. (1993) [28] and
updated from ICD-9-CM to work with ICD-10
coding by Quan et al. (2005) [29]. The original
weights developed for use with the index have also
been modified by Schneeweiss et al. (2003) [30].
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There have been several variations to the index
such as the Charlson-Deyo, Charlson-Romano,
Charlson-Manitoba, and Charlson-D’Hoores
comorbidity indices.

10 Treatment of Burns

The treatment of burns is dependent on the type
and extent of the burns. A first-degree burn can
be treated at home. The only symptom may be
pain, and acetaminophen or ibuprofen may be
used. The wounds are best treated with cool water
for 5 min or longer to decrease the discomfort. If
the patient still complains, lidocaine with aloe
vera gel or cream may be used. At times, an anti-
biotic ointment with loose gauze can be applied
especially on the knees, ankles, feet, spine, shoul-
ders, elbows, and forearms. These will heal in
7-10 days.

With second-degree burns, there will be blis-
ters and soreness. Pain medication such as acet-
aminophen or ibuprofen may be used. Running
cool water on the region for about 15 min may
help. Some blisters may burst and a wet or weep-
ing appears. This can be treated with an antibiotic
cream. Over time, thick, soft, scab-like fibrinous
exudate may develop over the wound keeping the
area clean, and bandaging it properly is required
to prevent infection. Colloid (dextran or plasma)
may be necessary. The wound heals in 3 weeks or
longer. Rarely is a skin graft necessary.

Third-degree burns require hospitalization,
and treatment is dependent on the extent of the
area burned. There may not be significant pain
except with dressing changes. If there is less than
15% of the body involved, fluid requirements are
minimal and can be met with oral salt-soda solu-
tion containing 3 Gm of sodium chloride and
1.5 Gm of sodium bicarbonate [31].

In more extensive burns, the first 24 h should
have colloid (whole blood), 0.5 mL per Kg body
weight for each percentage of body surface
burned, and electrolytes 1.5 mL per Kg body
weight for each percentage of body surface
burned. About 2000 mL of glucose should be
administered. More than 50% burn is calculated
as a 50% burn.

Extensively burned patients should have one
half of the fluids in the first 8 h, and more colloids
may be necessary. In the second 24 h, one half of
the first 24 h of electrolytes and colloids should
be infused with 2000 mL of glucose in water
[31]. The rate of fluid administration depends on
the blood pressure (if falling) and the urine out-
put under 30 mL/h. If the urine output is more
than 50 mL/h, the rate of administered should be
slowed. The rate of infusion is slowed if the
patient has respiratory involvement. The serum
sodium level should not exceed 140 meq/L. From
the 3rd to the 12th day, electrolyte imbalances
occur and should be followed at least daily. When
diuresis occurs, electrolyte-free water should be
given in order to maintain the serum sodium at
about 135 meg/L. Maintain the hematocrit at
about 45%.

In extensively burned patients, the wounds
should be cleaned thoroughly and debris and
dead tissue removed. An occlusive dressing may
be applied, but this may be conducive to infection
because of the warmth and moisture. Changing
dressings daily is painful, and morphine is usu-
ally required. The risks of general anesthesia may
be necessary if the patient still cannot tolerate the
dressing changes. Exposure of the area, if possi-
ble, allows the wound to be examined frequently
for early detection of infection.

11 Complications
11.1 Metabolic Disturbances
with Hypermetabolism

A burn of over 20% of the body is conducive to
metabolic disturbances with hypermetabolism,
increased gluconeogenesis, insulin resistance,
increase in endogenous lipolysis, and loss of lean
body mass [32, 33].

The nutritional requirements are particularly
increased for glucose and proteins.

There is a maximal oxidation rate for glucose
of 5 mg/kg/min for adults and children that
should not be exceeded to avoid the development
of fatty liver [34]. Protein requirements are
increased to 1.5-2 g/kg/day.
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Table 3 Calculation of caloric requirements in the
patient with burn wounds can be assessed utilizing either
the Curreri or Toronto formulas [35]

Curreri formula = 25 x body weight (kg) + 40 x %
TBSA burned

Toronto formula = —4343 + 10.5 x %

TBSA + 0.23 x previous 24 h caloric intake

+0.84 x Harris-Benedict equation +114 X previous 24 h
maximal temperature—4.5 x days postburn injury

Table 4 Derivation of IBW using the Devine formula
and adjusted body weight (ABW)

Devine formula: Men—ideal body weight

(in kilograms) = 50 + 2.3 kg per inch over 5 ft
Women—ideal body weight (in

kilograms) = 45.5 + 2.3 kg per inch over 5 ft

IBW (male) = 50 + (2.3 x (height [in inches]—60))
IBW (female) = 45.5 + (2.3 x (height [in inches]—60))
ABW = 0.25 x (actual body weight—IBW) + IBW

Enteral nutrition calculator may be used to
calculate the appropriate tube feeding rate and
supplemental protein required to meet a burn
patient’s nutritional needs. It provides the
results of calculations using both the Curreri
and Toronto formulas (Table 3). Protein require-
ments in the burn patient are estimated at 2 g/
kg/day.

11.1.1 Determination of Ideal
and Adjusted Body Weight

If the patient is greater than 20% above ideal
body weight (IBW), the adjusted body weight
should be used in the calculation of enteral nutri-
tion rates for surgical and trauma patients.
Derivation of IBW using the Devine formula and
adjusted body weight (ABW) are shown in
Table 4.

11.1.2 Trace Elements

Trace elements are lost in large amounts with the
exudative losses in adults and children [36, 37].
The losses cause trace element deficiencies in
patients with major burns, if not compensated
(particularly selenium, zinc, and copper). Early
substitution, with doses that represent six to ten
times the recommended parenteral doses, is asso-
ciated with improved wound healing and reduc-
tion of infective complications.

11.1.3 Further Treatment
Wolf et al. (2006) [38] found that propranolol, by
attenuating the sympathetic response and its non-
selective metabolic beta-2 blocking actions,
strongly reduces catabolism and reduces cardiac
workload in children and adults. Anabolic agents,
such as insulin and oxandrolone, accelerate
wound healing and shorten hospital stay.
Oxandrolone started within 7 days of injury has
been shown to improve long-term outcome in
both adults and children in prospective random-
ized trials. Recombinant growth hormone (GH)
probably has its place in the treatment of children
(but not in adult burns patients) as children with
burn injuries have a proven GH deficit.

The hypermetabolic state that may persist for
years after a major burn can result in a decrease
in bone density and a loss of muscle mass [39].

11.2 Multiple Organ Failure

Infective complications lead to multiorgan failure
(MOF), poor outcome, and even death. Sheridan
et al. (1998) [40] reported that burn patients dying
in MOF did not have a high rate of positive blood
cultures in the later phase of their care but suc-
cumbed during so-called “sterile” conditions. This
finding was important as it underlined that infec-
tion is not always the immediate cause of death for
this patient group. Some patients also develop sep-
sis, having had MOF of a different etiology. This
led to the idea that burn injury and the inflamma-
tory reaction secondary to it were important and
significant contributors to the development of MOF
in burn injury. Organ failure occurs in the lung
(ARDS) and kidneys [41-43]. Mortality rates of
patients with increasing number of organs failing
are less than previously documented because of
aggressive surgical approaches used in larger burn
injuries and to a reduction in do not resuscitate
(DNR) orders in some TBSA% ranges.

11.3 Delirium

Antipsychotic drugs are most effective in all
types of delirium such as haloperidol
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(0.5—10 mg), the dose to be reduced when symp-
toms improve, and alternatively or additionally
olanzapine (5-10 mg) [44-46]. However, in
delirium caused by alcohol or sedative hypnotic
withdrawal, benzodiazepines are the treatment of
choice, complemented in time by clonidine (600—
1200 pg/day). Levomepromazine is not advo-
cated to treat delirium in ICU patients.

11.4 Other Complications

A number of complications may occur, with
infections being the most common [47]. In order
of frequency, potential complications include
pneumonia, cellulitis, urinary tract infections,
and respiratory failure. Risk factors for infection
include burns of more than 30% TBSA, full-
thickness burns, extremes of age (young or old)
or burns involving the legs, or perineum [48].
Anemia secondary to full-thickness burns of
greater than 10% TBSA is common. Electrical
burns may lead to compartment syndrome or
rhabdomyolysis due to muscle breakdown.
Pneumonia occurs commonly in those with inha-
lation injuries [49]. Blood clotting in the veins of
the legs is estimated to occur in 6-25% of people.
Keloids may form subsequent to a burn, particu-
larly in those who are Hispanic, Asian, or
African-American. Following a burn, children
may have significant psychological trauma and
experience post-traumatic stress disorder [50].
Scarring may also result in a disturbance in body
image. In the developing parts of the world, sig-
nificant burns may result in social isolation,
extreme poverty, and child abandonment [51].

11.5 Prognosis

Deaths from burn injury increased with advanc-
ing age and burn size and the presence of inhala-
tion injury. For patients under age 60 and with a
TBSA between 0.1 and 19.9, the presence of
inhalation injury increased the likelihood of
death by nearly 24 times [52].

Table 5 Mortality rate by burn group size (TBSA) [52]

% TBSA Mortality rate (%)
0.1-9.9 0.6
10-19.9 2.7
10-29.9 8.4
30-39.9 16.8
40-49.9 26.8
50-59.9 36.7
60-69.9 447
70-70.9 55.0
80-89.9 71.4

Table 5 shows the proportion of patients in
each category of total burn size who died and the
case fatality rate. This clearly increased with burn
size. The burn size associated with a 50% case
fatality (LD50) appears to be approximately
65-70% TBSA [52].

Conclusions
Care of the patient with burns is determined
by the total body surface area that is burned
and the degree of the burn as well as the age of
the patient and whether there is concomitant
lung injury from the burn. Secondary prob-
lems such as medical disorders can add to the
patient’s risks of mortality.

Proper and knowledgeable care of the burn
and the patient will make all the difference in
the world.
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Care and (First) Aid of Children

with Burns

Martin G.A. Baartmans, Helene G. Stas,
and Cornelis H. van der Vlies

1 Introduction

Nearly half of all burns are caused by accidents.
Risk factors include psychiatric problems, addic-
tion, and low socioeconomic status. Neglect and
child abuse must always be considered for chil-
dren with burns. Globally, burns are a serious
public health problem. An estimated 265,000
deaths occur each year from fires alone. Almost
half occur in the WHO Southeast Asia Region [1].
Approximately 1.25 million people are burned in
the United States every year. Of these burn
patients, 60,000-80,000 require hospitalization.
Of those, 40% (30,000) are children younger than
15 years. About 4000 burn patients die each year
and approximately 1000 of them are children [2].
In the Netherlands, 35,000 patients with burns are
treated by GPs annually. 1700 patients are admit-
ted to the hospital, of which 600 patients are
treated in one of the burn centers. One third (200)
of these patients are children. Hot liquids are the
main cause of burns in young children up to the
age of 4 (two thirds of all admitted children). In
children of school-going ages, we encounter more
burns caused by flames, particularly in boys.
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Additionally, there are seasonal burns during
summer caused by barbecues and fireworks/flame
burns at New Year’s [3].

Care of children with burns is performed in a
structural way (as it is done for every patient with
a trauma). After the first care and stabilization, it
is important to make an estimation of the degree
of the burn, the total burned surface area (TBSA),
and, if necessary, start rehydration [3].

It is crucial that all (para)medics of a referring
hospital and/or ambulance are able to adequately
provide first care for a child and refer it to a burn
center. The guidelines of the Dutch Burns
Foundation (2014) “First care of burn patients in
the acute phase (1st 24 h) of a burn and referral to
a burn center” or the European guideline may be
used as reference [4, 5].

2 Degree of the Burn

In case of a burn, the skin is partly or fully dam-
aged, caused by the effect of heat (hot liquids,
fire/flame, or contact burn), a chemical substance,
or electricity, during a certain time, above a cer-
tain critical temperature [6, 7].

2.1 First-Degree Burn

Skin is only red and painful, without disruption
of the tissue or continuity, and therefore there is
no wound. When determining the surface area of
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Fig. 1 Burn depths. (a) First-degree burns. (b) Superficial second-degree burns. (¢) Deep, second-degree burns. (d)
Third-degree burns (Used with permission from Dutch Burn Foundation)

a burn, this area is not included. A well-known
example of a first-degree burn is a sun burn,
where no blistering or fluid loss occurs. After a
few days, the skin will start to peel and spontane-
ous healing occurs (Fig. 1).

2.2 Second-Degree Burns

In case of a second-degree burn or partial thick-
ness burn, the epidermis and dermis are dam-
aged. This dermal burn can be subdivided into
superficial and deep dermal. This distinction is
important for the expected healing time and
scarring. In case of a superficial dermal burn,
necrosis reaches to the superficial dermis.

The skin is painful, red, shiny, and moist
and displays blisters. There are still lots of
vital epithelial cells present in the bed of the
burn, from which healing occurs within
14 days. Usually, there is no thickened scar-
ring. However, discoloration of the skin may
be permanent (Fig. 1).

23 Deep Dermal Burns

In case of deep dermal burns, necrosis reaches
deep into the dermis. Here, the skin is pale. Vital
epithelial cells can only be found in the remnants
of the skin adnexa (hair follicles, sweat, and
sebaceous glands). Reepithelialization may
occur from this, but this will take longer than
2 weeks. Surgical treatment may be necessary.

Both in conservative and surgical treatment of
deep dermal burns, scarring may occur (Fig. 1).

24 Third-Degree Burns

In case of a full-thickness burn, also referred to as
subdermal burn, necrosis reaches into the subcutis,
and this always leads to scarring (Fig. 1). The skin
has a waxlike feel or is tough like leather (eschar).
There is no circulation and no capillary refill. The
patient feels no pain from these burns due to destruc-
tion of the nerve fiber ends. These burns are often
caused by fire (skin is black or brown) but may also
be caused by hot liquid (skin is white or a redness
that cannot be pushed down (“lobster redness”).

3 Pathophysiology

In 1953, Jackson [8] described a burn model
where the burn is subdivided into three zones:
zone of coagulation (necrosis), stasis, and hyper-
emia. The zone of coagulation consists of dead
necrotic tissue, from which no healing can occur.
The zones of stasis and hyperemia still contain
vital tissue. In case of poor circulation (local and/
or systematic) or wound care (for instance due to
dehydration or infections), these zones can deepen
and transfer to the zone of coagulation. As a
result, the burn cannot only deepen further, but the
total body surface area burn may also expand.
Healing of a burn is a dynamic process and is
influenced by the care that is being provided.
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In case of large burns with a TBSA >20% to
25%, the whole body consists of a zone of hyper-
emia due to which generalized edema may occur. In
case of a burns with a TBSA >15%, a generalized
response occurs due to the release of inflammatory
mediators and neural stimulation. Consequently,
changes may occur on various levels.

Due to increased capillary permeability, fluid
loss and loss of protein in tissues and (general-
ized) edema occur with a chance of hypovolemia
and circulatory shock. On a pulmonary level,
respiratory distress syndrome may occur. Due to
the release of stress hormones such as cortisol,
catecholamines, and glucagon, a hypermetabolic
state arises that may continue for a long time.
There is an immune suppression, both on a cel-
lular and humoral level. Due to increased perme-
ability of the intestines, there is a risk of bacterial
translocation, certainly a reason to start with
enteral nutrition as soon as possible [9].

4 TBSA Calculation

Severity of burn is determined by extensiveness
and location of the burn, the age and general con-
dition, etiology, and additional injuries.
Extensiveness is expressed in percentage of
TBSA. Here, only second- and third-degree burns
are included. Redness of first-degree burns is not
included. TBSA can be calculated in multiple
ways. The best known method is the rule of nine
[10]. This assumes adult proportions, where the
body is subdivided into zones of 9% or a multitude
of this. For instance, the head and neck are 9%, an
arm is 9%, front and back of the torso each 18%,
and a leg is 18% as well. For the genitalia, 1% is
calculated separately. For a child younger than
10 years old, other proportions apply with a rela-
tively large head and smaller legs.

Surface of the head and neck is 18% and each
leg 14% of the total surface area for a child up to
the age of 1 year old. After the first year, the sur-
face area of the head and neck reduces with 1% per
year and that of each leg increased with 0.5%.
Around the age of 10, the child has reached adult
proportions.

A second method is the hand method [11].
Here, the palmar side of the hand with closed fin-

gers of the patient is used as a measurement for
1% of the total body surface area. In the burn cen-
ters, modified methods are used, such as the Lund
and Browder chart [12].

TBSA is often overestimated. This may be
due to a number of factors, such as redness (first-
degree burn) or the incorrect application of the
surface corrections for children [13].

5 Cooling Burns

After stopping the burning process, the residual
heat in the skin must be discharged to prevent
deepening of the burn. Cool acute burns between
10 and 20 min if this does not hinder other inter-
ventions. Preferably cool with water underneath a
running faucet (at approx. 15-30 °C) and adjust
the temperature to what the patient experiences as
comfortable. Cooling should ideally be started
immediately, but also after a delay of up to 3 h,
cooling can be considered to alleviate pain [4, 14—
16]. In case of chemical burns, rinsing occurs dur-
ing 45 min in order to dilute the concentration of
the substance. Hypothermia due to cooling too
long or too cold may increase mortality [17]. After
cooling, cover the wound and provide pain medi-
cation [7, 18]. After adequate cooling with run-
ning water, cooling blankets have no added value
and are not recommended. Due to their powerful
heat-extracting capacity, the danger of hypother-
mia in children is significant, and the chance of
secondary deepening of the burn due to vasocon-
striction is also present. Only use cooling blankets
as an alternative when no water is available. After
cooling, the patient must be covered dry and sterile
(warm). Burn wound covering, may be done by
clean/sterile cloths; at home, one may also use
plastic cling film immediately on the wound and
then cover it with cloths [4].

6 First Care of Children
with Burns (Primary Survey)

Care of burn patients does not initially differ with
that of trauma patients, and also in burn patients,
attention is first paid to vital functions according
to the ABCD principle (Fig. 2) [19, 20].
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6.1 Airway and Inspection

of the Cervical Spinal Column

Exposure to hot gases, steam, or smoke may dam-
age the airways. Hot air causes edema, particularly
above the vocal chords. In case of fire in enclosed
spaces, smoke may have particularly been inhaled
by unconscious patients. This may also be the case
due to the chimney effect (the smoke and heat rise
and stream past the airways) when clothing catches
fire. Facial burns may cause serious edema with
obstruction of the airways. Scorched nasal hair,
soot in the throat or sputum and nose, hoarse voice,
and stridor could point to inhalation injuries. Even
though there are no clear signs of respiratory dis-
tress under such conditions, administering 10-15L
of oxygen via a non-rebreathing mask is always
necessary. Children have narrow airways due to
which a small amount of edema may already cause
a significant increase of the resistance. Therefore,
it is important to intubate on time, possibly pre-
ventive in case of doubt about proper accessibility
of the airways.

In case of suspected carbon monoxide intoxi-
cation, 100% oxygen is administered.

Additional injury in children with hot liquid
burns is rare, but depending on the trauma mech-
anism, the cervical spinal column must, in case of
suspicion, be protected until certainty can be
given regarding stability of the neck.

6.2 Breathing

After the airways have been secured, the breath-
ing must be assessed with regard to labored
breathing, effectiveness, and systematic effects
of respiratory failure. In order to assess breath-
ing, thorax excursions are first inspected and tho-
rax auscultated and tapped. Circular burns may
inhibit thorax expansion. Relieving incisions
(escharotomy) may be necessary. Additionally,
respiratory failure may be caused by smoke inha-
lation and carbon monoxide intoxication
(Table 1). One must be mindful of the fact that
the saturation measured with the pulse oximeter
displays normal values in case of carbon monox-
ide intoxication and is therefore not reliable.

Table 1 Symptoms in case of carbon monoxide

intoxication

COHD levels

(%) Symptoms

0-10 Minimal (normal levels of heavy

smokers)

10-20 Vomiting and headache

20-30 Drowsiness and lethargy

3040 Confusion and agitation

40-50 Coma and respiratory depression
>50 Death
Source [3]
6.3 Circulation and Bleeding

Control

Circulation is assessed by means of heart fre-
quency, capillary refill, and blood pressure (non-
burned parts). In case of severe burns, hypovolemia
occurs within several hours due to systematic cap-
illary leak. In case of hypovolemia in acute phase,
attention must also be paid to other causes, such
as internal or external blood loss.

Intravenous access must be acquired as soon as
possible with two properly functioning intravenous
drips. Additionally, blood must be taken (cross
matching, Hb Ht glucose). Because in this stage a
calculation of the TBSA has not yet been made, a
fluid bolus (10 mL/kg) with Ringer’s lactate is
administered. Colloids are now contraindicated.

6.4 Disability/Neurological

Condition

All patients will receive a brief neurological
assessment via AVPU scale or Glasgow coma
scale (GSC). Pupillary response is also assessed.
Keep in mind that patients may be confused due
to hypoxia or hypovolemia.

6.5 Exposure/Undressing
the Patient and Controlling

(Environmental) Temperature

The patient’s body must be fully investigated,
including the back in order to assess the depth
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of burns, extensiveness (TBSA), and presence
of circularly burns, for which escharotomy is
necessary.

Burn patients and particularly children are
prone to hypothermia, which may be hastened
by cooling with (too) cold water or inexpert
use of cooling blankets. Hypothermia may
cause secondary deepening of the burns due to
occurring hypoperfusion. Therefore, adequate
fluid resuscitation, wound covering, and keep-
ing the patient warm are very important.

6.6 Fluids/Administration

of Fluids

When the TBSA is calculated, the fluid need is
determined with the Parkland formula.

Total fluid = 4 mL x %TBSA x kg body
weight (Fig. 2)

This formula calculates the fluid require-
ment from the moment the burn has occurred.
In children, intravenous resuscitation takes
place in case of TBSA >10%. Adults are intra-
venously resuscitated if their burned body sur-
face area exceeds 15%. Compared to adults,
children have a relatively large body surface,
and therefore they will also receive mainte-
nance fluids in addition to supplementation for
the burns. For resuscitation, a crystalloid solu-
tion (Ringer’s lactate) is used, and for mainte-
nance infusion, glucose saline solutions are
used. Colloids are not used for initial fluid
resuscitation. Albumin supplementation starts
12-16 h post-burn. This is dosed according to
the formula albumin 20%: 0.5 x TBSA
% x weight (KG)/24 = mL/h. In order to con-
trol adequate resuscitation, the most important
measurement for the diuresis is target diuresis
for children 1-2 mL/kg/h. Additionally, it is
important to monitor vital parameters such as
pulse and blood pressure. For a correct moni-
toring of diuresis, a urinary catheter is used for
children with a TBSA >10%. In order to pre-
vent overfilling, the amount of rehydration
fluid must be reduced during the rehydration
phase when the diuresis is excessive.

6.7  Gets and Gifts

After initial stabilization, the necessary diagnos-
tic must be performed, such as blood pressure
and indicatory radiological examination such as
X-ray photos or ultrasound. In case of severe
burns, a feeding tube and urinary catheter are
indicated.

Burns can be extremely painful, which means
that adequate pain alleviation must always be
provided. This could be done with nasal opiates,
such as fentanyl. In case of less severe burns,
proper bandaging already alleviates the pain, and
paracetamol and NSAIDs may be administered
rectally. Patients with severe burns can best be
treated intravenously with opiates. Pain medica-
tion must be administered on the basis of patient’s
pain. During the care, it must be regularly
assessed whether the pain medication is still suf-
ficient. Subsequently, maintenance medication
starts. Administering pain medication via intra-
muscular or subcutaneous route is not recom-
mended, due to poor absorption with regard to
peripheral vasoconstriction.

Additionally, in a later phase, when vasodila-
tion and edema forming may occur, increased
absorption from these areas may cause intoxica-
tion. In case of restlessness and pain, hypoxia
must also be considered. When hypoxia has been
excluded, a sedative such as benzodiazepines
may be given. During the rehydration phase, cau-
tion is required with NSAIDs due to the possible
negative effect on diuresis and renal function.

A burn is a wound where tetanus prophylaxis
is indicated. Children vaccinated according to the
RVP (Dutch vaccination program) are protected
up to the age of 20.

7 Secondary Survey

After life-threatening conditions have been treated,
a complete examination follows, and more infor-
mation is acquired with regard to the accident via
the child, the parents, the ambulance paramedics,
family, or witnesses of the accident. Allergies,
medications, past medical history, last meal, events
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Table 2 Wound treatment of smaller burns

Depth wound Aspect wound/moistness
First-degree burn

Second-degree burn Intact blister

Non-intact blister, pink, shiny wound bed

Third-degree burn

Source [21]

(AMPLE) leading to (including trauma mecha-
nism, temperature agents, contact duration).

Additional injuries are less common in chil-
dren but cannot be excluded. Therefore, thorough
physical examination must be conducted includ-
ing acting on the basis of the findings.

In addition to medical care for the child with
burns, the psychosocial aspect must also be con-
sidered, with attention for the guilt that parents or
a responsible caregiver may be experiencing.

Finally, it must not be forgotten that every
child has its own social and emotional develop-
mental stage. The fear and stress caused by the
burn may result in nutrition and behavioral prob-
lems, among others. It is therefore necessary that
both the child and the parents/caregivers are
properly guided in this process.

8 Burn Treatment

8.1 First-Degree Burns
These can be treated with moisturizing lotion or
cream and analgesics.

8.2 Second-Degree Burns

Small intact blisters that are not in the way can be
kept intact. The fastest reepithelialization takes
place in this gel-like environment [21, 22].
Blisters in functional areas and tense blisters can
be aspirated, where the roof of the blister may be
used as organic wound cover. These (closed) blis-
ters only need to be protected. If the blisters are
not intact, the blister roofs must be removed. In

No wound, redness, possible swelling

Smaller wounds, white/brown/black
(charred) and demarcation wall

Wound covering material
Moisturizing lotion
Vaseline gauze, silicone tule

Hydrofiber, hydrocolloids, silicone tule,
alginate or foam bandages

Silver-containing burns (hydrofiber AG/
hydrocolloid AG/foam bandages AG)

case of second-degree burns with open blisters,
gel-forming wound covers (for instance,
Aquacel®) are recommended) [23].

8.3 Small Third-Degree Burns

These can be treated with a wound cover or
silver-containing bandages. In case of nonpro-
gressive healing, refer the patient to a burn center
for further treatment and skin transplant. Silver
sulfadiazine is an antibacterial means, primarily
indicated for infected wounds or in case of a large
wound surface. Silver sulfadiazine can halt epi-
thelial outgrowth and is preferably not used for
superficial burns (Table 2).

In case of referral to a hospital or burn center, the
wound must be covered warmly and cleanly with
film, metaline sheets, clean cloths, or tule. The use
of topical salves such as silver sulfadiazine does not
apply, because this hinders a proper assessment of
the burn in the second- or third-line treatment.

9 Preparing for Transport

When in doubt whether a patient meets the crite-
ria for transport, consultation may occur with one
of the three burn centers. In case of transport, the
referral form may be used, available on the web-
site of the Dutch Burn Foundation (www.brand-
wonden.nl) or local burn center.

When suspicion of inhalation injury or facial
burns exists, intubation occurs upon indication or
after consultation. Non-intubated patients with
burns in the neck and facial area are transported
sitting upright. Affected extremities are placed as


http://www.brandwonden.nl
http://www.brandwonden.nl

22

M.G.A. Baartmans et al.

high as possible, in order to prevent worsening of
edema by means of gravity.

Burn wounds must be, covered sterilely and
cooling down must be prevented. Cooling blan-
kets are not suitable as wound cover and must be
replaced by sterile bandages before transport.
Burns covered with salves may be difficult to
assess without removing the salve. Therefore, it
is not recommended to cover wounds with salves
when the patient is referred to a burn center for
assessment. It is recommended to document all
objective information, the team members
involved in the care, and the applied treatment.

10 Child Abuse and Burns

Recent retrospective Dutch research has shown
that for approximately 10% of children who have
been admitted in a burn center, guidance and/or
supervision at home was implemented after dis-
charge due to neglect or child abuse [24].

In addition to intentionally inflicted injury,
burns can also arise due to unsafe home situa-
tions, such as carelessness or neglect. Just as chil-
dren with accidental burns, victims of child abuse
are nearly always younger than 10 years old and
usually younger than 2 years old [25].

Hot liquid burns are, just as in accidental
burns, the most frequently occurring type of burn.
Uniform wound depth, clear demarcation line on
the skin, the absence of splash marks, and burns
in unusual locations, such as the buttocks, are
suspicious signs of non-accidental burn injuries.
Submersion is sometimes used as punishment,
for instance, during toilet training. Sometimes,
central parts of the buttocks have been spared, the
so-called donut configuration, because of contact
with the cooler surface of the bathtub. If an
extremity is held in a hot liquid, this could give
the appearance of a sock or glove with a clear
water or demarcation line. Sometimes, typical
patterns are recognizable of spared skin areas
such as caused by a clenched fist or toes.

Contact burn is the second most occurring
cause of non-accidental burns and can be caused
by many different kinds of objects. These burns
are usually isolated and have a recognizable pat-

tern of the surface of the hot object. Most often
occurring location of accidental burns are palms
of the hands and the inside of the fingers. Burns
on the dorsal side of hands and burns with a
clear demarcation are more suspicious for non-
accidental burns. Intentionally inflicted burns
from cigarettes are often circular, 7-8 mm in
diameter, deeply burned, and with a clear
demarcation. Sometimes, multiple impressions
are visible [3].

Although awareness regarding child abuse
appears to be increasing, the relationship between
the burns and child abuse is often not recognized.
In case of burns where child abuse or neglect
plays a role, there is generally a high risk of rep-
etition, high morbidity, and relatively high mor-
tality [26]. Each first responder should consider
child abuse or neglect as a cause for a child with
burns.
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Learning from the Management
of Carbapenemase-Producing
Organisms at a Regional

Burns Centre

Louise Teare and Katheryn Hobbs

1 What Are Carbapenemase-
Producing Organisms (CPOs)
and Why Are They
Important?

CPOs are bacteria which have acquired genes that
produce resistance to carbapenem antibiotics.
Resistance is mediated by plasmids, a small DNA
molecule within a cell that is physically separated
from chromosomal DNA and can replicate and
exist independently in the environment. In this
form, plasmids may be transmitted from person to
person by direct contact on unwashed hands or
indirectly on inadequately decontaminated equip-
ment going from one patient to another.

Klebsiella Producing Carbapenemase (KPC) is
one example of a CPO. The gene encoding the
KPC enzyme resides on transmissible plasmids
which can be transferred to  other
Enterobacteriaceae bacteria, e.g. from Klebsiella
pneumoniae to Escherichia coli. KPC enzymes
are a particular concern because of limited thera-
peutic options and associated high mortality rate.
In recent times, KPC nosocomial-associated out-
breaks have been reported [1], and this organism
has become a priority for infection prevention and
control.
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Many carbapenemase-producing Enterobacte-
riaceae are resistant to multiple antibiotic classes,
with only colistin remaining active against >90%
of all producers. However, colistin resistance
may occur and is frequent in some isolates of
the internationally disseminated K. pneumoniae
clone sequence type (ST) 258 [2]. This was first
detected in New York hospitals in the 2000s and
disseminated rapidly to other neighbouring
states. Later on, KPC K. pneumoniae occurred in
Israel, Latin America, Greece and China.

In 2009, the New Delhi metallo-beta-
lactamase (NDM) was described. Many of the
early cases in the UK were linked to having
health care in India or Pakistan where resistant
bacteria had been detected in seepage or com-
munal tap waters [3, 4]. A point prevalence
survey analysed data from a carbapenemase-
producing Enterobacteriaceae outbreak in
Israel to determine asymptomatic carriage [5].
Samples were collected from 298 patients.
Sixteen patients (5.4%) had a CPO identified.
Eighteen percent of those colonised had
received carbapenem antibiotics previously.
The rectum was found to be the most sensitive
screening site detecting 15/16 carriers.
Multivariate analysis showed that length of
stay, diaper use and vancomycin administra-
tion were significantly related to carriage.

In Ireland, CPO was first reported in 2009 [6].
Between January and May 2011, ten cases were
reported in three hospitals. Reported cases were
predominantly linked to critical care units. In June
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2011 a 4-week national pilot survey [7] took place
in 40 Irish critical care units (37 adult and three
paediatric) to examine the prevalence of rectal car-
riage of CPO and inform national CPO screening
guidelines. A total of 760 screening swabs were
taken over the study period. CPO was not detected
in any of the participating critical care units.

The UK’s first known carbapenemase-positive
enterobacterial isolate was detected in 2003, and
until 2007, data from the Public Health England
Antibiotic Resistance Monitoring and Reference
Laboratory? confirmed fewer than five cases per
year. In stark contrast, there have been marked year-
on-year increases since 2008 with more than 1000
cases in 2013 and more than 1600 in 2014 (Table 1).

While early UK KPC isolates were often linked
with overseas travel, there has now been spread
within some UK hospitals. This has involved not
only the transmission of plasmids encoding KPC
enzymes between different bacterial strains, prin-
cipally K. pneumoniae, but also spread to E. coli
and Enterobacter spp. Many of these isolates have
been identified from faecal screens rather than
infections. Areas in the UK where CPO is consid-
ered endemic and where outbreaks have been

Table 1 Increase in isolates of CPO in the UK
3000

experienced include London, Leeds, Manchester,
Merseyside, Cheshire and Sheffield.

In 2013 the Department of Health introduced
the CPO ‘toolkit’ [8]. This recommended ongo-
ing laboratory surveillance and infection preven-
tion measures to screen at-risk groups. KPC
media was developed for CPO screening sam-
ples, and advice was given to test all significant
Gram-negative organisms against carbapenems.
It is against this background that this chapter
describes how a UK regional burns unit dealt
with its first cases of CPO.

2 Clinical Cases

Our regional burns centre treats 1500 patients
per annum with over 700 in-patient admis-
sions. It exists within a large district general
hospital, but is self-contained with four inten-
sive care beds, four high-dependency beds, a
dedicated theatre, eight adult beds and a chil-
dren’s burns ward with eight beds. There are
dedicated burns outpatient area and rehabilita-
tion facilities. Until the summer of 2015, the
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unit had not knowingly looked after a patient
colonised or infected with a CPO.

Case 1 sustained a 25% total body surface
area burn in the Indian subcontinent where she
had been hospitalised for several weeks prior to
repatriation to the UK. On the same day, Case 2
was admitted to the room next door to patient A
after sustaining a small burn. Case 2 was British,
but born in India. Both patients had swabs taken
on admission and coincidentally; both had
carbapenemase-resistant Klebsiella pneumoniae
isolated from burn wound swabs. Case 1 had a

number of other organisms as well, and full
results are summarised in Table 2. Typing results
indicated that the strains of Klebsiella pneu-
moniae isolated from Cases | and 2 were differ-
ent and did not represent cross infection.

Four months later, Cases 3 and 4 were admit-
ted. Both had been involved in a fire in Eastern
Europe and managed at different hospitals for
4 weeks. Case 3 had sustained 80% total body
surface area burns, and Case 4 30%. Admission
sampling results of Cases 3 and 4 are summarised
in Table 3.

Table 2 Organisms colonising and infecting Cases 1 and 2 on admission swabs

Resistance mechanism/type

Case 1

Providencia stuartii NDM
Pseudomonas aeruginosa VIM

Klebsiella oxytoca NDM

Klebsiella pneumoniae Oxa-48 and NDM
Proteus mirabilis ESBL

Escherichia coli (2 types) Oxa-48 and NDM

Enterobacter cloacae

Gentamicin-resistant MRSA Spa type t064
Acinetobacter baumannii Oxa-23, Oxa-51
Enterococcus faecium VRE

Case 2

Klebsiella pneumoniae Oxa-48 and NDM

Table 3 Organisms colonising and infecting Cases 3 and 4

Resistance mechanism/type

Antibiotic sensitivity profile

Sensitive to aztreonam,
ciprofloxacin, tazocin

Only sensitive to colistin

Only sensitive to colistin

Sensitive to colistin and tigecycline
Only sensitive to aztreonam
Sensitive to meropenem and
amikacin

Sensitive to meropenem, amikacin,
ciprofloxacin

Sensitive to tigecycline and linezolid
No sensitive antibiotics identified
Sensitive to tigecycline and linezolid

Antibiotic sensitivity profile

Case 3

Pseudomonas aeruginosa Negative for carbapenemase-producing gene
ESBL positive

Klebsiella pneumoniae NDM

Proteus mirabilis
Oxa-48
Oxa-40, Oxa-51

Escherichia coli
Acinetobacter baumannii

Case 4
Klebsiella pneumoniae
Enterobacter aerogenes ESBL positive

Acinetobacter baumannii Oxa-40, Oxa-51
Escherichia coli

Enterococcus faecium VRE

Pan resistant

Negative for carbapenemase-producing gene

*Only sensitive to tobramycin
Identical to strain isolated from Case 4

Sensitive to meropenem, ciprofloxacin
Sensitive to meropenem, ciprofloxacin

*Only sensitive to tobramycin
Identical to strain isolated from Case 3

Fully sensitive
Sensitive to tigecycline and linezolid
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3 Discussion

It is widely recognised that healthcare-associated
infection caused by multidrug-resistant bacteria
is a worldwide problem of profound importance
because of the limited treatment options. There
has been experience in Brazil of CPOs causing
outbreaks. Goncalves et al. described two out-
breaks of KPC-producing Klebsiella pneumoniae
in a Brazilian adult ICU [10]. Their paper indi-
cates that traditional control measures on their
own were inadequate to halt the outbreaks and
that an organisational approach is essential.

Following the identification of CPOs from
Cases 1 and 2, a CPO management team was
formed. The focus was to put systems in place to
avoid spread to other parts of the hospital and
prevent CPOs becoming endemic in our
organisation.

Case 1 was in our hospital for 11 weeks. She
required three trips to theatre for debridement
and allografting of her chronically infected gran-
ulating wounds.

This was followed by further wound excision
and autografting. At no time did Case 1 become
clinically infected and only required antibiotics
for surgical prophylaxis. On three occasions she
was given colistin, tigecycline and aztreonam on
induction to cover all her resistant organisms.

Case 2 was only in hospital for 24 h and was
then managed as an outpatient.

Case 3 died of a pan-resistant Klebsiella
pneumoniae septicaemia within 48 h of
admission.

Case 4 did well. She was with us for 3
weeks. Her burns healed, although she
remained colonised with carbapenemase-pro-
ducing Acinetobacter baumannii.

3.1 The CPO Management Team
Identified the Following
Priority Areas

3.1.1 Management of Staff Looking

After Patients with CPO
Nurses looking after patients positive for CPO
were dedicated to their management for the dura-

tion of their shift as far as possible. Any other
member of staff including doctors, nurses, thera-
pists, dieticians, healthcare assistants, estates
staff and cleaners were required to wear scrubs if
entering a CPO positive patient room. They were
required to shower and change on leaving if hav-
ing physical contact with the patient. We decided
that provided staff had showered (including hair
wash) and changed after being on the unit, they
were ‘safe’ to work elsewhere.

3.1.2 Theatre Visits
Patients colonised or infected with CPOs requir-
ing theatre went last on the list. After each such
case, the theatre was cleaned using 1000 ppm
hypochlorite solution followed by 6% hydrogen
peroxide vapour fogging.

3.1.3 Outpatients

Patients A and B both required ongoing manage-
ment in the outpatients department. Patient were
seen on their own at the end of the day using iso-
lation precautions and the area cleaned and
fogged as described above.

3.1.4 Environmental Contamination
Garvey et al. report their experience in dealing
with a burns patient infected with CPOs and the
decontamination methods employed to render a
burns shock room safe for reuse [11]. The shock
room was cleaned after being vacated, but envi-
ronmental sampling cultured multiple CPOs. A
second decontamination was undertaken com-
prising a detergent, steam and hypochlorite clean
of 2000 ppm followed by hydrogen peroxide
misting (12%). No CPOs were cultured after sub-
sequent environmental sampling. Their take-
home message is that a burns patient harbouring
CPOs contaminates the surrounding environment
heavily and standard cleaning is insufficient to
clear the environmental bioburden.

3.1.5 Education

We were particularly concerned to ensure that all
staff clearly understood the problem associated
with CPOs and the risks in allowing spread. We
ensured this topic was regularly included in
safety huddles and educational programmes.



Learning from the Management of Carbapenemase-Producing Organisms at a Regional Burns Centre 29

Staff were constantly reminded that genes encod-
ing resistance reside on transmissible plasmids
that can be transferred to other patients via inad-
equately cleaned hands and equipment.

All grades and types of healthcare workers
were included in our educational programme. We
particularly focused on those spending long peri-
ods with patients in isolation. All were given the
opportunity of discussing the issues further and
having CPO screening. Only one member of staff
took this up. He was negative.

3.1.6 ‘ItDoesn’t Mean Me’

On occasions we became aware that staff didn’t
think the rules we set applied to them. Sustaining
the educational message for all staff groups was
found to be a challenge, but essential to persist with.

3.1.7 Do Not Relax Guard

Case | improved clinically and it was vital not to
relax our guard. CPOs continued to be widely
isolated from her and also environmental samples
around her bed. She was discharged after an
11-week inpatient stay to be seen twice weekly in
outpatients. As with Case 2, this patient was seen
on her own at the end of the day with 1000 ppm
hypochlorite cleaning and hydrogen peroxide
vapour fogging after each visit. As on the ward,
staff wore surgical scrubs and showered with hair
washes after seeing her.

There were 4 months between our experience
with patients A and B and the admission of
patients C and D. No transfer information had
been given to our service about previous microbi-
ology results for patients C and D. In spite of this,
the burns team went into immediate ‘CPO mode’
because of the geographical location and knowl-
edge that CPOs are endemic in that area. Control
measures initiated immediately included dedi-
cated nursing in isolation facilities with all staff
entering the room wearing scrubs, changing and
showering immediately after leaving the room if
having physical contact.

3.1.8 Terminal Cleaning Process

In association with the CPO management plan,
a terminal cleaning process was developed as
follows:

e Terminal cleaning using 1000 ppm hypochlorite
— Routine nursing staff cleaning
— Routine domestic staff cleaning

e Normal 6% hydrogen peroxide vapour fog-
ging with cupboard doors open

e Repair and refurbishment of ward as necessary

e Change of shower heads

* Repeat routine ward cleaning by nurses and
domestic staff as appropriate

e Repeat ward hydrogen peroxide vapour fogging

e Pillows and mattresses used by patients to be
destroyed. Also mattress on shower trolley

e Sign off by domestic service manager, lead
nurse, estates representative and a member of
the Infection Prevention Team

» Staff involved to wear scrubs and shower after
being on the ward

e Changing of air filters

* Inclusion of the mortuary in the CPO manage-
ment process, to ensure no onward transmis-
sion in that facility

4 Effective Triggers of the CPO
Management Plan

Astute and prompt triggering of a CPO manage-
ment plan is essential if CPOs are not to become
endemic in an organisation. Have a low threshold
for assuming CPO positive until proven other-
wise. It is likely that if we had not done this,
spread would have occurred in our hospital.
Surveillance can run alongside this approach, but
should not replace it. Surveillance is often initi-
ated in outbreak settings with the aim of detect-
ing unknown reservoirs. This strategy is based on
an assumption that colonised patients may per-
petuate transmission and that early identification
with isolation will control. The clinical relevance
and subsequent impact of IPC measures based on
active surveillance cultures remains to be deter-
mined. To date, screening of patients for multi-
drug-resistant Gram-negatives, including CPOs,
has relied primarily on culture. The main draw-
back to culture is the prolonged turnaround time
of at least 24—72 h. PCR-based assays with rapid
turnaround time and high sensitivity are an attrac-
tive alternative [9], but a low positive predictive
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value of the test raises serious concerns regarding
the meaning of a positive result if the sole pur-
pose of the test is to screen for CPO.

awareness and understanding of CPO. Once in
place a robust carbapenemase resistance strategy
needs to be ready for testing at any time.

5 Conclusion and Learning

Our experience with patients colonised and
infected with CPO highlights the value of a
multidisciplinary team working together, for
example, ward staff working closely with the
Infection Prevention and Control Team, estates,
and microbiology and cleaning departments.
The experience allowed us to develop a tem-
plate for managing patients from CPO endemic
areas. This covered both inpatient and outpa-
tient areas.
As aresult of measures put in place, we were able
to avoid spread of CPO to any other patient, staff
or visitor.
Our main learning is that we have ‘Got fo get
the basics right’. This includes:
o Effective cleaning of the environment
e Effective hand hygiene wusing the ‘five
moments’ between and before each patient
contact
e Effective decontamination of each item of
equipment going from one patient to another
* Confidence that when admitting patients with
both resistant and sensitive organisms we will
not spread them around
e The importance of CPOs being considered in
empirical antibiotics for any patient from an
endemic area
Whilst high standards of cleaning were main-
tained at all times, in spite of this contact plates
from environmental samples such as the bedside
table, trunking behind the bed, bin lid and parent
bed showed an excess of 100 cfu/mL of bacteria.
Managing CPOs is an ongoing issue for hospi-
tals. This problem will increase over time and a
robust strategy to deal with the issue is essential.
CPOs may occur at any time. They may occur sin-
gly or in large numbers. We developed a well-docu-
mented terminal cleaning strategy on discharge of
CPO patients to include changing of shower heads
and air filters. We realised the profound importance
of organisational education to increase the profile,
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A Hemostatic Technique Using
Silicone Gel Dressing for Burn

Surgery

Akinori Osuka and Masashi Ueyama

1 Introduction

Significant bleeding remains challenging in tan-
gential excision of burn wounds [1, 2]. Although
various techniques to reduce intraoperative blood
loss have been described, there is an absence of
uniformity and consistency in their application
[3]. The blood loss in burn surgery is estimated to
be more than 100 mL per percentage body sur-
face area excised (Fig. 1) [4, 5]. However, tan-
gential excision can be applied to partial-thickness
burns; patients with extensive burns might require
fascial excision to avoid massive blood loss
because the bleeding from the perforator vessels
can be easily stopped with electric cautery. On
the other hand, the oozing from the dermal is dif-
ficult to control, especially in the large debride-
ment area. We often face the dilemma of whether
to perform tangential excision to preserve the
dermis layer or fascial excision to minimize
bleeding [6]. To minimize blood loss in tangen-
tial excision, we developed a hemostatic tech-
nique using silicone gel dressings [7, 8].
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Fig.1 Massive bleeding during tangential excitation

2 Technique

The method used to control intraoperative bleed-
ing from tangential excision is shown in Fig. 2.
Burn wounds on limbs are tangentially excised
under tourniquet control. After tangential exci-
sion with knives, the wounds are rinsed with
warm saline. Soon after that, the wounds are
sprayed with thrombin and with 1:100,000 adren-
alin solution and wrapped tightly with the sili-
cone gel dressing and bandage for a full 5 min
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1. Excision with a hand-cutting dermatome

2. Sprayed epinephrine and thrombin

3. Rapped with the silicone gel dressing

4. Remove the silicone gel dressing

5. No bleeding

Fig.2 Tangential excitation using silicone gel dressing

before deflation of the tourniquet (Fig. 3). When stopped for another 5 min compression with the
the silicone gel dressings are removed, the hemo- silicone gel dressing following thrombin spray.

stasis is almost completed. Any major bleeders It is difficult to apply this silicone gel dressing
should be cauterized, and dermal oozing can be technique to round-shaped areas such as the head
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Gauze-pads

Dermal oozing Coagula formation

Fig. 3 The mechanism behind the procedure toe stop
bleeding during tangential excision. (a) Conventional pro-
cedure includes thrombin- and epinephrine-soaked gauze
pads. Dermal oozing usually occurs when the gauze pads
are removed because removal of the pads with coagula
can cause rebleeding from the excised wound bed. (b)
Silicone gel dressing with inadequate compression. Some
coagula formation can occur. When the coagulum is

or to concave—convex surfaces such as the area
around the spine or collarbone.

We usually use viscoelastic foam mattress that
can be compressed suitably over round and con-
cave—convex surfaces. When we need the second
round of compression, pushing with the fingers
may be the best way, because the ooze point is
already small and surgeon’s fingers, of course,
compress adequately.

3 Discussion

Tangential excision debrides the burned skin
while preserving the underlying viable dermis,
which makes skin grafting better than fascial
excision. In large burn surgeries, it is a challeng-
ing problem to stop the oozing from the dermal
surface. Tangential excision can cause more
bleeding and prolong the duration of the opera-
tions. Hemostatic methods for major bleeders are
astriction (binding) and cauterization of major
bleeders, and cauterization creates more burn tis-
sue. For oozing from dermal, hemostatic tech-

Absorbent |
c @/ sorbent layer

... «— Silicone gel mesh

removed, additional dermal oozing can occur. (¢) Our new
procedure with silicone gel dressing and adequate com-
pression (indicated by the arrow). The silicone gel dress-
ing sticks to the wound and absorbs blood into the
absorbent layer through the silicone gel mesh with no for-
mation of coagula. No additional dermal oozing occurs
because of the less irritation when the silicone gel dress-
ing is removed [8]. Used with permission

nique usually used is probably compression with
epinephrine- and/or thrombin-soaked gauze pads.
Removal of the gauze pads results in rebleeding
because of the irritation caused by peeling away
the gauze pads. Gauze pads rarely adhere to the
excision site without creating space between the
pads and the site, which allows the formation of
coagula.

The silicone gel dressing itself does not have
the capability to stop the bleeding. The merits of
the silicone gel dressing are its adhesiveness, low
irritation, and high absorbability. These help us
compress the wounds adequately, which makes
the thrombin work on hemostasis. The structure
of the silicone gel dressing allows it to adhere
gently to the skin around the wounds, and any
exudates including blood are absorbed by means
of its silicone adhesion technology. The point of
this technique is to avoid creating any blood
coagulum before attaching the silicone gel
dressings.

By using the silicone gel dressing technique,
we could achieve significant reduction of blood
loss compared with conventional techniques or
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other reports [3, 5]. Because this technique is
easy, the simple substitution of silicone gel dress-
ings for gauze pads can help us preserve the der-
mis, shorten the duration of the surgery, and
reduce transfusion requirement [8].

Conclusions

The application of the silicone gel dressing
during tangential excision and grafting
resulted in a remarkable reduction in blood
loss and transfusion requirements.

References

1. Budny PG, Regan PJ, Roberts AH (1993) The esti-
mation of blood loss during burns surgery. Burns
19(2):134-137

. Steadman PB, Pegg SP (1992) A quantitative assess-

ment of blood loss in burn wound excision and graft-
ing. Burns 18(6):490-491

. Sterling JP, Heimbach DM (2011) Hemostasis in burn

surgery—a review. Burns 37(4):559-565

. Gomez M, Logsetty S, Fish JS (2001) Reduced

blood loss during burn surgery. J Burn Care Rehabil
22(2):111-117

. Cartotto R, Musgrave MA, Beveridge M, Fish J,

Gomez M (2000) Minimizing blood loss in burn sur-
gery. J Trauma 49(6):1034-1039

. Osuka A, Kuroki Y, Nakajima S, Sakai T, Kojima H,

Yamada M, Okuma S, Onishi S, Ueyama M (2014)
Damage control strategy for extensive burn injury
-tangential excision or fascial excision. Japanese
J Burn Inj 40(1):19-25

. Osuka A, Kuroki Y, Nakajima S, Sakai T, Kojima H,

Yamada M, Okuma S, Onishi S, Ueyama M (2014)
Haemostatic technique using a novel silicone gel
dressing for tangential excisions in burn surgery.
Burns 40(1):165-166

. Osuka A, Kuroki Y, Ueyama M (2016) A haemostatic

technique using silicone gel dressing for burn surgery.
Int Wound J 13(6):1354-1358



®

Check for
updates

Skin Graft Fixation in Severe
Burns: Use of Topical Negative

Pressure

Christian Smolle, Petra Brinskelle,
Andreas Steiner, Michael Schintler,
and Lars-Peter Kamolz

1 Introduction

Burns are common and devastating injuries, often
accompanied by severe physical and psychologi-
cal impairment. Advances in burn care have
effected a steady decline of burn mortality rates
during the past decades [1]. While until the mid-
twentieth century, the burn eschar was left to be
digested by bodily and bacterial enzymes, the
1970s brought the early excision of the burns.
This paradigm change in the approach to burn
wounds resulted in a dramatic increase of sur-
vival rates after burn injuries [2].

Nowadays, extensive burns remain a challenge
for burn surgeons for two main reasons: on the
one hand, large areas of tissue loss require rapid
coverage with autologous skin transplants, while
on the other hand, there is a limited availability of
donor sites [3]. The chance of complete graft take
decreases with increasing percentage of burned
total body surface area (TBSA). While in burns
smaller than 35% TBSA take rates average 95%,
the mean take rate in burns exceeding 35% TBSA
is much lower [4].The chance of survival is
closely related to the success of early skin graft-
ing. Not only does a restored skin barrier pre-
vent from further fluid and temperature loss and
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life-threatening hypothermia. Untreated burn
wounds represent the ideal habitat for microor-
ganisms and consequently act as origin for blood-
stream infections. Today, septic complications are
the most common cause of death after burns [2].
Prolonged and incomplete graft healing further-
more facilitates the development of hypertrophic
scars and contractures which further impair the
functional and aesthetic outcome of the injury [5].

High skin graft take rates are of utmost impor-
tance and determine the course of the recovery
process to significant extent. Topical negative
pressure (TNP) has found various applications in
wound management since its introduction in the
1990s [6]. Due to its healing-promoting proper-
ties, it was soon proposed as method for skin
graft fixation [7]. In acute burns, TNP dressings
have been found superior to gauze bandages with
regard to burn wound progression [8]. Skin graft
fixation in burns using TNP helped to achieve
good wound healing results [9].

2 General Effects of Topical
Negative Pressure (TNP)

TNP wound therapy was first described by
Morykwas and Argenta in 1997 [10, 11]. The
TNP dressing consists of a reticulated open-cell
polyurethane foam that is fit into the wound and
sealed toward the surrounding with an adhesive
occlusive drape. Negative pressure is then applied
through a specialized tubing system and a suction
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Table 1 Effects of TNP on wounds
Effects of TNP

Perfusion * Increased perfusion

Perfusion decrease at the wound
margins, increase approximately

2 cm to the periphery, normal levels
5 cm to the periphery

Increase of perfusion greater in
muscle than in adipose tissue

Edema Reduced edema (observed
clinically)
TNP-treated tissue shows increased

fluid storage potential

Proliferation ¢ Enhanced granulation tissue
formation

Reduced concentrations of
antiproliferative enzymes
Increased concentrations of matrix
metalloproteinase inhibitors

Wound Inhibits bacteria proliferation
microbiome ¢ Inhibits formation of biofilms
Antibacterial effects are enhanced
when silver-impregnated foam is
used

device. Subsequently wound exudate is removed,
and the wound tissue is exposed to mechanical
forces exerted by the subatmospheric pressure
[6]. Since its upcoming the technique has been
used for wounds of various etiologies, and differ-
ent mechanisms and effects on wound healing
have been discovered. Firmly established are the
effects of TNP on local blood flow, formation of
granulation tissue, and its regulatory influence on
the microbiome of the wound [12]. Table 1 pro-
vides an overview over the known effects of TNP
on wound healing.

3 Tissue Perfusion and Edema
Reduction

The effects of TNP on microcirculation have
been investigated in various models. Many of
the wound-healing-promoting properties of
TNP are being deduced on its perfusion-alter-
ing properties.

In an early animal trial with pigs, random-
pattern flap survival was significantly increased
(by 20% on average) when —125 mmHg TNP

was applied. This effect was mainly interpreted
as the result of improved microcirculation. The
effect has been seen to be pressure dependent.
At —125 mmHg TNP, blood flow increased,
whereas it was decreased at —400 mmHg [10].
This increase in blood flow seems to be accom-
panied by morphologic changes in the tissue,
including  increased  vascular  diameter,
increased angiogenesis, and enhanced endothe-
lial proliferation [13]. The changes in blood
flow are, however, unevenly distributed across
the wound and also depend on the type of tis-
sue. There is a zone of relative hypoperfusion
close to the wound margins, while approxi-
mately two centimeters from the wound perfu-
sion increases to its maximum before returning
to baseline levels again in the periphery. In
musculature the zone of relative hypoperfusion
is comparably small, while there is a strong
increase in perfusion. In subcutaneous tissue,
the increase in blood flow is less pronounced,
and the zone of relative hypoperfusion is larger.
Blood flow at the wound edges increases multi-
fold when TNP is discontinued—an effect that
is most likely the result of reactive hyperemia
[14, 15]. There is evidence that negative pres-
sures between —80 mmHg and the clinical stan-
dard of —125 mmHg can be considered as
equivalent regarding wound perfusion [16].
Recent research explored novel and potentially
promising indications for TNP treatment with
regard to tissue perfusion. TNP doubled micro-
vascular blood flow in normal, ischemic, and
reperfused myocardium in pigs [17].

Although it is not yet fully understood how
TNP causes improved microcirculation, it seems
feasible that the applied subatmospheric pres-
sure creates an interstitial fluid gradient and
reduces edema. Thus the extrinsic cause for
impaired vascular perfusion is removed [10]. So
far this hypothesis however lacks profound sci-
entific foundation—also because tissue edema
is notoriously difficult to quantify. Nonetheless,
a reduction of edema can be observed clinically
[6, 11, 18], and recent findings also suggest that
TNP-treated tissue is “dryer” than untreated and
has greater fluid storage potential [19].
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4 Tissue Proliferation
and Cellular Response

According to Wolff’s law established in the late
1800s, all living tissues react to mechanical
stresses in dynamic fashion. While pressure
results in tissue atrophy with only few excep-
tions (e.g., epiphyseal cartilage), tensile forces
promote tissue proliferation. Similarly also TNP
exerts tractive effort on the wound surface. For
example, full-thickness skin defects in pigs
treated with —125 mmHg TNP were completely
filled with granulation tissue after 8 days.
During that time, wounds treated with
—25 mmHg were filled up to 20% with granula-
tion tissue, and wounds treated with —500 mmHg
were filled up to just 6% with granulation tissue.
At this pressure also a significant thickening of
the wound walls occurred, resulting in artificial
deepening of the defect [20]. On the other hand,
also improper handling of TNP dressings can
have deleterious consequences: when an air leak
was simulated in —125 mmHg TNP dressings,
experimental wounds in pigs increased almost
twofold in size [20]. On the molecular level,
TNP seemed to reduce concentrations of pro-
matrix metalloproteinase-9 (pro-mmp-9) as
well as the active enzyme mmp-9 in chronic and
acute wounds. Mmp-9 is a type IV collagenase,
and high levels are associated with prolonged
wound healing. TNP also helped to maintain a
low ratio of mmp-9 to the tissue inhibitor of
metalloproteinases 1 (TIMP-1) in the wound. A
low ratio of mmp-9/timp-1 is associated with
improved wound healing [21].

5 Effects on Wound
Microbiome

TNP is often referred to as a mean for maintaining
a clean wound surface by removing exudates.
However, also regulatory effects on the wound
microbiome seem to exist. A significant reduction
of bacteria counts in experimental wounds in pigs
occurred after application of —125 mmHg TNP
for 4 days [10]. It seemed as if the application of

TNP had the ability to prevent systemic spread of
local infections. In a murine burn wound sepsis
model, full-thickness scalds contaminated with
Pseudomonas aeruginosa inocula received either
wet-to-dry dressings or TNP therapy. After 2
weeks of treatment, 33% of TNP-treated mice had
survived compared to 10% in the wet-to-dry
dressings group [22].

Observations from in vitro models support the
aforementioned findings: reduced growth rates
and loss of the ability to create biofilms were
observed when Staphylococcus aureus was cul-
tured under —125 mmHg negative pressure con-
ditions [23]. TNP application to biofilm forming
P. aeruginosa for 2 weeks resulted in a small but
statistically significant reduction of bacterial
counts compared to untreated controls. Silver-
impregnated TNP foam speeded this process up,
and the difference reached significance after only
24 h [24]. The synergistic effects of silver-
impregnated foam and TNP application how-
ever depended on the bacterial strains used.
Application of silver foam alone already led to a
significant reduction of S. aureus and MRSA
counts, whereas the effects on P. aeruginosa and
Staphylococcus epidermidis were negligible until
TNP is added [25].

6 Treatment of Acute Burns
with TNP

According to Jackson’s [26] original definition of
tissue damage in burn wounds, a burn consists of
three concentric zones: the innermost coagula-
tion zone is characterized by irreversible tissue
damage. Next to it there is the hypoperfused zone
of stasis, where both viable and necrotic cells are
present, which is followed by the zone of hyper-
emia that is characterized by active edema forma-
tion. The zone of stasis and the zone of hyperemia
are at risk for necrosis but potentially salvageable
if perfusion can be kept upright. When progres-
sive edema and local inflammation further impair
vascular flow in these two zones, thrombotic
obliteration of the affected vessels results in
necrosis of formerly viable tissue [27].
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Fig. 1 Theory of TNP effects on burn wounds: (a) Edema
forms in tissues around the burn wound and impairs perfu-
sion through compression of vasculature which results in

The process of burn wound progression usually
occurs during the first 3-5 days after trauma. During
this time frame, a burn that has initially been diag-
nosed to be superficial may progress in size and
depth to a deep dermal or full-thickness skin defect
requiring surgery and skin grafting. Consequently
burn wound progression significantly adds to the
initial morbidity of the injury [28].

Due to its perfusion-altering effects, TNP has
been ascribed the potential of counteracting burn
wound progression [8, 29]. The effects of TNP
on acute burns have been studied both in animals
[30] and humans [8, 29, 31]. The main influence
of TNP on burn wounds seems to lie in the reduc-
tion of burn wound edema which in turn increases
blood flow (Fig. 1) [8, 29].

7 Observations from Animal
Trials

Application of —125 mmHg TNP on burn wounds
in pigs for 6 h resulted in a significantly decreased
maximum depth of cellular death below the
wound surface when compared to controls treated
with sterile dressings. Thereby it seemed as if
TNP had greatest efficacy when applied early
after the injury [30]. The tissue-preserving effect
of TNP is probably based in part on its ability to

deepening of a burn. (b) TNP dressings reduce edema and
alter perfusion which counteracts burn wound progression

restore the integrity of damaged collagen fibers.
Burns are accompanied by denaturation of colla-
gen strands within the damaged tissue. It is likely
that the surface tension exerted by unfolded col-
lagen fibers causes a fluid gradient from the vas-
culature to the extracellular space [32, 33].
Explants of burned skin from pigs treated with
—125 mmHg TNP in situ presented with a fluid
storage capacity similar to that of unsevered tis-
sue when put into a water bath. This finding was
attributed to the mechanical compression of der-
mal structures that prevents fluid influx in situ.
This in turn probably reduced swelling and fur-
ther unfolding of damaged collagen [19].

8 Clinical Observations

Clinical studies investigated the use of TNP to pre-
vent burn wound progression in hand burns [8,
29]. Burn wound perfusion was the primary end-
point and monitored using indocyanine green
angiography (ICGA). The technique allowed for
objective qualitative and quantitative measure-
ment of vascular perfusion. Indocyanine green dye
was injected intravenously, and vascular dye
uptake in the region of interest was recorded with
a specialized video camera using dynamic laser-
fluorescence angiography. The maximum recorded
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pixel intensity was assessed to quantify wound
perfusion. ICGA accurately predicts survival in
the zone of ischemia [34] and can be used to iden-
tify areas requiring surgical intervention [35, 36].

In the studies published [8, 29], patients with
bilateral second-degree hand burns were
assigned to the study protocol within 6 h after
trauma. The more severely injured hand received
—125 mmHg TNP therapy, while the other was
treated with sulfadiazine cream and conven-
tional gauze dressings. For sufficient and easy
coverage of the treated hand, a special TNP
glove was used (Fig. 2). ICGA measurements
were carried out upon admission and daily
thereafter. If burn wound progression necessi-
tated surgery, conservative treatment was dis-
continued. Surgical therapy consisted of a
combination of tangential excision and split-
thickness skin grafting or dermabrasion and
autologous keratinocyte application.

In conventionally treated hands, vascular per-
fusion as assessed with ICGA was significantly
decreased on days 1-3 after trauma relative to
baseline levels. In TNP-treated hands, vascular
perfusion could be maintained, i.e., did not
decrease compared to baseline levels [8, 29].
Also dye uptake, meaning the time from intrave-
nous injection of indocyanine green dye to maxi-
mum pixel intensity recorded, was significantly
slower in controls than in treated hands [8, 29]. In
addition, skin grafting was required less often in
TNP-treated hands. Clinically an impressive
reduction of edema was observed [8].

Fig. 2 TNP glove is used to immobilize the hand in
intrinsic plus position

According to case studies, TNP may also
have beneficial effects on frostbites. Poulakidas
et al. [37] treated an adult male with frostbites to
one foot. Although the wounds were in a detri-
mental state upon admission and TNP therapy
was initiated 72 h after trauma, all wounds had
healed after 4 weeks. In children with frostbites
to the hands, TNP therapy helped to prevent the
loss of digits. Follow-up X-rays revealed that
full integrity of epiphyseal cartilages could be
preserved. Therefore, TNP therapy may be a
method to prevent long-term complications in
pediatric frostbites [38].

9 Skin Engraftment and TNP
to Enhance Skin Graft Take
Rates

During the first days after grafting, the skin trans-
plant is nourished by diffusion of nutrients from
the wound bed. In this phase of treatment, the
parts of the transplant that are not in contact with
the wound bed will not take, i.e., die off. After
48-72 h, the vessels from the wound bed connect
to existing graft vasculature, and reperfusion sets
in [39, 40]. During the following days, the
autochthonous graft vasculature is successively
replaced by sprouting vessels from the wound
bed, and the skin graft is incorporated [41, 42].
Seroma or hematoma formation underneath the
graft may hinder successful engraftment, and
shearing forces may disrupt the early vascular
connections between transplant and wound bed.
Local infection often has detrimental conse-
quences and may result in complete graft loss.
Desiccation must be avoided by all means [43].
TNP combines all features required for ideal
skin graft treatment in one application: immobili-
zation of the graft and ensuring close contact to
the wound bed, maintenance of a moist wound
milieu, and reduction of bacterial load [6].
Possibly TNP alters diffusion of nutrients from
the wound bed to the skin graft [44]. First clinical
experiences with TNP for skin graft fixation have
been made by Schneider et al. [7]. The authors
found that TNP was especially useful in difficult
recipient areas and is applicable to a wide range
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of wounds. Results from later clinical studies
support this rationale.

In an early case study, the use of TNP dress-
ings for split-thickness skin graft fixation in
chronic leg ulcers was described. After only
5 days of treatment, take rates ranged from 95
to 100% [45]. Because there was no represen-
tative control group, no conclusions could be
drawn concerning the superiority of TNP over
conventional dressings. A later report com-
pared conventional dressings and TNP for skin
graft fixation in wounds of different etiology in
61 consecutive patients. Although there were
no differences concerning take rates, patients
in the TNP arm of the study required re-graft-
ing significantly less often [43]. A retrospec-
tive analysis compared the outcome of meshed
split-thickness skin grafts in 74 leg ulcers
before and after implementation of TNP dress-
ings. The mean take rate in the TNP-treated
group (93%) was significantly higher than that
of the group managed with conventional dress-
ings (67%). No severe side effects of TNP were
reported; however, occasional discomfort
occurred in TNP-treated areas when suction
was applied, and some patients reported sleep-
ing problems because of the noises of the elec-
tric pump [46].

Currently, few randomized controlled trials
exist that compare TNP and conventional skin
graft bolster dressings. Moisidis et al. [47] reported
increased or equal take rates in 75% of TNP-
treated grafts compared to conventional dressings.
In a subjective evaluation, TNP-treated grafts were
also considered qualitatively equal or better in
85% of the cases [47]. A randomized, double-
masked, controlled trial reported significantly bet-
ter take rates, significantly shorter hospitalization
times, and significantly fewer reoperations in skin-
grafted patients treated with TNP [48]. In a recent
analysis of patients receiving skin grafts for burn
wound coverage or secondary reconstruction,
equally significant higher take rates were seen
when TNP was used. TNP-treated grafts also
healed faster, so they required dressings for a sig-
nificantly shorter period of time [49].

TNP can also be used to prepare wound
beds for skin grafting. While full-thickness
skin grafts have advantages over split-thick-
ness skin grafts—including better skin pliabil-
ity, lower shrinking tendency, and better color
match—high take rates cannot be achieved as
reliably. Preconditioning of wound beds with
TNP prior to full-thickness skin grafting
resulted in average take rates of 95% even in
large wounds [50].

10 Technique

Various methods to enhance graft take in burns
have been proposed, including fibrin sealant [51],
medical honey [52], or amniotic membrane [53].
Large burns requiring skin grafting represent a
prime indication for TNP wound therapy in a
way for two reasons: (1) especially second-
degree burns go along with significant water
evaporation, and (2) local and generalized edema
compromise vascular perfusion of the wound bed
[8, 54]. With the knowledge that TNP dressings
allow for wound drainage, enhance perfusion of
burn wounds through edema reduction, and
improve skin graft take rates, TNP has been
applied for skin graft fixation in burns on several
occasions [3, 9, 55-59].

11 Experiences with TNP
for Skin Graft Fixation
in Burn Patients

Table 2 gives an overview over the results of clin-
ical studies and case reports published on the
topic. In general, good experiences have been
made with the technique, and in all studies, the
reported take rates were above 90% even in the
severely burned [9, 55-59].

Schintler et al. [55] were the first to describe
the use of TNP for skin graft fixation in extensive
burns. A 6-year-old boy with 40% TBSA deep
flame burns on the neck, the trunk, and the right
arm was treated with fascial-level excision and
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Table 2 Results of studies on application of TNP for skin graft fixation in burns
Mean Baux
score, age, and Grafted TBSA  Take rate
burned TBSA  covered with (tr) survival TNP-related Additional benefits
Study Patients ~ (BTBSA) TNP rate (sr) complications of TNP therapy
Roka et al. n=29; 15 Baux: 78.6 20.2% tr: n.a. None reported Continuous wound
(2007) [56] male, 14 (sd +24.4) (sd £ 13.0) sr: 97% drainage, splinting
female Age: 59.4 effect, yet early
(sd +21.5) mobilization
years possible
BTBSA: n.a.
Kamolzetal. n=37;18 Baux: 88.6 >25% tr: >95% None reported Wound drainage,
(2014) [9] male, 19  (sd +24.4) st: 97% local edema
female Age: 59.4 reduction
(sd £21.5)
years
BTBSA: n.a.
Hoeller et al. 7n=60; 36 Baux: n.a. 3.5% (range tr: 95% Extensive Fixation of grafts in
(2014) [57] male, 24  Age: 8 (sd+6) 2.0-6.0%) sr: 100% bleeding physically very
female years requiring active non-compliant
BTBSA: 4.5% revision (no infants, early
(range influence on tr)  mobilization
3.0-12.0%)
Fischeretal. n=12; Baux: n.a. n.a. tr: 97% Acute kidney Possibility of wound
(2016) [58] gender Age: 35.5 (total sr: 100% injury after TNP  exudate collection to
n.a. (range 18-63)  TNP-treated installation, estimate fluid loss
years TBSA, donor causal relation and requirements
BTBSA: sites, and skin unlikely
29.6% (range  grafts, 35.1%)
15-60%)
Case studies
Schintler, 1 male Baux: n.a. 40% tr: 100% Leakages in the  Early mobilization,
et al. (2005) Age: 6 years survived TNP system good overall
[55] BTBSA: 40% could be easily  condition of treated
resealed patient, wound
exudate collection
Psoinos et al. 1 female Baux: n.a. 4% tr: 100% None reported TNP prevents
(2009) [59] Age: 8 months survived wound
BTBSA: 6% contamination in

TNP topical negative pressure, n.a. not available, sd standard deviation

perianal areas, can
be used for donor
site coverage

split-thickness skin grafts meshed 1:2. All grafted
areas were treated with TNP for 5 days; 7 days
after surgery take rate was 100% (Figs. 3 and 4).
Throughout the whole course of the therapy, the
patient was alert and in an unexpectedly good
general condition [55].

Roka et al. [56] as well as Kamolz et al. [9]
further explored the use of TNP for skin graft

fixation in larger cohorts. Roka described a
cohort of 29 patients with second- to third-degree
burns and a mean Baux score of 78.6%, while
Baux scores exceeded 100 in six patients. The
mean grafted TNP-treated TBSA was 20.2%, and
the median time of TNP treatment was 4 days.
The survival rate was 97%—one male with a
Baux score of 121 succumbed to his injuries,
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while one female with a Baux score of 127 how-
ever survived. There was no data available on
take rates, but it was noted that all survivors could
be discharged with completely healed wounds
after a mean hospitalization time of 46.6 days
[56]. The cohort of 37 patients described by
Kamolz [9] received TNP dressings for at least
25% grafted TBSA. Although Baux scores in this
cohort were higher (mean 88.6, above 100 in

Fig. 3 Boy treated with TNP dressings after skin graft-
ing. Donor sites were covered with biosynthetic dermal
replacements

Fig.5 Eighty-six-year-
old female with a 20%
second-degree to
third-degree burn to her
trunk (Baux score 106).
Good initial graft take
after 4 days of TNP
treatment resulted in
completely healed
wounds on day 7
postsurgery

eight patients) and treatment modalities did not
differ significantly from those of Roka et al., hos-
pitalization time (46.6 days) and survival rate
(97%) remained the same. Of 37 patients, 36
could be discharged, and the skin graft take rate
was 95% and above in all cases (Fig. 5) [9].
Notably, in neither study any TNP-related com-
plications such as severe wound site infections
were described [9, 56].

Hoeller et al. [57] reviewed 60 pediatric burn
patients who had received TNP for skin graft fixa-
tion. The mean burned TBSA was 4.5%, and chil-
dren of all age groups—infants (<24 months),
toddlers/preschoolers (2-6 years), school-age

Fig. 4 Take rate is almost 100% in the same patient
(Fig. 3) 5 days postsurgery




Skin Graft Fixation in Severe Burns: Use of Topical Negative Pressure 45

children (6-13 years), and adolescents
(>13 years)—were analyzed. With 3.5% the mean
TNP-treated TBSA was comparably small. After
a median TNP application time of 5 days, the
mean take rate was 96%. It was found that smaller
grafted TBSA resulted in better take rates. In con-
trast the amount of TNP-treated TBSA had no
influence on take rates. Three major complica-
tions were noted. In two cases major bleeding
occurred hours after TNP installation which led to
termination of therapy. Take rate was 95% in both
cases though. In one case a bigger part of the skin
graft became necrotic leading to the worst take
rate in the cohort of 70%. Minor alterations were
observed in 17 cases, of which one was contami-
nation of a TNP system with stool after installa-
tion in the anogenital region. Nevertheless the
mean take rate in this subgroup was 80%.

Psoinos et al. [59] reported a case of an
8-month-old female who sustained scalds aver-
aging 6% TBSA to her lower back and the but-
tocks. Four percent of the wound area, mainly
located in the gluteal region, required excision
and skin grafting. After 5 days of TNP treatment,
take rate was 100%. In this case TNP application
was found especially useful to avoid fecal con-
tamination of the grafted areas on the buttocks.
Instead of the conventional foam dressing, gauze
was used as wound filler material.

In another study with 12 patients, skin graft
recipient sites as well as donor sites were covered
with TNP dressings resulting in an average TNP-
treated TBSA of 35.1%. Average graft take rate

Fig. 6 Sequence of
TNP application. (1)
After stapling the skin
grafts to the wound site.
(2) They are covered
with non-adherent
dressings, i.e., fatty
gauze. (3) The foam
dressing is applied and
tacked down if
necessary. (4) The whole
area is sealed with
occlusive drape, and
suction is applied

was 97%, and all patients survived. Although this
data was available only for four patients, the
reported median epithelialization time of donor
sites after TNP treatment was 11 days. No major
side effects were described. However, one patient
developed acute kidney injury during the course
of TNP treatment [58].

12 Method of Application

After depth-adapted burn wound debridement,
split-thickness skin grafting is performed. Mesh
grafts are fixed to the wound surface with staples.
When Meek grafts are used, the silken carrier
sheets are tacked down accordingly [3]. The
grafts are then covered with sterile fatty gauze or
other non-adherent dressings such as soft silicone
wound contact layer [55]. This is done to prevent
adherence of the TNP foam to the skin graft. The
sterile polyurethane TNP foam dressing is
clipped in shape to fit the wound dimensions and
placed atop the non-adherent dressing. Most
manufacturers provide foam dressings of various
sizes [58], and for coverage of the entire hand,
also special TNP gloves are available (Fig. 2) [8].
The entire area is covered with the occlusive
transparent drape that is usually provided with
the foam. Alternatively any available occlusive
drape can be used, like Opsite [49]. An opening is
cut into the film for the suction tubing, and a con-
tinuous pressure between —75 and —125 mmHg
is applied (Fig. 6).
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Fig. 7 Large TNP foam dressings are held in place with
staples

When large areas have to be covered or when
the wound lies in a region of complex contour
that is subject to repeated motion—such as the
axilla, the groins, or the circumference of the
arm—the foam is stapled to the wound surface
(Fig. 7). If more than one foam piece is required
to cover the wound, the individual foam pieces
are connected to one another with staples.

Large TNP dressings or multiple wound sur-
faces may necessitate the use of more than one
negative pressure pump [9, 56]. In some cases it
may be feasible though to connect TNP dressings
on wound sites that are separated by viable skin
to one another with thin polyurethane foam strips.
To prevent direct contact with the skin and conse-
quent maceration, the strips are wrapped up in
occlusive drape. With this technique negative
pressure can be distributed evenly to all wound
sites, and resources can be saved [60].

When a tight seal cannot be achieved right
away, it has proven useful to apply negative pres-
sure temporarily with surgical suction units
before switching to the portable TNP device.
This proceeding allows for investigation of the
dressing for leakages and also effectively removes
the first portion of wound exudate from the dress-
ing [9]. Some favor the technique of stapling the
occlusive drape to the skin in the wound periph-
ery to guarantee its adherence in mobile body
parts [58]. In most cases a sufficient seal can be
achieved without this approach though [9].

Application of TNP dressings to the fingers,
hands, toes, and feet can be difficult. Even with
the usually very pliable occlusive drape, a tight
seal may be hard to achieve in web spaces. When

special TNP gloves are not readily available, a
good method to overcome those difficulties is the
“sterile glove technique.” Here a conventional
sterile surgical glove is used instead of the occlu-
sive drape. After the foam dressing has been
applied, the hand or foot is dressed with a sterile
glove. In small defects a single tight-fitting glove
often suffices to seal the dressing. In larger
defects, the glove dressing may require comple-
tion with a piece of occlusive drape proximally.
An opening for the TNP suction tubing is created
as usual. When using this technique, the proximal
rubber band of the glove should always be
removed because it has been seen to cause pres-
sure marks. The fingertips of the glove can be cut
off to monitor perfusion of the digits. When
applied with care, this technique is very efficient,
and strangulation of digits is unlikely. The method
is, however, not recommended in patients with
preexisting vascular diseases [61].

13 Additional Benefits of TNP
for Skin Graft Fixation
in Burns

The TNP foam becomes rigid when negative
pressure is applied. In certain body parts, this
makes an additional splint unnecessary because
enough suspension is provided by the dressing.
Burned hands can effectively be immobilized in
the intrinsic plus position solely by using TNP
gloves (Fig. 2) [8, 29].

Despite their splint-like effect, TNP dressings
retain part of their flexibility also after negative
pressure activation. This allows for active mobili-
zation of joints also during the early stages of ther-
apy [3]. Successful early mobilization with TNP
dressings in place is possible in adults as well as in
children [9, 55-57]. Especially in babies and tod-
dlers, where compliance cannot be expected and
there is a high level of activity, mobilization can be
allowed unscrupulous with TNP dressings holding
the skin grafts firmly in place. Portable TNP
devices furthermore give children who would nor-
mally be bed bound opportunity to play outside the
bed [57]. In some cases it may be necessary to
spare particular body regions from TNP application



Skin Graft Fixation in Severe Burns: Use of Topical Negative Pressure 47

to facilitate mobilization. In circular burns to the
lower limbs, sparing the popliteal fossa may
increase the range of motion. To further soften the
dressings, negative pressure can be reduced to
—50 mmHg or turned off temporarily [58].

Because the TNP system removes blood and
exudates from the wound surface and stores it in
a container, a relatively clean dressing can be
guaranteed for a longer period of time. As a result
dressing changes are required less often. The
dressing can be left in place from 4 up to 7 days
[50, 56]. The fluid captured in the container also
allows for indirect evaluation of the wound. A
significant amount of blood in the container may
indicate hemorrhage, and purulent fluid could be
an early sign for wound infection [56].

Additionally, the fluid output of the TNP sys-
tem can be used as an orientation for fluid require-
ments. When wound healing progresses and the
skin barrier is restored by reepithelialization
emerging from the skin grafts, the amount of
drainage fluid gradually decreases [55]. To esti-
mate total evaporative fluid loss, skin grafts as
well as donor sites may be covered with TNP
dressings. In general, the fluid output of grafted
areas is smaller than that of conservatively man-
aged burn wounds or that of donor sites [8, 58].

TNP dressings are comparably expensive. In the
long run, TNP may however have financial advan-
tages over conventional wound dressings. Since
TNP dressings have to be changed less often, less
analgesics, sedatives, and also qualified health-care
personnel are needed [56]. Higher initial take rates
also decrease the risk for complications as well as
the need for re-grafting. Complications and fre-
quent reoperations go along with longer hospital-
ization times which in turn result in higher treatment
costs [43, 47]. Consequently the higher costs of
TNP therapy are likely to be compensated by better
outcome [9, 56].

14 Discussion

With the use of TNP dressings as bolster, high
skin graft take rates above 90% can be achieved
in adults [9, 56, 58] as well as in children with
severe burns [55, 57, 59]. Even in patients with

Baux scores exceeding 100, high take rates can
be achieved reliably [9, 56]. TNP dressings are
especially useful for fixation of large skin grafts
in body regions of inferior take rate, such as the
gluteal region, the lower back, or the posterior
aspect of the thorax [3]. There is no information
available on the ideal duration of TNP applica-
tion. However, most authors reported application
times between 4 and 6 days until the first dressing
change with satisfactory results [9, 55-57].

Despite the vast evidence that TNP interferes
actively with wound healing processes, no sig-
nificant side effects are known. In the treatment
of burns, hardly any TNP-related complications
have been described, and in all of them, a direct
association to the wound dressings was question-
able. By and large the reported events did not
affect the final outcome, and all complications
could be salvaged [57, 58].

The studies on TNP application for skin graft
fixation in burns lack a representative control
group in all cases. Still, randomized controlled
trials on TNP for skin graft fixation in wounds of
different etiology showed the beneficial effects of
TNP on take rates, even when the dressing had to
be improvised [49]. Concerning the quality of
data, objective methods for wound assessment
were not used in most of the cases.

Two studies [9, 56] used specialized burn size
assessment software (BurnCase 3D, RISC
Software GmbH, Linz, Hagenberg, Austria [62])
for estimation of grafted TBSA as well as take
rates and thus provided objective data.

Not only the healing of skin grafts but also
take rates of dermal substitutes can be improved
by using TNP. The use of TNP has been seen to
allow for earlier skin grafting in substitutes
requiring a two-step procedure, such as Integra®.
This in turn reduced the length of hospital stay
and should on the long run decrease the risk for
complications due to faster wound healing [63].

Currently TNP gauze dressings experience a
revival with wound healing results similar to those
of the usual foam dressings [59, 64]. Gauze dress-
ings use smaller negative pressures of about
—80 mmHg. In surgical wounds of different etiol-
ogy, TNP gauze dressings produce an overall vol-
ume reduction of 15.1% per week—a value
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comparable to that of the foam alternative [64].
There is also evidence that gauze dressings
produce less pain and discomfort around the
wound site than foam dressings [65]. This makes
TNP gauze a user-friendly alternative to foam
dressings worthwhile considering. With regard to
burns, TNP gauze dressings have been applied for
skin graft fixation with good success in a pediatric
burn patient [59]. It remains to be seen how TNP
gauze will impact future burn wound manage-
ment. First results are encouraging though.

Conclusions

TNP dressings can be used for skin graft fixa-
tion to reliably achieve take rates above 90% in
severe burns. The application rarely leads to
complications, and reported adverse events are
manageable. Additional benefits of TNP com-
prise a splinting effect in extremity burns, a
reduced need for dressing changes, the possi-
bility of early mobilization without the risk of
graft shear, and a good acceptance by patients.
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Tissue Expanders in Post-Burn
Alopecia: With or Without

Galeotomies

Dalia Mohamed Mofreh El Sakka

1 Introduction

When a constant mechanical stress is applied to
the skin over time, two phenomena occur:

1. Mechanical creep: The cell is stretched in
response to the applied stress.

2. Biological creep: In the form of cell prolifera-
tion due to disruption of gap junctions and
increased tissue surface area. Growth of the
tissue by cell proliferation restores resting ten-
sion of the stretched tissue to baseline [1].

The use of silastic tissue expanders extends
this natural principle with actual increase in the
amount of skin available, along with increased
vascularity in the expanded skin [2].

2 Types of Tissue Expanders
(Fig. 1)

Tissue expanders are balloons made of silicone
and filler ingredients, molded into a pre-shaped
prosthesis, which can be filled with saline through
a valve system. The standard tissue expanders
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available from the manufacturing companies are
usually circular, rectangular, or crescentic in shape
and are usually made in commonly required vol-
umes/capacities from 50 to 1000 mL. Rectangular
expanders generate the most usable tissue,
although the shape of the expander should be tai-
lored to the reconstructive needs [3].

Many advances have been made in tissue
expansion since first used by Neumann [4]. It
requires the placement of a silicone balloon filled
with serial injections of sterilized solution over a
period of weeks to months. It is widely used in
reconstructive surgery for the reconstruction of
various defects and deformities [5]. Tissue expan-
sion has been used in hair restoration surgery and
especially in post-burn alopecia [6]. Similarly, pre-
expanded scalp flaps (scalp reduction) have also
been mentioned in the literature [7]. Tissue expan-
sion provides hair-bearing skin following the exci-
sion of non-hair-bearing/scarred/burned skin.
Although follicular unit grafting can be performed,
the graft does not usually provide adequate hair
density, with results depending on the condition of
the recipient skin. In most cases, there is a loss of
fatty layers of the scalp, or the skin-grafted areas
are generally not very good recipient areas [8].
The placement, volume, and shape of tissue
expanders depend on the geometry of the defect
and the available hair-bearing areas. Precise pre-
operative planning, therefore, is of utmost impor-
tance. There is generally less tissue laxity on the
scalp than on the face and neck. Furthermore, the
scalp exhibits regional differences in tissue laxity,
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Fig.1 Different types of tissue expanders

the tissue of the frontotemporal and occipital
regions being looser or more distensible than that
of the vertex [9].

3 Anatomy of the Galea

The galea aponeurotica is the strong membra-
nous tendon of the occipitofrontalis muscle. It
is attached to the tissue layer and is separated
from the periosteum by the subgaleal space.
Anteriorly, it is attached to the skin just above
the supraorbital ridges and posteriorly to the
superior nuchal ridge. Movement of the over-
lying skin is restricted by its attachment to this
inelastic tendon sheath. This lack of local tis-
sue distensibility may restrict reconstructive
options [10].

Although scalp expansion by tissue expander
without galeotomies may be achievable, this
often results in significant wound margin tension
and consequently, a high incidence of expander
extrusion [11, 12]. Several parallel, relaxing lin-

ear incisions made in the galea via the subgaleal
space enable this inelastic tendon sheath to
stretch and constitute one method of increasing
local tissue distensibility.

4 Patients

This study included 30 patients with post-
burn alopecia, admitted to the Plastic and
Reconstructive Surgery Department of the
Menofia University Hospital, in the period from
September 2010 to November 2014. The Ethics
Committee approval was obtained prior to initiat-
ing the study, and all subjects signed an informed
consent form. In all cases, the tissue expander
was placed in the subgaleal plane: galeotomies
were performed in 10 of these patients (Group
A), and their results were compared with the
other 20 patients in whom expanders were placed
without galeotomies (Group B). Most of the alo-
pecia patients were children, aged from 2 to
16 years.
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5 Technique

5.1 Choice of Expander

1. Size: Base diameter of expander should be
2-2.5 times the diameter of the defect to be
covered.

2. Shape: Mostly depends on location.

5.2 Anesthetic

A dilute epinephrine-containing anesthetic solu-
tion was infiltrated into the area to be expanded to
promote hemostasis and facilitates surgical
dissection.

5.3 Incision

Under general anesthesia, an incision was made
at the junction of the hair-bearing and non-hair-
bearing scalp.

5.4 Pocket

Dissection was done in the subgaleal plane in the
normal, hair-bearing scalp that was to be expanded.
Pocket was large enough for expander to lie flat
without creases, but not so large to prevent migra-
tion or excessive movement of the expander. After
creating an adequate pocket, the expander was
inserted directly in 20 cases (Group B).

5.5 Galeotomies in Group A (Ten

Cases)

Exclusively parallel linear incisions spaced 2 mm
apart were made through the full depth of the
galea, first using a #15 scalpel blade and then
well-honed Metzenbaum (blunt tip) scissors with
one blade above and one blade below the galea,
pushing the scissors against the galea to separate
and cut it without causing too much damage to
vessels. Clear visualization of the under surface of
the galea is essential (Fig. 2). As this was a relax-

Fig.2 Galeotomies in Group A. Under direct visualiza-
tion, linear incisions were made in through the full depth
of the galea using a #15 scalpel blade

ing incision, it was perpendicular to the desired
direction of flap expansion. Since incision into the
overlying subcutaneous tissue risks significant
hemorrhage due to transection of blood vessels,
this was avoided. The aim of these parallel inci-
sions was to increase tissue distensibility.

Complete hemostasis using bipolar diathermy
was achieved. Then the expander was placed in
the pocket, and the ports were left outside to
facilitate inflation. Suction drain was inserted for
at least 24 h to ensure that there was no blood
collection.

Incision was closed in two layers after inject-
ing 5-10 mL of saline into the expander through
the port to fill dead space and properly position
expander without surface folds. First-layer clo-
sure was achieved by suturing the galea and the
second layer by suturing skin to skin. A light
dressing was applied to the wound for 2 days.

5.6 Follow-Up

Wound assessment and removal of the suction
drain was carried out 1-2 days after surgery, and
antibiotic spray and ointment were applied until
suture removal. In all cases, expansion was
started 14 days after surgery to allow the postop-
erative edema to subside and, secondly, to allow
any problems with the flap to become evident.
Most complications regarding wound healing
would have manifested by this time.
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6 Expansion Process

In both groups, on the same burned area, for the
same size of defect and using the same size and
shape of expander, such as a 250 mL rectangular
expander, saline was injected weekly in Group A
and every 10-14 days in Group B. We could
inject up to 45-50 mL in one sitting with ease in
Group A but no more than 20-25 mL in Group
B. Required expansion was achieved in 4 weeks
in Group A and 6 weeks in Group B on the same
defect and with the same size of expander.
Complete expansion was complete when enough
soft tissue was available to cover the defect. The
expander was left in situ for a further 2 weeks
after the last injection to allow the expanded skin
to stay stretched to that level (stress relaxation).

7 Reconstruction

Reconstruction was undertaken when expander
was inflated to the desired volume; the alopecia
scalp skin was then excised. The expander was
removed, and the expanded skin of the scalp was
advanced and rotated to resurface the defect.

8 Results

A total of 30 patients with post-burn alopecia
underwent scalp expansion by subgaleal expander
insertion; galeotomies were performed in 10 of

these patients (Group A) but not in the other 20
patients (Group B). There were 19 females
(63.33%) and 11 males (36.66%). The most com-
mon age group was 2-8 years and included 21
patients (70%). The most common site for alope-
cia was the parietal-temporal region with 17
cases (56.66%) followed by the frontal area in 10
patients (33.33%) and lastly the occipital area in
3 patients (10%). The rectangular expander was
most frequently used in scalp reconstruction in
18 cases (60%) followed by the crescent-shaped
one in 10 patients (33.3%) and lastly the round
one in 2 patients (6.66%). In this preliminary
study, required expansion was achieved in
4 weeks in Group A and 6 weeks in those patients
in whom the expander was placed in the subga-
leal plane without galeotomies (Group B), for the
same burned area, same size of defect, and using
the same size of expander. At each expansion ses-
sion, up to 45-50 mL of saline was injected in
Group A without inducing pain, compared to no
more than 20-25 mL of saline in Group B,
injected with difficulty and pain. Achieving
desired expansion was a slow and painful process
in Group B. We observed that in Group B the
incidence of expander exposure, either early
(from incision line) or late (from thinning and
skin breakdown) (Figs. 3, 4, and 5), was very
high (10 out of 20, i.e., 50% of Group B) and
33.3% of all patients. However, we did not have
dehiscence or expander exposure in Group A
(Figs. 6,7, and 8). We did not observe thinning or
hair loss except for the expected redistribution

I

Fig.3 (a, b) Male child aged 3 years in Group B with expander extrusion
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Fig.4 (a, b) Female child aged 4 years in Group B with expander extrusion

Fig.5 Male child aged 5 years in Group B with expander
extrusion

and thinning during the expansion process, which
was observed in both groups (with and without
galeotomies). No case of infection was noted in
either group.

9 Discussion

The scalp is the second most visible part of the
human anatomy after the face. Tissue expansion
is widely used in plastic and reconstructive sur-
gery. It is a valuable addition to the armamentar-
ium of the hair restoration surgeon [13]. Tissue
expansion produces a mechanical stretching
resulting in localized ischemia of the expanded
skin and, hence, promotes angiogenesis [14].
Expanding normal skin using tissue expanders
has become the method of choice for post-burn
alopecia in children, with excellent results [15].
A few case reports outline the results of fol-
licular unit transplantation in burn scars.
However, the results depend on the density of the
grafted area. The density in turn depends on vari-
ous factors such as scar tissue vascularity, amount
of underlying fatty tissue, and smoking. Even
after multiple sessions, it might not be possible to
obtain reasonable hair density [16]. In these
cases, tissue expansion could provide an excel-
lent alternative. Similarly, in cases of skin grafts
to the cranium, there would be virtually no under-
lying soft tissue so follicular unit transplantation
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o4

Fig. 6 Male child aged 3 years in Group A. (a) Complete expansion in 4 weeks without expander extrusion. (b)
Postoperative

Fig. 7 Female child aged 8 years in Group A. (a) Complete expansion in 4 weeks without expander extrusion. (b)
Intraoperative. (c¢) Postoperative
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Fig. 8 Female child aged 6 years in Group A. (a) Complete expansion in 4 weeks without expander extrusion. (b)
Postoperative

might not provide satisfactory results or may
result in necrosis [16].

Pain/discomfort during the expansion process
was the most common complication noted, espe-
cially in the later stages of expansion for Group
B. No case of infection was noted in either group.
In most cases, we used rectangular-, oval-, or
crescent-shaped tissue expanders. A large series
of 57 patients presented by Qing et al. [17]
showed a complication rate of 14%. Similarly,
the study by Saleh et al. [18] had a 21.5%
complication rate with 8.25% infection and 5%
expander extrusion. None of these complications
were seen in Group A of the present study.
Another study by Zellwegar et al. [19] showed a
22% complication rate, compared to a total com-
plication rate of 0% in our Group A. Cunha et al.
[20] reported a low complication rate (22.2%) in
a series of over 300 expanders. Most complica-
tions involved implant exposure (51.4%) while
only a few cases of perforation were reported
(2.8%). This correlates with the incidence of
expander exposure in our Group B (10/20 =50%).

El Sadat et al. [21] have reported an innova-
tion, using an endoscopic approach for tissue
expander placement in the pediatric population in
an attempt to reduce morbidity and complication
rates. For the post-burn alopecia patients in this
study, tissue expanders with galeotomies
achieved better results than when the subgaleal
plane was used without galeotomies. We believe
that galeal tissue is important in protecting the
integrity of hair follicles, preserving their circula-
tion during the expansion procedure. As demon-
strated, rapid expansion does not affect the
integrity of hair follicles and does not promote
pain. Supragaleal placement of the tissue
expander induces excessive bleeding which may
lead to more reactive tissue around the prosthesis
and, when the vessels need to be cauterized,
cause injury to the hair follicles, leading to local
alopecia [22]. Larger and comparative studies
must be done to modify the traditional procedure.
The benefits of galeotomies increase if they are
performed in a loose scalp region that is inher-
ently more distensible [9].
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The author believes that adding galeotomies
to subgaleal tissue expander insertion may also
lessen the risk of a widened, splayed scar due to
the stretch-back phenomenon of scalp skin,
which has been encountered in the second stage.
However, wide-ranging multicenter research is
needed to address this issue. The main hazard of
galeotomies is the accidental transection of the
abundant vasculature overlying the galea. It is
important to remember that the galea is a thin
layer, and in order to reduce the risk of bleeding,
galeotomies should be performed under direct
vision. The scalp receives its blood supply from
the scalp margins, and thus, galeotomies that
transect this plane, i.e. which are performed in a
coronal plane, are at greater risk of causing vas-
cular injury if the incision is too deep. As a result
of the stiffness of the scalp’s connective tissues,
scalp arteries are unable to retract into spasm,
unlike arteries at other sites, and, hence, they are
unable to seal themselves when transected.
Intraoperative bleeding can therefore be heavy if
these vessels are severed. Similarly, postopera-
tive hematoma is a potential hazard, so it is better
to insert suction drain for at least 24 h.

Conclusions

Galeotomies are a reproducible and reliable
method of increasing tissue distensibility
through a reduction of the tensile properties of
the scalp, without affecting the integrity of
hair follicles.
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Autologous Skin Cell Transplantation
and Medical Needling

for Repigmentation of Depigmented
Burn Scars on UV-Protected

and UV-Exposed Skin

Matthias Aust and Antigona Aliu

1 Introduction

In the following chapter, we are going to present
medical needling as an ideal therapy for the treat-
ment of scars and its combination with ReCell.
Several clinical studies and scientific researches
concerning the percutaneous collagen induction
(PCI) do not only prove its efficiency on different
indications but also its variety of benefits. Whereas
medical needling itself does not influence the repig-
mentation of large hypopigmented scars, combin-
ing both methods does indeed create this effect [1],
making use of autologic skin cells for especially
those skin areas which have been treated by medical
needling before implementing the idea of ReCell.
As the demand for less invasive but strongly
effective cosmetic treatments is steadily growing,
the establishment of innovative and successful
methods is required from the development of plastic
surgery. In the course of modern medicine, maxi-
mizing profit and providing successful results in the
sense of the patient’s satisfaction, PCI seems to be
the ideal method compared to ablative treatments of
several skin-related indications such as scars, wrin-
kles and skin laxity. As a new and very simple
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regenerative technique, it improves and rejuvenates
the skin. Its success has been already detected in the
treatment of different indications, particularly of
severe, widespread burn scars. It neither requires
expensive apparatus nor the need of complex instru-
ments, setting a new trend in plastic and aesthetic
medicine. According to that, this ideal intervention
is aimed to achieve a natural regeneration of the skin
and to improve its appearance as well as quality and
function. It is proved that medical needling increases
the quality of scars with comparatively low risk and
stress for the patient with regard to important physi-
ologic factors of the skin structure.

PCl is definitely marked by initiating the skin’s
own regenerative potential as its most important
feature. It stimulates the synthesis of collagen and
the expression of endogenous growth factors,
which verify the association of PCI with scarless
wound healing. Epidermal as well as dermal lay-
ers of the skin remain intact, and the improvement
of the skin structure regarding its thickness and
smoothness is apparent. In consideration of both,
clinical and scientific data, PCI is proved to be a
comparatively simple, fast and controlled method
which can be safely repeated and also suited to
regions where semi-ablative or ablative treat-
ments reveal limited usage. Evaluated from the
medical perspective, none of these would reach
neither method nor results of PCI.

Moreover, the last-mentioned treatments cover-
ing non-invasive (e.g. silicone patches), minimal
invasive (e.g. cortisone injections) or surgical
options such as scar excision, tissue transfer, W- and
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Z-plasties or flaps, the quest has led to the applica-
tion of many different topical therapies. Laser resur-
facing, dermabrasion and deep chemical peels are
all together defined by the same principal: they
lighten the scar by destroying its structures and lead
to an inflammatory response. As a result, the treated
area is replaced by a thinner epidermis with flatter
rete ridges and parallel-orientated scar collagen
which is distinctive for pathological skin [2-4].
Furthermore, the skin is now more vulnerable to
bacterial and viral infections.

Compared to that, medical needling is a mini-
mal invasive non-ablative procedure which is
capable of increasing the scar quality with regard
to skin elasticity, moisture, erythema and func-
tionality in terms of a dermal reorganization.
This also includes an elevated incidence of physi-
ological collagen and fibronectin as well as a
decrease of transepidermal water loss due to an
increase of macromolecules such as glycosami-
noglycans [1, 5-7]. The stimulation of specific
structure proteins and components of the extra-
cellular matrix does also improve epidermal
thickness. Thus, the skin is less vulnerable to
extern stress-causing factors [8].

For patients with residuals of their cicatrical
deformity and scars which remain a serious issue
for the affected ones, medical needling suggests a
controlled, simple and fast accessibility to aesthetic
and functional results of their scars. This ideal treat-
ment would overcome this shortcoming of numer-
ous methods available for treatment of scars such as
ablative methods by in fact not destroying epider-
mal structures and rather promoting the formation
of a physiological skin collagen instead of scar col-
lagen. Initiating the natural wound healing cascade
and the expression of growth factors, this method
can be associated with a scarless wound healing and
regeneration of the skin.

2 How Does Medical Needling
Exactly Work?

The core of medical needling is actually based on
a simple idea of a repeated puncturing of the epi-
dermis as well as the dermis in terms of inducing
a physiological regeneration of the skin through

activated messenger substances which are essen-
tial for the following procedure. Specific features
of both skin layers are not only conserved in their
functional structure but also promoted in a posi-
tive qualitative way. Both components of the skin
remain intact and in their natural order, whereas
the epidermis is marked by a throughout increased
thickness. Concluding, this guarantees great sta-
bility and leads to a reduced vulnerability to dam-
aging factors such as physical influences (UV
radiation) [8]. Several studies confirm that also
dark skin types are privileged by not facing any
dyspigmentation, lack of pigmentation or even
hypopigmentation, as soon as melanocytes within
the basal layer are not impaired. Neither the
amount of those pigment cells nor their mecha-
nism of synthesizing melanin is affected.
Moreover, the wound area is exactly limited to
problematic regions which are treated in the first
place. For this reason, there is a low risk for the
development of viral or fungal infections enhanc-
ing a scarless and unproblematic wound healing
(Figs. 1 and 2) [8].

Approximately 20 years ago, Camirand and
Doucet got significant clinical improvement by
treating hypertrophic scars with a tattoo gun [1].
Orentreich and Orentreich also reported about
“dermal needling” as an alternative for treating
scars and wrinkles. Based on this therapeutic
approach, Fernandes developed the percutaneous
collagen induction technique. In 1999 he
entrenched this scientific discovery, by letting a
roller equipped with needles produce thousands

Fig. 1 Preoperative histology of a burn scar with a thin
epidermis typical of scar tissue
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Fig.2 One year postoperatively, the Van Gieson staining
shows a normalization of the collagen-elastin matrix in
the reticular dermis and an increase in collagen fibres. The
orientation of the fibre bundles resembles that of healthy
skin and an increase in vital epidermal skin cell layers are
apparent

of neighbouring microwounds in the dermis and
an intradermal bleeding [12]. Thanks to targeted
research within the last 15 years, impressive sci-
entific data is now available which underlines the
efficacy and safety of medical needling.

3 Induction of the Wound
Healing Cascade

Focus on Effects of Medical
Needling on a Molecular Level

3.1

The intended trauma through the repetitive punc-
turing initiates the activation of the physiological
wound healing cascade. Platelets and neutrophils
secrete growth factors such as platelet-derived

growth factor (PDGF), fibroblast growth factor
(FGF), vascular endothelial growth factor (VEGF),
tissue growth factor and transforming growth
factor-o and transforming growth factor- (TGF-a,
TGF-B). An interactive cooperation of these factors
initiates blood coagulation and the synthesis of der-
mal structures such as collagen, elastin and fibro-
nectin by stimulating the migration and formation
of fibroblasts and ceratinocytes.

Seen from a dermatological view especially
growth and transforming factor-8 has a specific
function regarding the wound healing cascade
and its regulation based on a molecular level.
Wound healing can be divided in three phases
interacting through numerous growth factors and
other essentials. The procedure of wound healing
happens in an ideal time frame of 1 month distin-
guished in sequences of inflammation, prolifera-
tion and regeneration (Fig. 3).

Right after the injury, a natural and typical
reaction of inflammation shows up in terms of
activating immune cells and blood coagulation
[11]. The following act of proliferation is
marked by growth factors especially focused on
TGF-8 due to its high importance in regulating
processes. The activity of fibroblasts which are
necessary for the regeneration of the extracel-
lular matrix and the synthesis of collagen indi-
cate a proper wound healing procedure as a
result of the needling. Over the secondary phase
of regeneration, an intact dermal skin barrier
and a mechanically durable skin structure are
evident.

1Tag 1 Woche

Fig.3 Wound healing
course

Entziindungsphase

(Exsudation und Resorption)

T T
1 Monat 2 Monate  post

Proliferation und
Epithialisierung

Reparation und
Regeneration
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3.2 Scarless Wound Healing

In this context the relation of TGF and the induc-
tion of collagen type I represent a key role in
repair and regeneration mechanisms. Collagen I
is the physiological type of lattice-pattern colla-
gen in healthy skin whereby collagen III with
parallel-orientated fibrils is remarkable for scar
collagen. Growth factors TGF-8 1 and 2 are
highly concentrated during the formation of scar
collagen in cicatrice. Their level gets notably
downregulated when it comes to scarless embry-
onal wound healing which is associated with the
effectiveness of TGF- 3 [7, 13]. High levels of
this specific growth factor do not only synthesize
collagen I but also manage the conversion from
collagen type III to the desired type I collagen
(Fig. 4) [14].

3.3 Dermal Repairing

Furthermore, PCI modulates the gene expres-
sion of molecules, which are responsible for
remodelling the extracellular matrix. This therapy

Gen-Induktion

approach can thus produce a quantitative and
qualitative improvement in the appearance of
the skin. Therefore, it stimulates the blood coag-
ulation and the production of structure proteins
including fibronectin and glycosaminoglycan
molecules in correspondence of dermal remod-
elling. After reaching the wound region, these
proteins promote the proliferation of ceratino-
cytes which changes physical and biological
characteristics of the skin. The entire connective
tissue framework appears thicker and denser.
Other endogenous factors contribute towards
improved skin elasticity, as the amount of elas-
tin is significantly higher after the treatment
with medical needling.

Not only for this reason, the activity of
TGF-8 3 remains constantly high regulated in
the inflammation phase and also reaches high
expression levels in the following phases of
regeneration and proliferation [15]. In conclu-
sion, medical needling influences the liberation
of TGF as well as the production of type I col-
lagen interacting within the procedure of der-
mal reorganization. The signal transduction
pathway of TGF-8 3 as one of the most important

Il / Il

1 Tag 1 Woche

Proliferation und
Epithialisierung

Entziindungsphase
(Exsudation und Resorption)

Fig.4 Regulation of growth factor TGF-B 3 and scarless
healing. Microarray analyses of TGF-8 1, TGF-8 2 and
TGF-B 3 expression levels in treated and untreated ani-
mals show that the needling treatment stimulates TGF-3 3
to a greater extent than TGF- 1 or TGF- 2. Moreover,

T 7 T

1 Monat 2 Monate  post

Reparation und
Regeneration

the induction of TGF-f 3 gene expression continues even
beyond the initial wound healing phase, whereas the two
other genes are downregulated during the second week
post needling
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Fig. 5 Quantitative evidence: Remodelling through nee-
dling. Microarray analyses show that the expression of the
genes associated with dermal remodelling has been
increased in the treated animals compared to the untreated

PClI-related factors allows an association with a
scarless wound healing. Therefore, this method
reaches results to a high extent of satisfaction
(Fig. 5) [15].

3.4 Improved Perfusion

Another factor showing high appearance during
the wound healing cascade after medical nee-
dling is VEGF. Its main function of creating new
blood vessels is not only restricted to embryonic
development but also shows activity after injury
as the amount of VEGF rises significantly after
treatment. A secretion of VEGF stimulates angio-
genesis and vasculogenesis by forming blood
vessels in the dermis in terms of normalizing and
throughout supporting a better perfusion. It also
helps regenerating characteristic pathological
erythema of scars after burn injuries.

Increase in Dermal Thickness
and Richness of Moisture

3.5

The regulation of the skin’s water balance has high
contingent potential of becoming a stress factor

Regeneration

control group. Initially, collagen I is more induced than
collagen III and remains elevated even after 2 months post
needling

Fig. 6 Regenerative effects on the epidermis through
needling

under adverse circumstances. In regard to this,
medical needling proves a positive effect by pre-
venting transepidermal water loss and maximizing
the moisture of skin. Due to this fact, the higher
secretion of glycosaminoglycans is integrated as an
essential implication of medical needling. Instead
of impairment, the skin’s epidermal and dermal
layers are not sustainably damaged. According to
the differential diagnosis of the skin structure, the
normal “lattice-work” collagen matrix is preserved,
and a demonstrable increase in the vital thickness
of the epidermis is apparent (Figs. 6 and 7) [13].
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Fig. 7 One day after the treatment, Masson’s trichrome
staining shows no injuries in either the epidermis or der-
mis. The cell layers of the epidermis are completely intact,
and no signs of ablation or cell damage are apparent
untreated animal

3.6 No Dyspigmentation

Through Needling

Post-inflammatory dyspigmentation is a usual
consequence of ablative therapies such as
peels or laser resurfacing. Dark skin types
associated with skin type III are mainly
affected by this problematic phenomenon.
They already tend towards higher melanin
synthesis under normal physiological condi-
tions and therefore exhibit more intense pig-
mentation. Pale skin types I and II are less
concerned which means that a treatment with
those ablative methods is generally inadvis-
able in darker skin types. Medical needling
does not change the amount of melanocytes
but specifically modifies the expression levels
of the melanocyte-stimulating hormone
(MSH) and interleukin-10 (IL-10). MSH
which influences the proliferation and activity
of melanocytes is significantly downregulated
within days after treatment. IL-10 as an anti-
inflammatory cytokine 1is postoperatively
upregulated. Medical needling does not hold
the risk of dyspigmentation and support the
hypothesis of a greater safety relative to abla-
tive methods in terms of both, histological and
molecular basis (Figs. 8 and 9) [13, 14].

Fig. 8 Needling and dyspigmentation: Immunohistological
staining, visualization of melanocytes in the epidermis.
The number of melanocytic cell nuclei (blue dots)
remains unchanged comparing untreated and treated
conditions

Fig.9 A treatment-related proliferations or deficiency in
the melanocyte count is not detectable in the histological
section

4 Needling Techniques
4.1 Importance of Needle Length
Selection

The procedure of PCI is generally based on a stan-
dardized principle towards the high variety of indi-
cations: The needling device is repeatedly rolled
over the scar in three directions, longitudinally,
diagonally and horizontally. The needles displace
the skin cells temporarily and penetrate the der-
mis leading to thousands of microwounds and
intradermal bleeding. Thus, repetitive puncturing
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evokes the posttraumatic inflammation cascade.
Respecting the extent of the scar, this procedure
can last 30 min or longer. Therefore, it is impor-
tant to use the instrument with constant pressure
and in a straight way to prevent shear forces.

Nevertheless, the needling treatment needs to
be planned and prepared in advance. The proce-
dure itself encompasses many features and has a
decisive effect on the outcome. Preoperative
preparation means selecting the appropriate
length of needles depending on indication, pain
management and expectation from the patient’s
site. Comparing input and outcome, maximizing
the patient’s profit is aimed to achieve.

In principle, needling can be classified into
cosmetic, medical and surgical performances,
which differ with regard to the intensity of the
physiological effects and the postoperative regime
they require [12]. The first-mentioned type of
needling is performed as a purely cosmetic treat-
ment with needles 0.1-0.5 mm in length.
Generally, structural skin modifications based on
a rather superficial level are apparent. This needle
length is predominantly used to encourage the
transepidermal transport and penetration of topi-
cally applied active substances. As the intrader-
mal haemorrhage does not take place, there is no
postinterventional reaction visible. Using the
minimal length of needles does not require any
anaesthesia and allows repeating the treatment
after 1 day of recovering. The patient does not
experience any downtime and gets back to his
daily routine without any complications. All
together, the cosmetic needling is used as a pene-
tration enhancer for local externa (Fig. 10).
Medical needling can finally be considered as a
percutaneous collagen induction therapy when it
comes to the usage of at least 1-2 mm needles.
Needles of this length reach just beyond the basal
membrane and lead to minimal petechial haemor-
rhages in the papillary dermis which already
activate the TGF-3 signal cascade and a skin-
regenerating effect. The used needle length is pro-
portional to the provoked bleeding as it gets more
intense by increasing the length of the needles. In

LY

Fig. 10 Procedure of cosmetic needling with a needle
length of I mm

this case, occurring intradermal lesions are so
small that there is a minimal downtime without
the appearance of oedema or bruises. Moreover,
general anaesthetic can be replaced by effective
topical anaesthetics as the process is nearly pain-
less. However, the treated area is of a rosy com-
plexion, and a resting time of at least 1 week is
highly recommended (Figs. 11 and 12). From the
perspective of clinical efficacy, surgical needling
proves to be more intense and impressive in con-
text of using 3 mm needles in length. Intensive
intradermal haemorrhages due to lesions of exten-
sive areas including dermis and the upper layer of
the subcutis are usually carried out under general
or regional anaesthesia and can also require a stay
in hospital [15]. The painful operating act pro-
motes reactions with more prolonged reddening,
swelling and bruising. The potential of aesthetic
correction as well as the correspondingly greater
wound healing are on their highest level. Selecting
a length of 3 mm, the patient accepts a protracted
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Fig.11 Technique of surgical needling performed with a
needle length of 3 mm

Fig.12 Technique of surgical needling performed with a
needle length of 3 mm with the aim of producing marked
oedema and haematoma to induce therapeutically effec-
tive collagen production during the wound healing

downtime and maximal results at the same time.
Accordingly, longer recovery sections of weeks or
months (maximal 3 months) should be taken into
account (Figs. 13 and 14).

Thus, the selection of the needle length varies
relative to the severity level of specific indica-
tions and finally to the patient’s capacity of high
effort. Moreover, important dependencies are
revealed: The shorter the needles, the more often
treatments need to be carried out in order to reach
desired effects. The more pronounced pathology
appears, the more preferred are longer needles.
Summing up, the combination of the patient’s
expectations and the desired result decide upon

Fig. 13 A heavier bleeding caused by the 3-mm needling
method

Fig. 14 Petechial haemorrhages produced by 1-mm
needling

the amount of therapies and the selection of the
needle length considering three possible types.

5 Postinterventional
Treatment Measures

5.1 Postoperative Wound

Management

The urgent intention of optimizing and maximiz-
ing results implicates the right treatment of the
skin in the course of pre- as well as postoperative
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measures. Especially the application of vitamin
A and antioxidants such as vitamins E and C is of
a necessary need and maximum success, respec-
tively. Skin care measures combining the upper
mentioned vitamins with a strongly recom-
mended cleansing utilizing gentle washing lotion
containing tea tree oil should be performed every
2 h as long as the needling canals are still opened.
While skin irritation is persisting, direct exposure
to sunlight should also be avoided [12]. A moisty
wound healing in terms of applying vitamin-
based creams, lotions and cleansing gels prevents
a crust formation after the initial bleeding which
could eventually harm results. A loss of serous
fluid through the puncture holes in the immediate
postinterventional period can lead to crusting
which needs to be carefully averted by the
removal of any surface serum. In consequence,
preventing crusting can obviously eliminate the
risk of bacterial superinfections. Further on, a
secondary wound healing associated with cicatri-
zation is definitely declined.

5.2 Managing Complications
As needling does not produce open wounds, the
postoperative complication rate is rather low, and
postinterventional monitoring is not necessary.
However, local oedema can eventually develop
related to the depth of the treatment and the size
of the treated area. For this reason, it is suggestive
to keep the patient in the clinic for a few hours
after undergoing the operative act by surgical nee-
dling. Added to that, the patient may experience
burning pain in the needled area following an
extensive surgical needling under general anaes-
thesia. In the first hours postoperatively, pain
should be managed with effective drugs [12].
The minimal intradermal haemorrhage right
after the operating act seems to be the core reac-
tion of medical needling, by motivating the endog-
enous potential for a natural and biological wound
healing starting a few minutes after injury. The
extent of the initial bleeding and the excretion of
serous liquids can appear in a different intensity
and mainly depend on the localization of the
treated area as well as the needle length which has
been selected on purpose. In consequence, facial

skin regions show a higher bleeding propensity.
These regions are more affected by swelling and
bruising because skin tends to be thinner and
therewith reacting more sensitive to operative
interventions than skin of other regions. Eventually,
PCl-related results are achieved by replacing scar
typical collagen under the epidermis with normal
collagen of healthy skin [2, 15, 16].

6 Indications

From a medical point of view, the method of per-
cutaneous collagen induction shows a vast reper-
toire of effectiveness and success concerning
different indications. First attractivity is espe-
cially characterized by the fact that medical nee-
dling is suitable for every type of skin and its
accessibility to nearly every region of human
body. Contemplating this dimension of PCI, lim-
its are set far beyond anything which has been
nowadays experienced with medical needling.
The minimal invasive procedure combined with
an appropriate skin care evokes sustainable
results. Patients are able to ideally get back to
routine 1 week after treatment which reduces
psychological stress and other indirectly influ-
enced parameters [18].

Realizing first results shortly after the first
treatment, further improvements are increasingly
visible in the course of months up to 2 years.
Rejuvenation factors as a consequence of PCI
achieve remarkable dimensions through a thicker,
smoother and also tighter skin.

6.1 Age-Related Indications

PCI as an anti-ageing method promises a natural
rejuvenation as well as regeneration of the skin
structure by preserving characteristic cells of each
layer and especially the basal membrane. Age-
related indications such as wrinkles and lax skin are
also suitable to be treated by medical needling.
However, PCI does not affect the volume ratio or the
muscle contraction of the mimic musculature.
Intrinsic as well as chronological ageing factors
reducing subcutaneous volume and muscle activ-
ity do not correlate with the effectiveness of
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PCI. Whereas skin structure focused on the arrange-
ment of collagen fibres benefit from a treatment with
PCI, subdermal structures remain unaffected. Both,
muscle contraction and the volume of the subcutis,
fall into the spectrum of treatments with either botu-
linum toxin or hyaluronic acids. Subsequently, PCI
ensures the maintenance of the flexibility and mobi-
lization of facial factors as the mimic musculature
remains unattached and thus intact. Further regions
and surely extensive areas preferably undergo a
treatment with medical needling representing a
greater way to escape from more demanding and
damaging surgical methods. These are usually inter-
connected with longer healing processes and post-
operative complications which support the
hypothesis that sustainable results and greater satis-
faction can be reached by means of less effort as it
becomes evident through medical needling.
Additionally, postinterventional improvements are
displayed also a few years after the treatment. It also
clarifies the tight relationship between time, result
and satisfaction focused on the patient’s well-being.

6.2 Scars

6.2.1 Hypertrophic Scars

Outstanding results have already been described in
the treatment of hypertrophic scars such as burn
scars and are represented by the method of PCI. As
burn scars remain a physical and psychological
problem for the affected people, there was no other
effective and reliable method of resolution found so
far. The morphology and physiology of hypertro-
phic scars constitute a real challenge for other treat-
ment approaches. A hypertrophy develops either
during or after the wound healing cascade by an
overproduction of the connective tissue fibres,
mainly fibroblasts and ceratinocytes. The scar tissue
is steadily growing in an uncontrolled and invasive
way but however respects the original traumatic
area which is not the case when it comes to the
formation of proliferating scars such as keloids. In
accordance with these circumstances, a surgical
needling is unavoidable to achieve an intradermal
bleeding and the collagen induction in the first
place. Due to the constant proliferation of the

cicatrization, the needles cannot penetrate as deeply
as they should. Therefore, a horizontal needling
from the outside to the inside of the scar is advisable
[12]. Other methods such as skin transplantations or
plasties are not as attractive as performing medical
needling comparing income and outcome which
results in a rather negative balance. The simple idea
of needling in affecting healthy skin provided
grounds for testing its effect on skin with impaired
function. Several treatments have shown a positive
response on medical needling. An improvement
regarding the elasticity of the scarred region is evi-
dent, and the scar texture changes towards a slightly
smaller and softer condition feeling more comfort-
able for the patients (Figs. 15 and 16) [12].

Fig.15 Wide spread hypertrophic burn cars on the upper
arm and forearm before needling

Fig.16 Seven months postoperatively. Notable improve-
ment of hypertrophic scars after 3-mm needling
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6.2.2 AtrophicScars

In contrast to hypertrophic scars, the appear-
ance of atrophic scars, e.g. acne scars, may
occur more often. An insufficient collagen syn-
thesis during the wound healing cascade cre-
ates the characteristic sinking of an atrophic
scar. Additionally, acne scars can be found
sporadically and simultaneously in larger
areas. Moreover, they are enclosed by healthy
skin which makes accessibility towards the
scar more difficult as long as healthy skin
should remain in its physiological condition.
The aim of needling therapy for those kinds of
scars is to regenerate skin and build up the
level of the scar through neocollagen induction
in the dermal connective tissue, without dam-
aging the healthy skin surrounding them.
Ablative methods do exactly follow the reverse
principle by reducing the level of the healthy
skin to the level of the scar and inducing regen-
erative processes based on a large and uni-
formly flat wound surface [12]. These processes
automatically implicate the danger of a
renewed cicatrization as well as postoperative
complications during the wound healing cas-
cade. Physiological sequences within the ideal
wound healing of certain time frame are guar-
anteed by medical needling and compatible
with an improved appearance of the skin con-
cerning different factors (Figs. 17 and 18).

Fig. 17 Preoperative image of an acne scar on the
patient’s forehead

Fig.18 The same patient 8 months postoperatively

The Combination of Medical
Needling and Non-cultured
Autologous Skin Cell
Transplantation:

Repigmentation

of Hypopigmented Scars

As medical needling proves to be an ideal method
for different types of skin damage represented by
the variety of indications, special results could be
achieved in the treatment of hypopigmented scars.
In this case, a combination of medical needling and
ReCell, meaning the repigmentation of hypopig-
mented skin, does exactly define an ideal and sus-
tainable therapy from a medical perspective.

6.2.3

7 Need of Innovative Methods

Clinical studies as well as basic scientific research
have shown that medical needling can signifi-
cantly increase the quality of burn scars with
comparatively low risk and stress for the patient.
Making use of the skin’s own regenerative poten-
tial, the needling technique influences skin elas-
ticity, moisture, erythema and transepidermal
water loss in many positive ways. Nevertheless,
the repigmentation of large hypopigmented scars
as they usually appear after burns does not suc-
ceed from the needling method itself. For this
reason combining medical needling in order to
improve the scar quality and ReCell in consider-
ation of repigmentation, the goal for plastic and
aesthetic medicine, has been set up immensely.
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Following, numerous scientific studies of the past
few years as well as current scientific data
describe physical and biological effects in detail
and entrench this combination as a promising
therapy for hypopigmented scars.

As affected people do suffer from their burns
and integrated disabilities, medical research and
practice have become aware of handling serious
physical and psychological problems such as burn
scars [17-20]. Under given circumstances usual
consequences integrate developmental, functional
and aesthetic status which needs to be taken seri-
ous in advance of developing more efficient tech-
niques [11, 17]. Attached patients are confronted
with a different appearance and texture of their
skin and many of them are supposed to deal with
hypopigmentation after healing [21]. Mechanisms
leading to dyspigmentation or rather reinforcing
this phenomenon after treatment can be the death
of melanocytes or a disruption of melanogenesis.
Furthermore, ceratinocytes and fibroblasts are
essential connective tissue cells which communi-
cate and interact with melanocytes on paracrine
networks with regard to influencing pigmentation
and potentially leading to dyschromia [20]. Added
to that, the scar tissue may provide a barrier for
melanin transfer or melanocyte migration [22, 23].

The existence of numerous methods and
approaches to treating hypopigmented skin such
as split skin grafting [24, 25], laser treatment
[26] and cultured skin cell transplantation [27]
cannot be neglected, but their efficiency reason-
ably questioned. In recent years research has
concentrated on involving a non-cultured autol-
ogous skin cell suspension (NCASCS), pro-
duced by the autologous cell-harvesting device.
These are harvested intraoperatively and directly
applied on the prepared wound area. This
method is frequently used to repigment hypopig-
mented lesions of vitiligo and postburn scars by
spraying the suspension of several intact skin
cells onto the wound bed where they are able to
penetrate deeper layers. Skin cells especially
ceratinocytes are mainly located in the basal
membrane where they start to proliferate and to
continue growing as well as differentiating.
Additional skin cells from the autologous skin

cell suspension accelerate this process and sup-
port regeneration (Figs. 19 and 20).

Fig. 19 Hypopigmented burn scar on the patient’s face
preoperatively

Fig.20 After combined treatment with medical needling
and NCASCS 12 months postoperatively
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71 Medical Needling Preparing
an Optimal Wound Bed

for NCASCS

Optimal conditions concerning the preparation
of the wound for a therapy with NCASCS are
relevant for maximizing therapy results.
Usually NCASCS is combined with ablative
treatments such as dermabrasion or laser abla-
tion [28-30]. The use of these interventions as
already mentioned before involves many poten-
tial complications and implicates several risks
of skin degradation. In this context, their pur-
pose on reducing healthy skin to the scarred
skin level does remove intact skin cells and
structures such as the basement membrane
which results in a thinner epidermis with flatter
rete ridges [2—4, 20]. The subsequent inflamma-
tory response, being the initial factor of the fol-
lowing wound healing cascade, stimulates
fibroblasts to produce parallel-orientated scar
collagen instead of physiological lattice-pattern
collagen of healthy skin. As this is related to
the expression of essential growth factors, the
synthesis of type III collagen creating the char-
acteristic scar texture is promoted. Additionally,
the risk of dyspigmentation increases after
these ablative treatments destroying epidermal
as well as dermal structures [13, 14]. Producing
larger wound areas and deeper lesions includ-
ing structures of the basal membrane cause
damage to melanocytes being revealed by their
loss of function or eventually their destruction.
For this reason, ablative treatments should be
done with caution.

In order to overcome the shown deficits of
ablative treatments by not harming the epidermis
or eliminating important structures, medical nee-
dling has shown greatest response and offers
accessibility for other skin-repairing treatments.
The non-ablative and minimal invasive method of
percutaneous collagen induction rather promotes
the formation of physiological collagen and the
expression of growth factors and decreases the
risk of hypopigmentation [7, 16]. Several advan-
tages concerning medical needling have been
shown in detail before.

Fig. 21 Preoperative image of a hypopigmented scar on
the patient’s lower back

Fig. 22 Postoperative image of the same patient 1 year
after treatment. Notable repigmentation through the com-
bination of medical needling and NCASCS

A combination of both procedures can be
performed after preparing a wound bed with
medical needling as the first step. Afterwards,
the autologous cell suspension is applied
through a spray syringe on the wound. An
interaction between already available and
added skin cells through the suspension is
directly linked to the induced processes. The
transplantation of melanocytes shows direct
interrelations to hyper- and hypopigmentation
(Figs. 21 and 22).

7.2 Preparing NCASCS

First of all, a split skin sample of approximately
2 cm by 2 cm needs to be harvested from the
patient. Uninvolved areas such as inner upper
thigh or hairline which are also not directly
exposed to the outside are suitable for this step.
Then, the harvested skin sample is processed
(Figs. 23 and 24) within the specific device func-
tioning on the basis of four important compo-
nents: an incubator well, a well for buffer
solution, a work surface and a collection well for
the final suspension [20].
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Fig.23 Preparing
NCASCS: Enzyme kit
and other utensils

Fig.24 Preparing NCASCS: Isolating skin cells from the
harvested skin sample after processing

Enzymatic activity of the serine endopepti-
dase trypsin is used to isolate the skin cells from
their extracellular matrix network for the next
20 min. After that, the skin sample is placed on
the work surface where 4 mL of the buffer solu-
tion is added in order to inactivate the enzyme
and therewith stop digestion. The skin is now in
the condition for the mechanical process of dis-
aggregation, so that the cells can be easily
removed by scraping them from the prepared
skin sample using a scalpel. The combined solu-
tion of both, buffer and cells, is then transferred
into a collection well where a selection takes
place through a sieve separating skin cells from
skin appendages or other useless parts of the ini-
tial skin sample. The final solution is then
collected using a syringe which is afterwards
capped with a diffusor nozzle in order to not
waste obtained material by accident. Before
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spraying the suspension onto the wound, its sur-
face needs to be cleaned with wet compresses.
After applying NCASCS, the wound is dressed
with TelfaClear in order to fixate the skin cell
suspension on the wound as long as the needling
channels remain open. Only in this condition,
transplanted skin cells are able to link through the
parenchymal canals onto the basal membrane.
For this reason, patients are instructed to keep the
treated area immobile for at least 24 h after sur-
gery until the needling channels do close [20].

8 Regulation of Melanogenesis
Through Medical Needling
and NCASCS

Medical needling seems to be a promising wound
preparation for NCASCS considering several fea-
tures and especially the synthesis of melanin. By
producing a large number of microwounds for the
percutaneous collagen induction, lesions never go
deeper than 3 mm which depends on the selected
needle length. Structures and cells located in
deeper areas than the maximal needle length
would reach are thus not directly affected. This
also excludes the risk of destroying important
structures. Instead of changing the amount of
melanocytes, stimulating processes are observed
by altered levels of the melanin-stimulating hor-
mone (MSH) and interleukin-10 (IL-10) [7].
MSH influences the expression and activity of
melanocytes which is downregulated 2 weeks
postoperatively, where IL-10, an inflammatory
cytokine, is upregulated postinterventionally.
Based on these facts, medical needling minimizes
the risk of inflammatory dyspigmentation [20].
In order to examinate the relation between the
stimulation of melanogenesis and the actual
quantity of melanin at the point of time after the
application NCASCS, specific detection proce-
dures combined with absorption spectroscopy
have been executed. Outcomes are assessed
objectively in terms of quantifying the presence
of melanin. Based on the tissue’s narrow wave-
length light absorption, the light absorption of
melanin can be measured. Knowing the defined
wavelength for melanin, the amount of emitted
light can be detected. After defining the quantity

of emitted light, the quantity of light absorbed by
the skin can be calculated. Accordingly, the result
is proportional to the melanin content in the skin.
These measurements of melanin are made in scar
areas treated by medical needling itself and com-
bined with NCASCS as well as in untreated and
healthy skin. Remarkable results have shown up,
as the melanin content in healthy and untreated
skin is constant, whereas a significant increase in
melanin in the skin treated by both, medical nee-
dling and NCASCS, is evident. Examinations by
means of the physical behaviour of melanin prove
the efficiency of combining both methods. The
fact that higher levels of melanin are promoted
offers the opportunity for repigmentation of
hypopigmented scars.

8.1 Precautionary Measures

Influencing Outcome

The highest priority after the combined treatment
of medical needling and NCASCS is the tempo-
rary immobilization for at least 24 h after surgery
which appeals the patient’s discipline and cau-
tiousness. As this seems quite long for a minimal
invasive intervention, the idea of this instruction
has splendidly to do with the desired melanocyte
transfer through the puncture channels which
could be compromised by an early mobilization
of the treated area. Consequently, poorer out-
come is expected. That is the reason why age-
related concerns should not be neglected when it
comes to the treatment of younger patients focus-
ing on the lack of immobilization and thus a
worsening of the surface area and death of cells
over time [20, 24, 31]. The management of paedi-
atric burn wounds and scars is therewith more
challenging because of multiple factors. Ancillary
physiological conditions of a young age include
the immature vascularity silencing the petechial
bleeding and the skin texture represented by a
thinner epidermis and dermis.

Results can be harmed by different circum-
stances obtaining after the treatment or even
before applying the cell suspension and during
the procedure. The cell transfer can be negatively
influenced by an invalid needling technique prior
to the NCASCS application when the rolling
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device has not been hold in a straight line or used
properly regarding pressure and direction of the
rolling technique. Shear forces or the removal of
the dressing means a loss or in the worst case the
death of transferred cells [20]. However, the
selection of the adequate needle length might
also be a factor for the open probability of the
puncture channels affecting the amount of cells
being transferred.

Constraints within the preinterventional
wound managing can also have a negative impact
on the outcome as a hygienical wound prepara-
tion is neglected. In case of an insufficient clean-
ing, the needling channels can be blocked by
serous fluid. Correlated to that, the potential for
bacterial infections and a disturbed wound heal-
ing cascade is elevated.

9 Formalities and Guidelines

Both techniques of medical needling and NCASCS
are approved and licenced therapies and used on a
daily basis in terms of repigmentation of hypopig-
mentation. As all pre- and postoperative examina-
tions are performed in vivo, ethical approval for
invasive examinations has not been necessary.
Several steps of the whole procedure such as
anaesthesia, medical needling, harvesting a skin
sample and skin cell transfer by creating NCASCS
are performed in an operative theatre. As usual an
informed consent form needs to be signed by the
informed patient or the parents in case of patients
younger than 18 years of age [20].

Conclusions

Objective as well subjective data taken from
several studies on satisfaction and efficiency
for both methods combined do indeed reveal a
consistent picture insisting on subjective opin-
ions and scientific researches. Overall ratings
on repigmentation show a highly positive bal-
ance supported by standardized photo docu-
mentation used to confront extern observers
with results. Based on this matter of fact as
well as scientific and clinical data, it has been
proven that the combination of medical nee-
dling and NCASCS makes the repigmentation

of hypopigmented scars possible. This combi-
nation does not only demonstrate a safe perfor-
mance but also a suitable implementation
ensuring reliable results which reach new lev-
els of satisfaction at the same time. Seen from
this point of view and regarding the complex-
ity of treating hypopigmented scars, an innova-
tive and sustainable approach to the
repigmentation of large hypopigmented scars
is represented. Furthermore, it preserves the
skin and thus provides a minimized risk of new
scarring or dyspigmentation. These character-
istic advantages are followed by an increased
establishment of medical needling combined
with NCASCS in the medical sphere of plastic
and reconstructive medicine.

References

1. Acikel C, Ulkiir E, Giiler MM (2000) Treatment of
burn scar depigmentation by carbon dioxide laser-
assisted dermabrasion and thin skin grafting. Plast
Reconstr Surg 105:1973-1978

2. Aust MC, Bahnte S, Fernandes D (2013) llustrated
guide to percutaneous collagen induction: basics,
indications, uses. Quintessence, London, pp 36—126

3. Aust MC, Fernandes D, Kolokythas P, Kaplan HM,
Vogt PM (2008) Percutaneous collagen induction
therapy: an alternative treatment for scars, wrinkels
and skin laxity. Plast Reconstr Surg 121:1421-1429

4. Aust MC, Gohritz A, Redeker J, Knobloch K, Altintas
AM, Herold C, Schwaiger N, Vogt PM (2010)
Die Perkutane Kollageninduktion durch “Medical
Needling”. In: Plastische Chirurgie 1/2010, S.
p. 3946

5. Aust MC, Reimers K, Gohritz A et al (2010)
Percutaneous collagen induction. Scarless skin rejuve-
nation: fact or fiction? Clin Exp Dermatol 35:437-439

6. Aust MC, Reimers K, Kaplan HM et al (2011)
Percutaneous collagen induction—regeneration in
place of cicatrisation? J Plast Reconstr Aesthet Surg
64:97-107

7. Aust MC, Reimers K, Repenning C et al (2008)
Percutaneous collagen induction: minimally invasive
skin rejuvenation without risk of hyperpigmentation—
fact or fiction? Plast Reconstr Surg 122:1553-1563

8. Bandyopadhyay B, Fan J, Guan S et al (2006) A “traf-
fic control” role forTGFbeta3: orchestrating dermal
and epidermal cell motility during wound healing. J
Cell Biol 172:1093-1105

9. Bernstein LJ, Kauvar AN, Grossman MC, Geronemus
RG (1997) The short and long-term side effects of
carbon dioxide laser resurfacing. Dermatol Surg
23:519-525



Autologous Skin Cell Transplantation and Medical Needling for Repigmentation of Depigmented Burn

75

10.

11.

12.

14.

15.

16.

17.

19.

20.

Berman B, Viera MH, Amini S, Huo R, Jones IS
(2008) Prevention and management of hypertrophic
scars and keloids after burns in children. J Craniofac
Surg 19:989-1006

Busch KH, Bender R, Walezko N, Aziz H, Altintas
MA, Aust MC (2016) Combination of medical
needling and non-cultures autologous skin cell
transplatation (renovacell) for repigmentation of
hypopigmented burn scars in children and young peo-
ple. Ann Burns Fire Disasters 29(2):116-122

Busch KH, Bender R, Walezko N, Altintas MA, Pech
T, Rohn T, Aust MC (2015) Repigmentierung von
hypopigmentierten Verbrennungsnarben durch die
Kombination von Medical Needling und ReCell. In:
derm 2/2015 S. p. 67-72

. Cho S, Zheng Z, Park Y, Roh MR (2011) The 308-

nm excimer laser: a promisingdevice for the treatment
of childhood vitiligo. Photodermatol Photoimmunol
Photomed 27:24-29

Davoodi P, Fernandez JM, O SJ (2008) Postburn
sequelae in the pediatric patient: clinical presentations
and treatment options. J Craniofac Surg 19:1047-1052
Fernandes D (2002) Percutaneous collagen induc-
tion: an alternative to laser resurfacing. Aesthet Surg
22:314-317

Ferguson MW, O’Kane S (2004) Scar-free healing:
from embryonic mechanisms to adult therapeutic
intervention. Philos Trans R Soc Lond B Biol Sci
359:839-850

Hultman CS, Friedstat JS, Edkins RE, Cairns BA,
Meyer AA (2014) Laser resurfacing and remodel-
ing of hypertrophic burn scars: the results of a large,
prospective, before-after cohort study, with long-
term follow-up. Ann Surg 260:519-529. discussion
529-32

. Hultman CS, Edkins RE, Wu C, Calvert CT, Cairns

BA (2013) Prospective, before-after cohort study to
assess the efficacy of laser therapy on hypertrophic
burn scars. Ann Plast Surg 70:521-526

Kahn AM, Cohen MJ (1996) Treatment for depig-
mentation following burn injuries. Burns 22:552-554
Laws RA, Finley EM, McCollough ML, Grabski WJ
(1998) Alabaster skin after carbon dioxide laser resur-

21.

22.

23.

24.

25.

26.

27

28.

29.

30.

31.

facing with histologic correlation. Dermatol Surg
24:633-636

McGwin G, Cross JM, Ford JW, Rue LW (2003)
Long-term trends in mortality according to age among
adult burn patients. J Burn Care Rehabil 24:21-25
Onur Erol O, Atabay K (1990) The treatment of burn
scar hypopigmentation and surface irregularity by
dermabrasion and thin skin grafting. Plast Reconstr
Surg 85:754-758

Peck MD (2011) Epidemiology of burns throughout
the world. Part I: Distributionand risk factors. Burns
37:1087-1100

Rashaan ZM, Krijnen P, Klamer RRM et al (2014)
Nonsilver treatment vs. silver sulfadiazine in treat-
ment of partial-thickness burn wounds in children: a
systematic review and meta-analysis. Wound Repair
Regen 22:473-482

Rawlins JM, Lam WL, Karoo RO, Naylor IL, Sharpe
DT (2006) Quantifying collagen type in mature burn
scars: a novel approach using histology and digital
image analysis. J Burn Care Res 27:60-65

Ross EV, Naseef GS, McKinlay JR et al (2000)
Comparison of carbon dioxide laser, erbium: YAG
laser, dermabrasion, and dermatome: a study of ther-
mal damage, wound contraction, and wound healing
in a live pig model: implications for skin resurfacing.
J Am Acad Dermatol 42:92-105

. Roy D (2005) Ablative facial resurfacing. Dermatol

Clin 23:549-559. viii

Spies M, Herndon DN, Rosenblatt JI, Sanford AP,
Wolf SE (2003) Prediction of mortality from cata-
strophic burns in children. Lancet 361:989-994
Thomas JR, Somenek M (2012) Scar revision review.
Arch Facial Plast Surg 14:162-174

Waibel J, Beer K (2008) Fractional laser resurfacing
for thermal burns. J Drugs Dermatol 7:59-61

Zhang D, Hong W, Fu L, Wei X, Xu A (2014) A
randomized controlled study of the effects of differ-
ent modalities of narrow-band ultraviolet B therapy
on the outcome of cultured autologous melanocytes
transplantation in treating vitiligo. Dermatol Surg
40:420-426



®

Check for
updates

A Novel Chitosan-Based Gel
for Burn Wounds
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1 Introduction

1.1 What Is Burn Wound?

Burns are one of the most common injuries in both
children and adults [1, 2]. Although the mortality
rate from burns has declined in the past decade;
however, it is still high in some countries. When
more than 70% of the body surface is affected by
burn wounds, it may be fatal [3]. The classification
of burns is according to the depth of the injury.
Epidermis and partial dermis damage is classified as
first-degree burns [4]. When the dermis is damaged
in large scale, it is considered as second-degree
burns. This type of burn causes the skin to blister and
becomes extremely red and sore. When the entire
skin and hypodermis are damaged, it is classified as
third-degree burns. In fourth-degree burns, the skin,
hypodermis, and even bones are largely damaged.

1.2 Importance of Healing Burn
Wound
1.2.1 Inflammation

Inflammation is vital to initiate the process of
burn wound healing, and inflammatory media-
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tors such as cytokines, kinins, lipids, etc. pro-
vide immune signals to recruit leukocytes and
macrophages that initiate the proliferative phase
[3]. Meanwhile aberrant inflammatory path-
ways have been linked to hypertrophic scarring,
and anti-inflammatory treatments could poten-
tially aggravate symptoms and delay wound
healing [4]. In the proliferative phase wound,
reepithelialization is activated via keratinocyte
and fibroblast [4]. Significant edema that is ini-
tiated by several factors including vasodilation,
extravascular osmotic activity, and increased
microvascular permeability often accompanies
inflammation [5].

Treatment of inflammation in large burns is
difficult. Early excision and grafting have become
the gold standard for treatment of full and deep
partial-thickness burns [5], in part because early
excision helps reduce the risk of infection and
scarring [5].

1.2.2 Infection

The skin functions as a barrier to the external
environment to maintain fluid homeostasis and
body temperature while providing sensory infor-
mation along with metabolic and immunological
support. Damage to this barrier following a burn
disrupts the innate immune system and increases
susceptibility to bacterial infection [4]. Burn
wound infection was defined in a rat model with
Pseudomonas aeruginosa [4, 5], in which the fol-
lowing progression was observed: burn wound
colonization, invasion into subjacent tissue
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within 5 days, destruction of granulation tissue,
visceral hematogenous lesions, and leukopenia,
hypothermia, and death.

Burn patients are at high risk for infection [6],
especially drug-resistant infection [5], which
often results in significantly longer hospital stays,
delayed wound healing, higher costs, and higher
mortality [5, 6]. Infection can lead to the develop-
ment of a pronounced immune response, accom-
panied by sepsis or septic shock, which results in
hypotension and impaired perfusion of end
organs, including the skin—all processes that
delay wound healing. Furthermore, the leading
causes of death following a severe burn are sepsis
and multiorgan failure [4-6], so prevention and
management of infection are a primary concern
in the treatment of burn patients.

Application of chitosan-based gel (ChitoHeal®
gel) is for burn wound healing. Chitosan is a poly-
saccharide comprising copolymers of glucosamine
and N-acetylglucosamine. It is derived by partial
deacetylation of chitin from crustacean shells [7,
8]. Chitosan gel also acts as an ideal wound dress-
ing. It is biocompatible, biodegradable, hemostatic,
and antibacterial, and more importantly it acceler-
ates wound healing [9]. A previous study showed
that chitosan-treated wounds were epithelized
when compared with wounds of the control group
after the treatment [10].

Animal models have been used to investigate
burn wound pathology, local therapy [11], the
influence of systemic drug application on the
burn wound, and the effect of burn trauma on the
entire organism [12]. Guinea pigs [13-15],
Sprague-Dawley rats [16-21], Wistar rats [22],
Long-Evans rats [23], and gold hamsters [24]
have been used in burn research. A further com-
monly used animal in burn experiments is the pig
[25-27]. The hairless porcine skin is very similar
to human skin. However, pigs pose practical
problems as research subjects. They need more
housing space and are more expensive to main-
tain than smaller animals.

Rabbits were chosen in the following study
mainly for two reasons. Firstly, New Zealand
white rabbits have been shown appropriate for
burn studies [28-30]. Secondly, rabbits are large
enough to obtain adequate blood samples for sev-

eral days without impairing their general condi-
tion. Furthermore they are easy in terms of
handling and housing and cost less than labora-
tory pigs. The structural configuration of the skin
layers in rabbits is similar to human skin [31]. In
humans and other mammals, there are regional
differences in the thickness of skin layers as well
as in the distribution of hair follicles and sweat
and sebaceous glands. The skin of rabbits is more
elastic than human skin. However, this difference
does not interfere with the usefulness of this
model to study the phenomenon of burn depth.
The present studies describe the efficacy of
chitosan-based ChitoHeal® gel on accelerating
the rate of burn wound healing in animal model.

2 Technique

Experimental design and treatment of animals
were approved by the Animal Care Committee of
Islamic Azad University, Science and Research
Branch. The animals were kept under veterinary
supervision and given adequate food.

2.1 Animals

Following the guidelines and recommendations
of the Animal Research Board of the American
University of Beirut, eight New Zealand rabbits
with a weight range of 1.8-2.0 kg were used in
this study, designed to continue for 30 days after
the experimental burns were inflicted.

The animals’ backs were shaved with a stan-
dard electric shaver 3 days before the experimen-
tal burn. Just before inflicting the burn, the area
was depilated with a commercial depilatory
cream to obtain smooth and hairless skin. The
animals were kept under standard laboratory
conditions with veterinary supervision and no
restrictions on water and food.

2.2 Anesthesia

The animals were anesthetized by intramuscular
injection of 3 mg/kg ketamine and 5 mg/kg xyla-
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zine 2% (Chanazine). Booster injections of up to
half of the initial dose were administered as
needed, in order to ensure that the rabbits were
pain-free during the procedure and subsequent
application of the dressing.

23 Burn Injury

A round aluminum stamp, described by Knabl
et al. [32], measuring 4 cm in diameter and 81 g in
weight was heated to 80 °C. It was then applied for
14 s with no extra pressure on the skin to produce
a superficial, partial-thickness burn (SPT). In each
animal, one SPT burn was produced on the verte-
bral and paravertebral area 10 cm from the tail and
14 cm from the last cervical vertebrae (Fig. 1).

24 Treatment

The animals were divided into two groups. Group
1 was the control group, in which the burn wounds
were covered by sterile gauze dressing. Group 2
received a daily application of a chitosan-based gel
covered with sterile gauze dressing. The chitosan-
based gel was applied with a thickness of about
1 mm. Both treatment and control group wounds
were then covered by a wraparound bandage.

25 Change of Dressing

The dressings were changed daily, after sedating
the rabbits with an intramuscular injection of

Fig.1 Burn infliction area

0.4 mL/kg of 2% xylazine, for the 30-day treat-
ment period. Before the application of a new
dressing, the wounds were cleansed with saline
solution for both groups.

2.6 Burn Tissue Assessment

Punch biopsies were taken from the center of the
burn areas along with small bits of normal skin
from around the wounds on days 10, 20, and 30
from both groups. The biopsied tissues were cut
into two halves: one was fixed in 10% formalin
for routine microscopy staining and the other
half was fixed in 2.5% glutaraldehyde for analy-
sis by scanning electron microscope (SEM) and
transmission  electron microscopy (TEM),
respectively.

The specimens for light microscopy were
processed according to standard methods and
stained with hematoxylin and eosin. The har-
vested specimens were fixed in 10% formalin for
24 h. After conventional ethanol gradient dehy-
dration, the tissues were embedded in paraffin
and sectioned at 5 mm for hematoxylin and eosin
staining.

2.7 Other Assessments

Morphological, histological, and molecular
parameters were used to evaluate the efficacy of
chitosan-based gel on SPT burns in the treatment
group, compared with a gauze dressing used in
the control group.

Immediately after the burn was inflicted on
the rabbits, the burned tissue was biopsied. The
biopsied tissue was fixed in 10% formalin. After
light microscopy assessment, the pathologist
confirmed an SPT burn. Based on the TEM pro-
tocol, the cell nucleus was stained with uranyl
acetate, and the cell cytoplasm was stained with
lead citrate.

Body mass index (BMI) was calculated using
the Lee formula:

BMI = BW1/3(g)/ nasoanal length (cm)
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2.8  Results
Morphological, histological, and molecular

parameters were used to evaluate the efficacy of
ChitoHeal® gel on superficial partial-thickness
burns in treatment group compared to a gauze
dressing used in the control group.

2.8.1 Macroscopic Assessments
Lee index (body mass index)

Body mass index was calculated using the Lee
formula (1):

BMI = BW1/3(g)/nasoanal length (cm) (1)

On day 10, the Lee index noticeably
declined in both groups. The decline in this
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index, resulting from trauma-based weight
loss, was expected. In time, the Lee index
improved in all groups, due to the progression
of wound healing and reduction of stress
(Figs. 2 and 3).

2.8.2 Wound Edge Migration Rate
Assessment

The area and periphery of the wounds were

calculated using digital photographs and the

Auto CAD program. Wound edge migration

rate was calculated using Gilman’s modified

Eq. (2):
WEMR (mm/ day)

={(4b-4a)/([Pa+Pb)/2)}/ (b-a) (2)

In this equation, A represents area, P repre-
sents periphery, and a and b represent the start
and end days of observations.

The area and periphery of wounds treated
with ChitoHeal® gel were smaller than the
wound area and periphery in the control group
(Figs. 4 and 5).

Wound edge migration in the treatment group
was noticeably higher than that in the control
group as shown in Fig. 6. In the proliferation
phase in wound, which occurs after synthesis
and deposition of intra cellular matrix, the divi-
sion, differentiation, and migration of epithelial
cells begin. As ChitoHeal® gel accelerated
wound closure, it seems it has induced all stages

—_
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Fig.4 Wound area—post-burn day
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Fig.5 Wound periphery—post-burn day

\

Fig.6 Treated
specimen, day 10

of the proliferation phase, especially cell migra-
tion, due to the moist environment which it pro-
vides, allowing the cells to move more easily and
farther.

2.8.3 (Clinical Assessment

On days 2 and 5, the scabs on the wounds in the
treatment group were thicker than those in the
control group. The necrotic tissue, however, was
completely adhered to the wound, and its under-
side was soft and flexible. This indicated the
rapid healing process, since the faster the dam-
aged tissue degrades, the more quickly the wound
bed clears, and healing enters the next phase. The
softness of the scab in the treatment group in

= a4
o O N »

u Gel
u Gauze

Perimeter (cm)

N A~ O

10 20
Postburn day

comparison with that of the control group may
well be associated with the application of the
chitosan-based gel dressing.

2.8.4 Histopathology

In the light microscopy assessment of normal
skin, intact epidermis and dermis were distin-
guished. Melanocytes were irregularly present
among keratinocytes. Since rabbit skin is more
flexible than human skin, a large number of elas-
tin fibers were observed.

On day 10, no reepithelialization was
observed. The epidermis was present only in
necrotic and ulcer forms. In the dermis, both
fibrous and granular tissues were observed, a sign
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of the progression and matrix deposition pro-
cesses. Hemostasis and inflammation precede
epidermal cell proliferation, and the presence of
inflammatory cells and coagulation phase residue
was considered normal (Fig. 6).

There was less inflammation (33%) in the
treated group on day 10 compared with the con-
trol group, suggesting that the chitosan-based gel
decreased the inflammatory reaction. Less
inflammation results in less collagen synthesis
and deposition and, therefore, less scar forma-
tion. In the control group on day 10, granulation
was observed. The epidermis was not recon-
structed, ulceration was noticeable, and inflam-
mation continued.

On day 20, in the treated group, proliferation
of  epidermal cells was observed.
Reepithelialization was completed, and the epi-
dermis was healed and had a near normal appear-
ance. Furthermore, all wounds showed almost
complete epidermis reconstruction, while 50% of
the control group specimens showed ulcers and
poor or partial reconstruction of the epidermis.
The acceleration of healing in the treatment
group was confirmed microscopically. In the
group, 67% of wounds healed; however, there
was no trace of hair follicles. In the control group,
50% of wounds healed (Fig. 7). The epidermis in
the control group appeared to be partially recon-
structed; however, ulceration was observed. The

Fig.7 Treated
specimen, day 20

epidermis thickness seemed to be thin, and
inflammatory cells were present in the dermis.
The formation of wound bed, before epidermis
formation in the expected healing direction, from
depth to surface, was observed (Fig. 7).

In the treated group, by day 30, the epidermis
was thoroughly reconstructed and was a normal
thickness. There was no melanocyte overgrowth,
indicating the absence of hyperpigmentation and
the restoration of normal color of the skin. In
some cases, swelling in keratinocytes was
observed; that was due to their moisture absorp-
tion as a result of the moist wound healing envi-
ronment provided by chitosan-based gel.
Inflammation had mostly disappeared. Epidermis
growth and the number of keratinocytes appeared
to be normal (Fig. 8). In the control group, by
day 30, the epidermis was reconstructed. There
was papillary growth in the wound bed, which
could be associated with hyper-keratinocytes
expression.

There were numerous active melanocytes, and
melanin was dispersed in the stratum spinosum
of the epidermis and dermis. A number of kerati-
nocytes appeared swollen. The epidermis dis-
played a higher than normal thickness in the
control group, comparing the light microscopy
images to that of the treatment group. This indi-
cated an abnormal healing in the control group
(Fig. 8).
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Fig.8 (a—c) Treated specimen, day 30. (d—f) Control specimen, day 30
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Fig. 8 (continued)
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2.8.5 Microscopic Assessment
Scanning Electron Microscopy

Melanocyte Investigation

On the tenth day of healing, it was noticed that
fibrous tissue was present in both treatment and
control groups. Fibroblasts were the main cells
present, and the inflammatory phase was almost
over. In SEM images of both the control and
treatment groups on day 10, small immature cells
together with tissue granules were noticeable,
indicating the start of the cell proliferation and
tissue granulation phases. In the control group,
the presence of blood and inflammatory cells was
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more noticeable, indicating a longer inflamma-
tory phase in the control group (Fig. 9).

On day 20 the wounds were mostly healed in
the treatment group. As the epidermis was recon-
structed, keratin fibers were detectable. In the
dermis of treatment group, some immature gran-
ules were present, showing the accelerated reepi-
thelialization and formation of epidermis. The
epidermis in the treatment group was more inten-
sified before the dermis was completely mature.
In the control group, less keratin was noticed
(Fig. 10).

On day 30, keratin, representing the recon-
structed epidermis, and contracted mature gran-
ular tissue, representing the reconstructed

Fig.9 (a) SEM images of control group day 10. (b) SEM images of treatment group day 10



86

S.S. Kordestani

Fig. 10 (a) SEM images of control group day 20. (b) SEM images of treatment group day 20

dermis, were noticeable in the treatment group.
Red blood cells indicated effective angiogenesis.
In the control group, tissue granules were still
visible. There were little keratins as compared to
the treatment group, indicating poor epidermis
reconstruction (Fig. 11).

Keratinocyte Investigation

The scanning electron microscope was used for
observation of the morphology of the cells. A
control and a treated sample SEM pictures are
presented from the tenth, the twentieth, and the
thirtieth days in Figs. 12, 13, and 14.

In general, on the tenth day of repair, wounds
were in the process of contraction. Matrix and
fibrous tissue were produced. Therefore, fibro-
blast and protein strings were observed for the
most part.

A series of small and immature cells were
observed in the SEM pictures of the control and
experimental samples from the tenth day indicat-
ing cell division and production of granulation
tissue. These cells were observed in pictures of
both samples. There were greater presence of
blood and inflammatory cells in control samples
than treated cells indicating longer inflammation
stage in control sample in comparison to the
treated sample.

Repair of superficial burn wounds were
almost completed by the 20th day. As indicated
by the microscopic and histopathology results,
repair was in the treated samples, and epidermis
and dermis layers were noticed in the treated
group.

However, in control samples, fewer keratin
fibers were observed. In other words, these
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Fig. 11 (a) SEM images of control group day 30. (b) SEM images of treatment group day 30

cells and tissue have not reached maturation.
Therefore, fewer repairs were in the control
samples.

On the 30th day, repair was completed, and
wounds were completely closed, and epidermal
and dermal layers looked normal especially in
the treated group. Due to slower rate of repair
in the control group, the epidermis layer
appeared thinner with lower density. The der-
mis did not show any signs of the repair of
blood capillaries. Blood flow seems normal and
lower in the treated samples since repair pro-
cess is ending.

Transmission Electron Microscopy

Melanocyte Investigation

Using TEM, melanocytes were observed in the
treatment group (Fig. 14). As a result of reepithelial-
ization, melanocytes were present among the kerati-
nocytes. The morphology of the melanocytes was
normal, implying that, in appropriate wound heal-
ing, epidermal melanocytes are reconstructed.

Keratinocyte Investigation
As illustrated in Fig. 15, keratinocytes were pres-
ent next to melanocyte cells. These pictures
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Fig. 12 (a) SEM images of control group day 10. (b) SEM images of treatment group day 10
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Fig. 13 (a) SEM images of control group day 20. (b) SEM images of treatment group day 20. (¢) SEM images of
control group day 30. (d) SEM images of treatment group day 30
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Fig. 13 (continued)

showed keratinocyte layers producing epidermis
cells. Considering rate of healing in treated group,
it appears that ChitoHeal® gel has caused the
acceleration of reepithelialization and production
of normal epidermis containing keratinocyte cells.

As evident from the images, morphology, shape,
and composition of these cells appear normal.

These fibers indicate epidermal repair and
presence of active and normal keratinocytes in
repaired tissues.
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Fig. 15 TEM images of keratinocyte next to melanocyte cells in treatment group day 30

3 Discussion

The mammalian epidermis is a stratified, multi-
layered epithelium, consisting of the interfollicu-
lar epidermis and associated appendages, which
extend into the dermis and include hair follicles,
sebaceous glands, and sweat glands [5]. The epi-

dermis is made almost entirely of keratinocytes
(95%). Other cell types found include melano-
cytes, Langerhans cells (dendritic cells), and
Merkel cells (sensory receptors). The epidermis
is a dynamic epithelium that is constantly
renewed throughout life. Its turnover is estimated
at about 60 days in humans. The aim of this study
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was to investigate about keratinocyte and mela-
nocyte cells behavior and morphology after
wound healing using ChitoHeal® gel in compari-
son with traditional methods.

The use of ChitoHeal® gel, which is based on
chitosan, has improved the rate of wound healing
in burn wounds. In fact the application of bioac-
tive dressings consisting of different biomateri-
als, natural or synthetic, is becoming more
widespread in modern wound care treatment [19,
20] as it has been demonstrated by Archana et al.
[33]. Application of chitosan and chitosan blend
dressing is effective in accelerating burn wounds
healing [21].

Results in animals’ burn wounds in treatment
group compared to control group indicate that
ChitoHeal® gel has accelerated the rate of wound
healing, the formation and deposition of fibrous
matrix, as well as the proliferation and migration
of epithelial cells toward the center of the wound.
Since epithelial cells proliferate from the wound
edges toward its center, as wound heals, its
dimensions decrease. Thus, a faster wound clo-
sure, with recovering epithelial, shows a satisfac-
tory rapid healing.

The results of the present study demonstrated
that the application of ChitoHeal® gel in treat-
ment group has accelerated the rate of wound
healing process as compared to the control group
where traditional gauze dressings were used.

Conclusions

The outcome of the present study is likely to be
important for the development of novel strate-
gies for wound healing, since it sheds light on
the potential of the therapeutic regimens.
Faster wound healing and reepithelialization of
burn wound could result in the reduction of
collagen deposition hence preventing severe
scar formation.
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Treatment of Partial-Thickness
Scalds by Skin Xenografts

Peter Bukovc¢an and Jan Koller

1 Introduction

Burns are primarily damaging the skin and
nearby structures. Secondarily, they are able to
endanger all the systems in the human body.
From this point of view, the management of burns
represents a part of the medicine, where multidis-
ciplinary approach is needed. Nevertheless, the
basic and inevitable prerequisite of successful
treatment of burns represents a treatment of the
burn wound, where the skin substitutes are still
holding an irreplaceable position.

Burn wound is like an opened door. Through this
opened door, not invited guests are coming (causing
bacterial contamination/colonization/infection). On
the contrary, inhabitants which wished to stay (body
heat, wound fluid, electrolytes, proteins) are leav-
ing. The more the door is opened (the larger extent
of burn and depth are) and the longer the time period
of opening is (length of time delay between injury
and wound cover/closure), the greater negative
impact they are likely to have. Except the burn
depth, burn extent, and time delay of the treatment,
many other factors can influence the speed and
quality of wound closure (burn etiology and local-
ization, age, associated illnesses/injuries), so it is
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not always easy to close the door (perform wound
coverage/closure) securely and in time.

The main requirement in the management of
partial-thickness burn wounds is an economical,
easy-to-apply, readily available dressing or
method of coverage that would provide pain
relief, protect the wound from infection, induce
healing, prevent heat and fluid loss, and provide
other beneficial activities while waiting for spon-
taneous epithelialization.

According to epidemiological studies [1-3],
scald injuries are the most frequent cause of burns
afflicting lower age groups of the patients
(<15 years of age). Scald injuries are an important
public health issue and cause considerable morbid-
ity. Mainly the partial-thickness scald burns are
creating one of the frequent indications for the uti-
lization of biological skin substitute—porcine skin
xenograft at the authors” workplace. In regard to
the high incidence of this type of injury—43%
of the whole amount of burned patients admitted
in the years 1989-1993 in Bratislava [4], their rea-
sonable and efficacious treatment is of great impor-
tance. To prove the beneficial effects of skin
xenograft as biological skin substitute, the retro-
spective study had been created and performed [5].

By describing the preparation method of skin
xenografts, wound management protocol, clinical
results of the retrospective study, their comparison
with other methods of wound coverage used at other
clinical workplaces, and discussion, it would be pos-
sible for the reader to gain comprehensive approach
to the wound management of partial-thickness burns.
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2 Technique

The retrospective study was performed in 109
patients with fresh superficial and deeper partial-
thickness burns, who were hospitalized at the
Teaching Department of Burns and Reconstructive
Surgery of the University Hospital Bratislava,
Ruzinov Hospital, Slovakia, in the years 2005—
2007. The study was approved by the Ethics
Committee of the Ruzinov Hospital.

2.1 Xenograft Preparation

Method

Skin xenografts (SXG) have been used as bio-
logical skin substitutes at the Department of
Burns and Reconstructive Surgery since 1987.
They have been prepared for clinical use in the
Central Tissue Bank (CTB), a part of the Teaching
Department of Burns and Reconstructive Surgery
Bratislava, Slovakia, where SXG preparation
method has been performed according to the
original method of Moserova (1974) [6] with
some minor modifications. Porcine skin removed
from veterinary-certified slaughtered pigs, stored
at the temperature of 4 °C, has been transported
from the slaughterhouse to CTB. Within 24 h
after the slaughter, under sterile conditions, the
retrieval of the dermoepidermal grafts has been
done by electrical dermatome (Fig. 1). After the
washing of grafts retrieved in a solution of

Fig.1 Pig skin xenograft retrieval

Fig.2 Skin xenografts are lavaged in antibiotic solution
and in cryoprotective agent

Fig. 3 Skin xenografts are placed on the sterile gauze
with the dermal side up, folded up to create four layers at
maximum

chloramine, lavage in antibiotic solution, and
lavage in cryoprotective agent (Fig. 2), four small
samples (0.5 x 0.5 cm each) have been taken
from each graft for the bacteriological control.
After then, each graft has been put on the sterile
gauze with the dermal side up, folded up to create
four layers at maximum (Fig. 3), and sealed in
the sterile plastic bag. Prepared SXG have been
placed into the deep-freezer appliance and stored
at the temperature of —80 °C. After obtaining
negative results of the sterility tests according to
Czech-Slovak Pharmacopoeia, 4th Ed., the SXG
could have been released for the clinical use.

2.2 Wound Management Protocol

During the admission of the patient, initial assess-
ment of the depth and extent of burns has been
performed. For estimation of an extent of burns,
body surface area of burns (BSAB), the Lund-
Browder chart has been used. The depth of the
burn has been expressed in degrees. When indi-
cated for the xenograft coverage, after the disin-
fection of the wounds with Betadine, all patients
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underwent complete debridement of the nonvia-
ble epidermis using blunt debridement (gauze)
under systemic analgesia, by children with greater
extent of burns under general anesthesia. After
obtaining the clean surface of the wound with the
dermis exposed (Fig. 4), the cryopreserved por-
cine xenografts (defrosted rapidly in saline imme-
diately before the usage) were applied (Fig. 5).
Treated areas were then covered by tulle dressing
impregnated with Vaseline, gauze with silver sul-
fadiazine, dry gauze layers, and elastic bandage.
In the case of placement of xenografts over the
joints of the limbs mainly by children, Kramer

Fig.6 Separation of the xenografts by means of transepi-
thelial elimination 8th day post-injury

splints were used. Systemic antibiotic prophylaxis
was provided by intravenous administration of
penicillin in standard doses in cases with negative
history of penicillin allergy. Wound cultures were
taken by initial treatment and also regularly dur-
ing the hospital stay. If the wound dressings were
not displaced and if no complications occurred,
the dressing changes were performed every 48 h.
The xenografts were left to adhere to the wound
surface till their separation by means of transepi-
thelial elimination (Fig. 6). The residual defects
(if present) were treated by application of topical
antimicrobial agents within a scope of the meth-
ods for the wound healing during the hospital stay
or on an outpatient basis.

Fig.4 Ila-degree scald burn by a 13-month-old child

Inclusion Criteria
The inclusion criteria were as follows:

1. Patients were hospitalized during the 3-year
period (from the beginning of 2005 to the end
of 2007).

2. All patients sustained partial-thickness (super-
ficial and deep dermal) scald burns.

3. All patients were admitted and treated within
the first 24 h after injury.

4. All patients were indicated for wound cover-
age by biological skin substitutes.

Fig.5 The same child after immediate coverage by skin 5. Patients of every age, extent of burn, and asso-
xenografts ciated illness were included.




98

P. Bukovcan and J. Koller

Evaluation Criteria

1. Total number of patients healed within 14 days
postburn and their mean healing time

2. Mean healing time of all patients included to
the study (total healing time)

3. Mean discharge time to outpatient management

4. Total number of patients whose treatment
required operation—wound closure by skin
autografts

Total healing time was defined as the time
necessary to reach 95% of reepithelialization
by each patient. Hospital discharge was
enabled to all patients, an outpatient manage-
ment of whom could have been done safely and
comfortably.

3 Results

One hundred nine patients were included in
the study. From these patients 59 were males
(54%) and 50 females (46%). The male/female
ratio was by adults 1.16:1 and 1.2:1 by

Table 1 Patients included in the study

children. The mean age of the patients was
7.6 years (min., 6 months; max., 80 years).
The majority of 109 patients were children (96
cases). The mean BSAB was 13% (min., 3%;
max, 43%). By all patients the burns were
caused by hot liquids (water, tea, coffee, soup).
The numbers of patients, sex, mean age, mean
BSAB, minimal and maximal values (min.-
max.), and standard deviations (S.D.) are
shown in Table 1.

According to BSAB the patients were divided
into three groups:

1. Within 10% (48 patients with mean extent
7.6%)

2. 11-20% (45 patients with mean extent 13.4%)

3. More than 20% (16 patients with mean extent
29.4%)

The results are displayed in Table 2.

Healing was within 14 days. Among 109
patients 78 (71%) patients healed within 14 days
with a mean time 9.6 days (S.D.: 3.2). One sample
t-test which compared mean healing times achieved

Sex
Male (59) Female (50)
Ne patients (109) Men (7) Boys (52) ‘Women (6) Girls (44)
Age (years) Mean 7.6 44.3 2.5 42.1 3.1
S.D. 15.3 20.7 2.5 26.0 2.8
(min.—max.) (0.5-80) (21-75) (0.5-12) (18-80) (0.5-11)
BSAB (%) Mean 13 16.5 12.6 14.3 13.3
S.D. 8.2 11.7 6.6 14.7 8.4
(min.—max.) (3-43) (3-32) (3-40) (3-43) (4-42)
Table 2 Results of the study
Patients Healing within 14 days Total healing time Discharge time ~ Operations
Mean
time Mean time Mean
BSAB (%) Ne N % (days) S.D.  (days) S.D. (days) S.D.  Ne %
<10 48 38 81 93 3.0 13.6 11.1 7.7 6.0 0 0
10-20 45 36 80 94 32 13.4 10.2 9.1 4.7 1 2.1
>20 16 4 25 12 43 24.6 12.7 18.61 8.0 3 18.7
All extents 109 78 71 9.6 3.2 15.1 11.6 9.96 6.7 4 3.6
p =0.0001 < 0.05 p=0.3>0.05



Treatment of Partial-Thickness Scalds by Skin Xenografts

99

within 14 days with the value of 14 days proved the
significant difference (p = 0.0001 < 0.05) by the
level of significance 0.05. In the group with extents
larger than 20%, the lowest amount of patients
healed within 14 days.

This fact shows the correlation between the
larger extents of burns and increased healing
times in this group. Healing within 14 days serves
for expression of the healing dynamics and as a
parameter for comparison with another studies
focused on the alternative treatment options.

3.1 Total Healing Time

Also in this category, the values in groups with
extents up to 10% and from 10 to 20% were
almost identical and within 14 days. In the group
with extents more than 20%, the mean value of
total healing time was 24.6 days which is in
accordance to the increased value of mean heal-
ing time within 14 days in this group. For all the
109 cases, the mean total healing time was
15.1 days (S.D.: 11.6) with no significant differ-
ence between mean total healing times and the
value of 14 days (p = 0.3 > 0.05).

3.2 Discharge Time

As the treatment of residual defects could have
been done in many cases on the outpatient basis,
the mean values of discharge time in each group
were lower than mean values of total healing
time. Among 109 patients altogether, the mean
discharge time was up to 10 days.

3.3 Operations

In four cases, it was necessary to perform tangen-
tial excision of the deep parts of the wounds and
their coverage with split-thickness skin auto-
grafts or the coverage of residual defects of larger
extent, the spontaneous healing of which would
require much more time. In the group with extents
up to 10%, there were no operations. In the group
with extents from 10 to 20%, one case of a 7-year-

old girl with BSAB 13.5% was treated by opera-
tion. Because of the wound deepening of BSAB
3.5%, the tangential excision and temporary cov-
erage with porcine skin xenografts had been per-
formed on day 10 postburn. Skin xenografts had
been replaced by split-thickness skin autografts
on the second stage. The wound cultures at the
day of admission were sterile, on day 4 postburn
sterile—after ~multiplication  Staphylococcus
aureus. From 16 patients in the group with BSAB
above 20%, three cases were operated, which
represented 18.7% from this group. In two cases
(one girl and one boy with the same age of 2 years
and with BSAB 22% and 23%, respectively), the
tangential excision and coverage with split-
thickness skin autografts of BSAB 6 and 6.5%,
respectively, had been performed. In one case
(girl 2 years old, BSAB:21.5%), it was necessary
to cover the residual defects, which represented
BSAB 2% with split-thickness autografts.

Among 109 patients, 4 patients underwent
surgery, which represented 3.6%. The mean sur-
face operated was 4.5% TBSA (total body sur-
face area).

4 Discussion

The authors compare the results of the retrospec-
tive study with cryopreserved skin xenografts
with the results obtained at other workplaces,
where another types of skin substitutes in this
indication have been used.

A retrospective study of the treatment of
scalds by glycerolized skin allografts had been
performed by Brans [7]. In the period of 4 years,
45 patients with mean age of 23 months and
mean BSAB 10.2% (from 3% to 23%) had been
treated during the first 24 h postburn. From all
patients 21 patients (47%) healed within 14 days.
Better outcome of patients from the study of the
treatment of scalds by skin xenografts (71%)
could be only partially explained by the lower
mean age of patients treated by skin allografts.
The decisive could be the difference in the viabil-
ity of these skin substitutes.

A prospective randomized study had been per-
formed by Leicht [8], based on the comparison of
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the treatment of scalds by lyophilized allografts
(LA) with the treatment by open technique. From
50 patients with scalds, 25 with the mean age
1.4 years and mean BSAB 8.35% received LA
within the first 24 h postburn. From these 25
patients, 15 of them (60%) healed within 14 days.
Better results achieved in the study with xeno-
grafts (71% healed within 14 days) could be
explained by the higher mean age (7.6 years) but
also by the similar reason mentioned previously,
for as much as lyophilized skin allografts do not
retain the viability in comparison with cryopre-
served skin xenografts.

The results of another studies showed the
necessity of the presence of bioactive surface to
accelerate the reepithelialization through the con-
tact orientation and stimulation of cell prolifera-
tion [9, 10]. From this point of view and with
regard to the results achieved, the partially
retained bioactivity of skin xenografts seems to
be more advantageous. Partially retained bioac-
tivity of cryopreserved skin xenografts (CXE)
was observed also by Liangpeng Ge [11], where
CXE has been shown to maintain a level of skin
metabolism equal to 77% of the fresh sample
when measured immediately after thawing (the
viability value of fresh skin samples before cryo-
preservation was defined as 100%). The average
viabilities of thawed skin samples were 77.01%
(quick freezing) and 66.37% (slow freezing),
respectively,measuredby3-(4,5)-dimethylthiazol-
2,5-diphenyl tetrazolium bromide (MTT) salt
assay immediately after thawing.

It is also possible to preserve skin allografts
by deep freezing which partially retains their
viability. However, utilization of them is recom-
mended in such cases, where integration of the
dermal component as a part of permanent wound
closure is desired [12], because the glycerol-
preserved or lyophilized allograft provides no
viable coverage material and lacks the beneficial
effect of integration and vascularization of viable
allogeneic grafts [13].

Transmissions of human diseases via allografts,
particularly infections with viruses such as HIV,
CMYV, and hepatitis, are a risk [14—16]. Although
the disease transmissions through allografts are
shown to be low [17], utilization of them should

be reserved for wound closure in excised full-
thickness burns of large extent with limited donor
sites, where the benefit of wound closure (when
combined with skin autografts) of large full-thick-
ness burns would balance the possible (although
very low) risk of disease transmission.

In cryopreserved skin xenografts, zoonotic
infections above all porcine endogenous retrovi-
ruses (PERV) are a potential threat, but, to date,
no evidence of pig-human PERV transfer has
been observed [18]. Moreover, the actual risk for
PERV infection, replication, and pathogenic out-
come in human recipients of xenotransplantation
products is still undefined [19]. Also in authors’
clinical practice, for almost 30 years of using of
cryopreserved skin xenografts, such complica-
tion has never been observed.

A prospective, randomized trial of 32 patients
with partial skin thickness burns, mostly scalds
(25 from 32), is reported by Healy [20] compar-
ing E-Z Derm® (silver-impregnated porcine
xenograft) with Jelonet® (petroleum jelly-
impregnated widely meshed gauze) as a burn
dressing. The bacterial colonization rate, need for
surgical treatment, time for spontaneous healing,
analgesic requirements, and frequency of dress-
ing changes were assessed in each group. No sta-
tistically significant differences were found
between the two groups, for any of these factors.
Surgical treatment was required in 7 of the 16
E-Z Derm-treated patients, compared with 8 of
the Jelonet group (mean body surface area burned
2.3% and 1.8%, respectively). Of the burns which
healed spontaneously, the mean time to healing
was 12.9 days for the E-Z Derm-treated group
and 12.5 days for the Jelonet-treated group.
Although the number of patients included in our
study and the mean body surface area were higher
(109 patients, 13 + 8%), the mean healing time
was comparable (15.1 days). Moreover, the num-
ber of patients who required surgical treatment in
our study was significantly lower (4 patients from
109 vs. 7 patients from 16 in E-Z Derm group). In
E-Z Derm, the collagen is chemically cross-
linked with an aldehyde group, which makes it
more resistant to bacterial collagenous degrada-
tion and reduces antigenicity, one of the early
concerns about xenografts [21] but adherence is



Treatment of Partial-Thickness Scalds by Skin Xenografts

101

reduced [22], which could explain the differences
between study results.

In prospective study performed by Zajicek
and colleagues [23], 43 pediatric patients with
superficial scald burns treated with Xe-Derma®
(dry sterile biological cover derived from a cel-
lular pig dermis) were compared with 43patients
treated with Askina THINSite® (hydrocolloid
dressing). No significant difference in the epithe-
lialization time, percentage of conversion from
superficial to deep dermal burns, and percentage
of infectious complications was detected between
the two groups. Xe-Derma® showed better adher-
ence to the wound with no need to change in
comparison to Askina THINSite®, where in 40%
of patients (17 out of 43) had to be changed. In
the Xe-Derma group and also in the Askina
THINSIite group, a part of the area covered with
them converted in 16 and 18 patients, respec-
tively. In converted areas, Flammazine® or auto-
grafting (the number of patients with autograft
procedure not specified) was used for further
treatment. According to the results of authors’
retrospective study with cryopreserved skin
xenografts, only 4 (3 of them with BSAB >20%)
from 109 patients needed autograft procedure
(mean surface operated 4.5% TBSA). Lower
count of wound conversions can be explained by
partially retained bioactivity of cryopreserved
skin xenografts.

For the coverage of partial-thickness burns
also, amnion obtained from the placentas of
selected donors is being used. In 2007 Singh [24]
compared the burn wound healing rate between
the radiation-sterilized amniotic membranes and
glycerol-preserved amniotic membranes. Fifty
patients with partial-thickness burns (41 of them
with scalds, the rest caused by flame) up to the
70% of BSAB were selected in the study. The
wounds of each patient had been divided on
halves, first half treated by glycerol-preserved and
the second one by irradiated membrane, respec-
tively. There were no significant differences in the
rate of healing between the gamma-irradiated
amniotic membranes and glycerol-preserved
membranes indicating no adverse effect of the
gamma irradiation on the efficacy of the mem-
branes. According to the authors, in all the

patients, membranes are desiccated and separated
in 10-14 days time leaving behind epithelialized
surface. Exact results of the healing were not
stated.

The usage of allogeneic cultivated keratino-
cytes as a temporary wound coverage is advanta-
geous mainly by IIb-degree burns, where the
capability of keratinocytes to promote epitheliali-
zation by releasing the growth factors and media-
tors of the wound healing is combined with the
ability of epithelialization from the adnexal
structures of the viable parts of the dermis. On
this approach “the Viennese concept” is based,
published by Rab [25] in 2005:

1. Early tangential excision of partial- and full-
thickness scalds (days 47 after trauma).

2. Coverage of the partial-thickness burns by cryo-
preserved allogeneic cultivated keratinocytes.

3. In scalded areas which have to be excised to
the subcutaneous tissue, the coverage of autol-
ogous split skin grafts is still the method of
choice.

The authors compared 22 scalded children
with the wounds tangentially excised and cov-
ered with cultivated allogeneic keratinocytes on
days 4-7 after trauma with 14 children who
underwent the same procedure on days 4-7 after
trauma covered with split skin autografts. They
observed significantly lower volume of the blood
transfusion and significantly better long-term
results pertaining the hypertrophic scar formation
in the group of patients covered by cultivated
allogeneic keratinocytes. In compliance with the
results achieved, according to the authors, the
higher costs resulting from the usage of keratino-
cytes are justified. “The Viennese concept” is
promising mainly by the management of scalds
in the period after first 24 h after trauma, when
the usage of temporary skin substitutes is more
risky because of possible infectious complica-
tions which can in many cases disable their
application.

Lower incidence of hypertrophic scars in
the group of patients covered with cultivated allo-
geneic keratinocytes as a long-term result
corresponds with the finding of Ghaffari [26],
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who observed significantly lower amount of col-
lagen produced by dermal fibroblasts during their
cultivation with keratinocytes. This fact he
explains by the presence of keratinocyte-derived
collagen-inhibitory factors (KD-CIFs) with the
molecular weight 30-50 kDa, which are regulat-
ing type I collagen expression and synthesis in
dermal fibroblasts.

There is a reason to suppose that this regula-
tion acts also by other types of biological skin
substitutes with preserved viability of keratino-
cytes when used.

During cutaneous wound healing, keratinocyte
proliferation and migration are critical for reepi-
thelialization. In addition the epidermis secretes
growth factors, cytokines, proteases, and matricel-
lular proteins into the wound microenvironment
that modify the extracellular matrix and stimulate
other wound cells that control the inflammatory
response, promote angiogenesis, and facilitate tis-
sue contraction and remodeling. Wound keratino-
cytes express at least seven different integrins—the
major cell adhesion receptors for the extracellular
matrix—that collectively control essential cell-
autonomous functions to ensure proper reepitheli-
alization, including migration, proliferation,
survival, and basement membrane assembly.
Moreover, it has become evident in recent years
that some integrins can regulate paracrine signals
from wound epidermis that stimulate other wound
cells involved in angiogenesis, contraction, and
inflammation. Importantly, it is likely that abnor-
mal integrin expression or function in the epider-
mis contributes to wound pathologies such as
over-exuberant healing (e.g., hypertrophic scar
formation) or diminished healing (e.g., chronic
wounds). Many challenges arise from the complex
roles that multiple integrins play in wound epider-
mis, which may be regulated through extracellular
matrix remodeling that determines ligand avail-
ability [27]. Future research should be focused on
understanding of different integrin functions coor-
dination in wound epidermis to determine how
best to target them clinically to achieve maximum
therapeutic benefit.

Besides biological skin substitutes also
another types of skin substitutes of different
origin and constitution are used for coverage of

partial-thickness burns. In 1998 Ou [28] pub-
lished a retrospective study of the treatment of
scalds by Biobrane. In the period of 2.5 years,
106 patients with scalds with an average BSAB
12.5% had been treated within 24 h postburn.
By 24 from these patients, the coverage was
aborted because of the low adherence, 14 of
them healed spontaneously. By 10 remaining
patients, it was necessary to perform the cover-
age with split skin autografts. The cases of low
adherence and accumulation of exudate below
Biobrane were by the authors explained by the
presence of devitalized upper dermis. Therefore
they emphasized accurate initial diagnosis of
the depth of burns because, according to them,
best results can be obtained only on superficial
partial-thickness burns. Patients operated repre-
sented 9.4% of all the patients from the study, in
the study with cryopreserved skin xenografts
3.6%. Neither the healing within 14 days nor
total healing time was stated. The mean time of
separation of the skin substitute was 11.1 days
(from 3 to 18 days).

In the period immediately after an injury, dur-
ing initial treatment, it is sometimes difficult to
make an exact differentiation of Ila- and IIb-
degree burns. Therefore, as more suitable appears
the usage of such types of skin substitutes, the
adherence of which should not be influenced by
this depth range.

On partial-thickness face burns, a biosynthetic
skin substitute Transcyte has been used to com-
ply with the changing irregular surfaces of the
face. In a comparative study [29], the usage of
Transcyte was compared with open technique
(bacitracin ointment). The authors observed sig-
nificantly shorter healing time, shorter time for
the wound care, and lower pain in the group
treated with biosynthetic skin substitute.

At present, there is still research for the per-
manent skin substitute the quality of which would
be the closest to the ideal skin substitute [30]:

Inexpensive
Long shelf life
Used off the shelf
Nonantigenic
Durable

AEE ol .
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6. Flexible
7. Prevents water loss
8. Bacterial barrier
9. Drapes well
10. Easy to secure
11. Grows with child
12. Applied in one operation
13. Does not become hypertrophic
14. Does not yet exist

Also from these ideal properties, the con-
cepts of the characteristics of a good wound
dressing by which all burns should be covered
in a primary care are more or less coming out
[31]:

Considered Essential
1. Maintain moist wound environment
2. Contours easily
. Non-adherent but retains close contact with
the wound

|V}

. Easy to apply and remove

. Painless on application and removal
. Cost-effective

. Protects against infection

~N O L B~

Considered Desirable
. Lasts for 10 days (one application)
2. Minimal dressing changes
3. Waterproof to allow for washing and bathing

—_—

Conclusions
From the bioactive properties of cryopre-
served skin xenografts, it follows:

1. Their adherence to the fresh wound surface
decreases the leakage of electrolytes and
salts (little or no exudate under the xeno-
grafts); good adherence also reduces the
risk of secondary wound contamination.

2. Increased speed of epithelialization by
growth factors, which they contain.

3. Faster wound healing is reducing the
wound fibroplasia by which the final qual-
ity of scars is improved.

4. Unless the total healing time exceeds
14 days, the risk of scar hypertrophy is
minimal.

Early application of cryopreserved skin xeno-
grafts on all Ila- and IIb-degree scalds can over-
whelm the problem with their exact
differentiation. Moreover, it decreases the risk of
secondary wound deepening which would demand
excision and coverage with split skin grafts. From
clinical knowledge and experiences obtained from
the usage of cryopreserved skin xenografts in
given indication, the following results:

1. The treatment algorithm for indication and
application of cryopreserved skin xeno-
grafts is at authors’ clinical workplace on
highly professional level.

2. The best effect of the application of skin
xenografts is achieved when applied within
the first 24 h after trauma, which reduces
the risk of secondary infection.

3. According to authors’ experiences, the
wound surfaces covered with xenografts are
during the dressing changes less painful;
the consumption of analgetics is also lower.

4. The costs associated with the processing and
storage of cryopreserved skin xenografts are
0.2€ per cm? which is significantly less
amount than that needed for the purchase of
synthetic or biosynthetic skin substitutes.

5. According to the results of the author’s
study, treatment of superficial scald burns
with cryopreserved skin xenografts partic-
ularly in children proved to be an effective,
safe, and reliable method.

The retrospective study proved the clinical
efficiency of utilization of cryopreserved skin
xenograft for the treatment of partial-thick-
ness scald burns. This method with its treat-
ment effect is fully comparable with the other
ones, which are using biological or another
type of skin substitutes in given indication,
realized at other clinical workplaces.

Appropriate choice of skin substitute should
always depend on careful consideration of the
characteristics, indications for use, clinical expe-
riences, results of clinical research, and also
price of each available skin substitute. Only by
this approach, it is possible to achieve the main
goal—early wound closure of the best quality.
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The Meek Technique
in the Treatment of Burns

Paul I. Heidekrueger, Peter Niclas Broer,

and Milomir Ninkovic

1 Introduction

To overcome the problem of extensive full thick-
ness third-degree burns, the Meek technique was
devised by Meek in 1963 [1]. This involved using
a Meek-Wall microdermatome producing widely
expanded postage stamp autografts, in which pre-
folded gauzes were used to gain a regular distri-
bution of the autografts [2]. The technique, with
an expansion rate of 1:9, was cumbersome and
not frequently used. Tanner et al. (1964) [3]
devised meshed skin grafts that improved the
treatment of severe full thickness burns that
replaced the Meek technique. Kreis et al. (1993)
[4] modified the Meek technique by using a dif-
ferent device for cutting the grafts and employed
aluminum foil backing to help the expansion of
the skin grafts. The mean epithelialization rate
was 90% (range 70-100%) within 5 weeks. The
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Meek technique utilizes small pieces of autograft
and has proved to be a practical alternative to
mesh grafts when donor sites are limited.

The authors describe their use of the Meek
technique in a fair number of cases.

2 Technique

The authors reviewed 148 skin grafting surgeries
from 2006 to 2015. The mean percentage body
surface burned was 65% (range 50-87%), and
full thickness injury occurred in 52% (range
40-81%) (Table 1).

Patients with associated inhalation injury were
intubated on admission. Wounds were dressed with
Flamazine (Smith & Nephew, Canada) that con-
tained 1% silver sulfadiazine. Fluid resuscitation
followed the Parkland formula (Table 2) [5]. For
example, a person weighing 75 kg with burns to
20% of his or her body surface area would require
4 x 75 x 20 = 6000 mL of fluid replacement within
24 h. The first half of this amount is delivered
within 8 h from the burn incident, and the remain-
ing fluid is delivered in the next 16 h [6]. The burn
percentage in adults can be estimated by applying
the Wallace rule of nines (see total body surface
area): 9% for each arm, 18% for each leg, 18% for
the front of the torso, 18% for the back of the torso,
9% for the head, and 1% for the perineum [7].

Surgery was performed on the 3rd to 5th post-
burn day after stabilization with fluids and elec-
trolytes [8]. The Weck knife and the Humby
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Table 1 Patient demographics and outcomes Table 1 (continued)
Pat. % 3rd No. of Pat. % 3rd No. of
No. degree  Cause operations  Outcome No. degree  Cause operations  Outcome
1 43 Flame 2 Survived 40 43 Flame 2 Survived
2 54 Flame 3 Survived 41 40 Electrical 2 Survived
3 46 Flame 2 Survived 42 49 Flame 2 Survived
4 67 Inhalation 1 Died 43 78 Flame 1 Died
injury 44 46 Flame 2 Survived
2 50 Flame 2 Survived 45 42 Flame 2 Survived
6 62 Flame 3 Survived 46 48 Flame 2 Survived
7 72 Flame 3 Survived 47 77 Flame 3 Survived
8 40 Flame 2 Survived 48 47 Flame 2 Survived
9 44 Electrical 2 Survived 49 40 Flame 2 Survived
10 47 Flame 2 Survived 50 55 Inhalation 3 Survived
11 41 Inhalation 3 Survived injury
injury 51 64 Inhalation 4 Survived
12 46 Flame 2 Died injury
13 42 Flame 2 Survived 52 46 Flame 2 Survived
14 47 Flame 2 Survived 53 42 Flame 2 Survived
15 50 Chemical 2 Survived 54 48 Flame 2 Survived
16 48 Flame 2 Survived 55 41 Flame 2 Survived
17 63 Flame 3 Survived 56 81 Inhalation 1 Died
18 74 Flame 2 Died injury
19 49 Flame 2 Survived 57 48 Flame 2 Survived
20 41 Flame D) Survived 58 41 Flame 2 Survived
21 46 Flame 2 Survived 59 44 Flame 2 Survived
22 69 Flame 3 Survived 60 57 Flame 3 Survived
23 45 Inhalation ~ 2 Survived 61 73 Inhalation 1 Died
injury njury
24 74 Inhalation 2 Died 62 69 Electrical 3 Survived
injury 63 41 Flame 2 Survived
25 64 Inhalation 3 Survived 64 49 Chemical 2 Survived
injury 65 40 Chemical 2 Survived
26 41 Chemical 2 Survived 66 62 Flame 2 Survived
27 42 Flame 2 Survived 67 64 Inhalation 3 Survived
28 48 Inhalation 2 Survived injury
injury Modified from Almodumeegh A, Heidekrueger PI,
29 61 Flame 3 Survived Ninkovic M, Rubenbauer J, Hadjipanayi E, Broer PN. The
30 43 Flame 2 Survived MEEK technique: 10-year experience at a tertiary burn
31 48 Flame 2 Survived centre. Int Wound J. 2016 In publication
32 62 Flame 3 Survived
33 59 Inhalation 3 Survived
injury Table 2 Parkland formula
34 42 Flame 2 Survived The Parkland formula is mathematically expressed as:
35 49 Flame 2 Survived V=4xm (A x 100)
36 73 Inhalation 3 Survived V = volume (mL)
injury m = Mass (kg)
37 43 Flame 2 Survived A x 100 = percent of body burned (2° plus 3°)
38 50 Flame 2 Survived

http://kallus.com/er/calculations/parkland.htm. Accessed
39 48 Flame 2 Survived 3 Aug 17
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knife were used to debride until punctuate bleed-
ing occurred and the layer was grossly judged to
be viable. When indicated, the entire skin down
to the fascia was removed and the Meek tech-
nique was employed to close the wound. Epigard
alloplastic material was used to temporarily cover
debrided wounds when portions of the debrided
areas were not able to be covered immediately.

Fig. 1 Tangential excision of full thickness burn of the
whole back. Modified from Almodumeegh A,
Heidekrueger PI, Ninkovic M, Rubenbauer J, Hadjipanayi
E, Broer PN. The MEEK technique: 10-year experience at
a tertiary burn centre. Int Wound J. 2016 In publication

This procedure was repeated every 2—5 days, pro-
viding the patient’s condition allowed for surgi-
cal intervention.

The wounds are excised down to the healthy
layers and hemostasis secured (Fig. 1). The
extent of skin expansion required was determined
by the size of the wound and the size of the avail-
able skin for grafting. The harvested autograft
skin is placed on 42 x 42 mm dampened cork
with the dermis side down and trimmed to the
required size (Fig. 2). Then it is placed on the car-
rier block and passed through a modified Meek-
Wall dermatome, which contains 13 parallel
blades, spaced 3 mm apart that cut the graft but
not the cork (Fig. 3). After the first pass, the cork
plate is rotated to 90° and passed through the der-
matome once more thus cutting the graft in to
14 x 14 square islands measuring 3 x 3 mm.

The cork, with the cut graft in place, is
removed. The epidermal side of the graft is
sprayed with an adhesive dressing spray
(Leukospray, Beiersdorf GmbH, Germany).
After about 2-5 min, the sticky surface of the
graft is brought into contact with the prefolded

Fig.2 After harvesting the split-thickness skin grafts in a
normal fashion, the grafts are manually cut in pieces and
stretched over the 42 x 42 mm moistened cork plate with
the inner layer facing downward for final cutting. Modified

from Almodumeegh A, Heidekrueger PI, Ninkovic M,
Rubenbauer J, Hadjipanayi E, Broer PN. The MEEK
technique: 10-year experience at a tertiary burn centre. Int
Wound J. 2016 In publication
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Fig.3 Meshing of the graft is achieved using the modified
Meek-Wall dermatome. Modified from Almodumeegh A,
Heidekrueger PI, Ninkovic M, Rubenbauer J, Hadjipanayi
E, Broer PN. The MEEK technique: 10-year experience at
a tertiary burn centre. Int Wound J. 2016 In publication

.

Fig. 4 The cork is removed once the minced grafts are
transferred to prefolded polyamide gauze backed with
aluminum foil. Modified from Almodumeegh A,
Heidekrueger PI, Ninkovic M, Rubenbauer J, Hadjipanayi
E, Broer PN. The MEEK technique: 10-year experience at
a tertiary burn centre. Int Wound J. 2016 In publication

(pleated) gauze (Fig. 4), and the pleats are
pulled out on all the four sides to provide uni-
form expansion of the islands (Fig. 5), with
ratios varying from 1:3 to 1:9. The gauze is
pulled steadily in all directions until it was
completely smooth and flattened.

The graft is applied to the wound bed and the
gauze tacked down with surgical staples (Fig. 6).
The grafted wound is covered with Jelonet gauze
(Smith & Nephew, Canada) impregnated with
Lavasept-Gel (B. Braun Melsungen AG,

Fig.5 The gauze is pulled steadily and firmly in all direc-
tions until it is completely smooth and flattened. Modified
from Almodumeegh A, Heidekrueger PI, Ninkovic M,
Rubenbauer J, Hadjipanayi E, Broer PN. The MEEK
technique: 10-year experience at a tertiary burn centre. Int
Wound J. 2016;14(4):601-5

Fig.6 (a) The skin graft is applied onto the wound bed,
and the edges of gauze are tacked down with surgical sta-
ples. (b) The appearance of the grafted wound at the 10th
day after the procedure. The viability of the graft was
assessed as satisfactory. Modified from Almodumeegh A,
Heidekrueger PI, Ninkovic M, Rubenbauer J, Hadjipanayi
E, Broer PN. The MEEK technique: 10-year experience at
a tertiary burn centre. Int Wound J. 2016;14(4):601-5

Germany) containing polihexanide antimicro-
bial. The operative sites in the trunk and extremi-
ties are additionally dressed with Jelonet and
wrapped with elastic bandages. After 3-5 days
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the dressing are changed every 2 days. Staples
are removed after 7-10 days. One percent silver
sulfadiazine cream is used to cover the wound if
it showed signs of local infection.

The mean area graft per procedure was 20%
(range 15-25%). The viability of the graft as
assessed on the 7-10th day was generally in
the range of 60-90% (Fig. 6). The average
number of operations required was 1-3
(Table 1). When the initial graft application
failed, infection or hematoma was most com-
monly responsible. Although blood replace-
ment was prescribed as needed at surgery,
transfusions seldom exceeded two units per
session. Functional and aesthetic outcomes of
wounds treated with Meek grafts were satisfac-
tory in most instances.

Infection was noted in five patients. There
were seven deaths, four dying from respiratory
failure due to severe inhalation injury and three
dying from septic shock.

3 Discussion

Meshed split-thickness skin grafting has been an
accepted method of treatment for severely
burned patients at most burn centers [8—10].
However, especially in large area burns, lack of
autograft skin may become a limiting factor. In
order to prevent wound infection and septicemia,
remaining areas of eschar should be excised
even if they cannot be covered with autografts
immediately [11, 12]. Our experience utilizing
the Meek technique in large burn areas suggests
that it provides a reliable method to achieve
wound healing with expanded autografts. The
main advantage is that the Meek technique
allows a greater expansion ratio as compared to
mesh grafts [12]. The small autografts can be
easily applied in contrast to the oftentimes chal-
lenging handling of higher expansion (1:6 or
1:9) mesh grafts [4, 13].

Infection, as noted in five of our cases, can be
a common cause for graft failure. Similar to oth-
ers, we found that the thickness of skin grafts
used for wound coverage does not seem to affect
the incidence of infection. Indeed, small postage

stamp skin grafts appear to be more resistant to
invasion by microorganisms, and we also
observed that spacing and distribution of the
micrografts allowed for faster and more uniform
epithelialization [12—-14].

In our experience, the cosmetic result follow-
ing the Meek graft technique is comparable with
that of widely expanded mesh grafts. A major
downside of the micrografting technique is the
fact that it is expensive and needs more staff in
the operating room to be carried out [14].

Conclusions

When faced with large surface area burns and
limited donor sites, the Meek technique is a
satisfactory method to cover large wounds.
While labor extensive, paying attention to the
outlined principles allows achieving good
functional and aesthetic results in this chal-
lenging patient population.

References

1. Meek CP (1958) Successful microdermagrafting
using the Meek wall microdermatome. Ann J Surg
96:557-558

2. Meek CP (1963) Extensive severe burn treated with
enzymatic debridement and micro dermagrafting:
case report. Am Surg 29(1):61-64

3. Tanner JC, Vandeput JF, Olley JF (1964) The Mesh
skin graft. Plast Reconstr Surg 34:287-292

4. Kreis RW, Mackie DP, Vloemans AW, Hermans RP,
Hockstram MJ (1993) Widely expanded postage stamp
skin grafts using a modified Meek technique in combi-
nation with an allograft overlay. Burns 19(2):142-145

5. Parkland formula. http://www.josephsunny.com/med-
soft/parkland.html. Accessed 3 July 2017

6. Williams C (2008) Fluid resuscitation in burn patients
1: using formulas. Nurs Times 104(14):28-29

7. Explore Burns Mdcalc, Fluid Requirements, and more!
https://www.pinterest/pin/440649144772194432/.
Accessed 3 July 2017

8. Alexander JW, Macmillan BG, Law E, Kittur DS (1981)
Treatment of severe burns with widely meshed skin auto-
grafts and meshed allograft overlay. J Trauma 21:433

9. Gang RK, Arturson G, Hakelius L (1981) The effect
of split skin allografts on wound epithelialization
from autologous patch grafts. Scand J Plast Reconstr
Surg 15:1-4

10. Minanov O, Peterson HD (1997) Burn injury. In:
Georgiade GS, Riefkohl R, Scott Levin L (eds) Plastic


http://www.josephsunny.com/medsoft/parkland.html
http://www.josephsunny.com/medsoft/parkland.html
https://www.pinterest/pin/440649144772194432/

110

P.I. Heidekrueger et al.

11.

12.

maxillofacial and reconstructive surgery, 3rd edn.
Williams & Wilkins, Baltimore, p 203

Macmillan BG (1958) Early excision of more than
25% of body surface in the extensively burned
patients. Arch Surg 77:369

Raff T, Hartman B, Wagner H, German G (1996)
Experience with modified Meek technique. Burns
38(4):142-146

13. Kreis RW, Mackie DP, Hermans RP, Vloemans AR
(1994) Expansion technique for skin grafts: compari-
son between mesh and meek island (Sandwich) grafts.
Burns 20(1):539-542

14. Zermani RGC, Zarabini A, Trivisonno A (1997)
Micrografting in the treatment of severely burned
patients. Burns 23:604-607



®

Check for
updates

Acute Respiratory Distress
Syndrome in the Burn Patient

Robert Cartotto

1 Introduction and Historical
Background

It may seem unusual to include a chapter on the
acute respiratory distress syndrome (ARDS) in a
textbook on wounds. However, patients with burn
wounds are clearly at risk of developing this life-
threatening complication. While ARDS is most
typically seen in patients following major burn
injuries, we know that it sometimes occurs even
in patients that have relatively small burn wounds.
The development of ARDS after a thermal injury
is not overly surprising since many of the known
risk factors for ARDS, in addition to the burn
wound itself, such as smoke inhalation, pneumo-
nia, sepsis, and blood transfusion all commonly
occur with burns. As is the case among critically
ill patients without burns, ARDS contributes sig-
nificantly to heightened morbidity and mortality
following burn injury.

The first published report of what we now
refer to as ARDS appeared in 1967 [1]. In that
report Ashbaugh et al. described a syndrome
which featured severe respiratory distress, hypox-
emia, stiff non-compliant lungs, and the presence
of extensive bilateral infiltrates on the chest
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radiograph. The twelve adult patients in that
report suffered from various insults such as mul-
tiple trauma, pancreatitis, and pulmonary infec-
tions. While none had sustained burns or smoke
inhalation, the same syndrome was almost cer-
tainly being recognized around the same time in
patients that had suffered burn injuries. Dr. Pruitt,
in 1970 [2], along with Nash et al., in 1974 [3],
reported the autopsy findings of burned adults
that had died from pulmonary complications.
Extensive diffuse interstitial lung edema and
alveolar hyaline membranes—now widely recog-
nized as pathognomonic features of ARDS [4]—
were clearly described.

Among critically ill but unburned patients,
there was an evolution during the late 1980s and
early 1990s of stricter diagnostic criteria and def-
initions for ARDS, such as a lung injury severity
score [5] and the American-European Consensus
criteria [6]. This was followed over the ensuing
two decades by a massive output of research on
ARDS in the critically ill. Most recently, newer
diagnostic criteria for ARDS—referred to as the
Berlin definition—have been adopted. In parallel
but at a slower and delayed pace, the ARDS was
also being increasingly recognized and more
accurately diagnosed among the burn injured
[7-11]. However, relative to the extensive body
of research that includes several landmark ran-
domized controlled trials in non-burn patients
with ARDS, there has been very little published
on ARDS in burn patients. Thus, it must be stated
at the outset that almost all our understanding of
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ARDS in burn patients comes from translation of
research conducted in the non-burn population.

While most of this translation is entirely
appropriate, burn patients are a unique subpopu-
lation of the critically ill, and important differ-
ences do arise. This chapter will review the
epidemiology, pathogenesis, clinical features,
and management of ARDS in the burn patient.
Important distinctions and areas of controversy
that arise because of the unique nature of the burn
injury will be emphasized.

2 Pathogenesis

ARDS can be triggered by a wide variety of pri-
mary disease processes, which may be classified
as pulmonary (i.e., originating in the lung) and
extrapulmonary (i.e., originating outside the
lung). Pulmonary causes most commonly include
pneumonia and gastric aspiration and less com-
monly lung contusion, near-drowning, and smoke
inhalation. The most frequent extrapulmonary
causes are sepsis and severe trauma with shock
and less frequently multiple blood product trans-
fusions, drug overdose, and pancreatitis [4, 12].
While burns are usually not identified as a spe-
cific predisposing condition for ARDS, many of
the risk factors such as pneumonia, smoke inha-
lation, sepsis, shock, and blood product transfu-
sion may occur, often in combination, following
thermal trauma. We also make the assumption
that the burn wound itself is a rich source of
inflammatory mediators which can likely injure
the lung secondarily, leading to ARDS. It is not
entirely clear how these diverse predisposing
conditions ultimately lead to the final pathologi-
cal and clinical picture of ARDS. What is impor-
tant is that the insult induces a set of common
pathological changes in the lung, regardless of
the cause.

The primary change is a breakdown of the pul-
monary microvascular endothelial lining and the
alveolar epithelial surface—together referred to
as the alveolar-capillary barrier. Injury to the
alveolar-capillary barrier appears to be mediated
by activated neutrophils and a complex bombard-
ment of cytokines and inflammatory mediators

including interleukin (IL)-8, tumor necrosis fac-
tor @, and various oxygen-free radicals and prote-
ases. These pro-inflammatory mediators probably
play a role not only in the initiation of the injury
but also in amplification of the local inflamma-
tory process. The net result of the alveolar-
capillary disruption is that the interstitial and
alveolar spaces are flooded with protein-rich
fluid, neutrophils, fibrin, and fibroblasts. Protein-
laden hyaline membranes are deposited on the
denuded alveolar basement membranes. Normal
transport of fluid out of the alveolar space is com-
promised by injury to the type I epithelial cells
that normally predominantly line each alveolus,
while injury to the smaller population of type II
epithelial cells results in loss of surfactant pro-
duction, and importantly, disruption of the ability
of these cells to differentiate into type I cells
which is an important part of the repair process
after injury [4]. Following this acute inflamma-
tory phase which can last up to 5-7 days, the
lungs of some patients begin to show resolution
of the process with resorption and mobilization
of the fluid, reduction of inflammation, and repair
of the alveolar epithelial lining by the type II
cells. Such patients show rapid clinical recovery.
Other patients’ lungs progress to a fibroprolifera-
tive phase in which mesenchymal cells, neovas-
cularization, and procollagen are deposited in the
alveolar space. This development of fibrosing
alveolitis is a poor prognostic sign and is associ-
ated with an increased risk of death [13].
Resolution of this phase is prolonged but again
involves mobilization of fluid and protein and
restoration of the normal alveolar lining of type I
cells through proliferation and differentiation of
the type II cells [4].

3 Defining ARDS

Following Ashbaugh et al.’s [1] description of
ARDS, the American-European Consensus
Conference (AECC) developed clinical diagnos-
tic criteria for the definition of ARDS in 1994 [6].
This AECC definition of ARDS included acute
hypoxemia with an arterial partial pressure of
oxygen to fraction of inspired oxygen ratio
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(PaO,:FiO, ratio) <200 mmHg, bilateral infil-
trates on chest radiograph, and no clinical evi-
dence of left atrial hypertension or a pulmonary
artery wedge pressure (PAWP) measured by the
Swan-Ganz catheter of <18 mmHg. The AECC
definition also identified a condition called acute
lung injury (ALI) which had the same features of
ARDS but which had milder hypoxemia with a
Pa0,:FiO, ratio < 300 mmHg. The AECC defini-
tion was highly important because it provided a
common set of definitions that allowed research-
ers to study the epidemiology and clinical care of
patients over nearly two decades. Several land-
mark randomized clinical trials including the
famous ARDS Network low tidal volume venti-
lation (ARMA) trial [14] occurred, in part,
because uniform definitions could be used to
identify and recruit subjects.

However, in 2011, a panel of experts convened
in Berlin to address deficiencies of the AECC
definition and to develop an updated set of diag-
nostic criteria [15]. The main concerns with the
AECC definitions included an unspecified timing
of ARDS onset, misinterpretation of PaO,:FiO,
ratio and classification of ALI vs. ARDS, low
reliability of the chest radiograph interpretation,
inconsistent consideration of positive end-
expiratory pressure (PEEP) levels, and the use of
the PAWP in the definition.

A revised definition (the Berlin definition) was
developed and validated and is shown in Table 1.
The key features are (1) elimination of the term
ALI and stratification of all ARDS as mild, mod-
erate, and severe based on PaO,:FiO, ratios of 200
to <300, 100 to <200, and <100, respectively, on
at least 5 cm H,O of PEEP, (2) clarified definitions
of bilateral infiltrates on chest radiograph and ori-
gin of edema, and (3) specification of acute onset
within 1 week of a known clinical insult. One of
the most important components of the Berlin defi-
nition of ARDS is the emphasis on training to
improve chest radiograph interpretation and diag-
nosis of hydrostatic pulmonary edema using a
series of clinical vignettes and sample radiographs
included in the supplement to the publication
(Fig. 1, Table 1) [15].

The Berlin ARDS definition has now been
applied to intubated and mechanically ventilated

Table 1 The Berlin definition of ARDS, adapted from
Ranieri et al. [15]

Within 1 week of known clinical

insult or worsening respiratory
Timing symptoms
Chest radiograph Bilateral opacities that are not fully
explained by effusions, lobar/lung

collapse, or nodules

Origin of edema  Respiratory failure is not fully
explained by cardiac failure or fluid
overload. An objective assessment
(e.g., by echocardiography) is
required to exclude hydrostatic
edema if no risk factor is present

Mild ARDS, 200 mmHg < PaO,/
FiO, < 300 mmHg with PEEP
>5 ¢cm H,O; moderate ARDS,
100 mmHg < PaO,/

FiO, < 200 mmHg with PEEP
>5 ¢cm H,O; severe ARDS, PaO,/
FiO, < 100 mmHg with PEEP
>5 cm H,O

Oxygenation

Fig. 1 Typical radiograph from an ARDS patient show-
ing diffuse bilateral infiltrates

civilian and military burn patients [10, 11, 16—18].
One problem that arises in application of the
Berlin ARDS definition to burn patients is the
requirement to eliminate “fluid overload” as a
possible origin of the pulmonary edema. Most
patients with major burns have received substan-
tial amounts of resuscitation fluid by 48-72 h
post-injury and have considerable generalized
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edema. Technically, these patients could be con-
sidered “volume overloaded.” One study in burn
patients [10] attempted to address this problem by
using the clinical vignettes provided with the
ARDS definition [15] and by making specific
evaluations of clinical descriptions, use of diuret-
ics, and echocardiography reports to rule out “vol-
ume overload” and hydrostatic pulmonary edema.
That study found no difference in 24- and 48-h
fluid resuscitation volumes between patients with
no ARDS and those with ARDS [10]. Another
study involving both combat casualty burns as
well as civilian burns also was not able to identify
any independent relationship between very high
resuscitation volume (>250 mL/kg/24 h) and the
development of moderate or severe ARDS [11].
Thus, while it appears that resuscitation fluid vol-
umes are not a cause of ARDS in burn patients,
the clinician must be exceedingly careful to
ensure that respiratory distress from suspected
ARDS is not simply due to hydrostatic pulmonary
edema from liberal fluid resuscitation.

4 Epidemiology

ARDS remains an epidemiologic challenge
despite the various advances in developing a defi-
nition of ARDS [12]. There is no diagnostic test
for ARDS such as a blood test or a biopsy. The
Pa0,:FiO, ratio—essential to the diagnosis and
determination of ARDS severity—can fluctuate
substantially in the same patient on the same day
just with changes in FiO, or positive end-expiratory
pressure (PEEP) settings. The interpretation of the
chest radiograph is fraught with difficulty and
unreliability [12, 19]. Notwithstanding these
important limitations, the reported incidence of
ARDS in all patients over the past half century has
ranged between 3.65 and 81.0 new cases per
100,000 person-years [12, 20, 21]. The recent
Large Observational Study to Understand the
Global Impact of Severe Acute Respiratory Failure
(LUNG-SAFE) used the Berlin definition and
found that the prevalence of ARDS was 10.4% of
all ICU admissions and 23.4% of those that were
mechanically ventilated [22]. This study showed
that across all critically ill patients, ARDS is a

global problem which is probably under-recog-
nized. The most important risk factors appear to
be pneumonia, non-pulmonary sepsis, aspiration,
and trauma [12]. The mortality rate may be as
high as 40% as reported in LUNG-SAFE22.

In the scenario of patients with burns that
have been mechanically ventilated for at least
24-48 h, two studies found that the prevalence of
ARDS using the Berlin definition ranges between
34% [11] and 43% [10]. The prevalence of mod-
erate to severe ARDS was 29% in both studies
[10, 11]. Older studies that used the AECC defi-
nitions found that the prevalence of ARDS in
mechanically ventilated burn patients ranged
between 40% 9 and 54% [8]. It is important to
note that patients with ALI (PaO,/FiO, 200-300
Hg) were not included in those studies meaning
that those prevalences represent what would be
considered moderate to severe ARDS by the
Berlin definition. This suggests that the preva-
lence of moderate to severe ARDS in burn
patients has dropped over the past 15-20 years.
One possible explanation, to be discussed under
mechanical ventilation, may be the widespread
adoption of strict lung-protective ventilation
strategies, which were not in use during the ear-
lier studies. The factors that have been identified
as significant independent predictors for the
development of moderate to severe ARDS in
mechanically ventilated burn patients include
the extent of full-thickness burn [10], as well as
age, injury severity score, the presence of acute
kidney injury, and pneumonia 11. Surprisingly,
inhalation injury did not turn out to be a signifi-
cant independent predictor of development of
moderate or severe ARDS [10, 11]. The onset of
ARDS usually takes place within the first week
after the burn injury and occurred at a median of
4 days in the most recent studies on ARDS in
burn patients [10, 11]. One study specifically
examined the precipitating risk factor prior to
onset of ARDS and found that the burn injury
either alone or with inhalation injury preceded
the onset of ARDS in 66% of cases, while venti-
lator-associated pneumonia (24%), sepsis (9%),
and gastric aspiration (1%) were identified as the
likely preceding primary event [10]. The mortal-
ity rates for burn patients that develop moderate
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or severe ARDS have been reported at 21-44%
and 50-60%, respectively [10, 11]. Increasing
severity of ARDS is associated with prolonged
duration of mechanical ventilation as well as
increased mortality [10, 11, 16].

5 Management Strategies
for ARDS in the Burn Patient

The management of ARDS in any patient, includ-
ing those with burns, is entirely supportive. At
the present time there are no treatments that will
halt or reverse the onset and progress of
ARDS. Nevertheless, a variety of strategies to
optimize the supportive care of patients with
ARDS have been developed over the past two
decades. Many of these approaches are guided by
evidence from large high-quality randomized
controlled trials (RCTs).

Conventional Mechanical
Ventilation

5.1

The great paradox in mechanical ventilation of
the patient with ARDS is that while mechanical
ventilation is almost always needed, and is at
times lifesaving, the process of mechanical venti-
lation inflicts further damage to the lungs affected
by ARDS. This process is referred to as ventilator-
induced lung injury (VILI). Thus, all current
approaches to mechanical ventilation of patients
with ARDS revolve around the goal of reducing
VILI and in turn diminishing morbidity and mor-
tality related to VILI while still providing life-
sustaining oxygenation and gas exchange. One
aspect of VILI occurs because large regions of the
dependent portions of the lungs are unexpanded
and not aerated, leaving only a small portion of
remaining aerated lung (the “baby lung”) [23] to
receive the entire tidal volume of each mechanical
breath. If large tidal volumes are used, alveoli in
this region of the lung are subjected to repetitive
and injurious cyclical stretch and over-distention,
referred to as “volutrauma” [24]. Ventilation with
high lung volumes can also produce gross baro-
trauma including pneumothoraces and pneumo-

mediastinum. Another aspect of VILI occurs in
other regions of the lung, especially at the inter-
face between aerated and atelectatic lung, where
alveoli are unstable and not held open through the
tidal breath cycle. Here, low tidal volume ventila-
tion exposes alveoli in these regions to repetitive
cyclic opening and closing with each breath. This
produces mechanical stress and strain forces that
damage the alveoli, a process referred to as “atel-
ectrauma” [24]. The injury produced by these
various mechanical forces generates the release of
pro-inflammatory mediators that inflict not only
an additional traumatic insult to the alveolar-cap-
illary units (referred to as “biotrauma’) but also
systemic translocation of these mediators as well
as bacteria from the lung, leading to multiple
organ damage [24].

Lung-protective ventilation strategies (LPVS)
are used to limit VILI and have three key elements:
small tidal volumes to limit volutrauma, the use of
higher PEEP levels to reverse low lung volume
atelectrauma, and the use of recruitment maneu-
vers (sustained application of high airway pres-
sure) to open or “recruit” collapsed regions of the
lung to make the lung more homogeneous.
However, application of these principles is ham-
pered by the heterogeneous nature of ARDS. The
lung pathology not only may vary from patient to
patient but also varies tremendously within the
lungs of an individual patient. Some regions of the
lung (typically the upper non-dependent portions)
remain open, some areas may intermittently open
and close, while other regions (typically the infe-
rior-posterior dependent portions) remain closed
and never receive any ventilation. Heterogeneity
of the pathology leads to regional heterogeneity in
the ventilation. For example, a lower tidal volume
and lower PEEP strategy may reduce volutrauma
to the open aerated regions of the lung but could
contribute to atelectrauma in the unstable areas.
Conversely, the use of a higher PEEP setting might
reduce atelectrauma in one region while producing
over-distention and tidal hyperinflation in another.

5.1.1 Low Tidal Volumes

This approach is designed to minimize over-
distention of the open aerated parts of the lung
affected by ARDS. The landmark ARMA trial by
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the ARDS Network Investigators found that the
use of a 6 mL/kg predicted body weight (PBW)
tidal volume (Vt) led to a significant 9% absolute
reduction in mortality (40-31%) compared to the
use of a 12 mL/kg PBW Vt in adults with ARDS
[14]. Plasma levels of inflammatory biomarkers
were reduced in the low Vt group, which sug-
gested that less pulmonary biotrauma had
occurred. Consequently it is recommended to
maintain Vt as close to 6 mL/kg PBW as possi-
ble, during mechanical ventilation. Plateau pres-
sures also should be kept <30 cm H,O since this
was a consistent intervention in the low Vt arm.

5.1.2 Higher PEEP

This approach is designed to keep unstable alve-
oli open and to avoid cyclic atelectrauma. Three
large RCTs have been conducted to compare
higher vs. lower PEEP settings while using a low
tidal volume ventilation strategy [25-27]. These
studies each used somewhat different approaches
to determine higher vs. lower PEEP, and none
individually showed any significant reduction in
mortality with higher PEEP. However, a recent
patient data level meta-analysis of these three tri-
als found that in the subset of patients with mod-
erate and severe ARDS (PaO,/FiO0, <200 mmHg),
higher PEEP settings (approximately 15 cm H,O
on day 1) were associated reduced time on the
ventilator and improved survival [28]. The lowest
acceptable limit of PEEP is probably 5 cm
H,0. Levels below this result in underinflation of
the lung and are probably harmful. Several
approaches have been described to determine the
PEEP level. These include the use of a table that
arbitrarily dictates PEEP based on the FiO,, the
use of the highest PEEP setting that optimizes
oxygenation while still allowing an acceptable Vt
and keeping the PPLAT within acceptable limits
(generally <30 cm H,0), and bedside manual
titration of the PEEP based on assessment of
compliance and “recruitability” of the lung.

5.1.3 Recruitment Maneuvers

During a recruitment maneuver, a higher than
normal inflation pressure (usually >35 cm H,0)
is briefly applied to the lungs, typically for
2040 s. This is done to “open the lung” and

recruit atelectatic regions and lessen the overall
heterogeneity of the ventilation. We do not know
if the use of recruitment maneuvers leads to a bet-
ter outcome from ARDS, and the intervention
carries risks of causing hemodynamic compro-
mise and barotrauma [24] .

5.1.4 Special Considerations
in the Burn Patient

Burn patients were not included in the major tri-
als on ventilation during ARDS. Several unique
characteristics of the major burns patient may
affect the application of currently accepted lung-
protective ventilation approaches. One is the
reduced chest wall compliance that results from
soft tissue edema from fluid resuscitation,
restrictive eschar, or even tight skin grafts on the
chest and abdomen. Another is inhalation injury
which features narrowing or obstruction of the
conducting airways and loss of surfactant in the
alveoli. Yet another is the hypermetabolic
response that is accompanied by a profound
increase in minute ventilation. Notably, a small
RCT involving burn patients with ARDS found
that inadequate oxygenation and ventilation
occurred in a large proportion of patients, espe-
cially those with an inhalation injury, when cur-
rently accepted low tidal volume ventilation
strategies were employed [29] .

The use of low tidal volumes in a burn patient
with ARDS that has poor chest compliance and/
or an inhalation injury with airway narrowing
could contribute to the development of atelectasis
from underinflation. One retrospective study
spanning a 30 year period in pediatric burn
patients with inhalation injury found that low
tidal volume ventilation (mean 9 mL/kg) was
associated with more atelectasis, longer periods
of mechanical ventilation, and a higher incidence
of ARDS than a higher tidal volume approach
(mean 15 mL/kg) [30]. In our experience, in
hypermetabolic burn patients with ARDS that
already have abnormally high minute ventilation
requirements, strict application of a 6 mL/kg
PBW tidal volume sometimes leads to what
appears to be “air hunger,” dyssynchrony with
the ventilator, and hypercapnia. While hypercap-
nia may be tolerated to an extent (“permissive



Acute Respiratory Distress Syndrome in the Burn Patient

17

hypercapnia”), adjustments to the ventilator
mode and increases in inspiratory flow rate are
often needed.

The altered chest wall mechanics in a burn
patient with an edematous or eschar-restricted tho-
rax or abdomen may affect the interpretation of pla-
teau pressure and the setting of a PEEP level. The
work of Talmor et al. [31] using trans-esophageal
pressures to measure transpulmonary pressure is
particularly important in this regard. The transpul-
monary pressure (PTP) is the opening or distending
pressure required to inflate the lung and is calcu-
lated as the difference between the alveolar pressure
(PALV) and the surrounding pleural pressure (PPL),
hence PTP = PALV—PPL.

PALV is easy enough to estimate during
mechanical ventilation as the pressure in the
proximal airway during an end-inspiratory pause
in flow (i.e., the plateau pressure). Measurement
of PPL on the other hand is problematic but can
be approximated by measuring the pressure in
the mid-esophagus using a specialized nasogas-
tric tube with a pressure transducer.

It is conceivable that a burn patient on mechan-
ical ventilation with a stiff chest wall from edema
and eschar or intra-abdominal edema from large
volume fluid resuscitation might have a PPL of
approximately 25 cm H,O. In this case, a plateau
pressure of 30 cm H,O, which otherwise would
be considered at the upper limit of being accept-
able, may not be that concerning because the PTP
is only 30-25 = 5 cm H,0. Recognition of this
might allow more leeway with plateau pressure
limits. Similarly, as was shown by Talmor et al.
[31], the transpulmonary end-expiratory pressure
in this case might be considerably lower than that
set and recorded at the airway opening, meaning
that a much higher PEEP setting is required.

5.2 Unconventional Mechanical

Ventilation

Various unconventional modes of mechanical
ventilation have been evaluated for patients with
ARDS. The most widely known is high-frequency
oscillatory ventilation (HFOV), in which very
small, sub-dead space tidal volumes are delivered

at high frequency (between 6 and 15 Hz) while
maintaining a constant sustained mean airway
pressure. HFOV can dramatically improve oxy-
genation and was found to significantly reduce
mortality in a meta-analysis of eight RCTs, (total
of 419 patients) [32], but two recent large RCTs
both found that HFOV did not improve survival
and may have contributed to worse outcomes
among adult patients with ARDS [33, 34].
Consequently, HFOV is not recommended as part
of the primary ventilation strategy in ARDS, but
it is sometimes considered as a “rescue approach”
for patients with refractory oxygenation failure.
In the burn patient with ARDS, there are two
unique considerations surrounding the use of
HFOV. The first is that HFOV is generally unsuc-
cessful in improving oxygenation when the
patient has had a preceding inhalation injury
[35]. This is probably because effective lung
recruitment, which is the physiologic basis of
HFOV, is impaired by narrowing or obstruction
of the conducting airways. The second is that the
recent large RCTs on HFOV did not include burn
patients and enrolled large numbers of subjects
with ARDS related to pneumonia [33, 34]. In
many instances ARDS follows the burn injury
itself rather than developing from pneumonia.
Hypothetically, the lungs affected by burn-related
ARDS may differ in terms of “recruitability”
from the lungs where ARDS arises from pneu-
monia, based upon our understanding of ARDS
heterogeneity and possible differences between
“pulmonary” and “extrapulmonary” ARDS [36].
Thus we do not have a complete answer on
whether HFOV may be suitable in some cases of
burn-related ARDS.

High-frequency percussive ventilation (HFPV)
using the volume diffusive respirator (VDR)
delivers very small high-frequency tidal breaths
with cyclic variations in mean airway pressure
and regular passive exhalation to a predetermined
baseline continuous positive airway pressure.
This mode is a mainstay in the ventilatory care of
patients with inhalation injury, but it has also been
applied to burn patients with ARDS. A random-
ized controlled trial comparing HFPV to protec-
tive low tidal volume (LTV) conventional
ventilation in burn patients with ARDS, found
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that a significantly higher proportion of patients
in the LTV arm had inadequate oxygenation and
ventilation and required “rescue” by crossover to
HFPV [29]. This difference was even more pro-
nounced in patients that had also sustained an
inhalation injury.

Airway pressure release ventilation (APRV) is
a mode in which patients breathe spontaneously
at regularly fluctuating high and low levels of
continuous positive airway pressure. The major
benefit of this approach is that patients are less
heavily sedated and breathe spontaneously,
which appears to confer benefit to lung opening,
maintenance of diaphragmatic activity, and
hemodynamics. However, the use of spontaneous
breathing modes such as APRV and pressure sup-
port ventilation during ARDS has not been exten-
sively studied, and concerns surround the
potential of generating very high transpulmonary
pressures and tidal volumes with strong sponta-
neous breathing on these modes.

5.3 Prone Position

When a patient with ARDS is repositioned from
supine to prone, the posterior and inferior lungs
are freed from the weight of the heart and medi-
astinum, the lungs more naturally fill the thoracic
cavity, the overall end-expiratory lung volume is
increased, and there is an overall improvement in
homogeneity of ventilation. This usually pro-
duces an increase in oxygenation by improving
matching of ventilation and perfusion to the dor-
sal lung regions [24]. The most recent RCT found
that >16 h/day of prone positioning in adults with
severe ARDS (PaO,:FiO, ratio <150 on a FiO,
>0.6) led to significant reductions in 28- and
90-day mortality [37]. A 2015 Cochrane system-
atic review of RCTs on prone positioning in
ARDS concluded that three groups of patients
were most likely to derive a survival benefit from
prone positioning (PP): those with severe hypox-
emia, those where PP was instituted early, and
those where PP was used >16 h/day [38]. PP is
not without risk, and important potential compli-
cations include displacement, obstruction or loss
of the airway, anterior pressure sores especially

on the face, dislodgement of vascular access lines
and chest tubes, and external pressure on the eyes
with the risk of orbital compartment syndrome.

Special consideration must be given to prone
positioning in a burn patient with ARDS. Loss of
the airway in a patient with significant facial and/
or neck edema with a difficult airway could be
catastrophic. The same concern applies to loss of
an indwelling vascular catheter in an edematous
major burn patient with difficult vascular access.
Anterior burns and recent skin grafts may be
harmed during PP. The act of turning a massively
burned and edematous patient prone is itself a
difficult challenge. Undoubtedly PP in the burn
patient with ARDS should only be considered in
more extreme cases of oxygenation failure and
only after due consideration of the above risks.
Several experienced personnel under careful
direction are needed to perform this intervention
safely. One retrospective study has evaluated
prone positioning in a cohort of burn patients and
found that oxygenation was improved compared
to baseline prior to being positioned prone. No
airway dislodgements were reported though it
should be noted that nearly 60% of the patients
already had tracheostomies [39].

5.4 Neuromuscular Blocking

Agents (“Paralytics”)

Neuromuscular blocking agents (NMBAs) are
sometimes used to paralyze the patient during
severe ARDS to allow more precise delivery of low
tidal volume ventilation and achieve better control
over airway pressures and synchrony with the ven-
tilator. There is no specific evidence to guide the
use of NMBAs in burn patients with ARDS. In
other critically ill patient populations with moder-
ate to severe ARDS (i.e., a PaO,:FiO, ratio <150),
a meta-analysis of data from three RCTs found that
initiation of a 48-h continuous infusion of cisatra-
curium within 3648 h of ARDS diagnosis led to a
significant reduction in 28-day mortality [40].
There does not appear to be any long-term risk of
weakness from neuromyopathy from this interven-
tion [41]. Thus, it is probably reasonable to con-
sider a short course of pharmacological paralysis in
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burn patients early during severe ARDS, to facili-
tate strict adherence to protective low tidal volume
and pressure-limited ventilation.

5.5 Inhaled Vasodilators

When a vasodilator is administered by inhalation,
it selectively increases blood flow to the lung
regions that are being ventilated, thus improving
matching of ventilation and perfusion. The imme-
diate effect is an improvement in oxygenation as
measured by the PaO,:FiO, ratio. The most widely
studied agent is inhaled nitric oxide (iNO). A
meta-analysis of 12 RCTs in adults with ARDS
found that administration of iNO increased oxy-
genation but did not have any important effect on
duration of ventilation or mortality [42]. Burn
patients with ARDS similarly respond to iNO
with an improvement in oxygenation [43], but
there are no large-scale studies from which to
determine any other effects on outcomes.
Currently iNO is used as a “rescue agent” in
patients with severe life-threatening oxygenation
failure. It is usually started at 5 ppm and can be
titrated up to 20 ppm. If no effect is seen after a
short course, the agent is usually stopped. A
newer but less well-studied agent that has similar
effects on oxygenation is inhaled prostacyclin.

5.6 Other Pharmacologic

Interventions

Numerous studies have attempted to alter the
course and outcome of ARDS using a variety of
anti-inflammatory drugs. A detailed review of this
topic is beyond the scope of this chapter. However,
a recent systematic review and meta-analysis of
23 RCTs conducted since 2003 in adults with
ARDS found that the use of late low-dose methyl-
prednisolone, neutrophil elastase inhibitors,
N-acetylcysteine, granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), surfactant, or
intravenous salbutamol had no effect on survival
[40]. Consequently, none of these agents are rec-
ommended in the management of any patient with
ARDS at this time.

5.7  Avoidance of Fluid Overload
While increased capillary permeability in the
lung is a central component of ARDS, increased
hydrostatic pressure can worsen extravascular
lung water. Thus, there has been long-standing
concern during the management of ARDS
patients about avoiding fluid overload, in order
to minimize deleterious hydrostatic forces.
This concept was examined by the ARDS
Network Investigators in a trial involving 1000
ARDS patients that were randomized to either
a conservative fluid strategy (achieving approx-
imately zero net daily fluid balance over
7 days) to a liberal fluid strategy (which
achieved approximately 1 L/day positive fluid
balance over 7 days) [44]. The conservative
strategy led to better oxygenation and less time
on the ventilator, although no significant sur-
vival benefit was identified. A subsequent
meta-analysis of trials that compared fluid-
conservative or “de-resuscitative” approaches
to fluid liberal or “usual care” in ARDS found
that fluid-conservative strategies led to signifi-
cant increases in the number of ventilator-free
days in hospital [45].

Translation of these findings to the burn
patient is particularly difficult. We recognize that
extremely large volumes of resuscitation fluid
may need to be administered to a major burn
patient by 48—72 h. Available studies show that
ARDS onset occurs at a median of 4 days after
burn injury [10, 11]. Hence, in many cases ARDS
may overlap the resuscitation phase. Conservative
fluid management and especially administration
of diuretics have the potential to compromise
burn resuscitation. Furthermore, most major burn
patients have substantial insensible fluid losses
from their wounds. Thus, determination of a
daily fluid balance is inaccurate and often errs on
the side of a falsely positive balance. Thus, appli-
cation of a fluid-conservative strategy in a major
burn patient with ARDS should be considered
very carefully. This is not to say that there is a
role for liberal fluid provision, but rather, strict
attention should be given to providing the least
amount of fluid that achieves adequate organ per-
fusion and function.
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6 Managing the Burn Wound

It is axiomatic that deep partial-thickness and
full-thickness burns should be excised and closed
within 3-5 days of injury. The burn wound itself
may be the inflammatory source that is stimulat-
ing the development of ARDS. In our experience,
the median day of ARDS onset was postburn day
4, and in the majority of cases, the only identifi-
able risk factor for ARDS development was the
burn wound [10]. Therefore, in a major burn
patient, surgical debridement of the wounds
should not be deferred because of respiratory
deterioration related to ARDS. This approach
requires an anesthesiologist that is experienced
and familiar with the intraoperative and periop-
erative care of a critically ill patient with
ARDS. We will sometimes use the patient’s ICU
ventilator in the OR during burn surgery, and we
have gained considerable experience using
HFOV as a temporary intraoperative ventilator
approach in patients with moderate to severe
ARDS [46]. Prone positioning in the OR to
debride the large posterior surfaces is often nec-
essary and does not need to be avoided. This
often actually improves the oxygenation, which
should not be surprising given our current under-
standing of the physiological changes induced by
prone positioning in the ARDS patient.

Conclusions

Burn patients are at risk of developing
ARDS. Approximately 30-40% of mechani-
cally ventilated burn patients develop
ARDS. Most of the approach to ARDS in the
burn patient has been translated from an exten-
sive body of research on ARDS in non-burn
patients conducted over the last two decades.
An important feature of ARDS in the burn
population is that it appears to arise most often
from the burn injury itself, in contrast to criti-
cally ill non-burn patients where ARDS pre-
dominantly arises from pneumonia and sepsis.
Management of ARDS in the burn patient is
largely supportive and includes the use of low
tidal volume and pressure-limited mechanical
ventilation, avoidance of fluid overload, and
treatment of the primary source(s) that may be

“driving” the lung process, including early
excision of the burn wound and control of
infective sources. Severe ARDS may require
further intervention with ventilation in the
prone position, short-term use of pharmaco-
logic paralysis, and inhaled vasodilators. Burn
patients that develop moderate to severe ARDS
are at risk of more prolonged mechanical ven-
tilation and higher mortality.
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Chemical Burns to the Eye

Melvin A. Shiffman

1 Introduction

1.1 Chemical Burns

Chemical burns to the eye are divided into alkali
burns, acid burns, and irritants. Substances with
pH values less than 7 are acids, while numbers
higher than 7 are alkaline; the higher or lower the
number, the more acidic or basic a substance is
and the more damage it can cause.

Alkali burns are more dangerous than acid
burns. Alkalis have a high pH that can penetrate
the surface of the eye and can cause severe injury
to both the external structures like the cornea and
the internal structures like the lens. Common
alkaline substances contain the ammonium
hydroxide, sodium hydroxide, lye (caustic pot-
ash), potassium hydroxide, magnesium, and
lime. Some of the common alkaline substances
include bleach, metal polish, oven cleaner, bak-
ing powder, and oven cleaner. Strong alkalis are
corrosive and can break down the proteins that
make up items such as grease and hair.

Acid burns from chemicals with a low pH
and are usually less severe than alkali burns
because they do not penetrate into the eye as
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readily as alkaline substances. The exception is
a hydrofluoric acid burn, which is as dangerous
as an alkali burn. Acids usually damage only the
very front of the eye; however, they can cause
serious damage to the cornea and also may
result in blindness.

Irritants that have a neutral pH tend to cause
more discomfort to the eye than actual damage.

Recovery from acid and alkali burns depends
on the depth of the injury. The four grades of
burns are:

Grade 1: Should recover fully.

Grade 2: There may be some scarring, but vision
should recover.

Grade 3: Vision will usually be impaired to some
degree.

Grade 4: Damage to vision will likely be severe.

2 Symptoms

Early signs and symptoms of a chemical eye burn
are pain, redness, irritation, tearing, inability to
keep the eye open, blurred vision, sensation of
something in the eye, and swelling of the eyelids.
There can be severe pain, epiphora, and blepha-
rospasm [1]. Blurred vision is a true loss of vision
thatindicates a significant serious burn. Glaucoma
and cataracts can occur but may be delayed by
hours to days.
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3 Medical Treatment
in the Emergency Room

The physician should request the exact substance
that splashed the eye in order to understand the
severity. The immediate therapy is continued
washing of the eye. No standard exists for the
amount of washing required. Usually, least 1 L of
fluid is used. Depending on the type of chemical
involved, the pH of the eye should be determined,
and the washing should continue until the pH
returns to normal. Topical anesthetic eye drops
are used to numb the eye to make washing less
painful.

Any solid foreign material should be wiped or
irrigated away in the eye. An eye examination
using an eye chart should be used to determine
how well the patient can see.

Eyelids are carefully assessed. Fluorescein
may be used to help determine the extent of dam-
age. The degree of limbal, corneal, and conjunc-
tival involvement at the time of injury is critically
associated with prognosis [2]. Until the surface
of the eye heals, it is at a higher risk for an infec-
tion; therefore, topical antibiotics may be used in
the form of eye drops or ointments. Any signifi-
cant burn, especially an alkali or hydrofluoric
acid burn, probably requires admission to the
hospital. For more significant injuries, prolonged
therapy with eye medication may be necessary in
order heal the eye. Topical steroids are used to
reduce inflammation and to facilitate healing
early in the recovery period after a chemical
injury. These medications should be used judi-
ciously under the guidance of an ophthalmolo-
gist, because they can cause long-term
complications, such as infection and glaucoma.
Other medications used to support corneal repair
include topical citrate and ascorbate drops, oral
antibiotics, and vitamin C. If the eye pressure is
too high, glaucoma medications may be used
temporarily to control the pressure. Pain medica-
tions by the mouth may be necessary, and dilat-
ing eye drops are often also used to control pain
and to aid recovery.

4 Surgery

If the eye has been seriously damaged, surgery
may be needed. If the surface of the eye is
severely damaged, limbal stem cells may be dam-
aged and may require replacement to prevent sur-
face scar. Surgery to the eyelids to restore good
eyelid closure to protect the eye may be needed.
If the cornea becomes opaque (or cloudy), a cor-
neal transplant may be required. Cataracts can
occur, and surgery may be needed depending on
the degree of vision loss and whether it affects
quality of life and ability to function. In children
cataracts may need surgery because cataracts can
interfere with the development of normal vision.

Amniotic Membrane
Transplantation

4.1

Amniotic membrane transplantation (AMT) can
be used both as a graft which can provide a base-
ment membrane for epithelialization and/or as a
patch where it acts as a biological bandage con-
tact lens [3-6]. Arora et al. [6] concluded that
“Amniotic membrane transplantation with fresh
amniotic membrane increases patient comfort
and reduces inflammation. In mild burns, AMT
alone restores corneal and conjunctival surfaces.
In moderate to severe burns, it probably reduces
conjunctival scarring sequelae...” However, AMT
does not prevent the limbal stem cell deficiency
aftereffects that may require limbal stem cell
transplantation. In the acute stage, amniotic
membrane transplantation may have a protective
role against progressive melting and perforation.

4.2 Hydrodelamination

Sugita and Kondo [7] used hydrodelamination by
injecting saline solution into the cornea to
enhance identification and removal of the deep
stromal fibers. Because finding an actual cleav-
age plane over the Descemet’s membrane (also
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called DM, posterior elastic lamina, posterior
limiting lamina, lamina elastica posterior, and
membrane of Demours [8]) is difficult, balance
salt solution was injected into the four quadrants
to make the trephined area opaque. A limbal
paracentesis is performed to lower the intraocular
pressure and to decrease the incidence of perfora-
tion during dissection. Then, lamellar dissection
is performed down to the DM. A modification of
this technique has been introduced by Ameyem
and Anwar (2000) [9].

4.3 Layer-by-Layer Manual

Dissection

The basic technique of layer-by-layer manual
dissection is still useful in some cases such as
preexisting corneal perforation, strong stroma to
DM adhesion (e.g., deep stromal scarring), or
inadequate visualization [10]. Partial, 2/3 total
corneal thickness, trephination is performed and
followed by stromal removal using a bevel-up
crescent knife. “Layer-by-layer stromal dissec-
tion and resection is repeated as one approaches
DM. In spite of being effective, this procedure is
technically challenging, time consuming, leaves
a relatively rough surface and has a high rate of
perforation of DM” [10].

Viscoelastic Dissection
Technique

4.4

The cornea is partially trephined to approxi-
mately two-thirds of its thickness, and then ante-
rior stromal resection is performed. Air is
injected into the anterior chamber, and the
remaining stroma is dissected down to the
DM. A small pocket is created, and ophthalmic
viscoelastic device (OVD) is injected into the
pocket to complete the detachment of DM from
the posterior stroma. The procedure of recipient
preparation is completed by excising the overly-
ing stroma [11].

4.5 Corneal Transplantation

Corneal transplantation is performed for visual
rehabilitation of patients with extensive stromal
scarring and variability of corneal thickness and
irregularity. Full-thickness transplants can be
performed successfully, once the limbal stem cell
deficiency has been addressed:

1. Tectonic keratoplasty is the surgical grafting
of corneal material in an area where corneal
tissue has been lost [12].

2. Penetrating keratoplasty is where a full thick-
ness of the cornea is removed and replaced
with donor tissue.

3. Tectonic penetrating keratoplasty is used as
the last resort in burn patients in cases with
severe thinning, large descemetoceles, and
impending or frank corneal perforation.

4. Lamellar keratoplasty has evolved from partial
removal of the corneal stroma to deep anterior
lamellar keratoplasty (DALK), in which cor-
neal stroma is removed down to DM [13].

5. Deep anterior lamellar keratoplasty (DALK)
removes and replaces the pathologic corneal
stroma while preserving host healthy endothe-
lium, which eliminates the risk of endothelial
graft rejection and has a reduced effect on the
endothelial cell count [14-17].

4.6 Air-Assisted Manual Dissection

(Archila’s Technique)

Archila, in 1984 [18], used a technique that is
considered to be the predecessor of other tech-
niques of maximum depth dissection. “After par-
tial thickness trephination, intrastromal air is
injected until the cornea becomes opaque and
then manual deep dissection is carried out down
to the DM, which appears clear using either a
sharp crescent or a blunt spatula. This step can be
repeated as long as microbubbles are visible,
making sure that there is still a layer of stroma
that protects the DM against perforation” [18].
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4.7  Anwar’s Big-Bubble Technique
The big-bubble technique introduced by Anwar
and Teichmann [19] provides a planned, safe,
quick, and consistent exposure of DM by the
injection of air deep into the stroma. The surface
of the DM appears smooth after successful stro-
mal resection. Approximately 80% of the corneal
thickness is trephined, and a small-gauge needle
attached to a 5 mL syringe is inserted into the
deep stroma aiming toward the center of the cor-
nea. Air is gently injected into the deep stroma
until a round, well-demarcated big bubble is
formed extending to the borders of trephination.
After big-bubble formation, debulking of the
anterior two-thirds of the corneal stroma is per-
formed with a crescent blade. This is followed by
a peripheral paracentesis and excision of the
remaining stroma using blunt scissors [13].

4.8 Air-Guided Deep Stromal

Dissection (Melles’ Technique)

Melles et al. [20] introduced a technique of dis-
section in which the anterior chamber aqueous is
completely replaced with an air bubble to gener-
ate a mirror reflection of the spatula inserted into
the stromal pocket allowing determination of the
depth of dissection and locating the DM. A half-
depth scleral incision, 5.0 mm in width, is made
1-2 mm from the limbus at the 12-0’clock surgi-
cal position. A sclerocorneal tunnel is dissected
extending 1.0 mm into the clear cornea. Through
the scleral pocket, a beveled spatula is inserted
and gradually advanced into the deep stroma
until the mirror reflex of the tip of the spatula
narrows to a fine line indicating a corneal depth
of about 95%. The blunt spatula is advanced
beyond the border of the ongoing trephination,
and the air bubble is partially evacuated. The
DM is kept away from the overlying stroma
using an ophthalmic viscoelastic device (OVD)
to displace the posterior corneal layers toward

the iris to avoid damaging these layers during
trephination. The preparation of the recipient
bed is completed by trephination and excision of
the anterior stroma [13].

Conclusions

Chemical burns of the eye and lids are treated
as an emergency with adequate washing to
completely remove the chemical. Examination
should evaluate all aspects of the eye and lids
and attempts be made to identify the
chemical(s) that caused the burn to determine
further treatment.
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Severe Burns: Pathogenesis
and Prevention of Infection

James C. Hurley

1 Introduction

Patients with severe burns are at high risk of
developing infection. They often have prolonged
length of stay in an intensive care unit-type envi-
ronment during which they are at high risk of
acquiring a serious infection. This chapter
focuses on the infections and associated mortal-
ity risk occurring in patients with severe burns
together with a critical review of the scant evi-
dence base of management strategies for their
detection and prevention [1, 2].

2 Pathogenesis

Intact skin is a major barrier to microbial inva-
sion, and its disruption by a severe burn injury
creates a major breech in host defenses (Fig. 1).
Additional to being a physical barrier, the deeper
layers of intact skin form the scaffolding for the
host immune response to microbial invasion.
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These active and passive defensive properties of
the skin are lost to a greater or lesser degree as
part of a burn injury (Fig. 2).

Although the thermal injury itself often has
the effect of sterilizing the burn wound surface,
these surfaces eventually become colonized with
a range of microorganisms. The colonized burn
wound surface becomes a source for potential
infection and sepsis. Sepsis relating to thermal
injuries is believed to account for the majority of
deaths among patients who survive the initial
resuscitation phase.

The origins of the microorganisms which may
contribute to subsequent infection are broadly
classified as endogenous versus exogenous [3].
The endogenous microorganisms arise from the
patient’s own colonizing flora located within the
bowel and also including that which remains
within the skin following the thermal injury [4].
The exogenous flora arises from the patient’s
environment via cross transmission [5].

Additional to the skin damage of a thermal
injury due to flame is the possibility of inhalation
injury [6]. Inhalation injury may be a conse-
quence of direct injury to the lower respiratory
tract consequent to the inhalation of heat and
steam. Compounding this direct lung injury is a
chemical injury resulting in edema and broncho-
ciliary damage which impairs clearance of bacte-
ria. This together with endothelial damage leads
to bacterial colonization with the potential for
bronchopneumonia to develop. Inhalation injury
typically becomes most apparent only in the days
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Fig. 1 A diagram of the structure of the skin and the cor-
responding extent of burn injury. The colored bars on the
right indicate first-degree (red), second-degree (gray), and
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https://commons.wikimedia.org/wiki/File:501_
Structure_of_the_skin.jpg. Accessed 2/9/17
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Fig.2 Diagram of the extent of burn injury In: Burn. https://en.wikipedia.org/wiki/Burn. Accessed 2/9/17

after admission to hospital. The exact frequency
of occurrence of inhalation injury is uncertain
due to the lack of uniform defining criteria in
many of the studies. However, it can be expected
to be a common complication of burn injuries
with a higher total body surface area injured and
those requiring intensive care unit admission [6,
7]. The presence of inhalation injury is a risk fac-
tor for increased mortality [8, 9].

3 Prognosis

There are also a range of factors which increase the
risk of fatal outcome in patients with severe burns.
There are three principle risk factors identified for
a fatal outcome being age over 60 years, total burn
surface area (TBSA) over 40%, and the presence of
inhalation injury [10]. The chart used to estimate
the extent of burn injury is shown in Fig. 3.
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Estimating Percent Total Body Surface Area in Children Affected by Burns
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a—"2 of head 9% 8% 6% 5% 4%
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c—Y of 1 lower leg 2V 2 2% 3 3%

Fig. 3 Estimation of total body surface area (TBSA) of burn injury in children. In: Burns (injury) Wikipedia. https://

simple.wikipedia.org/wiki/Burn_(injury). Accessed 2/9/17

The mortality risk of severe burn injuries is
closely related to the total burn surface area
(Fig. 4) [11-16]. Moreover, the length of hospital
stay is similarly related. Each 1% increase in
total burn surface area greater than 20% corre-
sponds to an increase in hospital length of stay by
approximately 1 extra day [12].

In a systematic review of over 180,000 burn
injuries among 76 reports originating from
European burn centers, a range of variables that
might be associated with poor outcome were
examined [7]. This mortality range noted in this
review among these burn-injured patients, for
which most but not all were hospitalized, was
1.4% and 18%. Of note, the most common cause
of early mortality, being at less than 48 h after
burn injury, was shock and inhalation injury. Late

deaths after burn injury were commonly due to
multi-organ failure in two thirds and respiratory
complications in up to one third of deaths in these
reports. However, the exact frequency of some of
these complications is confounded by the uncer-
tain prevalence of underlying premorbid condi-
tions such as preexisting pulmonary disease due
to smoking and age over 60 years.

Overall mortality appears to have fallen over the
last four decades prior to 2016 [7, 14]. In some burn
centers, the mortality has fallen by as much as a half
[17, 18]. The exact reasons for the decline in mortal-
ity are not clear, but one possible factor is the decline
in burn total body surface area injured among those
requiring hospital admission. Another factor is the
improvements in the care of patients with severe
burns. A recent meta-analysis of six studies of early
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Fig. 4 Relationship between mortality proportion (note
logit scale) and total burn surface area (TBSA) among
adult patients (age >15 years) in six published studies;
Tredget et al. 1990, Canada [11]; Ryan et al. 1998, USA

excision of burns demonstrated that this practice is
beneficial in reducing mortality and length of
hospital stay [19]. The one possible detrimental
consequence is the greater volume of blood loss and
potential need for blood products. A recent multi-
center study of blood transfusion use in patients
with severe burns has demonstrated that the number
of infections per patient increased with each unit of
blood transfused (odds ratio, 1.13; p < 0.001; [20]).

4 Microbiology

The organisms responsible for infections in patients
with severe burns have changed over the years [21—
31]. In the pre-antibiotic era, Streptococci were a
common cause of infection arising from burn
wounds. In more recent times, infections due
to Pseudomonas and Staphylococci are common.
Most recently the USA300 strain of MRSA has
emerged sporadically [26]. Inparticular, Pseudomonas

TBSA

[12]; Barret et al. 1998, Spain [13], Muller et al. 2001,
Australia [14]; Jie et al. 2003, China [15] and Blot et al.
2008, Brussels [16]. The study populations ranged in size
from 1705 to 5321 burns patients

aeruginosa has remained not only one of the com-
monest isolates among burns patients with bactere-
mia in the past 50 years but also has maintained a
high associated mortality proportion [27]. Fungal
infection occurs in patients with extended length of
stay following severe burns and is associated with
increased mortality [28-30]. The relationship
between type of isolate and mortality risk is not
simple and is discussed further below.

The diagnosis of infection complicating burn
injury and the identification of the pathogenic
microorganisms responsible for the infection are
not simple [31]. The current “gold standard” for
proving the presence and type of infection is a
quantitative culture of a tissue biopsy together
with a histological verification of the presence of
microbial invasion [32-34]. This is of particular
importance for difficult-to-treat infections such
as fungal infections [35].

Unfortunately, quantitative tissue culture is not
convenient enough to be routine, and surface
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swabs are frequently employed as type of surro-
gate marker. The reliability of surface swabs is
uncertain, and comparative studies are difficult to
interpret [33]. What studies are available indicates
the potential for major discrepancies between sur-
face swabs and tissue biopsy cultures with respect
to both the type and the quantity of microorgan-
isms. Also, the results of sequential swabs and
biopsies may not agree over time. Moreover, a
surface swab will not be able to indicate the pres-
ence or not of a concomitant inflammatory pro-
cess to indicate the presence of an infection.

The exact rankings of microorganisms that
occur vary in relation to the site of infection and
the time since the burn injury [22]. Also, some
bacteria acquired in the intensive care unit, such
as Acinetobacter [36], are known to have regional
variations in their incidence worldwide [37]. The
exact prognostic significance of specific isolates
may be difficult to determine given the vagaries
in burn wound microbiology.

5 Epidemiology and Patient
Risk Factors

The question arises as to the extent to which the
presence of infection impacts on the mortality risk.
This is most relevant in relation to bloodstream

infections [38-44]. This is a question of great
interest as it infers a preventable mortality fraction
if only these infections could be prevented. A sim-
plistic comparison of the mortality of those with
bacteremia versus without, for example, would
suggest that the mortality is higher versus those
with bacteremia (Table 1) (Fig. 5). However, this
simplistic comparison overlooks any factors which
contributed both to the risk of bacteremia and also
likely to the higher risk of mortality and hence
confounds the analysis [40-46].

This question has importance beyond those
with severe burn injuries, and the question has
arisen in the context of the population of inten-
sive care unit patients generally. It is an intrigu-
ing question given that only the minority of ICU
patients with sepsis have a bloodstream infection
detected, even among those with a fatal outcome.
How much the detection of bacteremia influences
the outcome of sepsis has been closely investi-
gated in relation to Gram-negative bacteremias
among the population of ICU patients in general,
not limited to patients with severe burns. The
answer is surprisingly elusive [46-52].

Outside of the context of burn-related infec-
tions, there is no doubt that severe bacteremic
infections with pathogenic Gram-negative bacte-
ria, for example, occurring in an outbreak setting
in previously health people, as, for example, with

Table 1 Mortality of patients with severe burns injury and bacteremia

Author (year) Ref. Bacteremia®
Sittig et al. (1988) [42] Bacteremia
Sittig et al. (1988) [42] Bacteremia
Sittig et al. (1988) [42] Bacteremia
Sittig et al. (1988) [42] Bacteremia
Sittig et al. (1988) [42] Bacteremia
Brusselaers et al. (2010) [39] Bacteremia
Brusselaers et al. (2010) [39] No bacteremia
Appelgren et al. (2002) [38] Bacteremia
Appelgren et al. (2002) [38] No bacteremia
Mabhar et al. (2010) [41] Pseudomonas
Mabhar et al. (2010) [41] Gram negative
Ceniceros et al. (2015) [40] Bacteremia

TBSA Patients Mortality
(%) () ) (%)
10 16 0 0
30 19 3 16
50 20 3 15
70 25 6 36
90 13 11 85
41 76 9 12
29 103 18 17
25 22 6 27
5 208 7 3
42 8 3 38
49 35 4 11
40 73 18 25

“Bacteremia: In all studies except [41], the bacteremia included both Gram-negative and Gram-positive bacteremias. In
[41] the outcome for patients with Pseudomonas aeruginosa, bacteremias were compared to those with non-

Pseudomonas Gram-negative bacteremias
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Fig. 5 Relationship between mortality proportion and
95% confidence intervals (note logit scale) and total burn
surface area (TBSA) among adult patients (age >15 years)
with bacteremia in published studies; Sittig et al. 1988
(continuous red line) [42]; Brusselaers et al. 2010 [39];

Neisseria meningitidis, have high attributable
mortality. Indeed even community-acquired GN
bacteremias, of which 90% are Enterobacteriaceae,
are associated with an adjusted RR of 1.5 (1.2—
2.0) for mortality versus patients with negative
blood cultures [53].

In contrast to previously healthy people, in the
context of ICU-related infections including burn-
related infections, the impact of acquisition of an
opportunistic infection on mortality risk is depen-
dent on underlying comorbidities. In attempting
to estimate the attributable mortality associated
with GN bacteremia among ICU patients in gen-
eral, there are at least three interrelated factors to
consider. These factors are the source of the GN
bacteremia, the type of the Gram-negative bacte-
remia, and the method of statistical adjustment in
matching for severity of underlying patient ill-
ness in deriving the estimate.

45 60 75

TBSA

Mahar et al. 2010 [41]; Applegren et al. 2002 [38];
Ceniceros et al. 2015 (all red unconnected symbols) [40]
and patients without bacteremia (blue symbols) [38, 39] as
in Table 1. The relationship observed among six studies
represented in Fig. 4 is presented for reference (gray lines)

5.1 Source of the Gram-Negative

Bacteremia

The site of origin of the GN bacteremia is an
important prognostic determinant for the general
population of ICU patients. A urinary tract site of
origin is generally regarded as being of better
prognosis than a non-urinary tract site of origin
[54-56]. On the other hand, the prognosis is
much worse for bacteremia for which the site of
origin is pneumonia acquired in the intensive
care unit. In a meta-analysis [57] of five studies
of patients with ICU-acquired pneumonia and in
particular ventilator-associated pneumonia, the
presence of bacteremia (not necessarily Gram
negative) is associated with an increased risk of
mortality with an OR of 2.07 (95% CI 1.16-3.7)
[58-60]. However, this question remains open as
other large studies of pneumonia acquired in the
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intensive care unit (and not all included in the
meta-analysis [57]) either have [61, 62] or have
not [63, 64] been able to demonstrate a signifi-
cant increased risk of mortality associated with
the presence of bacteremia.

For the patient with severe burn injuries, the
burn injury will serve as an additional potential
source of infection, especially following burn
injury manipulation [65]. This leads to consider-
ations of early excision and skin grafting in the
first week following the burn injury as a method
for source control [66, 67]. This early interven-
tion is regarded as the major advance in the treat-
ment of patients with severe thermal injuries and
the prevention of infection complications.

5.2 The Type of the Gram-

Negative Bacteremia

Among critically ill patients with nosocomially
acquired Gram-negative bacteremias including
either E. coli [68], Klebsiella [69], Acinetobacter
baumannii [70] and Pseudomonas, and other
bacteremias [71-73], the difference in mortality
between bacteremic case patients and matched
controls (i.e., attributable mortality) is commonly
less than 15% points. Polymicrobial bacteremias
have a higher mortality risk. Other factors addi-
tional to the site of origin likely confound the
mortality risk associated with different types of
GN bacteremia.

The difficulty in attributing mortality risk to bac-
teremia can be illustrated by contrasting recent
French [74] and Korean [75] studies of ICU
patients. A multivariate analysis of risk factors for
death among a cohort of 832 bacteremic patients
with sepsis from a survey of 24 French hospitals
revealed that five factors were found to be indepen-
dently associated with an increased or decreased
risk of death. The factors associated with increased
risk of death include age, underlying patient illness
severity, presence of severe sepsis or shock, whereas
the factors associated with a decreased risk were a
urinary tract source of infection and the type of bac-
teremia (Gram negative versus non- Gram nega-
tive) [75]. By contrast, a multivariate analysis of
risk factors for death among 2286 bacteremic

patients with sepsis from a survey of 18 Korean
hospitals found that pathogens other than E. coli
were associated with an increased risk of death after
adjusting for illness severity and respiratory site of
infection [75]. However, confounding the compari-
son of these cohorts, Klebsiella and Pseudomonas
bacteremias were more common among the Korean
cohort than the French cohort [74].

The Method of Statistical
Adjustment

53

The execution and interpretation of studies that
attempt to estimate attributable mortality associ-
ated with bacteremia or any other documented
infection are not simple [47, 48, 76, 77]. There are
two main methods to control for severity of under-
lying illness in attempting to define attributable
mortality. The first is “control by design” such as
a simple case-control-type study design [76]. This
method is not commonly used however as con-
trolling for disease severity is difficult to achieve
given the large number of potential confounding
factors for which matching is sought. The alter-
nate approach to matching is “control by analy-
sis” in which the severity of underlying illness is
estimated and scored for each patient to produce a
risk score. This score then serves as a basis to
match case and control group patients for severity
of illness [62, 77]. In the analysis of attributable
risk, the method of risk factor adjustment is cru-
cial to the estimates obtained, and there are at
least five difficulties with this approach:

1. The most relevant severity score to choose
may be conjectural.

2. The development of a risk score is not simple,
and factors that determine its suitability may
be unique to the population at hand. An impor-
tant consideration is whether allowance was
made for interaction effects in the develop-
ment of any risk score.

3. The problematic choice of timing at which the
severity score is made in relation to the pres-
ence of the documented infection of interest.

4. Of all the important factors that need to be
controlled to obtain an unbiased estimate, not
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all will be known for all patients. For exam-
ple, the site of origin of the bacteremic infec-
tion may not be clear.

5. There may be additional factors that are pre-
sumably influential but remain as yet unknown.
For example, the timing of administration and
appropriateness of antibiotic therapy has
emerged in more recent studies as additional
significant factors but has infrequently been
recorded in earlier studies [69—-80].

In relation to the patient group with severe burn
injuries, the mortality attributable risk associated
with the detection of bacteremia remains some-
what unresolved. Mason et al. (1986) [25] investi-
gated the mortality among 5877 patients admitted
to a burn unit over a period of 25 years of whom
1481 had one or more positive blood cultures. They
found the mortality was significantly increased by
as much as 50% versus expected among those with
a bacteremia due to either Pseudomonas, a yeast,
or another Gram-negative but not in association
with a Gram-positive bacteremia.

On the other hand, Brusselaers [39, 81]
examined the impact of the detection of blood-
stream infection on mortality using a logistic
regression to assess the impact of various fac-
tors among patients matched on the Belgian
Outcome in Burn Injury (BOBI) score with and
without a bloodstream infection. The BOBI is a
10-point classification based on three major risk
factors: age, TBSA, and inhalation injury. Age
is divided into four risk categories (0-3 points)
and TBSA into five risk categories (0—4 points),
and the presence of inhalation injury is scored
as three additional points. These investigators
were careful in selecting a control group of
patients without bloodstream infection blind to
the patient outcome. Also, nonexposed patients
were required to have a time to discharge at
least equal to the time to event in the corre-
sponding exposed patient. The findings from
this study was that while age and TBSA
remained significant predictors of mortality in
the logistic regression model, surprisingly the
detection of a bloodstream infection was not a
significant predictor. This would imply that
there was little to gain by preventing bacteremia

in patients with severe burn injuries.In the con-
text of burn-related infections and bacteremic
ICU-acquired infections generally, there is, how-
ever, a different overall perspective from which
to view the question of the mortality attributable
to the bacteremia versus that due to the underly-
ing illness in the context of burn-related infec-
tions and bacteremic ICU-acquired infections
[82, 83]. Viewing this from an alternative per-
spective, among patients with systemic inflam-
matory response syndrome (SIRS), the morbidity
and mortality are similar whether or not the SIRS
is associated with documented infection, being a
documented GN infection or another type of
infection [49, 84]. This raises the presumption
that for the patient group with SIRS without a
documented infection, there is a missing media-
tor (or mediators) which accounts for the similar
prognosis for those with, versus those without, a
documented infection. Endotoxin and endotox-
emia have long been suspected as having this
role. However, the evidence for these “missing
mediators” being endotoxemia is better estab-
lished for pathogenic Neisseria meningitides than
is the case for infection with opportunistic GN
bacteria acquired in the ICU [85].In this regard,
the role of endotoxemia in the patient with
severe sepsis has long been the subject of specu-
lation not only in the context of the patient with
severe burns [85-88] but also in relation to
severe sepsis generally [85, 87]. There is a the-
ory that endotoxin originates from the intestinal
tract of patients with severe burn injuries [88].
Endotoxin is measurable in plasma of patients
with severe burn injury [89], and the levels are
higher in those with larger [90] and more severe
[91, 92] burns and reduced by burn excision
[93]. This has led to a range of efforts to control
endotoxin levels in blood of patients with severe
burn injuries, but the results are mixed [94, 95].

6 Infection Diagnosis

The diagnosis of infection in a patient with severe
burns relies on local and systemic features, and
there are several local features that might be
detected at the site of a burn to suggest the presence
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of an infection. These features include the appear-
ance of pain, edema, and swelling occurring in all
or part of the burn. There may also be malodor,
discoloration, and pain to raise the suspicion of
non-viability. Moreover, the adjacent non-injured
skin may demonstrate the conventional signs of
infection such as pain or tenderness, warmth, ery-
thema, and swelling.

However, the diagnosis of infection in a
patient with severe burns using the systemic fea-
tures is difficult for several reasons [84]. Many of
the indicators to the presence of an infection in
patients without burns are less reliable in the
patient with severe burns. For example, leukocy-
tosis is commonly used in a range of settings as
an indicator of infection, but in the patient with
severe burns, the burn injury itself often will
cause an elevation in the white cell count, and
hence the detection of an elevated white cell
count will have reduced specificity for an infec-
tion in this context.

Other markers have been used such as procal-
citonin and other serum markers to assist in diag-
nosis [96-98], although not all have found this
marker to be useful [99]. The challenge with
these serum markers is to determine breakpoint
values that are discriminatory between true sep-
sis and the nonspecific burn injury. A recent
meta-analysis of nine studies of procalcitonin
used as a diagnostic marker for burn wound-
related sepsis [96] found that the pooled sensitiv-
ity and specificity were 0.74 and 0.88,
respectively. However, the cutoff values used in
the individual studies varied almost tenfold.
Ideally these types of meta-analysis require mul-
tilevel techniques to derive summary estimates
across disparate studies [100].

7 Infection Prevention

7.1 General

The prevention of infections in patients with
severe burns is challenging. There are a range of
strategies to prevent the development of infection
in patients admitted to intensive care units in gen-
eral. Many of these strategies also apply to

patients with severe burns. Such methods include
the care with placement and stewardship of inva-
sive devices but with particular attention to cen-
tral venous and other vascular access devices
[101, 102].

As in ICU patients in general, the risk of bac-
teremia and other device-related infections is
proportional to the number of lines and moreover
to the number of device days. In one study,
changing central venous lines every third rather
than every fourth day leads to a reduction in fre-
quency of bacteremia in patients with severe burn
injury [102]. Another study examined the effect
of substituting standard central venous catheters
at day 3 with antibiotic-impregnated peripherally
inserted central catheter (PICC) lines in patients
admitted to a regional burn center. The compari-
son group was the 30 consecutive patients in a
historical group that had received a standard
PICC line. While the reduction in bacteremia
between the study versus the control group
appears to be impressive (0/19 vs. 15/30), the
interpretation of this result is problematic for
three reasons. Firstly, it is a somewhat small and
non-randomized study, and the control group had
a higher TBSA (31.1 vs. 18.3%, respectively).
Moreover, there was no mortality in either group.
Secondly, the study does not state how the blood
cultures were obtained in this study and if they
had been obtained through the PICC line that
could have suppressed microbial growth in the
blood culture sample. Finally, a standard practice
in these types of studies is to adjust for time at
risk by using the number of days of device use as
the denominator, and this data was not available
for this study [101].

Patients with severe burns are at high risk of
acquiring colonizing bacteria from the environ-
ment including mattresses and hospital equip-
ment such as hydrotherapy equipment [5, 103].

One of the largest studies of the patients’ hos-
pital environment and the incidence of bactere-
mia among patients with burns greater than 20%
TBSA was undertaken at The US Army Institute
of Surgical Research Burn Center [44]. The bac-
teremias and outcome of 1605 patients admitted
to the burn center in the 10 years of an open ward
(1974-1983) were compared to the subsequent
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10 years (1984-1994) during which all 914
patients were admitted to a single-bed isolation
environment. The mean age (31.1 years vs.
32.2 years, respectively), the mean TBSA (47.5
vs. 42.8%, respectively), and the management
policies were similar in the two periods.

They observed a small reduction in the inci-
dence of Gram-positive bacteremias (218/1605,
13.6 vs. 117/914, 12.8%, respectively) and also
candidemia (107/1605, 6.7 vs. 49/914, 5.4%,
respectively). However, there was a substantial
reduction in not only Gram-negative bacteremias
overall (500/1605, 31, vs. 110/914, 12%, respec-
tively), and a reduction in problematic Gram-
negative bacteremias such as Pseudomonas (268
vs. 31, respectively) and Klebsiella pneumoniae
(193 vs. 37, respectively), but moreover, there
was a reduction in the observed to predicted
mortality ratio that was particularly apparent
among those with a Gram-negative bacteremia
(1.61 vs. 0.87, respectively). While the length of
burn unit stay for these patients was not stated,
the reductions for Gram-negative bacteremias
are impressive and were attributed to more effec-
tive infection control implementation in the era
of single-bed isolation [44].

However, the interpretation of these histori-
cally controlled studies is problematic. It is dif-
ficult to be certain the extent to which any
improvement in infection prevention is related to
changes in infection control practices or shorter
length of stay in the ICU and how much may be
due to burn wound management such as the
widespread practice of early burn wound exci-
sion and possible grafting.

7.2 Antibiotic Prophylaxis

There have been a number of studies of various
types of antibiotic prophylaxis to prevent infec-
tion in patients with severe burns either as periop-
erative administration given at the time of surgical
debridement or administration given while the
patient is at risk in the burn intensive care unit.
The evidence for each strategy is limited, and the
issue of antibiotic prophylaxis is controversial. In
part this is due to the fact that the studies that

have examined this question have used a range of
patient inclusion criteria, antibiotic interventions,
prophylaxis strategies, and end point definitions
[104-115].

The two largest and most comprehensive sys-
tematic reviews of the evidence base for antibi-
otic prophylaxis in the burn patient group
examined antibiotic prophylaxis in three broad
context: as perioperative prophylaxis, as topical
use on the wound, and as topical and systemic
use given for the duration of time at risk in the
burn unit. The two systematic reviews reached
contrary findings [114, 115].

The first [114] reviewed 17 trials obtained
after a systematic search of the literature for stud-
ies of antibiotic prophylaxis given to patients
with severe burns. The second systematic review
was a Cochrane review which was published in
2013 [115]. This systematic review used slightly
wider literature search criteria and found 36 stud-
ies of interest published between 1968 and 2010.

With respect to perioperative prophylaxis, the
first systematic review found that there was a
reduction in wound infections, particularly those
due to Staphylococcus aureus infection or coloni-
zation in association with the use of antistaphylo-
coccal antibiotics. However, the Cochrane review
found no evidence that perioperative prophylaxis
influenced any of the primary or secondary out-
comes of interest.

With respect to topical use on the wound, the
two systematic reviews were largely in agree-
ment. The first systematic review found no evi-
dence of benefit in using topical antibiotic applied
to the wound. The second systematic review con-
curred in that there was no evidence that the use
of prophylactic, topical antibiotics versus other
topical preparations, dressings, placebo, or no
treatment reduced the risk of burn wound infec-
tion, invasive infections, or mortality.

The activity of topical silver-containing com-
pounds in the prevention of burn injury infections
has been of interest for many years as there is no
doubt that the heavy metals have antibacterial
effects that can be demonstrated in vitro [116].
However, these systemic reviews found that there
may even be an increased risk of burn wound
infection associated with the use of topical silver
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sulfadiazine (SSD) than those treated with more
simple dressings (11 RCTs studied) [115]. The
use of topical silver for preventing wound infec-
tion is the specific subject of further systematic
reviews [117-119].

With respect to antibiotic prophylaxis given
for the duration of time at risk in the burn unit,
the two systematic reviews reached substantially
contrary findings. The first systematic review
found that when given for up to 14 days after
admission (in five trials), there appeared to be a
near halving in mortality (risk ratio 0.54, 95%
confidence interval 0.34-0.87) (Fig. 3) [114].
The beneficial effect of systemic prophylaxis
appeared to be due to a reduction in pneumonia
(three studies).

On the other hand, the Cochrane review found
that systemic antibiotic prophylaxis given for the
duration of time at risk in the burn unit did not
impact on mortality risk and was generally of no
value (risk ratio 0.41:0.17-1.02) (2.8 of 117).
There was the possibility that the incidence of
pneumonia was reduced in one small study hav-
ing only 40 patients who required mechanical
ventilation in a burn unit [110].

The reason why these two systematic reviews
appear to disagree on the overall summary find-
ings is that the summary effect size derived was
unstable in each review given the small number
of studies. One of the five studies [107] con-
tains over 100 of the 272 patients that consti-
tuted the evidence base for this end point and
was particularly influential, as it constitutes as
much as 41% of the weight in the summary
effect. This single study achieved an apparent
reduction in mortality of (risk ratio) 0.34:0.13—
0.87 in association with the use of a combined
intervention with topical antibiotics applied to
the upper airway and, also parenterally, an
intervention termed selective digestive decon-
tamination (SDD). In both systematic reviews,
this study is unique for several reasons. This
study has a significant mortality reduction, it
was one of the largest, it was conducted in a
burn injury population for which the majority
required mechanical ventilation, it was ran-
domized, and it was placebo blinded through
the use of a topical placebo.

The two reviews classified this large and influ-
ential study undertaken in burn-injured patients
[107] differently due to the SDD intervention
being a combined regimen of both systemic and
parenteral antibiotics, and consequently the two
reviews derived substantially different summary
effect sizes in relation to the routine use of sys-
temic antibiotic prophylaxis.

The two systematic reviews were in substan-
tial agreement on two other findings. Both found
studies for which there was evidence for increase
in resistance to the antibiotics used for prophy-
laxis. In three trials, resistance to the antibiotic
used for prophylaxis significantly increased (rate
ratio 2.84:1.38-5.83).

Moreover, both systematic reviews found that
the overall methodological quality of the trials
was poor. Many of the studies had a high or
uncertain risk of bias, and the amount of evidence
overall was scant. Both systematic reviews
appealed for further high-quality evidence before
definitive treatment commendations regarding
antibiotic prophylaxis can be made. They con-
curred that with this paucity of evidence, there
was a need for large, well-designed, and robustly
analyzed randomized controlled trials to address
this issue.

In an attempt to progress the question of use
of systemic antibiotic prophylaxis in the patient
with severe burns, a Japanese group undertook
an analysis of a nationwide database of 2893
patients admitted to 583 hospitals over the
period July 2010 to March 2013 using 28-day
all-cause mortality as the end point [104]. The
antibiotic prophylaxis used was either a first-
generation cephalosporin or ampicillin/sulbac-
tam typically given for periods of up to 7 days.
In this study, the subgroups that either did (692
patients) or did not (2201 patients) require
mechanical ventilation were separately exam-
ined. This makes it by far the largest study of
antibiotic prophylaxis in patients with severe
burns. The likelihood that any individual
patient received prophylactic antibiotics was
scored. This propensity score was used as the
basis for matching groups of patients that did
versus did not receive antibiotic prophylaxis
within each subgroup.
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Tagami et al. [104] reported that prophylaxis
with up to 7 days of parenteral antibiotic was
associated with an impressive 10% point reduc-
tion in mortality but that this difference was
apparent only for the patient group receiving
mechanical ventilation. In this subgroup, the
mortality proportions were 38.3% receiving pro-
phylaxis versus 48.6% in those not treated. The
substantially larger group of patients in the data-
base not receiving mechanical ventilation showed
no significant difference in mortality (5.8 vs. 7%
for prophylaxis vs. control, respectively).

However, the mortality rate in the control
group appears to be approximately 10% higher
than comparable studies in the literature includ-
ing two large studies of Japanese burn injury
patients with inhalation injury [9, 17]. Each of
these studies [9, 17] has over 1500 patients. The
apparently impressive results of Tagami et al.
[104] warrant closer scrutiny as the higher con-
trol group mortality rate is unexplained. The next
four paragraphs here expand on a previously pub-
lished critique [120] of this study [104].

The findings of Tagami et al. [104] resemble
the promising findings from a range of methods
for preventing ventilator-associated pneumonia
(VAP) among the general population of mechan-
ically ventilated ICU patients using a preventa-
tive strategy of topical antibiotics applied to the
oropharynx of these patients. This strategy is
selective antibiotic decontamination (SDD),
which, in several studies and meta-analyses,
appears to show a mortality benefit of 10%
points [121] as is the case for the two studies
that examined SDD in a population of burn-
injured patients [106, 107].

However, a closer scrutiny of over 40 studies
of SDD in the general population of high-risk
ICU patients reveals that the median rates for
candida in the respiratory tract [122], candidemia
[123], VAP [124, 125], and even bacteremia
[126] among the concurrent control groups from
studies of SDD are surprisingly and inexplicably
high. These rates among the control groups of the
SDD studies are higher than that among nine
other categories of control and intervention

groups for studies of methods for VAP prevention
not involving topical antibiotic use. The apparent
effect of SDD on the event rates in these studies
[122—-126] requires a cautious interpretation as
contextual mediations within these concurrent
controlled studies cannot be excluded. Contextual
effects cannot be observed in any single study
examined in isolation and can only be seen in a
comparison of observed rates within a study to an
external benchmark.

In this regard, the broader evidence base for
methods of preventing infection for patients with
severe burn injuries receiving mechanical venti-
lation is summarized in Table 2 and Fig. 7 with
attention not only to the summary effect but also
to the mortality proportions in the component
(control and intervention) groups of the studies.
The data summary includes the two studies of
antibiotic prophylaxis [107, 110] that were highly
influential in the two systematic reviews above
[114, 115] in addition to the study by Tagami
et al. [104]. For external comparison are three
studies of prevention methods other than
antibiotics [127-129].Also provided are several
nonconcurrent controlled and observational stud-
ies that provide comparative mortality data for
the patient group with severe burn injury
receiving mechanical ventilation [130-136] that
provide a benchmark mortality incidence to serve
as a reference (Table 2).

When the treatment effect is examined by a
conventional meta-analysis technique (Fig. 6),
there appears to be an approximately 50% reduc-
tion in mortality both for the summary effect
derived from the studies of antibiotic methods
and also for that derived from the studies of non-
antibiotic methods of infection prevention. Of
note in Fig. 6 is that the summary effect size on
mortality prevention for these three studies of
antibiotic methods is similar to that seen in each
of the systematic reviews [114, 115]. The data
shown in Fig. 7 provides the benchmark refer-
ence derived from the observational study groups
to enable an external comparison of the mortality
proportion derived from the component (i.e.,
control and intervention) groups of these studies
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Table 2 Mortality for groups of patients with severe burn injury receiving mechanical ventilation
Author (year) Ref. Interventions® Mechanical ventilation ~ Patients ~ Mortality
(%) () () (%)
Groups of observational and nonconcurrent studies
Brusselaers et al. (2012) [6] Nil 100 53 9 17
Cioffi et al. (1991) [130] Nil 100 54 10 19
Czaparan et al. (2015) [131] Nil 100 90 19 21
Fitzwater et al. (2003) [82] Nil 100 47 18 38
Lipovy et al. (2011) [134] Nil 100 127 18 14
Rue et al. (1993) [135] Nil 100 330 97 29
Tanizaki et al. (2012) [136] Nil 100 52 8 15
Hall et al. (2007) [132] HFPV 100 92 26 28
Hall et al. (2007) [132] CMV 100 130 56 43
Miller et al. (2009) [133] Heparin and NAC 100 16 1 6
Miller et al. (2009) [133] Nil 100 14 6 43
Nonantibiotic prevention methods
Control groups of concurrent controlled trials
Chung et al. (2010) [129] CMV 100 31 6 19
Garrel et al. 2003 [128] Control feeds 100 19 8 42
Reper et al. (2002) [129] CMV 100 18 4 22
Nonantibiotic prevention methods
Intervention groups of concurrent controlled trials
Chung et al. (2010) [129] HFPV 100 31 6 19
Garrel et al. (2003) [128] Enteral glutamine 100 16 0 0
Reper et al. (2002) [129] HFPV 100 17 3 18
Antibiotic prevention methods
Control groups of concurrent controlled trials
De le Cal et al. (2005) [107] Placebo 80 54 15 28
Kimura et al. (1998) [110] Placebo 100 19 7 37
Tagami et al. (2016) [104] Nil 100 280 136 49
Antibiotic prevention methods
Intervention groups of concurrent controlled trials
De le Cal et al. (2005) [107] SDD 75 53 5 9
Kimura et al. (1998) [110] TMP-SMX 100 21 4 19
Tagami et al. (2016) [104] Iv Amp or Ceph 100 412 158 38

*HFPV high-frequency percussive ventilation; CMV conventional mechanical ventilation; Heparin and NAC interven-
tion with nebulized heparin and N-acetyl-cysteine; SDD selective digestive decontamination; TMP-SMX trimethoprim-
sulfamethoxazole; Iv Amp or Ceph intravenous ampicillin/sulbactam of a first-generation cephalosporin

versus from studies of comparable patients in the
literature. In this comparison, two observations
from the summary mortality proportion derived
from the component groups emerge. The studies
of antibiotic methods have control group mortal-
ity proportions that are approximately 10%
higher versus both the control groups of the stud-
ies of nonantibiotic methods and benchmark ref-
erence derived from other studies (Fig. 7). By

contrast, the mortality proportion for the control
groups of the studies of nonantibiotic methods of
infection prevention and, somewhat surprisingly,
the corresponding intervention groups from the
studies of antibiotic methods are all closer to the
externally derived benchmark.

Hence, the summary effect size derived here
for the three studies of antibiotic methods, being
an apparent reduction (Fig. 6), is not so simple to
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Prevention methods

Author Year

Non-antibiotic intervention

Garrel 2003
Reper 2002
Chung 2010

Subtotal (I-squared = 52.7%, p = 0.121)

Antibiotic intervention

de le Cal_Ab 2005
Kimura_Ab 1998
Tagami_antibiotic 2016

Subtotal (I-squared = 25.0%, p = 0.264)

Overall (l-squared = 24.3%, p = 0.252)

Vv

OMM

T
.01

.03 A .3 1 3

favours intervention favours control

Fig. 6 Effect sizes for nonantibiotic- and antibiotic-
based interventions for the prevention of mortality in six
randomized controlled trials among patients with severe
burn injuries for which the majority received mechanical
ventilation. The size of the blocks is proportional to study

interpret (Fig. 7). An alternate interpretation is
that the apparent reduction is attributable to a
higher control group event rate rather than a
lower intervention group rate. This interpretation
is as with the overall evidence base of studies of
the methods for VAP prevention such as SDD
which involves topical antibiotic use [125]. The
findings there also are consistent with a contex-
tual effect leading to higher VAP, bacteremia, and
candidemia rates within concurrent controlled
studies of SDD. In those studies, the contextual
effect is presumably a consequence of a change
in the microbiome of the ICU resulting from the
use of topical antibiotics in the intervention group
patients. This presumably alters the risk of
acquiring infection in the control group patients.
This phenomenon where the patients not receiv-
ing antibiotics are placed at higher risk has been

size, the whiskers represent the summary specific 95%
confidence intervals, and the diamonds represent the sum-
mary 95% confidence intervals. The overall effect for all
six studies is represented by the vertical broken line

termed “herd peril” and is in contradistinction to
“herd protection” where the minority of a popu-
lation not receiving a vaccine is at placed at lower
risk and is protected by the majority of the popu-
lation receiving the vaccine [125].

The French Burn Society (Société Francaise
d’Etude et de Traitement des Briilures (SFETB))
formulated evidence-based guidelines for anti-
biotic use in patients with severe burns [137].
Their recommendation was for no antibiotics
without proven infection. More specifically in
relation to prophylaxis, they recommended that
antibiotic prophylaxis be used in patients need-
ing invasive surgery (excisions, flaps, etc.) but
not in dressing changes. These guidelines also
note that the patient with severe burns will often
have profoundly altered physiological parame-
ters that affect the pharmacokinetics of most
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Burns patients receiving MV

Author

observational
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Fig. 7 Caterpillar plot of group-specific (small dia-
monds) and summary (large open diamonds) mortality
proportions and 95% confidence intervals for groups from
studies of patients with burn injury of patients receiving
mechanical ventilation (MV) from studies as in Fig. 6.
The center line represents the summary mortality inci-
dence derived from 11 additional groups from observa-
tional and nonconcurrent control studies as in Table 2

drugs. This makes dosing of antibiotic (as well
as other drugs) to achieve adequate antibiotic
levels in serum challenging [138, 139]. For
example, patients with severe burn injury have a
higher clearance of vancomycin compared to
patients without severe burn injury [138]. There
can be major variations in dosing requirements
both between patients with and without burn
injuries but also for patients with burn injuries
over time [140].

Conclusions

This chapter has examined the risks of acquir-
ing severe infection in patients with severe burn
injuries in the intensive care unit environment.
The evidence base for using antibiotics to pre-
vent this acquisition is open to alternate inter-
pretations, and two recent systematic reviews
of the very limited evidence base disagree with
respect to any value. Crucially, it remains to be
established whether prophylactic antibiotic use
among patients with severe burns is safe. This
review has not examined the role of specific
antibiotics in the treatment of infections related
to severe burn injuries. That is the subject of a
proposed systematic review [141].
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Comparison of Antemortem
Clinical Diagnosis and Postmortem
Findings in Burn-Related Deaths

Huseyin Balandiz and Burak Glims

1 Introduction

Skin is the largest organ of our body, and the
exposure of high temperatures to a body will
cause severe damage to the skin and the other
tissues/organs. Because of this, severe or not,
burn injuries that can result in mortality are still
very important health problems in the world. It is
estimated that approximately six million patients
seek medical treatment for burns annually in the
world [1]. Also burns are the most expensive
traumatic injuries because of long hospitalization
and expensive wound treatment [2, 3]. It was
reported that the incidence of major burns is
0.2-2.9 per 100,000 individuals with flash burns,
scalds, and contact burns being the most common
types of burns [1]. Although the mortality rates of
burns have decreased in the world due to the
development and increased numbers of specialist
burn centers and the medical advances in this
area, burns are still quite mortal if the clinicians
do not make the right diagnoses and do not give
the right treatments to the patients.
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2 Burns Can Be Divided into
Categories [4]

2.1 Flame Burns

There is a contact between the flame and the
body. Also, flash burns may be assessed under
this topic, which is caused by the initial ignition
from the flash fires of the explosion of gases, pet-
rochemicals, or fine particulate material.

2.2 Contact Burns

There is a physical contact between the body and
hot objects like a stove, etc.

2.3 Radiant Heat Burns

These burns are caused by heat waves and there

is not any contact between body and flame/hot
objects.

24 Scalding Burns

These burns are caused by contact with hot lig-
uids, especially with hot water and hot oil.
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2.5 Chemical Burns

These burns are caused by contact with chemi-

cals (acidic and basic materials).

2.6 Microwave and Electricity

(Low-/High-Voltage) Burns

These burns are less well known.

3 Burn Injuries

Burn injuries are the fourth most common type
of trauma all over the world, following traffic
accidents, falls, and interpersonal violence [5],
and the accidental burn injury is the common-
est manner of burns [6]. Flame burn is the most
common cause of burns [7-9], and inhalation
burns are often accompanied by the flame
burns [10, 11]. Higher mortality in burn inju-
ries is associated with older age, the extent of
the burn surface area, the presence of inhala-
tion injury, pulmonary injury, sepsis, pro-
longed intubation, and the presence of
concurrent diseases [1, 7, 9, 12].

A clinician must not forget that all burn-
related deaths are forensic cases and these deaths
must absolutely be autopsied. Besides a medico-
legal autopsy is mandatory to these deaths, post-
mortem examinations will help the clinician to
verify their treatments and clinical approach.

4 Discrepancies Between
Premortem Diagnoses
and Postmortem
Examination

There are only a few studies on the comparison
of antemortem clinical diagnoses and postmor-
tem findings in burn-related deaths in the litera-
ture [9, 10, 12, 13].

In Krishnan et al.’s study [10], the mortality of
burns was 1.9% (92 deaths out of 4745 admis-
sions for acute burns), and flame burns (84%) and
scalding (8%) were the common burn types. In

the assessment of 55 patients who underwent a
medicolegal autopsy, multi-organ failure (MOF)
was clinically thought to be the leading cause of
death, and septic shock (53.8%) was determined
to be the primary trigger for MOF. Among the
deaths, 51.2% had an inhalational injury. The
other clinical causes of deaths were respiratory
failure (9%, n =2 ARDS, n = 1 pneumonia, n = 1
hemopneumothorax and ARDS, n = 1 wean due
to their pre-burn chronic obstructive lung dis-
ease), primary gastrointestinal failure (9%, n = 2
ischemic bowel, n = 1 toxic megacolon, n = 2
liver failure), cardiac deaths (9%, n = 1 myocar-
dial infarction, n = 4 cardiac arrest due to poor
cardiac indices), and one death from brain death.
Clinically, 61.8% of 55 patients had a sepsis
diagnosis and only 9 of the septic patients had
positive blood cultures. Pseudomonas aerugi-
nosa was the predominant causative organism
from wounds. Following organisms were fungal
infections (Candida and Aspergillus) and sensi-
tive staphylococcal (Staphylococcus aureus)
infections.

Of the 55 patients, 85% had a postmortem
examination, and ‘“burns,” “burns and smoke
inhalation,” or “burns and associated symptoms”
were the most primary cause of death issued in
death certificates. The authors think that the
causes of death in death certificates are not com-
patible with the clinical notes. For example, in
two instances, patients clearly died of a clinical
diagnosis of ischemic bowel, while in death cer-
tificate the cause of death was “burns” and “burns
and associated symptoms” [10].

In Kallinen et al.’s study [9], the mortality rate
was 5.4% (74 deaths out of 1370 admissions with
burns). There were 71 patients who underwent
medicolegal autopsies. There was a complete
agreement between premortem clinical diagno-
ses and autopsy findings in 86% of patients. Only
ten (14.1%) autopsies revealed diagnostic differ-
ences: respiratory, gastrointestinal, and cardio-
vascular. Six of the diagnostic discrepancies were
major (pneumonia [the most], hepatic cirrhosis,
myocardial infarction, liver and spleen failure,
pulmonary embolism, acute respiratory distress
syndrome) and would have altered the clinical
approach if known at the time.
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In Tugcu et al.’s study [12], there were a total
of 450 deaths and 31 (6.9%) of them were burn-
related. Twelve of the burn-related deaths under-
went a medicolegal autopsy, and half of them had
a diagnosis of pneumonia at autopsy that
remained clinically unrecognized.

Fish et al. [13] mentioned that 18% (16 of 88)
of patients had diagnostic discrepancies between
premortem diagnoses and postmortem examina-
tion, and 4 (4.5%) patients had major missed
diagnoses.

There are significant diagnostic discrepancies
between the premortem clinical diagnoses and
autopsy findings. A judicial autopsy is mandatory
for burn-related deaths, but it is also very neces-
sary and helpful for a clinician to review his/her
clinical approach for burn patients. In judicial
autopsies, the brain, chest, and abdomen are
opened and all of the organs are examined exter-
nally. Besides, histopathological examinations of
the organs, toxicological analysis of the body flu-
ids (blood, urine, eye fluid, gall fluid, etc.) and tis-
sues, microbiological examinations of tissues, and
any other essential medical examinations that are
necessary are done in an autopsy. In consequence
of all these postmortem examinations, the accurate
“cause of death” and the other situations that aid to
death is revealed. So, the judicial autopsy is both
useful for clinician and jurisdiction.

5 Difficulties in Medico-legal
Approach of Burn-related
Deaths

Although a judicial autopsy is mandatory for a
burn-related death, there are still some problems
with the outcomes. In most countries, there is not
any or enough collaboration of feedback and
communication with the clinicians who treated
the patient antemortem and the forensic experts
who examined the body postmortem. The post-
mortem examination of a burn-related death
should give a useful feedback to the clinician for
reconsidering  his/her antemortem  clinical
approach and treatment of the burned patients.
Obtaining autopsy reports of burn-related deaths
is very hard for a clinician. The clinician works at

a hospital that is bound to the Ministry of Health,
and the medical examiners work for the jurisdic-
tion that is bound to the Ministry of Justice.
These two different institutions are independent
of each other. But, there must be an online system
which the clinicians could see the autopsy reports
and postmortem examinations of their patients.
Or there must be an obligatory feedback system
to the clinicians about the postmortem examina-
tions. Our suggestion to the clinicians is run after
the autopsy report and postmortem examinations
even if it did not come in front of you
spontaneously.

If we look from the viewpoint of forensic
medicine, another problem is the death certifi-
cates and the “cause of death” parts that are
issued by the medical examiner. The coroners,
medical examiners, or forensic experts must
issue the death certificates correctly and meticu-
lously. It is not enough and suitable to give a
cause of death just only “burns” or “burns and
associated symptoms.” If a death certificate
includes a correct “cause of death,” with the full
histopathologic, toxicological, and microbiolog-
ical examinations, it will help the clinician to
review his/her treatment and diagnoses. The pur-
pose of an autopsy is not only to give a “cause of
death.” An autopsy should also provide a useful
clinical data, reveal diagnostic discrepancies,
and provide a useful educational recourse to
clinical services [10].

Conclusions

Burn injuries are important cause of mortality,
and all of the burn-related deaths should
undergo medicolegal autopsy. The findings
revealed by the autopsy could make signifi-
cant contributions to the treatment of burn
cases with the interdisciplinary data sharing
between clinicians and forensic experts.
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The Effect of Natural Extracts
on Laser Burn Wound Healing

Zouhir Sahnoun, Sana Bardaa, and Tarek Rebai

1 Introduction

Remarkable advances have been made in the use
of the laser in medicine and surgery since the
1990s especially in the field of dermatology.
Laser efficacy is now recognized in the treatment
of several diseases such as angiomas, nevus spi-
lus, and telangiectasia as well as against superfi-
cial pigmented lesions. The laser has also been
recognized as an effective treatment for common
skin diseases. Laser treatment is used too in the
field of esthetic dermatology to reduce facial
wrinkles and skin irregularities, such as blem-
ishes or acne scars, and to treat alopecia. The dif-
ferent indications of the lasers depend on the
laser wavelength [1]. Although there are various
types of lasers, the most common used lasers in
dermatology are erbium and carbon dioxide
(CO,). Both lasers could vaporize the damaged
surface skin cells. In the field of esthetic derma-
tology, laser resurfacing is one of the most widely
used lasers.

Despite the development of CO, laser tech-
nology and the introduction of fractionated CO,
laser for a better balance effectiveness —
tolerance — some side effects still occur even
with the best technology and physician care and
sometimes may be severe, like scarring and

7. Sahnoun (P<) - S. Bardaa - T. Rebai
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dyschromia which are cosmetically disturbing
to patients [2]. Overall, patients undergoing cos-
metic surgery have less tolerance to side effects
than patients treated by medically indicated pro-
cedures. Appropriate treatment of the skin fol-
lowing a laser application especially with a
cosmetic aim is vital to ensure a speedy recov-
ery while minimizing the risk of adverse effects,
in particular infections.

In this chapter, we present a definition of the
principle of laser treatment, a short list of indica-
tions and side effects of laser treatment, and a
succinct review of different therapeutics used in
the treatment of the resurfacing laser side effect
by focusing on studies that evaluate the effects of
natural derivatives of medicinal plants on post-
laser wounds.

2 Definition of Laser

Laser stands for light amplification by stimu-
lated emission of radiation. It is a solid, liquid,
or gaseous environment in which we excite
electrons of atoms with an external source.
These electrons return in orbit to a stable state to
emit a beam of monochrome coherent light, it’s
a laser beams with very high photon intensity
and focused into very small spots [3]. In the
medical field, laser types use high peak powers
and short pulse widths to remove selectively any
kind of pigments without damage to the sur-
rounding tissue [4].
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2.1 How a Laser Acts on the Skin

Laser acts on the skin according two effects:

1. A non-specific thermal effect corresponding
to a non-specific burn by carbonization of the
targets without respecting the surrounding
tissues.

2. A specific photochemical effect that corre-
sponds to the specific destruction of a single
target without destroying the other surround-
ing elements: For instance, the red dye laser
will destroy the red blood cells and the vessels
without damaging the underlying epidermis.
It is used to treat angioma planes [3].

2.2  Typesof Lasers
The multiplication of lasers, changes in wave-
lengths, and the variability of operating make the
classification and choice of applications harder.

The biological targets of lasers are blood,
melanin, and water that absorb light energy dif-
ferently depending on the wavelength of the
incident photon energy. According to the envi-
ronment target in the beginning, we obtain a
chromophore that absorbs a specific laser wave-
length. For example, both CO, laser at 10.600 nm
and an erbium-YAG laser have water as a chro-
mophore [5].

Three types of lasers are highly used in
dermatology:

1. Abrasion lasers (CO, and erbium -YAG)
(yttrium aluminum garnet)

2. Lasers for vascular lesions (YAG-KTP and
pulsed dye laser (PDL))

3. Lasers for pigmentation (ND YAG QS,QS
Alexandrite, Ruby QS) [3]

CO, laser has water as a chromophore target
that exists uniformly in soft tissues. But, it could
be considered as tissue-selective since it is used
only as tissue ablative with minimal involvement
of the surrounding normal tissue [5].

Currently, laser classes include mainly nonab-
lative and ablative lasers in both fractionated and
nonfractionated varieties. Nonablative lasers

conserve the epidermis and target the dermal tis-
sues to enhance collagen formation. They are
considered as soft treatment as they reduce the
adverse event profile and recovery time.
However, ablative lasers are more aggressive and
are similar to a skin peel with higher adverse
event profile and prolonged recovery time. These
lasers target water molecules in the epidermis,
causing vaporization of skin cells and retraction
of the dermis with collagen formation.
Fractionated lasers are designed to target micro-
scopic treatment zones to create columns of ther-
mal injury with adjacent normal skin. This
procedure improves skin texture and promotes
wound healing compared with nonfractionated
lasers without the high side effect profile of abla-
tive lasers [6].

Although there are various types of lasers, in
this chapter we will describe laser resurfacing
which is the one of the most widely used lasers in
the field of esthetic dermatology. The two most
commonly used lasers in dermatology are erbium
and carbon dioxide (CO,). Both lasers could
vaporize the damaged surface skin cells.

2.2.1 Carbon Dioxide (CO,) Laser

The CO, laser is a gaseous laser. The excitement
of the gas produces a radiation that acts on the
tissular structures of the skin. Carbon dioxide
(CO,) laser is an ablative laser device producing
energy at a wavelength of 10,600 nm. It was one
of the earliest laser systems developed in 1964 to
treat scars and aging skin. This device was
quickly known as an excellent surgical laser
noticed in many indications due to its high capac-
ity to absorb water [7].

The full ablative resurfacing aimed to remove
the epidermis and leave a partially coagulated tis-
sue in the dermis that could initiate the wound
healing process. This zone is known as residual
thermal damage and considered as the main
driver of laser rejuvenation through resurfacing
[8]. In fact, full ablative laser resurfacing is still
the efficient standard for facial rejuvenation [9].
However, the high incidence of side effects such
as pigmentation variability and permanent
scarring has limited its use in dermatology prac-
tice [10-12]. This kind of CO, laser treatment
induces severe oozing and crusting followed by
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prolonged erythema, infection, and herpes sim-
plex lesions [13].

In 2000, the side effect issues following abla-
tive laser resurfacing ceased, thanks to a number
of nonablative skin rejuvenation lasers. They
were based on the theory of delivering controlled
dermal damage under a cooled and intact epider-
mis to speed up the skin regeneration. Despite the
improvement of dermal histology, the epidermis
did not show any recovery progress [14]. To over-
come this issue, it was mandatory to develop and
mix both approaches frankly ablative and com-
pletely nonablative using a scanner in order to set
the new technology of fractional laser rejuvena-
tion [15]. The latter optimized device was estab-
lished by using a nonablative approach with
1540 nm laser pulses generating micronecrotic
zones of dermis coagulation under a certain intact
epidermis. In the process, some skin micro-
damage occurred before epidermal renewal,
which could not be avoided.

Ablative fractional laser resurfacing (AFR) is
an extremely promising tool to accommodate a
multidisciplinary functional and skin restoration
of patients [16, 17]. AFR ensures the control of
tissue vaporization by inducing dermal coagula-
tion that goes in greater depths than that of tradi-
tional laser devices. Accordingly, AFR produces
higher tissue contraction rates and collagen pro-
duction amounts than those recorded with
nonablative devices. AFR has several advantages
over traditional CO, laser resurfacing including
the fact of a very low risk of scarring and/or
hypopigmentation. Few studies have reported
that AFR treatment limitations are likely related
to inappropriate treatment techniques or setting
issues [18, 19].

Indications for the Carbon Dioxide Laser

The CO, laser has many indications as it could be
used for almost anything surgical [20]. Some of
the main indications will be listed in this
subsection.

Skin Lesions

The clinical indications of the CO, laser include
a number of techniques which are incision,
vaporization, and coagulation that achieve hemo-
stasis and ensure a dry field. The CO, laser can be

prescribed for the treatment of nevus cells, sebor-
rheic keratosis. Xanthelasmas and syringomas
could also be treated with the CO, laser.
Furthermore, the CO, laser has been used in the
treatment of some malignant tumors, such as
basal cell epithelioma that has an increased ten-
dency of metastasize [21].

Warts

Verruca vulgaris is the common known wart that
has a predilection to show up on the fingers and
toes especially in children. The CO, laser allows
to ablate and vaporize the wart medullar portion
till normal tissue morphology [22].

Toenail Disease

Recently, the use of CO, laser has been advo-
cated in the treatment of nails, in particular toe-
nails. According to Lim et al. [23], toenail
diseases, onychodystrophy, for example, lend
themselves well to CO, laser treatment.

Anti-aging

Fractional laser treatment represents the most
commonly known indication for facial wrinkles
[24]. Lines and wrinkles could be treated by both
fractional ablative and nonablative lasers [24,
25]. Lapidoth et al. [26] reported the efficacy of
ablative fractionated Er:YAG laser in the treat-
ment of photoaging.

2.2.2 Erbium Laser Resurfacing

Erbium laser resurfacing is used to eliminate sur-
face levels and to treat deep lines and wrinkles. It
could be more efficient for darker skin than CO,
laser. One of the advantages of erbium laser resur-
facing is minimum burning of surrounding tissue.
The common side effects of this type of laser are
redness, swelling, and bruising that regress faster
than with CO, laser resurfacing [27].

3 Side Effects of Lasers

The therapeutic use of laser has become frequent
both in the cosmetic and dermatological fields. It
becomes the basic treatment in some skin pathol-
ogies. The development of CO, lasers is aimed to
achieve excellent results with a favorable side
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effect profile. The potential complications associ-
ated with CO, laser treatments are well-described
in the literature [10]. They are usually benign, but
in some cases they may be serious requiring strict
monitoring and sometimes preventive measures
to avoid their occurrence [28].

3.1 Pain

During the laser procedure of the skin, topical
anesthetics are usually applied before starting a
laser treatment to minimize the pain as much as
possible. But, the patient feels discomfort after
the treatment [29].

3.2 Erythema

Erythema is a very common side effect of laser
skin treatments. For nonablative lasers, it usually
stays for 2-3 days but can persist up to 1 week.
However, it is more intensive and prolonged for
traditional ablative lasers which would physically
vaporize the top layer of the skin, leaving it raw
for 3—4 weeks until it heals on its own [29-31]. It
may be due to inappropriate laser settings, infec-
tion, aggressive debridement between laser
passes, and contact dermatitis. This adverse
effect can regress faster if using a pulsed dye
laser or intense pulsed light device [28].

3.3 Post-treatment Edema
Post-treatment edema is patient-dependent. It
lasts on average 1-3 days; it may exceed a week
in some patients. The use of ice at 10-min inter-
vals for the first 24-h postoperative laser or topi-
cal systemic corticosteroids following treatment
is advocated to avoid the risk of edema [32].

34 Bruising

The use of higher fluencies may lead to occa-
sional bruising often occurring 3 days following

laser treatment [33]. To reduce the risk of such a
side effect, it is recommended in the immediate
postoperative time to avoid nonsteroidal anti-
inflammatory drugs and blood thinners.

3.5 Dyschromia

Not every patient’s skin is suitable for laser treat-
ment. Usually, lasers work better on people with
lighter skin tones than on people with darker skin
tones, but both kinds of skin tones have a risk of
hypopigmentation or hyperpigmentation. The
incidence of hyperpigmentation is considerably
less with fractional resurfacing assuming reason-
able treatment parameters than that with ablative
lasers [34]. Nevertheless, fractional lasers are
certainly capable of causing disruption of mela-
nogenesis which leads to hypopigmentation
[10, 28].

3.6 Infections

An intact skin is an effective barrier against infec-
tion. But laser treatment in particular the ablative
one affects the microbiotic balance of the skin
causing a high risk of surinfection. The microor-
ganisms involved in the cutaneous infection can
be bacteria, fungi, and viruses. The germs often
implicated are Staphylococcus, Pseudomonas,
Klebsiella, and Enterobacter [28]. Thus, most
patients are treated with antibiotics and the
antiviral drug is usually selected for herpes
simplex [35].

3.7 Blistering, Scabbing,

and/or Crusting

These are moderate to severe side effects of cos-
metic lasers and light-based facial treatments.
Most of the time, it is as if the patient had a sun-
burn post-laser, but sometimes blistering,
scabbing, and even crusting can occur on his
face. These symptoms must be left alone to heal
on their own [36].
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3.8 Scarring

Scarring is the most dreaded side effect [18].
Several factors may be involved in the appear-
ance of cutaneous scarring lesions. Manuskiatti
et al. [37] documented in their study a 3.8%
incidence of scarring caused only by infection.
Choi et al. [38] showed also that the more
aggressive treatments with higher energies and
an increased number of passes can provide dra-
matic clinical results such as scarring. The neck
and chest are more susceptible to scarring than
the face [39].

3.9 Other Complications

Other potential complications related to laser
treatments are well-described in the literature and
include pruritus, milia, acneiform eruption, and
contact dermatitis [10]. The latter may be either
irritant or allergic in nature [28].

4 Post-laser Care

The laser treatments are known as efficient
tools to cure common skin diseases. However,
they lead to several postoperative side effects
mainly redness and swelling. These effects pro-
long the wound healing period which requires
both pre- and post-laser care. The laser care
management reduces the local systems, speeds
up re-epithelialization, and enhances wound
healing with minimal irritation [40]. In fact, the
number of studies reports a high recorded infec-
tion rate that ranges from 6 to 8% for ablative
resurfacing-treated patients [41]. Since the last
few years, interest in the post-laser care has
increased rapidly, and nowadays it is consid-
ered as an important step to keep the skin moist,
clean, and healthy. So, synthetic drugs such as
antibiotics and moisturizing products have been
the subject of several studies. However, few
publications exist in the literature which
describe the effect of natural extracts on laser
burn wound healing.

4.1 Synthetic and Probiotic

Post-care

The first attempts of the treatment of laser skin
complications amid patient-tested synthetic
drugs which have been the subject of several
studies. For instance, West et al. [42] study of
post-laser resurfacing highlighted the beneficial
topical effect of hydroquinone, tretinoin, and/or
glycolic acid preparations on hyperpigmentation.
The latter is considered as the most noted compli-
cation following carbon dioxide (CO,) laser
resurfacing. A previous study carried out by
Lowe et al. [43] has also shown a good effect on
hyperpigmentation of oral anti-herpes simplex
medications, antibiotics, and skin lightening
agents for pretreated laser resurfacing combined
with topical retinoids and acetic acid for post-
treated laser. However, the study of Zimber et al.
[44] proved that the diluted acetic acid is not
effective and petrolatum remains the standard
treatment for laser wound care.

Petrolatum as the trolamine provide a moist
environment that promotes fibroblastic prolifer-
ation and prevents the infectious contamination
of the wound site. In a study of 20 patients
undergoing CO, fractional laser resurfacing of
the perioral area, Sarnoff [40] compared the
wound healing efficacy of petrolatum contained
in Aquaphor Healing Ointment (AHO) formula-
tion and Biafine Topical Emulsion (BTE) (trola-
mine) treatment. All patients received antiviral
and antibiotic medication before and after laser
treatment. The AHO formulation seems to be
more efficient on the parameters of laser irrita-
tion than BTE. However, in the study of Rendon
et al. [45], statistically significant improvements
have been observed with BTE in erythema and
edema and in physicians’ assessment of global
re-epithelialization compared to white petrola-
tum. According to Sarnoff [40], the AHO for-
mulation has an advantage to associate
petrolatum, lipid barriers, and humectants. The
latter ingredient holds moisture, and the wound
exudates are drawn into the ointment and away
from skin which could explain the reduction of
the crust.
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Another clinical study was conducted by
Ehsani et al. [46] to evaluate the healing potential
of Cicactive (CICA) gel on 15 patients with pho-
toaged facial skin who were treated with erbium
resurfacing laser. CICA gel which is composed
mainly of sodium alginate, hydroxyprolisilane,
and D-panthenol showed better healing effect
than silver sulfadiazine reference cream. The
tested gel seems also able to alleviate the discom-
fort of patient and to improve post-laser treat-
ment complications such as erythema. Aldraibi
et al. [47] have reported a significant reduction of
postoperative erythema and swelling amid skin
type IV-VI patients treated with a topical corti-
costeroid (TCS) cream (betamethasone dipropio-
nate) 10 min before the alexandrite prelaser and
twice a day for 5 days post-laser. We think that
this type of anti-inflammatory treatment adminis-
tered not associated with the antibiotics for an
extended period can expose the patient to infec-
tious risks. In fact, the use of steroidal anti-
inflammatory  drugs after ablative laser
resurfacing could have locoregional immunosup-
pressive consequences that affect the balance of
skin microbiota and promote the multiplication
of pathogens increasing thus the risk of
surinfection.

Moreover, the role of the human microbiota
(the whole of the microorganisms (bacteria,
viruses, fungi, yeasts) living in a specific environ-
ment) in maintaining good body health is a topi-
cal issue. Most recent studies have focused on the
human intestinal microbiota, but far less research
have been carried out on skin microbiota. The
cutaneous microflora is fundamental for the
homeostasis of the skin. It controls innate immu-
nity as well as the barrier function [48, 49]. The
imbalance of commensal ecosystem could lead to
skin diseases such as acne [50] and atopic derma-
titis [51]. Thus, understanding the involvement of
the skin microbiota in several skin pathologies is
vital. The prebiotic and probiotics seem to
improve the balance of the microbiota and can be
a second therapeutic alternative to the treatment
of many skin disorders. A recent study conducted
by Zoccali et al. [52] has assessed the wound
healing potential of a topical probiotic cream on
42 patients receiving fractional CO, laser. The

cream containing DermaACB (based on
probiotic-derived active principles) has been
administered twice a day for a couple of week in
a postoperative laser care. Compared to antibiotic
and hyaluronic acid reference creams, DermaACB
cream significantly reduced postoperative ery-
thema and swelling.

4.2 Natural Post Laser Care in Rat
The third attempt in the treatment of cutaneous
laser side effects focused on the use of medici-
nal plants. For decades, plants have been used as
a main source of medicines to treat a wide vari-
ety of ailments. With the considerable progress
in the pharmaceutical industry, synthetic drugs
replaced plants making as such phytotherapy an
outdated practice with doubtful effects.
However, given the limited availability of medi-
cations in wound healing, only 1-3% of the
drugs in the Western pharmacopeia are dedi-
cated to the treatment of skin diseases [53], and
the use of traditional medicines reappeared as
an alternative form of health care. A study car-
ried out by Payyappallimana in 2010 [54] esti-
mated that traditional medicine covers the
primary health-care needs of 80% of the world’s
population.

In the literature, various studies have demon-
strated the efficiency of phytochemical constitu-
ents, herbal formulations, and natural extracts in
wound care treatment. Yet, only few studies have
been recently carried out to assess the healing
effect of medicinal plants on post-laser wound
treatment.

A comparative study conducted on rats by
Aliasl et al. [55] has shown that Arnebia
euchroma has a better wound healing than petro-
latum and silver sulfadiazine used as references
to treat fractional CO, laser wounds. It signifi-
cantly decreases erythema and crusting on the
9th day and enhances epithelial confluence and
general wound appearance scores on the 7th and
the 9th days. This wound healing effect is attrib-
uted to the anti-inflammatory and antimicrobial
properties of Arnebia euchroma ointment. This
cream seems to improve re-epithelization,
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fibroblast proliferation, and vascularization of the
injured tissues.

Our research team is also interested in
medicinal plants given their attested anti-inflam-
matory, antioxidant, and antibacterial properties.
According to Bardaa et al. [56] and Khedir et al.
[57], “CYTOL BASIC” (a reference cream emul-
sion based on Vitis vinifera (grape) seed oil)
could promote wound healing effect of CO, frac-
tional laser burns. Conducting research on rats
having partial-thickness fractional CO, laser
burns, these authors [56, 57] have shown, for the
first time, the wound healing potential of the oils
extracted from the prickly pear, pumpkin, lin-
seed, and Pistacia lentiscus. During the trial, the
rats treated with these oils have a better general
wound appearance and crusting compared to the
control and the reference groups. In fact, the
wound healing effect of these oils on laser burns
lasted only 7-8 days [56, 57]. Treated with pump-
kin oil, the mechanical wounds took 11 days to
recover [56, 58], while the thermal wounds took
33 days [59]. Indeed, several factors such as the
type of trauma, the extent of the damage, and the
depth of the lesion can affect the duration of
wound healing [60]. Locoregional zones at the
level of thermal wounds can be deeply affected.
The inflammation, the ionic imbalance, the con-
gestion, and the capillary thrombosis are more
severe in thermal wounds than in laser or mechan-
ical wounds. In addition, thermal wounds pro-
voke an important blood aggregation which could
be a nutriment for bacteria that colonize the burn.
The excessive multiplication of pathogens could
cause the absorption of oxygen, the decrease of
the wound pH, and the formation of micro-
thromboses. This induces a state of local tissue
hypoxia which inhibits phagocytosis and
increases the wound infection delaying as such
wound healing [61, 62]. So, the short healing
time observed following laser burn could be at
least partly explained by the presence of partially
preserved healthy skin with epithelial annex
areas that allow a rapid regeneration of the der-
mis and epidermis [63].

The wound healing effect of the prickly pear,
the linseed, the pumpkin, and the lentiscus oils is
attributed to  their compounds mainly

polyunsaturated fatty acids (oleic, linoleic, and
linolenic acids), tocopherols, and sterols. The
antibacterial and antioxidant activities of these
oils in synergy might also contribute to their
wound healing effects. Moreover, the rapid
reduction of laser burn size observed in both
studies could be attributed to the barrier lipid
formed by the tested oils. They seem to provide a
moist environment that enhances cell migration
and wound healing. All the tested oils don’t pro-
voke neither irritation nor infections for the
treated groups [56, 57].

So, we think that these oils could be consid-
ered as an effective treatment for immediate post-
operative laser skin resurfacing. Human clinical
studies are in progress to confirm experimental
findings on rats.

4.3 Natural Post-laser Care

in Patient

In the literature there are only four works focused
on natural products use on human subjects. Alonso
et al. [64] tested the effect of topical Arnica Gel on
the bruising of 19 patients divided into pretreat-
ment and posttreatment groups. They all have
facial telangiectases treated with pulsed dye laser.
No significant difference was observed in the pre-
vention or treatment of bruising between the vehi-
cle and the topical Arnica. The small number of
subjects is the major limitation of this study.

Conducting a study on two human subjects,
Huber et al. [65] showed the good effect of Arnica
ethanolic extract, known as Combudoron, on
second-degree burns induced by erbium-YAG
laser. This study is also limited since it was car-
ried out on two patients only which doesn’t prove
neither the efficacy of Combudoron nor the reli-
ability of the study.

Aliasl et al. study [66] compared the effect of
Arnebia euchroma ointment (AEO) made up
from A. euchroma roots and sesame (Sesamum
indicum) oil with petrolatum on post-laser resur-
facing wound. AEO and petrolatum were applied
for 1 week to 47 subjects having Fitzpatrick skin
phototype and facial atrophic acne scars treated
with MIXEL-CO, fractional laser. Although the
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AEO is known to be an effective burn drug, it
seems to be not as efficient as the petrolatum for
acne laser treatment. In fact, post-laser wounds
are drier than other burn wounds because CO,
laser vaporizes intracellular and extracellular
water [67]. Thus, AEO might be combined with
moisturizing materials to improve the wound
healing conditions of post-laser wounds. The
authors also attribute this result to the small size
of the study sample among other reasons.

Conducting a study on 50 patients having pho-
toaging skin damage treated with fractional laser
resurfacing, a recent study of Grippaudo [68]
proved that the ionic hydrogel (Procutase®) based
on plant-derived peptides, natural hydrophilic
polymers, and ionized trace metals was an effi-
cient treatment of minor and superficial burns.
According to the author, the ionic hydrogel cre-
ates a moist environment that promotes fibroblas-
tic proliferation and prevents the infection of the
wound site. We think that ionic hydrogel is a mix-
ture of natural active ingredients so it cannot be
assimilated to a plant extract.

Conclusions

The studies initiated to evaluate the effect of
natural extracts on laser burn wound healing
are rare and also inconclusive mainly for meth-
odological reasons. Moreover, according to
several published works, the use of antibiotic
prophylaxis for post-laser resurfacing care is
still controversial [69-71], and the pretreat-
ment protocols using antibiotic and antiviral
prophylaxis are non-univocal [72]. Since tradi-
tional medicines is currently more and more
recognized, we believe that medicinal plants
can be an alternative therapy for the treatment
of laser’s adverse effects on the skin. Unlike
synthetic medicines which hold one active
ingredient, medicinal plants have several prop-
erties at a time that in synergy could be effi-
cient for wound healing especially in treatment
of laser cutaneous complications.
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1 Introduction

The current aging of the population will require
more patients to be treated for degenerative spinal
disorders both now and in the future [1]. Posterior
lumbar spinal fusion is one of the most popular
operative techniques for this purpose, and it will
be increasingly utilized as the incidence of spinal
pathology increases. As such, it is of utmost
importance to characterize the outcomes and mor-
bidity associated with this type of procedure.

Postoperative surgical site infection (SSI),
along with other infectious complications, is of
significant concern after posterior lumbar fusion
procedures. Previous investigations have deter-
mined the incidence of postoperative SSI after
spinal procedures to be between 4 and 17% [2—
12]. Postoperative SSI is associated with signifi-
cant morbidity and prolonged length of inpatient
stay [2, 4, 5, 7, 13-19]. Furthermore, infectious
complications are also associated with significant
costs to physicians and the overall healthcare sys-
tem [2, 5, 7]. Previous studies have estimated the
monetary cost per encounter for postoperative
SSI to range from $26,977 to $961,722 [20].
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Due to the clinical and financial burden associ-
ated with postoperative SSI, the identification of
modifiable risk factors has been an important topic
of investigation. One particular risk factor that has
received significant attention is nutritional status.
Previous studies have demonstrated that up to 40%
of the hospitalized population and up to 42.4% of
orthopedic patients are malnourished [21-28].
Within the general surgery literature, malnutrition
has been extensively studied and has been demon-
strated to have a clear association with postoperative
SSI [29, 30]. Multiple investigations have also been
performed in the literature pertaining to spine sur-
gery, with the purpose of this chapter being to review
those studies along with their clinical implications.

2 Definition and Evaluation
of Malnutrition

Malnutrition can be defined by a variety of differ-
ent measurement techniques and screening tools
(Table 1). One method to define malnutrition
involves utilization of anthropometric measure-
ments [24, 31, 32]. These measurements include
such indices as body mass index (BMI), body fat
characteristics, and thigh, calf, or mid-upper arm
circumference [33-37]. In regard to BMI,
malnutrition is defined as either a BMI < 18.5 kg/
m? or a reduced age-specific BMI associated with
recent weight loss [38]. For muscle circumference,
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>40% reductions in arm circumference in relation
to sex-specific standards is considered to be asso-
ciated with malnutrition [39].

Table 1 Commonly utilized criteria for determination of
malnutrition [15, 24, 26, 27, 31-37, 39, 40, 42, 44, 45]

Measurement

Anthropometric
measurements

Body mass index
Mid-upper arm
circumference

Criteria for malnutrition

<18.5 kg/m’

>40% reduction from
sex-specific standard

Screening questionnaires
NRS-2002
MNA-Short Form

Score > 3

Score = 8—11—at risk
Score < 7—malnourished

Laboratory values

Albumin <3.5 g/dL
Prealbumin <20 mg/dL
Transferrin <200 mg/dL

Total lymphocyte count <1500 cells/mm?

NRS-2002 Nutritional risk screening 2002, MNA Mini
Nutritional Assessment

Screening questionnaires have also been devel-
oped with the purpose of identifying patients who
are at risk for malnutrition. One such screening tool
used for inpatients is the Nutritional Risk Screening
2002 (NRS-2002), developed by the European
Society for Clinical Nutrition and Metabolism
(Table 2) [40]. This scale utilizes a two-stage scoring
system taking into account a patient’s BMI, recent
weight loss, percentage of normal food intake, and
severity of disease. Scores >3 are associated with
being nutritionally at risk, with recommendations for
nutritional intervention. Wang et al. [41], in a study of
432 spinal surgery patients screened via NRS-2002,
demonstrated that 11.6% of inpatients were nutri-
tionally at risk, while 12.7% were malnourished.

Another screening questionnaire is the Mini
Nutritional Assessment-Short Form (MNA-SF),
which was specifically designed for use in the
elderly patient population (Fig. 1) [42]. This
scale produces a score out of 14 from a 6-question
survey assessing a patient’s food intake, recent

Table 2 (A) NRS-2002 initial screening [40]; (B) NRS-2002 final screening [40]

A. NRS-2002 initial screening [40]
Yes?
BMI < 20.5?

Weight loss in the last
3 months?

Reduced dietary intake
in the last week?
Severely ill? (i.e.,
requires intensive
therapy)

If “yes” to any question — proceed to part B
If “no” to all questions — rescreen weekly
BMI = body mass index

B. NRS-2002 final screening [40]
Nutritional status

Absent (Score = 0) Normal

Mild (Score = 1)

Moderate (Score = 2)

impairment OR

Weight loss >5% over 3 months OR
50-75% normal food intake over the last week

Weight loss > 5% over 2 months OR
BMI 18.5 — 20.5 + general condition

No?

Severity of disease

25-60% normal food intake over the last week

Severe (Score = 3)

If >70 years old: add 1 to total score
Score > 3: nutritionally at risk
Score < 3: weekly rescreening recommended

Weight loss >5% over the last month OR
BMI < 18.5 + general condition impairment OR (Score = 3)
0-25% normal food intake over the last week

Absent Normal dietary requirements

(Score = 0)

Mild Hip fracture,

(Score = 1) acute exacerbation of chronic
disorders (cirrhosis, COPD)

Moderate Abdominal surgery,

(Score =2) stroke

Severe Head trauma,

bone marrow transplantation,
ICU patients

BMI body mass index, COPD chronic obstructive pulmonary disease, /CU intensive care unit
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Mini Nutritional Assessment
MNA® Nogas
Nuftritioninstitute

Last name: | | First name: I |

sex:| |Age:| |weignt, kg:I | Height, cm: | | Date: | |

Complete the screen by filling in the boxes with the appropriate numbers. Total the numbers for the final screening score.

Screening

A Has food intake declined over the past 3 months due to loss of appetite, digestive problems, chewing or
swallowing difficulties?
0 = severe decrease in food intake
1 = moderate decrease in food intake
2 = no decrease in food intake O

B Weight loss during the last 3 months
0 = weight loss greater than 3 kg (6.6 Ibs)
1 = does not know
2 = weight loss between 1 and 3 kg (2.2 and 6.6 Ibs)
3 = no weight loss O

C Mobility
0 = bed or chair bound
1 = able to get out of bed / chair but does not go out
2 = goes out |

D Has suffered psychological stress or acute disease in the past 3 months?
0=yes 2=no O

E Neuropsychological problems
0 = severe dementia or depression
1 = mild dementia
2 = no psychological problems D

F

-

Body Mass Index (BMI) (weight in kg) / (height in m)* ]

0= BMI less than 19

1=BMI 19 to less than 21

2 =BMI 21 to less than 23

3 =BMI 23 or greater D

IF BMI IS NOT AVAILABLE, REPLACE QUESTION F1 WITH QUESTION F2.
DO NOT ANSWER QUESTION F2 IF QUESTION F1 IS ALREADY COMPLETED.

F2 Calf circumference (CC) in cm
0 = CC less than 31

3 =CC 31 or greater D
Screening score 1]
(max. 14 points)

Save
12-14 points: D Normal nutritional status o
8-11 points: At risk of malnutrition
0-7 points: Malnourished B

Fig. 1 The Mini Nutritional Assessment-Short Form questionnaire used to screen for malnutrition in elderly patients
[42, 59-62]
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weight loss, mobility, psychological or acute
stress, neuropsychological problems, and anthro-
pometric measurements such as BMI or calf cir-
cumference. Scores between 8 and 11 indicate a
risk for malnutrition, while scores <7 indicate
malnourishment. Murphy et al. [43], in a survey
of 49 female patients on an orthopedic ward,
found that 73% of patients were characterized as
either “at risk” or “malnourished” based on Mini
Nutritional Assessment score.

Despite the prevalence of anthropometric and
questionnaire-based screening tools, serologic
laboratory tests still represent the gold standard
for assessment of malnutrition. Laboratory val-
ues commonly used to detect malnutrition include
prealbumin, albumin, transferrin, total serum
protein, total lymphocyte count, and hematocrit
[15, 26, 27, 44, 45]. Of those, the preferred labo-
ratory test remains serum albumin level, with a
value <3.5 g/dL indicating inadequate nutritional
status in the majority of published studies [26,
29, 31, 44]. Prealbumin level has also been gain-
ing in popularity as a possible test for malnutri-
tion, as it has been postulated to be a more
accurate depiction of nutritional status due to its
shorter half-life compared to albumin [27].

3 Pathophysiology
of Malnutrition
and Infectious Complications

While many previous studies in the general surgical
literature have demonstrated an association between
malnutrition and postoperative SSI, no definitive
pathophysiologic link has been determined. Two
mechanisms are likely at play, with the first involv-
ing an association between malnutrition and
impaired wound healing [46-48]. Previous studies
have indicated that malnutrition is associated with
decreased fibroblast proliferation and reduced col-
lagen synthesis capacity [49]. Specifically, collagen
synthesis is impaired because states of malnutrition
are postulated to reduce the hydroxylation of proline
and lysine that is necessary for those amino acids to
be incorporated into connective tissue. The second
mechanism likely involves an association between
malnutrition and an impaired immune response

[24, 29, 31]. Malnutrition has been demonstrated to
be associated with reductions in innate immune cell
activation and increases in apoptosis [50, 51]. This
impairment in macrophage-mediated immunity can
hinder both the innate and adaptive immune
responses against potential pathogens which patients
are exposed to postoperatively. Furthermore,
reduced serum albumin levels seen in malnourished
states may lead to increased tissue edema due to
reduced colloid osmotic pressure, creating an ideal
environment for bacterial propagation [29].

4 Malnutrition
and Postoperative Wound
Infections: Supporting
Evidence

Many studies have been published on the topic of
malnutrition and postoperative SSIs after poste-
rior spinal fusion procedures, with the earliest lit-
erature being compromised of small case series
and case-control studies [52, 53]. Stambough
et al. [52] performed one of the earliest studies, in
an examination of 19 patients treated for deep
wound infections after spinal arthrodesis proce-
dures. The authors determined that 16/19 (84.2%)
patients were malnourished as defined by total
lymphocyte count (<2000 cells/mL). After treat-
ment with antibiotics and surgical debridement,
84.2% of patients did not require hardware
removal, and 94.4% has successful fusions.
Jevsevar and Karlin also undertook an early inves-
tigation of malnutrition in a study of 44 patients
with cerebral palsy undergoing spinal fusion for
scoliosis [53]. Patients were stratified by nutri-
tional status, with malnutrition defined by both
serum albumin levels (<3.5 g/dL) and total lym-
phocyte count (<1500 cells/mL). Those patients
classified as malnourished not only exhibited
higher rates of postoperative infection but also
experienced longer endotracheal intubation times
and longer overall lengths of hospital stay.

More recent investigations have focused on
larger patient populations in retrospective cohort
or case-control studies [24, 26, 27, 44]. Klein
et al. [26], in a study of 114 patients undergoing
elective lumbar decompression and fusion,
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described 13 cases of infectious complications
with 10 deep wound infections. Of these infec-
tious complications, 84.6% occurred in patients
classified as malnourished. Furthermore, mal-
nourishment was identified as a significant pre-
dictor of infectious complications on multivariate,
stepwise regression analysis. Similar findings
were demonstrated by Adogwa et al. [44], who
determined that malnutrition was associated with
superficial SSI in a study of 136 patients under-
going either posterior or anterior spinal fusion.
Upon subgroup analysis, the authors also demon-
strated that preoperative albumin levels were a
significant predictor of postoperative complica-
tions in elective surgery but not in nonelective
cases. In regard to the use of prealbumin as a test
for malnutrition, Salvetti et al. [27] performed a
case-control study of 106 patients undergoing
posterior spinal procedures. The authors found
that prealbumin level < 20 mg/dL was a signifi-
cant predictor for postoperative infection (hazard
ratio = 2.12).

While the majority of previous studies were
derived from single-center retrospective case
series, the advent of administrative databases has
allowed the most recent investigations to be con-
ducted with sample sizes of adequate statistical
power [31, 54]. Schoenfeld et al. [54] conducted
a study of 5857 patients undergoing spinal
fusions from the National Surgical Quality
Improvement Program (NSQIP) database. In this
population, the rate of postoperative wound
infection was approximately 2%. Malnutrition as
defined by serum albumin level was found to be
associated with an increased risk of both postop-
erative wound infection (odds ratio [OR] = 2.4)
and mortality (OR = 13.8). Bohl et al. [31] per-
formed a similar study utilizing the NSQIP data-
base, with a sample of 4310 patients undergoing
posterior lumbar fusion. In this sample, the prev-
alence of malnutrition as defined by serum albu-
min levels was 4.8%. Furthermore, malnutrition
was associated with significantly increased risks
of postoperative wound dehiscence and
SSI. Additionally, malnourished patients had an
increased rate of unplanned hospital readmission
within the first 30 postoperative days compared
to patients with normal nutritional status.

While most of the literature supports an asso-
ciation between malnutrition and SSI after poste-
rior spinal fusion, contradictory studies do exist
[55, 56]. In a case-control study of 60 patients
undergoing spinal laminectomy or fusion,
Apisarnthanarak et al. determined that malnutri-
tion was not a significant predictor of postopera-
tive infection [55]. A similar finding was also
described by Klekamp et al. [56], in an investiga-
tion of 70 spinal surgery patients with 19 cases of
deep wound infection. While these studies may
call into question the association between malnu-
trition and postoperative infection, they do repre-
sent only a small minority of the available
evidence. Furthermore, these studies represent
small case series that may be statistically under-
powered compared to the larger case series and
administrative database studies that support an
association.

5 Treatment and Prevention
of Postoperative Wound
Infections

In the case of a postoperative wound infection,
treatment modalities remain the same irrespec-
tive of the nutritional status of the patient.
Specifically, first-line therapy entails the combi-
nation of wound care, antibiotics, and early
wound irrigation and debridement. Controversy
does exist, however, regarding the necessity for
hardware removal in patients who have under-
gone posterior spinal fusion. The literature sup-
portsthe preservation of posterior instrumentation,
with Mok et al. [19] and Stambough et al. [52]
demonstrating fusion and maintenance of neuro-
logic status in most patients treated with early
debridement and antibiotics alone.

In regard to the prevention of SSI and wound
complications, there has been significant interest
in evaluating the effect of nutritional modification
preoperatively. It has been proposed in multiple
studies that a comprehensive nutritional plan
should be utilized more frequently before spinal
fusion procedures [24, 44]. Components of this
plan would include preoperative screening for
malnutrition, dietary counseling to alter food
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habits, and oral or intravenous supplementation as
deemed clinically necessary. While relatively few
studies have been published, those that do exist in
the general surgical and orthopedic literature sup-
port the efficacy of preoperative supplementation
[30, 57]. Eneroth et al. [57] performed a prospec-
tive, randomized controlled trial of 80 patients
hospitalized with hip fractures. Patients were ran-
domized to receive either a normal hospital diet or
a hospital diet along with a 1400 kcal oral and
intravenous supplement. The supplementation
group not only had near-optimal energy and fluid
intake during their inpatient stay but also had
decreased rates of complications and mortality up
to 4-month post-discharge. In a study of 120
abdominal surgery patients who were severely
malnourished (NRS-2002 score > 5), Jie et al.
[30] demonstrated that those who received 7 days
of preoperative enteral or parenteral dietary sup-
plementation had both lower complication rates
and shorter length of inpatient stay postopera-
tively. Interestingly, this trend was not present
when a sub-analysis of patients with NRS scores
of 3—4 was performed. While the results of these
studies are promising, more investigation is
required in spine-specific populations before sup-
plementation can be widely utilized in patients
undergoing posterior lumbar fusion.
Postoperative nutritional supplementation via
total parenteral nutrition (TPN) has also been
proposed as a preventative measure against SSI,
particularly in cases of multi-segment fusions or
staged anterior-posterior fusions [45, 58]. The
rationale of this approach entails utilizing protein
and energy-rich supplementation to return post-
operative nutritional parameters to approximately
baseline levels more rapidly. However, the effi-
cacy of this approach has not been supported by
the literature. Lapp et al. [45] conducted a study
of 48 patients undergoing multi-segment spinal
fusions randomized to receive or not receive TPN
postoperatively. The authors determined that
there were no significant differences between
groups in terms of total postoperative complica-
tions. Furthermore, the same result was observed
when only those patients who received posterior
fusions were analyzed. Similarly, Hu et al. [58]
conducted a randomized trial of 40 patients

undergoing staged anterior-posterior fusion pro-
cedures. While patients that were randomized to
not receive TPN had greater decreases in albumin
and prealbumin postoperatively, there were no
significant differences observed in the incidence
of wound complications. While these studies pro-
vide evidence against the use of TPN after spinal
procedures, more specific investigations must be
performed in populations comprised of patients
undergoing more common short-segment poste-
rior lumbar fusions.

Conclusions

Surgical site infections and other wound compli-
cations represent a significant clinical and finan-
cial burden after posterior lumbar fusion
procedures. Preoperative malnutrition has been
identified in the majority of the literature as a
prominent risk factor for the development of
SSI. As malnutrition is modifiable, practitioners
should consider more carefully screening for
and assessing the nutritional status of their
patients preoperatively. While multiple screen-
ing modalities exist, serum albumin level
remains the gold standard for characterizing
nutritional status. In cases of confirmed preop-
erative malnutrition, practitioners and patients
should consider interventions including dietary
counseling and oral dietary supplementation.
Further research, including high-level prospec-
tive studies, is necessary to fully elucidate the
effects of pre- and postoperative nutritional sup-
plementation on the modification of postopera-
tive risk for infectious wound complications.
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Deep Wound and Organ-Space
Infection After Surgery
for Degenerative Spine Disease

Seba Ramhmdani and Ali Bydon

1 Introduction

Postoperative wound infection may occur following
any surgical procedure. Fortunately, it is a rare event
in spinal surgery. Patients with wound infection may
require prolonged hospitalization, long-term intra-
venous antibiotic administration, and multiple wash-
out and revision procedures, all of which contribute
to significant morbidity and hospital-related finan-
cial burden. Wound infections contribute to substan-
tial additional hospitalization costs, with a mean cost
of $25,546 per infection and $10 billion inpatient
care expenditures each year [1, 2]. In certain studies,
tenfold increase in mortality rate has been associated
with postoperative wound infection [3].

Surgical site infections (SSI) are classified by the
US Centers for Disease Control and Prevention as:

1. Superficial incisional (involving only the skin
and/or subcutaneous tissue)
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2. Deep incisional (involving the fascia and/or
muscular layers)
3. Organ or space

In this chapter, we present the risk factors,
clinical presentation, and tools of diagnosis of the
last two types of SSI, deep wound and organ-
space infections, with emphasis on the preventive
methods and surgical management.

2 Incidence and Risk Factors

The incidence of SSI secondary to degenerative
spine disease ranges between 1 and 5% [4], and the
incidence of deep wound and organ-space infec-
tions ranges between 0.72 and 1.5% [3, 5].
Generally, there is a variation in the reported rates
of wound infections as many variables have been
identified to be associated with an increased risk of
incidence, including surgery-related factors and
patient-related factors. Additionally, variations in
studies designs, population sizes, and surveillance
methods used to follow patients contribute to the
ensuing differences in incidence rates.

3 Surgery-Related Factors
3.1 Location and Approach

Based on the spinal location, the highest rate of post-
operative deep wound infection for degenerative
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disc disease is in the thoracic spine, followed by the
lumbar and then the cervical spine [3]. The nature of
the degenerative diseases of the thoracic spine is
commonly more extensive (ossification of ligamen-
tum flavum (OLF), ossification of posterior longitu-
dinal ligament (OPLL)) and often requires more
aggressive resection, including thoracic ribs, with
instrumented arthrosis, and subsequently a longer
operative time.

The rate of wound infection varies with the
surgical approach, with the highest rate for com-
bined anterior-posterior approach, followed by
posterior and posterolateral approaches, and
lastly anterior approach [3, 6]. Anterior spinal
approach exploits the concept of blunt dissection
and avascular tissue planes to expose spinal col-
umn, hence avoiding direct muscular tissue
trauma. Anterior spine has an extensive lym-
phatic drainage that is crucial for bacterial clear-
ance. On the contrary, posterior approach
encompasses a wider dissection laterally to
expose the transverse processes and vertically
through the fascia and muscles. It also involves a
prolonged retraction and extensive use of cautery,
both associated with tissue ischemia and necro-
sis. In a retrospective study of 452 patients under-
going spinal decompression and instrumented
fusion, Levi and colleagues found a 3.8% infec-
tion rate in posterior instrumentation cases and
0% rate in anterior instrumentation cases [7].

3.2 Noninstrumented Spinal

Procedures

Lumbar discectomy is one of the most common
spinal procedures and is associated with a low
rate of infection with a reported incidence range
between 0.6 and 1% [5, 8]. With a more extensive
surgery, such as laminectomy, this risk increases
to 2% [4]. Noninstrumented posterior spinal
fusion procedures are associated with a higher
rate of infection than laminectomy as they require
longer operating hours, increased blood loss,
greater soft tissue destruction, and placement of
allograft [4].

3.3 Instrumented Spinal

Procedures

As expected, surgeries incorporating instru-
mented arthrodesis carry a relatively higher rate
of deep wound infection. This is attributed to
two major factors: first, the complexity of the
cases that require fusion and, second, the role of
the implants as vulnerable products to organ-
isms [3]. In a study of over 100,000 cases from
the Scoliosis Research Society Morbidity and
Mortality Committee Database, the incidence of
deep wound infection was significantly greater
in procedures with spinal fusion and/or implants
compared to decompression-alone procedures
(1.5 vs. 1.0%, p < 0.001) [3]. In the Iumbar
spine, anterior-only approach, TLIF (transfo-
raminal lumbar interbody fusion) and PLIF
(posterior lumbar interbody fusion) procedures
are associated with a decrease in deep wound
infection [3, 5].

34 Cervical Spine

The incidence of overall surgical site infection
following a posterior cervical decompression and
fusion reported as 1.02% and deep wound infec-
tion 1.47% [5, 9]. Anterior cervical spine discec-
tomy and fusion and cervical disc replacement
procedures demonstrate extremely low postoper-
ative infection rates of 0.1% and 0.0%, respec-
tively [5]. An iatrogenic esophageal injury, albeit
very rare, can lead to infection often requiring
multidisciplinary treatment approach.

3.5 Minimally Invasive Spine

Surgical (MISS) Techniques

Some may claim the MISS leads to less infection
than open approaches [3, 10, 11]. In one of the
most frequently performed minimally invasive
procedures, transforaminal lumbar interbody
fusion (TLIF), the rate of deep wound infection
was less than traditional open approach [3].
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Minimally invasive approach restricts surgical
field and leads to less exposure to potential patho-
gens and reduces disturbances of the skin and
skin flora as they are guarded by tubes. Patients
sometimes have a shorter postoperative hospital
stay and less exposure to hospital-acquired patho-
genic organism. MISS techniques also claim to
reduce tissue destruction and blood loss [12].
This issue remains controversial and definite
studies are lacking.

3.6 Graft

Similar rates of postoperative surgical site infec-
tions have been reported with the use of allograft
(irradiated and nonirradiated) compared with
autograft in spinal surgery. However, the use of
cadaveric allografts avoids host structure sacri-
fice and donor-site morbidity (chronic harvest
site pain, sensory changes, and infection). More
importantly, allografts decrease operative time
and blood loss [13].

3.7 Other Risk Factors

More extensive surgeries, surgeries with longer
operative times, excessive blood loss, high vol-
ume of moving operating room personnel, revi-
sion surgeries, and other variables are commonly

Table 1 Surgery-related risk factors

Surgical location
Surgical approach
Instrumentation

Length of surgery >4 h

associated with an elevated risk for infection
(Table 1). Increased operative time for more than
4 h and a delay for more than an hour in the oper-
ating room before incision might increase expo-
sure time of the sterile field to contact and
airborne contaminants [16]. Operations longer
than 5 h are correlated with a surgeon’s hands
recontamination at levels equal to or exceed pre-
scrub levels [17].

Prolonged surgeries are also associated with a
hematoma formation, a good medium for bacte-
rial growth, necessitating the use of closed suc-
tion drainage in the postoperative period. In fact,
any collection of fluid or blood in a closed space
predisposes to wound dehiscence that can prog-
ress to either superficial or deep wound infection.
Moreover, excessive use of retractors, without
intermittent release during surgery, and extensive
use of cautery increase tissue ischemia and
Necrosis.

Previous studies have shown that resident
physician and/or fellow physician involvement in
surgical care was not associated with an increase
in the incidence of perioperative wound infec-
tion. However, there is a seasonal variation of
spinal wound infections with peaks during the
summer (July) and winter (January). This varia-
tion is more attributable to environmental factors
rather than the resident’s effect, especially that
this pattern was noted in both academic and non-
academic environments [18, 19].

Thoracic > lumbar > cervical
Combined anterior-posterior procedures

>1 h anesthesia ready time

Number of levels >7[14]
Estimated blood loss >1L
Insufficient saline irrigation <2 L/h [15]

Increased operating room traffic
Preoperative hospital stay
Staged procedure

Revision surgery
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4 Patient-Related Factors

There is a strong correlation between specific
medical risk factors and spinal wound infections
(Table 2) [6]. Understanding these factors will
help to decrease the rate of postoperative infection.
Diabetes mellitus (DM) is an important factor as it
considered a prevalent comorbidity in spinal sur-
gery patients’ population. Hikata et al. reported
that diabetics have a fivefold increase in SSI com-
pared with nondiabetics. They also reported that
hemoglobin Alc level > 7% was correlated with
35.3% increase in SSI [20]. Diabetes impairs the
wound healing process through altered collagen
synthesis, diminished vascular perfusion, impaired
lymphocyte chemotaxis, and, subsequently,
delayed wound reepithelialization [27].

Obesity was found to be an independent risk
factor for wound infection reference, although it is
usually concurrent with diabetes. Obese patients
require a longer operative time and are subject to a
deeper incision and prolonged retraction due to

Table 2 Patient-related risk factors

>60
HbAIC > 7 [20]

Advanced age
Diabetes mellitus
Prolonged steroid use
Malnutrition Albumin <3.5 mg/dL
Total lymphocyte count
<1500/mL

Serum protein <6 g/dL
(21]

Increased thickness of
subcutaneous fat [22]
BMI > 30 [23]

Obesity

Smoking [24]
Decreased immunity Rheumatoid arthritis
Chronic alcoholism

Concurrent infections

Previous surgical infection

Perioperative glucose level >150 mg/dL

(8.3 mmol/L) [25]
American Society of >2[26]
Anesthesiologists score
Length of postoperative stay  >7 d [26]

in an intensive care unit
Preoperative hospital stay

increased thickness of subcutaneous fat. A rela-
tively lower vascularity of adipose tissue facilitates
forming pockets of dead space during wound dis-
closure. The overall effect is increased surgical
wound dead space and tissue trauma and necrosis.

Adequate preoperative nutrition is essential
for a proper immune response and rapid wound
healing. Malnutrition specifically affects the
elderly and patients with malignancies or trauma.
Malnutrition may develop during the hospital
stay in patients with postoperative complications
(pulmonary embolism) and patients undergoing
staged procedures [28].

Serologic parameters such as total lymphocyte
count, albumin level, and transferrin level have all
been used as markers for nutrition status. Other
measurements, such as calf and arm muscle cir-
cumference or triceps skinfold, and standardized
scoring systems, such as the Rainey-MacDonald
nutritional index, are useful to determine the
nutritional status of a patient undergoing spinal
surgery [29]. Normalization of these parameters
may reduce the risk of infection.

Tobacco smoking has a direct toxic effect on
wound healing process, as smoking toxins, such
as nicotine, nitric oxide, and carbon monoxide,
deprives body tissue of oxygen, decreases colla-
gen production, and causes endothelial cellular
dysfunction. Smokers have impaired systemic
immune response due to suppressed immuno-
globulin levels, an altered CD4 to CD8 cell ratio,
and reduced phagocyte activity [30].

Chronic steroid use may increase the risk of
wound infection by two to three times as it has
numerous adverse effects on the immune system
[5]. Steroids are known to inhibit leukocyte adhe-
sion, phagocytosis, and chemotaxis, all of which
are important for wound healing process.

5 Etiology and Microbiology

Oftentimes, bacteria directly contaminate surgi-
cal wounds during the operative procedure. Skin
flora is the most common source of contami-
nants, as gram-positive bacteria, predominantly
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Staphylococcus aureus and Staphylococcus
epidermidis, are the most commonly detected
[31]. Gram-negative bacteria (Enterococcus,
Escherichia coli, and Peptostreptococcus) are
more common in sacral surgical site infections
which may be attributable to urine and fecal con-
tamination and in the setting of trauma.
Methicillin-resistant strains are more common in
revision cases and in MRSA nasal carriers [31].

The source of bacteria could be a remote
systemic infection with a hematogenous spread
or direct inoculations from local extension or
another spinal procedure. Hematogenous infec-
tions typically involve highly virulent or gram-
negative organisms that are able to surpass host
defenses. Polymicrobial infections generally
are caused by contamination with common skin
flora inoculated during surgery, via a drain, or
directly from dressing contamination [32].

In delayed infections, patients usually present 3
months, sometimes years, after surgery with
increased back or neck pain after a normal recov-
ery period. Patients may not have intense systemic
symptoms, such as high fever, chills, and night
sweats, and wound appearance is often normal due
to the deep location of the infection. Delayed
infections are mostly related to a low-virulence
organism such as Propionibacterium acnes and
Staphylococcus  epidermidis.  Isolation  of
Propionibacterium acnes often requires prolonged
incubation periods to produce positive cultures.

A WBC within the normal range does not
exclude ‘“delayed wound infection”; therefore,
comprehensive imaging studies, including CT
scan and MRI images with contrast, should be
requested to confirm the diagnosis and determine
the site of infection.

6 Clinical Symptoms

Deep wound infections have an indolent nature,
requiring a high index of suspicion for an early
diagnosis. Unlike superficial wound infections
that manifest early in the course, symptoms of
deep wound infections take 1-4 weeks to become

apparent. The hallmark of deep spinal infection is
axial spine pain out of proportion to the usual
course or pain that returns after an initial period of
improvement. However, most of patients postop-
eratively have an incisional pain due to muscle
dissection, which may pose a diagnostic chal-
lenge in differentiating between active infections.
Local tenderness with paraspinal muscles spasms
is common in both cases as well.

The wound may appear well healed in most
cases, and accompanying signs of superficial
wound infections such as erythema and drainage
can be absent. However, it is important to observe
the surgical site starting 24—48 h after the surgery
because if drainage develops, culture may be use-
ful to isolate the causative agent and modify the
antibiotic treatment accordingly (Fig. 1).

The severity of the symptoms depends on the
depth of infection, the involvement of neural
structures, the offending organism, and the host
response. Neurological symptoms are usually

Fig.1 Postoperative infection of a lumbar wound demon-
strating dehiscence, surrounding erythema, and purulence
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absent, unless a spinal epidural abscess and spi-
nal collapse secondary to osteomyelitis develop,
both of which are differentiated with delayed
onset and exquisite radiological signs. Epidural
abscesses arise with intense pain and with nerve
root signs (limb pain or numbness) or spinal
cord signs (bowel or bladder symptoms),
depending on the location and the size of the
abscess.

lowest yield in proven infection, whereas biopsy
of infected tissue (open or CT-guided) is the
more reliable. Specimen can also be obtained
from the drain or the open wounds after sanitiz-
ing the skin surface to eliminate skin flora.
During debridement, specimens should be taken
from both superficial and deep parts of the
wound to maximize the chances of isolating the
causative agent.

7 Laboratory Studies

When suspecting wound infection, complete
blood count, ESR, and CRP are usually
requested. However, these traditional inflam-
mation markers are commonly increased dur-
ing the postoperative period in the absence of
infection. Therefore, it is important to observe
the trend of the increase/decrease of these
markers by comparing them with the preopera-
tive baseline and the postoperative changes for
each patient. ESR values typically rise maxi-
mally on postoperative day 4 and start to
decline to normal levels 2—-4 weeks postopera-
tively. Persistently elevated ESR, specifically
more than 2 standard deviation points greater
than the mean value, warrants suspicion.
Generally, CRP level is more specific and sen-
sitive: it elevates more rapidly and returns to
baseline more quickly than ESR level. A sud-
den rise of CRP and ESR levels after an initial
decline, or failure to normalize postoperatively,
is sensitive for infection. Surveillance of both
values is important in monitoring response to
treatment [33].

8 Specimen Culture

Accurate diagnosis of bacterial pathogens via
blood cultures and biopsies is a pivotal step in
treatment; however, negative cultures do not
exclude spinal infection. Blood cultures have the

9 Radiographic Images
and Computer Tomography
Scan

In the early stages of infection, radiological
images may be normal. Paravertebral soft tissue
swelling may be one of the earliest findings.
Bony changes, such as end plate erosion and
vertebral body destruction, need 2—-3 weeks to
become apparent (Fig. 2). However, radio-
graphic images are imperative to evaluate the
hardware integrity and identify pseudarthrosis
or hardware failure. A radiolucent shadow
around the implant or the screw indicates micro-
motion and potential infectious process involve-
ment. Another important use of CT scan images
is drainage of fluid or abscess collections under
the CT guidance, as it improves accuracy and
efficacy of the procedure [34].

9.1 Bone Scan

Although nonspecific, bone scans with techne-
tium-99 or nuclear scintigraphy with gallium-
labeled bone scan can diagnose infection
earlier than plain radiographs. In the presence
of infection, technetium-99 m-labeled methy-
lene diphosphonate (Tc-99 m MDP) often
identifies an area of increased uptake in two
adjacent vertebrae. These modalities, in addi-
tion to indium 111-labeled WBC scans, are
rarely used today to diagnose spinal infection
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Fig.2 Sagittal CT scans of lumbar spine show discitis and osteomyelitis at L5-S1 resulting in deformity. (a) Note end-
plate sclerosis, vertebral body collapse. (b) Receding edema and end-plate changes after a successful treatment

and are only indicated if MRI is not available
or contraindicated and the diagnosis was not
confirmed.

9.2 Magnetic Resonance Imaging

MRI is the gold standard modality to diagnose
and monitor spinal infections, as it has a higher
sensitivity and specificity than the other modal-
ities. MR images can show evidence of infec-
tion (i.e., edema) early in the course, and T2
and STIR sequences are very important for
detecting early changes. MR can help to exclude
other possible differential diagnoses (tumor,

degeneration). Hence, it is considered the best
imaging tool to differentiate between inflam-
matory postoperative changes, such as annular
enhancement on T2-weighted images, and post-
operative infection. In acute spinal infection,
there is an increase in fluid signal due to mar-
row edema, and the signal pattern is typically
signal decrease in TIl-weighted and signal
increase in T2- weighted sequences (Fig. 3).
Enhancement with contrast medium is more
specific as it can be positive when no signal
change related to edema is seen yet. Erosion of
the vertebral end plates, with loss of the low
signal intensity line, has been shown to have a
sensitivity of 84% for an infectious process
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Fig.3 (a) T2-weighted and (b) T1-weighted with contrast magnetic resonance images of the lumbar spine demonstrate
pockets of spinal epidural abscesses with arachnoid adhesions and enhancement of the cauda equina nerve roots

[35]. MR images become crucial in the diagno-
sis of epidural abscesses, as it is the only nonin-
vasive imaging method for the assessment of
the contents of the spinal canal [36].

10 Prevention

10.1 Preoperative Approach

Preoperative evaluation of patient’s immuno-
logical and nutritional status is important. This
is accomplished by identifying any possible
source of infection, most commonly urinary
tract infection, via a thorough laboratory blood
workup, chest radiographs, urinalysis, and other

appropriate tests. Controlling diabetes and
blood glucose level and providing malnourished
patients with sufficient nutritional support are
important as well [32].

Most surgeons routinely administer prophy-
lactic antibiotic therapy 1 h prior to incision
and during the procedure (50% of the initial
dose). Although there is a controversy about
this practice, prophylactic antibiotic treatment
is warranted in complex and prolonged spinal
procedures. Barker et al. performed a meta-
analysis of six prospective randomized clinical
trials of prophylactic antibiotic therapy during
spinal surgery. They found that the use of anti-
biotic prophylaxis has significantly decreased
infection rates (OR = 0.37, P < 0.001) [37].
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First-or second-generation cephalosporins pro-
vide adequate coverage of gram-positive
organisms, including Staphylococcus aureus
and Staphylococcus epidermidis, and a combi-
nation of vancomycin and gentamycin can be
administered in patients colonized with
methicillin-resistant S. awureus (MRSA) and
patients with cephalosporin allergy. MRSA
screening in the preoperative period is recom-
mended for patients undergoing high-risk pro-
cedures. Continuing prophylactic antibiotics
for an extended period after surgery is not rec-
ommended. Previous studies showed that
patients who received antibiotics only after
surgery had a higher rate of infection than
patients who received antibiotics preopera-
tively [38]. Additionally, extending the period
of postoperative antibiotic increases the
risk for secondary infections with antibiotic-
resistant organisms.

10.2 Intraoperative Approach

The American Institute of Architects’ design of
the operating room, including the size, layout,
and air handling system, has dramatically mini-
mized the exposure to environmental microbes
and decreased rate of wound infections. The role
of the operating team is to apply hygiene proto-
cols including proper handwashing and scrub-
bing, the use of double gloves, and adequate skin
preparation and reduce operating room traffic,
sterile administration, and removal of Foley cath-
eter [39]. Intraoperatively, it is important to
release soft tissue traction regularly to decrease
tissue ischemia. Limiting the use of monopolar
cautery with adequate and frequent saline irriga-
tion to dissipate electrically induced heat and
lessen the likelihood of tissue necrosis.
Familiarity with the surgical instruments and
unique technical skills may reduce the operative
time and decrease the risk of infection.

Another strategy to decrease contamination
of surgical wound in spinal procedures is regu-
lar, frequent saline irrigation. Supplementing
irrigation solutions with iodine or antibiotics is a
common practice for many surgeons. Theologis

and colleagues found that intra-wound vanco-
mycin powder application intraoperatively is
cost-effective and resulted in significant decrease
in wound infection [40]. The use of closed
wound suction drain (Jackson-Pratt) for the
treatment of infections is standard of care in
spine surgery as it reduces surgical site hema-
toma and infection, especially in prolonged
extensive procedures. Although it has been
assumed that the drain itself could be a source of
contamination, because it creates a direct access
of bacteria into the normal postoperative hema-
toma, there is a little evidence to support this
hypothesis in the literature. In fact, previous
studies have shown that there is no difference in
infection rate, epidural hematoma incidence, or
wound healing process between patients who did
receive closed wound suction and those who did
not after a single-level and multilevel lumbar
spine surgeries [41, 42]. Therefore, the decision
to use a drain following spine surgery is at the
surgeon’s discretion.

11 Treatment

Treatment target is to eradicate the infection,
reduce the pain, prevent neurological injury, and
maintain spinal stability. Superficial wound
infections can be treated initially with antibiotics
only, with surgical treatment being required in
certain conditions (Table 3). Conversely, the
mainstay treatment of deep wound infection is
surgical intervention and debridement of nonvia-
ble tissue. Debridement should be extensive and
involves reopening the complete length and depth
of the incision and removing all sutures and dead
tissue, including the superficial and subfascial

Table 3 Indications for surgical intervention in postop-
erative wound infection
Ongoing infection refractory to medical treatment
Pain not responding to conservative therapy
Wound dehiscence, purulent discharge, and fluctuant
Pus on needle aspiration
Compressive large fluid collection or epidural abscess
Neurological deficit
Spinal instability or worsening of deformity
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compartments and deeper muscle layers.
Irrigation with antibiotic solution and pulsatile
lavage system is essential for mechanical and
chemical removal of the bacteria. Wide wound
reopening would allow adequate inspection of
bone fragments, necrotic muscles, Gelfoam or
fibrin sealant remnants, and instrumentation and
bone graft materials. Wound sample for culture
and sensitivity test should be collected prior to
debridement and irrigation.

The spinal instrumentation and bone graft
materials could be left in place, and removal is
indicated in certain cases, for example, in the
case of pseudarthrosis due to active infection and
in the case of delayed infection with solid fusion.
If possible, leaving the instrumentation in place
is a viable option as this can prevent instability
either due to the initial spinal pathology or
caused by the ensuing infection [43].

Upon wound closure, the skin edges should
be sanitary and viable. If this was not possible,
delayed wound closure can be performed after
serial irrigation and debridement, until there is
no evidence of infection. Obtaining a tight, lay-
ered closure is important to minimize dead
space. Thalgott et al. [44] developed a classifica-
tion system to predict high-risk patient popula-
tion for wound infection following a spinal
surgery and proposed a treatment guide prognos-
tic for the number of debridement required in
accordance. This system was based on two main
variables: the infection and the host (Table 4).
The authors proposed that healthy patients with
less virulent bacteria might require a single
debridement, whereas immunocompromised
hosts, multiple and/or more virulent organisms,

and polymicrobial infections often require mul-
tiple debridements.

If wounds fail to respond to irrigation, drain-
age, debridement, and delayed closure, they may
require a closure with myocutaneous or fasciocu-
taneous flaps. Vacuum-assisted closure (VAC)
systems have been proposed as an alternative,
especially in cases of exposed hardware and in
patients with significant comorbidities [45].

Broad-spectrum antibiotics are typically ini-
tiated after surgery and modified to sensitive
agents upon intraoperative wound cultures.
Consultation with an infectious disease special-
ist is necessary for selecting the appropriate
antibiotic treatment, following up with the
patient, and monitoring undesired side effects.
Typically, the duration of antibiotic treatment
ranges from 8 to 12 weeks intravenously fol-
lowed by 6 to 8 weeks orally. Antibiotic treat-
ment of Staphylococcus aureus, the most
common causative agent, is mainly beta-lactam
penicillinase or second-generation cephalospo-
rin (Table 5). The decision of antibiotic discon-
tinuation should be based on the patient’s
clinical response to treatment, inflammatory
markers values (ESR and CRP), CBC levels,
and finally imaging findings. Patients usually
start to improve clinically before significant
radiological signs of improvement become
apparent (such as T2-signal normalization).
Patients with ongoing or delayed-onset infec-
tion may require lifelong antibiotic treatment,
especially in the setting of low-virulence micro-
organism agent, and retained instrumentation.
This decision is determined with a collaborative
consultation of infectious disease specialist.

Table 4 Clinical staging system for spinal wound infections [44]

Severity of wound infection

Host immune characteristics

Group 1 Infection with a single Group A A patient with normal systemic defenses
organism (either superficial
or deep)

Group 2 A deep infection with Group B A patient with local or multiple systemic
multiple organisms disease, smoking

Group 3 Myonecrosis with multiple ~ Group C Immunocompromised or severely

organisms

malnourished
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1 Introduction

Gastrointestinal tract stoma closure is a clean-
contaminated procedure that is associated with a
high incidence of surgical site infection (SSI).
The nature of the enteric contents in these stomas
increase the bioburden, and therefore stoma clo-
sure is likely to have wound contamination. This
higher risk of wound infection invariably leads to
either delayed primary closure or healing by sec-
ondary intention (SH) as opposed to primary clo-
sure (PC) [1].

Few studies have shown that PC is as good as,
if not better than other methods in term of SSI
rate. On the other hand, other methods of closure
have frequently been reported to have better SSI
rates compared to PC. Van de Pavoordt et al. [2]
compared PC, partial PC and SH for loop ileos-
tomy closure. The SSI rate for PC, partial PC and
SH were 8%, 4% and 2%, respectively. Hackam
et al. [3] reported that the SSI rate of PC could be
as high as 41%. However, methods of stoma clo-
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sure with the least SSI rate is still debatable, and
no consensus has yet to be established.

As a consequence, a few modified wound clo-
sure methods for stoma reversal have been
evolved in comparison to the PC. Partial closure
of the wound with interrupted sutures inter-
spersed with dressings was an alternative method
of the stoma wound closure. An open wound pro-
vides a favorable environment for the growth of
microorganisms by being moist, warm and nutri-
tious [3]. This environment is conducive to heal-
ing, but also has the potential of becoming a
nidus of pathogenic infection. Due to the higher
risk of wound contamination, dressings are
placed in between sutures of the partial PC wound
following stoma closure. It will not only act as a
barrier to colonization by pathogens but also help
to achieve an optimal moisture balance to support
healing process [3].

Currently, there is an increasing trend of using
silver as an antimicrobial agent for wound dress-
ing. A silver-containing Hydrofiber dressing,
Aquacel® Ag (ConvaTec), has better exudative
absorption compared to the conventional absorp-
tive fibrous dressings. It is made of sodium car-
boxymethylcellulose, which is designed to
absorb exudate and subsequently to release ionic
silver into the wound environment in a controlled
manner [4-6]. The ionic silver is delivered at a
sustained rate for up to 14 days. The carboxy-
methylcellulose and silver components in the
Aquacel® Ag makes it an ideal antimicrobial
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dressing for contaminated wounds such as wound
after stoma closures.

The aim of this study is to describe and eval-
uate a new method of wound closure using a
partial closure with intervening silver dressings
after stoma reversals. A comparison of the new
method is made with a PC; the SSI and healing
rates among both these groups were studied.
Although the method of using a partial closure
with intervening dressings has been described,
the use of silver-containing dressings has yet to
be elucidated.

2 Methodology

A prospective study was conducted after institu-
tional research board approval. All patients with
a gastrointestinal tract stoma (ileostomy or
colostomy) closure from January 2011 to April
2015 at a single academic unit based at two
institutions were included. Patients with aller-
gies to any components of the dressings or
metallic silver, on antibiotics or long-term anti-
biotic treatment, or with history of previously
complicated attempts of stoma closure were
excluded from the study.

This study is a randomized prospective com-
parative study incorporating two groups of
patients, according to the methods of wound clo-
sure following stoma reversal. All patients were
randomized. Each consecutive case referred
alternately without any selection. Control sub-
jects were patients who underwent routine pri-
mary closure as the method of reversal of stoma.
The study group consists of patients who had clo-
sure of the stoma via partial primary closure with
intervening silver dressing using Aquacel® Ag
(Fig. 1). Both types of skin closure were per-
formed at both institutions. The entry point of the
study is on the operation day itself. Patients will
be assessed preoperatively, during the admission
for operation, at 2 weeks for SSI and 6 weeks for
wound healing.

The outcome of the study is SSI as defined by
the CDC guidelines [7]. The wound will be
observed for local inflammatory signs such as

Fig. 1 Partial closure with intervening silver dressing
using Aquacel® Ag

redness, warmness, swelling, or pain around the
stoma wound closure site. Wound infection and
wound healing were confirmed by one of the four
general surgeons in the team. The wounds will be
laid open depending on the state, i.e., purulent
discharge or induration. For wounds that exhibit
signs of infection, laboratory tests will be used to
confirm the diagnosis. Wound inspection was
done every other day during admission. Upon
discharge, dressings were done, and the wound is
inspected every other day in the outpatient clinic
until 6 weeks.

The silver dressings used in this study incor-
porate ionic silver-containing Hydrofiber dress-
ing (Aquacel® Ag) provided by ConvaTec. The
investigators declare no conflict of interest.

3 Study Outcome

The primary study outcome is the wound infec-
tion and wound healing of both the PC and partial
closure with intervening Aquacel Ag dressing of
the stoma closure.

3.1 Statistical Analysis

Data was summarized as the mean and standard
deviation (SD) for continuous variables and as
counts and percentages for categorical variables.
The rate of surgical site infection and wound
healing in relation to both study and control
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groups was analyzed by the chi-square test. Table 2 Surgical site infection and healing rates
Statistical significance was set at p-value <0.05. Primary closure ~ Aquacel Ag
Statistical analysis was carried out using the N=24 N=20 P-value
Statistical Package for Social Sciences software  Presence of SSIat 2 weeks
(SPSS®, version 22.0). ey A Dws) et
No  22(92%) 20 (100%)
Healing by 6 weeks
3.2 Results Yes 22 (92%) 20 (100%) 0.493
No 2 (8%) 0 (0%)

A total of 44 patients who underwent a reversal
of the stoma were included in this study. Twenty-
four patients were sampled into the control group
(primary closure) and 20 patients in the study
group (dressing with Aquacel Ag). The mean age
for both control and study groups is 54 years old
(SD = 13). The type of stoma in both groups was
predominantly colostomy. The demographic data
between both the groups is summarized in
Table 1.

At 2 weeks, SSI was seen in two patients in
the primary closure group but none in the Aquacel
Ag group (Fig. 2). The healing rate at 6 weeks
was 100% in the Aquacel Ag group as compared

Table 1 Demographic data between the groups

Primary closure Aquacel Ag
N=24 N=20
Gender
Male 16 (67%) 10 (50%)
Female 8 (33%) 10 (50%)
Type of stoma
Ileostomy 9 (37%) 5 (25%)
Colostomy 15 (63%) 15 (75%)
Surgical Site Infection at 2 weeks
25
22 20
20
3 15
E
= 10
5 P
o —m°
Yes No

B Primary Closure ™ Aquacel Ag

Fig.2 Distribution of the presence of surgical site infec-
tion among the control and study group

SS1 surgical site infection, N total number

to 92% in the primary closure group. However,
the SSI and healing rate in both the groups were
not statistically significant (Table 2).

4 Discussion

Wound care following stoma reversal requires an
exquisite balance of optimal healing with mini-
mal infection due to its high bioburden content.
Primary closure has been a routine practice for
the closure of stoma wounds. Studies have dem-
onstrated higher surgical site infection in primary
closure. Phang et al. [8] studied 339 patients who
underwent ileostomy closures and reported a
15% of SSI rate. Berry et al. [9] reported SSI rate
of 6% among 16 patients who had primary clo-
sure of ileostomy. Similarly, in one of the largest
series in stoma closure, Wong et al. [10] reviewed
1504 cases who underwent loop ileostomy clo-
sures and found a 9.3% SSI rate in PC compared
to 0.4% in both partial PC and SH.

Therefore, several wound closure techniques
have been developed to take on the events of high
bioburden in stoma wounds which were likewise
reported to have lower infection rates. Benarjee
et al. [11] in 1997 proposed a method that
involves a skin-approximating closure with a
subcuticular purse string of the stoma site. It is
claimed that this method has the advantages of
better cosmesis and arguably less SSI rate. A ret-
rospective cohort study conducted by Klink et al.
[12] reported significantly lower SSI rate in
purse-string approximation wound closure as
compared to the primary closure (5 vs. 17%). Suh
et al. [13] and Lee et al. [14] conducted similar
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Table 3 Comparison between other studies on wound infection rate after stoma closure

Delayed closure Partial
Primary or healing by Purse closure with
Total  closure  Partial  secondary string  intervening
Studies Study design  number (%) PC (%) intention (%) (%) dressing (%)
Van de Pavoordt et al. [3] Retrospective 293 7.7 4 2.1
Hackam et al. [4] Retrospective 95 41 15
Berry et al. [9] Prospective® 16 6.3
Phang et al. [8] Retrospective® 339 14.2
Wong et al. [10] Retrospective 1,504 9 0.4 0.4
Lee et al. [14] Retrospective 48 16.7 5.6
(linear
closure)
Klink et al. [12] Retrospective 140 17 5
(linear
closure)
Suh et al. [13] Retrospective 157 11.4 0
(linear
closure)
Zubaidah et al. [15] Prospective 44 8 0

2All patients had primary closure
®Majority of the patients had primary closure (90%)

studies on the skin closure after ileostomy rever-
sals in Korea and found similar results. Despite
having a lower SSI rate in purse-string wound
closure, the SSI rate was still higher as compared
to SH. Table 3 summarizes the comparison stud-
ies on wound infection after stoma closure.

There were no standard methods of wound
closure following stoma reversals. Even though
SH has lower infection rates, it has its own disad-
vantages. The trade-off with leaving wounds
opened or partially opened, however, is a pro-
longed time for final closure and increased local
wound care requirements [1]. When the hosts’
immune response is unable to cope with the
opportunistic colonization, this wound may
become infected. Subsequently, the healing pro-
cess will be delayed [5]. Health-care costs will
increase not forgetting the impact on patients
themselves, i.e., pain, inconvenience, and risk of
further systemic illnesses.

The best possible wound dressing is something
that can provide a moist environment for healing,
causes the least discomfort for patients, and has
antimicrobial property [2]. Not all dressings have
all this ideal property. Traditional gauze dressing
which keeps the wound dry causes more fluid
depletion through evaporation, which in turn

reduces the local tissue temperature at a wound
site. Dry gauze dressings are also often painful and
adherent to the wound. It also lacks antimicrobial
properties to suppress bacterial growth, especially
in highly bioburden wounds such as stoma wounds
[5]. This process depresses host immunity and
wound healing function and, therefore, increases
the chances of wound infection [16, 17].

For centuries, metallic silver exhibited some
antimicrobial properties, hence its use in the past
in sanitation of water, complementary health
care, and food preservation [18, 19]. In vitro
studies have shown that silver-impregnated dress-
ing exhibits effective and rapid bactericidal activ-
ities [20, 21]. Different antibiotics have different
mechanisms of action, but in general, they attack
a single component of bacteria, such as the cell
wall, to halt bacterial metabolism. Silver, on the
other hand, attacks multiple components of bac-
terial metabolism [18]. This property, therefore,
makes it an effective, broad-spectrum, antimicro-
bial agent. It also has a relatively low bacterial
resistance [20]. Silver impregnated dressings,
hence, were used in this study. Recent systematic
review and meta-analysis reported that silver-
impregnated dressings improved the short-term
healing of wounds and ulcers in terms of wound
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size [22]. For this reason, silver-impregnated
dressings were chosen in this current study.

In our study [15], we compared stoma wound
closure with PC to partial closure with inter-
rupted sutures and intervening silver dressings.
Our study showed a higher incidence of SSI in
the PC group (8%) as compared to zero in partial
closure with the intervening dressing group;
however, the surgical site infection and healing
rate between the two groups were not statistically
significant. The higher incidence of SSI in the PC
group results in the need for regular wound dress-
ing and antibiotic usage. As consequences, these
patients resulted in delayed wound healing fol-
lowing stoma reversal, resulting in an indirect
financial burden to the patients and to the hospital
in the PC group as compared to the study group.
In the partial closure with the intervening dress-
ing group, there was zero wound infection and
complete healing at 6 weeks post closure.
However, the cost-effectiveness and cosmetic
effect between both the groups were not studied.

The advantage of our study is this study is a
randomized control study on stoma wound clo-
sure. A combination of both colostomy and ileos-
tomy closures were studied with more than 60%
in both the groups had colostomy closures. One
of the major limitation of many of the available
studies reported is the retrospective design of the
study. Our small sample size is not sufficient to
represent the population.

Conclusions

Reversal of stoma with partial primary closure
with intervening silver dressings is a feasible
method with less SSI and good wound healing
outcome.

Funding Research grant from University Putra Malaysia.
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Primary Necrotizing Fasciitis

of the Breast: Combined Use

of Hyperbaric Oxygen

and Negative-Pressure Wound
Therapy to Conserve the Breast

Francesco Marongiu, Andrea Giurdanella,
Federico Buggi, Francesca Fiorentini,
Daniele Alfio Vecchio, Matteo Mingozzi,
Secondo Folli, and Annalisa Curcio

1 Introduction

The term necrotizing fasciitis (NF) describes a
group of soft tissue infection spreading along
fascial planes causing gradual destruction of the
fascia at the rate reaching 2-3 cm/h. Developing
in the lower or upper extremities, perineum and
genital area, and abdominal wall, its swift clini-
cal course is correlated with polymicrobial
infection and synergy, which usually coexists
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[1]. NF has been historically reported from
almost all parts of the world and is now under-
stood to be caused by either a single organism or
more frequently by a variety of microbes, aero-
bic and anaerobic.

Necrotizing infections of the soft tissue have
been known since ancient times when Hippocrates,
in 500 BC, reported a clinical description of a
complication of erysipelas disease, resembling
the current description of NF [2, 3]. In 1783
Colles described a condition that was very similar
to the modern description of NF. In 1871 a mili-
tary surgeon in the Confederate Army of United
States, Joseph Jones, made the first description of
modern NF when he reported 2642 cases of gas
gangrene treated in hospital during the American
Civil War, with a mortality rate of 46%. Since his
description, it has been variously named as “nec-
rotizing erysipelas,” ‘“hemolytic streptococcal
gangrene,” “‘suppurative fasciitis,” and “acute der-
mal gangrene” [4-9]. In 1883, Fournier described
a syndrome with necrosis of the perineum, and
this type of NF was subsequently given his name
and is currently known as Fournier’s gangrene.
The current term “NF” was coined by Wilson in
1952, for he observed that cutaneous gangrene is
not invariably present, yet fascial necrosis is a
constant feature of the syndrome [6, 10].
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The annual incidence of NF is estimated at
500-1000 cases annually, and its prevalence
globally has been reported to be 0.40 per
100.000 population. The disease affects all age
groups; it is seen to have a predilection for men
which correlated an increased incidence of
Fournier’s gangrene. The mortality rate has not
changed in the last 30 years and remains
25-35%; the rate is directly proportional to the
time of the intervention [11].

NF is even more unusual as a primary disease
of the breast, with no previous invasive proce-
dure or other conditions. In literature only 11
cases of spontaneous necrotizing infection of the
breast have been reported, and five of these were
otherwise healthy women. In the treatment of
NF in the breast, mastectomy has been reported
to be the main treatment [12]. Usually patients
with NF experience severe pain and tenderness;
the skin might have normal appearance in the
early stages of the disease because the infection
tracks the subcutaneous tissue. Skin changes
will become evident with resulting skin isch-
emia, as a late feature of the disease [13]. We
present a first case of healthy patient exhibiting
necrotizing fasciitis of the breast (PNFB), treated
by combining conservative surgery with hyper-
baric oxygen (HO) and negative-pressure wound
therapy (NPWT) (Table 1).

2 Case Report

A 39-year-old woman presented to the emer-
gency department with fever and swelling of
her right breast. Patient’s history showed no
previous use of drugs nor oral contraceptives,
no recent pregnancy, no trauma, and no throm-
boembolic disease or other comorbidities. She
was nonobese and non-smoker. Her family his-
tory was negative for breast cancer or other
malignancies. She had never undergone surgery
or any other invasive procedure of the breast.
She reported having only fever during the night
and noting once awake a redness on the supe-
rior pole of her right breast. 12 h later this area
occupied the whole breast surface. Upon admis-
sion to the emergency unit, she was febrile. On
examination the right breast showed swelling
with erythema and edema and ecchymosis and
bluish bulla on the lower quadrant (Fig. 1). The
left breast was normal, and there was no axil-
lary lymphadenopathy bilaterally. Blood pres-
sure was normal and the ECG showed sinus
tachycardia only. Blood test results were nor-
mal. Ultrasound examination showed diffuse
edema of the entire right breast, with few sub-
dermal gas bubbles in the outer lower quadrant
and several undefined hypoechoic areas. The
provisional diagnosis was “breast mastitis,” and

Table 1 Summary of cases of primary necrotizing fasciitis of the breast

Author Country Year Comorbidity
Shah India 2001 Diabetes
Nizami Pakistan 2006  Steroid treatment
Rajakannu India 2006  None

Wong Singapore 2008 None

Keune US.A 2008 None
Venkatramani  India 2009 HIV positive
Vishwanath India 2011 Lactating
Soliman Kuwait 2011 None

Yaji India 2014  Diabetes
ILe® Korea 2015 Pregnant
Yang Europe 2015 None
Present case ~ Europe 2015 None

Culture Treatment
Polymicrobial Mastectomy
Polymicrobial Mastectomy + skin graft

Polymicrobial Mastectomy + skin graft

Unknown Quadrantectomy + secondary suture
Polymicrobial Mastectomy
Polymicrobial Mastectomy
Unknown Mastectomy
Polymicrobial Multiple selective
debridements + skin graft
Polymicrobial Wide debridement
Monomicrobial ~ Wide debridement + VAC therapy
and secondary suture
Polymicrobial Selective debridement + skin graft
Monomicrobial ~ Selective debridement + hyperbaric

oxygen + VAC therapy and skin
graft
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Fig.2 New area of necrosis with rapid extension of the
skin redness to the ipsilateral hemithorax

antibiotic therapy (ceftriaxone) was started.
Several hours later the patient showed high
fever (39.8 °C), a new area of necrosis appeared
on the outer lower quadrant of the right breast,
and a rapid extension of the skin redness to the
ipsilateral hemithorax was evident (Fig. 2).
Blood tests showed leukocytosis of 18.67 cells/
mm3, with 92% neutrophils, Hb 11.3 day/dL,
INR 1.50, Na + 129 mM, K+ 3.1 mM, and PCR
3159 mg/L. Glycemia, platelet, and other
results were normal. The CT scan showed skin
thickening and subcutaneous gas in the deep
tissues of the breast and beneath the skin sur-
face, extending down the pectoral and latissi-
mus dorsi fascial planes until the second lumbar
vertebra (Fig. 3). The patient was prepared for
emergency surgery. In the operating room, fol-
lowing incision, necrosis and purulent infiltrate
of the breast tissue was noted, involving mainly
the lower outer quadrant, extending to the lower
inner quadrant but sparing the nipple areola
complex; the infection appeared to reach the
fascial planes of the pectoralis major and latis-
simus dorsi muscles until the second lumber
vertebra, confirming the CT report. We per-
formed a selective debridement, and apparently,
all breast necrotic tissue was removed. Several
drains were left in place and in the ipsilateral
hemithorax (Figs. 4 and 5). After surgery, the
patient was admitted to the intensive care unit
and remained intubated. The HO was immedi-
ately started and continued every day (once/day
2.8 Bar x 120 min). Culture results demon-

Fig.3 (Left) CT scan revealing skin thickening and subcutaneous gas of the breast and beneath the skin surface, extend-
ing down the pectoral and (right) latissimus dorsi fascial planes until the second lumbar vertebra



198

F. Marongiu et al.

strated Group A Streptococcus pyogenes, and
adequate antibiotic treatment was initiated with
Vancomicina-Meropenem-Clindamicina. The

wound dressing was changed every other day.
After 3 days, the patient’s condition stabilized,
the fever dropped down, and white blood cell
count began to normalize. She was extubated

Fig. 4 Wounds partially sutured after selective debride-
ment of breast necrotic tissue. Several drains were left in
place in the breast and in the ipsilateral hemithorax. The
hyperbaric therapy was immediately started and contin-
ued every day (once/day 2.8 Bar x 120 min)

Fig.5 The breast after 10 days showed only superficial
marginal skin loss with small residual islands of necrosis,
but the deep tissue appeared healthy

with no further complications and was trans-
ferred to our surgical department. The pathology
reports indicated acute necrotizing inflammation
of the dermis and breast tissue, with bacterial
colonies in the areas of necrosis and no evi-
dence of malignancy. A week later, we made a
second selective debridement under general
anesthesia. Former overtly necrotic areas in the
breast were maintained open to heal second-
arily, while counter incisions were surrounded
by healthy granulation tissue and were approxi-

Fig. 6 Postoperative demonstrating the vitality of the
wound tissue after second selective debridement under
general anesthesia

Fig.7 After 18 days the hyperbaric oxygen therapy was
suspended and the wound defect closed with negative-
pressure wound therapy (120-135 mmHg)
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Fig.8 45 days after the last debridement. No further tis-
sue necrosis was seen and the breast began to exhibit signs
of healing so we removed the negative-pressure wound
therapy and performed a new operation to cover the
wound

Fig. 9 Postoperative showing full-thickness skin graft
reconstruction taken from the abdomen region

mated, and new drains were positioned (Fig. 6).
After 18 days, the HO was suspended, and an
NPWT that provided a continuous negative
pressure to the wound (120-135 mmHg) was
applied (Fig. 7). Following that, the patient’s
condition continued to improve. We progres-

Fig. 10 Cosmetic result after 4 months

sively removed the drains; the wound started to
granulate nicely; no further tissue necrosis was
seen; and the breast began to exhibit signs of
healing (Fig. 8), so 45 days after the last
debridement, we removed the PNWT and per-
formed a new operation to cover the breast
wound using a full-thickness skin graft taken
from the abdomen region (Fig. 9). After 5 days,
no complication occurred, so the drain was
removed and the patient was discharged.
Several months later, an excellent cosmetic
result was observed (Fig. 10).

3 Discussion

NF is a rare disease but is associated with sys-
temic toxicity and a high death rate despite
aggressive treatment [11]. Patients with NF usu-
ally present with the classic triad of symptoms:
local pain, swelling, and erythema [14].
Tachycardia and fever are the most common vital
sign abnormalities, followed by hypotension and
tachypnea. These vital sign abnormalities, with
the skin erythema, are most useful in securing the
diagnosis of NF from other soft tissue infections
[15]. The infected site displays tenderness, scle-
rosis, skin necrosis, and hemorrhagic bullae [16].

Standard NF risk factors include chronic debili-
tating comorbidities (diabetes mellitus, peripheral
vascular disease, smoking, alcohol abuse, liver
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disease, obesity, and immunosuppression) and
condition compromising skin integrity (surgery,
trauma, burns, intravenous drug use, biopsy, pres-
sure ulcers, and chronic skin disease). Breast can-
cer, operation, wound dehiscence, and previous
biopsies are other possible risk factors that could
facilitate the development of NF in the breast [12,
17-19]. Recent studies have concluded that NF
can be classified into four types, depending on the
pathogen. Type 1 infections are the most common,
also known as the polymicrobial type. Type 2
comprises monomicrobial infections caused by
beta-hemolytic Streptococcus A (S. pyogenes).
Type 3 is less common and includes monomicro-
bial infection involving the Clostridium species or
Gram-negative bacteria. Finally, type 4 is the result
of fungal infection, mainly Candida spp. and
Zygomycetes [1, 18, 20]. Bacteria quickly repro-
duce, spread rapidly along tissue planes, and give
off toxins and enzymes that destroy the soft tissues
and fascias, which quickly become gangrenous.
Furthermore, because of the systemic toxicity, the
bacteria may cause multi-organ failure and death.
For this reason, the timeliness of diagnosis and
treatment is crucial to save the patients’ lives [21].
Meleney recognized the importance of early surgi-
cal intervention [22].

Intraoperatively, an incision should be made
down the pectoralis muscle over the area of maxi-
mal tenderness and most obvious skin involve-
ment [13]. The first case of NF of the breast was
described by Shah in 2001, and only 11 cases of
PNFB have been reported in literature so far;
among these, only five cases without any associ-
ated comorbidity are reported [13, 23-32]. The
current case is the first described Italian case of
PNFB in otherwise healthy patients, the second
in Europe, and the sixth reported in the English
literature. The diagnosis of NF is mainly clinical;
however, clinical suspicion may not be enough;
the use of imaging (ultrasound, CT scan, or MRI)
may help in this context because findings such as
irregularity of the fascias, abnormal fluid collec-
tions or gas tracking along fascial planes, fat
stranding, and diffuse thickening of the fascias
outline the presence of necrosis that demands
aggressive surgical management [21, 33, 34].
Blood tests also proved useful, and Wong [26]

proposed the use of the “laboratory risk indicator
for necrotizing fasciitis’ score may help in suspi-
cious cases, as a score >6 of 13 indicates that NF
should be seriously considered, and they also
showed that the positive predictive value for NF
increases as the score rises above 7 [21]. In our
case, clinical signs showed fever but no associ-
ated pain, swelling, erythema, or edema, with an
ecchymosis and bluish bulla on the patient’s right
breast. The laboratory risk indicator score was 8
and indicated the use of CT scan that suggested a
surgical exploration. As a different radiological
method to diagnose NF, MRI has a high sensitiv-
ity of 80—100% but a low specificity of 46-86%.
MRI may not be readily available in an emergency
setting and can be time-consuming [13, 35].

Unfortunately, as no signs, imaging, or tests are
pathognomonic, today, the mortality rate is still
25-35% because time is the most important factor
in survival [11, 21]. Standard management includes
fluid resuscitation, intensive care support if indi-
cated, intravenous broad-spectrum antibiotics, and
early surgical aggressive debridement leaving open
wounds; based on the blood culture results, a spe-
cific intravenous antibiotic therapy must be started
in association with multiple debridement if indi-
cated [11, 21]. For the NF of the breast, mastectomy
has been reported in the published literature to be
the most common surgical procedure [11, 12, 21],
but the most effective treatment is not well estab-
lished because of the lack of a large case series.
Some authors have suggested breast conservative
treatment [30, 32], and only one paper reported
about wound management using NPWT [13].

NPWT has become a common method of
treating large wounds once infection is controlled,
although there have been no well-designed stud-
ies evaluating the role of NPWT in patients with
large wounds following infection [11]. NPWT
increases local oxygenation by enhancement of
dermal perfusion and accelerates formation of
granulation tissue by stimulating fibroblasts [36].
NPWT has been used for lesions in the breast
such as chest wall defects following bilateral NF
and salvage of infected breast implants [12].

HO is widely used in the treatment of acute
and chronic infections because of numerous prof-
itable actions: direct antimicrobial effect, increase
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antibiotic drug’s efficacy, reduction of edema,
enhanced angiogenesis, and fibroblasts prolifera-
tion [37]. These benefits may theoretically impact
positively on all the phases in the treatment of
NF, synergistically improving both infection
control and wound healing [37]. However,
nobody reported so far about the use of HO in
the management of PNFB: on the basis of this
consideration, we performed a selective surgical
debridement, and the HO was immediately asso-
ciated to exploit its additional effect of infection
control and enhanced wound healing. This
allowed us to obtain an excellent clearance of the
infection from the breast tissue in association
with a healthy, lively growing surrounding tissue
sustained by NPWT; thus, the number of debride-
ment procedures was minimal. Once the main
goal of survival was granted, some room for pur-
suing an aesthetic outcome was created; when the
clinical condition was stable and the breast tissue
was definitively healthy, the NPWT could be
removed and the wound was covered with a split
skin graft. We decided to take the skin from the
abdomen region because the patient had a skin
excess, thus optimizing the cosmetic results.

Conclusions

Early diagnosis and timely treatment are crucial
to save the patients’ life. The multimodal
approach is necessary in all phases of the treat-
ment and may also allow the balancing of surgi-
cal aggressiveness to conserve the breast. This is
the first case of PNFB case successfully treated
conservatively, associating HO with selective
surgical debridement and NPWT. This associa-
tion resulted in a complete recovery and breast
conservation, with the additional benefit of facil-
itated reconstruction and satisfactory cosmetic
result. We recommend more prospective clinical
studies to be conducted to analyze this kind of
approach to such life-threatening diseases.
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Novel Antimicrobial Peptides:
Targeting Wound Infections
Caused by ‘Superbugs’ Resistant
to All Current Antibiotics

Tony Velkov, Chongyu Zhu, David M. Haddleton,

and Jian Li

1 Introduction

The annual costs of wound care in Australia ($2.6
billion AUD), the UK (£2.3-3.1 billion) and the
USA ($50 billion USD) are staggering. The cost of
chronic wound infections is often due to lengthy
hospitalisations because of infections caused by
multidrug-resistant (MDR) bacterial pathogens [1].
There is an urgent unmet medical need for new anti-
biotics for wound and burn infections caused by
MDR Gram-negative ‘superbugs’ Pseudomonas
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aeruginosa, Acinetobacter baumannii and Klebsiella
pneumoniae. Resistance to the last-line therapy
polymyxins (polymyxin B and colistin) has been
increasingly reported, which virtually means no
antibiotic will be available for treatment of wound
and burn infections. Considering potential systemic
toxicity and suboptimal pharmacokinetic/pharma-
codynamic attainment, the topical use of antibiotics
often remains a superior approach for wound infec-
tions than parenteral administration.

The present chapter covers the development of
novel broad-spectrum lipopeptides that are very
active against not only polymyxin-resistant Gram-
negative pathogens but also MDR Gram-positive
Staphylococcus aureus and Enterococcus faecium
that also commonly cause serious wound infec-
tions. Furthermore, we have developed a chitosan-
based colistin self-healable hydrogel that provides
high localised release of colistin for the treatment
of burn wound infections. The development of
these novel topical lipopeptide agents could slash
the billion-dollar annual cost of wound treatment
and result in improved healthcare on a global scale.

2 MDR Bacterial Wound
Infections

Wound and burn infections are a major medical
challenge worldwide and represent a considerable
healthcare burden [2-4]. They are a common risk
for patients with chronic non-healing wounds which
cause high morbidity and mortality. As a poignant
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example, ~75% of all deaths following major burn
injuries are related to bacterial infections [3, 4].
Wound and burn infections caused by the aforemen-
tioned Gram-negative ‘superbugs’ are immensely
concerning [5]. Burns are particularly susceptible to
infections due to the disruption of the epidermal
barrier, the systemic apoptotic response and immu-
nosuppression that disrupts self-defence mecha-
nisms to fight infection [3, 6]. Even though systemic
antibiotic treatment is usually the most common
therapeutic option, the significant difficulties are
adverse effects and the risk of an insufficient tissue
penetration due to impaired blood circulation. The
use of topical chemotherapy has been fundamental
and helped to improve the survival of patients with
major burns and to minimise the incidence of life-
threatening burn wound sepsis [7]. The topical use
of antibiotics plays a significant role in the manage-
ment of serious wound infections caused by Gram-
negative bacteria P. aeruginosa, A. baumannii and
K. pneumoniae and Gram-positive S. aureus and E.
faecium [3, 4]. Very worryingly, these bacteria are
increasingly resistant to almost all current topical
antibiotics [8, 9]. These bacterial ‘superbugs’ have
been identified by the Infectious Diseases Society
of America (IDSA) and Centre for Disease Control
and Prevention (CDC) as the top-priority dangerous
‘superbugs’ that require urgent attention for discov-
ery of novel antibiotics [10-13].

Polymyxins are an important last-line therapy
against Gram-negative ‘superbugs’.

Polymyxins consist of a linear tripeptide frag-
ment having an N-terminal fatty acyl tail attached to
a cyclic heptapeptide (Fig. 24.1). They are polyca-
tions at pH 7.4 owing to the five diaminobutyric
acid (Dab) residues. Polymyxins were discovered
more than 60 years ago. Because the early experi-
ence in the 1960s with parenteral polymyxins led to
some cases of nephrotoxicity and neurotoxicity,
their clinical use waned [14—17]. Since the mid-
1990s, there has been a greatly renewed interest in
polymyxins because of the increasing prevalence of
MDR P. aeruginosa, A. baumannii and K. pneu-
moniae [14-17]. Polymyxin B and colistin (poly-
myxin E) are the two clinically available polymyxins
that are most commonly administered parenterally
in patients as a last-line therapy for serious infec-
tions, when all other available antibiotics are inac-
tive. Our in vitro studies have shown that resistance

can rapidly emerge in P. aeruginosa, A. baumannii
and K. pneumoniae [18-20], and polymyxin resis-
tance in hospitalised patients has been increasingly
reported [10, 21, 22]. Even more worrying is the
recent reports in the Lancet Infect Dis of the emer-
gence of plasmid-mediated colistin resistance [23,
24], which implies resistance to these important
last-line antibiotics can now rapidly spread.
Resistance to polymyxins implies a total lack of
antibiotics for treatment of life-threatening Gram-
negative infections.

The majority of the modern pharmacological
data of polymyxins are obtained by our group
[18, 20, 25-43]. We were the first to character-
ise the modern pharmacokinetics of colistin
and polymyxin B in patients [25, 30, 39, 40]
and demonstrate that polymyxins exhibit rapid,
concentration-dependent killing of susceptible
strains of P. aeruginosa, A. baumannii and K.
pneumoniae [20, 34, 41]. Our studies in both
in vitro and animal infection models have, for the
first time, elucidated that fAUC/MIC (i.e. ratio of
the area under the free plasma concentration—time
curve to minimal inhibitory concentration [MIC])
is the pharmacokinetic/pharmacodynamic (PK/
PD) index best correlating with colistin activity
[44]. Our findings are led to the first scientifically
based dosage regimens in patients. Our recent data
suggest that intravenous polymyxins are not ideal
for treatment of lung infections and wound infec-
tions due to suboptimal PK/PD exposure at infec-
tion sites. We first reported colistin heteroresistance
(i.e. colistin-resistant subpopulations in an isolate
susceptible based upon MIC) in the Gram-negative
pathogens [20, 31, 36] and the potential for resistant
subpopulations to rapidly amplify upon exposure to
colistin in an in vitro PK/PD model that mimics
clinical dosing regimens in humans [18-20]. The
latter highlights the urgency to develop new antibi-
otics active against isolates which are resistant to
polymyxins and all other current antibiotics.

3 Mechanisms of Polymyxin
Activity and Resistance

The initial cellular target of polymyxins is the
lipid A component of lipopolysaccharide (LPS)
in the outer membrane (OM). The purported
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primary mechanism of polymyxin activity
involves an initial electrostatic interaction of the
cationic Dab residues of the polymyxin molecule
with the negatively charged phosphate groups of
lipid A [45]. This initial polar interaction is fol-
lowed by insertion of the fatty acyl tail of the
polymyxin into the lipid A fatty acyl layer in the
outer membrane. Many of the Gram-negative
bacterial mechanisms of resistance to polymyx-
ins are based on modifications to lipid A which
reduce or abolish this initial electrostatic interac-
tion. Modification of the phosphates of lipid A
with positively charged moieties such as 4-amino-
4-deoxy-L-arabinose or phosphoethanolamine
reduces the net negative charge of lipid A, thereby
increasing resistance to polymyxins [46-53].

4 Discovery of New Polymyxin-
Like Lipopeptides Targeting
MDR ‘Superbugs’

We were invited by the Journal of Medicinal
Chemistry to review the current state of develop-
ment of polymyxin analogues [54]. Previous
medicinal chemistry strategies for improving the

antibacterial activity of polymyxins have been
empirical and limited to modifications of the Dab
residues, the heptapeptide ring and the length of
the N-terminal fatty acyl chain (Fig. 1) [55-60].
Notably, numerous attempts have been made to
modify the N-terminus with polar and lipophilic
groups but with little success [54]. One such nota-
ble N-terminal analogue (CB-182804) came from
Cubist; unfortunately this analogue failed in a
Phase 1 clinical trial. Importantly, CB-182804
was not active against any polymyxin-resistant
isolates [61]. None of the previous discovery pro-
grammes were specifically driven by an SAR
approach nor was polymyxin resistance targeted.
These major shortcomings led to the failure of the
novel polymyxin discovery programmes by
Cubist, AstraZeneca and Pfizer. To the best of our
knowledge, we are the first to apply an SAR-based
mechanistic model (Fig. 2) to discover novel lipo-
peptides against polymyxin-resistant Gram-
negative ‘superbugs’ [62]. The SAR model has
allowed us to identify key structural properties of
polymyxins that confer antibacterial activity. In
our model, the polymyxin-lipid A complex is sta-
bilised by a combination of polar and hydrophobic
interactions (Fig. 2). The positive charges on Dab1

P1L-Dab P3 L-Dab
NH, NH, P5L-Dab P6
o o 1) H (0] ? H 7 L-Leu
H H N MU\ N
A AN N Ay
R1 N ~ N : =~ H
H = H z \ 0
(] — -
S = HO, - NH
P2 L-Thr £
P4LDab] = o  HN O
HN - N
7‘/\ N
| o H o
Polymyxin B P6 = <c<© D-Phe 10 L-Thr NH,
Hap
NH
CH, 2 8 L-Dab
9 L-Dab

I
Colistin P6 = 4C-CcH CH, D-Leu
H,

Polymyxin B1 & Colistin A R1 = \/\)\/ 6-methyloctanoic acid

Polymyxin B2 & Colistin B R1 =

6-methylheptanoic acid

Fig.1 Structures of colistin and polymyxin B. Thr threonine, Leu leucine, Phe phenylalanine, Dab a,y-diaminobutyric

acid
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Kdo2-LipidA

Novel D-OctylGly
modification at P6
overcomes resistance

Fig. 2 SAR model of novel lipopeptide FADDI-002 in
complex with E. coli Kdo2-lipid A

and Dab5 of polymyxin B interact with the nega-
tively charged 4'-phosphate group of lipid A, and
Dabg8 and Dab9 similarly interact with the 1-phos-
phate of lipid A. The polymyxin-lipid A complex
is further stabilised by hydrophobic contacts
between the N-terminal fatty acyl chain and posi-
tion 6/7 D-Phe-L-Leu segment of the polymyxin
molecule, with the fatty acyl chains of lipid
A. Evidently, the SAR model indicates that the
polymyxin-lipid A interaction in both polymyxin-
susceptible and polymyxin-resistant strains can
be significantly accentuated through the introduc-
tion of additional hydrophobic contacts. To cir-
cumvent bacterial resistance mechanisms due to
modifications of lipid A, in one series of our novel
FADDI lipopeptides, hydrophobic modifications
were introduced at position 6 or 7 to enhance pen-
etration into the lipid A fatty acyl layer as sug-
gested by the SAR model (Fig. 2). The SAR
model was validated when our first generation
lipopeptides (e.g. FADDI-002) (Table 1) with
L-octylglycine substituted at position 7 displayed
potent antimicrobial activity against polymyxin-
resistant Gram-negative clinical isolates [62].
Subsequently, expansion of our SAR-based
design strategy to include compounds incorporat-
ing lipidic groups at position 6 and the N-terminus

Table 1 Structures of representative lipopeptides

Lipopeptide  Structure

FADDI-002  Octanoyl-Dab-Thr-Dab-Dab*-Dab-D-
Phe-OctGly-Dab-Dab-Thr*

FADDI-003  Biphenyl-Dab-Thr-Dab-Dab*-Dab-D-
Phe-OctGly-Dab-Dab-Thr*

FADDI-019  Octanoyl-Dab-Thr-Dab-Dab*-Dab-D-
OctGly-Leu-Dab-Dab-Thr*

FADDI-043  Dansylgly-OctGly-Dab-Thr-Dab-
Dab*-Dab-D-Phe-Leu-Dab-Dab-Thr*

FADDI-052  Biphenyl-Dab-Thr-Dab-Dab*-Dab-D-

Cys(6F3-Hex)-Leu-Dab-Dab-Thr*
*Cyclisation point of the peptide

also generated potent lipopeptides active against
polymyxin-resistant Gram-negative ‘superbugs’
(Table 1). Notably, FADDI-019 and FADDI-020
which have the same or very similar MICs
(14 mg/L) as colistin against colistin-susceptible
P. aeruginosa isolates displayed significant activ-
ity (MICs 14 mg/L) against colistin-resistant P.
aeruginosa (colistin MICs 32 or >128 mg/L).
In static time-killing studies, FADDI-019 (MIC
1 mg/L) at 4 x MIC achieved ~6 log,, kill
against a polymyxin-resistant MDR clinical P.
aeruginosa isolate (colistin MIC >128 mg/L)
with no viable cells detected even at 2 h; no
killing was observed with colistin even at
32 mg/L. Against polymyxin-susceptible P.
aeruginosa ATCC 27853 (colistin MIC
1 mg/L), FADDI-019 (MIC 1 mg/L) had com-
parable bacterial time-kill to colistin. For most
of our lipopeptides, the ratios of MBCs (mini-
mal bactericidal concentrations) to MICs were
<4 indicating a low potential for development
of resistance. Isothermal titration calorimetry
studies confirmed that the hydrophobic contri-
bution from the N-terminal fatty acyl chain is
the predominant driving force for polymyxin-
lipid A complexation [63, 64].

Serendipitously, a series of our lipopeptides
have unexpected activity against MDR Gram-
positive S. aureus and E. faecium which are intrin-
sically resistant to polymyxins (colistin and
polymyxin B MIC >128 mg/L). Transcriptome
analysis using RNA-seq revealed that virulence
determinants controlled by SaeRS and the expres-
sion of enterotoxins yent2, sei, sem and seo were
all significantly downregulated by FADDI-019
[65]. Clearly, our SAR-based mechanistic model
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has led to unique opportunities to optimise the
polymyxin structure to overcome both adaptive
and intrinsic resistance to current polymyxins.
There was no haemolysis in human red blood
cells treated with the tested FADDI lipopeptides
or polymyxins at 128 mg/L (the highest concen-
tration examined). After administration of
FADDI-002, FADDI-003, FADDI-019 or FADDI-
020 to rats (intravenous, 0.75 mg/kg) and mice
(subcutaneous, 40 mg/kg), no adverse effects
were observed.

Preliminary in vitro studies to examine the
impact of the lipopeptides on human keratinocytes
and murine fibroblast cells, polymyxin B, FADDI-
019 and FADDI-073 at 1.5, 5, 15 and 50 mg/L had
little effect over 48 h on the morphology of fibro-
blasts (3 T3) and keratinocytes (HaCaT). FADDI-
019, FADDI-073 and polymyxin B stimulated
metabolic activity above mock-treated cultures in
3T3 cells in a dose-dependent manner at 24 and
48 h. However, similar responses were not observed
in HaCaT cells; neither FADDI-019 nor FADDI-
073 affected the cellular metabolic activity at any of
the four concentrations at 24 or 48 h, while only 1.5
and 5 mg/L polymyxin B slightly decreased the cel-
lular metabolic activity at both time points. It is note-
worthy that for many years a topical formulation
containing polymyxin B has been used for treating
skin infections, with negligible toxicity [66]. Our
results suggest that our lipopeptides have at least
similar tolerability to colistin and polymyxin B.

a

PEGygo-DF  Colistin

@YOV\OWON/@

DF-PEG

(Glycol) Chitosan

(n~90)

Glycol Chitosan

5 Synthesis of a Chitosan-
Colistin Hydrogel
and Testing in a Mouse Burn
Infection Model

We have synthesised a chitosan-colistin hydrogel
and assessed its efficacy in a mouse burn infection
model (Fig. 3) [67]. The chitosan-colistin hydro-
gel is an inexpensive, self-healable and highly bio-
compatible material which provides up to 95%
colistin release within 24 h and showed excellent
in vitro activity against P. aeruginosa in a disc dif-
fusion assay. The physical properties of the hydro-
gel were unaffected by colistin; this allowed us to
load a wide range of colistin concentrations into
the hydrogel matrix without impacting its size.
Serendipitously, the hydrogel formation process
was accelerated in the presence of colistin.
Excitingly, the chitosan-colistin hydrogel dressing
(containing 0.3 mg colistin) displayed excellent
in vivo activity, producing a ~4 log reduction in the
bacterial load in a burn wound (1 cm?) infection,
established in mice by inoculating 100 pL
108 CFU/mL of P. aeruginosa ATCC 27853. We
are currently exploring lipopeptide-hydrogel
dressing systems using the superior FADDI lipo-
peptides, for which formulation characteristics
(e.g. lipopeptide loading and mechanical proper-
ties) will be investigated and optimised.

Silk proteins serve as excellent scaffolds for
wound healing and in tissue engineering [68].

In vitro or In Vivo
ET——
release

Hydrogel Patch

k

H

Al 5*{

R=H Colistin A
CH, Colistin B

HNI\/NHQ

NHHHN

Fig.3 (a) Synthesis of chitosan-colistin hydrogel. (b) Glycol chitosan. (¢) DF-PEG. (d) Colistins A and B
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Steinstraesser et al. [68] loaded ST-silk protein
membranes (thickness, 100 pm; pore size,
<100 nm) with colistin (0.027-270 mg/mL) and
examined their efficacy against P. aeruginosa in
animal wound infection models. The ST-silk mem-
branes loaded with 270 mg/mL colistin demon-
strated a > 3 log reduction in colony-forming units
of P. aeruginosa ATCC 27853 after 4 days (~25-
fold decrease from the carrier control). Similarly, in
a porcine wound infection model, the ST-silk mem-
branes loaded with 270 mg/mL colistin demon-
strated an almost complete clearance of the
infection after the entire follow-up of 6 days.

6 Perspective

The World Health Organization has identified
antimicrobial resistance as one of the three great-
est threats to human health. The last-line therapy
polymyxins are losing their activity; however, no
new antibiotic will be available for many years to
come. The prevalence of wound infections caused
by the bacterial ‘superbugs’ highlights the urgency
of discovering novel antibiotics for topical treat-
ment of serious wound infections. As the Infectious
Diseases Society of America highlighted, ‘as anti-
biotic discovery stagnates, a public health crisis
brews’, the recent emergence of plasmid-borne
resistance to the last-line polymyxins highlights
the urgency to develop novel antibiotics to combat
these very problematic pathogens. This chapter
details the development of novel polymyxin lipo-
peptides and hydrogel formulations as new antibi-
otics for topical use in wound treatment against
problematic ‘superbugs’ that are resistant to all
current antibiotics. These next-generation poly-
myxins hold significant potential for the treatment
of chronic wound infections caused by problem-
atic Gram-negative ‘superbugs’.
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Polymer Scaffold of Hyaluronic
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Complicated Wound Closure
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1 Introduction

The focus of this chapter is the relatively new
introduction of a 3D scaffolding fiber composed of
HA, one of the major glycosaminoglycans (GAGs)
found in the extracellular matrix (ECM) (Fig. 1).
Hyaluronic acid is water loving hydrophilic and is
found in the dermis of the skin (Fig. 2). Recently,
it is appreciated that ECM molecules, like HA, lie
between the cells and not only provide a structural
framework and foundation; but also exert major
effects on cellular function. Hyaluronic acid (HA)
is unique among glycosaminoglycans in that it is
nonsulfated; forms in the plasma membrane,
instead of the Golgi apparatus; and can become
very large with its weight often reaching the mil-
lions of KDa. In a stabilized form, it provides a
3D-biopolymer scaffold that promotes endothelial
cell migration [1], thus supporting neovasculariza-
tion, a foundation of granulation tissue and extra-
cellular matrix revitalization.

Under light microscopy, these molecules appear
amorphous; however, in vivo they form highly
organized structures. The ECM is composed
mainly of GAGs, proteoglycans, and structural
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proteins like collagen. In the ECM hyaluronic acid
(HA) is known to be biologically selectively active
based on the size of the molecule. Low molecular
weight HA (LMWHA) is associated with inflam-
matory processes and cell phenotypes consistent
with inflammation. High molecular weight HA
(HMWHA) is associated with inflammatory reso-
lution and proliferative cell phenotypes.

The major requirements for burn and wound
healing are presented in Fig. 3. HA has a role to
play in each of these types of injury because of
the associated dermal loss. The effect that either
LMWHA or HMWHA imparts is largely via the
effect on resident macrophage phenotype. As
indicated, the first step in healing is the removal
of bioburden including dead and decaying cells
or senescent cells. This process can be expedited
with surgical sharp selective debridement.
Control of swelling is imperative so as to avoid
collateral damage to the peri-wound. Granulation
tissue is promoted via the infiltration of fibro-
blasts, keratinocytes, and neoangiogenesis.
Mobilization of soft tissue prevents adhesions
and improves interstitial and laminar flow, further
contributing to the decreasing of edema while
simultaneously promoting epithelial cell migra-
tion and ultimately resurfacing. The replacement
of dermal tissue either through biologically engi-
neered tissues or through biologically active
molecules responsible for cell signaling and
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Fig. 1 Structure of hyaluronic acid (HA). HA is a
long-chained glycosaminoglycan composed of D-gluc-
uronic acid and N-acetyl-pD-glucosamine bound with
B-glycosidic linkages. This simple molecular unit is
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Fig. 2 Layers of the skin including the epidermis and
dermis. Fifty percent of the human body’s HA is found in
the dermis and interconnects with many other proteins,

repeated thousands of times and forms a structure of a
very long linear polymer with molecular weight reach-
ing 5 x 10° kDa. Hyaluronic acid has a very high affinity

for water

cells
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Merkel ]
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collagen, elastin, and versican, to name a few, as well as
resident cells of the extracellular matrix (ECM).
Reproduced with permission [31]
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Fig.3 Steps involved in burn or wound bed granulation

orchestration of EMC replacement bias the
wounded area to resolve and continue the healing
process moving toward resurfacing.

2 HA Background

As a nonsulfated GAG, HA is composed of
repeating polymeric disaccharides of D-glucuronic
acid and N-acetyl-pD-glucosamine linked by a
glucuroradic Pfl1—3 bond [2-4]. Despite the
molecular simplicity of the composition of HA,
HA has a variety of physicochemical properties.
Polymers of HA occur in a multitude of configu-
rations and shapes depending on their size, salt
concentration, pH, and associated cations. In
addition, HA is not covalently bonded to a protein
core, but aggregates with proteoglycans [5, 6].
Functions of HA include hydration, lubrication of
joints, and delineation and support of the founda-
tional framework through which cells aggregate
and migrate in the ECM. HA synthesis increases
during wound healing and is imperative in direct-
ing many aspects of tissue repair [7, 8]. The size
of HA appears to be critical for the delineation of
its function, either as a pro-inflammatory mediator
(LMWHA) or a proliferative (HMWHA) influ-
ence. HMWHA (usually in excess of 1000 KDa)

Epithelial
Migration and
Resurfacing

is present in intact tissues and exerts anti-angio-
genic and immune suppressive bias. Smaller
polymers of HA are potent distress signals and
induce both inflammation and angiogenesis.
Biosynthesis of HA occurs via specific enzymes,
HA synthases (HAS) [8—10]. HAS are membrane-
bound enzymes that synthesize HA on the inner
surface of cell plasma membranes, and then the
HA is extruded through pore-like structures into
the extracellular space. There are three mamma-
lian enzymes HAS-1, HAS-2, and HAS-3 which
all synthesize HA polymeric chains of various
lengths [11].

3 HA Receptors

A variety of proteins that bind to HA are termed
hyaladherins, which are widely distributed in the
ECM and in and on the surfaces, cytoplasm, and
nucleus of cells (Figs. 4 and 5) [1, 12]. The most
prominent among these receptors is the
transmembrane glycoprotein “cluster of differenti-
ation 44” (CD44) (Fig. 5). CD44 occurs in many
isoforms, products of a single gene with variable
exon expression [13]. CD44 is found on virtually
all mammalian cells with the primary exception
being red blood cells. Cell adhesion, migration,
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4

Fig. 4 Receptor cell signaling for HMWHA and
LMWHA. These are the major receptors for HA signaling
as localized in cell membranes. Lymphatic vessel endo-
thelial receptor 1; cluster of differentiation 44 (CD44)

L
o

antigen, a type of transmembrane glycoprotein. RHAMM
is the receptor for hyaluronan-mediated motility and Toll-
like receptor (TLR) 4

CD44
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Fig. 5 Receptor signaling pathways. Symbolic represen-
tations of the major signaling pathways, including down-
stream effects, that are activated by hyaluronic acid. TLR;
hyaluronan receptor for endocytosis (HARE); receptor for
hyaluronan-mediated motility (RHAMM); cluster of
differentiation 44 (CD44) antigen, a type 1 transmem-
brane receptor; lymphatic vessel endothelial receptor 1

(LYVE-1); myeloid differentiation primary response gene
88 (MyD88); nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kf); Src kinase p185HER @ tyro-
sine kinase p185 human epidermal growth factor receptor
2; interleukin 2 (IL-2); transforming growth factor beta
(TGF-p)
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lymphocyte activation, homing, and cancer metas-
tasis are all regulated to varying degrees through
CD44 [8, 14-16] receptors. The receptor for
HA-mediated motility (RHAMM) is another pri-
mary receptor for HA and also occurs in several
isoforms [17, 18]. RHAMM is a functional recep-
tor for endothelial cells and smooth muscle cells in
pulmonary arteries and airways. The interaction of
HA with RHAMM influences and controls cell
growth and migration through a complex network
of signal transduction events and interactions with
the cytoskeleton [19]. Through these interactions,
HA is a potent stimulator of cell motility and trans-
forming growth factor p-1 (TGF-f1) [20-27].
TGF-B1 elicits the synthesis and expression of
RHAMM and HA. HA in conjunction with
TGF-B1 initiates cell locomotion [19, 28, 29].
These interactions are depicted in Fig. 5.
Hyalomatrix is now commercially available as a
benzyl-esterified hyaluronic acid three-dimensional
fiber known as HYAFF. The benzyl ester stabilizes

the HA so that degradation is slowed. HYAFF is
appropriate as a choice in wounds or burns where
there is a significant soft tissue or integumentary
defect. The soft tissue defect may be a result of
debridement, the removal of necrotic/nonviable tis-
sue. In addition, often the mechanism of injury will
predispose the individual to a large integumentary
defect. Necrotizing fasciitis (NF) and degloving
injuries are known for large defects. The soft tissue
defect in the case of NF frequently is a result of the
surgical debridements to remove the infected tis-
sues. In the instance of degloving injuries, the
delamination that occurs destroys the anchors and
connections between the integumentary layers.

4 Wound Healing Background

The complex interactions that occur between the
components of the extracellular matrix (ECM) at
a fiber level (Fig. 6) and at a cellular level (Fig. 7)

Elastin Structure and Function
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Polypeptides

Structure of Elastin

¢ Central core of elastin

* Mesh-like network of fibrillin glycoprotein

¢ Cross-links via desmosin and iso-desmosin

Fig. 6 Elastin structure. Reproduced with permission [31]
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are shown. The ECM is a very complex environ-
ment that is constantly remodeling. In the ECM
cell signaling occurs constantly supporting the
changing ECM functions and in response to
wounding. HA as a molecule is intimately
involved and responsible for altering cell pheno-
type and the resulting environmental changes that
occur by virtue of the chemokines and cytokines
that are produced in the important cells. The
ECM is a dynamic structure consuming 4% of an
individual’s oxygen as a direct result of the con-
stant remodeling that occurs [9, 30].

5 Cell Signaling

A brief review of cell signaling in the healing
response is presented to assist in the understand-
ing of the clinical response observed in wound
healing when using HA scaffolding fiber, here
HYAFF. Concert of cell signaling and cell migra-
tion as it occurs in wound healing is presented in
brief (Figs. 8 and 9). Perhaps the hamartia, the
flaw, in the study of wound resolution and heal-
ing is the tendency to oversimplify the truly ele-
gant system that aims to ensure healing, complete
healing, both anatomically and functionally.
However, what causes marvel is the multitude of

redundant though not repetitive processes which
ensure success, wound closure [31].

The following serves to introduce the clinician,
novice and experienced alike, to the interplay of
cellular signaling, molecular signaling, and vascu-
lar events that occur in concert during the healing
process. First the figures demonstrate how cells
central to the repair process are directed based on
global and local stimuli, which may be cytokine,
chemokine, pH, or galvanically driven [32-34]. If
invaders/pathogens (e.g., bacteria, fungi, virus, or
debris) are present, key innate immune -cells
migrate and proliferate to the site of injury [33,
34]. These include macrophage, neutrophils, NK
cells, and gamma delta T cells. If the invader is a
repeat offender, one that the host has successfully
fended off previously, adaptive immune responses
(B cell clonal expansion) are triggered [33-35].
Simultaneously, debris (necrotic and/or injured
cells) is removed and a “new” wound bed exca-
vated via proteases and extracellular matrix (ECM)
degradation. This serves two purposes: the clear-
ance of cell and invader refuse and the provision of
pathways for (new) cellular migration and prolif-
eration constituting repair [36]. The delivery
timing, concentration, scaffold binding (via hepa-
rin activation or other mechanisms), target cell
receptor availability, active form after cleavage,
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Fig. 8 The Healing Map 1 of 2 depicts the phases of
wound healing and the cells responsible for many of the
signaling events to move the healing process forward in

detail. The inflammatory phase is subdivided into three

degradation rate, half-life, pH and presence of
enzymes (proteases, etc.) in the wound milieu,
hydrophobicity, hydrophilicity, scaffold (whether
fibrin, collagen, or ECM) shape, and adhesion via

“mini-phases” to permit clarity in discussion of the over-
lapping activities occurring simultaneously. Reproduced
with permission [31]

integrins all conspire to drive growth factor, cyto-
kine, and chemokine bioavailability. Second, vas-
cular changes via endothelial cell migration and
capillary expansion occur in response to tissue
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Fig.9 The Healing Map 2 of 2 depicts the phases of wound
healing and the cells responsible for many of the signaling
events to move the healing process forward. The inflamma-

hypoxia and increased lactic acid concentration.
These responses are depicted along with the
appropriate cells and signaling mechanisms.
Finally, prominent cells which direct and produce
many of the chemical messengers have the ability

tory phase is subdivided into three “mini-phases” to permit
clarity in discussion of the overlapping activities occurring
simultaneously. Reproduced with permission [31]

to change phenotypes during the course of the
healing process. The macrophages offer a pro-
nounced display of this cellular functional meta-
morphosis. Macrophage have pervasive flexible
and ever-changing role along with a multitude of
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other cells with which they communicate and
effect change during the healing process.

The key cells and phases of healing are
depicted in Figs. 8 and 9. These figures provide a
cross-reference by ‘“‘stage” of healing, key cells
and signals, as well as a chronological time line,
thus providing the reader an appreciation of the
overlapping and essential functions directed in
concert as opposed to an isolated or over-
simplified view of cell function. Although
exceeding complex, the elegance lies in both the
redundancy and the use of paracrine, autocrine,
and juxtacrine mediators to effect expedient reso-
lution using the resources immediately available.
Figures 8 and 9 also illuminate the intricate and
exquisite concert of cell migration, proliferation,
and signaling in the context of vascular events,
joining to culminate in healing.

5.1 Cell to Matrix

Cell to wound matrix communication occurs dur-
ing debridement and angiogenesis. Matricellular
proteins destabilize the cell-matrix interactions, in
essence creating a more fluid environment for cell
migration. Proteinases, both plasminogen activa-
tors and matrix metalloproteinases (MMPs), act to
dissolve the wound matrix both immediately after
injury and during the proliferative and remodeling
phase. In angiogenesis this is necessary for the
directed migration of endothelial cells [36-38].

6 Cell Metamorphosis

Typically, a cell is thought of as having a unique
phenotype and set of correlating functions. For
example, a red blood cell is a myeloid cell that
has differentiated and now has the phenotype of a
red blood cell (RBC) whose function primarily is
to transport and facilitate the exchange of dis-
solved gases, typically CO, and O,. However, in
the science of wound healing, several key cells
demonstrate the ability to significantly morph in
function. Three prevalent cell chameleons are
reviewed here, platelets, macrophages, and
fibroblasts.

Platelets, although anucleate, provide chem-
ical messengers at the point of initial injury to
achieve hemostasis. Alpha granules, contained
within the platelets, release PDGF, platelet fac-
tor IV, and TGF-B1 which function during the
proliferative phase of healing to accelerate
granulation and connective tissue proliferation
[5]. Macrophages, usually thought of as a
phagocyte, transition from antigen-presenting
cell (APC) to phagocyte, to chief air traffic
controller, adapting their cytokine phenotype
expression profile to progress the healing
cascade and accelerate closure. Fibroblasts are
vital early during clot construction, granulation
tissue  formation, and neoangiogenesis.
Uniquely, during the later stages of prolifera-
tion and early remodeling, under the influence
of TGF-p, fibroblasts truly change phenotype,
becoming myofibroblast. The myofibroblast
facilitates wound edge approximation, decreas-
ing the size of the wound.

7 Recognized Stages of Wound
Healing

The cells most affected by either LMWHA or
HMWHA are the resident macrophage which
undergoes distinct phenotypical changes in
response to the size of the HA present. LMWHA
is associated with pro-inflammatory macrophage
bias and HMWHA with inflammatory resolution
and proliferative cellular responses [1, 3—48].

A representation of the overall activities ini-
tiated by wounding and required for preparation
of the wound bed and terminal closure is
depicted in Fig. 10. Importantly, LMWHA
enhances cell infiltration and increases pro-
inflammatory cytokines TNF-alpha, IL1-beta,
and IL-8 via a CD44-mediated mechanism
(Figs. 4 and 5). The presence of LMWHA also
facilitates primary adhesion of cytokine-
activated lymphocytes to endothelium. The
presence of LMWHA moderates the inflamma-
tory response, free radical scavenging, and
antioxidant properties as well as contributing to
the destabilization of granulation tissue matrix.
The inflammatory response is localized.
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Fig. 10 Phases of wound healing. This is a 30,000 ft view of the activities involved in wound healing. They are repre-
sented as separate phases, but in fact, they all overlap and occur in concert and simultaneously

7.1 Macrophage
Macrophage is known to be one of the cells cen-
tral to the directional biasing of wound healing.
Macrophages demonstrate a myriad of pheno-
types, level of activation, and differentiation based
on the phase of wound healing (Fig. 11). Their
ability to differentiate into either M1 wound-acti-
vated macrophage (WAM) or M2 repair macro-
phage highlights their complex plasticity and
responsiveness to the wound. The phenotypic
changes are not merely a result of the wound
milieu or environment but are also directed and
specific to advancing the healing processes.
Macrophage transitions from an innate immune
cell (phagocyte and APC) to a pro-inflammatory
cell to an immunoregulatory (proliferation and
reepithelization) and finally to a phagocytic cell
aiding in the tissue remodeling state [38, 49-69].
Only a few macrophages are typically located
in the dermis as surveillance macrophage.

However, neutrophil apoptosis during the first
24 h after injury signals macrophage to massively
infiltrate the wound. The numbers of macrophage
are the greatest/most elevated beginning approxi-
mately 2 days after injury. During this phase
macrophage demonstrates increased antigen pre-
sentation and phagocytic activity [43].
Macrophage is activated by microbial agents
or cytokines like IFN-y and is classified as M1 or
wound-activated macrophages (WAM). The M1
macrophage produces nitric oxide (NO) and pro-
inflammatory cytokines including TNF-a, IL1f,
IL-6, or IL-12 (Fig. 11). These M1 macrophages
also overexpress MHC class II molecules. MHC
class II molecules present antigens to T cells and
B cells to activate both innate and adaptive
immune system responses [70]. The antigen pre-
sentation is largely via major histocompatibility
complex class II (MHC class II) complex.
Antigens presented by MHC class II molecules
are derived from extracellular proteins of the
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Fig. 11 Role of macrophage. Reproduced with permission [31]

pathogen, for example, a bacterium that may be
infecting the wound. The loading of the MHC
class II occurs after phagocytosis by the macro-
phage. The extracellular proteins are endocytosed
and ingested by lysosomes, and signature peptides
unique to the specific invader are loaded onto the
MHC class II complex and then presented on the
macrophage cell surface. Thus, in the early phase
of healing, the macrophage is both phagocytic and
important in stimulating the immune system.
During the inflammatory and proliferative
phase where new tissue formation and angiogen-
esis are paramount, macrophage produces vaso-
endothelial growth factor VEGF, stimulating the
recruitment of endothelial progenitor cells and
the proliferation of existing endothelium [71]. In
addition, macrophages are also vital to lymphan-
giogenesis, as VEGF, and VEGF;, modulate this
process. It has been demonstrated that decreased
macrophage numbers are associated with
decreased lymphangiogenesis [72-74].

Remodeling begins with the gradual involu-
tion of granulation tissue and simultaneous der-
mal renewal. During this phase, apoptosis of a
significant percentage of macrophage occurs.
The remaining macrophage will facilitate the
remodeling process cleaning up the cellular and
matrix debris. This ECM debris is largely a result
of the degradation of collagen type III by metal-
loproteinases produced by epidermal and endo-
thelial cells [62].

Although the phenotype of macrophage (MO)
infiltrating dermal wounds is not fully character-
ized, the evidence supports the changing role of
the macrophage during the phases of healing.
This suggests that the “same cell,” the macro-
phage, has different and diverse roles during the
phases of skin or wound regeneration [24, 71].
Macrophages exhibit phenotypic diversity per-
mitting wide-ranging roles in maintaining physi-
ologic homeostasis. HA, a major
glycosaminoglycan of the extracellular matrix,



224

T. Luttrell et al.

Proliferation
uonewweu|

[

>

Fig. 12 Continuum relative to the size of hyaluronic
acid. Pictorial representation of the continuum of activity
and influence of high versus low molecular weight hyal-
uronic acid (HA). HA’s effects occur at the cellular and
molecular level with changes in local cytokine and che-
mokine levels that bias the wound milieu toward inflam-
mation in the case of LMWHA or proliferation in the
instance of HMWHA. The effects exist in gradation; they
are not all or none

has been shown to have differential signaling
based on its molecular weight (Fig. 12). This
interaction with and response to HA polymeric
size results in a phenotypic shift from MO to M1
when the macrophage is exposed to LMWHA or
in the case of HMWHA the phenotypic expres-
sion of an M1 or MO will shift to a M2, the pro-
liferative macrophage. Thus, the expressed
phenotype of the macrophage drives the local
production of cytokines and chemokines associ-
ated with either inflammation or proliferation. In
the case of LMWHA, the pro-inflammatory M1
or wound-activated macrophage (WAM), there is
an increased concentration of interferon gamma
(IFN-vy) and a decrease in interleukin 4 (IL-4). In
the presence of HMWHA, the macrophage phe-
notype is consistent with M2 and the associated
cytokines including IL-4.

Figure 12 illustrates the continuum from a
perspective of LMWHA biasing the wound envi-
ronment toward inflammation. The role of OH
and lactate in the activation of hyaf-1 hyaluroni-
dase and the resulting enzymatic degradation of
HMWHA. In the inflammatory phase
-LMWHA-is associated with lactate and wound
hypoxia, triggering NFK-f and the differentia-
tion of the macrophage MO to M1 phenotype.
The result is the liquefaction and degradation of

damaged ECM or portions of the ECM that are
just ahead of angiogenesis (liquification).
Understanding of the intricate cell signaling that
occurs as a result of HMWHA or LMWHA is
imperative in order to interpret the different
responses in a wound after the application of
polymeric HA. Frequently the peripheral aspects
of the wound tend toward proliferation, while the
more central areas, areas of high bioburden or
necrotic tissue, will tend toward inflammation.
The areas of high bioburden versus low biobur-
den stimulate differentiated response as the
breakdown of polymeric HA occurs, here
Hyalomatrix® [3].

8 Considerations for the Use
of HYAFF

The synthesis and the deposition of the ECM is a
critical component of wound healing when there
has been a substantial loss of the dermal and epi-
dermal matrix. Acute wounds progress through a
series of events that are relatively orderly
(Fig. 10). Chronic wounds on the other hand
exhibit delayed and failed closure. The failed clo-
sure is often characterized by a prolonged and
excessive inflammatory response.

There are vast interactions among growth fac-
tors, the ECM and glycoproteins, including
GAGS, one of which is HA. HA is predominantly
located in the ECM with at least 50% of the HA
found in the body located in the ECM. All of
these elements interact in an ongoing reciprocally
and mutually influential series of events referred
to as dynamic reciprocity illustrated in Fig. 12.

HA is present and has varied functions which
are dependent on molecular weight. HA has rec-
ognized cellular receptors on mammalian cells;
therefore, it does not set off an immune response
as can be the case with other tissue substitutions
or bioengineered tissue substitutions. This is one
benefit of HA, the fact that there are no adverse
immune responses. There are, however, differen-
tiated responses depending on the size of the
polymeric HA. Receptor cell signaling occurs via
alternate cell receptors that trigger either a pro-
inflammatory or proliferative response depend-
ing on whether the dominant molecule is
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LMWHA or HMWHA. The receptors are eluci-
dated in Figs. 4 and 5 and the varied reciprocal
wound environment bias in Fig. 12. In Fig. 13 the
seesaw representation is that of LMWHA pre-
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Stable Tissue
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Fig. 13 Versican seesaw for inflammation and prolifera-
tion. With higher gradients of versican, the wound envi-
ronment is biased toward inflammation with associated
depletion in elastin and increased adhesion of monocytes

dominating the wounded tissue along with the
associated increase in versican, depletion of elas-
tin, and increased monocyte adhesion. Many of
the cellular responses generated by LMWHA or
HMWHA are due in large part to the phenotypi-
cal changes of resident macrophages to either
LMWHA (pro-inflammatory) or HMWHA
(proliferative).

Versican belongs to the lectican protein fam-
ily, with aggrecan (abundant in cartilage), breva-
can, and neurocan (nervous system proteoglycans)
as other members. Versican is also known as
chondroitin sulfate proteoglycan core protein 2
or chondroitin sulfate proteoglycan 2 (CSPG2)
and PG-M. Because of their negatively charged
sulfates or carboxyl groups, chondroitin sulfate
chains are attracted to various positively charged
molecules such as certain growth factors, cyto-
kines, and chemokines. This interaction in the
extracellular matrix or on the cell surface is
important in the formation of gradients of these
factors (inflammation versus proliferation), their
protection from proteolytic cleavage, and their
presentation to specific cell-surface receptors.
The binding of versican with leukocyte adhesion
molecules L-selectin, P-selectin, and CD44 is
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Fig. 14 Versican and hyaluronic acid bias toward or
away from inflammation. The endothelium cells (EC)
become more permeable in response to inflammation bias.
Extracellular matrix (ECM) areas that are high in versican
interact with LMWHA/hyaluronan and further stimulate
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versican. The versican-enriched ECM is associated with
an unstable ECM architecture
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Fig. 15 Myeloid and lymphoid cells extravasate into the ECM and interact with HA and versican

also mediated by the interaction of chondroitin
sulfate (CS) chains of versican with the
carbohydrate-binding domain of these molecules
(Fig. 14). Both CD44 and L-selectin have been
implicated in leukocyte trafficking, particularly
with the interplay of versican [70, 71, 75-79].
Versican is an ECM proteoglycan that inter-
acts with cells through the binding of integrin and
non-integrin receptors. Produced by both leuko-
cytes and stromal cells, versican’s production is
markedly increased in inflammation. Recently,
studies have demonstrated that versican interacts
specifically with myeloid and lymphoid cells
promoting their adhesion and an associated pro-
duction of pro-inflammatory cytokines (Fig. 15).
Inflammatory agonists, like double-stranded
RNA, stimulate stromal cells (smooth muscle
cells and fibroblasts) to produce fibrillar ECM
that is enriched in versican and hyaluronan (HA).
This type of ECM with elevated versican and

LMWHA interacts with leukocytes promoting
their adhesion. Interference with the incorpora-
tion of versican into the ECM blocks monocyte
adhesion and dampens the inflammatory
response. Versican, by binding to HA, influences
T-lymphocyte phenotypes and in part controls the
ability of these cells to synthesize and secrete
cytokines that influence the immune response
[71, 75-81].

Elastin is another one of the component pro-
teins important in the structure and function of
the dermis and epidermis. Elastin has specific
points along the fibrils where HA links (Fig. 7).
HA and elastin together provide a significant por-
tion of the dynamic mechanical strength, com-
pressibility, and extensibility of the dermis.
Together these molecules allow the dermis to
dynamically respond to mechanical loading
and shear without incurring dermal or ECM
damage [82-86].
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As a molecule HA directs and interacts with
cells and molecules throughout the phases of
wound healing. Wound healing has been sepa-
rated into overlapping phases of inflammation,
proliferation, and remodeling; each phase is char-
acterized by dynamic, reciprocal interactions
between growth factors, cells, and the ECM,
including HA one of the major GAG proteins
(Fig. 14). This binding stimulates phagocytosis
[87] and the liquification of the ECM fragments
and local debris [87-89].

During the inflammatory phase/bias, the fol-
lowing occurs:

1. Increased cell infiltration (Fig. 14).

2. An increase of pro-inflammatory cytokines
TNF-alpha, IL1-beta, and IL-8 all mediated
via the CD44 cell receptor.

3. Adhesion to the endothelium (Fig. 14) of
cytokine-activated lymphocytes occurs.

4. Moderation of the inflammatory response:

(a) Free radical scavenging and antioxidant
properties

(b) TSG-mediated inhibition of inflammatory
proteinases

(c) stabilization of the granulation tissue matrix

As an illustration of the inflammatory and
debris removal stimulated by the application of
polymeric HA, Fig. 16 has two photographs of a
pediatric dog bite occurring over the anterior
aspect of the ankle. The top photograph is the
presentation of the patient to the wound center on
January 20, 2015, with an exposed and desic-
cated anterior tibialis tendon, adjacent necrotic
tissue, and decreased circulation to the distal
foot. The bottom photograph is taken on February
6, 2015, taken after one application of HA under
a pressure dressing. Note the change in the
coloration of the extremity, granulation over the
anterior tibialis tendon, and improved general
granulation. The patient was closed the following
day, on February 7, 2015, with a split-thickness
skin graft (STSG) without complication and with
complete function of the extremity.

In the continuum of wound healing, from
inflammation to resolution and proliferation,
HMWHA, the preferred and stable polymeric

Fig. 16 Pediatric dog bite over the anterior aspect of the
ankle. (Top) The patient at the wound center on January
20, 2015, with exposed anterior tibialis tendon, necrotic
tissue, and decreased circulation to the distal foot.
(Bottom) On February 6, 2015, after one application of
HA under a pressure dressing. Note the change in the col-
oration of the extremity, granulation over the anterior tibi-
alis tendon, and improved general granulation. The wound
was closed the following day, on February 7, 2015, with a
split-thickness skin graft (STSG) without complication

HA structure, accumulates. The continuum of
activity and influence of high versus low molecu-
lar weight (HA) is in Fig. 12. HA’s effects occur
at the cellular and molecular level with changes
in local cytokine and chemokine levels that bias
the wound milieu toward inflammation in the
case of LMWHA or proliferation in the instance
of HMWHA. The effects exist in gradation; they
are not all or none.

The granulation phase is intertwined with
HMWHA in the following [87]:
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Fig. 17 Posterior skull deep third-degree burn. (Left)
Hyalomatrix was placed in the OR without the silicone
laver such that the 3D fibers directly contacted the damaged
cortical bone and periosteum. (Right) The Hyalomatrix

1. HA synthesis facilitates cell detachment and
mitosis.

2. The HA-rich granulation tissue provides an
open hydrated matrix that facilitates cell
migration.

3. CD44- and RHAMM-mediated cell migration
(Fig. 5) links with protein kinases associated
with cell locomotion.

4. Promotes angiogenesis.

Figure 17 demonstrates the ability of HYAFF
through HMWHA to promote granulation and
the proliferative phase of healing, even over
exposed posterior skull void of periosteum as a
result of a deep third-degree burn. Hyalomatrix
was placed in the OR without the silicone laver
such that the 3D fibers directly contacted the
damaged cortical bone and periosteum. The
Hyalomatrix stimulated a proliferative response
(over damaged periosteum and cortical bone), as
seen in the second photograph on the right-hand
side, in preparation for final closure.

It is imperative for the clinician to understand
the varied function and result of HA that are
dependent on the molecular weight of HA. The

stimulated a proliferative response (over damaged perios-
teum and cortical bone), on the right-hand side, in prepara-
tion for final closure

general influences of low versus high molecular
weight HA are:
LMWHA is associated with:

1. Pro-inflammatory response IL-1B and IL-8
2. Activates innate immune system
3. Activates B lymphocytes

HMWHA is associated with:

Proliferation
Anti-inflammatory bias
Cellular migration

Cell motility

R

The selective local wound response to HYAFF
is in Fig. 18. In areas where the granulation tissue
is more stable, HMWHA pervades, and granula-
tion tissue and proliferation bias predominate. In
areas where the wound milieu is biased toward
inflammation, HYAFF responds by degrading
into primarily LMWHA, evidenced by the
increased cellular exudate, the accumulation of
white blood cells and fluid. This is labeled in the
photo as LMWHA. This liquefaction trapped
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under the silicone membrane is not necessarily
infection but more accurately an area where the
inflammatory process predominates. The leg
which has had HYAFF applied as Hyalomatrix® is
shown, and the areas of the wound are labeled
with HMWHA and LMWHA to help the reader
visualize both the proliferative and the inflamma-
tory response occurring. In this instance the
Hyalomatrix® bioactive dressing is indicating the
state of the wound according to the response that
HA has to the local wound milieu. Figure 18 dem-
onstrates both ends of the spectrum, inflammation
versus proliferation and continuum in between.
The clinician should examine and evaluate the

Fig. 18 Leg after one application of Hyalomatrix—
HMWHA and LMWHA areas of bias are labeled

response of and the varied interactions of poly-
meric HA with a wound after each application of
Hyalomatrix®. It is common for certain portions
of the wound to be in a proliferative stage
(HMWHA) and other areas of the wound are
involved in an inflammatory response (LMWHA)
as labeled in Fig. 18.

8.1 How Is HYAFF® Produced

HYAFF is a hyaluronic acid that has been stabi-
lized through the use of a benzyl alcohol esterifica-
tion (Fig. 19). This esterification of hyaluronic
acid results in a biocompatible polymer that is
responsive to the local wound milieu. As a result
the HYAFF (Fig. 20) undergoes biodegradation to
either LMWHA or HMWHA, again depending on
local environment. HYAFF is a 3D scaffold that
has receptor sites allowing the infiltration and
migration of cell as appropriate. Cells like fibro-
blasts can colonize wound bed and thrive in the
presence of HMWHA and the resulting prolifera-
tive bias. Cells are anchored to the 3D scaffolding
by CD44 cell receptors. The result is the facilita-
tion of an ordered reconstruction of dermal tissues.
Capillary growth via the infiltration of endothelial

ESTERIFIED HYALURONIC ACID

> How is HYAFF made

* Benzyl alcohol esterification of hyaluronic acid

¢ Results in biocompatible, biodegradable polymer

Protecting Group:

Fig. 19 HYAFF
stabilization. Benzyl
alcohol esterification of
hyaluronic acid results
in a biocompatible

P

hyaluronic acid when
exposed to the wound
milieu

Benzyl Ester

. . . O
biodegradable polymer - O&/ /&/
that is more stable than HO HO

O
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®

ESTERIFIED HYALURONIC ACID

®  Normal hyaluronic acid
~  Fluid or “goo” structure

- Naturally occurs within the
extracellular matrix

- Lasts 3 days in the body
before breaking down

>  HYAFF
Solid, fibrous structure

Slowly absorbed in wound bed,
embedded in new extracellular
matrix

Long life span (2-4 weeks)

Fig. 20 HYAFF structure is that of a 3D fiber that is a fluffy-white-fibrous structure with a top layer of silicone. The
silicone membrane assists with stabilization of temperature and hydration

cells occurs (RHAMM receptor), contributing to
the reversal of the previously hypoxic environment
and supporting cell mitosis. Pasquinelli et al. [90,
91] very clearly explain and illustrate the
importance of a 3D scaffold structurally and more
importantly the cell to matrix interaction.

9 Comparison Between HA
and Current Biomaterials
for Tissue Engineering

Skin substitutes have an important role in the
treatment of deep dermal and full-thickness
wounds of various etiologies. At present, there is
no ideal skin substitute on the market. Skin sub-
stitutes can be divided into two main classes,
namely, biological and synthetic substitutes. The
biological skin substitutes are structured so that
there is more of an intact extracellular matrix
structure. Synthetic skin substitutes that can be
synthesized on demand can be modulated for
specific purposes. Placement of biological skin

substitutes may allow for the construction of a
more natural new dermis and allow for reepithe-
lialization characteristics due to the presence of a
basement membrane. The ultimate goal for bio-
engineered skin substitutes is the achievement of
an ideal skin substitute that provides effective
and scar-free wound healing. By placing skin
substitutes early on, moisture loss is prevented
and the hope is that healing can be expedited.

A well-designed skin substitute provides a
barrier layer, attaches to the underlying dermis,
becomes well vascularized, and provides an area
for renewable keratinocytes to dwell and an elas-
tic structure support for epidermis. Bioengineered
materials and techniques are required in trau-
matic full-thickness wounds or deep burns (deep
second or third degree). In the event that there is
a full-thickness (epidermal and dermal) loss of
skin greater than 4 cm in diameter, the wound
will not heal well without surgical intervention.

One of the first bioengineered skin substitutes
developed for the treatment of full-thickness burn
injuries was Integra®. Integra is a very structur-
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ally ordered matrix, composed of bovine tendon
collagen keratinically linked with glycosamino-
glycan, derived from shark cartilage. A silicone
membrane is sealed to the upper surface to act as
a temporary epidermal substitute layer, persever-
ing temperature and preventing water loss, as
well as forming a barrier to assist with the pre-
vention of bacterial entrance into the wound or
burn. Integra® is intended for use as a foundation
to promote a dermal substrate. One of the chal-
lenges with Integra® is the absence of living cells.
Without living cells, it is very difficult to see how
one could create a permanent artificial dermal
barrier. In the best case, the Integra® serves as a
template to generate a neodermis that will sustain
a new epidermal layer, typically via a split-thick-
ness skin graft (STSG) [92-98].

Dermagraft® is another type of dermal
substrate. It is a bio-prepared-acellularized-
cryopreserved human skin. It is a fibroblast der-
mal substitute for chronic, full-thickness diabetic
wounds. Research has shown that Dermagraft®
may increase the rates of healing but it often
requires repeated application. Donor fibroblasts
are then implanted in the mesh scaffold provided
by the Dermagraft®. Dermagraft® has a silicon
membrane that is attached to provide for an instant
barrier to the wound [99-109]. All of the previ-
ously described tissue matrix, Integra® and
Dermagraft® lend a scaffolding structure to the
wound that is without a dermal base. These
implantable scaffolds ideally resist fibrosis and
promote epidermal resurfacing such that scarring
and contractures are minimalized. Unless neutro-
phils and macrophages can successfully degrade
implanted collagenous structures, they will acti-
vate lymphocyte TH2 cells, which provoke an
extreme inflammatory reaction, as opposed to the
induction of TH1 helper immune cells, which
lead to constructive remodeling and integration of
natural or bioengineered scaffolds.

HA polymers, on the other hand, do not
require focused manufacture of organized 3D
scaffolds which resist fibrosis, because HA
polymers naturally occur in a random pattern
that is a “pre-fabricated 3D scaffolding.” HA
occurs naturally in the body and is connected to
the production and interconnection of elastin,

collagen, and versican, which is the true
dynamic scaffolding of skin (Figs. 6, 7, and 14).
Polymeric HA then connects to versican and
collagen through naturally occurring receptor
site [70, 75, 76].

Challenges in tissue engineering skin include
safety issues, including an inflammatory response
or secondary infection, as well as a structure that
permits function of the repaired area without
scarring or contracture bands. An advantage of
bioengineered HA polymers is that they are not
derived from animals or donor human cells. As a
result, there are no safety issues that often need to
be addressed as with other bioengineered skin
matrices. The other clinical observations with
polymeric HA is an improvement in the rate of
neovascularization of tissue-engineered skin and
associated granulation. Polymeric HA can oper-
ate in either an oxygen-rich or oxygen-depleted
environment. In either environment an appropri-
ate liquification of the ECM occurs and allows
for a more rapid development of neovasculariza-
tion. This integration and continued ECM devel-
opment facilitates healing and decreases the
likelihood of contraction and fibrosis.

Figures 21 and 22 illustrate the steps required
prior to clinical application of polymeric
HA. Hyalomatrix® is illustrated in the following
case studies. In the first stage of clinical prepara-
tion, a broad-spectrum, non-cytotoxic irrigation
solution, like Vashe® or Prophase®. These solu-
tions can be used in conjunction with either
Misonix or Versajet. The Hyalomatrix is then
applied and the silicone layer fenestrated. The HA
is placed under NPWT, short stretch compression,
or a total contact cast. At Days 3—4, the dressing is
changed and the wound bed inspected. At the time
of dressing change, the Hyalomatrix will have
either broken down into LMWHA stimulating a
pro-inflammatory response or HMWHA, and the
HA will have integrated and stimulate an ongoing
proliferative response (Fig. 18). The wound is re-
cleansed and Hyalomatrix reapplied where neces-
sary. The same steps are repeated until granulation
is to surface and then the terminal closure method
applied. Terminal closure may be a split-thickness
skin graft (STSG), a full-thickness skin graft
(FTSG), or an amnion/chorion.
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Fig. 21 Clinical
Application 1 of 2

* Prophase

* Prophase
w/Misonix

* w/Versajet

Cleanse &
Debride

Hyalomatrix in Clinical Application

(e Complete Integration

Response to -

Cleanse & Prepare

* HMWHA
* Collection of Fluid * Stable Hypoclorus
* LMWHA w/Misonix or Versajet

* Reapply or Terminal Closure
« Short Stretch (compression)
« Total Contact Cast

Hyalomatrix in Clinical Application

Hyalomatrix

Collection
* HMWHA-
Integrated, shiny
silicone visible

* Fenestrate

* NPWT

* Short Stretch
(compression)

» Total Contact Cast

(+STSG
* FTSG
* Amnion/Chorion

Terminal Closure

Wound/Burn

Fig.22 Clinical Application 2 of 2

Case 1: Full-Thickness
Pavement Burn with
Deep Tissue Injury
(Figs. 23, 24, 25, and 26)

9.1

Figure 23 is an example of a patient found down
in Las Vegas in the hot summer months. The
patient sustained a dual mechanism of injury,
both pressure/deep tissue and a pavement/ther-
mal full-thickness burn. The patient required
substantial full-thickness debridement with
compartment release. The common extensor
tendons and the anterior tibialis tendon were

both exposed in addition to the associated mus-
cle bellies. Figure 24 is after one application of
HA under negative pressure wound therapy
(NPWT). There is already visible incorporation
of the Hyalomatrix® into granulation tissue
with coverage over and including the exposed
tendons, one of the most challenging clinical
applications. In Fig. 25, the granulation over
the extensor tendon sheaths and anterior tibialis
muscle belly proximally is observed at the sec-
ond NPWT change. Note the decreased depth
and the shiny healthy appearance of the tendon
sheaths. Figures 25 and 26 document the
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Fig. 23 Case Study Deep Third-Degree Burn from pro-
longed exposure to hot pavement in Las Vegas. Dual mecha-
nism of integumentary insult; both deep tissue injury (from
prolonged pressure) and thermal injury from hot pavement.
First debridement in the operating room to remove all of the
necrotic tissue exposing common extensor tendons and
anterior tibialis tendon. At this time Hyalomatrix was placed
in the OR under negative pressure wound therapy (NPWT)

Fig. 24 Case Study Deep Burn. Granulation over exten-
sor tendon sheaths and anterior tibialis muscle belly proxi-
mally at the first NPWT change. Note the decreased depth
and the shiny healthy appearance of the tendon sheaths

Fig.25 Case Study Deep Burn. The extensor tendons are
completely granulated over, and the wound depth is mini-
mal in comparison to the initial debridement

\\/Kib_,, /

Ty

L

Fig.26 Case Study Deep Burn: The extensor tendons are
completely granulated over, and the wound depth is mini-
mal in comparison to the initial debridement

Fig.27 Case Study Failed Femoral Popliteal Graft initial
presentation

appearance of the wound after 10 days under
NPWT with HA. The extensor tendons are
completely granulated over, and the wound
depth is minimal in comparison with the initial
debridement. The wound was then terminally
closed with a STSG with good coverage and
preservation of the function of the extremity.

9.2 Case 2: Failed Femoral
Popliteal Graft

(Figs. 27, 28, 29, and 30)

Elderly female who had a femoral bypass which
subsequently failed and developed a severe knee
flexion contracture. In a relatively brief period of
time, the patient underwent serial debridements
and placement of HA.
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Fig. 28 Case Study Failed Femoral Popliteal Graft after
the first application of fenestrated HA placed under
NPWT for 5 days

<

¢

Fig. 29 Case Study Failed Femoral Popliteal Graft—
wound bed after two additional applications of fenestrated
HA under NPWT changed approximately every 5 days

9.3 Case 3: Necrotizing Fasciitis

(Figs. 31,32, 33, 34, and 35)

This case is of a 72-year-old female with known
hypertension, elevated BMI, and diabetes who pre-
sented to the ER with a leg wound that had been
present for some time. The wound became infected
and she developed rapidly expanding necrotizing
fasciitis. She subsequently went into acute respira-
tory failure and developed metabolic acidosis.

9.4 Case 4: Open Abdomen

(Figs. 36, 37, 38, and 39)

The open abdomen is a relatively new and
increasingly common strategy for the manage-
ment of abdominal emergencies in both trauma
and general surgery. The open abdomen can

Fig. 30 Case Study Failed Femoral Popliteal Graft—
split-thickness ~ skin  graft (STSG) placed with
NPWT. STSG after 5 days under NPWT

reduce mortality associated with conditions such
as abdominal compartment syndrome, bowel per-
foration, and internal organ laceration. However,
the resulting open abdomen is a complex clinical
problem [110-114]. Advanced techniques and
improved technologies are now readily available,
allowing management of the open abdomen as
well as the progressive reduction of the resulting
abdominal and underlying fascial defect. Recent
studies indicate both an improved survival rate
and increased likelihood to successfully close a
large proportion of patients, treated with open
abdomen technique (OAT). Moreover, these
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Patient synopsis

Complicating Key findings
factors
72 vo female Age = over 70

Nec Fascitis

Group A Streptocoocus, WBC 35.8 (N-4.8-10.8)
Sl 31.9 (over 30 = obesity)
144/81 with 2/3 vasopressors
Anemic
HGB 3.5 (N=12:16
Creatinine / BNP 299 (N = 0.99)

Blood Glucose 305 not well controlled (N-134-145

Renal Failure
A-Fib

[}
2

Acute Resp Failure
Diabetio(IDDM 1)
Poor Nutrition

Albumin 1.9(N = 3.2-4.8)/Pre-Albumin 8.3(N = 10-40

Liver function (SGOT 38) (N = 7-31)
Total protein 4.9 (N-5.7-8.2)

ardiomegal

Metabolic Acidosis

Fig. 31 Case Study Necrotizing Fasciitis. Overall case synopsis with significant number of abnormal lab values
complicating care

Necrosis
Day 1 of AWCT
01/19/2017
Plurogel/Opticel AG*

Initial Presentation
*1/4/17 ER

Selective

Debridement, OptiCell

Ag* and Plurogel

e 12 Days Selective Sharp
Debridement

® Plusogol/Optical Ag+

Continued

Debridement

e Application of HL
to dorsum of foot

® Additional HL application
as areas cleared

® Pro-phase soaked gauze * NWPT

Fig.32 Case Study Necrotizing Fasciitis—sequence of care Days 0-15

patients can now be closed within the initial hos- biologic repair materials [6]. It is essential that
pitalization. These techniques and technologies general and trauma surgeons understand the core
include the appropriate use of negative pressure principles underlying the need for and manage-
wound therapy (NPWT) [5] and synthetic or ment of the open abdomen.
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02/22/2017

01/31/2017
start

start

-HL is ready to
be removed
after 22 days

-Hyalomatrix = HL
with NPWT = VAC

Fig. 33 Case Study Necrotizing Fasciitis—sequence of care Days 12-40

Fig.34 Case Study

Necrotizing Fasciitis—

summary to Day 46
01/31/2017

Hyalomatrix with
NPWT

As described by the Open Abdomen Advisory
Panel [115], the open abdomen technique (OAT)
is widely utilized in life-threatening trauma,
intra-abdominal sepsis, and abdominal compart-
ment syndrome. The OAT poses a variety of criti-
cal care challenges, inclusive of surgical,
metabolic, and nutritional complications, as well
as infections both local and systemic. Negative
pressure wound therapy (NPWT) [11] has
become increasingly common for the manage-
ment of the open abdomen. NPWT does not com-

02/28/2017
start

02/22/2017
start

-HL removed
-Ready for skin
graft

-HL was
removed

- By
A ERTENCCATSOEYS B

- T H_‘l_:ﬂ "

>

STSG on 03/06/17

03/02/2017

¢ Two Day Break from
VAC
* Plurogel/Opticel AG+

o Day46
¢ Waiting for MD to
clear for skin graft

pletely overcome the challenges posed by mesh
degradation, inevitable epiboly at the peri-wound,
or complex wound gutters. This case demon-
strates a novel approach to complex open abdo-
men wound management utilizing NPWT in
combination with two unique dressings, chitosan
and hyaluronic acid. Chitosan fiber dressing,
impregnated with silver (Ag+1), has antimicro-
bial properties, promotes hemostasis, decreases
inflammation via cellular pathways, and is com-
patible with NPWT because of the fiber vertical
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Care sequence

Fig. 35 Case Study Necrotizing Fasciitis—patient
discharged home on April 25, 2017 (initial admission on
January 4, 2017), with durable integumentary coverage

4/14/2015

Fig. 36 Case Study Open Abdomen. Trauma patient
admitted secondary to machete wound with intestinal com-
plication, open abdomen. MM is a 45-year-old man who
sustained multiple knife stab wounds to his abdomen. He
was immediately transferred to a Level I Trauma Center.
After initial assessment, the patient underwent emergent
exploratory laparotomy and was found to have multiple
penetrating organ injuries. Damage control surgery was
performed. The patient was left in discontinuity, open
abdomen with NPWT to manage exudate and provide bar-
rier mechanism. Patient was transferred in critical condi-
tion to the trauma intensive critical care unit (TICU). MM
underwent aggressive resuscitation with multiple abdomi-
nal washouts and ultimately placement of a polyglactin
910 mesh to approximate the fascia; NPWT was placed in
the OR theater to manage drainage and abdominal pressure

,""b I

Terminal Closure
STSG w/NPWT
3/10/201

Rehab Asmission
03/24/17 foe

and a functional lower extremity for standing, transfers,
and ambulation with front wheeled walker

4/18/2015

and facilitate granulation. NPWT set at continuous pres-
sure at 100 mmHg. Unfortunately, within 7 days, the inevi-
table occurred: necrosis of the overlying mesh with
combined areas of tissue necrosis and mesh degradation.
Large wound gutters began forming at the peri-wound
interface, particularly in the inferior quadrants. Biofilm/
bioburden formation consistent with multibacterial coloni-
zation was confirmed with laboratory analysis. NPWT was
discontinued and wet-to-dry gauze dressings instituted.
Further degradation and thickening of the peri-wound mar-
gins continued with the formation of yellow-green biofilm
over the polyglactin 910 mesh. The top right is at initiation
of NPWT, Hyalomatrix® and Opticell Ag®. The lower left
is after 4 days of NPWT with Opticell Ag® and
Hyalomatrix® circumferentially in gutters with attention to
promote granulation over Vicryl mesh
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04/25/2015
Fig.37 Case Study Open Abdomen—improved granula-

tion, stabilization of Vicryl mesh, and continued decrease
in depth of peri-wound gutters at margins

05/07/2015

Fig. 38 Case Study Open Abdomen—Opticell Ag at
wound margins; HA is visible at the top left upper quad-
rant. Here what is visible is the clear silicone membrane.
The actual HA has incorporated into the wound bed and
instilled a proliferative bias

wicking (as opposed to horizontal) [116-118].
The unique combination of chitosan and HA
resulted in cellular proliferation, neovasculariza-
tion, and reduction of infection, providing the
basis for terminal reepithelialization sufficient to
support terminal closure by split-thickness skin
graft (STSG).

The 45-year-old man sustained multiple knife
stab wounds to his abdomen. He was immedi-
ately transferred to a Level I Trauma Center.
After initial assessment, the patient underwent
emergent exploratory laparotomy and was found

5/19/15 Terminal STSG 5/21/15

Fig. 39 Case Study Open Abdomen—improved healing
evidenced by decreased depth of gutters, improved granu-
lation, and increased abdominal stabilization. Terminal
closure was achieved with a STSG on May 21, 2015

to have multiple penetrating organ injuries.
Damage control surgery was performed. The
patient was left in discontinuity, open abdomen
with NPWT to manage exudate and provide bar-
rier mechanism. Patient was transferred in criti-
cal condition to the trauma intensive critical care
unit (TICU). MM underwent aggressive resusci-
tation with multiple abdominal washouts and
ultimately placement of a polyglactin 910 mesh
to approximate the fascia; NPWT was placed in
the OR theater to manage drainage and abdomi-
nal pressure and facilitate granulation. NPWT
set at continuous pressure at 100 mmHg.
Unfortunately, within 7 days, the inevitable
occurred: necrosis of the overlying mesh with
combined areas of tissue necrosis and mesh deg-
radation. Large wound gutters began forming at
the peri-wound interface, particularly in the infe-
rior quadrants. Biofilm/bioburden formation
consistent with multibacterial colonization was
confirmed with laboratory analysis. NPWT was
discontinued and wet-to-dry gauze dressings
instituted. Further degradation and thickening of
the peri-wound margins continued with the for-
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mation of yellow-green biofilm over the polygla-
ctin 910 mesh.

The patient’s open abdominal wound with
bacterial colonization and mesh degradation
posed a difficult dilemma for the medical team.
He was not acutely septic from his wounds,
providing an opportunity to avert utilization of
traditional surgical pathway, i.e., repeated
abdominal washout in the OR theater with
explantation of mesh. This treatment approach
could have been potentially catastrophic for
this patient. Instead, a decision was made to opt
for a broad-spectrum antimicrobial treatment
(chitosan Ag+1) in combination with a molecu-
lar biologic substrate (HA) that would facilitate
angiogenesis, fibroblast migration, and deposi-
tion of ECM components. The utilization of
chitosan Ag+1 to mitigate bioburden and the
use of HA in combination with NPWT (at a
lower setting 50-75 mmHg) was selected to
manage wound exudate, abdominal pressures,
and exudate. Prior to the application of the chi-
tosan/HA/NPWT combination, the wound sur-
face area was 750 cm? (Figs. 36, 37, 38, and
39). Figure 37 shows the appearance of the chi-
tosan dressing (yellowish) and the hyaluronic
acid dressing (clear and shiny). Note that dif-
ferent dressings under the NPWT are used in
areas appropriate for the properties of that spe-
cific dressing—chitosan, antibacterial effect,
versus hyaluronic acid, neoangiogenic effect.
MM was closed after 17 days using a split-
thickness skin graft over a good granulation
base with no additional complications and no
readmission.

9.5 Case 5: Bilateral LE Burn

(Figs. 40,41,42,43, and 44)

This case illustrates the use of HA over a deep
third-degree burn requiring surgical debridement
to the level of cortical bone and excision of a sub-
stantial portion of the anterior tibialis muscle
belly. The 54-year-old female patient had
multiple comorbidities including nutrition, renal,
and liver failure.

Fig. 40 Case Study Bilateral Lower Extremity Deep
Third-Degree Burns. Initial presentation

Fig.41 Case Study Bilateral Lower Extremity Deep Third-
Degree Burns—debridement intraoperatively. Note the
exposed tibial crest, lateral anterior tibialis muscle defect
secondary to necrosis that required extensive excision
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Fig. 42 Case Study Bilateral Lower Extremity Deep

Third-Degree  Burns—intraoperative  placement of

Hyalomatrix. The Hyalomatrix is the white fibrous mate-
rial visible at the lower margin of the leg. It has been
fenestrated and is placed under NPWT

\4
Fig. 43 Case Study Bilateral Lower Extremity Deep
Third-Degree Burns—intraoperative takedown of NPWT
exposing intact Hyalomatrix. A substantial portion of the
Hyalomatrix has incorporated into the wound. Note the
varied areas of clear Hyalomatrix (HMWHA) and areas of
increased inflammatory response (LMWHA) seen as

opaque fluid collection. The patient did not have an ele-
vated white blood count
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Fig. 44 Case Study Bilateral Lower Extremity Deep
Third-Degree Burns—bilateral LE after STSG placement
under NPWT with a complicated course of aftercare sec-
ondary to a urinary tract infection, sepsis, and inappropri-
ate wound care. Despite adversity, the wounds did
continue to closure. Of significant importance was the
preservation of functional dorsiflexion

Conclusions

Mediators and mechanisms of inflammation
and inflammatory resolution and repair do not
exist in isolation, as an “either or” on or off
state. Tissue injury either surgical, traumatic,
or pathological that creates a full-thickness
defect in the skin poses very unique obstacles
for healing and restoration of function.
Typically, tissue injury causes an immediate
onset of inflammation mediated by chemoat-
tractants derived from plasma proteins, resi-
dent and recruited hematopoietic cells,
extracellular matrix, and bacteria. Progression
to complete wound healing is accompanied by
resolution of the inflammatory mediators and
the reconstitution of normal microvascular
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Table 1 Resolution of inflammation is directed by down-
regulation of the pro-inflammatory mediators and restora-
tion of microvascular permeability

Processes in
inflammatory resolution

Dynamic components
of inflammation

Plasma protein-derived
chemoattractant (C5,
fibrinopeptides, 2-thrombin)
Chemokines (MCP, MIP,

Reconstruction and
reconstitution of
vascular permeability
Anti-inflammatory

RANTES) cytokines (IL-10,

TGE-p, IL-1 ra)
Growth factors (TNF-a, Mediators of apoptosis
OL-1, I-6, PDGF TGF-p) (CD44, caspases)
Eicosanoids (prostaglandins, Transcription factors
leukotrienes) (NRf-2, NF-Kp)
ECM fragments (fibronectin, Receptor
elastin, collagen) downregulation with
proteolysis of
chemokines
ROS Lymphatic drainage
Nitric oxide
Bacterial-derived
chemoattractants

permeability, which will in turn contribute to
the cessation of local pro-inflammatory
response. Resolution of inflammation is
directed by downregulation of the pro-inflam-
matory mediators and restoration of microvas-
cular permeability. Together these things
contribute to the cessation of local chemoat-
tractants, synthesis of anti-inflammatory
mediators, apoptosis, and lymphatic drainage.
These are presented in summary in Table 1.
An excessive or prolonged inflammatory
response results in increased tissue injury and,
therefore, poor healing. Successful wound
repair requires the coordinated expression of
both inflammation and the resolution of
inflammation and the restoration of stable
tissue.

In one wound there are simultaneous areas
of granulation/proliferative bias and an inflam-
mation bias. The inflammation bias occurs
first and is collocated with necrotic tissue,
debris, nonviable tissue, or areas where,
despite best efforts, bacteria may exist. As the
areas of inflammation resolve, proliferation
follows restoring tissue stability.

The HA polymer Hyalomatrix® is a com-
mercially available 3D scaffold that responds
to the varied environments of the wound
milieu. HA is a biologically active molecule
that differentially responds based on the che-
mokines, cytokines, cells, and molecules in
the ECM. Often areas of inflammation are
predominately in areas of wounds that are
deeper and in and around significant struc-
tures, tendons, and neurovascular bundles.
Alternatively, proliferative areas tend to pre-
dominate along the edges of wounds or in jux-
taposition to hair follicles that remain. Areas
of granulation can also migrate out from hair
follicles circumferentially, 360°.

Rain drops into a puddle of water are an
elegant way to visualize the many microenvi-
ronments and the continuum between areas of
inflammation or proliferation. Each drop rep-
resents an area that is either in a predominate
state of inflammation or proliferation (Fig. 45).
The ripples moving out from the center of
inflammation or proliferation (droplets) grad-
ually decrease in intensity and influence on
the surrounding ECM. The ECM is a fluid and
dynamic environment that responds to change
and interacts with both intrinsic and extrinsic
stimuli. Figure 46 represents the puddle anal-
ogy of the ECM being both varied and
dynamic, a cumulation of all of the various
cellular and matrix signals that are either
dampened or amplified based on the micro-
wound milieu.

HA is a recognized, biologically active
molecule that naturally regulates all phases of
tissue repair on multiple levels and should be
considered as a safe and effective option to be
used in skin repair [119—124]. HA in the form
of Hyalomatrix® is presented here in five case
studies where significant soft tissue defect
occurred either from wounding, NF, or the
subsequent debridement.

In deep burns there is a significant loss of
the ECM and the required growth factors due
to debridement and the associated zone of
injury [125]. In necrotizing fasciitis (NF),
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y Oxygen Depleted Environment

Lactate Present N
* Lac operon — burning lactose for energy
 Lactate activates hif-1 (hyaluronidase — enzyme that
cleaves HA)
* Increases activity

/

LMWHA M

* Higher enzyme activity leads to cleaving of HA into smaller
pieces aka low molecular weight

* LMWHA has higher affinity for RHAMM, TLR — 4

* RHAMM, TLR — 4 drives the production of NF — kB

Inflammatory Response R
* NF — kB causes neutrophil apoptosis
 This recruits macrophages and differentiates MO to M1
* M1 macrophages are proinflammatory
J

Inflammatory response and iquidficationof ECM
(looks like puss under the layer.)
Leg photo

iM

* No Lactate present

* Aerobic environment

* Lactate/Iron Chelate OH - produced

* OH-inactivates the hif-1 decreasing the cleaving of HYAFF

HMWHA M
* Low enzyme activity leads to stability of HA bonds
* HMWHA has higher affinity
for CD%44 RHAMM LYVE1
« Drives production of VEGF
J
Proliferation Response R
* M2 phenotype are proliferative
* Recruites Keratinocytes, fibroblasts
* Bias Macrophage to M2 phenotype
J
Proliferative response stabilizes ECM R
* Increases Migration of Kieratinocytes and Fibroblast
that produce collagen
J

Fig.45 Summary chart of the continuum for inflammation and resolution of inflammation

Fig. 46 Imagery of a puddle—abstract representation of
the effects of wounding (rain drops) and the diminishing
amplitude of the waves of inflammation dispersing and
interacting with areas of extracellular matrix that are sta-
ble. The ECM is dynamic and ever changing in response
to wounding

there is a substantial loss of tissue due to
repeated selective sharp debridements and the
associated physical destruction during the
removal of the epidermis and dermal compo-
nents. Degloving injuries and necrotizing fas-
ciitis (NF) pose unique challenge as the
delamination of the skin and immediate integ-
ument decrease blood supply and viable

remaining tissue including the ECM and com-
ponent growth factors, cytokines and
chemokines.

Four varied case studies are presented
where HYAFF was incorporated into the treat-
ment process to both expedite closure and
improve the result.
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Negative-Pressure Wound Therapy
for Large Burn Wounds

David E. Varon, Jessica D. Smith, Riyam Mistry,
Neel A. Kantak, and Eric G. Halvorson

1 Introduction

Over the last 20 years, negative-pressure wound
therapy (NPWT) has become a widely used and
well-described treatment for acute and chronic
wounds. NPWT works by removing exudate, cre-
ating a sterile and moist environment, increasing
diffusion of blood and nutrients to the wound,
and promoting re-epithelialization of the dam-
aged tissue [1-3]. NPWT has been used to treat a
wide variety of wounds including diabetic foot
ulcers, pressure ulcers, sternal wounds, open
abdominal wounds following peritonitis and
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abdominal aneurysm rupture, severe open
fractures of the lower extremities, and burns.
Additionally, it is frequently used to prepare a
wound bed for skin grafting and then as a bolster
dressing to enhance skin graft take [1]. Until
recently, however, NPWT has been most com-
monly used on smaller burns. Extra-large (XL)
NPWT, used to treat burn wounds >15% TBSA,
is relatively new and has been described sporadi-
cally in existing literature [4].

Steinstraesser et al. [5] first described
XL-NPWT in a 2009 case report. In this report,
NPWT was used to secure split-thickness skin
grafts (STSGs) covering 18% of the patient’s
body following multiple debridements to eradi-
cate fulminant necrotizing fasciitis. After 7 days,
the authors reported a 90% graft take and deter-
mined that NPWT is a treatment option for large
skin-grafted areas. In 2010, Chong et al. [6] were
the first to report that XL-NPWT is an ideal
option for treating burn patients with wounds
>15% TBSA. Since then, several studies have
further discussed the use of XL-NPWT for large
burns [4, 7-9]. Randomized studies regarding the
effectiveness of XL-NPWT have yet to be con-
ducted. However, the reported benefits of
XL-NPWT are so encouraging that it should be
considered as a treatment option for large wounds
[4]. This chapter will discuss when and how to
utilize XL-NPWT, as well as the benefits of this
technique in managing large burn wounds.
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2 Advantages of XL-NPWT
for Large Burns

Although NPWT has been utilized to treat a
plethora of acute and chronic wounds, XL-NPWT
has only recently been described as a treatment
for large burn wounds and as a bolster dressing
for extensive STSGs. As the most common cause
of wounds >15% TBSA are burns, the current
literature focuses primarily on the indications for
XL-NPWT in the management of burn wounds
[4, 6-9]. Large burns damage the skin, suppress
the body’s immune response, and cause extreme
fluid shifts. XL-NPWT aims to address these
effects and should be utilized to prevent infec-
tion, promote re-epithelialization, and aid in esti-
mating fluid loss so that fluid resuscitation can be
more precise and effective. There are numerous
secondary benefits of using NPWT for large
burns that will also be discussed.

3 Infection Prevention

When a thermal or chemical burn occurs, the
skin, which serves as the body’s primary barrier
and first line of defense to pathogens, is compro-
mised. Microorganisms from the patient’s skin,
gastrointestinal system, respiratory system, and
external environment immediately enter the
burned area. These microbes utilize the protein
exudate that the wound produces to colonize the
area within the first 48 h following injury.
Microbial colonization does not always lead to
infection, but the microorganisms can certainly
cause serious and life-threatening infections
[10-12]. Severe burns damage the subdermal
plexus of vessels, impairing the body’s ability to
deliver erythrocytes and immune cells to the
wound [4, 13-16]. Furthermore, the body
decreases its production of granulocytes and
monocytes [10, 17] and simultaneously releases
inflammatory mediators, which induce immuno-
suppression, increase vascular permeability, and
shift fluid to extravascular spaces [4, 18-20]. As
a result, the body’s ability to prevent and fight
infection is greatly impaired following a large
burn, and burn patients are susceptible to infec-
tion-related mortality. Sepsis due to burn wound

infections or infectious complications cause
approximately 75% of deaths in patients who
suffer >40% TBSA burns [10].

To effectively treat a burn, it is therefore para-
mount that the risk of infection be reduced.
Traditional burn dressings are changed in a non-
sterile environment. Despite antimicrobial addi-
tives, there is often significant colonization
evident at each dressing change. Such dressings
do not maintain a sterile wound environment. As
bacteria colonizing burn wounds cause the major-
ity of infections in burn patients, it is possible
that maintaining a more sterile wound-healing
environment would reduce the risk of such infec-
tions. XL-NPWT dressings are placed in a sterile
environment (the operating room), with the
occlusive dressing and negative pressure effec-
tively sealing off the wound [4]. These dressings
are not changed on a daily basis, thus preventing
continued colonization of the wounds. It is our
belief that maintaining a more sterile wound
environment may lead to improved wound heal-
ing and a lower risk of infection.

4 Promoting
Re-epithelialization

Re-epithelialization is integral to wound heal-
ing. However, after a burn has occurred and der-
mal vessels have been damaged, the body’s
ability to create new epithelial tissue is impaired
[4]. Re-epithelialization requires wound neo-
vascularization and increased blood flow, so
damage of the dermal vessels is particularly det-
rimental. Treatment of burns, therefore, needs to
promote angiogenesis in order to enhance re-
epithelialization and burn wound healing [21].
This is particularly important because studies
have shown that epithelialization of deep
wounds is frequently inhibited and, as a result, a
patient’s risk of infectious morbidity and mor-
tality is increased [4, 22]. Additionally, burn
wounds tend to require autologous skin grafting
procedures, which create donor sites. STSG
donor sites can be painful and debilitating and
should be treated in a manner that promotes
healing and reduces pain [9]. All too often,
donor sites are neglected and treated in ways we
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would never treat a burn wound (e.g., leaving
them open to air).

A patient’s survival is undeniably linked to the
take and success of the skin grafts, so wound
dressings need to promote graft survival and take.
NPWT has been shown to promote angiogenesis
and, in turn, wound healing [22]. Improved
angiogenesis allows for blood, nutrients, growth
factors, and cytokines to be delivered more effi-
ciently and in greater quantities to the wound,
and multiple studies have reported that wound
healing is enhanced as a result [21, 23-26]. Given
the dangerous nature of large burns and the fact
that they frequently require skin grafting proce-
dures, optimizing re-epithelialization is an
important goal.

XL-NPWT has shown to enhance graft take
with reports of 95% [7] and 97% [4] graft take. A
prospective randomized controlled trial by Petkar
et al. [27] comparing the use of NPWT to stan-
dard dressings in 30 burn patients found that
mean graft take was higher in the NPWT group
than in the control group (96.7% vs. 87.5%,
p < 0.001) on STSGS. Normally larger burns,
especially those involving areas that experience
shear forces (e.g., mobile joints, posterior trunk,
the perineum, etc.), have higher rates of graft
loss. XL-NPWT, in particular the traditional
technique described by Fischer et al. [4],
addresses the issue of shear force by protecting
these vulnerable areas with two layers of occlu-
sive dressing and securing it with sutures or sta-
ples. It is postulated that XL-NPWT also
improves graft take by preventing shifting or
“floating” of skin grafts. The constant removal of
exudate precludes fluid from accumulating under
the graft and, therefore, allows for contact
between the skin graft and wound bed to be main-
tained [7]. The removal of exudate allows for the
dressing to stay fixed in one location, reducing
external shear and patient pain [9]. Additionally,
removing the exudate may accelerate
re-epithelialization because it eliminates an
extrinsic impediment of microcirculation and
improves the area’s blood supply [7, 28, 29].
NPWT creates mechanical tension, which may
encourage cell proliferation and the formation of
granulation tissue. However, Fischer et al. sug-
gest that increased graft take may not be seen

when the “total body wrap” concept is utilized
because sponges are not placed to cover all
grafted areas; use of the traditional method of
application is, therefore, encouraged [4, 28, 30].

Rapid healing of autograft donor sites is also
important to consider in terms of pain, given the
associated pain levels that patients frequently
report and the potential need to use the same
donor sites for further skin grafts [9]. Genecov
et al. [31] investigated re-epithelialization of
donor sites in both a porcine and human model,
and found that NPWT significantly increased the
rate of re-epithelialization compared to an adhe-
sive film dressing (OpSite, Smith and Nephew,
UK) dressing. Similar to the reasons for improved
graft take, they report that the enhanced healing
rate may be due to the mechanical forces pro-
vided by the vacuum, which improve angiogene-
sis, and/or the removal of third-space fluid and
wound exudate, which allows for restored local
blood flow. Although Genecov et al. [31] did not
investigate XL-NPWT and its effects on larger
wounds; it is likely that the benefits seen with the
smaller donor sites are similar to those for larger
donor sites. Further investigation of donor and
recipient site re-epithelialization due to
XL-NPWT is necessary, as is the effect of healing
and patients’ length of stay.

5 Fluid Management

Large burns disturb the body’s ability to maintain
fluid homeostasis. Fluid loss, especially burn
shock, must be treated effectively to reduce mor-
bidity and mortality. Fluid resuscitation plays an
integral role in this treatment [22]. However,
there are a wide variety of resuscitation proto-
cols, and it can be difficult to determine the
amount of fluid resuscitation necessary to treat
individual patients [22, 32]. Currently fluid loss
and resuscitation are estimated with a variety of
parameters including body weight, heart rate,
blood pressure, urine output, and laboratory val-
ues [4]. Though useful, these parameters are
imprecise and can lead to over- or under-resusci-
tation, which can cause pulmonary edema, acute
kidney injury, renal failure, and death [4, 33-36].
To further complicate fluid management, the
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amount of fluids that a patient needs tend to
fluctuate. Fluid resuscitation is most crucial
immediately following a burn, after surgical
debridement, and following autologous skin
grafting because the affected body surface area is
increased by the addition of donor sites [4, 37].
Given the complicated nature of fluid manage-
ment following a burn, a more accurate method
for estimating fluid loss would be beneficial.

XL-NPWT, addresses these problems by
consistently removing exudate and maintaining a
beneficial healing environment with minimal
dressing changes. Fischer et al. state that burn
patients with >15% TBSA burns required a max-
imum of two dressing changes, while Low et al.
[8], Chong et al. [6], and Kamolz et al. [7] report
dressing changes once every 4 days [4, 6-8]. A
reduction in dressing changes decreases the
amount of tedious work that nurses have to per-
form and, most importantly, has been associated
with a decrease in patients’ anxiety and pain
according to nurses involved in their care [9].
Kantak et al. [9] also suggest that patient-reported
pain levels may be lower overall with XL-NPWT
because NPWT may modify the inflammatory
response, which modulates pain perception, and
decreases the amount of shear on affected areas.
Lastly, Fischer et al. [4] and Kamolz et al. [7]
reported no infections when XL-NPWT was
utilized.

When using standard dressings on patients
with large burns, insensible fluid loss through the
wounds is both significant and difficult to esti-
mate. The classic calculation for insensible losses
is inherently inaccurate, as it does not take into
account differences in fluid losses for different
size burns and the change in rate of fluid loss over
time. Although studies have not been conducted
to specifically evaluate the use of XL-NPWT as a
method for estimating and treating fluid loss, the
studies conducted by Fischer et al. [4] and Chong
et al. [6] have noted that XL-NPWT may aid in
determining the proper amount of fluid resuscita-
tion. Low et al. [8] also suggest that utilizing
XL-NPWT is beneficial because fewer VAC
machines are needed, which makes charting fluid
output more convenient and accurate. Fischer
et al. [4] utilized the VAC output measurements to
assess fluid management and found that average

fluid loss was highest on day 1 after grafting and
declined with time. They also found that donor
sites produced more than twice as much output as
recipient sites. Similarly, Lamke and Liljedahl
[38] reported that fluid loss was three times higher
from donor sites compared to recipient sites. This
information may be useful to other burn centers as
they try to determine the amount of required fluid
resuscitation. It should be noted, however, that
Fischer et al. [4] had two patients develop acute
kidney injuries, which they report may be due to a
lack of experience estimating fluid needs based on
XL-NPWT outputs [4, 38]. Ultimately, with
proper technique, XL-NPWT has the potential to
improve fluid management by providing ICU
teams with a more accurate determination of
insensible losses that can be incorporated into
clinical decision-making.

6 Techniques

There are two previously described methods of
application for XL-NPWT in existing literature.
Chong et al. [6] describe the “total body wrap” or
“sandwich” technique, in which affected areas
are sandwiched between large polyurethane
dressings. Small slits are made in the dressing
away from the grafted areas, and small sponges
are placed to act as wicks for the exudative fluid.
The sponges are placed away from the grafts so
as to avoid disrupting the grafts and to allow for
easy visualization of the wounds through the
dressing. The polyurethane dressings adhere to
one another around the periphery and create a
seal when suction is applied. They recommend
initially applying negative pressure at 250 mmHg
and then decreasing the pressure to 125 mmHg
after the seal is created. Low et al. [8] (from the
same burn center) further describe this technique
and suggest placing long, thin strips of NPWT
sponges to span the entire length of an affected
limb. They also recommend placing the suction
tubing in a dependent position and intraopera-
tively connecting it to wall suction to improve the
vacuum seal and enhance wound exudate clear-
ance. Postoperatively, the suction can be trans-
ferred to a NPWT vacuum machine unit and set
on 125 mmHg.
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Fig. 1 (a) Modified technique of NPWT applied to an STSG recipient site on the right arm. (b) Covered with occlusive
dressing to obtain a seal. (¢) Showing skin graft take after NPWT is removed

7 The Brigham and Women'’s
Hospital Experience

At our institution we employed a different, more
traditional technique with the intent of improv-
ing graft fixation [4]. Initially, nonadherent fine
mesh gauze (N-TERFACE, Winfield
Laboratories, Richardson, Texas, USA, and/or
Xeroform Covidien, Mansfield, MA, USA) was
contoured to match the affected area and used to
cover graft recipient sites, while silver-impreg-
nated nonadherent foam (Mepilex Ag, Molnlycke
Health Care, Gothenburg, Sweden) was simi-
larly contoured and used to cover donor sites [4].
Recently we simplified this technique. Silver-
impregnated nonadherent foam (Mepilex Ag,
Molnlycke Health Care, Gothenburg, Sweden) is
applied to both recipient and donor sites, as well
as over any intervening intact skin or burn
wound. This allows for an entire body area to be
covered safely with the two-layered dressing [9],
without the need for contouring, greatly
simplifying the dressing application process.
Extremities can simply be wrapped circumferen-
tially. NPWT sponges (V.A.C. GranuFoam, KCI,
San Antonio, TX, and/or Ioban, 3M, St. Paul,
MN) are then applied to cover the area com-
pletely, transparent self-adhesive  drapes
(V.A.C. Drape, KCI, San Antonio, TX, and/or
Toban, 3M, St. Paul, MN) are placed, and a suc-
tion pad (Sensa T.R.A.C. Pad, KCI, San Antonio,
TX) is attached (Fig. 1) [4, 9].

On the extremities and in areas of shear or
moisture (e.g., perineum, non-excised burn,
open tissue), however, additional strategies are
necessary to maintain the seal. For the limb,
tincture of benzoin is applied to dry, healthy
skin, and then the limb NPWT sponges are then

Fig. 2 Application of modified technique of NPWT to
the groin area: in this case two layers of occlusive dressing
and two rows of staples facilitate the maintenance of a seal
to overcome shear forces and moisture

sandwiched between large sheets of occlusive
dressing. Wall suction is utilized to create the
initial seal and more difficult areas are sealed
last to ensure complete seal. For areas of shear
or moisture, two layers of occlusive dressing are
applied and secured to the tissues with staples or
sutures (Fig. 2). Suction pads are placed strate-
gically in the most dependent areas, and one
suction pump (V.A.C. Therapy Unit, KCI, San
Antonio, TX) is utilized for every 9% TBSA
involved, as seen in Figs. 3 and 4 [4]. Similar to
Chong et al. and Low et al., the machine is set to
apply negative pressure at 125 mmHg [4, 6, 8].
If the machine cannot maintain the seal and
standard troubleshooting does not identify any
problems, the suction pad can be switched to
wall suction [4].
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Fig. 3 (a) Application of extra-large NPWT dressing: in
this case a seal was obtained by sandwiching extremities
between large sheets of occlusive dressing. (b) Applying

The use of NPWT to treat various burn and
donor site wounds has become a loved technique
in the burn unit at the Brigham and Women’s
Hospital (BWH). In our preliminary study of
XL-NPWT for large burn wounds, 12 patients
had a graft take average of 97% with the STSG
donor sites re-epithelializing in an average of
11.25 days, which corroborates the study by
Genecov et al.,, which showed that NPWT
enhanced donor site re-epithelialization [4, 30].
Our graft take results were similar to those
achieved by Petkar et al. [27], although our burn
wounds were much greater than the 10% TBSA
burns in their study.

The length of stay (LOS) for our patients aver-
aged 37.9 days (median 32.5, range 19-66), and
all patients survived without any wound infec-
tions. Although our sample size is too small to
make reliable conclusions on the effect of LOS,
the two patients who had burns of TBSA>35%,

suction pads to the most dependent areas, with one pump
used per arm and two pumps per leg

their LOS was found to be shorter than the
American Burn Association’s burn respiratory
national averages (39 vs. 62 days and 50 vs.
68 days, respectively).

Surgeons and nurses in the burn unit noted a
considerable decrease in pain and anxiety experi-
enced by patients when compared to the standard
of care. Although most patients experience very
little to no pain following surgery, pain is intrinsi-
cally related to dressing changes. Most patients
experience increased pain after the dressing is
removed at 57 days. Decreased pain exhibited by
patients who received NPWT as a burn dressing
suggests that NPWT modifies the inflammatory
response that modulates pain perception or that
the lack of motion and sheer minimizes pain [4].

As reported by Fischer et al. [4] and Lamke
and Liljedahl [38], the results from our study fol-
lowed a similar trend [38]. Fluid outputs from the
wounds during the first 5 days of grafting aver-
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Fig. 4 (a) Application of extra-large NPWT dressing:
large campfire burn of the posterior trunk and buttocks.
(b) Covered with xeno- and autografts followed by a
microporous nonadherent foam with a silicone contact
layer followed by conventional NPWT sponge.

aged 101 =+ 66 mL/%TBSA covered per day.
Average output for the donor sites was double
that of the recipient site at 132 + 83 mL/%TBSA
vs. 61 = 37 mL/%TBSA, respectively. These
numbers can be used to predict fluid loss from
burn wounds covered with NPWT dressings,
although measuring actual output is obviously
more accurate.

Two of our patients developed acute kidney
(AK]I) injury that was resolved, and one patient
developed a hematoma within 12 h of surgery
that was quickly evacuated without further com-
plications. The development of AKI may have
been due to a lack of experience in using
XL-NPWT and an underestimation of fluid loss.
On the other end of the fluid resuscitation spec-
trum, however, none of our patients developed
lung edema from over-resuscitation, and they
were able to discontinue manual ventilation ear-
lier than burn patients in other studies, although
our study is too small to perform meaningful sta-
tistical analysis.

We ultimately found that our modified NPWT
dressing is a safe and effective dressing for treat-

(¢) Proximal thighs were then circumferentially wrapped
and sealed using an occlusive dressing sandwich tech-
nique, and staples/sutures were used in the perineum. This
seal held for 6 days

ing large burn wounds, and a technology-based
improvement for patients, nurses, and surgeons
alike.

Conclusions

Though relatively new, XL-NPWT has proven
to be safe and effective in treating burns >15%
TBSA. To date, there are no randomized stud-
ies that have proven the benefits of XL-NPWT;
however, early results suggest that XL-NPWT
may have multiple benefits including decreas-
ing a patient’s risk of infection, improving
healing of donor and recipient sites, decreas-
ing the number of necessary dressing changes,
and aiding in more accurate fluid resuscita-
tion. Numerous secondary benefits have also
been observed. Most importantly, we have
noted that patients have greatly reduced pain
following debridement and grafting proce-
dures, particularly at the donor sites. Because
of this, and because dressings are not changed
daily, patients require much less narcotic and
potentially less ventilator time. This has the
potential to decrease morbidity related to pro-
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longed ICU/ventilator time and large quantity
narcotic use.

Although there is a lack of literature regard-
ing the use XL-NPWT, the initial literature
suggests that it is safe, effective, and with ben-
efits when treating patients who have burns
>15% TBSA. XL-NPWT seems to reduce the
risk of infection, improve the rate of re-epithe-
lialization of both donor and recipient sites,
reduce the number of necessary dressing
changes and associated pain and anxiety, and
allow for more effective fluid resuscitation.
Further investigation into these benefits is
warranted, as is further research regarding
length of stay, the cost-effective nature of
XL-NPWT, and its clinical uses for treating
other large wounds. Based on the available
studies, however, it is a promising treatment
option for wounds >15% TBSA.
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1 Introduction

The treatment of postoperative spinal infections
and wound dehiscence, especially if instrumenta-
tion is involved, is a costly endeavor not only in
financial terms but also in health-related quality
of life for patients. Prolonged immobilization
due to open wounds places patients at risk for
pressure sores, deep vein thrombosis, and pulmo-
nary complications.

Techniques for avoidance of spinal infections
include the use of perioperative antibiotics, gen-
tle handling of tissue intraoperatively, as well as
the quantity and type of spinal instrumentation
used. Titanium bears properties of resistance to
glycocalyx (biofilm) formation and decreased
inflammation/corrosion as compared to stainless
steel [1-3]. Some authors have described good
results in treating spinal infections with
microbial-guided pharmacotherapy and debride-
ment without removal of titanium instrumenta-
tion in conjunction with NPWT [4].

Negative pressure wound therapy (NPWT)
has been used for several decades to assist in clo-
sure of large or necrotic wounds in general and
orthopedic surgery and has recently been demon-
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strated to be a useful technique for complex spi-
nal wounds. Unfortunately, randomized clinical
trials of NPWT in spinal surgery are lacking to
guide surgeons in the use of this treatment modal-
ity. This chapter is intended to summarize current
uses and controversies of NPWT in spine
surgery.

2 Mechanisms of NPWT
Affecting Wound Healing

The ability of negative pressure wound therapy
(NPWT) to improve healing in complex surgical
wounds is multifactorial and continues to be elu-
cidated by basic science research and clinical tri-
als. Below are discussed several factors through
which NPWT contributes to wound healing.

A negative pressure wound therapy system
acts as a sterile barrier and additionally helps
debride necrotic tissue from the wound bed [5].
Negative pressure closure improves arteriolar
dilation to facilitate microcirculation and
decreases excess edema and fluid surrounding
wound site helping to decrease bacterial coloni-
zation. NPWT also increases granulation tissue
formation and accelerates wound healing [6].

NPWT may also help increase antibiotic con-
centration to the wound bed according to a ran-
domized controlled trial to evaluate antibiotic
concentration in wounds in patients undergoing
vacuum-assisted closure versus traditional dress-
ing changes. Patients in the study had ulcers
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infected with daptomycin-sensitive bacteria;
biopsies of the lesions were taken to determine
concentration of drug at time zero and after
wound therapy regimens. Preliminary analysis
demonstrated an increase in antibiotic concentra-
tion in tissues following VAC therapy compared
to traditional therapy [7].

The negative pressure contracts wound edges
in large wounds and deceases edema, both mech-
anisms leading to a decrease in wound size. In a
prospective randomized clinical trial of 30
patients with open musculoskeletal injuries at a
tertiary care hospital by Sinha et al. [8], patients
were randomized to either vacuum-assisted clo-
sure (necrotic tissues debrided prior to VAC
placement with dressing changes every 3—4 days)
versus standard wound therapy (debridement fol-
lowed by dressing changes daily). The study
showed that the size of the soft tissue defects was
reduced 5-25 mm (mean decrease of 26.6%) in
the vacuum-assisted closure group versus less
than 5 mm in patients in the standard therapy

group.

3 Indications for Negative
Pressure Wound Therapy

Ousey et al. [9] performed a systematic review in
2013 evaluating NPWT for spinal wounds; no
randomized controlled trials were available, ten
retrospective reviews and four case studies of
patients with spinal wound complications.
Further research into the indications for NPWT
in spinal wounds is indicated.

Studies of NPWT for spinal patients have
been primarily focused on those patients who
have had postoperative infection. In 2014,
Adogwa et al. [6] published a retrospective
study comparing the use of NPWT to tradi-
tional closure in patients with long-segment
(defined as four or more vertebral levels) defor-
mity correction with posterior instrumentation
of the thoracolumbar spine. In the treatment
arm of the study, a negative pressure device
was placed over the incisional area and a con-
tinuous —80 mmHg negative pressure wound
therapy device was left in place for 3 days

postoperatively. Subfascial drains were used in
both the control and the treatment arms and
were continued until postoperative day #2 or
until drain output was less than 80 mL per 24 h.
The authors reported that use of negative pres-
sure wound therapy resulted in 50% decrease in
incidence of wound dehiscence and approxi-
mately 30% reduction in surgical site infec-
tions. These findings indicate that use of
negative pressure wound therapy as a
prophylactic measure in patients undergoing
long-segment posterior thoracolumbar fusion
may reduce wound dehiscence and surgical site
infections. Importantly, there was no significant
difference in length of hospital stay or 30-day
readmission rates between the two groups.

The use of NPW therapy in high-risk surgical
closures in patients with multiple comorbidities
was evaluated in a prospective randomized con-
trolled study by Masden et al. [10]. Eighty-one
patients were randomized to receive NPW versus
traditional closure utilizing silver-impregnated
dressing, and there was no statistically significant
difference in incidence of infection or dehiscence
between the two groups. Of note in this study, 74
of the 81 patients underwent lower extremity clo-
sures and results may or may not be generalized
to spinal wound closure.

Horn et al. [11] noted that use of NPWT clo-
sure in pediatric spinal wounds is good alterna-
tive to leaving wound packed between surgical
procedures as it acted as continuous barrier in
patients with incontinence. This paper also
points to importance of monitoring patients with
neuromuscular scoliosis (such as those with
myelomeningocele) for urinary tract infection
prior to operative treatments in order to start
appropriate antibiotic regimen prior to surgery
to decrease risk of postoperative wound
contamination.

The use of negative pressure wound therapy has
been demonstrated to be a cost-effective modality
in the management of postoperative spinal wound
complications by reducing the complexity of sur-
gery needed (decreased instrumentation removal,
decreased usage of flap for wound coverage) and
by expediting patients’ care transition to the outpa-
tient setting [12].



Negative Pressure Wound Therapy for the Treatment of Complex Spinal Wounds

263

4 Procedure Notes for Negative
Pressure Wound Vacuum
Placement

The use of NPWYV occurs following aggressive
debridement and washout of surgical bed. The
importance of adequate debridement of necrotic
and purulent tissue cannot be overemphasized.
An open-pore polyurethane sponge is then pre-
pared to size, and placed into the surgical bed. It
is important to remove all infected or devital-
ized tissue prior to wound vacuum sponge
placement. The sponge is ideally placed such
that it is adjacent to bone and hardware deep
within wound so no cavity is left that could
become loculated or re-inhabited by infection.
The sponge should not be placed against skin as
suction over skin may lead to blistering. A seal-
ant drape is sealed over the sponge and should
span at least 5 cm beyond margins of wound to
ensure airtight suction. The vacuum pump and
collection canister are then connected. The vac-
uum pump is typically set at 125 mmHg [9]. For
patients with exposed dura, the use of a lower
negative pressure (50 mmHg) should be consid-
ered given risks of cerebrospinal fluid leakage if
there is an occult leak [13]. As device is turned
on sponge is inspected as it contracts and mar-
gins are pulled in toward center from all sides.
Ideally, the sponge will cover all tissue where
granulation is desired but will avoid contact
with the skin.

Dressing changes are performed every
2-3 days. Care must be taken that all components
of sponge are removed during dressing changes
[14]. The dressing changes may occur at bedside
or in operating room depending on patient’s abil-
ity to tolerate procedure and physician discretion.
If dressing changes are to occur at bedside, it is
prudent to ensure adequate pain medication and
sedation have been given prior to initiating

dressing changes. Frequent dressing changes not
only allow assessment of the wound but also pre-
vent granulation tissue from growing into the
sponge and potentially being traumatized at sub-
sequent dressing changes, thereby compromising
the wound. Pediatric patients may have acceler-
ated healing which necessitates more frequent
dressing changes than adults to prevent
granulation tissue adherence to sponge [15].

Animal studies have demonstrated that opti-
mal healing occurs at 125 mmHg of subatmo-
spheric pressure at interval of 3 min on time
followed by 5 min off time. Due to patient dis-
comfort associated with alternating settings
(intermittent suction), NPW therapy vacuums are
typically set to continuous negative pressure [16].

Duration of NPWT will vary by patient’s
wound size and response to therapy. Table 1
shows the average durations of VAC therapy and
number of dressing changes reported by previous
studies [16—19].

Ultimately, the decision for final closure of the
wound depends on the patient being medically
ready to return to the operating room and on the
wound bed having healthy granulation tissue
visualized throughout which is amenable to clo-
sure [16]. Patients with MRSA or multibacterial
infections typically are more likely to need repeat
debridement and longer NPWT duration before
definitive wound closure [19].

More recently, negative pressure wound ther-
apy with instillation and dwell time (NPWTi-d)
has been developed wherein a topical solution is
delivered directly over the wound and then is
allowed to dwell in the wound bed for pro-
grammed amount of time before the negative
pressure phase is begun and the solution is
removed. There is debate regarding the most
appropriate solution to use; however normal
saline, Dakin’s solution, and polyhexanide
solutions have been tried. Further prospective

Table 1 The average durations of VAC therapy and number of dressing changes

Study
Karaaslan et al., 2015 (n = 6) 5.1 (range 3-8)
Mehbod et al., 2005 (n = 20) 2.2 (2-3)
Ploumis et al., 2008 (n = 73) 1.4

Zehnder and Place, 2007 (n = 11)

Avg. dressing changes

Unreported (approx. q 2-3 days)

VAC duration

15.5 days (range 9-24 days)
7 days (range 5-14 days)

7 days (range 5—14 days)
26 (range 11-47 days)
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randomized clinical trials are warranted to evalu-
ate this technique further; however early studies
indicate that this may be a useful option [20].

Systemic antibiotics are frequent utilized in
conjunction with wound vacuum closure [9].
Selection of antibiotic regimen should obtain
broad-spectrum antimicrobial coverage initially
and may be narrowed as cultures demonstrate
sensitivities. Should instrumentation be main-
tained, intravenous antibiotics should be followed
by long-term oral suppressive therapy [21].

5 Risks Associated
with Negative Pressure
Wound Therapy

Skin irritation from adhesive or sponge contact is
one of the most commonly reported adverse reac-
tions with NPW therapy. It is estimated that skin
irritation occurs in 2.2% of the population treated
with vacuum therapy and typically resolves
within 48 h [15].

NPWT should not be used in active CSF leak,
patients with bleeding diathesis, patients with
allergies to NPW dressing, and neoplastic disease
in wound [9]. Care and attention is needed to
remove all portions of the sponge, given reports
of persistent infections due to sponge pieces left
in wound [22].

While NPWT should not be used in patients
with active CSF leakage, a study by Lee et al.
[13] provides evidence that VAC therapy is safe
and effective in postoperative spine infections
with exposed dura in a retrospective review of
prospectively collected data of 40 patients with
postoperative wound infections. Thirty-one
patients had exposed dura noted at time of wash-
out and 28 had VAC sponge applied directly to
dura (wound vac pressure of 50 mmHg, interface
of Mepitel, and white foam) with minimum of
1 week of NWP therapy and dressing changes
2-3 days prior to final closure. Nine patients who
did not have exposed dura underwent washout
and NPW therapy with wound VAC pressure of
125 mmHg. From the 31 patients with dura
exposed, two patients died prior to final closure
due to unrelated complications and three patients

required a muscle flap. All other patients (in both
dura exposed and non-exposed groups) achieved
wound closure in delayed manner. Of note, study
does not mention if there was any concern for
CSF leak in patients prior to VAC placement and
a decreased suction pressure was used in patients
with exposed dura.

Highlighting the importance of not using
NPWT in the presence of an active CSF leak is a
case report of a 23-year-old patient with open
pelvic fracture requiring VAC therapy for wound
closure [23]. After initiation of VAC therapy, the
patient was noted to have deterioration of neuro-
logical status with subsequent imaging showing
tear in the dural sac at L5-S1 and CT head dem-
onstrating crowding of basal cisterns and sagging
of cerebellar tonsils. Patient required dural patch
repair for cerebrospinal fluid leak exacerbated by
VAC and had improvement of neurological status
following resolution of intracranial hypotension.

6 Care of Patients Undergoing
NPWT

Certain aspects of patient care merit specific
mention for patients undergoing NPWT. It is
important that patients continue to have mobili-
zation regimens unless instability caused by
hardware removal precludes activity [14].
Portable NPWT systems are now available which
may allow patients to return to home or work.

It is important that patients undergoing VAC
therapy have optimization of nutritional parame-
ters. Healing of wounds requires a large amount
of energy and protein; additionally vitamin C and
iron are needed for proper collagen formation
[24]. Additionally, ingrowth of granulation tissue
into the foam sponge can lead to wound break-
down and bleeding during dressing change. This
complication can be avoided by maintaining reg-
ularly scheduled dressing changes [25].

Adequate analgesia is important when
wound vacuum dressings are changed. If the
patient is unable to tolerate bedside changing of
dressings, it may be prudent to return to the
operating room for dressing changes. Some
papers have even reported returning to the
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operating room for the first dressing change. It
is not uncommon for patients to experience
discomfort when the wound vacuum suction is
initiated after a dressing change, and patients
should be prepared for such.

It is important that caregivers and providers be
aware of potential hardware problems which may
cause malfunction of the NPWT system.
Blockages or leakage of tubes or seals can pre-
vent proper functioning of the system. Overfilling
of the collection canister will also lead to poor
function of the vacuum system, with unpleasant
fluid spillage an added concern. Many NPWT
systems have sensing devices to prevent this.

Conclusions

Negative pressure wound therapy (NPWT) is
a technique used commonly in plastic and
general surgery but should also be considered
in the neurosurgeon’s armamentarium for
treating postoperative spinal infections and
wound complications. More research is
needed to clearly understand the mechanism
by which NPWT assists in wound healing and
to help delineate the applications of NPWT in
spinal surgery. In appropriately selected
patients, NPWT is a potential strategy to assist
in closure of complex spinal wounds.
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Potential Mechanisms

and Application of Honeybee
Products in Wound Management:
Wound Healing by Apitherapy

Ahmad Oryan and Esmat Alemzadeh

1 Introduction

Traditional medicine refers to a wide range of the
indigenous drugs from plants and animals.
Practices of traditional medicines include Iranian,
Herbal, Ayurveda, Chinese, Acupuncture,
Siddha, Unani, Islamic, Vietnamese, Muti, Ifa,
and African may be based on historical or cul-
tural traditions [1-3]. Currently, many plants and
remedies have been investigated for potential
therapeutic effects and have shown evidence of
healing activities [4-10]. Based upon the recent
studies conducted by the World Health
Organization (WHO), about 80% of the total
population in the developing countries uses tradi-
tional medicine for healthcare [11].

Since natural sources are inexpensive, avail-
able, and affordable, they are widely used for
wound healing purposes and other skin diseases.
However, the use of traditional medicine is a sub-
ject of controversy around the world, and the
safety of such treatment modalities needs to be
evaluated through scientific standardization. One
natural medicine is apitherapy which is the
medicinal use of bee products. These products
are honey, propolis, royal jelly, bee pollen, and
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bee venom. Today, apitherapy is recognized
among contemporary and conventional treatment
methods, and an increasing amount of literature
is available in this therapeutic modality. Perhaps
the most significant advantage of apitherapy is its
low cost and the fact that honey is an effective
antimicrobial agent against resistant hospital
pathogens [12, 13].

This chapter throws a light on the use of honey
and more briefly the other bee products in health-
care and illustrates the action mechanisms of
honey in wound healing processes. Honey accel-
erates healing by decreasing inflammation and
stimulating immune response, autolytic debride-
ment, and antioxidant activities. These therapeu-
tic properties make honey a rational and accepted
natural agent for healing. Therefore, honey being
simply and easily available is a valuable and pop-
ular material in developing countries and is con-
sidered as a promising treatment in regenerative
medicine.

2 Healing History

Throughout history, honey has been considered
both as a medicine and as a food. The exact origin
of apitherapy has not been traced; however,
Muslims, ancient Greeks, ancient Egyptians,
Chinese, and people from other countries and
nations have used honey as a treatment for several
diseases. The Egyptians were the first people to
use honey as a treatment strategy in wound healing.
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In the oldest human scriptures from Sumer dated
back to about 2000 BC, honey was used for treat-
ing wounds [14], and based on the Smith papyrus
(1700 BC), honey was used as an effective thera-
peutic regimen in wound healing and regenerative
medicine. The Quran mentions honey as a protec-
tive agent for humankind and says “thy Lord
taught the bee to build its cells in hills, on trees and
in men’s habitations... there issues from within
their bodies a drink of varying colors, wherein is
healing for mankind” (Quran 16:68-69).

Until the early twentieth century, the use of
honey as a wound dressing was a common practice
in wound care, but with the advent of antibiotics in
the early 1900s, honey was neglected and con-
signed to items of historical interest. Today, with
the emergence of resistant bacteria, honey has
again caught the attention of medical researchers
because it is a nontoxic antimicrobial agent which
can be used for therapeutic purposes [15, 16].

3 Biochemical
and Physicochemical
Properties of Honey

Honey as a natural sweet substance is composed of
sugars and other constituents such as enzymes,
amino acids, organic acids, carotenoids, vitamins,
minerals, and aromatic substances [17]. The com-
position, color, aroma, and flavor of honey are
rather variable and depend on its floral source, geo-
graphical regions, and seasonal and environmental
factors [18, 19]. In general, honey contains approx-
imately 75-80% carbohydrates, 17-20% water,
and 1-2% mineral and organic matters. The physi-
cal properties of honey have a determining role in
its price and acceptability by consumers. On the
other hand, the chemical composition determines
the physicochemical characteristics of honey
including color, pH, water activity, and so on.
Honey contains numerous types of sugars
including 75% monosaccharides, 10-15% disac-
charides, and small amounts of other sugars
which are responsible for properties such as
energy value, viscosity, and hygroscopicity
which result in enhanced angiogenesis, mesen-
chymal cell proliferation, collagen deposition,

and tissue maturation [20]. Honey is a supersatu-
rated solution, and sugar as the main constituent
accounts for 95-99% of its dry matter. Fructose
and glucose are the major sugars almost in all
honey types, and their amounts depend largely on
the source of the nectar, regions, and climate con-
ditions [21]. The concentration of fructose and
glucose and their ratio are effective indicators for
evaluation of crystallization and floral sources of
honey [22]. In addition, the sucrose content in
honey is a useful parameter in identifying any
improper manipulation, and high level of sucrose
may indicate a variety of adulterations [23].
Honey also contains organic acids, minerals, and
proteins. Organic acids are derived from sugars
by enzymes secreted by honeybees and are
responsible for acidity, color, pH, and electrical
conductivity [24]. During ripening, honeybees
provide glucose oxidase which is responsible in
gluconic acid production which is the predomi-
nant acid in honey [25]. Gluconic acid and citric
acid can be used as reagents to differentiate two
types of honey, floral and honeydew, and to mea-
sure purity and authenticity [24].

Honey contains about 0.2% protein, which
varies according to the species of the honeybees
[26]. The most popular amino acids in honey are
glutamic acid, phenylalanine, tyrosine, leucine,
alanine, and isoleucine [27]. The amount of pro-
line is a useful index in determining both purity
and maturation of honey, and a maximum value
of 180 mg/kg™! of proline may be indicative of
impure honey [28]. Various groups of macro- and
microelement minerals such as potassium, mag-
nesium, calcium, iron, phosphorus, sodium, man-
ganese, iodine, zinc, lithium, cobalt, nickel,
cadmium, copper, barium, chromium, selenium,
arsenic, and silver are found in different honeys.
Many factors such as soil type, floral sources, cli-
matic conditions, and fertilization impact mineral
composition of honey [29]. The mineral ele-
ments, in contrast to vitamins and amino acids,
do not degrade by exposure to heat, light, oxidiz-
ing agents, and extreme pH [18].

The US Department of Agriculture has classi-
fied honey into seven color categories including
water white, extra white, white, extra light white,
light amber, amber, and dark amber. The honey
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coloring components are plant pigments and are
related to floral origin, the content of pollen, min-
eral composition, total phenolics, and hydroxy-
methyl furfural. Ithas been shown that dark-colored
honeys have higher phenolic content and antioxi-
dant capacities [30]. A variety of environmental
conditions such as crystallization, storage time,
and temperature may change the color. It has been
proved that a dark color develops as a result of
temperature and storage time, whereas crystalliza-
tion deduces a light color in honey. Lower water
content and higher glucose concentration lead to
faster crystallization. Since the glucose crystals
are white once crystallized, the crystalized honey
turns lighter in color [18, 31].

Water is the second largest constituent, and its
content depends on the botanical origin of honey,
the storage condition, and the level of maturity
achieved in the hive. The free water is defined as
the water activity (a,) [29] and is the amount of
water available to microorganisms. Most microor-
ganisms need an a,, higher than 0.91 to grow, and
the mean value a, for honey is between 0.5 and
0.65. Many studies have noted the importance of
a,, because the osmophilic yeasts present in honey
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Fig.1 Therapeutic effects of honey on wound healing
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result in fermentation of honey, forming ethyl alco-
hol and carbon dioxide, thereby changing the qual-
ity of honey [15, 21, 32]. Moreover, the moisture
content of honey influences the viscosity and crys-
tallization, as well as other parameters such as
color, flavor, taste, specific gravity, solubility, and
conservation. Higher glucose concentration and
lower water content result in faster crystallization
[22, 32].

4 Application of Honey
in Wound Healing
and Regenerative Medicine

Several studies have described the effectiveness of
honey in the healing processes [5, 33, 34]. Honey
enhances wound contraction, promotes epitheliali-
zation, elevates granulation tissue formation,
improves wound healing, and stimulates tissue
growth, synthesis of collagen, and development of
new blood vessels in the bed of wounds. Furthermore,
honey is able to reduce the postoperative adhesion;
subside inflammation, pain, and edema; and facili-
tate debridement (Fig. 1) [5, 35-37].
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Wound healing is arranged in three interre-
lated dynamic phases including inflammation,
proliferation, and remodeling, and honey has an
effective role in these stages (Fig. 2) [38]. Honey
stimulates monocytes in inflammatory phase, to
release inflammatory cytokines including TNF-a,
IL-6, IL-1b, and NO. These cytokines are essen-
tial in initiation of inflammatory processes and
are capable of inducing collagen synthesis by
fibroblasts. In contrast, the phenolic components
present in honey control the severity inflamma-
tion. Moreover, honey stimulates removal of tis-
sue debris, dead cells, and bacteria from the
wound site by cell lyses and phagocytosis by
neutrophils and macrophages during the inflam-
matory phase [39, 40].

The acidic nature of honey initiates release of
oxygen from the hemoglobin to stimulate angio-
genesis, proliferate fibroblasts, and enhance
granulation tissue formation during the prolifera-
tive or fibroplasia phase in the wound area [41].
The high osmotic pressure of honey is also
responsible in holding the wound edges together.
In addition, honey enhances wound contraction
by stimulating fibroblasts and myofibroblasts to
deposit more collagen. Honey also significantly

promotes reepithelialization in wounds [42].
Glucose present in honey provides required
energy for the epithelial cells and facilitates their
migration across the wound surface [43].
Production of hydrogen peroxide at low levels in
honey stimulates development of new capillaries
[42, 43] and growth and proliferation of fibro-
blasts and epithelial cells [41, 44]. Presence of
hydrogen peroxide in honey enables it to stimu-
late proliferation of cultured fibroblasts. Also, the
phenolic components present in honey can pro-
tect cells against the toxic effect of hydrogen per-
oxide [45]. In the final phase, honey can accelerate
remodeling of the cutaneous wounds by
contracting the wound environment and reducing
the scar tissue [46].

4.1 Honey and Burns

During burn injury, the skin loses its protective
function against microorganisms, leading to a
high risk of infection [47]. Silver sulfadiazine
(SSD) is considered as the gold standard in burn
wounds, and when topically applied, it is able to
release silver and absorb the burn exudates.
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However, application of silver sulfadiazine has
severe adverse effects and delays wound healing
processes [48, 49]. Recently, topical application
of honey has reemerged, as a treatment option, in
burn wound management [50]. Many studies
have demonstrated the role of honey in burn
wound healing [44, 51, 52]. Aziz and Hassan
(2017) [53] included nine studies in conducting a
systematic review and meta-analysis of the
impact of honey compared to silver sulfadiazine
in treatment of burn wounds. Three options
including healing time, number of wounds
healed, and number of infected wounds rendered
sterile were investigated quantitatively in this
review. The data showed a statistically significant
difference between the two groups in the time of
healing, the proportion of patients with healed
wounds, and proportion of infected wounds ren-
dered sterile favoring the honey group. It was
concluded that honey has statistically significant
beneficial effects compared to SSD in superficial
or partial-thickness burns.

4.2 Honey and Skin Ulcers

Leg ulcers are defects in the epidermis and typi-
cally are chronic. Venous disease, in most
instances, is the main reason for leg ulcers.
Compression therapy (phlebological compres-
sion bandages, medical compression stockings)
is the standard treatment for venous ulcers, and
honey therapy currently has gained popularity in
leg ulcer treatment [54, 55]. Sloughy venous
ulcer is an appropriate environment for infection,
prolongs inflammation, and delays wound heal-
ing. Migration of neutrophils and release of pro-
teolytic enzymes and oxygen-free radicals lead to
tissue hypoxia and promote further bacterial pro-
liferation and tissue destruction. Application of
honey can be an effective treatment regime to
control the infection. Honey removes necrotic
tissues by the autolytic action of tissue proteases
and cleans the wound bed [56]. In comparing
between honey and phenytoin, it has been shown
that there is no significant difference between
these two treatment regimes in treatment of
chronic ulcers [57]. Honey is able to mitigate

pain, reduce scar tissue formation, contract the
wound size, and decrease the healing time [58].
Ulceration of the foot is the most common
complication among diabetic patients, and it may
lead to amputation of the lower leg [59]. Topical
application of honey has been considered as a
treatment option in treatment of diabetic foot
ulcer (DFU), and several clinical studies have
reported the beneficial effects of honey in treat-
ing these ulcers [60-62]. Insani and coworkers
(2016) planned a systematic review and meta-
analysis to investigate the efficacy of honey in
management of diabetic foot ulcers. Five clinical
trials with 517 patients were included. They
reported that dressing the wounds with honey
showed beneficial effects in decreasing mean
duration of wound healing, eradication of infec-
tion, formation of granulation tissue, and experi-
ence of pain in comparison to the control groups
(normal saline, alginate, and povidone iodine).
Honey maintains moisture and prevents adhesion
of dressing to wound surface, and these result in
attenuation of pain level. In addition, it has been
reported that honey can decrease edema and mal-
odorous discharge of the wound area [63].

5 Mechanism of Action
of Honey on Wound Healing

Many investigations have proved that honey is a
reputable and effective therapeutic agent in wound
healing. Its useful actions have been endorsed to
its antimicrobial, anti-inflammatory, antioxidant
activities, boosting effect on the immune system
and debridement action.

5.1 Antimicrobial Activity
of Honey and Its Mechanisms

of Action

The antimicrobial therapy is an important matter
when the body’s immune response is insufficient
to clear the infection. Many studies have noted
the ability of honey against pathogenic and non-
pathogenic microorganisms including bacteria,
fungi, and viruses [64—66]. Honey can act as both
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bacteriostatic and bactericidal depending on the
concentration used; however, it should be kept in
mind that the botanical origin of honey is one of
the most important criteria which can impact its
medicinal value, for example, Brudzynski et al.
(2012) [67] showed that the bactericidal effect of
manuka honey was higher than blueberry honey.
Despite the improvement of surgical tech-
niques and using antibiotics, wound infections
remain a health problem. Antibiotics are always
necessary in bacterial infection, but the indiscrim-
inate use of antibiotics has led to the emergence of
antibiotic-resistant strains [38]. Since the new
series of antibiotics need huge investments and
this will not occur soon, the researchers have pro-
moted their efforts to find alternatives to antibi-
otic-resistant bacteria in the recent years. Recent
evidences have suggested that honey can be an
efficient remedy in the treatment of infected
wounds. One unanticipated finding was that
honey has high in vitro activity against both gram-
positive and gram-negative bacteria. Surprisingly,
it has also been found that resistance to honey has
never been observed to date, and a possible expla-
nation for this might be due to the multifactorial
nature of the antimicrobial properties of honey
that affects more than one target site [68, 69].
Biofilms are a collection of microorganisms
containing bacteria and fungi that impair epi-
thelialization and granulation tissue formation
[70]. Biofilms protect bacteria from antimicro-
bial agents and have complementary metabolic
strategies in obtaining nutrients from the host
and degrading its immune modulatory mole-
cules [3]. Many studies have confirmed the
antibiofilm properties of honey [66, 71, 72].
Honey significantly inhibits bacterial attach-
ment to a vinyl substrate and reduces further
early biofilm development. According to the
classification of Al-Waili et al. (2011), the anti-
microbial mechanisms of honey are direct and
indirect. In direct action the bacteria are directly
eliminated by honey, and factors such as hydro-
gen peroxide factors, high osmolality, acidity,
non-peroxide factors, and phenols are involved
in this mechanism. Indirect action is the anti-
bacterial response of the whole organism
toward bacteria and includes recruitment of

lymphocytes and antibody production and
release of nitric oxide, cytokines, and immuno-
modulation [73].
5.1.1 Hydrogen Peroxide and Non-
peroxide Activity
Hydrogen peroxide (H,0,) is an important anti-
septic which kills microorganisms by oxidizing
them [74]. During the honey-making process,
honeybees add glucose oxidase to the collected
nectar. Glucose oxidase converts the glucose into
hydrogen peroxide and gluconic acid which is
inactive during honey ripening but regains its
efficiency when the honey is diluted [15]. When
interacted with wound exudates, the honey
becomes diluted and produces low level of H,0,
which is nontoxic to host but harbors a long-
lasting antiseptic effect against the wound con-
taminants [74]. The concentration of hydrogen
peroxide produced in honey is much lower than
those typically applied to a contaminated wound.
Wounds indicate a biphasic response to topical
application of H,O,. It has been shown that low
concentrations of H,O, promote wound healing,
while at high levels, it delays healing [75].
Although the antibacterial activity depends
on the presence of hydrogen peroxide, in most
honeys, exceptionally, some honeys including
manuka honey maintains its antibacterial activ-
ity even after H,O, removal. In this regard,
Kwakman et al. [68] suggested that non-perox-
ide factors are responsible for the antimicrobial
activity of manuka honey. The content of non-
peroxide compounds can be influenced by the
floral sources, harvest season, and geographical
location. Several compounds such as methyl
syringate, defensin 1, and methylglyoxal (MGO)
contribute to the non-peroxide activity of honey
[76]. MGO is an active ingredient of manuka and
is derived from the nonenzymatic conversion of
dihydroxyacetone which is found in high levels
in the nectar of manuka flowers [77].
Antibacterial activity of MGO has also been
attributed to disruption of collagen that promotes
fibrosis in chronic tissue infections [78]. MGO
also can also negatively affect glucose oxidase
and H,0, generation. Reaction of MGO with the
glucose oxidase results in formation of high
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molecular weight adducts which reduce enzy-
matic activity of glucose oxidase, and this may
be a possible explanation for suppressing H,O,
generation in manuka honey [79]. What we
know about MGO is largely based upon its elec-
trophilic properties that can bind to DNA and
proteins and alter proteins’ structure, function,
and synthesis. MGO effectively inhibits growth
and multiplication of gram-positive and gram-
negative bacteria. By binding the MGO to fim-
briae and flagella proteins, it results in reduced
structural integrity and subsequently impaired
function [80].

In the honeybee, defensins exist in the form of
two different peptides — defensins 1 and 2.
Defensins have cytotoxic activity against gram-
positive bacteria, some species of gram-negative
bacteria, mycelia fungi, yeasts, protozoa, mites,
and viruses. It has been indicated that defensin 2
is responsible for antibacterial activity in bees
and contributes in antimicrobial activity of honey.
Bee defensin 1 is present in the bee salivary gland
and is linked to the honey royal jelly which is
associated with the insect's immune response and
provides the social immunity of the colony, while
defensin 2 plays an important role in the honey-
bee individual immunity [81].

5.1.2 Osmolarity and Acidity

Honey is a saturated solution of sugars. Sugars
present in honey interact with water molecules
and leave very few of the available water mole-
cules for microorganisms. Due to the osmolarity
activity, honey draws out edematous fluid through
the wound tissue and contributes in removal of
debris, necrotic and devitalized tissue [82]. The
flow of the lymph creates a moist healing environ-
ment and provides oxygenation and nutrification
for the traumatized tissue. Although osmolarity of
honey decreases during its dilution, it generates
hydrogen peroxide which is an antimicrobial
product. It has been shown that honey is more
effective than sugar in reducing bacterial contami-
nation and promoting wound healing [83].

The range of acidic pH of honey is between 3.2
and 4.5, during the dilution stage of honey, which
is due to formation of gluconic acid. It has
been indicated that neutral or slightly alkaline

environment is suitable for growth of wound
pathogenic bacteria. Besides, the optimum pH for
protease activity is about 7.3. Acidification of honey
is able to assist in the antibacterial action of macro-
phages and prevents ammonia produced by the bac-
terial metabolism to harm body tissues [84—86].

5.2 Anti-inflammatory Activity

One of the therapeutic benefits of honey is its
anti-inflammatory activity. The ability of honey
to decrease the damage caused by the free radi-
cals may contribute in reducing damage and
breakdown of lipids, proteins, and nucleic acids
and thus prevent further tissue necrosis [87, 88].
In the inflammatory phase, the reactive oxygen
species induce the activity of the fibroblasts and
further production of the collagen fibers of scar
tissue. Hence, prolongation of the inflammatory
phase may result in hyper-granulation and fibro-
sis. The transcription factor nuclear factor-kappa
beta (NF-KB) as an important marker of inflam-
mation enhances proinflammatory activity and
activates genes encoding for proinflammatory
cytokines — interleukin (IL)-6, IL-8, and tumor
necrosis factor-a (TNF-o) [43, 89]. Honey pre-
vents a prolonged inflammatory response by
inhibition of nitric oxide (NO) production and
NF-KB activation [90].

A large and growing body of literature has
showed that several mechanisms including inhi-
bition of the classical complement pathway, inhi-
bition of reactive oxygen species (ROS)
formation, inhibition of leukocyte infiltration,
inhibition of matrix metallopeptidase 9 (MMP-9),
and inhibition of cyclooxygenase-2 (COX-2) and
inducible NO synthase expression can describe
the anti-inflammatory properties of honey. It has
been demonstrated that honey is able to affect
NF-kB signaling pathway and decreases inflam-
mation. Since NF-kB controls many genes
involved in inflammation, the major focus has
been on inhibiting NF-kB activation and its trans-
location into the nucleus. It has been shown that
honey can suppress the gene expressions of
NF-kB (p65 and p50) and IkBa. In addition,
honey decreases degradation of the IkB proteins
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Fig.3 Mechanisms of action of honey as an anti-inflammatory agent

and prevents the translocation of NF-kB subunits
(p65 and p50) into the nucleus and finally leads
to reduction of inducible nitric oxide synthase
(iNOS), COX-2, TNF-a, and IL-6 expressions as
well as prostaglandin E2 (PGE2) and NO pro-
duction (Fig. 3) [91].

Prostaglandins are mediators of inflammation
and pain which can decrease B- and T-lymphocyte
functions. Honey decreases the concentrations of
plasma prostaglandin to reduce edema and
inflammation and activates lymphocytes to pro-
duce antibodies against wound pathogens. In
addition, the phenolic compounds of honey are

responsible in inhibiting of PGE2 release from
monocytes in inflamed tissues. It has also been
shown that other phenolic compounds such as
quercetin, chrysin, and luteolin have inhibitory
effects on interleukin-1b and COX-2 expression,
PGE?2 synthesis, and NF-kB stimulation [92].

5.3 Antioxidant Activity

Free radicals disrupt the structure of other mole-
cules and result in cellular damage. Antioxidants
neutralize the free radicals and protect cell from
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damage [93]. The presence of phenolic compounds
such as ellagic, caffeic, p-coumaric, and ferulic
acids and flavonoids including apigenin, pinocem-
brin, kaempferol, quercetin, galangin, chrysin, and
hesperetin makes honey a rich source of natural
antioxidants. Different honeys have a considerable
variation of antioxidant activities due to different
floral and geographical origins. In addition, darker
honeys have more antioxidant activities [94, 95].
Neutrophils and macrophages release high level
of ROS against invading bacteria, in the chronic
wounds. ROSs mediate the TNF-a-induced cyto-
toxicity, and honey is a treatment strategy that can
inhibit the TNF-a-induced cytotoxicity with its
antioxidant activity [96]. In addition, honey is capa-
ble to inhibit NO production by macrophages in a
dose-dependent manner [97]. Honey is consider-
ably potent in protecting DNA against damages and
has a great role in free radical scavenging, lipid per-
oxidation inhibition, and antioxidant activity [98].

5.4 Role of Honey in Debridement

of Wounds

Debridement is the process of removing any
necrotic tissue from a wound to induce granula-
tion tissue formation and tissue maturation. As

<~ Draw lymph fluid from
subcutaneous tissue to
wound surface

Remove debris, slough,
necrotic tissue

! ot Honey

necrotic tissues can lead to growth of infecting
bacteria and induce wound to become chronic, it
is imperative to remove any dead tissue [99]. It
has been reported that honey has debridement
action, but the mechanisms of its action are
almost unknown. However, honey facilitates
autolytic debridement by its high osmotic pres-
sure and activation of protease to remove the
attached slough and necrotic tissue (Fig. 4) [100].
Interestingly, honey has been shown to increase
the activity of the enzyme plasmin in the culture
medium. Plasmin degrades the fibrin which is
attached to the debris in wound bed, while it is
not able to digest the collagen matrix needed for
tissue repair. It has been shown that inflammation
enhances production of the plasminogen activa-
tor inhibitor (PAI) and honey is capable to inhibit
this pathway. Therefore, reduction in production
of PAI by honey is a good reason for its anti-
inflammatory activity [101].

5.5 Immunostimulatory Action

Honey can act as an immunomodulator during
wound healing [102]. It stimulates cells of the
immune system to be infiltrated in the wound site
[103]. In addition, honey is capable to stimulate
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Fig.4 The debridement action of honey in wound healing processes
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the release of TNF-o from monocytes/macro-
phages. Gannabathula et al. [104] indicated that
the arabinogalactan proteins (AGPs) and apisimin
present in honey are, at least partly, responsible
for stimulating the release of TNF-a. The major
glycoproteins in honey, namely, apalbumin 1
(Apal, 56 kDa), apalbumin 2 (Apa2, 49 kDa), and
apalbumin 3 (Apa3, 70 kDa), also stimulate mac-
rophages to release TNF-a [102]. Based on the
type of honey, there is variation in immunostimu-
latory activity. By decreasing the concentration of
prostaglandins and increasing NO, honey may
induce antibody production and enhance humoral
immunity. On the other hand, presence of prebi-
otic oligosaccharides in honey enables it to sup-
port and amplify the immune responses [73, 105].

6 Bee Products and Their
Potential Value in Wound
Healing

Besides, honeybees produce various derivatives
including beeswax, venom, propolis, pollen, and
royal jelly that have beneficial roles in human
health. Among these products, beeswax, venom,
and royal jelly are chemically synthesized by the
bees themselves, and the others are derived from
plants and are modified and engineered by the
bees for their own use.

6.1 Propolis

Propolis is a mixture of plant resins and exudates
collected by honeybees in combination with wax
and pollen and some secretions added by bees to
make this biomaterial. Botanical and geographical
origin has an important role in composition of
propolis. Based on the sources of resin, the color
of propolis is different and ranges from dark
brown, green, red, black, to white hues [106, 107].
More than 300 different compounds have been
characterized in propolis. The typical components
of propolis are the aliphatic acids, esters, aromatic
acids, fatty acids, carbohydrates, aldehydes, amino
acids, ketones, chalcones, dihydrochalcones, ter-
penoids, vitamins, and inorganic substances [108].

In particular, propolis has antioxidant, anti-inflam-
matory, and antimicrobial effects, and these make
it a useful product to be applied in wound healing
[109]. In addition, topical application of propolis
decreases the number of mast cells, and this effect
speeds up the regeneration process and has high
potential in wound healing [110]. Several in vivo
studies have indicated the role of propolis in treat-
ing the burn, diabetic, excisional, and incisional
wounds [111-113].

Based on in vivo evidences, propolis shortens
the inflammatory phase of wound healing by
debriding activity and reducing the number of
mast cells and neutrophils. Wound contraction is
an essential process of repair and is associated
with collagen synthesis. Propolis stimulates
expression of collagen type I during the initial
stage of wound healing and facilitates wound clo-
sure [112, 114-116]. Propolis also is responsible
for restoring TGF-f expression and signaling,
mediating HoxD3 (a homeobox transcription fac-
tor) and Smad, to accelerate collagen expression
[111]. Combination of propolis and honey has a
synergistic effect and can hasten tissue repair
[116, 117]. In a pilot study, Henshaw et al. [118]
evaluated the role of propolis in the healing of
human diabetic foot ulcers (DFU). At weeks 1
and 3, the healing rate was significantly faster in
the propolis-treated patients than the control
group. They also compared the healing rate in the
ulcers that received systemic antibiotics along
with propolis with ulcers that received systemic
antibiotics only and indicated an improved heal-
ing rate at weeks 1, 3, and 4 in the treatment
group. The main reason for this beneficial effect
was claimed to be the potent anti-inflammatory
effects of propolis in the early phase of wound
healing. Taken together, these findings show that
propolis may be a useful tool for wound manage-
ment and has great potential in wound healing
and regenerative medicine.

6.2 Royal Jelly

Royal jelly is secreted by the glands of worker hon-
eybees and is the exclusive food of queen bee. It
consists of water, proteins, carbohydrates, lipids,
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mineral salts, vitamins, and a series of bioactive
substances such as 10-hydroxyl-2-decenoic acid
and several insulin-like peptides. In addition, RJ
contains phenolic compounds, a potent antibacterial
protein (royalisin), and 10-hydroxy decenoic acid
[119-123]. It has been demonstrated that topical
application of RJ is effective on wound healing, and
such beneficial effect has been correspondent to its
anti-inflammatory activity. RJ efficiently inhibits
the production of proinflammatory cytokines
including TNF-a, IL-6, and IL-1 by lipopolysac-
charide/interferon-gamma  (LPS/IFN-y)-activated
macrophages [124]. Kim et al. (2010) demonstrated
that 5 ug/mL of decocted RJ enhances migration of
fibroblasts in humans and increases the level of
sphingolipids in an in vitro wound healing model
[125]. Several studies have confirmed the potential
of RJ against different bacteria especially the gram-
positive bacteria [126, 127].

It has been stated the RJ reduced the duration of
wound recovery and compared with nitrofurazone
ointment (positive control) had a better effect on
wound healing [128]. It has been shown that daily
oral administration of RJ at doses of 10, 100, and
1000 mg/kg body weight possesses no insulin-like
activity. However, RJ can shorten the duration of
wound recovery by decreasing exudation and
accelerating collagen formation in the wound bed
[129]. RJ creates an alkaline environment in the
wound area, and its antimicrobial, immunomodu-
lating, and nutritional properties can eliminate
infection and promote wound healing [130]. It can
be concluded that royal jelly is effective on wound
restoration; however, further studies with more
focus on humans are suggested.

6.3 Beeswax

Beeswax is a natural wax which is secreted by
wax glands of honeybees. Chemically, beeswax
mainly contains esters of fatty acids and various
long-chain alcohols. Its main components are
palmitate, palmitoleate, and oleate esters of long-
chain (30-32 carbons) aliphatic alcohol [131].
Mendoza et al. [132, 133] indicated that D-002 (a
mixture of beeswax alcohols) has potential anti-
inflammatory action on osteoarthritis. Moustafa

et al. [134] compared the healing of deep second-
degree burns treated with silver sulfadiazine
(SSD) and a mixture of honey, beeswax, and
olive oil (MHBO) and revealed that wound con-
traction was significantly higher in the MHBO
group than both SSD and the control groups. In
addition, inflammatory reaction and exudation
were less in MHBO group than the SSD and con-
trol groups. Beeswax is significantly able to
shorten the wound area and healing time. It also
obviously improves the number of fibroblasts and
new blood capillaries. It is believed that the bees-
wax ointment has remarkable therapeutic effects
on wound healing in diabetic rabbits [135].

6.4 Bee Pollen

Bee pollen is the pollen ball that is collected by
bees and is packed in honeycomb cells. Bees col-
lect pollen from different plants and mix it with a
small dose of their salivary glands’ secretion or
nectar. It has been stated that the bee pollen is anti-
fungal, antimicrobial, antiviral, anti-inflammatory,
immunostimulating, and local analgesic and also
facilitates proliferation of endothelial cells and
mesenchymal cells and deposition of collagen
matrix in granulation tissue of the burn wounds in
humans [136, 137]. Based on the plant sources and
geographical origins, the composition of the bee
pollen is variable. The typical compounds in bee
pollen are proteins, amino acids, carbohydrates,
lipids, fatty acids, phenolic compounds, enzymes,
and coenzymes as well as vitamins and bioele-
ments [138, 139]. Flavonoids and phenolic acids
are important components in the bee pollen and
play key roles in anti-inflammatory and antibacte-
rial activity [140, 141]. It has been shown that bee
pollen has a strong antibiotic activity against fungi
and gram-negative and gram-positive bacteria
[141, 142]. The mechanism of anti-inflammatory
effect of bee pollen is relative to inhibiting the
cyclooxygenase and lipoxygenase activities which
flavonoids and phenolic acids as well as fatty acids
and phytosterols are responsible for this activity
[140]. Several studies have shown the important
role of bee pollen in healing and showed that bee
pollen is a strong anti-inflammatory agent and is
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able to decrease the healing time and the discom-
fort of both the duration period and the intensity of
ailments [140, 143]. Kaempferol is a natural flavo-
nol founded in bee pollen and is responsible to
inhibit the activity of hyaluronidase and elastase.
In fact, kaempferol prevents depolymerization of
hyaluronic acid, strengthens the connective tissue,
and seals blood vessels [144, 145]. Infection is one
of the factors interrupting the healing process, and
the necrotic tissues are good environments for
microorganisms [146]. It has been shown that bee
pollen ointment has an effective antimicrobial
activity in postburn wounds [147].

6.5 Bee Venom

Bee venom is a natural toxin produced by the hon-
eybee and had been used as a traditional medicine
to treat chronic inflammatory and skin diseases
[149, 150]. Bee venom possesses various compo-
nents including peptides, enzymes, and biologi-
cally active and non-peptide components [151].
The bee venom has long been known to have
therapeutic properties including antimicrobial,
anti-inflammatory, antioxidant, and antitumor
properties [152—155]. It has been suggested as an
effective treatment for healing. The application of
the bee venom is a successful treatment in dia-
betic wound healing, and it significantly increases
wound closure by increasing collagen production
and restores the levels of inflammatory cytokines,
free radical, TGF-f, and VEGF [152].

Conclusions

Although honey is an ancient wound dressing,
it has been considered as a modern type of
wound dressing nowadays because of its bio-
active material. Honey has all beneficial crite-
ria to be used in treating infected wounds and
is a good alternative option to antibiotics due
to its antibacterial activity. It is believed that
honey and other bee products could be used in
wound healing because it has many advanta-
geous effects to enhance wound healing. Such
beneficial influences are results of the antibac-
terial, anti-inflammatory, and antioxidant
properties and debridement action of honey.

In addition, honey boosts the immune system
and stimulates fibroplasia and angiogenesis in
the wound bed. However, further studies are
recommended to compare the effectiveness of
composition, characteristics, and biological
properties of different kinds of honeys on
wound healing in order to illustrate a guide-
line for medical application.
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1 Introduction

Bacterial and fungal biofilms are a significant
problem in many clinical settings particularly
wounds and soft tissue lesions by virtue of their
increased tolerance towards conventionally pre-
scribed antimicrobials [1-3]. Antibiotic use in
such conditions (chronic wounds, burns, chronic
respiratory conditions and cystic fibrosis, recur-
rent cystitis) leads to intense selective pressure
often resulting in further antibacterial resistance.
Alternative therapeutic strategies that can
improve antimicrobial efficacy towards biofilms,
thereby limiting antibiotic use and reducing the
development of further resistance would be of
considerable benefit [4]. One such development
may be the use of topical therapy with reactive
oxygen species (ROS) in critically colonised
lesions. Therapies involving ROS as a mecha-
nism of action are already available in clinical
use for wounds and are being developed for clini-
cal use in other settings [5].

There is a global antibiotic resistance crisis
which may limit therapeutic choices in the future
[6, 7]. Governments and professional groups are
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developing (AMR) strategies that include pro-
grammes of antimicrobial stewardship [8, 9]. Such
a programme has recently been published specifi-
cally for wound care [10]. The more widespread
use of ROS in wounds to reduce bacterial biobur-
den may prevent extension of critical colonisation
to deeper infection and reduce the requirements
for systemic antimicrobials. The first entirely
novel antimicrobial agent to reach early clinical
use is one employing reactive oxygen species
(ROS) as its mechanism of action, and this is spe-
cifically for wound treatment [11]. Current wound
ROS therapy is in the form of a honey delivery
mechanism—SurgihoneyRO (SHRO)—not to be
confused with other pharmaceutical grade honeys.
SHRO is engineered honey which delivers thera-
peutic levels of ROS at constant, steady concentra-
tions over a prolonged period.

2 The Problem of Treating
Infection in Wounds

The disease burden of skin and soft tissue care is
huge throughout the world. In the UK alone,
more than 100,000 new patients per year are esti-
mated to develop leg ulcers at a cost to the UK
health service in 2005/2006 of up to £198 mil-
lion. Pressure ulcers were estimated to cost up to
£2.64 billion at 2006 prices [12] and diabetic foot
ulcers and amputations up to £662 million in
2010/2011 [13].
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Although skin and soft tissue infections are
among the most common for which antibiotics
are prescribed, there is little published guidance
for prudent antimicrobial therapy practice for
these patients. A recent position statement has
reviewed the issues around antibiotic prescribing
in this area [10]. The main problem is the diagno-
sis of infection, particularly in chronic wounds.
All breaks in the skin get colonised with bacteria.
It is not possible to rely on the results of microbi-
ology swabs to determine infection. The diffi-
culty is in knowing when there is a pathogenic
combination of bacterial invasion and inflamma-
tion requiring antimicrobial treatment. Clinical
evidence of inflammation surrounding a skin
lesion is taken to mean invasive infection requir-
ing systemic antibiotics. Colonised wounds and
infected chronic wounds are frequently polymi-
crobial, and most wounds take many weeks (or
even months) to heal. Some clinicians think that
they should continue broad-spectrum antibiotic
therapy until healing occurs, but no evidence sup-
ports this belief [14]. Furthermore, because
wounds are frequently recurrently infected, these
patients are often exposed to repeated courses of
therapy. Additionally, while some wounds that
show evidence of inflammation may not be
infected, there is currently no universally
accepted criterion standard for diagnosing infec-
tion. These factors frequently lead to antibiotic
misuse among patients with both infected and
uninfected wounds, ultimately leading to
antibiotic-resistant infections [15].

A study in Sweden, where the consensus is
to restrict antibiotic therapy of wounds, found
that 27% of patients being treated via hospital
care were receiving systemic antibiotic therapy,
arate of antibiotic therapy over ten times higher
than that for the whole population of the study
region [16]. Another report from Sweden,
where a mandatory national registry of ulcer
treatment was subsequently established [17],
documented widespread unnecessary use of
systemic antibiotics in the management of
chronic wounds. Introduction of the registry led
to a dramatic 40% reduction in patients receiv-
ing antibiotic [17].

3 The Use of Topical
Antimicrobials in Wounds

The use of topical antimicrobials in wounds is
controversial. While systemic antibiotic ther-
apy is appropriate for most clinically infected
acute wounds, topical antimicrobial (antibiotic
and nonantibiotic) agents may have several
potential benefits for superficial, mild infec-
tions [18]. A small amount of topical agent can
achieve high levels directly at the site of infec-
tion; it avoids systemic adverse effects and
allows the use of agents that cannot be adminis-
tered systemically. There is much regional and
geographical variation in the use of topical anti-
biotics and in resistance rates of pathogens to
these agents. There is limited evidence of the
effectiveness of topical antibiotics, and they
often select for resistant colonising bacteria.
Furthermore, topical treatment may cause peri-
wound skin irritation, rash, eczema or impair-
ment of wound healing [19]. Concerns also
remain about possible cytotoxic effect of topi-
cal antimicrobials on the wound bed, especially
with long-term treatment [20, 21]. A few topi-
cal antibiotics, e.g. fusidic acid, mupirocin and
neomycin, may be appropriate to treat localised
acute superficial skin infections, such as impe-
tigo and folliculitis, but almost all other clini-
cally infected wounds require systemic
antibiotic therapy [20, 21]. Topical metronida-
zole may be beneficial in reducing wound
odour, but the evidence is weak [22]. Generally,
topical antibiotic use should be discouraged.
Nonantibiotic antimicrobials are widely used
in wound care, notwithstanding the limited data
supporting their usefulness. These include anti-
septics (e.g. chlorhexidine, povidone or iodine),
heavy metals (e.g. silver, mercury [mercuro-
chrome]) and natural products (e.g. honey, char-
coal). Topical antimicrobials may be helpful
where there is limited localised infection of
chronic wounds [19], although some antiseptics
may delay healing [18, 20]. For wounds with sec-
ondary clinical signs of localised infection [23,
24], applying topical nonantibiotic agents after
adequate debridement may be useful, perhaps by
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Table 1 Potential benefits and limitations of topical agents and dressings in wounds
Antiseptics Reactive
Topical Hydrocolloid Silver agents/ (iodine, oxygen
antibiotics alginate dressings chlorhexidine) agents
Reduction in bacterial + - + 1 +
load
Reduces/prevents — — — = +
biofilm
Avoids selection of — + + + +
antibiotic resistance
Nontoxic - + = = +
Promotes wound healing — - - = i
at cellular level
Wound barrier - + + = +
Wound nutrition - - - = +
Odour control + - - + 4x
Pain suppression — + - — +

suppressing biofilm formation [23]. ROS could
deliver all these functions and replace all topical
antibiotics and antiseptics (Table 1).

4 What Is ROS?

The term ‘ROS’ applies to reactive oxygen radi-
cals including superoxide anionO,”, perox-
ideO,2, hydrogen peroxide H,0,, hydroxyl
radicals OH and hydroxyl OH— ions [5]. ROS are
directly antimicrobial. H,O, appears to elicit its
antimicrobial action by a reaction with thiol
groups in enzymes and proteins, DNA and bacte-
rial cell membranes. It possesses concentration-
dependent activity and toxicity. H,O, is unstable,
rapidly breaking down to H,O and O~. While
H,O, can be used as a cleansing, antiseptic agent,
the duration of its activity is too short to be of use
as a therapeutic agent. However ROS gels have
been manufactured to slowly release ROS over a
prolonged period of time, allowing sustained
continuous release of ROS to a target site [25].
ROS could be employed as a topical therapeutic
antimicrobial agent not only on soft tissue lesions
but also in cavities, prosthetic devices and by
alternative delivery mechanisms to respiratory
tract and uroepithelium.

In addition to their antimicrobial activity, ROS
are pivotal in the normal wound-healing response.

They act as secondary messengers to many
immunocytes and non-lymphoid cells, regulation
of angiogenesis and perfusion into the wound
area [5]. ROS act in early host defence against
infection through phagocytes and ROS burst.
These immunomodulating roles could be
exploited in clinical practice in addition to the
direct antimicrobial activity to treat wounds and
other sites of chronic inflammation, particularly
when there is stalled healing, e.g. in chronic leg
ulcers, pressure injury and infected/dehisced sur-
gical wounds and burns and deeper structures of
the respiratory tract, uroepithelium, peritoneum
and prosthetic devices. Emerging concepts asso-
ciated with ROS modulation and delivery mecha-
nisms have the potential for novel strategies in
clinical practice [5].

ROS has potent antimicrobial activity against
bacteria, fungi and viruses. ROS is rapidly active
in vitro against all Gram-positive and Gram-
negative bacteria tested including multidrug-
resistant (MDR) strains which are causing such
infection control and therapeutic concern [26].
Even against those organisms that produce cata-
lase such as Staphylococcus aureus, ROS is very
effective presumably because the persistent pro-
duction of ROS overwhelms the catalase [5]. MICs
and MBCs are very consistent among isolates of
the same bacterial species whether the isolates
were MDR or highly sensitive. MICs and MBCs
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are well below concentrations that can be achieved
with topical delivery. Cidal activity is very swift
with threefold log reduction in colony-forming
units in 30 min of exposure and complete eradica-
tion in 2 h when the lowest potency of ROS gel
was used against Staphylococcus aureus.

The first ROS therapeutic agent was in the
form of a pharmaceutical honey wound gel,
SurgihoneyRO (SHRO). SHRO is a modified
honey that has been engineered to provide a
constant level of ROS over a prolonged period
of time when applied to a wound [27]. The
availability of ROS from SHRO, or indeed an
alternative synthetic delivery system, can be
enhanced and is scalable depending on the level
of the engineered process [28]. Other ROS anti-
biotic agents and delivery systems, such as gels,
sprays, nebulizers and infusions, employing this
mechanism are being developed and may be
particularly useful for delivery of ROS to other
clinical sites.

5 ROS Activity In Vitro
and in Clinical Practice

As well as being antimicrobial, ROS agents are
effective at preventing the formation of and dis-
rupting existing biofilm. SHRO and ROS proto-
types of increased antimicrobial activity were
compared to pharmaceutical grade honeys’ five
antimicrobial dressings (AMDs) in their ability
to prevent biofilm formation in vitro by 16 bacte-
rial isolates [28]. In serial dilution SHRO and
ROS prototypes were most effective in disrupting
established biofilm and in preventing the devel-
opment of biofilm.

Antibiotics have greatest efficacy in acute
infections. Acute infections are caused by plank-
tonic bacteria invading blood or tissues which
react with an innate inflammatory response char-
acterised by polymorphonucleocytes. Antibiotics
are usually effective in resolving such acute
infections quickly and efficiently. In contrast bio-
film infections do not respond well to antibiotics,
although antibiotics in high dose and for pro-
longed periods are often used in an attempt to
treat these conditions. This therapeutic approach

is not very successful, and patients with biofilm
infections tend to become progressively colo-
nised with increasingly resistant bacteria.

Wounds, breaches in the normal skin epithe-
lium, become contaminated with bacteria which
are present as colonisers but which may become
invasive causing infection. Infection occurs when
bacterial growth and spread overwhelms local
defences. There may be a state of critical coloni-
sation where heavy bacterial bioburden and bio-
film hinder normal healing [29, 30]. Other
biofilm-related infections probably develop in a
similar way to soft tissue biofilm pathology.
These begin with colonisation, bacterial multipli-
cation and biofilm formation with persistent low-
grade inflammation. Antibiotics are poor at
controlling this process, and low concentrations
of antibiotic in biofilm help select progressively
resistant bacteria. This is seen in chronic ulcers,
burns and other biofilm pathologies such as
chronic rhinosinusitis and otitis, chronic bronchi-
tis, cystic fibrosis, bronchiectasis and chronic
recurrent cystitis.

RO technologies may be the ideal agents to
control and treat biofilm infections. ROS can be
delivered topically to the site of biofilms via
delivery mechanisms such as SHRO or RO gels
for wounds, ears, operative sites, catheters and
shunts and to many prosthetic devices. ROS
agents can be added to douches and wash outs for
rhinosinusitis or infiltrated in liquid form to cath-
eters, shunts and bladders. It may be possible to
develop ROS particles for inhalation to coat the
respiratory tract in patients with chronic respira-
tory conditions or in ventilated patients. Slow
continuous ROS production through such deliv-
ery mechanisms can control the bacterial load
and break down the biofilm, probably reducing
the need for systemic antibiotics and reducing the
selection pressure which so often results in such
patients acquiring MDR bacteria.

6 ROS in Skin and Soft Tissue

The disease burden of chronic soft tissue lesions
is huge. Superficial wounds and skin ulcers are
becoming increasingly common with the rising
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age of the population in many countries and the
global epidemic of obesity and type 2 diabetes
[31]. In the UK, community nurses spend as
much as half their time dressing leg ulcers, and
supervision by leg ulcer nurses is essential if
standards are to be maintained in community leg
ulcer services [32]. Most chronic breaks in the
skin become colonised with bacteria [33-35]. It
is difficult to know when and if these are patho-
genic, but it is likely that even if overt infection is
not present, bacterial colonisation plays a role in
slowing tissue healing, establishing biofilm and
resulting in wound slough and an offensive odour
[36, 37].

The in vitro studies on the effects of SHRO
and ROS prototypes on bioburden and biofilm
[28] explain why SHRO and ROS gels may be
so useful in these situations where antibiotics
generally perform poorly. Early use of ROS in
such lesions can control bioburden and biofilm,
thus sparing conventional antibiotic use and
supporting infection control [28, 38—40]. In
addition, SHRO has all the properties of natural
honey, providing healing properties (moist bar-
rier, local nutrition, slough control, and possi-
bly angio- and neurodegenerative properties)
[41, 42].

In clinical studies ROS therapy through SHRO
has demonstrated satisfactory safety and toler-
ance and clinical and cost-effectiveness in prac-
tice [26, 38—40], but most strikingly it has
demonstrated dramatic clearance of bacterial bio-
burden and biofilm in chronic wounds best illus-
trated by its effect on the multidrug-resistant
bacteria (Pseudomonas aeruginosa, methicillin-
resistant S. aureus and vancomycin-resistant
enterococci) present in an ischemic ulcer.

SHRO is the first ROS product available for
topical use delivering sustained release of ROS as
an entirely novel solution to controlling and erad-
icating bacteria [26]. It has perhaps not received
as much clinical attention as it deserves as it is
confused with other medical honeys which have
a more limited effect in vitro. While there is good
evidence that medical honey is effective in wound
healing and burns [41, 42], medical honeys are
very variable in potency, and being entirely natu-
ral products, their constituents are not stan-

dardised. This is not the case with ROS from
SHRO which has a standard concentration of the
enzyme glucose oxidase and can therefore deliver
a precise concentration of ROS [25].

SHRO has been evaluated in a variety of
chronic wounds in an open-label multicentre
study and shown, through its ROS activity to
reduce bacterial bioburden and biofilm and to
support healing [11]. This study had a wide
range of different chronic wounds and underly-
ing pathologies and co-morbidities and was
limited by the fact that it was an open-label
study. However the study demonstrated the
safety of the treatment and reduction in bacte-
rial bioburden and chronic inflammatory mate-
rial (Fig. 1). This should pave the way for

Fig. 1 Ischemic leg ulcer colonised with Pseudomonas
aeruginosa, MRSA, mixed coliforms treated with topical
SHRO. Days 1 (Top), 4 (Middle) and 10 (Bottom)
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randomised controlled studies to look at the
efficacy of SHRO or ROS gels in specific types
of chronic wounds, particularly burns and dia-
betic ulcers. Key outcome criteria are healing
time and prevention of deeper infection with
important secondary outcome measures such as
antibiotic use and colonisation with multidrug-
resistant (MDR) bacteria. It has great potential
to reduce inappropriate antibiotic use, support
antimicrobial stewardship and reduce antimi-
crobial resistance in wound care [27]. It is sim-
ple to administer and can be applied to any
healthcare system anywhere in the world. If
SHRO can do this for wounds, then ROS by
other delivery mechanisms could also do this
for other mucosal biofilm and internal infec-
tions. The findings of all these clinical studies
strongly support a role for SHRO in wound
management, infection control, antimicrobial
stewardship and preventing surgical site
infections.

7 ROS and Soft Tissue Surgical
Procedures

Antibiotic prophylaxis in surgery is well estab-
lished, and in recent years there has been a ten-
dency to reduce the duration of prophylaxis to
single dosing where practical. Nevertheless some
surgical procedures still have high rates of post-
operative surgical site infection. For example,
there has been a national increase in caesarean
section (CS) wound infection (8-24.6%) [43, 44]
and a wide variation across NHS hospitals (13.6—
31.9%) associated with the 147,726 cases of CS
each year in the UK [45]. CS wound infection
results in prolonged hospital stay, resource con-
sumption, as well as other morbidities and mor-
tality [45]. Recovery from CS is more difficult
for women who develop postoperative wound
infection, and the burden on healthcare resources
is huge [46]. A study to investigate the potential
of SHRO to prevent CS wound infection was
designed as a temporal study comparing surgical
site infection (SSI) rates in CS wounds before

and after an intervention with a single application
of SHRO at wound closure [39].

This open-labelled service evaluation com-
pared SSI rates for 3 months before the interven-
tion, a single application of SHRO to the CS
wound at closure, and for the 3 months of using
the intervention [39]. There was a striking reduc-
tion in CS wound infection rates, from 5% prior
to the intervention to 2% using SHRO. While this
study has significant limitations, it nevertheless
paves the way for future randomised controlled
trials of ROS in surgical prophylaxis. Considering
the fact that SSIs are a leading cause of healthcare-
associated infection leading to increased mortal-
ity, prolonged duration of hospital stay and
increased use of resources, further SSI preventa-
tive measures are required [47, 48]. SHRO appli-
cation to all soft tissue surgery could reduce
infection rates and the use of antibiotics and pos-
sibly even improve healing times, particularly
when extensive soft tissue debridement or manip-
ulation has occurred in plastic or breast
procedures.

SHRO or ROS infiltration may also benefit
deeper surgical procedures such as abscess drain-
age or intra-abdominal surgery where there has
been peritoneal contamination. SHRO has been
used in a small number of complex revisions of
prosthetic joints [49]. Topical application of
SHRO directly onto the prosthetic joint has been
shown to be safe and to suppress infection for up
to ayear and possibly eradicate biofilm-associated
infection. If such a simple and cheap intervention
can reduce SSI to such a degree, its potential for
more widespread surgical use needs urgent
investigation.

8 ROS to Support Infection
Prevention
and Antimicrobial
Stewardship

ROS has been successfully used in infection pre-
vention [38]. This report highlighted the efficacy of
SHRO in clearing methicillin-resistant S. aureus
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from wounds and carbapenemase-producing bacte-
ria from a colonised line site and intravascular line
care [40]. In vitro work has additionally demon-
strated greater anti-MRSA biofilm efficacy for
ROS than mupirocin, suggesting a possible role for
topical clearance of MRS A-colonised patients [4].

Antimicrobial stewardship as a solution for the
global antibiotic resistance crisis requires a reduc-
tion or indeed even an eradication of inappropri-
ate antibiotic use. Antibiotics are frequently used
in biofilm-based infections in wounds, burns and
chronic respiratory conditions with generally
poor efficacy, and it is notable that the organisms
found in these chronic inflammatory conditions
are frequently multiresistant, selected by antibi-
otic pressure. ROS has great potential for the con-
trol of bioburden and biofilm at many sites, thus

providing an alternative to systemic antibiotics on
epithelial/mucosal surfaces.

9 Other Therapeutic
Possibilities for ROS

ROS antimicrobial activity is activated by contact
with water [9], so if ROS can be delivered directly
or in a protected format to the site of bacterial
load in respiratory or uroepithelium or deep sur-
gical sites, then there is potential for antimicro-
bial control. Novel delivery mechanisms such as
nanoparticles, emulsions and nebulised aspirate
may help with delivery. It may therefore be pos-
sible to use ROS in chronic respiratory, urinary
and surgical sepsis (Table 2).

Table 2 ROS technology—clinical uses and therapeutic potential

Clinical applications of ROS Therapeutic benefits

Wounds, skin and soft tissue
Healing promotion

Surgical prophylaxis

Infection prevention
organisms

Antimicrobial stewardship

tissue lesions

Reduction in bacterial load and biofilm.
Reduction in rates of surgical site infection

Eradication of multiresistant and pathogenic

Great potential for antibiotic sparing around
the world, particularly early use in soft

Evidence

Large observational study [11].
In vitro studies [4, 5, 26-28]
Temporal observation study [39].
RCTs required

Observational reports describing
effective eradication and control
[38, 40]

Large observational study [11].
Further studies required

May have potential in respiratory and
urinary mucosa to prevent colonisation with
MDR bacteria and requirement for last

resort antibiotics
Prosthetic joint infection

Infected surgical cavities

Use as topical suppression therapy on joint

Potential use in infected cavities—

Small series of case reports
demonstrate efficacy and safety.
Further studies required [49]

No studies as yet

peritoneum, thorax, deep wounds, abscesses

Upper respiratory tract

Chronic lower respiratory tract
conditions

Reduction in bacterial load and biofilm.
Healing promotion in sinusitis

Potential to reduce bacterial load and
biofilm and prevent exacerbations in chronic
obstructive airway disease, bronchiectasis,

In vitro and clinical studies in
progress [4]

Limited in vitro data and
anecdotal clinical cases [4]
Further studies required

cystic fibrosis, ventilator-associated

infection
Recurrent urinary tract infection

organisms

Potential for ROS use via urinary/
nephrostomy catheters to reduce bacterial
load and biofilm and eradicate MDR

No studies as yet. In vitro efficacy
of ROS against MDR pathogens
[26, 28]
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Conclusions

With a pressing need for solutions to the crisis
of global antibiotic resistance, ROS has
emerged as the only antibiotic alternative to
date to reach clinical use in skin and soft tissue
infection and with a large range of potential
clinical therapeutic uses at other sites in early
development. Early clinical data supports
ROS treatment in skin and soft tissue lesions
to reduce bacterial bioburden and biofilm in
critical colonisation and in preventing surgical
site infection. This review has demonstrated
the mechanism, the efficacy and the wide
range of existing and potential clinical appli-
cations for ROS technology. The applications
of ROS technology for global health could be
immense, as the agents are relatively simple to
produce, safe to use, economical, simple to
transport, store and administer to colonised,
infected and biofilm-affected structures. As
such this technology could be applicable to all
health economies, developed and developing.
New mechanisms of delivery should allow
ROS to be applied to sites other than topical
wounds, such as deep surgical cavities, and
the respiratory tract and uroepithelium where
multiresistant organisms may cause chronic
inflammation. ROS therapy may reduce the
requirement for systemic antibiotics and thus
reduce the selection pressure on microbes
from antibiotics. ROS may suppress MDR
organisms and thereby reduce transmission of
these strains. ROS technology requires much
further research but has the potential to deliver
exciting novel therapeutic options.
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