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Abstract

Biological markers that evaluate physical healing as well as psychological impact of a burn are
essential for effective treatment of paediatric burns. The objective of this review is to summarize
the evidence supporting the use of biomarkers in children with burns. An extensive review of
the literature was performed using PubMed. A total of 59 biomarkers were identified relating to
burn presence, specifically relating to processes involved in inflammation, wound healing, growth
and metabolism. In addition, biomarkers involved in the stress response cascade following a burn
trauma were also identified. Although many biomarkers have been identified that are potentially
associated with burn-related physical and psychological trauma, an understanding of burn biology
is still lacking in children. We propose that future research in the field of children’s burns should
be conducted using broad screening methods for identifying potential biomarkers, examine the
biological interactions of different biomarkers, utilize child-appropriate biological fluids such as
urine or saliva, and include a range of different severity burns. Through further research, the
biological response to burn injury may be fully realized and clinically relevant diagnostic tests and
treatment therapies utilizing these biomarkers could be developed, for the improvement of healing
outcomes in paediatric burn patients.
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Highlights

* Over 70 potential biomarkers have been investigated in paediatric burns.
¢ Inflammation, metabolism and stress responses are heightened following a burn.
* Few markers have been evaluated in child-friendly, non-invasive biological mediums.
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Background

Burn injuries are devastating for children, due to the exten-
sive treatment requirements and the life-long complications
that accompany them. Treatment includes extremely painful
wound debridement, numerous dressings and in more severe
cases, grafting procedures are also required. For many pae-
diatric patients, the initial healing stage is followed by years
of scar management and reconstructive surgeries to prevent
complications in physical development [1] and reduce the
burn’s severe impact on quality of life [2].

Burn injuries have a dual impact on the injured individual.
Most obviously is the effect of the injury on the physiology
of the body, both local and systemic [3, 4]. Not so obvious
are the effects on the mental well-being of the patient, due
to pain, stress and anxiety. Evidence shows that psycho-
logical distress is associated with delayed physical healing
[5, 6]; however, more importantly, burns can increase the
risk of an individual later developing mental health issues
such as post-traumatic stress disorder (PTSD) [7-9]. It is
important to identify individuals who are at risk of such dis-
orders early to provide treatment and implement preventative
approaches.

Burn wound healing is often assessed by clinicians observ-
ing the physical appearance of the wound site. This is a sub-
jective measure that relies on the experience of the attending
physician. Similarly, the assessment of a patient’s stress and
anxiety levels relies heavily on patient self-reporting through
questionnaires, or observations from family members and
nurses using pain scales for non-vocal children under the age
of two [8, 10-14]. These reports are also subjective and can
introduce bias. Unfortunately, there are few documented or
validated objective tools available to replace these assessment
methods. The identification and measurement of biomark-
ers present in biological fluids have the potential to allow
clinicians to diagnose and monitor the healing progression
of children with burns accurately and objectively. However,
there are currently no commercially available diagnostic and
prognostic tests for use in the clinic. This review documents
the biomarkers that have been investigated in paediatric burns
and comments on the future of paediatric burn biomarker
utilization.

Paediatric burn biomarker research

A biomarker is defined as a chemical, its metabolite, or the
product of an interaction between a chemical and some target
molecule or cell that is measured in the human body [15].
Biomarkers can provide information that may be indicative
of normal biological processes, disease states or responses
to therapeutic interventions [16]. Consequently, by utilizing
knowledge of the biological pathways underpinning burn
injuries, biomarkers may be identified that could objectively
classify burn severity, predict healing trajectory, and monitor
healing progression. Furthermore, they could be used to
identify susceptibility to comorbidities such as sepsis or
PTSD. Already, specific biomarkers are being investigated

in paediatric burns to achieve some of these outcomes
[17,18].

Over the past 35 years, numerous biomarkers have
been investigated in paediatric burns (Figure 1) with many
evaluated by comparing the biomarker abundance in children
with burns to that in healthy children without burns. Some
markers have been quantified at multiple time points across
the healing process and compared to ‘normal’ ranges while
others have been investigated in terms of their relationship
to specific variables, such as burn severity, sepsis, survival or
stress. Biomarkers have primarily been investigated in blood
[19-22]; however, other biological fluids such as urine
[23, 24], blister fluid [25, 26] and saliva [7] have also
been evaluated. Numerous markers are being analysed to
determine how they are affected by burn injury and how they
may relate to burn outcome; however, understanding the role
that each marker plays in thermal injury response is complex.
Rarely does a marker have one specific role, instead, they
often participate in many different physiological processes.
To simplify the information presented in this review, the
markers have been categorized into potential biomarkers
for evaluating inflammation, tissue repair/wound healing,
growth and metabolism, and stress.

Methodology

A review of the literature was performed to identify the
biomarkers that have been investigated in children’s burns. A
PubMed search was conducted using the terms (burn OR
‘thermal injury” OR scald), (paediatric OR pediatric OR
child OR children OR youth OR adolescent), (biomarker
OR marker), (saliva OR blood OR plasma OR serum
OR hair OR urine OR eschar OR ‘blister fluid> OR
‘cerebrospinal fluid’), (human), (stress OR pain OR distress
OR psycolog* OR anxiety), (sepsis), (severity OR healing OR
re-epithelialization OR  reepithelialisation) and (survival
OR mortality). The initial search returned 410 studies.
The returned studies were screened for relevance and were
excluded if they were: performed in adults, animals or cell
lines; not focused on biomarker investigation; evaluated
the effects of treatment; or written in languages other than
English. The remaining studies were reviewed, and additional
relevant studies were identified through manually searching
the reference lists of the reviewed articles and added to the
review (n=41).

As burn mortality rates have continued to improve,
research has focused more on investigating the biological
response to burns, including the identification of markers
related to clinical outcomes, such as sepsis, scarring and long-
term co-morbidities [27]. As such, the focus of this review is
to discuss biomarkers that have been associated with burn
injury to better understand the underlying biological impacts
of burns in children. Biomarkers specifically implicated in
patient mortality or burn-related septic events and other co-
morbidities are not reviewed in detail, as these biomarkers
are discussed elsewhere [28-30].
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Figure 1. Summary of reported systemic biomarker changes in response to paediatric burn injury. Up arrows (1) indicate increased abundance of biomarker
following a burn in children; down arrows (|) indicate reduced abundance of biomarker following a burn in children; and bidirectional arrows (¢) indicate
conflicting evidence for biomarker abundance following a burn in children. Image created with BioRender.com. CRP C-reactive protein, RBP retinol binding
protein, sAA salivary alpha-amylase, AVP arginine vasopressin, IGF insulin-like growth factor, /IGFBP insulin-like growth factor binding protein, HGF
hepatocyte growth factor, bFGF basic fibroblast growth factor, TGF transforming growth factor, PCT procalcitonin, T3 triiodothyronine, T4 thyroxine, PTH
parathyroid hormone, GH growth hormone, MMP matrix metalloproteases, PICP carboxyterminal propeptide of type | procollagen, TIMP-1 tissue inhibitor of
metalloproteinases-1, IL interleukin, TNF tumour necrosis factor, INFy interferon-gamma, MCP-1 monocyte chemoattractant protein-1, G-CSF granulocyte-colony
stimulating factor, GM-CSF granulocyte-macrophage colony-stimulating factor, MIP-18 macrophage inflammatory protein 18
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Biomarkers for evaluating inflammation

It is well known that burn injury initiates a systemic
inflammatory response that subsequently alters many
essential homeostatic processes. Leaving the inflammatory
response unchecked can result in increased susceptibility to
infection, multiple organ failure and death. Therefore, there
is a crucial need to understand the post-burn inflammatory
response, how it affects other bodily systems and specifically
what markers are involved, to develop therapies that mitigate
these outcomes.

Numerous markers associated with the inflammatory
response have been investigated in paediatric burns to better
understand the post-burn inflammatory response in children
(Table 1). After burn injury, inflammatory cytokines involved
in both acute phase, such as interleukin (IL)-1, IL-6, tumour

necrosis factor (TNF) and interferon gamma (IFNy); and
chronic inflammation, such as IL-2, IL-3, IL-5, IL-7, IL-
10, IL12, IL-13 and transforming growth factor (TGF); are
increased [31, 32]. Expression of both pro-inflammatory and
anti-inflammatory cytokines is altered immediately following
the burn, is sustained for several months and affects several
other physiological processes. Inflammatory pathways are
triggered after a physical injury such as a burn but when
children experience psychological trauma inflammation also
occurs. A recent publication in Nature Medicine highlights
that chronic inflammation traced back to early development
can lead to numerous mental and physical health problems
[33].

Initiation of the inflammatory response Several cytokines
involved in the initiation of the inflammatory response are
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Table 1. Summary of reported abundance of biomarkers involved in the inflammatory response in children with burns compared to healthy children without burns

Reference Source Reported normal limits Abundance in children with burns ~ Age range Time frame Population TBSA (%)
IL-17
Jeschke ez al. (2008a) [37] Blood Undetectablet Elevated 0.6-2.75 ng/mL* 8.0£0.2 years Up to 60 days post-burn 56 +£0.3*
Finnerty et al. (2006) [36] Blood 0.140.0 pg/mL Elevated 17 pg/mLT 2-15 years Immediately after burn 50 + 32
Jeschke ez al. (2011) [38] Blood <1 pg/mL*f Elevated 4.1-9.5 pg/mLt 7.5 +5.3 years Up to 1100 days post-burn 50 4 20°
IL-18
Jeschke et al. (2008a) [37] Blood 0.9 ng/mLt Elevated 2.4 ng/mLt 8.0+0.2 years Immediately after burn 56 +0.3°
Finnerty et al. (2006) [36] Blood 0.9+0.1 pg/mL Elevated 7 pg/mLt 2-15 years Immediately after burn 50 + 3°
Klein et al. (1995) [41] Blood <1 pg/mL Elevated 3.4 + 1.9 pg/mL 5.8-17.5 years 3 weeks post-burn 63 + 16*
Jeschke et al. (2004) [40] Blood Not reported Elevated 1.75-2.75 pg/mLt 5.7+£3.9 years Up to 40 days post-burn 67 + 14°
Jeschke et al. (2011) [38] Blood 2 pg/mLt Elevated 5-20 pg/mLT 7.5+5.3 years Up to 60 days post-burn 50 +£20P
TNF
Jeschke et al. (2008a) [37] Blood 0.7 ng/mLt Elevated 2.5-3.5 ng/mLt 8.0£0.2 years Up to 7 days post-burn 56 +£0.3*
Finnerty et al. (2006) [36] Blood 0.5 pg/mL Within normal limits 2-15 years Within first 4 weeks post-burn 50 + 32
0.25-4.5 pg/mL
Jeschke et al. (2004) [40] Blood Not reported Elevated 3-13 pg/mL 5.743.9 years Up to 40 days post-burn 67 & 14°
Kulp ez al. (2010) [24] Urine (in ~ § pg/mLT Elevated 14-25 pg/mLf 8 £ 5 years Up to 180 days post-burn 59+ 172
24 hours)
Abdel-Hafez et al. (2007) [20] Blood 7.74 £3.03 ng/L Elevated 98.3 +15.4 ng/L 2 months-7 years At admission 31.62 +12.01°
Jeschke ez al. (2011) [38] Blood 8 pg/mLt Elevated 17.5-38 pg/mLt 7.5+5.3 years From admission to 16 days post-burn, then 50 4 20P
fluctuates up to 1100 days post-burn
IL-6
Jeschke et al. (2008a) [37] Blood <10 ng/mLt Elevated 380-1150 ng/mLT 8.0+£0.2 years Up to 60 days post-burn 56 +£0.3*
Finnerty et al. (2006) [36] Blood 4.1+1.7 pg/mL Elevated 300-1800 pg/mLt 2-15 years Up to 4 weeks post-burn 50 + 32
Klein ez al. (1995) [41] Blood <1 pg/mL Elevated 126 + 58 pg/mL 5.8-17.5 years 3 weeks post-burn 63 + 16*
Jeschke et al. (2012a) [45] Blood <10 ng/mLt Elevated 280-1020 ng/mLt 8+ 5 years Up to 250 days post-burn 64 + 12°
Jeschke et al. (2004) [40] Blood Not reported Elevated 60-80 pg/mLT 5.7+£3.9 years Up to 10 days post-burn 67 + 14°
Kulp et al. (2010) [24] Urine (in <50 pg/mLt Elevated 100-3000 pg/mL’ 8+ 5 years Up to 180 days post-burn 59+172
24 hours)
Gauglitz et al. (2009) [43] Blood <50 pg/mLt Elevated 1100-2200 pg/mLt 8.8 £5.3 years Up to 2 months post-burn 57.9 £14.7°
Abdel-Hafez et al. (2007) [20] Blood 12.4 £ 5.7 pg/mL Elevated 145.3 +36.4 pg/mL 2 months-7 years At admission 31.62 +12.01°
Jeschke ez al. (2011) [38] Blood Undetectablet Elevated 50-2650 pg/mL* 7.5 £5.3 years Up to 1100 days post-burn 50 4 20°
a1-Acid glycoprotein
Jeschke et al. (2004) [40] Blood Not stated Elevated 200-255 mg/dIt 1-16 years From 5 to 80 days post-burn 67 + 14°
Jeschke et al. (2008a) [37] Blood 60 ng/mLT Elevated 125-225 ng/mLT 8.0+£0.2 years Up to 60 days post-burn 56 +£0.3*
Klein et al. (1995) [41] Blood 0.55+1.40 g/L Elevated 2.00 4+ 0.34 g/L 5.8-17.5 years 3 weeks post-burn 63 £+ 16°
Jeschke ez al. (2011) [38] Blood 100 mg/dLt Elevated 200-220 mg/dL* 7.5 +5.3 years From 8 days to 90 days post-burn 50 4 20°
C-reactive protein
Jeschke ez al. (2008a) [37] Blood <1 ng/mL*f Elevated 9-14.5 ng/mL* 8.0£0.2 years Up to 60 days post-burn 56 £0.3?
Jeschke et al. (2004) [40] Blood Not Stated Elevated 7-17 mg/dIf 5.7+£3.9 years Up to 70 days post-burn 67 + 14°
Abdel-Hafez et al. (2007) [20] Blood 2.4+ 0.40 pg/mL Elevated 32.12 +£19.08 pg/mL 2 months-7 years At admission 31.62 +12.01°

Continued
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Table 1. Continued

Reference Source Reported normal limits Abundance in children with burns ~ Age range Time frame Population TBSA (%)
Jeschke et al. (2011) [38] Blood <0.5 mg/dLt Elevated 1.5-13.5 mg/dLt 7.5+ 5.3 years Up to 270 days post-burn 50 & 20°
a2-Macroglobulin
Jeschke et al. (2008a) [37] Blood 150 ng/mL Elevated 175 ng/mL 8.0£0.2 years At day 35-60 post-burn 56 +£0.3*
Jeschke et al. (2011) [38] Blood 267.5 mg/dLt Reduced 120-180 mg/dLt 7.5+ 5.3 years Up to 60 days post-burn 50 & 20°
Complement C3
Jeschke et al. (2008a) [37] Blood 130 ng/mLt Elevated 150-170 ng/mL* 8.0+0.2 years 17-60 days post-burn 56 +0.3?
Jeschke ez al. (2011) [38] Blood 140 mg/dLt Reduced 90-120 mg/dLt 7.5+5.3 years From admission to 10 days post-burn 50 & 20°
Jeschke et al. (2011) [38] Blood 140 mg/dLt Elevated 165-185 mg/dLT 7.5+5.3 years Days 29-90 post-burn 50 4+ 20°
a1-Antitrypsin
Jeschke ez al. (2004) [40] Blood Not stated Elevated 280-370 mg/dIt 1-16 years From 5 to 80 days post-burn 67 £ 14°
Klein et al. (1995) [41] Blood 1.94+3.5¢g/L Elevated 3.69+1.01 g/L 5.8-17.5 years 3 weeks post-burn 63 + 16*
Haptoglobin
Jeschke et al. (2004) [40] Blood Not stated Elevated 280-475 mg/dlt 1-16 years From 5 to 80 days post-burn 67 + 14b
Jeschke et al. (2008a) [37] Blood 105 ng/mLt Elevated 245-370 ng/mL* 8.0+£0.2 years From 2 to 7 days post-burn up to 60 days 56 +0.3?
post-burn
Jeschke et al. (2011) [38] Blood 160 mg/dLt Elevated 280-335 mg/dL1 7.5 +5.3 years From 8 days to 90 days post-burn 50 & 20°
Leptin
Abdel-Hafez et al. (2007) [20] Blood 1.3+ 0.4 ng/mL Elevated 15.7 +1.28 ng/mL 2 months-7 years At admission 31.62 4+ 12.01°
IEN y
Jeschke et al. (2008a) [37] Blood 2 ng/mLt Elevated 5-16 ng/mLT 8.0+£0.2 years Until 7 days post-burn, at 11-16 days 56 +£0.3*
post-burn, and at 23-28 days post-burn.
Finnerty et al. (2006) [36] Blood 1.5+0.5 pg/mL Elevated 52 pg/mLT 2-15 years Immediately after burn 50 + 3°
Jeschke et al. (2011) [38] Blood 5 pg/mLT Elevated 22.5-67.5 pg/mLt 7.5+ 5.3 years Up to 1100 days post-burn 50 & 20°
IL-12p70
Jeschke et al. (2008a) [37] Blood Undetectablet Elevated 0.35-1.4 ng/mLT 8.0+0.2 years Up to 60 days post-burn 56 +£0.3*
Finnerty et al. (2006) [36] Blood Undetectable Elevated 2-2.3 pg/mLt 2-15 years Immediately after burn and at 3 weeks 50 + 32
post-burn
Jeschke et al. (2011) [38] Blood 7.5 pg/mLT Within normal limits 7.5+5.3 years Up to 1100 days post-burn 50 +£20P
Procalcitonin
Abdel-Hafez et al. (2007) [20] Blood 0.1740.02 ng/mL Elevated 69.1 4 11.4 ng/mL 2 months-7 years At admission 31.62 4+ 12.01°
MCP-1
Jeschke et al. (2008a) [37] Blood 40 ng/mLf Elevated 110-200 ng/mLT 8.0+£0.2 years Up to 60 days post-burn 56 +£0.3*
Finnerty et al. (2006) [36] Blood 41.9+ 5.4 pg/mL Elevated 140-280 pg/mL1 2-1S5 years Up to 1-week post-burn 50 £ 32
Gauglitz et al. (2009) [43] Blood 50 pg/mLt Elevated 70-350 pg/mLt 8.8 £5.3 years Up to 36 months post-burn 57.9 £14.7°
Jeschke et al. (2012a) [45] Blood 50 ng/mLt Elevated 75-640 ng/mL 8+ 5 years Up to 250 days post-burn 64 +12°
Jeschke ez al. (2011) [38] Blood 80 pg/mLt Elevated 125-550 pg/mL* 7.5 +5.3 years Up to 1100 days post-burn 50 4 20°
MIP-18
Jeschke et al. (2008a) [37] Blood 38 ng/mLt Elevated 42-85 ng/mLf 8.0+£0.2 years Up to 60 days post-burn 56 +£0.3?
Finnerty et al. (2006) [36] Blood 36.4+9.1 pg/mL Elevated 118 pg/mLTf 2-15 years Immediately after burn 50 + 3°
Jeschke et al. (2011) [38] Blood 160 pg/mLt Within normal limits 7.5+5.3 years Up to 1100 days post-burn 50 +20P

Continued
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Table 1. Continued

Reference Source Reported normal limits Abundance in children with burns ~ Age range Time frame Population TBSA (%)
IL-8
Jeschke et al. (2008a) [37] Blood 5 ng/mLt Elevated 70-125 ng/mLt 8.0+0.2 years Up to 60 days post-burn 56 £0.3°
Finnerty et al. (2006) [36] Blood 8.1+3.9 pg/mL Elevated 40-190 pg/mLt 2-15 years Up to 3 weeks post-burn 50 &+ 32
Jeschke ez al. (2004) [40] Blood Not reported Elevated 300-950 pg/mL* 5.7+3.9 years Up to 40 days post-burn 67 £ 14°
Kulp et al. (2010) [24] Urine (in 20 pg/mLt Elevated 90-480 pg/mLt 8 £ 5 years Up to 90 days post-burn 59+17°
24 hours)
Jeschke ez al. (2011) [38] Blood <20 pg/mLt Elevated 30-460 pg/mLt 7.5+5.3 years Up to 1100 days post-burn 50 +£20P
IL-5
Jeschke ez al. (2008a) [37] Blood 0.65 ng/mL1 Reduced 0.3-0.5 ng/mL* 8.0+0.2 years 8-10 and 23-29 days post-burn 56 +£0.3°
Jeschke et al. (2011) [38] Blood 1 pg/mLt Elevated 1.5-3.2 pg/mLt 7.5+ 5.3 years Up to 1100 days post-burn 50 & 20°
IL-7
Jeschke et al. (2008a) [37] Blood 4 ng/mLt Elevated 4.2-5.8 ng/mLt 8.0£0.2 years 8-60 days post-burn 56 +£0.3°
Finnerty et al. (2006) [36] Blood 3.340.3 pg/mL Elevated 12-17 pg/mLf 2-15 years Immediately after burn and at 3 weeks post-burn 50 + 32
Jeschke ez al. (2011) [38] Blood 14 pg/mLf Elevated 18-27 pg/mLf 7.5£5.3 years Between 11 and 540 days post-burn 50 +£20°
IL-10
Jeschke et al. (2008a) [37] Blood 1.5 ng/mLt Elevated 3-11.75 ng/mLt 8.0+0.2 years Up to 60 days post-burn 56 £0.3?
Finnerty et al. (2006) [36] Blood 1.2+£0.2 pg/mL Elevated 78 pg/mLT 2-15 years Immediately after the burn 50 £ 32
Jeschke et al. (2004) [40] Blood Not reported Elevated 40-125 pg/mLt 5.7+£3.9 years Up to 40 days post-burn 67 + 14°
Jeschke ez al. (2011) [38] Blood 8 pg/mLt Elevated 17.5-42.5 pg/mLt 7.5+5.3 years Up to 28 days post-burn 50 +£20°
G-CSF
Jeschke ez al. (2008a) [37] Blood <10 ng/mLt Elevated 40-430 ng/mLt 8.0+0.2 years Up to 60 days post-burn 56 +£0.3°
Finnerty et al. (2006) [36] Blood Undetectable Elevated 80-1175 pg/mLt 2-15 years Up to 2 weeks post-burn 50 + 32
Jeschke ez al. (2011) [38] Blood <10 pg/mLt Elevated 25-1100 pg/mL* 7.5 £5.3 years Up to 1100 days post-burn 50 & 20°
Kulp et al. (2010) [24] Urine (in 20 pg/mL Elevated 50-810 pg/mL 8+ 5 years Up to 1105 days post-burn 59+172
24 hours)
GM-CSF
Jeschke et al. (2008a) [37] Blood Undetectablet Elevated 3-9.8 ng/mLt 8.04+0.2 years Up to 60 days post-burn 56 +0.3?
Finnerty et al. (2006) [36] Blood Undetectable Elevated 9 pg/mLt 2-15 years At 2 weeks post-burn 50 +3°
Jeschke et al. (2011) [38] Blood 3 pg/mLt Elevated 7.5-23 pg/mLt 7.5+ 5.3 years Up to 1100 days post-burn 50 & 20°
IL-4
Jeschke et al. (2008a) [37] Blood Undetectable® Elevated 0.3-1.75 ng/mL 8.0+0.2 years Up to 60 days post-burn 56 +£0.3°
Finnerty et al. (2006) [36] Blood Undetectablet Elevated 1.35-2.35 pg/mLt 2-15 years Up to 1 week post-burn 50 &+ 32
Jeschke ez al. (2011) [38] Blood <0.5 pg/mLf Elevated 1.5-7.5 pg/mLt 7.5+5.3 years Up to 270 days post-burn 50 £20°
IL-13
Jeschke er al. (2008a) [37] Blood 0.9 ng/mLt Elevated 1.75-1.9 ng/mL* 8.0+0.2 years Up to 7 days post-burn 56 £0.3?
Finnerty et al. (2006) [36] Blood 0.7 £0.0 pg/mL Elevated 5.75 pg/mLT 2-15 years Immediately after burn 50 + 32
Jeschke et al. (2011) [38] Blood <1 pg/mLTf Elevated 2.5-4.8 pg/mLt 7.5+ 5.3 years Up to 180 days post-burn 50 & 20°
IL-2
Jeschke et al. (2008a) [37] Blood Undetectablet Elevated 0.4-3.7 ng/mLt 8.04+0.2 years Up to 60 days post-burn 56 +0.3?
Finnerty et al. (2006) [36] Blood Undetectablet Elevated 3.75-5.75 pg/mLt 2-15 years Immediately after burn and at 2 weeks post-burn 50 + 3?
Jeschke ez al. (2011) [38] Blood 3 pg/mLt Elevated 5-17.5 pg/mL* 7.5+5.3 years Up to 1100 days post-burn 50 +£20P

tData derived from graph, *Data presented as mean & SEM, "Data presented as mean + SD

TBSA total body surface area, IL interleukin, TNF tumour necrosis factor, INFy interferon-gamma, MCP-1 monocyte chemoattractant protein-1, MIP-18 macrophage inflammatory protein 18, G-CSF granulocyte-colony

stimulating factor, GM-CSF granulocyte-macrophage colony-stimulating factor

670ee1 ‘6 "|OA ‘L20g ‘ewned] g suing



Burns & Trauma, 2021, Vol. 9, tkaa049

increased following burn injury. IL-17, which is involved
in inducing various inflammatory mediators [34] and pro-
tecting against microbial infection through stimulating the
production of antimicrobial peptides [35], has been reported
to increase immediately following a burn [36], and remain
elevated for up to 3 years post-burn [37, 38].

Serum abundance of IL-18, a cytokine that plays a role
in the induction of fever and migration of inflammatory
cells to the wound site [39], has been observed to be sig-
nificantly increased at the time of hospital admission in
children with burns, compared with healthy children [36,
37]. Over time, IL-18 levels have been observed to decrease
in children with burns, although levels remain higher than
controls without burns for up to 60 days post-burn [38,
40, 41]. Tumour necrosis factor (TNF) is a cytokine that is
often co-expressed with IL-18 and is involved in many of the
same processes [42]. There are some discrepancies within the
literature about the abundance of TNF« after a burn, as some
studies reported no difference in abundance of serum TNF«
between children with burns and healthy children [36, 41],
while others observed significant increases in TNFa at the
time of admission. Multiple studies have reported significant
increases in serum TNFa that lasted for up to 1 week post-
burn [20, 37],40 days post-burn [40] and 6 months post-burn
[43]. Moreover, TNFa has reportedly remained significantly
elevated in urine for up to 180 days compared with healthy
children [24]. It is unclear why some studies observed normal
levels while others reported prolonged elevation in TNFa but
variability in performance of the immunoassay is a possibility
[44].

Similarly, IL-6 has exhibited increases of up to 1000-
fold in children with burns at hospital admission [41, 45],
and remained elevated for months [24, 36, 37, 43, 45] to
years [38] after the injury. While most studies observed
increases in IL-6 for extended periods of time post-burn,
Jeschke et al. (2004) observed elevated levels for only 10
days, and levels returned to normal by day 20 post-burn
[40]. This observation is likely due to the accuracy and
sensitivity of the biomarker detection platform employed by
the authors, as many of the other parameters are comparable
between the studies. Authors who used the multiplex Bio-
Rad Bio-Plex Suspension Assay reported significantly higher
concentrations of IL-6 [24, 36, 37, 43, 45], and longer
duration of elevation, than studies that utilized other enzyme-
linked immunosorbent assays (ELISA), which may have been
less sensitive [20, 40, 41]. It is also important to take into
consideration the lower limits of various detection platforms
that may give rise to spurious data. IL-6 contributes to acute
phase inflammation by stimulating the production of acute
phase proteins (e.g. a1-acid glycoprotein, C-reactive protein
(CRP), a2-macroglobulin, & 1-antitrypsin and haptoglobin)
in the liver [46].

Plasma concentrations of acute phase proteins increase
following a burn, decreasing over time back to normal [40].
Alpha-1-acid glycoprotein and C-reactive protein have both
been reported to increase immediately following burn injury

[20, 37,41, 47], whereas reported increases in o 1-antitrypsin
and haptoglobin do not occur until at least 5 days post-
burn [38, 40]. According to Jeschke et al. (2008b), the CRP
response to burn is significantly lessened in toddlers (0-
3.9 years) compared with older children (4-18 years) [48].
This suggests that toddlers exhibit a reduced inflammatory
response to burns, as CRP is a well-established marker of
acute inflammation [49]. Delayed increases in complement
C3 and a2-macroglobulin are reported between 17-60 days
and 35-60 days post-burn, respectively [37]. Elevated levels
of all these acute phase proteins are reported to persist for at
least 2 months post-burn [37, 40, 50]. These proteins have
been investigated primarily as markers of the inflammatory
response; however, studies outside of burns have hypothe-
sized that prolonged elevation of acute phase proteins may
contribute to increased risk of coronary heart disease [51].
Unfortunately, the limited research that exists regarding the
role of acute phase proteins in paediatric burns is insufficient
to suggest that the response elicited by burn injury in children
contributes to this risk. More research is required to fully
elucidate the role of acute phase proteins in burn wound
healing and determine the potential long-term effects.

Leptin is a hormone most well known for suppressing
hunger; however, it also has roles in the inflammatory
response, as well as regulating the hypothalamic—pituitary—
adrenal axis, angiogenesis, cellular proliferation and nutrient
absorption [52]. In paediatric burns, it has been reported to
increase at the time of admission [20], and may be involved in
the acute phase response [53]. Long-term investigation of this
hormone has not been performed and therefore it is unknown
how long this hormone remains elevated in children following
a burn. Interestingly, leptin levels appear to be correlated with
burn size, as participants with burns covering >30% total
body surface area (TBSA) had significantly higher levels of
leptin than those with smaller burns [20].

IFNy is involved in the activation of macrophages, inhi-
bition of cell growth, regulation of the production of other
inflammatory molecules [54] and the activation of apoptosis
in epithelial cells [55]. Studies performed by Finnerty et al.
(2006) and Jeschke et al. (2008a) reported increased levels
of IFNy and IL-12p70 (which cross-regulate each other [56])
in children with burns [36, 37]. Conversely, Gauglitz et al.
(2009) only reported increased levels of IL-12p70, not IFNy,
in children with burns [43]. Finnerty et al. (2006) observed
immediate increases in circulating levels of IFNy after a burn
[36], while Jeschke et al. (2008a) observed elevated IFNy
levels for up to 7 days post-burn, followed by fluctuations of
IFNy until 28 days post-burn [37]. These fluctuations may
coincide with other clinical events, such as sepsis; however,
this was not explicitly investigated. Gauglitz et al. (2009)
observed no difference in IFNy levels for up to 3 years
following a burn; however, acute changes in IFNy may have
been lost during analysis, as the data was separated into broad
time points (i.e. >1 month duration) [43].

In burns, procalcitonin (PCT) has been identified by sev-
[20, 57-59] and is

eral studies one of the most
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well-characterized biomarkers in adult burn research,
specifically in terms of its role in predicting sepsis. PCT is
the hormone precursor to calcitonin and becomes elevated
in response to bacterial infection or inflammation [60].
Although there is less research on PCT in children with
burns, the consensus is that PCT increases with burn injury
regardless of infection [57]. It has been hypothesized that PCT
may be increased as a result of the exacerbated inflammatory
response that occurs in response to burn injury as several pro-
inflammatory markers are thought to induce PCT secretion
[61]. It has been reported that increased levels of PCT are
correlated with larger burn size [20]; however, another study
failed to find an association between burn size and PCT [58].
In that study, it is possible that any correlation between burn
size and PCT may have been confounded by the presence of
inhalation injury, which affected 60% of the cohort [58].

Mediation of the inflammatory response There are several
markers that are involved in mediating the inflammatory
response through the production, activation and regulation
of immune cells. Monocyte chemoattractant protein-1 (MCP-
1), macrophage inflammatory protein 18 (MIP-18), also
known as CC motif ligand 4 (CCL4) and IL-8 are immune
cell chemoattractants that have been reported to increase
following a burn [36, 40, 62-64]. Unfortunately, there is
little agreement on the duration that each of these markers
remains elevated. Several studies suggest that these markers
can remain elevated for months [37, 45], and even years
[43] after the burn. Other studies have reported elevated
levels of MCP-1 lasting only 1 week post-burn and IL-
8 for only 3 weeks post-burn [36]. All these studies had
similar inclusion criteria, included both genders, analysed
the samples using the same method and had similar burn
severities, suggesting that other factors are responsible for
the difference in the response of MCP-1 and IL-8 to burn
injury. Characteristics such as burn mechanism (e.g. flame,
scald, etc.) or co-morbidities (such as infection or inhalation
injury) may account for the variance [50, 65]. In support of
this, another study involving primarily children with flame
burns, reported elevated serum IL-8 levels for up to 6 months
post-burn, with levels returning to normal by 9 months post-
burn [43]. In addition to duration, the magnitude of elevation
for each marker following burn injury is of interest. Jeschke
et al. (2012a) reported a 100-fold increase in serum MCP-1
immediately following a burn [45]. Notably, the abundance
of MCP-1 reported by Finnerty et al. (2006) and Gauglitz
et al. (2009), and IL-8 reported by Finnerty et al. (2006)
and Jeschke et al. (2004) is three orders of magnitude lower
than that reported by Jeschke et al. (2008, 2012) [36, 37, 40,
43, 45] (Table 1). Finally, elevated levels of IL-8 have been
observed to coincide with increases of 1L-18, IL-6, IL-10, IL-
12p70 and IL-13 in children with burns [50]. This supports
the hypothesis that immune function is altered following a
burn where both pro-inflammatory and anti-inflammatory
markers are elevated simultaneously. This may be due to
impairment of the immune system or tight regulation of the

system in response to mass insult. In any case, it can increase
risk of organ failure and systemic inflammatory response
syndrome [50].

Other markers mediate the inflammatory response by
alternate means. IL-5 is an inflammatory cytokine involved
in white blood cell recruitment, survival and activation [55];
IL-7 is involved in the support and development of T cells
during inflammation [66]; IL-10 is involved in preventing
over-activation of the immune cells responsible for pathogen
clearance [67]; and granulocyte-colony stimulating factor (G-
CSF) and granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) are glycoproteins responsible for stimulating
the production and release of granulocytes [59, 60], and
maintaining granulocyte and macrophage population [61],
respectively. Serum levels of IL-5 reported in the literature are
contradictory. One study reported that IL-5 levels remained
within normal ranges until 8 days post-burn where levels
significantly decreased until day 10, returned to normal,
then decreased again between days 23 to 29 post-burn [37].
Other studies reported increased IL-5 levels [38]. One study
reported elevations that lasted only 1 week [36], while a
separate study reported elevations for up to 6 months post-
burn, that returned to normal within 9 months post-burn
[43]. Interestingly, both studies that reported increased IL-5,
primarily investigated flame burns [36, 43] suggesting that
burn mechanism may play a role in the IL-5 response to
burn injury. IL-7 and IL-10 have been reported to increase
immediately following burns in children in one study [36],
while another study observed a delayed increase in IL-7 at
8 days post-burn [37]. Both markers are reported to remain
higher than normal for at least 60 days post-burn [37], and
may remain significantly elevated for up to 3 years post-burn
[43]. G-CSF and GM-CSF have been reported to both remain
unaffected or to increase after burns. One study reported
normal values of G-CSF and GM-CSF within the first 3
years following a burn injury [43], while three other studies
have reported increased serum levels of these inflammatory
markers that remain elevated for 2 weeks [36], 60 days [37],
and 3 years post-burn [38]. Another study that investigated
urinary G-CSF observed increased levels for up to 1105 days
post-burn [24].

The primary role of IL-4 is in protective immunity against
extracellular parasites; however, it also has roles in tissue
adhesion and inflammation [55]. One study reported that
within 3 years following a burn, serum IL-4 did not sig-
nificantly differ between children with burns and healthy
children [43]. Other studies report significantly elevated levels
of IL-4 up to 1 week [36], 60 days [37], or 9 months post-burn
[38], although the reported concentration increases differ
between the studies. Finnerty et al. (2006) and Jeschke et al.
(2011) reported similar values of 1.35-2.35 pg/mL and 1.5-
7.5 pg/mL, respectively [36, 38], while Jeschke et al. (2008a)
reported values of 0.3-1.75 ng/mL [37]. Furthermore, IL-4
has been shown to exhibit different abundance profiles in
females with burns, compared with males, which suggests that
the significant differences in age and gender between the burn
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and control cohorts in the study by Gauglitz et al. (2009)
may have influenced their results [43, 68]. Further studies
are required to better understand how IL-4 levels change in
response to burn injury.

Antagonism of the inflammatory response Several markers
are involved in the inflammatory response through antago-
nizing other cytokines. IL-13 decreases the concentration of
pro-inflammatory cytokines and chemokines and produces
the IL-1 antagonist, IL-1 receptor « [69]. In paediatric burns,
it has been reported to increase immediately following a burn
[36], and remain elevated for up to 7 days post-burn [37].

Additionally, IL-2 antagonizes inflammation through
interference with pro-inflammatory processes by inhibiting
the differentiation of T-helper 17 cells—the cells responsible
for producing IL-17 [70]. One study reported that serum IL-
2 did not significantly differ between children with burns
and healthy children within the first 3 years following
burn injury [43]. Conversely, there are other reports of
significantly elevated levels of IL-2 [37], lasting for at least
1 week post-burn [36], or up to 3 years post-burn [38].
Although the studies report elevated levels of IL-2, the
reported concentration increases of each study differ. While
Finnerty et al. (2006) reported values of 3.74-5.75 pg/mL
for IL-2 [36], Jeschke et al. (2008a) reported values of 0.4—
3.7 ng/mL [37]. Furthermore, significant differences in age
and gender between the burn and control groups in the study
by Gauglitz et al. (2009) suggest that their results may have
been influenced by these factors, as IL-2 has been shown to
exhibit different abundance profiles in females with burns,
compared with males [43, 68]. More research is required to
verify the response of IL-2 to burn injury and provide better
understanding of its impact on healing.

Biomarkers for evaluating tissue repair and/or wound
healing

The primary goal for treating children with burns is healing
of the wound site. Identifying the markers involved in this
healing process is crucial for understanding and predicting
the wound healing response. As such, proteins involved in
tissue and extracellular matrix (ECM) composition have been
evaluated in paediatric burns, along with growth factors that
are important for stimulation of wound healing (Table 2).

Structural proteins In general, structural proteins have been
observed to increase following a burn in children, except for
the carboxyterminal propeptide of type I procollagen (PICP),
pyridinoline and deoxypyridinoline. PICP is an indicator of
type I collagen synthesis, which is required for formation of
connective tissue, including bone and skin [71, 72]. Pyridi-
noline and deoxypyridinoline, the collagen fibre crosslinks
in bone, are markers of bone resorption [73]. In a study
conducted by Klein et al. (1995), mean levels of PICP, urinary
pyridinoline and urinary deoxypyridinoline were reduced
when assessed at several time points across the first 2 to

3 weeks in children who sustained a burn [41]. This may
contribute to the hypothesized decrease in bone formation or
repair following burn injury [74]. Other structural proteins,
such as Type IV collagen (the most abundant collagen in base-
ment membranes [75]) and laminin-5 (a basement membrane
glycoprotein that promotes epithelial cell anchorage) have
been observed to increase. In children, collagen IV increases
immediately after a burn injury, peaking at 12-16 hours after
the burn, then returns to normal levels within 5 days post-
burn [76]. Furthermore, laminin-35 is significantly elevated in
the blood of children with burns for up to 3 days post-injury,
compared with healthy controls [76]. This elevation may be
due to liberation of the protein through the destruction of the
basement membrane by the burn. Alternatively, it may be an
indicator of wound healing, as laminin-5 also facilitates the
cellular adhesion and migration of keratinocytes, along the
basement membrane [77]. Matrix metalloproteases (MMPs)
are involved in tissue remodelling through the degradation
of ECM and help to mediate biological processes such as
inflammation, bone remodelling and angiogenesis [78]. Typ-
icallyy, MMPs increase in wounds as they are essential for
breaking down the wound bed, allowing for wound healing
and scar formation [79]. It is thought that IL-17 may play
a role in tissue healing after injury, through the promotion
of keratinocyte proliferation, or in scarring, through the
stimulation of MMP production [35]. One study from 2003
identified increased levels of ProMMP-1, MMP-3 and MMP-
9 within the first 3 weeks of burn injury [80], while a second
study found significant elevations in MMP-2 for the first 5
days post-burn [76]. Tissue inhibitor of metalloproteinases-1
(TIMP-1) has also been found to be significantly elevated at 3,
7 and 21 days post-burn compared with healthy controls [80].
It is thought that the ratio of MMPs to TIMPs determines
whether beneficial wound repair is achieved. While multiple
studies have investigated MMPs in paediatric burns, Dasu
and colleagues are the first and only group to evaluate TIMP-
1 [80]. Based on their findings, they hypothesized that TIMP-
1, in conjunction with MMPs, has a beneficial role in wound
healing following a burn; however, more research is required
to verify this. Finally, in burns where extensive tissue damage
is present, the activity of proteasomes (protein complexes
that degrade damaged proteins) [81], has been reported to be
elevated compared with healthy controls [82]. These elevated
levels were also negatively correlated with total protein levels
in blood. Circulating proteasome levels were also correlated
with burn severity, suggesting that more severe burns have
increased levels of catabolism. This could be solely due to an
increased amount of damaged proteins that need to be cleared
or could be an indicator of more severely altered systemic
metabolism as a result of the burn injury.

Growth factors involved in healing Many growth factors play
a role in tissue repair and wound healing. Hepatocyte growth
factor contributes to wound healing through the promotion
of motility and morphogenesis of epithelial cells, while also
playing a major role in angiogenesis [83]. It has been reported



Table 2. Summary of reported abundance of biomarkers involved in tissue repair in children with burns compared to healthy children without burns

Reference Source Reported normal limits Abundance in children with burns Age range Time frame Population TBSA (%)
PICP
Klein et al. (1995) [41] Blood 200-700 ng/mL Normal 210 106 ng/mL 5.8-17.5 years 3 weeks post-burn 63+16°
Collagen (Type IV)
Weremijewicz et al. (2018) [76] Blood 50 ng/mLdt Elevated 160-375 ng/mLdt 9 months—14 years From 2 hours post-burn, 4-20¢
until at least 5 days
post-burn
Laminin-5
Weremijewicz et al. (2018) [76] Blood 52 ng/mLdt Elevated 72-95 ng/mL4t 9 months—14 years From 2 hours post-burn, 4-20¢
until at least 3 days
post-burn
ProMMP-1
Dasu et al. (2003) [80] Blood 3.5 ng/mLt Elevated 15-18 ng/mLT 7.9+2.5 years From 7 days post-burn, >40°
until at least 21 days
post-burn
MMP-3
Dasu et al. (2003) [80] Blood 110 ng/mLT Elevated 112-130 ng/mL* 7.9 £2.5 years From 3 days post-burn, >40°¢
until at least 21 days
MMP-9
Dasu et al. (2003) [80] Blood 350 ng/mLT Elevated 580 ng/mLTt 7.9 £2.5 years At 21 days post-burn >40°
TIMP-1
Dasu et al. (2003) [80] Blood 250 ng/mL* Elevated 620-700 ng/mL* 7.9 £2.5 years From 3 days post-burn, >40°¢
until at least 21 days
MMP-2
Weremijewicz et al. (2018) [76] Blood 38 ng/mL4t Elevated 78-125 ng/mL4T 9 months-14 years From 2 hours post-burn, 4-20¢
until at least 5 days
post-burn
Proteasome
Matuszczak et al. (2014) [82] Blood 0.42 U/mg? Elevated 0.75-1.3 U/mLt 9 months—14 years At 12-16 hours post-burn 4-20¢
Hepatocyte growth factor
Jeschke et al. (2004) [40] Blood 0.5£0.2 ng/mL Elevated 1.75-2.25 ng/mLt 1-16 years Immediately after burn, 67+ 14°
until 15 days post-burn
TGFa
Abdel-Hafez et al. (2007) [20] Blood 8.08 £1.66 pg/mL Elevated 170.81 £+ 16.65 pg/mL 2 months-7 years At admission 31.62+12.01°
TGFg
Rorison et al. (2010) [21] Blood 420 pg/mL4 Reduced 280 pg/mL¢ 3.8243.55 years At admission 9.1+11.7°
bFGF
Abdel-Hafez et al. (2007) [20] Blood 0.56 +£0.13 ng/mL Elevated 0.98 +0.22 ng/mL 2 months-7 years At admission 31.624+12.01°

tData derived from graph, *Data presented as mean & SEM, "Data presented as mean + SD, “Data presented as minimum value, 4Data presented as median, “Data presented as a range

TBSA total body surface area, PICP carboxyterminal propeptide of type I procollagen, MMP matrix metalloproteases, TIMP-1 tissue inhibitor of metalloproteinases-1, TGF transforming growth factor, bFGF basic

fibroblast growth factor
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to increase in paediatric burns and remain elevated for at least
2 weeks post-burn [40]. In paediatric burns, Abdel-Hafez
etal. (2007) reported elevated levels of TGFa, a growth factor
that influences cellular migration, cellular proliferation and
angiogenesis [84], at the time of admission [20]. Although it
is often described as an immune modulator [85], TGFB1 has
many roles within the body including cellular differentiation,
immune regulation and wound healing [86]. Specifically in
burns, TGFB1 has been associated with collagen production
and scar formation during the scarring process and may be of
less importance during acute phase healing [87, 88]. TGFB,
in its active form, has been observed to be significantly lower
in children with burns than healthy controls on the day
of the burn [21], whereas total TGFB; was reported to be
not significantly different between children with burns and
healthy children without burns. Basic fibroblast growth factor
(bFGF) is also involved in repair and regeneration of tissue
[89]. In children, only one study has evaluated endogenous
levels of bFGF following burn injury, whereby serum levels
of bFGF were reported to increase at the time of admission
[20]. Other studies have evaluated the effect of topical bFGF
on scar outcome in children and reported improved healing
outcomes [90, 91]. It is important to understand how the
topical application of bFGF alters the healing outcome and
therefore more research is required to elucidate the specific
role that bFGF plays in paediatric burn wound healing.

Biomarkers for evaluating changes to growth and
metabolism

Burn injury is known to alter metabolism which can lead to
stunted growth in children [92]. Therefore, by understanding
how burns affect these processes, any alterations in growth
can be monitored and treated, or prevented, before they have
serious impacts on the child’s development. Consequently,
markers involved in metabolism have been evaluated in pae-
diatric burns (Table 3).

Biomarkers involved in growth and development Growth
hormone (GH) is a peptide hormone that is involved in
many biological activities that foster growth and metabolism
[93], primarily through stimulation of insulin-like growth
factor (IGF) [94]. In paediatric burns research, GH has most
commonly been reported to be reduced. For instance, Jeschke
et al. (2008a) reported a delayed decrease in GH at 8 days
post-burn that remained reduced for up to 60 days post-
burn [37]. Furthermore, Gauglitz et al. (2009) reported sig-
nificantly decreased serum levels of GH for up to 3 years
post-burn [43]. Conversely, Fleming et al. (1992) reported
that GH was within normal limits in children with burns at 2
to 3 weeks post-burn; however, the reported normal value of
GH in this study was <8 ng/mL, whereas most other studies
report normal levels at 4 ng/mL [95]. GH abundance has
also been reported to be affected by age, whereby toddlers
(aged 0-3.9 years) had higher levels of GH between 2 and
7 days post-burn, compared with older children [48]. GH

is regulated by circadian rhythm, where levels peak shortly
after falling asleep [96]. Variations in the reported levels
may be a result of inconsistent sampling times within and
across studies. Alternatively, disturbances in sleep patterns
during hospitalization may explain the reduced values of GH
observed in paediatric burns [97].

Insulin-like growth factor-1 (IGF-1) is a peptide hormone
that acts systemically to coordinate balanced growth and
locally to facilitate processes such as wound healing [98]. It
exists in serum, bound to IGF binding proteins [99], such
as IGF binding protein 3 (IGFBP-3). IGFBP-3 binds more
than 75% of available IGF-1 and transports IGF-1 as well
as enhancing their combined half-lives [98]. The general
consensus is that IGF-1 and IGFBP-3 decrease following burn
injury and can remain reduced for months [37, 38, 40, 43]. It
has been reported that IGF-1 levels increase over time [100],
and return to normal levels by 9 months post-injury [43].
In contrast to this, one study has reported normal IGF-1
levels in children with burns [95]. However, that study by
Fleming et al. (1992) reported the levels of IGF-1 in terms of
activity (U/mL) compared with other studies that report IGF-
1 abundance (ng/mL), which makes it difficult to comment
on the difference in results obtained by these studies. IGFBP-
1, another binding protein of IGF-1, has also been investigated
in paediatric burns and was observed to increase at the time
of admission to hospital [40]. This supports the idea that
burns elicit a hypermetabolic state as IGFBP-1 is known to
be upregulated in catabolic states [101]. Decreased levels of
IGF-1, as well as GH, may play a role in the delayed growth
observed in children following a burn injury [102].

Sex hormones such as oestrogen, testosterone and pro-
gesterone have been investigated in burns. Estradiol is the
primary oestrogen sex hormone and has been reported to
decrease following a burn [37, 38]. In adolescents with burns,
oestrogen has been observed not to decrease, and remain at a
much higher level compared with younger children [48]. This
may be due to already high levels of oestrogen being present
prior to sustaining the burn. Testosterone was observed at
normal levels in a cohort of children with burns, until 4
weeks post-burn when testosterone significantly decreased
[37]; however, the cohort was not stratified by sex [38]. This
is important because another study reported that testosterone
significantly increases immediately post-burn in males [68].
A transient increase in testosterone levels was also observed
in another study at 8-10 days post-burn [38]. Progesterone
has been reported to be elevated for up to 1 week post-burn
[37], then levels appeared to fluctuate, with levels increasing
between 11 and 28 days post-burn, and again at 35-60 days
post-burn [37]. In a separate study, progesterone was reported
to remain increased for up to 540 days post-burn [38].

Biomarkers involved in energy metabolism Energy produc-
tion is a crucial process within the body that can be altered
in children with burns. Several markers involved in different
processes of energy metabolism have been investigated. The
levels of energy precursors, such as glucose, free fatty acids



Table 3. Summary of reported abundance of biomarkers associated with growth and metabolism in children with burns compared to healthy children without burns

Reference Source Reported normal limits Abundance in children with burns ~ Age range Time frame Population TBSA (%)
Growth hormone
Jeschke et al. (2008a) [37] Blood 4 ng/mLt Reduced 1.1-2.8 ng/mLt 8.0+0.2 years 8 to 60 days post-burn 56 +0.3?
Fleming et al. (1992) [95] Blood <8 ng/mL Within normal limits 11.1+£1.4years 2 to 3 weeks post-burn 67 + 6°
2.3+£0.3 ng/mL
Gauglitz et al. (2009) [43] Blood 3.924+5.23 ng/mL Reduced 8.8+ 5.3 years Up to 36 months post-burn 57.9 + 14.7
0.86 £1.50-1.74 £ 1.10 ng/mL
Jeschke et al. (2011) [38] Blood 4.5 ng/mLt Reduced 1.75-2.75 ng/mLt 7.5 +£5.3 years Sporadically over 1100 days post-burn 50 & 20°
IGF-1
Jeschke et al. (2008a) [37] Blood 225 ng/mLt Reduced 25-45 ng/mL1 8.0+0.2 years Up to 60 days post-burn 56 +0.3?
Jeschke ez al. (2004) [40] Blood 365 +15 pg/mL Reduced 92 +36-147 +£42 pg/mL 5.7 £3.9 years Up to 40 days post-burn 67 + 14°
Fleming et al. (1992) [95] Blood 22-138 U/mL Within normal limits 56 £15 U/mL  11.1 £ 1.4 years 2 to 3 weeks post-burn 67 £ 67
Gauglitz et al. (2009) [43] Blood 183+178.22 ng/mL  Reduced 72.01+60.51- 8.8+ 5.3 years Up to 2 months post-burn 57.9 + 14.7
124.97 £126.23 ng/mL
Jeschke et al. (2011) [38] Blood 175 ng/mLt Reduced 30-120 ng/mLt 7.5+5.3 years Up to 270 days post-burn 50 +£20P
IGFBP-3
Jeschke et al. (2008a) [37] Blood 3800 ng/mLT Reduced 1100-1900 ng/mL’ 8.04+0.2 years Up to 60 days post-burn 56 +£0.3?
Jeschke et al. (2004) [40] Blood 2.84+0.9 pg/mL Reduced 0.6 £0.2-1.0 £ 0.4 pg/mL 5.7 £ 3.9 years Up to 40 days post-burn 67 + 14°
Gauglitz et al. (2009) [43] Blood 3788.04 + Reduced 1752.32 +£978.80- 8.8+ 5.3 years Up to 2 months post-burn 57.9 +14.7
1391.14 ng/mL 2289.49 £1503.46 ng/mL
Jeschke ez al. (2011) [38] Blood 4100 ng/mLT Reduced 1250-3400 ng/mLT 7.5 £5.3 years Up to 1100 days post-burn 50 4 20°
IGFBP-1
Jeschke ez al. (2004) [40] Blood 115+15 pg/mL Elevated 170 £+ 100 pg/mL 5.7£3.9 years At admission 67 + 14°
B-Estradiol (oestrogen)
Jeschke et al. (2008a) [37] Blood 70 ng/mLt Reduced 23-38 ng/mL1 8.0+0.2 years Immediately after the burn and between 11- and 56 +£0.3?
28-days post-burn
Jeschke et al. (2011) [38] Blood 77.5 pg/mLt Reduced 20-45 pg/mL1 7.5+ 5.3 years Up to 1100 days post-burn 50 & 20°
Testosterone
Jeschke et al. (2008a) [37] Blood 110 ng/mLt Reduced 40-42 ng/mLt 8.0+0.2 years At 29-60 days post-burn 56 £0.3°
Jeschke et al. (2011) [38] Blood 110 ng/mLt Elevated 180 ng/mLt 7.5 +£5.3 years At 8-10 days post-burn 50 & 20°
Jeschke et al. (2011) [38] Blood 110 ng/mLt Reduced 40-45 ng/mLt 7.5+5.3 years At 61-90 days and 271-365 days post-burn 50 4+ 20°
Progesterone
Jeschke et al. (2008a) [37] Blood 60 ng/mL1 Elevated 125-230 ng/mL* 8.0+0.2 years Up to 7 days post-burn, between days 11 and 28 56 £+ 0.3?
post-burn and at 35-60 days post-burn.
Jeschke ez al. (2011) [38] Blood 60 ng/mL1 Elevated 100-200 ng/mL* 7.5 +£5.3 years Up to 540 days post-burn 50 4 20°
Insulin
Jeschke ef al. (2008a) [37] Blood 15 ng/mLt Elevated 40-160 ng/mLt 8.0+0.2 years Up to 60 days post-burn 56 +£0.3?
Fleming et al. (1992) [95] Blood 5-25 pU/mL Within normal limits 11.1+1.4years 2 to 3 weeks post-burn 67 + 6°
25.0 £3.0 pU/mL
Gauglitz et al. (2009) [43] Blood 8.1 pIU/mLt Elevated 11-13.5 pIU/mLT 8.8+ 5.3 years From 6 months post-burn, up to 36 months 57.9 +14.7
post-burn
Jeschke et al. (2012a) [45] Blood 8 pIU/mLT Elevated 38-75 pIU/mLT 8+ 5 years Up to 250 days post-burn 64 + 12°

Continued
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Table 3. Continued

Reference Source Reported normal limits Abundance in children with burns ~ Age range Time frame Population TBSA (%)
Gottschlich ez al. (2002) [103] Blood 0-30 pIU/mL Elevated 69-40 plU/mL 9.6 £0.7 years From 2 weeks up to 4 weeks post-burn 532 +34
Fram et al. (2010) [105] Blood 7.4+ 1.0 plU/mL Elevated 16.6 + 7.8 nlU/mL 8 +4.6 years At time of 95% re-epithelialization (67.9 + 15 days) 66 + 15°
Jeschke ez al. (2011) [38] Blood <10 TU/mLt Elevated 15-108 TU/mLT 7.5 £5.3 years Up to 1100 days post-burn 50 £20°

C-peptide
Gauglitz et al. (2009) [43] Blood 0.6 ng/mL Elevated 0.95-1.25 ng/mL 8.8+ 5.3 years Up to 36 months post-burn 57.9 + 14.7b

Glucose
Jeschke et al. (2008a) [37] Blood 90 mg/dIt Elevated 125-170 mg/dIt 8.0+0.2 years Up to 60 days post-burn 56 +0.3°
Jeschke et al. (2012a) [45] Blood 85 mg/dlt Elevated 122-155 mg/dIt 8+ 5 years Up to 250 days post-burn 64 £12°
Fleming et al. (1992) [95] Blood 60-115 mg/dl Elevated 129 + 13 mg/dl 11.1+ 1.4 years 2 to 3 weeks post-burn 67 + 6°
Gauglitz et al. (2009) [43] Blood 83 mg/dlt Elevated 94-90 mg/dIt 8.8+ 5.3 years Up to 6 months post-burn 57.9 +14.7
Fram et al. (2010) [105] Blood 73.6 +1.3 mg/dl Elevated 92.3 +4.5 mg/dl 8 £4.6 years At time of 95% re-epithelialization (67.9 £ 15 days) 66 + 152
Gottschlich ef al. (2002) [103] Blood 60-105 mg/dl Elevated 123-153 mg/dl 9.6 £0.7 years Up to 4 weeks post-burn 5324+ 3.4°
Jeschke ez al. (2011) [38] Blood 90 mg/dIt Elevated 110-160 mg/dlt 7.5+5.3 years Up to 180 days post burn 50 £ 20°

Free fatty acids
Jeschke ez al. (2004) [40] Blood 0.3+£0.05 pEg/l Elevated 0.55-0.68 pEq/LT 1-16 years Immediately after burn until 5 days post-burn 67 £ 14°
Jeschke et al. (2008a) [37] Blood 0.4 ng/mLT Elevated 0.57-1.13 ng/mL’ 8.04+0.2 years Immediately after burn, then from 8-34 days 56 +0.3?

post-burn
Fleming et al. (1992) [95] Blood 0.19-0.9 mEq/L Within normal limits 11.1+1.4 2 to 3 weeks post-burn 67 + 6°
0.59 £0.04 mEq/L

Triglycerides
Jeschke et al. (2004) [40] Blood 110 £ 13 mg/dl Elevated 155-245 mg/dIt 1-16 years From 10 to 80 days post-burn 67 + 14b
Jeschke et al. (2008a) [37] Blood 85 ng/mLt Elevated 130-195 ng/mL* 8.0+0.2 years Up to 60 days post-burn 56 £0.3?
Jeschke et al. (2011) [38] Blood 110 mg/dLt Elevated 165-210 mg/dLT 7.5+ 5.3 years Between 17 days and 180 days post-burn 50 4+ 20°

T3
Gottschlich ez al. (2002) [103] Blood 125-250 pg/dl Reduced 35.7-63.8 ng/dl 9.6 £0.7 years Up to 4 weeks post-burn 53.2+3.4

T4
Jeschke ez al. (2008a) [37] Blood 8.5 ng/mLt Reduced 4.5-7.5 ng/mLt 8.0+0.2 years Up to 60 days post-burn 56 £0.3?
Gottschlich et al. (2002) [103] Blood 6-12.5 ng/dl Reduced 3.62-4.10 ng/dl 9.6 +0.7 years Up to 2 weeks post-burn 532+ 3.4

Albumin
Klein ez al. (1995) [41] Blood 35.0+55.0g/L Reduced 22.8 +£3.7 g/L 5.8-17.5 years 3 weeks post-burn 63 + 16*
Palmieri et al. (2006) [115] Blood 3.5-4.8 mg/dl Reduced 2.2 £ 0.2 mg/dl 0-17 years At admission 41.8 +3.82
Gottschlich ez al. (2002) [103] Blood 3.2-5.7 g/dl Reduced 2.2-2.3 g/dl 9.6 £0.7 years Up to 4 weeks post-burn 53.2+3.4
Jeschke et al. (2011) [38] Blood 4.7 g/dit Reduced 2.3-4 g/dIf 7.5+ 5.3 years Up to 1100 days post-burn 50 & 20°

Pre-albumin
Jeschke et al. (2004) [40] Blood 35+ 5 mg/dl Reduced 7.5-22 mg/dIt 1-16 years Up to 80 days post-burn 67 + 14°
Jeschke et al. (2008a) [37] Blood 19 ng/mLt Reduced 8-16.5 ng/mL 8.0+0.2 years Up to 60 days post-burn 56 +0.3°
Gottschlich ez al. (2002) [103] Blood 9.5-46.6 mg/dl Reduced 7.6-7.9 mg/dl 9.6 £0.7 years Up to 2 weeks post-burn 53.2+3.4
Jeschke et al. (2011) [38] Blood 17 mg/dLt Reduced 7.5-13.5 mg/dLt 7.5 +5.3 years Up to 28 days post-burn 50 & 20°

Transferrin
Jeschke et al. (2004) [40] Blood 310450 mg/dl Reduced 75-165 mg/dIt 1-16 years Up to 80 days post-burn 67 & 14°
Jeschke et al. (2008a) [37] Blood 235 ng/mLt Reduced 90-130 ng/mLt 8.0+ 0.2 years Up to 60 days post-burn 56 +£0.3?
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Table 3. Continued

Reference Source Reported normal limits Abundance in children with burns ~ Age range Time frame Population TBSA (%)
Gottschlich ez al. (2002) [103] Blood 118-328 mg/dl Reduced 89-109 mg/dl 9.6 £0.7 years Up to 2 weeks post-burn 532+ 3.4
Jeschke et al. (2011) [38] Blood 215 mg/dLt Reduced 80-150 mg/dLt 7.5+ 5.3 years Up to 90 days post-burn 50 & 20°

Retinol binding protein
Jeschke ez al. (2004) [40] Blood 5.0+£0.2 mg/dl Reduced 1.2-3.75 mg/dIf 1-16 years Up to 15 days post-burn 67 + 14>
Jeschke et al. (2008a) [37] Blood 3.5 ng/mLt Reduced 1.8-3.2 ng/mLt 8.0+0.2 years Up to 60 days post-burn 56 +0.3?
Gottschlich ez al. (2002) [103] Blood 3-6 mg/dl Reduced 1.25-1.92 mg/dl 9.6 £0.7 years Up to 2 weeks post-burn 53.2+3.4
Jeschke et al. (2011) [38] Blood 2.5 mg/dLt Reduced 0.8-1.4 mg/dLt 7.5 +5.3 years Up to 10 days post-burn 50 & 20°
Jeschke ez al. (2011) [38] Blood 2.5 mg/dLt Elevated 3.3-3.4 mg/dLt 7.5 +£5.3 years Between days 61 and 180 post-burn 50 4 20°

Parathyroid hormone
Jeschke et al. (2008a) [37] Blood 90 ng/mLt Reduced 8-18 ng/mLt 8.0£0.2 years Up to 60 days post-burn 56 £0.3°
Jeschke ez al. (2011) [38] Blood 85 pg/mLT Reduced 10-25 pg/mLT 7.5 £5.3 years Up to 1100 days post-burn 50 & 20°

Osteocalcin
Jeschke et al. (2008a) [37] Blood 52 ng/mL1 Reduced 8-18 ng/mLt 8.0+0.2 years Up to 60 days post-burn 56 £0.3?
Jeschke et al. (2011) [38] Blood 55 ng/mLt Reduced 12.5-42 ng/mL* 7.5+ 5.3 years Up to 270 days post-burn 50 & 20°

Apolipoprotein Al
Jeschke et al. (2008a) [37] Blood 115 ng/mLt Reduced 50-75 ng/mLT 8.0+0.2 years Up to 60 days post-burn 56 +£0.3°
Jeschke et al. (2011) [38] Blood 105 mg/dLt Reduced 50-80 mg/dLt 7.5+ 5.3 years Up to 90 days post-burn 50 & 20°

Apolipoprotein B
Jeschke et al. (2008a) [37] Blood 130 ng/mLt Reduced 80-115 ng/mLt 8.0+0.2 years Immediately after burn until 7 days post-burn 56 £0.3°
Jeschke et al. (2008a) [37] Blood 130 ng/mLt Elevated 150-170 ng/mL* 8.0+0.2 years Around day 23 to day 60 post-burn 56 £0.3?
Jeschke ez al. (2011) [38] Blood 75 mg/dLt Reduced 50-70 mg/dLT 7.5+5.3 years Up to 22 days post-burn 50 +£20°
Jeschke et al. (2011) [38] Blood 75 mg/dLt Elevated 87.5-90 mg/dLt 7.5 +5.3 years Between 41 and 90 days post-burn 50 4+ 20°

tData derived from graph, *Data presented as mean & SEM, "Data presented as mean «+ SD

TBSA total body surface area, IGF insulin-like growth factor, IGFBP insulin-like growth factor binding protein, T3 triiodothyronine, T4 thyroxine
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(FFA) and triglycerides, as well as hormones involved in
energy metabolism, such as insulin, triiodothyronine (T3) and
thyroxine (T4), have been evaluated in paediatric burns. The
hormone insulin, which helps the cells to absorb glucose,
has been reported to increase within the first few weeks
after a burn [37, 45, 103]. Similarly, C-peptide, a peptide
cleaved from proinsulin during the production of insulin
[104], has also been reported to increase post-burn in children
[43], suggesting that burn injury stimulated the production
of insulin. Insulin has otherwise been reported to remain
within normal limits immediately following a burn [95], with
a delayed elevation at 6 months post-burn lasting for up
to 3 years post-burn [43]. These results may be due to the
time points selected for the studies. Fleming et al. (1992) col-
lected blood between 2 and 3 weeks post-burn and Gauglitz
et al. (2009) collated their data as mean abundance over 1
month periods, potentially resulting in the authors missing
the insulin increase following a burn or skewing the data [43,
95]. Additionally, Gauglitz et al. (2009) recruited obese or
potentially diabetic children without burns as controls, which
may not reflect a true healthy population [43]. Although,
some studies have observed elevated levels of insulin per-
sisting for months after the burn injury [37, 45]. In fact,
Fram et al. (2010) reported elevated levels of insulin at the
time of 95% re-epithelialization, which was 67.9 + 15 days
post-burn [105]. Furthermore, C-peptide has been reported
to remain elevated for as long as 3 years post-burn [43]. As
insulin enables cells to absorb glucose, it follows that any
increase in insulin will correspond with a decrease in serum
glucose. In general, fasting serum glucose in children with
burns is elevated immediately post-burn [43, 45,95, 105] and
can remain elevated for up to 60 days post-burn [37] or until
the burn has reached 95 % re-epithelialization (67.9 £ 15 days
post-burn) [105]. Serum glucose then decreases over time [45,
103]. Gauglitz et al. (2009) reported that glucose returns to
normal around 6 months post-burn [43]. Derangement in glu-
cose homeostasis is evident following burn injury as glucose
levels increase and decrease irrespective of insulin control,
potentially leading to profound insulin resistance [45].

FFA and triglycerides are also affected by thermal injury
and as a result have been investigated in paediatric burns.
FFA increase following a burn injury and remain elevated for
up to 5 days post-burn [40]. One study observed increased
levels of FFA for up to 34 days post-burn [37], whereas a
separate study found at 2 to 3 weeks post-burn, FFA were
within normal limits [95]. These conflicting results are most
likely due to the reported normal limits, as Fleming et al.
(1992) reported normal values between 0.19-0.9 mEq/L [95]
whereas Jeschke et al. (2004) reported normal values as 0.3
pEg/L [40]. Furthermore, another study by Jeschke et al.
(2008a) reported normal values as 0.4 ng/mL [37]. The incon-
sistencies between reported normal values may be due to the
specific characteristics of the control population, particularly
the weight of the participants. However, weight or BMI are
not reported by every study, which makes it very difficult to
accurately compare these results. Increased levels of FFA in

children with burns have been associated with elevated levels
of a2-macroglobulin [106]. Furthermore, it has been reported
that females exhibit significantly lower FFA after 21 days
post-burn [68]. This is concordant with previous reports that
suggest oestrogen has an effect on lipolysis and blood levels
of FFA [107]. Triglycerides (TG) have also been reported to
increase following a burn. Initial studies reported a delayed
increase in serum TGs occurring at 10 days post-burn [40],
whereas a more recent study observed immediate increases in
TGs [37]. Both studies reported that TGs remained elevated
for at least 2 months post-burn. High levels of TG in children
with burns have been accompanied by increased levels of
CRP, retinol binding protein and complement C3, compared
with children with burns who had normal levels of TG [106].

T3 and T4 are thyroid hormones that are involved in
the maintenance of metabolic processes in the body [108].
Both hormones have been reported to decrease immediately
after a burn [103], then increase over time [109]. T4 (the
less biologically active precursor to T3) has been reported
to remain decreased for up to 60 days post-burn [37]. T3
is produced in the periphery by enzymatic cleavage of its
precursor [110] and has been reported to remain lower than
normal for up to 4 weeks post-burn [103]. Interestingly,
females have been observed to have higher levels of T4 at
12 months post-burn, compared with males [109].

Other regulatory markers Biomarkers associated with several
different homeostatic mechanisms have been investigated in
children with burns, including proteins involved in blood
transport, calcium and cholesterol homeostasis.

Constitutive hepatic proteins,
including albumin, prealbumin, transferrin and retinol

Constitutive hepatic proteins

binding protein (RBP) are blood transport proteins that
are important for maintaining homeostatic processes [111].
Under stressful and inflammatory conditions, including
following burn injury, constitutive protein synthesis is
downregulated to allow for the upregulation of acute phase
proteins by the liver [111-113]. Albumin, the most abundant
serum protein, is a carrier protein for fatty acids, hormones,
drugs and metabolites [114], and has been reported at
reduced levels at the time of admission [115], at 3 weeks
post-burn [41], and for up to 3 years after burn injury
[38]. Prealbumin, another serum protein, is significantly
reduced following burn injury in children [37, 103]. One
study reported decreased levels of prealbumin for up to
80 days post-burn [40]. Interestingly, males have a more
profound decrease in prealbumin after burn injury than
females [68]. Prealbumin is primarily a carrier protein
[116] that is regulated by the acute phase response as
well as neuroendocrine changes, and has a gender-specific
response to trauma [117]. Transferrin, a free peptide that is
primarily involved in iron metabolism through binding iron
and transporting it between sites of absorption, utilization,
storage and degradation [118], has been observed to be
decreased within the first 2 weeks after injury [103]. Belmonte
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et al. (1999) reported that during the first 48-72 hours
(acute stress phase), transferrin was significantly lower than
during the recovery phase (17.8 = 7.4 days post-burn) [47].
Conversely, several studies by Jeschke et al. (2008, 2004 and
2011) have observed decreased serum levels of transferrin for
up to 60 days [37], 80 days [40] and 3 months post-burn [38].
Age related differences in abundance have been observed
whereby prepubescent children (4-9.9 years) exhibited
significantly higher transferrin levels than adolescents (10—
18 years) [48]. Retinol binding protein decreases following a
burn, thereby reducing its normal action to transport Vitamin
A [119] and potentially influencing insulin resistance [120].
Jeschke et al. (2004) and Gottschlich et al. (2002) have
reported decreased levels for up to 2 weeks post-burn [40,
103], whereas Jeschke et al. (2008a) reported reduced levels
for up to 60 days post-burn [37]. Interestingly, children with
burns who exhibited high RBP have also been observed to
have significantly increased levels of IL-6, IL-8, MCP-1,
osteocalcin, prealbumin, and triglycerides compared with
children with burns who exhibited low RBP [121]. This
suggests that RBP may also play a role in inflammation,
bone catabolism and lipolysis.

In burns, parathyroid hormone (PTH)
and osteocalcin have been reported to be reduced for up

Calcium homeostasis

to 3 years and 270 days post-burn, respectively [37, 38].
PTH is an endocrine regulator of calcium homeostasis [122]
and osteocalcin is a protein hormone secreted by osteoblasts
that has a role in regulating bone matrix mineralization
[123]. Decline in the production of these hormones may be
responsible for the increased risk of bone fracture and stunted
growth that has been reported following burns in children
[124].

Cholesterol homeostasis Apolipoproteins are transport pro-
teins for cholesterol and lipids [125] and apolipoprotein
A1 is specifically involved in high-density lipoprotein struc-
ture and cholesterol homeostasis [126]. In paediatric burns,
apolipoprotein A1 has been reported to decrease in response
to a burn, and remain reduced for up to 60 days post-burn
[37]. Apolipoprotein B, which is involved in the formation
and metabolism of low-density lipoproteins [127], has been
reported to decrease immediately following a burn, remaining
low for up to 7 days post-burn. This decrease is then followed
by a significant increase around 3 weeks post-burn [37] where
it remains higher than normal for up to 3 months post-
burn [38]. Interestingly, in children with burns who exhibited
increased levels of FFA and TG, apolipoprotein B levels were
also observed to be elevated [106].

Biomarkers for evaluating stress

Burn injuries are a complex form of trauma as they consist
of both a physical trauma (i.e. the burn) and a psycholog-
ical trauma (as reviewed by De Sousa (2010) [128]). Early
identification of stress and trauma in children with burns
is of great importance, as increased stress experienced by a
child in the initial stages can predispose them to more severe

psychological issues later in life [129]. A study investigating
the incidence of adverse psychological outcomes in adults
with a history of childhood burns has confirmed that burn-
related stress in childhood can result in the development of
suicidal ideation, anxiety disorders and depressive disorders
[130]. Stoddard et al. (2017) found that in a population of
children younger than 4 years who sustained a burn, 10% met
full diagnostic criteria for PTSD just 1 month after the injury
and another 27% met partial diagnostic criteria for PTSD
[131]. Through monitoring of biological markers to identify
stress early, interventions may be put in place to ameliorate
effects into the future.

The stress response can be divided into two pathways: the
sympathetic-adrenomedullary (SAM) axis and the hypothala-
mic—pituitary—adrenal (HPA) axis [132] (Figure 2). Different
mechanisms of action are utilized by each axis and markers
involved in both pathways have been investigated in paedi-
atric burns (Tables 4 and 5).

Sympathetic-adrenomedullary axis SAM axis activation uti-
lizes neural circuitry and catecholamines to rapidly affect
physiology [133]. Sympathetic innervation of the adrenal
medulla stimulates synthesis and release of catecholamines
into the blood, where they can be transported throughout the
body to elicit the stress response [133].

Catecholamines (Adrenaline, Noradrenaline and Dopamine) Cat-
echolamines are hormonal neurotransmitters produced in the
adrenal medulla that play a major role in the SAM axis of the
stress response. Specific catecholamines, such as adrenaline
(epinephrine), noradrenaline (NA; norepinephrine) and
dopamine, have been used within medical research as
indicators of stress and, in general, increased concentrations
of total catecholamines have been observed in children with
burns [95, 134] (Table 4).

Adrenaline represents 80% of the catecholamines secreted
by the adrenal medulla in humans [133]. Several studies have
reported that adrenaline increased after a burn injury in the
paediatric population [22, 24, 38]; however, one study per-
formed by Gottschlich et al. (2002) reported serum adrenaline
levels to be within normal limits [103]. Urinary levels of
adrenaline have been reported to increase up to 10-fold
following a burn [43], and remain elevated up to 250 days
post-burn [45], whereas serum adrenaline levels have been
reported to stay elevated up to 3 weeks post-burn [95].

NA has generally been observed to increase in children
with burns [38, 95, 103]; however, there is conflicting
evidence regarding how long NA remains elevated after a
burn. Sedowofia et al. (1998) reported elevated levels of
NA in blood at admission that returned to normal levels
after 6 hours [22]. Conversely, in a study performed by Kulp
et al. (2010), urinary NA was elevated in children for up
to 2 years after discharge from the hospital [24]. Urinary
NA has been reported to increase up to 4-fold following
a burn, returning to normal between 2 and 6 months
post-burn [43].



Table 4. Summary of reported abundances for biomarkers involved in the sympathetic adrenal medullary axis in children with burns

Reference Source Reported normal limits Abundance in children with burns Age range Time frame Population
TBSA (%)
Adrenaline
Fleming et al. (1992) [95] Blood <50 pg/mL Elevated 147 pg/mL £ 36 11.1 years £1.4 2 to 3 weeks post-burn 67+ 67
Gottschlich ez al. (2002) [103] Blood 10-200 pg/mL Within normal limits 81-182 pg/mL Children >3 years For up to 4 weeks post-burn 53.2+3.4°
Sedowofia et al. (1998) [22] Blood 0.3-0.8 nmol/l Elevated 1.3-6.4 nmol/l 5 months-12 years Up to 108 hours after 20.54+2.72
5 months admission
Jeschke et al. (2012a) [45] Urine (in 10 pg/day’ Elevated 25-115 pg/dayt 0-18 years Between 11 and 250 days 64 +12°
24 hours) post-burn
Gauglitz et al. (2009) [43] Urine (in 10 pg/day’ Elevated 50-70 pg/day® 0-18 years At least 2 months post-burn 57.9414.7°
24 hours)
Kulp et al. (2010) [24] Urine (in 10 pg/day’ Elevated 38-65 pg/day’ 8 years £5 Up to 60 days post-burn 59+172
24 hours)
Norbury ez al. (2008) [23] Urine (in 8 pg/24 ht Elevated 12-25 pg/day® 9.5 £5.1 (males) Up to 100 days post-burn 58.7+16.9
24 hours) 6.7 4.8 (females) (males)?
56.8+14.9
(females)?
Jeschke et al. (2011) [38] Urine 10 pg/day’ Elevated 38-42 pg/day’ 7.5 +5.3 years Up to 60 days post-burn 504200
Noradrenaline
Gottschlich et al. (2002) [103] Blood 80-520 pg/mL Elevated 763-914 pg/mL Children >3 years Up to 2 weeks post-burn 53.2+3.42
Sedowofia et al. (1998) [22] Blood Not Reported Elevated 2.3 nmol/l 5 months-12 years Up to 6 hours after admission 20.5+2.72
5 months
Fleming et al. (1992) [95] Blood 110-410 pg/mL Elevated 867 pg/mL £+ 113 11.1 years +£1.4 2 to 3 weeks post-burn 67 +6°
Gauglitz et al. (2009) [43] Urine (in 40 pg/dayt Elevated 110-170 pg/dayt 0-18 years At least 2 months post-burn 57.94+14.7°
24 hours)
Jeschke ez al. (2012b) [134] Urine 10 pg/day’ Elevated 50-150 pg/dayt 9+1 years Up to 60 days post-burn 57432
Kulp et al. (2010) [24] Urine (in 15 pg/dayt Elevated 20-170 pg/dayt 8 years £5 Up to 2 years post-burn 59+172
24 hours)
Norbury ez al. (2008) [23] Urine (in 28 pg/24 ht Elevated 81-110 pg/dayt 9.5 £5.1 (males) Up to 100 days post-burn 58.7+16.9
24 hours) 6.7 4.8 (females) (males)?
56.8+14.9
(females)?
Jeschke et al. (2011) [38] Urine 10 pg/day’ Elevated 25-105 pg/dayt 7.5 +£5.3 years Up to 540 days post-burn 504200
Dopamine
Sedowofia et al. (1998) [22] Blood Not reported Elevated 2.4 nmol/l 5 months-12 years At 60 hours post-admission 20.54+2.72
5 months
Gottschlich et al. (2002) [103] Blood 0-20 pg/mL Elevated 371-4145 pg/mL Children >3 years Up to 4 weeks post-burn 53.2+3.42
Kulp ez al. (2010) [24] Urine (in 375 pg/dayt Reduced 150-205 pg/day® 8 years £5 Up to 90 days post-burn 59+172
24 hours)

tData derived from graph, ?Data presented as mean & SEM, "Data presented as mean + SD

TBSA total body surface area
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Table 5. Summary of reported abundances for biomarkers involved in the hypothalamic pituitary adrenal axis in children with burns

Reference Source Reported normal limits Abundance in burns Age range Time frame Population TBSA (%)
AVP
Palmieri et al. (2006) [115] Blood <2 pg/mL Within normal limits 0-17 years Admission to 8 weeks 41.8+3.8°
2.2+0.9 pg/mL post-burn
Sedowofia et al. (1998) [22] Blood Not reported Elevated 7.1-18.3 pmol/L 5 months-13 years Admission to 18 hours, 20.54+2.72
post-admission
ACTH
Palmieri et al. (2006) [115] Blood 3-50 ng/dL Within normal limits 0-17 years Admission to 8 weeks 41.8+3.8°
15.1+6.9 ng/dL post-burn
Cortisol
Palmieri et al. (2006) [115] Blood 5-20 pg/dl Within normal limits 0-17 years 2 months post-burn 41.8+3.8*
14.1+4.6 pg/dl
Sedowofia et al. (1998) [22] Blood Not reported Elevated 221.6-650.6 nmol/L 5 months-13 years For up to 24 hours post-burn 20.5+2.7°
Fleming et al. (1992) [95] Blood 7-27 milligram/dL Within normal limits 21.3 4+ 1.6 Mean age of At mean of 12.6 days 67+ 6%
milligram/dL 11.1 years post-burn
Gottschlich et al. (2002) [103] Blood 4-28 pg/dL Elevated 24.1 +2 pg/mL Children >3 years Up to 4 weeks post-burn 532434
Jeschke et al. (2008a) [37] Blood 17.5 ng/mLt Elevated 20-24.5 ng/mLt 8.0£0.2 years Up to 22 days post-burn 56+0.32
Jeschke ez al. (2011) [38] Blood 10 g/dLt Elevated 20-43 g/dLt 7.5 +5.3 years Up to 1100 days post-burn 50420P
Jeschke et al. (2008a) [37] Urine 90 ng/mLt Elevated 170-350 ng/mLt 8.0+0.2 years Up to 60 days post-burn 564+0.32
Jeschke et al. (2012a) [45] Urine (in 5-21 pg/24 hours Elevated 163 £ 56 pg/24 hours 0-18 years Until 250 days post-burn 64+12°
24 hours)
Jeschke et al. (2008b) [48] Urine (in Not reported Elevated 185-430 pg/day® 0-18 years Immediately after burn >40°
24 hours)
Klein et al. (1995) [41] Urine (in 8-47 mg/24 hours Elevated 395 + 284 mg/24 hours 5.8-17.5 years 3 weeks post-burn 63+16°
24 hours)
Gauglitz et al. (2009) [43] Urine (in 38 pg/dayt Elevated 139 + 11 pg/24 hours 0-18 years 3 years post-burn 57.9+14.7
24 hours)
Jeschke et al. (2012b) [134] Urine (in Not reported Elevated 80-300 pg/dayt Mean age 9 years 60 days post-burn 64+122
24 hours)
Norbury ez al. (2008) [23] Urine (in 10-70 pg/24 hours’ Elevated 145-284 pg/day® 9.5+ 5.1 (males) Up to 100 days post-burn 58.7+£16.9 (males)?
24 hours) 6.7 £ 4.8 (females) 56.8 £14.9 (females)?
Jeschke ez al. (2011) [38] Urine 25 pg/dayt Elevated 75-175 pg/dayt 7.5 £5.3 years Up to 1100 days post-burn 50+20°
Klein et al. (2004) Urine Maximum 50 pg/day Elevated 371 + 147 pg/day 7-18 years Not recorded >40°
DHEA-S
Palmieri et al. (2006) [115] Blood 10-140 pg/dL Within normal limits 0-17 years From admission to 8 weeks 41.8+3.8°

102.8 +_32.3 pg/dL

post-burn

tData derived from graph, *Data presented as mean & SEM, "Data presented as mean + SD, “Data presented as minimum value

TBSA total body surface area, AVP arginine vasopressin, DHEA-S dehydroepiandrosterone sulphate
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Figure 2. The sympathetic adrenal medullary axis and the hypothalamic pituitary adrenal axis are both altered following burn injury in children. ‘+' indicates
stimulatory pathways; ‘~’ indicates inhibitory pathways. Image created with BioRender.com. ACTH adrenocorticotrophic hormone, CRH corticotrophin-releasing

hormone, AVP arginine vasopressin

Dopamine, the precursor to NA, has been evaluated in
children with burns; however, the results are conflicting.
One study reported that urinary dopamine was significantly
reduced for up to 90 days post-burn in children [24], whereas
another study found that serum dopamine was elevated for
the first 4 weeks post-burn [103]. Discrepancies may be due
to the sampling method as Kulp et al. (2010) evaluated total
urinary dopamine in 24 hours [24], whereas Gottschlich
et al. (2002) evaluated a single time point blood sample
[103]. In a study of the first 108 hours post-burn, dopamine
levels were observed to fluctuate between 0.05 nmol/L and
18.8 nmol/L [22]. Consistent sampling techniques should be
used to elucidate accurate information regarding dopamine
response after a burn in children. Levels of both NA and
dopamine have been positively correlated with burn size in
children aged up to 11 years 2 months [135]. Interestingly,
no such relationship was observed between adrenaline and
TBSA. Some studies have reported that catecholamines are
higher in males than in females after a burn [68]. However,
discordant results have been reported for dopamine and
adrenaline, with no statistically significant difference detected
in these markers between males and females with burns [68].
It would be beneficial to identify whether other characteristics

influence catecholamine response to burns such as age, burn
depth or burn mechanism.

Although these are commonly used markers of stress in the
paediatric burn population, there is little consensus on what
is considered a normal range for these markers. This makes it
difficult to consolidate information from different studies and
evaluate their diagnostic or prognostic utility. Additionally,
these markers are influenced by numerous environmental
cues and stressors, meaning that they are not specific to
burn-related stress and it may be difficult to use them diag-
nostically for stress in burns. Conversely, it may not be wise
to discount these markers, as any stress being experienced by
a child should be treated, irrespective of the cause.

Salivary Alpha-amylase Alpha-amylase is a salivary enzyme
that has been used previously to evaluate stress, as it is an
indirect marker of SAM axis activation [136]. In paediatric
burns, only one study has investigated salivary alpha-amylase
(sAA). Brown et al. (2012) evaluated sAA levels in paediatric
outpatients with burns <15% TBSA. It was observed that
over the course of a single dressing change, sAA increased.
Furthermore, when sAA levels were evaluated over the course
of three dressing changes as healing progressed, sAA was

observed to elevate at each subsequent dressing change [7].
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This suggests that anticipatory stress may increase over the
course of treatment. Alpha-amylase could have great poten-
tial for analysing stress in children, as saliva is a non-invasive
biological tissue to collect [137, 138]; however, additional
research is required to determine its efficacy in identifying
stress in a paediatric burn population.

Hypothalamic—pituitary-adrenal Axis The HPA axis is the
secondary molecular pathway responsible for the stress
response that provides long-lasting physiological changes
[133] (Figure 2). The hypothalamus produces oxytocin,
corticotrophin-releasing hormone (CRH) and arginine
vasopressin (AVP) which signal the anterior pituitary gland
to secrete adrenocorticotrophic hormone (ACTH) into the
blood. This stimulates the adrenal cortex to produce cortisol,
which acts on various tissues in the body, causing the
physiological changes associated with the stress response,
such as increased heart rate [139].

In the context of paediatric burns, CRH, AVP and ACTH
have not been extensively investigated. One study, performed
by Sedowofia et al. (1998) observed an increase in AVP in
the blood of children with burns at the time of admission
that remained elevated for up to 18 hours post-burn, before
returning to normal [22]. Furthermore, Smith et al. (1997)
observed that the serum level of AVP at admission was
positively correlated with the size of the burn [135], whereas
another study reported that serum AVP remained within
normal limits in the 8 weeks following >20% TBSA burns in
children [115]. In the same study, ACTH was also reported to
remain within normal limits for the extent of the study period.
To our knowledge, CRH levels have not been evaluated in a
paediatric population after burn injury.

Cortisol  Cortisol is the end-product of the HPA axis and is
therefore the most discussed and widely accepted marker for
the detection and evaluation of stress. Within the paediatric
burns population, cortisol has most commonly been evalu-
ated in blood [115] and urine [23]; however, it has also been
detected in saliva [7] (Table 5).In children with burns, urinary
cortisol levels have consistently been observed to increase
following burn injury [41, 48, 74]. In some studies, urinary
cortisol has been observed to remain elevated for months
[45, 134] and even years [38, 43] after the burn occurred.
Similarly, blood cortisol levels have been observed to either
increase [22, 103] or remain within normal limits [95, 115].
Contrary to this, a study that evaluated cortisol levels in
the saliva of children with burns observed an acute decrease
in cortisol levels after dressing changes [7]. In that study,
saliva samples were collected during morning outpatient burn
clinics, when cortisol levels naturally decrease. Sampling time
is a crucially important factor when measuring cortisol as
cortisol secretion is subject to circadian influence. Cortisol
levels fluctuate throughout the day [140, 141] generally peak-
ing 40-45 minutes after waking and then steadily decreasing
throughout the day, in a process known as the cortisol awak-
ening response (CAR) [141].

Aside from sampling time, other confounding variables
need to be evaluated. Jeschke et al. (2008b) have shown that

age can impact cortisol levels [48]. Adolescents (aged 10—
18 years) were observed to have significantly higher levels of
24-hour urine cortisol up to 60 days post-burn, compared
with toddlers (aged 0-3.9 years) and prepubertal children
(aged 4-9.9 years). Additionally, gender has been observed
to influence cortisol secretion in children with burns greater
than 40% TBSA, with females displaying significantly lower
levels of 24-hour urinary cortisol for up to 200 days post-
burn [68]. Similarly, Norbury et al. (2008) reported higher
urinary cortisol levels in males following burn injury [23].
Interestingly, an earlier study performed in the same labora-
tory observed no gender-specific differences in blood cortisol
levels at discharge and 6, 9, 12, 18 and 24 month follow-
ups in a similar cohort [109]. This suggests that the source
of cortisol (e.g. blood or urine) is an important experimental
condition that needs to be considered. Finally, an unfamiliar
setting such as a hospital may also influence cortisol levels
and should be considered.

Dehydroepiandrosterone (DHEA) and dehydroepiandros-
terone sulphate (DHEA-S) are steroids produced by the
adrenal glands in response to ACTH stimulation, like cortisol.
Only one study has evaluated the response of DHEA/-S to
burn injury in a paediatric population, and those authors
reported that admission levels of DHEA-S were within
normal limits [115].

Limitations and future research

Many potential biomarkers have been identified that change
in response to burn injury in children, however, further
research is needed to comprehensively understand the
underlying biology of paediatric burns, identify markers
suitable for clinical use and translate these findings into
diagnostic or prognostic tools to implement for rapid patient
management. Currently, there are several caveats within the
literature that are limiting biomarker translational progress.

Much of the research aims to determine the longitudi-
nal changes in biology following burn injury. While some
studies focus more on acute phase healing, others are inter-
ested in long-term changes. Biological responses during both
phases are important; however, it can be difficult to con-
solidate the findings of these studies. Acute phase healing
studies have narrower time points (often daily), whereas long-
term studies have much wider time points (up to 1 month).
When trying to identify changes in biological response, having
such temporally distinct time points can make it difficult to
compare studies, as some studies are less sensitive to the
acute changes.

Some biomarkers, such as GH or cortisol, are regulated
by circadian rhythm and therefore have a distinct pattern
of fluctuation. This fluctuation can create inaccuracies when
utilizing dynamic samples such as blood, urine or saliva as
they only provide transient information on concentrations.
Difficulties can arise when trying to analyse these markers if
there are variations in the times that samples were collected.
As such, additional care is needed when evaluating these
markers, and the time of sample collection needs to be clearly
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defined. As a result, baseline concentration of these markers
is difficult to assess, and often multiple samples need to be
collected over the course of the day [142]. For example,
as cortisol peaks between 30-45 minutes after waking, the
peak cortisol production can be measured by taking multiple
samples within the first hour after waking.

Several studies report transient elevations of stress markers
in children who have suffered a burn injury; however, there is
a lack of psychological assessments used in paediatric burns
literature to evaluate whether stress experienced by children
with burns is directly related to the biomarkers identified.
Consequently, it remains unclear how these markers correlate
to psychological impairment in paediatric burn patients. As
fluctuations in stress marker production does not always lead
to psychological disorders, it is important to understand why
some children develop psychological issues following a burn,
while other children do not. Future research should focus
on psychological testing alongside biomarker evaluation to
determine how fluctuations of stress markers correlate with
adverse psychological outcomes and to enable identification
of children at risk. Additionally, genetic and epigenetic mark-
ers could explain the fluctuations in stress markers observed
between children, and why only some children will develop
PTSD. Future biomarker research should incorporate studies
of patient DNA to explore these mechanisms.

Issues relating to study design impact upon the ability
to compare previous research. First, there is significant
variation in reported normal/control ranges for most of the
markers, as studies source their ‘normal’ levels from different
populations. Some studies use normal values obtained
from the hospital where the study took place, while other
studies have a control cohort that they test alongside their
patient cohort. It is assumed that the control cohort is a
reflection of the patient cohort, minus the ailment being
studied, meaning that certain characteristics should not
significantly differ between the two cohorts (such as age,
gender, ethnicity, etc.). However, this is not always the case
and can distort the results of the study if not accounted for.
Within the literature reviewed here, the control cohort often
includes children undergoing non-burn-related surgery (such
as elective surgeries for orthopaedic corrections [41], plastic
surgery [21] or inguinal hernia repair [82]). Other studies
omit the normal values that they used [40]. Additionally,
studies reporting similar normal values can differ by up to
three orders of magnitude [36, 37]. This issue is not specific
to paediatric burns research, as even studies that are primarily
designed to assess values of specific markers in healthy
children, particularly cytokines, are discordant [143, 144].

Many studies report biological changes that occur in
severe paediatric burns. Severity can be measured using
several different characteristics (such as whether surgery or
grafting is required, or if the patient requires admission);
however, the information provided in each of the studies
varies, making it difficult to classify severity in the same
way across all studies. One measure of severity that is often
presented in all studies is the size of the burn. Unfortunately,

the threshold whereby burns are considered severe is not
consistent within the literature. Most commonly, >40%
surface area is considered severe; however, Gottschlich et al.
(2002) included patients with TBSA as low as 25% [103].
Conversely, Gore et al. (2001) considered burns of >60%
TBSA as severe [145]. Only one study specified burn depth
in conjunction with TBSA as an inclusion criteria for their
study on severe burns [36]. A standardized definition of
‘severe’ (including different categorical classifications of
burns that directly reflect the biology, i.e. TBSA, depth, etc.) is
required, otherwise comparability of the studies will become
unnecessarily complex.

The primary biological tissue used to evaluate biomark-
ers in paediatric burns is blood. For hospitalized patients,
blood may be a valuable source of biomarkers; however, the
invasive nature of blood collection prevents it from being a
useful prognostic medium for patients who are being treated
without needing to be cannulated or undergo surgery. In an
outpatient setting, where most paediatric burn injuries are
treated [146], it is difficult to collect blood from children
and would therefore render any blood test unusable. In terms
of the psychological impact, it is known that blood tests
cause distress in children [147]. This poses the question, is
blood the best medium for diagnostic tests in children? It
is somewhat surprising that more studies have not focused
on using more child-friendly biosamples. There is substantial
research that uses children’s urine as a diagnostic sample;
however, this is most commonly only to measure stress-
related markers. Only one study, that of Kulp et al. (2010),
evaluated urine inflammatory cytokines [24]. In addition
to investigating blood-based biomarkers for paediatric burn
treatment, future studies should also focus on expanding the
use of additional non-invasive biosamples such as urine and
saliva [137, 138, 148]. In doing so, our understanding of the
expression and abundance of the already identified markers
would be improved. This will undoubtedly require substantial
research as markers identified in blood may have different
abundance profiles in other bodily fluids [149].

Various methods were used to measure different markers,
including ELISA [80], high-performance liquid chromatogra-
phy-tandem mass spectrometry [7], nephelometry [40, 150],
radioimmunoassay [41, 95, 150], high-performance liquid
chromatography [22,41, 43], and surface plasmon resonance
imaging [76]. Many of the studies that quantified cytokines
utilized the Bio-Rad Bio-Plex Suspension Assay and this
resulted in similar results for these cytokines across studies.
In comparison, other studies that utilized methods such as
ELISA, detected cytokines at a much lower concentration.

Another factor that limits the comparability of studies
is that many do not provide adequate information about
their study population including the ethnicity or gender of
the cohort, mechanism of burn, or the burn depth. All these
factors could potentially influence the biological response,
some of which have already been documented [65]. In moving
forward, consistent reporting of normal values, burn classifi-
cations, sampling techniques and analysis methods need to
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be used to elucidate useful information regarding biomarker
response after a burn injury in children.

Much of the research reported in the paediatric burns
literature consists of targeted or directed quantification of
biomarkers, where specific biomarkers are prospectively
targeted for study or measurement. Although this is
important for understanding their individual response to
burn injury, additional discovery-type studies should be
performed to identify other potential biomarkers influenced
by burn injury that may not be as intuitive. In doing
so, the underlying biological implications of burn injury
could be more comprehensively evaluated. Furthermore,
studies already performed in adults should be replicated
in children to identify the similarities in response to
burn injury.

While many biomarkers have been investigated in chil-
dren’s burns, knowledge of the synergistic and antagonis-
tic interactions of the identified biomarkers is incomplete.
Understanding biomarker interactions is necessary to develop
meaningful diagnostic and prognostic tests. Some markers
discussed in this review significantly alter or control the
expression of other markers, which makes it difficult to single
out individual markers for clinical use. However, this could be
rectified by utilizing panels of biomarkers for clinical analysis
rather than individual biomarkers. This potentially allows for
the development of a more robust method of evaluating burn
injury. Obviously, this requires far more research to identify
and validate any biomarker panels that may be of diagnostic
or prognostic use.

Conclusions

Research conducted within the paediatric burn space has
the potential to make a significant impact on the lives of
children affected by burn injuries. Although there is a large
amount of research surrounding the biological response
to burns, additional research is still required to translate
this knowledge into clinically relevant diagnostic tests. It is
important that in the future, research is conducted in a way
that will allow for comparisons to be made between studies,
to create a thorough understanding of the biological response
to burn injury in paediatric patients. Only when we have this
understanding will clinical translation be possible. Through
understanding these healing processes and identifying such
biomarkers, burn treatment could be improved to provide
more personalized care and better management of stress and
pain during treatment.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Availability of data and materials

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Acknowledgements

M.C. is supported by the Australian Government Research Training
Program (RTP) Stipend. C.P. is funded by the National Institute of
Health (NIH), Cancer Australia (APP1145657) and the Garnett Passé
and Rodney Williams Foundation. L.C. is the recipient of a National
Health and Medical Research Council Fellowship (APP1130862),
funded by the Australian Government.

Funding
Not applicable.

Authors’ contributions

M.C. was involved in designing the scope of the review, defining
the literature search, critical analysis of the literature and writing
the manuscript. L.C. was involved in designing the scope of the
review and critical analysis of the literature. All authors critically
reviewed the manuscript and have approved the publication of this
final version of the manuscript.

References

1.  Sharma RK, Parashar A. Special considerations in paediatric
burn patients. IndianIndian | Plast Surg 2010;43:543-50.

2.  Dodd AR, Nelson-Mooney K, Greenhalgh DG, Beckett LA, Li
Y, Palmieri TL. The effect of hand burns on quality of life in
children. ] Burn Care Res 2010;31:414-22.

3. Yan J, Hill WF, Rehou S, Pinto R, Shahrokhi S, Jeschke
MG. Sepsis criteria versus clinical diagnosis of sepsis in
burn patients: a validation of current sepsis scores. Surgery
2018;164:1241-S5.

4.  Klein GL, Herndon DN, Le PT, Andersen CR, Benjamin D,
Rosen CJ. The effect of burn on serum concentrations of
sclerostin and FGF23. Burns 2015;41:1532-5.

5. Lucas VS. Psychological stress and wound healing in humans:
what we know. Wounds 2011;23:76-83.

6.  Walburn J, Vedhara K, Hankins M, Rixon L, Weinman J.
Psychological stress and wound healing in humans: a systematic
review and meta-analysis. | Psychosom Res 2009;67:253-71.

7. Brown NJ, Kimble RM, Rodger S, Ware RS, McWhinney BC,
Ungerer JP, et al. Biological markers of stress in pediatric acute
burn injury. Burns 2014;40:887-95.

8. Kenardy JA, Spence SH, Macleod AC. Screening for post-
traumatic stress disorder in children after accidental injury.
Pediatrics 2006;118:1002-9.

9. Van Loey NE, Hofland HWC, Vlig M, Vandermeulen E, Rose
T, Beelen RHJ, et al. Associations between traumatic stress
symptoms, pain and bio-active components in burn wounds.
Psychoneuroendocrinology 2018;96:1-5.



Burns & Trauma, 2021, Vol. 9, tkaa049

23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Gee Kee E, Kimble RM, Cuttle L, Stockton K. Comparison
of three different dressings for partial thickness burns in chil-
dren: study protocol for a randomised controlled trial. Trials
2013;14:403.

Maskell J, Newcombe P, Martin G, Kimble R. Psychosocial
functioning differences in pediatric burn survivors compared
with healthy norms. ] Burn Care Res 2013;34:465-76.
Robinson H, Norton S, Jarrett P, Broadbent E. The effects
of psychological interventions on wound healing: a sys-
tematic review of randomized trials. Br | Health Psychol
2017;22:805-35.

De Young AC, Hendrikz J, Kenardy JA, Cobham VE, Kim-
ble RM. Prospective evaluation of parent distress following
pediatric burns and identification of risk factors for young
child and parent posttraumatic stress disorder. | Child Adolesc
Psychopharmacol 2014;24:9-17.

De Young AC, Kenardy JA, Cobham VE, Kimble R. Prevalence,
comorbidity and course of trauma reactions in young burn-
injured children. | Child Psychol Psychiatry 2012;53:56—63.
World Health Organization, International Programme on
Chemical Safety. Biomarkers and risk assessment: concepts and
principles / published under the joint sponsorship of the United
Nations environment Programme, the International Labour
Organisation, and the World Health Organization. Geneva:
World Health Organization, 1993.

Strimbu K, Tavel JA. What are biomarkers? Curr Opin HIV
AIDS 2010;5:463-6.

Kundes MF, Kement M. Value of procalcitonin levels as a
predictive biomarker for sepsis in pediatric patients with burn
injuries. Niger | Clin Pract 2019;22:881-4.

Rosanova MT, Tramonti N, Taicz M, Martiren S, Basilico
H, Signorelli C, et al. Assessment of C-reactive protein and
procalcitonin levels to predict infection and mortality in burn
children. Arch Argent Pediatr 2015;113:36-41.

Finnerty CC, Herndon DN, Chinkes DL, Jeschke MG. Serum
cytokine differences in severely burned children with and with-
out sepsis. Shock (Augusta, Ga) 2007;27:4-9.

Abdel-Hafez NM, Saleh Hassan Y, El-Metwally TH. A study
on biomarkers, cytokines, and growth factors in children with
burn injuries. Ann Burns Fire Disasters 2007;20:89-100.
Rorison P, Thomlinson A, Hassan Z, Roberts SA, Ferguson
MW, Shah M. Longitudinal changes in plasma transforming
growth factor beta-1 and post-burn scarring in children. Burns
2010;36:89-96.

Sedowofia K, Barclay C, Quaba A, Smith A, Stephen R, Thom-
son M, et al. The systemic stress response to thermal injury in
children. Clin Endocrinol (Oxf) 1998;49:335-41.

Norbury WB, Herndon DN, Branski LK, Chinkes DL, Jeschke
MG. Urinary cortisol and catecholamine excretion after
burn injury in children. | Clin Endocrinol Metab 2008;93:
1270-S.

Kulp GA, Herndon DN, Lee JO, Suman OE, Jeschke MG.
Extent and magnitude of catecholamine surge in pediatric
burned patients. Shock (Augusta, Ga) 2010;33:369-74.
Tanzer C, Sampson DL, Broadbent JA, Cuttle L, Kempf
M, Kimble RM, et al. Evaluation of haemoglobin in blister
fluid as an indicator of paediatric burn wound depth. Burns
2015;41:1114-21.

Zang T, Broszczak DA, Cuttle L, Broadbent JA, Tanzer C,
Parker TJ. The blister fluid proteome of paediatric burns. |
Proteomics 2016;146:122-32.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Smolle C, Cambiaso-Daniel J, Forbes AA, Wurzer P, Hundesha-
gen G, Branski LK, ez al. Recent trends in burn epidemiology
worldwide: a systematic review. Burns 2017;43:249-57.
Lanziotti VS, P6voa P, Soares M, Silva JRLE, Barbosa AP,
Salluh JIF. Use of biomarkers in pediatric sepsis: literature
review. Rev Bras Ter Intensiva 2016;28:472-82.

Standage SW, Wong HR. Biomarkers for pediatric sepsis and
septic shock. Expert Rev Anti Infect Ther 2011;9:71-9.

Zang T, Broszczak DA, Broadbent JA, Cuttle L, Lu H, Parker
TJ. The biochemistry of blister fluid from pediatric burn
injuries: proteomics and metabolomics aspects. Expert Rev
Proteomics 2016;13:35-53.

Feghali-Bostwick C, Wright TM. Cytokines acute and chronic
inflammation. Front Biosci 1997;2:d12-26.

Gulhar R, Jialal I. Physiology, Acute Phase Reactants. Treasure
Island, FL: StatPearls Publishing, 2020.

Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S,
Franceschi C, et al. Chronic inflammation in the etiology of
disease across the life span. Nat Med 2019;25:1822-32.
Zenobia C, Hajishengallis G. Basic biology and role of
interleukin-17 in immunity and inflammation. Periodontol
2000 2015;69:142-59.

McGeachy M], Cua D], Gaffen SLJI. The IL-17 family of
cytokines in health and disease. Immunity 2019;50:892-906.
Finnerty CC, Herndon DN, Przkora R, Pereira CT, Oliveira
HM, Queiroz DM, et al. Cytokine expression profile over
time in severely burned pediatric patients. Shock (Augusta, Ga)
2006;26:13-9.

Jeschke MG, Chinkes DL, Finnerty CC, Kulp G, Suman OE,
Norbury WB, et al. Pathophysiologic response to severe burn
injury. Ann Surg 2008;248:387-401.

Jeschke MG, Gauglitz GG, Kulp GA, Finnerty CC, Williams
FN, Kraft R, et al. Long-term persistence of the pathophysio-
logic response to severe burn injury. PLoS One 2011;6:¢21245.
Essayan DM, Fox CC, Levi-Schaffer F, Alam R, Rosenwasser
LJ. Biologic activities of IL-1 and its role in human disease. |
Allergy Clin Immunol 1998;102:344-50.

Jeschke MG, Barrow RE, Herndon DN. Extended hyper-
metabolic response of the liver in severely burned pediatric
patients. Arch Surg 2004;139:641-7.

Klein GL, Herndon DN, Goodman WG, Langman CB, Phillips
WA, Dickson IR, et al. Histomorphometric and biochemical
characterization of bone following acute severe burns in chil-
dren. Bone 1995;17:455-60.

Silva LB, Neto APDS, Maia SMAS, Guimardes CDS, Quidute
IL, Carvalho ADAT, et al. The role of TNF-« as a proinflamma-
tory cytokine in pathological processes. Open Dent | 2019;13:
332-8.

Gauglitz GG, Herndon DN, Kulp GA, Meyer W], 3rd, Jeschke
MG. Abnormal insulin sensitivity persists up to three years
in pediatric patients post-burn. J Clin Endocrinol Metab
2009;94:1656-64.

Lasseter HC, Provost AC, Chaby LE, Daskalakis NP, Haas
M, Jeromin A. Cross-platform comparison of highly sensi-
tive immunoassay technologies for cytokine markers: platform
performance in post-traumatic stress disorder and Parkinson’s
disease. Cytokine X 2020;2:100027.

Jeschke MG, Finnerty CC, Herndon DN, Song J, Boehning D,
Tompkins RG, et al. Severe injury is associated with insulin
resistance, endoplasmic reticulum stress response, and unfolded
protein response. Ann Surg 2012;255:370-8.



24

Burns & Trauma, 2021, Vol. 9, tkaa049

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Gabay C. Interleukin-6 and chronic inflammation. Arthritis
Res Ther 2006;8:S3.

Belmonte JA, Ibanez L, Ras MR, Aulesa C, Vinzo J, Iglesias
J, et al. Tron metabolism in burned children. Eur | Pediatr
1999;158:556-9.

Jeschke MG, Norbury WB, Finnerty CC, Mlcak RP, Kulp GA,
Branski LK, ez al. Age differences in inflammatory and hyper-
metabolic postburn responses. Pediatrics 2008;121:497-507.
Sproston NR, Ashworth JJ. Role of C-reactive protein at sites
of inflammation and infection. Front Immunol 2018;9:754.
Kraft R, Herndon DN, Finnerty CC, Cox RA, Song J, Jeschke
MG. Predictive value of IL-8 for sepsis and severe infec-
tions after burn injury: a clinical study. Shock (Augusta, Ga)
2015;43:222-7.

Danesh ], Muir J, Wong YK, Ward M, Gallimore JR, Pepys MB.
Risk factors for coronary heart disease and acute-phase pro-
teins. A population-based study. Eur Heart | 1999;20:954-9.
Guilmeau S, Ducroc R, Bado A. Chapter 169 - Leptin. In: Kastin
AJ (ed). Handbook of Biologically Active Peptides, 2nd edn.
Boston: Academic Press, 2013, 1251-6.

likuni N, Lam QLK, Lu L, Matarese G, La Cava A. Leptin and
inflammation. Curr Immunol Rev 2008;4:70-9.

Saha B, Jyothi Prasanna S, Chandrasekar B, Nandi D. Gene
modulation and immunoregulatory roles of interferon gamma.
Cytokine 2010;50:1-14.

Akdis M, Burgler S, Crameri R, Eiwegger T, Fujita H, Gomez E,
et al. Interleukins, from 1 to 37, and interferon-gamma: recep-
tors, functions, and roles in diseases. | Allergy Clin Immunol
2011;127:701-21.e1-70.

Gee K, Guzzo C, Che Mat NF, Ma W, Kumar A. The IL-12
family of cytokines in infection, inflammation and autoimmune
disorders. Inflamm Allergy Drug Targets 2009;8:40-52.
Koutroulis I, Loscalzo SM, Kratimenos P, Singh S, Weiner E,
Syriopoulou V, et al. Clinical applications of procalcitonin
in pediatrics: an advanced biomarker for inflammation and
infection—can it also be used in trauma? Int Sch Res Notices
2014;2014:286493.

Neely AN, Fowler LA, Kagan R], Warden GD. Procalcitonin
in pediatric burn patients: an early indicator of sepsis? | Burn
Care Rehabil 2004;25:76-80.

Shores DR, Everett AD. Children as biomarker orphans:
progress in the field of pediatric biomarkers. | Pediatr
2018;193:14-20.e31.

Maruna P, Nedelnikova K, Gurlich R. Physiology and genetics
of procalcitonin. Physiol Res 2000;49:S57-61.

Matwiyoff GN, Prahl JD, Miller RJ, Carmichael JJ, Amundson
DE, Seda G, et al. Immune regulation of procalcitonin: a
biomarker and mediator of infection. Inflamm Res 2012;61:
401-9.

Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte
chemoattractant protein-1 (MCP-1): an overview. | Interferon
Cytokine Res 2009;29:313-26.

Bishara N. The use of biomarkers for detection of early- and
late-onset neonatal sepsis. In: Ohls RK, Maheshwari A (eds).
Hematology, Immunology and Infectious Disease: Neonatol-
ogy Questions and Controversies, 2nd edn. Philadelphia: W.B.
Saunders, 2012, 303-15.

Petzelbauer P, Watson CA, Pfau SE, Pober JSIL. 8 and angio-
genesis: evidence that human endothelial cells lack recep-
tors and do not respond to IL-8 in vitro. Cytokine 1995;7:
267-72.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Kraft R, Kulp GA, Herndon DN, Emdad F, Williams FN,
Hawkins HK, et al. Is there a difference in clinical outcomes,
inflammation, and hypermetabolism between scald and flame
burn? Pediatr Crit Care Med 2011;12:e275-81.

Wu J, Xie A, Chen W. Cytokine regulation of immune toler-
ance. Burns & Trauma 2014;2:11-7.

Couper KN, Blount DG, Riley EM. IL-10: the master regulator
of immunity to infection. | Immunol 2008;180:5771.

Jeschke MG, Mlcak RP, Finnerty CC, Norbury WB, Przkora R,
Kulp GA, et al. Gender differences in pediatric burn patients:
does it make a difference? Ann Surg 2008;248:126-36.

de Vries JE. The role of IL-13 and its receptor in
allergy and inflammatory responses. | Allergy Clin Immunol
1998;102:165-9.

Banchereau J, Pascual V, O’Garra A. From IL-2 to IL-37:
the expanding spectrum of anti-inflammatory cytokines. Nat
Immunol 2012;13:925-31.

Risteli J, Niemi S, Kauppila S, Melkko J, Risteli L. Collagen
propeptides as indicators of collagen assembly. Acta Orthop
Scand 1995;66:183-8.

Henriksen K, Karsdal MA. Type I collagen. In: Karsdal MA
(ed). Biochemistry of Collagens, Laminins and Elastin, 2nd
edn. Cambridge, Massachusetts, United States: Academic Press,
2019, 1-12.

Hart SM, Eastell R. Biochemical markers of bone turnover.
Curr Opin Nephrol Hypertens 1999;8:421-7.

Klein GL, Bi LX, Sherrard DJ, Beavan SR, Ireland D, Comp-
ston JE, et al. Evidence supporting a role of glucocorticoids
in short-term bone loss in burned children. Osteoporos Int
2004;15:468-74.

Sand JMB, Genovese F, Gudmann NS, Karsdal MA. Type
IV collagen. In: Karsdal MA (ed). Biochemistry of Collagens,
Laminins and Elastin, 2nd edn. Cambridge, Massachusetts,
United States: Academic Press, 2019, 37-49.

Weremijewicz A, Matuszczak E, Sankiewicz A, Tylicka
M, Tokarzewicz A, Matrix
metalloproteinase-2 and its correlation with basal membrane
components laminin-5 and collagen type IV in paediatric burn
patients measured with surface Plasmon resonance imaging
(SPRI) biosensors. Burns 2018;44:931-40.

Schneider H, Miihle C, Pacho F. Biological function of laminin-
5 and pathogenic impact of its deficiency. Eur | Cell Biol
2007;86:701-17.

Loffek S, Schilling O, Franzke CW. Series "matrix metallo-
proteinases in lung health and disease": biological role of

M, Komarowska et al.

matrix metalloproteinases: a critical balance. Eur Respir |
2011;38:191-208.

Xue M, Jackson CJ. Extracellular matrix reorganization during
wound healing and its impact on abnormal scarring. Adv
Wound Care 2015;4:119-36.

Dasu MR, Spies M, Barrow RE, Herndon DN. Matrix met-
alloproteinases and their tissue inhibitors in severely burned
children. Wound Repair Regen 2003;11:177-80.

Tanaka K. The proteasome: overview of structure and func-
tions. Proc Jpn Acad Ser B Phys Biol Sci 2009;85:12-36.
Matuszczak E, Tylicka M, Debek W, Hermanowicz A,
Ostrowska H. Correlation between circulating proteasome
activity, total protein and C-reactive protein levels following
burn in children. Burns 2014;40:842-7.

Nakamura T, Mizuno S. The discovery of hepatocyte growth
factor (HGF) and its significance for cell biology, life sciences



Burns & Trauma, 2021, Vol. 9, tkaa049

25

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

and clinical medicine. Proc Jpn Acad Ser B Phys Biol Sci
2010;86:588-610.

Sherbet GV. The epidermal growth factor (EGF) family. In:
Sherbet GV (ed). Growth Factors and Their Receptors in Cell
Differentiation, Cancer and Cancer Therapy. London: Elsevier,
2011, 173-98.

Sanjabi S, Zenewicz LA, Kamanaka M, Flavell RA. Anti-
inflammatory and pro-inflammatory roles of TGF-beta, IL-
10, and IL-22 in immunity and autoimmunity. Curr Opin
Pharmacol 2009;9:447-53.

Lifshitz V, Frenkel D. TGF-B. In: Kastin AJ (ed). Handbook of
Biologically Active Peptides, 2nd edn. Boston: Academic Press,
2013, 1647-53.

Aarabi S, Longaker MT, Gurtner GC. Hypertrophic scar for-
mation following burns and trauma: new approaches to treat-
ment. PLoS Med 2007;4:e234.

Tan J, Wu J. Current progress in understanding the molecu-
lar pathogenesis of burn scar contracture. Burns & Trauma
2017;5:14.

Yun Y-R, Won JE, Jeon E, Lee S, Kang W, Jo H, et al. Fibroblast
growth factors: biology, function, and application for tissue
regeneration. | Tissue Eng 2010;2010:218142.

Akita S, Akino K, Imaizumi T, Tanaka K, Anraku K, Yano H,
et al. The quality of pediatric burn scars is improved by early
administration of basic fibroblast growth factor. | Burn Care
Res 2006;27:333-8.

Hayashida K, Fujioka M, Morooka S, Saijo H, Akita S. Effec-
tiveness of basic fibroblast growth factor for pediatric hand
burns. | Tissue Viability 2016;25:220-4.

Prelack K, Dwyer J, Dallal GE, Rand WM, Yu YM, Kehayias
J], et al. Growth deceleration and restoration after serious burn
injury. | Burn Care Res 2007;28:262-8.

Frohman LA. Growth hormone. In: Squire LR (ed). Encyclope-
dia of Neuroscience. Oxford: Academic Press, 2009, 993-8.
Mahan JD, Ayoob R. Growth hormone. In: Singh AK, Williams
GH (eds). Textbook of Nephro-Endocrinology, 2nd edn. Cam-
bridge, Massachusetts, United States: Academic Press, 2018,
259-75.

Fleming RY, Rutan RL, Jahoor F, Barrow RE, Wolfe RR,
Herndon DN. Effect of recombinant human growth hormone
on catabolic hormones and free fatty acids following thermal
injury. | Trauma 1992;32:698-702 discussion -3.

Morris CJ, Aeschbach D, Scheer FAJL. Circadian system, sleep
and endocrinology. Mol Cell Endocrinol 2012;349:91-104.
Meltzer L], Davis KF, Mindell JA. Patient and parent sleep in
a children’s hospital. Pediatr Nurs 2012;38:64-71; quiz 2.
Clemmons DR, Snyder P, Martin K. Physiology of insulin-like
growth factor I, Netherlands: Wolters Kluwer. 2014 [updated
22/10/2019]. Available from: https://www.uptodate.com/conte
nts/physiology-of-insulin-like-growth-factor-1.

Clemmons DR. Metabolic actions of insulin-like growth factor-
I in normal physiology and diabetes. Endocrinol Metab Clin
North Am 2012;41:425-43.

Jeschke MG, Mlcak RP, Finnerty CC, Norbury WB, Gauglitz
GG, Kulp GA, et al. Burn size determines the inflammatory and
hypermetabolic response. Crit Care 2007;11:R90.

Cooke DW, Divall SA, Radovick S. Normal and aberrant
growth in children. In: Melmed S, Polonsky KS, Larsen PR,
Kronenberg HM (eds). Williams Textbook of Endocrinology,
13th edn. Philadelphia: Elsevier, 2016, 964-1073.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Rutan RL, Herndon DN. Growth delay in postburn pediatric
patients. Arch Surg 1990;125:392-5.

Gottschlich MM, Jenkins ME, Mayes T, Khoury J, Kagan RJ,
Warden GD. The 2002 clinical research award. An evaluation
of the safety of early vs delayed enteral support and effects on
clinical, nutritional, and endocrine outcomes after severe burns.
J Burn Care Rebabil 2002;23:401-15.

Wahren J, Ekberg K, Johansson ], Henriksson M, Pramanik A,
Johansson BL, et al. Role of C-peptide in human physiology.
Am | Physiol Endocrinol Metab 2000;278:E759-68.

Fram RY, Cree MG, Wolfe RR, Barr D, Herndon DN. Impaired
glucose tolerance in pediatric burn patients at discharge from
the acute hospital stay. ] Burn Care Res 2010;31:728-33.
Kraft R, Herndon DN, Finnerty CC, Hiyama Y, Jeschke MG.
Association of postburn fatty acids and triglycerides with clin-
ical outcome in severely burned children. J Clin Endocrinol
Metab 2013;98:314-21.

Jensen MD, Martin ML, Cryer PE, Roust LR. Effects of estro-
gen on free fatty acid metabolism in humans. Am | Physiol
1994;266:E914-20.

Furman BL. Thyroxine. In: Reference Module in Biomedical
Sciences. Netherlands: Elsevier; 2017.

Jeschke MG, Przkora R, Suman OE, Finnerty CC, Mlcak RP,
Pereira CT, et al. Sex differences in the long-term outcome after
a severe thermal injury. Shock (Augusta, Ga) 2007;27:461-5.
Abdalla SM, Bianco AC. Defending plasma T3 is a biological
priority. Clin Endocrinol (Oxf) 2014;81:633-41.

Berry R, Gillen P. Metabolic response to stress. In: Marshall W],
Lapsley M, Day AP, Ayling RM (eds). Clinical Biochemistry:
Metabolic and Clinical Aspects, 3rd edn. London: Churchill
Livingstone, 2014, 403-11.

Pupim LB, Martin CJ, Ikizler TA. Assessment of protein and
energy nutritional status. In: Kopple JD, Massry SG, Kalantar-
Zadeh K (eds). Nutritional Management of Renal Disease.
Cambridge, Massachusetts, United States: Academic Press,
2013, 137-58.

Jeschke MG, Lopez ON, Finnerty CC. The hepatic response to
thermal injury. In: Herndon DN (ed). Total Burn Care, 5th edn.
Netherlands: Elsevier, 2018, 259-67.€3.

Barbosa S, Taboada P, Mosquera V. Fibrillation and polymor-
phism of human serum albumin. In: Uversky VN, Lyubchenko
YL (eds). Bio-nanoimaging. Boston: Academic Press, 2014,
345-62.

Palmieri TL, Levine S, Schonfeld-Warden N, O’Mara MS,
Greenhalgh DG. Hypothalamic-pituitary-adrenal axis response
to sustained stress after major burn injury in children. J Burn
Care Res 2006;27:742-8.

Harrison HH, Gordon ED, Nichols WC, Benson MD. Bio-
chemical and clinical characterization of prealbuminHI€AGO;
apparently benign variant of serum prealbumin (transthyretin)
discovered with high-resolution two-dimensional electrophore-
sis. Am | Med Genet 1991;39:442-52.

Houston-Bolze MS, Downing MT, Sayed AM, Meserve LA.
Gender differences in the responses of serum insulin-like

an

growth factor-1 and transthyretin (prealbumin) to trauma. Crit
Care Med 1996;24:1982-7.

MC-M C. Structure and function of transferrin. Biochem Edu-
cation 1984;12:146-54.

Goodman DS. Plasma retinol-binding protein. Ann N Y Acad
Sci. 1980;348:378-90.


https://www.uptodate.com/contents/physiology-of-insulin-like-growth-factor-1
https://www.uptodate.com/contents/physiology-of-insulin-like-growth-factor-1

26

Burns & Trauma, 2021, Vol. 9, tkaa049

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Zabetian-Targhi F, Mahmoudi M], Rezaei N, Mahmoudi
M. Retinol binding protein 4 in relation to diet, inflamma-
tion, immunity, and cardiovascular diseases. Adv Nutrition
2015;6:748-62.

Kraft R, Herndon DN, Kulp GA, Mecott GA, Trentzsch H,
Jeschke MG. Retinol binding protein: marker for insulin resis-
tance and inflammation postburn? JPEN ] Parenter Enteral
Nutr 2011;35:695-703.

Lofrese JJ, Basit H, Lappin SL. Physiology, Parathyroid. Trea-
sure Island, FL: StatPearls, 2020.

Zoch ML, Clemens TL, Riddle RC. New insights into the
biology of osteocalcin. Bone 2016;82:42-9.

Prelack K, Yu YM, Sheridan RL. Nutrition and metabolism in
the rehabilitative phase of recovery in burn children: a review
of clinical and research findings in a speciality pediatric burn
hospital. Burns & Trauma 2015;3:7.

Figueroa DM, Gordon EM, Yao X, Levine S]. Apolipopro-
teins as context-dependent regulators of lung inflammation. In:
Johnston RA, Suratt BT (eds). Mechanisms and Manifestations
of Obesity in Lung Disease. Cambridge, Massachusetts, United
States: Academic Press, 2019, 301-26.

Mangaraj M, Nanda R, Panda S. Apolipoprotein A-I:
a molecule of diverse function. Indian | Clin Biochem
2016;31:253-9.

Fogelstrand P, Borén J. Retention of atherogenic lipoproteins
in the artery wall and its role in atherogenesis. Nutr Metab
Cardiovasc Dis 2012;22:1-7.

De Sousa A. Psychological aspects of paediatric burns (a clinical
review). Ann Burns Fire Disasters 2010;23:155-9.

Carr CP, Martins CMS, Stingel AM, Lemgruber VB, Juruena
ME. The role of early life stress in adult psychiatric disorders:
a systematic review according to childhood trauma subtypes. |
Nerv Ment Dis 2013;201:1007-20.

Goodhew F, Van Hooff M, Sparnon A, Roberts R, Baur J,
Saccone EJ, et al. Psychiatric outcomes amongst adult survivors
of childhood burns. Burns 2014;40:1079-88.

Stoddard FJ, Jr, Sorrentino E, Drake JE, Murphy JM, Kim
AJ, Romo S, et al. Posttraumatic stress disorder diagnosis
in young children with burns. | Burn Care Res 2017;38:
e343-51.

Murison R. The neurobiology of stress. In: al’Absi M, Flaten
MA (eds). Neuroscience of Pain, Stress, and Emotion. San
Diego: Academic Press, 2016, 29-49.

Godoy LD, Rossignoli MT, Delfino-Pereira P, Garcia-Cairasco
N, de Lima Umeoka EH. A comprehensive overview on stress
neurobiology: basic concepts and clinical implications. Front
Behav Neurosci. 2018;12:127.

Jeschke MG, Williams FN, Finnerty CC, Rodriguez NA, Kulp
GA, Ferrando A, et al. The effect of ketoconazole on post-burn
inflammation, hypermetabolism and clinical outcomes. PLoS
Omne 2012;7:¢35465.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Smith A, Barclay C, Quaba A, Sedowofia K, Stephen R, Thomp-
son M, et al. The bigger the burn, the greater the stress. Burns
1997;23:291-4.

Nater UM, La Marca R, Florin L, Moses A, Langhans W,
Koller MM, et al. Stress-induced changes in human salivary
alpha-amylase activity — associations with adrenergic activity.
Psychoneuroendocrinology 2006;31:49-58.

Pfaffe T, Cooper-White J, Beyerlein P, Kostner K, Punyadeera
C. Diagnostic potential of saliva: current state and future
applications. Clin Chem 2011;57:675-87.

Topkas E, Keith P, Dimeski G, Cooper-White ], Punyadeera
C. Evaluation of saliva collection devices for the analysis of
proteins. Clin Chim Acta 2012;413:1066-70.

Morris MC, Hellman N, Abelson JL, Rao U. Cortisol, heart
rate, and blood pressure as early markers of PTSD risk: a sys-
tematic review and meta-analysis. Clin Psychol Rev 2016;49:
79-91.

Levine A, Zagoory-Sharon O, Feldman R, Lewis JG, Weller A.
Measuring cortisol in human psychobiological studies. Physiol
Behav 2007;90:43-53.

Steptoe A, Serwinski B. Cortisol awakening response. In: Fink
G (ed). Stress: Concepts, Cognition, Emotion, and Behavior.
San Diego: Academic Press, 2016, 277-83.

Glover DA, Poland RE. Urinary cortisol and catecholamines
in mothers of child cancer survivors with and without PTSD.
Psychoneuroendocrinology 2002;27:805-19.

Kleiner G, Marcuzzi A, Zanin V, Monasta L, Zauli G. Cytokine
levels in the serum of healthy subjects. Mediators Inflamm
2013;2013:434010.

Sosothikul D, Seksarn P, Lusher JM. Pediatric REFERENCE
values for molecular markers in hemostasis. | Pediatr Hematol
Oncol 2007;29:19-22.

Gore DC, Chinkes D, Heggers J, Herndon DN, Wolf SE, Desai
M. Association of hyperglycemia with increased mortality after
severe burn injury. | Trauma 2001;51:540-4.

Garcia DI, Cina RA, Corrigan C, Howard R, Lesher AP. 67
inter-hospital variation of inpatient versus outpatient pediatric
burn treatment after emergency department evaluation. | Burn
Care Res 2019;40:546.

Duff AJA. Incorporating psychological approaches into routine
paediatric venepuncture. Arch Dis Child 2003;88:931.

Pandit P, Cooper-White J, Punyadeera C. High-yield RNA-
extraction method for saliva. Clin Chem 2013;59:1118-22.
Bel’skaya L, Sarf E, Kosenok V. Age and gender characteristics
of the biochemical composition of saliva: correlations with the
composition of blood plasma. | Oral Biol Craniofacial Res
2020;10:59-65.

Finnerty CC, Ju H, Spratt H, Victor S, Jeschke MG, Hegde
S, et al. Proteomics improves the prediction of burns mortal-
ity: results from regression spline modeling. Clin Transl Sci
2012;5:243-9.



	A review of potential biomarkers for assessing physical and psychological trauma in paediatric burns
	Highlights
	Background
	Paediatric burn biomarker research
	Methodology

	Review
	Biomarkers for evaluating inflammation
	Biomarkers for evaluating tissue repair and/or wound healing
	Biomarkers for evaluating changes to growth and metabolism
	Biomarkers for evaluating stress
	Limitations and future research

	Conclusions
	Ethics approval and consent to participate
	Consent for publication
	Availability of data and materials
	Competing interests
	Funding
	Authors' contributions


