Technische Universitit Miinchen

Fakultat fir Medizin

Klinikum rechts der Isar
Klinik und Poliklinik fiir Plastische Chirurgie und Handchirurgie
(Direktor: Prof. Dr. Hans-Glinther Machens)

Superficial Burns & Secondary Burn-Injury Progression:

A Rat Model for Topical Application of Tissue Protective Agents

Fabian Dominik Weif3

Vollstandiger Abdruck der von der Fakultat fiir Medizin der
Technischen Universitat Miinchen zur Erlangung des akademischen Grades
eines Doktors der Medizinischen Wissenschaften (Dr. med. sci.)

genehmigten Dissertation.

Vorsitzender: apl. Prof. Dr. Klaus-Peter Janssen
Prifer der Dissertation:
1. apl. Prof. Dr. Yves Harder

2. Priv.-Doz. Dr. Alexander Konstantinow

Die Dissertation wurde am 05.03.2020 bei der Technischen Universitat Miinchen

eingereicht und durch die Fakultat fiir Medizin am 07.10.2020 angenommen.






fiir

meine Eltern



II



1 Contents

010 ) 4 U= 1 I11
N 0 ¥ Dot =Y ) 4 U PP A%
T 1= o U= =T c) U £ \Y
4 OVerview Of ADDIEVIAtIONS ....cceeereereeseesreeceseesessenssessees s sesssessssssssssessssssessesssesssessesssessesssessees VI
ST Y0100 0 - | oy VII
5.1 ENGlSH ADSTIACE ..ttt sess s sess s s bbb sn s VII
5.2 Deutsche ZuSammMENfaSSUNE .....cocruierereemermereesseessesssessssessesssesssessssssesssssesssesssssssessssssssssssssssssesaes IX
(TN 41 oo 0 10 (o o) o WP PP 1
TR0 R 0 ) o7 TP 1
6.2 BUIN INJUIY DefiNitioN coiecsissicsesnsinsesesssssesesnsssssssesssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 1
LG T = 100 o B D1 ] o PP PP 2
6.4 Burn Extent: Affected Total Body SUIface ATea....nnensssesessssssssssssssssssssssssns 6
6.5 Secondary Burn Wound ProgreSSion. ... eeeeeessessessesssessesssesssssssssssesssssssessssssesssssssssseees 8
6.6 Experimental Approaches to Burn Wound Progression ... eeeesessessessneenns 13
6.7 Tissue Protective Agents to Reduce Burn Wound Progression ... 17
6.8 Laser-Speckle-Contrast: Technique and IMaging.......coeneneeneeneeseeseensessseessesseseseessessseenns 19
7 PUIrpOSE Of thiS STUAY coeueeeeereecerreerereeressees s seessesseessesses s sess s sesssessessssssssssssssessssssesssssesssees 22
LS T \Y P U= o E= ) 2 (= o 0 T Y PP 23
8.1  ANIMAIS & HOUSINEZ .. iuuieeiereeriiecireeiect st se s ss s sess s sss s e s s 23
8.2 Preparation FOr Burn INAUCLION ... ssssssssssssssssssssssssssssssssssssssssens 23
8.3 BUITN INAUCHION ottt ettt ee s ss s ss e ss s bbb s s annan 24
8.4 Measurements: Digital Photo Documentation and Perfusion-Flowmetry .........ccceseennee 26
8.5 Frame DIeSSING . erierierersiteeessessect st sessse s ss s s ss s s b bbb sn s 28
8.6 Euthanasia, Histology and Burn Depth SCOTe.....eneneeresreseseeseseeeesseessees s e 34
8.7 Evaluation of Macroscopic Interspace NECTOSIS ...ccmnemmineneessssssessssssssssssssens 36
8.8 LSCI Flowmetry Data PrOCESSINEG.....ouuereeeererseeseseesssessesssssssessssesse s sssssssssssssssssesssssssessssssnes 36
8.9 StatiStiCal ANALYSIS . st s s s e 39
B0 Q=] 1 PP 40
9.1 Histological BUIN DePthu... et ssss s sssssssesasssns 40
9.2  Macroscopic INtErSPaCE NECTOSIS c.uurereeriereeresresessisssssssessesses s ssssssssessess s sssssessssssssssssssssaseas 43
9.3 MicrocCirculatory PerfUSion ... sssssssssssssssssssssssssssssssssssssssssens 46
9.4 Frame QUAlITY .ot sssssss et st sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsns 57
O D ) 101D ) U ) o 63
T10.1  BUIT DEPH .ttt s st s st s st sans 63
10.2 Macroscopic INLErsPace NECTOSIS ...oirererrerereneesessersessessesess s sessesses s st sessessessssssssssssessssssans 69
10.3  PerfusSion PATAMELET'S .....coreereeeseeseesseessessseessessssesse s sssse s sssesssesssssssesssssssssssesssssssessssssssasees 74
10.4  Frame EVAlUATION e reeseeeeseieeesses ettt sssessse s s s sesss s sesss s st saees 84
10.5  FUITher RESEATCH .ottt s s s s e 89
30 00 Uod 103 T ) o PPN 92
7 2 (0] V0 o4 =1 o] PPN 93
13 ACKNOWIEAGEIMENTS ..coveeeeeeeeseeceseeserees s sessses e sessses s ses s s ssssessesssessssssesssesssssssssssseeas 106
L Tl )00 =) L PP 108

I11



2 Figure Legends

Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:

Wallace RUIE Of NINES ....cureeeceereeseetrenseesseesse s ss s sessssssesss s sssss s s sesssssssssans 7
LUNA-BIrOWAET CRATT ..ot et seesess s s se et ss s ss s s ssssesseees 8
Jackson Burn Wound MOAEl ... ccrcsesieiesesesesssssssssssessssssssssssssssssssssssssssssssssssssessssnses 9
Pathways of Secondary Burn Wound Progression....... e eeneesesssssssessseseessessseesns 12
Schematic Laser-Speckle Contrast-IMaging .......coneneensesneeneeseessessesssessessssseessessseeens 20
Stamp PoSItion QULHNINE ..ttt ss s sess s sessssss st senens 24
BUIT COMD TEMPLALE et ssssssssssss s sssssssssssssssssssssssssssssesssssssssesssssssssssssssssssnes 25

Figure 8: Rat Dorsum after Burn INAUCHION ...t seesssssesens 25
Figure 9: Measurement POINES ... ssssssssesssssssssssens 26
Figure 10: Example of Photo DOCUMENTATION ....ccuueueuieeeereeeesersessessseesesssesssssssesssssssesssesssssssesssssesssesssesens 27
Figure 11: Example of LSCI MEaSUIEIMENT.......ccrumuresreesseesserseessessesseesseesssssesssssssesssssssesssesssssssessssssesssssssesans 28
Figure 12: First Preliminary FIamie .. sssesssessssesse s ssssssesssssssesans 29
Figure 13: Second Preliminary Frame with Thermoplastic Material .........ccooemenrensenneneeeneessecenennns 30
Figure 14: Single Layer AlUmMinium Frame. .. sessssssesssesssessesssssssssssssesssssssesans 30
Figure 15: Assembled Final Aluminium Frame ... ssesssessesssssessssssesans 31
Figure 16: Mounted Double-Layered Aluminium Frame .......enseesesesesseeeeseessecsseenns 32
Figure 17: Elizabethan Collar for Wound and Frame Protection ..........cenenseenseneeeseesseesneenns 33
Figure 18: Schematic [llustration of Obtaining Histological Specimens.......ccounrenmennerneeereessecenennns 35
Figure 19: Interspace Necrosis MeasUremMeNT ... sssssssss s sssssssssesssssssssesssens 36
Figure 20: Placement of INterspace ROIS ...t sssssesssssssesans 37
Figure 21: Placement of BUrn Field ROIS ...t sssssssesssssesssssssesens 38
Figure 22: Schematic BUrn DePth SCOTE ...ttt sssssessssssesans 40
Figure 23: Histological Transition Zone between Burn Field and Interspace ........coeeneeneceneenn. 40
Figure 24: Burn Depths in Different Histological SAmples.......coccnereeeneereeneeneeseeseeseeseessesseeeseeseeeseenns 41
Figure 25: Median Histological Burn Depth after 10S€C BUIN ...ccoceuecuecereesieneeseeseeseeseeseeeeeeseeseceseenns 42
Figure 26: Scatter Plots of Interspace Necrosis after 10sec and 60sec Burn........ccocoeveeneeereceneenn. 43
Figure 27: Interspace Necrosis after 10S€C BUITN ... sesssessssssesens 44
Figure 28: Interspace Necrosis after 60SEC BUITN ... sesssssssesens 45
Figure 29: Macroscopic Wound Aspects after 60sec and 10SeC BUIN ......cocrereemernreenseenserneeeseesseeeneenns 45
Figure 30: Interspace Necrosis after 10sec and 60SeC BUIM ......ccocereneereeneeneeseeseesseeseessesseseseeseessenens 46
Figure 31: Scatter Plots of Interspace and Burn Field Perfusion after 10sec Burn.........ccoccoveeunneen. 46
Figure 32: Sample Flowmetry and Gross Images after 10Sec BUIM......cocvereereenneenreenseenseeseeeseesseeeseenns 47
Figure 33: Sample Relative Perfusion after 10S€C BUIM ...c.ovreeeeeneeeneernecineeeeseeseese e seeseessenens 48
Figure 34: Burn Field & Interspace Perfusion after 10Sec BUIM ..o 48
Figure 35: Interspace Perfusion after 10S€C BUIT ... erieeenneenseenseineerecs e sesssessse s sesssesssssssesens 49
Figure 36: Burn Field Perfusion after 10S€C BUIM.....cienneeneenseineeseesseeseessesssesssessesssssssesesssessssessesans 50
Figure 37: Scatter Plots of Interspace and Burn Field Perfusion after 60sec Burn........ccoccovecuneeen. 51
Figure 38: Sample Relative Perfusion after 60SeC BUIM ......cocreueeneerneernecineeseeseeseeseesesseessesessseeseessenens 52
Figure 39: Sample Flowmetry and Gross Images after 60Sec BUIM.....ccocvereereenernseenseenseeneeeseesseeenennns 52
Figure 40: Burn Field & Interspace Perfusion after 60Sec BUIN. ......cccoccneieneeseeneenseenseensesseeeseeseesseenns 53
Figure 41: Interspace Perfusion after 10sec and 60S€C BUIT ......occueueeureemseeneeseesesseeseesseseseseeseessennns 54
Figure 42: Burn Field Perfusion after 10sec and 60S€C BUIM......couceurecereemnreneeseeseeseeseessesseseseeseeesenens 54
Figure 43: Interspace Perfusion after 60SEC BUIT .....oeriereenneenseenseiseesec s sesssssssesans 55
Figure 44: Burn Field Perfusion after 60SEC BUIM......cciienieneenseineesec e sesssesssessesssssssesesssesssssssesens 56
Figure 45: Lateral Sides of the SOft FIame. ... sesssessse s sssssesssssssessns 58
Figure 46: Mounted Single-Layered Aluminium Frame .......enseseseesseseseseeseessenens 58
Figure 47: Mounted Frame with Eight Double-Layered Aluminium Components.........ccueeneeen. 59
Figure 48: Frame DUTFaDIlitY ...t ssesssesssssss s sesssesssesssesssssssessssssse st sesssssssesans 60
Figure 49: Frame Conditions and Corresponding Frame SCOTeS.......ccomuemeereemeenseenseensesseeeseesseessennns 61
Figure 50: Frame QUAlILY .. ... sssessse s sssssssssssss s sesssssssessss st sesssssssesens 61

IV



3 Table Legends

Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:
Table 9:

OVETVIEW Of BUIT DEEIEES ...oureuieeeeereeeeeesseeseetseesesssessssssse s sssss s ss st sessss s s s st sssseses 5
BUITI DEPLTR SCOTE oottt s s s s sssssss s sssssanens 35
Median Burn Scores in Interspaces and Burn Fields on Day 2 1. 43
FIaAIMNE SCOT ..ottt R 60
Worst Frame Quality FOr EQch FTrame ... sssssessssssssssssssns 62
Burn Comb Studies with Different Application Times and Resulting Burn Depths........ 64
Burn Comb Studies Assessing Progression of Surface Interspace Necrosis in Rats.......70
LSCI Burn Field Perfusion in Other Rat Burn Comb Models. ......cccovenmrnreenneennerneeeneeeneeeneenne 76
Burn Comb Rat Models with Laser Doppler Perfusion Assessment.......eneenens 80



4 Overview of Abbreviations

%
%TBSA
°C
a.U.
approx.
b.i.
bw
BWP
CCD
cm

d

d1
d10
d14
d2

d4

d7
DNA
DSMO
E-collar
FDA

g

G
GABA
h

h1

h8

HE
ie.
i.p.
iv.

IO

ICG
IIa°
IIb°
II1°
Ive
IvVC
kg

LDI
LSCI
min
ml

n.a.
02
pH
ROI
ROS
SD
sec
SEM
TBSA
TNFa
uv

VEGF

ZPF

percent

percentage of total body surface area

degrees Celsius

arbitrary unit(s)

approximately

burn induction

bodyweight

burn wound progression

charged-coupled device

centimeter(s)

day(s)

measurement point at one day after burn induction
measurement point at ten days after burn induction
measurement point at fourteen days after burn induction (two weeks)
measurement point at two days after burn induction
measurement point at four days after burn induction
measurement point at seven days after burn induction (one week)
deoxyribonucleic acids

dimethyl sulfoxide

Elizabethan collar

Food and Drug Administration

gram(s)

gauge

gamma-Amino butyric acid

hour(s)

measurement point at one hour after burn induction
measurement point at eight hours after burn induction
haemotoxylin and eosin staining

id est; Latin “that is”

intraperitoneal

intravenous

first-degree burn; superficial / epidermal burn
indocyanine green

second-degree burn, superficial partial-thickness burn
second-degree burn, deep partial-thickness burn
third-degree burn, full-thickness burn
fourth-degree burn, subdermal burns

individually ventilated cages

kilogram(s)

liter(s)

Laser Doppler Imaging
Laser-Speckle-Contrast-Imaging

minute(s)

milliliter(s)

millimeter(s)

size of the statistic sample

not available

oxygen

potential of hydrogen

region of interest

reactive oxygen species

standard deviation

second(s)

standard error of the mean

total body surface area

tumor necrosis factor alpha

ultraviolet

Volt(s)

vascular endothelial growth factor

week(s)

Zentrum fiir Praklinische Forschung

VI



5 Summary

5.1 English Abstract

Background: Due to secondary burn wound progression (BWP), a burn injury extends
in depth and surface within 48-72 hours, thus augmenting morbidity and mortality.
Today, there is no standardized approach to prevent BWP despite numerous pre-
clinical tests of tissue protective agents. Adverse effects of mainly systemic
administration often limit the tested substances. A commonly used animal model to
investigate BWP and tissue protective agents is the “burn comb model” by which a full-
thickness burn with intercalated unburned interspaces is induced on a rat’s back.

Goal: The aim of this animal study was to establish a modified burn comb injury that
progresses to the intermediate dermis if left untreated and allows macroscopic,
microscopic and perfusion data collection; and to design a sparsely restricting frame
dressing that enables safe and reproducible topical drug application.

Methods: After preliminary trials with 12 Wistar rats, 17 rats’ dorsa were burned with
10 seconds application of a preheated metal stamp, resulting in an injury of 8
20x10mm burn fields and 6 unburned 20x5mm interspaces. A manifold varied 8-
components aluminium frame was sutured onto the back of 12 animals and combined
with an Elizabethan collar. At defined time points over a 14-day course, photo
documentation and Laser-Speckle-Contrast-Imaging (LSCI) was performed. Frame
durability was assessed with an originated score. Selective histopathological burn
depth was evaluated. The results of the 10sec burn group were compared to 9 rats
burned for 60 seconds.

Results: Histopathologically, the 10sec group showed a maximum wound depth in
interspaces and burn fields to the intermediate dermis after an untreated progression
within the first 24 hours.

In the 10sec group, interspace LSCI-perfusion was significantly higher than in the burn
fields. Post-burn interspace perfusion was increased only after the 10sec burn. 10sec
interspace perfusion was significantly higher and reached levels above baseline earlier
- already on day 1 - than the 60sec group.

Macroscopically, a significant extension of necrosis in interspaces was seen between

days 1 and 2 in both groups. Interspace necrosis was distinctively higher in the 60sec

group.
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The frame dressing was durable in %3 of the animals up to day 4. However the use of
Elizabethan collars and re-suturing seemed inevitable.

Conclusion: The presented burn comb model combined with a frame dressing showed
first promising results for further investigations of topical agents onto BWP. The 10sec
burn comb model induced an injury to the intermediate depth, differing significantly
from deeper burns in horizontal and vertical necrosis extent as well as in LSCI-

perfusion.
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5.2 Deutsche Zusammenfassung

Hintergrund: Durch die sekundire Brandwundenprogression (BWP) kommt es nach
Verbrennungen innerhalb von 48-72 Stunden zu einer Tiefen- und
Oberflachenausdehnung der urspriinglichen Brandverletzung, was Morbiditat und
Mortalitat erhoht. Aktuell gibt es kein standardisiertes Verfahren zur Pravention der
BWP trotz vieler praklinischer Versuche mit gewebeprotektiven Wirkstoffen. Oft sind
Nebenwirkungen der meist systemisch verabreichten Substanzen fir eine mogliche
Anwendungsmoglichkeit limitierend. Ein haufig genutztes Tiermodell zur
Untersuchung der BWP und gewebeprotektiver Substanzen ist das ,Burn Comb
Modell“, mit dem eine allschichtige Verbrennung mit zundchst unversehrten
Zwischenrdumen am Riicken der Ratte induziert wird.

Zielsetzung: Ziel dieser tierexperimentellen Studie war die Etablierung einer
modifizierten ,Burn Comb Verbrennung®, bei der es unbehandelt zu einer
Tiefenausdehnung bis in die mittlere Dermis kommt und bei der makroskopische,
mikroskopische und Perfusions-Parameter bestimmt werden konnen; und die
Etablierung eines wenig-einschrankenden Rahmenverbands zur sicheren und
zuverlassigen topischen Wirkstoffapplikation.

Methodik: Nach Vorversuchen an 12 Wistar Ratten, wurde bei 17 Ratten am Riicken
mittels 10-sekiindiger Applikation eines erhitzten Metallstempels eine Verbrennung
induziert. Es resultierte eine Verletzung von 8 20x10mm Brandflachen und 6
unverbrannten 20x5mm Zwischenraumen. Ein mehrfach modifizierter 8-
Komponenten-Aluminium-Rahmen wurde auf den Riicken von 12 Tieren gendht und
mit Halskrause kombiniert. Zu definierten Zeitpunkten tber 14 Tage erfolgte die
Fotodokumentation und Laser-Speckle-Contrast-Imaging (LSCI). Die
Rahmenhaltbarkeit wurde mittels eines entwickelten Schemas beurteilt. Die
Bestimmung der histopathologischen Verbrennungstiefe erfolgte zu ausgewahlten
Zeitpunkten. Die Ergebnisse dieser 10-sekiindigen Verbrennungsgruppe wurden mit 9
Ratten verglichen, bei denen eine 60-sekiindige Verbrennung durchgefiihrt wurde.
Resultate: Histopathologisch zeigte sich bei 10-sekiindiger unbehandelter
Verbrennung nach Tiefenzunahme innerhalb von 24h eine maximale
Schadensausdehnung in den Zwischenrdumen und Brandflachen bis in die mittlere
Dermis. In der 10sec Gruppe war die Zwischenraum-LSCI-Perfusion signifikant héher
als die der Brandflachen. Nur nach 10sec Verbrennung zeigte sich ein Zwischenraum-
Perfusionsanstieg. Die 10sec Zwischenraum-Perfusion lag signifikant héher und
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signifikant frither - bereits an Tag 1 - oberhalb des Ausgangswertes als die 60sec
Zwischenraumperfusion.

Makroskopisch zeigte sich in beiden Verbrennungsgruppen ein signifikantes
Fortschreiten der nekrotischen Areale in die Zwischenraume zwischen Tag 1 und Tag
2. Das Ausmaf} der Zwischenraum-Nekrose der 60sec Gruppe lag signifikant oberhalb
der 10sec Gruppe.

Der Rahmenverband war bei %5 der Tiere bis Tag 4 stabil. Jedoch zeigte sich das
Anbringen einer Halskrause sowie regelmafiges Nachnahen unabdingbar.
Schlussfolgerung: Das vorgestellte ,Burn Comb Modell“ mit Rahmenapplikation zeigte
erste gute Ergebnisse zur weiteren Untersuchung von Effekten topischer Wirkstoffe
auf die BWP. Das 10-sekiindige ,Burn Comb Modell“ induzierte eine Verbrennung
intermediarer Tiefe, die sich signifikant in vertikaler und horizontaler
Nekroseausdehnung, sowie in LSCI-Perfusion von tieferen Verbrennungsverletzungen

unterscheidet.
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6 Introduction

6.1 Overview

Burn injuries are common throughout the world. Alone in the US, every year
approximately 2 million people suffer from burns (Singh et al. 2007), out of which
more than 450.000 receive medical treatment, 40.000 are hospitalized and more than
3.000 die (American Burn Association 2016). Burns account for up to 1% of all
emergency department visits; thereof roughly 10% are admitted to the hospital
(Wilkinson 1998, Taira et al. 2010).

The majority of burns are superficial and minor (Evers et al. 2010), not needing any
secondary medical providers. Deeper, severe burns necessitate extensive surgeries
and therapy including intensive care in specialized multi-disciplinary burn centers
(Arbeitsgemeinschaft der Wissenschaftlichen Medizinischen Fachgesellschaften
1999).

Burns have a great effect onto quality of life, morbidity and mortality (Jeschke et al.
2015). Often, burn injuries require protracted medical care and patients do not suffer
only from direct disabilities like scarring, contractions or systemic impairments
(Jarrett et al. 2008) but also from subsequent aesthetic deformations, psychological
stress and social withdrawal (Wiechman and Patterson 2004).

Even though recent research has further broadened treatment options, both with
surgical and conservative approaches, burn injuries are still a relevant problem
(Tenenhaus and Rennekampff 2012, Sheridan and Chang 2014, Rowan et al. 2015).
Therefore, further research is required to foremost improve patient care but also to

reduce high health-care expenses (Hop et al. 2014).

6.2 Burn Injury Definition

According to the American Burn Association (Kagan et al. 2013), a burn is defined as

“..an injury to the skin or other organic tissue primarily caused by thermal or
other acute trauma. It occurs when some or all of the cells in the skin or other
tissues are destroyed by hot liquids (scalds), hot solids (contact burns), or flames
(flame burns). Injuries to the skin or other organic tissues due to radiation,
radioactivity, electricity, friction or contact with chemicals are also identified as
burns.” (Kagan et al. 2013)
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Burns are sudden processes resulting in acute wounds. Burns impair the skin's
physiologic protection from environmental influences plus its thermo- and fluid
regulation. Thus a burn patient is exposed to heat, cold, wind, radiation or bacterial
colonization and infection (Pallua and von Bililow 2006). Severe burns lead to serious
systemic reactions known as burn disease including excessive immune response,
sepsis, hypovolemic shock, hypothermia or cardiovascular impairment (Pallua and
von Biilow 2006, Spies and Vogt 2008, Daigeler et al. 2015).

While age, gender, accompanying traumatic injuries or preexisting impairments such
as obesity, diabetes mellitus, hypertension, cardiopulmonary or vascular diseases
also play a role in the pathophysiology of a burn wound (Kagan et al. 2013), the
prognostic evaluation of morbidity and mortality, as well as the decision for
treatment options and necessities mainly stem from two entities: Burn depth and

extent (Shupp et al. 2010, Kolokythas and Aust 2011).

6.3 Burn Depth

The morbidity of a cutaneous burn injury predominantly derives from its depth, thus
how far the cell damage ranges vertically through the skin (Devgan et al. 2006). The
depth of a thermal burn wound depends on the inflicted skin temperature which itself
results from the heat source’s temperature and the exposure time. This is known as
the time-temperature relationship (Martin and Falder 2017). Protein denaturation
and loss of membrane stability begins when the skin’s temperature rises above 40-
44°C (Evers et al. 2010, Martin and Falder 2017). Cell damage at this temperature
may be reversible while at higher temperature levels, skin damage may be
irreversible (Jauch et al. 2013). Dependent on the inflicting temperature, the skin
heating takes different time spans: At 44°C, it takes 3600 seconds to damage the skin,
while temperatures >70°C require an exposure time of less than 1 second for

irreversible damage (Moritz and Henriques 1947).

6.3.1 Burn Depth Determines Therapeutic Approach

Burn depth is the primary determinant of skin regeneration potential which guides
the decision between conservative or surgical therapeutic approach (Papini 2004,
Devgan et al. 2006, Tiwari 2012, Hop et al. 2013, Tobalem et al. 2013, Daigeler et al.
2015). Wound healing depends on the integrity of keratinocyte cell reservoirs in skin
appendages like hair follicles, sweat and other skin glands (Papini 2004, Kolokythas
and Aust 2011) which lie in the deep, reticular part of the dermis. These cells can
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repopulate the skin’s upper layers and are able to regrow fully functional skin (Shupp
et al. 2010). Since these structures are not damaged in superficial burns, these
injuries are self-limiting and can re-epithelialize within 14-21 days without any later
loss of function or remaining scars (Papini 2004, Jaskille et al. 2009). Any burns
expanding to the deep partial-thickness layer, harm the skin appendages in the
reticular dermis and thus limit the capacity for re-epithelialization. Wound healing in
the deep dermis results from fibroblastic collagen accumulation (Kolokythas and Aust
2011), ensued by hypertrophic scarring, contraction, loss of function and a prolonged
healing period (Papini 2004, Singh et al. 2007, Kagan et al. 2013). This reasons the
clinical recommendation for reconstructive surgery in deep burns (Papini 2004,

Jaskille et al. 2009, Daigeler et al. 2015).

6.3.2 Burn Depth Degrees
Burns are categorized into three main depths (Spies and Vogt 2008, Evers et al. 2010,
Kagan et al. 2013), underlining different treatment options:

¢ Superficial (I°)

* Partial-thickness (II°) and

* Full-thickness (III°) & Subdermal (IV°)
The following details in burn depth classifications, summarized in Table 1, are
adapted from several publications (Johnson and Richard 2003, Spies and Vogt 2008,
Evers et al. 2010, Shupp et al. 2010, Jannasch and Lippert 2012, Kagan et al. 2013,
Daigeler et al. 2015).

6.3.2.1 Superficial Burns (I°)

Strict superficial burns are classified as first-degree (1°) burn injuries. Only epidermal
skin structures are damaged while dermal appendages are vital. Erythema, light
edema and sensation of pain characterize I° burns. They appear dry and red, however
upon slight pressure, the skin blanches. When testing with a pinprick, the damaged
skin bleeds because main vessels are not clotted. Superficial burns heal without scar
formation in 3-7 days. Dead skin tissue can exfoliate and itching may occur. No
surgery is required; instead frequent use of skin care is proposed to support the

healing process.
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6.3.2.2 Partial-Thickness Burns (11°)
Partial-thickness burns are classified as second-degree (II°) or grade 2 burns. Due to
differing clinical aspects and therapeutic strategy, superficial partial-thickness (I1a°)

burns are distinguished from deep partial-thickness burns (IIb°).

6.3.2.2.1 Superficial Partial-Thickness Burns (I1a°)

In superficial partial-thickness burns (Ila°), the epidermis and only the underlying
superficial papillary layer of dermis are injured. Patients suffer pain while the skin
appears red and blanches under pressure. Moist blisters may form between
epidermis and dermis. Pinprick testing reveals painful bleeding. Most of the skin
appendages are intact as well as capillary blood flow. Superficial partial-thickness
burns have the potential to heal spontaneously and do not require surgical
intervention. The main therapeutic goal is to avoid bacterial colonization through

aseptic bandages to allow complete wound healing within 2-3 weeks.

6.3.2.2.2 Deep Partial-Thickness Burns (l1b°)

In deep partial-thickness burns (IIb°), the complete epidermis and dermis - including
the papillary and the deeper, reticular layers - are damaged. The majority of skin
appendages are destroyed while the subcutaneous fat is intact. Pain sensation is less
distinct than in more superficial burns, examined with an insensitive pinprick test
and little bleeding. The damaged skin is dry and white, without blanching under
pressure. While IIb® wounds can possibly heal secondarily if bacterial contamination
is prevented, the healing period lays between 3-9 weeks and is accompanied by
hypertrophic scarring and contraction. Therefore, deep partial-thickness burns are

treated surgically.

6.3.2.3 Full-Thickness Burns (111°) and Subdermal Burns (IV°)

Full-thickness burns (III°) extend through the complete skin with all its layers and
can reach the underlying subcutaneous fat. There is neither pain nor any sensory
sensation. Hair and nails are loose and can be extracted without any resistance. The
pinprick test can be performed painless and without any bleeding. The subcutaneous
vessels are mostly damaged or clotted. The skin usually presents as dry, white with a
leather-like appearance. Denatured dermis stands out as burn eschar. The wound

cannot heal without extensive contraction and exposing a broad, deep bed of
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granulation tissue. Therapy requires surgery with necrosectomy and reconstruction
procedures.

Sometimes, deep full-thickness burns (III°) which damage not only the skin, but also
the underlying tissues such as fascia, muscle, tendons, bones or organs are classified

as fourth-degree (IV°) or subdermal burns (Arbeitsgemeinschaft der

Wissenschaftlichen Medizinischen Fachgesellschaften 1999). However, the

differences between II1° and IV° burns are clinically irrelevant, since both necessitate
surgery.

Table 1: Overview of Burn Degrees

Burn Injury Degrees and their characteristics.

Table assembled according to Kagan et al. (2013), Evers et al. (2010), Shupp et al. (2010), Johnson
and Richard (2003), Daigeler et al. (2015), Spies and Vogt (2008) and Jannasch and Lippert (2012).

Burn degree I° IIa° IIb° I11° 1ve
Superficial Superficial Deep Partial-  Full-Thickness  Subdermal Burns
Partial- Thickness
Thickness
Involved only epidermis  epidermis and epidermis, full skin (all full skin (all layers) and
Skin Layers superficial superficial layers) and underlying fat tissue AND
(papillary) (papillary) underlying fat  other subdermal
dermis dermis AND tissue structures
deep (fascia/muscle/
(reticular) bone/ligament/tendon)
dermis
Skin intact intact variable, but loss of all skin appendages
Appendages most skin
appendages
are lost
Aspect Erythema (red) Erythema (red) white white, red or varying, mostly charred
moist blanching non- charred
under pressure  blanching leathery
moist dry dry
Blisters none moist blisters moist blisters  none none
Pain moderate- severe minimal minimal - usually none
Sensation severe none
Healing spontaneously  spontaneously = might heal does not heal without intervention
(If Infections in 3-7 days in 2-3 weeks; with scarring
Are pigmentation & contraction
Prevented) can change within 3-9
weeks
Scarringand none none hypertrophic  extensive extensive scarring and
Contraction scarring and scarring and contraction
contraction; contraction
joint
functionality
often
impaired
Treatment conservative conservative surgery surgery extensive surgery
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6.3.3 Burn Depth Assessment

Assessing the burn depth is made by clinical judgment since no objective imaging
technique has been established as the gold standard (Jaskille et al. 2009, Kolokythas
and Aust 2011). Most human burn injuries create heterogeneous wounds with
varying depths (Kaiser et al. 2011, Nguyen et al. 2013). Thus, when assessing burn
depth, not all areas might be evaluated correctly, limiting the rate of accurate
diagnosis and resulting therapy (Heimbach et al. 1992). Especially in partial-
thickness burns, correct burn depth assessment ranges from 50% in inexperienced
physicians to 76% in experienced surgeons (Heimbach et al. 1984, Jaskille et al.
2009).

Techniques like obtaining histological punch biopsies, fluorescent dyes,
thermography and ultrasound have been tested for a more objective and dynamic
evaluation of burn depth, but all of them have proven insufficient for clinical use
(Heimbach et al. 1992, Jaskille et al. 2009). Only Laser Doppler assisted burn depth
assessment has shown better results than exclusive clinical examination, but still it is
not widely used in clinical routine due to practicability, scanning time and other
shortcomings (Johnson and Richard 2003, Monstrey et al. 2008, Jaskille et al. 2010,
Eriksson et al. 2014). This might change in a growingly economic driven healthcare
system, since using the Laser Doppler assisted burn depth evaluation might be cost-

saving (Hop et al. 2016).

6.4 Burn Extent: Affected Total Body Surface Area

Besides burn depth and the deducted therapy, burn extent - expressed in percentage
of total body surface area (%TBSA) - is still the major factor for prognosis, mortality
and complications (Jarrett et al. 2008, Enoch et al. 2009, Keck et al. 2009, Jeschke et
al. 2015, Rowan et al. 2015). In burns with great extent, threats like fluid shifts, as
well as infections, hypothermia or limited grafting areas are higher. Burns in adults
affecting more than 20 %TBSA are considered severe, regardless of burn depth
(Kolokythas and Aust 2011, Rowan et al. 2015), and require care in specialized burn
centers (Arbeitsgemeinschaft der Wissenschaftlichen Medizinischen

Fachgesellschaften 1999).
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6.4.1 Assessment of Burn Extent

While software-assisted %TBSA estimation has been validated as reliable but is not
widely used (Kolokythas and Aust 2011, Parvizi et al. 2016), there are three major
clinical approaches to assess injury extent (Hettiaratchy and Papini 2004, Spies and
Vogt 2008, Enoch et al. 2009):

The Rule of Nines (Wallace 1951), helps to gauge %TBSA by dividing the whole body
area of an adult into parts of 9% as shown in Figure 1. Head and arms represent 9%
TBSA each. Each of the anterior and posterior trunk as well as each leg represent 18%
TBSA. Hand, feet and genital region each represent 1% of TBSA (Spies and Vogt
2008).

The Palm Method takes into account that palm and fingers of each individual’s hand
approximately represent 0.8-1% of the total body surface area (Hettiaratchy and
Papini 2004, Enoch et al. 2009, Jauch et al. 2013). Overlaying the burn victim’s palm
and fingers over the burned area approximates the injury extent.

The Lund-Browder chart allows assessing the %TBSA by using age-group matched
tables as pictured in Figure 2 (Wachtel et al. 2000, Enoch et al. 2009, Jauch et al.
2013). Using the charts is supposed to be the most accurate but most time-consuming
approach for assessing burn extent (Wachtel et al. 2000, Hettiaratchy and Papini
2004).

Figure 1: Wallace Rule of Nines

Figure from Alharbi et al.: Treatment of burns in the first 24 hours: simple and practical guide by
answering 10 questions in a step-by-step form. World Journal of Emergency Surgery 2012 7:13.
(Alharbi et al. 2012). Originally published by BioMed Central Ltd. Permission for use granted under
the terms of the Creative Commons Attribution.
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% Total Body Surface Area Burn

Be clear and accurate, and do not include erythema
(Lund and Browder)
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Right leg
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Figure 2: Lund-Browder Chart

Figure from Hettiaratchy, S. and R. Papini (2004). "Initial management of a major burn: II--
assessment and resuscitation.”" Bmj 329(7457): 101-103. (Hettiaratchy and Papini 2004)
Permission for use in this work was kindly granted by Copyright Clearance Center for the
BM] Publishing Group.

6.5 Secondary Burn Wound Progression

Although burns are acute injuries, the wounds are not static but steadily evolving. A
relevant phenomenon is secondary “burn wound progression”, also known as “burn-
injury progression“ or ,burn wound conversion“: In the first 48 - 72 hours, burn
wounds further progress in depth and extent (Hinshaw 1968, Knabl et al. 1999, Singh
et al. 2007). Through this burn wound progression (BWP), initially unburned areas
around and below the original burn wound are damaged (Singh et al. 2007). BWP
causes continuing tissue damage without any new thermal insult. Burns advance
vertically from superficial to deep skin layers as well as horizontally, increasing the
surface extent (Salibian et al. 2016). This results in higher morbidity and mortality
(Singh et al. 2007, Jeschke et al. 2015). Particular critical is the progression from
superficial partial-thickness to deeper burns (Singh et al. 2007) where wound healing
is deemed unlikely and instead requires surgical intervention. But especially those

injuries are regarded as susceptible (Evers et al. 2010).

6.5.1 No Clinical Standard to Prevent Burn Wound Progression
Current burn therapy includes emergency treatment with stabilizing the
cardiovascular status, cooling and pain management before proceeding with further

treatment, either conservatively or surgically, in an appropriate care setting. But
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there is no standardized procedure in order to avoid, prevent, minimize or even

predict burn wound progression (Singh et al. 2007, Salibian et al. 2016).

6.5.2 Jackson Burn Wound Model

Already in 1953, Jackson classified three distinct zones in burn wounds (Jackson
1953). This “Jackson Burn Wound Model” is widely accepted throughout the
literature (Devgan et al. 2006, Singer et al. 2013, Tobalem et al. 2013, Schmauss et al.
2014) and is used to explain BWP. Jackson divided the burn wound as shown in
Figure 3: The inner coagulation zone, the surrounding zone of stasis and the

peripheral hyperemic zone (Jackson 1953, Hettiaratchy and Dziewulski 2004).

Zone of Zone of

coagulation / stasis
_ & Zone of

Epidermis ——— V hyperaemia

Dermis ———

Adequate Inadequate
resuscitation Zone of esuscitation
coagulation

Zone of stasis preserved Zone of stasis lost

Figure 3: Jackson Burn Wound Model

Jackson burn wound model schema and the effects of adequate or inadequate resuscitation.

Figure from Hettiaratchy, S. and P. Dziewulski (2004). "Pathophysiology and types of burns." BM]J:
British Medical Journal 328(7453): 1427-1429. (Hettiaratchy and Dziewulski 2004)

Permission to use was kindly granted by Copyright Clearance Center for the BM] Publishing Group.

In the innermost zone, the tissue is non-vital following the burn. This tissue in the
coagulation zone is exposed to the maximum thermal insult which leads to direct
protein denaturation, cell membrane destruction and cell death (Singh et al. 2007).
This core zone is irreversibly damaged beyond repair (Schmauss et al. 2015) and the
tissue will develop ischemic necrosis notwithstanding any therapy. Since thermal
burns turn into coagulation necrosis, this zone is also called coagulation zone.

Around this core zone, there is a zone of stasis where burn wound progression takes
place (Schmauss et al. 2015, Salibian et al. 2016): The tissue is regarded as still vital
after the burn, however its metabolism is critically impaired and at risk for necrosis.
Inflammation and hypoperfusion is present in this zone even though the vasculature
is still patent after the injury (Jackson 1953, Shupp et al. 2010, Tobalem et al. 2013). If

this compromised tissue is not adequately treated, the zone of stasis will undergo cell

9
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death (Evers et al. 2010, Schmauss et al. 2015). However, the exposed tissue has
potential for complete regeneration following the burn if adequate treatment is
initiated for resuscitation and the ongoing impairment reduced (Battal et al. 1996,
Knabl et al. 1999, Hettiaratchy and Dziewulski 2004, Singh et al. 2007, Rowan et al.
2015).

The most peripheral zone around the burn wound is called zone of hyperemia, which
is vital after burns and will fully recover spontaneously (Xiao et al. 2013). Circulation
is elevated: This zone appears reddish and with occurring edema but histologically no

damage to dermal structures is apparent (Shupp et al. 2010).

6.5.3 Pathophysiology of Burn Wound Progression
Even though BWP has high clinical relevance - due to its high impact onto patient’s
morbidity and mortality, and has been in the research focus in the last sixty years -
the pathophysiology has not been completely understood. BWP develops as a result
of complex and cross-linked events in the zone of stasis and is regarded as a second
step mediated through tissue responses. A broad consensus supports four main
physiopathologic pathways, which contribute to injury-progression (Singh et al. 2007,
Shupp et al. 2010, Xiao et al. 2013, Salibian et al. 2016). These pathways are closely
intertwined and affect each other (Figure 4):

1. Inflammation (systemic response and cell infiltration)

2. Perfusion alterations (hypoperfusion, ischemia and edema)
3. Formation of free radicals (and lipid peroxidation)
4

Necrosis & programmed cell death (including apoptosis and autophagy)

6.5.3.1 Inflammatory Response

The damaged cells and the thereby activated macrophages and neutrophils release an
abundance of inflammatory mediators like interleukins, tumor necrosis factor «
(TNFa) and matrix metalloproteinases (Ipaktchi et al. 2006, Shupp et al. 2010). These
cytokines lead to collagen degradation, apoptosis, adherence of neutrophils to the
endothelium which itself leads to hypoperfusion by venule occlusion, and the
production of free radicals (Shupp et al. 2010). The inflammatory environment
aggravates already impaired micro-hemostasis and deteriorates thrombotic
mechanisms (Salibian et al. 2016) through release of histamine, vascular endothelin

growth factor (VEGF), bradykinin, prostaglandins and thromboxane (Singh et al.
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2007). Inflammation leads to edema, fluid shifts and complement activation (Singh et

al. 2007).

6.5.3.2 Perfusion Changes

Resulting from imbalance between vasoconstriction and vasodilatation,
microthrombosis, fluid shifts and edema (Salibian et al. 2016), burn damage impairs
the blood flow, leading to hypoperfusion in the tissue at risk (Singh et al. 2007).
Insufficient perfusion is followed by clotting, edema and release of free radicals
(Singh et al. 2007, Shupp et al. 2010). As a result of this interrupted microcirculation,
delayed ischemia and cell death occurs (Schmauss et al. 2015). Through inflammatory
cytokines, microthrombosis arises. Neutrophil activation with venule occlusion is one
factor, destroyed vascular endothelium with resulting hypercoagulability another.
Furthermore fibrinolysis is reduced. Resulting thrombus formation and coagulation
causes hypoperfusion, hypoxia and cell damage (Isik et al. 1998, Singh et al. 2007).
Through heat-induced changes of vascular permeability, fluid shifts result in
decreasing intravascular pressure and edema formation in the surrounding tissue,
known as capillary leak. This excessive fluid in the extravascular space increases the
pressure onto the vasculature, again leading to decreased perfusion. Vascular
integrity is further impaired by elevated levels of histamine, bradykinin, leukotrienes,

VEGF, substance P, and nitric oxide (Shupp et al. 2010).

6.5.3.3 Free Radicals

As a result of neutrophil activation, direct endothelial damage, thermal cell damage
and depletion of antioxidants, toxic free radicals are released (Salibian et al. 2016).
These free reactive oxygen species (ROS) include hydrogen peroxide, superoxide
radicals, hydroxyl radicals besides other oxygen-free radicals (Shupp et al. 2010,
Salibian et al. 2016). This results in oxidative stress, which compromises cells by lipid
peroxidation, protein denaturation and DNA damages (Horton 2003, Shupp et al.

2010). Again through ROS, mediators are set free, worsening the inflammatory milieu.

11
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Figure 4: Pathways of Secondary Burn Wound Progression

Complex physiopathologic mechanisms lead to an ischemic milieu with protein denaturation,
impaired perfusion and cell death.

Figure from Singh, V., L. Devgan, S. Bhat and S. M. Milner (2007). "The pathogenesis of burn wound
conversion." Ann Plast Surg 59(1): 109-115. Permission for re-use kindly granted by Wolters and
Kluwers.

6.5.3.4 Cell Death

While the initial thermal insult leads to direct cell death in the coagulation zone, the
described mechanisms trigger further damage and promote cell death through
secondary processes in the zone of stasis (Singh et al. 2007). Three different cell
death mechanisms have been reported in burn wounds: Necrosis (“oncosis”),
apoptosis and autophagy (Shupp et al. 2010, Salibian et al. 2016).

Oncosis is the process of non-programmed cell death with preceding cell swelling and
the sequela of an inflammatory response (Shupp et al. 2010). Oncosis, formerly
known as cellular necrosis (Majno and Joris 1995), is not only apparent in burn
injuries through the initial direct heat damage, but also through secondary
mechanisms as shown with attested elevated oncosis parameters in the ischemic
zone up to 48 hours after the injury (Singer et al. 2008). Ischemia-induced cell death
occurs (Deniz et al. 2013).

Apoptosis, programmed cell death, has been observed in burns as well (Gravante et
al. 2006). Induction or time-dependent delay in apoptosis is hypothesized to interact
with oncosis (Singer et al. 2008, Shupp et al. 2010).

Autophagy - housekeeping recycling in lysosomes (Reggiori and Klionsky 2002, Glick

et al. 2010) - is a process only recently found in burn wounds (Salibian et al. 2016).
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Up to now, it is unclear whether increased autophagy aggravates (Tan et al. 2013, Guo
et al. 2015) or hinders BWP (Xiao et al. 2014) but it contributes to the evolving
character of burn wounds.

Through the different cell death mechanisms BWP leads to further tissue damage.

6.6 Experimental Approaches to Burn Wound Progression

A lot of research has been conducted to expose contributing pathogenetic
mechanisms and to develop therapeutic or prophylactic strategies against BWP
(Shupp et al. 2010, Schmauss et al. 2014, Salibian et al. 2016). Animal models play a
major role in research targeting BWP. A systematic analysis of experiments
examining BWP throughout 2010-2014 stated that all conducted studies in this
period have used animal models (Salibian et al. 2016). Beyond that, a lot of burn
research has been targeted with in vivo animal models since in vitro experiments are
limited in the possibility to assess the complex interactions between the involved
pathogenetic factors, even more when examining systemic reactions of severe burns
(Abdullahi et al. 2014). Since different animal models have various advantages,
drawbacks and certain price disparities, none can cover every aspect of the molecular
and cellular pathways. The kind of animal used in certain studies depends on
hypothesis, budget restrictions, availability, similarity to humans, preliminary tests
and the researcher’s experience (Dorsett-Martin 2004, Abdullahi et al. 2014). Animal
models for burn wounds should be safe, reliable, reproducible and have a high
validity at a preferably low cost. (Dahiya 2009). The three main species used for burn
research and especially for BWP in recent years have been rats, mice and pigs
(Abdullahi et al. 2014, Schmauss et al. 2014, Salibian et al. 2016).

Recently rats were the most commonly used animals in burn research (Dahiya 2009).
In exploring BWP regarding cellular mechanisms and preventive agents, rat models
have proven to be predominantly feasible (Schmauss et al. 2014, Salibian et al. 2016)
since a wide variety of techniques for burns in rats have been described; and in the
last years, the most commonly used burn model regarding BWP has been the “burn

comb model” (Schmauss et al. 2014, Salibian et al. 2016).

6.6.1 Burn Comb Model

The burn comb model has been originally described in 1992 (Regas and Ehrlich
1992) where the authors introduced a rectangular brass bar with transverse notches.
They used this bar - also known as stamp, burn template or burn comb - to create four

13
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burn sites with intercalated bands of uninjured skin by placing the heated metal onto
a rat’s dorsum. The interjacent uninjured skin bands were labeled interspaces and
represented the zone of stasis (Regas and Ehrlich 1992). Since then, variations of this
metal bar have been commonly used and standardized for various applications
(Abdullahi et al. 2014, Salibian et al. 2016). The principle of a heated burn comb with
integrated notches to create distinct areas representing different wound zones has
stayed the same. Alterations to the original design have been made to metal material
(Tobalem et al. 2013), size (Tobalem et al. 2012), application pressure (Macri et al.
2013, Crouzet et al. 2015) or exposure time (Singer et al. 2013, Ponticorvo et al.
2017). With varying these factors, both burn depth and burn extent can be controlled.
The burn comb model variants have been used to study drug effects, perfusion
alterations, histological and biochemical outcomes and anti-coagulatory or anti-
inflammatory parameters in rodents (Schmauss et al. 2015). It has furthermore been
adapted to other animals such as mice (Bohr et al. 2013) and pigs (Singer et al. 2009).
Since 2010, the major half of studies elucidating BWP has used a burn comb model
(Salibian et al. 2016). However, most of these burn comb models in rats induced full-
thickness burns (Tobalem et al. 2012, Tobalem et al. 2013, Guo et al. 2015, Reddy et
al. 2015).

This preference for deeper and full-thickness burns is not limited to the burn comb
model: In a review identifying 116 burn studies in rats between 2008-2011
(Mitsunaga Junior et al. 2012), out of 86 experiments which described burn depth, 30
studies employed models for second-degree burns and 54 used third-degree burns.
While deeper burns account for higher morbidity and mortality, the neglect of less
severe burns surprises, considering that world-wide the majority of burns is
supposed to be superficial (Waitzman and Neligan 1993). Evers et al. estimate mild
burns at a rate of 600/100000 inhabitants while severe burns are estimated at
5/100000 (Evers et al. 2010). II° burns account for half of the burns treated in
secondary medical care in the US where less than 5 percent were III° (Taira et al.
2010). With the burn comb model being a popular research tool in burns, there is an

under-representation of superficial burn depths in BWP studies.
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6.6.2 Wound Protection Devices in Rats

A known limitation in studies with imposed wounds is the ability of rats to get rid of
dressings and to manipulate the wound area (Pfurtscheller et al. 2013). Rats damage
the wound site mainly with their teeth, hind- and forelegs (Macionis 2000). This
manipulation is unfavorable in wound healing studies, sometimes even limiting the
evaluable parameters (Singer et al. 2011). Despite the common use of rats in burn
and wound healing research, there are few descriptions of wound protection or
topical application devices. Different attempts to protect wounds from manipulation,
gnawing and self-mutilation have been made throughout the years:

In 1980, Fox and Frazier have described the first wound protection dressing when
testing anti-microbiological agents (Fox and Frazier 1980). Their dressing, an
Orthoplast saddle, was fastened over the wound area with wire sutures. This allowed
a single researcher to change dressings without the need for anesthesia.

In a study on flap survival in rats, McGrath applied a dressing, fastening it with a wire
hook and safety pin (McGrath 1981). The hook was sutured on the animal while the
dressing itself was fastened to the hook with the safety pin. The dressing was changed
every 12 hours through opening of the safety pin.

Ueda et al. used a vinyl chloride tube around the rat’s body for a week (Ueda et al.
1981). With using a transparent tube, they could inspect the wound area. The tube
with a diameter of 5cm was put over the rat’s body and thorax, a gap cut into the tube
and adjusted with a tape. This device had only protective reasons and they did not
perform any dressing changes or use any topical treatment.

Pynn and coworkers addressed the problem with a protective rat vest out of X-ray
film over the forelegs (Pynn et al. 1983) but not over the wound. With using their vest
in over 200 rats, they were able to reduce self-mutilation. Another group later stated
problems with ulcers stemming from the thin X-ray film (Fujimori et al. 1990). They
changed the design of the vests in 50 rats while using a transparent vinyl chloride
plate. Both type of vests have in common that they do not cover the wound area itself
(Pynn et al. 1983, Fujimori et al. 1990).

The use of a protective vest and collars were compared to shortening of the rat’s teeth
in 1999 (Komorowska-Timek et al. 1999). The study concluded that simple
shortening of the teeth every 3-4 days successfully hindered rats from gnawing. The
gap between upper and lower teeth seemed sufficient to obviate aimed biting. The

results shown were more desirable than with collars or vests. However, Macionis
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showed in his work that rats use not only their teeth, but also fore- and hindlegs to
remove any disturbing object from their body (Macionis 2000). He proposed to limit
rats in their ability to manipulate wound areas by restricting neck movements with
gluing splints from mandibular bone to the breastbone, applying a vest on the
forelegs with immobilizing one foot and neutralizing hindleg manipulation by taping
the distal feet in a fixed position. Despite Macionis’ reported successful results, the
suggested technique poses questions from an animal welfare perspective, since it
heavily constrains the rat’'s movement (Macionis 2000).

Another attempt to introduce a protective device was made with mounting a clear
shield onto the rat’s dorsum (Martineau and Chua Chiaco 2000). A transparent
polycarbonate was shaped into a dome that was then mounted with hook and loop
fasteners on the rat. This protective shield was used in larger rats up to 475g and
completely assembled weighted 16g. The researchers showed a possible duration of
up to 28 days and the rats tolerated the transparent mount well.

Pfurtscheller and his group introduced the most recent wound protection armor
(Pfurtscheller et al. 2013). They combined a scalding model in 250-350g rats with
armor out of thermoplastic material shaped in half cylindrical form. The material was
then fixated onto the animal’s back by using steel sutures. A wound cover was
sutured on top of the carved-out thermoplastic material. The authors proposed
enhancing the armor with adding aluminium components to the thermoplastic
material as underlying stabilization. 10 mounted armors in 14 animals lasted for a
month (Pfurtscheller et al. 2013).

Even though wound manipulation and self-mutilation in rats have been described as a
limiting factor for more than 35 years in animal research literature and various
protective dressing devices have been introduced since, we were not able to find an
existing suitable device for our experiment, allowing for regular wound inspection,
assessing perfusion parameters over 2 weeks without dismounting the armors and

simultaneously allowing the application of topical treatments.
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6.7 Tissue Protective Agents to Reduce Burn Wound Progression

According to Uygur and coworkers,

“..an ideal pharmacological agent for saving the zone of stasis should have the
following features: safety, clinical availability, easy administration,
reproducibility of effective results, feasibility of postburn treatment, cost-
effectiveness, known mechanism of action, established bioavailability, and
protective effects on the zone of stasis”. (Uygur et al. 2009)

Such an agent has not yet been found. Several research groups have tested agents and
treatment procedures to reduce BWP as reviewed recently (Schmauss et al. 2014,

Schmauss et al. 2015).

6.7.1 Systemic Agents Pose Systemic Risks and Adverse Effects

A lot of the selected agents have shown promising results attenuating BWP when
used after the burn injury (Schmauss et al. 2015). Most of the tested agents were
applied systemically via oral, intravenous, intraperitoneal or intramuscular route.
When administered in this fashion, higher doses could lead to systemic adverse
reactions that limit, impair or even negate therapeutic effects. The adverse effects and
risks of a systemically BWP-decreasing agents depend on the mechanism of action
and include infection, bleeding or cardiovascular events.

As shown in former research, agents targeting the inflammatory response by
antibody-mediated inhibition of leucocyte adherence in burn wounds (Mileski et al.
1992, Bucky et al. 1994, Choi et al. 1995) may lead to infection (Sharar et al. 1991),
fever or even myocardial infarction (Enlimomab Acute Stroke Trial Investigators
2001). Immunosuppressive Rapamycin was shown to attenuate BWP (Xiao et al.
2013) but again systemic application increases the risk for infections. An agent
effective in inhibiting inflammasome activation and therefore attenuating systemic
immune activation (Xiao et al. 2016) has also been shown to exert anti-platelet
activity and thus carrying the risk of bleeding (Wang et al. 2007). Hemorrhagic
complications also diminish possible use of recombinant tissue-type plasminogen
activator (Isik et al. 1998) or other anti-coagulatory drugs (Singh-Joy and McLain
2008, Yuhua et al. 2012). Hemorrhage or even heparin-induced thrombocytopenia is
a risk when using heparin or derivates systemically (Oremus et al. 2007, Uraloglu et
al. 2018).

Pro-rheological agents such as Beraprost sodium, TAK-044 or the pleiotropic

Erythropoietin have side effects like symptomatic tachycardia (Battal et al. 1996),
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hypotension (Battal et al. 1997), or compromised blood rheology through increased
hematocrit levels (Tobalem et al. 2012, Tobalem et al. 2013). Certain agents with anti-
oxidative properties, successfully reducing BWP (Choi and Ehrlich 1993, Taira et al.
2009), have not been FDA-approved and might carry an increased risk for

cardiovascular events (Nissen and Wolski 2007).

6.7.2 Tested Topical Agents to Reduce Burn Wound Progression

Many agents have reduced BWP, but few have proven as versatile regarding safety,
clinical availability and easy administration (Kayapinar et al. 2015). A standardized,
targeted method to prevent BWP without the risk for systemic complications has not
been accomplished (Sun et al. 2012). Regarding these limitations, especially topical
applied agents might be able to avert systemic adverse effects. While most research
focuses on deep burns, also patients suffering from minor and superficial burns, not
needing in-patient care, might profit from topical drugs. If applied as creams, lotions,
hydrogels or nanoparticles; topical agents could also promote wound healing, pain
relief and ameliorate cosmetic results (Hayati et al. 2018). Topical antibacterial
wound dressing are already routinely used in burn treatment and could be
supplemented by tissue protective drugs (Ipaktchi et al. 2006, Stone i et al. 2018).
Consequently, few scientists have yet shifted towards the topical application of tissue
protective agents. However the research is still quite limited, as noted by Poranki in

2016:

“Topical application of an efficacious therapeutic agent targeting cell survival in
the zone of stasis in burns represents a simplified, local treatment modality, but
little work has been published toward this goal.” (Poranki et al. 2016)

Nonetheless, few groups reported successful results with topical drugs preventing
BWP, reducing vertical and/or horizontal burn wound extension (Schmauss et al.
2015):

Tobalem et al. showed that the application of cold water (17°C) and even more warm
water (37°C), applied for 20 minutes after the burn induction, could reduce perfusion
impairment and delay BWP in rats (Tobalem et al. 2013). Similarly, Rizzo and his
colleagues reported hypothermic therapy with water circulating blankets at 33-34°C
as an effective measure to decrease burn wound depth (Rizzo et al. 2013). Sun and his

group showed reduced BWP and alleviated overall inflammation in rats through
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topical application of Infliximab (Sun et al. 2012), an antibody antagonistic to tumor
necrosis factor a (TNFa). Systemic complications of Infliximab like infections, cancer,
tuberculosis or inflammatory diseases (Scheinfeld 2004) could potentially be avoided
through the topical use, but further research is needed (Friedrich et al. 2014). Cerium
nitrate showed tissue protective properties when used as a topical antiseptic in a rat
full-thickness burn comb model (Eski et al. 2012). Topical use of EDTA as an iron-
chelator reduced histological burn depth and macroscopic surface extension in a full-
thickness rat burn comb model (Wang et al. 2015). While the main goal was to
promote wound healing in a pig burn study conducted by Poranki et al,, they were
also able to show that local keratin biomaterial hydrogel with extracted keratin
proteins reduced BWP (Poranki et al. 2016). Another study by Singer et al. conducted
in a pig model could show that topical enzymatic debridement with a bromelain-
derived debriding agent reduced tissue necrosis in the zone of stasis (Singer et al.
2010). Fu and coworkers showed that topical applied hydrogel with granulocyte-
macrophage colony-stimulating factor (GM-CSF) exerts protective effects in the zone
of stasis in a rat burn comb model (Fu et al. 2017). Recently, a carbomer 940 hydrogel
was shown to ameliorate perfusion in a full-thickness rat burn comb model (Hayati et
al. 2018).

In summary, topical administration of tissue protective agents have showed
promising results (Schmauss et al. 2015). With this application route, systemic
adverse effects could be avoided and potentially higher doses could be targeted at the
burn wound. Prevention of increasing burn depth could be relevant for all burn
patients, but especially in superficial burns which could then be treated in outpatient
settings. Therefore further research, especially with topical agents and adequate

dosage in vivo burn models, is required.

6.8 Laser-Speckle-Contrast: Technique and Imaging

Altered blood flow and microcirculation in burn wounds contribute to BWP (Singh et
al. 2007, Shupp et al. 2010). Thus, various techniques have been used to analyze skin
perfusion, including invasive techniques like intravital microscopy (Harder et al.
2004), indocyanine green (ICG) fluorescent angiography (Fourman et al. 2014),
Xenon-clearance (Proano et al. 1997) or radionuclide imaging (Eski et al. 2012);
besides non-invasive methods like near-infrared spectroscopy (Kaiser et al. 2011),

videomicroscopy (Eriksson et al. 2014), spatial frequency domain imaging (Nguyen et

19



Introduction
Laser-Speckle-Contrast: Technique and Imaging

al. 2013) or Laser Doppler Imaging (LDI) (Tobalem et al. 2013, Eriksson et al. 2014,
Hayati et al. 2018). A relatively young method to assess blood flow is Laser-Speckle-
Contrast-Imaging (LSCI) (Briers 2001). The technique originally described in 1982 to
exemplify microcirculatory blood flow in the retina (Briers and Fercher 1982), has
been continuously enhanced to allow real-time perfusion imaging with high spatial

and temporal resolution (Briers and Webster 1996, Eriksson et al. 2014).

6.8.1 Technical Principles of Laser-Speckle-Contrast-lmaging

In LSCI, a coherent laser is used to illuminate the wound area (Sen et al. 2016). The
light is backscattered from the subject in a random, irregular pattern due to biological
tissue morphology and properties. The diffracted backscattered interference pattern
is called laser speckle, which can be recorded using a camera (Ponticorvo and Dunn

2010, Eriksson et al. 2014) (Figure 5).
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Figure 5: Schematic Laser-Speckle Contrast-Imaging

In Laser-Speckle-Contrast-Imaging, a laser is used to illuminate the sample and the backscattered
interference pattern is detected by a charge-coupled-device (CCD-) camera.

Image originally published in Basak, K., M. Manjunatha and P. K. Dutta (2012). "Review of laser
speckle-based analysis in medical imaging." Med Biol Eng Comput 50(6): 547-558. (Basak et al.
2012). Permission for re-use kindly granted by Rightslink Copyright Clearance Center.

The speckle pattern consists of dark and bright superposed interference areas where
light waves are cancelled or reinforced. In static tissue with still particles, the
obtained diffracted speckle pattern is high in contrast. But if motion is present within
the observed tissue, the laser speckle is instead fluctuating and blurred (Ponticorvo
and Dunn 2010, Lindahl et al. 2013). The amount of blurring can be quantified in
relation to the exposure time and used to create the speckle contrast (Senarathna et
al. 2013, Eriksson et al. 2014). Since motion in dormant biological tissue mainly stems
from erythrocytes and particles in the blood stream (Senarathna et al. 2013),

increased blood flow leads to intensified blurring and therefore to a reduced speckle
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contrast. Through statistically analyzing the speckle contrast and its deviations from
standard grayscale intensity in the observed tissue, perfusion can be deduced (Basak
et al. 2012, Eriksson et al. 2014). The contrast image is used to create a color-coded
intensity image, correlating to the vascular flow, expressed in arbitrary units (Sen et

al. 2016).

6.8.2 Differences in Laser Doppler and Laser-Speckle-Contrast-Imaging

Laser Doppler (LDI) and Laser-Speckle-Contrast-Imaging (LSCI) are related methods
but use different physical theories for data sampling (Eriksson et al. 2014). Both
methods share their non-contact, non-invasive properties and perfusion values are
linearly related and highly correlated (Millet et al. 2011), despite the more superficial
tissue penetration of 0.3mm-1mm in LSCI (Briers 2001, Senarathna et al. 2013,
Eriksson et al. 2014). Laser Doppler devices send out laser beams with a certain
wavelength onto the subject. In static tissue, the light is reflected with the same
wavelength. When blood cells travelling through the observed tissue are hit by laser
beams, the wavelength is changed through the Doppler effect (Micheels et al. 1984,
Schabauer and Rooke 1994). The backscattered light is scanned by the device and
analyzed for the amount of Doppler-shifted light beams. Higher amounts and
frequencies permit conclusions of blood flow and velocity (Micheels et al. 1984).
Since LSCI avoids scanning like LDI, image acquisition is faster and covers a larger
area (Eriksson et al. 2014). Another advantage of LSCI is the non-impairment onto
perfusion evaluation from environmental light, camera distance and angle (Lindahl et
al. 2013, Zotterman et al. 2017). While in clinical settings, LDI is more commonly
used, LSCI and its time-saving data acquisition might prove more feasible in the

future (Zotterman et al. 2017).
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7 Purpose of this Study

More research in topical tissue protective agents in non-full-thickness burns is

needed. For this reason, the purpose of this study was two-fold:

1. The first goal was to establish a rat burn comb model where BWP leads to
damage extending to the intermediate dermis. In our model, the burn wound
should only spread to the intermediate skin layers and therefore be defined as
a non-full-thickness burn. Measured parameters should include flowmetry
using the LSCI-technique, burn wound progression through histological
evaluation and quantification of resulting gross interspace necrosis. These
determinants should be monitored in short time intervals over at least 2
weeks, subsequently comparing them to a formerly used, standardized full-

thickness burn.

2. The second aim was to establish a flexible, durable and easy to mount frame or
bandage for rats in order to be able to use topical agents. The dressing should
meet animal welfare requirements, not hinder the rats and allow
administering of topical agents while concurrently preventing rats from
wound manipulation. Furthermore it should facilitate evaluation of flowmetry

and gross wound assessment, possibly on a daily basis.
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8 Material & Methods

8.1 Animals & Housing

All experiments were conducted according to European FELASA guidelines, German
Animal Welfare Act and approved by the Regierung von Oberbayern. A total of 38
male Wistar rats (Charles River Laboratories, Sulzfeld, Germany) were used for this
study. On arrival at the study site (Zentrum fiir Praklinische Forschung ZPF, Klinikum
rechts der Isar, Technische Universitit Miinchen, Munich, Germany), the animals
were checked for proper health status. Animals were given at least 14 days to adapt
for housing conditions before commencing procedures. The study site facilities had
restricted personal access, daily animal care, automatic climate control and a 12-hour
day-night-rhythm with twilight phases. Animals were kept in individually ventilated
cages (IVCs) with up to 2 rats stored in one cage (Type [V; base 60x38cm), respecting
size and weight. Autoclaved food (Altromin Spezialfutter, Lage, Germany) and water
was offered without any restrictions at their disposal ,ad libitum“. Additionally
autoclaved oat flakes were served up to a body weight of 400g for ensuring sufficient
weight at the beginning of the experiments. Wood pellets were used as litter. Water
bottles and wood pellets were replaced twice weekly. Autoclaved wood pulp,
cardboard or plastic houses were offered for nest-building.

After burn induction, the enrolled animals were kept individually in IVCs. For the
following three days, while animals were treated with Buprenorphine, autoclaved hay

was used instead of wooden pellets and nest-building material was removed.

8.2 Preparation For Burn Induction

Only healthy rats between 435-535g were enrolled in the experiments. We used a
complete antagonizable bodyweight-adapted combination anesthesia consisting of
Midazolam (Hexal®, Holzkirchen, Germany), Medetomidin (Sedator, Albrecht,
Auendorf, Germany) and Fentanyl (Fentadon®, Albrecht, Auendorf, Germany). A
table of applied doses is attached (chapter 14). The anesthesia was injected
intraperitoneally in the lower right abdominal quadrant after nuchal grab fixation.
Following injection, rats were put into darkened cages individually and respiration
was closely monitored. Anesthetic depth was verified after 5 minutes by checking lid
and toe pinching reflexes. If the anesthesia was sufficient, we began preparations for

burn induction. The eyes were protected with ointment (Bepanthen® Augen- und
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Nasensalbe, Bayer Vital GmbH, Leverkusen, Germany). If the applied dose was
insufficient or additional dosages were required later, one third of the original dosage
was injected similarly until adequate narcosis was achieved.

Then, the animals were placed on a 37°C-warm electric heating mat (Medax,
Neumiinster, Germany) which was covered with sterile drapes. Using a nosecone, the
anesthetized animals were treated with 100% Oxygen (“02) at a flow rate of 21/min.
For preemptive pain prophylaxis 0.05 milligrams per kilogram bodyweight (mg/kg
bw) Buprenorphine (Buprenodale®, Albrecht, Auendorf, Germany) was injected
subcutaneously. We shaved the animal’s back and applied depilatory cream (Balea,
dm, Karlsruhe, Germany). Next, the rat’s spine and the burn comb stamp dimensions
were outlined on the dorsal skin with a felt tip (Figure 6). Stamp placement was
planned with a distance of 5mm to the spine. After preparation and outlining, we took
digital photos and measured the baseline Laser-Speckle-Contrast-Imaging (LSCI)

flowmetry. Before proceeding, anesthetic depth was rechecked.

Figure 6: Stamp Position Outlining
Marked rat with outlining of the spine and stamp application positions on both sides. The
marking shows a 5mm distance to the spine on both sides.

8.3 Burn Induction

All burn procedures were conducted after application of systemic anesthesia and
preemptive subcutaneous analgesia. For burn induction we used a 136g chrome-
nickel template with a length of 55mm and a width of 20mm as the “burn comb
stamp”. Four rectangular 20x10mm planes were separated by three 20x5mm

indentions (Figure 7).
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Figure 7: Burn ombTemplate
The used chrome-nickel template was 55mm long and 20mm wide. Four rectangular 20x10mm
planes were separated by three 20x5mm notches. The stamp had a total weight of 136g.

Two identical stamps were put into boiling water at 100°C for 15 minutes until
temperature equilibration. The stamp was applied without any additional pressure
onto the previously marked rat dorsum for the desired time burn time (see 8.3.1).
First the right side of the rat’s dorsum was burned. With the second stamp, the left
side was burned immediately afterwards. Four 20x10mm rectangular burn wounds
resulted on each side with three 20x5mm unburned intercalated interspaces between

them (Figure 8).

Figure 8: Rat Dorsum after Burn Induction

The stamps were applied consecutively without any pressure. The right image shows the enlarged
wound area. Picture taken at the time point “post-burn” after a 10sec burn. The stamp’s burn
imprints can be distinguished.

After the burn induction, we took digital photos and measured perfusion with the
LSCI device for post-burn data collection.

After photographing and measuring again at the time point 1 hour, we antagonized
the narcosis: After completed burn induction and first measurements, the anesthesia
was completely antagonized combining Atipamezol (Antisedan®, Elanco, Bad
Homburg, Germany), Flumazenil (Hexal®, Holzkirchen, Germany) and Naloxon (B.
Braun, Melsungen, Germany). A table of detailed dosage is attached (chapter 14). The
body-weight-adapted antagonization was applied subcutaneously into the nuchal

skin fold and the animals woke up under cardio-respiratory monitoring.
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Subsequently, the burned rats were treated with a subcutaneous injection of

0.05mg/kg bw Buprenorphine each 8-12 hours for the next 3 days.

8.3.1 BurnTime

Burn time was measured with a stopwatch. We induced a burn wound in 12
preliminary animals with different burn times ranging from 5 to 60 seconds. The
histology obtained by these preliminary animals was used to assess a burn time in
order to create a superficial to intermediate burn wound, but not a full-thickness
burn. Data from these preliminary animals was not used for the analysis.

In the study group we inducted a ten second (10sec) burn in 17 rats. This 10sec burn
time had been deemed as appropriate in the preliminary animals after discussion
with the histopathologists. Twelve of the animals on which we applied the template
for 10 seconds received a frame dressing (see chapter 8.5.2). Rats that were sacrificed
at early time points did not receive a frame. 13 animals were included in the
perfusion and histology analysis. Nine animals were burned with the burn comb for
sixty seconds (60sec) as a control group with a standardized full-thickness burn as

formerly described (Tobalem et al. 2012, Tobalem et al. 2013).

8.4 Measurements: Digital Photo Documentation and Perfusion-Flowmetry

We repeatedly observed and measured the animals in the experiment. Each
measurement consisted of digital photo documentation and LSCI flowmetry. As
depicted in Figure 9, time points of analysis were: “Baseline” (before the burn
induction), shortly after burn induction (“post-burn”), 1 hour (“h1”), 8 hours (“h8”),
Day 1 (“d1”), Day 2 (“d2”), Day 4 (“d4”), Day 7 (“d7”), Day 10 (“d10”) and Day 14

(“d14”). After 2 weeks, measurements were performed once a week.

post

. burn day 1

Baseline 1 hour y

o 1x/w
U

8 hours day2 day 4 day7 day 10 day 14

burn (frame)

induction

Figure 9: Measurement Points
The timeline marks time points where analysis was performed according to the
protocol. See text for further information. Timeline is not drawn to scale.

If we mounted a frame, this was done between post-burn and 1 hour. Animals burned
for 60 seconds were not measured on day 10 since none of the animals received a

frame.
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8.4.1 Inhalation Narcosis for Measurements

Except for the time points baseline, post-burn and 1 hour, when the animals were still
under antagonizable injection anesthesia; we used an Isoflurane inhalation narcosis:
After checking health status weight, we placed the animals in an anesthesia induction
box. We used an anesthesia device (MDS matrx®, Volker, Kaltenkirchen, Germany)
for the narcosis and flooded the animals with 5% Isoflurane (Isofluran CP®, CP-
Pharma, Burgdorf, Germany) at an oxygen-flow (Oz-flow) of 61/min. After loss of
positional reflexes, we reduced the inhalation dosage to 1-2% Isoflurane at an Oz-flow
of 21/min using a nosecone to maintain the sedation. If animals had an E-collar, we
removed it before reducing the Isoflurane dosage. If the animals showed any signs of
pain or if frame materials or sutures were not intact, we applied 0.05mg/kg bw
Buprenorphine subcutaneously into the neck skin fold before proceeding with any

measurements or re-suturing.

8.4.2 Photo Documentation

The anesthetized rat was put onto a sterile cover and the wound area cleaned and
macroscopically inspected. If any hair was re-growing, it was shaved to ensure
adequate wound inspection. For photo documentation we used a digital camera
(Exilim EX-Z75 7.2MP; Casio; Casio Europe, Norderstedt, Germany) and took 3 photos
of every rat at each time point (Figure 10): One overview picture of the whole animal
(no zoom, focal length 6.3), one picture zoomed-in onto the rat’s dorsum (zoom-level
2, focal length 10.4), one close-up shot of the wound area and frame (zoom level 5,
focal length 16.51). All photos were taken with the same camera and light settings,
triggering the internal camera flash. The camera was mounted on a tripod stand with

a fixed position.

Figure 10: Example of Photo Documentation
Shown are 3 photographs of the same rat on the same time point. Notice the 3 different zoom levels for animal
overview (A), rat’s dorsum (B) and wound area (C). Animal with mounted frame.
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8.4.3 Flowmetry with Laser-Speckle-Contrast-lmaging

Subsequently, we performed non-invasive perfusion measuring with a
Laser-Speckle-Contrast-Imaging flowmetry device (moorFLPI-2; Moor Instruments,
Sinzig, Germany) and corresponding software (moorFLPI-2Measurement Version 1.0;
Moor Instruments Ltd., Devon, England). The full-field imaging device was calibrated
according to the manufacturer. A laptop (Lenovo G500s; Lenovo Deutschland,
Stuttgart, Germany) with Windows 7 (Microsoft Corporation, Unterschleifsheim,
Germany) was used for data storage and processing.

The animal was mounted in spread prone position on a soft black surface. The LSCI-
device was installed in a defined distance over the wound area and we used the
software tool to focus. On every measurement point, we took 2 flowmetry recordings,
each 60 seconds with a frame rate of one image per second: One “macro” shot of the
wound area and surrounding non-burned tissue and one “micro” shot with an
enlarged wound area, using the software’s zoom function (Figure 11).

After completing the measurements, the Isoflurane and O inflow was turned off. The
animals were put back in their individual cages. If the rats had a mounted frame, we
re-attached the E-collar at this point. The rats woke up under monitoring of vital

functions.

Figure 11: Example of LSCI Measurement
At each time point, we recorded one “macro” (A) and one “micro” (B) sequence, 60sec each with a
frame rate of 1 frame per second. The sequences were software-processed for flowmetry averaging.

8.5 Frame Dressing

Throughout the experiment we tested different preliminary frame dressings before

deciding to use a self-developed aluminium frame with 8 double-layered components.
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8.5.1 Preliminary Frames

In 12 preliminary animals, we mounted different frame types in order to establish a
suitable frame to be used over the experiment’s time span. Each preliminary frame
was mounted in at least two animals and observed for a minimum of 2 days to

examine restrictions and limitation of the frame.

8.5.1.1 First Preliminary Frame: Soft Frame

The first frame was made out of Varihesive® (ConvaTec, Munich, Germany)
hydrocolloid bandaging material. The material seemed flexible and soft enough to
avoid animal restriction. A scalpel was used to cut out a one-piece framing to enclose
the burn wound area (Figure 12). The rest material of the cut Varihesive® bandage
was turned upside down and used as a cover sheeting. We used transparent foil

(Opsite Flexigrid, Smith-Nephew, Hamburg, Germany) to drape the wound area.

Figure 12: First Preliminary Frame
Mounted Varihesive® hydrocolloid bandaging soft frame (A). The burn wound was covered with
Varihesive® bandage material turned upside down (B).

8.5.1.2 Second Preliminary Frame: Thermoplastic Strengthening on Lateral Sides

For the next design, we applied thermoplastic material onto the lateral frame sides.
The material offered small holes through which stitches could be placed and allowed
quick assembly. To facilitate fitting to the shaped rat’s dorsum, we inserted a joint
into the thermoplastic material by cutting the plastic in half and reconnecting the
single parts with two stitches (Figure 13). The plastic lateral sides were connected to
the soft cranial & caudal parts of the frame with sutures on the corresponding ends

after the outside corners were rounded off to avoid sharp plastic rims.
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Figure 13: Second Preliminary Frame with Thermoplastic Material

Split design of the thermoplastic lateral frame sides after re-connecting them with sutures and
rounding off the outside edges (A). Mounted frame with soft cranial and caudal components and with
thermoplastic enhanced lateral sides. Wound sealing with reversed Varihesive® bandage material and
transparent foil (B & C).

8.5.1.3 Third Preliminary Frame: Single Layer Aluminium Frame

In a next step, we moulded an aluminium metal frame light enough to avoid
compromising weight load. In order to suture the frame onto the rat, we punched
several holes in the single aluminium parts with a distance of 4-6mm between each
other (Figure 14). The single aluminium parts had a width of 15mm.

Originally we planned to use one long aluminium component for the lateral parts of
the frame. However we preferred an 8-component design instead in order to allow a
tight fitting and to enclose the burn area with the frame. The cranial and caudal parts
of the frame were bent according to the shape of the rat’s dorsum to further increase
tightness of the mounted frame (Figure 14). For sealing and cushioning the rat from

the metal parts, we taped self-adhesive fixing foam onto the metal.

Figure 14: Single Layer Aluminium Frame

The first aluminium frame was assembled from 6 different parts: 2 long bars for the lateral frame
sides and 2 shorter parts for each cranial/caudal side (A). Altered broad aluminium frame with 8
single components and changed frame dimensions (B). The cranial and caudal components were
further bent to improve fitting to the dorsum’s shape and self-adhesive foam was taped to the
bottom (C).
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8.5.1.4 Further changes on the preliminary Aluminium Frame

After the results with the single layer aluminium components, we further altered the
frame design. Due to the width of the single components and the assembled frame, we
aimed to reduce the frame size by folding the sides of the individual frame parts.
Double-layered single components had a width of 10mm. Narrowing of the frame was
done by changing the components’ length. We abstained from mounting the frame
with wire sutures since no efficient frame fixation could be achieved. We stuck to
single suture technique and resolved to use frames only in combination with an

Elizabethan collar (E-collar).

8.5.2 Final Aluminium Frame with Eight Double-Layered Components

Figure 15: Assembled Final Aluminium Frame

The upper part and lower parts are 84mm long (A). They were placed parallel to the rat’s spine as
the lateral frame sides. Left and right sides of the frame on the picture are cranial and caudal sides
of the frame. They had a length of 88mm (B). Eight sutures can be seen where single components of
the frame were connected.

We used an aluminium frame with eight double-layered aluminium components as
our final frame in a collective of 12 animals, each burned for 10 seconds and equipped
with an E-collar. The complete frame dimensions were 84mm laterally and 88mm
cranially/caudally (Figure 15). Completely assembled the frame weighted 5g and
enclosed the burn comb wound area. The lateral frame sides consisted out of two
components, each with a length of 42mm and a width of 10mm. Through the
aluminum components, we punched 1mm holes with a distance of 5mm. Each lateral
frame component had 5 to 6 holes for fixation plus additional ones at the joint areas.
The two lateral components were connected to each other in a flexible joint by using
2-0 Vicryl® (Ethicon, Johnson & Johnson Medical GmbH, Norderstedt, Germany)

sutures. The cranial and caudal components were 34mm long and 10mm wide each
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and connected in the same manner as the lateral ones. They had 4 to 5 holes plus
additional ones at the joint ends. Side, cranial and caudal frame sides were also
connected with 2-0 Vicryl® sutures and therefore flexible. White self-adhesive foam
dressing (Mepilex® safetac, Molnlycke Health Care, Diisseldorf, Germany) was used
for padding.

8.5.2.1 Frame Mounting

The frames were mounted after burn induction and post-burn measurements while
the animals were still anesthetized and sedated. We used 3-0 Ethilon® (Ethicon,
Johnson & Johnson Medical GmbH, Norderstedt, Germany) suture material in single
button technique for mounting the frame by utilizing all punched holes in the
aluminum to fixate the frame. The frame was mounted onto the back with up to 12,
respectively 8 sutures on each frame side (Figure 16). Attention was paid to avoid
tension on the rat’s skin.

We analyzed the frame durability in twelve animals equipped with the final double-
layered frame. A frame was considered mounted and durable if no complete cranial,
caudal or lateral side was gnawed open and no more than 15 sutures needed re-
suturing. Re-fixation was performed as required by re-suturing the frame when the
animals were anesthetized with Isoflurane and after subcutaneous 0.05mg/kg bw
Buprenorphine application. When the frame was fully un-mounted, no re-suturing
was done. On day 10 all remaining frames were dismantled while the rat was still

anesthetized. The individual frame parts were re-used after disinfection.

Figure 16: Mounted Double-Layered Aluminium Frame
Rat at 1 hour after burn induction. Complete mounted frame in single button technique.
The wound area was enclosed by the frame.

8.5.2.2 Elizabethan Collar for Animal with Final Aluminium Frame
All 12 study animals for frame evaluation were equipped with Elizabethan collars (,,E-

collars“) made of soft, thin plastic. 8 animals were treated with a short E-collar and 4
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with a long model. Short and long collars had an outer radius of 75mm or 85mm
respectively and both versions had an inner cut out part with a radius of 25mm. We
removed approximately 30° of the collar in order to size it individually to each rat
(Figure 17). We taped the inner rims with Mepilex® safetac foam dressing
(Molnlycke Health Care, Diisseldorf, Germany). To attach the E-collars tightly around
the neck, we incised 2Zmm holes and applied brass fasteners (Figure 17). Careful
regard was paid not to constrict the neck, while maintaining a satisfactory tightness.
The rats were monitored for changes in movement, signs for distress or behavioral
alterations. During in-lab observation and while performing measurements, all E-
collars were temporarily removed in order to allow grooming. After finishing the

measurements, the E-collars were re-attached.
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Figure 17: Elizabethan Collar for Wound and Frame Protection

Animals with mounted frames were equipped with an Elizabethan collar (E-collar).

The small E-collar had a 75mm outer-rim-radius and a 25mm inner-rim-radius. A small portion of
the collar was excised and small incisions were made for fastening (A) and the collar prepared with
foam padding (B). Applied E-collar with brass fasteners (C&D). After each collar attachment,
constriction of the neck was precluded.
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8.6 Euthanasia, Histology and Burn Depth Score

8.6.1 Euthanasia and Tissue Harvesting

After the observation period, euthanasia was performed with a threefold overdose of
Pentobarbital (150mg/kg bw; Narcoren®, Merial, Hallbergmoos, Germany). The
lethal injection was performed under Isoflurane sedation.

Sacrificing experiment animals was done on different time points to analyze evolving
burn depth histologically. There was no repeated tissue harvesting from the same
animal. In the 10sec group, we harvested tissue from one or more animals on the
following time points: 1 hour, 8 hours, 1 day, 3 days, 7 days (3 animals), 10 days (3
animals), 14 days (3 animals), 21 days and 35 days. Additionally 2 animals were kept
alive to days 58 and 65. In the 60 second burn group we sacrificed animals on the
time points 1 hour, 8 hours, 1 day, 2 days, 4 days, 7 days, 21 days and 28 days (2
animals).

Tissue harvesting was performed on the carcass after confirmed euthanasia. Any
attached frames were un-mounted before proceeding with harvesting. The whole
wound area was removed below the panniculus carnosus muscle from the animal’s
back. The right burned area was consequently used for histological processing and
was cut into four tissue compounds of equal size. Furthermore, the area was bisected
to gain two specimens of the same interspace-burn-field pair for easier embedding
(Figure 18). The skin samples were stretched out onto a corkboard using sterile
injection needles and then stored in 4% formalin solution. The tissue samples were
transferred to the Institute of Pathology, Technische Universitiat Miinchen, Munich,
Germany where they were subsequently dehydrated and embedded in paraffin. Each
tissue block was cut into 3-5um thick section slides and stained with haemotoxylin

and eosin (HE) with assistance by pathology staff.
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Figure 18: Schematic Illustration of Obtaining Histological Specimens
Cutting was performed along the dotted lines. Each burn field was dissected with its adjacent
interspaces. The samples were cut in half for easier histological fixation and evaluation.

8.6.2 Histology Evaluation and Burn Depth Score

The HE-stained sections were evaluated for burn depth by PD Dr. med. Melissa
Schlitter and Dr. med vet. Katja Steiger. Dr. Schlitter is a certified histopathologist and
Dr. Steiger an animal pathologist. Both were blinded for burn time.

Histological definition of the burn depth was made according to Meyerholz
(Meyerholz et al. 2009) and categorized into an ordinal-scaled burn depth score
formerly used in burn research (Yuan et al. 2007, Tobalem et al. 2012, Tobalem et al.
2013)(Table 2). Briefly, collagen alterations, vascular patency, viability of skin
appendages and cell nucleus changes were evaluated and the deepest afflicted skin
layer determined. If both pathologists could not definitely state the burn depth in a

section, the area was not used for further analysis.

Table 2: Burn Depth Score
Epidermis
Superficial Dermis
Intermediate Dermis
Deep Dermis
Muscle

Ul W N =

A single section was evaluated for three distinct burn depths: Burn depth of the burn
field itself and two burn depths of the adjacent interspaces left and right. For each
time point, burn depth scores of center areas (representing burn fields) and fringe
areas (representing interspaces) were pooled separately. The medians of burn depth

scores were calculated for interspaces and burn fields.
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8.7 Evaluation of Macroscopic Interspace Necrosis

For evaluation of macroscopic interspace necrosis we used the data obtained by
planimetric photo documentation from day 1 onward. Interspace necrosis was
quantified using image analysis software (Caplmage version 8.6.3, Zeintl Software,
Heidelberg, Germany) with a defined 1:1.5 enlargement. In each animal, we analyzed
the right burn side for interspace necrosis. We measured complete interspace extent,
and necrotic areas were determined by gross surface tissue appearance in the
interspaces. Black, brown, grey, or ashen tissue was regarded as non-vital eschar
(Figure 19). The specified necrosis from all three interspaces at each analyzed time
point was related to complete interspace dimensions and the result was read out in
percent. In interspaces where gross appearance was ambiguous, we discussed the
extent in our group until accomplishing consensus.

To determine group-specific surface interspace necrosis, we calculated the mean for
each time point from all animals with the same burn time (10sec or 60sec). Results

were given in percent interspace necrosis (% interspace necrosis).

Figure 19: Interspace Necrosis Measurement

10sec specimen on day 1 with 14% interspace necrosis (A) and highlighted measurement areas (B). 10sec
specimen on day 7 with 68% interspace necrosis (C) and highlighted measurement areas (D). On all images
left side is cranial. Blue outline shows marked interspace area regardless of vitality, representing 100%
interspace surface area (B and D). Discolorations in these areas were regarded as non-vital (highlighted with
grey areas in B and D). Note vital hyperaemic margins in the interspaces in C and D.

8.8 LSCI Flowmetry Data Processing

The obtained Laser-Speckle-Contrast-lmaging data recordings were further
processed using the manufacturer’s digital software (moorFLPI Review V4.0; Moor

Instruments Ltd., Devon, England). Flowmetry data up to 2 weeks was evaluated.
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8.8.1 Digital Preparation of Flowmetry Images

Each flux image was prepared before data evaluation. For assessing flowmetry, the
,micro“-perfusion recordings were used after averaging 60 frames. Blinding for flux
values was done by using either the grey or color photo in single image display mode
for setting the region of interest (ROIs) points (Figure 20 and Figure 21). The
appropriate template with square-sized ROIs (0.4x0.4 software units) for either
interspaces or respectively burn fields was loaded. The software extracted absolute
flux parameters in arbitrary units from the ROI areas. The extracted flux values were
copied into an Excel spreadsheet (Excel, Microsoft Office, Microsoft Corporation,
Unterschleifheim, Germany). We proceeded with the placements and measuring for

all time points. Placement of baseline ROIs was done according to pre-burn markings.

Colour Image

Photo Image

Figure 20: Placement of Interspace ROIs

Schematic Image (A). Software Color Image (B). Software Grey Photo Image (C).
Software Flux Image (D). 15 ROI markers were placed in the interspaces as shown in B
and C. Each interspace had five ROIs assigned. The black dots in the photo images were
pre-burn positioning markers.
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8.8.2 Obtaining Relative Interspace and Burn Field Flux Values

After preparing the image for measurement spot placing, we loaded a template of 15
Regions of Interest (ROIs). Starting with the post-burn image we placed five ROIs in
the area where we could distinguish an interspace from the burn fields (Figure 20).
For burn field evaluation, we proceeded in the same manner as for the interspaces.
We used 16 ROIs for burn field perfusion assessment, 4 ROIs for each burn field
(Figure 21). We placed the ROIs approximately in the middle of the burn field

stretching from lateral to medial.

Colour Image

Photo Image

Figure 21: Placement of Burn Field ROIs

Schematic Image (A). Software Color Image (B). Software Grey Photo Image (C).
Software Flux Image (D). 16 ROI markers were placed in the burn fields as shown in B
and C. Each burn field had four ROIs assigned. The black dots in the photo images were
template positioning markers.

Mean average flux values for each interspace and burn field were determined for each
time point. The mean-averaged value was then set in relation to the corresponding
baseline perfusion of the same interspace or burn field. This relation was read out in
percent. In this manner we obtained data for each interspace or burn field at each
time point in percent baseline perfusion (% baseline perfusion). To determine group-

specific perfusion, we calculated the mean relative flux and its standard error of the
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mean (SEM) of all interspaces or burn fields for each time point from all animals with

the same burn time.

8.9 Statistical Analysis

Statistical analysis was performed with SPSS v23 (IBM, Ehningen, Germany).
Perfusion and interspace necrosis data shown is expressed as arithmetic mean and
the standard error of the mean (SEM). All graphs show SEM error bars unless stated
otherwise. Differences were considered significant at p<0.05 and highly significant at
p<0.001.

The development of the statistical model as well the model’s computing was done
with the assistance of Drs. Alexander Hapfelmeier and Bernhard Haller from the
Institute of Medical Informatics, Statistics and Epidemiology of the Technische
Universitat Minchen, Munich, Germany. We used a mixed linear regression model for
testing variables with repeated measurement points in assessing perfusion
parameters and gross interspace necrosis. The subjects were repeatedly measured in
their burn fields and interspaces over time. We used a model with a compound
symmetry correlation structure, testing for fixed effects in a two-way mixed-design
analysis of variance, incorporating the main effects of “burn status” (i.e. burn field or
interspace) or “burn time” (i.e. 10sec or 60sec) and “time” (analyzed time points).
Where applicable, we also comprised the interaction term “burn time” by “time” or
“burn status” by “time”. In the LSCI data, due to right-skewed data as estimated by the
residuals, we performed logl0O-logarithmic transformations to normalize data
distribution. Baseline differences were adjusted by computing the baseline values as a
covariate into the model. If the main effect showed a statistical significance at p<0.05,
we extended the mixed linear model to test at each analyzed time point. Correction
and adjustment for a-error in pairwise comparisons was performed with the
Bonferroni post-hoc test.

Histological burn depth was assessed in an ordinal-scaled system and expressed as
the median. Significance in burn depth was assessed using the Mann-Whitney-U-Test
for nonparametric independent samples. Statistical significance was assumed with an
exact 2-tailed p-value <0.05. Adequate post-hoc a-error correction in pairwise

comparisons was performed with the Bonferroni method where applicable.
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9 Results

9.1 Histological Burn Depth
9.1.1 Burn Depth Score

Burn depth was assessed using a burn depth score ranging from 0 (skin intact) to 5
(damage to the muscle) (Figure 22 and Table 2). Histological areas from the fringes of
the sample represented the interspaces while the area from the center represented
the burn fields (Figure 23). Examples of different burn depths as seen in HE-stained

specimen can be found in Figure 24.

Stratum corneum

Epidermis{

Hair follicle

-

Subcutaneous fat 0000

Muscle (panniculus
carnosus)

Figure 22: Schematic Burn Depth Score

If the damage extends to the epidermis, a score of 1 was given.
Similarly damage extending through the superficial dermis, the
intermediate dermis, the deep dermis or the muscle was
respectively scored with 2, 3, 4 or 5.

Figure 23: Histological Transition Zone between Burn Field and Interspace

Transition from interspace (left side) to burn field (right side). The burn damage extends to the
intermediate dermis (burn depth score 3.0; marked with dotted black line) while the interspace
skin is intact. Within the burn field, a necrotic area is girdled by inflammatory cells (*). In the
interspace, all skin layers can be differentiated and the amount of inflammatory cells is not
increased.
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Figure 24: Burn Depths in Different Histological Samples
Histological burn depth restricted to the epidermis, burn depth score 1.0 (A). Above the black line,
the epidermis is not intact and nuclei are not distinguishable.

Histological burn depth extending through the superficial dermis, burn depth score 2.0 (B). The
black line marks the transition between injured and vital tissue. The epidermis is detached.
Histological burn depth extending through the intermediate dermis, burn depth score 3.0 (C).
Necrosis is visible in the more superficial layers of the dermis and girdled by inflammatory cells (*).
No vital follicles are distinguishable.

Vital skin, all layers are intact, burn depth score 0.0 (D). This burn field has healed after 65 days.
Vital hair follicles are marked with F.

9.1.2 Maximum Burn Depth

Burn depth after 10sec burn showed maximum histological damage to the
intermediate dermis throughout all time points; no burn depth score greater than 3.0
was found; neither in burn fields nor in interspaces. Maximum median burn depth in
10sec burn fields was seen on days 1, 3 and 7 with a burn score of 3.0 (Figure 25). In
none of the obtained sections did the interspace damage exceed the burn field
damage. After a 60sec burn, there was histological evidence of full-thickness injury in
several sections. On days 4 and 7, the median burn field burn depth in the 60sec
group was 5.0. Again, the interspace depth never exceeded the burn field depth. Burn
field injury on day 7 was significantly deeper in the 60sec group than in the 10sec

group (medians 5.0 and 3.0; p=0.012). The same pertained for interspaces on day 7:
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The median interspace burn depth in the 60sec group was significantly deeper than

in the 10sec interspaces (medians 5.0 and 1.5; p=0.006).
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Figure 25: Median Histological Burn Depth after 10sec Burn

Depicted are medians of burn depth scores for interspace (grey line) and burn fields (black dotted
line). The first day is expanded for visualization purpose. 10sec injury depth progressed between 8
hours and day 1, detectable in both interspaces and burn fields. No damage deeper than the
intermediate dermis was found. Regeneration in interspaces was observed from day 7 onwards,
while the burn fields showed regeneration after day 10. No histological damage can be spotted in
the median burn depth score at day 14 for interspaces and day 35 for burn fields.

9.1.3 Progression and Regeneration of Burn Depth

The burn field injury depth in the 10sec group progressed from a median of 2.0 for 1
hour and 8 hours to a median of 3.0 on day 1. There was no further deepening of the
burn field injury after day 1 in the 10sec group (Figure 25). At 1 and 8 hours after
10sec burn induction, the interspace depth was more superficial than the burn field
depth (p=0.018 at h8) before interspace injury progressed to a median of 3.0 on days
1 and 3 (Figure 25). The 10sec burn injury in the interspaces had a regeneration
trend towards more superficial damage from day 7 onwards (not significant; p=0.264
at d7) with a median interspace burn score of 1.5. After further declining to 1.0 on
day 10, the median burn score for interspaces was 0.0 from day 14 onwards (Figure
25). In the majority of interspaces obtained after 2 weeks, no burn injury was
histological evident. Also burn field injury depth following a 10sec burn was declining

over time. After extending to the intermediate dermis on day 7, it showed a reduced

42



Results
Macroscopic Interspace Necrosis

burn depth on day 10 (median 2.0), day 14 (median 1.0) and day 21 (median 0.5). In
the obtained burn fields on days 35 and 65, there was no histological damage.

Burn wound deepening took longer following the 60sec burn: It took until day 4 to
reach maximum median burn field damage to the muscle. While on day 2, none of the
inspected 60sec interspace or burn fields had a burn depth score greater than 4.0
(damage to the deep dermis), most interspaces and burn fields were injured deeper
on day 4 with medians of 5.0 for 60sec interspaces and burn fields. Decrescent burn
depth was delayed in the 60sec group: On day 21 the median burn depth for the
60sec burn fields was 2.0 compared to 0.5 in the 10sec group (not significant;
p=0.133) (Table 3). While 10sec interspaces had a median burn score of 0.0 after
three weeks, the 60sec interspaces then still had deeper burn damage (median 2.0;

p=0.002).

Table 3: Median Burn Scores in Interspaces and Burn Fields on Day 21

DEVAE 10sec 60sec
Median Burn Score Interspaces 0.0 2.0 p=0.002
Median Burn Score Burn Fields 0.5 2.0 p=0.133

9.2 Macroscopic Interspace Necrosis

Macroscopic interspace necrosis was determined from day 1 onwards. 18 animals

were included for interspace necrosis evaluation (Figure 26).

Interspace Necrosis 10sec Burn Time Interspace Necrosis 60sec Burn Time
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Figure 26: Scatter Plots of Interspace Necrosis after 10sec and 60sec Burn
Interspace necrosis after 10sec (left graph, grey dots) and 60sec (right graph, black dots) burn.
Each dot represents one analyzed animal with its interspaces.
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In the 10sec group, the mean gross macroscopic interspace necrosis progressed in the
first seven days (Figure 27). On day 1, the mean interspace necrosis was 24% (SEM
8%). It significantly increased to a mean of 40% (SEM 6%) on day 2 (p=0.001). In all
analyzed animals, interspace necrosis increased between days 1 and 2. All further
increases did not show a significant change (d4 50%; SEM 6% and d7 54%; SEM 5%).
The maximum observed interspace necrosis in a single animal was 81%, seen on day
2 (Figure 26). Interspace necrosis in the 10sec group decreased non-significantly on

day 10 and 14 to a mean of 50% (SEM 6%) and 40% (SEM 10%) respectively.

Interspace Necrosis 10sec Burn Time

80%

20%

0%
d1 d2 da d7 d10 di4
Measurement Time Point

Figure 27: Interspace Necrosis after 10sec Burn
10sec mean interspace necrosis increased from day 1 to day 7. It decreased on days 10 and 14. Only
the increase day 1 to day 2 showed a significant change (## p=0.001).

Macroscopic necrosis on day 1 of 57% (SEM 6%) was more marked in the 60sec
group (p=0.009) (Figure 28). All evaluated 60sec animals had an increase in
interspace necrosis between days 1 and 2, leading to a mean of 76% (SEM 4%)).

Further increases on day 4 (85%, SEM 1%), day 7 (88%, SEM 2%) and day 14 (91%,
SEM 2%) did not show a significant change.
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Figure 28: Interspace Necrosis after 60sec Burn
60sec mean interspace necrosis increased between each measurement. Only the increase from day
1 to day 2 was significant (## p=0.001).

The mean interspace necrosis in the 60sec group was significantly higher at all
measurement time points (Figure 29 and Figure 30) (d1 p=0.009; d2 p=0.001; d4
p=0.001; d7 p=0.002; d14 p=0.009). Burn time did have a significant main effect onto
interspace necrosis (p=0.002). The maximum mean interspace necrosis after a 10sec
burn was 54% (day 7) while the minimum mean interspace necrosis after a 60sec
burn was 57% (already on day 1). The major increment in interspace necrosis was
seen between days 1 and 2, mirrored in the significant changes (p=0.001) in gross
interspace necrosis between these days in both groups (Figure 27 and Figure 28). All

changes between later time points were non-significant.

Figure 29: Macroscopic Wound Aspects after 60sec and 10sec Burn
Depicted are photographs of a 60sec and 10sec burn wound over a 14-day period. Following a 60sec burn,
interspace necrosis is more pronounced with burn fields and interspaces conflating into one wound.
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Figure 30: Interspace Necrosis after 10sec and 60sec Burn
Mean interspace necrosis after 60sec burn (black columns) and 10sec burn (grey columns). 10sec
burn interspace necrosis was significantly lower throughout all time points (** p<0.01).

9.3 Miicrocirculatory Perfusion

9.3.1 Perfusion 10 Seconds Burn Time

In the 10sec group, perfusion data from 13 animals were analyzed (Figure 31).
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Figure 31: Scatter Plots of Interspace and Burn Field Perfusion after 10sec Burn
Each dot represents one analyzed interspace (left, grey) or burn field (right, black) after
a 10sec burn. Note, all interspaces and burn fields are perfused below baseline levels at
8 hours after burn induction.
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An example of the obtained LSCI images, sample perfusion and planimetric

photography in one 10sec animal over 14 days is shown in Figure 32 and Figure 33.

i
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Figure 32: Sample Flowmetry and Gross Images after 10sec Burn

Gross macroscopic wound aspect and corresponding averaged flowmetry images for one animal from baseline
to day 14. On all pictures left side is cranial. Animal from 10sec group. Note the changes in macroscopic
appearance and in corresponding LSCI flowmetry. Refer to depicted color palette for perfusion reference. Also
note how interspaces between single burn fields can still be distinguished.
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Figure 33: Sample Relative Perfusion after 10sec Burn
Relative perfusion from the animal in Figure 32 is shown for interspaces (left graph) and burn fields
(right graph). Each dot represents interspace or burn field perfusion relative to baseline.

Throughout the experiment, the mean relative interspace perfusion was higher than
the mean relative burn field perfusion (Figure 34) in the 10sec group with significant
differences each time point between post-burn and day 7 (p<0.001 for post-burn, h1,
h8, d1, d2, d4 and p=0.006 for d7). The interaction of burn status (interspace or burn
field) and time did show a significant effect (p=0.017). Burn status alone also showed

a significant main effect onto the perfusion (p<0.001).
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Figure 34: Burn Field & Interspace Perfusion after 10sec Burn

Mean relative interspace perfusion (grey columns) was higher than mean relative burn field
perfusion (black columns) throughout all time points. Interspace perfusion was significantly higher
from post-burn to day 7 (*** p<0.001 and ** p=0.006).
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After burn induction, mean relative interspace perfusion even increased to levels
above baseline (165%; SEM 6%; p<0.001) (Figure 35) while mean burn field flux
decreased significantly (77%; SEM 2%; p=0.006) (Figure 36). The decrease in 10sec
burn field flux continued from post-burn to 1 hour (59%; SEM 2%, p=0.016) and to 8
hours (38%, SEM 2%). Alike, also 10sec mean interspace perfusion decreased
significantly (p<0.001) to levels below baseline on 1 hour (78%, SEM 3%, p=0.049 to
baseline) and 8 hours (51%; SEM 2%; p<0.001 to baseline). All observed 10sec burn

fields and interspaces were perfused below baseline at 8 hours (Figure 31) and had

Results

their minimum mean perfusion values then.

Microcirculatory Perfusion

800%

700%

600%

500%

400%

Mean Flux % Baseline

300%

200%

0%
Baseline

Mean Interspace Perfusion 10sec Burn Time

*kx

post-
Burn

h1

ok

h8 d1

Hitt

ok

d2 da d7

Measurement Time Point

d10

di4

Figure 35: Interspace Perfusion after 10sec Burn

The mean relative interspace perfusion was significantly different from baseline throughout most
time points except on days 1 and 4 (*** p<0.001; * p=0.049). After an increase in perfusion on post-
burn, interspace perfusion decreased significantly on h1 and on h8. Afterwards, the 10sec interspace
perfusion increased significantly between h8 and d1, between d4 and d7 as well as between d10 and

d14 (### p<0.001).

49




Results
Microcirculatory Perfusion

Mean Burn Field Perfusion 10sec Burn Time

800% i

700%

600% #it#

s
»

o 500% __ - 7
@
e
% 400%
2 wxx 7
‘: Il
o !
s »

300% /

/
200% ,’
/
/
100% Mb=<__ e L -
T
Bl S ./
0%
Baseline  post- h1 h8 d1 d2 da d7 d1o dia
Burn
Measurement Time Point

Figure 36: Burn Field Perfusion after 10sec Burn

The mean relative burn field perfusion was significantly different from baseline except on d1, d2 and
d4 (*** p<0.001; ** p=0.006). Burn field perfusion decreased significantly between each time point
until h8, before increasing again on d1. Later, the increase in perfusion was significantly different
from d4 to d7 and d10 to d14 (### p<0.001; # p=0.016).

9.3.1.1 Interspaces & Burn Fields Reach Baseline One Day after 10sec Burn

10sec interspace and burn field perfusion, increased significantly from their
minimum to day 1 (p<0.001 for both). All evaluated interspaces and burn fields were
better perfused on day 1 than at 8 hours. The mean relative perfusion of 142% (SEM
9%; p=0.05) for interspaces and 99% (SEM 6%; p=1.00) for burn fields, did not differ
significantly from baseline levels as presented in Figure 35 and Figure 36. On day 2,
the perfusion further increased, not significantly, to 189% (SEM 17%) in interspaces
and to 112% (SEM 11%) in burn fields. The interspace perfusion distinctively
exceeded baseline levels at that time point (p<0.001). However on day 4, interspaces
were perfused at a level of 149% (SEM 18%) while burn fields were perfused at 87%
(SEM 10%). There was no statistical difference in perfusion levels between days 1, 2
and 4 for 10sec interspaces or burn fields but only interspace perfusion on day 2 was
significantly above baseline. Following day 4, the perfusion steadily increased until 14
days after the burn. Interspaces and burn fields were better perfused than baseline
(p<0.001) for all later time points. On day 7, the perfusion levels had increased
significantly (p<0.001 for both) to mean relative interspace perfusion of 273% (SEM
35%) and burn field perfusion of 211% (SEM 21%). Only then - on day 7 - mean burn

field perfusion was significantly higher than baseline. On day 10, interspace and burn
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field perfusion levels were 336% (SEM 55%) and 311% (SEM 40%). With further
increasing (both p<0.001), the perfusion 14 days after burn induction was 584%
(SEM 129%) in interspaces and 537% (SEM 89%) in burn fields.

9.3.2 Perfusion 60 Seconds Burn Time
Perfusion data from 8 rats was evaluated for the 60sec burn group (Figure 37). An
example of wound evolvement and corresponding LSCI data from a rat burned for

60sec is shown in Figure 38 and Figure 39.
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Figure 37: Scatter Plots of Interspace and Burn Field Perfusion after 60sec Burn
Each dot represents one analyzed interspace (left, grey) or burn field (right, black) after
a 60sec burn.
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Figure 38: Sample Relative Perfusion after 60sec Burn

Shown are the results for relative interspace (left graph) and burn field (right graph) perfusion from the
animal depicted in Figure 39. Color legend above graphs. Each dot represents the evaluated interspace or
burn field perfusion relative to baseline. All baseline perfusion was set to 100%.
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Figure 39: Sample Flowmetry and Gross Images after 60sec Burn

Gross macroscopic wound aspect and corresponding averaged flowmetry images for one animal from baseline
to Day 14 following a 60sec burn. On all pictures left side is cranial. Note the changes in gross appearance and in
corresponding LSCI flowmetry. Refer to depicted color palette for perfusion reference. Graphical representation
of flowmetry can be found in Figure 38. Note how macroscopically no clear distinction between interspaces and

burn fields can be made on later time points.
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On all analyzed time points in the 60sec group, mean relative interspace perfusion
was higher than burn field perfusion (Figure 40). The interaction of burn status and
time did not show a significant difference (p=0.467) but burn status alone did have a
significant main effect onto the perfusion (p<0.001) following a 60sec burn.
Regarding single time points, the burn status had a significant effect onto the

perfusion after a 60sec burn except at 1 hour and 14 days (Figure 40).
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Figure 40: Burn Field & Interspace Perfusion after 60sec Burn.

The mean relative interspace perfusion (grey columns) was higher than mean relative burn field
perfusion (black columns) throughout all time points. The perfusion between interspaces and burn
fields was significantly different except at 1 hour and day 14 (*p<0.05, **p<0.01 and *** p<0.001).

9.3.2.1 Interspaces and Burn Fields Perfusion is Higher in the 10sec Group compared to
the 60sec Group
We could observe a significant main effect (p<0.001) of burn time regarding
interspace perfusion between the 10sec and the 60sec group. Throughout all time
points the 10sec mean relative interspace perfusion was higher than in the 60sec
group (Figure 41), with significant differences throughout post-burn to day 2.
Comparing burn field perfusion between 10sec and 60sec, both the interaction of
burn time and measurement time (p=0.001), as well as burn time alone (p=0.003)

had a significant effect onto the perfusion. When comparing single time points, burn
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field perfusions on post-burn (p=0.001), day 1 (p=0.001) and day 2 (p=0.045)

showed a significant difference (Figure 42).
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Figure 41: Interspace Perfusion after 10sec and 60sec Burn

Mean relative interspace perfusion after 60sec burn (black columns) and 10sec burn (grey
columns). The 10sec interspace perfusion was higher throughout all time points with significant
differences at post-burn, h1, h8, d1 and d2 (*** p<0.001; ** p<0.01; *p<0.05).
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Figure 42: Burn Field Perfusion after 10sec and 60sec Burn

Relative burn field perfusion after 60sec burn (black columns) and 10sec burn (grey columns). On
single time points, the burn field perfusion following a 10sec or 60sec burn was significantly
different on post-burn, day 1 and day 2 (** p<0.01 and * p<0.05).
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Unlike in the 10sec group, in the 60sec group, both - mean relative interspace and
burn field perfusion - declined after the burn induction on the post-burn
measurement (Figure 41). Perfusion in burn fields was lower than in interspaces
(p<0.001). Mean interspace perfusion declined to 84% (SEM 4%, no significant
difference to baseline) while burn field perfusion decreased significantly to 61%

(SEM 2%; p<0.001) as shown in Figure 43 and Figure 44.
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Figure 43: Interspace Perfusion after 60sec Burn

The mean relative interspace perfusion was significantly higher, respectively lower than baseline
throughout the experiment except at post-burn and d4 (*** p<0.001). Significant changes in
perfusion between two adjacent analyzed time points are depicted (## p=0.003 and ### p<0.001).
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Mean Burn Field Perfusion 60sec Burn Time
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Figure 44: Burn Field Perfusion after 60sec Burn

The mean relative burn field perfusion was significantly different from baseline levels throughout
all time points (*** p<0.001). Perfusion declined up to 8 hours before increasing afterwards.
Significant changes are shown (### p<0.001).

Interspace perfusion reached significantly lower levels than baseline 1 hour after the
60sec burn (63%; SEM 3%; p<0.001) with a decreased perfusion compared to post-
burn (p=0.003). There was no significant difference compared to burn field perfusion
of 59% (SEM 3%) on that time point (Figure 40). Burn field perfusion had not
changed significantly between post-burn and 1 hour (Figure 44). There was no
difference in burn field perfusion at 1 hour between 10sec and 60sec burns (both
means 59%; p=0.958) (Figure 42).

8 hours after 60sec burn induction both interspace and burn field perfusion had
further declined (both p<0.001). Interspace and burn field perfusion in the 60sec
group was at its minimum at 8 hours (interspace 34%; SEM 2%; and burn field 30%;
SEM 2%) but interspaces were significantly higher perfused than burn fields
(p=0.013) (Figure 40). Minimum mean interspace perfusion in the 60sec group was
lower than in the 10sec group (p<0.001 on h8)(Figure 41).

After the nadir, the relative 60sec burn field and interspace perfusion increased
significantly again on day 1 (both p<0.001). The mean interspace perfusion was 60%
(SEM 5%). This was significantly better than the mean burn field perfusion of 52%
(SEM 3%; p=0.022) (Figure 40). Still, on day 1 both mean perfusions were below
baseline (p<0.001) and all measured interspaces and burn fields were perfused below
100% (Figure 37). At this time point in the 10sec group, more than 80 percent of the
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interspaces had established greater than pre-burn levels (Figure 31) and mean
interspace perfusion did not show any difference to baseline any more (Figure 35)
10sec interspace perfusion was significantly better than corresponding 60sec
perfusion on day 1 (p<0.001)(Figure 41).

Between days 1 and 2, the 60sec interspace perfusion further increased (not
significant) to a mean of 72% (SEM 6%). Again this was significantly higher than the
corresponding burn field perfusion (57%; SEM 4%; p<0.001).

9.3.2.2 60sec Interspace Perfusion Recovers To Baseline Four Days After Burn

On day 4, the 60sec mean relative interspace perfusion reached pre-burn levels of
106% (SEM 8%; no significant difference to baseline). This perfusion was
distinctively higher than on day 2 (p<0.001). 60sec burn field perfusion on day 4
(71%; SEM 4%) was still significantly lower (p<0.001) and below baseline (p<0.001).
However, following the 60sec burn there was no non-significant drop in perfusion on
day 4 as observed after the 10sec burn. Between days 4 and 7, 60sec interspace
perfusion increased distinctively (p<0.001). This resulted in a mean perfusion of
205% (SEM 22%), substantially above baseline (p<0.001). With a significant increase
(p<0.001), 60sec burn fields were also better perfused than baseline for the first time
on day 7 (170%; SEM 19%; p<0.001). Day 7 was the last analyzed time point where
burn fields were significantly lower perfused than interspaces in the 60sec group
(p=0.009). The mean relative interspace and burn field perfusions 14 days after burn
induction were 240% (SEM 41%) and 204% (SEM 38%), respectively. Both regions
were better perfused than baseline (p<0.001). On days 4, 7 and 14, there was no
distinct difference in interspace perfusion between the 10sec and the 60sec group,
neither was there a significant difference on these days in burn field perfusion (Figure

41 and Figure 42).

9.4 Frame Quality

9.4.1 Frame Designs & Preliminary Frames

Most of the preliminary frames in the 12 initial animals were not durable enough.
Only the aluminium frames seemed practical to allow adequate usability in larger
groups and for the desired time period. The high flexibility of the proposed soft

Varihesive® bandaging material of the first frame did not provide sufficient stability
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on the rat’s dorsum. Animals gnawed on the lateral sides of the frame (Figure 45).

This was only observed on the lateral side with the cranial and caudal parts intact. We

assessed this frame type as not suitable.

Figure 45: Lateral Sides of the Soft Frame
Soft frames two days after mounting. The animals with the soft frames gnawed at the lateral sides of the soft
frame. Sutures and Varihesive® material were flawed. The cranial and caudal parts of the soft frame seemed
intact.

After strengthening the lateral sides with thermoplastic material, rats were also able
to gnaw on the enhanced frame. Rats disassembled the individual parts within 2 days
after mounting. We decided to avoid materials that could be affected by gnawing for
the following frame designs. However, the split design of the plastic appeared to allow
frame fitting without restricting mobility.

We used aluminium for the next frame design. Due to the broad width and stiffness of
the first created components of the aluminum frame, we struggled to mount all 8

individual parts of the broad frame onto the rat’s dorsum (Figure 46).

Figure 46: Mounted Single-Layered Aluminium Frame
This frame was too broad to be assembled in an easy fashion. Only 7 from 8 planned frame parts
could be used in the shown specimen.

Over the first days, the rats did not attack the frame itself. Metal seemed a durable
and lightweight material for frame construction. However, over the time course of 2-3

days, especially the lateral stitches were still gnawed at. With the aluminium design
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showing improvement over the non-metal frames, we decided to further develop an

alternative aluminium frame version.

9.4.1.1 Final Aluminium Frame

Further changes including re-sizing the frame, double-folding the components, solely
suturing in single button technique and only applying the frame in combination with
an Elizabethan collar then allowed a quick mounting and good fitting (Figure 47). On
the preliminary rats with this frame, it showed a durability of more than 2-3 days. No
friction of the rat’s skin was observed. We decided to use this modified final
84x88mm aluminium frame in order to test for durability over the time course of ten

days in our experiment animals.

Figure 47: Mounted Frame with Eight Double-Layered Aluminium Components
The frame’s dimension were 84mm laterally and 88mm cranially/caudally and consisted of 8
double-layered aluminum components.

9.4.1.2 Sufficient Frame Suture Protection Only with Elizabethan Collar

While testing the different frame designs on preliminary rats, we concluded that rats
were only able to tackle the frame’s sutures after removing the Elizabethan collar.
Rats learned how to remove the E-collar, mostly with the help of cage components or
content. When an E-collar was removed, we re-attached it after the next
measurement since animals did not tolerate re-fixation without anesthesia. We could
not see any difference between long (85mm outer radius) or short (75mm outer

radius) E-collars, neither in durability nor in rat’s behavior.

9.4.2 Mounted Frame Durability
All 12 rats on which a frame was mounted tolerated it for the first 8 hours. One frame
(8%) was pulled on day 1. With adequate re-suturing (see 9.4.3), on day 2, ten out of

twelve frames were still intact (83%). Eight animals tolerated the frame up until day
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4 (67%), as shown in Figure 48. On day 7, four frames were still mounted (33%). At
the end of frame observation period on day 10, two frames were still mounted and

durable (17%).
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Figure 48: Frame Durability
Mounted frames over the experiment time course.
Frames were re-sutured as described when necessary.

9.4.3 Frame Quality
The frames were checked each time the animal was narcotized for measurements.
The frame condition was used to assign a certain frame score according to Table 4.

Examples of different frame conditions can be found in Figure 49.

Table 4: Frame Score

Frame Score  Corresponding frame condition

no sutures open, all sutures fixate the frame on animal

equal or less than five sutures are open

between 6 and 10 sutures are open AND no complete cranial/caudal/lateral long side is open
between 11 and 14 sutures are open AND no complete cranial/caudal/lateral long side is open
more than 15 sutures are open OR one complete cranial/caudal/lateral long side is open

mo 0w B

If re-stitching was necessary, frame quality was documented according to its worst
level from then on. No re-suturing was made if the frame was regarded as un-

mounted equating a frame quality of E.
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Figure 49: Frame Conditions and Corresponding Frame Scores
Animals in prone position, right side is cranial. Photographs stem from different animals and
different time points. Frame scores according to Table 4.

Frame score A with no open sutures (A). Frame score B with 2 open sutures, marked with black
arrows (B). Frame score C with 6 open sutures, all marked with black arrows, on left lateral
components (C). Frame score D with 14 open sutures on the lateral sides (D). Note, that each
frame side is at least still attached with one suture. Frame score E: Un-mounted frame with
more than 15 open sutures and right lateral side components not attached anymore (E).

Figure 50 and Table 5 show the results for the “worst” frame qualities throughout the
observation period. As shown, re-suturing is highly needed: While all frames were
still mounted 8 hours after burn induction, nine frames were untouched (quality A)
with the other three requiring re-fixation. After 7 days all but 2 frames had needed re-
suturing until then. The two remaining frames on day 10 had a quality of B and were

removed after completion of the measurements.
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Figure 50: Frame Quality
Frame Qualities: A (no sutures open): Black; B: Dark Grey; C: Light Gray; D: Black-White-
Checkered, E (frame un-mounted): White. Frame Quality assessed according to Table 4.
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Table 5: Worst Frame Quality For Each Frame
12 Frames were mounted and assessed. Each row represents one specimen and its frame.
Frame Quality E was assigned for un-mounted frames.

Worst Frame Quality over the Course of the Experiments
TimePoint | h8 | di | d2 d4 d7 d10
each row represents one specimen / one frame
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10 Discussion

The proposed 10sec burn comb rat model created a burn wound developing into a
non-full-thickness injury. After burn wound progression, the untreated wound
extended to the intermediate dermis. The model allowed LSCI measurements over
two weeks, macroscopic wound evaluation and histopathological assessment. BWP
was observed in histopathology and surface interspace necrosis. This non-full-
thickness burn comb model showed significant differences in all three parameters
when compared to the 60sec full-thickness model.

Another goal was to develop a dressing for local application of lotions or hydrogels
without impairing the rat and wound assessment. The proposed frame proved to be
easy to mount and allowed the desired measurements. However, for experiments
over a longer period, close monitoring, repeated re-suturing and using Elizabethan
collars seemed inevitable. While the frame seems feasible for the time frame where
BWP is observed, an extended use for more than four days does not look practical.

Further adjustments to this frame model appear necessary.
10.1 Burn Depth

10.1.1 10sec Burn Does Not Lead to Full-Thickness Injury

One purpose of this study was to establish a burn comb model with a non-full-
thickness-injury. Histological analysis showed no deeper vertical damage than to the
intermediate dermis following a 10sec burn. Compared to a 60sec burn, the 10sec
burn led to a decreased vertical extent of the burn injury even after progression and
no single specimen showed deeper damage than to the intermediate dermis.

The obtained burn depth results are according to other studies inducting the injury
with a burn comb. In those experiments, an exposure of 20 seconds and above
generally led to a full-thickness burn (Table 6). Only one group assessed an exposure
of greater than 20 seconds, i.e. 30 seconds, as reaching only the intermediate dermis
(Prindeze et al. 2016) but did not offer insights in rats’ or stamp weights which could

alter application time for more or less severe burns.
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Table 6: Burn Comb Studies with Different Application Times and Resulting Burn Depths

All listed studies used a burn comb stamp rat model to induce a burn injury. Several studies did not provide
information about stamp weight and application pressure (marked with n.a.). Most studies heated the burn comb
stamp in 100° C boiling
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water until equilibrium was reached.

Application Heating Rat Application Stamp Burn Depth
Time Temperature Weight Pressure Weight (g)
(seconds) (g)
Ponticorvo et al. 4 100° C 300-450 without 313 superficial partial-
(2017) pressure thickness
Ponticorvo et al. 8 100°C 300-450 without 313 deep partial-
(2017) pressure thickness
Crouzet et al. 2-10 100° C (boiling 300-400 without 313 ranging from
(2015) water) pressure superficial partial
to deep partial -
thickness
Nguyen et al. 2-15 100° C (boiling 350-600 without 313 superficial to full-
(2013) water) pressure thickness
Prindeze et al. 15 100°C n.a. n.a. n.a superficial
(2016)
Tan etal. (2013) 20 100° C (boiling 300-350 without 150 full-thickness
water) pressure
Eskietal. (2012) 20 100° C (boiling 300-350 without n.a full-thickness
water) pressure
Battal et al. 20 100° C (boiling average without 140 full-thickness
(1996) water) 450g pressure
Battal et al. 20 100° C (boiling average without 140 full-thickness
(1997) water) 450g pressure
Isik et al. (1998) 20 100° C (boiling 350-400 without n.a full-thickness
water) pressure
Uygur et al. 20 100° C (boiling 350-400 n.a. n.a full-thickness
(2009) water)
Regas and 20 100° C (boiling 300-500 without n.a full-thickness
Ehrlich (1992) water) pressure
Guoetal. (2015) 20 100° C (boiling 250-300 without n.a full-thickness
water) pressure
Firat et al. 20 100° C (boiling 300-350 without n.a full-thickness
(2013) water) pressure
Hayati et al. 20 boiling water (5 300-350 without n.a full-thickness
(2018) minutes stamp pressure
heating)
Prindeze et al. 30 100°C n.a. n.a. n.a intermediate
(2016)
Singer et al. 30 100° C (boiling 300-325 without n.a full-thickness
(2008) water) pressure
Singer et al. 30 100° C (boiling 300-325 without n.a full-thickness
(2007) water) pressure
Singer et al. 30 100° C (boiling 300-350 without n.a full-thickness
(2011) water) pressure
Rizzo et al. 30 100° C (boiling 300-500 without n.a only given in um
(2013) water) pressure
Reddy et al. 30 100° C (boiling 240-300 without 150 full-thickness
(2015) water) pressure
Choietal. (1995) 30 100° C (boiling 325-375 without n.a full-thickness
water) pressure
Choi and Ehrlich 30 100° C (boiling 300-325 without n.a full-thickness
(1993) water) pressure
Wang et al. 30 100° C (boiling average minimal n.a full-thickness
(2015) water) 420 pressure
Prindeze et al. 45 100°C n.a. n.a. n.a deep partial-
(2016) thickness
Tobalem et al. 60 100° C (boiling 432-478 without 136 full-thickness
(2013) water) pressure
Tobalem et al. 60 100° C (boiling mean 456  without 136 full-thickness
(2012) water) pressure
Tobalem et al. 60 100° C (boiling 461-481 without 136 full-thickness
(2013) water) pressure
Tobalem et al. 60 98° C (boiling 450-500 without 136 full-thickness
(2019) water) pressure
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Shorter than 20sec exposure times did not lead to a full-thickness injuries in burn
comb models (Nguyen et al. 2013, Crouzet et al. 2015, Prindeze et al. 2016). However,
none of these studies assessed the development of histopathological necrosis of the
thermal injury by several biopsies in short intervals throughout the first week:
Ponticorvo and his group induced superficial and deep partial-thickness burns in rats
weighing 300-450g through application of the heated burn comb for 4 seconds,
respectively 8 seconds (Ponticorvo et al. 2017). The rats were lighter and the burn
comb heavier than in this study accounting for a deeper depth despite shorter burn
time. There was no histological observation of BWP in this study, neither was
histological evaluation of interspaces since only biopsies from burn fields were taken
one hour apart from the induction and on days 7, 14 and 28. Our serial biopsies offer
insight into the time period where burn wounds progress; unveiling differences in
intermediate and full-thickness burns regarding BWP intervals. The Ponticorvo group
also applied the 313g burn comb onto rats’ dorsa to create graded burn depths by
exposure between 2 to 15 seconds (Nguyen et al. 2013). Depths ranged from
superficial partial-thickness over deep partial-thickness to full-thickness burns as
examined by viable adnexal structures. The authors graded the burn injury 3 hours
after burn induction (Nguyen et al. 2013). In a different study, the same group also
used LSCI to distinguish between superficial-partial and deep partial-thickness burns
(Crouzet et al. 2015). They used rats weighing 300-400g and applied the same burn
comb between 2-10 seconds. The investigators took biopsies from the burn sites 3
hours after burn induction. With a 10 second exposure, they created a deep partial-
thickness burn (Crouzet et al. 2015) (Table 6). This again shows that a 10 seconds
contact time with a heated burn comb does not lead to a full-thickness burn within
the first hours. A limitation in these studies is the short follow-up of 3 hours. The
authors themselves state that BWP dynamically alters burn depth within 48 hours
(Crouzet et al. 2015).

No 10sec burn comb injury and its BWP has been described in rats with the same size
and weight as done in this study. We believe our study demonstrates how the burn
comb can be used to induce an injury progressing only to the intermediate dermis.
This could be the result of a less intense thermal energy or a lower tendency of
shallow burns to progress vertically. Another possible explanation could be that more
superficial burns do not trigger the same systemic reactions to further aggravate

BWP. Since most burn injuries in a clinical setting are more superficial than full-
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thickness (Waitzman and Neligan 1993, Evers et al. 2010, Taira et al. 2010), further
burn research focusing on less severe burns is necessary.

A more technical approach to induce burns in varying depths was described in 2016
(Sakamoto et al. 2016). One of the few groups using an automated device, Sakamoto
et al. developed a tool to control temperature, time and pressure of the applied stamp.
While they did not apply a burn comb with separated notches but instead used a
circular stamp of 2cm in diameter, they were able to control the surface temperature
of the stamp with an error range of 2°C and the contact time within a range of 0.05
seconds. In rats weighting 200g, a 10 seconds exposure to an 80°C heated stamp
induced a histological full-thickness burn on day 1 (Sakamoto et al. 2016). This can be
explained through the distinct lighter weight and thinner skin of the rats (Tobalem et
al. 2019). In contrast, Tobalem et al. demonstrated that the stamp cools off over the
application when not paired with constant heating: Over the 60sec application period,
the stamp cooled from 87°C to 60°C (Tobalem et al. 2013). The same group
repeatedly showed this in a later study (Tobalem et al. 2019). Sakamoto’s burn device
with a calibrated temperature has to be considered as a higher energy source over
the whole application time, necessarily leading to more severe damage compared to
the burn comb. The automatic device opens up new possibilities in reproducible burn
depths and extents but might be difficult to use since studies often require a cost-
efficient approach and patented devices might be hard to obtain, especially in pairing
the device with a burn comb. However, in follow-up studies we plan to measure
stamp temperature over the application time.

For better comparison, further reports using the burn comb model should include
details regarding animal and stamp weight, application pressure, exposure time but

also publish stamp temperature levels before and after burn induction.

10.1.2 Vertical Burn Wound Progression in Interspaces and Burn Fields

Histopathological vertical interspace necrosis was evident as early as 1 hour after
burn induction in all examined 10sec interspaces. This is earlier than reported by
Singer and his coworkers: They reported no evidence of necrosis following a full-
thickness burn 30 minutes after burn induction, some cellular changes after 24 hours
and necrosis after 48 hours (Singer et al. 2008). However, Tobalem’s group could
observe damage to the superficial layers as early as one hour before its progression

on later time points in a 60sec burn comb model (Tobalem et al. 2019). Also the data
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from Nguyen and Crouzet in their model as outlined earlier, underline that even after
a short interval of three hours, histological evidence of tissue changes and
impairments can be found (Nguyen et al. 2013, Crouzet et al. 2015). We believe BWP
in intermediate burns can be observed as early as one hour after burn induction in
interspaces and burn fields, when taking histologic samples that early.

This study shows that vertical BWP reaches its final extent within one day in
intermediate burns. No further deepening was observed on later time points. The
BWP interval in the 10sec model is consistent, but on the short end, with the
commonly assumed BWP time frame of up to 72 hours (Hinshaw 1968, Singh et al.
2007, Singer and Dagum 2008, Singer et al. 2008). The 24 hours time frame is shorter
than the analyzed BWP by Xiao and colleagues who used a brass rod to induce a
partial-thickness burn in rats. They observed a deeper injury extent on 48 and 72
hours compared to 6 and 24 hours in Masson staining (Xiao et al. 2014). However, we
could also observe increasing burn depth in the 60sec group on day 4. These results
of vertical necrotic extension in untreated full-thickness burns following a 60 seconds
exposure was accordingly to earlier publications by Tobalem et al. (Tobalem et al.
2012, Tobalem et al. 2013, Tobalem et al. 2013). The authors assessed vertical BWP
through histology but did not report any differences between BWP in burn fields or
interspaces instead the histology was done en-bloc of the whole burn area. In their
latest study, Tobalem and colleagues assessed the correlation between horizontal and
vertical BWP after a 60sec burn (Tobalem et al. 2019): The group reported damage to
the superficial dermis as early as one hour and a significant vertical increase on day 1
(deep dermis) and days 4 and 7 (full-thickness) respectively (Tobalem et al. 2019).
This is according to the shown results: After our 60sec burn, the injury extended to
the deep dermis on day 2 and reached final full-thickness extent on day 4; both in
interspaces and burn fields.

The results suggest that less severe burns do not progress vertically as long as deeper
burns and tend to regenerate earlier: The tissue after a 10sec burn comb injury
showed regenerative potential one week after the burn induction. Especially in the
interspaces, evident damage decreased starting from day 7. Re-epithelization was
noticeable within three weeks after the 10sec burn. After the 60sec burn, microscopic
damages was still visible after day 21. Consistent with our results, Ponticorvo et al.
could see fast re-epithelization after a 4 second, superficial partial-thickness burn

(Ponticorvo et al. 2017). They showed re-epithelization by hyperplastic epithelium
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from day 7 onwards and baseline thickness epithelium between days 13 and 28 while
a deeper 8 seconds burn then still had hyperplastic epithelium. Ponticorvo stated that
re-epithelization originated from undamaged hair follicles in superficial partial-
thickness burns while healing in deeper burns could be observed stemming from the
bulge of damaged hair follicles (Ponticorvo et al. 2017), offering a possible
explanation for faster re-epithelization following a scarcer energy exposure. This lets
us believe that in our intermediate burn, skin appendages are still intact while after
the 60sec burn they are damaged. However, histopathological workup did not show
clear vital hair follicles in most of the intermediate burns. Another explanation for
less BWP and fast regeneration could be attenuation through earlier re-perfusion
(Schmauss et al. 2014). After a 10sec burn, interspace and burn field perfusion levels
were earlier increased compared to prolonged exposure. Since sustained limited
perfusion attributes to ischemia and tissue damage, an earlier restored perfusion
reduces histological necrosis and promote faster healing (Hettiaratchy and
Dziewulski 2004). The observed longer perfusion impairment after the 60sec burn
might explain longer and deeper BWP and delayed regeneration. However, the post-
burn increased interspace perfusion in the 10sec group could not avoid tissue
damage and BWP. Arguably, the increased perfusion following the burn was either
not sufficient or not maintained long enough to avert BWP since interspace perfusion
increased post-burn, yet still dropped below pre-burn levels within few hours.

Our study showed vertical progression to full-thickness in burn fields and interspaces
after a 60sec burn. Burn depth did reach the same dermal layers irrespective of burn
status (interspace or burn field). The same applied to the 10sec burn where vertical
BWP could be seen in interspaces and burn fields but only extending to the
intermediate dermal layer and reaching its final extent within 24 hours. We showed
burn depth does not compulsory differ after BWP in interspaces and burn fields,
defining morbidity in these wounds, regardless of direct or indirect damage.
However, in our intermediate burn, BWP only took one day to reach its final vertical
extent, which is shorter than the formerly described time frame of 48-72 hours. The
final vertical extent in the full-thickness group was only reached within 4 days after
burn induction. We therefore argue, that the time frame where burn wounds progress

also depend on the originally inflicted damage.
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10.2 Macroscopic Interspace Necrosis
Horizontal BWP leads to increased surface extent of the burn wound (Lanier et al.
2011, Macri et al. 2013). This was observed in this study through macroscopic decay

in the originally unburned interspaces.

10.2.1 Horizontal Burn Wound Progression is Most Prominent Until Day 2

Interspace necrosis, and hence horizontal BWP was significantly less severe following
the 10sec burn. Interspace necrosis was evident from day 1 onward in both groups.
Only the increase between days 1 and 2 showed a significant increment, both
following a full-thickness and an intermediate burn, which places the horizontal
progress within the BWP period of 48-72 hours.

Only in the 10sec group a trend towards less macroscopic interspace damage was
observed on days 10 and 14. This could be attributed to regeneration and earlier re-
establishing of adequate perfusion as sufficient resuscitation in the zone of stasis can
reduce horizontal BWP (Jackson 1953, Hettiaratchy and Dziewulski 2004). As
described above, also in histopathology we could see regeneration from day 7
onwards. However since the decrease in interspace necrosis following the 10sec burn
was not significant and macroscopic evaluation remains highly subjective, the early
decrease in necrosis extent needs to be reproduced in further studies before making

assumptions.

10.2.2 Surface Burn Wound Progression in Other Burn Comb Models
Other studies have assessed interspace necrosis after a burn injury and subsequent
BWP. Unfortunately, the assessment methods of necrosis are manifold and often only

graphic representation is given instead of numerical data (Table 7).

69



Discussion
Macroscopic Interspace Necrosis

Table 7: Burn Comb Studies Assessing Progression of Surface Interspace Necrosis in Rats

All listed studies used a burn comb stamp rat model to induce a burn injury. Several studies did not provide
information about all listed parameters (marked with n.a.). Data provided is shown without confidence intervals.
Different methods for assessing interspace necrosis and horizontal burn wound progression were used. Refer to
text or notes for details.

Burn Burn Depth Interspace Interspace Note
Time Necrosis Necrosis Day
DEVAT 7
This Study 60sec  Full- 57% 88%
Thickness

Tobalem et 60sec Full-Thickness = <10%? 94% $0nly graphic data is provided

al. (2013)

Tobalem et 60sec Full-Thickness  <20%#% 81% Control animals received local

al. (2013) cooling. $Only graphic data is
provided.

Tobalem et 60sec Full-Thickness  <20%?$ 78% Control animals received local

al. (2012) cooling. $Only graphic data is
provided.

Tobalem et 60sec Full-Thickness 4% 94%

al. (2019)

Reddy et al. 30sec Full-Thickness  n.a. 100% Control animals were injected i.p. or

(2015) i.v. with DSMO vehicle. Percentage of
interspaces turning necrotic.

Singer et al. 30sec Full-Thickness  n.a. 100% Control animals were injected with

(2013) saline. Percentage of interspaces
turning necrotic.

Singer et al. 30sec Full-Thickness  n.a. 82% Control animal received unnamed

(2011) vehicle intravenously. Percentage of
interspaces turning necrotic.

Taira et al. 30sec Full-Thickness  21% 90% Control animals received saline.

(2009) Percentage of interspaces turning
necrotic.

Singer et al. 30sec Full-Thickness  30% 95% Control animals received vehicle.

(2007) Percentage of interspaces turning
necrotic.

Choi et al. 30sec Full-Thickness  89% 100% Percentage of interspaces turning

(1995) necrotic.

Choi  and 30sec Full-Thickness  100% n.a. Percentage of interspaces turning

Ehrlich necrotic.

(1993)

Uraloglu et 20sec n.a. n.a. 45%* *Sample images show marked

al. (2018) necrosis. Control animals received
saline.

Deniz et al. 20sec n.a. n.a. 96%

(2013) (measured on

day 10)

Uygur et al. 20sec Full-Thickness  x18% =~ 99% Interspace viability was assessed

(2009) with scintigraphic imaging.

Isik et al. 20sec Full-Thickness  x18% = 68% Control animals received saline.

(1998) Interspace viability was assessed
with autoradiography.

Battal et al. 20sec Full-Thickness  n.a. 99%

(1997)

Battal et al. 20sec Full-Thickness  n.a. 99%

(1996)

Jin et al. 10sec n.a. ~=30%3$ n.a. $Only graphic data is provided.

(2018) Animals received saline.

This Study 10sec  Intermediate 24% 54%
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Tobalem et al., who also used the same comb model with a 60sec full-thickness burn,
evaluated interspace necrosis on days 1, 4 and 7. In all three published studies
interspace necrosis increased between days 1 and 4 (Tobalem et al. 2012, Tobalem et
al. 2013, Tobalem et al. 2013) while no data is provided how interspace necrosis
changed between days 1 and 2. Graphical representation shows less than 10%
interspace necrosis on day 1, which increased to around 80% on day 4. In the
untreated 60sec group, Tobalem et al. demonstrated 94% interspace necrosis on day
7 (Tobalem et al. 2013). The other control groups received local cooling, and had
interspace necrosis of 81% (Tobalem et al. 2013), respectively 78% (Tobalem et al.
2012) on day 7. Our observed interspace necrosis of 88% in the 60sec group on day 7
seems consistent. This appears reasonable since we used the same burn comb model
with the 60sec exposure time and rats with similar weight. However, in their most
recent study, the interspace necrosis on day 1 was less than earlier described but
progressed to similar extent on day 7 following a 60sec burn (Tobalem et al. 2019).
Interestingly, the main increase in interspace necrosis was described between days 1
and 4 with no performed measurement on day 2. This could be in unison with the
presented data since we were able to observe the main increase between days 1 and
2 but in both groups we could not observe any significant increase in horizontal BWP
following day 2. As Tobalem stated, the differences in horizontal necrosis could stem
from different animal weights or ambient air (Tobalem et al. 2019). However, the
main increase within 2 days seems reasonable when considering the assumed time
frame of 48-72 hours for BWP. However, even though the increases in horizontal
BWP are not significant anymore, we cannot rule out that horizontal BWP also further
progresses for more than 2 days.

Singer and his group used a 30sec rat burn comb model where a full-thickness injury
was achieved. In several studies of this group, the number of interspaces turning
necrotic was assessed (Singer et al. 2007, Taira et al. 2009, Singer et al. 2011, Singer
et al. 2013, Reddy et al. 2015). Control animals received saline or vehicle
administration. Where reported, 21% (Taira et al. 2009) to 30% (Singer et al. 2007)
of interspaces turned necrotic on day 1. Percentage of necrotic interspaces on day 7
was between 82% (Singer et al. 2011) and 100% (Singer et al. 2007, Taira et al. 2009,
Singer et al. 2013, Reddy et al. 2015). In one of these studies the authors did not
observe an increase in number of necrotic interspaces after four days following injury

induction (Singer et al. 2013). We could observe the major increase in horizontal

71



Discussion
Macroscopic Interspace Necrosis

BWP between days 1 and 2 following both intermediate and full-thickness groups.
While Singer’s evaluation in the first days is less than what we observed, the full-
thickness necrosis on day 7 seems similar.

Choi et al. measured the quantity of necrotic interspaces following a 30sec brass burn
comb full-thickness rat model. A high percentage of interspaces turned necrotic
within 24 hours (89%) and on day 7 in the untreated control group all interspaces
turned necrotic, conflating with the burn fields (Choi et al. 1995). In an earlier work
of the same group they reported signs of necrosis in all untreated interspaces 24
hours after the burn injury (Choi and Ehrlich 1993). This is the only group which
reported high interspace necrosis so early (Table 7).

In a study assessing heparin on BWP after a 20sec burn, the authors reported the
mean surviving interspace area with 55% 7 days after burn induction (Uraloglu et al.
2018). Translucent graph paper was used for measuring surviving interspace areas.
The sample images of the control group, receiving saline, on day 7 however show
marked interspace necrosis where burn fields and interspaces cannot be separated
anymore. Interspace necrosis higher than 55% in the untreated group on day 7 would
be plausible according to the published images (Uraloglu et al. 2018). Furthermore,
the group did not offer any insights in vertical burn depth.

A high percentage of interspace necrosis of 96%, as assessed with using millimetric
graphic paper, was observed by Deniz et al. on day 10 in a 20sec burn comb study on
350-450g rats. No data was given for earlier time points (Deniz et al. 2013).

Uygur et al. used a brass burn comb model for 20sec to induce a full-thickness burn in
350-400g rats. They assessed viability of interspaces by using scintigraphy. In their
untreated group, interspace viability was 82% on day 1 and 19% on day 7 (Uygur et
al. 2009). While on day 1 necrosis is less compared to our results, the interspace
necrosis on day 7 is similar to our data. Isik et al. assessed interspace survival using
nuclear imaging and autoradiography following a 20sec full-thickness burn in rats
and saline injection in their control group (Isik et al. 1998). Interspace necrosis was
reported with about 18% on day 1 and 68% on day 7. Unfortunately, no interspace
viability data was complied on interjacent days in the studies by Uygur and Isik (Isik
et al. 1998, Uygur et al. 2009).

After a 20sec full-thickness burn in rats, Battal et al. observed an interspace necrosis

of 99% in untreated animals one week after burn induction (Battal et al. 1997). No
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information regarding earlier interspace necrosis is provided. The group also
demonstrated the same necrosis rate on day 7 in another study (Battal et al. 1996).
Jin et al. measured interspace necrosis following a burn comb injury after 10sec
exposure in rats weighing 180-220g but did not report results of burn depth (Jin et al.
2018). They followed-up rats 1 hour, 24 hours and 96 hours after injury and observed
interspace necrosis around 30% on day 1 and around 60% on day 4 in their control
group where animals received a saline injection after burn induction.

Differences in interspace necrosis and horizontal BWP in various burn comb models
can be explained through different assessment methods of necrosis. Different
techniques lead to different definitions of “necrotic tissue”. Since macroscopic
evaluation of necrosis and tissue decay in clinical burn wounds is mostly made
through inspection (see 6.3.3), we deem this technique as the most reasonable.
However, one shortcoming is the high inter-observer variability and the low rates of
correct assessment of tissue viability (Heimbach et al. 1984, Jaskille et al. 2009). This
could explain the high variability in interspace necrosis in different studies. We
present a thorough approach to interspace necrosis due to close monitoring over the
time course. Interestingly there has not been a burn comb study with an intermediate
burn assessing horizontal interspace necrosis and its burn wound progression (Table
7). We argue that the obtained results for interspace necrosis are plausible even if the
rate of interspace necrosis is by trend high on day 1 and low on day 7 compared to
earlier studies. A longer burn time leads to a more pronounced interspace necrosis
than a shorter and more superficial burn. For better comparison of horizontal BWP
further studies should report burn time, depth and repeatedly measure interspace
necrosis, especially for the time span where BWP is suspected to happen. Data from
this study might hint that more superficial burns progress shorter than 48 hours as
originally assumed and deeper burns might progress longer than 72 hours.
Differences in observed interspace necrosis could also be explained through different
viability assumptions of altered interspaces or due to different energy exposure
following alternating application times. However the general trend of high interspace
necrosis and hence elevated surface wound progression seems consistent over

different burn comb models.

73



Discussion
Perfusion Parameters

10.3 Perfusion Parameters

We were able to measure burn field and interspace LSCI perfusion over a period of 14
days following 10sec and a 60sec burns in the presented burn comb rat model.

In the intermediate burn group, burn field perfusion decreased within the first 8
hours and baseline levels were re-established within one day. The respective
interspace perfusion also dropped in the first 8 hours but with significantly prior
increased perfusion compared to baseline. Pre-baseline levels in the interspace were
re-established within one day and exceeded them on day 2. Noteworthy, on all time
points, interspace perfusion was higher than burn field perfusion with significant
better perfusion from post-burn throughout day 7. But maximum histological burn
depths were the same for interspaces and burn fields following a 10sec and 60sec
burn. Apparently the higher LSCI perfusion on the early time points and early re-
establishing baseline perfusion could not negate vertical progression in the
intermediate burn group.

In full-thickness burn wounds, interspace and perfusion dropped within the first
eight hours. Interspace pre-burn levels were established only within four days while
in burn fields these levels were just reached and exceed one week after the burn.
Reaching baseline perfusion levels only on day 4 could however explain why final

vertical injury extent was reached on day 4 in 60sec interspaces.

10.3.1 Laser-Speckle-Contrast-Imaging in Burn Research

The benefits of LSCI (see 6.8) have made clinical researchers use it since its
introduction. Already the first publication on digital supported laser-speckle-contrast
analysis introduced the application in burn research (Briers and Webster 1996) and
it has been established in human patients since 2005 (Stewart et al. 2005). More
recently, Lindahl et al. assessed pediatric scalds with LSCI and showed that the
technique can be easily applied and perfusion is related to 2-week-burn-injury
outcome (Lindahl et al. 2013). Mirdell could show characteristic patterns in LSCI
perfusion regarding the wound healing time in pediatric scalds (Mirdell et al. 2016).
The same group also developed LSCI cut-off values for predicting healing outcomes in
pediatric scalds: With combining two LSCI measurements, one within 24 hours and
one between 72-96 hours after the burn, they exceeded their clinical-judgment

accuracy of 67% with sensitivity and specificity up to 100% (Mirdell et al. 2017).
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LSCI hast been also used in non-clinical experiments regarding perfusion,
microcirculation as well as pre-clinical skin and burn research (Senarathna et al.
2013, Zotterman et al. 2017): While it had been applied to elaborate microcirculation
in the retina (Briers and Fercher 1982, Senarathna et al. 2013) and brain tissue (Dunn
et al. 2001, Ponticorvo and Dunn 2010), it has been used to test a burn device in rats
(Sakamoto et al. 2016), combined with vessel network imaging in rodent burn
injuries (Qin et al. 2012) or to monitor tissue perfusion in burn models (Crouzet et al.
2015, Ponticorvo et al. 2017). However, to the best of our knowledge, no
measurement with the LSCI method has been done to assess BWP in intermediate
burns in a short-clocked manner over the time course of 2 weeks in interspaces and
burn fields. This study showed that LSCI measurement could be performed
repeatedly in an easy fashion. The short measurement time and quick image
acquisition could make it possible to measure perfusion parameters without the need

for repeated animal anesthesia and narcosis, but further research is needed.

10.3.2 LSCI Perfusion In Burn Fields and Interspaces

In previous animals studies, measuring flux in burns with the LSCI technology have
focused on the directly burned areas (Crouzet et al. 2015, Sakamoto et al. 2016,
Ponticorvo et al. 2017), not assessing the area at risk. This astonishes since according
to Jackson (Jackson 1953), the area directly burned cannot be salvaged and therapies
to ameliorate BWP should target the zone of stasis. Burn field perfusion in the 10sec
and 60sec group did not show a significant difference in relative LSCI flux at one hour
and eight hours; this underlines the immediate direct damage to the burn fields. To
our knowledge there has not been a previous study where LSCI perfusion was
measured in the area at risk in a rat model. In studies regarding LSCI burn field
perfusion; often only graphical representation is provided, making it more difficult to

compare results (Table 8).
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Table 8: LSCI Burn Field Perfusion in Other Rat Burn Comb Models.

LSCI Perfusion was measured in the burned areas (,burn fields“). The listed experiments applied a burn comb rat
model and repeatedly measured burn field perfusion. Not all studies offered relative data for all time points. Not
all time points of the studies are listed. Where no absolute or relative data was published, relative data was

This study

This study

Crouzet et al.

(2015)

Crouzet et al.

(2015)

Ponticorvo

etal. (2017)

Ponticorvo

etal. (2017)

estimated from the published graphs.

Burn Time

Depth

10sec
Intermediate
Thickness
60sec
Full-Thickness
2-10sec
Superficial
Partial-

Thickness

2-10sec
Deep Partial-

Thickness

4sec
Superficial
Partial-
Thickness
8sec
Deep Partial-

Thickness

435-
535g

435-
535g
300-
400g

Note:

300-
400g

Note:

300-
450g

300-
450

Note:

LSCI Perfusion (Burn Fields)

77% 59% n.a. n.a. 38% 99% 211%
61% 59% n.a. n.a. 30% 52% 170%
105% 90% 75% 72% n.a. n.a. n.a.

Perfusion percentage is estimated from the published graphs. Post-
burn perfusion higher than baseline

75% 70% 65% 56% n.a. n.a. n.a.

Perfusion percentage is estimated from the published graphs.

n.a. 60% n.a. n.a. n.a. n.a. 220%

n.a. 64% n.a. n.a. n.a. n.a. 166%

Relative Perfusion in deep partial-thickness burns one hour after
burn induction is non-significantly higher than in superficial partial-

thickness burns.

Crouzet and his group measured burn field LSCI perfusion following superficial and

deep partial-thickness burns in rats over a time course of three hours (Crouzet et al.

2015). In their deep partial-thickness wounds, LSCI perfusion roughly halved within

the first 3 hours but was higher than in our study population (Table 8). Interestingly

they were able to observe a slight increase in burn field perfusion in their superficial

partial-thickness wounds between 10-20 minutes after burn induction (Crouzet et al.

2015). In the same study, the provided sample speckle flow index maps, calculated
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from LSCI, hint to an increased interspace perfusion following superficial- and deep
partial thickness burns but no further data is provided (Crouzet et al. 2015) as no
LSCI measurement was performed in interspaces.

Ponticorvo and his group observed a decrease to 60%, respectively 64%, burn field
perfusion one hour after inducing a superficial partial- or deep partial-thickness burn
in a similar model (Ponticorvo et al. 2017). The amount of decrease is similar to our
10sec results. In burn fields, they were able to show perfusion above baseline one
week after the burn. Interestingly, differing from our results, superficial burn fields
were relatively worse perfused than deep burn fields on some time points in their
study. They did not offer an explanation for this observed phenomenon, maybe due to
the non-significant nature of the results. Our reported 10sec LSCI perfusion levels one
week after the burn however are in unison with the data published by Ponticorvo et
al. (Ponticorvo et al. 2017). The group also observed a high laser speckle imaging
perfusion up to a period of 4 weeks and attributed longer pre-baseline levels as a
marker for wound healing (Ponticorvo et al. 2017). In both groups, we observed
higher than baseline levels two weeks after burn induction in both areas. However
they only measured post-burn and then weekly, neglecting the BWP time span within
the first couple days.

LSCI burn field perfusion in this study is therefore in concordance to other studies
using the same technique, especially around hl and d7. This study provides
continuous LSCI data within the first week after burn induction. Directly burned areas
are strongly impaired following a burn irrespective of burn duration. The observed
hyperperfusion in interspaces following an intermediate burn, but not in the deep
burn could be explained through reactive hyperemia to recruit inflammatory cells
into the damaged wound areas via vasodilatory peptides. Hyperemic areas could be
macroscopically observed with reddish seams around the interspaces and are
presumed in the Jackson burn model (Jackson 1953). Another possible explanation
could be an already dysfunctional vasoregulation in the zone of stasis. This would
explain the sharp decline in interspace perfusion in the hours following the
hyperperfusion immediately after burn induction. In deeper burns this
vasoregulation might already be impaired and no immediate increase in the perfusion
can be seen (Singh et al. 2007, Shupp et al. 2010). Molecular and biochemistry
research is warranted in more superficial burns and especially in the earlier time

frame to better understand immediate changes.
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In the 10sec group, baseline levels are accomplished within 24 hours after burn
induction. Histologically, there is no further BWP after that time point. We argue that
the re-establishment of perfusion levels hinders further progression. This is in unison
with the original proposition by Jackson (Jackson 1953, Hettiaratchy and Dziewulski
2004). However, this does not explain why one could still observe progression of
surface interspace necrosis at least until day 2. Baseline perfusion in 60sec
interspaces was re-established on day 4, again on the time point where maximum
vertical interspace necrosis was reached. Again this lets us believe, that perfusion
hinders further progression. We emphasize the need to measure both directly burned
and unburned areas especially within the first week in order to better construe the

mechanisms of interspace perfusion.

10.3.3 Perfusion Drop on Day 4 in Intermediate Burns

We could see a non-significant decrease in interspace and burn field perfusion in the
intermediate burns on day 4 compared to day 2 but not in the deeper burns. We do
not have an explanation for the reason of the anew drop and no data has been
published applying the LSCI method for that time frame. A similar observation was
made by Hayati et al. in a 20sec full-thickness burn comb model assessed with Laser
Doppler technique where they treated rats with topical carbomer hydrogel or saline.
In their study population they observed a trend towards slightly less perfusion - but
also not significantly different - in the zone of stasis between days 3 and 7 (Hayati et

al. 2018).

10.3.4 Full-Thickness Burns and Laser Doppler Perfusion in Rats

Since LSCI is a relative young modality, most of the earlier studies have assessed
perfusion in animal burn models with Laser Doppler. Stewart and colleagues assessed
LSCI and LDI perfusion and showed similar results between the two measurement
techniques in humans (Stewart et al. 2005). We are the only group that observed an
early establishment of interspace baseline perfusion levels, on day 1 in the 10sec
group and on day 4 in the 60sec group. Establishment of pre-burn perfusion levels
neither in interspaces nor in burn fields was observed in earlier studies using the LDI
technique (Table 9). The only exception to this observation is the study by Hayati
(Hayati et al. 2018). While they did not offer relative values compared to baseline

after their burn comb injury, in their saline treated control group a sharp increase in
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burn field perfusion was shown following day 5. The authors did not offer an
explanation for this change.

Tobalem et al. conducted a study where they compared warm and cold water versus
no treatment following the same 60-second rat burn model used in this study
(Tobalem et al. 2013). Only interspace perfusion was assessed using a LDI device.
Baseline perfusion of 100% decreased to 63% interspace perfusion 1 hour after burn
induction. This is similar to our perfusion values with the LSCI device. LDI interspace
perfusion steadily increased on days 4 and 7, with levels of 80% on day 4, which is
close to our full-thickness LSCI perfusion (60sec interspace LSCI perfusion 106%).
However, with a perfusion of about 85-90%, baseline values were not re-established
on day 7 (Tobalem et al. 2013). In a similar study assessing the effect of EPO in full-
thickness burn wounds, the group treated the control animals with cooling (Tobalem
et al. 2012, Tobalem et al. 2013). LDI interspace perfusion was 67% on day 1 and
reached slightly less than pre-burn levels on day 7. No measurements beyond day 7
were made in these studies (Tobalem et al. 2012, Tobalem et al. 2013, Tobalem et al.
2013). The reported interspace perfusion levels by Tobalem et al. were higher than in
other groups. Similar values for non-treated rats were recently published by the same
group following a 60sec burn (Tobalem et al. 2019): Interspace perfusion decreased
to 63% one hour after burn induction. Over the following period the interspace Laser
Doppler perfusion increased but never reached baseline levels within one week (86%

on day 7).
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Table 9: Burn Comb Rat Models with Laser Doppler Perfusion Assessment.

Laser Doppler Perfusion was measured in the directly burned areas (,burn fields“) or indirectly damaged areas

(»interspaces”). The experiments applied a burn comb rat model and repeatedly measured perfusion. Not all

studies offered relative data for all time points and not all time points are listed. Where no absolute or relative

data was published, relative data was estimated from the published graphs as noted.
Burn Time Rat Treatment of Area Laser Doppler Perfusion

Depth Weight Control measured

(8) Group
Post-Burn  h1l

Tobalem et 60sec 432-478  Local Cooling Interspaces n.a. 55% n.a. 67% 80% 90%

al. (2013) Full-Thickness Perfusion percentage is estimated from published graphs,

except for day 1.

Tobalem et 60sec 456 Local Cooling Interspaces n.a. n.a. n.a. 67% 91% 94%
al. (2012) Full-Thickness
Tobalem et 60sec 461-481  none Interspaces n.a. 63% n.a. n.a. 80% 85%
al. (2013) Full-Thickness Perfusion percentage for day 7 is estimated from published
graphs.
Tobalem et 60sec 450-500  none Interspaces n.a. 63% n.a. 70% 80% 86%
al. (2019) Full-Thickness
Perfusion percentage for day 1 is estimated from published
graphs.
Battal et al.  20sec 450 Saline Interspaces 22% 4% 22% 22% n.a. n.a.
(1997) Full-Thickness Burn Fields 15% 13% n.a. n.a. n.a. n.a.
Perfusion percentage is estimated from published graphs.
Battal et al. 20sec 450 Saline Interspaces 21% 7% 17% 17% n.a. n.a.
(1996) Full-Thickness Burn Fields 8% 15% 8% 8% n.a. n.a.
Perfusion percentage is estimated from published graphs.
Isik et al. 20sec 350-400  Saline Interspaces 70% n.a. n.a. n.a. n.a. 11%
(1998) Full-Thickness Burn Fields 2% n.a. n.a. 2% n.a. 2%

Perfusion percentage is estimated from published graphs.

Interspace perfusion was calculated from absolute values.

Choi and  30sec 300-325  none Interspaces n.a. n.a. 21% 35% n.a. n.a.
Ehrlich Full-Thickness Burn Fields 6- 6- 6- na. na.
(1993) 13% 13% 13%

Choi et al. 30sec 325-375  none Interspaces n.a. 45% n.a. 32% n.a. n.a.
(1995) Full-Thickness Burn Fields n.a. 18% n.a. 6% n.a. n.a.

Perfusion percentage is estimated from published graphs.

Interspace perfusion on day 1 is given.

Uygur et al. 20sec 350-400  saline Interspaces 66% n.a. n.a. 57% n.a. n.a.
(2009) Full-Thickness
Perfusion percentage is calculated from absolute values.
Regas and 20sec 300-500  none Interspaces n.a. 58% n.a. 29% n.a. n.a.
Ehrlich Full-Thickness Burn Fields n.a. 14% n.a. 15% n.a. n.a.
(1992)
Perfusion percentage is calculated from absolute values.
Prindeze et 15sec n.a. none Interspaces 23% n.a. 23% 53% n.a. n.a.
al. (2016) Superficial Burn Fields 19% n.a. 16% 21% n.a. n.a.
30sec n.a. none Interspaces 40% n.a. 30% 45% n.a. n.a.
Intermediate Burn Fields 38% n.a. 30% 33% n.a. n.a.
45sec n.a. none Interspaces 18% n.a. 7% 11% n.a. n.a.
Deep Partial- Burn Fields 15% n.a. 4% 10% n.a. n.a.
Thickness

Perfusion percentage is estimated from published graphs.

80



Discussion
Perfusion Parameters

Isik and his group evaluated the Laser Doppler perfusion after a 20sec burn comb
injury in rats (Isik et al. 1998). Burn field perfusion dropped sharply without any
increase over the one-week period. Interspace perfusion decreased to an average of
70% within 15 minutes and to 60% within 2 hours. These values resemble our data of
the full-thickness burn fields within the first hours. However, Isik et al. reported day 7
perfusion in the burn fields without any treatment at 11%. At this time point the
measured perfusion in our study was well above baseline, also in deeper burns, for
both interspaces and burn fields.

Choi and Ehrlich used LDI for perfusion evaluation following a 30sec full-thickness
burn in a rat burn comb model (Choi and Ehrlich 1993, Choi et al. 1995). While they
measured LDI perfusion from baseline until day 1 repeatedly, they did not offer
absolute data for the time course. From the published data, interspace perfusion in
Laser-Doppler imaging decreased to 21% eight hours after the burn (Choi et al. 1995)
and to 32-35% on day 1 (Choi and Ehrlich 1993, Choi et al. 1995).

Uygur provided interspace LDI flowmetry for a saline treated control group following
a 20sec full-thickness comb burn in rats (Uygur et al. 2009). Interspace perfusion
decreased to 66% post-burn and to 57% on day 1 as calculated from the published
absolute values. This perfusion is close to the perfusion we measured with the LSCI
device in the 60sec interspaces on the same time points.

When converting the LDI flux units into relative parameters from the original burn
comb study by Regas and Ehrlich, where they induced full-thickness burns, interspace
LDI perfusion decreased to 58% one hour after the burn before further decreasing to
a minimum of 29% on day 1. Burn field perfusion had a stronger decline with 14%,
11%, 10% and 15% for one, two, four hours and day 1, respectively (Regas and
Ehrlich 1992).

Three studies have assessed Laser Doppler perfusion in non-full-thickness burns
(Xiao et al. 2013, Xiao et al. 2014, Prindeze et al. 2016):

Prindeze et al. measured Doppler perfusion in burned and interspace areas in a rat
burn comb model following superficial, intermediate and deep partial-thickness
burns. The authors provided only graphical representation of the LDI data. Follow-up
was short (36 hours). The worst perfusion was observed in the deep partial-thickness
burn where burn field perfusion decreased right after the burn (approx. 15%) to a
minimum of approx. 3% at 12 hours. Interspace perfusion was significantly higher

with perfusion decreasing from approx. 18% (post-burn) to 6% (12 hours).
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Approximations of the other burn times can be found in Table 9. Noteworthy, relative
perfusion data in the superficial burn showed worse perfusion than the intermediate
burn. However, when taking into account the lower baseline for the intermediate
burn group, absolute perfusion in burn fields was similar in all three burn depths and
absolute interspace perfusion the highest in the most superficial burns (Prindeze et
al. 2016).

Xiao et al. induced a 6sec II° burn in 200-220g rats to examine apoptosis and measure
LDI flux in the burn wounds (Xiao et al. 2013, Xiao et al. 2014). Xiao also only offered
graphical perfusion. Perfusion slightly differed in the two studies with one control
group being injected intraperitoneally with a vehicle solution (Xiao et al. 2013) while
in the other study no sham treatment was performed (Xiao et al. 2014). In the first
study burn wound perfusion was estimated at 42% 8 hours after burn induction and
approximately 40% on day 1. Perfusion then rose to approx. 58% and 67% on days 2
and 3 (Xiao et al. 2013). In the second study, Doppler values decreased over 12 hours
to approx. 25% with a slight increase to approx. 33%, 50% and 55% on days 1, 2 and
3 (Xiao et al. 2014). The group explicitly states baseline levels were not reached in the
[1° burn. Since the group did use a brass rod with constant temperature and no burn
comb, no area at risk was created.

Concluding, other study groups assessing LDI perfusion in non-full-thickness and full-
thickness rat burns could not observe an increase to baseline levels following the
injuries but could often notice an increase in perfusion following a nadir within the
first couple of days. Contrasting to the outlined evidence, we could see reperfusion at
baseline levels in the 60sec group and even earlier in the 10sec group. This might be
attributed to the different perfusion measurement techniques with LSCI and LDI but

again further testing using LSCI in burn comb models is warranted.

10.3.5 Laser Doppler Perfusion in Burn Models with Animals other than Rats

Laser Doppler perfusion assessment was also performed in models applying animals
other than rats. Mileski and his group measured the Laser-Doppler perfusion in a
rabbit full-thickness burn comb model. They assessed relative blood flow in both
burn contact sites and in the interspaces on the time points 1 hour, 2 hours, 3 hours, 4
hours, day 1, day 2 and day 3. In the full-thickness burn sites perfusion decreased to
“less than 20% of baseline perfusion” (Mileski et al. 1992) and graphs depict perfusion

at approximately 5%. There was no rise in perfusion within 3 days in the burn fields.
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The decline in burn field perfusion was plainly sharper than other studies
demonstrated. In contrast, interspace perfusion decreased less within the first hours
to approx. 30% 4 hours after burn induction according to the given graphs. Mileski’s
interspace results lie in unison with our data since minimum interspace perfusion
after a full-thickness burn was about 30% of baseline perfusion. Just like in our study,
Mileski and his team measured an increase in rabbit skin perfusion in the interspaces
on day 1 and day 2 (Mileski et al. 1992).

Fourman and his group analyzed interspaces perfusion after a full-thickness burn in a
porcine comb model (Fourman et al. 2014) with Laser-Doppler and ICG angiography.
They were able to show a decrease in interspace LDI perfusion after 1 and 4 hours
following the burn. LDI perfusion increased to values between 75% and above
baseline days 1 and 2 after the burn. LSCI interspace perfusion in our full-thickness
group did not reach baseline levels that early and neither did LDI perfusion in other
rat studies. Interestingly with the ICG angiography method, Fourman et al. saw an
increase of perfusion within the first four hours but a decrease on day 1 and 2, which
acts in a converse manner compared to LDI. The authors explained this by different
penetration depths of the two techniques (Fourman et al. 2014). Not only does this
show that perfusion evaluation depends on the used method, but also some perfusion
seems increased within the interspace after one hour. While we did not observe this
behavior in the interspaces neighboring the 60sec burns, we could observe an
increase in LSCI perfusion in the 10sec interspaces. Fourman and his group explained
the increase in ICG angiography perfusion through dye extravasation and edema
through plugging (Fourman et al. 2014) - something LSCI avoids by eluding dye.
Arguably, the two methods of ICG angiography and LSCI measure the vascular
response pattern in the same tissue layer which would explain similar measurement
patterns. But no final statement can be derived before further studies are targeting
early perfusion changes.

Stewart and colleagues who established LSCI as coherent with LDI (Stewart et al.
2005), reported measurement impairments in a porcine wound healing model due to
wound eschar (Stewart et al. 2006). While we could not observe clear impairments
from the eschar and also other groups did not attribute lower perfusion to wound
eschar (Nguyen et al. 2013, Crouzet et al. 2015, Sakamoto et al. 2016, Ponticorvo et al.
2017) we cannot rule out changes in obtained perfusion. We hypothesize that similar

problems could also emerge in established LDI models and possibly more commonly
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in larger animals. Further research in rodent and other animal models is needed to
address possible measurements impairment due to eschar especially when using the

LSCI technique where tissue penetration is assumed to be Imm.

10.4 Frame Evaluation

We developed an 8-component aluminium frame with a dimension of 84x88mm
weighting 5g and it was aimed at reducing wound manipulation and as an adequate
dressing to apply topical agents onto the burn wound and adjacent interspaces. The
frame was easily mounted in less than 15 minutes in single suture technique, using
the debossed holes and Vicryl® suture material. The used final frame had sufficient
flexibility due to its construction out of 8 interconnected movable components. The
foam allowed sealing and padding without irritating the rat’s skin or wound area. No

reduced motion was observed in the rats with mounted frame.

10.4.1 Frame with E-Collar Allows Sufficient Durability Only Over the First Days

Without the Elizabethan collar, rats manipulated the sutures shortly after
antagonizing the anesthesia, as seen in our preliminary animals. One possible reason
for that may also be the adverse effect of the applied analgesia of Buprenorphine that
may lead to uncontrolled devouring. This Pica behavior is a side effect of
Buprenorphine in rats. After opioids, rats tend to ingest toxic material and
manipulate on wound areas (Clark et al. 1997, Thallmair 2015). After observing the
manipulation attempts in the preliminary animals, frame mounting was only
performed in combination with the Elizabethan collar. While some rats seemed to be
more distracted by the E-collar than the frame, others did not show any impulse to
discard the collar or frame early in the experiment. While no adequate durability
could be achieved without the use of an E-collar, still some animals learned how to
remove the E-collar quickly and were able to tackle the sutures and frame. This is
mirrored in the high variability in frame durability and incoherent need for re-
suturing in different rats. Beyond the attempts of removing sutures, none of the rats
showed any signs of distress, weight-loss or general apathy. As a consequence of our
observations concerning frame durability, it can only be recommended when
simultaneously applying an E-collar, which is far from ideal and needs future
refinements, being a major limitation of the shown design. However, with adequate

clinical control, sensitive size adjustment and supervised hygiene intervals, the E-
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collar seems a tolerable method for wound protection in combination with the
aluminium frame.

In 10 out of 12 specimen the frame was durable in the critical period for BWP with re-
suturing when necessary. 6 out of 12 rats did not need re-suturing of their frame up
until day 1. Since the frame was developed for facilitating topical agents like lotions,
gels or hydrogels hindering burn progression, the frame seemed sufficient to allow
application in the relevant time frame throughout the first days. However, the frame
was surely limited when applied longer than 4 days. The frame durability might not
be sufficient to investigate topical agents over extended periods. We aimed for a
longer mounting of the frame but were not able to assess a possibility to do so
without risking animal welfare. With these considerations, we believe the shown
frame is a flexible tool for researching topical agents acting upon wounds over the

relevant time span of 2-3 days but further advancements should be made.

10.4.2 Formerly Used Wound Protection Devices Not Suitable for Topical Agents

The presented wound protection frame dressing had to be combined with an E-collar
and made it necessary to re-suture any opened stitches. However, none in the
literature formerly described wound dressings seemed more suitable for the
administration of topical agents. The different used wound protective dressing and
devices are presented in chapter 6.6.2.

The Orthoplast saddle of Fox and Frazier only allows for the protection of a 3x5cm
dressing (Fox and Frazier 1980), which is too small to cover the wound created by the
burn comb. Additionally, they did not state the durability of their saddle and it is
unclear in how many rats the small saddle was used. Due to its covering design, it did
not allow continuous wound assessment without opening the saddle. Repeated
topical application over BWP relevant time frame seemed impractical with this
dressing.

With the tube dressing from Ueda et al. no topical application of hydrogels would be
possible (Ueda et al. 1981). The authors stated that they used the dressing in over
200 rats but failed to report the animals’ size or weight. The vinyl chloride tubes as
shown in the in the original publication (Ueda et al. 1981) could possibly hinder rat
mobility and respiratory functions especially in larger rats. Moreover it is unclear if

the experiment rats were able to manipulate the vinyl chloride tube.
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While the wound vest used by Pynn or Fujimori showed promising results, it did not
cover the wound area itself (Pynn et al. 1983, Fujimori et al. 1990). This makes a
second device necessary to allow topical application. Furthermore, both vests have
only been used in smaller rats up to 350g. A similar vest used in 42 rats weighing
between 400 and 500g - around the same size as used in this study - did not hinder 8
rats to manipulate on the wound area and required the researchers to exclude the
rats from their study (Griffiths and Humphries 1981). Furthermore, the original X-ray
vest by Pynn (Pynn et al. 1983) made it possible to have a foreleg slide out of the vest
as the authors have stated, further limiting the broad use of this wound protection
type.

Komorowska-Timek et al. showed that simple shortening of the teeth seemed
sufficient to avoid auto-cannibalization in their flap model (Komorowska-Timek et al.
1999). While cutting the teeth would have been possible in our study every 3-4 days
since the animals were anaesthetized for measurements throughout the first 2 weeks,
we still had to use the metal frame to allow topical application. Furthermore, we did
not have the permission to shorten teeth from an animal welfare perspective, but also
did not observe the severe distress in our rats with the Elizabethan collar in the same
amount as reported by the authors. They fastened the used collar with staples, which
possibly compromises blood flow. Our collar did not impair movement, reduce food
intake or evoke bloody discharge from the eyes as described (Komorowska-Timek et
al. 1999). In the study by Komorowska-Timek et al., two animals with collars even
died from no apparent cause. Thus, we hypothesize that the collar and the staples
were mounted too tightly. While we paid close attention to congestion symptoms
after our rats woke up with the collars, we never closed the collar with the brass
fastener so tight, that the animals seemed distressed. Nonetheless, shortening of the
teeth seems a good opportunity to avoid self-mutilation in future studies, especially
when used in a combination with other methods (Ozkan and Ozgentas 2006).

Due to the severe restrictive nature of the proposed protection by Macionis (Macionis
2000), we decided not to use the suggested technique.

While the dressing by Martineau and Chua Chiaco seemed to be cheap, light and easy
(Martineau and Chua Chiaco 2000), we could not use it in our research approach. The
transparent shield did not seal the wound area in order to allow for topical
application and the described hole in the polycarbonate dome would be required to

be large enough to expose the whole wound area for unimpaired perfusion
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measurements. Otherwise, this protection device seems to be useful and durable with
the limitation of not sealing the wound area onto the rat's dorsum.

The armor dressing shown by Pfurtscheller et al. was a skilled approach for wound
protection (Pfurtscheller et al. 2013). The authors reported a thermoplastic dressing
but also stated that combining it with aluminium material seemed more suitable from
a wound protection perspective. The laid-out results were excellent for wound
protection in rats and the authors correctly recognized the need for further
development of wound protective devices in rats concerning flap and burn research.
Our observations with thermoplastic material in the preliminary frames let us use
aluminium components for our frame. When we tried wire sutures in order to fixate
the frame onto the animals as Pfurtscheller did, we had problems to mount the frame
in a time-effective manner and to avoid sharp edges. Pfurtscheller and his group
themselves argued that the sutures had to be checked regularly. An advancement
from the wire sutures could be the use of stapling devices used in clinical surgery
settings as well. While stapling of the E-collar should be avoided due to the mentioned
possibility of compromising blood flow, the proposed frame dressing might be easily
fixed by stapling. Unfortunately, we did not have the permission to use such an
automated stapling device and its possible application has to be evaluated in further

research projects.

10.4.3 Local Application Without Wound Protection

Endorsing further research with using topical agents in a wound model, authors
should be compelled to report how these agents are applied. Interestingly some
groups did not report any limitations of using topical agents in rats: Fu repeatedly
used topical hydrogel, covered with Vaseline and gauze (Fu et al. 2017) but did not
report any problems with local application or the wound dressing. When testing
hypothermia on burns, Rizzo applied cold water blankets only when the animals were
still under anesthesia (Rizzo et al. 2013). Eski applied an agent with a bath of the still
anaesthetized rat while no lasting exposure to the local therapeutic was performed
(Eski et al. 2012). Wang et al. repeatedly applied a lotion every 8 hours onto the burn
comb wound for 3 days. The group used swaps covered with the lotion and did not
cover the wound area (Wang et al. 2015). They did not report any problems of
running down of the lotion or manipulation of the rats but saw BWP-saving effects in

histology and macroscopically.
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Sun and colleagues used Tegaderm™ (3M™, St. Paul, MN, USA) and sealed the dressing
with Vetbond (3M™, St. Paul, MN, USA), both offered commercially, to apply local
treatment with a conjugate solution containing anti-TNFa-Hyaluronic acid over a
week. Tegaderm™ is a transparent foil dressing and Vetbond is an animal tissue glue.
The group reported a moist wound milieu and no tissue lost in dressing changes (Sun
et al. 2012, Friedrich et al. 2014). The Tegaderm™ dressing was also used by
Sakamoto and his coworkers combined with an elastic adhesive bandage tape
(Sakamoto et al. 2016). After a scald injury, Tagkalakis and group applied
nitroglycerin ointment or prilocaine/lidocaine cream onto the wound in rats
(Tagkalakis et al. 2015) and covered the wound area with Tegaderm™, cleaned the
wound before every measurement and then reapplied the agent and dressing. Follow-
up was 180 minutes (Tagkalakis et al. 2015) so no assertion can be made how well
rats would tolerate the wound and local application for longer. Also in a study
assessing a carbomer hydrogel in burn wounds, Hayati et al. used Tegaderm™ for
topical administration and wound protection (Hayati et al. 2018). The group
performed daily dressing changes, cleaning with swaps, repeated LDI measurements
and did not report any wound mutilation. Repeated dressing changes seem elaborate
for continuous perfusion and wound measurements.

We did not assess Tegaderm™ dressing on the burn wounds. The experience with
Varihesive®© dressing in our preliminary animals did not lead to the desired results,
we therefore wonder that none of the groups using the Tegaderm™ dressing reported
any problems. The Tegaderm™ dressing seems promising and further application and
reporting of mutilation are necessary in upcoming studies. We plan on applying
Tegaderm™ in further tests to review durability. However, we argue that wound
manipulation in rodent models is underreported since quite a few studies do not
mention impairments at all. The first wound protection devices were described more
than 30 years ago but apparently not all research groups are aware of the problem.

In conclusion, most studies using topical agents in burn wounds avoid lasting
exposure and the risk of wound manipulation in rats. A save and reliable way to apply
local agents seems therefore urgently needed. Until further results, we argue that the
proposed frame dressing is a cheap, flexible and safe alternative when using burn
models and topical drug application. The model is convenient in the first days after

burn induction, which are relevant for BWP, but has several limitations.
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10.5 Further Research

10.5.1 Further Planned Modifications to Dressing

While this model did prove to be useful to inspect and measure changes after an
intermediate burn, further modifications to the shown rat model are needed in order
to use this model on a broad basis. As laid out, we plan to modify the aluminium
frame by adding stapling sutures and combine it with shortening of teeth and nails as
described (Komorowska-Timek et al. 1999), hopefully avoiding the need for collars in
the future. Also an evaluation over a longer time period with Tegaderm™ seems
reasonable, since most groups have not reported wound manipulation using this

dressing.

10.5.2 Further Evaluation of LSCI in Burn Wounds and Burn Comb Models

Laser-Speckle-Contrast-Imaging still is a relatively new technique to measure
perfusion in burn wounds. It seems necessary to further evaluate this technique in
pre- and clinical studies. The shorter measurement time make LSCI a possible
candidate for broader use. While we used the LSCI only on anesthetized animals,
since we performed 60 seconds LSCI recordings per time point, the fast image
acquisition could possibly avoid animal anesthesia. Measurement times of less than a
second are described (Zotterman et al. 2017). Further evaluation is needed to
promote this approach, in rodent as well as in human scientific issues. Continued
studies to compare the well-established Laser Doppler with LSCI in burn models are
warranted. Since LDI has proven to be even useful in assisting burn depth diagnosis
in clinical settings, LSCI seems a promising alternative. We call for reporting animal
and stamp weight, as wells as measuring stamp temperature over the application
time. When using burn comb models, both - interspaces and burn fields - and possible

hindering eschar, should be evaluated with the used measurement modality.

10.5.3 Early Changes in Burn Wound Progression in Non-Full-Thickness Burns

Non-full-thickness burns seem to be underrepresented in burn research. We
emphasize more research on superficial burns and propose a model for BWP up to
the intermediate dermis. Further evaluation of differences between full- and non-full-
thickness burns and BWP seems to be necessary and research is needed to verify

early perfusion changes in the zone of stasis. Since we did not perform any
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biochemical or molecular tests, early changes in mediators and reactive oxygen

species could be probed, especially on these early time points.

10.5.4 Possible Drugs To Administer Topically

This model was developed for topical administration of potential agents to reduce
BWP. The proposed frame makes local treatment with lotions, gels and hydrogels
possible. Agents like Infliximab (Sun et al. 2012), cerium nitrate (Eski et al. 2012),
EDTA (Wang et al. 2015), keratin biomaterial hydrogel (Poranki et al. 2016), a
bromelain-derived agent (Singer et al. 2010), GM-CSF (Fu et al. 2017) or carbomer
940 (Hayati et al. 2018) have already proven to be successful when applied locally on
a burn wound. More agents have proven successfully but were administered
systemically with potential drawbacks of adverse reactions (see 6.7.1).

Among them, erythropoietin and derived molecules reduced BWP (Tobalem et al.
2012, Tobalem et al. 2013). Unpublished data from our group also showed reduced
BWP after certain EPO regimens. Other formulations of EPO have also been used
locally in wound healing studies (Bader et al. 2012), ischemic flaps (Schmauss et al.
2019) and a study has been published to evaluate EPO in human IIb° and III° burns
(Gunter et al. 2018). While the primary endpoint of 100% re-epithelialization was not
achieved (Gunter et al. 2018), continuing evaluation of possible use in more
superficial burns is necessary. Additionally, modifications to the EPO molecule have
exposed tissue protective properties via different receptors (Brines et al. 2004): A
derived EPO-molecule peptide, known as ARA 290, has been shown to attenuate
thrombosis and inflammation in burns (Bohr et al. 2013). Similarly, carbamylated
erythropoietin, known as CEPO, has also shown several tissue protective properties
(Fantacci et al. 2006, Patel et al. 2011). While these derivates could be promising via
systemic application (Hand and Brines 2011, Murua et al. 2011), more research in
topical administration is warranted to further individualize treatment strategies.
Topical administration could potentially avoid impairments such as impaired blood
rheology and capillary dysfunction (Ehrenreich et al. 2009, Schmauss et al. 2019).
These issues could be addressed in pre-clinical models, as shown in this study. Other
hydrogels have been tested in burn wound care and wound healing but have not been
examined regarding attenuating BWP. These topical agents such chitosan gel (Degim
et al. 2011) or dextran-based hydrogel (Shen et al. 2015) could also be assessed with
the proposed model. Agents such as Rapamycin (Xiao et al. 2013) or Beraprost
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sodium (Battal et al. 1996) which have been proven to reduce BWP when given
systemically, but have not been tested through local topical administration and could
be used in a higher doses while avoiding systemic adverse effects.

While throughout the literature, multiple agents have been described, few have been

thoroughly examined and none has found its way into everyday clinical practice.
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11 Conclusion

This rat model offers a research tool for assessing superficial burns which reach the
intermediate dermis after secondary burn wound progression - a well described but
poorly understood process - which leads to horizontal and vertical injury extension.
We were able to show gross and histological BWP following 10sec non-full-thickness
burns using a common burn comb. We demonstrated significant differences in
comparison to 60sec full-thickness burns; especially vertical BWP within 24 hours in
interspaces and burn fields, as well as lesser interspace necrosis. We could observe
changes in Laser-Speckle-Contrast-lmaging, a promising fast technology to assess
perfusion in wounds similar to the widespread applied Laser Doppler. Baseline
interspace and burn field perfusion was reached earlier after a 10sec burn. The model
allowed for easy, quick and repeated wound assessment including inspection,
perfusion evaluation and histology workup. The presented 8-component-frame
dressing seems sufficient to be used over a period of up to 4 days, bearing the need for
repeated re-suturing and attaching an Elizabethan collar, but modifications have been
proposed. We believe to offer a universal research tool to assess multiple agents in

their ability to attenuate BWP in superficial and intermediate burns in rats.
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