Abstract:

Background - In the recent wars, 77% of all British casualties received extremity injuries. The
critical nature of these injuries resulted in amputations to preserve life, when the limb itself
was potentially salvageable. In response, the present research has focussed on development

of new technology to reduce amputations by preserving tissue viability.

Materials and Methods - Novel technology was developed including; a dual-bladder
pneumatic tourniquet; a cooling sock to reduce tissue temperature; and a perfusion support
system to perfuse the limb independently of systemic circulation in hospital. Testing involved
laboratory protocols, mimetic of the combat setting. The cooling sock and limb support
system were tested using disarticulated porcine and ovine limbs. Techniques were employed
to assess the impact of these technologies, including implanted thermistors, doppler flow,
infrared scanning and neural stimulation. In ovine limbs histology and blood gas analysis was

also studied

Results — Topical CO; cooling was associated with deep cooling similar to ice packing, so was
utilised while transporting disarticulated porcine limbs reducing deep tissue temperature by
between 7.26-15.88°C. The limbs underwent neural stimulation to assess muscle contraction,
showing twitch at procedure termination in 2 of the 3 intervention limbs but none of the
control limbs. This work was repeated using disarticulated ovine limbs. There were 4 arms in
this element; cooled — perfused, non-cooled — perfused, cooled — non-perfused and non-
cooled — non-perfused. Deep tissue temperature reduction was very similar between the
cooled and non-cooled tests (5.86+3.34°C and 5.23+0.28°C respectively). Baseline nerve
stimulation showed that contraction was present in all limbs, however, at the end,

contraction was detected only in perfused limbs.

Discussion and Conclusions - Overall, these studies demonstrate that the benefit of cooling
was less than expected, but, perfusing the limbs preserved tissue viability. The limb
stabilisation technology has a clear tissue preserving effect and offers promise as a

technology that can be of benefit to personnel injured in austere situations.



University of

Strathclyde
Glasgow

Development of a Novel Multi-Stage Limb Salvage
Technology for the optimisation of tissue viability
in severely injured limbs

Joanne Morton

PhD Biomedical Engineering

Department of Biomedical Engineering

Primary Supervisor: Professor Terry Gourlay

Secondary Supervisor: Dr Craig Robertson

Year of Submission: 2020



Declaration of Authenticity and Author’s Rights:

‘This thesis is the result of the author’s original research. It has been composed by the author
and has not been previously submitted for examination which has led to the award of a

degree.’

'The copyright of this thesis belongs to the author under the terms of the United Kingdom
Copyright Acts as qualified by University of Strathclyde Regulation 3.50. Due
acknowledgement must always be made of the use of any material contained in, or derived

from, this thesis.’

Signed: o L7 s N

pate: 06 /Il /2030



Acknowledgements:

| would like express my sincere gratitude to my supervisor Professor Terry Gourlay for his

invaluable knowledge, advice and guidance over the period of my PhD.

| would also like to specially thank Dr Craig Robertson, Dr Craig Simpson and Dr Paul Davis

for their input, technical guidance and for their assistance at every stage of the project.

Finally, | am grateful to the EPSRC for providing my studentship which enabled me to

undertake this PhD.



Table of Contents:

LY o1 1 Tl 2 OO P R T PO PRRPPRRPRRN I
Declaration of Authenticity and Author’'s Rights: ........cuiiiiiiiii e 11
FA¥ol o VY] 1= Fod=Y o Y=Y o S PP v
TablE Of CONTENTS . ciiiiiie ettt sttt e s e e bt e e sab e e s bt e e sabeesbeeesnteesabeeenns \
[ o) 7= (U <L URN Xl
LIST OF TabIES: et ettt ettt e bt e st e s bt e snb e e sabeeeaeeas XVl
Chapter 1. Combat INJUIY OVEIVIEW: ...uviiiiiieeeeciieeecciree e esiree e s sree e e sree e e sree e s s saee e s eareeas 1
1.1.  Combat Injury CharaCteriStiCs: .....cccueeuiiiiiiieee et et e e e e e e e 1
1.2, Mechanism Of INJUIY: ..o ettt e e e bee e e e abae e e e ennaeas 4
1.3, Combat Casualty Care:.....ccieieiiieieiiiiie ettt sree e e sbre e s s sbee e e e eabae e e e sarneas 9
1.3.1. Considerations for Air EVacuation: ......c..cceceveiirceenieenienee e 18

1.4. Amputation vs LImb Salvage: ... e 21
1.4.1. Post Amputation Complications: .........ccueeeeiiiiiieeiiieee e e 21
1.4.2. Predicted Costs of OIF/OEF amputations: .......cccceveeeveeereenreenieeneeereereeveenee 25
1.4.3. Benefits of LIMb Salvage: .....c.uveeieciieieeeeeeee e 26
1.4.4. Limb Salvage TeChNIQUES: .......uieiii ettt e 27

R T SV U] o =T I V=T - o1 SERTN 30
1.5.1. Haemorrhage CoNLrol: ... iiie i 30



1.5.2. ResUSCItation CONTIOl:.....oouueeeeiiieeeeeeee et eeeeaaas 33

153 Regenerative MediCiNe: .......cuuii it e aaee e 38
Chapter 2. Thesis objectives and hypothesis:........ccceivciiiieeiiiieeccee e 39
2.1 o oTo1Y=To B K=Yol g1 g o] [o =Y USRS 39
2.2, Thesis hYPOtheSIS: ..ccii ittt e s s e e s s eraeeeesnes 41
Chapter 3. BN 10T a1 (o TO =L B L=E] = o N 42
3.1, Overview Of TOUMNIQUETS: .....ociiiciiiee ettt e e erte e e e eare e e e e naaeeeeanes 42
3.1.1. CUrrent TOUrNIQUEE USE: .oiiiiiiieiiiiieeeee ettt e eriitre e e e e s s ssieree e e e e s s s ssainnee 42
3.1.2. Tourniquet ConSIderations: ........cccieieiciiieieiiee e e 45
3.1.3. Tourniquet ComMPliCatiONS: ... ..uii i 48

3.2, Design Considerations: .....ccuiiiiiciieiiiiiiee et ee et e et e st e e et e e s erara e e s serraeeesnes 53
3.3,  Design of dual-outlet ValVe: ........ueii i 57
3.4, Initial TOUrNIQUEL DESIBN:.....iiieiiiiiee ettt e ettt eeette e e e eette e e e ette e e e earaeeesenseeaeeanes 59
P T 0 11 = { g WYL 1T = d (o] SRRSOt 61
3.5.1. Second Iteration TOUMNIQUEL:........iiii ettt e e e e e 61
3.5.2. Third [teration TOUrNIQUETL: ......ccociiiiecie e 62
3.5.3. Fourth Iteration TOUrNIQUEL:.....cceei i 63
3.5.4. Fifth Iteration TOUrNIQUET: .......coocuiiiieeeeeeecee e e 65
3.5.5. Sixth [teration TOUMNMIQUET:......coo it 68
3.5.6. Seventh Iteration TOUrNIQUEL: ......coiiiciiee e 71

3.6, FULUre developmMENtS:. ...ttt e e e e e e ae e e e e e e e anrraaee s 73

Vi



Chapter 4. (0o To] 1T a =Yool (o [Ty F=4 0 Fo PR 75

4.1. Benefits of therapeutic hypothermia: ......ccccovviiiiiiii i 75
N B T T T~ d W olo T o I [0 [T =Y o] [ 82
4.3, Feasibility Maths: ..o e 84
I [ a1 A =1 e 1T = o SRR 88
4.4.1 Preliminary temperature teStiNG: .....coveeieciiee e 90
4.5, SeCONM ItEratiON: . ...iiiiiiiiiieite ettt sttt et sre e s sane e 91
4.5.1. DeSigN AlteratioNS: ..ciiiceiiie e aae e 91
4.5.2. TempPerature tESTING: ...oovveiieeeee e e e e s s erea e e s 94
4.6, Third Eration: ..ooueeeeieee et sttt et e sbe e s sane e 96
4.6.1. DeSigN @lteratioNS: ..uui i eiiie it 96
4.6.2. TemMpPErature tESTING: ....oovieiieeeee e e e e e s s s arreeee e s 98
A.7.  FOUIth IEratioN:..ccci et 101
4.7.1. DESIgN AlLEIAtiONS: ..eiiieiiee ettt e et e e re e e e ae e e e areeas 101
4.7.2. TemMpPerature tESTING: ..ooovviiiieiee e e e s s sarreeee e 102
4.8, Fifth iTeration: ..ccooceiiieeeecee e e e 103
4.8.1. DeSigN Alterations: ...cocei i 103
4.8.2. TemMpPerature tESTING: .....uuuueeeieieieiii e aaaaaaaaeanas 105
4.9, SIXEN IEEratioN . eeiie e e e 108
49.1. LT F=d W AN T =Y o o [P 108
4.9.2. TemMPErature TESTING: ... .uuuueeeeereeerereteteierererrrereeeeerararararar e aaaaaaaaaaaa————_ 110

VI



4.10. LT = L Lo T o T ST 113

4.10.1. Protocol developmENT: ......c..uei it 113
4.10.2. Design of iteration 6.2 .. ccccuiiiiiciiee et 116
4.11. SeVENth [EEratioN: ..ccoueieee e e s 119
4.12. Bigth iteration: oo e 122
Chapter 5. Small-scale tisSUE TESTING: .....eviieciiiee e e 125
ST DN TV L ) {ToF | o] i o] g 1<) ] o= 125
5.2, TeSting ProtoCOL: ...cui i 127
5. 3L RESURS: ettt s abe e sre e 131
5.3.1. 2 initial bottles Of CO2: ..iiiiiiiirienieee e 131
5.3.2. 3 initial bottles Of CO2: .uiiriiiiiiiiiieee e 134
5.3.3. LC ettt e r e sreesane e 138
5.3.4. [\ ol eloTo] [T NP 142
5.3.5. Comparison of cooling methods: .........cccccuviiieiiiiiicciie e 146

5.4,  DiSCUSSION Of FESUITS ..c..eiriiiiieiiiiierteeree ettt s 154
Chapter 6. Testing of technology in simulated combat setting — porcine tissue: ......... 160
6.1.  TeStiNg ProtoCOl: .o e i 160
6.2. Justification of methods of analysis:........ccccueiieiiiiiiciiiie e 168
5.3, RESUIESI .t e 172
6.3.1. TemMpPerature CHaNEES: .....coiicuieieeiiie ettt e e e e e erre e e e eareeas 172
6.3.2. LDl and thermal camera images: .......ccceeeeeeeeeeciiiiiieeee et eevrrre e e e e 177

Vil



6.3.1.1.  POICINE [IMB TOSE 4 .ottt e e e e et e e e e e e e eraaas 178

6.3.1.2.  Porcine limb TeSt 5:.....cccueeiieiiiiiiei et 180
6.3.1.3.  POrcing limb TSt 6: ......cc.eevueeieeiiieiieeeeeeesee ettt 186
6.3.2. Neural StIMUIAtioN: .......oiiiieie e e 192
6.4, ReSUIES @NAlYSIS: uuiiiiiiiiiieiiiiie ettt e s e e e e e e araeeeas 194
6.4.1. TeMPErature ChaNEES: .....cooccuiie et e e tbee e e e eabee e e e areeas 194
6.4.2. LDl and thermal camera data:.......cccceeveerierieeieeeeseeee e 198
6.4.3. Neural StIMUIAtIoN: .......eiiiieie e 200
6.5.  FULUIre CoNSIderations: .......ccoviieiiieniiieeniee ettt ettt sttt et sbe e 202
6.5.1. (T3] o T el o] 110 -3 SR 202
6.5.2. PEITUSION: ... 203
6.5.3. Methods Of @NalYSiS: ......uviiiiiiiieiecee e e 203
6.5.4. Experimental desSign:........cooo i e e 204
Chapter 7. Testing of technology in simulated combat setting — Ovine tissue:............ 206
7.1.  Justification of methods of analysis:......ccccccveeiviiiiiiiiii e 206
2 R =134 (o3 o] o] ¥ T o] AR 212
7.2.1. (0700 ] [T T=48 o 0] ool 1 USRS 212
7.2.2. Perfusion ProtoCOl: ........ueiiieee e e e 214
7.2.3. Data collection Protocoli........ceeeciiiieiiiieee et 215
7.3, RESUIESI it es 219
7.3.1. Cooled — perfused IMDBS: ......cooiiiieeee e 219



7.3.2. Non-cooled — perfused lIMbS:.......c..oiiiiiiiiiie e 236

7.3.3. Cooled — non-perfused lImbs: ... 253
7.3.4. Non-cooled — non-perfused lIMbs: ........cceoviciiiiiiiieee e, 257
7.3.5. (0o To] [ aT=2e -1 - PP UPPUPRN 260

7.4, RESUIES @NAlYSIS: cuuiiiiiiiiiieieiiie ettt ee ettt esrae e s s sae e e st e e e ssnbre e e ssnreeeeas 264
7.5.  FUture CoNSIderations: .......cocuiiiiiiiieiieiie ettt s 278
Chapter 8. (00 o Tol [V 1] o3 USRSt 280
REFEIENCES: .ttt ettt et e s bt e s abe e s be e e sab e e sabeeesabeesabeeesareens Xl
PN ] 0 =Y o Vo |t SRR XXXI



List of Figures:

Figure 1-1: Loading a casualty into a Blackhawk Medivac helicopter, Helmand Province,
Afghanistan, 2009. Defenceimagery.mod.uk, Crown copyright........cccccevveiieiiriiieeiiciieennnnns 18

Figure 1-2: Loading a casualty onto C-17, Bagram Air Field, Afghanistan, 2002. National Public

Figure 3-1: CAD drawing and 3D printed dual way valve with inflation mechanism

EMONSTIALEM ...ttt st sttt e b e b e s bt e sae e eab e et e e sbeesbeesane e 58
Figure 3-2: Dimensions of initial toUrNIQUET........cc.eeiiiiiiii e 59
Figure 3-3: Individual parts and assembled CONNECLOr.........c.eeeveciiiieiiiieee e 60
Figure 3-4: INitial tOUrMIQUET .....ccccuiiie et e et e e e ta e e e s eare e e eeanaeeaeas 60
Figure 3-5: Second iteration tOUrNIQUET ......c.eviii i e 61
Figure 3-6: Dimensions of one tourniquet bladder .........cooviiiiiiciiiiecie e 62
Figure 3-7: Third iteration of toUrNIQUEL ........ceeiiiiiieece e e 63
Figure 3-8: Dimensions of one bladder for fourth iteration tourniquet..........ccccocvveeeinneenn. 64

Figure 3-9: 4" iteration of tourniquet with two different colour bladders and Velcro holding

TNEM TOBETNET ... e e et e e e et e e e e s tte e e e s bteeaesstaeeesntaeaesanes 64
Figure 3-10: Dimensions of the fifth iteration of tourniquet........c.cccceccveeeeciie e, 65
Figure 3-11: Completed fifth iteration of toUrNIQUEt .........cccveieeiiiiieeciee e 66
Figure 3-12: Dimensions of sixth iteration of tourniquet ..........ccccoeeieiiiii e, 68

Figure 3-13: Testing of tourniquet iteration 6 on the HapMed and a close-up of the results

LYol =TT o PSP RPPPPPP 70
Figure 3-14: Dimensions of the seventh iteration tourniquet.........cccoccvveeiiciieiecciiec e, 71
Figure 4-1: Experimental set up for testing 1° iteration of cooling sock.......c..ccccevveerrennnnnee. 89

Xl


file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450775
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450775
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450776
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450776
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450777
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450777
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450778
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450779
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450780
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450781
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450782
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450783
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450784
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450785
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450785
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450786
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450787
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450788
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450789
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450789
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450790
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450791

Figure 4-2: Testing the porosity of the ePTFE tubing by flushing gas through submerged tubing

............................................................................................................................................... 90
Figure 4-4: Manifold used with 2" iteration of cO0liNg SOCK...........coveveireeeereririeecreereeenne 92
Figure 4-5: Arrangement of tubes in 2" iteration of cooling SOCK .........ccccevvevevviievirecreiee. 93

Figure 4-6: 2" iteration of cooling sock both open and closed around the mannequin leg. 94

Figure 4-7: Location of the defined thermocouple positions on the mannequin limb ......... 95
Figure 4-8: Temperature profile using iteration 2 over 500 seconds..........cccvevevvcuveeericrveennn. 95
Figure 4-9: Arrangement of tubes 0n 3™ Iteration ..........ccceeeevverererieeererieseeeeee e 97

Figure 4-10: 3 graphs placed in chronological order showing the temperature profile over 20
minutes for the 3™ iteration 0f COOING SOCK ......cvcvvveviireiereiereeeteeereeeee e eee e ereaeas 100

Figure 4-11: New design of manifold and tube arrangement of 4™ iteration of cooling sock

Figure 4-12: Completed 4™ iteration COOlING SOCK........ccivvevveeeietietece e 102

Figure 4-13: Temperature profile over 20 minutes when using 4" iteration of cooling sock on

(aaF=TaaT=Te [ 1o T [Ty oY RSP 103
Figure 4-14: 5™ iteration both open and ZIPPed UP........ccveveevereieeieeeeeceece e 105
Figure 4-15: Temperature profile produced with 5 iteration over 8 minutes................... 105
Figure 4-16: Temperature profile of 5th iteration over 20 minutes.........ccccccveeevcciieeeenneen. 107
Figure 4-17: Arrangement of non-porous tubing for 6™ iteration.........cccceevevevvvevevevinennne 109
Figure 4-18: Experimental set up using 6% iteration cooling SOCK............ccecvvverrrveeereernennns 109
Figure 4-19: Temperature profile produced over 20 minutes with 6th iteration ............... 110

Xl


file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450792
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450792
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450793
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450793
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450794
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450795
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450796
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450797
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450798
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450799
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450800
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450800
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450801
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450801
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450802
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450803
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450803
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450804
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450805
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450806
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450807
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450808
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450809

Figure 4-20: Temperature profile produced over 20 minutes using 6™ iteration with holes
(0aFTo [T o IR (U] o] o = PSPPI 112
Figure 4-21: New positions for 4 thermocouple placements for testing 6% iteration......... 113
Figure 4-22: Temperature profile over 45 minutes. One bottle of CO2 released at beginning
(o] IRy q oY= a1 0= | SRR 114
Figure 4-23: Temperature profile produced with 6™ iteration when releasing 10 seconds of
CO 2 BVEIY 5 MINUEES. e e e s s e e e s e e e e e e e e e e e e e e e e e s e s e e e e e e e e eeseeeeaeeeaaaesananaaenenens 115

Figure 4-24: Temperature profile for 6 iteration when full bottle of CO, released at

beginning of experiment followed by 10 seconds every 5 minutes........cccccceevevcvrvveeeeeeennn. 116
Figure 4-25: Layout of non-porous tubing for smaller version of 6" iteration.................... 117
Figure 4-26: Location of thermocouples on mannequin arM........ccccceecieeeercceeeeccciee e, 118

Figure 4-27: Temperature profile produced over 1 hour using shorter 6 iteration cooling

Figure 4-28: Gas and coolant distribution mechanism.........ccccceecieeiiciee e, 120
Figure 4-29: Arrangement of tubes and outlets in the seventh iteration of cooling sock .. 121
Figure 4-30: Completed seventh iteration of the cooling sock.........ccccccuvveeeciieeeciiiieeeennen. 121
Figure 4-31: Eight iteration of cooling sock. Both open and closed as well as close ups of foot
(oo} V=T g o = o aT=Tol o F= T o 1T o o TP PP 123
Figure 5-1: Small-scale tisSU@ TSt Iig......uuiiiiiiiiiiiiie e 127
Figure 5-2: Temperature change at each depth of tissue for 2 bottles of CO; during the initial
(oo Yo [T Y= 01T [o o ISP USRI 131
Figure 5-3: Temperature change from 37°C temperature using 3 initial bottles of CO; during

iNitial COONING PEIIOM .ceeeeeee e e e e e e e e e e e e e e nnbeeeeeeeeeeanas 134

Xl


file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450810
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450810
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450811
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450812
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450812
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450813
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450813
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450814
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450814
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450815
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450816
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450817
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450817
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450818
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450819
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450820
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450821
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450821
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450822
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450823
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450823
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450824
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450824

Figure 5-4: Temperature change at each tissue depth for 3 initial bottles of CO, with a starting
tissUE teMPErature Of 25°C.. . e e e s areeeean 136
Figure 5-5: Temperature change at each tissue depth using ice with starting tissue
L]0 0] LT = LU [ =TS 37 G PPPPPRE 138
Figure 5-6: Temperature change at each tissue depth from 25°C usingice.........ccceeeeunueen. 140
Figure 5-7: Temperature change at each tissue depth from 37°C with no active cooling
MECRANISIM ..ttt st ettt e bt e s bt e s bt e sae e et e et e e nbeesbeesaeesanenas 142

Figure 5-8: Temperature change at each tissue depth rom 25°C with no active cooling applied

Figure 5-9: Mean temperature change at each tissue level using the 3 different topical cooling
MEthods StArting At 37°%C ... e e e e ee e e e b 146
Figure 5-10: Mean temperature change at each tissue level using the 4 different topical
cooling methods Starting @t 25°%C........cccuiiii ittt e e et e e e rae e e e eaaeeas 149
Figure 5-11: Temperature difference between the mean starting temperature and mean end
temperature of the deep tissue in all cooling experiments.........cccceeccveeeecciieeeeccieee e, 153
Figure 6-1: Cooling sock iteration 7.2 for use with CO; and coolant fluid...........ccccc......... 162
Figure 6-2: Moor LDI imager taking an LDI scan and FLIR One Pro thermal camera used for
thermal imaging. Images taken every 15 minutes during perfusion........cc.ccceceeevcveeniieenns 164
Figure 6-3: Disarticulated porcine limb being perfused in the LSS with mean arterial pressure
and flow rate displayed on screen. Red dot is the LDI scan being performed. Cannula is filled
WIth PrIMEr FIUI oot e et e e s sbte e e s e ate e e e sntaeeeeanes 165
Figure 6-4: Flow chart of the protocol for porcine limb tests.......ccccceeveiveeinciiee e, 166
Figure 6-5: Temperature change in the deep tissue for the first 30 minutes of transportation

for the 6 isolated Porcing MDD TESTS ......cccccuiiieeciiee e e 174

X1V


file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450825
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450825
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450826
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450826
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450827
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450828
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450828
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450829
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450829
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450830
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450830
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450831
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450831
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450832
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450832
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450833
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450834
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450834
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450835
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450835
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450835
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450836
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450837
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450837

Figure 6-6: Temperature change in the superficial tissue for first 30 minutes of transportation
in the 6 isolated Porcing lIMb tEStS.....ccuiiiiiie e 175

Figure 6-7: Temperature in the trotter injury for the first 30 minutes of transportation for the

6 isolated POrcing MDD LESTS ....uviii e e e e e e e 176
Figure 6-8: Change in mean flux in each ROI for porcine limb test 4 ........cccooveevccieeeennen. 178
Figure 6-9: LDl images from porcine limb test 4........coccveiiiiiiie i, 179
Figure 6-10: Pre-perfusion LDl scan for porcine limb test 5.......ccccovereeiieeecciiee e, 180
Figure 6-11: Figure showing LDl scans for porcine limb test 5 .....cccccvveieeeiiiviee e, 181
Figure 6-12: Mean change in Flux in each ROI for porcine limb test 5........cccccceevviiereennen. 182
Figure 6-13: Pre-perfusion thermal camera photograph for porcine limb Test 5............... 183
Figure 6-14: Thermal camera images for porcine limb Test 5.....cccccvvvvciieievcviee e, 184
Figure 6-15: Thermal camera spot data for the fifth porcine limb test........ccccccevevenrnnnen. 185
Figure 6-16: Porcine limb Test 6 pre-perfusion LDl SCaN. ........ccccecveeeeeciieeeeciiee e 186
Figure 6-17: Mean change in Flux for porcine limb Test 6 ........ccccooeeeeciieeecciiec e, 187
Figure 6-18: LDl images for porcing limb teSt 6.......cccoccvieeeiiiiieecieee e e e 188
Figure 6-19: Pre-perfusion thermal photograph for porcine limb Test 6...........ccccueeennneeen. 189
Figure 6-20: Thermal camera images during perfusion for porcine limb Test 6 ................. 190
Figure 6-21: Thermal camera temperature data for porcine limb Test 6.........ccccccvveeeenneen. 191

Figure 7-1: Difference between porcine and ovine limb anatomy. lllustration by Dr Vanda

Figure 7-2: Perfusion set up of the ovine limb.........coooiviiiiiiiii e, 215
Figure 7-3: Left - Thermocouples placed in the muscle and the location of the electrode pads.
Right upper — TrainFES neurostimulation equipment. Right lower — neurostimulation

(Lo [T oL g =T 0 T T TR 216

XV


file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450838
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450838
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450839
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450839
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450841
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450842
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450843
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450845
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450846
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450848
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450850
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450851
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450852
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450854
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450854
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450855
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450856
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450856
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450856

Figure 7-4: Flow chart of protocol for ovine limb tests .......c.ccceeviiirieiriiinie e 218

Figure 7-5: Mean flowrate and pressure for C-P limbs.........cccccviviiieiiiiieiicien e, 224
Figure 7-6: Mean arterial blood gas data for C-P limbs........ccccceeiiieeiiciee e, 226
Figure 7-7: Mean venous blood gas data for C-P limbs ........ccccceeeciieeiiciiee e, 228
Figure 7-8: Example thermal camera spot point data for C-P 3 test .......cccoecvvveeecciieeeennen. 229
Figure 7-9: Example thermal camera images from C-P 3 0-75 minutes ........cccceeeevveeeennneen. 230

Figure 7-10: Example thermal camera images from C-P 3 continued (90-120 minutes) .... 231
Figure 7-11: Example LDI data for C-P 3 (15-90 MINULES)....cccvrerreeriieeeirreesreeeieeesieeeine s 232
Figure 7-12: Example LDI data for C-P 3 continued (105 and 120 minutes).........cccceeeeveennee 233

Figure 7-13: Example histology data for C-P 1. Images a, b and c are 3 slices of the tissue

samples taken at each depth. ... 234
Figure 7-14: Mean pressure and flowrate over time for NC-P limb .........cccoeevevivicienennnnen. 241
Figure 7-15: Mean arterial blood gas data for C-P limbs .........ccccccoiieiiciiie e, 243
Figure 7-16: Mean venous blood gas data for C-P limbs .........ccccecuieeiiciiee e, 245
Figure 7-17: Example thermal camera spot point data for NC-P 4 test........ccccceeeevveeeennenn. 246
Figure 7-18: Example thermal camera images from NC-P 4 test (0-75 minutes) ................ 247

Figure 7-19: Example thermal images from NC-P 4 test continued (90-120 minutes)........ 248

Figure 7-20: Example LDI data for NC-P 4 (15-90 MiNULES) ...ccceererrerrveriieirieenieenieeseesneens 249
Figure 7-21: Example LDI data for NC-P 4 continued (105 and 120 minutes) ........ccccccue..... 250
Figure 7-22: Example histology fOr NC-P 1 ......cccooiiiiiiiiiie ettt 251
Figure 7-23: Example thermal camera data for C-NP 3 test.....cccovveivciieiicciiee e, 255
Figure 7-24: Example thermal camera spot point data for C-NP 3 test........ccccceevvvveeeennnenn. 256
Figure 7-25: Anatomical picture of NC-NP 5 [imb........cccoveeiiiiiiiiiiee e, 257
Figure 7-26: Example thermal camera data for NC-NP 5 test.......ccccceeeciieeeecieeececiiee e, 258

XVI


file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450857
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450858
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450859
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450860
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450861
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450862
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450863
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450864
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450865
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450868
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450869
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450871
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450872
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450873
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450874
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450875
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450876
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450878
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450879

Figure 7-27: Example thermal camera spot point data for NC-NP 5 test......ccccceevvveeennneen. 259

Figure 7-28: Start and end temperatures in the superficial tissue for all cooled tests ....... 260
Figure 7-29: Start and end temperatures in the mid tissue for all cooled tests.................. 261
Figure 7-30: Start and end temperatures in the deep tissue for all cooled tests................ 262
Figure 7-31: Mean temperature change in deep tissue for Cand NC limbs.........ccccccc........ 264

Figure 7-32: Demonstration of thermocouple location compared to muscle tissue depth.

(T Fo T g T o o Y or- | L= SRR 267
Figure 7-33: Mean potassium concentration for C-P and NC-P tests......cccceeevevivicierecnnen. 268
Figure 7-34: Mean arterial base excess for C-P and NC-P limbs .........ccccceevvieiniiiinieeniennne 270
Figure 7-35: Mean arterial lactate concentration for C-P and NC-P limbs..........cccceveneeen. 270

Figure 7-36: Mean baseline and end of test amplitude needed to initiate twitch for each

eXPErimental CONItION ... ..ci i e e e e sree e e e sbee e e e saaeeas 274

XV


file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450880
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450881
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450882
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450883
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450884
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450885
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450885
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450886
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450887
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450888
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450889
file:///C:/Joanne/Biomedical%20engineering/PhD/Thesis/Final%20thesis%20Edit.docx%23_Toc61450889

List of Tables:

Table 3-1: Recommended tourniquet inflation pressures based on limb occlusion pressure
(Van der Spuy, 2012, Deloughry and Griffiths, 2009) «seseeeseeanntiitttetttetaneiiiittettsetanasissisettstsasassisssssssstsasassssssssssnes 47
Table 3-2: Critical ischaemic time of various tissue types (Giliani et al., 2012, Perkins et al., 2012) +++eeeseees 49

Table 3-3: Tourniquet pressure settings and when they should be used (checketts, 2013, Jafarian et al.,

2016, ANGESLhESIAUK, 2005)+csesssecsssossessssssersssssssssssssssssssssassesosssssssssesssssassssassssosasssssssesosnssssssassssssssssssness 54
Table 3-4: Pressure required to halt haemorrhage in tourniquet iteration 5..........cccveeeee 67
Table 3-5: Pressure required to halt haemorrhage in tourniquet iteration 6........................ 69
Table 3-6: Pressure required to halt haemorrhage in tourniquet iteration 7 ..........ccoceeenee 72

Table 4-1: Maximum temperature change at each location for 3 tests using third iteration
WITh MEAN AN SD ..ttt b e be e sttt e et e e be e sbeesaeesaneeas 98
Table 4-2: Greatest initial temperature change at all limb locations for two tests using 5%
TEEIATION SOCK ..ttt b e sttt sbe e sbe e saeesane e 107
Table 5-1: Summary of the tests for each cooling mechanism..........ccccceeecciieeeiiieeeecciee.n. 130

Table 5-2: Temperature change at the end of the cooling period for 2 initial bottles of CO,

Table 5-3: Tissue temperature change from 37°C at the end of secondary cooling period for
3iNitial DOTLIES OF CO2 uveirieiieiieeteee et sttt s s es 135
Table 5-4: Temperature change at end of cooling for three initial bottles at 25°C............. 137
Table 5-5: Temperature change at 46 minutes for each tissue depth using Ice at 37°C starting
LT U= (=] g ] o T=T = ) A =N 139
Table 5-6: Temperature change at 46 minutes for each tissue depth using ice with 25°C

starting tissue temperature ..., 141

XVl



Table 5-7: Temperature change at 46 minutes for each tissue depth with no cooling and 37°C
Starting tisSSUE tEMIPEIatUIE ... ..t e e e e s aaneaeeee s 143
Table 5-8: Temperature change at 46 minutes for each tissue depth with no cooling and 25°C
starting tissue temperature ..., 145
Table 5-9: Mean room temperature and both the starting and end temperature of the 3 tissue
depths for all small-scale tiSSUE eSS ......ueiiveiiieiiciee e e 152
Table 6-1: Summary of porcine limbs collected and the conditions they were kept under 167
Table 6-2: Temperature change in porcine limbs over the duration of the total journey time
from collection 0 the UNIVEISItY .....cccuiii i 173
Table 6-3: Porcine limb test conditions and the outcome of neural stimulation................ 192
Table 7-1: Mean and standard deviation for weight, temperature and nerve stimulation data
for cooled - perfused MBS ........c.uuii i areee e 219
Table 7-2: Mean and standard deviation of perfusion data for cooled - perfused limbs.... 221
Table 7-3: Mean and standard deviation of perfusion parameters for the C-P limbs......... 222

Table 7-4: Mean and standard deviation for perfusion parameters at each time point for C-P

Table 7-5: Mean and standard deviation of arterial perfusion data at each time point for
Cooled PErfuSEd lIMDBS.... ..o ebae e e e 225
Table 7-6: Mean and standard deviation for venous perfusion data at each time point for
Cooled PErfused lIMDBS........oo e e e e rae e e e 227
Table 7-7: Histologist's NOTeS fOr C-P L....cccuuiiiiiciiieecciiee ettt e e e 235
Table 7-8: Mean and standard deviation for weight, temperature and nerve stimulation data

for non-cooled - perfused MBS ...........ooii i e 236

XIX



Table 7-9: Mean and standard deviation for perfusion data for non-cooled - perfused limbs

Table 7-10: Mean and standard deviation of perfusion parameters for the NC-P limbs .... 239
Table 7-11: Mean and standard deviation of perfusion parameters at each time point for NC-
P IMIDS bbb sttt e b e bt e s e sane e 240
Table 7-12: Mean and standard deviation of arterial perfusion data at each time point for
non-cooled - Perfused MBS ............oi i e e 242
Table 7-13: Mean and standard deviation of venous perfusion data at each time point for
non-cooled - perfused MBS ........c.uiiiiiii e 244
Table 7-14: Histologist's Notes fOr NC-P L......ccoocuiiiiiiiiii et 252
Table 7-15: Mean and standard deviation of weight, temperature and nerve stimulation data
for cooled - non-perfused MBS ... 253
Table 7-16: Mean and standard deviation of weight, temperature and nerve stimulation data
for non-cooled - non-perfused liIMDBS.........cuii e 257

Table 7-17: Mean temperature change for cooled and non-cooled tests..........cccccceeunneen.. 263

XX



Chapter 1. Combat Injury Overview:

1.1. Combat Injury Characteristics:

Traumatic lower extremity amputations caused by improvised explosive devices (IEDs) and
traumatic brain injuries (TBlIs) became the signature wounds of the recent wars in
Afghanistan and Iraq (vorrison et al., 2012, perkins et al., 2012, Wallace, 2012, Woijcik et al., 2010, Lehman, 2008)- IN 2007 it
was predicted that 17-22% of soldiers returning back to the United States could have a TBI,
the majority of which were type 1 TBIs (the mildest form) received in battle wojcik et ar, 2010). A
TBI can significantly hinder the rehabilitation of soldiers with other co-morbidities such as
major tissue damage to the extremities as a decrease in mental capacity can make it harder
to adapt to the rehabilitation needs of the other injuries. Throughout the conflicts in Irag and
Afghanistan, damage to the extremities was extremely frequent with 77% of all British
casualties sustaining an extremity injury of some description (chandler, MacLeod and Penn-Barwell, 2017)-
The most common injuries affecting the extremities were open wounds (42-63.7%), fractures
(16.3-19.1%), burns (6.3%) and contusions (9.2%) (amber L. Dougherty et al., 2009, Zouris et al., 2006, Ramasamy et
al, 2009). Fractures are often open which complicates the healing process and can lead to
infection (geimont, schoenfeld and Goodman, 2010). When undertaking the different operations in Iraq
during Operations Iraqgi Freedom and New Dawn (referred to collectively from here as OIF)
and in Afghanistan during Operation Enduring Freedom (OEF), 20-60% of US military
casualties sustained multiple limb 10SS (pasquina et af,, 2014). Over a 4-year period in Camp Bastion,
Afghanistan, 169 casualties sustained 278 traumatic amputations (morrison et al,, 2012). Lower
extremity injuries were more likely to be coded serious to fatal when compared to upper

extremity injuries (amber L. Dougherty et af, 2009). Whilst those soldiers with extremity injuries



surviving the incident were more likely to be evacuated to higher levels of care than those
with injuries to other areas of the body, extremity injuries were less likely to prove fatal at
the time of wounding (amber L. Dougherty et ai, 2009). This shows that with prompt and effective care

many extremity injuries are survivable.

Statistics show that more allied personnel wounded in combat are surviving their injuries
than ever before. Whilst the percentage of soldiers killed in action during OIF and OEF has
stayed roughly comparable to pervious combat operations at 21%, the ratio of wounded to
killed has increased dramatically (vorrison et ai, 2012). During World War | this ratio for US
servicemen was 1.8:1, by Vietnam it had risen to 2.6:1. In 2007 during OIF this ratio was 16:1
(Lehman, 2008). This is because fewer soldiers are succumbing to their wounds once they have

reached hospital. This increased survival rate is due to a multitude of factors.

The first is the introduction of Kevlar combat body armour in the 1970s (ramasamy et a.,, 2009).
Kevlar body armour has proven to be very effective at reducing the number of injuries to the
OISO (Gawande, 2004, Ramasamy et al., 2009, Robbins et al,, 2009). S€condly, the time taken for the injured soldier
to reach medical care has decreased. During the conflict in Vietnam it could take between 4
and 6 hours for an injured soldier to reach a level lll medical facility (vanring et ar,, 2009). A level 1l
medical facility is the most sophisticated medical facility in the warzone. The level Ill medical
facility has specialist diagnostic technology e.g. CT scanners and is where more complex
emergency surgery can be undertaken. In OIF/ OEF a casualty could reach a level Il medical
facility in as little as 30-90 minutes if the battle conditions were favourable i.e. not in the

middle of a firefight (vanring et a1, 2009). The decrease in evacuation time enables the casualty to



undergo life-saving surgery much closer to the time of injury. Improved resuscitative
strategies such as resuscitation with whole blood and increased used of tourniquets have

also contributed to an increase in survival (pharm-patta et ar,, 2011)-

The use of whole blood as opposed to crystalloid fluids to replace fluid volume lost through
major haemorrhage has been shown to improve casualty outcomes (pavid srown, 2012). Since more
soldiers are surviving their injuries, medical facilities are now faced with treating large
numbers of patients with complex wound profiles. Indeed, from the start of operations in
Afghanistan and Iraq (2001 and 2003 respectively) until September 2009, the Royal Centre
for Defence Medicine in Birmingham received 44 unexpected survivors, defined as casualties
with an injury severity score (ISS) of 60 or more (evriviades et ar,, 2010). The 1SS is a numerical method
of classifying the overall severity of injuries to multiple regions of the body (gaker et ar,, 1972). It is
calculated by assigning each injury a score of 1 to 5 with 5 being the most severe injury. The
highest score of each of the three most severely injured regions is squared and then these 3

numbers are added together (saker et al, 1974).

Wounds resulting from explosive blasts have a high infection rate (pasquina and Fitzpatrick, 2006)-
During the explosion debris and bacteria are forced deep into the wound bed and so can be
difficult to remove, 23% of the injured US soldiers presenting at Landsthul Regional Medical
Centre, Germany, between 2009 and 2012 had an infection at their wound site (stewart et at,, 2016)-
Whilst 39% of these infections were monomicrobial, consisting mainly of bacterial infections,
61% were polymicrobial infections (stewart et ar,, 2016). Patients with a higher ISS or who required

admission to intensive care at Landsthul were significantly more likely to have a polymicrobial



infection (stewart et o, 2016). INvasive fungal infections were particularly common in patients
returning from injury in the Green Zone, Helmand Province, and could lead to the loss of
large volumes of muscle tissue in response to the extensive debridement needed to remove
all tissues contaminated by the fungus (cordon et ai., 2015, Tribble and Rodriguez, 2014). This creates further
challenges in their care. As well as complex open wounds to the extremities blast injuries
present with many co-morbidities. These include fractures, traumatic brain injury, damage
to the spinal cord, visual impairment and psychological issues (pasquina and Fitzpatrick, 2006). The
combination of these means that blast injuries lead to high levels of disability and

impairment.

1.2. Mechanism of injury:

The two main causes of US combat injury in OIF and OEF were gunshot wounds and
explosions, accounting for 19% and 79% respectively (owens et ai, 2008. The proportion of
casualties injured by gunshot compared to explosive mechanisms has switched between
World War | and OEF/ OIF. In World War | 65% of all recorded combat casualties received
their injuries by gunshot and in OIF and OEF this number varied between 16% and 23% (geimont,
Schoenfeld and Goodman, 2010). EXplosive mechanisms encompass blasts, IEDs, mortar rounds,
grenades, landmines, bombs and rocket propelled grenades (RPGS) (owens et ai, 2008). Suicide

bombers can also cause severe injuries to serving personnel (vanring et al., 2009)-

Injuries caused by IEDs accounted for 50.6% of all hostile action casualties received by a single
British Iraqi field hospital between January and October 2006 (ramasamy et ai,, 2009). Data from the

US Joint Theater Trauma Registry showed that between October 2001 to January 2005 IEDs



were responsible for 38% of combat casualties (seimont, schoenfeld and Goodman, 2010). |IEDS are
homemade explosive devices where the explosive material is utilised differently to
conventional military means (geimont, schoenfeld and Goodman, 2010). The explosive material is either
homemade or obtained from captured military explosives. IEDs are used to inflict maximum
damage to the opposing military force with minimum damage to own fighters. Such devices
can include buried artillery rounds, mines and vehicles packed with high explosives (gemont,
Schoenfeld and Goodman, 2010). Casualties exposed to an IED blast tend to receive multiple injuries,
usually to more than one body segment. British IED casualties to an Iraqi field hospital in
2006 presented with a mean of 2.61 body regions affected compared to 2.05 body regions
affected in gunshot wounds. Moreover, 67.8% of all injuries were to the extremities which

suggests improved treatments are needed for extremity injuriesramasamy et al., 2009)-

Blast injuries present with a high proportion of severe limb injuries. These so called ‘mangled
limbs’ have severe soft tissue damage often coupled with bone and vascular injuries (cawande,
2004). A mangled limb is defined as a limb with damage to at least 3 systems, out of soft tissue,
bone, nerves and vessels, which threatens limb viability and functionality patel, richter and shafi, 2015,
Prasarn, Helfet and Kloen, 2012). Blast injuries occurring when the soldier is dismounted on foot patrol
have been shown to lead to a higher number of amputations per casualty (codfrey et af., 2017, cannon
etal, 2016). Fractures of the non-dominant arm are also common due to the position that the
rifle is held during foot patrols (cannon et af, 2016). The severity of blast injuries relates to their

ability cause injury in four ways linked to the different stages of the explosion.



Primary blast injuries are principally found in the gas-filled organs of the body. These injuries
occur when the wave of overpressure caused by the blast reaches a person (sayer et al., 2008, wolf et
a)- Injury to the tympanic membrane can occur at pressures as low as 35kPa and so are the
most common primary blast injury seen (woit et ar). However primary blast injuries can also
cause significant damage to the lungs and the GI tract (sayer et ai, 2008). Secondary blast injuries
are caused by the propulsion of debris by the blast winds (sayer et ar,, 2008, wolf et ai). INjury to the
extremities are the most commonly seen secondary blast injuries (evriviades et ar,, 2010). Tertiary
blast injuries are also caused by the blast winds. However, unlike in secondary blast injuries,
it is the person being displaced or thrown by the blast wind (sayer et a1, 2008, wolf et o). QUaternary
blast injuries are injuries that result from the blast but without being caused by the blast
winds or overpressure wave (woltetal). These injuries include burns, crush injuries and exposure
to toxic substances (sayeret ai, 2008). Due to the many mechanisms of injury pertaining to a blast,
casualties are often polytraumatic presenting with penetrating, blunt and burn injuries

(Gawande, 2004, Sayer et al., 2008)-

Of the potentially survivable deaths in US Special Operations Forces (SOF), which occurred
between October 2001 and November 2004, 82% were the result of haemorrhage (;. Holcomb et
al, 2007). Severe haemorrhage has many contributing factors to the death of a patient. Loss of
blood volume can lead to haemorrhagic shock(carrir, 2004). Haemorrhagic shock is a pathological
state resulting in low blood pressure and decreased oxygen deliverygsougié, Harrois and Duranteau, 2013,
National Trauma Institute). INAdequate perfusion can lead to tissue hypoxia, inflammation and
ultimately organ failure (sougis, Harrois and Duranteau, 2013, National Trauma Institute). Arterial pressure is the
factor which has the biggest role in altering tissue perfusion(sougie, Harrois and Duranteau, 2013)-

Haemorrhage can also lead to coagulopathy (national Trauma Institute). COagulopathy is the disruption



of the blood coagulation process, likely to be due to the loss of platelets and other clotting
factors as a result of haemorrhage (sougi¢, Harrois and Duranteau, 2013, National Trauma Institute). CO@gulopathy
has been associated with hypothermia and an increased mortality (spinella and Holcomb, 2009)-
Hypothermia occurs when heat is not adequately transferred efficiently around the body

because of the drop in blood volume (spinelia and Holcomb, 2009)-

Techniques to decrease the number of deaths from exsanguination (defined by the Collins
Dictionary of Medicine as ‘the loss of a substantial portion, or almost the whole volume of
the blood. The result of severe haemorrhage’ voungson, 2004, 2005)) include tourniquets and
haemostatic dressings which contain blood clotting factors to help stem the bleeding (. Holcomb
et al,, 2007, David Brown, 2012). 50% oOf the potentially survivable deaths experienced by the US SOF
were from non-compressible truncal haemorrhage which is not easily stopped without
surgical intervention(. olcomb et af,, 2007). However, 13% of the deaths were from haemorrhage
amenable to tourniquet, i.e. haemorrhage from the extremities which is far enough down
the limb to enable the tourniquet to be placed, suggesting they could have been prevented
if prompt tourniquet application occurred ;. Holcomb et a, 2007). The tourniquet is an efficient
method at preventing exsanguination from the extremities. Multiple tourniquets are issued
to allied troops fighting in OEF and OIF. Multiple tourniquets are provided as a single
tourniguet may not be able to produce enough pressure for the haemorrhage to be halted
in more muscular areas such as the thigh. Furthermore, provision of multiple tourniquets
means that mechanical failure of breakage of one tourniquet will still allow haemorrhage to
be controlled. As the conflict progressed these tourniquets were developed to be applied

with just one hand to enable them to be easily used when injured or under fire wailace, 2012).



The severity of a combat wound to the extremities depends on a multitude of factors, firstly
a gunshot wound is less likely to produce the major tissue damage seen in blast injuries.
Secondly, proximity to explosion generally determines the severity of the injury with the
extent of injury increasing the closer the casualty is to the explosion origin(irahim and oneisi, 2017)-
The initial blast overpressure cannot travel very far. On the other hand, the blast winds can
propel fragments over a large area meaning those standing a substantial distance from the
blast can still receive penetrating wounds (woiretar). The composition of the explosive, thereby

the intensity of the blast will affect the severity of the wounds (ibrahim and oneisi, 2017)-

Explosives can be sorted into 2 categories, low-order explosives e.g. gun powder and high-
order explosives such as C4 plastic explosivewolf et ai, 2009). Unlike low-order explosives, high-
order explosives detonate with a large shock wave which will cause more primary blast
injurieswolfetar). Moreover, the method construction of the IED will also change the injuries
observedsayer et o, 200). FOr example, bombs laden with nails will cause far more widely
dispersed penetrating injuries. Furthermore, the mass, shape and velocity of the projectiles
formed in the explosion or contained in the IED will change the type of injuries seen(ibrahim and
oneisi, 2017). Altering the construction of the IED will change the type of projectile that it
produces. The location of the IED will also affect the injuries seen, an IED buried in the road
will cause far more lower extremity injuries. On the contrary, IEDs mounted in trees will cause

far more damage to the upper extremities and the face.



1.3. Combat Casualty Care:

Blast injuries to the extremities present with complex wounds that often require intervention
from multiple surgical specialties, especially orthopaedic teams (ramasamy et ai, 2009). Throughout
the stages of care the overlying consideration is always “life before limb” (riga, 2012). Level |
care, also called buddy care, occurs at the point of injury and abides by the principles of
Tactical Combat Casualty Care (TCCC). When following TCCC the traditional trauma checklist
of Airway, Breathing, Circulation is succeeded by MARCH. MARCH stands for Massive
haemorrhage, Airway, Respiration, Circulation, Hypothermia/ Head injury (pavis, martin and schreiber,
2017)- This shows that the new priority is to stop the casualty bleeding out before resuscitation
can occur. TCCC takes into account the changing situation on the battlefield i.e. the different
priorities when exchanging fire with the hostile force compared to organising casualty

evacuation.

When injury first occurs, the casualty is treated using the “care under fire” principles. Here
the priority is to return fire and suppress the hostile force, even the casualty is expected to
perform self-care and then return fire where possible (pavis, Martin and schreiber, 2017). The only
treatment that occurs at this point is extinguishing flames and the control of massive
haemorrhage by use of tourniquets and dressings. If it is safe to do so, the casualty may also
be dragged out of the line of fire (pavis, Martin and schreiber, 2017). The basic medical training received
by troops and the distribution of tourniquets means that even if the combat medic is

overwhelmed or incapacitated then others on patrol can provide this care (vanring et al., 2009, Davis,



Martin and Schreiber, 2017). The care provided when under fire should be rapid as every second that

is spent providing aid is a second that the person providing aid is a vulnerable target.

Once the hostile force has been subdued “tactical field care” begins. Tactical field care allows
for further life saving measures of airway stabilisation and needle decompression of tension
pneumothorax (allowing air trapped in the pleural cavity to escape thereby reducing pressure
on the lungs and heart) to be carried out (pavis, Martin and schreiber, 2017)- If the patient displays a
decreased mental status or absent or weak pulse they are assumed to be in shock and small
boluses of IV fluid are given (pavis, Martin and schreiber, 2017). The casualty must be kept warm to
prevent the onset of hypothermia. An air evacuation is called for during this stage to evacuate

the casualty to a level Il care centre.

The role of the level Il medical centre or forward surgical team (FST) is to provide life-saving
procedures to stabilise the casualty before further transfer(pavis, martin and schreiber, 2017). The type
of procedures that occur in an FST involve endotracheal intubation, tube and resuscitative
thoracotomies, cricothyroidotomies and damage control surgery to prevent the casualty
bleeding out. External fixation of long bone and pelvic fractures is also done here to help
stabilise the casualty and provide haemorrhage control (vanring et at., 2009, evriviades et al., 2010, Balazs et al.,
2015, Davis, Martin and Schreiber, 2017). SUrgery at a FST is limited to less than 2 hours, if possible, before
the casualty is moved onwards (cawande, 2004). From an FST the casualty is transferred to a level

IIl Combat Support Hospital (CSH).
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A CSH provides the highest level of medical care given while still in the combat zone. Here
wound exploration, emergency amputations and the first debridement are done. Emergency
amputations are left open and performed at the lowest level possible to preserve length (saiazs
etal, 2015). The aim of debridement is to remove all necrotic tissue and contamination (evriviades et
al, 2010)- Wound debridement should be thorough whilst retaining all injured but potentially
viable tissue (evriviades et ar, 2010 Debridement should be done with the deployment of a
tourniquet; this prevents blood obscuring the pits seen in the non-uniform surface of a blast
iNJUIY (Taylor and Jeffery, 20009). TO provide the best chance of saving both life and limb, multiple
surgical procedures may be performed simultaneously (rattan, jones and Namias, 2015). Decisions on
whether or not to amputate the limb might have to be made during life-saving procedures
(Fox et al,, 2010)- This may mean that limbs that could potentially be salvaged are being removed
under high-pressure decisions. Surgical wounds in level Il medical centres are left open and
will be closed once no further signs of infection or necrosis can be seen (vanring et ai, 2009). Re-
debridement is done every 48-72 hours throughout the casualty’s evacuation (evriviades et af,, 2010)-

After a maximum of 3 days the casualty is moved up the chain of casualty care (vanring et ., 2009)-

For British casualties, this is the Royal Centre for Defence Medicine in Birmingham, usually
within 48 hours of injury (evriviades etar,, 2010). US casualties are moved to a level IV hospital, usually
Landsthul Regional Medical Centre, Germany, before being transferred back to the United
States in as little as 36 hours post injury (vanring et ar,, 2009). Definitive amputation, limb salvage
and reconstructive surgeries are not undertaken until the casualty has reached their home
country (vanringetar,, 2009)- When deciding on the level of amputation it is the degree of soft tissue
injury that is taken into account as opposed to the fracture level (vanring et ar,, 2009). The benefit

of this is to retain as much residual limb length as possible whilst still maintaining an
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adequate soft tissue covering (perkins et al, 2012, Rigal, 2012). A higher level of amputation or
inadequate soft tissue will increase the physical disability in the casualty when they have
recovered (perkins et ol,, 2012). IN those soldiers who underwent emergency amputations, the final

amputation level will be decided when the patient is on home soil (rigal, 2012).

When British forces first entered Afghanistan in 2001 and Iraq in 2003 the clinical doctrine
for emergency care by the UK medical forces followed the 1-2-4 hour timeline gricknell, 2003)-
This stated that emergency trauma resuscitation and initial evacuation should be done within
1 hour of wounding (sricknell, 2003, Tien et af., 2015). Damage control surgery, such as haemorrhage
control, should be completed within 2 hours of injury. Finally, the initial surgical repair of the
injury should be undertaken within 4 hours (sricknell, 2003, Tien et al,, 2015). The importance of getting
the casualty to a medical facility in the first hour post-injury was deemed to be such that it
was named the golden hour. The term golden hour was promoted by a former US military
surgeon to emphasise the urgency of getting the critically injured to a medical care facility
(Kotwal et al, 2016). It is thought that prompt medical intervention within this hour improved

mortality rates among trauma patients (Harmsen et af,, 2015)-

However, in 2011 a NATO meeting of the Committee of the Chiefs of Military Medical
Services created a new timeline within which emergency care should be provided on the
battlefield (tien et ar, 2015, Hooper et o, 2014). This timeline is called the life and limb saving timeline
and works on a 10-1-2 basis. Initial emergency care including haemorrhage control and
airway stabilisation should be achieved within 10 minutes of wounding (tien et a1, 2015). In the

first hour after injury damage control resuscitation strategies should be implemented (fien et
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al, 2015). By 2 hours post-injury the patient should have undergone damage control surgery (rien
et ol, 2015). It is thought that abiding by this timeline will provide the patient with the best

chance of survival.

Negative pressure wound therapy (NPWT) is often used to treat combat trauma injuries geffery,
2009). NPWT is used prior to definitive closure in soft tissue wounds (kruget ai, 2011). During NPWT
the wound bed is filled with either foam or gauze. A dressing is then applied over the top to
achieve an airtight seal. This seal can be difficult to achieve in settings with external fixator
pins or on non-uniform wound locations such as the groin or round the digits (cordon et af,, 2015).
A pump is connected to the dressing to create an isolated environment with sub-atmospheric
Pressure (evriviades et al, 2010). Combat injuries produce large amounts of exudate, and NPWT
enables this exudate to be removed meaning patient’s wounds are at a lesser risk of infection
caused by contact with soiled dressings (jowan 6 Penn-garwell et ai,, 2011). Reports suggest that use of

NPWT significantly reduces infection rates (jowan 6 penn-Barwell et at., 2011)-

Moreover, NPWT dressings can be left in place for longer than conventional dressings (jowan s
penn-Barwell et o, 2011). MOSt dressing changes are done in surgery thereby reducing the number
of dressing changes, which means that surgical interventions on other parts of the body can
be undertaken or the patient can be given longer to stabilise between surgeries (jowan G penn-
Barwell et af,, 2011)- It is thought NPWT helps to ready the wound bed for definitive late closure by
preventing the wound drying out, reducing oedema and helping the wound drain (krugetat, 2011,
Balazs et al,, 2015). Furthermore, it is thought that application of NPWT helps to stabilise the

wound, provoke contraction of the wound bed and stimulate the formation of granulation

13



tissue deep in the wound which forms a covering over tendons or bones which may have
been exposed by the injury (krug et af,, 2011, ibrahim and oneisi, 2017). Additionally, NPWT helps to simplify
casualty care and isolate the wound from the environment during air medical evacuations

(Mathieu et al., 2014).

The recent conflicts have led to the development of a resuscitation concept called damage
control resuscitation (DCR). DCR promotes the rapid control of bleeding, reducing
haemodilution by decreasing the amount of crystalloid fluid used and limiting coagulopathy
by preventing acidosis, hypocalcaemia and hypothermia (spinelia and Holcomb, 2009). One major
factor in DCR is allowing the patient to be slightly hypotensive, with a systolic blood pressure
of around 90mmHg, to encourage the formation of thrombi whilst still having enough blood
flow to support major organs (spinelia and Holcomb, 2009, Bogert, Harvin and Cotton, 2014). High blood flow and
pressures brought about by aggressive resuscitation can cause blood clots that have already
formed to become dislodged leading to an increase in bleeding (sogert, Harvin and Cotton, 2014, Chauhan,
copeland and Murray, 2018). Keeping the patient hypotensive helps to prevent this. Moreover, the
dilution of coagulation factors bought about by aggressive fluid replacement resuscitation
can also increase bleeding as the blood is not able to clot as efficiently (chauhan, copeland and Murray,
2018). Other acute medical conditions linked to aggressive resuscitation are transfusion-
related acute lung injury, acute respiratory distress syndrome and transfusion-associated

circulatory overload caused by the large increase in fluid volume (chauhan, copeland and Murray, 2018)-

The transfusion of fresh whole blood in major trauma is encouraged where possible,

otherwise it is suggested to transfuse red blood cells, platelets and plasma in a 1:1:1 ratio
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(pinella and Holcomb, 2009). Studies show that reducing the time taken for plasma to be transfused
significantly increases the survival chances (pohiman et ai, 2015 Administration of cryoprecipitate
can help to improve the fibrinogen deficit seen in major trauma when volume replacement
is no longer necessary (pohiman et ar,, 2015). Orthopaedic injuries have their own damage control
protocol. This involves rapid early stabilisation of the fracture to prevent further blood loss

before general resuscitation protocols are followed (ohn 8. Holcomb and Mitchell, 2017)-

Two serious conditions can develop in a patient with severe limb trauma. The first is
compartment syndrome which develops within the injured limb. Compartment syndrome is
defined as “a condition in which increased pressure within a limited space compromises the
circulation and function of the tissues within that space” (kestier, strohm and Sidkamp, 2004).
Compartment syndrome occurs when there is swelling in the muscle or when the blood
perfusion pressure gets too low due to low blood volume (ksstier, strohm and sudkamp, 2004). SWelling
of the muscle causes the lymphatic vessels and small venules to close which in turn leads to
hypertension in the capillaries. The lack of blood flow can lead to ischaemia leading to further
inflammation continuing the cycle (ksstier, strohm and sidkamp, 2004). If unchecked compartment
syndrome can lead to nerve damage and tissue Nnecrosis (kestier, strohm and Siidkamp, 2004)-
Compartment syndrome is associated with trauma, particularly explosions, but can also be
triggered after a period of ischaemia and during reperfusion (ksstier, strohm and Siidkamp, 2004, Pohiman et
al, 2015). Compartment syndrome is treated via a fasciotomy. A fasciotomy uses a single or
double incision to cut through the fascia surrounding the tissues in all compartments in the
limb to release the pressure and allowing the tissues to swell (ksstier, strohm and sidkamp, 2004). The
limbs should not be raised to allow for adequate perfusion of the tissues (ksstier, strohm and sudkamp,

2004).
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The other life-threatening condition that is frequently seen in injured soldiers is systemic
inflammatory response syndrome (SIRS). SIRS results in a hyperinflammatory state, triggered
by an unchecked response to the activation of the complement cascade by the initial
inflammatory response (adams-chapman and stoll, 2001, Robertson and Coopersmith, 2006). EVery aspect of normal
body function can be altered by SIRS. An increase in vascular permeability results in capillary
leak into the tissues and alveoli. This pulmonary oedema leads to altered gas exchange
resulting in acute respiratory distress syndrome (agams-chapman and stoll, 2001). The excessive
activation of the complement cascade leads to disseminated intravascular coagulation (DIC).
DIC causes damage to endothelial tissues and can lead to organ damage and ultimately organ
failure (adams-chapman and stoll, 2001). If SIRS isn’t controlled, the disruption of normal homeostasis
causes huge tissue damage leading to multiple organ failure and death (agams-chapman and stoll, 2001,
Lord et al, 2014). Therapy for SIRS is supportive (for example fluid resuscitation), as opposed to
curative (robertson and Coopersmith, 2006). Furthermore, the injury causing the SIRS must be treated

(Robertson and Coopersmith, 2006).

One issue in severely injured troops in field hospitals is that life-saving surgery to stabilise
the patient can be enough to tip the patient into multiple organ failure due to the secondary
insult of the immune system (evriviades et ar,, 2010). The secondary insult is caused by the further
inflammatory response and activation of the complement cascade in response to the action
of the surgery itself. The additional complement activation can cause a controlled
complement cascade to become unchecked leading to SIRS. For this reason, it is not
uncommon for the patient to be transferred to the ICU during surgery for resuscitation and

stabilisation (cordon et a1, 2015 In addition, patients may not be able to tolerate limb
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reconstruction after the initial injury (evriviades et a1, 2010). TO prevent this fatal ‘second hit’ the
timing of limb salvage must be carefully considered (evriviades et ai, 2010). The time taken for the
patient to stabilise may mean that the limb tissue is no longer viable leading to amputation

of a once potentially salvageable limb.
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1.3.1. Considerations for Air Evacuation:

Air evacuation from the battlefield is generally performed using a helicopter and transfer out
of theatre is usually done using a fixed wing aircraft such as a Boeing C17-A Globemaster.
Figure 1-1 (cpl an Bardsley RLC, 2009) AN Figure 1-2 (wally santana, 2002) Show the difference between the
evacuation from the battlefield compared to the evacuation out of theatre with more

sophisticated medical equipment being carried with the casualty onto the C-17

Figure 1-1: Loading a casualty into a Blackhawk Medivac helicopter, Helmand
Province, Afghanistan, 2009. Defenceimagery.mod.uk, Crown copyright

,

Figure 1-2: Loading a casualty onto C-17, Bagram Air Field, Afghanistan,
2002. National Public Radio
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It should be noted that air evacuation from the front line is only possible when there is
control of the airspace. In a war against a similarly equipped force, control of the air space
may not be guaranteed. Whilst air evacuation is able to rapidly get the patient to lifesaving
surgery there can be issues associated with it. A change in altitude will change the air
pressure and will also alter the partial pressure of oxygen (Lehman, 200s). HOwever, considering
most air evacuations from the battle field are done at low altitude this will not be a significant
issue in the care of the patient (wayne, 2004). When evacuating the patient out of the combat
zone the aircraft is typically pressurised to around 8,000ft. At 8,000ft gas will have increased
in volume by around 35% when compared to sea level (ewington, 2016, Teichman, Donchin and Kot, 2007). ThiS
can cause problems with both air-filled equipment such as pneumatic tourniquets and in

injuries where air has become trapped in a cavity.

There are some factors of air evacuation which can give rise to issues with patient care. The
vibration of the aircraft can cause issues with poorly placed IV lines and improperly secured
equipment as they may become dislodged enman, 2008). Similarly, the vibrations can affect the
readings on monitoring devices leading to false results(reichman, bonchin and kot, 2007). The loud noise
of the aircrafts engines can mean that alarms indicating issues with the patient cannot be
heard so visual clues are often needed as well (schrager, Branson and Johannigman, 2012, Wayne, 2004). Flying
out of the combat zone requires a black out of the plane with the nurses often working under
red lamps or the glow of green chemsticks (schrager, Branson and Johannigman, 2012, Wayne, 2004). ThiS means

that the equipment must be able to be used or monitored in near darkness.
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In addition, flying out of a combat zone requires a tactical take off. This entails a very steep
take off and consequent steep banking (wayne, 2004). Furthermore, a horizontal gravitational
force will be produced from the acceleration needed for take-off. The combination of these
forces will cause changes in fluid distribution in the patient which will need to be taken into
consideration, such as pooling of blood in the lower limbs when the patient is loaded head
first (ewington, 2016). Moreover, the nose of the C-17 is angled upwards during flight, this could
alter how fluids are administered as the plane will not be completely level (ewington, 2016). The
medical equipment must be well secured during flight to prevent movement during take-off,
landing, turbulence or any emergencies such as rapid decompression or an emergency

landing (ewington, 2016)-

There is very little space to manoeuvre in a medical evacuation aircraft so equipment should
be kept as small as possible. In addition, equipment should be checked to see it does not
interfere with the plane avionics and vice versa (ewington, 2016). Finally, one vital factor during a
medical evacuation flight is the battery life of the equipment (wayne, 2004). Running out of
battery on the flight could lead to the death of the patient if they are relying on the
equipment to live, i.e. ventilators. For this reason, the battery should be able to last at least
1.5 times as long as the anticipated flight time (wayne, 2004). The average flight time from Iraq
and Afghanistan to the US hospital Landsthul in Germany is 6.3 hours */. 1.8 hours with pre-
and post- flight times of 30 minutes each (grigges and evers, 2009). Using these numbers, the battery
life of a bit of equipment should be at least 16.35 hours. This figure is calculated by adding
the pre- and post- flight times to the flight time, plus 2 standard deviations of the mean and

multiplying it by 1.5: ((6.3 + (2 X 1.8) + 1) x 1.5).
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1.4. Amputation vs Limb Salvage:

Limb salvage can be defined as ‘the returning of a limb to a state of reasonable functionality
after severe trauma which might otherwise result in amputation’ ¢ims saivage’, 2002). Limb salvage
should aim not just to ‘save’ the limb but to produce a painless extremity that is functional

and has some sensation in it (korompilias et al., 2009)-

1.4.1. Post Amputation Complications:

Combat injuries produce wounds with complex scar lines, and this can make fitting a
comfortable prosthesis exceedingly difficult. Another issue facing prosthetists when the
amputation has resulted from combat is the short residual limbs. Short stumps can make it
difficult to get stability and can increase the level of disability in the returning soldier (perkins et
al, 2012). Moreover, amputations have been shown to cause an increase in other long-term

health issues which can affect all areas of the veteran’s life.

When studying blood flow in amputees, haemodynamic changes and abnormalities in arterial
blood flow have been demonstrated which have been linked to development of
cardiovascular problems (perkins et ar,, 2012). A 2 year study of US traumatic amputees from Iraq
and Afghanistan found that traumatic amputees, particularly those with a transfemoral
amputation, had a higher risk of developing a pulmonary embolism or deep vein thrombosis
(Hannon et al,, 2016). HOwever, up to 70% of these venous thromboembolisms occurred within the
first 10 days after injury so they are less likely to be a long-term problem (Hannon et at,, 2016). A 30

year follow up of 3,890 World War Il proximal limb amputees showed the relative risk of
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coronary vascular disease was 4 times greater than those personnel who were disfigured but
obtained no amputation during the same conflict gobbins et al., 2009). LOWer limb amputees have
been shown to have a greater risk of ischaemic heart disease (IHD) (robbins et ai., 2009, Perkins et al.,
2012)- Evidence suggests the relative risk for a cardiac related death is much higher in traumatic
amputee veterans than it is for healthy controls (perins et at,, 2012). This could be due to increased
insulin resistance and increased blood coagulation seen in amputees (perkins et al,, 2012, Robbins et a.,

2009)-

Chronic pain is another recurring issue for military trauma amputees (perkins et ai, 2012). This
constant pain has been linked to lower functional outcomes for the patient perkins et ar,, 2012). The
pain experienced by amputees is found in many areas. Pain in the residual limb can affect the
ability of the patient to go about day life. This pain can be caused by a poor fitting prosthesis
which is relatively easily fixable. Less easily solved are symptomatic neuromas and
symptomatic scar tissue, among other soft tissue pathologies (perkins et ar,, 2012). Phantom limb
pain is present with varying severities in 50-80% of all amputees (rior, 2002).1t is characterised
by pain in the limb that is no longer present and is thought to be neuropathic (or, 2002).
However, the severity of the pain has been shown to be affected by the magnitude and
duration of pain prior to amputation (perkins etat,, 2012). The pain can be exacerbated by emotional
stress and many other psychological or physical factors (fior, 2002). Treatment of phantom limb
pain is often ineffective but is usually based on methods to treat neuropathic pain such as
anti-depressants, calcium-channel blockers and opioids (ror, 2002. Although the studies
examining the effect of prompt analgesic administration at time of injury on phantom limb
pain are inconclusive, minimising pain on the battlefield is recommended in an attempt to

reduce the severity of possible phantom limb pain (rior, 2002, perkins et at., 2012)-
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Secondary overuse musculoskeletal injuries are often seen in long-term lower limb prosthetic
users. Lower back pain is reported in the majority of lower limb amputees, with a more
proximal amputation resulting in a higher incidence (perkins et al., 2012, Robbins et al., 2009, Farrokhi et al., 2018)-
A retrospective study of the Expeditionary Medical Encounter Database (data about injury
recorded in the combat zone) combined with the Military Health System Medical Data
Repository (data on corresponding musculoskeletal injury) compared the incidence of
overuse musculoskeletal injuries in the first-year post-injury of soldiers who had received an
immediate combat injury related lower limb amputation (an amputation within the first 24
hours post-injury) with those who had mild combat related lower limb injury that did not
require extensive medical care (rarrokni et of, 2018). This study excluded musculoskeletal injuries
that were diagnosed pre-combat injury. It was found that the incidence of musculoskeletal
injuries was consistently higher in the amputation groups (rarrokhi et ol., 2018). LUmbar spine and
upper limb injuries were most common in bilateral amputees whilst lower limb overuse
injuries were most common in unilateral amputees (rarrokhi et af,, 2018)- This study did not include
limb salvage patients so it is not possible to know if limb salvage would reduce the incidence
of overuse injuries. Furthermore, the study only went up to 1-year post-injury which may not

be long enough to pick up chronic overuse injuries.

On top of musculoskeletal injuries, lower limb amputees experience higher rates of joint pain
than the general population (robbins et af,, 2009). 50-65% of transfemoral amputees and 36-41% of
transtibial amputees are affected by knee pain, in either the residual or sound limb (perkins et at.,
2012). This is likely to be due to the increased load going through the knee. Osteoarthritis in

the hip is far more common in an amputee than in the general population. In the general
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population, around 9% experience hip osteoarthritis. In World War Il unilateral lower limb
amputees this figure was 23% on the sound side and up to 61% on the side with the
amputation (robbins et ar,, 2009). Residual limb bone density is also significantly lower; this can
result in a higher incidence of fractures and complications in later life (robbins et at,, 2009). This
study involves World War Il veterans as they are in a similar age group to those who have hip
osteoarthritis in the general population. Therefore, data from recent conflicts cannot be

compared to age matched uninjured counterparts.

Heterotopic ossification has been a problematic factor in many combat amputees in the
recent conflicts in Afghanistan and Irag. A US retrospective study looking at the radiographs
of 213 military amputees more than two months after injury, found that heterotopic
ossification was seen in 63% of stumps (evriviades et ai, 2010). Heterotopic ossification is the
formation of lamellar bone in soft tissues, this can create bony spurs possibly leading to
residual limb pain and a poorly fitting prosthesis (potter et a1, 2007). Treatment of heterotopic
ossification may require surgery and can result in additional associated complicationspotter et
al,, 2007). Risk factors for heterotopic ossification include amputation within the zone of injury
and injury due to a blast (potter et 1., 2007)- Due to the many complications that can result from an
amputation and the costs involved in treating them attempting limb salvage is still preferable

(Dismounted Complex Blast Injury Task Force, 2011)-
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1.4.2. Predicted Costs of OIF/OEF amputations:

Providing limbs and lifetime care to the veterans of the conflicts in Afghanistan and Iraq will
come at a substantial cost. Between 2003 and 2014, 265 British soldiers sustained 416
amputations (gimes, 2007. Wounded British personnel mainly undertook rehabilitation at DMRC
Headley Court, here amputees received on average 5 prosthetic limbs (royal college of Physicians, 2011,
All Wales Military Prosthetics Working Group, 2013)- A study in 2014 examining the prosthesis use of bilateral
US amputees returning from OEF and OIF, with a transfemoral and transtibial amputation
found that on average they currently used 6.1 + 4.5 prostheses (paul 1. bougherty et al., 2014). The
Murrison Review estimated that the care for British combat amputees’ costs around £20,000
per person per year. With advances in prosthetics this figure could rise to £30,000-£40,000
(All Wales Military Prosthetics Working Group, 2013). The cost of prosthetic limbs is predicted to rise due to
developments in technology, such as neuronally-controlled prosthetic limbs. Prosthetics for
upper limbs are likely to experience the biggest advances in technology as currently the hand
function of these limbs is rudimentary. The more technologically advanced prostheses will
bring higher repair and maintenance costs. The predicted 40-year cost of care for the British
lower limb amputees retuning from Afghanistan is £288 million, assuming that a prosthetic
limb will be replaced on a 2.3-year cycle (edwards et af,, 2015). This figure does not include care for
secondary conditions (edwards et ar, 2015). Increased success in limb salvage may have helped

reduce these predicted costs.
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1.4.3. Benefits of Limb Salvage:

Surgery in the combat zone aims to save as much of the mangled limb as possible. Once the
injured serviceman has been repatriated further assessment of the limb can be undertaken
and a plan for feasible limb salvage formulated (sevevino et ar, 2014). NoOt all limbs are able to be
salvaged successfully. Unfortunately, no test or score can accurately predict if the limb should
be amputated or if salvage should be attempted. The only absolute indicators for amputation
are irreparable damage to bone, an extremity where most soft tissue has been stripped off
or a warm ischaemia time of more than 6 hours where substantial soft tissue necrosis is

present (. v. rown et al,, 2012)-

In patients with lower limb amputations and a mangled upper extremity, all efforts should
be made to preserve function in the upper limb for the greatest chance of successful
rehabilitation and provide some independence to the injured soldier (mathieu et ar., 2014, Dismounted
Complex Blast Injury Task Force, 2011). IN addition, salvage of a lower limb when accompanied by an
amputation on the contralateral limb can provide stability and balance when mobility is
regained (pasquina et ar,, 2014). Other than life saving surgery, attempts at limb salvage should not
be undertaken until such time as the patient is stable and no longer at risk of developing SIRS

(Prasarn, Helfet and Kloen, 2012)-
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1.4.4. Limb Salvage Techniques:

To have the greatest chance of successful limb salvage the aim is to restore blood flow to the
limb within 6 hours (aiam and piMusto, 2015). The time of tourniquet application should be written
on the casualty with permanent marker so medical personnel can easily tell the warm
ischaemia time (patel, richter and shafi, 2015). In the early stages of trauma care blood flow can be
restored by the insertion of temporary intravascular shunts (ajam and pimusto, 2015). Arterial shunts
enable the restoration of distal flow whilst venous shunts enable the blood to be drained
from the limb (alam and bimusto, 2015). These temporary shunts are replaced by permanent ones at
higher levels of care. Temporary shunting has been shown to decrease the need for
amputation by 50% (1. 6. penn-Barwell et af,, 2014). Trauma to the popliteal vessels carries the greatest
risk of amputation than injury to any other extremity vessels (mulienix et ar,, 2006). A preventative
fasciotomy is performed in the combat zone to prevent the development of compartment
syndrome during the air evacuation. A preventative fasciotomy can reduce the probability of

complications including amputation, 4-fold (rattan, Jones and Namias, 2015)-

Fracture fixation can be done internally or through external mechanisms. Emergency external
fixation is done in the early stages of combat casualty orthopaedic care (gaiazs et ai,, 2015, Mathieu et
al, 2011). DUring emergency fixation few pins are used and are placed as far from the fracture
site as possible to reduce the chance of infection if the fixation is changed to internal mathieu
etal, 2011)- Even though a small number of pins are used, they should be of sufficient stiffness
to provide adequate traction and stability during evacuation (mathieu et ai, 2011). Analysis of 16
French combat casualties injured between 2004-2009 showed that early conversion to

internal fixation gave rise to better healing outcomes (mathieu et al, 2011). On the other hand,
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conversion to internal fixation can lead to relatively high rates of infection especially if a late
conversion is performed (mathieu et ar, 2011). Internal fixation using plates, screws and nails
provides adequate fixation for most fracture types (noyt et ar, 2015). Internally fixed bones will
usually require non-weight bearing of 6-12 weeks to allow for adequate healing oyt et ai,, 2015).
Internal fixation failures include malunion or non-union due to interfragmentary instability

and high axial strain (noyt et ar,, 2015)-

When converting from emergency external fixation to long term external fixation more pins
should be added to increase stiffness and to manage bone defects (vathieu et a1, 2011). External
fixation can be useful for traumatic injuries due to the low level of tissue disruption required
to place it. External fixation can also be more easily removed if osteomyelitis (infection of the
bone) occurs (hoyt et a1, 2015). The benefit of external fixation is that it can apply forces to the
bones in all directions meaning that it can be used to treat a wide range of fractures (Hoytetar,
2015). When treating a fracture, the timing of weight bearing should be considered. Whilst
premature weight bearing and excessive movement can lead to failure of fracture fixation
and/ or soft tissue repair, immobility can lead to deconditioning, arthrofibrosis and possible
venous thrombolytic events (oyt et ai, 2015, Gordon et af,, 2015). Furthermore, prolonged immobility
can give rise to joint stiffness, atrophy of the muscles and pressure ulcers creating further
challenges to treatment oyt et o1, 2015). Maintaining the full range of motion in joints in blast
injury patients is very difficult due to lack a movement of the joint, particularly if large
amounts of time is spent in the ICU (Gordon et a1, 2015). JOint stiffness, particularly in the lower

limbs, can lead to functional limitations which may inhibit the later rehabilitation oyt et ar, 2015).
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One problem with a mangled extremity is where to harvest tissue from. With major tissue
damage, there is often no spare tissue on the limb to use. For this reason, free flap transfer
is a technique commonly used during limb salvage as it allows for the movement of
undamaged tissue to the injured extremity. Tissue can be harvested from the undamaged
areas of the body which were protected from the blast by body armour (an L. valerio et at,, 2013)-
However, where possible, tissue should not be harvested from areas which may compromise

strength for future rehabilitation such as the rectus abdominis (pasquina et ar,, 2014)-

Complications with limb salvage are more likely to occur than complications after
amputation. This can lead to some limb salvage patients wanting to have an elective
amputation when they see those that received amputations at a similar time progressing
much faster through rehabilitation. Major complications include flap failure, haematoma,
fracture non-union, chronic pain, osteomyelitis, post-traumatic arthrosis and wound
infection and break-down (connolly, ibrahim and Johnson, 2016, Prasam, Helfet and Kioen, 2012). These major
complications can lead to late amputation. Calcaneal fractures are particularly prone to
complications and often lead to elective amputations Gordon et i, 2015)- Patients who underwent
late amputation have been shown to have significantly higher rates of physical and

psyChOIOgical prOblemS (Connolly, Ibrahim and Johnson, 2016)-

Other complaints from limb salvage patients include oedema, and ambulation difficulties as
well as pain and decreased sensation (prasarn, Helfet and Kioen, 2012). Studies have found that while
patients with amputations progress with rehabilitation relatively quickly, after 2 years the

physical and functional ability of the amputee and limb salvage cohorts is very similar (patel,
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Richter and shafi, 2015). Limb salvage is thought to fail more often when there is extensive damage
to the limb or coinciding injuries to other major organs. This is usually due to a combination
of major blood loss, ischaemia and sepsis (gawande, 2004). ONn the other hand, advances in surgical
methods means limbs that would previously have been amputated are now able to be

salvaged (sevevino et al., 2014).

1.5. Future Therapies:

1.5.1. Haemorrhage Control:

Increased research into methods to improve survival rates of the wounded began in response
to the high numbers of soldiers being injured in the wars in Irag and Afghanistan. This
research has continued even after the wars have ended. Exsanguination due to haemorrhage
not amenable to tourniquet was one of the biggest factors in potentially preventable deaths
in OIF and OEF (rappold and Bochicchio, 2016). FOr this reason, research into haemorrhage control,
particularly in the trunk, has been undertaken. Many new technologies have been developed,
including Retrograde Endovascular Balloon Occlusion of the Aorta (REBOA) (rappold and Bochicchio,
2016). In REBOA, a catheter with a balloon is introduced to the femoral artery. When in the
correct position the balloon can be inflated which can stop bleeding in the pelvic or
abdominal regions by occluding the injured artery (rappold and Bochicchio, 2016). REBOA improved
survival rates when compared to a resuscitative thoracotomy in two major US level 1 trauma
centres (rappold and Bochicchio, 2016). 9.7% Of the 24 patients who underwent REBOA died compared
to 37.5% of the 72 patients who received a resuscitative thoracotomy (p=0.003) (Laura J. Moore et

al., 2015)-
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The use of nanotechnology to control haemorrhage has been investigated. Haemostatic
nanoparticles have been shown to reduce haemorrhage and improve survival when
introduced intravenously in rat models by interacting with the platelets stimulating clot
formation (margaret Lashof-sullivan et ai, 2016, shoffstall et al., 2012). IN addition, nanotechnology has been
utilised in creating synthetic platelets which have been shown to reduce bleeding by 50% in
rodent models (rappold and Bochicchio, 2016)- Hubbard et al produced haemostatic nanoparticles
capable of binding to the glycoprotein llb/llla receptor on activated platelets (nubbard et o, 2015)-
The use of these haemostatic nanoparticles in rodent polytrauma blast models showed
reduced amounts of apoptosis and a smaller percentage area of TNF-a fluorescence in lung
tissue 7 days after injury compared to other treatment methods, leading to less severe lung
injury and increased survival rates (Hubbard et ol,, 2015). Lashof-Sullivan et al investigated the ability
of haemostatic nanoparticles at a dose of 40mg/kg to halt internal bleeding in mice after
exposure to a blast of 20psi (Margaret M. Lashof-suliivan et af,, 2014). This study found a significantly
increased survival rate when compared to no treatment. However, when compared to other
fluid replacement therapies, use of haemostatic nanoparticles did not produce a statistically
significant survival benefit (margaret M. Lashof-sullivan et al,, 2014). NO survival benefit could be seen at
25psi implying there is a limit to the severity of injury that haemostatic nanoparticles can be
a useful therapy for (vargaret M. Lashof-sullivan et af,, 2014). When comparing histological analysis of lung
injury, a trend was demonstrated towards reduced levels of lung injury in those treated with
haemostatic nanoparticles compared to controls (vargaret M. Lashof-sullivan et at., 2014). This study also
looked at the long term effect of using haemostatic nanoparticles, no complications such as
stroke were observed after 1 or 3 weeks (margaret M. Lashof-sullivan et af,, 2014). Whilst this suggests that
haemostatic nanoparticles would be safe to use in therapy without compromising patient

safety, this study only included a small number of mice so further observations would be
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necessary. In future, the use of nanoparticles could provide a method for controlling
haemorrhage on the battlefield. However, it is unlikely that the administration of
haemostatic nanoparticles will be able to prevent catastrophic bleeding without other

haemorrhage control methods.

Multiple different self-expanding foam-based materials have been developed to control
haemorrhage. The first is polyurethane foam. When introduced into the abdominal cavity
this foam expands to compress the bleeding (rappold and Bochicchio, 2016)- Whilst polyurethane foam
does result in increased survival, it can be difficult to introduce it into the abdominal cavity
without creating additional injury (rappold and Bochicchio, 2016). FUrthermore, once at the hospital this
foam needs to be surgically removed which can often result in an immediate resuming of

haemorrhage (Rappold and Bochicchio, 2016)-

To counteract this need for removal, a fibrin-based haemostatic foam is in the process of
being developed. ‘ClotFoam’ consists of a fibrin-based sealant contained in a biomimetic
complex polymer (rappold and Bochicchio, 2016). This combination provides a stable structure upon
which a fibrin clot can develop, in other words it helps to support the body’s natural clot
forming ability (rappold and Bochicchio, 2016). SUpporting the formation of a blood clot means that
haemorrhage can be controlled without having to provide pressure or surgical intervention
(Rappold and Bochicchio, 2016). ClOtFoam is a biocompatible foam and can be kept in place after use

meaning surgical removal is not necessary (rappold and Bochicchio, 2016)-

32



Self-expanding materials can also be used in extremity or junctional injuries. XStat is a
haemostatic device licenced for use by the FDA developed for bullet or shrapnel injures (rpa,
2015). When the XStat is introduced into the wound, small sponges expand rapidly and fill the

wound cavity causing compression and blocking the flow of blood (rappold and Bochicchio, 2016)-

1.5.2. Resuscitation Control:

Resuscitation strategies are also being investigated. The use of arginine vasopressin (AVP) in
models of uncontrolled haemorrhage has also been investigated. AVP binds to
vasopressinergic receptors which stimulates the vasoconstriction of all vessels not associated
with cerebral, coronary or pulmonary circulation (wenzel, Raab and pinser, 2008). This causes blood
flow to be diverted away from the site of bleeding which can increase the aortic blood
pressure and maintain the blood supply to the heart lungs and brain (wenzel, raab and binser, 2008)-
Vasopressin is released naturally in response to major fluid loss by the detection of low fluid
levels by the arterial baroreceptors (anand and skinner, 2012). However, the stores of vasopressin in
the body are insufficient to maintain perfusion pressure when shock is prolonged (wenzel, Raab

and Dinser, 2008, Anand and Skinner, 2012).

Studies have shown that in the administration of AVP in anaesthetised swine, the total blood
loss was lower than that of swine treated with standard fluid replacement protocols or saline
placebos. These studies also demonstrated a vastly improved survival rate with all pigs
treated with fluid resuscitation or saline dying within 20 minutes of therapy whereas 8 of 9
AVP treated pigs survived longer than 7 days (wenzel, Raab and Danser, 2008). Conversely, metabolic

acidosis in the quadriceps muscle was shown to increase in dogs treated with an AVP infusion

33



(Wenzel, Raab and Diinser, 2008) This suggests that the use of large amounts of AVP can increase the

risk of ischaemic injury in other tissues.

Valproic acid (VPA) is a histone deacetylase inhibitor (HDACI). Treatment with a HDACI is
thought to improve early survival rates in haemorrhage and reduce organ damage by
enhancing transcription of protective genes (aiam et al, 2009). Fukudome et al studied the effect
of VPA on survival rates of rats in lethal haemorrhagic shock. They found VPA provided a
survival advantage at 24 hours with 80% of rats treated with VPA surviving compared to 17%
of control rats (rukudome et a1, 2010). HOwever, group sizes were small (n=5 and 6 respectively) and
as such further research is necessary. Alam et al studied the effect of VPA in a swine poly-
trauma model. The study compared the effect of VPA, a saline control and fresh whole blood
(FWB). Survival rates when treated with FWB or VPA were found to be significantly higher
than in those animals treated with saline. However, there was no significant difference in the
survival rates of those animals treated with FWB or VPA (aam et ar, 2009). VPA did not correct the
acidosis seen after poly-trauma, this may imply that VPA improves the ability of tissues to
survive in ischaemic conditions (aam et o, 2000). Considering the survival rates between
treatment with VPA or FWB were not significantly different, VPA may be a viable option for
immediate administration to injured soldiers in the field to prolong survival before proper

resuscitation can occur.

Suspended animation is a novel technique that is being researched to try and elongate the
so called “golden hour”. Suspended animation aims to place the injured party into a low

metabolic state similar to hibernation. Studies are still in the animal testing stage and involve
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the use of profound hypothermia or the use of hydrogen sulphide (H2S) (rappold and Bochicchio, 2016,
Mooyaart et al,, 2016). 1N 2004, the US military was in its 7™ year of study of suspended animation
using profound hypothermia. The focus of their research was to enable delayed resuscitation
to be performed in casualties who had undergone cardiac arrest after rapid internal
exsanguination (kochanek, 2004). The initiation of suspended animation was achieved by a rapid
aortic flush of ice cold saline to a tympanic temperature of 10°C (kochanek, 2004). These studies
found that 2 hours of suspended animation followed by resuscitation enabled dogs to be
resuscitated with no brain damage evident (kochanek, 2004). The study was then adapted to see
the effect of suspended animation after exsanguinating cardiac arrest when haemorrhagic
shock was present beforehand. Once cardiac arrest had occurred, after an average of 124 +
16 minutes, those dogs in the suspended animation categories were give a 20L flush of ice
cold saline (kochanek, 2004). Cardiopulmonary bypass (CPB) was started 60 minutes after cardiac
arrestin all groups. The dogs in the two suspended animation groups were rewarmed to 34°C
with successful defibrillation occurring at 32°C (kochanek, 2002). All dogs who had undergone CPR
died in a median time of 14.7 hours (kochanek, 2004). However, of the dogs who underwent
suspended animation with 12 hours of mild hypothermia (34°C) followed by rewarming at
1°c/h to 37°C, all but 1 dog survived to 72h. However, only 1 dog survived without
neurological injury (kochanek, 2004. The other suspended animation group remained mildly
hypothermic for 36h before being rewarmed at a rate of 0.3°C/h. No dogs in this second
group had seizures and only 1 displayed signs of neurological damage at 96h (kochanek, 2004)-
These results show that the success of suspended animation depends on a multitude of
factors. The problem with producing suspended animation using ice-cold saline on the
battlefield is the difficulty in having a supply of ice-cold saline to hand. For this reason, other

methods of inducing suspended animation may be preferable.
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H,S is naturally present in the cell in very low concentrations during normal conditions (koliuru
et al., 2016). H2S binds to the haemoglobin creating sulfhaemoglobin which has a much lower
affinity for O, meaning less O, is transported (oluru et o, 2016). When high levels of H,S are
combined with hypoxic conditions, the O, transportation capacity of the blood is greatly
reduced causing a state of hypometabolism (koiluru et ai, 2016). H2S has been linked to the
regulation of cellular oxygen consumption by inhibiting the action of cytochrome oxidase C
(szabo, 2007). In addition, H,S is thought to cause the upregulation of anti-inflammatory or
cytoprotective genes and anti-oxidant processes as well as suppressing inflammatory
pathways such as the iINOS/NOS pathway (szabo, 2007, Ning et a1, 2013). It is thought this is where the
protective effect of H,S stems from. However, if the concentrations of H,S and O; are not
carefully controlled, H,S can cause chemical suffocation (vooyaart et ai, 2016). A retrospective
review of all patients involved in manure storage accidents with H.,S poisoning in the
Netherlands between 1980-2013 was undertaken. When observing the survival rates of the
8 patients in the study who had received CPR, the survival rate without neurological
complications was 75%. This number is far higher than the survival rate without neurological
complications of patients who experience an out of hospital cardiac arrest (5-8%) (mooyaart et ar.,
2016). Whilst 8 is not a very large number of patients to draw conclusions from, the high
survival rate without neurological complications does suggest that H,S does provide some

sort of protection against hypoxia.

Animal studies have shown that mice exposed to a combination of both H,S and O, entered
a state of hibernation which they could be aroused from by removing the presence of H,S

and increasing the concentration of inhaled O2 (mooyaart et at, 2016). This state of hibernation was
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characterised by a decreased metabolic rate, stemming from a reduced heart rate and
breathing frequency, as well as a lower body temperature (mooyaart et ai,, 2016). Mice revived from
this state of hibernation showed no negative effects from the H3S (mooyaart et at,, 2016). A study in
pigs also demonstrated this decrease in heart rate upon receiving H3S (causey et al, 2015).
Furthermore, H,S showed a protective effect allowing mice to survive with no complications
when breathing air with only 3% O, for 6.5 hours (causey et ar,, 2015). However, these results could
not be reproduced in larger animals (mooyaart et i, 2016, satterly et ar,, 2015). Studies have found that
there is a significant reduction in histologic damage seen in the liver and kidneys in response
to ischaemia or traumatic shock when H,S is administered early(vooyaart et at,, 2016, satterly et at., 2015)-
Ning et al studied the effect of the H,S donor, NaHS, on lung injury after blast limb trauma in
rats (ning et af, 2013). This study found that treatment with NaHS suppressed the activation of
neutrophils and reduced the inflammatory reaction both locally and systemically when
compared with controls (ning et a1, 2013). Ganster et al found that NaHS reduced ischaemia-
reperfusion oxidative stress and haemodynamic dysfunction during rat resuscitated
haemorrhage models (Ganster et ar,, 2010). HOwever, the mean arterial pressure was maintained at
40 + 2mmHg with the reinfusion or withdrawal of blood in the period before the
administration of the therapy occurred (ganster et ar, 2010). This could have affected the formation
of ischaemia-reperfusion injury. The aforementioned studies show that H.S may be able to
provide a method to place injured patients into a state of suspended animation to prolong
the therapy time before ischaemic injury occurs. However, due to its toxicity many further

studies will need to be done before the therapeutic use of H,S becomes a viable option.
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1.5.3. Regenerative Medicine:

Regenerative medicine is beginning to play a large part in the therapy of injured soldiers
particularly in the treatment of full thickness wounds (ian .. valerio et ai, 2016). One such therapy is
the application of extracellular matrices to convert a full thickness wound into a partial
thickness one (jan L. valerio et at,, 2016). The extracellular matrices create a ‘neodermis’ which allows
for easier engraftment of autologous skin grafts (ian L valerio et al, 2016). Urinary Bladder Matrix
(UBM) is an example of this. In general, it was found that treatment with UBM stimulated
the formation of granulation tissue and helped prepare the wound bed for successful
placement of secondary dermal regeneration templates, flap coverage or skin grafts (. . valerio
etal, 2015). Of the 51 uses of UBM at Walter Reed National Military Medical Center between
2010-14, failure occurred in 7 cases (. L. valerio et l,, 2015). This failure was most often found to be
due to shearing forces, wound infection or inadequate neovascularisation (. .. valerio et at., 2015).
Another method allows a small section of skin to be used to cover a much larger graft area
(1an L. valerio et al,, 2016)- THis so-called spray skin technique has been utilised in burns patients with
promising early results but has now been used in a military casualty for the first time. The
spray skin is a suspension of keratinocytes, Langerhans cells, melanocytes and fibroblasts (ian
L. Valerio et al., 2016). Initially a dermal regenerate template was used to cover the abdominal
wound. Then a thin 6:1 meshed split thickness skin graft was applied to the abdomen
followed by spray skin application to both the abdominal wound and the skin graft donor
Sites (ian L valerio et o, 2016). One benefit of the spray skin technology is that it enabled surgeons to
cover a 600cm? wound using a donor skin graft for only 140cm? an L. valerio et af,, 2016). ON top of
reducing healing time, being able to cover a much larger area than the skin graft size will help
surgeons treating those military patients where extensive trauma means that donation sites

are limited.
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Chapter 2. Thesis objectives and hypothesis:

The objective of this thesis is to develop technology to support the care of critically limb
injured casualties from the battlefield through to hospital care. The technology will be

focussed on 3 aspects of advanced casualty care, these are:

1. Improved haemorrhage control to reduce the number of potentially survivable

deaths

2. Intervention to protect and preserve damaged tissue during transport from the

battlefield to hospital

3. A perfusion system, totally isolated from the systemic circulation, to allow for limb

support and a staged reconstruction process once in the hospital setting

2.1. Proposed Technology:

In this work we will develop three technologies, directed at the various stages of the casualty
journey and subsequent recovery. These technologies will be utilised in combination to

achieve the best possible outcome for the casualty.

1. The first of these devices is an automated dual-bladder pneumatic tourniquet that
will be applied as soon as the casualty is injured to halt haemorrhage. The tourniquet
will be strapped around the injured limb and, once activated, one bladder of the

tourniquet will inflate to eliminate arterial flow. After a fixed time has passed, the
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second bladder will inflate leading to a shift in the location of pressure with the aim
of reducing compression related tissue damage. This alternating tourniquet
approach is new to the clinical sector and is directed at eliminating haemorrhage,
reducing compression injury and through very brief periods of reperfusion during the

changeover cycle, reducing ischaemic injury.

Immediately after tourniquet placement, whilst the casualty is still in the field, the
second device will be deployed. This device is designed to be a cooling sock which
will fully enclose the injured limb and will be used to topically cool the limb. The
objective is to pass compressed gas through the cooling sock to maintain a state of
controlled hypothermia. It is the intention to cool the limb tissue by 10°C to reduce
metabolism and prolong tissue viability. Topically cooling the limb throughout the
evacuation to a medical centre will, it is anticipated, preserve the tissues and reduce

the need for amputation due to ischaemic injury.

Once the casualty arrives in a medical centre the cooling sock will be removed whilst
the tourniquet is kept in place. When the casualty is undergoing damage control
surgery the limb will be cannulated and connected to the limb support system. The
limb support system is proposed as a sterile environment in which the limb can heal.
The limb itself will be kept isolated from the systemic circulation by the tourniquet
and will be perfused by blood in a small self-contained extracorporeal membrane

oxygenation circuit. The system is intended to support the limb for up to 100 days.
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2.2. Thesis hypothesis:

The hypothesis for the work included in this thesis is:
It is possible to develop dual bladder tourniquet, limb cooling and tissue perfusion
technologies that will enhance the preservation of tissues subsequent to battlefield injury

and that the impact of this approach can be demonstrated under laboratory conditions.
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Chapter 3. Tourniquet Design:

3.1. Overview of Tourniquets:

3.1.1. Current Tourniguet Use:

Tourniquet design has changed very little since the 1600’s where tourniquet design consisted
of a belt tied around the limb with a windlass tightened to increase the pressure and to stop
blood flow (kragh ir et a1, 2012). When applied correctly, early tourniquet use has been shown to
improve casualty survival rates significantly and is seen as an effective method at reducing
mortality in the fighting force (perkins et ar,, 2012). The sooner an emergency tourniquet is applied
the greater the survival rates (punn et ar,, 2016). The ideal time to place an emergency tourniquet
is before haemorrhagic shock can develop because, whilst able to stop the development of
shock, a tourniquet will not reverse the effects (kragh iret ar,, 2011). A prospective study compared
survival rates of patients with tourniquets applied to those who presented at hospital with
no tourniquet but were perceived to have potentially benefited from tourniquet application
(Kragh Ir et al,, 2009). The patients were matched by ISS and AIS score and had obtained only limb
injuries. This study found a 92% improvement in survival rate when tourniquets were applied
and an 80% increase in survival rate if the tourniquet was applied before the onset of shock
(kragh Jr et al., 2009). A further study by Kragh et al found similar results with a 90% survival rate if
the tourniquet was applied pre-shock onset compared to an 18% survival rate when the

tourniquet was placed post-shock (kragh ir et at,, 2011).
The tourniquet is also routinely used in surgery on the extremities, particularly during total

knee arthroplasty (TKA) operations. When combined with proper exsanguination of the limb,

a bloodless surgical field can be created improving visualisation of the operative site (zhanget
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al,, 2014, Tarwala et al,, 2014, Harsten et al,, 2015). It Should be noted that blood may still enter the surgical
field through the intramedullary vessels of the long bones (van der spuy, 2012). Many surgeons are
of the opinion that tourniquet use helps to decrease blood loss, enables better cementation
and also reduces the operative time (zhang et al., 2014, Tarwala et al., 2014, Harsten et al,, 2015). ON the other
hand, some surgeons think that tourniquet use leads to increased limb pain post-operatively

and can lead to a delayed recovery.

Possible complications associated with operative tourniquet use include thigh pain, soft
tissue damage, post-operative stiffness, limb swelling, nerve palsy, thromboembolic
complications, rhabdomyolysis and post-tourniquet syndrome (zhang et ai,, 2014, wang et a., 2016, Ejaz et
al,, 2014, Tarwala et al., 2014, Harsten et al., 2015, Van der Spuy, 2012). POSt-tourniquet syndrome is characterised by
pain, swelling, weakness and stiffness in the affected limb which is thought to be caused by
oedema, vascular congestion and ischaemic reperfusion injury (Harsten et al., 2015, van der Spuy, 2012,
Nishikant Kumar et af,, 2015). POst-tourniquet syndrome should resolve in 1 to 6 weeks but the
increased pain coupled with reduced muscle strength and a smaller range of motion in the
knee could lead to delayed recovery (van der spuy, 2012, Ejaz et ai,, 2012). Many studies have been
undertaken to try and determine if patient recovery after TKA is affected by the presence

and duration of tourniquet use.

Dual bladder tourniquets do exist but currently are only used during intravenous regional
anaesthesia (IVRA). IVRA is a technique used to provide localised anaesthesia to an extremity
to enable operations to be carried out on an awake patient (rawal, 2000, Anaesthesiauk, 200s)- IN [VRA
the extremity is isolated using a tourniquet and injected with local anaesthetic, the effects of

the local anaesthetic rapidly disappear once the tourniquet has been released (rawal, 2000). TO
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prevent leakage of local anaesthetic the tourniquet should be inflated to a high pressure and

the local anaesthetic injected slowly (rawal, 2000, Anaesthesiauk, 2005)-

When a dual bladder tourniquet is used the proximal cuff is inflated first. If the patient starts
complaining of tourniquet pain the distal cuff, positioned on the anaesthetised area, should
be inflated. Once the distal cuff is inflated the proximal cuff should be deflated (rawal, 2000, jafarian
et al., 2016, Checketts, 2013, Cave and Finegan, 2007). Care should be taken when switching between bladders
to ensure both bladders are not deflated at the same time as this could lead to toxic levels of
local anaesthetic entering the systemic circulation (rawal, 2000, cave and Finegan, 2007). The anaesthetist
should consider switching between bladders after 30 minutes even if no tourniquet pain is

felt to reduce the chance of nerve injury (cave and Finegan, 2007).

Tourniquet pain is a phenomenon that develops 30-60 minutes after tourniquet inflation. It
presents as a dull aching pain which cannot be relieved by anaesthesia or administration of
intravenous opiates (van der spuy, 2012, Wong and Irwin, 2015). Clinical signs are seen in patients under
general, local or regional anaesthesia and include hypertension and a faster heart rate. The
current thought is that tourniquet pain is due to the conduction of pain signals from the slow
acting unmyelinated C fibres (van der spuy, 2012). In addition to swapping bladders on a dual
tourniquet, tourniquet pain may be relieved by deflating the tourniquet for 15 minutes (wong

and Irwin, 2015).
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3.1.2. Tourniguet Considerations:

When applying a tourniquet in a combat scenario, it is recommended to apply the tourniquet
as proximally as possible. High placement ensures that any hidden injuries are also included
under the tourniquet to prevent possible increased bleeding at these sites (shackelford et al., 2014).
The tourniquet should be applied with sufficient compression to restrict blood loss. If the
tourniquet is not tight enough it will not occlude arterial flow leading to increased venous
bleeding (shackelford et ai, 2014). Analysis of tourniquets applied in the field showed that
tourniquets were often relatively loose when checked by physicians at a medical centre (kragh

Jr and Dubick, 2016)-

One reason for tourniquet looseness is the presence of clothing or filled pockets under the
tourniquet belt (kragh ir et al, 2011). HOWever, there are many reasons why the tourniquet may
become loose after being applied sufficiently tightly. The first of these is the relaxation of the
limb muscles. When applying a tourniquet, particularly when self-applying, the muscles are
likely to be tensed. When the muscles relax the size of the limb reduces, thereby decreasing
the effectiveness of the tourniquet (kragh ir and bubick, 2016). Compression of the limb by tourniquet
will force fluid from both the blood vessels and the lymphatic system. This will alter the
volume of the limb resulting in a less effective tourniquet as the pressure on the limb has
been reduced (kragh ir and Dubick, 2016). Furthermore, movement of the limb can cause tourniquet
looseness. Moving the limb, especially by elevation of the leg by hip extension will cause the
muscles to relax and contract in response (kragh ir et af,, 2008)- This change will alter the location of
pressure on the limb and can lead to looseness and increased bleeding. Therefore,

continuous monitoring of tourniquet pressure is an essential part of this therapy.
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Tourniquet failure can also cause a huge problem in the field as exsanguination can occur
resulting in patient death. Tourniquets can fail for a number of reasons. It is possible that one
tourniquet will not produce enough pressure to stop blood flow in limbs with a wide girth,
e.g. the thigh. In these situations, multiple tourniquets should be used to achieve sufficient
pressure. A retrospective study of tourniquet applications over 7 months in Iraq found that
only 53% of tourniquets were effective first time (kragh ir et ar, 2008). Applying one or more
additional tourniquets next to this original one increased the effectiveness by 34% (kragh ir et ar.,
2008). The narrowness of the tourniquet when compared to limb girth was the most common

reason for tOurniquetS to fail (Kragh Jr et al., 2008, Schreckengaust, Littlejohn and Zarow, 2014).

Additional reasons for tourniquet failure included device breakage such as bursting of
pneumatic tourniquets or strap breakage, incorrect use such as placing the tourniquet
upside down or incorrect placement such as placing the tourniquet distally to the wound (kragh
ir et al, 2008). When a tourniquet has been applied, it should be checked initially to see if
complete occlusion of blood flow is achieved. Complete effectiveness of the tourniquet
should halt the distal pulse (kragh ir et a1, 2008). The suitability of continued use of the tourniquet
should be assessed after, at most, 2 hours to see if another method of haemorrhage control

can be used (Shackelford et al., 2014).

The operative tourniquet pressure is usually decided by one of three methods. The first is a
fixed inflation pressure. These fixed inflation pressures are normally 250mmHg for the upper
arm and 300mmHg for the thigh (sharma and salhotra, 2012, Deloughry and Griffiths, 2009). The second method
is to inflate the tourniquet to a fixed amount above the systolic arterial pressure (peloughry and

Griffiths, 2009, Sharma and Salhotra, 2012). When positioning the tourniquet on the upper arm it should be
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inflated to 100mmHg above the systolic arterial pressure. When positioned on the thigh the
pressure should 100-150mmHg higher than systolic arterial pressure (sharma and salhotra, 2012,
Deloughry and Griffiths, 2009). Alternatively the tourniquet can be inflated to a pressure based on the

limb occlusion Pressure (van der spuy, 2012, Deloughry and Griffiths, 2009)-

Table 3-1: Recommended tourniquet inflation pressures based on limb

occlusion Pressure (van der Spuy, 2012, Deloughry and Griffiths, 2009)

Limb occlusion pressure Additional pressure
<130mmHg 40mmHg
131-190mmHg 60mmHg
>190mmHg 80mmHg

Reducing the tourniquet pressure may help to reduce post-operative pain, therefore, the
pressure of the operative tourniquet should be kept to a minimum (nishikant kumar et ., 2015)-
Setting the tourniquet inflation pressure based on the limb occlusion pressure is likely to
result in the lowest effective tourniquet pressures. However, these pressures may be too low

to prevent leakage when trying to isolate and perfuse the limb as has been found in IVRA

(AnaesthesiaUK, 2005)-

The operative tourniquet cuff should be selected to ensure it is the right size for the limb.
The cuff should overlap by at least 75mm to ensure an even pressure is applied to the limb
(Kamal Kumar, Railton and Tawfic, 2016). The cuff should not overlap by more than 150mm to prevent
overly high pressures occurring (kamal kumar, Railton and Tawfic, 2016). Padding is recommended to

protect the skin under the band. However, the padding shouldn’t be too thick as to prevent
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adequate pressure being transferred to the limb (wong and irwin, 2015). The padding should also be
kept smooth as creases under the tourniquet can create blisters and lesions on the skin (van
der Spuy, 2012, Wong and Irwin, 2015). It is important to keep alcohol-based solutions used in skin
preparation from seeping under the tourniquet band as they can cause chemical burns when
held against the skin under pressure (van der spuy, 2012). Trying to re-position a fully inflated

tourniquet can create friction burns on the skin and should be avoided (van der spuy, 2012)-

3.1.3. Tourniguet complications:

Tourniquet use was controversial and considered as a method of last resort all the way up to
2005 (shackelford et af., 2012). This was due to the association of nerve damage and cellular
morbidity. Cellular morbidity is uncommon when tourniquet use is brief. One study showed
that nerve paralysis occurred in between 1.5-1.7% of patients whilst major limb shortening
occurred in 0.4% (kragh ir et al,, 2011). It has been shown that incorrect or prolonged usage of a
tourniquet can lead to iatrogenic morbidity particularly in skeletal muscle (perkins et ar, 2012). The
two most commonly affected cell types are nerves and skeletal muscle, damage to these cells
is caused by ischaemia and/ or mechanical action (wong and Irwin, 2015). During ischaemic
conditions, there is a build-up of reactive oxygen species (ROS) and activated neutrophils (giiani
etal, 2012). The ROS are potent reducing agents which cause damage to the lipids in the cell
membrane which can lead to necrosis iliani et af,, 2012). The activated neutrophils can also cause
necrosis which in turn leads to further inflammation and tissue damage. Once the tourniquet
is removed these neutrophils and ROS can enter the systemic circulation and cause ischaemic
reperfusion injury. Crush injury is the systemic presentation of ischaemic reperfusion injury

due to direct pressure (illani et al., 2012).
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The critical ischaemic time is defined as ‘the maximum time interval that a tissue can tolerate
ischaemia and still remain viable’ Giliani et of, 2012). Skeletal muscle is the tissue that is most
vulnerable to ischaemia, its critical ischaemic time is around 3 hours of warm ischaemia, as
seen in Table 3-2 (perkins et ar,, 2012). The next most susceptible tissue is peripheral nervous tissue
which can tolerate 8 hours of warm ischaemia (giiiani et a1, 2012). Loss of viable muscle tissue
causes issues with limb salvage and limb function. Fast twitch type |l myosin fibres are more
susceptible to ischaemic damage than slow twitch fibres (iliani et a1, 2012). The extent of muscle
injury increases when higher tourniquet inflation pressures are used and for a longer time

(Van der Spuy, 2012).

Table 3-2: Critical ischaemic time of various tissue types (siliani et dl,

2012, Perkins et al., 2012)

Tissue type Critical warm ischaemic time

Muscle 3 hours

Peripheral nerves 8 hours

Fat 13 hours
Skin 24 hours
Bone 4 days

Whilst ischaemic injury is the bigger cause of damage to muscle cells, mechanical pressure
has a bigger influence in nerve injury (van der spuy, 2012, checketts, 2013). Most nerve damage occurs at
the edge of the tourniquet cuff where the pressure is greatest (van der spuy, 2012, Wong and Irwin, 2015)-
Compression of the nerve causes the Node of Ranvier to be displaced from its normal
placement at the Schwann cell junction leading to signal disruption(van der spuy, 2012, Wong and Irwin,

2015). Furthermore, mechanical pressure disrupts the myelin lamellae and can lead to
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shrinkage of the axon (wong and irwin, 2015). This damage is irreversible. Nerve injury occurs in
between 0.1-7.7% of cases (van derspuy, 2012). Other possible complications due to tourniquet use
are the increased risk of pulmonary embolism and deep vein thrombosis and the risk of
circulatory overload (van der spuy, 2012). The risk of thromboembolic complications is increased
due to cessation of venous blood flow leading to clot formation (Harsten et ar, 2015, zan et at,, 2015)-
Circulatory overload can be induced by the combination of an increase in the vascular
resistance and central venous pressure caused by exsanguination and the consequent
inflation of a tourniquet (van der spuy, 2012). Compartment syndrome can be triggered when the
tourniquet is released. Once the tourniquet is released there is an immediate inflow of blood
into the vessels of the limb, observable by swelling of the limb (gstebe, Davies and Richebe, 2011). The
inflow of blood also causes a rapid increase in the intercompartmental pressure of the limb

which, if unchecked, can lead to compartment syndrome (estebe, bavies and Richebe, 2011)-

Harsten et al studied the effect of tourniquet use on knee extension strength after TKA. They
found that at 48 hours after surgery there was no significant difference between knee
extension strength, pain, nausea or periarticular swelling between patients operated on with
or without the presence of a tourniquet (narsten etar, 2015). Similarly, Liu et al found that the range
of motion in the knee was not significantly different when TKA was performed using a
tourniquet compared to no tourniquet application (iiuetai, 2014). In addition, Tai et al found that
there was no significant difference in the severity of limb swelling post-operatively between
tourniquet use or no tourniquet use (raietar, 2012)- Whilst these studies suggest tourniquet use
does not affect recovery, it is possible that due to the number of patients used in these

studies, the sample size was not big enough to demonstrate significance.
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Results from other studies contradict the above results and suggest that tourniquet use is
related to a delayed recovery and higher pain levels post-surgery. Ejaz et al found that post-
operatively patients who had undergone TKA without a tourniquet had improved range of
motion in the knee with the difference still detectable at 8 weeks. The range of motion in the
knee in the tourniquet group was similar to the no tourniquet group by the 6 month follow
Up (gjaz et al, 2014). FUrthermore, Ejaz et al found that those patients in the tourniquet group had
greater analgesic consumption and pain in the thigh for up to 3 weeks after discharge (gja; et
al, 2014). Studies by Tai et al, Guler et al and Liu et al also found that pain was lower in the no
tourniquet groups, however, this difference was only significant on sporadic days after the
SUFEErY (rai et al., 2012, Guler et al., 2016, Liu et al, 2014). ONe problem with comparing pain scores is that
pain is subjective, therefore patients with a lower pain tolerance would perceive the post-

operative pain to be much higher.

Guler et al used MRI to observe the thigh volumes of patients who underwent TKA with or
without a tourniquet and compared them to the contralateral control leg. This study found
that no difference in the thigh volume at one month of patients who were in the non-
tourniquet group but saw a 20% volume decrease at one month in those patients who were
in the tourniquet group (culeret o, 2016). The volume difference had resolved by 12 months post-
SUrgery (culeretal, 2016)- 1he use of a tourniquet in this study was not randomised but was down
to surgeon preference, this may mean that differences seen may have been due in part to
surgical technique rather than the use of a tourniquet. Liu et al also looked at the effect of a
tourniquet on the quadriceps muscle. They found that the quadriceps muscles of the
tourniquet group had significantly less activity than the quadriceps of those in the no

tourniquet group, this difference had resolved by 6 months (i et ar,, 2014)-

51



Considering the fact the extent of injury underneath the tourniquet is related in part to the
duration of tourniquet inflation (nishikant kumar et af,, 2015), it would be logical that reducing the
amount of time the tourniquet is inflated would result in better outcomes for the patient.
For this reason, studies have compared the outcomes of patients who have a tourniquet
inflated for the whole TKA procedure (operative tourniquet) to inflation of the tourniquet for
only the cementation portion of the operation (cementation tourniquet). Tarwala et al did
not find any significant difference in the mean pain scores, knee range of motion or
guadriceps strength when comparing the operative tourniquet to the cementation

tou rniquet (Tarwala et al., 2014)-

On the other hand, Wang et al found that patients in the cementation tourniquet group had
significant reductions in thigh and knee pain, thigh and knee circumference and knee range
of motion at days 1 and 2 and 1 week post-operation (wang et o, 2016). The patients in this trial
underwent TKA operations with both tourniquet application methods. Each knee was
operated on separately with 3 months between operations. The benefit of this method is
that the patients can be compared to themselves. However, it is possible that the patients
had not fully recovered from their first operation at 3 months so the comparison between

legs may be skewed by this.

Olivecrona et al also found that patients who underwent TKA with a shorter tourniquet time
displayed better knee flexion compared to longer tourniquet times (oiivecrona et ar,, 2013). The local
effects seen when using a tourniquet may be due to direct pressure of the tourniquet or from

ischaemia (Harsten et ai, 2015) If the inflation time of the tourniquet is reduced the injury to the
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local tissue may well be reduced. One way it may be possible to decrease the tissue injury
produced during a TKA would be to have a dual bladder tourniquet where the bladder that
is inflated alternately at set intervals. Alternating the location of the pressure would give the

tissues time to recover and would hopefully reduce tissue damage during the surgery.

3.2. Design Considerations:

To determine the length of the tourniquet the National Statistics Report on Anthropometric
Reference Data for Children and Adults in the United States between 2003-2006 was
consulted. This report stated that the average adult mid-arm circumference was 341mm and
the mid-thigh circumference was 529mm (mcoowell et ar,, 2008). TO ensure at least a 75mm overlap,
as suggested in the tourniquet considerations above, a thigh tourniquet length of at least
604mm should be created (kamal kumar, Railton and Tawfic, 2016). A separate arm tourniquet should be
designed with a length of at least 416mm. The same length tourniquet should not be used
for both limbs as tourniquet of 625mm would create an overlap greater than the 150mm
stated by Kumar et al leading to extreme pressures on the tissue (kamal kumar, Railton and Tawfic, 2016)-
The length of the thigh is a natural restriction to the width of the tourniquet. The tourniquet
needs to be relatively narrow to still be able to be used on injuries further up the thigh.
However, this means that both bladders also need to be narrow. The disadvantage of
narrower bladders is that increased pressures are then necessary to occlude blood flow,
increasing the risk of tissue damage. The tourniquet has been designed with each bladder to
have a width of 60mm after accounting for glue lines as a compromise between width and

pressure.
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The tourniquet must be effective at stopping blood flow through the limb. The maximum
proposed inflation pressure is 350mmHg which is the highest pressure commonly used
during intravenous regional anaesthesia (IVRA) afarian et ai, 2016, Checketts, 2013, AnaesthesiaUk, 2005). USing
the highest pressure should halt haemorrhage. The lower pressure settings can be used

whilst the limb is isolated on the limb support system.

Table 3-3: Tourniquet pressure settings and when they should be used (checketts, 2013, Jafarian et al., 2016,

AnaesthesiaUK, 2005)

Pressure Use

250mmHg | Upperlimb

300mmHg | Standard lower limb

350mmHg | High pressure — use if 300mmHg is not able to sufficiently isolate the limb

or halt bleeding

Due to the need to keep the limb isolated from the rest of the circulation when on limb
support it may not be possible to drop the tourniquet pressure any further to reduce the
chance of tissue damage over an extended period of time. The tourniquet should stay at a
constant pressure to ensure the pressure on the limb is consistent. Furthermore, it is

important to ensure the tourniquet will not release unexpectedly.

Each bladder will be inflated alternately. Bladder inflation can either be achieved manually
with a sphygmomanometer or automatically using an air compressor. The tourniquet bladder
should not be inflated for extended periods of time to prevent tissue damage. The bladder

should also be deflated for long enough to allow for the tissue underneath to recover and
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get sufficiently re-perfused. Considering the fact tourniquet pain can be relieved by deflation
of the tourniquet for 15 minutes, this is likely to be a suitable time for bladder change
intervals (wong and irwin, 2015). However, this timing will need to be tested to determine if it is the
most effective in terms of protection from tissue damage. If the bladder is inflated
automatically, contingency plans will need to be put in place in case of power failure.
Deflation of the tourniquet upon power failure could lead to catastrophic haemorrhage or
toxic levels of drugs, such as local anaesthetics, in systemic circulation due to the mixing of
the blood from the limb and body, both of which could be fatal. Therefore, if the power fails

it is important that the tourniquet will stay inflated

The tourniquet may need to be originally applied during a firefight. This means that the
tourniquet must be able to easily be applied by either the injured soldier or one of their
uninjured compatriots. The tourniquet should be able to be rapidly applied to an appropriate
standard to enable to the uninjured personnel to continue fighting and provide the casualty
with the best chance of survival. For this reason, the tourniquet should be simple to use with
no complicated or unnecessary steps involved in its application, such as assembly of different
parts. An automated tourniquet would have the benefit of the medic not having to keep track
of how long each bladder had been inflated for. Furthermore, the medic would not have to
change which bladder is inflated at set intervals allowing them to concentrate on other tasks

such as treating other casualties.

One issue with the tourniquet being battery powered is the shelf-life of the battery. The

tourniquet is issued at the start of the tour, hopefully the soldier will never need to use it.

However, it is important that if the tourniquet needs to be used the battery will still be
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charged, be it on the first day of the tour or the last. This means that the battery should be
easily changed and have some sort of indicator that the battery is fully charged. The battery
also needs to be big enough to power the tourniquet for some time without going flat whilst
not taking up too much space or weight. Furthermore, an automated tourniquet needs to
have minimal noise (kragh et o, 2011). If the air compressor makes a lot of noise then this could
represent a security risk. Additionally, the noise could prove distracting to the soldier or
prevent orders from being heard. For the prior stated reasons, it may be beneficial to have

the ability to manually inflate the tourniquet in times of power loss or tactical use.

Multiple tourniquets are currently issued to troops on the front line. The new tourniquet
must be lightweight to not create a weight burden, e.g. less than 230g per soldier (kragh et al,
2011). Moreover, the tourniquet must be compact so it can easily be carried in kit bags or
trouser pockets. Tourniquets should be easily accessible on the battlefield so it is beneficial
if the tourniquet can fit in bag or trouser pockets. Additionally, the tourniquet should be
highly durable. It will need to withstand being thrown into kit bags and carried on the
battlefield. If the tourniquet gets punctured it is no use so the material needs to be strong
enough to withstand damage. Moreover, the military is deployed to many different
environments encountering varying conditions from snow and ice to rain and mud to the
sand and dust of the desert (kragh et a1, 2011). The tourniquet needs to be able to be effectively

used in a variety of different conditions and not influenced by the operative setting.

Ideally the tourniquet should be able to be used at all stages in the casualties’ care from the

battlefield to the operating theatre. Having a tourniquet suitable for all situations means that

the military will not have to invest in multiple styles of tourniquet for the different stages of
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care of one patient. Moreover, tourniquets are reused where possible and are not seen as a
single-use device. Bearing this in mind, the tourniquet should be easily cleaned, repaired and
tested to be shipped back to the field to be used again (kragh et ar, 2011). TO help this, the
tourniquet should be easily removable and not require cutting off (kragh et a1, 2011). If the
tourniquet is going to be used multiple times, the integrity of the tourniquet should remain.
The tourniquet should not stretch or deform overtime to ensure the haemorrhage is stopped

effectively every time the tourniquet is used.

3.3. Design of dual-outlet valve:

Central to the function of a pneumatic tourniquet is the pressure control apparatus. The valve
apparatus was designed to enable air flow to be directed into one of the two bladders. The
valve was printed using an EnvisionTEC® Perfactory® Desktop XL printer (EnvisionTEC GmbH,
Gladbeck, Germany) at a resolution of 25 microns. The valve has two positions, each
corresponding to the filling of a single bladder by connecting the airflow from the pump to
the inlet for that bladder. When the valve is positioned to fill up one bladder, the air in the
other is released through a vent in the top of the valve to ensure the pressure is relieved
completely. Figure 3-1 shows both the CAD drawing and a photograph of the valve along with
a diagrammatic demonstration of the inflation mechanism. A sphygmomanometer was used

initially to inflate the bladders.

57



Air flow
direction Pressure release vents

controller
Bladder
linlet

Bladder 2ffll=ls

Sphygmomanometer inlet

Turn to change
which bladder is
inflating

Valve Position 1 Valve Position 2

Airflow Inlet Airflow Inlet

Bladder 1 Bladder 2 Bladder 1 Bladder 2

Figure 3-1: CAD drawing and 3D printed dual way valve with inflation mechanism demonstrated
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3.4. Initial Tourniquet Design:

The tourniquet bladders were designed to be made out of a durable PVC-coated fabric to
enable the bladders to be air-tight. Different methods of sealing this material were
investigated. The initial idea was to heat seal the material, however, this did not prove to be
suitable under laboratory conditions. Ultimately it was decided to use Polymarine PVC
adhesive (Polymarine Ltd, Conwy, UK). This glue was able to produce an airtight bladder and

to securely hold the sections of the tourniquet together.

The first iteration was made from 290 g/m? PVC-coated polyester (Attwools Manufacturing,
Gloucester, UK). The dimensions of this tourniquet prototype were as seen below. The
bladders were sealed and the parts connected together using the Polymarine adhesive

mentioned previously.
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Figure 3-2: Dimensions of initial tourniquet

14mm holes were punched in the bladder material before assembly using a Harris uni-core
tip (Ted Pella, Inc, CA, US). These holes provide the connection between the bladder and the
pump system. A special unit was designed and 3D printed to enable a Welch Allyn Flexiport

blood pressure cuff connector (ProCure Health t/a Medical Supermarket, Buckinghamshire,
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UK) to be attached to the bladders. These units were printed using the same EnvisionTEC®
printer as described previously. Once printed these parts were glued into the holes punched
previously, before the blood pressure connector was clipped on. Welch Allyn Flexiport tubing

(Medisave, Dorset, UK) was used to connect the valve and pump.

0 o

Figure 3-3: Individual parts and assembled connector

Velcro (MPD Hook and Loop, Wiltshire, UK) was glued to the top side of the bladders and the

underside of the cuff to allow the tourniquet to be fastened round the limb.

Figure 3-4: Initial tourniquet
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3.5. Design Alterations:

3.5.1. Second lteration Tourniquet:

After initial trials which highlighted some technical issues with the initial configuration a
second iteration of the tourniquet was made. The second iteration of the tourniquet was
made using the same techniques as the first. However, this time a thicker 560 g/m? PVC-
coated polyester material (Attwools Manufacturing, Gloucester, UK) was used. This thicker
material means that the tourniquet will be more durable.

The tourniquet was made to the same dimensions as the first iteration.

Figure 3-5: Second iteration tourniquet

61



3.5.2. Third lteration Tourniquet:

The design of the tourniquet was changed slightly for the 3™ iteration. Previously the
tourniquet was made as one part. For the 3™ iteration this was changed to enable the
bladders to be separated. One benefit of this is that even if there is a wound very high on the

limb it is still possible to use the tourniquet even if only one bladder is utilised.

The bladders were created individually using the same method as the two previous iterations.
The cuff was also created in two separate sections. The dimensions of one of the cuffs and
bladders can be seen in Figure 3-6. When building this iteration of tourniquet an airtight seal
was not achieved after gluing. To resolve this problem the bladders were inflated under
water to identify where air was leaking from. The position of these leaks was marked and
then superglue (Loctite, RS Components, Corby, UK) was applied to these areas of weakness
when the bladders were dry. Air was also found to leak around the housing units for the
blood pressure cuff connectors. Superglue was applied to resolve this issue. In addition, the

blood pressure cuff connectors were superglued to their housing units to prevent air leaking

here.
P 795mm % 170mm
1&
i O) o
E| R P B a S
S / 3
Fold line
v

Figure 3-6: Dimensions of one tourniquet bladder

To connect the two sides together Velcro was applied down the glued long edge of each

bladder and cuff. To allow for easy identification of which bladder would inflate in that valve

62



position coloured tape was applied to the long edges of the bladders and on the tubes leading

to the valve. The bladder will inflate when the colours are matched up. The completed 3™

iteration of tourniquet is shown in Figure 3-7.
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Figure 3-7: Third iteration of tourniquet

3.5.3. Fourth Iteration Tourniquet:

The design had another slight change when creating the 4™ iteration. Firstly, the material the
tourniquet is made out of was altered to a slightly thinner PVC-coated polyester (Attwools

Manufacturing, Gloucester, UK). An airtight seal was easier to achieve with this material.

Furthermore, 2 different coloured materials were used to create the bladders. This is because
having the whole bladder in a different colour makes it easier to tell which bladder will be
inflated with the valve position. The two colours used were green and blue. It may ultimately
be necessary to change these colours depending on how well the two colours can be

distinguished by colour blind personnel.

An additional change in the design was to make each side of the tourniquet from just one

section, i.e. the bladder and cuff are made out of one continuous piece of material. The glue
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join is an area where failure of the device could occur so removing this reduces the chance

of failure. The dimensions for the new design can be seen in Figure 3-8.

Velcro was placed both along the glued long edges of each side of the tourniquet and in the

same place as the other iterations to provide the fastener.
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Figure 3-8: Dimensions of one bladder for fourth iteration tourniquet
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Figure 3-9: 4t jteration of tourniquet with two different colour bladders and Velcro holding them together
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When inflating this tourniquet, it was found that the Velcro did not hold the tourniquet in
position very well. This is likely to be due to the fact that the thinner material was more
flexible and therefore would bend out of place when the air bladders were inflated. The 3™
iteration of tourniquet was also better at holding the pressure in the bladders, probably

because the bladders wouldn’t move out of position when inflated.

3.5.4. Fifth Iteration Tourniquet:

This tourniquet was made of the same material as the third iteration. However, the
difference in this tourniquet was the dimensions were changed to make it longer as shown
in Figure 3-10. The technique of making the tourniquet was also to create the bladder and
end tab as two separate parts due to the difficulties in achieving a seal in the join on the

middle glue line.
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Figure 3-10: Dimensions of the fifth iteration of tourniquet

Coloured tape was not used to mark the bladders in this iteration. The inflation of this
tourniquet is controlled using an automated system. For this reason, it was not necessary for
the bladders to be labelled for easy identification. Additionally, the two-way valve was not
needed to switch between the inflation of the two bladders. Figure 3-11 shows the

completed tourniquet.
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Figure 3-11: Completed fifth iteration of tourniquet

3.5.4.1. Testing of fifth iteration of tourniquet

To test the effectiveness of this tourniquet at stopping the bleeding in a casualty, the
tourniquet was tested on the CHI Systems HapMed tourniquet trainer (CHI Systems Inc,
Pennsylvania, USA). The HapMed is a mannequin which simulates an above knee amputation.
The HapMed is the accepted test for tourniquets within industry (giick et ar,, 2018, kragh Jr et at., 2014)-
The HapMed has lights which go out as bleeding is successfully controlled. There is also a
distal pulse which will stop if the tourniquet is correctly applied. There is a feedback screen
which provides feedback on the tourniquet position and application. The HapMed has 7
different training scenarios which have increasing levels of difficulty (chi systems inc, 2019). The

scenario used in the following testing was scenario 1.

To test the tourniquet, the bladder was wrapped around the HapMed. The HapMed was
turned on and scenario 1 was started. The bladder inflated using a sphygmomanometer to
determine if the bladder was in the correct position. The bladder was then deflated and the
scenario restarted. The tourniquet bladder was then inflated 10 times and the pressure
required to stop the blood flow according to the feedback on the HapMed was recorded. The

pressure required can be seen in the table below
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Table 3-4: Pressure required to halt haemorrhage in tourniquet iteration 5
Test Pressure required to halt haemorrhage (mmHg)
1 220

2 220

3 210

4 220

5 220

6 230

7 220

8 220

9 220

10 220

As Table 3-4 shows, the original width tourniquet was able to stop the bleeding on all 10
occasions with a mean of 220 + 4.71mmHg. The HapMed is designed for the bleeding to stop
at 200mmHg so this tourniquet seems to work well. It was difficult to wrap the tourniquet
tightly round the limb which may be responsible for the 20mmHg more pressure needed to
stop the bleeding. This shows that the tourniquet will be able to stop the bleeding in most

cases.
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3.5.5. Sixth Iteration Tourniquet:

The previous iterations of tourniquet have a considerable width (150mm). This width will
take up a large portion of the thigh, if the wound is located high on the thigh then the
tourniquet will be too wide to be used. Consequently, the tourniquet was redesigned to have

thinner bladders with a total width of 70mm as seen in Figure 3-12.

750mm 14mm 150mm
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Figure 3-12: Dimensions of sixth iteration of tourniquet

Whilst thinner bladders would allow for use with proximal wounds, it is possible that the
tourniquet will not produce enough pressure to adequately halt haemorrhage. Thus, testing

of the tourniquet was required to establish if the tourniquet is able to stop the bleeding.
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3.5.5.1. Testing of tourniquet iteration six:

The protocol to test the sixth iteration tourniquet was the same as the one used to test

iteration 5. The ability of the tourniquet to stop the bleeding can be seen in Table 3-5.

Table 3-5: Pressure required to halt haemorrhage in tourniquet iteration 6
Test number Pressure required to halt haemorrhage (mmHg)
1 Haemorrhage not controlled
2 Haemorrhage not controlled
3 Haemorrhage not controlled
4 Haemorrhage not controlled
5 Haemorrhage not controlled
6 Haemorrhage not controlled
7 Haemorrhage not controlled
8 Haemorrhage not controlled
9 Haemorrhage not controlled
10 Haemorrhage not controlled

As these results show, the thinner sixth iteration of tourniquet was not able to stop the
bleeding in any of the 10 tests. This is not too surprising. It was difficult to get the tourniquet
tightly round the limb so pressure would not be able to be applied uniformly round the limb.

The tourniquet is only 6mm wider than the CAT and SOFTT tourniquets in current use by the
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military which also struggle to gain control of bleeding in the thigh (wai, sahr and Buising, 2015). This
tourniguet may be suitable for use on the arm but the HapMed doesn’t have the capability

to test for this.

The photographs in Figure 3-13 show the testing of the tourniquet and the results screen
seen on the HapMed. This screen shows that although the tourniquet is in a good position
the bleeding is not controlled. The tourniquet on the left is iteration 6 with the thinner
bladder. The tourniquet on the right is iteration 5, the adjacent placement of the two

tourniquet iterations shows the difference in width.

Figure 3-13: Testing of tourniquet iteration 6 on the HapMed and a close-up of the results screen
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3.5.6. Seventh lteration Tourniquet:

To create a thinner tourniquet that could be used for high injuries on the thigh the seventh
iteration of tourniquet was redesigned to have a width which was between iterations 5 and
6. The dimensions of the tourniquet are shown in Figure 3-14. This tourniquet has a combined

width of 115mm. The glue line along the long edge was 15mm and the glue line on the short

edge was 20mm.
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Figure 3-14: Dimensions of the seventh iteration tourniquet
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3.5.6.1. Seventh iteration tourniquet testing:

The same protocol used for testing the 5" and 6™ iterations was used to test this iteration of
tourniquet. Table 3-6 shows the pressure required to halt the haemorrhage with this

iteration of tourniquet.

Table 3-6: Pressure required to halt haemorrhage in tourniquet iteration 7
Test number | Pressure required to halt haemorrhage (mmHg)
1 300

2 300

3 300

4 300

5 300

6 300

7 300

8 280

9 280

10 280

The medium thickness tourniquet is able to stop the bleeding at a mean pressure of 294 +

9.66mmHg. This high pressure would not be suitable to use for a long time. However, again
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it was difficult to get the tourniquet wrapped tightly around the limb which could have
increased the pressure required. Similar to iteration 6, the tourniquet may be suitable to be

used on an arm.

3.6. Future developments:

The final tourniquet design for the lower limb is iteration 5. This iteration had a length that
was suitable for wrapping around a variety of limb sizes, guided by the National Statistics
Report on Anthropometric Reference Data for Children and Adults in the United States
between 2003-2006 and input from UK Military medical personnel. The different iterations
of the tourniquet involved changes to the material that the tourniquet was constructed from,
to examine the effect of different weights of PVC-coated polyester. It was found that the
560g/m? PVC-coated polyester was most effective in holding pressure and maintaining
structure when compared to the lighter materials used in iterations 1 and 4. In summary, the
tourniquet was designed to be a compromise between pressure application and width with
the heavier material selected to ensure a more constant pressure in the bladders. However,

further development of the tourniquet is planned.

The data from the testing of the fifth iteration tourniquet shows that the individual bladders
of the tourniquet are able to halt haemorrhage in an amputated limb meeting the objective
of haemorrhage control. The seventh iteration of tourniquet is also able to meet this
objective, albite at a higher pressure than desired. The tourniquet is much too long to be

suitable for use on the arm as there will be a lot of overlap of the bladder, creating a higher
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pressure on the skin. A shorter tourniquet should be developed for this purpose.
Furthermore, the tourniquet cannot be wrapped around the limb very tightly even when

using two hands. Therefore, it would not be suitable for self-application.

The problem with wrapping the tourniquet round the limb could be reduced in two ways.
The first is by changing the material that the tourniquet is made from. The PVC-coated
polyester used to make the tourniquets is not very flexible, therefore, it doesn’t conform to
the shape of the limb very well. Changing this material to something similar to the nylon used
in blood pressure cuffs will make the tourniquet conform to the limb better which should
also reduce the pressure needed to halt haemorrhage. Additionally, the tourniquet could be
made with a conical shape. If the tourniquet had a narrower diameter at the bottom
compared to the top it would be able to wrap more tightly around the limb. Again, this should

reduce the pressure needed to halt the haemorrhage.
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Chapter 4. Cooling sock design:

4.1. Benefits of therapeutic hypothermia:

Hypothermia has been used for centuries as a therapy for all kinds of conditions. Deliberate
therapeutic hypothermia has many benefits and is often used in cardiac surgery,
neurosurgery and some major vascular procedures (polderman, 2004a). Therapeutic hypothermia is
used frequently in the hospital to reduce the neurological damage induced by a cardiac arrest
(de Waard et af, 2013). The aim of therapeutic hypothermia is to increase the time window a
procedure can be undertaken in before cell damage occurs (poiderman, 20042). Therapeutic
hypothermia has many useful mechanisms of action, the first is the effect of hypothermia on
metabolism. Studies have shown that the metabolic rate decreases by 5% with each degree
of temperature lost whilst enzyme activity shows a two-fold decrease with every 10°C
decrease in tissue temperature (Gonzalez-Ibarra, Varon and Lopez-Meza, 2011, Hildebrand et af., 2004). [N Vitro studies
have shown that this decreased metabolism only occurs when the temperature drops below
35°C (kohihauer et al., 2016)- A decreased metabolic rate means that the consumption of O; and
glucose is reduced which allows the cells to cope better with lower O, concentrations
resulting from ischaemic conditions thereby providing some protection against tissue injury

(Elizabeth M. Moore et al., 2011).

Experiments in rabbits showed that topical hypothermia reduced the amount of cardiac ATP
and glycogen used during 20 minutes of regional ischaemia (simkhovich, Hale and Kioner, 2004). S€iyama
at al observed an increase in O, binding to myoglobin in rat skeletal muscle as temperature
decreased (seiyama et al,, 1996). This suggested that the myoglobin oxygen affinity increased and

more O, was available to bind due to a decreased consumption seiyamaetat, 1996). Further studies

75



by Seiyama et al suggested that lowering the temperature reduced the rate of mitochondrial
respiration (seiyama et af,, 1996). The conclusion that can be gathered from this is that oxidative
phosphorylation is suppressed more than glycolysis under hypothermia, leading to the
theory that in hypothermia the process of glycolysis is important for producing ATP to allow
for the preservation of the sodium-potassium ion concentration gradient across the cell

membrane (Seiyama et al., 1996)-

Hypothermia is also thought to reduce the inflammatory response by inhibiting the release
of pro-inflammatory cytokines such as Nuclear Factor kB (NF-kB) and supressing the
migration of leukocytes (polderman, 200ab, Hassoun et al,, 2002). NF-KB controls a number of transcription
factors which regulate various genes involved in the production of the inflammatory
response such as chemokines and cytokines (lawrence, 2009). Additionally, it has been shown that
hypothermia prevents the production and build-up of reactive oxygen species (ROS) such as
superoxide (‘027) and other free radicals (poiderman, 2004a). Hassoun et al showed that
hypothermia prevented the formation of nitrous oxide synthase meaning increased amounts
of nitrous oxide (a potent free radical) was not produced (Hassoun et a., 2002). A lower
concentration of ROS being produced during ischaemia means that the cells anti-oxidative
mechanisms are not overwhelmed and therefore, oxidative damage to the cell is reduced
(Elizabeth M. Moore et al,, 2011, Polderman, 2004a). Reduced oxidative damage means that the cell is less likely

to be triggered to undergo apoptosis.

The process of apoptosis in the cell is also prevented by several other methods during

hypothermia. These mechanisms include the inhibition of the caspase pathway and

decreasing the concentration of apoptotic gene transcription factors (conzalez-barra, varon and Lopez-
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Meza, 2011). Moreover, hypothermia is thought to prevent excessive flow of Ca?* into the cell
(Polderman, 2004b). High levels of Ca?* can cause mitochondrial dysfunction and trigger enzymatic
pathways which lead to cell death (poiderman, 200a0). Furthermore, hypothermia induces the
production of cold shock proteins which help prevent cell damage in the presence of

ischaemia or trauma (Elizabeth M. Moore et al., 2011).

Following cardiac stress of laboratory-induced cardiac arrest, hypothermia has been shown
to help maintain blood pressure and the oxygen saturation in the brain (ostadal et ar, 2013)-
Maintaining blood pressure will also contribute to protecting the organs from damage as it
allows for adequate perfusion. Hypothermia has also been linked to decreased vascular
permeability in ischaemia helping to prevent the formation of oedema (poiderman, 2004a).
However, many undesirable effects can be seen in the blood stream when the patient is
hypothermic. The first of these is the inhibition of the enzymatic reactions of the coagulation
cascade (hildebrand et ai, 2004). Significantly increased blood loss has been reported to occur in
operations conducted where the core body temperature is 35°C than at normothermia
(Hildebrand et af., 2004). It has been observed that cooling the skin of the forearm from 32°C to 30°C
leads to a significantly prolonged bleeding time (rorsytn et ar,, 2012). IN addition, patients can end
up with a fibrinogen deficit as hypothermia causes fibrinogen synthesis to decrease by up to
50% whilst causing no change in the rate of breakdown (martini, 2007). Reducing the temperature
of the blood dramatically reduces platelet aggregation, after 8 minutes at 6°C minimal
platelet aggregation could be observed (rorsyth et ar, 2012). This effect was reversed when the
blood temperature was increased back to 37°C (rorsyth et at, 2012). Whilst, this suggests that
cooling the body to prevent ischaemia will cause problems with platelet aggregation, it is

unlikely the patient will be deliberately cooled to 6°C. However, platelet adhesion was seen
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to decrease by 33% at 33°C (rorsyth et al, 2012). This is more likely to cause an observable effect in
patients who are bleeding profusely. Whilst the effect of hypothermia on blood has the
potential to cause major problems, few bleeding complications have been reported during

clinical trials (poiderman, 2004b)-

Ning et al studied the effect of different durations of mild whole body hypothermia on local
limb damage as well as distant lung, liver and kidney injury in rats with blast limb trauma (ning
etal, 2016). It was found that 6 hours of whole body hypothermia significantly increased blood
loss compared to rats with no intervention (ning et ai, 2016). All rats were euthanised at 6 hours
so the increase in blood loss suggests hypothermia increases bleeding rate. Rats treated with
whole body hypothermia for 3 or 6 hours showed a decrease in muscle swelling, lung
morphologic changes and liver and water content (ning et af, 2016). This is likely to be due to
reductions seen in the levels of TNF-a, IL-6 and hydrogen peroxide in the plasma at 3 and 6
hours of hypothermia compared to normothermic rats (ning et ar,, 2016). A decrease in TNF-a and
IL-6 suggests that hypothermia is playing a role in suppressing the inflammatory response. In
addition, Ning et al found an increase in the activity of superoxide dismutase (SOD) in the
muscles, lungs and liver after prolonged hypothermia compared to normothermic rats (ning et
al, 2016). SOD is an anti-oxidant, a higher concentration of SOD after prolonged hypothermia
suggests that the hypothermia is able to limit the oxidative damage seen in these tissues.
These results suggest that whole body hypothermia is able to provide a protective effect after
blast limb trauma. However, this study was terminated after 6 hours, therefore the long-term
effects of the blast limb trauma and hypothermia could not be studied. In addition, no other

therapeutic intervention, such as haemorrhage control or volume replacement, was
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undertaken which could have affected results. Furthermore, only 12 rats were used in each

group which would not give a strong statistical significance to the results.

Therapeutic hypothermia has the potential to be used in many aspects of healthcare not just
during surgery to reduce the chance of ischaemia. Hypothermia has been used when
transporting donated organs. Studies have found that those organs transported at colder
temperatures show delayed graft function less often as well as allowing more successful
donations from expanded-criteria donors (niemann et o, 2015. When using therapeutic
hypothermia, the target temperature should be achieved as quickly as possible (giizabeth M. Moore
et ol 2011). HOwever, re-warming should be done slowly (eizabeth M. Moore et af,, 2011). Sedatives or
anaesthetics are administered to prevent shivering to enhance heat 0SS (giizabeth M. Moore et ai,,
2011). Hypothermia decreases insulin sensitivity and secretion so careful monitoring should be
done to prevent the patient becoming hypo- or hyperglycaemic (gizabeth M. Moore et ai, 2011). SOme
studies have reported higher risks of wound infection whilst the patient is in therapeutic
hypothermia, thought to be related to decreased immune function and vasoconstriction
induced by the hypothermia (poiderman, 2004b). Patient wound site should be checked regularly

for signs of infection.

Multiple techniques are used by hospitals to assist with cooling the patient. These methods
fall under two categories, topical cooling or core cooling. The benefit of topical cooling is that
it is less invasive and can be implemented quickly and easily (on et a1, 2015) Whilst topical cooling
can restrict access to the patient due to the required coverage of the cooling device. Ensuring
the cooling devices are still sufficiently cold can be very labour intensive for the nurses (on et

al, 2015). Topical cooling mechanisms include water circulating blankets, hydrogel pads, cooling
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caps, cooling mattresses and ice packs (on et af, 2015, Forsyth et al., 2012, Gillies et al,, 2010). Clothing is
removed from the patient to enhance the amount of heat lost by radiation. Ice packs are
positioned on both sides of the neck, axillae, groin and under the knees (siiies et at,, 2010). It has
been observed that when ice is placed on the anterior of the knee, the intra-articular (lA)
space also decreases in temperature (rorsyth et ai, 2012). However, like other deep tissues the
minimum temperature of the IA space actually occurs after the ice pack is removed (rorsyth et ar,,
2012)- This is important when considering the response of the deep tissues to surface cooling

and could mean that the internal temperature could drop more than intended.

Core cooling methods usually incorporate a cold intravenous infusion by either endovascular
catheters or by the use of extracorporeal membrane oxygenation (ECMO) (o et a1, 2015. One
study using a veno-venous extracorporeal circuit found a cooling rate of 12.2°C/hour could
be achieved suggesting that core cooling methods are able to safely achieve a rapid rate of
cooling (restori et ar,, 2013). The safety of core cooling is defined to be the incidence of both serious
adverse events e.g. heart failure, major haemorrhage or stroke, or the occurrence of minor
adverse events including minor bleeding or pneumonia (restori et ar,, 2013). The study by Testori et
al found no incidence of serious or minor adverse events and the mean arterial blood
pressure did not drop (restori et ar,, 2013). FOr this reason, the study was defined as safe. However,
the aforementioned study only consisted of 8 patients so wider studies would be needed to
confirm the rate of cooling that is achievable with endovascular cooling. The rapidity of
cooling is a benefit of using core cooling in mild therapeutic hypothermia. Endovascular
cooling was found to have a longer rewarming time which could prove therapeutically
beneficial on et ar, 2015. In addition, core cooling has a lower incidence of overcooling

(considered to be a body temperature of less than 32°C) and is more often able to attain the
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target temperature (on et ol 2015, Gillies et al,, 2010). Core cooling is also able to maintain the
temperature at the target for longer and reduce temperature variation (siliies et al., 2010, de Waard et

al., 2013)-

Other techniques of core cooling are being investigated. The RhinoChill Device (RCD) uses a
nasal catheter inserted into the nasopharynx (abou-chebl et ai, 2011). A combination of a
perfluorocarbon and oxygen is sprayed onto the upper surface of the nasal cavity,
evaporation of this mixture creates a cooling effect on the tissues of the head (abou-chebl et ar,,
2011). It is thought that the RCD will be useful in reducing the temperature of the brain,
especially in obese patients who do not respond as well to surface cooling (abou-chebi et ar,, 2011)-
All patients in the RCD trial had achieved a core temperature reduction within 30 minutes.
The mean core temperature reduction after 60 minutes was 1.1+0.6°C with a range of 0.3 to
2.1°C (abou-Chebl et al., 2011). Due to the small number of patients in this study (n=15) it is not
possible to draw any conclusions about the effectiveness of the RCD in cooling core body
temperatures. Another study of 16 patients has used automatically controlled peritoneal
lavage to reduce the core body temperature. Lactated Ringer’s solution at different
temperatures was used to induce, maintain and reverse mild hypothermia by continuous
peritoneal lavage (de waard et ar,, 2013). Patients undergoing peritoneal lavage reached the target
oesophageal temperature of 32.5°C in a significantly shorter time than those patients who
were treated with the standard mild therapeutic hypothermia protocol of that centre (ge waard
et al, 2013). However, the time from the patient arriving in hospital to the commencement of
peritoneal lavage was significantly longer than to implement the usual mild therapeutic

hypothermia protocol which could reduce this benefit(ge waard et ar,, 2013)-
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4.2. Design considerations:

To provide the highest chance of limb salvage the limb will need to be cooled immediately
after injury. Therefore, the cooling sock will be need to be portable. This means that the
cooling sock must easily be carried by medics on the battlefield. The cooling sock must be
lightweight to keep the additional weight to the medic’s kit to a minimum. Furthermore, the
cooling sock must be compact to enable it to easily fit inside a kit bag. Durability is also very
important to ensure the cooling sock is not damaged when it is carried around. For the device
to be truly portable, the cooling sock should be able to cool the leg without a power supply.

For this reason, the use of compressed gas is warranted.

The cooling sock must be easy to apply so time is not wasted trying to get the sock on and
would not potentially cause further injury. Ideally, the cooling sock would be able to be
applied when abiding by the care under fire protocol. The cooling sock must also be able to
fit a wide variety of limb sizes and still cool them effectively. There is a big difference in the
size and depth of a leg compared to an arm which could lead to a decrease in core cooling
capability. This difference should be minimised as much as possible. The cooling sock will
come into direct contact with injured tissues, thereby, the materials need to be fully

biocompatible.

Certain factors need to be taken into consideration to select the right gas. The first of these
is that the gas must be non-toxic and biocompatible, the act of cooling the limb should not
induce further injury. The gas should have a long shelf-life as it will not be efficient use of
resources if the bottles have to be constantly replaced without being used. To prolong the

shelf-life of the gas, the gas should be inert and not temperature sensitive to prevent
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breakdown during storage. There are many sources of ignition on the battlefield. Therefore,
the gas should be non-flammable to prevent fires or explosions when the cooling sock is in
use. The release of the gas should also result in a large drop in temperature which will in turn
reduce the temperature of the limb tissue. Taking all these factors into consideration the gas

selected for testing is compressed CO,.
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4.3. Feasibility maths:

Assume male leg is 16.68% of total body weight (piagenhoef, Evans and Abdelnour, 1983)-
It is acknowledged that this percentage will change with both gender (female leg is 18.43%
of total body weight (piagenhoef, Evans and Abdelnour, 1983)) and changes in body morphology caused
by exercise or diet.
Assume body weight = 80kg
Weight of leg = 80x16.68%
=13.34kg
CO; used was 60L SodaStream gas cylinder (SodaStream, Airport City, Israel)
CO; vapour pressure at 20°C = 57.3 bar
=5.73 MPa
Bottle states 0.425g CO; in bottle
Average specific heat capacity of human body = 3470J/kg/°C (engineering ToolBox, 2003a)
Energy (Q) = mass (m) x specific heat capacity (v) x AT
To change leg temperature by 10°C
Q=13.34 x 3470 x —10
=—462898]

=—462.9k]

Need to remove 462.9k] of energy to reduce leg temperature from 37°C to 27°C

Theoretical temperature change:
To calculate temperature change of gas leaving bottle:
Assuming that the gas leaving bottle is an adiabatic system. Work done when leaving bottle

= 0 because gas is expanding too quickly for work to be done.
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Ideal gas law (ratum, 20080) PV = nRT

Equation for reversible adiabatic expansion of ideal gas (change of energy at constant
pressure) (ratum, 2008b)

dU = -PdV

Ideal gas heat capacity (change of energy, depends on temperature but independent of
volume) (tatum, 2008b)

du = ¢, dT

Able to eliminate dU

CdT =-PdU
Integrate
T ar v av
fTif Cy T fVif —P v
=Cy(Ti = Tr) = —Pext(Vi = V)

Don’t know Vs so substitute V for ideal gas law

RT; NnRT;
Co(Ti = Tf) = —Pext (nP—L - P—f)

—P,,nRT; N PextnRTf

CvTi - Cva = Pl- Pf

PextnRTi PextnRTf
CT,+-2——cT, + =71
vl + 2 vlf + P;

Make n=1 (1 mole of substance)

Pex¢RT; = C.T: + PextRTf

C,T; + =
vii Pi vif Pf

Take T; and T out of brackets so can solve to find T¢

RPext _ RPext\ o
(C,,+ > )Tf- (6o + 22T,

Where
C. = molar heat capacity at constant volume
R = gas constant

Pext = external pressure



P: = final pressure (in this case assume the same as external)
T¢ = final temperature
Pi = initial pressure

Ti = initial temperature

(Cvlm.}.RI;e'xt)
Tr= oy < Ti
C +ﬁ)
( vam Pg
131'99+%
= 31994 1089 x101325 X 293
. 101325
131.99+3.34
= —— X 293
131.99+188.9
=-123.57K
=-149.58°C

AT =-149.58 — 20

=-169.58°C

Specific heat capacity of CO, at constant pressure at 20°C and 1atm = 0.844kJ/kg/K (engineering
ToolBox, 2003b)
Energy taken in by CO, (Q) = mvAT
Q=0.425x844x-169.58
=-60828.35]

=-60.83k]

Change in leg temperature available with -60.83k]J

Q =mvAT
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-60.83 x 103 = 13.34 x 3470 x AT

-60.83x103
"~ 13.34 x3470

=-1.31°C

Leg would decrease in temperature from 37°C to 35.87°C

Amount of CO; required to achieve 10°C drop in leg temperature

—462.9x 103 =m x 844 X —169.58

_ —4629x%10°
™ = 844 x —169.58
=3.23g

3.23
0.425

Number of bottles of CO, =

= 7.6 bottles

The CO, was released through a manually controlled screw valve (CO, Supermarket, South
Milford, UK). The flowrate of the CO, was therefore difficult to control as it was not
quantifiable. The varying flow rate will alter how quickly the gas expands and thereby the
speed at which the tissue can be cooled. Moreover, the temperature of the tissue will also
affect the temperature change, a steeper temperature gradient will lead to greater heat loss.
In addition, the ambient temperature will affect the speed of temperature change due to the
temperature gradient between the CO; and the surrounding air leading to heat loss here.

These inconsistencies will cause variations in the efficacy of tissue cooling by CO,.
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4.4. Initial design:

The skin contacting material in the first iteration of the cooling sock was made from
UnderArmour CoolSwitch compression leggings (UnderArmour Inc, Baltimore, Maryland,
USA). These were made from a 130g polyester/ elastane material that was designed to
conduct heat from the skin to the atmosphere. Imbedded into the UnderArmour are sections
of Mesh HeatGear fabric which has been specially designed to aid ventilation which will help
with the contact of the gas with the skin. The elasticity of the UnderArmour material will

enable it to stretch round different sized limbs.

Polyester mesh with a hole diameter of 8mm (UK Fabrics Online, Stockport, UK) was sewn
onto the outside of the UnderArmour material as a support material for the tubing. Velcro
was sewn onto the edge of the UnderArmour material to enable the cooling sock to be
fastened round the leg. 12m of flexible expanded polytetrafluoroethylene (ePTFE) (Wuxi
Mayshee Developing Company, Wuxi, China) tubing was then fed through this mesh as it was
considered the maximum material that could be accommodated in this setting as seen in
Figure 4-1. The tubing had an inner diameter of 6mm and an outside diameter of 7.75mm.
ePTFE tubing was picked due to the porosity of the enabling easy gas release. The porosity of
the ePTFE tubing was tested by flushing gas through the tubing when it was submerged in
water to see how much gas escaped as depicted in Figure 4-2. Additionally, ePTFE is a class
VI approved, biocompatible, chemically inert and chemically resistant material making it

suitable for use in a wound environment.
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Figure 4-1: Experimental set up for testing 1t iteration of cooling sock

Figure 4-2: Testing the porosity of the ePTFE tubing by flushing gas through submerged tubing
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4.4.1 Preliminary temperature testing:

A thermocouple (RS Components, Corby, Northamptonshire, UK) was placed at the CO,
source and at the end of the ePTFE tubing. As stated in section 4.3 the CO; was released by
way of a manually controlled valve activated with a screw system. This adaptor was then
connected the cooling sock via a series of connectors (Fisher Scientific, Leicestershire, UK).
The temperatures were then recorded by a Pico USB TC-08 Thermocouple Data Logger (Pico
Technology, Cambridgeshire, UK) for 500 seconds. As can be seen in Figure 4-3, whilst a large
drop in temperature was seen at the source (-36.08°C at 21 seconds, the lowest temperature
achieved) the temperature drop at the distal end of the tubing was less substantial (12.49°C

at 21 seconds).
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Figure 4-3: Temperature profile over 500 seconds using CO; in 15t jteration of cooling sock

The far smaller drop in temperature as the distal end is most likely due to a few different
reasons. Firstly, the CO, had to travel 12m down porous tubing to reach the end

thermocouple. This means that the CO, will have gained a lot of heat from the atmosphere
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whilst travelling along the tube to the distal end. Additionally, the porosity of the tube means
that most of the CO, will have left the tube by the time it has travelled to the distal end. A
smaller volume of CO; means a reduced cooling effect. Furthermore, no material was placed
over the polyester netting as an outer layer to create an enclosed environment around the
ePTFE tubing when constructing the cooling sock. This means that any CO; lost from the tube
will disperse into the environment rather than being contained in the area immediately
around the limb. Finally, it is possible that a heat reflective outer layer may have prevented

the heat from the environment passing to the CO,.

4.5. Second iteration:

4.5.1. Design alterations:

To achieve a more even distribution of CO; over the leg, and therefore a better cooling effect,
the design of the cooling sock was changed. Instead of one long 12m length of ePTFE tubing
the sock was covered by 16 1m lengths of ePTFE tube positioned equal distances apart. This
means that the CO, covered the leg with a more even distribution. The distal ends of the
ePTFE tubes were sealed with superglue. It is thought that by sealing the ends of the tubes

the CO; will vent into the sock rather than escaping out the bottom.

A manifold was designed and fabricated to enable CO, to be passed through 16 tubes from
one bottle of gas. The manifold was designed using CAD and then printed using an
EnvisionTEC® Perfactory® Desktop XL printer (EnvisionTEC GmbH, Gladbeck, Germany) with
Magics® software (Materialise, Sheffield, UK). The resolution selected for printing was 25
microns and parts were printed using HTM140 material, a methacrylic-/acrylic- resin

manufactured by EnvisionTEC®, with ABS-like material properties. At the gas inlet, a polymer

91



male fitting for a 16mm tubing diameter (Valves Online, Devon, UK) was screwed onto the
manifold. Flexible nylon tubing (16 mm OD, 13 mm ID) (Advanced Fluid Solutions,
Chelmsford, UK) was used to connect the gas bottle to this fitting. At the manifold outlet, 4
polymer male thread Y stud push fittings (10 mm tube diameter, 3/8”) (Valves Online, Devon,
UK) were screwed on and connected to flexible nylon tubing (10 mm OD, 8 mm ID) (Advanced
Fluid Solutions, Chelmsford, UK). At the ends of these 8 lengths of tubing were 6mm Y-piece
hose connectors (Automotive Silicone Hoses, Mirfield, UK) which connected to the 16 ePTFE

tubes. Figure 4-4 shows the manifold configuration.

Figure 4-4: Manifold used with 2" jteration of cooling sock

To reduce the amount of CO; escaping to the environment a backing material was used. The
backing material selected was Shieldtex/780 heat shield fabric (Textile Technologies Europe
Ltd, Hyde, Cheshire, UK). This material consists of a 20-micron aluminium sheet which is
impregnated with a black flame-resistant polyurethane coating. The material should contain

the CO; within the cooling sock. In addition, the aluminium sheet should prevent a rapid
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increase in the temperature of the CO,. Keeping the temperature increase low will prolong
the cooling effect of the gas. The 16 ePTFE tubes were attached to the backing material using
Velcro. UnderArmour was again used as the skin contacting material, this was attached to

the backing material by stitching down two sides as seen in Figure 4-5

Figure 4-5: Arrangement of tubes in 2" jteration of cooling
sock

Velcro straps were used to close the cooling sock around the mannequin leg used for testing.

Figure 4-6 shows the completed cooling sock in an open position as well as closed around the

mannequin leg.
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Figure 4-6: 2™ jteration of cooling sock both open and closed around the mannequin leg.

4.5.2. Temperature testing:

To test the efficiency of the 2" iteration of the cooling sock the temperature was recorded
using thermocouples placed at 5 defined positions on the mannequin limb. These positions
were the thigh, upper calf, mid-calf, lower calf and the ankle. The thermocouple locations
alternated between the lateral and medial side of the leg. The positions of the markers were
marked with tape so the thermocouples could be placed in the same places each test. These
defined positions were chosen as they allowed for the maximum amount of coverage of the
limb. Figure 4-7 shows the chosen location of these thermocouples. The mannequin limb was
made of a clear plastic material. This material may have an effect on the cooling profile

recorded as the plastic is likely to be cooled by the gas and then retain this temperature. This
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effect is mitigated between the tests because the same mannequin limb is used for all tests.
However, the effect may be noticeable when transferring the cooling sock from the

mannequin to tissue.

e S & o LN

Figure 4-7: Location of the defined thermocouple positions on the mannequin limb

One full bottle of CO, was flushed through the cooling sock. The temperatures were recorded

once a second over 500 seconds. Figure 4-8 shows the graph of these results.
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Figure 4-8: Temperature profile using iteration 2 over 500 seconds

As can be seen from this graph a sharp temperature decrease was seen at the thigh and
upper calf markers (-29.39°C and -27.49°C respectively). The temperature change at the
other locations was far more moderate (12.17°C, 13.61°C and 2.72°C at the same time point).
This may be due to the longer distance for the CO, to travel. However, comparing the results
to those seen in Figure 4-3 it can be seen that the temperature stays low for longer in this

second iteration. Using iteration 2 of the cooling sock the temperatures after 500 seconds
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range between 3.66°C— 14.02°C (with 4 of the 5 values below 11.5°C) whereas using iteration
1 the temperatures are 6.14°C and 12.89°C. The likely explanation for this is that the backing
material prevented the CO; dissipating into the environment. The thigh rewarmed the most
rapidly, this may be due to the fact the top of the mannequin leg was open and therefore the
external air increased the temperature at the thermocouple. Considering the temperature at
all the thermocouples was below 15°C at 500 seconds it may be that these temperatures are
sufficient to reduce the temperature of the limb. One factor that should be examined in
future is whether the rapid initial drop in temperature to almost -30°C is able to cause flash
freezing of the tissue. Flash freezing of the tissue would be detrimental to the recovery of

the patient and the risk of it should be negated as much as possible.

4.6. Third iteration:

4.6.1. Design alterations:

The 3™ iteration of the cooling sock was very similar to the second. However, there were a
few small changes. Firstly, the skin contacting material was changed. Rather than using
UnderArmour, material with a similar composition of 190g polyester/ elastane (Fabric Land,
Bournemouth, UK) was used. When creating the cooling sock, the skin contacting material
was not stretched over the ShieldTex backing material but laid over it and cut to size.
Secondly, the ePTFE tubes were superglued to the backing material rather than using Velcro
to attach them (Figure 4-9). The size of the sock was also increased slightly to increase the
variety of limbs this cooling sock could be used on. The backing material and the skin

contacting material were stitched together down three sides. Velcro was sewn along the long
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edges to close the sock and double-sided Velcro straps were used to increase the security of

fastening.

Figure 4-9: Arrangement of tubes on 3 iteration
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4.6.2. Temperature testing:

Three tests were run over 20 minutes using the 3™ iteration of cooling sock on the mannequin
leg. Thermocouples were placed at the same 5 defined points on the mannequin leg. Figure

4-10 shows the temperature profile of the three tests in chronological order.

Table 4-1: Maximum temperature change at each location for 3 tests using third iteration with mean and SD
Test Thigh Upper calf Mid-calf Lower calf Ankle

Test 1 10.94 8.46 8.80 10.16 14.05

Test 2 22.24 10.57 4.92 12.78 12.19

Test 3 9.02 10.66 10.81 8.71 15.35
Mean 14.07 9.90 8.18 10.55 13.86

SD 7.14 1.25 2.99 2.06 1.59

As can be seen in Figure 4-10, the tests did not produce consistent cooling profiles. Table 4-1
shows that the thermocouple location with the greatest temperature change varied with
each test and that the temperature change at each location was not reproduced between
the tests. The thigh produced the most variable results with the lowest temperatures
recorded ranging from 13.23°C to 1.18°C. One possible explanation for this is that the
thermocouple may not have been covered fully by the cooling sock each time. Furthermore,
as the flow of CO; was manually controlled the CO, may have been flushed through the sock
at an inconsistent speed which will affect the cooling effect produced. In addition, the CO,
flow may have been halted when there was still some CO; left in the bottle so the full cooling
capability would not have been utilised. The ankle produced consistently low temperatures;
this may be because the thermocouple was positioned near the tubes that were straight

below the manifold. Therefore, the CO, had the shortest distance to travel outside the
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cooling sock meaning the amount of heat gained from the environment would be reduced.
The temperature did not return to baseline over 20 minutes in any of the tests which suggests
the backing material did prevent rapid rewarming. However, it is unlikely the temperatures
produced would be low enough to sufficiently cool a limb. The reason for this is that the end
temperatures for all tests ranged between 14.08°C and 19.58°C, standing outside when the
ambient temperature is in this range will not result in the rapid reduction of the core
temperature of the limbs. It is possible that with extra flushes of CO;, the temperature within
the cooling sock could be maintained at a lower temperature which could result in the

reduction of the core limb temperature.
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Figure 4-10: 3 graphs placed in chronological order showing the temperature profile over 20 minutes for the 3@
iteration of cooling sock
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4.7. Fourth iteration:

4.7.1. Design alterations:

In an attempt to counteract the lower temperatures being experienced higher up the limb
due to them being closer to the CO; source, the arrangement of ePTFE tubes was altered for
the 4™ iteration. Rather than running down the cooling sock, the tubes in the new design
stemmed from the middle of the sock. This meant that the manifold needed to be redesigned
and 3D printed with the printing specifications as described in section 4.5.1 (pages 91 to 92).
The new manifold was circular with 10 male push fittings (10 mm tube diameter, 3/8”)
screwed into the manifold at evenly spaced distances. 10 1m lengths of ePTFE tubing were
connected to these fittings. The ePTFE tubes were arranged in a wavy pattern (Figure 4-11)
to cover the largest possible surface area. The ePTFE tubes were sealed at one end with
superglue and held onto the ShieldTex backing material using medical tape (3M United

Kingdom PLC, Bracknell, UK).

Figure 4-11: New design of manifold and tube arrangement of 4t jteration of cooling
sock
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Velcro provided a fastening for the cooling sock along two edges. Additionally, thin strips of
Velcro were placed along all 4 edges of the backing material to enable a polyester mesh, as
used in iteration 1 (described on page 88), to be positioned over the tubes. The skin
contacting material was changed from the polyester/ elastane material to polyester netting.
The reason for this was to reduce the number of layers that the CO; had to pass through to
reach the limb. The mesh did not impede the flow of CO; whilst at the same time provided
some protection of the tubes to prevent them becoming dislodged. Figure 4-12 shows the

finished 4™ iteration of the cooling sock.

Figure 4-12: Completed 4t iteration cooling sock

4.7.2. Temperature testing:

To test the efficiency of this iteration of cooling sock it was applied to the mannequin limb
and the temperature profile recorded (Figure 4-13). The test ran for 20 minutes with

sampling occurring once a second.
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Figure 4-13: Temperature profile over 20 minutes when using 4t iteration of cooling sock on mannequin limb

When the cooling sock was removed it transpired that the thermocouple positioned at the
mid-calf was placed close to the manifold which explains the much larger decrease in
temperature. This test did not show a great decrease in temperature when compared to the
previous tests as the temperature only dropped by 10°C in one location. However, after 20

minutes the temperature still had not returned to baseline.

4.8. Fifth iteration:

4.8.1. Design alterations:

The ShieldTex backing material used in the previous 3 iterations was not a very flexible
material, this meant that the cooling sock did not conform to the contours of the leg very
well. A greater distance between the ePTFE tubes and the limb will reduce the cooling
capability of the CO; as it is not in direct contact with the skin. The cooling sock did not fit
tightly around the ankle and the top of the thigh. This meant that a large amount of CO; was

lost to the atmosphere and therefore was not able to cool the limb. In addition, the ShieldTex
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was not appropriately elastic so the cooling sock was not able to fit a wide variety of limbs.

For the aforementioned reasons the backing material of the cooling sock was changed.

The new design was constructed using a 1.5mm neoprene-insulated water sport material
(Gill, Nottingham, UK). This neoprene-based material conformed to the limb much better
than the ShieldTex material. It is also elastic so should be able to fit various limb sizes. Due
to the cross-linking process of making neoprene the material is not easily permeable to gas
so the CO; should be contained within the cooling sock. Both legs of the surf trousers were
removed and cut down the middle of the front of the leg to enable them to be opened up. A
76cm open-ended 10mm chain zip (ProFabrics, Chester, Cheshire, UK) was sewn down the
long edges to enable the sock to be zipped shut. This should prevent CO; from being lost

through the fastening and provides stronger fastening mechanism.

The manifold design was changed back to the manifold configuration used in iterations 2 and
3 (described previously on pages 91 to 92). 16 1m lengths of ePTFE tubing were separated by
40mm at the proximal end of the sock with the sealed end of the tube at the distal end of

the cooling sock and stitched on as seen in Figure 4-14.
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Figure 4-14: 5t jteration both open and zipped up

4.8.2. Temperature testing:

Figure 4-15 shows the temperature profile of the thermocouples when CO, was flushed
through the 5% iteration of the cooling sock. Temperatures were recorded twice a second

for 8 minutes.
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Figure 4-15: Temperature profile produced with 5t jteration over 8 minutes.
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All thermocouples experienced a large decrease in temperature (temperature decreases as
follows: thigh 18.8°C, upper calf, 45.62°C, mid-calf 26.18°C, lower calf 22.61°C, ankle
19.86°C). This iteration was the first one to produce an initial decrease in temperature of
more than 15°C across all 5 thermocouples. This indicates that a tighter cooling sock may
produce a better cooling effect. Furthermore, the increased cooling effecting of this iteration
of the cooling sock could have been caused by the insulating ability of the neoprene material
compared to the ShieldTex material. Having a material with greater insulating properties will
mean that the heat from the environment will not pass into the CO; so more heat will
therefore be removed from the limb. Whilst all thermocouples were still showing
temperatures below 20°C at 8 minutes, only 2 thermocouples (lower calf and ankle) were still
below 15°C. This rate of rewarming is unlikely to sufficiently cool the limb. A warmer baseline
temperature i.e. 37°C (normal body temperature) will result in a greater initial temperature
decrease due to the larger temperature change gradient, it is possible that a greater
temperature reduction will lead to slower rewarming of the limb and therefore a better

cooling capability.

The 5% iteration of the cooling sock was tested again with CO, being flushed through it. The
CO, valve was opened to around 90% with the full 60L bottle being emptied in less than 30
seconds. Temperature values were recorded once a second for 20 minutes. Figure 4-16

shows the temperature profile produced from this test.
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Figure 4-16: Temperature profile of 5th iteration over 20 minutes

From this graph it can be seen that a much sharper temperature decrease was produced
when the CO, started flowing (temperature decreases as follows: thigh 23.96°C, upper calf
32.64°C, mid-calf 21.31°C, lower calf 27.83°C, ankle 25.63°C). The mid-calf thermocouple
consistently showed the highest temperatures however, a temperature of 1°C was still
achieved when the CO; started flowing. Nevertheless, this may offer a degree of safety for
the long-term use of the cooling sock. If the temperature remains above freezing then the
risk of accidentally freezing the superficial tissue is negligible. By 20 minutes the
temperatures had recovered to almost baseline, a slower rewarming rate will be needed to

efficiently cool the limb with one flush.

Table 4-2: Greatest initial temperature change at all limb locations for two tests using 5t iteration sock

Test Thigh Upper calf Mid-calf Lower calf Ankle
1 18.81 45.62 26.18 22.61 19.86
2 23.96 32.64 21.31 27.83 25.63
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When comparing Figure 4-15 and Figure 4-16 the initial temperature change when the gas
was flowing differs between the two tests as shown in Table 4-2. The greatest initial
temperature change is shown in Table 4-2 because the time that the location takes to reach
its lowest temperature varied by 9 seconds in test 1 (18-27 seconds) and by 10 seconds in
test 2 (33-43 seconds). This suggests that the cooling profile was affected by how the gas is
released from the canister. At 8 minutes the temperatures of all thermocouples were lower
in the second test with all but the one at the thigh still below 15°C, suggesting a faster cooling

rate when the gas is first released increases the rewarming time.

4.9. Sixth iteration:

4.9.1. Design Alterations:

The 6" iteration was made in a very similar way to the 5% iteration. 1.5mm neoprene-
insulated water sport material was used for the cooling sock outer material and a 76cm open-
ended 10mm chain zip was stitched to the long edges to hold the cooling sock closed.
However, non-porous silicone tubing (10 mm OD, 8 mm ID) was used to carry the CO. A non-
porous material was used on this occasion to prevent the CO; being lost out of the tubing
before it could reach the end of the tubing. Furthermore, the cooling of the tubing by the
CO, may cause a secondary cooling effect on the limb. The manifold was at the distal end of
the cooling sock. The non-porous tubes start here and pass along the length of the sock. The
tubes were then folded back on themselves and end at different distances down the sock.
This will enable the CO; to be released at different distances along the leg. Figure 4-17 shows

the new arrangement of non-porous tubing.
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Figure 4-17: Arrangement of non-porous tubing for 6t iteration

To prevent the tubes leading from the manifold from kinking new lengths of tubing were cut.

Figure 4-18 shows the experimental set up for testing iteration 6 with CO..

Figure 4-18: Experimental s“et up using 6t jteration cooling sock
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4.9.2. Temperature Testing:

Iteration 6 was tested using CO; for 20 minutes. Figure 4-19 shows the temperature profile

recorded.
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Figure 4-19: Temperature profile produced over 20 minutes with 6th iteration

The thermocouples showed dramatically different temperatures during this test. The results
for the thermocouples located at the ankle and mid-calf were promising. The lowest
temperature achieved at the ankle was -43.16°C. It is likely that this was due to how tight the
tubes were held around the ankle allowing for efficient heat exchange. In addition, the tubes
were close together at the ankle meaning that a greater surface area was covered which
would have increased the amount of heat that can be removed. At 20 minutes the
thermocouple at the ankle was reading 5.52°C, this suggests that the non-porous tubing
produced a much slower rewarming time than the porous tubing. This slower rewarming
time may have been due to the non-porous tubing holding the cold and thereby producing a
cooling effect once the CO, was no longer flowing. The thermocouple at the mid-calf also

experienced a sharp decline in temperature when the CO, started flowing reaching a

110



temperature of -11.43°C. After 20 minutes this value had only risen to 11.47°C which again

suggests that the non-porous tubing increased the rewarming time.

However, the temperatures produced at the thigh, upper calf and lower calf were not as
promising. The thigh thermocouple did not show a temperature below 9.5°C. This may have
been because the thermocouple was not positioned right next to a tube. At the proximal end
of the leg the tubes are far more spaced out and therefore there was a smaller surface area
of the limb covered. Whilst the thigh thermocouple demonstrated a relatively slow
rewarming rate, much lower temperatures will be needed to cool the mass of the thigh. The
thermocouples placed at the lower calf and upper calf did not display much cooling at all.
This may have been due to a number of reasons. Firstly, once the cooling sock was opened it
was seen that the thermocouples were not placed under a tube but were instead relatively
close to the zip. This means that there was no CO, directly cooling these thermocouples. In
addition, there were no open tube ends near the thermocouples which again means that the
CO, was not able to cool the thermocouple directly. This suggests that whilst the non-porous
tubing may have been able to slow down the rewarming process it was not able to distribute
the CO; throughout the cooling sock meaning some sections of the limb were not cooled.
However, the temperature at the lower and upper calf did begin to decrease over the 20
minutes. This may mean that the chilled non-porous tubes produced a secondary cooling
effect. This secondary cooling effect was caused by the tubing being cooled down as the CO,
flowed through it. The tubing then held this reduced temperature for a prolonged period

which will help to cool the limb tissue.
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To help with the distribution of CO, over the limb from the non-porous tubing 1Imm holes
were made in a line at 10cm intervals along the top of the tubing. These holes started 1cm
further along each tube to ensure the CO, would be able to cool sections of the limb not
directly covered by a tube. Another test was undertaken to see if the addition of the holes
resulted in lower temperatures at the thigh, upper and lower calf. Temperatures were

recorded once a second for 20 minutes. Figure 4-20 shows the temperature profile recorded.
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Figure 4-20: Temperature profile produced over 20 minutes using 6" iteration with holes made in tubing

Figure 4-20 shows that despite holes being made in the tubing the temperature at the upper
and lower calf did not reduce significantly. Although the temperature at these thermocouples
continued to decrease over the 20 minutes this would not be sufficient to cool the limb in
any way. On the other hand, the ankle was the only thermocouple to record a temperature
below 0°C at any point. This suggests that the addition of holes to the tubes caused the
release of enough CO; to prevent efficient cooling further down the limb away from the

manifold.
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4.10. Iteration 6.2:

4.10.1. Protocol development:

After consideration of the data the decision was made to examine the use of non-porous
tubing again. It was thought that the prolonged re-warming time may have more of a cooling
effect than the initial low temperatures. The 6™ iteration of the cooling sock was tested again
using three different protocols to determine the best method to use when cooling the next
animal limb. Before the limb tests took place a modification to the cooling sock was done.
This involved polyester/ elastane material being stretched over the tubes to protect them.
Covering the tubes had the additional benefit of stopping the tubing getting stuck to the

plastic mannequin limb and therefore enabled the better positioning of the cooling sock.

For these tests the position of the thermocouples was changed slightly. The thermocouples
were positioned at the same height on the mannequin leg. However rather than being
positioned on the sides of the limb, the thermocouples were placed on the front and back,

as shown in Figure 4-21.
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Figure 4-21: New positions for 4 thermocouple placements for testing 6 iteration
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The first protocol followed the same method of the previous tests with the whole CO; bottle
being flushed through the cooling sock at the beginning of the experiment. Figure 4-22 shows
the results for this test (lowest temperature achieved: Thigh 17.15°C, Upper calf 15.53°C,

mid-calf 18.07°C, lower calf, 11.76°C, ankle 15.24°C).
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Figure 4-22: Temperature profile over 45 minutes. One bottle of CO2 released at beginning of experiment

This graph shows that although there wasn’t a huge decrease in temperature when the CO,

started flowing, by 45 minutes the temperatures had not returned to baseline.

4.10.1.1. Refinement of cooling protocol:

The rational for changing the protocol was to observe if the releasing one bottle of CO; in a
number of flushes over a protracted period could prevent rewarming at the limb surface and
thereby creating a prolonged cooling effect. The second protocol was to release CO, for 10
seconds every 5 minutes. At 25 minutes the CO, was released for 20 seconds as this was the
end of the bottle. When the bottle was running out the pressure of the CO; in the bottle has

decreased, this means that the energy taken in when the CO, expands when leaving the
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bottle is reduced. Therefore, the cooling effect of the CO; is lessened. Figure 4-23 is a graph

showing the temperature recorded at the thermocouples during this experiment.
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Figure 4-23: Temperature profile produced with 6 jteration when releasing 10 seconds of CO; every 5 minutes

The release of CO; every 5 minutes can be distinguished on this graph. It can also be seen
how the decrease in temperature was reduced as the bottle empties. However, releasing the

CO; in small bursts did not enable the limb to be cooled as much initially.

4.10.1.2. New cooling protocol:

Releasing one full bottle of CO; resulted in an initial rapid decrease in temperature at the
mannequin limb surface. This temperature then rose steadily due to no further application
of cooling. Releasing 10 second flushes of CO, caused smaller reductions in temperature at
each time point. To achieve prolonged cooling these two methods were combined so initial
cooling was rapid and the rewarming could be slowed due to smaller bursts of cooling every
5 minutes. This will also enable the tubing to remain cold and provide a more effective

secondary cooling effect. Therefore, the new protocol involved the initial release of one full
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bottle of CO, followed by 10 second flushes every 5 minutes from a fresh bottle. At 30
minutes the CO, was released for 45 seconds, again due to the fact the bottle was running

out. Figure 4-24 shows the temperature at the thermocouples for this test.
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Figure 4-24: Temperature profile for 6t iteration when full bottle of CO; released at beginning of experiment
followed by 10 seconds every 5 minutes

From this graph it can be seen that combining the two protocols produced a much slower
rewarming time. Even after 1.5 hours the temperature at the thermocouples had not yet
recovered to baseline. It is hoped that a prolonged rewarming time of the tubes will increase

the cooling of the limb.

4.10.2. Design of iteration 6.2:

The dimensions of the sixth iteration cooling sock were too large for the porcine limb (limb
size defined in Chapter 6 page 160). This meant that the CO, was being flushed through far
more tubing than it needed to be which could be reducing the cooling effect due to the
resistance in the tubes and the distance travelled. Thereby, a shorter cooling sock was made.

This cooling sock was also made from 1.5mm neoprene-insulated water sport material. The
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leg was cut off around the knee and cut open along one side. The original manifold described
in section 4.5.1 will be used for this cooling sock. 16 lengths of non-porous AVECOR 7/64
1/16 class VI silicon (AVECOR Cardiovascular Inc, Minneapolis, Minnesota, USA) tubing were
cut. The tubing was cut to different lengths to enable the CO; to be distributed around the
limb. The tubes were stitched on and polyester/ elastane material stretched over the tubing.

Figure 4-25 shows the arrangement of tubes in the cooling sock.

Figure 4-25: Layout of non-porous tubing for smaller version of 6t iteration

The mannequin leg used previously was too big to test this cooling sock so therefore an arm
from the same mannequin was used to test what temperatures could be produced at the
surface of the limb. Thermocouples were placed at similar positions to those located on the

mannequin leg as seen in Figure 4-26.
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Below elbow

Forearm

Figure 4-26: Location of thermocouples on mannequin arm
The graph in Figure 4-27 shows the temperatures produced at these thermocouples over 1

hour after the release of one bottle of CO,.
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Figure 4-27: Temperature profile produced over 1 hour using shorter 6 jteration cooling sock

This graph shows that there was a large decrease in temperature at the wrist, forearm and
above the elbow when the CO; started flowing. The upper arm and below the elbow also
showed a substantial drop in temperature though not as dramatic as the other 3
thermocouples. There was also a slow rewarming time at all thermocouples with the baseline

temperatures still not being reached after an hour. There seemed to be a build-up of dry ice

118



crystals (CO, snow) in the cooling sock at the wrist. Dry ice is produced by deposition, the
change of gas to solid particles without forming liquid, due to the rapid expansion of
compressed CO,. CO; exists in a solid form at temperatures of -78.5°C and below (engineering
Toolbox, 2018)- The dry ice then sublimes straight from solid to gas and evaporates. The presence
of this very cold material in the sock will have caused a cooling effect until such time as the
dry ice crystals had evaporated and disappeared. The presence of dry ice crystals was
presumably why the thermocouple at the wrist took such a long time to reach 0°C. It is
possible that the low temperatures produced at the wrist and forearm could cause tissue
damage, especially if the temperature stays below 0°C for a prolonged period. However, the
results produced in this test do show that the use of CO, can produce low temperatures and

the use of non-porous tubing can prolong them.

4.11. Seventh lteration:

Iteration 6.2 of the cooling sock was used during tests of the technology in a simulated
combat setting using isolated porcine limbs as described in Chapter 6. Looking at the data of
these studies it was decided that a change in the design of the cooling sock was needed to
enhance cooling. A second topical cooling method was introduced by using the flow of gas
to disperse FLUTEC PP80, a Perfluoro-2-methyl-3-ethylpentane coolant fluid, over the limb
(specification sheet included in Appendix 1). This fluid works by removing heat due to
evaporation of the fluid from the skin surface. As the CO, stream passes over the top of the
coolant bottle the force draws the coolant up to the gas flow and it is then carried onto the

limb. Figure 4-28 shows the arrangement of the gas and coolant distribution mechanism.
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Gas Propellant

Coolant Reservoir

Figure 4-28: Gas and coolant distribution mechanism

FLUTEC PP80 was used for a number of reasons. The first is that it considered biologically
inert thereby should not cause any ill effects when being used within the wound environment
(see Appendix 1). However, it should be noted that this fluid has not been defined as
biocompatible so further testing will be needed before it can be used in patient trials.
Furthermore, FLUTEC PP80 is chemically inert, non-flammable and is not temperature
sensitive (see Appendix 1). This means it is suitable for use in the field and will not degrade

when stored for long periods.

To make the seventh iteration of the cooling sock a pair of 1.5mm neoprene surf trousers
were cut up the inside seam. Open-ended chain zips were then stitched on to enable secure
closure of the sock. To make the CO, and coolant dispersal system AVECOR 7/64 x 1/16 class
VI silicone tubing was used in conjunction with Y connectors and female Luer to barb
connectors (Nordson Medical, Westlake, Ohio, USA). Figure 4-29 shows the arrangement of

these tubes and outlet points.
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Figure 4-29: Arrangement of tubes and outlets in the seventh iteration of cooling sock

The tubes were then covered with a polyester/elastane material which was stitched along
the seams to hold it in place. Holes were cut in this material and the Luer connectors were
poked through to enable to FLUTEC PP80 fluid to come into direct contact with the limb.

Figure 4-30 shows a photograph of the inside of the completed seventh iteration.

Figure 4-30: Completed seventh iteration of the cooling sock

121



4.12. Eigth iteration:

The seventh iteration of the cooling sock does not cover the foot, it only goes as far as
covering the ankle. Evidently this will not allow for the cooling of the soft tissue of the foot,
nor will it protect the foot from environmental contamination such as dust. For this reason

the cooling sock was redesigned with a section suitable for cooling and covering the foot.

The main body of the cooling sock was made with the same specifications as the seventh
iteration. However, more 1.5mm neoprene was cut from the disused waistband of the surf
trousers which was large enough for the sole of the foot of the mannequin limb to fit in.
1.5mm neoprene was then used to create flaps which will fold over the sides and top of the
foot. Velcro was stitched onto this foot covering to hold it closed. The coolant nozzles were
extended further so that CO; and the FLUTEC PP80 would flow over the foot. Figure 4-31
shows the completed eigth iteration of the cooling sock. It shows both the locations of the
coolant distribution nozzles as well as the cooling sock closed around the mannequin limb.
In addition, Figure 4-31 shows the a close up of the mannequin foot in the foot section of the

cooling sock as well as the complete encapsulation of the foot.
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Figure 4-31: Eight iteration of cooling sock. Both open and closed as well as close ups of foot covering
mechanism

The cooling sock went through many design changes during the development process. The
data obtained in cooling tests of each iteration were taken into consideration when designing
the next one. The aim of the changes was to maximise temperature reduction and
maintenance at all 5 thermocouples. The first of these was to change the backing material
from ShieldTex to a neoprene-based water sports material. The reason for this was to allow
a more intimate sock fit around the limb with the aim of preventing the loss of CO; into the
atmosphere. The arrangement of the tubes and the tube openings was intended to ensure

maximum exposure to cooling over the surface area of the limb.
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The change from porous tubing to non-porous tubing was to identify if the non-porous tubing
would also be cooled by the CO; and act as a secondary cooling mechanism. The cooling data
recorded for iteration 6 does indicate this when compared to iteration 5 confirming the
choice of non-porous tubing going forward. Altering the CO; release protocol was done to
develop a protocol which would result in prolonged low temperatures at each of the 5
thermocouples. The use of PP80 coolant fluid was introduced to examine if this would result
in continued cooling during the periods between CO; flushes. The data suggested that this
was the case so the cooling sock was redesigned with nozzles protruding through the lining
material to allow for even distribution of coolant fluid over the limb. In summary, the design
changes of the cooling sock were in response to perceived shortcomings in the previous
approaches with the end objective of maximising controlled cooling over the largest surface

area possible.
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Chapter 5. Small-scale tissue testing:

5.1. Justification for testing:

The aim of these small-scale tissue tests is to see how the temperature propagates through
different tissue types by measuring the temperature change at 3 different depths in slices of
porcine tissue with the skin and fatty layer still present. The design of the following
experiments was based on work on the effect of scalding on tissues previously carried out by
Professor Gourlay as part of an MSc project at Imperial College London, investigating heat
propagation through tissue associated with topical scalding agents. The main reason porcine
tissue will be used was due to its similarities to human tissue. Porcine tissue is already an
accepted model for human skin studiesacobi et al., 2007, swindle et al,, 2011). The structure of porcine
skin is very similar with the same ratio of dermal to epidermal thickness and hair covering
(swindle et al, 2011, Summerfield, Meurens and Ricklin, 2015, Jacobi et al., 2007). HOwever, the porcine tissue does
generally have a thicker subcutaneous fat layer which will provide extra insulation when

cooling (swindle et al,, 2011)-

Using smaller sections of tissue enables the tissue to be seen side on with each tissue type
and layer displayed. Having each tissue type present will mean that the difference in cold
propagation at each point from topical cooling can be observed. Smaller tissue samples also
mean that the tissue can be more easily obtained. Furthermore, the tissue samples will be
dead tissue so can be re-used for multiple tests of the same topical cooling mechanism. The
benefit of this is that it minimises tissue variation, presenting a more standard testing

scenario. Using tissue samples with the skin and fatty tissue present means that the tissue
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sample will more closely resemble that environment in which the cooling technology will be

deployed.

Three different cooling mechanisms were used during the small-scale tissue tests. The
conditions were as follows:

(a) CO;

(b) Ice

(c) No cooling
The tests with no topical cooling application will be used as a control to investigate how the
tissue cools without any intervention. Ice is the standard method of topical cryotherapy used
during sports injuries. For this reason, it was decided to compare the ability of CO, to cool
compared with the results produced using ice. If the results for using CO, are similar to the
results with ice then it would suggest that the CO; will be an effective coolant and more
appropriate for austere settings. Two different protocols for CO, release will be used to
discover which method is more effective at cooling the tissue. These protocols differ in the
number of CO, bottles utilised during the initial cooling period. The first tests will use 2
bottles while the second will employ 3 bottles. Moreover, all three methods of cooling will
be repeated at two different tissue starting temperatures. The first of these is 37°C, reflecting

the normal human tissue temperature. The second is a starting tissue temperature of 25°C

to demonstrate the impact of initial tissue hypothermia on the cooling profile.
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5.2. Testing protocol:

The tissue sample used in these experiments was skin-on pork obtained from a local butcher.
The tissue sample was prepared by being cut into a rectangle of 100mm x 60mm. The tissue
sample was then placed into a sealed plastic bag and submerged in a water bath to warm to
the desired starting tissue temperature (37°C or 25°C). Whilst the tissue sample was warming
up the test rig was set up. A FLIR One Pro thermal camera (Flir Systems Inc, Wilsonville,
Oregon, USA) was attached to an iPhone SE and placed in a clamp 100mm from the test rig.
A G clamp was then used to secure the test rig in position. Three markers were positioned
on the thermal camera screen at the top, middle and bottom of the test window to allow the
temperature of the superficial, mid and deep tissue to be measured. Once the tissue sample
was at the desired temperature it was removed from the water bath and placed into the test

rig. Figure 5-1 shows the empty test rig used in this series of experiments

Figure 5-1: Small-scale tissue test rig
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For the experiments using CO; a length of silicone tubing was threaded through the top of
the rig and taped to the table to retain it when the gas was flowing. Tissue paper was placed
between the tubing and the lid to ensure contact of the tubing with the tissue sample. The
lid was secured using rubber bands. Just prior to the start of cooling, the room temperature
and starting temperatures of each tissue depth were recorded. A thermal photograph was

taken every 30 seconds for the duration of the experiment.

The cooling protocol for each method of cooling was as follows:

- 2initial bottles of CO;: 2 full bottles of CO, were emptied consecutively during the
initial 6-minute cooling period. From 7 minutes, 10 seconds of CO;, was flushed
though the system every 3 minutes until 55 minutes has passed. Each bottle of CO,
could produce 4 flushes of gas and 4 bottles of CO, were used in the secondary
cooling period. Once the 55 minutes had passed, the temperature of the tissue was
recorded for the next 5 minutes to see how the tissue re-warmed. This experiment
was repeated 3 times.

- 3initial bottles of CO;: 3 bottles were emptied consecutively in the initial 10-minute
cooling period. During the secondary cooling period, 10 seconds of CO, were flushed
through the test rig every 3 minutes until 46 minutes had passed. Again, one bottle
of CO, was used for 4 flushes. However, to keep the total amount of CO; used equal,
only 3 CO; bottles were used during the secondary cooling period. Thermal
photographs were taken until 60 minutes had passed so the re-warming of the
tissues could be studied. This test was repeated 3 times at each of the starting

temperatures.
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- Ice: the lid was not placed on the test rig during the ice tests. A Gio’ style 200g Ice
Ole classic ice pack (Gio’Style Spa, Urgnano, Bergamo, Italy) was placed on the top of
the rig. The ice pack was removed at 46 minutes to replicate the total cooling time
during the 3 initial bottles of CO, tests. Thermal camera photos continued to be taken
till 60 minutes. This experiment was repeated 6 times at each of the starting
temperatures.

- No cooling: during these tests the lid was placed on the rig. Thermal camera
photographs were taken for 60 minutes. The experiment was repeated 6 times at
both temperatures.

Table 5-1 shows a summary of the experiments conducted according to this principle
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Table 5-1: Summary of the tests for each cooling mechanism

Cooling Starting Time for | Total Rewarming | Total Number
method tissue initial cooling time experimental | of
temperature cooling time (minutes) time repeats
(°C) (minutes) (minutes) (minutes)
2 initial 25 6 55 5 60 3
bottles
of CO;
3 initial 37 12 48 12 60 3
bottles
25 10 46 14 60 3
of CO,
Ice 37 N/A 46 14 60 6
25 N /A 46 14 60 6
No 37 N/A 60 N/A 60 3
cooling 25 N/A 60 N/A 60 5

130



5.3. Results:
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Figure 5-2: Temperature change at each depth of tissue for 2 bottles of CO; during the initial cooling period
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As Figure 5-2 shows the temperature decreased at each tissue depth during both the initial
and secondary cooling periods, shown by the grey dotted lines on the graph. The exception
to this is the temperature recorded in the deep tissue during test 2. In this test there is a large
change in temperature (-2.4°C in the superficial tissue and -8.2°C in the mid and deep tissue)
at around 54 minutes which is after cooling had stopped and the tissue was rewarming. No
logical reason could be found for this brief temperature alteration from the numerical data
provided so the data for test 2 was not included in the calculation of the mean for 2 initial
bottles of CO.. If the data for test 2 is included in the mean it causes the line of the mean to
mirror that of test 2 with a drop in temperature of -0.56°C in the superficial tissue, -2.83°C in

the mid tissue and -2.80°C in the deep tissue during the rewarming period.

Furthermore, the temperature in the deep tissue in test 2 increases in temperature
throughout the initial cooling period by a maximum of 3.4°C at 2.5 minutes. The temperature
of the deep tissue does not drop below the starting temperature until 16 minutes. This effect
is not seen across any of the other tests using an active cooling mechanism. Therefore, it is
likely that there was a fault with the technology or the recording of data meaning the data

for this test should not be used in the mean.

As the data in Table 5-2 shows, the mean temperature change in the superficial and deep
tissue was more than the target 10°C. In the mid tissue the mean temperature change was

just under this target at -9.55°C.
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Table 5-2: Temperature change at the end of the cooling period for 2 initial bottles of CO,

Tissue depth Test 1 (°C) Test 2 (°C) Test 3 (°C) Mean # SD (°C)
Superficial tissue | -8.1 -9.0 -14.1 -11.10 +4.24
Mid tissue -10.4 -17.0 -8.7 -9.55+1.20
Deep tissue -11.0 -12.6 -9.9 -10.45+0.78
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5.3.2. 3initial bottles of COs:

5.3.2.1. 37°C starting tissue temperature:
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Figure 5-3: Temperature change from 37°C temperature using 3 initial bottles of CO; during initial cooling period
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Table 5-3: Tissue temperature change from 37°C at the end of secondary cooling period for 3 initial bottles of
CO;

Tissue depth Test 1 (°C) Test 2 (°C) Test 3 (°C) Mean # SD (°C)
Superficial -19.5 -20.2 -19.3 -19.67 +0.47
Mid -17.3 -17.7 -22.6 -19.20 £2.95
Deep -15.5 -15.9 -19.9 -17.10 £2.43

As the graphs in Figure 5-3 show, the tissue temperature decreases for the duration of both

cooling periods. The temperature decreased at a faster rate during the initial cooling period

(to the left of the first grey dashed line) than during the secondary cooling period between

the two grey dashed lines. The tissue temperature had decreased by 10°C at all depths within

22 minutes in all tests. Table 5-3 shows that at the end of the secondary cooling period (48.5

minutes) the temperature in the deep tissue was at least 15.5°C below the starting

temperature whilst the superficial tissue was up to 22.6°C below the initial temperature.

There is a much greater variation in the tissue temperature at the end of cooling in the deep

and mid tissue than there is in the superficial tissue. As Table 5-3 shows, there is 4.4°C

difference between the deep tissue temperatures, 5.3°C difference in the mid tissue and only

0.9°C difference in the superficial tissue temperature change.
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5.3.2.2. 25°C stating tissue temperature:
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Figure 5-4: Temperature change at each tissue depth for 3 initial bottles of CO, with a starting tissue

temperature of 25°C
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Table 5-4: Temperature change at end of cooling for three initial bottles at 25°C

Tissue depth Test 1 (°C) Test 2 (°C) Test 3 (°C) Mean # SD (°C)
Superficial -9.5 -13.5 -8.8 -10.6 £2.54
Mid -9.8 -11.2 -7.2 -9.4+2.03
Deep -8.1 -10.8 -8.1 -9.0+1.56

As the graphs in Figure 5-4 show, the temperature at all 3 tissue depths decreased over the

course of the experiment. The only tissue depth where the mean tissue temperature

decreased by 10°C was in the superficial tissue as demonstrated in Table 5-4. The graphs in

Figure 5-4 show that the temperature decrease was not consistent between tests. The

temperature during the secondary cooling period (marked by the grey dashed line) indicates

that the cooling rate in the mid and deep tissue was similar to the cooling rate in the initial

cooling period. The temperature in the deep tissue decreased slightly after the secondary

cooling period is over. The temperature in the mid and superficial tissue increased during this

same period.
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Ice:

5.3.3.

5.3.3.1. 37°C starting tissue temperature:
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Figure 5-5: Temperature change at each tissue depth using ice with starting tissue temperature 37°C
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Table 5-5: Temperature change at 46 minutes for each tissue depth using Ice at 37°C starting tissue
temperature
Tissue Test 1 Test 2 Test 3 Test 4 Test5 Test 6 Mean #
depth (°c) (°c) (°c) (°c) (°C) (°C) SD (°C)
Superficial | -23.0 -26.2 -20.9 -24.6 -23.9 -19.8 -23.8 ¢
2.38
Mid -19.4 -22.0 -17.6 -20.3 -18.2 -19.6 -19.4 ¢
1.56
Deep -17.5 -17.2 -14.7 -17.2 -15.9 -15.3 -16.3 ¢
1.16

The graphs in Figure 5-5 show the temperature at each tissue depth decreased steadily
throughout the whole cooling period. The initial temperature change in the first 2 minutes
was much more rapid before the rate of change slows down. As Table 5-5 shows, by 46
minutes the tissue temperature had decreased by much more than the target 10°C, reducing
by a mean of 23.8°C in the superficial tissue and 16.3°C in the deep tissue. When the ice was
removed, as shown by the grey dashed line, the temperature in the superficial tissue

rebounded at a much faster rate than the deep tissue.
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5.3.3.2. 25°C starting tissue temperature:

25°C ice superficial tissue temperature change

Time (minutes)

0
0
20.0

(Do) @8ueyd ainjesadwa]

Test3

Test 2
Test5

Test 1

Test 6

Test 4

Target temperature change

e \lean

25°C ice mid tissue temperature change

i
)
X
D
>

Time (minutes)

o N o N

(Do) @8ueyd auniesadwa]

Test 3

Test 2
Test5

Test 1

Test 6

Test 4

e \lean

Target temperature change

25°C ice deep temperature change

o N o

(Do) @8ueyd aunjesadwa]

Time (minutes)

Test 2
Test5

n
in

Test 3

Test 1

Test 6

Test4

e \lean

Target temperature change

6: Temperature change at each tissue depth from 25°C using ice

Figure 5

140



Table 5-6: Temperature change at 46 minutes for each tissue depth using ice with 25°C starting tissue

temperature

Tissue Test 1 Test 2 Test 3 Test 4 Test5 Test 6 Mean +

depth (°c) (°Q) (°c) (°C) (°C) (°C) SD (°C)

Superficial | -17.5 -17.7 -13.8 -14.8 -15.0 -16.0 -15.8 ¢
1.56

Mid -13.9 -13.0 -12.1 -12.2 -10.9 -11.1 -12.2 ¢+
1.13

Deep -12.0 -10.4 -8.5 9.3 -8.0 -10.1 9.7+
1.44

Similar to the test at 37°C, at 25°C the temperature at all tissue depths decreased more

rapidly over the first 2 minutes as seen in Figure 5-6. However, unlike at 37°C, at 25°C the

tissue temperature rebounded quickly at all 3 tissue depths once the ice was removed. The

cooling profile produced during each test is very similar. The mean temperature decrease in

the deep tissue was not able to decrease by the target of 10°C as seen in Table 5-6. This table

also shows that in the deep tissue the target 10°C decrease in temperature was only achieved

at 46 minutes in 50% of the 6 tests.
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5.3.4. No cooling:

5.3.4.1. 37°C starting tissue temperature:
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Figure 5-7: Temperature change at each tissue depth from 37°C with no active cooling mechanism
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Table 5-7: Temperature change at 46 minutes for each tissue depth with no cooling and 37°C starting tissue
temperature

Tissue depth Test 1 (°C) Test 2 (°C) Test 3 (°C) Mean # SD (°C)
Superficial -11.8 -11.7 -11.5 -11.7 +0.15
Mid -11.1 -11.2 -10.7 -11.0+0.26
Deep -10.0 -10.4 -9.9 -10.1+0.26

As the graphs in Figure 5-7 show, the temperature at each tissue depth decreased over the

entire test period with the deep tissue taking the longest to decrease by the target 10°C.

However, as Table 5-7 shows, by 46 minutes the temperature in all but 1 test had dropped

by 10°C. The rate of temperature change decreased as time increased. However, the graphs

show that the temperature change was very consistent between the tests with the lines

being very close together at each tissue depth as demonstrated by the small standard

deviations seen in Table 5-7.
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5.3.4.2. 25°C starting tissue temperature:
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Figure 5-8: Temperature change at each tissue depth rom 25°C with no active cooling applied
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Table 5-8: Temperature change at 46 minutes for each tissue depth with no cooling and 25°C starting tissue

temperature

Tissue depth | Test 1 (°C) Test 2 (°C) Test 3 (°C) Test 4 (°C) | Test 5 (°C) Mean #+ SD
(°C)

Superficial | -2.4 -4.8 -5.1 0.0 -4.8 -3.4+2.20

Mid -3.9 -3.4 -6.6 -1.9 -5.1 -4.2 +1.77

Deep -3.4 -1.6 -4.9 -1.3 -4.9 -3.2+1.73

As the graphs in Figure 5-8 show, the temperature at each tissue depth did not decrease very
rapidly. In fact, the temperature even increased slightly at the beginning of the experiment
before starting to fall. By 46 minutes none of the tissue temperatures had decreased by more
than 6.6°C with the temperature of the superficial tissue in Test 4 being the same as the initial
temperature, as demonstrated in Table 5-8. There was also a wider range of rate of tissue

temperature change when the tissue started at 25°C than at 37°C.
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5.3.5. Comparison of cooling methods:

Mean superficial tissue temperature change from 37°C
using 3 topical cooling mechanisms at 49 minutes
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Figure 5-9: Mean temperature change at each tissue level using the 3 different topical cooling methods starting
at 37°C
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The graphs in Figure 5-9 show that the tissue samples that started at 37°C were all cooled to
more than the 10°C target under all conditions. The end temperature at each tissue level was
statistically different (p<0.05) from its starting temperature for all 3 experimental conditions,
shown in Table 5-9. The graphs also show that the ice consistently cooled the tissue sample
fastest at all tissue depths. However, in the deep tissue, the rate of cooling using CO; ended
up equalled that of ice assisted cooling after approximately 31 minutes. The superficial tissue
temperature decreased very rapidly when both ice and CO; was used. When ice was used
the superficial temperature had dropped by 10°C in around 4.5 minutes with the CO, cooled
tissue taking only 3 minutes longer. Therefore, the superficial tissue temperature had
dropped by 10°C before the 3 CO, bottles in the initial cooling period were emptied.
Conversely to the experiments where the tissue temperature started at 25°C, a starting tissue
temperature of 37°C did lead to a 10°C drop in the superficial tissue when no topical cooling
mechanism was applied. The rate of cooling in the superficial tissue was faster during the
initial cooling period when using CO, as shown by a steeper curve. The ice cooling curves

start to rebound at 46 minutes as this is when the ice was removed.

The gap between the cooling profiles in the mid tissue of the CO; and ice were much closer
together. Again, there was about 5 minutes between the time it took the tissue temperature
to drop by 10°C when using ice (around 10.5 minutes) and CO; (around 15 minutes). The mid
tissue temperature had also dropped by 10°C by 36 minutes when no cooling was used. The
end temperature in the mid tissue was not statistically different (p>0.05) between the ice
and the CO; as shown in Table 5-9. However, the end tissue temperatures in both these active

cooling tests were significantly colder than the no cooling tests.
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In the deep tissue the CO; cooled the tissue at a relatively steady rate. This is in contrast to
the ice whereby the cooling rate decreased slightly as the experiment progressed. Indeed, by
the time the ice was removed (46 minutes), the CO; had reduced the temperature in the
deep tissue by slightly more than the ice. When no cooling was applied, the tissue
temperature took almost the entire cooling period to reduce by 10°C, however, this target

temperature reduction was achieved.
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Mean superficial tissue temperature change from 25°C
using 4 cooling methods over 46 minutes
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Figure 5-10: Mean temperature change at each tissue level using the 4 different topical cooling methods starting
at 25°C
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As the graphs in Figure 5-10 show, the 4 cooling methods cooled differently at 25°C. In the
superficial tissue there was a distinct difference between the cooling profile of the ice,
compared to the carbon dioxide, compared to no cooling. The ice was able to create a much
larger temperature decrease, with the target temperature being achieved at 4 minutes. The
carbon dioxide was able to cool the superficial tissue by 10°C but this was not achieved until
closer to 15 minutes when 3 initial bottles were used and 25 minutes when 2 initial bottles
were used. When no topical cooling mechanism was used, the superficial tissue temperature

barely decreased.

When comparing the mid tissue temperatures using the 4 cooling methods it can be seen
that ice was the only method that reduced the temperature by more than the target 10°C, at
around 21 minutes. As at the superficial tissue level, the mid tissue cooled at a similar rate
when either 2 or 3 bottles were used during the initial cooling period. Again, using no cooling

mechanism meant that the tissue did not decrease by more than 5°C.

Interestingly, in the deep tissue it can be seen that the temperature decrease was similar
when using both 2 and 3 initial bottles of CO, and when using ice. This is contrary to
expected. However, when the starting tissue temperature was 25°C, none of the cooling
methods were able to decrease the deep tissue temperature by 10°C. The deep tissue
temperature decrease in the no cooling test was similar to the decrease at the other 3 tissue

depths with a decrease of less than 5°C observed.

Table 5-9 shows that the end temperatures for the no cooling test were statistically higher

(p<0.05) than the other 2 experimental conditions. The temperature in the deep tissue at the
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end of cooling was not statistically different (p>0.05) between the ice and both CO; tests
when the starting temperature was 25°C. However, the temperature of the superficial tissue
at the end of cooling from 25°C when using ice was statistically colder (p<0.05) than when

using CO,.
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Table 5-9: Mean room temperature and both the starting and end temperature of the 3 tissue depths for all small-scale tissue tests

Mean * SD room

Mean * SD tissue starting temperature (°C)

Mean * SD tissue temperature at end of

Test conditions secondary cooling period (°C)
temperature (°C)
Superficial Mid Deep Superficial Mid Deep
3 initial bottles of CO, 37°C | 19.9 +1.5 31.3 £2.80*P 33.8 £0.09*CP 33.8 £1.27*8C0 | 11.7 +2.4% 14.6 +3.15*6H | 16.7 +3.08*¢
Ice 37°C 24.5+05* 36.5 + 0.78*ABC 36.2 £ 0.64*A 36.1+066*A8C | 12.7+1.82*% | 16.8 £+1.70*¢ | 19.8 +1.32%*F
No cooling 37°C 21.3+1.6 37.1+1.39*A 36.4 +1.30*ABC | 36.1 +1.44a8c 25.3£1.51% 25.4 +1.42%¢ 26.0 £ 1.30*¢
2 initial bottles of CO, 25°C | N/A 25.1 +0.71*ABCDE 24.7 +0.28*8CPE | 28,1 +0.71% 13.8 +3.54*¢ 15.1 +1.48*76 | 18.1 +0.07*F
3 initial bottles of CO, 25°C | 16.5t1.4 24.2 +1.44*CDE 25.1£2.55*8C0 | 26.2£0.98*ABC | 13.6 £3.04*¢ | 15.7 £2.66*F¢ | 17.2+2.22*F
Ice 25°C 27.1+1.5% 27.1 £1.04*8¢ 25.4+1.16*A8C | 26.0 £+1.18*ABC | 9.5 +1.30*H 13.8£0.71*¢ | 16.7 £0.90*F
No cooling 25°C 22.6 £ 0.7** 26.3 £ 2.36*ABC 26.8 +2.19*A8 26.4 £2.02*ABC | 22.9 +1.06*DE | 22.6 +1.22%F 23.2 +1.24*0E

Values that do not share a letter are statistically different (p<0.05). The data for 25°C and 37°C starting temperatures have been separately

analysed.
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Table 5-9 shows the mean and standard deviation for the start temperature and the
temperature at the end of the secondary cooling period for each of the experimental
conditions undertaken in these tests, which demonstrates the differences in the end
temperatures achieved in each experiment. The table also shows the room temperature. This
is included as the ambient temperature varied by over 10°C which would have affected how
the tissue cooled. The graph in Figure 5-11 shows the temperature data from Table 5-9 in a
graphical form. The effect of starting temperature on the temperature change is visible in
this graph with much sharper gradients in the darker lines corresponding to the start
temperature of 37°C. This graph clearly shows that the mean starting temperatures of the
ice and no cooling tests at 37°C were higher than that of the CO, test but that the
temperature change between the ice and CO, tests was not too different. The slope of the
line between the start and end temperature of the no cooling test starting at 37°C was less
steep than that of the ice and CO; showing that the temperature was not reduced as
efficiently. The gradient of the line for both CO; tests and the ice test for the experiments
starting at 25°C were very similar. This is in contrast to the line showing the temperature

change when no cooling was applied starting at 25°C which is much flatter.

5.4. Discussion of results:

The results of the CO; and ice tests show that, on a small scale, topically applied CO; could
cool the deep tissue as effectively as ice. The implication of this is that the cooling sock in the
proposed technology should be able to provide cooling to the injured limb. When considering
the graphs in Figure 5-9 and Figure 5-10 it can be seen that the cooling profile for using CO,

is very similar to the cooling profile when ice was used and different to the no active cooling
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profile. Indeed, as Table 5-9 confirms, the end temperature of the deep tissue which started
at 25°C was statistically similar (p>0.05) when using CO; and ice. The end temperature of the
deep tissue which started at 37°C was statistically colder (p<0.05) when using CO, compared
to ice. However, this could be misleading since the deep tissue for the CO; test started off at
a lower temperature. The effect of the starting temperature on the statistical significance
can clearly be seen in the superficial tissue where the end temperature in the test using CO;
starting at 37°C is significantly colder (p<0.05) but the graph in Figure 5-9 shows that the ice
test produced a greater tissue temperature change. On the other hand, when looking at the
graph in Figure 5-11, the mean temperature change in the deep tissue from 37°C was 0.8°C
bigger when CO; was used compared to ice. To ensure the cooling effect of topical application
of CO; can be reproduced on a larger scale, this size of the tissue sample will need to be

increased.

One important thing that these results show is the difference in the temperature change for
the no cooling tests at the different starting temperatures. As Table 5-9 shows, the room
temperature for both of these experimental conditions was similar (21.3°C for the 37°C tests
and 22.6°C for the 25°C tests). However, the change in the deep tissue temperature was very
different. The tissue that started off at 25°C was only able to cool by 3.2°C whilst the tissue
starting at 37°C cooled by 10.1°C. It goes without saying, the tissue will cool faster when there
is a greater temperature gradient for the heat to pass down and the tissue will not cool below
room temperature without intervention. Thereby, this difference in deep tissue cooling is to
be expected as the tissue starting off at 25°C was only a mean of 3.7°C above room
temperature. In future testing, the ambient temperature that the experiment is undertaken

at should be considered as it may alter the results of how well the tissue is able to be cooled.
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The effect of the starting tissue temperature on the temperature change experienced in the
deep tissue can also be seen when comparing both the ice and CO; tests. The tests
undertaken with a starting tissue temperature of 37°C resulted in a greater change in tissue
temperature each time. Interestingly, this difference in the temperature change seen from
25°C and 37°C was similar for all the tests. When considering the change in the mean deep
tissue temperature for no cooling, ice and 3 initial bottles of CO,, the difference between the
temperature change at 25°C and 37°C varied by less than 1°C (6.9°C, 7.0°C and 7.8°C
respectively). Whilst this may be coincidental it may suggest that there is a pattern in the rate
of cooling, more data would be needed to confirm this. However, seeing as the technology is
designed to be used at the point of injury it is unlikely that the tissue temperature will have

dropped much below 37°C anyway.

The temperature gradient of the tissue temperature to ambient temperature altering the
rate of cooling in the tissue has already been established. Table 5-9 shows that the room
temperature is statistically different (p<0.05) in all 3 tests at 25°C and in the ice test at 37°C.
Although the method of cooling will have the biggest effect on the temperature change of
the tissue, heat will also be lost to the environment through radiation. The plastic of the rig
will provide some insulation from heat loss to the environment but it will not stop it
completely. At both 25°C and 37°C, the room temperature was much warmer for the ice tests
compared to the CO; tests. This could have skewed the results slightly in favour of the CO,
approach. Future experiments should be done in controlled conditions so that the ambient

temperature is constant to assess this.
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Another factor which effected the starting temperature of the tissues was the time it took to
assemble the rig for the CO; experiments. This was more of a factor for the experiments with
a starting tissue temperature of 37°C because, as previously mentioned, the tissue cooled
faster. Although the tissue sample was taken out of the water bath when it was at 37°C, by
the time the tissue had been placed in the rig, the tube positioned correctly and the flow of
gas started the tissue temperature had decreased. As previously mentioned, this meant that
the superficial tissue temperature in the 37°C was statistically colder (p<0.05) than the other

tests at 37°C from the start which could have altered the results.

One problem in the execution of the experiment was the fact that a video could not be used
and instead a photo was taken every 30 seconds. This meant that if a problem occurred, or
something else required attention such as switching over CO, bottles, a photograph could be
missed. Although missing one data point will not affect the overall results of the experiment,
if the missed data point was not noted down then it was difficult to know which data point

was missed which could lead to temperatures at different points being compared.

The speed of changing over the bottles varied between tests, faster changing of bottles
means a more constant flow of gas to cool the tissue. However, if the bottles are changed
over too quickly then there is a period of no cooling before the secondary cooling period
starts which will allow the tissue to warm up slightly if it is below ambient temperature.
Another way the CO, affected the experiment was the speed of gas release. The valve used
on the CO; bottle was manually controlled, that means that the CO, was released at different
speeds every time. Consequently, 10 seconds of CO, release may not equate to the same

volume of CO, used for cooling. The CO, was released as similarly as possible between tests
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and it is likely that over the course of the test the amount of CO, used each time would even

out. However, since the release of CO, was not measured this cannot be confirmed.

The FLIR app enables you to place markers on the thermal camera screen which stay in place
until they are deleted. The position of the markers was set in the first small scale tissue test
that was undertaken and then they were kept in position for the duration of the testing. This
means that the distance between the superficial, mid and deep tissue markers was kept the
same throughout testing. The use of a clamp stand meant that the thermal camera was held
in position and each photo taken during 1 test was taken from exactly the same place.
However, there was no way on ensuring that the camera was at the same height during each
test. It was endeavoured to position the makers in the middle of the test window on the rig
for each experiment, nevertheless, the markers would have been in a slightly different
position each time. Thereby, the depth of the deep tissue in one test would not be quite the
same as the deep tissue in another test. This could affect the results as the deep tissue in one
test could be the depth of the mid tissue in another. Furthermore, the markers could be
positioned on the fatty tissue which would alter the cooling profile seen. This variation was
controlled for as much as possible but a fixed position camera should be used in future if

these tests are repeated.

Overall, the small-scale tissue tests show that CO; used in the protocol described is able to
reduce the temperature of the tissue sample down at the three tissue depths measured as
effectively as ice. This confirms that is may be suitable as aa method for cooling tissues under
battlefield conditions. However, further testing needs to be done using a more mimetic

model. Therefore, in future testing larger tissue samples e.g. animal limbs will be used to see
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how effective the CO; is when spread over a larger area. Moreover, the cooling sock divides
the gas flow into 16 different tubes and has a layer of elastane material in between the tubing

and the limb. This will reduce the ability of the CO; to cool and this will also be examined.
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Chapter 6. Testing of technology in simulated combat setting —

porcine tissue:

6.1. Testing protocol:

Experiments were designed to test the efficiency of the newly developed technology over a
simulated casualty treatment pathway as it would happen from a combat incident. The
simulated treatment pathway first tested the ability to cool the limb down and keep it cool
from the point of injury (collection at the abattoir) and throughout the journey to the hospital
(the university laboratory). Additionally, the limb was placed in the limb support system (LSS)
and perfused to simulate the perfusion of the injured limb in a hospital setting. Various types
of data were collected during the perfusion period to assess the performance of the new
technology at preserving the viability of the limb tissue. During these experiments
disarticulated porcine hind limbs were used. The disarticulated limbs had a length of around
40cm with a circumference of the top of the limb of roughly 35cm. Consequently, the ability

of the tourniquet was not assessed as the limbs did not require haemorrhage control.

To maximise the possibility of tissue viability, porcine hind limbs were collected from an
abattoir immediately after being freshly harvested. Immediately after collection
thermocouples were inserted into the tissue. One thermocouple was placed into the deep
tissue and one was inserted into the superficial tissue just beneath the skin. A third

thermocouple was placed at the site of injury in the trotter sustained as a result of suspension
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hook placement in the abattoir. Finally, one thermocouple was placed on the skin surface.

The porcine limb was then zipped into the cooling sock and cooling commenced.

The cooling protocol (n=5) was as follows: when the cooling sock was closed one full 60L
bottle of CO, was released through the sock using a manually controlled valve as described
in Chapter 4 page 87. Following this, a 10 second flush of CO, was released every 5 minutes
for the duration of the car journey back to the university lab. The CO; bottle was changed
after every 4™ flush. Upon arrival at the university the final partially emptied CO; bottle was
flushed through the cooling sock. The mean journey time was 41.8 + 7.29 minutes with 4 CO,

bottles emptied over this time.

During the first 3 porcine limb tests a second freshly harvested limb was also collected as a
control limb. This limb was placed in the car and was not actively cooled during the journey
back to the university. It was then taken up to the lab and left on the side whilst the cooled
limb was cannulated and perfused. At the end of the perfusion period neural stimulation was
attempted on both limbs to see if toe twitch could be achieved. This was to identify if there
was any difference of twitch between the control limbs and the cooled and perfused limbs.
Control limbs were collected to identify if the intervention of the new technology could
preserve tissue viability over the treatment time. The electrical signal started off at a low
amplitude (10mA), this amplitude was gradually increased to 100mA, if no twitch was seen
by this point it was determined that it was unlikely that a twitch could be achieved. Control
limbs were not collected for tests 4, 5 and 6 because the first 3 tests showed the control

limbs to be completely inactive at the end of the perfusion period.
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The cooling protocol for a sixth test with porcine tissue was slightly different. The protocol
for this test was changed to assess how the combined use of CO; and coolant fluid affected
the cooling of the limb to inform the protocol for future tests. The new protocol was as
follows. Firstly, the thermocouples were inserted with the aid of a needle into the deep, mid
and superficial tissue as well as the injury site. The use of a needle enabled the
thermocouples to be placed deeper within the tissue. Furthermore, the cooling sock had
been redesigned to allow for an additional coolant fluid to be dispersed over the limb in
combination with the CO,, a description of the coolant fluid can be found in Chapter 4 pages
119 to 120. The redesigned cooling sock can be seen in Figure 6-1. The coolant fluid used was
FLUTEC PP80. The CO, was released very slowly (at 25% of normal experimental capacity) to
allow the coolant to be siphoned into the gas stream by the action of the fast-moving gas

passing the opening of the FLUTEC PP80 feeder tube.

Figure 6-1: Cooling sock iteration 7.2 for use with CO, and coolant fluid
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The sixth test had 2 periods of active cooling. The reason for this was to enable the effect of
the coolant fluid on the rewarming process to be examined. Furthermore, the prolonged
cooling effect of the coolant fluid could also be assessed to see if the limb continues cooling
after the CO; stops flowing via evaporation of the coolant fluid. The temperatures of the
tissue were monitored throughout the journey so cooling was restarted to see if the limb

temperature could be reduced by 10°C.

In the first period of active cooling, 3 bottles of CO, were released consecutively. The coolant
phial was replenished every time the CO, bottle was changed. The first 2 phials contained
40ml coolant fluid; the 3™ phial contained 20ml as we only had 100ml of coolant available to
us for this experiment. The first active cooling period lasted for 9 minutes. For the next 9
minutes the limb tissue was not actively cooled but instead was monitored to see how the
temperature of the deep tissue changed. At 18 minutes another CO; bottle was emptied. The
empty CO, bottles were kept away from the cooling sock to prevent them acting as an
additional cooling mechanism. The journey back to the university took 30 minutes with 4
bottles of CO, used during this time. Figure 6-4 is a visual depiction of the protocol and details

the steps taken for each part of the experiment.

The protocol for limb support was the same for all 6 tests carried out on porcine tissue. Upon
arrival at the university the thermocouples were removed from the limb and the limb was
carried up to the laboratory. As soon at the limb was in the lab cannulation of the femoral
artery was initiated. The arteries in the porcine tissue were small and so were difficult to

cannulate with a large catheter. The largest cannula possible was used to minimise the
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resistance to flow and to reduce pressure in the circuit. An 8 French Portex cannula (Smiths
Medical International Ltd, Ashford, Kent, UK) was used in these experiments. Once
cannulation had been achieved the limb was placed in the hammock of the limb support
system (LSS). The arterial line of the pre-primed circuit was connected to the catheter. The
circuit was primed with a combination of ringers and gelofusine. Before perfusion began a
Laser doppler image (LDI) scan and a thermal camera photograph were taken using a Moor
LDI Laser Doppler imager (Moor instruments, Axminster, Devon, UK) and a FLIR One Pro (Flir

Systems Inc, Wilsonville, Oregon, USA) respectively.

Figure 6-2: Moor LDI imager taking an LDI scan and FLIR One Pro thermal camera used for thermal imaging.
Images taken every 15 minutes during perfusion.

Once both baseline data samples had been taken the isolated limb was then perfused with
warm bovine whole blood. The target perfusion flowrate was 110ml/kg to mimic
physiological tissue flowrate. LDI scans and thermal photographs were taken every 15
minutes for the duration of the 90-minute perfusion time. Figure 6-3 shows the disarticulated
limb in the LSS whilst being perfused. When data was not being collected the limb was

covered with silver foil to reduce heat loss due to the fact the top covers of the LSS could not
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be positioned because the LDI scanner was in the way. The peroneal nerve was stimulated
to promote a twitch in the extensor digitorum brevis at 90 minutes using a Digitimer DS7A

(Cephalon, Ngrresundby, Denmark).

Figure 6-3: Disarticulated porcine limb being perfused in the LSS with mean arterial pressure and flow rate
displayed on screen. Red dot is the LDI scan being performed. Cannula is filled with primer fluid
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. Circuit primed
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. LDI Scan and thermal camera photograph
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. LDI Scan and thermal camera photograph
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. LDI Scan and thermal camera photograph
obtained
90 minutes:

. LDI Scan and thermal camera photograph
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90 minutes: End of test.

End of test nerve stimulation performed

Figure 6-4: Flow chart of the protocol for porcine limb tests



Table 6-1: Summary of porcine limbs collected and the conditions they were kept under

Test number Number of limbs collected Conditions limbs held under

Test 1 2 Cooled, perfused
Non-cooled, non-perfused

Test 2 2 Cooled, perfused
Non-cooled, non-perfused

Test 3 2 Cooled, perfused
Non-cooled, non-perfused

Test 4 1 Cooled, perfused

Test 5 1 Cooled, perfused

Test 6 1 Cooled, perfused
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6.2. Justification of methods of analysis:

Similar to the small-scale tissue testing describe in Chapter 5, porcine tissue was used due to
the parallels of tissue structure to human tissues. During the first 3 tests an un-cooled, un-
perfused limb was also collected. This was done to determine that the technology and
interventions were solely responsible for sustaining viability with regards to muscle nerve
activity and gives an indication for the potential of salvage. The control limb demonstrates
that the limb salvage is not possible without interventions and supports the need and efficacy
for this treatment. Due to the fact the control limbs were kept in exactly the same
environmental conditions as the cooled and perfused limbs it is highly likely that any

differences in the response were due to the intervention applied.

The temperature of the limb tissue was recorded in the deep tissue to provide an insight into
how the novel cooling technique was able to reduce the core temperature in the limb and
that the mechanism of action occurs beyond the superficial tissue. As mentioned previously,
the muscle is the tissue most sensitive to warm ischaemic damage. Being able to rapidly
reduce the temperature in the deep tissue is vital in prevention ischaemic necrosis of the
muscles. A thermocouple was inserted into the superficial tissue to ensure that the
temperatures produced here are not so low that the tissue is at risk of cold burns or other
cold complications. The thermocouple was not placed on the surface to stop it being directly
exposed to the gas allowing it to provide a closer representation of the actual tissue
temperature. The thermocouple was placed in the trotter injury to show if the cooling

mechanism acted differently when the skin was not intact.
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The temperature was only recorded on the journey from the abattoir when the cooling was
being applied. This was for a number of reasons. The first was that the limb was now in the
equivalent of the hospital. It is likely that the injured soldier would be rushed straight to
surgery and thereby put on the LSS. The speed at which the tissue re-warms naturally is
therefore unlikely to be necessary to consider. Another factor to consider is that the
thermocouples had to be taken out when the limb was being transported to the lab. Trying
to put the thermocouples back into the same positions once the limb was in the lab would
not be possible so the two temperature data sets could not be compared anyway.
Furthermore, the porcine limbs had small arteries which were difficult to cannulate. It was
decided that the thermocouples should not be replaced to allow for quicker cannulation and

thus faster commencement of perfusion.

Due to the limbs being freshly harvested the starting temperature of the deep tissue was not
consistent ranging from 23.87°C — 35.0°C with a mean of 28.84+3.73°C. The deep tissue
temperature at the end of cooling ranged between 12.21°C — 22.45°C, the mean was
16.48+3.78°C. Therefore, the temperature change achieved in the deep tissue was -7.26°C —

-15.88°C with a mean temperature change of 12.36+3.07°C.

Although the thermocouples were not used during the LSS section of the protocol, the
temperature of the limb tissue was still of interest. As perfusion continues the blood vessels
in the limb begin to open up again, the tissue will begin to warm-up due to the radiation and

conduction of the thermal energy being carried in the warm blood. This change in
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temperature of the tissues will show up on the thermal camera images and indicates which
tissues are being perfused. Thermal cameras are able to detect temperature by measuring
the infrared waves that are radiated by objects (rur systems). The processor in the thermal
camera converts the signals from the thermal sensor into false colours which are then
displayed as an image rur systems). The thermal camera is a non-invasive method of testing the
superficial temperature change of the tissues and it provides data which can be compared at
a later date. The thermal camera data will also show if the tissue warms up evenly and can

provide evidence of the quality of tissue perfusion.

Another method used to measure perfusion was the LDI scans. LDl works by projecting a laser
onto the skin surface. Some of this light will penetrate down through the skin to the tissue
beneath. The wavelength of any light reflected from static cells remains unchanged.
However, when moving cells are encountered, typically red blood cells, the wavelength of
the returning light is altered slightly by the doppler effect. The size of the wavelength change
is determined by the concentration and velocity of the red blood cells. The change in
wavelength produces a signal for each location that is measuredmurray, Herrick and King, 2004, Wardell,
Jakobsson and Nilsson, 1993). When combined all these signals are used to create a colour image of the
scanned area. The LDI scan provides a better picture of perfusion as the presence of blood
flow is numerically (all be it with arbitrary perfusion units) depicted rather than making

assumptions on the temperature of the tissue.

When looking at the pre-perfusion LDI images naturally occurring movement of blood cells

can be seen. This is due to random Brownian motion of macromolecules in the interstitial
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space which is known as the biological zerowilet et ai, 2011, cracowski et at., 2006)- TO See the increase
in perfusion from the biological zero the pre-perfusion scan is subtracted from the scan at
each time point. Regions of interest (ROls) were retrospectively highlighted. The first ROl was
always the whole perfusion area to obtain an idea of the total superficial perfusion change
during the test. The other ROIs were selected to cover both areas with obvious increases of

perfusion and areas with very little visible perfusion increase to compare the difference.

The final test done in the protocol is the use of neural stimulation. This test is being carried
out to ascertain whether the limb muscle is viable. If the muscle fibres contract on
stimulation then the muscle tissue may be considered viable. Conversely, if there is no
response upon stimulation then it is safe to assume that the muscle tissue is not viable.
Therefore, presence of contraction in the muscle suggests that the muscle tissue is still viable.
In the context of the present study the magnitude of the muscle twitch was only evaluated
visually and the individual tests could only be compared using video evidence and individual
judgement. Whilst this test is not able to provide any quantifiable data it does provide an
indication on whether or not the limb tissue is still viable which is why it is being used in this

assessment protocol .
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6.3. Results:

6.3.1. Temperature changes:

Table 6-2 shows that the temperature change at each tissue depth over each of the 6 tests
varied dramatically with the temperature change in the deep tissue ranging from -7.26°C to
-15.88°C. The table also shows that generally the temperature in the superficial tissue did not
decrease by the same amount as the temperature in the deep tissue. The exception to this is
Test 4 where the superficial tissue showed a greater temperature decrease. The journey time
for the first 5 tests ranged from 33-49 minutes but due to the testing protocol for these tests
requiring a new bottle of CO; every 4 flushes and the final partially emptied CO, bottle to be
released upon arrival at the university this only leads to fewer CO; bottles used in one test.

The protocol for test 6 also required the release of 4 bottles of gas through the cooling sock.
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Table 6-2: Temperature change in porcine limbs over the duration of the total journey time from collection to the university

Test Starting temperature (°C) End temperature (°C) Temperature change over duration of Journey | Number of
number total length of journey from collection to time CO:
university (°C) (minutes) | bottles
used

Superficial | Deep Tissue Trotter | Superficial | Deep Tissue Trotter | Superficial | Deep Tissue Trotter
Tissue injury | Tissue injury | Tissue injury

Test 1 25.22 27.48 | 2591 | 14.24 | 14.34 13.67 | 13.13 | 8.76 -10.88 -13.81 | -12.78 | -5.48 47 4

Test 2 31.20 35.00 25.42 | 16.83 19.95 6.77 -14.37 -15.05 -18.65 49 4
16.45 28.09 -2.09 3.91 12.21 -10.16 | -12.54 -15.88 -8.07 45 4
29.48 29.65 26.74 | 4.45 17.34 -30.01 | -25.03 -12.31 -56.75 35 4

Test 5 28.07 31.88 22.45 | 23.90 22.45 11.15 | -4.17 -9.43 -11.30 33 3

Test 6 21.14 23.87 15.11 | 16.01 16.61 8.99 -5.13 -7.26 -6.12 30 4
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Figure 6-5: Temperature change in the deep tissue for the first 30 minutes of transportation for the 6 isolated
porcine limb tests

From the graph in Figure 6-5 it can be seen that at 30 minutes there was less variation in the
temperature change in each of the 6 tests with only 4.36°C between the warmest and coldest
values. Test 3 cooled at a much faster rate than the other 5 tests. On the other hand, test 6
cooled at a similar rate despite the change in cooling protocol. The black dotted line shows
the timing of the CO; release during tests 1-5. The grey dashed line shows the 3 different

stages of cooling in the protocol of Test 6.
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Temperature change in superficial tissue over first 30
minutes of transportation to the university
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Figure 6-6: Temperature change in the superficial tissue for first 30 minutes of transportation in the 6 isolated
porcine limb tests

There was a much greater variation (11.31°C) in the temperature of the superficial tissue
after 30 minutes as seen in Figure 6-6. The line for Test 3 clearly shows drops in the
temperature which coincide with the gas release. These drops can also be seen to an extent
in the temperature graph for tests 2. Conversely, the lines for tests 1, 5 and 6 had a much
smoother profile. Again, the black dotted line shows the timing of the CO, release during
tests 1-5 whilst the grey dashed line shows the 3 different stages of cooling in the protocol
of Test 6. The line for test 6 shows that tissue temperature started increasing by the end of
the second active cooling period (start of the second active cooling period is indicated by the

second grey dashed line).
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Temperature change in trotter injury over first 30
minutes of transportation to university
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Figure 6-7: Temperature in the trotter injury for the first 30 minutes of transportation for the 6 isolated porcine
limb tests

Figure 6-7 shows extreme differences in the temperature recorded in the trotter injury. The
temperature profiles for tests 1 and 3 show huge drop in temperature coinciding with when
the gas was released with drops of up to 42°C. Tests 2, 5 and 6 show a much more gradual
decrease in temperature. Interestingly, although test 1 had massive temperature variation
over the course of the 30 minutes, it had one of the smallest temperature changes after 30
minutes of the 6 tests, equalled only by the result for test 6 itself. The black dotted line shows
the timing of the CO; release during tests 1-5. The grey dashed line shows the 3 different

stages of cooling in the protocol of Test 6.
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6.3.2. LDl and thermal camera images:

All the following LDI scan images have the pre-perfusion image subtracted from them to
show the increase in perfusion from the biological zero. The exception to this is the pre-
perfusion image which is provided as a visual reference. The ROIs were retrospectively
selected and placed on all subsequent LDI images from that experiment to allow for analysis

of change in perfusion in these areas.

The main analysis of the thermal camera data was to visually compare the images and to see
how they changed as perfusion progressed. Spot measurement points were used to measure
the temperature on the thermal camera images. Spot point measurements were part of the
FLIR software and show the temperature at that specific location at that point in time. They
were used to give an indication of the temperature change in the superficial tissue of the
limb at each time point. The position of these spot points cannot be directly copied from one
image to another but every effort was made to put them in the same spot. The temperatures

from the spot points were also placed on a graph showing the temperature change.
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6.3.1.1. Porcine limb Test 4:

Figure 6-9 shows there was a mean increase in perfusion over time throughout the limb with
a percentage increase in ROl 1 (the whole perfusion area) of 38.7%. This increase in perfusion
could particularly be seen in the two smaller highlighted sections, ROls 2 and 3 (155.27% and
230.4% increase respectively). The graph in Figure 6-8 shows that the mean Flux increased in

each of the highlighted regions of interest (ROIs) which are labelled in Figure 6-9

Porcine limb test 4 mean Flux data
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Figure 6-8: Change in mean flux in each ROl for porcine limb test 4
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Figure 6-9: LDI images from porcine limb test 4



6.3.1.2. Porcine limb Test 5:

0 a2 125 1820 250

Pre-perfusion

Figure 6-10: Pre-perfusion LDI scan for porcine limb test 5

From the images in Figure 6-11 it can be seen that in some areas there were large increases
in perfusion which then faded away as the perfusion times continue. One example of this is
ROI 2, at 15 minutes there was a large increase in surface perfusion in the ROl but by 69
minutes it had mostly disappeared before it started increasing again at 103 minutes. This
may be due to an initial blockage in the capillary bed causing a blood build up before it could

drain away when the blockage cleared.
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Figure 6-11: Figure showing LDI scans for porcine limb test 5
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Figure 6-12: Mean change in Flux in each ROI for porcine limb test 5

The graph in Figure 6-12 shows a large increase in Flux for ROl 2 and ROI 4 which then
decreased as perfusion continued. ROI 1 shows that there was a slight decrease in Flux after
15 minutes in the whole sample area. ROI 1 also encompasses all the other ROIs, therefore,
the Flux will be influenced by the increase in perfusion seen in ROIs 2 and 4. However, ROI 5
does also show a very small decrease in Flux from 15 minutes. ROI 5 is an isolated section of
the scanning area so it can be assumed that there was an overall decrease in Flux in the
superficial tissue. This may be due to the capillaries opening up and allowing the blood to
pass into further sections of the capillary bed which were out with the scanning area.
Conversely, the LDI scanner only shows the superficial perfusion, the blood may also have
been draining from the capillary bed into the deeper tissues of the limb thereby giving rise

to a perceived decrease in perfusion.
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Figure 6-13: Pre-perfusion thermal camera photograph for porcine limb
Test5

The 7 spot points in the thermal camera images in Figure 6-13 and Figure 6-14 are labelled
from 1 on the left to 7 on the right and are depicted by the white crosses. The scale reads
from 15.2°C — 36.0°C. Figure 6-13 shows that the distal section of the limb was cooler than
the other leg tissue in the pre-perfusion image. Once perfusion began the resumption of
blood flow could clearly be seen as shown at all time points in Figure 6-14. This was depicted
by the gradual increase in warm tissue (depicted by yellow colour), initially spreading up the
leg from the cannulation point before then progressing towards the toes. At 103 minutes

post perfusion most of the leg was warm with the exception of the toes.
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Figure 6-14: Thermal camera images for porcine limb Test 5
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Thermal camera data during perfusion in Test 5
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Figure 6-15: Thermal camera spot data for the fifth porcine limb test

Figure 6-15 shows a gradual increase in temperature of the tissue from 43 minutes onwards.
The graph shows that regional points 2, 6 and 7 were lower than the others. These points
were located below the injury (spots 6 and 7) and on the flap below the cannulation point

and are labelled on Figure 6-13.
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6.3.1.3. Porcine limb Test 6:

0 52 125 187 250

Figure 6-16: Porcine limb Test 6 pre-perfusion LDI scan.

The ROI positions were retrospectively chosen. ROl encompasses the entire scan area. ROls
2, 3 and 4 were chosen as they show likely positions of blood vessels. ROI 5 is drawn around
an area of interest where perfusion was seen at the beginning and then faded away. The LDI
scans in Figure 6-18 clearly show the opening up of blood vessels in response to perfusion
compared to the LDl scan seen in Figure 6-16. A 274% increase in blood flow was seen in ROI
1 depicted by the background transitioning from dark blue to lighter blue. Bright coloured
patches appeared on the left-hand side of the scans at 30 and 45 minutes which had then
pretty much faded away by 60 minutes. ROI 5 highlights one of these areas and this change
in flux is also depicted in the graph in Figure 6-17. A patch of increased perfusion could again
be seen in the gap between ROI 2 and ROI 3 at 75 minutes which had then faded away by 90

minutes. The reason for this is unknown but similarly to the bright spots seen in the LDI
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images in porcine limb test 5 it was likely to be due to blockages in the capillary system

causing a superficial build-up of blood which then cleared as the blockages were dislodged.

Mean change in Flux for porcine limb Test 6
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Figure 6-17: Mean change in Flux for porcine limb Test 6
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Figure 6-18: LDI images for porcine limb test 6
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Figure 6-19 shows the thermal photograph taken prior to perfusion commencing.

Figure 6-19: Pre-perfusion thermal photograph for porcine limb Test 6

The dark colours in this Figure 6-19 show the low temperatures of the tissue surface. It shows
that the toes were colder than the thicker muscle tissue above the knuckle. The warmer
yellow stripe seen to the right of Sp2 (just under the Sp2 label) was the metal clip used to
retract the superficial tissue. Figure 6-20 shows thermal photographs taken at equal intervals
during perfusion. These photos show the heat gradually returned to the tissue. The warmth
started to reach the toes by 75 minutes. The photographs at 15- and 30-minutes show bright
spots developing on the leg surface before the rest of the tissue was perfused. This is likely
to be due to sections of more vascularised superficial tissue warming faster due to increased

blood flow. The scale in both Figure 6-19 and Figure 6-20 is from 0.0°C — 35.0°C.
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Figure 6-20: Thermal camera images during perfusion for porcine limb Test 6
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The graph in Figure 6-21 shows the temperature at each spot point over the perfusion time.

This graph shows an increase in temperature in the tissue as could be seen in the thermal

photographs. Spot 1 and 6 were at a lower temperature at all time points which corresponds

to the darker colours on the photographs.

Scatter graph showing surface temperature during
perfusion for porcine limb Test 6
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Figure 6-21: Thermal camera temperature data for porcine limb Test 6
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6.3.2. Neural Stimulation:

Table 6-3: Porcine limb test conditions and the outcome of neural stimulation

Test number | Conditions limb kept in Nerve stimulation achieved?

Test 1 Cooled, perfused 50mA 1 ms

Non-cooled, non-perfused | No twitch achieved

Test 2 Cooled, perfused 50mA 1ms

Non-cooled, non-perfused | No twitch achieved

Test 3 Cooled, perfused No twitch achieved

Non-cooled, non-perfused | No stimulation attempted

Test 4 Cooled, perfused 70mA 1ms
Test 5 Cooled, perfused No stimulation attempted
Test 6 Cooled, perfused No stimulation attempted

The neural stimulation intended to activate the peroneal nerve and promote a twitch in the
extensor digitorum brevis creating movement in the toe. The data in Table 6-3 shows that
stimulation was not evident in the tissue that was not cooled or perfused once in the lab.
Twitch in the cooled and perfused leg in Test 3 could not be achieved at any amplitude. The
most likely reason for this is that the limb took a very long time to cannulate (194 minutes
between collection and perfusion commencing). The cannula was then dislodged again on

two occasions and perfusion was halted a total of 51 minutes. Although 2 full bottles of CO,
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were used to cool the limb during the initial cannulation period it is highly likely that the
tissue was under ischaemic conditions for too long and consequently the muscle tissue was

no longer viable.
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6.4. Results analysis:

6.4.1. Temperature changes:

The temperature changes in all of the tissue depths over the first 30 minutes of each test
showed that the tissue can be cooled using both CO, and a combination of CO, and coolant.
Although the temperature change in the deep tissue was less than 10°C, cooling the tissue
down by 6-10°C would likely reduce the metabolism in the tissues by 30-50%. As the graph
in Figure 6-5 shows the temperature decrease in the deep tissue during the first 30 minutes
of each test was roughly similar for the 6 tests except for test 3. This relatively steady

temperature decrease suggests that using CO; cooled the tissue in a consistent manner.

However, there were a few external factors which could alter how the tissue cools. During
test 3 the external air temperature was around -5°C (data not shown), this would have
created an additional cooling effect for the limb tissue which couldn’t be controlled. This
additional cooling factor may account for the bigger temperature decrease which was seen
in the deep tissue in Figure 6-5. However, as stated previously, it took 194 minutes for
perfusion to begin in this test and perfusion was paused for a total of 51 minutes so the
ischaemic conditions meant it was very unlikely that the muscle tissue was viable. This meant

that the effect of the efficient cooling could not be examined.

At 30 minutes in Test 1-5 only 3 bottles of CO, had been released compared to the 4 released

in test 6. This suggests that the addition of the PP80 coolant to the protocol may have
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reduced the effectiveness of the CO,. The CO, was released at a slower rate during Test 6,
thereby the energy taken in during gas expansion was decreased which in theory would result
in a reduced temperature decrease. Conversely, in Test 6 the tissue did carry on cooling when
the first active cooling period was over (the end of the first active period of cooling is marked
by the first dark grey dotted line in Figure 6-5). This suggests that evaporation of the PP80
cooling fluid enables the continued cooling the deep tissue over the passive cooling period.
If the tissue does continue cooling when the gas flow stops this would mean that potentially
less gas could be used to cool each time. Conversely, there could be a danger that the tissue
cooling will continue unchecked during patient transfer which could lead to unintended

consequences such as cold injury.

As Figure 6-6 shows there was a variation in how the superficial tissue temperature changed
over the 30 minutes. The thermocouple in test 3 was evidently close to the end of a CO; tube
and so the timing of the release of CO; (indicated by the black dotted line) corresponds with
temperature drops on the graph. The release cycles of CO, could not be seen so clearly during
the other tests. The reasons for this are either that the thermocouple was not so near the
end of a CO; tube or the thermocouple was pointed into the tissue rather than towards the
outside of the limb, or a combination of the two. The rate of cooling over 30 minutes during
each of the 6 tests was not consistent with decreases in temperature varying between 4-
12°C. It is evidenced by this that the proximity of the tissue to the CO; tube is likely to alter
the rate of cooling. None of the temperatures recorded at the superficial tissue
thermocouples are low enough to suggest that tissue damage will occur meaning it is unlikely

that the device will have a detrimental effect on the casualty.
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On the other hand, when looking at Figure 6-7 it can be seen that some of the thermocouples
in the trotter injury recorded temperature changes as much as -40°C. If the tissue starts off
at 37°C then the temperature would decrease to -3°C, if this temperature is prolonged then
it could cause tissue damage. This potential should be examined in further studies. When the
cooling sock was opened after tests 1 and 3 it was observed that the end of one of the CO;
tubes was adjacent to the injury in the trotter. It is possible that a build-up of dry ice crystals
in the injury due to the release of the gas was responsible for the large drops in temperature
seen in these tests. Interestingly, Table 6-2 shows that tests 1 and 3 also showed a smaller
total decrease in temperature in the trotter compared to the deep tissue. The reason for this
was not clear but could be due to the exposure of the thermocouple to the air so although it
cooled down much faster when the gas was released it also re-warmed faster when the gas
stopped flowing. In the other 4 tests, the thermocouple in the trotter demonstrated a greater
decrease in temperature than the thermocouple in the deep tissue. Considering the lack of
tissue around the trotter it makes sense that the limb temperature was able to decrease at
a faster rate here. Furthermore, the gas was able to enter the injury so the trotter was cooled

from both the inside and outside meaning a faster rate of temperature decrease.

Looking at the data in Table 6-2 it can be seen that, other than test 4, the deep tissue had a
larger decrease in temperature than the superficial tissue over the total journey time. The
most likely explanation for this is that the heat in the deeper tissue passed up to the
superficial tissue via conduction where it could be lost to the environment. Test 4 showed a
total temperature decrease of -25.03°C in the superficial tissue. This temperature decrease
was almost double the temperature change seen in any of the other 5 tests. The reason for

this was not clear, no incident happened during the cooling period that would suggest that
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the temperature of the superficial tissue should drop by this much. Considering the fact that
the deep tissue did not also show a much greater temperature decrease it is likely that the
reason for the excessive temperature change is that a thermocouple became exposed to the
CO; stream, probably due to being dislodged from the tissue. The thermocouple could have

also been pushed through the insulating fat due to movement of the cooling sock.

During the porcine tissue tests the thermocouples were only pushed into the open tissue at
the top of the limb. Thereby the thermocouple was not at a depth any greater than 1cm into
the top of the tissue. This had two problems. The first is that, as mentioned previously, the
thermocouples could easily have become dislodged in response to small readjustments of
the limb/ cooling sock. This meant that in some cases complete data sets could not be
recorded. Furthermore, there was an issue with the tissue that the temperature was being
sampled from. The top of the limb was exposed to the environment so heat loss by radiation
was affected by the outside temperature. This meant that the end of the limb where the
thermocouples were placed was exposed to a secondary topical cooling mechanism which
changed the rate at which the tissue temperature decreased. Additionally, the release of gas
into the cooling sock meant that the top of the limb will be cooled at a faster rate that the

deep tissue which will be reflected in the temperatures recorded by the thermocouples.
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6.4.2. LDl and thermal camera data:

The thermal camera only showed the temperature of the outside of the limb. This meant that
the temperature of the deep tissue could not be monitored during perfusion. However, the
thermal camera images did show useful information. The thermal camera images seen in
Figure 6-13, Figure 6-14, Figure 6-19 and Figure 6-20 show that the leg warmed up over the
perfusion time starting off at the point where the cannula entered the limb. The
aforementioned figures also show that the toes were much colder than the muscular tissue
further up the leg. This could have been due to the fact that that there was less muscle tissue
below the knuckle so the leg could be cooled more efficiently by the CO,. In addition, during
cannulation a light was shone on the leg to aid the visualisation of the blood vessels. This

could have contributed to the warming of the superficial tissue of the upper leg.

The jump in temperature of the toes during both tests after perfusion begins was due to the
skin of the limb warming up to room temperature. Due to the fact the thermal camera only
showed the superficial temperatures it was not possible to know if this change was reflected
in the deeper tissue. The slow return of warmth to the toes could have been in response to
a number of reasons. Firstly, it is likely that a lot of warm blood was lost out of the ‘injury’ as
evidenced by the bright spot on the right of the leg below the knuckle in Figure 6-20.
However, there is warmer tissue below the site of injury suggesting that some blood was able
to get past. The cooling of the tissue would have caused the blood vessels to contract. Due
to the cooler initial temperature of the toes, it is possible that the contraction of the blood
vessels in response to the low temperatures took longer to reverse resulting in a slower

return of blood flow.
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The thermal photographs were taken from a slightly different point every time. Therefore,
the temperatures could not be directly compared because the markers could not be put in
exactly the same position on each picture although every effort was made to put them in as
similar position as possible using visual points on the photographs. Therefore, the data points
were plotted as a scatter graph not a line graph. This problem could be resolved by fixing the
camera in the same point each time and using fixed marker placement on the thermal camera

images when they are being taken.

The LDI data provided an insight into the resumption of perfusion into the tissue. A line of
increased perfusion clearly showed the blood flow through newly opened blood vessels in
Figure 6-9 and Figure 6-11. The presence of blood-filled vessels on the limb surface suggested
that the deeper limb tissues were being perfused efficiently. However, the LDI scanner laser
was only able to penetrate the surface tissue of the limb. For this reason, it was not possible
to draw accurate conclusions about the state of perfusion of the deeper muscle. The LDI
images in Figure 6-11 show bright spots appearing on the earlier scans which then faded
away over time. This may have been due to damage to one of the blood vessels which led to
the build-up of blood and/ or fluid under the skin. As perfusion continued this would have
drained away which would account for the bright spot disappearing. As well as the shallow
depth of penetration of the tissue, the LDI scanner only had a small scanning area. Therefore,
it was only possible to get an indication of the perfusion in a small section of the limb. In light
of this, the LDI scanner was positioned over the more muscular part of the limb where the

tissue was most vulnerable to ischaemia. Whilst, the LDI scans provided a useful insight into
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the limb perfusion, the images were open to interpretation and did not provide a definitive

answer to what was going in within the tissue.

6.4.3. Neural Stimulation:

Stimulating the nerves to produce muscle twitch was used as in indicator of muscle viability.
The theory behind it is that if the muscle tissue is dead, no twitch will be seen. However,
there could be many reasons why no twitch was seen even if the muscle was still viable. The
first of these is that the injury in the trotter cut through many of the tendons and nerves
which run down the back of the limb. Damage to these nerves and tendons may mean that
the muscle was no longer able to contract even if it was still viable. Moreover, if the muscle
had been stimulated too many times then the muscle would have no longer been able to
contract in response to stimulation as there would have been a shortage of Na*, Ca** and
ATP, all of which are vital for contraction. The combination of these two factors would have
resulted in a number of false negative outcomes where the muscle tissue was assessed to be

non-viable when it wasn’t.

Disregarding the physical factors which may have prevented muscle twitch, there were other
factors which mean that nerve stimulation could not be used to determine the success of the
technology. The most important of these was that the muscle twitch was not quantifiable
using the current assessment methods. Although the size of the twitch was videoed and the
amplitude of the impulse was recorded, each twitch could not be compared to the previous

one. The size of the twitch compared to another could only be assessed using personal
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judgement. Each observer would have had a different opinion on the size of the twitch and
which one was bigger. The size of the twitch could have been measured if specific points in
the muscle were marked and the change in distance between these markers was measured.
However, this leads onto the second issue in neural stimulation. The electrodes used for
stimulation may have not been placed in the best location to produce the most sizeable
twitch. Building on this, even if markers were used to measure the contraction produced
during stimulation, it would be difficult to place them in identical positions to enable
guantifiable comparison between the size of twitch produced in the muscle. Nevertheless,
although not comparable, the presence of twitch does suggest that the muscle tissue was

still viable.

When taking into consideration all the data produced in this chapter, there are many positive
factors which point to the potential usefulness of the novel technology in the battlefield. It
has been shown that using CO; in the cooling sock was able to cool the deeper limb tissue,
albite less consistently and at a slower rate that is desired. The thermal camera photographs
and LDI scans showed that the limb did re-warm as perfusion increased which indicated that

the perfusion system within the LSS was working effectively.
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6.5. Future considerations:

6.5.1. Limb cooling:

As these initial tests of the technology in a simulated combat setting move forward, the
experiments can be developed to allow for more data to be collected. The first way the tests
can be developed is to introduce a set cooling period. Standardising the cooling period will
ensure that the tissue is cooled using the same amount of CO, over the same time period
reducing the number of variables from test to test. Furthermore, for un-cooled limbs a
defined cooling period means that any data collected will be at a comparable time. The
cooling time that is decided upon should be longer than the journey back to the university to

allow time for traffic and other unforeseeable situations.

Test 6 during these porcine limb studies seemed to show that the tissue could continue
cooling without the flow of gas when the FLUTEC PP80 coolant was used. If the use of coolant
could reduce the amount of CO,, and thereby gas bottles, needed to cool the limb this would
be beneficial for use on the battlefield. For this reason, future studies will include the use of
FLUTEC PP80 coolant in combination with gas. The protocol for producing the best rate of
cooling using the least amount of CO, and FLUTEC PP80 will be found through
experimentation before being implemented for the rest of the cooling studies. It is also
hoped that the use of coolant will provide a faster rate of deep tissue temperature decrease

down to the maximum of 10°C below starting temperature.
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6.5.2. Perfusion:

Moreover, the time that the limb is perfused whilst contained in the LSS can be increased.
The intention is for this device to be used for up to 100 days. Therefore, 90 minutes of testing
will not be able to demonstrate the efficiency of the device for longer periods of time. The
perfusion system needs to be run for longer to establish is the limb viability can be
maintained by isolated perfusion over extended periods of time. In light of this, a second

stage of testing is planned to include longer perfusion times.

Whilst for most tests, the perfusion time will be 2 hours, tests with much longer perfusion
times will also be undertaken. Longer perfusion times could be up to 12 hours with LDI scans
and thermal photographs taken once an hour after the first 3 hours. This will adequately
allow the superficial perfusion to be monitored. Furthermore, probes could be placed into
the deeper tissue to enable perfusion and thereby blood flow to be monitored there. Blood
gas samples will also be taken for analysis every 15 minutes and monitored to ensure that
the limb is adequately perfused and that any issues with the perfusate can quickly be

rectified.

6.5.3. Methods of analysis:

As was mentioned in the previous section there are a few things that can be done to improve
the quality of the results in future tests. The first of these is to fix the thermal camera in
position so the photographs can be directly compared between time points. Additionally, if

the photos are taken from the same place then markers can be positioned on the thermal
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camera which will be fixed and will show the temperature at that location at each time point.
Moreover, the tests used for analysing viability should be the same for each test. Not all the
tests in the porcine limb studies used both the thermal camera and LDI scanner.
Standardising the testing will allow for better data analysis and more conclusions to be

drawn.

None of the methods of analysis used in these studies are able to definitively assess the
viability of the muscle tissue. Nor are they able to give an understanding of what is going on
inside the limb. To help shed light on the status of the tissue after each study to show if the
technology is helping to preserve the muscle, other methods of analysis are needed. For this
reason, tissue samples from the deep, mid and superficial tissue will be taken at set time
points during each limb test. These tissue samples will then be sent off for histological testing.
The data returned from this analysis will provide information about the health of the muscle

tissue and will be able to determine if there is unchecked necrosis within the tissue.

6.5.4. Experimental design:

The two controls used in the porcine limb studies do not distinguish which part of the
technology does what when preserving tissue viability. To provide more information about
how each intervention will affect the tissue viability it is proposed that four different testing
conditions should be used in the next series of tests. In addition to the non-cooled non-
perfused and cooled perfused tests; non-cooled perfused and cooled non-perfused tests will

also be done. The cooled non-perfused tests will show what effect cooling has on the tissue
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viability over the transfer time. The non-cooled perfused tests will enable the effect of
perfusion on preserving muscle function to be examined. Additionally, the non-cooled
perfused tests will show if the technology can still be effective even if the cooling is
interrupted/ not feasible on the battlefield. 6 repeats of each test will be undertaken to

enable the results to be statistically analysed.

The final proposed change for the second phase of simulated combat setting experiments is
to increase the size of the limbs collected so there is more tissue. The current porcine limbs
are small and are roughly a similar weight as a human male forearm (1.87Kkg) (piagenhoef, Evans and
Abdelnour, 1983). The diameter of the top of the porcine limb is also similar to a human forearm/
ankle. The limb collected will need to have more tissue to give an indication of how effective
the technology would be on a human lower limb. However, if the porcine limb is amputated
higher up there is a very large increase in the size of the limb due to the porcine anatomy.
Therefore, it has been decided to change the limb from porcine to ovine for the second phase

of testing.
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Chapter 7. Testing of technology in simulated combat setting —

Ovine tissue:

As the previous chapter on using porcine limbs showed, using the cooling sock could
successfully reduce the temperature in the deep tissue of the limb. Therefore, further
experiments were designed to assess the capability of the technology to preserve the tissue
over the transportation of the limb from the point of ‘injury’ and during perfusion in the
‘hospital’. These experiments will both examine the cooling capability of the technology and

will investigate how the muscle tissue is affected by the experimental process.

7.1. Justification of methods of analysis:

Ovine limbs were used during the following experiments. The main reason for this is that the
long bone structure of ovine limbs is more similar to human limbs than the porcine limbs
were. Porcine limbs are short and the muscle depth increases very abruptly not too far past
the knuckle. On the other hand, ovine limbs have a more tapered shape with a gradual
increase in muscle depth as shown in Figure 7-1. Furthermore, the anatomy of the ovine limb
means that more of the joints of the limb can remain when the limb is harvested before being
placed in the cooling sock. This allows range of motion (ROM) of the limb to be assessed. If
the ROM is undertaken at the beginning and end of the experiment then the extent that the

limb has stiffened up during the experiment can be seen. The stiffening of the limb would
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suggest the ATP is not being replenished to allow for muscle relaxation(iayman and oxenham, 2016)-

Limb stiffening may also suggest severe tissue oedema.

Porcine Limb Ovine Limb

Figure 7-1: Difference between porcine and ovine limb
anatomy. lllustration by Dr Vanda Morton

To test how each separate facet of the technology performs, four different experimental
protocols were created. The first of these was cooled — perfused (C-P) limbs. The C-P limbs
were a full test of the technology from the point of ‘injury’ to the stay in ‘hospital’. The ability
of the cooling sock to cool the limb was assessed followed by how perfusing the limb was
able to preserve tissue viability. The second experimental condition was non-cooled — non-
perfused (NC-NP) limbs. These limbs acted as a control and showed how well the limb tissue
was able to survive when no preservatory actions were undertaken. The next condition was
cooled — non-perfused (C-NP) limbs. This set of experiments examined what effect cooling
the limb from the point of collection had on the preservation of limb tissue compared to a
non-cooled limb. C-NP limb tests also gave an indication of if the combination of CO, and the

coolant fluid will have a detrimental effect the limb tissue itself. The final condition used
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during the experiments was non-cooled — perfused (NC-P) limbs. The NC-P limbs showed if
the limb tissue could be preserved through perfusion alone without the immediate cooling.
The C-NP and NC-P limb tests were important in determining which part of the technology,
if any, has a more influential role in the preservation of the muscle fibres. C-P tests were

compared to C-NP and NC-P tests to see if there is a synergistic effect of the two methods.

During the cooled tests in this set of experiments the FLUTEC PP80 coolant fluid, described
in Chapter 4 pages 119 to 120, was used in combination with the CO,. Unlike the previous
porcine limb tests, a full bottle of CO;, was used at each cooling time point. This was done for
two reasons, the first was to provide maximum cooling with more gas passing over the limb,
which should result in a greater cooling effect. Secondly, the full bottle of gas was needed to
disperse the volume of coolant used over the limb. The coolant fluid was only used on
alternate flushes to stop the cooling sock from being over-saturated in coolant fluid. This is
due to the fact the coolant works through evaporation, if the coolant fluid isn’t able to

evaporate due to a saturated cooling sock, effective cooling won't occur.

During the porcine limb tests the duration of transportation back to the lab varied from test
to test. To counteract this, the transportation time was set at 60 minutes. Having a
standardised transportation time allows the direct comparison of the tissue viability at the
end of transport. The limbs had a perfusion time of 2 hours. This is a long enough span of
time for the effect of the perfusion on tissue viability to be observed. This perfusion time was

also the time between the start and end tissue viability assessments on the non-perfused
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limbs. Again, having a defined sampling time allowed the direct comparison of the perfused

and non-perfused limbs.

Arterial and venous blood samples were taken from the perfusion system at set intervals
during perfusion. These samples were then analysed by a Siemens RAPIDPoint 500 blood gas
analyser. A number of different factors were considered to help analyse the health of the
limb tissue. The first factor was the pH of the blood. This provided information on if there
was a state of acidosis or alkalosis (sums, 2014). The normal range for blood pH is between 7.35
and 7.45 (cowley, Owen and Bion, 2013). The Pa02 and p,CO; were also looked at. The p,0; is the partial
pressure of oxygen, this highlighted that there was enough O, in the blood (cowtey, owen and Bion,
2013). A low p,CO; value will indicate any acidosis is due to metabolic factors (gums, 2014). The
base excess will be evaluated too, the normal range of base excess is -3 t0 +3 (urns, 2014). A
negative base excess will also indicate that the acidosis is metabolic especially if the anion
gap is large (surns, 2014, cowley, Owen and Bion, 2013)- A large anion gap indicates the addition of acid into
the blood. This is likely to be from the formation of lactic acid from anaerobic respiration in
poorly perfused tissues or from the addition of toxins into the blood (cowiey, owen and Bion, 2013).
Potassium (K*) is mainly stored within the cells in the body (ovesdy, 2015). Therefore,
hyperkalaemia, defined as a K* concentration of more than 5.5mmol/L, can be an indicator
of the widespread release of K" ions into the blood stream associated with haemolysis
(Rosenberry, Stone and Kalbfleisch, 2009)- When taking these blood gas results into consideration it will be
possible to gain an idea of whether or not the tissues are being adequately supplied with

oxygen.
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Histology samples were taken from the limb musculature at various points during the
experiments so the success of limb preservation could be assessed on a cellular level. The
first point samples were taken was at the end of the transportation period. This was so the
muscle viability could be assessed before perfusion had begun. These were the baseline
samples that the later samples could be compared to. At this point the non-cooled limbs had
had at least 60 minutes of warm ischaemia. Taking histological samples at this point would
enable the consequences of warm ischaemia compared to cooling to be assessed. This helped
show if the cooling technology could help preserve limb viability. The second samples were

taken after the perfusion time has elapsed.

Taking samples at the end of perfusion showed if perfusing the limbs retained tissue viability
compared to the limbs that were left under ischaemic conditions. The tissue viability of the
C-NP and NC-NP limbs could also be compared to show if initially cooling the limbs offered
some protection to ischaemia and necrosis. Histological samples were important as they

allowed a direct assessment of what was going on at a tissue and cellular level.

Laser doppler imaging scans and thermal camera photographs were taken every 15 minutes
during the perfusion period. The laser doppler images and thermal camera photos were
useful in the porcine limbs tests to have a visual depiction of how the blood was returning to
the limb. In light of this, it was decided to carry on the collection of this data. Warmth could
clearly be seen returning to the toes in the porcine limb tests, which was taken to mean the
perfusion was resuming. The limitations of both thermal camera imaging and laser doppler

imaging, such as their inability to measure at depth, were considered. However, on balance
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it was thought that, combined with other data, they could provide a corroborative insight

into the success of perfusion.

Another viability assessment of the limb that was undertaken during the porcine limb tests
and was replicated in the ovine limb tests was neural stimulation. However, there were a few
changes. In the previous porcine experiments, a Digitimer DS7A was used for nerve
stimulation. This system had both the electrodes on one applicator which reduces the ability
to stimulate across the muscle. Thus, the method of neural stimulation was changed. The
stimulation system used for these experiments was the TrainFES FES6 electrostimulation
system. This system was controlled by an app and used 2 electrode pads which were stuck
to the belly of the muscle. These electrode pads could also be left in place for the duration
of the experiment to ensure that the muscle was being stimulated in the same place. Unlike
in the porcine experiments, the ovine limbs were stimulated at the end of the transportation
period as well as at the end of perfusion. The initial stimulation at the end of the
transportation period allowed the baseline value required for nerve twitch to be recorded.
When the muscle was then stimulated at the end of the perfusion period, the amplitude that
was needed to obtain a twitch can be evaluated to see if the muscle was now more or less
responsive to stimuli. This provided an insight into how well the muscle tissue had been
preserved. It is acknowledged that without a quantifiable measure of twitch, the increase in
the twitch size can only be visually assessed. Additionally, there could be many other reasons
for the lack of twitch in the limb. However, it is thought that the neural stimulation provided
yet another corroborative indication of tissue viability before histological samples could be

evaluated.
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7.2. Testing protocol:

The testing protocol has been split into 3 separate parts. These are the cooling protocol, the
perfusion protocol and the data collection protocol. The protocol used for the different tests

can be created by combining these individual protocols together.

The freshly harvested limbs were collected at the abattoir and designated into one of the 4
groups. The limbs were then placed in the cooling sock and three thermocouples were
inserted into the muscle tissue using a needle. The thermocouples were placed into the tissue
at 3 depths, superficial tissue, mid tissue and deep tissue. The limb was then turned over so
the thermocouples were on the bottom of the limb and temperature recording began. The
cooling sock was then zipped up and transportation back to the laboratory commenced. The

exception to this was the NC-NP limbs which were not placed within the cooling sock.

7.2.1. Cooling protocol:

The following protocol refers to the C-P and C-NP limbs.

Once the thermocouples had been inserted and the limb turned over the cooling sock was
then zipped up and temperature recording began. One full bottle of CO, and one 100ml
bottle of FLUTEC PP80 coolant fluid was flushed through the cooling sock. The CO, was

released slowly so that the coolant fluid was properly dispersed by the flow of gas.
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Every 10 minutes from 0 — 50 minutes one full bottle of CO, was flushed through the cooling
sock to apply further topical cooling. The coolant fluid was used in combination with the CO,
on alternate flushes i.e. 0, 20 and 40 minutes. The temperature of the deep tissue was
monitored continuously and if the deep tissue was more than 10°C below the starting
temperature the gas would not be flushed through the sock to prevent overcooling the tissue

which could lead to damage.

During transportation any change in environmental conditions was noted incase this could
be linked to a change in cooling in future analysis. Temperature recording and cooling
continued until 60 minutes has elapsed. The last gas flush was at 50 minutes. At this point, a

maximum of 6 bottles of CO, (360l of CO,) and 300ml of coolant fluid had been used.

After the 60 minutes had passed, the temperature recording was stopped and the
thermcouples were removed. The limb was then weighed in the cooling sock. The weight of
the cooling sock was subequently subtracted to calculate the weight of the limb. Finally, the

limb was removed from the cooling sock and turned over to be prepared for cannulation.
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7.2.2. Perfusion protocol:

The following protocol related to the C-P and NC-P limbs.

Once cannulation had been achieved the limb was transferred to the Limb support system
(LSS). The LSS circuit was primed with saline. Once the circuit had been primed the baseline
perfusate was introduced into the system. This baseline perfusate was made up of 500ml
warmed bovine blood, 250ml gelofusine, 250ml Ringer’s lactate solution and 20ml 8.4%
sodium bicarbonate. The perfusion system was then connected to the cannulas in the limb

and perfusion commenced.

The perfusion flowrate was determined by the circuit pressure. During perfusion arterial
pressure was maintained close to 80mmHg. The gas used in the perfusion circuit was air. The
flow rate of the gas was determined by the partial pressure of the O, and CO; of the arterial
blood measured by a blood gas analyser. Additional perfusate was added into the perfusion
circuit when the blood sump level was low. The perfusate passed through a heat exchanger
to keep the limb at a temperature close to 37°C. The limb was covered by damp muslin when
data analysis was not being undertaken to keep the limb surface moist. Additionally, the lid
sections of the LSS were lowered when data analysis was not being done to help keep the
limb warm by preventing heat being lost to the environment. The limb was perfused for a

total of 2 hours.
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Figure 7-2: Perfusion set up of the ovine limb

7.2.3. Data collection protocol:

The additional tests done for the perfused limbs will be described below in section 7.3.2.1.
All limbs were weighed in the cooling sock at the end of the transportation period. The weight

of the cooling sock was subtracted to ensure only the weight of the limb was recorded.

Immediately after the transportation period ended, the ROM of the limb was assessed. This
was done by manually bending the limb and visually recording how much the joints moved
and how easily this could be done. After this, neural stimulation was attempted. The
electrode pads were attached to the belly of the gracilis muscle. The TrainFes app was then
opened and stimulation began. The app allows for an increase in the size of the stimulation
in 1mA steps. The amplitude of the stimulation was increased until a twitch was seen in the
muscle. The size of the baseline amplitude was noted and the twitch video recorded. The

amplitude was then increased to observe what effect this had on the size of the twitch.

215



Baseline histology samples were also taken. A scalpel was used to cut small pieces of the
superficial, mid and deep tissue from a muscle other than the one being stimulated. The

tissue samples were placed in 10% formalin and stored at 4°C. The perfusion period then

began.

Figure 7-3: Left - Thermocouples placed in the muscle and the location of the electrode pads. Right upper —
TrainFES neurostimulation equipment. Right lower — neurostimulation equipment in use

The above tests were then repeated at the end of the 2-hour perfusion period to obtain the
end perfusion readings. The exact time of all the samples were recorded so the time elapsed

since collection from the abattoir could be calculated.
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7.2.3.1. Perfusion data collection:

Before perfusion began, a baseline LDI scan and thermal image were taken. This allowed the
biological zero to be calculated for the LDI data. The biological zero is defined as the baseline
movement of cells within the tissue which is then used to identify changes in velocity and
blood cell density in later LDI scans. Perfusion was then started. The initial pressure,
temperature, perfusion flowrate and gas flowrate were noted. Data collection during
perfusion occurred every 15 minutes. An LDI scan and a thermal photograph were taken at
each data collection time point. Additionally, from 15 minutes, a blood sample was taken
from both an arterial and venous outlet at each sampling point. These blood samples were
run through a Siemens RAPIDPoint 500 blood gas analysis machine to obtain readings of the
pO,, pCO,, pH, base excess, K*, A-sat, V-sat, haemoglobin and haematocrit. The pressure,
temperature and the perfusion and gas flowrates were also recorded every 15 minutes and
the gas flowrate adjusted accordingly. At the end of perfusion, the limb was placed back in
the cooling sock and weighed to allow the increase in weight of the limb during perfusion to

be calculated.
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0 minutes: Collection of limbs

Limbs placed in cooling sock (Except NC-NP limbs)
Thermocouples inserted into tissue using needle (Except NC-NP limbs)
Cooling sock zipped up

Cooled limbs:
0 minutes:
1 full bottle of CO2 and FLUTEC PP80
released through cooling sock
10 minutes:
1 full bottle of CO; released through cooling
sock
20 minutes:
1 full bottle of CO2 and FLUTEC PP80
released through cooling sock
30 minutes:
1 full bottle of CO; released through cooling
sock
40 minutes:
1 full bottle of CO2and FLUTEC
PP80 released through cooling sock
50 minutes:
1 full bottle of CO; released through cooling
sock

Non-cooled limbs:
. No active cooling performed

60 minutes: End of transportation period.

Limb weighed
Baseline ROM performed
Baseline nerve stimulation performed
Baseline histology sample taken
Baseline thermal camera images obtained

Perfused limbs
60 minutes:
Limb cannulated

Non-Perfused limbs
75 minutes

. Baseline LDI scan obtained

. Perfusion begins
75 minutes:

. Blood gas data samples, LDI Scan
thermal camera photograph obtained
90 minutes:

. Blood gas data samples, LDI Scan
thermal camera photograph obtained
105 minutes:

. Blood gas data samples, LDI Scan
thermal camera photograph obtained
120 minutes:

. Blood gas data samples, LDI Scan
thermal camera photograph obtained
135 minutes:

. Blood gas data samples, LDI Scan
thermal camera photograph obtained
150 minutes:

. Blood gas data samples, LDI Scan
thermal camera photograph obtained
165 minutes:

. Blood gas data samples, LDI Scan
thermal camera photograph obtained
180 minutes:

. Blood gas data samples, LDI Scan and
thermal camera photograph obtained

. Limb weighed

Thermal camera photograph taken
90 minutes

Thermal camera photograph taken
105 minutes

Thermal camera photograph taken
120 minutes

Thermal camera photograph taken
135 minutes

Thermal camera photograph taken
150 minutes

Thermal camera photograph taken
165 minutes

Thermal camera photograph taken
180 minutes

Thermal camera photograph taken

180 minutes: End of test.

End of test (EP) ROM performed
End of test (EP) histology sample taken
End of test (EP) nerve stimulation performed

Figure 7-4: Flow chart of protocol for ovine limb tests



7.3. Results:

7.3.1. Cooled — perfused limbs:

Table 7-1: Mean and standard deviation for weight, temperature and nerve stimulation data for cooled -

perfused limbs

Collection weight (kg) 4,79 +0.62
Temperature of deep tissue at collection (°c) 31.47 +8.81
Transport duration (minutes) 60 +0.00
Temperature of deep tissue on arrival (°c) 27.27 £5.95
Temperature change in deep tissue (°C) 4,53 +3.46
Baseline nerve stim (mA) 21 +£20.51

Time from collection to start of perfusion (minutes)

106.33 £20.13

End perfusion weight (kg) 5.22 +0.63
Change in limb weight during perfusion (kg) 0.55+0.19
Percentage change in limb weight during perfusion (%) 12.22 +6.23
End perfusion nerve stim (mA) 50 +69.31
Time since collection for EP nerve stim (minutes) 248 +15.89

Table 7-1 shows a range data on various parameters for the cooled — perfused tests. The first

is the mean change in temperature in the deep tissue was only 4.53°C. This is less than the

target 10°C temperature change. The second important thing to note from this table is the
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increase in weight of the limb over the perfusion period. The limbs increased in weight by a
mean of 0.55kg when perfused. Finally, the nerve stimulation data shows that a higher
amplitude is needed to create twitch in the limbs at the end of perfusion. However, the
amplitude needed to create a twitch at both the baseline and end of perfusion time points is
very varied with the standard deviation of amplitude at the end of perfusion being greater

than the mean amplitude required to obtain twitch.

Table 7-2 shows the mean values for each of the blood measurements. This table shows that
the blood was acidic with a low pH and negative base excess. The K* values were higher than
the normal range (3.5-5.0mmolL™) (soar et ai, 2010). The arterial saturation of the blood was

normal.

Table 7-3 shows the perfusion pressure was higher than intended but has a very high
standard deviation. Furthermore, the standard deviation for the perfusion flowrate shows
that there was a wide variation in the flowrate during the tests. On the other hand, the

temperature stayed relatively steady evidenced by the small standard deviation.
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Table 7-2: Mean and standard deviation of perfusion data for cooled - perfused limbs

Venous

Measured | Normal Measured Normal

value range value range
pO:(mmHg) 123.9 +11.4 | 75-100 pO:(mmHg) 58.8 +4.30 25-40
pCO; (mmHg) 31.8+12.77 | 35-45 pCO; (mmHg) 51.1+19.58 | 41-50
pH 7.046 +0.07 | 7.35-7.45 | pH 6.892 +0.10 | 7.33-7.44
Base Excess -20.5+426 | -2-+1 Base Excess -22.6+426 | -2-+1
(mmol/L) (mmol/L)
0, Consumption | 557.71 + 250 0, Consumption | 557.71 250
(ml/min) 306.80 (ml/min) 306.80
K* (mmol/L) 7.55+1.99 | 3.5-5.0 K* (mmol/L) 8.3+1.82 3.5-5.0
Hct (%) 27 £4.13 37-52 Hct (%) 28 +4.56 37-52
tHb (g/dL) 9.0+1.39 12-17 tHb (g/dL) 9.5+1.54 12-17
A-Sat (%) 97.6+131 | >95 V-Sat (%) 76.4 +6.63 72-75
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Table 7-3: Mean and standard deviation of perfusion parameters for the C-P limbs
Pressure (mmHg) 108 +54.92

Temperature (°C) 36.73 £1.10

Perfusion Flowrate (mi/min) 222 +104.83

Gas Flowrate (mi/min) 78 +11.43

Table 7-5 shows the mean arterial blood results at each time point throughout the duration
of the experiment. The paCO, started off below normal range and continued decreasing
throughout the perfusion period. Moreover, the arterial pH decreased through the
experiment which was mirrored in the values for the base excess which started off at -15 and
ended up at -24.9, a decrease of 9.9. Conversely to this, the values for the haematocrit and
potassium increased steadily throughout the duration of perfusion. The arterial saturation

did show a slight decrease but it stayed within normal range.

Unlike the arterial pH, Table 7-6 shows that the venous pH stayed relatively stable for the
whole test. However, the base excess did decrease during perfusion showing that there was
an ion imbalance in the blood. The p,CO; started off above the normal range but as the
experiment continued it fell into normal range and then dropped below it. Similar to the
arterial blood samples, the values for K* and the haematocrit increased as perfusion

continued.
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Other than the 15-minute time point, the perfusion pressure remained within a range of

5mmHg, as seen in Table 7-4.

Conversely, the perfusion flowrate increased throughout the experiment. The temperature
also increased as the blood had chance to pass through the heat exchanger in the perfusion

circuit.
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Figure 7-5: Mean flowrate and pressure for C-P limbs
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Table 7-4: Mean and standard deviation for perfusion parameters at each time point for C-P limbs
, Perfusion
Time Pressure Temp Gas Flowrate
Flowrate
(min) (mmHg) (°c) (ml/min)
(ml/min)
0 107 34.76 159 +1.41 75 £14.14
15 118 +74.2 34.97 +0.40 220 +85.85 80 +21.21
30 109 +62.7 37.03 £1.02 221 +98.15 70+13.23
45 104 +61.6 36.73 £1.16 219 +119.18 80+13.23
60 106 +64.2 37.02 +0.82 192 +136.59 77 £12.58
75 106 +69.0 37.19 +0.86 231 +149.30 77 £12.58
a0 105 +69.9 36.98 +0.50 231 +149.30 77 £12.58
105 109 +67.2 37.29 +0.95 252 +128.48 85 +8.66
120 107 +68.2 37.31+0.88 252 +128.48 85 +8.66
Mean and SD of flowrate and pressure for C-P
limbs
400 250
= 350 =
€ 300 200 £
S~
r= 250 150 €
o 200 o
'E 150 100 §
2 100 o
o 50 e
’ EEEEE N .
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Table 7-5: Mean and standard deviation of arterial perfusion data at each time point for cooled perfused limbs

Time

(min)

pO:

(mmHg)

pCO;

(mmHg)

pH

Base Excess

(mmol/L)

0, Consumption

(ml/min)

K

(mmol/L)

Hct

(%)

tHb

(g/dL)

A-Sat

(%)

_

15 1349 +103 31.0+35 | 7.102+0.09 |-15.0%31 586.76 +392.08 4.98 +0.57 24 £52 8.2+17 99.0+0.7
30 1299 t9.7 38.4+67 | 7.084+0.06 |-17.2t43 362.05 +198.88 5.70 +1.22 24 £2.1 8.2+038 98.2+03
45 128.1+6.8 33.6+76 | 7.065+0.10 |-19.0%53 461.96 +232.33 6.73 +1.49 2538 8.6+1.2 97.9t0.2
60 132.0+5.8 28.0+31 | 7.069+0.06 |-20.7+25 540.58 +£379.74 7.16+0.87 26 £3.8 89+13 98.1+04
75 118.8 £2.7 29.8+38 | 7.025+0.10 | -21.6+4.4 541.92 +285.22 8.07 £1.32 27 £4.0 9.2+14 97.3+0.6
90 107.8 +18.7 29.7+27 | 7.02410.09 |-21.8+25 646.61 +399.15 8.31+0.97 28 +3.5 9.3+13 95.6+238
105 120.1+8.6 24.1+2.8 | 7.007 £0.04 |-23.6%21 565.70 +307.81 9.30+1.39 28 £5.1 9.7+16 97.3+04
120 123.0+4.8 22.3+19 |6.993+0.03 |-24.9%22 869.83 +558.83 10.19+1.83 | 30t6.1 10.2+2.0 |97.3+03
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Table 7-6: Mean and standard deviation for venous perfusion data at each time point for cooled perfused limbs

Time

(min)

pO:

(mmHg)

pCOZ

(mmHg)

pH

Base Excess

(mmol/L)

O, Consumption

(ml/min)

K

(mmol/L)

Hct

(%)

tHb

(g/dL)

V-Sat

(%)

_

15 54.6+05 70.2+373 | 6.852+0.21 | -19.66.3 586.76 +392.08 6.28 +1.26 26 £4.0 89+t14 75.6+17.3
30 63.4+5.2 62.6+16.6 | 6.919+0.14 | -19.1+538 362.05 +198.88 6.71+1.07 26 £35 8.7+1.2 81.5+12
45 61.0t4.6 52.2+12.7 | 6.896+0.15 | -21.8 6.0 461.96 +232.33 7.45 +1.75 26 t4.4 9.0t15 78.1+35
60 57.1+41 52.8+48 | 6.879+0.10 |-22.6+3.4 540.58 +379.74 7.89 £1.00 27 +36 9.2+1.2 73.8+6.5
75 58.1+51 46.0+0.7 | 6.881+0.09 |-23.8+3.7 541.92 +285.22 8.62 +1.42 28 £5.1 9.6+17 75.8+42
90 54.3+0.9 41.6+40 | 6.911+008 |-23.5+25 646.61 +399.15 9.01+1.43 29+5.0 9.7:16 71.8+4.1
105 61.0+238 37.2+44 |6.901+0.05 |-24.6+22 565.70 +307.81 9.73 £1.58 3053 10.2+19 | 78.0+22
120 599+14 33.2+55 | 6.894+007 |-259+24 869.83 +558.83 10.39+1.69 | 34178 11.3+27 | 76.3+05
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7.3.1.1.1. Thermal Imaging

The thermal photographs in Figure 7-9 and Figure 7-10 were taken during the C-P 3 test. The
photographs show that the limb warmed up during the test shown by the brighter yellow
colour of the muscle tissue at the top of the limb. The tube taking blood into the artery which
came directly from the point of heat exchange can clearly be seen on all photographs.
Additionally, the dark purple area on the limbs indicates the presence of the damp muslin

which was used to keep the limb moist in between sampling points.

Spot point data for C-P 3 Test
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Figure 7-8: Example thermal camera spot point data for C-P 3 test
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Figure 7-11: Example LDI data for C-P 3 (15-90 minutes)
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Figure 7-11 and Figure 7-12 show the LDI data from test C-P 3, the same test as the thermal
camera images in Figure 7-9 and Figure 7-10. The LDl images clearly show the opening up of
blood vessels as perfusion continued as evidenced by the lines of red and white appearing as
the test progressed. The lighter blue colour which developed over the 120 minutes shows
that blood was returning to the capillary bed. However, at 120 minutes there were still

patches of dark blue showing that there was little movement of blood in these areas. This is

Deep

Figure 7-13: Example histology data for C-P 1. Images a, b and c are 3 slices of the tissue samples taken at each
depth.

not unexpected.

7.3.1.1.3. Histology

Surface

Mid
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Histologists notes

Table 7-7: Histologist’s notes for C-P 1

C-P 1 EP| 19/2697 Myofibres appear viable;
Superficial multifocal moderate artifactual fragmentation.
C-P1EPMid | 19/2698 Myofibres appear viable;
only rare isolated myofibres with condensed sarcoplasm and
minimal artifactual fragmentation
Rare scattered parasitic cysts (Sarcocystis); focal minimal
lymphocytic infiltrate in the endomysium
C-P 1 EP Deep | 19/2699 Myofibres appear viable;

multifocal mild increased eosinophilia with segmental
contraction of the sarcoplasm with sparse minimal
artifactual fragmentation.

Mild separation of myofibres (possible mild oedema); rare
granulocytes and lymphocytes sparse in the endomysium.

Single focal parasitic cyst (Sarcocystis).

Figure 7-13 shows the histology data collected for C-P 1. As the histologist’s notes state, the

myofibres appeared to be viable. The deep tissue had more signs of oedema and increase of

eosinophils whilst the mid tissue had more parasitic cysts present in the tissue. There was

artifactual fragmentation present at all tissue depths.
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7.3.2. Non-cooled — perfused limbs:

Table 7-8: Mean and standard deviation for weight, temperature and nerve stimulation data for non-cooled -
perfused limbs

Collection weight (kg) 4.38 +1.99
Temperature of deep tissue at collection (°C) 32.65 +10.53
Transport duration (minutes) 59 +1.73
Temperature of deep tissue on arrival (°C) 29.29 +7.34
Temperature change in deep tissue (°C) 3.36+3.24
Baseline nerve stim (mA) 85

Time from collection to start of perfusion (minutes) 77.33 +17.79
End perfusion weight (kg) 3.33

Change in limb weight during perfusion (kg) 0.66
Percentage change in weight during perfusion (%) 24.72

End perfusion nerve stim (mA) 22 +13.50
Time since collection for EP nerve stim (minutes) 206 +£25.42

Table 7-8 shows that the mean weight of the limbs in the NC-P tests was less than that of the
C-P limbs. However, there was a greater variation in the limb weights. The mean temperature
change in the NC-P limbs was 3.36°C which is smaller than that achieved by actively cooling

the limbs in the C-P tests. There was a shorter time period after collection before perfusion
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began for the NC-P limbs compared to the C-P limbs. Due to only having one data point for
the baseline nerve stimulation, the mean result for the EP nerve stimulation suggests that
twitch was achieved at a lower amplitude. Furthermore, there was only one result for the EP
weight in the NC-P limbs. This result does indicate that there was an increase in limb weight

during perfusion.

Table 7-9 shows that the mean pH of the blood was below normal range in the NC-P tests.
Additionally, the base excess and p,CO, were lower than what would be expected. Moreover,
as was seen in the C-P limbs, hyperkalaemia was present. The arterial saturation was still
within the normal range. The haematocrit was at the higher end of the range that would be
expected for blood within an isolated perfusion system. For example, for cardiopulmonary
bypass the range would be between about 20-30%. The pressure in the NC-P limb tests was
much lower than in the C-P limb tests. In fact, the mean pressure was lower than the
80mmHg which was being aimed for. Again, the temperature and the gas flow rate did not

fluctuate much when looking at the standard deviation.
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Table 7-9: Mean and standard deviation for perfusion data for non-cooled - perfused limbs

_ -
Measured | Normal Measured Normal
value range value range
pO:z(mmHg) 130.5 + | 75-100 pO2(mmHg) 65.0 +8.24 25-40
6.27
pCO:2 (mmHg) 27.6 £10.98 | 35-45 pCO:2 (mmHg) 36.1 +16.45 41-50
pH 7.160 +0.08 | 7.35-7.45 | pH 7.092 +0.10 7.33-7.44
Base Excess -16.8+4.43 | -2-+1 Base Excess -18.5+1.70 -2-+41
(mmol/L) (mmol/L)
0: 190.20 + 250 0: 190.20 +89.11 | 250
Consumption 89.11 Consumption
(ml/min) (ml/min)
K* (mmol/L) 6.4 +0.55 3.5-5.0 K* (mmol/L) 6.4 +0.45 3.5-5.0
Hct (%) 29 +5.70 37-52 Hct (%) 30+6.11 37-52
tHb (g/dL) 10.0+1.97 | 12-17 tHb (g/dL) 10.2 +2.06 12-17
A-Sat (%) 98.4+0.45 | >95 V-Sat (%) 87.5+5.12 72-75
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Table 7-10: Mean and standard deviation of perfusion parameters for the NC-P limbs
Pressure (mmHg) 71 +8.32

Temperature (°C) 36.47 £0.94

Perfusion Flowrate (mi/min) 166 +58.30

Gas Flowrate (ml/min) 66 +14.73

Table 7-12 shows the arterial blood sample results in more detail. Starting with the p,CO, the
values started within normal range. However, by 45 minutes the values had decreased to
below the normal range. The blood pH was lower than would be expected. Nevertheless,
unlike the C-P limb tests, the arterial pH did not decrease much as the experiment
progressed. Moreover, the pH did increase for a while, though not into the normal range.
The base excess decreased over the course of the experiment detailing a developing base
deficit. Both the K" and haematocrit increased as perfusion continues. This was also reflected
in the venous blood results as shown in Table 7-13. The arterial saturation stayed around

98%, well within the expected range.

Table 7-11 shows the mean perfusion flowrate increased until 60 minutes at which point it
started to be reduced again. This is not reflected in the mean perfusion pressure which
continued to rise until 75 minutes even after the blood flow was reduced. In fact, the pressure

began to reduce when the flow rate increased again.
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Table 7-11: Mean and standard deviation of perfusion parameters at each time point for NC-P limbs

Time Pressure Temperature Perfusion Flowrate Gas Flowrate
(min) (mmHg) (°c) (ml/min) (mi/min)
0 68 +5.2 34.97 +0.5 167 +63 78 +16
15 65 +13.9 35.90+1.0 169 + 60 63+3
30 66+7.6 36.11+1.0 178 t61 78 +16
45 70 £125 37.04 +03 204 +52 78 +16
60 73 +85 36.84 £03 164 25 68 + 14
75 8l+46 36.92+03 143+ 68 68 + 14
90 74 £3.0 36.92+0.2 144 +73 57 +15
105 74 55 36.69 0.2 167 +87 57 15
120 72 £55 37.22 04 170 + 107 57 t15
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Mean and SD of pressure and flowrate over time

for NC-P limbs.
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Figure 7-14: Mean pressure and flowrate over time for NC-P limb
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Table 7-12: Mean and standard deviation of arterial perfusion data at each time point for non-cooled - perfused limbs

Time pO: pCO: pH Base Oz Consumption K* Hct tHb A-Sat
(mmHg) Excess
(min) (mmHg) (ml/min) (mmol/L) (%) (g/dL) (%)
(mmol/L)

0
15 122.3+93 43.2+15 7.124 +0.04 -14.4+1.2 | 182.1 +67.54 5.4 +0.18 23.0+424 | 7.7214 97.9+0.4
30 132.0+5.7 35.6+3.1 7.086 +0.02 -18.1+0.1 | 204.2 +101.12 6.1+0.28 23.5+212 | 8.0z+08 98.3+0.1
45 125.9+27 28.3+7.2 7.091 +0.06 -20.0+0.1 | 222.2 £212.09 6.6 +£0.55 26.5+071 | 9.1+01 98.0+0.4
60 131.9 25.6+6.8 7.173 +0.02 -17.8+1.3 | 130.6 6.3 +0.35 29.0+141 | 9.9+05 98.2+0.1
75 133.8+29 21.0+7.7 7.232 +0.01 -17.1+2.6 | 114.0 £29.25 6.4 +0.58 33.0+424 | 11.3z+14 98.9+0.1
90 132.6+54 22.2+141 | 7.209 £0.10 -17.9+1.0 | 143.0 +52.38 6.7 +0.46 35.0+2.83 | 119=z+11 98.8 +0.2
105 134.2 +4.7 21.9+16.5 | 7.190+0.13 -19.1+0.8 | 278.3 +89.78 6.5+0.23 32.0+849 | 11.0z+28 98.8+0.1
120 132.1+11.0 | 23.0+17.0 | 7.180+0.17 -10.3+0.6 | 217.3 +£22.59 7.1+0.08 33.5+7.78 | 11.5+27 98.6 +0.7
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Figure 7-15: Mean arterial blood gas data for C-P limbs
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Table 7-13: Mean and standard deviation of venous perfusion data at each time point for non-cooled - perfused limbs

Time

(min)

pO:

(mmHg)

pCO:
(mmHg)

pH

Base Excess

(mmol/L)

0O: Consumption

(ml/min)

K*

(mmol/L)

Hct

(%)

tHb

(g/dL)

V-Sat

(%)

—

15 459+123 | 59.0+107 | 7.010+0.02 | -15.8+1.2 182.1 +67.54 57+001 |23z+4.24 7.8+14 87.8+5.2
30 46.5+110 | 46.5+159 | 7.006+0.09 | -19.0+0.3 204.2 +101.12 6.2+0.29 | 24+283 8.2+08 86.5+79
45 47.7 +10.7 34.4+109 | 7.029 +0.10 | -20.8 +t0.9 222.2 £212.09 6.5 £0.69 27 +1.41 9.2+06 88.0+7.4
60 43.7 £9.1 32.3+109 | 7.120+0.04 | -18.0+1.2 130.6 6.4+021 |30+141 10.1+0.6 88.6+54
75 42.1+35 32.2+19.8 | 7.147 +0.08 | -17.3+24 114.0 +29.25 6.5+0.42 35+4.95 11.8+15 88.9+5.2
90 414 +6.6 27.1+18.0 | 7.161+0.13 | -18.4+04 143.0 +52.38 6.7 £0.45 36+2.83 12.3+09 88.0t6.3
105 404 +11 28.5+21.2 | 7.126 +0.16 | -19.4+0.4 278.3 +89.78 6.5+006 | 33+9.19 11.0+31 85.7+70
120 38.6£13.0 28.8+24.0 | 7.135+0.19 | -19.6 +0.6 217.3 £22.59 7.0z0.11 35+7.78 11.7+26 86.9+93
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Mean venous pO, and pCO, for NC-P limbs
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Figure 7-16: Mean venous blood gas data for C-P limbs
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7.3.2.1.1. Thermal Imaging

Figure 7-18 and Figure 7-19 shows the thermal camera data from the NC-P 4 test. Again, the
blood supply lines could clearly be seen in these images. The limb muscular tissue at the top
of the limb got brighter and a more even yellow showing the tissue was warming up. The
muslin used to keep the limb moist can also be seen with the purple colour at the distal end

of the limb.

Thermal camera spot point data for NC-P 4 test
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Figure 7-17: Example thermal camera spot point data for NC-P 4 test
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Figure 7-18: Example thermal camera images from NC-P 4 test (0-75 minutes)
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Anatomical photograph

Figure 7-19: Example thermal images from NC-P 4 test continued (90-120 minutes)
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7.3.2.1.2. LDl Imaging
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Figure 7-20: Example LDI data for NC-P 4 (15-90 minutes)
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Figure 7-21: Example LDI data for NC-P 4 continued (105 and 120 minutes)
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Figure 7-20 and Figure 7-21 show the LDI data from the NC-P 4 test. The laser doppler was
positioned at further down the limb so the hammock supporting the limb can be seen in the
bottom left corner of the LDl images. The white lines suggesting blood vessels could be seen
developing from the first scan at 15 minutes. The increase in light blue across the 8 images
points to the resumption of blood flow into the capillary bed. Interestingly, the areas of white
which show the highest detected movement of blood cells appeared and disappeared
between time points. This suggests that the areas with the highest blood movement were

not consistent.

7.3.2.1.3. Histology:

Superficial

Figure 7-22: Example histology for NC-P 1
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Table 7-14: Histologist's notes for NC-P 1

NC-P 1 EP 19/2694 Myofibres appear viable;
Superficial multifocal mild artifactual fragmentation.

Few scattered parasitic cysts (Sarcocystis).

NC-P1 EP Mid 19/2695 Myofiber appear viable but with slightly indistinct
borders;

multifocal mild artifactual fragmentation, and
scattered myofibres with slight condensation of the

sarcoplasm.

NC-P1 EP Deep 19/2696 Myofibres appear viable;

multifocal artifactual myofibre condensation with mild
contraction and fragmentation.

Few scattered parasitic cysts (Sarcocystis) and a single

focal mild infiltrate of lymphocytes in the endomysium.

Figure 7-22 shows example histology data from the NC-P 1 test. As stated in the histologist’s
notes the myofibres appear viable. There is mild artifactual fragmentation in the superficial
and mid tissues with artifactual myofiber condensation in the deep tissue. Similar to C-P 1
there is mild infiltrate of lymphocytes into the endomysium of the deep tissue and parasitic

cysts scattered throughout the tissue.
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7.3.3. Cooled — non-perfused limbs:

Table 7-15: Mean and standard deviation of weight, temperature and nerve stimulation data for cooled -

non-perfused limbs

Collection weight (kg) 3.61+1.22

Temperature of deep tissue at collection (°C) 30.29 +3.66

Transport duration (minutes) 60 +0.00

Temperature of deep tissue on arrival (°C) 23.11 +2.87
Temperature change in the deep tissue (°C) 7.18 £3.26

Baseline nerve stim (mA) 65/ No twitch observed

even at 130mA

End experiment (non-perfused) nerve stim (mA) No twitch observed even
at 130mA
Time since collection for EE nerve stim (minutes) 190 +0.00

The mean weight of the C-NP limbs shown in Table 7-15 was lighter than the mean weight of
the C-P limbs. The mean deep tissue temperature of the C-NP limbs at collection was also
lower than the C-P limbs. However, the temperature change in the deep tissue was greater
in the C-NP tests than the C-P limbs. The mean temperature change in the C-NP tests was
7.18°C which was much closer to the target 10°C temperature change. Only two tests
undertook a baseline nerve stimulation assessment. One of these tests achieved twitch at
65mA, the other could not produce a twitch at all even with 130mA. By the end of the

experiment neither limb was able to twitch in response to the stimulation.
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Figure 7-23 shows the thermal camera images taken during the C-NP 3 test. These images
show the limb was getting cooler as evidenced by the dulling of the yellow colour in the

muscular tissue.
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Figure 7-23: Example thermal camera data for C-NP 3 test
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Thermal camera spot point data for C-NP 3
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Figure 7-24: Example thermal camera spot point data for C-NP 3 test
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7.3.4. Non-cooled — non-perfused limbs:

Table 7-16: Mean and standard deviation of weight, temperature and nerve stimulation data for non-cooled -

non-perfused limbs

Collection weight (kg) 3.96 £0.59

Temperature of deep tissue at collection (°C) N/A

Transport duration (minutes) 59+1.34

Temperature of deep tissue on arrival (°C) N/A

Baseline nerve stim (mA) 33 +26.46

End experiment nerve stim (mA) No twitch seen even at
130mA

Time since collection for EE nerve stim (minutes) 215 +37.16

Table 7-16 shows that the baseline nerve stimulation tests were associated with a twitch at
a mean of 33mA stimulation. However, by the end of the test period there was no

measurable response in any of the experimental preparations irrespective of stimulation

amplitude (130mA maximum)

e _
Figure 7-25: Anatomical picture of NC-NP 5 limb
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Figure 7-26: Example thermal camera data for NC-NP 5 test
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Figure 7-26 shows the thermal camera photographs taken during the NC-NP 5 test. The nerve
stimulation pads can be seen on the muscle in these photographs. The photos show the limb
was cooling down as the distal end of the limb turned black and the muscle changed from a

bright yellow to purple.

The thermal photographs clearly show the difference in limb temperature when perfused as
seen in Figure 7-9, Figure 7-10, Figure 7-18, Figure 7-19 compared to no perfusion as seen in

Figure 7-23 and Figure 7-26.

Thermal camera spot point data NC-NP 5
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Figure 7-27: Example thermal camera spot point data for NC-NP 5 test
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7.3.5. Cooling data:

Superficial tissue cooling data for all cooled tests
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Mid tissue cooling data for all cooled tests
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Figure 7-29: Start and end temperatures in the mid tissue for all cooled tests
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Deep tissue cooling data for all cooled tests
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Figure 7-30: Start and end temperatures in the deep tissue for all cooled tests
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Table 7-17: Mean temperature change for cooled and non-cooled tests
Tissue depth Cooled tests (°C) Non-cooled tests (°C)
Superficial 6.21 £2.40 1.39+£0.97
Mid 6.30£2.08 3.64+1.84
Deep 5.86+3.34 5.23+0.28

Figure 7-28, Figure 7-29 and Figure 7-30 show the temperature change at each tissue depth
produced during the transportation period. As these graphs show, there was a wide variety
in the temperature of the tissue upon collection. Interestingly, the test which had the lowest
starting deep tissue temperature (C-P 1) had the warmest starting temperature in the mid
tissue. Other than in test C-P 1 and C-NP 1 the deep tissue started off with the warmest
temperature. In test C-NP 1 the 3 tissue depths were at a very similar temperature with only
0.34°C separating them. Test C-NP 2 was the only time when the temperature of the deep
tissue was reduced by the target 10°C. This temperature reduction was also achieved in the
mid and superficial tissue during this test. The mean temperature reduction in the deep over
all tests was 5.86°C. C-NP 2 had a much faster rate of cooling compared to the other tests
and C-NP 1 had a much slower rate of cooling. However, other than this the steepness of the

line for the other tests was similar suggesting the rate of cooling was similar.
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7.4. Results analysis:

As has already been mentioned, only one test was able to reduce the temperature in the
deep tissue by the target 10°C during active cooling. Nevertheless, 4 of the 6 tests did end up
with a deep tissue temperature drop of over 5°C which should give rise to a 25% reduction
in metabolic activity. However, 2 of the 3 non-cooled tests also produced a drop in
temperature of 5°C (data not shown). In fact, when the temperature reduction in the cooled
tests is compared to the non-cooled tests, there is not a significant difference (p=0.809) in

the temperature decrease observed in the deep tissue, as shown in Table 7-17.

Mean and SD for temperature change in deep tissue in
cooled and non-cooled limbs
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Figure 7-31: Mean temperature change in deep tissue for C and NC limbs

This suggests that by the level of the deep tissue, the combination of topical CO, and coolant
fluid was not able to achieve cooling. This is contrary to the results from the small-scale tissue
tests in Chapter 5 where it was found that the deep tissue temperatures were statistically
colder at the end of the experiment compared to tissues with no cooling (p=0.036). The main

reason for this difference in inability to achieve cooling could be explained by the separation
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of the CO; into 16 different streams in the cooling sock. By distributing the gas over the limb,
the heat transfer is decreased due to a smaller volume of gas being available for heat
exchange in any one area. Thereby, the heat removed by using 6 bottles of CO, will be less
with the cooling sock, even if the coolant fluid is added. Moreover, the mean weight of the
ovine limb upon collection was 4.22kg which is much greater than the weight of the tissue
sample used in the small-scale tests. Therefore, the same amount of CO; is being split into
16 streams and is being used to cool something with a much greater mass. Understandably,

the temperature change is not as large.

As has been mentioned in previous chapters, the speed at which the CO, was released will
have an effect on how rapidly the tissue cools. This is likely to have factored during the ovine
limb tests. However, the slight change in the speed of CO; release is unlikely to be responsible
for the 10°C difference in temperature change in the deep tissue between test C-P 1 and C-
NP 2. Although both of these tests were outliers compared to the temperature change
produced during the other cooling tests, other factors may have had an impact to alter the
temperature change so greatly. The environmental temperature on both days was 13.5°C so
this would not have made a difference to the rate of heat loss if the deep tissue started off
at the same temperature. The starting temperature for C-P 1 was much lower so the
temperature gradient between the deep tissue and ambient temperature was less which will

have result in a slower heat exchange from the tissues.

Another factor which is likely to have had a big effect on end temperature in the deep tissue
is the location of the thermocouple in comparison to the output nozzles of the cooling sock.

The further the tissue was from the CO; outlet nozzle, the less the tissue will have cooled as
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the CO; will have warmed up as it passed over the tissue in between. Therefore, since the C-
NP 2 test consistently had the greatest tissue temperature change across all 3 tissue depths,
it is possible that the thermocouples were inserted into the muscle directly beneath one of
the cooling nozzles. When the limbs were harvested they were skinned down to the ankle,
as is likely to be standard practice at the abattoir. However, this meant that there was no
skin and fatty tissue over the muscle. The fatty tissue will provide insulation against topical
cooling. The lack of fatty tissue should be taken into consideration when analysing the
temperature results as removing this insulation will have made topical cooling more

effective.

The thermocouples were inserted into the tissue using a needle in these tests. This enabled
the thermocouple to be placed in the middle of a muscle rather than the top of the leg as
was the case in the porcine limb tests. The benefit of placing the thermocouple into the
centre of the muscle was that you can see how the muscle is cooled by the topical cooling
alone. However, the thermocouples were still not placed directly into the deep tissue, as
demonstrated in Figure 7-32 on the next page (image not to scale). This meant that the
temperature, and thereby the cooling, of the very deep tissue could not be monitored. The
indications are that fairly peripheral tissue was cooled by around 5°C, it’s reasonable to
assume therefore that the very deep tissue is likely to experience cooling to a lesser degree.

This requires further investigation.
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Figure 7-32: Demonstration of thermocouple location compared to muscle tissue

depth. (Image not to scale)
As shown in Figure 7-28 - 7-30 the temperature change at all 3 tissue depths was similar
between the 6 cooled tests, except for C-P 1 where there was 5°C difference in the
temperature change. Furthermore, the starting temperatures in all the C-NP tests were
similar across all 3 depths, in tests C-P 2 and C-P 3, the deep tissue was much warmer.
However, the temperature change was still similar at each depth. On the other hand, in C-P
1 the mid tissue was the warmest to start off with but had a similar temperature change to
the superficial tissue. This suggests that there was a fault in the thermocouple placed in the
deep tissue and it wasn’t recording the temperatures correctly. In fact, after this test, the

input ports used for the thermocouples were changed.

Table 7-5 and Table 7-12 show the mean arterial perfusion data at each sample time point
for the C-P and NC-P limbs. There is a lot of interesting information to be drawn from these
tables. The first is the K* values. The mean K* value at 15 minutes for the C-P limbs was within
the normal range (3.5-5.0mmolL?). At every time point after the K* value increased to a point
of severe hyperkalaemia from 60 minutes as illustrated in Figure 7-33. For the NC-P limbs,

the mean K* value did start off showing signs of mild hyperkalaemia. Again, at each time
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point the value of K* increased until severe hyperkalaemia at 120 minutes. The C-P limbs

reached a point of severe hyperkalaemia 60 minutes before the NC-P limbs.

Mean and SD of K* concentration for C-P and NC-P tests
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Figure 7-33: Mean potassium concentration for C-P and NC-P tests

When the data was statistically analysed using a one-way ANOVA, the value of arterial K* at
120 minutes for the C-P limbs was statistically higher than the NC-P limbs (p = 0.005).
Furthermore, at 120 minutes the K* value for the NC-P limbs was not statistically different
from both the C-P limbs and the NC-P limbs at 15 minutes. This shows that the C-P limbs had
a very large influx of K* into the bloodstream. One possible reason for the hyperkalaemia is
haemolytic events associated with high flow, high pressure and shear in combination with a

fragile blood product.

Some amount of tissue destruction would be expected within the limbs, they had not had
perfusion for at least 60 minutes when the perfusion began. The collection temperature of
the C-P and NC-P limbs were statistically similar suggesting that the warm ischaemic time,
and thereby tissue destruction, for both would be about the same. Furthermore, as perfusion
progressed and blood returned to the dying tissues, more K* would enter the blood as the K*

would need to be carried away from these points. This can account for a small increase in the

268



K* value seen in the NC-P limbs. Especially since the limbs were not actively cooled so the
rate of enzyme action would not be decreased. The large increase in the K* value over

perfusion for the C-P limbs is not expected as this suggests greater tissue destruction.

There are a few things that could have caused the increased tissue destruction in the C-P
limbs. The first is the cannulation time. The time taken to cannulate the NC-P limbs was
14.33+12.5 minutes, for the C-P limbs it was 394£20.3 minutes. This extra cannulation time
provided an extra 25 minutes of ischaemia for the C-P limbs which would have given rise to
further tissue damage. Additionally, there could be rhabdomyolysis in response to the insult
of cooling the limbs. Although cryotherapy and therapeutic hypothermia are used frequently
in medicine with little effect on the tissues, the method of cooling used in this technology
has not been tested. Although the coolant fluid is not cytotoxic it has not been certified as
biocompatible. Moreover, atmospheric CO, concentrations are obviously not cytotoxic. The
histology results will help to establish if the method of cooling itself is damaging the limbs in

any way.

The C-P limbs had a 12.22+6.23% increase in weight from the collection limb weight. This was
in contrast to the 24.72% increase from collection weight seen in NC-P 4 (the only NC-P test
with both collection and end perfusion weight). There was an increase in arterial haematocrit
throughout perfusion in both the C-P and NC-P limbs. An increase in hct indicates that fluid
was being lost somewhere in the circulatory circuit. The fluid was likely to have been passing
out of the small vessels into the interstitial space leading to an increase in oedema. This
theory could be backed up by the increase in weight of the limbs over the course of perfusion.

However, the increase in weight will not have been entirely due to oedema, the limbs will
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have been drained of most of the blood at the abattoir. After perfusion there will have been

residual blood left in the limbs.

The arterial base excess decreased during perfusion for both the C-P and NC-P limbs.
Nonetheless, the base excess decreased by a bigger amount in the C-P limbs. The mean base
excess at 120 minutes was significantly lower (p=0.005) in the C-P limbs than the NC-P limbs
at the same point. The mean base excess value in the NC-P limbs at 120 minutes was not
significantly different from the starting values of both the C-P and NC-P limbs. The change in
base excess corresponded to a decreasing pH in the arterial blood during the C-P tests. The
arterial pH in the NC-P limbs had minor fluctuations during perfusion but ultimately the
values stayed steady. However, the pH value was not significantly different between the C-P
and NC-P limbs at either 15 minutes or 120 minutes. A low base excess indicated metabolic

acidosis and the addition of acid into the blood.

Mean and SD of arterial base excess for C-P and NC-P tests
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Figure 7-34: Mean arterial base excess for C-P and NC-P limbs

The acid could have been the result of a few causes. The first is from the production of lactic

acid. The ischaemic limbs would have had to perform anaerobic respiration to maintain
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energy production due to the lack of O,. This will have resulted in the formation of lactic acid
as a by-product of this reaction. When the blood returns to the tissues the lactic acid would
have been excreted into the blood to be carried away as a waste product resulting in a lower
blood pH. The lactate values for all the perfusion tests started off at least 6 times higher than

the normal range and got higher throughout perfusion which supports this theory.

Graph showing arterial blood concentration of lactate for C-P and NC-P

o tests
o
(@]
€ 25.00
£ _
c 20.00 -
£ 1500 ;E(*TT
< 10.00 1 T =
o
S 5.00
(@)

0.00

15 30 45 60 75 90 105 120

Time (minutes)

C-P NC-P  — - — Upper limit of normal range

Figure 7-35: Mean arterial lactate concentration for C-P and NC-P limbs

Thus far the histology samples taken were only analysed for C-P 1 and NC-P 1. This means
that no full conclusions can be drawn from the histological data so far. However, the results
for C-P 1 do suggest that the myofibers were still viable meaning that the technology had
preserved the tissue and at this point the tissue could be salvaged. Interestingly the
histological results for NC-P 1 were similar in terms of the preservation of tissue viability.
However, the nerve stimulation suggested that the tissue is no longer viable. It will be
interesting to see if this variation between nerve stimulation and histology persists in the

other samples.
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The artifactual fragmentation present in all 3 tissue depths in the C-P 1 sample was likely to
be from the sample acquisition or processing. C-P 1 had a few parasitic cysts present in the
mid and deep tissue. The presence of these cysts shows that more samples were needed
because there are other factors which could have affected how well the tissue is able to be
withstand the novel technology. The mild eosinophilia present in the deep tissue was most
likely an increased immune response triggered by the presence of parasitic cysts rather than
in response to the technology. However, it is still possible that the increased immune
response was triggered by the technology. Histological analysis of the other samples will help
to determine this. The histology samples which have been analysed thus far suggest that the
increase in K* was not due to rhabdomyolysis as there are few signs of tissue destruction.
Therefore, the K* was more likely to be associated with haemolysis. However, more
histological samples need to be analysed to be able to determine the relationship between

the blood results and tissue viability.

Analysis of data suggests that the NC-NP limbs were more responsive at the end of transport
than the C-NP limbs. The results from the ovine limb tests show that perfusing the limbs had
a direct result on the ability to produce twitch at the end of the 2-hour perfusion period. At
the end of the tests with no perfusion no twitch could be achieved even with 130mA. This
suggests a complete loss of tissue viability. The complete loss of a twitch at the end of the
test period in the NC-NP limbs showed that there was greater tissue degradation in the non-
perfusion period compared to the C-NP limbs as demonstrated by the reduction of the twitch
threshold of the NC-NP limbs by an additional 32mA over the test period. The fact no end
perfusion twitch could be achieved in the NP limbs is unsurprising. By this point the limbs

would have been under ischaemic conditions for at least 3 hours, longer than the maximum
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warm ischaemic time indicated in the data whereby tissue viability will remain (perkins et al., 2012)-
Nonetheless, the aim of cooling the tissues was to preserve tissue viability. Judging by the
ability to produce twitch, even the C-NP limbs were no longer viable. This is contrary to
expected results. One possible explanation for this is that the tissue was not cooled at a great
enough depth to be able to preserve the muscle viability. Another explanation is that, as
discussed previously, the CO; actually had a damaging effect on the tissues, which combined
with the ischaemia resulted in the loss of viability. Nevertheless, it should be born in mind

that muscle twitch alone is not a reliable indicator of muscle viability.

Another factor that could have affected the twitch seen in the non-perfused limbs at the end
of the test was the amount of Ca?* available to the muscle cells. The limbs were being
stimulated many times, especially if twitch could not be seen as the muscle was stimulated
at increasing amplitudes. The Ca?* could not be replaced after the initial stimulation seeing
as perfusion was not present. Therefore, excessive stimulation may have exhausted the
supply of Ca?* so the muscle could not contract even if it was still viable. The Ca?* in both the
C-P and NC-P limbs was at a similar concentration in the blood (mean C-P 0.89+0.03mmol/L
and mean NC-P 0.91+0.01mmol/L). This is greatly below the normal range of Ca®* in the blood
which is 2.2-2.7mmol/L (colastein, 1990). Therefore, it is feasible that the Ca®* was at the same
concentration in the non-perfused limbs so the supply in the static blood would quickly have

become exhausted.

The mean threshold for EP nerve stimulation for the C-P tests was 50 + 69.31 mA compared
to 22 + 13.50 mA for the NC-P tests. The baseline stimulation threshold value for the NC-P

limbs was 85mA (NC-P4) compared to 21 + 20.51mA for the C-P limbs. However, the C-P 2
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test had a nerve twitch threshold of 130mA. This experiment had a very high perfusion
pressure and a jelly like substance was seen in the tissue when histology samples were taken
suggesting that the limb tissue had been damaged which would reduce the chance of twitch.
When the mean for the C-P tests was calculated without C-P 2 it is 10 + 2.83 mA. This data
shows that the NC-P limbs had a much wider range of EP twitch threshold than C-P1 and C-
P3 due to the larger standard deviation. The C-P limbs also had a lower twitch threshold when
the data for C-P 2 is removed. This suggests that cooling the limbs did help to preserve tissue

viability to some extent.

Mean and SD of amplitude to produce twitch in the limbs at the
baseline and the end of test for each experimental condition.
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Figure 7-36: Mean baseline and end of test amplitude needed to initiate twitch for each experimental condition

The neural stimulation baseline values suggest that cooling the limb before perfusion did
have an effect on tissue viability. The mean baseline amplitude to produce twitch in the
cooled limbs was 35 + 29.50 mA whilst in the non-cooled limbs it was 43 + 32.65mA. One
limb in both the cooled and non-cooled limbs could not be stimulated to produce twitch and
was discounted from the mean. Although the cooled limbs had a lower mean amplitude to
produce stimulation, the amplitude required for all the baseline stimulations was very varied,
as evidenced by the wide standard deviations. The baseline amplitude did not correlate to

the collection temperature of the tissues. For this reason, it was not really possible to draw
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any concrete conclusions from the data. One factor which will have changed the threshold
needed for twitch was the position of the electrodes on the muscle. It is possible that the
electrodes were not always placed on the belly of the muscle. Furthermore, the electrodes
were being placed on a muscle whose primary function is stabilisation. Thus, the movements
produced when twitch occurred may be small and less obvious to see compared to a muscle

that is responsible for movement of the limb.

One interesting thing to note about the neural stimulation tests is the fact that the threshold
for twitch decreased during the only NC-P test which had both baseline and end perfusion
nerve stimulation data. This was not seen during any of the C-P tests with both B and EP
neural stimulation data. The decrease in the threshold for twitch in NC-P 4 was from 85mA
baseline to 22mA at end of perfusion. Although, it is possible that the re-warming of the limb
during perfusion made it more responsive to stimulation, another potential explanation for
this reduction is that the EP electrodes were placed in a better position on the muscle, thus,

eliciting a response at a lower amplitude.

The ROM of the limbs was examined both at collection and at the end of perfusion. This was
only a visual assessment; no goniometer was used to measure movement of the joints.
However, the difference of movement in the limbs was very noticeable. At collection the
limbs were pliable and could easily be manipulated. By the end of the perfusion period, the
limbs which had been perfused were still able to move but were not as pliable as upon
collection. On the other hand, the limbs which were not perfused could not be moved at all.
This shows that the limbs had stiffened up completely which is to be expected. A lack of

perfusion meant that the ATP needed for movement of the limbs could not be replenished
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and therefore the muscles remained fixed in position. Additionally, damage to the muscle
tissue could have prevented movement of the limb. Furthermore, the cold could have caused
the joints to stiffen up slightly making it more difficult to move the limb. This can be seen to
a certain extent when comparing the ROM videos taken at the abattoir compared to the end

of the cooling period.

The limbs collected from the abattoir varied in temperature, as evidenced by the cooling
graphs in the results section. This is important as the limbs with a cooler collection
temperature could have been harvested earlier. This means that there was an unknown
period of warm ischaemia which cannot be controlled for. The unknown warm ischaemia
time could have led to extensive muscle necrosis before the limbs were even collected. This
would have affected the results as the limbs would not perform as well during testing.
However, the extent of tissue death at the baseline could be assessed from the histology

samples.

The limbs were only perfused for 2 hours during these experiments. Whilst this is longer than
the porcine limbs in the previous set of experiments, it is not long enough to suggest that the
perfusion system is suitable to use long term. Moreover, nothing was done to ensure the
cells had enough energy to function properly. The glucose level was below the range of the
blood gas machine at 15 minutes for all but 2 of the limb tests (data not shown). However,
no glucose was added into the circulation. This means that the cells would have had to rely
on the internal supplies of glucagon for respiration which would have already be depleted

from the hour of anaerobic respiration over the transportation period. Therefore, the cells
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would not have been able to produce enough ATP to function normally, leading to cell death.

This limits our ability to assess how well the technology was able to preserve tissue viability.

Overall, this set of experiments testing the technology in a simulated combat setting using
ovine limbs has showed that the deep muscle tissue was able to be cooled by 0.75-10.75°C
(mean of 5.86+3.34°C) when using the topical cooling technology developed during this
project. However, this was a very similar temperature change to that which is seen in the
non-cooled limbs (mean 5.23+0.28°C). The similarity in temperature change means that the
technology was not able to sufficiently cool the limbs to an extent which will prevent tissue
damage over a long transfer to hospital. However, the deep tissue in the C-P limbs started at
a lower temperature (mean 31.05+6.24°C) compared to the NC-P limbs (mean 38.71+£1.20°C).
The lower starting temperature in the C-P limbs will have meant a smaller temperature

gradient which would have in turn resulted in a lesser temperature change.

The experiments showed that perfusing the limbs for 2 hours preserved muscle twitch. This
muscle twitch could not be seen in limbs which had not been perfused indicating that
perfusion had maintained tissue viability. Furthermore, the limbs which were cooled before
perfusing seemed to show a lower EP twitch threshold suggesting that the cooling helped to

preserve the tissue viability.
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7.5. Future considerations:

The studies carried out demonstrate that the limb salvage technology that forms the basis of
this work does indeed function to preserve tissue. As discussed in previous chapters, the use
of therapeutic hypothermia is wide spread in clinical settings. Additionally, the perfusion
system developed for this study is based on well described principles with a new focus on
automated control for limb salvage purposes. For this reason, the technology could be
successful at preserving tissue viability. There are some changes to the protocol and further

investigations that need to be done to hopefully achieve this.

The first of these is to examine the effect on the tissues of the coolant fluid and the high
concentrations of CO, used in this experiment. The coolant fluid has not yet undergone
biocompatibility testing, if this fluid is toxic to tissues then another more suitable coolant
fluid needs to be found and tested. Furthermore, although CO; has many attributes that
make it an ideal gas to use in these experiments, i.e. inert, inflammable, the high
concentrations used might be detrimental to tissue health. It may be worthwhile carrying out

toxicology studies of both aspects of the cooling to determine if it is damaging the tissues.

Furthermore, the cooling period should be extended. Perfusion was starting on the limbs in
less than 2 hours from the point of collection. Extending the cooling time will show if the
limbs could be salvaged for those who cannot reach a medical facility in this time. Moreover,

the limb should be perfused for longer. If the final aim is to perfuse the injured limb on an
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isolated system for up to 100 days, perfusing the ovine limbs for just 2 hours will not be long

enough to observe the long-term effects.

Though the use of bovine blood may only have a small effect on the results, using blood from
the correct species when perfusing for prolonged periods should provide better results. This
being said, the blood is unlikely to be matched by blood type so the chance of a transfusion
reaction may be higher when using blood from the same species as there is a higher
probability that the residual white blood cells will have antibodies against the antigens on

mis-matched ovine blood.

The temperature data is not sampled from the very deep tissue, as has already been
mentioned. To see how this tissue is affected by topical cooling, the thermocouples should
be placed much deeper into the muscle tissue. Given that the limbs are disarticulated then
this will be possible without the risk of causing long term damage. In addition, the histology
samples should be taken from the same depth to examine how the tissue viability is affected

at this level as the current study has not done this.
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Chapter 8. Conclusions:

The objective of this thesis was to develop technology to improve chances of limb salvage at
each stage of the journey from point of injury to the hospital stay. The new technology was
designed to be implemented to improve haemorrhage control, preserve tissue viability

through topical cooling and to support the limb tissues during staged limb reconstruction.

The first of these objectives was partially met. A dual-bladder pneumatic tourniquet was
designed and tested. The wider bladder designed for the thigh could effectively stop blood
flow when tested on the HapMed. However, the width of both bladders combined renders
the tourniquet somewhat unsuitable for use on the arm. Further development of the
bladders is entirely possible with a view to developing a bladder suitable for use on the arm.
We have successfully developed a technology which is suitable for use on the lower limbs
which was the primary objective of this work given that the vast majority of battlefield blast

injuries occur on the lower limb.

The second objective, developing a system that can effectively reduce deep tissue
temperature during transit, has been partially met. Primary testing on a small-scale tissue
sample showed that it was possible for CO; to reduce the temperature of the deep tissue to
the same extent as ice, the current method for cryotherapy after injury. This meant that the
technology could be designed to test this method on larger limbs. Various iterations of

cooling sock were developed to find the most efficient distribution of gas over the limb. These
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iterations were tested to monitor the temperature recorded on the surface of the mannequin

limb.

Once a design was determined the cooling sock was tested on porcine limbs. This showed
that the cooling sock was able to reduce the temperature of the deep tissue by a mean of
13.21°C and did not produce dangerously low temperatures within the trotter injury. The
results of this testing prompted further testing on larger limbs. The cooling sock was then
tested on ovine limbs. It was found that the temperature of the deep tissue could be reduced
by a mean of 5.86°C when using a combination of CO; and FLUTEC PP80 coolant fluid.
However, this was not significantly different from the mean deep tissue temperature change

of 5.23°C in the non-cooled limbs.

The third and most complex intervention point identified at the start of this thesis was during
the casualty’s stay in hospital. A limb support system was designed to permit injured limbs
to be perfused and supported whilst the casualty is recovering in hospital in order that staged
salvage surgery could carried out. This objective has been met. Perfusion of the porcine limbs
the cannulation of the artery showed signs of blood flow returning to the limb as warmth
was seen reaching the toes of the limb on the thermal camera images. The LDl images also
showed the opening up of blood vessels. Rudimentary nerve stimulation showed that muscle

twitch was retained in the perfused limbs and was absent in the non-perfused limbs.

Perfusion of the ovine limbs via cannulation of the artery and vein again showed warmth and

blood flow returning to the limb through LDI scans and thermal imaging. The neural
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stimulation showed that twitch was maintained in perfused limbs but not in non-perfused
ones confirming that perfusion was preserving limb function and supporting the tissues. No
definitive conclusions can be drawn from the blood data alone so histology is required to
confirm the impact of the techniques on tissues. Histological analysis suggests the
preservation of tissues associated with the perfusion rationale. The aim has been met as

demonstrated by preservation of muscle function and structure.

Overall, the results of this work confirm that the technology developed works in terms of the
primary objectives, the preservation of tissue function and structure. It is clear from this work
however that further development of the tissue cooling technology is required to obtain
optimum tissue protection. However, it is also clear that there is a lack of clarity in relation
to the practical importance of tissue cooling during the transit period and it would seem
entirely possible that the optimum benefit in terms of tissue preservation is associated with

the perfusion regime instead of the cooling.
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Appendix 1
Experts in Fhuorination

F2 Chemicals Ltd

FLUTEC™ PPBO

Synonyms: Perfluom - 2-methyl-3-ethylpentane

CAS Number: 354-97-2

Desaiption& thaacterstic

Flutec P30, C8F18, is a ful ly-fluosinated, odourless, colourkess liquid with the following charadtessfes:

Campatibility with mast constii cdtian materisk

Excellent chemicaland thermal stability

Nan flammahlity

Pradtically non-toxicl

Applications

Flutec PP30 is used for heat tensferand cooling appliations but can be used in many di fesent ap plications

Safety &Handling

Although Rutec PPE0 & considened bialogical by and chemicallyinert, good laboratory pracBieeshould be ol erved when handling A Flutec PRS0
hias an indefinite shelflife if properly stored in its original seal ed container.! Safety data sheets am available on mquest.

Typical Physical P roperties.
Bailing Paint “C 32
Pour Paint *C -0
Molecular Weight a8
Density, g/l 1839
Spedfic Heat, kj/fkg °C 1.0M9
Viscons ity, fdynamic), mPas 295
Viscosity 1604
(ritical Semperature, °C K
Vapour Pressum 45kPa
Vapour Density @ 0012g/m
* Estimated wal ue

Theahawe typical physical prperties, in no way o o mpesent prduct spedfication.
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