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Abstract	
Burn	 injury-associated	 pain	 represents	 a	 considerable	 burden	 to	 patients	 and	 is	 inadequately	

managed	in	the	clinical	setting.		It	is	thought	to	be	a	consequence	of	the	“burn-injury	inflammatory	

soup”	 produced	 in	 the	wound	 that	 activates	 and	 sensitises	 peripheral	 nociceptors.	 	 However	 the	

composition	 of	 this	 fluid	 and	 its	 interaction	 with	 peripheral	 nociceptors	 in	 incompletely	 defined,	

limiting	 the	 application	 of	 a	 mechanistic-based	 approach	 to	 burn	 injury-associated	 pain	

management.	 Two	 human	 experimental	 burn	 injury	 pain	 models	 (thermal	 injury	 and	 UVB	 injury)	

represent	 a	 potential	 opportunity	 to	 further	 elucidate	 these	 complex	 peripheral	 processes.			

Nonetheless	 controversy	 exists	 regarding	 their	 respective	 somatosensory	 phenotypes	 and	 the	

associated	peripheral	inflammatory	protein	and	metabolic	profiles	remain	uncharacterised.			

	

This	thesis	aimed	to	elucidate	a	more	comprehensive	understanding	of	the	somatosensory	changes	

and	components	of	the	“burn-injury	inflammatory	soup”	with	respect	to	inflammatory	proteins	and	

the	metabolome.	 	 Forty-five	 healthy	 subjects	 had	 an	 experimental	 pain	model	 imparted	 on	 their	

forearm	(thermal	injury,	capsaicin	injury	or	UVB	injury	models).		Somatosensory	testing	and	dermal	

microdialysis	 were	 performed.	 	 A	 multiplex	 microbead	 assay	 array	 was	 used	 to	 analyse	 dermal	

microdialysates	 to	 compare	 temporal	 within	 and	 between	 injury	 model	 inflammatory	 protein	

concentrations.		Untargeted	ultra	performance	liquid	chromatography-mass	spectrometry	was	used	

for	 global	 profiling	 of	 dermal	microdialysates	 with	 the	 aim	 of	 determining	 significant	 compounds	

that	separated	injury	models.		

Although	 some	 similarities	 were	 apparent	 in	 the	 three	 injury	 models	 with	 respect	 to	 secondary	

somatosensory	changes	and	concentrations	of	the	inflammatory	proteins	 IL6,	 IL8	and	CCL2,	overall	

the	 three	 experimental	 pain	 models	 displayed	 distinct	 somatosensory,	 inflammatory	 protein	 and	

metabolic	profiles.	 	The	UVB	injury	model	appears	to	represent	a	 less	acute	 inflammatory	reaction	

than	 is	 seen	 in	 the	 thermal	 injury	model.	 	 	 Together	 these	 results	 support	 the	use	of	 the	 thermal	

injury	 experimental	 pain	model	 to	 further	 investigate	 peripheral	 processes	 involved	 in	 acute	 burn	

injury-associated	pain.	
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Forward	
I	will	always	be	a	clinician	first	and	researcher	second.		The	question	that	informed	this	thesis	came	

from	 a	 real	 clinical	 problem.	 	 I	 witnessed	 first-hand	 the	 pain	 associated	 with	 severe	 burn	 injury	

during	6-months	working	in	a	burn	injury	intensive	care	unit.		

I	 feel	 passionately	 about	 pain	management	 in	 the	 acute	 hospital	 setting,	 and	 it	 concerns	me	 that	

there	is	such	a	high	prevalence	of	acute	pain	in	general,	but	specifically	in	burn-injured	patients.		The	

drugs	“don’t	work”	and	despite	valiant	efforts	from	healthcare	professionals,	our	current	strategies	

fail	our	patients	and	this	situation	needs	to	improve.	

Whilst	 this	work	 represents	a	middle	ground	between	pre-clinical	and	clinical	 research,	 I	hope	 the	

results	of	this	thesis	will	not	only	further	our	understanding	of	burn	injury-associated	pain	but	also	

help	 inform	 future	 drug	 development	 and	 lead	 to	 appropriate	 application	 of	 experimental	 pain	

models	in	pre-clinical	trials.	

What	 struck	 me	 the	 most	 about	 burn	 injury-associated	 pain	 is	 that	 often	 patients	 expect	 to	

experience	pain,	 resigning	 themselves	 to	 its	occurrence	 throughout	 their	 treatment	and	extending	

into	the	chronic	setting.		Pain,	as	a	consequence	of	their	injury,	is	regarded	as	a	fait	accompli	and	a	

necessary	part	of	survival.		This	should	not	be	the	case.	

Finally	 I’d	 like	 to	 dedicate	 this	 work	 to	 the	millions	 of	 individuals	 who	 suffer	 annually	 across	 the	

world	 from	burn	 injury	and	have	unrelieved	pain.	 	We,	as	clinicians,	need	to	do	better.	 	Adequate	

pain	relief	should	be	a	standard	not	an	ideal,	so	that	recovery	from	a	burn	injury	is	less	debilitating	

and	disabling.		

The	impact	of	burn	injuries	are	best	summarised	in	the	statement	made	by	Dr	Gordon	Bush	in	1972;	

“The	burns	of	today,	are	the	suffering	of	tomorrow	and	the	scars	of	a	lifetime.”	

Dr	Gordon	Bush	(1)	

	

	

	 	



5	
	

Funding	
	

The	 initial	 pilot	work	 for	 this	 study	was	 funded	by	 a	BJA/NIAA	 (British	 Journal	 of	Anaesthesia	 and	

National	Institute	for	Academic	Anaesthetics)	small	project	grant	and	the	author	was	funded	at	this	

time	by	the	NIHR	(National	Institute	for	Health	Research)	Academic	Clinical	Fellowship	programme.			

	

The	author	was	funded	by	a	Wellcome	Trust	Clinical	Research	Fellowship	for	the	duration	of	the	PhD	

as	part	of	the	Imperial-Wellcome	Clinical	PhD	programme.		

	

	

	

	 	



6	
	

Supervisors,	collaborators	and	formal	acknowledgements	

	

Supervisors	

Dr	Carsten	Bantel	 	 Anaesthetics,	Pain	Medicine	and	Intensive	Care,	

	 	 	 	 Imperial	College,	London	and	Oldenburg	University,	Germany	

Dr	Istvan	Nagy		 	 	 Anaesthetics,	Pain	Medicine	and	Intensive	Care,	

	 	 	 	 Imperial	College,	London	

Professor	Masao	Takata		 Anaesthetics,	Pain	Medicine	and	Intensive	Care,	

	 	 	 	 Imperial	College,	London	

Dr	Elizabeth	Want	 	 Computational	and	Systems	Medicine,	

	 	 	 	 Imperial	College,	London	

	

Additional	guidance	at	Imperial	was	provided	by	

Dr	Leanne	Nye	 	 	 Imperial	international	phenome	training	centre,	

	 	 	 	 Waters	and	Imperial	College	(Computational	and	Systems	Medicine)	

Technical	guidance	on	UPLC-MS	and	data	pre-processing	

	

Formal	acknowledgements	

Dr	Helen	Graves	 	 Flow	cytometry	manager,	NIHR	GSTT	Biomedical	Research	Centre	

Technical	guidance	regarding	the	use	of	the	FlexMap	3D	multiplexing	instrument	

In	accordance	with	the	terms	and	conditions	of	the	NIHR	GSTT	BRC	facility:		

This	research	was	supported	by	the	National	Institute	for	Health	Research	(NIHR)	Biomedical	Research	Centre	

based	 at	Guy's	 and	 St	 Thomas'	 NHS	 Foundation	 Trust	 and	 King's	 College	 London.	 The	 views	 expressed	 are	

those	of	the	author	and	not	necessarily	those	of	the	NHS,	the	NIHR	or	the	Department	of	Health	



7	
	

Acknowledgements	
I	 would	 like	 firstly	 to	 thank	 my	 supervisors.	 	 I	 am	 grateful	 to	 the	 time	 and	 support	 offered	 by	
Professor	Takata	in	the	early	stages	of	this	project	and	my	PhD.		To	Dr	Istvan	Nagy,	I	feel	like	I	have	
learnt	such	a	great	deal	of	science	from	you	yet	only	touched	the	surface	of	your	knowledge.	Thank	
you	 for	 all	 your	 efforts	 especially	 in	 the	 final	 stages	 of	 this	 work.	 You	 have	 supervised	 me	 with	
constant	 good	 humour	 and	 patience,	 which	 I	 will	 always	 appreciate.	 	 I	 would	 like	 to	 thank	 Dr	
Elizabeth	Want,	 as	without	her	dedication	and	 time,	 the	metabolomic	work	would	not	have	been	
possible.	Liz,	I	truly	appreciate	how	fraught	with	difficulty	UPLC-MS	is	and	you	provided	me	with	the	
best	eureka	moment	of	my	PhD	(the	discovery	of	the	first	few	product	ions	of	uric	acid).	I	think	you	
are	an	inspiration	to	women	in	science	and	prove	that	having	a	family	and	being	successful	are	not	
mutually	exclusive.	An	inordinate	amount	of	thanks	must	also	go	to	Dr	Carsten	Bantel.		Carsten,	you	
have	always	displayed	true	research	altruism,	a	wonderful	and	rare	quality.	I	cannot	put	into	words	
how	much	I	have	learnt	from	you	and	believe	that	you	have	shaped	the	researcher	I	have	become.		I	
will	be	forever	grateful.	
	
I	would	also	like	to	thank	the	Pain	Group	at	Imperial	College;	Rosie,	Donna,	Rachel,	Fala	and	Tim	for	
the	 constant	 cups	 of	 tea,	 pin-pong	 tournaments	 and	 epic	 journal	 clubs.	 I	 would	 like	 to	 thank	
Professor	Andrew	Rice	(HB)	who	gave	 impartial	advice,	endless	support,	new	insights	 into	my	data	
and	a	shoulder	to	cry	on	when	things	felt	difficult.		You	have	imparted	so	much	knowledge	regarding	
pain	 research	 and	 have	 influenced	me	 a	 great	 deal.	 I	 would	 also	 like	 to	 thank	 Dr	 Sian	 Jaggar,	 an	
exceptional	clinician,	pain	researcher,	wonderful	mentor	and	friend.		Without	our	regular	meetings,	I	
doubt	I	would	have	survived	a	PhD.		Thanks	to	the	staff	and	students	in	AMPIC,	especially	Faruq,	Brij,	
Kieran,	Anna,	Jose,	Dominic,	Sam,	Charlie	and	JP	and	to	the	clinicians	who	supported	my	time	out	of	
clinical	training,	especially	Dr	Michelle	Hayes,	Dr	Marcella	Vizcaychipi,	Dr	Ramani	Moonesinghe,	Dr	
Steve	 Yentis	 and	 Dr	 Peter	 Brooks.	 I	 am	 grateful	 to	 all	 the	 scientists	 who	 were	 patient	 in	 their	
teaching	 and	 guidance	 in	 particular	 Leanne	 Nye	 (your	 support	 was	 invaluable),	 but	 also	 Nyasha	
Munjoma,	Nicola	Gray,	Helen	Graves,	PJ	Channa,	and	to	Dr	Leanna	Upton	for	indispensible	advice	on	
how	to	write	a	thesis.		I	would	like	to	thank	the	Wellcome	Trust	without	whom	my	research	would	
not	 have	 been	 possible.	 	 To	my	 anaesthetic	 research	 partners	 in	 crime	 Kate	 and	Harriet,	 I	 am	 so	
grateful	that	both	of	you	were	with	me	on	this	 journey	and	hope	you	will	continue	to	be	so	in	the	
future.	 	 Thanks	 also	 go	 to	 my	 friends	 who	 have	 buoyed	 me	 along	 through	 my	 PhD	 especially	
Catriona,	Ellen,	Nathalie,	Katie	and	the	gang,	Charlie,	Maz,	Emma,	Claire	B	and	Clare	C.		
	
I	 would	 also	 like	 to	 thank	 the	 45	 healthy	 subjects	 who	 volunteered	 their	 time	 (and	 forearms),	
enduring	 a	 burn	 injury	 and	 microdialysis	 purely	 in	 the	 name	 of	 science.	 	 I	 am	 grateful	 to	 the	
significant	contribution	each	of	them	made	to	this	work.	
	
I	would	like	to	thank	my	family.		To	my	parents,	Moira	and	Stuart,	who	have	provided	endless	love,	
patience,	 sound	advice	and	 continue	 to	 support	everything	 I	 do.	 	 To	my	 sister,	Clare	and	brother,	
Michael;	thank	you	for	your	love,	enthusiasm	in	my	endeavours	to	learn	and	resisting	the	urge	until	
recently	to	ask	me	to	explain	what	I	actually	do.		I	would	like	to	thank	my	beautiful	daughter	Emma,	
you	are	a	bright	shining	star	and	I	will	always	remember	the	time	we	lost	so	I	could	write	this	thesis	–	
I	 love	 you.	 	 And	 finally	 to	 my	 wonderful	 husband	 Neil,	 you	 have	 been	 tireless	 in	 your	
encouragement,	 belief	 and	 support.	 Without	 you	 this	 thesis	 would	 not	 have	 been	 possible.



8	
	

Table	of	Contents	

Declaration	of	originality	...................................................................................................	2	
Copyright	declaration	.................................................................................................................	2	

Abstract	.............................................................................................................................	3	

Forward	.............................................................................................................................	4	

Funding	..............................................................................................................................	5	

Supervisors,	collaborators	and	formal	acknowledgements	.................................................	6	

Acknowledgements	...........................................................................................................	7	

List	of	Figures	...................................................................................................................	15	

List	of	Tables	....................................................................................................................	19	

Abbreviations	..................................................................................................................	21	

Publications	arising	from	work	.........................................................................................	23	

1	 Introduction	...............................................................................................................	24	
1.1	 Burn	injury	......................................................................................................................	24	

1.1.1	 Definition	.........................................................................................................................	24	
1.1.2	 The	skin	............................................................................................................................	24	
1.1.3	 Pathophysiology	of	burn	injury	........................................................................................	25	
1.1.4	 Classification	of	burn	injury	and	wound	healing	.............................................................	26	
1.1.5	 Burn	injury	wound	management	.....................................................................................	27	
1.1.6	 Incidence	of	burn	injury	...................................................................................................	28	
1.1.7	 Outcomes	from	burn	injury	.............................................................................................	28	

1.2	 Burn	injury-associated	pain	.............................................................................................	29	
1.2.1	 Pain	..................................................................................................................................	29	
1.2.2	 Burn	injury-associated	pain	.............................................................................................	29	
1.2.3	 Acute	nociceptive	pain	pathways	....................................................................................	30	
1.2.4	 Somatosensory	responses	to	burn	injury	........................................................................	32	
1.2.5	 Types	of	acute	burn	injury-associated	pain	.....................................................................	35	

1.2.5.1	 Background	pain	.....................................................................................................................	35	
1.2.5.2	 Procedural	pain	.......................................................................................................................	36	
1.2.5.3	 Breakthrough	pain	..................................................................................................................	36	

1.2.6	 Consequences	of	burn	injury-associated	pain	.................................................................	36	
1.2.7	 Inadequate	management	of	burn	injury-associated	pain	...............................................	37	
1.2.8	 A	mechanistic-based	approach	to	burn	injury-associated	pain	.......................................	38	

1.3	 Mechanisms	of	acute	burn	injury-associated	pain	...........................................................	40	
1.3.1	 Immediate	phase	mechanisms	........................................................................................	41	
1.3.2	 Acute	inflammatory	phase	mechanisms	.........................................................................	42	

1.3.2.1	 Cytokines,	chemokines	and	growth	factors	and	burn	injury-associated	pain	........................	43	
1.3.3	 Metabolomic	evidence	relating	to	mechanisms	of	burn	injury-associated	pain	.............	45	

	



9	
	

1.4	 Human	experimental	pain	models	...................................................................................	46	
1.4.1	 Background	......................................................................................................................	47	
1.4.2	 Burn-injury	experimental	pain	models	............................................................................	48	

1.4.2.1	 Thermal	burn	models	..............................................................................................................	48	
1.4.2.2	 UVB	burn	pain	models	............................................................................................................	48	
1.4.2.3	 Differences	between	the	two	burn	injury	pain	models	..........................................................	49	

1.4.3	 Capsaicin	injury	experimental	pain	model	......................................................................	50	
1.4.4	 Phenotyping	of	burn	injury	pain	models	.........................................................................	51	

2	 Aims	and	Objectives	..................................................................................................	52	
2.1	 Summary	.........................................................................................................................	52	
2.2	 Study	rationale	................................................................................................................	52	
2.3	 Aims	and	Hypothesis	.......................................................................................................	53	

3	 Methods	....................................................................................................................	54	
3.1	 Study	overview	...............................................................................................................	54	

3.1.1	 Full	study	protocol	...........................................................................................................	54	
3.1.2	 Contribution	of	others	.....................................................................................................	56	

3.2	 Recruitment	of	human	healthy	subjects	..........................................................................	56	
3.2.1	 Sample	size	......................................................................................................................	56	
3.2.2	 Ethics	approval	and	consent	............................................................................................	57	

3.3	 Human	Experimental	Pain	models	...................................................................................	58	
3.3.1	 Thermal	injury	model	......................................................................................................	58	

3.3.1.1	 Background	and	evidence	.......................................................................................................	58	
3.3.1.2	 Protocol	...................................................................................................................................	60	

3.3.2	 Capsaicin	model	...............................................................................................................	60	
3.3.2.1	 Background	and	evidence	.......................................................................................................	60	
3.3.2.2	 Protocol	...................................................................................................................................	60	

3.3.3	 UVB	model	.......................................................................................................................	61	
3.3.3.1	 Background	and	evidence	.......................................................................................................	61	
3.3.3.2	 UVB	method	development	.....................................................................................................	63	

3.3.3.2.1	 Initial	UVB	protocol	..........................................................................................................	63	
3.3.3.2.2	 Pilot	experiment	of	UVB	model	.......................................................................................	64	
3.3.3.2.3	 UVB	injury	updated	protocol	and	further	pilot	...............................................................	66	

3.4	 Somatosensory	testing,	flare	and	subjective	pain	intensity	rating	...................................	67	
3.4.1	 Background	......................................................................................................................	67	
3.4.2	 Protocol	development	.....................................................................................................	68	

3.5	 Dermal	Microdialysis	.......................................................................................................	68	
3.5.1	 Background	and	evidence	................................................................................................	69	

3.5.1.1	 Factors	influencing	molecular	movement	during	microdialysis	.............................................	70	
3.5.1.2	 Applications	of	microdialysis	...................................................................................................	72	
3.5.1.3	 Evidence	informing	the	dermal	microdialysis	protocol	..........................................................	72	

3.5.2	 Protocol	...........................................................................................................................	73	
3.5.3	 Anatomical	location	of	the	control	dermal	microdialysis	probe	.....................................	75	

3.6	 Inflammatory	protein	analysis	.........................................................................................	76	
3.7	 Metabolomics	methods	..................................................................................................	77	

3.7.1	 Quality	control	and	sample	preparation	.........................................................................	78	



10	
	

3.7.2	 Liquid	chromatography	...................................................................................................	79	
3.7.3	 Mass	Spectrometry	..........................................................................................................	80	

3.7.3.1	 Ionisation	................................................................................................................................	80	
3.7.3.2	 Separation,	detection	and	output	...........................................................................................	81	
3.7.3.3	 Tandem	mass	spectrometry	....................................................................................................	81	

3.7.4	 Mass	Spectrometry	Data	Pre-processing	.........................................................................	82	
3.8	 Statistics	.........................................................................................................................	84	

3.8.1	 Somatosensory	and	inflammatory	protein	data	analysis	................................................	84	
3.8.1.1	 Multiple	comparison	corrections	............................................................................................	84	
3.8.1.2	 Reporting	of	statistical	results	................................................................................................	86	

3.8.2	 Metabolomic	data	analysis	..............................................................................................	86	
3.8.2.1	 Metabolomic	data	analysis	methods	and	rationale	................................................................	86	
3.8.2.2	 Principal	components	analysis	................................................................................................	87	
3.8.2.3	 Transformation	and	scaling	.....................................................................................................	89	
3.8.2.4	 Supervised	models	..................................................................................................................	91	
3.8.2.5	 Extraction	and	statistical	confirmation	of	features	of	interest	...............................................	93	

4	 Subject	demographics	................................................................................................	96	
4.1	 Introduction	....................................................................................................................	96	

4.1.1	 Rationale	..........................................................................................................................	96	
4.1.2	 Hypothesis	.......................................................................................................................	96	

4.2	 Methods	.........................................................................................................................	96	
4.2.1	 General	aspects	of	the	study	...........................................................................................	96	
4.2.2	 Inclusion	/	Exclusion	criteria	............................................................................................	97	
4.2.3	 Pain	model	allocation	......................................................................................................	97	
4.2.4	 Subject	allocation	to	subset	group	for	dermal	microdialysate	analysis	..........................	98	
4.2.5	 Evaluation	of	subject	demographics	................................................................................	98	
4.2.6	 Demographic	comparisons	between	injury	groups	.........................................................	98	

4.3	 Results	............................................................................................................................	98	
4.3.1	 Demographic	details	of	all	subjects	.................................................................................	98	
4.3.2	 Age	and	gender	..............................................................................................................	100	

4.3.2.1	 Comparisons	for	all	45	subjects	............................................................................................	100	
4.3.2.2	 Comparisons	for	30	subject	subset	group	.............................................................................	100	

4.3.3	 Skin	phototype	and	UVB	dose	calculations	for	1MED	and	3MED	.................................	100	
4.4	 Discussion	.....................................................................................................................	101	

4.4.1	 Demographic	differences	between	injury	groups	.........................................................	101	
4.4.2	 Differences	in	photosensitivity	of	the	UVB	injury	subjects	between	injury	groups	......	102	

5	 Somatosensory	results	.............................................................................................	103	
5.1	 Background	...................................................................................................................	103	

5.1.1	 Rationale	and	aims	........................................................................................................	103	
5.1.2	 Hypothesis	.....................................................................................................................	107	

5.2	 Methods	.......................................................................................................................	107	
5.2.1	 Contribution	of	others	...................................................................................................	107	
5.2.2	 Timing	of	somatosensory	testing	...................................................................................	107	

5.2.2.1	 Timing	of	self	report	pain	intensity	scores	............................................................................	107	
5.2.2.2	 Timing	of	somatosensory	testing	..........................................................................................	108	



11	
	

5.2.3	 Self	report	pain	intensity	scores	....................................................................................	108	
5.2.4	 Somatosensory	testing	..................................................................................................	109	

5.2.4.1	 Measurements	of	somatosensory	areas	...............................................................................	109	
5.2.4.2	 Erythematous	flare	...............................................................................................................	109	
5.2.4.3	 Dynamic	mechanical	allodynia	..............................................................................................	109	
5.2.4.4	 Static	punctate	mechanical	hyperalgesia	..............................................................................	111	
5.2.4.5	 Area	measurements	and	standardisation	.............................................................................	111	
5.2.4.6	 Statistical	analysis	.................................................................................................................	112	

5.3	 Results	..........................................................................................................................	112	
5.3.1	 Self	report	pain	intensity	scores	....................................................................................	112	
5.3.2	 Somatosensory	areas	.....................................................................................................	114	
5.3.3	 Within	injury	group	correlation	analysis	between	somatosensory	modalities	and	self-
reported	pain	intensity	..............................................................................................................	115	
5.3.4	 Non-responder	subjects	................................................................................................	119	

5.4	 Discussion	.....................................................................................................................	121	
5.4.1	 Self-report	pain	intensity	scale	scores	...........................................................................	122	
5.4.2	 Erythematous	flare	........................................................................................................	127	
5.4.3	 Primary	somatosensory	changes	...................................................................................	127	
5.4.4	 Secondary	somatosensory	changes	...............................................................................	129	

5.4.4.1	 Thermal	injury	model	............................................................................................................	129	
5.4.4.2	 Capsaicin	injury	model	..........................................................................................................	130	
5.4.4.3	 UVB	injury	model	..................................................................................................................	130	

5.4.5	 Correlation	analysis	of	somatosensory	and	pain	intensity	measurements	...................	132	
5.4.5.1	 Thermal	injury	model	correlations	........................................................................................	132	
5.4.5.2	 Capsaicin	injury	model	correlations	......................................................................................	133	
5.4.5.3	 UVB	injury	model	correlations	..............................................................................................	134	
5.4.5.4	 General	conclusions	from	the	correlation	analyses	..............................................................	134	

5.4.6	 Distinction	between	primary	and	secondary	somatosensory	changes	.........................	135	
5.4.7	 Responders	and	non	responders	...................................................................................	136	
5.4.8	 Influence	of	inhaled	steroids	on	somatosensory	response	...........................................	138	
5.4.9	 Strengths	of	methods	and	data	presented	in	this	chapter	............................................	139	

5.4.9.1	 General	strengths	..................................................................................................................	139	
5.4.9.2	 Plotting	individual	subject	data	points	..................................................................................	140	

5.4.10	 Limitations	of	methods	and	data	presented	in	this	chapter	.......................................	142	
5.4.11	 Future	work	.................................................................................................................	144	

6	 Inflammatory	protein	analysis	.................................................................................	146	
6.1	 Introduction	..................................................................................................................	146	

6.1.1	 Rationale	and	aims	........................................................................................................	146	
6.1.2	 Hypothesis	.....................................................................................................................	147	

6.2	 Methods	.......................................................................................................................	148	
6.2.1	 Study	population	...........................................................................................................	148	
6.2.2	 Sample	preparation	and	labelling	..................................................................................	148	
6.2.3	 Multiplex	microbead	assay	array	protocol	....................................................................	148	

6.2.3.1	 Choice	of	multiplex	microbead	assay	array	..........................................................................	148	
6.2.3.2	 Reagent	preparation	.............................................................................................................	149	
6.2.3.3	 Immunoassay	procedure	......................................................................................................	149	



12	
	

6.2.3.4	 Standard	Curve	accuracy	.......................................................................................................	150	
6.2.4	 Data	analysis	..................................................................................................................	151	

6.2.4.1	 Non-detect	data	points	.........................................................................................................	151	
6.2.4.1.1	 Imputation	of	non-detect	data	points	...........................................................................	152	
6.2.4.1.2	 Inflammatory	proteins	where	there	were	a	high	number	of	non-detect	data	..............	152	

6.2.4.2	 Statistical	analysis	.................................................................................................................	153	
6.3	 Results	..........................................................................................................................	154	

6.3.1	 Data	overview	................................................................................................................	154	
6.3.2	 Inflammatory	protein	temporal	changes	for	each	pain	injury	model	...........................	154	

6.3.2.1	 Temporal	inflammatory	protein	concentration	changes	common	to	all	three	injury	models
	 ………………………………………………………………………………………………………………………………………….157	
6.3.2.2	 Temporal	inflammatory	protein	concentration	changes	common	to	the	thermal	injury	and		

capsaicin	injury	groups	..........................................................................................................	159	
6.3.2.3	 Temporal	inflammatory	protein	concentrations	changes	that	are	statistically	significant	in	the	

thermal	injury	and	UVB	injury	groups	...................................................................................	160	
6.3.2.4	 Temporal	inflammatory	protein	concentration	changes	found	in	the	capsaicin	injury	group
	 …………………………………………………………………………………………………………………………………………	165	
6.3.2.5	 Temporal	inflammatory	protein	concentration	changes	found	in	the	UVB	injury	group	.....	165	
6.3.2.6	 Temporal	inflammatory	protein	concentration	changes	that	are	different	in	all	three	injury	

groups	....................................................................................................................................	166	
6.3.3	 Injury	model	differences	at	the	injury	site	at	different	sample	collection	times	...........	167	

6.4	 Discussion	.....................................................................................................................	171	
6.4.1	 Temporal	inflammatory	protein	changes	......................................................................	172	

6.4.1.1	 Three	inflammatory	proteins	display	similar	temporal	release	patterns	in	all	three	injury	
models	...................................................................................................................................	172	

6.4.1.2	 Temporal	inflammatory	protein	changes	within	models	suggest	a	lingering	inflammatory	
response	in	the	UVB	injury	group	..........................................................................................	174	

6.4.1.3	 Inflammatory	protein	contributions	to	overall	inflammatory	profiles	are	different	between	
injury	models	and	change	over	time	.....................................................................................	177	

6.4.2	 Influence	of	inhaled	steroids	on	inflammatory	response	..............................................	177	
6.4.3	 Strengths	of	methods	and	data	presented	in	this	chapter	............................................	178	

6.4.3.1	 The	use	of	control	samples	to	account	for	between	group	differences	...............................	178	
6.4.3.2	 The	thermal	model	is	severe	enough	to	induce	inflammatory	changes	...............................	179	
6.4.3.3	 Evaluating	temporal	changes	using	dermal	microdialysis	....................................................	179	

6.4.4	 Limitations	of	methods	and	data	presented	in	this	chapter	.........................................	180	
6.4.4.1	 Substitution	of	non-detect	points	.........................................................................................	180	
6.4.4.2	 Low	detection	of	inflammatory	protein	at	180	minutes	from	the	UVB	injury	site	...............	181	
6.4.4.3	 Other	general	limitations	......................................................................................................	183	

6.4.5	 Future	work	...................................................................................................................	183	

7	 Metabolomics	untargeted	analysis	..........................................................................	185	
7.1	 Introduction	..................................................................................................................	185	

7.1.1	 Rationale	and	aims	........................................................................................................	185	
7.1.2	 Hypothesis	.....................................................................................................................	186	

7.2	 Methods	.......................................................................................................................	186	
7.2.1	 Contribution	of	others	...................................................................................................	186	
7.2.2	 Study	population	...........................................................................................................	186	
7.2.3	 Quality	control	and	sample	preparation	.......................................................................	186	



13	
	

7.2.4	 UPLC	settings	.................................................................................................................	187	
7.2.5	 MS	settings	....................................................................................................................	187	
7.2.6	 Data	pre-processing	.......................................................................................................	188	
7.2.7	 Statistical	analysis	using	multivariate	analysis	...............................................................	188	
7.2.8	 UPLC-MS/MS	settings	....................................................................................................	190	

7.3	 Results	..........................................................................................................................	191	
7.3.1	 Data	overview	and	outlier	removal	...............................................................................	191	

7.3.1.1	 Sample	inclusion	in	analysis	..................................................................................................	191	
7.3.2	 Grouping	of	samples	152-180	along	the	first	principal	component	..............................	192	

7.3.2.1	 Description	of	the	grouping	of	samples	152-180	..................................................................	192	
7.3.2.2	 Exploration	of	potential	experimental	processes	leading	to	grouping	of	samples	152-180	.	193	
7.3.2.3	 Exploration	of	grouped	samples	152-180	.............................................................................	196	

7.3.2.3.1	 Univariate	statistical	comparisons	between	152-180	samples	and	matched	samples	from	

plate	4	....................................................................................................................................	196	
7.3.2.3.2	 OPLS-DA	supervised	models	comparing	samples	152-180	with	all	other	samples	.........	196	
7.3.2.3.3	 Features	leading	to	grouping	of	samples	152-180	identified	on	PCA	loadings	plots	.....	197	
7.3.2.3.4	 Samples	152-180	treatment	in	future	UPLS-MS	data	analysis	.......................................	200	

7.3.3	 Supervised	analysis	of	pairwise	injury	group	comparisons	...........................................	200	
7.3.3.1	 Thermal	injury	and	capsaicin	injury	OPLS-DA	models	...........................................................	201	
7.3.3.2	 Thermal	injury	and	UVB	injury	OPLS-DA	models	..................................................................	206	
7.3.3.3	 Capsaicin	injury	and	UVB	injury	OPLS-DA	models	.................................................................	211	

7.3.3.3.1	 Positive	ESI	mode	models	..............................................................................................	211	
7.3.3.3.2	 Negative	ESI	mode	models	............................................................................................	216	

7.4	 Discussion	.....................................................................................................................	222	
7.4.1	 Capsaicin	as	an	experimental	positive	control	..............................................................	223	
7.4.2	 Uric	acid,	its	fragments	and	product	ions	predicting	UVB	injury	group	membership	...	227	
7.4.3	 Nicotinamide	predicts	UVB	injury	model	group	membership	.......................................	234	
7.4.4	 Metabolites	differentiate	between	injury	groups	.........................................................	238	
7.4.5	 Strengths	of	methods	and	data	presented	in	this	chapter	............................................	240	

7.4.5.1	 Accounting	for	the	dermal	microdialysis	probe	inflammatory	response	..............................	240	
7.4.5.2	 Accounting	for	different	subjects	in	each	injury	group	.........................................................	241	
7.4.5.3	 Accounting	for	separation	of	samples	152-180	in	multivariate	analysis	..............................	242	
7.4.5.4	 Evaluating	a	localised	peripheral	process	.............................................................................	243	

7.4.6	 Limitations	of	methods	and	data	presented	in	this	chapter	.........................................	243	
7.4.6.1	 Number	of	identified	metabolites	........................................................................................	243	
7.4.6.2	 Conservative	statistical	analysis	............................................................................................	245	
7.4.6.3	 Metabolomic	analysis	techniques	.........................................................................................	246	
7.4.6.4	 Effect	size	of	supervised	multivariate	analysis	models	.........................................................	246	
7.4.6.5	 Clinical	translation	of	these	findings	.....................................................................................	246	

7.4.7	 Future	work	...................................................................................................................	247	

8	 Conclusion	...............................................................................................................	248	
8.1	 Conclusion	....................................................................................................................	248	
8.2	 General	strengths	and	limitations	of	this	work	..............................................................	250	

8.2.1	 General	strengths	..........................................................................................................	250	
8.2.2	 General	limitations	........................................................................................................	250	

8.3	 Future	directions	...........................................................................................................	252	



14	
	

8.4	 Concluding	remarks	.......................................................................................................	253	

9	 Bibliography	............................................................................................................	254	

10	 Appendices	............................................................................................................	283	
10.1	 Chapter	3	supplementary	information	........................................................................	283	

10.1.1	 Participant	information	sheet	.....................................................................................	283	
10.1.2	 The	updated	UVB	protocol:	inflammatory	response	trial	...........................................	290	
10.1.3	 Published	methods	of	testing	hyperalgesia	and	allodynia	in	experimental	pain	models
	 291	

10.2	 Chapter	6	supplementary	information	........................................................................	293	
10.3	 Chapter	7	supplementary	information	........................................................................	301	

10.3.1	 Chromatograms	of	strong	outliers	..............................................................................	301	
10.3.2	 XCMS	pre-processing	and	PCA	scores	plots	of	XCMS	pre-processed	UPLC-MS	data	..	301	
10.3.3	 VIP	values	and	statistical	significance	for	feature	highlighted	in	Figure	7-8	...............	302	
10.3.4	 UPLC	MS	OPLS	DA	ESI+	and	ESI-	mode	data	models	for	group	comparisons	between	
control	site	samples	for	the	full	dataset	....................................................................................	303	
10.3.5	 Further	UPLC-MS	analysis	for	data	where	samples	152-180	were	removed	..............	303	

10.3.5.1	 Experimental	condition	group	sizes	following	removal	of	samples	152-180	......................	303	
10.3.5.2	 PCA	scores	plots	of	UPLC	MS	data	following	removal	of	samples	152-180	........................	304	
10.3.5.3	 OPLS-DA	models	of	UPLC	MS	ESI+	and	ESI-	mode	data	with	samples	152-180	removed	...	304	

10.3.6	 Significant	features	from	Mann	Whitney	U	tests	with	p[corr]1	values	>+0.4	or	<-0.4	305	
10.3.7	 Spearman’s	correlations	between	uric	acid	and	other	features	sharing	the	same	RT	306	

	



15	
	

List	of	Figures	
Figure	1-1	Schematic	drawing	of	a	skin	cross	section	..........................................................................	25	
Figure	1-2	Allodynia	and	Hyperalgesia	.................................................................................................	32	
Figure	1-3	Reasons	behind	inadequate	pain	relief	for	burn	injury-associated	pain	............................	37	
Figure	1-4	Pain	management	practice	.................................................................................................	39	
Figure	1-5	Overview	of	 the	 initiation,	development	 and	maintenance	of	 acute	pain	 following	burn	
injury.	...................................................................................................................................................	41	
Figure	3-1	Flow	diagram	of	the	complete	study	protocol	....................................................................	55	
Figure	3-2	Illustration	of	dermal	microdialysis	.....................................................................................	70	
Figure	3-3	Labelled	photograph	of	dermal	microdialysis	.....................................................................	75	
Figure	3-4	A	diagram	depicting	stages	of	mass	spectrometry	.............................................................	80	
Figure	3-5	PCA	example	one	sample	where	data	are	from	3	features	................................................	88	
Figure	3-6	Plotting	principal	components	in	a	data	set.	......................................................................	88	
Figure	3-7	PCA	scores	and	loadings	plots	for	ESI-	mode	UPLC-MS	data	..............................................	89	
Figure	3-8	Example	of	unit	variance	(UV)	scaling	.................................................................................	90	
Figure	3-9	Mean	centering	of	samples	.................................................................................................	91	
Figure	3-10	PLS	projections	..................................................................................................................	92	
Figure	3-11	PLS-DA	projections	............................................................................................................	92	
Figure	3-12	OPLS-DA	scores	plot	for	ESI-	mode	UPLC-MS	thermal	injury	and	capsaicin	injury	samples.
	.............................................................................................................................................................	93	
Figure	3-13	ESI	+	mode	UPLC-MS	data	OPLS-DA	S	plot	for	capsaicin	injury	and	UVB	injury	samples	..	94	
Figure	3-14	OPLS-DA	 loadings	 column	and	 scatter	plots	of	UPLC-MS	ESI	+	mode	data	 for	 capsaicin	
injury	and	UVB	injury	samples	.............................................................................................................	95	
Figure	5-1	Schematic	drawing	of	an	axon	reflex	................................................................................	105	
Figure	 5-2	 Experimental	 timeline	 for	 pain	 intensity	 scores,	 somatosensory	 testing	 and	 dermal	
microdialysis	.......................................................................................................................................	108	
Figure	5-3	Visual	analogue	scale	........................................................................................................	109	
Figure	5-4	Illustration	of	somatosensory	area	mapping	....................................................................	110	
Figure	5-5	Visual	analogue	scale	scores	recorded	from	the	injury	site	at	three	time	points	relative	to	
the	injury	model	being	imparted	.......................................................................................................	113	
Figure	5-6	Somatosensory	areas	........................................................................................................	115	
Figure	5-7	Thermal	injury	group	scatter	plots	for	pairwise	somatosensory	modality	correlations	...	116	
Figure	5-8	Capsaicin	injury	group	scatter	plots	for	pairwise	somatosensory	modality	correlations	.	117	
Figure	5-9	UVB	injury	group	scatter	plots	for	pairwise	somatosensory	modality	correlations	.........	118	
Figure	5-10	Thermal	injury,	Capsaicin	injury	and	UVB	injury	group	non-responders	........................	120	
Figure	5-11	Visual	analogue	scale	scores	at	different	anatomical	sites	during	dermal	microdialysis	125	
Figure	 5-12	 Capsaicin	 injury	 group	 somatosensory	 results	 highlighting	 results	 from	 a	 subject	 on	
inhaled	steroids	..................................................................................................................................	139	
Figure	5-13	Scatter	plot	of	 secondary	dynamic	mechanical	allodynia	and	secondary	static	punctate	
mechanical	hyperalgesia	in	the	UVB	injury	group	.............................................................................	141	
Figure	6-1	Graph	illustrating	points	used	in	the	5PL	equation	to	calculate	standard	curve	..............	151	
Figure	6-2	IL9	dermal	microdialysis	concentrations	for	UVB	injury	group	.........................................	155	
Figure	6-3	Inflammatory	protein	temporal	changes	common	to	all	three	injury	groups	..................	158	



16	
	

Figure	 6-4	 Inflammatory	 protein	 temporal	 changes	 common	 to	 both	 thermal	 injury	 and	 capsaicin	
injury	:	elevated	levels	at	180	minutes	compared	to	all	other	time	points	.......................................	161	
Figure	 6-5	 Inflammatory	 protein	 temporal	 changes	 common	 to	 both	 thermal	 injury	 and	 capsaicin	
injury	:	elevated	levels	at	180	minutes	compared	to	all	other	time	points	in	one	model	.................	162	
Figure	 6-6	 Inflammatory	 protein	 temporal	 changes	 common	 to	 both	 thermal	 injury	 and	 capsaicin	
injury	:	elevated	levels	at	180	minutes	compared	to	at	least	one	other	time	point	..........................	163	
Figure	6-7	Inflammatory	protein	temporal	changes	in	thermal	and	UVB	injury	groups	....................	164	
Figure	6-8	Inflammatory	protein	temporal	changes	found	in	the	capsaicin	injury	group	.................	165	
Figure	6-9	Inflammatory	protein	temporal	changes	in	the	UVB	injury	group	for	IL1α	......................	166	
Figure	6-10	Inflammatory	protein	temporal	changes	that	are	different	in	all	three	injury	groups	...	167	
Figure	6-11	Ranked	values	for	inflammatory	protein	fold	changes	between	baseline	and	injury	60	168	
Figure	6-12	Ranked	values	 for	 inflammatory	protein	 fold	changes	between	baseline	and	 injury	120
	...........................................................................................................................................................	169	
Figure	6-13		Ranked	values	for	inflammatory	protein	fold	changes	between	baseline	and	injury	180
	...........................................................................................................................................................	169	
Figure	6-14	Fold	change	found	at	60,	120	and	180	minutes	for	CCL2	...............................................	175	
Figure	 6-15	 Capsaicin	 injury	 group	 IL6	 dermal	 microdialysis	 concentrations	 with	 the	 subject	 on	
inhaled	steroids	highlighted	...............................................................................................................	178	
Figure	7-1	Example	of	data	analysis	comparing	capsaicin	and	UVB	injury	models	............................	189	
Figure	7-2	UPLC-MS	ESI+	chromatograms	of	a	QC	sample	and	samples	10UC60	and	7UC60	...........	191	
Figure	7-3	PCA	scores	plot	of	UPLC-MS	ESI+	data	..............................................................................	192	
Figure	7-4	PCA	scores	plots	of	UPLC-MS	data	highlighting	a	group	separating	along	the	first	principal	
component	.........................................................................................................................................	192	
Figure	7-5	Focused	view	of	PCA	scores	plots	illustrating	grouping	of	QC	samples	............................	195	
Figure	7-6	OPLS-DA	models	of	ESI+	and	ESI-	mode	UPLC-MS	data	comparing	samples	152-180	with	all	
other	samples	....................................................................................................................................	197	
Figure	 7-7	 PCA	 scores	 plots	 for	 UPLC-MS	 data	 following	 removal	 of	 features	 important	 for	 group	
separation	in	OPLS-DA	models	from	Figure	7-6	.................................................................................	197	
Figure	7-8	PCA	scores	and	loadings	plots	for	ESI+	and	ESI-	mode	UPLC-MS	data.	.............................	198	
Figure	7-9	Base	peak	intensity	(BPI)	chromatograms	of	ESI+	UPLC-MS	for	sample	65	and	153	........	199	
Figure	7-10	BPI	chromatograms	of	ESI-	UPLC-MS	for	sample	65	and	sample	153	.............................	199	
Figure	7-11	PCA	scores	plots	for	UPLC-MS	data	from	injury	site	samples	for	the	three	injury	groups
	...........................................................................................................................................................	201	
Figure	 7-12	 Flow	diagram	of	 features	 included	 and	excluded	 at	 each	 stage	of	 analysis	 for	 thermal	
injury	and	capsaicin	injury	ESI-	mode	UPLC-MS	data	.........................................................................	202	
Figure	7-13	ESI-	mode	UPLC-MS	data	:	OPLS-DA	model	for	thermal	injury	and	capsaicin	injury	......	203	
Figure	7-14	ESI-	mode	UPLC-MS/MS	spectrum	of	609.3	m/z	at	a	retention	time	of	7.5	min	............	204	
Figure	7-15	ESI-	mode	UPLC-MS	data	:	Feature	from	OPLS-DA	model	for	thermal	injury	and	capsaicin	
injury	not	selected	for	UPLC-MS/MS	.................................................................................................	205	
Figure	 7-16	 Flow	diagram	of	 features	 included	 and	excluded	 at	 each	 stage	of	 analysis	 for	 thermal	
injury	and	UVB	injury	ESI+	mode	UPLC-MS	data	................................................................................	206	
Figure	7-17	ESI+	mode	UPLC-MS	data	:	OPLS-DA	model	for	thermal	injury	and	UVB	injury	.............	207	
Figure	7-18	ESI+	mode	UPLC-MS	data	 :	 Features	 from	OPLS-DA	model	 for	 thermal	 injury	 and	UVB	
injury	not	selected	for	UPLC	MS/MS	..................................................................................................	208	
Figure	7-19	BPI	chromatograms	of	A:	nicotinamide	standard	and	B:	UVB	injury	sample	..................	209	



17	
	

Figure	7-20	A:	ESI+	mode	UPLC-MS/MS	spectra	of	the	nicotinamide	standard	and	B:	ESI+	mode	UPLC-
MS	spectra	of	a	UVB	injury	sample	....................................................................................................	210	
Figure	7-21	Relative	abundance	of	nicotinamide	in	thermal	injury	and	UVB	injury	samples	............	211	
Figure	7-22	Flow	diagram	of	 features	 included	and	excluded	at	each	stage	of	analysis	 for	capsaicin	
injury	and	UVB	injury	ESI+	mode	UPLC-MS	data	................................................................................	212	
Figure	7-23	ESI+	mode	UPLC-MS	data	:	OPLS-DA	model	for	capsaicin	injury	compared	with	UVB	injury
	...........................................................................................................................................................	213	
Figure	7-24	BPI	chromatograms	of	A:	capsaicin	standard	and	B:	capsaicin	injury	sample	................	213	
Figure	 7-25	 A:	 ESI+	mode	 UPLC-MS/MS	 spectra	 of	 the	 capsaicin	 standard	 B:	 ESI+	mode	 UPLC-MS	
spectra	of	a	capsaicin	injury	sample.	.................................................................................................	214	
Figure	7-26	Relative	abundance	of	sodiated	capsaicin	and	capsaicin	fragments	in	capsaicin	injury	and	
UVB	injury	samples	............................................................................................................................	215	
Figure	7-27	ESI+	mode	UPLC-MS	data:	 Features	 from	OPLS-DA	model	 for	 capsaicin	 injury	and	UVB	
injury	not	selected	for	UPLC-MS/MS	.................................................................................................	215	
Figure	7-28	Flow	diagram	of	 features	 included	and	excluded	at	each	stage	of	analysis	 for	capsaicin	
injury	and	UVB	injury	ESI-	mode	UPLC-MS	data	................................................................................	216	
Figure	7-29	BPI	chromatogram	of	A:	uric	acid	standard	and	B:	QC	sample	.......................................	217	
Figure	7-30	A:	ESI-	mode	UPLC-MS	spectra	of	the	uric	acid	standard	B:	ESI-	mode	UPLC-MS	spectra	of	
a	QC	sample	.......................................................................................................................................	218	
Figure	7-31	ESI-	mode	UPLC-MS	data:	Features	 in	the	OPLS-DA	model	 for	capsaicin	and	UVB	 injury	
found	at	RT	1.37	.................................................................................................................................	218	
Figure	7-32	ESI-	UPLC-MS/MS	spectra	of	the	QC	sample	at	a	retention	time	of	1.37	.......................	219	
Figure	7-33	Pooled	abundance	of	16	 features	with	a	 retention	 time	of	1.37	 in	ESI-	mode	UPLC-MS	
data	for	capsaicin	injury	and	UVB	injury	samples	..............................................................................	221	
Figure	 7-34	 ESI-	mode	UPLC-MS	data:	 Features	 from	OPLS-DA	model	 for	 capsaicin	 injury	 and	UVB	
injury	not	selected	for	UPLC	MS/MS	..................................................................................................	221	
Figure	 7-35	Relative	 ESI+	mode	UPLC-MS	abundance	of	 sodiated	 capsaicin	 for	 experimental	 injury	
groups	and	collection	sites	.................................................................................................................	225	
Figure	7-36	Pooled	abundance	of	16	 features	with	a	 retention	 time	of	1.37	 in	ESI-	mode	UPLC-MS	
data	for	injury	groups	.........................................................................................................................	229	
Figure	7-37	Abundance	of	nicotinamide	in	ESI+	mode	UPLC-MS	for	all	injury	group	samples	..........	235	
Figure	10-1	Temporal	changes	for	 inflammatory	proteins	that	did	not	display	statistical	significance	
(1)	.......................................................................................................................................................	293	
Figure	10-2	Temporal	changes	for	 inflammatory	proteins	that	did	not	display	statistical	significance	
(2)	.......................................................................................................................................................	294	
Figure	10-3	Temporal	changes	for	 inflammatory	proteins	that	did	not	display	statistical	significance	
(3)	.......................................................................................................................................................	295	
Figure	 10-4	 Temporal	 changes	 for	 an	 inflammatory	 proteins	 that	 did	 not	 display	 statistical	
significance	(4)	...................................................................................................................................	296	
Figure	10-5	Capsaicin	injury	model	inflammatory	protein	concentrations	........................................	298	
Figure	10-6	UVB	injury	model	inflammatory	protein	concentrations	................................................	299	
Figure	10-7	Fold	change	(baseline	to	injury	180)	value	differences	between	injury	models	.............	300	
Figure	10-8	Chromatograms	of	6TB180,	10TC60,	14UC60,	13UB120	and	8CC120	compared	with	a	QC	
sample.	...............................................................................................................................................	301	
Figure	10-9	PCA	scores	plots	for	XCMS	pre-processed	UPLC-MS	ESI+	and	ESI-	data	.........................	302	



18	
	

Figure	10-10	PCA	scores	plots	of	UPLC-MS	data	following	the	removal	of	samples	152-180	...........	304	
Figure	10-11	Features	with	significant	p	values	from	Mann	Whitney	U	tests	with	p[corr]1	>+0.4	or	<-
0.4	......................................................................................................................................................	306	
	 	



19	
	

List	of	Tables	
Table	1-1	Burn	injury	classification	......................................................................................................	27	
Table	3-1	Sample	sizes	of	human	studies	using	experimental	pain	models	........................................	57	
Table	3-2	Experimental	conditions	used	in	thermal	injury	pain	models	..............................................	59	
Table	3-3	Experimental	conditions	used	in	topical	capsaicin	injury	pain	models	................................	61	
Table	3-4	Fitzpatrick's	skin	phototypes	................................................................................................	62	
Table	3-5	Kings	College,	London	UVB	trial	dosing	schedule	for	determining	1	MED	...........................	63	
Table	3-6	Experimental	conditions	used	in	UVB	injury	pain	models	....................................................	65	
Table	3-7	Minimal	erythematous	dose	calculations	from	Dermatology	literature	..............................	66	
Table	3-8	Updated	trial	dosing	schedule	for	determining	1MED	.........................................................	66	
Table	3-9	Dermal	microdialysis	protocols	used	for	inflammatory	protein,	pain	or	burn	studies	........	73	
Table	3-10	An	example	of	a	table	for	metabolomic	data	.....................................................................	87	
Table	4-1	List	of	inclusion	and	exclusion	criteria	for	study	entry	.........................................................	97	
Table	4-2	Demographics	of	recruited	subjects	.....................................................................................	99	
Table	4-3	Age	and	gender	of	subjects	allocated	to	each	pain	injury	group:	all	subjects	...................	100	
Table	4-4	Age	and	gender	of	subjects	allocated	to	each	pain	injury	group:	30	subjects	subset	........	100	
Table	4-5	Skin	phototype,	1MED	and	3MED	values	for	UVB	injury	group	.........................................	101	
Table	5-1	Visual	analogue	scale	scores	during	dermal	microdialysis	.................................................	114	
Table	5-2	Somatosensory	areas	.........................................................................................................	114	
Table	5-3	Number	of	subjects	per	injury	group	with	absent	primary	somatosensory	changes	........	127	
Table	5-4	Number	of	subjects	that	did	not	display	complete	absence	or	coverage	of	somatosensory	
changes	in	the	injury	site	...................................................................................................................	128	
Table	5-5	Comparison	of	somatosensory	areas	between	Liu	et	al.	and	the	capsaicin	injury	group.	.	130	
Table	5-6	Secondary	somatosensory	areas	from	the	UVB	injury	model	and	literature	.....................	131	
Table	6-1	List	of	the	inflammatory	proteins	included	in	the	assay	....................................................	149	
Table	6-2	Thermal	injury	group	inflammatory	protein	concentration	changes	over	time	................	156	
Table	6-3	Capsaicin	injury	group	inflammatory	protein	concentration	changes	over	time	...............	156	
Table	6-4	UVB	injury	group	inflammatory	protein	concentration	changes	over	time	.......................	157	
Table	6-5	Top	ten	ranked	inflammatory	proteins	for	magnitude	of	fold	change	at	each	time	point	and	
for	each	injury	model	.........................................................................................................................	170	
Table	6-6	Fold	change	at	180	minute	comparisons	between	injury	groups	......................................	171	
Table	7-1	Subject	number,	injury	model,	sample	collection	site	(injury	or	control)	and	collection	time	
points	of	samples	152-180	.................................................................................................................	193	
Table	7-2	Sample	run	order	for	UPLC-MS	experiment	.......................................................................	194	
Table	7-3	OPLS-DA	model	parameters	for	UPLC-MS	thermal	injury	and	capsaicin	injury	data	.........	202	
Table	7-4	OPLS-DA	model	parameters	for	UPLC-MS	thermal	injury	and	UVB	injury	data	.................	206	
Table	7-5	OPLS-DA	model	parameters	for	UPLC-MS	capsaicin	injury	and	UVB	injury	data	...............	211	
Table	7-6	Precursor	and	product	 ions	 (fragments	and/or	adducts)	 from	ESI-	mode	UPLC-MS/MS	of	
features	identified	in	Figure	7-32	.......................................................................................................	220	
Table	7-7	Mann	Whitney	U	test	statistically	significant	pairwise	comparisons	for	sodiated	capsaicin
	...........................................................................................................................................................	224	
Table	 7-8	 Number	 of	 statistically	 significant	 features	 identified	 at	 OPLS-DA	 that	 differentiate	
between	injury	models	......................................................................................................................	239	
Table	7-9	Features	that	predict	towards	UVB	group	membership	....................................................	239	



20	
	

Table	10-1	IL6	concentrations	present	in	UVB	injury	sites	.................................................................	290	
Table	10-2	Sensory	testing	parameters	used	to	evaluate	experimental	pain	models	.......................	292	
Table	10-3	Thermal	injury	model	inflammatory	protein	concentrations	...........................................	297	
Table	10-4	VIP		and	p	values	for	features	highlighted	in	Figure	7-8	C	and	D	loadings	plots	..............	302	
Table	10-5	OPLS-DA	model	parameters	for	UPLC-MS	ESI+	and	ESI-	models	for	control	samples	.....	303	
Table	 10-6	 Group	 size	 for	 each	 experimental	 condition	 following	 removal	 of	 samples	 152-180,	 a	
blank	sample	and	outliers	..................................................................................................................	303	
Table	10-7	Table	of	OPLS-DA	model	parameters	for	UPLC-MS	ESI+	and	ESI-	data	with	samples	152-
180	removed	......................................................................................................................................	304	
Table	10-8	Spearman’s	correlation	between	uric	acid	and	other	feature	sharing	the	same	retention	
time.	...................................................................................................................................................	306	
	

	

	

	

	 	



21	
	

Abbreviations	
5HT	 	 serotonin	
AMPA	 	 α-amino-3hydroxy-5methyl-4isaxazole	propionic	acid		
ASIC	 	 acid-sensing	ion	channels	
ATP	 	 adenosine	triphosphate	
BPI	 	 base	peak	intensity	
CCL2	 	 monocyte	chemoattractant	protein	1	/	MCP1	
CCL3	 	 macrophage	inflammatory	protein	1-α	/	MIP1α	
CCL4	 	 macrophage	inflammatory	protein	1-β	/	MIP1β	
CCL7	 	 monocyte	chemoattractant	protein	3	/	MCP3	
CCL11	 	 eotaxin	1	
CCL22	 	 macrophage	derived	chemokine	/	MDC	
CFA	 	 complete	Freund’s	adjuvant		
CGRP	 	 calcitonin	gene-related	peptide		
COX2	 	 cyclooxygenase	2	
CSF	 	 cerebrospinal	fluid	
CV	 	 coefficient	of	variation	
CV-ANOVA		 cross	validation	analysis	of	variance.			
CXCL1	 	 growth	regulated	protein	α	/	GROα	
CXCL2	 	 growth	regulated	protein	β	/	GROβ	
CXCL4	 	 platelet	factor	4	
CXCL12	 	 stromal	derived	factor	1	
DFNS	 	 German	research	network	on	neuropathic	pain	
DMA	 	 dynamic	mechanical	allodynia	
DMD	 	 dermal	microdialysis	
DN4	 	 Douleur	Neuropathique	4		
EF	 	 erythematous	flare	
EGF	 	 epidermal	growth	factor	
ESI	 	 electrospray	ionisation	
ESI+	 	 positive	mode	electrospray	ionisation	
ESI-	 	 negative	mode	electrospray	ionisation	
FDA	 	 United	States	food	and	drugs	administration	
FDR	 	 false	detection	rate	
FGF2	 	 fibroblast	growth	factor	2	
Flt3L	 	 fms	related	tyrosine	kinase	3	ligand	
GCSF	 	 granulocyte	colony	stimulating	factor	
GMCSF		 	 granulocyte-macrophage	colony-stimulating	factor	
HPLC	 	 high	performance	liquid	chromatography	
IASP	 	 International	Association	for	the	Study	of	Pain	
IL	 	 interleukins	
IL1RA	 	 interleukin	1	receptor	antagonist	
IFN	 	 interferon	
KC	 	 keratinocyte	derived	chemokine	
kDa	 	 kilo	Dalton	
LC		 	 liquid	chromatography	
LC-MS	 	 liquid	chromatography-mass	spectrometry	
MD	 	 microdialysis	
MED	 	 minimal	erythema	dose	
mGluR	 	 metabotropic	glutamate	receptors	
MIA	 	 mechanically	insensitive	afferents	
MS	 	 mass	spectrometry	
MS/MS	 	 tandem	mass	spectrometry	
MVA	 	 multivariate	analysis	



22	
	

MWCO	 	 molecular	weight	cut	off	
m/z	 	 mass	to	charge	ratio	
NAD	 	 nicotinamide	adenine	dinucleotide	
NADPH	 	 nicotinamide	adenine	dinucleotide	phosphate	
NGF	 	 nerve	growth	factor	
NMDA	 	 N-methyl-D-aspartate		
NMR	 	 nuclear	magnetic	resonance	
NSAID	 	 non-steroidal	anti-inflammatory	drug	
OPLS-DA		 orthogonal	projections	to	latent	structures:	discriminant	analysis	
p[corr]1	 	 p	correlation	coefficient	within	supervised	models	
PAR	 	 protease	activated	receptor	
PARP-1	 	 poly	(adenosine	diphosphate-ribose)	polymerase-1	
PC	 	 principal	component	
PCA	 	 principal	components	analysis	
PDGF	 	 platelet	derived	growth	factor	
PG	 	 prostaglandins	
PLS	 	 partial	least	squares	
PLS-DA	 	 partial	least	squares:	discriminant	analysis	
PMH	 	 static	punctate	mechanical	hyperalgesia	
PTSD	 	 posttraumatic	stress	disorder	 	
PTX	 	 adenosine	triphosphate	sensitive	purinergic	ion	channels		
QC	 	 quality	control	
QST	 	 quantitative	sensory	testing	
Q-TOF	 	 quadrupole	time	of	flight	
ROS	 	 reactive	oxygen	species	
RP	 	 reversed	phase	
RT	 	 retention	time	
SD	 	 standard	deviation	
SEM	 	 standard	error	of	the	mean	
SP	 	 substance	P	
sCD40L	 	 soluble	CD40	ligand	
TGF	 	 transforming	growth	factor	
TNF	 	 tumour	necrosis	factor	
TRP	 	 transient	receptor	potential		
TRPV1	 	 transient	receptor	potential	vanilloid	1	
TRPM3	 	 transient	receptor	potential	melastatin	3	 	
TSBA	 	 total	surface	body	area	
UPLC		 	 ultra-performance	liquid	chromatography	
UPLC-MS	 ultra-performance	liquid	chromatography	mass	spectrometry	
UV	 	 ultraviolet	
VAS	 	 visual	analogue	scale	
VEGF	 	 vascular	endothelial	growth	factor	
VIP	 	 variable	influence	on	projection	
	
	
	



23	
	

Publications	arising	from	work	
Journal	articles	

Peripheral	mechanisms	of	burn	injury-associated	pain.	Laycock	H,	Valente	J,	Bantel	C,	Nagy	I.	Eur	J	

Pharmacol.	2013	Sep	15;716(1-3):169-78.		

	

The	potential	use	of	biomarkers	and	new	diagnostic	tools	in	the	management	of	acute	pain.	

Bantel	C,	Laycock	H,	Nagy	I.	Pain	Manag.	2012	May;2(3):187-90.		

	

Conference	Abstracts	

Heterogeneity	 of	 sensory	 and	 inflammatory	 profiles	 for	 two	 burn	 injury	 pain	models.	 	 Laycock	H,	

Bantel	C,	Nagy	I.	IASP	16th	World	Congress	in	Pain,	Japan,	2016	

	

Peripheral	 inflammatory	 profiles	 differ	 based	 on	mechanism	 of	 burn	 injury.	 Laycock	 H,	 Bantel	 C,	

Nagy	I.	IASP®	15th	World	Congress	on	Pain,	Buenos	Aires,	Argentina,	2014	

	

Peripheral	cytokine	response	to	burn	injury	in	humans:	a	microdialysis	study.	Laycock	H,	Nagy	I	and	

Bantel	C.	European	Federation	of	IASP®	Chapters,	Florence,	Italy,	October	2013	

	

National	Oral	presentations	

Peripheral	 mechanisms	 of	 burn	 injury-associated	 pain.	 Laycock	 H.	 Faculty	 of	 Pain	 Medicine	 7th	

Annual	Meeting,	Royal	College	of	Anaesthetists,	London,	November	2014	

	

Biomarkers	in	burn	pain:	Pain	is	not	just	a	number	Laycock	H.	British	Burn	Association	Pain	Education	

Day,	London,	2012	

	

	

	

	



24	
	

Chapter	1:		Introduction	
1 Introduction	

Worldwide	burn	injuries	are	common	and	the	accompanying	pain	represents	a	considerable	burden	

to	patients.		Its	management	is	a	continuing	clinical	challenge	and	failure	in	alleviating	this	suffering	

is	 associated	 with	 poor	 patient	 outcomes.	 	 An	 improvement	 in	 burn	 injury-associated	 pain	

management	could	be	achieved	if	a	mechanistic	rather	than	symptom-based	approach	was	adopted.		

However	 current	 understanding	 of	 the	 mechanisms	 involved	 in	 burn	 injury-associated	 pain	 is	

incomplete,	with	theories	developed	using	animals,	patients	and	healthy	volunteer	data.		In	general	

there	remains	a	 lack	of	translation	between	animal	and	human	findings	 in	pain	medicine.	 	Healthy	

volunteer	 experimental	 pain	 models	 appear	 most	 promising	 in	 addressing	 this	 knowledge	 gap,	

however	the	mechanisms	involved	in	the	pain	processes	of	these	models	similarly	are	incompletely	

defined.	 	 It	 is	 therefore	 imperative	 that	 these	 models	 undergo	 phenotyping	 to	 inform	 the	

development	of	mechanism	based	burn	injury-associated	pain	management.	

	

1.1 Burn	injury	

1.1.1 Definition	

An	injury	is	physical	damage	caused	by	an	acute	transfer	of	energy	or	by	sudden	absence	of	heat	or	

oxygen.	(2)		Burns	are	a	common	cause	of	injury	and	are	the	result	of	a	transfer	of	energy	within	a	

tissue,	resulting	in	disruption	of	its	functional	integrity.		The	energy	can	be	heat,	freezing,	radiation,	

chemical,	 electrical	 or	 frictional,	 however	 the	 injury	 incurred	will	 depend	 on	 the	 type	 and	 size	 of	

energy	delivered	and	the	tissue	to	which	it	is	applied.		Whilst	burn	injury	can	affect	internal	tissues	

such	 as	 the	 trachea	 and	 oesophagus,	 the	 overwhelming	majority	 of	 burn	 injuries	 affect	 the	 skin.		

However	even	with	burn	injuries	confined	to	this	organ,	the	consequences	are	varied	and	can	range	

from	minor	superficial	tissue	damage,	to	systemic	shock	and	multi-organ	dysfunction.					

	

1.1.2 The	skin	

The	skin	represents	the	first	line	of	defence	between	the	body	and	its	environment.		This	organ	has	

numerous	functions	that	 include	 immunological	processes,	protection	against	environmental	 insult	

and	ultraviolet	 (UV)	 radiation,	prevention	of	 loss	of	essential	 fluids	and	 temperature	control.	 	 Skin	

has	two	main	compartments,	the	epidermis	and	the	dermis.	 	Details	of	the	skin	anatomy	including	

sensory	innervation	are	shown	in	Figure	1-1.	
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Figure	1-1	Schematic	drawing	of	a	skin	cross	section	
Innervation	of	 the	skin	 is	by	somatosensory	neurons	 that	project	 to	 the	spinal	cord.	Touch	receptors	
(Aβ	fibres:	coloured	purple)	are	found	at	Merkel	cells	(sensory	cells	that	transmit	touch:	coloured	blue)	
and	hair	shafts.	 	Nociceptors	are	both	Aδ	and	C	fibres.	 	The	Aδ	 fibres	 (blue)	are	contained	within	the	
dermis.		The	C	fibres,	peptidergic	(green)	and	non-peptidergic	(red),	are	found	in	different	layers	of	the	
epidermis.		The	epidermis	also	contains	immune	cells.		DRG:	dorsal	root	ganglion.		
(Adapted	from	Lumpkin	and	Caterina,	Nature,	2007).	(3)	

The	 outermost	 compartment,	 the	 epidermis,	 is	 predominantly	 made	 up	 of	 keratinocytes	 and	 is	

organised	in	five	strata	(stratum	basale,	spinosum,	granulosum,	lucidum	and	corneum).		Each	has	a	

different	structure,	with	the	stratum	corneum	being	responsible	for	the	skins	barrier	function.			The	

epidermis	contains	a	number	of	specialised	 immune	cells	that	 include	Langerhans	cells	and	T	cells.		

The	 basal	 membrane	 separates	 the	 epidermis	 from	 the	 underlying	 dermis,	 a	 layer	 of	 connective	

tissue	made	up	of	collagen	and	elastin	 fibres	embedded	 in	mucopolysaccharides.	 	 Its	main	cellular	

elements	are	fibroblasts	that	synthesise	connective	tissue,	macrophages,	phagocytic	cells	and	mast	

cells,	which	contain	histamine,	prostaglandins,	leukotrienes	and	neutrophil	chemotactic	factors.		The	

dermis	also	contains	blood	vessels,	lymphatics,	nerves	and	sensory	fibres.		It	can	be	subdivided	into	

two	 bioactive	 sections;	 the	 superficial	 papillary	 dermis,	 a	 more	 bioactive	 layer	 with	 a	 greater	

capacity	to	regenerate,	and	the	deeper	reticular	dermis.	(4)			

	

1.1.3 Pathophysiology	of	burn	injury	

Burn	wounds	are	unique	and	unlike	any	other	type	of	wound,	for	example	those	caused	by	trauma	

or	surgery.	 	The	majority	of	burn	injuries	are	caused	by	heat	 impact	from	flames,	scalds	or	contact	

burns.		(5)		Thermal	injury	causes	a	coagulative	necrosis	leading	to	graded	damage	across	the	injury	

area,	contaminated	by	biochemically	complex	debris.			
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Nissen	et	al.	demonstrated	 that	endothelial	 cells	 found	at	 the	site	of	burn	 injury	are	exposed	 to	a	

very	 different	 early	 environment	 than	 those	 found	 in	 surgical	 sites,	 with	 burn	 injury	 wound	 fluid	

having	less	angiogenic,	fibroblast	and	fibroblast	growth	factor	2	(FGF-2)	activity	compared	to	surgical	

wound	 fluid.	 	 (6)	 Furthermore	 Schwacha	 et	 al.	 	 highlighted	 that	 different	 inflammatory	 responses	

occur	 in	 burn	 compared	 to	 non-burn	 cutaneous	 wounds.	 	 They	 also	 showed	 differences	 in	 cell	

generated	 inflammatory	 responses	 in	 response	 to	 further	 stimuli,	 between	 burn	 and	 non-burn	

wounds.	 (7)	 	 Both	 these	 studies	 illustrate	 that	 a	 distinctive	 inflammatory	 response	 occurs	 within	

burn	 injury	 wounds.	 	 Therefore	 management	 of	 burn	 injury	 associated	 problems	 should	 not	 be	

informed	by	strategies	extrapolated	from	general	wound	healing	theory	or	other	injury	models.	

	

Thermal	 burn	 injury	 involves	 four	 stages;	 initial	 direct	 heat	 induced	 damage,	 a	 pronounced	

inflammatory	 reaction,	 subsequent	 healing	 of	 the	 injury	 and	 finally	 remodelling	 of	 the	 damaged	

area.	 	 Initially	 heat	 denatures	 proteins	 and	 leads	 to	 a	 loss	 of	 plasma	membrane	 integrity	 of	 cells.		

This	causes	cell	death	and	leakage	of	cellular	content.	(8)		Local	agents	released	at	this	time	include;	

histamine,	 serotonin	 (5HT),	 bradykinin,	 nitric	 oxide,	 reactive	 oxygen	 species	 (ROS),	 prostaglandins	

(PG),	thromboxane,	interleukins	(IL)	and	tumour	necrosis	factor	(TNF).		These	agents	cause	vascular	

dilatation,	increased	vessel	permeability,	localised	oedema	and	stimulate	an	inflammatory	response.		

The	extent	and	severity	of	initial	heat	damage	depends	upon	the	amount	of	energy	imparted,	which	

is	 determined	 by	 the	 temperature	 and	 length	 of	 contact	 with	 the	 thermal	 source,	 and	 directly	

related	 to	 the	 degree	 and	 duration	 of	 temperature	 rise.	 (9)	 A	 significant	 inflammatory	 reaction	

occurs	 peripherally	 in	 the	 epidermis	 and	 in	 deeper	 structures.	 	 In	 the	 epidermis,	 Langerhans	 cells	

initiate	an	immune	reaction	and	keratinocytes	release	cytokines	(IL1,	 IL6,	 IL8,	TNFα	and	IL10).	 	The	

release	of	these	and	other	low	molecular	weight	substances	trigger	inflammatory	cell	migration	into	

the	 injured	 area	 (leukocytes,	 mast	 cells,	 platelets,	 endothelial	 cells).	 	 	 These	 coordinate	 further	

inflammation,	 which	 can	 become	 systemic.	 (10)	 	 The	 healing	 phase	 of	 burn	 injury	 involves	 re-

epithelialisation	of	 the	wound	either	by	 the	body	or	 from	surgical	 intervention,	during	which	 time	

nerve	 healing,	 regrowth	 and	 sprouting	may	 occur.	 	 The	 final	 stage	 of	 burn	 injury	 is	 remodelling,	

where	the	wound	closes	and	scaring	matures.	

	

1.1.4 Classification	of	burn	injury	and	wound	healing	

Burns	 are	 traditionally	 classified	 according	 to	 the	 depth	 of	 injury	 (see	 Table	 1-1).	 Not	 only	 is	 the	

pathophysiological	response	to	burn	 injury	different	to	other	wounds,	but	also	the	healing	process	

and	the	potential	for	a	burn	injury	wound	to	progress	in	severity	are	unique.			
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The	depth	of	a	burn	can	evolve	over	2-4	days	following	the	injury,	with	some	burns	initially	classified	

as	superficial	or	partial	thickness,	progressing	to	deeper	injuries.			

	

A	burn	consists	of	three	possible	zones	of	damage	named	coagulation,	stasis	and	hyperaemia.	(11).			

The	zone	of	coagulation	is	the	centre	of	the	wound,	the	area	that	has	sustained	the	greatest	direct	

damage.		It	is	characterised	by	irreversible	necrosis.			The	zone	of	stasis	is	an	intermediate	area	with	

decreased	 perfusion	 and	 contains	 both	 viable	 and	 non-viable	 cells.	 	 Tissues	 in	 this	 zone	 have	 the	

potential	 to	 either	 heal	 or	 progress	 to	 necrosis,	 dependent	 in	 part	 upon	 the	 level	 of	 perfusion.	

Finally,	the	zone	of	hyperaemia	is	the	most	peripheral	area	of	the	burn,	containing	viable	cells.		Local	

inflammatory	mediators	in	this	zone	cause	vasodilation	and	an	inflammatory	reaction,	but	as	it	lacks	

tissue	structural	damage,	this	area	will	heal.	The	molecular	and	cellular	mechanisms	of	burn	wound	

progression	and	post	burn	healing	are	largely	unclear	however	likely	involve	autophagy	(the	process	

of	cellular	waste	degradation),	inflammation,	ischaemia	and	ROS.	(12,13)			

Classification	 Common	

aetiology	

Layer	of	skin	

involved	

Appearance	 Healing	time	

Superficial	/	I°	 Sun	exposure,	hot	

liquids	(low	

viscosity	+	short	

exposure)	

Epidermis	only	 Pink	to	red,	moist,	no	

blisters	

3-7	days	

Superficial	partial	/	IIa°	 Hot	liquids,	

chemical	burns	

(acid/alkali),	flash	

burns		

Superficial	

(papillary)	dermis	

Blister,	red,	moist,	

intact	epidermal	

appendages,	

blanches	of	pressure	

1-3	weeks	with	

potential	long	

term	changes	in	

pigmentation	

Deep	partial	/	IIb°	 Flame,	chemical,	

electrical,	hot	

liquids	(high	

viscosity)	

Deeper	layer	

(reticular)	dermis	

Dry,	white,	non-

blanching,	loss	of	

epidermal	

appendages	

3-6	weeks	with	

scars	

Deep	/	Full	thickness	/	

III°	

Flame,	electrical,	

chemical,	blast,	

self-immolation	

Full	thickness	of	

skin	into	the	

subcutaneous	far	

or	deeper	

Leathery,	dry,	white	

or	red	with	

thrombosed	vessels	

Does	not	heal	by	

intention	

requires	grafting	

Table	1-1	Burn	injury	classification		
(Adapted	from	Evers	et	al.,	Experimental	Dermatology,	2010)	(8)	

	

1.1.5 Burn	injury	wound	management	

Whilst	 the	 epidermis	 is	 capable	 of	 regenerative	 healing,	 the	 dermis	 relies	 on	 the	 migration	 of	

keratinocytes	from	surrounding	uninjured	skin.			
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Therefore	all	full	thickness,	and	many	partial	thickness	burn	injuries	need	surgical	intervention.		The	

first	 step	of	 surgical	 intervention	 is	 tangential	excision,	 to	 reduce	systemic	effects	of	 the	burn	and	

promote	healing.		This	involves	removal	of	devitalised	tissue	down	to	viable	tissue,	as	determined	by	

haemorrhage	 at	 the	 wound	 bed.	 	 Further	 stages	 of	 surgical	 management	 aim	 to	 achieve	 wound	

closure.	 	 This	 can	 involve	 a	 number	 of	 processes	 that	 include;	 primary	 closure	 for	 small	 wounds,	

autologous	 split	 skin	 grafting	 with	 normal	 skin	 taken	 from	 graft	 sites	 on	 the	 injured	 patient	 and	

biological	 dressings	 or	 artificial	 skin	 substitutes.	 	 Each	 stage	 of	 surgical	management	 causes	 a	 re-

ignition	of	the	inflammatory	response	within	the	injured	area,	and	when	skin	grafts	are	used,	also	in	

the	donor	site.		Moreover	surgical	management	commonly	involves	multiple	surgical	interventions,	

where	further	debridement	and	grafting	are	often	required.	This	occurs	in	conjunction	with	frequent	

wound	dressing	changes	that	can	take	place	multiple	times	each	day,	again	each	intervention	further	

exacerbating	 the	 inflammatory	 response.	 (14,15)	 Consequently	 the	 burn-injured	 patient	 cycles	

through	repeated	inflammatory	processes	throughout	their	treatment,	lacking	the	linear	decrease	in	

inflammation	over	time	normally	associated	with	other	wound	healing	processes.	

	

1.1.6 Incidence	of	burn	injury	

Burn	injuries	represent	one	of	the	most	costly	traumatic	injuries	for	health	services,	as	patients	can	

warrant	lengthy	periods	of	hospitalisation	and	prolonged	rehabilitation.		In	2004	the	global	incidence	

of	burn	injuries,	severe	enough	to	require	medical	attention,	was	around	11	million.	(16)	The	annual	

European	incidence	of	individuals	who	sustain	a	severe	burn	injury,	defined	as	“an	acute	burn	injury	

in	need	of	specialised	care	during	hospital	admission”,	 lies	between	0.2-2.9	per	10	000	inhabitants.	

(5)	 In	England	and	Wales	 the	 rate	of	 individuals	with	burn	 injuries	 requiring	hospitalisation	 is	18.1	

per	 100,000	 inhabitants,	 and	 for	 these	 nations	 this	was	 recorded	 in	 the	 International	 Burn	 Injury	

Registry	 as	 representing	 over	 13,000	 patients	 in	 2011.	 (17)	 As	 an	 impact	 on	 the	 National	 Health	

Service,	burn	 injuries	correspond	to	around	5%	of	all	 serious	trauma	 injuries	 that	occur	 in	England	

and	Wales.	(18)			

	

1.1.7 Outcomes	from	burn	injury	

Alongside	 the	 depth	 of	 burn,	 the	 amount	 of	 skin	 that	 has	 been	 injured	 by	 the	 burn	 is	 important.		

Quantified	as	a	proportion	of	the	total	surface	body	area	(TSBA),	it	is	used	in	both	initial	assessment	

and	 continued	 evaluation	 of	 injury	 and	 healing.	 	 Patients	 with	 significant	 injury	 often	 require	

intensive	 medical	 support	 alongside	 surgical	 management.	 	 This	 can	 involve	 appropriate	 fluid	

resuscitation,	management	of	sepsis	and	multi-organ	failure,	supplementary	nutritional	support	and	

extensive	physical	rehabilitation.	(8)			
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Mortality	rates	vary	considerably	between	different	populations.		Mortality	from	severe	burn	injury	

is	associated	with	increased	age,	increased	TBSA	affected	and	inhalation	injury.		Survival	rates	have	

improved	 significantly	 over	 the	 last	 fifty	 years	mostly	 as	 a	 consequence	 of	 improved	 surgical	 and	

critical	 illness	 management.	 (19–21)	 	 As	 such,	 outcomes	 aside	 from	 mortality	 have	 become	

important	 to	 injury	 survivors	 and	 appear	 useful	 measures	 in	 evaluating	 patient	 outcome	 and	

treatment	success.(22,23)	In	2008,	the	World	Health	Organisation	in	their	plan	for	burn	prevention	

and	care	reported	that	“for	every	person	who	dies	as	a	result	of	their	burns,	many	more	are	left	with	

lifelong	disabilities	and	disfigurements”(24).	Long	term	outcomes	from	burn	injury	include	continued	

skin	 damage	 and	 infection,	 poor	wound	healing	 and	 scarring.	 	 Individuals	 can	 have	 impaired	 limb	

functioning,	 impaired	 muscle	 strength,	 impaired	 aerobic	 and	 cardiovascular	 function,	 and	 have	

shown	 increased	 rates	 of	 subsequent	 hospital	 admissions	 for	 musculoskeletal	 conditions	 such	 as	

arthropathies,	 osteopathies	 and	 soft	 tissue	 disorders.	 	 Chronic	 pain,	 severe	 itch	 and	 increased	

hospital	admissions	for	neurological	disorders	that	range	from	sleep	disorders	to	seizures	can	occur.		

The	 psychological	 sequelae	 can	 include	 anxiety,	 post	 traumatic	 stress	 disorder	 (PTSD)	 and	

depression,	 alongside	 reduced	 physical	 function,	 lack	 of	 independence,	 failure	 to	 return	 to	 work,	

problems	with	 social	 integration	and	a	deterioration	of	overall	quality	of	 life	measures.	 (25–27)	 In	

this	respect	pain	becomes	an	important	aspect	of	patient	care	in	the	short	and	long	term.	

	

1.2 Burn	injury-associated	pain	

1.2.1 Pain		

The	 International	 Association	 for	 the	 Study	 of	 Pain	 (IASP®)	 Taxonomy	 definition	 of	 pain	 is	 “an	

unpleasant	sensory	and	emotional	experience	associated	with	actual	or	potential	 tissue	damage	or	

described	in	terms	of	such	damage”(28).		It	integrates	both	ascending	nociceptive	pathways	and	top	

down	(cognitive	and	emotional)	processing	that	account	for	the	subjective	nature	of	pain.	Pain	can	

be	 nociceptive;	 arising	 from	 actual	 or	 threatened	 damage	 to	 non-neural	 tissue	 that	 activates	

nociceptors,	 or	 it	 can	 be	 neuropathic;	 pain	 caused	 by	 a	 lesion	 or	 disease	 of	 the	 somatosensory	

nervous	system.		(28)	

1.2.2 Burn	injury-associated	pain	
Pain	 is	 a	 significant	 contributor	 to	 the	 overall	 traumatic	 experience	 associated	 with	 burn	 injury.		

Burn-injured	patients	commonly	experience	acute	pain.	(29–33)	The	literature	estimates	anywhere	

between	 20	 and	 80%	 of	 those	 experiencing	 acute	 pain	 go	 on	 to	 develop	 chronic	 pain	 (30,34,35);	

defined	 as	 persistent	 or	 recurrent	 pain	 lasting	 longer	 than	 three	 months.	 (36)	 Patients	 with	

significant	 burn	 injuries	 report	 their	 pain	 intensity	 and	 the	 distress	 associated	 with	 this	 pain	 as	

moderate	to	severe.	(33)			



30	
	

Acute	burn	injury-associated	pain	can	vary	in	both	frequency	and	intensity	over	time,	with	intra-	and	

inter-individual	variation.	(29)	Historically,	it	was	assumed	full	thickness	burns	did	not	generate	pain,	

due	 to	 the	 injury	 completely	 destroying	 all	 neuronal	 endings,	 thus	 preventing	 nociception	

transmission.	 	However	work	by	Atchison	et	al.	 in	a	paediatric	burn	population	revealed	this	 to	be	

likely	incorrect.		They	found	a	positive	correlation	(r=0.54;	p	value	<0.01)	between	TSBA	affected	by	

full	 thickness	 burns	 and	 mean	 pain	 intensity	 scores.	 (37)	 	 It	 is	 likely	 a	 full-thickness	 burn	 is	

heterogeneous	 with	 respect	 to	 depth	 across	 the	 wound,	 with	 portions	 having	 either	 partially	

damaged	or	normally	functioning	nerve	endings	that	transmit	nociceptive	stimuli.		Predicting	which	

patients	 will	 experience	 severe	 pain	 is	 difficult,	 as	 pain	 intensity	 at	 a	 population	 level	 is	 not	

correlated	with	either	depth	of	injury	or	TSBA	affected	by	the	burn.		(31,37–40)	

	

Acute	pain	experienced	by	burn-injured	patients	is	mostly	nociceptive.		It	is	derived	from	peripheral	

and	central	consequences	of	cellular	damage	and	resulting	 inflammation	from	injury.	 	Neuropathic	

pain	 could	 occur	 in	 the	 acute	 setting	 following	 burn	 injury,	 as	 in	 the	 healing	 phase	 disordered	

regrowth	 of	 damaged	 nerves	 is	 likely	 and	 this	 could	 lead	 to	 spontaneous	 firing	 and	 neuroma	

formation	 in	the	healing	phase.	 	 (41)	However	evidence	of	neuropathic	pain	 in	the	acute	setting	 is	

limited,	 being	 evaluated	 by	 screening	 questionnaires	 alone.	 (42)	 	 This	 fails	 to	meet	 the	 validated	

diagnostic	 criteria	 for	 neuropathic	 pain	 that	 requires	 both	 history	 and	 examination	 findings	

alongside	confirmation	of	a	nerve	lesion	or	damage	using	methods	such	as	nerve	conduction	studies	

or	skin	biopsies.		(43)	Evidence	used	to	support	the	presence	of	neuropathic	pain	in	the	acute	setting	

is	derived	 from	studies	 that	observed	patients	more	 than	 three	months	 following	 injury,	which	by	

definition	represents	chronic	rather	than	acute	pain.	(44–46)	Furthermore	clinical	evidence	exploring	

the	 efficacy	 of	 drugs	 with	 neuropathic	 actions	 in	 the	 acute	 setting	 remains	 inconclusive.	 	 (47,48)	

Therefore	this	thesis	will	concentrate	on	acute	nociceptive	pain	in	burn	injury.	

1.2.3 Acute	nociceptive	pain	pathways	
Professor	Charles	Sherrington	first	described	nociceptive	pain	over	a	century	ago,	in	the	sixth	of	his	

published	 lectures	 on	 the	 nervous	 system.	 (49)	 	 He	 described	 “skin	 pain”	 as	 being	 an	 important	

protective	reflex	caused	by	cutaneous	“nociceptive”	receptors	that	could	be	activated	by	a	range	of	

peripheral	stimuli.	This	early	description	is	an	accurate	summary	of	our	current	understanding	of	the	

mechanisms	of	nociceptive	pain.	 	 	Nociceptors	are	high	 threshold	sensory	receptors	 found	on	 free	

afferent	nerve	endings	of	 the	peripheral	 somatosensory	nervous	 system.	 (28)	 	 Typically	 located	 in	

the	 skin,	 internal	 organs,	 joints,	 muscles	 and	 tendons	 (50),	 they	 transduce	 and	 encode	 noxious	

stimuli;	 defined	 as	 something	 that	 is	 damaging	 or	 threatens	 damage	 to	 normal	 tissue.	 (28)	 Such	

stimuli	can	be	noxious	heat,	intense	pressure	and/or	irritant	chemicals.			
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Small	 and	medium	 size	 cell	 bodies	 in	 the	 dorsal	 root	 ganglia	 give	 rise	 to	 nociceptors.	 	 These	 are	

mostly	comprised	of	slow	conducting,	unmyelinated	C	fibres	that	reflect	more	diffuse,	delayed,	dull	

pain	 and	 thin,	 rapid	 conducting,	 myelinated	 Aδ	 fibres	 that	 reflect	 acute,	 sharp	 pain.	 	 Two	 main	

classes	of	Aδ	fibres	exist	and	both	respond	to	intense	mechanical	stimuli,	however	display	different	

thermal	activation	thresholds	and	different	responses	to	tissue	injury.	C	fibres	tend	to	be	activated	

by	noxious	thermal,	mechanical	and	chemical	stimuli,	with	some	being	mechanically	insensitive.	(51)		

Receptor	activation	in	these	nerve	endings	can	occur	through	direct	or	indirect	mechanisms.		Direct	

mechanisms	 involve	 activation	 of	 ion	 channels	 found	 on	 these	 nerve	 endings	 such	 as	 thermally	

sensitive	 transient	 receptor	 potential	 (TRP),	 cation	 voltage-gated,	 proton-sensitive	 acid-sensing	

(ASIC)	 and	 adenosine	 triphosphate	 (ATP)-sensitive	 purinergic	 ion	 channels	 (PTX).	 	 Ion	 channel	

activation	causes	localised	cell	membrane	depolarisation	from	altering	membrane	cation	flow.		If	the	

depolarisation	reaches	the	activation	threshold	for	voltage-gated	Na+	channels,	action	potentials	are	

generated.	 Hence,	 the	 stimulus	 is	 converted	 into	 an	 electrical	 activity	 of	 the	 nerve	 cell.	 Action	

potential	 are	 then	 further	 transmitted	 to	 the	 central	 nervous	 system.	 	 Indirect	 pathways	 involve	

chemical	mediators,	 such	as	 inflammatory	proteins,	 that	 are	 released	due	 to	 cell	 damage	or	 from	

inflammatory	cells.		These	can	also	initiate	the	generation	of	action	potentials	through	ligand-gated	

ion	 channels	 or	 metabotropic	 receptors.	 	 They	 can	 alter	 the	 sensitivity	 of	 nociceptors	 by	 either	

reducing	 their	 threshold	 for	 response	 or	 altering	 the	 type	 of	 stimuli	 they	 respond	 to.	 	 The	 action	

potential	is	then	transmitted	via	the	dorsal	root	ganglion	into	the	dorsal	horn	of	the	spinal	cord.		The	

majority	 of	 efferent	 nerve	 endings	 of	 the	 nociceptive	 primary	 sensory	 neurons	 terminate	 in	 the	

dorsal	horn	in	laminae	I	and	II,	however	a	small	proportion	project	to	laminae	V.		Within	the	spinal	

cord,	second	order	projection	neurons	either	further	transmit	information	to	higher	centres	or	act	as	

interneurons	that	modulate	transmission	within	the	spinal	cord.	 	Further	transmission	of	the	signal	

involves	 a	 range	 of	 neurotransmitters,	 predominantly	 peptides	 or	 amino	 acids.	 	 Excitatory	

transmitters	 include	 glutamate	 and	 aspartate,	 which	 act	 through	 α-amino-3hydroxy-5methyl-

4isaxazole	 propionic	 acid	 (AMPA),	 N-methyl-D-aspartate	 (NMDA),	 and	 metabotropic	 glutamate	

(mGluR)	receptors.		A	number	of	spinal	pathways	link	to	higher	centres.		The	spinothalamic	pathway	

projects	to	the	thalamus	and	to	higher	brain	regions	such	as	the	somatosensory	cortex.		It	leads	to	

discrimination	of	the	location,	duration	and	intensity	of	the	stimulus.		The	spinomesencephalic	and	

spinoreticular	 pathways	 project	 to	 the	 brainstem	 integrating	 nociceptive	 input	 with	 autonomic	

responses.	 	 Further	 connections	 involve	 the	 “fight	 or	 flight”	 reflex	 through	 the	 periaqueductal	

grey/retroventromedial	 medulla,	 and	 the	 affective	 response	 via	 the	 anterior	 cingulate,	 prefrontal	

cortex	and	insula.		(52)		
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Nociceptive	signals	can	be	modulated	at	the	spinal	cord	level	by	both	locally	acting	interneurons	and	

descending	central	pathways	that	originate	in	the	midbrain	and	medulla.		These	can	either	dampen	

or	 enhance	 the	 systems	 overall	 response	 to	 the	 initial	 stimulus.	 (53)	 The	 balance	 between	 the	

peripheral	 nociceptive	 inputs,	 spinal	 cord	 activity	 and	 descending	 pathways	 lead	 to	 the	 pain	

experience,	generating	a	variable	and	individual	response	to	any	given	nociceptive	stimuli.			

1.2.4 Somatosensory	responses	to	burn	injury		
Distinct	nociceptive	 responses	develop	 following	a	burn	 injury.	They	 represent	 sensitisation	of	 the	

nociceptive	 pathways,	 defined	 as	 an	 “increased	 responsiveness	 of	 nociceptive	 neurons	 to	 their	

normal	 input,	 and/or	 recruitment	 of	 a	 response	 to	 normally	 subthreshold	 inputs”.	 	 (28)	 	 This	 is	 a	

neurophysiological	term	requiring	the	measurement	of	a	neural	event	to	a	known	stimulus,	however	

clinically	it	can	be	inferred	from	hypersensitivity	phenomenon	such	as	hyperalgesia	and	allodynia.		

	
Figure	1-2	Allodynia	and	Hyperalgesia		
The	sensory	phenomenon	of	allodynia	and	hyperalgesia	are	illustrated	as	a	pain	response	(represented	
on	a	scale	of	0-100)	to	a	stimulus	with	increasing	intensity.		The	dashed	line	represents	the	point	at	
which	the	stimulus	changes	from	being	innocuous	to	noxious,	associated	with	an	increase	in	intensity.	
Under	normal	circumstances	(green	line)	there	is	no	pain	response	from	the	stimulus	until	it	reaches	
the	noxious	threshold,	after	which	it	demonstrates	a	pain	response.		In	allodynia	(red	line)	there	is	a	
pain	response	to	the	stimulus	at	an	intensity	that	under	normal	circumstances	would	fail	to	generate	
pain.		Hyperalgesia	(blue	line)	is	an	increased	pain	response	to	the	stimulus	that	is	of	such	intensity	it	
would	normally	generate	a	pain	response.		
(Adapted	from	Jensen	and	Finnerup,	Lancet	Neurology,	2014	and	Sandkuhler,	Physiological	reviews	

2009)	(54,58)	
	

Hyperalgesia	 describes	 an	 individual	 experiencing	 increased	 pain	 from	 a	 stimulus	 that	 normally	

provokes	pain	 (see	Figure	1-2).	 (28)	 	 It	 reflects	 an	abnormal	 sensory	 response	where	 the	 stimulus	

and	response	are	 in	the	same	mode.	 	The	stimulus	should	generate	pain	and	the	response	 is	pain;	

the	 abnormality	 is	 regarding	 the	magnitude	 of	 response	 being	 larger	 than	 expected.	 	 In	 contrast,	

allodynia	is	the	experience	of	pain	from	a	stimulus	that	does	not	normally	provoke	pain	(see	Figure		

1-2).	(28)		
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Here	the	stimulus	and	response	are	in	different	modes;	with	the	stimulus	not	capable	under	normal	

circumstances	of	activating	nociceptors	to	generate	pain,	yet	in	these	circumstances	the	response	is	

pain.	(54)		Both	are	further	classified	according	to	the	type	of	stimulus	applied,	for	example	thermal	

or	mechanical,	 and	 whether	 the	 stimulus	 is	 moving	 (dynamic)	 or	 static.	 Additional	 categorisation	

occurs	 by	 describing	 the	 relationship	 of	 the	 sensation	 to	 the	 site	 of	 injury.	 	 Primary	 changes	 are	

found	within	a	site	of	injury	and	secondary	changes	are	found	in	an	area	adjacent	or	remote	to	the	

site	of	injury.		(55–57)	

	

There	is	no	clinical	evidence	regarding	the	type	of	acute	sensory	changes	that	occur	in	burn-injured	

patients,	using	validated	quantitative	sensory	testing	methods	such	as	quantitative	sensory	testing	

(QST)	 (see	 section	3.4.1).	 	One	descriptive	 study	 from	nearly	 30	 years	 ago	has	 been	used	 to	 infer	

specific	 acute	 sensory	 changes	 that	 occur	 following	 burn	 injury.	 	 Here	 descriptor	 words	 were	

recorded	 during	 interviews	 that	 explored	 the	 pain	 burn-injured	 patients	 experienced.	 (29)	 Other	

clinical	 evidence	 predominantly	 evaluated	 burn	 injury-associated	 pain	 using	 unidimensional	 pain	

intensity	 scales.	 (59)	The	 few	studies	 that	 considered	more	multidimensional	aspects	of	pain	have	

focused	on	the	affected	component,	failing	to	evaluate	the	presence	of	hyperalgesia	and	allodynia.	

(47,60)		Only	Taverner	and	Prince	(42)	considered	specific	alterations	in	nociceptive	responses	that	

could	 represent	 sensitisation	 of	 the	 system.	 	 They	 used	 the	 Douleur	 Neuropathique	 4	 (DN4);	 a	

screening	 tool	 for	 neuropathic	 pain	 that	 creates	 a	 score	 out	 of	 seven,	 based	 on	 questions	 and	

examination.		This	includes	one	point	being	allocated	for	the	presence	of	pain	to	brushing.		Although	

this	represents	an	evaluation	of	allodynia,	the	tool	does	not	evaluate	hyperalgesia.	(61)	Taverner	and	

Prince	defined	acute	neuropathic	pain	 in	their	study	as	representing	a	score	of	at	 least	one	on	the	

DN4.	 	They	did	not	delineate	what	aspects	generated	this	score;	 therefore	there	was	no	record	of	

the	 presence	 or	 absence	 of	 allodynia.	 	 This	 unorthodox	 approach	 to	 evaluating	 neuropathic	 pain	

contrasts	with	chronic	pain	studies,	for	which	the	DN4	is	validated.		These	require	a	score	of	at	least	

three	to	indicate	neuropathic	pain.		In	the	acute	setting	nociceptive	pain	can	give	positive	scores	in	

the	DN4,	therefore	this	study	fails	 to	confirm	the	presence	of	neuropathic	pain	or	 identify	sensory	

changes	associated	with	this	pain.	The	only	published	record	of	clinical	evidence	supporting	specific	

acute	sensory	changes	 is	a	case	study	 that	 reported	primary	allodynia	 secondary	 to	a	 scald	 injury.	

(62)	Although	there	 is	commonly	accepted	anecdotal	evidence	 that	allodynia	and	hyperalgesia	are	

the	sensory	changes	found	in	patients,	there	is	a	paucity	of	published	evidence	to	support	this.	 	As	

such,	evidence	regarding	the	somatosensory	changes	associated	with	burn	injury-associated	pain	is	

solely	 derived	 from	 human	 healthy	 volunteer	 experimental	 studies	 using	 burn	 injury	 models	 and	

animal	data.			
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There	 are	 a	 number	 of	 animal	 models	 that	 replicate	 burn	 injury-associated	 pain.	 	 Inflammatory	

models	such	as	complete	Freund’s	adjuvant	(CFA)	or	carrageenan	injection	and	surgical	ligation	can	

generate	a	subset	of	the	sensory	responses	one	would	expect	from	a	burn	injury,	however	the	most	

useful	 models	 are	 those	 that	 utilise	 the	 same	 injury	 mechanism,	 namely	 creating	 partial	 or	 full	

thickness	 burns	 either	 from	 a	 heated	 metal	 plate,	 water	 or	 more	 recently	 UVB	 radiation.	 	 (63)		

Sensitisation	of	 the	nociceptive	 system	 to	 thermal	and	mechanical	 stimuli	 are	evaluated	using	 the	

Hargreaves	 method	 for	 thermal	 stimuli	 (measuring	 thermal	 thresholds	 that	 stimulate	 paw	

withdrawal)	 (64)	 and	 incremental	 von	 Frey	 filaments	 for	 mechanical	 stimuli	 (measuring	 paw	

withdrawal).	 (65)	 	 Interpreting	 the	 animal	 data	 is	 complex,	 as	 there	 is	 variability	 in	 the	 type	 and	

severity	of	burn	 imparted	and	 the	descriptions	 from	 the	authors	 regarding	 the	 sensory	modalities	

they	claim	to	be	testing.	 	 It	 is	 important	to	acknowledge	that	whilst	a	 large	proportion	of	research	

papers	describe	animal	nociceptive	responses	using	terms	such	as	hyperalgesia	and	allodynia,	these	

are	 by	 definition	 incorrect.	 	 The	 IASP	 taxonomy	 definitions	 of	 these	 terms	 includes	 pain,	 and	 as	

already	 highlighted	 pain	 is	 an	 emotional	 and	 sensory	 experience.	 (28)	 Whilst	 the	 discussion	

surrounding	whether	animals	can	experience	pain	is	beyond	the	realms	of	this	thesis,	the	scientific	

tools	available	to	evaluate	it	are	currently	lacking.		Animal	studies	focus	on	behavioral	responses	to	

nociceptive	 stimulation	 that	may,	or	may	not	 reflect	 the	 complex	nature	of	human	pain.	 	 (66)	 	At	

present	we	are	only	able	 to	evaluate	an	animal’s	 response	to	a	noxious	stimulus	using	withdrawal	

responses	 that	 represent	 hypersensitivity	 or	 complex	 ethologically	 relevant	 behavioural	 patterns	

such	as	burrowing,	which	may	represent	pain.		(67,68)	This	is	exemplified	by	the	use	of	hyperalgesia	

and	 allodynia	 interchangeably	 to	 describe	 the	 response	 to	 the	 same	 von	 Frey	 filament	method	 in	

animals.		However	some	patterns	and	discrepancies	can	be	observed	from	the	data	if	one	considers	

the	results	 in	 terms	of	 the	stimulus	used	and	the	 location	of	 the	stimulus	 in	 relation	to	 the	 injury.		

For	example	whether	the	data	shows	nociceptive	hypersensitivity,	and	if	this	is	primary	or	secondary	

in	relation	to	the	injury.		Although	one	study	using	a	full	thickness	burn	model	failed	to	demonstrate	

primary	hypersensitivity	 changes,	 (69)	most	other	models	 show	 lowered	 threshold	 to	 thermal	and	

mechanical	 stimuli	 in	 the	 primary	 injury	 site	 that	 last	 up	 to	 3	 weeks	 following	 injury.	 	 (70–75)		

Secondary	sensory	changes	were	less	consistent	across	studies.		Fowler	et	al.,	using	a	full	thickness	

burn,	 observed	 both	 secondary	 thermal	 and	 mechanical	 reduced	 threshold,	 (69)	 yet	 other	

investigators	reported	only	reduced	mechanical	thresholds	in	secondary	sites	with	no	differences	in	

thermal	 thresholds.	 	 (72,75)	 	Therefore	 the	nature	of	primary	changes	associated	with	burn	 injury	

are	fairly	consistent,	however	secondary	changes	remain	less	clearly	defined.	
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Human	experimental	burn	models	have	tended	to	use	thermal	injury	to	evoke	sensory	changes.		As	

early	 as	 1950,	 Hardy	 demonstrated	 that	 both	 ultraviolent	 and	 thermal	 radiation	 led	 to	 primary	

mechanical	 hyperalgesia,	 with	 thermal	 injury	 generating	 mechanical	 but	 not	 thermal	 secondary	

hyperalgesia.	 	 (56)	 Pedersen	 et	 al.	 replicated	 these	 findings	 recording	 thermal	 injury	 generated	

primary	and	secondary	mechanical	hyperalgesia	in	the	late	1990s.		(76)		Two	papers	from	the	1980s	

confirmed	the	presence	of	primary	thermal	hyperalgesia	 in	 response	to	thermal	 injury	 (77,78)	and	

Raja	et	al.	replicated	Hardy’s	findings	of	thermal	injury	producing	primary	thermal	and	mechanical,	

secondary	 mechanical	 but	 not	 secondary	 thermal	 hyperalgesia.	 (79)	 	 Secondary	 mechanical	

responses	were	further	classified	to	include	allodynia	in	the	early	1990s	(80)	around	the	time	when	

the	 scientific	 community	 had	 started	 to	 delineate	 between	 hyperalgesia	 and	 allodynia.	 	 However	

whether	 secondary	 responses	 from	 thermal	 injury	 also	 include	 thermal	 hyperalgesia	 remains	

contentious.		(81)	

	

Considering	 both	 the	 experimental	 animal	 and	 human	 data	 alongside	 clinical	 anecdotal	 reports	

suggest	 that	 the	 somatosensory	 changes	 likely	 to	 occur	 during	 the	 acute	 burn	 injury	 period	 are	

primary	 hyperalgesia	 to	 thermal	 and	mechanical	 stimuli,	 primary	 allodynia,	 secondary	mechanical	

hyperalgesia,	secondary	allodynia,	and	possibly	secondary	thermal	hyperalgesia.	

1.2.5 Types	of	acute	burn	injury-associated	pain	
Somatic	acute	burn	 injury-associated	pain	can	be	categorised	into	three	distinct	components,	each	

with	different	characteristics.	(82)	

1.2.5.1 Background	pain		
Background	pain,	 typically	described	as	 a	burning	or	 throbbing	 in	nature,	 is	 a	 consequence	of	 the	

injury	 itself	 or	 its	management.	 	 For	 example	 the	 source	of	 pain	 can	be	 from	both	 the	 injury	 and	

grafted	skin	donor	site.		It	occurs	at	rest	and	whilst	initially	appears	to	have	clear	features	that	relate	

to	 the	 injury,	 over	 time	 develops	 a	 widespread	 picture,	 more	 akin	 to	 chronic	 pain	 conditions,	

affecting	multiple	sites	with	less	distinct	anatomical	origins.		(83)	Pain	intensity	shows	both	inter	and	

intra-individual	 variability	 and	 although	 the	majority	 of	 patients	will	 rate	 this	 intensity	 as	mild	 to	

moderate,	over	a	fifth	of	burn-injured	patients	rate	background	pain	during	the	first	week	following	

injury	 as	 moderate	 or	 severe.	 (31)	 	 It	 can	 persist	 for	 long	 periods	 of	 time,	 and	 there	 is	 no	 clear	

relationship	 between	 intensity	 and	 time	 since	 injury.	 	 Unlike	most	 surgical	 pain	 it	 fails	 to	 have	 a	

linear	relationship	of	decreasing	intensity	tracking	wound	healing.		(29)	
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1.2.5.2 Procedural	pain	
Procedural	 pain	 is	 defined	 as	 an	 “unpleasant	 sensory	 and	 emotional	 experience	 that	 arises	 from	

actual	or	potential	tissue	damage	associated	with	diagnostic	or	treatment	procedures”.	(84)	In	burn-

injured	patients	common	causes	include	wound	debridement,	dressing	changes,	general	wound	care	

and	physical	therapies.		(29,37,85)		It	is	described	as	a	tiring,	jumping,	pulling,	pricking	sensation	that	

can	last	from	minutes	to	hours	following	medical	interventions.	(29)	Researchers	have	described	this	

phenomenon	 as	 representing	mechanical	 hyperalgesia,	 (82)	 as	 the	medical	 procedures	 implicated	

are	known	to	be	pain	evoking.		What	is	unique	with	burn-injured	patients,	and	only	akin	to	that	seen	

in	 the	 critically	 ill	 populations	 in	 intensive	 care,	 is	 that	 these	 painful	 procedures	make	 up	 routine	

care	 and	 occur	multiple	 times	 every	 day.	 (15,86)	 Inter-individual	 differences	 in	 pain	 intensity	 are	

reported	 and	 during	 a	 complete	 hospital	 stay	 the	 same	 patient	 can	 experience	 a	 wide	 range	 of	

procedural	 pain	 intensities	 that	 do	 not	 relate	 to	 their	 trends	 in	 background	 pain	 scores.	 (40)	

Procedural	pain	has	been	 identified	as	 the	most	 intense	 type	of	pain	experienced	by	burn-injured	

patients.	 	 	 (29,87)	 	 Up	 to	 80%	 of	 patients	 rate	 procedural	 pain	 associated	 with	 therapeutic	

interventions	 as	 severe,	 representing	 a	 significant	 burden	 to	 burn-injured	 patients	 if	 inadequately	

managed.		(85,88)	

1.2.5.3 Breakthrough	pain	
Breakthrough	 pain	 is	 a	 transient	worsening	 of	 the	 pain	 experienced	 by	 burn-injured	 patients	 that	

occurs	when	 current	 analgesic	medications	 effects	 are	 exceeded.	 	 It	 is	 commonly	 associated	with	

routine	 movement	 activities	 such	 as	 walking,	 changing	 position	 and	 turning	 in	 bed,	 but	 can	 be	

spontaneous.	 	 Causes	 can	 include	 dips	 in	 plasma	 levels	 of	 regular	 analgesia	 below	 effective	

concentrations	and	alterations	 in	pain	mechanisms	occurring.	 	Pain	associated	with	movement	can	

be	common	and	is	worse	following	prolonged	periods	of	immobility.	(82)	

	

1.2.6 Consequences	of	burn	injury-associated	pain	

During	 their	 hospital	 stay	 burn-injured	 patients	 experience	 poor	 sleep.	 	 High	 intensities	 of	

background	 and	 procedural	 pain	 are	 predictors	 of	 both	 reduced	 sleep	 duration	 and	 sleep	

fragmentation.	(89)	Londcar	et	al.	found	that	high	levels	of	anxiety	and	depression	were	associated	

with	higher	in-patient	pain	intensity	scores,	and	that	a	positive	correlation	existed	between	pain	and	

anxiety	and	also	pain	and	depression	amongst	burn-injured	patients.	(90)	Ulmer	et	al.	also	found	a	

positive	 correlation	 between	 depressed	 mood	 and	 pain	 intensity,	 however	 they	 observed	 that	 a	

personal	 belief	 in	 having	 control	 over	 ones	 pain	was	 negatively	 correlated	with	 depressed	mood.	

(33)	This	reflects	the	bidirectional	relationship	between	pain	and	psychological	distress,	where	pain	

can	influence	mood,	but	also	mood	can	influence	the	pain	experienced.		
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General	 psychological	 wellbeing	 following	 discharge,	 reflected	 in	 poor	 adjustment	 and	 ability	 to	

cope,	 is	 influenced	 by	 poor	 pain	 control	 and	 increased	 procedural	 pain	 experienced	 whilst	 in	

hospital.	(91,92)	Furthermore	the	presence	of	pain	at	the	time	of	hospital	discharge	is	a	predictor	of	

suicidal	 ideation	 at	 long-term	 follow-up.	 (93)	 	 A	 significant	 proportion	 of	 severely	 burn-injured	

patients	develop	chronic	pain.		(30,34,35)	This	can	be	present	every	day,	is	reported	to	interfere	with	

daily	activities	(30)	including	work,	concentration	and	social	interactions	(44)	and	is	correlated	with	

poorer	concurrent	physical	functioning.	(94)			Patients	who	report	chronic	pain	following	burn	injury	

also	report	significantly	more	depressive	and	PTSD	symptoms	than	those	who	are	pain	free.	(34)		

	

1.2.7 Inadequate	management	of	burn	injury-associated	pain	

The	 clinical	 community	 have	been	 aware	of	 the	 difficulty	 in	managing	burn	 injury-associated	pain	

since	the	early	1980’s	(95)	and	yet	the	problem	continues	to	remain	a	challenge.		(82,96)	The	main	

causes	of	inadequate	burn	injury-associated	pain	relief	are	outlined	in	Figure	1-3.	

	
Figure	1-3	Reasons	behind	inadequate	pain	relief	for	burn	injury-associated	pain	

	

Staff	often	underestimate	the	pain	experienced	by	burn-injury	patients	and	deliver	less	analgesia	in	

both	 frequency	and	quantity	 (97,98).	 	 This	 is	 coupled	with	 inadequate	management	of	procedural	

pain,	 in	 part	 a	 consequence	 of	 experienced	 staff	 becoming	 conditioned	 into	 believing	 patients	

exaggerate	 the	pain	 they	experience.	 (99)	Furthermore	severe	burns	are	often	managed	 in	critical	

care	units,	where	physicians	appear	to	place	 less	priority	on	pain	management	than	other	medical	

issues.	 	 (100)	Some	burn	units	adopt	an	“opioid	only”	approach	to	analgesia,	when	opioids	can	be	

inadequate	without	adjuncts	to	manage	pain.			
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In	 addition	 staff	 can	 be	 reluctant	 to	 administer	 doses	 large	 enough	 to	 manage	 intensely	 painful	

episodes,	such	as	procedural	pain,	due	to	anxiety	regarding	opioid-induced	side	effects.		

	

Whilst	 the	 incidence	of	burn	 injury	 is	high,	 in	 terms	of	 this	group	of	patients	 representing	a	 study	

population	 in	 clinical	 research,	 numbers	 are	 small.	 	 This	 makes	 conducting	 adequately	 powered	

research	 into	 burn	 injury-associated	 pain	 difficult.	 Burn	 centres	 often	 use	 different	 wound	 and	

analgesic	 strategies;	 therefore	 it	 is	 challenging	 to	 create	 high	 quality	 multicentre	 studies	 with	

homogeneity	of	 clinical	management.	 	 Evidence	 supporting	 current	practice	 is	 therefore	based	on	

small	 single	 centre	 studies	hence	 institutions	 adopt	 an	 individualised	 analgesic	 rationale	based	on	

professional	experience	rather	than	evidence.	(96)		

	

This	 complexity	 is	 further	 compounded	 by	 inter-	 and	 intra-individual	 variations	 in	 the	 pain	

experienced.	Management	is	complex,	as	analgesia	may	need	to	be	titrated	up	for	short	periods	to	

cover	 procedures,	 yet	 this	 needs	 to	 be	 balanced	 so	 as	 to	 avoid	 a	 prolonged	 recovery	 period	 or	

hangover	 effect	 from	 longer	 acting	 analgesic	 agents.	 	 Further	 problems	 arise	 with	 tolerance	

developing	 to	 analgesia	 from	 repetitive	 high	 dose	 usage	 and	 an	 increased	 sensitivity	 of	 the	

somatosensory	 system	 from	 repeated	 stimulation.	 	 These	 both	 contribute	 to	 increasing	 analgesic	

requirements	 of	 patients	 over	 time.	 (96)	 Furthermore	 burn-injured	 patients	 are	 often	

hypermetabolic,	with	altered	pharmacokinetics	and	pharmacodynamics	from	both	critical	illness	and	

the	systemic	consequences	of	burn	injury.		This	alters	analgesic	medication	delivery	to	receptor	sites	

and	makes	drug	metabolism	unpredictable.	

	

1.2.8 A	mechanistic-based	approach	to	burn	injury-associated	pain	
The	 final	 cause	 of	 inadequate	 burn	 injury-associated	 pain	 management	 is	 that	 current	 practice	

commonly	uses	a	symptoms-based	approach.		This	works	on	the	assumption	that	the	injury	causes	a	

symptom.		It	 is	predicted	that	the	symptom	will	respond	to	a	certain	class	of	analgesic	medication,	

which	is	prescribed	and	its	effect	on	the	symptom	is	evaluated.		The	symptom	is	used	both	to	direct	

treatment	and	evaluate	its	efficacy	(see	Figure	1-4).		This	strategy	fails	to	appreciate	that	pain	is	“a	

set	 of	 complex	 perceptual	 events	 that	 are	 characterised	 by	 an	 unpleasant	 or	 distressing	 nature”.	

(101)	It	is	well	recognised	that	pain	is	generated	via	multiple	mechanisms	that	may	act	in	isolation	or	

interact	 with	 one	 another.	 	 A	 specific	 pain	 symptom	 can	 involve	 different	 pathways	 and	 signal	

transduction	 systems	 dependent	 upon	 the	 clinical	 scenario	 and	 patient.	 	 Analgesic	 medication	 is	

designed	 to	act	on	 specific	 receptors	 and/or	neurological	pathways,	 and	pain	mechanisms	 involve	

distinct	receptor	activation	within	the	nervous	system.			
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Failing	to	account	for	the	mechanism	behind	the	symptom,	means	that	pharmacotherapy	may	not	

be	targeted	to	the	appropriate	neurological	pathways	and	therefore	prove	ineffective.		In	contrast	a	

mechanistic-based	 approach	 uses	 the	 underlying	 activated	 pathway	 to	 guide	 management	 and	

symptoms	 are	 used	 only	 to	 evaluate	 the	 intervention’s	 effect	 (see	 Figure	 1-4).	 This	 concept	 is	

important	to	burn	injury-associated	pain.		The	failure	to	implement	a	mechanistic-based	approaches	

to	 its	 management	 are	 partly	 a	 consequence	 of	 an	 incomplete	 understanding	 of	 the	 peripheral	

processes	involved	in	burn	injury	in	general	and	also	burn	injury-associated	pain	(see	section	1.3).		A	

more	 comprehensive	 appreciation	 of	 the	 peripheral	 molecular	 and	 sensory	 changes	 involved	 is	

required	 to	 enable	 the	use	of	mechanistic-based	 treatments.	 	 It	 is	 possible	 that	 different	patients	

with	 burn	 injuries	 experience	 pain	 from	 different	 activated	 pathways.	 	 This	 necessitates	 an	

individualised	 approach	 to	 pain	management	 that	 truly	 encompasses	 the	 concept	 of	 personalised	

medicine.	(102)		

	
Figure	1-4	Pain	management	practice		
(Adapted	from	Woolf	and	Max,	2001)	

In	the	first	instance	based	on	the	evidence	outlined	above,	this	would	be	best	addressed	by	detailed	

phenotyping	of	burn	 injury-associated	pain.	 	The	purest	definition	of	a	phenotype,	 from	the	Greek	

phainen:	 to	 show,	 is	an	 individual’s	 set	of	observable	characteristics	 resulting	 from	the	 interaction	

between	its	genotype	and	the	environment.	(103)		Historically	this	meant	simple	observations,	such	

as	 an	 individual’s	 eye	 colour	 or	 height.	 However	 scientific	 advancement	 has	 enabled	 almost	

everything	about	an	organism	to	be	measured	in	some	way.		As	what	is	measureable	is	observable,	

by	 definition	 it	 constitutes	 an	 aspect	 of	 a	 phenotype.	 	 This	 has	 led	 to	 an	 expanded	 definition	 of	

phenotype	 to	 include	 every	 process	 that	 follows	 gene	 activation,	 involving	 the	 measurement	 of	

proteins	 and	 products	 of	 metabolism.	 (104)	 With	 respect	 to	 pain	 phenotyping,	 the	 most	 recent	

definition	by	Nielsen,	is	that	of	a	“measure	that	directly	or	indirectly	reflects	the	processing	of	parts	

of	or	the	whole	of	the	pain	system,	excluding	tissue	pathology	and	pain	expression”.			(105)			
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Nielson	 justifies	 excluding	 tissue	 damage	 and	 pain	 expression,	 as	 whilst	 these	 aspects	 are	

observable,	 they	 are	 not	 strictly	 part	 of	 the	 pain	 system	 and	 therefore	 not	 important	 in	 pain	

phenotyping.	 	 However	 this	 rationale	 fails	 to	 address	 an	 important	 point	 raised	 by	 Fiehn	 over	 a	

decade	ago.		He	proposed	that	a	phenotype	is	the	observations	of	the	character	of	an	organism,	and	

that	modern	science	allows	us	to	consider	this	at	a	precise	metabolite	 level.	 (106)	 	Accordingly,	as	

burn	injury-associated	pain	is	a	consequence	of	the	peripheral	inflammatory	processes	at	the	injury	

site	 that	 stimulate	 and	 sensitise	 peripheral	 nociceptors,	 comprehensive	 phenotyping	 should	 also	

evaluate	the	proteins	and	chemicals	involved.		

	

1.3 Mechanisms	of	acute	burn	injury-associated	pain		

Burn	 wounds	 are	 unique	 from	 all	 other	 wounds	 with	 respect	 to	 their	 evolution	 and	 healing	 (see	

section	 1.1.3)	 therefore	whilst	 inferences	 can	 be	made	 from	 other	 disease	models	 of	 acute	 pain,	

these	fail	to	truly	reflect	the	processes	involved	in	burn	injury-associated	pain.		Acute	pain	requires	

peripheral	 input	 (107)	 and	 in	 burn	 injury	 this	 comes	 from	 the	 initial	 thermal	 injury	 and	 the	

subsequent	inflammatory	reaction.		Burn	injury-associated	pain	is	a	complex	interplay	between	the	

burn-injured	tissue	and	nociceptors	found	in	these	tissues	(see	Figure	1-1).	 	This	 interaction	causes	

stimulation	 and	 sensitisation	 of	 nociceptors,	 leading	 to	 pain	 (see	 Figure	 1-5).	 Following	 the	 initial	

heat	stimulus,	further	actions	are	a	consequence	of	a	mixture	of	agents	found	in	the	tissues,	the	so-

called	 “inflammatory	 soup”.	 	 Although	 this	 “inflammatory	 soup”	 is	 present	 in	 other	 inflammatory	

pain	conditions,	the	composition	of	that	found	in	burn	injury	is	unique,	much	like	the	wound	itself.		

(51,108)		Evidence	regarding	the	composition	of	the	“burn-injury	inflammatory	soup”	comes	from	a	

number	of	sources	that	include	animal	and	human	experimental	burn	models.		However,	unlike	the	

somatosensory	 evidence,	 data	 that	 informs	our	 knowledge	also	 comes	 from	burn-injured	patients	

wound	exudate.	Exudate	 is	 the	 fluid	produced	by	 the	body	 in	 response	 to	a	 tissue	 injury.	 	 In	burn	

injury	this	represents	the	burn	tissue	microenvironment,	 the	area	of	 interest.	 (109)	The	exudate	 is	

either	 collected	 from	 blister	 aspiration	 at	 the	 wound	 site,	 or	 from	 dressings	 that	 have	 directly	

absorbed	 the	 fluid	 from	 the	 open	 wound.	 	 It	 is	 a	 direct	 representation	 of	 the	 peripheral	

inflammatory	 reaction	 occurring	 within	 the	 wound,	 and	 more	 accurate	 in	 evaluating	 this	

environment	than	other	biofluids,	such	as	serum.		Serum	measurements	fail	to	capture	those	agents	

that	 are	 present	 in	 the	 injury	 but	 are	 metabolised	 before	 reaching	 the	 systemic	 circulation.		

Conversely	 serum	may	overestimate	an	agents	 relevance	 to	 the	peripheral	processes,	as	 in	 severe	

burns	a	systemic	 inflammatory	component	circulating	 in	serum	may	never	reach	peripheral	tissues	

in	concentrations	relevant	to	influence	nociception.		(108)			
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This	 is	 supported	 by	 work	 from	 Mikhal’chik	 et	 al.	 who	 compared	 serum	 and	 wound	 exudate	

concentrations	of	cytokines	in	burn-injured	children.		Fifteen	of	the	25	analysed	cytokines	showed	a	

statistically	significant	difference	in	concentration	between	the	exudate	and	serum	samples.		(110)	

The	 peripheral	 processes	 taking	 place	 in	 the	 burn	 injury	 are	 best	 thought	 of	 in	 two	 phases;	 the	

immediate	 phase	 that	 involves	 the	 initial	 response	 to	 a	 thermal	 injury	 and	 the	 acute	 phase	 that	

occurs	from	the	resulting	inflammatory	response.	The	composition	of	the	“burn-injury	inflammatory	

soup”	 alters	 between	 the	 two	 phases	 and	 current	 evidence	 regarding	 its	 components	 and	 their	

influence	on	nociceptors	is	outlined	below.		

	

Figure	 1-5	Overview	of	 the	 initiation,	 development	 and	maintenance	 of	 acute	 pain	 following	 burn	
injury.			
(Adapted	from	Laycock	et	al.		2013)	(111)	

1.3.1 Immediate	phase	mechanisms		

There	is	immediate	pain	generated	from	the	heat	of	a	thermal	injury.		This	is	sometimes	referred	to	

a	 “physiological	 pain”,	 as	 it	 is	 a	 response	 to	 a	 “strong”	 stimulus.	 	 It	 has	 a	 protective	 role	 in	

immediately	removing	the	threat	of	injury	often	by	activating	a	reflex	arch.	(112)		
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Direct	 activation	 of	 Aδ	 and	 C	 fibres	 occurs	 through	 specific	 heat	 sensitive	 ion	 channels,	 namely	

transient	 receptor	potential	vanilloid	 type	1	 (TRPV1)	 ion	channels,	which	respond	to	 temperatures	

above	43	oC.	 	 (113,114)	 	However	other	 ion	channels	may	also	have	a	role	 in	thermal	activation	of	

sensory	 neurons,	 such	 as	 transient	 receptor	 potential	melastatin	 3	 (TRPM3).	 	Mice	 either	missing	

these	 ion	channels	or	where	they	have	been	pharmacologically	blocked	show	deficits	 in	avoidance	

responses	 to	 noxious	 heat.	 (115,116)	 	 Stimulation	 of	 TRPV1	 and	 TRPM3	 ion	 channels	 causes	 a	

localised	 release	of	 neuropeptide	 substances	 from	peripheral	 terminals	 including	 substance	P	 (SP)	

and	 calcitonin	 gene-related	 peptide	 (CGRP).	 (117–119)	 	 High	 serum	 levels	 of	 these	 neuropeptides	

have	been	found	in	burn-injury	patients	within	12	hours	of	injury	(120)	and	in	injury	site	exudate	in	

animal	models	 of	 thermal	 burn	 injury.	 (121,122)	 	 CGRP	 but	 not	 SP	 directly	 stimulate	 nociceptors,	

however	 both	 are	 key	 in	 initiating	 neurogenic	 inflammation	 and	 the	 subsequent	 inflammatory	

response.	(123,124)		

	

Burn	 injury	 causes	 immediate	 protein	 denaturing	 and	 the	 release	 of	 cellular	 content	 into	 the	

surrounding	areas.	(12)	This	cellular	content	can	act	directly	on	nociceptors.	 	Agents	thought	to	be	

important	include	ATP	that	can	activate	P2X3	and	P2X2/3	receptors	(125),	lipids	and	lipid	metabolites	

such	 as	 9-	 and	 13-hydroxyoctadecadienoic	 acids	 that	 act	 upon	 TRPV1	 ion	 channels	 (126),	 and	

protons	 either	 liberated	 via	 cell	 death	 or	 present	 in	 the	 acidic	 hypoxic	 environment	 of	 the	 burn-

injured	tissue,	that	act	through	a	range	of	ion	channels	including	TRPV1	(113),	TRPV4	(127)	and	ASIC.		

(128)	 	 Protons	 have	 been	 demonstrated	 to	 cause	 both	 thermal	 and	 mechanical	 hypersensitivity	

responses	in	rodents.	(114,129,130)	

	

1.3.2 Acute	inflammatory	phase	mechanisms	

Following	 the	 immediate	effects	 from	heat	and	cellular	damage,	 the	 inflammatory	 reaction	 to	 the	

injury	then	becomes	the	major	driver	for	pain.	Inflammation	has	been	linked	to	both	pain	and	burn	

injury	 for	 centuries.	 	 Inflammation	 comes	 from	 the	 Latin	 inflammare;	 to	 set	on	 fire,	with	 the	 four	

cardinal	signs	being	first	described	by	Aulus	Cornelius	Celsus	in	the	1st	century	AD;	rubor	(redness),	

tumor	 (swelling),	 calor	 (heat)	 and	 dolor	 (pain).	 	 (131,132)	 	 Inflammation	 is	 important	 in	 wound	

healing	(133),	as	inflammatory	cells	infiltrate	the	area	mediated	by	ROS,	complement,	cytokines	and	

bacterial	endotoxins.	(12,134)		Immune	cells	important	in	peripheral	inflammation	during	burn	injury	

include	mast	cells,	dermal	macrophages	and	neutrophils,	which	all	have	nociceptive	related	actions.		

Mast	 cells	 are	 found	 close	 to	 peripheral	 nerves	 and	 their	 activation	 is	 associated	 with	 flare	 and	

hyperalgesia.	(135)		Dermal	macrophages	release	cytokines,	growth	factors	and	PG’s	that	all	have	a	

role	in	nociception.			
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Neutrophils	 are	 cells	 that	dominate	 the	early	 inflammatory	 response	and	produce	pro-nociceptive	

cytokines	 yet	 conversely	may	also	have	anti-nociceptive	effects.	 	 (136)	 	 These	 cells	 release	agents	

that	are	found	in	the	acute	“burn-injury	inflammatory	soup”	and	include	inflammatory	proteins	such	

as	 cytokines,	 chemokines	 and	 growth	 factors	 (110,137)	 (see	 section	 1.3.2.1),	 alongside	 other	

compounds	many	of	which	are	linked	to	nociception	and	detailed	below.				

	

Analysing	burn	injury	wound	tissue	and	exudate	in	animals	and	patients	has	revealed	the	presence	

of	PG	including	PGE2	(138),	histamine	(139),	adenosine	(140)	and	5HT.	(141)		PGE2	has	been	shown	to	

sensitise	 sodium,	potassium	 (142)	and	TRPV1	 ion	 channels	 (143)	on	 sensory	neurons	and	 increase	

their	 response	 to	 other	 inflammatory	 agents	 such	 as	 histamine	 (144)	 and	 bradykinin.	 (145)	

Histamine	induces	excitation	in	primary	sensory	neurons	(146)	and	contributes	via	its	H4	receptor	to	

thermal	hyperalgesia	after	acute	inflammation.	(147)		The	relationship	between	adenosine	and	burn	

injury-associated	pain	is	unclear,	as	it	may	be	present	in	burn	wounds	as	an	ATP	metabolite	or	could	

be	 released	de	novo	by	 immunocompetent	 cells.	 	 If	 it	 is	 generated	de	novo,	 then	 it	may	exert	 an	

anti-nociceptive	rather	than	nociceptive	effect.	(148)	However	ATP	is	certainly	thought	to	contribute	

to	acute	inflammatory	pain,	as	there	is	increased	P2X3	receptor	expression	in	rats	24	hours	following	

first	 and	 second	 degree	 burn	 injuries,	 the	 activation	 of	which	 has	 been	 implicated	 in	 burn	 injury-

associated	pain.	 (149,150)	 	5HT	also	has	a	complex	 relationship	with	nociception.	 	Whilst	 inducing	

nociceptor	 sensitisation	 (151)	 and	 having	 a	 role	 in	 mechanical	 hyperalgesia	 (152),	 activation	 of	

certain	5HT	 receptor	 subtypes	 (1B/1D)	have	demonstrated	anti-nociceptive	actions	 in	 certain	pain	

conditions.	 (153)	 In	 addition	 thrombin,	 not	 evidenced	 in	 burn	 exudate,	 but	 an	 important	 agent	

present	 in	 the	 zone	 of	 coagulation	 (produced	 as	 part	 of	 the	 coagulation	 cascade)	 (11),	 activates	

protease	activated	receptors	(PAR)	1	and	4	in	peripheral	nociceptors.		Activation	of	these	receptors	

has	 been	 shown	 to	 cause	 hypersensitivity	 and	 further	 sensitise	 TRPV1	 receptors	 to	 subsequent	

stimuli.		(154)		

1.3.2.1 Cytokines,	chemokines	and	growth	factors	and	burn	injury-associated	pain	
Cytokines	 are	 small-secreted	 proteins	 that	 mediate	 and	 regulate	 immunity,	 inflammation	 and	

haematopoiesis.	 (155)	 In	 the	 skin	 they	 are	 specifically	 released	 from	 Langerhans	 cells,	 epidermal	

lymphocytes,	 keratinocytes,	 fibroblasts	 and	 endothelial	 cells,	 and	 in	 burn	 injury	 they	 are	 also	

released	from	immunocompetent	cells	that	have	migrated	into	the	wound	as	those	described	above.		

Chemokines	are	small	polypeptide	cytokines	that	are	chemotactic	and	can	attract	leukocyte	subsets	

(156)	 and	 growth	 factors	 are	 tissue	 specific	 protein	 regulators	 that	 control	 cell	 production.			

Members	of	all	 three	classes	of	proteins	have	been	 linked	to	nociception	and	pain	 in	a	number	of	

inflammatory	conditions	in	both	humans	and	animals.		(155,157,158)			
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Whilst	 large	 numbers	 of	 these	 compounds	 have	 been	 found	 in	 serum	 samples	 of	 severely	 burn-

injured	patients,	as	previously	discussed,	this	does	not	necessarily	reflect	the	processes	occurring	in	

the	wound	environment	that	surrounds	nociceptors.		Therefore	below	are	listed	those	proteins	that	

have	been	found	in	animal	or	human	peripheral	burn	injury	wound	or	exudate	samples.	

	

Cytokines	 found	 in	human	burn	exudate	 include	 IL1β,	 IL6,	 IL8,	 TNFα	 and	granulocyte-macrophage	

colony-stimulating	 factor	 (GM-CSF).	 (110,137)	 	 In	 rodents	 IL6	 and	 TNFα	 have	 also	 been	 found,	

alongside	 interferon	 γ	 (IFNγ).	 	 (7,108,159)	 	 In	 humans,	 chemokines	 CCL2	 (also	 named	 monocyte	

chemoattractant	 protein	 1,	 MCP1),	 CCL3	 (also	 named	 macrophage	 inflammatory	 protein	 1-α,	

MIP1α)	 and	 CXCL12	 (also	 named	 stromal-derived	 factor	 1)	 have	 been	 found	 in	 peripheral	 burn	

injuries.	 (110,160,161)	 In	mice	CCL2	and	keratinocyte-derived	 chemokine	 (KC)	have	been	 found	 in	

burn	 injuries,	with	the	human	analogue	of	KC	reported	to	be	CXCL1	(also	named	growth	regulated	

protein	 α,	 GROα).	 	 (7)	 	 Human	 burn	 wound	 exudate	 has	 also	 revealed	 elevated	 levels	 of	

transforming	 growth	 factor	 α	 (TGFα),	 TGFβ1,	 TGFβ2,	 platelet-derived	 growth	 factor	 (PDGF)	 and	

heparin	 binding	 epidermal	 growth	 factor	 (HB-EGF).	 (137,162)	 Summer	 et	 al.	 reported	 IL6	 to	 be	

important	in	burn-induced	pain,	as	thermally	injured	rats	displayed	increased	wound	concentrations	

at	 the	 site	 of	 injury.	 	 This	 corresponded	 to	 prolonged	 mechanical	 hypersensitivity	 to	 von	 Frey	

filaments	in	the	affected	limb.		(108)		IL1β	and	IL8	have	been	linked	to	mechanical	hypersensitivity.	

(163)	 IL1β	also	 is	associated	with	 thermal	hypersensitivity	 (164)	and	has	demonstrated	a	potential	

direct	 action	 on	 nociceptors.	 (165)	 TNFα	 is	 involved	 in	 the	 generation	 of	 both	 mechanical	 and	

thermal	hyperalgesia	(166–168)	and	may	also	directly	stimulate	nociceptors.		(169)		CCL2,	CCL3	and	

CXCL1	 have	 all	 been	 found	 to	 cause	 thermal	 and	 mechanical	 hypersensitivity	 (170–172)	 and	 the	

receptor	of	CXCL12,	CXCR4	is	involved	in	mechanical	hypersensitivity	in	models	of	neuropathic	pain.		

(173)	 	 Growth	 factor	 protein	 links	 to	 nociception	 are	 less	 clear,	 with	 PDGF	 being	 associated	with	

nerve	injury	associated	pain	(174)	and	several	TGFβ	growth	factor	family	members	exhibiting	a	pro-

nociceptive	action	 in	 the	peripheries.	 	 (175)	 	 Interestingly	 certain	proteins	are	 found	 in	decreased	

concentrations	 in	 burn	 injury	 wounds,	 compared	 to	 other	 types	 of	 wounds.	 	 This	 includes	 FGF2	

(6,137),	a	cytokine	previously	implicated	in	the	generation	of	mechanical	hypersensitivity.	(176)		The	

implications	of	these	results	on	the	mechanisms	of	burn-injury-associated	pain	remain	unclear.		

	

The	 evidence	 outlined	 above	 demonstrates	 that	 both	 the	 composition	 of	 peripheral	 burn	 injury	

wounds	with	respect	to	inflammatory	mediators,	specifically	inflammatory	proteins,	and	their	role	in	

burn	injury-associated	pain	is	incompletely	explained.			
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1.3.3 Metabolomic	evidence	relating	to	mechanisms	of	burn	injury-associated	pain		
Information	regarding	the	presence	of	smaller	biological	molecules	in	burn-injury	wounds	and	their	

relationship	 to	 nociception	 is	 even	 less	 comprehensive	 than	 that	 described	 for	 inflammatory	

proteins.		

“Omics”	 research	 involves	 characterizing	 global	 sets	 of	 biological	molecules,	 utilizing	 a	 number	 of	

analytical	disciplines	that	includes	genomics,	transcriptomics,	proteomics	and	metabolomics.	 	(177)		

As	the	end	products	of	regulatory	cell	processes,	metabolites	are	the	downstream	products	of	gene	

transcription	and	proteins,	and	can	be	considered	the	ultimate	measure	of	how	a	biological	system	

responds	to	a	stimulus.		(106)		The	number	of	compounds	considered	in	this	field	is	enormous	with	

currently	over	2500	urine	and	4500	serum	known	human	metabolites.	(178,179)		

The	metabolome	describes	the	complete	small	molecule	complement	of	a	biological	tissue	or	fluid.		

The	field	of	metabolomics	is	therefore	the	analytical	description	of	a	biological	sample	with	respect	

to	 the	 small	 molecules	 present.	 	 (180)	 Details	 regarding	 metabolomics	 methodologies	 will	 be	

discussed	in	section	3.7.	

As	 already	 introduced	 detailed	 phenotyping	 is	 key	 to	 developing	 a	mechanistic	 approach	 to	 burn	

injury-associated	pain	management	(section	1.2.8).		Metabolomics	has	become	part	of	phenotyping	

with	Benfrey	and	Mitchell-Ofds	proposing	that	a	phenotype	is	a	“high	dimensional”	entity,	being	the	

combination	of	morphological,	transcriptional,	protein	and	metabolic	readouts”	associated	with	the	

genotype.	 	 (104)	 	Since	being	first	described	nearly	twenty	years	ago	by	Nicholson	et	al.	 (181),	the	

processes	involved	in	evaluating	the	metabolic	responses	to	a	stimuli	have	developed.		This	relates	

to	 advancements	 in	 the	 sophistication	 of	 analytical	 techniques	 available	 and	 also	 the	 range	 of	

biological	processes	 to	which	 they	 can	be	applied.	 	Over	11,000	articles	have	been	published	 that	

include	 metabolomics	 or	 metabolome	 in	 the	 title	 or	 abstract,	 highlighting	 the	 breadth	 of	 this	

research	field	and	its	wide-reaching	applications.		Unfortunately	this	has	not	yet	extended	into	burn	

injury-associated	pain	 research,	as	so	 far	no	studies	have	been	published	 investigating	 the	specific	

metabolomic	profiles	associated	with	pain	in	burn	injury.		Therefore	the	application	of	this	technique	

to	explore	this	clinical	question	represents	a	truly	novel	approach.	

Only	a	handful	of	articles	explore	the	metabolome	in	burn	injury	and	whilst	they	consider	a	number	

of	 clinical	 questions,	 pain	 is	 not	 one	 of	 them.	 	 The	 commonest	 theme	 in	 this	work	 relates	 to	 the	

metabolome	and	both	patient	survival	and	the	development	of	sepsis.	 	Studies	have	aimed	to	find	

metabolites	 that	 could	 act	 as	 biomarkers	 to	 predict	 survival	 and/or	 the	 development	 of	 sepsis	 in	

severe	 burn	 injury.	 (182–185)	 Frequently	 they	 report	 elevated	 levels	 of	 acute	 phase	 signalling	

pathway	metabolites,	alongside	proteins	involved	in	inflammation.			



46	
	

However	this	work	focuses	on	serum	or	plasma	samples,	a	greater	reflection	of	systemic	rather	than	

localised	consequences	of	burn	injury.	 	Pollins	et	al.	published	investigations	into	localised	changes	

associated	with	burn	injury.		They	considered	excised	healing	skin	samples	from	three	burn-injured	

patients	 and	 compared	metabolite	 changes	over	 time	with	uninjured	 skin	 samples	 from	 the	 same	

individuals.	 (186)	 Common	 to	 the	 systemic	 metabolite	 changes	 associated	 with	 burn	 injury	 they	

identified	 elevated	 levels	 of	 proteins	 involved	 in	 acute	 stress	 responses	 and	 inflammation	 in	 the	

injured	 tissue.	 	 In	 addition,	 they	 reported	elevated	 levels	 of	 proteins	 involved	 in	 cellular	 integrity,	

migration	 and	 proliferation	 fitting	 with	 the	 experimental	 conditions	 where	 “burn”	 skin	 samples	

represent	a	healing	phase	of	the	injury.			

Investigations	into	the	metabolome	and	pain	are	also	uncommon	with	research	focused	on	chronic	

pain	 conditions,	 a	 distinct	 clinical	 and	 mechanistic	 entity	 to	 acute	 pain.	 	 Much	 of	 this	 work	 has	

considered	several	conditions	with	vague	diagnostic	criteria	such	as	chronic	widespread	pain.	(187–

194)	Connor	et	al.	explored	the	urine	metabolome	for	acute	inflammatory	pain	in	rats	using	the	CFA	

model.	 (195)	Several	metabolites	 including	N-methylnicotinamide,	choline	metabolites	and	 taurine	

were	 associated	with	 animals	 that	 received	 an	CFA	 injection,	 however	whether	 these	metabolites	

reflect	 a	 response	 to	 the	 nociceptive	 changes	 associated	 with	 this	 model	 or	 rather	 general	

inflammation	 secondary	 to	 an	 CFA	 injection	 remains	 unclear.	 	 The	 CFA	model	 produces	 localised	

inflammation	 in	 the	 injected	 limb	however	 there	 is	 some	evidence	 to	 suggest	 responses	are	more	

systemic.	(196)	With	respect	to	evidence	regarding	the	metabolome	and	pain,	all	except	one	paper	

used	biofluids	that	reflect	more	systemic	changes	such	as	serum	and	urine.		This	means	their	ability	

to	inform	peripheral	processes	in	acute	pain	are	limited.			

In	 light	 of	 the	 paucity	 of	 evidence	 regarding	 burn	 injury-associated	 pain	 with	 respect	 to	 the	

metabolome,	 utilising	 a	 metabolomic	 analytical	 approach	 is	 also	 important	 to	 inform	 precise	

phenotyping.					

1.4 Human	experimental	pain	models		

As	outlined	above	our	knowledge	regarding	burn	injury-associated	pain	with	respect	to	phenotyping	

at	 a	 sensory,	 inflammatory	 and	 metabolomic	 level,	 remains	 incomplete.	 	 Much	 of	 the	 current	

understanding	 is	 derived	 from	 animal,	 specifically	 rodent,	 data.	 	 This	 is	 problematic,	 as	 pain	 has	

repeatedly	 failed	 to	 demonstrate	 good	 translation	 between	 animal	 data	 and	 clinical	 findings,	

especially	with	respect	to	pharmacotherapy.	(197)	Specifically	related	to	burn	injury-associated	pain	

this	lack	of	translation	reflects	a	number	of	issues.		First	is	the	general	question	already	considered	

(see	section	1.2.4)	as	to	whether	animal	behavioural	measurements	truly	represent	pain?			



47	
	

However	 there	 are	 also	 issues	 relating	 to	 the	 recognised	 anatomical	 and	physiological	 differences	

that	exist	between	humans	and	laboratory	animals.	(102)		For	example;	is	the	glabrous	rodent	paw,	

most	 commonly	 injured	 in	 these	 studies,	 akin	 to	 human	 hairy	 skin	 in	 sensory	 and	 inflammatory	

responses?	 Are	 there	 human	 analogues	 of	 inflammatory	 proteins	 found	 in	 animal	 burn	 injury	

wounds?	 	 In	 fact	 whilst	 porcine	 skin	 most	 represents	 that	 of	 human,	 its	 use	 in	 pain	 research	 is	

limited	 and	 therefore	 animal	 generated	 data	 has	 arisen	 from	 predominantly	 rodent	 populations.		

(198)	

	

Whilst	 in	 an	 ideal	 situation	evidence	 should	originate	 from	burn-injured	patients,	 this	 is	 often	not	

clinically	 practical	 or	 scientifically	 appropriate.	 Patients	 display	 heterogeneity	 with	 respect	 to	 the	

burn	 injury	mechanism,	burn	size	and	patient	 factors,	 including	age	and	comorbidities.	 (96)	This	 is	

compounded	by	the	inherent	bias	found	in	patient	based	clinical	pain	studies.			

Because	pain	is	an	interaction	between	nociceptive	sensory	input,	cognition	and	emotions,	patients	

can	 have	 confounders	 that	 influence	 pain;	 such	 as	 use	 of	 concurrent	 medication	 (analgesics	 and	

others),	and	the	socioeconomic,	psychological	and	cognitive	consequences	of	the	 illness	 leading	to	

pain	and	also	coming	from	the	pain	itself.		(199)		These	confounders	are	especially	present	in	burn-

injured	patients	 and	may	 exaggerate	or	 diminish	 reported	pain	 to	 nociceptive	 stimuli.	 	 Finally	 the	

systemic	 inflammatory	 responses	 and	 significant	 critical	 illness	 that	 accompany	 severe	burn	 injury	

may	 first	 preclude	 patients	 from	 undertaking	 sensory	 testing	 but	 also	 could	 confuse	 peripheral	

measurements	 of	 inflammatory	 markers	 and	 metabolites	 important	 to	 determining	 peripheral	

mechanisms	involved	in	pain.	

	

1.4.1 Background		

As	previously	mentioned	healthy	volunteer	human	experimental	pain	models	present	a	compromise	

between	animal	and	patient	data.		They	can	act	as	a	translational	bridge	between	basic	science	and	

clinical	 findings,	 offering	 a	 solution	 to	 exploring	 the	 unknowns	 in	 burn	 injury-associated	 pain	 as	

demonstrated	 by	 their	 utility	 in	 determining	 somatosensory	 changes.	 These	 models	 allow	 the	

investigator	to	study	the	physiology	of	human	nociception	 in	controlled	standardised	experimental	

conditions,	including	the	nature	of	pain,	its	locality	and	intensity.	(66)		They	are	traditionally	divided	

into	 acute	 models	 and	 models	 that	 induce	 hyperalgesia.	 	 (66)	 	 Acute	 models	 activate	 normal	

physiological	mechanisms	through	peripheral	nociceptor	stimulation,	therefore	are	 less	relevant	to	

burn	 injury-associated	pain.	 	Models	 inducing	hyperalgesia	and	allodynia	are	thought	to	alter	both	

peripheral	 and	 central	 pain	 pathways,	 and	 possibly	 reflect	 complex	 acute	 and	 chronic	 pain	

processes.			
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Cutaneous	 models	 of	 hyperalgesia	 were	 first	 published	 in	 the	 1930s	 by	 Lewis	 (55),	 with	 current	

models	including	the	use	of	topical	and	intradermal	capsaicin,	intradermal	nerve	growth	factor,	burn	

injury,	freeze	lesion,	laser	and	intradermal	electrical	stimulation.	(66)	

	

1.4.2 Burn-injury	experimental	pain	models	

Two	of	the	first	human	experimental	burn	injury	pain	models	were	published	by	Hardy	in	1950.	(56)	

They	involved	injury	with	thermal	and	UV	radiation	and	were	used	to	explore	primary	and	secondary	

hyperalgesia.		Current	burn	models	are	modifications	of	those	used	by	Hardy	and	involve	the	same	

injury	 mechanisms	 with	 refined	 methods,	 such	 as	 in	 limiting	 the	 UV	 radiation	 to	 the	 specific	

bandwidth	of	UVB	radiation.			

	

1.4.2.1 Thermal	burn	models	

Thermal	burn	models	most	commonly	 involve	imparting	a	first-degree	burn	by	the	application	of	a	

metal	thermode.		It	is	reported	to	representing	an	inflammatory-like	pain.		It	produces	erythema	at	

the	site	of	injury	and	an	erythematous	flare	(EF);	reddening	of	unheated	skin	surrounding	the	injury	

site.	 (200)	 Primary	 and	 secondary	 mechanical	 hyperalgesia	 and	 allodynia	 and	 primary	 thermal	

hyperalgesia	 are	 apparent	 (77–81),	 however	 the	 presence	 of	 secondary	 thermal	 hyperalgesia	

remains	controversial.	 	(79,81)	 	These	sensory	findings	are	mediated	by	C	and	Aδ	 fibres	(201–203),	

and	may	also	represent	recruitment	of	“silent”	C	fibres	that	do	not	normally	respond	to	these	stimuli	

due	 to	 inflammatory	mediators.	 (204–206)	 Furthermore,	 although	not	 directly	 demonstrated	with	

thermal	injury,	allodynia	is	thought	to	be	mediated	by	Aβ	fibres.		(207)		The	thermal	model	is	reliable	

in	an	operator	independent	manner	(200)	and	reproducible	(208),	however	it	is	reported	that	there	

is	 around	 a	 5%	 non-responder	 rate	 to	 the	 development	 of	 secondary	 mechanical	 hyperalgesia	

changes.		(209)		

	

1.4.2.2 UVB	burn	pain	models	

The	UVB	irradiation	or	“sunburn”	pain	model	uses	UVB	radiation	with	a	specific	bandwidth	of	280-

315	nm.		Like	the	thermal	burn	model,	it	is	also	described	as	representing	an	inflammatory-like	pain.	

(210).	Over	the	course	of	2	to	96	hours	following	UVB	exposure	a	dose	related	area	of	erythema	is	

produced	 at	 the	 injury	 site,	 alongside	 primary	 mechanical	 and	 thermal	 hyperalgesia	 and	 primary	

allodynia.		(210,211)	It	remains	controversial	whether	secondary	sensory	changes	are	seen	with	the	

UVB	 model.	 (212,213)	 	 Whilst	 a	 number	 of	 review	 articles	 describe	 mechanical	 and	 thermal	

hyperalgesia	to	be	consequence	of	Aδ	and	C	fibre	activation	this	is	not	entirely	clear.	One	publication	

considered	peripheral	nociceptor	activation	following	UVB	exposure	in	rodents.			
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The	investigators	found	only	primary	sensory	changes,	which	were	associated	with	a	decrease	in	A	

fibre	 activation	 and	 an	 increase	 in	 C	 fibre	 activation.	 	 They	 concluded	 the	 model	 only	 showed	

peripheral	sensitisation	and	that	this	was	confined	to	C	fibre	activity.	 	(211)	 	Whilst	not	conclusive,	

this	 questions	whether	 the	 neuronal	mechanisms	 in	 the	UVB	model	 are	 the	 same	 as	 the	 thermal	

model.	 	 For	 example	 if	 there	 is	 a	 lack	 of	 A	 fibre	 activity,	 then	 primary	 allodynia	 may	 not	 be	 a	

consequence	 of	 Aβ	 fibre	 activation.	 	 Furthermore	 in	 humans,	 in	 addition	 to	 sensitisation	 of	

peripheral	nerve	endings	 following	UVB	 irradiation,	 there	 is	also	 increased	excitability	 found	along	

the	length	of	the	axon.	(214)		As	a	model	it	is	stable	with	consistent	sensory	changes	being	apparent	

over	time	(215),	reproducible	(216)	and	has	demonstrated	preclinical	correlates.		(217)			

1.4.2.3 Differences	between	the	two	burn	injury	pain	models		

When	 considering	 burn	 injury-associated	 pain,	 it	 therefore	 important	 to	 decide	which	 burn	 injury	

experimental	pain	model	to	use	for	further	investigation	of	the	peripheral	processes.		The	UVB	and	

thermal	 burn	 injury	 models	 have	 both	 been	 used	 to	 explore	 burn	 injury-associated	 pain	 and	 for	

analgesic	 drug	 development.	 	 Interestingly	 neither	 has	 been	 evaluated	 as	 being	 a	 better	

representation	of	burn	injury	than	the	other,	and	they	are	often	used	interchangeably.	(218)	This	is	

in	part	a	consequence	of	apparent	gaps	in	knowledge	regarding	the	peripheral	processes	involved	in	

both	models,	and	also	the	exact	somatosensory	changes	they	generate.	

	

Model	 comparisons	 have	 focused	 on	 somatosensory	 profiles.	 	 (210)	 In	 this	 respect	 some	

investigators	 see	 them	 as	 interchangeable,	 demonstrating	 very	 similar	 profiles	 of	 allodynia	 and	

hyperalgesia.		From	the	evidence	outlined	above	the	main	differences	appear	to	be	the	presence	of	

EF	and	secondary	somatosensory	changes.		The	thermal	model	demonstrates	both	EF	and	secondary	

changes,	 whereas	 the	 UVB	 model	 fails	 to	 demonstrate	 EF	 and	 the	 presence	 of	 secondary	

hyperalgesia	and	allodynia	 is	controversial.	 	A	 further	way	of	evaluating	somatosensory	changes	 in	

these	 models	 is	 to	 assess	 their	 response	 to	 the	 anti-hyperalgesic	 effects	 of	 specific	 classes	 of	

analgesic	medication.	 	A	systematic	review	conducted	by	van	Amerongen	et	al.	 in	2016	considered	

evidence	 from	 94	 randomised,	 double	 blind,	 placebo-controlled	 analgesic	medication	 studies	 that	

used	thermal	and	UVB	burn	models	to	evaluate	drug	efficacy.		They	also	included	studies	that	used	a	

further	hyperalgesia	pain	model	produced	by	topical	or	intradermal	capsaicin.	(218)	The	burn	injury	

models	 revealed	markedly	 different	 analgesic	 drug	 class	 efficacy.	 	 The	UVB	burn	model	 showed	a	

good	response	to	non-steroidal	anti-inflammatory	drugs	(NSAID)	and	opioids,	yet	the	thermal	burn	

model	 showed	 no	 effect	 for	 NSAID’s	 or	 opioids,	 but	 some	 effect	 specifically	 in	 reduction	 of	

mechanical	hyperalgesia	with	NMDA	receptor	antagonists.			
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These	differences	 could	 reflect	 altered	peripheral	 and/or	 central	 pain	processing	between	models	

making	their	use	as	interchangeable	models	of	inflammation	questionable.		Some	of	the	differences	

in	 these	 pharmacological	 studies	 however	 could	 reflect	 that	 experimental	 pain	 models	 and	 the	

experimental	design	regarding	their	utility	is	highly	variable	across	countries	and	researchers.	(66)		

	

There	 is	 little	 evidence	 comparing	 peripheral	 inflammatory	 and	metabolic	 processes	 between	 the	

two	burn	 injury	 pain	models.	 The	UVB	model	 has	 consistently	 demonstrated	 increased	peripheral	

concentrations	 of	 IL1β,	 IL6,	 IL8,	 IL10,	 TNFα	 and	 CCL3	 (217,219–221),	 however	 other	 peripheral	

inflammatory	mediators	have	only	been	demonstrated	in	single	studies	such	as	granulocyte	colony	

stimulating	 factor	 (GCSF)	 (220).	 	 An	 array	 of	 inflammatory	 proteins	 including	 a	 number	 of	

chemokines	were	 found	 in	 the	most	comprehensive	study	 to	date	on	 the	peripheral	 inflammatory	

mediators	found	in	the	UVB	model	by	Dawes	et	al.	(217)		They	evaluated	increased	gene	expression	

in	skin	samples	of	rodents	and	humans	and	found	alongside	the	agents	above,	that	cyclooxygenase	2	

(COX-2),	 CCL2,	 CCL4	 (macrophage	 inflammatory	 protein	 1-β,	 MIP1β),	 CCL7	 (monocyte	

chemoattractant	 protein	 3,	MCP3),	 CCL11	 (eotaxin-1),	 CXCL1,	 CXCL2	 (growth	 regulated	 protein	β,	

GROβ),	CXCL4	(platelet	 factor	4),	CXCL5	and	CXCL7	had	upregulated	expression	 in	the	 injured	skin.	

Furthermore	TRPV1	may	play	a	role	in	thermal	hyperalgesia	associated	with	the	UVB	pain	model,	as	

a	 specific	 TRPV1	antagonist	 has	been	 shown	 to	be	 associated	with	 reduced	UVB	 injury	 associated	

thermal	 hyperalgesia.	 	 (222)	 	 With	 respect	 to	 the	 thermal	 pain	 model,	 IL6	 has	 demonstrated	

increased	 peripheral	 concentrations	 in	 more	 than	 one	 study	 (108,220),	 alongside	 single	 study	

evidence	 for	 increased	 concentrations	 of	 IL7,	 IL8,	 	 IL13	 and	 GCSF	 (220)	 and	 a	 lack	 of	 histamine	

involvement.		(223)		Only	one	study	has	compared	peripheral	agent	concentrations	between	the	two	

burn	 injury	 pain	models.	 Angst	 et	 al.	 evaluated	 peripheral	 cytokine	 concentration	 in	 thermal	 and	

UVB	 pain	 models,	 however	 used	 a	 slightly	 different	 thermal	 model	 to	 that	 commonly	 described.	

They	demonstrated	increased	concentrations	in	IL1β	and	IL6	and	decreased	concentrations	of	IL13	in	

the	UVB	model	compared	with	the	thermal	model.		(220)	

	

1.4.3 Capsaicin	injury	experimental	pain	model		

The	 topical	 application	 or	 intradermal	 injection	 of	 capsaicin	 is	 a	 human	 experimental	 pain	model	

that	 has	 been	 widely	 used	 for	 over	 50	 years.	 	 The	 model	 is	 reported	 to	 cause	 neurogenic	

hyperalgesia,	 where	 one	 set	 of	 neurons	 are	 sensitised	 by	 the	 neuronal	 activity	 of	 another	 set	 of	

neurons,	and	is	not	associated	with	obvious	tissue	injury.	(57,224)		Capsaicin	is	thought	to	produce	

both	peripheral	and	centrally	mediated	primary	and	secondary;	allodynia,	 thermal	and	mechanical	

hyperalgesia.		(57,207,225,226)			
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Again	these	sensory	changes	are	thought	to	be	C	and	Aδ	 fibre	mediated,	with	likely	recruitment	of	

silent	 C	 fibres.	 	 Furthermore	 it	 was	 the	 capsaicin	 model	 that	 led	 to	 the	 discovery	 that	 allodynia	

involved	 activation	 of	 Aβ	 fibres.	 (207)	 As	 a	 well	 established	 hyperalgesia	 model,	 it	 has	 recently	

undergone	comprehensive	QST	and	has	been	shown	in	certain	healthy	volunteer	subgroups	to	partly	

induce	 sensory	 changes	 similar	 to	 neuropathic	 pain	 (227).	 	 The	 capsaicin	model	 is	 also	 associated	

with	the	presence	of	an	EF,	which	is	thought	to	represent	an	axon	reflex	whereby	C	fibre	simulation	

causes	 action	 potentials	 to	 be	 redirected	 peripherally	 to	 release	 vasoactive	 substances	 including	

CGRP.	(226,228)		This	model	is	best	known	for	its	peripheral	mechanism	involving	TRPV1	ion	channel	

activation	 (229)	however	has	been	 shown	 to	 lead	 to	 increased	peripheral	 concentrations	of	nerve	

growth	factor	(NGF),	 IL1β,	 IL6,	 IL8	and	TNFα.	 	 (230)	Notably	the	model	 is	not	associated	with	 local	

histamine	release.		(231)	

1.4.4 Phenotyping	of	burn	injury	pain	models	
The	sensory	changes	found	in	both	burn	injury	pain	models	have	been	used	to	describe	the	sensory	

changes	associated	with	burn	injury.		However	what	requires	explanation	is	whether	the	peripheral	

processes	that	occur	as	a	consequence	of	burn	injury	contribute	to	the	development	of	the	sensory	

changes	 associated	with	 this	 injury.	 	 In	 order	 to	 comprehensively	 evaluate	 these	 burn	 injury	 pain	

models	 it	would	be	useful	 to	 include	a	positive	control	 such	as	a	non-burn	model	of	hyperalgesia,	

namely	the	capsaicin	model	to	compare	burn	and	non-burn	peripheral	processes	and	their	impact	on	

sensory	changes.	 	Phenotyping	of	all	three	models	would	enable	delineation	of	the	similarities	and	

differences	 with	 respect	 to	 sensory	 changes	 and	 their	 relationship	 to	 peripheral	 release	 of	

inflammatory	mediators	and	metabolic	agents.		
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Chapter	2:		Aims	and	Objectives	

2 Aims	and	Objectives	

2.1 Summary	
Chapter	 1	 has	 outlined	 the	 considerable	 burden	 of	 burn	 injury-associated	 pain,	 the	 unique	

environment	 that	 peripheral	 nociceptors	 are	 exposed	 to	 in	 burn	 injury	 wounds	 and	 our	 current	

understanding	of	burn	injury-associated	pain	with	respect	to	somatosensory	changes	and	potential	

peripheral	 mediators	 of	 these	 events.	 	 Furthermore,	 the	 case	 has	 been	 made	 for	 developing	 a	

mechanistic-based	 approach	 to	 burn	 injury-associated	 pain	 management.	 	 This	 requires	

comprehensive	 phenotyping	 of	 sensory	 and	 peripheral	 profiles	 and	 is	 best	 met	 by	 characterising	

human	experimental	burn	injury	pain	models.			

2.2 Study	rationale		
There	are	two	burn	injury	pain	models	that	are	well	established	within	the	pain	and	pharmacology	

community,	namely	thermal	burn	and	UVB	burn.		However,	the	similarities	and	differences	between	

these	 two	 burn	 models	 are	 ill	 defined.	 	 Controversy	 regarding	 their	 somatosensory	 phenotype	

persists	and	their	peripheral	 inflammatory	and	metabolome	profiles	remain	uncharacterised.	 	Both	

models	 are	 reported	 to	 represent	 inflammatory	 pain	 associated	 with	 tissue	 injury.	 	 However,	 it	

needs	to	be	established	whether	there	is	a	common	peripheral	pathway	present	in	both	models	that	

would	enable	them	to	be	used	interchangeably,	as	is	current	practice,	or	whether	their	application	

should	 be	 individualised	 to	 answer	 specific	 clinical	 questions.	 	 This	 is	 especially	 important	 in	 burn	

injury-associated	pain,	where	currently	both	thermal	burn	and	UVB	burn	models	represent	possible	

opportunities	to	further	our	understanding	of	this	problem.			

	

In	 contrast,	 the	 experimental	 capsaicin	 pain	 model	 is	 well	 described,	 with	 clearly	 delineated	

peripheral	 mechanisms.	 	 It	 is	 recognised	 to	 produce	 neurogenic	 inflammation	 in	 the	 absence	 of	

tissue	injury.		This	model	represents	a	useful	control	in	this	study,	as	the	sensory	changes	produced,	

primary	 and	 secondary	 hyperalgesia	 and	 allodynia,	 are	 akin	 to	 those	 attributed	 to	 burn	 injury-

associated	 pain.	 	 As	 these	 sensory	 changes	 occur	 without	 peripheral	 injury,	 the	 inclusion	 of	 this	

model	 as	 a	 control,	 allows	 for	 an	 evaluation	 of	 the	 more	 general	 peripheral	 events	 present	 in	

hypersensitivity,	without	the	occurrence	of	those	unique	processes	found	in	burn	injury	wounds.			
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Comparison	of	the	sensory	and	peripheral	 inflammatory	and	metabolome	profiles	of	the	two	burn	

injury	 pain	models	with	 each	 other	 and	with	 the	 capsaicin	model,	 will	 enhance	 understanding	 of	

these	 burn	 models	 and	 add	 to	 evidence	 regarding	 the	 peripheral	 mechanisms	 involved	 in	 burn	

injury-associated	pain.	

	

2.3 Aims	and	Hypothesis	
The	overarching	objective	of	this	work	is	to	comprehensively	elucidate	the	somatosensory	changes	

associated	with	burn	injury	and	components	of	the	“burn-injury	inflammatory	soup”	with	respect	to	

inflammatory	proteins	and	the	metabolome,	and	to	consider	their	contribution	to	peripheral	sensory	

neuron	activity.		

The	 remainder	 of	 this	 thesis	 therefore	 sets	 out	 to	 explore	 three	 main	 aims	 in	 healthy	 human	

subjects;	

	

1. To	 characterise	 and	 compare	 the	 sensory	 phenotypes	 of	 three	 human	 experimental	 pain	

models	(thermal	burn,	capsaicin	and	UVB	burn)	

2. To	 characterise	 and	 compare	 the	 peripheral	 inflammatory	 protein	 phenotypes	 of	 three	

human	experimental	pain	models		

3. To	 characterise	 and	 compare	 peripheral	metabolic	 features	 of	 three	 human	 experimental	

pain	models	

	

Based	on	the	presented	evidence,	the	central	hypothesis	to	this	work	is	that	the	three	experimental	

pain	 models	 (thermal	 burn,	 capsaicin	 and	 UVB	 burn)	 will	 demonstrate	 markedly	 different	

somatosensory,	 inflammatory	 protein	 and	 metabolic	 phenotypes	 and	 that	 specific	 differences	

between	models	will	give	insight	into	the	peripherally	mechanisms	involved	in	burn	injury-associated	

pain.	
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Chapter	3:	Methods	

3 Methods	
This	chapter	gives	an	overview	of	the	methods	utilised	to	address	the	aims	as	outlined	in	Chapter	2.		

It	further	presents	supporting	evidence	for	their	application.		Detailed	methods	and	protocols	on	the	

specifics	of	each	analytical	technique	are	described	in	the	results	sections	(see	sections	5.2,6.2	and	

7.2).	 This	 is	 with	 the	 exception	 of	 the	 detailed	 protocols	 for	 the	 experimental	 pain	 models	 and	

dermal	microdialysis	(DMD)	that	are	included	here.		

3.1 Study	overview	

3.1.1 Full	study	protocol	
The	central	hypothesis	to	this	work	is	that	three	experimental	pain	models	(thermal	burn,	capsaicin	

and	UVB	burn)	demonstrate	markedly	different	somatosensory,	inflammatory	protein	and	metabolic	

phenotypes.	 	 This	was	 addressed	 by	 imparting	 one	 of	 the	 experimental	 pain	models	 in	 a	 healthy	

subject	 and	 evaluating	 their	 resulting	 somatosensory,	 inflammatory	 protein	 and	 metabolic	

phenotypes.	 	Each	pain	model	 involved	 the	application	of	heat	 (thermal	burn),	a	 chemical	 (topical	

capsaicin)	or	radiation	(UVB	burn).	 	The	models	are	 injurious	to	the	subjects,	as	even	the	capsaicin	

model,	 whilst	 not	 generating	 specific	 tissue	 damage,	 does	 create	 an	 intense	 burning	 sensation.		

Therefore	 in	 the	 interests	 of	 clarity	 these	 models	 are	 subsequently	 referred	 to	 in	 short	 form	 as	

thermal	injury,	capsaicin	injury	or	UVB	injury,	abbreviated	in	figures	to	TB,	CB	and	UB.			Furthermore,	

the	site	where	the	pain	model	was	imparted	will	be	referred	to	as	the	injury	site.	

	

The	overall	study	protocol	is	illustrated	in	Figure	3.1.		Following	application	of	an	experimental	pain	

model,	 Aim	 1	 was	 achieved	 by	 conducting	 somatosensory	 testing	 that	 measured	 areas	 of	 static	

punctate	mechanical	 hyperalgesia	 (PMH),	 dynamic	mechanical	 allodynia	 (DMA)	 and	 EF,	 alongside	

evaluating	 self-reported	 pain	 intensities.	 	 These	 areas	 and	 intensity	 scores	 were	 used	 to	 identify	

somatosensory	similarities	and	differences	between	models.		

	

Due	 to	 the	 likely	 complex	 composition	 of	 the	 “burn	 injury	 inflammatory	 soup”,	 focusing	 on	 one	

specific	 biological	 agent	 as	 an	 indicator	 of	 burn	 injury-associated	 pain	 or	 the	 key	molecule	 to	 its	

mechanism,	 was	 felt	 to	 be	 unhelpful	 in	 generating	 information	 to	 impact	 on	 future	 clinical	 pain	

management.			
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Phenotyping	the	peripheral	biological	agents	found	in	experimental	pain	models	and	exploring	their	

contributions	to	burn	injury-associated	pain	has	the	potential	to	uncover	the	nuances	of	the	intricate	

interaction	between	the	inflammatory	wound	environment	and	nociceptive	pathways.		Aims	2	and	3	

were	achieved	by	 first	 sampling	 the	 injury	 site	using	DMD	at	 three	 separate	 time	points	 following	

imparting	 of	 the	 injury	 model	 and	 somatosensory	 testing.	 	 Three	 further	 microdialysate	 samples	

were	collected	at	the	same	time	intervals	from	an	area	in	the	same	limb	proximal	to	the	injury	site	

and	 outside	 all	 somatosensory	marked	 areas	 (subsequently	 referred	 to	 as	 the	 control	 site).	 	 The	

collected	microdialysate	were	then	analysed	using	two	methods;	

i) A	 microbead	 immunoassay	 array	 was	 implemented	 to	 measure	 concentrations	 of	

inflammatory	 proteins,	 namely	 41	 cytokines,	 chemokines	 and	 growth	 factors.	 	 The	

concentrations	of	 these	proteins	were	standardised	to	account	 for	 the	 individual	subject’s	

inflammatory	 response	 to	 the	 sampling	 process,	 using	 the	 control	 samples.	 	 These	

standardised	 concentrations	 were	 compared	 between	 pain	 models,	 taking	 temporal	

patterns	into	account.			

ii) The	microdialysate	was	 further	 analysed	 using	 ultra	 performance	 liquid	 chromatography-

mass	spectrometry	(UPLC-MS).		These	data	were	then	analysed	using	multivariate	statistical	

analysis	(MVA)	to	identify	metabolomic	features	present	in	the	injury	site	samples	that	were	

able	to	predict	a	sample’s	membership	to	a	specific	experimental	pain	model,	thus	finding	

metabolites	that	differentiated	between	the	experimental	pain	models.	

	
Figure	3-1	Flow	diagram	of	the	complete	study	protocol	
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3.1.2 Contribution	of	others	
One	 subject	 had	 their	 consent,	 injury	 model,	 somatosensory	 testing	 and	 DMD	 performed	 by	 Dr	

Carsten	Bantel,	Senior	Clinical	Lecturer	and	Consultant	in	Pain	Medicine	and	Anaesthetics,	 Imperial	

College.	The	author	of	this	work	performed	all	the	sample	analysis	of	the	DMD	samples	collected	for	

this	subject	and	was	present	for	Dr	Carsten	Bantel’s	contributions	ensuring	experimental	consistency	

and	 quality.	 	 All	 other	 subjects	 and	 the	 experimental	 protocols	 pertaining	 to	 this	 study	 were	

performed	by	the	author.	

3.2 Recruitment	of	human	healthy	subjects	

3.2.1 Sample	size	
This	parallel	group,	interventional	study	measured	a	number	of	outcomes;	somatosensory	changes,	

cytokine	 concentrations	 and	 metabolomic	 agents.	 	 There	 are	 no	 published	 studies	 that	 explore	

sensory	and	biological	differences	between	the	three	experimental	pain	models	in	healthy	subjects.			

There	are	two	studies	that	considered	model	differences	using	a	subset	of	these	outcome	measures.	

Bishop	 et	 al.	 (210)	 compared	 somatosensory	 phenotypes	 between	 the	 three	 experimental	 pain	

models	 in	 12	 healthy	 volunteers	 and	 Angst	 et	 al.	 (220)	 compared	 DMD	 samples	 for	 17	 cytokines	

between	 thermal	 injury	 and	 UVB	 injury	 models,	 alongside	 primary	 somatosensory	 changes	 in	 10	

healthy	 volunteers.	 There	 is	 no	 published	 data	 regarding	 the	 use	 of	 UPLC-MS	 to	 explore	 the	

metabolic	response	in	dermal	microdialysate	samples	to	peripheral	pain	models	and	for	that	reason	

this	work	represents	the	application	of	novel	methods	to	a	scientific	hypothesis.	Due	to	paucity,	or	in	

some	 cases	 an	 absence	 of	 data	 for	 specific	 outcome	measures,	 it	 was	 not	 possible	 to	 perform	 a	

sample	size	calculation.	Furthermore,	this	exploratory	study	has	no	primary	outcome	measure	to	use	

for	a	sample	size	calculation.		Instead	three	categories	of	analysis	were	performed	that	included	four	

outcome	 measures	 for	 the	 somatosensory	 analysis,	 41	 outcome	 measures	 for	 the	 inflammatory	

protein	analysis	and	thousands	of	outcome	measures	for	the	metabolomic	analysis.		Determining	a	

sample	size	calculation	on	one	measure	could	potentially	give	an	assurance	of	adequate	power	for	

this	 work,	 however	 any	 given	 calculation	 would	 only	 confirm	 power	 in	 one	 out	 of	 thousands	 of	

evaluated	 outcome	 measures.	 	 Therefore,	 published	 studies	 that	 either	 conducted	 peripheral	

biochemical	 analysis	 using	 DMD	 or	 skin	 biopsies,	 and/or	 conducted	 somatosensory	 testing	 in	

experimental	pain	models	(capsaicin	injury,	thermal	injury	or	UVB	injury)	were	reviewed.		These	are	

summarised	in	table	3-1,	and	provided	a	guide	to	determine	the	sample	size.	

	

41	studies	were	reviewed	with	sample	sizes	that	ranged	from	6-198.		Three	studies	had	sample	sizes	

over	100,	with	the	remainder	using	sample	sizes	of	32	or	less.			
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The	 overall	 median	 study	 sample	 size	 was	 12	 subjects	 and	 of	 the	 seven	 studies	 that	 considered	

peripheral	 biochemical	 changes,	 the	 median	 sample	 size	 was	 10.	 Based	 on	 these	 observations	 a	

sample	 size	 of	 15	 subjects	 per	 pain	 model	 was	 chosen	 for	 somatosensory	 testing	 (total	 of	 45	

subjects),	with	a	smaller	subset	of	this	sample	(n=10	subjects	per	pain	model,	 total	of	30	subjects)	

used	 for	 microdialysate	 analysis	 of	 inflammatory	 proteins	 and	 metabolites.	 	 The	 microdialysate	

samples	from	the	fifteen	subjects	not	taken	for	 final	 inflammatory	protein	and	metabolite	analysis	

were	used	for	method	development	of	these	two	analytical	techniques.				

	

Thermal	injury	 Capsaicin	injury	 UVB	injury	
Author	 Ref.	 Sample	

size	
Author	 Ref.	 Sample	

size	
Author	 Ref.	 Sample	

size	
Raja	 (79)	 8	 Carpenter	 (232)	 8	 Bickel	 (233)	 21	
Torebjork	 (202)	 9	 Koltzenburg	 (234)	 7	 Hoffmann	 (235)	 10	
Dahl	 (236)	 8	 Kilo	 (237)	 9	 Benrath	 (238)	 9	
Moiniche	 (80)	 8	 Petersen	 (231)	 14	 Sycha	 (239)	 32	
Pedersen	 (240)	 14	 Mohammadian	 (225)	 10	 Gustorff	 (241)	 16	
Pedersen	 (208)	 12	 Liu	 (242)	 12	 Gustorff	 (215)	 8	
Pedersen	 (76)	 12	 Bishop	 (210)	 12	 Averbeck	 (243)	 9	
Pedersen	 (81)	 15	 Lotsch	 (227)	 110	 Chizh	 (222)	 19	
Sjo	 (148)	 10	 	 	 	 Angst	 (220)	 10	
Holthusen	 (244)	 6	 	 	 	 Bishop	 (210)	 12	
Lilleso	 (245)	 18	 	 	 	 Carvalho	 (246)	 11	
Schulte	 (247)	 20	 	 	 	 Dawes	 (217)	 10	
Norbury	 (200)	 198	 	 	 	 Gustorff	 (248)	 16	
Angst	 (220)	 10	 	 	 	 Weinkauf	 (214)	 13	
Bishop	 (210)	 12	 	 	 	 Gustorff	 (212)	 22	
Petersen	 (223)	 8	 	 	 	 Morch	 (216)	 15	
Ravn	 (209)	 100	 	 	 	 O’Neill	 (249)	 10	
Pereira	 (250)	 28	 	 	 	 	 	 	

Table	3-1	Sample	sizes	of	human	studies	using	experimental	pain	models		
Ref:	reference	number	of	study	in	the	bibliography	

3.2.2 Ethics	approval	and	consent	
In	order	 for	 research	 to	 result	 in	benefit	and	minimise	 risk	of	harm	to	human	subjects,	 it	must	be	

conducted	ethically,	based	on	the	principles	laid	out	by	the	World	Medical	Association	Declaration	of	

Helsinki.	(251)	Ethical	approval	was	obtained	from	the	National	Research	Ethics	Service	Committee,	

London,	 Brent	 (11/Lo/1982)	 and	 Site	 Specific	 Assessment	 (SSA)	 was	 achieved	 at	 the	 participating	

NHS	Trust	(Chelsea	and	Westminster	Hospital	NHS	Foundation	Trust).				

	

Subjects	were	 recruited	 from	staff	 and	 students	at	 Imperial	College	and	Chelsea	and	Westminster	

Hospital	 and	 were	 healthy	 adults	 who	 met	 the	 inclusion	 /	 exclusion	 criteria	 (outlined	 in	 section	

4.2.2).	 	Records	were	kept	of	all	 interested	 individuals	who	were	 initially	 screened	 for	eligibility	 to	

participate.		Each	subject	received	a	volunteer	information	leaflet	(see	Appendix	10.1.1)	and	an	oral	

explanation	of	 the	study	and	was	given	 time	to	consider	 this.	 	The	consent	 form	was	 then	signed.		
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Recruited	 subjects	 were	 free	 to	 withdraw	 at	 any	 time	 from	 the	 study	 without	 giving	 reasons,	

however	 there	 were	 no	 dropouts	 from	 this	 study.	 	 Furthermore	 there	 were	 no	 adverse	 events	

(untoward	medical	occurrence	 in	a	patient	or	clinical	study	subject)	or	serious	adverse	events	(any	

untoward	and	unexpected	medical	occurrence	or	effect	that	resulted	in	death,	was	life	threatening,	

required	hospitalisation,	resulted	in	persistent	or	significant	disability	or	incapacity)	reported	during	

the	study.		

	

3.3 Human	Experimental	Pain	models	

Human	experimental	pain	models	can	be	imparted	in	different	tissues,	such	as	the	skin,	muscle	and	

viscera,	using	different	modalities	of	inducing	agents	(see	section	1.4).		Cutaneous	hyperalgesia	and	

allodynia	are	the	sensory	changes	integral	to	understanding	burn	injury-associated	pain.		The	three	

most	commonly	implemented	cutaneous	human	experimental	pain	models	used	in	pharmacological	

and	pain	 research	 are	 thermal	 injury,	 capsaicin	 injury	 and	UVB	 injury	 (218),	 all	 of	which	 generate	

these	desired	sensory	changes.		All	models	were	imparted	on	the	volar	aspect	of	each	subject’s	non-

dominant	forearm,	approximately	equidistant	between	the	elbow	and	the	wrist,	following	cleaning	

of	 the	area	with	70%	 isopropyl	alcohol	cloths	 (clinell®,	UK).	 (210)	The	volar	aspect	of	 the	 forearm	

was	used	as	 it	 is	easily	accessible,	usually	not	overtly	hairy	and	 lacks	a	convex	structure,	especially	

useful	when	conducting	DMD.	(252)	

3.3.1 Thermal	injury	model	

3.3.1.1 Background	and	evidence	
Thermal	 injury	models	have	been	used	to	explore	peripheral	mechanisms	of	 inflammatory	pain	 for	

over	70	years.	 	The	models	 impart	enough	energy	to	cause	a	burn	 injury	and	use	a	variety	of	heat	

sources	 that	 include	 thermal	 radiation	 (56)	 and	 CO2	 laser	 thermal	 stimulation.	 (79)	 The	 most	

common	method	utilises	a	 contact	 thermode	applied	 to	 the	 skin,	 that	 is	programmed	 to	deliver	a	

predetermined	 temperature	 for	 a	 specified	 duration.	 	 Table	 3-2	 summarises	 methods	 from	

published	studies	using	a	contact	thermode	to	impart	the	thermal	injury	model.		To	investigate	burn	

injury-associated	pain,	it	was	necessary	to	impart	a	significant	enough	injury	that	would	transiently	

mimic	 the	 sensory	 changes	akin	 to	a	 clinical	 thermal	burn	 injury.	 	Norbury	et	al.	 and	Bishop	et	al.	

demonstrated	 that	 a	 temperature	of	 45°C	applied	 for	 330	 seconds	was	 adequate	 to	 generate	 the	

desired	 sensory	 changes.	 	However	 investigating	 the	peripheral	 biochemical	 processes	 involved	 in	

burn	injury-associated	pain	required	producing	a	significant	enough	inflammatory	reaction	to	reflect	

that	 of	 a	 burn	 injury,	 hence	 a	 higher	 temperature	 of	 47°C	was	 chosen.	 	 This	 temperature,	 when	

applied	to	subjects	for	420	seconds,	was	associated	with	blistering	of	skin	in	the	lower	limbs.			
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As	the	injury	was	to	be	imparted	in	the	volar	aspect	of	the	forearm,	this	contact	time	was	reduced.		

This	is	because	the	skin	in	this	anatomical	area	is	more	sensitive	to	contact	heat,	being	thinner	than	

the	lower	limb.	(253)	Therefore	a	contact	time	of	300	seconds	was	chosen	to	compromise	between	

the	desired	 scientific	 outcome	and	 the	burden	placed	on	 subjects.	 	 This	 temperature	 and	 contact	

time	does	not	produce	blistering	damage	or	irreversible	epidermal	injury	as	evidenced	by	Petersen	

et	al.	(223)	and	from	charts	produced	by	Moritz	et	al.	based	on	human	and	porcine	experiments	that	

predict	epidermal	damage	based	on	contact	 temperature	and	 time.	 	 (254)	The	majority	of	 studies	

presented	 in	 Table	 3-2	 imparted	 the	 thermal	 injury	 using	 a	 Peltier	 element	 thermode.	 	 This	

thermode,	 works	 using	 the	 Peltier	 effect;	 that	 the	 passage	 of	 an	 electrical	 current	 through	 a	

thermocouple	produces	heating	or	cooling	depending	on	the	current	direction.	(255)	This	allows	for	

rapid	production	and	dissipation	of	thermode	surface	temperatures	that	are	accurate	within	specific	

limits,	which	in	this	study	was	between	5-54°C.	

Author	 Ref.	 Temp	
(°C)	

Time		
(sec)	

Burn	area	
(mm2)	

Burn	
location	

Adverse	events	/	Method	
notes	

Meyer	
	

(77)	 53	 30	 	 Hand	 	

Torebjork	
	

(202)	 50	 100	 100	 Lower	limb	 	

Dahl	
	

(236)	 50	 420	 375	 Lower	limb	 Blistering	occurred	

Moiniche	
	

(80)	 49	 300	 375	 Lower	limb	 Some	blistering	

Pedersen	
	

(240)	 49	 300	 375	 Lower	limb	 Constant	pressure	4.5kPa	

Pedersen	 (76,81,208)	 47	 420	 1250	 Thigh	 Constant	pressure	4.5kPa	
20%	small	blisters	

Sjo	
	

(148)	 47	 420	 1250	 Lower	limb	 20%	blistered	

Holthusen	
	

(244)	 47	 300	 1250	 Volar	forearm	 	

Lilleso	
	

(245)	 47	 420	 1250	 Lower	limb	 	

Schulte	 (247)	 47	 420	 1250	 Lower	limb	 Constant	weight	250g	
3	developed	blisters	

Norbury	 (200)	 45	 330	 1024	 Volar	forearm	 Constant	pressure	20mmHg	
Model	developed	in	15mins	

Angst	 (220)	 N/A	 5	 short	
bursts	

256	 Thigh	 Variable	 temperature	 based	
on	subject’s	thresholds	

Petersen	
	

(223)	 49	 300	 1250	 Lower	limb	 	

Ravn	 (209)	 47	 420	 1250	 Lower	limb	 Some	blistering	but	recorded	
equipment	failure	

Bishop	 (210)	 45	 330	 1024	 Volar	forearm	 Constant	pressure	20mmHg	
Model	developed	in	15mins	

Table	3-2	Experimental	conditions	used	in	thermal	injury	pain	models	
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3.3.1.2 Protocol	
A	25	 x	50mm	 (1250mm2)	 contact	Peltier	 element	 thermode	was	attached	 to	a	 thermal	 stimulator	

(Somedic	 MSA	 Thermal	 Stimulator,	 Sweden).	 	 The	 thermode	 was	 held	 in	 place	 with	 a	 manual	

sphygmomanometer,	 wrapped	 over	 the	 probe	 and	 inflated	 to	 pressure	 of	 34mmHg	 (4.5kPa),	

ensuring	uniform	contact	and	pressure	between	the	probe	and	the	skin.	 	The	Exposure30	program	

from	SENSELab	software	(Somedic,	Sweden)	was	used	to	determine	temperatures	and	gradients	of	

temperature	change.	 	The	thermode	had	a	starting	temperature	of	32°C,	which	was	 increased	at	a	

rate	of	0.5°C	every	second	until	a	maximum	temperature	of	47°C	was	achieved.	 	This	temperature	

was	 maintained	 for	 300	 seconds,	 after	 which	 it	 automatically	 reduced	 by	 a	 rate	 of	 0.5°C	 every	

second	 until	 it	 returned	 to	 32°C.	 	 The	 sphygmomanometer	 was	 then	 deflated	 and	 thermode	

removed.	 	 The	 injury	 site	 was	 then	 left	 for	 15	 minutes	 to	 allow	 sensory	 changes	 to	 develop		

(200,210),	following	which	somatosensory	testing	and	DMD	took	place.	

	

3.3.2 Capsaicin	model	

3.3.2.1 Background	and	evidence	
Capsaicin	is	a	capsaicinoid.		These	are	chemical	irritants	isolated	from	most	Capsicum	genus	plants,	

the	most	 well	 known	 being	 chilli	 peppers.	 (249)	 It	 has	 peripheral	 somatosensory	 effects	 that	 are	

produced	via	activity	in	sensory	neurons	(C	and	Aδ	fibres).		It	binds	to	a	specific	point	on	the	TRPV1	

ligand	 gated	 ion	 channel,	 opening	 the	 channel	 and	 enabling	 membrane	 depolarisation,	

predominantly	via	calcium	ion	influx.	(256)	Capsaicin	promotes	the	release	of	CGRP	from	peripheral	

sensory	neurons	in	the	skin.	(226)	Whilst	commonly	accepted	that	SP	release	from	peripheral	nerve	

terminals	also	occurs	in	response	to	capsaicin,	evidence	regarding	this	appears	confined	to	capsaicin	

stimulating	 SP	 release	 from	 peripheral	 nerve	 terminals	 in	 the	 viscera.	 (257)	 Capsaicin	 has	 been	

employed	 as	 a	 method	 of	 investigating	 the	 link	 between	 the	 peripheral	 nervous	 system	 and	

inflammation	 since	 the	 1960’s.	 	 Initially,	 it	 was	 used	 to	 investigate	 the	 contribution	 of	 peripheral	

nociceptors	 to	 inflammation	 (224),	 however	 it	 became	 a	 commonly	 implemented	 model	 of	

hyperalgesia	and	allodynia.		Intradermal	and	topical	capsaicin	models	have	both	been	used	in	human	

and	 animal	 studies.	 (57,234,258)	 The	 topical	 capsaicin	model	 was	 chosen,	 as	 it	 was	 felt	 that	 the	

intense	and	 long	 lasting	pain	 caused	by	 intradermal	 injections	 represented	a	 significant	burden	 to	

subjects.		Table	3-3	summarises	the	published	methods	for	topical	capsaicin	injury	models.		

3.3.2.2 Protocol	
Capsaicin	powder	(>95%,	Sigma-Aldrich,	UK)	was	made	into	a	1%	solution	with	70%	ethanol.		0.5ml	

of	this	solution	was	used	to	soak	filter	paper	with	an	area	of	1250mm2.			
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This	 was	 placed	 on	 the	 subjects	 forearm,	 and	 covered	 with	 an	 occlusive	 dressing	 (TegadermTM	

transparent	 film	 dressing,	 3MTM,	 USA).	 	 After	 30	 minutes,	 the	 dressing	 and	 filter	 paper	 were	

removed,	and	somatosensory	testing	and	DMD	immediately	took	place,	as	this	represents	the	time	

necessary	to	reach	peak	somatosensory	changes	associated	with	the	model	(see	studies	in	Table	3-

3).			

Author	 Ref.	 Conc.	
(%)	

Exposure		
(mins)	

Injury	
Area	
(mm2)	

Injury	
location	

Adverse	 events	 /	 Method	
notes	

Carpenter	 (232)	 1	 10	 600	–	
2800	

Forearm		 Prior	skin	abrasion		
85%	ethanol	diluent	
	

Koltzenberg	 (234)	 1	 30	 400	 Forearm	 70%	ethanol	diluent	
Applied	as	a	patch	
	

Kilo	 (237)	 1	 30	 150	 Forearm	
and	
upper	leg	

70%	ethanol	diluent	
Filter	paper	under	occlusive	
dressing	

Petersen	 (231)	
	

2	 5-30	 150	 Forearm	 Ointment	
	
	

Mohammadian	 (225)	 1	 15	 1600	 Forearm	 Cream	under	occlusive	
dressing.	
Repeated	application	

Liu	 (242)	 1	 30	 400	 Forearm	 70%	ethanol	diluent	
Applied	as	a	patch	
	

Bishop	 (210)	 1	 30	 1024	 Forearm	 70%	ethanol	diluent	
Filter	paper	under	an	occlusive	
dressing	

Lotsch	 	 0.2	 30	 900	 Hand	
and	foot	

Cream	
Under	an	occlusive	dressing	
	

Table	3-3	Experimental	conditions	used	in	topical	capsaicin	injury	pain	models	

3.3.3 UVB	model	

3.3.3.1 Background	and	evidence	
Since	the	1950s	UV	radiation	has	been	utilised	to	evaluate	cutaneous	hyperalgesia.		Anecdotally	it	is	

recognised	that	individuals	sunburnt	through	UV	radiation	exposure	also	report	pain.		(56)	In	the	late	

1990s	two	groups	considered	the	contribution	of	different	bandwidths	of	UV	light	to	the	production	

of	hyperalgesia.		Comparing	the	exposure	of	human	skin	to	UVA	(bandwidth	320-400nm)	with	UVB	

(bandwidth	280-320nm)	 it	was	 shown	 that	 only	UVB	produced	 somatosensory	 changes.	 (233,235)	

Over	the	last	20	years,	UVB	irradiation	has	gained	popularity	as	a	model	of	peripheral	inflammatory	

pain,	with	more	centrally	generated	sensory	changes	remaining	a	point	of	contention.	It	is	important	

to	 consider	 the	 individual’s	 skin	 pigmentation	 and	 sensitivity	 to	 UVB	 light,	 when	 using	 this	

experimental	pain	model,	as	some	individuals	can	develop	significant	 injury	to	even	small	doses	of	

UVB	irradiation.			
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Furthermore,	individuals	with	more	darkly	pigmented	skin	require	considerably	more	UVB	exposure	

to	develop	hypersensitivity	that	 involves	 lengthy	exposure	times.	Skin	sensitivity	 is	evaluated	using	

the	Fitzpatrick	skin	phototypes	classification.		It	was	originally	designed	to	evaluate	the	dose	of	UVA	

used	for	skin	irradiation	in	dermatology,	and	involves	a	short	personal	 interview	exploring	sunburn	

and	suntan	experiences.	It	is	outlined	in	Table	3-4.		

Phototype	 Erythema	and	tanning	reactions	
to	first	exposure	in	summer	

Constitutive	 colour	
prior	to	skin	exposure	

1MED	UVB	dose	
(mJ/cm2)	

1	 Burns	easily,	never	tans	
	

White	 20-30	

2	 Burns	 easily,	 tans	 minimally	 with	
difficulty	

White	 25-35	

3	 Burns	moderately,	 tans	moderately	
and	uniformly	

White	 30-50	

4	 Burns	 minimally,	 tans	 moderately	
and	easily	

White	 45-60	

5	 Rarely	burns,	tans	profusely	
	

Brown	 60-100	

6	 Never	burns,	tans	profusely	
	

Black	 100-200	

Table	3-4	Fitzpatrick's	skin	phototypes		
Original	 descriptions	of	 phototypes	used	Roman	numerals	 for	 skin	phototypes	however	 for	 clarity	 in	
future	tables	and	text	Arabic	numerals	are	used	in	this	table	and	throughout	this	thesis.	MED:	minimal	
erythema	dose,	mJ:	milli	Joules	(Adapted	from	Fitzpatrick,	Arch.	Dermatology,	1988)(259)	

	

Calculating	UVA	or	UVB	exposure	doses	for	medical	treatment	of	skin	conditions	and	experimental	

pain	models	 involves	using	multiples	of	the	minimal	erythema	dose	(MED).	 	This	 is	defined	as	“the	

lowest	 dose	 required	 to	 produce	 just	 perceptible	 erythema	 (sunburn)	 twenty	 four	 hours	 following	

exposure”.	 (260)	 	 The	 UVA	 or	 UVB	 dose	 required	 to	 generate	 1MED,	 in	 the	 clinical	 setting	 is	

frequently	determined	by	applying	doses	using	an	individual’s	skin	phototype	(see	Table	3-4).		(259)		

These	recommendations	are	founded	on	work	by	Patack	et	al.	who	determined	UVA	and	UVB	doses	

in	 humans	 required	 to	 generate	 1MED,	 based	 on	 skin	 phototype.	 	 (261)	 This	 is	 a	 generic	 dosing	

strategy	and	whilst	 in	general	 individuals	with	higher	Fitzpatrick	phototypes	have	higher	UVB	dose	

requirements	to	generate	1MED,	there	can	be	an	overlap	between	skin	phototypes.	A	more	precise	

method	can	be	achieved	by	accurate	physical	dosimetry,	where	the	irradiance	or	intensity	of	the	UV	

source	 (in	 W/cm2)	 is	 used	 to	 precisely	 determine	 the	 exact	 radiant	 energy	 density	 required	 to	

generate	1MED,	expressed	in	J/cm2	(W/cm2	x	time	of	exposure	in	seconds).		This	involves	imparting	

numerous	 incremental	 doses	 on	 multiple	 small	 sites,	 which	 is	 technically	 demanding	 and	 time	

consuming.	 	A	hybrid	approach	 is	used	 for	experimental	pain	models	and	 involves	applying	5	or	6	

predetermined	 incremental	 UV	 doses	 (with	 dosing	 schedules	 individualised	 to	 skin	 phototype).		

Exposed	skin	is	reviewed	24	hours	later	to	determine	the	UVB	dose	required	to	generate	1MED.		
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Individually	tailoring	the	MED	dose	is	especially	important	when	using	the	UVB	injury	experimental	

pain	 model,	 as	 this	 model	 uses	 3	 times	 the	 MED	 dose	 (3MED)	 to	 generate	 the	 desired	

somatosensory	changes.		

3.3.3.2 UVB	method	development	

3.3.3.2.1 Initial	UVB	protocol	
The	Neurorestoration	Group	at	the	Wolfson	Centre	for	Age	Related	Disease,	King’s	College,	London	

are	 one	 of	 the	 leading	 investigators	 in	 the	 UVB	 experimental	 pain	model.	 	 The	 initial	 UVB	 injury	

protocol	was	developed	following	a	 laboratory	visit	 to	observe	the	experimental	 technique	and	on	

consulting	their	human	subject	protocols.		TL01	fluorescent	tubes	(narrowband	UVB	311	nm,	Phillips,	

UK,)	were	used.		These	have	a	fixed	irradiance	that	will	degrade	over	time.		Therefore	the	irradiance	

dose	 was	 calibrated	 with	 each	 use	 (IL1400A	 radiometer	 photometer	 with	 SEL240/UVB-1/TD	 UVB	

calibrated	 detector,	 ABLE	 Instruments	 &	 Controls	 Ltd,	 UK)	 and	 the	 radiant	 energy	 density	 was	

adjusted	based	on	altering	the	exposure	time.		The	skin	type	of	the	subject	was	evaluated	using	the	

Fitzpatrick	 skin	 phototypes	 scale	 (Table	 3-4)	 with	 only	 individuals	 who	 had	 a	 skin	 types	 2	 or	 3	

recruited.	 	 This	 was	 because	 individuals	 with	 skin	 types	 4	 or	 above	 required	 high	 doses	 of	 UVB,	

hence	prolonged	exposure	 to	develop	 the	desired	 somatosensory	 changes,	 and	 those	with	 type	1	

were	deemed	sensitive	to	UVB	irradiation,	as	even	low	doses	could	easily	lead	to	blistering.		Subjects	

wore	UVB	protection	goggles	during	the	procedure	and	full	UVB	safety	procedures	were	adhered	to	

throughout	 the	 exposure	 period.	 	 An	 initial	 UVB	 trial	 was	 conducted	 to	 determine	 the	 UVB	 dose	

required	to	produce	1MED.		Six	1cm2	areas	of	skin	on	the	volar	aspect	of	the	dominant	forearm	were	

exposed	 to	 sequentially	 increasing	 doses	 of	 UVB	 using	 a	 2x3	 grid.	 	 All	 other	 areas	 of	 skin	 were	

covered	 with	 an	 arm	 shield	 made	 of	 UVB	 non-penetrant	 material.	 	 The	 UVB	 dosing	 schedule	 is	

outlined	in	Table	3-5.			

	

		 Dose	of	UVB	in	mJ/cm2	
Grid	Square	 Skin	type	2	 Skin	type	3	

1	 330	 470	
2	 470	 660	
3	 660	 940	
4	 940	 1330	
5	 1330	 1880	
6	 1880	 2630	

Table	3-5	Kings	College,	London	UVB	trial	dosing	schedule	for	determining	1	MED	

	

As	 mentioned	 above,	 UVB	 bulbs	 have	 fixed	 irradiation	 therefore	 varying	 the	 UVB	 dose	 involves	

changing	the	time	of	exposure.			
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The	time	calculation	uses	the	calibrated	irradiance	measurement	and	is	shown	below;		

Time	(mins)	=		 														Dose	requirement	in	mJ/cm
2	
				 	 	 					

Irradiation	measurement	by	probe	mV/cm
2	

24	hours	following	the	trial	the	arm	was	reviewed	to	determine	the	lowest	dose	that	had	generated	

1MED.	 	This	was	defined	 in	the	Kings	College	protocol	as	“the	square	that	had	clear	defined	edges	

and	a	constant	erythematous	colour	across	the	whole	of	the	area”	and	was	the	reported	definition	

from	their	published	work.		(210)		The	UVB	injury	was	then	imparted	on	the	volar	aspect	of	the	non-

dominant	 forearm,	 equidistant	 between	 the	 wrist	 and	 elbow.	 	 A	 3MED	 dose	 was	 applied	 to	 a	

1250mm2	area.		Subjects	then	returned	after	24	hours	to	undergo	somatosensory	testing	and	DMD,	

as	this	time	point	best	represents	model	somatosensory	change	peak.		(210)	

3.3.3.2.2 Pilot	experiment	of	UVB	model		
The	 UVB	 model	 was	 piloted	 in	 a	 34-year-old,	 Fitzpatrick	 skin	 phototype	 2,	 female	 subject.	 Six	

separate	100mm2	UVB	 trial	doses	were	applied	 to	 the	dominant	 forearm	 to	evaluate	1MED	 (dose	

range	 330-1880mJ/cm2).	 	 At	 review	 24	 hours	 later,	 1MED	was	 determined	 to	 be	 940	mJ/cm2.	 	 A	

1250mm2	 3MED	 injury	 with	 a	 dose	 of	 2820	 mJ/cm2	 (lamp	 radiance	 1.599m	 with	 exposure	 time	

calculated	as	 29	minutes	 and	24	 seconds)	was	 imparted	on	 the	 volar	 aspect	of	 the	non-dominant	

forearm.		48	hours	following	the	UVB	trial,	hypersensitivity	developed	in	two	of	the	six	trial	exposure	

sites.	 	Within	12	hours	of	 the	3MED	dose,	 oedema	was	present	 at	 the	 injury	 site,	with	 epidermal	

damage	constituting	a	deep	partial	burn.		The	trial	and	injury	site	underwent	somatosensory	testing	

that	demonstrated	DMA	and	PMH,	alongside	 spontaneous	pain	at	 the	 injury	 site	 that	 lasted	 for	7	

days.	 	The	UVB	trial	and	injury	sites	remained	tanned	with	permanent	pigmentation	present	at	the	

highest	exposure	trial	dose	site	and	injury	site	2	years	later.		Causes	for	the	severity	of	burn	incurred	

were	considered.		The	same	equipment	and	manufacturers	of	equipment	were	used	as	those	in	the	

King’s	 College	 protocol.	 	 Alteration	 and	 change	 in	 bulb	 luminance	 between	 the	 calibration	 taking	

place	and	burn	injury	was	excluded	as	a	cause.		This	is	because	bulb	luminance	fades	with	use,	rather	

than	 increases	 in	 intensity.	 	There	were	also	no	deviations	from	the	King’s	College	protocol.	 	 	 	The	

anatomical	location	of	the	injury	site	was	different	to	that	used	in	the	Kings	College	group	protocol	

however	the	group	had	previously	published	the	same	dosing	schedule	to	evaluate	1MED	applied	in	

the	 forearm	without	 significant	 injury.(210)	 	The	 final	potential	 cause	of	 the	significant	 injury	with	

MED	testing	and	UVB	dose	was	the	definition	of	1MED	and	the	UVB	trial	dosing	schedule.		A	review	

of	publications	of	experimental	UVB	pain	model	protocols	(see	Table	3-6)	and	dermatology	studies	

that	 evaluated	 1MED	 (see	 Table	 3-7)	 revealed	 a	 number	 of	 different	 definitions	 for	 MED.	 Most	

studies	in	pain	and	dermatology	appear	to	use	MED	trials	using	a	maximum	dose	below	500mJ/cm2,	

with	the	highest	published	trial	dosing	schedule	using	a	maximum	dose	of	1560	mJ/cm2.			
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This	 contrasts	with	 the	Kings	College	protocol	where	 the	maximum	doses	of	UVB	used	were	1880	

mJ/cm2	and	2630	mJ/cm2	for	skin	phototypes	2	and	3	respectively.		Notably	the	majority	of	published	

experimental	UVB	pain	models	reported	3MED	doses	less	than	500	mJ/cm2.		

Author	and	
ref.	

1MED	
definition:	
minimum	dose	
to	induce;	

Dose	range	
for	1MED	
trial	
(mJ/cm2)	

MED	
multiple	
used	for	
burn	

Burn	dose	
range		
(mJ/cm2)	

Injury	site	
and	area	
(mm2)	

Adverse	
events		

Bickel	(233)	 NR	 20-60		 1	and	3	 NR	 Upper	leg	
177	

	
NR	
	

Hoffmann	
(235)	 Visible	erythema	 10-50	 1	and	3	

	
NR	
	

Upper	leg	
177	

No	
blistering	or	
scarring	

Benrath	(238)	
Uniform	
reddening,	sharp	
demarcation	

NR	 NR	 133-400	 Forearm	
707	

	
NR	
	

Sycha	(239)	
	
NR	
	

Based	on	
skin	
phototype	

3	 NR	 Upper	leg	
1964	

No	
blistering	

Gustorff	
(215,241,248)	

	
NR	
	

NR	 3	 NR	 Upper	leg	
1964	

No	
blistering	

Averbeck	
(243)	 NR	 15-145		 3	 260.5	+/-	56.36	

mean	and	SEM	
Forearm	
NR	

	
NR	
	

Chizh	(222)	
	
NR	
	

Up	to	130		 3	 Up	to	390		 Upper	leg	
314	 NR	

Angst	(220)	 Complete	redness	
at	24	hours	

	
70-150		

	

	
2	
	

200	(140-300)	
median	(range)		

Upper	leg	
450	 NR	

Bishop	(210)	 Erythema	with	a	
clear	border	

476	+/-	20.6	
mean	and	
SEM	

1-3	 1428	mean	 Forearm	
100	

Oedema	
2MED,	no	
blistering	

Carvalho	
(246)	

Full	reddening	at	
24	hours	

	
40-100		
	

3	 300	median	
range	165-380		

Upper	leg	
706.8	 None	

Dawes	(217)	 Uniform	redness	
at	24	hours	

307.5-
313.75	

	
3	
	

923-941	 Forearm	
100	 NR	

Weinkauf	
(214)	

Visible	erythema	
at	24	hours	 31-180	

	
3	
	

270-540	 Lower	limb	 NR	

Gustorff	(212)	
	
NR	
	

NR	 3	 NR	 Forearm	
1964	 NR	

Morch	(216)	 Well	defined	
erythema	

	
55-160		
	

3	 165-480		 Upper	arm	
707	

No	
blistering	

O’Neill	(213)	
	
NR	
	

NR	 3	 NR	 Forearm	
256	 NR	

Table	3-6	Experimental	conditions	used	in	UVB	injury	pain	models		
NR:	not	recorded	MED:	minimal	erythema	dose	
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Author	

Ref	 Dosing	for	MED	trial	(mJ/cm2)	 1MED	 definition:	 minimum	 dose	 to	

induce;	

Behrens-Williams	 (262)	 10-	150	 Just	detectable	erythema	
	

Leslie	 (263)	 200-1560	
	

	

Otman	 (264)	 Skin	phototype	2:	72-550		
Skin	phototype	3:	100-770		

	

Waterson	 (265)	 38-300	
	

Evaluated	using	a	reflectance	instrument	

Shelk	 (266)	 Skin	phototype	2:	200-500		 Sharply	demarcated,	uniform	erythema	at	24	
hours		

Taylor	 (267)	 	 Just	 perceptible	 erythema	 with	 no	 visible	
erythema	on	the	lower	dose	skin	

Table	3-7	Minimal	erythematous	dose	calculations	from	Dermatology	literature	

The	protocols	presented	in	Tables	3-6	and	3-7	were	used	to	redesign	the	UVB	trial	dosing	strategy,	

adopting	a	more	conservative	approach	and	changing	the	definition	of	MED.			

3.3.3.2.3 UVB	injury	updated	protocol	and	further	pilot	
The	updated	protocol	that	includes	the	new	dosing	schedule	for	the	UVB	trial	is	presented	in	Table	

3-8	and	the	new	definition	of	1MED	was	 	“the	 lowest	UVB	dose	which	resulted	 in	a	 just	detectable	

erythema,	with	no	erythema	visible	on	the	previous	lower	dose	injury	site”.			All	other	aspects	of	the	

protocol	outlined	in	section	3.3.2.1	remained	unchanged.	

	 Dose	of	UVB	in	mJ/cm2	
Grid	Square	 Skin	type	II	 Skin	type	III	

1	 100	 140	
2	 140	 200	
3	 200	 280	
4	 280	 390	
5	 390	 550	
6	 550	 770	
Table	3-8	Updated	trial	dosing	schedule	for	determining	1MED	

The	updated	trial	dosing	schedule	was	piloted	 in	 two	male	healthy	subjects	 (49	and	46	years	old),	

both	 Fitzpatrick	 skin	 phototype	3.	 The	 first	 subject	 had	 1MED	of	 390mJ/cm2.	 	 	 Therefore	 a	 3MED	

injury	 dose	 of	 1170	 mJ/cm2	 was	 imparted	 over	 a	 1250mm2	 area	 on	 the	 subjects’	 non-dominant	

forearm.	 	 Skin	changes	were	observed	 for	 the	next	7	days.	 	 Erythema	developed	 in	 the	 injury	 site	

within	24	hours,	but	without	oedema,	blistering	or	 spontaneous	pain.	The	erythema	remained	 for	

this	time	period	and	led	to	noticeable	pigmentation.		This	was	judged	to	represent	an	unacceptable	

level	of	disfigurement,	as	 the	 long	 lasting	skin	changes	associated	with	this	size	of	 injury	were	not	

discrete.	 	 Therefore	 all	 subsequent	 3MED	 injuries	 were	 reduced	 in	 size	 to	 100mm2.	 	 The	 second	

subject	 had	 1MED	 of	 550	mJ/cm2.	 	 Three	 injuries	 of	 100mm2	 were	 subsequently	 imparted	 using	

2MED,	2.5MED	and	3MED	on	the	volar	aspect	of	the	non-dominant	forearm.			
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DMD	was	performed	in	the	three	injury	sites	24	hours	after	they	were	imparted	and	a	control	site,	

with	 dialysate	 collected	 from	 0-60minutes	 following	 DMD	 probe	 insertion.	 	 The	 samples	 were	

evaluated	 for	 their	peripheral	 inflammatory	 response	with	 respect	 to	dialysate	 IL6	concentrations.		

Details	of	this	experiment	and	results	can	be	found	in	section	10.1.2	(see	Table	10.1).		These	results	

demonstrated	 elevated	 concentrations	 of	 IL6	 within	 the	 UVB	 injury	 sites	 for	 all	 MED	 exposures	

compared	with	control	samples.	 	 	The	further	pilot	experiments	confirmed	the	updated	UVB	injury	

protocol	was	adequately	injurious	to	lead	to	somatosensory	and	inflammatory	changes	at	the	injury	

site.			

	

3.4 Somatosensory	testing,	flare	and	subjective	pain	intensity	rating	

3.4.1 Background		

The	 two	 main	 reasons	 for	 evaluating	 somatosensory	 changes	 in	 this	 study	 are	 that	 first,	 it	 is	

necessary	 to	 confirm	 that	 the	 two	burn	 injury	models	 reflect	 the	 sensory	 changes	 reported	 to	 be	

present	 in	 burn	 injury-associated	 pain.	 	 This	 helps	 validate	 their	 application	 in	 investigating	 the	

overriding	 hypothesis.	 Secondly,	 as	 discussed	 (see	 section	 1.4.2.2),	 there	 is	 controversy	 regarding	

the	presence	of	 secondary	 sensory	 changes	associated	with	 the	UVB	 injury	model.	 	 It	 is	 therefore	

useful	as	part	of	the	phenotyping	of	these	injury	models	to	add	to	evidence	in	this	field.			Burn	injury-

associated	 pain	 is	 reported	 to	 involve	 the	 specific	 sensory	 changes	 (see	 section	 1.2.4)	 of	 thermal	

hyperalgesia,	 mechanical	 hyperalgesia	 and	 tactile	 allodynia.	 	 These	 represent	 sensory	 gain	 in	

function,	in	that	the	response	to	the	stimulus	is	greater	than	anticipated,	and	this	presents	as	pain.		

This	 is	 in	 contrast	 to	 other	 painful	 conditions,	 such	 as	 neuropathies,	 where	 sensory	 profiles	 can	

include	 loss	 of	 sensory	 function	 such	 as	 hypoesthesia	 (decreased	 sensitivity	 to	 stimulation)	 and	

hypoalgesia	(diminished	pain	in	response	to	a	normally	painful	stimulus).	(28,268)			

	

It	 is	 important	 to	 use	quantitative	methods	 to	 evaluate	 stimuli	 responses	when	phenotyping	 pain	

conditions,	rather	than	relying	solely	on	self-reported	pain	 intensity	scores.	 	The	German	Research	

Network	 on	 Neuropathic	 Pain	 (DFNS)	 standardised	 somatosensory	 testing	 through	 their	 work	 in	

developing	 the	QST	protocol	 (269,270).	 	QST	 is	 a	 set	of	psychophysical	 tests	designed	 to	evaluate	

specific	somatosensory	modalities.	 It	has	been	used	extensively	 in	 the	research	setting	 for	general	

pain	disorders	(271)	and	in	clinical	practice,	and	has	been	well	adopted	in	Germany.	(268)		It	employs	

calibrated,	 graded,	 innocuous	 or	 noxious	 stimuli,	 delivered	 in	 a	 predetermined	 sequence	 with	

scripted	verbal	 instructions	 from	the	operator	 to	 the	subject.	 	As	with	visual	or	hearing	 tests,	QST	

involves	active	participation	of	subjects,	for	example	by	judging	whether	a	stimulus	is	painful,	and	it	

is	this	response	that	is	recorded	and	used	to	evaluate	sensory	function.		
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A	 variety	 of	 stimuli	 including	 static	 thermal,	 static	 mechanical	 and	 dynamic	 mechanical	 are	 used	

enabling	specific	sensory	modalities	to	be	tested	that	correspond	to	specific	peripheral	nerve	fibres,	

receptors	and	pain	pathways	and	these	demonstrate	good	inter-observer	and	test-retest	reliability.	

(272)			

3.4.2 Protocol	development	
The	full	QST	protocol	was	not	implemented	for	this	study,	as	complete	testing	takes	over	one	hour	in	

duration	and	this	would	have	delayed	DMD	sampling.	 	Furthermore,	a	number	of	QST	parameters	

are	not	 reported	by	burn-injured	patients	 and	 therefore	do	not	 address	 the	 study	hypothesis	 and	

aims.	 Only	 specific	 sensory	 gain	 parameters	 involved	 in	 burn	 injury-associated	 pain,	 namely	

hyperalgesia	and	allodynia,	were	tested.	 	A	review	of	published	studies	of	pain	models	that	tested	

hyperalgesia	and	allodynia	was	undertaken	 to	develop	 the	 test	protocol	 (see	 section	10.1.3,	Table	

10-2).	 	 Based	 on	 this	 review,	most	 publications	 evaluated	 secondary	mechanical	 hyperalgesia	 and	

allodynia	 by	 measuring	 areas	 of	 sensory	 change	 to	 a	 stimulus	 surrounding	 the	 injury	 site.	 	 For	

mechanical	hyperalgesia,	the	stimuli	were	commonly	von	Frey	filaments,	however	the	force	applied	

was	not	consistent	between	studies.	 	DMA	was	mostly	evaluated	using	either	a	 fingertip	or	brush.			

Secondary	thermal	testing	was	inconsistent	and	rarely	performed.	 	 It	was	determined	that	thermal	

hyperalgesia	should	not	be	evaluated	as	there	is	evidence	that	applying	heat	to	the	capsaicin	injury	

model	changes	the	time	course	and	pain	intensity	of	the	model.	(273)	Furthermore,	heat	application	

to	the	UVB	injury	model	is	proposed	to	lead	to	central	changes	that	may	influence	the	presence	or	

absence	 of	 secondary	 hyperalgesia.	 (213)	 	 EF	was	measured	 using	 a	 variety	 of	methods,	 often	 by	

visually	determining	the	area	of	redness	around	the	primary	injury	site.		Therefore	secondary	PMH,	

secondary	DMA,	and	EF	were	evaluated	as	areas	surrounding	the	injury	site.	 	To	remain	consistent	

and	 to	 ensure	 timely	 somatosensory	 evaluation,	 primary	 changes	 were	 determined	 as	 areas	 in	 a	

similar	 fashion.	 QST	 guided	 the	 choice	 of	 equipment	 (namely	 von	 Frey	 filaments	 for	 PMH,	 and	 a	

standardised	paintbrush	for	DMA),	the	stimuli	testing	order	and	the	investigator	standardised	script.	

(270)	In	addition	as	two	of	the	models	are	reported	to	produce	EF,	this	was	also	evaluated,	alongside	

subjective	 self-report	 pain	 intensities	 at	 specific	 times	 during	 the	 experimental	 period.	 	 	 The	 full	

protocol	is	outlined	in	section	5.2.	

	

3.5 Dermal	Microdialysis	

Numerous	biological	events	occur	peripherally	in	tissues,	and	whilst	these	may	be	reflected	in	serum	

or	urine	samples,	they	are	best	evaluated	using	methods	that	assess	tissue	chemistry	directly.	This	is	

especially	important	with	respect	to	biological	agents	in	burn	injury	wounds.	(108)		
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Serum	 samples	 can	 be	 useful	 to	 evaluate	 time	 course	 but	 underestimate	 local	 inflammatory	

reactions	and	overestimate	mediators	generated	during	a	systemic	response.	(274)	Samuelsson	et	al.	

demonstrated	 that,	 in	 severe	 burn-injured	patients,	 fat	 and	 glucose	metabolism	differed	between	

the	 local	 wound	 microdialysate	 and	 serum	 samples.	 (275)	 A	 further	 paper	 by	 the	 same	 author	

replicated	 these	 findings	 for	 5HT	 concentrations	 in	 burn	 wound	 microdialysate	 compared	 with	

serum	 and	 urine	 concentrations.	 (141)	 A	 static	 reflection	 of	 local	 burn	 wound	 processes	 can	 be	

achieved	 using	 one	 off	 tissue	 biopsies	 and	 are	 useful	 when	 considering	 nerve	 characteristic	 or	

density,	 however	 repeated	 biopsies	 represent	 an	 unnecessary	 burden	 to	 study	 participants.		

However	burn	wounds	demonstrate	temporal	changes	and	the	ability	to	consider	tissue	chemistry	in	

a	temporal	fashion	is	desirable.	Microdialysis	(MD)	represents	an	inexpensive	and	minimally	invasive	

method	 to	 sample	 tissue	 chemistry	 over	 time.	 (276)	 	 It	was	 first	 used	 as	 a	 sampling	 technique	 to	

monitor	cerebral	amino	acids	in	animals	in	the	1960s,	(a	MD	sac	in	a	canine	brain(277))	and	was	first	

reported	in	humans	in	a	study	that	explored	intracellular	water	in	human	adipose	tissue.	(278)	It	has	

since	 become	 a	 well-established	 method	 for	 continuously	 sampling	 the	 extracellular	 fluid	

compartment	of	various	 tissues	 including	 the	dermis.	 	 It	 is	used	 in	 research	and	as	part	of	 routine	

clinical	 practice,	 for	 example	 cerebral	 MD	 in	 neurocritical	 care	 and	 in	 the	 pharmaceutical	 sector	

evaluating	tissue	concentrations	of	drugs.		(279)	

	

3.5.1 Background	and	evidence		

MD	is	based	on	the	principle	of	molecular	movement	into	and	out	of	small	blood	vessels,	with	the	

MD	 probe	 (a	 tubular	 semi-permeable	 dialysis	 catheter)	 “acting”	 like	 a	 blood	 vessel.	 	 Pores	 in	 the	

probe	membrane	 allow	 transfer	 of	 small	molecules	 and	water	 into	 and	 out	 of	 the	 probe	 along	 a	

concentration	gradient.		The	probe	is	perfused	with	a	physiological	solution	(the	perfusate)	at	a	slow	

rate,	with	the	flow	of	perfusate	maintaining	the	concentration	gradient	across	the	membrane.		This	

ensures	continued	movement	of	molecules	across	the	membrane	as	a	true	equilibrium	between	the	

outside	 and	 inside	 is	 never	 reached.	 (280)	 	 DMD	probes	 are	 placed	within	 the	 dermis	 and	 allows	

sampling	of	the	interstitial	fluid;	the	fluid	to	which	cells	are	directly	exposed	(see	Figure	3-2).		

	

DMD	probes	are	commonly	manufactured	from	plasmapheresis	membranes	and	are	introduced	into	

the	 dermis	 either	 through	 a	 cannula	 that	 is	 subsequently	 removed	 prior	 to	 perfusion,	 or	 with	 a	

needle,	attached	at	the	probes	distal	end.		Discomfort	associated	with	probe	insertion	is	reported	to	

mimic	that	of	peripheral	venous	cannulation	and	 lasts	 for	 less	than	10	minutes	duration,	 following	

which	no	discomfort	occurs.		
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Probes	are	categorised	based	on	their	shape;	including	linear,	U	shaped	and	concentric	and	on	their	

molecular	weight	cut	off	(MWCO),	measured	in	kDa.		The	MWCO	is	the	maximum	molecular	weight	

of	a	substance	that	will	pass	through	the	membrane	pores.		Traditionally	20kDa	MWCO	probes	are	

used	 only	 for	 very	 low	molecular	weight	molecules,	 100kDa	MWCO	 probes	 are	 used	 for	 only	 for	

molecules	less	than	40kDa	and	3000kDa	MWCO	probes	can	sample	of	molecules	over	40kDa.			

	
Figure	3-2	Illustration	of	dermal	microdialysis			
The	 dermal	 microdialysis	 probe	 sits	 in	 the	 dermis,	 which	 contains	 numerous	 components	 including	
interstitial	fluid,	cells,	blood	vessels	and	nerves.		Perfusate	flows	through	the	probe	and	molecules	will	
move	 from	 an	 area	 of	 high	 concentration	 to	 low	 concentration	 across	 the	 semipermeable	 probe	
membrane.	This	commonly	involves	movement	into	the	probe,	but	can	occur	in	either	direction.		The	
perfusate	exiting	the	probe	it	is	referred	to	as	microdialysate	and	is	a	representation	of	the	molecular	
composition	of	the	interstitial	fluid.	

DMD	 experiments	 commonly	 use	 linear	 probes	 that	 have	 a	 unidirectional	 flow,	 and	 require	 an	

accurate	programmable	perfusion	pump	and	appropriate	sampling	devices.	 (252)	Whilst	described	

as	 minimally	 invasive,	 tissue	 trauma	 occurs	 with	 probe	 insertion.	 	 Local	 skin	 perfusion	 however	

returns	to	normal	levels	60	minutes	following	probe	insertion	(281)	and	cytokine	levels	at	this	time	

point	are	either	low	or	undetectable.		(282)		It	is	recommended	that	a	30-minute	washout	period	be	

used	 to	 allow	 for	 resolution	 of	 locally	 induced	 inflammation	 from	 the	 probe	 insertion	 prior	 to	

sampling.	(283,284)	Furthermore	as	the	probe	is	primed	with	perfusate	before	insertion,	the	initial	

microdialysate	collected	represents	probe	dead	space	filled	only	by	perfusate,	hence	the	30	minute	

washout	 period	 also	 prevents	 this	 from	diluting	 the	 initial	 first	 samples	molecular	 concentrations.		

Probes	remain	in	situ	for	several	hours	but	can	be	left	for	up	to	several	weeks.	(285).		

3.5.1.1 Factors	influencing	molecular	movement	during	microdialysis		
Molecular	movement	into	and	out	of	the	probe	is	based	on	the	Fick	diffusion	principle.		This	refers	to	

the	uptake	of	molecules	within	a	blood	vessel.			

	

In:	Perfusate		 Out:	Microdialysate	

Epidermis		

Dermis		

	Blood	
vessels	

C	fibres		 Aδ	fibre		

Dermal	
microdialysis	
membrane	

molecules	



71	
	

It	is	defined	as;	

net	tissue	uptake	or	release	=	blood	flow	x	arteriovenous	concentration	difference	

	

In	reference	to	DMD	this	could	be	seen	to	reflect;	

net	perfusate	uptake	or			=	perfusate	flow	rate		x	concentration	difference	of	the	molecule	

															release	of	a	molecule		 	 	 	 									across	the	probe	membrane	

	

Regarding	the	MD	application	of	the	Fick	principle,	the	venous	concentration	equates	to	interstitial	

fluid	concentration	and	the	arterial	concentration	is	the	concentration	of	the	perfusate	in	the	probe.	

(284)		This	does	not	fully	explain	the	process,	as	classically	the	Fick	principle	refers	to	a	steady	state	

system,	 where	 the	 concentrations	 in	 all	 compartments	 (in	 MD	 the	 compartments	 represent	 the	

environments	inside	and	outside	of	the	probe)	and	the	perfusate	flow	remain	constant.		DMD	does	

not	 represent	 a	 steady	 state	 system	 and	 although	 the	 principle	 is	 helpful	 to	 appreciate	 the	

underlying	mechanism,	additional	factors	should	be	considered	when	sampling	peripheral	molecules	

in	the	dermis.	(286,287)		These	include;	

• the	physicochemical	properties	of	the	solute	molecule	,	comprising	size,	charge,	shape	and	

weight	

• the	 MD	 probe	 membrane	 properties	 such	 as	 its	 composition	 and	 structure,	 length	 of	

insertion	 within	 the	 dermis	 representing	 membrane	 area,	 MWCO	 and	 the	 presence	 of	

biofouling	that	can	decrease	its	effectiveness	

• the	 perfusate	 oncotic	 pressure	 and	 its	 flow	 rate;	 with	 higher	 rates	 associated	with	 lower	

uptake	

• the	system	temperature;	with	higher	temperatures	associated	with	increased	uptake	

• dermal	tissue	properties	that	 include	tissue	metabolism	of	the	molecule	in	question,	tissue	

diffusion	of	 the	molecule	 outside	 the	 sampling	 area	 away	 from	 the	probe	 and	blood	 flow	

within	dermis;	as	this	acts	as	a	separate	“removal”	system	

	

Together	these	represent	the	integral	properties	of	the	system	and	reflect	the	ability	of	the	probe	to	

recover	molecules	from	the	surrounding	tissues.		Complete	recovery	is	not	possible	with	DMD	unless	

the	flow	rate	approaches	0μL/min,	as	complete	recovery	can	only	occur	when	equilibrium	has	been	

established	 between	 the	 inside	 and	 outside	 of	 the	 probe.	 	 Therefore	 dermal	 microdialysate	

concentrations	 are	 a	 reflection	 of	 those	 found	 in	 the	 dermis,	 and	 not	 an	 exact	 replication.	 	 	 The	

proportion	of	 a	molecules	 collected	 in	microdialysate,	 relative	 to	 that	 in	 the	 tissue,	 represent	 the	

relative	 recovery;	 the	 percentage	 concentration	 of	 a	 molecule	 in	 the	 interstitial	 fluid	 (in	 vivo)	 or	

external	solution	(in	vitro)	that	is	collected	in	the	microdialysate.	(288)			
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Studies	that	aim	to	find	exact	concentrations	of	molecules	within	the	dermis	using	DMD	use	relative	

recovery	 rates	 to	 correct	 the	 reported	 concentrations.	 	 However	 separate	 relative	 recovery	 rates	

need	to	be	calculated	for	each	molecule	of	interest	as	they	are	molecule	specific.	The	hypothesis	of	

this	study	is	focused	on	exploring	the	presence	and	relative	abundance	of	compounds	to	each	other	

in	 the	microdialysate,	 and	 therefore	 does	 not	 require	 exact	 tissue	 concentrations,	 hence	 relative	

recovery	rates	for	each	inflammatory	protein	and	metabolite	discovered	are	not	necessary.		

3.5.1.2 Applications	of	microdialysis		

MD	 has	 been	 shown	 to	 recover	 small	 hydrophilic	 molecules	 like	 histamine(289)	 and	 products	 of	

metabolism	 (290)	 with	 good	 effect.	 	 When	 coupled	 to	 appropriately	 sensitive	 proteomic	 and	

metabolomic	 analytical	 techniques	 it	 has	 proved	 effective	 in	 sampling	 cytokines	 and	 studying	

biomarkers	 and	 potential	 mechanisms	 for	 underlying	 skin	 physiology	 and	 inflammation.	 	 For	

example	agents	 found	via	DMD	 in	 inflamed	human	 skin	 include	CGRP,	PG,	 leukotrienes,	 cytokines	

and	 growth	 factors.	 (220,226,243,291–293)	 However,	 concentrations	 of	 these	 agents	 in	

microdialysate	 are	 lower	 than	 serum	 (often	 in	 pico	 and	 femtomolar	 concentrations)	 as	 protein	

content	in	general	is	lower	in	interstitial	fluid	than	in	serum	and	the	extraction	efficiency	of	the	DMD	

membrane	 means	 that	 only	 a	 proportion	 of	 those	 proteins	 present	 will	 be	 taken	 up	 into	 the	

dialysates.		Consequently	sensitive	microdialysate	analysis	methods	are	required	and	this	step	does	

represent	a	bottleneck	regarding	the	techniques	application.		(286)	

3.5.1.3 Evidence	informing	the	dermal	microdialysis	protocol	

Before	 commencing	 DMD,	 the	 MWCO	 for	 the	 probe,	 type	 and	 flow	 rate	 of	 the	 perfusate	 were	

determined.	 	 Table	 3.9	 outlines	 these	 variables	 in	 published	 human	 DMD	 studies	 that	 sampled	

cytokines,	used	experimental	pain	models	or	were	conducted	in	burn-injured	patients.		These	were	

used	 to	 inform	 the	 DMD	 protocol,	 with	 the	 Angst	 et	 al.	 paper	 that	 describes	 DMD	 sampling	 for	

nociceptive	 and	 inflammatory	mediators	 used	 as	 the	main	 template.	 (294)	 To	 enable	 sampling	 of	

inflammatory	proteins,	a	MWCO	of	3000kDa	was	chosen	manufactured	by	DermalDialysis,	Germany.	

These	probes	have	been	used	to	sample	dermal	cytokines	in	previously	published	studies.(220,246)		

Ringers	 solution	 (ion	 composition	 in	 mmol/L	 Na	 147,	 K	 4,	 Ca	 2.25,	 Cl	 155.5)	 was	 used	 as	 the	

perfusate	due	 to	possessing	a	 close	physiological	 salt	 composition	 relative	 to	 interstitial	 fluid.	 	No	

additional	oncotic	agents	were	added	to	improve	recovery	and	a	flow	rate	of	4μL/min	was	chosen	to	

balance	good	relative	recovery,	with	the	sampling	time	burden	on	subjects	and	need	for	adequate	

volumes.			
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Author	 Ref	 Molecules	samples	 Probe	
MWCO	
(kDa)	

Perfusate	
solution	

Flow	
rate	
(μL/min)	

Petersen	 (223,231,295)	 Histamine,	SP	 20	 Krebs	Ringer	
bicarbonate	

3	

Sjogren	 (296)	 Cytokines	 100	 Ringer	Detran	
60	

1	

Blunk	 (297,298)	 Proteins,	tryptase,	histamine	 3000	 Ringers	
	

4	

Grundmann	 (291)	 PG’s,	leucotrienes,	
monohydroxyeicosatetranenoic	acids	

20	 Isotonic	saline		 2	

Samuelsson	 (141,275)	 Glucose,	urea,	pyruvate,	lactate,	
glycerol,	5HT	

20	 Ringers	 0.5	

Averbeck	 (243)	 Cytokines	 100	 Ringers	
	

0.3	

Geber	 (226)	 CGRP	 3000	 Saline	
	

3	

Angst	 (220,294)	 Cytokines	 3000	 Ringers	
	

4	

Paterson	 (292)	 Growth	factors	 3000	 Saline	
	

3	

Sjogren	 (299)	 Cytokines	 100	 Ringers	
Dextran	60	

0.3	

Eberle	 (300)	 Cytokines	 3000	 Saline	
	

3	

Carvalho	 (246)	 Cytokines,	chemokines,	growth	
factors	

3000	 Ringers	+	
albumin	

2.5	

Gill	 (301)	 Proteins		 3000	 Ringers	saline	
	

3	

Table	3-9	Dermal	microdialysis	protocols	used	for	inflammatory	protein,	pain	or	burn	studies	

3.5.2 Protocol	
Following	the	chosen	injury	model	being	imparted	on	the	volar	aspect	of	the	non-dominant	forearm	

and	somatosensory	testing,	skin	was	sterilised	with	70%	isopropyl	alcohol	cloths	(clinell®,	UK)	in	the	

burn	area	and	a	control	area	 (see	section	3.1).	The	control	 site	was	 located	proximal	 to	 the	 injury	

site,	closer	to	the	antecubical	fossa,	as	outlined	in	Figure	3-3.		Two	linear	MD	probes	with	a	diameter	

of	0.4mm	and	3000kDa	MWCO	(DermalDialysis,	Erlangen,	Germany),	were	 inserted	 into	 the	 injury	

and	control	 sites	 (one	 in	each).	 	Probes	contained	a	0.1mm	stainless	 steel	wire	 for	 stability,	had	a	

Tygon®	tube	pre-fitted	to	one	end	and	a	27G	needle	for	insertion	fitted	to	other	and	were	sterilised	

by	 the	manufacturer.	 	 Each	 probe	was	 flushed	 using	 0.5ml	 Ringers	 solution	 (Baxter,	 UK)	 to	 allow	

probe	 integrity	 to	 be	 confirmed	by	 visualising	 drops	 along	probe	 length	 and	 for	 lubrication	 to	 aid	

insertion.	The	skin	was	held	taut	and	using	a	needle	holder,	the	needle	(and	probe)	were	inserted	in	

a	transverse	orientation	to	the	axis	of	the	arm,	over	a	 length	of	10mm.		Probes	were	inserted	into	

the	dermis,	just	above	the	interface	between	the	dermis	and	subcutaneous	fat.		This	was	verified	by	

observing	blanching	of	the	skin	over	the	needle	pathway	during	insertion	and	an	absence	of	bleeding	

at	probe	insertion	and	exit	sites.	
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Previous	studies	have	demonstrated	the	probe	depth	when	using	this	method	is	approximately	0.8-

1.2mm	 underneath	 the	 skin,	 although	 the	 link	 between	 probe	 depth	 and	 permeation	 profile	 is	

debated.		(252,302–304)		The	probe	was	inserted	so	the	Tygon®	tubing	became	flush	to	the	skin	at	

the	 insertion	 site	 and	 was	 secured	 using	 micropore	 tape	 (3M,	 USA).	 	 The	 insertion	 needle	 was	

removed	and	the	probe	end	without	tubing	was	threaded	into	a	borosilicate	glass	capillary	(1.5mm	x	

0.6mm	internal	diameter	Harvard	Apparatus,	UK).		This	was	brought	flush	with	the	probe	exit	point	

from	skin.	 	 The	arm	was	 rested	on	a	padded	area	 for	 comfort	and	 the	angle	of	 the	glass	 capillary	

tube	was	10-15°	from	the	horizontal,	with	the	distal	end	placed	inside	a	labelled	polypropylene	cup	

(Fischer	Scientific,	UK).		The	Tygon®	tubing	was	threaded	over	a	25G	needle	(BD,	USA)	attached	to	a	

5	ml	 syringe	 (Terumo®,	USA)	 that	 sat	preloaded	with	perfusate	 in	 a	programmable	 syringe	pump	

(PHD	22/2000,	Harvard	Apparatus,	UK).	Dead	space	was	 flushed	with	Ringers	 solution	at	a	 rate	of	

100μL/min	until	flow	was	visualised	to	have	filled	the	capillary	tube	and	to	be	exiting	distally	into	the	

polypropylene	 cup.	 	 MD	 then	 commenced	 with	 a	 flow	 rate	 of	 4μL/min.	 	 Separate	 samples	 were	

collected	from	both	the	injury	and	control	sites	0-30minutes,	30-60minutes,	60-120minutes	and	120-

180minutes	following	probe	insertion.		All	samples	were	collected	on	ice	and	immediately	frozen	at		

-80°C	until	further	processing.		

	

Samples	were	labelled	to	reflect	the	individual	subject	identifier	(the	subject	enrolment	number	and	

pain	 injury	model	 group	allocation),	 the	probe	 site	 and	 the	 collection	 time	 for	 the	microdialysate.		

The	 individual	 subject	 identifiers	 were	 a	 number	 from	 1	 to	 15	 per	 injury	 group	 and	 a	 letter	 to	

indicate	the	injury	model	group	allocation	(T	for	thermal	 injury,	C	for	capsaicin	 injury	or	U	for	UVB	

injury).		A	further	letter	was	added	to	indicate	the	probe	insertion	site	using	either	C	for	control	site	

or	 B	 for	 injury	 site.	 	 The	 collection	 time	 for	microdialysate	 was	 added	 at	 the	 end	 as	 30	 for	 0-30	

minute	samples,	60	for	30-60	minute	samples,	120	for	60-120	minute	samples	and	180	for	120-180	

minute	samples.	An	example	of	sampling	labelling;	a	sample	taken	from	the	13th	subject	allocated	to	

the	thermal	 injury	group,	 from	the	control	probe	site	between	30	and	60	minutes	following	probe	

insertion	was	coded	13TC60.		This	coding	will	be	used	in	further	chapters,	but	will	be	accompanied	

by	a	narrative	description	of	the	subject	and	experimental	condition	it	applies	to	for	clarity.			

	

Figure	3-3	shows	the	DMD	set	up.				As	discussed	above	(see	section	3.5.1)	the	0-30mins	samples	

were	not	used	for	further	analysis	as	they	represented	the	period	of	inflammatory	response	to	

probe	insertion	and	also	allow	for	equilibration	between	the	probe	and	interstitium,	and	removal	of	

dead	space	perfusate	from	the	system.			
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Figure	3-3	Labelled	photograph	of	dermal	microdialysis	
On	the	left	of	the	photograph	there	are	two	25G	needles,	each	attached	to	a	separate	DMD	probe	via	
Tygon®	tubing.		Each	probe	was	inserted	in	the	dermis	for	a	length	of	10mm,	with	one	in	the	injury	site	
and	one	in	the	control	site.	The	control	site	is	proximal	to	the	injury	and	outside	the	secondary	sensory	
areas.	 	The	primary	 injury	site	and	secondary	sensory	changes	are	demarcated	 in	blue	marker	on	the	
arm.		The	central	oblong	is	the	primary	injury	site	with	the	other	marks	indicating	areas	of	secondary	
static	punctate	mechanical	hyperalgesia	and	dynamic	mechanical	allodynia.		
DMD:	dermal	microdialysis	

3.5.3 Anatomical	location	of	the	control	dermal	microdialysis	probe	
The	control	microdialysis	probe	was	sited	on	the	same	arm	as	the	injury,	proximal	to	the	injury	site	

(see	Figure	3-3).		A	potential	disadvantage	of	placing	the	control	DMD	probe	in	the	same	arm	as	the	

injury	 is	 that	 inflammatory	proteins	and	metabolites	 released	at	 the	 injury	 site	may	 spread	 locally	

into	the	control	DMD	probe	sampling	site.		This	would	mean	the	control	dermal	microdialysate	could	

partially	 reflect	 the	 injury	 response.	 	 This	 however	 has	 not	 been	 identified	 as	 an	 issue	 by	 other	

investigators.		For	example,	Angst	et	al.	placed	DMD	control	and	injury	site	probes	in	the	same	limb.	

(220)		Furthermore,	had	the	control	DMD	probe	been	placed	in	the	contralateral	arm	to	the	injury,	

each	subject	would	have	been	required	to	sit	for	3	hours	with	both	arms	immobile.		This	was	felt	to	

represent	 a	 significant	 burden	 to	 the	 subjects.	 	 It	was	 therefore	 decided	 to	 site	 the	 control	 DMD	

probe	in	the	same	arm	as	the	injury.		However,	to	minimise	the	risk	of	sampling	substances	released	

from	 the	 injury,	 the	 control	 DMD	probe	was	 placed	 outside	 the	 area	 of	 erythematous	 flare.	 	 The	

control	 DMD	 probe	 was	 placed	 proximal	 rather	 than	 distal	 to	 the	 injury	 site,	 as	 a	 distal	 location	

outside	 the	 area	 of	 erythematous	 flare	 would	 have	 likely	 involved	 insertion	 at	 the	 wrist.	 	 Blood	

vessels	 sit	 closer	 to	 the	 dermis	 in	 the	 wrist,	 therefore	 using	 this	 location	 risked	 vessel	 puncture,	

bleeding	 at	 the	 probe	 site	 and	 potentially	 bruising.	 	 Pain	 sensitivity	 is	 increased	 in	 the	 wrist	

compared	with	 the	more	 proximal	 forearm	 and	 placing	 a	 DMD	 probe	 in	 this	 anatomical	 location	

could	have	caused	discomfort	that	would	have	placed	additional	burden	upon	subjects.		Hence	distal	

placement	to	the	injury	site	was	avoided.		

	

Glass	capillary	
Polypropylene	
cup	on	ice	

Tygon	tubing	25G	needle	

Injury	site	

Skin	entry	and	exit	sites	for	the	
DMD	probe	at	the	control	site	to	the	antecubital	fossa	

to	the	hand	
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3.6 Inflammatory	protein	analysis	

Humans	 produce	 a	 wide	 range	 of	 inflammatory	 proteins.	 	 This	 study	 focuses	 on	 peripherally	

expressed	 cytokines,	 chemokines	 and	 growth	 factors,	 small	 proteins	 secreted	by	 cells.	 	 They	have	

numerous	and	wide-ranging	functions	including	cell	communication,	differentiation,	production	and	

gene	transcription.		Although	appearing	to	represent	distinct	categories	of	proteins,	there	is	overlap	

between	 the	 terms	 growth	 factor	 and	 cytokine	 within	 the	 literature.	 	 Historically	 the	 two	 were	

separated	based	on	their	actions	on	cells,	with	cytokines	seen	as	extracellular	signalling	proteins	that	

interact	with	haemopoetic	or	 immune	cells	and	growth	 factors	described	as	proteins	or	hormones	

that	act	on	other	cells.	 	However	it	is	now	appreciated	that	both	groups	of	compounds	have	broad	

ranging	origins,	actions	and	effector	sites,	with	some	degree	of	overlap.	(305)	Even	the	most	recent	

databases	for	cytokines	and	chemokines	include	proteins	traditionally	considered	as	growth	factors.		

(306)	Furthermore,	inflammatory	profiles	modulate	the	actions	and	synthesis	of	other	inflammatory	

profiles	 in	complex	 interaction	networks,	and	as	such	grouping	these	proteins	strictly	as	cytokines,	

chemokines	 or	 growth	 factors	 fails	 to	 illustrate	 their	 often	 interdependent	 relationships.	 	 For	 the	

purpose	of	 this	 thesis,	 the	41	 inflammatory	proteins	analysed	 in	 the	dermal	microdialysate	will	be	

referred	to	by	their	individual	recognised	names,	such	as	IL6,	CCL2	or	EGF.		

	

Whilst	metabolomic	analysis	is	an	appropriate	technique	to	explore	the	small	molecular	composition	

of	the	dermal	microdialysate	(see	section	1.3.3),	it	may	not	be	appropriate	to	explore	inflammatory	

proteins.	 	 Gill	 et	 al.	 reported	 around	 100	 proteins	 in	 DMD	 samples	 analysed	 using	MS,	 however	

failed	 to	 find	 inflammatory	 proteins	 such	 as	 cytokines	 and	 wound	 healing	 peptides.	 (301)	 They	

concluded	 that	 this	 was	 due	 to	 the	 discovered	 proteins	 in	 the	 microdialysate	 being	 in	

nanogram/millilitre	 concentrations,	 whereas	 proteins	 such	 as	 cytokines	 are	 reported	 by	 other	

analysis	 techniques	 to	 be	 present	 in	 microdialysate	 at	 pico	 and	 femtomolar	 concentrations.		

(282,307)	 Therefore	 analysis	 strategies	 such	 as	 enzyme	 linked	 immunosorbent	 assays	 (ELISA)	 or	

those	based	on	messenger	RNA	detection	are	more	appropriate	as	both	are	sensitive	and	specific	to	

these	 conditions.	 	 (286)	 	 However	 adaptations	 are	 required	 to	 suit	 the	 specifics	 of	 analysing	

microdialysate.	For	example	an	ELISA	that	considers	one	cytokine	can	require	up	to	100µL	of	fluid.		

DMD	 has	 typical	 flow	 rates	 ranging	 from	 0.5-5µL/min	 and	 therefore	 unless	 prolonged	 collection	

periods	are	undertaken,	collected	volumes	are	small.	This	then	precludes	the	analysis	of	more	than	a	

handful	of	proteins.	 	Here	 the	case	can	be	made	 for	 the	application	of	bead-based	 immunoassays	

that	 use	 the	 same	 principles	 as	 an	 ELISA,	 but	 allow	 simultaneous	 assaying	 of	 numerous	 proteins	

found	at	 low	concentrations	 in	 small	 volume	samples.	The	beads	are	polystyrene	microspheres	or	

microbeads	(<10µm)	that	are	internally	dyed	with	two	different	fluorophores.			
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A	fluorophore	is	part	of	a	molecule	that	absorbs	light	energy	of	a	specific	wavelength	and	then	re-

emits	 that	energy	at	a	different	but	equally	specific	wavelength.(308)	 	 In	 the	microsphere	the	two	

different	fluorophore	dyes	are	red	and	 infrared	and	when	activated	will	emit	 light	at	two	different	

wavelengths.	 	 By	 varying	 the	 ratio	 of	 each	 fluorophore	 on	 the	microbead,	 an	 array	 of	 up	 to	 100	

different	fluorescent	profiles	can	be	created.		(309)		Beads	that	have	the	same	fluorescent	profile	are	

coated	with	the	capture	antibodies	for	one	specific	 inflammatory	protein	on	their	external	surface,	

and	serve	as	a	capture	bead	for	that	protein.		The	different	sets	of	microbeads	that	bind	to	different	

proteins	are	then	pooled	together	to	form	the	complete	assay	array.		These	beads	then	act	like	a	two	

site	“sandwich”	immunoassay.		The	beads	are	placed	into	the	microdialysate,	and	the	inflammatory	

proteins	bind	to	their	own	specific	antibody	that	is	coating	one	set	of	beads.		A	detection	antibody	is	

then	 introduced.	 	This	detection	antibody	is	coupled	to	a	third	fluorophore	that	will	emit	a	further	

specific	 wavelength	 of	 light,	 the	 intensity	 of	 which	 reflects	 the	 quantitative	 concentration	 of	 the	

inflammatory	 protein	 within	 the	 sample.	 (286)	 This	 is	 extrapolated	 from	 fluorescence	 intensity:	

concentration	 standard	 reporting	 curves,	 as	 is	 commonplace	with	 all	 ELISA	 based	methods.	 (310)		

The	beads	are	then	read	in	a	flow	cytometer	that	uses	two	lasers	to	generate	the	results.		One	laser	

excites	 the	 dye	 within	 the	 bead,	 allowing	 it	 to	 be	 identified	 using	 the	 red/infrared	 ratio	 of	 light	

emitted,	 and	 hence	 the	 inflammatory	 protein	 it	 is	 associated	with.	 	 The	 second	 laser	 excites	 the	

detection	 antibody	 bound	 fluorophore	 that	 then	 indicates	 the	 concentration	 of	 the	 inflammatory	

protein	within	the	sample.		(311)	

	

ELISA	techniques	are	seen	as	the	gold	standard	of	inflammatory	protein	analysis.		There	appears	to	

be	good	correlation	between	 results	obtained	 from	multi-bead	assay	arrays	and	ELISA	 techniques.		

This	takes	into	account	variability	in	reporting	quality,	the	high	proportion	of	published	studies	being	

manufacturer	 sponsored	 and	 discrepancies	 between	 whether	 direct	 comparisons	 using	 identical	

antibodies	 were	 made.	 (312).	 Therefore	 application	 of	 this	 technique	 to	 explore	 inflammatory	

proteins	in	this	study	is	a	good	compromise	between	hypothesis	and	sample	limitations.	

	

3.7 	Metabolomics	methods	

Metabolomics	is	the	analytical	description	of	a	complex	biological	sample	with	respect	to	the	small	

molecules	present.	 	 (180)	 	Metabolic	profiling	 involves	 the	measurement	of	 low	molecular	weight	

metabolites,	 commonly	 less	 than	 1	 kDa,	 in	 biofluids	 and	 tissues.	 	 (313)	 It	 can	 be	 used	 to	 explore	

changes	 arising	 from	 alterations	 in	 physiology	 secondary	 to	 a	 disease	 process	 or	 experimental	

conditions.			
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Metabolomics	 utilises	 sensitive	 analytical	 platforms	 such	 as	 nuclear	 magnetic	 resonance	 (NMR)	

spectroscopy	or	mass	spectrometry	(MS),	the	latter	often	coupled	with	chromatography,	to	provide	

information	 on	 a	 wide	 range	 of	 metabolites	 in	 a	 single	 sample.	 (180)	 	 In	 biomarker	 discovery	 a	

diverse	 range	 of	 molecules	 could	 be	 encountered,	 including	 vitamins,	 hormones,	 proteins,	 acids,	

lipids	 and	 their	 associated	 metabolites.	 MS	 is	 sensitive	 and	 reproducible	 in	 analysing	 complex	

biological	 fluids.	 	 (314,315)	 Whilst	 NMR	 and	 MS	 are	 often	 used	 in	 combination	 for	 biomarker	

research,	 MS	 was	 chosen	 for	 this	 study	 due	 to	 increased	 sensitivity	 in	 detecting	 metabolites,	

essential	when	considering	analysis	of	limited	sample	volumes,	as	occurs	with	DMD	sampling.	(316)	

The	workflow	of	metabolomics	using	liquid	chromatography-mass	spectrometry	(LC-MS)	is	a	4	step	

process	(313)	that	involves;	

1. Sample	preparation	

2. Chromatographic	separation	and	mass	spectrometric	analysis	

3. Data	pre-processing	and	multivariate	analysis		

4. Metabolite	 identification	 using	 database	 searching,	 tandem	mass	 spectrometry	 (MS/MS),	

and	accurate	mass	measurements	compared	to	standards	of	identified	compounds	

	

3.7.1 Quality	control	and	sample	preparation		

There	 is	 a	 paucity	 of	 studies	 analysing	microdialysate	 with	 LC-MS.	 	 Previous	 work	 identified	 high	

plasma	protein	abundance	 in	microdialysate	samples;	 therefore	protein	extraction	was	 included	 in	

the	 sample	 preparation	 here,	 as	 proteins	 can	 precipitate	 during	 chromatographic	 separation	 and	

potentially	 block	 the	 column.	 (301)	 Sample	 processing	 was	 based	 on	 protocols	 developed	 in	 the	

Section	of	Computational	and	Systems	Medicine	for	urine	metabolomics	analysis.		(313)		Urine	as	a	

biofluid,	best	reflects	the	microdialysate	composition	with	respect	to	ion	concentrations	(284),	and	

likely	metabolites	by	way	of	both	representing	fluids	being	derived	from	a	dialysis	process	of	either	

kidney	 tubules	 or	 MD	 probes.	 To	 ensure	 stability	 of	 the	 analytical	 system,	 quality	 control	 (QC)	

samples	were	used	within	the	sample	run	to	confirm	consistent	retention	time,	signal	intensity	and	

mass	accuracy.	QC	samples	are	typically	prepared	by	mixing	equal	volume	aliquots	of	each	sample	

being	analysed.	 	 The	QC	 then	 represents	 a	 “mean”	 sample	 that	 contains	 all	 analytes	encountered	

during	 analysis.	 (317)	QC	 samples	were	 used	 to	 condition	 the	 chromatographic	 column	 and	were	

interspersed	 within	 the	 experimental	 samples,	 injected	 after	 every	 ten	 study	 samples.	 	 All	 QC	

chromatograms,	being	derived	 from	the	same	sample,	when	overlaid	should	show	nearly	 identical	

traces.	 	 Furthermore	 in	 principal	 components	 analysis	 (PCA)	 scores	 plots,	 the	 QC	 samples	 should	

cluster	as	a	close	group,	reflecting	that	the	data	comes	from	the	same/similar	metabolic	profile.	 	A	

spread	of	the	QC	samples	in	the	scores	plot	could	highlight	an	issue	with	the	experimental	run.			



79	
	

3.7.2 Liquid	chromatography		
Direct	 injection	of	samples	 into	a	mass	spectrometer	can	lead	to	 loss	of	signal	for	specific	analytes	

due	to	ion	suppression.		This	phenomenon	occurs	when	there	is	the	simultaneous	presence	of	more	

than	one	analyte	entering	 the	mass	spectrometer,	which	 is	 likely	with	complex	biological	 samples.		

The	analytes	compete	for	ionisation,	causing	a	subsequent	reduction	in	the	MS	signal	compared	to	

that	 from	 a	 single	 analyte	 entering	 alone.	 	 (313)	 	 This	 can	 be	 reduced	 by	 separation	 prior	 to	MS	

analysis	with	chromatography	in	either	the	gas	or	liquid	phase.			

	

Chromatographic	 separation	 involves	 a	mobile	 phase,	 a	 liquid	 or	 gas,	which	 carries	 the	 sample	 of	

interest	through	a	stationary	phase,	often	a	solid.		Different	component	molecules	of	the	sample	will	

travel	 through	 the	 chromatography	 interface	 at	 different	 rates	 dependent	 on	 their	 own	 chemical	

properties	and	that	of	 the	solid	and	mobile	phases.	 	Few	metabolomic	 liquid	chromatography	 (LC)	

MS	 studies	 involving	DMD	have	been	published.	 	 Therefore	 as	with	 sample	 preparation,	methods	

and	conditions	were	founded	on	existing	LC-MS	urine	protocols.	(313)	Urine	contains	low	molecular	

weight,	polar,	water-soluble	molecules	and	these	are	well	 separated	by	reversed	phase	 (RP)	 liquid	

chromatography	 (LC).	 	 Furthermore,	 the	 United	 States	 Food	 and	 Drug	 Administration	 (FDA)	

recommend	RP	or	 ion	exchange	as	 the	most	appropriate	modes	of	 LC	 for	analysing	DMD	samples	

with	 respect	 to	 drug	 chemistry,	 due	 to	 DMD	 in	 these	 studies	 being	 highly	 ionic	 aqueous	 samples	

primarily	comprised	of	small	hydrophilic	analytes.	 (284)	 In	RP-LC,	the	solid	phase	 is	a	column	filled	

with	small	silica	particles,	modified	to	become	non-polar,	and	the	two	mobile	phases,	made	up	of	an	

aqueous	 polar	 solvent	 such	 as	 water	 and	 an	 organic	 non-polar	 solvent	 such	 as	 methanol	 or	

acetonitrile.	 Polar	 compounds	 within	 the	 sample	 are	 attracted	 to	 the	 polar	 solvents	 and	 move	

through	 the	 column	 faster,	moving	with	 the	 solvent	 rather	 than	 slowed	by	 attraction	 to	 the	 solid	

phase.		Further	separation	is	achieved	by	changing	the	polar	composition	of	the	mobile	phase	during	

the	 chromatography	 by	 altering	 the	 proportion	 of	 aqueous	 and	 organic	 solvents.	 In	 RP-LC	 the	

polarity	 of	 the	 mobile	 phase	 changes	 from	 high	 aqueous	 to	 high	 organic,	 causing	 high	 polarity	

compounds	 to	 elute	 from	 the	 column	earlier.	 	 An	adaptation	of	 the	 technique,	ultra	performance	

liquid	 chromatography	 (UPLC)	 uses	 a	 column	 packed	 with	 smaller	 (1.7μm)	 particles	 and	 higher	

mobile	 phase	 pressures	 that	 improve	 speed,	 chromatographic	 resolution	 and	 sensitivity.	 (318)	 A	

UPLC-RP	 column	 was	 chosen	 as	 the	 high	 strength	 silica	 packing	 material	 appears	 to	 provide	

improved	 retention	of	polar	metabolites	 compared	with	more	 traditional	 silica	 columns	 (319)	 and	

represent	a	good	general	system	for	urine	metabolite	profiling.		(313)		A	gradient	time	of	12	minutes	

was	chosen	to	allow	good	metabolome	coverage	and	metabolite	separation	whilst	ensuring	a	timely	

through	put	of	samples.			
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The	chromatography	column	was	conditioned	prior	to	sample	running,	with	ten	injections	of	the	QC	

sample,	to	ensure	the	initial	small	changes	that	occur	in	chromatographic	retention	time	and	signal	

intensity	associated	with	use	of	a	new	column	are	reduced.	

3.7.3 Mass	Spectrometry	
Mass	 spectrometry	 involves	 the	 production	 of	 gaseous	 ions	 that	 are	 exposed	 to	 magnetic	 and	

electrical	fields	in	a	high	vacuum	allowing	for	separation	by	and	analysis	of	their	mass	to	charge	ratio	

(m/z).	 	 Analysis	 of	 sample	 molecules	 involves	 a	 number	 of	 steps;	 ionisation,	 ion	 separation,	 ion	

detection	and	representation	of	the	data.		

3.7.3.1 Ionisation		
For	MS	processing,	the	molecules	of	interest	first	need	to	be	ionised	by	either	acquiring	positive	or	

negative	 charges.	 Electrospray	 ionisation	 (ESI)	 is	 a	 common	method	 of	 converting	 liquid	 solutions	

into	gaseous	ionised	molecules	using	electrical	energy.	(320)	Figure	3-4A	illustrates	the	process.		

	
Figure	3-4	A	diagram	depicting	stages	of	mass	spectrometry		
A:	 Positive	 ESI:	 The	 sample	 is	 pumped	 through	 the	 spray	 needle	 with	 a	 high	 voltage	 applied	 and	
becomes	charged.		Positive	ions	focusing	at	the	needle	tip	and	charged	droplets	move	from	the	tip	to	
the	mass	spectrometer	 inlet	(the	detection	cone).	 	As	they	move	solvent	evaporates	and	reduces	the	
volume	of	droplets,	 leading	to	their	 fission.	 	This	produces	charged	 ions	that	then	pass	 into	the	mass	
spectrometer.	 	 (Adapted	from	Kebarle	and	Tang,	1993)	B:	QTOF	analyser:	Following	the	process	 in	A,	
ions	are	filtered	in	the	quadrupole	based	on	m/z.		They	pass	through	the	collision	cell	that	if	activated,	
uses	gas	to	fragment	the	ions.		Finally	the	ions	enter	the	TOF	analyser,	which	separates	ions	based	on	
m/z	time	of	flight	to	reach	the	detector.	(Adapted	from	Labanowsky	et	al,	2013)	

A	 highly	 charged	 electrospray	 needle	 (around	 1-5kV)	 creates	 a	 high	 potential	 difference	with	 the	

source	 sampling	 cone.	 As	 the	 sample	 flows	 through	 the	 electrospray	 needle	 it	 becomes	 charged	

droplets,	 taking	 on	 the	 same	 polarity	 as	 the	 needle.	 	 The	 charged	 droplets	 then	 spray	 from	 the	

needle	 tip	 and	 whilst	 moving	 between	 the	 needle	 tip	 and	 the	 sample	 collection	 cone,	 undergo	

evaporation	and	 shrinkage	 (known	as	desolvation),	until	 the	droplet	 cannot	 sustain	 its	 charge	and	

breaks,	releasing	the	charged	molecule.	(321)		

A	 B	



81	
	

ESI	is	a	“soft”	method	of	ionisation	as	a	large	proportion	of	compounds	are	ionised	without	breaking	

chemical	bonds.	 (322)	 This	produces	a	higher	proportion	of	precursor	 ions	 rather	 than	 fragments,	

aiding	 feature	 identification.	 	 ESI	 was	 conducted	 in	 both	 positive	 and	 negative	 (ESI	 +	 and	 ESI	 -)	

ionisation	modes,	as	this	has	been	shown	to	enhance	metabolomic	coverage.		Using	both	ionisation	

modes	 identifies	 two	sets	of	analytes	 that	may	be	 significantly	different	 in	 chemical	 structure	and	

composition.		(323)				

3.7.3.2 Separation,	detection	and	output	
Mass	 analysers	 use	 a	 range	 of	 methods	 to	 separate	 ions.	 	 All	 analysers	 use	 either	 electrical	 or	

magnetic	 fields	 to	apply	an	acceleration	 force	 to	a	 charged	molecule,	 the	acceleration	 force	being	

dependent	on	mass	and	ionic	charge	of	the	ion.		The	quadrupole	time	of	flight	(Q-TOF)	mass	analyser	

was	used	for	this	study	and	it	combines	two	different	methods	of	ion	separation	(time	of	flight	and	

quadrupole).	(324)	Time	of	flight	(TOF)	machines	measure	the	mass	dependent	time	it	takes	for	ions	

to	move	from	the	ion	source	to	the	detector.		This	is	based	on	the	principle	that	ions	with	the	same	

kinetic	energy	but	different	masses	will	move	at	different	speeds,	with	smaller/lighter	ions	travelling	

faster.	 	 TOF	analysis	 leads	 to	 good	 resolution	and	mass	 accuracy	 (specificity)	 especially	when	 ions	

have	similar	masses.		A	quadrupole	(Q)	mass	analyser	uses	four	electrodes	in	parallel	that	create	an	

electric	field	through	which	the	ions	pass.		These	act	as	a	filter	allowing	only	ions	of	a	specified	m/z	

to	 pass.	 	 Ions	 not	 matching	 the	 specified	 m/z	 collide	 with	 the	 electrodes	 and	 never	 reach	 the	

detector.	 	 Q	 analysis	 demonstrates	 greater	 sensitivity	 for	 low	 concentration	 molecules.	 	 Q-TOF	

analysers	have	a	Q	analyser	as	a	gate	prior	to	a	TOF	analyser	that	is	placed	orthogonal	to	the	beam	

of	 ions	 (see	 Figure	 3-4B).	 	 They	 offer	 advantages	 in	 analysis	 such	 as	 high	 resolution	 allowing	 for	

separation	of	 ions	with	 similar	m/z	 values,	have	good	mass	accuracy	 that	 can	help	aid	metabolite	

identification	and	also	have	fast	scan	speeds	that	are	useful	when	coupled	to	UPLC.			

The	settings	of	the	Q	analyser	determine	what	ions	are	considered	in	the	TOF	analyser.		If	the	“gate”	

of	the	quadrupole	is	completely	open	all	ions	will	be	processed.		Once	ions	are	detected,	the	typical	

data	output	is	a	chromatogram	that	provides	information	regarding	the	ion	retention	time	(RT)	and	

corresponding	mass	spectra	that	shows	the	m/z	values	of	each	ion	detected	and	its	relative	intensity	

in	relation	to	other	detected	ions.		This	information	can	be	viewed	visually	and	then	undergoes	pre-

processing	to	allow	statistical	analysis.	

3.7.3.3 Tandem	mass	spectrometry	
Tandem	 mass	 spectrometry	 (MS/MS)	 is	 a	 process	 that	 can	 facilitate	 metabolite	 feature	

identification.		It	involves	fragmenting	ions	of	interest,	in	the	hope	that	their	fragmentation	pattern	

gives	clues	to	their	structure	and	chemistry.		
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This	 can	 take	place	 in	 a	Q-TOF	mass	 spectrometer	 and	 results	 in	 increased	 sensitivity	 for	 the	 ions	

being	selected.	 	For	 this	process	 the	quadrupole	 is	set	 to	select	 the	specific	m/z	 for	 the	 feature	of	

interest.	 	Only	 this	 ion	 is	 that	 is	 then	directed	 into	 the	 collision	 cell,	where	 it	undergoes	 repeated	

collision	with	a	collision	gas,	producing	fragments.	These	fragments	are	then	directed	into	the	TOF	

analyser	for	detection	as	described	previously.		(325)	

3.7.4 Mass	Spectrometry	Data	Pre-processing	

UPLC-MS	output	data	are	complex	and	to	allow	statistical	analysis	requires	extensive	pre-processing.		

Data	 are	 made	 up	 of	 3	 dimensions;	 m/z,	 chromatographic	 retention	 time	 (RT)	 and	 intensity.		

Metabolites	 are	 often	 described	 as	 features,	 identified	 by	 mass	 charge	 ratio	 and	 retention	 time.		

These	features	can	then	be	compared	between	samples	based	on	their	intensity,	usually	calculated	

using	 peak	 area.	 	 To	 allow	 these	 comparisons,	 spectral	 data	 are	 converted	 to	 a	 numerical	

representation	 of	 the	 relative	 abundance	 (intensity)	 of	 each	 feature.	 	 Peaks	 need	 to	 be	 detected	

within	each	sample,	aligned	across	and	then	compared	between	samples.			

	

A	 number	 of	 pre-processing	 software	 options	 exist,	 including	 free	 open	 source	 packages	 such	 as	

XCMS	 (326),	 MZmine2	 and	 commercial	 products	 including	 Progenesis®	 QI	 (Waters,	 UK)	

(http://www.nonlinear.com/progenesis/qi/).	 	 XCMS	 (acronym	 of	 “various	 forms	 (X)	 of	

chromatography	 mass	 spectrometry”)	 is	 written	 in	 the	 R	 statistical	 programming	 language	 and	

allows	customisation	of	parameters	based	on	the	investigators	need	(327).		In	contrast	Progenesis®	

QI	 (Waters,	 UK)	 represents	 a	 more	 black	 box	 approach	 with	 less	 ability	 to	 fine	 tune	 specific	

parameters,	 but	 enables	 fast	 and	 accurate	 processing	 of	 hundreds	 of	 data	 files.	 Pre-processing	

involves	key	stages	that	include	peak	alignment,	peak	picking,	deconvolution	and	normalisation	and	

are	described	briefly	below	in	the	context	of	Progenesis®	QI	software.			

	

Alignment	is	used	to	account	for	potential	variation	in	the	chromatographic	runs,	which	can	be	due	

to	 temperature,	 pressure	 and	 mobile	 phase	 variations,	 changes	 in	 the	 column	 saturation	 or	

variations	in	the	composition	of	the	sample.	(328)	Slight	differences	in	retention	times	for	the	same	

feature	between	samples	would	prevent	 feature	comparisons	across	experimental	groups,	as	such	

alignment	 is	essential	 for	 further	processing.	 	This	occurs	by	one	chromatogram	being	chosen	as	a	

reference,	 usually	 a	 QC	 sample	 from	 the	middle	 of	 the	 run,	 where	 the	 system	 is	 assumed	 to	 be	

stable	at	this	point	of	the	run.		Every	other	sample	chromatogram	is	aligned	to	the	reference	using	

alignment	 vectors.	 	 These	 connect	 the	 location	 of	 particular	 compound	 ions	within	 the	 reference	

chromatogram,	with	the	same	ions	located	in	the	sample	chromatogram.		
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Peak	picking	or	detection	allows	metabolite	features	to	be	distinguished	from	background	noise	 in	

the	spectra,	and	allocates	them	a	unique	identifier	based	on	their	mass	to	charge	ratio	and	retention	

time	 (m/z_RT).	 	 Progenesis®	 QI	 performs	 peak	 picking	 using	 a	 noise	 estimation	 algorithm	 that	

determines	 the	noise	 levels	 in	 the	data	and	considers	 the	 intensity	of	peaks	 to	 judge	 if	 they	 likely	

represent	noise	or	real	features.	There	are	3	sensitivity	modes	–	fewest,	default	and	more.		“Fewest”	

is	 the	 lowest	 sensitivity	 method.	 	 It	 finds	 the	 least	 compounds	 from	 the	 dataset	 and	 can	 be	

considered	a	conservative	method	of	 selecting	 features.	 	Additional	 limits	 can	be	added,	 including	

selecting	retention	time	parameters.	 	For	example	 in	a	12	minute	chromatogram	method	 features	

found	early	in	the	run	(commonly	before	0.5	minutes)	are	thought	to	represent	the	solvent	front	of	

the	chromatogram	and	later	in	the	run	(after	10.5	minutes,	based	on	timing	of	the	re-equilibration	

period)	are	 thought	 to	 represent	 the	system	wash	and	 therefore	are	not	 reflective	of	 the	samples	

and	experimental	question.	

	

A	 single	 analyte	 could	 potentially	 undergo	 a	 number	 of	 chemical	 reactions,	 creating	 for	 example	

adducts,	fragments	or	oligomers.		There	will	also	be	isotopes	detected	which	are	not	always	grouped	

together	by	software,	however	this	can	be	achieved	by	a	process	called	deisotoping.		As	such	these	

should	 preferably	 be	 considered	 as	 the	 same	 feature.	 	 Deconvolution	 is	 the	 process	 that	 aims	 to	

group	together	different	product	ions	of	the	same	precursor	compound.		It	only	considers	those	ions	

that	 have	 the	 same	 retention	 time	 and	 where	 the	 mass	 difference	 between	 the	 ions	 is	 exactly	

correct	 for	 the	 potential	 adduct.	 	 It	 further	 aims	 to	 avoid	 assigning	 co-eluting	 analytes	 with	

overlapping	peaks	and	similar	RT	 to	 the	same	precursor.	 	This	automated	process	 is	 then	checked	

visually	with	deconvolution	matrices	to	ensure	co-eluting	ions	are	not	incorrectly	grouped.	

	

The	 final	 step	of	data	pre-processing	 is	 normalisation.	 	 This	 corrects	 for	 experimental	 or	 technical	

variation	when	running	samples	that	may	for	example	 influence	 ion	 intensity,	and	as	such	reduces	

systematic	 error.	 (328)	 	 By	 assuming	 a	 number	 of	 features	 are	 unaffected	 by	 experimental	

conditions,	 the	 program	 uses	 the	 factor	 by	which	 the	 sample	 varies	 as	 a	whole	 from	 a	 reference	

sample	to	normalise	the	data	alongside	the	median	intensity	for	all	spectral	peaks	to	reject	outliers.		

(329)					

				

Features	 with	 coefficients	 of	 variance	 (CV)	 of	 greater	 than	 30%	 within	 repeat	 injections	 of	 QC	

samples	tend	to	be	eliminated	from	further	analysis,	a	cut	off	based	on	FDA	guidance	on	bioanalysis	

for	biomarkers.	(330)			



84	
	

This	 is	 because	 the	 QC	 chromatograms	 produced	 throughout	 an	 experimental	 run,	 whilst	 being	

injected	at	different	time	points,	are	exactly	the	same	composition	and	as	such	should	produce	very	

similar	 chromatograms.	 	 Therefore,	 QC	 features	 identified	 following	 pre-processing	 should	 have	

minimal	variance	in	abundance	between	different	injections.		Those	where	variance	is	high	may	alter	

related	to	instrument	factors	(for	example	UPLC	column	or	MS	detector	issues)	rather	than	biological	

differences.	Removing	these	features	that	show	variance	within	the	QC	samples,	prevents	variance	

attributable	to	the	UPLC-MS	process	from	influencing	true	sample	differences	between	experimental	

groups.		

	

Data	then	undergoes	statistical	analysis	as	outlined	in	section	3.8.2	to	highlight	features	of	interest	

to	the	experimental	hypothesis.	 	These	features	need	identification,	 involving	fragmentation	of	the	

feature	 by	 UPLC-MS/MS	 (see	 section	 3.7.3.3)	 and	 database	 searching	 for	 potential	 biological	

compounds	with	 the	 same	m/z	and	 fragmentation	patterns.	 	 The	“gold-standard”	 for	 final	 feature	

confirmation	 involves	 comparing	 the	UPLC-MS	 from	 sample	with	 that	 of	 an	 authentic	 standard	of	

the	 potential	 matching	 analyte.	 	 All	 measurements	 should	 match	 including	 mass,	 fragmentation	

pattern,	retention	time	and	isotope	distribution.		

	

3.8 Statistics	

3.8.1 Somatosensory	and	inflammatory	protein	data	analysis	

Data	 for	 somatosensory	measurements	and	 inflammatory	protein	 concentrations	are	quantitative,	

continuous	variables	reported	as	area,	length	or	concentration.		In	this	study,	as	group	numbers	are	

in	 broad	 terms	 statistically	 small,	 the	 analysis	 of	 these	 data	 is	 best	 addressed	 using	 conservative	

methods	 such	 as	 non-parametric	 analysis.	 	 This	 was	 an	 important	 a	 priori	 statistical	 standard,	 as	

whilst	reported	variables	may	demonstrate	normality,	one	cannot	assume	this	normality	extends	to	

a	 population	 level.	 	 Therefore,	 unless	 otherwise	 stated,	 data	 are	 presented	 as	 median	 and	

interquartile	ranges	(IQR)	and	non-parametric	univariate	statistical	analysis	was	used.			

3.8.1.1 Multiple	comparison	corrections	
All	 multiple	 comparisons	 are	 corrected	 to	 account	 for	 family	 wise	 errors	 that	 could	 lead	 to	 false	

position	 results	 (rejection	 of	 the	 null	 hypothesis	 when	 it	 is	 in	 fact	 true).	 	 This	 uses	 one	 of	 two	

methods	 depending	 on	 the	 relative	 independence	 of	 the	 variables	 being	 corrected	 for.	 This	 is	

illustrated	 below	 using	 the	 example	 of	 group	 comparisons	 for	 inflammatory	 protein	 data.	 	 The	

rationale	presented	here	has	been	applied	to	all	 further	statistical	univariate	analyses	 that	 require	

corrections	for	multiple	testing.			
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This	 example	 considers	 the	 comparison	 of	 all	 the	 inflammatory	 protein	 concentrations	 between	

three	 different	 injury	 groups.	 	 The	 data	 are	 best	 represented	 as	 a	 3	 by	 41	 table.	 	 Each	 separate	

inflammatory	protein	 requires	 comparison	of	 its	 concentrations	at	 a	 group	 level	 between	 thermal	

injury,	capsaicin	 injury	and	UVB	 injury	samples.	 	 In	this	specific	circumstance	Kruskal-Wallis	 testing	

produces	an	omnibus	statistic	(a	p	value)	for	each	separate	inflammatory	protein.		Whilst	a	p	value	

of	 <0.05	 represents	 a	 commonly	 accepted	 statistical	 significance	 cut	 off,	 the	 use	 of	 unadjusted	 p	

values	 fails	 to	 account	 for	 potential	 error	 associated	with	 this	 process	 being	 conducted	 41	 times,	

representing	 41	 separate	 hypotheses.	 	 Often	 a	 Bonferroni	 correction	 is	 applied	 with	 the	 p	 value	

divided	 by	 the	 number	 of	 individual	 tests	 performed	 generating	 a	 new	 p	 value	 that	 represents	

statistical	 significance.	 	 In	 this	 case	 it	would	 be	 0.05/41,	making	 the	 new	 statistically	 significant	 p	

value	 	 0.0012.	 (331)	 	However,	 this	 approach	 assumes	each	 variable	 tested	 is	 independent	 to	 the	

other	variables,	and	is	a	separate	hypothesis.	As	previously	described,	inflammatory	proteins	do	not	

act	 in	 isolation,	and	 the	presence	of	one	 influences	 that	of	others	 (see	section	3.6).	 	They	are	not	

necessarily	independent	of	each	other	and	for	that	reason	may	not	represent	a	separate	hypothesis.	

Furthermore,	 this	 approach	 is	 associated	 with	 increased	 type	 II	 errors,	 in	 that	 important	 results	

become	non-significant.	 (332)	 In	 this	 circumstance	a	Bonferroni	 correction	 is	 too	 simplistic	 for	 the	

overriding	experimental	question.	Although	multivariate	analysis	(MVA)	is	one	option	to	address	this	

question	(see	section	3.8.2),	a	middle	ground	involves	using	a	false	detection	rate	(FDR)	correction,	

as	described	by	Benjamini	and	Hochberg	 in	the	mid	1990s.	 	 (333)	 	They	suggested	that	 in	multiple	

comparisons	 it	 is	not	 just	 the	 false	positive	errors	 that	should	be	accounted	 for,	but	also	 the	 false	

negatives	 (accepting	 the	 null	 hypothesis	 when	 it	 is	 incorrect).	 	 Therefore	 in	 simple	 terms	 FDR	

considers	all	 rejected	hypothesis,	 rather	 than	 just	 false	positives.	 It	 is	 calculated	by	 ranking	all	 the	

variables	based	on	their	p	values.		The	p	value	rank	is	divided	by	the	total	number	of	variables,	and	

this	value	is	multiplied	by	the	significance	level	(usually	0.05).			

	

Each	ranked	variable	now	has	an	 individual	adjusted	p	value	 (sometimes	referred	to	as	a	q	value),	

and	for	that	variable	to	reach	statistical	significance	the	originally	calculated	p	value	should	be	below	

this.		An	FDR	correction	has	been	applied	throughout	the	univariate	analysis	of	this	study	to	account	

for	 multiple	 variables	 where	 potential	 relationships	 exist,	 such	 as	 between	 the	 different	

inflammatory	 proteins	 or	metabolic	 features.	 	 However	 in	 the	 above	 example	when	 the	 omnibus	

statistic	of	the	Kruskal-Wallis	test	is	significant,	further	post	hoc	testing	is	conducted.		This	is	because	

the	 omnibus	 statistic	 only	 tells	 the	 investigator	 that	 a	 statistically	 significant	 difference	 is	 present	

between	the	groups	compared.		It	does	not	indicate	which	group	comparisons	are	implicated.			
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Therefore	 further	 post	 hoc	 tests	 (often	 using	 multiple	 Mann-Whitney	 U	 tests)	 also	 require	

adjustment	 for	 multiple	 comparisons.	 	 In	 this	 instance,	 these	 multiple	 comparisons	 are	 between	

different	 injury	 model	 groups	 that	 are	 independent,	 as	 each	 represents	 a	 different	 experimental	

conditions.		In	these	circumstances	a	Bonferroni	adjustment	to	p	values	was	be	applied.				

3.8.1.2 Reporting	of	statistical	results	
The	 specific	 details	 regarding	 statistical	 tests	 conducted	 for	 somatosensory	 and	 inflammatory	

protein	analysis	are	contained	within	the	respective	methods	sections	(see	sections	5.2	and	6.2).		In	

broad	terms	analysis	will	be	reported	as	listed	below;	

Kruskal-Wallis	 tests,	Chi	 squared	 tests	and	Friedman’s	 tests	are	 reported	using	χ2(df)	values	and	p	

values	 (Chi	 square	 statistic,	degrees	of	 freedom	and	p	values).	 	Post	hoc	Kruskal-Wallis	 tests	were	

performed	using	Mann	Whitney	U	tests.		Post	hoc	Friedman’s	tests	were	performed	using	Wilcoxon	

signed	rank	tests.	 	Mann	Whitney	U	tests	are	reported	using	the	U	and	Z	statistics	alongside	the	p	

values.	Wilcoxon	signed	rank	 tests	are	 reported	using	 the	T	statistic,	 corresponding	Z,	p	value	and	

the	effect	size	r	and	when	reported	as	a	post	hoc	test	(following	Friedman’s	test)	are	reported	as	the	

p	 value.	 Spearman’s	 correlation	 coefficient	 analysis	 includes	 boot	 strapped	 confidence	 intervals,	

with	statistically	significant	correlations	(p	values	<0.05)	reported	using	the	correlation	coefficient	rs.	

	

3.8.2 Metabolomic	data	analysis	

3.8.2.1 Metabolomic	data	analysis	methods	and	rationale	

The	complexity	of	metabolomic	data	produces	a	number	of	statistical	challenges.	 	 It	contains	more	

variables	 than	 observations	 (referred	 to	 in	 this	 document	 as	 features	 and	 samples	 respectively).		

There	 are	 potentially	 hundreds	 of	 thousands	 of	 features,	 often	 non-normally	 distributed	 and	

inherent	 errors	 within	 the	 analytical	 system	 can	 lead	 to	 noise	 and	 unexplained	 variation.	

Furthermore,	 the	 features	 considered	 are	 not	 necessarily	 independent,	 some	may	 correlate	 with	

each	other	 in	both	structure	and	biology.	 	However,	as	 in	an	untargeted	UPLC-MS	approach	these	

features	 are	 initially	 unknown,	 therefore	 factoring	 potential	 feature	 relationships	 into	 analysis	 a	

priori	is	impossible.		Univariate	analysis,	with	each	feature	evaluated	in	isolation	by	a	separate	tested	

hypothesis,	 fails	 to	 incorporate	 the	 inter-dependency	 of	 features	 and	when	 used	 to	 analyse	 large	

datasets,	after	correcting	for	multiple	hypothesis	testing,	can	lead	to	increased	risk	of	type	II	errors.		

(334)	

Data	analysis	in	metabolomic	studies	aims	to	explore	differences	and	relationships	between	samples	

and	features,	and	to	determine	the	significance	of	these	relationships.	To	address	the	complexities	

of	the	data	outlined	above,	MVA	is	employed.		This	broad	category	of	statistical	techniques	attempts	

to	account	for	feature	relationships	by	considering	numerous	features	as	a	single	entity.			
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A	statistical	description	of	 the	relationships	within	 the	data	 is	produced	with	each	separate	model	

(data	manipulation).		

3.8.2.2 Principal	components	analysis	

Principal	components	analysis	(PCA)	is	an	unsupervised	MVA	approach,	often	the	first	step	in	the	

analysis	workflow.		PCA	aims	to	describe	the	multivariate	structure	of	the	data,	giving	an	overview	

that	helps	identify	outliers	and	shows	if	any	strong	groupings	exist.		(335)	It	is	a	visual	representation	

of	how	samples	and	features	relate	to	each	other	and	which	features	provide	similar	or	unique	

information	to	each	sample	or	groups	of	samples.	No	information	regarding	group	identity	(in	this	

study	injury	model	group)	is	used	in	constructing	the	model,	and	data	are	considered	as	a	single	

block	(the	X	data	block)	of	features	and	samples.	

	

Table	3-10	illustrates	a	hypothetical	metabolomic	dataset	with	N	number	of	samples	and	K	number	

of	features.		Traditionally	if	the	data	from	two	features	(1	and	2)	were	visualised,	an	x-y	graph	would	

represent	the	data	in	a	2	dimensional	form,	with	a	coordinate	for	feature	1	on	x-axis	and	a	

coordinate	for	feature	2	on	the	y-axis	for	each	sample.		With	hundreds	of	features,	an	x-y	graph	

cannot	account	for	the	wealth	of	information	contained	within	the	dataset.		

	

Samples	 Features	
	 1	 2	 3	 ……….	 K	
1	 	 	 	 	 	
2	 	 	 	 	 	
3	 	 	 	 	 	
………..	 	 	 	 	 	
N	 	 	 	 	 	

Table	3-10	An	example	of	a	table	for	metabolomic	data		
Samples	are	numbered	1	to	N.		Features,	which	in	UPLC-MS	represent	a	peaks	identified	by	retention	
time	and	mass	to	charge	ratio	(RT_m/z),	are	numbered	1	to	K.	

	

PCA	however	plots	the	information	for	3	features	in	a	3	dimensional	space,	with	3	axes	(see	Figure	3-

5),	and	therefore	K	features	are	represented	in	a	K	dimensional	space,	with	each	sample	creating	

one	point	within	this	space,	leading	to	a	swarm	of	N	points.		PCA	describes	and	visualises	the	swarm	

of	points	using	“projection”	to	change	the	K	dimensional	space	back	into	a	number	of	2	dimensional	

representations	of	the	data.		It	creates	new	axes	based	on	the	variance	within	the	swarm	of	points	

(replacing	the	K	axes	associated	with	the	K	dimensional	space).	The	new	axes	are	named	principal	

components.	The	first	principal	component	(p1)	is	the	line	that	represents	the	maximum	variance	

through	the	swarm	of	points.		Each	point	is	projected	onto	this	line	(p1)	to	give	a	new	coordinate	

called	a	score	(ti1).	
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Figure	3-5	PCA	example	one	sample	where	data	are	from	3	features		
Each	 feature	has	 its	own	axis	 (labelled	Feature	1,	 2	 and	3),	 creating	a	3D	 space.	 	 The	unfilled	 circles	
represent	 the	value	 for	 the	 sample	 in	each	 feature,	plotted	on	 the	associated	axis;	a	 is	 the	value	 for	
Feature	1,	b	is	the	value	for	Feature	2	and	c	is	the	value	for	Feature	3.		Together	these	create	a	point	
within	the	3D	space,	represented	by	the	black	filled	circle.	This	new	point	for	the	sample	is	one	location	
that	accounts	for	all	three	features	values.	

	

Normally	 there	 are	more	 than	 one	 principal	 components	 used	 to	 describe	 the	 data.	 	 The	 second	

principal	component	is	placed	orthogonal	to	the	first,	along	the	subsequent	orthogonal	direction	of	

greatest	variance	within	the	point	swarm.		Further	principal	components	are	added	using	the	same	

method.	 	 Two	 principal	 components	 can	 be	 plotted	 as	 a	 2	 dimensional	 plot,	 the	 scores	 plot,	 and	

represent	a	2	dimensional	plane	within	the	swarm	of	points	(see	Figure	3-6).	(336)	

	

Figure	3-6	Plotting	principal	components	in	a	data	set.			
A:	The	point	swarm	from	Figure	3-2	is	shown	with	the	first	principal	component	(p1)	placed	along	the	
line	of	greatest	variance.		The	circle	labelled	i,	then	has	a	new	coordinate	along	p1,	called	ti1.	 	B:	The	
second	principal	component	 (orthogonal	 to	p1)	 is	placed	along	the	next	 line	of	greatest	variance	and	
circle	i,	is	given	a	new	coordinate	along	p2	(ti2).			

	

The	scores	plot	(see	Figure	3-7A)	visualises	the	data	with	respect	to	the	samples.		Each	point	on	the	

plot	 represents	 a	 separate	 sample,	 and	 the	 relationship	 between	 samples	 along	 two	 principal	

components.		Samples	that	sit	close	to	each	other	have	similar	properties,	whereas	those	far	apart	

are	dissimilar	with	respect	to	the	features	considered.				

a	

b	

c	

Feature	3	

Feature	2	

Feature	1	

p1	

$1	

i	

p2	
$2	

A	 B	



89	
	

The	plot	includes	a	Hotelling’s	T2	ellipse	that	is	a	PCA	representation	of	a	confidence	interval	within	a	

multivariate	space.		It	can	be	used	to	identify	potential	outlier	samples,	however	by	definition	a	95%	

confidence	interval	ellipse	will	have	5%	of	samples	sitting	outside	its	borders.		

	

PCA	 also	 creates	 a	 loadings	 plot	 that	 includes	 a	 point	 for	 each	 feature	 (Figure	 3-7B).	 	 This	 shows	

visually	 how	 features	 relate	 to	 the	 samples	 on	 the	 scores	 plot.	 	 It	 highlights	 correlation	 between	

features,	 with	 features	 positively	 correlated	 sitting	 together	 on	 the	 plot	 and	 those	 negatively	

correlated	sitting	in	diagonally	opposite	quadrants	in	relation	to	the	plot	origin.		Scores	and	loadings	

plots	of	the	same	data	are	superimposable	and	the	direction	in	one	plot	corresponds	to	the	direction	

in	the	other.	

	
Figure	3-7	PCA	scores	and	loadings	plots	for	ESI-	mode	UPLC-MS	data		
These	plots	are	explained	in	more	details	in	Figure	7-8.			
A:	PCA	scores	plot.		The	ellipse	is	the	Hotelling’s	T2	that	represents	the	95%	confidence	interval	of	the	
scores.		B:	PCA	loadings	plot.		Features	in	UPLC-MS	are	identified	as	retention	time	and	mass	to	charge	
ratio	 (RT_m/z).	 	 Features	 important	 to	 separation	 of	 samples	 along	 the	 t[1]	 axis	 are	 labeled	 (h	
5.77_648;	 i	5.84_297;	 j	7.01_362;	k	5.25_283;	 l	5.14_620	).	Sample	h	and	 i,	 influence	the	grouping	of	
samples	to	the	right	of	the	scores	plot,	whereas	samples	j,	k	and	l	influence	grouping	of	samples	to	the	
left	of	the	scores	plot.			

	

3.8.2.3 Transformation	and	scaling	

Metabolomics	 data	 are	 often	 non-normally	 distributed	 and	 demonstrate	 heteroscedasticity	

(subpopulations	of	 features	having	different	variability)	both	 in	the	true	data	and	also	 in	the	noise	

within	the	dataset.		Transformation	of	the	data	aims	to	account	for	this	and	log	transformations	are	

commonly	used	for	biological	data.		This	is	because	biological	systems	often	demonstrate	log	normal	

distributions,	 especially	 as	 a	 number	of	 biological	 variables	have	 a	 natural	 zero,	 such	 as	 retention	

times	within	a	chromatogram.			Although	log	transformation	may	not	completely	normalise	data,	it	

brings	it	closer	to	normality,	thus	allowing	for	more	efficient	MVA.				

	

i	

h	

j	k	l	
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Metabolomic	features	within	an	experiment	can	display	substantially	different	ranges	and	variance.		

This	is	because	different	metabolites	from	the	same	sample	can	have	vastly	differing	concentrations	

and	exhibit	heteroscedasticity	due	to	uninduced	biological	(a	metabolite	showing	large	fluctuations	

in	 concentration	 under	 the	 same	 conditions)	 and	 technical	 variation.	 This	 can	 cause	 problems	 for	

modelling	and	interpretation	especially	where	maximum	variance	is	used	for	projections,	as	in	PCA.	

When	large	ranges	of	variance	exist,	features	with	large	variance	are	identified	as	more	important	in	

a	PCA	model	than	those	of	low	variance.		Scaling	can	correct	for	this	by	standardising	the	variance	of	

each	feature	either	by	dividing	each	feature	by	its	standard	deviation	(unit	variance	scaling),	or	the	

square	root	of	the	features	standard	deviation	(pareto	scaling)	(see	Figure	3-8).	

	
Figure	3-8	Example	of	unit	variance	(UV)	scaling		
Each	block	represents	a	 feature,	with	the	central	 line	within	the	box	being	the	mean	of	 that	 feature.		
The	 group	 on	 the	 left	 of	 the	 figure	 represent	 raw	data,	 showing	marked	 differences	 in	 the	 variance	
between	features.		The	group	on	the	right	have	undergone	UV	scaling	that	standardises	the	variance	of	
each	feature,	however	leaves	the	mean	unchanged.	

	

Whilst	scaling	removes	a	feature	dominating	due	to	large	variance,	it	can	inflate	the	influence	of	less	

important	 features.	 	 It	 is	 helpful	with	 datasets	where	 features	 have	 different	 scales;	 however	 for	

UPLC-MS	where	data	has	the	same	scale,	the	numerical	size	and	intrinsic	variance	of	the	data	carry	

important	information	that	could	be	lost	by	scaling.		Here	a	mean	centering	approach	is	appropriate.		

Mean	 centering	 considers	 the	 point	 swarm	 of	 samples	 and	 “re-centres”	 the	 swarm	 within	 that	

space,	so	the	origin	of	axes	is	the	centre	point	of	the	swarm.	It	does	not	change	the	scale	of	the	data	

but	shifts	the	reference	used	to	express	it	(Figure	3-9).		Mathematically	this	involves	calculating	the	

mean	of	each	feature,	then	subtracting	this	from	each	feature	data	point	in	turn.	(337)		For	MS	data	

the	 use	 of	 log	 transformation	 and	 mean	 centering	 is	 a	 good	 compromise	 preventing	 over-

manipulation	of	scaling,	yet	accounting	for	the	inherent	variability	present.		(338)		
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Figure	3-9	Mean	centering	of	samples			
The	unfilled	circles	represent	individual	samples	plotted	with	respect	to	three	features.		The	means	of	
these	samples	is	the	filled	circle.		The	left	side	figure	represents	the	raw	data.		The	right	side	figure	is	
the	data	following	mean	centering,	with	the	origin	of	the	three	features	moved	to	the	mean	point.	

	

3.8.2.4 Supervised	models		

Unsupervised	methods	allow	for	data	overview,	but	biomarker	identification	is	best	performed	using	

supervised	MVA.		These	methods	are	based	on	knowledge	of	group	identity	of	the	samples	(in	this	

study	 this	 represents	 the	 experimental	 injury	 groups).	 	 They	 explore	whether	 groups	 are	 actually	

different	and	if	so,	which	features	lead	to	group	separation.		The	general	principle	to	these	methods	

involves	 splitting	 the	 data	 into	 two	 blocks	 or	 matrices;	 an	 X	 block	 that	 contains	 the	 sample	 and	

features,	 the	predictor	variables	 (in	 this	 study	 the	RT_m/z	output	 for	each	sample	 from	UPLC-MS)	

and	a	Y	block	that	contains	the	group	identity	of	the	samples,	the	response	variable	(in	this	study	the	

experimental	injury	group).		

	

Partial	 least	 squares	 (PLS)	 is	 a	 regression	 model	 that	 aims	 to	 optimise	 separation	 between	 two	

groups	using	 the	X	and	Y	blocks	of	data.	 	 In	PCA	each	 sample	has	one	point	within	 the	K	 variable	

space.	 	 In	 PLS	 each	 sample	 has	 2	 points;	 one	 in	 an	 X	matrix,	 the	 predictor	 space,	 and	 one	 in	 a	 Y	

matrix,	the	response	space.	PLS	is	a	covariance	model	describing	the	relationship	between	the	two	

points,	 in	 the	 two	matrices	 (X	and	Y)	using	projection.	 	 The	 first	PLS	 component	as	a	 line	 in	 the	X	

(labelled	t1)	and	Y	(labelled	u1)	matrices	that	both	best	summarises	the	variance	in	X	and	is	a	good	

representation	of	the	relationship	between	the	X	and	Y	points	(X-Y	correlation).		As	with	PCA,	points	

are	given	scores	that	represent	coordinates	on	these	new	lines,	and	a	new	plot	of	t1	and	u1	are	used	

to	explore	the	X	and	Y	relationship.	(See	Figure	3-10).	
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Feature	1	
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Figure	3-10	PLS	projections		
A:	 sample	 points	 in	 the	 X	 space	 (predictor	 variables)	 with	 the	 1st	 PLS	 component	 (t1)	 projected	 to	
summarise	 both	 the	 variance	 within	 the	 X	 space	 and	 the	 relationship	 between	 the	 X	 and	 Y	 points	
(sample	points	in	A	and	B)	B:	sample	points	in	the	Y	space	(response	variables)	with	insertion	of	the	1st	
PLS	component	(u1)	C:	The	PLS	relationship	between	X	and	Y	matrices	shown	on	the	new	axes	t1	and	
u1.	

	

When	the	response	variables	have	a	distinct	grouping,	PLS-DA	is	used,	with	DA	standing	for	

discriminant	analysis.		The	Y	space	instead	becomes	a	dummy	matrix	that	defines	group	membership	

with	discrete	numerical	values	(for	example	group	1	=	0	and	group	2	=	1).		The	PLS	projection	in	the	X	

space	(t1)	is	then	rotated	to	focus	on	the	predictor	variables	that	separate	or	discriminate	between	

the	groups	in	the	Y	space.		(Figure	3-11)	Further	PLS	projections	can	be	added	to	improve	the	models	

ability	to	explain	group	separation.		A	PLS	scores	plot	shows	group	separation	and	loadings	plot	gives	

information	regarding	the	features	important	to	group	separation.			

	
Figure	3-11	PLS-DA	projections		
A:	projection	of	t1	in	the	X	space	B:	two	groups	in	the	Y	space	and	the	corresponding	u1	projection	C:	
t1u1	plot	

	

In	 PLS-DA	 however,	 the	 model	 includes	 both	 the	 variability	 of	 X	 that	 is	 correlated	 to	 Y	 and	 the	

variability	of	X	that	is	uncorrelated	to	Y	(the	orthogonal	variability).	It	does	not	display	how	much	of	

the	 variability	 of	 X	 is	 predictive	 of	 Y.	 	 Here	 is	 where	 orthogonal	 projections	 to	 latent	 structures:	

discriminant	analysis	(OPLS-DA)	is	useful.			
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OPLS-DA	forces	group	separation	by	its	first	component	only	(the	predictive	component	that	looks	at	

the	 correlation	between	X	and	Y),	 it	 then	has	 further	 components	 (placed	orthogonal	 to	 the	 first)	

that	do	not	explain	group	separation,	but	describe	 inter-group	variation.	 	 (336)	 	The	advantage	of	

this	model	over	PLS-DA	is	it	focuses	on	all	the	variance	related	to	the	group	separation	and	not	the	

orthogonal	unrelated	components,	as	illustrated	in	an	OPLS-DA	scores	plot	(Figure	3-12).		It	is	worth	

noting	that	whilst	some	investigators	suggest	OPLS-DA	is	a	better	model	than	PLS,	this	 is	 likely	not	

the	 case,	 however	 what	 OPLS-DA	 does	 present	 is	 an	 advantage	 in	 interpreting	 the	 model	 and	

scientific	question	posed.		(336)	

	
Figure	3-12	OPLS-DA	scores	plot	for	ESI-	mode	UPLC-MS	thermal	injury	and	capsaicin	injury	samples.		
TB:	 thermal	 injury	 samples,	 CB:	 capsaicin	 injury	 samples.	 	 a:	 represents	 the	 predictive	 component	
variability	and	separation	b:	represents	the	within	group	variability	
	

3.8.2.5 Extraction	and	statistical	confirmation	of	features	of	interest	

Models	need	to	be	predictive	and	robust.	 	This	 is	normally	achieved	by	R2	and	Q2	assessments	and	

also	by	permutation	testing.			R2	is	the	correlation	index	with	a	range	of	0	to	1,	where	0	represents	

no	fit	of	the	model	to	the	data	and	1	representing	perfect	fit	of	the	model	to	the	data.		It	is	based	on	

the	 fraction	 of	 the	 original	 data	 explained	 by	 the	 model.	 OPLS-DA	 produces	 a	 number	 of	 values	

associated	with	R2.	 	The	R2X(cumm)	reflects	the	predictive	and	orthogonal	variation	 in	X	explained	

by	the	X	model	only.		The	predictive	R2X	is	the	R2X	for	the	predictive	component	only.		R2Y	reflects	

the	variation	in	Y	explained	by	the	Y	model	only.	The	Q2	looks	at	quality	of	prediction,	again	ranging	

from	0-1,	 reflecting	 the	ability	of	 the	model	 to	predict	 a	new	dataset.	 	 It	 estimated	 through	cross	

validation.	 	 The	 specific	 software	 used	 to	 perform	MVA	 in	 this	 study	 (SIMCA,	MKS	 Umetrics,	 US)	

performs	 cross	 validation	by	 splitting	 the	data	 into	 seven	parts,	 and	 removing	 in	 turn	each	of	 the	

seven	 parts	 from	 the	 dataset.	 	 The	 remaining	 6/7th	 of	 the	 data	 are	 used	 to	 create	 a	 model	 and	

predict	 the	 1/7th	 dataset	 left	 out.	 	 This	 is	 then	 repeated	 until	 all	 data	 is	 predicted.	 	 The	Q2	 score	

reflects	 the	 relationship	 between	 the	 predicted	 and	 original	 dataset	 and	 is	 an	 averaging	 of	 the	

repeated	cross	validation	tests.			

a
b
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In	general	for	biomarker	discovery,	a	model	with	an	R2	>0.5	and	a	Q2	>0.4	reflects	a	good	fit	and	good	

prediction.	 	Further	model	robustness	 is	evaluated	by	the	cross	validation	analysis	of	variance	(CV-

ANOVA).		During	the	cross	validation	process	the	difference	(residuals)	between	the	actual	Y	values	

and	predicted	Y	values	for	each	permutation	are	calculated.		The	“sum	of	squares”	of	the	residuals	

per	permutation,	are	then	compared	using	an	ANOVA	to	create	the	CV-ANOVA	outputs.	This	gives	a	

significance	level	for	the	separation	of	the	groups	in	the	OPLS	model	based	on	cross	validation	as	a	p	

value,	with	a	significance	of	<0.05.		(339)	

	

Once	 models	 are	 determined	 to	 be	 robust	 and	 predictive	 there	 are	 two	 methods	 of	 identifying	

features	 important	 to	 the	 separation	 of	 groups	 in	OPLS-DA.	 	 The	 first	 is	 the	 variable	 influence	 on	

projection	value	(VIP).		This	ranks	features	based	on	their	contribution	to	the	model,	where	a	value	

of	greater	than	1.0	in	biomarker	research	is	commonly	taken	forward.		(340)		The	second	uses	the	S-

plot	(see	Figure	3-13).	For	UPLC-MS	data	this	plot	displays	the	magnitude	of	the	mass	spectrometry	

peaks	along	the	p[1]	axis,	with	those	approaching	to	p[1]=0	being	close	to	the	spectroscopic	noise	

level	and	at	risk	of	falsely	correlating	to	group	separation	within	the	model.		It	also	displays	reliability	

of	 the	 feature	 in	predicting	group	allocation	along	 the	p[corr]1	axis,	 and	could	be	considered	as	a	

type	of	correlation	coefficient.	 	Features	with	higher	p[corr]1	values	are	more	reliable	in	predicting	

group	separation	within	the	model.		A	value	of	either	>	0.4	or	<	-0.4	are	typically	used	for	biomarker	

identification.		(340)	Some	investigators	rely	on	S-plot	interpretation	of	the	model,	using	the	p[corr]1	

value	and	not	VIP	values	to	identify	important	features	in	group	separation.		

	

Figure	3-13	ESI	+	mode	UPLC-MS	data	OPLS-DA	S	plot	for	capsaicin	injury	and	UVB	injury	samples		
Areas	 marked	 in	 red	 represent	 features	 with	 high	 reliability	 and	 high	 magnitude,	 important	 in	
predicting	 injury	 group	 membership	 of	 samples.	 	 In	 comparison	 the	 area	 marked	 in	 blue	 includes	
features	likely	unrelated	to	predicting	injury	group.	
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Features	identified	as	being	important	to	group	separation	should	also	be	considered	on	the	OPLS-

DA	 loadings	 column	 plot.	 	 This	 is	 a	 column	 representation	 of	 the	 loadings	 scatter	 plot,	 with	 jack	

knifed	 95%	 confidence	 intervals	 added	 for	 each	 feature.	 These	 confidence	 intervals	 reflect	 the	

certainty	of	a	feature	predicting	a	group	separation.		For	features	where	the	confidence	intervals	do	

not	 cross	 the	 loadings	 column	 plot	 0	 line,	 the	 probability	 of	 this	 feature	 predicting	 group	

membership	for	new	sample	incorrectly	will	only	occur	in	5%	of	cases	(see	Figure	3-14).	

	
Figure	 3-14	OPLS-DA	 loadings	 column	 and	 scatter	 plots	 of	UPLC-MS	 ESI	 +	mode	 data	 for	 capsaicin	
injury	and	UVB	injury	samples		
Feature	5.03_653	(RT_m/z)	 is	highlighted	orange.	 	A:	Loadings	column	plot.	 	The	confidence	 intervals	
for	the	highlighted	feature	cross	the	pq[1]	zero	line.		B:	Loadings	scatter	plot.		The	confidence	intervals	
for	 this	 feature	 are	 represented	 as	 arrows	 (pink	 predicting	 towards	 the	 capsaicin	 model	 and	 green	
predicting	 towards	 the	 UVB	 model).	 	 This	 suggests	 this	 feature	 is	 unreliable	 in	 predicting	 group	
membership	to	either	capsaicin	or	UVB	injury.		

	

Further	feature	analysis	involves	conducting	univariate	statistical	analysis	to	compare	the	individual	

feature	of	 interest	peak	abundance	between	 the	 two	groups	 in	 the	OPLS-DA	model.	 	 Traditionally	

this	 involves	 t	 tests	 of	 the	 raw	 data,	 however	 based	 on	 the	 group	 sizes	 and	 previous	 discussions	

regarding	 group	 comparisons	 for	 sensory	 and	 cytokine	 data,	 Mann	 Whitney	 U	 tests	 have	 been	

preferred	 in	this	study	using	a	FDR	corrected	p	value	of	0.05	for	significance.	 	Each	feature	 is	then	

described	based	on	the	effect	size	seen	between	the	two	groups	by	calculating	both	the	Cohen’s	d	

test;	

	

(mean	of	group	2)	–	(mean	of	group	1)/	pooled	standard	deviation	of	group	1	and	2	

	

where	the	pooled	standard	deviation	is	calculated	by	the	formula	(341);	

	

√((standard	deviation	group	1
2
	+	standard	deviation	group	2

2
)	⁄	2)	

	

and	ratio	effect	size	is;	
	

(sum	of	variable	intensity	in	group	1)	/	(sum	of	variable	intensity	in	group	2)	

UVB	 Capsaicin	

A	 B	
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Chapter	4:		Subject	demographics	

4 Subject	demographics	

4.1 Introduction	

4.1.1 Rationale	
Forty-five	healthy	subjects	were	recruited	to	participate	in	this	study.		Each	subject	had	one	of	three	

experimental	pain	models	imparted	on	their	forearm	(thermal	injury,	capsaicin	injury	or	UVB	injury).		

They	all	underwent	somatosensory	testing	and	DMD	to	evaluate	the	somatosensory,	 inflammatory	

protein	 and	metabolic	 phenotypes	 associated	 with	 each	 of	 the	 three	 experimental	 burn	 injuries.		

This	chapter	gives	an	overview	of	the	recorded	demographics	for	the	subjects	recruited	and	includes	

detailed	descriptions	of	 recruitment	methods	not	outlined	 in	 section	3.	 	 It	 also	 includes	details	 of	

1MED	values	evaluated	for	subjects	in	the	UVB	injury	group,	and	the	3MED	doses	imparted.					

Subjects	 were	 allocated	 to	 receive	 one	 pain	 injury	model	 and	 were	 grouped	 based	 on	 the	 injury	

model	that	was	imparted.		Comparisons	were	made	for	subject	demographics	between	groups	and	

the	implications	of	these	findings	on	further	results	are	discussed.		

4.1.2 Hypothesis	

The	hypothesis	of	the	work	described	this	chapter	is	that	the	subjects	allocated	to	the	different	pain	

injury	 groups	 demonstrate	 similar	 demographics	 at	 a	 group	 level.	 	 	 Furthermore	 that	 group	

allocation	 did	 not	 lead	 to	 significant	 differences	 between	 groups	 that	 would	 impact	 on	 the	

comparisons	of	somatosensory	measurements,	 inflammatory	protein	concentrations	or	metabolite	

features	between	injury	groups.			

4.2 Methods		

Methods	 regarding	 general	 issues	 related	 to	 subject	 recruitment	 are	 outlined	 in	 section	 3.2.		

Additional	recruitment	and	group	allocation	methods	are	described	below.	

4.2.1 General	aspects	of	the	study	
Subjects	 took	part	 in	 the	 study	between	March	2012	and	April	 2014,	with	 all	 subjects	 in	 the	UVB	

model	 group	participating	 in	 the	 study	 in	March	 and	April	 2014.	 	 This	 study	was	 registered	 as	 an	

NIHR	 Portfolio	 study	 and	 recruited	 all	 the	 subjects	 to	 within	 the	 allocated	 recruitment	 initial	

projection.			
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All	human	subject	interaction	and	data	acquisition	took	place	on	weekdays	between	8am	and	6pm	

with	subjects	seated	comfortably	in	a	quiet,	well-lit	private	area	kept	at	room	temperature.			

	

4.2.2 Inclusion	/	Exclusion	criteria	

All	 recruited	patients	were	required	to	meet	the	 inclusion	/	exclusion	criteria	as	agreed	by	

the	National	Regional	Ethics	Service	Committee	(see	section	3.2.2).		These	criteria	are	listed	

in	Table	4-1.			

Inclusion	 Exclusion	

Age	>18	years	 Missing	consent	form	
Self	report	as	healthy	 Pregnancy	
Consent	to	participate	 Communication	problems	
	 Insufficient	language	skills	
	 Major	cognitive	disorder	
	 Major	psychiatric	disorder	
	 Neurological	conditions	including	epilepsy,	stroke,	spinal	cord	lesions	
	 Chronic	inflammatory	conditions	including	rheumatoid	arthritis	
	 Conditions	characterised	by	immunosuppression	such	as	HIV	
	 Acute	infection	on	day	of	study	/	current	antibiotic	therapy	
	 Diabetes	Mellitus	
	 Cancer	
	 Bleeding	disorders	
	 Regular	analgesia	or	analgesia	within	24	hours	of	the	study	
	 Allergy	to	latex	/	sunlight	/	capsaicin	
	 Skin	conditions	at	experimental	area	such	as	eczema	

Table	4-1	List	of	inclusion	and	exclusion	criteria	for	study	entry	

4.2.3 Pain	model	allocation	

Subjects	 were	 allocated	 to	 experimental	 pain	 model	 groups	 by	 convenience	 sampling,	 based	 on	

availability	 of	 the	 pain	 model	 equipment.	 	 The	 subjects	 recruited	 into	 the	 UVB	 group	 were	 not	

recruited	 in	 the	 late	 spring	 /	 summer	 /	 early	 autumn	 so	 as	 to	 avoid	 exposure	 of	 the	 forearm	 to	

excessive	natural	sunlight	that	would	influence	the	injury	model.		Furthermore	only	individuals	with	

Fitzpatrick	skin	phototypes	2	and	3	were	included	in	the	UVB	injury	model	(as	previously	described,	

see	 Table	 3-4).	 Once	 recruited	 subjects	 were	 allocated	 an	 individual	 study	 identifier	 code	 with	 a	

number	 and	 a	 letter	 that	 reflected	 their	 sequential	 recruitment	 into	 the	 injury	 group,	 and	 injury	

group	allocation	respectively.		For	example	the	first	patient	allocated	to	the	thermal	injury	group	had	

an	identifier	code	1T,	and	the	fourteenth	subject	recruited	to	the	UVB	injury	group	had	the	identifier	

code	14U.	
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4.2.4 Subject	allocation	to	subset	group	for	dermal	microdialysate	analysis		
Thirty	 of	 the	 subjects	 recruited	 to	 the	 study	 had	DMD	 samples	 used	 for	 analysis	 of	 inflammatory	

proteins	and	metabolomic	features	(see	section	3.2.1).		This	subset	group	was	determined	by	order	

of	subject	recruitment.		The	DMD	samples	from	the	first	five	subjects	recruited	into	each	pain	injury	

model	group	were	used	for	method	development	of	inflammatory	protein	and	metabolite	analysis.		

Therefore	the	subset	group	consisted	of	subjects	 identified	as	6	to	15	 in	each	 injury	group.	 	These	

thirty	subjects	therefore	had	the	identifier	codes	of	6T-15T,	6C-15C	and	6U-15U.			

4.2.5 Evaluation	of	subject	demographics	
Following	 eligibility	 assessment	 and	 consent	 (see	 section	 3.2)	 subjects	 completed	 a	 demographics	

questionnaire.	 	 This	 recorded	 their	 age,	 gender	 and	 Fitzpatrick	 skin	 phototype	 (see	 Table	 3-4).	 	 It	

recorded	 whether	 they	 had	 any	 medical	 conditions	 and	 took	 any	 regular	 medicines	 that	 were	

outside	those	considered	in	the	eligibility	assessment.			

4.2.6 Demographic	comparisons	between	injury	groups	
As	outlined	above	45	subjects	were	included	in	the	somatosensory	study,	and	of	these	a	subset	of	30	

subjects	 had	 analysis	 of	 their	 DMD	 samples	 (see	 section	 3.2).	 	 Demographics	 were	 compared	

between	 injury	groups	for	the	45	subjects	together	and	also	the	30-subject	subset	group.	Age	and	

skin	 phototype	 differences	 between	 groups	 were	 compared	 using	 Kruskal-Wallis	 tests.	 	 Gender	

differences	between	groups	were	compared	using	Chi	squared	tests.		For	comparisons	of	UVB	doses	

that	were	evaluated	as	1MED	and	3MED	between	subjects	 identified	as	1-5U	and	6-15U,	a	Mann-

Whitney	U	 test	was	performed.	 	A	Mann-Whitney	U	 test	was	also	used	 to	compare	 subjects	1-5U	

and	 6-15U	 for	 skin	 phototype.	 	 All	 statistical	 analyses	 were	 performed	 using	 SPSS	 Statistics	 for	

Macintosh	(Version	24.0.0.1.	IBM	Corp.	New	York,	Released	2016).	

4.3 Results	

4.3.1 Demographic	details	of	all	subjects	

The	demographic	details	of	the	45	recruited	subjects	are	listed	in	Table	4-2.			
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Injury	
group	

Identifier	
code	 Age	 Gender	 Skin	

phototype	 Comorbidities	 Medications	

Thermal	 1T	 30	 F	 2	 Hypothyroid	 Thyroxine	
Thermal	 2T	 24	 F	 1	 Migraines	 Topiramate	
Thermal	 3T	 31	 F	 2	 	 	
Thermal	 4T	 44	 M	 2	 Hay	fever	 	
Thermal	 5T	 32	 F	 2	 	 	
Thermal	 6T	 27	 F	 2	 Haemachromatosis	 Oral	contraceptive	
Thermal	 7T	 64	 M	 2	 	 	
Thermal	 8T	 26	 M	 1	 	 	
Thermal	 9T	 33	 M	 2	 	 	
Thermal	 10T	 22	 F	 2	 	 Oral	contraceptive	
Thermal	 11T	 32	 M	 5	 	 	
Thermal	 12T	 32	 F	 3	 Mild	asthma	 Oral	contraceptive	
Thermal	 13T	 30	 F	 2	 Mild	asthma	 Oral	contraceptive	
Thermal	 14T	 26	 M	 2	 Hay	fever	 	
Thermal	 15T	 30	 M	 3	 Dermatitis	 	
Capsaicin	 1C	 34	 M	 3	 	 	
Capsaicin	 2C	 28	 F	 3	 	 	
Capsaicin	 3C	 22	 M	 5	 	 	
Capsaicin	 4C	 31	 F	 2	 	 	
Capsaicin	 5C	 25	 M	 2	 	 Oral	contraceptive	
Capsaicin	 6C	 47	 M	 2	 	 	
Capsaicin	 7C	 29	 M	 3	 	 	
Capsaicin	 8C	 33	 F	 2	 Mild	Eczema	 	
Capsaicin	 9C	 32	 F	 2	 	 	
Capsaicin	 10C	 22	 M	 2	 Asthma,	Seafood	allergy	 Inhaled	steroids	
Capsaicin	 11C	 22	 M	 1	 	 	
Capsaicin	 12C	 27	 F	 1	 	 Primidone,	Sennakot	
Capsaicin	 13C	 32	 M	 5	 	 	
Capsaicin	 14C	 26	 F	 1	 	 	
Capsaicin	 15C	 27	 F	 1	 	 	

UVB	 1U	 46	 M	 3	 Hay	fever	 	
UVB	 2U	 34	 F	 2	 	 	
UVB	 3U	 25	 F	 2	 Dust	mite	allergy	 	
UVB	 4U	 28	 F	 3	 Haemachromatosis	 Oral	contraceptive	
UVB	 5U	 53	 F	 3	 Hay	fever	 Metformin	
UVB	 6U	 32	 F	 2	 Hypothyroid	 Thyroxine	
UVB	 7U	 36	 M	 3	 	 	
UVB	 8U	 22	 F	 3	 	 Oral	contraceptive	
UVB	 9U	 22	 M	 2	 Hay	fever	 	
UVB	 10U	 30	 F	 3	 Mild	asthma	 Oral	contraceptive	
UVB	 11U	 30	 F	 2	 Hay	fever	 Vitamin	D	
UVB	 12U	 30	 F	 2	 Dust	allergy	 	
UVB	 13U	 33	 M	 2	 	 	
UVB	 14U	 31	 M	 3	 	 	
UVB	 15U	 28	 M	 2	 	 		

Table	4-2	Demographics	of	recruited	subjects	



100	
	

4.3.2 Age	and	gender		

4.3.2.1 Comparisons	for	all	45	subjects	
Age	and	gender	characteristics	of	the	three	injury	model	groups	for	all	45	subjects	are	summarised	in	

Table	 4-3.	 A	 Kruskal-Wallis	 test	 to	 compare	 age	between	 injury	 groups	 found	 a	χ2(2)	 =	 1.173	 and							

p	=	0.556	and	a	Chi-squared	test	comparing	gender	between	injury	groups	found	a	χ2(2)	=	0.536	and	

p	=	0.764.		Neither	age	nor	gender	demonstrated	a	statistically	significant	difference	between	injury	

groups.	

Injury	model	 Age		 Gender	M	(F)	
Thermal		 30		[26-32]		(22-64)	 7	(8)	
Capsaicin		 28		[25-32]		(22-47)	 8	(7)	
UVB		 30		[28-34]		(22-53)	 6	(9)	

	
Table	4-3	Age	and	gender	of	subjects	allocated	to	each	pain	injury	group:	all	subjects		

Age	is	recorded	as	median,	interquartile	range	[]	and	range	()	and	gender	is	frequencies	of	M:	male	and	F:	female	

4.3.2.2 Comparisons	for	30	subject	subset	group	
Age	and	gender	characteristics	of	the	three	injury	model	groups	for	the	30	subjects	allocated	to	the	

subset	 group	 are	 summarised	 in	 Table	 4-4.	 A	 Kruskal-Wallis	 test	 to	 compare	 age	 between	 injury	

groups	found	a	χ2(2)	=	0.199	and	p	=	0.905	and	a	Chi	squared	test	comparing	gender	between	injury	

groups	 found	 a	χ2(2)	 =	 0.37	 and	 p	 =	 0.831.	 	 	 Neither	 age	 nor	 gender	 demonstrated	 a	 statistically	

significant	difference	between	injury	groups.	

Injury	model	 Age		 Gender	M	(F)	
Thermal		 30		[26-32.25]		(22-64)	 6	(4)	
Capsaicin		 28		[25-32.25]		(22-47)	 5	(5)	
UVB		 30		[26.5-32.25]		(22-36)	 5	(5)	

	
Table	4-4	Age	and	gender	of	subjects	allocated	to	each	pain	injury	group:	30	subjects	subset	

Age	is	recorded	as	median,	interquartile	range	[]	and	range	()	and	gender	is	frequencies	of	M:	male	and	F:	female	

4.3.3 Skin	phototype	and	UVB	dose	calculations	for	1MED	and	3MED		
Table	4-5	lists	the	skin	phototypes,	1MED	and	3MED	values	for	all	fifteen	UVB	injury	model	subjects.		

The	median	1MED	was	240	mJ/cm2,	[200-430	mJ/cm2]	IQR	and	a	range	of	140	to	770	mJ/cm2.		The	

median	 3MED	 value	 being	 720	mJ/cm2,	 [600-1290	mJ/cm2]	 IQR	 and	 a	 range	 of	 420-2310	mJ/cm2.		

Mann	Whitney	U	tests	comparing	skin	phototype,	1MED	and	3MED	between	all	15	subjects,	and	the	

subset	of	10	subjects	did	not	demonstrate	statistically	significant	differences.		For	skin	phototype,	U	

=	70,		Z	=	-0.322	and	p	=	0.747	and	for	1MED	and	3MED,	U	=	58.5,	Z	=	-0.938	and	p	=	0.348.	

	

	

	

	



101	
	

Subject	
identifier	

Skin	
phototype	

1MED	
(mJ/cm2)	

3MED	
(mJ/cm2)	

1U	 3	 200	 600	
2U	 2	 200	 600	
3U	 2	 280	 840	
4U	 3	 140	 420	
5U	 3	 550	 1650	
6U	 2	 200	 600	
7U	 3	 390	 1170	
8U	 3	 200	 600	
9U	 2	 770	 2310	
10U	 3	 351	 1053	
11U	 2	 550	 1650	
12U	 2	 550	 1650	
13U	 2	 550	 1650	
14U	 3	 390	 1170	
15U	 2	 550	 1650	

Table	4-5	Skin	phototype,	1MED	and	3MED	values	for	UVB	injury	group	

4.4 Discussion	

4.4.1 Demographic	differences	between	injury	groups	

There	were	 no	 statistically	 significant	 differences	 between	 the	 pain	 injury	 groups	with	 respect	 to	

age,	gender	or	skin	phototype.		This	was	true	in	both	the	full	sample	of	45	subjects,	and	also	in	the	

30-subject	 subset	 group	 that	 had	 further	 analysis	 of	 DMD	 samples.	 	 Hence	 despite	 using	 a	

convenience	 sampling	 approach	 to	 allocate	 subjects	 to	 injury	 group,	 there	 was	 sufficiently	 good	

group	matching.		

Whilst	 these	 demographic	 features	 are	 similar	 between	 pain	 injury	 groups,	 there	 are	 frequency	

differences	 with	 respect	 to	 medical	 comorbidities.	 	 There	 is	 a	 higher	 frequency	 of	 subjects	 with	

atopic-like	 conditions,	 namely	 asthma,	 allergy	 and	 skin	 reactions	 to	 an	 allergen,	 in	 the	UVB	 injury	

group.		For	these	conditions	the	thermal	injury	group	has	a	frequency	of	5	out	of	15	subjects,	for	the	

capsaicin	injury	group	a	frequency	of	2	out	of	15	subjects	and	the	UVB	injury	group	is	a	frequency	of	

7	out	of	15.		However	these	did	not	reach	statistical	significance	on	group	comparisons	(χ2(2)	=	3.299	

and	p	=	0.192).	 	Only	one	of	 the	13	 subjects	 that	 reported	a	mild	atopic-like	 condition	was	 taking	

regular	medication	 to	manage	 the	 condition.	 	 This	 individual	was	 coded	 10C,	 and	was	 on	 regular	

inhaled	 steroids	 for	 asthma.	 	 The	 use	 of	 inhaled	 steroids	 was	 not	 an	 exclusion	 criteria	 for	

participation	in	the	study,	however	glucocorticoids	in	general	are	associated	with	anti-inflammatory	

effects	 that	 include	 reduced	 cytokine	 production.	 	 (342)	 	 	 This	was	 an	 inhaled	 preparation	 rather	

than	 oral,	 and	 its	 strength	 and	 dose	 were	 not	 recorded,	 however	 there	 are	 reports	 of	 inhaled	

steroids	 affecting	 systemic	 inflammatory	 responses.	 	 (343)	 Therefore,	 although	 this	 only	 affected	

one	 recruited	 subject	 and	 is	 unlikely	 to	 affect	 overall	 injury	 group	 comparisons,	 this	 will	 be	

considered	in	the	somatosensory	and	cytokine	analysis	(sections	5.4.8	and	6.4.2).			
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4.4.2 Differences	in	photosensitivity	of	the	UVB	injury	subjects	between	injury	groups	

The	UVB	dose	used	 to	generate	 injury	was	 individualised	 to	 subjects	based	on	 their	1MED	values.		

The	3MED	values	used	 to	 impart	 the	 injury	 in	 this	 study	appears	 to	 represent	a	high	dose	of	UVB	

compared	 to	 previously	 published	 data	 (see	 Table	 3-6).	 	 This	 is	 despite	 the	 adoption	 of	 a	

conservative	dosing	approach	following	the	UVB	pilot	(see	sections	3.3.3.2.2	and	3.3.3.2.3).	 	This	 is	

interesting	as	a	number	the	reviewed	protocols	defined	1MED	as	being	uniform	redness	with	clearly	

demarcated	 borders.(216,217,220,238,246)	 Bishop	 et	 al.	 are	 the	 only	 group	 that	 report	 using	 a	

higher	mean	UVB	dose	to	impart	 injury,	although	this	can	only	be	estimated	from	the	1MED	mean	

dose	 as	 a	 3MED	mean	 value	 of	 1428	mJ/cm2.	 	 This	 may	 represent	 true	 differences	 in	 protocols,	

however	 could	be	explained	by	 recruitment	 in	 these	 studies	of	 individuals	more	 sensitive	 to	UVB.		

This	is	difficult	to	establish,	as	the	only	possible	confirmatory	data	that	would	allow	UVB	sensitivity	

comparisons	 is	 to	 consider	 the	 reported	 subject	 skin	 phototypes.	 Bishop	 et	 al.	 recruited	 only	

participants	 with	 skin	 phototype	 1	 and	 report	 highest	 3MED	 doses,	 however	 this	 may	 be	 a	

consequence	 of	 using	 a	 mean	 value	 to	 describe	 MED	 dose	 that	 could	 be	 unduly	 influenced	 by	

extreme	 values.	 	 In	 contrast	 most	 other	 studies	 used	 skin	 phototypes	 of	 2-4.	 	 This	 suggests	

populations	 between	published	 studies	 and	 subjects	 recruited	 to	 this	 study	were	not	 dissimilar	 in	

skin	 photosensitivity.	 	 However	 as	 highlighted	 previously	 there	 may	 be	 overlap	 in	 1MED	 values	

between	skin	phototypes	and	as	such	comparing	UVB	sensitivity	of	participants	between	studies	 is	

challenging.			

Comparisons	were	made	 for	 skin	 phototypes	 and	 evaluated	 1MED	between	 the	 full	 sample	 of	 15	

subjects,	and	also	in	the	10	subjects	subset	group	that	had	further	analysis	of	DMD	samples.		There	

were	 no	 statistically	 significant	 differences	 for	 either	 skin	 phototype	 or	 evaluated	 1MED.	 	 This	

suggests	 somatosensory	 data	 can	 be	 interpreted	 in	 relation	 to	 the	 inflammatory	 protein	

concentrations	and	metabolomic	feature	identification.		This	is	because	the	five	additional	subjects	

that	contributed	somatosensory	data	did	not	change	the	group	level	dosing	values	for	UVB.			
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Chapter	5:	Somatosensory	analysis	

5 Somatosensory	results	

5.1 Background	

5.1.1 Rationale	and	aims	
Human	 experimental	 pain	 models	 are	 investigational	 methods	 that	 evoke	 pain	 and	 allow	 its	

assessment	 in	 healthy	 human	 participants	 under	 controlled	 conditions.	 (66)	 They	 remove	 the	

problems	 associated	 with	 animal	 pain	 research,	 some	 of	 the	 bias’	 associated	 with	 clinical	 pain	

studies	(see	section	1.4),	and	offer	a	translational	bridge	between	clinical	and	pre-clinical	research.			

Through	 the	 removal	 of	 factors	 that	 may	 confound	 clinical	 pain	 research	 such	 as	 social	

consequences,	 educational	 level,	 psychological,	 emotional	 and	 physical	 functioning	 and	

socioeconomic	factors,	these	models	are	an	improved	method	to	study	pain	mechanisms.	(66)		It	is	

therefore	 rationale	 to	 apply	 the	 use	 of	 human	 experimental	 pain	 models	 to	 explore	 the	 pain	

mechanisms	involved	in	burn	injury-associated	pain.			

The	two	human	experimental	pain	models	that	are	thought	to	best	replicate	the	pathophysiological	

processes	of	burn	injury	are	the	thermal	burn	injury	model	and	the	UVB	burn	injury	model.	 	These	

two	models	 are	 used	 interchangeably	 for	 pharmacological	 studies	 evaluating	 analgesia	 efficacy	 in	

inflammatory	pain.	 (218)	Despite	both	being	 implemented	 to	explore	 inflammatory	pain,	 they	are	

reported	 to	 show	 different	 phenotypes	 with	 respect	 to	 somatosensory	 gain	 of	 function,	 namely	

hyperalgesia	and	allodynia	in	primary	and	secondary	sites.	There	are	also	differences	related	to	the	

development	 of	 erythematous	 flare	 (EF).	 	 This	 study	 focuses	 on	 differences	 in	 static	 punctate	

mechanical	hyperalgesia	(PMH),	dynamic	mechanical	allodynia	(DMA)	and	EF.		With	respect	to	these	

somatosensory	parameters	the	thermal	injury	model	is	reported	to	produce	primary	and	secondary	

PMH	and	DMA,	alongside	erythema	at	the	injury	site	and	EF.	(81,200,210)	In	contrast,	the	UVB	injury	

model	 is	 reported	 to	 develop	erythema	at	 the	 injury	 site	 but	 there	 is	 no	 evidence	 supporting	 the	

presence	 of	 EF.	 	 Following	 UVB	 injury	 primary	 PMH	 and	 DMA	 are	 found	 however,	 whether	

secondary	 PMH	 and	 DMA	 develop	 is	 controversial.	 (210,212,213,248)	 The	 application	 of	 these	

models	 interchangeably	 in	investigating	inflammatory	pain	necessitates	clarification	as	to	the	exact	

phenotypes	they	present.			

Furthermore,	these	models	are	being	used	in	this	study	to	explore	the	peripheral	processes	involved	

in	burn	 injury-associated	pain.	 	As	such,	 they	should	 reflect	 the	sensory	changes	 found	 in	patients	

who	have	developed	burn	injury-associated	pain,	including	secondary	hypersensitivity.			
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It	is	important	to	explore	the	presence	or	absence	of	secondary	hypersensitivity	associated	with	the	

UVB	model,	as	this	impacts	on	the	relevance	of	peripheral	biological	findings	in	the	UVB	burn	to	the	

exploration	of	burn	injury-associated	pain.	 	 	Moreover,	the	severity	of	 injury	produced	by	the	burn	

injury	pain	models	needs	to	reflect	that	produced	by	burn	injuries	seen	in	clinical	practice	to	allow	

findings	 be	 translated	 between	 the	 experimental	 and	 clinical	 settings.	 	 An	 appropriate	 injury,	 as	

indicated	by	the	presence	of	burn	injury-associated	pain	somatosensory	changes	(see	section	1.2.4),	

ensures	the	peripheral	biological	processes	being	evaluated	 in	sections	6	and	7	are	relevant	to	the	

central	hypothesis	of	this	work.		

The	 inclusion	of	 the	capsaicin	 injury	model	provides	a	positive	control.	 	 It	 acts	as	an	experimental	

pain	model	that	produces	hyperalgesia,	but	that	is	not	associated	with	the	peripheral	injury	involved	

in	 the	 burn	models	 (see	 section	 1.4.3).	 	 The	 capsaicin	 injury	model	 has	 a	 well-described	 sensory	

phenotype.	 	Topical	application	of	capsaicin	 leads	to	erythema	at	the	application	site,	EF	and	both	

primary	 and	 secondary	 PMH	 and	 DMA.	 	 Replication	 of	 these	 characteristic	 sensory	 findings	 will	

confirm	the	capsaicin	injury	model	protocol	is	appropriate.			

The	 distinction	 between	 primary	 and	 secondary	 somatosensory	 changes	 and	 the	 mechanisms	

involved,	 remain	 contentious.	 	 Primary	 changes	 are	 generally	 regarded	 as	 a	 consequence	 of	

peripheral	nociceptor	free	nerve	ending	sensitisation,	whereas	central	mechanisms	within	the	spinal	

cord	are	reported	to	be	the	principal	component	of	secondary	changes.	(344)	There	may	however,	

be	 involvement	of	both	peripheral	and	central	processes	 in	primary	and	secondary	somatosensory	

changes.	This	is	further	complicated	by	the	apparent	different	neuronal	mechanisms	involved	in	EF,	

PMH	and	DMA.	

EF	 represents	 neurogenic	 inflammation,	 an	 efferent	 phenomenon	 reliant	 on	 afferent	 nociceptor	

fibres.	(345,346)	It	causes	erythema	due	to	peripheral	vasodilatation	and	is	mediated	by	a	number	of	

peptides	 including	 SP	 and	 CGRP.	 (228)	 It	 is	 otherwise	 referred	 to	 as	 a	 peripheral	 axon	 reflex.	 	 It	

occurs	when	 one	 branch	 of	 a	 nociceptor	 is	 activated	 by	 a	 noxious	 stimulus	 and	 this	 leads	 to	 the	

antidromic	propagation	of	action	potentials	into	adjacent	branches	of	the	nociceptor.		Antidromic	is	

the	 travelling	of	action	potentials	 in	 the	opposite	direction	along	a	nerve	 that	would	occur	with	a	

normal	 nerve	 impulse.	 	 This	 leads	 to	 the	 release	 of	 vasoactive	 substances	 from	 the	 terminals	 of	

these	 adjacent	 nociceptor	 branches	 to	 the	 one	 that	 was	 originally	 stimulated	 and	 consequent	

vasodilatation	(see	Figure	5-1).		This	axonal	reflex	occurs	predominantly	via	peripheral	activation	of	

peptidergic	C	fibres.	(347)	
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Figure	5-1	Schematic	drawing	of	an	axon	reflex		

A	noxious	stimulus	leads	to	an	action	potential	being	generated	within	a	peripheral	nociceptor.		This	then	is	propagated	
towards	 the	 central	 nervous	 system.	 	 During	 an	 axon	 reflex	 there	 is	 antidromic	 propagation	 into	 adjacent	 branches	
(orange	 arrow)	 leading	 to	 the	 release	 of	 neuropeptides,	 namely	 substance	 P	 (SP)	 and	 calcitonin	 gene	 related	 peptide	
(CGRP).		These	agents	can	lead	to	vasodilatation	and	flare.		(Adapted	from	Schmelz	and	Petersen,	Physiology,	2001)(228)	
	

Primary	 mechanical	 hyperalgesia	 is	 thought	 to	 be	 a	 consequence	 of	 peripheral	 nociceptor	

sensitisation,	commonly	in	response	to	injury	or	inflammation.		This	sensitisation	can	involve	several	

processes	 including	 lowering	 nerve	 thresholds,	 increasing	 responsiveness	 of	 nociceptors	 and	

expansion	of	the	nerve	receptor	field.		A	proportion	of	C	and	Aδ	fibres,	approximately	30%	and	50%	

respectively,	 have	 high	 mechanical	 thresholds	 that	 require	 greater	 mechanical	 stimulation	 than	

normal	 to	 generate	 action	 potentials.	 	 They	 are	 referred	 to	 as	 mechanically	 insensitive	 afferents	

(MIA).	 	 These	 MIA	 may	 lower	 their	 threshold	 (specifically	 Aδ	 MIA	 fibres)	 following	 injury	 or	

inflammation,	 and	 appear	 more	 sensitive	 to	 mechanical	 stimulation.	 	 In	 addition	 mechanically	

responsive	C	and	Aδ	fibres,	whilst	not	lowering	their	thresholds	for	action	potential	generation,	can	

develop	 an	 enhanced	 response	 to	 suprathreshold	 mechanical	 stimuli.	 (348)	 Finally	 the	 receptor	

fields	of	C	and	Aδ	fibres,	in	response	to	heat	injury,	can	expand	into	the	area	directly	adjacent	to	the	

injury.	 (349)	The	 receptor	 field	 for	 cutaneous	 somatosensory	nerves	 is	 the	area	of	 skin	 that	when	

stimulated	 leads	 to	 a	 response	within	 the	 nerve.	 There	may	 also	 be	 central	 processes	 involved	 in	

primary	mechanical	hyperalgesia,	as	the	normal	central	 inhibition	of	nociceptor	activity	that	comes	

from	 simultaneously	 applied	mechanical	 stimuli	 (commonly	 referred	 to	 as	 the	 pain-gating	 theory)	

may	be	lost.		(350)	
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It	was	originally	assumed	that	secondary	hyperalgesia	involved	similar	mechanisms	to	those	involved	

in	 EF,	 with	 an	 axon	 reflex	 leading	 to	 peripheral	 release	 of	 peptides	 that	 sensitised	 adjacent	

nociceptors.		However	in	humans	chemical	sensitisation	in	one	part	of	a	receptor	field	does	not	lead	

to	 sensitisation	 in	 another,	 and	 work	 by	 LaMotte	 et	 al.	 showed	 that	 the	 area	 of	 secondary	

hyperalgesia	 around	 an	 injury	 were	 larger	 than	 the	 area	 of	 flare.	 	 Additionally	 both	 flare	 and	

secondary	hyperalgesia	can	be	present	independently.		(57,351)	Therefore,	the	current	consensus	is	

that	 secondary	 PMH	 is	 unlikely	 to	 have	 a	 purely	 peripheral	 neuronal	 mechanism.	 	 Rather	 it	 is	

thought	 to	 be	 a	 consequence	 of	 central	 changes	 within	 the	 spinal	 cord,	 that	 whilst	 not	 fully	

elucidated	(249),	may	involve	sensitisation	of	mechano-specific	interneurons	that	connect	peripheral	

Aδ	nociceptors	with	central	pain	pathways.	(352)	In	addition,	 it	 is	possible	that	C	fibre	driven	long-

term	potentiation,	where	there	 is	an	 increase	 in	synaptic	transmission	beyond	the	application	of	a	

repetitive	peripheral	stimulus,	plays	a	role.	(54)		

It	is	also	likely	that	the	neuronal	mechanisms	behind	secondary	DMA	are	different	to	those	involved	

in	 secondary	 PMH.	 	 This	 is	 supported	 by	 evidence	 that	 the	 same	 chemical	 injury	 will	 produce	

different	size	secondary	DMA	and	secondary	PMH	areas.	(57)	This	is	plausible	as	DMA	by	definition	is	

different	 to	 PMH.	 	 PMH	 represents	 an	 exaggerated	 response	 to	 a	 painful	 stimulus	 whereas	 in	

contrast	DMA	is	a	change	in	response	to	a	stimulus	(see	section	1.2.4).		In	DMA	pain	is	the	response	

to	 a	 normally	 innocuous	 tactile	 stimulus,	 detected	 by	 low	 threshold	 mechanoreceptor	 Aβ	 fibres.	

(207,234)		Evidence	suggested	a	similar,	rather	than	separate,	mechanism	is	involved	in	both	primary	

and	secondary	DMA	involving	sensitised	central	nociceptive	neurons,	that	become	responsive	to	Aβ	

fibre	 input	 and	 interpret	 there	 incoming	 signals	 as	 pain	 rather	 than	 light	 touch.	 	 It	 is	 likely	 that	

peripheral	 pain	 processes	 also	 are	 involved,	 as	 secondary	 DMA	 is	 dependent	 upon	 continued	

primary	 input.	 	 (57)	Certainly	 the	distinction	between	mechanisms	of	primary	and	secondary	DMA	

are	less	distinct	than	those	for	PMH.			

The	 capsaicin	 injury	 model	 is	 the	 experimental	 condition	 most	 frequently	 used	 to	 explore	 the	

mechanisms	 involved	 in	 these	 different	 somatosensory	 modalities.	 	 Some	 evidence	 is	 from	 work	

using	the	thermal	model,	but	as	such	the	understanding	of	primary	and	secondary	changes	and	how	

they	develop	in	the	UVB	injury	model	 is	 incomplete.	In	this	respect	correlation	analyses	comparing	

the	different	somatosensory	modalities	within	each	injury	model	(for	example	between	EF,	PMH	and	

DMA	(both	primary	and	secondary))	will	be	used	to	explore	this	further.		These	findings	may	provide	

information	 regarding	 the	 similarities	 and	 differences	 between	 the	 injury	 model’s	 respective	

somatosensory	phenotypes.			



107	
	

This	section	specifically	aims	to	characterise	 the	somatosensory	phenotypes	of	 three	experimental	

pain	models;	thermal	injury,	capsaicin	injury	and	UVB	injury,	using	somatosensory	modalities	of	self	

reported	 pain	 intensity	 scores	 and	 areas	 of	 EF,	 PMH	 and	 DMA	 (primary	 and	 secondary)	 that	

surround	the	model	injury.		These	phenotypes	are	compared	between	injury	models	and	considered	

in	 the	 context	 of	 current	 literature.	 	 The	 separate	 somatosensory	modalities	 undergo	 correlation	

analysis	 to	 explore	 within	 model	 relationships	 with	 the	 aim	 of	 increasing	 understanding	 of	

contributions	 of	 peripheral	 and	 central	 mechanisms	 to	 the	 somatosensory	 modalities	 and	 to	

broaden	 understanding	 of	 model	 specific	 somatosensory	 phenotypes.	 	 Individual	 subjects	 are	

reviewed	 to	 discover	 whether	 there	 are	 non-responders	 in	 any	 of	 the	 injury	 groups	 and	 what	

somatosensory	profiles	they	display.	

5.1.2 Hypothesis	
The	hypothesis	the	work	described	in	this	chapter	is	that	the	capsaicin	injury	and	the	thermal	injury	

models	both	demonstrate	EF,	PMH	and	DMA	(both	primary	and	secondary).		This	is	in	contrast	to	the	

absence	of	EF	and	secondary	somatosensory	changes	in	the	UVB	model.			

5.2 Methods	

5.2.1 Contribution	of	others	
As	outlined	in	section	3.1.2,	one	subject	underwent	somatosensory	testing	performed	by	Dr	Carsten	

Bantel,	Senior	Clinical	Lecturer	and	Consultant	in	Pain	Medicine	and	Anaesthetics,	Imperial	College,	

with	 the	 author	 present	 to	 ensure	 experimental	 consistency	 and	 quality.	 	 The	 author	 conducted	

somatosensory	testing	of	the	remaining	subjects	(n=44)	and	conducted	all	data	analyses	at	Imperial	

College,	London.	

5.2.2 Timing	of	somatosensory	testing	
All	 somatosensory	 testing	 took	 place	 after	 the	 injury	 model	 was	 imparted	 and	 before	 DMD	 (see	
Figure	3-1).	

5.2.2.1 Timing	of	self	report	pain	intensity	scores		
Self-report	 pain	 intensity	 scores	 were	 evaluated	 using	 a	 visual	 analogue	 scale	 (VAS)	 (see	 section	

5.2.3).	 The	 start	 of	 imparting	 the	 injury	model	was	 referred	 to	 as	 time	 0,	 and	 the	 timings	 of	 VAS	

scores	are	 illustrated	 in	Figure	5-2	related	to	time	0.	 	The	first	 three	VAS	scores	were	taken	at	the	

injury	site.	The	“baseline”	VAS	score	was	taken	prior	to	time	0	and	represents	pain	at	the	injury	site	

prior	 to	 the	 injury	model	 being	 imparted.	 VAS	 scores	 were	 also	 taken	 at	 the	 injury	 site	 half	 way	

through	 the	 development	 of	 the	 injury	model	 (referred	 to	 as	 “injury	 50%”)	 and	 at	 the	 end	 of	 its	

development	(“injury	100%”).			
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The	UVB	injury	group	did	not	report	an	injury	50%	score,	as	this	represented	interrupting	sleep	for	

most	subjects,	being	required	12	hours	following	exposure	to	3MED	of	UVB.		Injury	50%	scores	were	

taken	 half	 way	 through	 the	 development	 of	 the	 injury	model	 in	 the	 thermal	 and	 capsaicin	 injury	

groups	 at	 time	 2.5	minutes	 and	 15	minutes	 respectively.	 Injury	 100%	 scores	were	 taken	 at	 times	

specific	 for	each	 injury	group;	5	minutes	 for	thermal	 injury,	30	minutes	 for	capsaicin	 injury	and	24	

hours	for	UVB	injury.		VAS	scores	were	also	recorded	during	the	first	30	minutes	of	DMD	at	3	sites,	in	

the	injury	site	where	the	DMD	probe	was	sited,	in	the	control	site	where	the	DMD	probe	was	sited	

and	from	the	dominant	forearm	(contralateral	side	to	the	injury	site)	at	a	site	equidistant	between	

the	antecubital	 fossa	and	 the	wrist.	 	 These	are	 referred	 to	 in	 this	 report	as	DMD	 injury	 site,	DMD	

control	site	and	DMD	contralateral	arm.		

	
								Figure	5-2	Experimental	timeline	for	pain	intensity	scores,	somatosensory	testing	and	dermal	microdialysis			
								VAS:	visual	analogue	scale,	DMD:	dermal	microdialysis.			

5.2.2.2 Timing	of	somatosensory	testing		
Somatosensory	testing	refers	to	measuring	areas	of	EF,	PMH	and	DMA	(primary	and	secondary).		It	

took	 place	 after	 the	 injury	model	was	 imparted	 and	 before	DMD	 (see	 Figure	 5-2).	 	 The	 timing	 of	

somatosensory	 testing	 related	 to	 time	0	was	dependent	on	 the	 injury	model	being	used,	 so	 as	 to	

best	 capture	 peak	 sensory	 changes.	 For	 the	 thermal	model	 this	was	 at	 15	minutes	 (200,208),	 the	

capsaicin	model	this	was	at	30	minutes	(234,242)	and	the	UVB	model	this	was	at	24	hours.		(210,212)		

5.2.3 Self	report	pain	intensity	scores	
Self-report	pain	intensity	scores	were	evaluated	using	a	visual	analogue	scale	(VAS).		The	VAS	was	a	

100mm	horizontal	 lines	anchored	at	either	end	by	 the	numbers	0	and	100	 (see	Figure	5-3).	 Study	

participants	were	carefully	instructed	on	how	to	complete	the	scales.			
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They	were	informed	that	0	represented	“no	pain”	and	100	represented	“the	worst	pain	imaginable”	

and	 were	 asked	 to	 mark	 a	 cross	 on	 the	 line	 to	 represent	 the	 pain	 intensity	 felt	 at	 the	 specific	

anatomical	 site	being	evaluated	 (see	 section	5.2.2).	 	 The	distance	between	 the	0	point	and	where	

the	cross	transected	the	horizontal	line	was	measured	in	millimetres.			

	
Figure	5-3	Visual	analogue	scale	

Each	subject	allocated	to	either	the	thermal	and	capsaicin	injury	model	groups	completed	a	total	of	

6	VAS	scores	and	those	in	the	UVB	injury	group	completed	a	total	of	5	VAS	scores.			

5.2.4 Somatosensory	testing	
Somatosensory	 testing	 involved	 evaluating	 the	 areas	 of	 primary	 injury,	 EF	 and	 primary	 and	

secondary	 PMH	 and	 DMA.	 	 Somatosensory	 testing	 was	 performed	 in	 the	 same	 order	 for	 each	

volunteer,	starting	with	marking	the	primary	injury	site,	EF,	primary	and	secondary	DMA	and	finally	

primary	and	secondary	PMH.		During	these	procedures	subjects	were	instructed	not	to	observe	the	

testing	site.		Each	subject	was	given	instructions	using	a	script	(see	5.2.4.3	and	5.2.4.4)	delivered	in	a	

neutral	tone	that	removed	language	and	intonation	bias	to	the	somatosensory	testing.	(269)	

5.2.4.1 Measurements	of	somatosensory	areas	
Prior	to	evaluating	the	somatosensory	areas,	8	spokes	were	marked	on	the	non-dominant	forearm	

that	 radiated	 outwards	 from	 the	 injury	 centre	 (see	 Figure	 5-4).	 	 Borders	 of	 each	 somatosensory	

modality	 were	 marked	 along	 each	 of	 the	 8	 spokes	 with	 a	 non-permanent	 marker	 pen	 and	

transferred	 onto	 transparent	 acetate	 prior	 to	 DMD.	 	 Changes	 found	 within	 the	 injury	 site	 were	

defined	as	primary	and	those	found	outside	the	injury	site	were	defined	as	secondary.	

5.2.4.2 Erythematous	flare	
EF	was	defined	as	the	area	of	uninjured	skin	that	was	reddened	around	the	injury	site.	(200)	This	was	

evaluated	visually	and	the	border	between	detectable	erythema	and	normal	skin	pigmentation	was	

marked	along	each	of	the	8	spokes	(see	section	5.2.4.3).	(210)		

5.2.4.3 Dynamic	mechanical	allodynia	
DMA	 was	 evaluated	 using	 a	 size	 2,	 sable	 haired	 paintbrush	 	 (Justbrushes,	 UK).	 	 Each	 stimulus	

involved	 a	 1cm	 long	 brush	 stroke	 to	 the	 skin	 delivered	 at	 a	 frequency	 of	 0.5Hz.	 	 Subjects	 were	

conditioned	 to	 the	 stimulus	 by	 its	 application	 on	 the	 non-dominant	 arm.	 	 Commencing	 in	 naïve	

peripheral	 skin,	 serving	 as	 a	 reminder	 of	 the	 normal	 sensation	 of	 the	 conditioning	 stimulus,	

brushstrokes	 were	 delivered	 at	 1cm	 intervals	 along	 the	 8	 spokes,	 perpendicular	 to	 their	 axis.	

0	 100	
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Subjects	 were	 asked	 to	 indicate	 when	 the	 sensation	 changed	 from	 soft	 or	 tickly,	 to	 scratchy	 or	

prickly,	after	being	given	the	instructions	from	the	script	below.	

	“This	is	a	test	of	your	ability	to	detect	light	touch.		Please	do	not	look	at	the	skin	area	we	are	testing	

at	any	time	during	the	test	procedure.		I	will	touch	your	skin	with	this	fine	paintbrush.		Does	this	feel	

soft/tickly?	(when	conditioning	subjects)	I	will	now	brush	repeatedly	and	I	want	you	to	say	yes	when	

it	changes	to	feel	scratchy	/	prickly	“	

When	the	subjects	 indicated	 the	change	 in	sensation,	a	mark	was	placed	on	 the	skin	and	 this	was	

repeated	for	all	eight	spokes.		Primary	DMA	and	secondary	DMA	were	distinguished	as	DMA	inside	

(primary)	and	outside	(secondary)	the	injury	site.			

	

Figure	5-4	Illustration	of	somatosensory	area	mapping	
The	beige	lines	indicate	the	borders	of	the	arm,	with	the	antecubital	fossa	at	one	end	and	the	hand	at	
the	other.		The	blue	oblong	represents	the	injury	site.		The	black	lines	are	the	8	spokes	that	radiate	out	
from	 the	 injury	 centre	 (numbered	 1-8).	 	 The	 red	 lines	 demarcate	 the	 borders	 of	 the	 somatosensory	
modality	being	evaluated	along	each	of	 the	8	 spokes.	 These	markings	were	 traced	onto	acetate	 and	
joined	to	create	an	eight-sided	polygon.		Measurement	was	then	made	of	the	separate	polygon	areas	
to	 represent	 primary	 somatosensory	 area	 (see	 red	 polygon)	 and	 secondary	 somatosensory	 are	 (see	
turquoise	polygon).		

When	subjects	indicated	secondary	DMA	for	all	8	spokes,	primary	DMA	was	confirmed	by	brushing	

at	the	outer	border	of	the	injury	site	for	each	of	the	8	spokes.		This	was	to	ensure	DMA	was	present	

in	both	primary	and	secondary	areas.		If	all	8	spokes	at	the	injury	site	did	not	demonstrate	DMA	then	

DMA	testing	within	the	primary	area	was	performed	by	starting	at	the	edges	of	the	injury	site	and	

delivering	brush	strokes	as	above,	along	all	8	spokes	to	mark	the	area	of	the	primary	DMA.			
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Furthermore,	if	DMA	was	not	detected	along	a	spoke	within	the	secondary	somatosensory	area,	the	

brushing	continued	along	that	spoke	into	the	primary	area	until	either	it	was	detected	or	it	reached	

the	centre	of	the	injury	(where	all	8	spokes	crossed).		If	no	DMA	was	detected	by	the	centre	of	the	

injury	this	was	the	point	was	marked	for	that	spoke.		This	is	illustrated	in	Figure	5-4,	where	DMA	is	

not	found	brushing	along	spoke	5	 in	either	primary	or	secondary	areas.	 	Therefore	for	spoke	5	the	

mark	is	made	at	the	injury	centre,	where	all	the	spokes	cross.		With	the	remaining	7	spokes	however,	

all	demonstrate	DMA	in	secondary	areas.		The	resulting	primary	and	secondary	areas	are	shown	as	

red	and	turquoise	polygons	in	this	figure.	

5.2.4.4 Static	punctate	mechanical	hyperalgesia	
PMH	 was	 evaluated	 using	 a	 10g	 von	 Frey	 filament	 (MARSTICKnervtest,	 Germany),	 applied	

perpendicular	to	the	skin	until	the	filament	bent.		PMH	was	conducted	in	a	similar	fashion	to	DMA.		

Subjects	were	conditioned	to	the	stimulus	by	its	application	on	the	non-dominant	arm.		Commencing	

in	naïve	peripheral	skin,	serving	as	a	reminder	of	the	normal	sensation	of	the	conditioning	stimulus,	

the	von	Frey	filament	was	applied	at	1cm	intervals	along	the	length	of	each	of	the	8	spokes.	Subjects	

were	asked	to	 identify	when	the	sensation	changed	from	innocuous	prodding	to	sharp	pinpricking,	

after	being	given	the	instructions	from	the	script	below.	

“This	is	a	test	to	determine	your	ability	to	feel	pressure.		Again	please	do	not	look	at	the	area	we	will	

be	testing	at	any	time	during	the	test	procedure.		I	will	touch	the	skin	with	a	very	thin	hair.			

Does	 this	 feel	 like	prodding?	 (when	conditioning	 subjects)	 I	will	 now	 touch	your	 skin	with	 this	 thin	

hair	and	I	want	you	to	say	yes	when	it	changes	to	feel	like	a	sharp	pinprick”		

When	the	subjects	 indicated	the	requested	change	in	sensation,	the	skin	was	marked	and	this	was	

repeated	along	each	of	 the	eight	 spokes.	 	 Testing	 for	primary	and	 secondary	PMH	used	 the	 same	

method	as	outlined	for	primary	and	secondary	DMA	in	section	5.2.4.3.	

5.2.4.5 Area	measurements	and	standardisation	
Following	somatosensory	testing	the	acetate	contained	points	marked	on	the	8	spokes	for	each	of	

the	 areas;	 the	 injury	 site,	 EF,	 primary	 and	 secondary	DMA	 and	 primary	 and	 secondary	 PMH.	 	 For	

each	area,	the	points	on	the	8	spokes	were	connected	to	create	separate	eight-sided	polygons	(see	

Figure	5-4).		The	area	of	each	polygon	was	then	measured	using	the	public	domain	Java-based	image	

analysis	 program	 ImageJ,	 developed	 by	 the	 US	 National	 Institutes	 for	 Health	

(https://imagej.nih.gov/ij/).(353)	Primary	PMH	and	DMA	were	evaluated	as	areas	contained	within	

the	borders	of	the	injury	site.		Secondary	areas	of	PMH	and	DMA,	alongside	EF	were	areas	that	were	

outside	the	injury	site	borders.	(210)			
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All	somatosensory	areas	were	standardised	to	allow	direct	comparison	between	injury	models	as	the	

capsaicin	and	thermal	 injuries	 imparted	were	1250mm2	compared	to	 the	100mm2	UVB	 injury.	This	

involved	 adjusting	 all	 somatosensory	 areas	 to	 be	 equivalent	 to	 if	 the	 injury	 site	was	 100mm2	 and	

entailed	multiplying	 the	 somatosensory	areas	 for	 thermal	 injury	and	capsaicin	 injury	 subjects	by	a	

factor	of	0.08	(100mm2	/	1250mm2).	

5.2.4.6 Statistical	analysis	
All	 statistics	were	 calculated	 using	 SPSS	 Statistics	 for	Macintosh	 (Version	 24.0.0.1	 IBM	 Corp.	 New	

York.	Released	2016).	All	measures	of	central	tendency	are	presented	as	median	and	IQR.		Multiple	

comparisons	 were	 corrected	 for	 using	 either	 a	 FDR	 or	 Bonferroni	 correction	 (see	 section	 3.8.1).		

Kruskal-Wallis	testing	was	performed	for	group	comparisons	with	post	hoc	Mann	Whitney	U	testing	

when	 the	 omnibus	 statistic	 was	 significant.	 	 Correlations	 between	 sensory	 modalities	 were	

performed	 using	 Spearman's	 correlation	 coefficient	 calculations.	 	 Paired	 VAS	 score	 comparisons	

within	groups	were	conducted	using	Wilcoxon	signed	rank	tests.		All	statistical	tests	are	reported	as	

outlined	in	section	3.8.1.	

	

5.3 Results	

Data	presented	represents	somatosensory	areas	and	self	report	pain	intensity	scores	assessed	in	45	

healthy	subjects	(see	chapter	4	for	details	of	subject	demographics).		Each	injury	group	contained	15	

subjects	 and	 there	was	 no	missing	 data,	 however	 there	were	 no	VAS	 scores	 collected	 in	 the	UVB	

injury	group	at	the	time	referred	to	as	injury	50%.			

	

5.3.1 Self	report	pain	intensity	scores		

VAS	scores	recorded	before	(baseline),	during	(injury	50%)	and	after	the	injury	was	imparted	(injury	

100%)	are	shown	in	Figure	5-5	and	their	median	and	IQR	are	shows	in	Table	5-1,	alongside	the	VAS	

scores	recorded	during	DMD.			

	

VAS	 scores	 were	 compared	 between	 injury	 groups	 using	 Kruskal-Wallis	 tests,	 with	 the	 omnibus	

statistic	adjusted	using	a	FDR	correction.	 	The	“injury	100%”	VAS	scores	demonstrated	statistically	

significant	 differences	 between	 groups	with	 a	χ2(2)	 =	 19.757	 and	 p	 =	 0.000051.	 	 Post	 hoc	Mann-

Whitney	U	tests	revealed	the	capsaicin	injury	group	VAS	scores	were	significantly	higher	than	those	

of	both	the	thermal	injury	and	UVB	injury	groups	(see	Figure	5-5).		Comparison	of	the	thermal	injury	

and	capsaicin	injury	groups	produced	a	U	=	36,	Z	=	-3.188,	p	=	0.001.		Comparison	of	the	UVB	injury	

and	capsaicin	injury	groups	produced	a	U	=	18.5,	Z	=	-4	and	p	=	0.00006.		



113	
	

	
Figure	5-5	Visual	analogue	scale	scores	recorded	from	the	injury	site	at	three	time	points	relative	to	
the	injury	model	being	imparted	
Blue	 circles	 represent	 subjects	 in	 the	 thermal	 injury	 group.	 	 Pink	 circles	 represent	 subjects	 in	 the	
capsaicin	injury	group	and	green	circles	represent	subjects	in	the	UVB	injury	group.		n=15	subjects	per	
injury	 group	 (total	 45),	 except	 for	 injury	 50%	 as	 this	 was	 not	 collected	 in	 the	 UVB	 injury	 group.	
Individual	 data	 points	 are	 shown	 with	 median	 and	 interquartile	 ranges.	 	 Mann-Whitney	 test	 for	
significance	with	**	p<0.001		
VAS:	visual	analogue	scale,	Baseline:	VAS	scores	prior	to	injury,	Injury	50%:	VAS	scores	taken	half	way	
through	injury,	Injury	100%:	VAS	scores	following	injury.	

Wilcoxon	signed	rank	 tests	were	performed	to	compare	 injury	50%	and	 injury	100%	VAS	scores	 in	

the	 thermal	 and	 capsaicin	 injury	 groups.	 These	 comparisons	 were	 statistically	 significant	 for	 the	

thermal	injury	group.		The	test	statistics	for	the	thermal	injury	group	comparisons	were;	T	=	120,	z	=	-

3.408,	p	=	0.001	and	r	=	-0.311.		The	test	statistics	for	the	capsaicin	injury	group	comparisons	were;	T	

=	23.0,	z	=	-1.853,	p	=	0.064.			

VAS	score	comparisons	between	injury	groups	at	all	other	times	and	anatomical	sites	did	not	reach	

statistical	significance	(see	Figure	5-5	and	Table	5-1).		Wilcoxon	signed	rank	tests	were	performed	for	

each	 injury	group	to	compare	VAS	scores	taken	during	DMD	at	the	 injury	and	control	sites.	 	These	

comparisons	were	statistically	significant	 in	both	the	thermal	 injury	model	and	the	capsaicin	 injury	

model.			

	

DMD	injury	and	control	site	comparisons	for	the	thermal	injury	model:	T	=	82.5,	z	=	-2.593,	p	=	0.01	

and	r	=	-0.47.		DMD	injury	and	control	site	comparisons	for	the	capsaicin	injury	model:	T	=	73.0,	z	=	-

2.668,	p	=	0.008	and	r	=	-0.49.		DMD	injury	and	control	site	comparisons	for	the	UVB	injury	model:	T	

=	55.5,	z	=	-1.298,	p	=	0.194.			
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	 Injury	model	
VAS	score	site	 Thermal	 Capsaicin	 UVB	

Baseline	 0	(0-0)	 0	(0-0)	 0	(0-0)	
Injury	50%	 39	(22-58)	 27	(5-38)	 nr	
Injury	100%	 2	(0-10)	 37	(4-57)	 0	(0-3)	
DMD	injury	site	 7	(0-11)	 7	(0-24)	 4	(3-16)	
DMD	control	site	 1	(0-4)	 0	(0-8)	 3	(0-9)	
DMD	contralat.	site	 0	(0-0)	 0	(0-0)	 0	(0-0)	

Table	5-1	Visual	analogue	scale	scores	during	dermal	microdialysis	
Scores	are	in	mm,	recorded	as	the	median	and	interquartile	ranges	nr:	not	recorded	

5.3.2 Somatosensory	areas	

All	primary	injury	sites	for	injury	group	comparisons	(following	standardisation	described	in	5.2.4.5)	

were	100mm2.			Injury	site	erythema	was	measured	as	covering	the	whole	injury	site	in	all	subjects	

(100mm2).		The	measured	areas	for	the	remaining	five	somatosensory	modalities	are	shown	in	Table	

5-2	and	represent	EF	and	primary	PMH,	secondary	PMH,	primary	DMA	and	secondary	DMA.		Figure	

5-6	shows	the	individual	subject	data	for	all	five	modalities.			

	 Injury	model	areas	(mm2)	

	
Thermal	 Capsaicin	 UVB	

EF	 272	(216-516)	 479	(364-629)	 0	(0-0)	
1°	PMH	 77	(65-100)	 100	(68-100)	 100	(0-100)	
2°	PMH	 109	(52-284)	 297	(158-597)	 193	(64-592)	
1°	DMA	 26	(0-88)	 94	(36-100)	 0	(0-100)	
2°	DMA	 28	(0-114)	 127	(18-481)	 78	(0-370)	

Table	5-2	Somatosensory	areas	
Areas	 measured	 in	 mm2.	 	 Data	 represented	 as	 median	 and	 interquartile	 ranges.	 	 EF:	 erythematous	
flare,	 1°	 PMH:	 primary	 static	 punctate	mechanical	 hyperalgesia,	 2°	 PMH:	 secondary	 static	 punctate	
mechanical	hyperalgesia,	1°	DMA:	primary	dynamic	mechanical	allodynia,	2°	DMA:	secondary	dynamic	
mechanical	allodynia	

Kruskal-Wallis	 tests	 were	 performed	 for	 each	 of	 the	 five	 somatosensory	modalities;	 EF,	 primary	

PMH,	 secondary	 PMH,	 primary	 DMA	 and	 secondary	 DMA,	 comparing	 the	 three	 injury	 groups;	

thermal	injury,	capsaicin	injury	and	UVB	injury.		A	statistically	significant	difference	for	EF	between	

injury	groups	was	present	(χ2(2)	=	30.725	and	p	=	2.13e-7).		Post	hoc	Mann	Whitney	U	tests	revealed	

statistically	significant	differences	between	the	UVB	injury	and	capsaicin	injury	groups	and	the	UVB	

injury	and	thermal	injury	groups.		Test	statistics	were;	thermal	injury	compared	to	capsaicin	injury	U	

=	66.5,	Z	=	-1.908,	p	=	0.056,	thermal	injury	compared	to	UVB	injury	U	=	4,	Z	=	-4.747,	p	=	0.000002,	

capsaicin	 injury	 compared	 to	 UVB	 injury	 U	 =	 1,	 Z	 =	 -4.878,	 p	 =	 0.000001.	 	 All	 further	 group	

comparisons	for	the	remaining	somatosensory	modalities	failed	to	reach	statistical	significance.	
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Figure	5-6	Somatosensory	areas	
Blue	 circles	 represent	 subjects	 in	 the	 thermal	 injury	 group.	 	 Pink	 circles	 represent	 subjects	 in	 the	
capsaicin	injury	group	and	green	circles	represent	subjects	in	the	UVB	injury	group.			
n=15	samples	per	injury	group.	Individual	data	points	are	shown	with	median	and	interquartile	ranges.		
Mann-Whitney	test	for	significance	with	**	p<0.001	
EF:	erythematous	flare,	1°	PMH:	primary	static	punctate	mechanical	hyperalgesia,	2°	PMH:	secondary	
static	 punctate	 mechanical	 hyperalgesia,	 1°	 DMA:	 primary	 dynamic	 mechanical	 allodynia,	 2°	 DMA:	
secondary	dynamic	mechanical	allodynia	

5.3.3 Within	 injury	 group	 correlation	 analysis	 between	 somatosensory	modalities	 and	

self-reported	pain	intensity		

Bivariate	 Spearman’s	 correlation	 testing	 was	 performed	 for	 13	 combinations	 of	 the	 five	

somatosensory	 modalities	 and	 the	 VAS	 burn	 100%	 scores,	 separately	 for	 each	 injury	 model.	

Correlation	analyses	were	not	performed	between	primary	and	 secondary	 sensory	 changes	of	 the	

same	 modality	 (for	 example	 primary	 DMA	 and	 secondary	 DMA),	 as	 these	 are	 not	 independent	

variables	and	as	such	violate	the	conditions	of	correlation	analysis.		Scatter	plots	comparing	primary	

and	secondary	changes	within	a	modality,	demonstrated	positive	 relationships	with	 larger	primary	

areas	 associated	 with	 larger	 secondary	 areas	 (data	 not	 shown).	 	 There	 were	 no	 statistically	

significant	correlations	found	between	the	VAS	scores	and	any	of	the	somatosensory	modalities,	for	

any	of	the	injury	models.		The	remaining	8	comparisons	are	presented	in	Figure	5-7	for	the	thermal	

injury	group	(coloured	blue),	5-8	for	the	capsaicin	injury	group	(coloured	pink)	and	5-9	for	the	UVB	

injury	group	(coloured	green).		Comparisons	that	reached	statistical	significance	are	outlined	in	the	

injury	group	specific	colour.	
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Figure	5-7	Thermal	injury	group	scatter	plots	for	pairwise	somatosensory	modality	correlations		
Eight	 scatter	 plots	 labelled	 A-H	 of	 pairwise	 comparisons	 between	 somatosensory	 modalities.	 	 Blue	
circles	 represent	 individual	 subjects	 (n=15).	 	 Statistically	 significant	 Spearman’s	 correlation	 tests	
(p<0.05	after	a	FDR	correction)	are	highlighted	with	a	blue	border,	include	the	Spearman’s	rho	statistic	
(rs)	and	a	red	line	representing	the	correlation.		
EF:	 erythematous	 flare,	 1PMH:	 primary	 static	 punctate	 mechanical	 hyperalgesia,	 2PMH:	 secondary	
static	 punctate	 mechanical	 hyperalgesia,	 1DMA:	 primary	 dynamic	 mechanical	 allodynia,	 2DMA:	
secondary	dynamic	mechanical	allodynia.	
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Figure	5-8	Capsaicin	injury	group	scatter	plots	for	pairwise	somatosensory	modality	correlations	
Eight	 scatter	 plots	 labelled	 A-H	 of	 pairwise	 comparisons	 between	 somatosensory	 modalities.	 	 Pink	
circles	 represent	 individual	 subjects	 (n=15).	 	 Statistically	 significant	 Spearman’s	 correlation	 tests	
(p<0.05	after	a	FDR	correction)	are	highlighted	with	a	pink	border,	include	the	Spearman’s	rho	statistic	
(rs)	and	a	red	line	representing	the	correlation.		
EF:	 erythematous	 flare,	 1PMH:	 primary	 static	 punctate	 mechanical	 hyperalgesia,	 2PMH:	 secondary	
static	 punctate	 mechanical	 hyperalgesia,	 1DMA:	 primary	 dynamic	 mechanical	 allodynia,	 2DMA:	
secondary	dynamic	mechanical	allodynia.	
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Figure	5-9	UVB	injury	group	scatter	plots	for	pairwise	somatosensory	modality	correlations	
Eight	 scatter	 plots	 labelled	 A-H	 of	 pairwise	 comparisons	 between	 somatosensory	modalities.	 	 Green	
circles	represent	individual	subjects	(n=15).		
EF:	 erythematous	 flare,	 1PMH:	 primary	 static	 punctate	 mechanical	 hyperalgesia,	 2PMH:	 secondary	
static	 punctate	 mechanical	 hyperalgesia,	 1DMA:	 primary	 dynamic	 mechanical	 allodynia,	 2DMA:	
secondary	dynamic	mechanical	allodynia.	
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5.3.4 Non-responder	subjects	
There	are	reports	 in	 the	 literature	of	subjects	 that	are	 labelled	as	non-responders	 to	experimental	

pain	models.	The	definition	of	what	constitutes	a	non-responder	varies	ranging	from	the	complete	

absence	 of	 any	 sensory	 changes	 associated	 with	 the	 model,	 to	 a	 reduced	 magnitude	 of	 a	

somatosensory	response	to	that	expected.		Subjects	that	could	be	described	as	non-responders	are	

highlighted	in	Figures	5-10(A),	5-10(B)	and	5-10(C)	for	thermal	injury,	capsaicin	injury	and	UVB	injury	

groups	 respectively.	 	 For	 this	 study	 a	 non-responder	 could	 have	 a	 number	of	 definitions;	 subjects	

with	 a	 complete	 absence	 of	 EF	 and	 all	 somatosensory	modalities	 (primary	 PMH,	 secondary	 PMH,	

primary	DMA	and	secondary	DMA)	are	indicated	by	a	red	triangle,	subjects	with	EF	but	absence	of	all	

other	 somatosensory	 modalities	 are	 indicated	 by	 a	 turquoise	 square,	 subjects	 with	 a	 complete	

absence	of	one	somatosensory	modality	(in	this	study	this	only	applied	to	an	absence	of	primary	and	

secondary	 DMA)	 are	 indicated	with	 a	 inverted	 yellow	 triangle	 and	 subjects	 with	 an	 absence	 of	 a	

primary	 somatosensory	 modality	 alone	 (which	 for	 this	 study	 only	 applied	 to	 primary	 PMH)	 are	

indicated	 with	 a	 purple	 diamond.	 	 Figures	 5-10(A-C)	 not	 only	 illustrate	 non-responders,	 but	 also	

highlight	 that	 there	 are	 within	 model	 differences	 in	 the	 somatosensory	 phenotypes	 produced	 in	

response	to	the	same	injury.	
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Figure	5-10	Thermal	injury,	Capsaicin	injury	and	UVB	injury	group	non-responders		
A:	Thermal	injury	group,	B:	Capsaicin	injury	group,	C:	UVB	injury	group.	
Red	 triangle:	 absence	 of	 EF	 and	 somatosensory	 modalities.	 Turquoise	 square:	 EF	 but	 absence	 of	
somatosensory	modalities.	 Yellow	 inverted	 triangle:	 absence	 of	 primary	 and	 secondary	DMA.	 Purple	
diamond:	absence	of	primary	PMH.	Orange	circle:	EF	in	the	UVB	injury	group.	
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5.4 Discussion	

The	 aim	 of	 this	 chapter	 was	 to	 describe	 the	 somatosensory	 phenotypes	 of	 three	 human	

experimental	 pain	 models,	 described	 in	 terms	 of	 self-reported	 VAS	 scores,	 EF,	 primary	 PMH,	

secondary	PMH,	primary	DMA	and	secondary	DMA.		45	healthy	human	subjects	had	a	thermal	burn	

injury,	capsaicin	injury	or	UVB	burn	injury	experimental	pain	model	imparted	of	their	forearm.		The	

VAS	scores,	EF	and	somatosensory	modality	areas	were	measured	using	evidence-based	techniques	

to	 identify	 similarities	 and	 differences	 between	 the	 sensory	 phenotypes	 displayed	 by	 each	 of	 the	

injury	models.		

	

The	main	findings	were;	

• VAS	scores	highlighted	differences	in	the	occurrence	of	spontaneous	pain	

• EF	responses	to	thermal	injury	and	capsaicin	injury	models	were	similar,	however	they	were	

absent	in	the	UVB	injury	model.		

• Primary	 somatosensory	 areas	 in	 some	 subjects	 demonstrated	 a	 graded	 response,	 being	

neither	absent	nor	confluent	across	the	complete	injury	site	

• Secondary	somatosensory	changes	were	reported	 in	all	 three	 injury	models,	 in	contrast	to	

the	chapter	hypothesis.			

• Primary	 and	 secondary	 somatosensory	 areas	 did	 not	 demonstrate	 statistically	 significant	

differences	at	a	group	level	between	the	three	models	

• Within	 injury	model	 correlations	 revealed	EF	as	an	 important	 component	of	 the	 capsaicin	

injury	model,	and	demonstrated	the	UVB	injury	model	as	being	distinct	from	the	capsaicin	

injury	and	thermal	injury	models.		

• Subjects	 classed	 as	 non-responders	 to	 the	 specific	 models,	 further	 supported	 the	

differences	in	somatosensory	phenotypes	between	the	three	injury	models		

• Non-responder	data	 indicates	there	 is	within	 injury	group	heterogeneity	 in	somatosensory	

phenotypes	produced	in	response	to	the	same	injury	

These	 findings	 support	 the	 overall	 thesis	 hypothesis	 that	 there	 are	 distinct	 somatosensory	

phenotypes	for	each	of	the	experimental	pain	injury	models.	

For	clarity	of	the	discussion	section,	data	from	this	study	will	be	referred	to	as	thermal	injury	group,	

capsaicin	 injury	 group	or	UVB	 injury	 group.	 	All	 other	published	data	will	 be	 referred	 to	using	 the	

lead	author.	

	



122	
	

5.4.1 Self-report	pain	intensity	scale	scores	
Quantitative	somatosensory	modalities	(PMH	and	DMA)	 in	response	to	a	stimulus,	were	measured	

to	explore	the	somatosensory	phenotypes	of	the	injury	models.	Yet	the	formal	definition	of	pain	is	

that	of	a	 sensory	and	emotional	experience	 (see	 section	1.2.1).	 (28)	Consequently,	perceived	pain	

intensity	scores	were	also	evaluated.		Their	measurement	allowed	comparisons	of	pain	at	baseline	to	

evaluate	group	similarities,	exploration	of	the	impact	of	the	injury	models	during	their	development,	

and	describe	 the	ability	of	each	model	 to	generating	spontaneous	pain	after	 the	 injury	concluded.		

These	 were	 used	 to	 compare	 injury	 models	 with	 published	 literature.	 	 Self-report	 pain	 intensity	

scales	were	evaluated	using	the	VAS	scale.		Apart	from	the	VAS	scores	taken	at	injury	50%,	all	other	

VAS	scores	evaluated	the	presence	or	absence	of	spontaneous	pain,	as	they	were	taken	without	the	

application	 of	 a	 stimulus.	 	 For	 the	 thermal	 injury	 and	 capsaicin	 injury	 groups	 VAS	 scales	 were	

additionally	 evaluated	 during	 the	model	 injury	 (injury	 50%).	 	 Although	VAS	 scores	 can	 be	 used	 to	

evaluate	a	number	of	experiences	not	confined	to	pain,	in	this	study	all	VAS	scores	are	an	evaluation	

of	subjective	pain	 intensity.	 	The	VAS	scale	was	chosen	as	 it	represents	a	well-validated	method	of	

evaluating	pain	intensity,	and	has	applications	in	numerous	research	and	clinical	settings.	(354)		The	

VAS	offer	benefits	over	alternative	pain	assessment	tools	such	as	the	numerical	rating	scale.		These	

include	 generating	 continuous	 rather	 than	 categorical	 data	 and	 the	 linearity	 shown	 across	 its	

measurement	range,	in	contrast	the	NRS	where	the	difference	between	1	and	2,	2	and	3	etc.	cannot	

be	assumed	to	be	the	same	throughout	the	scale.	(355)			

There	were	no	 subjects	 that	 reported	pain	at	 the	 injury	 site	prior	 to	 the	 study	commencing	 	 (VAS	

score	of	greater	than	0	at	baseline).	 	This	supports	the	recruitment	and	demographic	 findings	that	

subjects	 were	 healthy	 volunteers	 and	 free	 from	 pain	 at	 the	 injury	 site,	 with	 baseline	 VAS	 scores	

comparable	across	groups.	

There	is	little	published	data	regarding	spontaneous	pain	in	response	to	experimental	pain	models,	

as	most	VAS	scores	evaluated	in	this	context	are	used	to	measure	a	response	to	stimuli	(for	example	

mechanical	 or	 thermal).	 	 There	 are	no	 reports	 of	 spontaneous	pain	developing	 following	 the	UVB	

model.	 	 Comparison	 to	 evidence	 from	 the	 literature	 is	 challenging	when	 considering	 the	 thermal	

injury	 group,	 as	 published	 studies	 use	 variable	 methods	 both	 with	 respect	 to	 the	 thermal	 injury	

methods	 implemented	 (temperature	 and	 thermode	 contact	 time)	 and	 the	 timing	 of	 VAS	 scores	

related	to	the	start	of	the	injury.		Petersen	and	Kehlet	reported	VAS	scores	of	25	±	7	mm	(mean	and	

standard	error	of	the	mean,	SEM)	as	averaged	over	the	course	of	a	7	minute,	47°C	thermal	 injury.	

(81)		Norbury	et	al.	reported	VAS	scores	that	were	averaged	over	the	first	4	minutes	of	a	5.5	minute,	

45°C	 thermal	 injury	of	14.13	±	 0.39	mm	 (mean	and	SEM).	 (200)	 Finally	 Lilleso	et	 al.	 reported	VAS	

scores	at	one-minute	intervals	throughout	a	7-minute,	47°C	thermal	injury.			
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Scores	 taken	at	5	minutes	 (most	equivalent	 time	 to	 the	method	used	 in	 the	 thermal	 injury	group)	

were	22	mm	(as	a	measure	of	central	tendency,	however	whether	this	was	a	mean	or	median	value	

is	not	reported).	(245)	These	data	show	slightly	elevated	VAS	scores	compared	to	the	thermal	injury	

group	(VAS	scores	at	100%	injury	were	2	(0-10)	median	and	IQR).		This	is	likely	a	consequence	of	the	

variation	 in	methods	described	above,	with	two	of	the	reported	VAS	scores	being	averaged	over	a	

period	of	time,	rather	than	at	one	specific	time	point	as	was	performed	in	the	thermal	injury	group.	

Direct	 comparison	with	 evidence	 from	 the	 literature	 is	 possible	 for	 the	 capsaicin	 injury	 group,	 as	

published	 data	 is	 available	 for	 VAS	 scores	 taken	 immediately	 after	 a	 30minute	 application	 of	 1%	

topical	capsaicin.		Koltzenberg	et	al.	reported	VAS	scores	of	38	±	4	mm	(mean	and	standard	error	of	

the	mean,	 SEM)	 and	 Liu	 et	 al.	 reported	 VAS	 scores	 of	 44.5	 (24.75-64.25)	 (median	 and	 IQR	when	

adjusted	 to	 a	 100mm	 scale).	 	 These	 are	 similar	 VAS	 scores	 to	 those	 found	 in	 the	 capsaicin	 injury	

group	 in	 this	 study,	which	were	37	 (4-57)	 (median	 and	 IQR).	 	 This	 suggests	 the	 application	of	 the	

capsaicin	injury	model	was	comparable	to	that	described	in	the	literature.		

VAS	 scores	 taken	 at	 injury	 50%	 (thermal	 injury	 group	 and	 capsaicin	 injury	 group)	 did	 not	 show	 a	

statistically	 significant	 difference	 between	 the	 two	 groups.	 Wilcoxon	 signed	 rank	 tests	 for	 the	

thermal	 injury	 group	 and	 the	 capsaicin	 injury	 group	 comparing	 injury	 50%	 with	 injury	 100%	 VAS	

scores	 demonstrated	 a	 statistically	 significant	 difference	 for	 the	 thermal	 injury	 group.	 	 Here	 VAS	

scores	 reduced	 from	39	 (22-58)	at	 injury	50%	to	2	 (0-10)	at	 injury	100%	(median	and	 IQR).	 	These	

data	agree	with	narrative	descriptions	in	the	literature	that	pain	ceases	when	the	Peltier	thermode	

imparting	 the	 injury	 is	 removed.	 (208)	Although	not	 reaching	 statistical	 significance,	VAS	 scores	 in	

the	capsaicin	injury	group	increased	from	21	(5-38)	at	injury	50%	to	37	(4-57)	at	injury	100%	(median	

and	IQR).		This	agrees	with	the	literature,	as	the	capsaicin	injury	model	is	reported	to	generate	on-

going	pain	that	continues	following	removal	of	the	topical	capsaicin.	(356)			

	

Four	of	the	15	subjects	who	received	the	UVB	injury,	reported	spontaneous	pain	24	hours	following	

3MED	UVB	 exposure	 (injury	 100%	VAS	 scores),	with	 VAS	 scores	 ranging	 from	3	 and	 15	mm.	 	 The	

presence	 of	 spontaneous	 pain	 at	 the	 UVB	 injury	 site	 has	 not	 previously	 been	 reported	 in	 the	

literature	 but	was	 present	 in	 nearly	 one	 third	 of	 the	UVB	 group,	with	 subjects	 reporting	 low	VAS	

scores.			

	

Together	these	results	give	insight	into	potential	peripheral	pain	mechanisms	for	the	thermal	injury	

and	capsaicin	 injury	models.	 	 The	UVB	 injury	model	 failed	 to	demonstrate,	at	a	group	 level,	direct	

spontaneous	nociceptor	activity.			
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However,	as	injury	50%	scores	were	not	recorded	it	cannot	be	assumed	that	spontaneous	pain	did	

not	 occur	 during	model	 development,	 despite	 this	 being	 a	 plausible	 explanation.	 	 In	 contrast	 the	

thermal	injury	group	reported	pain	only	during	the	thermal	injury	itself.		The	pain	was	in	response	to	

the	 thermal	 stimulus	of	 the	 injury,	and	 it	 is	 likely	 this	was	 through	activation	of	heat-sensitive	 ion	

channels.	 	 There	 are	 a	 number	 of	 heat	 sensitive	 TRP	 channels	 found	 in	 humans	 on	 peripheral	

nociceptors.	 	One	of	these,	TRPV1,	 is	also	responsive	to	capsaicin.	(357)	Whilst	there	was	probably	

an	 initial	 response	 from	 TRPV1	 ion	 channels	 to	 both	 capsaicin	 and	 thermal	 stimuli,	 it	 is	 likely	 the	

down-stream	effects	were	different.		This	is	because	the	thermal	stimulus-evoked	pain	stopped	after	

the	removal	of	the	thermode	whereas	the	capsaicin-evoked	pain	continued	after	capsaicin	removal.	

There	are	a	number	of	possible	explanations	for	this	difference	in	length	of	response.	The	first	could	

simply	 be	 a	 consequence	 the	 continued	 presence	 of	 capsaicin	 at	 peripheral	 nerve	 terminals.		

Capsaicin	is	absorbed	through	the	epidermis	and	into	the	dermis	(as	confirmed	in	chapter	7,	sections	

7.3.3.3.1	 and	 7.4.1).	Only	 small	 amounts	 of	 capsaicin	 are	metabolised	 in	 the	 skin	 and	 its	 removal	

from	 the	dermis	 is	mostly	by	diffusion	 into	blood	vessels	 and	 transportation	 to	 the	 liver,	where	 it	

undergoes	 hepatic	 metabolism.	 (358)	 Consequently	 it	 will	 remain	 within	 the	 dermis	 beyond	 its	

topical	application.	 	The	second	possible	explanation	is	that	 initial	pain	from	imparting	the	thermal	

and	 capsaicin	 injuries	 involve	 similar	 peripheral	 pathways,	 but	 different	 ion	 channels.	 	 Both	 injury	

models	 produce	 EF	 and	 therefore	 it	 is	 likely	 peptidergic	 C	 fibres	 contribute	 to	 this	 nociceptive	

transmission.	 	However	 the	absence	of	on-going	pain	 in	 the	thermal	 injury	group	could	mean	that	

capsaicin	and	heat	stimuli	activate	different	subsets	of	peptidergic	nociceptors	that	express	different	

ion	channels	and	that	the	different	ion	channels	respond	only	to	one	of	the	two	stimuli	(in	this	case	

heat	 or	 capsaicin).	 	 Alternatively	 there	 could	 be	 activation	 of	 the	 same	 fibres	 that	 co-express	

different	TRP	and	heat	 sensitive	 ion	 channels.	 	Again	 the	different	 ion	 channels	would	 respond	 to	

only	one	of	 the	 two	stimuli,	 therefore	both	stimuli	activating	 the	same	 fibres	but	via	different	 ion	

channels.	 TRPV1	 and	 TRPM3	 can	 be	 co-expressed	 in	 somatosensory	 neurons	 and	 whilst	 both	

respond	to	noxious	heat,	only	TRPV1	responds	to	capsaicin	application.	 (115)	 	The	capsaicin	 injury	

could	therefore	act	via	the	TRPV1	channels	and	the	thermal	injury	act	via	another	heat	sensitive	ion	

channel,	such	as	TRPM3.		The	on-going	pain	from	the	capsaicin	injury	would	then	be	a	consequence	

of	 peripheral	 sensitisation	 involving	 one	 ion	 channel	 and	 not	 the	 other.	 	 In	 this	 example	 the	

sensitisation	of	the	TRPV1	ion	channel	would	lead	to	a	reduction	in	the	heat	thresholds	required	to	

generate	action	potentials.		This	could	be	a	consequence	of	capsaicin	induced	release	of	sensitising	

agents	such	as	CGRP	or	via	autosensitisation,	where	TRPV1	 ion	channel	sensitisation	 is	 initiated	by	

TRPV1	 channel	 activation,	 with	 the	 on-going	 pain	 being	 a	 sensitised	 response	 to	 normally	 non-

noxious	temperature.	(249)		
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Yet,	 it	 is	accepted	that	pain	following	capsaicin	application	can	 involve	both	peripheral	and	central	

mechanisms	 and	 it	 is	 also	 possible	 that	 central	 sensitisation	 occurs	 (even	 in	 the	 short	 term)	 to	

capsaicin	application	leading	to	on-going	pain	with	this	injury	model.		Whilst	this	data	is	not	able	to	

confirm	the	mechanisms	involved,	 it	highlights	that	the	ion	channels	 involved	in	the	thermal	 injury	

and	capsaicin	injury	models,	may	be	different.			

	
Figure	5-11	Visual	analogue	scale	scores	at	different	anatomical	sites	during	dermal	microdialysis		
Blue	 circles	 represent	 subjects	 in	 the	 thermal	 injury	 group,	 pink	 circles	 represent	 subjects	 in	 the	
capsaicin	injury	group	and	green	circles	represent	subjects	in	the	UVB	injury	group.		n=15	samples	per	
injury	group	(total	n=45).	Individual	data	points	are	shown	with	median	and	interquartile	ranges.			
VAS:	visual	analogue	scale,	DMD:	dermal	microdialysis,	DMD	 injury	site:	VAS	scored	within	 the	 injury	
site	during	DMD,	DMD	control	site:	VAS	scored	within	the	control	DMD	probe	site	during	DMD,	DMD	
contralateral	 site:	 	 VAS	 scored	 in	 the	 contralateral	 arm	 from	 the	 injury	 site	 (dominant	 forearm)	 at	 a	
point	 equidistant	 between	 the	 antecubital	 fossa	 and	 hand.	 	 Wilcoxon	 signed	 rank	 tests	 statistical	
significance	indicated	by	(		*		)	p<0.05	

VAS	scores	were	taken	during	the	first	30minutes	of	DMD.		This	was	to	explore	whether	the	injury	

models	 influenced	the	pain	associated	with	the	 insertion	of	a	DMD	probe.	 	As	described	in	section	

3.1.1	the	control	DMD	probe	was	placed	outside	marked	areas	of	somatosensory	changes.		The	DMD	

contralateral	site	scores	were	taken	to	establish	a	further	baseline	pain	score	for	the	DMD	period	(as	

the	UVB	injury	group	involved	a	24	hour	difference	between	DMD	and	the	original	baseline	scores).		

There	were	statistically	significant	increases	in	VAS	scores	associated	with	the	injury	site	compared	

with	the	control	site	for	both	thermal	and	capsaicin	 injury,	whereas	VAS	scores	for	the	UVB	model	

are	statistically	similar	between	the	two	sites	(see	Figure	5-11).	
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Although	not	demonstrating	a	statistically	significant	difference,	the	capsaicin	 injury	group	had	the	

highest	VAS	scores	at	the	injury	site	during	DMD.		In	general	VAS	scores	of	40-60mm	are	thought	to	

represent	moderately	intense	pain,	and	over	60mm	represent	severe	pain	intensity.	(359)	Therefore,	

two	 subjects	 experienced	moderate	 to	 severe	 pain	 during	DMD	at	 the	 injury	 site	 in	 the	 capsaicin	

injury	group.	 	This	may	not	be	a	model	effect,	but	could	represent	the	transfer	of	topical	capsaicin	

intradermally	 occurring	 during	 the	 DMD	 probe	 insertion.	 As	 previously	 outlined	 intradermal	

capsaicin	is	reported	to	generate	on-going,	long-lasting,	severe	pain	(see	section	3.3.2.1).		Placing	a	

DMD	probe	 involves	 threading	a	needle	 through	 the	dermis	 (see	 section	3.5.2).	Although	 the	 skin	

was	 cleaned	 between	 removal	 of	 the	 topical	 capsaicin	 and	 insertion	 of	 the	 probe,	 it	 is	 possible	

residual	topical	capsaicin	was	 introduced	to	the	dermis	at	this	point.	 	This	could	also	contribute	to	

the	increased	VAS	scores	reported	at	the	injury	site	compared	with	those	reported	from	the	control	

site	in	the	capsaicin	injury	group.		There	is	no	clear	explanation	as	to	why	the	thermal	injury	group	

reported	increased	VAS	scores	at	the	injury	site	compared	to	the	control	site	during	DMD,	as	there	

was	an	absence	of	on-going	pain	 following	 the	 removal	of	 the	Peltier	 thermode.	 	 It	 could	be	 that	

there	 is	 a	 continued	 inflammatory	 process	 occurring	 within	 the	 thermal	 injury	 site	 following	 the	

Peltier	thermode	removal.		Placing	this	in	context	of	the	injury	100%	VAS	scores	in	the	thermal	injury	

group,	 it	 may	 be	 that	 the	 inflammation	 associated	 with	 the	 thermal	 injury	 did	 not	 lead	 to	

spontaneous	nociceptor	activity	and	on-going	pain.		However,	a	further	inflammatory	stimulus	(the	

DMD	 probe	 insertion)	 may	 have	 increased	 the	 inflammation	 to	 levels	 that	 caused	 activation	 of	

peripheral	 nociceptors,	 generating	 spontaneous	 pain.	 	 This	 in	 simple	 terms	 could	 represent	 a	

“double	 inflammatory	 hit”	 response,	 where	 one	 inflammatory	 process	 (either	 the	 DMD	 probe	

insertion	or	the	thermal	burn	alone)	does	not	lead	to	spontaneous	pain,	however	the	inflammation	

created	by	the	combination	of	both	processes	generates	spontaneous	pain.	As	with	the	VAS	scores	

taken	during	 the	 injury,	 those	 from	 the	DMD	 time	period	 suggest	 there	are	different	mechanisms	

involved	in	producing	spontaneous	pain	for	the	three	injury	models.			

	

When	considering	 statistical	 significance	with	 respect	 to	VAS	score	comparisons,	 it	 is	 important	 to	

considering	the	clinical	 implications	of	these	results.	 In	the	clinical	setting	pain	is	often	categorised	

as	 representing	 no	 pain,	mild,	moderate	 and	 severe	 intensity.	 Although	 there	 are	 no	 specific	 VAS	

score	 ranges	 linked	 to	 these	 categories	 traditionally	 mild	 pain	 is	 associated	 with	 VAS	 scores	 of	

<40mm,	moderate	pain	with	VAS	scores	of	40-60mm	and	severe	pain	with	VAS	scores	>60mm.	(359)	

In	 this	 respect,	 the	 thermal	 injury	group	and	capsaicin	 injury	group	experienced	mild	 to	moderate	

pain	at	a	group	level	during	the	injury,	with	some	subjects	experiencing	severe	pain	intensity.		



127	
	

In	contrast	although	statistical	significance	was	found	comparing	the	injury	and	control	sites	during	

DMD,	at	a	group	 level	both	values	 represent	mild	pain	 intensity.	 	Therefore	statistically	 significant	

differences	between	VAS	scores	in	“real	life”	may	not	represent	marked	differences	in	pain	intensity	

experienced	by	the	subject.	

5.4.2 Erythematous	flare	
EF	was	 present	 in	 both	 the	 thermal	 injury	 and	 capsaicin	 injury	 groups.	 	 It	 was	 only	 found	 in	 one	

volunteer	 in	 the	 UVB	 injury	 group	 and	 there	 was	 a	 statistically	 significant	 difference	 in	 EF	 areas	

found	between	the	UVB	injury	group	and	both	thermal	and	capsaicin	 injury	groups.	 	There	was	no	

difference	 found	 in	 EF	 areas	 between	 the	 thermal	 and	 capsaicin	 groups.	 	 These	 findings	 are	 in	

agreement	 with	 published	 literature.	 (200,210,225,236,237,247)	 They	 support	 the	 chapter	

hypothesis	that	the	UVB	injury	model	is	different	to	the	capsaicin	injury	and	thermal	injury	models	

with	 respect	 to	 generation	 of	 EF,	 and	 that	 the	 latter	 two	 models	 display	 similarities	 in	 their	 EF	

responses.	 	 This	 suggests	 the	 thermal	 injury	 and	 capsaicin	 injury	 models	 but	 not	 the	 UVB	 injury	

model	generate	neurogenic	inflammatory	reactions	through	activation	of	peptidergic	C	fibres.		This	

could	mean	 that	 if	 the	 somatosensory	 changes	 associated	with	 the	UVB	 injury	 are	mediated	by	C	

fibres,	this	involves	only	non-peptidergic	fibre	activation.	

5.4.3 Primary	somatosensory	changes	
All	 subjects	had	 the	same	size	area	of	erythema	at	 the	 injury	 site.	 	A	number	of	 subjects	 failed	 to	

demonstrate	 primary	 PMH	 or	 primary	 DMA,	 and	 the	 frequency	 of	 this	 differed	 between	 injury	

models.	 	Table	5-3	 illustrates	 the	number	of	 subjects	 in	each	somatosensory	modality	 that	had	an	

absence	 of	 primary	 PMH	 or	 DMA,	 and	 of	 these	 subjects	 whether	 any	 had	 associated	 absence	 of	

secondary	changes	in	the	same	somatosensory	modality.		

	 Absence	of	somatosensory	modality	

Injury	model	 1° 	PMH	
1° 	PMH	and		
2° 	PMH	 1° 	DMA	

1° 	DMA	and		
2° 	DMA	

Thermal	 0	 0	 4	 4	
Capsaicin	 1	 1	 3	 3	

UVB	 4	 1	 8	 7	
Table	5-3	Number	of	subjects	per	injury	group	with	absent	primary	somatosensory	changes		
The	 table	 indicates	 the	number	of	 subjects	who	had	an	absence	of	primary	 somatosensory	 changes,	
and	whether	any	of	these	also	demonstrated	an	absence	of	secondary	changes	in	the	same	modality.	
1°	 PMH:	 primary	 static	 punctate	 mechanical	 hyperalgesia,	 2°	 PMH:	 secondary	 static	 punctate	
mechanical	hyperalgesia,	1°	DMA:	primary	dynamic	mechanical	allodynia,	2°	DMA:	secondary	dynamic	
mechanical	 allodynia.	 	 All	 the	 subjects	 who	 displayed	 an	 absence	 of	 primary	 and	 secondary	
somatosensory	 changes	 come	 from	 the	 subjects	 who	 demonstrated	 an	 absence	 of	 primary	
somatosensory	changes	in	the	same	modality.	

These	results	support	a	number	of	the	theories	previously	discussed	with	respect	to	the	mechanisms	

behind	primary	and	secondary	DMA	and	PMH	(section	5.1.1).	 	First,	the	data	 in	Table	5-3	supports	

the	theory	that	similar	mechanisms	are	involved	in	both	primary	and	secondary	DMA	(234).		
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All	subjects	except	one	(in	the	UVB	group)	demonstrated	an	absence	of	both	primary	and	secondary	

DMA.	This	 is	not	the	case	for	PMH.	 	Primary	and	secondary	PMH	are	reported	to	 involve	different	

peripheral	 and	 central	mechanisms.	 	Whilst	much	of	 the	 evidence	 supporting	 this	 is	 derived	 from	

studies	using	a	capsaicin	model	(intradermal	or	topical),	only	one	subject	had	an	absence	of	primary	

PMH	 (in	 conjunction	with	 an	 absence	 of	 secondary	 PMH).	 	 Therefore	 the	 data	 presented	 here	 is	

inadequate	to	support	or	refute	this.	(54)		Nearly	one	third	of	the	UVB	injury	group	had	an	absence	

of	 primary	 PMH.	 	 Of	 these	 four	 subjects,	 only	 one	 had	 an	 associated	 lack	 of	 secondary	 PMH.		

Therefore	 this	 suggests	 that	 in	 the	UVB	 injury	 group	 the	absence	of	primary	PMH	 is	not	merely	 a	

consequence	of	an	overall	absence	of	both	primary	and	secondary	PMH	(see	section	5.4.4	and	Figure	

5-6).	 This	 suggests	 that	 with	 respect	 to	 the	 UVB	 model,	 primary	 and	 secondary	 changes	 involve	

different	 peripheral	 and	 central	 mechanisms.	 (212)	 Therefore	 whilst	 there	 may	 be	 different	

mechanisms	that	generate	somatosensory	changes	in	the	three	models,	the	measured	outcomes	are	

similar.			

As,	with	the	VAS	data,	these	results	need	to	be	interpreted	with	caution.		This	is	the	first	study	that	

considers	 primary	 somatosensory	 changes	 with	 respect	 to	 measured	 areas.	 	 All	 other	 published	

studies	 measuring	 primary	 somatosensory	 changes	 used	 measurements	 of	 pain	 thresholds	 to	

different	stimuli	within	the	injury	site.		Areas	demarcating	sensory	change	have	been	published	only	

when	 evaluating	 secondary	 somatosensory	 changes	 and	 EF	 (see	 Appendix	 section	 10.1.3,	 Table							

10-2).	 	 In	 this	 respect	 it	 is	 difficult	 to	 place	 these	 results	 in	 the	 context	 of	 published	 evidence.		

Interestingly	a	number	of	 subjects	produced	neither	primary	somatosensory	changes	 that	covered	

the	complete	injury	site	(covering	all	100mm2	of	the	injury	site)	nor	a	complete	absence	of	primary	

somatosensory	changes	(see	Figure	5-6	and	Table	5-4).			

	 Area	>0	and	<100	mm	
Injury	model	 1° 	PMH	 1° 	DMA	

Thermal	 9	 10	
Capsaicin	 4	 5	

UVB	 2	 2	
Table	5-4	Number	of	subjects	that	did	not	display	complete	absence	or	coverage	of	somatosensory	
changes	in	the	injury	site		
1°	 PMH:	 primary	 static	 punctate	 mechanical	 hyperalgesia,	 1°	 DMA:	 primary	 dynamic	 mechanical	
allodynia	

This	 suggests	 that	 somatosensory	 changes	within	 the	 injury	 site	 are	not	uniform,	especially	 in	 the	

thermal	 injury	 group,	 and	 the	 presence	 of	 erythema	 is	 not	 necessarily	 associated	 with	

somatosensory	changes.			
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These	results	are	 important	 in	 informing	study	protocols	 in	the	future	that	evaluate	mechanical	or	

thermal	 thresholds	 within	 injury	 sites	 (exploring	 primary	 somatosensory	 changes).	 	 	 Investigators	

should	 consider	 whether	 threshold	 testing	 is	 evaluated	 in	more	 than	 one	 site	 within	 the	 area	 to	

account	for	potential	lack	of	uniform	somatosensory	coverage.		

5.4.4 Secondary	somatosensory	changes	

5.4.4.1 Thermal	injury	model	
Secondary	 changes	 need	 to	 be	 interpreted	 in	 the	 context	 of	 the	 current	 literature.	 	 Only	 one	

publication	that	used	the	thermal	injury	model	implemented	exactly	the	same	method	to	imparting	

the	thermal	injury	as	this	study.	Holthusen	et	al.	imparted	a	450mm2	thermal	injury	on	the	forearm	

of	 healthy	 subjects	 and	 used	 this	 to	 evaluate	 local	 anaesthetic	 effects	 on	 the	 development	 of	

somatosensory	changes.	 	Data	 from	Holthusen	et	al.’s	 control	group	 is	 comparable	 to	 the	 thermal	

injury	group	in	this	study.		They	calculated	secondary	hyperalgesia	areas	using	a	von	Frey	filament.		

They	did	not	report	subtracting	the	injury	site	from	area	measured	so	their	“secondary”	changes	are	

in	fact	primary	and	secondary.	Raw	data	was	not	presented,	however	a	mean	of	21cm2	(2100	mm2)	

was	 extracted	 from	 their	 published	 figure.	 	 This	 reported	 areas	 of	 primary	 and	 secondary	 PMH	

evaluated	30	minutes	following	thermal	injury.	Adjusting	for	the	thermode	size	gives	a	primary	and	

secondary	PMH	area	of	466mm2	(accounting	for	the	difference	between	their	thermode	size	and	the	

100mm2	injury	size	used	for	thermal,	capsaicin	and	UVB	injury	groups).		This	area	is	larger	than	that	

found	in	the	thermal	injury	group	(229	mm2,	mean	of	primary	and	secondary	PMH).	Other	published	

studies	also	report	the	presence	of	secondary	PMH	with	thermal	injury	models.		(200,210)			

The	best	comparator	papers	for	secondary	DMA	in	thermal	injury,	are	by	Bishop	et	al.	and	Norbury	

et	 al.	 Both	 these	 groups	 evaluated	 secondary	 hyperalgesia	 following	 a	 1024	 mm2	 thermal	 injury	

imparted	using	45°C	applied	for	5.5	minute	on	the	forearm.	(200,210)	Both	groups	reported	mean	

areas	of	secondary	DMA	and	following	adjustment	to	account	for	the	difference	in	injury	size,	these	

are	88	mm2	and	60	mm2	respectively.	 	This	contrasts	with	the	mean	secondary	DMA	area	found	in	

the	thermal	injury	group	(151	mm2).		However	the	difference	in	size	could	be	attributed	to	Bishop	et	

al.	and	Norbury	et	al.	using	a	lower	temperature	applied	for	a	shorter	duration,	representing	a	less	

severe	thermal	injury.		In	this	respect,	the	secondary	sensory	changes	(PMH	and	DMA)	found	in	the	

thermal	injury	group	reflect	those	in	the	published	literature.			
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5.4.4.2 Capsaicin	injury	model	
Data	published	by	Liu	et	al.	can	be	directly	compared	with	the	capsaicin	 injury	group	as	they	used	

the	 same	capsaicin	 injury	method	and	 the	 same	stimulus	 for	DMA,	 they	did	however	differ	 in	 the	

stimulus	they	used	for	mechanical	hyperalgesia,	evaluating	pinprick	rather	than	punctate	mechanical	

hyperalgesia.	 (242)	 Similar	 to	 the	 reporting	 of	 secondary	 sensory	 changes	 in	 the	 Holthusen	 et	 al.	

study	(244),	Liu	et	al.	did	not	subtraction	the	injury	site	area	from	the	measured	sensory	areas	and	

therefore	reported	primary	and	secondary	areas	together.		They	reported	individual	data	points	and	

so	direct	comparisons	using	appropriate	measures	of	central	tendency	are	considered.		The	Liu	et	al.	

data	were	adjusted	to	for	the	difference	in	injury	size	and	Table	5-5	compared	Liu	et	al.’s	data	with	

the	capsaicin	injury	group,	as	well	as	reporting	Mann	Whitney	U	test	statistic	values	for	comparisons	

of	between	these	datasets	for	DMA	and	hyperalgesia.		

	 	 	 Mann	Whitney	U	test	
Somatosensory	
modality	

Liu	et	al.	 Capsaicin	 injury	
group	

U	 Z	 p	value	

1°	and	2°	hyperalgesia	 919	(86-1560)	 397	(247-697)	 124	 -1.635	 0.102	
1°	DMA		and	2°	DMA	 169	(0-558)	 222	(60-581)	 97	 -2.411	 0.016	

Table	5-5	Comparison	of	somatosensory	areas	between	Liu	et	al.	and	the	capsaicin	injury	group.		
1°:	primary,	2°:	secondary,		DMA:	dynamic	mechanical	allodynia	

Hyperalgesia	 areas	 are	 comparable	 between	 the	 two	 data	 sets	 (p	 value	 not	 significant),	 however	

DMA	 areas	 are	 not.	 	 This	 could	 be	 accounted	 for	 by	 the	 method	 used	 to	 calculate	 Liu	 et	 al.’s	

secondary	 changes.	 	 They	did	not	delineate	borders	of	primary	 somatosensory	 changes,	 assuming	

that	 all	 skin	 within	 the	 secondary	 somatosensory	 borders	 represented	 hypersensitivity.	 	 As	

highlighted	 in	 section	 5.4.3,	 the	 capsaicin	 injury	 group	 had	 a	 number	 of	 subjects	 where	 primary	

somatosensory	areas	 reflected	neither	 a	 complete	absence	nor	 a	 complete	 coverage	of	 the	 injury	

site.	These	are	more	pronounced	in	with	the	primary	DMA	areas.	 	As	primary	and	secondary	areas	

were	added	together	to	allow	data	comparison	in	the	capsaicin	injury	group	to	the	Liu	et	al.	results,	

these	 altered	 primary	 areas,	 could	 account	 for	 the	 statistically	 significant	 difference	 between	

secondary	DMA	areas.		In	general	the	somatosensory	changes	seen	with	the	capsaicin	model	agree	

with	 the	 literature	 that	 secondary	 DMA	 and	 PMH	 are	 generated	 by	 capsaicin	 injury.	

(210,225,234,237,242)	

5.4.4.3 UVB	injury	model	
There	 is	 controversy	 regarding	 the	 presence	 or	 absence	 of	 secondary	 somatosensory	 changes	

associated	with	 the	UVB	 injury	model.	 (210,212)	 	 The	UVB	 injury	 group	 demonstrated	 at	 a	 group	

level	both	secondary	PMH	and	secondary	DMA	(see	Table	5-2	and	5-6).	 	Notably	there	was	a	 large	

variance	within	the	UVB	regarding	the	secondary	areas	generated,	with	nearly	all	subjects	(13	out	of	

15	subjects)	reporting	secondary	PMH.		
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A	 number	 of	 papers	 can	 be	 considered	 to	 put	 these	 results	 into	 context,	 all	 of	 which	 measured	

secondary	somatosensory	changes	associated	with	a	UVB	injury.		Table	5-6	lists	the	areas	associated	

with	 different	 somatosensory	 modalities	 for	 the	 UVB	 injury	 group	 and	 three	 published	 studies.	

(210,212,213)	 Data	 are	 adjusted	 to	 the	 same	 injury	 size	 and	 presented	 as	 group	 means	 (as	 the	

published	studies	reported	group	means	within	figures,	and	did	not	present	raw	data	or	 individual	

data	points).		There	is	no	obvious	pattern	regarding	the	magnitude	of	secondary	areas	found	in	the	

different	studies,	however	secondary	somatosensory	changes	are	present.		Previously	differences	in	

secondary	somatosensory	changes	reported	with	the	UVB	injury	model	have	been	explained	by	non-

comparable	 study	 methods	 used	 to	 evaluate	 somatosensory	 areas.	 Gustorff	 et	 al.	 reported	 the	

largest	 secondary	 somatosensory	 changes	 associated	with	 a	 UVB	 injury.	 However	 they	 calculated	

areas	using	a	less	precise	method,	marking	the	8	spokes	(as	described	in	section	5.2.4.1)	but	as	their	

burn	was	circular	they	used	the	geometric	mean	of	the	length	on	each	spokes	as	the	circles	radius	to	

generate	 somatosensory	 areas.	 Furthermore	 both	 Gustorff	 et	 al.	 and	 O’Neill	 et	 al.	 evaluated	

hyperalgesia	using	a	pinprick	rather	than	punctate	stimulus	(rigid	von	Frey	filament	of	256mN),	and	

this	may	explain	the	larger	areas	of	pinprick	than	punctate	hyperalgesia,	as	this	involves	a	different	

change	in	sensation	reported	by	subjects.	However	the	UVB	injury	group	had	PMH	evaluated	using	

the	same	weight	von	Frey	filament	as	Bishop	et	al,	and	DMA	evaluated	using	the	same	paintbrush	as	

those	studies	that	reported	DMA	areas.	Therefore	the	suggestion	that	differences	in	study	methods	

account	for	the	discrepancy	regarding	secondary	changes	is	unlikely.			

	 Mean	secondary	somatosensory	areas	in	mm2	
Data	source	 Dynamic	mechanical	

allodynia	
Static	punctate	
mechanical	
hyperalgesia	

Static	pinprick	
mechanical	
hyperalgesia	

UVB	injury	model	 207	 397	 NE	
Bishop	et	al.	(210)	 5	 10	 NE	
Gustorff	et	al.	(212)	 118	 NE	 1110	
O’Neill	et	al.	(213)	 NE	 NE	 300	

Table	5-6	Secondary	somatosensory	areas	from	the	UVB	injury	model	and	literature		
UVB	injury	model	represents	data	from	this	study.		NE:	not	evaluated	

Whether	 chronic	 central	 changes	 require	 continued	 peripheral	 input	 represents	 an	 ongoing	

controversy	 within	 the	 chronic	 pain	 community.	 	 However,	 it	 is	 acknowledged	 that	 to	 develop	

central	 changes,	 an	 initial	 stimulus	 is	 required,	 most	 often	 from	 the	 periphery.	 	 Therefore	 the	

absence	of	 spontaneous	pain,	alongside	 the	presence	of	 secondary	hyperalgesia	 found	 in	 the	UVB	

injury	model,	according	to	Gustorff	et	al.	represents	a	paradox;	hyperalgesia	of	central	origin,	being	

present	without	an	obvious	initial	nociceptive	input.	(212)		
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As	mentioned	(see	section	5.4.1),	the	absence	of	pain	recorded	at	injury	100%	does	not	mean	there	

has	been	no	nociceptive	input	to	generate	central	changes,	rather	it	may	have	been	present	but	just	

not	 captured	 due	 to	 study	 methods.	 Furthermore	 as	 Gustorff	 et	 al.	 proposed,	 it	 could	 be	 that	

nociceptor	 activity	 lower	 than	 that	 required	 to	 generate	 spontaneous	 pain,	 may	 be	 a	 sufficient	

enough	 input	 to	 sensitise	 spinal	 nociceptors.	 	 This	 could	 be	 further	 exacerbated	 by	 low-level	

stimulation	from	peripheral	inflammatory	induced	nociceptor	pathways	that	further	sensitise	spinal	

interneurons.	 (360)	 These	 both	 could	 contribute	 to	 central	 changes	 that	would	 lead	 to	 secondary	

hyperalgesia	from	UVB	injury	in	the	absence	of	ongoing	or	spontaneous	pain.			

	

These	 findings	of	 secondary	mechanical	hypersensitivity	 in	 the	UVB	 injury	group	 (specifically	DMA	

and	PMH)	do	not	agree	with	the	original	hypothesis	of	this	chapter,	where	the	assumption	was	that	

secondary	changes	would	not	be	present.		However	as	outlined	in	section	5.1,	if	the	UVB	model	is	an	

appropriate	experimental	pain	model	 to	evaluate	burn	 injury-associated	pain,	 it	needs	 to	replicate	

the	 somatosensory	 changes	 associated	 with	 the	 clinical	 findings	 in	 burn-injured	 patients.	 	 In	 this	

respect	the	presence	of	secondary	changes	in	the	UVB	injury	model	are	therefore	important,	firstly	

for	 its	 application	 in	 subsequent	 chapters	 of	 this	 thesis	 and	 second	 in	 adding	 evidence	 to	 this	

controversial	topic.			

Finally	 the	 finding	 of	 no	 statistically	 significance	 differences	 in	 secondary	 DMA	 and	 PMH	 areas	

between	the	three	injury	models,	as	with	the	primary	somatosensory	changes,	suggests	that	whilst	

there	may	be	different	mechanisms	that	generate	somatosensory	changes	in	the	three	models,	the	

measured	 outcomes	 are	 similar.	 	 In	 the	 context	 of	 burn	 injury-associated	 pain,	 this	 reflects	 the	

argument	that	a	mechanistic-based	management	could	provide	advantages	over	a	symptom-based	

approach.	 	 These	 measured	 somatosensory	 outcomes	 in	 a	 clinical	 setting	 equate	 to	 reported	

symptoms.	 	 It	appears	that	despite	representing	similar	symptoms,	the	underlying	mechanisms	are	

injury	dependent.	 	 This	 could	explain	why	different	patients	 reporting	 the	 same	symptoms	do	not	

respond	similarly	to	the	same	analgesic	medication.	

5.4.5 Correlation	analysis	of	somatosensory	and	pain	intensity	measurements	
There	were	no	correlations	between	self-report	pain	intensity	(VAS)	scores	at	injury	100%	and	any	of	

the	 measured	 somatosensory	 parameters	 (EF,	 primary	 PMH,	 secondary	 PMH,	 primary	 DMA	 and	

secondary	DMA).			

5.4.5.1 Thermal	injury	model	correlations	
No	statistically	significant	correlations	were	seen	between	EF	and	other	somatosensory	modalities	in	

the	thermal	injury	group.			
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This	 agrees	 with	 evidence	 published	 by	 Schulte	 et	 al.	 and	 Norbury	 et	 al.	 that	 both	 found	 no	

correlation	between	flare	and	secondary	PMH	or	 flare	and	secondary	DMA.	 	 (200,247)	Statistically	

significant	 correlations	were	 found	 between	 secondary	 PMH	 and	 primary	DMA	 and	 also	 between	

secondary	PMH	and	secondary	DMA	(see	Figure	5-7G	and	5-7H).		These	findings	are	similar	to	data	

published	by	Dahl	 et	 al.	who	 reported	 secondary	 pinprick	mechanical	 hyperalgesia	 and	 secondary	

DMA	were	correlated	following	a	thermal	injury	(rs	=	0.84).	(236)	They	also	did	not	find	a	correlation	

between	EF	and	either	secondary	mechanical	hyperalgesia	or	secondary	DMA	with	a	thermal	injury.		

They	concluded	the	absence	of	correlation	between	EF	and	somatosensory	modalities	could	reflect	a	

visual	evaluation	EF	underestimating	the	true	area	of	neurogenic	inflammation.		The	use	of	Doppler	

measured	 cutaneous	 blood	 flow,	 as	 a	 marker	 of	 EF,	 has	 been	 used	 by	 some	 investigators	 to	

overcome	this	issue.	(222)	However,	they	also	proposed	that	the	lack	of	correlation	between	EF	and	

secondary	 somatosensory	 changes	 supports	 the	 theory	 that	 flare	 and	 secondary	 mechanical	

hyperalgesia	have	different	neurological	mechanisms.		This	is	in	keeping	with	evidence	from	earlier	

studies	 in	 this	 field.	 (56,78,79)	Moreover	 this	 also	 supports	 the	 potentially	 different	 mechanisms	

involved	in	on-going	pain	explored	in	section	5.4.1.			

	

It	is	interesting	that	secondary	PMH	and	secondary	DMA	have	a	positive	correlation.		Mohammadian	

et	al.,	who	explored	this	occurrence	within	 the	capsaicin	 injury	model,	suggested	that	correlations	

between	secondary	DMA	and	secondary	PMH	reflect	a	common	central	mechanism.	(225)	It	appears	

entirely	plausible	that	sensitised	spinal	interneurons,	to	which	both	Aβ	(from	DMA	stimulation)	and	

C	 and	 Aδ	 inputs	 (from	 PMH	 stimulation)	 converge,	 are	 activated	 by	 peripheral	 stimuli	 to	 activate	

central	pain	pathways	in	both	an	exaggerated	response	to	peripheral	noxious	stimuli	and	a	change	

of	response	to	innocuous	peripheral	stimuli	following	thermal	injury.			

5.4.5.2 Capsaicin	injury	model	correlations	
Statistically	significant	correlations	that	demonstrated	moderate	to	strong	associations	were	found	

between	 EF	 and	 all	 sensory	 modalities	 in	 the	 capsaicin	 injury	 group	 (see	 Figures	 5-8	 A-D).	 	 This	

supports	 the	 theory	 that	 there	 is	 an	association	between	neurogenic	 inflammation	and	 secondary	

somatosensory	 changes	 (both	 PMH	 and	 DMA)	 in	 the	 capsaicin	 injury	 model.	 	 These	 results	 are	

similar	 to	 findings	 by	 Mohammadian	 et	 al.	 who	 demonstrated	 correlations	 between	 EF	 and	

secondary	PMH	and	secondary	DMA	(r	=	0.87	and	r	=	0.94	respectively)	 following	capsaicin	 injury.		

(225)		Correlations	for	the	capsaicin	injury	group	between	secondary	PMH	and	secondary	DMA	(see	

Figure	5-8H)	were	also	present	and	 this	 is	 in	 keeping	with	Mohammadian	et	 al.	who	also	 found	a	

positive	correlation	(r	=	0.93)	between	these	modalities.		In	addition	primary	somatosensory	changes	

were	considered	in	the	capsaicin	injury	group.		
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Primary	PMH	was	found	to	correlate	with	both	primary	and	secondary	DMA	(Figures	5-8E	and	5-8F),	

and	primary	DMA	correlated	with	both	primary	and	secondary	PMH	(Figures	5-8G	and	5-8H).	These	

findings	 have	 not	 been	 previously	 described,	 as	 primary	 somatosensory	 areas	 have	 not	 been	

explored	 in	 experimental	 pain	 models.	 	 The	 stronger	 correlations	 found	 by	 Mohammadian	 et	 al.	

likely	are	a	consequence	of	differences	 in	the	use	of	statistical	analysis	to	evaluate	correlations,	as	

Mohammadian	 et	 al.	 conducted	 Pearson’s	 correlation	 analyses	 (a	 parametric	 test).	 Of	 interest,	

Mohammadian	 et	 al.	 also	 found	 correlation	 between	 VAS	 scores	 and	 EF	 area	 (r	 =	 0.97).	 	 The	

capsaicin	 injury	group	did	not	display	 this	 finding,	 and	 this	discrepancy	 could	be	accounted	 for	by	

methodological	differences.	 	Mohammadian	et	al.	using	an	averaged	VAS	scores	 from	5	separately	

recorded	 results	 taken	 after	 5	 repeated	 capsaicin	 applications.	 	 A	 correlation	 between	 secondary	

PMH	and	DMA	with	the	capsaicin	injury	model	was	also	seen	in	the	thermal	injury	group	(see	section	

5.4.5.1)	and	suggested	a	common	centrally	activated	pathways	involved	in	both	PMH	and	DMA.	This	

common	 pathway	 theory	 is	 further	 supported	 by	 the	 statistically	 significant	 positive	 correlation	

found	in	the	capsaicin	injury	group	between	primary	PMH	and	primary	DMA.		

	

In	contrast	to	the	thermal	injury	group,	the	correlations	between	somatosensory	modalities	and	EF	

suggests	that	neurogenic	inflammation	is	important	in	generating	the	somatosensory	changes	seen	

in	 the	 capsaicin	 injury	 model.	 	 It	 could	 be	 that	 neurogenic	 inflammation	 in	 this	 model	 has	 both	

central	and	peripheral	mechanisms.		Sensitised	spinal	interneurons	involved	in	secondary	PMH	and	

DMA	could	generate	antidromic	activity	back	down	the	peripheral	peptidergic	nociceptors	leading	to	

EF.	 	However	 there	 is	 also	 the	possibility	 that	 both	 EF	 and	 secondary	 somatosensory	 changes	 are	

generated	peripherally,	however	a	central	pathway	 in	 the	 link	between	EF	and	secondary	changes	

would	 account	 for	 the	 evidence	 that	 supports	 a	 central	 process	 driving	 secondary	 somatosensory	

changes	in	the	capsaicin	model.		(356)		

5.4.5.3 UVB	injury	model	correlations	
No	statistically	significant	correlations	were	found	between	EF	and	somatosensory	modalities	in	the	

UVB	 injury	group	 (see	Figure	5-9).	 	 This	 suggests	 that	 there	are	 less	 likely	 to	be	 links	between	EF,	

DMA	 and	 PMH	 (primary	 and	 secondary)	 somatosensory	 findings	 in	 this	model,	 and	 could	 involve	

separated	unrelated	processes.	

5.4.5.4 General	conclusions	from	the	correlation	analyses	
There	 are	 a	 number	 of	 conclusions	 that	 can	 potentially	 be	 drawn	 from	 the	 correlation	 analyses.	

Firstly	 the	 capsaicin	 injury	 model	 appears	 distinct	 to	 the	 two	 burn	 models	 with	 respect	 to	 the	

relationships	 it	 demonstrates	between	EF	and	other	 somatosensory	modalities.	 	 Second	 there	are	

some	similarities	between	the	capsaicin	and	thermal	models.			



135	
	

Both	 show	 correlations	 between	 secondary	 PMH	 and	 both	 primary	 DMA	 and	 secondary	 DMA.		

Correlations	 between	 primary	 PMH	and	both	 primary	DMA	 and	 secondary	DMA	were	 statistically	

significant	in	the	capsaicin	injury	group	and	these	neared	statistical	significance	in	the	thermal	injury	

group	(rs	=	0.065	and	rs	=	0.073	respectively,	Figures	5-7E	and	5-7F).		These	findings	may	indicate	that	

both	 injury	models	 have	 a	 central	 pathway	 involved	 in	 secondary	 PMH	 and	 secondary	 DMA.	 	 To	

develop	 secondary	 DMA	 there	 needs	 to	 be	 a	 switch	 in	 the	 function	 of	 the	 Aβ	 fibres,	 which	 is	

recognised	 to	 be	 a	 central	 process.	 (361)	 	 Therefore	 if	 correlation	 between	 somatosensory	

modalities	 reflects	 a	 similar	 peripheral	 or	 central	 process	 occurring	 then	 secondary	 PMH	 would	

therefore	 involve	central	processes.	 	 Finally	 correlation	analysis	of	 the	UVB	 injury	model,	 suggests	

that	neurogenic	inflammation	does	not	play	a	leading	role	in	the	mechanisms	involved	in	primary	or	

secondary	somatosensory	changes.			

	

Whilst	somatosensory	area	comparisons	between	models	highlighted	model	similarities	with	respect	

to	 primary	 and	 secondary	 DMA	 and	 PMH	 (see	 sections	 5.4.3	 and	 5.4.4),	 the	 correlation	 analyses	

have	 demonstrated	 that	 the	 relationships	 between	 these	 somatosensory	 modalities	 are	 distinct	

depending	 on	 the	 injury	model.	 	 This	 supports	 the	 presence	 of	 sensory	 phenotype	 heterogeneity	

between	the	three	injury	models.		

5.4.6 Distinction	between	primary	and	secondary	somatosensory	changes	

The	distinction	between	hypersensitivity	found	inside	and	outside	an	injury	was	first	made	by	Lewis	

in	1936.	(55)		The	terms	primary	and	secondary	hypersensitivity	became	common	in	pain	literature	

from	around	the	mid	20th	century.		(56)	The	formal	definition	is	that	primary	somatosensory	changes	

are	found	inside	and	secondary	somatosensory	changes	are	found	outside	the	injury.	 (55–57)	 	This	

however	 assumes	 that	 very	 distinct	 borders	 exist	 surrounding	 the	 injury	 that	 delineate	 between	

what	 are	 considered	 primary	 and	 secondary	 somatosensory	 changes.	 	 The	 rationale	 that	 a	 clear	

distinction	can	be	made	between	the	two	areas	is	perhaps	unfounded,	and	in	part	accounts	for	the	

overriding	difficulties	 in	determining	 the	mechanisms	 involved	 in	hypersensitivity	 responses	within	

each	respective	area.	

The	complexity	of	determining	what	constitutes	a	primary	or	secondary	area	relates	to	how	an	injury	

is	defined.		Experimental	pain	models	generate	a	distinct	area	of	erythema	at	the	injury	site,	clearly	

delineating	 the	 skin	 that	 has	 been	 exposed	 to	 the	 injurious	 agent	 (in	 this	 case	 the	 thermode,	

capsaicin	 soaked	 filter	 paper	or	UVB	exposed	 skin).	 There	 is	 evidence	 in	 the	 case	of	 the	 capsaicin	

injury	model,	that	the	capsaicin	can	spread	outside	the	original	injury	area,	and	cover	an	additional	

area	of	up	to	a	third	of	the	original	injury	size.		(234)		
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In	these	circumstances	the	cutaneous	nociceptors	in	the	skin	covered	by	the	spread	of	capsaicin	are	

being	 directly	 stimulated	 by	 capsaicin	 and	 formally	 constitute	 primary	 somatosensory	 changes.		

However	 in	 most	 capsaicin	 studies	 dye	 is	 not	 applied	 to	 the	 topical	 capsaicin	 and	 therefore	

evaluating	 what	 constitutes	 primary	 and	 secondary	 somatosensory	 changes	 can	 be	 challenging.		

Evidence	 from	 the	 metabolomic	 analysis	 suggests	 that	 capsaicin	 did	 not	 spread	 the	 distance	

between	mid	injury	and	the	control	DMD	site	(see	Figure	7-35),	however	whether	spread	occurred	

between	those	two	sites	is	not	clear.	It	is	also	the	case	that	inflammation	associated	with	an	injury	is	

not	confined	to	the	injury	site	alone.	There	is	some	diffusion	of	small	molecules	away	from	the	injury	

site	 into	 the	 surrounding	 tissue,	 and	 the	 distinction	 between	 when	 the	 spread	 of	 these	 agents	

changes	from	reflecting	primary	to	secondary	areas	is	not	well	defined.	In	some	ways	this	reflects	a	

philosophical	 question	 as	 to	whether	 inflammation	 and	 injury	 are	 distinct	 entities.	 	 Inflammatory	

agents	 generated	 as	 from	 an	 injury	will	 diffuse	 away	 from	 the	 injury	 and	 stimulate	 of	 peripheral	

nociceptors	outside	the	injury	site.		Although	a	stringent	definition	of	primary	hypersensitivity	would	

refer	to	this	process	as	reflecting	secondary	hypersensitivity,	those	that	believe	secondary	changes	

can	 only	 be	 generated	 by	 central	 processes,	 would	 describe	 this	 phenomenon	 as	 primary.	 An	

example	 of	 this	 is	 the	 UVB	 injury	 model.	 	 Originally	 described	 as	 displaying	 only	 primary	

hypersensitivity	 changes,	 data	 presented	 here	 suggests	 otherwise.	 	 Certainly	 there	 are	

somatosensory	changes	outside	the	clearly	marked	borders	of	the	3MED	UVB	injury.	 	However	the	

lack	 of	 correlation	 between	 somatosensory	 modalities	 and	 also	 evidence	 from	 animal	 studies	

support	 a	 more	 peripherally	 mediated	 process	 driving	 these	 changes.	 (211)	 Therefore	 semantics	

drive	 some	 of	 the	 discrepancies	 found	 in	 the	 literature.	 From	 a	 personal	 perspective,	 the	

development	of	 a	 clear	 line	where	 somatosensory	 changes	alter	 from	being	primary	 to	 secondary	

seems	implausible.	There	is	likely	to	be	overlap	and	a	graded	integration	of	primary	and	secondary	

changes	 across	 the	 affected	 area.	 	 In	 reality	 this	 extends	 into	 the	 clinical	 setting,	 affecting	 how	

clinicians	 evaluate	 and	 describe	 the	 pain	 that	 occurs	 in	 burn-injured	 patients.	 	 What	 is	 most	

important	 then,	 is	 to	 ensure	 that	 true	 consistency	 is	 used	 in	 applying	 these	 terms	 between	

experimental	and	clinical	settings.			

5.4.7 Responders	and	non	responders	
Both	the	topical	and	intradermal	capsaicin	models	have	been	reported	to	show	non-responder	rates	

of	up	to	50%	in	health	subjects	(242,362)	and	whilst	less	frequent,	this	is	also	found	in	the	thermal	

injury	model.	(200)		As	described	in	section	5.3.4,	there	are	a	number	of	definitions	that	could	refer	

to	a	non-responder	in	this	study.			
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However	Figure	5-10	(A-C)	considers	those	with	an	absence	of	EF	and	all	somatosensory	modalities,	

the	presence	of	EF	but	absence	of	all	other	somatosensory	modalities,	a	complete	absence	of	one	

somatosensory	 modality	 (in	 this	 study	 only	 an	 absence	 of	 primary	 and	 secondary	 DMA)	 or	 an	

absence	of	a	primary	somatosensory	modality	(for	this	study	only	an	absence	of	primary	PMH).			

Of	 the	 45	 subjects	 recruited	 to	 this	 study,	 one	displayed	 an	 absence	 of	 EF	 and	 all	 somatosensory	

modalities.		This	subject	was	allocated	to	the	UVB	injury	group	and	is	highlighted	in	Figure	5-10(C)	by	

the	red	triangle	symbols.	They	received	a	UVB	dose	of	1650mJ/cm2	and	had	skin	phototype	2.		The	

UVB	injury	delivered	represented	a	value	in	the	75th	percentile	of	dose	magnitude	therefore	the	non-

response	 is	 unlikely	 to	 be	 a	 consequence	 of	 inadequate	 injury.	 Other	 subjects	 that	 could	 be	

described	 as	 non-responders	 are	 also	 illustrated	 for	 the	 UVB	 injury	 group	 in	 Figure	 5-10(C).		

Interestingly,	 the	 only	 subject	 who	 developed	 EF	 to	 UVB	 injury	 had	 an	 absence	 of	 primary	 or	

secondary	DMA	(highlighted	as	using	an	orange	circle	symbol).	 	Within	the	UVB	injury	model	there	

appears	 to	 be	 heterogeneity	 between	 subjects	 in	 their	 somatosensory	 responses.	 Subjects	 who	

displayed	a	complete	absence	of	DMA	(primary	and	secondary)	all	had	secondary	PMH	areas	above	

the	 median	 for	 the	 group.	 	 This	 could	 reflect	 that	 secondary	 PMH	 is	 generated	 by	 different	

mechanisms	for	individual	subjects.		For	example	where	subjects	display	DMA	and	secondary	PMH,	

the	PMH	may	be	centrally	mediated.		Whereas	subjects	that	display	secondary	PMH	alone,	may	have	

peripherally	mediated	mechanisms	driving	this	somatosensory	change.		However	it	could	be	that	the	

development	of	secondary	PMH	is	not	simply	either	generated	by	central	or	peripheral	mechanisms.		

Rather	 it	may	represent	a	combination	of	both	central	and	peripheral	processes	and	the	individual	

variations	 in	 response	 reflect	 different	 proportionate	 contributions	 of	 central	 and	 peripheral	

processes	to	the	overall	somatosensory	response.		However	the	result	that	two	of	the	three	subjects	

who	had	an	absence	of	primary	PMH,	but	displayed	primary	DMA,	secondary	PMH	and	secondary	

PMH	 supports	 the	 theory	 of	 central	 mechanisms	 being	 important	 to	 DMA	 and	 secondary	 PMH	

(highlighted	by	a	purple	diamond	symbol).	 	 Finally	 this	 individual	 subject	data	 suggests	 that	whilst	

DMA	at	a	group	 level	can	be	described	as	a	 feature	of	 the	UVB	 Injury	sensory	phenotype,	 is	not	a	

consistent	 finding	across	all	 subjects.	This	 is	because	nearly	half	of	 the	group	 (7	subjects)	 failed	to	

show	primary	or	secondary	DMA.	

The	pattern	of	somatosensory	changes	in	non-responders	for	the	capsaicin	and	thermal	models	are	

different	 to	 those	 described	 in	 the	 UVB	 model.	 	 There	 were	 no	 subjects	 who	 demonstrated	 an	

absence	of	EF	and	all	somatosensory	modalities	in	the	thermal	injury	or	capsaicin	injury	two	models.	

Only	one	subject	 in	the	capsaicin	injury	group	demonstrated	EF	with	an	absence	of	somatosensory	

changes	(Figure	5-10B,	turquoise	square	symbol).			
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This	 subject	 had	 an	 individual	 identifier	 of	 4C	 and	 therefore	 their	 DMD	 samples	 were	 not	 taken	

forward	for	biological	agent	analysis	(see	section	4.2.4).	 	No	additional	subjects	other	than	the	one	

described,	 in	either	the	thermal	 injury	or	capsaicin	 injury	groups,	had	an	absence	of	primary	PMH.		

However,	a	further	6	subjects	(four	in	the	capsaicin	model	and	2	in	the	thermal	model,	see	Figure	5-

10A	 and	 5-10B,	 inverted	 yellow	 triangle	 symbols)	 had	 an	 absence	 of	 both	 primary	 DMA	 and	

secondary	 DMA.	 	 In	 Liu	 et	 al.’s	 study	 they	 defined	 a	 non-responder	 as	 a	 subject	 that	 had	 absent	

secondary	DMA,	and	reported	this	affected	50%	of	their	sample.		(242)	This	differs	to	the	proportion	

of	 non-responders	 in	 the	 capsaicin	 injury	 group	 as	 only	 20%	 of	 subjects	met	 this	 definition.	 	 It	 is	

unclear	why	this	discrepancy	exists,	however	sample	sizes	in	both	Liu	et	al.’s	work	and	this	study	are	

relatively	small,	and	a	larger	sample	size	may	allow	for	better	estimation	of	non-responder	rates	in	

the	capsaicin	injury	and	other	models.				

The	most	 important	 conclusions	 that	 can	 be	 drawn	 from	 observations	 of	 non-responders	 are	 the	

further	 evidence	 they	 add	 that	 demonstrates	 there	 are	 differences	 between	 the	 somatosensory	

phenotypes	associated	with	three	injury	models.	 	This,	along	with	the	correlation	analyses	helps	to	

delineate	 these	 injury	 group	 somatosensory	 phenotypes.	 	 Finally	 they	 appear	 to	 show	 there	 is	

heterogeneity	 in	 the	 model	 specific	 somatosensory	 phenotypes,	 in	 that	 different	 subjects	 can	

produce	 profoundly	 different	 somatosensory	 responses	 to	 the	 same	 injury.	 	 These	 important	

findings	will	be	discussed	in	detail	below	in	section	5.4.9.2.		

5.4.8 Influence	of	inhaled	steroids	on	somatosensory	response		
As	highlighted	 in	 section	 4.4.1	 one	 subject	was	 taking	 regular	 inhaled	 steroid	medication	 at	 entry	

into	 the	 study.	 	 This	 subject	was	 in	 the	 capsaicin	 injury	 group	 and	 their	 somatosensory	 profile	 is	

highlighted	as	yellow	squares	in	Figure	5-12.		These	data	suggest	that	the	inclusion	of	DMD	samples	

from	 this	 subject	 for	 biological	 analysis	 is	 likely	 appropriate,	 as	 they	 generated	 appropriate	

neurogenic	inflammation	and	somatosensory	changes	to	the	capsaicin	injury	model.		
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Figure	5-12	Capsaicin	injury	group	somatosensory	results	highlighting	results	from	a	subject	on	
inhaled	steroids		

5.4.9 Strengths	of	methods	and	data	presented	in	this	chapter	

5.4.9.1 General	strengths	
There	 are	 general	 strengths	 associated	 with	 the	 methods	 used	 for	 somatosensory	 testing.	 	 The	

techniques	 to	 evaluate	 PMH	 and	 DMA	 are	 well-reported	 methods	 for	 exploring	 somatosensory	

changes	 in	 experimental	 pain	models.	 (210)	 	 For	 analysis	 purposes	 and	 for	 a	 non-elderly	 subject	

population,	 the	 implementation	 of	 the	 VAS	 to	 evaluate	 self	 rated	 pain	 intensity	 scores,	 was	

appropriate.			

Measuring	 areas	 of	 primary	 somatosensory	 changes	 represents	 a	 new	 and	 novel	 approach	 to	

exploring	PMH	and	DMA	in	the	injury	site.		Previous	studies	have	considered	primary	somatosensory	

changes	 with	 respect	 to	 threshold	 analysis.	 	 The	 results	 presented	 here	 regarding	 primary	

somatosensory	changes	highlight	that	gain	in	function	is	not	consistent	across	the	entire	injury	site.		

Despite	confluent	erythema	seen	across	the	injury	site	in	all	subjects	were	areas	of	normal	sensation	

within	this	area	of	erythema.			

Furthermore	 the	 somatosensory	 changes	 found	 associated	 with	 the	 capsaicin	 injury	 and	 thermal	

injury	replicated	data	in	the	literature,	apart	from	a	lack	of	correlation	between	VAS	scores	and	flare	

in	the	capsaicin	injury	group.		Although	the	UVB	injury	model	findings	did	not	agree	with	the	chapter	

hypothesis	 or	 with	 some	 published	 data,	 these	 results	 add	 valuable	 evidence	 to	 the	 current	

controversy	surrounding	secondary	hyperalgesia	associated	with	this	model.	
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5.4.9.2 Plotting	individual	subject	data	points	
Evidence	 published	 on	 the	 somatosensory	 changes	 found	 in	 experimental	 pain	models	 in	 general	

presents	data	at	a	group	level	often	as	means	and	SEM	for	small	sample	sizes	and	does	not	report	

individual	 subject	 data.	 	 A	 strength	 of	 this	 work	 is	 that	 data	 has	 been	 considered	 by	 group	 level	

comparisons	however	 it	 has	 further	 been	 interrogated	 at	 an	 individual	 subject	 level	 through	 both	

correlation	analyses	and	non-responder	profiles.		Plotting	individual	subject	data	points	has	revealed	

important	 information	 regarding	 within	 model,	 inter-individual	 responses	 (within	 model	

heterogeneity).			Further	it	has	given	possible	clues	to	the	possible	mechanisms	involved,	suggesting	

the	same	somatosensory	modality	may	 involve	different	processes	between	subjects	generated	by	

the	same	injury.			Individual	data	points	not	only	allow	other	research	groups	to	compare	their	data	

with	that	already	published,	as	was	possible	with	the	Liu	et	al.	somatosensory	areas	(242),	but	also	

allow	 for	 analysis	 of	 the	 “outliers”.	 	 An	 outlier	 is	 an	 observation	 point	 that	 is	 distant	 from	 other	

observations.		A	number	of	the	data	points	within	this	study	could	be	regarded	as	outlier	points	(see	

Figures	5-5	and	5-6).	 	The	exploration	of	 the	outliers	can	often	be	as	 important	as	 the	group	 level	

data.	For	example,	Figure	5-13	plots	individual	subjects	in	the	UVB	injury	group	for	secondary	PMH	

and	 secondary	DMA.	Dotted	 lines	 have	been	 added	 to	mark	 the	median	 values	of	 both	 variables.		

Area	 “a”	 on	 the	 plot	 contains	 subjects	 with	 small	 areas	 of	 secondary	 PMH	 yet	 large	 areas	 of	

secondary	 DMA.	 	 The	 opposite	 being	 the	 case	 for	 subjects	 located	 in	 area	 “d”.	 	 Whilst	 previous	

discussions	have	outlined	evidence	for	a	possible	common	central	pathway	for	DMA	and	PMH	in	the	

UVB	 model,	 those	 subjects	 found	 in	 areas	 “a”	 and	 “d”	 suggest	 this	 may	 not	 be	 the	 case	 for	 all	

individuals.	 	However	exploring	the	neuronal	mechanisms	occurring	in	these	individuals	may	either	

give	 important	 insights	 into	 the	 neuronal	 processes	 involved,	 especially	 if	 a	 combination	 of	

peripheral	and	central	mechanisms	contribute	to	these	somatosensory	changes.			
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Figure	 5-13	 Scatter	 plot	 of	 secondary	dynamic	mechanical	 allodynia	 and	 secondary	 static	 punctate	
mechanical	hyperalgesia	in	the	UVB	injury	group		
a:	small	2PMH	and	large	2DMA	areas,	b:	large	2DMA	and	2PMH	areas,	c:	small	2DMA	and	2PMH	areas,	
d:	large	2PMH	and	small	2DMA	areas.		
2DMA:	 secondary	 dynamic	 mechanical	 allodynia,	 2PMH:	 secondary	 static	 punctate	 mechanical	
hyperalgesia	 and	 both	 are	 measured	 in	 mm2.	 Gridlines	 are	 placed	 at	 the	 group	medians	 for	 2DMA	
(78mm2)	and	2PMH	(193mm2).	

Comparing	data	at	a	group	level	hide	interesting	information	associated	with	outliers,	and	although	

in	animal	research	traditionally	the	practice	has	been	to	remove	outliers,	evidence	supports	attrition	

to	be	associated	with	bias,	especially	in	small	sample	sizes.		(363)		Plotting	individual	data	points	and	

considering	subjects	individually	in	this	study	is	a	strength,	as	it	has	allowed	non-responder	subjects	

to	 inform	 possible	 theories	 surrounding	 somatosensory	 modality	 mechanisms.	 	 Furthermore	 the	

correlation	 analyses	 of	 individual	 subjects	 have	 highlighted	 somatosensory	 phenotype	 differences	

between	injury	models	that	were	not	revealed	by	group	comparisons.		

Finally	the	strength	in	illustrating	each	subject	individually	in	reviewing	pain	models	relates	to	inter-

individual	differences	between	 subjects	exposure	 to	 the	 same	 injury	model.	 	Data	presented	here	

demonstrates	 that	 somatosensory	 responses	 to	 the	 same	 injury	 can	 show	wide	 variability	 in	 both	

one	 specific	 modality	 and	 also	 in	 the	 overall	 profiles.	 There	 is	 heterogeneity	 in	 somatosensory	

responses	 within	 each	 group.	 This	 is	 important	 when	 considering	 the	 commercial	 applications	 of	

these	 experimental	 pain	 models.	 	 They	 are	 commonly	 used	 in	 the	 pharmaceutical	 industry	 to	

evaluate	analgesic	efficacy	using	 the	 somatosensory	 changes	as	primary	outcome	measures.	 (218)	
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Yet	 data	 presented	 here	 suggests	 that	 in	 a	 healthy	 population	 somatosensory	 changes	 are	 non-

uniform,	showing	variation,	with	the	possibility	of	non-responders.		This	information	needs	to	inform	

not	 only	 model	 choice	 for	 pharmacological	 studies	 but	 also	 subject	 choice	 for	 experimental	 pain	

studies.	 	These	results	are	in	keeping	with	a	recent	publication	that	performed	QST	profiling	of	the	

capsaicin	 model	 in	 over	 1000	 subjects.	 (227)	 This	 study	 demonstrates	 that	 a	 subset	 of	 healthy	

subjects	(18%)	displayed	a	distinct	somatosensory	profile	(with	respect	to	loss	and	gain	of	function)	

that	 replicated	 a	 neuropathic	 pain	 QST	 profile.	 What	 remains	 unclear	 is	 why	 this	 variation	 in	

response	 to	 the	 same	 injury	 occurs,	 however	 it	 could	 include	 genetic	 differences,	 psychological	

factors,	differences	in	descending	inhibitory	pathways	and	the	influence	of	sleep.	(364–366)	What	is	

clear	from	this	chapter	is	that	there	is	heterogeneity	within	the	models,	and	their	application	in	the	

pharmacological	setting	to	evaluate	drug	efficacy	needs	to	take	these	differences	into	account.	

5.4.10 Limitations	of	methods	and	data	presented	in	this	chapter	
The	methods	 used	 to	 investigate	 somatosensory	 changes	 represent	 a	 limitation	 to	 this	 work.	 	 As	

already	highlighted,	 the	visual	evaluation	of	EF	may	have	underestimated	 these	areas.	 	Whilst	 the	

majority	 of	 investigators	 in	 this	 field	 visually	 evaluated	 EF	 (see	 section	 10.1.3,	 Table	 10-2),	 more	

recently	 the	application	of	Doppler	measurements	of	blood	 flow	are	 thought	 to	 represent	a	more	

accurate	 reflection	 of	 the	 neurogenic	 inflammation.	 	 Utilisation	 of	 this	 technique	 could	 have	

improved	accuracy	of	this	parameter.		With	respect	to	the	other	somatosensory	functions,	this	work	

has	 focused	 on	 gain	 in	 function	 somatosensory	 changes.	 	 These	 somatosensory	 parameters	were	

chosen	as	they	best	represent	those	reported	as	important	in	burn	injury	associated	pain.		There	is	

however	a	paucity	of	information	regarding	loss	of	function	in	acute	burn	injury	and	a	full	QST	profile	

of	each	of	the	models	may	have	been	more	comprehensive	an	evaluation	of	the	sensory	phenotype.		

Loss	of	function	has	not	been	described	with	the	UVB	injury	model	or	thermal	injury	model,	however	

a	 certain	 proportion	 of	 subjects	 exposed	 to	 the	 capsaicin	 injury	 model	 do	 display	 loss	 of	

function.(227)	 	 The	 length	 of	 the	 full	 experimental	 protocol	 and	 the	 need	 for	 proximity	 in	 time	

between	 DMD	 and	 imparting	 the	 injury	 meant	 the	 use	 of	 QST	 was	 not	 practical	 in	 these	

circumstances.	

	

There	 is	 also	 the	 question	 as	 to	 whether	 the	 stimuli	 used	 to	 evaluate	 PMH	 truly	 represented	

hyperalgesia.	 	 By	 definition	 hyperalgesia	 requires	 a	 stimulus	 to	 be	 painful	 under	 normal	

circumstances,	and	has	been	described	as	“tenderness	to	stimuli	which	likely	excite	nociceptors	such	

as	von	Frey	filaments	and	pinpricks”.		(367)		Mechanically	sensitive	A	and	C	fibre	nociceptors	in	hairy	

skin	from	monkeys	demonstrate	action	potential	generation	to	von	Frey	filaments	exerting	forces	of	

51mN.		(204)			
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The	10g	von	Frey	filament	used	in	this	study	to	measure	PMH	exerted	a	force	of	98mN,	enough	force	

to	 generate	 action	 potentials	 in	 mechanically	 sensitive	 A	 and	 C	 fibre	 nociceptors.	 	 However	

stimulating	mechanically	sensitive	nociceptors	does	not	equate	to	the	 IASP	taxonomy	definition	of	

hyperalgesia	(see	section	1.2.4).		If	hyperalgesia	is	increased	pain	to	a	painful	stimulus,	the	10g	von	

Frey	filament	may	not	exert	enough	force.	 	This	argument	is	supported	by	work	from	Magerl	et	al.	

who	demonstrated	 that	 the	 lowest	 force	 of	 von	 Frey	 filaments	 to	 elicited	 pricking	 pain	 in	 normal	

human	 skin	 was	 128mN.	 	 (367)	 	 However,	 the	 original	 paper	 by	 Bishop	 et	 al.	 examining	 the	

somatosensory	changes	 following	thermal,	capsaicin	and	UVB	 injury	describe	the	use	of	a	10g	von	

Frey	 filament	 to	 evaluate	 pinprick	 hyperalgesia.	 	 (210)	 	 Bishop	 et	 al.	 further	 describe	 in	 their	

methods	 that	 subjects	 would	 notice	 a	 change	 in	 sensation	 from	 “innocuous	 prodding”	 to	 “sharp	

pricking”	 and	 evaluate	 that	 this	 represents	 hyperalgesia.	 	 This	 reflects	 the	 overlap	 between	 the	

terms	 allodynia	 and	hyperalgesia	 in	 the	 literature,	with	 allodynia	 being	 a	more	 recent	 addition	 to	

pain	taxonomy.	 	Prior	to	the	changes	in	the	IASP	pain	taxonomy	in	the	mid	1990’s	where	the	term	

allodynia	was	 introduced,	 both	 phenomena	 of	 hyperalgesia	 and	 allodynia	were	 seen	 as	 increased	

pain	 sensitivity	 to	 a	 stimuli	 and	 were	 encompassed	 under	 the	 umbrella	 term	 of	 hyperalgesia.		

Furthermore	Magerl	et	al.	explored	responses	in	a	sample	size	of	twelve	healthy	volunteers.		It	may	

be	 that	data	 from	 these	 individuals	does	not	 extend	 to	 the	population,	 and	 that	 some	 individuals	

experience	 pricking	 pain	 to	 a	 10g	 von	 Frey	 filament.	 	 	 This	 supports	 the	 argument	 that	 the	

hyperalgesia	 stimulus	 should	 have	 been	 individualised	 to	 each	 subject	 by	 performing	 individual	

mechanical	pain	detection	testing.		For	example	this	is	used	in	conditioned	pain	modulation	where	a	

psychophysically	 anchored	 stimuli	 is	 found	 that	 generates	 an	 individualised	pain	 score	on	 a	 0-100	

numerical	 rating	 scale	between	40	and	60.	 (368)	An	 individualised	 stimulus	 could	 then	have	been	

then	used	to	map	areas	of	PMH	in	each	subject.		There	are	counter	arguments	to	using	this	approach	

as	 the	 resulting	 somatosensory	 areas,	 could	 be	 interpreted	 as	 resulting	 from	 the	 application	 of	

different	 stimuli	 and	 therefore	 not	 comparable	 between	 subjects.	 	 In	 the	 interests	 of	 consistency	

and	also	 to	allow	comparison	to	 the	published	 literature	 in	 this	 field,	one	stimulus	was	chosen	 for	

the	 complete	 study,	 however	 this	 limitation	 should	 be	 acknowledged.	 	 This	 leads	 onto	 the	

reproducibility	of	DMA.		There	is	an	argument	that	the	pressure	used,	the	exact	brush	stroke	length	

and	 velocity	 of	 stroking	 differs	 each	 time	 the	 brush	 is	 applied	 to	 the	 same	 individual	 and	 also	

between	 subjects	 and	 investigators.	 Some	 work	 has	 been	 conducted	 to	 try	 to	 standardise	 these	

variables	 however	 its	 application	 has	 not	 been	 universally	 adopted	 due	 to	 complexities	 of	

instrumentation.	(369)		Therefore	this	work	replicated	the	methods	commonly	used	by	other	groups.	
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It	 also	 should	 be	 acknowledged	 that	 pain	 is	 influenced	 by	 psychological	 factors	 such	 as	 mood,	

depression	 and	 anxiety.	 	 In	 this	 study	 the	 anxious	 anticipation	 of	 a	 painful	 procedure	 could	 have	

influenced	pain	 scores.	 	 Pain	 sensitivity	 has	 been	 shown	 to	 positively	 correlate	with	 basal	 anxiety	

levels,	and	Rhudy	and	Meagher	showed	that	anxiety	of	the	threat	of	a	painful	event,	increased	pain	

reactivity	 in	 healthy	 volunteers.	 	 (370)	 	 In	 the	 context	 of	 a	 study	where	 subjects	 gave	VAS	 scores	

during	the	injury	taking	place,	the	anxiety	associated	with	the	unknown	sensation	of	a	experimental	

burn	could	have	influenced	these	data.			

	

Although	pain	intensity	was	evaluated	and	compared	between	the	three	injury	model	groups,	verbal	

descriptors	 of	 the	 pain	 experienced	 were	 not	 recorded.	 	 It	 is	 possible	 that	 the	 type	 of	 pain	

experienced	 in	 each	 of	 the	 three	 different	 injury	 models	 had	 different	 qualities.	 	 Although	 each	

model	likely	produced	a	“burn”	like	sensation,	this	could	have	been	associated	with	other	different	

sensations	 that	 are	missed	when	 only	 considering	 pain	 intensity.	 	 The	 use	 of	more	 complex	 pain	

evaluation	scales	such	as	the	McGill	Pain	Questionnaire,	that	asks	subjects	to	choose	from	a	 list	of	

descriptor	words	 to	assess	 the	quality	of	 the	pain,	could	have	added	 further	useful	 information	to	

the	pain	experienced	with	each	model.		(371)	

	

Finally	thermal	hyperalgesia	was	not	evaluated	 in	this	study	despite	thermal	hyperalgesia	being	an	

important	somatosensory	finding	in	burn	injury-associated	pain.		This	was	for	sound	methodological	

reasons	 as	 there	 is	 good	evidence	 supporting	 the	 application	of	 heat	 to	 both	 capsaicin	 injury	 and	

UVB	 injury	models	 causing	 a	 rekindling	 reaction,	which	 is	 associated	with	 increased	pain	 intensity	

and	alterations	of	 somatosensory	parameters,	 alongside	peripheral	 inflammation.	 	 The	absence	of	

this	 somatosensory	 modality	 needs	 to	 be	 appreciated	 when	 evaluating	 the	 somatosensory	

phenotypes.			

	

5.4.11 Future	work	
This	 results	 presented	 in	 this	 chapter	 have	 demonstrated	 that	 somatosensory	 phenotypes	 are	

individual	to	the	injury	models	demonstrating	between	model	heterogeneity	and	that	within	injury	

models	 there	 are	 inter-individual	 differences	 in	 the	 somatosensory	 phenotypes	 generated.	 The	

presence	 of	 between	model	 heterogeneity	 is	 in	 keeping	with	 a	 recent	 review	of	 the	 use	 of	 these	

three	models	 in	 analgesia	 trials	 that	 clearly	 demonstrated	 varying	 efficacy	 of	 classes	 of	 analgesic	

medication	between	 injury	models.	 	 (218)	The	 implications	of	these	findings	are	wide	ranging,	and	

impact	on	a	number	of	research	fields.		However	in	the	short	term	future	work	should	concentrate	

on	exploring	within	model	heterogeneity.			
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This	may	be	 important	 in	 teasing	out	 the	peripheral	and	central	neuronal	mechanisms	 involved	 in	

the	different	somatosensory	modalities.		It	may	also	help	with	the	application	of	these	models	within	

the	pharmaceutical	industry	as	selecting	only	responders	for	drug	trials	could	remove	the	possibility	

that	 results	 are	 a	 consequence	 of	 variance	 within	 a	 study	 population	 in	 response	 to	 the	 model,	

rather	 than	 different	 responses	 to	 the	 intervention.	 In	 depth	 profile	 analysis	 looking	 for	

somatosensory	profiles	of	the	different	modalities	within	a	single	model	between	subjects	would	be	

helpful	 in	 a	 larger	 sample	 size.	 	 Further	 exploration	 of	 these	 separate	 profile	 groups	 including	

analysis	of	influencing	factors	such	as	descending	pathways,	perhaps	through	the	use	of	conditioned	

pain	modulation	testing,	sleep	and	mood	questionnaires	could	give	insights	into	some	of	the	causes	

of	profile	variation.	(368)	Finally	a	detailed	exploration	of	the	non-responders	to	determine	whether	

there	are	features	that	are	common	to	all	non-responders	with	respect	to	pain	and	non-pain	related	

variables,	and	whether	there	are	specific	neuronal	mechanisms	involved	that	lead	to	non-response,	

which	could	inform	analgesic	drug	development	in	the	future.	
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Chapter	6:	Inflammatory	protein	analysis	

6 Inflammatory	protein	analysis	

6.1 Introduction	

6.1.1 Rationale	and	aims	
Acute	 pain	 that	 develops	 due	 to	 burn	 injury	 is	 a	 reflection	 of	 the	 complex	 interplay	 between	 the	

burn-injured	 tissues	 and	nociceptors	 (see	 Figure	1-5).	 	 The	 combination	of	 tissue	damage	and	 the	

resulting	 inflammatory	 response	 lead	 to	 the	development	of	 the	 “burn	 injury	 inflammatory	 soup”	

that	 is	 comprised	 of	 numerous	 chemical	 mediators,	 which	 directly	 stimulate	 and	 sensitise	

nociceptors	leading	to	pain.	 	Analysis	of	human	burn	wound	exudate	has	revealed	the	“burn	injury	

inflammatory	 soup”	 contains	 inflammatory	 proteins.	 (110)	 However,	 much	 of	 the	 knowledge	

regarding	 the	 interaction	 of	 these	 inflammatory	 proteins	 with	 nociceptors	 comes	 from	 animal	

studies	 and	 it	 is	 acknowledged	 these	 can	 lack	meaningful	 translation	 to	 the	 clinical	 setting.	 (197)		

Human	experimental	pain	models	have	the	ability	 to	bridge	this	 translational	gap.	 	The	UVB	 injury	

model	 has	demonstrated	direct	 translation	with	 respect	 to	 inflammatory	protein	 release	between	

rats	and	humans.	(217)	Both	species	demonstrate	hypersensitivity	in	response	to	the	UVB	injury	and	

altered	 inflammatory	 protein	 gene	 transcription	 in	 injured	 compared	 to	 normal	 skin	 samples.		

Comparison	 of	 experimental	 pain	models,	 namely	 thermal	 injury,	 capsaicin	 injury	 and	UVB	 injury,	

with	 respect	 to	 somatosensory	 phenotyping	 has	 been	 reported.	 (210)	Whilst	 there	 is	 controversy	

surrounding	 the	presence	of	 secondary	 somatosensory	 changes	 in	 the	UVB	 injury,	 some	attempts	

have	been	made	to	explore	similarities	and	differences	between	the	burn	injury	models,	in	both	the	

literature	and	this	study	 (see	chapter	5).	 	 In	comparison,	phenotyping	of	 the	 inflammatory	protein	

response	 is	 less	 comprehensive.	 	 The	 UVB	 injury	 model	 appears	 to	 have	 the	 most	 detailed	

description	 of	 its	 ability	 to	 affect	 peripheral	 inflammatory	 protein	 concentrations.	 However	 the	

evidence	available	is	difficult	to	assimilate.		Different	peripheral	sampling	methods	have	been	used	

that	 range	 from	 static	 snapshot	 samples,	 such	 as	 skin	 biopsies,	 to	 dynamic	 methods	 measuring	

temporal	 change,	 such	 as	DMD.	 (217,220,243,246)	 Furthermore	 analysis	 of	 inflammatory	 proteins	

includes	gene	transcription	and	immunoassay	based	techniques.	Notably	even	with	respect	to	DMD	

studies	the	time	periods	that	represent	one	sample	have	varied	between	25	minutes	and	8	hours.	

(220,243)	 	 Few	 studies	 regarding	 the	 peripheral	 response	 with	 respect	 to	 inflammatory	 proteins	

have	 been	 performed	 in	 the	 thermal	 injury	 or	 capsaicin	 model,	 with	 only	 one	 study	 where	 the	

response	to	a	thermal	injury	model	was	directly	compared	with	the	UVB	injury	model.	(220)	
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The	 three	 injury	 models	 are	 thought	 to	 produce	 their	 effects	 in	 distinct	 ways	 and	 therefore	 the	

release	of	peripheral	inflammatory	proteins	in	response	to	these	injuries	should	be	individual	to	the	

model	imparted.		The	capsaicin	injury	model,	whilst	described	as	injury	for	consistency	and	clarity	in	

this	 thesis,	 does	 not	 cause	 cellular	 damage	 but	 creates	 its	 peripheral	 effects	 via	 neurogenic	

inflammation.		The	capsaicin	molecule	binds	to	specific	receptors	on	TRPV1	ion	channels.	(229)	This	

leads	 to	 CGRP	 release	 (226,228)	 through	 the	 axon	 reflex	 and	 is	 associated	 in	 rats	 with	 increased	

peripheral	concentrations	of	IL1β,	 IL6,	 IL8	and	TNFα.	 	 (230)	In	contrast	the	thermal	 injury	and	UVB	

injury	models	both	involve	tissue	injury	and	have	common	mechanisms	involved	in	their	peripheral	

processes	related	to	cell	damage.		The	thermal	injury	model	induces	direct	keratinocyte	damage	as	a	

consequence	of	heat	 (see	 section	1.1.3)	and	has	 shown	 increased	peripheral	 IL6	concentrations	 in	

animals	 and	 humans,	 alongside	 single	 study	 evidence	 showing	 increased	 dermal	 microdialysate	

concentrations	of	 IL7,	 IL8,	 IL13	and	GCSF.	 	 (108,220)	The	UVB	 injury	model	damages	keratinocytes	

causing	 dermal	 oedema,	mast	 cell	 degranulation	 and	 cellular	 infiltration	 of	 immune	 cells	 such	 as	

neutrophils	and	monocytes.		These	lead	to	the	release	of	inflammatory	proteins	into	the	injury	site	

including	IL1β,	IL6,	IL8,	IL10,	TNFα	and	CCL3	(217,219–221).		There	is	also	limited	evidence	from	skin	

biopsies	to	suggest	the	involvement	of	additional	inflammatory	proteins	including	GCSF	and	a	range	

of	chemokines	(CCL2,	CCL4,	CCL7,	CCL11,	CXCL1,	CXCL2,	CXCL4,	CXCL5	and	CXCL7).	(217,220)		

Therefore	 the	 aim	 of	 the	 work	 presented	 in	 this	 chapter	 was	 to	 further	 characterise	 the	

inflammatory	proteins	 found	 in	DMD	 samples	 taken	 from	 three	human	experimental	 pain	models	

(thermal	 injury,	 capsaicin	 injury	 and	UVB	 injury)	 in	 thirty	 healthy	 subjects.	 	Dermal	microdialysate	

were	 analysed	 using	 a	 multiplex	 microbead	 array	 assay	 to	 comprehensively	 evaluate	 the	

concentrations	of	41	inflammatory	proteins.		Results	were	compared	within	injury	model	group	for	

temporal	changes	and	also	between	the	three	injury	models.			

6.1.2 Hypothesis	
The	 hypothesis	 the	 work	 described	 in	 this	 chapter	 is	 that	 the	 three	 experimental	 pain	 models	

(thermal	injury,	capsaicin	injury	and	UVB	injury)	would	show	different	inflammatory	protein	profiles	

and	that	these	specific	profiles	would	show	similarities	between	the	two	burn	injury	models	(thermal	

injury	 and	 UVB	 injury)	 that	 would	 be	 less	 apparent	 in	 comparison	 to	 the	 capsaicin	 injury	model.		

Finally	that	the	inflammatory	proteins	highlighted	would	be	linked	to	peripheral	processes	involved	

in	sensory	changes	important	in	burn	injury-associated	pain.	
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6.2 Methods	

6.2.1 Study	population		
As	 described	 in	 section	 3.2.1	 dermal	microdialysate	 samples	 from	 thirty	 subjects	 (n=10	 per	 injury	

model)	 were	 used	 for	 UPLC-MS	 analysis.	 	 The	 demographics	 of	 this	 population	 are	 described	 in	

chapter	3.			

6.2.2 Sample	preparation	and	labelling	
There	 is	 an	 absence	 of	 manufacturer	 provided	 protocols	 relating	 to	 the	 analysis	 of	 dermal	

microdialysate	 samples	 using	 multiplex	 microbead	 array	 assays.	 	 Commonly	 protocols	 for	 both	

serum/plasma	 samples	and	 tissue	 culture	 supernatant	 samples	are	provided.	 	As	microdialysate	 is	

not	reported	to	include	whole	cells,	the	serum/plasma	protocol	was	used	which	involved	analysing	

samples	as	neat	microdialysate,	without	dilution.		This	is	in	agreement	published	studies	where	DMD	

samples	 are	 analysed	 using	 multiplex	 microbead	 array	 assays.	 (220,246)	 Samples	 were	 labelled	

according	 to	 the	 description	 in	 section	 3.5.2.	 	 Samples	 taken	 between	 0-30	 minutes	 were	 not	

analysed	from	either	the	control	or	injury	probe	sites	(see	section	3.5).		Samples	collected	from	the	

control	 site	 between	 30-60	minutes	were	 taken	 to	 represent	 the	 baseline	 concentrations	 of	 each	

subject	following	probe	insertion.		This	was	used	to	account	for	any	residual	inflammation	following	

the	 initial	equilibration	period,	 in	 response	 to	 the	probe	 insertion.	 	 Samples	 taken	 from	 the	 injury	

site	between	30	and	60minutes,	60	and	120	minutes	and	120	and	180minutes	were	also	analysed	to	

determine	 temporal	 inflammatory	protein	changes	 in	 response	 to	 the	pain	 injury	model	 imparted.		

Each	 subject	 contributed	 results	 from	 4	 samples	 to	 the	 final	 analysis.	 These	 will	 be	 referred	 to	

throughout	this	chapter	as	baseline,	injury	60,	injury	120	and	injury	180.		Subjects	acted	as	their	own	

control	in	accounting	for	the	individual	inflammatory	response	to	probe	insertion	and	also	enabled	

standardisation	for	between	group	differences,	as	10	different	subjects	were	recruited	to	each	injury	

group.			

6.2.3 Multiplex	microbead	assay	array	protocol	

6.2.3.1 Choice	of	multiplex	microbead	assay	array	
A	 human	 cytokine/chemokine	 multiplex	 magnetic	 microbead	 assay	 array	 (Milliplex®MAP,	

MilliporeSigma,	 US)	 for	 41	 cytokines,	 chemokines,	 and	 growth	 factors	 was	 used.	 	 This	 assay	 is	

reported	 to	 demonstrate	 good	 accuracy	 in	 measuring	 low	 inflammatory	 protein	 concentrations.	

(372)		Published	studies	analysing	cytokines	and	chemokines	in	microdialysate	following	UVB	injury	

or	 thermal	 injury	 pain	 models	 have	 analysed	 up	 to	 33	 inflammatory	 proteins.	 (220,243,246)	 	 A	

broader	 panel	 of	 inflammatory	 proteins	 was	 chosen	 to	 evaluate	 a	 selection	 not	 previously	
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considered	 in	 the	 literature.	 	 Table	 6-1	 lists	 the	 inflammatory	proteins	 included	 in	 this	 panel	with	

those	cytokines	not	previously	explored	in	these	circumstances	highlighted	as	yellow.			

Growth	
factors	

Cytokines	 Chemokines	 Other	
endogenous	
peptides	

EGF	 IL1RA	 CCL2		 Flt3L	
FGF2	 IL1α	 CCL3	 IFNα2	
GCSF	 IL1β		 CCL4	 IFNγ	
GMCSF	 IL2	 CCL5	 sCD40L	
PDGFAA	 IL3	 CCL7	 	
PDGFBB	 IL4	 CCL11	 	
TGFα	 IL5	 CCL22	 	
TNFα	 IL6	 CX3CL1	 	
TNFβ	 IL7	 CXCL1	 	
VEGF	 IL8	 CXCL10	 	
	 IL9	 	 	
	 IL10	 	 	
	 IL12p40	 	 	
	 IL12p70	 	 	
	 IL13	 	 	
	 IL15	 	 	
	 IL17	 	 	

Table	6-1	List	of	the	inflammatory	proteins	included	in	the	assay		
EGF:	 epidermal	 growth	 factor	 FGF2	 :	 fibroblast	 growth	 factor,	 GCSF:	 granulocyte	 colony	 stimulating	
factor,	 GMCSF:	 granulocyte	macrophage	 colony	 stimulating	 factor,	 PDGFAA:	 platelet	 derived	 growth	
factor	 AA	 homodimer,	 PDGFBB:	 platelet	 derived	 growth	 factor	 BB	 homodimer,	 TGFα:	 transforming	
growth	 factor,	 TNFα:	 tumor	 necrosis	 factor	 α,	 TNFβ:	 tumour	 necrosis	 factor	 β,	 VEGF:	 vascular	
endothelial	 growth	 factor,	 IL:	 interleukin	 IL1RA:	 IL1	 receptor	 antagonist,	 IL12p40:	 IL12	 subunit	 p40,	
IL12p70:	 IL12	 subunit	 p70,	 Flt3L:	 fms	 related	 tyrosine	 kinase	 3	 ligand,	 IFNα2:	 interferon	 α2,	 IFNγ:	
interferon	 γ,	 sCD40L:	 soluble	 CD40	 ligand.	 	 Inflammatory	 proteins	 not	 previously	 explored	 in	
microdialysate	following	the	imparting	of	a	pain	model	are	highlighted	in	yellow.			

6.2.3.2 Reagent	preparation				
All	reagents	were	prepared	and	used	on	the	day	of	the	assay	analysis.		Thirty-eight	of	the	antibody-

immobilised	 beads	 were	 provided	 premixed,	 therefore	 three	 additional	 inflammatory	 protein	

immobilised	beads	for	PDGFAA,	PDGFBB	and	RANTES	were	added	as	70	µL	aliquots	from	individual	

bead	 solutions.	 	 Beads	 were	 sonicated	 and	 vortexed	 prior	 to	 use.	 	 Two	 separate	 manufacturer	

approved	quality	control	samples	were	reconstituted	in	deionised	water	and	vortexed	prior	to	use.		

Human	cytokine	standards	were	reconstituted	in	250	µL	of	deionised	water	to	give	a	10	000	pg/mL	

concentration.		Serial	dilutions	using	premade	assay	buffer	were	then	made	to	give	a	standard	range	

of	3.2	pg/mL	to	10	000	pg/mL,	with	the	0	pg/mL	standard	being	assay	buffer.		A	total	of	7	standard	

concentrations	were	used	(0,	3.2,	16,	80,	400,	2000,	10	000	pg/mL).	

6.2.3.3 Immunoassay	procedure	
Samples	were	analysed	on	96	well	plates,	using	the	same	methods	and	conditions	for	each	plate.	All	

human	 cytokine	 standards,	 quality	 controls	 and	 subject	 samples	were	 analysed	 in	 duplicate.	 Each	

well	had	200μL	of	wash	buffer	added,	the	plate	was	sealed	and	placed	on	a	shaker	for	10	minutes.	



150	
	

Wash	buffer	was	decanted	from	the	wells.		Each	well	was	filled	with	either	25μL	of	assay	buffer	and	

25μL	of	one	of	the	standards	(0-10,000	pg/mL	concentrations),	25μL	of	assay	buffer	and	25μL	of	the	

quality	 control	 1	 or	 quality	 control	 2	 solutions	 or	 25μL	 of	 assay	 buffer	 and	 25μL	 of	 one	 of	 the	

microdialysate	 samples.	 	 Every	 well	 was	 further	 filled	 with	 25μL	 of	 the	 premixed	 magnetic	

microbeads	and	the	plate	was	sealed	and	incubated	overnight	(18	hours)	on	a	plate	shaker	at	4°C.	

Using	a	handheld	magnet,	the	plate	was	rested	for	60	seconds	and	then	the	content	was	decanted.		

The	plate	was	detached	 from	 the	magnet	 and	washed	using	 200μL	of	wash	buffer,	 shaken	 for	 30	

seconds,	then	reattached	to	the	magnet	so	the	content	could	be	decanted.		This	step	was	repeated.	

Each	well	was	 filled	with	25μL	of	detection	antibodies	and	the	plate	was	then	sealed	with	 foil	and	

placed	on	a	plate	shaker.		One	hour	later	25μL	of	Streptavidin-Phycoerythrin	was	added	to	each	well.		

The	plate	was	covered	in	foil	and	reincubated	for	a	further	30minutes	on	a	plate	shaker.		The	plate	

underwent	 a	 final	 two	washes	 (as	 described	 above)	 and	 150μL	 of	 sheath	 fluid	 (phosphate	 buffer	

solution,	Sigma-Aldrich,	UK)	was	then	added	into	each	well	and	the	plates	were	placed	on	a	shaker	

for	5	minutes.			

The	 plates	 were	 then	 placed	 in	 the	 FlexMap	 3D	 multiplexing	 instrument	 and	 analysed	 using	

Luminex200	HTS	 software	 (Luminex®,	US).	 	 The	 output	 included	 standard	 curve	 analysis,	 luminance	

and	 inflammatory	 protein	 concentration	 in	 pg/mL.	 	 All	 sample	 preparation	 and	 analyses	 were	

performed	at	the	NIHR	Biomedical	Research	Centre,	Guy’s	and	St	Thomas’	NHS	Foundation	Trust	and	

King’s	College	London	by	the	author	of	this	work.			

6.2.3.4 Standard	Curve	accuracy	
Forty-one	unique	standard	curves	were	produced	(one	for	every	inflammatory	protein	analysed)	for	

each	 separate	 analysis	 plate.	 Multiplex	 microbead	 assay	 arrays,	 similar	 to	 most	 immunoassay	

analysis	 techniques,	 determine	 protein	 concentrations	 based	 on	 fluorescence	 intensity:	

concentration	 standard	 reporting	 curves.	 	 The	 Luminex200	 HTS	 software	 constructs	 standard	

reporting	curves	from	logistical	regression	using	a	5PL	equation.		Logistical	regression	yields	accurate	

curves	over	wide	concentration	ranges	(as	is	often	necessary	for	assays	that	evaluate	more	than	one	

protein).		Standard	curves	are	created	on	graphs	that	plot	the	log	of	the	concentration	on	the	x-axis	

and	fluorescence	intensity	(considered	the	response	when	describing	the	graph)	on	the	y-axis.		The	

5PL	equation	uses	5	parameters	derived	from	the	graph	to	create	the	curve.		The	equation	is	shown	

below	and	an	example	of	the	graph	use	is	seen	in	Figure	6-1.	

	
y	=	a	+	((b	-	a)	/	(1	+	((	x	/	c	)	^	d)	^	e))	
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The	letters	represent	the	following	five	parameters;	a:	estimated	response	at	infinite	concentration,	

b:	estimated	response	at	concentration	0,	c:	midrange	concentration,	d:	slope	factor,	e:	asymmetry	

factor.		The	asymmetry	factor	is	used	to	correct	for	errors	that	occur	with	logistical	regression	when	

there	is	asymmetry	of	the	curve.				

	
Figure	6-1	Graph	illustrating	points	used	in	the	5PL	equation	to	calculate	standard	curve		
b:	 estimated	 response	 at	 concentration	 0,	 c:	 midrange	 concentration,	 d:	 slope	 factor,	 a:	 estimated	
response	at	infinite	concentration	

The	 accuracy	 of	 a	 standard	 curve	 to	 predict	 the	 concentration	 of	 a	 given	 analyte	 is	 evaluated	 by	

comparing	the	concentration	given	by	the	curve	with	the	true	concentration.		This	is	performed	by	

back	 calculating	 concentrations	 from	 given	 standards	 (which	 have	 known	 concentrations).	 	 The	

agreement	 between	 the	 known	 concentration	 and	 extrapolated	 concentration	 from	 the	 curve	 is	

reported	 as	 the	 %CV	 	 (see	 section	 3.7.4).	 	 Similar	 to	 %CV	 limits	 in	 metabolomic	 analysis,	

inflammatory	proteins	 found	 to	have	 a	%CV	of	 >30	were	 considered	unreliable.	 	 All	 inflammatory	

proteins	measured	 in	 this	analysis	produced	a	mean	%CV	of	 less	 than	30%	across	all	 the	analysed	

plates	and	therefore	the	assay	results	were	considered	to	accurately	represent	true	concentrations.		

6.2.4 Data	analysis	

6.2.4.1 Non-detect	data	points	
An	inherent	quality	to	biological	assay	techniques	is	that	there	are	limits	to	the	concentrations	they	

can	detect.		Specifically	there	is	an	inability	to	confirm	the	complete	absence	of	an	analyte.	In	these	

circumstances	 an	 unknown	 concentration	 exists	 that	 represents	 a	 value	 outside	 the	 analysis	

concentration	 range	 and	 is	 described	 as	 a	 non-detect	 value.	 These	 can	 be	 right-censored	 data,	

where	the	concentration	is	between	the	maximum	detection	threshold	for	the	assay	and	infinity,	or	

left-censored,	where	the	concentration	 is	between	the	minimum	detection	threshold	for	the	assay	

and	 zero.	 	 	 Historically	 biological	 sciences	 have	 developed	methods	 to	 statistically	 deal	with	 non-

detects	but	these	have	focused	on	the	statistical	analysis	of	right-censored	data.	(373)		
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Methods	 in	 dealing	 with	 left-censored	 data	 non-detects	 have	 predominantly	 come	 from	 the	

environmental	 sciences,	 with	 useful	 recommendations	 being	 created	 in	 relation	 to	 groundwater	

analysis	from	the	US	Environmental	Protection	Agency	(www.epa.gov).		These	recommendations	are	

relevant	to	left-censored	biological	data.	 	They	suggest	that	non-detect	data	points	are	substituted	

with	an	imputed	value	prior	to	statistical	analysis.		The	imputed	value	is	intended	to	be	a	reasonable	

estimate	 of	 the	 true	 but	 unknown	 concentration	 and	 commonly	 involves	 using	 half	 of	 the	 assay	

detection	limit	(the	minimum	detection	limit	of	the	assay	x	0.5).	Half	the	detection	limit	is	thought	to	

best	 represent	 the	 maximum	 likelihood	 estimate	 for	 the	 mean	 or	 median	 of	 a	 population	 of	

measurement	values	that	are	uniformly	distributed	along	the	interval	between	0	and	the	detection	

limit.	 (373)	 Non-detect	 data	 points	 in	 the	 inflammatory	 protein	 dataset	 were	 therefore	 imputed	

using	this	method.			

6.2.4.1.1 Imputation	of	non-detect	data	points		

All	samples	were	measured	in	duplicate	(see	section	6.2.3.3).		All	of	the	non-detect	values	found	in	

the	 complete	 inflammatory	 protein	 dataset	 were	 left-censored	 data	 (between	 zero	 and	 the	

minimum	 detection	 concentration	 of	 the	 assay).	 The	 minimum	 detection	 concentrations	 were	

different	 for	 each	 of	 the	 41	 inflammatory	 proteins	 analysed.	 	 Furthermore	 minimum	 detection	

concentrations	were	different	for	the	same	inflammatory	protein	between	different	96	well	plates.		

Therefore	 the	 relevant	 imputed	 values	were	 individually	 calculated	 for	 each	 inflammatory	protein	

analysed	on	each	 separate	96	well	plate.	 	 The	mean	concentration	of	 the	duplicated	 samples	was	

then	calculated	and	used	 in	 further	analysis.	 	This	 represented	a	 total	of	4920	separate	values	 (30	

subjects,	contributing	dermal	microdialysate	for	baseline	and	three	injury	site	time	points,	analysed	

for	41	separate	inflammatory	proteins).		

6.2.4.1.2 Inflammatory	proteins	where	there	were	a	high	number	of	non-detect	data	
Dealing	with	proportions	of	non-detects	in	data	is	complex.		A	cut	off	rate	can	be	used,	where	only	

inflammatory	proteins	that	have	a	non-detect	 level	of	<20%	across	a	population	are	taken	forward	

for	 further	 analysis.	 (374)	 However	 this	 often	 refers	 to	 study	 design	where	 two	 groups	 are	 being	

compared.	 	 In	 this	 study	 the	 non-detect	 rate	 for	 all	 samples	 was	 31.9%	 (at	 a	 study	 “population”	

level).	 	This	represented	41	 inflammatory	proteins	analysed	at	from	samples	taken	at	baseline	and	

the	 three	 injury	 site	 time	 points,	 for	 three	 different	 injury	 models.	 	 This	 experimental	 design	

represents	 12	 possible	 experimental	 conditions	 (3	 injury	 models,	 and	 4	 different	 dermal	

microdialysate	conditions).	As	 is	discussed	below,	 inflammatory	proteins	were	considered	between	

injury	models	and	in	a	temporal	fashion	within	injury	models.		One	inflammatory	protein,	TGFα	had	

a	non-detect	rate	of	24.1%.		All	other	inflammatory	proteins	had	a	non-detect	rate	of	less	than	20%.			
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However	 for	TGFα,	 the	majority	of	 the	samples	 that	contribute	 to	 this	non-detect	 rate	come	from	

the	UVB	injury	group	(see	Figure	6-5D),	therefore	as	between	injury	model	comparisons	were	being	

considered,	it	was	felt	that	inclusion	of	this	inflammatory	protein	was	important	to	the	overall	study	

hypothesis	despite	 its	non-detect	 rate.	 	Therefore	no	 inflammatory	proteins	were	removed	due	to	

non-detect	rates.					

6.2.4.2 Statistical	analysis	
Normality	of	data	was	analysed	using	both	kurtosis	and	skew	and	creating	Z	scores.		The	Z	score	was	

calculated	by	either	 (kurtosis/(kurtosis	 standard	error))	or	 (skew/(skew	standard	error)).	 	Where	Z	

scores	were	between	-1.96	and	1.96,	normally	distributed	data	was	assumed.	 	As	discussed	above	

comparisons	were	made	within	 injury	groups	 for	different	 sample	probe	site	and	collection	 times,	

and	 between	 injury	 groups	 at	 the	 same	 time	 point.	 	 Therefore	 normality	 was	 required	 across	 all	

twelve	experimental	conditions	for	an	inflammatory	protein	to	be	considered	normally	distributed.		

Normality	of	data	were	not	found	for	any	of	the	41	inflammatory	proteins	analysed	across	all	twelve	

experimental	 conditions	 and	 therefore	 all	 data	 analysis	 was	 conducted	 using	 non-parametric	

analysis	methods,	with	data	represented	as	median	and	IQR.			

	

All	 statistically	 significant	 p	 values	 were	 adjusted	 for	multiple	 comparisons	 as	 outlined	 in	 section	

3.8.1.1.	 	Within	 injury	model	group	comparisons	for	 inflammatory	protein	concentrations	between	

baseline,	injury	60,	injury	120	and	injury	180	were	performed	using	Friedman’s	tests	(with	p	values	

adjusted	as	described	in	section	3.8.1.1).	 	These	were	to	consider	the	potential	temporal	nature	of	

the	 inflammatory	 process.	 	 	 This	 test	 provides	 an	 omnibus	 statistic	 that	 indicates	 a	 statistical	

significant	 difference	 is	 present	 between	at	 least	 two	of	 the	 groups	being	 compared.	 	 It	 does	not	

signify	between	which	groups	the	differences	are	statistically	significant	and	therefore	post	hoc	tests	

were	 performed	 using	Wilcoxon	 signed-rank	 tests.	 Six	 pairwise	 comparisons	were	made:	 baseline	

and	injury	60,	baseline	and	injury	120,	baseline	and	injury	180,	injury	60	and	injury	120,	injury	60	and	

injury	180,	injury	120	and	injury	180.			

	

Fold	 change	 calculations	 were	 performed	 between	 baseline	 and	 each	 injury	 site	 collection	 time	

(baseline	and	 injury	60,	baseline	and	 injury	120	and	baseline	and	 injury	180)	by	dividing	the	 injury	

site	 concentration	 by	 the	 baseline	 concentration.	 	 This	 was	 performed	 to	 allow	 different	 injury	

groups	to	be	compared	for	each	injury	site	collection	time.	Fold	changes	for	each	collection	time	(60	

minutes,	120	minutes	and	180	minutes)	were	compared	between	injury	groups	using	Kruskal-Wallis	

tests	 (with	 p	 values	 adjusted	 as	 described	 in	 section	 3.8.1.1).	 Inflammatory	 proteins	 with	 a	

statistically	significant	omnibus	statistic	underwent	post	hoc	analysis	with	Mann	Whitney	U	testing.		
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Three	 comparisons	were	performed;	 thermal	 injury	 and	 capsaicin	 injury,	 capsaicin	 injury	 and	UVB	

injury	 and	 thermal	 injury	 and	 UVB	 injury.	 	 All	 statistical	 tests	 are	 reported	 as	 outlined	 in	 section	

3.8.1.	

	

6.3 Results	

6.3.1 Data	overview	

Descriptive	statistics	for	baseline	(control	site	at	60	minutes)	and	three	injury	site	samples	(injury	60,	

injury	 120	 and	 injury	 180)	 for	 each	of	 the	 injury	models	 are	 shown	 in	 table	 form	 in	 the	 appendix	

(section	10.2,	Tables	10-3,	10-4	and	10-5).		All	inflammatory	proteins	not	found	to	have	statistically	

significant	 differences	 in	 any	 of	 the	 comparisons	 outlined	 above	 (and	 as	 such	 are	 not	 shown	 as	

figures	in	the	results	section)	are	included	as	figures	in	section	10.2,	Figures	10-1,	10-2,	10-3	and	10-

4.				

6.3.2 Inflammatory	protein	temporal	changes	for	each	pain	injury	model		

Temporal	 concentration	 changes	 were	 evaluated	 separately	 within	 injury	 groups	 (thermal	 injury,	

capsaicin	 injury	 or	 UVB	 injury)	 using	 a	 repeated	 measures	 analysis	 method	 (Friedman’s	 tests).	

Concentrations	 for	 inflammatory	 proteins	 were	 compared	 between	 samples	 taken	 at	 baseline	

(control	site	60	minutes)	with	samples	from	the	injury	site	taken	at	60	minutes,	120	minutes	and	180	

minutes	(injury	60,	injury	120	and	injury	180).		

The	omnibus	 statistic	 failed	 to	meet	 statistical	 significance	 for	CXCL10,	EGF	and	CCL11	 in	all	 three	

models.	 	 These	 inflammatory	 proteins	 were	 not	 considered	 further.	 The	 total	 number	 of	

inflammatory	proteins	where	the	omnibus	statistic	reached	significance	for	each	model	was;	22	for	

the	thermal	injury	group,	21	for	the	capsaicin	injury	group	and	34	for	the	UVB	injury	group.	Of	these	

3	for	the	thermal	injury	group,	3	for	the	capsaicin	injury	group	and	2	for	UVB	injury	group	failed	to	

demonstrate	 statistically	 significant	 pairwise	 comparisons	 during	 post	 hoc	 tests.	 	 For	 one	

inflammatory	 protein	 (CCL3)	 this	 absence	 of	 statistical	 significance	was	 present	 in	 all	 three	 injury	

groups	at	post	hoc	testing	and	therefore	this	was	also	removed	from	further	analysis.			

For	the	UVB	injury	group,	of	the	32	inflammatory	proteins	that	demonstrated	statistically	significant	

pairwise	differences,	22	were	due	to	differences	between	injury	180	samples	and	other	time	points	

where	the	injury	180	concentrations	appeared	absent.	An	absence	was	defined	as	when	the	majority	

of	 reported	 concentrations	 for	 the	 UVB	 injury	 group	 were	 below	 the	 minimal	 detection	

concentration	 for	 the	 specific	 assay.	 	 This	 is	 illustrated	 in	 Figure	 6-3	 for	 IL9	 where	 all	 samples	

displayed	concentrations	below	the	minimum	detection	concentration	for	the	assay.		
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Figure	6-2	IL9	dermal	microdialysis	concentrations	for	UVB	injury	group	
Concentrations	of	IL9	from	different	collection	sites	and	collection	time	points.		UC60:	Control	site	60	
minutes	(baseline),	UB60:	Injury	site	60	minutes,	UB120:	Injury	site	120	minutes,	UB180:	Injury	site	180	
minutes.	

Where	there	was	an	absence	of	an	 inflammatory	protein	 in	the	UVB	injury	group	 in	the	 injury	180	

samples,	and	the	only	significant	pairwise	comparisons	were	with	injury	180	samples	these	were	not	

considered	 in	 further	 analysis.	 	 It	 is	 unclear	 whether	 this	 reflected	 true	 biological	 absence	 or	 a	

methodological	 issue	 relating	 to	 detection	 of	 these	 cytokines	 in	 the	 injury	 180	 samples	 and	 this	

finding	is	discussed	in	section	6.4.4.2.			Thus	a	further	22	inflammatory	proteins	were	removed	from	

the	UVB	injury	group	analysis.	This	included	CCL4,	CCL7,	CCL22,	GMCSF,	IFNα2,	IFNγ,	IL2,	IL3,	IL4,	IL5,	

IL7	IL9,	IL10,	IL12p40,	IL12p70,	IL13,	IL15,	IL17,	PDGFAA,	PDGFBB,	sCD40L,	TNFα,	TNFβ.			Significant	

differences	within	the	thermal	injury	group	and	capsaicin	injury	group	were	still	considered	for	these	

inflammatory	proteins.	10	inflammatory	proteins	were	included	in	the	UVB	injury	group	analysis.			

Of	the	41	inflammatory	proteins	originally	analysed,	a	total	of	22	were	considered	for	analysis	of	all	

three	injury	groups	(19	for	the	thermal	injury	group,	18	for	the	capsaicin	injury	group	and	10	for	the	

UVB	injury	group).	 	Results	from	the	Friedman’s	tests	and	Wilcoxon	signed	rank	tests	are	shown	in	

Tables	 6-2,	 6-3	 and	6-4	 for	 the	 thermal	 injury	 group,	 capsaicin	 injury	 group	and	UVB	 Injury	 group	

respectively.			They	include	the	omnibus	statistics	from	the	Friedman’s	tests	and	have	shaded	boxes	

to	indicate	the	pairwise	comparisons	that	reached	statistical	significance	in	post	hoc	tests.	
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Inflammatory	
protein	 Χ 2(3)	 p	value	

TC:	
TB60	

TC:	
TB120	

TC:	
TB180	

TB60:		
TB120	

TB60:		
TB180	

TB120:	
TB180	

FGF2	 14.4	 0.002	
	 	 	 	 	 	TGFα	 25.8	 0.00001	
	 	 	 	 	 	GCSF	 19.4	 0.0002	
	 	 	 	 	 	Flt3L	 16.5	 0.001	
	 	 	 	 	 	GMCSF	 13.0	 0.005	
	 	 	 	 	 	CX3CL1	 13.9	 0.003	
	 	 	 	 	 	IFNγ	 18.6	 0.0003	
	 	 	 	 	 	CXCL1	 12.7	 0.005	
	 	 	 	 	 	IL12p40	 9.5	 0.02	
	 	 	 	 	 	IL13	 21.9	 0.00007	
	 	 	 	 	 	IL1RA	 16.3	 0.001	
	 	 	 	 	 	IL9	 19.7	 0.0002	
	 	 	 	 	 	IL1β		 21.4	 0.00009	
	 	 	 	 	 	IL5	 20.2	 0.0002	
	 	 	 	 	 	IL6	 28.1	 0.000003	
	 	 	 	 	 	IL8	 24.7	 0.00002	
	 	 	 	 	 	CCL2	 27.0	 0.000006	
	 	 	 	 	 	CCL4	 13.2	 0.004	
	 	 	 	 	 	CCL5	 11.8	 0.008	
	 	 	 	 	 	

Table	6-2	Thermal	injury	group	inflammatory	protein	concentration	changes	over	time		
Friedman’s	 test,	Χ2(3):	 chi	 square	 statistic	 (degrees	 of	 freedom),	 TC:	 Thermal	 injury	 control	 TB60:	
Thermal	 injury	 60	minutes,	 TB120:	 Thermal	 injury	 120	minutes,	 TB180:	 Thermal	 injury	 180	minutes.		
Blue	shaded	squares	indicate	statistically	significant	Mann	Whitney	U	tests.	

Inflammatory	
protein	 Χ 2(3)	 p	value	

CC:	
CB60	

CC:	
CB120	

CC:	
CB180	

CB60:		
CB120	

CB60:		
CB180	

CB120:	
CB180	

FGF2	 10.7	 0.001	 	 	 	 	 	 	
TGFα	 22.4	 0.00005	 	 	 	 	 	 	
GCSF	 11.2	 0.01	 	 	 	 	 	 	
GMCSF	 18.3	 0.0004	 	 	 	 	 	 	
IFNγ	 23.0	 0.00004	 	 	 	 	 	 	
CXCL1	 19.4	 0.0002	 	 	 	 	 	 	
IL12p40	 10.9	 0.01	 	 	 	 	 	 	
IL13	 22.3	 0.00006	 	 	 	 	 	 	
IL-17A	 13.7	 0.003	 	 	 	 	 	 	
IL9	 23.9	 0.00003	 	 	 	 	 	 	
IL1β		 22.7	 0.00005	 	 	 	 	 	 	
IL5	 15.1	 0.002	 	 	 	 	 	 	
IL6	 28.1	 0.000003	 	 	 	 	 	 	
IL8	 28.3	 0.000003	 	 	 	 	 	 	
CCL2	 27.1	 0.000006	 	 	 	 	 	 	
CCL4	 21.2	 0.0001	 	 	 	 	 	 	
CCL5	 15.0	 0.002	 	 	 	 	 	 	
VEGF	 11.9	 0.008	 	 	 	 	 	 	

Table	6-3	Capsaicin	injury	group	inflammatory	protein	concentration	changes	over	time		
Friedman’s	 test,	Χ2(3):	 chi	 square	 statistic	 (degrees	 of	 freedom),	 CC:	 Capsaicin	 injury	 control	 CB60:	
Capsaicin	injury	60	minutes,	CB120:	Capsaicin	injury	120	minutes,	CB180:	Capsaicin	injury	180	minutes.	
Pink	shaded	squares	indicate	statistically	significant	Mann	Whitney	U	tests.	
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Inflammatory	
protein	 Χ 2(3)	 p	value	

UC:	
UB60	

UC:	
UB120	

UC:	
UB180	

UB60:		
UB120	

UB60:		
UB180	

UB120:	
UB180	

FGF2	 24.2	 0.00002	 	 	 	 	 	 	
GCSF	 18.8	 0.0003	 	 	 	 	 	 	
Flt3L	 12.9	 0.005	 	 	 	 	 	 	
CX3CL1	 20.3	 0.0001	 	 	 	 	 	 	
IL1RA	 12.7	 0.005	 	 	 	 	 	 	
IL1α	 19.1	 0.0003	 	 	 	 	 	 	
IL6	 27.8	 0.000004	 	 	 	 	 	 	
IL8	 28.9	 0.00002	 	 	 	 	 	 	
CCL2	 28.1	 0.000003	 	 	 	 	 	 	
CCL4	 16.2	 0.001	 	 	 	 	 	 	

Table	6-4	UVB	injury	group	inflammatory	protein	concentration	changes	over	time		
Friedman’s	 test,	Χ2(3):	 chi	 square	 statistic	 (degrees	 of	 freedom),	 UC:	 UVB	 injury	 control	 UB60:	 UVB	
injury	 60	minutes,	 UB120:	 UVB	 injury	 120	minutes,	 UB180:	 UVB	 injury	 180	minutes.	 	 Green	 shaded	
squares	indicate	statistically	significant	Mann	Whitney	U	tests	

These	 tables	 highlight	 that	 for	 the	 thermal	 injury	 and	 capsaicin	 injury	 groups	 there	 were	 no	

statistically	significant	differences	between	baseline	and	injury	60	samples.		This	was	not	the	case	for	

the	UVB	model	where	IL6	and	CCL2	were	statistically	significant	for	this	pairwise	comparison.			

6.3.2.1 Temporal	 inflammatory	 protein	 concentration	 changes	 common	 to	 all	 three	 injury	
models	

Figure	6-3	 illustrates	the	temporal	changes	for	 IL6,	 IL8	and	CCL2	concentrations	 in	the	three	 injury	

groups.	 	 In	 the	 thermal	 and	 capsaicin	 injury	 groups	 IL6	 has	 5	 statistically	 significant	 pairwise	

comparisons.		The	single	comparison	that	did	not	reach	statistical	significance	was	between	baseline	

and	injury	60.	 	For	the	UVB	injury	group	all	6	pairwise	comparisons	reached	statistical	significance.		

Five	 pairwise	 comparisons	 reached	 statistical	 significance	 for	 both	 IL8	 and	CCL2	 in	 all	 three	 injury	

groups.	 	The	single	comparison	that	did	not	reach	statistical	significance	was	baseline	compared	to	

injury	60	in	both	the	thermal	injury	and	capsaicin	injury	groups.		For	the	UVB	injury	group	the	single	

comparison	 that	 did	 not	 reach	 statistical	 significance	 was	 injury	 60	 and	 injury	 120.	 	 In	 all	 three	

models	 concentrations	 of	 these	 cytokines	 increased	 from	 the	 baseline	 values	 over	 time,	with	 the	

highest	concentrations	found	at	180	minutes.		
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Figure	6-3	Inflammatory	protein	temporal	changes	common	to	all	three	injury	groups		
(A)	IL6	(B)	IL8	(C)	CCL2.	Dermal	microdialysate	inflammatory	protein	concentrations	(pg/mL)	are	shown	
for	the	three	injury	groups	:	Thermal	 injury	(blue),	Capsaicin	 injury	(pink)	and	UVB	injury(green).	 	The	
four	 separate	 time	points	of	 samples	 are	 shown	 for	 each	model	 (sequentially	 lightening	 from	 left	 to	
right;	baseline,	 injury	60,	 injury	120,	 injury	180).	 	 Individual	subject	data	points	are	plotted	(n=10	per	
injury	model)	with	median	and	IQR.	 	*	 	 indicates	statistically	significant	pairwise	comparisons	p	<0.05	
(corrected	for	multiple	comparisons)	
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6.3.2.2 Temporal	 inflammatory	 protein	 concentration	 changes	 common	 to	 the	 thermal	 injury	
and	capsaicin	injury	groups		

Figures	 6-4(A-D),	 6-5(A-D)	 and	 6-6(A-D)	 illustrate	 the	 temporal	 concentration	 changes	 for	 twelve	

inflammatory	proteins	 that	are	common	to	both	 the	 thermal	 injury	group	and	 the	capsaicin	 injury	

group,	but	are	not	present	in	the	UVB	injury	group.		

Figure	 6-4(A-D)	 illustrates	 the	 temporal	 changes	 found	 for	 IFNγ,	 IL13,	 IL9	 and	 IL1β.	 	 These	 four	

inflammatory	 proteins	 all	 have	 elevated	 concentrations	 at	 injury	 180	 that	 show	 a	 statistically	

significant	 difference	 with	 concentrations	 from	 baseline,	 injury	 60	 and	 injury	 120	 samples.	 	 This	

occurs	in	both	the	thermal	injury	and	the	capsaicin	injury	groups.			

Figure	 6-5(A-D)	 illustrates	 the	 temporal	 changes	 found	 for	 CCL4,	 CXCL1,	 IL5	 and	 TGFα.	 	 CCL4	 and	

CXCL1	 (Figure	 6-5A	 and	 6-5B)	 have	 elevated	 concentrations	 at	 injury	 180	 that	 show	 a	 statistically	

significant	 difference	 with	 concentrations	 from	 baseline,	 injury	 60	 and	 injury	 120	 samples	 in	 the	

capsaicin	 injury	 group.	 In	 the	 thermal	 injury	 group	 CCL4	 has	 elevated	 concentrations	 that	 show	 a	

statistically	significant	difference	at	injury	180	compared	with	injury	120	and	injury	60,	but	not	with	

the	baseline	concentrations,	whereas	with	CXCL1	 this	 statistically	 significant	difference	 is	between	

the	 injury	 180	 and	 injury	 120	 samples.	 	 IL5	 and	 TGFα	 (Figure	 6-5C	 and	 6-5D)	 have	 elevated	

concentrations	 at	 injury	 180	 that	 demonstrate	 a	 statistically	 significant	 difference	 with	

concentrations	 from	baseline,	 injury	60	and	 injury	120	samples	 in	 the	 thermal	 injury	group.	 In	 the	

capsaicin	injury	group	IL5	has	elevated	concentrations	at	injury	180	that	demonstrate	a	statistically	

significant	difference	compared	with	baseline,	and	TGFα	has	elevated	concentrations	at	 injury	180	

that	show	a	statistically	significant	difference	to	concentrations	at	injury	120	and	injury	60.			

Figure	6-6(A-D)	 illustrates	 the	 temporal	 changes	 found	 for	 IL12p40,	GMCSF,	CCL5	and	GCSF.	 	Both	

the	 thermal	 injury	 group	 and	 capsaicin	 injury	 group	 for	 IL12p40	 demonstrate	 elevated	

concentrations	at	injury	180	that	show	a	statistically	significant	difference	to	concentrations	at	injury	

60	(Figure	6-6(A).	The	thermal	injury	group	had	elevated	concentrations	at	injury	180	that	showed	a	

statistically	 significant	 difference	 compared	with	 injury	 120	 concentrations.	 	 For	 GMCSF	 both	 the	

thermal	 injury	 group	 and	 capsaicin	 injury	 group	 have	 elevated	 injury	 180	 concentrations	 that	

showed	a	statistically	significant	difference	to	concentrations	in	the	injury	60	samples	(Figure	6-6(B).		

However	 in	 the	 thermal	 injury	group	the	elevated	concentrations	at	 injury	180	show	a	statistically	

significant	 difference	 to	 concentrations	 in	 the	 injury	 120	 samples,	whereas	 in	 the	 capsaicin	 injury	

group	 the	 injury	 180	 samples	 show	 a	 statistically	 significant	 difference	 to	 the	 baseline	

concentrations.			
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For	 CCL5,	 the	 thermal	 injury	 group	 has	 an	 elevated	 concentration	 at	 injury	 180	 that	 shows	 a	

statistically	significant	difference	to	the	injury	120	samples,	whereas	the	capsaicin	injury	group	has	

elevated	concentrations	at	injury	120	that	show	a	statistically	significant	difference	to	the	injury	60	

samples	 (Figure	 6-6(C).	 	 The	 thermal	 and	 capsaicin	 groups	 both	 show	 elevated	 concentrations	 of	

GCSF	 at	 injury	 180	 that	 show	 a	 statistically	 significant	 difference	 to	 injury	 60	 samples,	 with	 the	

thermal	 group	also	 showing	a	 statistically	 significant	difference	between	 the	 injury	180	and	 injury	

120	 samples	 (Figure	 6-6(D).	 	 For	 GCSF	 the	 UVB	 injury	 group	 also	 shows	 statistically	 significant	

difference	between	injury	120	and	injury	60	sample	concentrations.		Although	there	are	statistically	

significant	differences	found	in	the	UVB	model	between	injury	180	and	all	other	time	points,	this	was	

a	consequence	of	an	absence	of	GCSF	in	the	majority	of	injury	180	samples.		

6.3.2.3 Temporal	 inflammatory	protein	 concentrations	 changes	 that	are	 statistically	 significant	
in	the	thermal	injury	and	UVB	injury	groups	

Figure	 6-7(A-C)	 illustrates	 the	 temporal	 changes	 found	 for	 CX3CL1,	 Flt3L,	 IL1RA.	 	 In	 general	 these	

three	inflammatory	proteins	show	an	elevated	concentration	at	injury	180	in	the	thermal	model	that	

demonstrates	 statistical	 significance	when	compared	 to	 injury	120	 for	CX3CL1,	 IL1RA	and	Flt3L.	 	A	

further	statistically	significant	comparison	between	injury	180	and	injury	60	is	also	present	for	Flt3L.		

In	contrast	all	three	inflammatory	proteins	show	a	fall	in	concentration	over	time	in	the	UVB	injury	

model,	with	injury	180	being	statistically	significantly	lower	than	injury	60.		For	CX3CL1	this	is	also	a	

statistically	significant	decrease	from	baseline	and	injury	120	concentrations.			
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Figure	 6-4	 Inflammatory	 protein	 temporal	 changes	 common	 to	 both	 thermal	 injury	 and	 capsaicin	
injury	:	elevated	levels	at	180	minutes	compared	to	all	other	time	points	
(A)	 IFNγ	(B)	 IL13	(C)	 IL9	(D)	 IL1β.	Dermal	microdialysate	 inflammatory	protein	concentrations	(pg/mL)	
are	 shown	 for	 the	 three	 injury	 groups:	 Thermal	 injury	 (blue),	 Capsaicin	 injury	 (pink)	 and	 UVB	
injury(green).		The	four	separate	time	points	are	shown	for	each	model	sequentially	lightening	from	left	
to	right;	baseline,	injury	60,	injury	120,	injury	180).	Individual	subject	data	points	are	plotted	(n=10	per	
injury	model)	with	median	and	IQR.	 	*	 	 indicates	statistically	significant	pairwise	comparisons	p	<0.05	
(corrected	for	multiple	comparisons)	
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Figure	6-5	 Inflammatory	protein	temporal	changes	common	to	both	thermal	 injury	and	capsaicin	 injury	 :	
elevated	levels	at	180	minutes	compared	to	all	other	time	points	in	one	model	
(A)CCL4	(B)	CXCL1	(C)	IL5	(D)	TGFα.		A	and	B	show	elevated	levels	at	180	minutes	compared	to	all	other	time	
points	in	the	capsaicin	injury	group.	C	and	D	show	elevated	levels	at	180	minutes	compared	to	all	other	time	
points	in	the	thermal	injury	group.		Dermal	microdialysate	inflammatory	protein	concentrations	(pg/mL)	are	
shown	for	the	three	injury	groups:	Thermal	injury	(blue),	Capsaicin	injury	(pink)	and	UVB	injury(green).		The	
four	 separate	 time	points	of	 samples	are	 shown	 for	each	model	 (sequentially	 lightening	 from	 left	 to	 right;	
baseline,	injury	60,	injury	120,	injury	180).		Individual	subject	data	points	are	plotted	(n=10	per	injury	model)	
with	 median	 and	 IQR.	 	 *	 	 indicates	 statistically	 significant	 pairwise	 comparisons	 p	 <0.05	 (corrected	 for	
multiple	comparisons)	
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Figure	6-6	 Inflammatory	protein	temporal	changes	common	to	both	thermal	 injury	and	capsaicin	 injury	 :	
elevated	levels	at	180	minutes	compared	to	at	least	one	other	time	point	
(A)IL12p40	 (B)	 GMCSF	 (C)	 CCL5	 (D)	 GCSF.	 Dermal	 microdialysate	 inflammatory	 protein	 concentrations	
(pg/mL)	 are	 shown	 for	 the	 three	 injury	 groups:	 Thermal	 injury	 (blue),	 Capsaicin	 injury	 (pink)	 and	 UVB	
injury(green).		The	four	separate	time	pointes	of	samples	are	shown	for	each	model	(sequentially	lightening	
from	left	to	right;	baseline,	injury	60,	injury	120,	injury	180).		Individual	subject	data	points	are	plotted	(n=10	
per	 injury	model)	with	median	 and	 IQR.	 	 *	 	 indicates	 statistically	 significant	 pairwise	 comparisons	 p	 <0.05	
(corrected	for	multiple	comparisons)	
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Figure	6-7	Inflammatory	protein	temporal	changes	in	thermal	and	UVB	injury	groups		
(A)	CX3CL1	(B)	Flt3L	(C)	IL1RA.		Dermal	microdialysate	inflammatory	protein	concentrations	(pg/mL)	are	
shown	for	the	three	injury	groups	:	Thermal	injury	(blue),	Capsaicin	injury	(pink)	and	UVB	injury(green).		
The	four	separate	time	pointes	of	samples	are	shown	for	each	model	(sequentially	lightening	from	left	
to	right;	baseline,	injury	60,	injury	120,	injury	180).		Individual	subject	data	points	are	plotted	(n=10	per	
injury	model)	with	median	and	IQR.	 	*	 	 indicates	statistically	significant	pairwise	comparisons	p	<0.05	
(corrected	for	multiple	comparisons)	
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6.3.2.4 Temporal	 inflammatory	 protein	 concentration	 changes	 found	 in	 the	 capsaicin	 injury	
group		

Figures	 	 6-8A	 and	 6-8B	 illustrates	 the	 temporal	 changes	 found	 for	 IL17	 and	 VEGF.	 	 These	

inflammatory	 proteins	 demonstrated	 a	 rise	 in	 concentration	 over	 time	 that	 was	 statistically	

significant	 in	 the	 capsaicin	 injury	group	only.	 	 For	 IL17	 this	was	between	 injury	60	and	 injury	180,	

whereas	for	VEGF	this	was	between	injury	120	and	injury	180.			

	

Figure	6-8	Inflammatory	protein	temporal	changes	found	in	the	capsaicin	injury	group			
(A)	 IL17	 (B)	VEGF	Dermal	microdialysate	 inflammatory	protein	 concentrations	 (pg/mL)	are	 shown	 for	
the	three	injury	groups:	Thermal	injury	(blue),	Capsaicin	injury	(pink)	and	UVB	injury(green).		The	four	
separate	time	points	of	samples	are	shown	for	each	model	 (sequentially	 lightening	from	left	to	right;	
baseline,	 injury	60,	 injury	120,	 injury	180).	 	 Individual	subject	data	points	are	plotted	(n=10	per	injury	
model)	 with	 median	 and	 IQR.	 	 *	 	 indicates	 statistically	 significant	 pairwise	 comparisons	 p	 <0.05	
(corrected	for	multiple	comparisons)	

	

6.3.2.5 Temporal	inflammatory	protein	concentration	changes	found	in	the	UVB	injury	group	
Figure	6-9	 illustrates	the	temporal	changes	found	for	 IL1α.	 	There	 is	a	statistically	significant	fall	of	

concentration	over	 time	 sequentially	 from	 the	baseline	 to	 injury	180	and	also	between	 injury	180	

and	injury	60	and	between	injury	120	and	injury	60.	
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Figure	6-9	Inflammatory	protein	temporal	changes	in	the	UVB	injury	group	for	IL1α	
Dermal	 microdialysate	 inflammatory	 protein	 concentrations	 (pg/mL)	 are	 shown	 for	 the	 three	 injury	
groups	 :	Thermal	 injury	 (blue),	Capsaicin	 injury	 (pink)	and	UVB	 injury(green).	 	The	 four	separate	 time	
pointe	of	samples	are	shown	for	each	model	(sequentially	lightening	from	left	to	right;	baseline,	injury	
60,	 injury	 120,	 injury	 180).	 	 Individual	 subject	 data	 points	 are	 plotted	 (n=10	 per	 injury	model)	 with	
median	 and	 IQR.	 	 *	 	 indicates	 statistically	 significant	 pairwise	 comparisons	 p	 <0.05	 (corrected	 for	
multiple	comparisons)	
	

6.3.2.6 Temporal	 inflammatory	 protein	 concentration	 changes	 that	 are	 different	 in	 all	 three	
injury	groups	

Figure	 6-10	 illustrates	 the	 temporal	 changes	 found	 for	 FGF2.	 	 This	 has	 a	 mixed	 picture	 showing	

different	concentration	changes	that	are	statistically	significant	 in	each	of	 the	three	 injury	models.		

The	 thermal	 injury	 group	 shows	a	decreased	 concentration	at	 injury	120	 compared	with	baseline,	

whereas	 the	 UVB	 injury	 group	 also	 shows	 a	 decrease	 in	 concentration	 over	 time,	 but	 this	 has	

statistically	significant	differences	between	injury	60	and	both	injury	120	and	injury	180.		In	contrast	

the	 capsaicin	 injury	 group	 shows	 an	 increase	 in	 concentration	 that	 is	 statistically	 significant	 from	

baseline	to	injury	180.			
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Figure	6-10	Inflammatory	protein	temporal	changes	that	are	different	in	all	three	injury	groups		
(A)	IL6	(B)	IL8	(C)	CCL2.	Dermal	microdialysate	inflammatory	protein	concentrations	(pg/mL)	are	shown	
for	 the	 three	 injury	groups:	Thermal	 injury	 (blue),	Capsaicin	 injury	 (pink)	and	UVB	 injury(green).	 	The	
four	 separate	 time	points	of	 samples	 are	 shown	 for	 each	model	 (sequentially	 lightening	 from	 left	 to	
right;	baseline,	 injury	60,	 injury	120,	 injury	180).	 	 Individual	subject	data	points	are	plotted	(n=10	per	
injury	model)	with	median	and	IQR.	 	*	 	 indicates	statistically	significant	pairwise	comparisons	p	<0.05	
(corrected	for	multiple	comparisons)	
	

6.3.3 Injury	model	differences	at	the	injury	site	at	different	sample	collection	times		

The	previous	section	allowed	for	within	model	comparisons	to	be	made	between	injury	site	samples	

collected	at	different	times	and	baseline	concentrations.		The	statistically	significant	differences	also	

appear	 to	 suggest	 there	 are	 between	 injury	 group	 similarities	 and	 differences	 in	 inflammatory	

protein	release	patterns.		To	further	explore	this	fold	change	calculations	were	performed	for	each	

subject	 between	 the	 baseline	 concentration	 and	 each	 of	 the	 injury	 site	 collection	 times	 for	 each	

inflammatory	 protein.	 	 This	 was	 to	 account	 for	 the	 individual	 inflammatory	 responses	 associated	

with	probe	insertion.		Injury	groups	contained	10	different	subjects	and	fold	change	calculations	also	

controlled	 for	 the	 possibility	 that	 the	 individuals	 in	 one	 injury	 group	 had	 a	 group	 level	 decreased	

overall	 inflammatory	 response	 to	 those	 found	 in	 another	 injury	 group.	 	 Comparing	 injury	 groups	

using	 fold	 change	 values	 considers	 differences	 between	 groups	 in	 the	magnitude	 of	 change	 from	

baseline,	rather	than	using	absolute	values.			
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Calculated	fold	changes	were	first	ranked	within	injury	group	and	these	are	shown	in	Figures	6-11,	6-

12	 and	 6-13.	 	 This	 illustrate	 that	 the	 fold	 changes	 for	 inflammatory	 proteins	 differs	 in	magnitude	

between	 injury	models	 and	 the	 inflammatory	proteins	with	 the	highest	magnitude	of	 fold	 change	

from	baseline	change	over	time	and	between	models.	 	This	 is	 further	 illustrated	 in	Table	6-5.	 	This	

table	lists	the	top	ten	inflammatory	proteins	in	order	(highest	magnitude	of	fold	change	at	the	top	of	

the	column)	for	each	model	at	the	three	different	fold	change	time	points.	 	Again	the	 influence	of	

different	inflammatory	profiles	differs	between	model	and	over	time.	

	

	
Figure	6-11	Ranked	values	for	inflammatory	protein	fold	changes	between	baseline	and	injury	60		
The	 fold	 change	 between	 concentrations	 found	 in	 baseline	 samples	 and	 concentrations	 in	 injury	 60	
samples	were	calculations	for	41	inflammatory	proteins.		Each	point	represents	the	median	fold	change	
for	a	 single	 inflammatory	protein	within	one	 injury	group	 (blue:	 thermal	 injury,	pink:	 capsaicin	 injury	
and	green:	UVB	injury).		Median	fold	change	values	were	ranked	within	each	injury	model	and	plotted	
based	on	magnitude	of	fold	change	from	left	to	right.		A	fold	change	of	1	is	indicated	by	the	dashed	line	
and	 represents	 no	 change	 in	 concentration	 between	 baseline	 and	 injury	 60.	 	 As	 the	 order	 of	
inflammatory	 proteins	 is	 different	 between	 injury	 groups,	 a	 number	 of	 inflammatory	 proteins	 have	
been	labelled.	
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Figure	6-12	Ranked	values	for	inflammatory	protein	fold	changes	between	baseline	and	injury	120		
The	 fold	 change	between	concentrations	 found	 in	baseline	 samples	and	concentrations	 in	 injury	120	
samples	were	calculations	for	41	inflammatory	proteins.		Each	point	represents	the	median	fold	change	
for	a	 single	 inflammatory	protein	within	one	 injury	group	 (blue:	 thermal	 injury,	pink:	 capsaicin	 injury	
and	green:	UVB	injury).		Median	fold	change	values	were	ranked	within	each	injury	model	and	plotted	
based	on	magnitude	of	fold	change	from	left	to	right.		A	fold	change	of	1	is	indicated	by	the	dashed	line	
and	 represents	 no	 change	 in	 concentration	 between	 baseline	 and	 injury	 60.	 	 As	 the	 order	 of	
inflammatory	 proteins	 is	 different	 between	 injury	 groups,	 a	 number	 of	 inflammatory	 proteins	 have	
been	labelled.	

	
Figure	6-13		Ranked	values	for	inflammatory	protein	fold	changes	between	baseline	and	injury	180		
The	 fold	 change	between	concentrations	 found	 in	baseline	 samples	and	concentrations	 in	 injury	180	
samples	were	calculations	for	41	inflammatory	proteins.		Each	point	represents	the	median	fold	change	
for	a	 single	 inflammatory	protein	within	one	 injury	group	 (blue:	 thermal	 injury,	pink:	 capsaicin	 injury	
and	green:	UVB	injury).		Median	fold	change	values	were	ranked	within	each	injury	model	and	plotted	
based	on	magnitude	of	fold	change	from	left	to	right.		A	fold	change	of	1	is	indicated	by	the	dashed	line	
and	 represents	 no	 change	 in	 concentration	 between	 baseline	 and	 injury	 60.	 	 As	 the	 order	 of	
inflammatory	 proteins	 is	 different	 between	 injury	 groups,	 a	 number	 of	 inflammatory	 proteins	 have	
been	labelled.	
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Fold	change	at	60	minutes	 Fold	change	at	120	minutes	 Fold	Change	at	180	minutes	
Thermal	
injury	

Capsaicin	
injury	

UVB	
injury	

Thermal	
injury	

Capsaicin	
injury	

UVB	
injury	

Thermal	
injury	

Capsaicin	
injury	

UVB	
injury	

IL1α	 sCD40L	 CCL2	 IL6	 IL6	 IL6	 IL8	 TGF-alpha	 IL6	
IL10	 IL12p40	 IL6	 IL8	 IL8	 CCL2	 CCL2	 IL6	 CCL2	
CXCL1	 CCL5	 IL10	 CCL2	 CCL2	 IL10	 IL9	 IL8	 IL8	

	
CXCL1	 IL12p40	 CXCL1	 IL12p40	 IL8	 IL6	 CCL2	 VEGF	

	
CCL2	 EGF	 CCL5	 VEGF	 CXCL10	 TNFα	 IL13	

	
	

Flt3L	 IL4	
	

IL13	 CXCL1	 TNFβ	 TNFα	
	

	
CX3CL1	 PDGFBB	

	
IL7	 IL12p40	 TGFα	 IFNγ	

	
	

CCL22	 VEGF	
	

CCL5	 EGF	 IFNγ	 TNFβ	
	

	
FGF2	 CCL7	

	
Flt3L	 CCL7	 CCL4	 CCL4	

	
	

IL1α	 IL7	
	

sCD40L	 TNFα	 IL5	 IL9	
	Table	6-5	Top	ten	ranked	inflammatory	proteins	for	magnitude	of	fold	change	at	each	time	point	and	

for	each	injury	model		
Only	 inflammatory	 proteins	with	 a	 fold	 change	 values	 above	 1	 are	 listed.	 Inflammatory	 proteins	 are	
ranked	according	to	size	of	fold	change.		For	example	the	largest	fold	change	being	the	first	listed	and	
the	second	largest	being	the	second	listed.	

Fold	 change	 values	 for	 each	 injury	 model	 were	 compared	 at	 each	 time	 point	 (fold	 change	 60	

minutes,	 fold	 change	 120	 minutes	 and	 fold	 change	 180	 minutes)	 using	 Kruskal-Wallis	 tests.		

Following	 significant	p	value	adjustment	 for	 FDR,	 there	were	no	 statistically	 significant	differences	

between	injury	models	for	any	inflammatory	protein	at	60	minutes	or	120	minutes.		However	there	

were	 statistically	 significant	 fold	 change	 differences	 for	 31	 inflammatory	 proteins	 between	 injury	

models	at	180	minutes.	 	As	was	discussed	above	(see	section	6.3.2)	a	number	of	these	statistically	

significant	 differences	 occurred	 because	 concentrations	 of	 the	 inflammatory	 protein	 in	 the	 UVB	

injury	 group	 samples	 were	 absent	 at	 this	 time	 point.	 	 Once	 these	 inflammatory	 proteins	 were	

removed	 there	 were	 eight	 remaining	 inflammatory	 proteins	 that	 demonstrated	 statistically	

significant	differences	that	were	not	explained	by	an	absence	in	concentration	in	the	UVB	sample	at	

injury	180.		The	results	of	these	and	the	post	hoc	Mann	Whitney	U	tests	are	shown	in	Table	6-6.		All	

of	 the	 inflammatory	 proteins	 demonstrated	 a	 statistically	 significant	 difference	 between	 capsaicin	

injury	 and	 UVB	 injury	 groups,	 however	 only	 IL8,	 CX3CL1,	 Flt3L	 and	 CCL2	 showed	 statistically	

significant	differences	between	the	thermal	injury	group	and	the	UVB	injury	group.		There	were	no	

differences	in	fold	change	between	thermal	injury	and	capsaicin	injury	groups.	

For	 all	 inflammatory	 proteins	 listed	 in	 the	 Table	 6-6	 the	 UVB	 fold	 change	 values	 showed	 a	

statistically	 significant	 lower	value	 that	 the	either	 capsaicin	alone	or	 capsaicin	 injury	and	 thermal	

injury	group	values.		(See	section	10.2,	Figure	10-7	for	an	illustration	of	this	point).	
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Kruskal-Wallis	test	statistics	 Mann	Whitney	U	test	p	values	
Inflammatory	
protein	 Χ2(2)		 p	values	

Thermal	injury	and	
capsaicin	injury	

Capsaicin	injury	
and	UVB	injury		

Thermal	injury	
and	UVB	injury	

IL8	 16.4	 0.0003	
	

0.0002	 0.002	
CX3CL1	 13.4	 0.001	

	
0.002	 0.001	

FGF2	 11.1	 0.003	
	

0.001	
	Flt3L	 10.6	 0.005	

	
0.002	 0.01	

IL1RA	 10.7	 0.005	
	

0.002	
	IL1α	 10.6	 0.005	

	
0.002	

	CCL2	 10.0	 0.007	
	

0.007	 0.007	
CXCL1	 7.9	 0.019	

	
0.008	

	Table	6-6	Fold	change	at	180	minute	comparisons	between	injury	groups		
Significant	 p	 values	 only	 are	 indicated	 (following	 adjustment	 for	 multiple	 comparisons).	 Χ2(2):	 chi	
squared	test	statistic	with	2	degrees	of	freedom.	

6.4 Discussion	

The	aim	of	this	chapter	was	to	characterise	and	compare	the	inflammatory	protein	content	of	DMD	

samples	 taken	 from	 three	 human	 experimental	 pain	 models.	 	 30	 healthy	 human	 subjects	 had	 a	

thermal	burn	injury,	capsaicin	injury	or	UVB	burn	injury	experimental	pain	model	imparted	on	their	

forearm.	 	 DMD	 samples	 were	 collected	 and	 analysed	 using	 a	multiplex	microbead	 assay	 array	 to	

identify	 the	 inflammatory	 protein	 content	 and	 consider	 the	within	 injury	 group	 temporal	 changes	

and	the	between	injury	group	similarities	and	differences	in	release	profiles.		

The	main	findings	were;	

• The	thermal	injury	model	and	capsaicin	injury	model	did	not	develop	statistically	significant	

inflammatory	protein	concentration	differences	from	baseline	until	120	minutes	after	probe	

insertion.	

• Within	 injury	 model	 temporal	 release	 patterns	 demonstrated	 similarities	 and	 differences	

between	the	models	that	included;	

Ø IL6,	 IL8	 and	CCL2	 increased	 in	 concentration	over	 the	 3	 hours	 of	 sampling	 in	 all	 three	
injury	group	

Ø Twelve	 inflammatory	 proteins	 showed	 a	 temporal	 increase	 in	 concentrations	 in	 the	

thermal	injury	and	capsaicin	injury	groups,	but	not	in	the	UVB	injury	group	

Ø Seven	further	inflammatory	proteins	demonstrated	between	injury	group	differences	in	

their	temporal	release	patterns	

• The	magnitude	 of	 inflammatory	 protein	 change	 from	 baseline	 for	 individual	 inflammatory	

proteins	differed	between	injury	models	and	over	time	
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• Between	 injury	 model	 comparisons	 demonstrated	 statistically	 significant	 fold	 change	

differences	 between	 the	 UVB	 injury	 and	 capsaicin	 injury	 groups	 for	 eight	 inflammatory	

proteins,	and	 four	of	 these	also	demonstrate	differences	between	UVB	 injury	and	 thermal	

injury	groups	at	180	minutes.	

The	 results	 of	 this	 section	 highlight	 that	 whilst	 there	 are	 common	 inflammatory	 protein	 changes	

associated	with	all	three	injury	models,	there	appear	to	be	more	differences	between	the	UVB	injury	

group	and	other	injury	groups.		This	is	in	keeping	with	the	somatosensory	findings	that	showed	more	

similarities	between	thermal	injury	and	capsaicin	injury	groups,	compared	with	UVB	injury	groups.			

6.4.1 Temporal	inflammatory	protein	changes	

6.4.1.1 Three	inflammatory	proteins	display	similar	temporal	release	patterns	in	all	three	injury	
models	

IL6,	 IL8,	 CCL2	 demonstrated	 statistically	 significant	 differences	 in	 concentrations	 over	 time	 in	 the	

thermal	 injury,	 capsaicin	 injury	 and	 UVB	 injury	 groups.	 	 The	 patterns	 of	 release	 were	 in	 general	

similar	between	all	injury	groups,	showing	an	increase	in	concentrations	from	baseline	to	injury	180.		

The	presence	of	IL6	and	IL8	in	all	three	models	is	in	keeping	with	the	published	literature	regarding	

peripheral	inflammatory	protein	release	related	to	experimental	pain	models.	(108,217,220,375)	It	is	

important	 to	highlight	 that	only	 similarities	 in	 trends	will	 be	discussed	when	 comparing	published	

literature	 and	 the	 results	 presented	 in	 this	 chapter,	 as	 there	 are	 considerable	 methodological	

differences	 that	preclude	direct	 comparison.	 	 These	 relate	 to	 the	precise	parameters	of	 the	 injury	

models	 imparted;	 the	probe	 length,	 perfusate	 solution	 and	 flow	 rates	 and	 collection	 time	periods	

used	in	DMD	studies;	the	lack	of	temporality	found	in	skin	biopsy	studies	and	differences	in	analysis	

inflammatory	 protein	 analysis	 techniques,	 namely	 gene	 expression	 compared	 with	 immunoassay	

analysis	techniques	(see	chapter	3).			

Angst	et	al.	used	a	3000kDa	DMD	probe,	and	a	4µL/min	 flow	rate	 (similar	 to	 the	methods	used	 in	

this	study)	 to	evaluate	 inflammatory	protein	release	 following	a	 thermal	 injury	and	the	UVB	 injury	

model.	(220)	Their	methods	differed	for	to	this	study	as	they	used	a	different	thermal	injury	model	

that	involved	5	short	bursts	of	heat	(each	individualised	to	a	subject’s	pain	threshold)	and	the	DMD	

method	 involved	 a	 3cm	 dermal	 probe	 length,	 addition	 of	 an	 osmotic	 agent	 (albumin)	 to	 the	

perfusate,	the	use	of	protease	inhibitors	in	the	collection	vessels	for	the	microdialysate	and	shorter	

25	minute	DMD	collection	times	conducted	only	once	per	injury	model	(24	hours	following	a	3MED	

UVB	injury	and	during	the	thermal	injury).		Despite	these	differences	they	found	elevated	IL6	and	IL8	

concentrations	in	both	the	thermal	injury	and	UVB	injury	sites	compared	with	control	samples.			
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Despite	analysing	for	CCL2,	they	did	not	report	increased	levels	of	CCL2	in	either	the	thermal	injury	

or	UVB	injury	models.	 	Dawes	et	al.	 imparted	a	3MED	UVB	injury	 in	healthy	subjects	and	took	skin	

biopsies	 from	 injured	and	healthy	 skin	24	hours	 following	 the	 injury.	 (217)	They	analysed	 the	 skin	

biopsies	 for	 gene	 expression.	 	 Results	 calculated	 statistical	 significance	 for	 differences	 in	

transcription	levels	between	the	UVB	injured	and	healthy	skin	for	96	inflammatory	proteins.		IL6	and	

CCL2	 were	 demonstrated	 elevated	 transcription	 levels	 in	 the	 UVB	 injured	 skin.	 	 They	 did	 not	

measure	 IL8	 levels.	 	 These	 results	 are	 in	 keeping	 with	 in	 vitro	 and	 in	 vivo	 studies	 that	 have	

demonstrated	keratinocytes	up-regulate	IL6,	IL8	and	CCL2	production	in	response	to	UVB	injury	and	

that	these	pro-inflammatory	proteins	attract	neutrophils,	macrophages	and	T	cells	 into	the	dermis,	

to	further	the	inflammatory	process	by	release	of	additional	inflammatory	mediators.		(219,376,377)			

As	described	in	section	1.3.2.1,	 IL6,	 IL8	and	CCL2	have	all	been	found	in	peripheral	tissue	and	burn	

wound	exudate	following	thermal	injury	in	patients.		(110,137,160,378)		Whilst	the	evidence	is	less	

convincing,	there	have	been	animal	and	in	vitro	reports	of	capsaicin	inducing	the	release	of	IL6	and	

IL8	from	keratinocytes.		(230,379)	However	in	the	capsaicin	injury	model,	their	release	is	more	likely	

related	 to	 CGRP,	 which	 is	 a	 consequence	 of	 capsaicin	 application	 (see	 section	 1.4.3)	 rather	 than	

capsaicin	 directly	 leading	 to	 IL6	 and	 IL8	 release	 from	 inflammatory	 cells	 or	 keratinocytes.		

(226,227,380)		As	described	in	section	1.3.2.1	IL6,	IL8	and	CCL2	have	been	linked	to	hypersensitivity	

reactions	 in	 rats.	 (108,163,170)	 The	 increased	 concentrations	 of	 IL6,	 IL8	 and	 CCL2	 came	 from	 the	

injury	site	 (compared	with	the	control	site).	 	Although	primary	somatosensory	changes	 (within	the	

injury	 site)	were	 not	 consistently	 confluent	 across	 the	 area,	 in	 general	 primary	 PMH	 and	 primary	

DMA	were	present	in	all	three	injury	models	(see	section	5.4.3).		This	adds	to	previous	literature	that	

suggests	 IL6,	 IL8	 and	 CCL2	 are	 associated	 with	 hypersensitivity	 responses	 following	 experimental	

pain	injury	models.	

Clough	et	al.	explored	the	temporal	release	patterns	of	IL6	and	IL8	following	DMD	probe	insertion	in	

health	skin,	and	reported	a	continued	rise	in	concentrations	over	the	first	6	hours.	(282)	There	is	the	

possibility	that	the	elevated	concentrations	in	the	three	injury	groups	could	be	only	a	consequence	

of	probe	insertion.	 	However	 if	this	was	the	case,	the	magnitude	of	 increase	(fold	change	between	

baseline	and	injury)	should	have	been	similar	between	injury	models	at	each	of	the	three	time	points	

(60,	120	and	180	minutes).	 	Figures	6-11,	6-12,	6-13	and	Table	6-5	 illustrate	this	was	not	found,	as	

the	 magnitude	 of	 fold	 change	 for	 these	 three	 inflammatory	 proteins	 differed	 at	 all	 time	 points	

between	 injury	models.	 	 This	was	 statistically	 significant	 for	 IL8	and	CCL2	between	 the	UVB	 injury	

group	and	both	the	thermal	and	capsaicin	injury	groups	at	180	minutes	(see	Table	6-6).		
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Therefore	whilst	the	probe	insertion	will	have	contributed	to	some	of	these	temporal	changes	in	IL6,	

IL8	and	CCL2,	 the	 injury	models	also	contributed	 to	 the	elevated	concentrations	and	support	 their	

role	in	experimental	pain	model	induced	hypersensitivity.		

6.4.1.2 Temporal	inflammatory	protein	changes	within	models	suggest	a	lingering	inflammatory	
response	in	the	UVB	injury	group		

Baseline	concentrations	were	taken	from	a	control	site	outside	the	recorded	areas	of	PMH,	DMA	and	

EF,	proximal	to	the	injury	site.		They	represented	dermal	microdialysate	samples	collected	between	

30	 and	 60	 minutes	 following	 probe	 insertion.	 	 Baseline	 samples	 were	 used	 to	 account	 for	 the	

inflammatory	 response	 that	 takes	 place	 following	 microdialysis	 probe	 insertion.	 	 As	 discussed	 in	

section	3.5.1	probe	insertion	leads	to	localised	tissue	trauma	and	inflammation,	which	is	reported	in	

general	 to	 have	 subsided	 within	 around	 30	 minutes.	 (281,282)	 However	 the	 initial	 magnitude	 of	

response,	 as	 with	 all	 inflammatory	 reactions,	 is	 individualised	 to	 each	 subject.	 	 It	 was	 therefore	

important	to	have	baseline	concentrations	to	track	 inflammatory	protein	concentrations	over	time	

within	 an	 injury	 group.	 	 Subjects	 acted	 as	 their	 own	 control,	 accounting	 for	 the	 personalised	

inflammatory	response	 inherent	to	the	probe	insertion.	 	This	allowed	within	 injury	group	temporal	

changes	 to	 be	 statistically	 analysed	 using	 a	 repeated	 measures	 method	 (Friedman’s	 tests).		

Furthermore	it	accounted	for	the	potential	confounding	factor	that	there	were	ten	different	subjects	

in	each	injury	group	(a	total	of	thirty	subjects	overall).		Despite	similar	demographics	between	injury	

groups	(see	chapter	4)	 it	 is	possible	that	there	were	group	differences	in	the	general	 inflammatory	

responses	that	took	place	in	response	to	probe	insertion.		Calculating	individual	fold	change	values	

between	 the	baseline	 and	 separate	 injury	 site	microdialysate	 collection	 time	point	 concentrations	

allowed	for	between	injury	group	comparisons,	that	accounted	for	possible	group	differences.	This	

ensures	 that	 statistically	 significant	 differences	 in	 inflammatory	 proteins	 found	 between	 injury	

groups	 can	 be	 attributed	 to	 the	 imparted	 injury	 model	 rather	 than	 due	 to	 more	 general	

inflammatory	response	differences	between	the	injury	groups.			

	

Temporal	 changes	 in	 inflammatory	 protein	 concentrations	 within	 injury	 groups	 demonstrated	 a	

number	 of	 similarities	 between	 the	 thermal	 injury	 and	 capsaicin	 injury	 groups	 that	 were	 not	

apparent	in	the	UVB	injury	group.		The	first	was	the	lack	of	a	statistically	significant	difference	with	

any	inflammatory	proteins	found	between	baseline	and	injury	60	sample	for	the	thermal	injury	and	

capsaicin	 injury	 groups.	 	 This	 was	 in	 contrast	 to	 the	 UVB	 injury	 group	 that	 displayed	 statistically	

significant	differences	between	baseline	and	60	minutes	for	IL6	and	CCL2.			
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However	when	considering	longer	term	temporal	changes	occurring	at	injury	120	and	injury	180	the	

magnitude	the	UVB	injury	group	response	from	baseline	appears	to	be	lower	than	that	found	with	

the	 thermal	 injury	and	capsaicin	 injury	groups.	 	This	 is	 illustrated	 in	by	comparing	 the	 fold	change	

values	 for	 CCL2	 at	 180	minutes.	 	 There	were	 statistically	 significant	 differences	 between	 the	UVB	

injury	group	and	both	the	thermal	and	capsaicin	injury	groups	at	this	time	point,	with	the	UVB	injury	

group	 showing	 lower	 fold	 change	 values	 (see	 Figure	 6-14).	 The	medians	 and	 IQR’s	 for	 the	 injury	

group	fold	change	values	are	plotted	across	time	(60,	120	and	180minutes	from	left	to	right).		At	180	

minutes	the	median	(IQR)	fold	changes	values	were	55	(25-80)	for	the	thermal	injury	group,	37	(32-

97)	for	the	capsaicin	injury	group	and	14	(5-27)	for	the	UVB	injury	group.		

	
Figure	6-14	Fold	change	found	at	60,	120	and	180	minutes	for	CCL2	
FC	 60:	 fold	 change	 at	 60	 minutes,	 FC	 120:	 fold	 change	 at	 120	 minutes,	 FC	 180:	 fold	 change	 at	 60	
minutes.	 	 Blue	 circles	 represent	 the	 thermal	 injury	 group,	 pink	 circles	 represent	 the	 capsaicin	 injury	
group	and	green	circles	represent	the	UVB	injury	group.	Median	and	interquartile	ranges	are	shown.		

Together	these	findings	appear	to	suggest	that	whilst	there	 is	 little	difference	from	baseline	 in	the	

first	 60	 minutes	 following	 the	 thermal	 injury	 and	 capsaicin	 injury	 models	 being	 imparted,	 the	

concentrations	increase	at	120	minutes	and	reach	a	peak	at	180	minutes.		This	is	supported	by	the	

temporal	changes	seen	in	section	6.3.2.2.		Twelve	inflammatory	proteins	(CCL4,	CCL5,	CXCL1,	GCSF,	

GMCSF,	 IFNγ,	 IL1β,	 IL5,	 IL9,	 IL12p40,	 IL13	 and	 TGFα)	 all	 demonstrated	 elevated	 concentrations	 in	

both	the	thermal	injury	and	capsaicin	injury	groups	at	injury	180	compared	to	earlier	time	points.	In	

contrast	 the	 UVB	 injury	 group,	 whilst	 demonstrating	 temporal	 increases	 in	 IL6,	 IL8	 and	 CCL2	

concentrations,	 show	 a	 reduced	 magnitude	 of	 change	 compared	 with	 the	 thermal	 injury	 and	

capsaicin	injury	groups.			
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Additionally	 for	 the	 UVB	 injury	 group	 all	 the	 other	 inflammatory	 proteins	 that	 had	 statistically	

significant	 temporal	 differences	 in	 concentrations,	 showed	 an	 overall	 fall	 in	 concentration	 after	

probe	insertion	(GCSF:	Figure	6-6,	CX3CL1,	FLt3L,	IL1RA:	Figure	6-7,	IL1α:	Figure	6-8	and	FGF2:	Figure	

6-9).	

	

This	 suggests	 different	 inflammatory	 mechanisms	 take	 place	 within	 the	 UVB	 injury	 model	 that	

contrasts	those	occurring	in	the	thermal	injury	and	capsaicin	injury	models.		It	is	likely	that	the	first	

60	 minutes	 for	 the	 thermal	 injury	 and	 capsaicin	 injury	 models	 involve	 the	 initial	 inflammatory	

development	of	the	 injury	that	 is	not	greater	than	that	associated	with	probe	insertion.	 	Following	

this	 there	 appears	 to	 be	 a	 coordinated	 increase	 in	 both	 pro-	 and	 anti-inflammatory	 protein	

concentrations	in	the	injury	site.		This	appears	to	be	an	acute	response.		In	contrast	the	UVB	injury	

model	is	more	lingering	in	its	inflammatory	changes	during	DMD	sampling,	with	a	lower	magnitude	

sequential	increase	in	three	specific	inflammatory	proteins	but	less	of	a	global	response	than	is	seen	

in	the	thermal	injury	and	capsaicin	injury	groups	at	120	and	180	minutes.	This	finding	is	biologically	

plausible	as	DMD	 in	 the	UVB	 injury	group	 took	place	24	hours	 following	UVB	exposure,	compared	

with	immediately	after	topical	capsaicin	removal	and	15	minutes	after	the	thermal	injury.	 	There	is	

some	evidence	 that	 inflammatory	protein	 temporal	 changes	 following	UVB	 injury	peak	prior	 to	24	

hours	following	UVB	exposure.		Barr	et	al.	induced	a	3MED	UVB	injury	in	healthy	subjects	and	raised	

suction	 blisters	 in	 control	 skin	 and	 UVB	 injured	 skin	 at	 different	 times	 following	 the	 injury.	 (381)	

Blister	 fluid	was	 then	analysed	 for	 inflammatory	proteins.	 	They	described	a	 temporal	 response	of	

inflammatory	proteins	(TNFα,	IL1β	and	IL1RA)	to	UVB	injury	however	reported	peak	concentrations	

at	 15	 hours,	 rather	 than	 24	 hours	 following	 injury.	 	 Therefore	 this	 could	 reflect	 a	 predictable	

inflammatory	 response	 based	 on	 delayed	 DMD	 sampling	 in	 the	 UVB	 injury	 model	 related	 to	 the	

imparted	injury.	Contrasting	a	more	immediate	sampling	period	for	the	thermal	injury	and	capsaicin	

injury	groups.	

	

However	these	time	points	were	specifically	chosen	to	represent	the	time	within	each	injury	model	

that	represented	peak	somatosensory	changes,	as	exploring	a	potential	 link	between	inflammatory	

proteins	 and	 somatosensory	 changes	 was	 central	 to	 the	 overall	 hypothesis	 of	 this	 study.		

(200,208,210,212,234,242)	 As	 highlighted	 in	 section	 1.4.2.3	 the	 thermal	 injury	 and	 UVB	 injury	

models	 are	 both	 used	 to	 explore	 inflammatory	 pain.	 	 They	 are	 used	 interchangeably	 to	 evaluate	

analgesic	efficacy,	often	for	drugs	that	have	anti-inflammatory	actions.	 	The	results	of	 this	chapter	

suggest	that	although	both	models	reflect	an	inflammatory	processes	occurring.			
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The	 diversity	 of	 inflammatory	 protein	 response	 and	 the	magnitude	 of	 this	 response	 are	 different	

between	the	two	burn	injury	models.		In	contrast	to	the	chapter	hypothesis	(6.1.2)	there	appear	to	

be	more	similarities	between	the	 inflammatory	response	of	the	thermal	 injury	and	capsaicin	 injury	

groups,	 than	 is	 seen	 between	 the	 two	 burn	 injury	 models.	 	 However	 in	 the	 context	 of	 the	

somatosensory	 results	 (Chapter	 5)	 it	 is	 not	 surprising,	 as	 this	 chapter	 demonstrated	 similarities	

between	the	thermal	injury	and	capsaicin	injury	groups.	

6.4.1.3 Inflammatory	 protein	 contributions	 to	 overall	 inflammatory	 profiles	 are	 different	

between	injury	models	and	change	over	time		

Statistically	 significant	 differences	 between	 injury	 groups	 were	 found	 at	 180	 minutes,	 with	 four	

inflammatory	 proteins	 (IL8,	 CX3CL1,	 CCL2	 and	 Flt3L)	 demonstrating	 elevated	 fold	 change	 values	

change	in	the	thermal	 injury	and	capsaicin	 injury	groups	compared	with	the	UVB	injury	group,	and	

four	 inflammatory	 proteins	 (FGF2,	 IL1α,	 IL1RA	 and	 CXCL1)	 demonstrating	 elevated	 fold	 change	

values	in	the	capsaicin	injury	group	compared	with	the	UVB	injury	group.			This	is	in	contrast	to	Angst	

et	al.		who	demonstrated	elevated	concentrations	for	IL1β	and	IL6	in	a	UVB	injury	compared	with	a	

thermal	injury,	and	elevated	concentrations	for	IL13	in	a	thermal	injury	compared	with	a	UVB	injury.	

(220)	However,	as	described	above	there	are	a	number	of	methodological	differences	between	this	

study	and	the	experiments	conducted	by	Angst	et	al.	that	may	account	for	the	differences.		

What	is	more	interesting,	whilst	not	demonstrating	statistical	significance	is	the	relative	magnitude	

of	 change	 from	 baseline	 of	 the	 inflammatory	 protein	 between	 injury	models	 at	 each	 time	 point.		

Illustrated	 in	Figure	6-11,	6-12	and	6-13,	 there	are	differing	number	of	 inflammatory	proteins	 that	

have	 fold	 change	values	above	one	 (representing	an	 increase	 in	 concentration	 from	baseline,	as	a	

value	of	one	represents	no	change).		The	ten	inflammatory	proteins	that	had	the	largest	fold	change	

values	at	each	of	the	three	time	points	for	the	three	injury	models	are	shown	in	Table	6-5.		The	table	

sequentially	 lists	 inflammatory	proteins	 in	order	of	magnitude,	with	 the	 inflammatory	protein	 that	

displayed	the	largest	fold	change	at	the	top	of	each	column.		Although	IL6,	IL8	and	CCL2	are	found	

within	 the	 ten	 inflammatory	 proteins	 that	 show	 highest	 fold	 change	 values	 in	most	 experimental	

conditions	 (as	 would	 be	 expected	 from	 the	 results	 already	 discussed),	 the	 other	 inflammatory	

proteins	included	differ	between	models	and	over	time.		In	general	these	data	support	the	concept	

that	the	profiles	of	inflammatory	proteins	released	following	the	different	injury	models	are	distinct	

related	to	both	model	and	time	following	DMD	probe	insertion.		

6.4.2 Influence	of	inhaled	steroids	on	inflammatory	response		
As	was	highlighted	in	section	4.4.1,	one	subject	(10C)	in	the	capsaicin	injury	group	was	prescribed	

inhaled	steroids	for	asthma.			
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Alongside	the	discussion	in	the	somatosensory	chapter,	it	is	important	to	ensure	the	potential	anti-

inflammatory	agent	did	not	impact	on	the	inflammatory	protein	release.		In	a	similar	fashion	to	

exploring	the	somatosensory	responses	in	section	5.4.7	and	Figure	5-13,	the	subject	is	highlighted	in	

the	context	of	group	results	as	a	yellow	square.			

Figure	6-15	shows	concentrations	of	IL6	recorded	at	each	DMD	collection	point	for	the	capsaicin	

injury	group.		This	subject	does	not	show	results	outside	the	IQR	and	as	such	does	not	appear	to	

demonstrate	a	diminished	inflammatory	response,	despite	the	use	of	inhaled	steroids.		This	is	in	

keeping	with	the	findings	of	somatosensory	testing	(Chapter	5).	

	
Figure	6-15	Capsaicin	injury	group	IL6	dermal	microdialysis	concentrations	with	the	subject	on	
inhaled	steroids	highlighted	
This	figure	highlights	volunteer	10C	(receiving	inhaled	steroids)	in	comparison	to	the	capsaicin	injury	
group,	for	concentrations	of	IL6	over	time		

6.4.3 Strengths	of	methods	and	data	presented	in	this	chapter	

6.4.3.1 The	use	of	control	samples	to	account	for	between	group	differences	
As	 already	 highlighted	 above,	 the	 use	 of	 control	 samples	 taken	 from	 the	 subjects	 and	 using	 each	

subject	as	their	own	control	was	a	methodological	strength.	 	As	outlined	in	the	methods	section,	a	

unique	property	of	microdialysis	(and	a	potential	experimental	issue	that	needs	to	be	accounted	for)	

is	the	presence	of	differential	responses	to	the	insertion	of	the	probe.		It	has	been	suggested	this	is	a	

reflection	 of	 the	 innate	 immunity	 of	 each	 subject.	 (307)	 	 Pertinent	 to	 this	 study,	 it	 provides	

additional	 information	about	 injury	groups,	as	 it	 shows	 the	underlying	 inflammatory	phenotype	of	

each	 subjects	 separate	 from	 that	 induced	 by	 the	 pain	 injury	 model.	 	 This	 illustrates	 the	 innate	

functional	reactivity	in	the	skin.		Not	accounting	for	this	potential	confounding	factor	would	have	led	

to	implications	at	both	intra-	and	inter-injury	group	comparisons.		
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Therefore	 the	 use	 of	 controls	 allowed	not	 only	 for	 the	 inflammation	 of	 the	 probe	 insertion	 to	 be	

accounted	 for	 in	 the	 intra-group	 analysis,	 but	 also	 controlled	 for	 the	 potential	 between	 group	

differences	in	overall	inflammatory	responses.		Helmy	et	al.	recommended	expressing	microdialysate	

cytokine	 concentrations	as	 a	proportion	of	baseline	 levels	 as	 a	method	of	enabling	 comparison	of	

results	between	investigators	and	experiments,	and	also	in	evaluating	the	impact	of	an	intervention.	

(287)	 In	 this	 respect	 the	 baseline	 individualised	 to	 each	 subject	 for	 all	 calculations,	 rather	 than	 a	

general	average	of	all	control	values,	added	to	the	robustness	of	the	overall	analysis.	

6.4.3.2 The	thermal	model	is	severe	enough	to	induce	inflammatory	changes		
There	 was	 a	 decision	 to	 use	 the	 specific	 thermal	 settings	 and	 application	 time	 of	 the	 Peltier	

thermode	 so	 as	 to	 avoid	 the	 potential	 burden	 on	 subjects	 represented	 by	 imparting	 a	 blistering	

injury	 (see	section	3.3.1.1).	 	 It	was	possible	 that	 the	 reduction	 in	 time	of	Peltier	probe	application	

would	 result	 in	 reduced	 inflammatory	 reactions	 in	 the	 skin,	with	 respect	 to	 inflammatory	 protein	

concentrations	measured	in	DMD	samples.		Whilst	the	absolute	concentrations	appear	elevated	for	

a	number	of	 inflammatory	proteins	 in	 the	 thermal	 injury	group,	 the	best	method	 to	explore	more	

generalised	inflammatory	profiles	is	to	consider	Figures	6-11,	6-12	and	6-13,	that	reflect	fold	change	

from	baseline	at	three	time	points	(60,	120	and	180	minutes	respectively).	 	At	60	and	120	minutes	

there	 appear	 to	 be	 less	 inflammatory	 proteins	 that	 generate	 responses	 above	 a	 fold	 change	 of	 1	

(reflecting	an	 increase	from	baseline),	however	at	180	minutes	the	thermal	 injury	appears	to	have	

led	to	a	large	number	of	inflammatory	proteins	generating	a	fold	change	of	over	one,	and	in	terms	of	

magnitude	 this	 is	 also	 increased	 with	 10	 generating	 fold	 change	 values	 above	 10.	 	 Therefore	

although	not	an	immediately	apparent	inflammatory	response,	the	injury	appears	significant	enough	

to	generate	changes	at	180	minutes	following	DMD	probe	insertion.		This	fits	with	the	literature	that	

suggests	 somatosensory	 changes	 associated	 with	 the	 thermal	 injury	 model	 last	 for	 over	 6	 hours	

following	imparting	the	injury	(80,208)	and	supports	the	methodological	choice	of	Peltier	thermode	

temperature	and	application	time	of	this	study.	

6.4.3.3 Evaluating	temporal	changes	using	dermal	microdialysis	
Combining	 dermal	 microdialysis	 sampling	 with	 a	 multiplex	 microbead	 assay	 array	 provided	 a	

methodological	benefit	in	that	temporal	changes	in	inflammatory	proteins	could	be	evaluated.		The	

analysis	of	inflammatory	proteins	in	this	fashion	has	highlighted	that	there	are	important	differences	

between	 injury	models.	 	 One	 of	 the	most	 influential	 papers	 evaluating	 the	 inflammatory	 protein	

response	of	the	UVB	model	was	by	Dawes	et	al.	(217)	They	found	elevated	gene	transcription	for	a	

number	of	cytokines	and	chemokines	in	the	skin	following	UVB	injury	that	had	previously	not	been	

described.	 	However	as	acknowledged	 in	 the	publication,	 it	 reflected	a	static	picture	of	 the	events	

occurring	in	the	dermis	at	one	specific	time	point	following	injury.			
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The	results	presented	in	this	chapter	add	to	published	evidence	and	provide	a	unique	insight	into	the	

different	inflammatory	profiles	that	evolve	around	the	time	of	peak	somatosensory	change.		These	

findings	have	not	previously	been	described.			

6.4.4 Limitations	of	methods	and	data	presented	in	this	chapter	

6.4.4.1 Substitution	of	non-detect	points	
There	were	a	number	non-detect	data	points	that	had	values	imputed	(see	section	6.2.3.1.1).		There	

are	 arguments	 against	 substituting	 non-detect	 values	 with	 half	 the	 minimum	 detection	

concentration	 of	 the	 assay.	 	One	 school	 of	 thought	 regarding	 replacing	 non-detect	 data	 points,	 is	

that	 they	 should	 be	 substituted	 with	 the	 value	 zero.	 	 However	 this	 would	 skew	 data	 further	

leftwards	on	a	distribution	curve,	 likely	more	 than	 the	 real	data	would	demonstrate	were	all	data	

points	 known	 and	 overly	 skewed	 data	 presents	 their	 own	 specific	 statistical	 challenges	 that	 need	

accounting	for.		Another	school	of	thought	is	the	argument	that	if	one	considers	the	non-detects	to	

be	from	a	single	distribution,	substitution	by	any	one	number	ignores	this	larger	distribution	pattern.		

In	 this	 respect	simple	substitution	could	 introduce	bias	 to	 further	statistical	analysis.	 	More	recent	

suggestions	of	 dealing	with	non-detect	data	other	 than	 simple	 substitution	 include	 the	use	of	 the	

Kaplan-Meier	 method,	 Robust	 Regression	 of	 Order	 Statistics,	 Cohen’s	 Method	 and	 Parametric	

Regression	 on	 Order	 Statistics.	 	 However	 there	 are	 a	 number	 of	 reasons	 using	 these	 statistically	

more	 “accurate”	methods	may	 not	 be	 appropriate	 to	 this	 specific	 study	 design.	 	 Firstly	 using	 the	

Robust	Regression	of	Order	Statistics	as	an	example,	this	method	looks	at	the	probability	of	finding	a	

non-detect	value,	and	uses	this	probability	to	plot	a	point	along	a	regression	line	of	the	known	data,	

to	 estimate	 a	 value	 that	 then	 replaces	 the	 non-detect	 value.	 	 Imputed	 values	 could	 therefore	 be	

above	or	 below	 the	minimum	detection	 limit,	 based	on	 their	 ranked	probability	within	 the	whole	

data	 set.	 Experimentally	 this	 study	 compared	 repeated	measures	 for	 the	 same	 subject	 as	well	 as	

between	injury	group	comparisons.		If	only	group	level	analysis	were	being	performed,	then	such	a	

technique	 would	 be	 valid,	 as	 it	 is	 unlikely	 to	 influence	 group	 level	 comparisons.	 	 However	 the	

probability	 of	 ordering	 non-detects	 is	 random,	 and	 two	 different	 permutations	 allowing	 random	

allocation	of	rank	to	different	subjects	could	significantly	affect	individual	subject	level	data	analysis,	

especially	 with	 respect	 to	 fold	 change	 calculations.	 	 Secondly	 these	 more	 complex	 imputation	

methods	make	a	number	of	assumptions	that	do	not	apply	to	the	experimental	design	of	this	study.		

Namely	 that	 the	dataset	apply	 to	a	single	distribution	stable	over	 time	and	representing	 the	same	

experimental	conditions,	for	example	water	analysed	for	contaminants	taken	from	one	geographical	

location	 at	 one	 time	 point.	 	 	 Trends	 over	 time	 and	 the	 data	 being	 the	 result	 of	 twelve	 different	

experimental	conditions	make	these	more	complex	imputation	methods	inaccurate.		
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Combining	 the	 twelve	 individual	 distributions	 to	 create	 one	 overall	 distribution	 for	 each	

inflammatory	protein	and	using	this	to	calculate	imputed	values	would	inherently	misrepresent	the	

true	 distribution	 for	 each	 separate	 condition.	 In	 this	 situation	 simple	 substitution	 may	 be	 more	

appropriate.		(382).	Gibbons	et	al.	conducted	simulations	that	found	a	simple	substitution	performed	

well	with	respect	to	ensuring	a	 low	false	positive	rate	when	an	average	of	20-	50%	of	results	were	

non-detect.	 	 (383).	 	 	 In	 the	 data	 presented	 here	 around	 30%	 of	 data	 points	 across	 the	 complete	

dataset	were	non-detect	 values.	 	 Furthermore	 it	 is	mainly	parametric	degrees	of	 central	 tendency	

that	 are	 unduly	 influenced	 by	 substitution.	 Non-parametric	 methods	 such	 as	 those	 used	 applied	

throughout	 this	 thesis	 are	 far	 less	 influenced	 by	 substitution.	 	 Therefore	 the	method	 used,	whilst	

possibly	a	statistical	limitation,	represent	is	the	best	option	in	dealing	with	non-detects.	(384)		

6.4.4.2 Low	detection	of	inflammatory	protein	at	180	minutes	from	the	UVB	injury	site	
Ten	inflammatory	proteins	had	concentrations	above	the	minimum	detection	concentration	in	more	

than	half	of	the	UVB	group	injury	180	samples.		A	possible	methodological	cause	for	the	non-detect	

values	 in	 the	 remaining	 thirty-one	 inflammatory	 proteins	was	 explored.	 The	 assay	 quality	 for	 the	

plate	 that	 included	 UVB	 injury	 180	 samples	 was	 assessed.	 There	 were	 no	 methodological	 issues	

recorded	 by	 the	 FlexMap	 3D	 multiplexing	 instrument	 or	 during	 the	 experimental	 process.		

Additionally	 the	%CV	 values	 all	 the	 inflammatory	 proteins	 analysed	on	 the	plate	were	below	30%	

except	in	the	case	of	CXCL1.		This	suggests	the	multiplex	microbead	assay	array	was	unlikely	to	have	

been	responsible	for	non-detect	values.	 	Furthermore	there	were	detectable	concentrations	of	IL6,	

IL8	and	CCL2	in	injury	180	samples	for	the	UVB	injury	group.		It	is	unlikely	that	the	non-detect	values	

are	a	consequence	of	injury	180	samples	being	somehow	more	dilute	in	the	UVB	injury	group,	than	

in	the	thermal	injury	and	capsaicin	injury	groups.		As	describe	above,	it	could	be	that	the	UVB	injury	

model	inflammatory	changes	found	at	three	hours	following	probe	insertion	(representing	27	hours	

after	 the	 initial	3MED	UVB	exposure),	do	not	 constantly	 increase	hour	by	hour	by	 this	 time	point.		

Rather	they	remain	static	despite	continued	somatosensory	changes	that	last	can	persist	for	up	to	96	

hours	following	injury.	(212)		

The	 more	 limited	 inflammatory	 protein	 profile	 (IL6,	 IL8	 and	 CCL2)	 associated	 with	 peak	

somatosensory	 changes	 in	 the	 UVB	 injury	 group	 could	 fit	 with	 some	 of	 the	 findings	 from	 the	

somatosensory	 analysis.	 	 Section	 5.4.4.3	 explored	 the	 paradox	 of	 the	 presence	 of	 somatosensory	

changes	 in	 the	 absence	 of	 spontaneous	 pain,	 and	 described	 Gustorff	 et	 al.’s	 theory	 that	 this	

suggested	 a	 more	 centrally	 mediated	 mechanism	 of	 these	 central	 changes.	 (212)	 	 This	 potential	

centrally	mediated	process	could	also	be	accounted	for	by	the	cytokine	profile	of	the	UVB	model,	as	

a	more	peripherally	driven	process,	should	be	associated	with	more	generalised	inflammation	at	the	

injury	site.		
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Another	explanation	centres	around	Clough	et	al.’s	findings	that	IL6	and	IL8	increase	over	time	after	

probe	insertion.(282)		It	could	be	that	the	IL6,	IL8	and	CCL2	changes	in	the	UVB	injury	are	purely	an	

exaggerated	response	to	probe	insertion,	in	contrast	to	the	more	generalised	inflammatory	response	

found	in	the	thermal	injury	and	capsaicin	injury	models.		However	Clough	et	al.		also	demonstrated	

increasing	 concentrations	 over	 time	 for	 IL1α	 and	 a	 finding	 not	 replicated	 in	 study.	 IL1α	

concentrations	 in	 the	 UVB	 injury	 group	 (see	 Figure	 6-9)	 demonstrate	 a	 statistically	 significant	

decrease	between	baseline	to	injury	180	minutes	an	opposite	finding	to	Clough	et	al.		Therefore	an	

absence	 of	 methodological	 reasons	 for	 these	 findings	 suggests	 they	 require	 interpreting	 as	 real	

events.			

	

The	 injury	 180	 results	 in	 the	 UVB	 model	 do	 represent	 a	 discrepancy	 between	 this	 study	 and	

previously	published	work	regarding	the	dermal	 inflammatory	protein	response	to	the	UVB	model.		

Specifically	in	contrast	to	these	results,	considering	the	41	inflammatory	proteins	measured	Angst	et	

al.	 reported	 elevated	 levels	 of	 IL10	 GCSF	 and	 CCL4,	 and	 Dawes	 et	 al.	 reported	 elevated	 gene	

transcription	 levels	 in	 UVB	 injured	 skin	 of	 IL10,	 GCSF,	 CCL4,	 CCL2,	 CCL3	 and	 CCL7.	 	 (217,220)		

However	 Angst	 et	 al.	 values	 best	 represent	 the	 injury	 60	 concentrations	 and	 may	 reflect	 DMD	

protocol	 differences	 as	 described	 above.	 	 The	 concentrations	 found	 at	 injury	 60	 for	 CCL4	 were	

comparable	in	this	study	to	those	reported	by	Angst	et	al.	however	the	baseline	concentrations	were	

higher	than	control	levels	reported	by	Angst	et	al.	hence	accounting	for	the	absence	of	a	statistically	

significant	 concentration	 between	 baseline	 and	 injury	 60.	 	 For	 GCSF	 the	 baseline	 and	 injury	 60	

concentrations	were	similar	in	this	study	with	the	concentration	at	injury	60	around	five	times	lower	

than	that	found	in	the	Angst	et	al.	paper,	and	similar	findings	were	apparent	for	IL10	concentrations	

also.	 With	 respect	 to	 the	 Dawes	 et	 al.	 paper	 this	 reflects	 a	 broader	 question	 regarding	 analysis	

technique	sensitivity	differences	that	exist	between	measuring	transcription	levels	present	in	a	solid	

piece	of	tissue,	compared	with	the	concentration	of	a	protein	within	a	dialysis	fluid	and	what	these	

two	 different	 findings	 truly	 represent.	 	 Direct	 comparison	 is	 not	 appropriate	 but	 potentially	

alterations	to	microdialysis	methods	described	below	could	potentially	improve	the	sensitivity	of	this	

study.		

	

It	is	however	important	to	appreciate	that	for	inflammatory	proteins	where	there	were	a	majority	of	

non-detect	results	at	180	minutes,	if	the	only	statistically	significant	finding	was	related	to	injury	180	

concentrations	then	these	comparisons	were	not	considered	further.		This	was	a	subjective	decision	

and	part	of	an	analysis	bottle	neck,	so	as	to	concentration	on	the	most	reliable	findings	within	the	

dataset.			
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These	may	therefore	represent	potential	data	that	in	the	future	could	be	examined	further	to	see	if	

they	provide	additional	insight	into	the	temporal	changes	inflammatory	protein	changes	associated	

with	the	UVB	injury	model.			

6.4.4.3 Other	general	limitations		
The	 overall	 experimental	 design	 used	 twelve	 experimental	 conditions	 in	 a	 repeated	 measures	

process	and	 then	compared	within	group	 fold	 change	 to	allow	between	models	 comparisons	over	

time.		Complexity	arose	in	how	to	statistically	deal	with	these	different	types	of	comparisons,	using	

non-parametric	 analysis.	 	 Ideally	 this	 design	 fits	 a	 three	 way	 repeated	measures	 ANOVA	 analysis	

strategy	 however	 this	 is	 a	 parametric	 test	 that	 assumes	 data	 normality,	 and	 there	 are	 no	 non-

parametric	 equivalents.	 	 Furthermore	 this	 fails	 to	 appreciate	 the	 nuances	 of	 dealing	 with	 41	

inflammatory	cytokines	that	do	not	represent	completely	independent	processes	when	considering	

inflammatory	cascades.		Here	more	complex	mathematical	modelling	could	provide	insight	into	the	

data	that	have	not	been	identified	with	the	statistical	analysis	conducted.	

	

The	type	of	perfusate	and	absence	of	a	protease	inhibitor	could	have	reduced	inflammatory	protein	

recovery	 during	 DMD.	 	 There	 are	 reports	 of	 the	 addition	 albumin,	 modified	 starches	 or	 lipids	 to	

perfusate	 to	 improve	 recovery	 of	 cytokines.	 (296,385).	 However	 whilst	 colloid	 perfusate	 improve	

relative	 recovery	 they	 can	 cause	 a	 net	 influx	 of	 fluid	 into	 the	microdialysis	 catheter,	 that	 reduces	

water	content	of	the	extracellular	space	and	this	can	impact	on	normal	biological	processes.	 	(287)	

Furthermore	the	presence	of	cytokines	can	be	preserved	past	the	collection	period	and	involve	less	

degradation	in	freeze	thaw	processes	with	the	inclusion	of	peptidases	and	the	addition	of	this	could	

have	 potentially	 also	 improved	 recovery.	 (300)	 	 The	 benefits	 and	 disadvantages	 of	 these	

methodological	issues	were	considered	during	the	study	design	phase	,	however	they	could	provide	

a	 useful	 adaptation	 to	 the	 overall	 protocol	 if	 the	 recovery	 of	 low	 concentration	 inflammatory	

proteins	was	of	interest.		

6.4.5 Future	work	
A	number	of	further	steps	could	be	taken	with	the	present	data.	Firstly	the	data	could	be	considered	

in	 the	 context	 of	 sensory	 changes,	 to	 explore	 whether	 there	 are	 correlations	 between	 specific	

inflammatory	protein	concentrations	and	areas	of	PMH,	DMA	and	EF.		This	could	give	further	insight	

into	the	inflammatory	proteins	that	may	be	involved	in	somatosensory	changes.	 	 	 In	addition	more	

complex	mathematical	methods	could	be	applied	to	this	dataset.	In	a	recent	publication	Moen	et	al.	

(374)	 considered	 serum	 concentrations	 of	 92	 inflammatory	 proteins	 and	 compared	 112	back	 pain	

patients	with	the	same	number	of	health	controls.			
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A	 combination	 of	 linear	 modelling	 and	 linear	 discriminant	 analysis	 enabled	 the	 selection	 of	 41	

inflammatory	 proteins	 that	 were	 then	 used	 to	 create	 an	 inflammatory	 score	 that	 was	 seen	 to	

correlate	with	 self-reported	pain	 intensity	 scores.	 	Although	 they	 failed	 to	account	 for	generalised	

inflammatory	 profile	 differences	 between	 the	 two	 groups	 other	 than	 using	 basic	 demographics,	 a	

similar	mathematical	process	could	be	applied	to	these	data	and	perhaps	allow	further	integration	of	

the	somatosensory	findings.	
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Chapter	7:	Metabolic	untargeted	analysis	

7 Metabolomics	untargeted	analysis	

7.1 Introduction	

7.1.1 Rationale	and	aims	

Precise	phenotyping	of	acute	burn	injury-associated	pain	is	lacking	with	respect	to	the	metabolome.		

Yet	a	clear	understanding	of	the	processes	 involved	are	 important	to	aid	a	mechanistic-based	pain	

management	approach.	 	This	requires	an	appreciation	of	peripheral	changes	in	the	injury	that	may	

directly	 interact	 with	 nociceptors	 to	 generate	 pain.	 	 Temporal	 changes	 in	 the	 dermal	

microenvironment	are	well	evaluated	by	DMD.	 (280)	MD	has	been	coupled	with	LC-MS	for	clinical	

applications	 such	 as	 analysing	 cerebral	 microdialysate	 from	 neurological	 patients.	 (386)	

Furthermore,	DMD	and	 LC-MS	have	been	utilised	 in	 pharmacological	 research	 to	 study	peripheral	

drug	absorption	and	delivery.	(387)	Proteomics	research	exploring	the	protein	content	of	DMD	using	

MS	 in	 healthy	 volunteers	 reported	 the	 presence	 of	 over	 80	 proteins	 in	 the	 microdialysate	 and	

suggested	 the	 technique	as	 an	 appropriate	platform	 to	 look	 at	 novel	 protein	biomarkers	 of	 injury	

and	inflammation.	(301)		Research	combining	DMD	and	MS	with	burn	injury	or	pain	is	rare.		Only	one	

clinical	pain	 study	combined	MD	with	MS,	although	 the	MD	was	performed	 in	muscle	 rather	 than	

the	 dermis.	 	 Here	 Hadrévi	 et	 al.	 performed	 trapezius	MD	 in	 patients	 with	 trapezius	 myalgia	 and	

healthy	 volunteers	 before	 and	 after	muscle	 and	 psychological	 stress	 action	 tasks.	 	 Analysis	 of	 the	

microdialysate	 showed	 an	 increase	 in	 L-leucine	 and	 pyroglutamic	 acid	 in	 the	 myalgia	 group	 at	

baseline	and	myristic	acid	and	putrescine	after	the	task.		(191)		A	further	study	by	Grundmann	et	al.	

using	human	skin	combined	UVB	irradiation,	DMD	and	MS,	although	the	dose	of	UVB	imparted	was	

lower	than	that	used	in	the	UVB	human	experimental	pain	model.		The	work	considered	arachidonic	

acid	derivatives,	such	as	isoprostanes,	in	microdialysate	in	respect	to	their	presence	being	a	marker	

of	oxidative	stress	associated	with	UVB	exposure.		At	24	hours	following	UVB	application,	8-iso-PGF2α	

was	 elevated	 in	 injury	 compared	 with	 control	 skin,	 and	 9α-11α-PGF2α	 levels	 were	 decreased	 in	

relation	to	normal	skin.		(291)	These	small	studies	highlight	the	combination	of	DMD	and	MS	could	

be	 useful	 in	 determining	 the	 small	 molecule	 composition	 in	 a	 burn	 wound	 and	 the	 peripheral	

processes	involved	in	burn	injury-associated	pain.	

	

Therefore	the	aim	of	the	work	presented	in	this	chapter	was	to	characterise	metabolic	components	

of	DMD	samples	taken	from	three	human	experimental	pain	models	(thermal	injury,	capsaicin	injury	

and	UVB	injury)	in	healthy	subjects.		
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An	 untargeted	 UPLC-MS	 approach	 was	 taken,	 as	 it	 demonstrates	 an	 improved	 resolution	 and	

sensitivity,	compared	to	older	LC-MS	techniques.		A	highly	sensitive	analysis	approach	was	required	

as	DMD	samples	are	known	to	contain	 lower	concentrations	of	 larger	molecules	such	as	cytokines	

than	 other	 biofluids	 (388),	 and	 this	 could	 also	 apply	 to	metabolite	 concentrations.	 	 Finally	 UPLC-

MS/MS	 was	 applied	 for	 metabolite	 characterisation	 to	 explore	 whether	 any	 metabolites	

differentiated	between	the	three	experimental	pain	models.			

7.1.2 Hypothesis	

The	 hypothesis	 the	 work	 described	 in	 this	 chapter	 is	 that	 the	 three	 experimental	 pain	 models	

(thermal	 injury,	 capsaicin	 injury	 and	UVB	 injury)	would	 show	different	metabolic	 profiles	 and	 that	

specific	metabolites	 identified	would	be	 linked	 to	peripheral	 processes	 involved	 in	 somatosensory	

changes	important	in	burn	injury-associated	pain.	

	

7.2 Methods	

7.2.1 Contribution	of	others	

The	UPLC-MS/MS	of	uric	acid	and	nicotinamide	standards	were	performed	by	Mr	Dominic	Friston,	a	

doctoral	 student	 in	 the	department	of	Anaesthetics,	 Pain	Medicine	and	 Intensive	Care	at	 Imperial	

College,	London	under	the	supervision	of	Dr	Elizabeth	Want.		The	author	performed	all	other	sample	

collection,	 preparation,	 UPLC-MS,	 UPLC-MS/MS,	 data	 pre-processing	 and	 analyses	 at	 Imperial	

College,	London.		

7.2.2 Study	population		
As	 described	 in	 section	 3.2.1	 dermal	microdialysate	 samples	 from	 thirty	 subjects	 (n=10	 per	 injury	

model)	 were	 used	 for	 UPLC-MS	 analysis.	 	 The	 demographics	 of	 this	 population	 are	 described	 in	

chapter	3.			

7.2.3 Quality	control	and	sample	preparation		

A	total	of	180	samples	were	used	for	UPLC-MS	analysis.		These	represented	a	total	of	six	samples	for	

each	subject.	 	These	 included	three	control	site	DMD	samples	 taken	at	 three	different	 time	points	

(30-60	minutes,	 60-120	minutes	 and	 120-180	minutes	 following	 DMD	 probe	 insertion)	 and	 three	

injury	site	DMD	samples	taken	at	the	same	time	points	as	the	control	site	samples.		Further	details	of	

the	DMD	 samples	 are	 described	 in	 section	 3.5.2.	 	 The	 180	microdialysate	 samples	were	 allocated	

random	 numbers	 using	 the	 =RAND()	 function	 (Microsoft®	 Excel®	 for	 Mac	 2011	 version	 14.7.0),	

reordered	 in	 sequence	 and	 renumbered	 from	 1-180.	 	 This	 coding	 was	 used	 for	 UPLC-MS	 sample	

processing	 and	 analysis.	 	 Subject	 14	 in	 the	 capsaicin	 injury	 group	 had	 an	 empty	 sample	 for	 the	

control	site	collected	at	60	minutes	(14CC60).			
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This	empty	polypropylene	cup	was	included	in	the	sample	processing	and	UPLC-MS	run,	but	not	 in	

the	final	analysis.		Initial	sample	preparation	prior	to	UPLC-MS	was	conducted	in	random	batches	of	

60	 samples	 (unrelated	 to	 the	 UPLC-MS	 run	 order).	 	 150μL	 of	 -20°C	 LC-MS	 Chromasolv	 grade	

methanol	(Sigma	Aldrich®,	UK)	was	added	to	50μL	of	the	sample	microdialysate	(3:1	ratio),	vortexed,	

stored	at	-20°C	for	20	minutes	and	centrifuged	for	10	minutes	(12,000	RPM).		Supernatants	(volume	

170-200μL)	 were	 removed	 into	 sterile	 polypropylene	 cups	 (Fischer	 Scientific,	 UK),	 although	 no	

protein	 pellets	 and	 precipitants	 were	 visually	 observed.	 	 These	 were	 dried	 in	 a	 Savant	 Vacuum	

Concentrator	 (105	minutes	 at	 45°C	 V-AQ	mode).	 Dry	 residues	 were	 re-suspended	 in	 55μL	 LC-MS	

OptimaTM	grade	water	 (Fischer	Scientific),	 sonicated	and	transferred	 into	MS	vials	 (12x32mm	Total	

Recovery	PTFE/silicone	septa	vials,	Waters,	UK).			

	

The	QC	sample	was	prepared	by	combining	5μL	of	each	of	the	microdialysate	samples	(180	in	total).		

QC	samples	(n=10)	were	injected	at	the	start	of	the	analytical	run	to	condition	the	UPLC	column	and	

further	injected	after	every	10	samples	throughout	the	run.			

7.2.4 UPLC	settings	

The	ACUITY	UPLC®	HSS	T3	1.8μm	2.1x100mm	(PN	186003539)	column	(Waters,	U.K.)	had	a	column	

temperature	of	50°C	and	a	flow	rate	of	400uL/min,	that	were	kept	constant	through	all	experiments.		

The	auto-sampler	 temperature	was	controlled	to	4°C.	 	A	twelve-minute	gradient	used	0.1%	formic	

acid	in	water	(approximately	98%	for	MS,	Sigma	Aldrich,	UK)	as	the	mobile	phase	A	and	0.1%	formic	

acid	 in	 LC-MS	 Chromasolv	 grade	methanol	 (Sigma	 Aldrich®,	 UK)	 as	 mobile	 phase	 B.	 	 The	 solvent	

composition	commenced	with	1%	mobile	phase	B,	 increasing	between	1	and	5	minutes	to	a	50:50	

mixture	of	mobile	phase	A	and	B.		Between	5	and	8	minutes	mobile	phase	B	increased	to	99%	and	

remained	constant	until	10	minutes.	 	After	this	the	mobile	phase	B	concentration	decreased	to	1%	

over	0.1	minute	and	the	remaining	1.9	minutes	allowed	for	column	re-equilibration.		

7.2.5 MS	settings	

A	 SYNAPTTM	 G2	 mass	 spectrometer	 (quadrupole	 time	 of	 flight	 instrument)	 was	 calibrated	 using	

sodium	 formate	 solution	 (0.5mM)	 prior	 to	 analysis.	 The	 source	 temperature	 was	 120°C	 and	

desolvation	 temperature	 was	 450°C.	 The	 cone	 gas	 flow	 was	 50L/h	 and	 desolvation	 gas	 flow	 was	

900L/h.	Capillary	voltage	was	set	to	2000V	in	the	positive	ionisation	mode	and	1500V	in	the	negative	

ionisation	 mode,	 and	 the	 cone	 voltage	 was	 49V.	 	 Samples	 underwent	 analysis	 in	 the	 positive	

electrospray	 ionisation	 (ESI+)	 mode	 first	 and	 then	 in	 the	 negative	 electrospray	 ionisation	 (ESI-)	

mode.		The	m/z	range	for	data	acquisition	was	50-1200,	with	scans	performed	every	0.1	seconds	and	

an	interscan	delay	of	0.015	seconds.		Data	were	collected	in	centroid	mode.			
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Mass	 accuracy	 and	 reproducibility	 was	 optimised	 in	 the	 instrument	 with	 30	 second	 repeated	

injection	of	a	lock	mass	using	leucine	encephalin	(MW	555.62,	200pg/μL	in	acetonitrile/water	50:50).		

7.2.6 Data	pre-processing	

Prior	 to	 data	 pre-processing,	 raw	 data	 were	 considered	 to	 ensure	 overlaid	 QC	 samples	 showed	

minimal	 variation	 and	 there	 were	 no	 run	 order	 irregularities.	 	 Data	 pre-processing	 was	 first	

performed	 using	 XCMS.	 	 Negative	 mode	 sample	 data	 demonstrated	 no	 problems	 during	 pre-

processing,	 however	 17	 ESI+	mode	data	 files	were	deleted.	 	 The	 exact	 cause	of	 this	 problem	was	

unclear	therefore	all	data	underwent	pre-processing	with	Progenesis®	QI	to	enable	a	full	dataset	for	

analysis.		Run	alignment	was	conducted	using	the	QC	samples.	The	QC	sample	closest	to	the	centre	

of	 the	UPLC-MS	 run	was	 selected	 as	 the	 reference	 spectrum.	 	 All	 samples	were	 included	 in	 peak	

picking	 to	 ensure	 features	present	 in	only	 some	 samples	were	 taken	 forward	 for	 analysis	 and	 the	

“fewest”	 automated	 setting	was	 chosen.	 	 The	 retention	 time	window	used	was	 0.5-10.5	minutes.			

Features	were	eliminated	from	further	analysis	with	a	CV	>30%	or	 if	 they	were	not	detected	 in	37	

out	of	38	QC	samples.	(389)	Data	were	presented	in	an	output	table	in	Microsoft®	Excel®	for	PC	that	

included	RT,	m/z	and	 intensity	 (peak	area)	 for	each	 feature	and	 sample.	 	A	 total	of	2647	 features	

were	found	in	ESI+	mode	and	2007	features	were	found	in	ESI-	mode.	

7.2.7 Statistical	analysis	using	multivariate	analysis	

All	 features	 selected	 by	 pre-processing	 were	 exported	 from	 Progenesis®	 QI	 (Waters,	 UK)	 and	

uploaded	 into	 SIMCA	 13.0.2	 (MKS	 Umetrics,	 US)	 for	 unsupervised	 and	 supervised	 multivariate	

analysis.	 	 Data	 were	 mean	 centred	 and	 to	 account	 for	 the	 skew	 of	 some	 features,	 a	 log	

transformation	was	performed	using	the	formula	10	log	(C1X	+	C2),	where	C1=1	and	C2=20.		Initial	

PCA	 scores	 plots	 were	 viewed	 to	 give	 an	 overview	 of	 the	 UPLC-MS	 data	 and	 to	 identify	 outlier	

samples.	 	 Samples	 removed	 from	 further	 analysis	were	 either	 blank,	 had	 obviously	 contaminated	

spectra	or	were	 strong	outliers	as	a	 consequence	of	non-injection	of	 the	 sample	despite	 repeated	

attempts	 within	 the	 sample	 run	 (see	 sections	 7.3.1.1,	 10.3.1	 and	 Figure	 10-8).	 Grouping	 for	

supervised	models	 were	 allocated	 based	 on	 injury	 group	 (thermal	 injury,	 capsaicin	 injury	 or	 UVB	

injury)	 and	 sample	 site	 (control	or	 injury),	 creating	 six	 separate	groups.	Control	 site	 samples	were	

included	 in	 initial	 analysis	 to	 account	 for	 the	 subject	 specific	 inflammatory	 response	 to	 DMD,	

controlling	for	differences	between	subjects	within,	and	between	 injury	groups.	 	Pairwise	OPLS-DA	

models	were	created	for	between	 injury	group	comparisons	using	 injury	site	samples	(for	example	

capsaicin	 injury	 samples	 compared	 with	 UVB	 injury	 samples)	 and	 separately	 using	 control	 site	

samples	(for	example	capsaicin	control	samples	compared	with	UVB	control	samples).		
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Models	 that	were	 predictive	 and	 robust	 for	 both	 control	 and	 injury	 site	 comparisons	were	 taken	

forward	for	feature	identification.			

	

Feature	lists	were	compiled	from	features	with	VIP	values	>1	and	with	95%	confidence	intervals	that	

did	 not	 cross	 the	 0	 pq[1]	 axis	 in	 loadings	 column	 plots.	 Features	 identified	 as	 important	 for	 each	

specific	pairwise	model	 separation	 in	both	 the	control	 site	sample	comparisons	and	the	 injury	site	

sample	comparisons,	were	assigned	to	represent	general	group	differences	not	attributable	 to	 the	

injury,	 and	 therefore	 eliminated	 from	 further	 analysis.	 	 Features	 identified	 only	 in	 the	 injury	 site	

sample	models	were	 considered	 as	 representative	 of	 true	 differences	 between	 the	 injury	models	

and	were	taken	forward	for	further	 identification.	An	 illustration	of	this	process	 is	shown	in	Figure			

7-1.	

	
Figure	7-1	Example	of	data	analysis	comparing	capsaicin	and	UVB	injury	models		

CB:	capsaicin	injury	site,	CC:	capsaicin	control	site,	UB:	UVB	injury	site,	UC:	UVB	control	site	
	

Rationalising	 the	 number	 of	 features	 taken	 forward	 for	UPLC-MS/MS	 is	 an	 inherent	 bottleneck	 to	

untargeted	UPLC-MS.	 	 Further	 reduction	 in	 feature	 lists	 involved	 exclusion	 of	 features	 that	 had	 a	

shared	RT	 in	both	 the	 injury	 site	model	and	 the	control	 site	model	 for	a	pairwise	comparison.	 	As	

precursor	and	product	ions	are	likely	to	share	the	same	RT,	this	was	performed	to	avoid	exploring	a	

precursor	 ion	 in	 one	 model	 presuming	 it	 led	 to	 group	 differences,	 when	 the	 same	 feature	 was	

present	in	the	other	model	but	as	a	product	ion.		

	

	

Comparison	of	features	of	interest	from	control	sample	model	(CC	vs	UC)	with	injury	sample	model	(CB	vs	UB)	

Common	to	both	–	exclude	 Unique	to	injury	sample	model	–	take	forward	

Iden@fy	features	of	interest	–	VIP	>1		

Control	samples	(CC	vs	UC)	 Injury	samples	(CB	vs	UB)	

OPLS	DA	models	

Control	samples	(CC	vs	UC)	 Injury	samples	(CB	vs	UB)	

PCA	score	plots	

Overview	of	data	

Samples		

Capsaicin	Injury	Site	(CB)	 Capsaicin	Control	Site	(CC)	 UVB	Injury	Site	(UB)	 UVB	Control	Site	(UC)	
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The	top	20-40	features	were	chosen	for	each	model	based	on;	

• ranking	of	VIP	values		

• a	peak	intensity	of	greater	than	1e5	in	the	original	UPLC-MS	run		

• features	common	to	OPLS-DA	models	performed	with	data	that	 included	samples	152-180	

and	data	where	these	samples	removed	(see	section	7.3.2)	

	

Finally	the	significance	of	 features	 in	contributing	to	group	separation	was	evaluated	by	univariate	

statistics	of	UPLC-MS	data	using	SPSS	Statistics	for	Macintosh	(Version	24.0.0.1.	IBM	Corp.	New	York,	

Released	 2016).	 Pairwise	 group	 comparisons	 were	 performed	 using	 Mann	 Whitney	 U	 tests	 and	

comparisons	 of	 all	 three	 groups	 were	 performed	 using	 Kruskal-Wallis	 tests	 with	 post	 hoc	 Mann	

Whitney	U	tests.		The	significant	p	value	of	<0.05	was	used,	corrected	for	multiple	hypothesis	testing	

using	 a	 FDR	 correction	 with	 2647	 as	 the	 denominator	 for	 ESI+	 mode	 data	 and	 2007	 as	 the	

denominator	for	ESI-	mode	data.	(333)		Features	identified	as	significant	further	required	a	p[corr]1	

value	of	either	>+0.4	or	<-0.4.		All	reporting	of	significant	features	included	Cohen’s	d	effect	size	and	

ratio	effect	size	values.		Correlations	of	product	and	precursor	ion	abundance	were	calculated	using	

Spearman’s	correlation	coefficient	tests.			

7.2.8 UPLC-MS/MS	settings	

Both	 chromatography	 and	 mass	 spectrometry	 conditions	 were	 kept	 consistent	 with	 those	 from	

UPLC-MS	except	for	using	a	capillary	voltage	of	1500V	for	both	ESI+	and	ESI-	mode	runs.	 	Methods	

were	inputted	to	select	specific	m/z	variables	within	designated	time	windows.		These	targeted	m/z	

variables	were	then	fragmented	using	a	ramp	of	10-40V.	 	Those	that	did	not	 fragment	were	rerun	

using	high	energy	fragmentation	settings	with	an	initial	ramp	of	20-50V.	If	fragmentation	continued	

to	 be	 was	 unsuccessful	 a	 final	 ramp	 of	 30-70V	 was	 used.	 	 Open	 access	 databases	

(http://www.hmdb.ca	and	https://metlin.scripps.edu/index.php)	were	searched	using	fragmentation	

patterns	for	potential	metabolite	matches.	(390,391)	All	descriptions	of	findings	are	reported	using	

standardised	terms	from	the	IUPAC	2013	recommendations.		(392)		Standards	of	potential	matches	

were	run	to	confirm	identification.		This	included;	a	capsaicin	standard	with	the	same	solution	used	

in	the	capsaicin	injury	model	of	capsaicin	powder	(>95%,	Sigma-Aldrich,	UK)	made	into	1%	solution	

in	70%	ethanol,	 then	further	diluted	 in	Ringers	solution	(Baxter,	UK)	to	0.01%	and	HPLC	grade	uric	

acid	and	nicotinamide	10μg/mL	standards	 (>99.5%	and	>99%	respectively,	Sigma-Aldrich,	UK).	Uric	

acid	and	nicotinamide	standards	were	run	 in	UPLC-MS/MS	at	a	different	date	 to	all	other	samples	

but	were	performed	using	the	same	UPLC	column	and	MS	machine.		Capillary	voltages	were	the	only	

settings	that	differed	with	1000V	used	in	ESI+	mode	and	900V	used	in	ESI-	mode.	
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7.3 Results	

7.3.1 Data	overview	and	outlier	removal	

7.3.1.1 Sample	inclusion	in	analysis	

In	 the	ESI+	mode	6	 samples	were	 removed	prior	 to	 statistical	analysis.	 Initial	 screening	of	 the	 raw	

spectra	prior	to	pre-processing	showed	that	the	sample	from	subject	7	in	the	UVB	injury	group	from	

the	 control	 site	 at	 60	minutes	 (7UC60)	 appeared	 to	 be	 contaminated	when	 compared	with	 other	

chromatograms	 that	 represented	 the	 same	experimental	 conditions	 (see	 Figure	7-2).	 	 This	 sample	

was	therefore	removed	from	further	analysis.	

	
Figure	7-2	UPLC-MS	ESI+	chromatograms	of	a	QC	sample	and	samples	10UC60	and	7UC60		
QC:	 quality	 control	 sample,	 10UC60:	 UVB	 injury	 group	 subject	 10,	 control	 site	 sample	 taken	 at	 60	
minutes,	 7UC60:	 UVB	 injury	 group	 subject	 7,	 control	 site	 sample	 taken	 at	 60	 minutes.	 	 The	
chromatograms	 show	marked	 differences	 between	 the	 contaminated	 sample	 7UC60,	 and	 both	 a	QC	
sample	and	10UC60.	 	10UC60	represents	a	sample	 taken	under	 the	same	experimental	conditions	as	
7UC60.	The	difference	is	most	apparent	between	6.75	and	8.00	minutes.		

	

The	PCA	scores	plot	for	ESI+	mode	data	demonstrated	5	strong	outlier	samples	located	outside	the	

Hotelling’s	T2	95%	confidence	interval	ellipse	(Figure	7-3	A	and	B).		The	chromatograms	of	the	strong	

outlier	 samples	 from	 Figure	 7-3	 show	 that	 the	 samples	 failed	 to	 inject	 appropriately	 (see	 section	

10.3.1,	Figure	10-8).	 	Consequently	these	samples	were	removed	from	further	statistical	analysis	in	

ESI+	mode,	 leaving	 a	 total	 of	 173	 samples	 that	were	 taken	 forward.	 	 The	PCA	 scores	 plot	 for	 ESI-	

mode	data	displayed	6	samples	outside	the	Hotelling’s	T2	95%	confidence	interval	ellipse	(see	Figure	

7-4B).		The	chromatograms	of	these	samples	did	not	reveal	contamination	or	obvious	experimental	

problems	 such	 as	 injection	 failure.	 	 By	 statistical	 reasoning,	 5%	of	 samples	 should	 fall	 outside	 the	

95%	Hotelling’s	Ellipse	 if	taken	from	a	normally	distributed	population.	 	Therefore	these	6	samples	

represent	 a	 3%	 rate	 for	 this	 study	 that	 fall	 outside	 the	 95%	 confidence	 interval	 and	 they	 were	

included	in	further	analysis.			
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Figure	7-3	PCA	scores	plot	of	UPLC-MS	ESI+	data		
A:	PCA	scores	plot	with	five	strong	outliers	 located	outside	the	Hotelling’s	T2	95%	ellipse.	B:	Focused	
image	of	 the	five	strong	outlier	samples	 in	the	PCA	scores	plot	 from	Figure	7-3A,	axes	t[2]	 -40	to	 -50	
and	 t[1]	 -40	 to	 -50.	 	 Samples	are	 labelled	based	on	 the	corresponding	 subject	number,	experimental	
injury	group,	collection	site	and	time	point.	

7.3.2 Grouping	of	samples	152-180	along	the	first	principal	component	

7.3.2.1 Description	of	the	grouping	of	samples	152-180	

PCA	scores	plots	for	UPLC-MS	ESI+	and	ESI-	mode	data	revealed	a	group	of	samples	that	separated	

towards	the	left	of	each	plot	along	the	first	principal	component	(PC)	at	around	-30	t[1]	ESI+	mode	

and	-25	t[1]	ESI-	mode	(illustrated	in	Figure	7-4).	

	
Figure	7-4	PCA	scores	plots	of	UPLC-MS	data	highlighting	a	group	separating	along	the	first	principal	component	

									A:	UPLC-MS	ESI+	mode	data	with	grouped	samples	surrounded	by	a	red	box.	B:	UPLC-MS	ESI-	mode	data	with					
									grouped	samples	surrounded	by	a	red	polygon.	C:	UPLC-MS	ESI+	mode	data,	samples	152-180	are	purple.		Close		
									grouping	of	QC	samples	is	seen	(yellow)	D:		UPLC-MS	ESI-	mode	data,	samples	152-180	purple.		Close	grouping	of	QC					
									samples	seen	(yellow)	

6TB180	 13UB120	

8CC120	

10TC60	

14UC60	

A	 B	

B	A	

C	 D	



193	
	

7.3.2.2 Exploration	of	potential	experimental	processes	leading	to	grouping	of	samples	152-180	

The	 grouping	 of	 samples	 152-180	 could	 have	 been	 attributable	 to	 being	 taken	 from	 a	 specific	

subject/s	 or	 experimental	 condition/s	 during	 the	 sampling	 process.	 	 	 The	 subject	 number	 and	

experimental	conditions	associated	with	each	of	the	samples	(152-180)	are	shown	in	Table	7-1.		Of	

the	 30	 subjects	 involved	 in	 the	 study,	 19	 contributed	 samples	 to	 the	 group	 152-180.	 	 These	 also	

spanned	 all	 three	 injury	models,	 in	 both	 injury	 and	 control	 sampling	 sites	 and	 in	 all	 three	 sample	

collection	time	points.		It	was	therefore	unlikely	this	grouping	is	a	consequence	of	metabolic	profiles	

related	to	the	experiments	prior	to	UPLC-MS,	and	therefore	relates	to	sample	preparation	for	UPLC-

MS	analysis	or	the	UPLC-MS	run.			

	

Thermal		
Control	

Thermal		
Injury	

Capsaicin		
Control	

Capsaicin		
Injury	

UVB		
Control	

UVB		
Injury	

6TC120	 8TB180	 7CC120	 7CB120	 12UC180	 7UB60	
7TC60	 9TB60	 9CC60	 10CB120	 15UC60	 8UB120	
8TC60	 10TB60	 10CC180	 10CB60	

	
9UB60	

8TC120	 12TB120	 13CC120	 14CB60	
	

9UB180	
8TC180	 12TB180	

	 	 	
12UB120	

10TC120	 13TB60	
	 	 	 	

	
13TB120	

	 	 	 	
	

14TB120	
	 	 	 	Table	 7-1	 Subject	 number,	 injury	model,	 sample	 collection	 site	 (injury	 or	 control)	 and	 collection	

time	points	of	samples	152-180				
Coding	of	samples	is	subject	number	(6-15),	then	experimental	condition	(TC:	thermal	control	site,	TB:	
thermal	injury	site,	CC:	capsaicin	control	site,	CB:	capsaicin	injury	site,	UC:	UVB	control	site,	UB:	UVB	
injury	site)	and	the	final	number	represents	microdialysate	collection	time	following	probe	insertion	
(60,	120	or	180	minutes).	

	

Although	the	reasons	for	the	appearance	of	these	outliers	were	unclear,	there	are	several	potential	

explanations.		The	physicochemical	properties	of	the	UPLC-MS	system	can	alter	during	the	analysis	

run.		For	example	changes	in	the	internal	physical	environment	within	the	mass	spectrometer	may	

involve	 progressive	 increases	 in	 temperature	 during	 a	 run	 of	 samples.	 	Whilst	 the	 auto-sampler	

maintains	 samples	 at	 a	 constant	 temperature	 there	 is	 a	 risk	 that	 the	 overall	 system	 becomes	 a	

slightly	warmer	environment,	especially	 in	 long	sample	runs.	This	could	alter	compound	volatility,	

column	properties	and	ion	movement	through	the	MS.		The	complete	ESI+	and	ESI-	mode	run	for	

this	experiments	samples	including	QC	samples,	took	over	72	hours.		Data	pre-processing	attempts	

to	account	for	small	system	changes,	however	it	cannot	correct	for	gross	physiochemical	variations.		

No	obvious	changes	were	reported	during	the	sample	run,	however	the	sample	order	was	further	

considered.	

	



194	
	

Samples	were	processed	 in	48	well	plates	 (each	holding	1	QC	and	47	 sample	 vials).	 	A	 total	of	4	

plates	were	used	 for	 the	complete	analytical	 run.	Originally	samples	were	to	be	processed	 in	 the	

numerical	order	allocated	in	sample	processing	(see	section	7.2.3).		However,	a	number	of	changes	

were	 made	 to	 this	 order	 to	 allow	 re-injection	 of	 samples	 with	 inadequate	 chromatograms	

identified	during	the	UPLC-MS	run	(see	Table	7-2).	

			

Plate	number	 Sample	number	 QC	sample	number	
ESI	+	mode	

1	 1-47	 11,	12,	13,	14	
2	 48-66,	68-71,	73-75,	77,	79-94	 15,	16,	17,	18,	19	
3	 95-141	 20,	21,	22,	23,	24	
4	 142-180,	42-47	 25,	26,	27	

ESI	–	mode	
1	 1-47	 28,	29,	30,	31,	32	
2	 48-66,	68-71,	73-75,	77,	79-94	 33,	34,	35,	36,	37	
3	 95-141	 38,	39,	40,	41,	42	
4	 142-180	 43,	44,	45	

ESI	+	mode	
4	 67,	72,	76,	78	 46	

ESI	–	mode	
4	 67,	72,	76,	78	 47,	48	

Table	7-2	Sample	run	order	for	UPLC-MS	experiment	
Samples	were	randomly	allocated	a	number	between	1	and	180.		QC	injections	during	the	UPLC-MS	
run	were	numbered	QC11-QC48.		The	majority	of	samples	were	processed	first	in	ESI+	and	then	ESI-.		
Samples	 42-47	 were	 re-injected	 at	 the	 end	 of	 the	 initial	 ESI+	 run	 due	 to	 poor	 chromatograms.		
Samples	 67,	 72,	 76	 and	 78	 had	 low	 sample	 volume	 following	 the	 first	 ESI+	 run	 and	 poor	
chromatograms.	 	These	were	therefore	re-injected	for	both	ESI+	and	ESI-	analysis	at	 the	end	of	 the	
UPLC-MS	run.	

	

Had	 the	 grouping	 of	 samples	 152-180	 been	 a	 consequence	 of	 changes	 to	 the	 physiochemical	

conditions	in	the	analytical	system	towards	the	end	of	the	experimental	run,	the	remaining	samples	

from	plate	4	should	have	also	produced	same	shift	 (see	Table	7-2).	 	However	samples	numbered	

142-152,	67,	72,	76	and	78,	all	part	of	the	plate	4	run,	can	be	seen	in	the	PCA	scores	plot	alongside	

sample	 from	plates	1-3	 for	both	ESI+	and	ESI-	mode	data.	Furthermore	 if	 the	 left	 shift	 related	 to	

samples	being	run	in	plate	4,	then	the	QC	samples	run	as	part	of	plate	4	would	have	demonstrated	

a	 left	 shift	 along	 the	 first	 PC	 (t[1]	 axis).	 	 Figures	 7-4C	 and	 7-4D	 show	 close	 grouping	 of	 the	 QC	

samples	 in	 both	 ESI+	 and	 ESI-	 modes,	 further	 illustrated	 in	 detail	 in	 Figures	 7-5A	 and	 7-5B.	 If	

samples	and	associated	QC	samples	show	drift	on	 the	PCA	scores	plot	a	correction	 factor	can	be	

calculated	 to	 bring	 the	 QC	 samples	 back	 to	 the	 grouped	 QC	 samples.	 	 This	 factor	 can	 then	 be	

applied	 to	all	drifted	 samples.	 	However,	a	QC	drift	was	not	apparent	 in	 this	dataset	 therefore	a	

correction	factor	could	neither	be	calculated,	nor	applied.	
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Figure	7-5	Focused	view	of	PCA	scores	plots	illustrating	grouping	of	QC	samples			
A:	ESI+	mode	UPLC-MS	data		B:	ESI-	mode	UPLC-MS	data		
Both	plots	focus	in	on	t[1]	range	-10	to	10,	and	t[2]	range	-10	to	10	
	

In	addition,	the	grouping	of	samples	152-180	occurred	in	both	ESI+	and	ESI-	mode	data.	Table	7-2	

illustrates	 the	 sample	 run.	 	 Had	 the	 changing	 conditions	 within	 the	 UPLC-MS	 system	 led	 to	 the	

sample	 separation,	 samples	 1-151	 in	 the	 ESI-	 mode	 run	 should	 have	 demonstrated	 drift.	 	 In	

addition	if	the	shift	related	to	a	progressive	change	in	conditions,	positive	samples	67,	72,	76	and	

78	 in	ESI+	and	ESI-	would	have	demonstrated	this	 to	 the	greatest	effect,	 instead	of	sitting	within	

main	set	of	samples.		

	

The	type	of	software	used	for	pre-processing	data	prior	to	MVA	was	also	excluded	as	a	cause.		The	

grouping	 of	 samples	 152-180	 was	 present	 in	 both	 XCMS	 and	 Progenesis®	 QI	 pre-processed	

datasets.	 PCA	 scores	 plots	 for	 ESI+	 and	 ESI-	 mode	 UPLC-MS	 data	 that	 underwent	 XCMS	 pre-

processing	are	shown	in	section	10.3.2,	Figure	10-9.		Here	also	the	separation	of	samples	152-180	

along	the	first	PC	occurs.			

	

The	remaining	methodological	step	that	may	have	caused	the	grouping	of	samples	152-180	related	

to	 sample	preparation	 for	UPLC-MS.	 	 The	 grouping	 involved	 samples	 at	 the	 end	of	 the	 allocated	

number	sequence	(152-180)	and	therefore	any	sample	preparation	step	that	involved	processing	in	

numerical	 order	 could	 have	 been	 responsible.	 Sample	 preparation	 for	 methanol	 extraction	 and	

speed	vac	drying	occurred	in	a	completely	random	order.	All	samples	were	freeze-thawed	together	

and	stored	in	the	same	freezer.	The	only	process	that	occurred	in	the	sequential	order	of	samples	

was	the	transfer	of	samples	into	MS	vials.		The	problem	may	have	arisen	from	a	different	batch	of	

MS	vials	being	used	for	the	last	28	samples	or	a	contaminant	in	a	box	of	pipette	tips	that	were	used	

to	transfer	samples	into	the	MS	vials,	although	sterilised	pipette	tips	were	used.			

	

A	 B	
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7.3.2.3 Exploration	of	grouped	samples	152-180	

Removing	 samples	 152-180	 from	 further	 analysis	 without	 clear	 scientific	 rationale	 could	 bias	

results.	 	 Simulations	 that	 considered	 the	 biased	 removal	 of	 data,	 including	 that	 of	 outliers,	 in	

preclinical	 cancer	and	stroke	showed	a	dramatically	 increased	probability	of	 false	positive	 results	

and	skewed	interpretation.	(363)			Therefore	removing	approximately	16%	of	samples	(29	out	of	a	

total	of	173	samples	in	ESI+	mode	data	and	a	total	of	179	samples	in	ESI-	mode	data)	without	clear	

justification	is	ill-advised.		The	separation	of	samples	152-180	along	the	first	PC	however	could	have	

been	caused	by	 the	presence	of	one	or	 two	 features,	and	 in	 those	circumstances	 the	 removal	of	

features	could	have	been	justified.	Therefore	further	statistical	analysis	was	performed	to	identify	if	

a	small	number	of	features	accounted	for	the	sample	groupings.	

	

7.3.2.3.1 Univariate	statistical	comparisons	between	152-180	samples	and	matched	samples	from	

plate	4		

Plate	4	samples	142-151	were	compared	with	the	same	number	of	samples	from	the	group	of	152-

180	 samples,	matched	 for	 experimental	 conditions	 (injury	 type	 and	 collection	 time)	 using	Mann	

Whitney	 U	 tests,	 with	 exact	 p	 values	 (corrected	 with	 a	 FDR).	 	 Progenesis®	 QI	 	 pre-processing	

identified	a	total	of	2647	features	in	ESI+	mode	and	2007	features	in	ESI-	mode	data.		From	the	ESI+	

mode	 data	 1354	 features	 (representing	 51%	 of	 the	 total	 number	 identified)	 demonstrated	

statistically	 significant	 differences	 when	 the	 two	matched	 groups	 were	 compared.	 	 No	 features	

represented	statistical	significance	when	the	matched	groups	compared	ESI-	mode	data.		Removing	

around	 half	 the	 ESI+	 mode	 dataset	 could	 potentially	 eliminate	 important	 features	 from	 future	

analysis	and	also	the	removal	of	such	a	large	proportion	of	the	data	would	have	impacted	heavily	

on	MVA.		Therefore	removal	of	features	was	not	performed.		

7.3.2.3.2 OPLS-DA	supervised	models	comparing	samples	152-180	with	all	other	samples	

OPLS-DA	supervised	models	were	created	to	compare	samples	152-180	with	all	other	samples	for	

ESI+	and	ESI-	mode	data,	to	identify	features	important	in	group	separation	(see	Figure	7-6).		Both	

OPLS-DA	models	were	predictive	and	robust.	(ESI+	mode	data	OPLS-DA	model:	1	predictive	and	2	

orthogonal	 components,	 cumulative	R2X	0.639,	 predictive	R2X	0.456,	Q2	0.953m	R2Y	0.968,	 CV-

ANOVA	 p<0.000001.	 	 ESI-	 mode	 OPLS-DA	 model:	 1	 predictive	 and	 3	 orthogonal	 components,	

cumulative	R2X	0.587,	predictive	R2X	0.28,	Q2	0.931,	R2Y	0.959,	CV-ANOVA	p<0.000001).	
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Figure	7-6	OPLS-DA	models	of	ESI+	and	ESI-	mode	UPLC-MS	data	comparing	samples	152-180	with	
all	other	samples	
A:	OPLS-DA	scores	plot	for	ESI+	data,	B:	OPLS-DA	scores	plot	for	ESI-	data.		The	two	groups	for	OPLS-
DA	were;	samples	152-180	(purple)	and	all	other	samples	(dark	yellow)	

OPLS-DA	 models	 identified	 478	 ESI+	 mode	 features	 and	 194	 ESI-	 mode	 features	 that	 were	

important	to	group	separation	 (VIP	>1	and	confidence	 intervals	not	crossing	0	on	 loadings	plots).			

Further	 PCA	 scores	 plots	 were	 created	 with	 datasets	 where	 the	 above	 features	 were	 removed	

(Figure	7-7A	and	7-7B).	 	 For	ESI-	mode	data,	 this	 corrected	 the	 left	 shift	on	 the	 first	PC	 that	had	

caused	the	grouping	of	samples	152-180	(Figure	7-7B).		In	the	ESI+	mode,	feature	removal	reduced	

the	left	shift	and	flipped	the	direction	of	separation,	however	the	grouping	of	samples	152-180	was	

still	present	(Figure	7-7A).		As	removing	these	features	failed	to	correct	for	the	grouping	of	samples	

152-180	in	ESI+	mode	of	the	PCA	scores	plot,	and	removal	of	these	features	would	have	constituted	

removing	18.1%	of	ESI+	features	and	9.6%	ESI-	features,	this	was	not	performed.			

	
Figure	 7-7	PCA	 scores	plots	 for	UPLC-MS	data	 following	 removal	 of	 features	 important	 for	 group	
separation	in	OPLS-DA	models	from	Figure	7-6		
A:	ESI+	mode	data	with	478	features	removed		B:	ESI-	mode	data	with	194	features	removed.	The	two	
groups	for	OPLS-DA	were;	samples	152-180	(purple)	and	all	other	samples	(dark	yellow)	

	

7.3.2.3.3 Features	leading	to	grouping	of	samples	152-180	identified	on	PCA	loadings	plots		

PCA	scores	and	loadings	plots	are	complementary	representations	of	datasets	(see	section	3.8.2.2)	

that	enable	features	and	samples	to	be	considered	in	parallel.			

A	 B	

A	 B	
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Features	 that	 influence	 the	 location	 of	 a	 sample	within	 a	 scores	 plot	will	 sit	 geographically	 in	 a	

similar	 location	 on	 the	 loadings	 plot.	 Figure	 7-8	 highlights	 a	 number	 of	 features	 that	 appear	 to	

contribute	to	the	separation	of	samples	152-180	along	the	first	PC.			

	
Figure	7-8	PCA	scores	and	loadings	plots	for	ESI+	and	ESI-	mode	UPLC-MS	data.			
A:	ESI+	mode	data	 scores	plot	 	B:	 ESI-	mode	data	 scores	plot	C:	 ESI+	mode	data	 loadings	plot	with	
potentially	important	features	in	group	separation	labeled	with	letters	a-g	(	a	5.13_639;	b	5.13_624;	c	
5.13_637;	 d	 5.13_630;	 e	 5.13_618;	 f	 7.02_826;	 g	 5.24_307	 )	 D:	 ESI-	mode	 data	 loadings	 plot	 with	
potentially	 important	features	in	group	separation	labeled	with	letters	h-l	(h	5.77_648;	 i	5.84_297;	 j	
7.01_362;	k	5.25_283;	l	5.14_620	)	

	

Chromatograms	shown	in	Figures	7-9	(ESI+	mode)	and	7-10	(ESI-	mode)	compare	two	samples	that	

share	the	same	experimental	condition	(both	thermal	injury	site	samples	collected	at	120	minutes),	

however	one	sample	is	from	the	group	containing	samples	152-180.		For	example	in	the	ESI-	mode	

data	 (Figure	 7-8B	 and	 7-8D),	 samples	 152-180	 sit	 along	 the	 right	 side	 of	 the	 scores	 plot	 (having	

swapped	location	along	the	first	PC	after	the	removal	of	the	QC	samples).		The	loadings	plot	shows	

features	 5.77_648	 RT_m/z	 and	 5.84_297	 RT_m/z	 that	 are	 likely	 associated	 with	 these	 sample	

locations	 in	 the	 scores	 plot.	 	 The	 features	 described	 are	 labelled	 in	 Figure	 7-10	 as	 peaks	 in	 the	

sample.	 	The	chromatograms	show	these	peaks	are	present	 in	the	chromatogram	for	sample	153	

(14TB120)	however	not	present	in	the	chromatogram	of	sample	65	(11TB120).	However	grouping	is	

not	 only	 related	 to	 peaks	 being	 present	 in	 samples	 152-180.	 	 Figure	 7-9	 highlights	 a	 number	 of	

features	 that	 differentiate	 between	 the	 two	 groups	 are	 unique	 to	 the	 “sample”	 group	
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chromatograms	 and	 not	 present	 in	 chromatograms	 of	 samples	 152-180.	 	 Therefore	 it	 is	 unclear	

whether;	

a. there	 is	 contamination	 of	 samples	 1-151	 that	 led	 to	 additional	 features	 driving	

separation	 from	 samples	 152-180,	 as	 illustrated	 by	 additional	 peaks	 in	 their	

chromatograms	

b. contamination	in	either	of	the	groups	has	 led	to	absence	of	some	features	 in	one	

group	that	has	driven	separation	of	samples	152-180	

c. there	 is	 contamination	 in	 both	 1-151	 and	 152-180	 and	 that	 both	 have	 led	 to	

separation,	but	that	the	contamination	is	potentially	with	different	agents.	

Furthermore	 the	 important	 features	 to	 group	 separation	 did	 not	 appear	 to	 be	 any	 common	

contaminants	listed	in	mass	spectrometry	databases.	

	
Figure	7-9	Base	peak	intensity	(BPI)	chromatograms	of	ESI+	UPLC-MS	for	sample	65	and	153		
Red	 arrows	 indicate	 peaks	 that	 correspond	 to	 features	 identified	 in	 Figure	 7-8	 as	 important	 in	
separating	samples	152-180	from	other	samples.		Relative	intensity	axes	are	linked	between	spectra.	
Peaks	 at	 6.37	 and	 6.38	 retention	 times	 were	 not	 easily	 identified	 on	 either	 chromatogram	 and	
therefore	 not	 labelled.	 11TB120:	 thermal	 injury	 group,	 subject	 11,	 injury	 site	 sample	 taken	 at	 120	
minutes	14TB120:	thermal	injury	group,	subject	14,	injury	site	sample	taken	at	120	minutes	

	
Figure	7-10	BPI	chromatograms	of	ESI-	UPLC-MS	for	sample	65	and	sample	153		
Red	 arrows	 indicate	 peaks	 that	 correspond	 to	 features	 identified	 in	 Figure	 7-8	 as	 important	 in	
separating	samples	152-180	from	other	samples.		Relative	intensity	axes	are	linked	between	spectra.		
Experimental	labelling	is	explained	in	Figure	7-9.			
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7.3.2.3.4 Samples	152-180	treatment	in	future	UPLS-MS	data	analysis	

As	discussed	earlier	(section	7.3.2.3),	removing	points	from	any	dataset	has	the	potential	to	skew	

results	and	lead	to	bias.		As	the	reasons	behind	the	grouping	of	samples	152-180	along	the	first	PC	

was	 not	 clear,	 and	 no	 obvious	 contaminants	 matched	 the	 m/z	 of	 the	 most	 prominent	 features	

leading	 to	 this	 separation,	 there	was	 little	 justification	 for	 the	 removal	 of	 features	 that	 strongly	

correlated	 to	 group	 separation.	 	 Of	 the	 18	 separate	 experimental	 conditions	 considered	 in	 this	

study	(3	 injury	models,	two	sample	collection	sites	and	three	sample	collection	time	points),	only	

two	are	not	represented	in	samples	152-180	(CB180:	capsaicin	injury	group,	injury	site,	180	minute	

sample	 collection	 time	 and	UC120:	UVB	 injury	 group,	 control	 site,	 120	minute	 sample	 collection	

time).		Therefore	the	spread	of	experimental	conditions	within	the	group	of	samples	152-180	could	

dilute	the	influence	they	have	over	whole	dataset	analyses.		Hence	their	inclusion	from	a	statistical	

perspective	 may	 allow	 for	 the	 models	 produced	 to	 be	 valid,	 and	 supervised	 modelling	 was	

therefore	 conducted	 using	 the	 dataset	 that	 included	 samples	 152-180.	 	 For	 completeness	 all	

analysis	was	additionally	performed	with	the	datasets	where	samples	152-180	were	removed	(see	

section	10.3.5.3,	Table	10-7).		Only	models	that	were	robust	and	reliable	from	both	datasets	were	

considered	 further.	This	was	based	on	 the	premise	 that	 samples	152-180	 separate	out	along	 the	

first	PC	in	PCA.		The	first	PC	in	PCA	is	always	placed	along	the	path	of	greatest	variance	within	the	

sample	point	swarm.		Whilst	OPLS-DA	modelling	considers	variance	not	only	within	the	X	data	set	

(see	section	3.8.2.4),	the	separation	of	samples	152-180	along	the	path	of	greatest	variance	could	

unduly	influence	the	model.	 	Furthermore	if	models	from	both	datasets	were	robust	and	reliable,	

only	 features	 found	 to	 be	 important	 in	 influencing	 group	 separation	 in	 both	models	were	 taken	

forward	for	 further	 feature	 identification,	again	to	account	 for	 the	potential	 influence	of	samples	

152-180	on	results.	

7.3.3 Supervised	analysis	of	pairwise	injury	group	comparisons	

PCA	 scores	 plots	 of	 ESI+	 and	 ESI-	 mode	 data	 failed	 to	 show	 grouping	 of	 all	 the	 injury	 samples	

(thermal	 injury,	 capsaicin	 injury	 and	UVB	 injury	 together)	 as	 separate	 to	 all	 the	 control	 samples.	

This	was	 taken	to	 indicate	 that	 the	variance	within	 the	 injury	group	was	 large,	 related	to	distinct	

influences	of	each	type	of	injury	on	the	group	as	a	whole.		From	this	point	onwards	injury	models	

were	considered	separately.	 	Sample	collection	 time	was	considered	 in	PCA	scores	plots	 for	both	

ESI+	 and	 ESI-	mode	 data.	 	 Sample	 collection	 time	 did	 not	 lead	 to	 grouping	when	 injury	 samples	

were	 considered	 together	or	when	 samples	were	 considered	by	 individual	 injury	model	 (thermal	

injury,	capsaicin	 injury	and	UVB	 injury	separately).	This	suggested	sample	collection	time	was	not	

important	in	contributing	to	PCA	scores	plot	grouping	and	further	analysis	was	conducted	with	all	

time	points	 (60,	120	and	180	minutes)	 from	the	same	injury	model	considered	together,	creating	
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three	 injury	groups	(thermal	 injury,	capsaicin	 injury	and	UVB	 injury).	 	The	PCA	scores	plot	 for	the	

three	injury	models	with	injury	site	samples	for	ESI+	mode	UPLC-MS	data	(Figure	7-11A)	is	made	up	

of	10	principal	components.		Some	separation	of	groups,	specifically	capsaicin	injury	and	UVB	injury	

models,	 is	 present	 along	 the	 7th	 principal	 component.	 	 The	 PCA	 scores	 plot	 of	 the	 three	 injury	

models	 with	 injury	 site	 samples	 for	 ESI-	 mode	 UPLC-MS	 data	 (Figure	 7-11B)	 is	 made	 up	 of	 9	

principal	components.		Again	some	separation	between	capsaicin	and	UVB	injury	models	is	present,	

this	 time	 along	 the	 3rd	 principal	 component.	 	 Further	 analysis	 focused	 on	 exploring	 differences	

between	three	injury	models.		

	
Figure	7-11	PCA	scores	plots	for	UPLC-MS	data	from	injury	site	samples	for	the	three	injury	groups	
A:	 ESI+	 mode	 UPLC-MS	 data	 PCA	 scores	 plot	 of	 t[1]	 vs	 t[7].	 	 Some	 group	 separation	 is	 apparent	
between	capsaicin	and	UVB	injury	group	samples	along	the	7th	PC	B:	ESI-	mode	UPLC-MS	PCA	scores	
plot	of	t[1]	vs	t[3].		Some	group	separation	is	apparent	along	the	3rd	principal	component		
Experimental	pain	injury	models	are	coded	UB:	UVB	burn	model,	TB:	Thermal	burn	model,	CB:	Topical	
capsaicin	model	

	

OPLS-DA	models	were	generated	from	pairwise	comparisons	between	the	three	 injury	groups	for	

samples	from	the	injury	site	and	separate	pairwise	comparisons	for	samples	from	the	control	sites	

(see	 explanation	 in	 7.2.7)	 with	 both	 ESI+	 and	 ESI-	 UPLC-MS	 mode	 data.	 	 Pairwise	 group	

comparisons	were	capsaicin	injury	and	thermal	injury,	thermal	injury	and	UVB	injury,	and	capsaicin	

injury	 and	 UVB	 injury.	 	 Data	 presented	 in	 the	 remainder	 of	 this	 chapter	 represents	 injury	 site	

samples	 only	 and	 groups	will	 further	 be	 referred	 to	 as	 thermal	 injury,	 capsaicin	 injury	 and	 UVB	

injury.	Control	site	model	details	are	reported	in	section	10.3.4,	Table	10-5.	

7.3.3.1 Thermal	injury	and	capsaicin	injury	OPLS-DA	models	

OPLS-DA	model	parameters	for	thermal	and	capsaicin	injury	ESI+	and	ESI-	mode	UPLC-MS	data	are	

presented	 in	 Table	 7-3.	 	 For	 the	 injury	 site	 ESI+	mode	UPLC-MS	dataset	where	 samples	 152-180	

were	 removed	 (see	 section	 10.3.5,	 Table	 10-7)	 a	 reliable	 and	 robust	 OPLS-DA	 could	 not	 be	

produced.			

A	 B	
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As	discussed	in	section	7.3.2.3.4,	this	may	indicate	samples	152-180	influence	the	overall	injury	site	

sample	model	unduly	and	therefore	the	ESI+	mode	model	was	not	considered	further.	

ESI	mode	 Number	of	
predictive	
component	

Number	of	
orthogonal	
components	

R2X	
(cum)	

R2X	
(pred)	

R2Y	
(cum)	

R2	 Q2	 CV-ANOVA	
p	value	

Positive	 1	 4	 0.713	 0.03	 1	 0.939	 0.578	 2.6e-6	

Negative	 1	 6	 0.717	 0.04	 1	 0.978	 0.670	 6.2e-7	

Table	7-3	OPLS-DA	model	parameters	for	UPLC-MS	thermal	injury	and	capsaicin	injury	data			
R2X(cum):	predictive	and	orthogonal	variation	in	X	explained	by	the	X	model,	R2X(pred):	variation	in	X	
explained	 by	 the	 predictive	 component	 of	 the	model,	 R2Y(cum):	 variation	 in	 Y	 explained	 by	 the	 Y	
model,	R2:	the	fraction	of	data	explained	by	the	model	Q2:	the	ability	of	model	to	predict	new	data	
CV-ANOVA	:	cross	validation	analysis	of	variance	

Figure	 7-12	 illustrates	 the	 loss	 of	 features	 at	 each	 stage	 of	 the	 identification	 process.	 The	 four	

features	taken	forward	for	identification	are	shown	in	Figure	7-13.		These	features	predict	thermal	

group	membership	based	on	their	location	on	the	OPLS-DA	loadings	plot	and	S-plot.	

	

Figure	7-12	Flow	diagram	of	 features	 included	and	excluded	at	each	stage	of	analysis	 for	 thermal	
injury	and	capsaicin	injury	ESI-	mode	UPLC-MS	data				
VIP:	 variable	 influence	 on	 the	 projection,	 CI:	 confidence	 intervals,	 MS/MS:	 tandem	 mass	
spectrometry,	p[corr]1:	reliability	of	the	feature	to	predict	group	effect	in	OPLS-DA	model.	
VIP	 values	 were	 generated	 from	 the	 OPLS-DA	 model.	 	 Confidence	 intervals	 were	 considered	 on	
loadings	 scores	 column	 plots.	 	 p	 values	 were	 calculated	 from	Mann	Whitney	 U	 tests	 with	 a	 false	
detection	rate	correction	for	the	total	number	of	features	(n=2007).	
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Identification	was	not	achieved	for	the	four	features	highlighted	in	Figure	7-13.		It	is	likely	they	are	

related	to	the	same	precursor	ion,	as	shown	in	the	UPLC-MS/MS	spectra	in	Figure	7-14.			

	
Figure	7-13	ESI-	mode	UPLC-MS	data	:	OPLS-DA	model	for	thermal	injury	and	capsaicin	injury		
A:	OPLS-DA	scores	plot	B:	OPLS-DA	loadings	plot	with	Y	matrix	groups	in	purple	representing	thermal	
injury	 (left)	 and	 capsaicin	 injury	 (right).	 Features	 taken	 forward	 in	 Figure	 7-12	 are	 labelled	by	 their	
RT_m/z	C:	OPLS-DA	S	plot	focused	on	the	region	where	the	four	features	taken	forward	sit,	 labelled	
RT_m/z	 D:	 Table	 of	 the	 four	 features	 taken	 forward	 including	 VIP	 value:	 variable	 influence	 on	 the	
projection,	 p	 value:	 from	 Mann	 Whitney	 U	 testing,	 adjusted	 for	 a	 false	 detection	 rate,	 p[corr]1:	
reflecting	the	reliability	of	the	feature	to	predict	group	allocation	and	effect	size	as	Cohen’s	d	effect	
size	and	ratio	effect	size	using	capsaicin	injury	as	M2	and	the	denominator	in	these	calculations.		

	

The	 original	 sample	 UPLC-MS	 showed	 these	 features	 at	 a	 RT	 of	 7.49.	 	 This	 has	 shifted	 by	 0.1	

minutes	 to	 7.5	 minutes	 in	 the	 UPLC-MS/MS.	 	 The	 four	 features	 identified	 as	 important	 (609.3,	

205.1,	 192.1	 and	 177.1m/z)	 were	 present	 either	 by	 fragmentation	 of	 609.1m/z	 alone	 or	 from	

further	fragmentation	of	the	most	abundant	fragments	of	609.1m/z	(236	and	221	m/z).	The	UPLC-

MS/MS	of	221	m/z	(Figure	7-14,	box	A)	produced	fragments	at	205	and	177	m/z	and	UPLC-MS/MS	

of	236	m/z	(Figure	7-14,	box	B)	produced	fragments	at	192	and	177	m/z.	 	Fragmentation	of	both	

these	ions	produced	a	common	148.1190	m/z	fragment.			
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Figure	7-14	ESI-	mode	UPLC-MS/MS	spectrum	of	609.3	m/z	at	a	retention	time	of	7.5	min		
Boxes	A	 and	B	 show	additional	UPLC-MS/MS	 spectra	 for	 the	 two	most	 abundant	 fragments	A:	 ESI-	
mode	UPLC-MS/MS	spectra	of	221.2	m/z	at	7.5	min	focused	on	the	m/z	range	140	to	210	B:	ESI-	mode	
UPLC-MS/MS	spectra	of	236.1	m/z	at	7.5	min,	focused	on	the	m/z	range	110	to	270.		

	

Of	the	77	features	with	VIP	>1	not	selected	for	UPLC-MS/MS,	one	further	feature	demonstrated	a	

significant	predictor	effect	(p	values	<0.05	(FDR	corrected)	and	p[corr]1	>0.4	or	<-0.4).	Figure	7-15	

shows	the	OPLS-DA	model,	loadings	and	S	plots	for	this	feature	(6.90_406	RT_m/z).		In	contrast	to	

the	four	previously	identified	features	from	this	model,	this	feature	predicts	group	membership	to	

the	capsaicin	injury	group.	Due	to	the	difference	in	retention	time,	this	is	unlikely	to	represent	the	

same	feature	as	 that	predicting	towards	the	thermal	 injury	group	membership.	 	This	 feature	was	

not	identified.	
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Figure	7-15	ESI-	mode	UPLC-MS	data	:	Feature	from	OPLS-DA	model	for	thermal	injury	and	capsaicin	
injury	not	selected	for	UPLC-MS/MS		
Feature	 6.90_406	 was	 not	 selected	 for	 UPLC-MS/MS	 but	 demonstrated	 appropriate	 VIP	 values,	
confidence	 intervals	 on	 loadings	 column	plots,	 p	 value	 for	 group	 comparison	 and	p[corr]1	 value	 to	
suggest	it	was	predictive	of	group	membership.	
A:	OPLS-DA	scores	plot	B:	OPLS-DA	loadings	plot	with	Y	matrix	groups	in	purple	representing	thermal	
injury	(left)	and	capsaicin	injury	(right).	Features	explored	in	this	figure	are	labelled	by	their	RT_m/z	C:	
OPLS-DA	S	plot	with	 focused	box	 for	 the	 features	 location,	 labelled	RT_m/z	D:	Table	of	 the	 feature	
including	 VIP	 value:	 variable	 influence	 on	 the	 projection,	 p	 value:	 from	Mann	Whitney	 U	 testing,	
adjusted	for	a	 false	detection	rate,	p[corr]1:	reflecting	the	reliability	of	the	feature	to	predict	group	
allocation	and	effect	size	as	Cohen’s	d	effect	size	and	ratio	effect	size	using	capsaicin	injury	as	M2	and	
the	denominator	in	these	calculations.	

Mann	Whitney	U	 tests	were	 conducted	 for	 both	 the	 injury	 and	 control	 sample	 site	 data.	 	 There	

were	66	 further	 features	 that	had	an	 FDR	adjusted	 significant	p	 value	 (<0.05)	 for	only	 the	 injury	

sample	 site	 group	 comparisons	and	a	p[corr]1	 value	of	 either	>0.4	or	<-0.4.	 	 These	had	 failed	 to	

generate	a	VIP	value	of	>1	and	had	therefore	not	been	taken	 for	UPLC-MS/MS.	 	As	stated	 in	 the	

methods	chapter	(section	3.8.2.5)	some	investigators	use	S	plots	and	p[corr]1	and	not	VIP	values	to	

identify	 important	 features	 in	 group	 separation.	 Therefore	 taking	 a	 less	 stringent	 approach	 to	

feature	 identification,	 could	 lead	 to	 the	 consideration	of	 a	 further	 66	possible	 features.	 (340)	Of	

these	 66	 features;	 5	 had	 p[corr]1	 value	 less	 than	 -0.4	 and	 predicted	 thermal	 injury	 group	

membership	and	61	had	p[corr]1	above	0.4	and	predicted	capsaicin	injury	group	membership	(see	

section	10.3.6,	Table	10-11	for	the	feature	list).			
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6.90_406.8690	 1.15	 0.00005	 0.54	 1.12	 0.65	
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7.3.3.2 Thermal	injury	and	UVB	injury	OPLS-DA	models	

OPLS-DA	 model	 parameters	 for	 thermal	 and	 UVB	 injury	 ESI+	 and	 ESI-	 mode	 UPLC-MS	 data	 are	

presented	in	Table	7-4.		

ESI	mode	 Number	of	
predictive	
component	

Number	of	
orthogonal	
components	

R2X	
(cum)	

R2X	
(pred)	

R2Y	
(cum)	

R2	 Q2	 CV-ANOVA	
p	value	

Positive	 1	 3	 0.709	 0.03	 1	 0.889	 0.545	 2.3e-6	

Negative	 1	 5	 0.691	 0.04	 1	 0.964	 0.579	 1.2e-5	

Table	7-4	OPLS-DA	model	parameters	for	UPLC-MS	thermal	injury	and	UVB	injury	data			
ESI:	electron	spray	ionisation,	R2X(cum):	predictive	and	orthogonal	variation	in	X	explained	by	the	X	
model,	 R2X(pred):	 variation	 in	 X	 explained	 by	 the	 predictive	 component	 of	 the	 model,	 R2Y(cum):	
variation	in	Y	explained	by	the	Y	model,	R2:	the	fraction	of	data	explained	by	the	model	Q2:	the	ability	
of	model	to	predict	new	data	CV-ANOVA	:	cross	validation	analysis	of	variance	

	

	

Figure	7-16	Flow	diagram	of	 features	 included	and	excluded	at	each	stage	of	analysis	 for	 thermal	
injury	and	UVB	injury	ESI+	mode	UPLC-MS	data		
VIP:	 variable	 influence	 on	 the	 projection,	 CI:	 confidence	 intervals,	 MS/MS:	 tandem	 mass	
spectrometry,	p[corr]1:	reliability	of	the	feature	to	predict	group	effect	in	OPLS-DA	model.	
VIP	 values	 were	 generated	 from	 the	 OPLS-DA	 model.	 	 Confidence	 intervals	 were	 considered	 on	
loadings	 scores	 column	 plots.	 	 p	 values	 were	 calculated	 from	Mann	Whitney	 U	 tests	 with	 a	 false	
detection	rate	correction	for	the	total	number	of	features	(n=2647).	
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ESI-	mode	UPLC-MS	data	with	samples	152-180	removed	were	unable	to	create	a	robust	model	for	

the	 control	 site	 sample	 comparisons	 between	 the	 thermal	 and	 UVB	models	 (see	 section	 10.3.4,	

Table	 10-5).	 	 As	 discussed	 in	 section	 7.3.2.3.4,	 this	 could	 suggest	 samples	 152-180	 influence	 the	

overall	control	site	model	unduly	and	therefore	the	ESI-	mode	model	was	not	considered	further.		

Figure	7-16	illustrates	the	loss	of	features	at	each	stage	of	the	identification	process.		

Seven	 features	were	 taken	 forward	 for	 identification	and	 their	 location	on	OPLS-DA	 loadings	and	

scores	plots	are	shown	in	Figure	7-17	alongside	their	VIP	values,	p	values,	p[corr]1	values	and	effect	

sizes.	 Five	 of	 these	 features	 predict	 group	membership	 towards	 thermal	 injury	 and	 two	 predict	

group	membership	towards	UVB	injury.		None	of	these	features	were	identified.		Feature	4.73_407	

RT_m/z	fragmented	well	at	UPLC-MS/MS	but	the	fragmentation	pattern	was	not	helpful	in	feature	

identification	using	database	and	literature	searches.	Feature	4.95_437	RT_m/z	failed	to	fragment	

at	standard	or	high	UPLC-MS/MS	collision	energies	(see	section	7.2.7).			The	final	five	features	at	RT	

of	6.89	and	6.9	minutes	were	not	found	using	UPLC-MS/MS.		

	

Figure	7-17	ESI+	mode	UPLC-MS	data	:	OPLS-DA	model	for	thermal	injury	and	UVB	injury	
A:	OPLS-DA	 scores	 plot	 B:	 OPLS-DA	 loadings	 plot	with	 Y	matrix	 groups	 in	 purple	 representing	UVB	
injury	 (left)	 and	 thermal	 injury	 (right).	 Features	 taken	 forward	 in	 Figure	 7-16	 are	 labelled	 by	 their	
RT_m/z	 C:	 OPLS-DA	 S	 plot	with	 the	 features	 taken	 forward	 labelled	 RT_m/z	 D:	 Table	 of	 the	 seven	
features	taken	forward	including	VIP	value:	variable	influence	on	the	projection,	p	value:	from	Mann	
Whitney	U	testing,	adjusted	for	a	false	detection	rate,	p[corr]1:	reflecting	the	reliability	of	the	feature	
to	 predict	 group	 allocation	 and	 effect	 size	 as	 Cohen’s	 d	 effect	 size	 and	 ratio	 effect	 size	 using	UVB	
injury	as	M2	and	the	denominator	in	these	calculations.		
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4.73_407.1870	 1.9	 0.00025	 -0.43	 1.01	 0.54	
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Of	 the	 252	 features	 not	 taken	 forward	 to	 UPLC-MS/MS	 analysis,	 eight	 further	 features	 were	

identified	as	having	p	values	<0.05	(FDR	corrected)	and	a	p[corr]1	>0.4	or	<-0.4	and	are	shown	in	

Figure	 7-18.	 	 Of	 these	 eight	 features,	 three	 predict	 towards	 UVB	 group	 membership	 and	 five	

predict	towards	thermal	group	membership.			

	

Figure	7-18	ESI+	mode	UPLC-MS	data	 :	Features	 from	OPLS-DA	model	 for	 thermal	 injury	and	UVB	
injury	not	selected	for	UPLC	MS/MS		
The	 eight	 features	 included	were	 not	 selected	 for	UPLC-MS/MS	but	 demonstrated	 appropriate	 VIP	
values,	 confidence	 intervals	 on	 loadings	 column	 plots,	 p	 value	 for	 group	 comparison	 and	 p[corr]1	
value	to	suggest	they	were	predictive	of	group	membership.	
A:	 OPLS-DA	 scores	 plot	 B:	 OPLS-DA	 loadings	 plot	with	 Y	matrix	 groups	 in	 purple	 representing	UVB	
injury	(left)	and	thermal	injury	(right).	Focused	boxes	highlight	features	location,	each	labelled	RT_m/z	
C:	OPLS-DA	S	plot	with	focused	box	to	highlight	some	feature	locations,	each	labelled	RT_m/z	D:	Table	
of	the	feature	including	VIP	value:	variable	influence	on	the	projection,	p	value:	from	Mann	Whitney	
U	 testing,	 adjusted	 for	 a	 false	 detection	 rate,	 p[corr]1:	 reflecting	 the	 reliability	 of	 the	 feature	 to	
predict	group	allocation	and	effect	size	as	Cohen’s	d	effect	size	and	ratio	effect	size	using	UVB	injury	
as	M2	and	the	denominator	in	these	calculations.	

Of	 the	 8	 features	 listed,	 one	 feature	 was	 identified.	 	 Feature	 1.35_123.05	 was	 identified	 as	

nicotinamide	using	online	databases,	literature	and	a	formal	10	μg/mL	standard	solution	run	on	the	

same	UPLC	column	and	MS	machine	as	all	other	samples	(see	sections	7.2.8).		The	chromatograms	

of	the	nicotinamide	standard	and	a	UVB	injury	group	sample	are	shown	in	Figure	7-19.		There	is	a	

slight	 shift	 in	 the	 retention	 time	 of	 0.1	 minutes	 between	 the	 standard	 and	 the	 sample,	 in	 part	

explained	by	the	samples	being	run	on	different	days.			
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	1.35_123.0543	 2.54	 0.000051	 -0.42	 0.62	 0.38	

	5.15_481.2590	 2.19	 0.000282	 -0.49	 1.03	 0.46	

	5.69_189.9795	 1.66	 0.000071	 0.55	 1.17	 1.64	

	5.86_362.1888	 3.21	 0.000235	 -0.52	 0.71	 0.28	

	7.22_291.1896	 2.29	 0.000162	 0.51	 0.97	 2.32	

	8.02_235.0060	 1.68	 0.000016	 0.62	 1.16	 1.65	
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Figure	7-19	BPI	chromatograms	of	A:	nicotinamide	standard	and	B:	UVB	injury	sample		
Corresponding	nicotinamide	peaks	seen	at	1.45	minutes	RT	in	the	nicotinamide	standard	and	at	1.35	
minutes	RT	in	the	UVB	injury	sample.		The	small	shift	of	0.1	minute	in	retention	time	is	permissible	in	
UPLC	MS	runs	performed	on	different	days.			
Sample	 6UB60	 is	 the	 sample	 taken	 from	 the	 injury	 site	 of	 subject	 6	 in	 the	UVB	 injury	 group	 at	 60	
minutes.	

	

Figure	 7-20	 shows	 the	 ESI+	 mode	 UPLC-MS/MS	 spectra	 for	 the	 nicotinamide	 standard,	 and	 the	

UPLC-MS	spectra	for	sample	6UB60	(sample	taken	from	the	injury	site	of	subject	6	in	the	UVB	injury	

group	 at	 60	minutes).	 	 Both	 show	 the	 precursor	 ion	 of	 nicotinamide	 at	 123.05m/z,	 alongside	 a	

number	of	matched	fragments	found	at	78,	80,	96	and	103	m/z.		

The	 OPLS-DA	 model	 parameters	 indicate	 nicotinamide	 predicts	 membership	 in	 the	 UVB	 group.		

Figure	 7-21	 shows	 the	 relative	 abundance	 of	 nicotinamide	 in	 all	 the	 thermal	 injury	 samples	

compared	with	UVB	injury	samples.		There	is	an	increased	abundance	of	nicotinamide	in	UVB	injury	

samples	(in	keeping	with	the	loadings	and	S-plots	from	Figure	7-18B	and	7-18C).	
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Figure	 7-20	 A:	 ESI+	 mode	 UPLC-MS/MS	 spectra	 of	 the	 nicotinamide	 standard	 and	 B:	 ESI+	 mode	
UPLC-MS	spectra	of	a	UVB	injury	sample		
Corresponding	spectra	 focused	on	the	range	60-125m/z	 from	peaks	marked	on	the	chromatograms	
from	 Figure	 7-19.	 	 Both	 spectra	 show	 an	 ion	 with	 123.05m/z	 that	 corresponds	 to	 the	 M+H	
nicotinamide	ion	(neutral	chemical	structure	indicated).	 	Further	peaks	common	to	both	spectra	are	
labelled.		The	chemical	structural	change	that	would	lead	to	the	production	of	the	80.05m/z	fragment	
from	nicotinamide	is	also	shown.		Sample	6UB60	is	the	sample	taken	from	the	injury	site	of	subject	6	
in	the	UVB	injury	group	at	60	minutes.	

	
Mann	Whitney	U	 tests	were	 conducted	 for	 both	 the	 injury	 and	 control	 sample	 site	 data.	 	 There	

were	16	 further	 features	 that	had	an	 FDR	adjusted	 significant	p	 value	 (<0.05)	 for	only	 the	 injury	

sample	 site	 group	 comparisons	and	a	p[corr]1	 value	of	 either	>0.4	or	<-0.4.	 	 These	had	 failed	 to	

generate	 a	 VIP	 value	 of	 >1	 and	 had	 therefore	 not	 been	 taken	 forward	 for	 UPLC-MS/MS.	 	 These	

could	 represent	 a	 further	 16	 possible	 features	 to	 consider	 in	 group	 separation	 of	 which	 4	 had	

p[corr]1	value	less	than	-0.4,	predicting	UVB	injury	group	membership	and	12	had	p[corr]1	above	

0.4,		predicting	thermal	injury	group	membership.	(See	section	10.3.6,	Table	10-11	for	the	feature	

list).			
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Figure	7-21	Relative	abundance	of	nicotinamide	in	thermal	injury	and	UVB	injury	samples		
TB:	thermal	injury,	UB:	UVB	injury.		n=30	samples	per	injury	model.		Nicotinamide	is	feature	
1.35_123.05	RT_m/z.	Individual	data	points	included	alongside	median	and	interquartile	range.	
Significance	calculated	using	Mann-Whitney	tests,	**p<0.001	

	

7.3.3.3 Capsaicin	injury	and	UVB	injury	OPLS-DA	models	

OPLS-DA	model	 parameters	 for	 capsaicin	 and	 UVB	 injury	 ESI+	 and	 ESI-	mode	 UPLC-MS	 data	 are	

presented	in	Table	7-5.		

ESI	mode	 Number	of	
predictive	
component	

Number	of	
orthogonal	
components	

R2X	
(cum)	

R2X	
(pred)	

R2Y	
(cum)	

R2	 Q2	 CV-ANOVA	
p	value	

Positive	 1	 3	 0.656	 0.03	 1	 0.954	 0.822	 3.3e-16	

Negative	 1	 3	 0.583	 0.08	 1	 0.956	 0.864	 1.8e-19	

Table	7-5	OPLS-DA	model	parameters	for	UPLC-MS	capsaicin	injury	and	UVB	injury	data			
ESI:	electron	spray	ionisation,	R2X(cum):	predictive	and	orthogonal	variation	in	X	explained	by	the	X	
model,	 R2X(pred):	 variation	 in	 X	 explained	 by	 the	 predictive	 component	 of	 the	 model,	 R2Y(cum):	
variation	in	Y	explained	by	the	Y	model,	R2:	the	fraction	of	data	explained	by	the	model	Q2:	the	ability	
of	model	to	predict	new	data	CV-ANOVA	:	cross	validation	analysis	of	variance	

	

7.3.3.3.1 Positive	ESI	mode	models	
Figure	 7-22	 illustrates	 the	 loss	 of	 features	 at	 each	 stage	 of	 the	 identification	 process.	 	 	 The	 4	

features	 that	 were	 significant	 are	 shown	 in	 Figure	 7-23,	 including	 their	 location	 on	 the	 OPLS	

loadings	 plot	 and	 S	 plot.	 	 All	 four	 features	 predicted	 group	membership	 to	 the	 capsaicin	 injury	

group.			
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Figure	7-22	Flow	diagram	of	features	included	and	excluded	at	each	stage	of	analysis	for	capsaicin	
injury	and	UVB	injury	ESI+	mode	UPLC-MS	data	
VIP:	 variable	 influence	 on	 the	 projection,	 CI:	 confidence	 intervals,	 MS/MS:	 tandem	 mass	
spectrometry,	p[corr]1:	reliability	of	the	feature	to	predict	group	effect	in	OPLS-DA	model.			
VIP	 values	 were	 generated	 from	 the	 OPLS-DA	 model.	 	 Confidence	 intervals	 were	 considered	 on	
loadings	 scores	 column	 plots.	 	 p	 values	 were	 calculated	 from	Mann	Whitney	 U	 tests	 with	 a	 false	
detection	rate	correction	for	the	total	number	of	features	(n=2647).	
	

Feature	 7.43_360	 RT_m/z	 fragmented	 well	 in	 UPLC-MS/MS	 however	 the	 fragmentation	 pattern	

that	 included	 fragments	 at	 287	 and	 211m/z	were	 not	 listed	 in	 any	major	 database	 or	 found	 by	

literature	searches	and	the	feature	was	hence	not	identified.		

The	three	features	with	a	retention	time	of	7.50	minutes	were	identified	as	sodiated	capsaicin	and	

capsaicin	 fragments	by	UPLC-MS/MS.	 	 The	 chromatograms	of	 the	 capsaicin	 standard	and	 sample	

15CB60	 (the	 sample	 taken	 from	 the	 injury	 site	 in	 subject	 15	 of	 the	 capsaicin	 injury	 group	 at	 60	

minutes)	are	shown	 in	Figures	7-24.	 	 	Corresponding	peaks	occur	at	precisely	 the	same	retention	

time	 (7.52	 minutes)	 in	 both	 chromatograms	 and	 are	 labelled,	 representing	 a	 shift	 between	 the	

UPLC-MS	and	UPLC-MS/MS	run	of	0.02	minutes.			
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Figure	 7-23	 ESI+	mode	 UPLC-MS	 data	 :	 OPLS-DA	model	 for	 capsaicin	 injury	 compared	 with	 UVB	
injury	
A:	OPLS-DA	 scores	 plot	 B:	 OPLS-DA	 loadings	 plot	with	 Y	matrix	 groups	 in	 purple	 representing	UVB	
injury	 (left)	 and	 capsaicin	 injury	 (right).	 Features	 taken	 forward	 in	 Figure	 7-22	 are	 labelled	by	 their	
RT_m/z	 C:	 OPLS-DA	 S	 plot	 with	 the	 features	 taken	 forward	 labelled	 RT_m/z	 D:	 Table	 of	 the	 four	
features	taken	forward	including	VIP	value:	variable	influence	on	the	projection,	p	value:	from	Mann	
Whitney	U	testing,	adjusted	for	a	false	detection	rate,	p[corr]1:	reflecting	the	reliability	of	the	feature	
to	predict	group	allocation	and	effect	size	as	Cohen’s	d	effect	size	and	ratio	effect	size	using	capsaicin	
injury	as	M2	and	the	denominator	in	these	calculations.	

	

	

Figure	7-24	BPI	chromatograms	of	A:	capsaicin	standard	and	B:	capsaicin	injury	sample		
Corresponding	peaks	are	found	at	7.52	minutes	RT	in	both	chromatograms.			
Sample	15CB60	is	the	sample	taken	from	the	injury	site	of	subject	15	in	the	capsaicin	injury	group	at	
60	minutes.			

	

Features		
RT_m/z	

VIP	
value	

Mann	
Whitney	U	
test	p	value	

p[corr]1	
Cohen’s	d	
effect	size	

RaEo		
effect	size	

7.43_360.1722	 2.37	 0.000411	 0.54	 0.84	 2.38	

7.50_137.0590	 7.63	 0	 0.78	 1.19	 13.88	

7.50_170.1529	 8.45	 0	 0.66	 1.23	 16.44	

7.50_328.1850	 11.36	 0	 0.80	 1.16	 44.70	

7.50_137	

7.50_328	

7.43_360	
7.50_170	

7.43_360	

7.50_137	

7.50_170	

7.50_328	

A		 B		

C		 D		

0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00 10.50 11.00 11.50 

%
 

0 

100 
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00 10.50 11.00 11.50 

%
 

0 

100 

R
el

at
iv

e 
in

te
ns

ity
 (%

) 

Reten%on	%me	(min)	

Standard	:	capsaicin	

Sample	15CB60	

A	

B	



214	
	

	

The	spectra	from	the	peaks	found	at	an	RT	of	7.52	in	both	the	standard	and	sample	are	shown	in	

Figure	7-25.	 	The	328m/z	 ion	represents	a	sodiated	capsaicin	 ion.	Common	 ions	are	seen	 in	both	

spectra	at	306m/z,	which	is	the	protonated	capsaicin	ion,	and	capsaicin	fragments	at	182,	170	and	

137	m/z.		

	

Figure	 7-25	A:	 ESI+	mode	UPLC-MS/MS	 spectra	 of	 the	 capsaicin	 standard	B:	 ESI+	mode	UPLC-MS	
spectra	of	a	capsaicin	injury	sample.			
Corresponding	 spectra	 focused	 on	 the	 range	 130-330m/z	 from	 the	 peaks	 marked	 on	 the	
chromatograms	in	Figure	7-24.	Both	spectra	show	an	ion	of	328	m/z	that	corresponds	to	the	sodiated	
capsaicin	 ion	 (chemical	 structure	 shown).	 	 Further	 peaks	 common	 to	 both	 spectra	 are	 labelled	 at	
306m/z	 (the	 protonated	 capsaicin	 ion)	 and	 182,	 170	 and	 137	 m/z	 (capsaicin	 fragments).	 	 Sample	
15CB60	 is	 the	 sample	 taken	 from	 the	 injury	 site	 of	 subject	 15	 in	 the	 capsaicin	 injury	 group	 at	 60	
minutes.	

	

The	 OPLS-DA	 model	 parameters	 in	 Figure	 7-23	 indicate	 capsaicin	 predicts	 membership	 to	 the	

capsaicin	group.		Figure	7-26	shows	the	relative	abundance	of	the	sodiated	capsaicin	ion,	and	two	

capsaicin	 fragments	 (137	 and	 170m/z)	 in	 all	 capsaicin	 injury	 samples	 compared	with	 UVB	 injury	

samples.	 	 There	 is	 an	 increase	 in	 abundance	 of	 these	 ions	 in	 the	 capsaicin	 injury	 samples	 (in	

keeping	with	the	loadings	and	S	plots	from	Figures	7-23B	and	7-23C).	

Of	 the	 124	 features	 not	 taken	 forward	 to	 UPLC-MS/MS	 analysis	 a	 further	 18	 features	 were	

identified	as	having	p	values	<0.05	(FDR	corrected)	and	a	p[corr]1	>0.4	or	<-0.4.		These	features	are	

shown	 in	 Figure	 7-27	 (scores	 plot	 not	 shown,	 see	 7-23A),	 with	 ten	 features	 predicting	 towards	

capsaicin	group	membership	and	8	predicting	towards	UVB	group	membership.		No	features	in	this	

list	were	identified.		
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Figure	 7-26	 Relative	 abundance	 of	 sodiated	 capsaicin	 and	 capsaicin	 fragments	 in	 capsaicin	 injury	 and	 UVB	 injury	
samples			
A:	 7.5_137	 feature	 (capsaicin	 fragment)	 B:	 7.5_170	 feature	 (capsaicin	 fragment)	 C:	 7.5_328	 (sodiated	 capsaicin).	 	 CB:	
capsaicin	 injury,	 UB:	 UVB	 injury.	 	 n=30	 samples	 per	 injury	 group.	 	 Individual	 data	 points	 included	 with	 median	 and	
interquartile	range.		Significance	calculated	using	Mann-Whitney	tests,	**p<0.001	

	
Figure	7-27	ESI+	mode	UPLC-MS	data:	Features	from	OPLS-DA	model	for	capsaicin	injury	and	UVB	injury	not	selected	
for	UPLC-MS/MS	
The	eighteen	features	were	not	selected	for	UPLC-MS/MS	but	demonstrated	appropriate	VIP	values,	confidence	intervals	
on	loadings	column	plots,	p	values	and	p[corr]1	value	to	suggest	they	were	predictive	of	group	membership.	The	scores	
plot	 is	not	shown	(see	Figure	7-23A).	 	A:	OPLS-DA	 loadings	plot	with	Y	matrix	groups	 in	purple	representing	UVB	 injury	
(left)	 and	 capsaicin	 injury	 (right).	 Focused	 boxes	 highlight	 feature	 locations,	 each	 labelled	 RT_m/z	 C:	 OPLS-DA	 S	 plot.	
Focused	 boxes	 highlight	 some	 feature	 locations,	 each	 labelled	 RT_m/z	 D:	 Table	 of	 the	 features	 including	 VIP	 value:	
variable	influence	on	the	projection,	p	value:	from	Mann	Whitney	U	testing,	adjusted	for	a	false	detection	rate,	p[corr]1:	
reflecting	the	reliability	of	the	feature	to	predict	group	allocation	and	effect	size	as	Cohen’s	d	effect	size	and	ratio	effect	
size	using	UVB	injury	as	M2	and	the	denominator	in	these	calculations.	
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Mann	Whitney	U	 tests	were	 conducted	 for	 both	 the	 injury	 and	 control	 sample	 site	 data.	 	 There	

were	18	 further	 features	 that	had	an	 FDR	adjusted	 significant	p	 value	 (<0.05)	 for	only	 the	 injury	

sample	 site	 group	 comparisons	and	a	p[corr]1	 value	of	 either	>0.4	or	<-0.4.	 	 These	had	 failed	 to	

generate	 a	 VIP	 value	 of	 >1	 and	 had	 therefore	 not	 been	 taken	 for	 UPLC-MS/MS.	 	 These	 could	

represent	a	further	18	possible	features	to	consider	in	predicting	group	separation	of	which	4	had	

p[corr]1	value	less	than	-0.4,	predicting	UVB	injury	group	membership	and	14	had	p[corr]1	above	

0.4,	predicting	capsaicin	injury	group	membership	(See	section	10.3.6,	Table	10-11	for	the	feature	

list).			

7.3.3.3.2 Negative	ESI	mode	models	
The	 features	 taken	 forward	 for	 UPLC-MS/MS	 failed	 to	 demonstrate	 statistical	 significance	 with	

univariate	 statistical	 testing.	 Figure	 7-28	 illustrates	 the	 loss	 of	 features	 at	 each	 stage	 of	 the	

identification	process.		

	

Figure	7-28	Flow	diagram	of	features	included	and	excluded	at	each	stage	of	analysis	for	capsaicin	
injury	and	UVB	injury	ESI-	mode	UPLC-MS	data		
VIP:	 variable	 influence	 on	 the	 projection,	 CI:	 confidence	 intervals,	 MS/MS:	 tandem	 mass	
spectrometry,	p[corr]1:	reliability	of	the	feature	to	predict	group	effect	in	OPLS	DA	model.	
VIP	 values	 were	 generated	 from	 the	 OPLS-DA	 model.	 	 Confidence	 intervals	 were	 considered	 on	
loadings	 scores	 column	 plots.	 	 p	 values	 were	 calculated	 from	Mann	Whitney	 U	 tests	 with	 a	 false	
detection	rate	correction	for	the	total	number	of	features	(n=2007).	
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From	this	OPLS-DA	model	(ESI-	mode	UPLC-MS	data	for	capsaicin	injury	and	UVB	injury)	six	features	

were	 found	at	 a	RT	of	 1.37	 that	 generated	VIP	 values	of	 greater	 than	1	however	 failed	 to	 reach	

statistically	 significant	 p	 values	 on	 group	 comparisons	 with	 Mann	 Whitney	 U	 tests	 once	 a	 FDR	

correction	was	applied.		The	spectra	of	all	six	features	contained	a	common	ion	(167m/z)	that	was	

identified	as	uric	acid.		The	chromatograms	of	the	ESI-	mode	UPLC-MS/MS	of	the	uric	acid	standard	

and	a	QC	sample	show	corresponding	peaks	at	1.45	RT	for	uric	acid	(see	in	Figure	7-29).			

	
Figure	7-29	BPI	chromatogram	of	A:	uric	acid	standard	and	B:	QC	sample			
Corresponding	peaks	are	 found	at	1.45	minutes	RT	 in	both	chromatograms.	 	A	0.8	minute	shift	has	
occurred	in	RT	between	the	UPLC-MS/MS	and	original	UPLC-MS	run	that	took	place	on	separate	days.		

	

A	 total	 of	 seventeen	 features	 had	 a	 RT	 of	 1.37	 in	 the	 ESI-	 mode	 UPLC-MS	 complete	 dataset,	

including	uric	acid.	 	Features	sharing	 the	same	retention	 time	may	represent	product	 ions	of	 the	

same	precursor.		The	relationship	between	uric	acid	(the	precursor	ion)	and	potential	product	ions	

was	explored	by	calculating	Spearman’s	 correlation	coefficient	 for	 relative	abundance	with	 those	

correlating	being	assumed	 to	have	a	 chemical	 relationship	 (see	 section	10.3.7,	 Table	10-8).	 	One	

feature	 failed	to	demonstrate	a	statistically	significant	correlation	and	was	rejected	as	a	uric	acid	

product	ion.	The	abundance	of	the	remaining	ions	and	uric	acid	were	pooled	and	further	analysed	

within	the	dataset	considered	as	one	feature,	rather	than	16	separate	features.	Mann	Whitney	U	

tests	were	performed	to	compare	the	capsaicin	injury	and	UVB	injury	samples	for	all	features.		For	

the	new	uric	acid	 feature,	statistical	significance	was	observed	between	capsaicin	 injury	and	UVB	

injury	samples	 (p	value	of	0.001,	with	a	FDR	adjusted	significance	p	value	of	0.05	using	a	 revised	

denominator	of	1991).	Due	to	the	pooled	data	univariate	outcome,	six	 features	from	the	1.37	RT	

had	OPLS-DA	VIP	values	greater	than	1	and	were	taken	forward	for	UPLC-MS/MS.	

Figure	 7-30	 shows	 the	UPLC-MS	 spectra	 for	 both	 the	uric	 acid	 standard	 and	 a	QC	 sample	 at	 the	

retention	time	1.45	minutes.	 	Both	show	uric	acid	at	167m/z	and	common	uric	acid	fragments	at	

124	and	96	m/z.		Product	ions	of	uric	acid	are	seen	in	both	spectra	at	335,	357,	547	and	737	m/z.			
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Figure	7-30	A:	ESI-	mode	UPLC-MS	spectra	of	the	uric	acid	standard	B:	ESI-	mode	UPLC-MS	spectra	of	a	QC	sample	
Corresponding	spectra	focused	on	the	range	80-740m/z	from	the	peaks	marked	on	the	chromatograms	in	Figure	7-29.	
In	both	spectra	the	 ion	with	greatest	abundance	at	167m/z	that	corresponds	to	the	protonated	uric	acid	 ion	(neutral	
chemical	structure	shown).		Further	common	fragments	are	seen	at	124	(following	the	43m/z	fragment	removal	shown	
on	 the	 uric	 acid	 structure)	 and	 96m/z.	 	 Product	 ions	 of	 uric	 acid	 are	 common	 to	 both	 spectra	 at	 335,	 357,	 547	 and	
737m/z.			

	
Figure	7-31	ESI-	mode	UPLC-MS	data:	Features	in	the	OPLS-DA	model	for	capsaicin	and	UVB	injury	found	at	RT	1.37		
The	ten	features	included	are	from	the	total	of	sixteen	features	identified	in	ESI-	UPLC-MS	data	at	a	retention	time	of	
1.37.			A:	OPLS-DA	scores	plot	B:	OPLS-DA	loadings	plot	with	Y	matrix	groups	in	purple	representing	UVB	injury	(left)	and	
capsaicin	injury	(right).	The	focused	box	highlight	feature	locations,	each	labelled	with	their	m/z	C:	OPLS-DA	S	plot	with	
focused	box	to	highlight	the	feature	locations,	each	labelled	with	their	m/z	D:	Table	of	the	ten	features	including	the	VIP	
value:	variable	influence	on	the	projection	if	it	is	above	1	in	the	model.			
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Figure	7-31	highlights	the	location	on	the	OPLS	loadings	plot	and	S	plot	of	nine	of	the	product	ions	

and	uric	acid,	which	all	predict	group	membership	towards	the	UVB	injury	group.		As	significance	to	

group	separation	was	confirmed	in	univariate	analysis	by	pooling	all	product	 ions	with	uric	acid	p	

values	and	effect	sizes	for	each	ion	have	not	been	included.	

Four	of	the	product	ions	shown	in	Figure	7-31	with	a	VIP	greater	than	one	were	taken	forward	to	

UPLC-MS/MS	 to	 consider	 fragmentation	 patterns	 (1.37_737	was	 not	 taken	 for	UPLC-MS/MS).	 	 A	

number	 of	 fragments	 and	 adducts	 were	 obtained	 that	 corresponded	 to	 adducts	 of	 uric	 acid	 or	

oligomer	uric	acid	molecules,	with	alkali	metal	ions	or	fragments	of	uric	acid.		Uric	acid	fragments	

of	 43	 and	 124m/z	 (as	 shown	 in	 Figure	 7-30	 on	 the	 chemical	 structure)	 were	 common	 adducts,	

alongside	sodium	and	potassium	ions.			The	UPLC-MS/MS	spectra	of	the	QC	sample	for	the	selected	

four	features	are	shown	in	Figure	7-32,	with	Table	7-6	summarising	the	product	ions.			

	

	

Figure	7-32	ESI-	UPLC-MS/MS	spectra	of	the	QC	sample	at	a	retention	time	of	1.37			
Features	selected	had	a	VIP	value	of	>1	from	the	OPLS-DA	model	of	capsaicin	injury	and	UVB	injury		
A:	 357m/z	 ion	 fragmented	 B:	 731m/z	 ion	 fragmented	 C:	 547m/z	 ion	 fragmented	 D:	 541	 ion	
fragmented	
All	 product	 ions	 where	 the	 composition	 has	 been	 determined	 are	 labelled	 as	 both	 the	 chemical	
composition	and	mass	to	charge	ratio	(m/z).	
M:	 uric	 acid,	 the	 precursor	 molecule	 M-H:	 deprotonated	 molecule	 2M:	 dimer	 3M:	 trimer	 4M:	
tetramer	43	frag:	fragment	of	uric	acid	with	molecular	weight	of	43	(shown	in	Figure	7-31)	Na:	sodium	
K:	potassium	
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Description	of	the	ion	 Chemical	representation	 m/z	
Small	fragment	
	 43	frag	 43n	

Large	fragment	
	 M	–	43	frag	 124n	

Precursor			
	 M	-	H	 167	

Precursor	with	loss	of	small	fragment		
	 M	-	43	frag	-	H	 124	

Precursor	with	large	fragment	attached	
	 M	+	(M	-	43	frag)	-	H	 291	

Precursor	with	 loss	of	 small	 fragment	and	 the	 large	 fragment	
attached	 M	-	43	frag	+	(M	-	43	frag)	-	H	 248	

Sodiated	dimer	with	loss	of	small	fragment		
	 2M	-	43	frag	+	Na	-	2H	 314	

Potasiated	dimer	with	loss	of	small	fragment		
	 2M	-	43	frag	+	K	-	2H	 330	

Dimer	with	2	sodium’s	attached	and	loss	of	small	fragment		
	 2M–	43	frag	+	2Na	-	3H	 336	

Sodiated	dimer	
	 2M	+	Na	-	2H	 357	

Potasiated	dimer		
	 2M	+	K	-	2H	 373	

Dimer	with	2	sodium’s	attached	
	 2M	+	2Na	-	3H	 379	

Dimer	with	sodium	and	potassium	attached	
	 2M	+	Na	+	K	-	3H	 395	

Dimer	with	loss	of	small	fragment	and	large	fragment	attached		
	 2M	+	(M	-	frag)	-	43	frag	-	H	 416	

Sodiated	dimer	with	 loss	of	 the	 small	 fragment	and	 the	 large	
fragment	attached	 2M	+	Na	+	(M	-	frag)	-	43	frag	-	H	 438	

Potasiated	trimer	with	loss	of	small	fragment		
	 3M	-	43	frag	+	K	-	2H	 498	

Trimer	with	potassium	and	sodium	added	and	loss	of	the	small	
fragment	 3M	-	43	frag	+	Na	+	K	-	3H	 520	

Potasiated	trimer	
	 3M	+	K	-	2H	 541	

Trimer	with	2	sodium’s	attached	
	 3M	+	2Na	-	3H	 547	

Trimer	with	sodium	and	potassium	attached	
	 3M	+	Na	+	K	-	3H	 563	

Tetramer	with	sodium	and	potassium	attached	
	 4M	+	Na	+	K	-	3H	 731	

Tetramer	with	3	sodium’s	attached	
	 4M	+	3Na	-	4H	 737	

Table	7-6	Precursor	and	product	ions	(fragments	and/or	adducts)	from	ESI-	mode	UPLC-MS/MS	of	
features	identified	in	Figure	7-32	
All	ions	found	in	Figure	7-32	except	for	the	product	ion	with	737m/z	shown	in	Figure	7-30	

	

The	OPLS-DA	model	plots	in	Figure	7-31	indicate	that	uric	acid	and	its	product	ions	predict	towards	

membership	in	the	UVB	injury	group.			
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Figure	7-33	Pooled	abundance	of	16	 features	with	a	 retention	time	of	1.37	 in	ESI-	mode	UPLC-MS	data	 for	capsaicin	
injury	and	UVB	injury	samples		
CB:	capsaicin	injury,	UB:	UVB	injury.		Individual	data	points	are	not	shown	as	this	represents	over	400	separate	data	points	
per	model.		Median	and	interquartile	ranges	are	shown.		Significance	calculated	using	Mann-Whitney	tests,	*p<0.05	

	

	
Figure	7-34	ESI-	mode	UPLC-MS	data:	Features	from	OPLS-DA	model	for	capsaicin	injury	and	UVB	injury	not	selected	for	
UPLC	MS/MS		
The	 six	 features	 included	 were	 not	 selected	 for	 UPLC-MS/MS	 but	 demonstrated	 appropriate	 VIP	 values,	 confidence	
intervals	on	 loadings	column	plots,	p	value	for	group	comparison	and	p[corr]1	value	to	suggest	they	were	predictive	of	
group	membership.		A:	OPLS-DA	loadings	plot	with	Y	matrix	groups	in	purple	representing	UVB	injury	(left)	and	capsaicin	
injury	(right).	The	focused	box	highlights	feature	locations,	each	labelled	RT_m/z	C:	OPLS-DA	S	plot	with	a	focused	box	to	
highlight	 feature	 locations,	each	 labelled	RT_m/z	D:	Table	of	the	features	 including	VIP	value:	variable	 influence	on	the	
projection,	p	value:	from	Mann	Whitney	U	testing,	adjusted	for	a	false	detection	rate,	p[corr]1:	reflecting	the	reliability	of	
the	feature	to	predict	group	allocation	and	effect	size	as	Cohen’s	d	effect	size	and	ratio	effect	size	using	UVB	injury	as	M2	
and	the	denominator	in	these	calculations.	
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Figure	7-33	shows	 the	 relative	abundance	of	all	 the	 features	 found	at	 the	 retention	 time	of	1.37	

pooled	 together,	 which	 indicate	 an	 overall	 increased	 abundance	 in	 the	 UVB	 injury	 samples	

compared	to	the	capsaicin	samples	(in	keeping	with	the	loadings	and	S	plots	from	Figure	7-31B	and	

7-31C).	

Of	the	24	features	not	taken	forward	to	UPLC-MS/MS	analysis,	6	further	features	were	identified	as	

having	p	values	<0.05	 (FDR	corrected)	and	a	p[corr]1	>0.4	or	<-0.4.	 	These	 features	are	shown	 in	

Figure	7-34,	with	all	features	predicting	towards	the	capsaicin	group	membership.		No	features	on	

this	list	were	identified.	

Mann	Whitney	U	 tests	were	 conducted	 for	 both	 the	 injury	 and	 control	 sample	 site	 data.	 	 There	

were	36	 further	 features	 that	had	an	 FDR	adjusted	 significant	p	 value	 (<0.05)	 for	only	 the	 injury	

sample	 site	 group	 comparisons	and	a	p[corr]1	 value	of	 either	>0.4	or	<-0.4.	 	 These	had	 failed	 to	

generate	 a	 VIP	 value	 of	 >1	 and	 had	 therefore	 not	 been	 taken	 for	 UPLC-MS/MS.	 	 These	 could	

represent	a	further	36	possible	features	to	consider	in	predicting	group	separation	of	which	29	had	

p[corr]1	 value	 less	 than	 -0.4,	predicting	UVB	 injury	 group	membership	and	7	had	p[corr]1	above	

0.4,		predicting	capsaicin	injury	group	membership	(See	section	10.3.6,	Table	10-11	for	the	feature	

list).			

7.4 Discussion	

The	 aim	 of	 this	 chapter	 was	 to	 characterise	 and	 compare	 the	 metabolic	 components	 of	 DMD	

samples	 taken	 from	 three	 human	 experimental	 pain	models.	 	 30	 healthy	 human	 subjects	 had	 a	

thermal	burn	injury,	capsaicin	injury	or	UVB	burn	injury	experimental	pain	model	imparted	on	their	

forearm.		DMD	samples	were	collected	and	analysed	using	UPLC-MS	and	UPLC-MS/MS	to	identify	

metabolic	features	that	differentiated	between	the	experimental	pain	model	types.			

The	three	main	findings	were	that;	

• Capsaicin	and	 its	product	 ions	strongly	 influenced	predicting	capsaicin	group	membership	

compared	to	the	two	other	injury	model	groups	

• Uric	 acid	when	 considered	 alongside	 its	 product	 ions,	 predicted	 thermal	 and	UVB	 group	

membership	compared	to	the	capsaicin	injury	group	

• Nicotinamide	predicted	UVB	and	capsaicin	group	membership	compared	to	thermal	injury	

group	
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7.4.1 Capsaicin	as	an	experimental	positive	control	
Sodiated	capsaicin	and	its	fragments	were	found	to	be	an	influential	feature	identifying	samples	in	

the	 capsaicin	 injury	 group.	 	 The	 presence	 of	 sodiated	 capsaicin	 was	 confirmed	 from	 matching	

chromatogram	 and	 spectra	 between	 capsaicin	 injury	 samples	 and	 a	 capsaicin	 standard,	 but	 also	

through	matching	of	fragmentation	patterns	with	published	LC-MS/MS	data.		(393,394)	

Capsaicin	 (trans-8-methyl-n-vanillul-6-nonenamide),	a	naturally	occurring	alkaloid,	 is	derived	from	

Capsicum	plants.	 	Dermal	absorption	of	capsaicin	 is	well	studied	 in	vitro	and	 in	animals,	however	

there	is	a	paucity	of	information	regarding	absorption	in	human	skin.		Pershing	et	al.	applied	a	3%	

capsaicin	solution	dissolved	 in	70%	 isopropyl	alcohol	 (82.5μg	dose)	 topically	 to	 the	 forearm	 in	12	

healthy	human	subjects.		(395)		Concentrations	in	the	stratum	corneum	were	determined	using	LC-

MS,	 as	 this	 is	 the	 layer	 of	 the	 skin	 thought	 to	 be	 the	 rate	 limiting	 barrier	 to	 drug	 uptake	 and	

absorption	due	to	its	high	lipid/protein	ratio.	(396)	Capsaicin	was	detected	in	the	stratum	corneum	

one	minute	following	topical	application.		It	reached	a	mean	steady	state	at	2	minutes	and	had	an	

elimination	half-life	of	over	24	hours.		A	peak	concentration	of	16.1	±	2.6	μg	(mean	and	SD)	in	the	

stratum	corneum	was	reached	at	15	minutes	and	was	approximately	16%	(across	all	12	subjects)	of	

the	dose	applied.	Pershing	et	al.,	used	a	similar	solvent	to	formulate	their	topical	capsaicin	solution	

to	that	used	in	this	study	(70%	isopropyl	alcohol	and	70%	ethanol	respectively).		A	similar	pattern	of	

dermal	 absorption	 should	 therefore	 have	 occurred	 within	 this	 study,	 making	 it	 likely	 capsaicin	

reached	the	DMD	probe	and	was	present	in	the	microdialysate.		Furthermore	it	is	also	appropriate	

that	sodiated	capsaicin	was	the	most	abundant	product	 ion	found.	 	Capsaicin	 in	the	skin	tends	to	

remain	unchanged	with	only	small	proportions	being	slowly	metabolized	to	vanillylamine	(primary	

metabolite)	 and	 vanillic	 acid	 (secondary	 metabolite)	 (358).	 	 The	 sodiated	 form	 was	 likely	 a	

consequence	 of	 a	 high	 concentration	 (147mmol/L)	 of	 sodium	 being	 present	 in	 the	 perfusate	

solution	 (Ringers	 solution,	 Baxter,	 UK)	 leading	 to	 an	 addition	 of	 sodium	 to	 the	 unmetabolised	

capsaicin	found	in	the	microdialysate.		

	

DMD	is	a	recognized	sampling	method	in	the	pharmaceutical	 industry	used	to	explore	tissue	drug	

chemistry,	especially	 for	 interstitial	 (extracellular)	 concentrations	of	 topically	applied	drugs.	 (252)	

The	FDA	recommended	it	be	coupled	with	high	performance	liquid	chromatography	(HPLC)	(284)	or	

other	 sensitive	analysis	 techniques	 such	as	 LC-MS/MS	and	 capillary	electrophoresis,	 due	 to	DMD	

samples	 containing	 low	 analyte	 concentrations.	 (397)	 Wang	 et	 al.	 considered	 capsaicin	

concentration	in	tissue	and	plasma	samples	in	rabbits	using	LC-MS	(391),	although	as	with	Pershing	

et	al,	used	solid	skin	samples	to	calculate	dermal	concentration.		As	such	this	is	the	first	study	using	

DMD	and	UPLC-MS	that	considers	dermal	capsaicin	in	humans	following	its	topical	application.			
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Capsaicin	was	the	only	pharmacological	intervention	used	in	this	study	and	was	used	on	the	skin	in	

only	one	of	 the	 six	possible	experimental	 sample	 conditions	 (thermal	 injury	 control	 site,	 thermal	

injury	 site,	 capsaicin	 injury	 control	 site,	 capsaicin	 injury	 site,	 UVB	 injury	 control	 site,	 UVB	 injury	

site).	 Therefore	 it	 should	only	be	present	 in	 the	 capsaicin	 injury	 site	 samples	 if	 the	experimental	

protocol	 and	 analysis	were	 successful,	 and	 ought	 to	 have	 a	 profound	 separating	 effect	 between	

experimental	 groups.	 	 	 Figure	 7-26	 outlines	 the	 differences	 in	 relative	 abundance	 of	 sodiated	

capsaicin	 and	 its	 two	 common	 fragments,	 comparing	 UVB	 injury	 samples	 and	 capsaicin	 injury	

samples.	 	This	does	not	give	 information	regarding	 the	differences	 relating	 to	 the	 remaining	 four	

other	 experimental	 conditions.	 	 Kruskal-Wallis	 tests	were	 conducted	 for	 the	 abundance	 of	 2647	

ESI+	mode	UPLC-MS	features	comparing	all	 six	experimental	conditions.	 	There	was	a	statistically	

significant	 difference	 between	 experimental	 conditions	 for	 the	 sodiated	 capsaicin	 feature	

(7.50_328),	χ2(5)	=	55.886	and	p	=	8.5786e-11	 (retained	significance	after	FDR	correction	for	2647	

features).	 	 Post	 hoc	 tests	 were	 conducted	 using	 pairwise	 Mann-Whitney	 U	 tests	 between	 all	

experimental	injury	models	and	sample	site	groupings	(15	separate	comparisons).		The	statistically	

significant	 comparisons	 are	 shown	 in	 Table	 7-7	 demonstrating	 capsaicin	 injury	 site	 being	 the	

common	 experimental	 group	 that	 differs	 from	 the	 remaining	 groups	 (all	 other	 pairwise	

comparisons	did	not	demonstrate	statistical	significance	with	p	values	ranging	from	0.2-1.0).	 	The	

ESI+	mode	UPLC-MS	abundances	for	individual	samples	are	shown	within	injury	groups	and	sample	

sites	in	Figure	7-35.			Sodiated	capsaicin	shows	elevated	abundance	in	the	capsaicin	injury	samples	

at	a	group	level.		It	is	mostly	absent	or	with	low	abundance	levels	in	the	other	experimental	sample	

groups.	

	

Experimental	 condition	 sample	

comparisons	

p	values	

CB	and	TC	 8.69	e-8	

CB	and	TB	 7.35	e-8	

CB	and	CC	 1.03	e-7	

CB	and	UC	 2.77	e-8	

CB	and	UB	 1.30	e-8	
	
Table	7-7	Mann	Whitney	U	test	statistically	significant	pairwise	comparisons	for	sodiated	capsaicin	
ESI+	 mode	 UPLC-MS	 abundance	 for	 sodiated	 capsaicin	 (feature	 7.5_328)	 was	 compared	 in	 a	 pairwise	
fashion	 for	 all	 experimental	 conditions	 and	 sample	 sites	 (15	 comparisons).	 	 Comparisons	 that	 were	
statistically	 significant	 are	 listed	 in	 the	 table	 with	 associated	 p	 values.	 	 TC:	 	 thermal	 control	 site,	 TB:	
thermal	injury	site,	CC:	capsaicin	control	site,	CB:	capsaicin	injury	site,	UC:	UVB	control	site,	UB:	UVB	injury	
site.	
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Figure	7-35	Relative	ESI+	mode	UPLC-MS	abundance	of	sodiated	capsaicin	for	experimental	injury	groups	
and	collection	sites		
Sodiated	 capsaicin	 (feature	 7.5_328)	 was	 compared	 between	 experimental	 injury	 groups	 and	 samples	
collection	sites.	 	TC:		thermal	control	site,	TB:	thermal	injury	site,	CC:	capsaicin	control	site,	CB:	capsaicin	
injury	 site,	 UC:	 UVB	 control	 site,	 UB:	 UVB	 injury	 site.	 	 Individual	 data	 points	 included	with	median	 and	
interquartile	range.		Significance	calculated	using	Mann-Whitney	tests,	**p<0.001	
	

A	small	number	of	samples	in	other	experimental	groups	showed	a	low,	but	recordable	abundance	

of	 sodiated	capsaicin.	 	This	most	 likely	 represents	MS	carryover	of	capsaicin,	a	 recognized	LC-MS	

problem	that	occurs	when	a	residual	analyte	from	a	sample	analysed	earlier	in	the	run	is	present	in	

a	 subsequent	 sample	 result.	 	 (398)	 This	 is	 especially	 common	when	 blank	 or	 low	 concentration	

samples	 are	 run	 close	 to	 those	 with	 high	 concentrations,	 as	 is	 likely	 the	 case	 with	 respect	 to	

capsaicin	 and	 these	 samples.	 	 Microdialysate	 from	 DMD	 is	 recognized	 to	 represent	 low	

concentrations	 of	 biological	 compounds	 (388)	 therefore	 capsaicin,	 a	 pharmacological	 compound,	

well	absorbed	into	the	dermis,	likely	exhibits	concentrations	far	in	excess	of	those	found	for	other	

biological	molecules.		Fortunately	the	impact	of	small	concentrations	of	capsaicin	detected	in	non-

capsaicin	 injury	 experimental	 samples	 from	 carryover	 appears	 not	 to	 have	 overtly	 influenced	

statistical	 analysis.	 	 The	 use	 of	 non-parametric	 tests	 and	 experimental	 condition	 group	 level	

measures	 of	 central	 tendency	 appears	 to	 have	minimized	 this	 effect	 in	 univariate	 analysis.	 	 This	

appears	to	also	be	true	for	MVA.		MVA	is	a	technique	that	in	simple	terms	observes	the	signal	and	

the	noise	of	 features,	 based	on	 the	 features	 variance.	 Sodiated	 capsaicin	was	 a	 strong	 signal	 (as	

reflected	 by	 its	 high	 abundance)	 in	 the	 capsaicin	 injury	 samples,	 which	 therefore	withstood	 the	

carryover	effect	of	abundance	seen	in	samples	from	other	experimental	groups.		Hence	it	was	able	

to	predict	experimental	group	membership,	the	strength	of	which	being	indicated	by	the	large	VIP	

values	for	in	sodiated	capsaicin	and	its	product	ions.		
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Sodiated	 capsaicin	did	not	 appear	 to	predict	 group	membership	 for	 thermal	 injury	 and	 capsaicin	

injury	group	comparisons.		Yet	according	to	the	rationale	above,	it	should	have	been	a	key	feature	

in	differentiating	thermal	from	capsaicin	injury	samples.		Its	ability	to	predict	group	membership	in	

this	comparison	did	not	occur	because,	although	a	robust	and	predictive	OPLS-DA	model	could	be	

generated	 from	 the	 dataset	 that	 included	 samples	 1-180	 (shown	 in	 Table	 7-3),	 this	 was	 not	

produced	 for	OPLS-DA	models	when	 the	dataset	excluding	 samples	152-180	was	used	 (Appendix	

section	 10.3.5,	 Table	 10-7).	 	 Consequently	 the	 OPLS-DA	 model	 created	 for	 all	 samples	 was	 not	

considered	further	based	on	the	possibility	that	this	model	was	unduly	influenced	by	samples	152-

180.	 	 The	 top	 three	 VIP	 values	 for	 this	 OPLS-DA	 model	 of	 thermal	 injury	 and	 capsaicin	 injury	

samples	 (ESI+	model	UPLC-MS	data	 for	 all	 the	 samples)	were	 sodiated	 capsaicin	 (VIP	 value	9.74)	

and	 the	 product	 ions	 at	 170	 and	 137m/z	 (VIP	 values	 of	 8.41	 and	 7.26	 respectively).	 	 They	 also	

represented	the	three	smallest	p	values	of	all	2647	features	 in	Mann	Whitney	U	testing	between	

thermal	injury	and	capsaicin	injury	samples.			Therefore	sodiated	capsaicin	and	its	fragments	were	

important	 in	 predicting	 group	 separation	between	 thermal	 and	 capsaicin	 injury	 samples,	 despite	

not	meeting	the	strict	statistical	criteria	used	for	feature	identification.	

	

Capsaicin	therefore	acts	as	an	elegant	positive	control	validating	a	number	of	the	experimental	and	

analytical	 aspects	 of	 this	 study.	 	 As	 it	 was	 present	 with	 high	 abundance	 exclusively	 in	 samples	

where	 the	 skin	 was	 exposed	 to	 capsaicin	 (capsaicin	 injury	 site	 group)	 it	 confirms	 that	 MD	 is	 a	

suitable	sampling	technique	for	small	molecules	in	the	dermis,	as	capsaicin	has	a	molecular	weight	

of	305g/mol.		It	suggests	the	DMD	probes	are	appropriate	to	collect	compounds	from	the	dermis,	

as	capsaicin	was	found	in	the	microdialysate	fluid	of	subjects	who	received	its	topical	application.	

Sample	 handling	 and	 preparation	was	 sufficiently	 conservative	 that	 capsaicin	was	 not	 degraded.		

This	agrees	with	data	suggesting	0.1%	capsaicin	solution	is	stable	for	up	to	12	months	at	a	range	of	

storage	temperatures	(-18	to	30°C).		(399)		It	confirms	the	UPLC-MS	protocol	both	detected	small	

molecules	 and	 was	 suitable	 for	 analysis	 of	 DMD	 samples.	 	 Finally	 it	 validates	 the	 statistical	

techniques	in	identifying	features	that	separate	out	injury	models.		As	highlighted	above,	capsaicin	

is	the	only	pharmacological	agent	used,	and	its	concentration	in	the	dermis	should	be	significantly	

higher	than	all	other	biological	molecules.		Consequently	both	capsaicin	and	its	product	ions	should	

be	 identified	by	statistical	analysis	as	the	most	 important	 features	 in	driving	group	separation,	as	

illustrated	by	models	generating	high	VIP	values	for	these	features.		
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7.4.2 Uric	acid,	its	fragments	and	product	ions	predicting	UVB	injury	group	membership	

Uric	acid	and	 its	product	 ions	were	predictive	of	UVB	 injury	group	membership	 in	 the	ESI-	mode	

UPLC-MS	OPLS-DA	model	for	capsaicin	injury	and	UVB	injury	samples.		Uric	acid	was	confirmed	as	

mass	 167	 m/z	 based	 on	 its	 common	 fragmentation	 patterns	 matching	 the	 uric	 acid	 standard	

chromatogram	and	spectra,	and	also	published	ESI-	mode	MS/MS	fragmentation	patterns	including	

product	ions	at	124	and	96	m/z.	(400,401)		Sodiated	or	potassiated	uric	acid	product	ions	outlined	

in	Figure	7-32	and	Table	7-6	have	been	described	in	the	literature	though	mostly	in	ESI+	mode	MS	

and	 as	 monomers	 rather	 than	 oligomer	 molecules.	 	 (402,403)	 	 Whilst	 alkali	 metal	 adducts	 are	

common	 in	 ESI+	 mode	MS,	 they	 have	 also	 been	 found	 in	 ESI-	 mode	MS	 analysis.	 	 Schug	 et	 al.	

considered	the	pseudomolecular	ion	formation	of	6	polar	ionic	analytes	with	aromatic	acid	groups	

(ibuprofen,	carprofen,	ketoprofen,	naproxen,	 flurbiprofen	and	fenoprofen)	 in	ESI-	mode	MS.	 	The	

aromatic	acid	groups	of	these	analytes	formed	complexes	with	background	sodium	ions	to	create	

stable	dimer	 ion	pair	adducts	 (the	 sodiated	deprotonated	dimer	 ions	 (2M	+	Na	–	2H)-).	 	As	 such,	

product	 ions	 of	 uric	 acid	 in	 the	microdialysate	 are	 chemically	 credible	 findings	 in	 ESI-	mode	MS	

analysis.		Uric	acid	has	an	aromatic	structure	from	its	purine	functional	group,	and	therefore	could	

undergo	similar	adduct	formation	to	that	described	by	Schug	et	al.		(404)		Likewise,	the	presence	of	

uric	acid	oligomer	molecules	 is	chemically	possible,	as	tetramer	uric	acid	product	 ions	have	been	

chemically	modelled	using	 a	methylated	uric	 acid.	 	 Paragi	 et	 al.	 described	not	 only	 the	 tetramer	

chemical	structure	but	also	the	addition	of	a	cation,	such	as	sodium.	(405)		

	

There	 is	 a	 clear	 rationale	 to	 consider	 precursor	 and	 product	 ions	 as	 one	 feature	 rather	 than	

separate	features	in	MS	analysis.		One	of	the	specific	advantages	of	MVA	is	that	it	accounts	for	the	

interaction	 between	 features	 within	 a	 metabolomic	 study	 dataset	 when	 calculating	 effects.	 The	

simplicity	of	univariate	statistics	in	this	context	means	it	is	unable	to	account	for	the	relationships,	

interactions	and	correlation	 that	exist	between	 features,	 as	each	 feature	 is	analysed	as	part	of	a	

separate	 hypothesis.	 	 However	 common	 practice	when	 reporting	 features	 that	 are	 significant	 in	

predicting	 group	 membership	 with	 supervised	 MVA,	 is	 to	 perform	 univariate	 analysis	 for	 that	

feature	between	the	two	groups.		The	statistical	significant	p	value	threshold	is	adjusted	to	account	

for	 the	 total	 number	 of	 features	 in	 the	 complete	 dataset	 by	 either	 a	 false	 detection	 rate	 or	

Bonferroni	correction.	 	However	as	discussed	previously	this	stringent	univariate	analysis	method	

may	 lead	 to	 loss	 of	 some	 of	 the	 important	 relationships	 integral	 to	 the	metabolome,	 especially	

when	conducting	metabolomic	untargeted	analysis.		A	single	metabolite	can	fragment	or	undergo	

adduct	formation	during	the	MS	process.		
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Whilst	 electrospray	 ion	 sources	 are	 a	 “soft	 ionisation”	method,	 generating	more	 precursor	 than	

product	ions	(322)	they	are	still	chemical	reactors	of	sorts.		They	have	the	ability	to	produce	a	range	

of	ionic	and	non-covalent	interactions	between	metabolites	and	other	species	contained	within	the	

sample	 or	 solvents	 and	 generate	 product	 ions.	 	 (406)	 	 Therefore	 if	 product	 ions	 are	 not	 a	

consequence	 of	 the	 biological	 process	 being	 sampled	 but	 that	 of	 the	 analysis	 method,	 their	

statistical	evaluation	as	isolated	entities	may	not	truly	reflect	the	experimental	hypothesis.		When	

an	important	metabolite	is	detected	as	multiple	features,	it	becomes	challenging	to	determine	if	all	

listed	 metabolite	 “features”,	 with	 a	 unique	 RT_m/z,	 are	 multiplicities	 of	 this	 important	 single	

metabolite	or	true	separate	metabolites.		In	essence	are	the	features	found	a	consequence	of	the	

biological	question	being	asked	or	a	side	product	of	the	analytical	technique	being	used	to	answer	

said	hypothesis?	Brown	et	al.	found	when	analysing	specific	MS	datasets	that	on	average	between	

14	 and	 33.1%	 of	 ions	 were	 multiplicities	 of	 a	 single	 metabolite.	 (406)	 	 Therefore	 pooling	 the	

abundance	 of	 the	 related	 features	 that	 originate	 from	 a	 single	 metabolite	 is	 statistically	

appropriate.		There	are	available	software	packages,	such	as	CAMERA	(Collection	of	Algorithms	for	

Metabolite	pRofile	Annotation)	(407)	that	attempt	to	address	this	issue.		CAMERA	looks	for	peaks	

at	similar	retention	times	and	groups	them	together	based	on	the	correlation	of	their	extracted	ion	

chromatograms.	 	 	 It	 uses	 this	 information	 to	 identify	product	 and	precursor	 ions,	 using	 common	

m/z	 differences	 known	 to	 signify	 specific	 ion	 adducts	 (such	 as	 23	 for	 a	 sodiated	 adduct).	 	 This	

technique	works	well	 for	common	adducts,	but	 is	not	necessarily	applicable	 for	complex	product	

ions	 such	 as	 those	 identified	 for	 uric	 acid	 (for	 example	 deprotonated	 alkali	 metal	 adducts	 of	

oligomer	molecules).			In	this	study	the	challenge	was	addressed	by	conducting	correlation	analysis	

of	abundance	between	the	likely	precursor	and	product	ions,	assuming	that	compounds	from	the	

same	underlying	metabolite	will	have	very	similar	chromatographic	elution	profiles	and	consistent	

ratios	 of	 intensities	 across	 samples.	 	 (408)	 Fifteen	of	 the	 sixteen	 co-eluting	 ions	 at	 RT	1.37	were	

positively	correlated	with	 rs	 values	over	0.68	and	p	values	<0.0001.	 	These	 likely	 related	 features	

were	 therefore	 pooled	 for	 univariate	 analysis	 and	 a	 number	 of	 the	 chemical	 structures	 of	 these	

product	 ions	were	determined	as	 shown	 in	Table	7-6.	 	Notably	 the	 statistical	 outputs	 relating	 to	

these	product	 ions	showed	that,	whilst	 individually	they	were	 identified	 in	the	OPLS-DA	model	as	

important	 in	 predicting	UVB	 group	membership	with	 VIP	 values	 ranging	 from	 1.03	 to	 2.57,	 they	

failed	 as	 individual	 features	 to	 reach	 statistical	 significance	 in	 univariate	 group	 comparisons.	 	 In	

contrast	 the	 pooled	 abundance	 of	 sixteen	 features	 with	 a	 RT	 of	 1.37	 (uric	 acid	 and	 the	 fifteen	

related	 co-eluting	 product	 ions)	 reached	 statistical	 significance	 in	 group	 comparisons	 between	

capsaicin	injury	and	UVB	injury	samples.		
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As	the	statistically	stringent	methods	applied	to	the	data	failed	to	highlight	the	importance	of	uric	

acid	 in	 injury	 group	 prediction	 with	 respect	 to	 capsaicin	 injury	 and	 UVB	 injury,	 other	 group	

comparisons	were	considered	to	ensure	uric	acid	had	not	been	overlooked	as	 important	 in	other	

models.	All	 experimental	 conditions	were	 therefore	 compared	by	a	Kruskal-Wallis	 test,	using	 the	

pooled	dataset	for	RT	1.37	features	described	previously.		This	gave	a	χ2(5)	=	18.463	and	p	=	0.002,	

that	retained	statistical	significance	after	FDR	correction	for	1992	features	(2007	original	features	

with	 15	 co-eluting	 features	 removed).	 	 Post	 hoc	 tests	 were	 conducted	 using	 pairwise	 Mann-

Whitney	U	tests	(15	separate	comparisons)	and	revealed	that	whilst	thermal	and	UVB	injury	groups	

did	 not	 demonstrate	 statistically	 significant	 group	 differences	 (p=0.809),	 both	 were	 statistically	

significant	in	abundance	to	the	capsaicin	injury	group	(each	with	p=0.001).	Uric	acid	and	eight	of	its	

product	ions	generated	VIP	values	of	>1	in	the	ESI-	mode	UPLC-MS	data	OPLS-DA	model	comparing	

thermal	and	capsaicin	 injury	data.	 	They	had	however	 failed	 to	generate	 statistically	 significant	p	

values	on	univariate	analysis	and	as	such	these	features	and	uric	acid	were	not	considered	further.		

This	again	highlights	the	issues	inherent	to	analysing	product	ions	as	separate	features	in	the	final	

confirmatory	 step	of	 univariate	 analysis.	 	 Figure	 7-36	 shows	 the	 abundance	differences	between	

injury	groups	 for	uric	acid	and	 its	product	 ions	when	pooled	and	considered	as	one	 feature,	and	

shows	elevated	abundance	in	both	thermal	and	UVB	injury	sample	groups	compared	with	capsaicin	

injury	samples.			

	
Figure	7-36	Pooled	abundance	of	16	features	with	a	retention	time	of	1.37	in	ESI-	mode	UPLC-MS	
data	for	injury	groups		
TB:	thermal	 injury	CB:	capsaicin	 injury,	UB:	UVB	injury.	 	 Individual	data	points	are	not	shown	as	this	
represents	 over	 400	 separate	 data	 points	 per	model.	 	Median	 and	 interquartile	 ranges	 are	 shown.		
Mann-Whitney	tests	for	significance	with	*p<0.05	
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Biologically,	 the	 presence	 of	 uric	 acid	 in	 thermal	 and	 UVB	 injury	 microdialysate	 appears	

scientifically	 reasonable.	 	 Uric	 acid	 is	 the	 end	 product	 of	 purine	 metabolism	 in	 humans	 and	 is	

generated	 by	 xanthine	 oxidase	 conversion	 of	 xanthine	 and	 hypoxanthine	

(http://www.genome.jp/kegg/pathway/map/map00230.html).	Purines	can	come	from	a	number	of	

sources.	 	 These	 include	 the	 breakdown	of	 nucleic	 acid	 as	 part	 of	 cell	 turnover,	 dietary	 intake	 of	

nucleic	acids,	nucleic	acid	degradation	following	injury	such	as	burns	or	crush,	and	from	iatrogenic	

causes,	 for	 example	 following	 cytotoxic	 chemotherapy	 leading	 to	 cell	 death.	 Whilst	 originally	

thought	 to	 represent	 a	 waste	 product,	 uric	 acid	 has	 antioxidant	 actions	 that	 include	 scavenging	

oxygen	radicals	and	preventing	lipid	and	protein	peroxidation.		(409)		Conversely	uric	acid	has	been	

shown	 to	have	pro-oxidant	actions,	 and	can	be	oxidised	 into	urate	 radicals	 that	 induce	oxidative	

damage.	 	 Its	 propensity	 to	 take	 either	 a	 pro-	 or	 antioxidant	 role	 is	 dependent	 on	 its	 chemical	

environment	(410)	and	is	described	as	the	‘uric	acid	paradox’.		(411)			

	

It	is	a	source	of	contention	as	to	whether	uric	acid	is	increased	or	decreased	in	individuals	following	

thermal	 injury.	 	As	early	as	1960,	Gilmore	and	Fozzard	 found	 increased	plasma	uric	acid	 levels	 in	

thermally	injured	beagles	they	ascribed	to	result	from	increased	purine	catabolism.		(412)		Friedl	et	

al.	 purported	 through	 a	 range	 of	 elegant	 experiments	 using	 rat	 skin,	 that	 increased	 uric	 acid	 in	

thermal	injured	tissues	was	a	consequence	of	cell	injury,	increased	vascular	permeability	and	local	

ischaemia.	 	 They	 suggested	 that	 cell	 injury	 and	 vascular	damage	activates	 complement,	which	 in	

turn	 can	 stimulate	mast	 cells	 to	 release	 histamine.	 	 Histamine	 increases	 the	 catalytic	 activity	 of	

xanthine	 oxidase	 leading	 to	 increased	 purine	 catabolism,	 the	 end	products	 of	which	 include	uric	

acid	 and	 reactive	oxygen	 species.	 (413)	Additionally	 in	 thermal	 injury	 increased	 xanthine	oxidase	

activity	likely	occurs	secondary	to	initial	localised	tissue	ischaemia	from	damaged	microcirculation	

and	 later	reperfusion	as	part	of	the	healing	process.	 	This	 is	supported	by	evidence	that	xanthine	

oxidase	 is	 implicated	 in	 the	 formation	 of	 radical	 oxygen	 species	 in	 ischaemia-reperfusion	 injury.	

(414)		

	

Most	studies	considering	uric	acid	 in	thermal	 injury	have	focused	on	serum	uric	acid	 levels.	 	Only	

one	 study	has	 considered	uric	 acid	 concentrations	within	burn	 injury	blister	 fluid,	 a	more	 similar	

sample	to	the	DMD	samples	than	serum.		(415)		Here	investigators	found	a	similar	concentration	of	

uric	 acid	 in	 blister	 fluid	 to	 that	 found	 in	 normal	 healthy	 volunteer	 serum.	 	Whist	 blister	 fluid	 is	

biologically	more	related	to	DMD	than	serum,	placing	the	blister	 fluid	results	by	Haycock	et	al.	 in	

context	is	difficult.	The	study	considered	a	heterogeneous	group	of	injured	patients.		
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Three	 had	 sustained	 chemical	 rather	 than	 thermal	 burns,	 the	 burn	 injury	 in	 all	 patients	 only	

represented	 1-8%	 TBSA	 in	 size,	 and	 the	 patient	 group	 comprised	 of	 both	 adults	 and	 children.		

Moreover	the	study	focused	on	uric	acid	as	a	marker	of	the	antioxidant	status	of	blister	fluid	and	

only	commented	on	the	serum	and	blister	fluid	concentration	similarity	 in	the	context	of	exudate	

formation.	The	authors	assumed	healthy	volunteer	serum	had	analogous	uric	acid	concentrations	

to	the	serum	of	burn-injured	patients	and	hence	used	these	results	 for	comparison	testing.	 	 	 It	 is	

therefore	hard	to	interpret	whether	the	similar	concentrations	found	in	serum	and	blister	fluid	are	

important	 findings	and	what	 these	mean	 in	 the	context	of	burn	 injury.	One	 interpretation	 is	 that	

uric	 acid	 is	 freely	 filtered	 through	 the	 endothelium	 of	 the	 vasculature	 and	 this	 study	 reassures	

investigators	that	serum	uric	acid	concentrations	are	a	good	representation	of	what	is	occurring	in	

the	periphery.		In	this	respect	it	means	results	from	DMD	sample	can	be	compared	in	context	of	the	

evidence	regarding	serum	sample	concentrations	for	thermal	injury.			

	

With	respect	to	serum	uric	acid	levels	in	thermal	injury,	a	recent	metabolomic	approach	(UPLC-MS)	

by	 Lui	 et	 al.,	 found	decreased	plasma	uric	 acid	 levels	 in	 rats	 following	 a	 full	 thickness	 30%	TBSA	

scalding	 burn	 compared	 with	 sham	 animals.	 	 This	 contrasts	 with	 the	 results	 from	 Gillmore	 and	

Fozzard,	and	Friedl	et	al.	 	It	was	notable	Lui	et	al.	found	that	of	the	nine	metabolites	identified	as	

important	 in	 differentiating	 between	 thermal	 injury	 and	 sham	 animals,	 none	 had	 statistically	

significant	 elevated	 abundance	 or	 concentrations	 in	 the	 injured	 animals	 serum	 compared	 with	

sham	animals.		The	authors	gave	no	clear	explanation	as	to	why	this	might	have	occurred,	as	much	

of	 this	 work	 focused	 on	 a	 third	 experimental	 group	 that	 had	 sepsis	 alongside	 burn	 injury	 and	

overlooked	a	lack	of	response	from	burn	injury	alone.		(185)	Depressed	serum	uric	acid	levels	have	

also	 been	 described	 in	 burn-injured	 patients,	 in	 keeping	with	 the	 animal	 findings	 from	 Liu	 et	 al.		

(416)	However	Bhagwat	et	al.	found	not	only	increased	serum	uric	acid	concentrations	in	53	burn	

patients	compared	with	health	volunteers,	but	also	that	levels	correlated	with	severity	of	the	burn	

(r2=0.734)	as	measured	by	TBSA	affected.	 (417)	 Interestingly	Zhi	et	al.	considered	52	severe	burn	

patients	and	found	a	biphasic	response	in	uric	acid	serum	concentration.	(418)		Initially	during	the	

first	6-8	hours	following	 injury	 levels	were	elevated,	these	then	fell	until	day	5,	and	subsequently	

increased	 again.	 Certainly	 the	 lack	 of	 consistency	 in	 serum	 uric	 acid	 concentrations	 following	

thermal	 injury	is	 in	part	a	result	of	studies	being	burn	injury	studies	in	general	being	fraught	with	

confounders	 that	 make	 comparisons	 between	 studies	 complex.	 	 These	 include,	 but	 are	 not	

confined	to,	small	sample	sizes,	differing	causes	of	burn	injury,	a	range	of	TBSA	and	depth	affected	

by	the	burn	and	in	serum	studies	vastly	different	timing	of	sample	collection	related	to	the	time	of	

the	injury.			
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However	the	biphasic	response	shown	by	Zhi	et	al.	could	also	explain	the	variability	in	serum	levels	

of	uric	acid	levels	between	studies	especially	considering	varying	sample	collection	times.		It	could	

also	be	explained	by	serum	uric	acid	levels	reflecting	more	global	changes	that	occur	in	thermally	

injured	 individuals	and	whether	uric	acid	has	taken	a	pro	or	antioxidant	role.	 	More	severe	 injury	

may	lead	to	global	organ	hypoperfusion,	ischaemia	and	reperfusion	injury	that	could	increase	uric	

acid	 concentrations.	 	 This	might	 also	 be	 a	 consequence	 of	 decreased	 uric	 acid	 excretion	 due	 to	

acute	kidney	injury	that	can	occur	as	part	of	severe	burn	injury.		Conversely	forced	diuresis	of	uric	

acid	through	aggressive	fluid	resuscitation	often	required	in	significant	burn	injuries	could	 lead	to	

lower	 serum	 concentrations.	 	 (419–421)	 	 There	 are	 no	 human	 studies	 considering	 uric	 acid	

concentrations	in	thermally	injured	human	skin,	and	the	only	human	DMD	study	regarding	uric	acid	

was	conducted	in	healthy	subjects	with	respect	to	the	effect	of	aging	on	antioxidant	concentrations	

in	the	skin,	with	uric	acid	again	used	as	a	marker	for	skin	antioxidant	capacity.	(422)	Irrespective	of	

the	controversy	in	the	literature	as	to	whether	serum	levels	are	elevated	or	depressed	in	thermal	

injury	and	their	relationship	to	the	injury	site	itself,	its	elevated	levels	in	this	study	compared	with	

capsaicin	injury	are	a	useful	finding	to	add	to	the	current	paucity	of	evidence.		

	

It	 is	 also	 rational	 that	 levels	 of	 uric	 acid	 were	 increased	 in	 the	 UVB	 injury	model	 samples.	 UVB	

irradiation	 generates	 reactive	 oxygen	 species	 in	 human	 keratinocytes	 through	 the	 action	 of	 the	

enzyme	catalase(291,423).		This	reaction	is	inhibited	by	anti-oxidants	including	uric	acid.		(424)	Uric	

acid	could	be	present	at	the	UVB	injury	site	acting	as	an	antioxidant,	there	to	scavenge	the	reactive	

oxygen	 species.	 	 (425)	 Furthermore	 UVB	 irradiation	 of	 human	 keratinocytes	 is	 associated	 with	

increased	xanthine	oxidase	action,	the	enzyme	responsible	for	uric	acid	production.		(426)	Although	

there	is	evidence	that	uric	acid	concentrations	are	decreased	in	in	vitro	human	skin	organ	cultures	

following	UVB	irradiation,	this	particular	study	only	looked	at	epidermal	extracts.		(427)		The	dermis	

may	demonstrate	a	different	response	to	UVB	than	the	epidermis,	hence	the	contrasting	results	to	

that	 found	with	UVB	DMD	samples.	Certainly	both	UVB	and	thermal	 injury	models,	 through	their	

potential	 to	 cause	 cell	 damage	 in	 the	 dermis,	 are	 both	 plausible	 as	 causes	 of	 elevated	 uric	 acid	

concentrations,	especially	when	compared	to	the	capsaicin	injury	model	which	is	not	known	to	be	

associated	with	keratinocyte	damage.	

	

As	 the	plausible	presence	of	uric	acid	 in	 thermal	and	UVB	 injury	samples	 is	now	established,	 it	 is	

worth	 reflecting	 on	 its	 relationship	 to	 pain.	 	 There	 is	 a	 clinical	 link	 between	 uric	 acid	 and	 pain	

through	conditions	such	as	gout.		Here	the	formation	of	uric	acid	crystals	in	the	joints	and	skin	lead	

to	pain	and	inflammation.			
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However	 pain	 from	 crystal-induced	 arthropathies,	 are	 not	 a	 direct	 consequence	 of	 uric	 acid	

stimulating	nociceptors.	(428)	Instead	the	pain	comes	from	cell	damage	generated	by	uric	acid	and	

it	is	the	inflammatory	reaction	following	this	cell	damage	that	stimulates	nociceptors	and	produces	

pain.	 	 Animal	 models	 of	 gout	 (using	 injections	 of	 monosodium	 urate	 crystals)	 show	 mast	 cell	

degranulation	products	 such	 as	 histamine,	 serotonin	 and	 tryptase	 stimulate	 TRPV1	 ion	 channels.		

This	produces	acute	pain-like	behaviours	in	the	animals,	rather	than	direct	TRPV1	activation	by	uric	

acid.	 	 (429)	 However	 other	 clinical	 pain	 conditions	 have	 shown	 a	 role	 for	 uric	 acid,	 albeit	 by	

incompletely	 understood	 mechanisms.	 	 High	 serum	 levels	 of	 uric	 acid	 are	 associated	 with	 both	

chronic	musculoskeletal	pain	 (430)	 and	non-specific	widespread	 chronic	pain.	 	 (431)	 In	 the	 latter	

study,	serum	uric	acid	levels	were	an	independent	predictor	of	pain	extending	to	more	body	sites	

over	 a	 twelve-month	period.	 	 Theories	 as	 to	 the	 relationship	between	 these	 chronic	widespread	

pain	conditions	and	uric	acid	include	whether	pain	results	from	the	inflammatory	consequences	of	

microcrystals	of	uric	acid,	or	whether	uric	acid	in	serum	is	a	marker	of	oxidative	stress,	potentially	

the	driver	for	the	pain.	Uric	acid	is	increased	in	the	cerebrospinal	fluid	(CSF)	of	patients	with	chronic	

pain,	 and	 has	 shown	 a	 positive	 correlation	 (r=0.74)	 between	 its	 concentration	 and	 pain	 scores	

rating	by	a	VAS.	 	Of	 interest	 in	this	study,	the	authors	 included	a	separate	group	of	patients	with	

acute	 pain.	 	 The	 acute	 pain	 group	 of	 patients	 also	 demonstrated	 increased	 CSF	 uric	 acid	

concentrations	compared	with	healthy	control	subjects.		(432)	The	authors	interpreted	the	results	

to	indicate	that	elevated	uric	acid	concentrations	representing	a	shift	in	energy	metabolism	within	

the	CSF,	rather	than	the	uric	acid	being	a	key	molecule	 in	stimulating	nociceptors	and	generating	

pain.	 	 It	 is	 unlikely	 that	 uric	 acid	 directly	 stimulates	 nociceptors,	 rather	 elevated	 uric	 acid	 levels	

represent	 increased	 oxidative	 stress,	 and	 the	 products	 of	 this	 oxidative	 stress,	 such	 as	 reactive	

oxygen	species,	stimulate	nociceptors.		In	the	presence	of	oxidative	stress	endogenous	compounds	

such	as	peroxides	have	been	shown	to	activate	TRPA1	ion	channels.	(433,434)	TRPA1	ion	channels	

are	 not	 only	 potential	 targets	 for	 analgesic	medications	 but	 have	 been	 shown	 to	 have	 a	 role	 in	

mechanical	 hypersensitivity	 in	 rodents	 following	 CFA	 injection,	 a	 model	 of	 inflammatory	 pain.		

(435)		Furthermore	they	are	co-expressed	with	TRPV1	ion	channels	in	a	subset	of	nociceptors,	and	

have	been	shown	to	work	synergistically	in	producing	nitric	oxide	induced	peripheral	nociception	in	

mice.		(436)		

	

Therefore	 whilst	 the	 presence	 of	 uric	 acid	 could	 reflect	 processes	 that	 lead	 to	 nociceptors	

stimulation,	 the	molecule	 is	 itself	unlikely	 to	be	 involved	 in	 the	process	directly.	 	 Furthermore,	 it	

may	reflect	far	more	global	burn	injury	processes	than	those	isolated	to	the	periphery.			
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As	such	its	use	either	as	a	potential	target	for	analgesic	medication	or	a	biomarker	for	burn	injury-

associated	 pain	 is	 questionable.	 The	 clear	 difference	 in	 concentrations	 found	 between	 capsaicin	

injury	 samples	 and	 those	 of	 both	 thermal	 and	 UVB	 injury	 likely	 reflects	 the	 cell	 damage	 and	

oxidative	 stress	 associated	 with	 these	 models	 that	 contrasts	 the	 local	 changes	 generated	 by	

capsaicin.	 	This	also	reflects	differing	mechanisms	of	pain	between	the	models,	with	thermal	and	

UVB	 injuries	 leading	 to	 an	 inflammatory	 based	 process	 and	 capsaicin	 through	 direct	 channel	

activation	 and	neurogenic	 inflammation	 (see	 section	 1.4.3).	 	 Therefore	whilst	 not	 representing	 a	

useful	 target	 for	 translation	 into	 a	 clinical	 setting	 for	 either	 assessing	 or	 managing	 burn	 injury-

associated	 pain,	 uric	 acid	 does	 represent	 a	metabolite	 that	 can	 differentiate	 between	 the	 injury	

models	and	contributes	to	answering	part	of	the	chapter	hypothesis.	

7.4.3 Nicotinamide	predicts	UVB	injury	model	group	membership	

Nicotinamide	was	predictive	of	UVB	injury	group	membership	in	the	ESI+	mode	UPLC-MS	OPLS-DA	

model	 for	 thermal	 injury	 and	UVB	 injury	 samples.	 	 Nicotinamide	was	 confirmed	 as	mass	 123.05	

m/z,	 with	 common	 matching	 fragments	 to	 the	 standard	 at	 106,	 96,	 84,	 80	 and	 78	 m/z	 and	

published	ESI+	mode	MS/MS	spectral	data.	(437,438)	

Group	comparisons	were	considered	for	all	experimental	conditions	using	a	Kruskal-Wallis	test,	 in	

keeping	 with	 those	 conducted	 for	 uric	 acid	 (section	 7.4.2).	 	 This	 gave	 a	 χ2(5)	 =	 38.038	 and																	

p	 =	 3.70e-7,	 that	 retained	 statistical	 significance	 as	 an	 omnibus	 statistic	 after	 FDR	 correction	 for	

2647	features.		Post	hoc	tests	were	conducted	using	pairwise	Mann-Whitney	U	tests	(15	separate	

comparisons)	 and	 revealed	 that	 although	 capsaicin	 and	UVB	 injury	models	were	 not	 statistically	

significantly	different	 in	abundance	(p=0.844),	thermal	 injury	samples	were	different	to	both	UVB	

injury	and	capsaicin	injury	groups	(p	=	0.00005	and	0.00004	respectively).			

The	 thermal	 injury	and	capsaicin	 injury	ESI+	mode	UPLC-MS	OPLS-DA	model	had	not	been	 taken	

forward	 for	 further	 consideration,	 as	 despite	 producing	 a	 robust	 and	 predictive	model	 when	 all	

samples	were	 considered,	 no	model	 could	 be	 generated	when	 samples	 152-180	were	 excluded.	

Univariate	 statistical	 analysis	 conducted	between	 thermal	 injury	and	capsaicin	 injury	groups	with	

samples	 152-180	 excluded	 generated	 p=0.0014	 for	 nicotinamide.	 	 This	 did	 not	 reach	 statistical	

significance	when	a	FDR	adjustment	was	made	 for	2647	comparisons.	 	 In	contrast	when	samples	

152-180	were	included	in	univariate	analysis	nicotinamide	was	statistically	significant	and	produced	

the	fifth	lowest	p	value	from	all	2647	comparisons.		Furthermore	the	thermal	injury	and	capsaicin	

injury	OPLS-DA	model	gave	nicotinamide	a	VIP	value	of	2.35.			
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Again	 this	highlights	 the	nuances	of	 statistical	analysis	 in	untargeted	metabolomic	 research,	with	

univariate	and	multivariate	analysis	when	used	in	tandem	potentially	excluding	features	that	may	

be	 important	 to	 group	 separation.	 	 Figure	 7-37	 shows	 that	 nicotinamide	 appears	 to	 be	 either	

depressed	in	thermal	injury	in	comparison	to	the	other	injury	models	or	elevated	in	capsaicin	and	

UVB	injury	models.		This	shows	a	difference	between	injury	models	in	their	metabolic	profile	with	

respect	to	nicotinamide.			

	

Figure	7-37	Abundance	of	nicotinamide	in	ESI+	mode	UPLC-MS	for	all	injury	group	samples	
TB:	 thermal	 injury	CB:	 capsaicin	 injury,	UB:	UVB	 injury.	 	 n=30	 samples	 per	 injury	 group.	 	 Individual	
data	points	shown	with	median	and	interquartile	ranges.		Mann-Whitney	test	for	significance	with	**	
p<0.001	

Nicotinamide	 is	 the	active	 form	of	vitamin	B3.	 	 It	 is	either	derived	directly	 from	the	diet	or	 from	

endogenous	 conversion	 of	 nicotinic	 acid	 or	 tryptophan	 and	 is	widely	 distributed	 in	 body	 tissues.		

Nicotinamide	 has	 been	 shown	 to	 have	 a	 number	 of	 anti-inflammatory	 properties	 including	 free	

radical	 scavenging.	 (439)	 It	has	 immuno-modulatory	effects,	as	 illustrated	by	 its	ability	 in	vitro	 to	

supress	the	release	of	a	number	of	cytokines	(IL6,	 IL8,	 IL1β	and	TNFα)	 in	whole	blood	exposed	to	

endotoxin	(440)	as	well	as	its	ability	to	down-regulate	IL6,	IL10,	CCL2	and	TNFα	mRNA	expression	in	

UVB	irradiated	keratinocytes.	(441)		
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This	is	important	in	the	context	of	the	inflammatory	protein	results	shown	in	chapter	6.		The	UVB	

injury	model	displayed	reduced	magnitude	of	fold	change	values	for	 IL8	and	CCL2	at	180	minutes	

(baseline:	injury	180	concentrations)	compared	to	the	thermal	injury	and	capsaicin	injury	groups.		It	

could	be	that	the	increased	abundance	of	nicotinamide	at	the	UVB	injury	site	was	associated	with	

the	decreased	concentrations	of	IL8	and	CCL2.		This	process	may	not	have	occurred	in	the	capsaicin	

injury	group,	despite	similar	nicotinamide	abundance	to	the	UVB	injury	group,	as	capsaicin	exerts	

its	effects	on	IL6	and	IL8	release	via	a	different	mechanism.			

The	capsaicin	injury	IL6	and	IL8	is	in	response	to	CGRP	release	and	this	indirect	pathway	may	not	be	

affected	by	nicotinamide,	in	comparison	to	the	direct	nicotinamide	related	down	regulation	of	IL6	

and	IL8	see	in	keratinocytes	related	to	UVB	induced	injury.		

Nicotinamide	 is	 a	 component	 of	 coenzymes	 nicotinamide	 adenine	 dinucleotide	 (NAD+)	 and	

nicotinamide	 adenine	 dinucleotide	 phosphate	 (NADPH).	 	 NAD+	 is	 an	 essential	 coenzyme	 in	 ATP	

production,	a	direct	role	in	DNA	synthesis	and	is	the	key	substrate	for	the	enzyme	poly(adenosine	

diphosphate-ribose)	polymerase-1	 (PARP-1),	 important	 in	DNA	 repair,	 cell	differentiation	and	cell	

death.	(442)	One	of	the	main	roles	of	nicotinamide	in	the	skin	is	to	maintain	cellular	NAD+	by	acting	

as	a	NAD+	precursor	and	by	inhibiting	PARP-1.		(443)	Much	of	the	attention	given	to	nicotinamide	

has	explored	the	effects	of	topical	and	enteral	nicotinamide	on	UVB	induced	keratinocyte	damage,	

with	 a	 recent	 phase	 3	 randomised	 controlled	 trial	 showing	 promising	 results.	 	 (444)	 	 There	 is	 a	

paucity	of	evidence	regarding	 local	nicotinamide	 levels	 in	the	skin	 in	response	to	UVB	irradiation,	

however	 the	physiological	 actions	of	nicotinamide	outlined	above	 suggest	 it	 is	 reasonable	 that	 it	

would	be	present	at	 the	site	of	UVB	 injury	 in	 the	skin.	 	Unfortunately	 there	 is	no	published	data	

regarding	peripheral	dermal	nicotinamide	levels	following	either	capsaicin	injury	or	thermal	injury	

to	the	skin.		

Nicotinamide	 has	 received	 minimal	 attention	 with	 respect	 in	 burn	 injury.	 	 Liu	 et	 al.	 found	 that	

human	and	 rodent	 skin	expresses	nicotinamide	N-methyltransferase,	 a	nicotinamide	degradation	

enzyme	and	that	following	a	full	thickness	40%	TSBA	burn	injury,	skin	clearance	of	nicotinamide	in	

rats	is	reduced.		(445)	However,	this	was	not	the	case	for	serum	concentrations	that	remained	the	

same	in	sham	and	burn	injury	animals.		As	such	whether	burn	injury	is	associated	with	increased	or	

decreased	peripheral	concentrations	of	nicotinamide,	remains	unclear.	
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There	 is	 limited	 evidence	 regarding	 the	 relationship	 between	 nicotinamide	 and	 nociception.		

Although	Hoffer	highlighted	in	a	case	series	of	six	patients	with	arthritis	in	1959	that	nicotinamide	

supplementation	 improved	outcomes,	 including	pain	 (446),	studies	 investigating	this	 further	have	

been	lacking.		As	previously	discussed,	Connor	et	al.	found	the	inactive	metabolite	of	nicotinamide,	

N-methylnicotinamide,	 was	 important	 in	 differentiating	 between	 CFA	 injected	 rats	 and	 sham	

animals.	(195)	The	investigators	found	decreased	levels	of	N-methylnicotinamide	in	the	urine	from	

CFA	 injected	 animals,	 which	 demonstrated	 a	 statistically	 significant	 fold	 change	 reduction	 in	

abundance	 compared	 to	 sham	 animals.	 	 Then	 again	 they	 also	 found	 that	 identified	metabolites	

(including	 nicotinamide)	 were	 in	 general,	 more	 strongly	 associated	 in	 differentiating	 animals	

grouped	 according	 to	 whether	 they	 had	 a	 CFA	 injection,	 rather	 than	 grouped	 based	 on	 their	

measured	“pain-like”	behaviours.			

They	attributed	this	 to	poor	specificity	of	nociceptive	behavioural	evaluation	 in	animals,	however	

the	results	could	also	be	a	consequence	of	 the	metabolites	reflecting	more	global	effects	of	CFA.		

Therefore	whilst	they	postulated	that	nicotinamide	was	one	of	a	number	of	potential	biomarkers	

for	 pain,	 this	 is	 not	 necessarily	 the	 case.	 	 Nicotinamide	 administration	 has	 been	 shown	 to	

completely	correct	 the	reduced	paw	withdrawal	 thresholds	 to	noxious	stimulus	 in	a	 rat	model	of	

diabetes.		Additionally	it	was	found	to	cause	a	42%	correction	of	diabetes	associated	reduced	paw	

latency	response	to	radiant	heat.	(447)	The	authors	suggested	these	results	support	the	theory	that	

diabetic	neuropathy	develops	as	 a	 result	of	diabetes	 induced	PARP	activation,	with	nicotinamide	

acting	as	a	superoxide	anion	radical	scavenger	and	PARP	inhibitor	(as	reactive	oxygen	species	are	

known	 to	 activate	 PARP).	 	 However	 again	 this	 study	 considered	 the	 intervention	 of	 iatrogenic	

nicotinamide	administration	and	the	effect	this	had	on	pain	like	behaviours	in	animals,	rather	than	

investigating	 peripheral	 or	 systemic	 nicotinamide	 concentrations	 in	 response	 to	 pain.	 	 The	 only	

other	 piece	 of	 evidence	 exploring	 the	 possible	 anti-nociceptive	 action	 of	 nicotinamide	 is	 work	

performed	by	Godin	et	al.	that	again	administered	nicotinamide	to	rodents.	(448)	A	formalin	mouse	

model	 was	 used	 to	 consider	 two	 pain	 mechanisms.	 	 Formalin	 creates	 a	 biphasic	 nociceptive	

response;	 initially	mediated	 by	 direct	 nociceptive	 ion	 channel	 (TRPV1	 and	 TRPA1)	 activation	 and	

latterly	 a	 sensitisation	 of	 nociceptors	 by	 inflammatory	 mediators.	 	 At	 high	 doses,	 nicotinamide	

inhibited	nociceptive	responses	(paw	licking),	and	increased	hot	plate	latency	at	50°C	but	not	54°C.		

This	 was	 proposed	 to	 implicate	 nicotinamide	 in	 both	 ion	 channel	 and	 inflammatory	 based	

nociceptive	 transmission,	 although	 the	 second	 phase	 nociceptive	 response	 was	 inhibited	 to	 a	

greater	extent.	 	 Furthermore	nicotinamide	was	administered	 in	an	alternative	 inflammatory	pain	

model,	 using	 carrageenan,	 known	 to	 act	 via	 chemokines,	 cytokines	 and	 reactive	 oxygen	 species.	

(449)		
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Here	 mechanical	 allodynia	 associated	 with	 the	 model	 was	 reduced	 with	 administration	 of	

nicotinamide,	 as	measured	 by	 a	 reduced	 paw	withdrawal	 frequency.	 	 The	 nociceptive	 results	 in	

rodents	were	further	validated	by	improved	motor	coordination	occurring	in	animals	that	received	

nicotinamide	prior	to	the	carrageenan	model.			The	investigators	suggested	that	nicotinamide	had	

two	anti-nociceptive	actions.	 	The	 first	action	being	via	both	 inhibition	of	 inflammatory	cytokines	

(as	 discussed	 above)	 and	 interaction	 with	 PARP-1,	 as	 there	 is	 evidence	 that	 formaldehyde	 and	

carrageenan	 are	 associated	 with	 PARP-1	 activation.	 (450,451)	 However	 the	 heat	 response	 data	

suggested	 an	 ion	 channel	 nociceptive	 related	mechanisms	 for	 nicotinamide.	 	 	 The	 difference	 in	

temperature	response	was	proposed	to	reflect	selective	activation	of	TRPV1	channels	over	TRPV2	

channels	(that	respond	to	temperatures	above	43°C	and	54°C	respectively).		(452)		Whilst	there	is	

no	direct	evidence	 for	nicotinamide	acting	on	nociceptor	 ion	channels,	NAD+	has	been	shown	to	

act	directly	on	DRG	Slack	KNa	ion	channels.			

These	channels	help	maintain	the	resting	membrane	potential	and	loss	of	NAD+	action	can	lead	to	

hyper	excitability	and	spontaneous	firing	which	could	account	for	both	hyperalgesia	and	allodynia.	

(453)		

As	 with	 uric	 acid,	 there	 is	 some	 evidence	 to	 support	 the	 finding	 of	 elevated	 nicotinamide	

concentrations	 in	the	UVB	 injury	model,	however	the	mechanisms	behind	elevated	abundance	 in	

the	 capsaicin	model	 compared	with	 the	 thermal	model	 is	 unclear,	 as	 there	 is	 no	 published	 data	

able	to	put	this	finding	into	context.		There	is	also	evidence	to	link	nicotinamide	to	nociception	but	

whether	its	elevation	in	any	of	the	models	reflects	a	relationship	to	model	related	pain,	or	rather	a	

global	process	from	the	injury	itself	is	uncertain.			

7.4.4 Metabolites	differentiate	between	injury	groups	
The	evidence	outlined	in	sections	7.4.1	to	7.4.3	demonstrates	that	the	different	injury	models	show	

differential	 abundance	 patterns,	 and	 hence	 metabolite	 release	 patterns	 for	 uric	 acid	 and	

nicotinamide.		If	high	abundance	is	used	as	a	predictor,	then	uric	acid	predicts	to	thermal	injury	and	

UVB	 injury	 groups	 compared	 to	 capsaicin	 injury.	 	 In	 contrast	 nicotinamide	predicts	 towards	UVB	

injury	 and	 capsaicin	 injury	 groups	 compared	with	 thermal	 injury.	 	 Evidence	 does	 not	 definitively	

support	nicotinamide	and	uric	acid	as	specific	biomarkers	of	pain.		However	two	intimations	can	be	

made	from	the	data	presented	 in	this	chapter.	 	First	 is	that	the	metabolic	consequences	of	these	

injury	models	 in	 the	dermis,	are	different.	 	This	difference	 is	not	only	between	the	capsaicin	and	

the	burn	models	created	by	the	presence	of	iatrogenic	capsaicin,	but	also	between	the	burn	injury	

models	themselves	(thermal	and	UVB).		This	supports	the	initial	hypothesis	that	metabolic	features	

can	predict	injury	group	membership.		
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The	 PCA	 scores	 plots	 (Figure	 7-11A	 and	 B)	 of	 all	 three	 injury	 groups	 on	 initial	 review	 appear	 to	

demonstrate	 the	 separation	 between	 capsaicin	 injury	 and	 UVB	 injury	 groups,	 with	 the	 thermal	

injury	model	sitting	in	the	middle,	intermingling	visually	between	these	the	two	groups.		However	it	

is	specious	to	assume	that	the	thermal	injury	group	would	not	have	metabolites	that	differentiate	it	

from	UVB	or	capsaicin	injury	groups,	and	this	is	evidenced	by	results	for	uric	acid	and	nicotinamide.		

It	is	not	just	the	three	identified	molecules	(capsaicin,	nicotinamide	and	uric	acid)	and	their	product	

ions	 that	 differentiate	 between	 the	 injury	 groups.	 	 Forty-eight	 features	 were	 found	 at	 OPLS-DA	

models	to	have	a	VIP	value	>1	and	a	p[corr]1	value	of	either	<-0.4	or	>0.4	and	on	univariate	analysis	

to	have	a	p	value	<0.05	following	FDR	correction.		The	number	of	metabolites	that	predict	towards	

each	injury	group	membership	are	shown	in	Table	7-8.			

	 	 Number	of	features	found	that	predict	to	a	specific	
injury	group	

ESI	mode		
UPLC-MS	

Injury	groups	
compared	

Thermal	injury	
group	

Capsaicin	
injury	group	

UVB	injury	
group	

Positive	 Thermal	and	UVB	 10	 	 5	
Positive	 Capsaicin	and	UVB	 	 14	 8	
Negative	 Thermal	and	Capsaicin	 4	 1	 	
Negative	 Capsaicin	and	UVB	 	 6	 0	

Table	 7-8	 Number	 of	 statistically	 significant	 features	 identified	 at	 OPLS-DA	 that	 differentiate	
between	injury	models		
All	 features	 demonstrated	 at	 OPLS-DA	 VIP	 value	 >1	 and	 p[corr]1	 value	 of	 either	 <-0.4	 or	 >0.4	 and	
Mann	Whitney	U	 test	 p	 value	 <0.05	 following	 FDR	 correction	 and	 include	 those	 taken	 forward	 for	
UPLC-MS/MS	and	those	that	were	not.				

All	forty-eight	features	had	independent	identifiers	(RT_m/z)	reporting	by	UPLC-MS	and	there	were	

no	features	from	this	list	that	predicted	membership	to	more	than	one	group.	For	example	in	ESI+	

mode	UPLC-MS	 five	 features	 predict	UVB	 injury	 group	membership	 from	 the	 thermal	 injury	 and	

UVB	 injury	comparisons	however	these	features	have	different	RT_m/z	to	the	eight	 features	that	

predict	UVB	group	membership	when	capsaicin	injury	and	UVB	injury	samples	are	compared.	(see	

Table	7-9)	

Thermal	injury	and	UVB	injury	model	 Capsaicin	injury	and	UVB	injury	model	
1.35_123	 1.11_177	
4.73_470	 1.12_177	
4.95_437	 1.13_165	
5.15_481	 1.14_173	
5.86_362	 7.48_165	

	 7.49_146	
	 7.9_349	
	 8.04_297	

Table	7-9	Features	that	predict	towards	UVB	group	membership		
Features	are	 identified	as	RT_m/z.	 	Table	 illustrates	no	overlap	 in	 features	predicting	 to	UVB	group	
membership	between	 the	 two	models,	 thermal	 injury	and	UVB	 injury	and	capsaicin	 injury	and	UVB	
injury.			
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Four	features	were	 identified	(nicotinamide,	capsaicin	and	two	product	 ions	of	capsaicin),	 leaving	

forty-four	 unidentified	 features	 able	 to	 predict	 group	membership	with	 statistical	 significance.	 A	

number	 of	metabolites	 share	 a	 RT	 and	 could	 be	 related	molecules	 (precursor	 and	 product	 ions)	

however	 until	 the	 precursor	 ion	 is	 identified	 the	 proportion	 of	 these	 is	 not	 known.	 	 Table	 7-8	

underlines	the	injury	group	differences.	 	Of	the	remaining	unidentified	features	fourteen	features	

predict	 towards	 the	 thermal	 injury	 group,	 eighteen	 towards	 capsaicin	 injury	 group	 and	 twelve	

towards	 UVB	 injury	 group.	 This	 evidence	 supports	 the	 hypothesis	 that	 the	 two	 burn	 injury	 pain	

models	(thermal	and	UVB),	although	often	used	interchangeably	in	evaluating	analgesic	medication	

efficacy,	have	different	peripheral	metabolic	profiles.		The	intermediate	and	end	products	of	these	

processes	may	well	lead	to	separate	and	distinct	mechanisms	of	peripheral	nociceptive	stimulation.			

Furthermore,	 whilst	 the	 literature	 does	 not	 indicate	 nicotinamide	 and	 uric	 acid	 are	 directly	

associated	with	nociception	and	pain,	there	is	evidence	to	suggest	they	are	involved	in	aspects	of	

nociception,	 even	 if	 it	 is	 as	 a	precursor	or	 a	marker	of	 the	presence	of	 a	nociceptive	 stimulating	

molecule.	A	paucity	of	evidence	linking	uric	acid	and	nicotinamide	to	nociceptive	transmission	does	

not	 exclude	 their	 role	 in	 burn	 injury-associated	 pain,	 it	 merely	 reinforces	 the	 rationale	 for	 this	

study.	 	 Namely	 that	 there	 is	 a	 lack	 of	 information	 regarding	 the	 processes	 that	 occur	 in	 the	

periphery	in	experimental	burn	injury	pain	models	and	these	results	provides	information	to	allow	

further	hypotheses	to	be	constructed	relating	to	pain	injury	models	and	nociception.	

7.4.5 Strengths	of	methods	and	data	presented	in	this	chapter	
A	 number	 of	 challenges	 with	 respect	 to	 metabolomic	 analysis	 of	 the	 samples	 were	 addressed	

successfully	and	represent	methodological	strengths	of	the	work	in	this	chapter.			

7.4.5.1 Accounting	for	the	dermal	microdialysis	probe	inflammatory	response		
In	 keeping	 with	 the	 cytokine	 analysis	 (see	 Chapter	 6),	 the	 inflammatory	 reaction	 that	 naturally	

occurs	in	response	to	DMD	probe	insertion	had	to	be	accounted	for.		A	lack	of	literature	addressing	

the	dermal	metabolome	response	to	DMD	probe	insertion	means	there	are	no	standard	protocols	

available	or	suggested	methods	that	account	for	this	process	when	analysing	DMD	results.	Gill	et	

al.,	 conducted	 proteomic	 analysis	 of	 human	 DMD	 samples	 using	 MS,	 however	 they	 specifically	

designed	 their	 study	 to	 explore	 large	molecule	 temporal	 changes	 in	 the	 dermis	 associated	 with	

insertion	of	the	DMD	probe.		(301)		The	untargeted	approach	in	this	study	focused	on	discovery	of	

smaller	molecules.		The	only	available	study	that	controls	for	the	probe	insertion	was	published	by	

Grundman	et	al.	(291)		
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	The	 investigators	 inserted	 two	additional	 control	DMD	probes	 that	 sampled	 the	dermis	at	a	 site	

unaffected	by	UVB	radiation	and	used	these	to	compare	 lipid	mediator	concentrations	quantified	

by	 targeted	 gas	 chromatography	MS	 in	 negative	 ionisation	mode	 between	 the	 control	 and	 UVB	

injury	sites.	In	contrast,	this	study	used	an	untargeted	UPLC-MS	approach	taking	control	and	injury	

samples	 from	 each	 subject,	 allowing	 them	 to	 act	 as	 their	 own	 individual	 control.	 	 MVA	 was	

conducted	using	the	control	and	the	injury	sample	data	separately.		Only	features	that	were	unique	

to	the	injury	sample	models	as	predicting	group	membership	were	taken	forward.		Those	identified	

as	 important	 in	 both	 the	 control	 and	 injury	MVA	 for	 the	 same	 pairwise	 group	 comparison	were	

assumed	to	be	generated	from	the	probe	 insertion,	or	be	related	using	different	subjects	 in	each	

injury	group.			

7.4.5.2 Accounting	for	different	subjects	in	each	injury	group	
Work	 exploring	 metabolomics	 with	 respect	 to	 pain	 tend	 to	 focus	 on	 comparing	 a	 diseased	

population	with	a	group	of	control	subjects.		(187,188,190–193)	Commonly	these	are	matched	for	

age	 and	 other	 demographic	 details,	 with	 more	 comprehensive	 studies	 match	 dietary	 intake.		

However	individual	differences	in	metabolic	profiles	could	be	a	consequence	of	numerous	genetic	

and	 environmental	 factors,	 many	 of	 which	 investigators	 are	 unable	 to	 measure	 or	 control.	

Ramautar	 et	 al.,	 highlighted	 this	 issue	 stating	 that	 both	 small	 group	 sizes	 and	 potential	

heterogeneity	 between	 subjects	meant	 it	 was	 not	 surprising	 they	 failed	 to	 see	 large	 differences	

between	patients	 and	 controls	 in	 their	 study.	 	 (192)	 As	 such,	 comparing	metabolic	 profiles	 from	

two	 different	 individuals	 and	 inferring	 that	 differences	 in	 the	 metabolic	 profile	 are	 the	

consequence	 of	 a	 disease	 process	 is	 fraught	 with	 bias.	 In	 this	 work	 the	 challenge	 of	 using	 ten	

different	 subjects	 in	 each	 injury	 group	 was	 accounted	 for	 by	 the	 control	 samples	 (as	 explained	

above).	 	 In	 addition	 to	 reflecting	 the	 individual	 response	 to	DMD	probe	 insertion,	 these	 samples	

enabled	group	comparisons	to	be	performed	that	reflected	the	different	 individuals,	 independent	

of	the	injury	imparted.		As	previously	described,	each	injury	model	involved	a	peripheral,	localised	

transient	process	 that	 did	not	 generate	 systemic	 effects.	 	 Samples	 taken	 from	outside	 the	 injury	

site	 likely	reflected	the	dermal	metabolic	processes	unique	to	each	 individual.	 	Features	found	to	

separate	 groups	 in	 the	 control	 sample	 comparisons	 alone	 (and	 not	 in	 the	 injury	 sample	

comparisons)	were	 then	 assumed	 to	 reflect	 group	differences	 from	non-injury	processes,	 in	 part	

signalling	 environmental	 and	 genetic	 uncontrollable	 factors	 that	 could	 influence	 overall	 results.		

Although	 this	 process	 fails	 to	 exclude	 all	 individual	 differences	 in	metabolic	 processes	 being	 the	

driver	for	group	separation	in	the	injury	samples	it	was	a	solution	for	this	complex	problem.			
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7.4.5.3 Accounting	for	separation	of	samples	152-180	in	multivariate	analysis	
The	protocol	applied	to	statistical	data	analysis	led	to	a	small	number	of	features	being	identified.		

Some	 of	 the	 bottleneck	 encountered	 in	 this	 study	 represents	 the	 inherent	 nature	 of	 untargeted	

metabolomic	approaches.		When	faced	with	thousands	of	features,	one	needs	to	be	realistic	about	

which	 should	 be	 taken	 forward	 for	 further	 investigation	 based	 on	 time	 and	 financial	 resources	

available.	 	 However	 this	 study	 took	 a	 particularly	 stringent	 approach	 that	 accounted	 for	 the	

inclusion	 of	 samples	 152-180,	 despite	 their	 separation	 within	 initial	 MVA	 scores	 plots.	 	 It	 also	

facilitated	the	ability	to	incorporate	control	sample	analysis	into	an	untargeted	metabolomic	study	

with	multiple	intervention	groups.			

Robust	 features	were	determined	based	on	 their	presence	 in	MVA	modelling	 for	datasets	where	

samples	152-180	were	included	and	excluded.		Whilst	the	influence	of	samples	152-180	on	the	first	

principal	 component	 was	 large,	 separating	 along	 the	 direction	 of	 greatest	 variance	 within	 the	

dataset,	 this	 influence	 was	 controlled	 by	 conducting	 analysis	 with	 both	 datasets.	 Only	 features	

identified	in	both	models	as	reaching	predefined	statistical	levels	of	significance	(VIP,	p[corr]1	and	

p	values)	were	taken	forward	for	further	analysis.	Furthermore	features	identified	as	important	in	

separating	 samples	 152-180	 from	 the	 remaining	 samples	 by	 univariate,	 supervised	 OPLS-DA	

analysis	and	PCA	scores	and	 loadings	plot	exploration	 (sections	7.3.2.3.1-3)	 failed	 to	be	 found	as	

important	in	driving	group	separation	in	any	of	the	injury	models.		This	does	not	justify	the	removal	

of	 features	 that	 led	 to	 samples	 152-180	 separation.	 	 The	 number	 of	 features	 important	 to	 this	

separation	 varied	 widely	 depending	 upon	 the	 statistical	 method	 used.	 It	 would	 therefore	 have	

been	difficult	 to	defend	the	choice	of	both	statistical	method	(univariate	or	OPLS-DA)	and	cut	off	

values	used	to	determine	 feature	exclusion.	 	Again	 this	 reflects	 the	recurring	theme	of	MVA	as	a	

technique	taking	into	account	the	whole	dataset	that	represents	all	the	measureable	metabolome	

features	present	and	the	interaction	and	relationships	between	these	features.		Removing	features	

may	 eliminate	 the	 richness	 of	 metabolomic	 data	 and	 produce	 results	 that	 fail	 to	 reflect	 the	

complexity	 of	 the	 biological	 system	 being	 investigated.	 	 Using	 an	 untargeted	 metabolomic	

approach	 to	 investigate	 a	 unique	 hypothesis	 with	 a	 fairly	 novel	 sample	 and	 intervention	

combination,	 necessitates	 examining	 all	 the	 processes	 which	 occur	 through	 using	 a	 complete	

dataset,	 rather	 than	 removing	 features	 to	 produce	 a	 “pure”	 dataset.	 As	 such,	 the	 conservative	

statistical	 process	 used	 provided	 an	 excellent	 compromise	 in	 accounting	 for	 the	 data	 issues	 yet	

addressing	the	scientific	question	adequately.	
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7.4.5.4 Evaluating	a	localised	peripheral	process	
Metabolomics	 studies	 often	 concentrate	 on	 global	 metabolic	 profiles	 in	 disease	 states,	 using	

samples	 such	as	urine,	 serum	or	 faeces.	 	 These	 fluids	 are	 thought	 to	 reflect	 the	overall	 systemic	

response	 of	 an	 organism	 to	 an	 intervention	 or	 disease.	 	 However	 the	 hypothesis	 of	 this	 work	

focused	on	peripheral	mechanisms	 in	experimental	burn	 injury	models.	 	Metabolomic	analysis	of	

microdialysate	collected	from	the	dermis	following	injury	best	reflects	the	localised	injury	response	

and	the	environment	of	peripheral	nociceptors	involved	in	pain.		In	this	respect	the	fluid	choice	and	

analysis	technique	are	strengths	in	best	addressing	the	scientific	question	being	posed.			

7.4.6 Limitations	of	methods	and	data	presented	in	this	chapter	

Whilst	the	overall	 limitations	of	this	work	are	addressed	in	chapter	9,	specific	 limitations	relevant	
to	this	chapter	are	explored	in	detail	below.	

7.4.6.1 Number	of	identified	metabolites		
Only	a	small	number	of	the	important	features	were	identified.		This	is	a	known	challenge	integral	

to	untargeted	metabolomic	studies.	 	Each	step	of	 the	UPLC-MS	and	MS/MS	analysis	 represents	a	

separate	bottleneck	where	 features	 lists	are	 rationalised	and	a	number	of	 features	are	excluded.		

As	already	discussed,	the	flow	of	data	analysis	allowed	for	feature	list	reduction	at	various	stages	

generating	 a	 final	 list	 of	 features	 to	 undergo	 MS/MS	 analysis.	 This	 included	 setting	 stringent	

statistical	parameters	with	respect	to	VIP,	p[corr]1	and	univariate	p	values,	excluding	features	that	

had	confidence	intervals	on	loadings	column	plots	from	supervised	models	that	were	not	reliable	in	

predicting	 group	membership,	 and	 only	 taking	 forward	 features	 that	 were	 unique	 to	 the	 injury	

model	 comparisons.	 	 The	 resulting	 list	 required	 further	 reduction	based	on	 ranking	of	VIP	values	

and	intensity	of	the	feature	in	original	samples.	A	reordering	of	the	analysis	flow	(as	illustrated	in	

Figure	7-12)	could	have	yielded	a	larger	list	of	features.		Had	p[corr]1	and	p	values	been	considered	

prior	 to	 MS/MS	 only	 features	 that	 met	 the	 final	 statistical	 significance	 levels	 would	 have	 been	

further	processed.		This	would	have	ensured	a	number	of	features	that	were	not	taken	to	MS/MS	

but	 reached	 statistical	 significance	 in	 predicting	 group	 separation	 would	 have	 been	 further	

analysed	(highlighted	in	Figures	7-15,	7-18,	7-27,	7-34).		It	is	worth	noting	that	it	was	from	this	list	

of	features	that	nicotinamide	was	identified	despite	not	being	taken	to	MS/MS.	

	

However	 the	 statistical	 analysis	 was	 not	 the	 only	 process	 where	 potentially	 interesting	 features	

were	 lost.	 	Some	features,	such	as	4.95_437	RT_m/z	from	the	thermal	 injury	and	UVB	injury	ESI+	

mode	UPLC-MS	OPLS-DA	model	failed	to	fragment,	even	when	high	collision	energies	were	applied.		

In	these	circumstances,	databases	generate	long	lists	of	potential	metabolites	and	their	theoretical	

adducts,	as	there	is	no	guarantee	the	ion	found	is	a	protonated	precursor	molecule.			
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In	this	case,	searching	for	437.187m/z	in	just	one	online	database	(http://www.hmdb.ca)	generated	

1445	possible	candidate	metabolites.			

	

Some	 features,	 such	 as	 4.73_409	 RT_m/z	 from	 the	 same	OPLS-DA	model,	 although	 fragmenting	

well	in	MS/MS	analysis	were	not	identified	on	database	searches	by	their	fragmentation	patterns.	

This	could	be	a	consequence	of	 incomplete	database	coverage	of	metabolites,	but	also	reflects	a	

particular	 challenge	 in	 UPLC-MS	 of	 DMD	 samples.	 	 The	 perfusate	 Ringers	 solution	 contains	 ion	

concentrations	 of	 147,	 4,	 2.25	 and	 155.5	 mmol/L	 of	 sodium,	 potassium,	 calcium	 and	 chloride	

respectively.	Precursor	ions	may	well	have	undergone	adduct	formation	with	these	ions	during	the	

sampling	or	analysis	process.	 	This	 is	 illustrated	by	uric	acid	 that	produced	a	number	of	 sodiated	

and	 potassiated	 product	 ions.	 Despite	 most	 freely	 available	 metabolite	 databases	 ability	 to	

calculate	 product	 ion	mass	 charge	 ratios	 for	 precursor	 ions	 as	 part	 of	 general	MS	 searches,	 it	 is	

uncommon	 to	 find	 fragmentation	 patterns	 of	 product	 ions.	 	 Rather	 databases	 identify	 the	

precursor	ion	and	give	the	fragmentation	pattern	if	the	adduct	were	removed.	It	cannot	however	

be	 assumed	 that	 molecules	 fragment	 by	 losing	 their	 adduct,	 returning	 to	 the	 precursor	 ion	

structure	and	then	fragment	as	the	precursor	ion	would	do.		In	reality	adducts	may	alter	anatomical	

bonds	within	a	chemical	structure,	which	can	lead	to	different	fragmentation	patterns.		Sabareesh	

and	Balaram	explored	this	nuance	of	electrospray	MS/MS	by	demonstrating	that	the	fragmentation	

patterns	 of	 sodiated	 and	 protonated	 peptide	 adducts	 are	 strikingly	 different.	 	 (454)	 	Whether	 a	

product	 ion	 fragments	 in	a	predictable	 fashion	 is	 likely	dependent	on	both	the	precursor	 ion	and	

adducts	 involved,	 alongside	 the	 physicochemical	 properties	 of	 the	 specific	 analysis	 system.	

Additionally	if	one	cannot	determine	whether	the	feature	is	a	precursor	or	product	ion,	there	is	a	

possibility	that	databases	are	searched	for	the	wrong	molecule.		

	

Furthermore,	as	illustrated	with	the	ESI+	mode	UPLC-MS	model	for	thermal	injury	and	UVB	injury,	

some	 features	 taken	 forward	 to	MS/MS	analysis	were	not	 found	on	 the	 spectra.	 	 There	 are	 two	

main	reasons	for	this	occurrence.		Firstly,	some	of	the	compounds	taken	forward	had	mantissa	of	.8	

or	.9	for	their	mass	to	charge	ratio.		In	MS/MS	analysis	the	quadrupole	selects	the	specified	m/z	for	

the	 feature	 of	 interest	 however	 when	 the	 selected	 feature	 had	 a	 mantissa	 of	 .8	 or	 .9,	 the	

quadrupole	struggled	to	select	the	exact	mass	to	charge	ratio.		In	some	cases	it	chose	a	ratio	higher	

and	 in	 some	 cases	 lower	 than	 that	 requested.	 	 For	 example	 for	 6.89_245.91	 RT_m/z	 the	

quadrupole	selected	 the	 ion	246.23	m/z	during	 the	MS/MS	analysis.	 	 In	contrast	 for	6.89_369.86	

RT_m/z	 the	quadrupole	chose	the	 ion	at	369.26	m/z.	 	Second,	a	number	of	 the	steps	 involved	 in	

UPLC-MS	and	MS/MS	processing	can	lead	to	in	source	fragmentation	and	product	ions.			
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Product	ions	that	are	a	consequence	of	the	perfusate	or	the	biological	process	should	be	consistent	

with	 repeated	 runs.	 	 In	 contrast	 those	produced	 from	conditions	 from	UPLC	system,	 its	 solvents,	

MS	or	MS/MS	may	only	be	present	in	one	analytical	run	and	not	reproduced	on	repeated	sample	

analysis	due	to	minor	alterations	in	these	variables.		The	ionic	nature	of	the	microdialysate	can	not	

only	 lead	 to	 adduct	 formation,	 but	 also	 ion	 suppression	 and	 deterioration	 of	 instrument	

performance	 should	 it	 lead	 to	 contamination.	 	 (455)	 	 Additional	 errors	 that	 can	 hamper	 feature	

identification	can	arise	 from	artefact	 features	 identified	 in	 the	 initial	analysis	 that	are	created	by	

system	contaminants	in	either	the	UPLC	column	or	MS	system	or	during	data	pre-processing.		Again	

these	 artefacts	would	 not	 then	 be	 present	 in	 the	 sample	 and	 fail	 to	 show	 up	 in	 further	MS/MS	

analysis.	Finally	depending	on	the	number	of	freeze	thaw	cycles	and	stability	of	both	the	samples	

being	analysed	and	the	metabolites,	true	metabolites	may	be	degraded	with	consecutive	analysis	

and	therefore	fail	to	be	identified.						

7.4.6.2 Conservative	statistical	analysis	
A	 number	 of	 the	 statistical	 strategies	 led	 to	 a	 final	 conservative	 list	 of	 features.	 	 In	 untargeted	

metabolomic	analysis	 it	 is	 important	to	focus	on	features	that	truly	 lead	to	group	differences	and	

therefore	 a	 stringent	 analysis	 strategy	 is	 often	 warranted.	 	 Each	 identified	 feature	 represent	 a	

potential	biomarker	and	future	studies	 investigating	these	further	require	both	time	and	financial	

investment.	 	 Further	 experiments	 should	 not	 be	 conducted	 on	 features	 that	 are	 not	 robust	 in	

predicting	group	membership.		However	uric	acid	illustrated	the	perils	of	adopting	too	stringent	an	

analysis	strategy,	 its	ability	to	predict	group	membership	to	thermal	 injury	and	UVB	injury	groups	

would	 not	 have	 been	 identified	 had	 only	 the	 predetermined	 statistical	 analysis	 strategy	 been	

performed.			This	emphasises	the	need	to	consider	statistical	tests	and	significance	cut	off	values	in	

the	biological	and	experimental	context	of	the	hypothesis.		

	

Furthermore	there	is	also	a	risk	that	some	important	features	were	excluded	due	to	being	present	

in	both	control	and	injury	supervised	models	as	driving	group	separation.		This	was	not	a	targeted	

approach	 and	 absolute	 concentrations	 of	 features	were	 not	 calculated.	 Therefore	 a	 feature	 that	

may	have	driven	separation	between	 for	example	 thermal	 injury	and	UVB	 injury,	may	have	been	

elevated	 in	 the	UVB	 injury	group	control	 samples,	but	depressed	 in	 the	UVB	 injury	 samples.	 The	

study	failed	to	address	these	finer	aspects	as	an	exploratory	approach	was	adopted,	however	this	

issue	could	be	addressed	in	future	work.			
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7.4.6.3 Metabolomic	analysis	techniques		
Whilst	 RP	 chromatography	 is	 the	 standard	 approach	 for	 separating	medium	polar	 and	non-polar	

analytes,	highly	polar	compounds	are	not	retained	and	therefore	not	discovered	with	RP	columns.	

Hydrophilic	 interaction	chromatography	 (HILIC)	 columns	coupled	with	MS	are	 thought	 to	provide	

complementary	information	in	these	circumstances	and	have	been	shown	to	be	useful	 in	 in	urine	

analysis.	 (313)	 	 Furthermore	 untargeted	metabolomic	 approaches	 often	 use	NMR	 alongside	MS,	

especially	 when	 concentrations	 of	 features	 are	 of	 interest.	 	 Due	 to	 the	 limited	 volumes	 of	

microdialysate	produced	by	DMD,	there	were	not	enough	samples	available	to	perform	HILIC	UPLC-

MS	 and	 NMR	 analysis.	 	 However	 a	 more	 comprehensive	 analysis	 would	 have	 involved	 further	

analysis	of	samples	using	both	these	techniques	to	enable	fuller	metabolome	coverage.			

7.4.6.4 Effect	size	of	supervised	multivariate	analysis	models	
Although	the	supervised	OPLS-DA	models	were	robust	and	predictive	the	effect	size	attributable	to	

the	 identified	 features	 represented	 less	 than	10%	of	 the	 group	 separation.	 	 Some	of	 this	 can	be	

explained	by	 the	 inclusion	of	 samples	152-180	 in	 the	overall	models.	 	When	 these	 samples	were	

removed	the	predictive	component	of	 the	OPLS-DA	models	uniformly	 improved,	especially	 in	 the	

negative	 mode	 (see	 section	 10.3.5.3,	 Table	 10-7).	 	 This	 supports	 the	 rationale	 to	 remove	 the	

samples	152-180,	however	as	illustrated	in	section	7.3.2.3.3	and	Figures	7-9	and	7-10	the	features	

leading	to	group	separation	are	not	uniformly	found	in	samples	152-180,	rather	some	are	present	

in	 the	 remaining	 samples.	 	 These	 would	 therefore	 still	 be	 present	 and	 likely	 continue	 to	 cause	

variance	within	the	new	dataset.		This	potentially	explains	why	removal	of	samples	152-180	did	not	

markedly	improve	the	predictive	ability	of	the	models.			

Whilst	the	low	predictive	nature	of	the	models	is	not	ideal,	the	hypothesis	of	this	chapter	relates	to	

a	general	exploratory	process	and	biomarker	discovery	in	a	field	previously	unexplored.		The	overall	

aim	is	to	discover	novel	targets	for	therapeutic	 interventions	and	develop	a	more	comprehensive	

picture	of	the	peripheral	processes	occurring	in	experimental	burn	injury	pain	models.		There	was	

never	a	requirement	to	 identify	clearly	compounds	that	predict	 to	only	one	model	and	therefore	

less	 than	50%	predictive	 ability	of	 the	model	 is	 less	 important.	 	 It	 could	be	also	 that	models	 are	

more	similar	than	they	are	different	and	that	the	 injury	processes	occurring	with	each	model	use	

similar	metabolic	pathways	that	only	differ	by	a	small	proportion	of	metabolites,	hence	the	size	of	

the	predicted	component.			

7.4.6.5 Clinical	translation	of	these	findings	
There	 is	 a	 question	 regarding	 the	 generalisability	 of	 any	metabolomic	 discoveries	 in	 burn	 injury	

patients.	 	These	 individuals	 suffer	 from	profoundly	deranged	physiology	and	are	hypermetabolic.		

In	these	circumstances	the	translation	of	metabolomic	studies	to	burn-injured	patients	is	uncertain.		
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Evaluating	 systemic	 effects	 in	 burn	 injury	 have	 been	 justified	 as	 providing	 information	 regarding	

metabolic	 processes	 in	 severe	 trauma	 and	 providing	 information	 on	 potential	 biomarkers	 that	

could	predict	outcome.	(182–184)		Whilst	one	can	reserve	judgement	on	the	translational	nature	of	

profiling	 urine	 and	 serum	 in	 burn-injured	 patients,	 this	 study	 aims	 specifically	 to	 determine	 the	

peripheral	 processes	 that	 occur	 in	 burn	 injury-associated	 pain.	 	 Pollins	 et	 al.	 took	 a	 peripheral	

approach	analysing	skin	samples	using	MS,	and	suggested	their	pilot	study	provided	information	of	

temporal	protein	changes	within	the	periphery	 in	response	to	burn	 injury.	 	 (186)	 	Their	approach	

was	therefore	similar	to	this	study	and	helps	 justify	the	experimental	rationale.	 	Furthermore	the	

design	of	this	study	was	not	to	sample	burn-injured	patients,	generating	data	and	results	that	could	

be	confused	by	multiple	confounding	factors	associated	with	severe	 injury.	 	 Instead	experimental	

transient	 models	 of	 injury	 and	 pain	 were	 imparted	 in	 healthy	 volunteers.	 	 Exploration	 of	 these	

processes	 in	 a	 healthy	 volunteer	 population	 is	 the	 first	 step	 in	 developing	 understanding	 of	 the	

peripheral	processes	of	burn	injury-associated	pain.	

7.4.7 Future	work	
There	are	a	number	of	areas	that	could	logically	be	pursued	further.	

First	 the	compounds	not	 identified	but	 found	at	MS/MS	could	be	explored	using	wider	database	

searches	 and	 collaborating	 with	 groups	 that	 have	 investigated	 similar	 samples	 using	 the	 same	

analysis	techniques.	

Second	 the	 features	 that	 were	 not	 taken	 forward	 for	 MS/MS	 analysis	 but	 reached	 statistical	

significance	 in	 predicting	 group	membership	 could	 be	 run	 as	 part	 of	 a	 new	MS/MS	 experiment.		

This	could	also	include	those	features	that	generated	both	a	significant	p	value	with	Mann	Whitney	

U	tests	and	a	p[corr]1	value	of	either	>0.4	or	<-0.4	to	increase	identified	features.			

Third	a	targeted	analysis	approach	could	be	taken	with	DMD	samples.		More	recently	targeted	

assays	producing	quantitative	values	for	amino	acids	have	been	developed	within	Computational	

and	Systems	Medicine	and	these	would	provide	a	more	conventional	dataset	to	allow	injury	model	

group	comparisons	that	would	complement	the	untargeted	results.	

Finally	the	features	that	drove	group	separation	in	both	the	injury	and	control	OPLS-DA	models	and	

also	those	found	only	in	the	control	OPLS-DA	models	could	be	explored	further.		Specifically	those	

found	in	the	control	samples	alone	may	give	further	insight	into	inflammatory	responses	to	DMD	

probe	insertion.	
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Chapter	8:	Conclusion	

8 Conclusion	

8.1 Conclusion	

Burn	 injury-associated	 pain	 represents	 a	 considerable	 burden	 to	 patients	 and	 is	 inadequately	

managed	in	the	clinical	setting.		The	interaction	between	the	inflammatory	processes	taking	place	

within	 the	burn	 injury	wound	and	peripheral	 nociceptors	 remains	 incompletely	defined,	 and	 this	

hinders	 the	 application	 of	 mechanistic-based	 approaches	 to	 burn	 injury-associated	 pain	

management.	 	 Human	 experimental	 burn	 injury	 pain	 models	 represent	 a	 solution	 to	 further	

elucidate	 these	 complex	 peripheral	 processes.	 	 However	 controversy	 regarding	 their	

somatosensory	 phenotypes	 persists	 and	 their	 peripheral	 inflammatory	 and	metabolomic	 profiles	

remain	uncharacterised.			

	

The	 overall	 aim	 of	 this	 work	 was	 to	 elucidate	 a	 more	 comprehensive	 understanding	 of	 the	

somatosensory	changes	and	components	of	 the	“burn-injury	 inflammatory	 soup”	with	 respect	 to	

inflammatory	proteins	and	 the	metabolome,	using	human	experimental	burn	 injury	pain	models.		

The	overall	hypothesis	was	that	the	two	experimental	burn	injury	pain	models	would	demonstrate	

markedly	different	somatosensory,	inflammatory	protein	and	metabolic	phenotypes	to	each	other	

and	also	with	an	experimental	pain	model	control,	namely	the	capsaicin	injury	model.			

	

The	exploration	of	 somatosensory	phenotypes	 revealed	 that	 the	UVB	 injury	model	 in	 contrast	 to	

the	 thermal	 injury	 and	 capsaicin	 injury	models	 did	 not	 demonstrate	 spontaneous	 pain	 following	

injury	 or	 erythematous	 flare.	 	 Furthermore,	 whilst	 direct	 group	 comparisons	 of	 somatosensory	

areas	 (primary	 and	 secondary	 static	 punctate	 mechanical	 hyperalgesia	 and	 dynamic	 mechanical	

allodynia)	 revealed	no	differences	between	 the	models,	 correlation	analysis	and	consideration	of	

non-responder	data	revealed	there	were	injury	model	differences	between	all	three	models.			

	

Analysis	 of	 inflammatory	 protein	 responses	 to	 the	 three	 injury	 models	 showed	 some	 common	

inflammatory	 responses,	 namely	 that	 of	 IL6,	 IL8	 and	 CCL2.	 	 However	 with	 respect	 to	 other	

inflammatory	 proteins	 the	 thermal	 injury	 and	 capsaicin	 injury	models	 appear	 to	 reflect	 an	 acute	

generalised	 inflammatory	response	compared	to	the	 lingering	 limited	 inflammatory	changes	seen	

with	 the	 UVB	 injury.	 In	 keeping	 with	 the	 somatosensory	 findings,	 there	 are	 also	 differences	 in	

overall	inflammatory	protein	profiles	that	are	distinct	to	the	three	injury	models.			
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Finally	 the	metabolomics	 analysis	 demonstrates	 that	 the	 dermal	metabolic	 consequences	 of	 the	

injury	 models	 are	 different	 between	 not	 only	 capsaicin	 and	 the	 burn	 injury	 models,	 but	 also	

between	the	two	burn	injury	models	(thermal	injury	and	UVB	injury).	

	

Together	 these	 results	 suggest	 that	 the	 three	 experimental	 pain	 models	 demonstrate	 some	

similarities,	 but	 also	 some	 distinct	 differences	 in	 somatosensory,	 inflammatory	 protein	 and	

metabolomic	 phenotypes.	 	 Despite	 the	 thermal	 injury	 model	 and	 UVB	 injury	 model	 both	

representing	burn	 injuries,	their	differences	reflect	the	distinct	mechanisms	that	occur	during	the	

development	 of	 the	 burn.	 	 The	 thermal	 injury	 model	 generates	 its	 somatosensory	 responses,	

inflammatory	 protein	 and	metabolic	 consequences	 through	 heat	 damage	 to	 cells.	 	 This	 causes	 a	

rapid	 response	 from	 heat	 sensitive	 receptors	 (see	 section	 1.3.1)	 and	 early	 cellular	 damage	with	

release	of	intracellular	content	that	lead	to	inflammation	and	further	nociceptor	stimulation.					This	

mechanism	explains	why	the	pain	intensity	VAS	scores	are	elevated	during	imparting	the	injury	(see	

Figure	5-5)	and	that	the	 inflammatory	protein	response	appears	 immediate.	 	 In	contrast	 the	UVB	

injury	is	a	consequence	of	UVB	irradiation	causing	damage	to	DNA	of	the	keratinocytes.		At	its	most	

severe,	 UVB	 irradiation	 can	 lead	 to	 apoptosis	 and	 cell	 death,	 however	 DNA	 damage	 in	 surviving	

cells	can	 influence	protein	degradation,	modification	and	altered	synthesis.	 	This	more	prolonged	

process	likely	accounts	for	the	persistent	inflammation	associated	with	the	UVB	injury	as	shown	by	

the	inflammatory	protein	response,	and	length	of	time	to	develop	hyperalgesia.			

	

The	 clinical	 implications	 of	 these	 findings	 are	 wide-ranging	 but	 two	 important	 points	 they	 raise	

relate	to	the	choice	of	experimental	pain	models	to	answer	specific	clinical	questions.		The	first	is	a	

broad	point	regarding	the	application	of	experimental	pain	models	in	general.	 	A	recent	literature	

review	 of	 randomised,	 double	 blind,	 placebo-controlled	 trials	 investigated	 the	 pharmacological	

sensitivity	 of	 the	 experimental	 pain	 models,	 to	 evaluate	 their	 application	 in	 early	 phase	

pharmacological	 pain	 research.	 (218)	Differences	 in	 the	 responses	 of	 the	 two	 experimental	 burn	

injury	 pain	 models	 to	 specific	 classes	 of	 analgesic	 drugs	 were	 revealed.	 	 The	 UVB	 injury	 model	

responding	to	NSAIDs	and	to	a	 lesser	extent	 to	opioids,	compared	with	 inconsistent	 responses	 in	

the	thermal	injury	model	to	both	these	drug	classes.	This	suggests	that	there	are	clear	differences	

between	 the	 burn	 injury	 experimental	 pain	models.	 	 The	 data	 presented	 in	 this	 thesis	 supports	

these	findings,	and	goes	some	way	to	exploring	potential	causes.		
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The	distinct	somatosensory,	inflammatory	protein	and	metabolomic	responses	to	the	injury	models	

suggest	 that	 rather	 than	being	 applied	 interchangeably	 for	 early	phase	proof	of	 concept	 studies,	

the	 choice	 of	 model	 should	 be	 based	 on	 evaluating	 appropriateness	 of	 their	 application	 in	

answering	the	specific	clinical	question	being	explored.		This	leads	into	the	second	point	regarding	

burn	 injury	experimental	pain	models.	 	At	 the	beginning	of	 this	 thesis,	 the	main	clinical	question	

referred	 to	 elucidating	 the	 peripheral	 processes	 involved	 in	 burn	 injury-associated	 pain	 so	 as	 to	

inform	 a	 mechanistic-based	 management	 approach.	 	 In	 relation	 to	 burn	 injury-associated	 pain	

although	the	UVB	injury	model	displays	secondary	sensory	changes,	an	important	quality	for	clinical	

translation,	 the	 inflammatory	changes	appear	 less	acute	around	 the	 time	of	peak	somatosensory	

findings.	 	 Therefore	 evaluating	 peripheral	 inflammatory	 proteins,	 and	 by	 extension	metabolomic	

features	 in	the	UVB	model	 is	unlikely	to	reflect	the	acute	changes	that	occur	 in	a	burn	 injury.	 	As	

such	 there	 is	 a	 clear	 indication	 for	 choosing	 the	 thermal	 injury	model	 to	 explore	 the	 peripheral	

mechanisms	in	burn	injury-associated	pain.				

	

8.2 General	strengths	and	limitations	of	this	work	

8.2.1 General	strengths	
This	work	 combined	a	 range	of	 techniques	 to	explore	 the	peripheral	mechanisms	of	burn	 injury-

associated	pain.		The	use	of	experimental	pain	models	in	healthy	volunteers,	allowed	the	benefits	

of	removing	the	confounding	factors	associated	with	burn-injured	patient	population,	and	also	has	

provided	 information	pertinent	 to	 experimental	 pain	model	 application	outside	 the	 field	 of	 burn	

injury-associated	pain.			

Furthermore	 this	 work	 has	 utilised	 both	 traditional	 (such	 as	 somatosensory	 testing	 and	 dermal	

microdialysis)	 and	 cutting	 edge	 (such	 as	 multiplex	 microbead	 assay	 arrays	 and	 ULPC-MS)	

experimental	 techniques.	 	 Findings	 are	 therefore	 novel	 both	 regarding	 the	 applications	 of	 these	

techniques,	 specifically	 with	 respect	 to	 investigating	 experimental	 pain	 models	 using	 UPLC-MS	

analysis	 of	 dermal	 microdialysate	 and	 also	 with	 respect	 to	 the	 results,	 including	 primary	

somatosensory	and	metabolomic	data.				

8.2.2 General	limitations		
The	nature	of	exploratory	studies	is	that	they	are	hypothesis	generating,	however	this	also	means	

they	do	not	produce	 concrete	answers.	 	As	 such	 the	 findings	are	broad	and	provide	overarching	

theories	relating	to	the	peripheral	mechanisms	involved	in	each	of	the	 injury	models,	rather	than	

identifying	a	single	biomarker	important	to	burn	injury-associated	pain.			
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The	 overall	 experimental	 design	 was	 complex,	 and	 as	 it	 provided	 non-normally	 distributed	 data	

that	produced	 challenges	 regarding	 analysis.	 	However	 control	 samples	 and	multivariate	 analysis	

were	 utilised	 to	 overcome	 this	 issue	 with	 respect	 to	 metabolomic	 data	 and	 simpler	 statistical	

methods	were	used	in	combination	to	address	these	issues	with	somatosensory	and	inflammatory	

protein	 data	 analysis.	 	 The	 application	 of	 more	 complex	 mathematical	 modelling	 may	 pose	 a	

possible	next	step	 in	considering	the	data	further.	Furthermore,	 the	emphasis	 that	can	be	placed	

on	 statistical	 significance	 for	each	of	 the	numerous	parameters	 is	 limited,	 as	 sample	 calculations	

were	 not	 performed.	 	 As	 has	 been	 discussed	 previously	 an	 inherent	 property	 of	 performing	

exploratory	studies	is	that	a	desired	change	in	the	outcome	measures	is	unknown,	making	sample	

calculations	 difficult.	 	When	more	 than	 one	 outcome	measure	 is	 being	 evaluated,	 attempting	 to	

create	statistical	power	is	not	always	possible	or	appropriate,	particularly	in	metabolomics	studies	

that	contain	a	large	number	of	features/metabolites.			

	

The	potential	 influence	of	an	absence	of	 randomisation	and	blinding	 in	 this	 study	 should	also	be	

acknowledged.	 As	 described	 in	 section	 4.2.3,	 subject	 allocation	 to	 specific	 injury	 model	 groups	

involved	 convenience	 sampling	 to	 ensure	 timing	 of	 the	 UVB	 experiments	 related	 to	 seasonal	

natural	 sunlight	 exposure	 and	 also	 accounting	 for	 the	 skin	 phototype	 of	 subjects.	 	 Therefore,	

despite	demographic	 similarities	between	groups	and	 the	use	of	 subject	 specific	 control	 samples	

for	inflammatory	protein	and	metabolomics	analysis,	there	is	always	a	chance	that	an	unmeasured	

factor	 was	 different	 between	 group	 and	 influenced	 outcomes.	 	 Additionally	 apart	 from	 the	

somatosensory	and	dermal	microdialysis	sampling	of	one	subject,	and	the	running	of	two	internal	

standards	during	UPLC-MS/MS,	all	experiments	were	conducted	by	the	author	of	this	work.		There	

was	no	concealment	of	injury	group	during	somatosensory	testing	and	there	is	the	possibility	that	

this	 influence	 measurements.	 Interestingly,	 blinding	 in	 these	 circumstances	 would	 have	 proved	

challenging	as	the	injuries	have	different	appearances	on	the	skin.	Furthermore	whilst	coding	was	

used	 during	 inflammatory	 protein	 and	 metabolomics	 sample	 processing,	 to	 allow	 supervised	

statistical	analysis	to	be	performed	injury	grouping	was	revealed.		This	also	could	have	introduced	

bias	to	the	analysis.			

	

Finally,	 as	 with	 the	 majority	 of	 published	 studies	 that	 evaluate	 somatosensory	 responses	 and	

measure	biological	processes	that	occur	at	the	same	time,	there	is	an	underlying	assumption	that	

an	association	reflects	a	link	between	the	two	findings.		
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Whilst	 this	 report	 has	 suggested	 possible	 mechanisms	 that	 may	 link	 processes,	 as	 with	 similar	

studies	 no	 direct	 claims	 can	 be	made	 that	 the	 biological	 findings	 are	 the	 cause	 of	 pain	 in	 these	

experimental	injury	models,	and	the	results	need	to	be	taken	in	this	context.			

	

8.3 Future	directions	

There	 are	 two	main	 steps	 that	 constitute	 the	 future	 directions	 of	 this	work.	 	 The	 first	 relates	 to	

exploring	the	unanswered	questions	associated	with	the	results	presented.		At	the	end	of	chapters	

5,	6	and	7	there	are	specific	descriptions	of	how	the	data	presented	could	be	further	considered.		

These	 are	 all	 important	 steps	 that	 would	 add	 to	 the	 findings	 reported	 and	 continue	 to	 develop	

knowledge	surrounding	peripheral	processes	 involved	 in	burn-injury	associated	pain.	 	 	 In	addition	

further	 analysis	 integrating	 the	 three	 data	 sets	 (somatosensory,	 inflammatory	 protein	 and	

metabolomic)	 to	 explore	 whether	 there	 are	 links	 between	 the	 psychophysical	 findings	 of	 the	

somatosensory	 data	 and	 the	 biological	 processes	 should	 be	 conducted.	 	 At	 an	 individual	 subject	

level,	pain	intensity	scores,	areas	of	EF,	areas	of	primary	and	secondary	PMH,	and	areas	of	primary	

and	 secondary	 DMA	 should	 be	 considered	 related	 to	 the	 presence	 or	 absence	 of	 individual	

inflammatory	proteins	and	also	the	magnitude	of	release	of	each	of	these	inflammatory	proteins.		

Simple	correlation	analysis	could	highlight	general	trends	that	could	be	explored	to	outline	whether	

there	 are	 inflammatory	 proteins	 associated	 with	 increased	 somatosensory	 areas.	 	 These	 would	

then	 be	 considered	 further	 to	 ascertain	 if	 they	 are	 generic	 changes	 seen	 across	 all	 three	 injury	

models	 or	 whether	 these	 are	 injury	 model	 specific.	 	 Further	 extension	 of	 this	 analysis	 would	

explore	whether	clusters	of	 inflammatory	proteins	change	together	 in	conjunction	with	 increased	

somatosensory	areas.		Again	these	could	be	studied	to	see	if	they	are	injury	model	specific	or	more	

generic	 to	 all	 injury	 models.	 	 The	 function	 of	 relevant	 inflammatory	 proteins	 would	 then	 be	

considered	in	the	context	of	these	results,	for	example	inflammatory	proteins	linked	to	vasodilation	

may	 be	 elevated	 in	 subjects	 with	 large	 areas	 of	 EF.	 	 Although	 metabolomic	 identified	 agent	

abundance	and	relationship	to	somatosensory	changes	 is	currently	only	possible	to	evaluate	with	

respect	 to	 uric	 acid	 and	 nicotinamide,	 once	 further	 targeted	 analysis	 of	 the	microdialysates	 has	

been	 performed	 for	 amino	 acids	 and	 further	 analytes	 are	 identified	 from	 the	 untargeted	

metabolomic	dataset,	their	abundance	should	also	be	considered	in	the	context	of	somatosensory	

areas.	 	This	would	again	aim	to	correlate	whether	subjects	that	had	an	 increased	abundance	of	a	

specific	 metabolic	 agent	 or	 number	 of	 agents,	 also	 demonstrated	 increased	 or	 decreased	

somatosensory	areas.		For	example,	individuals	who	appeared	on	somatosensory	testing	to	be	non-

responders,	may	have	a	lack	of	abundance	of	specific	metabolites	or	inflammatory	proteins.				
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These	 additional	 identified	 metabolites	 could	 represent	 specific	 metabolites	 of	 inflammatory	

proteins.	 	 This	 may	 allow	 the	 metabolomic	 findings	 to	 complement	 the	 inflammatory	 protein	

assays	 to	 help	 further	 the	 understanding	 of	 the	 biological	 processes	 involved	 in	 peripheral	 burn	

injury.			

	

Secondly,	 following	 the	 completion	 of	 the	 suggested	 further	 analysis	 on	 the	 presented	 data	 and	

samples,	 there	 is	 a	 need	 to	 take	 the	 biological	 agents	 that	 have	 been	 found	 as	 important	 in	

differentiating	the	three	injury	models	and	testing	these	in	vitro.		Dorsal	root	ganglion	cells	can	be	

cultured	 to	 develop	 peripheral	 processes	 that	 mimic	 afferent	 terminals.	 	 Although	 the	 actions	

within	 the	 peripheral	 terminals	 cannot	 be	 directly	 measured,	 application	 of	 the	 discovered	

important	biological	 agents	 can	be	evaluated	 in	 these	cells	by	 considering	 cellular	 calcium	 influx,	

electrophysiological	recordings	of	membrane	potentials	and	post	translational	changes	within	the	

cellular	membranes	and	intracellular	content,	of	which	can	suggest	the	involvement	of	the	applied	

agent	 in	 nociceptor	 activation.	 	 This	 would	 enable	 evaluation	 of	 the	 role	 these	 agents	 play	 in	

peripheral	nociceptive	processes.	

	

8.4 Concluding	remarks	

This	work	was	 conducted	 to	 further	knowledge	 regarding	 the	peripheral	mechanisms	 involved	 in	

burn	 injury-associated	 pain,	 encompassing	 hypersensitivity	 responses	 within	 the	 somatosensory	

system.	 	 	 Sir	 Thomas	 Lewis	 described	 this	 process	 80	 years	 ago	 in	 1937.	 (345)	 He	 explained	

hyperalgesia	with	 respect	 to	 the	 “nocifensor”	 system	of	 nerves.	 	 The	 statement	 he	made	 below	

describes	 the	 hypothesis	 of	 this	 work.	 	 The	 results	 that	 have	 been	 presented	 in	 this	 thesis	

contribute	 to	 improving	 our	 understanding	 regarding	 this	 process	 with	 respect	 to	 burn	 injury-

associated	pain;	

		

“…for	reasons	which	I	cannot	satisfactorily	and	fully	relate	in	these	lectures,	I	have	interpreted	this	

change	to	be	an	altered	state	of	skin	cells,	with	a	discharge	from	these	of	substances	that	by	acting	

locally	reduce	the	threshold	of	the	pain	nerve”	

Sir	Thomas	Lewis	(345)	
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Chapter	10:	Appendices	

10 Appendices	

10.1 	Chapter	3	supplementary	information		

10.1.1 Participant	information	sheet		
 

 

1. Volunteer Information Sheet 

 

 

 

 

 

 

Identification of Biomarkers for Burn Pain - Volunteers 

Study Participant Information Sheet 
(Version 4.0; 07.12.2011) 

Chief Investigator: Dr. C. Bantel   Study Organizer: Dr. C Bantel 

 

You are being invited to take part in a research study. Before you decide, it is important for 
you to understand why the research is being done and what it will involve. 

Please take time to read the following information carefully and discuss it with others if you 
wish. 

Part 1 - This tells you about the purpose of the study 

Part 2 - This gives you more detailed information about the conduct of the study and what 
will happen to you if you take part. 

 

Ask us if there is anything that is not clear or if you like more information. Take time to 
decide whether or not you wish to take part. 

Thank you for reading this. 

Department of Surgery & Cancer 

-Anaesthetics Section- 

Imperial College London 

Chelsea and Westminster Hospital 

369 Fulham Road  

London 
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Part 1 
 

What is the purpose of the study? 

One of the special services our hospital offers is the treatment of burn injuries. For many 
years we have noticed that treatment of burn pain can be very challenging and often 
frustrating for patients and their health care providers.  

We and others also realized that there is no single burn pain but that this pain rather 
comprises different pain sub-types. Identifying these pain sub-types might have 
consequences for employing more individual and hence better treatment strategies for each 
patient. This is the reason, why we would like to find out whether each pain sub-type 
displays unique signs or signals. One way of doing this is to induce a very mild skin burn – 
not more than a sun-burn over an area comparable to half of an Oyster Card. The purpose is 
to see whether in the affected area specific substances accumulate in the skin. These 
unique substances are called biomarkers. It is hoped that they help to precisely recognize an 
explicit pain condition in the future. 

 

Who is involved in this study and what will happen? 

This study will be conducted at Chelsea and Westminster NHS Foundation Trust in 
collaboration with Imperial College London.  

Involved will be the Pain Team, the Anaesthetic Department as well as doctors and nurses 
from the Burns Unit at Chelsea & Westminster Hospital. Sample and data analysis will be 
done in Biomolecular Medicine at Imperial College London. 

To make sure that you are eligible to participate in the study, we will explain the study to you; 
ask you some health related questions, and finally, if you wish to take part, ask you to give 
your consent. 

To identify biomarkers for burn pain, burn patients and healthy volunteers will be recruited. 
You are a healthy volunteer. 

Each volunteer will be exposed to one single short lasting, standardized and validated skin 
burn pain. This burn will have the size of approximately half an Oyster Card and will cause 
some mild pain and hypersensitivity similar as you might have experienced with a sun burn 
in the summer. 

The burn pain will be induced either with an extract of hot chilli pepper (capsaicin), a UVB 
light source (sun burn) or a heated metal plate (thermal burn). 

Afterwards the intensity the pain will be assessed with the help of pain scores. Also, the 
degree of hypersensitivity the skin develops after burn will be determined. In addition, it will 
be tested how quickly you perceive heat and touch as painful (thermal and mechanical pain 
thresholds). This form of testing, which is called somato-sensory testing (SST) will be done 
three to five times throughout the experiment at the burned and adjacent unburned skin 

However, the key part of the study is the sampling of substances the body makes in the skin 
in response to a burn injury. For this purpose a very small dialysis fibre will be inserted into 
(not under) skin at the burn side and a small adjacent non-burned area (skin microdialysis). 
This is roughly comparable of having a splinter and should therefore at most be 
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uncomfortable but not painful. We will be very careful to do this under clean conditions so to 
minimize the risks of infections. 

At the end of the study day, the dialysis probes will be removed (approximately after 3.5h) 
and the injection sides covered with clean dressing. Removal is not painful and will not 
require any pain killers. 

3-5 days after microdialysis we will automatically check on you to make sure everything is 
fine and to give you the opportunity to discuss your experiences with us. This follow-up 
strictly speaking is not part of the experiment. However, we do care for our participants and 
hence we would like to see how you are doing. 

 

Why have I been chosen? 

You have been invited to participate in the study, as you are a fairly healthy, non-pregnant 
individual over 18 years of age without a recent burn injury.  

 

Do I have to take part? 

It is up to you to decide whether or not to take part. If you do decide to take part you will be 
given this information sheet to keep and be asked to sign a consent form. If you decide to 
take part you are still free to withdraw at any time and without giving a reason. A decision to 
withdraw at any time, or a decision not to take part, will not affect the standard of care you 
are currently receiving or might be receiving in the future. 
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Part 2 

 

What will happen to me if I take part? 

If you are interested in taking part in the study, an appointment with a research doctor will be 
made at a time convenient for you. 

 

Appointment 1: Consent Appointment (about 45 to 90min) 

On this appointment we will explain why we are doing this and why we are inviting you to 
help us. It is also for you to have the opportunity to ask questions to help with the decision 
making.  

If you think you had enough time to decide and would like to take part, we would then ask 
you to sign a consent form. 

As a healthy volunteer having decided to participate, we would assign you to one of the 
following pain model groups. 

The pain models we use in this study and that are representative for burn pain are  

a. sun burn – induced via an UVB light source 
b. heat (thermal) burn – induced with a heated metal plate 
c. hot chilli pepper extract (capsaicin) – applied via a soaked filter paper. 

If you have been assigned to the sun burn group, we would in the final part of this 1st 
appointment determine how sensitive your skin is to UVB light (sun light). It is important that 
we do this, because we don’t want to give you too much sun burn in the ‘real’ experiment, 
which should ideally be done 24 hours later (appointment 2). The way we are doing this is in 
applying ultra-violet B light (UVB) to your skin at varying non-painful intensities (the skin 
might however become sensitive). A day later we would check how red the skin is. From you 
response to this test, we can exactly determine how intense the light must be for the 
experiment. 

 

Appointment 2 (1st experimental day; about 20 to 40 minutes) 

On this day we go over a questionnaire with you, to re-verify that you are suitable for the 
study and happy to participate 

 

We will then explain to you how we do the experiments: We will show you the equipment 
and how it works, when we do the tests and how the tests are done. We take our time for 
you to become familiar with the way we assess pain intensity on a 0 (no pain) to 10 (worst 
pain ever) scale and the tests we do to determine pain thresholds and skin sensitivity 
(somato-sensory testing; SST). Pain thresholds are determined with a little metal plate that is 
heated until you experience the heat as unpleasant and a set of plastic pricks, that we press 
onto your skin until you tell us that it is uncomfortable. You don’t have to worry, these tests 
will not injure your skin. Skin sensitivity is tested by brushing a little soft paint brush over 
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your skin or applying light pressure with a very fine bendy prick. In uninjured skin, you will 
perceive this at most as tickling. 

Although you won’t have any pain at this stage of the study, we will nevertheless at the end 
of this appointment do a first pain assessment with the 0 to 10 scale and SST. 

For those volunteers who have been assigned to the sun burn group, we would then induce 
the sun burn (similar to appointment 2) on the palm side of your non-dominant forearm with 
a UVB light source, because it takes 24 hours to fully develop.  

 

Appointment 3 (2nd experimental day; about 5 hours) 

If you have been assigned to the hot chilli pepper (capsaicin) group or the thermal burn 
group, we will now induce the pain on the palm side of your non-dominant arm. This will be 
done either with a capsaicin soaked filter paper for 30 minutes or with a heated metal plate 
for 5minutes, respectively. 

Independent of which group you belong to, we will next insert a very small microdialysis fiber 
into the side with the pain and an adjacent non-injured part of your forearm. Despite the 
insertion into the burns area, this should not cause much more additional discomfort. The 
insertion will be done in the cleanest possible way.  

We will sample from the dialysis fiber for 3.5 hours before we remove it. Also, at hourly 
intervals we will assess your pain score and perform somato-sensory testings (SST). 

 

Appointment 4 (3nd experimental day) – follow-up 

This is to verify that you are doing well and to give you the opportunity to talk about your 
experiences. This can be done either over the phone or if you wish through a direct 
appointment. 

 

What are the possible disadvantages and risks of taking part? 

The main disadvantage is that you will need to give up approximately 3 hours on the first day 
and 5 hours on the consecutive day of your time to take part in this study. Another 
disadvantage is that you will be required to travel to Chelsea and Westminster Hospital for 
the appointment. Should you take part in the study we will be able to provide you with travel 
expenses at an equivalent of the public transport rate. 

 

Further, as part of the study you will be experiencing some mild pain after the induction of 
the respective pain model. However, this should only be for a short period of time. You will 
also experience some skin hypersensitivity comparable with sun burn for 24 to 48 hours 
afterwards. 

All pain models will also induce some reddening of the skin at the affected side and maybe 
some itching. The chance of you developing blisters and scarring are very low and have not 
yet been reported with these models. 

The microdialysis probe insertion is a harmless procedure and the risk for you developing 
little bit of bleeding or bruising, an infection or permanent skin damage are very rare. The 
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insertion of the probe is comparable of you having a splinter in your skin - it should hence be 
only mildly painful. 

 

What are the possible benefits of taking part? 

By participating in this study you would help us to uncover specific substances that our body 
makes in response to burn injuries.  

These substances are called biomarkers and they should tell us more about what 
mechanisms are involved in the generation of burn pain. 

Biomarkers are assumed to be unique for certain medical conditions. Therefore, if we are 
able to identify some for burn injury, that should help us distinguishing between different 
burn pain sub-types. 

Finally, if we know more about the mechanisms involved in burn pain generation in humans, 
we hope that we can tailor treatments more towards each individual patient’s needs and 
hence improve patient experience and comfort. 

 

What if something goes wrong? 

Imperial College London holds insurance policies, which apply to this study. If you 
experience serious and enduring harm or injury as a result of taking part in this study, you 
may be eligible to claim compensation without having to prove that Imperial College is at 
fault. 

This does not affect your legal rights to seek compensation. If you are harmed due to 
someone’s negligence, then you may have grounds for a legal action. Regardless of this, if 
you wish to complain, or have any concerns about any aspect of the way you have been 
treated during the course of this study then you should immediately inform the Investigator 
Dr C Bantel; telephone: 020 8746 8897 or e-mail: c.bantel@imperial.ac.uk. If you are still 
not satisfied with the response, you may contact the Imperial AHSC Joint Research Office 
(see address below). 

Ms Becky Ward 
AHSC Joint Research Office 
Imperial College London and Imperial College Healthcare NHS Trust 
St Mary’s Hospital, Faculty of Medicine 
Room GM14 Ground Mezzanine Floor 
Praed Street 
London 
W2 1NY 
Telephone: 0203 312 2242 
Fax Number: 0203 312 2244 
Email: becky.ward@imperial.ac.uk 
www.imperial.ac.uk/clinicalgovernanceoffice 

 

Will my taking part in this study be kept confidential? 

All information that is collected about you during the course of the research will be kept 
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strictly confidential. Initially the information about you will be stored on secure hospital 
computers at Chelsea and Westminster hospital, in a similar fashion to the information which 
is currently stored relating to routine clinic care.  

We will send anonymized data from these studies to university computers for analysis and 
also include it in computer databases which are used to store and analyze data. 

Any information about you which leaves the hospital (e.g. as part of reports, presentations or 
other publications) will have your name, address, date of birth and hospital number removed 
so that you cannot be recognized from it.  

 

Will my GP be informed? 

As part of good clinical practice in medical research it is recommended that we inform your 
GP of your participation in this study. However if you do not want your GP to be informed, 
we will respect your wishes. This will not affect your ability to take part in this study. 

 

Do I get my travel reimbursed? 

Yes you can be reimbursed equivalent to public transport rates by invoice of the costs. 

 

What will happen to the results of the research study? 

We will make the research and medical community aware of the results of this study by the 
normal process of publication in scientific journals and presentation at professional 
conferences. If you wish to be informed of these publications we can arrange to do so. No 
data will be identifiable as from you in the publications. 

We will ask for your permission to contact you in the future. We may then invite you to 
participate in further research in the future. 

 

Who is organizing and funding the research? 

This study is being organized by the Department of Surgery & Cancer, Anaesthetics Section, 
Faculty of Medicine, Imperial College London.  

The study is funded by the National Institute of Academic Anaesthesia – British Journal of 
Anaesthesia (BJA)/ Royal College of Anaesthetists (RCoA). 

No identifiable data will be shared with the funding body.  

 

Who has reviewed the study? 

This study was given a favorable ethical opinion for conduct in the NHS by the National 
Research Ethics Service Committee London - Brent (11/LO/1892). 

 

Contact for further information: 

If you have any further questions, please contact 
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Dr. C Bantel  

Department of Surgery & Cancer 

-Anaesthetics Section- 

Imperial College London 

Chelsea & Westminster Campus 

369 Fulham Road 

London SW10 9NH 

Telephone: 020 8746 8897 

E-mail: c.bantel@imperial.ac.uk 

	

10.1.2 The	updated	UVB	protocol:	inflammatory	response	trial		
DMD	was	performed	at	3	different	UVB	injury	sites	(2MED,	2.5MED	and	3MED)	24	hours	after	being	

imparted	and	from	a	control	uninjured	site,	 in	a	health	subject	(male,	Fitzpatrick	skin	phototype	3,	

46	 years	 old).	 	 The	microdialysate	 samples	 were	 analysed	 using	 human	 IL-6	 Quantikine	 ELISA	 kit	

(R&D	Systems).	 	All	 reagents	and	standards	were	made	up	 to	manufacturer	 specifications	and	 the	

assay	 procedure	 was	 conducted	 according	 to	 the	 manufacturers	 datasheet	

(https://resources.rndsystems.com/pdfs/datasheets/d6050.pdf).	 	 A	 standard	 curve	 r2	 value	 of	

0.9999	was	produced.		Each	sample	was	run	in	triplicate	and	mean	values	obtained.	

	

Sample	site	 IL6		(pg/mL)	

Control	 9.722	

2MED		 284.953	

2.5MED		 136.016	

3MED		 388.981	

	
Table	10-1	IL6	concentrations	present	in	UVB	injury	sites		
Results	from	one	subject	who	received	three	injuries	corresponding	to	difference	doses	of	UVB.			
MED:	minimal	erythematous	dose	
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10.1.3 Published	 methods	 of	 testing	 hyperalgesia	 and	 allodynia	 in	 experimental	 pain	
models	

Injury	
model	 Author	 Ref.	 Modality	

	

Site	
(1°/2°/	
both)	

Test	stimulus	 Measurement	

TB	 Raja	 (79)	 TH	 Both	 CO2	laser	 VAS	of	HP	
MH	 Both	 vF	 MPT		

TB	 Torebjork	 (202)	 TH	 1°	 Thermode	 VAS	of	HP	

TB	 Dahl	 (236)	
TH	 Both	 Thermode	 WDT,	HPDT	
MH	 2°	 Pencil,	brush	 Area	
EF	 2°	 Visual	 Area	

TB	 Moiniche	 (80)	
TH	 1°	 Thermode	 WDT,	HPDT	
MH	 1°	 rvF	 MPDT	

2°	 16g	vF,	brush	 Area	

TB	 Pedersen	 (240)	
MH	 1°	 rvF	 MPDT	

2°	 rvF	175mN		 Area	

TB	 Pedersen	 (208)	

TH	 1°	 Thermode	 HPT,	VAS	of	HP	
MH	 1°	 rvF	 MPT	

2°	 rvF	 339mN,	
fingertip	

Area	

TB	 Pedersen	 (76)	
MH	 1°	 rvF	 MPT	

2°	 rvF	 314mN,	
fingertip	

Area	

TB	 Pedersen	 (81)	

TH	 Both	 Thermode	 HPDT,	VAS	of	HP	
MH	 1°	 rvF		 MPT	

2°	 rvF	 462mN,	
fingertip	

Area	

TB	 Sjo	 (148)	
TH	 1°	 Thermode	 WDT,	HPDT,	VAS	of	HP	
MH	 1°	 rvF	 MPT	

2°	 vF	20g,	brush	 Area	

TB	 Holthusen	 (244)	
TH	 1°	 Thermode	 HPDT	
MH	 1°	 rvF	 MPT	

2°	 rvF	175mN	 Area	

TB	 Lilleso	 (245)	
TH	 1°	 Thermode	 HPDT,	WDT	
MH	 1°	 rvF	 MPT	

2°	 rvF	428mN	 Area	

TB	 Schulte	 (247)	
MH	 2°	 vF	45g	 Area	
EF	 	 Visual	 Area	

TB	 Norbury	 (200)	
TH	 1°	 Thermode	 HPDT	
MH	 2°	 vF	10g,	brush	 Area	
EF	 	 Visual	 Area	

TB	
UB	 Angst	 (220)	

TH	 1°	 Thermode	 HPDT	
MH	 1°	 rvF	 MPT	

TB	
CB	
UB	

Bishop	 (210)	

TH	 1°	 Thermode	 HPDT	
MH	 1°	 Electric	rvF	 MPT	

2°	 vF	10g,	brush	 Area	
EF	 	 Visual	 Area	

TB	 Ravn	 (209)	

TH	 1°	 Thermode	 HPDT,	WDT	
MH	 1°	 Electric	rvF	 MPT	

2°	 vF	890mN	 Area	
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Injury	
model	 Author	 Ref.	 Modality	

	

Site	
(1°/2°/	
both)	

Test	stimulus	 Measurement	

TB	 Pereira	 (250)	
TH	 1°	 Thermode	 HPDT,	WDT	
MH	 1°	 rvF	 MPT	

2°	 vF	890mN	 Area	

CB	 Carpenter	 (232)	
TH	 1°	 Thermode	 HPDT	
MH	 1°	 vF	 MPT	
EF	 	 Visual	 Area	

CB	 Koltzenburg	 (234)	
MH	 1°	 vF	 MPT	

2°	 vF	23g,	cotton	bud	 Area	

CB	 Kilo	 (237)	

TH	 1°	 Thermode	 HPDT	
MH	 1°	 vF	 MPT	

2°	 rvF	400mN	 Area	
EF	 	 Visual	 Area	

CB	 Mohammadian	 (225)	
MH	 2°	 vF	20.9g,	fingertip	 Area	
EF	 	 Visual	 Area	

CB	 Liu	 (242)	 MH	 2°	 Pin,	brush	 Area	
CB	 Lotsch	 (227)	 Full	QST	 1°	 	 	
UB	 Bickel	 (233)	 TH	 1°	 Radiant	heat	 HPDT	
UB	 Hoffmann	 (235)	 TH	 1°	 Radiant	heat	 HPDT	
UB	 Benrath	 (238)	 TH	 1°	 Thermode	 HPDT	
UB	 Sycha	 (239)	 TH	 1°	 Thermode	 HPDT,	HPT	
UB	 Gustorff	 (241)	 TH	 1°	 Thermode	 HPDT,	HPT	

UB	 Gustorff	 (215)	
TH	 1°	 Thermode	 HPT	
MH	 2°	 rvF	150g	 Area	

UB	 Chizh	 (222)	
TH	 1°	 Thermode	 HPDT	
EF	 	 Laser	Doppler	 Area	

UB	 Carvalho	 (246)	
TH	 1°	 Thermode	 HPDT	
MH	 1°	 rvF	 MPT	

UB	 Dawes	 (217)	
TH	 1°	 Thermode	 HPDT	
MH	 1°	 rvF	 MPT	

UB	 Gustorff	 (248)	
TH	 1°	 Thermode	 HPDT,	HPT	
MH	 1°	 rvF	 MPT	

2°	 rvF	256mN	 Area	

UB	 Weinkauf	 (214)	
TH	 1°	 Thermode	 HPT	
MH	 Both	 vF	 MPT	

UB	 Gustorff	 (212)	
Full	QST	 1°	 	 	
MH	 2°	 rvF	256mN,	brush	 Area	

UB	 Morch	 (216)	
TH	 1°	 Thermode	 HPT	
MH	 1°	 rvF,	brush	 MDT,	MPT	

2°	 rvF	24g,	pin	6.4g	 Area	

UB	 O’Neill	 (249)	
Full	QST	 1°	 	 	
MH	 2°	 rvF	256mN,	brush	 Area	

	
Table	10-2	Sensory	testing	parameters	used	to	evaluate	experimental	pain	models		
TB:	 thermal	 injury,	 CB:	 Capsaicin	 injury,	 UB:	 UVB	 injury,	 TH:	 thermal	 hyperalgesia,	 MH:	 mechanical	
hyperalgesia,	vF:	von	Frey	filament,	rvF:	rigid	von	Frey	filament,	MPT:	mechanical	pain	threshold,	HPT:	
heat	pain	threshold,	HPDT:	heat	pain	detection	threshold,	WDT:	warm	detection	threshold,	VAS:	visual	
analogue	scale	of	pain	intensity	
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10.2 	Chapter	6	supplementary	information		

	
Figure	10-1	Temporal	changes	for	inflammatory	proteins	that	did	not	display	statistical	significance	(1)	
Dermal	microdialysate	inflammatory	protein	concentrations	(pg/mL)	are	shown	for	the	three	injury	groups:	

Thermal	injury	(blue),	Capsaicin	injury	(pink)	and	UVB	injury(green).		The	four	separate	time	points	of	samples	are	
shown	for	each	model	(sequentially	lightening	from	left	to	right;	baseline,	injury	60,	injury	120,	injury	180).		

Individual	subject	data	points	are	plotted	(n=10	per	injury	model)	with	median	and	IQR	
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Figure	10-2	Temporal	changes	for	inflammatory	proteins	that	did	not	display	statistical	significance	(2)	
Dermal	microdialysate	inflammatory	protein	concentrations	(pg/mL)	are	shown	for	the	three	injury	groups:	

Thermal	injury	(blue),	Capsaicin	injury	(pink)	and	UVB	injury(green).		The	four	separate	time	points	of	samples	are	
shown	for	each	model	(sequentially	lightening	from	left	to	right;	baseline,	injury	60,	injury	120,	injury	180).		

Individual	subject	data	points	are	plotted	(n=10	per	injury	model)	with	median	and	IQR	
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Figure	10-3	Temporal	changes	for	inflammatory	proteins	that	did	not	display	statistical	significance	(3)	
Dermal	microdialysate	inflammatory	protein	concentrations	(pg/mL)	are	shown	for	the	three	injury	groups:	

Thermal	injury	(blue),	Capsaicin	injury	(pink)	and	UVB	injury(green).		The	four	separate	time	points	of	samples	are	
shown	for	each	model	(sequentially	lightening	from	left	to	right;	baseline,	injury	60,	injury	120,	injury	180).		

Individual	subject	data	points	are	plotted	(n=10	per	injury	model)	with	median	and	IQR	
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Figure	10-4	Temporal	changes	for	an	inflammatory	proteins	that	did	not	display	statistical	significance	(4)	
Dermal	microdialysate	inflammatory	protein	concentrations	(pg/mL)	are	shown	for	the	three	injury	groups:	

Thermal	injury	(blue),	Capsaicin	injury	(pink)	and	UVB	injury(green).		The	four	separate	time	points	of	samples	are	
shown	for	each	model	(sequentially	lightening	from	left	to	right;	baseline,	injury	60,	injury	120,	injury	180).		

Individual	subject	data	points	are	plotted	(n=10	per	injury	model)	with	median	and	IQR	
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Thermal	 Thermal	Baseline	 TB60	 TB120	 TB180	

	
Median	(IQR)	 Median	(IQR)	 Median	(IQR)	 Median	(IQR)	

EGF	 2.30	(1.73-3.17)	 1.59	(0.62-3.22)	 1.67	(0.14-3.05)	 2.58	(0.14-6.47)	
FGF2	 25.51	(15.90-32.22)	 17.35	(11.46-22.96)	 9.80	(1.18-15.89)	 32.82	(10.49-40.89)	
CCL11	 2.72	(0.11-4.50)	 0.48	(0.11-2.99)	 1.75	(0.11-3.27)	 3.97	(0.87-8.49)	
TGFα	 0.07	(0-0.18)	 0.00	(0.00-0.00)	 0.00	(0.00-0.00)	 1.29	(0.93-2.06)	
GCSF	 2.80	(0.14-5.40)	 0.14	(0.14-1.97)	 1.13	(0.14-3.61)	 19.57	(2.89-28.98)	
Flt3L	 6.76	(0.4-12.15)	 1.18	(0.40-4.23)	 2.81	(0.40-5.03)	 13.50	(7.28-18.99)	
GMCSF	 0.73	(0.08-1.42)	 0.67	(0.01-1.22)	 0.78	(0.16-1.27)	 2.40	(1.38-3.24)	
CX3CL1	 8.60	(4.87-19.45)	 4.16	(1.13-11.79)	 2.68	(1.13-7.62)	 25.87	(14.98-36.77)	
IFNα2	 1.74	(0.09-5.36)	 0.23	(0.09-4.50)	 0.14	(0.09-1.05)	 4.96	(0.09-11.51)	
IFNγ	 0.11	(0.03-0.29)	 0.03	(0.03-0.09)	 0.03	(0.03-0.07)	 2.39	(1.00-4.03)	
CXCL1	 7.70	(4.38-9.74)	 4.34	(0.50-7.38)	 3.36	(1.51-11.88)	 19.90	(11.83-47.28)	
IL10	 1.71	(0.50-3.29)	 1.78	(0.27-2.73)	 1.91	(0.45-3.76)	 5.70	(0.98-9.35)	
CCL7	 7.23	(5.97-12.75)	 4.05	(2.47-7.68)	 4.99	(3.14-6.62)	 9.96	(5.98-15.97)	
IL12P40	 3.83	(1.90-4.57)	 1.15	(0.57-2.97)	 1.32	(0.06-3.70)	 4.71	(1.77-9.09)	
CCL22	 5.35	(4.01-5.87)	 3.85	(2.08-5.05)	 2.41	(0.89-3.81)	 5.42	(1.30-7.56)	
IL12P70	 0.60	(0.01-1.19)	 0.36	(0.01-1.36)	 0.30	(0.01-0.76)	 0.99	(0.01-3.12)	
PDGFAA	 1.94	(0.24-2.59)	 0.98	(0.06-2.49)	 0.83	(0.06-1.92)	 1.67(	1.43-4.81)	
IL13	 0.48	(0.05-1.12)	 0.07	(0.05-0.27)	 0.25	(0.05-0.66)	 5.12	(3.12-6.21)	
PDGFBB	 0.84	(0.28-2.36)	 0.28	(0.28-0.98)	 0.28	(0.28-1.18)	 0.28	(0.28-13.99)	
IL15	 0.90	(0.06-2.01)	 0.69	(0.01-1.74)	 0.42	(0.01-1.54)	 0.33	(0.01-1.42)	
sCD40L	 63.47	(35.00-104.63)	 57.67	(33.56-96.76)	 25.09	(11.44-61.58)	 13.38	(7.24-40.90)	
IL17	 0.15	(0.01-0.90)	 0.15	(0.01-0.53)	 0.16	(0.01-0.58)	 0.63	(0.20-1.92)	
IL1RA	 9.04	(4.10-11.90)	 6.32	(3.76-8.45)	 3.76	(0.64-5.74)	 15.12	(3.59-31.27)	
IL1α	 14.08	(8.37-34.52)	 16.84	(6.36-36.04)	 7.87	(2.64-15.98)	 6.67	(3.25-19.65)	
IL9	 0.30	(0.01-0.90)	 0.28	(0.01-0.78)	 0.32	(0.01-0.80)	 1.70	(1.07-2.24)	
IL1β	 0.49	(0.01-0.70)	 0.43	(0.01-1.01)	 0.27	(0.01-0.62)	 1.86	(1.10-3.44)	
IL2	 0.07	(0.03-0.49)	 0.03	(0.03-0.44)	 0.14	(0.03-0.40)	 1.16	(0.35-2.18)	
IL3	 0.63	(0.02-1.56)	 0.68	(0.02-1.48)	 0.68	(0.02-1.54)	 0.74	(0.39-1.78)	
IL4	 3.94	(2.25-4.60)	 1.84	(0.99-2.62)	 2.13	(1.55-2.79)	 0.23	(0.05-1.84)	
IL5	 0.02	(0.02-0.15)	 0.02	(0.02-0.06)	 0.02	(0.02-0.12)	 0.50	(0.28-1.02)	
IL6	 2.76	(0.13-7.80)	 3.15	(0.13-7.16)	 36.93	(17.20-76.29)	 102.93	(71.01-315.49)	
IL7	 2.07	(0.07-7.21)	 0.07	(0.07-2.75)	 0.07	(0.07-2.96)	 1.47	(0.07-5.78)	
IL8	 0.30	(0.02-0.61)	 0.26	(0.01-0.54)	 2.94	(0.51-3.71)	 15.70	(8.65-31.70)	
CXCL10	 10.24	(2.44-19.39)	 3.02	(0.05-8.14)	 4.38	(0.05-10.43)	 7.12	(0.05-22.91)	
CCL2	 15.80	(10.46-23.25)	 17.80	(9.84-29.01)	 159.21	(84.55-419.98)	 778.6	(376.69-1450.93)	
CCL3	 2.47	(0.10-4.43)	 0.96	(0.10-2.55)	 1.92	(0.10-2.76)	 4.72	(0.10-12.73)	
CCL4	 1.03	(0.04-2.75)	 0.33	(0.04-1.10)	 0.98	(0.04-3.27)	 8.65	(1.56-13.74)	
CCL4	 3.90	(2.75-11.88)	 5.84	(4.44-14.72)	 5.57	(3.21-17.86)	 14.61	(7.23-50.12)	
TNFα	 0.28	(0.01-0.77)	 0.24	(0.01-0.70)	 0.29	(0.01-0.71)	 1.12	(0.45-3.66)	
TNFβ	 0.02	(0.02-0.43)	 0.02	(0.02-0.14)	 0.02	(0.02-0.04)	 2.81	(0.23-4.62)	
VEGF	 39.81	(5.03-61.12)	 11.90	(1.61-29.96)	 4.91	(1.61-20.33)	 52.94	(1.61-90.11)	

Table	10-3	Thermal	injury	model	inflammatory	protein	concentrations	
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Capsaicin	 Capsaicin	Baseline	 CB60	 CB120	 CB180	

	
Median	IQR	 Median	IQR	 Median	IQR	 Median	IQR	

EGF	 1.12	(0.33-3.28)	 2.37	(0.14-3.20)	 3.28	(1.29-4.06)	 2.59	(1.30-6.23)	
FGF2	 12.59	(7.32-21.59)	 17.09	(12.98-24.47)	 16.26	(3.44-31.21)	 27.15	(20.50-37.22)	
CCL11	 0.11	(0.11-1.57)	 0.89	(0.11-2.60)	 2.89	(0.11-4.61)	 3.01	(1.34-7.08)	
TGFα	 0.00	(0.00-0.00)	 0.00	(0.00-0.00)	 0.00	(0.00-0.11)	 1.17	(0.95-1.33)	
GCSF	 3.01	(0.14-10.89)	 0.99	(0.14-3.40)	 1.03	(0.14-6.78)	 15.01	(11.47-29.06)	
Flt3L	 2.64	(0.40-4.48)	 4.06	(0.40-7.51)	 8.00	(1.73-9.53)	 7.87	(5.04-19.53)	
GMCSF	 0.44	(0.06-1.12)	 0.85	(0.09-1.14)	 0.77	(0.39-1.25)	 1.64	(1.52-2.00)	
CX3CL1	 8.87	(3.18-31.96)	 7.92	(1.13-10.08)	 16.47	(5.36-39.16)	 20.14	(18.08-26.18)	
IFNα2	 0.09	(0.09-2.12)	 0.09	(0.09-1.42)	 2.60	(0.09-4.65)	 1.44	(0.09-5.16)	
IFNγ	 0.03	(0.03-0.04)	 0.03	(0.03-0.08)	 0.06	(0.03-0.51)	 1.61	(1.30-2.43)	
CXCL1	 1.51	(0.50-5.40)	 3.40	(0.50-6.04)	 6.72	(2.28-16.69)	 20.96	(17.34-33.85)	
IL10	 1.09	(0.01-2.05)	 1.35	(0.34-2.13)	 1.97	(0.40-3.22)	 2.18	(1.29-2.99)	
CCL7	 4.82	(0.77-10.80)	 3.04	(0.77-10.73)	 5.87	(2.57-8.10)	 12.35	(8.27-15.19)	
IL12P40	 1.14	(0.09-3.33)	 2.40	(1.28-3.35)	 3.98	(1.75-6.16)	 4.75	(3.63-5.32)	
CCL22	 3.03	(2.19-4.12)	 3.19	(2.53-3.89)	 3.29	(2.38-5.04)	 4.46	(3.42-7.11)	
IL12P70	 0.39	(0.01-1.36)	 0.13	(0.01-1.39)	 0.72	(0.01-1.04)	 0.01	(0.01-0.37)	
PDGFAA	 1.23	(0.20-2.49)	 2.15	(0.06-5.66)	 1.83	(0.29-3.89)	 2.37	(1.65-3.22)	
IL13	 0.11	(0.05-0.50)	 0.05	(0.05-0.71)	 0.73	(0.05-1.25)	 4.34	(3.49-5.12)	
PDGFBB	 1.47	(0.28-6.34)	 0.48	(0.28-3.70)	 3.77	(0.28-9.27)	 7.27	(1.75-12.53)	
IL15	 0.21	(0.01-1.70)	 0.56	(0.01-1.82)	 0.79	(0.01-1.76)	 0.23	(0.01-0.57)	
sCD40L	 59.88	(5.68-106.87)	 73.06	(20.38-223.91)	 54.79	(21.86-155.08)	 22.64	(11.21-61.22)	
IL17	 0.15	(0.01-0.56)	 0.16	(0.01-0.74)	 0.01	(0.01-0.89)	 0.88	(0.61-1.30)	
IL1RA	 5.26	(1.93-6.58)	 3.65	(0.46-6.41)	 6.38	(2.80-10.12)	 8.93	(6.41-14.38)	
IL1α	 4.98	(2.38-12.31)	 4.15	(2.73-10.81)	 4.56	(2.92-8.35)	 5.27	(4.05-16.59)	
IL9	 0.15	(0.01-0.57)	 0.31	(0.01-0.71)	 0.26	(0.01-0.76)	 1.42	(1.28-1.79)	
IL1β	 0.15	(0.01-0.54)	 0.10	(0.01-0.67)	 0.24	(0.01-0.73)	 1.62	(1.31-1.81)	
IL2	 0.24	(0.03-0.44)	 0.26	(0.03-0.64)	 0.05	(0.03-0.86)	 0.38	(0.13-0.72)	
IL3	 0.35	(0.02-1.49)	 0.71	(0.02-1.53)	 0.68	(0.02-1.54)	 0.82	(0.62-0.96)	
IL4	 1.99	(1.38-2.87)	 1.82	(1.48-3.07)	 4.14	(2.56-5.35)	 0.05	(0.05-1.29)	
IL5	 0.02	(0.02-0.04)	 0.02	(0.02-0.11)	 0.08	(0.02-0.34)	 0.42	(0.25-0.57)	
IL6	 1.48	(0.13-3.41)	 0.67	(0.13-5.15)	 35.19	(21.57-53.78)	 106.	46	(57.19-125.19)	
IL7	 0.64	(0.07-2.11)	 0.16	(0.07-1.95)	 3.07	(0.21-4.72)	 0.46	(0.07-2.05)	
IL8	 0.10	(0.01-0.37)	 0.24	(0.01-0.63)	 2.02	(0.71-4.72)	 10.53	(7.20-18.65)	
CXCL10	 11.16	(0.05-16.82)	 6.25	(0.05-14.16)	 10.93	(4.86-28.07)	 15.15	(5.67-21.73)	
CCL2	 14.74	(9.60-26.85)	 21.25	(13.37-29.42)	 149.80	(98.42-304.07)	 631.20	(454.61-962.19)	
CCL3	 0.50	(0.10-2.30)	 0.97	(0.10-2.72)	 2.96	(0.10-7.72)	 2.90	(0.74-8.15)	
CCL4	 0.27	(0.04-1.24)	 0.22	(0.04-1.13)	 1.79	(0.04-3.78)	 5.56	(4.26-9.46)	
CCL4	 3.81	(2.52-8.14)	 6.10	(3.57-47.19)	 8.20	(4.32-63.27)	 26.67	(8.33-93.52)	
TNFα	 0.08	(0.01-0.63)	 0.32	(0.01-0.80)	 0.32	(0.01-1.02)	 1.14	(0.85-1.45)	
TNFβ	 0.02	(0.02-0.02)	 0.02	(0.02-0.02)	 0.02	(0.02-0.28)	 1.06	(0.02-2.19)	
VEGF	 12.16	(1.61-19.89)	 1.61	(1.61-21.68)	 32.16	(21.82-54.93)	 57.89	(1.61-88.30)	

Figure	10-5	Capsaicin	injury	model	inflammatory	protein	concentrations	
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UVB	 UVB	Baseline	 UB60	 UB120	 UB180	

	
Median	IQR	 Median	IQR	 Median	IQR	 Median	IQR	

EGF	 3.10	(2.46-4.04)	 3.58	(2.56-7.78)	 3.12	(2.23-4.88)	 0.25	(0.14-3.98)	
FGF2	 12.00	(7.98-13.70)	 13.28	(11.35-18.26)	 10.04	(7.06-11.03)	 1.77	(1.18-6.38)	
CCL11	 0.11	(0.11-4.54)	 1.21	(0.11-6.00)	 0.11	(0.11-2.20)	 0.11	(0.11-1.38)	
TGFα	 0.00	(0.00-0.00)	 0.00	(0.00-0.00)	 0.00	(0.00-0.00)	 0.00	(0.00-0.00)	
GCSF	 6.30	(5.07-7.45)	 7.22	(5.67-9.19)	 4.82	(3.76-6.19)	 0.14	(0.14-0.14)	
Flt3L	 4.97	(3.55-5.48)	 5.14	(4.25-6.33)	 3.84	(3.29-4.75)	 2.60	(1.64-3.30)	
GMCSF	 1.92	(1.81-2.00)	 1.96	(1.88-2.21)	 1.86	(1.80-2.08)	 0.01	(0.01-0.01)	
CX3CL1	 20.79	(13.42-32.19)	 26.69	(19.29-35.43)	 18.89	(11.32-28.80)	 1.13	(1.13-8.18)	
IFNα2	 2.85	(2.43-3.46)	 3.66	(2.77-4.76)	 2.63	(1.97-4.60)	 0.09	(0.09-0.69)	
IFNγ	 1.89	(1.82-2.44)	 2.06	(1.68-2.58)	 1.82	(1.26-2.28)	 0.03	(0.03-0.03)	
CXCL1	 4.55	(3.97-5.89)	 5.67	(0.50-9.02)	 4.69	(0.50-11.40)	 2.57	(0.50-10.43)	
IL10	 0.31	(0.05-0.50)	 0.49	(0.16-1.74)	 1.62	(0.55-1.93)	 0.01	(0.01-0.11)	
CCL7	 4.43	(2.76-5.84)	 5.52	(3.09-7.82)	 5.03	(1.77-6.21)	 0.77	(0.77-1.23)	
IL12P40	 0.76	(0.30-1.82)	 1.31	(0.52-1.82)	 0.64	(0.27-1.70)	 0.06	(0.06-0.06)	
CCL22	 3.16	(2.93-3.72)	 3.09	(2.56-4.90)	 3.44	(2.61-5.96)	 0.25	(0.25-2.25)	
IL12P70	 2.26	(2.19-2.54)	 2.45	(2.02-3.14)	 2.26	(1.84-2.45)	 0.01	(0.01-0.01)	
PDGFAA	 1.99	(1.85-11.55)	 2.10	(1.91-23.70)	 1.94	(1.77-6.04)	 0.06	(0.06-3.73)	
IL13	 1.28	(1.12-1.56)	 1.40	(1.05-1.69)	 1.24	(1.09-1.48)	 0.05	(0.05-0.05)	
PDGFBB	 6.41	(4.44-15.71)	 8.35	(5.87-37.99)	 5.81	(3.90-13.35)	 0.83	(0.28-10.64)	
IL15	 1.63	(1.48-1.68)	 1.73	(1.56-2.03)	 1.56	(1.45-1.74)	 0.01	(0.01-0.01)	
sCD40L	 2.68	(2.28-13.12)	 3.13	(2.24-56.06)	 2.14	(1.94-13.61)	 0.38	(0.38-5.98)	
IL17	 1.41	(1.32-1.74)	 1.53	(1.44-1.86)	 1.51	(1.30-1.74)	 0.01	(0.01-0.01)	
IL1RA	 28.11	(19.58-69.13)	 32.88	(21.96-63.61)	 13.48	(8.71-25.60)	 13.06	(7.97-15.70)	
IL1α	 23.92	(13.29-44.13)	 20.32	(14.30-32.44)	 8.04	(6.96-10.21)	 2.48	(1.89-4.81)	
IL9	 2.34	(2.30-2.50)	 2.34	(2.33-2.68)	 2.27	(2.23-2.42)	 0.01	(0.01-0.01)	
IL1β	 1.25	(1.19-1.47)	 1.38	(1.28-1.60)	 1.27	(1.20-1.36)	 0.01	(0.01-0.83)	
IL2	 1.25	(1.23-1.27)	 1.34	(1.19-1.46)	 1.22	(1.15-1.37)	 0.03	(0.03-0.03)	
IL3	 2.55	(2.41-2.94)	 2.54	(2.42-3.23)	 2.46	(2.31-2.74)	 0.02	(0.02-0.02)	
IL4	 2.07	(1.36-3.44)	 2.23	(1.84-3.30)	 1.57	(0.86-3.00)	 0.26	(0.05-0.63)	
IL5	 1.28	(1.20-1.36)	 1.28	(1.25-1.34)	 1.30	(1.22-1.36)	 0.02	(0.02-0.02)	
IL6	 1.94	(1.71-2.12)	 6.09	(3.82-19.81)	 36.11	(22.72-56.32)	 90.99	(30.75-130.32)	
IL7	 1.20	(0.62-1.84)	 1.45	(0.87-2.85)	 0.97	(0.73-1.53)	 0.07	(0.07-0.07)	
IL8	 1.03	(1.00-1.08)	 1.19	(1.05-1.59)	 2.17	(1.76-2.88)	 6.89	(3.75-11.95)	
CXCL10	 5.28	(3.14-6.75)		 7.76	(4.21-13.55)	 6.40	(4.02-11.49)	 1.77	(0.05-9.70)	
CCL2	 9.95	(6.33-16.08)	 44.73	(33.82-64.11)	 89.87	(35.07-104.82)	 152.21	(75.20-203.92)	
CCL3	 1.65	(1.22-3.98)	 2.22		(1.17-5.04)	 1.27	(0.69-2.78)	 0.10	(0.10-0.10)	
CCL4	 2.20	(2.02-2.86)	 2.29	(1.88-3.72)	 2.56	(2.22-2.87)	 0.04	(0.04-1.25)	
CCL4	 2.90	(2.35-34.15)	 4.08	(1.36-147.60)	 3.74	(2.21-78.37)	 2.40	(0.05-75.62)	
TNFα	 1.75	(1.69-1.83)	 1.81	(1.70-2.06)	 1.83	(1.72-1.97)	 0.08	(0.03-0.15)	
TNFβ	 1.15	(1.04-1.38)	 1.17	(1.07-1.32)	 1.07	(0.87-1.20)	 0.02	(0.02-0.02)	
VEGF	 6.38	(1.61-14.12)	 14.06	(1.61-42.83)	 8.17	(1.61-20.07)	 6.83	(1.61-18.12)	

Figure	10-6	UVB	injury	model	inflammatory	protein	concentrations	
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Figure	10-7	Fold	change	(baseline	to	injury	180)	value	differences	between	injury	models	
Fold	change	for	dermal	microdialysate	inflammatory	protein	concentrations	(pg/mL)	are	shown	for	the	three	
injury	 groups:	 Thermal	 injury	 (blue),	 Capsaicin	 injury	 (pink)	 and	 UVB	 injury(green).	 	 Median	 and	 IQR	 are	
shown	with	statistical	significance	indicated	by	(		*		)	as	<0.05.	
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10.3 	Chapter	7	supplementary	information		

	

10.3.1 Chromatograms	of	strong	outliers	

These	strong	outlier	samples	have	chromatograms	that	suggest	a	failure	of	sample	injection.			

	
Figure	10-8	Chromatograms	of	6TB180,	10TC60,	14UC60,	13UB120	and	8CC120	compared	with	a	QC	
sample.			

	

10.3.2 XCMS	pre-processing	and	PCA	scores	plots	of	XCMS	pre-processed	UPLC-MS	data	

XCMS	 processing	 involved	 uploading	 netCDF	 files	 (converted	 from	 raw	 UPLC-MS	 files	 using	 the	

DataBridge	file	conversion	program	from	MassLynxTM	V4.1	software,	Waters,	UK).		Peak	picking	was	

conducted	using	the	CentWave	algorithm	(456)	and	a	peak	width	winder	of	1-20s	was	used,	with	the	

m/z	width	for	grouping	being	0.05Da.		The	CV	threshold	was	set	to	30%	and	ranges	of	50-1200	m/z	

and	0-12	minutes	set.	(457)		Data	underwent	log	transformation	and	was	mean	centred.	

	

The	plots	shown	in	Figure	10-9	show	that	with	XCMS	data	pre-processing	the	left	shift	along	t[1]	is	

present,	 and	 in	 the	 case	 of	 the	 ESI-	 data	 set,	 more	 pronounced	 than	 in	 the	 Progenesis®	 QI	 pre-

processed	data.	
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Figure	10-9	PCA	scores	plots	for	XCMS	pre-processed	UPLC-MS	ESI+	and	ESI-	data		
A:	XCMS	ESI+	data	PCA	scores	plot	 	B:	XCMS	ESI-	data	PCA	scores	plot	 	C:	XCMS	ESI+	data	PCA	scores	
plot	samples	152-180	coloured	purple	and	QC	samples	coloured	yellow		D:	XCMS	ESI-	data	PCA	scores	
plot	samples	152-180	coloured	purple	and	QC	samples	coloured	yellow	

	

10.3.3 VIP	values	and	statistical	significance	for	feature	highlighted	in	Figure	7-8	
No	variable	 in	 the	ESI-	mode	data	Mann	Whitney	U	test	was	statistically	significant	when	p	values	

were	adjusted	for	false	discovery	rate.	

ESI	mode	 Label	 in	
Figure	7-8	

Feature	
(RT_m/z)	

VIP	 value	 from	
OPLS	DA	model	

Mann	Whitney	U	test	p	
value	

Positive	 a	 5.13_639	 7.9	 1.1	x	10-5	

	 b	 5.13_624	 7.4	 1.1	x	10-5	
	 c	 5.13_637	 6.7	 1.1	x	10-5	
	 d	 5.13_630	 6.0	 1.1	x	10-5	
	 e	 5.13_618	 5.5	 1.1	x	10-5	
	 f	 7.02_826	 5.6	 1.1	x	10-5	
	 g	 5.24_307	 5.2	 1.1	x	10-5	
Negative		 h	 5.77_648	 3.8	 ns	
	 i	 5.84_297	 2.5	 ns	
	 j	 7.67_395	 1.9	 ns	
	 k	 5.14_620	 7.5	 ns	
	 l	 5.25_283	 5.3	 ns	
Table	10-4	VIP		and	p	values	for	features	highlighted	in	Figure	7-8	C	and	D	loadings	plots		
Features	are	identified	according	to	the	RT_m/z.		ns:	non-significant	p	values		

	

	

A	 B	

C	 D	
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10.3.4 UPLC	MS	OPLS	DA	ESI+	and	ESI-	mode	data	models	for	group	comparisons	between	

control	site	samples	for	the	full	dataset	

CONTROL	
COMPARISONS	
ESI	mode	

Predictive	
component	

Orthogonal	
component	

R2X	
(cum)	

R2X	
(pred)	

R2Y	
(cum)	

R2	 Q2	 CV-
ANOVA	
p	value	

TCCC	 	 	 	 	 	 	 	 	
Positive	 1	 6	 0.775	 0.02	 1	 0.969	 0.566	 0.0003	
Negative	 1	 2	 0.574	 0.05	 1	 0.584	 0.34	 0.0001	
TCUC	 	 	 	 	 	 	 	 	
Positive	 1	 2	 0.608	 0.05	 1	 0.768	 0.393	 0.0002	
Negative	 1	 0	 0.306	 0.31	 1	 0.184	 0.0277	 0.4494	
CCUC	 	 	 	 	 	 	 	 	
Positive	 1	 6	 0.727	 0.05	 1	 0.989	 0.827	 2.2e-11	
Negative	 1	 5	 0.679	 0.07	 1	 0.987	 0.856	 2.1e-15	

Table	10-5	OPLS-DA	model	parameters	for	UPLC-MS	ESI+	and	ESI-	models	for	control	samples			
R2X(cum):	predictive	and	orthogonal	variation	in	X	explained	by	the	X	model,	R2X(pred):	variation	in	X	
explained	 by	 the	 predictive	 component	 of	 the	 model,	 R2Y(cum):	 variation	 in	 Y	 explained	 by	 the	 Y	
model,	R2:	the	fraction	of	data	explained	by	the	model	Q2:	the	ability	of	model	to	predict	new	data	CV-
ANOVA	:	cross	validation	analysis	of	variance	
	

10.3.5 Further	UPLC-MS	analysis	for	data	where	samples	152-180	were	removed	

10.3.5.1 Experimental	condition	group	sizes	following	removal	of	samples	152-180	

Previously	 group	 sizes	 were	 of	 10	 subjects.	 	 The	 table	 below	 outlines	 the	 updated	 group	 sizes	

following	removal	of	outlier	samples,	a	blank	sample	and	samples	152-180.			

Injury	type	 Sample	site	 Sample	
collection	time	 New	sample	size	

Thermal	 Injury	 60	 7	
Thermal	 Injury	 120	 7	
Thermal	 Injury	 180	 7	
Thermal	 Control	 60	 7	
Thermal	 Control	 120	 7	
Thermal	 Control	 180	 9	
Capsaicin	 Injury	 60	 8	
Capsaicin	 Injury	 120	 8	
Capsaicin	 Injury	 180	 10	
Capsaicin	 Control	 60	 8	
Capsaicin	 Control	 120	 7	
Capsaicin	 Control	 180	 9	

UVB	 Injury	 60	 8	
UVB	 Injury	 120	 7	
UVB	 Injury	 180	 9	
UVB	 Control	 60	 7	
UVB	 Control	 120	 10	
UVB	 Control	 180	 9	

Table	10-6	Group	size	for	each	experimental	condition	following	removal	of	samples	152-180,	a	blank	
sample	and	outliers	
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10.3.5.2 PCA	scores	plots	of	UPLC	MS	data	following	removal	of	samples	152-180	

Chromatograms	 of	 potential	 outlier	 samples	 (sitting	 outside	 the	 Hotelling’s	 T2	 95%	 confidence	

interval	ellipse)	showed	no	evidence	of	failure	to	inject	or	obvious	contamination.		QC	samples	group	

closely	in	ESI+	and	ESI-	mode.		

	
Figure	10-10	PCA	scores	plots	of	UPLC-MS	data	following	the	removal	of	samples	152-180	
A:	UPLC-MS	EPI+	mode	data	B:	UPLC-MS	EPI-	mode	data	Close	grouping	of	QC	samples	seen	(yellow)		
	

10.3.5.3 OPLS-DA	models	of	UPLC	MS	ESI+	and	ESI-	mode	data	with	samples	152-180	removed	

ESI	mode	 Predictive	
component	

Orthogonal	
component	

R2X	
(cum)	

R2X	
(pred)	

R2Y	
(cum)	

R2	 Q2	 CV-
ANOVA	
p	value	

TCCC	 	 	 	 	 	 	 	 	
Positive	 1	 2	 0.494	 0.08	 1	 0.727	 0.467	 0.0001	
Negative	 1	 1	 0.373	 0.09	 1	 0.571	 0.402	 0.0001	
TBCB	 	 	 	 	 	 	 	 	
Positive	 No	model	 	 	 	 	 	 	 	
Negative	 1	 6	 0.641	 0.04	 1	 0.98	 0.66	 0.0001	
TCUC	 	 	 	 	 	 	 	 	
Positive	 1	 1	 0.138	 0.04	 1	 0.756	 0.385	 0.0002	
Negative	 1	 2	 0.375	 0.06	 1	 0.291	 0.154	 0.757	
TBUB	 	 	 	 	 	 	 	 	
Positive	 1	 3	 0.504	 0.04	 1	 0.894	 0.496	 0.0008	
Negative	 1	 1	 0.297	 0.1	 1	 0.666	 0.427	 8.3e-5	
CCUC	 	 	 	 	 	 	 	 	
Positive	 1	 7	 0.699	 0.05	 1	 0.994	 0.82	 4.2e-8	
Negative	 1	 3	 0.545	 0.08	 1	 0.96	 0.838	 5.23e-15	
CBUB	 	 	 	 	 	 	 	 	
Positive	 1	 4	 0.565	 0.05	 1	 0.976	 0.851	 3.8e-13	

Negative	 1	 3	 0.487	 0.11	 1	 0.976	 0.908	 2.8e-19	
Table	10-7	Table	of	OPLS-DA	model	parameters	for	UPLC-MS	ESI+	and	ESI-	data	with	samples	152-180	
removed	
ESI:	 electron	 spray	 ionisation,	 R2X(cum):	 predictive	 and	orthogonal	 variation	 in	 X	 explained	by	 the	X	
model,	 R2X(pred):	 variation	 in	 X	 explained	 by	 the	 predictive	 component	 of	 the	 model,	 R2Y(cum):	
variation	in	Y	explained	by	the	Y	model,	R2:	the	fraction	of	data	explained	by	the	model	Q2:	the	ability	
of	model	to	predict	new	data	CV-ANOVA	:	cross	validation	analysis	of	variance	
	

A		 B	
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10.3.6 Significant	features	from	Mann	Whitney	U	tests	with	p[corr]1	values	>+0.4	or	<-0.4		
	

TBUB	ESI+	 CBUB	ESI+	 TBCB	ESI-	 CBUB	ESI-	
1.66_121.0386m/z	 1.09_166.0381m/z	 0.71_239.9534m/z	 0.78_149.0409m/z	
1.67_93.0443m/z	 1.09_208.0258n	 0.86_120.0382n	 0.86_120.0382n	
5.13_497.2313m/z	 1.09_287.0026m/z	 1.11_218.0183n	 0.98_337.0738m/z	
5.32_502.2976n	 1.09_346.0308m/z	 1.12_206.9902n	 1.09_307.8792m/z	
6.91_191.9546n	 1.10_137.0171n	 1.22_215.0588m/z	 1.11_112.0086n	
8.02_132.0201n	 1.10_185.0104m/z	 6.89_535.7919n	 1.11_218.0183n	
8.02_135.0433m/z	 1.10_239.0673m/z	 6.90_145.9649n	 1.12_166.0630n	
8.02_163.0383m/z	 1.10_69.0328m/z	 6.90_146.9550m/z	 1.12_186.0402m/z	
8.02_166.0257n	 1.11_257.0314m/z	 6.90_188.9456m/z	 1.12_214.9770m/z	
8.02_219.9873m/z	 1.11_261.0523m/z	 6.90_218.9344n	 1.12_231.9601m/z	
8.02_278.1415n	 1.13_218.0081n	 6.90_221.9606n	 1.12_313.0415m/z	
8.02_295.1476n	 3.79_199.0555m/z	 6.90_290.8659m/z	 1.12_326.0439n	
8.02_340.1241n	 5.95_285.1287m/z	 6.90_307.8866n	 1.12_330.0101n	
8.02_483.1312m/z	 6.07_215.1227m/z	 6.90_330.8498m/z	 1.12_404.0630n	
8.02_70.0780n	 7.00_291.1785m/z	 6.90_365.9106n	 1.12_411.9531m/z	
8.02_77.0381m/z	 7.95_337.2285m/z	 6.90_368.8910n	 1.12_420.0417n	
		 8.07_235.1399n	 6.90_403.0512m/z	 1.13_115.0187m/z	
		 8.07_328.1301n	 6.90_404.8772m/z	 1.13_488.0255n	
		 		 6.90_435.8698n	 1.13_531.0430m/z	
		 		 6.90_449.8319n	 1.13_643.0499m/z	
		 		 6.90_481.8613n	 1.13_89.0224m/z	
		 		 6.90_501.8326n	 1.14_537.0575m/z	
		 		 6.90_569.8020n	 1.15_178.9149m/z	
		 		 6.90_573.7774n	 4.85_172.9590m/z	
		 		 6.90_589.7957n	 6.45_261.8430m/z	
		 		 6.90_593.7929n	 6.83_302.8089m/z	
		 		 6.90_612.7964m/z	 6.86_295.8567m/z	
		 		 6.90_616.7988m/z	 6.91_474.8006m/z	
		 		 6.90_634.8105n	 6.93_468.7952m/z	
		 		 6.91_511.8331m/z	 6.94_330.8322m/z	
		 		 6.94_330.8322m/z	 6.95_279.8406m/z	
		 		 7.36_144.9590m/z	 6.96_270.8546m/z	
		 		 7.36_190.9434m/z	 6.97_171.8722m/z	
		 		 7.37_289.8750m/z	 6.99_176.8551m/z	
		 		 7.73_330.2303n	 8.03_271.1843m/z	
		 		 8.02_127.1094m/z	 8.48_348.1367n	
		 		 8.02_134.0339m/z	 		
		 		 8.02_146.9989m/z	 		
		 		 8.02_232.1391n	 		
		 		 8.02_233.1481m/z	 		
		 		 8.02_238.1039n	 		
		 		 8.02_277.2198m/z	 		
		 		 8.02_345.1220m/z	 		
		 		 8.02_354.1132n	 		
		 		 8.02_356.1065n	 		
		 		 8.02_396.0313m/z	 		
		 		 8.02_404.0678m/z	 		
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TBUB	ESI+	 CBUB	ESI+	 TBCB	ESI-	 CBUB	ESI-	
		 		 8.02_407.0882m/z	 		
		 		 8.02_417.0498m/z	 		
		 		 8.02_42.0687n	 		
		 		 8.02_442.0345n	 		
		 		 8.02_455.0861n	 		
		 		 8.02_532.0294n	 		
		 		 8.02_556.0624n	 		
		 		 8.02_578.2651n	 		
		 		 8.02_610.2737n	 		
		 		 8.02_639.2073n	 		
		 		 8.02_676.2188n	 		
		 		 8.02_680.2276n	 		
		 		 8.02_732.1791n	 		
		 		 8.02_856.4002n	 		
		 		 8.02_86.0728n	 		
		 		 8.03_444.0821n	 		
		 		 8.03_543.0556m/z	 		
		 		 8.04_243.0997m/z	 		
		 		 8.04_475.0738m/z	 		

	

Figure	10-11	Features	with	significant	p	values	from	Mann	Whitney	U	tests	with	p[corr]1	>+0.4	or	<-0.4		
TBUB	 ESI+:	 thermal	 injury	 compared	with	UVB	 injury	 ESI+	 data,	 CBUB	 ESI+:	 capsaicin	 injury	 compared	
with	UVB	injury	ESI+	data,	TBCB	ESI-:	thermal	injury	compared	with	capsaicin	injury	ESI-	data,	CBUB	ESI-:	
capsaicin	 injury	 compared	 with	 UVB	 injury	 data.	 Cells	 coded	 to	 indicate	 injury	 group	 feature	 predicts	
group	membership	for	with	blue:	thermal,	pink:	capsaicin	and	green:	UVB.			

These	 features	do	not	have	 significant	p	 values	 in	 the	Mann	Whitney	U	 tests	 conducted	between	
matching	control	sample	group	comparisons.				

10.3.7 Spearman’s	correlations	between	uric	acid	and	other	features	sharing	the	same	RT	
Feature	
(RT_m/z)	 rs	

rs	confidence	
intervals	 p	value	

1.37_357	 0.848	 0.745-0.916	 5.22E-26	
1.37_124	 0.867	 0.758-0.938	 2.42E-28	
1.37_547	 0.852	 0.741-0.923	 1.70E-26	
1.37_418	 0.718	 0.575-0.836	 1.57E-15	
1.37_541	 0.839	 0.719-0.913	 5.10E-25	
1.37_563	 0.841	 0.728-0.911	 3.23E-25	
1.37_435	 0.777	 0.650-0.866	 2.13E-19	
1.37_97	 0.82	 0.704-0.897	 4.93E-23	
1.37_737	 0.839	 0.723-0.908	 5.22E-25	
1.37_388	 0.795	 0.676-0.880	 7.61E-21	
1.37_357	 0.835	 0.725-0.905	 1.58E-24	
1.37_579	 0.806	 0.680-0.894	 8.75E-22	
1.37_463	 0.177	 -0.055	-	0.412	 0.095	
1.37_731	 0.827	 0.706-0.903	 9.53E-24	
1.37_124	 0.816	 0.689-0.890	 1.28E-22	
1.37_487	 0.689	 0.521-0.805	 5.84E-14	

Table	10-8	Spearman’s	correlation	between	uric	acid	and	other	 feature	sharing	 the	same	retention	
time.			
rs:	Spearman’s	correlation	coefficient.		Confidence	intervals	were	boot	strapped.	


