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SUMMARY	

Chronic	 pain	 is	 the	 leading	 cause	 of	 disability	 worldwide.	 Great	 interest	 therefore	 exists	 in	

deciphering	 not	 only	 the	 causes	 and	 risk	 factors	 of	 chronic	 pain,	 but	 also	 in	 a	 better	 general	

understanding	how	the	pain	sensation	itself	is	generated	and	modulated.	Pain	is	a	complex	and	

highly	individual	sensation	combining	both	physiological	sensation	and	psychological	experience.	

It	 is	 therefore	no	wonder	 that	 a	 large	degree	of	 variability	 exists	 in	 individual	pain	 sensation.	

Endogenous	pain	modulation	describes	processes	by	which	 the	body	 itself	 either	 increases	or	

decreases	 painful	 sensation.	 A	 dysfunction	 in	 endogenous	 pain	 modulation	 has	 been	 closely	

associated	with	many	chronic	pain	conditions.	Measures	of	endogenous	pain	inhibition	show	large	

variability	in	healthy	populations	and	may	act	as	predictive	factors	for	the	chronification	of	pain.	

In	this	thesis,	I	investigate	the	brain	activity	related	to	the	activation	of	endogenous	pain	inhibition	

and	the	factors	contributing	to	its	variability	in	the	healthy	population.	

The	 first	 project	 presents	 a	 study	 aimed	 to	 discern	 the	 brain	 areas	 responsible	 for	 deliberate	

activation	of	descending	pain	inhibition.	For	this	we	used	a	longitudinal	task-based	fMRI	design	

that	measured	the	brain	activity	of	participants	before	and	after	healthy	participants	learned	to	

activate	their	descending	pain	inhibition.	This	was	done	with	a	previously	validated	biofeedback	

training	 using	 the	 RIII-reflex	 size	 as	 feedback	 parameter	 to	 develop	 cognitive	 strategies	 that	

activate	descending	pain	inhibition.	We	constructed	a	MR-safe	setup	to	evoke	and	measure	the	

RIII-reflex	as	well	as	subjective	pain	rating	concurrently	to	fMRI	acquisition.	This	is	the	first	study	

of	 its	 kind	 to	 utilize	 a	 longitudinal	 fMRI	 design	 to	 investigate	 brain	 activity	 when	 activating	

descending	 pain	 inhibitory	 systems	 while	 accounting	 for	 both	 between-	 and	 within-subject	

differences	 in	 its	 successful	 activation.	 We	 found	 that	 areas	 associated	 with	 pain	 processing	

showed	decreased	response	when	applying	a	cognitive	strategy.	The	response	to	pain	decreased	

further	after	training.	We	also	found	increased	activity	in	the	mPFC	and	thalamus	when	applying	

the	strategy,	suggesting	their	 involvement	 in	activating	descending	pain	inhibition.	Overall,	we	

found	that	our	biofeedback	training	improves	willfull	activation	of	descending	pain	inhibition	and	

variability	 in	 training	 success	 is	 reflected	 in	 frontal	 area	 response	 to	 painful	 stimuli.	 This	

corroborates	 previous	 findings	 and	 theories	 that	 cognitive	 strategies	 can	 indeed	 activate	

descending	inhibition	and	that	frontal	cortical	areas	are	crucial	in	initiating	this.	

The	next	two	studies	in	this	thesis	are	published	first-author	papers	in	peer	reviewed	journals.	

They	 are	 concerned	 with	 explaining	 the	 contributing	 factors	 to	 conditioned	 pain	 modulation	

(CPM)	variability.	CPM	is	another	measure	of	endogenous	inhibition.	Inter-individual	differences	

in	CPM	are	large	and	can	predict	both	chronic	and	acute	pain.	Therefore	factors	influencing	this	

variability	 are	 of	 great	 interest	 clinically.	 Previous	 studies	 have	 investigated	 factors	 including	

participant	 age,	 sex,	 psychological	 variables,	 CPM	 paradigms	 and	 the	 intensity	 of	 the	 painful	
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stimuli	 used.	 Typically,	 these	 studies	 used	 cross-sectional	 designs	with	 conflicting	 results.	We	

pooled	current	repeated	measures	data	with	previous	repeated	and	cross-sectional	CPM	studies	

from	our	lab	to	investigate	the	effect	of	these	variables	on	CPM	variance	in	a	large	study	cohort.	

Estimating	 the	 variance	 explained	 by	 age,	 sex,	 depression,	 anxiety,	 catastrophizing,	 CPM	

paradigm,	 conditioning	 stimulus	 intensity	 and	 “residual	 unexplained”	 inter-individual	 effects	

demonstrates	that	the	unexplained	inter-individual	effect	accounts	for	approximately	three	times	

more	variance	than	all	other	effects	combined.	We	also	found	that	only	in	a	repeated	measures	

analysis	does	the	conditioning	stimulus	intensity	significantly	predict	the	CPM	effect,	not	in	cross	

sectional	studies.	Our	results	complement	the	existing	literature	on	CPM	by	showing	that	a	large	

part	of	inter-individual	variance	remains	unexplained	when	taking	into	account	known	individual	

parameters.	This	variance	is	indeed	so	large	that	it	drowns	out	potentially	significant	effects	of	

commonly	accounted	for	factors	in	cross-sectional	designs.	We	suggest	that	future	studies	on	CPM	

influences	utilize	a	repeated-measures	design	to	account	for	these	large	individual	differences.		
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1 GENERAL	INTRODUCTION	

	

	 The	international	association	for	the	study	of	pain	(IASP)	recently	revised	the	definition	

of	pain	as	“An	unpleasant	sensory	and	emotional	experience	associated	with,	or	resembling	that	

associated	with,	actual	or	potential	tissue	damage”1.	This	improves	upon	the	previous	definition	

as	 it	 defines	 pain	 as	 separate	 from	 nociception,	 i.e.	 the	 physiological	 response	 of	 the	 sensory	

neurons,	 and	 highlights	 the	 importance	 of	 psychological	 aspects	 in	 the	 sensation.	 Pain	 most	

commonly	presents	as	a	result	of	injury	or	disease	and	usually	disappears	after	healing.	Transient	

pain	is	a	useful	sensation,	preventing	us	from	engaging	in	behaviours	or	situations	which	result	in	

physical	harm,	and	may	confer	evolutionary	advantages2,3.	The	problem	with	pain	begins	when	it	

is	no	longer	transient	and	becomes	a	permanent	fixture	in	a	person’s	life.	

Chronic	pain	affects	approximately	10%	of	people	worldwide4.	It	presents	a	major	disease	

burden	 on	 the	 population	 and	 chronic	 pain	 is	 among	 the	 leading	 causes	 of	 disability5.	 Pain	

disorders	 vary	widely	 in	 their	 clinical	 presentation	 and	 etiology6.	 Great	 interest	 has	 therefore	

been	put	into	understanding	not	only	the	causes	of	these	pain	disorders,	but	also	into	how	pain	

itself	is	processed.		

As	elucidated	from	the	IASP	definition	of	pain,	pain	is	a	complex	sensation	consisting	of	

both	physiological	 and	psychological	 components.	 It	 is	 a	highly	 subjective	experience	 that	 can	

change,	also	within	an	individual,	with	various	cognitive	factors	such	as	expectation,	anxiety,	and	

experience.	 Although	 the	 basic	 anatomy	 of	 pain	 reception	 and	 transduction	 has	 already	 been	

understood,	the	transition	from	nociception	to	pain	sensation	and	its	cognitive	correlates	remain	

subject	to	much	debate.		

	

1.1 Anatomy	of	pain	perception	

	

1.1.1 From	nociceptor	to	the	brain:	ascending	pain	pathways	

Peripheral	nociceptors	

Pain	 is	sensed	by	multiple	subtypes	of	specialized	peripheral	neurons:	 the	nociceptors.	

These	 are	 found	 throughout	 the	 body	 including	 the	 skin,	muscles,	 joints,	 teeth	 and	 viscera7–9.	

Primary	nociceptors	 consist	of	C-,	Ad,	 and	Ab-fibres,	with	C	 fibres	being	 the	most	 common9,10.	

Nociceptors	vary	in	transmission	speed,	the	stimulus	they	respond	to	(heat,	cold,	or	mechanical	
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pain),	 specificity	 (small	 vs.	 large	 receptive	 areas)	 and	 neurochemistry9,10.	 These	 nociceptors	

transmit	signals	in	an	all-or-none	fashion	and	are	usually	silent.	Activation	occurs	once	a	noxious	

stimulus	is	detected	by	free	nerve	endings,	transmitting	the	signal	towards	the	dorsal	root	ganglia	

of	the	spine.	Different	parts	of	the	pain	sensation	are	thought	to	be	transmitted	by	the	different	

fibre	types.	For	instance,	the	initial	sharp	pain	sensation	upon	injury	is	transmitted	by	the	faster	

Ad-fibres,	while	C-fibres	transmit	a	slower	and	less	localized	“second”	pain11.		

Spinal	transmission	of	nociceptive	inputs	

In	 the	 dorsal	 horn	 of	 the	 spinal	 cord,	 synapses	 in	 laminae	 I-V	 connect	 the	 primary	

nociceptor	to	secondary	nociceptive	neurons	which	send	long	ascending	projections	towards	the	

brain.	Of	 the	secondary	nociceptors,	nociception-specific	high-threshold	secondary	neurons	 lie	

more	superficially	 (lamina	 I),	while	wide	dynamic	range	neurons	(WDR),	 receiving	 input	 from	

multiple	afferent	nociceptors,	lie	in	deeper	spinal	laminae11.	From	the	dorsal	horn	of	the	spine,	

two	ascending	pain	pathways	have	been	described:	the	spinothalamic	(STT)	and	spinoreticular	

tracts	(SRT)12.	These	tracts	differ	both	in	their	targets,	ascending	paths,	and	proposed	functions.	

The	 STT	 ascends	 through	 the	 contralateral	 white	 matter	 of	 the	 spinal	 cord	 to	 the	 thalamus,	

specifically	the	ventral	posterolateral	nucleus	(VPL),	medial	and	intralaminar	nuclei.	As	this	tract	

is	somatotopically	organized,	 it	allows	for	localisation	of	the	painful	stimulus13.	 It	 is	thought	to	

primarily	transfer	information	on	the	nature	of	the	stimulus	(i.e.	where,	what	kind,	how	strong).	

The	SRT	on	the	other	hand,	does	not	cross	the	midline	and	is	not	somatotopically	organized.	It	

terminates	 in	 the	 medulla	 of	 the	 brainstem,	 with	 further	 connections	 within	 the	 brainstem,	

cerebellum	and	midbrain	periaqueductal	grey	(PAG)13.	It	is	thought	to	be	involved	in	conveying	

information	to	higher	evaluative	regions.	

	

1.1.2 Supraspinal	processing	of	painful	stimuli	

All	areas	involved	in	pain	processing	beyond	the	spinal	cord	are	part	of	supraspinal	pain	

processing.	Supraspinal	processing	of	nociceptive	stimuli	 involves	a	diffuse	network	of	cortical	

and	subcortical	areas14,15	(Figure	2).	This	network	has	been	termed	the	“pain	matrix”	and	involves	

primarily	 S1/S2,	 insula,	 thalamus,	 anterior	 cingulate	 cortex	 (ACC)	 and	 the	 prefrontal	 cortex	

(PFC)14.	However,	other	areas	have	also	been	described	as	active	in	response	to	nociceptive	input,	

such	as	M1,	hypothalamus,	cerebellum	and	basal	ganglia.	Due	to	individual	differences	in	brain	

activation	patterns,	the	full	network	responsible	for	pain	evaluation	is	difficult	to	classify.	Based	

on	brain	activation	studies,	 the	sensation	of	pain	has	been	divided	into	two	broad	aspects:	the	

somatosensory	aspect	and	the	affective-evaluative	aspect	of	the	stimulus15,16.		
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Figure	1:	Areas	involved	in	pain	sensation.	Coloured	areas	are	consistently	active	in	response	to	painful	
stimuli	 and	 are	 considered	 core	 constituents	 of	 the	 "pain	matrix".	 Image	modified	 from	Apkarian	 et	 al.	
(2005)14,	first	published	online	11	January	2012	and	reproduced	here	with	the	permission	of	John	Wiley	
&	Sons.	

	

Somatosensory	evaluation:	the	where,	when,	and	what	

	 Nociceptive	 inputs	 into	 the	 thalamus	 are	 transmitted	 to	 somatosensory	 areas	 (via	 the	

VPL),	insular	cortex	and	the	ACC	(via	medial	nuclei)17.	There	is	evidence	suggesting	that	S2	is	the	

first	 area	 to	 receive	 input	 from	 the	 thalamus	 before	 continuing	 to	 S114.	 In	 S1,	 somatotopic	

organization	 of	 the	 signal	 is	 conserved	 and	 allows	 for	 localization	 of	 the	 painful	 stimulus.	

Together,	the	S1,	S2,	insula	and	ACC	show	a	graded	response	to	painful	stimulation	of	different	

intensity18.	 This	 suggests	 that	 response	 to	more	painful	 stimulation	 is	 encoded	directly	 in	 the	

magnitude	of	the	neural	response.		

Not	just	location	and	intensity,	but	also	the	nature	of	the	stimulus	is	encoded.	Differences	

in	 activation	 loci	 within	 insula,	 ACC	 and	 somatosensory	 cortices	 suggests	 that	 different	 pain	

modalities	 (e.g.	 heat	 vs.	 pressure	pain)	 can	be	 encoded	by	 sub-regional	 activation	differences,	

although	 the	 general	 activation	 pattern	 remains14.	 In	 insula	 and	ACC,	 only	 some	 subareas	 are	

responsible	for	processing	the	purely	somatosensory	aspect.	Stimulation	of	the	posterior	insula	
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has	 been	 shown	 to	 elicit	 a	 painful	 sensation,	 suggesting	 that	 the	 sensory-discriminative	

processing	of	pain	occurs	here19.	 Similarly,	 the	ACC	displays	 a	 functional	 subdivision	with	 the	

anterior	ACC	commonly	active	in	painful	sensations.20.	

Affective-cognitive	evaluation:	emotions	and	valuation		

	 Pain	is	more	than	just	a	physical	sensation	and	carries	value	beyond	simply	“how	badly	

does	it	hurt”.	It	is	common	to	describe	painful	sensations	both	in	terms	of	pain	intensity	and	pain	

unpleasantness21,	with	intensity	describing	the	physical	part	and	unpleasantness	describing	how	

the	stimulus	is	valuated	cognitively	and	emotionally.	Affective	valuation	is	a	key	component	of	

pain	sensation	and	the	integration	of	painful	experiences.	Context	and	internal	psychological	state	

are	important	factors	which	shape	our	perception	of	pain.	Brain	areas	involved	in	the	cognitive-

affective	evaluation	of	pain	differ	from	the	areas	involved	in	somatosensory	evaluation,	although	

some	overlap	remains.	

Investigating	 the	 somatosensory	 or	 the	 affective-cognitive	 component	 of	 pain	 alone	 has	

proven	to	be	a	difficult	undertaking	for	two	reasons:	first,	pain	intensity	(somatosensory)	and	pain	

unpleasantness	 (affective)	 are	 highly	 correlated.	 Second,	 the	 affective-cognitive	 valuation	 of	

painful	stimuli	depends	on	the	integration	of	information	in	and	from	overlapping	brain	regions.	

The	ACC	and	 insula	 in	particular	 seem	 to	play	a	dual	 role	 in	pain	perception,	processing	both	

somatosensory	and	affective	components	and	most	likely	being	sites	integrating	both	dimensions.	

The	ACC	is	a	key	region	associated	with	the	affective	component	of	pain.	The	posterior	section	of	

the	ACC,	 for	 example,	 shows	 a	 changed	 response	when	pain	unpleasantness	 is	manipulated21.	

Similarly,	the	anterior	insula	has	been	shown	to	encode	affective	dimensions	of	pain22.	

Internal	factors	like	mood,	expectations	and	previous	experiences,	together	with	external	

factors	 such	 stress	 or	 distraction	 influence	 how	 much	 pain	 affects	 us	 without	 a	 change	 in	

nociceptive	intensity.	Studies	investigating	the	effect	of	mood	on	pain	have	shown	the	anterior	

insula	and	the	PFC	to	be	involved	in	mood	dependent	changes	of	pain	perception23.	Additionally,	

the	locus	coeruleus	(LC)	with	its	connections	to	affective	processing	regions	like	the	ACC	and	PFC	

likely	also	plays	a	role	in	the	affective	processing	of	pain24.	Brain	regions	involved	in	emotional	

regulation	and	reward	in	general,	such	as	the	amygdala,	nucleus	accumbens	and	the	basal	ganglia	

are	inconsistently	activated	in	pain	studies14,21,23,	suggesting	that	these	regions	only	have	partial	

involvement	 in	 processing	 pain.	 However,	 inputs	 from	 the	 amygdala,	 nucleus	 accumbens	 and	

basal	 ganglia	 to	 higher	 brain	 regions	 may	 contribute	 to	 the	 emotional	 processing	 of	 painful	

stimuli.	Affective	evaluation	of	painful	stimuli	 therefore	seems	to	 involve	a	diverse	network	of	

brain	areas	that	may	be	active	depending	on	the	context	of	the	painful	stimulus.	
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Pain	is	also	affected	by	cognitive	processes	beyond	emotional	valuation.	This	integration	

has	been	shown	in	experiments	altering	the	context	in	which	pain	is	perceived	or	by	changing	its	

internal	context.	Cortico-limbic	interactions	evaluate	pain	with	respect	to	previous	experiences,	

internal	state,	and	environmental	context21.	Catastrophizing	can	increase	subjective	pain25,	while	

reappraisal	of	pain	may	decrease	 it26.	 Environmental	 context	 such	as	 stress	 can	 lead	either	 to	

stress	induced	analgesia27	or	hyperalgesia28.	The	effect	of	attention	to	pain	shows	its	importance	

as	well,	as	distraction	from	pain	decreases	the	subjective	pain	experience29,30.	Pain	is	not	only	a	

combination	of	nociceptive	and	affective	information,	but	an	amalgam	of	effects	embedded	in	the	

context	of	previous	experience	and	current	mental	state.	

	 To	 add	 to	 the	 complexity,	 areas	 such	 as	 the	ACC	and	PFC	are	not	 only	 involved	 in	 the	

affective-cognitive	aspects	of	pain,	but	are	tightly	associated	with	the	modulation	of	pain	at	the	

spinal	level15.	In	other	words,	these	regions	can	change	the	strength	of	the	nociceptive	stimulus	

that	 reaches	 supraspinal	 pain	 processing	 regions.	 The	 question	 therefore	 poses	 itself:	 is	 the	

affective-cognitive	processing	of	pain	purely	a	part	of	the	pain	sensation,	or	is	it	a	dynamic	system	

that	can	modulate	its	own	nociceptive	inputs	in	addition	to	evaluating	pain?	

	

1.2 Endogenous	analgesia	and	descending	pain	inhibition	

The	sensation	of	pain	can	be	modulated	 in	a	variety	of	ways.	These	modulations	can	be	

either	 inhibitory	 (i.e.	 decreasing	 pain)	 or	 facilitatory	 (i.e.	 increasing	 pain)	 in	 nature.	 Our	

perception	of	pain	 is	modulated	 cortically	via	 expectations,	 attention/distraction,	positive	and	

negative	thinking	or	emotions,	as	described	above.	Changes	 in	pain	perception	also	occur	on	a	

spinal	level.	Pain	perception	can	be	facilitated	by	spinal	sensitization,	where	an	increased	reaction	

of	 spinal	 interneurons	 and/or	 ascending	 neurons	 to	 painful	 stimulation	 is	 observed.	 This	 can	

occur	when	painful	stimuli	are	given	in	short	succession,	called	“wind-up”	in	animals	or	temporal	

summation	of	pain	 in	humans,	or	when	normally	non-painful	 stimuli	become	painful	due	 to	a	

sensitizing	 stimulus	 applied	 to	 another	 (usually	 adjacent)	 part	 of	 the	 body,	 a	 sensation	 called	

secondary	hyperalgesia31.		

Of	great	interest	to	the	field	of	pain	and	pain	treatment	is	endogenous	analgesia,	which	is	

the	body’s	ability	 to	reduce	pain	by	 itself.	 Individual	differences	 in	endogenous	analgesia	have	

been	 proposed	 to	 be	 predictive	 of	 post-operative	 pain	 and	 potential	 pain	 chronification32,33.	

Indeed,	a	dysfunction	of	endogenous	pain	modulation	is	thought	to	be	the	common	denominator	

of	chronic	pain	states34,35.	Phenomena	such	as	stress-induced	and	placebo	analgesia,	which	reduce	

pain	 through	 aversive	 stimuli27	 or	 belief	 of	 pain	 reduction	 alone36,	 and	 conditioned	 pain	



	 8	

modulation	(see	1.2.3)	have	been	used	measure	endogenous	analgesia.	The	driving	mechanism	

behind	 these	 effects	 involves	 the	 descending	 pain	 inhibitory	 pathway,	 named	 so	 because	 the	

modulation	 is	 initiated	 supraspinally	 and	 travels	 down	 to	 act	 on	 the	 synaptic	 transmission	 of	

nociceptive	 input	 at	 the	 level	 of	 the	 dorsal	 horn.	 Endogenous	 analgesia	 may	 also	 occur	

supraspinally,	when	the	cortical	modulation	of	painful	stimuli	occurs	without	a	change	of	spinal	

nociception,	although	this	mechanism	is	poorly	studied	as	of	yet37.	

	

1.2.1 The	descending	pain	inhibitory	pathway	

Supraspinal	origins	

The	 key	 neural	 regions	 involved	 in	 descending	 pain	 inhibition	 are	 situated	 in	 the	

subcortical	 regions	 of	 the	 brain.	 Here,	 two	 pathways	modulate	 spinal	 nociception	 originating	

either	from	the	locus	coeruleus	(LC)	or	the	PAG-RVM	axis.	Of	the	two,	the	PAG-RVM	system	has	

received	significantly	more	attention,	probably	because	it	relates	more	directly	to	higher	cognitive	

control	through	PAG-cortical	connections38,39.	

	 The	LC	is	the	primary	noradrenergic	center	of	the	central	nervous	system	and	among	its	

various	 important	 roles	 such	 as	 in	 arousal,	 is	 also	 involved	 in	 both	 pain	 sensation	 and	 pain	

modulation.	LC	is	active	when	pain	is	present	and	in	terms	of	modulation,	it	engages	in	feedback	

inhibition40,	leading	to	a	decreased	in	perceived	pain.	A	direct	link	from	LC	to	spinal	dorsal	horn	

neurons	has	been	shown	using	neural	 tracer	methods	 in	both	rodents41	and	monkeys42.	 In	the	

dorsal	 horn,	 the	 release	 of	 noradrenaline	 inhibits	 pain	 transmission	 via	 both	 pre-	 and	

postsynaptic	action,	and	via	activation	of	inhibitory	interneurons40.	

	 Electrical	stimulation	or	application	of	opioids	to	the	PAG	has	been	shown	in	animals	to	

elicit	an	antinociceptive	effect30.	This	effect	translates	to	humans;	electrical	stimulation	of	the	PAG	

results	in	pain	relief.	Reversal	of	the	relief	by	naloxone	treatment	further	confirms	that	the	PAG	

elicits	 its	 effect	 via	 opioid	 signalling43.	 The	 PAG	 is	 known	 to	 have	 close	 ties	 with	 the	 RVM.	

Descending	 fibres	of	 the	 inhibitory	pathway	stem	entirely	 from	 the	RVM44,45.	Two	distinct	 cell	

populations	within	 the	RVM,	ON	 and	OFF	 cells,	 are	 responsible	 for	 descending	 inhibition	 and	

facilitation	respectively30.	PAG	stimulation	of	OFF	cells	is	believed	to	be	the	mechanism	behind	

the	antinociceptive	effects	of	PAG	stimulation.	The	descending	projections	of	OFF	cells	terminate	

in	 the	dorsal	horn,	where	 they	 inhibit	nociceptive	 transmission	via	 serotonin	 release	onto	 the	

synapse	between	primary	and	secondary	nociceptive	neurons.		
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Cortical	influences	on	descending	pain	inhibition	

Multiple	cortical	areas	show	top	down	control	over	pain	perception15,30,46.	The	fact	that	

pain	can	be	modulated	by	various	cognitive	paradigms	and	expectations	about	pain	demonstrates	

that	higher	cognitive	processes	are	able	to	influence	our	perception	of	pain.	They	may	modulate	

it	both	via	changes	in	cortical	reaction	to	pain	as	well	as	activating	descending	pain	inhibition.	

Changes	 in	 PAG	 connectivity	 have	 repeatedly	 been	 shown	 to	 be	 indicative	 of	 changes	 in	 pain	

states47–49,	suggesting	that	cortical	areas	influence	descending	pain	inhibition	via	the	PAG	(Figure	

2).		

	 Imaging	studies	have	given	insight	into	the	supraspinal	areas	involved	in	descending	pain	

inhibition.	Modulatory	paradigms	such	as	reappraisal26,	distraction39,50,	placebo	analgesia51,52	and	

mental	imagery53	have	all	been	shown	to	change	both	brain	activity	and	decrease	pain	intensity.	

Here,	brain	activity	in	the	affective	parts	of	the	ACC	and	lateral	parts	of	the	PFC	increased	when	

participants	engaged	in	these	paradigms.	Somatosensory-evaluative	areas	such	as	thalamus	and	

insula	 showed	 a	 decreased	 response	 to	 painful	 stimulation.	 Currently,	 both	 PFC	 and	 ACC	 are	

considered	 the	 driving	 areas	 of	 cortical	 influence.	 However,	 due	 to	 great	 variability	 in	

methodology,	study	populations	(comparing	clinical	and	healthy)	and	inter-individual	differences	

in	brain	activity,	discerning	a	mechanism	of	action	has	proven	difficult.	Connectivity	between	the	

PFC	or	ACC	and	the	PAG	has	been	established	in	multiple	studies	to	be	tightly	linked	to	descending	

pain	inhibition51.	It	then	seems	that	top-down	influence	may	be	initiated	via	the	PFC	and	realized	

through	a	PFC-ACC-PAG	axis	activating	descending	inhibition.	The	LC	can	also	initiate	descending	

pain	 inhibition	 via	 noradrenergic	 paths.	 Connections	 from	 the	PFC	 to	 the	 LC54	may	 elicit	 pain	

inhibition	 using	 the	 same	 paths	 previously	 shown	 to	 be	 active	 during	 feedback	 inhibition	 in	

response	to	painful	stimulation40.	

	 In	addition	to	ACC	and	PFC,	areas	like	the	thalamus	and	the	amygdala	have	been	implicated	

in	descending	pain	inhibition,	although	their	involvement	has	been	shown	less	consistently.	Loss	

of	 hypo-	 or	 analgesic	 effect	 upon	 chemical	 inhibition	 or	 lesions	 of	 the	 central	 amygdala	 have	

implicated	it	in	pain	inhibition55.	The	exact	role	of	the	thalamus	in	pain	inhibition	is	still	unclear,	

but	the	nucleus	submedius	(Sm)	seems	to	play	a	role	via	its	connections	to	the	PFC	and	the	PAG56.		
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Figure	2:	Sketch	of	the	descending	inhibitory	pathway.	Cortical	regions	including	the	PFC	(1),	ACC	(2),	
and	subcortical	structures	such	as	thalamus	(3),	hypothalamus	(4)	and	amygdala	(5)	activate	the	PAG	(a),	
which	 connects	 to	 the	RVM	 in	 the	brainstem.	From	 the	 rvm	and	 the	 lc	 (not	 explicitly	 shown	here),	 long	
descending	 fibres	 release	 sertotonin	 (5-HT)	 and	 noradrenaline	 (NA)	 onto	 the	 dorsal	 horn	 of	 the	 spine,	
inhibiting	pain	 transmission	 from	primary	 to	 secondary	nociceptor.	Figure	 reproduced	with	permission	
of	the	authors.	

	

Individual	variability	in	endogenous	inhibition	

The	correlation	between	brain	activity	and	pain	reduction	suggests	that	variability	in	the	

pain	reduction	can	be	accounted	for	by	variability	in	brain	activity.	Indeed,	individual	differences	

in	brain	activity	as	well	as	connectivity	have	been	proposed	as	predictors	for	the	effectiveness	of	

endogenous	analgesia	and	the	resulting	chronification	of	pain51,57,58.	 It	has	been	suggested	that	

certain	individuals	are	more	capable	of	activating	their	endogenous	pain	inhibition	than	others	

when	using	a	variety	of	cognitive	strategies53,	such	that	indeed	baseline	differences	would	exist	

not	only	in	our	innate	pain	inhibition,	but	also	in	our	ability	to	explicitly	or	implicitly	activate	it.	

Not	only	baseline	differences	may	account	for	this	variability,	but	also	the	best	choice	of	strategy	

in	reducing	pain	at	any	time	point	may	be	different.	We	previously	found	that	participants	were	

most	successful	at	activating	descending	pain	inhibition	utilizing	different	cognitive	strategies59.		
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Finally,	variability	in	the	brains	reaction	to	painful	stimulation	itself	remains	as	a	factor	

that	makes	group-level	inferences	difficult.		

Variability	 in	 the	pain	system	therefore	remains	a	major	obstacle	 in	 finding	a	common	

mechanistic	 explanation	 of	 pain	 inhibition.	 It	 is	 also	 a	 major	 point	 of	 scientific	 and	 clinical	

interest60.	For	example,	it	was	shown	that	unimodal	areas	involved	in	pain,	such	as	S1,	show	less	

individual	 variability	 in	 response	 to	pain	 than	higher	order	 integrative	 regions	 like	 the	PFC61,	

indicating	that	it	may	have	a	less	conserved	reaction	to	pain.	Signal	variability	in	pain	modulatory	

areas	is	also	increased	in	healthy	control	compared	to	migraineurs62,	suggesting	that	variability	

in	 frontal	areas	could	be	 indicative	of	a	healthy	endogenous	modulatory	system.	We	have	also	

seen	that	within	a	single	subject,	trial-by-trial	fluctuations	in	pain	decrease	relate	do	differential	

brain	activity53.	Hence,	we	see	that	variability	in	brain	activity	related	to	pain	and	pain	inhibition	

can	stem	from	both	a	between-	and	within-subject	level.	Differences	in	individual	pain	inhibitory	

systems	may	prove	to	be	an	attractive	avenue	of	investigation	to	determine	individual	risk	factors	

for	pain	 chronification	and	understanding	 the	 contributions	of	brain	 areas	 to	 these	 individual	

aspects	of	the	pain	sensation	are	an	important	component	thereof.		

	

1.2.2 Dysregulation	of	pain	modulation	in	chronic	pain	

Previous	work	comparing	chronic	pain	patients	with	healthy	controls	has	brought	about	

a	 large	body	of	 evidence	 that	 points	 towards	 a	 dysregulation	of	 endogenous	pain	modulatory	

pathways	and	perception	of	pain	in	chronic	pain	patients.	Understanding	how	dysregulation	of	

endogenous	pain	systems	relate	to	the	development	and	presentation	of	chronic	pain	therefore	

presents	 one	 way	 of	 understanding	 the	 mechanisms	 behind	 pain	 modulation.	 Chronic	 pain	

patients	 display	 a	 significantly	 stronger	 reaction	 to	 temporal	 summation	 of	 pain,	 evidence	 of	

increased	spinal	sensitization	to	nociceptive	input	in	these	patients63,64.	Additionally,	chronic	pain	

patients	show	generally	decreased	brain	activity	in	response	to	painful	stimulation14.	Much	of	the	

differences	 involves	 activation	 decreases	 in	 primary	 pain	 sensory	 areas	 such	 as	 S1/S2	 and	

increases	 in	 frontal	 areas	 and	 their	 connections	 to	 centres	 of	 descending	 inhibition14,23.	 The	

positive	correlation	between	ACC	activity	and	reported	pain	intensity	in	healthy	subjects65,66	also	

disappears	in	chronic	pain,	suggesting	some	sort	of	uncpoupling14.	They	also	exhibit	altered	brain	

connectivity	of	areas	 like	PFC,	 insula	and	ACC	and	altered	grey	matter	volumes	 in	cortical	and	

subcortical	 areas	 57,67–70.	 Grey	 matter	 changes	 differ	 between	 chronic	 pain	 conditions,	 but	

decreases	in	the	insula	seem	to	be	a	common	denominator71.	Default	mode	network	connection	

to	 prefrontal	 and	 insular	 cortices	 has	 been	 shown	 to	 be	dysregulated	 in	 chronic	 pain,	 further	

pointing	towards	dysregulated	connectivity72,73.		



	 12	

Nonetheless,	 these	 findings	 demonstrate	 that	 changes	 in	 brain	 anatomy	 and	 function	

occur	in	chronic	pain	states.	These	changes	correspond	to	reduced	pain	thresholds	and	increased	

sensation	of	pain74,75.	Patients	also	show	an	altered	relationship	to	pain,	especially	the	affective	

impact	of	pain,	as	be	seen	by	increased	catastrophizing76	and	comorbid	affective	disorders77.	The	

question	remains	whether	these	differences	are	brought	on	by	chronic	pain	or	are	causative	of	it.	

1.2.3 Measures	of	endogenous	pain	inhibition	

In	 order	 to	 draw	 meaningful	 inferences	 on	 descending	 pain	 inhibition,	 one	 must	 employ	

methodologies	 which	 measure	 spinal	 nociception	 in	 a	 more	 objective	 manner.	 In	 humans,	

measures	of	spinal	nociception	and	its	modulation	can	only	be	achieved	indirectly.	Two	methods	

commonly	employed	are	conditioned	pain	modulation	(CPM),	a	psychophysical	paradigm	whose	

equivalent	 in	 animals	 has	 been	 shown	 to	 directly	 affect	 spinal	 nociceptor	 firing	 rate,	 and	

measurement	 of	 the	 nociceptive	 flexor	 (RIII)	 reflex,	 a	 spinal	 reflex	 loop	 initiated	 by	 painful	

stimulation.	These	two	paradigms	are	able	to	give	insight	into	changes	of	spinal	nociception	either	

via	its	direct	transmission	strength	(as	with	the	RIII	reflex	size)	or	via	its	reduction	of	perceived	

pain	(as	with	CPM).	

Conditioned	pain	modulation	

“Conditioned	pain	modulation	(CPM)	measures	the	component	of	human	endogenous	pain	

inhibition	underlying	the	“pain	inhibits	pain”	phenomenon,	based	on	a	noxious	test	stimulus	(TS)	

being	perceived	as	less	painful	if	presented	in	combination	with	a	painful	heterotopic	conditioning	

stimulus	 (CS)”78.	 CPM	 is	 believed	 to	 be	 the	 psychophysical	 equivalent	 of	 “diffuse	 noxious	

inhibitory	control	”,	an	extensively	studied	phenomenon	of	descending	nociceptive	inhibition	in	

animals79.	 From	 electrophysiological	 evidence	 we	 know	 that	 the	 application	 of	 a	 heterotopic	

painful	CS	inhibits	the	response	of	spinal	neurons	to	the	TS80,81.		

Differences	in	CPM	have	been	shown	to	be	predictive	of	acute	post-operative	and	chronic	

pain32,33.	 Furthermore,	 CPM	 is	 dysregulated	 in	 a	 variety	 of	 chronic	 pain	 conditions82,	 further	

supporting	the	theory	that	it	reflects	human	pain	inhibitory	systems.	Interestingly,	a	proportion	

of	the	population	does	not	show	CPM,	and	another	part	of	the	population	exhibits	an	increase,	

rather	than	a	decrease	in	TS	pain	intensity83	during	the	CPM	paradigm.	As	CPM	is	used	in	clinical	

practice	to	measure	endogenous	inhibition,	it	is	of	great	interest	to	elucidate	the	mechanisms	and	

influences	on	CPM	measures.		

Previous	studies	have	 investigated	the	 influence	of	various	factors	such	as	sex,	age,	CPM	

methodology,	and	psychological	variables	on	the	strength	and	direction	of	the	CPM	effect,	with	

conflicting	results.	Some	studies	suggest	that	age84,85	or	sex86,87	influence	CPM	magnitude,	while	

others	 find	 no	 such	 relationship88,89.	 Similarly,	 methodological	 concerns,	 such	 as	 stimulus	
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intensity,	 have	 shown	 either	 no	 influence90–92,	 or	 suggested	 some	 relationship	 with	 CPM	

magnitude93–95.	 Additionally,	 various	 CS	 and	 TS	 modalities,	 such	 as	 pressure,	 heat,	 cold	 or	

electrical	 pain,	 are	 used	 in	 different	 experiments,	 adding	 to	 the	 heterogeneity	 of	 the	 research	

body.	 It	 remains	 unclear	 if	 the	 variability	 of	 CPM	 responses	 is	 entirely	 due	 to	 differences	 in	

endogenous	analgesia,	or	if	other,	controllable	factors	contribute	to	it.	

Measures	of	spinal	nociception	in	humans	

	 Investigation	 of	 descending	 pain	 inhibition	 in	 humans	 poses	 some	 limitations	 in	

comparison	 to	 animal	 studies.	 For	 example,	 direct	 electrode	 recordings	 of	 the	 dorsal	 horn	 or	

supraspinal	 areas	 is	 impossible	 without	 highly	 invasive	 methods,	 making	 it	 not	 feasible	 for	

general	human	pain	studies.	However,	only	changes	in	spinal	nociception	are	objective	evidence	

for	descending	pain	 inhibition.	Therefore,	an	adequate	proxy	measure	of	 spinal	nociception	 in	

humans	must	be	used	to	investigate	changes	in	dorsal	horn	synaptic	transmission	resulting	from	

descending	pain	inhibition.		

	 One	 of	 these	 measures	 in	 humans	 is	 the	 nociceptive	 flexor,	 or	 RIII,	 reflex.	 Initially	

described	 in	 animal	 models96,	 it	 is	 a	 polysynaptic	 reflex	 of	 the	 ipsilateral	 flexor	 muscles	 in	

response	 to	 painful	 stimulation.	 The	 reflex	 has	 been	 long-established	 in	 the	 pain	 field	 and	 is	

usually	 evoked	 in	 the	 lower	 limb97.	 It	 can	 be	 evoked	 by	 painful	 electrical	 stimulation	 of	 the	

retromalleolar	path	of	the	sural	nerve,	which	evokes	a	polysynaptic	reflex	loop	in	the	dorsal	horn	

activating	ipsilateral	motor	neurons.	This	results	in	a	contraction	of	the	ipsilateral	biceps	femoris.	

This	muscle	contraction	can	be	quantified	by	measuring	the	EMG	response	and	integrating	the	

rectified	signal	90ms-150ms	post-stimulus98.	The	RIII-reflex	is	directly	related	to	subjective	pain	

perception.	Therefore	is	presents	itself	as	a	useful	objective	measure	of	spinal	nociception	and	

evoked	pain	in	general99.	

Due	 to	 the	 necessity	 of	 electrical	 stimulation	 and	 measurement,	 its	 use	 in	 the	 MRI	

environment	has	been	very	limited100,101.	The	main	reason	for	this	is	electromagnetic	interactions	

between	 the	MRI	scanner	and	 the	stimulation	setup/EMG	recording.	Sending	electrical	 signals	

through	the	magnetic	field	of	the	MRI	may	induce	artifacts	in	the	MR	image	if	not	correctly	filtered.	

In	 response,	 the	 fast	 fluctuations	 of	 local	 magnetic	 field	 can	 induce	 electrical	 current	 in	 the	

conductive	 electrode,	 producing	 undesired	 and	 uncontrolled	 stimulation	 unless	 appropriate	

electrical	resistors	are	incorporated	into	the	electrode.	Similarly,	the	magnetic	fluctuations	of	the	

MRI	cause	large	artifacts	 in	the	EMG	recording	(Figure	3),	making	post-processing	and	artifact	

correction	 algorithms	 necessary	 to	 evaluate	 the	 RIII-reflex	 in	 MRI	 experiments.	 Nonetheless,	

construction	of	an	MR-compatible	setup	to	stimulate	and	record	the	RIII	reflex	as	a	proxy	measure	

of	spinal	nociception	while	measuring	BOLD	signal	via	fMRI	would	allow	us	to	quantify	both	brain	

activity	and	spinal	nociception	simultaneously	on	an	individual	and	trial-by-trial	basis.	
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Figure	 3:	 Example	 of	 a	 single	 RIII	 reflex	 evoked	 outside	 and	 inside	 the	 MRI.	 Painful	 electrical	
stimulation	 (red	 line)	 at	 time	 t	 =	 90ms	during	 feedback	 training	 and	 at	 t	=	100ms	during	MRI	 sessions.	
Top:	EMG	 trace	 outside	 of	 the	MRI	Middle:	 raw	MRI-EMG	 trace	 including	MRI	 artifacts.	Bottom:	 post-
processed	MRI-EMG	trace	using	artifact	correction	software.		 	
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1.3 Aim	of	the	thesis	

The	 goal	 of	 my	 thesis	 was	 to	 use	 two	 different	 measures	 of	 nociception	 to	 investigate	

descending	pain	 inhibition.	The	 aim	was	 to	understand	 two	 central	 aspects:	 First,	what	 is	 the	

relationship	 between	 brain	 activity	 leading	 up	 and	 in	 response	 to	 painful	 stimulation	 and	

descending	pain	 inhibition	as	quantified	by	a	physiological	measure	of	 spinal	nociception	and	

subjective	pain	ratings?	Furthermore,	how	does	this	brain	activity	change	when	people	learn	to	

willingly	activate	their	descending	pain	inhibition?	Second,	what	are	the	contributing	factors	to	

the	individual	variability	in	measures	of	descending	pain	inhibition	and	do	these	factors	explain	

all	the	individual	variability	we	see?	In	order	to	answer	these	questions	I	conducted	three	studies:	

one	to	investigate	the	former,	and	two	to	investigate	the	latter.	

First,	I	investigated	the	brain	areas	involved	in	conscious	activation	of	the	pain	inhibitory	

system.	For	 this,	 I	designed	and	built	an	MRI-compatible	setup	 for	electrically	stimulating	and	

recording	the	RIII-reflex	during	functional	MRI.	With	this	setup,	I	conducted	the	first	longitudinal	

fMRI	study	on	descending	pain	inhibition	utilizing	the	previously	established	RIII-reflex	feedback	

paradigm	to	 teach	participants	 to	willingly	activate	 their	descending	pain	 inhibition.	With	 this	

paradigm	we	could	directly	compare	brain	activity	between	participants	on	a	trial-by-trial	basis	

and	relate	this	to	the	degree	of	spinal	nociception,	as	measured	with	the	RIII-reflex.	We	could	also	

look	 for	 group-level	 changes	 in	 brain	 activity	 related	 to	 training	 as	 well	 as	 how	 individual	

differences	in	the	ability	to	activate	descending	pain	inhibition	is	related	to	brain	activity.	

Second,	I	elucidated	which	factors	can	explain	the	degree	of	individual	variability	in	CPM	

magnitude,	another	measure	of	descending	pain	inhibition.	Here	I	wanted	to	investigate	how	fixed	

factors	such	as	age,	sex,	and	psychological	scores	affect	CPM	magnitude,	and	how	much	of	 the	

individual	variability	is	explained	by	them.	Additionally	I	examined	whether	methodical	concerns	

such	as	CPM	paradigm	or	stimulus	strength	affect	the	CPM	magnitude.	To	do	this	I	examined	the	

effect	 of	 these	 fixed	 factors	 in	both	 cross-sectional	 and	 repeated-measures	designs.	Repeated-

measures	investigation	allowed	me	to	show	that	the	vast	majority	of	individual	differences	are	

not	explained	by	any	of	the	above	factors,	and	that	the	lack	of	effect	seen	by	them	in	cross-sectional	

investigation	likely	stems	from	them	being	overshadows	by	the	vast	baseline	differences	in	CPM	

magnitude.	 This	 expands	 on	 previous	 investigations	 trying	 to	 determine	 the	 causes	 for	 inter-

individual	variability	 in	measures	of	endogenous	analgesia.	 It	 further	adds	to	the	existing	CPM	

knowledge	by	suggesting	future	investigation	employ	a	repeated-measures	design	to	account	for	

underlying	individual	differences.	
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2 RESEARCH	CHAPTER	

This	PhD	thesis	consists	of	one	detailed	manuscript	(chapter	2.1,	first	authorship)	and	two	peer-

reviewed	published	papers	(chapters	2.2	and	2.3,	both	first	authorship).	

A	longitudinal	task-based	MRI	study	investigating	the	changes	in	brain	activity	after	participating	

in	a	real-time	biofeedback	training	aimed	at	teaching	participants	to	activate	their	endogenous	

pain	 inhibitory	 system	 is	 presented	 in	 the	 first	 manuscript	 (see	 2.1).	 The	 first	 publication	

investigates	how	much	of	variability	in	CPM,	a	measure	of	human	endogenous	analgesia	(see	2.2),	

is	 explained	 by	 inter-individual	 differences.	 As	 a	 follow-up	 study	 to	 the	 first	 publication,	 the	

second	publication	expands	the	investigation	of	influences	on	CPM	variability	by	examining	the	

effect	of	common	psychological	variables	measured	in	clinical	and	research	practice.	
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2.1 Longitudinal	 changes	 in	 human	 supraspinal	 pain	 processing	 after	 RIII-feedback	
training	to	improve	descending	pain	inhibition	

Graeff	P.,	Ruscheweyh	R.,	Virginia	L.	Flanagin	2022.	(in	preparation)	

The	manuscript	"Longitudinal	changes	in	humans	supraspinal	pain	processing	after	RIII-feedback	

training	to	improve	descending	pain	inhibition”	was	prepared	by	Philipp	Graeff	under	supervision	

of	Virginia	L.	Flanagin	and	Ruth	Ruscheweyh.	

Summary	

This	 manuscript	 aims	 to	 determine	 which	 areas	 of	 the	 brain	 are	 active	 when	 deliberately	

activating	descending	pain	 inhibition	via	a	cognitive	strategy,	as	well	as	 the	brains	reaction	 to	

painful	stimulation	when	the	strategy	is	applied.	The	study	employed	a	longitudinal	fMRI	design	

utilizing	an	established	training	paradigm	based	on	RIII-reflex	feedback	to	teach	participants	over	

the	course	of	three	sessions	which	strategy	can	decrease	their	spinal	nociception.	We	constructed	

an	MR-safe	electrophysiological	setup	to	evoke	and	record	the	RIII	reflex	and	gather	pain	rating	

during	 fMRI	 acquisition	 for	 this.	 Participants	 completed	 feedback	 training	 with	 comparable	

success	 to	 previous	 studies.	 The	 training	 effect	 carried	 over	 to	 the	MRI	 in	 pain,	 but	 not	 RIII-

reductions.	Our	 findings	 show	 that	mPFC	 activity	 increases	when	participants	 engage	 in	 their	

strategy,	 and	 activity	 in	 the	 lateral	 thalamus	 increases	 post	 training.	 Reaction	 to	 painful	

stimulation	was	 decreased	 during	 strategy	 in	 brainstem,	 thalamus,	 insula	 and	 frontal	 cortical	

regions,	with	a	significant	training	effect	in	LC,	thalamus,	Insula	and	dlPFC.	There	findings	indicate	

that	the	mPFC	is	integral	in	initiating	descending	pain	inhibition	and	that	the	lateral	thalamus	may	

play	 a	 role	 in	pain	modulation,	 not	 just	pain	 sensation.	The	decreased	 reaction	 to	nociceptive	

stimuli	 in	 primary	 receptive	 areas	 of	 ascending	 pain	 paths	 and	 affective-evaluative	 regions	

suggest	that	participants	could	indeed	reduce	their	pain,	most	likely	already	on	a	spinal	level.	Our	

study	demonstrates	for	the	first	time,	using	a	longitudinal	design,	the	effect	of	learning	to	inhibit	

pain	via	feedback	training	on	brain	activity	leading	up	and	in	response	to	painful	stimulation.	

Author	contribution	

The	 study	 was	 designed	 by	 Philipp	 Graeff,	 Virginia	 L.	 Flanagin	 and	 Ruth	 Ruscheweyh.	 MRI-

hardware	setup	was	constructed	by	Philipp	Graeff.	Data	was	collected	by	Philipp	Graeff	under	

supervision	of	Ruth	Ruscheweyh	(electrophysiological	part)	and	Virginia	L.	Flanagin	(MRI	part).	

Data	was	analyzed	by	Philipp	Graeff.	Imaging	data	was	analyzed	and	visualized	by	Philipp	Graeff	

with	guidance	of	Virginia	L.	Flanagin.	Philipp	Graeff	wrote	the	manuscript	with	guidance	of	Ruth	

Ruscheweyh	and	Virginia	L.	Flanagin	.	
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2.2 Inter-individual	 differences	 explain	 more	 variance	 in	 conditioned	 pain	
modulation	than	age,	sex	and	conditioning	stimulus	intensity	combined.	

Graeff	P,	Itter	A,	Wach	K,	Ruscheweyh	R.	Brain	Sciences.	2021;	11(9):1186.		

The	article	“Inter-Individual	Differences	Explain	More	Variance	in	Conditioned	Pain	Modulation	

Than	Age,	Sex	and	Conditioning	Stimulus	Intensity	Combined.”	was	published	in	the	special	issue	

“Endogenous	Analgesia:	Methodological	 Aspects	 and	 Clinical	 Application”	 of	 the	 journal	 Brain	

Sciences.		

It	was	published	“Open	Access”,	available	under		https://doi.org/10.3390/brainsci11091186	and	

is	reprinted	here	(Authors	retain	copyright)	

Summary	

In	 this	 publication	 we	 estimated	 the	 relative	 variance	 in	 CPM	 explained	 by	 residual	 inter-

individual	differences	compared	to	age,	sex,	and	CS	physical	and	pain	intensity.	We	constructed	

linear	 and	mixed	 effect	models	 on	pooled	data	 from	171	participants	 from	 several	 studies,	 of	

which	97	participants	had	repeated	measures.	By	applying	variance	decomposition	estimations	

to	our	repeated	measures	data	for	the	first	time,	we	were	able	to	investigate	the	contribution	of	

known	 factors	 (age,	 sex,	 CS	 intensity,	 or	 CPM	 paradigm)	 and	 the	 unexplained	 individual	

differences	to	the	CPM	variability.	Cross-sectional	analyses	showed	no	significant	effect	of	age,	sex	

or	 CS	 intensity,	while	 repeated	measures	 analyses	 revealed	 a	 significant	 effect	 of	 CS	 physical	

intensity.	 Variance	 decomposition	 showed	 that	 inter-individual	 differences	 accounted	 for	

between	24%	to	34%	of	the	variance	in	CPM	while	age,	sex,	and	CS	intensity	together	explained	

<3%	to	12%.	This	demonstrates	variance	in	CPM	explained	by	inter-individual	differences	largely	

exceeds	that	of	commonly	considered	factors	such	as	age,	sex	and	CS	intensity.	We	show	that	the	

conflicting	 predictive	 capability	 of	 these	 factors	 in	 the	 literature	 may	 be	 due	 to	 baseline	

differences	 in	 the	 population.	 We	 suggest	 that	 future	 investigations	 should	 account	 for	 the	

individual	variability	by	employing	repeated	measures	designs	or	statistical	analyses	which	take	

into	account	the	individual	as	a	factor.	

Author	contribution	

All	authors	designed	the	study,	with	the	analysis	design	being	conceptualized	by	Philipp	Graeff	

and	Ruth	Ruscheweyh.	Data	was	collected	by	Alina	Itter,	Katharina	Wach	and	Philipp	Graeff	under	

the	supervision	of	Ruth	Ruscheweyh.	Analysis	was	performed	by	Philipp	Graeff.	Philipp	Graeff	and	

Ruth	Ruscheweyh	wrote	the	paper	with	input	from	all	authors.	
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2.3 The	 contribution	 of	 psychological	 factors	 to	 inter-individual	 variability	
in	conditioned	pain	modulation	is	limited	in	young	healthy	participants	

Graeff	P,	Stacheneder	R,	Alt	L,	Ruscheweyh	R.	Brain	Sciences.	2022;	12(5):623.		

The	 article	 “The	 Contribution	 of	 Psychological	 Factors	 to	 Inter-Individual	 Variability	 in	

Conditioned	Pain	Modulation	Is	Limited	in	Young	Healthy	Subjects.”	was	published	in	the	special	

issue	 “”Endogenous	Analgesia:	Methodological	Aspects	 and	Clinical	Application”	of	 the	 journal	

Brain	Sciences.		

It	was	published	“Open	Access”,	available	under	https://doi.org/10.3390/brainsci12050623	and	

is	reprinted	here	(Authors	retain	copyright)	

Summary	

In	this	publication,	we	expand	our	findings	from	the	previous	chapter	(see	2.2)	by	investigating	

the	contribution	of	psychological	scores	to	CPM	variability.	As	many	potential	factors	could	help	

explain	 the	 contributions	 of	 inter-individual	 differences	 to	 CPM,	 we	 used	 the	 same	 pool	 of	

participants	 and	 investigated	 how	 their	 psychological	 scores	 contribute	 to	 explained	 CPM	

variance.	 Here,	 the	 psychological	 scores	 we	 used	 were	 trait	 depression,	 anxiety	 and	

catastrophizing.	We	also	followed	up	on	a	previous	meta-analysis89	suggesting	that	psychological	

traits	 show	 an	 effect	 in	 some	 CPM	 paradigms	 and	 not	 in	 others.	 We	 employed	 the	 same	

methodology	to	our	previous	publication	(see	2.2)	to	analyse	the	repeated	measures	data.	Neither	

psychological	scores,	nor	their	interactions	with	the	CPM	paradigm	could	significantly	predict	the	

CPM	effect.	Including	psychological	traits	did	not	increase	the	explained	variance	of	fixed	effects,	

suggesting	 that	 they	do	not	 contribute	 appreciably	 to	CPM	variance.	However,	 the	 interaction	

between	depression	and	CPM	paradigm	explained	a	significant	amount	(3.0%)	of	the	variance	of	

the	CPM	effect.	The	interaction	of		CPM	paradigm	with	either	trait	catastrophizing	or	trait	anxiety	

explained	<0.1%	each.	This	 suggests	 that,	 at	 least	 in	 a	 healthy	population,	 the	 contribution	of	

psychological	 factors	 to	 CPM	 variability	 is	 limited.	 However,	 our	 findings	 lend	 support	 to	 a	

previous	study	suggesting	that	the	CPM	paradigm	may	be	selectively	affected	by	trait	depression.		

Author	contribution	

The	study/analysis	was	designed	by	Philipp	Graeff	and	Ruth	Ruscheweyh.	Data	was	collected	by	

Regina	 Stacheneder,	 Laura	Alt	 and	 Philipp	Graeff	 under	 the	 supervision	 of	 Ruth	Ruscheweyh.	

Analysis	was	performed	by	Philipp	Graeff.	Philipp	Graeff	and	Ruth	Ruscheweyh	wrote	the	paper	

with	input	from	all	authors.	
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3 DISCUSSION	

	

	

3.1 SUMMARY	OF	THE	MAIN	RESULTS	

In	 this	 thesis	 I	 examined	 both	 internal	 and	 external	 factors	 influencing	 the	 ability	 of	

individuals	to	engage	descending	pain	inhibition.	First,	I	investigated	supraspinal	activity	patterns	

when	activating	the	descending	pain	inhibitory	system	before	and	after	feedback	training.	Second,	

I	 examined	 the	 degree	 to	which	 inter-individual	 and	methodological	 effects	 contribute	 to	 the	

variability	of	CPM,	a	measure	of	endogenous	pain	inhibition.	In	this	section	I	will	present	in	brief	

the	general	findings	of	both	projects,	which	I	will	then	discuss	both	in	more	detail	and	in	context	

to	the	broader	literature	in	the	subsequent	sections.	

	 In	the	first	project	we	used	a	longitudinal	fMRI	study	design	to	compare	the	brain	activity	

before	and	after	a	previously	established	biofeedback	training	where	participants	learned	to	use	

cognitive	strategies	to	activate	their	descending	pain	inhibition.	We	investigated	specifically	the	

activity	 patterns	 during	 application	 of	 this	 cognitive	 strategy	 and	 in	 reaction	 to	 short	 painful	

electrical	stimuli	.	The	results	of	the	feedback	training	were	in	line	with	our	expectations	based	

upon	our	previous	studies	that	established	and	utilized	the	training	paradigm.	Participants	were	

able	 to	 reduce	both	 their	perceived	pain	and	spinal	nociception,	evidence	 for	descending	pain	

inhibition,	 when	 applying	 a	 positive	 mental	 imagery.	 This	 could	 be	 improved	 through	 RIII-

biofeedback	 training.	 Inter-participant	 variability	 in	 training	 success	 was	 large,	 as	 was	 the	

variability	 in	 the	 RIII-reflex	 reductions	 during	 MRI	 sessions.	 The	 fMRI	 analysis	 revealed	 a	

decreased	default	mode	activity	post-training,	indicating	that	participants	become	more	efficient	

at	applying	a	mental	strategy	 through	training.	Utilization	of	 the	mental	strategy	activated	 the	

mPFC,	a	core	frontal	area	involved	in	descending	inhibition,	as	well	as	the	thalamus,	a	region	more	

often	 related	 to	 pain	 processing	 than	 pain	 modulation.	 Thalamic	 activity	 increased	 further	

through	 training,	 while	 the	mPFC	 showed	 no	 session-specific	 change	 in	 activity.	 Significantly	

reduced	reactions	to	painful	stimulation	were	not	only	seen	in	cortical	but	also	in	brainstem	areas	

responsible	for	pain	sensation,	supporting	the	idea	that	the	cognitive	strategy	indeed	decreases	

nociceptive	input	already	on	a	spinal	level.	Larger	decreases	post-training	in	brainstem,	thalamus	

and	cortical	 areas	 show	 that	 training	was	effective	 in	 increasing	descending	 inhibition.	Lastly,	

participant	pain	reduction	improvement	was	correlated	with	changes	in	haemodynamic	response	

in	frontal	cortical	areas,	supporting	previous	theories	of	their	involvement	in	both	pain	sensation	

and	pain	modulation.	
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	 To	 better	 understand	 the	 impact	 of	 inter-individual	 differences	 in	 descending	 pain	

inhibition,	I	then	switched	paradigms	to	investigate	conditioned	pain	modulation,	where	I	took	

previous	data	and	collected	new	data	to	determine	the	proportion	of	variance	in	the	CPM	effect	

explained	 by	 controllable	 and	 uncontrollable	 inter-individual	 factors.	 Our	 findings	 clearly	

demonstrate	that	large	inter-individual	effects	in	CPM	variance	exist	and	that	the	majority	of	these	

remain	unexplained.	We	show	 that	methodology-specific	effects	 such	as	CS	 intensity	and	CPM	

paradigm	explain	more	variance	than	any	other	fixed-effect	we	investigated	(including	age,	sex,	

and	psychological	scores).	“Unexplained”	inter-individual	effects	accounted	for	approximately	10	

times	more	variance	than	the	largest	measured	contributor,	CS	intensity.	Indeed,	a	major	reason	

why	the	effect	of	methodological	factors	has	been	conflicting	in	the	literature	could	be	because	

their	relatively	small	effects	are	drowned	out	by	the	underling	individual	variance.	We	showed	

this	by	demonstrating	a	significant	predictive	effect	of	CS	intensity	only	when	accounting	for	the	

individual	in	repeated	measures	analysis,	while	no	such	effect	was	found	in	the	cross-sectional	

analysis.	 This	 adds	 to	 the	 existing	 literature	 by	 suggesting	 baseline	 differences	 need	 to	 be	

accounted	for	if	contributions	of	other	factors	are	to	be	investigated.	If	this	is	not	done,	a	study	

would		run	the	risk	of	having	the	result	of	the	independent	variably	drowned	out	by	the	residual	

individual	variance.	

	

3.2 LEARNED	ACTIVATION	OF	DESCENDING	PAIN	INHIBITION	CHANGES	THE	
BRAIN	ACTIVITY	

	

3.2.1 POSITIVE	COGNITIVE-EMOTIONAL	STRATEGIES	ACTIVATE	HIGHER	COGNITIVE	
AREAS	OF	DESCENDING	PAIN	INHIBITION	

When	 participants	 applied	 positive	 mental	 imagery	 to	 decrease	 their	 RIII-reflex	 two	

principle	pain-related	areas	were	activated:	the	mPFC	and	the	Thalamus.	The	mPFC	exhibited	an	

increase	in	activity	during	task,	but	its	activity	did	not	change	with	training.	Activation	of	the	mPFC	

can	be	expected	as	it	is	known	to	be	involved	in	higher	cognition,	imagery	and	episodic	memory	

recall103.	Increases	in	mPFC	activity	have	also	been	shown	in	anticipation	of	decreased	pain52,104.	

The	 increase	we	 found,	 along	with	 the	 pain	 reduction	 experienced	 by	 the	 participants	 during	

strategy	indicates	that	the	activity	is	related	to	pain	inhibition.	Participants	were	already	asked	in	

the	pre-training	MRI	session	to	apply	mental	imagery	(albeit	untrained)	of	nice	things.	We	believe	

the	 mPFC	 activity	 did	 not	 change	 for	 mental	 imagery	 post-training	 because	 of	 an	 improved	

efficiency	 in	mental	 imagery	 resulting	 in	a	 larger	psychophysical	effect	without	a	 concomitant	

increase	of	the	haemodynamic	response	in	the	brain.	This	is	supported	by	the	additional	decrease	

in	default	mode	network	(DMN)	activity	post-training.	DMN	activity	is	known	to	decrease	when	
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applying	cognitively	demanding	tasks105.	DMN	activity	is	indicative	of	introspective	mentation,	or	

mind	wandering106,107.	Participants	learn	to	employ	a	specific	mental	strategy	over	the	course	of	

training,	leading	to	a	more	focused	mental	imagery	in	MRI2	compared	to	MRI1.	It	stands	to	reason	

that	they	engage	in	less	mind	wandering	during	strategy	post	training,	which	would	explain	the	

decreases	in	DMN	activity.	

The	increase	in	thalamic	activity	during	application	of	the	strategy	was	primarily	observed		

post-training,	showing	that	this	increase	is	a	training	effect.	When	qualitatively	observing	what	

subregions	of	the	thalamus	show	the	greatest	effect,	we	found	that	the	VPL	and	posterior	parts	of	

the	thalamus	changed	their	activity	the	most,	along	with	a	small	anterior	part	of	the	thalamus.	

Activity	increases	during	strategy,	independent	of	the	stimulation,	were	unexpected	here.	The	role	

of	the	VPL	is	 in	the	relay	and	processing	of	ascending	nociception56.	However,	as	the	thalamus	

serves	 as	 a	 relay	 and	 integration	 centre	 for	many	 cortical	 and	 subcortical	 regions,	 one	 could	

hypothesize	that	the	increase	in	thalamic	activity	during	task	are	of	an	integratory	nature.	That	is	

to	 say,	 information	 from	 cortical	 areas	 related	 to	 pain	 inhibition	 and	with	 connections	 to	 the	

thalamus,	such	as	ACC	and	PFC,	flow	to	the	thalamus,	thereby	increasing	its	activity.	Interestingly,	

the	role	of	the	thalamus	in	the	modulation	of	pain	is	not	well	explored	but	the	medial	nuclei	are	

believed	to	play	a	role.	Our	findings	do	not	confirm	this	theory.	They	rather	support	a	finding	by	

Valet	 et	 al.,	who	 discovered	 increased	 lateral	 thalamic	 activity	 during	 distraction	 from	pain39.	

Whether	the	increase	we	find	stems	from	participants	having	found	a	strategy	that	better	distracts	

them,	 or	whether	 the	 thalamus	 is	more	 involved	 in	 pain	modulation	 than	previously	 thought,	

cannot	be	dissociated	with	our	study.		

Overall	 our	 findings	 suggest	 that	 the	 mPFC	 is	 a	 key	 region	 involved	 in	 decreasing	

experienced	 pain	 via	 positive	 mental	 imagery.	 RIII-feedback	 training	 leads	 to	 a	 general	

improvement	 in	 efficiency	 in	 the	mPFC	and	 in	DMN	network	 regions,	which	 in	 turn	 increases	

thalamus	 activity.	 Targeted	 connectivity	 analyses	 between	 the	mPFC,	 DMN	 and	 the	 thalamus	

would	help	us	to	understand	how	these	activity	patterns	are	specifically	involved	in	descending	

pain	inhibition.	

	

3.2.2 APPLICATION	 OF	 A	 LEARNED	 PAIN	 REDUCTION	 STRATEGY	 DECREASES	 THE	
CORTICAL	AND	SUBCORTICAL	RESPONSE	TO	PAINFUL	STIMULATION	

The	brain’s	reaction	to	painful	stimulation	showed	more	robust	training-related	effects.	

These	 effects	 were	 not	 revealed	 through	 the	 classical	 linear	 regression	 analysis	 using	 the	

canonical	 hemodynamic	 response	 function	 (HRF)	 and	 its	 derivatives	 as	 basis	 functions.	 One	

reason	 for	 this	 is	 likely	 the	 very	 short	 (21	ms)	 stimulus	 used	 does	 not	 fit	well	 enough	 to	 the	
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canonical	 HRF	 used	 by	 SPM	 to	 detect	 subtle	 differences.	 Large	 differences	 in	 the	 parameter	

estimates	between	the	HRF	and	its	derivatives	in	our	experiment	support	this.	The	HRF	depends	

on	 the	 brain	 area	 and	 stimulus	 speed	 used108.	 The	 brainstem	 is	 notorious	 for	 its	 increased	

physiological	 noise	 and	 different	 haemodynamics.	 As	 a	 result	 the	 general	 linear	 model	 and	

resulting	 whole-brain	 and	 ROI-analysis	 do	 not	 adequately	 capture	 our	 response.	 We	 did	 not	

expect	participants	to	recruit	entirely	new	brain	regions	post-training,	but	rather	to	change	the	

levels	of	activity	 in	the	already	present	areas.	These	small	differences	were	difficult	to	capture	

using	traditional	GLM	estimation	if	the	fit	of	the	HRF	is	not	good.	A	more	sensitive	method	was	

therefore	needed.	Fortunately,	the	brain	regions	that	respond	to	pain	are	generally	well	known	

and	so	we	could	extract	the	time	courses	of	these	regions	for	further	analysis,	and	our	sub-second	

fast	repetition	time	provided	a	better	temporal	resolution	than	is	often	possible	with	fMRI.	Visual	

inspection	of	 the	 timecourses	 of	 the	normalized	 intensity	 values	within	our	ROIs	 confirmed	a	

general	increase	in	activity	in	response	to	the	painful	stimulus	with	deviations	from	the	canonical	

HRF,	supporting	“non-canonical”	responses	to	pain	stimulation	in	our	ROIs.		

	 The	timecourse	analysis	revealed	lower	activation	in	response	to	painful	stimulation	while	

participants	used	their	cognitive	strategy	in	all	investigated	brainstem	ROIs	(RVM,	LC	and	PAG)	in	

addition	to	insula,	dlPFC	and	thalamus.	This	is	in	support	of	the	psychophysical	results	of	a	pain	

intensity	reduction	during	strategy,	showing	that	lower	brain	activity	reflects	lower	experienced	

pain.	 Areas	 such	 as	 insula	 and	dlPFC	 are	 involved	 in	 the	 evaluation	 of	 painful	 stimuli	 in	 both	

affective	and	sensory	dimensions.	Along	with	 the	 thalamus	and	LC,	 they	exhibit	an	 interaction	

between	session	and	condition,	showing	a	further	reduction	in	pain-related	activity	post	training.	

The	decrease	in	the	thalamus,	the	first	supraspinal	region	of	the	lateral	pain	system	to	receive	

nociceptive	input,	suggests	that	feedback	training	does	decrease	nociception,	likely	by	improving	

descending	pain	inhibition.	The	brainstem	areas,	which	are	part	of	the	medial	pain	system,	show	

a	similar	decrease	in	activity	during	the	use	of	the	cognitive	strategy	for	pain	reduction.	Both	the	

PAG	and	the	RVM	also	present	a	trend	of	a	further	decrease	in	activity	post-training.	In	summary,	

these	decreases	in	initial	processing	areas	strongly	suggest	that	nociception	is	already	decreased	

when	ascending	to	the	brain.	Unfortunately,	while	the	RIII	reflex	was	decreased	during	application	

of	 the	 strategy	 in	 the	 feedback	 training	 sessions	 as	 expected,	 the	 RIII-reflex	 decreases	 with	

strategy	in	the	MRI	sessions	were	too	small	to	make	clear	inferences	with	the	data.	The	RIII	reflex	

is	sensitive	to	leg	position	and	muscle	tension,	normally	being	recorded	in	a	relaxed	half	sitting	

position	with	the	leg	flexed	at	150°.	The	supine	position	in	the	scanner	together	with	the	non-

relaxing	surroundings	may	have	precluded	detection	of	RIII	reflex	modulation	in	the	MRI	sessions.	

	 The	decreased	nociceptive	input	into	basal	regions	was	reflected	in	the	activation	pattern	

of	two	higher	evaluative	regions,	the	insula	and	the	dlPFC.	Taking	these	results	together,	we	can	

say	that	our	cohort	of	participants	were	already	able	to	decrease	their	experienced	pain	and	spinal	
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nociception	 before	 feedback	 training.	 Nonetheless,	 training	 additionally	 helped	 to	 reduce	

nociception.	Brainstem	and	thalamic	activity	suggest	that	the	decrease	is	in	spinal	nociception		is	

propagated	to	higher	pain	processing	centres,	leading	to	a	reduced	pain	sensation	in	addition	to	a	

reduced	spinal	nociception.	We	have	also	shown	that	the	supraspinal	reaction	to	short,	painful	

electrical	stimulation	does	not	follow	the	canonical	HRF,	and	therefore	alternative	methods	for	

analysis	should	be	considered.	

	

3.2.3 RESULTS	 IN	 CONTEXT:	 PROPOSAL	 FOR	 THE	 DESCENDING	 PAIN	 INHIBITORY	
PATHWAY	

Based	on	our	results	and	what	is	already	known	about	the	pain	inhibitory	paths	I	propose	

the	following	mechanism	for	descending	pain	inhibition	via	cognitive	strategies	and	RIII-reflex	

feedback	 training.	Positive	mental	 imagery	activates	 the	medial	PFC.	Other	 frontal	 areas	often	

implicated	 in	descending	 inhibition	 and	 cognitive	 control	 such	 as	 the	ACC	 and	 the	dlPFC	may	

additionally	 be	 involved	 through	 direct	 activation50,109	 or	 as	 a	 result	 of	 cortico-cortical	

crosstalk110,111	 between	 these	 areas.	 The	 mPFC	 signals	 the	 PAG	 via	 cortical	 projections	 and	

perhaps	also	 to	 through	 the	 thalamus	where	 the	PAG-RVM	axis	 inhibits	 spinal	nociception	via	

descending	 inhibitory	 projections56,58,112,113.	 If	 the	 thalamus	 is	 involved	 it	 likely	 provides	 an	

integrative	role114,	combining	the	input	from	the	multiple	cortical	regions,	including	limbic	system	

input	on	emotional	state.	From	the	thalamus,	integrated	signals	can	also	travel	to	the	PAG113,115.	

The	primary	neurochemical	mechanism	is	most	likely	opioid	signalling,	as	it	is	implicated	to	be	

the	driving	pathway	of	the	PAG.44,116		

When	 a	 painful	 stimulus	 is	 then	 applied,	 serotonin-mediated	 inhibition	 of	 the	 synapse	

between	 primary	 and	 secondary	 nociceptor	 in	 the	 dorsal	 horn	 of	 the	 spinal	 cord	 stunts	

transmission117	 and	 reduces	 spinal	 nociception.	 As	 less	 nociceptive	 input	 is	 transferred	 to	

ascending	paths	the	areas	receiving	the	nociceptive	input,	namely	brainstem	and	thalamus,	have	

a	 decreased	 response	 to	 said	 stimulus,	 leading	 to	 a	 lower	 cortical	 response	 to	 an	 already	

decreased	nociceptive	input.	

Through	the	RIII-reflex	training	the	driving	activity	in	the	mPFC	becomes	more	efficient	at	

activating	 descending	 pain	 inhibition,	 which	 means	 the	 same	 level	 of	 activity	 leads	 to	 more	

descending	 pain	 inhibition.	 This	 is	 accompanied	 by	 a	 decrease	 in	 introspective	 default	 mode	

network	activity.	Although	we	did	not	analyse	this	here,	we	would	expect	structural	and	functional	

connectivity	changes	between	the	mPFC	and	the	PAG	to	be	accompanied	by	successful	training.		

The	 same	 mechanisms	 which	 activate	 descending	 pain	 inhibition	 may	 prime	 higher	

evaluative	areas	in	the	brain	to	respond	less	severely	to	painful	stimuli.	This	would	lead	to	not	
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only	 decreased	 overall	 intensity	 of	 pain	 perception,	 but	 it	 would	 mean	 a	 modulation	 of	 the	

affective	 valuation,	 or	 unpleasantness,	 of	 the	 pain.	 These	 mechanisms	 are	 transient,	 i.e.	 pain	

reduction	only	happens	when	applying	the	strategy,	and	we	cannot	say	with	our	experiments	how	

it	relates	to	the	chronification	of	pain.	

	

FIGURE	 4:	Proposed	mechanism	 of	 initiating	 descending	 pain	 inhibition.	 Increased	cortical	activity	in	
mPFC,	 dlPFC	 and	 ACC	 starts	 the	 process,	 with	 potential	 cortico-cortical	 communication	 (blue)	
facilitating/strengthening	the	effect.	Descending	projections	(red)	from	the	mPFC	and	ACC	to	the	PAG	activate	opioid-
dependent	pain	inhibitory	circuitry,	resulting	in	serotonin-based	descending	inhibition	from	the	RVM.	

	

3.3 INTER-INDIVIDUAL	 VARIABILITY	 IN	 THE	 HUMAN	 ENDOGENOUS	 PAIN	
INHIBITORY	SYSTEM	

	

3.3.1 INTER-INDIVIDUAL	 DIFFERENCES	 IN	 ENDOGENOUS	 ANALGESIA	 REMAIN	
LARGELY	UNEXPLAINED		

In	all	projects	presented,	we	found	large	variability	in	descending	pain	inhibition.	In	the	

first	project,	the	achieved	RIII	and	subjective	pain	reduction	presented	a	broad	range	in	both	the	

MRI	and	the	feedback	training	itself.	Indeed,	already	in	the	first	training	session	we	observed	that	

some	participants	could	significantly	decrease	their	RIII-reflex.	We	also	saw	a	stratification	of	the	

participant	 pool	 into	 participants	 that	 could	 learn	 to	 use	 a	 cognitive	 strategy	 to	 activate	

descending	pain	inhibition	and	those	who	even	after	3	feedback	session	could	not	decrease	their	
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RIII	reflex	appreciably.	This,	along	with	the	participants	that	were	already	capable	of	decreasing	

the	 RIII	 size	 in	 the	 first	 session,	 suggests	 that	 baseline	 differences	 in	 the	 ability	 to	 activate	

descending	 pain	 inhibition	 using	 mental	 imagery	 exist	 between	 these	 participants.	 A	 similar	

stratification	into	responders	and	non-responders	has	been	suggested	by	Kennedy	et	al.83	They	

examined	 differences	 in	 the	 CPM	 effect	 and	 suggested	 that	 these	 differences	 are	 caused	 by	

underlying	differences	in	the	endogenous	inhibitory	system.	However,	it	is	entirely	possible	that	

the	“non-responders”	we	found	simply	could	not	utilize	the	“positive	mental	imagery”	strategy	to	

activate	 endogenous	 inhibition.	 In	 previous	 experiments,	 we	 have	 shown	 that	 different	

participants	achieve	greater	success	using	other	strategies	like	meditation/relaxation	techniques	

or	mental	arithmatic59,118.	However,	non-responders	were	also	present	in	these	studies.	A	study	

by	 Schulz	 et	 al.,	 investigating	 the	 effect	 of	 multiple	 techniques	 on	 pain	 reduction	 between	

individuals,	proposes	that	no	single	strategy	is	ideal	for	a	participant,	but	rather	that	a	participant	

with	good	pain	reduction	using	one	technique	is	likely	also	be	successful	using	others53.	They	also	

found	large	inter-individual	differences	in	success	and	brain	activity.	This	studies	together	with	

ours	provide	strong	evidence	for	the	existence	of	baseline	differences	regardless	of	the	mental	

strategy	used.	

The	second	and	third	studies	tried	to	elucidate	what	measurable	interindividual	factors	

may	influence	these	interindividual	differences	by	examining	conditioned	pain	modulation	(CPM).	

We	compared	the	variance	explained	by	measurable	parameters	such	as	age,	sex	and	the	strength	

of	the	conditioning	stimulus	to	“residual”	or	“unexplained”	CPM	variance.	We	see	that	factors	that	

have	previously	been	proposed	to	affect	CPM	such	as	age	and	sex	explained	less	than	1%	of	CPM	

variance.	Even	a	factor	like	CS	intensity,	which	could	significantly	predict	CPM	effect	and	explained	

the	largest	amount	of	variance,	explained	10	times	less	variance	than	these	unexplained	effects.	

Further	 support	 of	 the	 importance	 of	 accounting	 for	 individual	 differences	 was	 given	 when	

comparing	the	repeated-measures	to	the	cross	sectional	designs:	None	of	the	factors	we	included	

could	significantly	predict	CPM	effect	in	the	cross-sectional	analysis,	while	we	found	CS	intensity	

to	 be	 significant	 in	 repeated	measures.	 This	 suggests	 that	 these	 unexplained	 inter-individual	

differences	are	large	enough	to	prevent	the	detection	of	potentially	significant	effects.	

	

3.3.2 LARGE	 VARIANCE	 IN	 FEEDBACK-TRAINING	 EFFECT	 IS	 LIKELY	 A	 DRIVER	 OF	
SMALL	EFFECT	SIZES	

Most	fMRI	analyses	investigate	population-level	effects.	In	our	fMRI	study	we	saw	large	

between-participant	variability	in	the	pain	ratings	and	pain	reductions	during	the	fMRI	sessions.	

Different	 levels	 of	 pain	 are	 known	 to	 evoke	 different	 levels	 of	 activity	 in	 the	 brain18,	 and	

differences	 in	pain	reduction	has	been	 linked	to	differential	brain	activity119.	We	can	therefore	
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assume	 that	 our	 population	 effects	 include	 baseline	 differences	 between	 participants’	 brain	

activity.	This	increased	variability	in	brain	activity	makes	it	harder	to	detect	effects	in	group-level	

analyses.	 In	 addition,	 the	 utilization	 of	 a	 longitudinal	 design	 presents	 additional	 challenges.	

Feedback	 training	 success	 also	 showed	 large	 variability,	 which	 was	 in	 turn	 reflected	 in	 pain	

reductions	 between	 the	 MRI	 sessions,	 thereby	 introducing	 additional	 variability	 in	 the	 brain	

activity	on	top	of	the	individual	variability	in	baseline	responses.	Our	utilization	of	a	method	that	

estimates	 within-subject	 and	 between	 session	 variability	 partially	 alleviates	 this	 issue	 with	

longitudinal	comparisons,	more	than	traditional	GLM	analyses120.	

These	effects	we	still	believe	are	the	reason	we	see	no	widespread	effects	of	strategy	in	the	

brain.	In	particular	the	following	issues	likely	played	a	role:	1)	the	effect	sizes	of	applying	cognitive	

strategies	themselves,	compared	to	a	baseline	task	of	thinking	of	nothing	in	particular,	are	likely	

very	small,	compared	to	e.g.,	the	response	to	a	painful	stimulation,	resulting	in	a	lower	power	than	

originally	estimated	for	the	preregistration	and	sample	size	estimation.	2)	the	cognitive	strategy	

may	not	change	activity	through	training	enough	between	the	first	and	second	MRI	to	detect	the	

effects.	This	is	seen	for	example	in	the	lack	of	a	difference	in	mPFC	activity	between	pre	and	post	

training	MRI	sessions.	3)	The	individual	participant	variability	during	strategy	use	may	be	so	large	

that	 it	 precludes	 the	 detection	 of	 effects.	We	 believe	 this	 variability	 stem	 from	 two	 potential	

sources:	a)	Differences	 in	training	success.	Not	all	our	participants	were	successful,	with	some	

achieving	no	reduction	whatsoever.	And	b)	even	when	using	identical	stimuli	and/or	tasks,	brain	

activity	 patterns	 may	 differ	 quite	 significantly	 between	 individuals,	 especially	 for	 such	 an	

introspective	task121.		

	 One	way	to	ameliorate	the	high	degree	of	variability	would	have	been	to	collect	a	larger	

cohort	and	only	investigate	those	participants	that	showed	successful	training.	Investigating	only	

successful	 participants	 would	 decrease	 the	 variability	 between	 participants,	 allowing	 for	

detection	of	smaller	effects.	In	order	to	achieve	this,	we	would	need	to	either	expand	the	spectrum	

of	strategies	participants	were	allowed	to	use	or	recruit	a	much	larger	cohort	and	include	only	

successful	participants.	Allowing	participants	to	use	a	variety	of	strategies	would	create	a	circular	

problem:	 it	would	potentially	decrease	 the	general	overlap	 in	activity	due	 to	 the	nature	of	 the	

strategy,	 while	 increasing	 success	 rate.	 Looking	 for	 common	 activation	 patterns	 between	

strategies	may	help	discern	the	common	denominator	in	descending	inhibition.	However,	results	

of	a	previous	study	suggest	that	some	participants	are	simply	better	at	activating	their	descending	

inhibition	regardless	of	strategy53,	which	would	mean	that	adding	different	strategies	would	not	

entirely	alleviate	the	individual	variability.	Therefore,	our	current	knowledge	including	the	results	

of	this	thesis	would	argue	for	the	use	of	a	large	study	cohort	and	a	longitudinal	within-participant	

design	 would	 be	 the	 best	 way	 to	 further	 investigate	 descending	 pain	 inhibition	 in	 humans,	
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although	 this	 would	 require	 a	 concerted	 effort	 as	 participants	 could	 only	 be	 excluded	 after	

training.	

	

3.3.3 VARIABILITY	 IN	 TRAINING	 SUCCESS	 IS	 CORRELATED	 TO	 CHANGES	 IN	
HAEMODYNAMIC	RESPONSE	

One	benefit	of	behavioural	variability	is	that	we	can	use	it	to	look	for	correlates	in	brain	

activity.	Indeed,	we	found	that	the	lower	the	activity	after	training	in	the	ACC	in	response	to	the	

painful	 stimulation,	 the	 greater	 the	 training	 success.	 This	 suggests	 a	 direct	 role	 of	 the	ACC	 in	

successful	RIII-reflex	training,	which	is	one	reason	I	believe	it	to	play	a	central	role	in	my	proposed	

mechanism	 (see	 Section	 3.2.3).	 Frontal	 ACC	 areas	 are	 involved	 in	 the	 evaluation	 of	 painful	

stimuli14,21,	 supporting	the	hypothesis	 that	more	successful	participants	have	a	decreased	pain	

response	while	using	their	strategy	after	training.	

Frontal	 ACC	 areas	 are	 also	 involved	 in	 descending	 pain	 inhibition15.	 Activation	 of	 the	

mPFC-ACC-PAG	axis	likely	initiates	descending	pain	inhibition.	Once	the	inhibited	painful	stimulus	

is	transmitted	to	the	brain,	the	reaction	to	it	in	these	areas	is	then	decreased.	This	could	be	due	to	

the	fact	that	nociceptive	input	is	lower.	The	haemodynamic	response	to	painful	stimuli	is	known	

to	fluctuate	depending	on	stimulus	intensity18,	and	decreased	spinal	nociception	would	lead	to	

decreased	 nociceptive	 input	 into	 the	 brain	 and	 consequently	 a	 decreased	 haemodynamic	

response.	 Alternatively,	 active	 descending	 inhibition	 may	 cause	 a	 decreased	 haemodynamic	

response	to	a	stimulus	of	the	same	intensity	due	to	less	signal	being	transduced.		

Interestingly,	we	only	find	a	correlation	with	training	in	frontal	areas	more	associated	with	

higher	cognitive	evaluation	of	pain,	and	not	in	more	basal	areas	like	thalamus	or	the	brainstem	

that	we	would	expect	to	be	more	involved	in	descending	pain	inhibition.	Our	findings	therefore	

indicate	that	training	success	is	indicative	of	changes	in	cognitive	and/or	integrative	evaluation	of	

the	painful	stimulus,	but	not	activity	of	brain	areas	associated	with	descending	inhibition	during	

the	application	of	the	strategy	itself.	However,	as	mentioned	previously,	the	HRF	does	not	fit	well	

to	the	hemodynamics,	especially	in	the	brainstem108	and	we	did	not,	due	to	the	complexity	of	the	

analysis	look	for	correlations	with	our	time	course	analysis.	Therefore,	we	may	just	be	missing	the	

effect	in	these	regions	as	of	yet.	
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3.3.4 CONTRIBUTING	FACTORS	TO	INTER-INDIVIDUAL	VARIABILITY	IN	ENDOGENOUS	
PAIN	MODULATION	

Across	all	the	studies	in	this	thesis,	inter-individual	variability	played	a	large	role	in	the	

results	found.	In	the	last	two	studies	we	specifically	addressed	the	topic	of	variability	but	none	of	

the	factors	we	measured	explained	the	large	variability	found.	What	other	factors	could	contribute	

to		the	individual	differences	of	endogenous	analgesia	that	were	not	measured	in	these	studies?	

Here	 I	will	 present	 the	 current	 evidence	 for	 genetic,	 psychological,	 anatomic	 and	 connectivity	

differences	that	may	underly	these	individual	differences.	

Genetic	 heterogeneity	 within	 a	 population	 is	 normal	 and	 desirable.	 However,	 certain	

genotypes	predispose	people	to	certain	diseases	or	change	phenotypes.	Animal	models	of	pain	

processing	show	that	certain	strains,	i.e.	certain	genetic	lineages,	can	predispose	pain	phenotypes.	

The	field	of	pain	genetics	has	received	considerable	attention	over	the	last	20	years122,	and	nearly	

100	genes	have	been	associated	with	some	aspect	of	pain123.	These	genes	range	widely	in	function	

and	 phenotype	 from	 ion	 channels,	 neurotransmitter	 signalling,	 junction	 proteins,	 enzymatic	

function	 to	 direct	 implication	 in	 pain	 sensing,	 such	 as	 capsaicin	 receptor	 genes.	 Endogenous	

analgesia	 is	 known	 to	 act	 in	 part	 via	 opioid	 (PAG),	 serotonin	 (RVM)	 and	 noradrenalin	 (LC)	

signalling,	 therefore	 allelic	 differences	 in	 related	 genes	 may	 cause	 the	 individual	 differences	

found.	In	fact,	differences	in	serotonin	transporter	genes	have	already	been	shown	to	relate	to	

CPM	 magnitude124,	 supporting	 the	 hypotheses	 that	 baseline	 differences	 in	 endogenous	 pain	

inhibition	efficacy	exist	and	contribute	to	individual	variability	.	

There	has	long	been	a	debate	on	whether	pain	perception	and	endogenous	analgesia	is	

affected	by	male	or	female	gender.	So	far,	the	results	are	conflicting,	with	some	studies	finding	

effects	of	 sex	on	pain	 thresholds	and	endogenous	analgesia,	 and	others	 finding	no	such	effect.	

However,	one	has	to	be	aware	that	sex	differences	may	also	stem	from	psychological/sociological	

reasons,	for	instance,	men	are	generally	less	likely	to	admit	pain125,	than	from	genetic	or	biological	

differences.	 In	our	 study,	 the	 sex	differences	 in	CPM	effect	were	minimal.	We	believe	 that	 sex	

differences	are	not	particularly	important	contributors	to	variability.	

Anatomical	differences	may	also	contribute	to	why	we	observe	variation	in	pain	responses	

and	endogenous	inhibition.	Differences	in	gray	matter	volume	are	present	in	multiple	chronic	pain	

conditions126–128,	 suggesting	an	 involvement	of	brain	anatomy	in	pain	perception.	Chronic	pain	

patients	have	smaller	gray	matter	volumes	 	 in	pain	evaluative	regions,	primarily	 the	cingulate	

cortex,	prefrontal	cortex,	insulae,	and	thalamus.	Investigations	in	healthy	populations	have	shown	

that	 the	 larger	 regional	 gray	 matter	 volume	 of	 the	 insula	 is	 associated	 with	 lower	 pain	

sensation129.	Gray	matter	volume	 in	cingulate	and	prefrontal	areas	could	 influence	descending	

inhibition,	such	that	more	gray	matter	would	correspond	to	more	“processing	power”.	Advances	
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in	 diffusion	 weighted	 imaging	 and	 tractography	 have	 allowed	 researchers	 to	 investigate	 the	

correlation	between	brain	connectivity	and	our	ability	 to	decrease	pain.	Here,	 the	connections	

between	the	PAG	and	other	cortical	and	subcortical	regions	demonstrate	the	clearest	effects.	For	

example,	white	matter	 connectivity	between	dlPFC,	ACC	and	PAG	 is	associated	with	 improved	

placebo	 analgesia	 response130	 and	 another	 study	 showed	 a	 relationship	 between	 PFC-PAG	

connectivity	and	greater	CPM	response131.	A	multitude	of	studies	have	also	found	white	matter	

differences	in	chronic	pain	conditions	(for	examples	see	132–134)	suggesting	that	either	changes	in	

white	matter	are	symptomatic	of	dysregulated	pain	inhibition,	or	that	white	matter	differences	

are	a	potential	cause	of	chronification	leading	to	poorer	inhibition.	The	latter	theory	is	supported	

by	 results	 showing	 that	 differences	 in	 anatomical	 connectivity	 are	 risk	 factors	 of	 pain	

chronification57,135.	

Functional	connectivity	has	also	revealed	differences	in	functional	coupling	between	these	

regions	related	to	pain	processing.	Resting-state	fMRI	studies	have	shown	that	resting	functional	

connectivity	between	brainstem/PAG	and	cortical	regions	 is	predictive	of	pain	sensitivity136,137	

and	pain	modulation136.	The	corticocortical	functional	connectivity	of	frontal	areas	is	also	related	

to	pain	modulation104,	furthering	the	notion	that	intracortical	communication	plays	a	key	role	in	

the	descending	inhibitory	network.	Specifically,	intrinsic	functional	connectivity138	between	ACC,	

PAG	 and	 RVM	 suggests	 that	 there	 indeed	 exists	 a	 ACC-PAG-RVM	 axis	 through	 which	 pain	

modulation	 can	 occur.	 In	 summary,	 both	 anatomical	 and	 functional	 connectivity	 between	 the	

brainstem	and	 the	 frontal	cortical	areas	associated	with	pain	 inhibition	exerts	an	 influence	on	

behaviour.	It	stands	to	reason	that	these	differences,	either	in	isolation	or	combination,	alter	an	

individuals’	ability	to	modulate	pain.	

Many	psychological	factors	are	also	thought	to	influence	pain	modulation.	These	factors	

could	be	either	traits	(e.g.,	a	person	is	more	likely	to	catastrophize),	learned	behaviours	or	current	

states.	Psychological	comorbidities,	such	as	depression,	are	common	in	chronic	pain	conditions77,	

and	 psychologically	 distressed	 individuals	 (e.g.,	 individuals	 with	 increased	 trait	 depression,	

anxiety,	 catastrophizing)	 	 show	 signs	 of	 dysregulated	 pain	 perception	 and	 modulation139–141.	

However,	it	is	not	clear	whether	psychological	distress	is	a	cause	or	consequence	of	altered	pain	

processing.	Additionally,	there	may	be	a	threshold	above	which	psychological	variables	influence	

pain,	but	below	which	(i.e.	within	healthy	ranges)	they	do	not.	The	results	of	my	two	CPM	studies	

confirmed	the	findings	of	a	meta-analysis	investigating	the	effect	of	psychological	scores	on	the	

CPM	effect102,	suggesting	that	within	healthy	populations	depression,	anxiety	and	catastrophizing	

have	no	 influence	on	endogenous	analgesia	 in	general,	but	may	affect	 it	 in	a	paradigm	specific	

manner.	 Although	 the	 psychological	 scores	 for	 depression,	 catastrophizing	 or	 anxiety	 do	 not	

appear	to	affect	endogenous	analgesia,	acute	behaviours	that	can	modify	our	thoughts	on	pain	are	

able	 to	 influence	 nociception.	We	have	 previously	 shown	 that	 acute	 catastrophizing	 increases	
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spinal	 nociception,	 i.e.,	 activates	 descending	 pain	 facilitation25.	 Additionally,	 participants	 may	

subconsciously	apply	coping	mechanisms	when	receiving	painful	stimuli.	As	researchers	we	try	

to	 control	 for	 such	 things	with	explicit	 and	 clear	 instructions,	but	 the	possibility	 remains	 that	

participants	automatically	fall	into	mental	patterns	of	either	catastrophizing	or	supressing	pain.	

This	is	supported	by	an	association	between	CPM	effect	and	individual	affinity	to	pain	modality142.	

That	is	to	say	pain	modulation	is	dependent	on	the	individual	preference	of	pain	modality	(i.e.	“I	

prefer	 cold	over	heat”).	This	 shows	 that	 the	perceived	 salience	of	 a	 stimulus	may	not	only	be	

dependent	on	stimulus	type,	but	vary	between	individuals.	This	methodological	concern	cannot	

be	 altered	 in	 study	 design,	 as	 one	 would	 want	 to	 keep	 the	 same	 stimulus	 modality	 across	

participants,	but	could	perhaps	be	accounted	for	by	the	choice	of	participants.	Lastly,	expectations	

and	 internal	 bias	 towards	 pain	 or	 effectiveness	 of	 pain	modulation	will	 be	 different	 between	

participants.	The	power	of	expectation	is	demonstrated	time	and	again	with	placebo	studies	36,143,	

and	 such	 internal	 biases,	 especially	 if	 subconscious,	 are	 hard	 to	 account	 for	 and	 particularly	

relevant	in	pain	research.		

	

3.4 STRENGTHS	

	

3.4.1 METHODOLOGICAL	STRENGTHS	OF	THE	LONGITUDINAL	MRI	STUDY	

The	 biggest	 strengths	 of	 the	 first	 project	were	 1)	 its	 longitudinal	 design	 of	 task-based	

functional	imaging	(as	opposed	to	structural	or	resting	state)	with	inclusion	of	an	intervention	

(i.e.	 feedback	 training)	and	2)	measurement	of	both	objective	 (RIII	 reflex)	and	subjective	pain	

markers	parallel	to	fMRI	acquisition,	3)	implementation	of	a	feedback	paradigm	to	train	deliberate	

activation	of	descending	pain	inhibition,	and	4)	usage	of	timecourse	analysis	to	 investigate	the	

haemodynamic	response	to	painful	electrical	stimulation.	

The	longitudinal	design	and	utilization	of	the	Sandwich	Estimator	to	estimate	individual	

covariance	 matrices	 allowed	 us	 to	 account	 for	 individual	 differences	 in	 brain	 activity	 when	

investigating	the	effect	of	training.	Longitudinal	studies	in	functional	imaging	can	be	difficult	as	

standard	SPM	assumes	all	participants	to	have	the	same	covariance	matrix.	This	is	of	course	not	

the	case	 in	 interventional	studies,	such	as	 the	one	we	did,	as	we	presume	the	brain	activity	 to	

change	between	the	first	and	second	MRI	session.	The	high	quality	of	our	fMRI	data,	with	multi-

band	imaging	and	a	64-channel	head	coil	also	allowed	us	to	investigate	deep	regions	of	the	brain,	

which	are	usually	hard	to	image.		
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The	 measurement	 of	 the	 RIII-reflex	 within	 the	 MRI	 has	 only	 been	 published	 in	 two	

previous	studies100,101,	although	electrical	stimulation	of	the	sural	nerve	has	been	performed	more	

often.	Although	the	RIII-reflex	results	did	not	meet	our	expectation,	potentially	due	to	remaining	

experimental	 constraints,	 such	 as	 body	 positioning	 in	 the	 MRI,	 signal	 filtering,	 or	 electrode	

resistances,	 construction	of	a	hardware	setup	 to	measure	spinal	nociception	 is	nonetheless	an	

attractive	tool	to	use	in	future	pain	investigations.		

The	 usage	 of	 feedback	 training	 to	 teach	 participants	 to	 activate	 their	 descending	 pain	

inhibition	adds	a	direct	intervention	between	the	MRI	sessions.	With	this	we	could	measure	the	

brain	activity	in	participants	before	and	after	they	could	activate	descending	pain	inhibition.	This	

allowed	for	a	direct	within-subject	comparison	of	the	pain	inhibitory	system	and	the	reaction	to	

painful	stimuli	at	different	levels	(or	ability)	of	pain	inhibition.			

Lastly,	our	usage	of	timecourse	analysis	of	the	normalized	raw	MRI	signal	allowed	us	to	

investigate	haemodynamic	changes	not	captured	by	 the	classical	 regression	analysis	using	 the	

canonical	HRF.	The	HRF	did	not	adequately	capture	the	haemodynamic	signal	changes	in	response	

to	painful	electrical	stimulation.	Haemodynamics	have	been	known	to	differ	in	the	brainstem,	a	

region	that	is	important	to	capture	for	pain	modulation,	therefore	not	relying	solely	on	regression	

of	 the	 canonical	 HRF	 and	 its	 derivatives	 gave	 us	 better	 insight	 into	 the	 changes	 per	 vs.	 post	

training.	 Through	 this	we	 could	 identify	 decreases	 in	 activity	 in	 both	 subcortical	 and	 cortical	

regions	not	apparent	via	classical	regression.	The	results	of	our	study	suggest	that,	although	there	

is	a	large	degree	of	variability	between	participants,	a	few	key	regions	are	consistently	activated	

or	deactivated	during	descending	pain	inhibition	across	the	population.	

	

3.4.2 STRENGTHS	 OF	 THE	 REPEATED	 MEASURES	 INVESTIGATIONS	 OF	 CPM	
VARIABILITY	

The	most	important	strength	of	the	second	project	was	its	combination	of	cross-sectional	and	

repeated	measures	design	to	allow	for	a	comparison	of	the	effects	when	accounting	for	individual	

variability.	This	allowed	us	to	better	measure	the	effect	of	different	factors	thought	to	influence	

CPM	 in	 more	 sensitive	 analyses,	 informing	 the	 statistical	 model	 of	 the	 variability	 between	

subjects.	 Additionally,	 the	 inclusion	 of	 novel	 statistical	 estimation	 algorithms	 to	 discern	 the	

relative	contribution	of	the	fixed	effects,	as	well	as	total	contribution	of	unaccounted-for	inter-

individual	 effects	 showed	 for	 the	 first	 time	 how	much	more	 yet-unexplained	 inter-individual	

differences	 contribute	 to	 CPM	 variability.	 Lastly,	 we	 confirmed	 our	 hypothesis	 that	 these	

differences	 are	 large	 enough	 to	 drown	 out	 any	 potentially	 significant	 effects	 of	 controllable	

variables	such	as	CS	intensity	in	cross	sectional	analyses.	
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3.5 FUTURE	 DIRECTIONS:	 DISCOVERING	 THE	 BASIS	 OF	 INTER-

INDIVIDUAL	DIFFERENCES	IN	PAIN	

	

The	basis	 for	the	 inter-individual	variability	 in	both	sensing	and	modulating	pain	remains	

poorly	 understood.	 The	 second	 part	 of	 this	 thesis	 provided	 some	 suggestions	 about	 the	

methodologies	 suitable	 to	 investigate	CPM,	but	 they	are	equally	as	applicable	 to	other	 studies	

investigating	the	brains	response	to	either	differently	intense	pain	or	different	pain	modalities.	It	

is	 apparent	 that	 the	 differences	 between	 individuals	 contribute	 greatly	 to	 the	 individualized	

sensation	of	pain,	and	any	attempt	to	discerns	facets	of	the	sensation	must	take	this	variability	

into	account.	Future	studies,	be	they	neuroimaging,	psychophysical,	electrophysiological	or	any	

combination	thereof	should	be	aware	that	manipulation	of	a	variable	may	best	be	analyzed	in	a	

repeated	measure	or	mixed-model	fashion.	Additionally,	researchers	should	be	aware	that	a	lack	

of	detected	effect	may	be	due	to	a	large	population	variability,	or	that	the	effect	may	only	be	seen	

in	a	certain	subgroup.		

The	reasons	for	the	variability	in	our	training	success	for	example	may	be	due	to	differences	

in	underlying	brain	connectivity.	Indeed,	we	collected	both	resting	state	functional	and	diffusion	

weighted	 images	before	and	after	 training.	Unfortunately,	 time-constraints	did	not	allow	us	 to	

analyze	these	data	up	until	now.	However,	previous	literature	indicates	that	an	increased	baseline	

activity	between	PAG	and	frontal	cortical	areas	may	be	the	reason	why	some	participants	were	

inherently	better	at	activating	their	descending	pain	inhibitory	system.	It	will	also	be	interesting	

to	 see	 if	 feedback	 training	 resulted	 in	 any	 baseline	 changes	 in	 anatomical	 or	 functional	

connectivity.	Another	analysis	that	may	help	investigate	the	relationship	between	brain	activity	

and	training	success	would	be	a	psychophysical	interaction	analysis	investigating	the	functional	

coupling	of	the	PAG	with	our	ROI	and	relating	it	to	either	feedback	training	success	or	the	pain	

reduction	achieved	during	that	particular	session.	Especially	the	latter	may	give	insight	into	how	

transient	 functional	 differences	 affect	 our	 endogenous	modulation	 capacity.	 In	 a	 similar	 vein,	

transient	 changes	 in	 resting	 state	 connectivity	 before	 experiments	 investigating	 descending	

inhibition	could	elucidate	this	further.	In	our	current	analyses,	we	found	a	population	level	effect.	

We	believe	that	with	a	more	targeted	approach	towards	investigating	functional	connectivity	and	

individual	 variability	 we	 can	 gain	 greater	 insight	 into	 the	 mechanisms	 of	 descending	 pain	

inhibition	in	humans.	
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