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Abstract	

Pain	is	a	highly	personal	experience	that	is	constructed	by	complex	interactions	

between	sensory,	cognitive,	affective,	and	genetic	factors.	The	multi-factorial	nature	

of	pain	produces	substantial	variations	in	subjective	pain	reports	that	are	reflected	

in	functional	brain	activity.	The	neural	mechanisms	underlying	these	inter-

individual	differences	in	pain	sensitivity	are	not	fully	understood,	however,	recent	

evidence	suggests	a	possible	role	for	the	default	mode	network	(DMN)	both	in	pain	

and	pain	sensitivity.	The	present	thesis	aimed	to	determine	the	underlying	neural	

mechanisms	of	DMN	involvement	in	pain	and	whether	the	DMN	contributes	to	inter-

individual	differences	in	pain	sensitivity.		Relationships	between	pain	sensitivity	

and	DMN	structure,	as	well	as	functional	connectivity	(FC)	were	examined.	

Specifically,	a	voxel-based	morphometric	(VBM)	analysis	was	employed	to	

determine	the	relationship	between	grey	matter	density	across	the	whole	brain	and	

inter-individual	differences	in	pain	sensitivity.	Additionally,	psychophysiological 

interaction (PPI) analyses were employed to determine the FC of DMN regions during 

pain and how functional connections of the DMN relate to intra and inter-individual 

differences in pain sensitivity.  

VBM analysis revealed a significant inverse relationship between pain sensitivity and 

grey matter density in bilateral regions of the DMN, including the posterior cingulate 

cortex (PCC) and precuneus (PCu). This relationship was also found bilaterally in the 

inferior parietal lobule (IPL) and intraparietal sulcus (IPS), as well as in left primary 

somatosensory cortex (SI). Individuals that were highly sensitive to pain had less grey 
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matter in these areas than individuals that were less sensitive. These findings underscore 

the potential importance of the DMN in shaping the experience of pain and provide 

support for DMN regulation of pain sensitivity via mechanisms associated with DMN 

morphology.  

PPI analysis identified novel functional connections between regions of the DMN and 

areas involved in pain processing, affect, memory, and descending pain modulation. 

Changes in DMN FC predicted both intra and inter-individual differences in pain 

intensity and unpleasantness. Inter-individual differences in pain sensitivity were related 

to FC between DMN regions and the PAG, an area involved in descending pain 

facilitation and inhibition. These findings identify additional potential mechanisms 

underlying DMN involvement in pain via functional interactions of DMN regions. 

Moreover, engagement of DMN regions with areas of pain processing and descending 

pain modulation provides additional evidence in support of DMN regulation of pain and 

inter-individual differences in pain sensitivity.  

The present thesis uncovered novel neural mechanisms supporting DMN involvement in 

pain. The elucidation of such mechanisms will aid in the development of novel 

pharmacologic and non-pharmacologic pain interventions. Additionally, the findings of 

the present thesis will contribute to more comprehensive and tailored approaches for the 

prevention and treatment of chronic pain.  
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Chapter	1	

Introduction	

1.1.	Evolution	in	The	Study	of	Pain	

Pain	has	captured	the	minds	of	philosophers,	physicians,	and	scientists	for	

thousands	of	years.	Documented	theorizations	about	pain	mechanisms	date	back	to	

the	Greek	philosopher	Aristotle	(384-322	BC),	who	considered	pain	to	be	an	

emotion	facilitated	by	the	heart	(Perl,	2007).		Theories	regarding	the	brain’s	

participation	in	pain	emerged	with	the	Greek	physician	and	philosopher	Galen	(130-

201	AD),	who	proposed	that	the	brain	was	involved	in	“feeling”	and	classified	pain	

as	a	sensation	(Perl,	2007).	Based	on	his	evidence	indicating	sensory	deficits	after	

transection	of	the	spinal	cord,	Galen	theorized	that	in	order	for	general	sensation	to	

occur,	there	must	be	a	connection	between	a	peripheral	organ	and	the	brain	that	

included	a	processing	center	where	sensations	could	be	converted	into	perceptions	

(Moayedi	and	Davis,	2013).		

More	than	a	millennium	later,	Descartes	proposed	that	pain	was	a	perception	of	the	

soul	(mind),	composed	of	a	sensory	component	and	an	experience	(Benini	and	

DeLeo,	1999;	Moayedi	and	Davis,	2013).	Importantly,	although	Descartes	

recognized	pain	as	a	perception	of	the	soul	(mind),	he	considered	“matter”	(i.e.	the	

brain)	to	be	un-sentient	and	therefore	did	not	consider	that	the	brain	itself	held	any	

influence	over	perception	(Damasio,	1994).	Arguably	the	most	important	

contribution	that	Descartes	made	to	the	field	of	pain	was	his	theoretical	description	
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of	how	sensations	are	transferred	into	perceptions	and	responses	via	a	bi-

directional	pathway	from	the	periphery	to	the	brain.	This	pathway	included	hollow	

fibers	attached	to	the	skin	that	ran	from	the	periphery	(foot),	up	through	the	spinal	

cord	to	a	gate	in	the	brain.	He	proposed	that	in	the	periphery,	an	external	stimulus	

(fire)	would	displace	the	skin,	causing	the	fibers	to	be	pulled	and	a	gate	in	the	brain	

to	be	opened.	This	allowed	“animal	spirits”	that	resided	in	the	brain	to	rush	down	

the	pathway	and	enter	the	muscle,	causing	it	to	move	(Descartes,	1662;	Benini	and	

DeLeo,	1999).	At	the	time,	it	was	thought	that	spirits	regulated	many	bodily	

processes,	including	circulation	of	blood	and	pain	(Harvey,	1889).	Although	his	

theories	regarding	animal	spirits	were	highly	off-base,	Descartes	description	of	

sensory	cue	transduction	via	a	spinal	cord	pathway	was	considerably	insightful	for	

the	time	and	went	on	to	influence	the	study	of	pain	for	the	next	300	years.			

Several	theories	on	pain	have	dominated	since	the	time	of	Descartes,	including	the	

Specificity	Theory,	Intensity	Theory,	Pattern	Theory,	and	Gate	Control	Theory.	

Charles	Bell	introduced	Specificity	Theory	in	1811,	which	proposed	that	specific	

sensory	organs,	fibers,	pathways,	and	brain	areas	are	dedicated	to	pain	(Perl,	2011).	

Specificity	theory	was	substantiated	by	observations	that	1)	nerves	contain	both	

sensory	and	motor	fibers	(2)	sensory	and	motor	fibers	have	differential	pathways	

within	the	spinal	cord,	3)	specific	receptors/nerves	exist	for	sensations	of	touch	and	

heat,	and	4)	different	spots	on	the	skin	evoke	different	sensations	of	cold,	heat,	

pressure,	and	pain	(Perl,	2007;	Moayedi	and	Davis,	2013).	Max	von	Frey	advanced	

Specificity	Theory	in	the	late	1800’s	with	his	development	of	“von	Frey	hairs”	and	

the	subsequent	discovery	that	specific	locations	on	the	skin	respond	to	either	
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noxious	or	innocuous	pressure	(Moayedi	and	Davis,	2013).	Sherrington’s	work	

further	supported	this	theory,	as	he	proposed	that	pain	was	evoked	by	stimuli	that	

cause	tissue	damage	and	coined	the	term	“nociceptor”	as	the	receptor	for	such	

stimuli	(Perl,	2007).		An	inherent	flaw	of	Specificity	Theory	was	the	assumption	of	a	

direct	line	from	receptor	activation	to	pain.	It	did	not	account	for	observations	that	

injury	does	not	always	evoke	pain	and	non-noxious	stimuli	can	evoke	pain	under	

certain	conditions	(Beecher,	1956;	Melzack	and	Wall,	1965).		

A	competing	theory	at	that	time	was	the	Intensity	(summation)	Theory	of	pain,	

which	was	championed	by	Wilhelm	Erb	in	1874	and	propagated	by	Goldscheider	

into	the	1900’s	(Dallenbach,	1939).	The	Intensity	Theory	proposed	that	any	

stimulus	could	evoke	pain	in	any	sensory	receptor	if	delivered	with	sufficient	

intensity.	In	this	way,	pain	was	not	a	specific	sensory	modality	with	distinct	

receptors	and	pathways,	but	was	an	extension	of	the	known	senses.	This	theory	was	

supported	by	evidence	that	sub-threshold	stimuli	could	evoke	pain	if	delivered	

rapidly	and	repeatedly	(Dallenbach,	1939).	However,	it	fell	out	of	favor	with	the	1)	

evidence	by	von	Frey	of	specific	receptors	for	warmth,	cool,	and	pressure,	as	well	as	

free	nerve	endings	for	pain	2)	evidence	of	sensory	specific	adaptation	of	pain	by	

Dallenbach,	and	3)	naming	of	“nociceptors”	as	cutaneous	sense	organs	for	noxious	

stimuli	by	Sherrington,	although	nociceptors	would	not	be	found	until	much	later	

(Dallenbach,	1939;	Perl,	2007;	Moayedi	and	Davis,	2013).		

A	third	competing	theory	in	the	early	1900’s	was	Pattern	Theory,	which	was	

originally	proposed	by	Nafe	and	later	furthered	by	Weddell	and	Sinclair	(Melzack	



	 4	

and	Wall,	1965;	Perl,	2011).	Pattern	theory	suggested	that	pain	was	derived	from	

spatiotemporal	patterns	of	activation	in	non-specific	receptors.	Thus,	specific	

receptors/fibers	for	nociception	did	not	exist;	but	instead,	the	frequency	and	timing	

of	nerve	impulses	encoded	specific	stimuli.	A	weakness	of	Pattern	Theory	was	the	

disregard	of	the	differential	properties	of	primary	afferents	(A	&	C	fibers),	as	well	as	

the	“skin	spots”	identified	by	proponents	of	Specificity	Theory.	However,	Pattern	

Theory,	or	at	least	parts	of	it,	remained	popular	until	the	1960’s	when	1)	Burgess	

and	Perl	identified	nociceptors	and	2)	Melzack	and	Wall	combined	features	of	

Specificity	and	Pattern	Theory	and	proposed	the	Gate	Control	Theory	of	Pain	

(Melzack	and	Wall,	1965;	Perl,	2007,	2011).		

In	1965,	Melzack	and	Wall	aimed	to	address	the	inherent	limitations	of	Specificity	

and	Pattern	Theory	with	a	model	that	could	explain	the	opposing	observations	and	

limitations	that	accompanied	each	theory.	The	Gate	Control	Theory	of	Pain	

proposed	that	impulses	from	large	(A)	and	small	(C)	afferent	fibers	are	gated	and	

modulated	by	cells	in	the	substantia	gelatinosa	(SG)	before	supra-spinal	

transmission	(Melzack	and	Wall,	1965).	In	this	theory,	primary	afferents	terminate	

on	cells	in	the	SG,	as	well	as	on	transmission	cells.	In	turn,	SG	cells	terminate	on	the	

afferent	fiber	terminals	and	exert	inhibitory	influence.	Impulses	from	large	diameter	

afferents	exert	excitatory	effects	on	SG	cells,	which	keeps	the	gate	closed	and	

inhibits	transmission.	Impulses	from	small	diameter	afferents	exert	inhibitory	

influence	on	SG	cells,	which	opens	the	gate	and	facilitates	transmission.	Competition	

between	the	A	and	C	fibers	determines	whether	transmission	will	proceed.		Thus,	

the	frequency	and	pattern	of	the	afferent	impulses	are	important	determinants	for	
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transmission.	In	addition,	large	diameter	afferents	also	project	directly	to	the	brain	

to	facilitate	descending	modulatory	mechanisms.	Lastly,	impulses	that	are	received	

by	transmission	cells	project	to	the	brain	to	facilitate	a	response.		

Although	the	mechanisms	involved	in	pain	have	been	found	to	be	more	intricate	and	

complex	than	those	laid	out	in	this	theory,	Gate	Control	Theory	revolutionized	the	

study	of	pain	and	reconciled	some	of	the	major	impediments	in	the	field.	Notably,	

the	emphasis	and	description	of	descending	supra-spinal	modulation	of	pain	helped	

resolve	observations	of	aberrant	pain	responses	in	soldiers	(absence	of	pain	during	

injury)	and	CNS	disorders	(presence	of	pain	in	the	absence	of	noxious	stimuli).	A	

short	time	later	in	1969,	Reynolds	showed	that	stimulation	of	the	midbrain	

periaqueductal	grey	(PAG)	abolished	pain	during	surgery	in	unanesthetized	rats,	

providing	a	conduit	region	for	descending	modulation	(Reynolds,	1969).		

Concurrently,	a	shift	regarding	the	nature	of	pain	also	occurred.	The	study	of	pain	

had	been	mainly	focused	on	the	sensory	phenomenon,	or	the	1:1	relationship	of	

input:	response.	A	critical	turning	point	from	this	occurred	with	Melzack	and	Casey’s	

proposal	of	a	complex	model	of	pain	that	included	sensory,	motivational,	and	

cognitive	determinants.	Using	the	systems	proposed	in	the	Gate	Control	Theory	of	

Pain,	a	mulit-dimensional	model	of	pain	was	described	in	terms	of	complex	

interactions	between	ascending	and	descending	processes	that	were	driven	by	

sensory,	affective,	and	cognitive	factors	(Melzack,	1968).	This	model	is	still	relevant	

today,	as	the	International	Association	for	the	Study	of	Pain	currently	defines	pain	
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as	“an	unpleasant	sensory	and	emotional	experience	associated	with	actual	or	

potential	tissue	damage,	or	described	in	terms	of	such	damage”.		

Finally,	over	the	last	25	years	the	study	of	pain	has	been	revolutionized	by	the	

advent	of	brain	imaging.	In	the	1990’s,	PET	and	fMRI	investigations	led	to	the	

elucidation	of	pain-associated	brain	regions,	as	well	as	regions	involved	in	

descending	pain	modulation	(Derbyshire	et	al.,	1997;	Coghill	et	al.,	1999;	Tracey	and	

Mantyh,	2007).	More	recently,	brain	imaging	has	allowed	the	underlying	

mechanisms	involved	in	the	sensory,	affective,	and	cognitive	components	of	pain	to	

begin	to	be	elucidated	(Rainville,	2002;	Coghill	et	al.,	2003;	Villemure	and	Bushnell,	

2009).	At	present,	novel	imaging	and	analysis	techniques	are	allowing	new	frontiers	

in	neuroscience	to	be	explored,	such	as	neural	networks,	structural	brain	

differences,	and	how	brain	regions	interact	to	construct	and	modulate	an	experience.	

Importantly,	the	present	thesis	utilized	these	novel	methods	to	identify	neural	

mechanisms	involved	in	DMN	regulation	of	pain	sensitivity.		

1.2.	The	Experience	of	Pain	

As	noted	by	Melzack	and	Casey,	pain	is	a	multi-dimensional	experience	consisting	of	

sensory,	affective,	and	cognitive	components	(Melzack,	1968).	Sensory	components	

include	information	relating	to	the	location,	intensity,	and	duration	of	a	noxious	

stimulus.	Affective	components	include	the	unpleasantness	of	a	stimulus	and	the	

motivational	drive	to	respond	(Melzack,	1968;	Price,	2000).	Sensory	and	affective	

components	are	highly	correlated,	yet	dissociable	both	in	neural	mechanisms	and	

qualitative	descriptions	(Price,	2000).	For	example,	hypnotic	modulation	of	sensory	
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features	(intensity)	also	modulates	affective	features	(unpleasantness),	whereas	

unpleasantness	can	be	modulated	apart	from	intensity	(Rainville	et	al.,	1997;	

Rainville	et	al.,	1999;	Price,	2000).	In	addition,	cognitive	components	are	substantial	

contributors	to	the	pain	experience	and	include	past	experiences,	

expectations/beliefs,	emotions,	context,	and	attention	(see	Section	1.4.)	(Tracey	

and	Mantyh,	2007).	Importantly,	complex	interactions	between	these	factors	

influence	the	construction	and	modulation	of	pain	via	ascending	and	descending	

spinal	pathways,	as	well	as	supra-spinal	mechanisms.		

1.3.	Pain	Pathways	

1.3.1.	Ascending	Pathways	

Nociception,	or	the	encoding	and	processing	of	noxious	input,	begins	peripherally	

with	nociceptors	and	ends	centrally	in	the	brain,	where	interactions	between	brain	

regions	may	result	in	an	experience	of	pain.	Nociceptors	are	primary	sensory	

neurons	that	respond	preferentially	to	noxious	stimuli.	They	are	pseudo-unipolar,	

synapsing	centrally	in	the	dorsal	horn	and	terminating	peripherally	with	free	nerve	

endings	in	cutaneous,	muscular,	and	visceral	tissue.	The	pseudo-unipolar	

morphology	of	the	nociceptor	allows	for	bidirectional	communication	via	release	of	

neurotransmitters	centrally	and	local	molecules	of	influence	peripherally.	For	

instance,	neuropeptides	that	promote	inflammation	and	flare	are	released	

peripherally	from	nociceptors	following	injury.	Nociceptors	transmit	noxious	

afferent	input	via	2	main	types	of	specialized	fibers.	A-delta	afferents	are	thinly	

myelinated	fibers	that	rapidly	(3-30m/s)	transmit	electrical	impulses	and	have	been	
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found	to	evoke	a	sharp	“first	pain”.	C	afferents	lack	myelination,	transmit	impulses	

more	slowly	(0.5-2	m/s),	and	typically	evoke	a	burning/aching	“second	pain”.		

Neither	fiber	class	is	selective	for	specific	noxious	input,	with	both	afferent	types	

displaying	responses	to	noxious	thermal,	chemical,	and	mechanical	stimuli	

(Basbaum	et	al.,	2009).	A-delta	and	C	primary	afferent	cell	bodies	reside	in	the	

dorsal	root	ganglia	(body)	or	trigeminal	root	ganglia	(face)	and	project	centrally	to	

second-order	neurons	of	the	spinal	cord	dorsal	horn	or	the	trigeminal	subnucleus	

caudalis	of	the	brainstem,	respectively.	Because	the	present	thesis	investigates	

sensory	testing	on	regions	of	the	body,	as	opposed	to	the	face,	further	pathway	

discussions	will	focus	on	projections	from	the	dorsal	root	ganglia	to	the	dorsal	horn	

and	the	ascending/descending	pathways	associated	with	such.		

The	dorsal	horn	is	comprised	of	distinct	laminae	that	differ	based	on	primary	cell	

type,	anatomy,	and	function.	Primary	nociceptive	afferents	enter	the	dorsal	horn	

and	branch	to	synapse	on	second	order	neurons	in	laminae	I-V	(Woodbury	et	al.,	

2008).	A-delta	afferents	mostly	project	to	laminae	I	and	V,	whereas	C	afferents	

mostly	project	to	laminae	I	and	II.	Lamina	I,	II	and	V,	are	primarily	composed	of	

nociceptive	specific	neurons,	interneurons,	and	wide	dynamic	range	neurons,	

respectively.	Laminae	I	and	V	projections	dessucate	and	ascend	contralaterally,	with	

a	few	fibers	ascending	ipsilaterally	(Willis	and	Westlund,	1997).	Lamina	II	

interneurons	form	networks	within	the	spinal	cord,	which	not	only	transmit	

nociceptive	information	to	the	brain,	but	also	enhance	and	inhibit	nociceptive	

signals	locally	(Willis	and	Westlund,	1997).	Additionally,	nociceptive	afferents	send	

projections	to	ventral	horn	laminae	to	facilitate	nocifensive	reflexes	(Todd,	2010).		
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Projections	arising	from	laminae	I	and	V	ascend	via	multiple	parallel	pathways,	with	

the	most	prominent	being	the	spinothalamic	tract	(STT)	(Willis	and	Westlund,	

1997).	STT	fibers	project	to	multiple	thalamic	nuclei	and	send	collaterals	to	the	

rostroventral	medulla	(RVM),	parabrachial	nucleus,	and	the	periaqueductal	grey	

(PAG)	as	they	ascend	(Basbaum	et	al.,	2009).	Thalamic	targets	include	the	ventral	

posterior	lateral	(VPL),	ventral	posterior	medial	(VPM),	ventral	posterior	inferior	

(VPI),	central	lateral	(CL),	and	medial	dorsal	(MD)	nuclei.	Lateral	thalamic	nuclei	

(VPL,	VPM,	VPI)	send	projections	to	primary	(SI)	and	secondary	(SII)	

somatosensory	cortices,	whereas	medial	thalamic	nuclei	(CL,	MD)	project	to	the	

anterior	cingulate	cortex	(ACC)	(Willis	and	Westlund,	1997;	Hendry,	2008).	

Ventroposterior	nuclei	also	project	to	the	insula;	however,	there	is	controversy	over	

the	specific	site	of	origin	relating	to	these	projections	(Hendry,	2008).		

The	divergent	projections	between	lateral	and	medial	pathways	are	proposed	to	

contribute	to	separate	dimensions	of	the	pain	experience	(Price,	2002).	The	STT-

lateral	thalamic-SI/SII	tract	is	composed	primarily	of	wide	dynamic	range	(WDR)	

neurons	and	is	proposed	to	process	sensory-discriminative	features	of	pain,	such	as	

location	and	intensity	of	the	stimulus.	The	STT-medial	thalamic-ACC	tract	is	

composed	of	mainly	nociceptive	specific	(NS)	neurons	and	is	proposed	to	process	

affective	features	such	as	unpleasantness.	In	addition,	affective	components	such	as	

fear	may	be	processed	via	additional	pathways	that	project	to	the	amygdala	and	

hypothalamus	(spino-parabrachio-amydaloid	and	spino-parabrachio-hypothalamic)	

that	are	mainly	comprised	of	NS	neurons.		
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It	is	important	to	note	that	none	of	these	projections/targets	is	singularly	

responsible	for	the	construct	of	pain	(Apkarian	et	al.,	2005).	Instead,	pain	is	

constructed	and	modulated	via	serial	and	parallel	interactions	between	many	

regions	across	the	brain	(Price,	2002).		

1.3.2.	Cortico-Cortical	Pathways		

Nociceptive	information	is	distributed	via	ascending	pathways	to	a	diverse	set	of	

cortical	regions	(Figure	1-1).	These	regions	share	substantial	structural	

interconnections	with	other	regions	across	the	brain	(Price,	2002).	Cortico-cortical	

nociceptive	pathways	arising	in	SI	project	to	SII,	which	sends	projections	to	regions	

of	the	posterior	parietal	cortex,	including	the	PCC.	The	PCC	projects	to	both	the	

insula	and	ACC.	Pathways	arising	in	the	insula	also	project	to	the	ACC,	which	in	turn	

sends	projections	to	the	PFC,	PCC,	and	the	supplementary	motor	cortex	(MII).	

Additionally,	pathways	arising	in	MII	send	projections	to	SI.	Moreover,	separate	

pathways	arising	in	the	amygdala	from	the	spino-parabrachio-amydaloid	pathway	

send	projections	to	the	PFC,	which	in	turn	projects	to	the	ACC.	Many	of	these	

connections	are	reciprocal,	including	those	between	SI-SII,	PCC-ACC,	and	PFC-ACC.	

These	cortico-cortical	nociceptive	pathways	include	regions	that	are	functionally	

diverse	and	participate	in	a	wide	range	of	processes,	including	attention,	emotion,	

pain,	fear,	expectations,	memory,	autonomic	control,	environmental	monitoring,	

motor	control/responses,	and	descending	pain	modulation	(Coghill	et	al.,	1999;	

Apkarian	et	al.,	2005;	Vogt,	2005;	Bingel	et	al.,	2006;	Tracey	and	Mantyh,	2007;	
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Buckner	et	al.,	2008).	As	such,	these	regions	and	pathways	have	the	potential	to	

shape	the	experience	of	pain	via	a	diverse	set	of	cortical	processes.			

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

and secondary pain affect and their sequential
interactions. Harkins et al. (7) assessed the
influence of two personality traits, neuroti-
cism and extraversion, on pain sensation in-
tensity, pain unpleasantness, and secondary
pain affect, using Eysenck and Eysenck’s (8)
personality inventory. A group of 105 myo-
fascial pain dysfunction (MPD) patients were
given validated scales to rate sensory and
affective dimensions of pain. First, the per-
sonality trait of neuroticism had no influence
on sensory ratings of experimental heat pain
or clinical pain. Second, neuroticism was as-
sociated with a small but statistically signif-
icant enhancement of patients’ unpleasant-
ness ratings of both experimental and clinical
pain. Third, high neurotic score patients rated
emotions of secondary pain affect (i.e., de-
pression and anxiety) as much more negative
in comparison with low neurotic score pa-
tients. Extraverts and introverts did not dif-
fer in their ratings of any pain dimensions.
The same overall pattern of results was
obtained in a study of 205 chronic pain

patients (9). Both studies demonstrated that
neuroticism exerted its largest influences
not on early stages of pain sensory process-
ing and pain unpleasantness, but on second-
ary pain affect.

The sequential model of intensity-un-
pleasantness-secondary affect also was sup-
ported by multivariate (linear structural rela-
tions) analyses of ratings of these pain dimen-
sions by 1008 chronic pain patients. The se-
quential model scored high on several indices
of goodness of fit (10).

Neural Mechanisms of Pain
Unpleasantness and Secondary Pain
Affect
Relations between these dimensions of pain
can be at least partly related to present un-
derstanding of their underlying neural mech-
anisms. Multiple ascending pathways project
to several brainstem and cortical regions, as
shown in Fig. 2. Some of these pathways
project from the spinal cord dorsal horn di-
rectly to brainstem and limbic system areas.

These pathways include a spinohypothalamic
pathway (11), a spinopontoamygdaloid path-
way (12), and a component of the spinotha-
lamic pathway that projects to specific mid-
line thalamic nuclei (13). The latter projects
to limbic cortical areas such as anterior cin-
gulate (ACC) and insular cortex (IC) (13).
Individual neurons often project in more than
one of these pathways. Another component
of the spinothalamic pathway projects to so-
matosensory relay nuclei of the thalamus
[ventroposterior lateral nucleus (VPL) and
ventroposterior inferior nucleus (VPI)] that
relay nociceptive information to somatosen-
sory (S-1 and S-2) cortices (1, 2, 13). S-1 and
S-2 are anatomically interconnected with a
ventrally directed cortico-limbic somatosen-
sory pathway that integrates somatosensory
input with other sensory modalities such as
vision and audition and with learning and
memory (14). This pathway proceeds from
S-1/S-2 to posterior parietal cortical areas and
to IC and from IC to amygdala, perirhinal
cortex, and hippocampus (14). Importantly,
this system ultimately converges on the same
limbic and subcortical structures that are di-
rectly accessed by ascending spinal pathways
(Fig. 2). This dual convergence may be relat-
ed to a mechanism whereby multiple neural
sources contribute to pain affect.

Thus, several ascending pathways and
brain regions are activated by nociceptive
input and participate in pain processing. The
number and extent of activation of all of these
regions are variable and controversial across
neural imaging studies [see (15) for review].
A likely major source of this variability is
that the number of activated structures is a
function of pain intensity itself. Graded noci-
ceptive (46°, 48°, and 50°C) and control
(35°C) skin temperature stimuli were used to
determine stimulus-neural response relations
for several brain areas just described (16).
Increases in magnitude and spatial distribu-
tion of neural activation and additional re-
cruitment of more brain structures in re-
sponse to ascending temperatures rated as
increasingly painful were observed. These
stimulus-response relations were obtained for
several functionally diverse brain areas, in-
cluding those likely involved in pain sensa-
tion (S-1, S-2, and IC?), motor control (sup-
plementary motor area), affect, and/or atten-
tion (ACC) (16). These results underscore the
idea that precise coding of the intensity of
nociceptive stimulation is common to all
functions associated with pain.

How then is it possible to determine brain
structures that are differentially involved in
sensory and affective dimensions of pain? In
a recent positron emission tomography (PET)
study, hypnotic suggestions were used to se-
lectively increase or decrease unpleasantness
ratings of experimental pain (17). Significant
pain-related activation occurred in the so-

Fig. 1. A schematic used to illus-
trate interactions between pain
sensation, pain unpleasantness,
and secondary pain affect (solid
arrows). Neural structures likely
to have a role in these dimen-
sions are shown by abbreviations
in adjacent parentheses, and
their full names are given in the
legend of Fig. 2. Dashed arrows
indicate nociceptive or endoge-
nous physiological factors that
influence pain sensation and un-
pleasantness.

Fig. 2. Schematic of
ascending pathways,
subcortical structures,
and cerebral cortical
structures involved in
processing pain. PAG,
periaqueductal gray;
PB, parabrachial nu-
cleus of the dorso-
lateral pons; VMpo,
ventromedial part of
the posterior nuclear
complex; MDvc, ven-
trocaudal part of the
medial dorsal nucleus;
VPL, ventroposterior
lateral nucleus; ACC,
anterior cingulate cor-
tex; PCC, posterior cin-
gulate cortex; HT, hy-
pothalamus; S-1 and
S-2, first and second
somatosensory cortical
areas; PPC, posterior
parietal complex; SMA,
supplementary motor
area; AMYG, amygdala;
PF, prefrontal cortex.
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Figure	1-1.	Ascending	and	cortico-cortical	pain	pathways.				
From:	Price	DD	(2000)	Neuroscience	-	Psychological	and	neural	
mechanisms	of	the	affective	dimension	of	pain.	Science	
288:1769-1772.	Reprinted	with	permission	from	AAAS.				
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1.3.3.	Descending	Pathways	

At	the	level	of	the	spinal	cord,	dorsal	horn	lamina	II	inter-neurons	act	to	both	inhibit	

and	facilitate	nociceptive	signals	(Melzack	and	Wall,	1965).	Supra-spinally,	complex	

mechanisms	also	exist	to	both	facilitate	and	inhibit	incoming	signals	via	a	

descending	modulatory	pathway.	The	PAG	is	a	central	node	in	this	pathway,	as	it	

receives	ascending	projections	from	spinal	cord	nociceptive	neurons	and	

descending	projections	from	higher	cortical	and	subcortical	structures,	such	as	the	

amygdala,	hypothalamus,	rostral	anterior	cingulate	cortex,	and	retrosplenial	cortex	

(Willis	and	Westlund,	1997;	Millan,	2002;	Fields,	2004).		

The	PAG	sends	descending	projections	mainly	to	the	RVM,	though	a	few	projections	

are	sent	directly	to	the	dorsal	horn	(Castiglioni	et	al.,	1978;	Cameron	et	al.,	1995;	

Willis	and	Westlund,	1997).	In	turn,	the	RVM	sends	projections	to	laminae	I,	II,	and	V	

of	the	dorsal	horn;	the	same	sites	where	primary	A-delta	and	C	afferents	terminate	

and	ascending	nociceptive	STT	fibers	originate	(see	Section	1.3.1.).		

The	PAG	and	RVM	are	rich	in	opioid	receptors	and	electrical	stimulation	of	these	

sites	results	in	pain	relief	via	inhibition	of	nociceptive	dorsal	horn	neurons	

(Reynolds,	1969;	Mayer	et	al.,	1971;	Carstens	et	al.,	1979;	Hayes	et	al.,	1979;	Fields,	

2004).	In	addition,	the	PAG	and	RVM	contain	a	subset	of	neurons	that	facilitate	

nociceptive	transmission	when	stimulated	(Fields,	2004).	Pertinent	to	the	present	

thesis,	substantial	evidence	exists	for	cortical/subcortical-PAG	involvement	in	

cognitive	modulation	of	pain,	specifically	descending	inhibition.	
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1.4.	Cognitive	Modulation	of	pain	

Nociceptive	input	is	not	transmitted	with	impunity	to	the	brain.	It	is	subjected	to	

central	mechanisms	of	modulation	at	the	level	of	the	spinal	cord,	brain,	and	via	

descending	supra-spinal	influence.	Because	of	this,	the	experience	of	pain	is	not	

always	directly	proportional	to	the	nociceptive	input.	This	is	evidenced	in	early	

observations	made	by	Beecher,	a	WWII	Army	physician.	Beecher	noted	a	lack	of	

pain	and	a	refusal	of	pain	medications	in	battlefield	soldiers	with	severe	puncture	

wounds	and	fractured	bones	(Beecher,	1956).		

We	have	all	experienced	cognitive	modulation	of	pain	in	our	everyday	lives.	For	

example,	pain	may	be	attenuated	if	we	stump	our	toe	while	running	late	to	an	

important	meeting,	spill	hot	coffee	on	ourselves	while	driving	70	mph,	or	just	

believe	that	our	pain	will	get	better.	Conversely,	pain	may	be	enhanced	if	we	shut	

our	fingers	in	the	door	after	being	fired	by	our	employer	or	if	we	believe	that	our	

pain	will	get	worse.	As	evidenced	by	these	examples,	multiple	factors	can	contribute	

to	cognitive	modulation	of	pain	including	attention,	emotions,	and	expectations.		

1.4.1.	Attention	and	Pain		

Attention	can	both	enhance	and	inhibit	pain	responses,	depending	on	the	direction	

of	attention.	Directing	attention	towards	pain	has	been	shown	to	increase	pain	

ratings,	as	well	as	brain	activity	in	the	insula	and	PCu	(Villemure	and	Bushnell,	

2009).	Moreover,	Villemure	and	colleagues	have	demonstrated	increased	FC	

between	the	insula	and	PCu	during	directed	attention	towards	pain	(Villemure	and	

Bushnell,	2009).	The	insula	is	involved	in	pain	processing	and	the	PCu	is	involved	in	
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internal	attention,	as	well	as	attentional	shifting	(Coghill	et	al.,	1999;	Cavanna	and	

Trimble,	2006).	This	suggests	that	attending	to	painful	stimuli	may	increase	pain	

perception	via	enhancement	of	nociceptive	processing.		

Intrinsic	predispositions	of	somatic	attention	may	also	heavily	impact	pain	

perception.	Hypervigilance	is	an	intrinsic	state	of	enhanced	attention	and	awareness	

in	which	increased	scanning	for	possible	threats	in	the	environment	occurs	

(Chapman,	1978;	Crombez	et	al.,	2005).	Hypervigilance	facilitates	increased	

awareness	of	nociceptive	signals	and	thus	may	amplify	nociceptive	processing.	

Although	research	is	scant	on	hypervigilance	and	pain	in	healthy	individuals;	

insights	can	be	gained	from	more	general	vigilance-pain	studies.	A	recent	study	by	

Ploner	and	colleagues	found	that	individuals	that	were	highly	vigilant	to	pain	

displayed	higher	pain	ratings	than	less	vigilant	individuals	(Ploner	et	al.,	2010).	

Moreover,	increased	pain	sensitivity	in	highly	vigilant	individuals	was	significantly	

related	to	decreased	FC	between	the	insula	and	PAG.	This	suggests	that	individuals	

that	are	highly	vigilant	to	pain	may	have	decreased	engagement	of	the	descending	

pain	inhibitory	system.	A	later	study	by	Weich	and	colleagues	confirmed	and	

expanded	these	finding	by	showing	that	high	levels	of	pain	vigilance	were	related	to	

decreased	structural	connectivity	between	insula	and	PAG,	as	well	as	increased	

structural	connectivity	between	the	insula	and	amygdala	(Wiech	et	al.,	2014).	These	

findings	collectively	suggest	that	intrinsic	vigilance	towards	pain	may	increase	pain	

sensitivity	via	1)	a	dampening	of	the	descending	pain	inhibitory	system	and	2)	an	

enhancement	of	pain,	attention,	and	fear-related	emotional	systems.	Although	these	
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findings	are	intriguing	and	promising,	additional	studies	on	intrinsic	vigilance	and	

pain	are	needed	before	conclusions	can	be	made.		

As	opposed	to	directing	attention	towards	pain,	directing	attention	away	from	pain	

has	been	shown	to	reduce	pain	ratings	(Miron	et	al.,	1989;	Villemure	and	Bushnell,	

2002,	2009).	Moreover,	dividing	attention	between	2	noxious	stimuli	has	also	been	

shown	to	attenuate	pain	responses	(Quevedo	and	Coghill,	2007).	Neuroimaging	

studies	have	shown	that	when	attention	is	directed	away	from	pain,	brain	activity	is	

reduced	in	the	MCC,	SI,	SII,	insula,	thalamus,	and	hippocampus	(Petrovic	et	al.,	2000;	

Bantick	et	al.,	2002;	Tracey	et	al.,	2002;	Legrain	et	al.,	2009).	Conversely,	areas	of	the	

dlPFC,	pgACC,	and	PAG	display	increased	activity	when	attention	is	directed	away	

from	pain.	Consistent	with	these	findings,	a	recent	study	by	Valet	and	colleagues	has	

shown	increased	FC	between	the	dlPFC,	pgACC,	and	PAG	during	attention-related	

pain	attenuation	(Valet	et	al.,	2004).		

In	addition	to	directed	attention,	intrinsic	fluctuations	in	attention	may	also	

influence	pain	perception.	A	recent	study	by	Kucyi	and	colleagues	found	that	when	

attention	naturally	shifted	away	from	pain	(mind-wandering),	brain	activity	

increased	in	areas	of	the	DMN,	including	the	PCC	and	mPFC	(Kucyi	et	al.,	2013).	

Interestingly,	the	increased	DMN	activity	correlated	significantly	with	increased	

activity	in	the	PAG.	This	suggests	increased	DMN	engagement	with	the	descending	

pain	inhibitory	system	during	internal	attentional	processes.	However,	because	pain	

ratings	were	not	obtained	in	this	study,	the	effects	of	this	engagement	on	pain	

perception	are	still	unknown.		
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Studies	on	the	effects	of	attention	during	pain	share	strikingly	consistent	results	

that	indicate	increased	involvement	of	the	OFC,	mPFC,	and	PAG	during	attention-

related	pain	attenuation.	These	regions	are	rich	in	opioid	receptors,	and	most	are	

known	participants	in	the	descending	pain	inhibitory	system	(Vogt,	2005;	Bingel	et	

al.,	2006;	Leppa	et	al.,	2006;	Tracey	and	Mantyh,	2007).	These	studies	suggest	that	

external	and	internal	attentional	processes	may	attenuate	pain	via	engagement	of	

the	descending	pain	inhibitory	system.		

1.4.2.	Emotion	and	Pain	

1.4.2.1.	Evoked	Negative	Emotion	

There	is	extensive	evidence	supporting	the	modulation	of	pain	by	positive	and	

negative	emotional	states.	Experimental	evocation	of	positive	emotions	attenuates	

perceived	pain,	whereas	evocation	of	negative	emotions	enhances	pain	(Weisenberg	

et	al.,	1998;	Ploghaus	et	al.,	2001;	Villemure	and	Bushnell,	2002;	Phillips	et	al.,	2003;	

Loggia	et	al.,	2008;	Roy	et	al.,	2008;	Kamping	et	al.,	2013).	Neuroimaging	studies	

have	revealed	that	evoking	a	negative	emotional	state	during	pain	results	in	

increased	brain	activity	in	the	MCC,	insula,	cerebellum,	SII,	pgACC,	amygdala,	

hippocampus,	and	thalamus	(Ploghaus	et	al.,	2001;	Tracey	and	Mantyh,	2007;	

Villemure	and	Bushnell,	2009;	Bushnell	et	al.,	2013).	Villemure	and	colleagues	have	

also	shown	increased	FC	between	the	MCC,	inferior	frontal	lobe,	and	PAG	that	was	

related	to	increased	pain	unpleasantness	during	negative	mood	(Villemure	and	

Bushnell,	2009).		Regions	that	display	increased	pain-related	activity	and	FC	during	

negative	emotional	states	are	involved	in	processes	relating	to	pain,	emotional	
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regulation,	memory,	and	descending	pain	modulation.	Thus,	increased	pain	

perception	during	negative	emotional	states	may	reflect	a	priming	of	nociceptive	

systems,	by	systems	involved	in	memory	and	emotion,	that	results	in	an	

amplification	of	nociceptive	signals.			

1.4.2.2.	Evoked	Positive	Emotion	

Conversely,	evoking	a	positive	emotional	state	during	pain	results	in	pain	

attenuation,	as	well	as	increased	activity	in	the	PCu,	cerebellum,	IPL,	MTG,	MFG,	SFG,	

insula,	and	SII	(Kamping	et	al.,	2013).	These	regions	are	involved	processes	relating	

to	emotion,	attention,	memory,	and	pain	(Coghill	et	al.,	1999;	Corbetta	and	Shulman,	

2002;	Giesbrecht	et	al.,	2003;	Cavanna	and	Trimble,	2006;	Buckner	et	al.,	2008;	

Moulton	et	al.,	2010).	Interestingly,	Kamping	and	colleagues	have	found	that	

fibromyalgia	patients	display	deficits	in	pain	attenuation	during	evoked	positive	

mood,	displaying	no	significant	differences	in	pain	ratings	during	positive	mood	vs	

neutral	mood	(Kamping	et	al.,	2013).	Reduced	pain	attenuation	was	related	to	

decreased	brain	activity	in	the	MCC,	OFC,	insula,	and	SII,	as	compared	to	healthy	

controls.		

The	above	studies	indicate	that	many	of	the	same	brain	regions	are	activated	during	

emotional	regulation	of	pain	regardless	of	the	emotional	state,	including	the	insula,	

SII,	and	cerebellum.	This	suggests	that	these	specific	regions	may	be	involved	in	

determining	the	emotional	valence	of	a	stimulus,	instead	of	modifying	pain-

perception	per	se.		Conversely,	additional	regions	such	as	the	PCu,	mPFC,	amygdala,	
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hippocampus,	and	MCC	appear	to	differentially	contribute	to	emotional	modulation	

of	pain.		

1.4.2.3.	Intrinsic	Emotions:	Anxiety	

In	addition	to	evoked	emotional	states,	intrinsic	emotional	states	such	as	anxiety,	

depression,	and	catastrophizing	may	play	a	role	in	cognitive	modulation	of	pain.	A	

study	by	Starr	and	colleagues	found	that	negative	mood,	a	construct	based	on	state	

and	trait	anxiety,	depression,	and	negative	affect,	significantly	predicted	

experimental	heat	pain	sensitivity	in	healthy	individuals;	with	high	negative	mood	

predicting	decreased	pain	sensitivity	(Starr	et	al.,	2010).	Interestingly,	subjects	in	

this	study	did	not	have	clinical	diagnoses	of	anxiety	or	depression,	indicating	that	

subclinical	levels	of	anxiety	and	depression	are	capable	of	influencing	pain	

perception.		

The	effects	of	anxiety	on	pain	have	important	clinical	implications.	Highly	anxious	

adults	generally	have	higher	ratings	of	post-operation	pain	and	require	higher	intra	

and	post-operative	doses	of	analgesics	(Hsu	et	al.,	2005;	Pan	et	al.,	2006).	Consistent	

results	are	also	found	in	children,	as	highly	anxious	children	experience	greater	

post-operative/recovery	pain	and	consume	more	analgesics	than	children	with	low	

anxiety	(Kain	et	al.,	2006).	Additionally,	individuals	reporting	high	anxiety	prior	to	

dental	procedures,	exhibit	greater	post-procedure	pain	than	less	anxious	individuals	

(Maggirias	and	Locker,	2002).		

There	is	little	evidence	on	the	brain	mechanisms	involved	in	anxiety-related	

modulation	of	pain.	However,	a	study	by	Ploner	and	colleagues	has	shown	that	
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highly	anxious	individuals	display	greater	pain	sensitivity	and	less	baseline	insular-

PAG	FC,	than	less	anxious	individuals	(Ploner	et	al.,	2010).	These	results	suggest	

that	reduced	baseline	interactions	between	the	insula	and	PAG	in	highly	anxious	

individuals	may	facilitate	increased	pain	responses	via	reduced	intrinsic	

engagement	of	the	descending	pain	inhibitory	pathway.		

1.4.2.4.	Intrinsic	Emotions:	Depression	

In	addition	to	anxiety,	depression	is	also	known	to	heavily	influence	pain	perception.	

Chronic	pain	and	depression	are	highly	comorbid,	with	the	prevalence	of	concurrent	

depression	ranging	from	13%	to	85%	in	chronic	pain	patients	(Bair	et	al.,	2003).	

Moreover,	many	anti-depressant	medications	are	also	quite	effective	at	reducing	

pain	(Perrot	et	al.,	2008;	Sansone	and	Sansone,	2008).	Mechanisms	involved	in	this	

relationship	are	not	isolated	to	the	periphery,	as	aberrations	in	brain	

activity/structure	are	present	in	depressed,	chronic	pain	patients.	In	response	to	

provoked	joint	pain,	depressed	rheumatoid	arthritis	patients	display	increased	

activation	of	the	mPFC	and	increased	FC	between	the	mPFC	and	DPLPFC,	caudate,	

amygdala,	hippocampus,	PCC,	and	PCu	(Schweinhardt	et	al.,	2008).	In	addition,	

depressed	fibromyalgia	(FM)	patients	exhibit	increased	insular	and	amygdala	

activations,	when	compared	to	healthy	controls	and	non-depressed	FM	patients	

(Giesecke	et	al.,	2005).	These	regions	are	involved	in	emotional	processing,	fear,	

pain	processing,	top-down	modulation	of	pain,	attentional	shifting,	and	internal	

attentional	processes	(Coghill	et	al.,	1999;	Ploghaus	et	al.,	2001;	Petrovic	et	al.,	2004;	

Cavanna	and	Trimble,	2006;	Tracey	and	Mantyh,	2007;	Buckner	et	al.,	2008;	
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Lobanov	et	al.,	2013b).	As	such,	these	results	indicate	that	increased	engagement	of	

systems	relating	to	pain,	fear,	attention,	and	emotion	may	drive	increased	

nociceptive	processing	in	depressed	chronic	pain	patients.		

In	individuals	without	chronic	pain,	depression	appears	to	have	an	opposite	effect	

on	pain	responses.	Clinically	depressed	individuals	without	chronic	pain	display	

decreased	pain	sensitivity	consistently	across	studies	(Lautenbacher	and	Krieg,	

1994;	Bar	et	al.,	2003;	Bar	et	al.,	2007).	Importantly,	these	differences	in	pain	

sensitivity	are	accompanied	by	alterations	in	brain	activity.	A	study	by	Bar	and	

colleagues	found	that	depressed	individuals	display	increased	activations	in	areas	of	

the	DLPFC,	VLPFC,	and	thalamus	in	response	to	noxious	stimulation	(Bar	et	al.,	

2007).	In	addition,	Graff-Guerrero	and	colleagues	have	shown	increased	pain-

related	activations	in	the	amygdala,	hippocampus,	insula,	sgACC/vmPFC,	and	PCC	in	

depressed	individuals	(Graff-Guerrero	et	al.,	2008).	These	areas	are	involved	in	pain	

processing,	fear,	memory,	internal	attention,	and	top-down	modulation	of	pain.	

Similar	increased	activations	are	found	in	depressed	chronic	pain	patients;	however	

they	display	opposite	pain	responses	(increased	sensitivity).	The	mechanisms	that	

mediate	these	differences	are	unclear;	however,	alterations	in	the	descending	pain	

inhibitory	pathway	may	contribute.		

1.4.2.5.	Intrinsic	Emotions:	Catastrophizing	

Another	important	emotional	factor	that	impacts	pain	is	the	tendency	to	

catastrophize.	An	argument	can	be	made	on	whether	catastrophizing	primarily	

relates	to	attentional	or	emotional	processes.	However,	it	will	currently	be	
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discussed	in	the	context	of	an	intrinsic	emotional	state,	as	negative	emotion	drives	

the	accompanying	attentional	effects.	In	general,	to	catastrophize	is	to	view	a	

situation	as	worse	than	it	really	is.	Catastrophizing	is	an	intrinsic	quality	that	

involves	both	cognitive	and	emotional	processes	and	often	results	in	repeated	

ruminations	about	negative	outcomes	(Sullivan	et	al.,	2001).	In	the	context	of	pain,	

catastrophizing	involves	magnification	of	pain	sensations,	ruminations	about	pain-

related	outcomes,	and	feelings	of	helplessness	(Tracey	and	Mantyh,	2007).	A	

catastrophizer	may	think	or	say	statements	such	as	“The	pain	is	never	going	to	get	

better”,	“I	just	can’t	take	this	anymore”,	and	“I	will	probably	never	be	able	to	go	back	

to	work”.	Catastrophizing	about	painful	experiences	has	been	shown	to	increase	

pain	perception	in	chronic	pain	patients,	as	well	as	healthy	individuals	(Sullivan	et	

al.,	2001;	Edwards	et	al.,	2006;	Tracey	and	Mantyh,	2007).	Importantly,	

neuroimaging	studies	have	revealed	alterations	in	both	brain	activity	and	structure	

that	are	related	to	catastrophizing.	FM	patients	with	high	levels	of	catastrophizing	

display	increased	activations	in	areas	of	the	MCC,	SII,	SFG,	and	MFG	(Gracely	et	al.,	

2004).	Additionally,	high	catastrophizing	in	migraine	patients	is	related	to	

decreased	GMV	in	the	mPFC,	aMCC,	and	SI,	as	well	as	altered	insular	and	PCC	

resting-state	FC	(Hubbard	et	al.,	2014).	These	results	suggest	that	catastrophizing	

may	enhance	pain	perception	in	chronic	pain	patients	via	altered	attentional,	

emotional,	and	nociceptive	processes.		

In	healthy	individuals,	high	catastrophizers	display	increased	pain	sensitivity	and	

decreased	activation	of	the	DLPFC	(Seminowicz	and	Davis,	2006).	The	DLPFC	is	

involved	in	top-down	modulation	of	pain,	suggesting	that	in	healthy	individuals,	
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catastrophizing	may	interrupt	descending	pain	inhibition	(Lorenz	et	al.,	2003;	

Wager	et	al.,	2004).		

It	is	important	to	note	that	anxiety,	depression,	and	catastrophizing	are	highly	inter-

related	and	may	exert	both	unique	and	combined	influence	on	pain	perception.		

Importantly,	cognitive	modulation	of	pain	via	different	intrinsic	emotional	states	

involves	common	brain	mechanisms	that	may	independently	or	convergently	

influence	the	experience	of	pain.		

Studies	of	emotional	modulation	of	pain	suggest	that	both	evoked	and	intrinsic	

emotional	states	can	heavily	influence	the	perception	of	pain.	A	common	finding	is	

that	negative	emotional	states	can	increase	pain	perception	via	aberrations	in	

attentional,	emotional,	and	nociceptive	processing,	as	well	as	decreased	engagement	

of	descending	pain	inhibitory	system.	Conversely,	positive	emotional	states	can	

decrease	pain	perception	via	increased	engagement	of	the	descending	pain	

inhibitory	system.	

1.4.3.	Expectations	and	Pain	

1.4.3.1.Nocebo	

Expectations	are	also	powerful	modulators	of	the	pain	experience	and	can	enhance	

or	attenuate	pain	based	on	whether	the	expectation	is	positive	or	negative	

(Sawamoto	et	al.,	2000;	Keltner	et	al.,	2006;	Benedetti	et	al.,	2007;	Tracey	and	

Mantyh,	2007;	Zeidan	et	al.,	2015a).	Expectation-related	enhancement	of	pain	is	

most	often	studied	via	the	nocebo	effect.	A	nocebo	response	is	an	increase	in	
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perceived	pain	that	occurs	when	an	individual	believes	that	a	given	inert	treatment	

or	manipulation	will	result	in	increased	pain.	During	nocebo	hyperalgesia,	increased	

brain	activity	is	observed	in	the	MCC,	SI,	SII,	insula,	amygdala,	hippocampus,	and	

cerebellum	(Sawamoto	et	al.,	2000;	Porro	et	al.,	2002;	Kong	et	al.,	2008;	Schmid	et	al.,	

2015;	Zeidan	et	al.,	2015a).	Moreover,	Schmid	and	colleagues	have	shown	increased	

FC	between	the	insula	and	MCC	during	nocebo-mediated	visceral	pain	(Schmid	et	al.,	

2015).	These	findings	suggest	amplified	engagement	of	nociceptive	and	anxiogenic	

systems	during	nocebo	hyperalgesia.		

The	nocebo	effect	is	in	part	mediated	by	cholecystokinin	(CCK),	as	administration	of	

a	CCK	receptor	antagonist	has	been	shown	to	block	nocebo	hyperalgesia	(Benedetti	

et	al.,	2007).	CCK	is	a	peptide	hormone	that	functions	in	satiety,	anxiety,	and	

nociception	(Noble	et	al.,	1999).	An	interaction	between	CCK	and	anxiogenic	

mechanisms	is	proposed	to	mediate	nocebo,	as	administration	of	diazepam	also	

blocks	nocebo	effects	(Benedetti	et	al.,	2005).	At	present,	the	descending	

mechanisms	involved	in	nocebo	hyperalgesia	are	not	clear;	however,	involvement	of	

the	PAG-RVM-dorsal	horn	pathway	is	proposed	based	on	the	presence	of	pro-

nociceptive	“on”	cells	in	this	region	(see	Section	1.3.3)	(Geuter	and	Buchel,	2013).		

1.4.3.2.	Placebo	

Expectations	are	also	highly	effective	at	attenuating	pain	(Wager	et	al.,	2004;	

Koyama	et	al.,	2005;	Tracey	and	Mantyh,	2007;	Zeidan	et	al.,	2015a).	Expectation-

related	pain	relief	is	most	often	studied	via	the	placebo	effect.	A	placebo	response	is	

a	decrease	in	pain	perception	that	occurs	when	an	individual	believes	that	a	given	
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inert	substance	or	manipulation	will	result	in	decreased	pain.	During	placebo	

analgesia,	decreases	in	activity	occur	in	pain-associated	brain	regions,	such	as	SI,	SII,	

MCC,	insula,	and	thalamus	(Petrovic	et	al.,	2002;	Wager	et	al.,	2004;	Wager	and	Atlas,	

2015;	Zeidan	et	al.,	2015a).	Conversely,	placebo-related	increases	in	brain	activity	

occur	in	regions	of	the	descending	pain	inhibitory	system	including	the	PAG,	RVM,	

sgACC,	pgACC,	OFC,	and	dlPFC.	These	regions	are	rich	in	opioid	receptors	and	can	

inhibit	pain	via	a	series	of	descending	projections	from	the	cortex	to	the	dorsal	horn	

(Fields,	2004;	Zubieta	et	al.,	2005).	Moreover,	Bingel	and	colleagues	have	shown	

increased	FC	between	the	sgACC/pgACC,	amygdala,	and	PAG	during	placebo,	further	

confirming	engagement	of	the	descending	pain	inhibitory	system	(Bingel	et	al.,	

2006).	

Psychophysical	and	neuroimaging	studies	have	shown	that	placebo	analgesia	is	

facilitated	by	both	opioidergic	and	non-opioidergic	mechanisms,	depending	on	

various	factors	(Levine	et	al.,	1978;	Amanzio	and	Benedetti,	1999;	Benedetti	et	al.,	

2005).	Early	animal	studies,	as	well	as	later	studies	in	human	subjects	have	shown	

that	the	effects	of	placebo	can	be	reversed	with	naloxone,	an	opioid	receptor	

antagonist	(Benedetti	et	al.,	2005).	Moreover,	a	recent	study	by	Zubieta	and	

colleagues	confirmed	engagement	of	the	μ-opioid	system	by	examining	endogenous	

opioid	binding	during	placebo	analgesia	(Zubieta	et	al.,	2005).	Using	PET	imaging	

and	a	μ-opioid	receptor-selective	radiotracer,	they	found	increased	endogenous	

opioid	binding	in	areas	of	the	dlPFC,	pgACC,	sgACC,	insula,	amygdala,	and	nucleus	

accumbens	during	placebo.	Importantly,	the	magnitude	of	endogenous	opioid	

binding	was	significantly	and	inversely	related	to	inter-individual	differences	in	
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pain	intensity	and	unpleasantness.	Thus,	less	sensitive	individuals	displayed	greater	

endogenous	opioid	binding	than	highly	sensitive	individuals.	This	suggests	that	

differences	in	placebo-induced	reductions	in	pain	are	in	part	related	to	inter-

individual	differences	in	the	endogenous	opioid	system.		

Many	factors	are	involved	cognitive	modulation	of	pain,	including	attention,	

emotion,	and	expectations.	These,	as	well	as	additional	factors,	are	not	mutually	

exclusive	in	the	their	ability	to	modulate	pain.	Nor	do	they	work	in	isolation.	Instead,	

they	interact	to	drive	complex	mechanisms	between	brain	regions	that	influence	the	

experience	of	pain.	Moreover,	there	is	considerable	variability	across	individuals	

regarding	the	extent	to	which	these	factors	contribute	to	the	pain	experience.	

Importantly,	this	variability	in	multi-factorial	influence	substantially	contributes	to	

inter-individual	differences	in	pain	sensitivity	(Coghill,	2010).		

1.5.	Inter-individual	Differences	in	Pain	

The	multi-dimensional	nature	of	pain	produces	substantial	variations	in	subjective	

pain	reports	across	individuals.	In	a	landmark	study,	Coghill	and	colleagues	first	

demonstrated	these	inter-individual	differences	in	pain	sensitivity	by	investigating	

both	pain	ratings,	as	well	as	brain	activity	during	delivery	of	a	highly	noxious	49°C	

stimulus	(Coghill	et	al.,	2003).	They	found	that	given	the	same	noxious	stimulus,	

individuals	reported	a	wide-range	of	pain	ratings,	with	the	least	sensitive	person	

rating	a	1	and	the	most	sensitive	rating	a	9	(on	an	11-point	visual	analog	scale).	

Importantly,	differences	in	subjective	pain	reports	were	mirrored	in	functional	

brain	activity,	with	highly	sensitive	individuals	displaying	greater	activation	in	pain-
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associated	brain	regions,	such	as	SI,	ACC,	and	PFC.	Interestingly,	thalamic	activation	

did	not	differ	between	groups.	The	thalamus	is	consistently	activated	during	pain	

and	is	a	major	relay	station	between	primary	afferents	in	the	spinal	cord	and	targets	

in	the	brain.	Thus,	the	lack	of	inter-individual	differences	in	thalamic	activation	

suggests	that	supraspinal,	rather	than	peripheral	mechanisms,	were	driving	the	

differences	in	pain	sensitivity.		

In	addition	to	the	cognitive	factors	that	were	previously	discussed,	such	as	attention,	

emotion,	and	expectation	(see	Section	1.4.),	inter-individual	differences	in	pain	

sensitivity	are	also	influenced	by	genetic	factors.	Several	twin	studies	have	shown	

that	genetics	account	for	20-60%	of	the	variability	in	pain	sensitivity,	depending	on	

the	stimulus	modality	(Coghill	and	Eisenach,	2003;	Nielsen	et	al.,	2008;	Mogil,	

2012a).	Additionally,	12-60	%	of	analgesic-response	variability	has	been	linked	to	

genetic	factors	(Angst	et	al.,	2012).	Importantly,	there	is	a	clear	dissociation	

between	genetic	contributions	for	different	stimulus	modalities,	with	only	3-7%	

shared	variability	between	heat	and	cold	pain	(Nielsen	et	al.,	2008).		

Genetically	determined	factors	such	as	sex	and	ethnicity	can	also	influence	pain	

sensitivity.	Although	the	effect	size	is	relatively	small,	females	consistently	display	

greater	heat	and	cold	pain	sensitivity	than	males	(Kim	et	al.,	2004;	Fillingim	et	al.,	

2009;	Coghill,	2010;	Mogil,	2012b).	In	addition,	individuals	of	different	ethnic	

origins	display	modality	specific	differences	in	pain	sensitivity.	For	example,	Asian	

Americans	are	more	sensitive	to	heat	pain,	European	Americans	are	less	sensitive	to	



	 27	

cold	pain,	and	African	Americans	are	less	sensitive	to	capsaicin-induced	pain	(Kim	et	

al.,	2004;	Wang	et	al.,	2010).			

Inter-individual	differences	hold	important	clinical	implications,	both	in	healthy	

individuals	and	chronic	pain	patients.		Several	studies	have	shown	that	pre-

operative	pain	sensitivity	in	healthy	individuals	is	a	good	predictor	of	post-surgical	

pain,	as	well	as	analgesic	requirements	(Granot	et	al.,	2003;	Pan	et	al.,	2006;	Jarrell	

et	al.,	2014).	In	addition,	chronic	pain	development	is	highly	variable	between	

individuals;	as	a	limited	number	of	individuals	with	the	same	acute	injury	may	go	on	

to	develop	chronic	pain.	Moreover,	individuals	with	the	same	chronic	pain	condition	

often	display	vast	differences	in	pain	severity,	disability,	and	responsiveness	to	

treatment,	making	diagnosis	and	treatment	difficult	(Coghill	and	Eisenach,	2003;	

Fillingim,	2005).		

Inter-individual	differences	in	pain	sensitivity	not	only	play	a	critical	role	in	chronic	

pain	mechanisms	and	treatment,	but	also	offer	a	unique	opportunity	to	explore	the	

mechanisms	involved	in	the	construction	and	modulation	of	pain.		Understanding	

the	underlying	mechanisms	of	pain	and	inter-individual	differences	in	pain	

sensitivity	is	critical	for	the	improvement	of	current	approaches	to	pain	prevention,	

diagnosis,	and	treatment.	Recent	evidence	suggests	that	the	default	mode	network	

(DMN)	may	be	involved	in	both	chronic	pain	and	pain	sensitivity	in	healthy	

individuals.	Study	of	this	novel	network’s	involvement	in	pain	holds	promise	for	

uncovering	unknown	mechanisms	of	pain,	as	well	as	possible	novel	treatment	

approaches.		
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1.6.	Default	Mode	Network	

The	brain	never	rests.	When	not	engaged	in	a	focused	task,	we	have	thoughts,	

images,	memories,	and	future	plans	freely	flowing	through	our	minds	and	capturing	

our	internal	attention.	During	these	internal	attentional/rest	states,	several	regions	

of	the	brain	are	active	and	functionally	connected,	forming	a	so-called	“default	mode	

network”	(DMN;	Figure	1-2)	(Gusnard	et	al.,	2001;	Gusnard	and	Raichle,	2001;	

Raichle	et	al.,	2001).	The	DMN	is	proposed	to	function	in	conscious	perception,	

internal	attention,	episodic	memory	retrieval,	future	planning,	spontaneous	

cognition,	and	theory	of	mind	(constructing	thoughts	about	the	beliefs	and	

intentions	of	others)	(Buckner	et	al.,	2008;	Herbet	et	al.,	2014).	The	DMN	is	anti-

correlated	with	the	“task-positive	network”	and	displays	deactivations	during	a	

wide	range	of	attention-demanding	tasks	(Shulman	et	al.,	1997;	McKiernan	et	al.,	

2003;	Fox	et	al.,	2005;	Raichle,	2015).	Regions	of	the	DMN	include	the	PCC,	PCu,	

mPFC,	IPL,	lateral	temporal	cortex	(LTC),	and	the	hippocampal	formation	(Raichle,	

2015).	Although	DMN	regions	are	functionally	connected	at	baseline,	they	also	

contribute	to	distinct	and	diverse	functional	processes	across	the	brain	(Buckner	et	

al.,	2008;	Uddin	et	al.,	2008;	Yu	et	al.,	2011;	Leech	and	Sharp,	2014).	Indeed,	regions	

of	the	DMN	are	both	structural	and	functional	hubs	of	the	brain,	connecting	with	

many	different	regions	and	networks	(Hagmann	et	al.,	2008;	van	den	Heuvel	and	

Sporns,	2013;	Raichle,	2015).		

Since	its	discovery,	research	into	DMN	function	has	exploded,	uncovering	novel	

insights	into	brain	mechanisms	relating	to	many	processes.	Importantly,	aberrations	
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in	DMN	structure	and	function	have	been	found	in	numerous	clinical	conditions,	

such	as	Alzheimer’s,	depression,	schizophrenia,	ADHD,	and	chronic	pain	(Greicius	et	

al.,	2004;	Garrity	et	al.,	2007;	Baliki	et	al.,	2008;	Uddin	et	al.,	2008;	Sheline	et	al.,	

2009;	Napadow	et	al.,	2010;	Loggia	et	al.,	2013;	Khan	et	al.,	2014).	Although	our	

understanding	of	DMN	function	is	still	in	its	infancy,	evidence	strongly	suggests	

DMN	involvement	in	range	of	neural	processes,	including	attention,	memory,	

emotion,	and	pain.			
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FIGURE 2. The brain’s default network was originally
identified in a meta-analysis that mapped brain regions
more active in passive as compared to active tasks (of-
ten referred to as task-induced deactivation). The displayed
positron emission tomography (PET) data include nine stud-
ies (132 participants) from Shulman et al. (1997; rean-
alyzed in Buckner et al. 2005). Images show the me-
dial and lateral surface of the left hemisphere using a
population-averaged surface representation to take into ac-
count between-subject variability in sulcal anatomy (Van Es-
sen 2005). Blue represents regions most active in passive
task settings.

Ingvar and Andreasen et al., they noted that the im-
aged rest state is associated with lively mental activity
that includes “generation and manipulation of men-
tal images, reminiscence of past experiences based on
episodic memory, and making plans” and further noted
that the subjects of their study “preferentially reported
autobiographical episodes.”

Emergence of the Default Network as Its
Own Research Area

The definitive recent event in the explication of
the default network came with the a series of publi-
cations by Raichle, Gusnard, and colleagues (Raichle
et al. 2001, Gusnard & Raichle 2001, Gusnard et al.
2001). A dominant theme in the field during the pre-
vious decade concerned how to define an appropriate
baseline condition for neuroimaging studies. This focus
on the baseline state was central to the evolving con-
cept of a default network. Many argued that passive

conditions were simply too unconstrained to be useful
as control states. Richard Frackowiak summarized this
widely held concern: “To call a ‘free-wheeling’ state,
or even a state where you are fixating on a cross and
dreaming about anything you like, a ‘control’ state,
is to my mind quite wrong” (Frackowiak 1991). (For
recent discussion of this ongoing debate see Morcom
and Fletcher 2007, Buckner & Vincent 2007, Raichle
& Snyder 2007). As a result of this uneasiness in inter-
preting passive task conditions, beyond the few earlier
studies mentioned, there was a general trend not to
thoroughly report or discuss the meaning of rest state
activity.

Raichle, Gusnard, and colleagues reversed this trend
dramatically with three papers in 2001 (Raichle et al.
2001, Gusnard & Raichle 2001, Gusnard et al. 2001).
Their papers directly considered the empirical and
theoretical implications of defining baseline states and
what the specific pattern of activity in the default net-
work might represent. Several lasting consequences on
the study of the default network emerged. First, they
distinguished between various forms of task-induced
deactivation and separated deactivations defining the
default network from other forms of deactivation (in-
cluding attenuation of activity in unattended sensory
areas). Second, they compiled a considerable array of
findings that drew attention to the specific anatomic
regions linked to the default network and what their
presence might suggest about its function. A key in-
sight was that the medial prefrontal regions consistently
identified as part of the default network are associated
with self-referential processing (Gusnard et al. 2001,
Gusnard & Raichle 2001). Most importantly, the pa-
pers brought to the forefront the exploration of the
default network as its own area of study (including pro-
viding its name, which, as of late 2007, has appeared as
a keyword in 237 articles). Our use of the label “default
network” in this review stems directly from their label-
ing the baseline rest condition as the “default mode.”b

Their reviews made clear that the default network is
to be studied as a fundamental neurobiological system
with physiological and cognitive properties that distin-
guish it from other systems.

The default network is a brain system much like the
motor system or the visual system. It contains a set
of interacting brain areas that are tightly functionally

bReferences to the default mode appear in the literature on cognition
prior to the introduction of the concept as an explanation for neural and
metabolic phenomena. Giambra (1995), for example, noted that “Task-
unrelated images and thoughts may represent the normal default mode
of operation of the self-aware.” Thus, the concept of a default mode is
converged upon from both cognitive and neurobiological perspectives.

Figure	1-2.	The	Brain’s	Default	Mode	Network.				
Reproduced	with	permission	from	(Buckner	et	al.,	2008).	
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1.6.1.	Attention	

1.6.1.1.	Internal	vs	external	attention	

Before	delving	into	the	role	of	the	DMN	in	attention,	it	is	important	to	first	discuss	

the	complexity	of	attention	itself.	Attention	can	be	broken	down	in	several	ways,	

including	internal	vs	external	attention,	as	well	as	bottom-up	vs	top-down	attention.	

These	sub-domains	of	attention	are	invariably	intertwined,	sometimes	possessing	

equivalent	characteristics	and	at	other	times	being	in	opposition.	Importantly,	

whether	independent	or	interacting,	attentional	processes	have	the	capacity	to	

modulate	perception	and	pain.		

Although	instinctively	recognized	for	quite	some	time,	the	classification	of	internal	

vs	external	attention	was	only	recently	declared	in	the	scientific	community	(Chun	

et	al.,	2011).	Internal	attention	refers	to	the	selection,	focus,	and	modulation	of	

internal	information	such	as	“thought	trains”,	memories,	and	future	plans.	Examples	

of	internal	attention	include	remembering	an	argument	with	a	spouse	and	

constructing	post-hoc	responses,	thinking	about	what	items	are	in	the	pantry	and	

making	a	dinner	plan,	reminiscing	about	a	past	vacation,	and	ruminating	about	an	

upcoming	grant	proposal.		

External	attention	refers	to	the	selection,	focus,	and	modulation	of	external	

information	relating	to	salient	stimuli	or	task	completion.	Examples	of	external	

attention	include	reading	the	words	on	this	page,	listening	to	a	friend	in	a	crowded	

party,	orienting	to	an	sudden	injury,	focusing	on	the	smell	of	milk	to	determine	if	

expired,	or	searching	for	the	visual	representation	of	a	buzzing	sound	made	by	an	
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insect.	The	common	denominator	of	external	attention	is	a	focus	on	sensory	

phenomenon	(Chun	et	al.,	2011).		

1.6.1.2.	Bottom-up	vs	top-down	attention	

Attention	can	be	further	broken	down	into	2	additional	categories,	bottom-up	and	

top-down	(Corbetta	and	Shulman,	2002).	Bottom-up	attention	is	an	involuntary	and	

automatic	orientation	that	is	driven	by	salient	external	stimuli.	Pain	is	highly	salient	

and	provides	a	powerful	drive	for	bottom-up	attention.	For	example,	imagine	that	

you	are	cooking	a	pot	of	spaghetti	sauce	and	burn	your	hand	on	the	pan.	There	is	an	

immediate	and	automatic	orientation	of	attention	to	the	burned	area	in	order	to	

prevent	further	injury	and	provide	care	to	the	area.	Conversely,	top-down	attention	

is	a	voluntary	and	intentional	orientation	that	is	driven	by	a	goal.	For	example,	you	

use	garlic	powder,	onion	power,	and	oregano	in	your	spaghetti	sauce	and	need	to	

find	these	spices	among	a	cabinet	full	of	25	others.	Attention	would	be	voluntarily	

directed	towards	bottles	that	fit	your	metal	representation	of	ones	that	contain	

those	spices.		

Interestingly,	bottom-up	and	top-down	attention	can	work	in	concert	or	in	

opposition	(Corbetta	and	Shulman,	2002).	To	use	the	same	pan	analogy,	imagine	

that	when	you	removed	your	hand	from	the	pan,	it	tipped	over	and	caught	on	fire.	

Attention	would	be	directed	towards	the	immediate	goal	of	putting	the	fire	out	and	

focus	would	be	placed	on	finding	the	fire	extinguisher	and	turning	the	burner	off,	

rather	than	attending	to	the	injury.	In	this	manner,	top-down	attention	interferes	

with	the	bottom-up	drive	of	the	burn	injury,	resulting	in	pain	attenuation.	
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Conversely,	imagine	that	you	go	to	the	ED	to	have	the	burn	examined	and	the	

clinician	insists	on	debridement	of	the	blisters	using	a	sharp	metal	instrument.	

There	is	a	bottom-up	drive	facilitated	by	the	constant	throbbing	and	aching	in	the	

burn;	however,	there	is	now	also	a	top-down	attentional	drive	towards	the	sharp	

metal	instrument	that	is	approaching	and	then	debriding	the	blister.	In	this	manner,	

bottom-up	and	top-down	attention	work	in	concert,	resulting	in	pain	amplification.				

1.6.2.	DMN	and	Attention	

The	DMN	is	involved	in	both	internal	and	top-down	attentional	processes	(Gusnard	

et	al.,	2001;	Miller	and	Cohen,	2001;	Mason	et	al.,	2007;	Chun	et	al.,	2011).	Studies	

have	shown	increased	DMN	activity	and	FC	during	internal	attentional	states	such	

as	mind-wandering,	daydreaming,	future	planning,	and	self-referential	processing	

(Andreasen	et	al.,	1995;	Greicius	et	al.,	2003;	Amodio	and	Frith,	2006;	Svoboda	et	al.,	

2006;	Buckner	and	Carroll,	2007;	Mason	et	al.,	2007;	Kucyi	et	al.,	2013;	Kucyi	and	

Davis,	2014),	and	decreased	DMN	activity	and	FC	during	external	attentional	states	

(Shulman	et	al.,	1997;	Raichle,	2015).	In	addition,	aberrant	activity	and	FC	of	the	

DMN	has	been	shown	in	individuals	with	ADHD.	When	compared	with	healthy	

controls,	ADHD	patients	display	1)	increased	DMN	activity	2)	decreased	within	DMN	

FC	and	3)	decreased	FC	between	DMN	regions	and	the	dorsal	ACC,	a	region	involved	

in	external	attention	and	salience	(Seeley	et	al.,	2007;	Castellanos	et	al.,	2008;	Uddin	

et	al.,	2008;	Metin	et	al.,	2015).	This	suggests	that	attention	deficits	in	ADHD	may	be	

related	to	an	inability	to	suppress	DMN	attentional	processes	(Sonuga-Barke	and	

Castellanos,	2007;	Metin	et	al.,	2015).		
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Indeed,	increased	engagement	of	the	DMN	during	internal	attentional	states	has	

been	shown	to	attenuate	external/bottom-up	processes.	For	example,	increased	

DMN	activity	is	associated	with	reduced	behavioral	performance	during	attention	

demanding	tasks	(Polli	et	al.,	2005;	Weissman	et	al.,	2006;	Kelly	et	al.,	2008),	

reduced	visual	and	auditory	stimulus-evoked	responses	(Greicius	and	Menon,	2004),	

reductions	in	the	ability	to	sustain	attention	(Bonnelle	et	al.,	2011),	and	reductions	

in	somatosensory	perception	(Boly	et	al.,	2007).	A	relatable	example	of	this	can	be	

demonstrated	if	we	refer	to	daydreaming.	While	daydreaming,	there	is	a	zone-out	

experience	in	which	sensory	stimuli	in	the	environment	(someone	asking	a	question,	

buildings	we	pass	while	driving)	are	inhibited	and	thus	go	unnoticed.	To	this	end,	

DMN	processes	can	exert	top-down	control	over	external/bottom-up	attentional	

processes.		

1.6.3.	DMN	and	Memory	

In	many	instances,	internal	attentional	processes	are	tightly	intertwined	with	

processes	relating	to	memory.	In	order	to	plan	future	events	or	recall	past	

experiences,	access	to	prior	knowledge	and	retrieval	of	past	memories	is	vital.	In	

addition,	past	experiences	may	influence	the	relative	salience	of	external	stimuli	and	

thus	may	bias	interactions	between	internal	and	external	attentional	states	and	

subsequent	perceptual	outcomes.	Accordingly,	the	role	of	the	DMN	in	memory	is	not	

only	important	for	internal	attentional	states,	but	also	for	perception	and	pain.		

Memory	is	a	bi-dimensional	process	that	includes	both	encoding	and	retrieval	of	

information.	Subdivisions	of	the	DMN	differentially	contribute	to	these	2	aspects	of	
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memory	(Buckner	et	al.,	2008).	During	encoding	of	new	memories,	increased	

activity	in	hippocampal	and	MTL	regions	of	the	DMN	predicts	successful	encoding	

and	subsequent	memory	retrieval	(Kim,	2011).	Conversely,	increased	activity	of	the	

PCC,	PCu,	and	mPFC	regions	of	the	DMN	predicts	failed	encoding	and	retrieval	

(Otten	and	Rugg,	2001;	Kim,	2011).	This	is	consistent	with	previous	studies	that	

indicate	decreased	perception	of	external	stimuli	during	activation	of	

posteriomedial	DMN	regions	(see	Section	1.6.2.).		

In	contrast	with	memory	encoding,	substantial	evidence	exists	for	engagement	of	

posteriomedial	DMN	regions	during	memory	retrieval.	During	both	focused	and	

random	episodic	memory	retrieval,	increased	activity	is	observed	in	the	PCC	and	

PCu	(Andreasen	et	al.,	1995).	In	addition,	a	meta-analysis	of	24	autobiographical	

memory	studies	found	that	the	PCC	was	the	most	consistently	(n=17)	activated	

brain	region	during	both	episodic	and	semantic	memory	recall,	with	the	PCu,	

hippocampus,	and	mPFC	also	noted	as	“core”	regions	(Svoboda	et	al.,	2006).		

Clinical	evidence	also	supports	DMN	involvement	in	memory,	as	numerous	studies	

have	found	DMN-related	metabolic,	structural,	and	functional	aberrations	in	

Alzheimer’s	disease.	Of	note,	there	is	a	striking	reduction	in	the	glucose	metabolism	

of	DMN	regions	in	Alzheimer’s	patients	that	is	correlated	with	disease	severity	and	

progression	(Reiman	et	al.,	1996;	Buckner	et	al.,	2005).	In	agreement	with	this	

finding,	Alzheimer’s	patients	also	display	structural	atrophy	across	a	wide-range	of	

DMN	regions	that	correlates	with	disease	progression	(Buckner	et	al.,	2005).	

Additionally,	individuals	with	Alzheimer’s	disease	display	decreased	activity	and	FC	
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of	the	DMN	during	resting	states	(Greicius	et	al.,	2004)	and	reduced	DMN	

deactivations	during	tasks	(Lustig	et	al.,	2003).	This	collection	of	evidence	clearly	

points	to	a	role	for	the	DMN	in	memory;	however,	how	this	role	may	interact	with	

other	DMN	functions	(internal	attention,	emotion,	and	pain)	is	far	less	clear.		

1.6.4.	DMN	and	Emotion	

Emotion	has	been	shown	to	modulate	both	cognition	and	perception.		The	mPFC	is	a	

hub	of	the	DMN	and	is	extensively	involved	in	emotional	processing	and	regulation	

(Lane	et	al.,	1997a;	Lane	et	al.,	1997b;	Reiman	et	al.,	1997;	Damasio	et	al.,	2000;	

Gusnard	et	al.,	2001;	Simpson	et	al.,	2001b;	Simpson	et	al.,	2001a;	Vogt,	2005;	Etkin	

et	al.,	2011).	A	meta-analysis	by	Phan	and	colleagues	has	revealed	common	and	

consistent	emotion-related	activations	in	the	mPFC	across	multiple	domains	

(happiness,	sadness,	anger),	deliveries	(visual	cue,	recall),	and	states	

(cognitive/emotional	vs	emotional)	(Phan	et	al.,	2002).	In	addition,	this	report	also	

found	common	engagement	of	the	PCC/RSC	across	emotional	domains.	The	RSC	has	

been	proposed	to	function	at	the	intersection	of	emotion	and	memory,	as	it	is	

consistently	activated	in	response	to	emotionally	salient	stimuli	and	has	a	

prominent	role	in	memory	(Maddock,	1999).		

Clinical	evidence	also	indicates	DMN	involvement	in	emotion,	most	notably	in	

studies	of	depression.	Individuals	with	major	depressive	disorder	display	

alterations	in	mPFC	activity,	structure,	and	FC	that	are	reversed	with	effective	

treatment	(Mayberg,	1997;	Anand	et	al.,	2005;	Mayberg	et	al.,	2005;	Berman	et	al.,	

2011;	Leech	and	Sharp,	2014).	FC	of	the	mPFC	is	of	particular	interest,	as	depressed	
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patients	exhibit	increased	FC	between	the	PCC	and	mPFC,	as	well	as	decreased	FC	

between	the	mPFC	and	limbic	regions	(Mayberg,	1997;	Seminowicz	et	al.,	2004;	

Berman	et	al.,	2011).	These	alterations	suggest	that	limitations	in	disengaging	DMN	

mechanisms	(mPFC-PCC)	and	engaging	modulatory	cortico-limbic	circuits	may	

contribute	to	depression.	The	sgACC	is	part	of	the	mPFC	has	become	a	specific	target	

of	interest	in	the	treatment	of	depression.	Interestingly,	recent	evidence	suggests	

that	deep	brain	stimulation	of	the	sgACC	is	highly	effective	at	treating	individuals	

that	are	otherwise	treatment-resistant	(Mayberg	et	al.,	2005).		

The	sgACC	and	PCC	are	both	structurally	and	functionally	connected	to	the	PAG,	a	

region	that	is	consistently	implicated	in	imaging	studies	of	emotion	and	pain	(Willis	

and	Westlund,	1997;	An	et	al.,	1998;	Fields,	2004;	Zyloney	et	al.,	2010;	Coulombe	et	

al.,	2016).	Indeed,	a	recent	meta-analysis	found	that	the	PAG	was	commonly	

activated	across	9	studies/conditions	that	investigated	negative	affect	related	to	

physical	pain	(n=	5)	or	viewing	negative	images	(n=	5).	In	addition,	stimulation	of	

the	PAG	in	humans	has	been	shown	to	induce	pain,	fear,	and	anxiety,	as	well	as	

analgesia	(Nashold	et	al.,	1969;	Reynolds,	1969;	Tasker,	1982).	Interestingly,	

connections	between	sgACC-PAG,	as	well	as	PCC-PAG	have	been	shown	to	facilitate	

descending	pain	inhibition	(Fields,	2004;	Reis	et	al.,	2010).	This	collection	of	

evidence	suggests	that	the	DMN	is	not	only	involved	in	emotion,	but	may	also	play	

an	important	role	in	pain.		
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1.6.5.	DMN	and	Pain	

Pain	is	a	highly	personal	experience	that	involves	attentional,	emotional,	and	

cognitive	processes	(see	Section	1.2.).	The	inherent	salience	of	pain	would	be	

expected	to	outcompete	cognitive	processing	of	less	salient	events.	However,	

competition	from	DMN	processes	may	influence	pain	perception	and	inter-

individual	differences	in	pain	sensitivity.	Indeed,	the	DMN	is	involved	in	processes	

that	drive	pain	perception,	such	as	attention,	emotion,	memory,	and	descending	

pain	modulation	and	may	therefore	present	several	avenues	of	perceptual	influence	

over	pain.	Because	the	DMN	is	deactivated	during	pain,	its	role	in	pain	has	been	

largely	unexplored.	However,	recent	evidence	suggests	that	the	DMN	may	indeed	

contribute	to	pain	processing	and	individual	differences	in	pain	sensitivity.		Of	such,	

novel	findings	have	emerged	that	indicate	1)	complex	mechanisms	of	DMN	activity	

during	pain	that	are	related	to	the	subjective	experience	of	pain,	2)	DMN	

involvement	in	chronic	pain	and	chronic	pain	severity,	and	3)	DMN	structural	

connections	to	regions	involved	in	pain	processing	and	pain	modulation.		

	

1.6.5.1.	DMN	activity	during	pain	

In	one	of	the	first	pain	neuroimaging	studies,	Coghill	and	colleagues	reported	pain-

related	deactivations	in	the	PCC	and	mPFC	(Coghill	et	al.,	1994),	a	finding	that	has	

been	confirmed	by	numerous	studies	over	the	past	20	years	(Derbyshire	et	al.,	

1997;	Porro	et	al.,	1998;	Coghill	et	al.,	1999;	Seminowicz	and	Davis,	2007;	Kong	et	al.,	

2010;	Lobanov	et	al.,	2013b;	Zeidan	et	al.,	2015b).	Interestingly,	DMN	activity	during	
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pain	is	inversely	related	to	individual	differences	in	pain	sensitivity,	such	that	less	

sensitive	individuals	display	greater	DMN	activity	during	pain	than	highly	sensitive	

individuals	(Derbyshire	et	al.,	1997;	Coghill	et	al.,	1999).	Although	deactivations	in	

DMN	regions	are	common	during	pain,	recent	studies	indicate	that	DMN	activity	

during	pain	may	be	substantially	more	complex.		

Ter	Minassian	and	colleagues	have	found	bi-phasic	DMN	activity	during	pain,	such	

that	DMN	regions	deactivated	during	anticipation	of	pain	and	activated	during	pain	

perception	(Ter	Minassian	et	al.,	2013).	Moreover,	DMN	activity	during	pain	was	

negatively	related	to	VAS	pain	intensity	ratings.	Thus,	greater	activation	of	DMN	

regions	during	pain	was	related	to	lower	pain	intensity	ratings.	Similarly,	Loggia	et	

al.	has	shown	complex	and	differential	responses	in	regional	DMN	activity	during	

pain,	such	that	3	separate	DMN-related	responses	were	observed	across	increasing	

levels	of	pain	intensity	(Loggia	et	al.,	2012).	Specifically,	the	mPFC	exhibited	a	

parabola-like	response,	displaying	activations	at	lower	and	higher	pain	intensities	

and	deactivations	at	mid-level	intensities.	Conversely,	IPL	displayed	decreasing	

linear	responses	to	increasing	pain	intensity	and	the	PCC	exhibited	constant	

deactivation	across	all	pain	intensity	responses.	These	findings	highlight	not	only	

the	complexity	of	DMN	activity	during	pain,	but	also	a	possibility	that	DMN	activity	

may	have	been	previously	obscured	via	study	methods	and	analysis	of	mean	activity	

across	the	pain	time-course.		

DMN	activity	during	pain	can	also	fluctuate	based	on	intrinsic	shifts	in	attention.	A	

study	by	Kucyi	and	colleagues	has	revealed	that	DMN	activity	fluctuates	according	
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to	whether	attention	is	intrinsically	directed	towards	pain	or	away	from	pain	(Kucyi	

et	al.,	2013).	During	trials	when	subjects	were	naturally	thinking	about	“pain”	

during	pain,	deactivations	were	observed	in	DMN	regions.	However,	during	trials	

when	subjects	were	naturally	thinking	about	“something	else”	during	pain,	

activations	were	observed	in	DMN	regions	of	the	PCC	and	mPFC.	These	DMN	

activations	were	coupled	with	deactivations	in	pain-associated	brain	regions,	

suggesting	pain	attenuation.	Interestingly,	FC	of	the	PAG	was	found	to	increase	to	

the	PCC	and	mPFC	during	“something	else”	trials,	suggesting	DMN	engagement	of	

descending	pain	modulatory	system	during	internal	attentional	states.	

Unfortunately,	the	study	design	did	not	allow	for	pain	ratings	to	be	obtained,	so	it	is	

unclear	whether	the	perception	of	pain	was	indeed	influenced.	However,	as	

evidenced	in	the	above	referenced	studies,	increased	DMN	activity	has	been	

repeatedly	correlated	with	decreased	pain	intensity	ratings.	Additionally,	it	has	

recently	been	shown	that	baseline	DMN	activity	can	influence	perception,	such	that	

increased	DMN	activity	at	baseline	predicts	non-perception	of	subsequent	

somatosensory	stimuli	(Boly	et	al.,	2007).		

1.6.5.2.	DMN	in	chronic	pain	

The	most	striking	evidence	for	DMN	involvement	in	pain	comes	from	findings	of	

DMN	alterations	in	chronic	pain	populations.	Across	a	wide-range	of	conditions,	

chronic	pain	patients	display	differences	in	DMN	structure,	function,	and	functional	

connectivity	when	compared	to	healthy	controls.	Importantly,	DMN	alterations	in	

chronic	pain	patients	are	correlated	with	measures	of	chronic	pain	severity.	



	 40	

Moreover,	successful	treatment	of	chronic	pain	has	been	shown	to	reverse	DMN	

alterations	to	levels	that	match	healthy	controls.		

Structural	alterations	in	DMN	regions	have	been	found	across	numerous	chronic	

pain	conditions.	Studies	have	shown	grey	matter	(GM)	reductions	of	the	mPFC	and	

PCC	in	CBP,	fibromyalgia,	chronic	regional	pain	syndrome	(CRPS)	

tempromandibular	disorder	(TMD),	and	burning	mouth	syndrome	(Kuchinad	et	al.,	

2007;	Buckalew	et	al.,	2008;	Geha	et	al.,	2008;	Younger	et	al.,	2010;	Moayedi	et	al.,	

2012;	Khan	et	al.,	2014).	These	regions	are	“hubs”	of	the	DMN,	as	well	as	the	brain	in	

general,	and	share	structural	and	functional	connections	with	a	vast	number	of	

regions	across	the	brain	(van	den	Heuvel	and	Sporns,	2013;	Raichle,	2015).	As	such,	

the	mPFC	and	PCC	hold	the	potential	to	influence	a	wide	range	of	neural	processes.		

Similarly,	a	general	population	study	of	individuals	with	ongoing	low	back	pain,	

headache,	and	joint	pain	found	decreases	in	mPFC	and	PCC	GM	that	were	associated	

with	ongoing	pain	(Ruscheweyh	et	al.,	2011).	Confirming	individual	study	results,	a	

meta-analysis	of	structural	alterations	across	14	chronic	pain	conditions	(n	=	1446,	

patients	n	=	739,	controls	n	=	707)	found	that	chronic	pain-related	grey	matter	

differences	most	commonly	occur	in	DMN	regions,	as	decreases	in	PCC	and	mPFC	

GM	were	found	across	all	14	conditions	(Cauda	et	al.,	2014).	Although	the	

underlying	mechanisms	of	these	structural	differences	are	currently	unknown,	it	is	

clear	that	the	DMN	is	a	vital	target	of	structural	disruption	in	chronic	pain.		

Along	with	structural	alterations,	alterations	in	DMN	function	and	functional	

connectivity	(FC)	are	also	common	in	chronic	pain.	CBP	patients	exhibit	reduced	
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task-induced	DMN	deactivation	when	compared	with	healthy	controls,	suggesting	a	

possible	dis-inhibition	of	DMN	processes	in	CBP	(Baliki	et	al.,	2008).	In	support	of	

this,	increased	rs-FC	between	the	mPFC	and	nucleus	accumbens,	as	well	as	between	

the	PCC	and	insula,	is	related	to	chronic	pain	severity	(Baliki	et	al.,	2012).	

Importantly,	these	increases	in	DMN	FC	were	also	shown	to	predict	the	transition	

from	sub-acute	back	pain	to	CBP.	Similarly,	Loggia	and	colleagues	have	found	that	

CBP	patients	exhibit	increased rs-FC of the DMN to the mPFC and insula that predicts 

baseline, as well as experimentally induced increases in chronic pain severity (Loggia et 

al., 2013).	As	the	insula	is	involved	in	pain	processing	and	integrating	cognitive	and	

nociceptive	information,	an	increase	in	DMN-insular	connectivity	may	reflect	an	

increased	integration	of	attentional,	cognitive,	and	nociceptive	processes	in	CBP.		

In	addition	to	CBP,	alterations	in	DMN	connectivity	are	also	found	in	osteoarthritis,	

CRPS,	fibromyalgia,	chronic	pelvic	pain,	diabetic	neuropathy,	and	burning	mouth	

syndrome.	In	a	comprehensive	study	examining	neural	alterations	in	CBP,	

osteoarthritis,	and	CRPS,	Baliki	et	al.	found	decreased	rs-FC	within	the	DMN,	as	well	

as	increased	rs-FC	between	the	mPFC	and	insula	across	all	3	conditions	(Baliki	et	al.,	

2014).	Increases	in	mPFC-insular	FC	were	positively	related	to	pain	intensity	in	all	3	

conditions,	further	suggesting	a	common	pain-related	pathway	between	the	mPFC	

and	insula	in	chronic	pain.	Similarly,	Napadow	and	colleagues	have	found	DMN-

insular	alterations	in	fibromyalgia,	such	that	patients display increased DMN-insular 

FC at baseline that tracks not only spontaneous increases in pain intensity, but also 

therapy induced pain reductions (Napadow et al., 2010; Napadow et al., 2012).  
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Furthermore,	individuals	with	chronic	pelvic	pain	display	decreased	rs-FC	within	

the	DMN	and	increased	rs-FC	between	the	PCC	and	regions	involved	in	pain,	

including	the	insula,	thalamus,	putamen,	and	amygdala	(Martucci	et	al.,	2015).	

Consistent	with	other	conditions,	these	DMN	alterations	are	related	to	chronic	pain	

severity.	Likewise,	individuals	with	painful	diabetic	neuropathy	exhibit	decreased	

rs-FC	within	the	DMN	and	increased	rs-FC	between	posterior	DMN	regions	and	

regions	involved	in	pain,	including	the	insula	and	thalamus	(Cauda	et	al.,	2009b).	

Finally,	burning	mouth	syndrome	patients	have	increased	rs-FC	between	the	mPFC,	

ACC,	hippocampus,	and	amygdala	when	compared	with	healthy	controls	(Khan	et	al.,	

2014).		

Alterations	in	DMN	structure,	function,	and	FC	are	consistently	observed	in	the	

mPFC	and	PCC	across	chronic	pain	conditions.	These	alterations	are	not	only	

present	in	chronic	pain	states,	but	have	also	been	shown	to	predict	the	transition	

from	sub-acute	pain	to	chronic	pain,	as	well	as	baseline	and	task-induced	increases	

in	chronic	pain	severity.	Although	the	underlying	mechanisms	are	unclear,	chronic-

pain	related	DMN	alterations	provide	striking	evidence	in	support	for	DMN	

involvement	in	pain.	As	the	mPFC	and	PCC	are	structural	and	functional	“hubs”	of	

the	brain,	aberrations	in	these	regions	may	influence	pain	via	several	avenues.		

1.6.5.3.	DMN	Structural	Connections	to	Pain	Processing	and	Modulatory	Regions	

The	mPFC	and	PCC	share	extensive	structural	connections	with	a	wide	range	of	

brain	regions.	Accordingly,	they	employ	the	capacity	to	directly	and	indirectly	

influence	the	subjective	experience	of	pain	via	processes	involved	in	nociception,	
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attention,	memory,	and	emotion.	Importantly,	both	the	mPFC	and	PCC	send	

projections	to	the	descending	pain	modulatory	system,	providing	a	conduit	for	both	

pain	inhibition	and	facilitation	(Willis	and	Westlund,	1997;	An	et	al.,	1998;	Fields,	

2004).		

The	mPFC	shares	reciprocal	connections	with	the	MCC,	PCC,	amygdala,	

hippocampus,	insula,	STG,	thalamus,	and	hypothalamus	(Pandya	et	al.,	1981;	Vogt	

and	Pandya,	1987;	Vogt	et	al.,	1987;	Carmichael	and	Price,	1995).	These	regions	are	

involved	in	pain	processing,	inter-individual	differences	in	pain	sensitivity,	attention,	

emotion,	and	memory.	The	mPFC	also	receives	direct	projections	from	SI,	dlPFC,	

claustrum,	and	spinal	cord	nociceptive	afferents	(Vogt	and	Pandya,	1987;	Cliffer	et	

al.,	1991;	Hoover	and	Vertes,	2007)	and	sends	projections	to	the	nucleus	accumbens,	

caudate,	putamen,	and	PAG	(Pandya	et	al.,	1981;	Room	et	al.,	1985;	Freedman	et	al.,	

2000;	Haber	et	al.,	2006;	Vertes,	2006).	These	regions	are	similarly	involved	in	

nociceptive	processing,	pain	processing,	attention,	and	top-down	modulation	of	pain.		

The	PCC	displays	many	of	the	same	structural	connections	as	the	mPFC.	It	

reciprocally	connects	with	the	thalamus,	insula,	hippocampus,	parahippocampus,	

IPL,	SPL,	PCu,	mPFC,	dlPFC,	MCC,	pgACC,	and	sgACC	(Mesulam	and	Mufson,	1982;	

Parvizi	et	al.,	2006;	Leech	and	Sharp,	2014).	These	regions	are	involved	in	pain	

processing,	inter-individual	differences	in	pain	sensitivity,	emotion,	attention,	

memory,	autonomic	processes,	and	cognitive	modulation	of	pain.	The	PCC	also	

receives	direct	projections	from	IPS	and	amygdala,	and	sends	direct	projections	to	

the	putamen,	caudate,	nucleus	accumbens,	and	PAG	(Parvizi	et	al.,	2006;	Leech	and	
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Sharp,	2014).	These	regions	are	similarly	involved	in	attention,	emotion,	pain,	and	

descending	pain	modulation.	Accordingly,	there	is	potential	for	the	mPFC	and	PCC	to	

influence	pain	via	1)	reciprocal	communication	with	regions/processes	that	are	

either	directly	or	indirectly	involved	in	pain	and	2)	uni-directional	output	to	regions	

that	are	known	to	modulate	the	experience	of	pain.	Importantly,	the	diversity	of	

mPFC	and	PCC	connections	provides	substantial	opportunities	for	DMN	

involvement	in	both	the	construction	and	modulation	of	pain.		

Despite	the	evidence	of	DMN	structural	connectivity	to	pain-associated	brain	

regions,	DMN	FC	during	pain	and	its	relationship	to	inter-individual	differences	in	

pain	sensitivity	is	currently	unexplored.	Moreover,	although	structural	alterations	in	

DMN	regions	are	found	across	chronic	pain	conditions,	it	is	currently	unknown	

whether	structural	differences	in	DMN	regions	are	related	to	pain	in	healthy	

individuals.	Accordingly,	the	present	thesis	employed	2	novel	analysis	techniques,	

voxel-based	morphometry	(VBM)	and	psychophysiological	interaction	(PPI)	

analysis,	to	investigate	the	role	of	DMN	structure	and	FC	in	pain	and	inter-individual	

differences	in	pain	sensitivity.		

1.7.	Neuroimaging	Methods	Employed	to	Investigate	the	DMN’s	Role	in	Pain	

1.7.1.	MRI	Basics	

Structural	and	functional	magnetic	resonance	imaging	(MRI)	have	revolutionized	

the	field	of	medicine,	both	in	clinical	practice	and	in	research.	The	underlying	

principles	of	MRI	are	based	on	the	properties	that	protons	exhibit	when	exposed	to	

a	strong	magnetic	field.	The	most	commonly	examined	proton	in	MRI	is	the	
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hydrogen	atom,	as	it	is	a	component	of	H2O	molecules	and	is	highly	concentrated	

within	tissues.	When	exposed	to	a	strong	magnetic	field	of	an	MR	scanner,	protons	

orient	to	align	with	the	magnetic	field,	producing	a	magnetic	dipole	moment.	

Delivery	of	a	radiofrequency	(RF)	pulse	reorients	or	“flips”	the	protons	for	a	brief	

period.	The	protons	subsequently	reorient	to	the	magnetic	field	in	a	process	termed	

“relaxation”,	in	which	the	MR	data	are	collected.	RF	pulses	are	delivered	repeatedly	

and	frequently	in	order	to	increase	the	strength	of	the	MRI	signal.		

Importantly,	the	process	and	resultant	data	differ	according	to	the	parameters	of	the	

MR	sequence,	such	as	TE	(the	time	between	the	RF	pulse	and	assessment)	and	TR	

(the	time	between	RF	pulses).	Because	specific	tissues	(grey	matter,	white	matter,	

CSF)	exhibit	different	TE	and	TR-based	relaxation	rates,	a	high-resolution	structural	

MR	image	that	differentiates	each	tissue	type	can	be	generated.	In	addition	to	

structural	imaging,	the	continued	development	of	MRI	protocols	has	allowed	for	the	

evaluation	of	functional	brain	activity,	as	well	as	structural	and	functional	brain	

connectivity.	The	present	thesis	used	both	structural	MRI	and	functional	MRI,	along	

with	novel	analysis	techniques,	to	evaluate	the	role	of	DMN	structure	and	functional	

connectivity	in	pain	and	pain	sensitivity.		

1.7.2	Structural	MRI	and	Voxel-Based	Morphometry	

Structural	MRI	(sMRI)	has	been	employed	clinically	since	the	1980’s	and	is	a	well-

validated	method	to	evaluate	anatomical	and	pathological	features	of	the	brain.	

sMRI	produces	high-resolution	brain	images	with	clearly	defined	grey	matter	(GM),	

white	matter	(WM)	and	CSF.	Recent	advances	in	neuroimaging	analysis	techniques	
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have	allowed	for	comparisons	of	GM	between	groups	and	across	subjects,	expanding	

the	use	of	sMRI	to	many	different	fields	of	research.	The	2	most	utilized	methods	for	

GM	comparison	are	cortical	thickness	analysis	and	VBM.	Cortical	thickness	analysis	

is	a	surface-based	analysis	that	measures	the	one-dimensional	scalar	thickness	of	

the	cortex	at	each	voxel	across	the	brain	(Hutton	et	al.,	2009).	Conversely,	VBM	

measures	the	quantity	of	tissue	within	each	voxel	across	the	brain,	incorporating	

both	surface	area	and	thickness	(Hutton	et	al.,	2009).	As	the	present	thesis	aimed	to	

comprehensively	measure	GM	across	the	whole	brain	in	a	voxel-wise	fashion,	VBM	

was	utilized.		

VBM	is	an	analysis	tool	that	allows	for	a	non-biased	investigation	of	grey	matter	

differences	across	the	brain,	voxel	by	voxel	(Ashburner	and	Friston,	2000).	Because	

GM,	WM,	and	CSF	all	have	different	signal	intensities,	it	is	possible	to	segment	the	

GM	of	the	brain	and	evaluate	the	grey	matter	density	(GMD)	of	each	voxel.	Briefly,	

VBM	consists	of	segmentation	of	GM,	WM,	and	CSF,	registration	of	segmented	GM	to	

a	standard	brain	template,	creation	of	a	study	specific	GM	template,	and	voxel-wise	

statistical	analysis	of	GM	either	between	groups	or	across	subjects	(Ashburner	and	

Friston,	2000;	Good	et	al.,	2001).		

In	order	to	compare	GM	between	or	across	subjects,	the	GM	must	first	be	segmented	

apart	from	the	other	tissues	in	the	brain.	Therefore,	the	first	steps	in	the	VBM	

analysis	include	extracting	the	brain	from	the	surrounding	tissues	(skull	and	dura)	

and	segmenting	the	GM,	WM,	and	CSF.	This	is	technically	possible	because	different	

tissues	of	the	brain	exhibit	specific	signal	intensities,	along	with	relatively	specific	
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spatial	locations.	Next,	because	all	brains	vary	in	size	and	shape,	it	is	critical	to	

spatially	normalize	each	subjects	GM	to	a	standard	template,	such	as	the	Montreal	

Neurological	Institute-152	template.	This	ensures	correspondence	of	brain	regions	

across	subjects.	Following	spatial	normalization,	the	GM	images	are	concatenated	

and	averaged	to	create	a	study-specific	template.	This	will	be	used	to	compare	

differences	in	GM	between	groups	or	across	subjects.	After	the	study-specific	

template	is	created,	it	is	again	necessary	to	re-register	the	individual	GM	images	to	

the	template	so	that	all	images	are	in	the	same	space	as	the	template.		

During	registration	of	the	GM	to	the	various	templates,	it	is	necessary	to	“stretch”	

some	areas	and	“compress”	others,	in	order	to	obtain	proper	alignment.	This	can	

invalidate	results,	as	the	end	product	is	not	a	true	account	of	the	grey	matter	in	each	

voxel.	In	order	to	correct	for	this,	a	process	termed	“modulation”	is	performed,	in	

which	each	voxel,	of	each	individual	GM	image,	is	multiplied	by	the	Jacobian	of	the	

warp	field	(Good	et	al.,	2001).	The	Jacobian	determinants	are	the	relative	voxel	

volumes	obtained	from	the	initial	spatial	normalization	step	(Ashburner	and	Friston,	

2000).	In	this	manner,	modulation	preserves	the	volume	of	each	tissue	type	in	each	

voxel.		

After	modulation,	the	images	are	concatenated	into	a	4D	image	and	spatially	

smoothed	with	a	Gaussian	kernel,	making	each	voxel	a	weighted	average	of	its	

neighbors.	This	has	the	effect	of	“blurring”	the	signals	of	voxels,	giving	each	voxel	a	

local	average	concentration	of	GM,	as	defined	by	the	area	denoted	by	the	size	of	

kernel.	Spatial	smoothing	enhances	the	VBM	analysis	in	several	ways	(Ashburner	
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and	Friston,	2000).	First,	it	reduces	the	risk	of	Type	I	and	II	errors,	as	small	areas	of	

significance	that	are	isolated	will	be	averaged	out	of	significance	and	significant	

areas	that	are	surrounded	by	additional	voxels	of	significance	will	become	enlarged,	

increasing	significance.	Second,	spatial	smoothing	compensates	for	any	

imperfections	that	occur	during	spatial	normalization	by	reducing	between-subject	

variations	in	anatomical	alignment.			

After	smoothing,	the	data	undergo	statistical	analysis	to	identify	significant	

differences	in	GM	between	groups	or	across	subjects.	For	the	purpose	of	the	present	

thesis,	a	general	linear	model	was	constructed	and	implemented	using	Randomise	

and	threshold-free	cluster	enhancement	(Smith	and	Nichols,	2009;	Winkler	et	al.,	

2014).	Briefly,	Randomise	is	a	nonparametric	permutation-based	method	that	

employs	repeated	testing	of	random	voxels	by	shuffling	the	data	and	running	many	

(10,000)	permutations	in	which	the	null	hypothesis	is	tested	(ex.	no	difference	in	

grey	matter).	This	method	is	preferred	when	the	null	distribution	of	the	data	is	

unknown,	as	it	allows	for	data	modeling	and	inference	using	a	voxel-wise	approach	

(Nichols	and	Holmes,	2002;	Hayasaka	and	Nichols,	2003).	In	addition,	

nonparametric	permutation-based	models,	such	as	Randomise,	inherently	control	

for	the	problem	of	multiple	comparisons,	which	is	common	in	neuroimaging	

analyses	(Nichols	and	Holmes,	2002).	Threshold-Free	cluster	enhancement	is	a	

novel	method	for	identifying	clusters	of	significance	without	defining	a	

predetermined	cluster	threshold.	This	method	is	preferred,	as	it	increases	

sensitivity	and	provides	for	more	interpretable	data	when	compared	to	traditional	

cluster-based	threshold	methods	(Smith	and	Nichols,	2009).		
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The	interpretation	of	VBM	data	must	be	done	with	caution,	as	the	origins	and	

functional	impacts	of	GM	differences	are	not	yet	known.	For	example,	GM	substrates	

can	include	not	only	neurons,	but	also	blood	flow,	glia,	and	neutrophil.	Currently,	

there	is	no	method	of	determining	which	of	these	factors	contributes	to	the	GM	

differences	observed	with	VBM.	Therefore,	less	grey	matter	may	not	be	the	result	of	

neuronal	loss	and	may	not	be	indicative	of	a	loss	of	function.	Indeed,	GM	loss	may	

reflect	increased	function	via	synaptic	pruning,	which	is	known	to	be	beneficial	

during	development.	Despite	the	limitations	in	interpretation,	VBM	is	a	powerful	

tool	for	the	identification	of	novel	structural	brain	correlates	of	disease.	

1.7.3.	Functional	MRI	and	Psychophysiological	Interaction	Analysis	

Functional	MRI	(fMRI)	has	been	extensively	used	across	research	fields	since	the	

1990’s	(Ogawa	et	al.,	1990;	Belliveau	et	al.,	1992;	Kwong	et	al.,	1992;	Ogawa	et	al.,	

1992;	D'Esposito	et	al.,	1998;	Coghill	et	al.,	2003;	Ward	et	al.,	2003).	Using	the	

principles	of	MRI,	(i.e.	the	propensity	of	protons	to	align	along	a	magnetic	field,	RF	

pulse-related	“flipping”	of	protons,	and	relaxation-derived	differences	in	signal	

intensity),	neural	activity	can	be	indirectly	measured	via	changes	in	blood	flow,	or	

more	commonly,	differences	in	the	magnetic	properties	of	oxygenated	vs	

deoxygenated	hemoglobin.	Until	recently,	direct	quantitative	measurements	of	

cerebral	blood	flow	could	not	be	obtained	with	MRI,	however,	the	development	of	

the	novel	technique	Arterial	Spin	Labeling	(ASL),	has	recently	made	this	possible	

(Aguirre	et	al.,	2002;	Aguirre	et	al.,	2005).	For	the	purposes	of	the	present	thesis,	the	
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more	commonly	used	blood	oxygen	level	dependent	(BOLD)	fMRI	will	be	discussed,	

which	utilizes	differences	in	blood	oxygenation	to	indirectly	measure	neural	activity.		

Active	neurons	require	energy	(sugar	and	oxygen)	to	be	delivered.	As	such,	when	

tissue	is	active,	there	is	a	local	increase	in	cerebral	blood	flow,	which	produces	an	

increase	in	the	ratio	of	oxygenated	vs	deoxygenated	blood	(Buxton	et	al.,	2004).	

MRI-related	relaxation	rates	(see	Section	1.7.1.)	are	differentially	influenced	by	

oxyhemoglobin	and	deoxyhemoglobin.	Oxyhemoglobin	is	diamagnetic	(non-

magnetic)	and	has	little	effect	on	relaxation	rates.	However,	deoxyhemoglobin	is	

paramagnetic	(magnetic)	and	thus	influences	realignment	with	the	magnetic	field,	

producing	shorter	relaxation	rates	and	decreases	in	signal	intensities.	When	there	is	

less	deoxyhemoglobin	compared	to	oxyhemoglobin,	relaxation	rates	are	increased,	

producing	an	increase	in	signal	intensity.	Therefore,	as	neural	activity	increases,	so	

does	the	oxyhemoglobin/deoxyhemoglobin	ratio,	which	is	captured	by	BOLD	fMRI	

techniques	as	an	increase	in	signal	intensity.		

Importantly,	BOLD	fMRI	allows	for	the	construction	of	whole	brain	functional	

images	that	illustrate	the	changes	in	signal	intensity	that	occur	during	specific	tasks	

when	compared	to	baseline	states.	These	images,	and	the	voxels	therein,	can	be	

statistically	examined	for	significant	differences	in	regional	brain	activity	that	occur	

during	a	given	task.	As	such,	BOLD	fMRI	has	led	to	substantial	advancements	in	the	

identification	of	brain	regions	that	are	involved	in	different	processes	and	various	

disease	states.		
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Until recently, neuroimaging has been largely focused on identification of these 

individual brain regions. However, neural processing does not occur in isolation. Instead, 

experience is constructed and influenced by interactions between brain regions working 

in concert and forming a so-called network. The development of a novel analysis 

technique termed	psychophysiological	interaction	analysis	(PPI)	has	recently	

allowed	for	the	evaluation	of	interactions	between	brain	regions	during	fMRI	

(Friston	et	al.,	1997;	O'Reilly	et	al.,	2012).	PPI analysis employs a whole-brain search 

for voxels that change their activity according to a task and in synch with a chosen region 

of interest (ROI). Importantly, PPI removes the signal variance associated with the mean 

effect of the task, as well as the mean effect of the ROI. In this way, it controls for 

regions that may be correlated at baseline, regions that are continuously correlated 

regardless of task, and regions that are similarly activated by the task, but may not 

interact with the seed ROI. Therefore, PPI analysis only captures brain regions that 

increase their interactions in response to a specific task. Although PPI is not a direct 

measure of information flow between brain regions, task-related increases in correlated 

brain activity between regions have been proposed to reflect an exchange of information 

(O'Reilly et al., 2012). 	

Implementation of the PPI analysis starts with the preprocessing of fMRI data. Standard 

preprocessing of fMRI data includes slice-time correction, motion correction, spatial 

normalization, spatial smoothing, and temporal filtering. Slice-time correction accounts 

for any delays in image acquisition that inherently occur as the result of acquiring 

sequential slices over time. Delays in image acquisition over time may result in temporal 

shifts in the measured fMRI signal, yielding a false representation of the true 
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hemodynamic response (Sladky et al., 2011). Similarly, motion correction is employed to 

account for nuisance signals that are a result of subject head motion during scanning. 

Invariably there will be some head motion over the course of a scan, as it difficult to 

remain completely still for time periods of 20 minutes or more.  

In addition, spatial normalization is employed so that functional and anatomical images 

are aligned both within and between subjects. In order to ensure congruence between the 

coordinates of measured functional activity and the associated brain structure, each 

subject’s functional images must be aligned (spatially normalized) to their anatomical 

image. Similarly, the images must also be spatially normalized to a standard brain 

template, to ensure anatomical congruence across subjects.  

Moreover, spatial smoothing is performed to reduce the risk of Type I and II errors and 

correct for any imperfections that occur in spatial normalization (see Section 1.7.2.) 

Furthermore, temporal filtering is performed to correct for scanner-related noise, as well 

as signal noise from physiological (cardiac and respiratory) factors. This offers a method 

of “cleaning up” the signal, as noise often occurs at a different frequency than the true 

signal. For example, scanner drift, which happens slowly over the course of the scan and 

results in the mean signal drifting up or down over time, occurs at frequencies lower than 

0.01 HZ. Therefore, a high-pass filter is applied to remove signals below this frequency.  

Cardiac and respiratory factors may contribute substantial noise to signals (Behzadi et al., 

2007). Importantly, the present thesis employed the novel aCompCor approach to correct 

for these sources of noise, which are often present in signals associated with WM and 

CSF (Behzadi et al., 2007). The aCompCor method uses principle components analysis to 
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identify and remove the top 5 components of WM and CSF that explain the most 

variance in the data. As the true signal resides in GM, this has the effect of removing the 

nuisance signals associated with physiological noise, which are unlikely to be of neural 

origin. In addition, the aCompCor method has been shown effective at removing motion-

related artifacts, which presents an added benefit (Behzadi et al., 2007; Muschelli et al., 

2014).  

After fMRI preprocessing, the PPI analysis is completed using a GLM that includes a 

psychological/task regressor (i.e. pain time-course), physiological regressor (ROI time-

course), and an interaction term (task regressor x ROI regressor). At its heart, PPI is a 

regression analysis that uses activity in a seed region to predict activity in additional 

voxels across the brain. Voxels that display synched activity with the ROI during the task, 

but not during the control condition, are output as being functionally connected. 

Increasing functional connectivity during a task suggests that activity in one area may be 

driving activity in another area.  

PPI is a novel tool for identifying task-driven functional interactions between brain 

regions. However, there are some limitations to PPI that should be discussed. First, the 

directionality of the relationship between regions cannot be determined, so it is not 

possible to ascertain whether a specific brain region is exerting influence over another. In 

addition, the influence of a third unknown region that may be driving activity in both 

regions cannot be discounted. Finally, because PPI analysis removes the main effects of 

psychological (pain time-course) and physiological regressors (ROI time-course), 

residual variance necessary to identify functional connections can be quite low. This 

endows PPI with an inherent lack of power, and therefore, a substantial risk for false 
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negatives. Nonetheless, PPI is a well-validated technique that has been successfully used 

to identify functional connections between brain regions that contribute to a variety of 

processes (Iidaka et al., 2001; Egner and Hirsch, 2005; Wolbers et al., 2006; Assmus et 

al., 2007; Fan et al., 2008; Longe et al., 2009).  
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1.8. Aims and Hypotheses 

The	broad	objective	of	this	thesis	was	to	determine	the	contributions	of	the	DMN	to	

pain	and	whether	neural	mechanisms	of	the	DMN	influence	pain	sensitivity.		

The	first	aim	of	this	thesis	was	to	determine	whether	morphological	differences	in	

DMN	regions	are	related	to	inter-individual	differences	in	pain	sensitivity.	Chapter	2	

investigates	this	aim	using	a	whole-brain	voxel-based	morphometric	analysis	to	

examine	grey	matter	differences	across	the	brain	relating	to	pain	sensitivity.	The	

general	hypothesis	of	this	aim	was	that	differences	in	DMN	morphology	are	related	

to	inter-individual	differences	in	pain	sensitivity.		

The	second	aim	was	to	determine	whether	DMN	functional	connectivity	during	pain	

is	related	to	intra	and	inter-individual	differences	in	pain	sensitivity.	Chapter	3	

investigates	this	aim	using	psychophysiological	interaction	analyses	to	determine	1)	

the	functional	connectivity	of	DMN	regions	during	pain	and	2)	whether	DMN	

interactions	during	pain	are	related	to	intra	and	inter-individual	differences	in	pain	

sensitivity.	The	general	hypotheses	of	this	aim	were	that	1)	DMN	functional	

connectivity	will	change	in	relation	to	pain	and	2)	differences	in	DMN	functional	

connectivity	during	pain	are	related	to	intra	and	inter-individual	differences	in	pain	

sensitivity.		
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Chapter	2	

Pain Sensitivity is Inversely Related to Regional                                        

Grey Matter Density in the Brain 
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2.1. Introduction 

 Pain is a multidimensional sensory experience involving interactions between 

sensory, cognitive, affective, and genetic factors (Rainville, 2002; Lacroix-Fralish and 

Mogil, 2009; Coghill, 2010; Muralidharan and Smith, 2011). The multi-factorial nature 

of pain produces wide-ranging variability in pain sensitivity and responsiveness to 

treatment (Coghill	and	Eisenach,	2003;	Lacroix-Fralish	and	Mogil,	2009). Functional 

neuroimaging has revealed pain-intensity related brain activations in the thalamus, 

anterior cingulate cortex (ACC), insula, primary (SI), and secondary somatosensory (SII) 

cortices (Derbyshire	et	al.,	1997;	Porro	et	al.,	1998;	Coghill	et	al.,	1999;	Coghill	et	al.,	

2003). Several of these regions exhibit activity that is positively associated with 

subjective pain ratings across individuals (Coghill	et	al.,	2003). Other regions within the 

posterior parietal cortex such as the intraparietal sulcus (IPS) and inferior parietal lobule 

(IPL) may also contribute to individual differences in pain sensitivity by directing 

attention to painful stimuli (Oshiro	et	al.,	2007;	Lobanov	et	al.,	2013b). In addition, 

experimental pain causes deactivations in the medial prefrontal cortex (mPFC), posterior 

cingulate cortex (PCC), and precuneus (PCu) (Coghill	et	al.,	1999;	Seminowicz	and	

Davis,	2007;	Kong	et	al.,	2010), whereas individuals with chronic pain show reduced 

deactivation in these locations (Baliki	et	al.,	2008).  These areas constitute part of the 

default mode network (DMN) (Raichle et al., 2001), an area of increasing importance in 

pain research.  

Structural studies suggest that pain can cause short and long-term morphologic 

changes in the brain. Employing voxel-based morphometry (VBM), Teutsch and 
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colleagues (2008) determined that eight consecutive days of experimentally-induced 

noxious stimulation significantly increased grey matter volume in regions involved in 

processing of nociceptive information, such as the mid-cingulate and somatosensory 

cortex (Teutsch	et	al.,	2008). One year later these differences were no longer detectable, 

suggesting that pain-related structural changes can be reversed under the absence of 

noxious stimulation. Additionally, chronic pain causes grey matter changes in pain 

associated brain areas. The locations and direction of changes varies widely across 

differing chronic pain conditions (Apkarian	et	al.,	2004;	Rodriguez-Raecke	et	al.,	2009;	

Gwilym	et	al.,	2010;	Schmidt-Wilcke	et	al.,	2010;	Younger	et	al.,	2010;	Farmer	et	al.,	

2011;	Moayedi	et	al.,	2012).   

Differences in grey matter may be reflective of neural processes contributing to 

the construction and modulation of pain in healthy individuals. A recent study by 

Erpelding and colleagues found a correlation between cold pain thresholds and cortical 

thickness in SI, and heat pain thresholds and cortical thickness in SI, posterior mid-

cingulate cortex, and orbitofrontal cortex (Erpelding	et	al.,	2012). These findings 

highlight an important relationship between pain thresholds and cortical thickness. 

However, the relationship between suprathreshold differences in pain sensitivity and 

regional grey matter remains unknown. Elucidation of this relationship may provide 

novel insights into brain mechanisms contributing to individual differences in pain 

sensitivity. In order to address this question, we executed a VBM analysis to determine 

whether grey matter density (GMD) is associated with individual differences in pain 

sensitivity, as defined by pain intensity ratings to suprathreshold stimuli. Importantly, 

because pain related differences in brain morphology vary in direction and across regions, 
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we examined both positive and negative relationships between grey matter density and 

individual differences in pain sensitivity across the entire brain, in a fashion 

unconstrained by a priori hypotheses.  

2.2. Materials and Methods 

Subjects 

Structural data were collected from 10 previous functional magnetic resonance 

imaging pain studies (Coghill	et	al.,	2003;	Hadsel	et	al.,	2006;	Martucci	et	al.,	2006;	

Starr	et	al.,	2011;	Zeidan	et	al.,	2011;	Zeidan,	2012;	Lobanov	et	al.,	2013b;	Lobanov	

et	al.,	2013a;	Quevedo	A.,	in	Preparation;	Nahman-Averbuch	et	al.,	in	Press). All of 

these studies involved noxious heat stimuli with maximum temperatures of 49°C. If a 

subject participated in more than one study, data from only their earliest study was used. 

Psychophysical data and structural brain images from 116 healthy volunteers (62 females, 

54 males) ranging in age from 20-75 with a mean age of 30 ± 11 were used (Table 2-1).  

The distribution of ethnicities includes 7 African Americans, 8 Asians, 94 Caucasians, 3 

Hispanics, 1 Indian, and 3 multi-ethnic. Exclusion criteria included 1) existing chronic 

pain conditions, 2) current opioid use, 3) psychiatric disorders, 4) current psychiatric drug 

use, and 5) pregnancy. In all studies, subjects gave written informed consent stating 1) 

they understood that they would experience painful heat stimulation, 2) that the 

experimental procedures were clearly explained, and 3) that they could withdraw at any 

time without prejudice. Wake Forest University School of Medicine Institutional Review 

Board approved all study procedures.   
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Psychophysical Data Collection 

Psychophysical assessment and MRI scanning sessions occurred during 2 independent 

experimental sessions (Table 2-1). Heat stimuli (35, 43, 44, 45, 46, 47, 48, 49°C) were 

applied to the ventral forearm (n=57) or posterior aspect of the lower leg (n=59) using a 

16 x 16 mm TSA II thermal stimulator (Medoc, Ramat Yishai, Israel), with 35°C serving 

as baseline. Due to the retrospective nature of the study, data on the side of stimulation is 

unavailable. Stimulus temperatures were delivered with rise and fall rates of 6°C/s with a 

plateau duration of 5 seconds and a minimum interval of 30 seconds between stimuli. 

Stimulus temperatures were applied in 4 blocks, with each block consisting of all 8-

stimulus temperatures (32 total). The thermal probe was moved to a different location 

following termination of each stimulus to prevent effects of sensitization or habituation. 

Subjects rated pain intensity and pain unpleasantness on a scale of 0-10  (where 0 is “no 

pain” or “not at all unpleasant” and 10 is “most intense pain imaginable” or “most 

unpleasant imaginable”) using a 15-cm plastic visual analogue scale (Paresian Novelty) 

(Price	et	al.,	1983;	Price	et	al.,	1994). Subjects were instructed to only provide a rating 

for painful stimuli; therefore, if the stimulus was not perceived as painful, subjects 

provided a zero for both pain intensity and unpleasantness. The average of pain intensity 

responses to the four 49°C stimuli was used as an index of each subject’s pain sensitivity. 
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MRI Acquisition  

Structural images were obtained on a GE Healthcare 1.5 Tesla MRI Scanner using 

similar high-resolution T1 weighted anatomical sequences shown in Table 2-2. 

Importantly, MRI scans were acquired in a different session than collection of 

psychophysical data (Table 2-1). All structural scans except those from Zeidan and 

colleagues 2011 (n=10) were obtained prior to the fMRI-testing paradigm. These 10 

scans were obtained after 1 fMRI series that included noxious heat stimulation and 1 

fMRI series that involved neutral stimulation.  

 

 

!
Table 1. Subject demographics and statistics across all studies 

 Original Study Data 
Collection 

Year 

Subjects 
Used  

Gender Ethnicity Age (yrs)         
Mean ± SD 

Training/Testing 
Interval (days)           

Mean ± SD 

1 Coghill et al., 2003 2000 17 F/7 
M/10 

C/17 26 ± 5 2 ± 1 

2 Hadsel et al., 2006 2005 8 F/3 M/6 C/4 AA/1                       
A/1 H/2 

25 ± 2 8 ± 5 

3 Martucci et al., 2006 2006 17 F/11 
M/6 

C/14 AA/2 A/1  27 ± 3 8 ± 12 

4 Starr et al., 2011 2007 13 F/6 M/7 C/13 59 ± 10 - 

5 Lobanov et al., 2013 2009 16 F/8 M/ 8 C/13 AA/1                     
A/1 H/1  

26 ± 4 4 ± 2 

6 Zeidan et al., 2011 2010 10 F/6 M/4 C/8 A/1 M/1 27 ± 3 3 ± 2 

7 Quevedo and Coghill, in Preparation 2010 3 F/2 M/1 C/3 27 ± 3  22 ± 1 

8 Nahman-Averbuch et al., 2012                            2011 9 F/6 M/3 C/6 AA/2 A/1 25 ± 3 10 ± 5 

9 Zeidan et al., 2012 2011 10 F/5 M/5 C/9 A/1 27 ± 4 2 ± 2 

10 Lobanov et al., 2013 2011 13 F/8 M/5 C/7 AA/1 A/2                
M/2 I/1 

26 ± 2 4 ± 3  

 Total n/a 116 F/62 
M/54 

C/94 AA/7 A/8               
H/3 M/3 I/1 

30 ± 11  5.44 ± 6.81 

- = data not available; SD = standard deviation; F = female; M = male; C = Caucasian; AA = African American; A = Asian; H = 

Hispanic; M = multi-ethnic; I = Indian 

 

!
!
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Table	2-1.	Subject	demographics	and	statistics	across	all	studies.	



	 83	

 

 

 

Image processing and statistical analysis 

VBM methods 

Structural data were analyzed with FSL-VBM v1.1 

http://www.fmrib.ox.ac.uk/fsl/fslvbm/index.html; Oxford University, Oxford, UK), a 

voxel-based morphometry analysis tool (Ashburner	and	Friston,	2000;	Good	et	al.,	

2001;	Smith	et	al.,	2004).  First, structural brain images were extracted from 

surrounding tissue, using BET (Smith,	2002).  Next, tissue type segmentation of grey 

matter (GM), white matter (WM), and cerebrospinal fluid (CSF) was completed with 

FAST4 (Zhang	et	al.,	2001). The segmented grey matter images were aligned to 

Montreal Neurological Institute (MNI) 152 standard space using a 12 parameter affine 

transformation accomplished with FLIRT (Jenkinson	and	Smith,	2001;	Jenkinson	et	al.,	

2002). The post registration images were averaged to create a study specific template for 

Table 2. Structural scan sequences across all studies 
Original Study Sequence TI 

(ms) 
TR 

(ms) 
Flip 

Angle 
(°) 

TE 
(ms) 

Matrix 
Size 

Slice 
Thicknes* 

(mm) 

Sections In-plane 
resolution 

(mm) 

FOV 
(cm) 

Coghill et al., 2003 3D spoiled 
gradient-echo 

600 9.10 20 1.98 256 x 192 1.5 124 0.9375 x 0.9375  24 

Hadsel et al., 2006 3D spoiled 
gradient-echo 

600 8.59 20 1.88 256 x 196 1.5 124 0.9375 x 0.9375 24 

Martucci et al., 2006 3D spoiled 
gradient-echo 

600 8.59 20 1.88 256 x 196 1.5 124 0.9375 x 0.9375 24 

Starr et al., 2011 3D spoiled 
gradient-echo 

600 9.10 20 1.98 256 x 196 1.5 124 0.9375 x 0.9375  24 

Lobanov et al., 2013 BRAVO  600 11.41 12 4.77 240 x 240 1.5 160 0.9375 x 0.9375  24 

Zeidan et al., 2011 3D spoiled 
gradient-echo 

600 11.42 12 4.76 240 x 240 1.0 164 0.9375 x 0.9375 24 

Quevedo and Coghill, in 
Preparation 

3D spoiled 
gradient-echo 

600 9.10 20 1.98 256 x 196 1.5 124 0.9375 x 0.9375  24 

Nahman-Averbuch et al., 2012           BRAVO 600 11.46 12 4.73 240 x 240 1.5 124 0.9375 x 0.9375  24 

Zeidan et al., 2012 BRAVO  600 11.49 12 4.74 256 x 256 1.0 156 0.9375 x 0.9375  24 

Lobanov et al., 2013 BRAVO  600 11.49 12 4.74 240 x 240 1.0 156 0.9375 x 0.9375 24 

TI = inversion time; TR = repetition time; TE = echo time; FOV = field of view; * = no gap between sections 

 

!

Table	2-2.		Structural	scan	sequences	across	all	studies.	



	 84	

subsequent non-linear registration of GM images using FNIRT (Andersson,	2007a,	b). 

The GM images were concatenated into a 4D image and corrected for local expansion 

and contraction by dividing by the Jacobian of the warp field. The modulated images 

were smoothed with an isotropic Gaussian kernel with a sigma of 4mm (full width at 

half-maximum = 9mm).  

A regression analysis was performed using a general linear model (GLM) to 

examine the relationship between grey matter differences across the whole brain and pain 

sensitivity (VAS intensity ratings of 49°C). Age, sex, unpleasantness ratings, scanner 

sequence, and sensory testing location were added as covariates. Permutation-based non-

parametric testing (10,000 permutations) was used to evaluate this relationship in a 

voxel-wise fashion. Threshold free cluster enhancement (TFCE) was utilized to define 

significant clusters (Smith	and	Nichols,	2009). A family wise error (FWE) corrected p-

value of p < 0.05 was applied to correct for multiple comparisons and identify clusters 

exhibiting a significant relationship between GMD and pain sensitivity.  

Psychophysical statistics 

GMD can differ substantially as a function of sex, age, and ethnicity (Goldstein	

et	al.,	2001;	Good	et	al.,	2001;	Chee	et	al.,	2011). Accordingly, the relationships 

between pain sensitivity and sex, age, and ethnicity were examined. Psychophysical data 

and age relationships were assessed via regression analysis. Pain sensitivity between 

sexes was assessed using a Student’s t-test. One-way ANOVA’s were used to test for 

differences in pain sensitivity that were related to ethnicity and the study from which the 

data were derived. In addition, Student’s t-tests were performed to ensure that pain 
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sensitivity was not differentially distributed between the two broad types of scanning 

sequences (BRAVO vs. SPGR) or the two sensory testing locations (arm vs. leg).  

Secondary analyses to assess potential carryover effects of sensory testing on GMD 

 A VBM-based Student’s t-test was completed to determine grey matter 

differences between individuals based on sensory testing location (arm vs leg). To 

examine possible grey matter differences related to carry over effects from the sensory 

testing session, a VBM-based regression analysis of grey matter density and the number 

of days between sensory testing and structural acquisition was preformed. 

2.3. Results 

Psychophysical Responses 

Across all subjects, mean intensity and unpleasantness ratings at 49°C were 3.13 

± 2.10 and 2.79 ± 2.12 (mean rating ± SD) respectively and were significantly related to 

each other (R2 = 0.66, F(1, 115) = 219.04, p < 0.001).  Accordingly, pain intensity ratings 

were used for all subsequent analyses. No relationship was found between intensity 

ratings and age, (R2 = 0.00, F(1, 114) = 0.00, p = 0.98), ethnicity (F(5,110) = 1.66, p = 

0.15), or sex (t(1,114) = 0.830, p = 0.40).  In addition, there were no significant 

differences between intensity ratings and scanning sequence (t(1,114) = 0.362, p = 0.72), 

sensory testing location (t(1,114) = 1.362, p = 0.18), or the study from which the subjects 

were derived (F(9,106) = 1.25, p = 0.27) (Figure 2-1).  
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Figure 2-1. Pain sensitivity differences by sensory testing location, scanning sequence, 

and study (mean ± SD). A, Subjects were tested for thermal heat pain sensitivity on the 

arm (n = 57) or leg (n = 59). Mean intensity ratings between locations did not differ 

significantly (p = 0.18). B, Structural images from 10 previous studies (n=116) were 
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acquired using BRAVO (n = 48) and SPGR (n = 68) scanning sequences. Mean pain 

sensitivity between subjects of BRAVO and SPGR sequences did not differ significantly 

(p = 0.72). C, Mean intensity ratings across studies are listed according to Table 2-1 and 

did not differ significantly (p = 0.27).  
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Relationship between pain sensitivity and GMD  

A multiple regression based VBM analysis using a whole brain search 

unconstrained by regions of interest determined that pain intensity ratings at 49°C were 

negatively related to grey matter density in bilateral PCu, (p = 0.006, corrected), bilateral 

PCC (p = 0.006, corrected), bilateral anterior IPS (p = 0.012, corrected), bilateral IPL (p 

= 0.021, corrected) and left SI (p = 0.012, corrected). Figure 2-2 shows significant 

clusters in PCu (voxels (L) = 335, (R) = 289), PCC (voxels (L) = 199, (R) = 184), IPS 

(voxels (L) = 408, (R) = 87), IPL (voxels (L) = 100, (R) = 51), and left SI (voxels = 417). 

Subjects with lower intensity ratings were found to have larger grey matter densities in 

these areas relative to subjects with higher intensity ratings (Figure 2-3). Conversely, no 

positive relationship was found between pain sensitivity and GMD.  
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Figure 2-2. Differences in regional grey matter density are inversely related to pain 

sensitivity in healthy subjects (n=116). VBM regression analysis revealed increased grey 

matter in subjects reporting low VAS pain ratings at 49°C. Subjects reporting high VAS 

pain ratings at 49°C exhibited less grey matter. A, B, Sagittal slices showing grey matter 

differences in right (Coordinates: 14, -44, 42) and left (Coordinates: -14, -48, 40) PCu 

(voxels (R) = 289, (L) = 335; p = 0.006) and right (Coordinates: 14, -42, 36) and left 

(Coordinates: -14, -44, 36) PCC (voxels (R) = 184, (L) = 199; p = 0.006). C, Horizontal 
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slice showing grey matter differences in IPS (voxels (R) = 87, Coordinates: 24, -52, 46; 

voxels (L) = 408, Coordinates: -34, - 42, 46; p = 0.012), PCu, and SI (voxels = 417, 

Coordinates: -32, -36, 46; p = 0.012). D, Horizontal slice showing grey matter differences 

in right IPL (voxels = 51, Coordinates: 46, -24, 34, p < 0.05), IPS, PCC, PCu, and SI. E, 

Coronal slice showing grey matter differences in left IPL (voxels = 100, Coordinates: -50, 

-42, 28, p = 0.021), IPS, PCu, PCC, and SI. Color bar values correspond to p values. IPL 

= inferior parietal lobule, IPS = intraparietal sulcus, PCC = posterior cingulate cortex, 

PCu = precuneus, SI = primary somatosensory cortex.  
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Figure 2-3.  Relationships between pain sensitivity and grey matter density in selected 

regions. Pain intensity ratings at 49°C are inversely related to grey matter density. 	
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GMD exhibited no carryover effects from the sensory testing session 

 Sensory testing was completed on the arm or leg and occurred an average of 5.44 

days prior to structural MRI acquisition. A between groups VBM analysis of grey matter 

density across the whole brain and sensory testing location (arm vs. leg) revealed no 

significant differences. A regression analysis of GMD across the whole brain and the 

number of days between sensory testing and structural scanning identified no significant 

relationship between GMD and time between testing and scanning.  

2.4. Discussion 

Using a whole brain VBM analysis, we identified an inverse relationship between 

pain sensitivity and GMD in the PCC, PCu, IPS, IPL, and SI. This relationship is striking 

since these differences in brain structure were identified an average of 5.44 days after 

psychophysical assessment. Accordingly, this relationship between brain structure and 

pain sensitivity may reflect relatively stable processes that contribute substantially to 

individual differences in pain sensitivity. Surprisingly, some of the regions exhibiting this 

relationship are deactivated during acute nociceptive stimulation and may be related to 

default mode processes. Others are related to top down direction of attention, as well as 

somatosensory processing.    

DMN and Pain 

The DMN consists of a collection of brain regions that are associated with self-

awareness and consciousness and include the mPFC, PCC, and the PCu (Raichle et al., 

2001). These regions are intrinsically active during times of rest (Raichle	et	al.,	2001), 

introspection (Gusnard	and	Raichle,	2001), daydreaming (Mason	et	al.,	2007), 
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information gathering (Gusnard	et	al.,	2001), and retrieval of episodic memories 

(Cabeza	et	al.,	2002) and are deactivated with cognitive load (Raichle	et	al.,	2001), task 

performance (McKiernan	et	al.,	2003), hypnosis (Rainville	et	al.,	1999), and meditation 

(Grant	et	al.,	2011;	Zeidan	et	al.,	2011;	Hasenkamp	et	al.,	2012). 

Our results indicate an inverse relationship between pain sensitivity and grey 

matter density in areas of the DMN, such that individuals who are highly sensitive to pain 

have less grey matter in PCC and PCu, and individuals who are least sensitive to pain 

have more grey matter in these areas.  Areas of the DMN including the PCC and PCu 

have been shown to deactivate during experimental pain (Coghill	et	al.,	1999;	

Seminowicz	and	Davis,	2007;	Kong	et	al.,	2010). It is unclear whether structural 

differences in the DMN reflect a cause or a consequence of individual differences in pain 

sensitivity. Inter-individual differences in neural activation may result in grey matter 

differences, as experience is known to cause grey matter changes (Draganski	and	May,	

2008;	Teutsch	et	al.,	2008;	Rodriguez-Raecke	et	al.,	2009). Individuals who have 

entrenched introspective thought patterns may have increased grey matter density in 

default mode areas. These introspective thought patterns may function as competitors to 

processes that contribute to the construction of an experience of pain, thereby resulting in 

relatively low pain sensitivity. For example, a recent brain imaging study by Kucyi and 

Colleagues found that mind wandering away from pain increased functional activations 

in the DMN and that structural and functional connectivity between the DMN and 

periaqueductal gray were associated with mind wandering away from pain (Kucyi et al., 

2013). Consistent with this notion, rumination about non-pain related issues may function 

as a competitor to the instantiation of pain. Healthy, pain-free individuals with mild sub-
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clinical anxiety have lower pain intensity ratings than non-anxious individuals (Starr et 

al., 2010). 

 Conversely, individuals who are easily disengaged from self-referential thought 

processes may have less DMN activation and decreased grey matter in default mode 

areas. In this case, default mode activity may not compete as efficiently with the 

processes generating an experience of pain. Thus, these individuals may have relatively 

high sensitivity to pain. Although speculative, this interpretation is consistent with 

findings derived from studies examining the relationship between cortical thickness and 

dimensions of attention including executive control, alerting, and orienting. Grey matter 

thickness of the PCC and PCu as well as the IPS was inversely related to the alerting 

response. This negative relationship was viewed as being related to reduced task 

motivation or a reduced ability to maintain tonic vigilance prior to presentation of 

warning cues (Westlye et al., 2011). Such reductions in alerting responses are consistent 

with a reduced ability to switch from default mode thought patterns in order to direct 

attention to processing external stimuli.  

Posterior Parietal Cortex and Pain 

 Similar to the PCC and PCu, grey matter density in the posterior parietal cortex 

was inversely related to pain sensitivity. These changes were evident in two regions of 

the posterior parietal cortex: the IPS and the IPL. The IPS and IPL are involved in 

attentional processes related to spatial and intensity features of visual, auditory, and 

somatosensory modalities, including pain (Hopfinger	et	al.,	2000;	Corbetta	et	al.,	2002;	

Macaluso	et	al.,	2002;	Yantis	et	al.,	2002;	Giesbrecht	et	al.,	2003;	Oshiro	et	al.,	2007;	
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Salmi	et	al.,	2009;	Lobanov	et	al.,	2013b). Individuals with increased grey matter in IPS 

and IPL may be more likely to maintain top-down directed attention and not be as 

sensitive to the bottom up attentional demands of noxious stimuli. Consistent with this 

notion, intentional direction of attention away from pain has been shown to reduce pain 

perception (Davis	et	al.,	1997;	Bantick	et	al.,	2002;	Erpelding	and	Davis,	2013).  

Conversely, individuals with decreased grey matter density in IPS and IPL may be less 

able to regulate top-down attentional processes and therefore be more susceptible to 

stimuli with strong bottom-up attentional demands (Westlye et al., 2011).  

SI and Pain 

In functional brain imaging studies, SI is frequently activated during pain and is 

related to perceived pain intensity, individual differences in pain sensitivity, as well as 

stimulus intensity (Coghill	et	al.,	1994;	Coghill	et	al.,	1999;	Coghill	et	al.,	2003). The 

present investigation revealed an inverse relationship between GMD in SI and pain 

sensitivity to suprathreshold noxious stimuli. When pain sensitivity was determined 

according to heat pain thresholds, a positive relationship between cortical thickness and 

threshold-based sensitivity was identified in SI (Erpelding et al., 2012). Thresholds and 

suprathreshold ratings are vastly different measures and are relatively poorly correlated 

within individuals (Starr	et	al.,	2010). Thus, differences in results from these 2 measures 

of pain sensitivity are not surprising. However, our findings of increased GMD in 

relatively insensitive individuals are consistent with the observation that repetitive 

exposure to suprathreshold noxious stimuli reduces pain sensitivity concomitantly with 

increasing grey matter volume in SI (Teutsch	et	al.,	2008). Grey matter contains both 

excitatory and inhibitory neurons, so a decrease in grey matter could be the result of 
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decreased inhibitory processes. Indeed, individuals with chronic neuropathic pain show 

decreased grey matter volume of the somatosensory thalamus (as measured by VBM), 

decreased cerebral blood flow in thalamus and SI, and significantly lower thalamic 

GABA levels than controls (Henderson	et	al.,	2013). Interestingly, the decreased 

cerebral blood flow in the thalamus was negatively correlated to pain intensity.   

Limitations 

Since this is a retrospective analysis of multiple data sets acquired over more than 

a decade, many factors could elevate variability and reduce sensitivity to more subtle 

changes in GMD.  Although some sources of variability such as scanner sequence were 

incorporated into the statistical analysis, other remaining sources of variability could still 

somewhat diminish sensitivity.  Given the variations in experimental protocols and data 

acquisition techniques, the identification of regional GMD differences reflecting pain 

sensitivity is even more striking.   

Our results indicate that structural differences in areas of the DMN, IPS, IPL, and 

SI, are inversely related to pain sensitivity. However, more research is needed to 

determine the directionality of this relationship and the sources behind the grey matter 

differences.  Although the underlying mechanism of grey matter variation is not known, 

there are many factors that may contribute. These include differences in blood flow, glia, 

neuronal cell bodies, and neuropil (Draganski	and	May,	2008). It is also unclear whether 

these differences are genetic or experience based, although it is likely both (Muotri	and	

Gage,	2006;	Draganski	and	May,	2008). Previous studies have shown that repetitive 

noxious heat stimulation delivered over the course of 8 daily sessions can induce changes 
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in grey matter in healthy individuals (Teutsch et al., 2008). Accordingly, we examined 

the possibility of carryover effects and found no relationship between grey matter density 

and the number of days between sensory testing and structural acquisition. Moreover, we 

found no effect of stimulus location (arm vs. leg) on GMD. Therefore, it is unlikely that 

these intensity-related grey matter differences were driven by the stimuli delivered in the 

psychophysical session. In addition, although data on the side of stimulation is 

unavailable, the absence of carryover effects indicates that the grey matter differences 

seen in left SI are not the result of prior stimulation.  

Future research should examine whether these findings apply to other sensory 

modalities. A limiting factor of this study is that only thermal pain was used to test pain 

sensitivity. Examination of responses to other pain modalities could provide insight as to 

the generalizibility of the relationship between pain sensitivity and grey matter 

differences found here. An additional limitation of this study is that we did not assess 

personality traits or pain related psychological factors, such as anxiety and neuroticism, 

which may influence brain structure.  Incorporation of such factors could further 

elucidate the relationship between brain anatomy and pain sensitivity.  

Summary 

Pain is a subjective experience with tremendous inter-individual variation. Using 

a global search unconstrained by a priori biases, we determined that GMD in areas 

associated with default mode processes, attention, as well as somatosensory processing 

was significantly inversely related to individual differences in pain sensitivity. Sensitivity 

can fluctuate over different time scales with substantial variation from one week to the 
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next or can be influenced by developmental factors and remain altered over the course of 

a lifetime (Taddio	et	al.,	1997;	Rosier	et	al.,	2002;	Sternberg	et	al.,	2005). In the 

present investigation, the relationship between GMD and pain sensitivity was evident 

over a period of more than 5 days on average, and suggesting a relatively stable 

phenomenon. Accordingly, these kinds of morphologic differences can serve as novel 

predictors of pain sensitivity and provide a foundation for the development of biomarkers 

for diagnosis, classification, prevention, and treatment of pain.  
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3.1. Introduction 

The experience of pain is constructed and modulated by dynamic neural processes that 

are driven by sensory, cognitive, and affective factors (Rainville, 2002; Wiech et al., 

2008; Lacroix-Fralish and Mogil, 2009; Coghill, 2010). Complex interactions between 

these factors produce substantial variations in subjective pain reports that are reflected in 

functional brain activity (Coghill and Eisenach, 2003; Coghill et al., 2003). During pain, 

functional activations are observed in the primary (SI) and secondary (SII) 

somatosensory cortices, anterior cingulate cortex (ACC), insula, thalamus, prefrontal 

cortex (PFC), and cerebellum (Coghill et al., 1994; Derbyshire et al., 1997; Porro et al., 

1998; Coghill et al., 1999; Coghill et al., 2003). Conversely, deactivations occur in areas 

of the default mode network (DMN) including the posterior cingulate cortex (PCC), 

precuneus (PCu), and medial PFC (mPFC) (Porro et al., 1998) (Coghill et al., 1999; Kong 

et al., 2010).  

The DMN is a collection of brain regions that are active during rest and introspection and 

deactivated during attention-demanding tasks and pain (Raichle et al., 2001; Buckner et 

al., 2008). Collectively, the DMN includes the PCC, PCu, mPFC, IPL, lateral temporal 

cortex (LTC), and the hippocampal formation (Raichle, 2015). Regions of the DMN are 

functionally connected at baseline and also contribute separately to diverse functional 

processes across the brain (Vogt and Pandya, 1987; Vogt et al., 1987; Fox et al., 2005; 

Buckner et al., 2008; Uddin et al., 2009; Yu et al., 2011; Raichle, 2015).  

Recent evidence suggests that the DMN may be involved in shaping the experience of 

pain and influencing inter-individual differences in pain sensitivity. We have shown that 
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inter-individual differences in pain sensitivity are related to DMN activity and structure 

in healthy individuals (Coghill et al., 1999; Emerson et al., 2014). Differences in brain 

structure relating to pain sensitivity were also observed in the intraparietal sulcus (IPS) 

and SI, suggesting that possible interactions between these areas are related to pain 

sensitivity. In support of this, a recent study revealed that increased baseline DMN FC 

predicts non-perception of a subsequent somatosensory stimulus (Boly et al., 2007).  

Moreover, Kucyi and colleagues have revealed increased FC between DMN regions and 

the periaqueductal gray (PAG) during intrinsic attentional fluctuations away from pain 

(Kucyi et al., 2013). This suggests DMN engagement with the descending pain 

modulatory system during pain, as the PAG is a key node in this system. Finally, the 

DMN appears to play a critical role in chronic pain, as alterations in DMN structure, 

function, and FC are present in various chronic pain conditions (Baliki et al., 2008; 

Cauda et al., 2009b; Napadow et al., 2010; Loggia et al., 2013; Baliki et al., 2014; 

Hubbard et al., 2014; Khan et al., 2014; Kucyi et al., 2014).  

This collection of evidence clearly points to a role for the DMN in pain. However, the 

underlying mechanisms and specific contributions of the DMN to nociceptive processing 

and inter-individual differences in pain are still unknown. Elucidation of DMN 

interactions during pain would provide novel insights into the neural mechanisms 

involved in constructing and modulating an experience of pain. Accordingly, we used 

psychophysiological interaction analyses to determine the FC of DMN regions during 

pain and how these interactions relate to intra and inter-individual differences in pain 

sensitivity. Additionally, regions of the DMN share bidirectional structural connections 

with the mid cingulate cortex (MCC), a key area involved in pain processing and inter-
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individual differences in pain sensitivity (Vogt et al., 1979; Olson and Musil, 1992; 

Coghill et al., 1999; Coghill et al., 2003; Morecraft et al., 2004; Vann et al., 2009). In 

order to identify possible common interactions between DMN and MCC regions during 

pain, FC of the MCC was also examined.  

3.2. Materials and Methods 

3.2.1. Subjects 

Psychophysical and fMRI data were collected and partially reported in a previous study 

(Coghill et al., 2003). Data were analyzed from 17 healthy volunteers (8 female, 9 male) 

ranging in age from 21-40 yr with a mean age of 26 ± 5 yr. All subjects were white and 

free of existing chronic pain conditions, psychiatric disorders, neurological disorders, and 

medications. Subjects gave written informed consent stating 1) that they understood that 

they would undergo MRI scanning and experience painful heat stimulation, 2) that all 

experimental procedures were clearly explained, and 3) that they could withdraw anytime 

without penalty. The Wake Forest School of Medicine Institutional Review Board 

approved all procedures.   

3.2.2. Psychophysical Training and Testing 

A psychophysical training session was conducted prior to MRI scanning to familiarize 

subjects with the thermal stimuli and use of the visual analog scale (VAS; Parisian 

Novelty, Chicago, IL) (Price et al., 1983; Price et al., 1994). Thermal stimuli (35°C, 43-

49°C) were delivered to the non-dominant forearm using a 16 x 16mm TSA-II thermal 

stimulator (Medoc, Ramat-Yishai, Israel). Stimuli were delivered with rise/fall rates of 

6°C/s, plateau durations of 5s, and inter-stimulus intervals of 30s. Subjects rated pain 
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intensity and unpleasantness at the termination of each stimulus using a VAS anchored at 

0 (no pain/not at all unpleasant) and 10 (most intense/unpleasant pain imaginable). These 

data are not reported further. Next, thermal stimuli (43°C, 45°C, 47°C, 49°C) were 

delivered with identical paradigms to those employed during the fMRI session (see 

Functional Imaging 3.2.3.) and subjects provided a continuous rating of pain intensity 

using a computerized VAS. Individual responses were normalized to a range of 0-1 and 

averaged together to provide a description of the pain time-course, which served as the 

psychological regressor in the PPI analysis (Figure 3-1).  
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Figure	3-1.	Continuous	ratings	of	pain	intensity	during	delivery	of	4	stimulus	
temperatures.	Subjects	continuously	rated	pain	intensity	using	a	computerized	VAS	
during	stimulation.	Two	series	per	temperature	were	delivered	for	a	total	of	8	series	per	
subject.	Individual responses were normalized to a range of 0-1 and averaged together to 
provide a description of the pain time-course, which served as the psychological regressor in 
the PPI analyses.
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3.2.3 Functional Imaging  

Subjects underwent fMRI during thermal stimulation to the right calf. Four separate 

noxious stimulus temperatures were delivered in series with 35°C serving as baseline. 

Each temperature series (43°C, 45°, 47°C, and 49°C) consisted of 5 noxious stimuli 

interleaved with 6 baseline 35°C stimuli (i.e. 35°C, 49°C, 35°C, 49°C, 35°C, 49°C, 35°C, 

49°C, 35°C, 49°C, 35°C). All stimuli were delivered with rise/fall rates of 6°C/s and 

plateau durations of 30s. The thermal probe was moved at the termination of each series 

to prevent sensitization/habituation. Each separate temperature series was delivered 2 

times for a total of 8 series per subject. At the termination of each series, subjects rated 

overall pain intensity and unpleasantness using a VAS. Average pain intensity and 

unpleasantness ratings for each set of series were used in the PPI analyses to identify 

functional connectivity changes relating to pain intensity and unpleasantness.  

Functional images were acquired on a 1.5 T GE Horizon LX scanner with a 2D spiral 

sequence [slice thickness (28 x 5mm), in-plane resolution (3.75 x 3.75mm), TR (3s), TE 

(40ms), angle (88°)]. Each functional imaging series (2 per temperature, 8 total per 

subject) consisted of 110 volumes. In addition, a high-resolution structural volume (3D 

spoiled gradient recalled echo sequence) was acquired for anatomical registration.  

3.2.4 Image Preprocessing 

Image preprocessing was completed using the CONN functional connectivity toolbox 

version 14.0(Whitfield-Gabrieli and Nieto-Castanon, 2012) implemented in Matlab 8.3.0 

(The MathWorks Inc., Natick, MA.). Preprocessing steps followed the standard SPM 

pipeline and included slice-timing correction, spatial normalization, motion correction, 
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and smoothing with an 8 mm FWHM Gaussian kernel. Importantly, noise signals within 

the white matter and cerebrospinal fluid were removed using the aCompCor method 

(Behzadi et al., 2007) implemented in the CONN functional connectivity toolbox.  

3.2.5 Region of Interest Masks and Time-Courses 

Core DMN regions encompass both posterior and anterior cingulate cortex regions, as 

well as the PCu (Raichle et al., 2001; Fransson and Marrelec, 2008; Buckner et al., 2009; 

Raichle, 2015). Conversely, pain-associated regions of the cingulate include the posterior 

MCC (pMCC) and anterior MCC (aMCC) (Coghill et al., 1999; Vogt, 2005). Regions of 

the cingulate cortex are both cytologically and functionally heterogeneous (Vogt and 

Pandya, 1987; Vogt et al., 1987; Vogt et al., 1995; Lenz et al., 1998; Petrovic et al., 2002; 

Vogt et al., 2003; Apkarian et al., 2005; Vogt, 2005; Vogt et al., 2005; Weissman et al., 

2006; Tracey and Mantyh, 2007; Buckner et al., 2008; Palomero-Gallagher et al., 2009; 

Villemure and Bushnell, 2009; Yu et al., 2011; Kucyi et al., 2013). Separately, these 

regions display distinct structural connections and diverse patterns of intrinsic functional 

connectivity across the brain (Vogt and Pandya, 1987; Vogt et al., 1987; Parvizi et al., 

2006; Uddin et al., 2009; Yu et al., 2011; Loggia et al., 2012). Accordingly, parcellation 

of the cingulate cortex was performed in order to capture the discrete pain-related FC for 

each of the core DMN sub-regions, as well as the 2 sub-regions of the MCC.  

ROI Masks were manually constructed for parcellated cingulate cortex and PCu regions 

in FSL [Oxford Center for Functional Magnetic Resonance Imaging of the Brain 

(FMRIB), Oxford University, Oxford] using FSLVIEW (Smith et al., 2004) and 

Talairach Daemon Labels (Lancaster et al., 1997; Lancaster et al., 2000). The cingulate 
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cortex was subdivided into 7 regions based on cytoarchitectural and functional evidence 

from the literature (Vogt et al., 2003; Vogt and Vogt, 2003; Vogt et al., 2006; Palomero-

Gallagher et al., 2009; Yu et al., 2011). Regions included the RSC, PCC BA23, PCC 

BA31, pMCC, aMCC, pgACC, sgACC, and the PCu (Figure 3-2). Demarcations were 

based on Brodmann’s areas and Talairach labels for all regions except the MCC. The 

aMCC and pMCC were defined using Destrieux Cortical Atlas coordinates (Destrieux et 

al., 2010) available in Freesurfer 4.5 (http://surfer.nmr.mgh.harvard.edu). The border 

between aMCC and pMCC was defined coronally at y = +4.5 mm.  

There is evidence of hemispheric lateralization relating to structure and FC for some of 

the investigated regions (Cauda et al., 2009a; Nielsen et al., 2013). In order to address 

potential FC asymmetries, ROI’s were constructed for both hemispheres, yielding a total 

of 16 ROI’s. Time-courses for masked regions were extracted from first-level analyses of 

BOLD signal using FSL-Featquery. Once extracted, ROI time-courses served as the 

physiological variables in the subsequent PPI analyses. 
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Figure	3-2.	ROI	masks.	Parcellation of the cingulate cortex and PCu was performed in order 
to capture discrete pain-related differences in FC for each of the core DMN sub-regions and 
the 2 sub-regions of the MCC. Masks were manually constructed in FSLVIEW using the 
standard MNI-152 template and Talairach Daemon Labels. Demarcations for 8 regions were 
based on cytological and functional evidence (3. 2.5). The division between aMCC and 
pMCC occurred coronally at y = +4.5. PCu = precuneus, RSC = retrosplenial cortex, BA = 
Brodmann area, pMCC = posterior mid-cingulate cortex, aMCC = anterior mid-cingulate 
cortex, pgACC = pregenual anterior cingulate cortex, sgACC = subgenual anterior cingulate 
cortex. 	
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3.2.6 Psychophysiological Interaction Analyses 

Functional connectivity during pain was measured in a voxel-wise fashion, across the 

whole brain using psychophysiological interaction analysis (PPI) (Friston et al., 1997). 

PPI analysis is ideal for identifying task-specific changes in correlated activity between 

brain regions using fMRI data (Friston et al., 1997; O'Reilly et al., 2012). Importantly, 

the PPI model removes variance that is associated with both the mean effect of task and 

the mean effect of the ROI time-course. Therefore, it only identifies connections in which 

variance is explained by the interaction (i.e. the change in connectivity that occurs during 

the task).  

PPI analyses were completed in FSL [Oxford Center for Functional Magnetic Resonance 

Imaging of the Brain (FMRIB), Oxford University, Oxford] using FMRI Expert Analysis 

Tool (FEAT)(Smith et al., 2004; Woolrich et al., 2009; Jenkinson et al., 2012).  A general 

linear model (GLM) was used to investigate voxels of the brain whose correlation with 

the seed regions (cingulate and precuneus ROI's) changes according to the task (pain vs. 

no pain). First level PPI analyses for each ROI were completed for all temperature series 

(43°C, 45°C, 47°C, 49°C) and included 1) the task/psychological regressor (pain time-

course), 2) the physiological regressor (ROI time-course), and 3) the interaction term 

(pain time-course x ROI time-course). Positive and negative contrasts were examined to 

identify both increases and decreases in functional connectivity during pain. 

3.2.6.1 Within-Subjects Statistical Analyses 

Within-subjects analyses were completed to examine changes in functional connectivity 

across graded increases in stimulus temperatures (43°C, 45°C, 47°C, 49°C) and 
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increasing pain intensity and unpleasantness ratings. First level PPI analyses for each 

temperature series were combined into subject specific second level analyses using FSL-

FEAT (Smith et al., 2004; Jenkinson et al., 2012). For each subject, a fixed effects model 

was employed to determine 1) mean functional connectivity changes across all noxious 

stimulus temperatures, 2) functional connectivity changes relating to increasing pain 

intensity, and 3) functional connectivity changes relating to increasing pain 

unpleasantness. Third level analyses employed mixed effects (FLAME 1+2) models 

(Beckmann et al., 2003) to examine the mean functional connectivity changes across 

subjects relating to the 1) mean effect of stimulation 2) perceived magnitude of pain 

intensity, and 3) perceived magnitude of pain unpleasantness. Positive and negative 

contrasts were explored to examine both increases and decreases in connectivity across 

stimulus temperatures and in relation to increasing pain ratings. Results were thresholded 

at Z =2.3, cluster corrected for multiple comparisons across voxels for a given 

comparison (p<0.05) using Gaussian Random Field Theory, and Bonferroni corrected at 

p < 0.0063 (0.05/8) to correct for multiple comparisons involved in testing 8 ROI’s 

within each hemisphere (Worsley et al., 1992; Friston et al., 1994; Jenkinson et al., 2012).  

3.2.6.2 Between-Subjects Statistical Analyses 

Between-subjects analyses were completed to examine functional connectivity 

differences relating to inter-individual differences in pain intensity and unpleasantness.  

First level PPI analyses for the 49°C temperature series were combined into subject 

specific second level analyses in FSL-FEAT. Fixed effects models examined functional 

connectivity differences relating to the mean effect of pain within-subjects. Third level 

analyses employed mixed effects models (FLAME 1+2) to examine 1) mean functional 
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connectivity differences between the pain vs. no pain task, 2) differences in functional 

connectivity between subjects relating to pain intensity ratings, and 3) differences in 

functional connectivity between subjects relating to pain unpleasantness ratings.  Positive 

and negative contrasts were examined to identify both increases and decreases in FC 

during pain and relating to pain ratings. Results were thresholded at Z = 2.3, cluster 

corrected for multiple comparisons across voxels for a given comparison (p<0.05) using 

Gaussian Random Field Theory, and Bonferroni corrected at p < 0.0063 (0.05/8) to 

correct for 8 ROI comparisons within each hemisphere (Worsley et al., 1992; Friston et 

al., 1994; Jenkinson et al., 2012).  

3.2.6.3. Psychophysical Statistical Analyses  

Statistical analysis of psychophysical data was completed in JMP 11 (SAS Institute Inc., 

Cary, NC). To confirm that pain sensitivity differed significantly between the 43°C, 45°C, 

47°C, and 49°C stimuli, a repeated measures analysis of variance (RM-ANOVA) was 

performed using mean pain intensity and unpleasantness across stimulus temperatures. In 

addition, a RM-ANOVA (sex x temperature) was used to determine whether pain 

sensitivity differed significantly between sexes, across temperatures.  

3.3. Results 

3.3.1. Psychophysical responses 

Across all subjects, mean pain intensity ratings for the 43°C, 45°C, 47°C, and 49°C 

stimuli were 0.37 ± 0.50, 0.80 ± 0.76, 2.99 ± 1.82 and 4.79 ± 2.35 (mean ± SD), 

respectively, and they differed significantly (F(3,14) = 18.87, P<0.0001) (Figure 3-3). 

Mean unpleasantness ratings for the 43°C, 45°C, 47°C, and 49°C stimuli were 0.26 ± 
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0.44, 0.51 ± 0.72, 2.59 ± 2.10, and 4.67 ± 2.50, respectively, and they differed 

significantly (F(3,14) = 18.22, P<0.0001) (Figure 3-3). Between-sexes, mean pain 

intensity ratings across stimuli were: 43°C (F: 0.34 ± 0.59; M: 0.41 ± 0.45), 45°C (F: 

0.75 ± 0.72; M: 0.84 ± 0.83), 47°C (F: 3.3 ± 1.48; M: 2.71 ± 2.12), and 49°C (F: 5.44 ± 

2.04; M: 4.21 ± 2.57) (mean ± SD) and they did not differ significantly (F(1,15) = 0.53, 

P=0.48). Similarly, mean pain unpleasantness ratings between-sexes were: 43°C (F: 0.08 

± 0.17; M: 0.42 ± 0.54), 45°C (F: 0.27 ± 0.34; M: 0.73 ± 0.90), 47° (F: 2.63 ± 1.43; M: 

2.56 ± 2.64), 49°C (F: 5.14 ± 2.0; M: 4.26 ± 2.90) and they did not differ significantly 

(F(1,15) = 0.00, P=0.99). 
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Figure	3-3.	Post-stimulus	ratings	of	pain	intensity	and	unpleasantness	by	temperature	
(mean	±	SD).	Subjects	rated	pain	intensity	and	unpleasantness	at	termination	of	each	
temperature	series	(see	3.2.3.)	during	fMRI	scanning.	Two	series	were	delivered	per	
temperature	for	a	total	of	8	series	per	subject.	(A) Pain intensity differed significantly across 
stimulus temperatures (p<0.0001). (B) Pain unpleasantness differed significantly across stimulus 
temperatures (p<0.0001). 	
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3.3.2. Within-Subjects: Mean FC changes in DMN regions across all stimulus 

temperatures 

3.3.2.1. Pregenual anterior cingulate cortex 

Across all stimulus temperatures, left pgACC exhibited increased FC to right premotor 

cortex (p<0.0001, corrected) and right S1 (p<0.0001, corrected) (Table 3-1).  

3.3.2.2. Additional ROI’s 

No statistically significant changes in mean FC were detected in RSP, BA31, BA23, PCu, 

or sgACC within-subjects. 
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Region +(/(* Z*Max X Y Z P

Within*Subjects ( ( ( (

Left&Posterior&Mid&Cingulate

(((Right(Insula * 3.92 32 *26 18 <(0.005

(((Right(Frontal(Operculum * 3.52 42 16 12 <(0.005

(((Right(Putamen * 3.40 26 *10 12 <(0.005

Right&Posterior&Mid&Cingulate <(0.005

(((Left(Insula * 3.55 *34 6 14 <(0.005

(((Left(IPL * 3.74 *60 *38 34 <(0.005

(((Left(S2 * 3.43 *52 *16 24 <(0.005

(((Left(Premotor * 3.58 *50 *4 24 <(0.005

(((Right(Insula * 3.84 42 10 10 <(0.001

(((Right(Putamen * 3.46 30 6 6 <(0.001

Left&Anterior&Mid&Cingulate (

(((Left(IPL * 3.91 *68 *30 20 <(0.005

(((Left(Central(Operculum * 3.51 *54 *6 6 <(0.005

(((Left(S2(/(Parietal(Operculum * 3.38 *54 *8 10 <(0.005

Right&Anterior&Mid&Cingulate (

(((Left(Anterior(Mid(CIngulate * 3.58 *6 22 30 <(0.001

(((Left(Posterior(Mid(Cingulate * 3.59 *2 *4 44 <(0.001

(((Left(Paracingulate * 3.91 *2 16 42 <(0.001

(((Midline(Paracingulate * 3.40 0 10 44 <(0.001

(((Right(Paracingulate * 3.02 ( 4 4 38 <(0.005

Left&Pregenual&ACC

(((Right(Premotor + 3.62 22 *20 60 <(0.0001

(((Right(S1 + 3.63 10 *40 66 <(0.0001

Between*Subjects ( ( ( (

Left&Retrosplenial&Cortex

(((Right(Amygdala/Hippocampus + 3.71 30 *6 *24 <(0.005

(((Right(Insula + 3.62 38 0 *12 <(0.005

(((Right(Superior(Temporal(Gyrus + 3.07 54 *6 *10 <(0.005

Right&Retrosplenial&Cortex

(((Left(Thalamus + 4.36 *16 *12 2 <(0.0001

(((Left(Midbrain + 4.33 ( *12 *24 *14 <(0.0001

(((PAG + 2.47 0 *30 *12 <(0.005

(((Right(Amygdala + 3.13 28 *6 *28 <(0.005

MNI(Coordinates(((
Peak(Voxel

Table&1&
Peak(MNI(coordinates(of(regions(displaying(changes(in(mean(func\onal(connec\vity(to(DMN(and(MCC(
regions(during(pain(

Table	3-1.	Peak	MNI	coordinates	of	regions	displaying	changes	in	mean	
functional	connectivity	to	DMN	and	MCC	regions	during	pain.	
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Table(1.((cont)

Region +(/(* Z*Max X Y Z P

(((Right(Hippocampus + 4.01 30 *8 *18 <(0.0001

(((Right(Insula + 3.25 40 6 *10 <(0.005

(((Right(Midbrain + 3.75 ( 6 *20 *20 <(0.0001

(((Right(Thalamus + 3.01 8 *6 2 <(0.005

(((Right(Palladium + 3.65 20 4 *2 <(0.005

(((Right(Putamen + 3.42 22 8 2 <(0.005

Left&BA23 ( (

(((Left(BA31 * 2.74 *4 *30 40 <(0.005

(((Right(BA31 * 3.23 6 *40 42 <(0.005

(((Right(Precuneus * 3.47 14 *56 28 <(0.005

Left&BA31

(((Right(Inferior(Parietal(Lobule + 3.94 58 *26 38 <(0.005

Right&BA31

(((Left(BA23 * 3.82 *6 *46 24 <(0.005

(((Right(BA23 * 3.46 4 *42 24 <(0.005

Left&Posterior&Mid&Cingulate

(((Left(Caudate * 2.87 *12 8 8 <(0.005

(((Left(Inferior(Frontal(Gyrus * 4.49 *38 18 *16 <(0.001

(((Left(Insula * 4.26 *36 14 *12 <(0.001

(((Left(Middle(Temporal(Gyrus * 3.69 *56 *2 *18 <(0.001

(((Left(Putamen * 3.48 *20 10 0 <(0.005

(((Left(Superior(Temporal(Gyrus * 3.64 *56 2 *8 <(0.001

(((Left(Thalamus * 3.93 *4 *20 2 <(0.005

(((Midbrain * 3.68 *8 *10 *8 <(0.005

(((Right(Insula * 2.88 40 *10 4 <(0.005

(((Right(Putamen * 3.64 28 8 0 <(0.005

(((Right(Superior(Temporal(Gyrus * 3.75 54 *8 0 <(0.005

Left&Subgenual&ACC

(((Right(Amygdala * 3.52 36 *4 *22 <(0.005

(((Right(Hippocampus * 3.49 26 *14 *12 <(0.005

(((Right(Inferior(Temporal(Gyrus * 4.08 36 2 *42 <(0.005

(((Right(Superior(Temporal(Gyrus * 3.65 44 6 *22 <(0.005

Right&Subgenual&ACC

(((Right(Amygdala * 3.54 28 *10 *16 <(0.005

(((Right(Hippocampus * 3.79 26 *14 *12 <(0.005

(((Right(Inferior(Temporal(Gyrus * 3.56 38 2 *42 <(0.005

(((Right(Parahippocamal(Gyrus * 3.54 36 *22 *24 <(0.005

MNI(Coordinates(((
Peak(Voxel

BA(=(Brodmann's(Area.(+/*(=(increased/decreased(func\onal(connec\vity.(PAG(=(periaqueductal(gray.(ACC(=(anterior(
cingulate(cortex.(

Table	3-1.	(cont)	
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3.3.3. Within-Subjects: Mean FC changes in MCC regions across all stimulus 

temperatures 

3.3.3.1. Posterior mid cingulate 

 Across all stimulus temperatures, FC of the left pMCC decreased to the right insula 

(p<0.005, corrected), right frontal operculum (p<0.005, corrected), and right putamen 

(p<0.005, corrected). Additionally, right pMCC FC decreased to left/right insula 

(p<0.005, corrected), left IPL (p<0.005, corrected), left S2 (p<0.005, corrected), left 

premotor cortex (p<0.005, corrected), and right putamen (p<0.001, corrected) (Table 3-

1,).  

3.3.3.2. Anterior Mid Cingulate 

Across all stimulus temperatures, left aMCC displayed decreased FC to left IPL (p<0.005, 

corrected), left central operculum (p<0.005, corrected), and left S2/parietal operculum 

(p<0.005, corrected). Additionally right aMCC displayed decreased FC to left aMCC 

(p<0.001, corrected), left pMCC (p<0.001, corrected), and left/right para-cingulate 

cortices (p<0.005, corrected) (Table 3-1). 

3.3.4. Within-Subjects: FC changes in DMN regions relating to pain intensity and 

unpleasantness  

3.3.4.1. Brodmann’s Area 23 

As pain intensity increased within-subjects, FC of left BA23 decreased to bilateral 

regions of the vmPFC/sgACC (p<0.0001, corrected) (Table 3-2, Figure 3-4).  

3.3.4.2. Pregenual anterior cingulate cortex 
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As pain intensity increased within-subjects, left pgACC FC decreased to left 

hippocampus (p<0.005, corrected), left/right PCu (p<0.005, corrected), and left/right 

RSC (p<0.005, corrected) (Table 3-2, Figure 3-4). Similarly, FC of the right pgACC 

decreased to left/right PCu (p<0.001, corrected) and left RSC (p<0.001, corrected) (Table 

3-2).  

3.3.4.3. Subgenual anterior cingulate cortex 

As pain intensity increased within-subjects, FC of the left sgACC decreased to left insula 

(p<0.001, corrected), left putamen (p<0.001, corrected), and left STG (p<0.001, 

corrected) (Table 3-2, Figure 3-4). Conversely, FC of the right sgACC increased to 

left/right caudate (p<0.005, corrected) and left/right mPFC (p<0.00001, corrected) (Table 

3-2).  

As pain unpleasantness increased within-subjects, FC of the left sgACC decreased to the 

left nucleus accumbens (p<0.005, corrected), right amygdala (p<0.005, corrected), right 

hippocampus (p<0.005, corrected), and right insula (p<0.005, corrected)(Table 3-2, 

Figure 3-4). Additionally, right sgACC FC increased to the right dlPFC (p<0.005, 

corrected), and right IFG (p<0.005, corrected) and decreased to the right amygdala 

(p<0.005, corrected), right insula (p<0.005, corrected), and right putamen (p<0.005, 

corrected) (Table 3-2).  

3.3.4.4. Additional ROI’s 

Significant results were not detected for FC changes relating to pain intensity and 

unpleasantness within-subjects for the retrosplenial cortex, BA31, or precuneus.  
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Region +(/(* Z*Max X Y Z P

Intensity ( ( ( (

Left&BA23

(((Left(Subgenual(ACC * 3.50 *2 8 *18 <(0.0001

(((Left(vmPFC * 3.65 ( *6 36 *20 <(0.0001

(((Right(Subgenual(ACC * 3.45 2 12 *24 <(0.0001

(((Right(vmPFC * 2.99 8 40 *26 <(0.005

Left&Posterior&Mid&Cingulate

(((Left(Inferior(Parietal(Lobule + 3.06 *34 *44 52 <(0.005

(((Left(Precuneus + 3.65 *14 *56 54 <(0.0001

(((Left(S1 + 3.46 *30 *38 62 <(0.0001

(((Left(Superior(Parietal(Lobule + 3.53 *32 *54 62 <(0.0001

(((Right(Precuneus + 3.77 10 *38 52 <(0.0001

Right&Posterior&Mid&Cingulate

(((Left(Inferior(Parietal(Lobule + 3.18 *34 *44 56 <(0.005

(((Left(Precuneus + 3.50 *12 *52 58 <(0.0001

(((Left(S1 + 3.58 *50 *30 58 <(0.0001

(((Left(Superior(Parietal(Lobule + 3.34 *24 *60 58 <(0.005

(((Right(Precuneus + 3.38 6 *52 56 <(0.005

Right&Anterior&Mid&Cingulate

(((Left(vmPFC * 3.54 *4 44 *12 <(0.0001

(((Right(vmPFC * 3.61 6 48 *2 <(0.0001

Left&Pregenual&ACC

(((Left(Hippocampus * 3.20 *12 *38 *8 <(0.005

(((Left(Precuneus * 3.40 *6 *62 16 <(0.005

(((Left(Retrosplenial(Cortex * 3.28 *10 *44 *2 <(0.005

(((Right(Precuneus * 3.24 4 *56 10 <(0.005

(((Right(Retrosplenial(Cortex * 3.11 4 *50 12 <(0.005

Right&Pregenual&ACC (

(((Left(Precuneus * 3.50 *2 *56 14 <(0.001

(((Left(Retrosplenial(Cortex * 3.47 *8 *54 12 <(0.001

(((Right(Precuneus * 3.51 4 *54 10 <(0.001

Left&Subgenual&ACC (

(((Left(Insula * 3.60 *38 *10 2 <(0.001

(((Left(Putamen * 3.62 *32 *16 0 <(0.001

(((Left(Superior(Temporal(Gyrus * 3.43 *58 0 *2 <(0.001

MNI(Coordinates(((
Peak(Voxel

Table&2&
Within*Subjects:(Peak(MNI(coordinates(of(regions(displaying(changes(in(func[onal(connec[vity(to(DMN(
and(MCC(regions(as(pain(intensity(and(unpleasantness(increased(across(rising(s[mulus(temperatures(

Table	3-2.	Within-Subjects:	Peak	MNI	coordinates	of	regions	displaying	
changes	in	functional	connectivity	to	DMN	and	MCC	regions	as	pain		
intensity	and	unpleasantness	increased	across	rising	stimulus	temperatures	
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Table(2.((cont)

Region +(/(* Z*Max X Y Z P

Right&Subgenual&ACC

(((Left(Caudate + 3.59 *6 12 2 <(0.00001

(((Left(mPFC + 3.44 *12 56 12 <(0.00001

(((Right(Caudate + 3.25 14 22 2 <(0.005

(((Right(mPFC + 3.35 8 58 8 <(0.00001

Unpleasantness ( ( ( (

Left&Subgenual&ACC

(((Left(Acumbens * 3.51 *8 4 *12 <(0.005

(((Right(Amygdala * 2.81 22 *4 *26 <(0.005

(((Right(Hippocampus * 3.12 22 *4 *28 <(0.005

(((Right(Insula * 3.33 34 10 *8 <(0.005

Right&Subgenual&ACC

(((Right(dlPFC + 3.69 48 32 22 <(0.005

(((Right(Inferior(Frontal(Gyrus + 3.33 60 20 26 <(0.005

(((Right(Amygdala * 3.74 18 4 *18 <(0.005

(((Right(Insula * 3.41 34 16 *10 <(0.005

(((Right(Putamen * 2.84 22 4 *2 <(0.005

MNI(Coordinates(((
Peak(Voxel

BA(=(Brodmann's(Area.(+/*(=(increased/decreased(func[onal(connec[vity.(PAG(=(periaqueductal(gray.(mPFC(=(medial(
prefrontal(cortex.(ACC(=(anterior(cingulate(cortex.((

Table	3-2.	(cont)	
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Figure	3-4.	Within-subjects.	FC	of	DMN/MCC	regions	is	related	to	pain	intensity	and	
unpleasantness	within-subjects.	PPI	analyses	revealed	distinct	changes	in	the	FC	of	
DMN/MCC	regions	as	pain	intensity	and	unpleasantness	increased	across	rising	
noxious	stimulus	temperatures	(43°C,	45°C,	47°C,	49°C).	ROI	results	are	displayed	
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for	left	hemisphere	regions,	contralateral	to	the	stimulation	site.	(A)	DMN:	Pain	
intensity.	FC	of	DMN	regions	significantly	decreased	across	the	brain	as	pain	
intensity	increased	within-subjects	(P<0.005,	corrected)	(B)	DMN:	Pain	
unpleasantness.	FC	of	the	sgACC	significantly	decreased	to	the	ant	insula,	NAc,	
amygdala	and	hippocampus	as	pain	unpleasantness	increased	within-subjects	
(P<0.005,	corrected)	(C)	MCC:	Pain	intensity.	FC	of	the	pMCC	significantly	increased	
to	SI,	PCu,	IPL,	and	SPL	as	pain	intensity	increased	within-subjects	(P<0.005,	
corrected).	Color	bar	values	correspond	to	t-values	and	indicate	significant	
increases	(yellow-red)	and	decreases	(blue)	in	FC.	L	=	left,	ROI	=	region	of	interest,	
BA	=	Brodmann	area,	pgACC	=	pregenual	anterior	cingulate	cortex,	sgACC	=	
subgenual	anterior	cingulate	cortex,	pMCC	=	posterior	mid-cingulate	cortex,	vmPFC	
=	ventromedial	prefrontal	cortex,	RSC	=	retrosplenial	cortex,	PCu	=	precuneus,	STG	
=	superior	temporal	gyrus,	NAc	=	nucleus	accumbens,	Amyg	=	amygdala,	Hipp	=	
hippocampus,	IPL	=	inferior	parietal	lobule,	SI	=	primary	somatosensory	cortex,	SPL	
=	superior	parietal	lobule,	R	=	right	hemisphere.		
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3.3.5. Within-Subjects: FC changes in MCC regions relating to pain intensity and 

unpleasantness  

3.3.5.1. Posterior mid cingulate 

As pain intensity increased within-subjects, FC of left and right pMCC increased to left 

IPL (p<0.005, corrected), left PCu (p<0.0001, corrected), left S1 (p<0.0001, corrected), 

left SPL (p<0.005, corrected), and right PCu (p< 0.005, corrected) (Table 3-2, Figure 3-4). 

No significant results for pain unpleasantness were found.   

 3.3.5.2. Anterior Mid Cingulate 

As pain intensity increased within-subjects, right aMCC displayed decreased FC to left 

and right vmPFC (p<0.0001, corrected) (Table 3-2). No significant results for pain 

unpleasantness were found.  

3.3.6. Between-Subjects: Mean FC changes in DMN regions in response to pain vs. no 

pain 

3.3.6.1. Retrosplenial Cortex 

During pain, mean FC of the left RSC increased to the right amygdala/hippocampus 

(p<0.005, corrected), right insula (p<0.005, corrected), and right STG (p<0.005, 

corrected) (Table 3-1). Additionally, FC of the right RSC significantly increased to the 

left thalamus (p<0.0001, corrected), left midbrain (p<0.0001, corrected), and 

periaqueductal gray (p<0.005, corrected) (Table 3-1).  
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3.3.6.2. BA23 

During pain, mean FC of left BA23 decreased to right and left BA31 (p<0.005) and right 

PCu (p<0.005) (Table 3-1).  

3.3.6.3. BA31  

During pain, left BA31 displayed increases in mean FC to the right IPL (p<0.005, 

corrected) (Table 3-1). Conversely, right BA31 displayed decreases in mean FC to left 

and right BA23 regions during pain (p<0.005, corrected) (Table 3-1).  

3.3.6.4. Subgenual Anterior Cingulate Cortex 

During pain, left sgACC displayed decreases in mean FC to the right amygdala (p<0.005, 

corrected), right hippocampus (p<0.005, corrected), right ITG, and right STG (p<0.005, 

corrected). Additionally, right sgACC FC decreased to right amygdala (p<0.005, 

corrected), right hippocampus (p<0.005, corrected), right ITG, and right hippocampal 

gyrus (p<0.005, corrected) (Table 3-1).  

3.3.7. Between-Subjects: Mean FC changes in MCC regions in response to pain vs. no 

pain 

3.3.7.1. Posterior Mid Cingulate 

During pain, the left pMCC displayed decreases in mean FC to the left caudate (p<0.005, 

corrected), left IFG (p<0.001, corrected), left/right insula (p<0.005, corrected), left MTG 

(p<0.001, corrected), left/right putamen (p<0.005, corrected), left/right STG (p<0.005, 

corrected), and midbrain (p<0.005, corrected) (Table 3-1).  
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3.3.7.2. Anterior Mid Cingulate 

No mean FC differences were found for the aMCC between-subjects.  

3.3.8. Between-Subjects: FC differences in DMN regions relating to inter-individual 

differences in pain intensity and unpleasantness 

3.3.8.1. Retrosplenial Cortex 

Between-subjects, pain unpleasantness was inversely related to FC between the right 

RSC and left/right PCu (p<0.0001, corrected). Individuals with higher ratings of pain 

unpleasantness displayed less FC between the RSC and PCu than individuals with lower 

pain unpleasantness ratings (Table 3-3). No significant results for pain intensity were 

found.   

3.3.8.2. BA31 

Pain intensity was positively related to FC between right BA31 and left/right cerebellum 

(p<0.001, corrected). Individuals with higher pain intensity ratings displayed greater FC 

between BA31 and the cerebellum than individuals with lower pain intensity ratings 

(Table 3-3).  

Pain unpleasantness was positively related to FC between left BA31 and left caudate 

(p<0.005, corrected), left hippocampus (p<0.005, corrected), left/right thalamus (p<0.005, 

corrected), PAG (p<0.005, corrected), and right caudate (p<0.005, corrected)(Table 3-3, 

Figure 3-5). Individuals with higher pain unpleasantness ratings had greater FC between 

BA31 and these regions than individuals with lower ratings of pain unpleasantness.  
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3.3.8.3 Precuneus 

Pain intensity was negatively related to FC between right PCu and right IFG (p<0.001, 

corrected), right insula (p<0.001, corrected), right IPL (p<0.001, corrected), right IPS 

(p<0.001, corrected), right SPL (p<0.001, corrected), and right STG (p<0.001, corrected). 

Individuals with higher pain intensity ratings displayed less FC between right PCu and 

these regions than individuals with lower ratings of pain intensity (Table 3-3). No 

significant results for pain unpleasantness were found. 

3.3.8.4. Pregenual Anterior Cingulate Cortex 

Pain intensity was positively related to FC between the right pgACC and left/right 

cerebellum (p<0.001, corrected). Individuals with higher ratings of pain intensity 

displayed greater FC between pgACC and cerebellar regions than individuals with lower 

pain intensity ratings (Table 3-3). No significant results for pain unpleasantness were 

found.  

3.3.8.5. Subgenual Anterior Cingulate Cortex 

Pain intensity was positively related to FC between the left sgACC and right 

hippocampus (p<0.0001, corrected), PAG (p<0.005, corrected), right RSC (p<0.0001, 

corrected), and right thalamus (p<0.0001, corrected) (Table 3-3, Figure 3-5). Additionally, 

right sgACC FC to left hippocampus (p<0.005, corrected), left IFG (p<0.005, corrected), 

and left STG (p<0.005, corrected) was positively related to pain intensity (Table 3-3). 

Individuals with high ratings of pain intensity had greater FC between these regions than 

individuals with lower pain intensity ratings. No significant results for pain 

unpleasantness were found. 
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3.3.8.6. Additional ROI’s 

No significant results were displayed for FC differences relating to inter-individual 

differences in pain intensity or unpleasantness for BA23, pMCC, and aMCC. 
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Region +(/(* Z*Max X Y Z P

Intensity ( ( ( (

Right'BA31

(((Left(Cerebellum + 3.90 *4 *78 *24 <(0.001

(((Midline(Cerebellum + 3.53 0 *66 *10 <(0.001

(((Right(Cerebellum + 4.36 30 *74 *32 <(0.001

Right'Precuneus (

(((Right(Inferior(Frontal(Gyrus * 3.37 32 20 *20 <(0.001

(((Right(Insula * 3.29 44 12 *10 <(0.001

(((Right(Inferior(Parietal(Lobule * 3.74 46 *46 56 <(0.001

(((Right(Intra*Parietal(Sulcus * 3.59 40 *48 46 <(0.001

(((Right(Superior(Parietal(Lobule * 4.71 28 *70 42 <(0.001

(((Right(Superior(Temporal(Gyrus * 3.49 42 6 *18 <(0.001

Right'Pregenual'ACC ( (

(((Left(Cerebellum + 3.65 *14 *76 *28 <(0.001

(((Right(Cerebellum + 3.59 46 *64 *38 <(0.001

Left'Subgenual'ACC

(((Right(Hippocampus + 4.04 32 *8 *20 <(0.0001

(((PAG + 2.67 4 *24 *8 <(0.005

(((Right(Retrosplenial(Cortex + 4.09 ( 12 *38 2 <(0.0001

(((Right(Thalamus + 3.94 12 *34 2 <(0.0001

Right'Subgenual'ACC

(((Left(Hippocampus + 3.50 *28 *8 *32 <(0.005

(((Left(Inferior(Frontal(Gyrus + 3.45 *24 22 *24 <(0.005

(((Left(Superior(Temporal(Gyrus + 3.68 *50 18 *12 <(0.005

Unpleasantness ( ( ( (

Right'Retrosplenial'Cortex ( ( ( ( ( (

(((Left(Precuneus * 3.63 *2 *60 66 <(0.0001

(((Right(Precuneus * 3.76 8 *58 48 <(0.0001

Left'BA31

(((Left(Caudate + 2.92 *8 8 0 <(0.005

(((Left(Hippocampus + 3.41 *10 *8 *18 <(0.005

(((Left/Right(Thalamus + 3.42 0 *8 0 <(0.005

(((PAG + 3.61 2 *28 *10 <(0.005

(((Right(Caudate + 2.64 8 10 0 <(0.005

MNI(Coordinates(((
Peak(Voxel

Table&3&
Between(Subjects:(Peak(MNI(coordinates(of(regions(displaying(differences(in(func]onal(connec]vity(to(
DMN(and(MCC(regions(rela]ng(to(inter*individual(differeces(in(pain(intensity(and(unpleasantness(

BA(=(Brodmann's(Area.(+/*(=(func]onal(connec]vity(is(posi]vely(related((+)(or(nega]vely(related((*)(to(pain(intensity(or(
unpleasantness.(ACC(=(anterior(cingulate(cortex.(dlPFC(=(dorsolateral(prefrontal(cortex.(PAG(=(periaqueductal(gray.((

Table	3-3.	Between-Subjects:	Peak	MNI	coordinates	of	regions	displaying	
differences	in	functional	connectivity	to	DMN	and	MCC	regions	relating	to	
inter-individual	differences	in	pain	intensity	and	unpleasantness.	
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Figure	3-5.	Between-subjects.	FC	of	DMN	regions	is	related	to	inter-individual	
differences	in	pain	intensity	and	unpleasantness.	PPI	analysis	revealed	increased	FC	
of	DMN	regions	in	subjects	reporting	high	pain	intensity	and	unpleasantness	ratings	
to	a	49°C	stimulus.	Individuals	reporting	low	pain	intensity	and	unpleasantness	
ratings	displayed	less	FC.	ROI	results	are	displayed	for	left	hemisphere	regions,	
contralateral	to	the	stimulation	site.	(A)	Pain	intensity.	Individuals	with	higher	
ratings	of	pain	intensity	displayed	greater	FC	between	sgACC	and	the	RSC,	
hippocampus,	thalamus	and	PAG	than	individuals	with	lower	ratings	(P<0.005,	
corrected).	(B)	Pain	unpleasantness.	Individuals	with	higher	ratings	of	pain	
unpleasantness	displayed	greater	FC	between	BA31	and	the	thalamus,	caudate,	
hippocampus,	and	PAG	than	individuals	with	lower	ratings	(P<0.005,	corrected).	
Color	bar	values	correspond	to	t-values.	L	=	left,	ROI	=	region	of	interest,	BA	=	
Brodmann	area,	sgACC	=	subgenual	anterior	cingulate	cortex,	RSC	=	retrosplenial	
cortex,	PAG	=	periaqueductal	gray,	Thal	=	thalamus,	Hipp	=	hippocampus,	Caud	=	
caudate,	R	=	right	hemisphere.		
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Figure	3-6.		Summary	of	DMN	and	MCC	FC	changes	during	pain	and	relating	to	pain	
intensity	and	unpleasantness.	A.	Within-subject	changes	in	FC	between	cingulate	
ROI’s	and	cortical	regions.	B.	Within-subject	changes	in	FC	within	DMN	and	MCC	
ROI’s.	C.	Between-subject	changes	in	FC	between	cingulate	ROI’s	and	cortical	regions.	
D.	Between-subject	changes	in	FC	within	DMN	and	MCC	ROI’s.	Left	hemisphere	is	on	
the	left.	(A,C)	Left	hemisphere	cingulate	ROI’s	are	attached	to	the	left	hemisphere	and	
right	hemisphere	cingulate	ROI’s	are	attached	to	the	right	hemisphere.	(B,D)	Left	
cingulate	ROI’s	are	on	the	left.	Within-hemisphere	changes	in	FC	are	denoted	by	
ipsilateral	connections.	Across-hemisphere	changes	in	FC	are	denoted	by	contra-
lateral	connections.	PCu	=	precuneus,	RSC	=	retrosplenial	cortex,	BA	=	brodmann	
area,	pMCC	=	posterior	mid-cingulate,	aMCC	=	anterior	mid-cingulate,	pgACC	=	
pregenual	ACC,	sgACC	=	subgenual	ACC,	vmPFC	=	ventromedial	prefrontal	cortex,	
mPFC	=	medial	prefrontal	cortex,	Hipp	=	hippocampus,	NAc	=	nucleus	accumbens,	SII	
=	secondary	somatosensory	cortex,	SI	=	primary	somatosensory	cortex,	SPL	=	
superior	parietal	lobule,	IPL	=	inferior	parietal	lobule,	AMG	=	amygdala,	IFG	=	
inferior	frontal	gyrus,	dlPFC	=	dorsolateral	prefrontal	cortex,	STG	=	superior	
temporal	gyrus,	MTG	=	middle	temporal	gyrus,	PAG,	periaqueductal	gray,	cb	=	
cerebellum,	IPL	=	inferior	parietal	lobule,	IPS	=	intra-parietal	sulcus.	
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3.4. Discussion 

Using PPI analyses, we identified complex pain-related patterns of FC between DMN 

regions and areas involved in pain processing, attention, and descending pain modulation 

(Figure 3-6). FC varied between distinct DMN regions, confirming previous reports of 

functional heterogeneity in DMN sub-regions (Yu et al., 2011; Loggia et al., 2012). 

During pain, increased FC was observed between DMN regions and the insula, thalamus, 

amygdala, hippocampus, SI, IPL, and PAG. These regions are involved in pain 

processing, directing and shifting attention, fear, memory, integrating nociceptive 

information, and top-down modulation of pain (Lenz et al., 1998; Coghill et al., 1999; 

Petrovic et al., 2002; Apkarian et al., 2005; Vogt, 2005; Weissman et al., 2006; Tracey 

and Mantyh, 2007; Buckner et al., 2008; Villemure and Bushnell, 2009; Kucyi et al., 

2013). To our knowledge, this is the first evidence of increasing FC between DMN 

regions and pain-associated brain regions during pain in healthy individuals.  

Importantly, we found that DMN FC during pain was related to inter-individual 

differences in pain sensitivity. Notably, we found that highly sensitive individuals display 

greater FC between DMN regions and the cerebellum, thalamus, hippocampus, and PAG. 

This indicates increased engagement of the DMN with areas of pain processing and top-

down modulation of pain and provides a mechanism for DMN regulation of pain 

sensitivity in healthy individuals. Collectively, the present findings are striking because 

the DMN is known to deactivate during pain (Coghill et al., 1999; Seminowicz and Davis, 

2007; Kong et al., 2010). However, our results are remarkably consistent with recent 

studies that indicate DMN involvement in chronic pain, attentional switching during pain, 
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and inter-individual differences in pain sensitivity (Napadow et al., 2010; Kucyi et al., 

2013; Loggia et al., 2013; Emerson et al., 2014).  

3.4.1. Mean changes in DMN connectivity during pain 

Our finding of increased FC between the RSC and PAG during pain is of note, as a recent 

study by Kucyi and colleagues demonstrated similar RSC-PAG FC during intrinsic 

attentional fluctuations away from pain (Kucyi et al., 2013). Although we did not collect 

data on the attentional states of our subjects, our results support RSC engagement of the 

PAG during pain. Interestingly, stimulation of the RSC in rats has been shown to 

decrease pain-related behaviors via activation of the descending pain inhibitory pathway 

(Reis et al., 2010).  

Additionally, our finding of increased RSC-insular FC during pain is consistent with 

previous reports in chronic pain patients. CBP patients display increased intrinsic DMN-

insular FC that predicts baseline, as well as experimentally induced increases in chronic 

pain severity (Loggia et al., 2013). Similarly, fibromyalgia patients display increased 

DMN-insular FC at baseline that tracks spontaneous increases in pain intensity, as well as 

therapy induced pain reductions (Napadow et al., 2010; Napadow et al., 2012). Our 

results support these findings, highlighting a potential role for the RSC in the relationship 

between DMN-insular FC and pain.    

3.4.2. Within-Subjects: DMN FC decreased in response to increasing pain intensity and 

unpleasantness  

As pain intensity increased within subjects, we observed decreased FC within the DMN. 

This finding is consistent with previous reports of DMN decoupling during tasks (van 
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Buuren et al., 2010; Kluetsch et al., 2012) and may function to allow each DMN sub-

region to form distinct interactions across the brain during pain. This is supported by 

studies that indicate FC reorganization of DMN regions during tasks (van Buuren et al., 

2010; Fornito et al., 2012). 

Notably, the sgACC was an exception to the within-DMN decoupling, as it displayed 

pain intensity and unpleasantness-related decoupling to areas involved in pain processing. 

As pain intensity increased within-subjects, sgACC FC decreased to the posterior insula 

and putamen. Conversely, as pain unpleasantness increased within-subjects, sgACC FC 

decreased to the anterior insula, amygdala, hippocampus, and nucleus accumbens. 

sgACC is involved in autonomic processes and top-down modulation of pain (Vogt, 

2005; Bingel et al., 2006). The sgACC and insula are functionally connected at baseline 

and display decreased structural connectivity in individuals that are highly vigilant to 

pain (Taylor et al., 2009; Wiech et al., 2014). The present findings are consistent with 

these observations and likely reflect divergent shifts in FC relating to increased 

nociceptive demands. It is also interesting to note that the observed regions relating to 

unpleasantness are involved in pain affect, reward processing, and pain modulation 

(Apkarian et al., 2005; Borsook et al., 2010; Gear and Levine, 2011). A recent study 

found that functional connections between the vmPFC and NAc mediate self-regulation 

of pain, such that self-regulating pain “up” or “down” is related to decreased or increased 

FC between these areas, respectively (Woo et al., 2015).  

 



	 139	

3.4.3. Between-Subjects: DMN FC is related to inter-individual differences in pain 

intensity and unpleasantness  

Inter-individual differences in pain intensity and unpleasantness ratings were related to 

FC differences in sgACC and BA31, respectively. Individuals with higher ratings of pain 

intensity displayed greater sgACC FC to the PAG, thalamus, hippocampus, and RSC than 

individuals with lower pain intensity ratings. The sgACC shares structural connections, 

as well as intrinsic FC, with all of these areas (Vogt and Pandya, 1987; Vogt et al., 1987; 

Olson and Musil, 1992; An et al., 1998; Barbas et al., 2003; Linnman et al., 2012; 

Coulombe et al., 2016). Our results suggest that these areas are also functionally 

connected during pain and that the level of this connectedness is related to inter-

individual differences in pain intensity.  

Connections between sgACC and PAG are known to facilitate top-down modulation of 

pain (Bingel et al., 2006). Additionally, the thalamus and hippocampus are involved in 

pain processing, memory, negative affect (anxiety), and negative expectations of pain 

relief (Bushnell and Duncan, 1989; Coghill et al., 1999; Ploghaus et al., 2001; Bingel et 

al., 2011). Accordingly, increased sgACC FC to these regions in highly sensitive 

individuals may reflect an increased integration of cognitive and nociceptive information 

in order to facilitate descending pain modulation.  

In contrast to pain intensity, inter-individual differences in pain unpleasantness were 

related to FC in PCC/BA31. Individuals with higher ratings of pain unpleasantness 

displayed increased FC between BA31 and the PAG, caudate, thalamus, and 

hippocampus. The PCC is involved in external/internal attentional processes, as well as 
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evaluating sensations (Vogt, 2005). The thalamus, caudate, and hippocampus are 

involved in pain processing, pain-related avoidance behavior, and negative 

affect/expectations (Bushnell and Duncan, 1989; Ploghaus et al., 2001; Borsook et al., 

2010; Bingel et al., 2011). Importantly, these regions participate in cortico-BG-thalamic 

loops that project to the PAG and function in integrating cognitive, emotional, and 

modulatory information (Borsook et al., 2010). Increased connectivity between these 

regions may reflect increased integration of information relating to nociception, emotion, 

and attention to influence descending pain modulation.  

Although evidence exists for PCC modulation of pain via connections between RSC and 

PAG (Reis et al., 2010), this is the first evidence of pain related interactions between 

BA31 and PAG. We have previously reported that brain structure and activity in the PCC, 

including BA31, is inversely related to pain sensitivity in healthy individuals (Coghill et 

al., 1999; Emerson et al., 2014). The present finding confirms involvement of the PCC in 

individual differences in pain sensitivity and provides a possible mechanism of DMN 

regulation of pain sensitivity via interactions with the PAG.  

3.4.4. Within-Subjects: pMCC FC increased in response to increasing pain intensity  

As pain intensity increased across rising stimulus temperatures, the pMCC displayed 

increased functional connectivity to SI, IPL, SPL, and PCu. We have previously reported 

a strikingly similar pattern in brain structure relating to inter-individual differences in 

pain sensitivity (Emerson et al., 2014). These results suggest that this relationship 

between brain structure and pain sensitivity is also present in the functional interactions 

between these regions and may be partly driven by the pMCC.  
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The pMCC is activated during pain and is thought to be involved in monitoring the 

environment, body orientation, and response selection (Vogt, 2005). SI, SPL/IPL, and 

PCu are involved in pain processing and internal/external attentional processes (Coghill 

et al., 1999; Coghill et al., 2003; Cavanna and Trimble, 2006; Lobanov et al., 2013b). 

Accordingly, increases in FC between the pMCC and these areas may reflect a 

progressive increase in integration of nociceptive and attentional processes to facilitate 

response selection and pain modulation. Indeed, the PCu has been implicated in 

modulating pain intensity when attention is directed towards pain (Villemure and 

Bushnell, 2009). 

3.5. Limitations 

PPI analysis removes the main effects of psychological (pain time-course) and 

physiological regressors (ROI time-course). As such, residual variance necessary to 

identify functional connections can be quite low, resulting in a lack of power and a risk 

for false negatives (O'Reilly et al., 2012). Thus, our findings likely do not include all of 

the functional connections that are present for the ROI’s investigated during pain. 

However, given the lack of power available in PPI analysis, the identification of 

numerous pain-related DMN and MCC functional connections is even more striking, 

particularly after conservative corrections for multiple comparisons.  

Our results indicate pain-related changes in FC between DMN/MCC regions and regions 

across the brain. Yet, the nature of PPI analysis does not allow us to determine the 

directionality of influence between these connections or to rule out influence from a 3rd 
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unidentified region. Nonetheless, our results identify novel mechanisms involved in pain 

and pain sensitivity that will benefit future studies.  

The PCu could not be parcellated due to a lack of established parameters for sub-regions 

(Cavanna and Trimble, 2006).  Therefore, it is likely that examining FC within the entire 

PCu resulted in false negatives, as areas within the PCu share distinct functional 

connections at baseline (Zhang and Li, 2012). Additionally, this study is limited in that 

only noxious heat was used to test pain sensitivity. Future studies should examine 

additional pain modalities in order to elucidate the generalizability of the relationships 

between DMN/MCC FC and pain sensitivity. 

3.6. Summary 

Using PPI analysis, we identified novel functional connections between regions of the 

DMN and areas involved in pain processing, affect, memory, and descending pain 

modulation. Changes in DMN FC predicted both intra and inter-individual differences in 

pain intensity and unpleasantness. Inter-individual differences in pain sensitivity were 

related to FC between DMN sub-regions and the PAG, an area involved in descending 

pain facilitation and inhibition. These findings identify potential mechanisms underlying 

DMN involvement in pain. Moreover, engagement of DMN regions with areas of pain 

processing and descending pain modulation provides additional evidence in support of 

DMN regulation of pain and inter-individual differences in pain sensitivity.  
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Chapter	4	

Discussion		

The	overarching	goal	of	the	present	thesis	was	to	determine	the	contributions	of	the	

DMN	to	pain	and	whether	neural	mechanisms	of	the	DMN	contribute	to	individual	

differences	in	pain	sensitivity.	Specifically,	the	present	thesis	aimed	to	1)	determine	

whether	morphological	differences	in	DMN	regions	are	related	to	inter-individual	

differences	in	pain	sensitivity	and	2)	determine	DMN	functional	connectivity	during	

pain	and	whether	functional	interactions	of	the	DMN	during	pain	are	related	to	intra	

and	inter-individual	differences	in	pain	sensitivity.	Findings	included	herein	provide	

strong	support	for	DMN	involvement	in	both	pain	and	individual	differences	in	pain	

sensitivity.		

Key	findings:	

1)	GM	density	in	regions	of	the	DMN	is	related	to	inter-individual	differences	in	pain	

sensitivity.	Individuals	that	were	highly	sensitive	to	pain	displayed	less	GM	in	DMN	

regions	than	individuals	that	were	less	sensitive.		

2)	During pain, regions of the DMN display increased FC to areas involved in pain 

processing, directing and shifting attention, fear, memory, integrating nociceptive 

information, and descending pain modulation. 	

3)	DMN	FC	during	pain	is	related	to	intra-individual	differences	in	pain	intensity	and	

unpleasantness.	Within-subjects,	as	pain	intensity	and	unpleasantness	increase	

across	rising	stimulus	temperatures,	regions	of	the	DMN	display	regionally	specific	
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increases	and	decreases	in	FC	to	areas	involved	in	pain	processing,	memory,	fear,	

and	attention.		

4).	DMN	FC	during	pain	is	related	to	inter-individual	differences	in	pain	intensity	

and	unpleasantness.	Highly	sensitive	individuals	exhibit	greater	FC	than	less	

sensitive	individuals	between	DMN	regions	and	areas	involved	in	pain	processing	

and	descending	pain	modulation.		

Findings	of	the	present	thesis	are	novel	and	have	the	potential	to	shape	current	and	

future	views	regarding	1)	functions	of	the	DMN	and	2)	mechanisms	by	which	pain	is	

constructed	and	modulated.	Moreover,	elucidation	of	the	underlying	morphological	

and	connectivity-based	DMN	contributions	to	pain	has	wide	implications	for	future	

research,	as	well	as	for	the	development	of	novel	approaches	to	prevent	and	treat	

chronic	pain.		

The	PCC	and	PCu	displayed	both	structural	and	FC	relationships	to	pain	sensitivity,	

indicating	that	these	regions	comprehensively	contribute	to	the	mechanisms	

involved	in	inter-individual	differences	in	pain	sensitivity	(Figure	4-1).	Increased	

GM	in	these	regions	was	related	to	decreased	pain	sensitivity,	suggesting	a	possible	

inhibitory	role	for	the	DMN	in	pain.	FC	of	the	sgACC	was	related	to	both	intra	and	

inter-individual	differences	in	pain,	indicating	that	interactions	of	this	mPFC	DMN	

region	are	also	important	in	pain	sensitivity.	The	PCC,	PCu,	and	sgACC	are	“hubs”	of	

the	brain	and	share	diverse	structural	and	functional	connections	with	numerous	

regions	across	the	brain.	As	such,	these	regions	are	well	suited	to	directly	and	

indirectly	contribute	to	the	construction	and	modulation	of	pain	via	mechanisms	of	
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pain	processing,	attention,	emotion,	memory,	and	descending	pain	modulation.	

Indeed,	both	the	PCC	and	the	sgACC	were	found	to	have	increased	FC	to	the	PAG	in	

highly	sensitive	individuals.	As	the	PAG	is	a	critical	node	in	the	descending	pain	

modulatory	system,	these	findings	provide	striking	support	for	DMN	regulation	of	

pain.		
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Figure	4-1.	Pain	intensity	is	related	to	both	GM	and	FC	in	a	similar	pattern	of	brain	
regions.	Common	brain	regions	exhibiting	GM	and	FC	relationships	to	pain	intensity	
include	areas	involved	in	the	DMN	(precuneus),	pain	(SI),	and	attention	(IPL).		
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The	discussion	henceforth	will	focus	on	the	specific	and	combined	contributions	of	

DMN	structure	and	FC	to	pain	sensitivity.	The	present	findings	will	be	explored	in	

the	context	of	existing	literature	and	proposed	mechanisms	of	DMN	influence	in	

pain	will	be	presented.	Finally,	future	implications	for	the	study	of	pain	will	be	

discussed	and	translational	applications	for	the	prevention	and	treatment	of	chronic	

pain	will	be	explored.		

4.1.	DMN	Morphology	and	Pain	Sensitivity		

Decreased	grey	matter	in	DMN	regions	is	implicated	in	a	variety	of	disorders	and	is	

often	significantly	related	to	a	decrease	in	function	(see	Section	1.6.5.2.).	

Neuroimaging	studies	of	chronic	pain	patients	have	consistently	revealed	GM	

decreases	in	both	pain-associated	brain	regions	and	regions	of	the	DMN	that	are	

related	to	measures	of	chronic	pain	severity.	The	present	finding	confirms	a	

relationship	between	DMN	structure	and	pain,	and	extends	this	relationship	to	

include	pain	sensitivity	in	healthy	individuals.		

Study	1	found	that	grey	matter	density	in	regions	of	the	DMN	is	inversely	related	to	

pain	sensitivity.	Individuals	that	were	highly	sensitive	to	pain	displayed	less	grey	

matter	in	the	PCC	and	PCu	than	individuals	that	were	less	sensitive.	Conversely,	

individuals	that	were	least	sensitive	to	pain	displayed	more	grey	matter	in	these	

regions	than	highly	sensitive	individuals.	Interestingly,	SI,	IPL,	and	IPS	were	also	

found	to	exhibit	this	relationship,	suggesting	that	pain	sensitivity	reflects	a	common	

interplay	between	regions	involved	in	DMN	processes,	attention,	and	pain.	The	
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results	of	Study	2	support	this	concept,	as	increased	interactions	were	found	

between	these	regions	during	pain	(Figure	4-1).		

Although	the	underlying	mechanisms	of	GM	differences	are	unknown,	both	genetics	

and	experience	are	likely	to	contribute.	Identical	twins	have	been	found	to	display	

almost	identical	distributions	of	cortical	grey	matter,	whereas	fraternal	twins	and	

control	subjects	have	significantly	more	GM	variability	(Thompson	et	al.,	2001).	

Therefore,	it	is	probable	that	DMN	structural	differences	are,	at	least	in	part,	due	to	

genetic	influence.	Additionally,	experience	has	also	been	shown	to	cause	grey	matter	

changes	in	the	brain	(Draganski	and	May,	2008;	Teutsch	et	al.,	2008).	As	the	DMN	is	

involved	in	generating	and	maintaining	internal	states	of	attention,	less	sensitive	

individuals	with	increased	DMN	GM	may	engage	DMN	processes	more	frequently	

than	highly	sensitive	individuals.	In	support	of	this,	individuals	that	practice	

mindfulness	meditation,	which	is	based	on	focusing	one’s	attention	internally,	

exhibit	increased	GM	in	DMN	regions	(Holzel	et	al.,	2008)	and	decreased	pain	

sensitivity	(Grant	et	al.,	2011;	Lutz	et	al.,	2013).	Moreover,	studies	have	shown	that	

mindfulness-based	training	in	mediation	naïve	subjects	leads	to	reductions	in	pain	

sensitivity	(Zeidan	et	al.,	2011;	Zeidan	et	al.,	2015)	and	increases	in	PCC	GM	(Holzel	

et	al.,	2011).	Accordingly,	individuals	with	more	GM	in	DMN	regions	may	have	a	

tendency	towards	DMN	thought	processes	and	be	less	easily	engaged	by	external	

sensory	events	and	pain.		

	Such	DMN	processes	may	be	powerful	competitors	to	processes	involved	in	the	

construction	and	modulation	of	pain.	Studies	have	shown	that	directing	attention	
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towards	pain	increases	pain	perception,	as	well	as	functional	activity	in	pain-

associated	brain	regions	(see	Section	1.4.1.).	Conversely,	directing	attention	away	

from	pain	reduces	pain	perception	and	pain-associated	brain	activity.	Importantly,	

natural	fluctuations	in	attention	may	also	compete	with	pain	processes.	Intrinsic	

shifts	in	attention	away	from	pain	(mind-wandering)	have	been	shown	to	increase	

functional	activity	in	DMN	regions,	decrease	activity	in	pain-associated	brain	areas,	

and	increase	FC	between	DMN	regions	and	the	PAG,	a	critical	node	in	the	

descending	pain	inhibitory	system	(Kucyi	et	al.,	2013).	Accordingly,	less	sensitive	

individuals	with	more	grey	matter	in	DMN	regions	may	be	better	at	engaging	DMN	

processes	that	compete	with	the	construction	and	modulation	of	pain.		

In	contrast,	highly	sensitive	individuals	with	less	grey	matter	in	DMN	regions	may	

have	a	tendency	to	focus	attention	externally	and	be	more	easily	captured	by	

external	sensory	events	and	pain.	Indeed,	decreased	GM	in	DMN	regions	is	related	to	

an	increased	ability	to	achieve	and	maintain	a	high	state	of	vigilance	(Westlye	et	al.,	

2011).	Studies	have	shown	that	individuals	that	are	highly	vigilant	to	pain	display	

increased	pain	sensitivity	and	less	engagement	of	the	descending	pain	inhibitory	

system	(Ploner	et	al.,	2010;	Wiech	et	al.,	2014).	Therefore,	individuals	with	

decreased	DMN	GM	may	be	more	vigilant	towards	pain	and	have	less	ability	to	

engage	competitive	attentional	processes	that	reduce	pain	perception.	Although	the	

proposed	mechanisms	of	DMN	structural	contributions	to	pain	sensitivity	are	

speculative,	the	findings	of	DMN	structural	relationships	to	inter-individual	

differences	in	pain	sensitivity	provide	strong	evidence	of	DMN	involvement	in	pain.	

In	addition,	the	present	findings	lay	a	foundation	for	future	investigations	into	the	



	

	 157	

functional	outcomes	of	GM	differences	and	DMN	mechanisms	of	pain	regulation	(see	

Section	4.5.),	as	well	as	future	development	of	novel	approaches	to	prevent	and	

treat	chronic	pain	(see	Section	4.4.).	

4.2.	Functional	Interactions	of	DMN	regions	and	Pain	Sensitivity	

Individual	brain	regions	do	not	work	in	isolation,	but	instead	form	extensive	

interactions	across	the	brain	(networks)	to	process	information	and	construct	

experiences.	Moreover,	interactions	between	brain	regions	are	not	static	or	

inflexible.	Indeed,	functional	connections	between	brain	regions	are	dynamic	and	

plastic,	recruiting	different	areas	in	different	manners	based	on	perceptual,	

cognitive,	emotional,	and	attentional	demands	(Pessoa,	2014).		

To	date,	studies	of	DMN	FC	and	pain	have	primarily	investigated	resting	state	DMN	

FC	in	either	chronic	pain	populations	or	in	relation	to	tasks.	In	contrast,	the	present	

thesis	investigated	the	FC	of	DMN	regions	during	pain	and	the	relationship	between	

DMN	FC	during	pain	and	pain	sensitivity	in	healthy	individuals.	Study	2	of	the	

present	thesis	provides	striking	and	novel	evidence	of	DMN	involvement	in	pain	by	

demonstrating	that	1)	the	DMN	engages	with	pain-associated	brain	regions	during	

pain	and	2)	FC	of	DMN	regions	during	pain	is	related	to	intra	and	inter-individual	

differences	in	pain	sensitivity.	Moreover,	the	heterogeneous	regional	responses	that	

were	found	in	DMN	FC	suggest	not	only	a	functional	reorganization	of	the	DMN	

during	pain,	but	also	that	individual	components	of	the	DMN	may	have	unique	and	

diverse	contributions	to	the	experience	of	pain.		

4.2.1.	DMN	regions	increase	FC	with	pain-associated	brain	regions	during	pain	
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During	pain,	FC	increased	between	DMN	regions	and	regions	that	have	been	shown	

to	contribute	to	the	construction	and	modulation	of	pain	such	as	SI,	pMCC,	insula,	

thalamus,	caudate,	putamen,	amygdala,	hippocampus,	IPL,	cerebellum,	and	PAG.	The	

DMN	region	with	the	most	prominent	FC	changes	during	pain	was	the	retrosplenial	

cortex	(RSC).	The	RSC	is	a	sub-region	of	the	PCC	and	has	been	implicated	in	intrinsic	

thought,	theory	of	mind,	spatial	memory	(visual	and	somatosensory),	fear-

avoidance	learning,	conditioned	learning,	and	descending	pain	inhibition	(Vann	et	

al.,	2009;	Reis	et	al.,	2010).	Interestingly,	Rais	and	colleagues	have	shown	that	

electrical	stimulation	of	the	RSC	reduces	pain-related	behaviors	in	rats	via	activation	

of	the	descending	pain	inhibitory	system	(Reis	et	al.,	2010;	Reis	et	al.,	2015).		

During	pain,	RSC	FC	increased	to	areas	that	are	involved	in	fear	and	memory	such	as	

the	amygdala	and	hippocampus,	as	well	as	those	involved	in	pain	such	as	the	

thalamus,	insula,	putamen,	STG,	and	PAG.	As	memory	and	emotion	can	substantially	

contribute	to	the	subjective	experience	of	pain	(see	Section	1.4.),	a	possible	role	of	

the	RSC	is	to	integrate	nociceptive	information	with	information	relating	to	memory	

and	emotion	in	order	to	facilitate	descending	pain	inhibition.		

Additionally,	the	finding	of	increased	RSC-insula	FC	during	pain	is	consistent	with	

observations	in	chronic	pain	patients.	Increased	FC	between	the	RSC	and	insula	has	

been	observed	across	chronic	pain	conditions	including	CBP,	fibromyalgia,	chronic	

pelvic	pain,	and	painful	diabetic	neuropathy	(see	Section	1.6.5.2.).	These	increases	

are	often	positively	related	to	measures	of	chronic	pain	severity,	suggesting	a	role	

for	this	connection	in	pain	perception.	The	present	finding	confirms	that	
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interactions	between	the	RSC	and	insula	are	involved	in	pain	and	expands	this	

involvement	to	include	healthy	individuals.		

4.2.2.	DMN	regions	display	increases	and	decreases	in	FC	as	pain	ratings	increase		

Notably,	Study	2	demonstrates	that	the	FC	of	DMN	regions	during	pain	is	related	to	

the	subjective	experience	of	both	pain	intensity	and	unpleasantness.	Within-

subjects,	as	stimulus	temperatures	and	pain	ratings	increased,	regionally	specific	

increases	and	decreases	in	FC	occurred	within	the	DMN,	as	well	as	between	DMN	

regions	and	regions	involved	in	pain.	In	general,	within-DMN	FC	decreased	in	

relation	to	increasing	pain	intensity	and	unpleasantness,	suggesting	a	functional	

reorganization	of	the	DMN	during	pain.	This	reorganization	likely	occurs	in	order	to	

facilitate	increased	communication	of	DMN	regions	to	other	regions	across	the	brain	

as	nociceptive	drive	increases.	This	is	supported	by	the	present	findings	of	

increased	DMN	FC	during	pain	to	regions	involved	in	pain,	attention,	emotion,	

memory,	and	descending	pain	modulation.			

In	addition,	increasing	sgACC	FC	was	observed	within-subjects	in	response	to	

increasing	pain	intensity	and	unpleasantness.	Increasing	sgACC	FC	to	the	caudate	

and	mPFC	was	related	to	increasing	pain	intensity,	whereas	increasing	sgACC	FC	to	

the	dlPFC	and	the	IFG	was	related	to	increasing	pain	unpleasantness.	Interestingly,	

sgACC	also	displayed	pain	unpleasantness-related	decreases	in	FC	to	regions	that	

have	been	shown	to	contribute	to	pain	affect,	such	as	the	amygdala,	insula,	and	

nucleus	accumbens.		
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The	sgACC	is	involved	in	autonomic	regulation,	emotion,	expectations,	and	

descending	pain	modulation	(Vogt,	2005;	Tracey	and	Mantyh,	2007),	whereas	the	

caudate	is	involved	in	pain-related	avoidance	behaviors	and	participates	in	cortico-

BG-thalamic	loops	that	function	to	integrate	cognitive,	emotional,	and	modulatory	

information	(Borsook	et	al.,	2010).	As	such,	increasing	sgACC-caudate	FC	may	reflect	

increasing	integration	of	emotional,	cognitive,	and	modulatory	information	as	pain	

intensity	increases.			

The	finding	of	pain	unpleasantness-related	increases	in	sgACC-dlPFC	FC	within-

subjects	is	consistent	with	previous	proposals	of	dlPFC	modulation	of	pain	

perception	via	top-down	influence	on	the	rostral	ACC.	Lorenz	et	al.	has	shown	that	

the	relationship	between	pain	ratings	and	rostral	ACC	activity	is	modulated	by	

activity	in	the	dlPFC	(Lorenz	et	al.,	2003).	Similarly,	a	model	of	mutual	inhibition	

between	sgACC	and	dlPFC	has	been	proposed,	in	which	a	competition	between	

cognitive	and	emotional	demands	is	driven	and	determined	by	interactions	between	

these	regions	(Ramirez-Mahaluf	et	al.,	2015).	Accordingly,	increased	sgACC-dlPFC	

FC	may	reflect	competition	between	these	areas	as	pain	unpleasantness	increases.	

This	competition	may	drive	decreases	in	sgACC	FC	to	pain-related	regions	(insula,	

nucleus	accumbens,	amygdala)	as	dlPFC	influence	increases.		

Conversely,	separate	mechanisms	could	be	driving	the	increases	and	decreases	in	

sgACC	FC.	For	example,	the	dlPFC	is	involved	in	cognitive	and	attentional	processing	

of	noxious	stimuli,	threat-induced	anxiety,	response	inhibition,	and	cognitive	

modulation	of	pain	(see	Section	1.4.3.2.)	(Wiech	et	al.,	2008;	Shackman	et	al.,	2009).	
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Thus,	increasing	sgACC-dlPFC	connectivity	could	reflect	an	integration	of	processes	

relating	to	attention,	emotion,	and	nociception	in	order	to	influence	behavioral	and	

autonomic	responses,	as	well	as	modulation	of	pain.		In	this	case,	the	

unpleasantness-related	decreases	in	sgACC	FC	to	the	insula,	amygdala,	hippocampus,	

and	accumbens	could	reflect	divergent	shifts	in	the	FC	of	these	regions	to	facilitate	

increasing	nociceptive	demands	relating	to	pain	affect.	Indeed,	decreased	structural	

connectivity	between	sgACC-insula	is	observed	in	individuals	that	are	highly	vigilant	

to	pain	(Taylor	et	al.,	2009;	Wiech	et	al.,	2014).	Moreover,	it	has	recently	been	

shown	that	self-regulation	of	pain	is	mediated	by	FC	between	the	vmPFC	and	

nucleus	accumbens,	such	that	self-regulating	pain	“up”	is	related	to	decreased	FC	

between	these	areas	(Woo	et	al.,	2015).		

An	important	finding	of	Study	2	was	that	as	pain	intensity	increases	within-subjects,	

pMCC	FC	increases	to	the	PCu,	IPL,	SPL,	and	SI.	A	strikingly	similar	pattern	of	GM	

differences	was	found	in	Study	1,	suggesting	that	these	regions	comprehensively	

contribute	to	the	experience	of	pain	via	mechanisms	that	may	be	partly	driven	by	

the	pMCC.	These	regions	are	involved	in	processes	relating	to	both	attention	and	

pain,	such	as	environmental	monitoring	and	response	selection	(pMCC),	directing	

and	shifting	attention	(IPL,	SPL,	PCu),	perceiving	stimulus	intensity	and	pain	

intensity	(SI,	pMCC),	and	modulating	pain	via	attentional	mechanisms	(PCu)	(Coghill	

et	al.,	1999;	Hopfinger	et	al.,	2000;	Corbetta	and	Shulman,	2002;	Giesbrecht	et	al.,	

2003;	Vogt,	2005;	Cavanna	and	Trimble,	2006;	Villemure	and	Bushnell,	2009).	As	

such,	increased	FC	between	these	areas	likely	reflects	a progressive increase in 
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integration of nociceptive and attentional processes to facilitate response selection and 

pain modulation. 	

4.2.3.	DMN	FC	to	pain-associated	brain	regions	is	related	to	pain	sensitivity		

Fundamental	to	the	present	thesis,	study	2	indicates	that	DMN	FC	during	pain	is	

related	to	inter-individual	differences	in	perceived	pain	intensity	and	

unpleasantness.	Highly	sensitive	individuals	displayed	greater	FC	between	DMN	

regions	(BA31,	pgACC,	and	sgACC)	and	regions	involved	in	pain,	emotion,	

expectations,	and	descending	pain	modulation.	Interestingly,	individuals	that	were	

highly	sensitive	to	pain	intensity	displayed	greater	DMN	(BA31	and	pgACC)	FC	to	

the	cerebellum	than	less	sensitive	individuals.	Both	BA31	and	the	pgACC	share	

functional	connections	with	the	cerebellum	at	rest	(Krienen	and	Buckner,	2009).	

The	present	findings	suggest	that	these	areas	are	also	functionally	connected	during	

pain	and	that	the	level	of	their	connectedness	is	related	to	inter-individual	

differences	in	perceived	pain	intensity.	The	cerebellum	is	commonly	activated	

during	pain	and	has	been	proposed	to	function	in	integrating	sensorimotor	and	

affective	processes	with	processes	relating	to	pain	modulation	(Moulton	et	al.,	2010).	

As	such,	the	present	findings	likely	reflect	increased	integration	of	attentional,	

emotional,	sensorimotor,	and	modulatory	processes	in	highly	sensitive	individuals.	

In	addition,	the	presence	of	greater	anterior	and	posterior	DMN	FC	to	the	

cerebellum	in	highly	sensitive	individuals	indicates	that	DMN-cerebellar	

connections	may	play	a	wide-ranging	role	in	pain	sensitivity.		
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Pain	intensity	was	also	positively	related	to	FC	of	the	sgACC.	Individuals	with	higher	

ratings	of	pain	intensity	displayed	greater	FC	between	the	sgACC	and	the	thalamus,	

hippocampus,	RSC,	and	PAG	than	individuals	with	lower	pain	intensity	ratings.	The	

thalamus	and	hippocampus	are	involved	in	pain	processing,	memory,	negative	affect	

(anxiety),	and	negative	expectations	of	pain	relief	(Bushnell	and	Duncan,	1989;	

Coghill	et	al.,	1999;	Ploghaus	et	al.,	2001;	Bingel	et	al.,	2011).	Increased	sgACC	FC	to	

the	thalamus	and	hippocampus	may	reflect	increased	integration	of	pain	processing	

with	cognitive,	emotional,	and	modulatory	processes	in	highly	sensitive	individuals.	

The	increased	sgACC	FC	to	the	RSC	and	PAG	is	of	note.	The	sgACC	shares	structural	

connections	with	both	the	RSC	and	the	PAG	and	interactions	between	these	3	

regions	have	been	implicated	in	descending	pain	modulation.	A	recent	study	has	

shown	that	the	descending	pain	inhibitory	connection	between	the	rat	RSC	and	PAG	

is	modulated	by	the	rACC,	such	that	ablation	or	inhibition	of	the	rACC	by	a	GABA-A	

antagonist	increases	the	duration	of	RSC-PAG	driven	anti-nociception	during	the	

tail-flick	test	(Reis	et	al.,	2015).	This	suggests	that	the	sgACC	can	act	to	inhibit	the	

descending	inhibitory	connection	between	the	RSC	and	PAG.	Additionally,	direct	

connections	between	the	sgACC	and	PAG	are	known	to	facilitate	descending	pain	

modulation	(Fields,	2004;	Bingel	et	al.,	2011).	The	present	finding	indicates	that	this	

modulatory	circuit	between	sgACC,	RSC,	and	PAG	is	also	engaged	during	pain	in	

humans	and	that	the	magnitude	of	sgACC	interactions	with	the	RSC	and	PAG	is	

related	to	inter-individual	differences	in	perceived	pain	intensity.	The	elucidation	of	

increased	engagement	of	the	sgACC	with	these	2	pain	modulatory	regions	in	highly	

sensitive	individuals	provides	strong	support	for	DMN	regulation	of	pain	sensitivity.		
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Inter-individual	differences	in	perceived	pain	unpleasantness	were	also	related	to	

DMN	FC.	Individuals	with	higher	ratings	of	pain	unpleasantness	displayed	greater	

FC	between	BA31	and	the	PAG,	caudate,	thalamus,	and	hippocampus	than	less	

sensitive	individuals.	Interestingly,	although	pain	intensity	and	unpleasantness	

were	differentially	related	to	FC	of	anterior	(sgACC)	and	posterior	(BA31)	DMN	

regions,	both	functional	connections	converged	on	the	PAG.	This	suggests	that	

separate	DMN	mechanisms	may	be	involved	in	the	perception	of	pain	intensity	and	

unpleasantness,	but	that	both	mechanisms	may	similarly	influence	pain	via	

engagement	of	the	descending	pain	modulatory	system.		

The	finding	of	increased	pain	unpleasantness-related	BA31	FC	to	the	thalamus,	

caudate,	and	hippocampus	is	consistent	with	the	roles	of	these	regions	in	pain	

processing,	pain-related	avoidance	behavior,	and	negative	affect/expectations.	In	

addition,	these	regions	also	participate	in	cortico-BG-thalamic	loops	that	project	to	

the	PAG	and	function	in	integrating	cognitive,	emotional,	and	modulatory	

information	(Borsook	et	al.,	2010).	Accordingly,	increased	connectivity	between	

these	regions	may	reflect	increased	integration	of	information	relating	to	

nociception,	emotion,	and	attention	to	influence	descending	pain	modulation	in	

highly	sensitive	individuals.	Consistent	with	study	1,	study	2	confirms	involvement	

of	the	PCC	in	individual	differences	in	pain	sensitivity	and	provides	a	possible	

mechanism	of	DMN	regulation	of	pain	sensitivity	via	interactions	with	the	PAG.	

Importantly,	increased	engagement	of	BA31	with	the	descending	pain	modulatory	

system	in	highly	sensitive	individuals	provides	additional	and	substantial	support	

for	DMN	regulation	of	pain	sensitivity.		
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4.3.	DMN	Regulation	of	Pain	Sensitivity			

As	DMN	structure	and	FC	are	both	involved	in	inter-individual	differences	in	pain	

sensitivity,	I	propose	that	the	DMN	has	a	regulatory	role	in	pain	and	pain	perception.	

The	PCC	and	PCu	are	hubs	of	the	brain,	sharing	substantial	structural	and	functional	

connections	with	regions	across	the	brain.	As	such,	the	DMN	is	well	suited	to	

integrate	information	from	across	the	brain	and	influence	a	wide-range	of	neural	

systems.	In	addition,	the	DMN	is	involved	many	cognitive	processes	that	have	been	

shown	to	modulate	pain,	including	attention,	emotion,	memory,	and	expectations	

(see	Section	1.4.).	Accordingly,	the	DMN	has	many	avenues	in	which	to	influence	

the	construction	and	modulation	of	pain.	The	present	thesis	demonstrates	dynamic	

changes	in	DMN	FC	during	pain	to	regions	involved	in	pain,	attention,	emotion,	

memory,	and	descending	pain	modulation.	Moreover,	the	present	thesis	indicates	

that	individuals	with	increased	GMD	in	DMN	regions	are	less	sensitive	to	pain	than	

individuals	with	more	GMD.	As	such,	I	propose	that	the	DMN	contributes	to	the	

construction	and	modulation	of	pain	via	attentional,	emotional,	and	cognitive	

mechanisms	that	may	be	strengthened	in	individuals	with	increased	GM	in	DMN	

regions.		

Findings	from	Study	2	indicate	that	likely	mechanisms	of	DMN	regulation	of	pain	

sensitivity	reside	in	its	functional	interactions	with	pain-associated	brain	regions	

and	importantly,	with	the	PAG.	Three	DMN	regions	were	found	to	engage	the	PAG	

during	pain,	and	2	regions	did	so	in	a	manner	related	to	inter-individual	differences	

in	pain	intensity	and	unpleasantness.	The	PAG	is	a	central	node	in	the	pain	
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modulatory	system,	as	it	receives	ascending	projections	from	spinal	cord	

nociceptive	neurons	and	descending	projections	from	higher	cortical	and	

subcortical	structures,	such	as	the	amygdala,	hypothalamus,	rACC,	and	RSC	(see	

Section	1.3.3.).	The	PAG	sends	descending	projections	mainly	to	the	RVM,	which	in	

turn	projects	to	the	spinal	cord	dorsal	horn	where	modulation	of	afferent	

nociceptive	signals	occurs	(Castiglioni	et	al.,	1978;	Cameron	et	al.,	1995;	Willis	and	

Westlund,	1997).	Electrical	stimulation	of	the	PAG	and	RVM	can	result	in	both	pain	

relief	and	pain	enhancement	via	modulation	of	nociceptive	dorsal	horn	neurons,	

depending	on	the	subset	of	stimulated	neurons	(Reynolds,	1969;	Mayer	et	al.,	1971;	

Carstens	et	al.,	1979;	Hayes	et	al.,	1979;	Fields,	2004).	Accordingly,	increased	DMN	

engagement	with	the	PAG	in	highly	sensitive	individuals	suggests	a	role	for	the	DMN	

in	pain	modulation.	

Findings	from	Study	2	also	suggest	that	mechanisms	of	DMN	regulation	of	pain	

sensitivity	may	reside	in	DMN	participation	in	cortico-BG-thalamic	loops.	Areas	of	

the	PCC	and	rACC	are	structurally	connected	to	regions	of	the	basil	ganglia	(BG)	and	

are	known	to	participate	in	cortico-BG-thalamic	loops	(Borsook	et	al.,	2010).	The	

present	thesis	demonstrates	pain-related	increases	and	decreases	in	DMN	FC	to	1)	

regions	of	the	basal	ganglia	including	the	caudate,	nucleus	accumbens,	and	putamen,	

2)	the	thalamus,	and	3)	cortical	regions	that	participate	in	cortico-BG-thalamic	loops,	

such	as	the	amygdala	and	hippocampus.	These	BG	regions	and	the	associated	loops	

are	involved	in	integrating	sensory,	motor,	emotional,	cognitive,	and	modulatory	

information	and	have	been	proposed	to	contribute	to	pain	via	ascending	influence	

on	pain-associated	brain	regions,	as	well	as	descending	influence	on	the	PAG	and	
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spinal	cord	nociceptive	circuits	(Borsook	et	al.,	2010).		Thus,	the	DMN	may	

contribute	to	the	experience	of	pain	via	its	involvement	in	processes	relating	to	

attention,	emotion,	and	memory,	as	well	as	its	integration	of	such	processes	via	

cortico-BG-thalamic	loops.		

Finally,	findings	from	Study	1	indicate	that	DMN	structure	is	related	to	inter-

individual	differences	in	pain	sensitivity.	Individuals	with	more	GM	in	DMN	regions	

are	less	sensitive	to	pain	than	those	with	less	GM.	As	structure	and	function	are	

reciprocal	contributors	to	neural	function	(i.e.	structure	influences	function	and	

function	influences	structure),	it	is	likely	that	DMN	processes	may	be	strengthened	

in	individuals	with	increased	GM	in	DMN	areas.	This	is	highly	speculative,	however,	

as	the	underlying	mechanisms	of	GM	differences	are	currently	unknown	(i.e.	glia,	

neurons,	synaptic	densities).	For	example,	increased	synaptic	pruning	may	lead	to	

both	decreased	GMD	and	more	efficient	neural	processing.	Nevertheless,	the	

findings	of	the	present	thesis	provide	substantial	support	for	DMN	involvement	in	

pain	and	provide	insight	into	the	neural	mechanisms	underlying	DMN	regulation	of	

pain	and	pain	sensitivity.		

4.4.	Overall	Implications	for	Chronic	Pain	

As	alterations	in	DMN	structure,	function,	and	functional	connectivity	are	found	

across	numerous	chronic	pain	conditions,	the	findings	of	the	present	thesis	have	the	

potential	to	impact	the	future	study	of	chronic	pain,	as	well	as	the	development	of	

novel	pharmacological	and	non-pharmacological	approaches	to	prevent	and	treat	

chronic	pain.	For	example,	it	is	known	that	pain	sensitivity	can	be	used	to	predict	
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post-surgical	pain,	as	well	as	analgesic	requirements	(Granot	et	al.,	2003;	Pan	et	al.,	

2006;	Jarrell	et	al.,	2014).	Psychophysical	assessments	of	pain	sensitivity	require	

specific	equipment,	as	well	as	training	in	sensory	testing	procedures.	However,	the	

present	findings	may	enable	clinicians	to	employ	sMRI,	coupled	with	novel	Machine	

Learning	technology,	to	predict	pain	sensitivity	and	tailor	treatment	accordingly.		

In	addition,	the	present	findings	may	facilitate	new	uses	for	current	pharmacological	

and	non-pharmacological	treatments.	A	recent	study	found	that	anti-depressants	

(SSRI’s)	increase	GM	in	DMN	regions	(Kraus	et	al.,	2014).	As	the	present	thesis	

found	that	increased	DMN	GM	relates	to	decreased	pain	sensitivity,	preventative	

approaches	using	anti-depressants	may	be	implemented	prior	to	surgical	

procedures	or	following	an	acute	injury	to	increase	DMN	GM	and	decrease	pain	

sensitivity.	Finally,	as	cognitive-based	therapies	such	as	mindfulness	meditation	are	

known	to	increase	GM	in	DMN	and	decrease	pain	sensitivity,	the	findings	of	the	

present	thesis	support	the	more	frequent	employment	of	these	techniques	to	

prevent	and	treat	chronic	pain	conditions.		

The	FC	findings	of	the	present	thesis	provide	novel	targets	for	the	development	of	

neuromodulatory	approaches,	such	as	those	employed	with	transcranial	magnetic	

stimulation	(TMS),	to	reduce	pain.	TMS	has	been	shown	to	not	only	alter	activity	of	

the	target	region,	but	also	alter	activity	in	a	distributed	network	of	connected	

regions	(Shafi	et	al.,	2012).	Therefore,	targeted	TMS	modulation	may	be	used	to	

alter	pain-related	functional	connections	of	the	DMN	in	order	to	influence	the	

subjective	experience	of	pain.	Indeed,	TMS	stimulation	of	the	frontal	eye	fields	(FEF),	
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dlPFC,	and	IPL	have	all	been	shown	to	modulate	activity	of	DMN	regions	(Paus	et	al.,	

1997;	Paus	et	al.,	2001;	Eldaief	et	al.,	2011).	The	effects	of	such	stimulation	on	pain	

perception	have	yet	to	be	explored;	however,	recent	evidence	suggests	that	TMS	of	

the	dlPFC	is	an	effective	treatment	for	major	depression	(O'Reardon	et	al.,	2007).	As	

the	present	thesis	presents	the	first	evidence	of	DMN	functional	connections	during	

pain,	the	findings	herein	provide	novel	targets	for	neuromodulatory	treatment	

approaches	to	chronic	pain.		

In	addition	to	neuromodulatory	approaches,	the	present	findings	may	aid	in	the	

development	of	novel	cognitive-behavioral	therapies	in	chronic	pain.	Pain	

rumination	and	catastrophizing	are	substantial	contributors	to	chronic	pain	

development	and	severity.	The	DMN	is	involved	in	internal	attentional	processes	

and	is	activated	during	mind-wandering,	daydreaming,	episodic	memory	retrieval,	

and	future	planning	(see	Section	1.6.).	Studies	have	indicated	that	chronic	pain	may	

involve	a	shift	in	DMN	attentional	processes	from	introspective	thoughts	to	thoughts	

that	are	focused	on	pain.	In	this	manner,	altered	DMN	processes	may	compound	

pain	by	increasing	attention	to	pain.	Indeed,	significant	positive	associations	have	

been	found	between	pain	rumination	scores	and	FC	between	the	mPFC,	PCC,	

thalamus,	and	PAG	in	patients	with	tempromandibular	disorder	(TMD)	(Kucyi	et	al.,	

2014).	Therefore,	behavioral	approaches	that	act	to	increase	the	frequency	and	

duration	of	positive	DMN	thought	processes	and	decrease	the	frequency	and	

duration	of	attention	to	pain	may	be	effective	at	decreasing	chronic	pain	severity.	

Such	approaches	could	include	a	certain	amount	of	time	each	day	that	is	dedicated	

to	positive	DMN	thought	processes	such	as	thinking	about	a	past	vacation,	planning	
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a	dream	vacation,	planning	a	future	goal,	listening	to	music	that	evokes	positive	

emotions/memories,	and	recalling	positive	past	experiences.		

4.5.	Future	Study	of	the	DMN	and	Pain	

Although	the	findings	of	the	present	thesis	are	correlational,	they	provide	strong	

evidence	for	DMN	involvement	in	pain.	Importantly,	they	lay	a	foundation	for	future	

interventional	investigations	that	can	further	elucidate	the	specific	mechanisms	by	

which	DMN	structure	and	connectivity	may	influence	the	construction	and	

modulation	of	pain.	Future	investigations	into	the	neural	substrates	of	GM	

differences,	as	well	as	the	functional	correlates	of	such	differences,	will	provide	

clarification	on	the	modulatory	influence	of	the	DMN	in	pain.	For	example,	

investigations	of	whether	GM	differences	reflect	a	change	in	neurons,	synaptic	

densities,	glia,	or	blood	flow	would	be	beneficial	for	interpretation	of	studies	

involving	structural	differences,	including	those	found	in	the	present	thesis.	

Moreover,	elucidation	of	the	neurochemical	substrates	of	the	DMN	would	aid	in	

further	determining	not	only	the	mechanisms	of	DMN	FC	during	pain,	but	also	the	

underlying	mechanisms	of	DMN	structural	differences	and	their	relationship	to	pain.	

For	example,	grey	matter	can	include	both	inhibitory	and	excitatory	substrates,	and	

loss	of	either	would	have	substantially	different	effects	on	interpreting	how	FC	and	

GM	differences	relate	to	pain	sensitivity.		

Additionally,	as	fMRI	has	low	temporal	resolution,	the	BOLD	signal	likely	does	not	

capture	the	intricacies	of	the	temporal	dynamics	in	DMN	activity	during	pain.	

Therefore	the	FC	of	DMN	regions	during	pain	may	be	substantially	more	complex	
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that	what	was	found	in	the	present	thesis.	Future	studies	should	investigate	

temporal	dynamics	of	DMN	FC	during	pain	via	1)	dynamic	FC	analysis	(sliding	

window),	2)	network	analysis	of	EEG	or	3)	recording	local	field	potentials	(LFP’s)	

from	DMN	regions	during	pain	and	constructing	networks	based	on	these	data.		

Important	to	the	proposals	by	the	present	thesis,	future	studies	should	also	aim	to	

modulate	DMN	activity	and	measure	resultant	changes	in	pain	perception.	As	the	

studies	provided	herein	are	correlational,	it	is	imperative	that	experimental	

modulation	of	DMN	is	employed	to	determine	how	DMN	activity	and	FC	influences	

pain.	This	can	be	completed	using	neuromodulatory	techniques	such	as	TMS	or	

direct	electrical	stimulation	in	neurosurgical	patients.	As	study	2	demonstrates	that	

the	FC	of	DMN	regions	is	heterogeneous	during	pain,	it	will	be	important	to	

experimentally	treat	each	separate	DMN	region	to	measure	differential	effects.		

Finally,	determining	whether	individuals	with	increased	DMN	GM	and	decreased	

pain	sensitivity	do	indeed	more	frequently	engage	in	DMN	thought	processes	should	

be	investigated.	Additionally,	experimental	pain	studies	that	manipulate	DMN	

thought	processes	should	be	employed	in	both	healthy	individuals	and	chronic	pain	

patients	to	determine	the	effects	of	such	processes	on	DMN	GM	and	FC,	as	well	as	

pain	sensitivity	and	chronic	pain	severity.		

4.6.	Conclusion	

The	present	thesis	identified	novel	neural	mechanisms	of	DMN	involvement	in	pain	

and	pain	sensitivity.	Structural	differences	in	DMN	regions	were	related	to	inter-

individual	differences	in	pain	sensitivity,	such	that	individuals	with	more	GM	in	
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DMN	regions	were	less	sensitive	to	pain	than	individuals	with	less	GM.	Additionally,	

FC	of	DMN	regions	during	pain	predicted	both	intra	and	inter-individual	differences	

in	pain	sensitivity.	During	pain,	dynamic	functional	interactions	relating	to	pain	

intensity	and	unpleasantness	occurred	between	DMN	regions	and	regions	involved	

in	pain	processing,	attention,	emotion,	memory,	and	descending	pain	modulation.	

The	present	thesis	provides	the	first	evidence	that	1)	DMN	structure	is	related	to	

pain	sensitivity	2)	the	DMN	engages	with	pain-associated	brain	regions	during	pain,	

and	3)	functional	interactions	of	DMN	regions	during	pain	contribute	to	individual	

differences	in	pain	sensitivity.	As	such,	the	present	thesis	provides	strong	support	

for	DMN	regulation	of	pain.	The	elucidation	of	DMN	involvement	in	both	pain	and	

pain	sensitivity	will	contribute	to	future	studies	of	pain	and	aid	in	the	development	

of	novel	preventative	and	treatment	approaches	for	chronic	pain.		
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Current	Academic	Title:		 	 PhD	Candidate,	Neuroscience		
	 	 	 	 	 Faculty	Mentor:	Dr.	Robert	C.	Coghill	
	

Address:	 	 	 	 Department	of	Neuroscience	
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	 	 	 	 	 Phone:	434-579-1809	
	 	 	 	 	 Fax:		336-716-4534	
	 	 	 	 	 Email:	nemerson@wakehealth.edu	
	
Education:	
	 	
					2007-2011	 University	of	North	Carolina	at	Asheville,	Asheville,	

North	Carolina,	Bachelors	of	Science,	2011,	Major	in	Cell	
and	Molecular	Biology,	Minor	in	Neuroscience	 	
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Employment	History:	
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Forest	School	of	Medicine,	Winston-Salem,	NC.	
Designed,	implemented,	and	organized	new	course	that	
focuses	on	lay	language	skills	in	communicating	science.	
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	Professional	Experience:	(Continued)	
	
	
					2010	 Bug	Camp,	Instructor,	Asheville,	North	Carolina.	

Instructed	scientific,	biological,	and	entomological	
concepts	in	summer	education	program	for	grades	3-5.	
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Honors	and	Awards:	(Continued)		
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					2009	 Dean’s	List,	University	of	North	Carolina	at	Asheville	
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					2007		 	 	 	 Chancellor’s	List,	University	of	North	Carolina	at		
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					2012		 	 	 	 Wake	Forest	University	Graduate	School	of	Arts	and		
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Past	Grant	History:	(Continued)	
					
	
					2010		 	 	 	 National	Conference	of	Undergraduate	Research:	Travel	
	 	 	 	 	 Grant	(Full).	
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				Katydid.	Proceedings	of	the	National	Conference	on	Undergraduate	Research.	2010.		
	
3.	Emerson,	N.M.,	Hadsel,	M.S.,	Lobanov,	O.V.,	Martucci,	K.T.,	Quevedo,	A.S.,Starr,	
				C.J.,	Zeidan,	F.,	Nahman-Averbuch,	H.,	Weisman-Fogel,	I.,	Granovsky,	Y.,	Coghill,		

																	R.C.	Pain	Sensitivity	is	Inversely	Related	to	Regional	Grey	Matter	Density	in	the	Brain.																	
																	PAIN	2014;	155:	566-73.	
	
	 4.	Papoiu	AD,	Emerson	NM,	Patel	TS,	Kraft	RA,	Valdes-Rodriguez	R,	Nattkemper	LA,	Coghill	RC,																	
	 					Yosipovitch,	G.	Voxel-based	morphometry	and	arterial	spin	labeling	fMRI	reveal	neuropathic		 	
																		and	neuroplastic	features	of	brain	processing	of	itch	in	end-stage	renal	disease.	J.		
																		Neurophysiology	2014;	112	(7):	1729-38.		
	
	 5.	Zeidan,	F.,	Emerson,	N.,	Farris,	S.,	Ray,	J.,	Jung,	Y.,	Kraft,	R.A.,	McHaffie,	J.M.,	&	Coghill,R.C.						
																	Mindfulness	meditation-based	pain	relief	employs	different	neural	mechanisms	than	placebo		
																	and	sham-mindfulness	meditation.	J.	Neuroscience	2015;	35	(46):	15307-25.		
		
	
	 Manuscripts	in	Preparation	
	
	 1.	Emerson,	N.,	Zeidan,	F.,	Farris,	S.,	Coghill,	R.C.	Pain	evoked	by	noxious	stimuli	is	not	altered	in						
																	healthy	obese	individuals:	An	investigation	of	BMI,	central	adiposity,	and	percent	body	fat.	
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Manuscripts	in	Preparation:	(continued)	
	
	
													2.	Zeidan,	F.,	Emerson,	N.,	Farris,	S.,	Ray,	J.,	Jung,	Y.,	Kraft,	R.A.,	McHaffie,	J.M.,	&	Coghill,R.C.				
																	Neural	mechanisms	mediating	the	relationship	between	trait	mindfulness	and	pain.	

	
3.	Zeidan,	F.,	Emerson,	N.,	Farris,	S.,	Ray,	J.,	Jung,	Y.,	Kraft,	R.A.,	McHaffie,	J.M.,	&	Coghill,R.C.		
				Neural	correlates	of	mindfulness-based	anxiety	relief	as	compared	to	a	sham	meditation		
				intervention.		
	
4.	Emerson,	N.	and	Coghill,	R.C.	Functional	connectivity	of	the	parcellated	DMN	and	MCC							 											
				during	pain.		
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1.	Emerson,	N.and	Lockerman,	E.	How	do	non-pathogenic	prions		
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2.	Emerson,	N.M.,	Hadsel,	M.S.,	Lobanov,	O.V.,	Martucci,	K.T.,	Quevedo,	A.S.,Starr,	
				C.J.,	Zeidan,	F.,	Nahman-Averbuch,	H.,	Weisman-Fogel,	I.,	Granovsky,	Y.,	Coghill,		
				R.C.	Pain	sensitivity	is	inversely	related	to	grey	matter	volume	in	brain	areas		
				associated	with	the	default	mode	network.		14th	World	Congress	on	Pain,	Milan,	Italy.	2012	
	
3.	Emerson,	N.M.,	Hadsel,	M.S.,	Lobanov,	O.V.,	Martucci,	K.T.,	Quevedo,	A.S.,Starr,	C.J.,	Zeidan,				
					F.,	Nahman-Averbuch,	H.,	Weisman-Fogel,	I.,	Granovsky,	Y.,	Coghill,	R.C.	Regional	grey	matter												
					density	in	the	brain	is	related	to	pain	sensitivity	in	healthy	individuals.	American	Pain	Society,						
					Tampa,	FL.	2014	
	
4.	Emerson,	N.M.,	Zeidan,	F.,	Farris	S.,	Coghill,	R.C.,	Pain	Evoked	by	Experimental	Noxious	Stimuli		
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					Buenos	Aires,	Argentina.	2014	
	
5.	Zeidan,	F.,	Emerson,	N.M.,	Farris,	S.,	Ray,	J.,	Jung,	Y.,	Kraft,	R.A.,	McHaffie,	J.M.,	&	Coghill,	R.C.		
					Neural	mechanisms	supporting	mediation-related	pain	relief	as	compared	to	placebo		
					analgesia.	9th	Annual	NIH	Pain	Consortium	Symposium	on	Advances	in	Pain	Research,		
					Bethesda,	MD.	2014	
	
6.		Zeidan,	F.,	Emerson,	N.M.,	Farris,	S.,	Ray,	J.,	Jung,	Y.,	Kraft,	R.A.,	McHaffie,	J.M.,	&	Coghill,		
					R.C.	Mindfulness	mediation-induced	analgesia	engages	different	neural	mechanisms	than		
					placebo.	21st	Annual	Meeting	of	the	Organization	for	Human	Brain	Mapping,	Honolulu,	HI.		
					2015	
	
	
Conference	Talks:	
	
1.	Conditioned	Learning	in	a	Katydid,	BIG	SURS	Seminar,	University	of	North	Carolina			
					at	Asheville,	Asheville,	North	Carolina,	April,	2009	
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Conference	Talks:	(continued)	
	
	
2.	Conditioned	Learning	in	a	Katydid,	NCUR	Seminar,	University	of	Wisconsin,					
					Lacrosse,	Wisconsin,	April	2009		
	
3.	Conditioned	Learning	and	Memory	Retention	in	a	Katydid,	NCUR	Seminar,	University				
					of	Montana,	Missoula,	Montana,	April	2010	
	
4.		Structural	and	Psychological	Correlates	of	Pain	Sensitivity,	Neuroscience	Seminar,	Wake		
						Forest	Baptist	Health	Medical	Center,	2014	
	
5.	Neural	and	Physical	Correlates	of	Pain	Sensitivity,	Neuroscience	Seminar,	Wake	Forest	
				Baptist	Health	Medical	Center,	2014		
	
6.	The	Brain	and	the	Body:	Investigating	the	Neural	and	Physical	Correlates	of	Inter-individual														
					Differences	in	Pain	Sensitivity,	University	of	Maryland	at	Baltimore,	2016	
	
7.	The	Brain	and	the	Body:	Investigating	the	Neural	and	Physical	Correlates	of	Inter-individual			
					Differences	in	Pain	Sensitivity,	Johns	Hopkins,	2016	
	
	
Committees:		
	
					2013-2015	 	 	 	 Graduate	Student	Curriculum	Committee	
	
					2013-2015	 	 	 	 Graduate	Student	Seminar	Committee		
	
	
AD	Hoc	Reviewer:	
	
					2013-Present	 	 	 PAIN	
	
					2013-Present	 	 	 Anesthesiology	
	
					2016-Present	 	 	 Somatosensory	&	Motor	Research	
	
	
Student	Advising:	
	
					2013-2015	 	 	 	 Neuroscience	Graduate	Student	Mentor	
	
					2013-2014	 	 	 	 High	School	Student	Mentor		
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Community	Involvement:	
	
					2011-2015	 Brain	Awareness	Council,	Volunteer,	Wake	Forest	

University	Graduate	School	of	Arts	and	Sciences,	
Winston-Salem,	North	Carolina	

	
					2007-2011	 	 	 	 Western	North	Carolina	AIDS	Project,	Volunteer,		
	 	 	 	 	 Asheville,	North	Carolina	
	
	
Media	Outreach:	(Selected	out	of	>	20)	
	
Perceptions	of	pain	intensity	associated	with	grey	matter	in	brain	
Huffington	Post	
	
When	in	pain,	are	you	a	baby	or	linebacker?	Brain	study	offers	clues.		
NBC	News	
	
Pain	sensitivity	related	to	brain	structure	
Medscape	 	 	 	    	
	


