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Summary	

	

HIV	infection	remains	a	major	contributor	to	the	global	health	burden	despite	the	

introduction	of	effective	prevention	strategies	and	the	effectiveness	of	combined	

antiretroviral	therapy	(cART).	Of	particular	importance	is	the	impact	of	HIV	on	the	brain.	

While	cART	has	been	successful	in	treating	the	more	severe	forms	HIV	induced	cognitive	

impairment,	the	minor	forms	of	impairment	are	now	more	prevalent.	There	remains	some	

controversy	with	regard	to	the	latter.	Being	diagnosed	in	the	absence	of	other	symptoms,	

there	is	some	doubt	that	this	category	of	cognitive	impairment	is	valid	at	all.	As	such,	

investigating	HIV	induced	functional	brain	changes	may	be	helpful	in	the	study	of	these	

forms	of	impairment.	Although	functional	magnetic	resonance	imaging	(fMRI)	studies	have	

thus	far	shown	various	forms	of	functional	impairment	in	the	brain,	how	these	impairments	

relate	to	one	another	is	unclear.	Many	key	aspects	of	HIV’s	potential	impact	on	the	fronto-

striatal	system	remain	unexplored.	Our	overall	objective	was	therefore	to	investigate	the	

early	impact	of	HIV	on	the	brain	using	fMRI	as	an	objective	measurement	tool.	

	

First,	we	investigated	the	effects	of	HIV	on	the	brain	by	performing	a	quantitative	meta-

analysis	of	all	suitable	fMRI	data.	Next,	we	proceeded	to	investigate	the	fronto-striatal	

network	based	on	the	results	of	the	meta-analysis	by	performing	fMRI	imaging	in	a	sample	

of	HIV+	participants	and	matched	HIV	negative	controls.	Participants	performed	a	stop-signal	

anticipation	and	a	monetary	incentive	delay	task	to	investigate	the	impact	of	HIV	on	

important	sub-networks	of	the	fronto-striatal	system.	Finally,	we	investigated	the	

relationship	between	striatal	dysfunction	with	structural	brain	changes.	
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The	results	from	the	meta-analysis	showed	that	HIV	consistently	affects	the	fronto-striatal	

system	based	on	past	fMRI	studies.	In	subsequent	studies,	we	demonstrated	diminished	

functioning	of	the	fronto-striatal	networks	involved	in	inhibition	of	voluntary	movement	as	

well	as	reward	processing.		Furthermore,	this	fronto-striatal	dysfunction	was	also	related	to	

cortical	atrophy	often	seen	in	HIV.	Based	on	these	findings,	I	therefore	conclude	that	fronto-

striatal	dysfunction	is	a	core	component	of	HIV	infection	and	needs	to	be	considered	in	the	

assessment	and	management	of	all	patients	afflicted	by	this	still	very	prevalent	illness.	
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Opsomming	

	

MIV-infeksie	dra	by	tot	die	globale	gesondheid	las,	ten	spyte	van	die	bekendstelling	van	

effektiewe	voorkomende	strategieë	en	die	doeltreffendheid	van	gekombineerde	

antiretrovirale	terapie	(ART).	Van	besondere	belang	is	die	impak	van	MIV	op	die	brein.	

Terwyl	ART	suksesvol	was	in	die	behandeling	van	die	meer	ernstige	klassifikasie	van	MIV	

geassosieerde	kognitiewe	inkorting,	is	die	subtiele	klassifikasie	van	hierdie	inkorting	nou	nog	

meer	algemeen.	Die	diagnose	van	meer	ernstige	kognitiewe	inkorting	is	tans	nog	

kontroversieel.	Sedert	dit	gediagnoseer	word	in	die	afwesigheid	van	funksionele	inkorting,	is	

daar	tans	twyfel	of	hierdie	kategorie	van	kognitiewe	inkorting	geldig	is.	Dit	is	dus	nodig	om	te	

bepaal	of	MIV	wel	opsig	self	funksionele	veranderinge	in	die	brein	veroorsaak.	Alhoewel	

funksionele	magnetiese	resonansbeelding	(fMRI)	studies	tot	dusver	verskeie	manifestasies	

van	funksionele	inkorting	in	die	brein	toon,	is	die	verband	tussen	die	fMRI	abnormaliteite	en	

die	virus	nog	onduidelik.	Die	spesifieke	impak	van	MIV	op	die	frontale-striatale	stelsel	is	nog	

onbekend.	Ons	hoof	doelwit	was	dus	om	die	vroeë	impak	van	MIV	op	die	brein	met	behulp	

van	fMRI	as	'n	objektiewe	meetinstrument	te	ondersoek.	

	

Eerstens	het	ons	die	gevolge	van	MIV	infeksie	op	die	brein	ondersoek	deur	'n	kwantitatiewe	

meta-analise	van	alle	geskikte	fMRI	data	uit	te	voer.	Gebaseer	op	die	resultate	van	ons	meta-

analise,	het	ons	voortgegaan	om	die	frontale-striatale	netwerk	te	ondersoek	deur	die	

toepassing	van	fMRI	beelding	in	'n	groep	MIV	+	deelnemers	asook	MIV	negatiewe	kontroles.	

Deelnemers	het	'n	stop-sein	afwagtings	taak	en	'n	monetêre	afwagtings	taak	voltooi	om	die	

impak	van	MIV	op	belangrike	sub-netwerke	van	die	frontale-striatale	stelsel	te	ondersoek.	
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Laastens,	het	ons	die	verhouding	tussen	striatale	disfunksie	en	veranderinge	in	brein	

struktuur	bestudeer.	

	

Die	resultate	van	die	meta-analise	het	getoon	dat	MIV	‘n	beduidende	invloed	op	die	funksie	

van	die	frontale-striatale	stelsel	het.	Verder	het	ons	verminderde	aktivering	van	die	frontale-

striatale	netwerke	wat	betrokke	is	by	die	inhibisie	van	willekeurige	beweging	asook	beloning	

prosessering	gedemonstreer.	Verder	was	hierdie	fronto-striatale	disfunksie	ook	verwant	aan	

kortikale	atrofie,	‘n	bekende	bevinding	in	MIV	infeksie.	Op	grond	van	hierdie	bevindinge,	kan	

ons	dus	aflei	dat	fronto-striatale	disfunksie	'n	hoofkomponent	is	van	MIV-infeksie.	Hierdie	

brein	disfunksie	moet	dus	oorweeg	word	in	die	assessering	en	behandeling	van	MIV.		
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Chapter	1	
Introduction	
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Introduction	

Background	

	

Despite	the	effectiveness	of	combined	antiretroviral	therapy	(cART	)	as	well	as	prevention	

strategies,	HIV	remains	a	major	contributor	to	the	global	health	burden.	This	is	especially	

relevant	in	sub-Saharan	countries	as	the	site	of	the	highest	prevalence	rates	[1].	Of	particular	

concern	is	the	impact	of	HIV	on	the	brain.	HIV	can	be	considered	a	neurovirus	as	it	is	thought	

to	enter	the	brain	in	the	early	stages	of	the	illness	via	infected	monocytes	[2].	Consequently,	

the	clinical	presentation	of	untreated	HIV	dementia	includes	cognitive	(e.g.,	memory	

impairment,	with	relative	sparing	of	recognition)[3],	neuropsychiatric	(e.g.,	motivation,	

emotional	control,	social	behavior)[4,5],	and	motor	symptomatology	(e.g.,	motor	slowing)	

[6].	

	

An	estimated	50%	of	HIV+	individuals	suffer	from	some	degree	of	measureable	cognitive	

impairment,	referred	to	as	HIV-associated	neurocognitive	disorder	(HAND)[7].	While	cART	

has	been	successful	in	treating	the	more	severe	forms	of	HAND,	the	minor	forms	have	

increased	in	prevalence	[8].	This	is	attributed	to	the	increased	survival	rate	of	patients	

treated	with	cART,	with	the	resultant	aging	of	patients	being	a	key	contributor	to	the	

increased	prevalence	of	the	minor	forms	of	HAND	[9,10].		

	

There	is	some	controversy	regarding	the	diagnosis	of	the	minor	forms	of	HAND.	Due	in	large	

part	to	the	fact	that	the	minor	forms	of	HAND	are	diagnosed	in	the	relative	absence	of	

functional	impairment	[11],	doubt	exists	that	these	are	valid	categories	of	cognitive	

impairment.	It	has	been	suggested	that	the	presence	of	mild	neuropsychological	
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impairments	may	be	better	accounted	for	by	premorbid	conditions,	other	HIV-related	

comorbidities	and	normal	ageing	[12].	

	

It	remains,	therefore,	important	to	continue	investigating	the	underlying	functional	brain	

disorders	that	ultimately	result	in	these	minor	forms	of	impairment	[7].	These		are	

considered	to	represent		early,	potentially	reversible	pathological	changes	in	HIV	infection	

[13].	Key	to	addressing	this	issue	is	early	diagnosis.	However,	to	do	so	with	more	traditional	

forms	of	neurocognitive	assessment	presents	a	diagnostic	challenge,	as	changes	are	subtle	

[3].	As	such,	utilizing	a	more	sensitive	measure	such	as	functional	and	structural	brain	

imaging	may	be	helpful	in	the	study	of	these	forms	of	impairment.	In	order	to	do	so,	it	is	first	

necessary	to	consider	the	early	underlying	functional	brain	pathology	thought	to	be	common	

to	the	various	forms	of	HAND.		

	

As	noted	previously,	the	core	clinical	features	of	untreated	HIV	dementia	are	cognitive,	

behavioral	as	well	as	motor	symptomatology,	similar	to	that	of	Parkinson’s	disease.	HIV	was	

originally	classified	as	a	dementia	potentially	arising	primarily	from	subcortical	pathology	

[14].	Indeed,	untreated	HIV	dementia	has	been	associated	with	Parkinsonistic	symptoms,	

indicating	a	potential	dysfunction	of	the	dopamine	rich	striatum	[15].	Further	investigation	

of	post	mortem	studies	in	SIV	infected	macaque	monkeys	revealed	striatal	dopamine	deficits	

early	on	in	infection,	particularly	in	the	putamen	[16].	Such	findings	have	been	corroborated	

in	human	post-mortem	studies,	where	HIV	has	been	found	to	pool	early	on	mainly	in	striatal	

regions	[17].		
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As	striatal	function	is	thought	to	play	a	key	role	in	brain	function	[18],	its	potential	role	in	

HAND	is	still	actively	being	investigated.	Normal	brain	function	depends	on	successful	

communication	between	the	cortex	and	the	striatum	[18],	which	are	connected	in	parallel,	

functionally	segregated	circuits	[19].	One	example	of	such	a	circuit	connecting	the	

prefrontal-regions	with	the	striatum	are	the	orbito-frontal-ventral	striatal	connections,	

considered	important	in	goal	directed	activity	or	reward	processing	[20].	Another	example	is	

the	prefrontal-striatal	(i.e.	inferior	frontal	gyrus	–	putamen)	connection	where	cortico-

striatal	function	is	considered	crucial	in	the	inhibition	of	voluntary	movement	and	therefore	

involved	in	executive	functioning	in	general	[21].	As	the	aforementioned	core	clinical	

features	of	HAND	correspond	with	these	functions,	we	propose	that	it	is	a	result	of	the	early	

impact	of	HIV	on	the	striatum.	This	line	of	inquiry	has	yet	to	be	investigated	using	neuro-

imaging	techniques.	

	

Specifically,	it	remains	to	be	demonstrated	whether	the	impact	of	HIV	on	the	fronto-striatal	

system	is	present	in	early	untreated	HIV	infection,	in	the	absence	of	well-known	confounding	

factors.	This	would	be	a	strong	indication	that	HIV	itself	has	an	impact	on	the	brain	even	in	

the	absence	of	clinical	symptomatology	and	subsequently	implicate	primary	HIV	infection	in	

the	minor	form	of	HAND.	It	is	therefore	necessary	to	address	the	issue	of	the	impact	of	HIV	

on	the	brain	with	the	use	of	an	objective	measure.		

	

There	is	a	growing	body	of	literature	investigating	functional	brain	changes	attributable	to	

HIV	infection	using	blood	oxygen	level	dependent	(BOLD)	functional	magnetic	resonance	

imaging	(fMRI)	[10].	fMRI	could	potentially	be	a	sensitive	measure	of	brain	function	loss	due	

to	HIV	infection,	as	it	has	measured	functional	differences	in	HIV	infected	patients	even	in	
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the	absence	of	neurocognitive	impairment	[22].	Measuring	a	subtle	functional	change	in	a	

brain	region	does	not	necessarily	give	an	indication	of	its	significance	within	the	broader	

question	of	the	impact	of	HIV	on	the	brain.	Volumetric	brain	imaging	has	also	indicated	

prefrontal,	and	to	a	lesser	extent	subcortical	atrophy,	in	HIV	infection	[23-25].	Furthermore,	

demonstrating	a	relationship	between	fronto-striatal	function	loss	and	prefrontal	brain	

atrophy	would	serve	as	further	confirmation	of	a	substantial	impact	of	HIV	on	this	system.	As	

such,	our	overall	objective	was	to	investigate	the	early	impact	of	HIV	on	fronto-striatal	

function	and	its	relationship	with	structural	brain	changes.	

	

Research	questions	

	

The	impact	of	HIV	on	brain	function	has	been	studied	in	terms	of	working	memory	and	visual	

attention	[22,26-28],	episodic	memory	[29,30],	simple	motor	function	[31-33],	visual	

stimulation	[9,34],	resting	state	[35-37]	and	mental	rotation	[38].	Although	the	findings	from	

these	studies	showed	some	form	of	functional	impairment,	the	relationship	between	these	

impairments	were	not	addressed.		

	

A	number	of	key	aspects	regarding	the	potential	impact	of	HIV	on	the	fronto-striatal	system	

remain	unexplored,	with	several	unanswered	questions:	

	

Firstly,	does	HIV	have	a	consistent	impact	on	the	fronto-striatal	system,	or	a	more	non-

specific/generalized	effect?	No	meta-analysis	of	fMRI	findings	had	previously	been	

performed	to	attempt	to	categorize	the	effect	of	the	virus	on	brain	function	in	a	systematic	

way.	
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Secondly,	given	that	HIV	infection	causes	clinically	measurable	differences	in	motor	

responses	[6],	does	it	disrupt	the	primary	GO	(i.e.	voluntary	habituated	responses)	and	STOP	

(i.e.	The	inhibition	of	a	habituated	voluntary	responses)	functions	integral	to	large	portions	

of	the	fronto-striatal	network	[39]?	This	would	involve	investigating	the	impact	of	HIV	on	the	

function	of	the	inferior	frontal	gyrus	and	its	associated	striatal	regions	(i.e.	the	putamen).	To	

date	no	study	has	investigated	the	impact	of	HIV	on	brain	function	during	the	inhibition	of	

voluntary	movement.	

	

Thirdly,	as	it	is	thought	that	HIV	primarily	impacts	striatal	regions	due	to	viral	pooling	early	

on	in	infection	[40],	is	there	a	measurable	impact	on	the	non-motor	fronto-striatal	system	as	

well?	Specifically,	does	HIV	have	an	impact	on	the	ventral-striatal	regions	known	to	be	

involved	in	reward	processing	[41]?	This	would	involve	investigating	the	function	of	the	

orbito-frontal	cortex	and	the	ventral	striatum.	

	

Finally,	while	prefrontal	cortical	thinning	is	a	well-known	finding	associated	with	HIV	

infection,	it	is	still	unclear	whether	this	reflects	a	direct	effect	of	the	virus,	whether	it	is	

related	to	disruption	of	subcortical	function	or	whether	it	is	better	explained	by	

epiphenomena,	such	as	drug	abuse	or	comorbid	medical	conditions.	

	

Specific	aims	

This	study	had	the	following	specific	aims:	
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1. To	systematically	review	the	literature	reporting	fMRI	findings	in	HIV-infected	

patients	and	to	quantitatively	investigate	whether	HIV	has	a	predilection	for	the	

fronto-striatal	system	as	proposed.	

2. To	investigate	whether	HIV	infection	disrupts	the	basic	functional	processes	of	the	

fronto-striatal	system,	by	impairing	the	GO	and	STOP	processes	of	the	fronto-striatal	

network,	using	a	Stop	Signal	Anticipation	fMRI	Task.	

3. To	investigate	the	effect	of	HIV	infection	on	reward	processing,	a	distinct	function	of	

the	fronto-striatal	system,	crucial	in	goal-directed	activity	utilizing	a	monetary	

incentive	delay	task.	

4. To	investigate	the	potential	relationship	between	prefrontal	cortical	thickness	and	

subcortical	function	in	HIV+	patients	using	a	combination	of	brain	morphometry	and	

fMRI.	

	

Hypotheses	

Based	on	our	review	of	the	literature,	we	formulated	the	following	research	hypotheses:	

1. In	view	of	the	fact	that	HIV	infection	consistently	effects	the	fronto-striatal	system,	

we	hypothesized	that	meta-analysis	of	available	data	would	demonstrate	functional	

differences	mainly	in	the	frontal	regions	as	well	as	the	striatum.	

2. Being	a	subcortical	dementing	process,	HIV	would	demonstrate	an	impact	on	the	

putamen	during	reactive	inhibition	on	the	SSAT.	A	disruption	of	frontal	functioning	

would	be	evident	on	proactive	inhibition.	An	impact	on	the	basic	function	of	the	

primary	motor	cortex	would	be	evident	during	timed	GO	responses.	
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3. HIV	infection	would	affect	the	functioning	of	the	ventral-striatum,	active	during	

reward	cue	processing.	An	effect	on	the	cortex	would	be	seen	in	the	orbito-frontal	

cortex	during	reward	outcome.	

4. Being	a	subcortical	dementing	process,	we	predicted	that	functional	differences	in	

the	striatum	would	be	related	to	frontal	atrophy	commonly	seen	in	HIV	infection.	

Note	that	the	relationship	between	striatal	dysfunction	and	striatal	atrophy	is	less	

predictable,	as	subcortical	dysfunction	in	HIV	has	been	demonstrated	in	the	absence	

of	subcortical	atrophy.	

	

General	Methods	

A	full	description	of	the	study	methodology	is	provided	in	the	accompanying	manuscripts.	

Briefly,	the	methodology	that	we	employed	was	as	follows:	

	

Subject	selection	

	

The	study	was	approved	by	the	Health	Research	Ethics	Committee	(HREC)	of	Stellenbosch	

University	and	the	Human	Research	Ethics	Committee	of	the	University	of	Cape	Town,	Cape	

Town,	South	Africa.	

	

To	address	the	specific	impact	of	HIV	on	the	brain,	we	recruited	participants	who	had	no	

history	of	substance	abuse	[33];	non-smokers	[42]	as	well	as	no	other	significant	psychiatric	

pathology	that	could	have	influenced	our	measurements	of	cognition,	brain	function	and	

structure.	Furthermore,	we	chose	to	primarily	investigate	untreated	HIV+	participants,	as	

cART	treatment	has	been	shown	to	have	an	impact	on	brain	function	in	its	own	right	[43].	
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Apathy	

	

In	the	original	proposal,	we	planned	to	investigate	clinical	symptoms	of	apathy,	as	measured	

by	the	Apathy	Evaluation	Scale	(AES)	by	Marin	et	al.	[44].	We	could	not	however	replicate	

findings	of	increased	levels	of	apathy	in	our	infected	HIV	population,	with	both	groups	

scoring	well	below	38,	the	cut-off	used	for	the	diagnosis	of	apathy	(Control:	M	=	25.58;	HIV:	

M	=	29.70;	t(33)	=	-1.592;	p	=	.121).		We	therefore	chose	to	forgo	the	use	of	apathy	as	a	

measure	of	clinically	measureable	impairment	and	to	focus	on	the	objective	measurement	of	

HIV	induced	disruption	of	brain	function	with	fMRI.	

	

	

Systematic	review	and	meta-analysis	

	

In	article	1,	we	followed	the	standardized	PRISMA	guidelines	[45]	to	perform	a	systematic	

review	of	all	the	available	literature	in	which	fMRI	was	used	to	study	brain	function	in	

patients	with	HIV	infection.	To	determine	the	level	of	agreement	across	fMRI	studies,	that	is	

an	Activation	Likelihood	Estimate	(ALE)	[46],	we	utilized	a	tool	specifically	developed	to	test	

for	above	chance	inter-experiment	convergences	(GingerALE)[46,47].	See	methods	section	in	

article	1	[48],	for	further	detail.	

	

fMRI	tasks	used	
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In	article	2	we	performed	the	Stop	Signal	anticipation	task	(SSAT),	based	on	work	by	Logan	et	

al.[49].	During	this	task,	subjects	were	required	to	give	timed	GO	responses	with	occasional	

STOP	signals	occurring	at	fixed	probabilities[50].		

	

In	article	3	we	performed	the	monetary	incentive	delay	task	based	on	work	by	Knutson	et	al.	

[51].	This	paradigm	assesses	behaviour	as	well	as	functional	brain	activity-associated	reward	

anticipation	and	reward	outcome	[52].		

	

	

Freesurfer	structural	data	processing	

	

In	article	4,	we	performed	a	FreeSurfer	structural	analysis.	Cortical	reconstruction	and	

volumetric	segmentation	were	performed	with	the	FreeSurfer	image	analysis	suite	(http://	

surfer.nmr.mgh.harvard.edu/).	As	FreeSurfer	is	computationally	intensive,	reconstructions	

were	performed	utilizing	custom	batching	scripts,	on	the	Centre	for	High	Performance	

Computing	(CHPC)	Rosebank,	Cape	Town,	Sun	Intel	Nehalem	cluster	

(http://www.chpc.ac.za/).	Scans	were	processed	and	analyzed	using	FreeSurfer	stable	

release	version	5.1.	The	technical	details	of	these	procedures	are	described	in	prior	

publications	[53].	
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Chapter	2	
	
HIV	infection	and	the	fronto–striatal	system:	a	
systematic	review	and	meta-analysis	of	fMRI	studies	
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EDITORIAL REVIEW

HIV infection and the fronto–striatal system: a
systematic review and meta-analysis of fMRI studies

Stéfan Du Plessisa, Matthijs Vinkb, John A. Joskae, Eleni Koutsilieric,

Dan J. Steind,e and Robin Emsleya

Functional MRI studies investigating the impact of HIV on the brain have implicated the
involvement of fronto–striatal circuitry. However, to date there is no review and meta-
analysis of this work. We systematically reviewed the literature and performed a meta-
analysis of functional magnetic resonance imaging (fMRI) studies in HIV-infected
individuals using a well validated tool recently developed for use in fMRI, ‘GingerALE’.
Twenty-one studies (468 HIVþ, 270 HIV" controls) were qualitatively reviewed, of
which six (105 HIVþ, 102 controls) utilized fMRI paradigms engaging the fronto–
striatal–parietal network, making a quantitative analysis possible. Our meta-analysis
revealed consistent functional differences in the left inferior frontal gyrus and caudate
nucleus between infected participants and controls across these studies. This fronto–
striatal dysfunction was qualitatively related to cognitive impairment, disease pro-
gression and treatment effects. Although further work needs to be done to further
delineate the potentially confounding influence of substance abuse and HIV-related
comorbidities, as well as HIV’s effect on functional haemodynamic vascular coupling,
these findings indicate that further investigation of the fronto–striatal sub-networks in
HIV-infected patients is warranted.

! 2014 Wolters Kluwer Health | Lippincott Williams & Wilkins

AIDS 2014, 28:803–811

Keywords: AIDS, brain, cognition, dementia, fMRI, HAART, HIV

Introduction

The effects of HIVon the brain remain a concern even in
the era of combination antiretroviral therapy (CART) as
around 50% of infected individuals are estimated to suffer
from some degree of cognitive impairment [1]. Currently,
the effects of HIV on the brain are assessed by
neurocognitive testing and are termed HIV-associated
neurocognitive disorders (HAND) [2]. With the advent

of CART, there has been some success in the treatment of
HAND, as the more severe forms of these disorders have
decreased in incidence [3,4]. However, with the resultant
decrease in mortality there has been an increase in the
overall prevalence of HAND [3–5]. Three categories of
HAND based on neuropsychological assessment are
currently recognized, namely HIV-1-associated asymp-
tomatic neurocognitive impairment (ANI), mild neuro-
cognitive disorder (MND), and HIV-1-associated
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dementia (HAD), which is the more severe form of the
disorder [2].

It must be noted, however, that there is some debate
regarding the ANI category. The absence of clinically
detectable loss of function raises the issue of whether the
category is clinically valid at all. The presence of mild
neuropsychological impairments may be accounted for
by premorbid conditions, other HIV-related comorbid-
ities as well as normal ageing [6]. As a group, the milder
forms of cognitive impairment (i.e. MND and ANI) are
highly prevalent and may have a substantial impact on
health-related outcomes and quality of life. There is some
evidence that the presence of MND, and possibly ANI,
could represent early, potentially reversible functional and
pathological changes [7]. The problem of establishing
mild-to-moderate loss of function in developing world
settings is a particular challenge. Reasons include
individuals frequently under-reporting self-rated impair-
ment [8]. This makes clinical diagnosis difficult, and the
need for reliable biomarkers an even more pressing
concern [6,9].

Furthermore, because of a lack of biomarkers sensitive to
early changes during HAND, little is known of the
underlying neuropathological events leading up to
impairment seen in HAND [9,10] which could
potentially aid early diagnosis and treatment strategies.

To understand how the effects of HIV on the brain
develop into HAND, it is necessary to know which brain
structures are primarily involved, and how this relates to
viral infection. The typical neuropsychiatric disorder
associated with untreated HIV is best described as a ‘sub-
cortical’ or ‘fronto-sub-cortical’ dementia [11], and this is
supported by neuropathological findings, with the
features of HIV-encephalitis (HIVE) being most com-
monly found in the putamen and caudate [12–14]. HIV is
thought to disrupt the dopamine-rich striatum by means
of neuroinflammation stimulated either by viral proteins
such as Tat and gp120 [15,16] or by activated microglia
[17].

One potential method of investigating the underlying
neuropathological mechanisms leading to HAND is
blood oxygen level dependent (BOLD) functional
magnetic resonance imaging (fMRI) [18]. This technique
includes task-based fMRI, resting state fMRI [19],
arterial spin labelling (ASL) [20] as well as contrast-aided
‘perfusion’ fMRI intended to measure regional cerebral
blood flow (rCBF) [21] and cerebral blood volume (CBV)
[22]. There is a growing literature investigating the effects
of HIV on brain function utilizing these fMRI
techniques. fMRI is potentially a sensitive and safe
technique to detect functional deficits, even in the
absence of overt neurocognitive impairment in HIV [23].
These functional changes could represent the earliest
measurable effects of the virus on human brain function,

thereby providing a clear signal of involvement even
before neuropsychological deficits are apparent. Showing
suitable spatial and temporal resolution, as well as being
related to specific functional processes, fMRI has the
potential to explore these functional changes associated
with HIV infection and to elucidate how these relate to
disease severity [10].

Although several reviews of neuroimaging in HIV have
been conducted [24–27], to our knowledge no meta-
analysis has been performed specifically for fMRI studies,
and particularly none have utilized recently developed
quantitative methods for meta-analysis in neuroimaging
[28]. The need for such a review is underscored by a
previous review highlighting the potential of functional
and structural neuroimaging techniques in HIV in early
detection and treatment monitoring [25].

The present study aims to systematically review the
literature reporting fMRI findings in HIV-infected
patients and to quantitatively investigate the effects of
HIV by means of an activation likelihood estimation
(ALE) [28] on brain function, and to relate these effects
qualitatively to measures of cognitive impairment (i.e.
HAND), mechanisms of HIV pathogenicity, treatment
effects as well as the effect of HIV on functional
haemodynamic vascular coupling.

Methods

The qualitative systematic search method we used was
based on the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines (PRISMA) [29].
A literature search was performed in October 2012 using
two online search engines, the National Library of
Medicine (PubMed) and Sciverse Scopus. The following
search terms were used: fMRI, BOLD imaging, blood
oxygen level dependent, fMRI, arterial spin labeling,
resting state, resting state fMRI, functional connectivity,
resting-state fMRI, HIV dementia, HIV-associated
neurocognitive disorder, HIV-associated neurocognitive
disorder, HIV brain injury, HIV brain injury, HIV
cognitive impairment, HIV cognitive impairment, HIV
brain function, HIV brain function, HIV brain activation,
HIV brain function, abnormal brain activation, abnormal
brain function. References of the identified studies were
cross-checked for any additional relevant studies.

Data collection
All identified articles were captured in a standard
electronic database. General study information (author
names, publication dates, etc.), patient population
demographics, clinical assessment instruments and diag-
nostic criteria used, all available neuropsychological test
results, potential confounds as well as fMRI findings were
captured (See Table 1 for summary).
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Eligibility criteria for qualitative systematic
review
BOLD fMRI studies in HIVþCART treated/treatment-
naive human adult (male/female) patients were included
in the present review. As our primary aim was to
investigate brain dysfunction associated with HIV
infection, we did not limit our review to patients with
documented HAND. Both prospective and longitudinal
studies were included and no time frame was specified.

Only original studies with at least one HIVþ group were
included. Duplicates were identified and removed.
Studies that included a cohort that was previously
reported were noted and not considered in the meta-
analysis. Studies in all languages were considered.

Meta-analysis eligibility criteria
Although all variants of BOLD fMRI imaging where
included in the systematic review, studies specifically
examining HIV-related brain dysfunction using MRI
imaging methods that would provide suitable peak
activation co-ordinates as well as comparable fMRI
paradigms were considered for inclusion in our ALE
meta-analysis.

The subset of studies that provided local maximum
activation co-ordinates of inter-group differences of a
HIVþ group and a control group were grouped together
according to the functional paradigms that were used.
Where two or less studies that utilized similar fMRI
paradigms were available, those paradigms were excluded,
as we considered this too few to provide useful
information in an ALE meta-analysis. Also, we only
included studies that utilized paradigms examining higher
cognitive functions. To be included, studies needed to
address potential confounding chronic medical or
neuropsychiatric illnesses as well as substance abuse.
Studies that could not account for the effects of advanced
age (> 65 years) were also excluded from the meta-
analysis.

Meta-analysis
For assessing cross study agreement, a meta-analysis was
performed using GingerALE version 2.1 (www.brain-
map.org) [30] on selected studies. In brief, this method
estimates the above-chance convergence of activation by
testing the likelihood of a uniform spread throughout the
brain. The GingerALE method seeks to delineate where
the inter-experiment convergences are higher than
would be expected if the results were independently
distributed [31]. Peak activational co-ordinates are used to
derive three-dimensional Gaussian probability distri-
butions of the regional activation variability of a given co-
ordinate. In the current meta-analysis, wherein activation
differences between HIVþ and HIV" groups are
investigated for each of the experiments, a patient
number of the smaller group was used to provide the full-
width-half-maximum (FWHM) value, giving a more

conservative estimate. The resulting modelled activation
probabilities are combined into a modelled activation
map. ALE scores are then computed for each voxel based
on the union of the modelled activation maps. It is
assumed that functional activation occurs mainly in grey
matter. The resulting ALE computation is therefore
restricted to a broadly defined grey matter mask, based on
a more than 10% chance of a voxel to be grey matter as
defined in the International Consortium for Brain
Mapping (ICBM) tissue probability maps [30,32]. This
resulting ALE map is then tested against an empirically
derived null-distribution. This random-effects inference
is therefore based on the above-chance convergence
between experiments, not between foci. Results were
corrected for multiple comparisons using the false
discovery rate (FDR) as is standard in GingerALE.
Results are reported at a 0.05 FDR rate. The peak co-
ordinates of comparable BOLD fMRI group differences
between HIV and healthy controls were used, and if
needed, converted into Talaraich space using the
GingerALE conversion tool. We report the results of
the meta-analysis first, followed by the complementary
pertinent information gathered from the remainder
of the studies included in the qualitative systematic
review.

Results

In total, 42 matching articles were retrieved on PubMed
and 236 on Scopus, from which 21 studies were found to
satisfy eligibility criteria for this review, totalling 468
HIVþ participants and 270 controls. We included 19
cross-sectional studies [21–23,33–48], one longitudinal
study [49] and one study reporting a posthoc analysis of an
already included study [50]. Of the 21 studies included in
the review, a subset of six BOLD fMRI studies utilizing
similar fronto–parieto–striatal engaging tasks were
included in the ALE meta-analysis [23,34,37,40,48,49].
These six studies included peak activation differences of
207 participants (105 HIV positive, 102 controls). Of the
six studies included, all controlled for confounds. Five
studies excluded participants with a past history of
substance dependence [34,37,40,49], whereas one study
excluded participants with recent substance abuse [48].
Four studies confirmed no current substance use by
means of urinary drug tests [23,34,49,51]. One study
included a patient with a history of past substance abuse,
in the absence of dependence [40]. The study controlled
for this by including a control matched for substance use.
All six studies included patients below 65 years of age.
Study information is summarized in Table 1.

Demographics
The 21 fMRI studies included in the systematic review
consisted of 468 participants (73% male, 27% female) with
weighted mean age of 42# 4 years. Virtually all of the
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participants were from the United States (n¼ 20), where
the clade B viral subtype is most prevalent [52], and one
study included participants from China. The weighted
mean CD4þ cell counts for all studies was
444.79# 137.43 cells/ml. The majority (82%) of HIVþ
study participants were receiving CART.

Cognitive impairment
Cognitive impairment measurements ranged from no
impairment to HAD: Only three studies included patients
with all categories of cognitive impairment. Seven studies
included patients with mild/moderate impairments and
three included all cognitive impairment categories. Six
studies were performed in relatively cognitively unim-
paired populations and five studies did not report on the
degree of cognitive impairment present in the study
participants.

Meta-analysis
Of the 21 studies included in the systematic review, six
task-based BOLD fMRI studies reported activation of the
fronto–parieto–striatal network in healthy controls
[23,34,37,40,48,49]. We were therefore able to group
all of these studies together, as they utilized similar
information processing steps – that is, selective attention
to visual information, retaining of relevant information in
working memory and manipulation of this information to
successfully perform the task [53,54].

The fMRI paradigms we identified as being suitable for
our meta-analysis included a sequential working memory
letter NBACK paradigm (n¼ 1) [23], nonverbal visual
attention tasks (n¼ 3) [34,37,49], mental rotation (n¼ 1)
[48] and a semantic event sequencing task (n¼ 1) [40].

Significant convergence of relative increases
found in activation likelihood estimation analysis
Two significant clusters were found at the recommended
cluster threshold of 112 mm3, based on the FDR
threshold (P¼ 0.05), which calculates the number of
potential false positives that could arise due to the
multiple comparisons that were performed. The clusters
were located on the left inferior frontal gyrus (IFG) and
the left caudate. Although some increases were seen in the
parietal cortices, these clusters were below the cluster
threshold. The majority of convergence was therefore
found in the fronto–striatal regions (Fig. 1; Table 2).

Discussion

This article reports the results of the first quantitative
meta-analysis of BOLD fMRI literature on the effects of
HIV on brain function. Of the 21 studies included, six
contained sufficient data for an ALE meta-analysis [30].
Overall, the meta-analysis provides evidence to suggest
that HIV infection causes hyperactivation in the IFG as

HIV and the fronto–striatal system Plessis et al. 807

Table 2. Meta-analysis results: HIV-related differences in the fronto–striatal network.

Cluster Nr Volume (mm3) x y z Location

1 952 "46 12 10 Left inferior frontal gyrus
2 176 "14 9 16 Left caudate nucleus

Left Right

PosteriorAnterior

Fig. 1. Results of Activation Likelihood Estimation (ALE) meta-analysis showing significant overlap across studies of HIV-related
dysfunction in the fronto–striatal system. Figure shows the summary results of the ALE meta-analysis [30]. Red represents above
chance overlap of fMRI differences between HIVþ patients and seronegative controls across six studies that utilized similar tasks to
activate the fronto–striatal–parietal system. HIVþ participants showed significant differences (FDR < 0.05) in the left IFG
("46,12,10) as well as in the ipsilateral caudate ("14,9,16) across studies.
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well as left caudate, implicating the fronto–striatal system
in HAND. Although individual studies report on findings
in other regions including the insula, parietal cortex,
thalamus, supplementary motor area, precentral gyrus
and occipital cortex (see Table 1), the majority of the
convergence measured across studies was confined to
the fronto-striatal network involving the left IFG and the
left caudate.

This is not surprising, considering that while tasks
requiring simple attention are often preserved in HIV,
except in cases of severe HAD, it is well recognised that
tasks requiring complex information processing and
selective attention are often sensitive to the effects of HIV
[55].

Apart from task related activity, which actively engages
the cortex, several fMRI BOLD studies report baseline
rCBF reductions in the fronto–striatal system. Chang
et al. reported bilateral reductions of rCBF in bilateral
inferior frontal gyri and Ances et al. found reductions in
the lentiform nuclei [21,35,41]. Furthermore, a relation-
ship was found between reduced caudate rCBF and
greater neurocognitive impairment [35].

Relationships between functional magnetic
resonance imaging fronto–striatal findings and
HIV-associated neurocognitive disorders
Comparisons across studies investigating how brain
functional differences relate to cognitive impairment
are complicated by the different methods of neurocog-
nitive assessment utilized across studies. Despite the fact
that the majority of studies included participants with
mild or no measurable cognitive impairment, measurable
functional brain changes were demonstrated in these
patients. This suggests that fMRI has the potential to
detect early effects in HIV-infected patients in the absence
of overt cognitive impairment, and that it is sensitive to
detecting underlying early neurobiological effects of the
virus [23,36,40,41,43,49]. Future studies should address
whether these functional brain changes are precursors to
HAND, or whether they perhaps even represent
physiological responses to HIV infection that protect
against the development of HAND.

Mechanism of fronto–striatal impairment
The exact mechanism of the reported fronto–striatal
activation changes in HAND remains unclear. It is
generally considered that HIV-mediated cognitive
impairment is the result of viral-induced neuro-
inflammation, as the degree of monocyte activation as
well as the level of microglial activation has proven to be a
more reliable correlate with HIV-D than viral load or
even active viral replication [56,57]. One possibility,
proposed by Ernst et al. [23] is that this HIV-induced
inflammation impairs neural efficiency with resultant
compensatory increases in neuronal activation with task
demands. In support of their hypothesis they reported a

positive correlation between BOLD signal strength in the
lateral prefrontal cortex as well as the posterior parietal
cortex, with elevated basal ganglia metabolites including
myo-inositol and total creatine as measured with
magnetic resonance spectroscopy that are putatively
predominant in glial cells [50]. In addition, dopamine
neurocircuitry may be involved. It is well recognized that
dopamine is an important modulator of the activity of the
fronto–striatal networks [58], thereby making it a likely
candidate for involvement in dysfunction in these
systems. In support of this possibility is the finding that
altered dopaminergic neurotransmission takes place as
early as 2 months following immunodeficiency infection
[17,59–62], and in both HIV-infected humans and
SIV-infected macaques increased dopamine availability
was observed [63,64], whereas intracellular levels of
dopamine were reduced [17,59,65]. Further validation
studies examining such neurochemical and immuno-
logical disturbances in conjunction with fMRI have yet to
be performed.

Limitations of reviewed studies
The fMRI studies performed in HIV-positive patients
thus far are limited by small sample sizes, ranging from 6
to 42 HIV-positive participants per study. Participants
tend to be mostly male, therefore possible sex differences
on fMRI activation are uncertain. The potential effect of
HIVon functional haemodynamic vascular coupling (i.e.
the basic assumption that changes in regional blood flow
reflect neuronal activity) still needs to be fully explored,
with studies to date reporting conflicting results [38,44].
More importantly, fMRI studies tend to include samples
of patients mostly treated with CART. Two studies have
specifically investigated the possible effects of CART,
demonstrating potential CART-related signal increases in
the frontal and parietal cortices [37,39]. More CART
naive sample groups are therefore needed to explore the
effects of HIV in the absence of CART.

As viral transmission is often associated with intravenous
drug abuse, especially in the United States where up to
15–30% of intravenous drug abusers are HIVþ [6,66],
care has to be taken to account for its effects. Specifically
abuse of opiates and amphetamines has been associated
with a more severe clinical course as well as a more rapid
progression of HAND [67]. As drugs of abuse have their
own direct effects on the fronto–striatal system [68], as
well as potential immune-modulatory effects [69], there is
a need to explore their confounding as well as synergistic
effects in more detail [69,70]. Two fMRI studies included
in the current review examined potential synergistic
effects between HIVand drugs of abuse: Meade et al. [46]
demonstrated HIV-positive patients who abuse cocaine
have abnormal functioning in their executive networks
relative to substance naive HIV-positive controls,
when performing a delay-discounting task. Beau et al.
[71] furthermore showed both HIV and a previous
history methamphetamine dependence have potentially

808 AIDS 2014, Vol 28 No 6
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independent effects on the lentiform nuclei function
during a tapping task as well as cerebral blood flow.
Although few in number, these studies underscore the
necessity to control for the various forms of drug-related
disorders. Importantly, most studies included in the
current review controlled for past drug dependence
(n¼ 12), with 11 studies performing urinary drug tests
immediately prior to scanning.

The impact of other comorbidities such as opportunistic
infections as well as head injuries need to be considered.
Most studies in the current review excluded comorbid
general medical conditions on history. However, only
three studies performed serological tests for syphilis. The
effects of hepatitis C as well as cardiovascular disease,
considered potentially important comorbid conditions in
HAND, have yet to be explored in conjunction with
fMRI measurements [6,72,73].

Conclusion

This systematic review and meta-analysis shows conver-
gence in findings of hyperactivation in the left IFG and
left caudate in patients with mild-to-moderate HAND.
This increased activation could potentially be due to
compensation in the fronto–striatal–parietal network,
and could be linked to abnormal striatal dopaminergic
neurotransmission or perhaps due to HIV’s general
predilection for deep grey matter areas. Important
confounding effects of HIVon functional haemodynamic
vascular coupling, CART, drugs of abuse, co-infections
such as neurosyphilis and hepatitis C as well as
cardiovascular disease in an ageing HIV population need
to be explored.
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Abstract

The aim of the present study was to investigate the effect of HIV infection on cortical and subcortical regions of the
frontal-striatal system involved in the inhibition of voluntary movement. Functional MRI (fMRI) studies suggest that
human immunodeficiency virus (HIV) infection is associated with frontostriatal dysfunction. While frontostriatal systems
play a key role in behavioral inhibition, there are to our knowledge no fMRI studies investigating the potential impact of
HIV on systems involved during the inhibition of voluntary movement. A total of 17 combined antiretroviral therapy
(cART) naïve HIV+ participants as well as 18 age, gender, ethnic, education matched healthy controls performed a
modified version of the stop-signal paradigm. This paradigm assessed behavior as well as functional brain activity
associated with motor execution, reactive inhibition (outright stopping) and proactive inhibition (anticipatory response
slowing before stopping). HIV+ participants showed significantly slower responses during motor execution compared to
healthy controls, whereas they had normal proactive response slowing. Putamen hypoactivation was evident in
the HIV+ participants based on successful stopping, indicating subcortical dysfunction during reactive inhibition.
HIV+ participants showed normal cortical functioning during proactive inhibition. Our data provide evidence that
HIV infection is associated with subcortical dysfunction during reactive inhibition, accompanied by relatively normal
higher cortical functioning during proactive inhibition. This suggests that HIV infection may primarily involve basic
striatal-mediated control processes in cART naïve participants. (JINS, 2015, 21, 722–731)

Keywords: Brain, Inhibition, Dementia, fMRI, Putamen, HIV

INTRODUCTION

It is well recognized that the human immunodeficiency virus
(HIV) invades the brain early in the course of infection, and is
thought to cause neurocognitive impairment in up to 52% of
patients (An, Groves, Gray, & Scaravilli, 1999; Heaton et al.,
2010). The typical neuropsychological disorder associated with
untreated HIV infection is best described as a “subcortical” or
“fronto-subcortical” dementia, as it involves cognitive (e.g.,
memory impairment, with relative sparing of recognition)

(Grant, 2008), neuropsychiatric (e.g., motivation, emotional
control, social behavior) (Castellon, Hinkin, Wood, & Yarema,
1998; Paul et al., 2005), and motor symptomatology (e.g.,
motor slowing) (Hardy & Hinhn, 2002). Postmortem studies
show that HIV has a predilection for the striatum as well as the
white matter tracts connecting for the striatum with the cortex
(Langford et al., 2002; Wiley et al., 1998).
Past studies have consistently shown impaired function

associated with frontostriatal circuits involved in visual
attention and working memory (Chang et al., 2001; Ernst,
Chang, Jovicich, Ames, & Arnold, 2002), episodic memory
(Castelo, Sherman, Courtney, Melrose, & Stern, 2006), delay
discounting (Meade, Lowen, MacLean, Key, & Lukas,
2011), and a monetary incentive delay task (Plessis et al.,
2015). Furthermore, frontostriatal function loss is already
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Psychiatry, 2nd Floor Clinical Building, Faculty of Heath Sciences,
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observed during rest (Ortega, Brier, & Ances, 2015; Thomas,
Brier, Snyder, Vaida, & Ances, 2013) and during simple
motor paradigms (Ances et al., 2011). However, to date the
impact of inhibitory control over voluntary movement
has not been investigated. Such control entails concerted
activation of both frontal regions and the striatum (Zandbelt
& Vink, 2010). As HIV is known to involve the motor system
clinically (Hardy & Hinhn, 2002), it is important to investi-
gate howHIV impacts the various subsystems of this network
involved in the control over the motor system.
Response inhibition represents a major component

of frontostriatal functioning (Aron, 2011). Although
cognitive neuropsychological measures have demonstrated
potential abnormalities of response inhibition in terms of
Stroop task performance (Hinkin, Castellon, Hardy,
Granholm, & Siegle, 1999), the potential impact of HIV on
the function of frontostriatal brain systems related to response
inhibition has yet to be studied. Inhibition involves several
sub processes, among which are (1) motor execution
(i.e., GO responses), (2) outright stopping as an immediate
reaction to a STOP signal (i.e., reactive inhibition) (Mink,
1996; Vink et al., 2005), and (3) higher order cortical
functions involved in proactive anticipation of stopping
(i.e., proactive inhibition) (Aron, 2011; Vink et al., 2005;
Zandbelt & Vink, 2010).
In a previous study in healthy volunteers, a modified

version of a Stop Signal Anticipation Task (SSAT) was used
to investigate cortical and subcortical functions involved in
the inhibition of voluntary movement (see Figure 1). During
this task, subjects were required to give timed GO responses
with occasional STOP signals occurring at fixed
probabilities. The probability of a STOP signal occurring was
explicitly stated to allow participants to adjust their responses
proactively. GO responses in the absence of STOP signals
served as a baseline, and they mainly activated the primary
motor cortex. The striatum was found not to be active during
these baseline responses, as these involve simple button
presses. The putamen, however, was found to be active
bilaterally during successful STOP trials (i.e., reactive
inhibition) (Zandbelt & Vink, 2010). Furthermore, it was
found that proactive inhibition evoked activation in both

frontal and striatal regions to facilitate STOP performance by
slowing down GO responses. Proactive inhibition specifi-
cally engaged the right inferior frontal gyrus, bilateral parietal
gyri, and the right striatum (Zandbelt & Vink, 2010).
We chose to investigate a cART naïve cohort for two

reasons. First, it allowed us to investigate the impact of the
illness on brain function without the confounding effects of
medication. Indeed, cART has been shown to potentially
confound the effects of HIV on the frontostriatal system,
leaving its true impact uncertain (Chang, Yakupov, Nakama,
Stokes, & Ernst, 2007). Second, unmedicated HIV-positive
patients continue to form an important part of patients seen
in clinical settings in sub-Saharan countries (Reda &
Biadgilign, 2012). For example individuals in Sub-Saharan
Africa are generally only eligible for cART with CD4 counts
of 350 or 500 cells/mL. Also, many eligible individuals do
not access care for various reasons and a substantial number
default form care after 12 months (15–20%) (Fox & Rosen,
2010). Therefore, the effect of illness in the absence of cART
remains an important question in these settings.
The aim of the present study was to investigate the effect of

HIV infection on cortical and subcortical regions of the
frontal-striatal system involved in the inhibition of voluntary
movement. To this end, 22 cART naive HIV+ and
18 matched controls performed a stop signal anticipation task
while being scanned with functional MRI.
We hypothesized that HIV infection would have the

following effects: (1) motor execution as measured by base-
line timed GO responses would be increased, as HIV infec-
tion often involves psychomotor slowing (Hardy & Hinhn,
2002; Navia, Jordan, & Price, 1986); (2) reactive inhibition
time as measured by the speed of inhibition, that is, STOP
signal reaction time (SSRT) (Logan, Cowan, & Davis, 1984)
would be increased, similar to findings in other subcortical
dementia’s such as Parkinson’s disease (Gauggel, Rieger, &
Feghoff, 2004); (3) subcortical dysfunction as evidenced by
hypofunction in the putamen during reactive inhibition
would be demonstrated (Zandbelt, van Buuren, Kahn, &
Vink, 2011); and (4) compromised higher cortical function-
ing would be reflected in the participants’ inability to
proactively increase their response times in anticipation of

Fig. 1. The Stop Signal Anticipation Task. There are two types of trials: (a) GO signal trials interspersed with (b) occasional STOP signal
trials. (c) A changing color cue indicates the stop-signal probability, which varies from trial to trial.
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STOP signals, as well as in associated cortical activation
deficits in the inferior frontal gyrus during proactive
inhibition (Zandbelt et al., 2011).

METHOD

Participants

The study was approved by the Health Research Ethics
Committee of Stellenbosch University and the Human
Research Ethics Committee of the University of Cape Town,
Cape Town, South Africa. Before enrolment, all participants
provided written consent after receiving a full description of
this study. Our sample was recruited from a medically stable
clinic-attending population during routine HIV care and
testing at Site C primary health care clinic, in Khayelitsha,
Cape Town, South Africa. A total of 22 HIV+ participants
were included in the study together with 18 gender,
education, ethnicity, and age-matched healthy controls.
The controls were HIV negative as confirmed by the
enzyme-linked immunosorbent assay. All HIV+ patients
included in the study were cART naïve.
Participants were screened using the Mini International

Neuropsychiatric Interview (MINI) 6.0.0/MINI-PLUS 6.0.0.
(Sheehan et al., 1998). All HIV+ participants received a full
medical examination by a clinician and were excluded if
there was a current comorbid psychiatric/neurological or
general medical condition that could confound the diagnosis of
HIV associated neurocognitive disorders (HAND); any history
of substance use/abuse as assessed by the Substance Abuse and
Mental Illness Symptoms Screener (SAMISS) screening
questionnaire (Pence et al., 2005); a score for smoking greater
than 1 as confirmed by the Kreek-McHugh-Schluger-Kellogg
(KMSK) scale (Kellogg et al., 2003); were pregnant as
confirmed by a urine pregnancy test; or were currently receiv-
ing treatment for tuberculosis. All participants were right
handed as confirmed by the Edinburgh Handedness Inventory
(Oldfield, 1971).
HIV+ participants underwent detailed neuropsychological

assessment within two weeks of neuroimaging and
controls within 1 year for characterization purposes only. The
test battery assessed the following cognitive domains:
abstraction/ executive function, memory, learning, speed of
information processing, verbal fluency, motor and sensory/
perception (Grant, 2008). From these scores, a Global Deficit
composite score was derived (Carey et al., 2004) using
normative data from a larger parent study (Joska et al., 2010).
The following laboratory measures were performed in the

HIV+ participants within 2 weeks of neuroimaging: CD4

count, HIV viral load, Rapid Plasma Reagin for syphilis and
thyroid stimulating hormone level. All participants received a
urinary drug screen before being scanned. In view of the fact
patient reports of duration of infection are highly unreliable in
our present population we relied on pre-treatment CD4 count
(as a proxy for nadir) and viral load as an estimation of
disease progression as all participants were cART naive and
being treated for the first time. While hepatitis C co-infection

has been associated with increased risk and severity of
cognitive impairment in HAND, participants were not
screened as it is not endemic to the region (Amin et al., 2004).
An experienced radiologist reviewed all of the scans for
intracranial pathology that could potentially confound
functional imaging measurement results.

Functional MRI

All scans were acquired on a 3 Tesla Siemens Allegra at the
Combined Universities Brain Imaging Centre (CUBIC).
During MRI image acquisition, 622 whole-brain two-
dimensional-echo planar imaging images [repetition time
(TR) = 1600 ms; echo time (TE) = 23 ms; flip-angle: 72.5
degrees; field of view (FOV): 256 × 256; 30 slices; 4 mm
isotropic voxels) were acquired. Trial-by trial variability was
accounted for by setting the total task length to 17 min.
Excess scans were discarded.
For image registration, a T1 ME-MPRAGE weighted

structural scan was acquired (TR = 2530ms; TE1 = 1.53 ms;
TE2 = 3.21, ms; TE3 = 4.89ms; TE4 = 6.57ms; flip-angle:
7 degrees; FOV: 256mm; 128 slices; 1 mm isotropic voxel
size) (van der Kouwe, Benner, Salat, & Fischl, 2008).

Stop-Signal Anticipation Functional MRI Task

During the functional MRI (fMRI) experiment, participants
performed the STOP signal anticipation task (Zandbelt &
Vink, 2010). The experiment was performed using Pre-
sentation® software (Version 14.6, www.neurobs.com). The
task is based on original work by Logan et al. (1984) who
proposed a horse-race model, suggesting that a response,
either GO or STOP, is a result from a race between the GO
process and the STOP process. The response is stopped when
the STOP process finished before the GO process reaches
execution threshold (Logan & Cowan, 1984). The task and
experimental procedures were identical to those described
before (Zandbelt & Vink, 2010). All participants received
standardized training in task performance before scanning by
a trained technician in their first language (isiXhosa).
During task performance, participants were presented with

three background lines. In each trial, a bar moved at a con-
stant speed from the bottom line to the top line, passing the
middle line within 800 milliseconds (ms). On GO trials,
participants were required to stop the bar with a button press
using their right index finger, as close to the middle/colored
line as possible. Should the bar reach the top line after
1000 ms, the GO trial was considered a failure. The inter-trial
interval was kept at 1000 ms. On STOP signal trials the bar
stopped on its own, indicating a STOP signal. During STOP
trials the participant was required to withhold the button press
(reactive response inhibition).
To measure proactive response inhibition, the probability

of the stop signal was explicitly indicated to the participant by
the color of the middle line. This allowed a participant to
proactively anticipate a STOP signal in each STOP trial, by
taking the stop-signal probability into account. There were
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five stop-signal probability levels: 0% (green), 17% (yellow),
20% (amber), 25% (orange), and 33% (red). In total, 414 go
trials (0%, n = 234; 17%, n = 30; 20%, n = 48; 25%,
n = 54; 33%, n = 48) and 60 stop trials (17%, n = 6; 20%,
n = 12; 25%, n = 18; 33%, n = 24) were presented in a
single run in pseudorandom order.
The STOP signal delay (SSD), the interval between start of

a trial and the STOP signal, was initially 550 ms and varied
for each STOP signal according to a staircase procedure. That
is, should a STOP trial be successful, the trial difficulty was
increased by increasing the STOP signal delay by 25 ms.
Should a STOP trial be unsuccessful, trial difficulty was
decreased in the same manner. This technique assured an
equal amount of successful and unsuccessful STOP trials. For
more details on the SSAT, see Zandbelt and Vink (2010).

Motor Execution: Baseline GO Reaction Time

Timed baseline GO responses were measured in the absence
of the possibility of a STOP signal. To explore speeded
responses in terms of simple reaction time we included the
California Computerized Assessment Package (CALCAP) in
our neuropsychological assessment battery (Miller, Satz, &
Visscher, 1991).

Reactive Inhibition

Reactive inhibition was studied in terms of the SSRT (Logan
et al., 1984; Zandbelt & Vink, 2010), which was calculated
according to the integration method (Logan & Cowan, 1984)
and pooled across all STOP signal probability levels.

Proactive Inhibition

In keeping with previous studies (Vink et al., 2005, 2014;
Zandbelt & Vink, 2010), proactive inhibition was measured
as the effect of STOP signal probability on GO signal
response time. Impaired proactive inhibition is evidenced by
a reduced effect of STOP signal probability on GO signal
response time (Vink et al., 2005, 2014; Zandbelt & Vink,
2010). This indicates a weaker anticipation of a STOP signal.
Statistical analysis of proactive inhibition consisted of a
repeated measures analysis of variance on mean GO signal
response times, with STOP signal probability and HIV
serostatus as factors.

fMRI Data Analysis

Image data were modeled using SPM8 (www.fil.ion.ucl.ac.
uk/spm/software/spm8/). Preprocessing and first-level
statistical analyses were performed as previously described
(Zandbelt & Vink, 2010). Preprocessing involved correction
for slice timing differences by resampling all slices in time
relative to the middle slice using Fourier interpolation.
Re-alignment to the mean image was performed using fourth-
degree B-spline interpolation to correct for head motion.
Head motion parameters were analyzed to ensure that the

maximum motion did not exceed a predefined threshold
(scan-to-scan >3 mm) (Van Dijk, Sabuncu, & Buckner,
2012). Spatial normalization was performed using linear and
non-linear deformations to the Montreal Neurological
Institute template brain, and spatial smoothing using a 6-mm
full-width at half-maximumGaussian kernel to accommodate
inter-individual differences in neuro-anatomy.
The fMRI data were modeled voxel-wise, using a general

linear model, in which the following events were included as
regressors: Timed GO signal trials with STOP signal
probability >0%, successful STOP signal trials and failed
STOP signal trials. For GO signal trials with a STOP prob-
ability above 0%, we also included a parametric regressor
modelling the STOP signal probability level as well as var-
iations in response time. GO baseline (0% STOP probability)
as well as activity during rest was explicitly modelled.
The fMRI data were high-pass filtered (cut-off 128 Hz) to

remove low-frequency drifts. For each participant, we
computed four contrast images: (1) Baseline GO-activation,
to measure motor response initiation, (2) activation during
successful STOP signal trials versus failed STOP signal trials
(to assess reactive inhibition), (3) activation during success-
ful STOP signal trials versusGO signal trials in the 0% STOP
signal probability context (also to assess reactive inhibition),
and (4) the parametric effect of STOP signal probability on
GO signal activation (to assess proactive inhibition). We
computed two contrasts for reactive inhibition because there
is no consensus currently, on which contrast is most appro-
priate for investigating reactive inhibition.
We assessed group activation differences in predefined

a priori regions of interest (ROIs), based on activation maps
acquired in a previous experiment (Zandbelt & Vink, 2010),
in which an independent sample of healthy volunteers
performed the same task. These ROIs were defined using a
cluster-level threshold (cluster-defining threshold p< .001,
cluster probability of p< .05, family-wise error corrected for
multiple comparisons). They included the primary motor
cortex as activated during baseline GO responses; the right
striatum during reactive inhibition and the right inferior
frontal gyrus during proactive inhibition. We chose the right
inferior frontal gyrus as our primary region of interest during
proactive inhibition, as the inferior frontal regions have been
shown to be affected by HIV in tasks of visual attention and
working memory (Plessis et al., 2014). An exploratory voxel
wise whole-brain analysis was also performed for each of the
above contrasts, testing for group differences using
independent sample t-tests (family-wise error corrected for
multiple comparisons).

RESULTS

Demographics

Forty participants were initially recruited into the study. We
excluded five patients for the following reasons: Tested
positive for benzodiazepines (n = 1); Did not receive a full
physical examination (n = 1); Problems with response box
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(n = 2); Poor scan quality leading to failure in pre-processing
(n = 1). One healthy control was excluded to excessive
movement (6.7 mm between scan movement) with a notable
drop in signal to noise as assessed with in house quality
assessment software (Geissler et al., 2007; Stöcker et al.,
2005). Therefore, 17 HIV+ participants and 18 healthy
controls were included in the final analysis (see Table 1).
The groups did not differ with regard to age, gender,

ethnicity, or education level. All HIV participants were
ambulant and healthy enough to participate in the experiment.
No significant pathology was found on the structural MRI
scans. As expected, most of the present sample is female as the
HIV+ population of sub-Saharan Africa consists mostly of
women infected by heterosexual contact (UNAIDS, 2012).

Behavioral Results

Motor execution

Response times for baseline GO trials (a STOP signal prob-
ability of 0%) were close to the target response time of 800ms
(794± 7ms), for controls, whereas HIV+ participants were
significantly slower (M = 827±8; t(33) = − 3.067; p = .004;
r = 0.471). Reaction time assessment according to CALCAP
confirmed that HIV participants showed significant signs
of motor slowing (Control: M = 295±16ms; HIV:
M = 367± 19ms; t(32) = − 2.818; p = .008; r = 0.446).
Despite this slow baseline response speed, there was no
difference in baseline GO accuracy between groups (Control:
M = 96± 0.6; HIV: M = 96± 0.7; t(33) = 0.673; p = .506;
r = 0.116), indicating that all subjects were able to perform the
basic task regardless of baseline response speed.

Reactive inhibition

The speed of reactive inhibition (SSRT) did not differ
between the groups (Control: M = 270± 3 ms; HIV:
M = 267± 6 ms; t(33) = 0.429; p = .670; r = 0.075). As
STOP errors were manipulated according to subject perfor-
mance as previously described (Pence et al., 2005; Zandbelt
& Vink, 2010), there was no difference in STOP related
errors (t(33) = − 1.191; p = .242; r = 0.203).

Proactive inhibition

There was a significant main effect of STOP probability
on reaction time regardless of disease status, showing
response slowing as the STOP probability increased
(F(2.1,70.4) = 16.808; p< .001) in trials where a STOP
signal could occur (see Figure 2). Although there was
no significant group by STOP probability interaction
(F(2.1,70.4) = 1.516; p = .226), there was a trend toward a
group effect (F(1,33) = 3.235; p = .081). This shows that
both groups were able to slow down their responses proac-
tively during GO trials in which a STOP signal could occur,
with the HIV+ group being on average slower than controls.
On further analysis, both groups showed, as expected,

a main effect of response slowing relative to baseline
(F(1,33) = 31.171; p< .001). There was no group by response
speed interaction, indicating that both groups showed an equal
amount of proactive slowing relative to their own baseline
(F(1,33) = 2.42; p = .129). Finally, HIV+ had the same
accuracy on GO trials where a STOP signal could occur
(Control: M = 97±0.5%; HIV:M = 95±0.8%; t(33) =1.745;

Fig. 2. Effect of stop-signal probability on go-signal response time
across groups with error bars indicating the standard error of
the mean.

Table 1. Demographic characteristics of the diagnostics groups.

HIV (N = 17) HC (N = 18) Test Statisticstatistic p-Value

Gender (M/F) 2/15 3/15 χ2 = 0.172 0.679
Mean Age age (years) 31± 4.1 28± 5.3 T = − 2.00 0.054
Education (years) 12 (10.8–12) 12± (11–12) U = 128 0.424
Viral Load load (copies/ml) 51065.4± 62034.4
CD4 (cells/μl) 392± 211.8
Participants with AIDS defining CD4 count 7
GDS (Summary summary Scorescore) 0.21 (0.07–0.36) 0.14 (0.07–0.3) U = 275 0.44

Note. Age, viral load, and CD4 data represent mean±SD. Education and GDS data represent median and interquartile range between 25th and 75th centiles.
AIDS defining CD4 count of 350 cells/μl used.
F, female; M, male; GDS: Global Deficit Score (22); HC: Hhealthy Ccontrols, HIV: HIV+ participants. AIDS defining CD4 count of 350 cells/μl used.
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p = .090; r = 0.291). Both groups had a STOP accuracy close
to the target of 50%, indicating that the stepwise difficulty
adjustment during STOP trials were successful (Control:
M = 51± 1.5%; HIV: M = 54± 1%; t(33) = − 1.522;
p = .137). It should be noted that, as the difficulty was
adjusted according to individual performance, we expected
no difference in STOP accuracy.

fMRI Results

Motor execution

Both groups showed equal activation in the motor cortex on
baseline GO responses, indicating normal motor cortical

function during the timed responses (t(33) = 0.320; p = .751;
r = 0.056).

Reactive inhibition

When comparing successful STOPs versus unsuccessful
STOPs, we found hypo-activation in the right putamen
(t(33) = 2.157; p = .038; r = 0.352) in the HIV+ group
during this task. Further exploratory ROI analysis revealed
the same effect to be present in the left putamen
(t(33) = 2.136; p = .040; r = 0.348) (see Figure 3). No
further differences were found on an exploratory whole brain
analysis (see Figure 4). An exploratory regression analysis
with putamen activation as dependent variable and global
deficit score, viral load, and age as predictors, revealed no
further significant results in the HIV+ group. We did not find
any significant correlations between cognitive domain scores
and reactive inhibition activation (see Table 2).

Proactive inhibition

We found no difference in function associated with proactive
inhibition between groups in the inferior frontal gyrus
(t(33) = − 0.036; p = .972; r = 0.006). An exploratory
whole-brain analysis was also performed, which also showed
no group differences. Exploratory analysis revealed no rela-
tionship between frontal task activation and cognitive domain
scores.

DISCUSSION

In this study, we investigated frontostriatal functioning
during an inhibition task that assessed motor execution,

Fig. 3. Putamen activation during reactive inhibition in both HIV+
participants and seronegative controls.

Fig. 4. Whole-brain activation during reactive inhibition in HIV+ participants and healthy control subjects (HC). One-sample t-tests of
(a) successful STOP signal versus failed STOP signal activation and (b) successful STOP signal versus GO signal 0% activation, for
HIV+ and healthy control subjects. Significant activation clusters (p< .05, family-wise error-corrected) are displayed on the normalized
and skull-stripped group-average brain (neurological orientation). HC, control subject; L, left; R, right; HIV+ , HIV-positive participant.
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reactive inhibition and proactive inhibition, in 17 cART naïve
HIV+ participants and 18 matched healthy controls. The HIV
+ participants had significantly slower baseline GO reaction
times indicating impaired baseline motor execution. Both
groups demonstrated similar responses on behavioral mea-
sures of reactive inhibition as well as proactive inhibition.
During fMRI, however, in HIV+ participants the
putamen was found to be hypo-active during reactive inhibi-
tion. There were no significant fMRI differences between
groups in the cortex during proactive inhibition. This could
indicate a relative sparing of higher cortical function with a
specific dysfunction of the more basic functions of the basal
ganglia in a cART naïve population during reactive inhibition.
We investigated motor execution in terms of timed GO

responses and found HIV+ participants to be significantly
slower. HIV+ participants displayed a normal inhibition
process in terms of speed of inhibition. Given that their timed
GO responses were abnormally slow, these findings suggest
that the SSRT and the GO process are dependent on different
fronto-striatal pathways. This is consistent with animal
studies reporting that SSRT is sensitive to cortical lesions and
GO reaction time is disrupted by subcortical lesions (Eagle,
Baunez, et al., 2007).
The HIV+ group proactively reduced their response speed

similar to controls. This indicates that, despite abnormalities
found in their baseline GO responses, HIV+ participants
could still anticipate STOP signals and slow down their
responses to facilitate stopping. As proactive inhibition
requires higher cortical regions to appropriately respond to
complex environmental cues and successfully communicate
this information to the striatum (Zandbelt et al., 2011;
Zandbelt & Vink, 2010), it suggests higher cortical functions
are largely intact in the present sample.
Our finding of no differences between HIV+ participants

and controls in the function of the motor cortex during timed
GO responses differs from a previous study in a cART treated
group. In the latter study, increased motor cortical activation
was found in HIV infected participants using a motor-tapping
paradigm (Ances, Roc, Korczykowski, Wolf, & Kolson,
2008). Our finding suggests that the cortex is relatively
spared in cART naïve HIV+ individuals (Chang et al., 2007)
as seen here during response execution.

As predicted by findings of both clinical (Navia et al.,
1986) and post mortem studies (Langford et al., 2002; Wiley
et al., 1998), we found subcortical regions to be primarily
affected as evidenced by putamen hypofunction during
reactive inhibition. Although task based fMRI studies have
reported subcortical involvement with HIV infection (Ances
et al., 2011; Melrose, Tinaz, Castelo, Courtney, & Stern,
2008) studies differ with regards to the directionality of this
involvement. For example, increased activation in the stria-
tum has been reported during a fMRI motor tapping paradigm
(Ances et al., 2011) and decreased activity during a semantic
event-sequencing task (Melrose et al., 2008). A possible
explanation for these differences from the present study could
be that behavioral tasks differed between studies. Addition-
ally, a positron emission tomography (PET) study, reported
baseline hypometabolism in the basal ganglia in HIV+
participants with moderate motor-slowing, whereas basal
ganglia hypermetabolism was found in HIV+ participants
with normal motor performance (Giesen et al., 2000). As
fMRI studies in HIV often include elderly subjects (Plessis
et al., 2014), differences in age across studies could also be a
confounding factor, as HIV+ effects on the brain is thought
to co-vary with increased age (Ances, Ortega, Vaida, Heaps,
& Paul, 2012; Chang, Holt, Yakupov, Jiang, & Ernst,
2013; Holt, Kraft-Terry, & Chang, 2012). Another possible
explanation for the directional difference of our data is the
effect of cART (Chang et al., 2007), as previous fMRI studies
included samples mostly on treatment (Plessis et al., 2014).
Furthermore, two arterial spin labelling studies have reported
reduced baseline regional cerebral blood flow in the striatum
of HIV+ participants, which further supports our finding of
hypo-activity of these subcortical structures at baseline
(Ances et al., 2006, 2009). Our findings therefore confirm the
impact of HIV on the function of the striatum and extend
these results by demonstrating striatal hypofunction in a
cART naïve sample during reactive inhibition.
We found no difference in cortical activity during proac-

tive inhibition. This is seemingly in contrast to functional
studies performed in the past that do indeed find relative
cortical hyperactivity in HIV (Chang et al., 2004; Melrose
et al., 2008; Plessis et al., 2014). These studies largely
included participants on cART treatment, however. As cART

Table 2. Cognitive domains tested (Mean Z value corrected via normal control group) as well as Pearson’s correlations performed for the left
as well as the right putamen activations during reactive inhibition.

Cognitive domain HIV (N = 17) SE Left putamen p-Value Right putamen p-Value

Abstraction/executive function −.286 + / − 0.235 −.216 .390 −.274 .271
Memory −.424 + / − 0.202 .061 .810 .059 .815
Learning .301 + / − 0.183 .072 .776 −.115 .650
Speed of information processing −.218 + / − 0.193 −.276 .268 −.258 .301
Verbal fluency .027 + / − 0.173 .050 .845 −.121 .633
Motor −.205 + / − 0.226 −.311 .209 −.291 .241
Sensory/perception −.686 + / − 0.391 .037 .888 .129 .623

SE = standard error.
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treatment has been shown to be associated with increased
cortical activity (Chang et al., 2007), this could serve as a
possible explanation for this difference.
We did not find any significant correlations between

cognitive test scores and fMRI activation. This is not
surprising given that fMRI has been shown to bemore sensitive
to cerebral pathology than cognitive testing (Ernst et al., 2002).
Also, the study may be underpowered due to the small sample
size. Further investigation is, therefore, warranted.
The slow GO processes and relatively normal STOP

processes found in HIV infection in the present study could
be explained on the basis of dopaminergic deregulation:
Supportive evidence is forthcoming from animal studies
suggesting that dopamine deregulation could result in an
abnormally slow motor responses, leaving the speed of
inhibition spared relative to controls (Bari, Eagle, Mar,
Robinson, & Robbins, 2009; Eagle, Tufft, Goodchild, &
Robbins, 2007). Studies performed in rats revealed that
neither the administration of the mixed D1/D2 receptor
antagonist cis-flupenthixol (Eagle, Tufft, et al., 2007) nor
dopamine-associated transport blockade by GBR-12909
influenced SSRT in a modified version of the SSAT (Bari
et al., 2009). However, in the same studies GO reaction time
was found to speed up in response to dopamine re-uptake
blockade as well as methylphenidate administration (Bari
et al., 2009; Eagle, Tufft, et al., 2007). Our finding of a slow
GO process in the presence of a normal speed of inhibition
indicates that the exact biochemical nature of striatal
dysfunction in HIV infection requires further elucidation. As
the striatum is modulated by dopaminergic activity (Frank,
2005), the present finding of striatal hypofunction could
relate to dopamine deregulation. This could be further
investigated by PET using dopamine ligands in conjunction
with fMRI functional measurements. Prospective pre- and
post-cART prospective studies would help to clarify the
striatal and cortical effects of cART (Chang et al., 2007).
A strength of our study is the exclusion of important

confounds that could influence fronto-striatal function such
as cART (Chang et al., 2007), comorbid depression and
substance abuse. The effects of age should also be minimal
(Ances et al., 2010; Holt et al., 2012), due to the relatively
young age of our cohort. We could not demonstrate a link
between slow GO processes and brain function. Although we
found normal motor cortical activation in HIV+ participants,
we could not rule out differences in other parts of the motor
system, as our task involved only simple timed motor
responses. We also could not demonstrate a behavioral
difference in terms of reactive STOP accuracy, which related
to putamen activation. This was due to an inherent limitation
of our task design: As putamen activation relies on balanced
correct versus incorrect STOP factors, task difficulty was
adjusted to achieve equal successful and unsuccessful STOP
for both groups. We did however demonstrate that the
putamen is hypoactive in HIV infection when controlling for
task performance in this way. Our study is further limited by a
small sample size due to the carefully selected nature of our
sample.

Taken together, our findings support the hypothesis that
HIV infection primarily affects the basic functions of the
putamen during reactive inhibition, with relative sparing of
cortical function during proactive inhibition.
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HIV infection results in ventral–striatal reward
system hypo-activation during cue processing

Stéfan du Plessisa, Matthijs Vinkb, John A. Joskae, Eleni Koutsilieric,

Asif Bagadiaf, Dan J. Steind,e and Robin Emsleya

Objective: Functional MRI has thus far demonstrated that HIV has an impact on
frontal–striatal systems involved in executive functioning. The potential impact of
HIV on frontal–striatal systems involved in reward processing has yet to be examined by
functional MRI. This study therefore aims to investigate the effects of HIV infection on
reward processing by examining the function of the ventral–striatal reward system
during a monetary incentive delay task.

Design: This is a cross-sectional case-control study.

Methods: Eighteen combined antiretroviral therapy-naive HIV-positive (HIVþ) partici-
pants, as well as 16 matched healthy controls, performed a monetary incentive delay
task. This paradigm assesses behaviour as well as functional brain activity-associated
reward anticipation and reward outcome.

Results: HIVþ participants showed a general decrease in activation associated with
both neutral as well as potentially rewarding cues in their ventral striatum. We found
normal activity related to reward outcome in the orbito-frontal cortex. Despite HIVþ
participants’ reaction times being significantly slower when independently measured
from the reward paradigm, this performance deficit normalized during the performance
of the reward task.

Conclusion: HIV caused a decrease in activity during cue processing in the ventral
striatum, with normal cortical functioning during reward outcome processing. Our results
therefore suggest that HIV not only has an impact on fronto-striatal systems involved in
executive functioning, but also has a direct impact on the function of the ventral–striatal
reward system. Copyright ! 2015 Wolters Kluwer Health, Inc. All rights reserved.

AIDS 2015, 29:1335–1343

Keywords: brain, functional MRI, HIV, motivation, reward, ventral striatum

Introduction

HIV enters the brain in the early stage of infection [1],
and even in the era of combined antiretroviral therapy
(cART), HIV causes neurocognitive impairment in up
to half of the individuals [2]. Functional imaging studies
have demonstrated that HIV affects the functioning of
the fronto-striatal network, a key system involved in
executive functioning [3,4]. The effect of HIV on the

fronto-striatal network could, at least in part, be due to
high concentrations of viral RNA accumulating in the
striatum and the surrounding areas early on during
infection [5]. More specifically, striatal dopamine
neurons may be particularly sensitive to viral effects
[6,7]. This could either be caused directly by toxic
effects of viral proteins such as GP120 [8] or tat [9], or
indirectly by means of the de-regulation of the host
immune system [10].

aDepartment of Psychiatry, University of Stellenbosch, Cape Town, South Africa, bBrain Center Rudolf Magnus, University of
Utrecht, Utrecht, The Netherlands, cInstitute for Virology and Immunobiology, University of Würzburg, Würzburg, Germany,
dMedical Research Council (Unit on Anxiety and Stress Disorders), SU/UCT, eDepartment of Psychiatry, University of Cape Town,
and fDepartment of Radiology, Stellenbosch University, University of Stellenbosch, Cape Town, South Africa.
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As striatal function plays an important role in reward
processing [11–14], HIV could potentially interfere with
the function of the ventral–striatal reward system.
Behavioural evidence thus far has indicated that HIV
may affect reward processing [15,16]. For example, HIV-
positive (HIVþ) substance-dependent individuals exhibit
greater risky decision-making behaviour on a gambling
task [16]. HIVþ participants favoured relatively larger
payoffs, which incurred infrequent large penalties. While
controls also selected these payoffs, they quickly learned
to avoid them. HIV infection was thought to play a role in
this behavioural deficit, as although half of the participants
were classified as having past drug dependence, few met
criteria for current drug dependence. Furthermore,
controlling for these factors did not affect the final
results. Although such behavioural studies provide
evidence for an affect of HIV on reward processing,
the effect of HIV in the absence of drug abuse on the
function of the ventral–striatal reward system remains to
be demonstrated.

Here, we investigated the effects of HIV on the function
of the ventral–striatal reward system. Eighteen drug and
non-smoking medication (cART)-naive HIVþ partici-
pants and 16 matched controls performed a modified
version of the monetary incentive delay task while being
scanned with functional MRI (fMRI) [17,18]. This task
has been shown to reliably activate the ventral–striatum
during reward anticipation and the orbito-frontal cortex
(OFC) during reward outcome [18–20].

In healthy controls, there is an increase in the ventral–
striatal activity during the presentation of reward cues
relative to the activity present during neutral cues [14,18].
HIV infection has been associated with hypoactive
functional striatal responses, as well as a decreased baseline
cerebral blood flow on past neuroimaging studies [21,22,
unpublished data]. We therefore predicted that HIV
infection is more likely to result in a general decrease in
activity in the ventral striatum during reward neutral and
reward cues, rather than a specific effect on any given cue.

We also predicted a normal cortical response during
reward processing, as we have previously found evidence
for an isolated effect of HIVon the striatal regions in our
sample population [unpublished data]. As reward out-
come tends to activate primarily cortical regions such as
the OFC [17], we therefore predicted normal activity in
this region in HIVþ participants during reward outcome.

Methods and materials

Participants
Participants were drawn from a larger study cohort
described elsewhere [unpublished data]. The participants
were recruited from a community primary health clinic in

Khayelitsha, Cape Town, South Africa. They provided
written informed consent after having received a
complete description of the study in their first language
(Xhosa), in accordance with procedures approved by the
Health Research Ethics Committee (HREC) of Stellen-
bosch University and the University of Cape Town, Cape
Town, South Africa.

Controls were confirmed to be HIV-negative on
enzyme-linked immunosorbent assay (ELISA). Both
participants and controls were screened using the
Mini-International Neuropsychiatric Interview (MINI)
6.0.0/MINI-PLUS 6.0.0 [23]. Participants were
excluded if they had a general medical condition that
could confound the diagnosis of HIV-associated neuro-
cognitive disorder (HAND), a history of substance abuse
on the Substance Abuse and Mental Illness Symptoms
Screener (SAMISS) questionnaire [24], a Kreek-
McHugh-Schluger-Kellogg (KMSK) score for smoking
greater than 1 [25], or if they were currently receiving
treatment for tuberculosis. All participants were right-
handed as confirmed by the Edinburgh Handedness
Inventory [26].

Laboratory measures were performed within 2 weeks of
neuroimaging. HIVþ participants received a CD4þ cell
count, HIV viral load, rapid plasma reagin for syphilis
(RPR) and thyroid-stimulating hormone (TSH) level.
HIV-ELISA or high plasma viral load confirmed the HIV
serostatus. Controls were confirmed negative with HIV-
ELISA performed within 2 weeks of neuroimaging.

All the scans were examined by a radiologist for intra-
cranial pathology that could potentially confound results.
Neuropsychological testing assessed the following cog-
nitive domains: motor ability, memory function, learning,
attention, speed of information processing, abstract
thinking, executive function and working memory.
Raw test scores were converted to t scores by means of
a normative control group to calculate a global deficit
score (GDS) to ascertain the level of HIV-associated
neurocognitive impairment in the present sample [27].

Monetary incentive delay task
The task used [18,28,29] in the present study is based on
the original monetary incentive delay (MID) task by
Knutson et al. [14] (see Fig. 1). Potentially rewarding trials
(n¼ 30) were indicated with a smiling face, and neutral
trials (n¼ 30) were indicated with a neutral face at the
onset of each trial. A fixation star followed the reward cue.
Following the anticipation cue, a target was presented,
requiring patients to react as fast as possible by button
press using their right (dominant) index finger. All
participants were instructed to respond to a target
regardless of the trial type. Reward outcome was
presented at the end of each trial. During a practice
session prior to the main task, the participant’s quickest
reaction time was recorded to act as a baseline in order to
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vary the task difficulty. In 50% of the trials, the target was
presented for the duration of the individual time limit þ
200 ms, enabling participants to be successful in these trials.
In the other trials, the time limit was decreased with 150 ms,
to make sure that participants could not respond in time.

This ensured adequate power to compare rewarded and
non-rewarded trials, as well as ensuring all participants
received an equal reward amount (Target R150 ZAR).

To reduce collinearity between anticipation of reward and
reward outcome, the anticipation cue time and the inter-
trial interval time were varied (mean duration 3286 ms,
range 779–6729 ms; mean duration 3535 ms, range
1029–6979 ms, respectively). In this way, the blood
oxygen level-dependent (BOLD) signal in response to
reward anticipation could be modelled independently
from that of the reward outcome [18,20]. The complete
task therefore consisted of 60 trials, with a mean duration
of 9571 ms (range 4946–16107 ms), resulting in a total
task duration of 9 min 35 s.

A response time independent of the reward paradigm was
also obtained using the simple response time from the

California Computerized Assessment Package (CAL-
CAP) [30].

Behavioural data analysis
Repeated-measures analysis of variance (ANOVA) was
performed to test for effects of condition (reward trials
and neutral trials) and group (HIVþ participants and
controls) on response time, as well as response accuracy.
The reward amount was compared between groups using
a two-sample t test.

Functional MRI
Measurements
Measurements Scans were acquired on a 3T Siemens
Allegra at the Combined Universities Brain Imaging
Centre (CUBIC). Six hundred and twenty-two whole-
brain 2D-EPI images [repetition time (TR)¼ 1600 ms,
echo time (TE)¼ 23 ms, flip angle 72.5 degrees, field of
view (FOV) 256# 256, 30 slices, 4 mm isotropic voxels]
were acquired in about 16 min. For image registration, a
T1 ME-MPRAGE-weighted structural scan was acquired
(TR¼ 2530 ms, TE1¼ 1.53 ms, TE2¼ 3.21 ms, TE3¼
4.89 ms, TE4¼ 6.57 ms, flip angle 7 degrees, FOV
256mm, 128 slices, 1 isotropic voxel size) [31].
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Fig. 1. Schematic representation of the Monetary Incentive Delay task [17,18].
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Image pre-processing
Image data were analysed using SPM8 (http://www.
fil.ion. ucl.ac.uk/spm/software/spm8/). Pre-processing
and first-level statistical analyses were performed as
previously described [18]. In brief, pre-processing
involved correction for slice timing differences, re-
alignment to correct for head motion, spatial normal-
ization to the Montreal Neurological Institute template
brain and spatial smoothing to accommodate inter-
individual differences in neuro-anatomy. Head motion
parameters were analysed to ensure that the maximum
motion did not exceed a predefined threshold (scan-to-
scan >3 mm).

Individual analyses
The pre-processed time-series data for each individual
were analysed using a general linear model (GLM)
analysis. The model consisted of six factors of interest,
representing haemodynamic changes time-locked to
anticipation during and after the presentation of the
reward cue (reward anticipation), anticipation during and
after a neutral cue (neutral anticipation), feedback
reflecting a positive monetary reward outcome (reward
outcome), feedback reflecting no reward, feedback
reflecting a correct response in a neutral trial (neutral
correct outcome) and feedback reflecting an incorrect
response in a neutral trial (Fig. 1). The onset of the factors
modelling anticipation (duration range 1529–7479 ms)
was at the presentation of the cue, whereas the onset of
the factors modelling feedback (duration 2000 ms) was at
the presentation of the target, including the button press
to the target and the subsequent feedback (Fig. 1). Motion
parameters from the realignment procedure were
included as factors of no interest. Low-frequency drifts
were removed from the signal by applying a high-pass
filter with a cut-off frequency of 128 s.

For each participant, we generated statistical maps for
each of the conditions, as well as the following contrasts:
reward anticipation versus neutral anticipation and reward
outcome versus neutral correct outcome.

Region-of-interest analyses
Primary analyses were performed in one region of interest
(ROI): the combined bilateral ventral striatum for
anticipation and combined bilateral OFC for reward
outcome, on the basis of previous findings by Knutson
et al. [17]. These regions were defined using the
Automated Anatomical Labeling-Atlas [32] and the
Oxford-GSK-Imanova Striatal Connectivity Atlas for
the ventral striatum [33]. For each participant, the mean
activation level (expressed as percentage signal change)
during the contrasts of interest specific to reward
anticipation and reward outcome (reward anticipation,
neutral anticipation, reward outcome and neutral correct
outcome) was calculated over all the voxels of each ROI.

These values were used in a repeated-measures ANOVA,
testing for main and group effects in activation levels
between neutral versus potentially rewarding trials,
reward anticipation versus reward outcome, as well as
correct neutral trials versus positive reward outcome.

To determine whether activity was related to clinical
measures, we performed a regression analysis in HIVþ
participants with activation as a dependent variable, and
GDS, viral load, age and sex as predictors.

Whole-brain analysis
In addition to the ROI analysis, whole-brain group-wise
analyses were performed, to test for differences outside
the predefined ROIs. Group-activation maps were
thresholded at a family-wise error (FWE)-corrected
cluster level of P equal to 0.05 (cluster-defining threshold
of P¼ 0.001, critical cluster size of 26 for reward
outcome and 33 for reward anticipation, respectively).
These parameters were determined using SPM5 and a
script (CorrClusTh.m, to be found on http://
www2.warwick.ac.uk/fac/sci/statistics/staff/academic-
research/nichols/scripts/spm), which uses estimated
smoothness [estimated full width at half maximum
(FWHM): 3.56# 3.65# 3.46 voxels] and random field
theory to determine the corrected thresholds.

Results

Demographics
Twenty-two HIVþ participants and 18 matched controls
were included in the present study. Two HIVþ
participants were excluded due to poor task comprehen-
sion. One HIVþ participant and two controls were
excluded due to poor scan quality as assessed by motion
parameters (>3 mm movement), as well as in-house
quality assessment software checking for regional signal-
to-noise dropout [34–36]. One HIVþ participant
screened positive for benzodiazepines prior to scanning.
After these exclusions, 18 HIVþ participants and 16
healthy controls were included in the final analysis (see
Table 1).

The groups did not differ with regards to sex, age or
education level. All participants were from a similar socio-
economic background. All HIVþ participants were
ambulant and healthy enough to participate in the fMRI
task. No potentially confounding intra-cranial pathology
was found on inspection of the MRI scans.

Behaviour results
As expected, there was a main effect of condition on
reaction time, with both groups reacting significantly
faster on potentially rewarding trials than neutral trials
[F(1, 32)¼ 4.25, P¼ 0.04]. There was no group-by-
condition interaction effect during the performance of
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the reward task [F(1, 32)¼ 0.71, P¼ 0.40], indicating
that both groups had a similar decrease in response time
during potentially rewarding trials. Finally, there was no
main effect of group [F(1, 34)¼ 0.97, P¼ 0.33],
indicating that both groups responded equally fast. This
was unexpected as we have previously reported that these
HIVþ participants had significantly slower simple
response times on CALCAP [t(27)¼$2.937, P¼ 0.007].

As expected, there was a main effect of condition on task
accuracy [F(1, 32)¼ 32.79, P< 0.001], with both groups
showing significantly more accurate responses on
potentially rewarding trials, compared to neutral trials.
There was no significant group-by-condition interaction
effect [F(1, 32)¼ 0.451, P¼ 0.507] or a main effect of
group [F(1, 32)¼ 0.042, P¼ 0.839], confirming similar
task performance of the HIVþ participants compared to
the controls. As task difficulty was adjusted according to
individual performance levels, both groups received an
equal amount of reward [HIV: M¼ 137% 15, control:
M¼ 140% 12, t(32)¼ 0.613, P¼ 0.544].

Imaging results
Reward processing in the ventral striatum
As expected, there was a significant main effect of
condition in the ventral striatum [F(1, 32)¼ 4.927,
P¼ 0.034], indicating an increase of ventral–striatal
activity from neutral to reward cues. This did not differ
between the two groups [group-by-condition inter-
action: F(1, 32)¼ 0.287, P¼ 0.596]. There was, how-
ever, a significant main group effect of condition in the
ventral striatum [F(1, 32)¼ 5.81, P¼ 0.02] (see Fig. 2),
with HIVþ patients showing less activation during both
neutral and reward cues.

In a further exploratory analysis, we investigated activity
related to reward outcome, comparing activity during
neutral correct and successful reward outcome trials in the
ventral striatum. As expected, there was no main effect of
condition in the ventral striatum [F(1, 32)¼ 1.938,
P¼ 0.174]. There was no group-by-condition inter-
action effect [F(1, 32)¼ 0.311, P¼ 0.581], nor a main
effect of group [F(1, 32)¼ 0.051, P¼ 0.822]. This

demonstrates that HIV has a specific impact on
ventral–striatal reward cue processing and not a general
effect on striatal blood flow.

Reward processing in the orbito-frontal cortex
As expected, there was a significant main effect of
condition in the OFC [F(1, 32)¼ 48.924, P< 0.001],
indicating an increase from neutral correct outcome to
reward outcome in the OFC. There was no interaction
effect between group and condition [F(1, 32)¼ 0.779,
P¼ 0.384]. There was also no main effect of group [F(1,
32)¼ 1.457, P¼ 0.236].

Whole-brain analysis
To investigate whether there were activation differences
outside the predefined regions, we performed whole-
brain analyses (see Fig. 3). Whole-brain analysis revealed
no results that survived multiple comparisons correction
for reward anticipation (contrast: reward anticipation
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Fig. 2. Line graph showing repeated measures analysis of
activity in the ventral striatum in the anticipatory period
during neutral and rewarded trials in HIVR participants and
controls. HIVþ, HIV-positive.

Table 1. Demographic characteristics of the diagnostics groups.

HIV (N¼18) HC (N¼16) Test statistic PM

Sex (M/F) 2/16 1/15 x2¼0.249 1.000
Mean age (years) 32%4.6 28%5.2 T¼$2.363 0.096
Education (years) 11 (10–12) 12 (11–12) U¼111 1.000
Viral load (copies/ml) 24936.3%31877.4
CD4þ (cells/ml) 433%199
Participants with AIDS-defining CD4þ cell count 7
GDS (summary score) 0.21 (0.07–0.36) 0.17 (0.07–0.36) U¼86 1.000

Age, viral load and CD4þ data represent mean% SD. Education and GDS data represent median and inter-quartile range between the 25th and 75th
centiles. AIDS-defining CD4þ cell count of 350 cells/ml used. F, female; GDS, Global Deficit Score [22]; HC, healthy controls; HIV, HIV-positive
participants; M, male.
MP values reported are adjusted using the Bonferroni correction for multiple comparisons.
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versus neutral anticipation). On a more liberal threshold
[P¼ 0.001 (uncorrected)], reward anticipation-related
activity was found in the striatum, thalamus and several
frontal, temporal and parietal areas. Reward outcome-
related activity (contrast: reward outcome versus neutral
correct outcome) was mainly found in the bilateral OFC,
anterior cingulate gyrus, left hippocampal and para-
hippocampal gyri (FWE-corrected P¼ 0.05, cluster-
defining threshold of 26). This is comparable to what has
been previously found in the literature [14,18]. No
between-group differences were found on whole-
brain analysis.

Regression analyses
None of the clinical variables was found to significantly
predict activity during reward anticipation or reward
outcome in the ventral striatum or OFC.

Discussion

Here, we investigated brain activity during reward
processing in 18 HIVþ substance and cART-naive
participants and 16 matched controls using fMRI. To our
knowledge, this is the first study to investigate the effects
of HIV on fronto-striatal functioning during reward
processing. Importantly, both groups were substance and
cART-naive. As predicted, HIVþ participants showed a
general decrease in ventral–striatal activity during
anticipation for both neutral and potentially rewarding
trials, when compared to controls. The increase in activity
related to reward outcome in the OFC did not differ
between the two groups. Despite HIVþ participants’
reaction times being significantly slower at baseline, this
performance deficit normalized during the performance
of the reward task. These findings suggest that HIV has an
impact on the function of the ventral striatum during cue
processing, with a relative sparing of the cortical function.
Striatal dysfunction during cue processing was present
despite HIVþ participants still being able to speed up
their responses in anticipation of a potential reward,
indicating that the impact of HIV is not limited to
striatally mediated executive function, but extends to
reward processing.

We found a decrease in ventral–striatal activity during cue
processing in HIVþ participants. It is well known that
HIV’s impact on brain function often results in a clinical
fronto-striatal dementia [37]. Past functional studies have
shown general striatal dysfunction, with hypo-activity in
the putamen during reactive inhibition [unpublished
data], caudate hypo-activity during semantic event
sequencing [22], as well as a general decrease in resting
cerebral blood flow in the striatum on arterial spin
labeling [21]. Our data extend these findings by showing
an HIV-related decrease in activity in the ventral–striatal
reward system during cue processing. Given the
limitations of BOLD fMRI [38], a potential explanation

for a general decrease in regional BOLD signal is that the
consequences of HIV infection, such as neuro-inflam-
mation [10], does not affect neural activity per se, but
rather causes a general change in haemodynamics in the
striatum [39]. This is unlikely to be the case, given that we
find no decrease in the ventral–striatal activity during
reward feedback in HIV. We therefore have shown that
HIV does not only affect striatal functions associated with
executive functioning such as the inhibition of voluntary
movement [unpublished data] or semantic event sequen-
cing [22], but also reward processing. Previous studies in
the behavioural impact of HIV have been potentially
confounded by past drug dependence [16]. Our findings
further support behavioural studies reporting abnormal
behaviour on gambling tasks [16] in HIV infection in the
absence of illicit drug use/abuse, as cue processing is vital
in predicting future rewards. For example, hypo-
activation during ventral–striatal anticipatory activity
has been associated with impulsive decision-making in
alcohol dependence, as well as pathological gambling
[40,41].

Our data show that HIV does not result in a specific
deficit during the anticipation of reward cues, but also
during activity related to neutral cues. Nevertheless, it is
likely that a disruption in general cue processing could
potentially result in abnormal reward-based decision-
making. This could include risky decision-making with
respect to sexual behaviour, aggression, substance abuse
and potentially a decreased capacity to appreciate the
long-term benefits of using and staying on treatment.
Importantly, as our sample has no reported drug use,
abnormal reward-related behavior in the HIVþ popu-
lation is unlikely to be explained by the effects of drug
abuse alone [15,42].

We found normal activity in the cortical regions known
to be active during reward outcome [17]. This finding is
consistent with our previous work which suggested that
sub-cortical function is primarily affected in the present
sample population [unpublished data]. This negative
finding is seemingly at odds with other functional studies,
which generally demonstrate HIV-induced hyper-acti-
vation in the cortex during working memory, as well as
during visual attention tasks [4,43–45]. A possible
explanation for why some studies found cortical
dysfunction when we have not is that these studies differ
from our present sample in terms of patient age and cART
use. The additional effect of cART, as well as the effect of
aging, has been associated with increases in cortical
activation in HIV infection in their own right [46,47].
More importantly, participants from our sample popu-
lation were all newly diagnosed, just prior to the initiation
of treatment. This would suggest that HIV could have a
different impact on cortical function after treatment [46].
This will have to be confirmed with further prospective
studies utilizing fMRI tasks that reliably engage the cortex
and the striatum.
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Both controls and HIVþ participants showed significantly
faster response times as well as increased response accuracy
between neutral trials and potentially rewarding trials. This
is in keeping with behavioural responses previously
reported in healthy control populations [18]. This indicates
task comprehension in both the groups. Furthermore, the
HIVþ participants are still able to anticipate potentially
rewarding trials. The fact that HIVþ participants did not
show generally slower responses than controls is surprising,
given that we did indeed find slower simple response times
acquired independent of the fMRI task. Although it is well
known that HIV infection is associated with reaction time
slowing [48], here we show that this response slowing could
normalize during situations with a positive motivational
valence. This implicates at least, in part, deficient reward
processing in response time slowing in HIV.

As we have used a relatively simple reward task that
utilizes only one level of reward, we cannot rule out the
possibility that HIVþ participants will start showing
slower behavioural responses with increased task com-
plexity with multiple levels of reward, as well as the
inclusion of punishment trials. We chose to utilize a
simpler task to ensure that reward anticipation would not
be influenced by a lack of task comprehension. As the
present task was successfully utilized in children as young
as 10 years, who demonstrated no measurable differences
in response accuracy from those of adults, we believe that
the task was simple enough not to confound performance
in the present study [18]. As our task involved on an
average a 50% failure rate, factors such as participant
frustration could potentially have differed between the
groups. Task accuracy was, however, not significantly
different in the present sample, and therefore differences
in levels of group frustration should have been minimal.

As our sample largely consisted of female participants,
special mention should be made on the possible influence

of sex on our findings. It has been postulated that women
are differentially at risk for the development of HAND,
due to potentially different prevalence of risk factors such
as poverty, differences in substance abuse and prevalence
of mental health disorders [49–52]. Studies performed
thus far have indeed found a small HIV serostatus-by-sex
interaction on cognition, with HIV-related comorbidities
having a much larger impact [50,52]. The only functional
study performed thus far in a largely female cohort did
indeed report hippocampal dysfunction in women, but
could potentially have been confounded by substance
abuse [51]. In the present study, we confirm an impact of
HIV on brain function in HIVþ women, and extend
these results by demonstrating a functional impact of HIV
in the absence of a history of drug use, severe comorbid
psychopathology (i.e. major depression), as well as
differences in demographic variables, which we con-
trolled for with a strict sample selection.

HIV caused a decrease in activity during cue processing in
the ventral striatum, with normal cortical functioning
during reward outcome processing. Our results therefore
suggest that HIV not only has an impact on the fronto-
striatal systems involved in executive functioning, but also
has a direct impact on the function of the ventral–striatal
reward system.

Acknowledgements

S.D.P. conceived the study, performed the analysis and
participated in the writing of the manuscript. M.V. aided
study conception, assisted in analysis, interpretation and
participated in manuscript writing. J.A.J. provided
feedback on the approach, interpretation and review of
manuscript drafts. E.K. aided interpretation of the
findings as well as aiding in writing of the manuscript.

HIV infection results in ventral–striatal reward system Plessis et al. 1341

Z = -2

(a) (b)

Left Right
3 45 10t t

+2 +6 +8 +12 +16

Fig. 3. Whole-brain activation during reward anticipation and reward outcome in HIVR as well as HIVS controls while
performing a Monetary Incentive Delay task [17,18]. One-sample t tests of (a) reward anticipation versus neutral anticipation are
displayed at an activation threshold of P¼ 0.001 (uncorrected). (b) Reward outcome versus neutral correct outcome are FWE-
corrected (P¼0.05) with a cluster-defining threshold of 26. FWE, family-wise error; HIVþ, HIV-positive; HIV$, HIV-negative.

Stellenbosch University  https://scholar.sun.ac.za

 50 



 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

D.J.S. and R.E. provided feedback on study approach,
interpretation of data as well as manuscript review.

The authors would like to thank Dr Hetta Gouse from the
University of Cape Town, as well as Prof. Rob Paul from
the University of Missouri-St. Louis, for their assistance
in determining the neuropsychological assessment battery
as well as giving input into the neuropsychological
assessments. The authors would also like to thank Mr
Teboho Linda from the University of Cape Town for
assisting in the recruiting of participants.

S.D.P. has received support from a National Research
Fund International Research Training Grant (IRTG
1522), as well as support from the Medical Research
Council of South Africa, Biological Psychiatry Special
Interest Group of the South African Society of
Psychiatrists as well as the HIV research Trust
(HIVRT14-049). M.V and A.B. have reported no
biomedical financial interests or potential conflicts of
interest. J.J has received support from the Medical
Research Council of South Africa. E. K. is supported by
an EDCTP Strategic Primary Grant (SP.
2011.41304.065.) as well as a ‘Verein für Parkinson-
Forschung’ grant. D.S. has received research grants and/
or consultancy honoraria from Abbott, Astrazeneca,
Biocodex, Eli-Lilly, GlaxoSmithKline, Jazz Pharmaceu-
ticals, Johnson & Johnson, Lundbeck, Novartis, Orion,
Pfizer, Pharmacia, Roche, Servier, Solvay, Sumitomo,
Sun, Takeda, Tikvah, and Wyeth. He is supported by the
MRC of South Africa. R.E. has participated in speakers/
advisory boards and received honoraria from AstraZe-
neca, Bristol-Myers Squibb, Janssen, Lilly, Lundbeck,
Servier and Otsuka. He has also received research funding
from Janssen, Lundbeck and AstraZeneca.

Conflicts of interest
There are no conflicts of interest.

References

1. An SF, Groves M, Gray F, Scaravilli F. Early entry and wide-
spread cellular involvement of HIV-1 DNA in brains of HIV-1
positive asymptomatic individuals. J Neuropathol Exp Neurol
1999; 58:1156–1162.

2. Heaton RK, Clifford DB, Franklin DR Jr, Woods SP, Ake C,
Vaida F, et al. HIV-associated neurocognitive disorders persist
in the era of potent antiretroviral therapy. Neurology 2010;
75:2087–2095.

3. Grant I. Neurocognitive disturbances in HIV. Int Rev Psychiatry
2008; 20:33–47.

4. Plessis du S, Vink M, Joska JA, Koutsilieri E, Stein DJ, Emsley R.
HIV infection and the fronto-striatal system: a systematic review
and meta-analysis of fMRI studies. AIDS 2014; 28:803–811.

5. Kumar AM, Borodowsky I, Fernandez B, Gonzalez L, Kumar M.
Human immunodeficiency virus type 1 RNA Levels in different
regions of human brain: quantification using real-time reverse
transcriptase-polymerase chain reaction. J Neurovirol 2007;
13:210–224.

6. Koutsilieri E, Sopper S, Scheller C, Meulen ter V, Riederer P.
Involvement of dopamine in the progression of AIDS dementia
complex. J Neural Transm 2002; 109:399–410.

7. Purohit V, Rapaka R, Shurtleff D. Drugs of abuse, dopamine,
and HIV-associated neurocognitive disorders/HIV-associated
dementia. Mol Neurobiol 2011; 44:102–110.

8. Agrawal L, Louboutin J-P, Marusich E, Reyes BAS, Van Bock-
staele EJ, Strayer DS. Dopaminergic neurotoxicity of HIV-1
gp120: reactive oxygen species as signaling intermediates.
Brain Res 2010; 1306:116–130.

9. Bruce-Keller AJ, Chauhan A, Dimayuga FO, Gee J, Keller JN,
Nath A. Synaptic transport of human immunodeficiency virus-
Tat protein causes neurotoxicity and gliosis in rat brain. J
Neurosci 2003; 23:8417–8422.

10. Desplats P, Dumaop W, Smith D, Adame A, Everall I, Letendre
S, et al. Molecular and pathologic insights from latent HIV-1
infection in the human brain. Neurology 2013; 80:1415–
1423.

11. Schultz W, Dayan P, Montague PR. A neural substrate of
prediction and reward. Science 1997; 275:1593–1599.

12. Schultz W. Predictive reward signal of dopamine neurons. J
Neurophysiol 1998; 80:1–27.

13. Schultz W. Multiple dopamine functions at different time
courses. Annu Rev Neurosci 2007; 30:259–288.

14. Knutson B, Adams CM, Fong GW, Hommer D. Anticipation of
increasing monetary reward selectively recruits nucleus ac-
cumbens. J Neurosci 2001; 21:RC159.

15. Martin EM, Pitrak DL, Weddington W, Rains NA, Nunnally G,
Nixon H, et al. Cognitive impulsivity and HIV serostatus in
substance dependent males. J Int Neuropsychol Soc 2004;
10:931–938.

16. Hardy DJ, Hinkin CH, Levine AJ, Castellon SA, Lam MN. Risky
decision making assessed with the gambling task in adults with
HIV. Neuropsychology 2006; 20:355–360.

17. Knutson B, Fong GW, Adams CM, Varner JL, Hommer D.
Dissociation of reward anticipation and outcome with
event-related fMRI. Neuroreport 2001; 12:3683–3687.

18. Hoogendam JM, Kahn RS, Hillegers MHJ, van Buuren M, Vink
M. Different developmental trajectories for anticipation and
receipt of reward during adolescence. Dev Cogn Neurosci
2013; 6:113–124.

19. van Hell HH, Vink M, Ossewaarde L, Jager G, Kahn RS, Ramsey
NF. Chronic effects of cannabis use on the human reward
system: an fMRI study. Eur Neuropsychopharmacol 2010;
20:153–163.

20. Luigjes J, Smolders R, Valencia-Alfonso C-E, van Wingen G, de
Kwaasteniet B, Mantione M, et al. Deep brain stimulation
restores frontostriatal network activity in obsessive-compul-
sive disorder. Nat Neurosci 2013:1–4. 2014 17:1286.

21. Ances BM, Roc AC, Wang J, Korczykowski M, Okawa J, Stern J,
et al. Caudate blood flow and volume are reduced in HIVR
neurocognitively impaired patients. Neurology 2006; 66:862–
866.

22. Melrose RJ, Tinaz S, Castelo JMB, Courtney MG, Stern CE.
Compromised fronto-striatal functioning in HIV: an fMRI in-
vestigation of semantic event sequencing. Behav Brain Res
2008; 188:337–347.

23. Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J,
Weiller E, et al. The Mini-International Neuropsychiatric Inter-
view (M.I.N.I.): the development and validation of a structured
diagnostic psychiatric interview for DSM-IV and ICD-10. J Clin
Psychiatry 1998; 59 (Suppl 20):22–33[quiz 34–57].

24. Pence BW, Gaynes BN, Whetten K, Eron JJ, Ryder RW, Miller
WC. Validation of a brief screening instrument for substance
abuse and mental illness in HIV-positive patients. J Acquir
Immune Defic Syndr 2005; 40:434–444.

25. Kellogg SH, McHugh PF, Bell K, Schluger JH, Schluger RP,
LaForge KS, et al. The Kreek-McHugh-Schluger-Kellogg scale: a
new, rapid method for quantifying substance abuse and its
possible applications. Drug Alcohol Depend 2003; 69:137–
150.

26. Oldfield RC. The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 1971; 9:97–113.

27. Carey CL, Woods SP, Gonzalez R, Conover E, Marcotte TD,
Grant I, et al. Predictive validity of global deficit scores in
detecting neuropsychological impairment in HIV infection.
J Clin Exp Neuropsychol 2004; 26:307–319.

28. Vink M, Kleerekooper I, van den Wildenberg WPM, Kahn RS.
Impact of aging on frontostriatal reward processing. Hum Brain
Mapp Published Online First: 20 February 2015. doi: 10.1002/
hbm.22771.

1342 AIDS 2015, Vol 29 No 11

Stellenbosch University  https://scholar.sun.ac.za

 51 



 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

29. de Leeuw M, Kahn RS, Vink M. Fronto-striatal dysfunction
during reward processing in unaffected siblings of schizophre-
nia patients. Schizophr Bull 2015; 41:94–103.

30. Albert S, Weber C, Todak G, Polanco C. An observed perfor-
mance test of medication management ability in HIV: Relation
to neuropsychological status and medication adherence out-
comes. AIDS Behav 1999; 3:121–128.

31. van der Kouwe AJW, Benner T, Salat DH, Fischl B. Brain
morphometry with multiecho MPRAGE. NeuroImage 2008;
40:559–569.

32. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F,
Etard O, Delcroix N, et al. Automated anatomical labeling of
activations in SPM using a macroscopic anatomical parcella-
tion of the MNI MRI single-subject brain. NeuroImage 2002;
15:273–289.

33. Tziortzi AC, Haber SN, Searle GE, Tsoumpas C, Long CJ,
Shotbolt P, et al. Connectivity-based functional analysis of
dopamine release in the striatum using diffusion-weighted
MRI and positron emission tomography. Cereb Cortex 2014;
24:1165–1177.
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Abstract While cortical thinning has been associated with
HIV infection, it is unclear whether this reflects a direct

effect of the virus, whether it is related to disruption of

subcortical function or whether it is better explained by
epiphenomena, such as drug abuse or comorbid medical

conditions. The present study investigated the relationship

between cortical thickness and subcortical function in
HIV? patients. Specifically, we examined the relationship

between prefrontal cortical thickness and striatal function.

Twenty-three largely treatment naı̈ve, non-substance
abusing HIV? participants and 19 healthy controls mat-

ched for age, gender, and educational status were included.

Cortical morphometry was performed using FreeSurfer

software analysis. Striatal function was measured during an
fMRI stop-signal anticipation task known to engage the

striatum. Any cortical regions showing significant thinning

were entered as dependent variables into a single linear
regression model which included subcortical function, age,

CD4 count, and a measure of global cognitive performance

as independent predictors. The only cortical region that was
significantly reduced after correction for multiple com-

parisons was the right superior frontal gyrus. Striatal

activity was found to independently predict superior frontal
gyral cortical thickness. While cortical thinning in HIV

infection is likely multifactorial, viral induced subcortical

dysfunction appears to play a role.

Keywords fMRI ! Cortex ! Atrophy ! HIV ! Inhibition !
Striatum

Introduction

HIV infection produces a typical fronto–subcortical pattern

of neuropsychiatric impairment, (Navia et al. 1986), char-

acterized by specific motor (Hardy and Hinhn 2002),
cognitive (Antinori et al. 2007), and behavioral symptoms

(Castellon et al. 1998). Despite the widespread availability
of combination antiretroviral therapy (cART), HIV infec-

tion continues to have a negative impact on cognitive

function in up to 52 % of infected individuals (Heaton
et al. 2010). HIV is thought to enter the brain via infected

monocytes in the early stage of illness (An et al. 1999) and

to concentrate primarily in subcortical regions, such as the
striatum (Wiley et al. 1998). Here, it is thought to cause

synapto-dendritic damage (Moore et al. 2006)/apopotosis

either by the induction of neuroinflammation (Desplats
et al. 2013) or due to direct toxic effects of viral proteins,
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such as tat (Bruce-Keller et al. 2003) and GP120 proteins

(Agrawal et al. 2010).
Neuroimaging studies consistently report generalized

cortical volume loss in patients with HIV infection (Elo-

vaara et al. 1990; Chang et al. 2011; Pfefferbaum et al.
2012). Additionally, in keeping with the clinical features of

subcortical dementia, imaging studies have reported loss of

gray matter in the basal ganglia (Elovaara et al. 1990;
Aylward et al. 1993; Ances et al. 2012), and subcortical

volume reductions have been found even in patients
receiving cART treatment (Ances et al. 2012). These vol-

ume reductions have been related to viral load (Dewey

et al. 2010) as well as the AIDS dementia complex stage
(Aylward et al. 1993). It is surprising, therefore, that other

studies have not found striatal atrophy in HIV? patients

(Melrose et al. 2008; Heaps et al. 2010). This is all the
more unexpected given that frontal striatal dysfunction was

consistently found in HIV patients in a recent meta-anal-

ysis of working memory studies (Ernst et al. 2002) as well
as in studies of episodic memory(Maki et al. 2009) and

delay discounting paradigms (Meade et al. 2011). Striatal

dysfunction has also been shown to be specifically affected
in a simple motor paradigm (Ances et al. 2011), reward

processing (du Plessis et al. 2015a) as well as with an

inhibition task (du Plessis et al. 2015b). Furthermore, a
fMRI study in HIV patients has demonstrated reduced

functional connectivity between subcortical and cortical

regions, in the presence of normal striatal volumes (Mel-
rose et al. 2008). Thus, the exact relationship between

structural and functional changes observed in HIV remains

to be determined. Taken together, these findings suggest
that it may be that structural and functional imaging

techniques are sensitive to different aspects of HIV-related

neuropathology.
There are several possible explanations for the cortical

thinning reported in HIV infection. First, it could be a direct

consequence of viral infection in cortical structures. Second,
indirect viral mediated immune processes may be involved

(Thompson et al. 2005). Third, epiphenomena such as sub-

stance abuse (Jernigan et al. 2005) and age (Ances et al.
2012) should be considered. Finally, cortical thickness

reductions could be secondary to the observed subcortical

dysfunction in these patients. To understand how subcortical
pathology could influence cortical morphology (Draganski

et al. 2008), the functional relationship of these two systems

needs to be considered. Current thinking is that the cortex
and basal ganglia are connected in parallel, as functionally

segregated circuits (Alexander and Crutcher 1990). This is

based on anatomical (Middleton and Strick 2002), functional
connectivity (Zandbelt and Vink 2010) and probabilistic

tracking studies (Draganski et al. 2008). Being functionally

connected in this manner, it is reasonable to propose that
subcortical dysfunction caused by direct viral infection could

result in reductions in cortical thickness in areas that are

functionally connected.
In the present study, we investigated the relationship

between cortical thickness and subcortical function in

HIV? patients compared to healthy controls. Specifically,
we examined the relationship between prefrontal cortical

thickness and striatal function, since HIV has been shown

to affect the frontostriatal system specifically (du Plessis
et al. 2013). We predicted that the striatal hypofunction we

have shown in a group of HIV? participants in a previ-
ously published analysis would be related to frontal atro-

phy in the same group. For the fMRI, we selected an

inhibition task that we previously used to demonstrate that
the striatum, particularly the putamen, is hypoactive in

HIV? participants (i.e., during successful versus unsuc-

cessful STOPs), whereas frontal functioning was not
affected during proactive inhibition (du Plessis et al.

2015b). The morphometric measures for the new analysis

in the same cohort, were obtained using the standard
Desikan–Killiany Atlas in FreeSurfer to generate regions of

interest (Desikan et al. 2006).

These include a number of bilateral prefrontal regions.
In particular, activity in the right inferior and superior

frontal gyrus is normally functionally coupled with activity

in the left putamen (Zandbelt and Vink 2010) during the
correct versus incorrect STOPs BOLD contrast.

Methods and materials

Participants

The study was approved by the Health Research Ethics

Committee (HREC) of Stellenbosch University and the
Human Research Ethics Committee of the University of

Cape Town, Cape Town, South Africa. Prior to enrolment,

all participants provided written consent after receiving a
full description of this study. Our sample was recruited

from a medically stable clinic-attending population during

routine HIV care and testing. A total of 23 HIV? partici-
pants were included in the study together with 19 gender,

education, and ethnicity matched healthy controls. The

controls were HIV negative, as confirmed by the enzyme-
linked immunosorbent assay (ELISA).

Participants were screened using the Mini International

Neuropsychiatric Interview (MINI) 6.0.0/MINI-PLUS
6.0.0. (Sheehan et al. 1998). All HIV? participants

received a full physical examination and were excluded if

there was: a current comorbid psychiatric/neurological or
general medical condition that could confound the diag-

nosis of HIV-associated neurocognitive disorders (HAND);

any history of substance use/abuse as assessed by the
Substance Abuse and Mental Illness Symptoms Screener
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(SAMISS) screening questionnaire (Pence et al. 2005); a

score for smoking greater than 1 according to the Kreek–
McHugh–Schluger–Kellogg (KMSK) scale (Kellogg et al.

2003); current active treatment for tuberculosis. All par-

ticipants were right-handed as confirmed by the Edinburgh
Handedness Inventory (Oldfield 1971).

HIV? participants underwent detailed neuropsycholog-

ical assessment within two weeks of neuroimaging and
controls within one year, for characterization purposes

only. The test battery assessed the following cognitive
domains: abstraction/executive function, memory, learn-

ing, speed of information processing, verbal fluency, motor

and sensory/perception (Grant 2008). From these scores, a
composite global deficit score (GDS) was derived (Carey

et al. 2004) using normative data from a larger parent study

(Joska et al. 2010).
The following laboratory measures were performed in

the HIV? participants, within two weeks of neuroimaging:

CD4 count, HIV viral load, rapid plasma reagin for syphilis
(RPR), and thyroid stimulating hormone (TSH) level.

Urinary drug screen was performed on all participants prior

to undergoing the MRI assessments. While hepatits C co-
infection has been associated with increased risk and

severity of cognitive impairment in HAND, participants

were not screened as it is not endemic to the region (Amin
et al. 2004). An experienced radiologist reviewed all of the

scans for intracranial pathology that could potentially

confound functional imaging measurement results.

Image acquisition

All scans were acquired on a 3T Siemens Allegra at the

Combined Universities Brain Imaging Centre (CUBIC).

For the study of brain morphology, a T1 ME-MPRAGE-
weighted structural scan was acquired (TR = 2530 ms;

TE1 = 1.53 ms TE2 = 3.21, ms, TE3 = 4.89 ms,

TE4 = 6.57 ms, flip-angle: 7", FOV: 256 mm, 128 slices,
1 mm isotropic voxel size) (van der Kouwe et al. 2008).

Structural imaging analysis

Preprocessing of structural scans

Cortical reconstruction and volumetric segmentation were

performed with the FreeSurfer image analysis suite (http://

surfer.nmr.mgh.harvard.edu/). As FreeSurfer is computa-
tionally intensive, reconstructions were performed utilizing

custom batching scripts, on the Centre for High Perfor-

mance Computing (CHPC) Rosebank, Cape Town, Sun
Intel Nehalem cluster (http://www.chpc.ac.za/).

Scans were processed and analyzed using FreeSurfer

stable release version 5.1. The technical details of these
procedures are described in prior publications (Dale et al.

1999). Briefly, slices were resampled to a three-dimen-

sional image with 1-mm isotropic voxels. Non-uniform
intensity normalization was then performed, and images

were registered to the Montreal Neurological Institute

(MNI) space. A second normalization step was performed
with a different algorithm in which control points were

automatically identified and normalized to a standard

intensity value. This was followed by an automated skull
strip procedure. Gross brain anatomy was then delineated

into cortical and subcortical labels. All scans were visually
checked for errors in Talaraich transformation, skull

stripping as well as segmentation and corrected if possible.

Structural regions of interest analysis

Initially we compared whole brain cortical volumes as
well as subcortical volumes, corrected for total intracra-

nial volume (Buckner et al. 2004) between groups to

ascertain the general impact of HIV on brain volume in
our sample. Then, we subdivided the frontal lobes into

regions using standard FreeSurfer regions of interest

(Desikan et al. 2006) for their cortical thickness measures.
We specifically selected the frontal lobe regions as they

are functionally connected to both right and left putamen

activation during successful inhibition (Zandbelt and Vink
2010). Apart from playing an important role in executive

functions, such as response inhibition (Zandbelt and Vink

2010) and working memory [i.e., rostral middle frontal
gyrus (Kikinis et al. 2010)], these regions also play an

important role in functions associated with motivational

control, such as reward processing [i.e., rostral anterior
cingulate, lateral orbitofrontal gyrus, medial orbitofrontal

gyrus (Hoogendam et al. 2013)].The following frontal

regions were included: bilateral rostral anterior cingulate
thickness, medial orbitofrontal thickness, pars opercularis

thickness, superior frontal thickness, lateral orbitofrontal

thickness, and rostral middle frontal thickness. To limit
the number of comparisons, we restricted our a priori

analysis to these regions. The regions were compared

between groups using a two sample t test. All statistical
tests were corrected for multiple comparisons using the

Bonferroni method.

Stop-signal anticipation fMRI task

During the fMRI experiment, participants performed the
STOP-signal anticipation task (Zandbelt and Vink 2010).

Not all participants recruited in the present study could be

included in a combined functional and structural analysis
due to poor structural and/or poor fMRI data quality (see

‘‘Demographics’’ section). The present set of patients,

therefore, represent a new subsample of data previously
reported on (du Plessis et al. 2015b).
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Functional imaging analysis

Image preprocessing

Image data were modeled using SPM8 (http://www.fil.ion.

ucl.ac.uk/spm/software/spm8/). Preprocessing and first-
level statistical analyses were performed as previously

described (Zandbelt and Vink 2010). In brief, preprocess-

ing involved correction for slice timing differences,
realignment to correct for head motion, spatial normaliza-

tion to the Montreal Neurological Institute template brain,

and spatial smoothing to accommodate inter-individual
differences in functional and gyral anatomy during inter-

subject averaging. Head motion parameters were analyzed

to ensure that the maximum motion did not exceed a pre-
defined threshold (scan-to-scan [3 mm) (Van Dijk et al.

2012).

Individual fMRI analyses

The fMRI data were modeled voxel-wise, using a general
linear model, in which successful STOP-signal trials and

failed STOP-signal trials events were included as regres-

sors. The fMRI data were high-pass filtered (cutoff 128 s)
to remove low-frequency drifts. For each participant, we

computed a contrast image of activation during successful

STOP-signal trials versus failed STOP-signal trials.

Regions of interest analyses

As previously described (du Plessis et al. 2015b), group

activation differences in the left and right putamen were

determined by a region-of-interest analysis in predefined a
priori regions, defined by a previous experiment (Zandbelt

and Vink 2010), in which an independent sample of healthy

volunteers performed the same task. These ROIs were
defined using a cluster-level threshold (cluster-defining

threshold p\ 0.001, cluster probability of p\ 0.05, fam-

ily-wise error corrected for multiple comparisons). For
each participant, the mean activation level (expressed as

percent signal change) during the contrasts of interest

specific to successful STOP-signal trials versus failed
STOP-signal trials was calculated over all the voxels of

each ROI.

Regression analysis

Brain regions showing significant cortical thinning were
entered into a linear regression model as the dependant

variable. Contralateral left putamen activation during suc-
cessful versus unsuccessful stops was entered as a predictor

as it has been previously shown to be primarily associated

with right superior frontal lobe activity during inhibition

(Zandbelt and Vink 2010). Age, CD4 count, and GDS

scores were also included in the model, as they are known
to affect cortical thickness (Thompson et al. 2005; Schnack

et al. 2015). We did not include subcortical volume mea-

sures, as there we no differences between patients and
controls. Viral load was also not included, as there were

two missing data points. Finally, we did not compare

cortical activation with cortical thickness as we found no
differences in cortical function between HIV? participants

and controls in our previously reported fMRI results in this
cohort (du Plessis et al. 2015b).

Post hoc exploratory correlation analysis

Lastly, we wished to clarify whether the relationship

between striatal activation and frontal cortical thinning was
specific to these regions or whether it represents part of a

more general association between frontal cortical structure

and subcortical function. To this end, we performed an
uncorrected correlation analyses between all of the Free-

Surfer regions known to be related to response inhibition.

Results

Demographics

Twenty-five HIV? participants and 19 matching controls
were initially included in the study. Two HIV? participants

and one control were excluded from the structural analysis

due to poor scan quality. Thus, 23 HIV? participants and 18
healthy controls were included in the final structural analysis

(see Table 1). A further six HIV? participants were exclu-

ded from the regression analysis for the following reasons:
Tested positive for benzodiazepines (n = 1); uncertainty

regarding general medical condition (n = 1); technical

problems with the response box (n = 2); poor scan quality
on their functional scans (n = 1); and missing data (n = 1).

The groups did not differ with regards to age, gender,

educational level or final GDS score (see Table 1). All
subjects were from a similar socioeconomic background.

All of the HIV? participants were ambulant and healthy

enough to participate in the fMRI task. No intracranial
pathology was found on inspection of the MRI scans.

Imaging results

Structural regions of interest analysis

Compared to healthy volunteers, the HIV? participants

showed a smaller total cortical volumes [t(39) = 3.14,

p = 0.003], suggestive of general cortical atrophy. How-
ever, no differences were found in subcortical volumes
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between the groups [t(39) = 1.14, p = 0.26]. Specifically,
we found no differences in right [t(39) = 0.453,

p = 0.653] or left [t(39) = 0.381, p = 0.705] putamen

volumes.
For the cortical thickness measures, the only region of

interest to be significantly reduced compared with healthy

controls after Bonferrroni correction was the right superior
frontal gyrus [t(39) = 3.15, p = 0.003]. At an uncorrected

threshold of p = 0.05, we found reduced cortical thickness in

patients in the right medial orbitofrontal gyrus [t(39) = 2.56,
p = 0.01], left pars opercularis [t(39) = 2.07, p = 0.05], left

[t(39) = 1.98, p = 0.05] superior frontal gyrus as well as left
[t(39) = 2.62, p = 0.01] rostral and right [t(39) = 2.05,

p = 0.05]middle frontalgyrus.This suggests a trend tooverall

frontal cortical thickness reductions in HIV (see Table 2).

Functional regions of interest analysis

Successful inhibition

We found hypo-activation in the left [t(32) = 2.279,
p = 0.029] as well as the right [t(32) = 2.233, p = 0.033]

putamen in this particular subsample confirming our results

from our previous analysis in the larger cohort (du Plessis
et al. 2015b).

Regression analysis

Reduced right superior frontal gyral thickness in the HIV?

group was predicted by a decrease in left putamen BOLD
activity (b = 0.381, p = 0.033), as well as by lower GDS

score (b = -0.531, p = 0.003), more advanced age

(b = -0.381, p = 0.030), and lower CD4 count (b = 0.543,
p = 0.004). Together, these predictors accounted for 76.5 %

of the total variance [R2 = 0.765, Radjusted
2 = 0.687,

F(4,12) = 9.763, p = 0.001] (Fig. 1).

To determine whether striatal activation was related to
cortical thickness in the other frontal regions that did not

show significant thinning, we also sought correlations

between putamen activation and these other regions of
interest. We did not correct for multiple comparisons in

this additional exploratory analysis. Significant positive

correlations were found between task-related putamen
BOLD activity during inhibition and cortical thickness in 9

out of our 12 frontal lobe regions of interest for the left and

3 out of 12 for the right putamen (see Table 3).

Discussion

In this study, we investigated the relationship between

prefrontal cortical thickness and striatal function in 23
HIV? participants and 18 matched healthy controls. To the

best of our knowledge, this is the first study to explore the
relationship between subcortical function and cortical

thickness in HIV infection. Our main finding was that

decreased striatal activity was associated with reduced
prefrontal cortical thickness in a region that is involved in

inhibition, i.e., the superior frontal gyrus. Rather than being

an isolated association with the superior frontal gyrus, our
uncorrected post hoc analyses suggest that this was part of

a general trend toward reduced cortical thickness being

related to decreased striatal function. While we cannot
infer causality from our findings, one possible explanation

is that the frontal cortical thinning is a consequence of viral

induced striatal hypofunction. This would be consistent
with neuropathological evidence suggesting that HIV

concentrates primarily in subcortical regions, such as the

striatum (Wiley et al. 1998), and would also explain the
typical pre-treatment clinical presentation of a subcortical

dementia (Navia et al. 1986). However, an alternative

explanation that should be kept in mind is that cortical

Table 1 Demographic
characteristics of the diagnostics
groups

HIV (N = 23) HC (N = 18) Test statistic P*

Gender (M/F) 4/19 3/15 v2 = 0.004 1.000

Age (years) 31 (27–34) 30 (22–32) U = 127 0.14

Education (years) 11 (10–12) 12 (11–12) U = 179.5 1.000

Viral load (copies/ml) 42,364 ± 55,376

CD4 (cells/ll) 401 ± 207

Participants with AIDS defining CD4 count 9

GDS (Summary Score) 0.15 (0.05–0.3) 0.133 (0–0.36) U = 160 1.000

On cART 2

Age, viral load, and CD4 data represent mean ± SD. Education and GDS data represent median and
interquartile range between 25th and 75th centiles

F female, M male, GDS Global Deficit Score (22), HC healthy controls, HIV HIV? participants, AIDS CD4

count of 350 cells/ll used, cART combined antiretroviral therapy

* P values are adjusted for multiple comparisons using the Bonferroni method
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thinning is a consequence of a more global insult of HIV on

the brain, and that striatal hypofunction is secondary to this
process. Our study confirms previous findings that a

decreased CD4 count is associated with reductions in

cortical thickness (Stout et al. 1998; Thompson et al.
2005). Also, as with previous functional imaging (Ances

et al. 2010), we were able to show that our findings were

independent of age-related changes. However, as our
sample is relatively young, future work in older popula-

tions should further investigate the effects of age on brain

function and morphology in HIV infection. Taken together,
our results suggest that cortical thinning in HIV infection is

likely multifactorial, and that in addition to factors such as

immune status, age, and substance abuse, striatal dys-

function may be an important factor to consider.

Our finding of generalized cortical volume reduction in
HIV-infected individuals confirms previous studies (Elo-

vaara et al. 1990; Aylward et al. 1993; Thompson et al.

2005; Ances et al. 2010; Dewey et al. 2010). On the other
hand, our failure to find evidence of subcortical volume

reduction is not consistent with earlier studies reporting
subcortical atrophy in HIV (Elovaara et al. 1990; Aylward

et al. 1993; Dewey et al. 2010; Ances et al. 2012). How-

ever, our results are similar to more recent studies reporting
no striatal volume loss (Melrose et al. 2008; Heaps et al.

2012). At face value, these results seem to contradict the

long held classification of HIV as primarily a fronto–sub-
cortical neurodegenerative process (Navia et al. 1986). One

possible explanation is that the more recent studies inclu-

ded patients identified at an earlier stage of illness. Also,
volume reductions due to neuronal damage could possibly

be masked by active glial proliferation in these regions, as

the striatum is thought to be a site of active viral replication
(Wiley et al. 1998).

Our study is limited by a small sample size, which limits

our ability to detect more subtle relationships between
HIV-inducted striatal function and brain morphology. Also,

we only used one functional paradigm, therefore limiting

our ability to determine whether functional loss in other
cortico–striatal circuits is also related to changes in brain

morphology. As our sample included participants who

were relatively cognitively intact, we could not effectively
investigate the potential interaction between cognitive

Table 2 Group differences comparing total gray matter volume, subcortical volume, and region of interest cortical thickness

FreeSurfer region of interest HIV Controls Std. error difference P

Subcortical gray matter volume (mm3) 1185.34 1228.38 37.89 0.26

Total gray matter volume (mm3) 4060.03 4345.17 90.88 0.003**

Total intra-cranial volume (mm3) 1,387,129.69 1,357,170.04 40,345.38 0.46

Left rostral anterior cingulate thickness (mm) 2.74 2.85 0.10 0.32

Right rostral anterior cingulate thickness (mm) 2.56 2.63 0.07 0.34

Left medial orbitofrontal thickness (mm) 2.51 2.53 0.08 0.81

Right medial orbitofrontal thickness (mm) 2.34 2.49 0.06 0.01**

Left pars opercularis thickness (mm) 2.46 2.60 0.07 0.04*

Right pars opercularis thickness (mm) 2.55 2.68 0.07 0.09

Left superior frontal thickness (mm) 2.77 2.90 0.07 0.05*

Right superior frontal thickness (mm) 2.69 2.87 0.06 0.003**

Left lateral orbitofrontal thickness (mm) 2.59 2.70 0.07 0.13

Right lateral orbitofrontal thickness (mm) 2.54 2.54 0.07 0.98

Left rostral middle frontal thickness (mm) 2.23 2.36 0.05 0.01**

Right rostral middle frontal thickness (mm) 2.25 2.35 0.05 0.05*

** Significant at the 0.01 level

* Significant at the 0.05 level

Fig. 1 Scatterplot showing a significant linear relationship between
subcortical function loss and right superior frontal cortical thinning in
HIV? participants. CI confidence interval
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impairment, subcortical dysfunction, and cortical atrophy.

We did, however, find that, when controlling for cognitive
performance, the significant relationship between subcor-

tical dysfunction and frontal cortical thickness persisted.

Our sample was carefully selected to control for recognized
confounding variables. Although representative of the local

clinic-going population, we excluded factors such as severe

comorbid depression, the elderly, and a history of sub-
stance use/abuse. Although this resulted in a relatively

homogenous sample, it also limits the generalizability of

our findings. Further studies should investigate the role of
such comorbidities.

In conclusion, we have shown that striatal function is

related to frontal cortical thickness in HIV infection, even
in the presence of normal striatal volumes. This effect was

found to be independent of factors such as age, cognitive
impairment, and CD4 count.
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Discussion	

	

In	this	section,	we	discuss	the	four	neuro-imaging	studies	investigating	the	early	impact	of	

HIV	infection	on	the	fronto-striatal	system	included	in	this	thesis.	The	four	studies	confirmed	

the	impact	of	HIV	on	the	fronto-striatal	system.	Our	meta-analysis	demonstrated	a	

consistent	impact	on	this	system	in	fMRI	working	memory	and	visual	attention	tasks.	

Furthermore,	our	studies	demonstrated	an	additional	impact	on	two	key	sub-networks	of	

this	system.	Finally,	the	relationship	between	striatal	hypofunction	and	prefrontal	cortical	

atrophy	highlight	the	importance	of	the	early	impact	of	HIV	on	this	system.		

	

In	the	first	study,	we	investigated	the	potential	impact	of	HIV	on	brain	function	by	

performing	the	first	quantitative	meta-analysis	on	all	suitable	published	fMRI	data	[48].		As	

predicted,	the	meta-analysis	demonstrated	consistent	functional	differences	specific	to	the	

fronto-striatal	system	during	tasks	of	working	memory	and/or	visual	attention.	This	result	

confirmed	that	functional	differences	in	HIV	are	present	even	in	the	absence	of	severe	

cognitive	impairment.	This	suggests	that	fMRI	could	be	sensitive	to	the	earliest	impact	of	HIV	

on	brain	function.		

	

Our	findings	further	add	to	the	existing	literature	by	showing	that	the	functional	differences	

seen	in	visual	attention/working	memory	in	HIV	infection	are	concentrated	in	the	prefrontal	

cortex	and	the	dorsal	striatum.	This	implicates	specific	involvement	of	the	fronto-striatal	

system,	which	supports	the	original	clinical	classification	of	HIV	as	being	a	fronto-subcortical	

dementia	[14].	It	is	also	in	keeping	with	the	post	mortem	evidence	of	HIV	RNA	pooling	in	the	

striatal	regions	[17].	Although	visual	attention	and	working	memory	function	forms	an	
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important	part	of	the	workings	of	the	fronto-striatal	system,	the	analysis	methods	used	in	

the	studies	included	in	the	meta-analysis	were	mostly	undirected	whole	brain	methods.	This	

method	of	analysis	does	not	specifically	focus	on	the	striatum	and	its	corresponding	cortical	

regions.	Similarly,	important	major	fronto-striatal	sub-networks	such	as	the	inhibitory	

network	and	the	reward	system	also	remain	unexplored	in	a	systematic,	regionally	specific	

way.	This	approach	does	not,	therefore,	allow	for	the	unambiguous	clarification	of	the	

impact	of	HIV	on	striatal	function.		

	

Furthermore,	despite	the	clear	evidence	of	HIV	infection	consistently	affecting	the	striatal	

regions,	it	is	still	uncertain	from	the	literature	whether	this	is	a	result	of	the	direct	impact	of	

HIV	or	from	other	confounding	factors.	That	is,	most	studies	included	subjects	with	a	

substantial	drug	abuse	history,	which	have	been	shown	to	also	affect	the	fronto-striatal	

system	[33].	Another	important	confounding	factor	in	the	fMRI	literature	is	cART,	having	also	

been	associated	with	effects	in	the	prefrontal	regions	[43].	Finally,	fMRI	studies	tended	to	

include	older	participants,	and	therefore	the	confounding	effects	of	age	remain	unclear.	The	

systematic	review	and	meta-analysis	therefore	confirmed	our	initial	literature	review,	

highlighting	the	importance	of	further	exploration	of	these	subtle	changes	in	the	major	sub-

networks	of	the	fronto-striatal	system	while	controlling	for	important	confounding	factors.		

	

Building	on	the	gaps	identified	by	the	meta-analysis,	the	second	publication	included	in	the	

current	thesis	[54],	investigated	the	potential	effect	of	HIV	on	the	inhibitory	network,	while	

controlling	for	previously	mentioned	important	confounding	factors.	As	hypothesized,	HIV	

infection	did	indeed	have	an	impact	on	striatal	function	during	reactive	inhibition	in	a	sample	

of	untreated,	clinically	stable	HIV+	participants.	This	confirmed	previous	fMRI	findings	of	an	
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effect	on	the	motor	system	during	simple	motor	tasks	such	as	finger	tapping	in	HIV	infection,	

and	extends	these	findings	by	demonstrating	an	effect	of	HIV	on	striatal	function	during	

complex	motor	function.	Based	on	our	finding	the	cortex	to	be	unaffected	during	proactive	

inhibition,	the	early	impact	of	the	virus	on	the	fronto-striatal	system	could	be	reflected	in	

our	finding	of	striatal	hypo-function.			

	

These	results	indicate	that	HIV	itself	does	indeed	impact	an	important	sub-system	of	the	

fronto-striatal	network	crucial	in	executive	functioning	in	early	HIV	infection	before	the	

onset	of	clinically	measureable	symptoms.	This	fronto-striatal	function	however,	does	not	

involve	regions	associated	with	goal-directed	activity	per	se.	The	potential	effect	of	HIV	on	

the	ventral	regions	of	the	striatum	and	corresponding	regions	in	the	cortex	crucial	in	

motivational	processing	still	remain	unexplored.	

	

In	order	to	address	questions	regarding	the	motivational	processing,	the	third	article	

included	in	the	current	thesis	[55],	investigated	the	potential	impact	on	the	fronto-ventral-

striatal	network	through	a	monetary	incentive	delay	task	based	on	that	of	Knutson	et	al.	

[51].	This	was	the	first	study	to		demonstrate	the	impact	of	HIV	on	the	ventral	striatum,	

specifically	during	reward	cue-processing.	Our	results	therefore	suggest	that	HIV	not	only	

has	an	impact	on	the	fronto-	striatal	systems	involved	in	executive	functioning,	but	also	has	a	

direct	impact	on	the	function	of	the	ventral–striatal	reward	system.	As	with	our	previous	

experiment,	we	found	no	evidence	of	an	impact	of	HIV	on	the	cortex.		

	

The	impact	on	the	function	of	the	ventral–striatal	reward	system	is	also	present	in	early	

untreated	illness,	with	no	overt	clinically	measureable	symptoms.	Such	an	effect	could	have	
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important	consequences	specifically	in	patient	motivation,	treatment	adherence	and	mood	

related	symptoms.	Importantly,	this	indicates	that	HIV	has	an	impact	on	these	regions	even	

in	the	absence	of	clinically	significant	mood	symptoms	and	substance	abuse.	As	these	

patients	are	clinically	stable,	however,	the	relative	impact	of	this	striatal	hypofunction	is	

uncertain.	It	remains	to	be	shown	if	the	impact	of	HIV	on	the	striatum	is	related	to	other	well	

known	neuro-imaging	findings,	such	as	prefrontal	cortical	atrophy	[23].	

	

As	such,	having	explored	the	consistency	as	well	as	extent	of	the	early	impact	of	HIV	on	the	

fronto-striatal	system	in	our	first	three	publications	[48,54,55],	the	fourth	investigated	the	

relationship	between	striatal	dysfunction	and	cortical	atrophy	in	HIV.		While	cortical	atrophy	

is	a	well-established	finding	in	HIV+	patients,	its	origins	and	correlates	with	striatal	function	

have	not	been	investigated	[23,56,57].	In	our	final	publication	previous	findings	of	frontal	

cortical	atrophy	were	confirmed.	Furthermore	we	demonstrated	a	positive	relationship	

between	striatal	functional	impairment	and	cortical	atrophy.	Importantly,	this	relationship	

was	independent	of	other	factors	such	as	age,	CD4	count	and	normal	cognitive	function.	This	

implicates	impairment	of	subcortical	function	as	a	contributor	to	brain	structural	changes	

seen	in	HIV	infection.	It	is,	therefore,	important	to	consider	subcortical	function	loss	in	early	

infection	as	a	factor	influencing	treatment	outcomes.	These	results	also	serve	to	cross-

validate	findings	of	prefrontal	cortical	thinning.	They	indicate	that	prefrontal	cortical	

thinning	is	not	only	related	to	factors	indirectly	associated	with	HIV	infection,	but	to	the	

impact	of	the	virus	itself.	

	

This	study	encountered	a	number	of	limitations.		In	terms	of	its	generalizability,	the	study	

sample	was	carefully	selected	to	control	for	recognized	confounding	variables.	This	limited	
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our	sample	size,	which	reduced	our	ability	to	detect	the	subtler	effects	in	HIV-inducted	

striatal	function	and	brain	morphology.	Despite	being	representative	of	the	local	clinic-going	

population,	our	excluding	factors	included	severe	comorbid	depression,	the	elderly,	and	a	

history	of	substance	use/abuse,	which	resulted	in	a	relatively	homogenous	sample,	further	

limiting	generalizability.	Considering	these	limitations,	it	is	recommended	that	subsequent	

studies	should	investigate	the	role	of	other	comorbidities	in	larger	samples,	such	as	clinical	

depression,	drug	abuse	and	normal	aging.	Large	prospective	studies	are	required	to	measure	

the	effects	of	cART	on	these	viral	related	changes	as	well	as	the	brain	itself.	

	

The	findings	of	the	present	thesis	have	several	significant	implications.	Firstly,	these	results	

confirm	that	the	minor	categories	of	cognitive	impairment	are	indeed	valid.	Even	though	the	

participants	included	in	our	study	were	found	to	be	relatively	cognitively	normal,	our	results	

demonstrate	reliable	functional	differences	in	important	sub-networks	of	the	fronto-striatal	

system	early	on.	This	is	likely	due	to	the	direct	impact	of	HIV	itself,	given	that	our	sample	was	

reasonably	free	of	common	co-morbidities.	Secondly,	it	supports	early	treatment	

interventions,	as	these	changes	could	potentially	be	reversible.	An	important	caveat,	is	that	

cART	could	have	a	secondary	influence	on	brain	function	and	structure	itself,	as	the	present	

study	did	not	include	a	cART	treatment	group.	Thirdly,	HIV	appears	to	affect	brain	regions	

involved	in	reward	based	decision	making.	This	should	be	considered	in	treatment	

adherence	strategies,	as	subtle	cognitive/behavioural	changes	could	also	account	for	failure	

to	adhere	to	daily	treatment	regimens.	Lastly,	prefrontal	cortical	morphometric	changes	

could	serve	as	important,	readily	available	clinical	tools	for	early	diagnosis	and	management	

of	the	effects	of	HIV	on	the	brain.		
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