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Abstract
Background:	Decreased	sensation	of	urge	to	defecate	 is	often	reported	by	children	
with	 functional	 constipation	 (FC)	 and	 functional	 nonretentive	 fecal	 incontinence	
(FNRFI).	The	aim	of	this	cross-	sectional	study	was	to	evaluate	cerebral	activity	in	re-
sponse	to	rectal	distension	in	adolescents	with	FC	and	FNRFI	compared	with	healthy	
controls	(HCs).
Methods:	We	included	15	adolescents	with	FC,	10	adolescents	with	FNRFI,	and	15	
young	adult	HCs.	Rectal	barostat	was	performed	prior	to	functional	magnetic	reso-
nance	imaging	(fMRI)	to	determine	individual	pressure	thresholds	for	urge	sensation.	
Subjects	received	2	sessions	of	5	×	30	seconds	of	barostat	stimulation	during	the	ac-
quisition	of	blood	oxygenation	level-	dependent	fMRI.	Functional	magnetic	resonance	
imaging	signal	differences	were	analyzed	using	SPM8	in	Matlab.
Key Results:	 Functional	 constipation	 and	FNRFI	 patients	 had	higher	 thresholds	 for	
urgency	than	HCs	(P	<	.001).	During	rectal	distension,	FC	patients	showed	activation	
in	the	anterior	cingulate	cortex,	dorsolateral	prefrontal	cortex,	inferior	parietal	lobule,	
and	putamen.	No	activations	were	observed	in	controls	and	FNRFI	patients.	Functional	
nonretentive	 fecal	 incontinence	 patients	 showed	 deactivation	 in	 the	 hippocampus,	
parahippocampal	gyrus,	fusiform	gyrus	(FFG),	lingual	gyrus,	posterior	parietal	cortex,	
and	precentral	gyrus.	 In	HCs,	deactivated	areas	were	detected	 in	the	hippocampus,	
amygdala,	 FFG,	 insula,	 thalamus,	 precuneus,	 and	 primary	 somatosensory	 cortex.	 In	
contrast,	no	regions	with	significant	deactivation	were	detected	in	FC	patients.
Conclusions & Inferences:	Children	with	FC	differ	from	children	with	FNRFI	and	HCs	
with	respect	to	patterns	of	cerebral	activation	and	deactivation	during	rectal	disten-
sion.	Functional	nonretentive	fecal	incontinence	patients	seem	to	resemble	HCs	when	
it	comes	to	brain	processing	of	rectal	distension.
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1  | INTRODUCTION

Functional	 defecation	 disorders	 (FDDs)	 in	 children	 over	 4	years	 of	
age	 comprise	 functional	 constipation	 (FC)	 and	 functional	 nonreten-
tive	fecal	incontinence	(FNRFI),	which	are	diagnosed	according	to	the	
symptom-	based	Rome	 IV	criteria.1	Both	disorders	are	characterized	
by	bothersome	symptoms	(eg,	fecal	incontinence),	which	often	result	
in	a	decreased	quality	of	 life.2,3	These	symptoms	can	be	difficult	 to	
treat	and	may	even	persist	into	adolescence	and	adulthood	if	thera-
peutic	management	is	unsuccessful.4	The	pathophysiology	of	both	FC	
and	FNRFI	is	incompletely	understood.

Although	both	disorders	are	often	characterized	by	fecal	inconti-
nence,5	 they	are	recognized	as	different	clinical	entities.1 In children 
with	FC,	the	involuntary	loss	of	stool	is	considered	to	be	the	conse-
quence	of	overflow	incontinence	due	to	fecal	impaction	in	the	rectum,	
which	is	often	the	result	of	excessive	stool	withholding	behavior.	The	
preferred	treatment	for	these	patients	consists	of	behavioral	interven-
tions	(eg,	toilet	training	with	a	reward	system)	and	laxative	drugs.6 In 
FNRFI,	 it	 is	hypothesized	that	children	neglect	or	 ignore	the	urge	to	
defecate.7	 Furthermore,	 coexisting	 psychological	 comorbidities	 are	
common in this population and may also play a role in the pathophys-
iology.8	Treatment	of	FNRFI	also	consists	of	behavioral	interventions,	
while	the	use	of	laxative	drugs	is	discouraged	in	these	patients	as	this	
may worsen symptoms.8

Many	children	with	FC	and	FNRFI	report	that	they	lack	the	sen-
sation	of	urge	 to	defecate,	which	may	contribute	 to	 the	 involuntary	
loss	of	 stool	 seen	 in	both	patient	groups.	 Impaired	peripheral	 rectal	
sensitivity	has	therefore	been	postulated	as	a	potential	common	un-
derlying	pathophysiological	mechanism	in	FDDs.	This	lack	of	sensation	
is	incompletely	understood,	but	may	be	related	to	abnormalities	in	the	
brain-	gut	axis.	It	is	now	well	known	that	bidirectional	brain-	gut	inter-
actions	are	important	in	the	regulation	of	digestive	processes,	includ-
ing	the	regulation	of	bowel	movements.9	Sensations	arising	from	the	
gastrointestinal	tract,	such	as	the	urge	to	defecate	or	visceral	pain,	are	
transported	from	the	enteric	nervous	system,	via	the	spinal	cord	to	the	
cerebral	cortex.	Abnormal	processing	of	sensory	signals	can	occur	at	
any	level	in	this	neural	pathway,	from	the	mechanoreceptors	in	the	gut	
wall	 to	 the	brain	centers	processing	 the	afferent	 information.10	This	
central	processing	may	be	impaired	in	children	with	FDDs	who	report	
a	loss	of	urge	sensation.

The	 importance	 of	 brain-	gut	 interactions	 in	 functional	 gastroin-
testinal	disorders	(FGIDs)	is	increasingly	recognized	and	most	promi-
nently	studied	in	patients	with	irritable	bowel	syndrome	(IBS)	by	using	
functional	 magnetic	 resonance	 imaging	 (fMRI).11,12	 This	 technique	
measures	changes	in	the	ratio	of	deoxyhemoglobin	to	oxyhemoglobin	
(the	blood	oxygen	level-	dependent	[BOLD]	signal)	in	the	brain.	If	a	rec-
tal	barostat	investigation	is	performed	during	a	BOLD	fMRI,	this	tech-
nique	provides	information	on	changes	in	brain	activity	in	response	to	
(visceral)	 stimuli.11,13	Activation	and	deactivation	of	multiple	cortical	
regions have been shown to be associated with rectal distension in 
patients	with	 IBS.14,15	The	most	consistently	activated	brain	 regions	
during	 visceral	 distension	 are	 known	 to	 support	 emotional	 arousal,	

processing	of	visceral	afferent	information,	and	cognitive	modulation,	
including	the	insula,	the	anterior	cingulate	cortex	(ACC),	the	primary	
sensory	cortex,	prefrontal	cortex	(PFC)	regions,	and	the	thalamus.16-18 
Although	 fMRI	 studies	have	been	performed	 in	 adults	with	 IBS	be-
fore,14,15	 fMRI	 studies	 in	 patients	with	 FDDs	 are	 rare.	 In	 a	 recently	
published	study	among	adults	with	FC	and	healthy	controls	(HCs),	Zhu	
et	al.	found	significant	differences	in	baseline	brain	activity	in	a	num-
ber	of	major	brain	regions	implicated	in	emotional	process	modulation,	
somatic	and	sensory	processing,	and	motor	control.19	To	date,	 fMRI	
data	of	children	with	FDDs	have	not	been	published.

We	hypothesized	that	the	loss	of	rectal	sensation	in	children	with	
FDDs	is	related	to	impaired	brain	processing	of	visceral	sensory	stim-
uli,	which	may	result	in	fecal	incontinence.	Therefore,	the	aim	of	this	
study was to compare the cerebral activity in response to rectal dis-
tension	in	adolescents	with	FC	and	FNRFI	and	compare	this	with	HCs.

2  | MATERIALS AND METHODS

2.1 | Study subjects

Fifteen	 patients	 with	 FC	 (age	 range	 12-	18	years),	 10	 patients	 with	
FNRFI	(age	range	12-	18	years),	and	15	healthy	young-	adult	controls	
(age	range	18-	21	years)	participated	 in	this	study.	Patients	were	re-
cruited	between	February	2011	and	September	2013	from	the	out-
patient	clinic	of	the	department	of	pediatric	gastroenterology	at	our	
tertiary	 referral	 center.	 Patients	 were	 included	 if	 they	 fulfilled	 the	
Rome	III	criteria	for	FC	or	FNRFI	for	a	duration	of	at	least	2	years.20 
Exclusion	criteria	were	as	follows:	 (i)	organic	causes	of	constipation,	
including	Hirschsprung’s	disease,	spina	bifida,	mental	 retardation,	or	
hypothyroidism;	(ii)	prior	anorectal	surgery;	(iii)	intercurrent	illness	or	
active	colitis;	 (iv)	known	allergy	to	 latex	or	polyethylene;	 (v)	 incapa-
bility	to	verbally	communicate	and	cooperate;	or	(vi)	claustrophobia.	
Healthy	 controls	 were	 recruited	 through	 local	 advertisements	 and	
were	not	eligible	to	participate	if	they	had	gastrointestinal	symptoms	
or	 a	 history	 thereof,	 the	 same	 exclusion	 criteria	 listed	 for	 pediatric	
patients	 applied	 to	HCs.	All	 participants	underwent	 a	basic	medical	

Key Points
•	 Children	with	FC	and	FNRFI	often	report	a	 lack	of	urge	
sensation,	which	may	contribute	to	the	 involuntary	 loss	
of	stools	in	these	children.

•	 In	this	study,	we	performed	fMRI	during	rectal	distension	
with	barostat	and	found	that	children	with	FC	differ	from	
children	with	FNRFI	and	healthy	controls	with	respect	to	
patterns	 of	 cerebral	 activation	 and	 deactivation	 during	
rectal distension.

•	 These	findings	suggest	different	neural	processing	of	rec-
tal	distension	and	confirm	that	FNRFI	is	a	different	clini-
cal	entity	than	FC.
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history	and	physical	examination	to	see	if	they	met	the	general	eligibil-
ity criteria to undergo an MRI.

2.2 | Questionnaires

A	standardized	questionnaire	was	used	to	evaluate	defecation	symp-
toms.	All	study	subjects	were	screened	for	anxiety	and	attention	defi-
cit	hyperactivity	disorder	(ADHD)	symptoms,	because	it	is	known	that	
enhanced	 attention	 and	 anxiety	 influences	 fMRI	 findings	 in	 adults	
with	 FGIDs.21,22	 These	 symptoms	 were	 measured	 with	 the	 Dutch	
version	of	the	Screen	for	Child	Anxiety	Related	Emotional	Disorders	
(SCARED-	NL)	and	a	Dutch	ADHD	questionnaire	(AVL).23,24	The	Dutch	
version	of	 the	State	Trait	Anxiety	 Index	and	 the	Adults	Self-	Repost	
Scale	were	used	in	the	HCs.24,25

2.3 | Colonic transit time

Colonic	transit	time	(CTT)	was	measured	in	all	adolescents	with	FDDs.	
A	single	abdominal	X-	ray	was	taken	after	daily	ingestion	of	capsules,	
each	containing	10	radiopaque	markers,	on	6	consecutive	days.	Cutoff	
values	 for	normal	CTTs	were	18,	20,	34,	and	62	hours	 for	 the	right	
colon,	left	colon,	rectosigmoid,	and	total	colon,	respectively.	Colonic	
transit	 time	results	were	utilized	to	confirm	the	diagnosis	of	FNRFI.	
In	these	patients,	a	normal	CTT	confirms	the	diagnosis	of	FNRFI.8,26 
A	patient	with	FC	and	a	total	colonic	time	of	more	than	62	hours	was	
considered to have slow transit constipation.27

2.4 | Barostat data acquisition

All	 subjects	 used	 an	 enema	prior	 to	 the	 barostat	 test	 to	 empty	 the	
rectum.	All	other	medications	known	to	affect	gastrointestinal	motility	
were	discontinued	48	hours	prior	to	the	barostat	procedure.	Prior	to	
the	study	inside	the	MRI	scanner,	a	standardized	rectal	barostat	test	
was	 performed	 outside	 of	 the	MRI	 scanner	 to	 determine	 individual	
sensitivity thresholds. We used a lubricated noncompliant polyethyl-
ene	balloon	with	a	maximum	volume	of	500	mL	and	a	maximum	di-
ameter	of	10	cm,	which	was	introduced	into	the	rectum.	The	barostat	
pump	 (Distender	 II;	 G&J	 Electronics	 Inc,	 Toronto,	 Ontario,	 Canada)	
was	connected	to	a	catheter	with	a	length	of	11	m,	allowing	the	pump	
to	be	in	the	control	room	away	from	the	MRI	magnet.	After	rectal	in-
sertion,	the	balloon	was	unfolded	stepwise	(30	mL	per	step)	to	a	maxi-
mum	volume	of	150	mL,	and	then	the	catheter	was	pulled	back	against	
the	pelvic	floor.	The	minimal	distension	pressure	(MDP)	was	defined	
as	the	pressure	resulting	in	an	intraballoon	volume	of	at	least	30	mL,	
and determined by a stepwise increase in the intraballoon pressure 
(in	1	mm	Hg	steps	 lasting	1	minute).	Thresholds	 for	 rectal	 sensitivity	
to distension were evaluated using intermittent distension with steps 
of	3	mm	Hg	 lasting	1	minute	and	1-	minute	 resting	 intervals	at	MDP	
between	steps.	At	every	pressure	step,	the	patient	was	asked	to	score	
sensation,	using	an	ordinal	scale	ranging	from	0	to	5	(0	=	no	sensation,	
1	=	first	 sensation,	2	=	urge	 to	defecate,	3	=	moderate	urge	 to	defe-
cate,	4	=	severe	urge	to	defecate,	5	=	pain).	When	pain	occurred,	the	
balloon	was	deflated	immediately	and	the	study	was	ended.

2.5 | Functional MRI data acquisition

After	 the	barostat	 study	 and	a	 resting	period	of	 at	 least	5	minutes,	
subjects were positioned inside the MRI scanner and were instructed 
to	remain	still	 for	the	duration	of	the	procedure.	The	subjects	were	
given	 earplugs	 to	 reduce	 scanner	 noise	 and	 a	 speaker	 and	 micro-
phone	allowed	2-	way	communication	with	the	experimenters.	Rectal	
distension- induced brain activation and deactivation were measured 
with	fMRI	using	distension	pressures	at	the	individual	level	of	urge	to	
defecate	in	the	adolescent	FDD	patients	and	severe	urge	to	defecate	
in	the	healthy	adults,	as	determined	during	the	prior	barostat	study.	
This	 difference	was	 based	 on	 ethical	 considerations,	we	wanted	 to	
avoid	a	painful	experience	in	all	subjects	who	volunteered	to	partici-
pate	in	this	study	and	therefore	chose	for	a	level	of	distension	induc-
ing	urge	of	defecation.	However,	as	we	 included	a	pediatric	patient	
population	and	as	 these	children	already	have	negative	experiences	
related	to	defecation,	we	wanted	to	avoid	noxious	stimuli	to	the	best	
of	our	ability	and	therefore	opted	for	a	less	bothersome	level	of	urge	
of	defecation	compared	to	the	HCs.	In	patients	who	did	not	perceive	
urge	 to	 defecate	 during	 the	 barostat	 study,	we	 used	 the	maximum	
pressure	of	MDP	+24	mm	Hg,	based	on	 thresholds	 for	 sensation	 in	
previous barostat studies.28	The	baseline	pressure	during	the	rest	peri-
ods	was	set	at	MDP	to	prevent	balloon	collapse.	Functional	and	struc-
tural	images	were	acquired	during	rectal	distension	on	a	3-	Tesla	MRI	
scanner	(Intera;	Philips	Healthcare,	Best,	The	Netherlands)	equipped	
with	an	8-	channel	SENSE	head	receive	coil.	A	T2*-	weighted	echo	pla-
nar	 imaging	 sequence	was	 acquired	with	 the	 following	 parameters:	
repetition	time	(TR)	=	3000	millisecond,	echo	time	(TE)	=	30	millisec-
ond,	 flip	 angle	=	90°,	 SENSE	 factor	 2.5,	 112	×	109	 matrix,	 field	 of	
view	 (FOV)	=	220	×	220	×	131.7	mm,	 slice	 thickness	=	3.0	mm,	 slice	
gap	=	0.3	mm,	 voxel	 size	=	1.72	×	1.72	×	3	mm,	 with	 40	 axial	 slices,	
in	 ascending	 mode	 covering	 the	 whole	 brain.	 In	 addition,	 a	 struc-
tural	T1-	weighted	3D	anatomical	 image	of	the	whole	brain	was	ob-
tained	 (TR	=	9	millisecond,	 TE	=	3.6	millisecond,	 SENSE-	factor	=	2.5,	
256	×	255	 matrix,	 FOV	=	256	×	256	×	180	mm,	 100	 slices,	 recon-
structed	voxel	size	=	0.5	×	0.5	×	1	mm,	sagittal	slice	orientation).

For	the	fMRI	study,	a	block	design	was	implemented	in	2	runs	in	
which	phases	of	distension	alternated	with	phases	without	distension.	
Each	 run	consisted	of	5	 repetitions	of	30	seconds	of	 rectal	 stimula-
tion,	followed	by	30	seconds	of	rest	 (Figure	1).	There	was	a	 lag	time	
of	7	seconds	before	reaching	the	first	peak	pressure	after	initiation	of	
the stimuli.

2.6 | Data analysis

Thresholds	for	sensation	were	determined	from	the	intermittent	dis-
tension	 protocol	 and	 expressed	 as	 pressure	 above	 MDP.	 Subjects	
were	considered	hyposensitive	if	they	required	a	pressure	>19	mm	Hg	
above	MDP	to	induce	an	urge	to	defecate,	this	cutoff	value	was	based	
on	a	previous	study	in	22	healthy	children	(8-	16	years).28

Baseline	patient	data	are	expressed	as	percentages,	medians,	and	
interquartile	 ranges	 (IQR).	 Because	 of	 data	 distribution	 and	 sample	
size,	nonparametric	tests	(Kruskal-	Wallis	test)	were	used	for	comparing	
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sensation	thresholds.	Significance	was	considered	at	P	<	.05.	For	the	
post	hoc	analyses,	nonparametric	tests	(Mann-	Whitney	U test) were 
used	after	Bonferroni	correction	(P < .025).

For	 fMRI	 data	 analysis,	 SPM8	 toolbox	 for	 Matlab	 (Natick,	
Massachusetts,	USA)	version	7.14	was	used.	Prior	to	statistical	anal-
ysis,	 images	were	preprocessed	by	realignment	to	the	first	scan	to	
correct	for	interscan	movement	artifacts,	normalized	to	the	Montreal	
Neurological	Institute	(MNI)	template,	and	spatially	smoothed	with	
a	Gaussian	filter	(FWHM	=	8	mm).	Images	were	excluded	from	fur-
ther	analysis	 if	 the	realignment	parameters	 indicated	excessive	 in-
terscan	movement	(>0.6	mm).	A	first-	level	general	linear	model	was	
specified	for	each	subject	using	the	previous	defined	block	design	
(Figure	1),	with	 a	 delay	 of	 7	seconds.	The	 computed	 contrasts	 for	
the	 second-	level	 (random	 effects)	 analysis	 were	 the	 differences	
between stimulation and rest periods. We initially assessed the 
effect	of	stimulation	within	the	groups	and	subsequently	assessed	
intergroup	 differences.	 Cerebral	 activation	 was	 defined	 as	 BOLD	
increase during rectal distension vs rest and cerebral deactivation 
as	BOLD	decrease	during	rectal	distension	vs	rest.	Activation	maps	
were	inspected	at	a	statistical	threshold	of	P	<	.001,	which	protects	
against type I errors when cluster- based thresholding is applied.29 
Activated	clusters	that	survived	a	cluster-	based	correction	for	mul-
tiple comparisons at P	<	.05	were	considered	statistically	significant.	
Furthermore,	 regions	 of	 interest	 based	 on	MNI	 coordinates	 pub-
lished in a meta- analysis11 were used to restrict the search volume 
(small	volume	correction	using	a	10	mL	sphere	and	FWE	correction).	
Group	differences	were	masked	with	group	averages	of	task	activa-
tion	and	deactivation	to	test	for	the	specificity	of	statistical	effects.

2.7 | Ethical considerations

The	study	protocol	was	approved	by	the	medical	ethics	committee	of	
the	Academic	Medical	Center	and	all	subjects	(and	their	parents	if	the	
subjects	were	<18	years	of	age)	gave	written	informed	consent	prior	
to	the	study.	All	authors	had	access	to	the	study	data	and	reviewed	
and	approved	the	final	manuscript.

3  | RESULTS

3.1 | Subject characteristics

Subject	 characteristics	 and	 barostat	 data	 are	 shown	 in	 Table	1.	 In	
the	FC	group,	47%	of	patients	presented	with	fecal	incontinence	and	

93%	 reported	 to	have	 a	 lack	of	 urge	 sensation	 in	daily	 life.	 In	 the	
FNRFI	group,	50%	reported	to	have	a	lack	of	urge	sensation	in	daily	
life.	All	FC	patients	had	an	extensive	history	of	medication	use,	 in-
cluding	laxatives,	enemas,	and	oral	or	rectal	colonic	lavage	regimens.	
In	the	FC	group,	13	patients	(87%)	had	a	delayed	CTT;	8/13	patients	
fulfilled	the	criteria	for	slow	transit	constipation	and	5/13	had	out-
let obstruction.27	 The	 remaining	 2	 FC	 patients	 had	 a	 normal	 CTT,	
but	 in	 these	patients,	 the	 test	was	performed	while	 using	 laxative	
medication.	All	adolescents	 in	 the	FNRFI	group	had	a	normal	CTT.	
Anxiety	scores	were	within	the	normal	range	for	all	subjects.	Based	
on	the	ADHD	screening	questionnaire,	1	FC	patient	and	1	HC	had	
clinically	relevant	ADHD	scores.	These	patients	were	not	diagnosed	
with	ADHD	prior	to	enrollment	in	the	study	and	did	not	report	prob-
lems	that	were	attributable	to	ADHD,	therefore,	after	consulting	our	
psychology	department,	these	patients	were	not	referred	for	further	
evaluation.

3.2 | Rectal distension thresholds

Rectal	 stimulation	with	 the	barostat	and	 the	 fMRI	 study	were	well-	
tolerated	 by	 all	 subjects.	 There	were	 no	 significant	 differences	 be-
tween	 the	 3	 groups	 regarding	 the	 MDP	 or	 the	 threshold	 for	 first	
sensation	 (Table	1).	 However,	 FDD	 patients	 exhibited	 significantly	
higher	thresholds	for	urge	sensation	than	HCs	(Table	1);	FC	patients	
required	a	median	pressure	of	18.0	mm	Hg	above	MDP	to	provoke	
urge	 sensation,	 this	 was	 13.5	mm	Hg	 for	 FNRFI	 patients	 and	 of	
9.0	mm	Hg	above	MDP	in	HCs.

In	the	FC	group,	7	patients	were	considered	to	be	hyposensitive;	
the	 pressure	 threshold	 for	 urge	 to	 defecate	was	 >19	mm	Hg	 above	
MDP.	According	to	this	definition,	2	FNRFI	patients	and	none	of	the	
HCs	were	hyposensitive.	Four	FC	patients	never	experienced	the	sen-
sation	of	urge	during	 rectal	distension,	 and	 the	maximal	 stimulation	
of	24	mm	Hg	above	MDP	was	used	during	the	fMRI	scans.	In	the	HC	
group,	we	used	the	individually	determined	threshold	for	severe	urge	
to	defecate	to	evaluate	brain	activity,	which	was	at	a	median	pressure	
of	33	mm	Hg	above	MDP	(IQR	27.0-	36.0).

3.3 | Brain response to rectal distension

The	study	groups	differed	with	regard	to	the	activated	and	deactivated	
regions	 in	 response	 to	 rectal	 distension.	 Patients	 with	 FC	 showed	
BOLD	increases	(activation)	in	the	ACC,	bilateral	dorsolateral	prefron-
tal	 cortex	 (DLPFC),	 right	 inferior	 parietal	 lobule	 (IPL),	 and	 putamen	

F IGURE  1 The	block	design	used	
during	fMRI	scans;	2	runs	of	5	repetitions	
of	30	seconds	of	rectal	stimulation,	
followed	by	30	seconds	of	rest
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during	rectal	distension	compared	to	rest	periods.	No	BOLD	increases	
were	observed	in	controls	or	FNRFI	patients	during	rectal	distension	
periods.	To	verify	whether	we	might	have	missed	a	transient	response	
to	 rectal	distension	 in	 the	controls,	we	separately	modeled	the	 first	
15	seconds	of	the	30	seconds	distension	period	and	contrasted	it	with	
the	rest	period	but	no	BOLD	increases	were	observed	in	this	contrast	
either.	These	observations	were	confirmed	by	group	comparisons	that	
showed	stronger	activations	in	these	areas	in	FC	patients	vs	HCs	and	
FNRFI	patients	(Table	2,	Figure	2).

Extensive	deactivated	areas	were	detected	in	FNRFI	patients	and	
HCs	during	 rectal	distension	vs	 rest	 (higher	BOLD	activation	during	
rest	than	distension).	FNRFI	patients	showed	significant	deactivation	
in	 the	 hippocampus,	 parahippocampal	 gyrus,	 fusiform	 gyrus	 (FFG),	
lingual	gyrus,	posterior	parietal	cortex,	and	precentral	gyrus.	 In	HCs,	
significantly	deactivated	clusters	included	the	bilateral	hippocampus,	
amygdala,	FFG,	posterior	insular	cortex,	thalamus,	precuneus,	and	pri-
mary	 somatosensory	 cortex.	 In	 contrast,	 no	 regions	with	 significant	
deactivation	 in	 response	 to	 rectal	 distension	 were	 detected	 in	 FC	

patients	(Table	3,	Figure	2).	Z-	scores	indicated	that	the	degree	of	deac-
tivation	was	smaller	in	FNRFI	patients	compared	to	HCs.	Again,	these	
observations	were	 confirmed	 by	 group	 comparisons	 that	 showed	 a	
lesser	extent	of	deactivation	in	FC	patients	compared	to	HCs.	The	FC	
patients	did	not	show	a	lesser	extent	of	deactivation	than	the	FNRFI	
patients in the group analysis.

4  | DISCUSSION

In	our	study,	barostat	testing	revealed	an	 impaired	urge	sensation	
in	adolescents	with	FDDs	compared	to	HCs.	Furthermore,	the	cer-
ebral	 response	to	 rectal	distension	of	adolescents	with	FC	signifi-
cantly	differed	from	that	of	HCs.	In	contrast,	the	cerebral	response	
in	adolescents	with	FNRFI	resembled	that	of	HCs.	FNRFI	patients	
seemed	to	have	a	distinctly	different	pattern	of	activation	and	de-
activation	during	rectal	distension	than	FC	patients,	but	these	latter	
differences	were	not	significant.

FC FNRFI HC P- value

Age	in	years	(IQR,	
range)1

14.0	(12.0-	16.0,	
12- 18)

13.0	(12.0-	15.25,	
12- 17)

20.0	(20.0-	21.0,	
18- 21)

.000a,i

Sex	(%	male) 53% 80% 40% .142b

Defecation	
frequency,	per	
week	(IQR,	range)1

1.0	(0.5-	3.0,	0-	5) 4.0	(3.375-	7.0,	3-	14) 7.0	(4.5-	12,	
2.5- 20)

.000a,ii

Fecal	incontinence 47% 100% - .005b

Fecal	incontinence,	
per	week	(IQR,	
range)1

3.0	(1.0-	7.0,	
0.5- 7)

4.5	(1.875-	11.0,	
1- 15)

- .230c

Urge	sensation	
abnormal

93% 50% - .038b

Urinary	
incontinence

13% 33% - .243b

Age	start	symptoms,	
years	(IQR,	range)1

4.0	(1.0-	13.0,	
0.5- 16)

4.75	(3.75-	6.25,	3-	7) - .791c

Duration	of	
symptoms,	years	
(IQR,	range)1

9.0	(2.0-	12.5,	
1- 17.5)

8.75	(7.75-	9.25,	
7- 10)

- .910c

Colonic	transit	time,	
hours	(IQR,	range)1

90	(81-	124,	
62-	144)

45	(33-	53,	21-	57) - .000c,d

MDP	mm	Hg	 
(IQR,	range)1

7.0	(6.0-	11.0,	
4-	14)

6.5	(6.0-	11.3,	4-	13) 5.0	(3.0-	9.0,	
3- 11)

.151a

First	sensation	
mm	Hg	>MDP	
(IQR,	range)1

6.0	(3.0-	6.0,	
3-	24)

6.0	(3.0-	9.0,	3-	9) 3.0	(3.0-	6.0,	
3- 6)

.392a

Urge	mm	Hg	>MDP	
(IQR,	range)1

18.0	(12.0-	24.0,	
9-	24)

13.5	(12.0-	18.8,	
6- 22)

9.0	(6.0-	9.0,	
3- 18)

.000a,iii

1Results are depicted as median. aKruskal-	Wallis	 test,	 sign	 <.05.	 bPearson’s	 chi-	squared,	 sign	 <.05.	
cMann-	Whitney	test,	sign	<.05.	dOnly	CTT’s	of	patients	without	medication	were	used	in	this	analysis:	
10/15	 FC	 patients,	 10/10	 FNRFI	 patients.	 eMann-	Whitney	 test	 after	 Bonferroni	 correction	 (sign	
<.025); iFC	vs	FNRFI	no	significant	difference	(.643e).	Both	FC	and	FNRFI	significantly	differ	from	HC	
(.000e and .000e). iiFNRFI	vs	HC	no	significant	difference	(.144e).	Both	FNRFI	and	HC	significantly	differ	
from	FC	(.001e and .000e). iiiFC	vs	FNRFI	no	significant	difference	(.115e).	Both	FC	and	FNRFI	signifi-
cantly	differ	from	HC	(.000e and .001e).

TABLE  1 Subjects’	characteristics	and	
barostat data
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4.1 | Barostat

The	level	of	pressure	that	was	required	to	induce	an	urge	sensation,	
was	significantly	higher	in	adolescents	with	FC	and	FNRFI	compared	
to	HCs.	This	corroborates	our	hypothesis	that	impaired	rectal	sensa-
tion	may	 play	 a	 role	 in	 the	 pathophysiology	 of	 FC	 and	 FNRFI.	 The	
pathophysiological mechanism underlying this impaired rectal sensa-
tion remains to be elucidated. Rectal compliance has been suggested 
to	potentially	play	a	role	in	impaired	rectal	sensation.	A	previous	study	
showed	that	58%	of	children	with	FC	had	an	increased	rectal	compli-
ance,	however,	in	that	study	no	statistically	significant	differences	in	
rectal	sensitivity	thresholds	were	identified	between	children	with	FC,	

FNRFI,	and	HCs.30	Visceral	sensation	may	be	initiated	by	wall	tension,	
pressure,	or	volume	receptors.31	It	is	unknown	if	long-	term	fecal	im-
paction	leads	to	impaired	sensation	of	visceral	sensory	stimuli.	It	could	
be	hypothesized	that	prolonged	fecal	stasis	in	the	rectum	may	result	
in	dilatation,	altered	distensibility	of	the	rectal	wall,	and	an	increased	
rectal	compliance.	To	date,	evidence	on	the	role	of	rectal	compliance	
in	pediatric	FDDs	is	ambiguous.	Although	a	higher	rectal	compliance	
was	 found	 in	 FC	patients	 compared	 to	 FNRFI	 patients	 and	 healthy	
volunteers,30 the relation with clinical outcome is unclear as patients 
with	FC	can	be	in	clinical	remission	despite	having	an	increased	rec-
tal compliance and an increased rectal compliance is not related to 
treatment	failure.28,32	In	the	current	study,	we	did	not	measure	rectal	
compliance	because	the	primary	aim	of	this	study	was	to	evaluate	cer-
ebral	responses	to	visceral	sensations.	Therefore,	we	used	a	different	
barostat protocol in order to reduce the time that subjects were under 
investigation with barostat and MRI.

4.2 | Activations

In	this	study,	FC	patients	showed	activation	of	the	ACC,	bilateral	DLPFC,	
right	 IPL,	and	putamen	during	rectal	distension	compared	to	 resting.	
No	significant	activated	regions	were	found	in	the	FNRFI	patients	or	
HCs.	In	previous	studies	in	adult	IBS	patients	and	healthy	adults,	activa-
tions	in	the	ACC,	PFC	regions,	and	putamen	have	also	been	observed.	
This	has	been	considered	to	be	associated	with	a	disturbed	pain	sen-
sation.	However,	activation	of	the	insula,	primary	sensory	cortex,	and	
the	thalamus,	as	often	described	in	the	literature,	was	not	found	in	our	
study group.11,16-18	The	reported	activated	brain	regions	during	rectal	
distension	are	involved	in	emotional	arousal,	processing	of	visceral	af-
ferent	information,	and	cognitive	modulation.	The	ACC	appears	to	be	
critical	for	 integrating	sensation	with	memory,	allowing	full	apprecia-
tion	and	evaluation	of	 the	meaningfulness	of	 the	stimulus	 in	 light	of	
previous	experience.17,33	We	speculate	that	activation	of	the	ACC	dur-
ing	rectal	stimulation	in	FC	patients	is	related	to	negative	and	painful	
experiences	prior	to	and	during	defecation.	Activation	of	this	area	was	
not	found	in	FNRFI	patients	or	HCs,	indicating	that	these	groups	do	not	
express	an	emotional	response	to	the	given	stimulus.33

The	PFC	provides	cognitive	evaluation	of	visceral	sensation,	allow-
ing	the	individual	to	assess	its	quality	and	judge	its	unpleasantness.34 
We	speculate	that	adolescents	with	FC	have	a	more	active	cognitive	
evaluation	of	 the	 rectal	 stimulus,	 highlighted	by	 a	more	 active	PFC,	
compared	to	FNRFI	patients	and	HCs.	This	could	reflect	that	on	a	ce-
rebral	level,	adolescents	with	FC	are	aware	of	their	rectal	sensations	
and that abnormal cognitive modulations occur in response to rectal 
distension,	whereas	this	does	not	occur	in	adolescents	with	FNRFI.

Several	hypotheses	may	explain	the	lack	of	observed	activations	in	
FNRFI	patients	and	HCs.	The	given	rectal	stimulus	in	this	study	might	
not	have	been	strong	 (intense)	enough,	as	we	did	not	continue	 rec-
tal	distension	up	to	the	point	of	pain	sensation	in	any	of	the	subject	
groups	due	 to	ethical	 considerations.	 Instead,	we	 inflated	 the	 rectal	
barostat	balloon	to	the	level	of	urge	sensation	to	defecate	in	the	ad-
olescent	 FDD	patients	 and	 to	 the	 point	 of	 severe	 urge	 to	 defecate	
in	 HCs.	 Silverman	 et	al.	 found	 a	 lack	 of	 activation	 within	 the	 ACC	

TABLE  2 Brain	areas	activated	(distension	>	rest)	during	rectal	
distension

Region BA xa ya za Z- value P- value

FC	patients

aMCC/ACC 24/32 −9 14 40 4.03 .006

L	DLPFC 46 −33 44 19 3.58 .028

R	DLPFC 46 30 44 34 3.57 .024

R	IPL 40 57 −34 40 3.81 ns

L	putamen X −30 5 7 3.44 .035

R putamen X 21 −5 4 3.33 .048

FNRFI	patients

No	significant	
clusters

Healthy	controls

No	significant	
clusters

FC	patients	>	HCs

aMCC/ACC 34/32 −9 14 40 3.86 .01

R	DLPFC 46 33 44 28 3.2 .067

IPL 40 60 −34 43 3.59 ns

FC	patients	<	HCs

No	significant	
clusters

FNRFI	patients	>	Controls

No	significant	
clusters

FNRFI	patients	<	Controls

No	significant	
clusters

FC	patients	>	FNRFI	patients

R	DLPFC 46 33 44 28 3.15 .08

R	IPL 40 57 −31 43 3.58 ns

FC	patients	<	FNRFI	patients

No	significant	
clusters

BA,	Broadmann	area;	L,	left;	R,	right;	aMCC,	anterior	midcingulate	cortex;	
ACC,	anterior	cingulate	cortex;	DLPFC,	dorsolateral	prefrontal	cortex;	IPL,	
inferior	parietal	lobule.
aMNI	coordinates.
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and	PFC	during	nonpainful	stimuli	 in	healthy	subjects.17	Mertz	et	al.	
also	observed	that	only	pain	led	to	a	greater	activation	of	the	ACC.13 
Therefore,	administration	of	a	painful	stimulus	in	our	subject	groups,	
rather	than	a	stimulus	of	urge,	could	potentially	have	resulted	in	differ-
ent	results.	However,	in	our	study	both	FDD	patient	groups	received	
the	 same	 stimuli,	 so	 the	 different	 trends	 that	were	 found	 between	
patients	with	FC	and	FNRFI	 cannot	be	attributed	 to	a	difference	 in	
stimulus.

4.3 | Deactivations

In	 contrast	 to	 adolescents	 with	 FC,	 extensive	 deactivated	 areas	
were	detected	during	rectal	distension	vs	rest	in	FNRFI	patients	and	
HCs.	 Significantly	 deactivated	 clusters	 included	 the	 hippocampus,	
parahippocampal	 gyrus,	 FFG,	 lingual	 gyrus,	 posterior	 parietal	 cor-
tex,	 and	precentral	gyrus	 in	FNRFI	patients	and	 the	hippocampus,	
amygdala,	 FFG,	 posterior	 insular	 cortex,	 thalamus,	 precuneus,	 and	
primary	somatosensory	cortex	in	HCs.	Reports	have	traditionally	fo-
cused	on	 increased	BOLD	signals,	 corresponding	 to	 regional	brain	
activation,	 but	 there	 is	 increasing	 recognition	 of	 the	 importance	
of	deactivations.35 Deactivated regions that were observed in this 
study	are	consistent	with	previous	adult	studies	of	response	to	rec-
tal	stimulation,	suggesting	that	these	areas	often	function	together	
in processing visceral stimuli.17,33,35-40

The	thalamus,	hippocampus,	and	insula	are	regions	of	the	homeo-
static	afferent	network,	which	is	important	for	behavioral,	spatial,	and	
memory	functions.33	The	insula	is	an	important	area	for	integration	of	
visceral and somatosensory input and plays a role in coordinating a vis-
cerosomatic autonomic response to pain.10,34	These	regions	were	also	
deactivated	 in	 the	 study	by	 Song	 et	al.,	 they	 suggested	 that	mental	
attention	focused	away	from	the	averse	stimulus	(or	distraction)	leads	

to	diminishing	of	the	stimulus	and	to	downregulation	of	activation	in	
the insula and thalamus.41	This	could	be	considered	as	a	coping	mech-
anism	of	 the	 brain	 to	 endure	 an	 unpleasant	 stimulus.	Deactivations	
have	 also	 been	 described	 before	 during	 esophageal	 distension	 and	
have	been	explained	as	attentional	processes,	explicated	as	a	process	
of	“filtering	out	other	sensory	processing.”34 Our observations could 
be interpreted in a way that supports this theory. One could hypoth-
esize	that	FNRFI	patients	and	HCs	might	have	been	more	distracted	
by	the	fMRI	scan	compared	to	FC	patients	and	that	they	were	possibly	
better	able	to	divert	attention	away	from	rectal	stimulation.

Deactivations	were	also	found	in	the	hippocampus	and	amygdala,	
which	are	sensory	regions	that	are	mainly	involved	in	processing	ex-
teroceptive	information.	The	amygdala	is	part	of	the	limbic	system	and	
performs	a	primary	role	 in	the	processing	of	memory	and	emotional	
reactions,	especially	fear.42	Deactivation	of	the	amygdala	may	repre-
sent	 an	 adaptive	 response	 to	 an	 unavoidable	 noxious	 stimulus.36 In 
our	 study,	 the	 subjects	were	aware	of	 the	 intensity	and	duration	of	
the	 stimulus	 they	would	 endure;	 therefore,	 it	 can	 be	 hypothesized	
that	they	developed	a	coping	strategy	to	tolerate	this	uncomfortable	
sensation.34,37,40

In	a	study	by	Berman	et	al.,	deactivations	were	observed	in	the	in-
sula,	amygdala,	and	thalamus	in	response	to	rectal	distension	in	both	
healthy men and women.40 It was demonstrated that subjects with the 
least	anxiety	had	the	greatest	decreases.	There	is	a	well-	recognized	as-
sociation	between	emotional	and	social	factors	and	gut	function.	In	par-
ticular,	patients	with	constipation	tend	to	have	higher	scores	on	scales	
of	 somatization,	 interpersonal	 sensitivity,	 anxiety,	 and	 depression.43 
Although	anxiety	disorders	were	excluded	in	both	of	our	study	groups,	
FC	patients	might	have	been	more	anxious	for	the	stimulus	during	the	
fMRI	 scan,	 leading	 to	 less	 deactivation	 in	 the	 above-	mentioned	 re-
gions.	These	interpretations	are	in	line	with	investigations	in	cognitive	

F IGURE  2 A,	Regions	showing	cerebral	
activation	(distension	>	rest)	in	FC	patients,	
FNRFI	patients,	and	HCs	during	rectal	
distension.	Color	bar	indicates	statistical	
T	values.	B,	Regions	showing	cerebral	
deactivation	(distension	<	rest)
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TABLE  3 Brain	areas	deactivated	(distension	<	rest)	during	rectal	distension

Region BA xa ya za Z- value P- value

FC	patients

No	significant	clusters

FNRFI	patients

L	HC/PHG/FFG/lingual	
gyrus

37 −45 −49 −5 4.8 <.001

R	HC/PHG/FFG/
lingual gyrus

37 45 −49 −8 4.72 <.001

R	PPC X 24 −43 49 4.74 <.001

L	cingulum,	SMA,	
precentral gyrus

6 −24 −16 46 4.64 <.001

R	SMA/precentral	
gyrus

6 15 −4 58 4.6 <.001

Healthy	controls

L	HC/PHG/amygdala 20 −36 −25 −17 5.8 <.001

R	HC/PHG/amygdala 20 33 −13 −23 5.22 <.001

FFG/lingual	gyrus 18/19/ 
30/37

21 −40 −11 6.25 <.001

FFG/lingual	gyrus 18/19/ 
30/37

−15 −52 −11 5.53 <.001

Posterior	insula X 33 −10 13 5.09 <.001

L	thalamus X −15 −31 1 5.43 <.001

R thalamus X 15 −31 4 5.71 <.001

Precuneus/primary	
somatosensory	cortex

5,7 3 −34 67 5.07 <.001

FC	patients	<	HCs

L	HC/PHG/amygdala 20/36 −36 −25 −17 5.37 .051

R	HC/PHG/amygdala 20/36 30 −28 −17 4.62 <.001

FFG/lingual	gyrus 18/19/ 
30/37

21 −40 −11 5.34 <.001

FFG/lingual	gyrus 18/19/ 
30/37

−15 −49 −11 4.8 <.001

Posterior	insula X 33 −13 10 4.16 <.001

L	thalamus X −15 −31 1 4.41 <.001

R thalamus X 18 −31 1 4.62 <.001

Precuneus/primary	
somatosensory	cortex

5/7 6 −58 55 4.87 <.001

FC	patients	>	HCs

No	significant	clusters

FNRFI	patients	>	Controls

No	significant	clusters

FNRFI	patients	<	Controls

No	significant	clusters

FC	patients	>	FNRFI	patients

No	significant	clusters

FC	patients	<	FNRFI	patients

No	significant	clusters

BA,	Broadmann	area;	L,	left;	R,	right;	HC,	hippocampus;	PHG,	parahippocampal	gyrus;	FFG,	fusiform	gyrus.
aMNI	coordinates.
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neuroscience	of	the	Default	Mode	Network	(DMN).44,45	The	DMN	is	a	
network	of	interacting	brain	regions	in	which	activity	is	most	commonly	
observed	when	a	subject	is	not	focused	on	the	outside	world.

4.4 | Considerations

The	patients	included	in	this	study	represent	a	group	of	patients	with	
severe	 FDDs;	 they	 suffered	 from	 long-	standing	 problems,	 they	 had	
high	 thresholds	 for	 urge	 to	 defecate,	 and	 had	 significantly	 delayed	
CTTs.	The	majority	of	FC	patients	reported	to	have	an	impaired	urge	
sensation	in	daily	life.	Based	on	our	results,	one	could	hypothesize	that	
the	 impaired	 rectal	 urge	 sensation	 in	 adolescents	with	 FC	 could	 be	
due	to	abnormal/dysfunctional	brain	processing.	Therefore,	therapies	
aimed	at	modifying	the	brain-	gut	axis,	such	as	hypnosis	and	biofeed-
back,	might	 be	 beneficial	 in	 this	 subset	 of	 patients.	 Further	 studies	
should	be	conducted	to	investigate	if	these	treatment	options	improve	
clinical	symptoms	and	if	brain	response	to	rectal	stimuli	could	be	modi-
fied.	On	the	other	hand,	FNRFI	patients,	often	with	similar	symptoms	
of	 lack	of	urge	sensation,	have	a	brain	processing	response	to	rectal	
distension	that	has	similarities	when	compared	to	HCs	and	seems	to	
differ	from	FC	patients.	Half	of	patients	with	FNRFI	reported	to	suffer	
from	loss	of	urge	sensation	in	daily	life.	The	reported	lack	of	urge	does	
not	fully	corroborate	the	barostat	data,	it	is	questionable	whether	pa-
tients	adequately	assessed	their	own	ability	to	feel	urge	sensation.

There	 are	potential	 limitations	 to	 the	 interpretation	 and	 general-
izability	of	our	 results	 that	 should	be	 taken	 into	account.	During	 the	
scans	the	subjects	were	asked	to	remain	completely	still	and	communi-
cation	was	only	allowed	in	case	of	emergency.	This	approach	was	cho-
sen	to	prevent	body	movement	and	movement	artifact	on	the	scans.	
The	drawback	of	this	method	is	that	evaluation	of	rectal	sensation	was	
not	possible	during	imaging.	Moreover,	differences	in	stimulus	strength	
between	the	2	FDD	groups	and	the	HC	group	in	this	study	might	have	
contributed	to	some	extent	to	the	observed	differences.	However,	 it	
seems	unlikely	that	differences	in	stimulus	strength	are	responsible	for	
the	widespread	pattern	of	deactivation	in	controls	that	was	completely	
absent	in	patients	with	FC.	Also,	patients	with	FNRFI	received	the	same	
individually	tailored	stimuli	and	they	did	show	deactivation,	which	had	
overlap	with	the	observations	in	HCs.	Furthermore,	it	would	have	been	
preferable	to	compare	our	adolescent	patient	population	with	healthy	
adolescent	 controls.	 For	 ethical	 reasons,	we	decided	 to	use	 an	 adult	
control	group	under	the	age	of	21	for	comparison.

It	would	have	been	valuable	to	perform	supplemental	analyses	to	
investigate	if	there	were	gender	and	age	differences	in	brain	responses	
during	rectal	distension	within	the	FDD	groups.	It	would	also	have	been	
interesting	 to	 evaluate	whether	 brain	 responses	were	 different	 be-
tween	hyposensitive	patients	who	never	experience	sensation	of	urge	
to	defecate,	compared	to	normosensitive	patients.	Unfortunately,	our	
current	sample	was	not	sufficiently	powered	to	test	these	additional	
hypotheses.	How	this	would	influence	the	current	results	is	unknown	
and	 should	 be	 further	 investigated	 in	 future	 research.	 Furthermore,	
it would be interesting to investigate the cerebral response to rectal 
distension	in	former	patients	with	FC	who	are	in	clinical	remission	and	
no	longer	require	treatment.

5  | CONCLUSION

In	 conclusion,	 adolescents	with	FDDs	often	 suffer	 from	an	 impaired	
visceral	sensation	of	urge.	Adolescents	with	chronic	FC	differ	from	HCs	
with respect to patterns cerebral response to rectal distension in mul-
tiple	brain	regions	which	are	involved	in	attentional	functions	as	well	
as	cognition,	motor	coordination,	memory,	emotional,	and	sensory	as-
sociation.	Functional	nonretentive	fecal	incontinence	patients	seem	to	
resemble	HCs	when	it	comes	to	brain	processing	of	rectal	distension.
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