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Abstract
Background: The	clinical	use	of	Magnetic	Resonance	Imaging	(MRI)	for	investigating	
gastric	motor	function	in	dyspepsia	is	limited,	largely	due	to	protocol	complexity,	cost	
and	 limited	availability.	 In	 this	 study,	we	explore	 the	 feasibility	of	 a	 sub	60-	minute	
protocol	using	a	water	challenge	to	assess	gastric	emptying,	motility	and	accommoda-
tion	 in	 a	 cohort	 of	 Ehlers-	Danlos	 Syndrome-	Hypermobility	 type	 (EDS-	HT)	 patients	
presenting with dyspepsia.
Methods: Nine	EDS-	HT	patients	(mean	age	33,	range:	26-	50	all	female)	with	a	history	of	
dyspepsia	 were	 recruited	 together	 with	 nine-	matched	 controls.	 Subjects	 fasted	 for	
6	hours	prior	to	MRI.	A	baseline	anatomical	and	motility	scan	was	performed	after	which	
the	subjects	ingested	300	mL	water.	The	anatomical	and	motility	scans	were	then	re-
peated	every	10	minutes	to	a	total	of	60	minutes.	Gastric	emptying	time,	motility,	and	
accommodation were calculated based on the observations of two observers for each 
EDS-	HT	subject	and	compared	to	their	matched	control	using	paired	statistics.
Key Results: Median	motility	increase	following	the	water	challenge	was	lower	in	EDS-	
HT	 subjects	 (11%,	 range:	 0%-	22%)	 compared	 to	 controls	 (22%,	 range:	 13%-	56%),	
P=.03.	Median	gastric	emptying	time	was	non-	significantly	decreased	in	EDS-	HT	sub-
jects	(12.5	minutes,	range:	6-	27)	compared	to	controls	(20	minutes,	range:	7-	30),	P=.15.	
Accommodation	 was	 non-	significantly	 reduced	 in	 EDS-	HT	 subjects	 (56%	 increase,	
range:	32%-	78%)	compared	to	healthy	controls	(67%	increase,	range:	52%-	78%),	P=.19.
Conclusions & Inferences: This	study	demonstrates	the	feasibility	of	a	water	challenge	
MRI	protocol	to	evaluate	gastric	physiology	in	the	clinical	setting.	Motility	differences	
between	EDS-	HT	and	controls	are	worthy	of	further	investigation.

K E Y W O R D S

dyspepsia,	gastric	emptying,	magnetic	resonance	imaging,	motility

1  | INTRODUCTION

Dyspepsia	 is	 a	 gastrointestinal	 disorder	 characterized	 by	 upper	 ab-
dominal discomfort or pain and symptoms of meal- related fullness or 
satiety,	and	has	a	significant	impact	on	individuals’	quality	of	life	as	well	
as health services.1 Effective management is therefore an important 

clinical	and	societal	 imperative.	Several	mechanisms	have	been	pos-
tulated	to	play	a	role	in	the	pathogenesis	of	dyspepsia,	including	ab-
normalities	in	gastric	motor	and	sensory	function	and,	more	recently,	
low-	grade	duodenal	inflammation	summarized	recently	by	Stanghellini	
et al.1	Delayed	gastric	emptying,	commonly	referred	to	as	gastropare-
sis,	is	found	both	in	organic	disorders	such	as	diabetes	and	the	more	
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common	 functional	 dyspepsia	 (FD),	 estimated	 to	 have	 a	 prevalence	
of	the	20%	in	the	Western	population.2	 Indeed,	around	one-	third	of	
patients	with	functional	dyspepsia	have	delayed	gastric	emptying,	al-
though correlation with symptoms is generally poor.3 Gastric emptying 
is	currently	usually	assessed	with	scintigraphy	or	(C13/C12)	breath	test-
ing	which	can	provide	some	insight	into	aberrant	physiology,4,5

It is clear however that gastric disorders are in fact underpinned by 
a	spectrum	of	etiologies,	and	manifest	as	a	wide	range	of	altered	phys-
iological	process	including	abnormal	gastric	motility,	accommodation,	
and	 response	 to	 nutrients.	While	 a	 range	 of	more	 specialized	 tests	
exist,	for	example,	barostat,	their	complexity,	cost	and	discomfort	for	
patients largely preclude use outside a research setting.6	Therapeutic	
outcomes directed by relatively simplistic gastric empting studies are 
frequently	poor	and	emptying	studies	themselves	are	weak	endpoints	
in clinical trials of new therapeutic agents.7

Alternatively,	magnetic	resonance	imaging	(MRI)	provides	suffi-
cient spatial and temporal resolution to dynamically evaluate gastric 
physiology	 in	 real	 time,	 and	measurement	 of	 emptying	 is	 already	
well validated8–11	Furthermore,	 recent	advances	 in	 imaging	analy-
sis	technologies	now	allow	semi-	automated	quantitation	of	a	range	
of	novel	 gastric	motility	metrics.	MRI	 is	widely	 available,	 safe,	 in-
creasingly	 cost	 effective,	 and	 employed	widely	 in	 gastrointestinal	
conditions	such	as	Crohn’s	Disease12–14	However,	clinical	uptake	in	
assessing	gastric	physiology	is	limited,	in	part	due	to	the	complex-
ity	of	 current	protocols,	which	 require	a	nutritionally	prespecified	
meal	challenge	and	prolonged	imaging	acquisition,	often	taking	up	
several	hours	of	MRI	scanner	time.	Thereafter,	data	analysis	is	com-
plex	and	usually	confined	to	specialist	centers.	There	 is	a	need	to	
develop	simple	and	effective	gastric	MRI	protocols	which	capture	
the	range	of	gastric	physiology,	but	can	be	more	easily	be	translated	
into the clinic.

The	 purpose	 of	 this	 study	was	 to	 address	 current	 limitations	 of	
gastric	MRI	by	proposing	a	relatively	simple,	well-	tolerated	and	time	
efficient	protocol.	Specifically	we	propose	a	sub	60	minutes	protocol	
to	 examine	 gastric	motility,	 accommodation	 and	 emptying	 together	
with the duodenal response following a simple water stimulus.

We	 apply	 our	 protocol	 to	 an	 exemplar	 cohort	 of	 Ehlers-	Danlos	
syndrome-	Hypermobility	type	(EDS-	HT)	patients	with	functional	dys-
pepsia,	a	condition	for	which	alterations	in	gastric	motility	have	recently	
been described.15–19	The	primary	aim	of	the	study	was	to	demonstrate	
feasibility	of	 the	technique	 in	 this	patient	cohort.	Secondary	explor-
atory aims were to test for differences in gastric physiology in compar-
ison to matched healthy controls.

2  | MATERIALS AND METHODS

2.1 | Subject selection

2.1.1 | EDS- HT patients

The	 study	was	 approved	 by	 the	 hospital	 ethics	 committee,	 is	 HRA	
approved	 (Ref	 78809)	 and	 is	 registered	 on	 clinicaltrials.gov	 (Ref	
NCT02754869).	Each	participant	gave	informed	consent.

A	total	of	16	EDS-	HT	patients	referred	to	a	tertiary	neurogastro-
enterology	clinic	in	the	period	of	October	2014-	June	2015	were	ap-
proached to participate. Patients were eligible if they had a history of 
nausea,	pain,	or	bloating	and	had	been	diagnosed	with	postprandial	
distress	subtype	Functional	Dyspepsia	according	to	Rome	III	criteria	
by	their	clinical	team.	Of	those	approached,	five	declined	to	take	part	
and	one	subject	was	unable	to	stop	their	analgesic	medication.	A	total	
of	nine	EDS-	HT	patients	were	recruited:	mean	age	33	(range:	26-	50),	
all	female,	mean	BMI	25	(range:	20-	35).	Five	of	the	EDS-	HT	patients	
had	a	diagnosis	of	Postural	Orthostatic	Tachycardia	Syndrome	(POTS),	
although	a	diagnosis	of	POTS	was	not	required	to	be	eligible.

A	healthy	control	set	with	matched	age	 (±12	months),	sex	and	BMI	
(±5%)	was	 recruited	 from	 the	 BLIND	 student	 and	 staff	 population	 for	
each	EDS-	HT	patient.	Health	was	defined	as	no	history	of	gastrointestinal	
	disease	(including	irritable	bowel	syndrome	defined	according	to	Rome	III	
criteria),	previous	abdominal	surgery	and	no	current	gastrointestinal	symp-
toms	(eg,	nausea,	bloating,	pain)	suggestive	of	abnormal	gastrointestinal	
function.	Subjects	were	excluded	if	they	had	a	contraindications	to	MRI.

2.2 | MRI protocol

2.2.1 | Subject preparation

All	 EDS-	HT	 patients	 temporarily	 stopped	 any	 motility	 influencing	
medication	including	laxatives,	pro-	kinetics	for	gastric	emptying,	opi-
oid	analgesics	etc.	for	5	days	before	undergoing	MRI.	Prior	to	MRI,	all	
subjects	fasted	for	6	hours	and	avoided	caffeinated	drinks.	Subjects	
were	 also	 instructed	 to	 avoid	 over	 the	 counter	 medications,	 eg,	
	ibuprofen	and	smoking	or	drinking	alcohol	before	the	day	of	the	scan.

2.2.2 | MRI protocol

Subjects	lay	prone	in	a	3	Tesla	Philips	Achieva	MRI	scanner	using	the	
manufacturers	 torso	 coil	 (Philips,	 Best,	 The	 Netherlands).	 The	 scan	
protocol	 consisted	 of	 initial	 planning	 “scout”	 sequences.	 The	 study	
coordinator	 (AM)	 supervised	 the	 positioning	 of	 the	 anatomical	 and	

Key points
•	 Aberrant	 gastric	 motility,	 accommodation,	 transit	 time	
likely	play	a	role	in	dyspepsia.	MRI	has	the	ability	to	quan-
titatively evaluate these processes but remains under-
used	due	the	length	of	existing	protocols	and	uncertainly	
regarding its role in the clinical care pathway.

•	 In	this	study,	we	propose	a	60	minutes	protocol	using	a	
water stimulus which reveals differences between Ehlers 
Danlos patients with dyspepsia and healthy matched 
controls.

•	 This	proposed	MRI	protocol	is	pragmatic	and	could	take	
place	in	the	clinical	setting,	offering	multifactorial	insights	
into gastric motor function.
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motility	sequences.	The	anatomical	sequence	was	used	to	capture	the	
total stomach volume for emptying and accommodation measures. 
The	motility	acquisition	consisted	of	a	rapid	series	of	single	slice	acqui-
sitions repeated in the coronal plane showing the greatest gastric vol-
ume,	at	a	temporal	resolution	of	0.6	images	per	second	over	a	period	
of	20	seconds.	Sequence	parameters	for	both	are	provided	in	Table	1	
and	all	sequences	were	performed	in	inspiration	breath	hold.

Following	baseline	acquisitions,	a	300	mL	tap	water	drink	was	given	
to	the	subject.	Each	subject	drank	the	water	through	a	straw	while	lying	
prone	in	the	MRI	bore	with	no	more	than	5	minutes	between	baseline	
and	 the	 first	post	 challenge	scan.	A	schematic	of	 the	 scan	 timings	 is	
presented	 in	 figure	1.	 Specifically,	 anatomical	 and	motility	 sequence	
acquisitions	took	5	minutes	to	acquire	and	were	repeated	3	times,	at	
10	minute	intervals.	All	subjects	were	able	to	consume	the	drink	in	the	
prone position and the total scan duration lasted no longer than 1 hour.

2.3 | Data analysis

The	stomach	was	manually	segmented	using	the	image	viewing	platform	
Osirix	(Purview,	Switzerland)	by	two	independent	readers	blind	to	clini-
cal	details	(HF,	PhD	student	2	years	experience,	DK,	Gastroenterologist	
4	years	experience).	In	summary,	the	gastric	volume	(from	lower	esopha-
geal	 junction	to	pylorus)	was	segmented	on	each	coronal	slice	using	a	
polygonal	ROI	 tool	with	each	area	multiplied	by	 the	slice	 thickness	 to	
create	a	total	gastric	volume.	The	gastric	volumes	were	averaged	across	
the two readers for the primary analysis described below.

2.3.1 | Gastric emptying time

Gastric	emptying	time	was	defined	as	the	time	taken	for	the	stomach	
volume	to	decrease	by	150	mL	following	ingestion	of	the	water	chal-
lenge	adjusted	by	baseline	volume	(ie,	baseline	volume	plus	300	mL	
drink).	 Specifically,	 the	 gastric	 volume	 was	 measured	 immediately	

following	the	oral	water	challenge	(baseline,)	A	gastric	emptying	curve	
was	 constructed	 using	 the	 15	minutes	 (baseline),	 30	minutes	 and	
45	minutes	time	points	with	the	gastric	empting	time	defined	as	time	
taken	for	half	of	the	ingested	water	challenge	to	leave	the	stomach,9,20

2.3.2 | Gastric motility

Time-	series	 images	of	 the	 stomach	were	processed	with	previously	
validated motility registration algorithm21.	The	algorithm	is	designed	
to	quantitate	 local	 deformation	generated	by	 the	movement	of	 the	
stomach	wall.	The	deformation	fields	generated	by	the	registration	are	
used	to	provide	a	numerical	surrogate	for	motility	expressed	as	a	unit-
less	numerical	value	(standard	deviation	of	the	Jacobian	determinant)	
that	 can	 be	 displayed	 as	 a	motility	 colormap	 (Figure	2B,E,H,K).	 The	
study coordinator performed the registration which automatically gen-
erated	a	single	composite	motility	reference	image	(Figure	2A,D,G,J)	
which	was	provided	to	the	readers.	Motility	data	before	and	immedi-
ately after the water challenge were used for the analysis.

Both	readers	manually	segmented	the	stomach	on	the	reference	
image	only	(Figure	2A,D,G,J)	blind	to	motility	information	using	a	dedi-
cated	MATLAB	software	graphical	user	interface.	The	ROI	coordinates	
were automatically applied by the study coordinator to the parametric 
motility map to obtain the gastric motility score for each subject aver-
aged across the two readers.

2.3.3 | Gastric accommodation

The	gastric	incisura	was	defined	by	an	experienced	consultant	radiolo-
gist	(SAT)	and	annotated	using	a	single	line	ROI	on	the	baseline	and	
immediate	post	water	challenge	datasets	(two	time	points)	(Figure	3).	
This	 annotated	data	were	passed	 to	 the	 two	 readers	who	manually	
and independently segmented the gastric volume above the level of 
the	 Incisura.	The	percentage	 change	 in	 above-	incisura	volume	 (con-
sidered	to	correspond	to	fundic	volume)	was	calculated	between	time	
point	1	and	the	post	drink	volume	2.	Accommodation	was	presented	
as	the	relative	change	in	supra	incisura	gastric	volume	for	each	subject,	
 averaged across the 2 readers.

2.3.4 | Duodenal response

Two	measures	of	duodenal	function	were	measured	for	each	subject.	
First,	the	duodenal	volume,	extending	10	cm	beyond	the	pylorus,	was	

TABLE  1 Details	of	anatomical	and	motility	scan	sequences

Anatomical 
sequence

Motility 
sequence

Sequence	name BTFE BTFE

Plane Coronal Coronal

Field	of	view	(mm) Variable Variable

No.	of	slices 20 1

Stacks 3 NA

Repetition time 3.3 3.0

Echo time 1.6 1.5

Image	matrix 188×213 268×222

Slice	thickness	(mm) 5 10

Slice	gap	(mm) 5 NA

Averages 2 1

Flip	angle 60 50

Temporal	resolution	(images	per	
second)

NA 2.1

F IGURE  1 Schematic	of	MRI	scan	timings.	Planning	represents	
positioning	the	sequence	to	cover	the	stomach.	Imaging	included	the	
anatomical	and	motility	sequences.	The	water	challenge	was	provided	
after the baseline imaging while the patient lay in the scanner
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calculated	 pre	 and	 at	 two	 time	 points	 (5	 and	 20	minutes)	 after	 the	
water	 challenge.	Segmentation	was	performed	by	a	consultant	gas-
troenterologist	 (DK)	using	 the	same	sequences	as	 the	gastric	motil-
ity	 calculation.	 Second,	 the	 dynamic	 data	were	 assessed	 to	 explore	
changes	in	duodenal	motility	at	two	time	points,	pre	and	immediately	
post water challenge.

2.4 | Statistical analysis

All	 data	 were	 considered	 as	 paired	 between	 EDS-	HT	 patients	 and	
their	 age,	 sex,	 and	BMI	matched	 control.	Data	 distribution	was	 as-
sessed	 using	 the	 Shapiro-	Wilk	 test	 <.05	 and	 non-	parametric	 tests	
were	used,	where	data	could	not	be	normalized.

Inter-reader agreement was assessed between the two readers for 
the	motility	scores	and	gastric	volumes	using	Bland-	Altman	statistics	
with	adjustment	for	clustered	data,	and	an	intra-	class	correlation	(ICC)	
statistic.

Gastric emptying	 times	 between	 EDS-	HT	 subjects	 and	 controls	
were	 compared	 using	 Wilcoxon	 signed	 rank	 test	 (non-	parametric	
paired t	test).

Gastric motility before and after the water bolus was assessed using 
Wilcoxon	 signed	 rank	 test.	 The	 relative	 change	 in	motility	 after	 the	
water	bolus	(expressed	as	%	change	compared	to	baseline)	was	com-
pared	between	EDS-	HT	patients	and	controls	by	Mann-	Whitney	U test.

Gastric accommodation	between	EDS-	HT	subjects	and	their	con-
trols	was	compared	using	Wilcoxon	signed	rank	test.	The	relationship	

F IGURE  2 Healthy	control	(A-	F)	and	
EDS-	HT	subject	(G-	L).	Baseline	and	post	
water challenge reference images in 
healthy	(A,D)	and	EDS-	HT	(G,H)	subjects.	
Corresponding	motility	maps	(Healthy:	
B,E	and	EDS-	HT:	H,K)	and	fused	images	
(Healthy:	C,D	and	EDS-	HT:	I,L).	A	region	of	
interest	(ROI)	was	used	by	both	observers	
to delineate the stomach blind to motility 
data	(Figures	A,D,G,J	only).	An	increase	
in	gastric	motility,	particularly	at	the	
antrum can be seen following challenge 
in	the	healthy	control	(red	arrow).	Despite	
subjects	being	asked	to	fast,	some	residual	
food residue does appear to be present in 
(G	&	J)

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

(J) (K) (L)
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between	 accommodation	 and	 (i)	 emptying	 and	 (ii)	 motility	 was	 ex-
plored	through	Spearman’s	correlation.

Duodenal distension	 (based	 on	 changes	 in	 volume)	 was	 calcu-
lated across the three time points and compared within subject using 
Wilcoxon	signed	rank	between	EDS-	HT	patients	and	healthy	controls	
using	the	Mann-	Whitney	U test.

Duodenal motility before and after the water bolus was assessed 
within	 subjects	 using	Wilcoxon	 signed	 rank	 test	 and	 between	 the	
EDS-	HT	patients	and	healthy	controls	using	the	Mann-	Whitney	U test.

3  | RESULTS

All	18	subjects	recruited	were	able	to	comply	fully	with	the	protocol	
and complete the study.

3.1 | Intesr- reader agreement

Gastric	volumes	from	each	subject	time	point	were	calculated	(three	
volumes	for	each	subject).	Agreement	achieved	an	ICC	of	0.96.	Bland-	
Altman	analysis	showed	a	mean	difference	of	−7	cm3,	95%	limits	of	
agreement at 82 cm3	across	a	range	of	26-	567	cm3	(Figure	4A,B).

Gastric motility score was calculated at two time points for each 
subject	(36	in	total).	The	ICC	was	0.99,	and	BA	LoA	showed	a	mean	dif-
ference	of	<0.001	units,	95%	limits	of	agreement	at	0.012	units	across	
a	range	of	0.085-	0.29	units	(Figure	4C,D).

3.2 | Gastric emptying

According	to	the	a	priori	definition,	the	mean	gastric	emptying	time	
for	EDS-	HT	patients	was	12.5	minutes	(range:	6-	27,	with	one	appar-
ent	outlier)	Figure	5.	The	mean	emptying	time	in	controls	was	20	min-
utes	(range:	7-	30	minutes).	The	mean	difference	in	emptying	time	was	
7.5	minutes,	which	was	not	statistically	significant	P=.15.

Repeating	the	analysis,	this	time	excluding	the	outlier,	produced	a	
significant result P=.032.	Of	note,	the	outlier	had	a	BMI	of	35.

3.3 | Gastric motility

The	mean	baseline	motility	across	all	subjects	was	0.14	units	(range:	
0.075-	0.25)	 and	 following	water	was	 0.17	 (range:	 0.075-	0.28)	with	
a statistically significant difference of 0.03 units P=.005	(Figure	6A).

EDS-	HT	patients	had	a	mean	11%	(range:	0%-	22%)	increase	in	mo-
tility	while	the	controls	had	a	mean	22%	increase	(range:	13%-	56%).	
The	difference	of	11%	was	statistically	significant	(P=.03	(Figure	6B).

3.4 | Gastric accommodation

The	 mean	 accommodation	 increase	 in	 EDS-	HT	 subjects	 was	 56%	
(range:	32%-	78%)	and	in	healthy	controls	67%	(range:	52%-	78%).	The	
difference	of	11%	was	not	statistically	significant,	P=.19	(Figure	7/Or	
appendix	1).

A	significant	positive	correlation	was	seen	between	accommoda-
tion	and	gastric	emptying	 time,	R=.52,	P=.04	 (Figure	7B).	There	was	
no	significant	correlation	between	accommodation	and	motility,	R=.1,	
P=.86.

3.4.1 | Duodenal response

The	 mean	 duodenal	 volumes	 across	 the	 three	 time	 points	 for	 the	
EDS-	HT	 subjects	 pre	 	water	 challenge	 was	 22.0	cm3	 (4-	43	cm3),	
	immediately	after	water	challenge	was	35.7	cm3	(range:	8-	69	cm3)	and	
42.1 cm3	(range:	5-	20	cm3)	after	the	challenge.	In	the	healthy	controls,	
the mean volume was 22.2 cm3	 (range:	 1-	53	cm3),	 34.1	cm3	 (range:	
10-	66	cm3)	and	30.8	(range:	10-	60	cm3)	respectively	across	the	three	
time	points	(Figure	8A/Or	appendix	2).

There	 was	 a	 significant	 increase	 in	 duodenal	 volume	 between	
baseline	and	post	challenge	volumes	at	both	time	points	(P<.001	and	
P=.003	respectively).

Duodenal	 motility	 data	 from	 two	 EDS-	HT	 subjects	 and	 three	
controls	 could	 not	 be	 analyzed	 due	 to	 low	 data	 quality	 (duodenum	
could	not	be	visualized	on	dynamic	sequences).	The	pre	water	chal-
lenge	mean	duodenal	motility	in	the	EDS-	HT	cohort	was	0.19	(range:	

F IGURE  3 Gastric accommodation 
measure with the incisura represented 
by	a	dotted	red	line.	The	above-	incisura	
volume	was	measured	at	baseline	(A)	and	
post	water	(B)	challenge.	The	Incisura	
was identified and delineated by an 
experienced	consultant	radiologist	with	
manual	segmenentation	then	peformed,	
independently by two readers of the upper 
and lower portions of the stomach

(A) (B)
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0.08-	0.38)	 rising	 to	 0.23	 (range:	 0.07-	0.4)	 post	 challenge.	 In	 the	
healthy	controls,	 the	mean	motility	was	0.23	 (range:	0.14-	0.44)	 and	
0.27	(range:	0.15-	0.51),	respectively	(Figure	8B/Or	appendix	2).

No	significant	difference	was	observed	between	the	EDS-	HT	and	
control subjects.

4  | DISCUSSION

This	 feasibility	 study	explored	 the	ability	of	MRI	 to	evaluate	gastric	
emptying,	motility	and	accommodation	using	a	simple	water	challenge	
protocol.	The	technique	was	applied	to	a	cohort	of	EDS-	HT	patients	
and	healthy,	matched	 controls.	 The	EDS-	HT	patients	demonstrated	
significantly	reduced	motility	compared	to	controls.	The	protocol	was	
rapid,	 well-	tolerated	 and,	 while	 the	 number	 of	 patients	 was	 small,	
supports	 the	 use	 of	MRI	 to	 interrogate	 multiple	 aspects	 of	 gastric	
physiology simultaneously which might be relevant for patients with 
functional and organic disorders of gastric function.

A	 difference	 in	 post	 water	 challenge	 motility	 between	 EDS-	HT	
patients and controls was the main statistically significant finding in 
this	study.	Gastric	motility	can	be	easily	visualized	by	capturing	a	time-	
series of coronal slice through stomach.4	Although	widely	reported	in	
the	 literature,	 a	 standardized	method	 for	 calculating	 and	 evaluating	
gastric motility has yet to be defined.10 We applied an image registra-
tion based approach to calculate a motility map which is based on the 
analysis	of	the	registration	deformation	field.	This	approach	has	been	
successfully applied in the small bowel21 and colon.22	The	output	is	a	
surrogate	measure	of	motility,	but	has	been	shown	 to	be	 reproduc-
ible	 and	has	 proven	 clinical	 utility,	 particularly	 in	 the	 small	 bowel.23 
Segmentation	of	 the	stomach	by	 the	observer	 takes	around	30	sec-
onds	only.	Furthermore,	 the	visual	output	of	a	color	motility	map	 is	

F IGURE  4 Results of inter- 
reader agreement of gastric 
volumes	(A,B)	and	motility	
(C,D)	assessed	with	Intra-	Class	
Correlation	coefficient	and	Bland-	
Altman	Limits	of	Agreement,	
respectively.	Overall,	good	
agreement was observed without 
evident bias in either of the 
readers observations

(A) (B)

(C) (D)

F IGURE  5 Boxplots	to	demonstrate	gastric	emptying	time	in	
EDS-	HT	and	controls.	The	red	cross	signifies	an	outliying	datapoint	
(this	subject	had	a	BMI	of	35)
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intuitively	simple	to	understand,23,24	Importantly,	 in	this	study,	there	
was	 very	 high	 inter-	reader	 agreement,	 suggesting	 the	 technique	 is	
reproducible	 between	 observers.	 Although	 the	 need	 to	 manually	
segment	 the	 stomach	may	 act	 as	 a	 barrier	 to	 clinical	 uptake	 of	 the	
technique,	in	reality,	the	time	taken	is	likely	acceptable	in	comparison	
to	 that	 required	 to	 interpret	 alternative	methods	of	 gastric	 physiol-
ogy	measurement	such	as	manometry.	Furthermore,	it	is	also	likely	the	

segmentation could be automated further speeding the process up. 
We also demonstrated a significant increase in motility following the 
simple	water	challenge	suggesting	that	distension	alone	(without	cal-
ories)	is	sufficient	to	generate	contractions,	an	observation	in	agree-
ment	with	previous	observations	by	Teramato	et	al.25

We further present a method for calculating gastric accommodation 
based on assessing the above- incisura volume change following the oral 

F IGURE  6 All	subjects	motility	pre	
and	post	water	challenge	(A)	with	healthy	
controls indicated with a green line and 
EDS-	HT	patients	with	a	black	line.	The	
relative change in motility pre  and post 
water challenge as a percentage presented 
as	a	boxplot	(B)

(A) (B)

F IGURE  7 Relative change in volume 
pre and post water as a percentage 
presented	as	a	boxplot	(A)	and	correlation	
of accommodation against emptying time 
for all subjects displaing a significant 
positive	relationship	(B)

(A) (B)

F IGURE  8 Duodenal volumes at three 
time	points	pre	(T1)	water	challenge,	
immediately	after	(T2)	and	approximately	
20	minutes	after	water	challenge	(T3)	(A)	
Duodenal motility pre  and post water 
challenge	(B)	Green	lines	represent	healthy	
controls,	black	lines	are	EDS-	HT	subjects

(A) (B)
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challenge.	The	concept	behind	the	measure,	while	not	entirely	novel,26 
was	to	act	as	a	surrogate	for	the	expansive	capacity	in	the	body	of	the	
stomach,	expressed	as	a	simple,	relative	change	in	volume.	Although	we	
found	no	statistically	significant	difference	between	EDS-	HT	patients	
and	controls,	we	believe	the	measure	may	play	a	useful	role	in	under-
standing	aberrant	gastric	physiology.	It	is	however	acknowledged	that	
the precise location of the incisura is relatively subjective and difficult to 
standardize.	The	correlation	between	our	measure	of	accommodation	
and emptying time gives additional insight into the functional impor-
tance of accommodation in gastric dynamics and suggests measure-
ment may provide important information in functional disease.

Measurement	of	gastric	emptying	using	MRI	has	been	extensively	
validated,11,27–30 and previously described using a water stimulus.31 
On	 the	 basis	 of	 this	methodology,	we	 believe	 our	 observation	 that	
EDS-	HT	 subjects	 showed	 increased	 gastric	 emptying	 times	 is	 likely	
a real phenomenon although further investigations are necessary to 
make	 a	 definitive	 statement	with	 regards	 to	 EDS-	HT.	 Of	 note,	 the	
difference	 in	 gastric	 emptying	 times	 between	EDS-	HT	patients	 and	
controls was only statistically significant after post hoc removal of an 
apparent	outlier	(with	a	BMI	of	35).	This,	combined	with	our	small	co-
hort,	means	caution	must	be	applied	to	the	finding	and	clearly	larger	
studies are indicated.

A	substantial	 literature	exists	on	the	influence	of	different	meals	
on gastric emptying times32–34	 Use	 of	 a	 simple	water	 challenge	 to	
provoke	a	physiological	 response	 in	the	stomach	could	therefore	be	
seen	a	limitation	in	this	study.	Although	we	recognize	the	benefits	of	
a	validated	test	meal,	a	simple	water	challenge	has	several	advantages	
within	 the	context	of	exploring	gastric	physiology	 in	 routine	 clinical	
practice	and	builds	on	early	prelminiary	work	elsewhere,25,31	First,	the	
total scan duration can be greatly decreased with a total investiga-
tion	 lasting	 approximately	 30	minutes	 (although	 in	 this	 initial	 study,	
we	 scanned	 for	 longer).	A	 nutritionally	 balanced	 test	meal	 by	 com-
parison	may	 take	 several	 hours	 to	 clear	 the	 stomach35 and creates 
logistical	problems	with	 respect	 to	patient	 throughput	on	MRI	plat-
forms.	Regardless	of	the	mechanism	of	effect,	the	efficacy	of	water	to	
provoke	motility	appears	to	be	a	real	phenomenon	supported	by	the	
findings	of	Teramoto	et	al.	who	also	used	water	 to	 stimulate	gastric	
motility—one	of	the	only	other	studies	in	the	literature,	to	our	knowl-
edge,	 to	describe	 this	 response.25	Furthermore,	 the	water	drink	can	
be	 easily	 consumed	 in	 the	 scanner	with	minimal	 risk	 to	 the	 patient	
and is well- tolerated and can be easily prepared by the radiographer. 
Nevertheless,	it	is	possible	a	simple	water	challenge	may	not	capture	
the	wide	range	of	motor	functions	stimulated	by	a	complex	calorific	
mixed	test	meal,	and	this	requires	further	investigation.

We were able generate data on both duodenal volume and motility 
in	most	patients	to	further	promote	the	extra-	gastric	versatility	of	this	
approach. Recent data suggest an aberrant duodenal response by un-
derpin	certain	abnormalities	in	gastric	motor	and	sensory	function,36,37 
Using	our	technique,	we	were	able	to	demonstrate	the		expected	rise	
in duodenal volume following the water bolus and also saw changes 
in	duodenal	motility,	although	these	did	not	seem	to	differ	between	
EDS-	HT	patients	and	controls.	The	utility	of	capturing	duodenal	motility	
over	a	short	breath	hold	acquisition	also	requires	further	investigation.

As	a	 feasibility	 study,	our	primary	aim	was	 to	 test	 the	practical-
ity and performance of our approach in assessing several aspects of 
gastric	physiology.	We	chose	 to	 study	a	 cohort	of	EDS-	HT	patients	
as it has been demonstrated that patients with functional GI disor-
ders,	most	notably	functional	dyspepsia	commonly	meet	the	criteria	
for	EDS-	HT-	HT,15–18	Several	hypotheses	have	been	formulated	with	
 regards to the potential etiology of dyspeptic symptoms in this co-
hort.38	One	hypothesis	suggests	that	EDS-	HT	patients	are	character-
ized	 by	 connective	 tissue	 anomalies	which	may	 underlie	 alterations	
in gastric motility.16	There	is	a	strong	clinical	need	for	a	test	to	better	
phenotype gastric physiology in this patient group in whom the dif-
ferentiation between organic and functional disorders is difficult. Our 
data,	albeit	part	of	a	pilot	study,	does	support	there	being	underlying	
abnormal	gastric	motility	in	EDS-	HT	patients	with	upper	GI	symptoms.

A	limitation	of	our	study	is	that	although	all	recruited	EDS-	HT	pa-
tients presented clinically with symptoms compatible with functional 
dyspepsia,	we	did	not	apply	validated	questionnaires	to	document	the	
severity	of	the	symptoms.	Going	forward,	there	is	a	clear	need	to	fully	
characterize	recruited	cohorts	using	currently	available	tools	to	better	
understand	 the	observations	made	using	MRI.	As	 noted	 above,	 our	
cohorts were small but reasonable for a pilot study of this nature.

In	 summary,	MRI	 remains	 a	 promising	 technique	 for	 persuing	 a	
multi- dimensional understanding of gastric physiology. Our proposed 
MRI	technique	is	simple	to	perform,	objective	and	practical	with	ex-
cellent inter- observer agreement. Our data also support to need for 
larger	studies	in	the	EDS-	HT	patient	cohort	to	understand	the	mecha-
nisms underpinning dyspeptic symptoms.
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