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Abstract
Background: Gastrointestinal	 symptoms	after	drinking	milk	 are	often	 attributed	 to	
lactose intolerance or cow's milk allergy. However, some individuals without either 
condition still report gastrointestinal symptoms after drinking milk. This may be 
caused	by	gastric	emptying	(GE)	rate	or	gastric	protein	coagulation.	This	study	aimed	
to	compare	GE	rate	and	protein	coagulation	after	milk	consumption	between	individ-
uals reporting gastrointestinal symptoms and those without symptoms using a novel 
gastric	MRI	approach.
Methods: Thirty women were included in this case–control study, of whom 15 reported 
gastrointestinal symptoms after drinking milk and 15 were controls. Participants un-
derwent	gastric	MRI	before	and	up	to	90 min	after	consumption	of	250 mL	cow's	milk.	
Gastric	content	volume	and	image	texture	of	the	stomach	contents	were	used	to	de-
termine	GE	and	changes	in	the	degree	of	coagulation.
Key Results: GE	half-time	did	not	differ	between	the	groups	(gastrointestinal	symp-
tom	 group	 66 ± 18 min;	 control	 group	 61 ± 14 min,	 p = 0.845).	 The	 gastrointestinal	
symptom	group	reported	symptoms	from	30 min	onwards	and	rated	pain	highest	at	
90 min.	 The	 control	 group	 reported	 no	 symptoms.	 Image	 texture	 analyses	 showed	
a significantly higher percentage of coagulum and lower percentage of liquid in the 
group	in	the	GI	symptom	group	(MD	11%,	95%	CI	[3.9,	17],	p = 0.003).	In	vitro	data	
suggests that pH and proteolytic enzyme activity influence the coagulum structure.
Conclusions and Inferences: Gastric	milk	coagulation	and	emptied	fraction	of	stom-
ach	content	may	differ	between	 individuals	experiencing	symptoms	after	milk	con-
sumption, possibly due to differences in pH and proteolytic enzyme activity.
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1  |  INTRODUC TION

Cow's	 milk	 is	 a	 large	 part	 of	 the	 diet	 of	 Northern	 and	 Western	
European	countries1 and a relatively cheap source of essential nu-
trients such as protein and calcium.2	Dairy	protein	is	a	high-quality	
protein	as	determined	by	the	Digestible	 Indispensable	Amino	Acid	
Score	 (DIAAS),	which	means	 that	 it	contains	essential	amino	acids	
and is relatively easily digested and absorbed by the body.3 Despite 
its nutritional value, the consumption of milk in Western countries is 
decreasing. This is due to many factors; one of them being individu-
als	experiencing	gastrointestinal	 (GI)	 symptoms	after	drinking	milk	
and thus refraining from its consumption.4

GI	 symptoms	 after	 milk	 consumption	 are	 ascribed	 to	 various	
causes. The first is lactose intolerance, which is maldigestion of lac-
tose, due to a lactase deficiency.5 However, most of the individuals 
who	report	GI	symptoms	after	milk	consumption	were	not	diagnosed	
as lactose intolerant.6,7	In	fact,	they	did	not	experience	less	symptoms	
after	consumption	of	 lactose-free	milk	compared	 to	 regular	milk.8	A	
second	possible	mechanism	driving	GI	symptoms	is	cow's	milk	protein	
allergy, but this is rarely seen in adults, with an estimated prevalence 
below	0.5%,	and	the	self-declared	symptoms	are	not	those	typical	of	
an allergic reaction.5,9,10	A	third	cause	that	has	been	investigated	is	the	
effect of processing of cow's milk on digestion based on anecdotical 
evidence	 about	 some	 individuals	 reporting	 less	 GI	 symptoms	 after	
consumption of raw milk compared to pasteurized or homogenized 
milk.5	Accurate	studies	could	neither	show	significant	differences	 in	
GI	symptoms	between	different	processing	types	nor	immune-related	
mechanisms behind it.11–14	 In	 conclusion,	 the	mechanism	underlying	
GI	 symptoms	and	a	general	discomfort	after	milk	consumption	by	a	
relevant part of the adult population remains unknown.

We	hypothesized	that	the	origin	of	GI	symptoms	might	lie	in	dif-
ferences	 in	 gastric	 emptying	 (GE).	 In	 individuals	 with	 digestive	 dis-
eases,	such	as	functional	abdominal	pain	or	dyspepsia,	GE	has	already	
been	recognized	as	an	important	factor	modulating	the	degree	of	GI	
symptoms.15,16	On	the	one	hand,	when	the	voluminous	and	hyperos-
molar gastric content enters the small intestines too fast, it can cause 
symptoms such as nausea and cramping, also known as dumping syn-
drome.17	On	the	other	hand,	when	the	gastric	content	is	retained	for	
a longer time, it can cause a bloated feeling.18,19 This means that both 
a	delayed	and	an	accelerated	GE	could	give	rise	to	the	GI	symptoms	
commonly reported by some individuals after milk consumption.

One	of	 the	physical	properties	of	milk	 that	 can	 influence	GE	
rate is its protein structure. Cow's milk generally contains about 
3.5%	protein,	of	which	caseins	 represent	around	80%	and	whey	
proteins around 20%.20	Caseins	form	a	semi-solid	network	during	
digestion in the stomach because casein micelles are destabilized 
by pepsin proteolysis combined with the low gastric pH, that is 
around its isoelectric point, a process known as coagulation. This 
causes the formation of a coagulum containing protein and pos-
sibly fat globules.21 The physical properties of this casein coagu-
lum can affect the dynamics of gastric protein digestion and delay 
GE,22	which	 could	 in	 turn	 drive	 the	 experience	 of	GI	 symptoms	
after	milk	 consumption.	 The	 coagulum	 could	 delay	GE	 since	 the	

stomach only passes particles on to the duodenum if they are sized 
below	1–2 mm.23

Gastric	 in	 vivo	 studies	 in	 humans	 are	 necessary	 to	 confirm	 the	
formation	of	coagulum	and	whether	this	indeed	delays	GE.	Magnetic	
resonance	 imaging	 (MRI)	provides	a	direct	and	non-harmful	method	
to	visualize	the	stomach	contents.	Currently,	the	main	use	of	MRI	in	
gastric	research	is	measuring	GE	rate,24,25 but it can also be used to 
visualize intragastric processes, such as changes from liquid to solid 
phases, gastric sieving, and phase separation.26,27	Since	gastric	protein	
coagulation	involves	a	change	from	a	liquid	to	a	solid	state,	MRI	could	
potentially	be	used	to	quantify	the	degree	of	coagulation.	So	far,	gastric	
coagulation	has	only	been	visually	assessed	using	MRI,28 however we 
showed	image	texture	analysis	may	provide	a	more	objective	and	accu-
rate quantification.25 The physical properties of the coagulum formed, 
can be studied in more detail using in vitro gastric digestion to link the 
mechanistic	understanding	of	the	digestive	processes	to	the	texture	
differences	visible	on	MRI	images	during	milk	protein	coagulation.

The objective of this study was to compare gastric digestion of 
cow's	milk	between	subjects	with	or	without	GI	symptoms	after	milk	
ingestion.	This	in	vivo	MRI	assessment	of	gastric	digestion	was	com-
pared to in vitro measurements of coagulation, to better understand 
the underlying mechanisms.

2  |  MATERIAL S AND METHODS

2.1  |  Design

This study was a parallel intervention study with two groups: women 
with	and	women	without	GI	symptoms	after	milk	consumption.	The	
primary	 outcome	 of	 this	 study	was	GE	 over	 time.	 The	 secondary	
outcome	was	gastric	coagulation	as	measured	by	image	texture	met-
rics and the tertiary outcomes were subjective ratings (pain, nausea, 
bloating,	fullness,	and	discomfort).

2.2  |  Participants

Two groups of healthy females were recruited using inclusion 
criteria:	 between	 18	 and	 60 years	 and	 a	 BMI	 between	 18.5	 and	

Key points

1.	Gastrointestinal	symptoms	after	drinking	milk	in	adults	
are often incorrectly attributed to lactose intolerance 
or cow's milk allergy, while the underlying mechanism is 
still unknown.

2.	Gastric	milk	coagulation	and	emptied	fraction	of	stom-
ach	content	may	differ	between	individuals	experienc-
ing symptoms after milk consumption, possibly due to 
differences in pH and proteolytic enzyme activity.
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30 kg/m.2	Inclusion	criteria	for	the	GI	symptom	group	were	drink-
ing	 a	 maximum	 of	 200 mL	 cow	 milk/week	 and	 self-reported	 GI	
discomfort	after	cow	milk	consumption	and.	Inclusion	criteria	for	
the	control	group	were	drinking	a	minimum	of	700 mL	cow	milk/
week	and	no	GI	discomfort	after	milk	consumption.	Participants	
were	excluded	if	they	had	a	history	of	medical	or	surgical	events	
related	to	 the	GI	 tract,	used	medical	drugs	 that	 influence	the	GI	
tract's normal function or microbiota, were diagnosed with lactose 
intolerance	or	cow	milk	allergy	or	if	they	reported	GI	symptoms	of	
“vomiting” or “loose, mushy, or watery stools”, adapted from Rome 
II29 criteria at any level of severity following milk consumption. 
Only	women	were	included	since	GE	and	GI	symptoms	are	influ-
enced	by	 sex.30 Participants were recruited via the Wageningen 
University	website,	using	flyers,	and	on	social	media.	First,	the	GI	
symptom	 group	 was	 recruited.	 Subsequently,	 the	 control	 group	
was	recruited	in	order	to	match	the	groups	on	age	and	BMI	with	a	
maximum	deviation	of	5 years	and	2 kg/m2. This resulted in the in-
clusion	of	15	women	with	(age	23 ± 1.9 years,	BMI	26 ± 6.6 kg/m2)	
and	15	without	(22 ± 1.7 years	24 ± 3.2 kg/m2)	GI	symptoms	after	
drinking milk; see Figure 1.

Participants	with	GI	symptoms	were	screened	for	lactose	intol-
erance	with	a	hydrogen	breath	test	using	20 g	of	lactose,	which	is	a	
physiologically relevant amount.31	On	the	night	before	the	test,	they	
consumed a standardized meal containing rice and meat according 
to	the	guidelines	of	Gasbarrini	et	al.31	Inclusion	criteria	related	to	the	
lactose breath test are shown in Table 1.

The study was conducted according to the principles of the 
Declaration	 of	 Helsinki	 (October	 2013)	 and	was	 approved	 by	 the	
ethical	committee	of	Wageningen	University.	It	was	registered	with	
the	 Dutch	 Trial	 Registry	 under	 number	 NTR7531	 (now	 CCMO-
register	NL66536.081.18).	All	participants	signed	informed	consent.	

All	authors	had	access	to	the	study	data	and	reviewed	and	approved	
the final manuscript.

2.3  |  Test session

Dairy	 (all	dairy)	and	milk	 (whole,	semi-skimmed	and	skimmed	milk,	
flavored	and	unflavored)	 consumption	was	measured	using	a	 food	
frequency questionnaire.32	All	participants,	either	using	the	contra-
ceptive	pill	or	not,	were	scanned	in	the	first	2 weeks	of	their	men-
strual cycle to mitigate hormonal influences. Participants arrived at 
the	Gelderse	Vallei	hospital	after	an	overnight	fast	starting	at	8 PM.	
They	were	allowed	to	drink	water	and	herbal	tea	up	to	1.5 h	before	
the	visit.	After	arrival,	participants	verbally	rated	baseline	feeling	of	
fullness, wellbeing, bloating, and nausea on a 100 unit scale33 and 
an	abdominal	MRI	scan	was	made	to	assess	baseline	stomach	con-
tents.	After	this,	participants	 ingested	250 mL	UHT	cow	milk,	con-
taining	113 kcal,	3.8 g	(1.5%)	fat,	12 g	(4.8%)	carbohydrates,	and	8.0 g	
(3.2%)	protein,	of	the	brand	Bridel	provided	by	Lactalis	Research	and	
Development,	Vitré.	Milk	was	served	cooled	at	4–7°C.	Participants	
were	instructed	to	finish	the	milk	within	5 min	but	they	all	finished	
it	within	2 min.	Subsequently,	abdominal	MRI	scans	were	performed	
every	10 min	up	until	90 min	after	the	start	of	ingestion.	After	each	
scan participants verbally rated pain, nausea, bloating, fullness, and 
discomfort	on	a	VAS	scale	from	0	to	100.

2.4  |  MRI

Participants were scanned in a supine position with the use of a 3 
Tesla	Siemens	Verio	MRI	scanner	 (Siemens	AG,	Munich,	Germany)	

F I G U R E  1 Flow	diagram	of	
participants.
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using a T2-weighted	 spin	 echo	 sequence	 (HASTE,	 24	 6-mm	 axial	
slices,	2.4 mm	gap,	1.19 × 1.19 mm	in-plane	resolution),	with	breath	
hold	command	on	expiration	to	fixate	the	position	of	the	diaphragm	
and	the	stomach.	The	duration	of	a	scan	was	approximately	18 s.	The	
software	MIPAV	(Medical	Imaging	Processing	And	Visualization,	ver-
sion	11.0.3,	National	Institutes	of	Health,	Bethesda,	MD,	USA)	was	
used	to	manually	delineate	gastric	content	on	every	slice.	Volumes	
were	calculated	by	multiplying	the	number	of	gastric	content	voxels	
with	the	voxel	volume	(11.9 mm3).	To	quantify	the	(relative)	volume	
of liquid and coagulum in stomach contents the number of lighter 
(liquid)	 and	 darker	 (coagulum)	 voxels	was	 calculated	 by	 determin-
ing	intensity	thresholds	with	the	use	of	Otsu's	method34	 in	Matlab	
(version	R2023a,	multifresh	function),	an	approach	previously	used	
on	 in	vitro	MRI	 images	of	milk	digestion.35	Texture	analysis	of	 the	
stomach	 content	 was	 performed	 using	 the	 software	 LIFEx	 (ver-
sion	7.2.0,	Institut	national	de	la	santé	et	de	la	recherche	médicale,	
France).36 Homogeneity, coarseness, contrast, and busyness were 
calculated.	These	image	texture	metrics	provide	information	on	the	
spatial	patterns	of	voxel	intensity.37	The	Gray-Level	Co-occurrence	
Matrix	(GLCM)	method	was	used	for	homogeneity	(degree	of	simi-
larity	between	voxels)	and	neighborhood	gray-level	difference	ma-
trix	 (NGLDM)	difference	of	gray-levels	between	one	voxel	 and	 its	
26 neighbors in eight dimensions was used for contrast (local varia-
tions),	coarseness	(spatial	rate	of	change	in	intensity),	and	busyness	
(spatial	frequency	of	changes	in	intensity).	The	number	of	gray-levels	
for	texture	metric	calculation	was	set	at	64,	intensity	rescaling	rela-
tive	(ROI:	min/max)	and	dimension	processing	2D.	In	the	context	of	
this	paper	we	interpret	changes	in	image	texture	metrics	as	reflect-
ing	changes	in	the	degree	of	coagulation.	An	example	of	two	stom-
achs with and without coagulation and their corresponding image 
texture	metrics	can	be	found	in	Data	S1.	On	each	time	point	after	
ingestion,	texture	metrics	were	calculated	per	slice	for	the	stomach	
content.	Subsequently,	a	weighted	average	texture	metric	was	cal-
culated based on the gastric content volume in each slice. For the 
empty	stomach	(baseline)	no	texture	metrics	were	calculated.	Image	
texture	measures	at	T = 30 min	were	used	for	correlations,	since	co-
agulation	was	visible	at	MRI	scans	at	that	time.

2.5  |  Statistical analysis

Gastric	emptying	half	time	(GE-t50)	is	a	commonly	used	summary	
measure.	 To	 estimate	 GE-t50,	 a	 curve	 was	 fitted	 for	 each	 scan	

session to the data of gastric volume over time using R statisti-
cal	software	according	to	an	established	linear-exponential	model	
as	 developed	 on	 the	 basis	 of	 earlier	models	 of	 GE.38–41 Further 
analyses	were	performed	in	SPSS	(version	22,	IBM,	Armonk,	USA).	
GE-t50	was	compared	between	the	groups	with	an	two-sample	t-
test.	Gastric	volume,	image	texture	metrics,	and	subjective	ratings	
were	tested	between	groups	using	linear	mixed	models	with	time,	
group	and	interaction	time*group	as	fixed	factors,	participants	as	
random	 factor	 and	baseline	 levels	 as	 a	 covariate.	Normality	was	
confirmed	with	Shapiro–Wilks	test.	Milk	consumption	was	tested	
using	 the	Mann–Whitney	U-test,	 since	 there	was	no	normal	dis-
tribution.	Missing	data	were	handled	using	a	Maximum	Likelihood	
estimation.	 For	 subjective	 ratings	 and	 image	 texture	 metrics	
areas	 under	 the	 curve	 (AUC)	 over	 90 min	were	 calculated	 using	
Graphpad	Prism	5	(Graphpad	Software)	following	the	trapezoidal	
rule.	In	addition,	exploratory	Pearson	correlation	coefficients	were	
calculated for the association between selected gastric measures 
(GE-t50,	image	texture	metrics	at	30 min	and	initial	gastric	content	
volume)	and	AUC	of	subjective	ratings	(pain,	nausea,	bloating,	full-
ness,	and	discomfort).

2.6  |  In vitro gastric digestion

Alongside	 the	 human	 trial,	 static	 in	 vitro	 digestions	 of	 the	 milk	
were	 performed.	 As	 pH	 and	 pepsin	 concentration	 are	 the	 main	
parameters affecting gastric coagulation, these two parameters 
were investigated, using in vitro gastric digestion. The same UHT 
semi-skimmed,	sterilized	milk	that	was	used	for	the	in	vivo	trial	was	
digested	 according	 to	 the	 INFOGEST	protocol	 of	Minekus	 et	 al.	
with adaptations of the pH and pepsin concentration to simulate 
in	vitro	stomach	conditions	which	might	occur	in	humans	experi-
encing difficulties in milk digestion, resulting in three conditions: 
pH 3	with	100%	pepsin	(control),	pH 4	with	100%	pepsin,	and	pH 4	
with 50% pepsin.42	The	adaptations	comprised	the	 following:	 (1)	
no	amylase	was	added	due	to	the	absence	of	starch,	(2)	the	pH	of	
the	simulated	gastric	 fluid	was	prepared	at	pH 3	as	well	as	pH 4;	
the	 juice	at	pH 4	was	 intended	to	mimic	natural	variation	 in	gas-
tric pH between healthy adults and those taking antacids/pro-
ton pump inhibitors, which leads to an ~1 point higher pH, so we 
went	in	the	INFOGEST	protocol	from	3	to	443,44	(3)	Pepsin	show	a	
standard deviation of average individual pepsin activity between 
50% and 100%.45,46	The	pepsin	concentration	in	one	experimental	

TA B L E  1 Lactose	tolerance	classification	of	participants	after	lactose	breath	test.a

H2 (above baseline) Symptoms Classification Included

<20 ppm No Lactose absorber Yes

<20 ppm Yes, but without vomiting or/and loose, mushy, or watery stools Lactose absorber Yes

<20 ppm Yes, but with vomiting or/and loose, mushy, or watery stools Lactose intolerant No

>20 ppm No Lactose malabsorber Yes

>20 ppm Yes Lactose intolerant No

aWith	a	10%	lactose	solution	in	water	containing	20 g	lactose	based	on	the	procedure	proposed	by	Gasbarrini	et	al.31
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condition was decreased to 50% of the value recommended by 
Infogest	to	mimic	the	digestion	of	a	person	with	a	reduced	pepsin	
activity to determine how much it would impact gastric digest-
ibility. The absolute pH values were of less importance than show-
ing that small pH variation induce significant changes the physical 
characteristics of the coagulum. For the structural analysis of the 
coagulum, photos were taken, the wet weight, and dry matter 
content were measured and a compression test was performed 
with	 a	 texture	 analyzer.	 To	 analyze	 the	 proteolysis,	 SDS-PAGE	
(sodium	dodecyl	 sulfate	polyacrylamide	gel	 electrophoresis)	was	
performed for the gastric samples to separate proteins based on 
molecular	 weight	 and	 the	 OPA	 (o-phthalaldehyde)	 method	 was	
used for to measure the degree of hydrolysis of gastric samples. 
A	more	detailed	description	of	these	methods	and	their	results	is	
given in Data S1.

3  |  RESULTS

The	 FFQ	 data	 showed	 that	 mean	 dairy	 intake	 was	 1341 ± 774 g/
week	in	the	control	group	and	824 ± 459 g/week	in	the	GI	symptom	
group	 (mean	 difference	 (MD) = 518 g,	p = 0.034).	Mean	milk	 intake	
was	361 ± 370 g/week	in	the	control	group	and	166 ± 216 g/week	in	
the	GI	symptom	group	(MD = 195,	p = 0.137).	GE	half	time	(GE-t50)	
was	60 ± 23 min	for	the	GI	symptom	group	and	61 ± 14 min	for	the	
control group (p = 0.845).	Gastric	volume	over	time	did	not	differ	be-
tween	groups	 (MD	5.3 min,	95%	confidence	 interval	 (CI)	 [−30,	19],	
p = 0.53)	and	there	was	no	interaction	between	time	and	group;	see	
Figure 2. However, a threshold analysis showed a significantly higher 
percentage	of	coagulum	and	a	lower	percentage	of	liquid	in	the	GI	
symptom	 group	 (MD	 11%,	 95%	 confidence	 interval	 (CI)	 [3.9,	 17],	
p = 0.003	and	an	interaction	between	time	and	group	(p = 0.017),	see	

Figure 3 for a visual representation of thresholded stomach and the 
thresholding graphs in Data S1.

3.1  |  Coagulation in vivo

The formation of coagulum in the stomach was visible in all par-
ticipants	 and	 formation	 increased	 over	 time.	 An	 example	 of	 the	
formation of coagulation of stomach content of a person with 
GI	problems	 is	shown	 in	Figure 4	and	an	example	of	a	person	 in	
the control group is shown in Data S1. This was confirmed by the 
image	 texture	 measures:	 homogeneity	 and	 busyness	 decreased	
over time and coarseness and contrast increased over time (all 
p < 0.001).	The	image	analysis	of	the	MR	scans	provided	informa-
tion on four parameters that reflect changes in the structure of 
the stomach contents (homogeneity, coarseness, contrast, and 
busyness).	All	 these	measures	differed	between	 the	groups	 (ho-
mogeneity	MD = 0.012,	95%	CI	[0.003,	0.021],	p = 0.009,	coarse-
ness	MD = −0.002,	 95%	CI	 [−0.002,	 −0.001],	 p < 0.001,	 contrast	
MD = −0.028,	 95%	CI	 [−0.043,	 −0.014],	 p < 0.001)	 and	 busyness	
MD = 0.006,	 95%	 CI	 [0.003,	 0.09],	 p < 0.001).	 There	 was	 no	 in-
teraction	effect	of	time*group	for	any	texture	measure.	Figure 5 
shows	the	image	texture	metrics	of	stomach	content	over	time	for	
the two groups.

GE-t50	 correlated	 positively	 with	 busyness	 AUC	 (r = 0.44,	
p = 0.017)	and	negatively	with	coarseness	AUC	(r = −0.37,	p = 0.047).	
Moreover,	 busyness	 AUC	 correlated	 positively	with	 bloating	 AUC	
(r = 0.52,	p = 0.003)	and	coarseness	AUC	correlated	positively	with	
discomfort	AUC	(r = 0.42,	p = 0.024).

3.2  |  Subjective ratings

Fullness was generally rated highest at T = 10 min	 and	 decreased	
over time (main effect time, p < 0.001).	 It	 did	 not	 differ	 between	
the groups (p = 0.121).	All	participants	in	the	GI	symptom	group	re-
ported either pain, bloating, nausea, or discomfort, whereas these 
symptoms were mostly absent in the control group. These group 
differences were significant for all symptoms (all p < 0.001).	 In	 the	
GI	symptoms	group,	the	feeling	of	discomfort	increased	from	T = 0	
to T = 40	and	then	remained	stable	until	T = 90 min.	Pain	was	mostly	
absent until T = 20	and	afterwards	increased	and	was	generally	rated	
highest at T = 90 min.	Bloating	increased,	starting	at	T = 0,	increasing	
up to T = 30	and	after	that	remained	stable.	Overall,	nausea	was	low	
with mean ratings around 10 out of 100 and remained stable from 
T = 10	to	T = 90 min.	Graphs	of	fullness,	bloating,	pain,	nausea,	and	
discomfort can be found in Figure 6.

3.3  |  Coagulation in vitro

No	coagulum	was	formed	during	in	vitro	gastric	digestion	of	the	milk	
at	pH 3,	whereas	there	was	visible	coagulum	formation	at	pH 4	with	

F I G U R E  2 Mean ± SEM	gastric	content	volume	over	time	in	the	
two	groups	after	consumption	of	250 mL	milk.	T = −10	indicates	
the baseline scan. T = 3 min	is	the	first	scan	after	milk	ingestion.	
The two groups did not differ in gastric content overall and on 
individual time points.

 13652982, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/nm

o.14696 by W
ageningen U

niversity and R
esearch B

ibliotheek, W
iley O

nline L
ibrary on [30/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 11  |     van EIJNATTEN et al.

more	coagulum	at	pH 4	with	50%	pepsin.	The	samples	at	pH 4	with	
50% pepsin showed the largest amount of coagulum and in abso-
lute	 sense	 the	 largest	 decrease	 between	5	 and	30 min.	 The	 abso-
lute	values	of	pepsin	added	were	2000 U/mL	for	the	100%	samples	
and	1000 U/mL	for	the	50%	pepsin	sample	(both	in	the	final	gastric	
digestion	mixture).	Over	 time,	wet	weight	decreased	and	dry	mat-
ter content increased, leading to a firmer coagulum as confirmed by 

compression	tests.	The	amount	of	coagulum	at	pH 4	with	100%	pep-
sin did not clearly increase, but its firmness increased. Disappearance 
of	 intact	casein	according	to	SDS-PAGE	from	the	supernatant	was	
fastest	at	pH 3,	then	pH 4	followed	by	pH 4	with	50%	less	pepsin.	At	
pH 3	all	intact	caseins	in	the	liquid/soluble	phase	disappeared	within	
the	 first	 5 min	 of	 gastric	 digestion.	 Some	 intact	 caseins	were	 still	
detectable	after	5 min	 for	pH 4	and	pH 4	with	50%	pepsin.	Similar	

F I G U R E  3 (Right)	Where	blue	
represents	the	liquid	(lighter	voxels)	and	
purple	the	coagulum	(darker	voxels).

F I G U R E  4 Examples	of	MR	images	
of	a	subject	with	GI	problems	after	
drinking milk with panels showing the 
empty	stomach	(baseline),	the	stomach	
just after milk consumption (T = 3 min),	a	
homogenous filled stomach (T = 10 min),	
the start of coagulation (T = 10–20 min),	
and the formation of a strong coagulum 
(T = 30–90 min).
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    |  7 of 11van EIJNATTEN et al.

results were found for the degree of hydrolysis, which was highest 
after	digestion	at	pH 3,	followed	by	pH 4	and	pH 4	with	50%	pepsin.	
Table 2	shows	composition	and	texture	of	the	gastric	coagulum	dur-
ing in vitro digestion.

4  |  DISCUSSION

This is the first study to compare gastric digestive processes of milk 
between	 individuals	 with	 and	 without	 milk-related	 GI	 symptoms	
using	MRI.	Contrary	to	our	hypothesis,	GE	did	not	differ	between	
participants	who	report	GI	symptoms	after	drinking	milk	and	con-
trols,	although	the	milk	did	induce	symptoms.	This	means	that	the	GI	
symptoms were not driven by gastric volume, since amount of gas-
tric content did not differ between the groups while symptoms did. 
This is not in line with previous studies who administered a solid ca-
loric meal and found that bloating was associated with either rapid47 
or	delayed	GE.19,48,49

Our	MRI	 findings	 suggested	 that	 GI	 symptoms	 are	 associated	
with the degree of coagulation, since our most striking result is that 
the	image	texture	of	the	stomach	contents	was	significantly	differ-
ent	between	the	two	groups.	Image	texture	metrics	showed	that	the	

degree	of	coagulation	was	higher	 in	the	GI	symptom	group.	 Image	
texture	metrics	have	not	been	previously	used	 to	quantify	coagu-
lation	on	MRI	images	in	vivo,	although	they	have	been	widely	used	
on	MRI	 images	 in	 other	 areas,	 such	 as	 tumor	 differentiation	 and	
multiple sclersosis.50–52	Immediately	after	consumption,	milk	is	seen	
in the stomach as an homogeneous dark mass: after some minutes, 
the	coagulation	becomes	visible	on	MRI	images	as	grouped,	darker	
voxels	surrounded	by	liquid	seen	as	whiter	voxels.	The	progressing	
of the coagulation phenomena over time is clearly visible and it can 
be quantified as shown in Figure 4.	In	this	study,	homogeneity	and	
busyness of gastric content were lower and coarseness and contrast 
were	higher	in	the	GI	symptom	group,	which	would	imply	a	higher	
degree of coagulation. The in vitro data suggest that this results in 
a	firmer	coagulum.	However,	the	exact	interpretation	of	the	struc-
ture	of	the	coagulum	and	the	corresponding	image	texture	metrics	
should	be	further	investigated	in	follow-up	research.

Casein coagulation is strongly affected by gastric pH changes 
and pepsin concentration, which vary between individuals.53 This 
variation	may	thus	underlie	the	difference	in	GI	symptoms,	which	
should	be	further	investigated	in	future	human	studies.	In	line	with	
this, our in vitro tests clearly show that pH conditions and differen-
tial pepsin activity well account for the differences in coagulation. 

F I G U R E  5 Mean ± SEM	homogeneity	(degree	of	similarity),	coarseness	(spatial	rate	of	change	in	intensity),	busyness	(spatial	frequency	
of	changes	in	intensity),	and	contrast	(local	variations)	of	stomach	content	for	individuals	with	GI	symptom	and	control	group.	*	denotes	a	
significant difference of treatment effect.
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8 of 11  |     van EIJNATTEN et al.

Casein coagulates in the stomach due to the combined effect of 
pepsin	and	acidic	precipitation	reaching	its	maximum	at	the	isoelec-
tric	point	of	the	caseins	(4.6),	which	means	the	closer	the	pH	is	to	
this value, the more easily they form a coagulum.54	After	drinking	
milk, which is a potent buffering liquid, gastric pH can surpass 6.0.55 
As	seen	in	our	in	vitro	data,	if	gastric	pH	is	around	4,	more	coagu-
lum	formation	occurs,	which	might	 induce	GI	symptoms.	The	 link	
between	coagulation	and	GI	symptoms	has	been	made	and	studied	

before	 in	 infants.	 In	 case	 of	 gastric	 complaints,	 babies	 on	 infant	
formula receive a formula that is partly predigested.56 This leads to 
a softer coagulum that disappears quicker.57	Our	data	suggest	that	
something	similar	may	occur	in	adults.	A	study	on	digestive	discom-
fort	in	females	self-reporting	dairy	intolerance	found	a	decrease	in	
GI	symptoms	after	 ingestion	of	milk	that	only	contained	A2	β-ca-
sein.58	Since	their	 intervention	was	based	on	two	types	of	casein	
which	are	 known	 to	 coagulate	differently	 (A2	milk	 gives	 a	 softer	
coagulum	or	may	not	coagulate),59 this supports the idea that the 
degree	of	casein	coagulation	in	the	stomach	might	contribute	to	GI	
symptoms. Thus, a higher degree of coagulation might be the key 
underlying	mechanism	 behind	 discomfort	 experienced	 after	milk	
consumption. This hypothesis is supported by our observation that 
two	of	the	four	image	texture	metrics	correlate	well	with	discom-
fort and bloating (r = 0.52	and	r = 0.42).	However,	not	all	symptoms	
correlated	with	 the	 image	 texture	metrics.	One	 thing	 to	consider	
is	that	different	texture	measures	capture	different	aspects	of	co-
agulation. For instance, smaller coagulates can be heterogeneous, 
but when a large coagulate is formed, it could appear more homog-
enous	and	would	possibly	be	better	quantified	by	another	texture	
measure,	such	as	contrast.	Therefore	it	is	important	to	analyze	MRI	
images for multiple parameters to get a good overview of all as-
pects of coagulation.

Surprisingly,	 the	 apparent	 differences	 in	 coagulation	 between	
groups	 did	 not	 have	 an	 influence	 on	 overall	 GE.	 Several	 studies	
in vitro and in vivo in pigs show that amino acid absorption after 
milk ingestion is more rapid in the absence of coagulation,22,60,61 
which	could	indirectly	imply	a	difference	in	GE.	In	this	study,	overall	
GE	was	not	affected	by	coagulation,	but	 the	 liquid	phase	emptied	

F I G U R E  6 Mean ± SEM	subjective	ratings	of	fullness,	pain,	discomfort,	nausea,	and	bloating	over	time	for	the	two	groups.	*	Denotes	a	
significant difference at individual time points and treatment effect.

TA B L E  2 Composition	and	texture	of	the	gastric	coagulum	after	
5	and	30 min	of	in	vitro	gastric	digestion	at	pH 4.

pH 4/pepsin 100% pH 4/pepsin 50%

Coagulum composition

Wet	weight	(g/100 mL	gastric	digesta)

5 min 15.2 21.7

30 min 4.5 4.4

Dry	weight	(g/100 mL	gastric	digesta)

5 min 2.4 3.1

30 min 1.8 1.8

Dry	matter	content	(g/100 g	gastric	digesta)

5 min 15.6 14.1

30 min 15.9 16.1

Coagulum	texture

Firmness	(N*s)

5 min 9.9 11.7

30 min 14.9 12.1

*N.s
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quicker while the solid phase was retained longer, as there was a 
significantly higher percentage of coagulum and a lower percentage 
of liquid in the group of people with gastrointestinal problems. This 
is in line with previous animal in vivo research.62 Future research 
should include blood sampling to track amino acid uptake, to see 
whether	this	is	the	case.	Indeed,	a	recent	study	with	similar	inclusion	
criteria showed that less efficient digestion of milk proteins, leading 
to a different pattern of peptides reaching the lower gut which might 
explain	GI	problems	in	healthy	people	after	milk	consumption.63 This 
may be preceded by a difference in gastric digestion. The possible 
underlying mechanism for the gastrointestinal symptoms may be 
the remaining coarser coagulum in the stomach. This has been pre-
viously seen in infants.56

A	 potential	 limitation	 of	 the	 study	was	 that	MRI	 requires	 a	
supine position for scanning, which affects the orientation of 
the stomach. This means that fluid dispersion throughout the 
stomach	is	different	and	therefore	GE	may	be	slower,64 although 
relative	 differences	 are	 expected	 to	 remain	 the	 same.38	 A	 sec-
ond limitation is that inclusion on milk consumption was based 
on	self-reported	data	from	a	questionnaire	and	the	FFQ	showed	
slightly different results, which is probably due to differences be-
tween	estimated	and	actual	consumption	of	 the	participants.	A	
third limitation would be that a dynamic in vitro model would be 
more	informative	than	the	currently	used	static	model.	In	conclu-
sion, this study demonstrated that casein coagulation was well 
visible	 with	 MRI	 and	 quantifiable	 by	 image	 texture	 measures.	
MRI	 could	 therefore	 play	 an	 important	 role	 in	 future	 in	 vivo	
coagulation research on milk and other foods. Future research 
should first focus on further calibrating this analysis approach 
with	 the	 help	 of	 a	 series	 of	 in	 vitro	 experiments	 with	 a	 wider	
range	of	pH	values	or	dynamic	in	vitro	studies.	Variation	in	image	
texture	metrics	should	be	 linked	to	coagulating	attributes,	such	
as the size of coagulates and curd firmness.65 This could be used 
to optimize scan parameters in vivo to most accurately measure 
food	matrix	 changes	 of	 dairy	 products.	 Another	 area	 of	 future	
research	would	be	relating	image	texture	metrics	to	instrumental	
texture	metrics.

In	conclusion,	GE	of	 individuals	who	report	GI	symptoms	after	
drinking milk was similar to that of individuals without symptoms. 
This suggests that the rate of delivery of milk to the small intestine is 
not	driving	GI	symptoms.	Instead,	our	data	support	the	idea	that	GI	
symptoms may occur due to differences in gastric casein coagulation 
between the two groups.

AUTHOR CONTRIBUTIONS
Paul	 A.M.	 Smeets,	 Mathilde	 Guerville,	 Kasper	 Hettinga,	 and	
Vincenzo	 Fogliano	 designed	 the	 research;	 Elise	 J.M.	 van	 Eijnatten	
conducted	the	research.	Elise	J.M.	van	Eijnatten	analyzed	the	data	
and	drafted	the	paper.	Guido	Camps,	Mathilde	Guerville,	Vincenzo	
Fogliano,	Kasper	Hettinga,	and	Paul	A.M.	Smeets	revised	the	manu-
script	critically	for	important	intellectual	content.	Paul	A.M.	Smeets	
had	primary	responsibility	for	final	content.	All	authors	read	and	ap-
proved the final manuscript.

ACKNOWLEDG MENTS
This study was funded by Lactalis Research and Development and 
MG	 is	 employed	 at	 Lactalis	 Research	 and	Development.	All	 other	
authors	 declare	 no	 conflict	 of	 interest.	 We	 thank	 Marie-Luise	
Puhlmann,	Irene	Tijssen	and	Els	van	Uffelen	for	assisting	with	data	
collection	and	Christophe	Nioche	for	his	assistance	with	the	use	of	
the	LIFEx	software.	Use	of	the	3 T	MRI	was	made	possible	by	WUR	
Shared	Research	Facilities.

FUNDING INFORMATION
Funding was received from Lactalis Research and Development. 
Lactalis Research and development helped in the design of the 
research, but did not assist in data collection or interpretation of 
results.

CONFLIC T OF INTERE S T S TATEMENT
Elise	 J.M.	 van	Eijnatten,	Guido	Camps,	Vincenzo	Fogliano,	Kasper	
Hettinga,	 Paul	 A.M.	 Smeets:	 no	 conflicts	 of	 interest.	 Mathilde	
Guerville:	employed	at	Lactalis	Research	and	Development.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Elise J. M. van Eijnatten  https://orcid.org/0000-0002-2591-0583 
Guido Camps  https://orcid.org/0000-0002-3136-8671 

R E FE R E N C E S
	 1.	 van	 Rossum	 KN,	 Wilson	 C,	 Ocké	 M.	 National	 dietary	 survey	 in	

2012-2016	 on	 the	 general	 population	 aged	 1-79 years	 in	 The	
Netherlands.	EFSA Supporting Publication.	2018;25.

	 2.	 James	LJ,	Stevenson	EJ,	Rumbold	PLS,	Hulston	CJ.	Cow's	milk	as	
a	 post-exercise	 recovery	drink:	 implications	 for	 performance	 and	
health. Eur J Sport Sci.	2019;19:40-48.

	 3.	 Berrazaga	 I,	Micard	V,	Gueugneau	M,	Walrand	S.	The	role	of	 the	
anabolic	properties	of	plant-	versus	animal-based	protein	sources	
in supporting muscle mass maintenance: a critical review. Nutrients. 
2019;11:1825.	doi:10.3390/nu11081825

	 4.	 Hansen	 KL,	 Brustad	 M,	 Johnsen	 K.	 Prevalence	 of	 self-reported	
stomach	symptoms	after	consuming	milk	among	 indigenous	Sami	
and	 non-Sami	 in	 Northern-	 and	 Mid-Norway–the	 SAMINOR	
study. Int J Circumpolar Health.	 2015;74:25762.	 doi:10.3402/ijch.
v3474.25762

 5. Paajanen L. Milk Hypersensitivity: Effects of Cow's Milk and its 
Processing on Gastrointestinal Symptoms and Delayed-Type Immune 
Responses. Dissertation. 2005.

	 6.	 Suchy	FJ,	Brannon	PM,	Carpenter	TO,	et	al.	NIH	consensus	devel-
opment conference statement: lactose intolerance and health. NIH 
Consens State Sci Statements.	2010;27:1-27.

	 7.	 Pal	S,	Woodford	K,	Kukuljan	S,	Ho	S.	Milk	intolerance,	beta-casein	
and lactose. Nutrients.	2015;7:7285-7297.

	 8.	 Suarez	 FL,	 Savaiano	DA,	 Levitt	MD.	 A	 comparison	 of	 symptoms	
after	the	consumption	of	milk	or	 lactose-hydrolyzed	milk	by	peo-
ple	 with	 self-reported	 severe	 lactose	 intolerance.	 N Engl J Med. 
1995;333:1-4.

	 9.	 Flom	JD,	Sicherer	SH.	Epidemiology	of	cow's	milk	allergy.	Nutrients. 
2019;11:1051.

 13652982, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/nm

o.14696 by W
ageningen U

niversity and R
esearch B

ibliotheek, W
iley O

nline L
ibrary on [30/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-2591-0583
https://orcid.org/0000-0002-2591-0583
https://orcid.org/0000-0002-3136-8671
https://orcid.org/0000-0002-3136-8671
https://doi.org//10.3390/nu11081825
https://doi.org//10.3402/ijch.v3474.25762
https://doi.org//10.3402/ijch.v3474.25762


10 of 11  |     van EIJNATTEN et al.

	10.	 Pelto	L,	Salminen	S,	Lilius	EM,	Nuutila	J,	Isolauri	E.	Milk	hypersensi-
tivity	?	Key	to	poorly	defined	gastrointestinal	symptoms	in	adults.	
Allergy.	1998;53:307-310.

	11.	 Mummah	S,	Oelrich	B,	Hope	 J,	Vu	Q,	Gardner	CD.	Effect	of	 raw	
Milk	 on	 lactose	 intolerance:	 a	 randomized	 controlled	 pilot	 study.	
Ann Fam Med.	2014;12:134-141.

	12.	 Nuora	A,	Tupasela	T,	Tahvonen	R,	et	al.	Effect	of	homogenised	and	
pasteurised versus native cows' milk on gastrointestinal symptoms, 
intestinal pressure and postprandial lipid metabolism. Int Dairy J. 
2018;79:15-23.

	13.	 Paajanen	L,	Tuure	T,	Poussa	T,	Korpela	R.	No	difference	in	symp-
toms during challenges with homogenized and unhomogenized 
cow's milk in subjects with subjective hypersensitivity to homoge-
nized milk. J Dairy Res.	2003;70:175-179.

	14.	 Korpela	 R,	 Paajanen	 L,	 Tuure	 T.	 Homogenization	 of	 milk	 has	 no	
effect on the gastrointestinal symptoms of lactose intolerant sub-
jects. Milchwissenschaft.	2005;60:3-6.

	15.	 Sarnelli	G,	Caenepeel	P,	Geypens	B,	Janssens	J,	Tack	J.	Symptoms	
associated with impaired gastric emptying of solids and liquids in 
functional dyspepsia. Am J Gastroenterol.	2003;98:783-788.

	16.	 Devanarayana	NM,	Rajindrajith	S,	Rathnamalala	N,	Samaraweera	S,	
Benninga	MA.	Delayed	gastric	emptying	rates	and	impaired	antral	
motility	in	children	fulfilling	Rome	III	criteria	for	functional	abdom-
inal pain. Neurogastroenterol & Motil.	2012;24:420-425.

	17.	 Berg	P,	McCallum	R.	Dumping	syndrome:	a	review	of	the	current	
concepts of pathophysiology, diagnosis, and treatment. Dig Dis Sci. 
2016;61:11-18.

	18.	 Camilleri	M,	Chedid	V,	Ford	AC,	et	 al.	Gastroparesis.	Nat Rev Dis 
Primers.	2018;4:41.

	19.	 Cuomo	R,	Sarnelli	G,	Grasso	R,	et	al.	Functional	dyspepsia	symp-
toms, gastric emptying and satiety provocative test: analysis of re-
lationships. Scand J Gastroenterol.	2001;36:1030-1036.

	20.	 Haug	A,	Høstmark	AT,	Harstad	OM.	Bovine	milk	 in	human	nutri-
tion–a review. Lipids Health Dis.	2007;6:25.

	21.	 Ye	A,	Liu	W,	Cui	J,	et	al.	Coagulation	behaviour	of	milk	under	gas-
tric	digestion:	effect	of	pasteurization	and	ultra-high	temperature	
treatment. Food Chem.	2019;286:216-225.

	22.	 Lacroix	M,	Bos	C,	Léonil	J,	et	al.	Compared	with	casein	or	total	milk	
protein, digestion of milk soluble proteins is too rapid to sustain 
the anabolic postprandial amino acid requirement. Am J Clin Nutr. 
2006;84:1070-1079.	Epub	2006/11/10.

	23.	 Kong	F,	Singh	RP.	Disintegration	of	solid	foods	in	human	stomach.	J 
Food Sci.	2008;73:R67-R80.

	24.	 Spiller	R,	Marciani	L.	Intraluminal	impact	of	food:	new	insights	from	
MRI.	Nutrients.	2019;11:3-6.

	25.	 Smeets	 PAM,	 Deng	 R,	 van	 Eijnatten	 EJM,	Mayar	M.	Monitoring	
food digestion with magnetic resonance techniques. Proc Nutr Soc. 
2021;80:148-158.	doi:10.1017/S0029665120007867

	26.	 Camps	 G,	 Mars	 M,	 de	 Graaf	 C,	 Smeets	 PAM.	 A	 tale	 of	 gas-
tric layering and sieving: gastric emptying of a liquid meal 
with water blended in or consumed separately. Physiol Behav. 
2017;176:26-30.

	27.	 Marciani	 HN,	 Pritchard	 SE,	 et	 al.	 Preventing	 gastric	 sieving	 by	
blending a solid/water meal enhances satiation in healthy humans. 
J Nutr.	2012;142:1253-1258.

	28.	 Coletta	M,	Gates	FK,	Marciani	L,	et	al.	Effect	of	bread	gluten	con-
tent	on	gastrointestinal	function:	a	crossover	MRI	study	on	healthy	
humans. Br J Nutr.	2016;115:55-61.

	29.	 Thompson	WG,	Longstreth	GF,	Drossman	DA,	Heaton	KW,	Irvine	
EJ,	Müller-Lissner	 SA.	 Functional	 bowel	 disorders	 and	 functional	
abdominal pain. Gut.	1999;45	Suppl	2:Ii43-Ii47.

	30.	 Gandhi	M,	Aweeka	F,	Greenblatt	RM,	Blaschke	TF.	Sex	differences	
in pharmacokinetics and pharmacodynamics. Annu Rev Pharmacol 
Toxicol.	2004;44:499-523.

	31.	 Gasbarrini	A,	Corazza	GR,	Gasbarrini	G,	et	al.	Methodology	and	indi-
cations	of	H2-breath	testing	in	gastrointestinal	diseases:	the	Rome	

consensus conference. Aliment Pharmacol Ther.	 2009;29(Suppl	
1):1-49.

	32.	 Cade	JE,	Burley	VJ,	Warm	DL,	Thompson	RL,	Margetts	BM.	Food-
frequency questionnaires: a review of their design, validation and 
utilisation. Nutr Res Rev.	2004;17:5-22.

	33.	 Blundell	 J,	 de	Graaf	C,	Hulshof	T,	 et	 al.	Appetite	 control:	meth-
odological aspects of the evaluation of foods. Obes Rev. 
2010;11:251-270.

	34.	 Otsu	N.	A	threshold	selection	method	from	gray-level	histograms.	
IEEE Trans Syst Man Cybern.	1979;9:62-66.

	35.	 Mayar	M,	Smeets	P,	van	Duynhoven	J,	Terenzi	C.	 In	vitro	1H	MT	
and	 CEST	 MRI	 mapping	 of	 gastro-intestinal	 milk	 protein	 break-
down. Food Struct. 2023;36:100314.

	36.	 Nioche	C,	Orlhac	F,	Boughdad	S,	et	al.	LIFEx:	a	freeware	for	radio-
mic feature calculation in multimodality imaging to accelerate ad-
vances in the characterization of tumor heterogeneity. Cancer Res. 
2018;78:4786-4789.

	37.	 Thomas	R,	Qin	L,	Alessandrino	F,	et	al.	A	review	of	the	principles	of	
texture	analysis	and	its	role	in	imaging	of	genitourinary	neoplasms.	
Abdom Radiol (NY).	2019;44:2501-2510.

	38.	 Camps	 G,	 Mars	 M,	 Witteman	 BJM,	 de	 Graaf	 C,	 Smeets	 PAM.	
Indirect	 vs	 direct	 assessment	 of	 gastric	 emptying:	 a	 randomized	
crossover	 trial	 comparing	 C-isotope	 breath	 analysis	 and	 MRI.	
Neurogastroenterol Motil.	2018;30:e13317.

	39.	 Elashoff	JD,	Reedy	TJ,	Meyer	JH.	Analysis	of	gastric	emptying	data.	
Gastroenterology.	1982;83:1306-1312.

	40.	 Fruehauf	 H,	 Menne	 D,	 Kwiatek	 MA,	 et	 al.	 Inter-observer	 re-
producibility and analysis of gastric volume measurements and 
gastric emptying assessed with magnetic resonance imaging. 
Neurogastroenterol Motil.	2011;23:854-861.

 41. R development Core Team. R: A Language and Environment for 
Statistical Computing.	R	Foundation	for	Statistical	Computing;	2017.

	42.	 Minekus	M,	Alminger	M,	Alvito	P,	et	al.	A	standardised	static	in	vitro	
digestion method suitable for food–an international consensus. 
Food Funct.	2014;5:1113-1124.

	43.	 Robinson	M,	Rodriguez-Stanley	S,	Miner	PB,	McGuire	AJ,	Fung	K,	
Ciociola	 AA.	 Effects	 of	 antacid	 formulation	 on	 postprandial	 oe-
sophageal acidity in patients with a history of episodic heartburn. 
Aliment Pharmacol Ther.	2002;16:435-443.

	44.	 Collings	KL,	Rodriguez-Stanley	S,	Proskin	HM,	Robinson	M,	Miner	
JRPB.	 Clinical	 effectiveness	 of	 a	 new	 antacid	 chewing	 gum	 on	
heartburn and oesophageal pH control. Aliment Pharmacol Ther. 
2002;16:2029-2035.

	45.	 Ulleberg	EK,	Comi	I,	Holm	H,	Herud	EB,	Jacobsen	M,	Vegarud	GE.	
Human gastrointestinal juices intended for use in in vitro digestion 
models. Food Dig.	2011;2:52-61.

 46. Janowitz HD, Hollander F. The basal secretion of pepsin by the 
human stomach. J Clin Invest.	1952;31:338-340.

	47.	 Kusano	M,	Zai	H,	Shimoyama	Y,	et	al.	Rapid	gastric	emptying,	rather	
than delayed gastric emptying, might provoke functional dyspepsia. 
J Gastroenterol Hepatol.	2011;26(Suppl	3):75-78.

	48.	 Stanghellini	V,	Tosetti	C,	Paternicò	A,	et	al.	Risk	 indicators	of	de-
layed gastric emptying of solids in patients with functional dyspep-
sia. Gastroenterology.	1996;110:1036-1042.

	49.	 Quartero	AO,	de	Wit	NJ,	Lodder	AC,	Numans	ME,	Smout	AJ,	Hoes	
AW.	Disturbed	solid-phase	gastric	emptying	in	functional	dyspep-
sia:	a	meta-analysis.	Dig Dis Sci.	1998;43:2028-2033.

	50.	 Chen	X,	Wei	X,	 Zhang	Z,	Yang	R,	 Zhu	Y,	 Jiang	X.	Differentiation	
of	 true-progression	 from	 pseudoprogression	 in	 glioblastoma	
treated with radiation therapy and concomitant temozolomide 
by	 GLCM	 texture	 analysis	 of	 conventional	 MRI.	 Clin Imaging. 
2015;39:775-780.

	51.	 Zhang	Y.	MRI	texture	analysis	in	multiple	sclerosis.	J biomed Imaging. 
2012;2012:1-7.

	52.	 Materka	A.	Texture	analysis	methodologies	for	magnetic	resonance	
imaging. Dialogues Clin Neurosci.	2004;6:243-250.

 13652982, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/nm

o.14696 by W
ageningen U

niversity and R
esearch B

ibliotheek, W
iley O

nline L
ibrary on [30/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org//10.1017/S0029665120007867


    |  11 of 11van EIJNATTEN et al.

	53.	 Ye	A,	Cui	 J,	Dalgleish	D,	 Singh	H.	Formation	of	 a	 structured	 clot	
during the gastric digestion of milk: impact on the rate of protein 
hydrolysis. Food Hydrocoll.	2016;52:478-486.

	54.	 Ye	A,	Cui	 J,	Dalgleish	D,	 Singh	H.	The	 formation	 and	breakdown	
of structured clots from whole milk during gastric digestion. Food 
Funct.	2016;7:4259-4266.

	55.	 Gao	K-P,	Mitsui	T,	Fujiki	K,	 Ishiguro	H,	Kondo	T.	Effect	of	 lactase	
preparations in asymptomatic individuals with lactase deficiency–
gastric digestion of lactose and breath hydrogen analysis. Nagoya J 
Med Sci.	2002;65:21-28.

	56.	 Van	de	Heijning	BJM,	Berton	A,	Bouritius	H,	Goulet	O.	GI	symp-
toms	in	infants	are	a	potential	target	for	fermented	infant	Milk	for-
mulae: a review. Nutrients.	2014;6:3942-3967.

	57.	 Huybers	S,	Abrahamse	E,	Knol	 J,	Alles	M,	Bouritius	H,	Ludwig	T.	
A	fermented	infant	milk	formula	reduces	ileal	proteolytic	activity.	
Pediatr Res.	2011;70:806.

	58.	 Milan	AM,	Shrestha	A,	Karlstrom	HJ,	et	al.	Comparison	of	the	im-
pact	 of	 bovine	milk	 beta-casein	 variants	 on	 digestive	 comfort	 in	
females	 self-reporting	dairy	 intolerance:	 a	 randomized	 controlled	
trial. Am J Clin Nutr.	2020;111:149-160.

	59.	 Poulsen	 NA,	 Bertelsen	 HP,	 Jensen	 HB,	 et	 al.	 The	 occurrence	 of	
noncoagulating milk and the association of bovine milk coagulation 
properties	with	genetic	variants	of	 the	caseins	 in	3	Scandinavian	
dairy breeds. J Dairy Sci.	2013;96:4830-4842.

	60.	 Dangin	 M,	 Boirie	 Y,	 Garcia-Rodenas	 C,	 et	 al.	 The	 digestion	
rate of protein is an independent regulating factor of post-
prandial protein retention. Am J Physiol Endocrinol Metab. 
2001;280:E340-E348.

	61.	 Hall	WL,	Millward	DJ,	Long	SJ,	Morgan	LM.	Casein	and	whey	exert	
different effects on plasma amino acid profiles, gastrointestinal 
hormone secretion and appetite. Br J Nutr.	2003;89:239-248.

	62.	 Roy	 D,	 Moughan	 PJ,	 Ye	 A,	 et	 al.	 Structural	 changes	 during	 gas-
tric digestion in piglets of milk from different species. J Dairy Sci. 
2022;105:3810-3831.

	63.	 Tagliamonte	S,	Barone	Lumaga	R,	De	Filippis	F,	et	al.	Milk	protein	
digestion and the gut microbiome influence gastrointestinal dis-
comfort after cow milk consumption in healthy subjects. Food Res 
Int.	2023;170:112953.

	64.	 Holwerda	AM,	Lenaerts	K,	Bierau	J,	Van	Loon	LJC.	Body	position	
modulates	 gastric	 emptying	 and	 affects	 the	 post-prandial	 rise	 in	
plasma amino acid concentrations following protein ingestion in 
humans. Nutrients.	2016;8:221.

	65.	 Bittante	G.	Modeling	rennet	coagulation	time	and	curd	firmness	of	
milk. J Dairy Sci.	2011;94:5821-5832.

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: van	Eijnatten	EJM,	Camps	G,	
Guerville	M,	Fogliano	V,	Hettinga	K,	Smeets	PAM.	Milk	
coagulation	and	gastric	emptying	in	women	experiencing	
gastrointestinal symptoms after ingestion of cow's milk. 
Neurogastroenterology & Motility. 2023;00:e14696. 
doi:10.1111/nmo.14696

 13652982, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/nm

o.14696 by W
ageningen U

niversity and R
esearch B

ibliotheek, W
iley O

nline L
ibrary on [30/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/nmo.14696

	Milk coagulation and gastric emptying in women experiencing gastrointestinal symptoms after ingestion of cow's milk
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Design
	2.2|Participants
	2.3|Test session
	2.4|MRI
	2.5|Statistical analysis
	2.6|In vitro gastric digestion

	3|RESULTS
	3.1|Coagulation in vivo
	3.2|Subjective ratings
	3.3|Coagulation in vitro

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


