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Abstract
Background and purpose: The	Mediterranean	diet	(MedDiet)	has	been	associated	with	
reduced dementia incidence in several studies. It is important to understand if diet is as-
sociated	with	brain	health	in	midlife,	when	Alzheimer's	disease	and	related	dementias	are	
known	to	begin.
Methods: This	study	used	data	from	the	PREVENT	dementia	programme.	Three	MedDiet	
scores	were	 created	 (the	 Pyramid,	Mediterranean	Diet	 Adherence	 Screener	 [MEDAS]	
and	MEDAS	 continuous)	 from	 a	 self-	reported	 food	 frequency	 questionnaire.	 Primary	
outcomes were hippocampal volume and cube- transformed white matter hyperintensity 
volume. Secondary outcomes included cornu ammonis 1 and subiculum hippocampal 
subfield	volumes,	cortical	 thickness	and	measures	of	cognition.	Sex-	stratified	analyses	
were	run	to	explore	differential	associations	between	diet	and	brain	health	by	sex.	An	
exploratory	path	analysis	was	conducted	to	study	if	any	associations	between	diet	and	
brain	health	were	mediated	by	cardiovascular	risk	factors	for	dementia.
Results: In all, 504 participants were included in this analysis, with a mean Pyramid score 
of	8.10	(SD	1.56).	There	were	no	significant	associations	between	any	MedDiet	scoring	
method and any of the primary or secondary outcomes. There were no differences by 
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INTRODUC TION

Dietary	patterns	such	as	the	Mediterranean	diet	 (MedDiet)	are	ef-
fective	at	maintaining	brain	health	[1].	The	MedDiet	is	a	plant-	based	
dietary	pattern,	 characterized	by	high	 consumption	of	 fruit,	 vege-
tables, olive oil, legumes, nuts and fish; moderate consumption of 
red wine; and low consumption of red meat, processed foods and 
sugar-	sweetened	products	[2].	In	observational	studies,	high	versus	
low	MedDiet	adherence	has	been	associated	with	10%–	40%	lower	
incidence of dementia, improved cognitive performance and less 
cortical	atrophy	[1,3–	5].	However,	the	evidence	base	is	mixed	and,	
although	a	MedDiet	is	recommended	for	dementia	risk	reduction	by	
the	World	Health	Organization	(WHO),	there	is	deemed	to	be	insuf-
ficient	evidence	for	diet	to	be	included	as	one	of	the	key	modifiable	
risk	factors	for	dementia	in	the	Lancet	Commission	[6].	For	further	
details of the differences in dietary recommendations in the WHO 
versus	Lancet	reports	see	Townsend	et	al.	[7].

To date, most research investigating associations between diet, 
dementia	and	cognition	has	considered	older	adult	populations	[1,3–	
5].	 Alzheimer's	 disease	 and	 related	 dementias	 (ADRDs)	 are	 now	
known	to	have	their	origins	in	midlife	[8],	with	many	risk	factors	for	
ADRDs	more	predictive	during	midlife	[6].	Given	this,	it	is	important	
to	explore	associations	between	diet	 and	brain	health	 in	 a	midlife	
population.

Currently, there is limited evidence about associations between 
dietary patterns and neuroimaging correlates relevant to neurode-
generative conditions. Some studies reported associations between 
‘healthy’	eating	patterns	and	increased	hippocampal	volume	[9],	but	
the	evidence	specifically	associating	the	MedDiet	with	hippocampal	
volume	 is	weak	 [10].	Similarly,	whilst	 some	studies	have	 identified	
associations	between	the	MedDiet	and	white	matter	hyperintensity	
or	lesion	volume,	the	evidence	remains	inconclusive	[9,10].	Evidence	
also	suggests	poorer	diet	quality	is	associated	with	cortical	thinning	
[4]	 and	 greater	 amyloid	 beta	 accumulation	 in	 the	 subiculum	 and	
cornu	ammonis	1	(CA1)	subfields.

Most	 studies	 have	 reported	 more	 significant	 associations	 be-
tween	MedDiet	and	cardiovascular	outcomes	 (e.g.,	 insulin	homeo-
stasis,	 low-	density	 lipoprotein	 distribution	 and	 blood	 pressure)	 in	
male	 compared	 with	 female	 participants	 [11–	13].	 Typically,	 these	
studies have included older adult populations, reporting on inter-
ventional	 trials	 aimed	 at	 increasing	 adherence	 to	 the	 MedDiet.	
Interestingly, a recent analysis by our group using observational data 

from the PREVENT cohort found conversely that, in a midlife pop-
ulation,	there	were	more	significant	associations	between	MedDiet	
adherence and cardiovascular health in female than male partici-
pants	[14].	To	date,	there	is	little	evidence	of	any	sex-	specific	asso-
ciations	 between	 the	MedDiet	 and	 brain	 health,	with	 few	 studies	
reporting	sex-	stratified	results	[15],	and	more	evidence	on	this	topic	
is needed.

This current analysis aimed to investigate associations between 
the	MedDiet	 and	measures	 of	 brain	 health	 (hippocampal	 volume,	
total	 and	 subfields,	 white	matter	 hyperintensity	 volume	 [WMHV]	
and	 cognitive	 tests).	 The	 secondary	 analyses	 aimed	 to	 investigate	
differences	by	sex	with	the	previously	described	outcome	measures.	
It	was	hypothesized	that	(1)	the	MedDiet	would	be	associated	with	
more favourable brain health outcomes and that this would be me-
diated	by	cardiometabolic	risk	factors;	(2)	effects	would	be	larger	in	
female	 than	male	participants.	Finally,	 exploratory	analyses	evalu-
ated	 the	mediating	 effect	 of	 cardiometabolic	 risk	 factors	 (systolic	
blood	pressure	[SBP],	body	mass	index	[BMI])	previously	identified	
as	associated	with	the	MedDiet	in	the	PREVENT	cohort.

METHODS

PREVENT dementia programme

This	cross-	sectional	study	used	the	baseline	dataset	(n = 700)	from	
the	 PREVENT	 dementia	 programme	 [16,17].	 PREVENT	 recruited	
participants	at	five	sites	in	the	UK	and	Ireland	(Cambridge,	Dublin,	
Edinburgh,	London	and	Oxford)	who	were	aged	40–	59 years,	were	
free	of	dementia	and	just	over	half	 (52.6%)	with	a	parental	history	
of	 dementia	 (all-	cause).	 Participants	were	 recruited	 from	memory	
services which they attended as family members of a patient, from 
research registers, as well as from word of mouth. PREVENT was 
granted favourable ethical opinion by the London- Camberwell St 
Giles	 National	 Health	 Service	 Research	 Ethics	 Committee	 (REC	
reference	 12/LO/1023),	 the	 Trinity	 College	 Dublin	 School	 of	
Psychology	Research	Ethics	Committee	(SPREC022021-	010)	and	by	
the St James Hospital/Tallaght University Hospital Research Ethics 
Committee.	Recruitment	took	place	between	2014	and	2020	for	the	
baseline	cohort.	All	participants	provided	written	informed	consent	
prior to any protocol procedures. Baseline data are generally col-
lected	within	a	month	of	informed	consent	(typically,	demographic,	

sex	in	any	analyses	and	no	significant	mediation	between	the	Pyramid	score	and	global	
cognition	by	cardiovascular	risk	factors.
Conclusions: Overall, this study did not find evidence for an association between the 
MedDiet	and	either	neuroimaging	or	cognition	in	a	midlife	population	study.	Future	work	
should	 investigate	associations	between	 the	MedDiet	and	Alzheimer's	disease	and	 re-
lated	dementias	biomarkers	as	well	as	functional	neuroimaging	in	a	midlife	population.

K E Y W O R D S
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dietary and cognitive data collected on the date of consent and the 
magnetic	resonance	imaging	[MRI]	scans	completed	within	a	month).

Calculation of diet scores

Three	 MedDiet	 scores	 (Pyramid,	 Mediterranean	 Diet	 Adherence	
Screener	 [MEDAS],	 MEDAS	 continuous)	 were	 calculated	 as	 previ-
ously	described	 [14].	Briefly,	MedDiet	 scores	were	 calculated	 from	
the	 Scottish	 Collaborative	 Group	 Food	 Frequency	 Questionnaire,	
which	gathered	data	on	175	different	foods	and	drinks	consumed	by	
participants	over	 the	 last	2–	3	months.	Full	details	of	scoring	meth-
odologies	are	available	in	the	supplementary	material	(Table S1).	The	
MEDAS	score	awards	points	on	a	binary	basis,	with	1	point	awarded	
for meeting the criteria for a food group, up to a total of 13 points 
within	 this	 dataset	 [18].	The	MEDAS	 continuous	 score	 applies	 the	
same criteria on a continuous scale from 0 to 1, to award partial points 
to	participants	 approaching	 criteria	 limits	 [19].	 Finally,	 the	Pyramid	
is	another	example	of	a	continuous	scoring	methodology	 (up	 to	15	
points	within	this	dataset)	which	has	been	more	widely	used	 in	the	
literature	compared	to	the	MEDAS	continuous	[20].	A	Western	diet	
score was created using a principal component analysis based on pre-
viously	published	methodology	[21]	and	is	fully	described	elsewhere	
[14].	The	Western	diet	score	included	red	meats,	French	fries,	refined	
grains	and	snacks,	with	a	higher	score	indicating	great	consumption	
of	a	Western	diet	 (Table S2).	Total	energy	 intake	 (kcal/day)	was	de-
rived from the dataset and included in the analysis. Participants with 
extreme	energy	intakes	(<600 kcal,	>6000 kcal)	were	excluded	from	
the	analysis	(n = 1).

Brain health variables

The primary outcome measure in this analysis was hippocampal volume 
derived	 from	baseline	 structural	MRI	 scans.	All	 eligible	participants	
(34	 participants	 excluded	 due	 to	 previously	 unknown	 claustropho-
bia, metal implants or other medical history undisclosed at the time 
of	study	eligibility	checking)	underwent	brain	MRI	using	3 T	Siemens	
scanners	(Skyra,	Verio,	Prisma	and	Prisma	Fit).	Hippocampal	volume	
was	 derived	 from	 T1-	weighted	 structural	 scans	 using	 FreeSurfer	
Version 7.1.0 following correction for field inhomogeneities. In ad-
dition,	 the	 co-	primary	 analysis	 included	 total	WMHV	as	 quantified	
from	fluid-	attenuated	inversion	recovery	MRI	using	SPM12	(with	all	
lesion	masks	visually	inspected	and	manually	corrected	for	segmenta-
tion	errors,	volumes	normalized	by	total	intracranial	volume	[TIV]	to	
account	for	individual	differences	in	head	sizes	and	cube-	root	trans-
formed	 to	account	 for	 significant	 right-	tailed	 skewness).	 Secondary	
analyses	 included	deep	and	periventricular	WMHV	(both	cube-	root	
transformed,	 quantified	 using	 the	 same	methodology	 as	 described	
for	 total	 WMHV)	 and	 the	 following	 hippocampal	 subfields:	 CA1,	
subiculum, both derived from T1- weighted structural scans using 
FreeSurfer	Version	7.1.0.	Further	secondary	analyses	were	tested	for	
associations	between	diet	and	cortical	 thickness,	also	derived	 from	

T1-	weighted	 structural	 scans	 using	 FreeSurfer	Version	 7.1.0.	More	
details	on	imaging	acquisition	and	pre-	processing	are	available	in	pre-
vious	publications	[17,22–	24].

To supplement the neuroimaging measures, several cognitive 
test scores were included as secondary outcome measures. These 
included	 the	 Four	 Mountains	 Test	 (FMT)	 [25],	 the	 Visual	 Short-	
Term	Memory	 Binding	 Test	 (VSTMBT)	 [26]	 and	 the	Addenbrookes	
Cognitive	 Examination	 III	 (ACE-	III)	 [27].	The	 FMT	 is	 a	 task	 of	 allo-
centric	processing	previously	associated	with	risk	for	dementia	both	
in	the	PREVENT	cohort	and	with	the	MedDiet	[28,29].	Participants	
are	asked	to	study	a	computer-	generated	image	of	four	hills	for	10 s,	
following which the participants must select which of four new im-
ages shows the same topography as the initial target image, shown 
from a different viewpoint. Each correct answer is awarded 1 point, 
up to a total of 15 points, with higher scores indicating better perfor-
mance.	 In	the	VSTMBT	participants	are	presented	with	three	visual	
stimuli,	with	 a	 shape-	only	 condition	 and	 a	 colour–	shape	 condition,	
and	asked	to	recall	after	a	brief	delay	whether	the	new	screen	shows	
the same or different shapes to the test condition. In the shape- only 
condition,	 all	 shapes	 presented	 are	 black	 and	 participants	 are	 only	
recalling	the	shapes,	whereas	in	the	colour–	shape	condition	partici-
pants are additionally recalling whether it is the same shape and the 
same colour, a process called memory binding. The binding cost was 
used in this current analysis, that is, the difference in score between 
the	 colour–	shape	 condition	 and	 shape-	only	 condition,	 with	 higher	
binding	 cost	 indicating	 poorer	 performance	 on	 the	 colour–	shape	
condition compared to shape only. The binding cost has been asso-
ciated with amyloid- beta burden in previous studies, and as such is 
a	promising	marker	of	early	neurodegenerative	disease	[30].	Finally,	
the	ACE-	III	was	selected	as	a	measure	of	global	cognition,	providing	a	
brief screen of memory, attention, fluency, language and visuospatial 
function.

Calculating propensity scores

Propensity scores enable stronger conclusions on causality to be 
drawn in studies where random assignment is not possible, such as in 
PREVENT	[31,32].	Briefly,	a	propensity	score	is	the	probability	that	
an individual would have been allocated a particular treatment group 
(in	this	case	the	MedDiet)	as	a	function	of	observed	baseline	charac-
teristics	(as	would	be	dealt	with	through	a	randomization	process	in	
a	gold	standard	clinical	trial).	The	propensity	score	is	calculated	using	
a	linear	regression	model	including	variables	that	are	theorized	to	re-
late to the treatment choice and/or outcome. The following variables 
were	 included	in	the	generation	of	the	propensity	score:	age	(self-	
reported),	 sex	 (self-	reported),	 years	 of	 education	 (self-	reported),	
parental	history	of	dementia	 (self-	reported),	APOEε4 carrier status 
(genotype	 variant	 analysis	 carried	out	 on	QuantStudio12K	Flex	 at	
the	University	 of	 Edinburgh),	 socioeconomic	 status	 (based	 on	 oc-
cupational	Office	of	National	Statistics	coding,	categorized	as	high,	
moderate	and	low	socioeconomic	status)	and	physical	activity	(self-	
reported	based	on	the	frequency	of	engaging	in	low,	moderate	and	
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vigorous	activity).	These	variables	were	selected	based	on	a	review	
of	the	literature	of	factors	associated	with	MedDiet	adherence	[33–	
37]	and	to	replicate	the	approach	taken	in	the	early	analysis	inves-
tigating	associations	between	the	MedDiet	and	cardiovascular	risk	
factors	[14].

Statistical analysis

All	 statistical	 analyses	 were	 completed	 using	 R	 (version	 4.1.0).	
Descriptive	 statistics	 were	 calculated	 for	 all	 participants.	 For	 the	
main	analysis,	participants	with	missing	data	 in	 the	exposure,	out-
come	and	covariate	variables	of	interest	from	the	analysis	were	ex-
cluded.	For	each	outcome,	the	same	analytical	steps	were	followed.	
First,	the	cohort	as	a	whole	was	tested	and	univariate	and	fully	ad-
justed linear regression models were fitted to test for associations 
between	 Pyramid	 scores	 and	 brain	 health	 outcomes.	 Analyses	 of	
hippocampal	 volume,	 CA1	 and	 subiculum	 hippocampal	 subfields	
were corrected for estimated TIV through inclusion as a covari-
ate in the linear regression models. Total, deep and periventricular 
WMHVs	were	corrected	for	TIV	prior	to	cube-	root	transformation.	
The	partially	adjusted	model	 included	energy	intake	(kcal/day)	and	
the propensity score as covariates. In the fully adjusted model, the 
Western diet score was also added as a covariate. The analysis was 
then	repeated	with	the	MEDAS	and	MEDAS	continuous	scores	in-
stead	of	the	Pyramid	score	as	the	measure	of	MedDiet	adherence.	
The	Pyramid	 score	was	 selected	as	 the	primary	exposure	variable	
based on the earlier analysis in this same cohort. Results were cor-
rected	 using	 the	 Benjamini–	Hochberg	 false	 discovery	 rate	 (FDR)	
procedure to adjust for multiple comparisons. Based on the results 
of	the	analysis	of	associations	between	MedDiet	and	cardiovascular	
health	in	the	PREVENT	cohort	[14],	our	pre-	planned	stratified	analy-
sis split the dataset into male and female participants and re- ran the 
same	model	using	the	Pyramid	score	as	the	exposure	variable	of	in-
terest.	Finally,	an	exploratory	path	analysis	was	run	to	understand	

whether any significant associations were in part mediated by either 
BMI	or	SBP.

RESULTS

Descriptive statistics

In all, 516 participants were included in the primary analysis of 
WMHV	 data	 and	 504	 participants	 in	 the	 primary	 analysis	 of	 hip-
pocampal	 volume	 data.	 Participants	 were	 excluded	 if	 they	 had	
missing	 hippocampal	 volume	 or	WMHV	 data,	 or	 if	 the	 scans	 did	
not	pass	quality	 control	 (QC)	 (WHMV	missing	MRI	n = 34,	missing	
WMHV	n = 37,	did	not	pass	QC	n = 13;	missing	dietary	data	n = 99	
or	implausible	calorie	intake	n = 1;	hippocampal	volume	missing	MRI	
n = 34,	missing	hippocampal	volume	n = 23,	did	not	pass	QC	n = 33;	
missing dietary data n = 105	or	an	 implausible	calorie	 intake	n = 1).	
Differences	 between	 key	 demographic	 data	 and	 Pyramid	 scores	
for	 participants	 included	 compared	 to	 excluded	 are	 presented	 in	
Table 1. Secondary analyses included different numbers of partici-
pants	depending	on	the	data	availability,	and	the	sample	size	avail-
able for each variable is detailed in Table 2. Descriptive statistics are 
calculated	from	the	WMHV	analytical	dataset.	Participants	included	
in	 the	sample	had	a	mean	age	of	51.23	 (±5.42)	years,	were	highly	
educated	(mean	of	16.70	± 3.31 years	of	education),	with	a	majority	
being	 female	 (n = 310,	60.0%),	with	a	parental	history	of	dementia	
(n = 272,	 52.7%)	 and	 38.4%	 (n = 198)	 of	 the	 sample	 were	APOEε4 
carriers.	Participants	had	a	moderate	adherence	to	the	MedDiet	as	
quantified	by	the	Pyramid	(8.09	[±1.55]),	MEDAS	(5.43	[±1.74])	and	
MEDAS	continuous	(7.28	[±1.59])	scores.	Participants	were	all	cog-
nitively	normal	according	to	their	ACE-	III	scores	and	whilst	female	
participants	 scored	 statistically	 significantly	 higher	 on	 the	 ACE-	III	
compared	to	male	participants	this	approximately	1-	point	difference	
is	unlikely	to	be	clinically	meaningful.	For	full	demographic	and	de-
scriptive details see Table 2.

TA B L E  1 Descriptive	statistics	for	participants	included	in	the	WMHV	analysis	(n = 516)	versus	excluded	(n = 184)	and	in	the	hippocampal	
volume	analysis	(n = 504)	versus	excluded	(n = 196)	and	an	indication	of	any	significant	differences	between	included	and	excluded	
participants.

Variable

WHMV analysis Hippocampal volume analysis

Included: mean 
(SD)/N (%)

Excluded: mean 
(SD)/N (%) Significance tests

Included: mean 
(SD)/N (%)

Excluded: mean 
(SD)/N (%) Significance tests

Age	(years) 51.13	(5.42) 51.01	(5.62) t =	−0.48,	p = 0.63 51.18	(5.38) 51.15	(5.73) t =	−0.07,	p = 0.94

Education	(years) 16.75	(3.60) 16.70	(3.31) t = 0.17,	p = 0.86 16.73	(3.27) 16.68	(3.68) t =	−0.17,	p = 0.86

Sex	(female) 310	(60.1) 123	(66.8) X2 = 2.79,	p = 0.09 303	(60.1) 130	(66.3) X2 = 2.30,	p = 0.13

APOEε4 carriers
Non- carrier
N/A

198	(38.4)
318	(61.6)
0	(0)

65	(35.1)
110	(59.5)
10	(5.4)

X2 = 28.38,	p < 0.001 192	(38.1)
312	(61.9)
0	(0)

71	(36.2)
116	(59.2)
9	(4.6)

X2 = 23.45,	p < 0.001

Parental history of 
dementia	(yes)

88	(47.6) 272	(52.7) X2 = 1.44,	p = 0.23 265	(52.6) 95	(48.5) X2 = 0.95,	p = 0.33

Pyramid 8.16	(1.40) 8.09	(1.55) t = 0.45,	p = 0.65 8.10	(1.56) 8.12	(1.37) t = 0.12,	p = 0.91

Abbreviation:	WHMV,	white	matter	hyperintensity	volume.
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Associations between MedDiet, white matter 
hyperintensity volume and hippocampal volume

There	were	no	significant	associations	between	any	of	the	MedDiet	
scoring	 approaches	 and	 either	 cube-	transformed	 WMHV	 or	 TIV	
normalized	hippocampal	volume	in	any	of	the	models	(Pyramid	fully	
adjusted	 cube-	root	 transformed	 WMHV	 β =	 −0.006,	 SE	 0.004,	
p = 0.13;	Pyramid	fully	adjusted	hippocampal	volume	β =	−15.53,	SE	
9.64, p = 0.11).	Full	information	is	presented	in	Table 3.

Associations between MedDiet, hippocampal 
subfields, cortical thickness, deep and 
periventricular WMHV

There was a significant association between higher adherence to the 
MedDiet	 in	 fully	adjusted	models	where	 the	Pyramid	and	MEDAS	
scores	were	used	and	lower	CA1	subfield	volume.	However,	neither	
remained	significant	after	FDR	adjustment	 (Pyramid	 fully	adjusted	
β =	 −9.05,	 SE	 3.89,	p = 0.02;	MEDAS	 fully	 adjusted	 β =	 −9.85,	 SE	
3.82, p = 0.01)	(see	Table 3 and Figure 1).	There	were	no	significant	
associations	between	any	MedDiet	scoring	methodology	and	sub-
iculum	 volume,	 cortical	 thickness,	 cube-	root	 transformed	 deep	 or	
periventricular	WMHV	 (Pyramid	 fully	adjusted	 subiculum	β = 1.63,	
SE 4.45, p = 0.71;	Pyramid	fully	adjusted	cortical	thickness	β = 0.001,	
SE 0.002, p = 0.52;	Pyramid	fully	adjusted	deep	WMHV	β =	−0.005,	
SE 0.003, p = 0.10;	Pyramid	fully	adjusted	periventricular	WMHV	β 
=	−0.005,	SE	0.004,	p = 0.18).

Associations between MedDiet and cognition

Adherence	to	the	MedDiet	as	measured	by	the	Pyramid	score	was	
significantly	 associated	 with	 higher	 ACE-	III	 scores,	 representing	
global cognition, although only the unadjusted model remained 
statistically	 significant	 after	 FDR	 adjustment	 (unadjusted	 β = 0.44,	
SE 0.13, p = 0.0008;	 partially	 adjusted	 β = 0.37,	 SE	 0.14,	p = 0.007;	
fully adjusted β = 0.35,	SE	0.15,	p = 0.02).	There	were	no	statistically	
significant	associations	between	any	MedDiet	scoring	method	and	
either	FMT	total	score	or	the	memory	binding	cost	(Pyramid	fully	ad-
justed	FMT	β = 0.02,	SE	0.10,	p = 0.87;	Pyramid	fully	adjusted	binding	
cost β = 0.52,	SE	0.39,	p = 0.18).

Associations between MedDiet and brain health: 
sex- stratified analyses

There	were	no	 significant	associations	between	MedDiet	adher-
ence	as	quantified	by	the	Pyramid	score	and	any	of	the	brain	health	
outcomes in fully adjusted models when female and male partici-
pants	were	 considered	 separately	 (Table 4).	 There	was	 a	 signifi-
cant	association	between	higher	Pyramid	scores	and	higher	FMT	
scores in female participants in the unadjusted model. However, Va
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TA B L E  3 Associations	between	dietary	scores,	primary	and	secondary	outcomes.

Dietary score Model 1 Model 2 Model 3

Co- primary outcomes

Cube-	root	transformed	total	white	matter	hyperintensity	volume	(n = 516)

Pyramid β =	−0.006,	SE	0.004,	p = 0.13 β =	−0.003,	SE	0.004,	p = 0.49 β =	−0.005,	SE	0.005,	p = 0.25

MEDAS β =	−0.002,	SE	0.003,	p = 0.58 β =	−0.0006,	SE	0.004,	p = 0.88 β =	−0.002,	p 0.004, p = 0.57

MEDAS	continuous β =	−0.004,	SE	0.004,	p = 0.37 β =	−0.0007,	SE	0.004,	p = 0.87 β =	−0.005,	SE	0.005,	p = 0.35

Mean	hippocampal	volume	(n = 504)

Pyramid β =	−14.19,	SE	8.75,	p = 0.11 β =	−13.50,	SE	9.20,	p = 0.14 β =	−15.53,	SE	9.64,	p = 0.11

MEDAS β =	−3.29,	SE	7.96,	p = 0.68 β =	−1.87,	SE	8.35,	p = 0.82 β =	−3.65,	SE	9.53,	p = 0.70

MEDAS	continuous β =	−2.09,	SE	8.66,	p = 0.81 β =	−0.28,	SE	9.12,	p = 0.98 β =	−1.70,	SE	10.41,	p = 0.87

Secondary outcomes

CA1	volume	(n = 452)

Pyramid β =	−6.97,	SE	3.58,	p = 0.05 β =	−7.72,	SE	3.70,	p = 0.04 β =	−9.05,	SE	3.89,	p = 0.02

MEDAS β =	−5.79,	SE	3.17,	p = 0.07 β =	−6.58,	SE	3.29,	p = 0.05 β =	−9.85,	SE	3.82,	p = 0.01

MEDAS	continuous β =	−4.39,	SE	3.50,	p = 0.21 β =	−5.16,	SE	3.65,	p = 0.16 β =	−8.03,	SE	4.24,	p = 0.06

Subiculum	volume	(n = 452)

Pyramid β = 2.06,	SE	4.08,	p = 0.61 β = 2.37,	SE	4.22,	p = 0.58 β = 1.63,	SE	4.45,	p = 0.71

MEDAS β = 0.23,	SE	3.61,	p = 0.95 β = 0.36,	SE	3.75,	p = 0.92 β =	−1.30,	SE	4.37,	p = 0.77

MEDAS	continuous β = 2.23,	SE	3.98,	p = 0.58 β = 2.56,	SE	4.15,	p = 0.54 β = 1.49,	SE	4.84,	p = 0.76

Cortical	thickness	(n = 502)

Pyramid β = 0.0006,	SE	0.002,	p = 0.74 β = 0.001,	SE	0.002,	p = 0.57 β = 0.001,	SE	0.002,	p = 0.52

MEDAS β =	−0.0003,	SE	0.002,	p = 0.87 β =	−0.00003,	SE	0.003,	p = 0.99 β = 0.0002,	SE	0.002,	p = 0.91

MEDAS	continuous β = 0.0002,	SE	0.002,	p = 0.92 β = 0.0006,	SE	0.002,	p = 0.76 β = 0.001,	SE	0.002,	p = 0.65

Cube-	root	transformed	deep	white	matter	hyperintensity	volume	(n = 504)

Pyramid β =	−0.005,	SE	0.003,	p = 0.10 β =	−0.003,	SE	0.003,	p = 0.41 β =	−0.004,	SE	0.004,	p = 0.24

MEDAS β =	−0.002,	SE	0.003,	p = 0.48 β =	−0.0002,	SE	0.003,	p = 0.95 β =	−0.002,	SE	0.003,	p = 0.65

MEDAS	continuous β =	−0.004,	SE	0.003,	p = 0.25 β =	−0.001,	SE	0.003,	p = 0.71 β =	−0.004,	SE	0.004,	p = 0.33

Cube-	root	transformed	periventricular	white	matter	hyperintensity	volume	(n = 504)

Pyramid β =	−0.005,	SE	0.004,	p = 0.18 β =	−0.003,	SE	0.004,	p = 0.50 β =	−0.005,	SE	0.004,	p = 0.23

MEDAS β =	−0.001,	SE	0.004,	p = 0.70 β = 0.0006,	SE	0.004,	p = 0.87 β =	−0.003,	SE	0.004,	p = 0.52

MEDAS	continuous β =	−0.003,	SE	0.004.	p = 0.45 β =	−0.0006,	SE	0.004,	p = 0.88 β =	−0.005,	SE	0.005,	p = 0.30

Four	Mountains	Test	(n = 331)

Pyramid β = 0.09,	SE	0.09,	p = 0.30 β = 0.04,	SE	0.09,	p = 0.67 β = 0.02,	SE	0.10,	p = 0.87

MEDAS β = 0.08,	SE	0.08,	p = 0.32 β = 0.05,	SE	0.08,	p = 0.55 β = 0.02,	SE	0.10,	p = 0.85

MEDAS	continuous β = 0.09,	SE	0.09,	p = 0.30 β = 0.05,	SE	0.09,	p = 0.57 β = 0.01,	SE	0.11,	p = 0.89

ACE-	III	(n = 331)

Pyramid β = 0.44,	SE	0.13,	p = 0.0008 β = 0.37,	SE	0.14,	p = 0.007 β = 0.35,	SE	0.15,	p = 0.02

MEDAS β = 0.19,	SE	0.12,	p = 0.11 β = 0.13,	SE	0.12,	p = 0.28 β = 0.06,	SE	0.14,	p = 0.68

MEDAS	continuous β = 0.31,	SE	0.13,	p = 0.02 β = 0.24,	SE	0.13,	p = 0.07 β = 0.20,	SE	0.16,	p = 0.21

Binding	cost	(n = 505)

Pyramid β = 0.63,	SE	0.35,	p = 0.07 β = 0.55,	SE	0.36,	p = 0.13 β = 0.52,	SE	0.39,	p = 0.18

MEDAS β = 0.51,	SE	0.31,	p = 0.11 β = 0.43,	SE	0.33,	p = 0.19 β = 0.40,	SE	0.38,	p = 0.29

MEDAS	continuous β = 0.61,	SE	0.34,	p = 0.07 β = 0.54,	SE	0.36,	p = 0.14 β = 0.53,	SE	0.41,	p = 0.20

Note:	Model	1,	adjusted	for	estimated	intracranial	volume	(except	for	Four	Mountains	Test,	ACE-	III	and	binding	cost);	model	2,	additionally	adjusted	
for	propensity	score	and	total	kilocalories;	model	3,	additionally	adjusted	for	Western	diet	score.
Abbreviations:	ACE-	III,	Addenbrookes	Cognitive	Examination	III;	CA1,	cornu	ammonis	1;	MEDAS,	Mediterranean	Diet	Adherence	Screener.
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this was attenuated by the addition of the propensity score to the 
partially and fully adjusted models. There was also a significant 
association between higher Pyramid scores and higher cortical 
thickness	 in	 the	unadjusted	model,	and	between	higher	Pyramid	
scores	and	higher	ACE-	III	scores	in	male	participants	in	the	unad-
justed and partially adjusted models; however, neither association 
was	 significant	 in	 the	 fully	 adjusted	models	 (see	 unadjusted	 as-
sociation	between	Pyramid	scores	and	ACE-	III	total	scores	by	sex	
in Figure 1).

Exploratory	mediation	analyses

Exploratory	pathway	analyses	were	investigated	if	the	uncorrected	
associations	between	the	Pyramid	score	and	ACE-	III	score	could	be	
explained	by	either	BMI	or	SBP,	given	previous	significant	associa-
tions	between	these	 two	variables	and	MedDiet	adherence	 in	 the	
PREVENT	cohort.	Although	the	Pyramid	score	was	significantly	as-
sociated	with	total	ACE-	III	score	and	with	both	BMI	and	SBP,	neither	
was identified as a significant mediator between the Pyramid score 
and	total	ACE-	III	score	(see	Figure S1).

DISCUSSION

There were no significant associations between adherence to the 
MedDiet	and	either	primary	outcome	measure	of	hippocampal	vol-
ume	 or	WMHV	 in	 middle-	aged	 adults	 in	 PREVENT.	 There	 was	 a	
significant association between higher Pyramid scores and higher 
ACE-	III	 scores	 in	 all	 models;	 however,	 only	 the	 unadjusted	model	
remained significant following correction for multiple comparisons. 
This	association	was	not	mediated	by	either	BMI	or	SBP.	There	were	
no	notable	differences	in	MedDiet	and	brain	health	associations	by	
sex.

Our	 aim	 was	 to	 explore	 whether	 there	 are	 associations	 be-
tween	 MedDiet	 and	 neuroimaging	 and	 cognition	 in	 midlife.	 Our	
results	 suggest	 that	 MedDiet	 is	 not	 associated	 with	 these	 mea-
sures	 in	midlife.	 In	 the	context	of	known	associations	with	better	
cardiovascular	 health	 in	 a	midlife	 population	 [14],	 it	 may	 be	 that	

any	benefits	conferred	for	reduced	dementia	risk	in	later	life	[1,3–	
5,29,38]	are	through	reduced	cardiovascular	burden	in	midlife.	The	
MedDiet	adherence	scores	are	 in	 line	with	other	UK	study	popu-
lations	[19,39]	and	therefore	our	 lack	of	significant	results	for	the	
brain	health	outcome	measures	are	unlikely	to	be	related	to	signifi-
cant	under-	consumption	of	the	MedDiet.	There	were	no	significant	
associations	in	this	current	study	in	the	exploratory	path	analysis,	
suggesting any cognitive benefits that may arise from better cardio-
vascular health are not evident in this midlife population. Given the 
participants	in	the	PREVENT	cohort	are	an	estimated	24 years	from	
predicted	dementia	 onset	 at	 baseline	 [40],	 it	 is	 also	possible	 that	
any changes in neuroimaging or cognition are too subtle to identify 
any associations with dietary patterns at this stage. Considering 
the	hypothetical	model	of	Alzheimer's	disease	(AD)	posited	by	Jack	
et al., structural neuroimaging and cognitive changes appear as 
later-	stage	events	in	the	AD	process,	with	the	accumulation	of	amy-
loid	and	tau	pre-	dating	these	changes	[41,42].	Previous	studies	have	
shown	evidence	of	associations	between	a	MedDiet	and	 reduced	
AD	 biomarker	 burden	 in	 older	 adults	 [43,44]	 and	 postmortem	
[45].	These	potential	associations	between	the	diet	and	the	earli-
est stages of pathophysiology warrant further investigation where 
ADRD	biomarkers	are	available	in	midlife	cohorts	[46].

Additionally,	 investigating	associations	between	the	MedDiet	
and functional neuroimaging in midlife populations is an avenue 
for future research efforts. Recent studies have reported signif-
icant	 associations	 between	 the	MedDiet	 and	 increased	 cerebral	
perfusion	[46],	higher	fractional	anisotropy,	higher	structural	con-
nectivity in the amygdala, lingual, olfactory, middle occipital gyrus 
and	calcarine	areas	and	lower	diffusivity	in	white	matter	[47].	Low	
adherence	 to	 the	MedDiet	 has	 also	 been	 reported	 to	moderate	
the relationship between resting state functional connectivity 
and	performance	on	a	test	of	fluid	reasoning	[48].	This	emerging	
evidence base suggests that further investigation of associations 
between	 MedDiet	 and	 functional/physiological	 neuroimaging	
measures	 may	 help	 to	 identify	 any	 mechanistic	 explanations	 in	
midlife	 that	 may	 explain	 later	 associations	 with	 lower	 dementia	
incidence.

Whilst	this	current	study	explored	any	differential	associations	
between	diet	and	brain	health	by	sex,	it	was	not	possible	to	consider	

F I G U R E  1 Scatterplot	of	Pyramid	
score	with	ACE-	III	total	score.	(a)	The	data	
in	the	cohort	as	a	whole.	(b)	Sex-	stratified	
information.	ACE-	III:	Addenbrookes	
Cognitive	Examination	III.
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the	role	of	gender.	Although	most	previous	research	has	considered	
the	 role	of	 sex	 [11–	15],	gender	may	actually	be	 the	more	 relevant	
construct	 to	 consider	 in	 relation	 to	 dietary	 adherence	 [15].	Many	
foods have been traditionally associated with either masculinity 
(e.g.,	meat)	or	femininity	(e.g.,	vegetables,	dairy)	highlighting	the	po-
tential	 for	gender	 to	 influence	dietary	choices	 [15,49],	and	further	
research	 is	 needed	 to	 unpick	 associations	 of	 sex	 and	 gender	with	
diet and health outcomes separately.

There are some limitations to this study that should be noted. 
The	Food	Frequency	Questionnaire	used	 to	collect	 the	dietary	data	
was	administered	as	a	self-	report	questionnaire	with	the	potential	for	
biases	in	the	reporting	through	underestimation	of	food	intake	com-
pared	 to	more	detailed	methodologies	 such	as	 a	 food	diary	 [50].	 In	
addition,	the	period	of	diet	collection	referred	to	2–	3 months,	which	
might	not	capture	the	habitual	diet	(the	usual	intake	of	foods	during	
the	 year)	 being	 influenced	 by	 seasonality.	 There	 were	 also	 several	
participants	who	were	excluded	from	the	secondary	analyses	of	the	
ACE-	III	and	FMT,	resulting	in	a	relatively	small	sample	size,	particularly	
when	the	data	were	stratified	by	sex.	Both	tasks	were	added	into	the	
protocol through a protocol amendment and as such only participants 
who enrolled in the study after 2016 have these data points available. 
Finally,	it	should	be	noted	that	the	participants	included	in	this	sample	
were	highly	educated	and	included	very	little	ethnic	diversity	(96.2%	
Caucasian)	which	does	not	accurately	reflect	the	UK	and	Irish	popula-
tions.	Further	research	in	studies	that	are	more	representative	of	the	
UK	and	Irish	populations	on	key	demographics	is	required.

This study did not identify any cross- sectional associations be-
tween	MedDiet	and	brain	health	in	a	midlife	population	living	in	the	
UK	and	Ireland.	Future	work	could	consider	investigating	ADRD	bio-
markers	and	functional	neuroimaging	to	understand	whether	there	
are	associations	between	MedDiet	and	the	earliest	neurodegenera-
tive pathophysiology.
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