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Abstract.
Background: Vascular risk factors have been associated with risk of Alzheimer’s disease (AD) and volume loss of the
hippocampus, but the associations with subfields of the hippocampus are understudied. Knowing if vascular risk factors
contribute to hippocampal subfield atrophy may improve our understanding of vascular contributions to neurodegenerative
diseases.
Objective: To investigate the associations between age, sex, and vascular risk factors with hippocampal subfields volumes
on 7T MRI in older persons without dementia.
Methods: From the Medea 7T study, 283 participants (67 ± 9 years, 68% men) without dementia had 7T brain MRI and
hippocampal subfield segmentation. Subfields were automatically segmented on the 3D T2-weighted 7T images with ASHS
software. Using linear mixed models, we estimated adjusted associations of age, sex, and vascular risk factors with z-scores
of volumes of the entorhinal cortex (ERC), subiculum (SUB), Cornu Ammonis (CA)1, CA2, CA3, CA4, and dentate gyrus
(DG), and tail as multivariate correlated outcomes.
Results: Increasing age was associated with smaller volumes in all subfields, except CA4/DG. Current smoking was associated
with smaller ERC and SUB volumes; moderate alcohol use with smaller CA1 and CA4/DG, obesity with smaller volumes
of ERC, SUB, CA2, CA3, and tail; and diabetes mellitus with smaller SUB volume. Sex, former smoking, and hypertension
were not associated with subfield volumes. When formally tested, no risk factor affected the subfield volumes differentially.
Conclusion: Several vascular risk factors were associated with smaller volumes of specific hippocampal subfields. However,
no statistical evidence was found that subfields were differentially affected by these risk factors.

Keywords: Cornu ammonis, dentate gyrus, entorhinal cortex, hippocampal region, hippocampus, magnetic resonance imaging,
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INTRODUCTION

Around 50 million people worldwide have demen-
tia. An estimated 30 to 35 million (60–70%) of these
people have Alzheimer’s disease (AD). It is pre-
dicted that by 2050, 152 million people will have
dementia [1]. Dementia has a huge impact on the
physical, psychological, and emotional wellbeing of
patients and their caregivers, and is also a major
contributor of a rise in health care costs [2]. Under-
standing how risk factors contribute to AD etiology
may aid in the prevention or treatment of AD. It has
been established that vascular risk factors, of which
most are modifiable by either lifestyle or medication,
play an important role in AD risk [3], hippocam-
pal calcifications [4], and hippocampal atrophy [5].
The hippocampus is one of the first structures to be
affected in AD [6].

The hippocampus and adjacent areas consist of
several subfields, including the entorhinal cortex,
subiculum, Cornu Ammonis (CA)1, CA2, CA3,
CA4, and dentate gyrus (DG) [7]. Evidence exists
that hippocampal subfields are differentially affected
by aging, by diseases such as diabetes, and by
neurodegenerative disease as AD [8, 9]. A better
understanding of how vascular risk factors contribute
to hippocampal subfield atrophy may improve our
understanding of the vascular contributions to the AD
phenotype, vascular dementia, or other neurodegen-
erative diseases.

Studies on vascular risk factors—i.e., smok-
ing, alcohol, obesity, hypertension, and diabetes
mellitus—and hippocampal subfields in vivo in
humans are rather scarce (overview in Table 1 of
studies using manual or automated delineation meth-
ods). Further, these studies used relatively low MRI
field strength, varying from 1.5 Tesla up to 4.7
Tesla, and usually looked at combined subfield vol-
umes such as CA1 and 2 (CA1-2), or CA2, CA3,
CA4, and DG (CA2-3-4-DG), rather than individ-
ual subfields, with variable results. Moreover, most
studies did not examine all subfield volumes and
none examined effects of risk factors on the dif-
ferent subfield volumes (see Table 1). The use
of ultra-high field strength 7T MRI more than
doubles the signal-to-noise ratio compared to 3T
which enabled us to increase the spatial resolu-
tion while keeping scan duration within acceptable
limits [10] and therefore allows for investigat-
ing associations between vascular risk factors and
the different hippocampal subfield volumes more
precisely.

We aimed to estimate the associations of age, sex,
and vascular risk factors with hippocampal subfields
volumes with 7T MRI in a large cohort of middle-
aged and older adults without clinically established
dementia. We also provide an overview of existing
literature on vascular risk factors and hippocampal
subfields volumes on MRI.

METHODS

Study population

Data were used from the Memory Depression and
Aging (Medea)-7T study, a cohort study at the Uni-
versity Medical Center (UMC) Utrecht, with the
objective to investigate risk factors and outcomes
of brain changes defined on 7T MRI in a diverse
population of individuals with and without demen-
tia. For the Medea-7T study cohort, we originally
recruited participants from four settings: 1) persons
of 60 years or older registered in a general practice
in Utrecht and without a diagnosis of mild cogni-
tive impairment (MCI) or dementia, 2) participants of
the PREDICT-MR study, 3) patients of the SMART-
MR study, and 4) patients with MCI or early AD
from the memory clinics of the UMC Utrecht and
a general hospital in Utrecht. A total of 368 partic-
ipants were included in these four settings between
January 2010 and October 2017, 70 from the gen-
eral practice, 50 from the PREDICT-MR study, 213
from the SMART-MR study, and 35 from the memory
clinics. A more detailed description of the separate
cohorts/settings is provided in the Supplementary
Methods and Supplementary Figure 1. All partici-
pants underwent a 7T brain MRI using the same MRI
sequences, and similar assessment of risk factors and
outcomes and clinical examinations, all performed at
the UMC Utrecht. For the present study we excluded
35 patients with MCI or AD and 8 persons with
missing values on covariates, resulting in a sample
of 325 participants with a 7T brain MRI. Another
42 participants were excluded from the analyses,
due to incomplete hippocampal subfield segmenta-
tion (e.g., due to movement artefacts, see below for
details), leaving 283 participants for this study sam-
ple. Approval of the medical ethics committee of the
UMC Utrecht was obtained, and all participants pro-
vided written informed consent.

Demographics

Age and sex were assessed with questionnaires.
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Table 1
Overview of studies researching vascular risk factors and hippocampal subfield volumes

Author Risk factor(s) Design and study
population

N subjects Age (years) ±
S.D. and/or
(range)

Females n (%)
and males
n (%)

MRI field
strength

Subfields Segmentation method Results of control / healthy
participants

Armstrong
et al.,
2019
[20]

All stratified
by sex: age,
hyperten-
sion,
obesity,
APOE �4
carrier
status, HDL
cholesterol

Population-based cohort:
Baltimore Longitudinal
Study of Aging (BLSA)

n = 617 71.2 ± 8.7 Females
n = 326
(53%)
Males
n = 291
(47%)

1.5 or 3.0
Tesla

ERC Automated.
Combined MUSE
anatomical labeling
approach with
harmonized
acquisition-specific
atlases (Doshi et al.,
2016 [45], Erus
et al., 2018 [46]).

In males: Older age
associated with decline in
ERC, and higher HDL
associated with less steep
decline in ERC. No
associations with
hypertension, obesity or
APOE �4 status.
In females: Older age,
hypertension, obesity,
APOE �4 status, and HDL
cholesterol not associated
with ERC volume.

Daugherty
et al.,
2016
[14]

Age, sex Participants (children,
adults, and older adults)
from Metro Detroit,
part of ongoing
longitudinal studies of
neural correlates of
memory development,
cognitive and neural
correlates of aging.
The adult sample size
has a 48% overlap with
a previous publication
(Raz et al. 2015 [25];
see below)

Adults n = 91
Older adults
n = 74

Adults
29.96 ± 9.99
(18–49)
Older
adults,
62.07 ± 7.74
(50–82)

Adults
Females
63%,
Males 37%
Older adults
Females
76%
Males 24%

3.0 Tesla ERC, CA1-2,
CA3-DG,
SUB

Manual, by two raters.
Demarcation rules
reported by Bender
et al., 2013 [47]
(rules were adapted
from Shing et al.
2011 [26]; as
modified from
Mueller et al., 2007
[23]; Mueller and
Weiner, 2009 [24])

Increasing age was negatively
associated with volumes of
ERC, CA1-2 and CA3-DG,
but not with SUB. Sex, a
covariate in all models, was
unrelated to volume
differences in any region.

De Flores
et al.,
2015[17]

Age All participants were
included in the
IMAP-study. Patients
with MCI or Alzheimer
were recruited via local
memory clinics.
Healthy
community-dwelling
participants were
recruited via flyers and
advertisements.

Alzheimer n = 18
MCI n = 17
Healthy
individuals
n = 98

Alzheimer
67.4 ± 9.9
MCI
71.7 ± 6
Healthy
individuals
45.7 ± 19.2

Alzheimer
Females
67% Males
33% MCI
Females
53% Males
47%
Healthy
individuals
Females
58% Males
42%

3.0 Tesla SUB, CA1,
CA2-CA3-
CA4-DG
(“OTHER”).

Both automated and
manual. Manual, by
one rater. Protocol
was previously
published by La
Joie et al., 2010
[21]. Automated,
Freesurfer 5.1

Increasing age was associated
with smaller CA1 and SUB
volumes when delineated
manual, but not with the
OTHER subfields. When
automated delineation was
used, increasing age was
only associated with a
smaller SUB volume.
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Table 1
(continued)

Author Risk factor(s) Design and study
population

N subjects Age (years) ±
S.D. and/or
(range)

Females n (%)
and males
n (%)

MRI field
strength

Subfields Segmentation method Results of control / healthy
participants

Durazzo
et al.,
2013
[29]

Smoking Community-dwelling
participants recruited
via posters, bill-boards,
and word-of-mouth

Non-smokers
n = 43 Smokers
n = 39

Non-smokers
46.5 ± 11.0
(22.2–68.8)
Smokers
43.3 ± 12.6
(23.7–64.1)

Non-smokers
Females
19% Males
81%
Smokers
Females
16% Males
84%.

4.0 Tesla CA1, CA2-3,
CA4-DG,
fimbria,
PreSUB,
SUB, tail.

Automated.
Freesurfer 5.1

Smokers had smaller volumes
than non-smokers in the
CA1, CA2-3, and CA4-DG.
There were trends for
smaller volumes in smokers
compared to non-smokers
with the PreSUB and SUB.
Age-related volumes loss
was greater in smokers than
in non-smokers in CA1,
CA2-3, CA4-DG, fimbria,
and tail. Increasing age in
non-smokers was only
significantly associated
with PreSUB.

La Joie
et al.,
2010
[21]

Age, sex Healthy subjects,
recruitment method
unknown

n = 50 39.9 ± 15.2 Females n = 31
(62%)
Males n = 19
(38%)

3.0 Tesla SUB, CA1,
CA2-3-4-
DG

Manual, by one rater.
Demarcation rules
based on an atlas of
the human
hippocampus
(Harding et al.,
1998[48])

Age was significantly
associated with a decline in
volume of SUB volume, not
with CA1 or CA2-3-4-DG
volume. There was no
effect of gender or
education on any volumes,
nor any interaction between
these variables and age.

Lee et al.,
2016
[22]

Age, alcohol Patients with alcohol
dependence from a
mental health hospital
who were abstinent
from alcohol for at least
three months. Social
drinkers (controls) from
the community
recruited via
advertisements.

Alcohol
dependence
n = 26 Controls
n = 26

Alcohol
dependence
50.6 ± 7.4
(40–63)
Controls
50.3 ± 6.0
(43–62)

Alcohol
dependence
Males n = 26
(100%)
Controls
Males n = 26
(100%)

3.0 Tesla PreSUB, CA1,
CA2-3,
Fimbria,
SUB,
CA4-DG,
Hippocam-
pal
sulcus

Automated.
Freesurfer 5.3

Age was associated with a
smaller fimbria,
presubiculum and
subiculum. In the group
with alcohol dependence,
there was a smaller left
presubiculum, left fimbria,
left subiculum and right
subiculum compared to the
control group.
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Table 1
(continued)

Author Risk factor(s) Design and study
population

N subjects Age (years) ±
S.D. and/or
(range)

Females n (%)
and males
n (%)

MRI field
strength

Subfields Segmentation method Results of control / healthy
participants

Malykhin
et al,
2017
[16]

Age, sex Healthy volunteers from
the community,
recruited via online
advertisements,
word-of-mouth,
advertising in local
community centers.

n = 129 47.6 ± 18.9
(18–85.

Females n = 70
(54%)
Males n = 59
(46%)

4.7 Tesla CA1-3,
CA4-DG,
SUB

Manual, by one rater.
Protocol followed
was previously
developed by
Malykhin et al.,
2007 [49], 2010
[50]

Age was associated with a
smaller SUB and CA4-DG
volume, but not with
CA1-3 volume. When the
interaction of age by sex
was tested: the association
with age and a smaller SUB
volumes was only found in
males and not in females,
while the association with a
smaller CA4-DG volumes
was due to the association
in females, not in males.

Mole et al.,
2016
[31]

Alcohol,
obesity

Subjects recruited from
the community via
advertisements. Patients
with alcohol
dependence who were
abstinent for at least
two weeks.

Alcohol
dependence
n = 32 Obese
n = 42 Controls
n = 44

Alcohol
dependence
41.6 ± 10.9
Obese
44.6 ± 9.9
Controls
39.2 ± 12.5

Alcohol
dependence
Females
n = 14 (44%)
Males n = 18
(56%)
Obese
Females
n = 21 (50%)
Males n = 21
(50%)
Controls
Females
n = 18 (41%)
Males n = 26
(59%).

3.0 Tesla PreSUB, SUB,
CA2-3,
CA4-DG

Automated. A
computational atlas
built upon
post-mortem brains
was used. The atlas
is now released as
part of Freesurfer
6.0

Alcohol dependence was
associated with smaller
preSUB and smaller SUB,
there was no association
with CA2-3 or CA4-DG.
Obesity was not associated
with subfield volumes.

Mueller
et al.,
2007
[23]

Age, sex Healthy volunteers from
the community
recruited via flyers and
advertise-
ments.Alzheimer
patients from memory
clinics.

Alzheimer n = 3
Controls n = 46
(n = 42 in text)

Alzheimer
82.3
(77–86)
Controls
48.7
(21–85)

Alzheimer
Females
n = 1 (33%)
Males n = 2
(67%)
Controls
Females
n = 16 (35%)
Males n = 30
(65%)

4.0 Tesla ERC, SUB,
CA1, CA2,
CA3-4-DG

Manual, by one rater
(and n = 10 by two
raters to test
reliability). Own
protocol based on
recognizable
anatomical
landmarks.

Age was associated with
asmaller CA1, and not with
other subfields. Post-hoc
showed that 60 + age had
smaller CA1 than other age
groups (decades). Male had
a larger CA2 than females,
no other subfields differed
in volume.
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Table 1
(continued)

Author Risk factor(s) Design and study
population

N subjects Age (years) ±
S.D. and/or
(range)

Females n (%)
and males
n (%)

MRI field
strength

Subfields Segmentation method Results of control / healthy
participants

Mueller
and
Weiner,
2009
[24]

Age, APOE �4
carriers
status

Subjects (including
patients with aMCI and
Alzheimer’s disease)
from different research
projects undertaken by
Center for Imaging of
Neuro-degenerative
Diseases and clinical
collaborators.

Alzheimer n = 18
aMCI n = 20
Controls n = 119

Alzheimer
69.1 ± 9.6
aMCI
73.5 ± 7.1
Controls
53.4 ± 17.2

Alzheimer
Females
n = 6 (33%)
Males n = 12
(67%) aMCI
Females
n = 6 (30%)
Males n = 14
(70%)
Controls
Females
n = 64 (54%)
Males n = 55
(46%)

4.0 Tesla SUB, CA1,
CA1-2
transition
zone (CA2),
CA3-DG.

Manual, by one rater
Protocol as
described by
Mueller et al., 2007
[23], 2008 [51].

Age was associated with a
smaller CA1 and CA3-DG,
no association between age
and the other subfields.
From 50years of age
CA3-DG started to decline,
after 60years CA1
declined. Subjects without
APOE �4 had a larger
CA3-DG subfield than
those with APOE �4

Nadal
et al.,
2020
[18]

Age, sex,
educational
level, ApoE
genotype

Participants from the
Bordeaux subset of the
Three-city study, a
longitudinal
population-based
cohort.

Alzheimer n = 35
Non-Alzheimer
n = 269

Alzheimer
73.7 ± 3.9
Non-
Alzheimer
71.7 ± 3.7

Alzheimer
Females
n = 66.7%
Males
n = 33.3%
Non-
Alzheimer
Females
n = 57.2%
Males
n = 42.8%

1.5 Tesla SUB, CA1-3,
CA4-DG.

Automated. volBrain
system with HIPS
pipeline

Increasing age showed most
annual volume decline in
CA4-DG, less in SUB and
least in CA4-DG. Age,
gender, educational level
and ApoE genotype were
not associated with
annualized rate of atrophy
of the subfields.

Raz et al.,
2015
[25]

Age, sex
hyperten-
sion, genetic
polymor-
phisms of
cytokines
levels IL-1b
C-511T and
IL-6
C-174G,
APOE �4

Adult volunteers recruited
via local media as part
of a longitudinal study
on brain and cognitive
aging.

n = 80 Of which
n = 21 (26%)
with
hypertension

57.8 ± 14.3
(22–82)

Females n = 60
(75%)
Males n = 20
(25%)

3.0 Tesla ERC, SUB,
CA1-2,
CA3-DG.

Manual, by two raters.
Protocol adapted
from Shing et al.,
2011 [26]; Mueller
et al., 2007 [23],
and Mueller and
Weiner 2009 [24].

Increased age was associated
with a smaller CA1-2.
There were no associations
between age and volumes
of SUB or CA3-DG. The T
allele of IL-1b C-511T
polymorphism was
associated with smaller
volumes of all hippocampal
subfields than CC
homozygotes did. There
were no associations
between sex, hypertension
or the other genetic variants
and subfield volumes.
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Table 1
(continued)

Author Risk factor(s) Design and study
population

N subjects Age (years) ±
S.D. and/or
(range)

Females n (%)
and males
n (%)

MRI field
strength

Subfields Segmentation method Results of control / healthy
participants

Shing
et al.,
2011
[26]

Age, hyperten-
sion

Younger and older adults
Participants recruitment
method unknown.

Older adults n = 19
Of which n = 10
(53%) with
hypertension
Younger adults
n = 10 None
with
hypertension

Older adults
75.4 ± 2.9
(70–78)
Younger
adults
23 ± 1.7
(20–25)

Older adults
Females
n = 8 (42%)
Males n = 11
(58%)
Younger
adults
Females
n = 5 (50%)
Males n = 5
(50%)

3.0 Tesla ERC, SUB,
CA1-2,
CA3-4-DG.

Manual, by two raters.
Protocol adapted
from Mueller et al.,
2007 [23], 2008
[51].

In older adults CA1-2 smaller
was smaller than in
younger adults.
Hypertension in the older
adults was associated with
a smaller CA1-2 volume
compared to older adults
without hypertension.
Normotensive older adults
did not have a different
CA1-2 volume compared to
younger adults.

Stoub
et al.,
2012
[19]

Age Older adults via the
community or from
ongoing longitudinal
(aging and AD) studies.
Younger adults via
Rush University
Medical Center:
students, employees,
and their relatives /
friends.

Older adults
n = 51 Younger
adults n = 40

Older adults
77 (65–89)
Younger
adults 27
(22–36)

Older adults
Females
n = 37 (73%)
Males n = 14
(27%)
Younger
adults
Females
n = 18 (45%)
Males n = 22
(55%)

1.5 Tesla ERC Manual, by an
unknown number of
raters. Own
protocol, developed
and validated
previously
(Goncharova et al.,
2001 [52]).

In older adults the ERC was
smaller.

Wisse
et al.,
2014
[10]

Age Alzheimer and MCI
patients via the memory
clinic of the University
Medical Center Utrecht.
Controls from two
study cohorts (UDES2
and PREDICT-MR),
recruited via general
practitioner.

Alzheimer n = 9
MCI n = 16
Controls n = 29

Alzheimer
70.8 ± 8.4
MCI
74.4 ± 9.0
Controls
70.2 ± 3.5

Alzheimer
Females
n = 6 (67%)
Males n = 3
(33%) MCI
Females
n = 9 (56%)
Males n = 7
(44%)
Controls
Females
n = 16 (55%)
Males n = 13
(45%)

7.0 Tesla ERC, SUB,
CA1, CA2,
CA3,
CA4-DG

Manual segmentation
by one blinded
rater. Protocol and
reliability described
earlier (Wisse et al.,
2012 [53])

Older age was associated with
smaller CA1 and CA4-DG
volume. There were no
associations between age
and ERC, SUB, CA2 or
CA3 volumes.
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Table 1
(continued)

Author Risk factor(s) Design and study
population

N subjects Age (years) ±
S.D. and/or
(range)

Females n (%)
and males
n (%)

MRI field
strength

Subfields Segmentation method Results of control / healthy
participants

Zahr et al.,
2019
[15]

Alcohol use
disorder
(AUD)

AUD patients from local
outpatient and
treatment centers,
control participants via
local community.

AUD n = 24
Controls n = 20

AUD
53.7 ± 8.8
Controls
54.1 ± 9.3

AUD Females
n = 7 (29%)
Males n = 17
(71%)
Controls
Females
n = 7 (35%)
Males n = 13
(65%)

GE MR750
system
(proba-
bly3.0
Tesla)

ParaSUB,
PreSUB,
SUB, CA1,
CA2-3,
CA4, GC-
ML-DG,
tail, HATA,
fimbria, hip-
pocampal
fissure

Automated.
Freesurfer 6.0

AUD was associated with
smaller subfields of SUB,
CA1, CA4, GC-ML-DG,
HATA, and fimbria
compared to controls.
Patients with AUD had
smaller CA2-3 volumes
than expected by their age
(diagnosis by age
interaction).

Zhang
et al.,
2015
[33]

DM2 Patients with DM2 and
healthy controls were
recruited via Southwest
hospital, Chongqing,
China

DM2 n = 80
Controls n = 80

DM2
57.5 ± 9.0
Controls
57.8 ± 10.3

DM2 Females
n = 45 (56%)
Males n = 35
(44%)
Controls
Females
n = 51 (64%)
Males n = 29
(36%)

3.0 tesla PreSUB, SUB,
CA1,
CA2-3,
CA4-DG

Automated.
Freesurfer 5.3

Patients with DM2 had a
smaller SUB and CA1.
There was no association
between DM2 and volumes
of CA2-3 or CA4-DG.

APOE �4, Apolipoprotein E �4; HDL cholesterol, high density lipoprotein cholesterol;IL, interleukin; AUD, alcohol use disorder; DM2, diabetes mellitus type 2; aMCI, amnestic mild cognitive
impairment; MCI, mild cognitive impairment;paraSUB, parasubiculum;preSUB, presubiculum; SUB, subiculum; ERC, entorhinal cortex; CA, CornuAmmonis; DG, dentate gyrus; GC-ML-DG,
granule cell and molecular layer of the dentate gyrus, HATA, hippocampus-amygdala-transition-area.
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Vascular risk factors

For this study, we defined the vascular risk factors
as follows: smoking was determined as never, cur-
rent, or former smoker. Alcohol use was expressed
in units per week and was categorized as no alcohol
use, up to 10 units per week, and more than 10 units
per week. One unit of alcohol in the Netherlands is
equal to 10 grams of alcohol or 12 mL of alcohol [11].
Both smoking history and alcohol use were assessed
with questionnaires. Body mass index (BMI) was cal-
culated as weight (kg)/height (m2) for which height
and weight were measured without shoes or heavy
clothing. Obesity was defined as having a BMI of
30.0 kg/m2 or higher. Diabetes mellitus (DM) was
defined as use of glucose-lowering agents or insulin, a
known history of DM or a non-fasting plasma glucose
≥11.1 mmol/L. Blood pressure was measured three
times in supine position and the average was calcu-
lated for both systolic and diastolic blood pressure.
Hypertension was defined as mean systolic blood
pressure >140 mmHg, mean diastolic blood pressure
>90 mmHg or use of antihypertensive drugs.

7T MRI protocol

Brain images at 7 Tesla MRI were obtained using
a 7.0 T MRI system (Philips Healthcare, Cleve-
land, OH, USA) with a 32-channel receive head coil
(Nova Medical, Wilmington, MA, USA). For the hip-
pocampal subfield segmentation, 3D T1-weighted
(3D T1-weighted (TI/TR/TE = 1225/4.8/2.2,
acquired voxel size = 1.00 × 1.00 × 1.00 mm3,
(reconstructed = 0.66 × 0.66 × 0.50 mm3)) and 3D
T2-weighted (TR/ TE = 3158/301, acquired voxel
size = 0.70 × 0.70 × 0.70 mm3 (reconstructed = 0.35
× 0.35 × 0.35 mm3)) images were acquired.

1.5T and 3T MRI protocol

For the SMART-MR study and the PREDICT-
MR study, MR images were obtained using
a 1.5 Tesla whole-body system (Gyroscan
ACS-NT, Philips Medical Systems, Best, the
Netherlands). For segmentation of the intracra-
nial volume (ICV), the protocol consisted of
a sagittal 3D T1-weighted sequence (SMART-
MR: repetition time (TR)/echo time (TE):
7.0/3.2 ms; voxel size = 0.94 × 0.94 × 1.00 mm3

isotropic; PREDICT-MR: TR/TE: 6.9/3.1 ms;
voxel size = 0.98 × 0.98 × 1.10 mm3 isotropic).
For the participants recruited via the general

practice MR images were obtained using a 3.0
Tesla MRI whole-body system (Philips Medical
Systems, Best, the Netherlands). For segmentation
of the ICV, the protocol consisted of a sagittal
3D T1-weighted sequence (TR/TE = 8.0/4.5, voxel
size = 1.00 × 1.00 × 1.00 mm3 isotropic). Segmenta-
tion of ICV was performed on 1.5T and 3T images,
respectively, as ICV segmentation by Automatic
Segmentation of Hippocampal Subfields (ASHS, see
Hippocampal segmentation below) on 7T has not
been validated yet.

Segmentation of MR images

Brain segmentation: all studies
The 3D T1-weighted sequence of the 3T or 1.5T

images was used for automatic brain segmentation by
CAT 12 (version 1155), with use of SPM12 (version
6906) and MATLAB (version 8.6). Cat12 distin-
guishes gray matter, white matter, and cerebrospinal
fluid (CSF). Total ICV was calculated by summing
up total gray and white matter and total CSF volume.

Hippocampal segmentation at 7T MRI
Hippocampal subfields were automatically seg-

mented on the 3D T2-weighted 7T images with
the ASHS software (UPenn, PA, USA) [12].
ASHS segments the subfields CA1, CA2, CA3,
CA4&DG, subiculum, the entorhinal cortex, and
tail. Previously, a freely downloadable ASHS atlas
(https://www.nitrc.org/projects/ashs) was validated
for use on 7Tesla MRI [13]. For this study we used the
‘UMC Utrecht 7T ASHS Atlas, compatible with orig-
inal (slow) ASHS’. Generated hippocampal subfield
volumes were checked for outliers using frequencies
and histograms. Segmentations of outliers were then
visually inspected and removed from the analysis
if they were due to a segmentation error. Addition-
ally, we visually inspected segmentations of a random
sample of 5% of the total study sample. We did not
manually adjust failed segmentations that were due
to segmentation errors. Of the 325 participants with-
out MCI or AD that underwent a 7T MRI and had no
missing covariates, n = 11 had no T1 or T2 available,
n = 18 were excluded due to movement or signal inter-
ference, and n = 13 had a segmentation error, leaving
n = 283 with a complete hippocampal segmentation.

Data analysis

Baseline characteristics were calculated for the
total study sample (n = 283). Hippocampal subfields

https://www.nitrc.org/projects/ashs
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of the left and right hemisphere were summed
and then Z-transformed to improve comparability
between the results of the subfields. Using mixed
effect regression models (PROC MIXED statement
in SAS), we estimated associations between the vas-
cular risk factors and the volume of the hippocampal
subfields and tail. The mixed model was used as
it takes the multiple correlated observations (vol-
umes of the hippocampal subfields) per subject into
account. Missing data on covariates were excluded
from analyses. Missing values ranged from 0.4%
for BMI to 14.8% for alcohol use. The vascular
risk factors included age, sex, smoking (former, cur-
rent versus never), alcohol use (up to 10 units per
week, more than 10 units per week versus no alcohol
use), BMI, obesity, diabetes mellitus, hypertension,
and systolic and diastolic blood pressure. The vol-
umes of the hippocampal subfields were included as
dependent variables in one mixed model, while each
vascular risk was included as the independent vari-
able in separate models. All analyses were adjusted
for age, sex, and ICV (calculated from the 1.5T or
3T scan), with exception of sex and age which were
adjusted for age and ICV, and sex and ICV, respec-
tively. If a risk factor was statistically significantly
associated with one of the subfield volumes, we per-
formed post-hoc analyses to explore to what extent
this subfield was differentially affected by the risk
factor by using estimate statements comparing the
observed effect estimate with the effect estimate of
the risk factor on CA1. We chose comparison with
one subfield instead of comparison between all sub-
fields to avoid multiple comparisons. Further, we
chose CA1 as the reference subfield, because CA1
is relatively large in volume, which makes it more
robust and less prone to measurement differences
across methods, thus improving comparability with
other (future) studies.

Data for statistical analyses were prepared using
IBM SPSS Statistics for Windows, Version 25.0,
Armonk, NY: IBM Corp., and the analyses were con-
ducted with SAS software, Version 9.4 of the SAS
system for Windows, SAS Institute Inc., Cary, NC,
USA.

RESULTS

An overview of existing literature on vascular
risk factors and hippocampal subfield volumes using
manual or automated delineation methods is dis-
played in Table 1. As can be seen, the majority of

in vivo studies with humans researching risk factors
and hippocampal subfield volumes were published
in the past 10 years and are relatively few in number.
Risk factors studied differed between studies from
only age or alcohol use disorder up to the inclusion
of hypertension, obesity, APOE �4 carrier status, and
HDL-cholesterol. Studies used 1.5T to 4.7T MRI,
except for one study that used 7T MRI. Follow-
ing our inclusion criterion, subfields were segmented
manually, or automatically by protocols developed
by the authors or by freely available software (e.g.,
Freesurfer). Areas of the hippocampus that were stud-
ied ranged from one up to eleven, and number of
subjects included in the studies widely varied with the
majority having a study population less than hundred
participants.

Baseline characteristics of the study population are
displayed in Table 2. Participants were on average 67
years of age (SD 9 years) and 32% were female. Of
all participants, 22.6% never smoked, 9.9% used no
alcohol, 12.0% had diabetes, and 82.0% had hyper-
tension.

Table 3 shows the results of the mixed models
for the adjusted associations of age, sex, and other
risk factors with z-transformed volumes of each hip-
pocampal subfield. In Fig. 1, we also visualized the
unadjusted volumes for each risk factor. As can be
seen, with increasing age, all subfield volumes were
significantly smaller, with the exception of CA4/DG.
Post-hoc tests showed that with increasing age, the
entorhinal cortex, subiculum, CA2, CA3, and the tail
were similarly affected as CA1 (Table 4). Sex was
not significantly associated with any of the subfield
volumes.

Compared to never smokers, current smokers had
statistically significantly smaller volumes of the
entorhinal cortex and subiculum (entorhinal cortex:
B = –0.48, 95% CI: –0.85; –0.12, and subiculum
B = –0.47, 95% CI: –0.83; –0.11). This equals about
half a standard deviation, and thus a 16% smaller
volume than the mean volumes of these subfields.
Former smokers also had smaller volume of the
entorhinal cortex (B = –0.27, 95%CI: –0.55; 0.01)
and subiculum (B = –0.26, 95%CI: –0.53; 0.01),
although this association did not reach statistical
significance (Table 3). When formally tested, post-
hoc analyses did not show entorhinal cortex and
subiculum to be significantly differentially affected
by current smoking status compared to CA1 (Table 4).

Compared to no alcohol use, alcohol use up to 10
units/week showed statistically significantly smaller
volumes of CA1 (B = –0.39, 95% CI: –0.74; –0.04)
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Table 2
Baseline characteristics of the study sample

Characteristics Study sample n = 283

Demographics
Age (y) Mean age of all patients ± S.D. 67 ± 9
Sex Male 192 (67.8%)

Female 91 (32.2%)
Mini-Mental State Examination score, mean ± S.D. 28.9 ± 1.4
Vascular risk factors
Smoking Never smoker 64 (22.6%)

Current smoker 41 (14.5%)
Former smoker 178 (62.9%)

Alcohol use1 No alcohol use 28 (9.9%)
Up to 10 units per week 140 (49.5%)
More than 10 units per week 73 (25.8%)

Body mass index (kg/m2)2 26.7 ± 3.9
Obese (>30 kg/m2)3 52 (18.4%)
Diabetes mellitus present4 34 (12.0%)
Hypertension present 232 (82.0%)
Systolic blood pressure (mmHg), mean ± S.D 141 ± 18
Diastolic blood pressure (mmHg), mean ± S.D. 80 ± 10
Magnetic resonance imaging measurements
Hippocampal subfield volumes (mm3), mean ± S.D.5 Entorhinal cortex 841.4 ± 151.3

Subiculum 1168.3 ± 167.1
Cornu Ammonis 1 2983.2 ± 349.0
Cornu Ammonis 2 120.2 ± 21.2
Cornu Ammonis 3 198.2 ± 46.1
Cornu Ammonis 4/Dentate Gyrus 1587.8 ± 217.2
Tail 289.5 ± 67.1

Intracranial volume (cm3), mean ± S.D. 1501.8 ± 152.4
1Data of 241 participants on alcohol use (n = 42 missing). 2,3Data of 282 participants on body mass index and obesity (n = 1 missing). 4Data
of 281 participants on diabetes mellitus (n = 2 missing). 5Sum of left and right hippocampus (subfield).

and CA4/DG (B = –0.45, 95% CI: –0.82; –0.08),
and alcohol use of more than 10 units/week also
showed a statistically significantly smaller CA1 vol-
ume (B = –0.43, 95% CI: –0.81; –0.05). CA1 was
not significantly more affected, when formally tested,
than the other subfield volumes as shown by post-hoc
comparisons (Table 4).

Higher BMI was significantly associated with
smaller volumes of the entorhinal cortex (B = –0.04,
95% CI: –0.06; –0.01), subiculum (B = –0.04, 95%
CI: –0.07; –0.01), CA1 (B = –0.03, 95% CI: –0.05;
–0.00), CA2 (B = –0.03, 95% CI: –0.06; –0.00),
and CA3 (B = –0.05, 95% CI: –0.08; –0.02), but
not CA4/DG or tail. These B values are similar to
around 1–1.7% smaller volumes compared to the
mean of these volumes. BMI affected entorhinal cor-
tex, subiculum, CA2, and CA3 similarly to CA1
when we tested this formally with post-hoc analyses
(Table 4).

Presence of obesity showed around 10 to 12%
smaller subfield volumes compared to the mean vol-
umes of the entorhinal cortex (B = –0.33, 95% CI:
–0.62; –0.05), subiculum (B = –0.33, 95% CI: –0.61;
–0.05), CA2 (B = –0.35, 95% CI: –0.63; –0.07),

CA3 (B = –0.37, 95% CI: –0.67; –0.08), and tail
(B = –0.30, 95% CI: –0.59; –0.00), although not sig-
nificantly different from CA1 as shown by post-hoc
comparisons (Table 4).

Diabetes mellitus was associated with smaller vol-
ume of the subiculum (B = –0.35, 95% CI: –0.68;
–0.02) but not with other subfields. Yet, the effect
estimate for the subiculum was not statistically sig-
nificantly different from the effect estimate for CA1
volume when tested formally (Table 4).

Hypertension was not statistically significantly
associated with any of the hippocampal subfield vol-
umes, nor was increasing systolic blood pressure
(per 10 mmHg increase) or increasing diastolic blood
pressure (per 10 mmHg increase) with the excep-
tion of CA4/DG volume, which was larger (B = 0.13,
95% CI: 0.02; 0.24). We repeated the analyses
within participants without anti-hypertensive medi-
cation (n = 41 with hypertension based on elevated
blood pressure, n = 50 without hypertension). There
were no significant associations between hyper-
tension, systolic or diastolic blood pressure and
hippocampal subfield volumes (data not shown).
When formally tested, post-hoc analyses showed no
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Table 3
Associations between age, sex, vascular risk factors, and z-transformed hippocampal subfield volumes in the study sample

Entorhinal cortex Subiculum Cornu Ammonis 1 Cornu Ammonis 2 Cornu Ammonis 3 Cornu Ammonis 4/ Dentate Gyrus Tail

Unstandardized B Unstandardized B Unstandardized B Unstandardized B Unstandardized B Unstandardized B Unstandardized B
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

Age1 –0.03 (–0.05; –0.02)** –0.03 (–0.04; –0.02)** –0.02 (–0.03; –0.01)** –0.02 (–0.03; –0.01)** –0.02 (–0.03; –0.00)* 0.00 (–0.01; 0.01) –0.02 (–0.03; –0.00)**
Sex (male; female)2 0.04 (–0.25; 0.34) 0.11 (–0.17; 0.40) –0.06 (–0.33; 0.22) 0.06 (–0.23; 0.35) 0.26 (–0.04; 0.56) 0.23 (–0.05; 0.51) 0.24 (–0.06; 0.54)
Vascular risk factors
Current smoking3 –0.48 (–0.85; –0.12)* –0.47 (–0.83; –0.11)* –0.13 (–0.48; 0.21) –0.16 (–0.53; 0.21) 0.02 (–0.37; 0.41) –0.16 (–0.51; 0.20) –0.04 (–0.42; 0.34)
Former smoking3 –0.27 (–0.55; 0.01) –0.26 (–0.53; 0.01) 0.09 (–0.17; 0.35) –0.07 (–0.34; 0.21) 0.15 (–0.14; 0.44) 0.03 (–0.23; 0.30) 0.06 (–0.23; 0.35)
Alcohol ≤10 units/week4 0.06 (–0.34; 0.47) 0.20 (–0.19; 0.58) –0.39 (–0.74; –0.04)* –0.11 (–0.51; 0.29) 0.26 (–0.15; 0.67) –0.45 (–0.82; –0.08)* –0.26 (–0.67; 0.15)
Alcohol>10 units/week4 0.15 (–0.29; 0.59) 0.11 (–0.31; 0.54) –0.43 (–0.81; –0.05)* –0.25 (–0.69; 0.18) 0.20 (–0.25; 0.65) –0.35 (–0.75; 0.05) –0.29 (–0.74; 0.15)
Body mass index5 –0.04 (–0.06; –0.01)** –0.04 (–0.07; –0.01)** –0.03 (–0.05; –0.00)* –0.03 (–0.06; –0.00)* –0.05 (–0.08; –0.02)** –0.02 (–0.05; 0.01) –0.02 (–0.05; 0.01)
Obesity5 –0.33 (–0.62; –0.05)* –0.33 (–0.61; –0.05)* –0.19 (–0.46; 0.08) –0.35 (–0.63; –0.07)* –0.37 (–0.67; –0.08)* –0.16 (–0.44; 0.11) –0.30 (–0.59; –0.00)*
Diabetes Mellitus6 –0.29 (–0.63; 0.05) –0.35 (–0.68; –0.02)* –0.14 (–0.46; 0.18) –0.29 (–0.62; 0.05) 0.03 (–0.32; 0.39) –0.07 (–0.39; 0.26) –0.06 (–0.41; 0.29)
Hypertension 0.15 (–0.16; 0.45) 0.02 (–0.28; 0.32) 0.07 (–0.21; 0.36) 0.05 (–0.25; 0.36) –0.08 (–0.39; 0.24) 0.11 (–0.18;0.40) –0.09 (–0.40; 0.22)
Systolic blood pressure7 0.01 (–0.05; 0.08) 0.01 (–0.05; 0.08) 0.04 (–0.02; 0.10) –0.00 (–0.07; 0.06) –0.01 (–0.08; 0.05) 0.06 (–0.00; 0.12) 0.02 (–0.04; 0.09)
Diastolic blood pressure7 0.01 (–0.11; 0.13) 0.08 (–0.04; 0.19) 0.10 (–0.00; 0.21) –0.02 (–0.14; 0.09) –0.06 (–0.19; 0.06) 0.13 (0.02; 0.24)* 0.03 (–0.09;0.15)

Mixed models: adjusted for age, sex, intracranial volume. Reference categories for all categorical risk factors is absence of that risk factor. 1Adjusted for sex and intracranial volume. 2Adjusted
for age and intracranial volume. 3Current and former smoking were compared to never smoking. 4Alcohol: data of 241 participants used due to missing data (n = 42). 5Body mass index, obesity:
data of 282 participants on body mass index and obesity (n = 1 missing). 6Diabetes mellitus: data of 281 participants on diabetes mellitus (n = 2 missing). 7For easier interpretation, we used the
continuous systolic and diastolic blood pressure divided by a factor ten. *significant p–value < 0.05. **significant p–value < 0.01.

difference
betw

een
the

effectestim
ates

for
C

A
4/D

G
and

C
A

1
volum

e.

D
ISC

U
SSIO

N

In
this

study
am

ong
m

iddle-aged
and

older
adults

w
ithoutclinicaldem

entia,w
e

observed
thatincreas-

ing
age

w
as

associated
w

ith
sm

aller
volum

es
of

all
subfields,

except
C

A
4/D

G
.

C
urrent

sm
oking

w
as

associated
w

ith
sm

aller
volum

es
of

the
entorhi-

nal
cortex

and
subiculum

.
M

oderate
alcohol

use
w

as
associated

w
ith

sm
aller

volum
es

of
C

A
1

and
C

A
4/D

G
.

O
besity

w
as

associated
w

ith
sm

aller
vol-

um
es

of
the

m
ajority

of
subfields.D

iabetes
m

ellitus
w

asassociated
w

ith
sm

allersubiculum
volum

e.O
ther

risk
factors

studied
w

ere
not

associated
w

ith
hip-

pocam
palsubfield

volum
es.

A
lthough

w
e

observed
that

risk
factors

w
ere

associated
w

ith
specific

subfield
volum

es,
and

that
som

e
effectestim

ates
w

ere
relatively

large
com

pared
to

others,
none

of
the

subfields
w

as
differentially

affected
by

any
of

the
risk

factors
w

hen
form

ally
tested.O

fnote,thisstudy
included

the
largestnum

ber
of

participants
w

ith
7T

M
R

I
segm

entations
to

date;
nevertheless,

it
is

possible
that

w
e

lacked
sufficient

pow
er

to
detectsm

alldifferences
betw

een
subfields.

A
lso,w

e
tried

to
avoid

m
ultiple

com
parisonsby

using
one

subfield
(C

A
1)

as
a

reference
subfield

to
test

if
the

subfieldsw
ere

differentially
affected

by
a

risk
fac-

tor.C
A

1
is

the
largestsubfield

and
thus

leastprone
to

m
easurem

enterror.T
his

already
resulted

in
30

com
-

parisons.Itisthuspossible
thatw

e
m

issed
differences

betw
een

othersubfields.H
ow

ever,com
paring

allrisk
factorsw

ith
allsubfieldsw

ould
have

largely
increased

the
num

berofcom
parisons

and
thus

the
likelihood

of
chance

findings.
O

urfinding
thatincreasing

age
w

asassociated
w

ith
sm

aller
subfield

volum
es

is
consistent

w
ith

previ-
ous

findings
from

other
in

vivo
studies

in
hum

ans
that

found
increasing

age
to

be
associated

w
ith

sm
allervolum

es
in

one
orm

ore
subfields

[10,14–26]
(Table

1).A
lthough

these
studiesdid

notexam
ine

any
potential

differential
effects

on
individual

subfields,
the

variety
in

subfields
affected

betw
een

studies
sug-

gests
thatallsubfields

are
to

a
lesserorgreaterextent

affected.T
his

is
consistentw

ith
our

observation
that

subfields
w

ere
not

differentially
affected

w
hen

for-
m

ally
tested,

and
is

in
line

w
ith

in
vivo

literature
reporting

that
aging

is
associated

w
ith

hippocam
pal

shrinkage
[27].

A
n

histological
study,

show
ed

m
ost

neuron
loss

in
the

subiculum
and

C
A

4
(or

hilus)



K. Blom et al. / Risk Factors of Hippocampal Subfield Volumes 1235

Fig. 1. Non-adjusted estimated means and standard errors of age, sex, and vascular risk factors with z-transformed volumes of each
hippocampal subfield. CA, Cornu Ammonis; DG, dentate gyrus. * significant difference between the groups compared in this subfield,
p-value<0.05. In the cases that there are 3 groups visualized per subfield, the significant difference is between the vascular risk factor and the
group were the risk factor is absent (reference category). Note: Plots of ‘age’ and ‘overweight’ include groups generated for visualization
purpose only, these dichotomous groups were not used in an analysis.

with ageing [28], although the effect on the vol-
ume of the subfields with this neuron loss was not
specified.

In this study, sex was not associated with any
subfield volume reduction, which is consistent with
most literature [14, 21, 25]. To our knowledge only
one study reported that men had a larger CA2 vol-
ume than women (Table 1) [23]. Overall, sex does
not seem to influence a decrease in hippocampal
(subfield) volume. Current smoking, but not former
smoking, was associated with smaller entorhinal cor-
tex and subiculum volumes. Another study found a
trend for a decrease in subiculum volume and smaller
volumes of CA1, CA2-3, and CA4/DG (Table 1) [29].
Smoking is an important risk factor for AD [30] and
previous studies, in vivo and histological, report that
the entorhinal cortex and subiculum are among the
first structures affected in AD [8, 28]. It is interesting
to note that in our study also the entorhinal cortex
and subiculum show the strongest associations with
smoking status. Although we did not find that the

entorhinal cortex and subiculum were significantly
more affected than CA1 as reference subfield when
formally tested, our findings support the notion that
smoking contributes to AD development through hip-
pocampal volume loss. We also found an association
between alcohol use up to 10 units per week and more
than 10 units per week and a smaller CA1 volume,
and also between alcohol use up to 10 units per week
and a smaller CA4/DG. One other study also found
a smaller CA1 volume, CA4, and DG in patients
with alcohol use disorder compared to control par-
ticipants, which may be consistent with our findings.
However, that study also found a smaller subiculum
volume in alcohol use disorder compared to control
participants, which we did not observe (Table 1) [15].
Another study in patients with alcohol use disorder
found a smaller subiculum volume, but no associa-
tions with CA2-3 or CA4/DG (Table 1) [31]. It should
be noted that we did not examine alcohol use disor-
der, but units per week in participants not selected
on alcohol dependence. In alcohol use disorder it
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is reported that individuals on average have an 8%
smaller hippocampus [5].

Higher BMI and obesity were associated with vol-
ume reductions in almost all hippocampal subfields.
One other study that investigated ERC found no
association with obesity (Table 1) [20], and another
investigated SUB, CA2-3, and CA4/DG and also
found no associations (Table 1) [31]. Reviews report
that obesity is associated with a smaller total hip-
pocampal volume [5, 27], possibly due to several
different effects leading to a decrease in insulin sen-
sitivity [27]. Insulin resistance in the hippocampus is
thought to be an important factor in cognitive dys-
function and AD [32].

DM was associated with significant volume reduc-
tion in the subiculum, which is consistent with one
other study, although that study also observed an
association with volume reduction in CA1 (Table 1)
[33]. It has been reported that patients with DM have
increased atrophy of the total hippocampus [5], and
DM is one of the more consistently reported risk fac-
tors for AD and vascular dementia [3] and is thought
to affect cognition by the mechanism of insulin resis-
tance as mentioned above.

We found no association between hypertension
and hippocampal subfield volumes, which is con-
sistent with two other studies (Table 1) [20, 25].
However, one other study found a smaller CA1-2
volume in older adults with hypertension compared
to normotensive older adults (Table 1) [26]. To our
knowledge, no studies investigated the associations
between continuous systolic or diastolic blood pres-
sure and subfield volumes in humans in vivo. We
did not find evidence for an association between
systolic blood pressure and smaller hippocampal sub-
field volumes. In our study, higher diastolic blood
pressure was associated with larger CA4/DG volume,
but not with other subfield volumes. CA4/DG was
not differentially affected when compared to CA1
volume. To explore if pulse pressure could explain
this unexpected finding, we performed a post-hoc
mixed effect regression model, and found that pulse
pressure was not associated with any of the sub-
fields volumes. Overall, the associations between
blood pressure and hippocampal subfield volumes
are inconsistent, and there does not seem to be a
differential effect on subfield volumes. Hyperten-
sion, systolic and diastolic blood pressure levels
and their association with dementia is complex.
Both hypertension and low diastolic blood pres-
sure are associated with a decrease in hippocampal
volume [5].
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Strengths of this study include the large num-
ber of participants with 7T brain imaging. Further,
we used 7T MRI to visualize the hippocampal sub-
fields and used a freely available fully automated
segmentation program (ASHS) that has been vali-
dated and showed high accuracy compared to the
labor-intensive manual segmentation [13]. Previous
studies were conducted on lower resolution MRI
scanners which make it more difficult to delineate
the subfields and studies therefore combined different
subfields in their analyses. Furthermore, the method
of delineation of the subfields differs across studies.
Some studies used manual protocols, while others
used automatic methods of delineation. These auto-
matic programs included Freesurfer version 5.1 up
to version 5.3, which have been criticized before as
these subfields did not agree well with histological
boundaries and other studies using manual protocols
[34]. The subfield boundaries have been improved in
version 6.0, although caution with interpretation of
the volumetric data on the subfields is still advised as
some boundaries are not visual in training data [35].
In Table 1, we included those studies that used a man-
ual or automated delineation method of hippocampal
subfield volumes, to increase comparability with our
study, although it must be noted that there are many
interesting other studies using different techniques
(e.g., [36–44]) on the association between age or
other risk factors and the hippocampus). Another
strength of this study is that we examined differen-
tial effects of the vascular risk factors on subfield
volumes. As can be seen from Table 1, few studies
investigated the associations between vascular risk
factors and hippocampal subfield volumes in vivo,
and none examined any potential differential effects
of the risk factors on subfield volumes. Further, we
included participants from various settings, which
increased variability in risk factor distribution. At
the same time, it should be noted that the majority
of participants in the study came from the SMART-
MR study that had a history of vascular disease and
were survivors of the cohort still willing and able to
undergo a 7T MRI. The results may therefore not
be generalizable to the general population without
dementia.

A limitation of this study is the cross-sectional
design, and we therefore do not know to what
extent the smaller subfield volumes observed repre-
sent volume loss in the context of normal aging or
neurodegenerative diseases, such as AD. The partic-
ipants were not selected on having an increased risk
for AD, although a portion of the sample may have a

family history of AD or experience subjective cogni-
tive decline. Also, we did not have APOE genotype
for all participants available nor did we have amyloid-
� or tau. Also, we were not able to determine to what
extent hippocampal subfields show differential vol-
ume loss over time. Prospective studies are needed to
determine to what extent the observed hippocampal
subfield volume reductions increase the risk of AD
or are part of normal aging.

In conclusion, in older adults without demen-
tia, age, smoking, alcohol use, obesity and diabetes
mellitus were associated with smaller volumes of spe-
cific hippocampal subfields on 7T MRI; however, no
statistical evidence was found that these subfields
were differentially affected by these risk factors.
More studies are needed to confirm our findings and
investigate to what extent hippocampal subfields are
differentially affected by risk factors and contribute
to AD development.
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