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Abstract
Objective
To test the hypothesis that genetic risk for Alzheimer disease (AD) may represent a stable
inﬂuence on the brain from early in life, rather than being primarily age dependent, we
investigated in a lifespan sample of 1,181 persons with a total of 2,690 brain scans, whether
higher polygenic risk score (PGS) for AD and presence of APOE e4 was associated with lower
hippocampal volumes to begin with, as an oﬀset eﬀect, or possibly faster decline in older age.
Methods
Using general additive mixed models, we assessed the relations of PGS for AD, including
variants in APOE with hippocampal volume and its change in a cognitively healthy longitudinal
lifespan sample (age range: 4–95 years, mean visit age 39.7 years, SD 26.9 years), followed for
up to 11 years.
Results
AD-PGS and APOE e4 in isolation showed a signiﬁcant negative eﬀect on hippocampal volume.
The eﬀect of a 1 sample SD increase in AD-PGS on hippocampal volume was estimated to
–36.4 mm3 (conﬁdence interval [CI]: –71.8, –1.04) and the eﬀect of carrying e4 allele(s)
–107.0 mm3 (CI: –182.0, –31.5). Oﬀset eﬀects of AD-PGS and APOE e4 were present in
hippocampal development, and interactions between age and genetic risk on volume change
were not consistently observed.
Conclusions
Endophenotypic manifestation of polygenic risk for AD may be seen across the lifespan in
cognitively healthy persons, not being conﬁned to clinical populations or older age. This
emphasizes that a broader population and age range may be relevant targets for attempts to
prevent AD.
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Glossary
AD = Alzheimer disease; CI = conﬁdence interval; DBP = diastolic blood pressure; GAF = genetic ancestry factor; LCBC =
Center for Lifespan Changes in Brain and Cognition; PGS = polygenic risk score; SBP = systolic blood pressure; SNP = single
nucleotide polymorphism.

Among the earliest signs of Alzheimer disease (AD) are deficits in memory and orientation, tied to hippocampal dysfunction.1 Although variants at multiple genetic loci identiﬁed
in case-control studies are associated with AD risk,2 little is
known about how these aﬀect individuals devoid of AD diagnosis at an endophenotypic level. Although the major AD
genetic risk factor, the APOE e4 allele,3,4 has been associated
with smaller hippocampi at various ages also in healthy
persons,5,6 longitudinal data are scarce and restricted to older
adults.7,8 It is unknown whether polygenic risk scores (PGSs)
calculated from established AD risk variants translate to differences in neural characteristics at diﬀerent life stages in
healthy persons. Of interest, higher AD-PGS was recently
found related to lower left hippocampal volumes in young
adults, also when variants in APOE were excluded.6 The
negative eﬀect of common genetic polymorphisms on late-life
disease, including AD, has often been interpreted in terms of
age-speciﬁc mechanisms.9,10 However, there is growing evidence for continuous inﬂuence of early life factors on later-life
cognitive function and neural foundations.11–14 Do AD genetic risk factors exert their eﬀects only at later life stages
resulting in brain atrophy and clinical symptoms or aﬀect
neural structures throughout the lifespan in the population at
large? We hypothesized a relation throughout the lifespan,
with higher AD-PGS, including the presence of APOE e4,
showing association with lower hippocampal volumes early in
life, as an oﬀset eﬀect. We tested whether AD genetic risk
factors derived from genome-wide association studies2 had an
eﬀect on hippocampal volume and volumetric changes in
cognitively healthy individuals through the lifespan and
whether genetic risk interacted with age.

2

reports.12,14 All were screened, and dementia, previous stroke
with sequela, Parkinson disease, and other neurodegenerative
diseases likely to aﬀect cognition were the exclusion criteria,
with additional inclusion and exclusion criteria being applied
per study (see e-Methods). Sample descriptions for the total
sample binned by time points are given in table 1. Additional
descriptions including distribution of substudy samples per
time point are given in table e-1.
To check for possible recruitment bias/age selectivity, the
correlations of age and AD-PGS and APOE e4 allelic variation
(coded as both 0, 1, or 2 copies of the e4 allele and the absence
or presence of the e4 allele, 0 or 1) were calculated. For ADPGS and age, there was a modest correlation, r = −0.04
(conﬁdence interval [CI]: −0.08, −0.00), suggesting some age
selectivity. No correlations reaching statistical signiﬁcance or
trends toward such were observed for APOE e4 allelic variation, correlations with age being r = −0.01 (CI: −0.05, 0.02)
for APOE e4 coded as no (0)/yes (1) and r = 0.00 (CI: −0.04,
0.04) for APOE coded as no e4 allele (0)/1 e4 allele (1)/2 e4
alleles (2). This suggests that there was no substantial sample
selection age bias with regard to genetic risk for AD. The
proportion of APOE e4 carriers in the present study appears
largely in line with that which would be expected for the
population in a Scandinavian country.20

Methods

Standard protocol approvals, registrations,
and patient consents
The studies were approved by the Regional Ethical Committee of South East Norway. Written informed consent was
obtained from participants aged 16 years and older and from
parents of participants younger than 16 years, and oral
consent was obtained from participants aged 12 years and
older.

Sample
A total of 2,690 valid scans from 1,181 cognitively healthy
participants, aged 4.1–95.7 years (mean visit age 39.7 years,
SD 26.9 years), were drawn from 5 Norwegian studies. The
studies included 4 substudies coordinated by the Center for
Lifespan Changes in Brain and Cognition (LCBC); The
Norwegian Mother and Child Cohort Neurocognitive
Study,15 Neurocognitive Development,16 Cognition and
Plasticity Through the Lifespan,17 Neurocognitive Plasticity,18 and a study run collaboratively by LCBC and Oslo
University Hospital, Novel Biomarkers19 (see e-Methods for
details, links.lww.com/NXG/A316). The majority of participants were followed longitudinally, scan intervals ranging
0.2–11.0 years (mean = 2.9 years, SD = 2.6 years). The sample
is partly overlapping with a lifespan sample used in previous

Genotyping
Buccal swab and saliva samples were collected for DNA extraction, followed by genome-wide genotyping using the
Global Screening Array (Illumina, Inc., San Diego, CA). For a
full description of genotyping and postgenotyping methods,
including quality control and imputation of untyped markers,
please see e-Methods (links.lww.com/NXG/A316). AD-PGS
of our sample was calculated using the allelic eﬀect sizes from
Lambert et al.2 Shared single nucleotide polymorphisms
(SNPs) between our data and Lambert et al.2 were pruned to
be nearly independent using the program PLINK21 with the
following parameters –clump-p1 1.0 –clump-p2 1.0 –clumpkb 500 –clump-r2 0.1. The linkage disequilibrium structure
was based on the European subpopulation from the 1000
Genomes Project Phase 3.22 Because of the complexity of the
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44.4
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Mean
Range
Mean
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Mean
Mean
Range
Mean
Range
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Mean

Range

Time point 7
(n = 6, 4 F)
Time point 6
(n = 87, 51 F)
Time point 5
(n = 117, 69 F)
Time point 4
(n = 180, 106 F)
Time point 3
(n = 442, 252 F)
Time point 2
(n = 677, 384 F)
Time point 1
(n = 1,181, 738 F)

Table 1 Sample descriptives
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major histocompatibility complex region (build hg19; chr6:
25652429-33,368,333), we removed SNPs in this region except the most signiﬁcant one before pruning. Previous
studies23–25 have shown that PGSs constructed using SNPs with
association p value <0.5 from Lambert et al.2 have the largest
eﬀect on the risk of AD. Hence, we used the same threshold in
the pruned set for computing the AD-PGS. To investigate the
consistency of results across diﬀerent p value thresholds, SNPs
with p < 5e-08 in the pruned set were additionally used for
constructing a PGS for our samples. Analyses were recomputed
limiting markers to those showing genome-wide signiﬁcant association (i.e., p < 5e-08) with AD risk in Lambert et al.2 Because of its known large eﬀect, we computed AD-PGS with and
without markers in the APOE region (build hg19; chr19:
44,909,011-45,912,650). To test the eﬀect of APOE itself, we
modeled the counts of APOE e4 alleles directly by counting the
number of alternative alleles at rs429358,26,27 as 0, 1, or 2. To
control the possible eﬀect of vascular factors on the relation
between AD-PGS and hippocampus volume, we included PGSs
for systolic and diastolic blood pressure (SBP-PGS and DBPPGS) as additional covariates in our models. Both SBP-PGS and
DBP-PGS were computed using the same protocol as that used
for AD-PGS, but based on the public data from Liu et al.28 We
computed the genetic ancestry factors (GAFs) using principal
component methods.29 For the present analysis, only participants of European ancestry were included, excluding 89 persons
for whom we had genotype data.
MRI data acquisition
Participants were scanned at a total of 4 Siemens scanners at 2
sites. The pulse sequences used for morphometric analyses
were 1 to 2 3D sagittal T1-weighted MPRAGE sequences. For
details on the scanners and pulse sequences used, see
e-Methods (links.lww.com/NXG/A316). Other MRI volumes were recorded, including sequences intended for and
examined by a radiologist, to rule out and medically follow up
incidental neuroradiologic ﬁndings. Distribution of scans
from the diﬀerent scanners per time point is given in table e-1.
See e-Methods for further details.
Image analysis
All scans were reviewed for quality and automatically corrected for spatial distortion.30 Images were processed with the
FreeSurfer software package (version 6.0), including automatic hippocampal volumetric segmentation.31 To allow assessment of diﬀerences between scanners, 24 participants
were scanned on all 3 scanners from Oslo University Hospital
on the same day. Linear regression analyses were run testing
the concordance between hippocampal volumes between
scanners, yielding excellent agreement. Thus, including
scanner as a covariate in the analyses would account for oﬀset
diﬀerences between scanners. See e-Methods for further details (links.lww.com/NXG/A316).
Statistical analyses
Analyses were run in R version 3.6.0. General additive mixed
models using the package mgcv version 1.8-28 were used to
Neurology: Genetics | Volume 6, Number 5 | October 2020
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derive age functions with a random intercept term per participant. Hippocampal volumes were predicted from (1) a
smooth function of age and a linear function of AD-PGS, (2)
a smooth function of age and linear functions of AD-PGS
and presence/absence of 1 or 2 APOE e4 alleles, (3) smooth
functions of age and AD-PGS and a tensor interaction term
of age and AD-PGS, and (4) a linear function of the
presence/absence of 1 or 2 APOE e4 alleles and a smooth
interaction between age and presence/absence of 1 or 2
APOE e4 alleles. In all models, scanner, intracranial volume,
sex, and the ﬁrst 5 GAFs, in addition to genotyping batch (1;
n = 1,014, 2; n = 166), were entered as covariates. DBP-PGS
and SBP-PGS were added as additional covariates (repeating steps 2 and 4), to further investigate whether any
eﬀect was unique to AD-PGS and APOE. We did not have
any hypothesis regarding diﬀerential hemispheric eﬀects,
and bilateral hippocampal volumes were entered in analyses.
However, we additionally ran analyses for the left and right
hippocampi separately (repeating steps 2 and 4), and to
allow for comparison with others,6 results presented as
e-Methods (links.lww.com/NXG/A316). We computed
95% CIs for the eﬀect of PGS and APOE allelic variation.
The reported eﬀect sizes are mm3 diﬀerence in hippocampal
volume per SD of PGS and when carrying 1 or more e4
alleles vs not carrying any.
Data availability
There are data access restrictions in accordance with ethical
guidelines and national data protection legislation. The data
will be made available pending reasonable request, appropriate institutional data protection security measures, and ethical
approval.

Results
In the lifespan sample, hippocampal volumes increased in
early development and declined in older age, as shown in
ﬁgure 1A. We found a signiﬁcant negative eﬀect of AD-PGS
on hippocampal volume, as shown in ﬁgure 1B. The estimated
eﬀect of AD-PGS on hippocampal volume was −36.4 mm3
(CI: −71.8, −1.0) associated with 1 sample SD higher ADPGS. The interaction term between age and AD-PGS did not
reach statistical signiﬁcance. The interaction term between
age and AD-PGS represents how the eﬀect of AD-PGS varies
with age and is nonlinear in both variables. The point estimate
of the interaction was less than 10% of the main eﬀect of ADPGS for AD-PGS within 2 SDs of the sample mean over the
full age range considered. At age 20 years, this interaction
term estimated an additional oﬀset eﬀect −0.27 mm3 (CI:
−2.87, 2.33) at AD-PGS 1 SD below the mean and 0.23 mm3
(CI: −2.39, 2.85) at 1 SD above the mean, and at age 80 years,
the corresponding estimates were 0.96 mm3 (CI: −3.12, 5.04)
and −0.86 mm3 (CI: −4.96, 3.24). Of note, this implies that
the absolute volume diﬀerence between those with lower and
higher AD-PGS appears to be about the same in young adults
(;20s) as in the oldest adults (;80s), and even the extreme
ends of the CIs represent quite moderate diﬀerences.
4
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Although the analysis was based on the continuous AD-PGS
score, inspection of the age trajectories for values of AD-PGS
at 1 SD below and above mean (ﬁgure 1C) did not give any
consistent indication of greater eﬀects of higher PGS for AD
with age. Rather, although there was time after age 60 years
when the hippocampal curves merge for the diﬀerent subgroups, they were otherwise mostly ordered throughout life
so that those with PGS for AD 1 SD below mean had the
highest volume, whereas those with the PGS for AD 1 SD
below mean have the lowest volume. Adding PGSs for blood
pressure (DBP and SBP) as additional covariates, the eﬀect of
AD-PGS on hippocampal volume was still signiﬁcant, see
e-Methods for further details (links.lww.com/NXG/A316).
Analysis with APOE status as the predictor of hippocampal
volume likewise showed a signiﬁcant negative eﬀect of the
presence of the e4 allele. The estimated eﬀect of carrying 1 or
more e4 alleles on hippocampal volume was −107.0 mm3 (CI:
−182.0, −31.5). The interaction term between age and APOE
allelic variance did not reach statistical signiﬁcance. e4 allele
carriers had smaller hippocampal volumes in young age, as an
oﬀset eﬀect. There was not indication of faster atrophy in
older age, as carriers in young adulthood (;20s) appeared to
display lower hippocampal volumes, a diﬀerence that seemed
somewhat lower in middle age, but more pronounced again in
older adulthood (;80s; ﬁgure 1D). At age 20 years, the difference in hippocampal volume between carriers and noncarriers was −101 mm3 (CI: −224, 23); at age 50 years, this
diﬀerence was −22.6 mm3 (CI: −186, 141); and at age 80 years,
it was −278 mm3 (CI: −478, −77.7). Adding PGSs for blood
pressure (DBP and SBP) as additional covariates did not
weaken the eﬀect of APOE status on hippocampal volume, see
e-Methods for further details (links.lww.com/NXG/A316).
AD-PGS excluding the APOE region did not show a signiﬁcant
eﬀect on hippocampal volume, although a trend in the same
direction as the full model was observed (estimate −31.8 mm3,
CI: −67.4, 3.92). There was no evidence for an age interaction
on using the AD-PGS excluding markers in the APOE region.
The estimated interactions corresponding to values of AD-PGS
excluding the APOE region at 1 SD below the sample mean
varied from −0.1 mm3 (CI: −1.1, 2.2) at age 20 years to
0.2 mm3 (CI: −2.2, 2.6) at age 80 years, and the corresponding
values at other ages were very similar. For values of AD-PGS
excluding the APOE region at 1 SD above the sample mean, the
interaction varied from 0.1 mm3 (CI: −1.4, 1.6) at age 20 years
to −0.1 mm3 (CI: −2.6, 2.3) at age 80 years, and also here the
corresponding values at other ages were very similar.
Recomputing the analyses with an AD-PGS limited to SNPs
only showing genome-wide signiﬁcant association (i.e., p <
5e-08) with AD risk in Lambert et al.2 conﬁrmed a signiﬁcant
negative eﬀect of AD-PGS on hippocampal volume
(−44.8 mm3/AD-PGS SD, CI: −80.7, −8.9). This result was
reduced to a trend when excluding markers in the APOE
region (−35.6 mm3/PGS SD, CI: −76.7, 5.5). However, signiﬁcant age interactions appeared in the PGS analyses limited
Neurology.org/NG

Figure 1 Hippocampal volume in relation to age and genetic risk

Hippocampal volume (across hemispheres,
shown in mm3 on the y-axis) and change in relation to (A) age (in years, x-axis) plotted with individual trajectories overlaid, (B) polygenic risk
score (PGS) for Alzheimer disease (AD) (x-axis,
continuous scale 0–1), (C) age (in years, x-axis)
with PGS for AD set to the first (red line) and
fourth quartiles (blue line) of the sample, and (D)
trajectories for carriers (blue line) and noncarriers (red line) of the APOE e4 allele. PGSs for AD
shown here were constructed using single nucleotide polymorphisms with association p value
<0.5 from Lambert et al.2

to genome-wide signiﬁcant markers, both with and without
markers in the APOE region (ﬁgure 2). Especially when excluding the APOE region, there seemed to be a somewhat
more negative eﬀect of higher AD-PGS on hippocampal
volume in older age (above 80 years). For a more detailed
description of these interaction eﬀects, see e-Methods (links.
lww.com/NXG/A316).

Discussion
This study shows that genetic risk for AD is associated with
eﬀects on hippocampal volume throughout life, having neurodevelopmental oﬀset eﬀects observable from childhood in
cognitively healthy well-functioning participants. Higher ADPGS and carrying the APOE e4 allele speciﬁcally were associated with lower developmental hippocampal volume oﬀsets,
Neurology.org/NG

and persons with higher genetic risk for AD remained having
lower hippocampal volumes with age. Notably, this main eﬀect
was consistently observed for PGSs constructed using SNPs
with 2 diﬀerent association p values.2 The association of hippocampal volume and AD-PGS through the lifespan found
here can contribute to build knowledge on the lifespan trajectories of polygenic AD risk at an endophenotypic level.
However, and as expected, the eﬀect was not large, and when
using the AD-PGSs computed without the APOE region as
predictor, the eﬀect was reduced to a trend.
A negative cross-sectional association between hippocampal
volumes and polygenic risk for AD—also excluding the APOE
region—has been previously reported in a smaller sample of
young adults,6 suggesting that the relationship between hippocampal volume and AD risk results from multiple genetic
factors and not exclusively variability in the APOE region. We
Neurology: Genetics | Volume 6, Number 5 | October 2020
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Figure 2 Hippocampal volume and PGS for AD limited to SNPs showing genome-wide significant association

Upper panel: including APOE. Hippocampal volume (across hemispheres, shown in mm3 on the y-axis) and change in relation to (A) AD-PGS including the APOE
region as calculated based on effect sizes from Lambert et al.2 at p < 5e-08 (x-axis, continuous scale 0–1). (B) Age (in years, x-axis) with AD-PGS at p < 5e-08
including the APOE region set to the first (red line) and fourth (blue line) quartiles of the sample. Lower panel: excluding APOE. Hippocampal volume (across
hemispheres, shown in mm 3 on the y-axis) and change in relation to (C) AD-PGS excluding the APOE region as calculated based on effect sizes from Lambert
et al.2 at p < 5e-08 (x-axis, continuous scale 0–1). (D) Age (in years, x-axis) with AD-PGS at p < 5e-08 excluding the APOE region set to the first (red line) and fourth
(blue line) quartiles of the sample. AD = Alzheimer disease; PGS = polygenic risk score; SNP = single nucleotide polymorphism.

do not consider those ﬁndings in conﬂict with the present,
where a trend toward the same was observed. However, as can
be seen from the associations reported, the eﬀect of APOE on
hippocampal volumes in cognitively healthy persons of varying
ages appears stronger than that of other genetic variants.
Having low vs high genetic risk for AD was associated with
roughly equivalent diﬀerence in hippocampal volume at age
25 and 80 years. In the current study, the eﬀect of the PGS
constructed using SNPs with association p value <0.5 from
Lambert et al.,2 shown to have the largest eﬀect on the risk of
AD,23–25 did not signiﬁcantly interact with age. However, the
PGS eﬀect was not equally apparent at all ages among older
adults, and notably, age interactions were observed for the
same PGS constructed using SNPs with the lowest association
p value, also when excluding variants in the APOE region.
Possibly, diﬀerent extent of eﬀects at diﬀerent ages may illuminate why one small recent study found associations of an
AD genetic risk score and hippocampal atrophy over a 2-year
interval in healthy older adults (n = 45), although no association with individual variation in volume was seen at baseline (n = 66).8 AD-PGS did correlate modestly with age in our
sample, and there may be some sample selection bias in
healthy older age samples, so it would be interesting to see
6
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whether age interactions could be consistently observed if
persons were followed for even longer and at higher ages. It
should be noted that a limitation of the current study is that
sample density was lower in the middle of the lifespan than in
young and older age groups. We cannot, based on the current
sample, exclude a mixture of neurodevelopmental oﬀset and
aging eﬀects, although the neurodevelopmental oﬀset eﬀects
were the most consistently supported by the present results.
There was only a trend for eﬀects of APOE allelic variants to
interact with age, and this trend was not clearly indicative of
faster atrophy for APOE e4 carriers in older age. Crosssectional studies have shown that APOE e43,4 carriers tend to
have lower hippocampal/medial temporal lobe volumes at
various ages also in healthy persons,5 and notably, this has
been identiﬁed even in neonates.32 However, it has been
diﬃcult to interpret whether these developmental structural
brain diﬀerences actually do represent long-term risk factors,
as longitudinal imaging data have been lacking. The only such
study we know of was restricted to older adults aged 55–75
years,7 showing greater hippocampal atrophy in e4 carriers
across a 5-year interval. The present study hence partly conﬁrms, yet nuances and extends previous reports, in showing a
main eﬀect through the lifespan, i.e., also an oﬀset eﬀect.
Neurology.org/NG

The present study adds to the evidence for early life factors
exerting a continuous inﬂuence on later-life function,11 showing that genetic factors established to inﬂuence late-life neural
and cognitive disease work in part in a temporally stable and
dimensional manner. That is, genetic risk factors for AD seem
not to only manifest at late life in hippocampal atrophy and
clinical symptoms but appear to start inﬂuencing the neural
structures on which cognition rely early on, through the entire
lifespan and in the population at large. In this regard, currently
observed eﬀects of the APOE e4 allele cannot well be interpreted only within the framework of antagonistic pleiotropy,9,10
as this allelic variant appears to have in part similar eﬀects on
neural structures of memory function at diﬀerent ages. As for
AD-PGS, currently observed eﬀects are of similar magnitude in
young adulthood as in much of older adulthood, meaning that
explanations evoking diﬀerent eﬀects on the hippocampus at
diﬀerent ages may be incomplete.
This does not necessarily imply that eﬀects on behavior may be
readily observed through the lifespan. A number of studies have
indeed not observed eﬀects of APOE status on standard neuropsychological memory tests.33,34 However, as recently
reported, this does not mean that eﬀects of genetic risk for AD
do not manifest early, in more ﬁne-grained behaviors dependent on hippocampal circuitry, such as spatial navigation.34
A related yet diﬀerent account is the magniﬁcation or resource
modulation hypothesis,35–37 stating that genetic eﬀects are
magniﬁed in persons with constrained neural resources, such as
older—and putatively also developing—individuals. Here, it is
assumed that the function relating brain resources to cognition
is nonlinear so that genetic diﬀerences exert increasingly larger
eﬀects on performance with lesser neural substrates. Smaller
hippocampi can be seen as a risk factor. The idea that persons
starting with larger brain structures may preserve mental status
despite developing AD plaques, and may be said to have a
greater reserve, is supported by older postmortem and clinical
data.38 Within a brain reserve account, such diﬀerences in brain
structure may relate to diﬀerences in tolerance to pathology
before one falls under a functional threshold.39 Hence, these
diﬀerences may become readily functionally apparent only in
older age, but they likely are there to begin with and throughout
life in a stable manner. This supports a lifespan model of
dementing disorder,40 where eﬀects of common genetic variants in part work in a stable manner to be one of several factors
aﬀecting risk for cognitive decline and neurodegenerative
disease.
In conclusion, endophenotypic expression of genetic risk for
AD may be seen in a dimensional and lifespan perspective, not
being conﬁned to clinical populations or older age. This
emphasizes that a broader population and age range may be
relevant targets for attempts to prevent AD. To help deﬁne
targets for prevention, future studies of the genetic factors
established to inﬂuence AD are needed. These should investigate which of these factors have an age-independent inﬂuence, across manifestations of health and disease, and
which may have more pronounced eﬀects in aging.
Neurology.org/NG
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