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Variation in the gene for apolipoprotein E (APOE) is one of the few variables that is associated with individual differences in age-
related cognitive decline in humans. Therefore, it is important to understand the conditions that affect the strength of its effect.
Here we examine how the effect size of APOE variation (possession of one or more e4 alleles) on a test of general cognitive ability
changes with age from 11-90 years. The data are from the Lothian Birth Cohorts of 1936 and 1921 who took the same cognitive
test (the Moray House Test No. 12) at, respectively, ages 11 (N =954), 70 (N = 1001), 76 (N =636), 79 (N=471),and 11 (N = 483), 79
(N=533), 87 (N=198), 90 (N = 120). The standardised absolute effect of APOE e4 on general cognitive ability was about zero at
ages 11 (beta < 0.05) and 70 (beta < 0.025) and increased linearly to beta =0.30 (p < 0.001) at age 90. The effect sizes were

minimally affected by adjusting for medical conditions (hypertension, diabetes, cardiovascular disease, stroke). However, the results
were less robust to removing those participants who developed dementia; effect sizes were reduced by about a third to a half, and
were largely non-significant. The results suggest that the negative effect of APOE e4 on cognitive functioning becomes greater with
age; this urges more work to understand the mechanisms by which e4 status renders the older person’s brain increasingly

vulnerable to cognitive decline and dementia.
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INTRODUCTION

As an outcome variable, cognitive functioning is a moving target.
In humans, aspects of cognitive capability show mean declines
after young adulthood [1, 2]. Older people score lower on some
tests of, for example, processing speed, memory, and reasoning,
whereas verbal capability, general knowledge, and some numer-
ical abilities age better [3, 4]. To complicate the picture, people
show individual differences in cognitive test scores throughout
the life course and, although these differences are moderately
stable across several decades [5-8], there are individual differ-
ences in the changes that occur between youth and older age
[2, 9, 10]. All of this matters. Even when assessed in childhood or
youth, cognitive ability relates to later life outcomes: it predicts
how well people perform in educational and occupational settings
[11], and higher cognitive ability in youth is related to future
better health and longer life [12]. Given this, it is predictable and
empirically demonstrated that higher cognitive function in
adulthood and older age is related to better management of
daily living and a higher likelihood of remaining independent
[13, 14]. It follows that it is interesting and practically important to
discover the determinants of people’s differences in cognitive
functioning. And a moment’s reflection reveals that that is at least
two questions. First, what variables are related to cognitive
differences at any given age (and we note that a variable related

to cognitive functioning at one age might not be associated at
some other age)? Second, what variables are related to individual
differences in changes from a given age to a later age? Of course,
that depends on the stage of the life course that is being
investigated; i.e, it is of interest to find out what predicts
improvements through childhood to adulthood, what predicts the
declines from youth to older age, and what predicts declines
within older ages [7].

Focussing on older age, there is much published work that tries
to find the variables that are associated with healthy cognitive
ageing, i.e., what predicts less decline—or even some improve-
ment—from a given age to a later age [15-17]. (Of course, the
special hope is to discover modifiable associates, so that people’s
cognitive trajectories can be made to proceed less steeply
downward.) The list of candidate predictors is long, taking in
genetics, demographics, physical and mental health, fitness,
personality, lifestyle, diet, physical and social environment, and
so forth. Popular media, books, and sundry sources of advice
beyond the academic journals abound with ideas to keep one’s
thinking sharp [18-21]. Though this looks encouraging at a
distance, the reality is more stark. There are few replicated
determinants of people’s differences in age-related cognitive
changes [15, 16, 22]. Most effect sizes are small. Some so-called
associates of cognitive ageing are either outcomes rather than
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causes of cognitive capability, or cognition and the putative
predictor are both related to some prior confounder [15, 23]. In a
stringent test, when many putative predictors of cognitive ageing
are entered together in a multivariate setting, there are few
significant results [16].

The equation that tries to solve the problem of what contributes
to cognitive ageing differences is simple; i.e., beyond the level of
cognitive ability that each person had on a previous occasion,
what predicts their cognitive score on subsequent occasions? To
be clear, it is important that the predictor is set as an exposure to
the outcome of cognitive change, not just a one-time cognitive
test score. In older age—the 70s, for example—cognitive test
scores from adolescence account for about half of the variance in
cognitive ability. Beyond prior cognitive ability [6, 7], one variable
that stands out as a frequently-reported additional predictor of
cognitive ability test scores in older age is possession of the e4
allele of the gene for apolipoprotein E (APOE) [16, 24]. The
approximately quarter of the population who have at least one
copy of the APOE e4 allele are more likely to develop dementia
and also to have more age-related cognitive decline that is short
of dementia than those who don't possess it [24-26]. There are
studies demonstrating that variation in APOE genotype is
associated with cognitive function in older age, cognitive change
from childhood to older age [27], and cognitive change within
older age [16, 28]. Few studies in the field are directly comparable,
owing to differences including the age-range studied, the
cognitive tests used, and the categories of APOE genotype that
are used. The Whitehall Il study’s examination of APOE's
association with global cognitive function from age 45-85 across
five waves of testing is comparable in its concerns to the present
study [29]. They found that APOE e4 heterozygotes had poorer
cognitive function and steeper cognitive decline from age 75
onwards, compared to non-APOE carriers, with no differences
between 60 and 70 years. Similarly, in the Chicago Health and
Ageing Project, those who were aged about 84 years and
possessed e3e4 APOE genotypes declined twice as much (about
1 versus 0.5 standard deviations) in global cognitive function over
ten years than those with e3e3 [30]. No such differences in decline
were found in those aged about 66 years.

The need for more research was the conclusion of a review that
assembled results from 65 cross-sectional and 46 longitudinal
studies of the association between APOE variants and cognitive
test scores in people without cognitive impairment or dementia
[24]. The reviewed studies were published between 1994 and
2017. The results were presented across a number of cognitive
phenotypes and constructs. Neither the cross-sectional results nor
the longitudinal results were consistent. Sometimes people with
the e4 allele of APOE had lower cross-sectional/baseline test scores
and sometimes not; ditto with accelerated cognitive change.
There was an indication that episodic memory might be
particularly affected by the e4 allele. The authors suggested that
any detrimental effects of APOE e4 on cognitive function might be
less in the oldest old. They recognised that a meta-analytic review
had found overall detrimental effects of e4 allele possession on
global cognition, episodic memory, executive function, and
perceptual speed [31]. They also discussed methodological
challenges at length, aiming to encourage studies that might be
more informative. Recommendations included having a large (e.g.,
>1000) sample size, starting with a sample that is older than their
60 s, conducting longitudinal research with a sufficient follow-up
period, trying to rule out prodromal dementia among apparently
healthy people, using sensitive rather than brief cognitive tests,
and using one or a small number of cognitive phenotypes that are
affected by ageing and dementia to minimise multiple
comparisons.

The present study accords with the above recommendations.
We declare that, among the APOE-cognition studies mentioned
heretofore, there are several that employed data from the Lothian
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Birth Cohorts whose data are used in the present study
[16, 27, 32-37]. Only one study of APOE variants in the Lothian
Birth Cohorts reported on the cognitive phenotype that is used in
the present study (the Moray House Test) and that included only
two time points—age 11 and age 79—in the Lothian Birth Cohort
1921 [27]. Moreover, the present study is the first to include all
testing waves to date of both cohorts in the same study. Notably,
the younger (LBC1936) and older (LBC1921) cohorts’ data
collection has proceeded substantially since that publication; the
two cohorts overlap almost perfectly in sample size at age 79,
allowing a two-cohort, uninterrupted follow-up from age 70 to
age 90.

The present study addresses a specific question that has not
been addressed to date, i.e., what is the effect size of the e4 allele
of APOE on general cognitive ability on the same people taking
the same cognitive test from age 11 to age 90?

MATERIALS AND METHODS

Participants

The Lothian Birth Cohorts of 1921 and 1936 (LBC1921 and LBC1936) are
two longitudinal studies based in Scotland, investigating cognitive ageing
and health trajectories across the lifespan [10, 16, 38, 39]. Most of the
participants in these cohorts took part in the Scottish Mental Surveys of
1932 [40] or 1947 [41], respectively, which tested the intelligence of nearly
all Scottish school children born in 1921 and 1936, using a validated 1Q-
type test—The Moray House Test No. 12 (MHT). These early-life
assessments provide rarely-available baseline data for studying cognitive
ageing.

The LBC1921 recruited 550 participants at baseline in older age (age
~79), with follow-ups until age 90. The LBC1936 recruited 1091 participants
at baseline in older age (age ~70) and continues ongoing follow-ups at the
time of writing (2025). Both cohorts provide rich longitudinal data,
including cognitive tests, health measures, genetic profiles, and psycho-
social and sociodemographic variables [39].

For the current study, ‘All comers’ included participants with APOE e4
and Moray House Test data from at least one time point (LBC1921: n = 457;
LBC1936: n =1010). ‘Completers’ were those who completed the MHT at
all three later-life waves (LBC1921: ages 79, 87, 90, n = 119; LBC1936: ages
70, 76, 79, n = 457). Participant flowcharts are presented in Fig. 1.

APOE e4 status

APOE e4 carrier status (no=0, yes=1) was determined through
genotyping of DNA extracted from blood or saliva samples. Genotyping
focused on two key single nucleotide polymorphisms (SNPs), rs429358 and
rs7412, which define the e2, e3, and e4 alleles of the APOE gene. APOE was
genotyped in LBC1921 by polymerase chain amplification restriction
fragment length polymorphism (PCR-RFLP) analysis as described in [33].
Genotyping of LBC1936 was conducted by the Genetics Core at the
Wellcome Trust Clinical Research Facility at the Western General,
Edinburgh using TagMan technology [34].

The Moray House Test (MHT)

The MHT (No. 12, revised) is a group-administered cognitive test originally
developed to measure general intelligence in Scottish school children. It
was administered to almost all 1921-born and 1936-born children in
Scotland as part of the Scottish Mental Surveys of 1932 [40] and 1947 [41],
respectively, under standardised conditions. Most of the Lothian Birth
Cohorts’ participants—those born in 1921 and 1936—completed the MHT
at age about 11 years, providing a childhood measure of cognitive ability
that serves as a baseline in the lifelong study of cognitive ageing. These
data, archived by the Scottish Council for Research in Education were
made available for the LBC studies. The MHT includes a variety of items
assessing verbal reasoning (which predominates), spatial awareness,
arithmetic, and other cognitive skills. Across the life course, MHT scores
are highly correlated with concurrently-administered measures of general
intelligence (g factor), making it a validated measure of childhood and
older-age cognitive ability [40, 42]. The same MHT test was re-administered
to Lothian Birth Cohorts participants in older age, at study baseline and
two further later-life waves (see above), with identical wording, instruc-
tions, and time limits. For the present study, raw MHT score (maximum =
76) served as the dependent variable.
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Fig. 1 Flowcharts of the LBC1921 and LBC1936 analytic samples.

Covariates

In the LBC1921 and LBC1936, several demographic and health-related
variables were assessed at each wave of testing. Age (calculated in days),
sex (male =1, female = 2), and health variables (self-reported history of
cardiovascular disease, stroke, hypertension, and diabetes; all coded as
no =0, yes = 1) were included as covariates.

Participants were free from dementia at recruitment and subsequent
presence of dementia was ascertained using medical consensus based on
health records and some in-person visits [37, 43-45]. A similar multi-source
approach was used in both cohorts: electronic medical records were
examined in detail for all consenting participants by a team of clinicians;
dementia recorded as a cause of death on death certificates (in any
position) was noted; and a subset of participants were visited at home for
an assessment by a research doctor if they expressed concerns about their
memory at any wave of follow up or if the research team judged that there
were reasons to be concerned about cognitive decline. Separate multi-
specialty consensus meetings were held for each cohort where each
individual's dementia status (probable, possible, or no dementia) was
agreed, along with subtype where it was possible to identify this (again,
probable or possible, depending on the amount of information available).
In LBC1921 and LBC1936, respectively, 117/527 (in December 2016) and
125/865 (in August 2022) individuals were identified as having probable
(110 and 118, respectively) or possible dementia. The n = 865 denominator
is the number who consented (because they were asked at Wave 2) to our
accessing their medical records. Dementia ascertainment was used in
sensitivity analyses (see below).

Statistical analysis
Two sets of statistical analyses tested two related, but slightly different
questions.

First, we used linear regression simply to ask whether there was a
widening of any cognitive gap between APOE e4 carriers vs non-carriers as
people grew older. Thus, we conducted separate regression analyses for
each testing instance (wave). Specifically, linear regression was used to
examine cross-sectional associations between APOE e4 status and MHT
score in childhood (age 11) and in later life (LBC1936: ages 70, 76, 79;
LBC1921: ages 79, 87, 90). Model 1 adjusted for age and sex, whereas
model 2 included additional adjustments for health variables (CVD, stroke,

Molecular Psychiatry (2026) 31:27 - 38

1J. Deary et al.

—_—
Total LBC1936 sample
(n=1,091)
\
Exclude those with no
—_— APOE e4 data
n=63
v ( )
-
Participants with APOE data
(n=1,028)
N
- ~
Exclude those with no MHT
————— | scores at any time point
(n=1)

v \ J

Participants with any MHT
data

Have an MHT (n=1,027)
score at age 11 N\
n =954 Exclude those with MHT
——————————>| scores >3.5 SD from mean
Have an MHT v (n=17)
score age 70 ~
n = 1001 )
Final analytic sample
(n=1010)
Have an MHT
score at age 76
n =636 Exclude dropouts across
p>| follow-up period (age 70-79)
Have an MHT L (n=499)
score at age 79 - J
n=471 .
Attended age 79 testing
(n=511)
\
(" Exclude those without
complete MHT data
>
at 70, 76, 79
v (n=54) )
Have an MHT Completers sample
score at age 11 (n = 457)
n =430 -

hypertension, and diabetes) in the later-life data collection waves. Analyses
were stratified by cohort and by subgroup (‘all comers’ and ‘completers’). A
meta-analytic estimate for MHT scores at age 79 combined results across
both the LBC1921 and LBC1936 because both cohorts had been tested at
that age. Sensitivity analyses excluded participants with dementia
diagnosed post-baseline (both cohorts were dementia-free at baseline),
up to the end of the dementia ascertainment follow-up period (which was
completed after the data analysed in the present study were collected).

Second, we asked, using the same data but this time applying a
longitudinal analytical approach, whether possession of APOE e4 was
associated with steeper declines in MHT score in older age. In a structural
equation modelling setting, latent growth curve models estimated
individuals’ trajectories of MHT scores over time, focussing on the
association between APOE e4 carrier status and cognitive performance in
older age. These models provide estimates for the intercept (baseline
cognitive ability) and the slope (rate of cognitive change over time), with
adjustments for covariates, to test whether APOE e4 carriers differ in their
initial cognitive performance and/or experience a steeper decline
compared to non-carriers. The structural equation modelling-based
approach was consistent with previous work on the Lothian Birth Cohorts
[16, 46, 47]. Path weights corresponded to average time lags between
waves: LBC1936 (0, 6.75, 9.81 years) and LBC1921 (0, 7.53, 11.04 years).

Linear regression and growth curve models were conducted in R (v4.3.3,
“Tidyverse Teachings”, R Core Team, Vienna, Austria), using the ‘lavaan’
package [48], with standardised estimates, p-values, and confidence
intervals reported. Model fit for growth curve modelling was tested using
absolute fit indices: Root Mean Square Error of Approximation (RMSEA;
values <0.06 considered acceptable), Comparative Fit Index (CFl; values >
0.95 considered acceptable), and Standardized Root Mean Square Residual
(SRMR; values <0.08 considered acceptable).

Principal component analysis was used in SPSS version 29 to examine the
loadings of the Moray House Test in the setting of the other 13 varied
cognitive tests used in the first testing wave (age 70) of the Lothian Birth
Cohort 1936 [49]. Owing to their high correlation, the National Adult Reading
Test and the Wechsler Test of Adult Reading (which share the same
maximum score) were averaged to form a single indicator of verbal ability.
Component number was determined using the eigenvalues >1 criterion and
scree slope inspection. This analysis was carried out to offer more information
about the Moray House Test as an indicator of general cognitive functioning.
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Table 1.

Characteristics

All APOEe4 yes
N M (SD) or N (%)

All comers, N (%) 1010 300 (30%)
Age 1010 69.5 (0.8) 69.5 (0.8)

Sex, female 1010 508 (50%) 142 (28%)
History of hypertension 1010 407 (40%) 116 (29%)
History of diabetes 1010 84 (8%) 19 (23%)
History of CVD 1010 247 (24%) 80 (32%)
History of stroke 1010 52 (5%) 11 (21%)
*Completers, N (%) 457 137 (30%)
Age 457 69.5 (0.8) 69.6 (0.9)

Sex, female 457 229 (50%) 57 (25%)
History of hypertension 457 162 (35%) 46 (28%)
History of diabetes 457 27 (6%) 10 (37%)
History of CVD 457 102 (22%) 29 (28%)
History of stroke 457 14 (3%) 4 (29%)

CVD cardiovascular disease.

Lothian Birth Cohort 1936 (baseline: age 70 years)

Characteristics of participants at baseline in older-age by APOEe4 status.

Lothian Birth Cohort 1921 (baseline: age 79 years)

APOEe4 no All APOEe4 yes APOEe4 no
N M (SD) or N (%)
710 (70%) 539 143 (27%) 396 (73%)
69.5 (0.8) 539 79.1 (0.6) 79.0 (0.6) 79.1 (0.6)
366 (72%) 539 312 (58%) 63 (20%) 158 (51%)
291 (71%) 537 221 (41%) 63 (29%) 158 (71%)
65 (77%) 539 27 (5%) 4 (15%) 3 (85%)
167 (68%) 533 159 (30%) 47 (30%) 112 (70%)
41 (79%) 539 45 (8%) 14 (31%) 1 (69%)
320 (70%) 119 25 (21%) 4 (79%)
69.5 (0.8) 119 79.1 (0.5) 79.0 (0.6) 79.1 (0.5)
172 (75%) 119 67 (56%) 11 (16%) 6 (84%)
116 (72%) 118 40 (34%) 8 (20%) 2 (80%)
17 (63%) 119 3 (3%) 0 (0%) 3 (100%)
73 (72%) 117 30 (26%) 5 (17%) 25 (83%)
10 (71%)) 119 9 (8%) 1 (11%) 8 (89%)

*Completers are participants who attended all three waves of testing in older age (LBC1936: ages 70, 76, 79; LBC1921: ages 79, 87, 90) and completed the

Moray House Test during each of these waves.

In response to a referee’s request to compare the Moray House Test
scores of participants who had zero, one, or two APOE e4 alleles, we
conducted one-way ANOVA tests. Where ANOVA results were significant,
the Tukey HSD (Honestly Significant Difference) test was used to test for
pairwise differences in MHT scores across the three groups. Analyses were
run for all comers and for the subset of completers only.

RESULTS

Considering the all comers of both cohorts, 30% of the LBC1936
had the e4 allele of APOE as did 27% of the LBC1921 (Table 1). A
sizeable minority of both cohorts reported hypertension and/or
cardiovascular disease with much smaller minorities reporting
diabetes or stroke (Table 1).

Across both the LBC1921 and LBC1936 analytic samples,
N =216 developed dementia. Of the N=1010 in the
LBC1936 analytic sample, N= 107 developed dementia (medi-
cally confirmed) by the end of the follow-up period. The
LBC1936 sample with dementia exclusions was N =903. Of the
N =539 in the LBC1921 analytic sample, N=109 developed
dementia (medically confirmed) by the end of the follow-up
period. The LBC1921 sample with dementia exclusions was
N =430.

The moray house test scores from age 11 to age 90

Mean Moray House Test scores for both LBC1921 and LBC1936
were always higher in older ages than at age 11 years (Table 2).
Within older age, the MHT scores declined for both cohorts
whether one considers the all comers or the completers. The
LBC1936 had a higher mean score on MHT at age 11 than the
LBC1921. The difference is 2.7 points, roughly reflecting the
whole-population difference found between the Mental Surveys
of 1932 and 1947 [41]. Both cohorts were tested at the same older
age—79 years—at which time the MHT score difference was
similar to that at age 11, i.e,, 3.2 points; we note that this was the
third exposure to this test within older age for the LBC1936 but
only the first for the LBC1921. Considering completers only, the
mean decline in LBC1936 from age 70 to age 79 was 0.44 SD
(0.048 SD per year), and for LBC1921 from age 79 to age 90 was
0.98 SD (0.089 SD per year).

SPRINGER NATURE

The stability coefficients for the Moray House Test are shown in
Fig. 2 (and Supplementary Table 1). Some of these have been
published by us previously [6]. The age 11 versus age 79
association—the only comparison that is at the same ages for
the two Lothian Birth Cohorts—is 0.64 for both LBC1921 and
LBC1936. Correlations within older age are high, i.e., almost at or
well above 0.7.

Linear regression: the APOE e4 effect sizes on Moray House
Test scores at each testing occasion from age 11 to age 90
For descriptive purposes we show the mean Moray House Test
scores for the LBC1921 and LBC1936 split by whether or not
people possess the e4 allele of APOE (Table 2, Fig. 3). This is done
for all comers and completers. There is little difference in the
scores of e4— and e4+ groups at age 11 and age 70. Thereafter,
the e4+ group appears to decline more steeply than the e4—
group; mostly, the differences between e4— and e4+ scores are
greater at older ages. The completers’ panel of Fig. 3 shows that
the LBC1921 and LBC1936 have similar values at age 79 with the
e4+ group scoring lower in both cohorts. Overall—including both
cohorts—the mean decline in Moray House Test score from age
70 to age 90 for all comers is 20.3 points (21.8 for completers) for
those with an APOE e4 allele, and 11.0 points (12.9 for completers)
for those without one.

Data were first analysed from all comers using regression
models to test cross-sectional effects. There were significant
effects of the e4 allele of APOE on Moray House Test scores at ages
76 and 79 in the LBC1936 and ages 79, 87, and 90 in the LBC1921
(all p values at or lower than 0.009) (Table 3). There was no
significant effect at age 11 in either cohort nor at age 70 in the
LBC1936. For all comers and adjusting for age, sex and health
covariates (model 2), the absolute effect size (standardised beta
[standard error]) of e4 on MHT scores is as follows: 0.03 (0.03) at 70
(this is the only non-significant result); 0.13 (0.04) at 76; 0.13 (0.03)
at 79 (meta-analysis of LBC1921 and LBC1936); 0.23 (0.07) at age
87; and 0.33 (0.09) at age 90 (Table 3, Fig. 4). The pattern for
completers is similar: 0.08 at 70 (non-significant); 0.13 at 76; 0.16 at
79 (meta-analysis of LBC1921 and LBC1936); 0.20 at age 87; and
0.31 at age 90 (Table 4, Fig. 4). After excluding those who
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Table 2.
Lothian Birth Cohort 1936

All comers
All APOE e4 yes

N M (SD)
MHT at age 11 (childhood) 954 493 (11.3) 493 (11.5)
MHT at age 70 (wave 1) 1001 64.6 (8.0) 64.3 (8.2)
MHT at age 76 (wave 3) 636 63.0 (9.5) 61.0 (10.7)
MHT at age 79 (wave 4) 471 62.7 (9.8) 60.2 (10.3)

Lothian Birth Cohort 1921

All comers
MHT at age 11 (childhood) 483 46.6 (11.8) 45.8 (11.2)
MHT at age 79 (wave 1) 533 59.5 (10.4) 57.5 (10.7)
MHT at age 87 (wave 3) 198 54.2 (13.8) 48.8 (15.9)
MHT at age 90 (wave 4) 120 51.7 (14.5) 44.0 (14.0)

Moray House Test (MHT) scores at each time-point according to APOE e4 status, for all comers and completers.

*Completers

APOE e4 no All APOE €4 yes APOE e4 no
N M (SD)

493 (11.2) 430 51.6 (11.0) 50.7 (12.1) 51.9 (10.4)

64.7 (8.0) 457 66.7 (6.8) 65.8 (7.7) 67.0 (6.4)

63.9 (8.9) 457 64.5 (8.6) 62.8 (9.6) 65.3 (7.9)

63.7 (9.5) 457 63.0 (9.6) 60.6 (10.1) 64.0 (9.2)
*Completers

46.9 (12.1) 104 49.2 (11.0) 45.7 (10.8) 50.1 (10.9)

60.2 (10.3) 119 634 (8.2) 61.4 (7.6) 63.9 (8.3)

55.8 (12.8) 119 58.0 (10.9) 53.8 (11.3) 59.1 (10.6)

53.7 (14.1) 119 51.9 (14.4) 44.0 (14.0) 54.1 (13.8)

For the LBC1936, exact ages in years (M £ SD) were as follows: age 11 =10.9£0.3; age 70 =69.5+ 0.8; age 76 = 76.2 £ 0.7; age 79 =79.3 £ 0.6.
For the LBC1921, exact ages in years (M £ SD) were as follows: age 11 =10.9 £ 0.3; age 79 =79.5+0.7; age 87 =86.6 + 0.4; age 90 =90.1 £ 0.1.
“Completers are participants who attended all three waves of testing in older age (LBC1936: ages 70, 76, 79; LBC1921: ages 79, 87, 90) and completed the MHT

during each of these waves.

A LBC1936

L
@‘2‘

/\Q
&
MHT age 11 <@
@‘2\
@
0.69 ‘ ®

MHT age 76 | o84

MHT age 70

MHT age 79 | o064 [ 075 )

[ = |
4 08 06 -04 02 0 02 04 06 08 1

B LBC1921

&
MHT age 11 ~2<\®
N
@
0.64 ‘ ®

MHT age 87 | o051 0.69

MHT age 79

MHT age 90 | 053 0.69

[
4 08 06 04 02 0

02 04 06 08

Fig. 2 Correlation plots of all Moray House Test scores at each age point (see Table 2). Colour and size of circle indicate the magnitude of
correlation between the MHT scores. All correlations are significant at the P < 0.01 level. For standard errors see Supplementary Table S1.

subsequently developed dementia, the pattern is similar in the all-
comers analysis (Supplementary Table 2, Fig. 4). However, for the
completers most results become non-significant and the pattern is
less clear; we note that the N is small at older ages in the LBC1921
(Supplementary Table 3, Fig. 4).

Growth curve modelling: the APOE e4 effect sizes on
intercepts (age 70 and 79 for LBC1936 and LBC1921,
respectively) and slopes (age 70 to age 79 for LBC1936, and
age 79 to age 90 for LBC1921)

We applied growth curve modelling to the Moray House Test data
from LBC1936 and LBC1921. This affords an estimate of the effect
size of the e4 APOE allele on the intercepts (age 70 and age 79,
respectively, for the two cohorts) and the cognitive-change slopes
(age 70-79 for LBC1936 and age 79-90 for the LBC1921). Age, sex,
and health variables (cardiovascular disease, diabetes, stroke
hypertension) were included as covariates. There was no
significant effect of APOE e4 possession on the LBC1936 intercept
(absolute standardised estimate = 0.03, p = 0.33), which accords
with the cross-sectional analyses (Table 5, Fig. 5). There was a
significant association between APOE e4 possession and steeper

Molecular Psychiatry (2026) 31:27 - 38

cognitive ageing in LBC1936 slope (age 70 to age 79); the absolute
effect size was 0.22 (p<0.001). In LBC1921, those who were
carriers of the APOE e4 allele had lower MHT baseline scores at age
79 (intercept) and steeper declines (slope) in MHT scores from age
79-90. The APOE e4 effects for LBC1921 were: intercept effect
size=0.11 (p=0.010); slope effect size=0.31 (p<0.001).
Although the LBC1921 slope effect size is numerically larger than
that of the LBC1936, their 95% confidence intervals overlap
(Table 5). After excluding those who subsequently developed
dementia, of the four results reported above only the intercept of
the LBC1921 analysis had a p value less than 0.05 (i.e., p = 0.045,
absolute effect size = 0.10; (Supplementary Table 4).

Component loadings of the Moray House Test

An analysis was carried out to show the reader the cognitive
credentials of the Moray House Test as an indicator of general
cognitive functioning (g) in older age. Principal components
analysis was conducted on the Moray House Test and 13 other
diverse cognitive tests administered to the Lothian Birth Cohort
1936 at mean age of about 70 (their Wave 1 in older age). This
allows us to contextualise the MHT (a measure of general
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Fig. 3 Mean Moray House Test (MHT) scores by APOE e4 status at age 11 and at each wave of testing across older age for the LBC1936
and LBC1921 for all comers (left) and for completers only (right) (see Table 2). Dotted lines denote the change in MHT score from age 11 to
the first MHT score in older age. A continuous line denotes the change in MHT score across older age. The ticks representing individual years
between childhood (age 11) and age 70 have been compressed for visual clarity. Error bars represent standard errors.

cognitive function designed over a century ago) within an
extensive multi-domain cognitive battery of currently-used
cognitive tests. The N was 930. The scree slope and Eigenvalues
greater than 1 criterion indicated the presence of two compo-
nents, though the first unrotated component was much larger
than the second (Supplementary Information and Supplementary
Fig. 1). The first unrotated component accounted for 39% of the
total variance in the tests. The Moray House Test had the highest
loading, at 0.83; all tests loaded at 0.4 or greater (Supplementary
Fig. 2). The next four highest-loaded tests after Moray House Test
were Wechsler Symbol Search (0.73; assessing the cognitive
domain of processing speed), the average of National Adult
Reading Test and Wechsler Test of Adult Reading (0.73; verbal
knowledge/crystallised ability), Wechsler Matrix Reasoning (0.70;
non-verbal reasoning), and Wechsler Block Design (0.69; spatial
ability). Therefore, the general component, here, has a several high
loadings from tests assessing diverse cognitive domains, and the
Moray House Test has a very high loading on general cognitive
ability.

Additional analyses on APOE status
At the request of referees, we provide some additional informa-
tion and analyses: first, on the proportions of the specific APOE
genotypes; second on the cognitive differences between partici-
pants who had zero, one, or two APOE alleles; and, third, on
associations between APOE e4 status and dropout, death, and
dementia.

The numbers of LBC1921 and LBC1936 participants with specific
APOE genotypes is:

LBC1936 (N =1010), e2e2 =5 (0.5%), e2e3 = 118 (11.7%), e2e4 = 23
(2.3%), e3e3 =587 (58.1%), e3e4 = 257 (25.4%), eded = 20 (2.0%);

LBC1921 (N = 539), e2e2 =2 (0.4%), e2e3 = 80 (14.8%), e2e4 =19
(3.5%), e3e3 =314 (58.3%), e3e4 = 119 (22.1%), ed4e4 =5 (0.9%).

The numbers of LBC1921 and LBC1936 participants with no,
one, or two APOE e4 alleles and their mean (SD) Moray House Test
scores at each wave of testing is shown in Supplementary Table 5.
With only 4 people in LBC1921 having two e4 alleles, comparisons
were carried out on only the LBC1936, where 20 people at age 70
had two e4 alleles. Comparisons of mean Moray House Test scores
(one way ANOVA) for LBC1936 are shown in Supplementary
Table 64, for all-comers and completers. In all-comers there was a
significant overall difference between means at age 76 (p = 0.002;
eta squared = 0.019) and age 79 (p = 0.002; eta squared = 0.026).

SPRINGER NATURE

In all-comers, post-hoc Tukey HSD comparisons revealed that
participants with no APOE e4 alleles scored significantly higher on
the MHT than those with one e4 allele at both Wave 3 (mean
difference =2.779, p=0.003) and Wave 4 (mean difference =
3.389, p=0.002) (Supplementary Table 6b). No other pairwise
differences between genotype groups were statistically significant.

The associations between APOE e4 status (carrier or not carrier)
and dropout, death, and dementia are shown in Supplementary
Table 7. Those with one or two e4 alleles were more likely to
develop dementia (p < 0.001); in LBC1921, 16.7% of those without
an e4 allele and 30.0% of those with one or two; in LBC1936, 8.0%
of those without an e4 allele and 25.7% of those with one or two.
Possession of the APOE e4 allele was positively and significantly
associated with death in the LBC1921 sample but not LBC1936. In
LBC1921, 59.3% of those with no e4 allele died during the follow-
up period whereas 70.1% of those with one or two e4 alleles died.
There was no significant association between APOE e4 status and
dropout.

DISCUSSION

The effect size of APOE e4+ status on general cognitive ability rises
from about zero at age 70 (and age 11) to about a standardised
effect of 0.3 at age 90. If one tends to think of genetic variation
offering a static effect, APOE variation's effect on cognitive
function rebuts that (as do heritability results across childhood
to adolescence [50]). A main novelty in the present study was the
use of the same test in the same people from age 11 to age 90,
albeit that that was achieved by bolting together two (very similar)
cohorts at age 79. We found no differences between APOE e4
carriers and Moray House Test scores at ages 11 or 70; of course,
that is a large age gap and we may not state that differences did
not appear and then disappear during that epoch [29]. The results
agree with the Whitehall Il study’s results on global cognitive
function, i.e, that there is no difference between APOE e4
heterozygotes at about age 70 but the APOE e4 carriers score
lower by age 75 and decline faster [29]. It also accords with studies
that indicate inconclusive effects of APOE e4 at younger ages on
cognitive and brain-imaging markers [51, 52], although there is
evidence for an effect of e4 (especially for e4e4 homozygotes) on
poorer brain white matter health in middle to older aged people
without dementia [53]. The present study extends previous
research with a validated test of general cognitive ability
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Fig. 4 Standardised effect sizes for the associations of APOE e4 status on Moray House Test (MHT) score at each age in later life for the
LBC1936 and the LBC1921. Solid lines (plots A and C) denote results for the full cohort (corresponding to Model 2 in Tables 3 and 4) and
dashed lines (model B and D) denote results for the subsamples without dementia up to the end of the follow-up period (corresponding to
Model 2 in Supplementary Tables S2 and S3). Note that both cohorts were dementia free at baseline. Effect sizes are presented as positive
values for the purposes of showing the magnitude of associations between APOE e4 status and MHT sores at each age. Error bars represent
standard errors.

Table 4. Main regression models for completers only: cross-sectional
each age separately.

Lothian Birth Cohort 1936 (N = 457)

Model 1 - age + sex

MHT N Std est SE P value 95% Cl
Age 11 430 —0.046 0.047 0.330 —0.139,
Age 70 457 —0.080 0.046 0.081 —0.171,
Age 76 457 —0.126 0.046 0.006 —0.216,
Age 79 457 —0.161 0.045 <0.001 —0.249,
Lothian Birth Cohort 1921 (N=119)
Age 11 104 —0.112 0.093 0.232 —0.294,
Age 79 119 —0.134 0.090 0.137 —0.311,
Age 87 119 —0.202 0.088 0.021 —0.374,
Age 90 119 —0.289 0.082 <0.001 —0.451,

association

0.047
0.010
—0.036
—0.073

0.011
0.043
—0.031
—0.128

s between APOE e4 status and Moray House Test (MHT) scores at

Model 2 - age + sex + health covariates

N Std est SE P value 95% ClI

457 —0.080 0.046 0.082 —0.172, 0.010
457 —0.126 0.046 0.006 —0.215, —0.036
454 —0.160* 0.045 <0.001 —0.248, —0.071
116 —0.141* 0.090 0.119 —0.318, —0.036
119 —0.202 0.088 0.022 —0.376, —0.029
119 —-0.312 0.081 <0.001 —0.471, —0.153

Completers are those who attended, and sat the MHT, at all 3 waves in later life. The health covariates in model 2 are CVD, diabetes, stroke, and hypertension

(yes/no).

*The meta-analytic effect size across both cohorts at age 79 (adjusted model 2-see asterisked values above) is -—0.156; SE =0.040; P =0.0001; 95%

Cl=-0.235, —0.077.
P values <0.05 are indicated in bold.
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Table 5. Longitudinal growth models: associations of APOE e4 with change in Moray House Test (MHT) score across later life (fully-adjusted).
Lothian Birth Cohort 1936 (N = 1010 at baseline)
Intercept (APOE e4 and MHT at baseline, age 70) Slope (APOE e4 and MHT change from age 70-79)
Predictors Std est SE P value 95% Cl Std est SE P value 95% Cl
APOE e4 —0.031 0.032 0.331 —0.094, 0.032 —0.221 0.056 <0.001 —0.330, —0.112
CFl 1.00
RMSEA 0.00
SRMR 0.00
Lothian Birth Cohort 1921 (N =539 at baseline)
Intercept (APOE e4 and MHT at baseline, age 79) Slope (APOE e4 and MHT change from age 79-90)
APOE e4 —0.112 0.044 0.010 —0.197, —0.027 —0.309 0.080 <0.001 —0.467, —0.151
CFI 0.95
RMSEA 0.06
SRMR 0.03

The growth curve model for each cohort is fully-adjusted for all wave 1 covariates: age; sex; CVD; stroke; high blood pressure; diabetes. Slope values are based
on change in Moray House Test score from age 70 to age 79 (for LBC1936) and from age 79 to age 90 (for LBC1921). Model fit was tested using absolute fit
indices: Comparative Fit Index (CFl; values>0.95 considered acceptable), Root Mean Square Error of Approximation (RMSEA; values < 0.06 considered
acceptable), and Standardized Root Mean Square Residual (SRMR; values < 0.08 considered acceptable).

P values <0.05 are indicated in bold.

Longitudinal Growth Curve Model:
Effect of APOE e4 status on intercept and slope

0.4

<0.0001
Cohort
<0.0001
B sC1936
B LBC1921

Intercept Slope
Parameter

o o
N w

Standardized Estimate

o

Fig. 5 Standardised effect sizes (with standard error bars) for the
effect of APOE e4 status on Moray House Test intercepts and
slopes obtained using growth curve modelling. Values in white are
P-values. Standardised effect sizes are derived from longitudinal
growth curve models which have been adjusted for age, sex, CVD,
stroke, diabetes, and hypertension (see Table 5).

originating either from the external or internal environment.
Might there be alternative account? Suppose that the genotypes
in question contributed to formation of neural architecture
through development to young adulthood and that those with
one genotype built a more robust brain than did the other
genotype (there is equivocal support for there being subtle
structural and functional connectivity differences in the brains of
young adults who differ in APOE e4 status [51]). Suppose, too, that
both types of architecture could survive the external and internal
environments’ insults without a lowering of cognitive functioning
until an ageing-related threshold was reached. Thereafter, as the
slings and arrows continue, we might see that the less robust
structure would show increasing deterioration of functioning
compared with the better-built one. To summarise, the first
account hypothesises that genetic effects on cognitive function-
ing might increase because of differences in the response to
neural challenges (here, the gene produces a repairing resource),
and the second account hypothesises that the cause is differences
in the quality of the original assembly (here, the gene produces a
constructing resource). Both might apply, even to the same

Molecular Psychiatry (2026) 31:27 - 38

genetic variation (constructions are sometimes repaired by agents
with the same skills that made them) and different genetic
variations might contribute relatively more to one process than
the other. This is relevant to the concept of the ‘last in first out’
hypothesis (LIFO); it suggests that brain networks which develop
relatively late in adolescence are also those that are vulnerable to
ageing [55, 56]. That is, it, “posits that the process of age-related
brain decline mirrors developmental maturation” [55].

The mechanistic trail from the current results should be
interesting and practically valuable. It is important to discover
what it is about possessing one or more APOE e4 alleles that
results in steeper cognitive decline. There is much that is known
about the biological actions of apolipoprotein E from work on
humans and other research models, and there are hints at
therapeutic approaches [57]. Further human-based research could
usefully search for brain-imaging-based variables that mediate the
association between APOE variation and general cognitive
functioning [51, 58], though these variables would need to be
available nearer to the ages at which APOE variation has a
significant effect on cognitive functioning. There is already a
suggestion that brain white matter health might show increasing
negative effects of APOE variation with older age and that this
might occur at ages prior to the APOE-cognition associations [53].
In addition to the increasing range of brain-imaging-based
variables that are available, various ‘omics panels will offer clues
to the ways by which APOE variation affects cognitive functioning
[59], including the ‘protein signatures’ of dementia risk [60].

This study has imitations. Here, we concentrated on providing a
clean result for the effect of APOE e4 variation on general cognitive
functioning in older age. A substantial review emphasised that
research on APOE's association with cognitive function should adopt
a design and choice of cognitive phenotype that is appropriate to
the neurobiological mechanism being investigated [24]. We chose to
investigate general/global cognitive functioning as it is the factor
that accounts for much of the variance in age-associated cognitive
decline across diverse cognitive domains and is affected in dementia
[61-63]. By using a single, well-validated cognitive test in two very
similar and geographically co-located, narrow-age samples the
results are relatively free from possible moderators of the effect. Of
course, this means that there are other investigations that would be
valuable to broaden the results. It will be useful to examine further:
different cognitive domains such as episodic memory, processing
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speed, and fluid reasoning/executive functioning (although much of
the effect of ageing on cognitive capability is on general cognitive
ability) [64]; sex differences and geographically varied samples
[65-67]; and the possible moderating effect of medical conditions. It
will also be useful to have longer follow-ups so that even older
people may be included and later incident cases of dementia can be
used for exclusion. Although, we should introduce some caution in
being too conscientious here: that is, if the goal is to exclude those
who were already on a dementia trajectory at study entry, then, say,
20 years of subsequent observation might be too long a window—
one might be excluding cognitively healthy individuals who, much
later, aged into dementia and who were not in a prodromal state
when the APOE e4-cognition association was examined. A balance
might be to exclude only those who developed dementia within a
‘preclinical window' (e.g., within 5-10 years of baseline), as these
cases are more likely to have had undetected pathology at age 70 or
79. We had insufficient power to include tests of other types of APOE
variation, such as being homozygous for e4 and possession of one or
more €2 alleles, though we provide information about these in the
paper and its Supplement. Thus, compared with the Whitehall Il
study, owing to our later starting age of 70 in older age and a smaller
sample size, we were not able to test their findings of specific effects
of APOE e4 homozygotes and possibly better cognitive scores of
APOE e4 heterozygotes between ages 45 and 55 years [29]. Larger
sample sizes—especially at the older ages covered herein—are
needed formally to test for differences in the effect size of APOE
e4 status on cognitive test scores between different ages. We note
that our additional analyses showed the expected association
between APOE e4 possession and subsequent dementia, but that
there was no association between e4 possession and dropout. In the
LBC1921 there was a slightly greater proportion of deaths among
the subsample with an e4 allele. Beyond APOE variation it will be
important to explore whether there are age-heterogeneous
(probably increasing) genetic effects on cognitive functioning. This
could be done with plausible candidate genes or with polygenic risk
scores for related phenotypes, including those for dementias and
other neurodegenerative disorders. We note that our principal
components analysis of the Moray House Test with 13 other tests
had a strong first unrotated principal component (general cognitive
ability). The presence of a small second component was probably a
result of the battery of tests containing four assessments of
processing speed.

Concluding remarks

APOE variation is a relative rarity in cognitive ageing research in
being a robust predictor of people’s differences in age-related
cognitive decline. Here, we find that its effects are around null in
childhood and at about age 70 and increase to a large effect [68]
through the ninth decade. As is known from phenylketonuria,
genetic variation is not destiny; therefore, research that explores
the pathways through which APOE variation works could provide
useful information toward alleviating some of the health inequal-
ities in cognitive ageing.
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