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A B S T R A C T

The ε4 allele of the APOE gene is associated with poorer cognition in later life. This study aimed to advance
understanding of how environments potentially moderate this genetic risk by focusing on childhood socio-
economic status (SES). Previous research across diverse national contexts has found that older adults from
higher-SES families in childhood demonstrate better cognitive functioning than their lower-SES counterparts.
Nevertheless, few studies have examined whether higher childhood SES might also promote later life cognition
by mitigating the effects of ε4 carrier status. To address this gap, we used data from 3017 participants in the
Wisconsin Longitudinal Study, which has followed a random sample of people who graduated from Wisconsin
high schools in 1957. Childhood SES included parents' educational attainment, father's occupational status, and
household income in adolescence. We constructed measures of memory and of language/executive functioning
using scores from neurocognitive tests administered when participants were approximately ages 65 and 72.
APOE ε4 status was measured through saliva samples. Results from cross-controlled multilevel models indicated
that APOE ε4 status—and not childhood SES—independently predicted memory, whereas childhood SES—and
not APOE ε4 status—independently predicted language/executive functioning. Moreover, a statistical interac-
tion between APOE ε4 status and childhood SES for memory indicated that at baseline, higher childhood SES
protected against the risk of APOE ε4 status, whereas lower childhood SES exacerbated the risk of APOE ε4
status. However, by follow-up, these moderating effects dissipated, and APOE ε4 status alone was associated
with memory. We interpret these results in light of theorizing on differential susceptibility for poorer cognition
across the life course.

1. Introduction

Cholesterol contributes to neurophysiological devel-
opment—including myelin growth, synapse formation, and neuronal
remodeling—which is instrumental to learning, memory formation, and
other cognitive processes (Leduc et al., 2010). Proteins produced by the
apolipoprotein E (APOE) gene transport cholesterol within and between
the organs of the body, particularly the central nervous system. APOE
has three isoforms, each of which metabolizes cholesterol somewhat
differently due to its biochemical structure (Huang and Mahley, 2014).
Accordingly, carrying one or two copies of the ε4 allele is associated
with a 3- and 12-fold increase in risk, respectively, of Alzheimer's dis-
ease (AD) in later life, as well as with developing AD younger than
persons who carry only ε2 or ε3 alleles (Corder et al., 1993; Saunders
et al., 1993). The ε4 allele is not only associated with AD, but also with
other neuropsychiatric disorders and memory deficits from

approximately age 60 onward (Forero et al., 2016).
Although this genetic risk has been well established for more than

25 years, research also has demonstrated that carrying APOE ε4 does
not guarantee cognitive problems in later life. Environmental factors
can potentially reduce or neutralize the effects of the gene's protein on
cognitive functioning (Reynolds et al., 2014). Most studies of gene-by-
environment interactions have investigated behaviors and environ-
ments exclusively in adulthood. Yet there is growing consensus among
researchers and clinicians that circumstances as early as infancy have
potential implications for later life cognitive health and that neuro-
physiological abnormalities manifest decades before the onset of cog-
nitive impairment (Ritchie et al., 2015). A large and growing body of
empirical evidence indicates that childhood socioeconomic (SES)—as
indicated by conditions such as parents' occupation, education, and
income—is associated with individuals' cognition decades later
(Anderson et al., 2017; Rogers et al., 2009). Integrating this literature
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with theorizing on gene-by-environment interactions and differential
susceptibility (Belsky et al., 2007), we used data from the Wisconsin
Longitudinal Study (WLS), which is one of the longest-running cohort
studies in the U.S., to examine the extent to which childhood SES
modifies associations between genetic risk from APOE ε4 and later life
cognition.

1.1. Dual risk and differential susceptibility models of gene-by-environment
interaction

Much of the prior research on the confluence of environmental and
genetic effects on later life conditions has adopted a “diathesis-stress,”
“double jeopardy,” or “dual risk” perspective (Ellis et al., 2011). This
perspective focuses on mechanisms of vulnerability whereby risks are
cumulative and heighten the likelihood of developmental problems. A
study by Petkus et al. (2012) demonstrates this idea within the field of
cognitive aging. Using data from the Rancho Bernardo Study of Healthy
Aging, they found that carriers of the APOE ε4 allele who had also
experienced sexual assault were at a multiplicatively higher level of risk
for both earlier and faster decline in executive functioning than those
with experience of sexual assault alone. The authors interpreted this
finding in line with the idea that people who both carry genetic risk
factors and face social adversity realize the poorest outcomes
throughout compounded vulnerability.

More recent theorizing on gene-by-environment interactions, how-
ever, suggests other processes through which genetics and environ-
ments jointly contribute to developmental outcomes. One such per-
spective has been articulated by Belsky and colleagues as the
differential susceptibility perspective (Belsky et al., 2009). This per-
spective suggests that individuals with particular genotypes are more
susceptible to social-environmental influences—for better or for worse
(Mitchell et al., 2013). Accordingly, certain alleles render people more
likely to be jeopardized by disadvantageous environments—but also
more likely to benefit from advantageous environments. Non-carriers,
by contrast, are less responsive or entirely non-responsive to environ-
mental conditions.

APOE may be among these “plasticity” genes. At the cellular level,
ε4 carriers show impaired neural plasticity compared to non-carriers
(Chen et al., 2010). That is, the ε2 and ε3 variants of APOE help the
brain to develop and change in response to environmental stimuli,
whereas the ε4 variant does not. This finding would suggest that car-
riers of ε2 and ε3 might demonstrate greater susceptibility to environ-
ments, while carriers of ε4 would demonstrate less (Reynolds et al.,
2014). There is some empirical evidence to support this hypothesis. For
example, studies have found that carriers of ε2 and ε3 are more sus-
ceptible to a range of environments from dietary fat intake (T. L. Huang
et al., 2005) to cognitive stimulation (Runge et al., 2014). However,
many gene-by-environment interaction studies find the opposite: ε4
carriers are most responsive to environments, while environmental ef-
fects are much less pronounced or not significant for non-carriers. These
studies also cover a range of environments from obesity (Rajan et al.,
2014) to educational attainment (Cook and Fletcher, 2015). Despite
inconsistent findings, the evidence is nonetheless suggestive that en-
vironments interact with APOE.

Notably, the bulk of APOE-by-environment studies examine en-
vironments in midlife or older adulthood. Yet new evidence suggests
that the neurological effects of APOE may first manifest in young
adulthood (Forero et al., 2016), and that indeed, early-life environ-
ments might continue to have effects on cognitive aging (Reynolds
et al., 2014). Accordingly, a new body of studies has begun to examine
childhood environments as potential moderators of association between
APOE ε4 and later life cognition (e.g., Petkus et al., 2012). Below, we
focus our review on studies that have focused specifically on childhood
SES as a moderator of associations between APOE ε4 and later life
cognition.

1.2. Childhood socioeconomic status (SES) and later life cognition

Child development research is increasingly recognizing that SES is a
critical context for lifelong neurocognitive development (Richards and
Wadsworth, 2004). Childhood SES is a multi-faceted construct that
includes characteristics such as parental education, occupational status,
and income. Scholars have theorized that higher SES affords children
developmental assets, such as more cognitively complex environments,
better nutrition, and higher quality schools. Lower SES, in contrast, can
pose developmental liabilities, such as environmental toxins and
greater chronic stress (Duncan and Magnuson, 2012). Consistent with
this theorizing, studies have found that from infancy, children from
higher SES families demonstrate better cognitive outcomes, on average,
than children from less advantaged families (Tomalski et al., 2013).

Cognitive advantages from having high SES in childhood extend
throughout childhood and into young adulthood, middle, and later life
(Richards and Wadsworth, 2004). Much of this research has been based
on cohort studies from diverse national contexts, including the United
Kingdom, New Zealand, Sweden, China, as well as Central and Eastern
Europe (Beck et al., 2018; Ericsson et al., 2017; Wang et al., 2017).
Other studies have used data from large social surveys that incorporate
retrospective measures of childhood SES (Moceri et al., 2000; Zhang
et al., 2016). Many of these studies have found that SES in adulthood, at
least in part, helps to explain why higher childhood SES is associated
with better cognition: Children from wealthy, well-educated families
are more likely to become wealthy and well-educated themselves,
which helps to promote later life cognition. Yet most studies find that
associations between childhood SES and later life cognition persist after
accounting for adult SES, indicating that childhood SES might have
more direct and long-lasting effects on individuals' neurophysiological
development (Rogers et al., 2009).

Studies have begun to examine how childhood SES and APOE ε4
interact in their association with later life cognition. Four studies have
focused on SES in childhood, with two concluding that ε4 carriers are
most disadvantaged by lower childhood SES, and two finding no dif-
ferences in associations between APOE and later life cognition by
childhood SES. A pair of studies examined a sample of about 500
members of a Seattle-area HMO (Moceri et al., 2001, 2000). The 2000
study, using self- or proxy-reports of childhood background (including
area of residence and sibship size), found no differences in associations
by APOE ε4 status. The 2001 study, which drew SES information from
the U.S. Census, identified an interaction such that individuals from low
SES families (i.e., father held a manual occupation; household size of
seven or more persons) who carried ε4 had the highest odds of devel-
oping AD. A third study used the Aging, Demographics, and Memory
Study subsample of the Health and Retirement Study (Rogers et al.,
2009). Similar to the study by Moceri et al. (2001), ε4 carriers whose
parents had low educational attainment had nearly four times the odds
of dementia of non-carriers whose parents were highly educated. Fi-
nally, a recent study examined community-dwelling Swedes aged 75
and older, and estimated structural equation models to examine asso-
ciations between cognitive reserve variables in childhood, middle
adulthood, and later life within a nine-year prospective study of de-
mentia (Wang et al., 2017). Results indicated associations between
cognitive reserve in each life stage and risk of dementia, with no dif-
ferences between APOE ε4 carriers and non-carriers.

1.3. Focus of the current study

Our study aimed to advance understanding of childhood SES as a
potential modifier of the association between carrying the APOE ε4
allele and later life cognition by using data from the Wisconsin
Longitudinal Study (WLS). The WLS affords both methodological and
conceptual advantages. Most notably, the WLS has measures of
household income, parental occupational status, and parental educa-
tion collected when participants were in adolescence. This feature
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eliminates the possibility of recall bias and other sources of error in
retrospective measures of childhood. Also, the WLS offers multiple
measures of cognitive functioning in later life, which allow for testing
whether gene-by-environment interactions are specific to particular
aspects of later life cognition, as well as whether the nature of the in-
teractions changes over ontogenetic time.

Accordingly, we examine the extent to which childhood SES mod-
erates associations between APOE ε4 and later life cognitive function,
with particular attention to the nature of potential interactions. For
example, does higher childhood SES simply eliminate the genetic risk of
carrying ε4, or does lower childhood SES also exacerbate genetic risk?
We also explore the extent to which the interaction between childhood
SES and genetic risk differs across multiple domains of cognitive
functioning, and whether the nature of potential moderation changes
between baseline and 7-year follow-up.

2. Methods

2.1. Data

The Wisconsin Longitudinal Study (WLS) has followed a random
sample of one-third of the men and women who graduated from
Wisconsin high schools in 1957 (N=10,317). Data collection over time
has included in-person, telephone, and mail surveys; genetic assays of
salivary data; and collection of state and local administrative records.
Survey administration occurred at ages 18 (1957), 36 (1975; 90% re-
sponse rate), 54 (1993; 87% survey response rate), 65 (2004; 86%
survey response rate), and 72 (2011; 74% survey response rate).
(Survey response rates exclude deceased participants.) Cognitive mea-
sures were administered in 2004 – here, called baseline – and 2011 –
here, called follow-up. From the original sample of 10,317, we excluded
several groups of participants, including (a) the 2831 who had left the
study before “baseline” because of death or other reasons; (b) the 2412
who did not have sufficient measures of cognitive function at baseline
(because they were not randomly selected for neurocognitive testing as
part of the study protocol or completed half or fewer of the tests); and
(c) the 2057 who declined to provide saliva for genetic assay. (We
extensively examined the available data for evidence of selective at-
trition; methods and results are in Appendix A and also discussed
below.) Our final analytic sample was 3017 participants.

As the WLS data reflect, in 1960, fewer than 3% of Wisconsin re-
sidents were nonwhite (Wisconsin Legislative Reference Bureau, 2017).
Only a handful of African American, Asian, Latina/o and Native
American participants were among the original WLS sample and in
insufficient numbers for statistical analysis. Therefore, the WLS is a
white sample, and this racial/ethnic homogeneity precludes broader
population inferences.

2.2. Cognitive function

Participants were asked to complete six cognitive tests at baseline
and then again at follow-up. At baseline, these tests were asked over the
phone, and at follow-up, they were asked in person. First, the letter
fluency task asked participants to name as many words as they could,
beginning with the letter “L” or “F” in 60 s, without naming any proper
names, repeats, or same words with different endings (Tombaugh et al.,
1999). Similarly, the category fluency task requested individuals to list
as many words that fit in either the category “food” or “animals” in 60 s
(Tombaugh et al., 1999). Next, participants were presented with items
from a subscale of the Wechsler Adult Intelligence Scale Revised (WAIS-
R) (Wechsler, 1981), which included naming how two items were si-
milar for six sets of items (e.g., a table and a chair). Each answer was
then scored ranging from 0 to 2, with 2 as the top score. Participants
were then asked to complete immediate and delayed recall tasks, which
asked them to list back as many of the 10 words that had just been read
to them and then asked again, on average, 12min later, to repeat as

many of the 10 words as they could remember. The final cognitive task,
digit ordering, was a modified protocol of the WAIS-III digit backward
subtest (Wechsler, 1997). It involved reorganizing in ascending order a
series of numbers read aloud. This task began with three sets of num-
bers and continued to increase in difficulty by adding an additional
digit.

Because the six tests were scored on different metrics, we calculated
the percent of maximum possible scores for each test (Cohen et al.,
1999). We conducted a factor analysis using these six cognitive scores,
which resulted in a two-factor solution: memory and language/execu-
tive function (results presented in Appendix B). We averaged test scores
within each domain. The domain of memory included the scores from
the immediate recall, delayed recall, and digit ordering tasks. The do-
main of language/executive function included the scores from the
WAIS-R similarities, letter fluency, and category fluency tasks.

2.3. APOE status

Following data collection at baseline, participants were asked to
provide saliva for DNA assay. The WLS assayed for two single nucleo-
tide polymorphisms (SNPs) of APOE, rs429358 and rs7412. We then
used these two assayed SNPs to determine each individual's APOE
genotype. We initially grouped participants into three categories:
having no ε4 alleles (i.e., ε2/ε2, ε2/ε3, or ε3/ε3), having one ε4 allele
(i.e., ε2/ε4 or ε3/ε4), or having two ε4 alleles. The group of individuals
who had two ε4 alleles was small (n= 88) and thus underpowered to
detect significant statistical differences. Therefore, we created a di-
chotomous indicator of any copies of ε4. APOE was in Hardy-Weinberg
equilibrium in this sample.

2.4. Childhood SES

In 1957, participants reported both mother's and father's educa-
tional attainment on a scale ranging from 7 (no high school) to 18 (has
graduate degree) years. Father's occupation and household income
were drawn from annual state tax filings from the years 1954 through
1957. Father's occupational status was scored using the 1950 Duncan
Socioeconomic Index (SEI), which is a composite score of levels of oc-
cupational education and income as reported in the 1950 Census
(Hauser and Warren, 1997). The scores range from 1 to 100, with
higher scores representing greater occupational prestige. These scores
were then averaged over a four-year period. Household income was
also averaged over the four-year period, and then was recoded into
quartiles to correct for skewness. Global childhood SES was then cre-
ated by standardizing each of the four measures and averaging them. To
correct for skew in this composite score, we took the natural log.

2.5. Covariates

Scholars have identified family structure (Yi et al., 2007), family
size (Moceri et al., 2000), intelligence (Glymour et al., 2008), and
geographic setting (Borenstein et al., 2006) as early life conditions as-
sociated with both childhood SES and later life cognition. We included
measures of these factors to account for potential confounding in as-
sociations among childhood SES, APOE ε4, and later life cognition.
Moreover, emerging evidence suggests that children of lower SES fa-
milies demonstrate different auditory processing patterns than children
of higher SES families (Skoe et al., 2013). Accordingly, we also included
a measure of self-reported hearing problems, especially because the
neurocognitive tests relied upon auditory stimuli.

Family structure was a binary measure indicating whether the
participant lived with both parents most of the time until 1957
(0=no). Family size was a measure of the participant's total number of
siblings. IQ was a raw score from the Henmon-Nelson Test of Mental
Ability, a test all high school students in Wisconsin were required to
take in their third year of high school (Henmon and Nelson, 1954). The
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WLS obtained scores from schools' administrative records. The original
scores ranged from 61 to 145, and we standardized the scores for ease
of interpretation. An additional covariate was a categorical measure of
adolescent geographic setting that assessed the population of the town
in which the participant attended high school: rural (reference cate-
gory; 9999 residents or fewer); suburban (10,000–49,999 residents);
and urban (50,000 residents or greater). We also included a dichot-
omous variable for gender (0=male) and self-reported hearing pro-
blems (0= none) at baseline and/or follow-up (assessed using the
Health Utilities Index Mark 3; Horsman et al., 2003).

2.6. Analytic strategy

Statistical approach. We used multilevel regression models to ex-
amine the 5717 observations from 3017 participants that comprised our
two waves of data. Multilevel models allowed us to estimate level and
change simultaneously, and are equivalent to latent change score
models (Rabe-Hesketh and Skrondal, 2012). The approach allowed us
to retain both the 2700 participants who were active throughout the
study as well as the 317 persons who completed surveys at baseline and
contributed genetic data, but who dropped out of the study before
follow-up. We modeled time as a linear function and allowed for
random intercepts (i.e., between-person variation in baseline cognitive
scores).

We modeled memory and language/executive function at baseline
and follow-up as a function of APOE ε4 carrier status and childhood
SES. We estimated both a main effects model and an interaction model
for each outcome. All models adjusted for the full set of covariates, as
well as for the other domain of cognition. Controlling for the other
domain of cognition accounts for the non-independence of the out-
comes; that is, memory and language/executive functioning are ele-
ments of overall cognitive function and are correlated. We followed the
steps presented by Belsky et al. (2007) to probe the nature of models
with statistically significant interaction terms, described in further de-
tail below.

Missing data. Within the analytic sample of 3017 participants,
there were missing data only on the measures of family structure,
number of siblings, and hearing problems. Hearing problems was the
measure with the most missing data (5% of observations). There were
no patterns evident in the missing data. We conducted multiple im-
putation by chained equations, estimated our models, and combined
the estimates across the five datasets using Rubin's (1987) rules. Results
estimated using listwise deletion were substantively similar and are not
shown here.

3. Results

3.1. Descriptive statistics

As Table 1 displays, approximately one quarter (27%) of partici-
pants in the analytic sample were carriers of the APOE ε4 allele. Car-
riers had significantly lower memory scores at follow-up than partici-
pants who did not have any ε4 alleles. Those with and without an ε4
allele did not differ significantly on any other measure in the study,
including memory scores at baseline.

On average, participants came from households in which childhood
SES was relatively low. An examination of the four individual elements
of childhood SES (not shown) revealed that the average mother and
father had not finished high school, that the average father had an
occupation in the lowest third of prestige, and that the median house-
hold income–$5500 per year–was lower than the U.S. median of $5620
in 1957 (Bureau of Labor Statistics, 2006).

3.2. Multilevel model findings

Overall, the results of the multilevel models differed for memory

versus language/executive function, as presented in Table 2. Average
decline between baseline and follow-up was 9.50 percentage points
(p < .001) for memory and 6.51 percentage points (p < .001) for
language/executive function. Model 1 demonstrates that being a carrier
of the APOE ε4 allele was associated with a significant (p < .01) ad-
ditional decline in memory (1.76 percentage points) over the seven-
year observation period. Based on the average rate of decline, this effect
renders ε4 carriers approximately a year and four months “older,” or
poorer-performing, than non-carrier counterparts by follow-up (i.e.,
9.50/7 years *1.3 years = 1.76). APOE ε4 had no associations with
language/executive function at baseline nor on change by follow-up.
Childhood SES had no associations with memory, but was associated
with poorer language/executive function performance at baseline, such
that a standard deviation increase in childhood SES improved lan-
guage/executive function by 0.76 percentage points (p < .001). This
effect is equivalent to approximately 10 months of average change (i.e.,
6.51/7*0.83 = 0.77). Childhood SES was not associated with change in
language/executive function.

Model 2 includes the statistical interaction between childhood SES
and APOE ε4. Results indicated a statistically significant interaction of
1.80 percentage points (p < .01) per standard deviation of childhood
SES for memory at baseline, as well as a 1.91 percentage point decline
(p < .01) per standard deviation of childhood SES between baseline
and follow-up. Based on the average rate of decline, these values make
an ε4 carrier whose childhood SES was one standard deviation above
average approximately a year and four months “younger,” or higher-
performing, than a carrier of average SES at baseline (9.56/
7*1.3 = 1.78), but this advantage is entirely lost by follow-up.
Interactions did not achieve statistical significance (p < .05) in models
for language/executive functioning.

The interactions for memory are illustrated for each time point in
Fig. 1. At baseline (Panel A), childhood SES was associated with
memory scores for APOE ε4 carriers only. Carriers experienced better
memory when they had lived in advantaged households in childhood
and poorer memory when they had lived in disadvantaged households
in childhood. The memory scores of non-carriers were unrelated to
childhood SES. However, by follow-up, memory scores were unrelated
to childhood SES for both groups. APOE ε4 carriers had uniformly
poorer memory scores than non-carriers, regardless of their childhood
SES. The time points are graphed together in Fig. 2, which demonstrates
that all participants experienced some memory decline over the 7-year
period, but that carriers' scores on memory were differentiated by
childhood SES at baseline.

Belsky et al. (2007) specified three statistical conditions to conclude
that differential susceptibility is present in a sample, and our results
meet all conditions at baseline. First, Model 2 demonstrates a statisti-
cally significant interaction. Second, the two interacting factors, APOE
ε4 status and childhood SES, are independent. The correlation between
the two is 0.01 (p= .17), or alternatively, APOE ε4 status is not sig-
nificantly related to childhood SES in a regression model. Third, APOE
ε4 status is independent of the outcome, as seen in the non-significant
main effect of APOE ε4 on memory in Models 1 and 2. However, there is
no longer evidence for differential susceptibility by the time the parti-
cipants are 72: There is no significant statistical interaction between
APOE ε4 and childhood SES. We conclude that differential suscept-
ibility is present at baseline, but not at follow-up.

3.3. Sensitivity analyses

We conducted a series of tests to ensure that our results were robust
to alternative analytic choices, sample characteristics, measurement
choices, and model assumptions. First, analyses for selective attrition
and item non-response are found in Appendix A. The key result–the
interaction between childhood SES and APOE ε4 for memory at base-
line but not at follow-up–was robust to multiple alternative assump-
tions about the nature of the missing data. This suggests that results are
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not driven by the characteristics of participants who died or otherwise
left the study. Second, we used the results of our best-fitting factor
model (see Appendix B) to calculate factor scores as outcomes. Results
from these analyses were consistent with the results of our analysis of
mean scores, except that APOE ε4 was not significantly related to
change in memory in either Model 1 or Model 2. Third, given the recent
availability of polygenetic measures in the WLS (Okbay et al., 2018), we
conducted an exploratory analysis that estimated the models using a
polygenic score for cognitive performance in place of APOE status. The
results for the polygenic score did not yield the same statistically sig-
nificant results as those for APOE ε4 specifically. In Appendix C, we
present these analyses and offer both methodological and conceptual
interpretations of why results for APOE ε4 and a polygenic measure
differ. Finally, we re-estimated our models excluding people with the
ε2/ε4 profile from the sample, because some literature suggests that ε2
counteracts the effects of ε4. The results were consistent with the
findings presented here.

4. Discussion

This study examined cognition (i.e., memory and language/execu-
tive function) among over 3000 men and women who graduated from
Wisconsin high schools in 1957. Approximately a quarter of the parti-
cipants carried one or more ε4 alleles of the gene APOE, a risk factor for
cognitive impairment in later life (Corder et al., 1993; Saunders et al.,
1993). Our primary aim was to examine the extent to which childhood
SES moderates associations between being an ε4 carrier and cognition
in later life—both in terms of baseline levels of cognition and change in
cognition over 7 years. We found that APOE ε4 was not associated with
baseline levels or change in language/executive function, but it was
associated with declines in memory. Findings further indicated that
being an APOE ε4 carrier was associated with a differential suscept-
ibility to childhood SES: ε4 carriers from disadvantaged families had
the poorest memory at baseline, whereas ε4 carriers from advantaged
families had the best memory at baseline. Nevertheless, this moderating

Table 1
Descriptive statistics for all variables in analyses, by APOE ε4 carrier status.

Total Sample
N=3017

APOE ε4
Carrier
N=815

APOE ε4
Non-carrier
N=2202

Test Statistic
For Group Comparison

Mean (SD) or % Mean (SD) or % Mean (SD) or %

Cognitive Function
Memory (baseline) 54.42 (16.41) 53.91 (16.84) 54.61 (16.25) 1.03
Memory (7-year follow-up) 49.29 (13.58) 47.57 (14.05) 49.92 (13.35) 4.03***
Language/executive function (baseline) 47.14 (12.10) 47.21 (12.50) 47.11 (11.96) −0.19
Language/executive function (7-year follow-up) 44.95 (12.20) 44.86 (12.78) 44.98 (11.97) 0.22

Components of Gene-by-Environment Interaction
Has APOE ε4 27.01 – – –
Childhood SES (SD) 0.05 (0.99) 0.07 (0.98) 0.03 (1.00) −1.36

Covariates
IQ 102.89 (14.59) 102.85 (14.71) 102.91 (14.55) 0.10
Female 51.61 52.27 51.36 0.20
Urban adolescence (50,000 or more residents) 23.30 22.70 23.52 0.23
Suburban adolescence (10,000–49,999 residents) 24.66 23.56 25.07 0.73
Rural adolescence (9999 or fewer residents) 52.04 53.74 51.41 1.30
Did not live with both parents until high school graduation 9.71 11.06 9.22 2.29
Number of siblings 3.00 (2.23) 2.95 (2.26) 3.02 (2.22) 0.77
Hearing problems baseline 3.67 3.84 3.61 0.09
Hearing problems follow-up 7.50 6.79 7.77 0.41

Notes: For continuous measures: means, standard deviations, and t-tests are shown. For categorical measures: proportions and chi-square tests are shown.
*p< .05, **p< .01, ***p< .001.

Table 2
Multilevel models indicating associations between APOE ε4 carrier status, childhood socioeconomic status, and cognition (in percent of maximum possible) at age 65
baseline and change across a seven-year period (N = 3017).

Memory Language/Executive Function

Model 1 Model 2 Model 1 Model 2

B (SE) B (SE) B (SE) B (SE)

Fixed Components
Change over 7 years −9.50*** (1.54) −9.56*** (1.54) −6.51*** (0.93) −6.47*** (0.93)
APOE ε4 carrier (baseline) −0.73 (0.57) −0.85 (0.57) 0.11 (0.42) 0.12 (0.42)
APOE ε4 carrier (change) −1.76** (0.69) −1.63* (0.69) 0.04 (0.45) −0.02 (0.45)
Childhood SES (baseline) 0.46 (0.28) −0.03 (0.32) 0.76*** (0.21) 0.79** (0.24)

Childhood SES (change) −0.37 (0.34) 0.12 (0.39) 0.16 (0.22) −0.05 (0.25)
Carrier* childhood SES (baseline) – 1.80** (0.57) – −0.13 (0.43)
Carrier* childhood SES (change) – −1.91** (0.70) – 0.81 (0.45)

Random Components
Person-level intercept 7.67 (0.25) 7.68 (0.25) 7.17 (0.16) 7.17 (0.16)
Observation-level intercept 11.46 (0.16) 11.44 (0.16) 7.40 (0.10) 7.40 (0.10)

Deviance; df 45,953; 21 45,942; 23 42,172; 21 42,169; 23

Note. Childhood SES is standardized. All models include the effects on baseline and change of: the other domain of cognitive function; IQ; gender; geographic setting
in adolescence; family structure; number of siblings; and hearing problems.
***p < .001, **p < .01, *p < .05.
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effect of childhood SES was not present at follow-up, with ε4 carriers
demonstrating poorer memory, on average, than non-carriers, regard-
less of childhood SES. We further interpret these results below.

4.1. Specificity of cognitive domains

First, it is noteworthy that we found a different pattern of results
with respect to memory in comparison to language/executive func-
tioning. Specifically, we found evidence of associations between APOE
ε4 and memory, but not language/executive functioning.

This finding is consistent with prior research that similarly has
found associations between ε4 status and memory among non-de-
mented older adults, but not language (Forero et al., 2016). These
studies also have found associations between ε4 and executive func-
tioning that did not manifest in the current study, possibly because our
measure was a hybrid of two cognitive domains, executive functioning

and language. Overall, these findings suggest that neurological sub-
strates for memory are perhaps more sensitive to APOE ε4 than those
underlying language/executive functioning. This finding also corrobo-
rates reports of memory decline as a common symptom that predates
diagnosis of AD (Bature et al., 2017).

On the flipside, we found main associations between childhood SES
and baseline levels of language/executive functioning, but not memory.
However, our missing data analyses (see Appendix A) indicate that
childhood SES would have been associated with both baseline and
change in memory in a larger sample. Finding a more powerful effect in
regards language/executive functioning compared to memory is con-
sistent with studies of children's neurological development, which has
found that childhood SES is a more powerful predictor of language and
executive functioning than other domains (Noble et al., 2007). Taken as
a whole, these results indicate the importance of continuing to con-
ceptualize cognition as a multidimensional construct, with some com-
ponents likely more sensitive to particular genetic and social conditions
than others.

4.2. Differential susceptibility

The results of this study corroborate prior research in the “dual risk”
tradition that indicates that people who both carry genetic and face
social risk factors realize the poorest outcomes throughout compounded
vulnerability. For example, the poorest memory outcomes at baseline
were for participants who both carried APOE ε4 and also experienced
low SES in childhood. However, participants who carried APOE ε4 and
experienced high SES in childhood had the best memory at baseline, on
average. These results suggest a flip-side to dual risk, which theorists
have called “differential susceptibility” (Ellis et al., 2011). This concept
emphasizes the possibility that “plasticity genes” do not confer risk
only, but rather a more general sensitivity to environmental conditions
(Belsky et al., 2009). Scholars have theorized on plasticity genes from
an evolutionary perspective, positing that genetic factors that pose the
possibility of a beneficial or detrimental outcome would not only re-
main in the gene pool, but also could be a significant advantage in times
of rapid social or ecological change.

APOE is a candidate plasticity gene because one of its cellular-level
actions is to modulate synaptic plasticity (Reynolds et al., 2014). The
alleles ε2 and ε3 make the brain more efficient and effective at adapting
to environmental change, whereas the allele ε4 impairs change (Chen
et al., 2010). However, our present results are consistent with the body
of literature that finds, counterintuitively, that it is ε4 carriers who
respond most to different environments. Further research will need to
establish why some studies, including this one, have found ε4 carriers to
be most susceptible to environmental influences, when the allele's
biological effects suggest that ε4 carriers should be less en-
vironmentally-influenced. It is theoretically plausible, for example, that
the extent to which ε4 carriers are more or less susceptible to en-
vironmental factors depends on the nature of the environmental con-
dition, as well as the broader genetic context. Advancing understanding
of this complexity (i.e., investigating beyond single-gene-and-single-
environment interactions) is essential for advancing social and health
behavior interventions that are especially likely to optimize cognitive
outcomes among people facing the highest levels of environmental and
genetic risk.

4.3. Change over time

Findings from this study indicated that the moderating effect of
childhood SES on genetic risk for poorer memory was no longer present
by follow-up. In other words, memory performance at follow-up among
ε4 carriers was uniformly poorer than that of non-carriers across
childhood SES groups. This finding is consistent with twin and sibling
research indicating that genetics, moreso than environments, increas-
ingly explain differences in cognitive function as the adult life course

Fig. 1. Gene-by-environment interaction of APOE ε4 carrier status and child-
hood socioeconomic status for memory, by wave.
Note. Panel A shows the interaction at baseline. Panel B shows the interaction at
7-year follow-up. Results are from Table 2, Model 2.

Fig. 2. Gene-by-environment interaction of APOE ε4 carrier status and child-
hood socioeconomic status over a seven-year period.
Note. Results from Table 2, model 2.
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progresses (Reynolds et al., 2014).
This finding suggests the importance of attending to age, or onto-

genetic time, in gene-by-environment research, which is congruent with
prior evolutionary theorizing on the developmental outcomes of car-
rying specific genes. Antagonistic pleiotropy describes cases in which a
particular allele of a gene functions in ways that enhance reproductive
fitness among adults of child-bearing age, but then in later life, func-
tions in ways associated with negative outcomes (Williams, 1957). It is
theorized that natural selection eliminates from the gene pool alleles
that produce outcomes that hinder survival to childbearing ages. But
there is little evolutionary pressure on survival after childbearing: The
allele may produce undesirable outcomes, but by the time they appear,
the parent has already passed the allele on to offspring. There is some
evidence that antagonistic pleiotropy may be characteristic of APOE ε4
(Forero et al., 2016). For example, in one study, ε4 carriers under the
age of 35 demonstrated superior attentional skills both behaviorally
and on MRI (Rusted et al., 2013). However, the meaning of such results
is in dispute, since studies have not consistently yielded evidence for
benefits of carrying ε4 among younger adults (Ihle et al., 2012).

4.4. Limitations and conclusion

This study is limited in several ways. First, the analyses drew upon
only two waves of cognitive data. Additional waves of data are neces-
sary for further examining the ages over which differential suscept-
ibility dissipates, the variation in rates of change in later life cognition
between individuals, and whether rates of change on particular cogni-
tive outcomes are non-linear. Second, there were not enough partici-
pants who carried two copies of ε4 for there to be sufficient statistical
power to distinguish between the effects of one versus two copies,
making our study unable to examine childhood SES as a moderator at
different levels of genetic risk. Third, the cognitive tests given in the
WLS did not allow us to separate the domains of language and executive
function. These domains are conceptually distinct, and more sensitive
measures may have revealed different relationships with APOE and
childhood SES. Fourth, it is possible, although we believe unlikely, that
missing data on APOE status might have biased results (See Appendix A
for further discussion.). Finally, our sample does not allow for addres-
sing knowledge gaps on the function of APOE ε4 among people of non-
European ancestry. This is an especially important gap to address given
that AD and other dementias are more common among African Amer-
ican and Latina/o adults than among whites (Mayeda et al., 2016), and
that persons of color in the U.S. face disadvantages, including dis-
crimination (Zhang et al., 2016).

Additionally, the statistical estimates reported in this study indicate
small effect sizes, although these effects are consistent with other re-
search that spans multiple decades of the life course (Gow et al., 2008).
These findings might be limited in their immediate utility for mean-
ingful clinical directions, although they could be useful for the devel-
opment of broader population health and prevention purposes
(Canevelli et al., 2016 for a thoughtful discussion of converting re-
search results into practice approaches).

Despite these limitations, this study provides further evidence that
later life memory is especially sensitive to the genetic risk of carrying
APOE ε4. Higher childhood SES served as a buffer against this genetic
risk, while lower childhood SES exacerbated the risk, however, only at
baseline. By follow-up, APOE ε4 status was associated with poorer
memory, regardless of childhood SES. Findings suggest the continued
importance of studies on gene-by-environment interactions and cogni-
tive aging to consider the dynamics of timing of risk and protective
factors across the life course—both by life stage (i.e., childhood versus
adulthood) and within life stages (i.e., earlier versus later periods of
later life).
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