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Abstract

Objective—Age-related cognitive decline trajectories were compared in apolipoprotein E (APOE)
e4 homozygotes (HMZ), heterozygotes (HTZ), and noncarriers (NC) in the absence of mild cognitive
impairment (MCI) and Alzheimer’s dementia (AD).

Background—At how young an age memory decline diverges from that of noncarriers in healthy
people with elevated genetic risk for late-onset AD due to APOE e4 is unknown.

Methods—Cognitively normal participants age 21-97 years were recruited with local ads, grouped
using an APOE e4 enrichment paradigm, and had longitudinal neuropsychological testing. Anyone
who developed MCI or dementia during followup was excluded. Acceleration of the rates of decline
for predetermined cognitive measures were compared between APOE e4/4 HMZ, e3/4 HTZ, and e4
NC using a mixed model for longitudinal change with age.

Results—79 e4 HMZ, 238 HTZ and 498 NC were included. APOE e4 carriers were younger (mean
58.0vs 61.4 years, p<0.001) and had more years of followup (5.3 v 4.7 years, p=0.01), with equivalent
education (15.4 years) and gender (69% women). With accelerating declines beginning prior to age
60 in e4 carriers, longitudinal decline in memory in e4 carriers accelerated more than in NC
(p=0.0253) with a possible e4 gene-dose effect (p=0.0231) in which longitudinal decline in e4 HMZ
accelerated more than in NC (p=0.0087). Weaker similar effects were also found on a visuospatial
and general mental status measure.

Conclusions—Age-related memory decline in APOE e4 carriers diverges from NC prior to age
60 and appears most severe in HMZ despite ongoing normal clinical status.

Cognitive profiles of normal aging emphasize declining frontally mediated skills including
learning efficiency, working memory, and psychomotor speed (1-3), while memory loss has
been shown repeatedly to be the earliest cognitive change in Alzheimer’s disease (AD) (4-9).
Overlap in these cognitive profiles exists, however, and distinguishing normal aging from early
AD can be difficult (10,11). The apolipoprotein E (APOE) e4 allele is the most prevalent
genetic risk factor for AD and may account for up to half of all sporadic and familial late onset
cases (12,13). APOE e4 has been correlated with earlier and more rapidly progressive memory
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decline in presymptomatic individuals. APOE e4 carriers in their 50s and 60s have more rapid
memory loss and reduced learning efficiency than matched APOE e4 noncarriers (14-16), and
such decline correlates with reduced cerebral metabolism as much as 5-10 years before the
onset of cognitive symptoms (17). The transition from normal aging to AD has been sought in
population based studies, but cross-sectional designs are limited by demographic differences
between participants that influence neuropsychological test results while longitudinal studies
often suffer from inadequate test scope, entry criteria that are loose enough to accommodate
all community members, and attrition of participants (18). Additionally, many studies focus
on the elderly (19-21), and so do not encompass the entire adult lifespan. Consequently, at how
young an age memory decline in clinically healthy APOE e4 carriers diverges from that of
noncarriers is not yet known.

To address this question we have performed longitudinal growth modeling on a unique,
genetically enriched cohort using a mixed model approach for cross-sectional and longitudinal
data to compare the age-related memory trajectories of APOE e4 homozygotes (HMZ), e3/4
heterozygotes (HTZ), and e4 noncarriers (NC) in the absence of mild cognitive impairment
(MCI) and AD.

Study Participants and Enroliment

From January 1, 1994, through August 6, 2007, cognitively normal residents of Maricopa
County age 21 years and older were recruited through local media ads into the Arizona APOE
cohort, a longitudinal study of cognitive aging (15); and from January 1, 2000, through August
6, 2007, cognitively normal residents of Maricopa and Pima Counties over age 65 years were
enrolled in either the Arizona APOE cohort or the Arizona Alzheimer’s Disease Center cohort.
Demographic, family, and medical history data were obtained on each individual undergoing
APOE genotyping, and identity was coded by a study assistant. All individuals gave their
written, informed consent, approved by the Institutional Review Boards of all participating
institutions, and agreed to have the results of the APOE test withheld from them as a
precondition to their participation in this study. Genetic determination of APOE allelic status
was performed using a polymerase chain reaction (PCR) based assay (22).

The recruitment strategy for the Arizona APOE cohort involved matching by age, gender, and
education two e4 carriers and two e4 noncarriers. Within each set of four individuals, from the
APOE test results, we evaluated all APOE e4 homozygotes (HMZ) who were individually
matched to one APOE e4 heterozygote (HTZ) all with the e3/4 genotype, and two APOE e4
non-carriers (NC), but because far greater numbers of e3/4 HTZ and e4 NC were identified,
not all matched sets of four included an e4/4 HMZ (especially in those over age 70 years).
(APOE e2/4 heterozygotes were excluded as their overall level of genetic risk is uncertain due
to the concomitant protective effects of the e2 allele and deleterious effects of the e4 allele).
Each was then invited to return for screening tests that included a medical history, neurologic
examination, the Folstein Mini-Mental Status Exam (MMSE; 23), the Hamilton Depression
Rating Scale (Ham-D; 24), the Functional Activities Questionnaire (FAQ), Instrumental
Activities of Daily Living (IADL), and Structured Psychiatric Interview for DSM-IIIR (25).
There were no potentially confounding medical, neurological, or psychiatric problems (such
as prior stroke, traumatic brain injury, memory or other form of cognitive impairment,
parkinsonism, major depression, or substance abuse). None met the published criteria for MCI
(6), AD (26), or any other form of dementia (27), or major depressive disorder (27). On the
MMSE, participants had to score at least 27 based on published age and education-based norms
(and must have scored at least 1 out of 3 on the recall subtest) (23). On the Ham-D, participants
had to score 10 or less (24) at the time of their first visit. All FAQ and IADL questions had to
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indicate no loss of function. The entry criteria for the Arizona Alzheimer’s Disease Center
cohort was identical save that there was no match paradigm.

Those fulfilling these requirements were administered an extensive standardized battery of
neuropsychological tests that was repeated every one to two years. To insure that ours was a
true normal aging sample, anyone who subsequently met published criteria for MCI (6), AD
(26), or any other form of dementia (27) during followup were excluded from this analysis,
and this included 16 participants (NC n=4, HTZ n=4, HMZ n=_8). Diagnostic status at entry
and followup was determined by a consensus panel of behavioral neurologists (RJC, MNS,
GLA, SZR, JS, and BKW).

The study was designed by Drs. Caselli and Reiman, data gathered by Drs. Caselli, Osborne,
Sabbagh, Connor, Ahern, Baxter, Rapcsak, Shi, Woodruff, Locke, Rademakers, and Ms.
Hoffman Snyder. Drs. Caselli and Dueck vouch for the data and analysis. Data from each
clinical site was stored and managed in a central database by Dr. Alexander stripped of patient
identifiers and security encoded. Dr. Caselli wrote the first draft that all coauthors helped to
revise with the statistical analyses and revisions provided by Dr. Dueck. Dr. Caselli decided
to publish the paper with the consent of all coauthors.

Neuropsychological Testing

Because the goal of this study was to distinguish the aging trajectories of normal and
pathological aging, a long term memory measure known to be impaired early in patients with
AD was selected as the primary endpoint. Only a single measure was selected to avoid the
issue of multiple comparisons. Based upon prior experience (18-20,24,28) the primary
endpoint we selected a priori for this analysis was the Long Term Memory (LTM; Trial 7)
score of the Auditory Verbal Learning Test (AVLT) (score range from worst to best is 0-15),
(29). The AVLT was administered as part of a comprehensive neuropsychological test battery
as previously described (15). Single measures were also selected a priori for general cognition
and non-memory domains and included the Folstein MMSE (score range from worst to best
is 0-30), the controlled oral word association test (COWAT; executive and language skills;
higher scores are better [24]), and the Judgment of Line Orientation test (JLO; visuospatial
function; score range from worst to best is 0-30) [24]).

Longitudinal Growth Modeling

The acceleration of the rate of decline for each of the predetermined measures for carriers
(collectively and separately for HMZ and HTZ subgroups) was compared to NC by using a
mixed model approach for modeling cross-sectional and longitudinal data (30,31). The model
for Yj; (the 7™ response for the i individual) is as follows:

E(Yijb1) =P1+B> Carrier;+B3 Agec; +Bs Carrier; x Agec,, +B5 Agec,

+f¢ Carrier; X Agec;; 218, A gec;+Bg Carrier; X Agec; +Bg Agec; f

) 2
+P10 Carrier; X Agec;;*+b;, [

where Carrier; is the carrier status for the i individual (1=Carrier; 0=NC); A gecjj is the age

minus 60 (i.e., centered age) of the i individual at the time of the j response; and by; is an

individual specific random effect allowing each subject to have a different intercept. From this
model, the longitudinal growth model for NC is given by:

E(Yi; - Yu)=B7 (Agec;; — Agec; ) +Bs (Agec;? — Agecyy?),
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and the longitudinal growth model for carriers is given by:

E (Y — Yi) = (B1+Bs) (Agec;; — Agecy ) + Bo+Bro) (Agec;;” — Agecy,”).

A quadratic model was selected to allow for comparison of the acceleration in the rate of decline
between groups. Age is centered to reduce the correlation between the age and age-squared
terms as well as to aid in the interpretation of coefficients (e.g., f; represents the mean response
for a 60-year-old NC). From these models, a test of significance of ;9 was used to assess the
difference between carriers and NC in the quadratic longitudinal effect of aging on the outcome
measure being modeled. Modeling was carried out using SAS PROC MIXED (SAS Version
9, SAS Institute, Cary, NC). In a subsequent analysis, the model was modified to replace the
Carrier; variable with two indicator variables to assess differences between NC and HTZ
(Hetero;: 1=HTZ; 0=0ther) and between NC and HMZ (Homo;: 1=HMZ; 0=Other). This
analysis was preplanned (RJC) though considered exploratory given the small number of HMZ.
Baseline characteristics and followup were compared among groups by using the two-sample
t-test / analysis of variance (ANOV A) F-test or Pearson chi-square test.

317 APOE e4 carriers, including 79 e4 HMZ and 238 HTZ, and 498 NC were included. There
were uneven numbers of carriers and noncarriers due to fewer healthy APOE e4 carriers over
age 75 years identified (generally in the Arizona Alzheimer’s Disease Center cohort).
Demographic data are summarized in table 1. Overall, carriers were younger than NC (mean
58.0 vs 61.4 years, p<0.001), and had a higher reported rate of having a first-degree relative
with dementia (73.5% vs 52.8%, p<0.001). Adjusting for the presence of a first-degree relative
with dementia did not significantly alter the results for any of the measures. Gender (68.8% vs
69.1% women, p=0.93), mean years of education (15.4 vs 15.4 years, p=0.83) and number of
participants with more than one epoch of testing (76% vs 73.1%, p=0.35) did not differ between
the carrier groups, but among those with more than one epoch of testing, e4 carriers had slightly
more years of followup (5.3 v 4.7, p=0.01). The age and APOE genotype distribution of our
cohort was uneven between age deciles with more participants overall, and a higher proportion
of e4 carriers (especially HMZ) in the 50-59 and 60-69 year old deciles than in those younger
and older.

Table 2 summarizes and Figure 1 depicts the mixed model age trajectories in APOE e4 carriers
and NC for AVLT-LTM, MMSE, COWAT, and JLO scores. On the AVLT-LTM, there is a
significantly greater quadratic longitudinal effect of aging in APOE e4 carriers as compared
to noncarriers (p=0.0253). Table 4a presents observed and fitted mean cross-sectional AVLT-
LTM scores and annual changes in AVLT-LTM scores by age deciles based on the mixed
model. In Table 4a, the mixed model for AVLT-LTM predicts decline in AVLT-LTM for
APOE e4 carriers beginning in their 50s whereas the model does not predict such a decline in
NCs until their 70s. There were no significant differences in the quadratic longitudinal effects
of aging between carriers and NC on the MMSE (p=0.7508), COWAT (p=0.5709), or JLO
(p=0.7775). However, there were significant differences in the linear longitudinal effects of
aging between carriers and NC on the MMSE (p=0.0336) and the JLO (p=0.0088).

Table 3 and Figure 2 present the mixed model of the e4/4 HMZ and e3/4 HTZ subgroups in
comparison to the NC. There was significant e4 gene-dose interaction with quadratic age in
the AVLT-LTM mixed model (p=0.0231) supporting an e4 gene-dose effect; however,
statistical significance was only reached for the HMZ subgroup (HMZ: p=0.0087; HTZ:
p=0.1754). There was significant e4 gene-dose interaction with quadratic age in the MMSE
mixed model (p=0.0117) and a trend towards significance in the JLO mixed model (p=0.0737)
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also suggesting an e4 gene-dose effect for these measures; however, similar to the AVLT-LTM
model, statistical significance was only reached for the HMZ subgroup (MMSE: HMZ: p=0.01,
HTZ: p=0.3641; JLO: HMZ: p=0.0431, HTZ: p=0.5658). The e4 gene-dose interaction with
quadratic age in the COWAT mixed model was not statistically significant (p=0.4269).

Table 4b presents observed and fitted mean cross-sectional AVLT-LTM scores and annual
changesin AVLT-LTM scores by age deciles for the e4 gene-dose subgroups. The mixed model
for AVLT-LTM predicts decline in AVLT-LTM for APOE e4 HMZ beginning in their 50s
whereas the model does not predict such a decline in APOE e4 HTZ until their 60s and for NC
until their 70s.

Discussion

The main finding of this study is that APOE e4 affects age-related memory performance even
in the absence of MCI and dementia, and does so in a gene-dose pattern that mirrors AD risk.
Further, APOE e4 HMZ, whose symptomatic onset of AD is typically during their 60s (15,
16), also experience declining MMSE scores and visuospatial skills during the same age-range
despite their normal clinical status. By using a genetically enriched cohort and mixed model
for cross-sectional and longitudinal data we were able to analyze adequate numbers of
individuals in each of three APOE subgroups to demonstrate, for the first time, the profile and
trajectory of cognitive aging in the absence of clinical impairment across the adult lifespan.

We expect AD to be more prevalent in APOE e4 carriers than noncarriers. The preferential
effect of e4 carrier status on age-related memory decline, the subsequent decline in visuospatial
function in e4/4 HMZ, and the similarity of our model-predicted memory decline with the
original predictions of Corder et al for the age of onset of AD in each of these three genetic
subgroups (12) raises the possibility that accelerated memory decline in e4 carriers is caused
by subclinical AD. Other lines of evidence support this explanation. We have previously found
that e4/4 HMZ in their early 60s develop accelerated neuropsychological decline in a cognitive-
domain specific pattern (pre-MCI) that anticipates the onset of clinically symptomatic memory
loss by several years (19). FDG-PET studies of individuals manifesting this pre-MCI pattern
of memory decline have reduced cerebral metabolic rate for glucose (CMRgl) patterns in
cortical regions that overlap those known to be affected by AD (20). More recently, we have
shown that PIB-PET studies of asymptomatic APOE e4/4 HMZ at this age reveal early amyloid
deposition in AD salient regions (32). Finally, AD-like neuropathology in thirty and forty year
olds (33,34) and in nondemented elderly (35-37) is more prevalent and severe in APOE e4
carriers than NC.

Not all previous studies have supported this interpretation, however (38,39). Driscoll and
colleagues compared the cognitive trajectories of 27 clinically normal elders lacking AD
pathology after death to 21 clinically normal elders with mild AD pathology and found that
not one of 12 neuropsychological measures (including three specific for memory) showed any
steeper decline in those with AD pathology (39). Our data nonetheless show that healthy
appearing APOE e4 carriers cognitively decline at a faster rate than NC, and that the decline
has a cognitive profile that resembles AD. If we also accept that e4 carriers are likely to have
ahigher AD pathology burden at autopsy (40,4 1), the discrepancy appears difficult to reconcile.
Possibly the memory decline we observed is mediated by a non-amyloid mechanism (42),
analogous to the increased rate of ischemic heart disease (43), cerebral infarction (44) and
mortality (45,46), observed in e4 carriers. We suspect, however, that the resolution lies in the
different methodologies including the longer duration of prospective observation of larger
numbers of genetically defined participants in our study that facilitated the elucidation of this
relatively subtle difference in cognitive trajectories between the different APOE groups.

N Engl J Med. Author manuscript; available in PMC 2010 August 27.
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APOE e4 may be a genetic cause of dementia prior to age 60 (47), but the literature is divided
on the potential effect of APOE e4 on cognitive functioning in healthy younger adults.
Snowdon and colleagues reported psycholinguistic differences in twenty year old women that
correlated with AD and neuropathological disease burden 60 years later (48). Whalley et al.
found that school age performances on psychometric tests were predictive of dementia in old
age (49), although subsequently it was shown this was explained by increased vascular
dementia rather than AD (50). In contrast, we found no correlation between APOE genotype
and intellectual achievement as measured by educational and occupational outcomes (51),
although we have found middle age e4 HMZ to be more sensitive to the effects of fatigue
(52) and anxiety (53) than noncarriers. Our current data show that age-related cognitive decline
prior to age 50 is essentially identical in e4 carriers and noncarriers as a group, and any
childhood or young adult differences are likely to be lifelong and superimposed on this APOE-
age interaction.

A potential limitation of our study is that it is not population based, but instead genetically
enriched for APOE e4. APOE e4 HMZ represent the single largest source of individuals whose
risk for AD is nearly that of autosomal dominant mutation carriers. This small but important
subgroup provides an opportunity to study the changes that may occur before the clinical onset
of MCI and AD, and compiling such a cohort is not practical in a community based sample as
current U.S. epidemiologic cohorts have demonstrated. In the absence of random community
based sampling, however, we risk recruiting individuals concerned about their own cognitive
health perhaps due in some to early stage AD. To address this we eliminated anyone who
developed clinically symptomatic MCI or dementia at any point. While this might theoretically
raise the possibility of survivor bias in our study, the number of clinical converters was small,
and if anything would have reduced our sensitivity to the differential APOE e4 effect that we
found. Also, the mean age of our cohort is quite young and 74% had at least two epochs of
testing (85% for e4 HMZ) with mean followup duration of 5 years further reducing the
likelihood that individuals with incipient symptoms were enrolled. Therefore, selection bias is
unlikely to explain our findings.

Another potential limitation is the unbalanced distribution of age and APOE e4 carriers
(especially HMZ) in this study. There were a greater number of participants over than under
age 50 years, and a slightly older NC group (probably reflecting the predicted higher rates of
symptomatic conversion in aging e4 carriers). Possibly APOE e4 effects at an even earlier age
might be detected in a larger cohort of younger individuals and employing a memory measure
with potentially greater sensitivity than the AVLT. The more participants, the greater the power
to detect a change so the pattern of age imbalance (more older NC and fewer younger
participants), if anything reduced the strength of our study making our findings all the more
remarkable. Finally, the HMZ had slightly longer mean followup than NC. We elected not to
limit the duration of followup data to achieve greater balance because the difference, though
statistically significant, was small. We felt it was better strategically to err on the side of more
than less data inclusion, and do not believe this had any impact on our results.

In summary, APOE e4 affects age-related memory trajectories with accelerating declines
beginning prior to age 60 even in the absence of MCI and dementia, and does so in a gene-
dose pattern that mirrors AD risk.
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Figure 1.
Mean cross-sectional (1) and longitudinal trajectories (2) of the AVLT-LTM (A), MMSE (B),
COWAT (C), and JLO (D) by ApoE e4 carrier status (noncarrier vs carrier) based on the mixed
model (Table 2). Cross-sectional means represent population mean values at the first
examination. APOE e4 noncarriers (solid black line) and carriers (dotted red line). Longitudinal
mean trajectories are population mean trajectories for the ages at the first and followup
examinations observed in the sample. Predicted values at the first examination and predicted
trajectories for each subject in the sample (not shown) are vertically shifted from the displayed
means via the random intercept term. APOE e4 noncarriers (black lines) and carriers (red lines).
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Figure 2.
Mean cross-sectional (1) and longitudinal trajectories (2) of the AVLT-LTM (A), MMSE (B),
COWAT (C),and JLO (D) by ApoE e4 genotype (noncarrier vs heterozygotes vs homozygotes)
based on the mixed model (Table 3). Cross-sectional means represent population mean values
at the first examination. ApoE e4 noncarriers (solid black line), heterozygotes (dotted red line),
and homozygotes (dashed blue line). Longitudinal mean trajectories are population mean
trajectories for the ages at the first and followup examinations observed in the sample. Predicted
values at the first examination and predicted trajectories for each subject in the sample (not
shown) are vertically shifted from the displayed means via the random intercept term. APOE
e4 noncarriers (black lines), heterozygotes (red lines), and homozygotes (blue lines).
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Table 1
Entry Demographics
NC €34 HTZ e4/4 HMZ P’

Total N 498 238 79
Age at entry by
age deciles

21-29 (%) 9 (1.8%) 6 (2.5%) 0 (0%)

30-39 (%) 22 (4.4%) 19 (8%) 5(6.3%)

40-49 (%) 27 (5.4%) 32(13.4%) 4 (5.1%)

50-59 (%) 169 (33.9%) 73 (30.7%) 43 (54.4%)

60-69 (%) 153 (30.7%) 58 (24.4%) 20 (25.3%)

70-79 (%) 85 (17.1%) 35 (14.7%) 7 (8.9%)

80-89 (%) 29 (5.8%) 14 (5.9%) 0 (0%)

90-99 (%) 4 (0.8%) 1 (0.4%) 0 (0%)
Mean age at entry
(SD) 61.4(12.6) 58.4(139) 56.8(9.1) 0.0007
Years of
education (SD) 15.4 (2.6) 15.4 (2.7) 15.4 (2.6) 0.98
Gender (%
women) 69.1% 68.9% 68.4% 0.99
FDR w dementia
(% w) 52.8% 68.8% 87.2% <0.0001
>1 epoch testing 73.1% 73.1% 84.8% 0.08
Years of
followupw< 4.7 (2.8) 5.1(2.8) 57@3.2) 0.01

SD=standard deviation; FDR=first-degree relative;

HMZ=homozygote; HTZ=heterozygote; NC=noncarrier; w=with.

Page 12

E3
analysis of variance F-test for age at entry, years of education, and years of followup; chi-square test for gender, FDR w dementia, and >1 epoch
testing.

*

*
duration for those with more than 1 epoch of testing.
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