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Abstract
Objective—This study examined the impact of age and apolipoprotein E (APOE) genotype on
the rate of cognitive decline in non-demented elderly participants in a simulated Alzheimer’s
disease (AD) primary prevention treatment trial carried out by the Alzheimer’s Disease
Cooperative Study.

Method—Cognitive tests were administered at baseline and at four subsequent annual
evaluations to 417 non-demented participants (172 men, 245 women) between the ages of 74 and
93 (mean=79.13 ± 3.34). APOE genotyping was available for 286 of the participants.

Results—Four-year decline was evident on measures of orientation, memory, executive function
and language. Faster decline was evident in APOE ε4+ (a genetic risk factor for AD; n=73) than
ε4− participants (n=213), even after controlling for education, gender, ethnicity, and baseline
functional and cognitive abilities. This discrepancy increased with increasing age indicating an age
X genotype interaction.

Conclusions—These results are consistent with population-based studies, and extend the
findings to a carefully-screened sample that meets inclusion and exclusion criteria for an AD
primary prevention trial. The interaction between age and APOE genotype on rate of decline
suggests that preclinical disease may be over represented in olderε4+ individuals. Thus, APOE
genotype and age should be considered in the design of AD primary prevention treatment trials.

Address correspondence to: David P. Salmon, Department of Neurosciences (0948), University of California, San Diego, 9500
Gilman Drive, La Jolla, CA 92093-0948, Telephone: (858) 246-1253, dsalmon@ucsd.edu.

Publisher's Disclaimer: The following manuscript is the final accepted manuscript. It has not been subjected to the final copyediting,
fact-checking, and proofreading required for formal publication. It is not the definitive, publisher-authenticated version. The American
Psychological Association and its Council of Editors disclaim any responsibility or liabilities for errors or omissions of this manuscript
version, any version derived from this manuscript by NIH, or other third parties. The published version is available at www.apa.org/
pubs/journals/neu

NIH Public Access
Author Manuscript
Neuropsychology. Author manuscript; available in PMC 2014 July 01.

Published in final edited form as:
Neuropsychology. 2013 July ; 27(4): . doi:10.1037/a0032707.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Cognitive decline; Apolipoprotein E; Aging

Introduction
A number of longitudinal studies have shown that the cognitive test performance of non-
demented elderly adults often declines over the course of only a few years and that the rate
of decline may be influenced by factors that confer risk for Alzheimer’s disease (AD;
Jonkers et al., 1998; O’Hara et al., 1998; Small et al., 1998; Wilson et al., 2002; Yaffe et al.,
1997). Mayeux and colleagues (2001), for example, found that a large group of healthy
elderly individuals assessed with a battery of cognitive tests on three occasions over a seven
year period declined significantly on a memory composite score, but not on composite
scores for tests of language or visuospatial and general cognitive abilities. A faster rate of
decline on the memory score was associated with the presence of an apolipoprotein E
(APOE) ε4 allele, a genetic risk factor for late onset AD, even after age, education and
ethnicity were taken into account. Although the cohorts in this and other studies with similar
findings (Jonkers et al., 1998; O’Hara et al., 1998; Small et al., 1998; Yaffe et al., 1997)
averaged more than 70 years of age, subsequent studies that included healthy younger adults
showed that decline in memory performance and the association between rate of decline and
APOEε4 genotype occurred as early as age 50 to 60 years (Caselli et al., 2004; 2009; 2011).
Studies that followed the outcome of participants beyond the preclinical stage suggest that
the relationship between faster memory decline and APOE ε4 genotype in non-demented
elderly may reflect the over representation of preclinical AD in those with the risk factor
(e.g., Bondi et al., 1999; Bunce et al., 2004).

Clear understanding of the relationship between cognitive decline and APOE genotype, age,
and other demographic characteristics in non-demented elderly is important as clinical trials
are developed to test treatments during the preclinical stage of AD that precedes the
manifestation of the dementia syndrome (Aisen et al., 2011). Any treatment effect will have
to be detected against the background of cognitive changes related to these genetic and
demographic factors. The studies reviewed above are informative in this regard, but most
were based on population-based or convenience samples that may differ from the typical
cohort recruited for a clinical trial, and they usually had a lower frequency of evaluation
(e.g., every 2 to 3 years) than most clinical trials. The present study examined the rate of
change in the cognitive test performance of a large group of non-demented elderly
individuals who were assessed annually over the course of four years in a simulated clinical
trial. As part of the simulated trial, all participants satisfied inclusion and exclusion criteria
for a typical AD primary prevention trial including being at least 75 years of age, non-
demented, in good physical and mental health, and not having medical conditions or
medications that would typically cause their exclusion from a clinical trial (see Ferris et al.,
2006 for a full list of exclusion criteria). All participants were also required to have a
qualified study partner who could knowledgeably rate the participant’s behavior and ability
to perform usual activities of daily living.

Participants were assessed at baseline and at yearly intervals with a battery of
neuropsychological tests that included standard measures of global cognitive function,
episodic memory, language, executive function, and visual attention that have been widely
used to detect and track early AD in previous studies (for review, see Salmon & Bondi,
2009). This design allowed a number of questions to be addressed: 1) How rapidly does
performance of non-demented elderly change over time on neuropsychological tests that are
sensitive to early AD? 2) Does decline occur on tests across all cognitive domains? 3) Is the

Salmon et al. Page 2

Neuropsychology. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rate of decline influenced by AD risk factors such as age and APOE ε4 genotype? 4) Is the
influence of AD risk factors on the rate of decline the same across all tests, or are some tests
or domains more susceptible than others? To address these questions, the interaction
between age and APOE genotype on rate of cognitive change was assessed. The impact of
education, gender, and ethnicity on test performance was also evaluated given that some of
these demographic factors influenced the performance of non-demented elderly in previous
studies (Jonkers et al., 1998; Mayeux et al., 2001; O’Hara et al., 1998; Small et al., 1998;
Wilson et al., 2002; Yaffe et al., 1997).

Method
Participants

A total of 644 non-demented elderly individuals (269 men, 375 women) between the ages of
74 and 93 were initially enrolled in this study. The participants were recruited from 29
Alzheimer’s Disease Cooperative Study (ADCS) sites. Each site recruited at least 16
participants and 20% of those enrolled at each site had to be non-white (see Ferris et al.,
2006 for a detailed description of the recruitment procedures). The total sample averaged
79.05 (±3.61) years of age, 14.96 (±3.08) years of education, and 95.28 (±3.68) points on
the Modified Mini-Mental State Examination (mMMSE) at the time of enrollment (i.e.,
baseline). There were 497 participants (77.2%) with a Clinical Dementia Rating (CDR) of 0
and 147 (22.8%) with a CDR of 0.5. The sample had 497 (77.2%) white and 147 (22.8%)
non-white participants. The APOE allele distribution was 3ε2ε2, 40ε2ε3, 266ε3ε3, 12ε2ε4,
86ε3ε4, and 4ε4ε4. APOE genotype was not determined for 233 of the 644 participants.
Information regarding family history of dementia was not obtained. The study was approved
by the institutional review boards at UCSD and each of the participating ADCS sites.
Informed consent was obtained from all study participants after the procedures of the study
had been fully explained.

Over the four-year course of the study 227 participants dropped out at various points before
the last evaluation leaving a final sample of 417 participants (172 men, 245 women) who
completed the study. Only data from the 417 participants who completed the study are
analyzed and included in this report. The final sample averaged 79.13 (±3.34) years of age,
15.27 (±2.98) years of education, and 95.83 (±3.37) points on the mMMSE at baseline.
There were 335 participants (80.3%) with a Clinical Dementia Rating (CDR; Hughes et al.,
1982) of 0 and 82 (19.7%) with a CDR of 0.5. The final sample had 340 (81.5%) white and
77 (18.5%) non-white participants. The APOE allele distribution was 1ε2ε2, 31ε2ε3,
181ε3ε3, 8ε2ε4, 62ε3ε4, and 3ε4ε4. APOE genotype was not determined for 131
participants who completed the study. Participants who did not complete the study were
significantly older (80.26 ± 3.98; t(642)=3.83; p<.001, Cohen’s d=.31), less educated (14.38
± 3.17; p<.001, d=.29), and had lower mMMSE scores (94.26 ± 4.01; p<.0001, d=.43) than
those who completed. Non-whites had a higher drop-out rate (47.6%) than whites (31.6%).
The percentage of APOE ε4+ (i.e., at least one ε4 allele) and ε4− subjects who did not
complete the study was similar in the Young-Old (as determined by a median split on age)
(27% versus 28%, respectively) and in the Old-Old (33% versus 35%, respectively). For
participants who completed the study, there was no significant difference in age, education,
mMMSE score, gender distribution or ethnicity distribution between those genotyped or not
genotyped (all p’s > .05).

Procedure
As part of the ADCS Prevention Instrument Project (Ferris et al., 2006) a battery of
cognitive tests was administered to participants at baseline and at four subsequent annual
evaluations (i.e., baseline and months 12, 24, 36, and 48). Participants were tested
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individually in a quiet, well-lit room by a trained psychometrist. The cognitive battery
consisted of a test of global cognitive function (mMMSE) and specific measures of episodic
memory (Free and Cued Selective Reminding Test, NYU Paragraph Recall Test), language
(modified Boston Naming Test, Semantic Verbal Fluency Test), executive function (Trail-
Making Test: Parts A and B; Digit Symbol Substitution Test), and visual attention
(Cancellation Test). The tests have been described in detail previously and are briefly
described below:

Modified Mini-Mental State Examination (mMMSE; Teng & Chui, 1987)—This
adaptation of the standard MMSE is a global test of mental status that briefly assesses
orientation, language, verbal recall and recognition, and constructional ability. The mMMSE
is scored on a 100 point scale with higher scores indicative of better cognitive function.

Free and Cued Recall Selective Reminding Test (FCSRT; Grober et al., 1988;
Grober & Kawas, 1997)—On the first trial of this episodic memory test, subjects are
asked to remember a 16-item word list that is presented visually and verbally with semantic
cuing to facilitate encoding. Immediately after presentation, the words must be recalled
freely or following a semantic category cue (to facilitate retrieval). Items recalled
spontaneously (i.e., free) and after a cue are recorded. On subsequent trials, the subject is
reminded only of items that were not recalled on the previous trial, and then must recall all
16 items freely or following a cue. Three trials are presented and the number of correctly
recalled items is summed across trials making the maximum possible score 48 points.

NYU Paragraph Recall Test (Kluger et al., 1999)—This task requires subjects to
remember a brief story that is read aloud to them. Recall of the story is assessed immediately
after it is read and again after a 5 minute delay filled with unrelated testing. One of six
alternative versions that are of equal difficulty is used at each test session. The test is scored
for the number of story components (or ideas) that are correctly recalled immediately and
after a delay for a total of 21 possible points for each condition.

Trail Making Test: Parts A and B (Army Individual Test Battery, 1944; Reitan,
1958)—Part A of this test consists of 25 circles numbered 1 through 25 distributed over a
white sheet of 8 1/2″ × 11″ paper. The subject is instructed to connect the circles with a
pencil line as quickly as possible in ascending numerical order. Part B also consists of 25
circles, but these circles are either numbered (1 through 13) or contain letters (A through L).
Now the subject must connect the circles while alternating between numbers and letters in
an ascending order (e.g., A to 1; 1 to B; B to 2; 2 to C). Parts A and B of the Trail-Making
Test both require visuomotor and perceptual scanning skills, but Trails B also requires
cognitive flexibility in shifting from number to letter sets under time pressure. The subject’s
performance is judged in terms of the time (in seconds) required to complete each trail
(Trails A: 150 second maximum; Trails B: 300 second maximum) with higher scores
indicative of poorer performance. To more effectively assess the executive function aspect
of the Trail-Making Test the analysis was repeated using a derived difference score between
time to complete Part B and time to complete Part A. This measure corrects for the attention
or psychomotor speed aspects of the test that are common to both Parts A and B.

WAIS-R Digit Symbol Substitution Test (Wechsler, 1981)—In this timed test,
subjects are presented with a key which associates nine unfamiliar symbols with the
numbers 1 through 9. They are then asked to use the key to draw the appropriate symbols
below a random series of their associated numbers as quickly as possible for 90 seconds.
The number of correctly completed symbols is the score of interest and can range from 0 to
64 with higher scores indicative of better performance.
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Boston Naming Test (BNT):10-item version (Kaplan et al., 1983)—This
abbreviated version of the BNT requires the subject to name 10 objects depicted in outline
drawings. The drawings are graded in difficulty with the easiest drawings presented first. If
a subject encounters difficulty in naming an object, a stimulus or phonemic cue is provided.
Correct responses produced spontaneously and after semantic cues are summed to provide
the score of interest for a maximum score of 10.

Verbal Fluency Test (“Animals”) (Borkowski et al., 1967; Butters et al., 1987)—
This test of language requires subjects to verbally generate as many different “animals” as
possible in one minute. The total number of correct exemplars produced, excluding
repetitions and variants (e.g., horse, horses), is the score of interest.

Cancellation Test (Mohs et al., 1997)—In this timed test of visual attention the subject
is presented with an 8.5 × 11 inch piece of paper which contains 240 digits placed randomly
in 8 rows of 30 and asked to cross-off (i.e., cancel), as quickly as possible, all of 2 specified
target numbers (e.g., 2 and 8). Each quadrant of the paper contains 10 target stimuli for a
total of 40 targets. The number of targets correctly crossed-off in 45 seconds is recorded.

Data Analysis
Data analyses were limited to completers because there were a number of significant
demographic and cognitive differences at baseline between those who completed or did not
complete the study (see above). First, one-way repeated-measures Analysis of Variance
(ANOVA) was used to examine change over time (i.e., baseline, 12-month, 24-month, 36-
month, 48-month) on the primary measure from each cognitive test. Student’s t-tests were
used to determine if change scores (between baseline and the final annual evaluation) for
each test were significantly different from zero. Second, a linear mixed effects model fit by
restricted maximum likelihood (REML; Laird & Ware, 1982) was derived for each cognitive
test to examine the effects of age and APOE genotype (ε4− vs. ε4+) on change over time on
that measure. Each model included terms for time, age, genotype, education, gender and
ethnicity, as well as age X time, time X genotype, age X genotype and age X genotype X
time interaction terms. Each model also included baseline scores on a measure derived from
the components of the CDR known as “sum of boxes” (CDR-SB) to control for initial level
of global cognitive status. CDR sum of boxes was used to control for initial level of global
cognitive status, rather than mMMSE score, so that change over time on the mMMSE could
be examined. The REML analyses were limited to those participants with known APOE
genotype (n=286). The mean age, years of education, mMMSE, and CDR sum of boxes
scores for participants with no ε4−) or at least one ε4+) APOE ε4 allele who completed the
study and included in the REML analyses are shown in Table 1. The percentage of
participants in these groups who were CDR 0.5, male, or white is also shown. There were no
significant differences between the groups on these factors.

Results
The mean scores achieved on each cognitive test at each annual evaluation are presented in
Table 2. Performance declined significantly on all measures except the Boston Naming Test
over the four year duration of the study. The mean changes in score from baseline to each
subsequent evaluation are shown for each measure in Table 3. As the Table shows, scores on
the Boston Naming Test remained at the same level over the course of four years,
Cancellation Test scores initially improved significantly and then declined by the fourth
year, and all other measures declined steadily over time and reached a significant level of
decline by the fourth year (i.e., a change score significantly different from zero). Other than
the Boston Naming Test, scores declined from 1.4% (Free and Cued Selective Reminding
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Test) to 16% (NYU Paragraph Recall) between the baseline and 48-month (Year 4)
evaluations.

Memory and Orientation
The REML analysis examining the effects of age, APOE genotype and other demographic
factors on change in mMMSE scores showed that there was a significant decline over the
course of the study [F(1,1111)=26.81; p<.0001], older performed worse than younger
participants [F(1,277)=8.31; p=.0042], less educated performed worse than more educated
participants [F(1,277)=33.93; p<.0001], and non-white performed worse than white
participants [F(1,277)=8.41; p=.004]. Participants with higher CDR-SB scores (scores
increase with worse function) performed worse than those with lower scores
[F(1,277)=14.58; p=.0002]. Rate of decline on the mMMSE was influenced by age and
APOE genotype [F(1,1111)=15.24; p=.0001] such thatε4+ declined faster than ε4− and this
discrepancy grew with increasing age (even though ε4− baseline-to-48 months decline was
significantly greater than zero [t(211)=2.39; p=.018]). This three-way interaction was
apparent even after controlling for education, gender, ethnicity and CDR-SB scores. To
illustrate this interaction effect, the performance of APOE ε4+ and ε4− participants on the
mMMSE across the four years of the study are compared separately for young-old and old-
old participants (determined by a median split of age) in Figure 1A.

There was also a significant decline on the FCSRT over the course of the study
[F(1,1104)=23.83; p<.0001], older performed worse than younger participants
[F(1,277)=7.58; p=.0063], and ε4+ performed worse than ε4− participants [F(1,277)=6.13;
p=.014]. Participants with higher CDR-SB scores performed worse than those with lower
scores [F(1,277)=7.03; p=.0085]. After controlling for education, gender, ethnicity and
CDR-SB scores, a significant three-way interaction effect showed that rate of decline on the
FCSRT was influenced by age and APOE genotype [F(1,1104)=30.83; p<.0001] such
thatε4+ declined faster thanε4− and this discrepancy grew with increasing age (see Figure
1B) (even though ε4− baseline-to-48 months decline was significantly greater than zero
[t(209)=2.89; p=.004]).

There was a significant interaction between APOE genotype and time on the NYU
Paragraph Recall Test [F(1,1113)=7.83; p=.0052] indicative of more rapid decline on this
measure inε4+ participants than in ε4− participants regardless of age (see Figure 1C). There
was also a general effect of age with older participants performing worse than younger
participants [F(1,278)=12.19; p=.0006]. Less educated performed worse than more educated
participants [F(1,278)=36.72; p<.0001], and non-white performed worse than white
participants [F(1,278)=7.71; p=.006]. Participants with higher CDR-SB scores performed
worse on the NYU Paragraph Recall Test than those with lower scores [F(1,278)=8.64; p=.
0036]. The three-way age X genotype X time interaction effect was not significant
[F(1112)=2.20; p=.14].

Executive Functions
Scores on the Digit Symbol Substitution Test declined significantly over the course of the
study [F(1,1105)=24.01; p<.0001], older participants performed worse than younger
participants [F(1,276)=11.34; p=.0009], less educated performed worse than more educated
participants [F(1,276)=31.48; p<.0001], male participants performed worse than females
[F(1,276)=9.14; p=.0027], and non-white performed worse than white participants
[F(1,276)=10.65; p=.0012]. Participants with higher CDR-SB scores performed worse than
those with lower scores [F(1,276)=7.09; p=.008]. After controlling for education, gender,
ethnicity and CDR-SB scores, rate of decline on the Digit Symbol Substitution Test was
influenced by age and APOE genotype [three-way interaction: F(1,1105)=5.60; p=.018]
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such thatε4+ declined faster than ε4− and this discrepancy grew with increasing age (see
Figure 2A) (even thoughε4− baseline-to-48 months decline was significantly greater than
zero [t(210)=2.98; p=.003]).

There was a significant decline on Part A of the Trail-Making Test over the course of the
study [F(1,1108)=4.34; p=.037], older performed worse than younger participants
[F(1,277)=19.33; p<.0001], less educated participants performed worse than more educated
participants [F(1,277)=12.71; p=.0004], and non-white performed worse than white
participants [F(1,277)=12.06; p=.0006]. Participants with higher CDR-SB scores performed
worse on this test than those with lower scores [F(1,277)=5.21; p=.023] (see Figure 2B).
There were no interactions between time and age or APOE genotype on this measure [three-
way age X genotype X time interaction effect: F(1108)<1; p=.98].

There was a significant interaction between APOE genotype and time on Part B of the Trail-
Making Test [F(1,1109)=7.15; p=.008] indicative of more rapid decline on this measure in
ε4+ participants than in ε4− participants regardless of age. There was also a general effect of
age with older participants performing worse than younger participants [F(1,278)=14.83; p=.
0001]. In addition, less educated performed worse than more educated participants
[F(1,278)=42.90; p<.0001], non-white performed worse than white participants
[F(1,278)=7.16; p=.0079], and participants with higher CDR-SB scores performed worse
than those with lower scores [F(1,277)=13.43; p=.0003] (see Figure 2C). The three-way age
X genotype X time interaction effect was not significant [F(1108)=1.72; p=.19].

Trail Making Test B-A difference scores declined significantly over the course of the study
[F(1,854)=5.96; p<.01], older participants performed worse than younger participants
[F(1,213)=11.78; p=.001], less educated performed worse than more educated
participants[F(1,213)=9.35; p<.001], and non-white performed worse than white participants
[F(1,213)=14.16; p=.001]. Older participants decline more rapidly than younger participants
[F(1,213)=11.78; p=.001] on this measure. After controlling for education, gender, ethnicity
and CDR-SB scores, rate of decline on the Trail Making Test difference score was
influenced by age and APOE genotype [three-way interaction: F(1,854)=3.82; p=.05] such
that ε4+ declined faster than ε4− and this discrepancy grew with increasing age (ε4−
baseline-to-48 months decline was not significantly greater than zero [t(208)=0.98; p=.33]).

Language
Although there was no overall decline on the BNT, older participants performed worse than
younger participants [F(1,277)=6.90; p=.009], less educated participants performed poorer
than those with more education [F(1,277)=53.75; p<.0001], and non-white performed worse
than white participants [F(1,277)=23.90; p<.0001]. Participants with higher CDR-SB scores
performed worse than those with lower scores [F(1,277)=10.26; p=.0015]. Rate of change
on the BNT was influenced by age and APOE genotype [three-way interaction:
F(1,1112)=6.72; p<.01] (while controlling for education, gender, ethnicity and CDR-SB
scores) such that ε4+ changed faster than ε4− and this discrepancy grew with increasing age
(see Figure 3A) (ε4− baseline-to-48 months decline was not significantly greater than zero
[t(212)=0.51; p=.61]).

There was a significant decline on the Category Fluency Test over the course of the study
[F(1,1110)=12.47; p=.0004], older performed worse than younger participants
[F(1,277)=9.78; p=.0019], less educated participants performed worse than more educated
participants [F(1,277)=40.49; p<.0001], and participants with higher CDR-SB scores
performed worse than those with lower scores [F(1,277)=11.60; p=.0008] (see Figure 3B).
There were no interactions between time and age or APOE genotype on this measure [three-
way age X genotype X time interaction effect: F(1110)=2.15; p=.14].
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Visual Attention
There was significant decline over the course of the study on the Cancellation Test
[F(1,276)=51.64; p<.0001], but no interactions between time and age or APOE genotype
[three-way age X genotype X time interaction effect: F(1106)=2.39; p=.12]. Older
participants performed worse than younger participants [F(1,276)=9.72; p=.002] and less
educated performed worse than more educated participants [F(1,276)=9.27; p=.0028] on this
test (see Figure 3C).

Discussion
The present results show that under procedures appropriate for an AD primary prevention
trial non-demented older adults’ performance declined over four years on commonly used
tests of episodic memory, executive function, language, and attention. Four-year decline was
evident on all cognitive test measures examined, with the exception of a test of confrontation
naming, and ranged from−1.4% to−16.0% of baseline score. The largest overall declines as
a percentage of baseline score occurred on the NYU paragraph delayed recall test −16.0%),
Trail-Making test B-A difference score (−15.9%), Part B of the Trail-Making test (−10.9%),
and the Cancellation test (−9.9%). It should be noted, however, that performance on the
NYU paragraph delayed recall and the Cancellation tests did not decline in a steady fashion,
but fluctuated over the four-year observation period. Scores on the Cancellation test actually
improved over baseline levels at the 12-month, 24-month, and 36-month evaluations,
perhaps due to a practice effect, and declined only on the 48-month evaluation. NYU
paragraph delayed recall showed its greatest decline relative to baseline at the 12-month
evaluation (i.e., −2.15 point decline), with less decline evident at subsequent evaluations
(e.g., a −1.23 point decline after 48 months), perhaps due to slight variations in the multiple
versions that were used. In contrast, a steady, though not necessarily large, decline was
observed for several measures including the mMMSE (approximately −0.35 points per
year), the FCSRT (approximately −0.17 points per year), the Digit Symbol Substitution Test
(approximately −0.73 points per year), and Part B of the Trail-Making Test (approximately
3.43 seconds increase per year). The magnitude of the observed decline on many of these
measures was similar to that reported in previous studies (e.g., Yaffe et al., 1997).

Consistent with previous studies that examined population-based or convenience samples of
older adults (Jonkers et al., 1998; Mayeux et al., 2001; O’Hara et al., 1998; Small et al.,
1998; Wilson et al., 2002; Yaffe et al., 1997), the rate of decline on most of the
neuropsychological tests was influenced by APOE genotype. Faster decline was evident in
ε4+ participants than ε4− participants on measures of memory (mMMSE, FCSRT, NYU
Paragraph Recall Test), executive functions (Digit Symbol Substitution Test, Trail-Making
Test, Part B and B-A difference score) and language (Boston Naming Test). This effect
remained apparent after controlling for years of education, gender, ethnicity, and initial level
of functional and cognitive ability assessed by the CDR-SB measure. The magnitude of the
impact of APOE ε4+ genotype on rate of cognitive decline was not particularly large and
may not have clinically important consequences, but could influence the ability to detect a
relatively subtle treatment effect in a clinical trial. Although the present sample was limited
to those at least 74 years of age, previous studies have shown that the effect of APOE on rate
of cognitive decline may begin at a much younger age (Caselli et al., 2004; 2009).

The impact of APOE genotype on rate of decline was modulated by age for five of the
cognitive measures: mMMSE, FCSRT, Digit Symbol Substitution Test, the derived
difference score between time to complete Part B and time to complete Part A of the Trail
Making Test, and the Boston Naming Test (although there was no overall decline on this
latter test). In each case, ε4+ participants declined faster than ε4− participants, and this
discrepancy increased with increasing age. The interaction between age and APOE genotype
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on cognitive decline was not specifically examined in many previous studies, but there is
some evidence consistent with the present findings. A population-based study by Nilsson et
al. (2006) showed that healthy adults between 70 and 85 years of age experienced more
rapid decline over five years on tests of verbal recall if they carried at least one APOE ε4
allele than if they did not. Caselli et al. (2009) found that the effect of aging on decline in
memory performance on the Rey Auditory Verbal Learning Test was greater in ε4+ than in
ε4− older adults. A similar interaction was not seen on tests of verbal fluency,
visuoperceptual abilities, or simple mental status.

Faster cognitive decline in elderly ε4+ participants than in ε4− participants, particularly in
those who are oldest, may reflect an over-representation of AD in the former group. This
possibility is consistent with previous findings that age and APOE ε4 genotype are two of
the strongest risk factors associated with sporadic (i.e. non-familial) AD (Mayeux & Stern,
2012). Also consistent with this possibility, differences between the ε4+ and ε4−
participants in the present study were evident on measures that are most sensitive to
cognitive changes associated with very early (e.g., Salmon et al., 2002) or preclinical
(Mickes et al., 2009) AD. In particular, rate of decline on measures of orientation and
memory, the mMMSE and the FCSRT, were most sensitive to the interaction between age
and APOE genotype, consistent with evidence that the earliest cognitive change to occur in
AD is a decline in episodic memory (e.g., Petersen et al., 1999). It is somewhat surprising
that a similar interaction was not seen on another episodic memory test, the NYU Paragraph
Recall Test, but this may reflect less sensitivity to early AD for this test compared to word-
list learning tests, such as the FCSRT, because memory for prose passages provides
semantic structure that can aid in encoding and retrieval processes. More accurate
differentiation between early AD and normal aging with list-learning tests than with tests of
memory for prose passages has been previously reported (Salmon et al., 2002).

To the extent that faster cognitive decline in elderly ε4+ participants than ε4− participants
reflects an over-representation of AD in the elderly ε4+ group, the present results suggest
that APOE genotype and age should be considered in the design of AD primary prevention
treatment trials. The results of such clinical trials could be distorted if participants with an
APOE ε4 allele are over-represented in an unbalanced way in either the placebo or treatment
arm of a trial. Thus, APOE genotype should be stratified across placebo and treatment
groups to insure that any group differences in onset of dementia are related to treatment
effects. The results also suggest that AD primary prevention treatment trials could be
enriched with elderly APOE ε 4 carriers (with stratification in the treatment and placebo
groups) in order to enhance the possibility that sufficient numbers of non-demented
participants would develop AD dementia within a reasonable trial timeframe to provide
statistical power to detect a group difference. It should be noted, however, that vascular
contributions to faster cognitive decline related to older age and APOE ε4 genotype in the
present study cannot be ruled out since vascular risk factors were not examined (although
individuals with significant vascular disease were excluded). Therefore, atrial strategy that
initially enriches with elderly APOE ε4 carriers and then screens for the presence of
preclinical biomarkers of AD pathology (e.g., amyloid imaging, cerebrospinal fluid levels of
tau and β-amyloid proteins) might be most efficient.

Because initial level of cognitive and functional performance was accounted for in the
analytic models by including the baseline CDR-SB score, it is unlikely that the interaction
between age and APOE genotype on cognitive decline was driven by those participants with
CDR scores of 0.5. To insure that this was the case, we repeated the REML analyses for all
cognitive measures while limiting the sample to participants with CDR scores of 0 (n=222).
The same pattern of results was obtained with significant age X APOE genotype X time
interaction effects for the mMMSE [F(1,856)=4.34; p=.038] and the FCSRT
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[F(1,851)=6.10; p=.014]. In each case, ε4+ participants declined faster than ε4− participants
and this discrepancy grew with increasing age (see Supplementary Table 1.). The age X
APOE genotype X time interaction effect was no longer observed for the Digit Symbol
Substitution Test, but was apparent for Part A of the Trail-Making Test [F(1,854)=4.07; p=.
043] with a faster decline in ε4+ than ε4− participants that grew larger with increasing age.
As in the previous analyses, no other significant age X APOE genotype X time interaction
effects were observed. These findings support the conclusions drawn from the larger sample.

Demographic factors influenced performance on a number of the cognitive tests.
Participants with low education performed worse than those with higher education on the
mMMSE, NYU paragraph delayed recall, Digit Symbol Substitution Test, BNT, Category
Fluency Test, and the Cancellation test. White participants performed better than non-white
participants on the mMMSE, NYU paragraph delayed recall, Digit Symbol Substitution
Test, BNT, and Parts A and B of the Trail-Making Test. Participants with higher scores on
the CDR-SB measure performed worse than those with lower scores on all of the cognitive
measures except the Cancellation Test. The impact of these demographic factors on
cognitive test performance in the general population has been reported previously (for
reviews, see Heaton et al., 1991; Walker et al., 2009). The present results indicate that they
can influence performance even in a carefully-screened sample that meets inclusion and
exclusion criteria for an AD primary prevention trial and should be controlled in such trials.

Several limitations of the present study should be noted. First, there was a relatively high
drop-out rate over the course of the study which reduced the sample size and the power to
detect potential effects of APOE genotype and age on rate of decline on some measures.
Data from participants who dropped out were not included in analyses because they were
older, less educated and initially less functionally intact than those who completed the study.
The loss of these poorer functioning subjects may lead to an underestimation of rate of
decline on the cognitive tests. It is unlikely, however, that their loss alters the interpretation
of the interaction between age and APOE genotype on rate of decline since there were
similar percentages of ε4+ and ε4− non-completers in both Young-Old and Old-Old age
groups. While the reduced sample size precludes strong claims about non-significant results,
it does not diminish claims based on statistically significant results. However, the high drop-
out rate could impact the generalizability of the findings to true clinical treatment trials in
which drop-out rates may be lower because of the motivating effects of a potential treatment
(it should be noted, however, that the demographic characteristics of the sample of those
who completed the current study are similar to those in previously reported primary
prevention trials; e.g., Snitz et al., 2009). Furthermore, an actual randomized treatment trial
would require an intention-to-treat analysis with imputation of the outcome measure using
last-observation-carried-forward or multiple imputation methods. That is less important for
the explanatory analysis carried out in the present study. Second, the sample was selected to
simulate an AD primary prevention treatment trial and may not be representative of the
elderly population at large. Inclusion and exclusion criteria were strict with regard to health
status and the availability of a knowledgeable study partner who could provide information
about the participant’s activities of daily living. Therefore, extrapolation of the present
findings to the general elderly population should be done with caution. Third, the study was
limited to individuals at least 74 years old and this precluded an examination of possible
differences in rate of cognitive decline in ε4+ and ε4− participants that might emerge at a
younger age. As previously mentioned, Caselli et al (2009) found that differences in rate of
memory decline in ε4+ and ε4− participants began before the age of 60. It should be noted,
however, that little difference in rate of decline was observed in the younger (i.e. 74–80
years of age) ε4+ and ε4− participants in the present study (see Figures 1–3), perhaps
because of the stringent inclusion and exclusion criteria, or the inclusion of individuals with
very mild cognitive or functional problems (i.e., CDR =0.5) in both genotype groups.
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Finally, the present study addressed the specific hypothesis that age and APOE ε4+
genotype, two factors strongly associated with AD, would influence rate of cognitive
decline. The possibility that family history of dementia beyond that accounted for by APOE
genotype would be associated with rate of decline, or that demographic factors other than
age might interact with APOE genotype to influence rate of decline, was not examined.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The mean scores achieved on tests of orientation and memory at each time point as a
function of age (based on median split) and apolipoprotein E (APOE) genotype. Panel A:
modified Mini-Mental State Exam (mMMSE); Panel B: Free and Cued Selective Reminding
Test (FCSRT); Panel C: New York University (NYU) Paragraph Recall Test. N’s = 115
Young-Old ε4−, 98 Old-Old ε4−, 46 Young-Old ε4+, and 27 Old-Old ε4+.
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Figure 2.
The mean scores achieved on measures of executive functions at each time point as a
function of age (based on median split) and apolipoprotein E (APOE) genotype. Panel A:
Digit-Symbol Substitution Test; Panel B: Trail-Making Test, Part A; Panel C: Trail-Making
Test, Part B. N’s = 115 Young-Old ε4−, 98 Old-Old ε4−, 46 Young-Old ε4+, and 27 Old-
Old ε4+.
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Figure 3.
The mean scores achieved on measures of language and attention at each time point as a
function of age (based on median split) and apolipoprotein E (APOE) genotype. Panel A:
Boston Naming Test (10-item version); Panel B: Category Fluency Test (“Animals”); Panel
C: Cancellation Test. N’s = 115 Young-Old ε4−, 98 Old-Old ε4−, 46 Young-Old ε4+, and
27 Old-Old ε4+.
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Table 1

The mean age, years of education, modified Mini-Mental State Examination (mMMSE) scores and Clinical
Dementia Rating (CDR) Sum of Boxes (SOB) scores for participants with zero (ε4−) or at least one (ε4+)
apolipoprotein E (APOE) ε4 allele who completed the study (standard deviations are shown in parentheses).
The percentage of participants in these groups who were CDR 0.5, male, or white is also shown

APOE ε4+ (n=73) APOE ε4− (n=213)

Age 78.19 (3.24) 78.86 (3.29) t (284)=1.51; p=.13, d=.20

Education 15.81 (2.68) 15.15 (3.21) t (284)=1.56; p=.12, d=.21

mMMSE 96.36 (2.68) 95.57 (3.67) t (284)=1.68; p=.09, d=.23

% CDR 0.5 30.1% 19.7% X2 =3.40; p=.07

CDR SOB 0.34 (0.50) 0.27 (0.44) t (284)=1.02; p=.31, d=.15

% Male 39.7% 43.7% X2 =0.34; p=.56

% White 76.7% 81.2% X2 =1.74; p=.78
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