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Abstract
Background—An NIA-sponsored workgroup on preclinical Alzheimer’s disease (AD)
articulated the need to characterize cognitive differences between normal aging and preclinical
AD.

Methods—71 apolipoprotein E (APOE) e4 homozygotes (HMZ), 194 e3/4 heterozygotes (HTZ),
and 356 e4 noncarriers (NC) aged 21–87 years who were cognitively healthy underwent
neuropsychological testing every two years. Longitudinal trajectories of test scores were compared
between APOE subgroups.
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Results—There was a significant effect of age on all cognitive domains in both APOE e4 carriers
and NC. A significant effect of APOE e4 gene dose was confined to the memory domain and the
Dementia Rating Scale. Cross sectional comparisons did not discriminate the groups.

Conclusions—While cognitive aging patterns are similar in APOE e4 carriers and NC,
preclinical AD is characterized by a significant e4 gene dose effect that impacts memory and is
detectable longitudinally. Preclinical neuropsychological testing strategies should emphasize
memory sensitive measures and longitudinal design.

Keywords
preclinical Alzheimer’s disease; cognitive aging; age-related memory loss; mild cognitive
impairment; apolipoprotein E; longitudinal testing

1. Introduction
Interest in preclinical Alzheimer’s disease (AD) is driven by the need for earlier therapeutic
intervention. The National Institute on Aging-Alzheimer’s Association (NAI-AA)
workgroup on diagnostic guidelines for the preclinical stages of Alzheimer’s disease (AD)
drew a distinction between the pathophysiological disease process (AD-P) that begins before
symptoms are evident, from the clinical manifestations (AD-C) of mild cognitive
impairment (MCI) and dementia1 that ultimately ensue. In previous work, we showed that
apolipoprotein E (APOE) e4 carriers, a powerful genetic risk factor for AD2, experienced
accelerating memory decline that correlated with e4 gene dose, and preceded MCI by over a
decade3, identical to the preclinical stage envisioned by the NIA-AA workgroup. Howieson
et al showed that three to four years before the diagnosis of MCI, decline further accelerates
in memory as well as in some executive and spatial measures4. The preclinical stage of AD
is characterized by the progressive accumulation of cerebral amyloid5,6 that amyloid-PET
studies have shown is maximal, not in medial temporal regions, but in prefrontal and
posterior cingulate regions7–12. In a subsequent study we compared performances on
neuropsychological measures of executive function (that are known to depend on the normal
function of the prefrontal cortices) in APOE e4 carriers who are expected to have an
elevated prefrontal amyloid burden with noncarriers (NC), but despite the wealth of
evidence that executive measures are sensitive to aging13–15 we found the differences
between APOE e4 carriers and NC surprisingly limited, in contrast to the more robust
memory differences16 presumably mediated by medial temporal tau-based pathology in e4
carriers17.

At what point should AD-C be defined? The workgroup felt that MCI was the appropriate
starting point, a stage that would follow their proposed preclinical AD stage 3, but the
cognitive profile distinguishing this stage from normal aging was felt to require further
clarification. More specifically the workgroup hypothesized that patients may have objective
“decline from their own baseline” especially on challenging episodic memory measures, and
possibly subjective impairment or some combination of objective and subjective changes1.
Building upon our previous work, we therefore sought to more comprehensively
characterize the longitudinal changes in neuropsychological performance that may
distinguish normal from pathological (AD-P) cognitive aging in APOE e4 carriers (who are
at higher risk for both AD-P and AD-C) and e4 NC.
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2. Methods
2.1 Study participants and enrollment

Since January 1, 1994, cognitively normal residents of Maricopa County age 21 years and
older were recruited through local media advertisements into a longitudinal study of
cognitive aging (the Arizona APOE Cohort) requiring APOE genotyping16. Demographic,
family, and medical history data were obtained, and identity was coded by a study assistant.
All individuals gave their written, informed consent to participate in the study, which was
approved by the Institutional Review Boards of all participating institutions. The
participants 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.

The recruitment strategy for the Arizona APOE Cohort involved recruiting all identified e4
homozygotes (HMZ), matching them by age, gender, and education to one heterozygote
(HTZ; all with the e3/4 genotype) and two NC. We identified many more HTZ and NC than
HMZ, (especially those persons over age 70 reflecting the greater number of HMZ
developing MCI and AD by this age) who were also eligible for enrollment so that the final
match paradigm involved matching two e4 carriers to two noncarriers with priority given to
HMZ.

Each potential participant had screening tests to confirm their neuropsychiatrically normal
state that included a neurological examination, the Folstein Mini-Mental Status Exam18

(MMSE), the Hamilton Depression (Ham-D) Rating Scale19, the Functional Activities
Questionnaire (FAQ), Instrumental Activities of Daily Living (IADL), and Structured
Psychiatric Interview for DSM-IIIR20. There were no potentially confounding medical (for
example, end organ failure), neurologic (for example, stroke), or psychiatric problems (for
example, psychotic disorder). None met the published criteria for MCI21, AD22, other forms
of dementia or major depressive disorder20 at entry or during subsequent followup (to insure
ours was a truly preclinical cohort and that the data would not be skewed by a few
potentially impaired individuals; individuals developing MCI during followup were
identified either because they had sought medical attention for cognitive impairment that
was then evaluated by the patient’s physician with results reviewed by R.J.C., or else were
identified on the basis of their study results). Entry criteria for all participants included a
score of at least 27 on the MMSE (and scoring at least 1 out of 3 on the recall subtest), a
score of 10 or less on the Ham-D rating scale at the time of their first visit, and no indication
of loss of function according to the FAQ and IADL. The resulting study population was
identical to that previously reported16. Those fulfilling these requirements were
administered an extensive standardized battery of neuropsychological tests repeated every
one to two years.

2.2 Neuropsychological testing
The neuropsychological tests within our battery are detailed in reference 18, and encompass
four broadly defined cognitive domains19. The scores used were as follows:

Memory: Auditory Verbal Learning Test (AVLT) Total Learning (TL) and Long Term
Memory Score (LTM); Buschke Free and Cued Selective Reminding Test Total Free (SRT-
free) and Cued (SRT-cued) Recall, Rey-Osterrieth Complex Figure Test Absolute Recall
(CFT-recall) and Percent Recall (CFT%) scores; and the Benton Visual Retention Test total
number correct (VRT).

Executive: Wisconsin Card Sorting Test Categories Completed (WCST-Cat), Total Errors
(WCST-TERR), and Perseverative Errors (WCST-PERR), Paced Auditory Serial Attention
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Task 3 and 2 second versions total correct (PASAT-3, PASAT-2), and Age Scaled Scores of
the Wechsler Adult Intelligence Scale-Revised (WAIS-R) subtests including Digit Span
(DigSp), Mental Arithmetic (MArith), and Digit Symbol Substitution Age Scaled Score
(DSS).

Language: Boston Naming Test (BNT; 60 item), Controlled Oral Word Association Test
total words (COWAT), Token Test total correct, and Age Scaled Scores on the WAIS-R
Vocabulary (Voc) and Similarities (Sim) subtests

Visuospatial: Judgment of Line Orientation total correct (JLO), Facial Recognition Test
Short Form corrected long form score (FRT), WAIS-R Block Design Age Scaled Score
(BD), and the CFT copy score.

Additionally each subject received the Mattis Dementia Rating Scale (DRS).

2.3 Subjective cognition
Participants and their informants completed the paired Multidimensional Assessment of
Neurodegenerative Symptoms Questionnaire including both self (MANS-Self) and Observer
(MANS-Observer) versions23. The MANS are paired self and informant based
questionnaires comprised of 87 questions that assess changes over the preceding year in
daily habits, personality, and motor functioning. It employs a quantitative scale for rating the
frequency of a symptom from 0 (never) to 4 (routinely), with intermediate values of 1
(once), 2 (occasionally), and 3 (more than monthly); scores can range from 0–344 with
higher scores indicating more frequent and severe symptoms.

2.4 Statistical methods
To compare the relative effects of age by APOE subgroups, the acceleration of the rate of
decline for each measure 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 data24,25. See supplementary material for detailed description.
Modeling was carried out using SAS PROC MIXED (SAS Version 9, SAS Institute, Cary,
NC). To examine the relative rate of change in test performance, scores for each measure
were standardized using the sample mean and standard deviation (resulting in each measure
having a mean of 0 and standard deviation of 1), and the predicted annual change was
computed based on the previously described models24,25 at ages 50, 60, and 70 for each
measure for each APOE subgroup. Baseline characteristics and followup were compared
among groups by using the two-sample t-test / analysis of variance (ANOVA) F-test or
Pearson chi-square test.

2.5 Testing a preclinical AD battery
Based upon evidence that between ages 50 and 70 years asymptomatic APOE e4/4 HMZs
are manifesting neuropathological26 and biomarker7,27 evidence of AD in the absence of
symptoms we defined them as a “preclinical AD subset”. Using unpaired t-tests (two tailed)
we compared this preclinical AD subset to the NCs in our cohort between ages 50 and 70 on
the tests our analyses identified as most sensitive to preclinical decline, as well as on the
other tests in our battery at entry and at the time of last followup excluding the MCI epoch
in any who developed MCI (n=27).

Results
265 APOE e4 carriers, including 71 e4 HMZ and 194 HTZ, and 356 NC were included.
Demographic data are summarized in table one, and the breakdown by age decile is
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summarized in table two. The number and proportion of HMZ, HTZ, and NC were 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. Overall, carriers had a higher
reported rate of a first-degree relative with dementia, but adjusting for family history did not
significantly alter the results for any of the measures. Gender (70% women), mean years of
education (15.6 +/− 2.4), and number of participants with more than one epoch of testing
(77.1%) did not differ between the carrier groups. Mean duration of followup among those
with more than one epoch of testing was 6.3 +/− 3.2 years overall.

We first examined the main effect of age on neuropsychological measures (table three).
Executive and memory measures generally showed the greatest changes in both carriers and
noncarriers: the WCST showed the greatest decline (supplementary figure one) and the
PASAT-2 the greatest test-retest improvement (supplementary figure two) at three age
points (50, 60, and 70 years).

The relative age effect differences between APOE subgroups are summarized in table four.
A significant e4 gene dose effect was observed for three of the four memory tests (figure
one) but not for any other domain-specific tests. The only other measure to show a gene
dose effect was the DRS. All four memory tests had at least one significant difference
between HMZs and NCs in either linear or quadratic effects (and usually both) while in
HTZs the main difference was confined to verbal learning scores (AVLT-total learning,
linear effect p=.02; SRT-free, linear effect = .02, quadratic effect =.01; SRT-cued, quadratic
effect = .01). Significant differences between HTZs (but not HMZs) and NCs included DSS
(linear effect, p=.03), BNT (linear effect, p=.01), WAIS-R Voc (linear effect, p=.01), CFT
copy (quadratic effect, p=.03), WAIS-R BD (linear effect, p=.046), and DRS (linear effect,
p=.007, quadratic effect, p=.005), but only the DRS showed a significant gene dose effect.
Applying Bonferroni correction, only memory effects remain significant (table four).

Regarding subjective cognition, significant differences between HMZs and NCs included
MANS-self (linear effect, p=.008) and observer (quadratic effect, p=.03; and a
nonsignificant trend for gene dose effect, p=.08).

Comparing 47 HMZs with 254 NCs between ages 50 and 70 (our preclinical AD subset and
controls) who have not to date manifested symptomatic memory loss and who have been
followed for 75.8 +/− 57.4 and 68.0 +/− 58.2 months respectively, there were no differences
at entry or at the time of their most recent followup on any neuropsychological measure (and
this result did not change if we altered the age range to 60 and older, either included or
excluded e3/4 heterozygotes, or summed the scores into a single composite value).

Discussion
This is the first study to report the pattern and magnitude of longitudinal changes on such a
large battery of objective neuropsychological as well as subjective cognitive measures based
upon APOE e4 gene dose. Cognitive aging patterns were very similar, with executive skills
showing the greatest relative changes in both APOE e4 carriers and noncarriers. Comparing
these longitudinal changes in cognitive domains across APOE genetic subgroups, however,
showed that only memory decline exhibits an e4 gene dose effect, and despite these
longitudinal changes, we were unable to show that cross sectional comparisons at either
entry or last followup distinguished preclinical AD from controls. Our results support the
use and continued development of more sensitive memory measures as well as a
longitudinal design (as posited by the NIA-AA workgroup) for preclinical AD assessment.
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Previous studies of preclinical AD based upon the retrospective analysis of longitudinal data
in older patients who developed AD have generally supported the early emergence of
memory decline as a defining feature28–35, with some showing accelerated psychometric
decline as much as 12 years in advance of dementia32 and seven years in advance of MCI35.
In the Baltimore Longitudinal Study of Aging, for example, memory decline accelerated
seven years and executive skills two to three years before dementia diagnosis in a cohort of
92 patients whose mean age at entry was 79 years33. We previously reported that some
executive skills (primarily mental arithmetic/working memory and possibly problem
solving) decline in the two to four years or so preceding the diagnosis of MCI, but that
memory declines well before that16.

Another strategy for studying preclinical AD has been to evaluate presymptomatic
autosomal dominant mutation carriers. Asymptomatic presenilin 1 (PSEN1)mutation carriers
from multiple Mexican kindreds who were within 5.6 years of the expected age of dementia
diagnosis performed significantly less well on multiple tests, but younger carriers did not
differ from controls36. Asymptomatic PSEN1 mutation carriers from a single large
Colombian kindred were selectively impaired on a novel color-shape “binding” task that
conventional measures of memory failed to detect37 (although in a subsequent study
mutation carriers also performed less well on standard verbal memory measures38). More
recently, the Dominantly Inherited Alzheimer’s Network (DIAN) study reported that
memory declined 10 years and a general mental status measure 5 years in advance of the
expected age of symptomatic onset39.

One of the earliest proposed indicators of preclinical AD was the presence of subjective
cognitive concerns in the absence of objective decline40. While subjective cognitive
complaints in unimpaired individuals often reflect emotional factors41,42, our data showed
that both self and observer based subjective cognition changed more in APOE e4 HMZs
than HTZ or NC (though we could not demonstrate an e4 gene dose effect) congruent with
previous findings in a French32, German43 and another American44 cohort. Further, Perrotin
and colleagues showed that cognitively normal individuals with higher cerebral amyloid
levels had more subjective cognitive complaints than those with lower levels45 supporting
the potential biological validity of subjective cognition. Nonetheless the subjective measures
in our study showed less change longitudinally than objective memory measures.

Our working definition for preclinical AD, supported by biomarker studies, was based upon
APOE genotype and age, an approach that would be easy to replicate. However, cross
sectional comparisons did not distinguish the two groups. The Mayo Clinic Study of Aging
instead used the arbitrary cut point of lowest 10th percentile on objective composite
psychometric measures in a much older cohort, and showed a correlation with biomarker
indicators of preclinical AD and APOE genotype46. While this remarkable study provides
strong support for a proposed model of preclinical AD1, that is not the same as showing that
individuals with biomarker evidence of preclinical disease differ on a predefined cognitive
battery (as the authors themselves explained). The further along in their disease course are
patients, the more readily will they be distinguished on cognitive measures, and while where
one draws the line between preclinical and clinical can be debated, it must be early enough
for disease modifying therapy to be effective.

A limitation of our study is that due to its prospective nature and focus on a younger
population, we lack final clinical outcomes in most of our subjects so that AD risk is based
exclusively upon APOE genotype. Nonetheless, APOE genotype is a major genetic risk
factor for AD2 that even correlates with incidental AD pathology in nondemented
decedents27,47,48, and given that memory declines a decade in advance of expected
diagnosis in patients with autosomal dominantly inherited AD39, the earliest cognitive
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changes in APOE e4 carriers (whose age of onset is generally older and rate of progression
slower) likely begin even more than a decade in advance of clinical symptoms. Another
limitation is that despite the extensive breadth and depth of our battery, some tests may be
more sensitive to decline than others. We addressed this by normalizing all results to a
common mean and calculating percent change over time from that mean. It is also possible
that the sensitivity of the WAIS-R subtests to decline may have been blunted by our use of
age-scaled scores. However, abnormal decline should exceed the age scaling, and since the
age scaling was applied to all groups, decline should still be evident if one group is more
affected than another. Although our cohort was enriched for APOE e4, we were unable to
balance APOE genotypes across each age decile. This was accommodated, however, by our
statistical model. Finally, separate discovery and test cohorts would have been preferable for
assessing the “discovered” preclinical battery, but the fact that even within the same
discovery cohort cross sectional comparisons failed to yield a difference makes it even less
likely that a different cohort would. Nonetheless we would welcome such a test in an
appropriate separate cohort.

Preclinical AD represents the stage of progressive cerebral amyloidosis that is already
advanced at the onset of MCI5,6. Well designed therapeutic trials have failed to staunch the
progression of dementia when initiated later than this, and so new efforts are aimed at
preclinical intervention49,50. Longitudinal (but probably not cross sectional) memory
assessment may be a biologically valid and relatively sensitive approach to the identification
of treatment eligible presymptomatic patients as well as a means for monitoring treatment
effects. It is not yet known how early intervention must begin to be effective, but it is known
that once symptoms emerge, nothing has worked.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure one. Selective Reminding Test, Free Recall (Total)
There is accelerating decline with increasing age that exhibits a significant APOE e4 gene
dose effect.
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Table 1

Demographics

APOE e4
Noncarriers

APOE e3/4
Heterozygotes

APOE e4/4
Homozygotes

p

N 356 194 71

Mean Age (SD) 57.2 (10.9) 56.0 (12.7) 55.6 (9.0) .37

Mean Yrs Education (SD) 15.5 (2.3) 15.7 (2.5) 15.5 (2.6) .57

% Female 69.4% 70.6% 70.4% .95

% Non-Caucasian 3.9% 4.1% 4.2% .84

% with first degree relative 56.1% 72% 85.9% <.001

% with > 1 epoch 74.7% 77.8% 87.3% .07

Mean (SD) duration followup (yrs) 6.2 (3.2) 6.3 (3.0) 6.6 (3.5) .72
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Table 2

Age Deciles at Entry

Age APOE e4
Noncarriers

APOE e3/4
Heterozygotes

APOE e4/4
Homozygotes

Total

20–29 9 (2.5%) 5 (2.6%) 0 14 (2.3%)

30–39 20 (5.6%) 17 (8.8%) 6 (8.5%) 43 (6.9%)

40–49 27 (7.6%) 32 (16.5%) 4 (5.6%) 63 (10.1%)

50–59 154 (43.3%) 66 (34%) 41 (57.7%) 261 (42%)

60–69 110 (30.9%) 48 (24.7%) 15 (21.1%) 173 (27.9%)

70–79 33 (9.3%) 20 (10.3%) 5 (7%) 58 (9.3%)

≥ 80 3 (0.8%) 6 (3.1%) 0 9 (1.4%)
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