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Abstract

Age-related decline is common in multiple cognitive domains. !-amyloid (A!) deposition, a pathological hallmark of Alzheimer’s
disease, is also associated with cognitive changes in many older people. In this study, we examined a wide range of cognitive function in
order to differentiate the effect of age and A! on cognition during aging. Using positron emission tomography (PET) imaging with the
radiotracer Pittsburgh Compound B (PIB), we classified normal older subjects as High PIB-Old and Low PIB-Old and applied sequential
multivariate analyses (i.e., principal components analysis [PCA] and discriminant analysis) to obtain summary measures of cognitive tests
encompassing multiple cognitive domains. Among 5 cognitive components, a significant age effect was observed in component scores of
visual memory and executive functions, regardless of the level of A!. Discriminant scores (weighted scores of the 5 cognitive components)
revealed a significant effect of both age and A! and were further associated with quantitative PIB counts. The results of the current study
highlight both effects of age and A! on cognitive changes in normal elderly.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Advanced age is commonly associated with lower per-
formance on diverse cognitive tasks and structural and func-
tional brain changes (Buckner, 2004; Grady and Craik,
2000). One of the cognitive processes that is detrimentally
affected by advanced age is episodic memory, which refers
to the conscious mental process of forming, retaining, and
recalling information along with the spatiotemporal context
in which the information was acquired (Grady and Craik,
2000; Tulving, 1983). Previous findings show that a net-
work of brain regions including the medial temporal lobe
(MTL), prefrontal cortex (PFC), parietal cortex, and sensory
association cortices supports episodic memory with a par-

ticularly critical role of the hippocampus (Eichenbaum,
2000; Sperling et al., 2003; Wagner et al., 2005). Consistent
with these results, studies on anatomical changes during
normal aging indicate that advanced age is associated with
widespread cortical thinning as well as volumetric reduc-
tion, but more prominent atrophy in prefrontal cortex and
medial temporal lobe including the hippocampus (Rajah et
al., 2010; Raz et al., 1997).

Although a substantial amount of research has detected
behavioral, structural, and functional changes associated
with advanced age, the striking heterogeneity of the aging
population poses a fundamental limit to understanding nor-
mal aging processes. One of the pathological changes that is
found in cognitively intact older individuals is accumulation
of !-amyloid (A!), a pathological hallmark of Alzheimer’s
disease (AD), which is behaviorally characterized by severe
memory decline (Gandy, 2005). Accumulation of amyloid
can now be measured in vivo using positron emission to-
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mography (PET) with radiotracers such as [11C]-Pittsburg
Compound B (PIB) that bind to amyloid (Klunk et al.,
2004). Postmortem studies have indicated that about 30% of
cognitively intact older adults harbor a high level of amy-
loid deposition that is roughly equivalent to that of AD
patients (Bennett et al., 2006; Price and Morris, 1999).
Consistent with autopsy findings, in vivo PIB-PET studies
have shown that accumulation of A! is present in a similar
proportion of cognitively intact older people (Aizenstein et
al., 2008). Such individuals show reduced cortical thickness
and altered functional activity compared with those with
low PIB binding (Dickerson et al., 2009; Fotenos et al.,
2008; Sperling et al., 2009). Considering that a relatively
large proportion of older adults with AD pathology may be
found in a population traditionally viewed as “normal ag-
ing”, it remains unresolved to what extent age and A!
pathology contributed to previous findings of age-related
changes in cognition as well as brain structure and function.

With respect to the effect of A! deposition on cognition
in older adults without dementia or mild cognitive impair-
ment, the results are mixed. Aizenstein et al. (2008) exam-
ined the relationship of amyloid deposition and cognitive
function in clinically unimpaired older adults and found no
significant relationship between the 2 factors. Similar re-
sults from cross-sectional and longitudinal data showing no
difference in cognition and rates of cognitive decline in
relation to amyloid deposition also come from other studies
(Bourgeat et al., 2010; Driscoll et al., 2006; Rowe et al.,
2010). On the other hand, some report a significant differ-
ence in cognition or rates of cognitive decline as a function
of A! deposition (Pike et al., 2007; Resnick et al., 2010;
Villemagne et al., 2008) or A!-related brain atrophy (Mor-
mino et al., 2009; Oh et al., 2011). A partial explanation of
these varied results may be that neuropsychological testing
measures might not have been sensitive enough to detect the
difference in cognition due to A! deposition.

In order to examine effects of advanced age and A! on
cognition, we developed a global measure that combined
individual neuropsychological test scores while capturing
differences driven by group membership by employing se-
quential multivariate analyses: principal components anal-
ysis (PCA) and discriminant analysis (DA). PCA allowed us
to remap the individual’s scores to fewer scores in a more
parsimonious way while ensuring greater reliability in mea-
suring cognitive performance. Next, we applied DA that
combined the component scores and improved the discrim-
inatory power of the neuropsychological tests by group
membership. The first aim of the present study was to
examine the age-related difference in cognition by looking
at group differences between healthy young and older adults
who show little evidence of A! deposition. The second aim
of the study was to examine whether, and by what cognitive
aspects, older people with and without evidence of en-
hanced amyloid deposition may differ. Our primary goal
was not, in fact, to define a set of neuropsychological tests

that could be used to detect !-amyloid, but rather to com-
pare the effects of age and A! on cognition in normal
elderly.

2. Methods

2.1. Subjects

We performed PCA on a group of 297 participants. This
included 189 cognitively intact older adults (mean age,
73.2 " 7.3 years; range, 60–91 years; 126 females; mean
Mini Mental State Examination [MMSE], 28.9 " 1.2) and
108 young adults (mean age, 24.7 " 3.7 years; range,
20–34 years; 46 females; mean MMSE, 29.4 " 0.9). All
subjects were recruited from the community via advertise-
ments and a subgroup completed PIB-PET functional mag-
netic resonance imaging (MRI), structural MRI scans, and
genotyping for apolipoprotein E (APOE) "4 carrier status.
All subjects underwent a medical interview and a detailed
battery of neuropsychological tests. In order to be classified
as cognitively intact older participants for the study, sub-
jects were required to be 60 years or older, live indepen-
dently in the community without neurological or psychiatric
illness, and have no major medical illness or medication that
could influence cognition. Fifty-two older subjects and 11
young subjects in the present study also participated in our
previous study examining the relationship between amyloid
deposition, gray matter volume, and cognition in cogni-
tively intact older adults (Oh et al., 2011). All subjects
provided informed consent in accordance with the Institu-
tional Review Boards of the University of California,
Berkeley and the Lawrence Berkeley National Laboratory
prior to their participation.

Forty-four young and 52 older subjects who were in-
cluded in the preceding PCA were subsequently included in
the DA analysis (Table 1). The older subjects were selected
if they had completed PIB-PET and structural MRI scans
and the young adults were included if they had completed
structural MRI scans. Eleven of 44 young adults also com-
pleted PIB-PET scans. Older adults were further grouped
into High PIB-Old or Low PIB-Old as specified in 2.5.2.,
resulting in 18 older adults being classified as High PIB-Old
and 34 as Low PIB-Old.

2.2. Neuropsychological testing

All subjects included in PCA completed 17 cognitive
performance test measures. The tests included Free Recall
Trials 1–5 (free recall [FR] 1–5), Short-Delay Free Recall
(SDFR), Short-Delay Cued Recall (SDCR), Long-Delay
Free Recall (LDFR), and Long-Delay Cued Recall (LDCR)
of California Verbal Learning Test (CVLT) II (Delis et al.,
2000), Stroop test (Golden, 1978), “Trail B minus A” scores
from Trail Making Test (TMT) A and B (Reitan, 1958),
Symbol Digit Modalities Test (Smith, 1982), category
“Vegetables” and “Animals” from Category Fluency Test
(Benton et al., 1983), Digit span forward and backward,

2 H. Oh et al. / Neurobiology of Aging xx (2012) xxx



Immediate Recall (VRI Recall Total), Delayed Recall (VRII
Recall Total), Retention (visual reproduction [VR] % Re-
tention), and Recognition (VR Recognition Total) from the
Visual Reproduction Test in the Wechsler Memory Scale-
Third Edition (WMS-III) (Wechsler 1997), and Recall of
Story A and Story B from WMS-III (Wechsler 1997).

2.3. Multivariate assessment of neuropsychological tests

To develop a more concise and reliable summary mea-
sure from multiple neuropsychological test measures, we
conducted PCA followed by DA. PCA is a multivariate
method that extracts underlying, unobserved components
among observed variables that are correlated with each
other to varying degrees, resulting in a reduction of a large
number of variables into a smaller number of variables
(Tabachnick and Fidell, 2001). First, cognitive test scores
were entered into a PCA with varimax rotation. In order to
ensure that cognitive test scores included in PCA are cor-
related with each other enough for components to emerge,
the correlation matrix of cognitive test scores was examined
to verify that a majority of correlations exceed R # 0.30
(Tabachnick and Fidell, 2001). Components were extracted
with a criterion of an eigenvalue greater than 1 (Kaiser,
1960). Based on the individual tests that expressed the
highest component loading scores for the component, each
component was named as follows: executive function
(EXE), verbal episodic memory (EM), semantic memory
(SM), working memory (WM), and visual episodic memory
(VM) (Table 2). Each subject’s score for each component
was determined by regression of a subject’s raw test scores
into the component loading scores for the component. The
component scores are independent of each other so that they
may be used as predictors in other analyses such as DA
without the issue of multicollinearity (Tabachnick and
Fidell, 2001). In order to evaluate the group differences
in cognitive component scores without an inflated type I
error, we conducted multivariate analysis of variance
(MANOVA) where group membership (Young, Low PIB-
Old, and High PIB-Old) was an independent measure and
5 component scores were dependent measures. When

MANOVA verified that there was a significant effect of
group membership on the dependent measures, univariate
analysis of variance (ANOVA) was conducted for each
component, and the ANOVA results were evaluated at p $
0.05 with Bonferroni correction. Multiple regressions with
PIB index being a predictor of interest and age and educa-
tion as nuisance covariates were followed to assess the
relationship between PIB index and component scores.
Standardized ! values of PIB index were evaluated at p $
0.05.

DA was conducted with the 5 resulting component
scores as independent measures and group membership
(i.e., Young, Low PIB-Old, and High PIB-Old) as the de-
pendent measure by the linear discriminant procedure. DA
is a multivariate method that produces a weighted summary

Table 1
Characteristics of participants

Young (n # 44) Low PIB-Old (n # 34) High PIB-Old (n # 18)

Mean (range) SD Mean (range) SD Mean (range) SD

Age (y) 25.4 (20.0–33.0) 3.1 73.8 (61.4–88.2) 5.8 74.8 (61.7–87.3) 6.6
Education (y) 16.6 (14.0–20.0) 1.9 17.5 (12.0–20.0) 1.9 16.7 (13.0–20.0) 2.0
Sex (n, F/M)a 23/21 20/14 14/4
PIB index 1.01 (0.97–1.07)b 0.03 1.02 (0.90–1.07) 0.03 1.30 (1.08–1.77) 0.25
APOE "4 (n[%])c 11 (27.5%) 9 (26.5%) 7 (41.2%)
TIV 1535. 0 (1184.2–1933.4) 169.1 1611.0 (1226.6–2019.9) 172.3 1540.4 (1284.9–1798.1) 137.1
MMSE 29.3 (26.0–30.0) 1.0 29.0 (26.0–30.0) 1.2 29.2 (27.0–30.0) 0.9

Key: APOE, apolipoprotein E; F, female; M, male; MMSE, Mini Mental State Examination; PIB, Pittsburgh Compound B; TIV, total intracranial volume.
a #2 # 3.452; p % 0.1.
b Mean PIB index of young adults was calculated based on PIB index of 11 young adults who completed PIB-PET scans.
c Proportion of individuals with APOE genotypes "3/4 or "4/4, #2 # 9.94; p % 0.1.

Table 2
Component loadings of individual cognitive measures contributing to
each component

Neuropsychological
tests

Component loadings

EM VM EXE SM WM

CVLT LD CR 0.916 0.227 0.119 0.167 0.014
CVLT SD CR 0.911 0.201 0.079 0.172 0.034
CVLT LD FR 0.898 0.258 0.154 0.149 0.017
CVLT SD FR 0.876 0.248 0.150 0.180 0.046
CVLT 1–5 FR 0.794 0.330 0.081 0.209 0.141
LM A plus B1 0.340 0.414 &0.260 0.305 0.299
VR II recall total 0.278 0.902 0.150 0.102 0.080
VR % retention 0.259 0.825 0.024 0.061 &0.036
VR I recall total 0.240 0.733 0.294 0.152 0.182
VR recognition total 0.218 0.732 0.165 0.110 0.038
Symbol digit 0.233 0.566 0.514 0.211 0.153
Trail B minus A &0.186 &0.197 &0.785 &0.123 &0.205
Stroop correct in 60 s 0.167 0.486 0.541 0.271 0.203
Vegetables total 0.319 0.054 0.113 0.819 0.095
Animals total 0.231 0.310 0.212 0.769 0.076
DS forward 0.033 0.083 0.109 0.033 0.844
DS backward 0.042 0.061 0.163 0.106 0.834

Key: CR, cued recall; CVLT, California Verbal Learning Test; DS, digit
span; EM, verbal episodic memory; EXE, executive functions; FR, free
recall; LD, long delay; LM, logical memory; SD, short delay; SM, seman-
tic memory; VM, visual episodic memory; VR, visual reproduction; WM,
working memory.
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measure of a set of predictors in a way that maximizes
discrimination of the dependent variables (Tabachnick and
Fidell, 2001). We evaluated whether the resulting discrim-
inant functions significantly discriminate the dependent
measures by Wilk’s Lambda ('). When the significance of
discriminant functions was verified, we conducted a 1-way
ANOVA on the resulting discriminant scores between
groups followed by multiple regression with PIB index
being a predictor of interest and age and education as
nuisance covariates. DA further allows us to test whether
discriminant functions generated in 1 sample can be gener-
alized to the population through a cross-validation proce-
dure. In order to do this, we adopted a leave-1-out approach,
rather than using an independent validation sample, due to
the small sample size in our current data. Additionally, the
linear discriminant procedure was followed by the stepwise
discriminant procedure to confirm what predictor in the
discriminant functions significantly contributed to the re-
sulting discriminant scores. Assumptions of linearity were
verified.

In addition to the cross-validation procedure using the
leave-1-out method, we conducted receiver operating char-
acteristics (ROC) analysis to evaluate the accuracy of clas-
sification using the discriminant scores. ROC methods al-
low us to test what proportion of cases are classified as true
positives (i.e., sensitivity) versus true negatives (i.e., spec-
ificity), and ROC curves are a graphical form of represent-
ing both sensitivity and specificity. The area under the curve
(AUC), the probability that a classifier will rank a randomly
chosen positive instance higher than a randomly chosen
negative one in the ROC graph was evaluated as a measure
of the proportion of correct classifications (Metz, 1978).
The cognitive data analyses were performed with SPSS
version 18.0 (SPSS, Inc., Chicago, IL, USA).

2.4. Imaging data acquisition

2.4.1. PIB-PET
All PET scans were performed at Lawrence Berke-

ley National Laboratory (LBNL) using a Siemens ECAT
EXACT HR PET scanner (Siemens, Inc., Iselin, NJ, USA)
in 3-dimensional acquisition mode. Dynamic acquisition
frames (total 34 frames) were obtained over 90 minutes as
follows: 4 ( 15, 8 ( 30, 9 ( 60, 2 ( 180, 8 ( 300, and 3 (
600 seconds. A detailed procedure for PIB-PET imaging
data acquisition is described in a previously published study
(Oh et al., 2011).

2.4.2. Structural MRI
High-resolution structural MRI scans were collected at

Lawrence Berkeley National Laboratory on a 1.5 T Mag-
netom Avanto system (Siemens, Inc.) with a 12-channel
head coil run in triple mode. Three high-resolution T1-
weighted magnetization-prepared rapid gradient echo
(MPPAGE) scans were collected axially for each subject
(repetition time [TR], 2110 msec; echo time [TE], 3.58 ms;

flip angle: 15°’; field of view # 256 ( 256 mm; matrix size,
256 ( 256 mm; slices, 160; voxel size # 1 ( 1 ( 1 mm3).

2.5. Imaging data analysis

2.5.1. PIB-PET
PIB-PET imaging data analysis methods are described in

a previously published study (Oh et al., 2011). Briefly, all
PET images were preprocessed using Statistical Parametric
Mapping 8 (SPM8; www.fil.ion.ucl.ac.uk/spm). All 34
frames collected over 90 minutes were realigned to the
middle frame (17th frame) and coregistered to the subject’s
structural MRI image. A PIB distribution volume ratio
(DVR) was calculated using Logan graphical analysis and a
gray matter-masked cerebellum as reference region (Logan
et al., 1996; Price et al., 2005).

2.5.2. Structural MRI
Region of interest (ROI) labeling of structural MRI im-

ages was implemented using the FreeSurfer Version 4.4
software package (surfer.nmr.mgh.harvard.edu) in order to
create a gray matter cerebellar reference region and to
calculate a global PIB index encompassing cortical ROIs
including frontal, temporal, and parietal cortices, and ante-
rior and posterior cingulate cortices. Older subjects were
classified as High PIB-Old or Low PIB-Old based on the
global PIB index based on a cutoff score obtained from 11
young control subjects. That is, older subjects were classi-
fied as High PIB-Old if their global PIB index fell 2 SD
above the mean PIB index in 11 young control subjects
(Mormino et al., 2012). The resulting cutoff score for clas-
sifying older subjects as High PIB-Old was 1.08. Although
the cutoff score value is relatively low, the proportion of
older subjects classified as High PIB-Old was approxi-
mately 35%, which is equivalent to those reported in other
studies (Bennett et al., 2006; Sperling et al., 2009; Ville-
magne et al., 2011). This very conservative threshold en-
sured that the Low PIB-Old group was unlikely to contain
individuals with significant amyloid accumulation.

3. Results

3.1. Characteristics of participants

Demographics, global PIB index, and MMSE scores for
all older and young subjects are summarized in Table 1.
High PIB-Old versus Low PIB-Old groups did not differ on
any measures such as age, sex, education, APOE genotype,
total intracranial volume (TIV), and MMSE. There was no
significant difference in PIB index between the Low PIB-
Old group and the young subjects for whom PIB data were
available (Low PIB-Old, 1.02 " 0.03; Young, 1.01 " 0.03,
p % 0.2).

3.2. Group means of neuropsychological tests

For 12 out of the 17 measures, a 1-way ANOVA showed
a significant group effect at p $ 0.05 (df, 2,90), while 5
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measures (CVLT short delay cued recall, CVLT long delay
cued recall, Vegetables total, Digit span forward, and Log-
ical memory A plus B1) did not show any significant dif-
ferences across groups. Post hoc t tests with Bonferroni
correction generally showed that group differences were the
result of an effect of age rather than amyloid deposition
(Supplementary Table 1). In a subset of measures, however,
a differential group effect was shown. For CVLT long delay
free recall and digit span backward scores, a significant
difference was found between Young and High PIB-Old
groups while no difference was found between Young and
Low PIB-Old groups. No significant difference was found
between High PIB-Old and Low PIB-Old groups on any
raw test scores (Supplementary Table 1).

3.3. Neuropsychological components measured by PCA

PCA revealed 5 components, which are verbal EM, VM,
SM, WM, and EXE. These 5 components accounted for
77.8% of the total variance of the data. The component
loadings are shown in Table 2 and the mean component
scores for each group are depicted in Fig. 1. Using group as
independent measures and 5 component scores as dependent
measures, MANOVA revealed that 3 groups were signifi-
cantly different in a combination of 5 component scores,
' # 0.41; F(10,172) # 9.52; p $ 0.001. Among 5 com-
ponents, univariate ANOVAs produced a significant group
effect for visual memory and executive function component
scores (visual memory: F(2,90) # 29.04; p $ 0.001; exec-
utive function: F(2,90) # 7.83; p $ 0.01). As shown in Fig.
1, post hoc t tests further indicated that the differences
between groups could be attributed to age effects rather than
amyloid deposition in both components. Even though these

cognitive domains did not show a group effect of amyloid
deposition, we conducted multiple regressions in order to
assess whether these cognitive domains affected by age are
associated with amyloid deposition as measured by PIB
index. By multiple regression controlling for age and years
of education, PIB index significantly predicted visual epi-
sodic memory scores, ! # &0.28; p $ 0.05, but not exec-
utive function scores (p % 0.10).

Other component scores were not significantly different
between groups. The component scores for the 3 groups
were retained for discriminant analysis.

3.4. Discriminant function scores

In order to further reduce the cognitive data to obtain 1
global composite score encompassing 5 components, we
conducted discriminant function analysis where 2 discrim-
inant functions were obtained with the 5 components, cho-
sen by the linear discriminant procedure for 3 levels of the
dependent measure (i.e., group membership: Young, Low
PIB-Old, and High PIB-Old groups). The first discriminant
function was statistically significant, ' # 0.41; #2 # 77.55;
p $ 0.001, and accounted for 98.0% of the total between-
group variability, showing that the created discriminant
function correctly classified a total of 71 of 96 subjects
(74%). The second discriminant function accounted for the
remaining 2.0% of variability, but was not significant; ' #
0.97; #2 # 2.44; p # 0.66. As shown in Table 3, higher
weights of the first discriminant function were placed on
visual memory and executive function scores. This result
was further confirmed by the stepwise discriminant proce-
dure showing that the addition of visual memory followed
by executive functions and working memory to the function

Fig. 1. Bar graphs represent mean factor scores by Young, Low PIB-Old, and High PIB-Old groups. Significant differences were detected on visual memory
and executive function factor scores between Young and Low PIB-Old groups and between Young and High PIB-Old groups. * p $ 0.05, *** p $ 0.001.
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at each step resulted in significant ' (Visual memory, ' #
0.61; p $ 0.001; Visual memory ! Executive functions,
' # 0.51; p $ 0.001; Visual memory ! Executive func-
tions ! Working memory, ' # 0.46; p $ 0.001). Because
the second discriminant function was not significant in dis-
criminating groups and the variance explained by it was
minimal, we used scores from the first discriminant function
only to represent cognitive function scores (i.e., discrimi-
nant scores in the following text) for subsequent analyses.

The significance of differences in resulting discriminant
scores across groups was evaluated by a 1-way ANOVA
that showed that groups differed significantly on discrimi-
nant scores, F(2,90) # 60.66; p $ 0.001. Post hoc t tests
with Bonferroni correction further confirmed significant dif-
ferences between Young and Low PIB-Old (Young: mean
[M], 1.18; SD, 0.90; Low PIB-Old: M, &0.81; SD, 1.06;
p $ 0.001) and between Young and High PIB-Old groups
(Young: M, 1.18; SD, 0.90; High PIB-Old: M, &1.51; SD,
1.14; p $ 0.001). The difference between High PIB-Old and
Low PIB-Old adults was also significant (p # 0.032, when
age was controlled for). Fig. 2 depicts group mean differ-
ences in discriminant scores. Fig. 3 shows a detailed distri-
bution of subjects’ 2 discriminant function scores and their
group memberships. Fig. 3 clearly shows that only the first
discriminant function separates the 3 groups, as mentioned
previously, whereas no separation is made by the second
discriminant function.

In order to validate the generalizability of discriminant
functions obtained from the present sample, we conducted

cross-validation using a leave-1-out method that allows us
to test the generalizability of the results without the require-
ment of an independent sample. The accuracy of classifica-
tion in the original data and the cross-validation analysis is
shown in Supplementary Table 2. In the cross-validated
data, 66 of 96 subjects (68.8%) were correctly classified as
their original group membership. The classification results
of cross-validation are much higher compared with the
proportion of each group in the total sample, which is
18.8%, 35.4%, and 45.8% for High PIB-Old, Low PIB-Old,
and Young groups, respectively.

Because discriminant scores showed significant effects
of both age and amyloid deposition, we further assessed
whether discriminant scores are associated with quantitative
PIB indexes of all older subjects. Multiple regressions with
older subjects’ PIB index being a predictor of interest and
age being a nuisance variable of no interest revealed that
PIB index significantly predicted discriminant scores, ! #
&0.28; p $ 0.05.

In order to further quantify the accuracy of classification
by discriminant scores, we additionally conducted ROC
analysis. As shown in Fig. 4, the AUC ranged between 68%
and 96% and was significantly greater than chance (p’s $
0.05). However, discriminant scores did better in separating
Young from Older groups than High PIB from Low PIB
groups: AUC classification of Young versus Old was 94%
while AUC classification of High PIB versus Low PIB was
68%.

4. Discussion

In the present study, we found that, among 5 PCA-driven
cognitive composite scores encompassing multiple cogni-
tive domains, young adults performed significantly better on
visual memory and executive function compared with both

Table 3
Linear discriminant function coefficients for discriminant analysis

Component Function coefficient

Function 1 Function 2

Verbal memory 0.391 &0.084
Visual memory 0.933 &0.087
Executive functions 0.662 0.549
Semantic memory 0.025 0.905
Working memory 0.479 &0.155

Fig. 2. Bar graph representing mean discriminant scores obtained from the
first discriminant function by Young, Low PIB-Old, and High PIB-Old
groups. * p $ 0.05, *** p $ 0.001.

Fig. 3. Scatter plot illustrating subjects’ group memberships as a function
of 2 discriminant function scores.
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High PIB and Low PIB older adults. By combining the 5
component scores with the discriminant function analysis
method, we further reduced the cognitive data into 1 com-
posite score by which it was demonstrated that High PIB
and Low PIB older adults significantly differ in cognitive
performance. Older subjects’ PIB index was further signif-
icantly associated with component scores of visual memory
and discriminant scores when age and education were con-
trolled for. Using cross-validation analysis, classification by
the discriminant scores was shown to be above chance.
Overall, we found separate effects of age and A! deposition
on cognition in normal elderly.

Memory research has indicated that episodic memory is
among the cognitive processes that decline with advancing
age (Grady and Craik, 2000). Because a relatively large
proportion of cognitively older adults harbor a high level of
A! deposition that is roughly equivalent to that of AD
patients suffering from episodic memory deficits and sub-
stantial damage of the hippocampus (Eichenbaum, 2000), it
was unclear whether age-related episodic memory impair-
ment seen in previous aging studies is solely due to the
effect of age. When we examined the relation between age
and cognition while excluding older adults who harbor A!
deposition, older adults without evidence of A! deposition
performed significantly worse on visual episodic memory

than young adults. The degree of amyloid deposition mea-
sured by PIB-PET was further negatively associated with
visual episodic memory scores within all older subjects. It is
rather surprising, however, that we did not find any effect of
age on verbal episodic memory. When we looked for ceiling
or floor effects in the neuropsychological test scores with
higher weights on this component, we did not find any such
effect. Therefore, it is possible that our highly educated
older subjects simply show preserved verbal episodic mem-
ory capacity equivalent to that of young adults. In addition,
it could be argued that visual memory deficits may be due to
sensory, perceptual, or attention differences rather than
memory. Because the executive function component that is
statistically independent from the visual episodic memory
component consist of neuropsychological tests such as the
Stroop test, Trail B minus A, and Symbol Digit tests with
higher weights, these differences might have been ac-
counted for by the executive function component. There-
fore, the present results may indicate that an amyloid-inde-
pendent aging process relates to age-associated cognitive
changes, especially in the cognitive domain of visual epi-
sodic memory.

Behavioral and neuroimaging studies have also found
age effects on working memory and executive function in
which one needs to maintain and manipulate information in

Fig. 4. Sensitivity and specificity plots of discriminant scores created by the first discriminant function. Red lines represent the receiver operating
characteristics (ROC) curve.
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memoranda to achieve task goals (see Reuter-Lorenz and
Sylvester, 2005, for a review). We did find a significant
effect of age on executive function, although the age effect
on working memory did not reach significance perhaps
because we included a digit span forward task that previous
reports note is not greatly affected by age (Craik and Jen-
nings, 1992). In sum, the present findings together suggest
that normal aging involves reduced cognitive functions in
both visual episodic memory and executive functions re-
gardless of the status of amyloid deposition.

Previous findings on the effect of A! deposition on
cognition in normal older adults are mixed. Some report no
relationship between amyloid deposition and cognitive
function in clinically normal older adults (Aizenstein et al.,
2008; Driscoll et al., 2006; Rowe et al., 2010). Other stud-
ies, on the other hand, report higher amyloid deposition
measured by PIB-PET in association with poorer cognition,
especially in episodic memory function (Pike et al., 2007;
Villemagne et al., 2008, 2011). Longitudinal studies have
reported that A! deposition is associated with exacerbated
cognitive decline over a period of time, although these
studies did not find an association between amyloid depo-
sition and concurrent cognitive performance (Driscoll et al.,
2006; Resnick et al., 2010; Storandt et al., 2009). These
varied results may have several explanations. One might be
that, across studies, samples might have been at different
stages of A! deposition. Another might be that a mediating
factor such as cognitive reserve might have obscured a
possible relationship between A! deposition and cognition.
By examining the relationship between amyloid deposition,
a multitude of neuropsychological tests, and cognitive re-
serve, Rentz et al. (2010) reported a significant interaction
effect of amyloid deposition and cognitive reserve on neu-
ropsychological test performance in normal older adults.
That is, while there was no relation between amyloid depo-
sition and cognitive performance in subjects with higher
cognitive reserve, a significantly negative relation between
the 2 factors was found for those with low cognitive reserve.
The results suggest that a different level of cognitive reserve
in older adults could obscure an effect of amyloid deposi-
tion on cognition in the preclinical older population. The
third potential explanation may be that the neuropsycholog-
ical test measures might have lacked sensitivity in detecting
cognitive differences between normal older adults with and
without amyloid deposition. The present findings provide
evidence supporting this possibility.

Findings from the present study are particularly intrigu-
ing in light of multivariate methods that provided increased
sensitivity in detecting cognitive differences between High
PIB and Low PIB older adults. When we examined the
individual neuropsychological test scores for group differ-
ences, we found a prominent age effect (i.e., Young subjects
perform better than either High PIB or Low PIB older
adults), but no effect of amyloid deposition. Using compo-
nent scores, we still did not find any significant group-wise

effect of amyloid deposition, although visual memory com-
ponent scores were associated with quantitative PIB index.
When we combined the 5 component scores into discrimi-
nant scores that weight component scores in order to max-
imize discriminatory power of group membership, a signif-
icant group difference in cognition between High PIB and
Low PIB older adults emerged. These discriminant scores
further showed a significantly negative association with
quantitative PIB index. These results are consistent with
findings showing increased sensitivity and specificity in
diagnosing AD from controls by applying a series of mul-
tivariate methods on neuropsychological test measures
(Chapman et al., 2010). Greater loadings placed on visual
memory and executive functions in the discriminant func-
tion further suggest that the 2 cognitive functions are par-
ticularly sensitive to both age and A! pathology.

A differential effect of amyloid deposition on cognition
in cognitively normal older adults, however, is not attrib-
uted to APOE genotypes. When we examined the effect of
APOE e4 allele on cognition, there was no significant dif-
ference in cognition as measured in discriminant function
scores. The number of ApoE "4 homozygotes in our sam-
ple, however, was very small. Therefore, our conclusion
concerning the effect of APOE genotypes on cognition may
be limited. Future studies with a larger proportion of APOE
"4 homozygotes will be needed to fully address this issue.

Several limitations in the current study need to be noted.
First, the PCA that we used to develop a summary measure
of neuropsychological tests does not allow us to test
whether underlying constructs will generalize to other in-
dependent samples, because it only reduces a set of ob-
served data into a smaller set of unobserved variables. In
addition, due to the small sample size of older subjects who
were scanned using PIB-PET, a validation test by splitting
the sample was also not feasible, although we validated our
discriminant functions using cross-validation (i.e., a leave-
1-out method), an alternative method in the case of a small
sample size. Thus, we cannot confidently state that the
identical pattern of cognitive test performance will exist in
independent samples of older High and Low PIB subjects.
Studies with independent and larger samples or cross-vali-
dated factor analysis will be needed to generalize our cog-
nitive components to different samples. Second, the use of
extreme age groups such as young and old adults might
have been less ideal than scanning individuals from the
whole adult lifespan to fully investigate cognitive aging. For
these reasons, as well as the relatively small sample, our
results may be considered preliminary. Nevertheless, these
results reveal age- and A!-related alterations in visual
memory and executive function that could serve as a hy-
pothesis-testing starting point in other studies that might use
a multivariate approach to investigate this problem. In ad-
dition, while the specific pattern of cognitive performance
may not necessarily be the best or most sensitive for detect-
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ing A!, the results do point out the relative size of cognitive
decline that can be attributed to age as opposed to A!.

In this study, we examined whether and how age and
amyloid deposition affect cognition in normal elderly. Our
results suggest that effects of both age and !-amyloid are
associated with cognitive decline, although cognitive per-
formance of these older adults is within the normal range. It
is likely that age-related cognitive decline in older adults
with little A! deposition is due to the fact that A! is but 1
instance of neural burden that cannot account for all the
variance in cognitive aging. The present results also may
indicate that age-related cognitive decline could be ac-
counted for by a host of other factors such as vascular
disease, stress, and hormonal factors. Future studies will be
needed to further understand the role of these factors in
cognitive changes in normal elderly.
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