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Abstract.
Background: The effect of regional brain amyloid-� (A�) pathology on specific cognitive functions is incompletely known.
Objective: The relationship between A� and cognitive functions was investigated in this cross-sectional multicenter study
of memory clinic patients.
Methods: The participants were patients diagnosed with Alzheimer’s disease (AD, n = 83), mild cognitive impairment (MCI,
n = 60), and healthy controls (HC, n = 32), who had been scanned by 11C-PiB PET in 13 brain regions of both hemispheres
and who had been assessed by cognitive tests covering seven domains.
Results: Hierarchic multiple regression analyses were performed on each cognitive test as dependent variable, controlling
for demographic characteristics and APOE status (block 1) and PiB measures in 13 brain regions (block 2) as independent
variables. The model was highly significant for each cognitive test and most strongly for tests of episodic memory (learning
and retention) versus PiB in putamen, visuospatially demanding tests (processing and retention) versus the occipital lobe,
semantic fluency versus the parietal lobe, attention versus posterior gyrus cinguli, and executive function versus nucleus
accumbens. In addition, education had a positively and APOE status a negatively significant effect on cognitive tests.
Conclusion: Five subcortical and cortical regions with A� pathology are differentially associated with cognitive functions
and stages of disease in memory clinic patients.

Keywords: Alzheimer’s disease, amyloid-�, cognitive functions, mild cognitive impairment, pittsburgh compound-B (PiB),
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INTRODUCTION

A pathological hallmark of Alzheimer’s disease
(AD) is the progressive accumulation of senile
plaques in the brain containing amyloid-� (A�). The
amount of pathological A� is possible to measure
in vivo of A� by means of 11C-labeled Pittsburgh
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Compound B (11C-PiB) positron emission tomogra-
phy (PET) retention [1–3]. This fibrillar A� marker
can be observed in high amounts in the neocortex of
patients diagnosed with AD [4–6] and patients with
mild cognitive impairment (MCI), particularly those
who later convert to AD [7, 8] and in some individ-
uals evaluated as healthy [9]. In addition, high levels
of 11C-PiB PET A� have been reported in subcortical
brain regions such as the striatum (including caudate,
putamen, and nucleus accumbens) in early stages of
sporadic and familial AD [10–13]. Recently, it was
suggested that it is possible to use regional PET A�
for staging of AD from unimpaired aging to clini-
cal diagnosis of AD [14]. In this study, the earliest
PET A� accumulation was observed in precuneus,
posterior cingulate, isthmus cingulate, insula, medial
and lateral orbitofrontal cortices, and this pattern was
common in cognitively unimpaired individuals and
MCI patients.

A behavioral hallmark of AD is cognitive decline
commonly evaluated by means of tests of memory
and other cognitive domains. The first and most early
cognitive change in typical AD is a decline in episodic
memory during the preclinical stage of AD, when
patients are not demented but symptomatic years
ahead of the diagnosis of AD. Change of memory is
followed by change in the executive and visuospa-
tial functions in the prodromal stage closer to the
diagnosis of AD, when multiple cognitive functions
are affected without marked dysfunction in daily life,
i.e., MCI. Finally, verbal functions become impaired
in association with dysfunction in daily living in the
early AD stage [15–17]. When a diagnosis is decided
upon, the cognitive impairment encompasses several
domains including memory and at least one other cog-
nitive domain. In this way, it is possible to discern
three stages of AD development: the single symp-
tomatic stage many years ahead of a clinical diagnosis
of AD, the prodromal stage years ahead of an AD
diagnosis (impairment in multiple cognitive func-
tions) and the early AD stage the diagnostic criteria
are fulfilled, when there is clear dysfunction in daily
living.

Most studies on the relationship between PiB PET
and cognition have used global measures of neocor-
tical PiB retention. In these studies, the association
between PiB and cognition has been reported to be
absent or weak [5, 18, 19], while it seems to be sig-
nificant in MCI [5, 7, 20, 21] and shows mixed results
in healthy aging possibly due to sample characteris-
tics and variability of methods utilized [5, 20, 22].
Relatively few studies using PiB PET measures have

examined the association between amyloid pathol-
ogy in specific brain regions and tests in specific
cognitive functions. When the relationship between
specific regions and specific cognitive tests has been
studied, marked associations have been reported for
subcortical regions and episodic memory in hetero-
geneous samples of patients including AD, MCI, and
healthy controls [8, 23].

In the present explorative study of brain-behavior
associations in AD, the rationale was to focus on
specific tests covering changes in AD in relation to
regional brain PET A� pathology and possible mod-
ifying conditions. It is well known that there is an
interaction between A� and the APOE gene [9, 24].
It is also well known that cognitive functions are
influenced by cognitive reserve [25]. Cognition is
determined by two major factors, the environment
(e.g., education) and genetics (e.g., APOE), and the
effect of these factors on the brain [26, 27].

The purpose of the study was to investigate the
relationship between regional PET A� deposition in
cortical and subcortical brain regions in each hemi-
sphere, rather than global neocortical PiB, and the
performance in AD-sensitive cognitive tests rather
than global cognitive measures in patients with AD
and MCI as well as healthy control (HC) individuals
recruited from European memory clinics, i.e., three
groups varying in level of cognitive performance. In
addition, possible modifying conditions, education,
and APOE status, were accounted for.

METHODS

Participants

The participants in the European PiB PET study
[5] were recruited from five European PET centers
(Leuven/Belgium, London/UK, Munich/Germany,
Stockholm/Sweden, Turku/Finland. All patients had
been referred from primary to a memory clinic at each
European site because they had symptoms of sus-
pected dementia. Patients diagnosed with AD or MCI
were eligible for the study. All patients had partici-
pated in research studies on PiB PET at each center.
Patients were excluded if they had psychiatric symp-
toms, signs of abuse, head trauma, or other neurologic
conditions. This study included 215 individuals. The
controls were recruited among carers and relatives.
Only those controls, who did not report any cogni-
tive problems were included into the study. Details
of inclusion/exclusion criteria and technical scanning
information has been presented previously [5].
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In the present study on PiB and cognition, 27 of
the 215 individuals were excluded as they did not
participate in any assessment of cognitive functions
and 10 individuals completed less than 5 cognitive
tests. In addition, three participants (2 AD and 1 MCI)
were excluded as they performed extremely poor, see
Statistical analyses). Accordingly, 175 individuals
completed both a PET scan and an assessment of cog-
nitive functions. Among these subjects, 83 patients
were diagnosed with AD, 60 with MCI, and 32 were
HC subjects.

Diagnosis

The diagnosis was decided at each site by experi-
enced experts based on all clinical information. The
AD diagnosis fulfilled the NINCDS-ADRDA crite-
ria for AD [28] and the DSM-IV criteria for dementia
[29]. The MCI diagnosis was based on the modified
Petersen criteria for MCI [30]. The healthy status of
HC was checked by in-house examination at each site.

Clinical examination

All patients had been referred to and examined
for suspected dementia development according to
local routines at each center. A detailed description
of examination routines at each center has been
presented in a previous publication [5]. Neuropsy-
chological testing was used to measure cognitive
function following the standard procedures at each
center, see below. The APOE genotype was analyzed
at each center.

11C-PiB PET imaging

The synthesis of 11C-PiB was performed at each
center according to good manufacturing practice.
The PET examination was performed at each cen-
ter following the routine procedure at each center.
The imaging data were submitted to the Wolfson
Molecular Imaging Centre, Manchester, UK, for cen-
tral processing. The cerebellar region was used as
reference. Twenty-three regions of interest (ROI)
were anatomically defined, using the Montreal Neu-
rological Institute atlas [31] and PiB values were
normalized. All details of the whole PET procedure
have been presented previously [5].

Neuropsychological assessment

Seven cognitive domains were covered by standard
neuropsychological tests. The tests were adminis-
tered and evaluated according to standard procedures

[32] for each test. Global cognition was indicated
by the Mini-Mental Status Examination (MMSE)
[33]. For the domain of verbal learning, a list of
words to-be-learned was presented several times to
measure learning by total number correct responses.
Directly after the learning test, a delayed free recall
followed, i.e., verbal retention. The specific test used
varied across centers (Rey Auditory Verbal Learn-
ing or ADAS-Cog or CERAD [32]. Accordingly, the
test assessing episodic memory varied among centers
although the format used for acquisition of words
and delayed free recall was similar across centers.
The visuospatial processing domain was assessed by
copying a geometrical figure exemplified by the Rey-
Osterrieth copy test [32]. This copy task was used to
test unintentional learning and the retention of the fig-
ure after a delay indicating the visuospatial retention
domain [32]. Animal naming in one minute was used
by all centers to indicate the verbal fluency domain
[32]. The domains of attention and executive function
were assessed with the Trailmaking test A (TMTA)
and B (TMTB) [32], respectively. As participants did
not complete all neuropsychological tests, the sample
size for each test is shown in Table 3. The total num-
ber of missing cognitive data was 198 (16.2%) out of
maximum data points (175 × 7 = 1225). There was
no significant difference between diagnostic groups
regarding the number of missing data (χ2 = 11.41,
df = 2, p > 0.1).

All the neuropsychological raw scores except
MMSE and TMTA and TMTB were standardized
by means of transformation into z-scores using age-
matched normative values according to test manuals
of each test at the University Clinic of Cologne, Ger-
many, the responsible site for test data. For the MMSE
test, normative data reported by Crum and associates
[34] were used. The TMTA and TMTB test scores
(latencies) were transformed to z-scores according
to a meta-study on these tests [35] after excluding
abnormal values (latencies ≥ 200 s for TMTA and
latencies ≥ 300 s for TMTB) in order to normalize the
distributions. In addition, participants with extremely
poor performance were excluded if the mean z-score
across the seven tests exceeded z = –5.

Statistical analyses

Multiple regression analyses (one for each cog-
nitive domain) were conducted, with cognitive test
as dependent variable using participants, who per-
formed better than -5 in z-score on mean cognitive
function across all seven tests. This criterion was
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Table 1
Demographic and clinical characteristics (MMSE and APOE) of three groups of subjects:
Alzheimer’s disease (AD), mild cognitive impairment (MCI), and healthy controls (HC)

Group

Characteristic AD MCI HC p

N (% females) 83 (54%) 60 (48%) 32 (63%) p > 0.1
Age (M ± SD), y 69.2 ± 8.7 68.2 ± 7.6 68.3 ± 6.5 p > 0.1
Education (M ± SD), y 11.6 ± 3.5 12.1 ± 4.3 11.5 ± 3.4 p > 0.1
MMSE (M ± SD), raw score 24.3 ± 2.8 27.1 ± 2.0 28.8 ± 1.0 p < 0.001
APOE, n (% �4 carrier) 55 (74%) 33 (53%) 7 (26%) p < 0.001

chosen to exclude participants with extremely poor
performance on specific tests. The independent vari-
ables years of education and APOE status (any versus
no �4 allele) were entered in the first block simulta-
neously. PiB measures in the 13 brain regions were
entered in the second block stepwise (forward selec-
tion). Regression models were chosen only when
multicollinearity diagnostics were acceptable (toler-
ance > 0.200 and variance inflation factor, VIF < 5).
The selection of variables to include and exclude
was default (p for inclusion = 0.01 and for exclu-
sion = 0.05) to increase the demands on association
between dependent and predictor variables. Pairwise
exclusion of missing cases was used. A MANOVA
was performed with brain regions as dependent vari-
ables (13 ROIs and 2 hemispheres), diagnostic group
as independent variable and age, gender, education,
and APOE as covariates. The impact of diagnostic
group as independent variable and age, gender, educa-
tion, and APOE was analyzed with one-way (group)
ANOVA for each cognitive test. All analyses were
performed with SPSS version 24.

RESULTS

Comparison of groups

The demographic and clinical characteristics of
the three groups are presented in Table 1. There
were no significant differences between the three
groups in age (F < 1, df = 2/173, p > 0.1), gender dis-
tribution (χ2 = 1.89, df = 2/173, p > 0.1), or years of
education (F < 1, df = 2/169, p > 0.1). The groups dif-
fered significantly regarding the APOE �4 genotype
(χ2 = 23.65, df = 2, p < 0.001), with a larger propor-
tion of the �4 allele in MCI versus HC (p < 0.01) and a
larger proportion of �4 in AD versus MCI (p < 0.05).
Groups differed significantly on global cognition as
measure by MMSE (F = 46.32, df = 2/168, p < 0.001);
pairwise comparisons were significant (ps < 0.01, HC
versus MCI and MCI versus AD, respectively).

Table 2
11C-PiB retention (M ± SD) in relation to the cerebellum in 13
regions of interest in each hemisphere in three groups of individu-
als: Alzheimer’s disease (AD), mild cognitive impairment (MCI),

and healthy controls (HC)

Group

Region of interest AD MCI HC

Temporal, sin 1.81 ± 0.31 1.62 ± 0.29 1.29 ± 0.07
Temporal, dx 1.83 ± 0.31 1.60 ± 0.29 1.29 ± 0.09
Insula, sin 1.77 ± 0.32 1.57 ± 0.28 1.30 ± 0.09
Insula, dx 1.78 ± 0.33 1.58 ± 0.28 1.30 ± 0.09
Anterior Gyrus

Cingulum, sin
2.16 ± 0.44 1.84 ± 0.45 1.35 ± 0.13

Anterior Gyrus
Cingulum, dx

2.14 ± 0.44 1.82 ± 0.42 1.31 ± 0.11

Posterior Gyrus
Cingulum, sin

2.13 ± 0.42 1.85 ± 0.45 1.37 ± 0.14

Posterior Gyrus
Cingulum, dx

2.14 ± 0.43 1.86 ± 0.46 1.37 ± 0.14

Frontal, sin 1.84 ± 0.34 1.62 ± 0.32 1.23 ± 08
Frontal, dx 1.89 ± 0.35 1.64 ± 0.33 1.25 ± 0.08
Occipital, sin 1.63 ± 0.25 1.48 ± 0.21 1.29 ± 0.07
Occipital, dx 1.63 ± 0.25 1.48 ± 0.23 1.28 ± 0.08
Parietal, sin 1.81 ± 0.33 1.61 ± 0.34 1.22 ± 0.08
Parietal, dx 1.84 ± 0.34 1.62 ± 0.35 1.22 ± 0.09
Caudate, sin 1.60 ± 0.42 1.40 ± 0.45 0.97 ± 0.13
Caudate, dx 1.60 ± 0.42 1.40 ± 0.46 0.96 ± 0.15
Nucleus accumbens,

sin
1.93 ± 0.40 1.63 ± 0.47 1.07 ± 0.12

Nucleus accumbens,
dx

1.90 ± 0.43 1.58 ± 0.51 1.05 ± 0.15

Putamen, sin 2.06 ± 0.39 1.77 ± 0.43 1.30 ± 0.10
Putamen, dx 2.11 ± 0.40 1.80 ± 0.43 1.29 ± 0.09
Thalamus, sin 1.29 ± 0.24 1.27 ± 0.24 1.12 ± 0.12
Thalamus, dx 1.30 ± 0.22 1.25 ± 0.22 1.10 ± 0.10
Hippocampus, sin 1.27 ± 0.18 1.25 ± 0.14 1.23 ± 0.09
Hippocampus, dx 1.28 ± 0.15 1.26 ± 0.13 1.24 ± 0.08
Parahippocampus, sin 1.42 ± 0.22 1.32 ± 0.15 1.22 ± 0.10
Parahippocampus, dx 1.44 ± 0.21 1.32 ± 0.15 1.21 ± 0.08

PiB measures across 13 brain regions in AD,
MCI, and HC

The PET PiB measures across 13 brain regions and
two hemispheres in three groups of subjects (AD,
MCI, and HC) are presented in Table 2 and visu-
alized in Fig. 1. It should be noted that these PiB
measures were not part of the diagnostic procedure.
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Fig. 1. A bar graph of PIB value across 13 regions of interest for three diagnostic groups (AD, MCI, and Controls).

Fig. 2. A bar graph of test results across five cognitive domains in z-score for three diagnostic groups (AD, MCI, and Controls).

There was no difference in PiB between hemispheres
in any region in the HC group (all ps > 0.1). How-
ever, in the MCI group, PiB was significantly larger
in the right hemisphere (t = 2.57, df = 60, p < 0.01). In

the AD group, PiB was significantly larger in three
right hemisphere regions: the frontal, parietal, and in
putamen (t = 6.20, df = 84, p < 0.001; t = 2.77, df = 84,
p < 0.01; t = 2.72, df = 60, p < 0.01; respectively)
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Table 3
Test results in z-score (Mean ± SD) results on 7 neuropsychological tests in three groups of individuals:

Alzheimer’s disease (AD), mild cognitive impairment (MCI), and healthy controls (HC)

Group

Cognitive test AD MCI HC

Word list learning, n = 173 –2.43 ± 1.44 –1.53 ± 1.70 +0.05 ± 0.99
Word list retention, n = 175 –3.82 ± 1.42 –2.54 ± 1.84 +0.03 ± 1.00
Visuospatial processing (Design copy), n = 147 –2.66 ± 2.34 –1.92 ± 2.12 ±0.00 ± 1.00
Visuospatial retention (Design), n = 152 –1.92 ± 0.88 –1.13 ± 1.09 ±0.00 ± 1.00
Semantic fluency (Animal), n = 116 –1.39 ± 1.01 –1.06 ± 1.18 +0.10 ± 0.94
Attention (TMTA), n = 139 –2.00 ± 2.30 –1.45 ± 2.47 –0.06 ± 1.61
Executive function (TMTB), n = 123 –1.90 ± 1.45 –0.56 ± 1.36 0.30 ± 0.62

The PET PiB measures across 13 regions and two
hemispheres (within subjects) with age, gender, edu-
cation, and APOE as covariates showed that the main
effect of ROIs was close to significant (λ = 0.79,
F = 1.68, df = 12/76, p = 0.09, η2 = 0.22) and that the
ROI by diagnosis interaction was significant (λ =
0.54, F = 2.29, df = 24/152, p < 0.001; η2 = 0.27) and
that no other two-way interaction including ROI
and other factors were significant (all ps > 0.1). Fur-
thermore, the main effect of hemisphere was not
significant as well as two-way interactions includ-
ing hemisphere (all ps > 0.1). Finally, the main effect
of diagnosis was markedly significant (F = 25.59,
df = 2/151, p < 0.001, η2 = 0.25). The main effects of
demographics and APOE �4 (presence/absence) were
not significant (all ps > 0.1).

The interaction between diagnosis and ROI was
due to a differential pattern of group differences
across ROIs. Diagnostic groups differed markedly
and significantly in 10 ROIs (frontal, parietal, occip-
ital, temporal, anterior and posterior gyrus cinguli,
caudate, putamen, and accumbens), significantly
but less markedly in two ROIs (thalamus and
parahippocampus) and not significantly in one ROI
(hippocampus).

Test results across cognitive domains in AD,
MCI, and HC

The neuropsychological results in z-scores
(M ± SD) for seven cognitive domains in the three
diagnostic groups are displayed in Table 3. It should
be noted that cognitive test results were part of the
diagnostic procedure. The scores at each center have
been reported previously [5]; these scores demon-
strate that the controls performed well compared to
normal values at each site. The effect of diagnosis
was significant on all tests (all ps < 0.001). The effect
of increasing age was significant in the figure copy,
TMTA and TMTB tests (r = 0.17, p < 0.05; r=–0.29,

p < 0.001; r = –0.28, p < 0.002; respectively), but
not in the other tests (all ps > 0.1). Gender was
not significant in any test (all ps > 0.1). Years of
education was a significant positive factor in the
verbal learning test (r = 0.22, p < 0.05). The presence
of any APOE �4 allele was a significant negative
predictor on all seven tests (r varied from –0.21,
p < 0.05 to – 0.38, p < 0.001).

Relationship between regional PiB measures and
cognitive performance

For each cognitive domain, the relationship
between the test and the predictors was computed
using multiple regression analyses. In the first block
of predictors, years of education, and number of
APOE �4 alleles were included simultaneously. Age
and gender were not used as covariates because pre-
liminary analyses showed that these variables did not
correlate significantly with any cognitive test except
one (age versus figure copy r = 0.20, df < 0.05). In the
second block, all 13 ROIs in each hemisphere were
included in stepwise order to find the most powerful
ROIs.

In Table 4, the outcome of the seven multiple
regression analyses is presented. All analyses were
significant (all ps < 0.001) and the multiple corre-
lation coefficients varied from 0.42 for semantic
fluency to 0.64 for word list delayed recall. The first
step revealed that years of education were a posi-
tive predictor in all cognitive tests. It was significant
in s three tests (verbal learning, verbal retention,
and executive function). The presence of APOE �4
allele(s) was a negative factor in all tests and signifi-
cant in two tests (verbal learning and retention). The
second step revealed that PiB deposition in the left
putamen was a significant negative predictor for per-
formance in verbal learning and retention (see Fig. 3,
that PiB deposition in the right occipital ROI was sig-
nificant and negatively associated with visuospatial
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Table 4
Multiple regression analyses of cognitive test results in relation to predictors: education and APOE status (first block) entered simultaneously
and 13 measures of regional PiB deposition in the left and right hemisphere (second block) entered stepwise. The r2 change from step to

step is presented for each analysis at each test

Model Predictors
1st step 1st step 2nd step 3rd step

Cognitive domain r F df p t/p/� edu t/p/� APOE t/p/� ROI t/p/� ROI

Verbal learning 0.56 23.50 3/151 0.001 edu APOE sPut
step 1: r2 = 0.16 +1.96 –3.09 –5.99
step 2: r2 = 0.16 0.05 0.01 0.001

+0.13 –0.22 –0.43
Verbal retention 0.64 35.06 3/152 0.001 edu APOE sPut

step 1: r2 = 0.14 +1.89 –2.51 –8.27
step 2: r2 = 0.27 0.05 0.005 0.001

+0.12 –0.17 –0.55
Visuospat. proc. 0.42 10.22 3/142 0.001 edu APOE dO

step 1: r2 = 0.05 <1 –1.49 –4.65
step 2: r2 = 0.13 ns ns 0.001

+0.01 –0.12 –0.37
Visuospat ret. 0.59 26.04 3/145 0.001 edu APOE dO

step 1: r2 = 0.07 +1.52 –1.42 –7.84
step 1: r2 = 0.28 ns ns 0.001

+0.10 –0.10 –0.55
Semantic fluency 0.44 7.33 3/94 0.001 edu APOE sP

step 1: r2 = 0.06 +1.23 –1.021 –3.90
step 2: r2 = 0.13 ns ns 0.001

+0.06 –0.10 –0.39
Attention 0.48 9.19 4/122 0.001 edu APOE dGCp dP

step 1: r2 = 0.07 +1.68 –1.34 –4.32 +3.47
step 2: r2 = 0.09 ns ns 0.001 0.001
step 3: r2 = 0.08 +0.13 –0.11 –1.39 +1.12

Exec. function 0.61 17.70 4/108 0.001 edu APOE sAcc sThal
step 1: r2 = 0.12 +3.21 –1.21 –6.56 +3.61
step 2: r2 = 0.18 0.01 ns 0.001 0.001
step 3: r2 = 0.08 +0.25 –0.010 –0.69 +0.70

r, multiple correlation coefficient; edu, years of education; APOE, number of �4 allele(s); p, probability; �, beta weight; ROI, brain region
of interest; F, frontal; P, parietal; O, occipital; T, temporal; GC, gyrus cingulum; Tha, thalamus; Put, putamen; a, anterior; p, posterior;
s, sinister/left; d, dexter/right.

Fig. 3. Scatter plot of test results in verbal learning versus PIB
value in putamen for three diagnostic groups (AD, MCI, and
Controls) also showing the regression line using local weighted
regression.

Fig. 4. Scatter plot of test results in executive function (TMTB)
versus PIB value in nucleus accumbens for three diagnostic groups
(AD, MCI, and Controls) also showing the regression line using
local weighted regression.
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ability and retention, that PiB deposition in the left
parietal ROI was significant an negatively associated
with semantic fluency, that the right posterior gyrus
cingulum was significant and negatively associated
with attention (TMTA) and that PiB deposition in the
left accumbens was significant and negatively asso-
ciated with executive function (TMTB). In the third
step, positive associations between PiB deposition
and cognition were obtained showing a connection
between PiB deposition in the right parietal region
and attention (TMTA) as well as PiB deposition in left
thalamus and executive function (TMTB). The latter
findings seem to be unreasonable (see Discussion).

DISCUSSION

The present study investigated the in vivo regional
A� brain pathology measured by PiB PET, indicating
the presence of neuritic plaques [1–3], and cogni-
tive functions in AD and MCI patients and healthy
control subjects. Marked changes in subcortical and
cortical brain regions and specific cognitive domains
were found in the preclinical part of the disease
course. Similar findings have been found in previous
research [13]. However, a number of specific associa-
tions between PiB PET and cognitive function found
in the present study have not been found previously.

Five distinct brain-behavior relationship were
obtained between performance in specific cognitive
tests and A� pathology. A� pathology in the left
putamen was associated with verbal learning and
retention, A� pathology in the right gyrus cinguli
was associated with visual search in the TMTA test
(attention), and A� pathology in the left nucleus
accumbens was associated with the TMTB test
(executive function). Furthermore, significant brain-
behavior relationships were obtained between A�
brain pathology in the right occipital region and visu-
ospatial tasks (copying and delayed reproduction of
target design) as well as the left parietal region and
verbal fluency).

The association between increased pathology in
putamen and decreased performance in verbal learn-
ing and verbal retention (delayed recall) is in line
with previous research [7, 11] and a review of func-
tional magnetic resonance imaging (fMRI) studies
regarding brain networks involved in episodic mem-
ory [36]. In vitro studies of A� deposits have reported
that neuropathological changes occur within subcor-
tical regions (e.g., striatum, thalamus, gyrus cinguli,
amygdala) in phase three of the Thal scheme of AD
development [37]. A recent study of in vivo PET A�

suggested that changes in putamen was an early stage
finding in AD patients [14]. Similar findings were
obtained in a small study of PSEN1 mutation carriers,
but these findings were not associated with cognition
[38]. In vivo animal studies support the notion that
the hippocampal and dorsolateral memory systems
are complementary in learning [39]. Furthermore,
the earliest cognitive changes in AD occur many
years ahead of the clinical diagnosis in the preclini-
cal stage [15–17]. The parallel changes in PiB PET
and episodic memory were more pronounced in HC
and MCI groups compared to MCI and AD groups in
which suggests that this finding represents an early
event in the AD disease course.

A second finding was the coupling between in-
creased PiB PET in the right posterior cingulate gyrus
and impaired performance in the TMTA task here
interpreted as construct of attention. In a review of
the role of posterior cingulate, it was reported that
changes in posterior cingulate cortex are found not
only in AD but many other diseases (e.g., traumatic
brain injury, psychiatric syndromes, multiple sclero-
sis, etc.) in relation to regulating the arousal state,
focused attention, and the breadth of attentional focus
[40]. These changes have been shown using various
methods like PET studies using glucose metabolism
[41] and fMRI [36] and they have been shown to occur
in the early stage of AD disease course [14]. Posterior
cingulate has been pointed out as one part of a fron-
tostriatal networks subserving orientation as well as
goal-directed executive control and arousal/sustained
attention [42].

A third finding was that performance in the TMTB
test used to indicate executive function (demand-
ing attention, mental control, and organization) was
negatively associated with PET A� in nucleus accum-
bens, a part of the striatal region. This region has
been suggested to be involved in three main phenom-
ena: learning of associations between stimuli, actions
and rewards; selection between competing response
alternatives; and motivational modulation of motor
behavior [39, 43], among which TMT performance
is related to modulation of motor behavior. Similar
observations have been reported by other researchers
in various patient groups and based on clinical and
experimental studies [44–48]. The TMTB test is
regarded as a sensitive test for AD development and
decline in the preclinical stage prior to the clinical
diagnosis of AD [14–17].

Further, elevated PET A� abnormality in the right
occipital lobe was negatively associated with copy-
ing of complex figural stimuli, for instance the
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copy task of the Rey-Osterrieth Complex Figure test
and delayed recall of the same test (retrieval from
visuospatial episodic memory). This finding may
illustrate the brain activity in tasks requiring process-
ing of visual stimuli [49, 50] occurring relatively late
in the disease course [14].

Finally, there was a significant association between
increased A� in the left parietal lobe and poor
semantic fluency performance (Animal fluency) in
agreement with previous research in memory clinic
patient, when brain abnormality was measured by
cortical thickness [51], brain atrophy [52, 53],
and PET glucose metabolism [53]. The association
between impaired parietal lobe and affected seman-
tic processing seem to in the clinical stage of AD
[14, 53].

In majority of relationships, PiB deposition was a
negative factor for cognition. However, in two rela-
tionships, PiB A� was positively associated with
cognition (attention versus right parietal lobe and
executive versus left thalamus). In these two ins-
tances, there were both negative and positive ROI
factors. The positive predictors are a paradoxical out-
come, since PiB retention in all regions, except hip-
pocampus, are negatively and significantly correlated
with impaired performance in all seven cognitive
tests. These positive effects are regarded as artefacts
which is supported by statistical knowledge regard-
ing the common reciprocal suppression phenomena
in multiple regression analyses in which beta weights
can become positive although they are expected to be
negative under specific circumstances [54] and not a
veridical neurocognitive phenomenon [55].

The effect of APOE �4 on performance was sig-
nificant and negative in two of the seven cognitive
tests. Presence of the APOE �4 allele(s) is known to
be related to elevated PiB in MCI and AD [5]. In
addition, the brain-behavior relationships were pos-
itively influenced by years of education in several
cognitive tests, which is generally found in similar
research and termed as cognitive reserve [25]. The
effect of education is commonly interpreted as resis-
tance to cognitive decline by shaping a repertoire of
knowledge and strategies. Both the APOE and educa-
tional effects are examples of well-known biological
and psychosocial factors influencing brain-behavior
relationships [26].

The in vivo measurement of regional brain pathol-
ogy and the comprehensive cognitive assessment in
many memory clinic patients characterize the present
study. These features made it possible to analyze
brain-behavior relationships in some detail. Another

feature was that the participants were recruited from
five European memory clinics that supports the exter-
nal validity and generalizability of the present results.
A general drawback of this study relates to the
cross-sectional design showing a single snapshot of
brain-behavior events that are time-related and vary
across disease course. It has to be noted that the results
may be generalized to typical memory clinic patients
including individuals with abnormal as well as nor-
mal neocortical PiB values. Another drawback relates
to the statistical analyses, in which the chosen sig-
nificance level was increased to avoid less powerful
brain-behavior associations. If a standard Bonferroni
correction had been applied, the reported p-values
of the regression analyses and the significant ROIs
would have survived this action. In this way some
true findings may not have been identified due to type
II error. The reliability of regional PiB measures has
been questioned due to off-target PiB binding. How-
ever, in a subsample of participants selected from
the original cohort [5], it was found that regions
were identified with good precision [56] supporting
the reliability of PiB regional values. Furthermore,
the phenotype of AD has been considered as a rel-
atively uniform diagnostic entity and not described
as subtypes varying in important characteristic (e.g.,
age of onset, onset symptoms, brain atrophy, etc.)
[57]. Finally, it should be kept in mind that there are
many environmental and genetic factors that influ-
ence inter-individual variation in cognition, where not
included in the present study.

In conclusion, five brain-behavior relationships
were identified showing an association between amy-
loid pathology in specific subcortical and neocortical
regions and impaired performance in specific cog-
nitive tests. A� in subcortical compared to cortical
regions seemed to occur early in the disease course.
As already known, visuospatial processing is related
to occipital pathology and retrieval from semantic
memory is related to parietal pathology, which occur
relatively late in close connection to the clinical
diagnosis of AD. The abnormality of episodic mem-
ory versus A� in putamen, abnormality in attention
versus A� in posterior gyrus cinguli as well as exec-
utive dysfunction versus nucleus accumbens are new
findings.
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