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a b s t r a c t
We studied the association between episodic memory and cortical ﬁbrillar β -amyloid pathology within
twin pairs. Using telephone-administered cognitive screening of 1415 twin pairs in a population-based
older Finnish Twin Cohort study, we identiﬁed 45 (mean [SD] age 72.9 [4.0] years, 40% women) cognitively discordant same-sex twin pairs (24 dizygotic and 21 monozygotic) without neurological or psychiatric disorders other than AD or mild cognitive impairment. In-person neuropsychological testing was
conducted. Cortical amyloid was measured with carbon 11-labelled Pittsburgh compound B ([11 C]PiB)
positron emission tomography imaging and quantiﬁed as the average standardized uptake value ratio
in cortical regions affected in AD. Larger within-twin pair differences in verbal immediate (r = -0.42)
and delayed free recall (r = -0.41), and visual delayed free recall (r = -0.46) were associated with larger
within-twin pair differences in [11 C]PiB uptake (p’s < 0.01). Correlations were not signiﬁcantly different in dizygotic and monozygotic pairs suggesting that the episodic memory-cortical amyloid relationship is not confounded by genetic effects. However, larger samples are needed to draw more deﬁnitive
conclusions.
© 2021 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

β -amyloid pathology (Aβ ) and episodic memory (EM) impairment are biological and cognitive hallmarks of Alzheimer’s disease (AD), respectively. Different levels of cortical Aβ as measured with positron emission tomography (PET) imaging are evident in preclinical AD, amnestic mild cognitive impairment (aMCI)
and AD (Rowe and Villemagne, 2013). Similarly, EM performance
differentiates people in the AD continuum (Belleville et al., 2017;
Mortamais et al., 2017). Still, studies have documented a discrepancy between cortical amyloid pathology and EM with a substan-

∗
Corresponding author at: University of Helsinki, PO Box 20 (Tukholmankatu 8),
Finland, 0 0 014 Tel. +358294127586.
E-mail address: eero.vuoksimaa@helsinki.ﬁ (E. Vuoksimaa).
1
These authors contributed equally to the manuscript

tial proportion of amyloid positive individuals not showing EM impairment (Roberts et al., 2018).
Most studies on the Aβ -EM association have been conducted in
unrelated individuals and hence, they cannot differentiate if this
relationship is confounded by shared genetic effects. Apolipoprotein
E (APOE) genotype is related to both amyloid accumulation and EM
and may also modify the Aβ -EM relationship (Kantarci et al., 2012;
Mormino et al., 2014). The Aβ -EM association may also be confounded by other genetic effects due to the polygenic nature of AD
(Kunkle et al., 2019). Genetic association between Aβ and EM in
late onset AD (LOAD) is supported by the fact that genetic variants
affecting Aβ processing were associated with LOAD in a genomewide association study where cases were determined based on
clinical diagnosis that has a strong emphasis on EM impairment
(Kunkle et al., 2019). Moreover, polygenic risk score of LOAD is associated with EM also earlier in the AD continuum before people
have developed dementia (Elman et al., 2020). Studies in unrelated
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individuals can indeed evaluate the genetic associations but they
are also limited because GWAS’s / polygenic scores capture only
part of the genetic variance of AD.
Here, twin studies are of great utility as it is possible to investigate the association between amyloid pathology and cognitive
impairment by controlling for shared genetic effects even in
the absence of any measured genes. Monozygotic (MZ) twins are
genetically identical whereas dizygotic (DZ) twins share – like nontwin siblings – on average half of their segregating genes. The EMAβ relationship is not confounded by genetic effects if the associations of within-pair differences in EM and Aβ are similar in DZ
and MZ twin pairs. An alternative scenario where the EM-Aβ association is attenuated, but still evident, within MZ pairs compared
to DZ pairs would be suggestive of partial genetic confounding. If
the EM-Aβ association is not evident in MZ twins then there occurs complete genetic confounding, in other words the association
is fully mediated by shared genetic effects. In these twin analyses,
no measured genes are needed but the level of genetic confounding can be interpreted from the differences in genetic relatedness
between MZ and DZ twin pairs. This design also fully controls for
shared environmental effects (i.e., all environmental effects that
make twins similar). By design, differences in the magnitude of the
EM-Aβ association between DZ and MZ twin pairs are due to genetic effects. The discordant twin approach is a quasi-experimental
design that can inform more about causality of brain pathologycognition associations than observational studies of unrelated
individuals.
One study including only MZ twins looked at 96 cognitively
normal twin pairs and did not ﬁnd statistically signiﬁcant differences between 14 amyloid-PET positive and negative co-twins in
two EM measures (Konijnenberg et al., 2019). However, it should
be noted that there is only a weak amyloid-EM correlation in
cognitively normal individuals (Baker et al., 2017; Hedden et al.,
2013). Another approach utilizing twins is to purposefully investigate pairs where the two twins differ cognitively, that is,
are discordant. By studying cognitively discordant twin pairs
it is possible to test if cognitively impaired co-twins differ in
amyloid pathology from their cognitively healthy co-twins or
from non-twin cognitively healthy controls. Using this approach,
we have earlier reported that 9 cognitively preserved monozygotic – but not dizygotic – co-twins of cognitively impaired
probands had increased cortical carbon 11-labelled Pittsburgh
compound B ([11 C]PiB) uptake compared to 9 cognitively healthy
non-twin controls (Scheinin et al., 2011). Taken together, these
earlier twin studies suggest genetic confounding in the Aβ -EM
association.
The primary aim of this case-control study was to investigate
if within-twin pair differences in EM are related to within-twin
pair differences in cortical amyloid pathology. We identiﬁed cognitively discordant twin pairs from a population-based sample and
measured EM with in-person neuropsychological testing and amyloid pathology with [11 C]PiB PET. We used both, continuous EM
score and binary case-control – a co-twin with poorer versus a
co-twin with better EM performance – approaches when studying within-twin pair differences in amyloid pathology. The hypothesis was that twins with poorer EM have more cortical amyloid
pathology compared to their co-twins with better EM and that
we would see this in both DZ and MZ twin pairs. If the association would be stronger within DZ pairs compared to MZ pairs,
this would suggest that the association between EM and cortical amyloid pathology would be confounded by shared genetic effects because DZ twins differ in approximately half of their segregating genes. Our secondary aim was to test if cognitively normal DZ or MZ twins with EM impaired co-twins have greater cor-
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tical amyloid pathology compared to cognitive normal non-twin
controls.
2. Methods
2.1. Study design and participants
The participants were recruited from the older Finnish Twin
Cohort (FTC) which was established in 1975 and consisted of
13888 same-sex twin pairs born before 1958 (Kaprio et al., 2019;
Kaprio and Koskenvuo, 2002). Twins who were ≥65 years were
asked to participate in a telephone interview: those born before 1938 during 1999–2007 (Project I, participation rate 73%) and
those born in 1938–1944 during 2013–2017 (Project II, participation rate 61%) (Lindgren et al., 2018). Of these, 62% (1415 / 2296)
of full twin pairs participated including 560 MZ and 849 DZ pairs
and 6 pairs with unknown zygosity (Fig. 1). In addition to twins,
non-twin cognitively healthy controls were recruited through open
invitation.
The telephone interview protocol consisted of the telephone assessment for dementia (Gatz et al., 2002), and the Telephone Interview for Cognitive Status (Brandt et al., 1988) - both validated
in Finnish for the detection of dementia (Järvenpää et al., 2002).
Cognitively discordant twin pairs, as deﬁned by the telephone interview or a diagnosis of AD or memory impairment in one twin
sibling, were asked to participate in brain imaging and in-person
neuropsychological testing at the Turku PET Centre, Finland. Exclusion criteria included neurological and psychiatric disorders other
than AD or mild cognitive impairment, including history of major
stroke or head trauma, signiﬁcant medical conditions affecting the
ability to undergo the study and contraindications for brain scanning. Telephone interview included four questions about independence in activities of daily living: (1) Are you able to take care of
your household? (2) Are you able to get around outside? (3) Are
you able to do shopping? (4) Are you able to dress and undress
yourself? Participants self-reported if they were able to perform
the activity independently, with the help from others or were not
able to perform the activity.
The study was approved by the Ethics Committee of the Hospital District of Southwest Finland in accordance with the Declaration of Helsinki. Written informed consent was obtained from the
participants. We followed Strengthening the Reporting of Observational Studies in Epidemiology reporting guidelines for case-control
studies.
In Project I, 30 twin pairs (16 MZ, 14 DZ) and 12 healthy nontwin controls who were over 65 years old, and an additional 57year-old DZ pair discordant for a diagnosis of AD, participated in
both [11 C]PiB PET and MR imaging. In Project II, 17 twin pairs (8
MZ, 9 DZ) and 8 healthy non-twin controls who were over 65 years
old participated (Fig. 1). A subgroup of Project I participants were
included in an earlier report (Scheinin et al., 2011), but new preprocessing and analysis of PET data for these participants was done
in the present study. Zygosity was based on genotyping multiple
polymorphic markers (Sarna et al., 1978).
2.2. APOE genotyping
APOE genotype was determined by directly genotyping two
single-nucleotide polymorphisms: rs7412 and rs429358 (in 2 MZ
pairs a co-twin had missing APOE information and we used their
co-twins APOE status, in 2 MZ pairs both had missing APOE information but their zygosity was DNA based and we included these
pairs in within-twin pair analyses as they were by design concordant for all genetic variants). APOE genotype was categorized into
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Fig. 1. Study ﬂow diagram. MZ, monozygotic; DZ, dizygotic.

ε 3/ε 4, ε 4/ε 4, and ε 4 non-carriers (ε 3/ε 3 and ε 2/ε 3). A total of 5
non-twin controls did not have available APOE genotype information and were excluded from the analyses.
2.3. [11 C]PiB PET imaging
The syntheses of [11 C]PiB have been described elsewhere
(Kemppainen et al., 2006; Snellman et al., 2017). In 20 05–20 08,

participants received a mean injection of 469 (SD = 63) MBq
of [11 C]PiB, corresponding to 3.77 (SD = 1.13) μg when the
mean molar radioactivity was 34 (SD = 10) MBq/nmol. In 2014–
2017, participants received a mean injection of 490 (SD = 39)
MBq of [11 C]PiB, corresponding to 0.29 (SD = 0.16) μg when
the mean molar radioactivity was 615 (SD = 399) MBq/nmol.
Mean radiochemical purity of [11 C]PiB injection was 99%
(SD = 1).
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In 20 05-20 08, participants underwent a 90-minute dynamic
[11 C]PiB PET scan with an ECAT EXACT HR+ scanner (CTI,
Knoxville, TN, USA) and MRI scan with a 1.5 T Intera scanner
(Philips, Best, the Netherlands). In 2014–2017, participants underwent a [11 C]PiB PET scan from 40 to 90 minutes after injection and
a T1-weighted MRI scan with a 3T PET-MRI scanner (Philips Ingenuity TF PET/MR, Philips Medical Systems, Cleveland, OH, USA).
The preprocessing and analysis of PET data was carried out using
an automated analysis pipeline Magia (https://github.com/tkkarjal/
magia) (Karjalainen et al., 2020). The T1-weighted single subject
image was coregistered with the single subject [11C]PiB PET image and normalized to the Montreal Neurological Institute space.
Automated region of interest (ROI) analysis was applied using the
anatomic labelling (AAL) atlas Tzourio-Mazoyer et al., 2002) to
generate cortical gray matter and cerebellar cortex ROIs. Region
to cerebellar cortex standardized uptake value ratios (SUVRs) were
generated over the 60 to 90-minute scan duration. A cortical composite PiB SUVR was formed as the average of prefrontal, parietal,
lateral temporal, anterior cingulate, posterior cingulate and precuneus ROI SUVRs, based on brain regions where early amyloid accumulation is typically ﬁrst detectable (Braak and Braak, 1997).
2.4. Neuropsychological measures
Neuropsychological test battery included 6 tests that were
used to calculate continuous EM measures as described in
Lindgren et al. (2019) The test scores were transformed into standard deviation (SD) units based on age-appropriate Finnish norms
(Sotaniemi et al., 2012; Ylikoski, 20 0 0). Each EM measure was the
mean of SD units from 2 tests. Verbal delayed free recall (VerDFR)
was measured with the delayed word list recall from the Consortium to Establish a Registry for Alzheimer’s disease Neuropsychological Battery (CERAD-NB) and Logical Memory (LM) delayed
recall from the Wechsler Memory Scale-Revised (WMS-R). Verbal immediate free recall (VerIFR) was measured with the world
list from the CERAD-NB and LM immediate free recall. Visual delayed free recall (VisDFR) was measured with Visual Reproductions from the WMS-R and constructional praxis savings from
the CERAD-NB). We also examined the association between global
cognitive performance measured with the CERAD-NB total score
(Chandler et al., 2005) and [11 C]PiB SUVR. In post hoc analysis, we
used a composite EM score consisting of all EM measures ([VerIFR + VerDFR + VisDFR] / 3) including calculation of Cook’s distance, a formal index of outlier inﬂuence, to identify potentially
inﬂuential twin pairs. Composite EM score was also used to look
at individual-level association of EM with [11 C]PiB SUVR.
VerDFR was further used in the dichotomic classiﬁcation of EM
discordance (a co-twin with poorer VerDRF versus a co-twin with
better VerDFR). For sensitivity analyses, stricter deﬁnition of EM
discordance was based on the Jak/Bondi actuarial neuropsychological criteria whereby amnestic mild cognitive impairment (aMCI)
was deﬁned by -1 SD or poorer performance in both two tests
(CERAD-NB delayed word list recall and LM delayed free recall)
(Jak et al., 2009; Lindgren et al., 2019). Here discordant pairs included a co-twin with at least aMCI level of impairment and a cotwin with age-normative performance in these two EM measures.
Non-twin controls were all non-aMCI by this deﬁnition.
2.5. Statistical analysis
In continuous cognitive scores, we reported the correlations between twin pair differences in cognition and twin pair differences
in SUVR. We also used linear conditional ﬁxed effects regression
analysis with APOE ε 4 status as a covariate in analyses including
DZ pairs. According to case-control design, scanner, sex and age did
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not vary within twin pairs (also no variation in APOE status within
MZ pairs). Two-tailed p-values <0.05 indicated statistical signiﬁcance.
Paired t-test was used to compare the differences in [11 C]PiB
SUVRs between pairs discordant for EM or aMCI status and mean
intra-pair differences were reported as percentages and SUVR units
with 95% conﬁdence intervals (CI). We also included APOE ε 4 carrier status as a covariate using linear conditional ﬁxed effects regression (Twisk, 2013). Linear regression with sex, APOE, project
(scanner) and age as covariates was used to compare the differences in SUVRs between cognitively normal twins and non-twin
controls. Considering Cook’s distance, we calculated Cook’s SD and
used threshold value > 0.09 (4/N, where N=45) to indicate potential inﬂuential outliers.
2.6. Data availability statement
Due to the consent given by study participants and the high
degree of identiﬁability, data cannot be made publicly available.
Data are available through the Institute for Molecular Medicine
Finland (FIMM) Data Access Committee (DAC) for authorized researchers who have IRB/ethics approval and an institutionally approved study plan. For more details, please contact the FIMM DAC
(ﬁmm-dac@helsinki.ﬁ).
3. Results
3.1. Demographics
Altogether, 45 pairs (mean [SD] age 72.9 [4.0] years; 21 MZ, 24
DZ, 18 women pairs) had available PET, MRI and neuropsychological data and 43 pairs (19 MZ, 24 DZ) had also available APOE genotype information. The mean age [SD] of 15 healthy non-twin controls (10 women) was 72.0 [3.1] years (Table 1). Most twins, 85 out
of 90, reported that they were completely independent in four activities of daily living whereas only 5 twin individuals (1 MZ pair
with both co-twins, 2 MZ pairs with one co-twin and 1 DZ pair
with one co-twin) reported that they needed help from others in
one or more activities of daily living.
3.2. Analyses with continuous cognitive scores
Using continuous cognitive measures in all 45 pairs, withintwin pair differences in EM measures were negatively associated
with within-twin pair differences in SUVR, that is, a co-twin with
higher amyloid pathology had poorer EM performance compared
to a co-twin with lower amyloid pathology (Fig. 2). In all pairs,
within-pair differences in EM scores were signiﬁcantly related to
within-pair differences in SUVR with correlations ranging from 0.41 to -0.46 (p’s < 0.006) (Fig. 2). In DZ pairs, within-pair differences in EM scores were signiﬁcantly related to within-pair differences in SUVR with correlations ranging from -0.42 to -0.51 (p’s
< 0.05, N = 24) whereas in MZ pairs, correlations were attenuated but still substantial ranging from -0.31 to -0.36 (p’s = 0.11 to
0.16, N = 21) (Fig. 3). There were no signiﬁcant zygosity-EM interactions (p’s > 0.05) on SUVR indicating that within-pair EM differences were similarly related to within-pair SUVR difference in DZ
and MZ pairs. Results were similar when looking at within-twin
pair differences in total CERAD-NB score (Fig. 2 for all twin pairs
and Fig. 3 for MZ and DZ pairs, Table 2).
Controlling for APOE status, linear conditional regression analyses indicated signiﬁcant relationships of within-twin pair differences in SUVR with within-twin pair differences in VisDFR (B = 0.14, 95% CI -0.26 to -0.01, p = 0.03) and VerIFR (B = -0.10, 95%
CI -0.20 to -0.01, p = 0.04), whereas the association with VerDFR
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Table 1
Characteristics of twin pairs discordant for delayed verbal episodic memory (EM) performance

Educational level
≤6 y
7–12 y
≥13 y
APOE genotype
APOE ε 4 noncarriers
APOE ε 4/ε 3
APOE ε 4/ε 4
missing
CERAD-NB score (mean [SD], range)
VerDFR score (mean [SD], range)
VerIFR score (mean [SD], range)
VisDFR score (mean [SD], range)
PiB SUVR (mean [SD], range)

All twins with better
EM (n = 42)

MZ twins with poorer
EM (n = 19)

MZ twins with better
EM (n = 19)

DZ twins with poorer
EM (n = 23)

DZ twins with better
EM (n = 23)

Healthy non-twin
controls (n = 15)

27/15
25/17
72.8 (4.1),
57.3 to 83.0

27/15
25/17
72.8 (4.1),
57.3 to 83.0

12/7
15/4
74.2 (4.3),
68.9 to 83.0

12/7
15/4
74.1 (4.3),
68.9 to 83.0

15/8
10/13
71.7 (3.6),
57.3 to 76.0

15/8
10/13
71.7 (3.6),
57.3 to 76.0

8/7
5/10
72.0 (3.1),
66.8 to 76.6

22
20
0

23
16
3

15
4
0

15
3
1

7
16
0

8
13
2

1
12
2

25
13
2
2
66.7 (11.6),
34–83c
-1.1 (SD 1.1),
-3.1 to 0.8c
-0.6 (1.2),
-4.1 to 1.6c
-0.2 (0.8),
-1.9 to 1.5a
1.44 (0.47),
1.00–2.82

26
12
2
2
76.3 (11.3),
43–94
0.1 (SD 1.2),
-2.7 to 2.4
0.2 (1.3),
-2.2 to 2.6
0.2 (0.8),
-2.2 to 1.5
1.36 (0.34),
0.97–2.64

13
3
1
2
66.9 (11.1),
38–83b
-1.0 (1.1),
-2.8 to 0.8c
-0.6 (1.1),
-2.8 to 1.6
-0.1 (0.8),
-1.8 to 1.0
1.37 (0.36),
1.00–2.46

13
3
1
2
72.4 (12.8), 43–90

12
10
1
0
66.6 (12.2),
34–83c
-1.2 (1.1),
-3.1 to 0.5c
-0.7 (1.3),
-4.1 to 1.1c
-0.2 (0.9),
-1.9 to 1.5
1.49 (0.54),
1.00–2.82

13
9
1
0
79.5 (9.1),
52–94
0.4 (1.0),
-1.9 to 2.4
0.5 (1.1),
-2.2 to 2.5
0.3 (0.6),
-0.7 to 1.5
1.38 (0.40),
0.97–2.64

12
3
0
0
87.2 (6.9),
74–96
1.0 (0.8),
-0.4 to 2.4
1.3 (1.0),
-0.5 to 3.1
0.8 (0.6),
-2.2 to 1.5
1.39 (0.43),
1.01–2.41

-0.2 (1.3), -2.7 to 2.2
-0.1 (1.4), -1.8 to 2.6
0.1 (0.9), -2.2 to 1.3
1.33 (0.25), 1.04– 1.76

Project, I refer to brain scans conducted during 20 05-20 08 and project II to brain scans during 2014-2017. APOE ε 4 noncarriers consists of APOE ε 3/ε 3 and ε 2/ε 3 genotypes.
Key: APOE, apolipoprotein E; CERAD-NB, the consortium to establish a registry for Alzheimer’s disease neuropsychological battery; DZ, dizygotic; EM, episodic memory; MZ, monozygotic; PiB, Pittsburgh compound B; SUVR,
standardized uptake value ratio; VerIFR, verbal immediate free recall; VerDFR, verbal delayed free recall; VisDFR, visual delayed free recall.
a
refer to two-tailed p-values of <0.05,
b
refer to two-tailed p-values of <0.01,
c
refer to two-tailed p-values of <0.001 from a paired t-test comparison in respect to the better-performing co-twin.
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Project I/Project II
Men/women
Age, years (mean [SD], range)

All twins with poorer
EM (n = 42)
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Fig. 2. Unadjusted within-pair differences in continuous cognitive scores in relation to within-pair differences in cortical [11 C]PiB standardized uptake value ratio (SUVR) in
all 45 twin pairs. Pearson’s correlation coeﬃcients with 95% conﬁdence intervals (CI)s and p-values are shown. Within-pair differences in verbal delayed free recall (VerDFR)
score (A), verbal immediate free recall (VerIFR) score (B), visual delayed free recall (VisDFR) score (C), and the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) neuropsychological battery total score (D) in relation to within-pair differences in [11 C]PiB SUVR.
Table 2
Associations between continuous cognitive scores and cortical composite [11 C]PiB SUVR (r = within
pair differences in cognition - within twin pair differences in SUVR)

Composite EM
VerDFR
VerIFR
VisDFR
CERAD-NB score

All twins (n = 45 pairs)

MZs (n = 21 pairs)

DZs (n = 24 pairs)

r

95% CI

r

95% CI

r

95% CI

-0.48
-0.41
-0.42
-0.46
-0.41

-0.68
-0.63
-0.64
-0.66
-0.63

-0.42
-0.32
-0.36
-0.31
-0.25

-0.72
-0.66
-0.69
-0.66
-0.61

-0.49
-0.42
-0.43
-0.51
-0.44

-0.75
-0.70
-0.71
-0.76
-0.71

to
to
to
to
to

-0.22
-0.13
-0.15
-0.19
-0.13

to
to
to
to
to

0.02
0.13
0.09
0.14
0.21

to
to
to
to
to

-0.11
-0.02
-0.03
-0.14
-0.04

Key: CERAD-NB, the consortium to establish a registry for Alzheimer’s disease neuropsychological battery; DZ, dizygotic; EM, episodic memory; MZ, monozygotic; PiB, Pittsburgh compound B; SUVR, standardized uptake value ratio; VerIFR, verbal immediate free recall; VerDFR, verbal delayed free recall;
VisDFR, visual delayed free recall.

was weaker and non-signiﬁcant (B = -0.08, 95% CI -0.17 to 0.02,
p = 0.10). Controlling for APOE status, there was also a signiﬁcant
negative association of within-twin pair differences in total CERAD
scores and within-twin pair differences in SUVR (B = -0.010, 95%
CI -0.018 to -0.002, p = 0.02). Though statistical signiﬁcance was
not reached when MZ or DZ twins were examined separately the
effect sizes were very similar in both zygosity groups (Table 3).
3.3. Post hoc analyses with composite EM score
Within-twin pair differences in composite EM score (mean of
all 6 measures) were signiﬁcantly related to within-twin pair differences in SUVR (r = -0.48, 95% CI -0.68 to -0.22, p < 0.001).
Correlations were -0.49 (95% CI -0.75 to -0.11, p = 0.01) and -0.42

(95% CI -0.72 to 0.02, p = 0.06) in DZ and MZ pairs, respectively
(Fig. 4). There was no signiﬁcant zygosity-EM interaction (p > 0.05)
on SUVR indicating that within-pair EM differences were similarly related to within-pair SUVR difference in DZ and MZ pairs.
There were six twin (1 MZ/5 DZ) pairs with Cook’s distance value
>0.09. Excluding these twin pairs, negative within-twin pair correlation (r = -0.19, 95% CI -0.48 to 0.13, p = 0.24) of composite
EM score with SUVR was not signiﬁcant in the remaining 39 twin
pairs.
At individual level (n = 90, including all twin individuals), there
was no signiﬁcant correlation of [11 C]PiB SUVR with composite EM
score r = -0.14 (95% CI -0.34 to 0.07, p = 0.18). Similarly, in linear regression analyses with age, sex, APOE genotype, and scanner
(project) as covariates, association of [11 C]PiB SUVR with EM com-
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Fig. 3. Unadjusted within-pair differences in continuous cognitive scores in relation to within-pair differences in cortical [11 C]PiB standardized uptake value ratio (SUVR) in
all participated 21 monozygotic (MZ) and 24 dizygotic (DZ) twin pairs. Pearson’s correlation coeﬃcients with 95% conﬁdence intervals (CI) and p-values are shown. Withinpair differences in verbal delayed free recall (VerDFR) score versus within-pair differences in [11 C]PiB SUVR in MZ (A) and DZ (B) twins. Within-pair differences in verbal
immediate free recall (VerIFR) score versus within-pair differences in [11 C]PiB SUVR in MZ (C) and DZ (D) twins. Within-pair differences in visual delayed free recall (VisDFR)
score versus within-pair differences in [11 C]PiB SUVR in MZ (E) and DZ (F) twins. Within-pair differences in in the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) neuropsychological battery total score vs within-pair differences in [11 C]PiB SUVR in MZ (G) and DZ (H) twins.
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Table 3
Conditional ﬁxed effect regression analyses on the within-twin pair associations of [11 C]PiB SUVR with cognitive measures controlling for APOE genotype
All twins (N = 45 pairs)

VerDFR
VisDFR
VerIFR
CERAD-NB

MZs (N = 21 pairs)

B

95% CIs

p-value

B

95% CIs

-0.08
-0.14
-0.10
-0.01

-0.17 to 0.02
-0.26 to -0.01
-0.20 to -0.01
-0.018 to -0.002

0.10
0.03
0.04
0.02

-0.09
-0.09
-0.10
-0.01

-0.36
-0.26
-0.33
-0.03

to
to
to
to

0.17
0.08
0.13
0.02

DZs (N = 24 pairs)
p-value

B

95% CIs

p-value

0.47
0.27
0.39
0.51

-0.07
-0.16
-0.10
-0.01

-0.23 to 0.09
-0.42 to 0.10
-0.29 to 0.08
-0.02to 0.004

0.35
0.22
0.24
0.15

Abbreviations: APOE, apolipoprotein E; CERAD-NB, the consortium to establish a registry for Alzheimer’s disease neuropsychological battery; DZ, dizygotic; MZ, monozygotic; PiB, Pittsburgh compound B; SUVR, standardized uptake value ratio; VerIFR, verbal
immediate free recall; VerDFR, verbal delayed free recall; VisDFR, visual delayed free recall.

Fig. 4. Unadjusted within-pair differences in in composite episodic memory (EM) score in relation to within-pair differences in cortical [11C]PiB SUVR in all 45 twin pairs
(A), in 21 monozygotic (MZ) twin pairs (B), and in 24 dizygotic (DZ) twin pairs. Pearson’s correlation coeﬃcients with 95% CIs and p-values are shown.

posite score was non-signiﬁcant: (B = -0.02, 95% CI -0.11 to 0.08,
p = 0.70).
Controlling for APOE status (n = 45 pairs), one SD lower composite EM score was associated with 0.13 higher SUVR within twin
pairs (B = -0.13, 95% CI -0.25 to -0.01, p = 0.03). Regression coefﬁcients were similar in magnitude, but statistical signiﬁcance was
not reached when MZ or DZ twins were examined separately (DZs:
B = -0.13, 95% CI -0.34 to 0.08, p = 0.22; MZs: B = -0.15, 95% CI
-0.46 to 0.16, p = 0.32).
3.4. Analyses with dichotomic discordance
There were 42 twin pairs (mean [SD] age 72.8 [4.1] years; 19
MZ, 23 DZ) with difference in VerDFR and 40 of these pairs had
available APOE information (Table 1). The mean VerDFR score of
twins with poorer performance was -1.1 (SD 1.1) compared to their
better performing co-twins with a mean score of 0.1 (SD 1.2) (pvalue for the difference <0.001). There was a signiﬁcant difference (p < 0.001) in CERAD total score between twins with poorer
performance (M = 66.7; SD = 11.6) compared to their betterperforming co-twins (M = 76.3; SD = 11.3).
3.4.1. Pairs discordant for EM
Among 42 pairs, twins with poorer EM had higher, but not statistically signiﬁcant, cortical SUVR compared to their co-twins (1.44
vs. 1.36), with a mean intra-pair difference of 6% / 0.08 SUVR units
[95% CI: -0.05 to 0.20, p = 0.23], (Fig. 5, Table 1). Non-signiﬁcant
mean intra-pair differences were 7% (0.10 SUVR units, 95% CI: -0.11
to 0.32; SUVR M = 1.49 vs. 1.38, p = 0.33) and 3% (0.04 SUVR units,
95% CI: -0.08 to 0.17; SUVR M = 1.37 vs. 1.33, p = 0.46) in 23 DZ
and 19 MZ pairs, respectively (Fig. 5, Table 1). Results were similar when controlling for APOE ε 4 carrier status in 40 twin pairs
(results not shown).
3.4.2. Pairs discordant for at least aMCI-level impairment
There were 15 pairs discordant for aMCI. With a mean intrapair difference of 12% (0.17 SUVR units, 95% CI: -0.13 to 0.47), co-

Fig. 5. Unadjusted [11 C]PiB cortical standardized uptake value ratios (SUVR) of 42
(19 monozygotic [MZ], 23 dizygotic [DZ]) twin pairs discordant for delayed verbal
episodic memory performance and 15 cognitively normal non-twin controls. Control refers to the better-performing twin and case to the poorer-performing co-twin.
Discordant twin pairs who are also discordant for amnestic mild cognitive impairment are presented with red colour. (For interpretation of the references to colour
in their ﬁgure legend, the reader is referred to the web version of this article.)

twins with aMCI-level impairment had higher SUVR (M = 1.62)
compared to their cognitively normal co-twins (SUVR M = 1.45),
but this difference was not statistically signiﬁcant (p = 0.24)
(Fig. 5). Results were similar when controlling for APOE ε 4 carrier status (results not shown). No signiﬁcant differences were seen
among DZ or MZ pairs (Fig. 5).
3.4.3. Comparison of cognitively normal twins and non-twin controls
There was no signiﬁcant difference in SUVR between 14
cognitively normal co-twins from aMCI discordant pairs (SUVR
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M = 1.39) and 15 cognitively normal non-twin controls (SUVR
M = 1.48) with a mean difference of 0.08 SUVR units (95% CI: 0.14 to 0.31, p = 0.44) (Fig. 5).
4. Discussion
We found a negative association between cortical ﬁbrillar Aβ
pathology measured with [11 C]PiB PET and EM performance measured with multiple neuropsychological tests within older twin
pairs. As hypothesized, co-twins with poorer EM performance
had higher cortical [11 C]PiB uptake than their better-performing
co-twins. The negative Aβ -EM relationship was supported by
within-twin pair analyses of continuous EM measures and [11 C]PiB
uptake. Within-twin pair correlations were statistically signiﬁcant
in 24 DZ pairs but not in 21 MZ pairs. However, we found no
signiﬁcant difference between DZ and MZ pair correlations. These
results suggest that Aβ -EM association is not confounded by
genetic effects, but we note that the number of MZ pairs was
smaller compared to DZ pairs and although not signiﬁcantly
different from DZ within-pair correlations, the within twin-pair
difference correlations ranging from -0.31 to -0.36 in MZ pairs
were smaller than DZ within-pair difference correlations ranging
from -0.42 to -0.51. When examining the composite EM score,
correlations of -0.49 and -0.42 in DZ’s and MZ’s were very similar
in magnitude. However, larger samples of DZ and MZ twins would
be needed to draw more deﬁnite conclusions.
We also used the composite EM score to investigate individuallevel Aβ -EM association, but did not detect a signiﬁcant association. This was not unexpected as there is only a small effect size on
the relationship between amyloid and memory in cognitive healthy
older adults (Baker et al., 2017). In line with that, an earlier study
of cognitively healthy MZ twins found no signiﬁcant differences in
episodic memory between amyloid-PET positive and negative cotwins (Konijnenberg et al., 2019).
A meta-analysis by Baker et al. (2017) further indicated that
Aβ -related cognitive impairment was moderated by age, amyloid
measure, type of analysis, and inclusion of control variables. Heterogeneity in samples may account for some of the discrepancy in
ﬁndings and by focusing on a more homogenous memory clinic
sample of cognitively healthy individuals with subjective memory
complaint, Timmers et al. (2019) found that amyloid PET was associated with baseline cognition and with cognitive decline including
memory domain. In our co-twin analyses, cases and controls were
– by design – perfectly matched for age but also for all unmeasured environmental effects that make co-twins similar. Our design
also purposefully selected twin pairs with the greatest difference
in cognition. This design may explain why we detected a signiﬁcant association between PET amyloid and cognition. Moreover, by
including both DZ and MZ twin pairs, who differ in their level of
genetic relatedness, we were able to investigate the contribution
of genetic effects in this relationship. APOE genotype is related to
both amyloid accumulation and EM and may also modify the Aβ EM relationship (Kantarci et al., 2012; Mormino et al., 2014). Our
results were generally similar when controlling for APOE genotype
implicating also the importance of other genes in individual differences in cortical Aβ and EM.
Using dichotomic discordance classiﬁcation, the average intrapair [11 C]PiB uptake differences of 6% (Cohen’s d = 0.2) for any
discordance and 12% (Cohen’s d = 0.3) for aMCI vs. normal EM
classiﬁcation did not reach statistical signiﬁcance. With both
classiﬁcations, intra-pair differences were larger in DZ pairs (7%
and 19%) compared to MZ pairs (3% and -2%), but none of these
within-pair differences were statistically signiﬁcant. This may be
in part due to the loss in power when using a binary classiﬁcation
rather than a continuous within-pair difference. These numbers

suggest possible genetic confounding but also larger differences
when using more stringent criteria of EM discordance.
We also hypothesized that cognitively normal twins with EM
impaired co-twins would have greater [11 C]PiB uptake compared
to cognitively healthy non-twin controls. Using this approach, we
have earlier reported that 9 cognitively preserved monozygotic
– but not dizygotic – co-twins of cognitively impaired probands
had increased [11 C]PiB uptake compared to 9 cognitively healthy
non-twin controls (Scheinin et al., 2011). We were not able to
replicate our earlier ﬁnding of higher cortical [11 C]PiB uptake
in unaffected MZ twins from cognitively discordant twin pairs
compared to cognitively normal non-twin controls (Scheinin et al.,
2011). The participated twins were representative of the general
Finnish population, but it was more diﬃcult to recruit a volunteer
sample of non-twin controls who would be representative of the
general population through open invitation. In the current study,
twins and non-twin controls were better matched for age, which
is known to have a positive association with Aβ accumulation,
(Roberts et al., 2018) than in the previous study. We also applied
different criteria for normal cognition. Finally, non-twin controls
had more years of education than twins which may have enabled
them to better maintain EM in the presence of pathological
Aβ accumulation (Joannette et al., 2019; Kemppainen et al.,
2008).
These
factors
could
explain
the
contradictory
ﬁndings.
A limitation was that despite having a large cognitive screening sample for selection of twin pairs with the greatest difference
in cognitive performance, we identiﬁed only few cognitively discordant MZ twin pairs. Moreover, 13% (6/45) among all the discordant pairs were driving the EM-Aβ correlation. Screening with
more speciﬁc EM measures could improve the detection of discordant pairs. Another limitation was the cross-sectional setting; only
a longitudinal setting could verify the causal Aβ -EM relationship.
Due to the long time-course of the study, two different scanners
and [11 C]PiB synthesis methods were used. However, imaging of
both co-twins in a pair was always done with the same scanner,
and because the statistical inference relies on within-pair comparisons, differences between the scanners should not inﬂuence the
results.
In conclusion, our results suggest that Aβ is negatively related
to EM and this association is evident even when controlling for
shared genetic effects. Because it is not possible to randomly assign individuals to high versus low Aβ pathology, the case-control
twin design is closest to an experimental design in humans. Clinical Aβ trials may have failed in part due to the selection of participants. Other studies suggest that participant selection could be
improved with more speciﬁc measurement of EM (Edmonds et al.,
2018; Vuoksimaa et al., 2018), and also using more speciﬁc focal
measures of Aβ accumulation (Insel et al., 2020). Our results provided evidence for the relationship between cortical amyloid and
cognitive function and indicate that this association is not confounded by genetic effects.
Disclosure statement
N Lindgren, J Kaprio, T Karjalainen, L Ekblad, S Helin, M Karrasch, J Teuho, and E Vuoksimaa report no disclosures. JO Rinne
serves as a neurology consultant for Clinical Research Services
Turku (CRST Oy).
Author contributions
Study concept and design: Lindgren, Kaprio, Rinne, Vuoksimaa;
Acquisition, analysis, or interpretation of data: All authors; Drafting of the manuscript: Lindgren, Vuoksimaa; Critical revision of

N. Lindgren, J. Kaprio, T. Karjalainen et al. / Neurobiology of Aging 108 (2021) 122–132

the manuscript for important intellectual content: All authors; Statistical analysis: Lindgren, Rinne, Vuoksimaa; Obtained funding:
Kaprio, Rinne, Vuoksimaa; Administrative, technical, or material
support: Kaprio, Karjalainen, Helin, Teuho, Rinne; Study supervision: Rinne, Vuoksimaa
Acknowledgments
The study was supported by the Sigrid Juselius Foundation (to
JO Rinne), Finnish State Research Funding (to JO Rinne, N Lindgren), Academy of Finland (grant 133193 and 310962 to JO Rinne;
grants 265240, 308248 and 312073 to J Kaprio; grants 314639
and 320109 to E Vuoksimaa). N Lindgren was supported by the
Finnish Cultural Foundation, Päivikki and Sakari Sohlberg Foundation, Yrjö Jahnsson Foundation, Turku University Foundation and
Finnish Brain Foundation. L Ekblad was supported by the Sigrid
Juselius Foundation, the Finnish Medical Foundation, Paulo Foundation and by Orion Research Foundation. J Teuho was supported
by Alfred Kordelin Foundation and Finnish Cultural Foundation,
Varsinais-Suomi Regional fund. The authors are grateful for the
study participants for their cooperation. The authors thank the personnel of Turku PET Centre and the Neurology Research group. We
thank Kristiina Saanakorpi and Ulla Kulmala-Gråhn for conducting
telephone interviews and Alexandra Elsing, Mikko Kolehmainen,
Pasi Roslund, Carina Saarela, Sirkku Turunen for conducting neuropsychological testing. The authors thank Kauko Heikkilä and
Teemu Palviainen for data management. The authors thank the Institute for Molecular Medicine Finland FIMM Technology Centre,
University of Helsinki, for genotyping services.
References
Baker, J.E., Lim, Y.Y., Pietrzak, R.H., Hassenstab, J., Snyder, P.J., Masters, C.L., Maruff, P.,
2017. Cognitive impairment and decline in cognitively normal older adults with
high amyloid-β : A meta-analysis. Alzheimer’s Dement. Diagnosis. Assess. Dis.
Monit. doi:10.1016/j.dadm.2016.09.002.
Belleville, S., Fouquet, C., Hudon, C., Zomahoun, H.T.V., Croteau, J., 2017. Neuropsychological measures that predict progression from mild cognitive impairment
to Alzheimer’s type dementia in older adults: a systematic review and metaanalysis. Neuropsychol. Rev. doi:10.1007/s11065- 017- 9361- 5.
Braak, H., Braak, E., 1997. Frequency of stages of Alzheimer-related lesions in different age categories. Neurobiol. Aging. doi:10.1016/S0197-4580(97)0 0 056-0.
Brandt, J., Spencer, M., Folstein, M., 1988. The telephone interview for cognitive status. Neuropsychiatry, Neuropsychol. Behav. Neurol. doi:10.1097/WNN.
0 0 0 0 0 0 0 0 0 0 0 0 0166.
Chandler, M.J., Lacritz, L.H., Hynan, L.S., Barnard, H.D., Allen, G., Deschner, M.,
Weiner, M.F., Cullum, C.M., 2005. A total score for the CERAD neuropsychological battery. Neurology doi:10.1212/01.wnl.0 0 0 0167607.630 0 0.38.
Edmonds, E.C., Ard, M.C., Edland, S.D., Galasko, D.R., Salmon, D.P., Bondi, M.W., 2018.
Unmasking the beneﬁts of donepezil via psychometrically precise identiﬁcation
of mild cognitive impairment: A secondary analysis of the ADCS vitamin E and
donepezil in MCI study. Alzheimer’s Dement. Transl. Res. Clin. Interv. doi:10.
1016/j.trci.2017.11.001.
Elman, J.A., Vuoksimaa, E., Franz, C.E., Kremen, W.S., 2020. Degree of cognitive impairment does not signify early versus late mild cognitive impairment: conﬁrmation based on Alzheimer’s disease polygenic risk. Neurobiol. Aging. 94, 149–
153. doi:10.1016/j.neurobiolaging.2020.05.015.
Gatz, M., Reynolds, C.A., John, R., Johansson, B., Mortimer, J.A., Pedersen, N.L.,
2002. Telephone screening to identify potential dementia cases in a populationbased sample of older adults. Int. Psychogeriatrics 14, 273–289. doi:10.1017/
S1041610202008475.
Hedden, T., Oh, H., Younger, A.P., Patel, T.A., 2013. Meta-analysis of amyloidcognition relations in cognitively normal older adults. Neurology doi:10.1212/
WNL.0b013e31828ab35d.
Insel, P.S., Mormino, E.C., Aisen, P.S., Thompson, W.K., Donohue, M.C., 2020. Neuroanatomical spread of amyloid β and tau in Alzheimer’s disease: implications
for primary prevention. Brain Commun doi:10.1093/braincomms/fcaa007.
Jak, A.J., Bondi, M.W., Delano-Wood, L., Wierenga, C., Corey-Bloom, J., Salmon, D.P.,
Delis, D.C., 2009. Quantiﬁcation of ﬁve neuropsychological approaches to deﬁning mild cognitive impairment. Am. J. Geriatr. Psychiatry. doi:10.1097/JGP.
0b013e31819431d5.
Järvenpää, T., Rinne, J.O., Räihä, I., Koskenvuo, M., Löppönen, M., Hinkka, S.,
Kaprio, J., 2002. Characteristics of two telephone screens for cognitive impairment. Dement. Geriatr. Cogn. Disord. 13, 149–155. doi:10.1159/0 0 0 048646.

131

Joannette, M., Bocti, C., Dupont, P.S., Lavallée, M.M., Nikelski, J., Vallet, G.T.,
Chertkow, H., Joubert, S., 2019. Education as a moderator of the relationship
between episodic memory and amyloid load in normal aging. J Gerontol. Ser. A.
doi:10.1093/gerona/glz235.
Kantarci, K., Lowe, V., Przybelski, S.A., Weigand, S.D., Senjem, M.L., Ivnik, R.J.,
Preboske, G.M., Roberts, R., Geda, Y.E., Boeve, B.F., Knopman, D.S., Petersen, R.C., Jack, C.R., 2012. APOE modiﬁes the association between Aβ load
and cognition in cognitively normal older adults. Neurology doi:10.1212/WNL.
0b013e31824365ab.
Kaprio, J., Bollepalli, S., Buchwald, J., Iso-Markku, P., Korhonen, T., Kovanen, V., Kujala, U., Laakkonen, E.K., Latvala, A., Leskinen, T., Lindgren, N., Ollikainen, M.,
Piirtola, M., Rantanen, T., Rinne, J., Rose, R.J., Sillanpää, E., Silventoinen, K., Sipilä, S., Viljanen, A., Vuoksimaa, E., Waller, K., 2019. The Older Finnish Twin Cohort — 45 Years of Follow-up. Twin Res. Hum. Genet. doi:10.1017/thg.2019.54.
Kaprio, J., Koskenvuo, M., 2002. Genetic and environmental factors in complex diseases: the older Finnish Twin cohort. Twin Res 5, 358–365. doi:10.1375/twin.5.
5.358.
Karjalainen, T., Tuisku, J., Santavirta, S., Kantonen, T., Bucci, M., Tuominen, L., Hirvonen, J., Hietala, J., Rinne, J.O., Nummenmaa, L., 2020. Magia: robust automated
image processing and kinetic modeling toolbox for PET. Neuroinformatics. Front.
Neuroinform. doi:10.3389/fninf.2020.0 0 0 03.
Kemppainen, N.M., Aalto, S., Karrasch, M., Någren, K., Savisto, N., Oikonen, V., Viitanen, M., Parkkola, R., Rinne, J.O., 2008. Cognitive reserve hypothesis: Pittsburgh
compound B and ﬂuorodeoxyglucose positron emission tomography in relation
to education in mild Alzheimer’s disease. Ann. Neurol. doi:10.1002/ana.21212.
Kemppainen, N.M., Aalto, S., Wilson, I.A., Någren, K., Helin, S., Brück, A., Oikonen, V.,
Kailajärvi, M., Scheinin, M., Viitanen, M., Parkkola, R., Rinne, J.O., 2006. Voxelbased analysis of PET amyloid ligand [11C]PIB uptake in Alzheimer disease. Neurology doi:10.1212/01.wnl.0 0 0 0240117.55680.0a.
Konijnenberg, E., den Braber, A., ten Kate, M., Tomassen, J., Mulder, S.D.,
Yaqub, M., Teunissen, C.E., Lammertsma, A.A., van Berckel, B.N.M., Scheltens, P.,
Boomsma, D.I., Visser, P.J., 2019. Association of amyloid pathology with memory performance and cognitive complaints in cognitively normal older adults: a
monozygotic twin study. Neurobiol. Aging. doi:10.1016/j.neurobiolaging.2019.01.
006.
Kunkle, B.W., Grenier-Boley, B., Sims, R., Bis, J.C., Damotte, V., et al., 2019. Genetic meta-analysis of diagnosed Alzheimer’s disease identiﬁes new risk loci
and implicates Aβ , tau, immunity and lipid processing. Nat. Genet. doi:10.1038/
s41588- 019- 0358- 2.
Lindgren, N., Kaprio, J., Rinne, J.O., Vuoksimaa, E., 2018. Immediate verbal recall and
familial dementia risk: population-based study of over 40 0 0 twins. J. Neurol.
Neurosurg. Psychiatry. doi:10.1136/jnnp- 2018- 319122.
Lindgren, N., Rinne, J.O., Palviainen, T., Kaprio, J., Vuoksimaa, E., 2019. Prevalence
and correlates of dementia and mild cognitive impairment classiﬁed with different versions of the modiﬁed Telephone Interview for Cognitive Status (TICS-m).
Int. J. Geriatr. Psychiatry. doi:10.1002/gps.5205.
Mormino, E.C., Betensky, R.A., Hedden, T., Schultz, A.P., Ward, A., Huijbers, W.,
Rentz, D.M., Johnson, K.A., Sperling, R.A., 2014. Amyloid and APOE ε 4 interact to inﬂuence short-term decline in preclinical Alzheimer disease. Neurology
doi:10.1212/WNL.0 0 0 0 0 0 0 0 0 0 0 0 0431.
Mortamais, M., Ash, J.A., Harrison, J., Kaye, J., Kramer, J., Randolph, C., Pose, C., Albala, B., Ropacki, M., Ritchie, C.W., Ritchie, K., 2017. Detecting cognitive changes
in preclinical Alzheimer’s disease: A review of its feasibility. Alzheimer’s Dement doi:10.1016/j.jalz.2016.06.2365.
Roberts, R.O., Aakre, J.A., Kremers, W.K., Vassilaki, M., Knopman, D.S., Mielke, M.M.,
Alhurani, R., Geda, Y.E., Machulda, M.M., Coloma, P., Schauble, B., Lowe, V.J.,
Jack, C.R., Petersen, R.C., 2018. Prevalence and outcomes of amyloid positivity
among persons without dementia in a longitudinal, population-based setting.
JAMA Neurol doi:10.1001/jamaneurol.2018.0629.
Rowe, C.C., Villemagne, V.L., 2013. Brain amyloid imaging. J. Nucl. Med. Technol.
doi:10.2967/jnumed.110.076315.
Sarna, S., Kaprio, J., Sistonen, P., Koskenvuo, M., 1978. Diagnosis of twin zygosity by
mailed questionnaire. Hum. Hered. 28, 241–254. doi:10.1159/0 0 0152964.
Scheinin, N.M., Aalto, S., Kaprio, J., Koskenvuo, M., Räihä, I.Z., Rokka, J., HinkkaYli-Salomäki, S., Rinne, J.O., 2011. Early detection of Alzheimer disease: 11C-PiB
PET in twins discordant for cognitive impairment. Neurology doi:10.1212/WNL.
0b013e318225118e.
Snellman, A., Rokka, J., López-Picón, F.R., Helin, S., Re, F., Löyttyniemi, E., Pihlaja, R., Forloni, G., Salmona, M., Masserini, M., Solin, O., Rinne, J.O., HaaparantaSolin, M., 2017. Applicability of [11C]PIB micro-PET imaging for in vivo followup of anti-amyloid treatment effects in APP23 mouse model. Neurobiol. Aging.
doi:10.1016/j.neurobiolaging.2017.05.008.
Sotaniemi, M., Pulliainen, V., Hokkanen, L., Pirttilä, T., Hallikainen, I., Soininen, H., Hänninen, T., 2012. CERAD-neuropsychological battery in screening mild
Alzheimer’s disease. Acta Neurol. Scand. doi:10.1111/j.1600-0404.2010.01459.x.
Timmers, T., Ossenkoppele, R., Verfaillie, S.C.J., van der Weijden, C.W.J., Slot, R.E.R.,
Wesselman, L.M.P., Windhorst, A.D., Wolters, E.E., Yaqub, M., Prins, N.D., Lammertsma, A.A., Scheltens, P., van der Flier, W.M., van Berckel, B.N.M., 2019. Amyloid PET and cognitive decline in cognitively normal individuals: the science
project. Neurobiol. Aging 79, 50–58. doi:10.1016/j.neurobiolaging.2019.02.020.
Twisk, J.W.R., 2013. Applied longitudinal data analysis for epidemiology. Applied
Longitudinal Data Analysis for Epidemiology doi:10.1017/cbo9781139342834.
Tzourio-Mazoyer, N, Landeau, B, Papathanassiou, D, Crivello, F, Etard, O, Delcroix, N,
Mazoyer, B, Joliot, M, 2002. Automated anatomical labeling of activations in

132

N. Lindgren, J. Kaprio, T. Karjalainen et al. / Neurobiology of Aging 108 (2021) 122–132

SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. NeuroImage 15 (1), 273–289. doi:10.10 06/nimg.20 01.0978.
Vuoksimaa, E., McEvoy, L.K., Holland, D., Franz, C.E., Kremen, W.S., 2018. Modifying the minimum criteria for diagnosing amnestic MCI to improve prediction of
brain atrophy and progression to Alzheimer’s disease. Brain Imaging Behav 14
(3), 787–796. doi:10.1007/s11682- 018- 0019- 6.

Ylikoski, R., 20 0 0. The relationship of neuropsychological functioning with demographic characteristics, brain imaging ﬁndings, and health in elderly individuals.
Medicine. http://urn.ﬁ/URN:ISBN:952- 91- 2144- X.

