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“Kamers horen absolute zekerheden te zijn. De manier waarop zij in elkaar overlopen hoort 
eens en voor alti jd vast te liggen. Een deur moet geopend kunnen worden. Niet in angst en 
onzekerheid omdat je geen idee hebt wat je erachter zult vinden.” (J. Bernlef)
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INTroDuCTIoN

Dementia is the clinical manifestation of a neurodegenerative disease, which is preceded 
by 10-20 years of slowly progressive structural and functional brain changes.1,2 Each of the 
different types of dementia is characterized by a gradual decline of cognitive function and 
impairment in daily functioning.

In 2015, there were an estimated 46 million people with dementia worldwide, which is 
almost three times the entire Dutch population.3 The worldwide prevalence is estimated to 
increase to 131.5 million by 2050, with new cases of dementia every 3 seconds.3 Dementia 
also has a devastating economic impact with a worldwide cost of $(US) 818 billion in 2015.3 
These numbers represent an enormous personal and public burden. In the Netherlands, in 
2011, dementia is the second most expensive illness, encompassing approximately 5.3% 
of the total healthcare costs. These costs are for a large part attributable to the costs of 
long-term care, for example in nursing homes (Rijksinstituut voor Volksgezondheid www.
kostenvanziekten.nl).

In the Netherlands approximately 260.000 individuals are currently diagnosed with 
dementia. Alzheimer’s disease (AD) is the most common cause of dementia, accounting 
for 60-80% of individuals with dementia.4,5 AD pathology is characterized by brain atrophy, 
cortical intraneuronal Tau tangles and extracellular amyloid plaques.6 According to the 
amyloid hypothesis, pathological alterations of tau are considered to be downstream 
effects of Aβ pathology.7,8 The last few years clinical trials have focused on anti-amyloid 
approaches (active and passive immunization, γ- and β-secretase inhibitors) and 
anti-aggregation drugs. So far, trials of anti-amyloid approaches in mild- to moderate 
AD dementia have been unsuccessful,9–11 and possible reasons for these results include 
treating too late (at the stage of dementia) and poor screening or diagnostic regimens 
(absence of amyloid biomarkers).2 When individuals reach the stage of AD dementia brain 
damage likely becomes irreversible, for this reason treatment may be effective early in the 
disease stage.

There are a number of established risk factors associated with AD. Age is major risk 
factor for AD dementia, with a prevalence ranging from 1.6% in 60-64 years old to 34.4% 
in individuals who are older than 90 in Western Europe.3 Among common genetic factors, 
the apolipoprotein E ϵ4 (APOE ϵ4) allele is a risk factor for sporadic early- and late-onset 
AD.12,13 In addition, self-perceived cognitive decline is a risk factor for AD, which has been 
associated with a three- to six-fold increased risk of progression to dementia in cognitively 
normal individuals. Lifestyle related factors, including depression, physical and mental 
inactivity, smoking, low educational attainment, diabetes, obesity and diet are likely to 
play a role in the etiopathogenesis of AD, and these modifiable factors have the potential 
for primary prevention.14
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Observational and pathological studies have provided evidence for the multicausality of 
dementia, showing that much of the variation in cognitive decline remains unexplained,15,16 
and the mechanisms that link amyloid-β to neurodegeneration are still poorly 
understood.17,18 In sum, there are still many current unresolved intertwined scientific and 
healthcare issues, which can be summarized as follows;
1) The absence of disease-modifying drugs and/or preventive strategies
2) Incomplete understanding of etiopathogenesis, and predictive value of neuroimaging 

biomarkers in preclinical AD stages.

In order to get a better understanding of AD etiopathogenesis, it is of utmost importance 
to identify and to understand disease-related changes as early as possible, preferably 
in preclinical stages. Preclinical AD is characterized by AD pathology, but normal 
cognition.19,20 It remains a challenge to find biomarkers associated with increased risk to 
clinical progression to AD in cognitively normal individuals. These challenges form the 
background of research presented in this thesis.

Research in this thesis focused on individuals with subjective cognitive decline (SCD). The 
following paragraphs will introduce the conceptual framework of SCD and neuroimaging 
biomarkers which can be used to study AD pathophysiology.

Figure 1. Conceptual framework for research on subjective cognitive decline.24

Subjective cognitive decline. Self-perceived cognitive decline could be one of the earliest 
signs of AD, and portends risk of progression to dementia.21–23 In an effort to explore these 
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potentially early symptoms, a framework has been proposed that provides a common 
concept and terminology for studying subjective experience of cognitive decline.24 
Research presented in this thesis is in large part based on individuals with SCD who have 
visited our memory clinic and participate in the Subjective Cognitive ImpairmENt Cohort 
(SCIENCe). By definition individuals with SCD experience cognitive complaints, but results 
of neuropsychological assessment are within normal range. Cross-sectional memory clinic 
studies have shown that compared to individuals without SCD, individuals with SCD have 
decreased gray matter volumes,25,26 cortical thinning in medial temporal regions,27 altered 
default-mode connectivity,28–30 and hypometabolism in the precuneus.31 So far, studies 
investigating amyloid and SCD have provided inconsistent results,32 which may depend 
on factors such as recruitment setting, age of onset of SCD and psychological features. In 
addition, SCD can be caused by a myriad of factors, one of which is preclinical AD. A vital 
question remains which individuals with SCD are at increased risk of cognitive decline 
and dementia. More specifically, which neuroimaging biomarkers could be used to predict 
progression to AD dementia.

Alzheimer’s disease neuroimaging biomarkers

The following paragraphs will outline well-established and novel neuroimaging biomarkers 
which can be used to study AD pathophysiology, and postulate how each biomarker could 
contribute to unresolved issues.

Amyloid pathology. It has been shown that amyloid plaques and neurofibrillary tangles 
start to aggregate years before the onset of AD dementia, with subsequent abnormalities 
on structural and functional magnetic resonance imaging (MRI), cognitive impairment and 
clinical symptoms.1,33 Amyloid imaging agents and cerebrospinal fluid (CSF) can both be used 
to verify amyloid pathology. There are several amyloid imaging agents available to visualize 
Aβ, some widely used radiotracers are: [11C]PiB, [18F]florbetapir, [18F]florbetaben, [18F]
NAV4694 and [18F]flutemetamol. In the current thesis [18F]florbetapir was used to measure 
amyloid pathology. Accurate quantification of Aβ is important for patient management, 
prognostic value, monitoring progression of disease and response to disease-modifying 
therapies.34–36 The first study using [18F]florbetapir in humans demonstrated increased 
uptake in the cortex, particularly in precuneus and fronto-temporal regions, of patients 
with AD compared with healthy controls, presumably reflecting elevated accumulation of 
amyloid.37

To date, however, most studies have used the standardized uptake value ratio (SUVr) 
as semi-quantitative measure of [18F]florbetapir uptake. SUVr may be too biased to 
identify near normal levels of amyloid deposition. More importantly, tracer kinetics and 
distribution are likely to be affected by underlying pathophysiological mechanisms, such 
as decreased perfusion known to occur in AD.34 It is clear that a validated tracer kinetic 
model is important, not only for identification of early subtle and longitudinal amyloid 
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accumulation, but also for assessing subtle cognitive changes and cognitive complaints 
related to AD in individuals with SCD.

Atrophy, particularly of the medial temporal lobe, is the MRI hallmark of dementia due 
to AD.38,39 It has been suggested that a specific pattern of regional atrophy in the temporal, 
parietal, and frontal gyri, which has been coined the cortical AD-signature, shows changes 
very early in the disease process.40,41 Moreover, it has been found that cortical thinning 
of the AD-signature region is predictive for incident dementia due to AD as early as a 
decade before diagnosis.42 It is currently unknown whether thinner cortex in cognitively 
intact patients with self-perceived memory complaints is associated with increased risk 
of MCI or dementia over time. In addition, if cortical thickness in individuals with SCD is 
associated with cognitive functioning over time.

Grey matter brain networks. Evidence is accumulating that structural brain changes 
leading to cognitive decline and dementia are not restricted to specific regions such as 
the medial temporal lobe, but rather include widespread changes in structure, function 
and organization of the brain.43,44 Structural organization of the brain can be investigated 
using grey matter networks by means of graph theory.45 Grey matter networks offer a 
possibility to precisely study brain organization, and networks may explain more variance 
related to cognitive decline compared to volumetric measurements.45 Grey matter 
network alterations may already manifest at early, preclinical stages of the disease.46 It 
is still unclear, however, whether grey matter network alterations in cognitively normal 
individuals are associated with cognitive decline, and if this affects specific cognitive 
domains.

Functional brain connectivity. Functional brain changes may precede structural 
abnormalities and may therefore serve as a potential early AD biomarker.47,48 Resting-
state functional (rsf)MRI connectivity is expressed as increasing temporal covariance of 
metabolically active brain regions. Altered connectivity is found in AD vulnerable brain 
regions (e.g. posterior default-mode network (pDMN), largely comprising the posterior 
cingulate cortex) in cognitively normal individuals with AD risk factors, which could 
therefore reflect an early disease mechanism related to future cognitive decline.29,49–53 So 
far, rsfMRI studies on cognitively intact individuals have found both increased,29,47,50,51,54 
decreased55,56 and mixed49 pDMN connectivity in relation to the presence of AD risk factors. 
It remains unclear, however, whether SCD is related to altered functional connectivity, and 
whether altered connectivity is predictive of early cognitive changes.

rationale and aims

So far, most neuroimaging studies investigating SCD have used a cross-sectional design 
which restricts making causal inferences. In this thesis, well-established and novel 
neuroimaging biomarkers were investigated in relation to cognitive changes in cross-
sectional and longitudinal studies.
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Figure 2. examples of neuroimaging techniques which were used for this thesis. Structural 
(volumetric) neuroimaging measures consisted of cortical thickness and the hippocampus (A 
[right] in green). Cortical thickness of the AD-signature was estimated according to the Desikan-
Killiany atlas (A[left] in color). Grey matter network were based on roIs consisting of 3x3x3 
voxels. Whole-brain Pearson (r) correlations were calculated between regions of interest (roIs) 
based on pixel intensities, with subsequent statistical thresholding (permutations) in order 
to create brain networks (B). resting-state functional MrI, based on temporal covariance of 
blood-oxygenated level dependent level response, was extracted in AD vulnerable regions 
located in the default mode network (C). Panel D depicts examples of [18F]florbetapir amyloid 
negative (left) and positive (right) scans with SuV50-70 (inverted color grey scale according to 
the standardized visual reading of [18F]florbetapir) and (quantitative) binding potential (rPM in 
rainbow color scale) images.
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More specifically, we aimed to:
1) Investigate the predictive value of structural MRI for cognitive decline and clinical 

progression in individuals with SCD.
2) Investigate associations between amyloid and resting-state fMRI and patterns of 

cognitive complaints and cognition.

outline of the thesis

Part 1. In the first part of this thesis we provide an overview of the Subjective Cognitive 
ImpairmENt Cohort (SCIENCe), design, initial cross-sectional results, and evaluation of 
SCD-plus criteria (chapter 2).

Part 2 focuses on the predictive value of baseline structural MRI markers in relation 
to longitudinal cognitive changes and clinical progression. In chapter 3 we evaluated 
whether thinner cortex of the AD-signature region is related to incident clinical 
progression in individuals with SCD. Subsequently, in chapter 4, we aimed to investigate 
whether thinner regional cortical thickness is associated with rate of decline over time 
in the cognitive domains of memory, attention, language and executive functioning. 
Evidence is accumulating that brain changes leading to cognitive decline and dementia 
are not restricted to specific regions such as the medial temporal lobe, but rather include 
widespread changes in structure, function and organization of the brain. In chapter 5, 
we therefore investigated whether grey matter network alterations can explain decline in 
specific cognitive functions. In addition, in chapter 6, we investigated the effects of SCD on 
brain connectivity and cognition in individuals with a family history of AD.

In part 3 we investigated associations between amyloid, cognition and cognitive 
complaints in individuals with and without SCD. Firstly, in order to more accurately 
quantify amyloid-β deposition for subsequent research projects in this thesis, we provided 
an optimal kinetic model for [18F]florbetapir binding in chapter 7. In chapter 8, myloid-β 
accumulation was investigated in relation to spontaneous speech derived linguistic 
parameters. Finally, in chapter 9 we investigated whether amyloid-β load is associated 
with cognitive complaints in individuals with subjective cognitive decline.

This thesis ends with a general discussion and conclusions in chapter 10.
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ABSTrACT

Introduction. We aimed to (1) describe the Subjective Cognitive Impairment Cohort 
(SCIENCe) study design, (2) cross-sectionally describe participant characteristics, and 
(3) evaluate SCD-plus criteria.

Methods. SCIENCe is a prospective cohort study of SCD patients. Participants 
undergo extensive assessment, including CSF collection and optional amyloid PET 
scan, with annual follow-up. Primary outcome measure is clinical progression.

results. Cross-sectional evaluation of the first 151 participants (age 64±8, 44%F, 
MMSE 29±2) showed that 28 (25%) had preclinical AD (amyloid status available: 
n=114(75%)), 58(38%) had subthreshold psychiatry, and 65(43%) had neither. More 
severe subjective complaints were associated with worse objective performance. 
SCD-plus criteria age≥60(OR (95%CI) 7.7(1.7-38.9)) and APOE e4(OR 4.8(1.6-15.0)) 
were associated with preclinical AD.

Conclusions. The SCIENCe study confirms that SCD is a heterogeneous group, with 
preclinical AD and subthreshold psychiatric features. We found a number of SCD-plus 
criteria to be associated with preclinical AD. Further inclusion and follow-up will 
address important questions related to SCD.
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2

INTroDuCTIoN

Alzheimer’s disease (AD) develops gradually, and the first pathophysiological changes 
occur decades before a diagnosis of dementia.1,2 Research interest is shifting to increasingly 
earlier stages, as the origin of AD and keys to treatment probably lie in prevention of 
progression to full-fledged disease. Preclinical AD is defined as an asymptomatic stage 
of AD, in which AD biomarkers are aberrant, but clinical symptoms of objective cognitive 
decline are not present.3 Subjective cognitive decline (SCD) refers to the experience of 
cognitive decline, without formal deficits on neuropsychological testing, nor any other 
neurological or psychiatric diagnosis explaining cognitive complaints.4 The subjective 
experience of cognitive decline has been suggested to be one of the first symptoms of 
AD, and patients with SCD have an increased risk of progression to MCI or dementia, 
especially when complaints are reported by both patient and informant.5–10 In cognitively 
normal individuals with SCD, biomarkers of AD can already be aberrant, such as low CSF 
Amyoid-beta1-42, increased amyloid deposition on PET scans and thinner medial temporal 
cortex.11–14 However, the sequence of neurodegenerative changes eventually leading to 
AD may vary amongst individuals, and where to place SCD in these pathological sequences 
remains to be elucidated.

It is difficult to clinically identify preclinical AD in cognitively healthy individuals 
experiencing memory complaints. To increase the likelihood of preclinical AD in individuals 
with SCD, the SCD-I working group has proposed the SCD plus criteria.15 These criteria 
include biomarkers such as APOE e4 carriership, but also patient specific features such as 
predominant self-perceived memory decline and feeling of worse memory performance 
than others of the same age. The SCD plus criteria have been proposed to facilitate 
harmonizing SCD research, but they have not yet been prospectively validated.

Even though individuals with SCD on average have an increased risk of AD, most 
individuals with SCD do not harbor Alzheimer pathology. Alternative potential explanations 
for the experience of memory complaints in cognitive healthy individuals include 
subthreshold symptoms of affective disorders, personality features, lifestyle factors or 
systemic illnesses.16–18 To evaluate the contribution of different factors related to SCD we 
have set up the memory clinic based Subjective Cognitive Impairment Cohort (SCIENCe). 
In this ongoing cohort study we investigate individuals with SCD, without major psychiatric 
of neurological disorders. Here, we aimed to (i) describe the SCIENCe study design, (ii) 
cross-sectionally evaluate participants characteristics and factors related to cognitive 
complaints, and (iii) evaluate recently defined SCD-plus criteria as indicators of preclinical 
AD.



26 ChAPTer 2 | SUBJECTIVE COGNITIVE IMPAIRMENT COHORT (SCIENCE): STUDY DESIGN AND FIRST RESULTS

Ta
bl

e 
1.

 D
em

og
ra

ph
ic

 fe
at

ur
es

 o
f t

he
 st

ud
y 

po
pu

la
tio

n
N

To
ta

l g
ro

up
(n

=1
51

)
Pr

ec
lin

ic
al

 A
D

(n
=2

8)
Su

bt
hr

es
ho

ld
ps

yc
hi

at
ry

(n
=5

8)

u
nd

et
er

m
in

ed
(n

=6
5)

P

De
m

og
ra

ph
ic

s
Ag

e
15

1
64

±8
69

±7
b

62
±8

a
64

±8
a

.0
02

Ge
nd

er
 (f

em
al

e)
15

1
67

 (4
4)

11
 (3

9%
)

27
 (4

7%
)

29
 (4

5%
)

N
s

Ed
uc

ati
on

, y
ea

rs
14

8
12

±3
13

±3
12

±3
12

±2
N

s

Fa
m

ily
 h

ist
or

y 
de

m
en

tia
14

0
76

 (5
4)

18
 (7

5%
)b

20
 (3

6%
)a

38
 (6

2%
)b

.0
02

AP
O

E 
e4

 c
ar

rie
r

14
4

55
 (3

8)
17

 (6
5)

b
17

 (3
0)

a
21

 (3
4)

a
.0

07

N
 a

bo
ve

cu
t-o

ff

Su
bj

ec
tiv

e 
Co

gn
iti

ve
SC

F 
(1

y 
ch

an
ge

) s
el

f-r
ep

or
t

15
0

-1
.6

5±
2.

98
10

4 
(6

9%
)

-2
.0

±2
.3

-2
.4

±3
.2

-0
.8

±2
.9

b
.0

04

De
cl

in
e

CC
I (

5y
 c

ha
ng

e)
 se

lf-
re

po
rt

h
14

8
21

.8
±1

4.
3

89
 (6

0%
)

21
.4

±1
3.

2b
27

.8
±1

5.
2a

16
.7

±1
1.

8b
.0

00

CC
I (

5y
 c

ha
ng

e)
 in

fo
rm

an
th

12
7

19
.4

±1
7.

1
62

 (4
9%

)
19

.8
±1

3.
9b

26
.4

±1
9.

1a
13

.8
±1

4.
8b

.0
00

M
en

ta
l h

ea
lth

Q
ua

lit
y 

of
 L

ife
14

9
76

±1
5

79
±1

2
71

±1
6

80
±1

5b
.0

12

qu
es

tio
nn

ai
re

s
De

pr
es

siv
e 

sy
m

pt
om

sh
15

0
8.

3±
6.

4
17

 (1
1%

)
7.

0±
4.

6
12

.1
±7

.3
5.

5±
4.

1
.0

00

An
xi

et
yh

15
0

4.
0±

2.
9

13
 (1

3%
)

4.
1±

2.
6

5.
6±

3.
1

2.
4±

1.
9

.0
00

Di
st

re
ss

h
15

0
6.

7±
5.

9
34

 (2
2%

)
4.

6±
4.

6
11

.1
±6

.3
3.

6±
2.

9
.0

00

So
m

ati
za

tio
nh

15
1

6.
3±

5.
3

31
 (2

1%
)

4.
6±

3.
7

10
.3

±5
.7

3.
5±

2.
8

.0
00

N
eu

ro
tic

ism
h

14
5

6.
6±

5.
5

5.
2±

3.
8

10
.1

±6
.4

4.
0±

2.
8

.0
00

Lo
w

 m
as

te
ry

h
14

0
10

.5
±3

.9
10

.0
±3

.0
12

.8
±4

.0
8.

5±
2.

7
.0

00

Co
gn

iti
on

M
M

SE
15

1
28

.6
±1

.2
28

.4
±1

.3
28

.5
±1

.2
28

.9
±1

.2
.0

31

M
em

or
y 

do
m

ai
n

RA
VL

T 
im

m
ed

ia
te

 re
ca

ll
14

9
44

.3
±9

.0
43

.4
±8

.7
44

.0
±9

.0
44

.6
±9

.2
N

s

RA
VL

T 
de

la
ye

d 
re

ca
ll

14
9

9.
0±

2.
9

8.
5±

2.
9

9.
1±

3.
0

9.
2±

2.
9

N
s

RA
VL

T 
cu

ed
 re

ca
ll

14
9

28
.7

±1
.6

28
.7

±1
.5

28
.5

±2
.3

28
.8

±1
.4

N
s



ChAPTer 2 | SUBJECTIVE COGNITIVE IMPAIRMENT COHORT (SCIENCE): STUDY DESIGN AND FIRST RESULTS 27

2

Ta
bl

e 
1.

 D
em

og
ra

ph
ic

 fe
at

ur
es

 o
f t

he
 st

ud
y 

po
pu

la
tio

n 
(c

on
tin

ue
d) N

To
ta

l g
ro

up
(n

=1
51

)
Pr

ec
lin

ic
al

 A
D

(n
=2

8)
Su

bt
hr

es
ho

ld
ps

yc
hi

at
ry

(n
=5

8)

u
nd

et
er

m
in

ed
(n

=6
5)

P

Att
en

tio
n

TM
T 

Ah
14

8
34

.4
±1

2.
8

33
.4

±1
2.

2b
37

.5
±1

4.
9a

32
.1

±1
0.

5b
.0

14

Ex
ec

uti
ve

 fu
nc

tio
ni

ng
TM

T 
Bh

14
7

82
.1

±3
3.

2
79

.5
±2

8.
9

89
.8

±4
1.

0
76

.2
±2

5.
8b

.0
58

La
ng

ua
ge

An
im

al
 fl

ue
nc

y
14

7
23

.2
±5

.2
22

.8
±4

.9
23

.1
±5

.1
23

.5
±5

.6
N

s

M
rI

N
or

m
al

ize
d 

br
ai

n 
vo

lu
m

e,
 m

l
11

6
13

99
±7

9
13

66
±7

5
14

07
±8

1
14

06
±7

9
N

s

Bi
la

te
ra

l h
ip

po
ca

m
pa

l v
ol

um
e,

 m
l

11
6

9.
9±

1.
3

10
.0

±1
.4

9.
9±

1.
3

9.
8±

1.
1

N
s

W
hi

te
-m

att
er

 h
yp

er
in

te
ns

iti
es

 (p
re

se
nt

)
11

6
10

 (9
)

2 
(9

)
2 

(4
)

6 
(1

3)
N

s

La
cu

ne
s (

>0
)

11
5

3 
(3

)
1 

(4
)

2 
(5

)
0 

(0
)

N
s

M
ic

ro
bl

ee
ds

 p
re

se
nt

 (>
0)

11
2

19
 (1

7)
7 

(3
0)

4 
(1

0)
8 

(1
7)

N
s

Ta
bl

e 
1.

 U
na

dj
us

te
d 

re
su

lts
 a

re
 p

re
se

nt
ed

 a
s 

m
ea

n±
SD

 o
r 

N
 (%

). 
Di

ffe
re

nc
es

 b
et

w
ee

n 
gr

ou
ps

 w
er

e 
as

se
ss

ed
 u

sin
g 

ag
e,

 g
en

de
r 

an
d 

ed
uc

ati
on

 a
dj

us
te

d 
AN

O
VA

 o
r 

Ch
i-

sq
ua

re
d 

te
st

s.
 a

=p
<0

.0
5 

di
ffe

re
nc

e 
w

ith
 p

re
cl

in
ic

al
 A

D,
 b

=p
<0

.0
5 

di
ffe

re
nc

e 
w

ith
 s

ub
th

re
sh

ol
d 

ps
yc

hi
at

ry
, h

=h
ig

he
r s

co
re

s 
re

fle
ct

 w
or

se
 p

er
fo

rm
an

ce
 o

r m
or

e 
sy

m
pt

om
s.

 
Ab

br
ev

ia
tio

ns
: A

PO
E=

Ap
ol

ip
op

ro
te

in
 E

 g
en

ot
yp

e,
 C

CI
=c

og
ni

tiv
e 

ch
an

ge
 in

de
x,

 IQ
R=

in
te

rq
ua

rti
le

 ra
ng

e,
 M

M
SE

=m
in

i m
en

ta
l s

ta
te

 e
xa

m
in

ati
on

, R
AV

LT
=R

ey
 A

ud
ito

ry
 V

er
ba

l 
Le

ar
ni

ng
 Te

st
, S

CF
=s

ub
je

cti
ve

 c
og

ni
tiv

e 
fu

nc
tio

ni
ng

, S
D=

st
an

da
rd

 d
ev

ia
tio

n,
 T

M
T=

tr
ai

l m
ak

in
g 

te
st

.



28 ChAPTer 2 | SUBJECTIVE COGNITIVE IMPAIRMENT COHORT (SCIENCE): STUDY DESIGN AND FIRST RESULTS

Table 2. Associations between subjective and objective cognitive measures

SCF CCI-self CCI-informant

CCI-self h -.39**

CCI-informant h -.19* .49**

EuroQol .25* -.33** -.15

MMSE .14 -.30** -.10

RAVLT immediate recall .01 -.21* -.15

RAVLT delayed recall .03 -.16 -.04

RAVLT cued recall -.12 -.23* -.17*

TMT A h -.06 .12 .17

TMT B h -.17 .23* .26*

Animal fluency .15 -.15 -.14

Associations are presented as standardized beta, adjusted for age, gender and education. * p<0.05, ** 
p<0.001, h=higher scores reflect worse cognitive performance. SCF = subjective cognitive functioning 
questionnaire (lower scores indicate more complaints), CCI = cognitive change index (higher scores indicate 
more complaints), MMSE = Mini-Mental State Examination, RAVLT = Rey Auditory Verbal Learning Test, TMT 
= Trail Making Test.

Table 3. SCD-plus criteria and the risk of preclinical AD in individuals with available amyloid 
status (n=114)

Predictor Data availability 
(N)

Prevalence of SCD-plus 
criteria

risk of preclinical AD

in group with 
known amyloid 
status (n=114)

Preclinical 
AD
(n=28)

Amyloid 
negative
(n=86)

Univariate 
model

Multivariate 
stepwise 
model

Memory specific 
decline

94 13 (59%) 37 (51%) 1.4 (0.5-3.6) -

Onset <5 years 111 12 (46%) 43 (51%) 0.8 (0.3-2.0) -

Age ≥ 60y 114 26 (93%) 54 (63%) 7.7 (1.7-34.6) 3.8 (1.7-20.4)

Experience 
of worse 
performance 
than others

90 13 (65%) 44 (63%) 1.1 (0.4-3.1) -

Informant 
reports decline

97 15 (60%) 32 (44%) 1.9 (0.7-4.7) -

APOE e4 
carriership

110 17 (65%) 23 (27%) 5.0 (2.0-12.8) 6.2 (1.7-22.2)

Prevalence of each SCD-plus criterion in individuals with and without preclinical AD, presented as N(%), within 
cases with amyloid status available (n=114). Risk of preclinical AD separately (univariate models) for each 
SCD-plus criterion and independent predictors of preclinical AD in a multivariate stepwise model in SCIENCe 
participants with available amyloid status (n=114), results presented as Odds Ratio (95% Confidence Interval) 
(OR (95% CI)).
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MeThoDS

Study design and work-up

The Subjective Cognitive Impairment Cohort (SCIENCe) is a prospective cohort study 
including consecutive patients with SCD presenting at the Alzheimer center of the VU 
university medical center Amsterdam. Here, we extensively describe the study design of 
the ongoing SCIENCe study. In addition, we report results based on a selection of cross-
sectional data of the first 151 SCIENCe participants.

Inclusion criteria for SCIENCe are a diagnosis of SCD (i.e. cognitive complaints and normal 
cognition) and age ≥ 45 years. Exclusion criteria are MCI, dementia, major psychiatric 
disorder (i.e. current depression, personality disorders, schizophrenia), neurological 
diseases known to cause memory complaints (i.e. Parkinson’s disease, epilepsia), HIV, 
abuse of alcohol or other substances, and language barrier.

All participants have been referred to the memory clinic by their general practitioner, a 
neurologist or geriatrician in case of a second opinion for evaluation of cognitive complaints. 
They receive a standardized dementia screening at the memory clinic, including an interview 
with a neurologist, physical and neurological examination, neuropsychological assessment, 
as well as routine analyses of blood, CSF and brain magnetic resonance imaging (MRI). 
After the standardized dementia screening, diagnoses are made in a multidisciplinary 
consensus meeting. Patients receive a label of SCD when cognitive functioning is normal 
and when there is no diagnosis of MCI, dementia or any other disease known to cause 
memory complaints.19 When subtle symptoms of an underlying psychiatric diagnosis, such 
as depression, are suspected, patients are evaluated by an experienced psychiatrist to 
exclude possible formal psychiatric diagnoses as cause of cognitive complaints.

Eligible patients with SCD are invited to participate in SCIENCe. After inclusion in 
SCIENCe, participants are invited for additional baseline assessments, which are described 
in detail below. After completion of baseline assessment, patients are invited for an annual 
follow up visit consisting of clinical evaluation, extensive neuropsychological assessment 
and questionnaires. At each follow up visit diagnoses are re-evaluated under supervision 
of a neurologist. Main outcome measures are clinical progression to MCI or dementia 
and decline in cognitive functioning. If patients progress to MCI or dementia they are 
offered the possibility to return to routine memory clinic follow up. The SCIENCe work-up 
is visualized in figure 1.

The local medical ethics committee of the VU University Medical Center approved the 
study and all patients provide written informed consent for the use of their clinical data 
and biomaterial in research. All research is conducted in accordance with the Helsinki 
Declaration of 1975.

SCIENCe inclusion started in June 2014. In the first two years, 243 consecutive individuals 
aged 45 years or older received a diagnosis of SCD, of which 56 were not eligible for 
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participation and 36 individuals were not interested in participation (figure 2). This led 
to inclusion of 151 individuals in SCIENCe until the start of data analysis for the current 
report. In this cross-sectional report of SCIENCE baseline findings, we evaluate these first 
151 participants. Further inclusion in SCIENCe and follow up of participants is currently 
ongoing.

Questionnaires

The supplementary table provides a detailed overview of questionnaires, used to evaluate 
subjective cognitive decline, mental health, instrumental activities of daily living and 
lifestyle (i.e. dietary intake, and physical and cognitive activity).

Subjective cognitive decline
We use the Dutch translation of the Cognitive Change Index – self (CCI-S) and informant 
report (CCI-I) (20 questions, range 0 to 80) to assess cognitive function compared to five 

Figure 1. SCIeNCe work-up at baseline and annual follow-up study visits. Primary outcome is 
clinical progression to MCI or dementia.
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years ago.13 Higher scores reflect worse subjective cognitive function. The CCI cut-off 
for significant cognitive complaints is set at 16/80.20 In addition, we use the Subjective 
Cognitive Functioning (SCF) questionnaire (4 questions, range: -12 to +12) to assess 
self-experienced cognitive decline over a one-year time period.21 A SCF score below zero 
represents decline.

Psychiatric symptoms
We use the following questionnaires to evaluate psychiatric symptoms: depressive 
symptoms (CES-D22), anxiety (HADS-A23), neuroticism (NPV neuroticism subscale24,25), 
low mastery (Pearlin Mastery scale26), distress and somatization, defined as non-specific 
physical complaints (4-DKL distress and somatization subscales24), and quality of life 
(EuroQol27). For all psychiatric and quality of life questionnaires higher scores reflect worse 
performance. See supplementary table for cut-offs of questionnaires.

Neuropsychological evaluation

All participants received a comprehensive standardized neuropsychological assessment 
at the regular memory clinic evaluation.19 As part of SCIENCe baseline investigation, 
we perform an additional neuropsychological assessment (time between assessments: 
median 37 days), evaluating cognitive domains: memory, language, attention, executive 

Figure 2. Flow-chart of inclusion of SCIeNCe participants evaluated in the current report (n=151). 
Further inclusion and follow-up is currently ongoing.
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and visuo-spatial functioning, with a special emphasis on memory, see supplementary 
table for an overview of the complete SCIENCe test battery. This test battery is repeated 
at follow up.

In this paper we report on a subset of the neuropsychological assessment. We used the 
MMSE to assess global cognition.28 For the memory domain we used the Dutch version of 
the Rey Auditory Verbal Learning Test (RAVLT) – direct recall (5 trials summed) and delayed 
recall and cued recall (both >20 minutes).29 We used Trail Making Test (TMT) A to evaluate 
attention, and TMT B to evaluate executive functioning.30 To evaluate language functioning 
we used categorical animal fluency.

Magnetic resonance imaging

Structural MRI is acquired during the diagnostic visit to the memory clinic using a MR750 
(General Electric, Milwaukee, USA), Philips PET/MR (Philips Medical Systems, Best, The 
Netherlands), or Toshiba Titan (Toshiba Medical Systems, Otawara, Japan). MRI protocol 
includes isotropic 3D T1-weighted and Fluid Attenuated Inversion Recovery (FLAIR) T2-
weighted, and Susceptibility Weighted Imaging (SWI). T1-weighted images are used to 
estimate hippocampal and normalized brain volumes (NBV) using FIRST and SIENAX with 
optimized settings (FMRIB software library v5, Oxford, UK)31,32 is derived from a tissue-type 
segmentation, using optimized parameters settings, and a scaling factor to normalize for 
skull size.32 All registrations are visually inspected for artefacts. All images are read by a 
neuroradiologist in a standardized fashion. The severity of white-matter hyperintensities 
(WMHs) using the Fazekas scale is determined on the FLAIR sequence (possible range 0–3), 
and dichotomized into absent (0–1) or present (2–3). Lacunes are defined as deep lesions 
(3–15 mm) with CSF-like signal on all sequences. Lacunes are scored as absent or present 
(≥1 lacune). Microbleeds are defined as small dot-like hypointense lesions on T2-weighted 
MRI. Microbleed count is dichotomized into absent or present (≥1 microbleed). Here, we 
present baseline normalized brain volume, bilateral hippocampal volume, WMHs, lacunes 
and microbleeds. MRI data within one year from SCIENCe inclusion were available for 
N=116 (77%) participants.

Biomaterial for biobanking

Blood (serum and plasma), DNA, and CSF are obtained and stored in our biobank at 
the department of Clinical Chemistry of the VU University Medical Center Amsterdam, 
according to international consensus standard operation procedures.33,34

Blood and DNA
Venous blood (2–6 ml clotted blood for serum and 6 ml EDTA blood for plasma) is processed 
and stored according to international consensus standard operation procedures. 2–4 ml 
EDTA whole blood is collected for DNA extraction. After collection plasma and serum 
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samples are centrifuged at room temperature at 2000 x g (min 1,800 x g, max 2,200 x g), 
aliquoted into 0.5 ml vials and stored at –80◦C.

RNA
After inclusion in SCIENCe one PAXgene Blood RNA tube (PreAnalytiX, Qiagen, Venlo, The 
Netherlands) is collected and without aliquoting stored in the biobank at –80◦C.

CSF
CSF is collected from non-fasted subjects. CSF is obtained by lumbar puncture between the 
L3/L4 or L4/L5 intervertebral space by a 25-gauge needle and collected in polypropylene 
tubes.

After collection CSF and plasma samples are centrifuged at room temperature at 2000 
x g (min 1,800 x g, max 2,200 x g), aliquotted into 0.5 mL vials and stored at −80°C. A 
maximum of 2 hours is allowed between collection and freezing.33,34

APoe genotyping

APOE genotyping is performed after automated genomic DNA isolation from 2-4 mL EDTA 
blood. It is subjected to PCR, checked for size and quantity using a QIAxcel DNA Fast 
Analysis kit (Qiagen, Venlo, The Netherlands) and sequenced using Sanger sequencing on 
an ABI130XL. Here, APOE status was available for n=144 (95%). Subjects with at one or two 
ε4 alleles were classified as APOE e4 carriers.

Cerebrospinal fluid markers

From the total amount of collected CSF at memory clinic visit, 2.5 mL is used for routine 
analyses, including leukocyte count, erythrocyte count, glucose concentration, and total 
amount of protein, and frozen at −20◦C until further analysis of Alzheimer biomarker. 
Amyloid-beta1-42 (Abeta42), tau and tau phosphorilyzed threonine 181 (ptau) levels are 
measured using ELISA (Innogenetics-Fujirebio, Ghent, Belgium) at the Neurochemistry 
Laboratory.35 Our center cut-off for CSF Abeta42 indicating AD pathology is <640 ug/L.36

Positron emission Tomography

All participants are invited to participate additionally in an amyloid PET study. Patients 
are scanned with either [18F]florbetapir (or Amyvid) or [18F]florbetaben (Neuraceg) 
radiotracer. Before scanning, one cannula is inserted for tracer infusion. For florbetapir, 90 
minutes dynamic PET emission scans (PET/CT Ingenuity TF or Gemini TF, Philips Medical 
Systems, Best, The Netherlands) are acquired immediately following bolus injection of 
approximately 370MBq [18F]florbetapir. For florbetaben, 20 minutes static PET emission 
scans (PET/MR, Philips Medical Systems, Best, The Netherlands) are acquired 90 minutes 
after a bolus injection of approximately 250MBq [18F]florbetaben. All PET scans are visually 
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read by a nuclear medicine physician. For the current manuscript, PET-scans were available 
for 105/151 (69%) participants.

Amyloid status

Information on amyloid status was available for 114 (75%) particpants (PET only N=38 (25% 
of total), CSF only N=9 (6%), CSF&PET N=67 (44%)). Amyloid status could be determined 
if: (i) CSF and/or amyloid PET were performed within one year of baseline visit, or (ii) if 
repeated amyloid measurements were concordant before and after baseline (i.e. both 
negative or both positive). There were seven cases with discordant PET/CSF results. In all 
seven cases, CSF Abeta42 was above the cut-off of 640ug/L (range 645 – 881ug/L), but 
amyloid PET was positive; we considered these cases as amyloid positive.

Categorization of participants according to concomitant symptoms

In this cross-sectional report of SCIENCE baseline findings, we categorized SCIENCe 
participants into categories based on the presence of preclinical AD and/ or subthreshold 
psychiatry, as potential factors associated with SCD4:

Preclinical AD
Amyloid positive individuals based on PET and/or CSF amyloid (see paragraph 2.9) were 
classified as preclinical AD.

Subthreshold psychiatry
Individuals with one or more questionnaires indicative of subthreshold symptoms of 
depression, anxiety, neuroticism, low mastery, distress or somatization, were classified 
as subthreshold psychiatry (see supplement for overview of questionnaires and cut-offs 
used). Fulfillment of clinical criteria for a formal psychiatric diagnosis was an exclusion 
criterion for SCIENCe, hence psychiatric symptoms measured with the questionnaires 
were subthreshold. When participants were amyloid positive, but also had subthreshold 
psychiatric symptoms they were classified in the preclinical AD group. Amyloid status was 
not available in the subthreshold psychiatry category for 21 of 58 cases (36%).

Undetermined
When participants were neither amyloid positive, nor was there any indication of 
subthreshold psychiatric symptoms, they were classified in the undetermined category. 
Amyloid status was not available in the undetermined category for 16 of 65 patients (25%).

SCD-plus criteria

The SCD-plus criteria refer to specific features of SCD associated with an increased likelihood 
of preclinical AD.4 The SCD-plus criteria are: (1) subjective decline in memory, rather than 
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other domains of cognition (in our study defined as ‘memory decline present’ as evaluated 
in the SCF questionnaire), (2) onset of SCD within the last 5 years, (3) age at onset of SCD 
³60 years, (4) concerns (worries) associated with SCD, (5) feeling of worse performance 
than peers (here operationalized with a specific question in the CCI questionnaire), (6) 
confirmation of perceived cognitive decline by an informant (here operationalized as a 
CCI informant report score above cut-off of significant symptoms (>16)), and (7) APOE e4 
carriership. We evaluated the SCD-plus criteria with the exception for criterion worries 
associated with SCD (4), which we considered present in all, since participants all visited 
our memory clinic because of cognitive complaints.

Statistical analyses

Data were analyzed using IBM SPSS Statistics, version 22 (IBM, Armonk, NY). We assessed 
baseline features of the study population and evaluated differences between participant 
categories (preclinical AD, subthreshold psychiatry or undetermined), using chi-squared 
tests or ANOVA, adjusted for age and gender, as appropriate, followed by post-hoc 
analyses. We used univariate linear regression analyses to assess associations between 
cognitive complaints (CCI-S, CCI-I and SCF) and neuropsychological test scores, adjusted 
for age and gender.

Furthermore, we evaluated the prevalence of the SCD-plus criteria in participants 
with available amyloid status. Subsequently, we used logistic regression to investigate 
the associations of SCD-plus criteria with the risk of preclinical AD. First, we performed 
univariate models with each SCD-plus criterion separately (model 1). Then, we constructed 
model 2 as a multivariate model with backward stepwise selection with the 6 available 
SCD plus criteria. We considered p<0.05 significant.

reSulTS

Baseline demographics

At baseline the first 151 SCIENCe participants were on average 64±8 years old (range 45-84 
years), and 67 (44%) were female (table 1). Participants received on average 12±3 years 
of education, and 76 (54%) had a family history of dementia. 55 participants (38%) were 
APOE e4 positive (APOE e4 status available for n=144 (95%)).

Self-report of SCD

We cross-sectionally assessed report of subjective cognitive functioning compared to one 
year ago (SCF self-report) and five years ago (CCI; both self- and informant-report; Table 1)). 
Over the preceding five-year time period 146 (97%) participants reported cognitive decline 
(CCI-S), of which 89 (60%) reported substantial decline. Over a one-year time period (SCF) 
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104 (69%) participants reported substantial cognitive decline. Adjusted for age, gender and 
education, higher CCI-S was associated with worse SCF (standardized Beta -.40, p<0.001), 
and CCI-S was also associated with CCI-I (sBeta 0.48, p<0.001; table 2). In addition, we found 
that higher self-report of subjective cognitive functioning (CCI-S and SCF) was associated 
with worse quality of life (sBeta -.34; sBeta .25; both p<0.05). Furthermore, higher CCI 
(both self and informant) were associated with worse performance on cognitive tests (table 
2), while there were no associations between SCF and objective measures of cognition.

SCD groups

When we attempted to categorize participants according to the presence of preclinical AD 
and/or subthreshold psychiatric symptoms, we found 28 (25% of 114 participants with known 
amyloid status, and 18% of total sample) with preclinical AD. Higher age was associated with 
an increased risk of preclinical AD (Odds ratio 1.14 (95% CI 1.06-1.22); figure 3).

Figure 3. Percentage of amyloid positivity per age category in participants with available 
amyloid status (n=114).

In the remaining sample, 58 (38%) participants reported subthreshold psychiatric symptoms 
on one or more questionnaires. Of these participants 21% had subthreshold symptoms in the 
affective cluster, for example depressive (11%) and/or anxiety (13%) symptoms. Roughly one 
out of three (31%) had distress and/or somatization related symptoms, and in 27% there was 
an indication of symptoms of neuroticism and/or low mastery. In addition, eight of 28 (29%) 
patients in the preclinical AD category also had subthreshold psychiatric symptoms.

The largest group of SCD (n=65 (43%)) had neither evidence of amyloid, nor of 
subthreshold psychiatric symptoms (undetermined category).
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Comparing these three SCD groups, participants with preclinical AD were on average 
older than individuals in the subthreshold psychiatry (p<0.001; table 1) and undetermined 
category (p<0.05). Participants with preclinical AD more frequently had a family history of 
dementia than subthreshold psychiatry, and they were more frequently APOE e4 carrier 
than the other two groups (all p<0.01). There were no differences in gender, education or 
MRI measures between groups. Self-reported cognitive decline was higher in participants 
with subthreshold psychiatry than in the undetermined category, with preclinical AD in 
between (both p<0.01). Results were similar for informant reported cognitive decline. 
Reported quality of life was lower in the subthreshold psychiatry group than in the 
undetermined category (p=0.002), with preclinical AD in between. Comparing objective 
cognitive performance between groups, the group with subthreshold psychiatry performed 
worse on the TMT-A compared to preclinical AD and undetermined groups (all p<0.05). 
Also, subthreshold psychiatry performed worse on the TMT-B than the undetermined 
group (p<0.05), but there were no differences in other cognitive tests, see Table 1.

Figure 4. risk of preclinical AD for each SCD-plus criterion (odd ratios (95% Confidence Interval)) 
in participants with available amyloid status (n=114).

SCD-plus criteria and the risk of preclinical AD

Univariate logistic regression analyses showed that SCD-plus criteria ‘age≥60’ (OR 7.7 
(95% CI 1.7-34.6)) and ‘APOE e4 carriership’ (OR 5.0 (2.0-12.8)) were associated with 
an increased risk of preclinical AD (figure 4), whereas ‘memory specific decline’, ‘onset 
of complaints within 5 years’, ‘worse performance than other of the same age’, and 



38 ChAPTer 2 | SUBJECTIVE COGNITIVE IMPAIRMENT COHORT (SCIENCE): STUDY DESIGN AND FIRST RESULTS

‘informant reports decline’ were not (table 3). In a multivariate stepwise model, APOE e4 
carriership (OR 6.2 (1.7-22.2)) and age ≥ 60 (OR 3.8 (1.7-20.4)) remained independently 
associated with preclinical AD.

DISCuSSIoN

The SCIENCe project aims to investigate factors potentially related to SCD. Cross-
sectional evaluation of the first 151 cognitively normal participants with SCD revealed a 
heterogeneous group, with preclinical AD in one fifth to one quarter of participants, and 
subthreshold psychiatric symptoms in more than one third of participants, while the largest 
group of participants did not have evidence of either. We found that higher report of SCD 
was associated with lower quality of life, and also with worse cognitive performance. 
Finally, SCD plus criteria age≥60 and APOE e4 carriership were associated with an increased 
risk of preclinical AD, defined by amyloid positivity on either PET or in CSF.

We measured the degree of subjective complaints with the short SCF questionnaire and 
used the CCI for more in depth evaluation.13,21 Almost all participants reported cognitive 
decline, which seems substantially higher than in the general population,37 and could be a 
reflection of our cohort with individuals actively seeking medical evaluation in a memory 
clinic because of these cognitive complaints. A small minority of 3% did not report any 
complaints, potentially explained by the fact that participants filled in the questionnaires 
after a thorough memory clinic evaluation, with reassurance of normal cognitive functioning.

We found that higher report of cognitive complaints was associated with worse quality 
of life, suggesting that subjective complaints have a negative effect on a general feeling 
of wellbeing. On the other hand, we cannot exclude reverse causality, as worse quality of 
life may also affect the subjective appreciation of one’s (cognitive) abilities.38 Furthermore, 
we found that higher report of cognitive complaints on the CCI (both self and informant) 
was associated with worse objective cognitive performance in our cognitive normal 
sample with SCD, which is in line with literature on the CCI and objective performance.39 
Although self-report of SCD has been associated with future cognitive decline,5,8 and also 
has been suggested to be more sensitive for subtle decline than informant report in the 
very earliest stages of cognitive decline, earlier cross-sectional associations have not been 
consistent.11,40–42 This could be a result of the use of different SCD measures.43 Indeed, we 
found no significant associations between objective cognition and SCF, which measures 
cognitive complaints over a shorter period of time and consisting of four questions only, in 
contrast to the observed associations with the CCI.

Cognitive complaints in cognitively normal individuals were previously found to have a broad 
range of associated symptoms, varying from distress to affective disorders, systemic illnesses, and 
preclinical AD.11,12,16,17,40 In the current paper we evaluated the prevalence of preclinical AD and 
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subthreshold psychiatric features as potential factors associated with the occurrence of SCD.4 We 
observed that 25% of participants with available amyloid status had preclinical AD, and amyloid 
positivity increased with age. Although we did not make a formal comparison, percentages of 
amyloid positivity per decade seem somewhat higher in our cohort than in individuals with SCD 
in a recent large meta-analysis investigating amyloid prevalence in non-demented elderly.44

In our sample, 38% of participants experienced subthreshold psychiatric symptoms on 
one or more domains. These symptoms were labeled subthreshold, since individuals with 
a clear psychiatric diagnosis, such as major depression, were not included. The group with 
subthreshold psychiatric symptoms reported more cognitive complaints than the group with 
preclinical AD. We evaluated six psychiatric features which have been previously associated 
with cognitive complaints in individuals with SCD, and might provide an alternative 
explanation for the subjective experience of decline.16,17,40,42,45 On the other hand, several 
of these psychiatric features, such as depressive symptoms, anxiety, neuroticism and 
distress, have also been associated with preclinical AD,46–52 and indeed, we also saw the 
co-occurrence of preclinical AD and subthreshold psychiatric symptoms in 8 of 28 cases. We 
are currently following all participants to study clinical progression in these different groups.

For 43% of the remaining SCIENCe participants, we found neither preclinical AD nor 
subthreshold psychiatry. Individuals in the undetermined category had less cognitive 
complaints than the other two categories, both reported by themselves and by the informant. 
Nonetheless, each of these patients was referred to the memory clinic for evaluation of 
complaints. In the undetermined category we found a higher prevalence of family history 
of dementia than in the subthreshold psychiatry category, similar to preclinical AD. Perhaps 
anxiousness related to family history of dementia, rather than the actual experience of 
cognitive decline, could be a reason to visit the memory clinic for evaluation.53

To facilitate harmonization of SCD research, the international SCD Working Group (SCD-I) 
have published a conceptual framework on SCD research, which included the SCD-plus 
criteria as determinants of preclinical AD.4 This is the first time the SCD-plus criteria were 
comprehensively evaluated in a clinical setting. We found that SCD-plus criteria age≥60 and 
APOE e4 carriership were associated with an increased risk of preclinical AD, which is in 
line with literature.11,44,54 The four other SCD-plus criteria we evaluated were not associated 
with preclinical AD in our cohort. There was a trend for an increased risk of preclinical 
AD when the informant reported significant decline, but results were not significant. 
The lack of association between informant report and preclinical AD is in contrast with 
a previous study showing an association between these factors.55 This contrast could 
possibly be explained by differences in informant report measurement methods, as well 
as, differences in sample size between the previous study and ours. Since informant report 
seems to be a better predictor of future cognitive decline than patient report,7,10,56 future 
longitudinal evaluation of SCIENCe participants and extension of sample size may reveal 
further relations. Furthermore, criteria ‘worse performance than others of the same age’ 
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and ‘memory specific decline’ were not associated with an increased risk of preclinical 
AD, which is in contrast to previous studies indicating both concepts to be associated 
with preclinical AD.11,57 We used questions from the CCI and SCF to assess these topics 
(respectively feeling of worse performance than others (yes/no) and how do you evaluate 
your memory function compared to one year ago (stable/decline)). For these two SCD-plus 
criteria differences between results may be caused by methodological variation in SCD 
measurements, which are known to result in great variation between studies.43 Criterion 
‘onset of symptoms within 5 years’ did not alter the risk of preclinical AD in our cohort. To 
our knowledge this is the first study evaluating the association between onset of symptoms 
within 5 years and preclinical AD, whereas others evaluated the risk of future cognitive 
decline in relation to onset of symptoms, without taking into account preclinical AD.58–60

Limitations of the study include the availability of amyloid status in the cohort for 114 
of 151 participants. Because of the availability of amyloid status, participants that are 
now classified in the subthreshold or undetermined category may have preclinical AD of 
which we are unaware, since we hierarchically first included participants in the preclinical 
AD group, followed by categorization of the remaining participants (amyloid status 
negative or unknown) in the other two groups. Strengths of the study include the highly 
standardized assessment of a broad range of factors potentially related to SCD, including 
various biomarkers, as well as repeated collection of blood and CSF for biobanking to be 
able to evaluate biomarkers longitudinally.

In the light of a disease evolving over decades, longitudinal evaluation seems necessary 
to assess if, and when, those with and without preclinical AD eventually show progression 
to MCI or dementia. In SCIENCe we aim to evaluate which factors predict progression, 
but also which factors are protective of future decline. Discriminating preclinical AD from 
the ‘worried well’ seems especially important as anti-amyloid therapies targeting early 
stages of AD appear a realistic possibility in the nearby future. Furthermore, assessment 
of factors other than preclinical AD contributing to SCD may be of importance, since also 
non-pharmacological interventions seem to be of added value in individuals with SCD.61

In summary, this first cross-sectional evaluation of SCIENCe participants revealed that 
SCD is a heterogeneous group, with besides preclinical AD also subthreshold psychiatric 
features. We found that subjective report of decline was associated with objective measures. 
Furthermore, we found a number of SCD-plus criteria to be associated with preclinical AD. 
Further inclusion and follow-up will address important questions related to SCD.

SuPPleMeNTAry MATerIAlS
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ABSTrACT

Introduction. We aimed to investigate if thinner cortex of the AD-signature region 
was related to clinical progression in subjective cognitive decline (SCD).

Methods. We included 302 SCD patients with clinical follow-up (≥1 year) and 
three-dimensional T1-MRI. We estimated AD-signature cortical thickness, consisting 
of 9 frontal, parietal and temporal gyri, and hippocampal volume. We used Cox 
proportional hazard models (hazard ratios [HR] and 95% confidence intervals [CI]) 
to evaluate cortical thickness in relation to clinical progression to MCI or dementia.

results. After a follow-up of m(sd) 3(2) years, 49 (16%) patients showed clinical 
progression to MCI (n=32), AD (n=9) or non-AD dementia (n=8). Hippocampal volumes, 
thinner cortex of the AD-signature (HR [95% CI]: 5 [2-17]) and various AD-signature 
subcomponents were associated with increased risk of clinical progression. Stratified 
analyses showed that thinner AD-signature cortex was specifically predictive for 
clinical progression to dementia, but not to MCI.

Discussion. In SCD patients thinner cortex is associated with clinical progression to 
dementia.
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INTroDuCTIoN

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized 
by behavioral changes and gradual decline of cognitive function and daily functioning.1 
Atrophy, particularly of the medial temporal lobe, is the MRI hallmark of dementia due 
to AD.2,3 It has been suggested that a specific pattern of regional atrophy in the temporal, 
parietal, and frontal gyri, which has been coined the cortical AD-signature, shows changes 
very early in the disease process.4,5 Moreover, cortical thinning has been suggested to be 
present as early as a decade before diagnosis.6

Memory clinic patients who present with subjective cognitive decline (SCD) are at a 
threefold increased risk of clinical progression to dementia.7–11 In an effort to explore the 
earliest signs of AD, a framework has been proposed that provides a common concept and 
terminology for studying subjective experience of cognitive decline.12

Memory clinic based studies have demonstrated decreased gray matter volumes13–15 and 
cortical thinning16 in medial temporal regions in SCD compared to healthy controls. It is still 
unclear however, whether such smaller brain structures are related to clinical progression 
over time in SCD patients. Therefore, we investigated whether baseline cortical thickness 
is related to incident clinical progression in patients with SCD in a tertiary referral center. 
More specifically, if thinner cortex of the AD-signature in cognitively intact patients with 
self-perceived memory complaints is associated with increased risk of progression to MCI 
or dementia over time.

MeThoDS

Study population. We included 302 SCD patients from the Amsterdam Dementia Cohort17,18 
according to the following inclusion criteria: availability of brain MRI and clinical follow-up (≥1 
year). Patients were referred by a general practitioner or local hospital (according to Dutch 
healthcare system regulations) and subsequently visited our memory clinic between 2000 
and 2012. At baseline, all patients underwent a standardized dementia screening, including 
extensive neuropsychological assessment, physical and neurologic examination as well as 
laboratory tests and brain MRI. Patients were labeled as having SCD when they presented 
with cognitive complaints, and results of clinical assessments were within normal range. 
Patients were excluded if criteria for MCI, dementia, or any other neurological or major 
psychiatric (e.g. major depression) disorders known to cause cognitive complaints were 
met (at baseline) during a multidisciplinary consensus meeting according to international 
research consensus criteria.12 In addition, we offered patients a lumbar puncture for 
research purposes. We determined Beta-amyloid1-42 and total tau in cerebrospinal fluid 
using sandwich enzyme-linked immunoassays (ELISAs Innogenetics, Belgium).19,20
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Table 1. Demographic and clinical data

SCD stable
(n=253)

SCD progression
(n=49)

p-value

Male/female (%male) 136/117 (54%) 27/22 (55%) p=0.64

Age (years) 61 (9) 69 (6) p<0.01 

Education (range 1-7)2 5 (1) 5 (1) p=0.32 

Scanner system (1T/3T) 151/102 31/ 18 p=0.84 

Clinical

Cardiovascular risk factors

Smoking, current (n (%) yes) 30 (12%) 5 (9%) p=0.81 

Diabetes (n (%) yes) 23 (9%) 3 (6%) p=0.41 

Hypertension (n (%) yes) 52 (20%) 15 (30%) p=0.13 

Blood pressure (systolic/diastolic mmHg) 139/84 147/84 p=0.37 / p=0.87 

Family history cardio vascular disease 
(n (%) yes) 

81 (32%) 15 (31%) p=0.38 

Family history dementia (n (%) yes) 100 (39%) 22 (45%) p=0.06 

MMSE 28 (2) 28.0 (2) p=0.10 

APOE-ε4 positive¹ 80 (37%) 22 (53%) p=0.05 

Follow-up time 3 (2) 4 (3) p=0.12

Diagnosis at progression n.a. aMCI n=25 (51%) 

mMCI n=5 (10%) 

naMCI n=2 (4%) 

Probable AD n=9 (18%) 

bvFTD n=3 (6%) 

VaD n=4 (8%) 

PPA n=1 (2%) 

CSF Beta-amyloid1-423 857 (237) 705 (303) p<0.01

CSF total tau3 268 (146) 448 (258) p<0.001 

Preclinical AD4 Stage 0 (%) n=114 (64%) n=8 (29%) p<0.001 

Stage I (%) n=20 (12%) n=4 (14%) p=0.44 

Stage II (%) n=12 (7%) n=10 (36%) p<0.01 

SNAP (%) n=31 (18%) n=6 (21%) p=0.34 

Data are presented as n (%) or mean (sd). Comparisons between groups were made with analyses of 
variance (ANOVA) for continuous variables and χ2 tests for discrete variables. Abbreviations. AD, Alzheimer’s 
disease; aMCI, amnestic MCI; bvFTD, behavioral FTD; MCI, mild cognitive impairment; MMSE, mini 
mental state examination; mMCI, multi-domain MCI; n.a., not applicable; naMCI, non-amnestic MCI; PPA, 
primary progressive aphasia, SCD, subjective cognitive decline; S.D., Standard Deviation; SNAP, suspected 
non-Alzheimer’s pathophysiology; VaD, Vascular Dementia; ¹, 14% missing data; 2According to Verhage 
classification; 3, 32% missing data; 4, according to National Institute on Aging-Alzheimer’s Association (NIA-
AA) preclinical AD stages (2012). An AD biomarker profile was defined based on the following cut-offs Aβ42: 
640, and tau: 375 ng/L.
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Follow-up took place by annual visits to our memory clinic in which medical history, 
neuropsychological assessment, and general physical and neurological examination 
were repeated. The primary outcome in this study was clinical progression, which was 
defined as progression to MCI, AD or another type of dementia as diagnosed at follow up 
by an interdisciplinary consensus meeting based on international diagnostic or research 
consensus criteria.21–26 In this study, for subjects who progressed to MCI, we further 
determined the MCI subtype (amnestic, multi-domain, non-amnestic) based upon the 
neuropsychological evaluation at the time of clinical progression. Our neuropsychological 
test battery included tests that measured cognitive functioning in the domains of memory, 
attention, executive functioning and language.17 For the memory domain, we used: the 
Dutch version of the RAVLT direct and delayed recall, visual association task (VAT) A. For 
attention we used: digit span forward, TMT-A, Stroop1&2. For the executive function 
domain, we used: TMT-B, digit span backwards, Stroop colour-word test. For the language 
domain, we used: Category fluency animals, VAT naming. The medical ethics committee 
of the VU University Medical Center approved the study. All patients provided written 
informed consent for their clinical data to be used for research purposes.

MrI acquisition. Structural MRI was performed at the first visit to the memory clinic using 
1.0T (n=182) Siemens Magnetom Impact (Siemens, Erlangen, Germany) and 3.0T (n=120) 
Signa HDxt (General Electric, Milwaukee, WI) scanners. For cortical thickness estimations, 
3D T1-weighted images were acquired using the following sequences: MPRAGE on 1.0T 
(168 slices, matrix= 256x256, voxel size= 1x1x1.5 mm3, echo time (TE)= 7ms, repetition 
time (TR)=15ms, inversion time (TI)= 300ms, flip angle, 15°), and IR-FSPGR on 3.0T (176 
slices, matrix= 256x256, 1x0.9x0.9 mm3, TE=3ms, TR=7.8ms, TI=450ms, flip angle 12°). In 
addition, the scan protocol included T2-weighted images and FLAIR. A standard circular 
head coil was used. Motion was restricted using expandable foam cushions. Scans with 
movement, or any other image (reconstruction) artefacts were excluded (1.0T, n=5; 3.0T, 
n=7). T1-weighted images acquired on 3.0T were corrected for gradient non-linearity in all 
three directions.

Image analysis. Freesurfer (v5.3, Harvard, MA, USA) was used to analyze cortical 
thickness (https://surfer.nmr.mgh.harvard.edu) in 3D-T1-weighted images. Briefly, 
Freesurfer constructs models of the boundaries between gray and white matter as well 
as pial surface to estimate cortical thickness. The distance between these surfaces gives 
the vertex-wise cortical thickness of cortical areas (i.e. the perpendicular thickness at 
each location). Automated cortical parcellations were run using a default script template 
(recon-all),27,28 providing 34 cortical estimations per hemisphere (Killiany/Desikan atlas 
based).28 The output was visually inspected for segmentation errors. We evaluated whole-
brain cortical thickness, and cortical thickness in the AD-signature region, which consists 
of nine bilateral regions: angular, precuneus, supramarginal, superior frontal, superior 
parietal, temporal pole, inferior temporal, medial temporal and inferior frontal cortex.4,5
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Subsequently, we performed vertex-wise analyses. Firstly, preprocessing using default 
settings (mris_preproc) was performed. Optimized Gaussian smoothing kernel was used for 
detecting focal abnormalities.29 Next, group main effects were investigated in the context 
of a general linear model using a default design (DODS), for visualization purposes it was 
thresholded on sig>2.00 uncorrected. Analyses were adjusted for age, gender, scanner type 
(Nclassess=2, Nvariables=3). Significant brain region positions were described according 
to RAS coordinate system with corresponding significance on log-scale. In addition, 
hippocampal volumes were estimated using FIRST (FMRIB software library v5, Oxford, 
UK). The FIRST algorithm consists of a two-stage linear registration to achieve a robust 
and accurate alignment of subcortical volumes. Firstly, it applies a registration between 
the 3DT1 images and the Montreal Neurological Institute 152 template. Secondly, using a 
subcortical mask, segmentation was done based on shape models and voxel intensities to 
obtain hippocampal volumes (normalized for head size using SIENAX) for further statistical 
analyses. All registrations were visually inspected for errors.30

Table 2. Cortical thickness of SCD patients with and without clinical progression

Cortical Thickness
(in mm)

SCD
Stable

SCD 
progression 
to MCI / 
Dementia

SCD 
progression
to MCI

SCD 
progression
to AD

SCD 
progression
to Non-AD

(n=253) (n=49) (n=32) (n=9) (n=8)

Whole-brain 2.17 (0.31) 2.04 (0.37) 2.15 (0.30) b 1.84 (0.27) 1.80 (0.48) a

AD-signature 2.39 (0.34) 2.21 (0.39) 2.34 (0.35) 1.96 (0.31) 2.05 (0.41) 

Angular gyrus 2.06 (0.35) 1.93 (0.37) 2.04 (0.34) 2.04 (0.36) 1.72 (0.37) 

Precuneus 1.95 (0.36) 1.81 (0.39) 1.98 (0.35) b 1.89 (0.30) 1.70 (0.39)a 

Supramarginal 2.22 (0.32) 2.10 (0.35) 2.19 (0.33) 1.83 (0.33) 1.93 (0.35) 

Frontal superior 2.34 (0.37) 2.20 (0.40) 2.30 (0.37) 1.94 (0.36) 2.00 (0.40) 

Parietal superior 1.80 (0.32) 1.71 (0.40) 1.85 (0.30) b 1.71 (0.21) 1.60 (0.40) a 

Temporal pole 3.38 (0.60) 3.06 (0.65) 3.24 (0.59) 2.44 (0.59) 2.97 (0.65) 

Temporal inferior 2.62 (0.32) 2.44 (0.35) 2.54 (0.30) 2.13 (0.36) 2.29 (0.35) 

Medial Temporal 2.85 (0.42) 2.56 (0.47) a 2.69 (0.44) 2.16 (0.46) 2.44 (0.47) 

Frontal inferior 2.34 (0.29) 2.21 (0.32) 2.28 (0.30) 1.98 (0.32) 2.07 (0.32) 

Hippocampus# 7.18 (0.91) 6.41 (0.92) a 6.73 (0.97) 5.99 (0.92) 6.84 (0.85) 

Data are presented as mean (sd). Abbreviations. AD, Alzheimer’s disease; MCI, mild cognitive impairment; 
SCD, subjective cognitive decline; #, in mm3 estimated with FIRST (FMRIB software library v5). ANOVAs were 
used to investigate cortical thickness between groups (SCD stable, MCI, AD and non-AD) with Bonferroni post-
hoc tests (a, p<0.05 significantly different between SCD progression to MCI, AD or non-AD compared to SCD 
stable; b, significantly different between SCD progression to MCI and SCD progression to non-AD)
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Statistical analyses. Statistical analyses were performed with SPSS version 20.0.0 (IBM 
Corp., Armonk New York, U.S.). Comparisons between stable versus progressive patients 
of baseline demographical and clinical characteristics were analyzed with analyses of 
variance (ANOVA) for continuous variables and χ2 tests for discrete variables. Between 
group regional cortical thickness estimations were analyzed with ANOVA (covariates: age, 
sex and scanner) with Bonferroni-adjustment for multiple comparisons. Cox proportional-
hazards models adjusted for age, gender, baseline MMSE score and scanner type were used 
to investigate the risk of incident clinical progression (outcome measure) associated with 
baseline cortical thickness (in millimeter) and hippocampal volumes (mm3). Estimations 
were inverted; thinner cortex represents therefore increased risk of clinical progression. 
Separate Cox proportional hazards models were performed for each cortical variable 
(continuous) as predictor (i.e., whole-brain cortical thickness, cortical thickness of the AD-
signature, the nine AD-signature components, and hippocampal volumes). Subsequently, 
we evaluated the respective contributions of the nine individual AD-signature regions, 
and hippocampal volumes using a forward stepwise model. In addition, we performed 
an additional exploratory analysis, stratified for clinical outcome (i.e. MCI, AD, other 
dementia). Cortical thickness estimations are represented as mean (sd), while results on 
Cox proportional hazard models are presented as hazard ratio’s (HR) with 95% confidence 
intervals (CI). For visualization purposes, we constructed Kaplan-Meier curves based on 
tertiles (low/medium/high cortical thickness).

reSulTS

Demographic and clinical characteristics are presented in Table 1. There were 136 (54%) 
male SCD patients, with a mean (sd) age of 62 (10) years, and MMSE of 28 (2). Forty-nine 
(16%) patients showed incident clinical progression to MCI (n=32, 65%), dementia due 
to AD (n=9, 18%), or other dementia subtypes (vascular dementia n=4 (8%); behavioral 
variant frontotemporal dementia n=3 (6%); primary progressive aphasia n=1 (2%)). Of the 
patients who progressed to MCI, n=25 (79%) had an amnestic cognitive profile, n=5 (15%) 
multi-domain, and n=2 (6%) non-amnestic. SCD patients with clinical progression were 
older, and more often APOE-ε4 positive than stable patients. MMSE baseline scores were 
comparable between patients with and without clinical progression. Duration of follow-
up, sex, education level, cardiovascular risk factors, systolic and diastolic blood pressure, 
family history of AD and cerebrovascular disease were comparable between groups. 
Among those with available CSF data (68%), patients with clinical progression had lower 
CSF Beta-amyloid1-42, and higher tau than those who remained stable.

Cortical thickness estimations are presented in table 2. ANOVAs showed that SCD 
patients who showed clinical progression had a thinner medial temporal lobe and smaller 
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hippocampus than those who remained stable. Cox proportional hazards analyses showed 
that adjusted for age, gender, baseline MMSE score and scanner type, thinner cortical 
thickness of the AD-signature (HR [95% CI]: 5 [2-17]) and whole-brain (HR [95% CI]: 5 
[2-15]) were associated with an increased risk of clinical progression (table 3; Figure 1A). 
If analyses were repeated with SCD patients older than age 60 (n=175, including n=44 
with clinical progression), results did not change essentially (data not shown). When we 
analyzed the individual cortical regions in separate models, thinner angular, supramarginal, 
superior parietal, precuneus, superior frontal, temporal poles, medial temporal gyri, and 
hippocampal volumes were associated with increased risk of clinical progression (Figure 
1B). When we additionally adjusted for APOE-ε4 carrier status, results did not change 
essentially (data not shown). Subsequently, we ran a forward stepwise model, which 
identified that thinner medial temporal cortex (HR [95% CI]: 5 [2-11]) was most strongly 
associated with increased risk of clinical progression (supplementary table 1).

Subsequently, we explored the pattern of reduced cortical thickness using vertex-
wise analyses. SCD patients who showed clinical progression had a thinner left anterior 
lingual cortex (coordinates: 21/-68/-28, sig=3), left supramarginal gyrus (-63/-35/34, 
sig=2), superior parietal (-16/-69/61, sig=3), precuneus (27/-76/28, sig=2.02), right 
parahippocampus (18/-32/-13, sig=2) and cuneus (-23/96/3, sig=2), middle frontal 
(-6/71/34, sig=2), and postcentral (-12/27/70, sig=2) (figure 2). In the right superior frontal 
cortex (12/68/14, sig=4), a small area seemed to be thicker in SCD patients who showed 
clinical progression in comparison to stable patients.

In an additional set of exploratory analyses, we stratified for clinical outcome (i.e., 
progression to MCI, AD or non-AD type of dementia). ANOVAs showed that SCD patients 
who progressed to non-AD dementia had thinner precuneus and superior parietal cortex 
compared to patients with stable SCD and SCD patients who progressed to MCI (table 
2). Cortical thickness or hippocampal volume of SCD patients who progressed to MCI or 
AD dementia did not differ significantly from stable SCD patients.Cox proportional hazard 
models showed that for patients progressing to MCI, smaller hippocampal volumes 
were associated with clinical progression, whereas thinner medial temporal cortex was 
associated at trend level (p=0.06) with clinical progression (table 3). None of the other 
AD-signature regions were associated with progression to MCI. For clinical progression to 
AD (n=9) and non-AD (n=8) thinner cortex of the AD-signature was predictive for clinical 
progression. Within the regions constituting the AD-signature the inferior temporal cortex 
and temporal poles were more predictive for progression to AD, whereas thickness of the 
angular gyrus and precuneus were more predictive for progression to non-AD (table 3).
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Table 3. Cortical thickness hazard ratios of SCD patients with progression to MCI, AD or non-AD 
dementia or progression to MCI/ dementia

AD-signature 
components

SCD progression to 
MCI/ dementia

n=49

SCD progression
to MCI
n=32

SCD progression
to AD
n=9

SCD progression
to non-AD

n=8

Whole-brain 
thickness

5 (2-15)* 1 (0-8) 8 (0-88) 14 (2-126)*

AD-signature 5 (2-17)* 2 (0-9) 18 (1-284)* 25 (1-433)*

Angular 6 (2-20)** 2 (0-9) 15 (1-303) 58 (2-2062)*

Supramarginal 4 (1-14)* 1 (0-7) 6 (1-278)* 29 (1-746)*

Parietal superior 7 (1-38)* 1 (0-6) 126 (1-14926)* 6225 (6-67700)*

Precuneus 7 (2-25)** 2 (0-12) 10 (1-170) 212 (4-11636)*

Frontal inferior 2 (0-5) 1 (0-6) 5 (0-61) 14 (1-231)

Frontal superior 3 (1-9)* 1 (0-6) 4 (0-44) 16 (1-213)*

Temporal poles 2 (1-4)* 1 (1-3) 6 (1-25)* 2 (1-9)

Temporal inferior 4 (1-12) 2 (0-6) 12 (1-133)* 14 (1-206)

Temporal medial 5 (2-11)* 3 (1-8) 14 (2-109)* 11 (1-96)*

Hippocampus 2 (1-2)* 2 (1-3)* 2 (1-4)* 1 (0-3)

Data are presented as hazard ratio’s with accompanying 95% confidence intervals between brackets. AD, 
dementia due to Alzheimer’s disease; MCI, mild cognitive impairment; non-AD, dementia due to other 
dementia; SCD, subjective cognitive decline, *, p<0.05, ** p<0.01

DISCuSSIoN

The main finding of the current study was that in patients with SCD, thinner temporal and 
parietal cortex is associated with increased risk of future clinical progression to dementia.

In the present study we have investigated cognitively normal patients with SCD. Self-
perceived decline could be a reflection of underlying neurodegeneration, but could also 
be related to many other factors, like sleep disturbances, mental illness, substance use/
abuse, personality traits (e.g. neuroticism) or normal aging. A former study has shown that 
cognitive complaints together with excessive worrying is associated with an increased risk 
of dementia.7 This illustrates that although the majority of SCD patients does not have AD, a 
small proportion of people may be at the earliest stages of AD, and these individuals might 
benefit from future preventive strategies or disease modifying therapies.12,31 Compared to 
community-dwelling elderly with complaints, SCD patients are a unique group to study AD 
because they actively seek help by visiting a memory clinic, but still have intact cognitive 
function.
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Figure 1. Kaplan-Meijer curves of cortical thickness of the AD-signature cortical thickness (A), 
and medial temporal cortical thickness (B) in relation to clinical progression to mild cognitive 
impairment (MCI) or dementia. Abbreviation. CP, clinical progression. Seperate lines depict 
baseline cortical thickness split in tertiles (low/ medium/ high)

AD develops gradually and the earliest brain changes occur years, probably decades 
before clinical onset of the disease. Previous studies have suggested that a specific pattern 
of cortical thinning, which has been coined the cortical AD-signature could be present up 
to a decade prior to AD diagnosis.4–6 In general, this proposed AD-signature was associated 
with an increased risk of clinical progression in SCD patients. When we further stratified 
analyses based on clinical outcome, we found that this association was driven by those 
patients progressing to dementia, but not by patients progressing to MCI. The predictive 
value seemed to be nonspecific for progression to AD or non-AD. The strongest predictor 
of progression to AD dementia was cortical thinning in the temporal and parietal gyri, 
while other regions, particularly the frontal lobe, were not associated with increased risk 
of progression to AD dementia.

We observed that thinner cortex of the AD-signature was also associated with 
progression to non-AD. Although it needs to be interpreted with caution, cortical patterns 
associated with increased risk to non-AD were somewhat more widespread compared 
to SCD patients with progression to AD dementia, and seemed to cover multiple fronto-
temporo-parietal regions within the AD-signature. Other studies on cortical thickness found 
pronounced temporo-parietal and global atrophy in AD compared to FTD,32,33 and vascular 
dementia.34 An explanation could be that the cortical AD-signature has been developed 
based on results from individuals that were on average ten years older,4,5 thus reflecting a 
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more general neurodegenerative process with concomitant cerebral vascular disease.35,36 
In addition, other studies have consistently demonstrated that cortical thinning during 
normal aging is predominantly found in the prefrontal cortex,36–38 suggesting that frontal 
gyri of the AD-signature are likely influenced by age.

In our study, the AD-signature was not associated with progression to MCI, although the 
majority of MCI patients were classified with predominant amnestic cognitive deficits. A 
former study demonstrated that thinner cortex of the AD-signature predicts progression 
to AD dementia in MCI,39 whereas in our study we extend the predictive value of the AD-
signature in SCD patients with progression to AD. Our results illustrate that amnestic MCI 
is possibly a heterogeneous syndrome, which could be due to underlying AD, but likely 
also induced by other factors such as subclinical mental illness.

It could be that pre-symptomatic neural changes were already more extensive at the 
first visit in SCD patients with incident clinical progression to dementia. Therefore, future 
studies should compare the temporal evolution of cortical atrophy patterns across several 
pre-symptomatic dementia syndromes to identify unique disease signatures. Also, but 
beyond the scope of the current study, we have not taken into account the role of cognitive 
brain reserve or compensatory mechanisms. In a former study it was demonstrated that 
education or cognitive activity could mediate associations between cortical thickness and 
time to AD progression.40,41 Effects of cognitive reserve were demonstrated for posterior 
cingulate, medial and lateral temporal regions, but it remains to be clarified if cognitive 
reserve plays a role in the AD-signature.

Partly in line with literature, we found thinner temporo-parietal cortex in patients that 
were going to progress on average three years later.6 Within the regions constituting 
the AD-signature region, the medial temporal lobe entailed the highest risk of future 
progression to MCI and AD, in line with former neuroimaging studies predicting 
progression to AD-dementia in patients with MCI.42–45 To date only a few neuroimaging 
studies have investigated brain structure in SCD patients, and found decreased medial 
temporal volumes in patients with complaints compared to without complaints.13,14,16 
These former studies were all cross-sectional in nature, hence they were not able to relate 
imaging abnormalities to incident clinical progression. Compared to other studies we 
found slightly thinner medial temporal cortex in our patients,6,16,46 but we furthermore 
showed that thinner medial temporal cortex had a fivefold increased risk of clinical 
progression. The predictive value of hippocampal volumes and medial temporal cortex 
were quite comparable, although the predictive value of the medial temporal lobe was 
slightly stronger. Moreover, hippocampal volume did not add any predictive value over 
the effect of cortical thickness of the medial temporal lobe.39,47 Of note, hippocampus 
volume was the only brain region associated with clinical progression to MCI, thus likely an 
early marker for AD. In contrast to previous SCD studies,13–16 our exploratory vertex-wise 
analyses did not indicate parahippocampal or entorhinal abnormalities in patients who 
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progressed, but strongest effects were found in the adjacent anterior lingual cortex, which 
is also located in the medial temporal lobe. Lingual gyri are related to explicit memory 
encoding, topographical orientation, and exhibit lesions in early AD neuropathological 
stages.43,48–50 Using a more lenient threshold, vertex-wise analyses revealed thinner 
supramarginal, superior parietal, and parahippocampal gyri, which are all part of the AD-
signature, in the SCD progressive group.

Figure 2. Vertex-wise analyses of cortical thickness between subjective cognitive decline (SCD) 
patients with and without clinical progression to mild cognitive impairment (MCI) or dementia 
superimposed on an average pail surface. red reflects thinner cortex, whereas blue reflects 
thicker cortex at baseline in SCD patients with clinical progression compared to patients 
without clinical progression.

A strength of this study was our thorough standardized work-up. All patients underwent 
extensive investigations and showed no signs of (mild) cognitive impairment at baseline. 
In addition, subjects with a psychiatric diagnosis (e.g. major depression, schizophrenia) 
were not included. Several potential limitations merit attention. First, we investigated SCD 
in a memory clinic, hence it is unknown to what extent our results can be extrapolated 
to community-dwelling elderly with subjective cognitive complaints. On the other side, 
because subjects visited a hospital, our results are clinically relevant since these patients 
do seek help. Second, MRI scans were acquired on two different systems, which might 
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influence our results. Nonetheless, we deliberately controlled for scanner type in all 
statistical analyses, and our results robustly identified thinning of regional cortex in SCD 
patients at risk of clinical progression. Third, although we had an average follow-up time 
of 3 years, which is rather long compared to other studies, it is likely that more patients 
will progress at later times, since the earliest brain changes leading to AD probably occur 
as early as 20 years before clinical manifestation of the disease. Our current progression 
rates to dementia were slightly lower than the rates reported by a former study on 
patients with complaints and worries,7 but comparable to incidence rates in community-
dwelling elderly.51–53 Notwithstanding, we investigated a relatively young patient group, 
and our results illustrate that cognitively intact patients with cognitive complaints and 
thinner cortex in memory clinics might have an increased risk of AD. Finally, a limited 
number of SCD patients progressed to AD and non-AD dementia during the time of study. 
Nevertheless, we studied the AD-signature in a relatively large patient population, and 
our effect sizes were comparable to other single-center studies investigating cognitively 
intact elderly.5,6

In conclusion our findings suggest that reduced cortical thickness, especially of the 
temporal and parietal cortex, was associated with clinical progression to dementia 
in patients presenting with SCD at a memory clinic. The strongest predictor of 
progression to AD dementia was cortical thinning in the medial temporal lobe, in line 
with neuropathological Alzheimer-related disease staging models. Future studies using 
repeated neuropsychological assessment should investigate associations between regional 
cortical thickness and specific cognitive changes in the trajectory to MCI and dementia due 
to AD.
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ABSTrACT

Background. We aimed to investigate associations between regional cortical thickness 
and rate of decline over time in four cognitive domains in patients with subjective 
cognitive decline (SCD).

Methods. We included 233 SCD patients with a total of number of 654 
neuropsychological assessments (median=3, range=2-8), and available baseline MRI 
from the Amsterdam Dementia Cohort (125M, age: 63±9, MMSE: 28±2). We assessed 
longitudinal cognitive functioning at baseline and follow-up in four cognitive domains 
(composite z-scores): memory, attention, executive function and language. Thickness 
(millimetre) was estimated using Freesurfer for frontal, temporal, parietal, cingulate 
and occipital cortex. We used linear mixed models to estimate effects of cortical 
thickness on cognitive performance (dependent variables).

results. There were no associations between cortical thickness and baseline 
cognition, but a faster subsequent rate of memory loss was associated with thinner 
cortex of the frontal (β(se)=0.20 (0.07)), temporal (β(se)=0.18 (0.07)), occipital 
(β(se)=0.22 (0.09)) cortex (all p<0.05FDR).

Conclusions. These findings illustrate that early cortical changes, particularly in 
the temporal cortex, herald incipient cognitive decline related to neurodegenerative 
diseases, most prominently Alzheimer’s Disease.
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INTroDuCTIoN

Alzheimer’s Disease (AD) develops in the course of many years, and ultimately leads to 
cognitive decline and loss of independence.1,2 Brain atrophy, especially in the cortical 
mantle, is a characteristic MRI finding in AD.3,4 It has been suggested that cortical 
atrophy starts as early as one decade before the presentation of any objectifiable clinical 
symptoms.5,6

Community-dwelling elderly or memory clinic patients with subjective cognitive decline 
(SCD) have an increased risk of dementia, notably AD.7–10 Self-perceived cognitive decline 
could be one of the earliest signs of AD, and SCD could be used as a framework to study 
the development of brain changes related to dementia.9 However, there is a need for 
further harmonization and operationalization of SCD to better understand heterogeneity 
of outcomes,11 for example induced by recruitment setting.12 Cross-sectional studies have 
shown that compared to elderly without complaints, patients with SCD have thinner 
medial temporal cortex.13–15 In addition, others demonstrated that elderly with cognitive 
complaints are prone to faster subsequent rate of episodic memory loss.16 However, there 
is no longitudinal evidence yet of the link between cortical thinning and subsequent 
cognitive decline. In the current longitudinal study in patients with SCD we aimed to 
investigate associations between regional cortical thickness measured at baseline and 
subsequent rate of decline in memory, attention, language and executive functioning.

MeThoDS

Study population. We included 233 SCD patients with available structural MRI at baseline 
and repeated annual neuropsychological assessment from the Amsterdam Dementia 
Cohort.17 The VU university medical Alzheimer center is a tertiary referral center and 
a memory clinic, and all our patients were referred by general practitioners or medical 
specialists (e.g. neurologist, geriatrician, psychiatrist) according to Dutch healthcare 
referral regulations. SCD was defined based upon a spontaneous report by patients, and 
there were no specific cutoffs used for subjective report measures. Patients visited our 
memory clinic between 2000 and 2012, and were extensively described in an earlier 
study.6 At baseline, all patients underwent a standardized dementia screening, including 
medical history, 15-item geriatric depression scale (GDS), extensive neuropsychological 
assessment, physical examination, blood tests, and brain MRI.

Through multidisciplinary consensus, patients were labeled with SCD when they 
presented with cognitive complaints,11 and results of clinical assessments were normal, 
criteria for MCI, dementia, or any other neurological or major psychiatric (e.g. major 
depression) disorders known to cause cognitive complaints were not met at baseline.18–20 
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Table 1. Demographic and clinical data of our group of individuals with subjective cognitive 
decline

Clinical/Demographic data (n=233)

Male/female 125/107

Age in years 62.82 (9.18)

Education; range 1-747 5.32 (1.35) 

Baseline MMSE 28.35 (1.55)

Baseline GDS 2.88 (2.30) 

WMH: range 1-4 2.30 (0.73) 

Scanner System (GE/Impact) 108/124 

Follow-up time 2.71 (2.02) 

Diagnosis at last follow-up SCD n=196, MCI n=29, probable AD n=3 

Frontotemporal dementia n=3, vascular dementia n=2 

Cortical thickness estimations

Frontal 2.21 (0.31)

Parietal 1.96 (0.31)

Temporal 2.55 (0.33)

Occipital 1.75 (0.26)

Cingulate 2.30 (0.35)

Neuropsychological Assessment Baseline Mean (SD)

Attention

Digit Span Forward 12.61 (3.17)

Trailmaking Test A 40.45 (16.06)

Stroop Word 46.31 (9.56)

Stroop Color 62.73 (12.10)

Executive function

Digit Span Backward 9.35 (2.74)

Trailmaking Test B 96.33 (44.71)

Stroop Color-word 108.05 (28.17)

Memory

Visual Association Test A 11.54 (1.05)

RAVLT (5 trials summed) 39.81 (8.74)

RAVLT Delayed Recall 8.00 (3.01)

Language

Fluency Animals 22.23 (5.84)

Visual Association Test Naming 11.94 (0.34)

Data are presented as mean (SD). Abbreviations. AD, Alzheimer’s Disease; MCI, mild cognitive impairment; 
MMSE, mini mental state examination; RAVLT, Dutch version of the Rey auditory verbal learning test; SCD, 
subjective cognitive decline; WMH, white matter hyperintensities
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Because we aimed to investigate the course of cognitive functioning over time in 
relation to cortical thickness in normal aging and preclinical AD, we performed analyses 
with and without 5 additional SCD patients that developed a non-AD dementia (n=3 
frontotemporal dementia, n=2 vascular dementia). Annual follow-up visits took place 
as part of regular health care which consisted of patient history, physical examination, 
and neuropsychological assessments. Follow-up duration was variable per patient and 
depended on the clinical decision in multidisciplinary meetings after each visit.

The medical ethics committee of the VU University Medical Center approved the 
study. All patients provided written informed consent for their clinical data to be used for 
research purposes.

Neuropsychological assessment. Our neuropsychological test battery included tests 
that measured cognitive functioning in the domains of memory, attention, executive 
functioning and language.17 For the memory domain, we used: the Dutch version of the 
RAVLT immediate and delayed recall, and visual association task (VAT) A. For attention, 
we used: digit span forward, TMT-A, Stroop word naming, and Stroop color naming. For 
the executive function domain, we used: TMT-B, digit span backwards, Stroop color-word 
interference test. For the language domain, we used: Category fluency animals, VAT 
naming (12 items). We z-transformed each test in such a way that baseline test results had 
a m±sd of 0±1, and then we Z-transformed each baseline and follow-up neuropsychological 
score using the corresponding baseline distribution as a reference. The following scores 
were inverted so that lower scores reflect worse performance: TMT, and Stroop. Missing 
individual neuropsychological test scores were handled by multiple imputations of 
individual set scores.21 Fifteen imputed data sets were created. Subsequently, composite 
domain scores were constructed by taking the average Z-score of tests per domain.

MrI acquisition. Structural MRI was acquired during the first visit to the memory 
clinic using a SignaHDxt 3.0T (n=110) (General Electric, Milwaukee, WI) and Siemens 
Magnetom Impact 1.0T (n=122) (Siemens, Erlangen, Germany) scanners. Sequence 
parameters included standardized MPRAGE for 1.0T (168 slices, matrix= 256x256, voxel 
size= 1x1x1.5 mm3), and IR-FSPGR for 3.0T (176 slices, matrix= 256x256, 1x0.9x0.9 mm3). 
In addition, T2-weighted and FLAIR images were acquired to classify degree of white 
matter hyperintensities (WMH: 0= no, 1=mild, 2=moderate, 3=severe) that were rated by 
an experienced neuroradiologist7. A standard circular head coil was used and motion was 
restricted using expandable foam cushions.

Image analysis. We used Freesurfer (v5.3, Harvard, MA, USA) to estimate cortical 
thickness in the structural MR images (v5.3, Harvard, MA, USA; https://surfer.nmr.mgh.
harvard.edu). Freesurfer constructs models of the boundaries between gray and white 
matter as well as pial surface22. The distance between these surfaces gives the vertex-
wise cortical thickness (i.e. the perpendicular thickness in millimeter at each location). 
Automated cortical parcellations were run using a default script template (recon-all). 
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The output was visually inspected for image and segmentation quality. Next, we ran 
“LobesStrict” to obtain a lobar annotation (frontal, temporal, parietal, occipital and 
cingulate) and consecutively imported in SPSS for further statistical analyses.

For visualization purposes, we performed a vertex-wise analysis to investigate the 
spatial distribution between cognitive functioning and cortical thickness in an unbiased 
fashion (i.e. without a priori defined regions). First, preprocessing was done using default 
settings (mris_preproc). An optimized Gaussian smoothing kernel (5mm FWHM) was 
used for detecting focal abnormalities.23 To investigate cognitive change, Z-transformed 
cognitive scores ((last follow-up cognitive domain score – baseline cognitive domain score) 
/ ((last follow-up date [visit] – baseline date [visit])/ 365)) were separately entered into a 
general linear model using glm_fit. Analyses were corrected for age, sex, education, and 
scanner and set on a liberal significance threshold (p<0.001 uncorrected). Brain region 
coordinates were described according to RAS coordinate system with corresponding 
statistical significance on a logarithmic scale (i.e. -log(10)p).

Statistical analyses. Statistical analyses were performed with SPSS version 20.0.0 (IBM 
Corp., Armonk New York, U.S.). To investigate demographic data, we used χ2-tests for 
discrete variables, and analyses of variance (ANOVA) for continuous data.

We used linear mixed models (LMM), which account for variable follow-up duration, 
to estimate longitudinal changes in cognitive performance. The model included a main 
effect of time (in years) as a random effect, and was adjusted for age, sex and education. 
We also used LMM to estimate the effects of cortical thickness (in mm) on baseline and 
longitudinal cognitive performance (composite domain scores in separate models). Model 
1 contained terms for cortical thickness, time, cortical thickness*time, and was adjusted 
for age, sex education, and field strength. Because field strength could bias cortical 
thickness estimations,24 we additionally added “cortical thickness*time*field strength” as 
an interaction term. As this interaction term was not significant in any of the models, 
we removed it from the analyses, and kept field strength as a covariate only. In model 
2 we additionally adjusted our models for WMH because we previously have found that 
increased WMH is associated with increased risk for clinical progression.7 In model 3 
we additionally adjusted for depressive symptoms because depressive symptoms could 
influence associations of cortical thickness and rate of cognitive decline.25 In an additional 
set of analyses, we repeated the LMM analyses (model 1) taking progression to MCI or 
any type of dementia as outcome (including n=5 additional patients progressing to non-AD 
dementia). In addition, we stratified for patient outcome (SCD stable vs MCI/dementia) 
in order to investigate cortical thickness in relation to a differential course of cognitive 
changes (supplementary table S1). Pooled estimates (unstandardized Beta’s with standard 
errors [SE]) based on the fifteen imputed data sets were reported. We applied the false 
discovery rate (FDR) procedure to correct for multiple testing.26
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reSulTS

Demographic and clinical data are presented in table 1. After an average follow-up of 
(mean±SD) 3±2 years 196 SCD patients remained stable, while 32 progressed to MCI 
(n=29, of which n=25 amnestic, n=2 multi-domain, n=1 non-amnestic neuropsychological 
profiles) or AD dementia (n=3). In general, language functioning (β(SE)= -0.14(0.05), 
p<0.05FDR) decreased over time, whereas memory (β(SE)= -0.01(0.02) p=0.88), attention 
(β(SE)= -0.03(0.02) p=0.60) and executive functioning (β(SE)= -0.01(0.02) p=0.28) did not 
change significantly over time. If we stratified for incident clinical progression we found 
a decrease in language function over time (β(SE)= -0.07(0.02)) in SCD stable, while SCD 
patients with future clinical progression showed decreased memory (β(SE)= -0.21(0.07)), 
executive function (β(SE)= -0.14(0.04)) and language (β(SE)= -0.44(0.10)) (all p<0.05FDR).

Associations between cortical thickness and cognition are summarized in table 2. At 
baseline, there were no associations between cortical thickness and any of the cognition 
domains after adjusting for age, sex, education and scanner (all p>0.05FDR; model 1). By 
contrast, frontal (β(se)=0.20 (0.07)), temporal (β(SE)= 0.18 (0.07)), and occipital (β(SE)= 0.22 
(0.09)) cortex were associated with steeper rate of decline of memory (all p<0.05FDR; model 
2; table 2). There were no associations between cortical thickness and language, attention 
or executive functioning over time (all p>0.05FDR). After additionally adjusting for WMH and 
GDS (models 2&3; supplementary table S1), associations between temporo-occipital cortex 
and memory remained essentially unchanged, but associations between frontal cortex 
and memory disappeared after GDS adjustment. When we repeated the LMM analyses 
including n=5 additional patients progressing to non-AD dementia, we found that cortical 
thickness in all lobes was associated with rate of memory decline (supplementary table 
S2), but not with other cognitive domains. Subsequently, for visualization purposes vertex-
wise analyses were done to explore local associations with memory functioning across the 
cortical mantle (figure 1). These analyses showed that thinner cortex of the left hemispheric 
insular (-log(10)p= 3.35, 13/34/-21), lateral orbitofrontal (-log(10)p= 3.89, -4/77/-43), 
superior temporal (-log(10) p= 3.03, -39/6/-41), middle temporal (-log(10)p=3.14, -41/-
14/-46), inferior parietal (-log(10)p= 3.32, -27/-61/-4) gyri, and right hemispheric middle 
temporal gyrus (-log(10)p= 3.13, 32/23/-59), and rostral anterior cingulate cortex (-log(10)
p= 4.59, 32/80/-2) were associated with decline of memory function.

Associations between cortical thickness and cognition stratified for final patient outcome 
(stable vs progression to MCI or AD) are summarized in table 3. In SCD patients who finally 
developed MCI/AD, thinner temporal cortex was related to a steeper decline of memory 
(p<0.05FDR), while such an effect was not observed in patients who remained stable. When 
we repeated the LMM analyses including n=5 additional patients progressing to non-AD 
dementia, we found that frontal, parietal, temporal and occipital cortex was associated 
with rate of memory decline (all p>0.05FDR), but not with other cognitive domains.
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DISCuSSIoN

We found that widespread cortical thinning in SCD patients was associated with faster 
subsequent decline in memory over time, but not related to concurrent cognitive function. 
These findings suggest that subtle cortical changes could precede measurable cognitive 
decline.

We studied patients who visited a memory clinic because they perceived deficits in their 
cognitive functioning. Such cognitive complaints in elderly could be caused by a myriad of 
factors, including normal aging, preclinical AD, cerebrovascular disease, or psychological 
factors such as mood disorders.25,27–29 Although SCD patients typically complain about their 
memory, early cognitive decline may also affect other cognitive domains. We showed that 
language functioning decreased over time across the entire group of SCD patients, which 
illustrates that cognitive complaints could also originate from poorer language performance.

Two recent cross-sectional studies on cognitively intact and mildly cognitively 
impaired elderly demonstrated that thinner temporal, precuneus and occipital cortex 
were associated with impaired episodic memory.30,31 In contrast, we did not find any 
associations between cortical thickness and poorer concurrent memory performance. 
We extend on the former studies, as we found associations between fronto-temporo-
occipital cortical thinning and future decline in memory. Our exploratory vertex-wise 
analyses further corroborate predominant lateral temporal cortex involvement in relation 
to memory decline. Our findings are in line with literature showing that temporal lobes 
are important for memory (dys)function in non-demented individuals32–34 as well as in AD 
patients.3,35 Notwithstanding, when we repeated the analyses including SCD patients with 
future progression to MCI or any type of dementia, we found that cortical thickness in all 
lobes were associated with memory decline. The previous could be explained by different 
pathophysiological mechanisms involved in other types of dementias affecting also parietal 
and cingulate cortices. Others found that patients with SCD and concomitant depressive 
symptoms have pronounced fronto-striatal, and to a lesser extent temporo-occipital brain 
abnormalities.28,36–38 In addition, elderly with subclinical depressive symptoms showed 
poorer performance on memory, processing speed and executive functioning compared 
to elderly without symptoms.39 In the current study, we excluded patients with a major 
psychiatric disorder such as depression. Associations between temporo-occipital cortex 
and memory decline remained unchanged after adjusting for (subclinical) depressive 
symptoms, while associations between frontal cortex and memory disappeared. This fits 
with the notion that depressive symptoms are related to thickness of the frontal lobe.
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Figure 1. Vertex-wise associations with memory performance over time in SCD. red reflects 
positive correlations between memory decline and cortical thickness (p<0.001 uncorrected).

We observed that executive functioning decreased annually in SCD patients with future 
clinical progression, but this did not seem to be related to reduced cortical thickness. 
In contrast, others have found associations between fronto-parietal thickness and task 
accuracy during a card sorting task in cognitively intact elderly.40 Discrepancies could be 
explained by the fact that in the present study divided attention, working memory and 
interference were lumped together as a broad reflection of executive functioning. The 
advantage of a composite score over a single neuropsychological test is that it robustly 
reveals associations with the cognitive domain under study, while including many 
individual tests increases the risk of false positive findings due to multiple testing.

Among the strengths of our study was our unique sample of cognitively normal elderly 
at high risk for AD with spontaneous self-reported cognitive decline and medical help 
seeking behavior. Several potential limitations need to be considered. Our SCD patients 
all visited a memory clinic, and received variable follow-up duration based on clinical 
indications. For this reason, it is unclear to which extent our results can be extrapolated to 
the general population. Nonetheless, our results are highly relevant for cognitively normal 
patients in memory clinics. Of note, referred SCD patients could be a clinically relevant 
group for future preventive trials as they self-perceive cognitive decline. In addition, others 
have shown that in comparison to SCD in the general population, memory clinic SCD is 
associated with additional subclinical depressive symptomatology and atrophy.12 While 
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there might have been subclinical depressive symptoms in our SCD sample, these did not 
seem to affect associations between cortical thickness and memory. Second, we have 
used two scanner systems for estimating cortical thickness, each operating at different 
magnetic field strengths, which could have influenced our associations. Notwithstanding, 
there were no significant interactions between scanner and cortical thickness, suggesting 
that scanner did not influence associations between cortical thickness and trajectories of 
cognitive decline. Third, our results could have been influenced by practice effects with 
different patterns and cognitive trajectories depending on the cognitive domain41. While 
subtle practice effects may have occurred, we expect that these effects were especially 
present in stable SCD patients, and less so in patients with future progression. It has 
recently been demonstrated that preclinical AD reduces the magnitude of gain from 
retesting, especially with regard to episodic memory.42 Finally, we have used domains 
scores composed of several neuropsychological tests. For example, language consisted 
of confrontational naming and semantic fluency, but the latter also depends on executive 
functioning. Specific linguistic characteristics in relation to brain imaging should be 
investigated more precisely in future studies.

Global brain atrophy is common in AD, but also occurs with normal aging43,44 and both 
can evoke cognitive complaints.45 In a former study following participants over a period 
of 10 years, those who remained cognitively intact (i.e. normal aging), showed brain 
volume decreases in the frontal lobes and superior parietal regions, whereas those who 
progressed to MCI, showed accelerated volume loss in temporal regions.46 Our findings 
also point towards involvement of temporal cortical regions in relation to memory decline. 
Thinner temporal cortex could be an early reflection of AD, more specifically since some of 
the SCD patients finally progressed to MCI or AD dementia during the course of the study, 
and these findings were particularly attributable to this subgroup.

SuPPleMeNTAry MATerIAlS

https://www.sciencedirect.com/science/article/pii/S0197458017303020?via%3Dihub

This article was published in Neurobiology of Aging, Jan, 61, 238-244, Copyright Elsevier 
(2018). Re-printed with permission. 
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ABSTrACT

Background. Grey matter network disruptions in Alzheimer’s disease (AD) are 
associated with worse cognitive impairment cross-sectionally. Our aim was to 
investigate whether indications of a more random network organization are associated 
with longitudinal decline in specific cognitive functions in individuals with subjective 
cognitive decline (SCD).

Methods. We included 231 individuals with SCD who had annually repeated 
neuropsychological assessment (3±1 years; n=646 neuropsychological investigations) 
available from the Amsterdam Dementia Cohort (54% male, age: 63±9, MMSE: 28±2). 
Single-subject grey matter networks were extracted from baseline 3D-T1 MRI scans 
and we computed basic network (size, degree, connectivity density) and higher-order 
(path length, clustering, betweenness centrality, normalized path length [lambda] and 
normalized clustering [gamma]) parameters at whole brain and/or regional levels. 
We tested associations of network parameters with baseline and annual cognition 
(memory, attention, executive functioning, language composite scores, and global 
cognition [all domains with MMSE]) using linear mixed models, adjusted for age, sex, 
education, scanner and total gray matter volume.

results. Lower network size was associated with steeper decline in language 
(β±SE=0.12±0.05, p<0.05FDR). Higher-order network parameters showed no cross-
sectional associations. Lower gamma and lambda values were associated with steeper 
decline in global cognition (gamma: β±SE=0.06±0.02); lambda: β±SE=0.06±0.02), 
language (gamma: β±SE=0.11±0.04; lambda: β±SE=0.12±0.05; all p<0.05FDR). Lower 
path length values in precuneus and fronto-temporo-occipital cortices were associated 
with a steeper decline in global cognition.

Conclusions. A more randomly organized grey matter network was associated with 
a steeper decline of cognitive functioning, possibly indicating the start of cognitive 
impairment.



ChAPTer 5 | GREY MATTER NETWORKS ARE ASSOCIATED WITH COGNITIVE DECLINE 83

5

INTroDuCTIoN

The pathogenesis of Alzheimer’s Disease (AD) takes years, eventually causing progressive 
neurodegeneration and cognitive decline.1,2 Self-reported subjective cognitive decline 
(SCD) in cognitively intact individuals might be one of the first symptoms of AD.4,5 About 
25-50% of people older than 60 years perceive cognitive decline,7 but longitudinal studies 
show that only a minority (11-16%) of SCD subjects shows clinical progression over time.3,8 
At this point it remains difficult to understand which individuals with SCD will show future 
cognitive decline.

Possibly, structural magnetic resonance imaging (MRI) might help identifying those at risk 
of decline.9–11 Evidence is accumulating that brain changes leading to cognitive decline and 
dementia are not restricted to specific regions such as the medial temporal lobe, but rather 
include widespread changes in structure, function and organization of the brain.9,12,13 Patterns 
of grey matter morphology can be described as a network consisting of multiple small regions 
of grey matter (i.e. nodes) that are connected to each other when they show structural 
similarity within a cortex across subjects. The advantage of a network representation of grey 
matter morphology is that it provides an opportunity to precisely quantify individual brains 
with tools from graph theory. For example, the small world coefficient indicates whether the 
organization of connections within a network is different compared to those of a randomly 
organized network. Although, the biological meaning of structural similarities is not yet 
fully understood, grey matter similarity has been demonstrated to be associated with 
synchronized maturation between brain regions,14–16 which might be reflected by a higher 
degree of clustering. Previous cross-sectional studies have demonstrated that alterations 
of grey matter network parameters are associated with disease severity17–20 and with the 
degree of cognitive impairment in AD.21 A group-based network study suggested that grey 
matter networks that more resemble randomly organized networks are associated with 
future progression to dementia in individuals with mild cognitive impairment.20 Grey matter 
networks may start to become more randomly organized in early, preclinical stages of the 
disease,10 and in particular lower values of the clustering coefficient seem to be associated 
with faster clinical progression in AD.22 Possibly, lower clustering coefficient values may 
reflect that AD pathological hallmarks, amyloid and tau aggregation, starts in specific brain 
areas, which could lead to an asynchronous loss of grey matter network organization during 
the development of AD. As such, it can be hypothesized that lower clustering coefficients 
values in grey matter networks might provide a biological explanation for cognitive decline.

The aim of the present study was to investigate whether grey matter networks 
parameters in individuals with SCD are related to decline in global cognition, memory, 
attention, language and executive functioning over time. We expected that a more random 
network organization as reflected by lower network values such as normalized clustering 
(i.e. gamma), would be related to faster cognitive decline.



84 ChAPTer 5 | GREY MATTER NETWORKS ARE ASSOCIATED WITH COGNITIVE DECLINE

MeThoDS

Study population. Two hundred thirty-one individuals with SCD were included with available 
MRI and follow-up neuropsychological assessment from the Amsterdam Dementia Cohort. 
Patients visited our memory clinic between 2000 and 2012 and were described in earlier 
studies.6,11,23,24 At baseline, all patients underwent standardized dementia screening, 
including medical history, extensive neuropsychological assessment, physical examination, 
blood tests, and 3D-T1-weighted structural MRI (brain). Clinical diagnosis was established 
by multidisciplinary consensus. Subjects were labeled as having SCD4 when they presented 
with cognitive complaints, and results of clinical and neuropsychological assessments were 
within normal range, and criteria for MCI, dementia, or other disorders known to cause 
cognitive complaints were not met (i.e. cognitively intact). In addition, we offered patients 
a choice to undergo a lumbar puncture for research purposes. Cerebrospinal fluid (CSF) 
β-amyloid1–42 (cutoff: <640 ng/L) and total tau (cutoff: >375 ng/L) was determined using 
sandwich enzyme-linked immunoassays (Innogenetics, Belgium).25,26 Follow-up visits took 
place annually (approximately) during which medical examination and neuropsychological 
assessment were repeated. The medical ethics committee of the VU University Medical 
Center approved the study. All patients provided written informed consent for their clinical 
data to be used for research purposes.

Neuropsychological assessment. Our neuropsychological test battery included tests that 
measure cognitive functioning in the domains of memory, attention, executive functioning 
and language.23 For the attention domain, we used the digit span forward, Trail making 
Test (TMT)-A, and Stroop1&2. For the memory domain, we used the Dutch version of the 
Rey auditory verbal learning test (RAVLT) direct and delayed recall, and visual association 
task (VAT)-A. For the language domain, the following tests were used: Category fluency 
animals and VAT naming. For the executive function domain, we used: TMT-B, digit span 
backwards, and Stroop color-word test. To assess global cognitive functioning all previously 
mentioned tests were combined with the mini-mental state examination (MMSE). All 
neuropsychological test scores were Z-transformed using the corresponding baseline 
distribution as a reference. TMT-A, TMT-B and Stroop were inverted such that lower scores 
reflect worse performance. Missing data per test ranged from 1-10% in the longitudinal 
data set, missing data of each individual neuropsychological test can be found in table 1. In 
order to avoid bias, we estimated missing values using multivariate imputation, including 
age, sex, education, time and all available neuropsychological test results in the model.27,28 
Since multiple imputation relies on stochastic processes, we repeated this process fifteen 
times to ensure stability of the results. Subsequently, for each imputed dataset, we created 
composite domain scores by taking the average Z-score of each test per domain.

MrI acquisition and preprocessing procedures. T1-weighted structural MRI scans were 
acquired at baseline using Magnetom Impact 1.0T (n=121) (Siemens, Erlangen, Germany) 
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and SignaHDxt 3.0T (n=106) (General Electric, Milwaukee, WI) scanners using the following 
sequences: inversion-recovery prepared fast spoiled gradient recalled sequence (IR-FSPGR) 
at 3.0T (176 slices, matrix= 256x256, 1x0.9x0.9 mm3, TE=3ms, TR=7.8ms, TI=450ms, flip 
angle 12°) and magnetization prepared rapid acquisition gradient-echo (MPRAGE) at 1.0T 
(168 slices, matrix= 256x256, voxel size= 1x1x1.5 mm3, echo time (TE)=7ms, repetition 
time (TR)=15ms, inversion time (TI)= 300ms, flip angle, 15°). A standard circular head coil 
was used and head motion was restricted using expandable foam cushions. Statistical 
parametric mapping version 12 (SPM12), operating in MATLAB (r2012) was used to 
segment images (resliced: 2x2x2 mm3) into grey matter, white matter and cerebrospinal 
fluid, and to estimate total grey matter volumes in native space. All segmentations were 
visually checked for segmentations errors and none had to be excluded.

Table 1. Baseline demographical, clinical, neuropsychological and imaging data

Demographics Total group (n=231)

Male/female (n) 126/105

Age (years) 62.95 (9.22) 

Education (range: 1-7) 5.31 (1.36) 

Scanner type (1T/3T) 124/107 

Clinical

Baseline self-reported cognitive complaints (years) 3.10 (3.62)

MMSE (n[%] missing: 7[1%]) 28.35 (1.56) 

Follow-up time 2.80 (1.01) 

β-amyloid 1–421 834.61 (265.80)

 n < 640 pg/ml (%)  n=40 (25%) 

Tau (total)1 294.27 (179.57) 

 n > 375 pg/ml (%)  n=30 (19%) 

Final follow-up diagnosis

SCD n (%) 195 (84%) 

MCI n (%) 28 (12%) 

AD dementia n (%) 4 (2%) 

FTD n (%) 2 (1%) 

VaD n (%) 2 (1%) 

Neuropsychological Assessment (in total n=646 available)

Attention

 Digit Span Forward (n[% of total]missing: 5[1%]) 12.58 (3.17) 

 Trailmaking Test A (n[%] missing: 13[2%]) 39.81 (15.66) 

 Stroop Word (n[%] missing: 66[10%]) 46.31 (9.29) 

 Stroop Color (n[%] missing: 66[10%]) 62.53 (11.97) 
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Table 1. Baseline demographical, clinical, neuropsychological and imaging data (continued)

Neuropsychological Assessment (in total n=646 available) Total group (n=231)

Executive function 

 Digit Span Backward (n[%] missing: 5[1%]) 9.25 (2.76) 

 Trailmaking Test B (n[%] missing: 20[3%]) 95.63 (44.32) 

 Stroop Color-word (n[%] missing: 66[10%]) 107.40 (28.14) 

Memory 

 Visual Association Test A (n[%] missing: 24[4%]) 11.56 (1.02) 

 RAVLT (5 trials summed) (n[%] missing: 37[6%]) 39.59 (8.81) 

 RAVLT Delayed Recall (n[%] missing: 39[6%]) 7.92 (3.04) 

Language 

 Fluency Animals (n[%] missing: 26[4%]) 22.23 (5.84) 

 Visual Association Test Naming (n[%] missing: 24[4%]) 11.94 (0.34) 

Structural MrI measures

Grey matter volume (ml) 609.50 (85.01) 

Fazekas score (median, range) 1 (0-3) 

Hippocampus (ml) 7.14 (0.94) 

Basic network parameters

Network size 7006.75 (666.91)

Degree 1164.20 (124.17)

Connectivity density 16.63 (1.08)

higher-order network parameters

Clustering 0.47 (0.02)

Path length 2.02 (0.02)

Betweenness centrality 7120.14 (701.21)

Gamma 1.69 (0.08)

Lambda 1.10 (0.01)

Small world 1.54 (0.06)

Abbreviations: AD, Alzheimer’s disease; CSF, cerebrospinal fluid; gamma, normalized clustering; FTD, 
frontotemporal dementia; lambda, normalized path length; MCI, mild cognitive impairment; MMSE, mini-
mental state examination; SCD, subjective cognitive decline; VaD, vascular dementia. Number of each 
neuropsychological tests relative to the entire dataset (n=646) are expressed in n[%]. 1, 29% missing CSF data 
(n=162 available). Number of subjects (n) abnormal β-amyloid1–42, Tau (total), were based on 640 and 375 
ng/L cutoffs respectively 25,26

Network parameters. Single-subject grey matter networks were extracted from grey 
matter segmentations (in native space) using a fully automated method implemented in 
MATLAB (https://github.com/bettytijms/Single_Subject_Grey_Matter_Networks) (see 
figure 1 for a schematic overview of methodological steps).29 Briefly, nodes are defined 
as 3x3x3 voxels regions in grey matter using an atlas free approach. These nodes keep 
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intact spatial information present in the data, as well as the grey matter density values. 
Connectivity was then defined by statistical similarity in grey matter structure using 
Pearson’s correlations across the grey matter intensity values of corresponding voxels 
between any two nodes. All similarity values were collected in a matrix. Nodes were 
connected using a threshold that ensured that all subjects had a similar chance to include 
at most 5% spurious connections using a random permutation method.30 Please note that 
these connections can exist in the absence of an anatomically defined connection. Next, 
we computed network parameters for each node (local) and/or averaged across nodes (i.e., 
global). In order to reduce the number of local tests, we averaged nodal network properties 
for nodes within each of 90 regions of interest as defined by the automated anatomical 
labeling (AAL) brain atlas31 (listed in supplementary materials table S1). We categorized 
network measures as being ‘basic’ or ‘higher-order’ parameters. Basic parameters 
included the size of a network (i.e., the number of small cortical regions), local and global 
degree (i.e, the number of edges of a node, which were averaged across nodes of the 
network to obtain a global estimate), connectivity density (i.e., number of edges relative 
to network size). Higher-order network parameters were clustering coefficient (the level 
of interconnectedness between the neighbors of a node, see figure 1A for an example), 
characteristic path length (i.e., the minimum number of edges between a pair of nodes, see 
figure 1B for an example) and betweenness centrality (i.e., the proportion of characteristic 
paths that run through a node, but not start or end at that node). To estimate normalized 
path length (i.e. lambda) and normalized clustering coefficient (i.e. gamma), we averaged 
the characteristic path length coefficient and clustering coefficient across the nodes for 
each network and then divided these properties by those that were averaged across 20 
randomized reference networks that had an identical size and degree distribution.32–34 
Based on comparisons between AD patients and controls, grey matter networks were 
considered to be more randomly organized when showing lower gamma and lambda 
values.19,21,35 We additionally calculated the small-world property by dividing gamma with 
lambda coefficients, and a value >1 indicates that a network’s topology is different from 
that of a random graph. Network properties were computed with modified scripts from the 
Brain Connectivity Toolbox that we (www.brain-connectivity-toolbox.net).36

Statistical analyses. Statistical analyses were performed with RStudio (version3.2.5) and 
Statistical Package for the Social Sciences (SPSS, IBM v22). We used linear mixed models to 
estimate effects of network measures (predictors) on baseline and longitudinal cognitive 
performance per cognitive domain (outcome variable). Linear mixed models estimate 
a coefficient for the longitudinal change based on all data points per cognitive domain 
available per subject, and handles missing data through maximum likelihood estimation. 
In the case that effects of basic network parameters (network size, degree, and/or 
connectivity density) were significant, we added these parameters as additional covariate 
for models with higher-order network parameters as predictors, since basic measures 
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Figure 1. A. example of single-subject grey matter network extraction. Step 1) Grey matter 
segmentations are divided in regions of interest (roI) of 3x3x3 voxels. Step 2) Connectivity 
is defined statistical similarity between two roIs as computed with the Pearson’s correlation 
of grey matter intensity values across corresponding voxels in the roIs. Step 3) All similarity 
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can influence higher-order parameters. Models were run separately for each cognitive 
domain and each network measure (predictor), including time in years as fixed effect, an 
interaction term of network measure*time, and subject as random effect. All analyses 
were adjusted for age, gender, education, total grey matter volume and scanner. Estimates 
(unstandardized Beta’s with standard errors [SE]) were pooled over fifteen imputed data. 
The false discovery rate (FDR) procedure was used to correct for multiple testing.37 Local 
network associations were assessed by repeating our analyses for 90 AAL brain regions, 
additionally adjusted for local grey matter volume, and reported if p<0.05FDR.

reSulTS

Two hundred thirty-one individuals with SCD (54% male, age: 63±9, MMSE: 28±2) were 
followed for an average of 3 (SD=1) years (table 1). Of 162 subjects with CSF data available 
at baseline, 40 (25%) had abnormal β-amyloid 1–42, and 30 (19%) had abnormal tau levels. 
During the time of study, the majority of subjects (195, 84%) remained clinically stable, 
whereas 28(12%) developed MCI, 4(2%) developed AD dementia, 2 (1%) frontotemporal 
dementia and 2 (1%) vascular dementia. During this time period, subjects showed 
deterioration in language functioning (β= -0.14, SE=0.05, p<0.05FDR). No changes over 
time were observed in memory (β= 0.00, SE=0.02), attention (β= -0.01, SE=0.02) executive 
functioning (β= -0.03, SE=0.02) or global cognition (β= -0.42, SE=0.23) (all p>0.05FDR).

There were no associations between basic network parameters and concurrent cognitive 
performance (all p>0.05FDR; table 2). Linear mixed models showed that smaller network 
size was associated with worse language over time (p<0.05FDR). There were no other 
associations between basic network parameters and longitudinal cognitive performance 
(p>0.05FDR).

values are collected in a similarity matrix. Step 4) roIs are connected when their similarity 
value exceeds a statistical threshold determined with a random permutation method. here 
a toy model is shown with an example connectivity density of 23% (i.e., 7 out of 30 possible 
connections present). B. Schematic representation of network parameters. A node represents a 
roI, and an edge the connection between nodes. The degree is the number of edges of a node, 
in this example the degree of the green node is 5. Path length is the minimum number of edges 
between a pair of nodes, in this the path length between the green and orange nodes is 3. 
Clustering coefficient quantifies to what extent neighbors of a given node are connected, which 
is 1/3 for the green node as 1 from the 3 possible connections exists. Betweenness centrality is 
the proportion of paths that run through a node, which is maximal for the green node, and zero 
for all other nodes. C. example of a network with a small-world organization (left) and with a 
random organization (right).
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There were no associations between higher-order parameters and baseline cognitive 
functioning (table 2). Several associations between higher-order parameters and cognitive 
decline were found (figure 2): Lower baseline values of gamma were associated with a 
steeper annual decline in language (β=0.11, SE=0.04, p<0.05FDR) and global cognition 
(β=0.06, SE=0.02, p<0.05FDR). Lower lambda values were associated with a steeper decline 
in global cognition (β=0.06, SE=0.02, p<0.05FDR) and language (β=0.15, SE=0.05, p<0.05FDR). 
Lower baseline values of betweenness centrality and path length were associated with a 
steeper decline in language functioning (respectively β=0.14, SE=0.05; β=0.11, SE=0.05; 
figure 1E; all p<0.05FDR). Lower small world network values were associated with a steeper 
decline in language (β=0.11, SE=0.05, p<0.05FDR) and global cognition (β=0.05, SE=0.02, 
p<0.05FDR). Repeating analyses when additionally adjusting for hippocampal volumes did 
not essentially change these results, suggesting that network parameters have additive 
explanatory values over simpler volumetric measures (supplementary materials table S2).

We further investigated whether language and global cognitive decline were associated 
with network alterations in specific anatomical areas. Lower path length values in the 
left superior frontal, right middle frontal, left inferior frontal, left cuneus, right superior 
occipital, left middle occipital, left precuneus, right transverse temporal gyri (all p<0.05FDR) 
were associated with faster decline in global cognition (figure 2E). Local associations 
between other higher-order network parameters and language decline did not survive 
correction for multiple comparisons.

Table 2. higher-order grey matter network parameters in association with baseline and 
longitudinal cognitive functioning

Basic
parameters

Attention Memory executive Function language Global Cognition

Baseline Annual change Baseline Annual change Baseline Annual change Baseline Annual change Baseline Annual Change

Network Size 0.17±0.08* -0.02±0.02 -0.18±0.10 0.03±0.02 0.11± 0.09 0.00±0.02 0.08±0.11 0.12±0.05** 0.07±0.06 0.03±0.02

Degree 0.04±0.08 -0.01±0.02 -0.13±0.09 -0.12±0.09 -0.03±0.08 0.02±0.02 0.02±0.10 0.11±0.05* 0.00±0.06 0.03±0.02

Connectivity Density -0.07±0.05 0.01±0.02 0.03±0.06 0.02±0.06 0.09±0.06 0.02±0.02 -0.06±0.07 -0.01±0.05 -0.04±0.04 0.01±0.02

higher-order parameters

Clustering -0.02± 0.06 0.02±0.02 0.04± 0.07 0.04±0.02 -0.08± 0.05 0.03±0.02 -0.13±0.25 0.04±0.05 -0.03±0.04 0.03±0.02

Path length -0.07±0.05 -0.01±0.02 0.06±0.06 0.03±0.02 0.08±0.05 0.00±0.02 -0.02± 0.08 0.11±0.05** 0.03±0.04 0.05±0.02**

Betweenness Centrality 0.35±0.26 -0.02±0.02 -0.15±0.11 0.04±0.02 0.16± 0.09 0.00±0.02 0.05± 0.14 0.14±0.05** 0.10±0.07 0.03±0.02

Gamma 0.22±0.11 0.01±0.02 0.10± 0.08 0.05±0.02* 0.02± 0.07 0.02±0.02 0.05± 0.09 0.11±0.04** 0.01±0.05 0.06±0.02**

lambda 0.09±0.06 0.02±0.02 0.09± 0.07 0.04±0.02 0.04± 0.06 0.02±0.02 -0.01±0.07 0.12±0.05** 0.02±0.04 0.06±0.02**

Small World 0.21±0.11 0.01±0.02 0.08±0.08 0.05±0.02* 0.11±1.11 0.25±0.32 0.07±0.09 0.11±0.05** 0.01±0.05 0.05±0.02**

Data are presented as beta estimates ± standard error with significance levels *, p<0.05; **, p<0.05 all FDR-
corrected. Additional adjustments per cognitive domain were done if estimates of network size and/or 
degree were significant at baseline. Attention was additionally corrected for network size, language for size 
and degree. Estimates are presented from models with age, gender, educational level and total grey matter 
volume as covariates. Gamma, normalized clustering; lambda, normalized path length
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DISCuSSIoN

Individuals with SCD subjects who had a more randomly organized grey matter network 
at baseline showed steeper decline in language and global cognition over time. These 
associations were independent of hippocampal volumes, suggesting that grey matter 
network properties can explain variance in cognitive functioning in addition to medial 
temporal atrophy. Our findings suggest that at very early, preclinical stages, a more 
randomly organized grey matter network may reflect one of the earliest brain changes 
associated with subsequent cognitive decline.

In the dementia stages of AD grey matter networks seem to show a more random 
topology, as indicated by a reduced normalized clustering (i.e. gamma) and/or normalized 
path length (i.e. lambda).17,19,20,38 In the present study we investigated whether a more 
random grey matter network organization is associated with early cognitive changes in 
individuals with SCD. Self-perceived cognitive decline in cognitively normal individuals is 
associated with a three to six fold increased risk of AD, and could be an early sign of 
underlying neurodegenerative disease.3,5,39 To our knowledge, grey matter networks in 
relation with subsequent cognitive decline has only been investigated in mild cognitive 
impairment,17,20 and those studies reported higher as well as lower values for gamma in 
MCI compared to controls. We recently reported, in a partly overlapping sample, that a 
more randomly organized single-subject grey matter networks, in particular lower values 
for clustering and gamma, were associated with increased risk of clinical progression in 
non-demented amyloid positive individuals.22

Table 2. higher-order grey matter network parameters in association with baseline and 
longitudinal cognitive functioning

Basic
parameters

Attention Memory executive Function language Global Cognition

Baseline Annual change Baseline Annual change Baseline Annual change Baseline Annual change Baseline Annual Change

Network Size 0.17±0.08* -0.02±0.02 -0.18±0.10 0.03±0.02 0.11± 0.09 0.00±0.02 0.08±0.11 0.12±0.05** 0.07±0.06 0.03±0.02

Degree 0.04±0.08 -0.01±0.02 -0.13±0.09 -0.12±0.09 -0.03±0.08 0.02±0.02 0.02±0.10 0.11±0.05* 0.00±0.06 0.03±0.02

Connectivity Density -0.07±0.05 0.01±0.02 0.03±0.06 0.02±0.06 0.09±0.06 0.02±0.02 -0.06±0.07 -0.01±0.05 -0.04±0.04 0.01±0.02

higher-order parameters

Clustering -0.02± 0.06 0.02±0.02 0.04± 0.07 0.04±0.02 -0.08± 0.05 0.03±0.02 -0.13±0.25 0.04±0.05 -0.03±0.04 0.03±0.02

Path length -0.07±0.05 -0.01±0.02 0.06±0.06 0.03±0.02 0.08±0.05 0.00±0.02 -0.02± 0.08 0.11±0.05** 0.03±0.04 0.05±0.02**

Betweenness Centrality 0.35±0.26 -0.02±0.02 -0.15±0.11 0.04±0.02 0.16± 0.09 0.00±0.02 0.05± 0.14 0.14±0.05** 0.10±0.07 0.03±0.02

Gamma 0.22±0.11 0.01±0.02 0.10± 0.08 0.05±0.02* 0.02± 0.07 0.02±0.02 0.05± 0.09 0.11±0.04** 0.01±0.05 0.06±0.02**

lambda 0.09±0.06 0.02±0.02 0.09± 0.07 0.04±0.02 0.04± 0.06 0.02±0.02 -0.01±0.07 0.12±0.05** 0.02±0.04 0.06±0.02**

Small World 0.21±0.11 0.01±0.02 0.08±0.08 0.05±0.02* 0.11±1.11 0.25±0.32 0.07±0.09 0.11±0.05** 0.01±0.05 0.05±0.02**

Data are presented as beta estimates ± standard error with significance levels *, p<0.05; **, p<0.05 all FDR-
corrected. Additional adjustments per cognitive domain were done if estimates of network size and/or 
degree were significant at baseline. Attention was additionally corrected for network size, language for size 
and degree. Estimates are presented from models with age, gender, educational level and total grey matter 
volume as covariates. Gamma, normalized clustering; lambda, normalized path length
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Figure 2. A. Associations between gamma (i.e. normalized clustering) values and memory 
changes over time. B. Associations between lambda (i.e. normalized path length) values and 
global cognitive changes over time. C. Associations between clustering values and language 
changes over time. D. Associations between small world network values and language changes 
over time. Predicted changes over time (fixed effects) were obtained with the fitted linear 
mixed models on the original data. e. Surface plot of AAl areas where lower path length values 
were associated with steeper decline of global cognition (p<0.05 FDr-corrected).
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In the present study we furthermore showed that lower gamma and lambda values 
were associated with longitudinal decline in language, which is often impaired in 
AD dementia.40 These findings are in line with a former study showing associations of 
lower lambda and gamma values with worse memory and language impairment in AD 
dementia.21 However, not all higher-order network characteristics in the present study 
seem to point to AD pathophysiology. For example, we observed associations between 
betweenness centrality and subsequent decline in cognitive functioning, while in a former 
study we did not observe any differences in betweenness centrality values between AD 
patients and controls,19 nor did we observe associations of this network parameter with 
amyloid pathology in cognitively normal individuals.10,19 Possibly, our present associations 
between betweenness centrality and language decline might be part of normal aging, 
or can be due to pathological processes unrelated to AD. In recent studies in cognitively 
normal individuals, we have demonstrated associations between amyloid abnormalities 
and path length in fronto-temporo-parietal regions,10 and thinner temporal cortex to be 
related to memory decline and disease progression.11,13,24 We now show that lower path 
length values in fronto-temporo-occipital cortices and precuneus were associated with 
global cognitive decline. It could be speculated that the earliest path length changes might 
originate in the precuneus, one of the brain areas involved in the early amyloid deposition41, 
from which later network alterations may spread to the fronto-temporo-occipital cortices. 
The biological meaning of higher-order network values is not yet entirely clear, but lower 
clustering coefficient values might indicate an a-synchronised deterioration of brain 
morphology. At the same time, such a-synchronised patterns of atrophy could potentially 
lead to more ‘spurious’ correlations between brain areas that previously did not show 
similarity before, and this might be reflected by lower lambda values. More longitudinal 
research is required to further investigate potential pathophysiological mechanisms that 
are associated with these early, preclinical, grey matter network changes.

Among the strengths of our study is the availability of repeated neuropsychological 
assessment in a unique and relatively large sample of subjects with SCD. Nevertheless, 
several potential limitations need to be considered. SCD subjects received follow-up of 
variable duration that was based on clinical indications. For this reason, it is unclear to 
which extent our results can be generalised to community-dwelling individuals with SCD. 
Secondly, subjects were scanned at two different scanner systems. Although we corrected 
our analyses for scanner system, the possibility that this has influenced the results cannot 
be excluded. Thirdly, since about 30% of our subjects had no CSF available, we cannot 
exclude the possibility that other pathophysiological events may have influenced these 
associations. Lastly, in the current study there was no information available about visuo-
spatial functioning, while these are frequently impaired in AD, and found to be related 
to grey matter networks.21 Future studies are necessary to further elucidate potential 
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associations between grey matter networks and visuo-spatial functions in cognitively 
unimpaired individuals.

In sum, we observed that individuals with SCD who had a more randomly organized grey 
matter network showed faster decline in global cognition and language. These findings 
suggest that grey matter networks could reflect very subtle structural brain changes that 
may foreshadow objective cognitive decline.

SuPPleMeNTAry MATerIAlS

https://onlinelibrary.wiley.com/doi/full/10.1002/hbm.24065
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ABSTrACT

Background. Subjective cognitive decline (SCD) and a family history of Alzheimer’s 
disease (AD) both portend risk of brain abnormalities and progression to dementia. 
Posterior default mode network (pDMN) connectivity is altered early in the course 
of AD. It is unclear whether SCD predicts similar outcomes in cognitively normal 
individuals with a family history of AD.

Methods. We studied 124 asymptomatic individuals with a family history of AD (Age: 
64±5). Participants were categorized as having SCD if they reported that their memory 
was becoming worse (SCD[+]). We used extensive neuropsychological assessment to 
investigate 5 different cognitive domains performance at baseline (n=124) and one 
year later (n=59). We assessed interconnectivity among three a priori defined ROIs: 
pDMN, anterior-ventral DMN, medial temporal memory system (MTMS), and the 
connectivity of each with the rest of brain.

results. Sixty-eight (55%) participants reported SCD. Baseline cognitive 
performance was comparable between groups. At follow-up, immediate and delayed 
memory improved across groups, but the improvement in immediate memory was 
reduced in SCD[+] compared to SCD[-] (all p<0.05FDR). When compared to SCD[-], 
SCD[+] subjects showed increased pDMN-MTMS connectivity (p<0.05FDR). Higher 
connectivity between the MTMS and rest of the brain was associated with better 
baseline immediate memory, attention and global cognition, whereas higher MTMS 
and pDMN-MTMS connectivity were associated with lower immediate memory over 
time (all p<0.05FDR).

Conclusions. SCD in cognitively normal individuals is associated with diminished 
immediate memory practice effects and a brain connectivity pattern that mirrors early 
AD-related connectivity failure.
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INTroDuCTIoN

Subjective experience of cognitive decline (SCD) and a family history of Alzheimer’s disease 
(AD) are two risk factors for dementia. SCD is associated with a three- to six-fold increased 
risk of clinical progression to dementia in cognitively normal individuals,1 whereas a 
family history of AD dementia gives a two- to three-fold increased risk.2–4 First-degree 
relatives with AD dementia as well as self-perceived decline are two relatively common 
phenomena in cognitively normal individuals,5 but individuals with both risk factors may 
not necessarily develop AD dementia. The aim of this study is to investigate whether SCD 
is informative in individuals with a family history of AD, and might therefore help predict 
who will develop dementia.

AD dementia takes years to develop, during which time one may observe gradual 
cognitive, structural and functional brain changes.6,7 Memory clinic studies have shown 
that persons with SCD have hypometabolism in the precuneus,8 decreased gray matter 
volumes,9,10 and cortical thinning in medial temporal regions,11 which may be related to 
increased risk of incident clinical progression.12,13 Additionally, in normal individuals, a 
family history of AD dementia is associated with decreased regional brain volumes.14–16 
Others have demonstrated that connectivity changes involving the posterior default mode 
network (pDMN, comprising largely the posterior cingulate cortex) are evident in the 
earliest stages of AD dementia.17,18 It has been suggested that brain hyperconnectivity 
in the pDMN compensates for early pathophysiological processes, but later gives way 
to global brain hypoconnectivity, perhaps resulting from sustained excitotoxicity.18,19 
Functional brain changes may precede structural abnormalities and clinical symptoms and 
may therefore serve as a potential early AD biomarker.20,21 So far cross-sectional memory 
clinic studies have shown increased DMN connectivity in SCD patients compared to AD 
patients and controls.22,23 By contrast, others found that decreased connectivity in resting-
state and visual networks was related to a higher degree of cognitive complaints across 
individuals with preclinical and prodromal AD.24 It remains unclear whether SCD is related 
to DMN connectivity in relatively young community-dwelling individuals with a family 
history of AD, and whether altered functional connectivity is predictive of early cognitive 
changes.

In the longitudinal PREVENT-AD cohort study we investigated (i) whether SCD is 
associated with altered brain connectivity in the medial temporal memory system (MTMS), 
anterior ventral DMN (avDMN) and pDMN and (ii) whether brain connectivity, SCD, or 
both are related to objective cognitive performance.
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MeThoDS

Study population. Data used in the preparation of this article were obtained from the 
Pre-symptomatic Evaluation of Novel or Experimental Treatments for Alzheimer’s Disease 
(PREVENT-AD) program (http://www.douglas.qc.ca/page/prevent-alzheimer) data release 3.0 
(November 30, 2016). The primary goal of PREVENT-AD is to test whether serial determination 
of multi-modal biomarkers of Alzheimer’s disease may be measured and used in pre-
symptomatic persons at high risk of subsequent AD dementia to trace the progression of the 
disease process and to measure effects of any potentially preventive treatment interventions. 
We studied a convenience sample of 124 asymptomatic individuals, who were not enrolled 
in any treatment studies, with available information on SCD,1 structural MRI and resting-state 
functional (rsf)MRI from the PREVENT-AD cohort.25 Briefly, volunteer participants in this cohort 
were aged 60 or older (55 or older if their age was within 15 years of their youngest-affected 
relative’s dementia onset) and were required to have at least 6 years of formal education, to 
demonstrate fluency in either English or French, and to be in good general health. They were 
required to have a parental or multiple-sibling family history of AD dementia, documented 
either by a diagnosis of AD from a specialist or by a reported history of “AD-like dementia.” 
The latter was defined as a memory or other cognitive deficit from uncertain causes that had 
an insidious onset and evolved gradually to a state of cognitive disability sufficient to cause 
impaired daily functioning.26 Participants underwent a screening physical, neurological and 
cognitive assessment using the Montreal Cognitive Assessment (MoCA) and Clinical Dementia 
Rating (CDR) scale. Their annual visits include a 1.5-hour sequence of MRI acquisitions and 
more extensive psychometric assessment using the Repeatable Battery for Assessment of 
Neuropsychological Status (RBANS).27 Persons with questionable cognitive deficits were 
referred for full neuropsychological assessment. The IRB of McGill Faculty of Medicine 
approved the study. All participants provided written informed consent for each stage of study.

SCD assessment. We used a single validated “SCD question” that has a positive predictive 
value for AD1,28,29 to classify participants as either SCD[-] or SCD[+]. During a structured 
interview, participants were classified as having SCD[+] if they answered “yes” to the 
question: “Do you think your memory is becoming worse”. Conversely, participants were 
classified SCD[-] if they responded “no” to this same question. Furthermore, the Everyday 
Cognition Questionnaire (Ecog) was administered to all participants, and was used to 
investigate the degree of self-reported cognitive complaints in the following cognitive 
domains: memory, language, attention, planning, organization skills, and visuo-spatial 
skills.30 In addition, neuroticism and depressive symptoms were measured using the 44-
item Big Five Inventory (BFI)31 and 15-item geriatric depression scale (GDS) respectively.32 
Neuropsychological assessment and brain imaging were done on the same day, and most 
individuals completed the SCD interview on a different day (5 months ± 3 SD), with a 
maximum of one year between assessments.
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Table 1. Demographic and clinical data

Baseline data

No SCD 
n=56

SCD
n=68

p-value Follow-up data

No SCD 
n=29

SCD
n=30

Age (years) 64±5 (55-76) 64±5 (55-77) p=0.89 65±6 65±6 p=0.79

Education (years) 15±3 (7-23) 16±4 (10-24) p=0.11 14±4 15±4 p=0.12

Gender (%females) 71% 62% p=0.34 78% 67% p=0.29

APOE ε4 genotype
(% ε4/ ε4 carriers)

30%
(0%)

42%
(4%)

p=0.26
(p=0.11)

GDS 2±2 (0-6) 2±2 (0-11) p=0.89

Neuroticism 19±7 (8-36) 19±8 (8-34) p=0.61

Parent history (%) 96% 91% p=0.24

Sibling history (%) 7% 12% p=0.39

rsfMRI volumes (n) 244±56
(56-300)

236±59
(86-300)

p=0.46

Everyday Cognition Questionnaire

Memory 10±2 (8-14) 12±3 (8-18) p<0.001

Language 10±2 (9-18) 11±2 (9-22) P<0.01

Attention 4 ±1 (4-7) 5±2 (4-12) p=0.001

Organization skills 6±1 (5-8) 6±1 (4-12) p=0.06

Planning 5±0 (5-7) 5±1 (5-8) p=0.92

Visuo-spatial 7±1 (6-10) 8±2 (5-17) p=0.07

Neuropsychological assessment

Immediate Memory 100±12
(69-123)

102±10
(78-120)

p=0.01 108±11
(85-126)

104±9
(85-117)

p<0.01

Visuo-spatial 96±14
(66-112)

97±16
(64-131)

p=0.87 95±15
(72-126)

97±15
(60-131)

p=0.73

Language 101±8
(83-120)

102±10
(85-127)

p=0.51 98±6
(87-111)

100±9
(79-120)

p=0.89

Attention 104±14
(75-138)

104±14
(72-142)

p=0.54 105±14
(82-125)

104±16
(72-142)

p=0.41

Delayed Memory 101±7
(81-116)

103±9
(81-124)

p=0.06 107±7
(95-121)

104±7
(86-121)

p=0.04

Total Cognition 100±9
(84-122)

101±10
(83-127)

p=0.03 103±11
(85-128)

102±9
(88-123)

p=0.03

Data are presented as mean±SD (min-max) or percentages. APOE = Apolipoprotein; SCD, subjective 
cognitive decline. Neuropsychological data was acquired using the repeatable battery for the assessment of 
neuropsychological status (RBANS). p-values of baseline neuropsychological data were acquired with linear 
mixed models, and p-values of the follow-up data reflect relative cognitive changes between baseline and 
follow-up of SCD[+] compared to SCD[-]. Displayed p-values were unadjusted for multiple-comparisons. 
Baseline and follow-up demographic data were comparable. GDS, neuroticism and Everyday Cognition 
questionnaires were not repeated at follow-up.
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Neuropsychological assessment. Objective cognitive performance was assessed at one 
annual visit (n=124) and again a year later (n=59) using an equivalent alternate version of 
the RBANS (12 months ± 1 SD).27 This battery provides a global cognitive score consisting 
of five composite Index Scores: immediate and delayed memory, attention, language, 
and visuospatial functioning (from a total of 12 individual tests). RBANS composite scores 
were Z-transformed using initial scores as a reference. Baseline neuropsychological data 
was comparable between subjects with one time point compared to those with two time 
points (Supplementary Table S1).

MrI acquisition. MRI data acquisition procedures have been documented elsewhere.33 
In brief, MRI scans were acquired using Magnetom Tim Trio (Siemens) operating at 
3-Tesla. Structural T1-weighted images were obtained using a GRE sequence (TR=2300ms; 
TE =2.98ms; FA=9°; matrix size=256x256; voxel size=1x1x1 mm3; 176 slices). For rsfMRI 
scans, we acquired two consecutive functional T2*-weighted images for 5 minutes each 
with a blood-oxygen-level-dependent (BOLD) sensitive, single-shot echo planar sequence 
(TR=2000ms; volumes=150; TE=30ms; FA=90°; matrix size=64x64; voxel size=4x 4x4 mm3; 
32 slices). Dummy scans were used to obtain a steady-state magnetization, these volumes 
were automatically rejected during data acquisition.

Image analysis. rsfMRI data were preprocessed with default settings using the 
Neuroimaging Analysis Kit v0.12.17 (http://niak.simexp-lab.org), using GNU Octave (v4.0), 
and the Minc toolkit v0.3.18 http://www.bic.mni.mcgill.ca/ServicesSoftware/MINC), 
running on Guillimin. Briefly, functional images were motion-corrected, time-filtered 
(0.01Hz high-pass cut-off), non-linearly spatially normalized (Montreal Neurological 
Institute ICBM152), re-sampled (3mm isotropic), and smoothed at 6mm FWHM. In 
addition, a regression of confounds was performed to account for slow time drifts, high 
frequencies, motion parameters, average signal of the white matter and the ventricles 
(http://niak.simexp-lab.org/pipe_preprocessing.html).33 As part of the preprocessing, 
frame displacement (FD) was automatically calculated by NIAK to assess excessive 
motion between frames (in reference to group-wise averages). For each frame exceeding 
an FD of 0.5 millimeter, the individual frame was removed (scrubbed), along with one 
adjacent frame prior, and two consecutive frames after. Images passed quality control if: 
i) functional and structural images were correctly registered (spatial correlation r>0.75, 
NIAK preprocessing report); ii) no spatial normalization or image artefacts were present 
during visual inspection; iii) at least one out of two functional scans with a minimum of 
50 frames (100s) remained after scrubbing procedures. Overall, 14 subjects failed QC 
procedures (8 excluded due to insufficient frames in both runs, 6 excluded due to image 
artefacts), leaving 124 for analysis (118 with two runs, 6 with one). Results were essentially 
unchanged when restricting to individuals with two runs, or rsfMRI acquisitions with more 
than 100 and 180 volumes (supplementary table S2). Demographic characteristics of the 
current fMRI subsample were similar to the entire PREVENT-AD Cohort.25 A functional 
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parcellation scheme was generated with bootstrap analysis of stable clusters (BASC)34,35 
on the Cambridge sample of the 1000 Functional Connectomes Project, and the following 
regions of interest (ROIs) defined a priori were used:18,36 pDMN, avDMN, and MTMS, the 
latter consisting of the hippocampus, parahippocampus, retrosplenial, posterior inferior 
parietal and ventromedial prefrontal cortex (Figure 1). These ROIs have previously been 
shown to play a role in the cascading network failure related to AD,18 with the pDMN 
showing the earliest vulnerability. The advantage of a BASC-generated template is that 
it provides regions with a principled and maximized resting-state network stability at 
different resolutions.37 The template can be found at https://figshare.com/articles/
Group_multiscale _functional_template_generated_with_BASC_on_the_Cambridge_
sample/1285615). The parcellation template with 122 parcels was superimposed on an 
AAL brain atlas to select our a priori defined ROIs (Figure 1B). Subsequently, single-subject 
regional Fisher Z-transformed Pearson correlation values, based on the average time-series 
of all voxels between ROIs (of either 1 or 2 runs), were extracted using Matlab (R2012b). 
Six connectivity estimates were extracted: pDMN with the rest of the brain (measured as 
one ROI representing all cortical parcels excluding the pDMN parcel) (1), avDMN with the 
rest of the brain (2), MTMS with the rest of the brain (3), and interconnectivity among 
pDMN-MTMS ROIs (4), pDMN-avDMN ROIs (5) and MTMS-avDMN ROIs (6) (figure 1). 
The rationale for investigating connectivity between each ROI in relation to the rest of 
the brain is because DMN regions exhibit a great geodesic cortical distance, and support 
an overarching organization of large-scale connectivity, which could be vulnerable for 
neuropsychiatric conditions.38 The dorsal medial prefrontal cortex (dmPFC) was used as 
a control region within the DMN network since this subdivision is unimpaired until later 
stages of AD.18

APoe ε4 genotype. DNA was extracted from buffy coat samples using the QiaSymphony 
DNA kit (Qiagen, Toronto, Canada), and subsequently the PyroMark Q96 pyrosequencer 
(Qiagen) was used to determine the APOE genotype. The DNA was amplified using 
reverse transcriptase–PCR, forward primers 5′-ACGGCTGTCCAAGGAGCTG-3′ (rs429358) 
and 5′-CTCCGCGATGCCGATGAC-3′ (rs7412), and reverse biotinylated primers 
5′-CACCTCGCCGCGGTACTG-3′ (rs429358) and 5′-CCCCGGCCTGGTACACTG-3′ (rs7412). 
The DNA was sequenced with these primers: 5′-CGGACATGGAGGACG-3′ (rs429358) and 
5′-CGATGACCTGCAGAAG-3′ (rs7412).

Statistical analyses. Statistical analyses were performed with SPSS version 20.0.0 (IBM 
Corp., Armonk New York, U.S.). Clinical, imaging (quality control; i.e. rsfMRI number of 
volumes, frame displacement), and demographic variables were analyzed with t-tests for 
continuous variables and χ2 tests for discrete variables. In order to investigate the main 
effect association of SCD with connectivity (i.e. single-subject Fisher Z-transformed regional 
Pearson correlations), we performed separate univariate linear regression analyses between 
SCD (independent variable) and strength of connectivity in a priori defined ROIs (dependent 
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variable). Analyses were adjusted for age, gender, and head movement during rsfMRI 
(frame displacement) (model 1). We additionally adjusted for APOE ε4 genotype (model 
2). In secondary analyses, we adjusted for depressive symptoms (GDS) and neuroticism 
(model 3), and for mean cortical thickness (model 4), as these could confound connectivity 
results (37–40). To make sure our rsfMRI results were not reflective of atrophy patterns, 
we also compared regional cortical thickness estimates (based on the Desikan-Killiany 
atlas) between SCD[+] and SCD[-], which did not show any differences (Supplementary 
Table S3).43,44 In a second set of analyses, we investigated the associations of SCD and 
connectivity with cognition. To do so, we performed linear mixed models to investigate 
the separate main effects of connectivity and SCD (independent variables) on baseline 
and follow-up cognitive functioning (dependent variables) for each cognitive domain.45 
The models for the effects of SCD on cognition included terms for subject as a random 
effect, time, SCD status, and SCD*time interaction, whereas the models for the effects of 
connectivity on cognition included terms for subject as a random effect, time, connectivity 
and connectivity*time interaction. In a post-hoc analysis, we sought to investigate the joint 
effects of SCD status and connectivity on cognitive decline. The models included terms for 
subject as a random effect, SCD*time, connectivity*time, and time*connectivity*SCD. The 
models were adjusted for age, education and gender. Standardized betas were reported 
if p<.05. The false discovery rate (FDR) procedure was used to correct for multiple testing 
in all analyses.46 Residualized data (fixed effects) were used to create scatterplots. For 
exploratory purposes, and to investigate whether other brain regions showed altered 
connectivity between SCD groups (independent variable), regression analyses (adjusted for 
age, gender, head movement and APOE ε4 genotype) were performed between our three a 
priori defined ROIs and all other brain parcels (Supplementary Figure S1).

reSulTS

Descriptive and clinical data. Demographic and clinical data are shown in Table 1. Sixty-
eight (55%) participants reported SCD (SCD[+]). Compared to participants without SCD 
(SCD[-]), they reported more cognitive complaints on the Ecog domains of memory, 
attention and language (p<0.05), but not on other cognitive domains (all p>0.05). Age, 
education, gender and APOE ε4 genotype were comparable between SCD[-] and SCD[+], 
as were neuroticism and depressive symptoms (all p>0.05).

SCD and brain connectivity. To investigate the effect of SCD on connectivity, we performed 
linear regression analyses. Compared to SCD[-], SCD[+] showed comparable connectivity 
between the pDMN, avDMN, MTMS and the rest of the brain (all models adjusted for age, 
gender, frame displacement, and APOE ε4; all p>0.05FDR; Table 2). Furthermore, SCD[+] 
had increased connectivity between the pDMN and the MTMS (β =0.26, p<0.05FDR), but 
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not between the pDMN-avDMN or the MTMS-avDMN (all p>0.05FDR) (Figure 1B). The 
effects did not change after additional adjustment for depressive symptoms or degree 
of neuroticism, or mean cortical thickness (Table 2, model 3 and model 4 respectively). 
The connectivity between the dmPFC (control region) and our a priori defined ROIs, as 

Table 2. effects of SCD status on functional brain connectivity

roIs with the rest of the brain SCD status
Std Beta (p-value)

pDMN-rest of the brain Model 1 0.14 (0.17)

Model 2 0.17 (0.11)

Model 3 0.17 (0.09)

Model 4 0.13 (0.16)

MTMS-rest of the brain Model 1 0.15 (0.12)

Model 2 0.17 (0.049)

Model 3 0.17 (0.053)

Model 4 0.18 (0.049)

avDMN-rest of the brain Model 1 -0.14 (0.16)

Model 2 -0.14 (0.16)

Model 3 -0.15 (0.13)

Model 4 -0.14 (0.14)

Between roIs

pDMN-MTMS Model 1 0.23 (0.02)*

Model 2 0.26 (<0.01)*

Model 3 0.26 (<0.01)*

Model 4 0.23 (<0.01)*

pDMN-avDMN Model 1 0.03 (0.72)

Model 2 0.02 (0.82)

Model 3 0.02 (0.87)

Model 4 0.04 (0.66)

MTMS-avDMN Model 1 0.00 (0.97)

Model 2 -0.01 (0.91)

Model 3 -0.02 (0.83)

Model 4 -0.01 (0.89)

Data are presented as standardized β estimates with corresponding p-values. β’s for SCD status represent the 
estimated additional change in connectivity if individuals report SCD. Model 1 is adjusted for age, gender, 
frame displacement. Model 2 is adjusted for age, gender, frame displacement, and APOE ε4. Model 3 is 
adjusted for age, gender, frame displacement, APOE ε4, GDS and neuroticism. Model 4 is adjusted for age, 
gender, frame displacement, APOE ε4 and mean cortical thickness. The rest of the brain represents all cortical 
parcels, excluding the one of interest, used as one single ROI. p<0.05 significant standardized β estimates are 
displayed in bold. *, p<0.05FDR significant.
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Figure 1. Functional brain parcellation (A). regions of interest (roIs) [left to right]: 1) posterior 
default mode network (pDMN) with medial temporal memory system (MTMS) 2) anteroventral 
DMN (avDMN) and MTMS, 3) avDMN and pDMN (B). Connectivity separated for SCD status. 
The left panel represents connectivity between the roIs and the rest of the brain and the 
right panel represents connectivity between roIs (C). Analyses were adjusted for age, gender, 
frame displacement and APoe ε4. †, p<0.05 uncorrected; *, p<0.05FDr. MTMS consisted of the 
hippocampus, parahippocampus, retrosplenial, inferior parietal and ventromedial prefrontal 
cortex. Data are presented as mean+95% confidence intervals.
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well as the connectivity between the dmPFC and the rest of the brain, were comparable 
between SCD[-] and SCD[+]. There were no significant differences in the number of 
volumes remaining after image preprocessing between SCD[-] and SCD[+] (all p>0.05), 
nor did the minimum number of volumes affect our results (Table 1 and supplementary 
materials Table S2).

SCD in relation to cognition. At baseline, comparable performance was found between 
SCD[-] and SCD[+] on all cognitive domains (all p>0.05FDR; Table 1). At follow-up, immediate 

Figure 2. Associations between MTMS and the rest of the brain (all parcels excluding the MTMS 
parcels) and immediate memory recall (A). Associations between avDMN-pDMN connectivity 
and global cognition. Standardized beta estimates for connectivity measures on longitudinal 
cognitive performance (non-significant [p>0.05] beta estimates are displayed transparent) 
(C). Cognitive scores have been Z-transformed so that the variances are 1, and standardized 
beta estimates refer to how many standard deviations cognition will change, per standard 
deviation increase in the connectivity variable. residuals of fixed predicted effects were used 
for scatterplots.
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(β=0.40, p<0.05FDR) and delayed (β=0.46, p<0.05FDR) memory improved across groups, but 
the extend of immediate memory improvement was reduced in SCD[+] compared to SCD[-
] (β= -0.64, p<0.05FDR).

Brain connectivity in relation to cognition. We performed linear mixed models to 
investigate the effects of connectivity on cognition (Table 3). Higher connectivity between 
MTMS and the rest of the brain was associated with better baseline immediate memory 
(β=7.58, p<0.05FDR), attention (β=6.51, p<0.05FDR), and global cognition (β=7.02, p<0.05FDR). 
Likewise, higher pDMN-avDMN connectivity was associated with better baseline language 
function (β=2.17, p<0.05FDR) and global cognition (β=1.79, p<0.05FDR). In contrast, 
higher connectivity between the MTMS and the rest of the brain and pDMN-MTMS 
connectivity were associated with lower immediate memory over time (β= -3.33 and β= 
-5.32 respectively, both p<0.05FDR). There were no associations between MTMS-avDMN 
connectivity, avDMN or pDMN with the rest of the brain and baseline or longitudinal 
cognition (all p>0.05FDR).

Table 3. Associations between brain connectivity and cognition

Cognitive domain
Connectivity

Visuo-spatial Immediate
Memory

language Attention Delayed
Memory

Total
Cognition

pDMN-rest BL 0.76 (.70) 2.71 (.17) 2.14 (.32) 1.47 (.23) -0.89 (.60) 2.41 (.17)

FU 0.23 (.86) -2.67 (.04) -1.42 (.32) -0.43 (.70) 0.14 (.99) -1.55 (.18)

MTMS-rest BL 0.54 (.86) 7.58 (.01)* 2.71 (.40) 6.51 (.01)* -2.82 (.27) 7.02 (.01)*

FU -0.32 (.88) -5.32 (.01)* -0.68 (.76) -2.07 (.07) -1.12 (.52) -3.67 (.04)

avDMN-rest BL 1.55 (0.41) -1.55 (.41) 0.14 (.95) 2.90 (.09) 0.91 (.57) 1.30 (.44)

FU -0.98 (0.45) 1.16 (.37) 0.20 (.88) -0.52 (.62) -1.28 (.23) -0.18 (.87)

pDMN-MTMS BL -1.60 (.35) 3.58 (.04) 3.67 (.047) 1.58 (.32) 0.84 (.58) 2.65 (.08)

FU -1.42 (.25) -3.11 (.01)* -2.68 (.04) -1.59 (.11) -0.35 (.74) -2.20 (.03)

pDMN-avDMN BL 1.24 (.10) -0.04 (.95) 2.17 (.01)* 1.38 (.04) 0.74 (.26) 1.79 (.01)*

FU -0.44 (.38) -0.12 (.82) -1.22 (.03) -0.47 (.26) -0.76 (.08) -0.89 (.04)

MTMS-avDMN BL 0.75 (.60) -0.35 (.82) 0.01 (.99) 1.91 (.17) 2.47 (.06) 1.48 (.28)

FU 0.03 (.98) 0.08 (.94) 0.28 (.80) -0.47 (.58) -1.55 (.07) -0.27 (.75)

SCD BL -0.06 (.87 0.89 (.01) 0.25 (.51) 0.20 (.54) 0.59 (.05) 0.68 (.03)

FU 0.08 (.73) -0.64 (.01)* -0.04 (.89) -0.17 (.41) -0.42 (.04) -0.45 (.03)

Data are presented as standardized beta estimates+ p-value (p<0.05 are in bold). Hyphenation “rest” implicates 
the rest of the brain representing all cortical parcels, excluding the one of interest, used as one single ROI. *, 
FDR-corrected p-values (p<0.05FDR). Linear mixed models between connectivity and cognition were adjusted 
for age, sex, education, and contained an interaction term for connectivity*time. Abbreviations: BL, baseline; 
FU, follow-up
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Simultaneous effects of brain connectivity and SCD in relation to cognition. As a post-hoc 
analysis we performed linear mixed models to investigate the joint effects of connectivity 
and SCD on cognitive performance. Higher connectivity between MTMS and the rest of 
the brain (β= -5.39 p<0.05FDR) and pDMN-MTMS connectivity (β= -3.37 p<0.05FDR), but not 
SCD status, were associated with lower cognitive performance over time. There were no 
significant 3-way interaction effects between time*connectivity*SCD.

Connectivity between a priori defined ROIs and all other brain parcels. For exploratory 
purposes, we assessed the relationship between the pDMN, the avDMN and the MTMS 
and all other brain parcels. No results survived p<0.05FDR correction. Using a more lenient 
statistical threshold of p<0.005, we found that, compared to SCD[-], SCD[+] showed 
increased pDMN connectivity in relation to the bilateral middle cingulate cortex and left 
inferior parietal, and increased MTMS connectivity in relation to bilateral precuneus, 
middle cingulate, posterior cingulate, inferior occipital and left inferior parietal cortex 
(Supplementary Figure S1).

DISCuSSIoN

We found that self-perceived cognitive decline is associated with increased connectivity 
between AD-vulnerable regions. Moreover, increased brain connectivity was related to 
better baseline cognitive performance, but to a reduced rate of cognitive performance 
over time in individuals with SCD compared to those without SCD. Our findings suggest 
that SCD is an informative parameter in cognitively normal individuals with a family history 
of AD.

Both family history of AD and SCD are associated with an increased risk of incident 
progression to dementia.1,2 AD pathogenesis takes years to develop, and it is hypothesized 
that functional abnormalities precede clinical symptoms.6 For this reason, it is conceivable 
that functional connectivity changes in individuals at risk may occur prior to extensive 
structural brain damage and objective cognitive decline.20 Combining both subjective 
and objective cognitive functioning in relation to brain connectivity could lead to a better 
understanding of early processes related to cognitive decline, and potentially lead to a 
better selection for future preventive strategies or disease-modifying therapies.

Others have shown that pDMN hyperconnectivity is associated with AD risk factors in 
cognitively normal individuals, and could therefore reflect an early disease mechanism 
related to future cognitive decline.23,47–51 Hyperconnectivity may be expressed as 
increasing temporal covariance of metabolically active brain regions, and is considered 
to occur after damage to neural systems as a result of brain plasticity.52 In the current 
study, we defined connectivity within a single-subject by means of a correlation of resting-
state BOLD time-series between the pDMN and other regions of interest. In keeping with 
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prior results, we found increased connectivity between the pDMN and medial temporal 
memory system (MTMS) in individuals with SCD.20,53 Moreover, when we additionally 
adjusted for cortical thickness these associations remained essentially unchanged, 
suggesting that these associations explain variance in brain connectivity beyond cortical 
atrophy. So far, resting-state (rs)fMRI studies on cognitively intact individuals have found 
both increased,20,23,48,49,53 decreased18,39 and mixed47 pDMN connectivity in relation to 
the presence of AD risk factors. Furthermore, memory clinic studies have demonstrated 
altered brain connectivity in patients with SCD compared to controls and patients with 
AD.22–24 It is hypothesized that prior to a global connectivity failure, brain regions of high 
activity could accelerate pathology54,55 or reflect an attempted compensation of early 
pathophysiological processes.19 While there is controversy about the interpretation of 
connectivity patterns, pDMN hyperconnectivity has been demonstrated in pre-dementia 
stages across imaging modalities with rsfMRI, magnetoencephalography and cerebral 
metabolism (i.e. FDG-PET).23,47–51,54,56–61 Our findings further support the idea that pDMN 
hyperconnectivity, particularly between the pDMN and MTMS, could be one the earliest 
network changes related to AD, especially since none of our participants showed any 
signs of cognitive impairment at baseline or follow-up. Others showed that higher pDMN 
connectivity is related to better concurrent global cognition along the AD spectrum.18 We 
extend these findings by showing that higher pDMN-MTMS connectivity was associated 
with better concurrent cognitive performance, but lower immediate memory and global 
cognition over time. Similarly, our data indicates that higher connectivity between the 
MTMS and the rest of the brain is also involved in early cognitive changes, and that 
these associations were independent of SCD status. Previous research has shown that 
the MTMS becomes engaged when decisions involve constructing a mental scene based 
on memory.36 We furthermore provide evidence that the degree of MTMS connectivity 
is also related to immediate recall of verbal information, attention and global cognition. 
Taken together, our findings suggest that hyperconnectivity is related to better concurrent 
cognitive performance, but could have a detrimental effect over time in cognitively normal 
individuals. These findings could reflect decline during normal aging, or resemble one of 
the earliest changes related to AD.

Baseline cognitive performance was comparable between individuals with and without 
SCD. Over time, when looking across groups, immediate and delayed memory improved, 
likely reflecting memory-selective practice effects that often occur in cognitively normal 
individuals.62 The amplitude of the immediate memory recall improvement was, however, 
reduced in individuals with SCD when compared to individuals without SCD. Others 
have shown that memory clinic patients with SCD have poorer memory functioning over 
time compared to controls.8,63 One explanation is that learning abilities (i.e. practice 
effects) tend to weaken in individuals with SCD, and might be an early form of learning 
“stagnation”, which is in line with evidence that practice effects diminish in preclinical 
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AD64,65. We hypothesize that individuals who report self-perceived cognitive decline 
are able to preserve memory function for some time, but deteriorate in the long run. 
Notwithstanding, future studies are necessary to fully elucidate early stages of cognitive 
changes.

A strength of our study is that it investigated self-perceived decline in a unique sample 
of individuals with a family history of AD in conjunction with state-of-the-art imaging 
techniques. Several limitations also warrant attention. First, our follow-up duration was 
relatively short, and none of the participants in this sample showed incident clinical 
progression. Nonetheless, we did find altered connectivity related to cognitive decline in 
regions vulnerable to AD. Unfortunately, other biomarkers such as amyloid and tau levels 
that could further corroborate evidence of AD pathogenesis have not yet been acquired. 
Some studies have proposed that connectivity changes might even precede measurable 
pathology.18,47,54,55 In this regard, our results may be potentially relevant. Second, cognitive 
complaints in community-dwelling individuals could be caused by a myriad of factors. 
Self-perceived decline could be a reflection of underlying neurodegenerative disease, but 
could also be induced by mental illness, substance abuse, sleep disturbances, neuroticism, 
and normal aging.5 Family history in itself could also induce anxiety and worries for AD. We 
therefore adjusted our connectivity models for depressive symptoms and neuroticism, but 
this did not change the results. Nevertheless, future research should investigate whether 
family history could affect the phenotype of cognitive complaints. Last, because we studied 
asymptomatic individuals with a family history of AD, it is unclear whether our findings can 
be extrapolated to community-dwelling persons without a family history.

In sum, SCD in cognitively normal individuals at elevated risk of AD is associated 
with a brain connectivity pattern that mirrors early AD-related connectivity failure. Our 
findings therefore illustrate that SCD in individuals with a family history of AD is a relevant 
phenomenon that may foreshadow subsequent cognitive decline. Future studies may 
elucidate the nature of SCD in cognitively normal individuals who have a family history of 
AD, and may disentangle the concomitant effects with other biomarkers in relation to AD 
pathogenesis.

SuPPleMeNTAry MATerIAlS

https://www.sciencedirect.com/science/article/pii/S2451902217302306?via%3Dihub

This article was published in Biological Psychiatry: Cognitive Neuroscience and 
neuroimaging, May, 3, 5, 463-472, Copyright Elsevier (2018). Re-printed with permission. 
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ABSTrACT

Background. Accumulation of amyloid beta can be visualized using [18F]florbetapir 
PET. The aim of this study was to identify the optimal model for quantifying [18F]
florbetapir uptake and to assess test-retest (TRT) reliability of corresponding outcome 
measures.

Methods. Eight AD patients (age: 67±6 years, MMSE: 23±3) and 8 controls (age: 
63±4 years, MMSE: 30±0) were included. Ninety minutes dynamic PET scans, together 
with arterial blood sampling, were acquired immediately following a bolus injection 
of 294±32MBq [18F]florbetapir. Several plasma input models and the simplified 
reference tissue model (SRTM) were evaluated. The Akaike Information Criterion was 
used to identify the preferred kinetic model.

results. Compared to controls, AD patients had lower MMSE scores and evidence 
for cortical Aβ pathology. A reversible two tissue compartment model with fitted blood 
volume fraction (2T4k_VB) was the preferred model for describing [18F]florbetapir 
kinetics. SRTM derived binding potential (BPND) correlated well (r2=0.83, slope=0.86) 
with plasma input derived distribution volume ratio (DVR). TRT reliability for plasma 
input derived DVR, SRTM derived BPND and SUVr(50-70) were r=0.88, r=0.91 and r=0.86.

Conclusion. In vivo kinetics of [18F]florbetapir could best be described by a reversible 
two tissue compartmental model, and [18F]florbetapir BPND can be reliably estimated 
using a simplified reference tissue model.
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INTroDuCTIoN

Accumulation of amyloid beta (Aβ) is one of the pathological hallmarks of Alzheimer’s 
disease (AD), which starts to accumulate years before clinical presentation of dementia1. 
Aβ can be visualized using [18F]florbetapir positron emission tomography (PET). Accurate 
quantification of Aβ is important for patient management, monitoring progression of 
disease and response to disease-modifying therapies.2-7

Earlier studies with dynamic PET scans have shown increased [18F]florbetapir uptake 
in the cortex, especially precuneus and fronto-temporal regions, of patients with AD 
compared with healthy controls, presumably reflecting elevated accumulation of 
amyloid.8,9 To date, most studies have used the standardized uptake value ratio (SUVr) 
as semi-quantitative measure of [18F]florbetapir uptake. Test-retest studies, however, 
have generated inconsistent findings with regard to SUVr optimisation.10-13 SUVr may 
be too biased to identify near normal levels of amyloid deposition. More importantly, 
tracer kinetics and distribution are likely to be affected by underlying pathophysiological 
mechanisms, such as decreased perfusion known to occur in AD. Effects of perfusion 
changes on bias in SUVr have already been documented for [11C]PiB.14,15,16

A validated tracer kinetic model is important, not only for identification of early (subtle) 
amyloid accumulation, but also for longitudinal assessment of changes in amyloid 
depositions.14 This is also the case for [18F]florbetapir, a widely used amyloid tracer, 
especially when it is used as a surrogate marker for assessing the efficacy of disease 
modifying drugs.7 Therefore, the main objective of this study was to identify the optimal 
tracer kinetic model for quantification of [18F]florbetapir binding, taking into account both 
test-retest reliability and optimisation of scan duration.

MATerIAl AND MeThoDS

Participants. Eight patients with probable AD3 from the Amsterdam Dementia Cohort17 were 
included. Screening included physical and neurological examinations, medical history, extensive 
neuropsychological assessment, brain MRI, lumbar puncture, and laboratory measurements 
(e.g. haemoglobin levels). AD patients were eligible when MMSE scores were ≥19. Eight healthy 
control subjects were recruited through advertisements in newspapers. These controls were 
in good physical health, experienced no cognitive complaints, and met Research Diagnostic 
Criteria (RDC) for “never mentally ill”18. Controls underwent a similar screening (except for 
lumbar puncture) as AD patients and were only eligible if results of all clinical assessments 
were within corresponding normal ranges. The study was approved by the local Medical Ethics 
Review Committee of the VU University Medical Center and all subjects provided written 
informed consent, in line with the Helsinki Declaration of 1975 (and 1983 revised) guidelines.
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Table 1. Clinical and demographic data

Controls
(n=8)

AD patients
(n=8)

p-value

Age 63.0 (4.4) 66.8 (5.9) p=0.17

Males/females (n) 3/5 3/5 n.a.

MMSe 29.8 (0.5) 22.6 (3.3) p<0.001

Body weigth (in kg) 84.9 (14.6) 84.6 (12.3) p=0.97

Body length (in cm) 178.0 (12.9) 178.4 (8.7) p=0.95

Test Retest Test Retest

Injected dose (MBq) 288 (42) 283 (36) 287 (39) 316 (10) pw=0.24, pb=0.17

Specific activity (µg/ml) 3 (1) 4 (1) 3 (1) 4 (1) pw=0.37, pb=0.87

Data are presented as mean (SD). BPnd, non-displaceable binding potential; Pw, p-value between test and re-
test measurements; pb, p-value between AD and controls; SRTM, simplified reference tissue model. MMSE, 
mini mental state examination (range 0-30).

[18F]florbetapir synthesis. Individual doses of [18F]florbetapir were prepared on site in 
accordance with Avid Radiopharmaceuticals Investigational quality control release criteria.

Data acquisition. Data were acquired using an Ingenuity TF PET/CT scanner (Philips 
Medical Systems, Best, The Netherlands). Prior to scanning, two cannulas were inserted, 
one for intravenous [18F]florbetapir administration, the other for arterial sampling. First, 
a low-dose CT scan was performed for attenuation correction purposes. Each subject 
underwent two [18F]florbetapir PET scans (average interval: 4±2 weeks). Following the 
low-dose CT, a 90 minutes PET emission scan was acquired after a bolus injection of 370 
MBq (initial 6 scans) or 425 MBq (subsequent 26 scans) [18F]florbetapir. This increase in 
injected dose after 6 scans (3 subjects) was introduced because of significant sticking 
of [18F]florbetapir to the wall of the injection catheter. Arterial blood was sampled 
continuously at a rate of 5 mL∙min-1 for the first 5 minutes and 2.5 mL∙min-1 thereafter, 
using an online detection system.19 At set times (5, 10, 20, 40, 60, 75 and 90 minutes), 
continuous withdrawal was interrupted briefly for the collection of manual blood samples 
(8 mL each), which were used to estimate plasma-to-whole-blood ratios and to measure 
plasma metabolite fractions.

For brain tissue segmentation and PET co-registration, structural MRI scans (3D T1-
weighted using an MPRAGE sequence) were acquired at 3.0 Tesla using either a Signa HDxt 
MRI (General Electric, Milwaukee, WI, USA) or an Ingenuity TF PET/MR (Philips Medical 
Systems, Cleveland, Ohio, USA) scanner.

radiometabolite analysis. Blood was collected in heparin tubes and centrifuged for 
5 minutes at 5000 rpm. Plasma was separated from blood cells, and about 1 mL was 
diluted with 2 mL water and loaded onto a tC18 Sep-Pak cartridge (Waters, Milford, MA, 
USA), which was pre-activated by elution with 6 mL of methanol and 12 mL of water, 
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respectively. The cartridge was washed with 3 mL water to collect the polar radioactive 
fraction. Thereafter, the tC18 Sep-Pak cartridge was eluted with 2 mL of methanol and 
2 mL of water to collect the mixture of non-polar metabolites. This fraction was further 
analysed by HPLC using an Ultimate 3000 system (Dionex, Sunnyvale, CA, USA) equipped 
with a 1 mL loop. As a stationary phase, a Gemini C18, 250 × 10 mm, 5 μm (Phenomenex, 
Torrance, CA, USA) was used. The mobile phase was a gradient of A = acetonitrile and 
B = 0.1% trifluoroacetic acid in water. The gradient ran for 15 minutes, decreasing the 
concentration of eluent B from 90 to 40% in 11 minutes, followed by 1 minute of elution 
with 40% B at a flow rate of 4 mL∙min-1. The eluent was collected with a fraction collector 
(Teledyne ISCO Foxy Jr., Lincoln, NE, USA) and the fractions were counted for radioactivity 
using a Wallac 2470 gamma counter (Perkin Elmer, Waltham, MA, USA).

Figure 1. Parent [18F]florbetapir and polar metabolite fractions (mean ± SD) in arterial plasma 
at different time points.

Data analysis. PET images of 22 frames (1x15, 3x5, 3x10, 4x60, 2x150, 2x300, 7x600 
s) with a matrix size of 128x128x90 voxels and a final voxel size of 2x2x2 mm3 were 
reconstructed using 3D RAMLA. During reconstruction, all usual corrections for attenuation, 
scatter, randoms, decay and dead time were performed. Structural 3D T1-weighted MRI 
images were co-registered to the PET images. Using PVElab20 together with the Hammers 
template,21 regions of interest (ROI) were delineated on the MRI scan and superimposed 
onto the dynamic PET scan to obtain regional time activity curves (TAC).

Using the information extracted from manual blood samples, on-line arterial blood TACs 
were calibrated and corrected for plasma to whole blood ratios, radiolabelled metabolites 
and delay, thereby generating individual metabolite corrected plasma input functions. Due 
to difficulties with blood data metabolite analysis (e.g. HPLC peak isolation, after 4 scans 
methods for peak separation were optimized, blood metabolite failed finally during n=5 
scans), and missing values during online (continuous) detection of blood data within the 
first 5 minutes (n=3 participants), insufficient blood sample volumes (1 scan), plasma input 
based pharmacokinetic test-retest analyses (using the original metabolite information) 
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Figure 2. Comparison of SrTM derived BPND against plasma input (original IP) derived DVr. 
original IP is the input function obtained using original parent fractions.

Figure 3. A. Average whole brain grey matter SuVr values as function of time for each subject. 
Different symbols represents subjects (red lines are AD patients and blue lines are controls). B. 
Comparison of SuVr obtained from data of different scan durations (40-50 min, 50-60 min and 
50-70 min) against DVr, for all regions of interest included in the hammers template.



7

ChAPTer 7 | QUANTIFICATION OF [18F]FLORBETAPIR 127

were performed for only 5 AD patients and 4 controls. There were 6 controls and 8 AD 
patients from which we had blood data available from at least one satisfactory scan session 
and blood data. Because of the high intra-subject variability in parent fraction estimates, 
input functions were also derived using (1) a population average parent fraction (i.e. mean 
of all reliable parent fractions from all datasets) and (2) an intra-subject average parent 
fraction (i.e. mean parent fraction of test and retest scans). Parent fraction estimations 
are presented separately for controls and AD patients in supplementary figure 1, whilst 
supplementary figure 2 shows all three input functions for a representative control subject 
and an AD patient.

Several tracer kinetic models22 were used to fit the regional TACs, i.e. single tissue 
reversible (1T2k), and two tissue irreversible (2T3k) and reversible (2T4k) compartmental 
models, all with and without (VB) blood volume as additional fit parameter. The Akaike 
information criterion (AIC)23 was used to identify the optimal pharmacokinetic model 
for in vivo kinetics of [18F]florbetapir. In addition, the simplified reference tissue model24 
and SUVr were assessed by comparing SRTM derived non-displaceable binding potential 
(BPND) and SUVr with distribution volume ratio (DVR). Cerebellar grey matter was used as 
reference region.

Test-retest (TRT) reliability of both microparameters (in particular the rate constant 
from blood to tissue K1) and macroparameters (distribution volume VT, DVR, BPND, and 
SUVr(50-70)) was estimated for the preferred model and selected simplified methods. 
In addition, impact of scan duration on model preferences, parameter values, and TRT 
reliability was assessed. Finally, a separate comparison was made of parameter values 
for both controls and AD patients. This comparison was performed as an exploratory 
evaluation of the effects of the disease on tracer kinetics.

Statistical analyses

Statistical analyses were performed using SPSS version 20.0.0 (IBM Corp., Armonk New 
York, USA). To investigate demographic, clinical and neuroimaging (i.e. SRTM derived BPND 
group comparisons) data, χ2-tests for discrete variables, and t-tests for continuous data 
were used. Assumptions for normal distribution were checked using Kolmorogov-Smirnov 
tests. AIC was used to compare the model fits for regional TACs in order to identify the 
optimal tracer kinetic model. Standard deviations were used to evaluate the reliability of 
estimated parameters. TRT reliability was expressed as the Pearson correlation coefficient 
(r) of the parameter of interest between test and retest data, which was calculated for 
plasma input (K1, VT, DVR) and SRTM (R1, BPND) derived parameters.
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reSulTS

Demographic and clinical data are presented in table 1. Net injected dose and specific 
activity were comparable between groups, and between test and retest scans (all p>0.05). 
There were no differences in age, sex, body weight and length between patients with 
AD and controls (all p>0.05). MMSE scores were lower in AD patients than in controls 
(p<0.001). Visual assessment of the [18F]florbetapir PET scans showed that all healthy 
controls showed no evidence of abnormal amyloid accumulation, whereas all patients 
with AD showed abnormal amyloid accumulation.

All plasma input based kinetic analyses were performed on data of 4 controls and 5 AD 
patients. Tracer metabolism in plasma was relatively fast with parent fractions of about 60 
and 20% after 5 and 90 minutes post-injection (Figure 1), respectively. According to AIC, 
the 2T4k_VB model described in vivo [18F]florbetapir kinetics best, irrespective of subject, 
region of interest and type of input function. BPND (=k3/k4) values obtained using 2T4k_VB 
did not correlate well with DVR-1, the indirect plasma input binding estimate (r2=0.01, 
slope=0.06). This most likely is due to poor precision (high standard deviations) of direct 
BPND estimates. For reference region based analyses, data of 8 controls and 8 patients 
were used. There was a strong correlation between SRTM derived BPND and plasma input 
DVR values (r2=0.83, slope=0.86 across all subjects, r2=0.93 for AD, r2=0.73 for controls; 
figure 2).

Across subjects, different SUVr time intervals provided results that were comparable 
with DVR (original input function) for all ROIs. Figure 3 shows SUVr plots of whole brain 

Figure 4. %TrT reliability of A. VT and B. DVr observed in all hammers template defined brain 
regions of both AD patients and controls, when using either of the three input functions. 
original IP is the input function obtained using original parent fractions; PoP IP is the input 
function obtained using population average parent fractions; Intra-pat IP is the input function 
obtained using intra subject average (test-retest) parent fractions.
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Figure 5. Impact of scan duration on kinetic parameter estimates: VT (a, b, c), DVr (d, e, f), 
SrTM BPND (g, h, i). reliability of estimated parameters decreased for shorter scan durations, 
similarly between test (red points) and retest (blue points) data.
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Figure 5. Impact of scan duration on kinetic parameter estimates: VT (a, b, c), DVr (d, e, f), 
SrTM BPND (g, h, i). reliability of estimated parameters decreased for shorter scan durations, 
similarly between test (red points) and retest (blue points) data. (continued)
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Figure 5. Impact of scan duration on kinetic parameter estimates: VT (a, b, c), DVr (d, e, f), 
SrTM BPND (g, h, i). reliability of estimated parameters decreased for shorter scan durations, 
similarly between test (red points) and retest (blue points) data. (continued)
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grey matter together with a comparison of SUVr values obtained using different scan 
intervals with DVR (original input function) for all ROIs of all subjects. Irrespective of time 
intervals, SUVr overestimated (i.e. slope>1) [18F]florbetapir binding when compared with 
DVR. Comparable correlation coefficients (~r2= 0.86) and slopes (~1.11) were observed for 
different SUVr time intervals (> 40 min) for all subjects (figure 3b), with substantially lower 
correlation coefficients for controls (e.g. SUVr(50-70) r2=0.61, slope=0.88) compared to AD 
(e.g. SUVr(50-70) r2=0.88, slope=1.11).

A TRT reliability coefficient (r) of 0.75 was found for individual plasma input function 
derived VT values, with improved TRT reliability coefficients of 0.87 and 0.86 for VT values 
obtained using population averaged and intra-subject averaged metabolite corrected 
plasma input functions, respectively. DVR, SRTM derived BPND, and SUVr(50-70) showed TRT 
reliability coefficients of 0.88, 0.91 and 0.86, respectively. Figure 4 illustrates TRT reliability 
of VT and DVR values across all VOIs for the 3 different types of input functions.

Finally, figure 5 shows the impact of overall scan duration on estimated values of VT, DVR 
and SRTM derived BPND. TRT reliability of the kinetic parameters obtained for different 
scan durations are provided in table 2. When comparing AD patients with healthy controls, 
increased cortical SRTM BPND was found in temporal lobe (controls [mean±SD] 0.02±0.04, 
AD 0.31±0.04, p<0.001), frontal lobe (controls 0.08±0.05, AD 0.43±0.06 p<0.001), occipital 
lobe (controls 0.19±0.03, AD 0.34±0.14, p=0.07), parietal lobe (controls 0.02±0.03, 
AD 0.23±0.03 p<0.001), posterior cingulate cortex (controls 0.23±0.17, AD 0.55±0.04 
p=0.004), but not in the hippocampus (controls 0.02±0.05, controls 0.07±0.05 p=0.16).

DISCuSSIoN

The present study demonstrated that in vivo kinetics of [18F]florbetapir could best be 
described by a reversible two tissue compartmental model with blood volume parameter 
(i.e. 2T4k_VB). This model produced robust and consistent longitudinal results for all 
input functions, which did not vary between brain regions. Furthermore, of the reference 
tissue based parameter estimates, SRTM derived BPND showed least bias, whereas SUVr 
consistently overestimated [18F]florbetapir uptake. In addition, TRT reliability was poorer 
for SUVr than for BPND.

The present findings with regard to the model preference are in line with another recent 
study,25 and additionally showed that model preference was independent of type of input 
function and scan duration. Kinetics of [18F]florbetapir appeared to be rather rapid in vivo, 
and model preference did not change when data were restricted to 40 minutes. Compared 
with 90 minutes scan duration, TRT reliability of kinetic parameters started to deviate for 
shorter scan durations. Interestingly, SRTM derived BPND, plasma input derived DVR-1 and 
VT correlated well with the corresponding 90 minutes parameter estimates, even for a 
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scan duration of 50 minutes. Although, based on this comparison, scan duration could be 
shortened to 50 minutes, TRT values indicated that a scan duration of 60 minutes would 
be required to obtain reproducible SRTM derived BPND and R1 values without substantial 
bias compared with corresponding 90 minutes estimates. Although plasma input derived 
VT and DVR for 50 and 60 minutes data were comparable with corresponding 90 minutes 
estimates, overall reproducibility was poorer than for reference tissue based parameter 
estimates.

Unfortunately, isolation of HPLC peaks was unsatisfactory during the first four studies, 
and VT obtained from the 2T4k_VB model was affected by inaccuracies in parent fraction 
estimations. Initially, the temporal resolution of offline radioactivity detection (30 s 
fractions) was not sufficient to separate metabolite peaks on HPLC. To circumvent 
this problem, more fractions were collected around the two peaks that were present. 
Although this improved accuracy, at the same time count rates for each fraction were 
lower, reducing precision and, consequently, less reproducible parent fraction estimates. 
Unreliable parent fractions will, in turn, result in unreliable kinetic parameter estimates. 
For this reason, intra-subject averaged and population averaged parent fractions were 
investigated, and they resulted in better TRT of VT values compared with those obtained 
with individually measured parent fractions. A TRT of less than 5% was observed for DVR 
and SRTM derived BPND, indicating that the probable reason for the relatively high TRT of 
VT was indeed due to the error in parent fraction estimates. Interestingly, even when using 
population/intra-subject averaged parent fractions, the TRT of VT was as high as 20%. One 
of the reasons for this might be that the use of a population average does not account for 
genuine inter-subject differences in tracer metabolism.

A point of concern is whether non-polar metabolites enter the brain and affect tissue 
kinetics. Non-polar metabolites were not characterised in this study and hence their 
nature is not known. However, in case of influx of non-polar metabolites in the brain, 
a slow and gradual increase in the uptake would be anticipated. This should lead to an 
irreversible nature in the regional TACs particularly for regions devoid of amyloid load, 
which was not observed for any region of interest in this subject group. On the other hand, 
tissue TACs were well described by the 2T4k_VB model, irrespective of the subject status, 
region size or the underlying amyloid load. Although, this is not absolute proof that non-
polar metabolites do not enter the brain, it suggests that substantial influx of non-polar 
metabolites does not occur, at least not within the time frame of the scan.

SRTM BPND values corresponded well with plasma input DVR values, with the strongest 
correspondence found for AD patients. This could be explained by the observation that 
all AD patients in the present study showed evidence of abnormal amyloid accumulation. 
Notwithstanding, for controls, there was also a good correspondence between plasma 
input DVR and SRTM BPND, which suggests that SRTM can provide reproducible findings 
even in cases with lower or limited amounts of cortical Aβ. As expected, increased SRTM 
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BPND values were found in AD patients compared with controls in all cortical lobar regions 
except the occipital lobe.9 Reproducible TRT values were found for SRTM with a minimum 
of 60 minutes scan duration. Therefore, SRTM should be the method of choice provided the 
reference tissue is not affected by amyloid disposition. Future studies should investigate 
which parametric method can be used for visual interpretation of [18F]florbetapir.

Despite a consistent overestimation, SUVr correlated well with plasma input derived 
DVR. In a recent study25, SUVr was validated against VT. This comparison, however, 
suffered from the fact that both VT and SUVr depend on signals from free, specifically 
bound and non-specifically bound tracer. To assess whether SUVr is a good measure of 
amyloid load, it is necessary to validate it against BPND, which only represents specific 
binding. The most commonly used SUVr time interval for [18F]florbetapir is 50-70 minutes 
post-injection.8,9 In the present study, SUVr became constant from about 40 minutes 
onwards and, accordingly, a constant overestimation of approximately 10% compared 
with DVR was observed, independent of actual scan duration (>40 min), with substantially 
poorer performance in controls compared to AD. This suggests that, at least for the 
subjects included in the present study, SUVr using a 40-50 minutes scan interval could be 
sufficient as a semi-quantitative measure of amyloid load. Nevertheless, further studies in 
larger patient cohorts are needed to assess whether the bias in SUVr is indeed constant. 
In addition, simulation studies are required to assess whether the bias in SUVr varies with 
physiologically relevant changes in perfusion.

One limitation of a reference region approach is the potential presence of amyloid in the 
reference region, in this case grey matter cerebellum, as this would result in underestimation 
of the specific signal from other regions. The only way to confirm that a reference region 
is completely devoid of specific binding is by performing a pharmacological blocking 
study, but for amyloid tracers this is not possible in humans. Considering that essentially 
no specific binding is present in grey matter cerebellum of controls, an alternative is to 
evaluate whether there is any difference in grey matter cerebellum VT between AD patients 
and controls. Such a difference was not seen, indicating that grey matter cerebellum can 
be used as a reference region. Nevertheless, further studies are needed to validate the use 
of grey matter cerebellum as reference region.

The 2T4k_VB model is the preferred plasma input model for describing in vivo kinetics 
of [18F]florbetapir in both healthy controls and AD patients. Unfortunately, VT seems to be 
affected by uncertainties in parent fraction estimates. Therefore, when a reliable reference 
region exists, SRTM is the preferred method of analysis, as it is both the most reliable and 
the most reproducible method, and scan duration can be reduced to 60 minutes.
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ABSTrACT

Background. Individuals with subjective cognitive decline (SCD) often experience 
word-finding problems, which could be indicative of Alzheimer’s Disease (AD) and 
underlying amyloid-β pathology. Our aim was to investigate whether amyloid-β is 
associated with semantic complexity in spontaneous speech.

Methods. We included 63 individuals with SCD (age 64±8, MMSE 29±1) with available 
amyloid status (PET scans n=59, Aβ1-42 CSF n=4) and spontaneous speech recordings. 
Spontaneous speech was recorded using three open-ended tasks (description of 
cookie theft picture, abstract painting and a regular Sunday) and linguistic parameters 
were extracted using T-scan computational software. For specific words, we used: 
content words, frequent, concrete and abstract nouns, and fillers. For lexical diversity, 
we used: lemma frequency, Type-Token-Ratio. For syntactic complexity, we used the 
Developmental Level scale (D-level). In addition, we performed Boston naming test, 
phonemic and category fluency.

results. Nineteen individuals had abnormal amyloid-β accumulation. We found no 
group differences on language tests (all p>0.05). When analyzing spontaneous speech 
using multinomial regression (all linguistic parameters in tertiles), amyloid-β was 
associated with fewer concrete nouns (ORmiddle(95%CI): 7.6(1.4-41.2), ORlowest: 6.7(1.2-
37.1)) and content words (ORlowest: 6.3(1.0-38.1). For abstract nouns, we found an 
interaction between amyloid-β and education (p<0.05), showing that highly educated 
individuals with abnormal amyloid-β used more abstract nouns than those with a 
lower education (ORlowest: 48.5(2.7-868.4)). We did not find any associations between 
amyloid and fillers, lexical diversity or syntactic complexity.

Discussion. Abnormal amyloid-β accumulation was associated with fewer specific 
words, suggesting that subtle changes in spontaneous speech occur very early in the 
AD continuum.
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INTroDuCTIoN

Alzheimer’s disease (AD) is a progressive neurodegenerative disease related to amyloid 
plaques and neurofibrillary tangles, which start to aggregate 10-20 years before the onset 
of dementia.1–3 AD is characterized by gradual deterioration in various cognitive domains, 
including language.4 In spontaneous speech, the degree of lexical diversity (e.g. vocabulary 
variation) and content words are impaired in AD.5–11 Moreover, a recent case study showed 
that increased use of conversational fillers and decreased number of content words can be 
observed years before onset of dementia.12

Subjective cognitive decline (SCD) can be caused by various conditions, such as preclinical 
AD which is defined as abnormal amyloid accumulation but normal cognition.13–18 
Individuals with SCD often experience word-finding problems, but these self-perceived 
deficits are difficult to objectify with conventional neuropsychological assessments. 
Evaluation of spontaneous speech is a closer approximate of real-world use of language, 
with high ecological validity and potentially higher sensitivity to subtle language deficits. 
Retrospective case studies detected fewer content words and decreased lexical diversity in 
spontaneous speech and written output as early signs of AD up till decades before clinical 
symptoms became manifest.12,19–21

It is currently unknown whether deficits in spontaneous speech could reveal subtle 
decline in language, even in absence of impairment on conventional neuropsychological 
testing. In the current study, we investigated whether altered use of specific words, 
lexical diversity or syntactic complexity, derived from spontaneous speech, are associated 
with amyloid accumulation in individuals with SCD. Based on the existing literature we 
expected that individuals with abnormal amyloid will use fewer specific words and display 
less lexical diversity.

MeThoDS

Participants. We included 63 individuals with SCD and known amyloid status from the 
ongoing Subjective Cognitive ImpairmeNt Cohort (SCIENCe). All participants were born 
in the Netherlands and had adequate proficiency in Dutch. SCD was defined based on 
spontaneous report by patients and subsequent referral to the memory clinic.22 Prior to 
SCIENCe enrollment, all patients underwent a standardized dementia screening according 
to the procedures of the Amsterdam Dementia Cohort.23 Screening included extensive 
neuropsychological assessment, physical and neurologic examination as well as laboratory 
tests, and brain MRI. Clinical diagnosis was established by consensus in a multidisciplinary 
team. Patients were labelled as having SCD when they presented with cognitive complaints, 
and results of clinical investigations were within normal range. Criteria for MCI, dementia, 
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or any other neurological or major psychiatric (e.g. major depression) disorders known 
to cause cognitive complaints were not met (i.e. cognitively intact).16,24 Amyloid positron 
emission tomography (PET) scans and lumbar puncture were offered as part of research. 
Our neuropsychological test battery included tests that measured cognitive functioning in 
the domains of memory, attention, executive functioning and language. For the current 
study, we only used tests in the latter domain: category fluency animals, phonemic 
fluency (i.e. average word generation to letter D-A-T over 3 minutes), and Boston naming 
test- short version. The medical ethics committee of the VU University Medical Center 
approved the study. All patients provided written informed consent.

linguistic parameters. Spontaneous speech was recorded using three open-ended 
questions: Could you provide descriptions of; 1) the cookie theft picture, 2) an abstract 
painting (Figure 1; Van Gogh “Tree roots”, 1890, https://www.vangoghmuseum.nl/
en/collection/s0195V1962) and 3) “describe your regular Sunday”. Participants were 
instructed to talk freely for a minimum of 1 minute for each question, and a portable 
voice recorder (Tascam DR-05 V2) was positioned on a desk approximately one meter 
in front of the participant with preconfigured settings. Verbatim transcription of speech 
recordings was done by two trained raters (IP, LV) using PRAAT (v.6.0.30) software (http://
www.fon.hum.uva.nl/praat/), and subsequently linguistic parameters were extracted 
using the computational linguistics package software package T-scan.25,26 T-Scan is a fully 
automated software package for analyzing Dutch text, particularly to extract text features 
that relate to genre and text complexity, which outputs a total of 253 linguistic parameters. 
T-scan makes use of a large Dutch lexicon (i.e. Referentie Bestand Nederlands) consisting 
of approximately 50.000 words, and 90.000 fixed and flexible syntactic relationships.27 We 
extracted eight parameters that reflect three language characteristics impaired in AD5–7; 
i. specific words, ii. lexical diversity and iii. syntactic complexity. For specific words, we 
extracted the following parameters: 1) content words (ratio nouns/ pronouns; lower values 
reflect a lower proportion of content words), 2) frequent nouns (top1000 most frequent 
nouns for adult language use; higher frequency reflects higher proportion of common 
words), 3) density (i.e. standardized frequency of words per transcript) of nouns referring 
to concrete events or actions (e.g. respiration, caress; lower values reflect a lower density 
of concrete nouns), 4) density of nouns referring to abstract events or action (e.g. crisis, 
reduction; higher values reflect a higher density of abstract nouns). For lexical diversity, we 
extracted the following parameters: 5) lemma frequency (number of unique words which 
can be found in a dictionary irrespective of affixes; lower values reflect a lower number 
of unique words), 6) Type-Token-Ratio (TTR) of content words (unique [type] words, 
excluding closed-class (e.g. function) words, divided by the total number of words [tokens]; 
lower TTR reflects a lower information density). For syntactic complexity, we used 7) the 
Developmental Level scale (i.e. D-level: 0(min)- 7(max). D-level is an automated syntactic 
complexity metric based on the Developmental Level scale, which reflects the degree 
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of syntactic complexity per utterance; e.g. 0= elliptical sentence “over there”, 4= “I saw 
him walking his dog”, 7= “James thought that he had seen Marie, who dyed her hair red, 
walking on the streets recently).28 The following words were considered content words: 
nouns, names, adjectives, adverb, verbs (no link or auxiliary verbs). In addition, we used 
in-house developed python scripts to extract the number of predefined fillers (e.g. ehm, 
uhm, uhh), all transcribed in a similar fashion (i.e. uhm). The following parameters were 
inverted so that a higher score reflects a better performance: density of nouns referring to 
abstract events or actions, fillers, and frequent nouns. Transcripts with a minimum of 300 
words, based on the total word count of three consecutive recorded questions, were used 
in order to get a reliable linguistic parameter estimation.29 Two subjects were excluded 
from analyses due to insufficient number of words (n=1) and poor recording quality (n=1). 
Average word length and number of sentences were extracted for descriptive statistics and 
as parameters of no interest. A random sample of repeated verbatim transcriptions (n=12), 
performed by both raters, was drawn to estimate inter-rater reliability. Interrater reliability 
was computed by first aligning the texts of both raters using Needleman-Wunsch algorithm 
implemented in Python and then computing the F1 measure of similarity between the 
texts (i.e., the harmonic mean of the recall and precision) with a Needleman-Wunsch 
algorithm.30 This analysis showed a high inter-rater reliability (F1 score= 0.84).31

Amyloid. PET and CSF were used to define preclinical AD,18 and if both were available, 
we determined amyloid status based on amyloid PET. Amyloid status (yes/no) was 
determined based on visual reading of amyloid PET scans (n=59), or cerebrospinal fluid 
(CSF) Aβ1-42 (n=4) (<1 year of speech recording date). All participants were invited to 
undergo an additional amyloid PET Positron Emission Tomography (PET) scan, with either 
[18F]florbetapir (Amyvid; n=52) or [18F]florbetaben (Neuraceg; n=7) radiotracers.32,33 For 
florbetapir, 90 minutes dynamic PET emission scans (PET/CT Ingenuity TF or Gemini TF, 
Philips Medical Systems, Best, The Netherlands) were acquired immediately following 
bolus injection of approximately 370MBq [18F]florbetapir. For [18F]florbetaben, 20 minutes 
static acquisitions (PET/MR, Philips Medical Systems, Best, The Netherlands) were 
collected 90 minutes after a bolus injection of approximately 250MBq [18F]florbetaben. 
All standardized uptake value (SUV) ([18F]florbetapir 50-70 minutes and [18F]florbetaben 
90-110 minutes post-injection) PET scans were visually inspected by an experienced 
nuclear medicine physician (BvB). During the standardized screening lumbar puncture was 
performed, and CSF Aβ1-42 was measured using ELISA (Innogenetics-Fujirebio, Ghent, 
Belgium) at the Neurochemistry Laboratory.34 Our center cut-off for CSF Aβ1-42 indicating 
AD pathology is <813 ug/L.35

Quantitative image analysis. Dynamic [18F]florbetapir PET scans (n=52) allowed the 
quantification of specific tracer binding to amyloid using parametric images.36,37 Images 
were acquired in dynamic mode with a matrix size of 128x128x90 dimensions (2x2x2 
mm3), and 22 frames were reconstructed using 3D-RAMLA. PET images were corrected 
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for attenuation, scatter, random, decay and dead time. T1-weighted MRI scans were co-
registered to the PET scans. Regions of interest (ROI), according to the Hammers template, 
were delineated on the MRI scan and superimposed onto the dynamic PET scan to obtain 
regional time activity curves (TACs), and using PVElab.38,39 Next, to obtain non-displaceable 
binding potential (BPND) images, we used a reference tissue approach with optimized 
settings, i.e. receptor parametric mapping (RPM, settings: basis exponential (start-end) 
1/0.01 – 1/0.1min with 50 basis functions) computed with in-house developed software, 
while using cerebellum gray matter as a reference region. Finally, we calculated volume-
weighted mean cortical amyloid load.

Table 1. Semantic complexity in individuals with SCD according to amyloid status

Demographic/ clinical data No preclinical AD 
(n=43)

Preclinical AD
(n=19)

Age 61.5 (7.4) 68.2 (8.1)

Education (range 1-7)40 5.6 (1.4) 5.7 (.92)

Sex distribution (n males [%]) 25 (61%) 11 (55%)

MMSE 28.7 (1.4) 28.6 (1.19)

Language complaints (n “yes” [%])1

Phonemic fluency – D-A-T (average 3 trials)
34
13.2

(31%)
(4.0)

18
13.3

(44%)
(2.7)

Category fluency – animals 24.2 (5.7) 23.6 (4.7)

Boston naming test (short version) 79.1 (10.3) 82.0 (3.3)

Text characteristics

Average word length 5.09 (0.69) 5.29 (1.08)

Sentences 55.07 (11.82) 53.37 (12.17)

Specific words % proportion lowest/middle/highest tertiles

 Content words (ratio nouns/ pronouns) 30/26/44 40/50/10

 Concrete nouns 21/42/37 60/15/25

 Abstract nouns 21/19/61 50/10/40

 Conversation fillers 35/35/30 40/30/30

lexical diversity

 1000 most frequent nouns 30/37/33 40/30/30

 Lemma (frequency) 35/37/28 30/25/40

 Type Token Ratio 37/26/37 25/50/25

Syntactic complexity

 D-level 40/33/28 20/35/45

Data are presented as mean (SD) or n (%). Linguistic are presented as % tertiles per group. 1, 12 cases missing
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Statistics. Statistical analyses were performed with Statistical Package for the Social 
Sciences (SPSS, IBM v22). To investigate differences in demographics between subjects with 
and without abnormal amyloid accumulation, we used χ2-tests for discrete variables, and 
analyses of variance (ANOVA) for continuous data. Because linguistic variables remained 
non-normal distributed after Log- and Z-transformations, we ranked them into tertiles 
(lowest/middle/highest). To allow comparison between different outcome measures, 
we also transformed neuropsychological test scores into tertiles. We used multinomial 
regression analyses to investigate the associations between amyloid status (dichotomous; 
independent variable) and linguistic parameters (dependent variables in tertiles, in separate 
models). All analyses were adjusted for age, sex, and education (median split [low/high]) 
(model 1).40 As language ability is inherently connected with educational attainment, we 
additionally tested for education*amyloid interaction. If there was a significant interaction, 
we stratified the analysis for education. If there was no interaction, the interaction term 
was removed from the model. Because fluency could influence semantic processing 
we additionally adjusted for phonemic fluency (model 2).41 We report Odds ratios (OR) 
with corresponding 95% confidence intervals (CI). Positive OR (>1) reflect the likelihood 
for individuals with abnormal amyloid to have worse language performance (reference: 
highest tertile). Finally, to investigate whether quantitative amyloid load is associated with 
spontaneous speech, we performed linear regression analyses between mean cortical 
amyloid load (independent variable, continuous) and linguistic parameters (dependent 
variables in tertiles, separate models). Analyses were adjusted for age, sex, education. 
Additionally, interaction effects between education and amyloid status were tested.

Figure 1. Painting “Tree roots” by Vincent van Gogh (1853-1890), Auvers-sur-oise, July1890 
oil painting on canvas, 50.3 cm x 100.1 cm, which was used as one of the stimuli for speech 
recordings. Van Gogh Museum, Amsterdam, The Netherlands (Vincent van Gogh Stichting). 
reprinted with permission of the Van Gogh museum, (https://www.vangoghmuseum.nl/en/
collection/s0195V1962)
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reSulTS

Demographic, clinical and linguistic data are presented in Table 1. Nineteen (30%) out 
of sixty-three individuals with SCD had evidence for abnormal amyloid accumulation, 
and those individuals were older (F(61,1)=17.67, p<0.000: normal amyloid levels 
(age)=61.5, abnormal amyloid=68.2). Sex and education levels, MMSE and conventional 
neuropsychological language tests, including Boston naming test, category fluency and 
phonemic fluency did not differ between groups (all p<0.05).

Table 2 shows amyloid positivity in association with conventional neuropsychological 
language tests and linguistic parameters derived from spontaneous speech. We did not find 
any association between amyloid status and conventional neuropsychological language 
tests. When we analysed spontaneous speech, individuals with abnormal amyloid used 
fewer specific words (concrete nouns (ORmiddle(95%CI): 7.6 (1.4-41.2), ORlowest: 6.7 (1.2-
37.1)), and content words (ORmiddle (95%CI): 1.2 (0.3-6.1), ORlowest: 6.3 (1.0-38.1)). There 
was a significant interaction between education and amyloid status for abstract nouns, but 
not for any of the other linguistic parameters. After stratification for education, we found 
that individuals with abnormal amyloid and higher levels of education used more abstract 
nouns (ORlowest: 48.5 (2.7-868.4)), but this effect was not observed in individuals with lower 
education. There were no associations between amyloid status and conversation fillers, 
syntactic complexity (i.e. D-level) or lexical diversity (i.e. top 1000 most frequent nouns, 
lemma frequency and TTR). These results remained essentially unchanged after additional 
adjustment for phonemic fluency (Table 2; model 2).

To explore whether spontaneous speech is associated with quantitative cortical amyloid 
load, we performed linear regression analyses between amyloid load and conventional 
language tests and linguistic parameters (Figure 2). We did not find any associations 
between amyloid load and conventional neuropsychological language tests. Linear 
regression analyses confirmed negative associations between amyloid load and content 
words (beta= -0.54, p=0.003) and abstract nouns (beta= -0.69, p=0.004). In addition, 
we found that higher amyloid load was associated with increased syntactic complexity 
(beta=0.48, p=0.008). Finally, there was a significant interaction between education 
and amyloid for lemma frequency. Subsequent stratification for education showed that 
increased amyloid load was associated with lower lemma frequency for individuals with 
higher levels of education (beta= -0.63, p=0.013), but not for those with lower education.
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Figure 2. Associations between mean amyloid load (BPnd) and linguistic parameters and 
conventional neuropsychological language tests. Panel A shows the effects between amyloid 
load and concrete nouns (beta= -0.09, p=0.56), content words (beta= -0.31, p=0.03), lemma 
(beta= 0.05, p=0.74), D-level (beta=0.10), abstract nouns (beta= -0.28, p=0.05), 1000 most 
frequent nouns (beta = -0.21, p=0.19), fillers (beta= -0.09, p=0.55), TTr (beta= -0.19, p=0.20), 
phonemic fluency (beta= 0.21, p=0.17), category fluency (beta= 0.16, p=0.26) and Boston 
naming test (beta=0.11, p=0.46). Panel B shows an interaction effect for education between 
abstract nouns and amyloid load (p=0.004: high education beta= -0.69; low education beta= 
0.03), and panel C shows an interaction effect for education between lemma (p=0.01: high 
education beta= -0.35; low education beta= 0.33) and amyloid load. Negative values reflect 
worse performance, higher binding potential (BPnd) reflects more amyloid load. effects were 
plotted using standardized residuals (std res) for each variable (adjusted for age, sex, and 
education) with a fitted linear line.
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DISCuSSIoN

The main finding of the present study is that abnormal amyloid accumulation in SCD was 
associated with the use of fewer specific words, but not with lexical diversity or syntactic 
complexity, or conventional language test performance, particularly in those individuals 
with higher levels of education.

It takes 10-20 years from early pathophysiological changes until clinical manifestation of 
dementia. Nonetheless, amyloid deposition may insidiously affect cognitive functions prior 
to symptom onset.13–17 In keeping with prior results,42 we did not find associations between 
abnormal amyloid accumulation and conventional neuropsychological language tests. In 
contrast to conventional language tests, the ecological validity of spontaneous speech is 
high, as it is a much closer approximate of real-world word-finding difficulties. Spontaneous 
speech is a complex source of information encompassing of various hierarchical levels of 
language organization. For this reason, it is conceivable that spontaneous speech, at some 
organization level, could be affected by early pathophysiological processes. In the present 
study we investigated three semantic characteristics of spontaneous speech: specific 
words, lexical diversity and syntactic complexity.

Others have shown that compared to controls, patients with AD dementia show reduced 
lexical diversity and use fewer specific words.5–9,11 It is not yet clear whether changes in 
spontaneous speech are related to abnormal amyloid accumulation in individuals with 
SCD (i.e. preclinical AD).18 A case study investigating conference speeches of two former 
U.S. presidents, showed that at least 6 years before AD diagnosis former president Reagan 
already used fewer specific words than president George H.W. Bush, who has no known 
diagnosis of AD.12 A substantial part of our SCD sample had abnormal amyloid accumulation 
as evidenced by PET or CSF,43 and we predominantly found associations between amyloid 
status and linguistic parameters within the domain of specific words. More specifically, 
we observed that individuals with abnormal amyloid accumulation use fewer concrete 
nouns and content words, and particularly individuals with higher levels of education 
used more abstract nouns. These findings were corroborated by our quantitative amyloid 
analyses, underlining the robustness of our finding that amyloid deposition is associated 
with fewer specific words. Contrary to our hypothesis, we did not observe a higher use of 
conversation fillers in individuals with abnormal amyloid accumulation, while these have 
been reported in an earlier case study.12 One explanation could be that conversation fillers 
in preclinical stages are relatively subtle. On the other hand, we found that increased 
quantitative amyloid load was associated with higher syntactic complexity, and increased 
use of abstract nouns particularly in individuals with higher levels of education. The 
previous suggests that language may indeed become more vague in relation to abnormal 
amyloid accumulation. A potential explanation could be that individuals with SCD and 
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underlying AD pathology may compensate for their self-perceived decline which could 
result in more syntactically complex sentences and abstract nouns (e.g. circumlocution).

Contrary to our expectations, we did not find any association between amyloid status 
and measures of lexical diversity. Former studies investigating transcribed speech found 
a reduced number of clauses per sentence and type-token ratio (TTR) in patients with 
AD or MCI compared to controls.5,8 Our study is the first to focus on spontaneous speech 
in cognitively normal individuals with SCD, and one explanation is that TTR becomes 
abnormal in later – symptomatic – stages. Others showed that lexical diversity, measured 
by text analyses of famous novelists, declined over time and coincided with a self-reported 
forgetfulness.21 An explanation could be that novels are different than spontaneous 
speech in the sense that these are a result of elaborate manuscript drafting rather than 
an immediate reflection of spontaneous thought. In addition, it could be argued that 
novelists have a special linguistic talent, that will likely devolve in different ways from the 
average population. In the present study we found evidence for differential associations 
between abnormal amyloid and specific words and lexical diversity among individuals with 
higher levels of education, which suggests that educational attainment influences speech 
deficits following amyloid pathology.

SCD is a heterogeneous label which could be caused by a myriad of factors other 
than preclinical AD, including mental illness or normal aging.44 Of note, we deliberately 
adjusted for age, and individuals with a current psychiatric diagnosis (e.g. depression) 
were not included in our cohort. Reduced prosody and processing speed are usually 
affected by depression and normal aging respectively,4,7,45 but not the number of specific 
words. Therefore, it seems unlikely that associations between amyloid status and reduced 
number of specific words could be attributed to these factors.

Whilst spontaneous speech recordings could be a promising way to reveal subtle 
AD-related language deficits some limitations merit attention. First, the majority of our 
linguistic parameters were not associated with amyloid, or showed opposite effects 
(i.e. D-level). Notwithstanding, we did find a relationship between amyloid and several 
linguistic parameters within the domain of specific words, which suggests that at least 
one aspect of spontaneous speech could be affected in preclinical AD. Second, we 
investigated SCD patients who visited a memory clinic, which reduces the generalizability 
of our results to the general population. Individuals with SCD are, however, a clinically 
relevant population since they seek help for their complaints and are at increased risk 
for clinical progression.17,46 Our results indicate that subtle language deficits in this group 
could be indicative of underlying preclinical AD. Third, our study had a cross-sectional 
design. Therefore, we cannot make any inferences about whether a lower number of 
specific words is associated with actual clinical progression to symptomatic stages of AD. 
Future longitudinal studies should include repeated linguistic measures to investigate 
which parameter is mostly associated with disease progression while taking into account 
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individuals’ relatively variable starting positions. Notwithstanding, amyloid status was 
determined using state-of-the-art (imaging) techniques, and baseline abnormal amyloid 
was previously found to be associated with six to nine-fold increased risk of clinical 
progression to AD in SCD.47

In sum, in a memory clinic sample of individuals with SCD, we found associations 
between abnormal amyloid accumulation and fewer specific words during spontaneous 
speech, particularly in those individuals with higher levels of education. Compared to 
conventional neuropsychological assessment, spontaneous speech recordings could be 
a promising way to reveal subtle AD-related language deficiencies which could precede 
cognitive impairment.
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ABSTrACT

Background. Subjective cognitive decline (SCD) is associated with an increased risk 
of Alzheimer’s Disease (AD). Early disease processes, such as amyloid-β aggregation 
measured with quantitative positron emission tomography (PET), may help to explain 
the phenotype of SCD. The aim of this study was to investigate whether amyloid-β 
load is associated with both self- and informant-reported cognitive complaints and 
memory deficit awareness in individuals with SCD.

Methods. We included 106 SCD memory-clinic patients (mean±SD age: 64±8, 45%F) 
90 minutes dynamic [18F]florbetapir PET scans. We used the following questionnaires 
to assess SCD severity: cognitive change index (CCI, self & informant reports; 2x20 
items), subjective cognitive functioning (SCF, 4 items), and five questions “Do you 
have complaints?” (yes/no) for memory, attention, organization and language), and 
“Does this worry you? (yes/no)”. The Rivermead Behavioral Memory Test (RBMT)-
Stories (delayed recall) was used to assess objective episodic memory. To investigate 
the level of self-awareness, we calculated a memory deficit awareness index 
(Z-transformed (inverted self-reported CCI minus episodic memory); higher index, 
better self-awareness) and a self-proxy index (Z-transformed self- minus informant-
reported CCI). Mean cortical [18F]florbetapir binding potential (BPND) was derived from 
the PET data. Logistic and linear regression analyses, adjusted for age, sex, education, 
and depressive symptoms, were used to investigate associations between BPND and 
measures of SCD.

results. Higher mean cortical BPND was associated with SCD-related worries 
(standardized Beta=0.53, p=0.03), but not with other SCD questionnaires (informant 
and self-report CCI or SCF, total scores or individual items, all p>0.05). In addition, 
higher mean cortical BPND was associated with a better memory deficit awareness 
index (Beta=0.25, p=0.01), but not with the self-proxy index (Beta=0.15, p=0.14).

Conclusions. Amyloid-β deposition was associated with SCD-related worries and 
memory deficit awareness, but not with severity of cognitive complaints. Our findings 
indicate that worries about self-perceived decline may reflect an early symptom of 
amyloid-β related pathology rather than subjective cognitive functioning.
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INTroDuCTIoN

Amyloid-β plaques and neurofibrillary tangles are neuropathological hallmarks of 
Alzheimer’s disease (AD), which start to appear 10-20 years before the onset of dementia.1 
Self-perceived cognitive decline in cognitively normal individuals is associated with a 
three- to six fold increased risk of AD.2–4 As such, a proportion of individuals with subjective 
cognitive decline (SCD) may harbor the earliest pathological changes associated with AD,5,6 
particularly amyloid-β accumulation (i.e. preclinical AD).

It is conceivable that individuals with preclinical AD exhibit a specific phenotype of 
cognitive complaints compared with individuals without underlying AD. There are many 
questionnaires to investigate the nature and severity of SCD, but the appropriate items 
enabling prediction of conversion to mild cognitive impairment (MCI) and dementia have 
not yet been identified.7,8 There are various methodological challenges associated with 
SCD assessment, one of which is that cognitive complaints tend to vary as a function 
of demographic characteristics, such as level of education and age.7 In addition, these 
factors can also act in synergy; for example, it has been shown that cognitive complaints in 
highly educated individuals are associated with increased risk of progression to AD, while 
this is not found in individuals with less education.9,10 SCD plus criteria were proposed 
in an effort to increase the likelihood of identifying preclinical AD in individuals with 
SCD. One of these criteria suggests that especially individuals who worry about their 
self-perceived cognitive decline are more likely to have preclinical AD, but associations 
between worries and amyloid-β load have not been confirmed in prospective studies 
yet.2,3,11 Furthermore, former studies investigating associations between amyloid-β load 
and various SCD questionnaires have generated highly inconsistent results in cognitively 
normal individuals.12–19 These discrepancies could be due to the less precise amyloid-β 
positron emission tomography (PET) semi-quantitative cut-off values in preclinical stages 
of AD,20 and variability of implemented SCD questionnaires, including the lack of informant 
reports or objective memory tests relative to self-reports.7,8

Another approach is to explore whether preclinical AD is linked to the insight in cognitive 
deficits (i.e. self-awareness) rather than to the severity of SCD. The degree of memory 
deficit awareness takes into account the contribution of objective memory performance 
or informant reports relative to self-reports.21,22 A lack of awareness of memory deficits, 
anosognosia, is a striking symptom in patients with AD dementia.21,22 On the contrary, it is 
has been suggested that the earliest changes in cognition during preclinical stages of the 
disease are best perceived by the individual including a heightened sense of self-awareness 
for early brain changes (i.e. hypernosognosia).23,24 It has recently been suggested that 
cognitively normal individuals harboring amyloid-β pathology had a heightened sense of 
self-awareness.25 It has, however, not yet been investigated whether the earliest changes 
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in cognition are best perceived by the individual rather than the observer or objective 
memory tests in a memory clinic setting.

We hypothesized that increased amyloid-β load is related to specific cognitive complaints 
and heightened level of self-awareness. Therefore, the purpose of the present study was 
to investigate whether amyloid-β load, as measured using quantitative PET, may help to 
explain the phenotype of SCD in cognitively normal individuals who initially have been 
referred to a memory clinic. A second aim was to investigate whether amyloid-β load is 
associated with altered levels of self-awareness.

MATerIAlS AND MeThoDS

Participants. We included 106 SCD memory-clinic patients with [18F]florbetapir PET scans 
from the ongoing Subjective Cognitive ImpairmENt Cohort (SCIENCe) study. Subjects were 
referred to our memory clinic by their general practitioner or medical specialist because 
of cognitive complaints. Prior to inclusion via the memory clinic, all patients underwent 
a standardized dementia screening according to the procedures of the Amsterdam 
Dementia Cohort.26 Individuals were selected if they had memory complaints in response 
to the following question “What complaints do you report?”. Screening included extensive 
neuropsychological assessment, physical and neurologic examination as well as laboratory 
tests, and brain magnetic resonance imaging (MRI). Clinical diagnosis was established 
by consensus in a multidisciplinary team. Individuals were labelled as having SCD when 
they presented with cognitive complaints, and results of clinical investigations were 
within normal range. Criteria for MCI, dementia, or any other neurological or psychiatric 
(e.g. major depression) disorders known to cause cognitive complaints were not met. In 
addition, we used the Center for Epidemiological Studies Depression Scale (CES-D) scale 
to evaluate subclinical depressive symptoms (cut-off ≥16).27 The study had been approved 
by the Medical Ethics Review Committee of the VU University Medical Center. All patients 
provided written informed consent.

Image acquisition and analyses. Ninety minutes dynamic [18F]florbetapir PET scans 
were acquired on a PET/CT scanner (n=59 on an Ingenuity TF and n=47 on a Gemini TF, 
both from Philips Medical Systems, Best, The Netherlands). PET images were corrected 
for attenuation, scatter, randoms, decay and dead time using standard software. Three-
dimensional T1-weighted MRI scans acquired on 3 tesla were co-registered to the PET 
scans, and regions of interest (Hammers template, n=68 regions of interest [ROI]) were 
defined on the MRI scan (in native space) and superimposed onto the dynamic PET scan to 
obtain regional time activity curves using PVElab.28,29 Receptor parametric mapping (RPM) 
with optimized settings (parameters settings 0.01-0.1, 50 basis functions) and cerebellar 
grey matter as reference region was used to generate images of binding potential (BPND) 
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relative to the non-displaceable compartment.30,31 From the BPND images, grey matter 
volume-weighted mean cortical BPND values were obtained. To investigate potential regional 
specificity, volume-weighted bilateral frontal, temporal (medial and lateral), and parietal 
cortical BPND values were also extracted. In addition, standardized uptake value (SUV, 50-
70 minutes post-injection) images were visually assessed by a trained and experienced 
reader (BvB), leading to “normal” or “abnormal” classification of amyloid accumulation.

SCD assessment. We used four questionnaires with the following characteristics: two 
self-, one informant-based questionnaires, and one which was composed of 5 cognitive 
questions to assess SCD. The maximal time window between these assessments and the 
PET scan was 1 year (median= 3 months). We used the Dutch translation of the Cognitive 
Change Index – self (CCI-S) and informant report (CCI-I) (each 20 questions [range 0-4], 
total score: 20-100) to assess cognitive function compared to five years ago.32 We used the 
Subjective Cognitive Functioning (SCF) questionnaire (4 questions, range: -12 to +12) to 
assess self-experienced cognitive decline over a one-year time period.26 SCF scores were 
inverted in such a way that higher scores reflect more complaints, comparable to the CCI. 
Finally, we used a structured interview to assess SCD. We used the following question 
“What complaints do you report?”. Based on the individuals’ spontaneous response the 
following cognitive domains were scored “yes/no”: memory, attention, organization, 
language, together with the follow-up question: “Does this worry you?”.2,3 In addition, for 
descriptive purposes, the following question was used to inquire SCD onset “when was the 
first time that you talked with a physician about these problems?”.

Memory self-awareness indexes. To investigate the level of self-awareness, two index 
scores were calculated. First, the memory deficit awareness index, was defined for each 
participant by calculating the difference between subjective and objective episodic 
memory scores.21,22,25 In concordance with previous studies we used episodic memory 
(delayed recall) for the memory deficit awareness index, i.e. the Rivermead Behavioral 
Memory Test (RBMT)-Stories (delayed recall). To allow comparison between both 
measures, (1) the CCI-self was inverted in such a way that, similar to the objective memory 
score, a lower score indicated more severe subjective memory impairment; (2) both 
objective and the subjective memory scores were Z-transformed.21,22,25 A positive index 
score reflects heightened self-awareness (hypernosognosia), whereas negative scores 
lowered self-awareness (anosognosia).21,22,25 Second, a self-proxy index (self-reported CCI 
minus informant-reported CCI) was calculated. A lower score reflects more self-reported 
cognitive complaints than informant-reported complaints (hypernosognosia), whereas 
negative scores reflect more informant-based complaints than self-reported complaints 
(anosognosia).

Statistical analyses. Statistical analyses were performed using Statistical Package for 
the Social Sciences (SPSS, IBM v22). We used linear regression (for continuous outcome 
measures) or binary logistic regression (for dichotomous outcome measures) analyses 
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to investigate associations between amyloid-β load BPND (independent variable) and 
measures of SCD (i.e. CCI, SCF [total and items scores], complaints questions). Analyses 
were adjusted for age, sex, education and depressive symptoms (CES-D). As cognitive 
complaints in highly educated individuals may be more predictive of dementia,9,16 we also 
tested for an in teraction education*BPND. Linear regression analyses, adjusted for age, 
sex, education and depressive symptoms, were used to investigate associations between 
BPND (independent variable) and memory self-awareness indexes (dependent variables; 
separate models). In addition, we tested for education*BPND interactions. We report 
standardized betas were considered significant if p<0.05.

Table 1. Clinical and demographic data

Demographics Total group (N=106)

Male/female (n, %) 47/60

Age (years) 63.83 (7.65) 

Education (range: 1-7) 5.79 (1.07) 

SCD onset (% within last 5 years) 83% 

Depressive symptoms 8.5 (7.0)

Amyloid imaging

Net injected dose (MBq) 312 (38)

Specific activity (MBq/μg) 2.72 (1.76)

Visual assessment of SUV50-70 images (n abnormal [%]) 24 (23%)

Mean cortical amyloid (BPND) 0.18 (0.15)

 Frontal cortex 0.18 (0.17)

 Temporal cortex 0.13 (0.13)

 Parietal cortex 0.22 (0.17)

episodic memory

RBMT stories (version A+B) delayed recall 16.73 (6.20)

SCD questionnaires

SCF -1.54 (2.92)

CCI self-reported 41.23 (15.05)

CCI informant-based 37.17 (16.44)

Memory question n “yes” (%) 73 (68%)

Attention question n “yes” (%) 27 (25%)

Organization question n “yes” (%) 14 (13%)

Language question n “yes” (%) 36 (34%)

Worry question n “yes” (%) 50 (47%)

Education level was assessed using the Verhage classification in accordance with the Dutch educational 
system. SCD onset was based upon individuals’ self-reports. Depressive symptoms were assessed with the 
CES-D.
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reSulTS

Demographic and clinical data are presented in Table 1. Individuals (45% females) were 
(mean±SD) 64±8 years old and had an MMSE of 29±1. Twenty-four individuals (23%) 
showed abnormal amyloid accumulation. On average, subjects had a mean cortical BPND of 
0.18±0.15 (frontal cortex 0.18±0.18, temporal cortex 0.13±0.13, parietal cortex 0.22±0.17). 
On average, individuals reported lower subjective cognitive functioning than one year 
earlier (SCF= -1.54±2.92), and some cognitive changes (CCI self-report: 41.23±15.05; CCI 
informant report: 37.17±16.44) compared to five years ago. Self- and informant-based 
reports regarding the degree of cognitive change over a five year period did not differ 
significantly. About 68% (n=73), 34% (n=36), 13% (n=14) and 25% (n=27) of the individuals 
reported complaints in the domains of memory, language, organization and attention, 
respectively, whilst 47% (n=50) felt worried about their self-perceived decline.

Table 2. Associations between mean amyloid load and SCD

SCD questionnaires Mean cortical

SCF 0.15

CCI self-reported -0.10

CCI informant-based 0.01

Memory question -0.32

Worry question 0.53*

episodic memory

RBMT delayed recall -0.17

Indexes

Self-awareness index 0.25*

Self-proxy index 0.15

Data are presented as std Beta. * p<0.05. Analyses were adjusted for age, sex, and education. Analyses 
between amyloid-β load, self-proxy and self-awareness indexes were based on mean cortical amyloid-β load. 
Self-awareness index; a positive index score reflects heightened self-awareness (hypernosognosia), whereas 
negative scores lowered self-awareness (anosognosia) Self-proxy index; a positive beta estimate reflects a 
positive association between amyloid and higher self-reported cognitive complaints.

Associations between BPND and measures of SCD are presented in Table 2. Adjusted 
for age, sex, and education, higher mean cortical (figure 1A) BPND was associated with 
SCD-related worries (Beta=0.53, p<0.05), but neither with any item nor total score of the 
SCF nor CCI (neither CCI informant nor self-reported) nor dichotomous memory (figure 
1A), attention, organization or language questions (all p>0.05). There were no interaction 
effects between mean cortical BPND and education for any of the SCD questionnaire 
outcomes (all p>0.05). These results remained essentially unchanged when using BPND in 
specific lobes rather than mean cortical BPND (data not shown).
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Figure 1. (A) Mean cortical amyloid-beta load stratified for memory complaints (yes/no) and 
worries (yes/no). (B) Associations between mean cortical amyloid load and self-awareness 
index. Memory deficit awareness index: a positive index score reflects heightened self-
awareness (hypernosognosia), whereas negative scores lowered self-awareness (anosognosia) 
* indicates p<0.05

We furthermore investigated associations between mean cortical BPND and two self-
awareness indexes. We found that higher mean cortical BPND (beta=0.25) was associated 
with a higher memory deficit awareness index (i.e. hypernosognosia) (table 2; figure 1B), 
but not with the self-proxy index. There were no interactions between mean cortical BPND 
and education level (all p>0.05).

DISCuSSIoN

The main finding of the present study is that amyloid-β load is associated with SCD-related 
worries and a heightened memory-deficit self-awareness, but not with severity or specific 
cognitive complaints.

Amyloid-β load may insidiously affect cognition and self-perceived decline prior to 
symptom onset.12,18,33 Some population-based and mixed population and memory clinic 
studies have shown that amyloid-β load is related to SCD,12–14,16,18 but other studies did 
not find this association with SCD.15,17 To the best of our knowledge, associations between 
amyloid-β load and cognitive complaints have not been investigated in a pure memory 
clinic sample, and earlier findings could have been affected by the recruitment policy, 
particularly in the case of mixed recruitment studies.34 Therefore, it remains unclear 
to what extent amyloid-β is contributing to the phenotype of SCD in individuals who 
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seek medical evaluation for their complaints.9,35 In the present study we investigated 
relatively young individuals with a recent SCD onset (<5 years), and a substantial fraction 
of almost one out of four showed abnormal amyloid accumulation.34,36 We furthermore 
used quantitative PET (BPND) because it can more accurately determine amyloid-β load 
than standardized uptake ratio values (SUVr), which is especially important to capture 
potentially early – subtle – disease processes, and SCD-related worries are related to 
a sixteen and six fold increased risk of clinical progression respectively,2,37 and we now 
show that they associated with each other in cognitively normal individuals. The SCD plus 
criteria have suggested that the presence of SCD-related worries are associated with an 
increased risk of future cognitive decline,11 and our results support this notion.

Apart from the relationship with SCD-related worries, no associations between amyloid-β 
load and any of the SCD questionnaires or single items that measure various aspects of 
cognitive change were observed, indicating that these questionnaires are not specific for 
preclinical AD in a memory clinic. There is much controversy about which questionnaire can 
be used to unveil cognitive normal individuals at increased risk for AD, but the present results 
indicate that it does not necessarily matters which questionnaire, but rather whether the SCD 
assessment includes a “worry” inquiry. Earlier studies have used SUVr to assess abnormal 
amyloid-β accumulation, which have generated inconsistent results.12–15,38 Compared with 
BPND, SUVr is liable to overestimation of amyloid-β load together with a higher variability,39 
which could hamper a correct interpretation and reduce statistical power especially in early 
disease stages.39–41 Other possible explanations for our findings are recruitment criteria used 
and the operationalisation of SCD.13,42,43 A recent study has demonstrated elevated levels of 
amyloid-β load in memory clinic SCD patients compared with community-dwelling individuals 
without SCD, but not compared with community-recruited subjects with SCD.13 The present 
investigations were restricted to individuals with SCD, who had visited a memory clinic for 
their self-perceived decline. By definition these individuals experience cognitive complaints, 
but these may be caused by various factors other than preclinical AD. For example, it has 
been shown that memory clinic SCD patients have higher (subclinical) depressive symptoms 
compared with community-dwelling individuals with SCD.13 In the present study, however, 
individuals with a current psychiatric diagnosis were excluded prior to enrolment. In addition, 
analyses were adjusted for depressive symptoms, which makes it unlikely that mental illness 
was responsible for the lack of associations. Nevertheless, irrespective of the nature of 
cognitive complaints, higher mean cortical amyloid-β load was associated with SCD related 
worries, and this appeared to be consistent for all cortical regions.

It has been claimed that earliest changes in cognition are best perceived by the 
individual rather than by an observer.23 In order to investigate the awareness of memory 
function, two discrepancy scores were calculated to adjust cognitive complaints for 
episodic memory performance (i.e. memory deficit awareness index) and informant 
reports (i.e. self-proxy index). Although SCD conceptually refers to the self-perception 
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of cognitive decline and does not require confirmation by informants, we did not find 
different associations between amyloid-β and the self-proxy index. In line with a study 
on cognitively normal individuals from the community,25 we found a positive relation 
between amyloid-β load and memory deficit awareness, which indicated that individuals 
with increased amyloid-β load showed heightened memory-deficit self-awareness or 
hypernosognosia. Earlier studies have used this index to investigate anosognosia, and 
showed that AD patients have an impaired memory deficit awareness, i.e. more severe 
episodic memory performance compared with self-rated cognitive performance.21,22. In 
the present study we found opposite patterns compared to patients with AD dementia.22 
Although it needs to be interpreted with care, these positive associations could reflect 
a higher level of memory deficit self-awareness in individuals with preclinical AD. The 
index scores seemed to be driven by episodic memory performance, and our findings 
imply that higher amyloid-β load can be observed in cases when individuals’ self-rated 
cognitive complaints are less severe than their episodic memory performance. While it is 
generally assumed that individuals with SCD perceive cognitive decline better themselves 
than as indicated by cognitive tests, an alternative explanation for this finding could be 
that episodic memory performance, rather than subjective cognitive complaints severity, 
is more strongly related to amyloid pathology, which is in line with studies showing that 
episodic memory starts to deteriorate early in the disease course.44,45

Individuals with SCD who visit a memory clinic are a clinically relevant group since 
they seek help for their complaints and are at increased risk for clinical progression.2,3,9 
Notwithstanding, some limitations need to be acknowledged. First, while we have 
incorporated every available SCD item from our cohort, there may be other questionnaires 
which are better able to isolate SCD due to preclinical AD. On the other hand, the use of 
other SCD questionnaires may not provide very different results, because questionnaires 
will likely show high correlations, and predominantly inquire about memory complaints.7 In 
addition, questionnaires rely on self-perception of cognitive decline, which in the present 
study did not show any relation with amyloid-β load or could have been distorted by other 
non-AD SCD phenotypes.46 Second, our memory self-awareness index seemed driven by 
relatively lower, but non-significant, episodic memory performance in individuals with 
higher amyloid-β burden. Lastly, the present study had a cross-sectional design. Therefore, 
it is not possible to make inferences as to whether amyloid-β load and SCD related worries 
are associated with actual clinical progression to symptomatic stages of AD. Future 
longitudinal studies are necessary to fully elucidate these associations, while taking into 
account the effects of concomitant pathologies such as tau burden.

In conclusion, amyloid-β load was associated with SCD related worries and higher 
memory deficit awareness, but not with severity or specific pattern of cognitive complaints. 
Our findings indicate that worries about self-perceived decline may therefore help to 
identify amyloid-β related SCD.
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SuMMAry AND GeNerAl DISCuSSIoN

“All truth passes through three stages. First, it is ridiculed. 
Second, it is violently opposed. 
Third, it is accepted as being self-evident.” (A. Schopenhauer)
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SuMMAry AND GeNerAl DISCuSSIoN

The aim of the current thesis was to investigate the earliest neurobiological changes related 
to Alzheimer’s Disease (AD) using amyloid positron emission tomography (PET), structural 
and functional magnetic resonance imaging (MRI) in patients with Subjective Cognitive 
Decline (SCD). More specifically, this thesis had three aims: 1) to provide an overview of the 
of the Subjective Cognitive ImpairmENt Cohort (SCIENCe), 2) to investigate the predictive 
value of structural MRI for cognitive decline and clinical progression in individuals with 
subjective cognitive decline (SCD), 3) to investigate the most optimal kinetic model for 
the quantification of the amyloid tracer [18F]florbetapir, and to investigate associations 
between amyloid and resting-state fMRI and patterns of cognitive complaints, cognition 
and spontaneous speech.

Key findings include:
1) The SCIENCe study confirms that SCD is a heterogeneous group, including individuals 

with preclinical AD and subthreshold psychiatric features, as well as a relatively 
large group with complaints of undetermined origin.

2) Thinner temporal and parietal cortex in SCD is associated with increased risk of 
future clinical progression to dementia.

3) In SCD, thinner cortex, especially in the temporal cortex, is associated with a steeper 
decline of memory

4) Less efficient grey matter network organization in SCD is associated with a steeper 
decline of language and global cognition.

5) SCD is associated with a pattern of brain connectivity that mirrors early AD-related 
connectivity failure.

6) [18F]florbetapir binding can be robustly quantified by a reversible two tissue 
compartmental model.

7) Increased amyloid load-β in SCD is associated with worries but not with severity or 
specific pattern of cognitive complaints.

8) SCD individuals with abnormal amyloid accumulation use fewer specific words in 
spontaneous speech.

Summary

Initial baseline findings of the SCIENCe cohort confirmed that SCD is a heterogeneous 
group, with preclinical AD (25%) and subthreshold psychiatric features (38%) as well as 
a relatively large group with complaints of undetermined origin (43%) (chapter 2). In 
a retrospective study (chapter 3) investigating cortical thickness in relation to clinical 
progression we found that 16% of individuals with SCD showed clinical progression to mild 
cognitive impairment (MCI (n=32)), Alzheimer’s Disease (AD (n=9)) or non-AD dementia 
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(n=8) after a follow-up of 3 years. More specifically, lower hippocampal volumes, thinner 
cortex of the AD-signature regions and various temporal and parietal cortices were 
associated with an approximate fivefold increased risk of clinical progression to MCI and 
AD. Subsequently (chapter 4), we aimed to investigate associations between regional 
cortical thickness and rate of decline over time in four cognitive domains. We found 
that thinner temporal cortex was related to memory decline over time, which seemed 
particularly driven by SCD patients who developed MCI and AD on follow-up. In addition 
(chapter 5), we found that lower grey matter network values (normalized clustering and 
path length [gamma and lambda]), indicative of a more randomly organized network, 
were associated with steeper decline in global cognition and language. Furthermore, in a 
sample of cognitively normal individuals with a family history of AD (chapter 6) we found 
that SCD was related to altered default mode network (DMN) connectivity in brain regions 
vulnerable for AD such as the posterior DMN and medial temporal memory system. In 
addition, higher connectivity between the MTMS and rest of the brain was associated 
with better baseline immediate memory, attention and global cognition, whereas higher 
MTMS and pDMN-MTMS connectivity were associated with lower immediate memory 
over time. In the third part of this thesis we investigated amyloid accumulation. Firstly 
(chapter 7), we aimed to identify the optimal model for quantifying [18F]florbetapir uptake 
and to assess test-retest (TRT) reliability of corresponding outcome measures in patients 
with AD and controls. We found that [18F]florbetapir binding can be robustly quantified 
by a reversible two tissue compartmental model, independent of brain regions of interest 
or diagnostic label. In a follow-up study on individuals with SCD (chapter 8) we aimed to 
investigate whether amyloid pathology is associated with linguistic parameters derived 
from spontaneous speech. We found that abnormal amyloid accumulation was associated 
with fewer specific words, but not with lexical diversity or syntactic complexity or 
conventional neuropsychological language tests. In the last chapter (chapter 9) we aimed 
to investigate whether amyloid-β load is associated with a specific pattern of cognitive 
complaints. We found that increased amyloid-β load in all cortical regions was associated 
with presence of worries, but not with any particular pattern of cognitive complaints or 
with the severity of complaints, as measured using CCI (informant and self-reported, total 
scores or individual items) or SCF.

In the following paragraphs these findings will be integrated and placed in the context of 
the existing literature, followed by a discussion of methodological issues relevant for this 
thesis. Final paragraphs consist of recommendations for future research and concluding 
remarks.

Subjective cognitive decline

While SCD portends an increased risk of dementia, a minority (10-15%) of individuals 
with SCD showed clinical progression to mild cognitive impairment (MCI) or AD dementia 
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in approximately 2-4 years.1–3 A vital question remains which individuals with SCD are 
at increased risk of clinical progression. One difficulty lies in the observation that self-
perceived cognitive decline can be caused by a myriad of factors such as preclinical AD, 
normal aging, depressive symptoms and neuroticism.4 It is currently difficult to clinically 
identify preclinical AD in cognitively healthy individuals experiencing memory complaints. 
In order to investigate the earliest signs related to AD we initiated the Subjective Cognitive 
ImpairmENt Cohort (SCIENCe) in 2014.

Our first aim was to characterize patients with SCD who visited our memory clinic and 
we showed that SCD is a heterogeneous label, with preclinical AD (i.e. abnormal amyloid 
accumulation, 25%) and subthreshold psychiatric features (38%). The largest group of 
individuals with SCD (43%) had neither evidence of amyloid, nor subthreshold psychiatric 
symptoms (chapter 2). Individuals with preclinical AD were on average older, and had 
more frequently a family history of dementia, and were more frequently APOE e4 carrier. 
APOE e4 genotype and age≥60 are part of SCD plus criteria, which have been proposed to 
facilitate and harmonize SCD research.5 We now provide evidence that these factors are 
associated with increased risk of preclinical AD in individuals with SCD. In chapter 2, we 
also measured the degree of cognitive complaints, and almost all participants reported 
cognitive decline compared to five years ago, which seems substantially higher than in the 
general population,6 but comparable to another memory clinic study,7 and could be an 
explanation for these individuals to actively seek medical evaluation.

In cognitively normal individuals with SCD, biomarkers of AD can already be abnormal, 
such as increased amyloid deposition on PET or brain atrophy on MRI. However, the 
sequence of neurodegenerative changes eventually leading to AD may vary amongst 
individuals, and where to position SCD in these pathological sequences remains to be 
elucidated. For this reason, it is crucial which (neuroimaging) biomarkers are associated 
with clinical progression and earliest cognitive changes related to AD.

MRI biomarkers associated with subsequent cognitive decline
In the second part of this thesis we investigated associations between baseline MRI 

measures and incident clinical progression and longitudinal cognitive functioning. So 
far, memory clinic studies have demonstrated decreased gray matter volumes8–10 and 
cortical thinning11 in medial temporal regions in SCD compared to healthy controls. It has 
been suggested that regional thinning of the cortical mantle, coined as the AD-signature 
(consisting of frontal, temporal and parietal cortices), can be predictive for dementia in 
cognitively normal individuals until one decade before clinical progression.12 Central in our 
studies was further investigation of whether such brain variations were related to clinical 
progression and cognitive functioning over time.

In chapter 3, we investigated if thinner cortex of the AD-signature region was predictive 
for clinical progression to MCI or dementia. After a follow-up of approximately 3 years, 
49 (16%) individuals with SCD showed clinical progression to MCI (n=32), AD (n=9) or 
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non-AD dementia (n=8). These progression rates are comparable to earlies studies based 
on data from the Amsterdam Dementia Cohort.2,3,13 We furthermore found that thinner 
cortex of the AD-signature and mean cortical thickness were both associated with a 
fivefold increased risk of clinical progression to MCI and dementia (figure 1A). Of these 
AD-signature subcomponents, temporal and parietal cortices were mostly associated 
clinical progression. More specifically, the medial temporal cortex showed the strongest 
predictive value for clinical progression to MCI and dementia, and hippocampal volume 
did not add any predictive value over this effect. Interestingly, we observed that thinner 
cortex of the AD-signature was associated with progression to AD dementia as well as 
non-AD dementia, but not to MCI. This suggests that the predictive value seemed to be 
non-specific for progression to AD or non-AD, and that AD-signature is likely sensitive for 
a more general neurodegenerative process.

In two follow-up papers (chapter 4 & 5), including individuals with SCD with repeated 
neuropsychological assessment, we sought to investigate whether thinner cortical lobar 
thickness is associated with rate of decline over time in the cognitive domains of memory, 
attention, language and executive functioning. Although individuals with SCD typically 
complain about their memory, early cognitive decline may also affect other cognitive 
domains. In chapter 4, we showed that language functioning decreased over time across 
the entire group of individuals with SCD, which illustrates that cognitive complaints could 
also originate from poorer language performance. In chapter 7, we also show that amyloid 
was related to lower use of specific words during spontaneous speech, whilst conventional 
neuropsychological tests were still unimpaired (figure 1D). Two recent cross-sectional 
studies on cognitively intact and mildly cognitively impaired elderly demonstrated that 
thinner temporal, precuneus and occipital cortex were associated with impaired episodic 
memory.14,15 We found that widespread cortical thinning in SCD patients was associated 
with faster subsequent decline in memory over time, but not related to concurrent 
cognitive function.

Global brain atrophy is common in AD, but also occurs with normal aging16,17 and both 
can evoke cognitive complaints.18 Others demonstrated that over a period of 10 years, 
those who remained cognitively intact (i.e. normal aging), showed brain volume decreases 
in the frontal lobes and superior parietal regions, whereas those who progressed to MCI, 
showed accelerated volume loss in temporal regions.19 Our findings also point towards 
involvement of temporal, frontal and occipital cortical regions (figure 1A) in relation to 
memory decline (chapter 4) and clinical progression (chapter 3). Thinner temporal cortex 
could be an early reflection of AD, especially since some of the individuals with SCD finally 
progressed to MCI or AD dementia during the course of the study.

Evidence is accumulating that brain changes leading to cognitive decline and dementia 
are not restricted to specific regions such as the medial temporal lobe, but rather include 
widespread changes in structure, function and organization of the brain.20–24 Brain 
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morphology can be considered as a large-scale network consisting of multiple small regions 
of grey matter (i.e. nodes) that work in harmony.25–29 In chapter 5, we aimed to investigate 
whether grey matter networks are related to decline in specific cognitive functioning over 
time. Our main finding (figure 1B) was that SCD subjects with more randomly organized 
grey matter networks show steeper decline in language and global cognition over time 
(chapter 5). We found associations with network parameters that are often reported in 
AD literature, i.e. normalized clustering and path length.21–24,30 In addition, we found that 
lower path length values in precuneus and fronto-occipital brain regions were associated 
with global cognitive decline. Our findings suggest that at very early, preclinical stages, less 
efficient network organization may prelude subsequent cognitive impairment. There was a 
relatively large overlap with respect to neuropsychological and structural MRI data between 
chapter 4 and 5. In both chapters we found associations between cortical thickness and 
grey matter network organization in relation to memory and language decline.

After correction for multiple comparisons, however, associations between cortical 
thickness and language, and grey matter network organization and memory did not 
survive more stringent thresholds. While the precise implications and biological relevance 
of grey matter networks are not yet fully understood, these results provide evidence that 
network parameters provide additional information over atrophy measures.

In chapter 6 we took a different approach. In this chapter we sought to investigate 
whether SCD was associated with functional brain connectivity. In this chapter we 
investigated SCD in pre-symptomatic individuals with a parental or multiple-sibling family 
history of AD dementia from the Pre-symptomatic Evaluation of Novel or Experimental 
Treatments for Alzheimer’s Disease (PREVENT-AD) program (Montreal, Quebec, Canada). 
The primary goal of this program is to test whether serial determination of multi-modal 
biomarkers of AD may be measured and used in pre-symptomatic persons at high risk of 
subsequent AD dementia to trace the progression of the disease. Functional brain changes 
may precede structural abnormalities and clinical symptoms and could therefore serve as 
a potential early AD biomarker.31,32 It has been suggested that brain hyperconnectivity in 
the posterior default mode network (pDMN) compensates for early pathophysiological 
processes, but later gives way to global brain hypoconnectivity, perhaps resulting from 
sustained excitotoxicity 33,34. So far studies have shown altered DMN connectivity in 
SCD patients compared to AD patients and controls, 9,35,36 but not yet investigated this 
in cognitively normal individuals at risk for AD. We found that subjects with SCD had 
increased connectivity between the pDMN and medial temporal memory system (MTMS) if 
compared to subjects without SCD (figure 1C). Moreover, we found that hyperconnectivity, 
particularly between the pDMN and MTMS, was related to better concurrent cognitive 
performance (e.g. compensatory mechanism), but could have a detrimental effect over 
time. These findings were independent of cortical atrophy, and demonstrate the functional 
brain connectivity could be considered as an early disease marker in the future.
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Figure 1. Summary of findings. Thinner cortex in memory clinic patients with subjective 
cognitive decline (SCD) is associated with increased risk of clinical progression, and steeper 
decline of memory (A). less efficient grey matter brain network organization is associated with 
a steeper decline of language and global cognition (B). SCD in cognitively normal individuals 
with a family history of AD is associated with altered resting-state fMrI connectivity and 
cognitive functioning (C). higher amyloid-β levels are associated with fewer specific words 
during spontaneous speech, and SCD-related worries (D). Abbreviations. C, Chapter
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Amyloid imaging, spontaneous speech and cognitive complaints

In the third part of this thesis we investigated associations between amyloid and 
spontaneous speech and cognitive complaints. Firstly, to more accurately quantify amyloid 
deposition for subsequent research projects in this thesis, we have investigated various 
kinetic models in relation to [18F]florbetapir binding (chapter 7). A validated tracer kinetic 
model is important, not only for identification of early (subtle) amyloid accumulation,37 
but also for studying its relation with early cognitive changes related to AD in individuals 
with SCD. In chapter 7, we found that in vivo kinetics of [18F]florbetapir binding could best 
be described by a reversible two tissue compartmental model with fitted blood volume 
parameter. These results are in line the kinetic model of a widely used first generation 
amyloid imaging agent ([11C]PiB),37–39 but also converge with recent findings on [18F]
florbetapir quantification.40 We extend previous findings by showing that this model 
produced robust and consistent test-retest results, with comparable findings for AD 
patients and controls. In addition, we found that simplified reference tissue models can be 
used to quantify amyloid-β load, with substantially less bias if compared to standardized 
uptake values.

In two follow-up papers (figure 1D) we investigated associations between amyloid 
and spontaneous speech (chapter 8) and cognitive complaints (chapter 9) respectively 
in individuals with SCD from the SCIENCe cohort. Individuals with subjective cognitive 
decline often experience word-finding problems, but these are difficult to verify with 
standard neuropsychological language tests and it is unknown whether spontaneous 
speech deficiencies are related to underlying AD pathology. In chapter 8, we aimed to 
investigate whether preclinical AD in individuals with SCD predisposes for less use of 
specific words, lexical diversity or syntactic complexity. AD dementia is characterized by 
gradual deterioration in various cognitive domains, including language.41 Lexical diversity 
and the number of content words in spontaneous speech are impaired in AD.42–46 Moreover, 
a recent case study showed that increased use of conversational fillers and decreased 
number of content words can be observed years before onset of dementia.47 We found 
that higher amyloid-β load was associated with decreased use of content and concrete 
words, and to a lesser extent with lexical diversity or syntactic complexity (chapter 8). Of 
note, we did not find any differences between conventional neuropsychological language 
tests in individuals with and without preclinical AD, suggesting that subtle changes in 
spontaneous speech occur very early in the AD continuum.

Inconsistent findings have been reported in literature regarding which cognitive 
complaint questions which can be used to unmask cognitively normal individuals at risk 
for AD.48 Therefore, it remains to be elucidated whether amyloid load is associated with a 
specific pattern of cognitive complaints. In chapter 9 we used all available questionnaires 
(total scores and single items or questions) that are used in SCIENCe cohort to assess 
severity and content of cognitive complaints, and we found that increased amyloid-β load 
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was associated with worries about the self-perceived cognitive decline, but not with any 
specific item on cognitive complaints or questionnaire. One explanation is that inquiries 
about cognitive complaints in a memory clinic setting, could lead to receive false-positive 
answers, which do not necessarily relate to SCD due preclinical AD. Notwithstanding, these 
findings suggest that worries about self-perceived cognitive decline is a strong indicator of 
preclinical AD. These findings are also in line with results described in chapter 6, showing 
that a dichotomous SCD question can provide an unrefined but effective risk stratification 
for individuals at risk for AD.

MeThoDoloGICAl CoNSIDerATIoNS

There are a number of methodological considerations. First, we studied patients who 
visited a memory clinic because they perceived deficits in their cognitive functioning. 
Cognitive complaints in elderly could be caused by a myriad of factors, including normal 
aging, preclinical AD, cerebrovascular disease, psychological factors, mood disorders and 
many more. Others have shown that memory clinic individuals with SCD exhibit additional 
subclinical depressive symptomatology if compared to SCD in the general population.48 In 
this thesis we aimed to investigate the earliest changes related to AD, and the majority 
of the observed associations between neuroimaging, cognition, and cognitive complaints 
seemed independent of age, gender, education and (subclinical) depressive symptoms. 
It is nearly impossible to adjust for all factors that could potentially influence cognitive 
complaints. In addition, factors influencing cognitive complaints will greatly vary from one 
individual to another, and very large datasets with refined psychometric measures will be 
necessary to adjust for human variation. Of note, in most of our chapters we additionally 
adjusted for common causes of cognitive complaints such as; normal aging (chapters 
3-9), depressive symptoms (chapter 5 and 6), cerebrovascular disease (chapter 5) and 
neuroticism (chapter 6). Furthermore, because the majority of research presented in this 
thesis was performed in a memory clinic setting, it is unclear to which extent our results 
can be extrapolated to the general population. Others observed increased anxiety and 
amyloid-β deposition in both community-dwelling as well as memory clinic SCD, whereas 
subclinical depression and (hippocampal) atrophy was mostly observed in memory clinic 
SCD.48 Notwithstanding, our results are highly relevant for cognitively normal individuals 
with SCD in memory clinics. Moreover, referred SCD patients could be a clinically relevant 
group for future preventive trials as they self-perceive cognitive decline and actively seek 
help. Third, because we investigated cognitively normal individuals, we cannot rule out 
that (subtle) practice effects may have occurred in relation to our cognitive data. We expect 
that these effects were especially present in “lower-risk” cognitively intact individuals, but 
that practice effect may have been less apparent in individuals with future progression. 
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In addition, in our longitudinal studies individuals were tested once each year, where 
available with parallel versions of the test (chapter 6), which reduces the risk for practice 
effects. Others have demonstrated that preclinical AD could reduce the magnitude of 
gain from retesting, especially with regard to episodic memory.49,50 Fourth, ideally one 
would use repeated neuroimaging measures to investigate brain changes related to AD, 
and many of our studies made use of a single neuroimaging measure to predict a certain 
clinical outcome. Therefore, we cannot fully disentangle the brain changes that might 
have occurred during the time of study. Nonetheless, single neuroimaging measures are 
commonly used for diagnostic decision making, recruitment for intervention studies, 
and generally reflect a realistic clinical setting. Fifth, we have used different measures of 
amyloid-β load in this thesis (radiotracers [18F]florbetapir and [18F]florbetaben, and Aβ1-42 
cerebrospinal fluid (CSF) levels), which could have impacted our findings. Notwithstanding, 
both imaging agents are able to detect beta-sheet fibrillar deposits of amyloid β-protein in 
plaques,51,52 and both CSF and PET provide comparable diagnostic accuracies in AD patients, 
but lower accuracies in cases with less amyloid-β deposition.53,54 More importantly, for all 
our clinical PET studies (chapter 8 and 9), we used state-of-art quantification techniques 
to estimate specific binding of [18F]florbetapir. Compared to standardized uptake values 
reference tissue approaches, parametric methods are less susceptible for perfusion 
differences, generally show less bias, and thus more accurately reflect amyloid-β load. 
Finally, in all our longitudinal studies follow-up duration was relatively short, hence it 
is likely that more individuals with SCD will progress at later times, especially since the 
earliest brain changes leading to AD probably occur as early as 10-20 years before clinical 
manifestation of the disease.31

IMPlICATIoNS AND FuTure DIreCTIoNS

Research presented in this thesis has several implications, and these will be outlined in 
the next paragraphs.

Clinical implications

For clinicians it is important that SCD is not merely a benign “label”. Based on the research 
of this thesis we emphasize that only a minority of individuals with SCD, however, show 
clinical progression in the short-term. Notwithstanding, progression rates seem higher 
in cognitively normal individuals who visit a memory clinics if compared to community-
dwelling based cohorts.55 Therefore, clinicians should pay extra attention to certain 
patterns of cognitive complaints and subtle cognitive deficits, which may be associated 
with increased likelihood of progression of disease. On the other side, individuals with 
“benign SCD” and (persistent) cognitive complaints could be referred to other professionals 
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for amelioration of symptoms if there is a medical indication by means of therapy (e.g. 
cognitive behavioral therapy, memory strategies/training, psycho-education) or life-style 
interventions (current Euro-SCD research project).

In general, clinicians are reluctant to disclose individual biomarker results to patients 
with SCD, but it can be questioned whether certain neuroimaging biomarker information 
should be disclosed. It is too early to incorporate findings from resting-state fMRI, grey 
matter networks, and cortical thickness into clinical practice. Rather, clinicians could use 
the medial temporal visual rating scale, which has been widely used for approximately 
two decades, and is still very effective.56,57 The predictive value of amyloid status is 
different than other neuroimaging biomarkers. Abnormal amyloid accumulation is 
a major risk factor for AD, and should to some extent be incorporated in clinical care 
and scientific research. One of the first studies investigating amyloid imaging disclosure 
showed that disclosing this information to cognitively normal individuals did not evoke 
any psychological harm based on pre- and post-disclosure counseling.58 Nonetheless, 
one should be careful with disclosing amyloid positivity, because long-term effects (>10 
years) are not yet clear, especially in relatively older individuals. AD pathogenesis may 
take 20 years, and longitudinal prospective studies covering the entire spectrum from 
normal until dementia are still ongoing. With respect to short-term effects, this thesis 
has provided evidence that amyloid can affect cognitive functions and cognition-related 
worries in individuals with SCD. On the other side, the high negative predictive value 
of a normal amyloid scan could potentially re-assure individuals with SCD. However, at 
baseline, there could be borderline amyloid positive cases who may become abnormal 
over the years. It has also been recently suggested that amyloid thresholds might be too 
high.59 For this reason, it remains important to accurately determine and quantify amyloid 
load. In addition, in the present thesis we have not investigated tau pathology in SCD, 
while this is an important component in AD pathophysiology as well in preclinical stages. 
Initial findings are showing that tau pathology is associated with amyloid pathology and 
memory performance.60,61 Current research of the LUNAR study is therefore investigating 
tau pathology in conjunction with amyloid imaging in SCD, with repeated PET scans over 
time.

Subjective cognitive decline research

The last few years important papers have been published in the field of SCD. Two clinico-
methodological landmark studies introduced 1) SCD as a conceptual framework to study 
preclinical AD 2) criteria to implement SCD in research studies.5,62 These two studies 
harmonize the various ways to investigate SCD, and support a common nomenclature to 
enhance the understanding of several SCD characteristics. There is still ongoing debate 
about which cognitive complaint items could be most effective to unmask preclinical AD 
in asymptomatic individuals. In this thesis we have shown cognitive complaints questions, 
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of various subjective cognitive decline questionnaires, are not associated with amyloid-β 
load. Partially in line with literature, we did find evidence for worries about to self-
perceived decline were associated with amyloid-β.1

Figure 2. hypothesized model for SCD due to AD (not based on neuroimaging or cognition data, 
and individual lines do not reflect individual cases or group data). Neuroimaging and cognitive 
measures in relation to “SCD onset” are displayed. The area following “SCD onset” is displayed 
in orange blur because of the uncertainty and variable consequences of biomarker results. 
SCD onset is nonetheless evoked by gradual cognitive changes. It is hypothesized that the 
majority of individuals have reached a threshold for amyloid deposition and tau pathology (and 
possibly other pathophysiological mechanisms) when they start to self-perceive decline. At this 
point, very subtle cognitive changes, related to amyloid, may be measured, especially in the 
domain of semantic complexity of spontaneous speech. In addition, compared to individuals 
without SCD, increased brain connectivity in the posterior default-mode network (pDMN) and 
medial temporal memory system, and more random global grey matter network organization 
can be observed in “SCD due to AD”. Increased functional connectivity and random network 
organization were associated with cognitive decline in various domains after one and three 
years (on average) respectively. The previous associations seem to explain variance beyond 
cortical atrophy (in this thesis). Cortical atrophy, especially in temporo-parietal cortical regions, 
is associated with increased risk of clinical progression and with subsequent steeper memory 
decline (after on average after 3 years). Clinical progression to symptomatic stages will rely on 
interaction of multiple (unknown) pathophysiological events in relation to individuals’ brain 
and cognitive reserve. The hypothetical model was based on findings by Cr Jack jr. (2013, 
Lancet Neurology), and based on cross-sectional neuroimaging findings in relation to baseline 
and longitudinal cognitive data presented in this thesis.
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Novel biomarkers

Novel biomarker discovery should remain an important goal for future research, especially 
biomarkers that can study in vivo brain tissue changes. In addition, mechanisms that link 
amyloid-β to neurodegeneration are poorly understood, and novel biomarkers could help 
to further elucidate this link. The recent introduction of several Tau PET radioligands offer 
the potential of more specific biomarkers for degenerative brain processes and could 
improve the understanding of AD pathophysiology. However, further research is necessary 
to investigate its potential clinical utility. Also, current PET amyloid and tau biomarkers can 
be further improved, such as binding properties of these tracers to amyloid-β oligomers 
or other tau isoforms.63 Furthermore, biomarkers of neuronal damage, such as the novel 
[11C]UCB-J PET radiotracer, which binds to synaptic protein (SV2a),64 could improve the 
understanding of synaptic density, toxic effects of amyloid and tau, and neuronal damage 
in AD. Furthermore, there are a number of other pathways (cerebro- and microvascular, 
diabetes mellitus, inflammation) suggested to be related to AD pathogenesis.65–68 These 
pathways, e.g. in conjunction polygenetic risk estimates, can be investigated with PET and 
MRI studies in vivo, preferably in preclinical stages.

CoNCluDING reMArKS

The dementia field is advancing rapidly toward early diagnosis in preclinical stages. 
Ultimately, clinicians would like to be able to identify individuals who are asymptomatic 
but unmask those at increased risk for developing dementia. Further unravelling of AD 
etiopathogenesis and pathophysiological mechanisms in preclinical stages are likely to 
provide novel insights, which remain crucially important to delay or halt the progression 
of the AD. Whilst amyloid plaques, neurofibrillary tangles and brain atrophy have 
been hallmarks of AD for over 100 years, other causative mechanisms should also be 
investigated by means of novel methodology (e.g. PET radioligands and MRI techniques). 
These data indicate that SCD proved to be an effective conceptual framework for studying 
preclinical AD. We provided evidence that cortical atrophy, brain connectivity failure, and 
brain amyloid deposition foreshadow early cognitive changes related to AD in individuals 
with SCD. Clinically, we showed that certain aspects of cognitive complaints, spontaneous 
speech and cognition-related worries, are very relevant to further investigate. Much 
of the research presented in this thesis, however, is performed on groups, with large 
inter-individual variation. The next steps will be to further examine concomitant causal 
mechanisms on a – preclinical - individual level to ultimately improve the understanding 
of the various pathways of neurodegenerative changes leading to AD.
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SAMeNVATTING eN DISCuSSIe

Het doel van het huidige proefschrift was om de vroegste neurobiologische veranderingen 
gerelateerd aan de ziekte van Alzheimer (AD) te onderzoeken met behulp van amyloïd-β 
positron emissie tomografie (PET), structurele en functionele magnetic resonance imaging 
(MRI) in patiënten met subjectieve cognitieve achteruitgang (SCD). Meer specifiek had dit 
proefschrift drie doelen: 1) een overzicht bieden van het “Subjective Cognitive Impairment 
Cohort” (SCIENCe), 2) associaties te onderzoeken tussen structurele en functionele MRI 
en cognitieve functie en klinische progressie bij individuen met subjectieve cognitieve 
achteruitgang te onderzoeken (SCD), 3) het meest optimale kinetisch model voor de 
kwantificatie van amyloïd tracer [18F]florbetapir te onderzoeken, en associaties tussen 
amyloïd-β en ernst van cognitieve klachten, cognitie en spontane spraak te bekijken.

De belangrijkste bevindingen zijn:
1) De SCIENCe-studie bevestigt dat SCD een heterogene groep is, die bestaat uit 

personen met preklinische AD en subklinische psychiatrische kenmerken, evenals 
een relatief grote groep met klachten met een minder duidelijke oorsprong.

2) Dunnere temporale en pariëtale cortex is geassocieerd met een verhoogd risico op 
toekomstige klinische progressie naar dementie.

3) Een dunnere cortex, vooral in de temporaal kwab, is geassocieerd met een steilere 
achteruitgang van het geheugen.

4) Meer willekeurig georganiseerde grijze stof netwerken zijn geassocieerd met een 
steilere achteruitgang van taal en globale cognitie

5) De aanwezigheid van subjectieve cognitieve achteruitgang is geassocieerd met 
andere hersenconnectiviteit in hersengebieden die normaal gesproken aangedaan 
zijn bij de ziekte van Alzheimer

6) [18F]florbetapir binding kan robuust worden gekwantificeerd door een omkeerbaar 
twee weefsels compartiment model.

7) Meer amyloïd-β load is geassocieerd met SCD-relateerde zorgen, maar niet met de 
ernst van cognitieve klachten.

8) Individuen met abnormale amyloïd-β accumulatie gebruiken minder specifieke 
woorden afgeleid van de spontane spraak.

overzicht

Initiële bevindingen van het SCIENCe cohort bevestigden dat SCD een heterogene groep 
is, met zowel preklinische AD (25%) als subklinische psychiatrische kenmerken (38%) maar 
er was ook een relatief grote groep met klachten met een minder duidelijke oorsprong 
(43%) (hoofdstuk 2). In een retrospectief onderzoek (hoofdstuk 3) hebben we gekeken 
naar corticale dikte in relatie tot klinische progressie. In deze studie toonde 16% van de 
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mensen met SCD klinische progressie naar milde cognitieve stoornissen (MCI (n = 32)), 
de ziekte van Alzheimer (AD (n = 9) ) of niet-AD-dementie (n = 8) na een follow-up van 
3 jaar. Kleinere hippocampi, dunnere cortex van de AD-signatuurgebieden, en dunnere 
temporale en pariëtale cortex waren geassocieerd met een vijfvoudig verhoogd risico 
op klinische progressie naar MCI en AD. In een vervolgstudie (hoofdstuk 4) hebben 
we associaties onderzocht tussen regionale corticale dikte en de mate van cognitieve 
achteruitgang over de tijd in vier cognitieve domeinen. We ontdekten dat een dunnere 
temporale cortex gerelateerd was aan een sterker geheugenverlies in de loop van de tijd. 
Dit effect leek vooral gedreven door mensen met SCD die tijdens de follow-up MCI en/
of AD ontwikkelden. Daarnaast (hoofdstuk 5) vonden we dat lagere waarden van grijze 
stof netwerken (genormaliseerde clustering en pad lengte [gamma en lambda]), indicatief 
voor een meer willekeurig georganiseerd hersennetwerk, geassocieerd waren met een 
sterkere afname in globale cognitie en taal. In een ander cohort, een steekproef van 
cognitief normale individuen met een familiegeschiedenis van AD (hoofdstuk 6), vonden 
we dat de aanwezigheid van SCD gerelateerd was aan een hogere default netwerk (DMN) 
connectiviteit. Het default netwerk is een netwerk van gebieden die met name actief zijn in 
een toestand van rust. Deze effecten vonden we in hersenregio’s die kwetsbaar zijn voor AD, 
zoals het posterieure DMN en mediale temporale geheugensysteem (MTMS). Bovendien 
was een hogere connectiviteit tussen de MTMS en de rest van de hersenen geassocieerd 
met een beter onmiddellijk geheugen, aandacht en globale cognitie op baseline, terwijl 
een hogere MTMS- en pDMN- MTMS-connectiviteit geassocieerd waren met een lager 
onmiddellijk geheugen na 1 jaar. In het derde deel van dit proefschrift hebben we de 
accumulatie van amyloïd onderzocht. Ten eerste (hoofdstuk 7) wilden we het optimale 
model identificeren voor het kwantificeren van [18F]florbetapir opname in patiënten met 
AD en controles. Daarnaast wilde we kijken naar test-hertest (TRT) betrouwbaarheid van 
[18F]florbetapir. We hebben gevonden dat [18F]florbetapir binding kan robuust worden 
gekwantificeerd door een omkeerbaar twee weefsel compartiment model. Deze resultaten 
waren onafhankelijk van de verschillende onderzochte hersengebieden in zowel patiënten 
met AD als gezonde controles. In een vervolgonderzoek bij personen met SCD (hoofdstuk 
8) wilden we onderzoeken of amyloïd pathologie geassocieerd is met linguïstische 
parameters afgeleid van spontane spraak. We vonden dat abnormale accumulatie van 
amyloïd geassocieerd was met het gebruik van minder specifieke woorden, maar niet met 
andere lexicale diversiteit, syntactische complexiteit of conventionele neuropsychologische 
taaltesten. In het laatste hoofdstuk (hoofdstuk 9) wilden we onderzoeken of amyloïde-β 
geassocieerd is met specifieke cognitieve klachten. We vonden dat verhoogde amyloïde-β 
in alle corticale regio’s geassocieerd was met de aanwezigheid van zorgen over SCD, maar 
niet met de ernst van cognitieve klachten.

In de volgende paragrafen worden de bevindingen uitvoeriger bediscussieerd en 
geplaatst in de context van de bestaande literatuur. Hierna volgt een bespreking van 
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methodologische kwesties die relevant zijn voor dit proefschrift. In de laatste paragrafen 
staan aanbevelingen voor toekomstig onderzoek en een hoofdconclusie.

Subjectieve cognitieve achteruitgang

SCD is geassocieerd met verhoogd risico op dementie, maar slechts een minderheid (10-
15%) van mensen met SCD toont klinische progressie tot milde cognitieve stoornissen (MCI) 
of AD-dementie in ongeveer 2-4 jaar.1-3 Een belangrijke vraag blijft welke mensen met SCD 
een verhoogd risico op klinische progressie hebben. Eén moeilijkheid ligt in de observatie 
dat zelf gerapporteerde cognitieve achteruitgang kan worden veroorzaakt door een groot 
aantal factoren zoals preklinische AD, normale veroudering, depressieve symptomen 
en neuroticisme.4 Het is momenteel moeilijk om op een klinische wijze preklinische AD 
(i.e. normale cognitie, maar een afwijkend amyloid niveau) te identificeren bij cognitief 
gezonde personen die geheugenklachten ervaren. Om de vroegste uitingen van AD te 
onderzoeken, is in 2014 het Subjectieve Cognitieve Impairmen Cohort (SCIENCe) gestart.

Ons eerste doel was om patiënten met SCD die onze geheugenkliniek bezochten 
te karakteriseren. We hebben aangetoond dat SCD een heterogeen label is, met 
zowel preklinische AD (i.e. abnormale amyloïd accumulatie, 25%) en subklinische 
psychiatrische kenmerken (38%). De grootste groep van personen met SCD (43%) had 
geen abnormaal amyloïd niveau of subklinische psychiatrische symptomen (hoofdstuk 
2). Wel waren personen met preklinische AD gemiddeld ouder en hadden zijn vaker een 
familiegeschiedenis van dementie. Ook waren zij vaker drager van het APOE e4 gen. 
APOE e4 genotype en leeftijd≥60 zijn onderdeel van de SCD plus criteria. Deze criteria 
zijn bedoeld om SCD-onderzoek te vergemakkelijken en te harmoniseren.5 In hoofdstuk 
2 laten we zien dat deze factoren ook daadwerkelijk geassocieerd zijn met een verhoogd 
risico op preklinische AD bij mensen met SCD. In hoofdstuk 2 hebben we ook de mate 
van cognitieve klachten gemeten. Bijna alle deelnemers rapporteerden cognitieve 
achteruitgang vergeleken met vijf jaar geleden. De ernst van de klachten leek aanzienlijk 
hoger te zijn dan de hoeveelheid klachten algemene populatie,6 maar vergelijkbaar met 
een andere studie in de geheugenkliniek.7 Deze bevindingen kunnen mogelijk verklaard 
worden door het feit dat mensen met SCD actief medische hulp hebben gezocht.

Bij cognitief normale individuen met SCD kan er sprake zijn van abnormale Alzheimer 
biomarkers, zoals verhoogde amyloïd afzetting op een PET scan of hersenatrofie op een MRI 
scan. De sequentie van neurodegeneratieve veranderingen die uiteindelijk tot AD leiden, 
kunnen echter per persoon verschillen. De positie van SCD in het Alzheimer continuüm 
moet nog worden opgehelderd. Om deze reden is het cruciaal welke (neuroimaging) 
biomarkers geassocieerd zijn met de vroegste cognitieve veranderingen en uiteindelijke 
klinische progressie.
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MrI biomarkers in relatie tot cognitieve achteruitgang

In het tweede deel van dit proefschrift hebben we associaties onderzocht tussen baseline 
MRI metingen en klinische progressie en longitudinaal cognitief functioneren. Tot nu toe 
hebben studies in de geheugenkliniek laten zien dat mensen met SCD in vergelijking met 
controles kleinere volumes8-10 en corticale verdunning11 hebben in de mediaal temporaal 
kwab. Dunnere cortex in cognitief normale individuen, bijvoorbeeld in de AD-signatuur 
regio (bestaande uit frontale, temporale en pariëtale cortex), is voorspellend voor 
dementie tot een decennium vóór klinische progressie.12 Een primair doel was om te 
onderzoeken of dergelijke hersenvariaties gerelateerd zijn aan klinische progressie en 
cognitief functioneren over de tijd.

In hoofdstuk 3 hebben we onderzocht of een dunnere cortex van de AD-signatuurregio 
voorspellend was voor klinische progressie naar MCI of dementie. Na een follow-up 
periode van ongeveer 3 jaar toonden 49 (16%) individuen met SCD klinische progressie 
naar MCI (n = 32), AD (n = 9) of niet-AD-dementie (n = 8). Deze progressiepercentages 
zijn vergelijkbaar met vroege studies op basis van gegevens van het Amsterdamse 
Dementiecohort.2,3,13 We vonden verder dat een dunnere cortex van de AD-signatuur 
en gemiddelde corticale dikte beide geassocieerd waren met een vijfvoudig verhoogd 
risico op klinische progressie naar MCI en dementie (figuur 1A). Van de AD-signatuur 
subcomponenten waren de temporale en pariëtale cortex het sterkst geassocieerd met 
klinische progressie. Meer in het bijzonder vertoonde de mediale temporale cortex de 
sterkste voorspellende waarde voor klinische progressie tot MCI en dementie, waarbij 
het hippocampusvolume had geen additioneel voorspellende waarde had. Interessant is 
dat we zagen dat een dunnere cortex van de AD-signatuur geassocieerd was met zowel 
progressie naar AD-dementie als niet-AD-dementie, maar niet met MCI. Dit suggereert dat 
de voorspellende waarde niet specifiek leek te zijn voor progressie naar AD, en dat de AD-
signatuur waarschijnlijk gevoelig is voor een meer algemeen neurodegeneratief proces.

In twee vervolgstudies (hoofdstuk 4 en 5) in personen met SCD met herhaalde 
neuropsychologische metingen, hebben we onderzocht of dunnere corticale hersenkwab 
in de geassocieerd is met een achteruitgang in de cognitieve domeinen van geheugen, 
aandacht, taal en uitvoerend functioneren over de tijd. Hoewel mensen met SCD meestal 
klagen over hun geheugen, kan vroege cognitieve achteruitgang ook andere cognitieve 
domeinen beïnvloeden. In hoofdstuk 4 hebben we laten zien dat taalfuncties afnamen 
over de tijd, wat illustreert dat cognitieve klachten ook kunnen voortkomen uit slechtere 
taalprestaties. In hoofdstuk 7 laten we ook zien dat amyloïd gerelateerd was aan een 
lager gebruik van specifieke woorden tijdens spontane spraak, terwijl conventionele 
neuropsychologische tests nog steeds niet beïnvloed waren (figuur 1D). Twee recente 
cross-sectionele studies hebben aangetoond dat een dunnere temporale, precuneus en 
occipitale cortex geassocieerd waren met een verminderd episodisch geheugen in cognitief 
intacte en licht cognitief gestoorde ouderen.14,15 We ontdekten dat globaal dunnere cortex 
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geassocieerd was met een snellere daaropvolgende afname van het geheugen na verloop 
van tijd, maar geen relatie hadden met de baseline cognitieve functie.

Globale hersenatrofie komt veel voor bij AD, maar komt ook voor bij normale 
veroudering16,17 en beide kunnen cognitieve klachten oproepen.18 Anderen toonden 
aan dat gedurende een periode van 10 jaar degenen die cognitief intact bleven (dat wil 
zeggen normale veroudering), verminderde hersenvolume werd gevonden in frontale 
en superieure pariëtale hersenregio’s, terwijl degenen die verslechterden naar MCI, 
versneld volumeverlies in temporale regio’s werd gevonden.19 Onze bevindingen wijzen 
ook op de betrokkenheid van temporale, frontale en occipitale regio’s (figuur 1A) in relatie 
tot geheugenverlies (hoofdstuk 4) en klinische progressie (hoofdstuk 3). Een dunnere 
temporale kwab zou een vroege weerspiegeling van AD kunnen zijn, vooral omdat sommige 
van de individuen met SCD uiteindelijk in de loop van het onderzoek verslechterde tot MCI 
of AD-dementie.

Er zijn aanwijzingen dat hersenveranderingen die leiden tot cognitieve achteruitgang 
en dementie niet beperkt zijn tot specifieke regio’s zoals de mediaal temporaal kwab, 
maar veeleer brede veranderingen in structuur, functie en organisatie van de hersenen 
omvatten.20-24 De hersenen kunnen worden beschouwd als een groot netwerk dat bestaat 
uit meerdere kleine gebieden met grijze massa (d.w.z. knooppunten) die in harmonie 
samenwerken.25-29 Hersenen kunnen daarom beschreven worden aan de hand van 
netwerk theorie (graph theory). In hoofdstuk 5 wilden we onderzoeken of grijze stof 
netwerken gerelateerd zijn aan de achteruitgang van specifieke cognitieve functies. Onze 
belangrijkste bevinding (figuur 1B) was dat SCD proefpersonen met meer willekeurig 
georganiseerde grijze stof netwerken een sterkere achteruitgang in taal en globale 
cognitie vertoonden in de loop van de tijd (hoofdstuk 5). We vonden associaties met 
netwerkparameters die vaak worden vermeld in AD literatuur, d.w.z. genormaliseerde 
clustering en pad lengte.21-24,30 Daarnaast vonden we dat lagere pad lengte in de precuneus 
en fronto-occipitale hersengebieden waren geassocieerd met globale cognitieve 
achteruitgang. Onze bevindingen suggereren dat in zeer vroege, preklinische stadia, een 
minder efficiënte netwerkorganisatie latere cognitieve achteruitgang kan voorspellen. Er 
was een relatief grote overlap met betrekking tot neuropsychologische en structurele 
MRI-gegevens tussen hoofdstuk 4 en 5. In beide hoofdstukken vonden we associaties 
tussen corticale dikte en grijze stof netwerkorganisatie in relatie tot geheugen en taal. 
Na correctie voor multiple vergelijkingen overleefden de associaties tussen de corticale 
dikte en taal en de netwerkorganisatie en het geheugen van grijze stof netwerken de 
strengere statistische grens niet. Hoewel de precieze implicaties en biologische relevantie 
van grijze stof netwerken nog niet volledig duidelijk is, leveren deze resultaten het bewijs 
dat netwerkparameters aanvullende informatie over atrofiemaatregelen verschaffen.

In hoofdstuk 6 hebben we een andere benadering gekozen. In dit hoofdstuk hebben 
we onderzocht of SCD geassocieerd was met functionele hersenconnectiviteit. In 
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dit hoofdstuk hebben wij personen onderzocht met een familiegeschiedenis van AD 
dementie, en deze participanten zijn onderdeel van de PREVENT-AD cohort (Montreal, 
Quebec, Canada). Het primaire doel van dit cohort is om herhaalde multimodale AD 
biomarkers te meten in asymptomatische personen met een verhoogd risico op AD 
dementie om zo een eventuele vroege progressie van de ziekte op te sporen. Eén van 
die AD biomarkers is functionele connectiviteit, welke gemeten kan worden met fMRI. 
Functionele connectiviteitsveranderingen kunnen voorafgaan aan structurele afwijkingen 
en klinische symptomen en zouden daarom kunnen dienen als een vroege AD biomarker.31,32 
In de vroegste fase wordt AD gekenmerkt door hyperconnectiviteit voornamelijk in het 
posterieur gelegen default netwerk. Er wordt gedacht dat hyperconnectiviteit in de 
hersenen in het posterieure default netwerk (pDMN) een compensatie kan zijn voor 
vroege pathofysiologische processen, die later plaats maakt voor hypoconnectiviteit in de 
hersenen, mogelijk als gevolg van aanhoudende excitotoxiciteit.33,34

Tot nu toe hebben studies DMN connectiviteit in SCD-patiënten vergeleken met 
AD-patiënten en controles,9,35,36 maar dit is nog niet onderzocht bij cognitief normale 
individuen met een verhoogd risico op AD. We vonden dat proefpersonen met SCD 
een verhoogde connectiviteit hadden tussen het pDMN en mediaal tijdelijk geheugen 
(MTMS) in vergelijking met proefpersonen zonder SCD (figuur 1C). Bovendien vonden we 
dat hyperconnectiviteit, met name tussen de pDMN en MTMS, gerelateerd was aan een 
betere baseline cognitieve prestatie (bijv. compensatiemechanisme), maar een relatief 
slechter cognitief functioneren na 1 jaar. Deze bevindingen waren onafhankelijk van 
corticale atrofie en tonen aan dat de functionele hersenconnectiviteit interessant kan zijn 
als ziektemarker.

Amyloïd PeT beeldvorming, spontane spraak en cognitieve klachten

In het derde deel van dit proefschrift hebben we associaties tussen amyloïd en spontane 
spraak en cognitieve klachten onderzocht. Voorafgaand aan deze studies, hebben we 
eerst onderzocht welk farmacokinetisch model het beste gebruikt kan worden voor de 
kwantificatie van [18F]florbetapir (hoofdstuk 7). Een gevalideerd farmacokinetisch model 
is belangrijk, niet alleen voor de identificatie van vroege (subtiele) amyloïd accumulatie,37 
maar ook voor het bestuderen van de relatie met vroege cognitieve veranderingen 
gerelateerd aan AD in mensen met SCD. In hoofdstuk 7 ontdekten we dat de in vivo kinetiek 
van [18F]florbetapir het best kon worden beschreven door een reversibel twee weefsel 
compartiment model met een bloedvolume parameter. Deze resultaten komen overeen 
het kinetisch model van een eerste generatie amyloïd radiotracer ([11C]PiB),37-39 en de 
recente bevindingen van een andere onderzoeksgroep op dit thema.40 We breiden eerdere 
bevindingen uit door aan te tonen dat dit model robuuste en consistente test-hertest 
resultaten opleverde met vergelijkbare bevindingen voor AD-patiënten en controles. 
Daarnaast hebben we gevonden dat meer simpele modellen, gebruikmakend van een 
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Figuur 1. Samenvatting van de bevindingen. een dunnere cortex bij patiënten met een 
geheugenkliniek met subjectieve cognitieve achteruitgang (SCD) gaat gepaard met een verhoogd 
risico op klinische progressie en een sneller verval van het geheugen (A). Minder efficiënte 
grijze stof netwerkorganisatie wordt geassocieerd met een snellere achteruitgang van taal en 
globale cognitie (B). SCD bij cognitief normale personen met een familiegeschiedenis van AD is 
geassocieerd met zowel een verhoogde hersenconnectiviteit als met cognitief functioneren (C). 
Meer amyloïd-β accumulatie is geassocieerd met het gebruik van minder specifieke woorden 
tijdens spontane spraak en SCD-gerelateerde zorgen (D). Afkortingen. C, hoofdstuk (chapter)
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referentieregio, ingezet kunnen worden om de amyloïd-β accumulatie te kwantificeren. 
Deze methoden lijken meer valide en betrouwbaarder dan de frequent toegepaste SUVr 
modellen.

In twee vervolg studies (figuur 1D) onderzochten we associaties tussen amyloïd en 
spontane spraak (hoofdstuk 8) en cognitieve klachten (hoofdstuk 9) bij personen met 
SCD uit het lopende SCIENCe-cohort. Personen met subjectieve cognitieve achteruitgang 
ondervinden vaak problemen met het vinden van woorden, maar deze zijn moeilijk te 
objectiveren met standaard neuropsychologische taaltesten. Daarnaast is het onbekend 
of spontane spraakgebreken verband houden met onderliggende AD pathologie. In 
hoofdstuk 8 wilden we onderzoeken of preklinische AD bij mensen met SCD gerelateerd 
is aan het gebruik van minder van specifieke woorden, lexicale diversiteit of syntactische 
complexiteit. AD dementie wordt gekenmerkt door geleidelijke achteruitgang in 
verschillende cognitieve domeinen, waaronder gesproken taal.41 Lexicale diversiteit en 
het aantal inhoudswoorden in spontane spraak zijn vaak verminderd in AD.42-46 Bovendien 
toonde een recente casestudie aan dat een verhoogd gebruik van stopwoorden, 
gespreksopvullers en een verminderd aantal inhoudswoorden aanwezig kunnen zijn jaren 
vóór het begin van dementie.47 We vonden dat meer amyloïd-β accumulatie geassocieerd 
was met een verminderd gebruik van inhouds- en concrete woorden, en in mindere mate 
met lexicale diversiteit of syntactische complexiteit (hoofdstuk 8). Belangrijk is ook dat 
we geen verschillen vonden tussen conventionele neuropsychologische taaltesten bij 
personen met en zonder preklinische AD, wat suggereert dat subtiele veranderingen in 
spontane spraak heel vroeg in het AD-continuüm op kunnen treden.

Er zijn inconsistente bevindingen in de literatuur gerapporteerd met betrekking tot welke 
cognitieve klachtenvragen gebruikt kunnen worden om cognitief normale personen met 
preklinische AD te ontmaskeren.48 Daarom moet nog worden opgehelderd of amyloïd-β 
geassocieerd is met de ernst van cognitieve klachten gemeten met vragenlijsten. In 
hoofdstuk 9 gebruikten we alle beschikbare vragenlijsten (totaalscores en afzonderlijke 
items of vragen) die in het SCIENCe cohort worden gebruikt om de ernst van cognitieve 
klachten te beoordelen, en we vonden dat verhoogde amyloïd-β accumulatie geassocieerd 
was met het zorgen maken over de zelf gerapporteerde cognitieve achteruitgang, maar 
niet met een specifieke cognitieve klachten op de vragenlijsten. Een verklaring is dat 
vragen over cognitieve klachten in een geheugenkliniek kunnen leiden tot vals-positieve 
antwoorden, en niet noodzakelijkerwijs betrekking hebben op SCD vanwege preklinische 
AD. Niettegenstaande suggereren deze bevindingen dat zorgen over cognitieve 
achteruitgang een sterke indicator is van preklinische AD. Deze bevindingen komen ook 
overeen met de resultaten beschreven in hoofdstuk 6, waaruit blijkt dat een dichotome 
SCD vraag een effectieve methode kan zijn om personen met een verhoogd risico op AD 
te identificeren.
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MeThoDoloGISChe oVerWeGINGeN

Er zijn een aantal methodologische overwegingen relevant voor dit proefschrift. Ten eerste 
hebben we patiënten bestudeerd die een geheugenkliniek hebben bezocht vanwege 
hun cognitieve klachten. Cognitieve klachten bij ouderen kunnen worden veroorzaakt 
door een groot aantal factoren, waaronder normale veroudering, preklinische AD, 
cerebrovasculaire aandoeningen, psychologische factoren, stemmingsstoornissen en nog 
veel meer. Anderen hebben aangetoond dat mensen met SCD in een geheugenkliniek 
extra subklinische depressieve symptomatologie vertonen in vergelijking met SCD in de 
algemene bevolking.48 In dit proefschrift trachten we de vroegste veranderingen gerelateerd 
aan AD te onderzoeken, en de meerderheid van de waargenomen associaties tussen 
neuroimaging, cognitie en cognitieve klachten leek onafhankelijk van leeftijd, geslacht, 
opleiding en (subklinische) depressieve symptomen. Het is echter bijna onmogelijk 
om analyses te corrigeren voor alle factoren die cognitieve klachten mogelijkerwijs 
kunnen beïnvloeden. Daarnaast zullen factoren die van invloed zijn op cognitieve 
klachten sterk variëren van individu tot individu. In de meeste van onze hoofdstukken 
hebben we gecorrigeerd voor veelvoorkomende oorzaken van cognitieve klachten zoals; 
normale veroudering (hoofdstuk 3-9), depressieve symptomen (hoofdstuk 5, 6 en 9), 
cerebrovasculaire aandoeningen (hoofdstuk 5) en neuroticisme (hoofdstuk 6). Omdat 
de meerderheid van het onderzoek gepresenteerd in dit proefschrift werd uitgevoerd in 
een geheugenkliniek, het is onduidelijk in welke mate onze resultaten kunnen worden 
geëxtrapoleerd naar personen met geheugenklachten in de algemene bevolking. Anderen 
observeerden verhoogde angst en amyloïd-β accumulatie in zowel de algemene bevolking 
als in de geheugenkliniek, terwijl subklinische depressie en (hippocampale) atrofie 
meer specifiek werd geobserveerd in SCD in de geheugenkliniek.48 Niettemin zijn onze 
resultaten zeer relevant voor cognitief normale personen met SCD in geheugenklinieken. 
Bovendien zijn SCD patiënten die verwezen zijn naar een geheugenkliniek een klinisch 
relevante groep voor toekomstige preventie onderzoek omdat zij actief hulp zoeken. Ten 
derde, kunnen zogenaamde (subtiele) oefeneffecten een rol hebben gespeeld omdat 
we cognitief normale individuen hebben onderzocht. We verwachten dat deze effecten 
vooral aanwezig zijn in cognitieve intacte personen met een “lager risico”, maar dat 
het oefeneffect minder uitgesproken zal zijn bij personen met toekomstige progressie. 
Bovendien werden individuen in onze longitudinale onderzoeken eenmaal per jaar 
getest, en indien beschikbaar met parallelle versies (hoofdstuk 6), waardoor het risico 
op oefeneffecten wordt verkleind. Anderen hebben aangetoond dat in preklinische AD 
oefeneffecten beperkt zijn, vooral wat betreft episodisch geheugen49,50. Ten vierde zou 
men idealiter herhaalde neuroimaging metingen gebruiken om hersenveranderingen 
gerelateerd aan AD te onderzoeken. Veel van onze studies maakten gebruik van een 
enkele neuroimaging meting om een   bepaald klinisch resultaat te voorspellen. Daarom 



202 ChAPTer 11 | IMPLICATIES EN TOEKOMSTIGE ONDERZOEK

kunnen we de veranderingen in de hersenen die mogelijk zijn opgetreden tijdens de studie 
niet volledig ontrafelen. Enkele neuroimaging metingen worden echter vaak gebruikt voor 
diagnostische besluitvorming, werving voor interventiestudies en weerspiegelen daarom 
een meer realistische klinische setting. Ten vijfde hebben we verschillende metingen 
van de amyloïd-β afwijkingen gebruikt in dit proefschrift (radiotracers [18F]florbetapir en 
[18F]florbetaben en Aβ1-42 levels in de liquor). Dit kan van invloed zijn geweest op onze 
bevindingen. Niettemin zijn beide radiotracers in staat om het fibrillaire beta-amyloid 
af in plaques51,52 te detecteren. Daarnaast verschaffen zowel CSF en PET vergelijkbare 
diagnostische nauwkeurigheden bij AD patiënten, maar lagere nauwkeurigheden in gevallen 
met subtiele amyloïd accumulatie.53,54 Wat nog belangrijker is, voor al onze klinische PET 
onderzoeken (hoofdstuk 8 en 9), gebruikten we state-of-art kwantificatietechnieken om 
de specifieke binding van [18F]florbetapir te meten. Vergeleken met de SUVr methode, zijn 
parametrische methoden met specifieke binding als uitkomstmaat minder gevoelig voor 
perfusieverschillen, en kunnen daarom amyloïd-β nauwkeuriger meten. Ten slotte was de 
follow-up periode in al onze longitudinale onderzoeken relatief kort. Het is waarschijnlijk 
dat meer individuen met SCD op latere tijdstippen klinische progressie kunnen vertonen, 
vooral omdat de vroegste hersenveranderingen die leiden tot AD waarschijnlijk al binnen 
10-20 jaar vóór klinische manifestatie van de ziekte.31

IMPlICATIeS eN ToeKoMSTIGe oNDerZoeK

Onderzoek gepresenteerd in dit proefschrift heeft verschillende implicaties en deze zullen 
in de volgende paragrafen worden besproken.

Klinische implicaties

Voor clinici is het belangrijk om te weten dat SCD niet alleen een onschuldig “label” is. 
Daarentegen is het ook belangrijk om te benadrukken dat slechts een minderheid van de 
personen met SCD op korte termijn klinische progressie vertoont. Desalniettemin lijken de 
progressie cijfers hoger te zijn bij cognitief normale personen die een geheugenkliniek dan 
in mensen uit de algemene populatie.55 Daarom moeten clinici extra aandacht besteden 
aan bepaalde patronen van cognitieve klachten en subtiele cognitieve gebreken die 
geassocieerd kunnen worden met een verhoogde kans op progressie van de ziekte. Aan 
de andere kant kunnen personen met “goedaardige SCD” en (aanhoudende) cognitieve 
klachten worden doorverwezen naar andere professionals voor het behandelen van 
symptomen (bijv. cognitieve gedragstherapie, geheugenstrategieën / training, psycho-
educatie) of levensstijl interventies (huidig   Euro-SCD onderzoeksproject).

In het algemeen zijn clinici terughoudend om individuele biomarker uitslagen bekend te 
maken aan patiënten met SCD, maar het is de vraag of bepaalde neuroimaging biomarker 
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informatie niet gebruikt zou kunnen worden in de praktijk. Het is te vroeg om bevindingen 
uit connectiviteit (fMRI), grijze stof netwerken en corticale dikte te gebruiken in de klinische 
praktijk. Integendeel, artsen zouden de mediale temporale visuele beoordelingsschaal 
kunnen gebruiken als maat voor atrofie. Deze schaal wordt al ruim twee decennia gebruikt, 
en blijkt nog steeds zeer effectief.56,57 De voorspellende waarde van de amyloïd status is 
echter anders dan andere neuroimaging biomarkers. Abnormale amyloïd accumulatie is een 
belangrijke risicofactor voor AD en zou tot op zekere hoogte kunnen worden opgenomen 
in klinische zorg en wetenschappelijk onderzoek. Een recent onderzoek over het effect van 
amyloïd disclosure aan cognitief normale individuen liet geen psychische consequenties 
zien bij tussen pre- en post-disclosure counseling.58 Toch moet men voorzichtig zijn met 
het mededelen van amyloïd afwijkingen in cognitief normale individuen, omdat de lange 
termijn effecten (> 10 jaar) nog niet duidelijk zijn, vooral in relatief oudere mensen. AD 
pathogenese kan 20 jaar in beslag nemen en longitudinale prospectieve studies die het 
gehele spectrum van normaal tot dementie bestrijken zijn nog lopend. Met betrekking tot 
korte termijn effecten heeft dit proefschrift aangetoond dat amyloïd invloed kan hebben 
op cognitieve functies (spontane spraak) en het zorgen maken over het subjectief cognitief 
functioneren in personen met SCD. Aan de andere kant een sterke negatief voorspellende 
waarde van een normale amyloïd scan individuen met SCD mogelijk gerust stellen. Echter, 
er zijn mogelijk grens gevallen van normale/abnormale amyloïd accumulatie in SCD, die 
bijvoorbeeld toch in de loop van de jaren abnormaal kunnen worden. Onlangs is ook 
gesuggereerd dat amyloïd afkapwaarden mogelijk te hoog zijn.59 Om deze reden blijft het 
belangrijk om de amyloïd belasting nauwkeurig te bepalen en te kwantificeren. Daarnaast 
hebben we in dit proefschrift geen onderzoek gedaan naar tau pathologie bij SCD, terwijl 
dit een belangrijke component is in AD pathofysiologie, evengoed in preklinische stadia 
en research criteria. Recente studies hebben laten zien dat tau pathologie geassocieerd 
is met amyloïd pathologie en geheugenprestaties.60,61 Het lopende LUNAR onderzoek 
richt zich daarom op tau pathologie in combinatie met amyloïd-beeldvorming in SCD met 
herhaalde PET scans in de tijd. 

Subjectief onderzoek naar cognitieve achteruitgang

De laatste jaren zijn er belangrijke artikelen gepubliceerd op het gebied van SCD. Twee 
klinisch- methodologische studies introduceerden 1) SCD als een conceptueel raamwerk 
voor het bestuderen van preklinische AD 2) criteria om SCD in wetenschappelijk onderzoek 
te implementeren.5,62 Deze twee onderzoeken harmoniseren de verschillende manieren 
om SCD te onderzoeken en faciliteren een gemeenschappelijke nomenclatuur. Er is nog 
steeds discussie over welke precieze cognitieve klachten het meest effectief zijn om 
preklinische AD te identificeren bij asymptomatische personen. In dit proefschrift hebben 
we cognitieve klachten vragen van verschillende subjectieve vragenlijsten onderzocht, 
waaruit bleek dat deze niet geassocieerd waren met amyloïd-β accumulatie. Gedeeltelijk 
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in overeenstemming met de literatuur vonden we bewijs dat amyloïd-β accumulatie 
geassocieerd was met zorgen over de subjectieve cognitieve achteruitgang.1

Figuur 2. hypothetisch model voor SCD vanwege AD (niet gebaseerd op neuroimaging of cognitie 
gegevens, en individuele lijnen reflecteren geen individuele gevallen of groepsgegevens). 
Neuroimaging en cognitieve maten worden in relatie tot het begin van SCD weergegeven. het 
gebied na het begin van SCD wordt in oranje weergegeven vanwege de onzekere consequenties 
van biomarker resultaten. het begin van de SCD wordt veroorzaakt door geleidelijke cognitieve 
veranderingen die worden waargenomen door het individu. het is een hypothese dat de 
meerderheid van de individuen een afkapwaarde voor amyloïd depositie en tau pathologie) 
heeft bereikt (tezamen met mogelijk ook andere pathofysiologische mechanismen) wanneer 
ze geheugenklachten ondervinden ten gevolge van (preklinische) AD. op dit punt kunnen 
zeer subtiele cognitieve veranderingen, gerelateerd aan amyloïd, worden gemeten, vooral 
in het domein van semantische complexiteit in de spontane spraak. Bovendien, vergeleken 
met individuen zonder SCD, kunnen verhoogde hersenconnectiviteit in het posterieure 
default netwerk (pDMN) en mediaal temporaal geheugensysteem, en meer willekeurig 
grijze stof netwerkorganisatie worden geobserveerd in “SCD ten gevolge van Alzheimer”. 
hogere functionele connectiviteit en meer willekeurige netwerkorganisatie zijn geassocieerd 
met cognitieve achteruitgang in verschillende domeinen na respectievelijk één en drie jaar 
(gemiddeld). De voorgaande associaties lijken variantie te verklaren bovenop corticale atrofie 
(in dit proefschrift). Corticale atrofie, vooral in temporale en parietale corticale regio’s, is 
geassocieerd met een verhoogd risico op klinische progressie en met daaropvolgende snellere 
geheugenafname (na gemiddeld na 3 jaar). Klinische progressie naar symptomatische stadia 
(oranje gebied en later in de tijd) is waarschijnlijk afhankelijk van meerdere (onbekende) 
pathofysiologische gebeurtenissen en verschillen per individu. het hypothetische model was 
gebaseerd op bevindingen van Cr Jack jr. (2013, Lancet Neurology ), en geschat op basis van 
cross-sectionele neuroimaging bevindingen met betrekking tot baseline en longitudinale 
cognitieve gegevens gepresenteerd in dit proefschrift.
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Nieuwe neuroimaging biomarkers

De ontdekking van nieuwe neuroimaging biomarkers moet een belangrijk doel blijven voor 
toekomstig onderzoek, met name biomarkers die in vivo hersenweefselveranderingen 
kunnen meten. Tot op heden zijn de ziektemechanismen die amyloïd-β verbinden met 
neurodegeneratie nog onvoldoende begrepen. Nieuwe biomarkers kunnen helpen om 
deze link verder te begrijpen. De recente introductie van verschillende tau PET radiotracers 
bieden het potentieel om de link met neurodegeneratieve hersenprocessen verder te 
ontrafelen, en om het begrip van AD pathofysiologie te verbeteren. Er is echter verder 
onderzoek nodig om het potentiële klinische nut van tau PET ervan te onderzoeken. 
Ook kunnen de huidige PET amyloïd en tau biomarkers verder worden verbeterd, zoals 
bindingseigenschappen van deze tracers aan meer toxische amyloïd-β oligomeren of 
andere tau isovormen.63 Bovendien kunnen biomarkers van neuronale schade, zoals 
de nieuwe [11C]UCB-J PET radiotracer, die zich bindt aan synaptisch eiwit (SV2a),64 het 
begrip van synaptische densiteit, en toxische effecten van amyloïd en tau en neuronale 
schade verbeteren. Verder zijn er een aantal andere ziektemechanismen (cerebro- en 
microvasculair, diabetes mellitus, inflammatie) mogelijk gerelateerd aan de pathogenese 
van AD.65-68 Deze routes, bijvoorbeeld in samenhang polygenetische risicoschattingen, 
kunnen worden onderzocht in relatie met PET- en MRI scans, bij voorkeur in preklinische 
stadia.

CoNCluSIeS

Het dementieveld evolueert snel, en beweegt zich naar vroegdiagnostiek in preklinische 
stadia. Uiteindelijk willen clinici personen identificeren die asymptomatisch zijn maar die 
mensen ontmaskeren met een verhoogd risico op het ontwikkelen van dementie. Verdere 
ontrafeling van AD etiopathogenese en pathofysiologische mechanismen in preklinische 
stadia zullen waarschijnlijk nieuwe inzichten verschaffen, die nog steeds van cruciaal 
belang zijn om de progressie van de AD uit te stellen of te stoppen. Hoewel amyloïde 
plaques, neurofibrillaire knopen en hersenatrofie al meer dan 100 jaar kenmerken van 
AD zijn, moeten ook andere causatieve mechanismen worden onderzocht met behulp 
van nieuwe methodologie (e.g. PET radiotracers en MRI-technieken). De bevindingen van 
dit proefschrift geven aan dat SCD een effectief conceptueel raamwerk bleek te zijn voor 
het bestuderen van preklinische AD. We hebben bewijs geleverd dat corticale atrofie, 
hersenconnectiviteit, grijze stof netwerken en amyloïd depositie in de hersenen vooraf 
kunnen gaan aan vroege cognitieve veranderingen gerelateerd aan AD in mensen met 
subjectieve cognitieve achteruitgang. We hebben aangetoond dat bepaalde aspecten 
van cognitieve klachten, spontane spraak en cognitie gerelateerde zorgen, zeer relevant 
zijn om verder te onderzoeken. Veel van de bevindingen in dit proefschrift zijn echter 
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gebaseerd op groepsanalyses, met grote interindividuele variaties. De volgende stappen 
zullen zijn om bijkomende causale mechanismen op een preklinisch - individueel niveau 
verder te onderzoeken, om uiteindelijk het begrip van de verschillende mechanisme van 
AD gerelateerde neurodegeneratieve veranderingen te verbeteren.
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onderzoek, ook het type collega’s bij mij pasten. Ik voelde mij direct thuis in deze grote 
en hechte familie. De openheid, collegialiteit en het gemak waarbij iedereen bijdraagt 
aan de “grotere missie” (onderzoek en zorg) is erg bijzonder. Het is eigenlijk onmogelijk 
om de samenwerking en de leuke momenten (congressen, brainstorms, tafelvoetbal, 
wijnproeverijen, etentjes, drankjes, hardlopen, skireizen etc.) samen te vatten in slechts 
een paar regels. Jullie hebben mijn promotietijd erg aangenaam gemaakt door onder meer 
alle serieuze maar ook geestige momenten. De humor kwam gelukkig van twee kanten; 
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zo ben ik erg blij dat ik na mijn eerste congres in Kopenhagen (2014) uiteindelijk toch niet 
ben opgenomen bij de psychiatrische crisis dienst. Daarnaast voel ik mij vereerd dat ik 
jarenlang jullie sommelier heb mogen zijn.

Beste collega’s van de Radiologie & Nucleaire Geneeskunde. Ontzettend veel dank voor 
al de hulp bij het verwerven van de onderzoeksgegevens. In het bijzonder alle laboranten 
(Judith, Nghi, Amina, Jeroen, Robin, Nasserah, Elchien, Brandon, Patty, Jolijn, Ton), 
Physician assistents (Patricia, Eshter), Hotlab/Apotheek (Robert, Henri, Kevin, Ellie, Harry), 
Radiochemie (Martien, Bert), balie en projectmedewerkers die het complexe proces van 
beeldvormend onderzoek altijd met veel zorg en geduld hebben begeleid en ondersteund.

Beste J-vleugel genoten (Floris, Sandeep, Hans, Nikos, Lieke, Nikki, Paul, Ida). Jullie 
stammen nog van voor mijn promotietijd, maar desalniettemin heb ik bij jullie de basis 
kunnen leggen voor mijn promotieonderzoek. De J-vleugel is inmiddels niet meer bevolkt, 
maar ik koester de mooie herinneringen van die tijd. Vooral de koffie gefilterd door 
toiletpapier bij gebrek aan iets beters.

Beste Neurosciences (“Neuro’s”) studiegenoten (Chris, Gwenda, Marissa, Robin, 
Daisy, Anneloes, Mieke, Kim, Laura, Dirk en Ida. Jullie zijn inmiddels (bijna) allemaal 
gepromoveerd, werkend in de wetenschap, of hebben een andere weg gekozen. In 2009 
zijn wij gestart aan onze MSc Neurosciences, en het is ontzettend leuk dat wij elkaar nog 
steeds geregeld spreken of zien, en nu behalve over neurowetenschappen, ook over 
koetjes en kalfjes praten.

Beste SCIENCe collega’s (Rosalinde, Linda, Tessa, Inge, Francien, Jozefien, Karlijn, Lotte, 
Sietske, Femke, Niels, Annemieke, Wiesje). Afgelopen jaren heb ik met veel plezier 
intensief met jullie samengewerkt. Het SCIENCe project neemt inmiddels grote proporties 
aan, en het is een ontzettend bijzonder en actief cohort. Jullie zitten op een “schat” aan 
onderzoeksgegevens. Ik wens jullie veel plezier met de nog velen puzzelstukjes, en ik hoop 
vanaf iets meer afstand nog mee te mogen denken.

Beste bunker 3 kamergenoten (Flora, Welmoed, Daniela, Marjolein, Elles, Anita, Roos, 
Linda, Nienke L, Charlotte, Mascha, Marleen). Het is gelukt. Nee, niet het proefschrift, 
maar om tot op de laatste dagen van mijn promotieonderzoek de kamertemperatuur laag 
te houden. Ontzettend veel dank voor jullie inschikkelijkheid. De temperaturen hebben 
onwaarschijnlijk goed bijgedragen aan het succesvol tot stand komen van dit proefschrift, ik 
kan het aanraden. Uiteraard heb ik nog meer genoten van jullie gezelligheid, betrokkenheid 
en het gevoel van een mini familie binnen de grotere familie van het Alzheimercentrum.
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Beste neuro PET onderzoekers (Emma, Tessa, Denise, Hayel, Rik, Bart). In januari ben ik 
met veel plezier officieel bij jullie clubje aangesloten. Ik heb veel zin in deze nieuwe fase, 
en ontzettend leuk om mij verder te kunnen richten op het PET onderzoek, uiteraard in 
combinatie met jullie enthousiasme en gezelligheid.

Lieve Psychologie (“Psycho’s”) studiegenoten (Jesse, Jeanine, Helena). Het voelt als de 
dag van gisteren dat ik de wespen wegving op het terras bij de Basket bij de Universiteit 
Utrecht (augustus 2004), en de frequente ietwat decadente bezoeken aan de lokale horeca 
of dansfeesten. Uiteraard was al die gezelligheid voor een goed doel; het ontplooien van 
de geest (of eigenlijk hersenen). Daarbij hebben jullie zonder twijfel bijgedragen aan mijn 
ontwikkeling als (neuro)psycholoog en wetenschapper.

Lieve paranimfen, Maarten en Marc. Maarten, vorige zomer ben ik getuige geweest van 
jouw huwelijk wat ik erg bijzonder vond, ditmaal ben jij mijn getuige bij mijn “huwelijk 
met de wetenschap” (Grieks: para = bij/naast, nymph = bruid). Wij kennen elkaar van de 
Kroeg in 2005, Tuun & Nunen catering V.O(.F.), bitterballen, koken, Weihenstephaners, 
enzovoorts. We hebben altijd de beste gesprekken, grappen en voelen elkaar goed aan. 
Marc, wij hebben elkaar ontmoet in Sydney op een festival. Hierna eindeloos veel gesurft 
in Bondi, talloze autoritjes naar Macquarie University, en in twee huizen samengewoond, 
regelmatig even in gesprek met de wijn, al dan niet in een verdwaalde ijskast. Bovenal 
ben je een goede vriend, sparringpartner en altijd te porren voor een fik en gezelligheid. 
Ontzettend leuk dat jullie aan mijn zijde staan tijdens de verdediging.

Lieve vrienden (Rosmalen, ’s-Hertogenbosch, Utrecht, Sydney, Amsterdam, Montreal). 
Jullie hebben mij zonder enige twijfel mede gevormd tot wie ik ben. Daarnaast zijn jullie een 
belangrijk onderdeel van mijn leven. Ondanks de harde uitkomsten van beeldvormende 
technieken waarop dit proefschrift berust, geloof ik dat de hersenen kneedbaar zijn. 
Jullie hebben voor een belangrijk gedeelte bijgedragen aan dit kneedproces (met een 
verscheidenheid aan effecten…) en mij de ingrediënten gegeven om mijn gedachten 
optimaal te ontplooien. Meer dan 15 jaar geleden had ik nooit gedacht dat ik een 
proefschrift zou gaan schrijven. Ik ben trots op dit resultaat alsmede een vriend van jullie 
te mogen zijn.

Lieve schoonfamilie, jullie hebben mijn ontwikkeling en onderzoek altijd met interesse 
gevolgd en we hebben geregeld interessante gesprekken gevoerd over hersenen en de 
ziekte Alzheimer. Er waren gelukkig veel gezellige en afleidende momenten tijdens het 
schrijven van de hoofdstukken van dit proefschrift.
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Lieve ouders en Anouk, ook jullie hebben mij meer dan eenieder gevormd. Ik ben trots 
op wie ik ben en waar ik vandaan kom. Ik ben als kind onder meer opgegroeid op de 
Sinterklaasfeesten op jullie afdelingen en tussen jullie cliënten. Dit waren mijn eerste 
lessen in gedragsobservatie, en jullie fascinatie voor gedrag heeft aanstekelijk gewerkt. 
Ik was eerder geen voorbeeldige scholier, nu fiets ik met veel plezier op Vaat zijn Union 
’75 naar de universiteit, en na 4 (of eigenlijk 9) jaar forenzen is dit het resultaat. Dank 
voor jullie onvoorwaardelijke steun bij dit proefschrift en mijn eerdere etappes. Het is 
fantastisch om al het goeds in goede gezondheid met jullie te kunnen vieren.

Lieve Aike, jij bent het geluk in mijn leven en mijn medicijn tegen cognitieve aftakeling. 
Wat hebben we het toch goed voor elkaar. Wie had nu kunnen denken dat een blind 
date op een niet nader te noemen diner in 2007 zo zou uitpakken. Jij laat mij zien dat de 
wetenschap niet het enige inzicht is dat telt. Het voelt alsof we er al een heel leven op 
hebben zitten, maar gelukkig staat er ook nog een heel leven op ons te wachten. Je hebt 
mij gedurende mijn promotieonderzoek altijd gesteund, en daags na het afronden van dit 
proefschrift zijn wij ook “ineens” een familie geworden.

Lieve Lieuwe Yves, terwijl ik dit schrijf ben je slechts een paar dagen oud. Wat ben je toch 
een klein schepsel, maar ik bespeur nu al enigszins een onderzoekende blik. Je lach is erg 
aanstekelijk en doet mij erg veel plezier. Langzaam ontvouwt het leven zich voor jou, en je 
ontwikkeling gaat volgens het boekje. Ik leg je het later (hopelijk) eens uit.
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