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Abstract

Introduction: It is uncertain whether subjective cognitive decline (SCD) in individuals

who seek medical help serves the identification of the initial symptomatic stage 2 of

the Alzheimer’s disease (AD) continuum.

Methods: Cross-sectional and longitudinal data from the multicenter, memory clinic–

based DELCODE study.

Results: The SCD group showed slightly worse cognition as well as more subtle func-

tional and behavioral symptoms than the control group (CO). SCD–A+ cases (39.3%

of all SCD) showed greater hippocampal atrophy, lower cognitive and functional per-

formance, and more behavioral symptoms than CO–A+. Amyloid concentration in the

CSF had a greater effect on longitudinal cognitive decline in SCD than in the CO group.

Discussion:Our data suggests that SCD serves the identification of stage 2 of the AD

continuum and that stage 2, operationalized as SCD-A+, is associated with subtle, but

extended impact of AD pathology in terms of neurodegeneration, symptoms and clini-

cal progression.

KEYWORDS

amyloid beta 42, Alzheimer’s disease, apolipoprotein E, cerebrospinal fluid, longitudinal, mag-
netic resonance imaging, mild cognitive impairment, positron emission tomography, subjective
cognitive decline, tau

1 INTRODUCTION

A substantial proportion of individuals at higher age who consult

memory services report decline in cognitive functioning, while achiev-

ing unimpaired performance on diagnostic cognitive tests.1,2 This

condition has been termed subjective cognitive decline (SCD).3 As a

group individuals with SCD are at increased risk of objective cognitive

decline and dementia and it has been shown that SCD is associated

with various degrees of amyloid positivity depending on the specific

characteristics of the samples studied.4–6 Considering the future need

for very early treatment of Alzheimer’s disease (AD) when aiming

to prevent dementia it is critical explore whether SCD reported by

individuals who seek medical help can serve as a clinical marker for

identifying individuals at a very early disease stage.7

The research framework by the National Institute on Aging–

Alzheimer’s Association (NIA-AA) defines AD by the presence of AD

pathology indicated by biomarkers of amyloid and tau aggregation.8

In this framework, the clinical symptomatology of AD is classified by a

numeric scheme with six stages spanning from the fully asymptomatic

preclinical stage 1 to the severe dementia stage 6. This stage of initial

subtle symptoms is labeled stage 2 and occurs before the extensively

studied pre-dementia mild cognitive impairment (MCI) stage (stage

3).9,10 Symptomatic features proposed for stage 2 of AD are SCD,

subtle objective cognitive decline, not yet meeting MCI criteria, and

mild changes in mood or behavior.6

Here we present data from the multicenter memory clinic–based

DZNE (German Center for Neurodegenerative Diseases) Longitudi-

nal Cognitive Impairment and Dementia Study (DELCODE), which is

unique as it specifically focuses on individualswith SCDwho seekmed-

ical help11 and also comprises a cognitively unimpaired control group

without SCD complaints (controls [CO]). We explored whether the

SCD group differs from the CO group regarding symptomatic charac-

teristics and AD biomarkers. We further tested whether individuals

with SCD, who are in the pathological AD continuum (amyloid positive,

SCD–A+) differ fromamyloid-positiveCO (CO–A+) on these variables.

Finally, we tested the difference of the effect of amyloid pathology on

cognitive decline in SCD and CO individuals over up to 5 years.

2 METHODS

The protocol of the DELCODE study has been published previously.11

In brief, DELCODE is conducted at 10 university-based DZNE part-

ner memory centers in Germany. The ethical committees of all partici-

pating sites approved the protocol. All participants provided informed

consent prior to study entry.

mailto:frank.jessen@uk-koeln.de
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2.1 Participants

All individuals in DELCODE were 60 years of age or older and were

enrolled in the study between April 2014 and August 2018. Partici-

pants were included as SCD (n = 445) if they presented to a mem-

ory clinic with a complaint of cognitive decline (SCD index criterion)

and fulfilled the SCD research criteria, which are (1) self-experienced

persistent decline in cognitive capacity compared to a previously nor-

mal status and unrelated to an acute event and (2) normal age-, sex-,

and education-adjusted performance on standardized cognitive tests,

which are used to classifyMCI.3 Normal cognitionwas operationalized

by a performance of better than –1.5 standard deviations (SD) of the

age-, sex-, and education-adjusted normal range on all subtests of the

Consortium to Establish a Registry of Alzheimer’s Disease (CERAD)

neuropsychological test battery.12 The non-SCD CO group (n = 236)

was recruited by advertisement, which explicitly addressed individuals

who felt no relevant cognitive problems of concern (index criterion for

theCOgroup). Unimpaired cognitive performance in theCOgroupwas

defined according to the same definition as the SCD group. Addition-

ally, participants with amnesticMCI (n= 190) andmild dementia of the

Alzheimer’s type (DAT; Mini-Mental State Examination [MMSE] ≥18

points; n = 126) were recruited within DELCODE through the mem-

ory clinics based on clinical diagnoses, which were guided by the cur-

rent research criteria for MCI and DAT (NIA-AA).10,13 For additional

inclusion and exclusion criteria we refer to the initial description of the

protocol.11 After baseline, annual follow-ups were performedwith the

identical protocol as the one of baseline. Figure S1 in supporting infor-

mation depicts the analysis flowchart.

2.2 Clinical assessment and cognitive testing

We report the results of core variables of DELCODE. At baseline and

at all follow-ups these include the Clinical Dementia Rating (CDR), the

15-item Geriatric Depression Scale (GDS), the short version of the

Geriatric Anxiety Inventory (GAI-SF), the Neuropsychiatric Inventory

(NPI-Q), and the Functional Activities Questionnaire (FAQ). For the

assessment of subjectively experienced changes in cognition by the

participants, we conducted the structured subjective cognitive decline

interview (SCD-I).14 The SCD-I was not used for group classification.

The cognitive test data reported here include the MMSE and the Free

and Cued Selective Reminding Test Immediate Recall (FCSRT-IR). We

additionally calculated the proposed Preclinical Alzheimer’s Cognitive

Composite (PACC5; supporting information)15 and the factor scores of

memory, language abilities, executive function, working memory, and

visuospatial abilities derived from a confirmatory factor analysis of the

individual test score data across all applied tests of theDELCODE neu-

ropsychological test battery (supporting information).11,16

2.3 Biomarkers

Cerebrospinal fluid (CSF)wasobtained fromn=481participantsof the

groups reportedhere (sampling rate: 48%).Amyloidbeta (Aß)42,Aß40,

RESEARCH INCONTEXT

1. SystematicReview: The literatureon subjective cognitive

decline (SCD) in relation to Alzheimer’s disease (AD) as

well as on stage 2 of the AD continuum is rapidly expand-

ing. We searched PubMed, meeting abstracts, and pre-

sentations and focused the citations on comparable cross

sectional and longitudinal case-control and cohort stud-

ies.

2. Interpretation: We found that close to 40% of individ-

uals who consult memory clinics with SCD are in the

AD continuum at stage 2 as indicated by positive amy-

loid biomarkers (SCD–A+). This group showed extended

subtle symptoms and accelerated longitudinal cognitive

decline.

3. Future Directions: The concept of using SCD in mem-

ory clinics as an indicator of stage 2 of the AD contin-

uum with potentially high relevance for early treatment

requires further validation. In addition, refined identifi-

cation of and new markers for those SCD–A+ cases with

rapid decline need to be developed for future clinical tri-

als.

HIGHLIGHTS

∙ Of memory clinic patients with subjective cognitive

decline (SCD), 39.3%were amyloid positive.

∙ SCD was associated with other signs of stage 2 in the

Alzheimer’s disease continuum.

∙ Amyloid had greater impact on cognitive decline in SCD

than in unimpaired controls.

∙ Amyloid-positive SCD patients are a promising target

group for early interventions.

and total tau (t-tau) were determined centrally in one lab (supporting

information). Cut-offs were calculated from the DELCODE dataset by

Gaussian mixture modeling using the R package flexmix (version 2.3-

15).17 The following cut-offs were determined: Aß42:<= 638.7 pg/ml,

Aß42/Aß40:<= 0.08, t-tau:>510.9 pg/ml, phosphorylated tau (p-tau):

> = 73.65 pg/ml, and Aß42/p-tau:<9.68. Apolipoprotein E (APOE)

genotypes were determined (supporting information). For all analyses,

the cut-off of the Aß42/Aß40 ratio was used to define amyloid pos-

itivity. A comparison of all demographic, clinical, and additional data

between those participants with and without CSF biomarkers is pro-

vided in the supporting information (Table S1).



4 JESSEN ET AL.

T
A
B
L
E
1

B
as
el
in
e
ch
ar
ac
te
ri
st
ic
s
o
fa
ll
gr
o
u
p
s

C
o
n
tr
as
t
co
n
tr
o
ls
ve
rs
u
s
SC

D

C
h
ar
ac
te
ri
st
ic

C
o
n
tr
o
ls
(N
=
2
3
6
)

SC
D
(N
=
4
4
5
)

M
C
I(
N
=
1
9
0
)

D
A
T
(N
=
1
2
6
)

C
h
i2
/ t
-v
al
u
e

d
f

P-
va
lu
e
(f
d
r)

A
ge
.m

ea
n
(S
D
).
m
ea
n
(S
D
)y
ea
r

6
8
.9
4

5
.3
9

7
0
.9
5

6
.0
3

7
2
.5
7

5
.5
6

7
4
.8
1

6
.2
9

–
4
.2
7

6
7
8

<
0
.0
0
1

Se
x
fe
m
al
e
n
(%

)
1
3
4
(5
6
.8
%
)

2
0
7
(4
6
.5
%
)

8
5
(4
4
.7
%
)

7
4
(5
8
.7
%
)

6
.4
9
7

1
0
.0
1
1

E
d
u
ca
ti
o
n
m
ea
n
(S
D
)y
ea
r

1
4
.7
1

2
.7
4

1
4
.8
4

2
.9
7

1
4
.0
3

3
.1
2

1
2
.9
0

3
.1
1

–
0
.5
7

6
7
8

0
.5
7
0

A
P
O
E
ε4

p
o
si
ti
ve

n
/N

(%
)

4
9
/2
3
2
(2
1
.1
%
)

1
4
2
/4
3
4
(3
2
.7
%
)

9
0
/1
8
5
(4
8
.6
%
)

7
7
/1
2
3
(6
2
.6
%
)

9
.9
4

1
0
.0
0
4

M
M
SE

to
ta
ls
co
re

m
ea
n
(S
D
)

2
9
.4
7

0
.8
3

2
9
.2
2

1
.0
2

2
7
.6
5

2
.0
0

2
3
.0
5

3
.1
4

–
2
.1
8

6
7
7

0
.0
5
5

C
D
R
G
lo
b
al
Sc
o
re

m
ea
n
(S
D
)

0
.0
0

0
.0
0

0
.2
1

0
.2
5

0
.4
8

0
.1
4

0
.7
7

0
.2
9

n
o
t
te
st
ed

.n
o
va
ri
an

ce
in
H
C
gr
o
u
p

C
D
R
Su

m
o
fB

ox
es

m
ea
n
(S
D
)

0
.0
3

0
.1
3

0
.3
6

0
.5
7

1
.5
1

1
.2
0

4
.5
8

2
.0
8

1
0
.5
6

6
6
4

<
0
.0
0
1

PA
C
C
5
m
ea
n
(S
D
)

0
.1
8

0
.5
4

–
0
.1
2

0
.6
7
3

–
1
.5
7

1
.0
5

–
3
.8
3

1
.2
1

4
.0
6

6
7
7

<
0
.0
0
1

F
C
SR

T
Fr
ee

re
ca
ll
sc
o
re

m
ea
n
(S
D
)

3
2
.7
1

5
.8
3

2
9
.9
8

6
.6
6

1
9
.9
3

7
.9
7

8
.2
5

6
.8
3

3
.8
7

6
7
5

<
0
.0
0
1

M
em

o
ry

an
d
le
ar
n
in
g
m
ea
n
(S
D
)

0
.6
1

0
.4
5

0
.3
7

0
.5
5

–
0
.7
7

0
.6
8

–
1
.9
4

0
.5
3

2
.8
1

6
7
5

<
0
.0
0
1

La
n
gu

ag
e
ab

ili
ti
es

m
ea
n
(S
D
)

0
.5
5

0
.4
6

0
.3
5

0
.5
8

–
0
.6
6

0
.6
3

–
1
.8
1

0
.6
6

2
.4
4

6
7
5

0
.0
1
2

E
xe
cu
ti
ve

fu
n
ct
io
n
s
m
ea
n
(S
D
)

0
.5
0

0
.5
5

0
.2
9

0
.6
7

–
0
.5
5

0
.7
7

–
1
.7
4

0
.8
3

0
.8
1

6
7
5

0
.0
3
0

W
o
rk
in
g
m
em

o
ry

m
ea
n
(S
D
)

0
.3
8

0
.5
7

0
.2
6

0
.6
8

–
0
.4
3

0
.7
6

–
1
.4
6

0
.7
9

0
.5
0
1

6
7
5

0
.5
1
9

V
is
u
o
sp
at
ia
la
b
ili
ti
es

m
ea
n
(S
D
)

0
.3
3

0
.5
2

0
.2
4

0
.5
9

–
0
.4
7

0
.6
6

–
1
.3
8

0
.7
8

0
.6
7

6
7
5

0
.5
9
2

FA
Q
To
ta
lS
co
re

m
ea
n
(S
D
)

0
.0
7

0
.3
2

0
.6
1

1
.2
0

3
.2
7

4
.0
7

1
2
.3
4

7
.4
3

7
.1
3

6
5
3

<
0
.0
0
1

SC
D
-I
Sc
o
re

n
u
m
b
er

o
fd

o
m
ai
n
s
m
ea
n
(S
D
)

0
.8
8

0
.9
9

2
.7
5

1
.1
5

2
.5
3

1
.2
8

2
.3
4

1
.4
0

2
2
.3
0
3

6
7
7

<
0
.0
0
1

G
er
ia
tr
ic
D
ep

re
ss
io
n
Sc
al
e
Sc
o
re

m
ea
n
(S
D
)

0
.6
7

1
.3
1

1
.9
7

2
.0
1

2
.1
7

1
.9
5

2
.4
6

2
.1
1

1
2
.0
1

6
6
1

<
0
.0
0
1

G
er
ia
tr
ic
A
n
xi
et
y
In
ve
n
to
ry

SF
Sc
o
re
,m

ea
n
(S
D
)

0
.6
7

0
.8
2

1
.2
0

1
.2
3

1
.0
3

1
.1
0

1
.1
4

1
.3
1

5
.7
9

6
7
6

<
0
.0
0
1

N
P
I-
Q
To
ta
lS
co
re
,m

ea
n
(S
D
)

0
.4
6

0
.9
1

1
.8
4

2
.8
6

3
.3
4

3
.4
2

3
.9
4

3
.9
8

7
.6
5

6
4
3

<
0
.0
0
1

Im
ag
in
g
B
io
m
ar
ke
rs
(N
=
9
4
3
)

C
o
n
tr
o
ls
(N
=
2
2
4
)

SC
D
p
at
ie
n
ts
(N
=
3
7
8
)

M
C
I(
N
=
1
5
7
)

D
A
T
(N
=
1
0
8
)

C
h
i2
/ t
-v
al
u
e

d
f

p-
va
lu
e
(f
d
r)

F
B
B
_S
U
V
R
(o
n
ly
in
n
=
6
5
SC

D
)

1
.4
4

0
.2
3

F
B
B
_S
U
V
R
(>
1
.3
9
),
n
(%

)
2
5
(3
8
.5
%
)

To
ta
lH

C
vo
l.(
m
m

3
),
m
ea
n
(S
D
)

6
2
2
4
.3
3

6
2
8
.2
9

6
1
5
1
.6
6

7
0
5
.1
1

5
5
6
1
.1
1

8
2
9
.0
0

4
8
4
3
.6
5

7
8
6
.0
0

1
.4
2

5
9
7

0
.2
3
9

W
M
L
n
u
m
b
er

o
fl
es
io
n
s,
m
ea
n
(S
D
)

8
.9
0

5
.4
9

1
1
.7
3

8
.7
3

1
4
.6
9

9
.2
9

1
8
.9
2

1
5
.8
0

2
.8
6

5
9
2

0
.0
1
1

C
SF

b
io
m
ar
ke
rs
(N
=
5
2
7
)

C
o
n
tr
o
ls
(N
=
9
2
)

SC
D
(N
=
2
1
1
)

M
C
I(
N
=
1
1
2
)

A
D
(N
=
6
6
)

C
h
i2
/ t
-v
al
u
e

d
f

p-
va
lu
e
(f
d
r)

A
ß
4
2
p
gm

l,
m
ea
n
(S
D
)

8
3
4
.5
0

3
0
1
.9
3

7
6
9
.8
5

3
3
5
.1
5

5
8
6
.3
1

3
0
6
.0
0

4
2
5
.8
3

2
2
9
.0
0

–
1
.4
2
4

2
9
9

0
.2
3
9

A
ß
4
2
<
=
6
3
8
.7
p
gm

l.
n(
%
)

2
5
(2
7
.2
%
)

8
6
(4
0
.8
%
)

8
1
(7
2
.3
%
)

6
1
(9
2
.4
%
)

3
.4
6

1
0
.1
0
9

tT
au

p
gm

l,
m
ea
n
(S
D
)

3
7
3
.0
4

1
6
6
.6
1

3
7
0
.8
4

1
8
5
.2
9

5
4
1
.7
7

2
9
9
.0
0

7
9
8
.1
0

3
7
6
.0
0

–
1
.2
7
7

2
9
9

0
.2
7
8

tT
au

>
5
1
0
.9
p
gm

l,
n
(%

)
1
6
(1
7
.4
%
)

3
7
(1
7
.5
%
)

4
8
(4
2
.9
%
)

4
8
(7
2
.7
%
)

0
.8
3

1
0
.6
3
1

(C
o
n
ti
n
u
es
)



JESSEN ET AL. 5

T
A
B
L
E
1

(C
o
n
ti
n
u
ed

)

C
SF

b
io
m
ar
ke
rs
(N
=
5
2
7
)

C
o
n
tr
o
ls
(N
=
9
2
)

SC
D
(N
=
2
1
1
)

M
C
I(
N
=
1
1
2
)

A
D
(N
=
6
6
)

C
h
i2
/ t
-v
al
u
e

d
f

p-
va
lu
e
(f
d
r)

p
Ta
u
1
8
1
p
gm

l,
m
ea
n
(S
D
)

5
0
.9
0

1
9
.7
1

5
4
.0
6

2
4
.0
4

7
0
.5
7

4
1
.9
0

9
5
.8
8

4
3
.6
0

–
0
.0
5
8

2
9
9

0
.9
5
4

p
Ta
u
1
8
1
>
=
7
3
.6
5
gm

l,
n
(%

)
7
(7
.6
%
)

3
3
(1
5
.6
%
)

4
2
(3
7
.5
%
)

4
5
(6
8
.2
%
)

1
.7
8

1
0
.2
7
8

A
ß
4
2
/A
ß
4
0
ra
ti
o
,m

ea
n
(S
D
)

0
.1
0

0
.0
2

0
.0
9

0
.0
3

0
.0
7

0
.0
3

0
.0
5

0
.0
2

–
0
.4
2
3

2
9
9

0
.6
9
9

A
ß
4
2
/A
ß
4
0
ra
ti
o
<
=
0
.0
8
0
6
,n

(%
)

2
5
(2
7
.2
%
)

8
3
(3
9
.3
%
)

7
1
(6
3
.4
%
)

6
1
(9
2
.4
%
)

1
.4
1

1
0
.3
0
3

A
ß
4
2
/p
Ta
u
1
8
1
ra
ti
o
,m

ea
n
(S
D
)

1
7
.7
0

5
.6
8

1
6
.3
0

7
.4
9

1
0
.8
3

7
.3
4

5
.3
9

4
.5
7

–
0
.5
8
1

2
9
9

0
.6
3
1

A
ß
4
2
/p
Ta
u
1
8
1
ra
ti
o
<
=
9
.6
8
2
5
,n

(%
)

8
(8
.7
%
)

5
7
(2
7
.0
%
)*
*

6
0
(5
3
.6
%
)

6
1
(9
2
.4
%
)

3
.0
5

1
0
.0
1
5

N
ot
es
:P
-V
al
u
es
:P
-v
al
u
es

u
n
ad

ju
st
ed

fo
r
m
u
lt
ip
le
te
st
in
g;
P-
va
lu
es
(f
d
r)
:P
-v
al
u
es

co
rr
ec
te
d
fo
r
m
u
lt
ip
le
te
st
in
g
u
si
n
g
th
e
B
ej
am

in
i-
H
o
ch
b
er
g
p
ro
ce
d
u
re

to
co
n
tr
o
lt
h
e
fa
ls
e
d
is
co
ve
ry

ra
te
.t
-v
al
u
es
:t
-v
al
u
es

d
er
iv
ed

fr
o
m
lin

ea
r
re
gr
es
si
o
n
m
o
d
el
s
fo
r
th
e
co
ef
fi
ci
en

t
co
m
p
ar
in
g
co
n
tr
o
lt
o
SC

D
p
ar
ti
ci
p
an

ts
.χ

2
:C

h
i2
-v
al
u
es

d
er
iv
ed

fr
o
m
lo
gi
st
ic
re
gr
es
si
o
n
m
o
d
el
co
m
p
ar
in
g
th
e
co
n
tr
o
lt
o
SC

D
gr
o
u
p
.A

ll
an

al
ys
es

ar
e
ad

ju
st
ed

fo
r

co
va
ri
at
es

(a
ge
,s
ex
,y
ea
rs
o
fe
d
u
ca
ti
o
n
,i
n
ad

d
it
io
n
:t
o
ta
li
n
tr
ac
ra
n
ia
lv
o
lu
m
e
fo
r
b
ra
in
vo
lu
m
e
m
ea
su
re
s)
.

A
b
b
re
vi
at
io
n
s:
A
ß
,a
m
yl
o
id
b
et
a;
C
D
R
,C

lin
ic
al
D
em

en
ti
a
R
at
in
g;
C
O
,u
n
im

p
ai
re
d
n
o
n
-S
C
D
co
n
tr
o
ls
;D

A
T,
d
em

en
ti
a
o
ft
h
e
A
lz
h
ei
m
er

ty
p
e;
FA

Q
,F
u
n
ct
io
n
al
A
ct
iv
it
ie
s
Q
u
es
ti
o
n
n
ai
re
;F
B
B
_S
U
V
R
,f
lo
rb
et
ab

en
st
an

-

d
ar
d
iz
ed

u
p
ta
ke

va
lu
e
ra
ti
o
s;
F
C
SR

T,
Fr
ee

A
n
d
C
u
ed

Se
le
ct
iv
e
R
em

in
d
in
g
Te
st
;H

C
,h
ip
p
o
ca
m
p
u
s;
M
C
I,
m
ild

co
gn

it
iv
e
im

p
ai
rm

en
t;
M
M
SE

,M
in
i-
M
en

ta
l-
St
at
e
E
xa
m
in
at
io
n
;N

P
I-
Q
,N

eu
ro
p
sy
ch
ia
tr
ic
In
ve
n
to
ry

Q
u
es
ti
o
n
n
ai
re
;P
A
C
C
–
5
,P
re
cl
in
ic
al
A
lz
h
ei
m
er
’s
C
o
gn

it
iv
e
C
o
m
p
o
si
te
;P
E
T,
p
o
si
tr
o
n
em

is
si
o
n
to
m
o
gr
ap
hy
;p
Ta
u
1
8
1
,p
h
o
sp
h
o
ry
la
te
d
ta
u
1
8
1
;S
C
D
,s
u
b
je
ct
iv
e
co
gn

it
iv
e
d
ec
lin

e;
SC

D
-I
,s
u
b
je
ct
iv
e
co
gn

it
iv
e
d
ec
lin

e

in
te
rv
ie
w
;S
D
,s
ta
n
d
ar
d
d
ev
ia
ti
o
n
;S
F,
sh
o
rt
fo
rm

;t
Ta
u
,t
o
ta
lt
au

;W
M
L,
w
h
it
e
m
at
te
r
le
si
o
n
s.

2.4 Magnetic resonance imaging

Magnetic resonance imaging (MRI) was performed at nine imaging

sites on Siemens 3T-MR-Scanners. The full MRI protocol has been

described previously.11 Quality assurance led to the exclusion of

14 participants. Here, we report volumetric data obtained automati-

cally with FreeSurfer from whole-brain T1-weighted (1 mm isotropic)

and partial-volume T2-weighted images optimized for the medial tem-

poral lobe (0.5 × 0.5 × 1.5 mm).18,19 In addition, automatic hippocam-

pal subfield segmentation was carried out using additionally acquired

high-resolution T2-weighted images.20 Whole hippocampal volumes

were derived from the hippocampal subfield segmentation. Moreover,

we segmented white matter hyperintensities (WMH) on whole-brain

fluid-attenuated inversion recovery images (supporting information).

2.5 Amyloid positron emission tomography

The Florbetaben (FBB; NeuraceqTM; Piramal Imaging) substudy was

only performed in participants with SCD (n= 65). Data were collected

at six sites and analyzed using standardized uptake value ratios (SUVR)

in PMOD (PMOD Technologies LLC) with the cerebellar cortex as ref-

erence region. An SUVR cut-off of 1.39 was applied to define positron

emission tomography (PET)-based amyloid positivity.21 Note, however,

that the definition of amyloid positivity for all further analyses is based

to the Aß42/Aß40 CSF ratio cut-off.

2.6 Statistical analyses

The statistical analyses (IBMSPSS Statistics forWindows, version 22.0

and R version 3.4.4) addressed three topics: (1) the comparison of the

SCD and the CO group at baseline, (2) the comparison of SCD amy-

loid positive (SCD–A+) and control amyloid positive (CO–A+) at base-

line, and (3) the longitudinal comparisons of SCDversusCOchanges on

the PACC5 in relation to CSF Aß42. The Benjamini-Hochberg proce-

dure was used to correct for multiple testing.22 The handling of miss-

ing data, the comparisons of MCI and DAT with the CO group and of

MCI–A+ and DAT–A+ with CO–A+ are reported in the supporting

information.

2.6.1 Cross-sectional analyses

The rate ofmissing data of the cross-sectional clinical and demographic

variables was 1.2%. Missing data were evenly distributed across the

variables and the diagnostic groups. Further details on missing data

are reported in the supporting information. The descriptive baseline

data for all clinical groups are listed in Table 1. Due to the differences

in age and sex between the two groups, all analyses were adjusted for

these variables and in addition for years of education. To test the first

question, we calculated contrasts of the SCD data compared to the CO

group based on individual linear or logistic regression models. Brain
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F IGURE 1 Depicted are the effect sizes at baseline (Cohen’s d) of
cognitive and clinical variables as well as biomarkers in stage 2
(SCD–A+), stage 3 (MCI–A+), and stage 4 (DAT–A+) of the AD
continuum compared to stage 1 (CO–A+; reference group). According
to the definition of the AD continuum, all cases are amyloid positive.
Aß, amyloid beta; AD, Alzheimer’s disease; CO, control; DAT, dementia
of Alzheimer’s type; Hipp volume, hippocampal volume;MCI, mild
cognitive impairment; NPI, Neuropsychiatric Inventory; PACC,
Preclinical Alzheimer’s Cognitive Composite; pTau, phosphorylated
tau; SCD, subjective cognitive decline; SCD-I, subjective cognitive
decline interview; tTau, total tau

volume markers were additionally adjusted for the total intracranial

volume (TIV). To test the second question, we compared the CO–A+

to the SCD–A+ groups in the same way (Table 2). Descriptive statis-

tics for MCI and DAT as well as MCI–A+ and DAT–A+ are displayed

in addition.We applied Yeo-Johnson power transformations to contin-

uous outcomes showing non-Gaussian residual distributions as imple-

mented in the R package car.23 For the graphic display of the course

of the different variables across the AD continuum stage 1 (CO–A+),

stage 2 (SCD–A+), stage 3 (MCI–A+), and stage 4 (DAT–A+) we cal-

culated Cohen’s d as the effect size estimate compared to stage 1

(Figure 1).

2.6.2 Analyses of cognitive trajectories (PACC5)

Longitudinal analyses were based on up to 5 years of follow-up.

We modeled cognitive trajectories of the PACC5 using a univariate

latent process linear mixed model without estimation of multiple

latent classes as implemented in the R package LCMM.24,25 The most

appropriate link function (i.e., linear or beta link function, or I-splines

with three to seven knots places at quantiles or equidistant across the

outcome range) and polynomial of time (i.e., linear or quadratic effect

of time as fixed effect and random slope) were chosen according to

the Bayesian information criterion (BIC) from models including only a

random intercept and randomand fixed effects of time.We included all

participants as all of themwere intended to be followed longitudinally.

Attrition from study and missing follow-ups were handled using

maximum likelihood estimation in the linear mixed model with a latent

process procedure, which yields unbiased estimates under the missing

at random assumption.

We compared the cognitive trajectories across the diagnostic

groups and within the diagnostic groups according to amyloid status

(interaction of amyloid status× time in fixed effects). Finally, we tested

the fixedeffects three-way interactionof group× amyloid status× time

and group × quantitative CSF Aß42/40 ratio × time across the CO and

SCDgroups.Due to thedifferences in age and sex distribution between

the groups all analyses were controlled for fixed effects of these vari-

ables and of education as well as their interaction with time. We mod-

eled a random intercept and a correlated random slope of time. Longi-

tudinal models ofMCI andDAT as well as ofMCI–A+ andDAT–A+ are

displayed in the Figure S2 in supporting information.

3 RESULTS

3.1 Baseline data

Table 1 displays the characteristics of the different groups at base-

line. Statistical comparisonswereonly calculatedbetween theSCDand

the CO group. The CO group was younger than the SCD group and

contained a higher number of female participants. Years of education

did not differ between the groups. The SCD group showed worse per-

formance than the CO group on the CDR sum of boxes (CDR-SOB)

(P < 0.001), the PACC5 (P < 0.001), the FCSRT (P < 0.001), as well

as on the factor scores of memory (P < 0.001), of language abilities

(P < 0.012), and of executive function (P = 0.03). There was also a sig-

nificant difference between both groups in the FAQ (P < 0.001), the

SCD-I (P < 0.001), the GDS (P < 0.001), the GAI (P < 0.001), and the

NPI score (P < 0.001). The frequency of the APOE ε4 genotype was

higher in SCD compared to the CO group (P = 0.004). Within the SCD

group 39.3%within theCOgroup 27.2%were amyloid positive accord-

ing the Aß42/Aß40 ratio in the CSF (P = 0.303, not significant [n.s.]).

The FBB SUVR positivity rate was 38.5% in the SCD group. The p-tau

positivity rate was 15.6% in the SCD group and 7.6% in the CO group

(P = 0.278, n.s.) The proportion of abnormal Aß42/p-tau ratios (CO:

8.7% vs. SCD: 27%) differed between both groups (P = 0.015). The

number ofwhitematter lesionswas higher in SCD compared to theCO

group (P= 0.011).

Table 2 shows the data of the amyloid positive cases only. The SCD–

A+ group was older and scored higher on the CDR-SOB (P = 0.017),

the FAQ (P = 0.017), the SCD-I (P < 0.001), the GDS (P < 0.001), and

the NPI-Q (P = 0.030) than the CO–A+ group. The SCD–A+ group

also showed smaller hippocampal volumes than the CO–A+ group

(P = 0.026). Figure 1 depicts the evolution of the clinical and cognitive

scores aswells as biomarkers from theAD continuum stage 1 (CO–A+)

to stage 4 (DAT–A+).
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3.2 Longitudinal data

At the time of data extraction for the present analyses out of 997 par-

ticipants, 228 (22.9%; SCD: n= 128) provided 1 year, 188 (18.9%; SCD:

n= 92) 2 years, 192 (19.3%; SCD: n= 78) 3 years, 186 (18.7%; SCD: n=

60) 4 years, and 68 participants (6.8%; SCD: n = 39) 5 years follow-up.

Themean follow-up time in each group is shown in the study flowchart

(Figure S1). Compared to theCOgroup, the SCDgroup showed greater

decline in the PACC5 as indicated by a significant group x time interac-

tion of P < 0.001. Exploratory analyses showed similar results for the

comparison of CO with MCI and CO with DAT (Table S2 in supporting

information). There was no significant time × amyloid status interac-

tion within the CO group. In contrast, the interaction of time × amy-

loid status in the SCD group was significant (estimate [est] standard

error [SE]= –0.23 (0.08); P= 0.0046, Pfdr = 0.009; Table S3 in support-

ing information). The group (SCD, CO)× amyloid status × time interac-

tionwas not significant (est [SE]= –0.18 [0.13]; P= 0.159, Pfdr= 0.186;

Table S3). The three-way interaction with quantitative values of the

Aß42/Aß40 ratio was significant (est [SE] = 5.64 [2.36]; P = 0.017,

Pfdr=0.024; Table S4 in supporting information). This indicates that the

impact of baseline levels of CSF amyloid pathology on speed of cogni-

tive decline is significantly greater in the SCD than in the CO group.

Figure 2 depicts the respective PACC5 slopes of the SCD and the CO

group.

4 DISCUSSION

In this multicenter study, we observed slightly worse cognitive per-

formance, discrete functional, and slightly more behavioral symptoms

in individuals with SCD who consult a memory center, compared to

the cognitively unimpaired CO subjects. Longitudinally, the SCD group

showed greater cognitive decline compared to the CO group. These

cross-sectional and longitudinal findings are in agreement with initial

DELCODE subset analyses and other studies in medical help–seeking

individuals with SCD.4,5,11,26,27

We observed a rate of 39.3% amyloid positivity case based on the

CSF Aß42/Aß40 cut-off and of 38.5% based on amyloid-PET-SUVR

in the SCD group, while the CO group showed an amyloid positivity

rate of 27.2%, which is similar to rates reported in other studies for

cognitively unimpaired individuals.28,29 The rate of p-tau positivity

was 15.6% in the SCD group and 7.6% in the CO group. Both groups

differed in the Aß42/p-tau positivity rate (CO: 8.7%, SCD: 27%), which

has been shown to achieve a positive predictive value (PPV) for AD

of 0.9.30 Overall, we interpret these results as an enrichment for

the AD continuum in the SCD group, even though significant only

in the Aß42/p-tau ratio and not in the amyloid positivity or p-tau

positivity rate itself, which ismost likely due to statistical power. Taking

this into account, this result is in line with the previously proposed

assumption that memory center consultation in SCD indicates an

increased likelihood of being in the AD continuum.31 Importantly,

some studies, including the French INSIGHT-preAD study, reported

an amyloid positivity rate in SCD close to identical to non-SCD control
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F IGURE 2 Trajectories of the PACC5 over 5 years of the CO and SCD group (A), and the CO and SCD group stratified by amyloid status (B).
Plots are derived from different mixedmodels with a latent process (see Tables S1 and S 2 in supporting information for respectivemodel
parameters used to derive the plots). The slope of the SCD group differs from the CO group (Pfdr<0.001).Within the CO group A+ and A–
individuals do not differ in slope, while within the SCD group, the slope between A+ and A– is significantly different (Pfdr = 0.009). The interaction
of group x time x Aß42/Aß40 is significant between CO and SCD (Pfdr = 0.024) indicating a difference between the two groups in the effect of
amyloid on the slopes. CO, control; PACC, Preclinical Alzheimer’s Cognitive Composite; SCD, subjective cognitive decline

groups.28,32 These studies, however, often recruited SCD participants

partially or fully through advertisement rather than through memory

services, which results in different SCD samples, and they often

use subjective memory complaints at the time point of investiga-

tion rather than the report of SCD over the past to operationalize

SCD.4,26,32

We used the amyloid positive cases (A+) to model the AD con-

tinuum stages 1–4 according to the NIA-AA criteria.6 Compared to

stage 1 (COA+), we observed higher subjective complaints, lower

performance on CDR-SOB, and more mild behavioral symptoms in the

stage 2 group (SCD–A+). In addition, we observed smaller hippocam-

pal volumes. We consider our findings supportive of the proposed

stage 2 of the AD continuum in terms of a more progressed disease

stage compared to stage 1 with greater impact of pathology on brain

integrity. This impact is expressed by reduced hippocampal volume

and the presence of all proposed clinical signs of stage 2, namely SCD,

subtle cognitive dysfunction, and mild behavioral symptoms. Interest-

ingly, all clinical signs occurred in parallel with changes in biomarkers

between stage 1 and stage 2 as shown in Figure 1 suggesting close

temporal association between biomarker changes and very subtle

early symptomatic changes. Importantly, we observed a significant

three-way interaction of group (SCD, CO), amyloid concentration as

expressed by the Aß42/Aß40 ratio in the CSF, and time with regard to

longitudinal cognition. This effect was caused by a greater acceleration

of cognitive decline by amyloid in the SCD group compared to the

effect of amyloid on cognition in the CO group. Our results are in

agreement with the analysis of the Berkeley Aging Cohort Study, a

smaller single-center cohort of volunteers.33 A recent analysis of

the population-based volunteer Mayo Clinic Study of Aging on the

symptomatic criteria of stage 2 found 4% to 13% of participants at

stage 2 worsening at short term follow-up to a more progressed stage

and also found that at short term 24% to 41% reverse back to stage

1, when applying operationalized cut-point–based criteria.34 This

study and the DELCODE dataset cannot be directly compared due

to the different recruitment setting, the different instruments for

symptom assessment of subjective and objective cognition as well as

behavioral symptoms and the respective cut-offs applied. The limited

comparability highlights the sensitivity of findings in this research area

on specific characteristics of the individual studies.12

With the strong research focus on the disease-modifying drugs in

AD and the recent accelerated licensing of the anti-amyloid-antibody

aducanumab by the US Food and Drug Administration the best start-

ing point for the initiation of treatment is still to be defined.35 SCD–

A+ in individuals who seek medical help are often at the initial stage

of decompensation of brain reserve and at the beginning of cognitive

decline. In the clinical setting, we think that this stage may be a highly

promising starting point of treatment in the future, because normal

brain functioning is still largely preserved as opposed to later stages

with irreversible loss of function, such as MCI (stage 3).6 Also, individ-

uals who are in the AD continuum and who seek medical help at this

stagemaybeparticularlymotivated toengage inearly treatment aimed

at preventing dementia.

The main strengths of our study are: (1) the specific focus on

patients with SCD, who approach the health-care systemwith a cogni-

tive complaint in a multicenter recruitment, which best reflects poten-

tial clinical trial cohorts and also mirrors the future patient population

for early intervention; (2) the inclusionof a cognitively unimpairednon-

SCD control group with biomarkers, which allows the modeling of AD
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continuum stages 1 and 2 separately; and (3) the long follow-up time

frame, which at present covers up to 5 years and will be extended. The

main limitations of the study are: (1) the rate of CSF biomarker sam-

pling of 48%, even though the CSF subsample did not differ in any key

variable from the full sample; (2) the ongoing nature of the study with

the inclusion of a fraction of participants with only 1 year of follow-

up; and (3) the lack of representativeness for the general population

at large due to memory center recruitment. Regarding the latter, we

are aware that the fact that an individual with SCD consults a mem-

ory clinic dependsonmany factors, suchas availability, cultural context,

and socioeconomic circumstances and individual conditions.

In summary, the data of theDELCODE study comprehensively char-

acterizes SCD in memory center patients and supports the concept

of stage 2 of AD continuum as a transitional stage between the fully

asymptomatic stage 1 and stage 3 (MCI) with the symptomatic triad

of SCD, subtle cognitive dysfunction and mild behavioral symptoms as

well as greater speed of decline. We propose that that stage 2 of the

AD continuum indicated by SCD, specifically in those who seek medi-

cal help, and confirmed by amyloid pathology, is a promising target for

early intervention trials today and for early disease identification and

treatment in the future.
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