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Abstract.
Background: Alzheimer’s disease pathology and vascular burden are highly prevalent and often co-occur in elderly. It
remains unclear how both relate to cognitive decline.
Objective: To investigate whether amyloid abnormality and vascular burden synergistically contribute to cognitive decline
in a memory clinic population.
Methods: We included 227 patients from Maastricht and Aachen memory clinics. Amyloid abnormality (A+) was defined
by CSF A�42 using data-driven cut-offs. Vascular burden (V+) was defined as having moderate to severe white matter
hyperintensities, or any microbleeds, macrohemorrhage or infarcts on MRI. Longitudinal change in global cognition, memory,
processing speed, executive functioning, and verbal fluency was analysed across the A-V-, A-V+, A+V-, A+V+ groups by
linear mixed models. Additionally, individual MRI measures, vascular risk and vascular disease were used as V definitions.
Results: At baseline, the A+V+ group scored worse on global cognition and verbal fluency compared to all other groups,
and showed worse memory compared to A-V+ and A-V- groups. Over time (mean 2.7+ –1.5 years), A+V+ and A+V- groups
showed faster global cognition decline than A-V+ and A-V- groups. Only the A+V- group showed decline on memory and
verbal fluency. The A-V+ group did not differ from the A-V- group. Individual MRI vascular measures only indicated an
independent association of microbleeds with executive functioning decline. Findings were similar using other V definitions.
Conclusions: Our study demonstrates that amyloid abnormality predicts cognitive decline independent from vascular burden
in a memory clinic population. Vascular burden shows a minor contribution to cognitive decline in these patients. This has
important prognostic implications.
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INTRODUCTION

Alzheimer’s disease (AD) and vascular pathol-
ogy are highly prevalent in older populations, and
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often co-exist [1–3]. AD is characterized by abnor-
mal amyloid-� (A�) and tau biomarker levels in
cerebrospinal fluid (CSF) and key measures of vas-
cular burden include white matter hyperintensities
(WMH), microbleeds and infarcts on MRI [4]. AD
biomarker abnormality as well as vascular burden
are associated with cognitive decline [5–7] and pro-
gression to dementia [8, 9]. However, the influence
of combined presence of AD biomarker abnormal-
ity and vascular burden on the prognosis of memory
clinic patients remains unclear [10].

Only few longitudinal studies have investigated
how vascular pathology influences amyloid-related
cognitive decline, and findings are contradictory. A
recent study by Yassi et al. [11] has suggested a
greater global cognitive decline when both amy-
loid pathology and MRI vascular burden (WMH,
infarcts, or micro-infarcts) are present in memory
clinic patients, while others did not find this syn-
ergistic effect of amyloid and MRI vascular burden
(WMH and infarcts) [7, 12]. Other measures such
as vascular risk factors (e.g. hypertension, hyperc-
holesterolemia, and diabetes) and vascular disease
(e.g., coronary artery disease, myocardial infarction)
are also important to consider. Some of these vascu-
lar measures, as part of the Framingham Risk Score
(FRS), have been shown to contribute to greater cog-
nitive decline in combination with amyloid pathology
in cognitively normal persons [13, 14]. Inconsistent
findings across these studies may result from differ-
ences in measures of vascular burden and amyloid,
study population, and follow-up duration.

The current AD AT(N) biomarker framework [15]
allows the incorporation of other markers, such as
vascular burden, that is ATV(N) [16, 17]. To date,
it remains unclear what constitutes an optimal defi-
nition of V and how it is associated with cognitive
decline. Knowledge on how combined and individ-
ual vascular markers influence AD-related cognitive
decline will provide novel insights into the potential
added value of V in the AD biomarker framework
and is important for improving the prognosis of
memory clinic patients and prevention of cognitive
decline.

Our primary aim was to investigate how com-
bined and single measures of vascular burden on
MRI influence cognitive decline in relation to amy-
loid abnormality in a memory clinic population. We
used microbleeds, WMH, infarcts and hemorrhages
as measures of vascular burden and CSF amyloid-
�42 (A�42) as measure of amyloid accumulation.
We hypothesized that the presence of both vascu-

lar burden and amyloid abnormality is associated
with greater cognitive decline as compared to amy-
loid or vascular burden separately. We also assessed
the individual associations of MRI vascular burden
and amyloid abnormality on cognitive decline. In
secondary analyses, we compared the main findings
to those in persons without dementia and using two
other definitions of vascular burden, i.e. vascular risk
factors and vascular disease.

METHODS

Participants

We included memory clinic patients with sub-
jective cognitive decline (SCD), mild cognitive
impairment (MCI), or dementia from the RWTH
Aachen Memory Database from the University
Hospital (Germany) and the Maastricht BioBank
Alzheimer Center Limburg (BB-ACL) (The Nether-
lands) study. Patients were included if there was
baseline data available on CSF A�42, vascular MRI
ratings, and neuropsychological measures at baseline
and at least one cognitive follow-up visit. Exclusion
criteria were baseline age <45 years and cognitive
impairment caused by other than neurodegenerative
or cerebrovascular disease (e.g., post-traumatic, post-
infectious, chronic-inflammatory). The study was
approved by the local ethics committees (EK 018-
19 for Aachen, METC 09-3-037, METC 09-3-038,
and METC 15-4-100 for Maastricht) and conducted
according to The Code of Ethics of the World Medical
Association (Declaration of Helsinki).

Clinical assessment

All patients were assessed through standard proto-
col procedures at each site, including neurological
and psychiatric assessment, medical history, and
neuropsychological examination. Information on
medical history was provided by the patients or their
informal caregivers, and included, amongst others,
vascular risk factors such as hypertension, hyper-
cholesterolemia, and diabetes (type 1 and type 2),
as well as vascular diseases such as coronary artery
stenosis, carotid artery disease and myocardial infarc-
tion. Medication usage was also provided.

Neuropsychological examination was performed
according to routine protocols at each site. For the
current study, we selected measurements of global
cognition, as well as measures categorized a priori
within four cognitive domains: memory, processing
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speed, executive functioning, and verbal fluency.
Global cognition was measured either with the Mini-
Mental State Examination (MMSE; RWTH Aachen
and BB-ACL) [18] or with the Montreal Cogni-
tive Assessment (MoCA; only RWTH Aachen) [19].
If MMSE scores were unavailable (10%), MoCA
scores were converted to MMSE scores [20]. Mem-
ory was measured by the CERAD-NAB-Plus wordlist
delayed recall and recognition [21] in RWTH Aachen
and the Dutch version of the Auditory Verbal Learn-
ing Task (AVLT) delayed recall and recognition in
BB-ACL [22]. Processing speed was measured by
either the CERAD Trail Making Test A (TMT-A) [21,
23] or by the Concept Shifting Task A (CST-A; only
BB-ACL) [24]. Executive functioning was measured
by The Trail Making Test B (TMT-B) and Concept
Shifting Task B (CST-B) [21, 23, 24]. To measure
verbal fluency, the one-minute animals semantic ver-
bal fluency test was used in both cohorts [21, 25].
For all tests, raw scores were converted to Z-scores
using validated standardized age, sex, and education
adjusted test norms as used in clinical practice for
both memory clinics [21–27]. Z-scores below –5 and
above 5 were rounded to –5 and 5, respectively, to
avoid extreme outliers in cognitive performance.

Baseline clinical diagnoses were established by
specialized medical doctors in the memory clin-
ics. Persons were classified as SCD when being
referred to the memory clinic with subjective cog-
nitive complaints but without showing objective
cognitive impairments on neuropsychological assess-
ment [28]. A diagnosis of MCI was made according to
the criteria of Petersen [29] and a clinical diagnosis
of dementia was based on the Diagnostic and Sta-
tistical Manual of Mental Disorders, Fourth Edition
(DSM-IV) criteria. Cognitive testing was performed
at baseline and up to five years of follow-up. At
the BB-ACL site, structural follow-ups were per-
formed at 1, 2, 3, and 5 years, whereas at RWTH
Aachen follow-ups were dependent on clinical
referral.

CSF AD biomarker assessment

Levels of A�42, phosphorylated tau 181 (p-tau),
and total tau (t-tau) were obtained from the CSF
as part of clinical routine, using lumbar punc-
ture. For both centers, peptide and protein levels
were measured by Fujirebio Innotest enzyme-linked
immunosorbent assays (ELISA; Innogenetics, Ghent,
Belgium). To allow comparison of biomarker abnor-
mality between the cohorts, cut-offs were determined

by Gaussian mixture modelling [30] for each center:
A�42 < 722 pg/ml and p-tau>54 pg/ml for RWTH
Aachen hospital, and A�42 < 773 pg/ml and p-tau>65
pg/ml for BB-ACL. Persons were classified as A+
when having abnormal A�42 levels and as A- when
having normal A�42 and p-tau levels. We excluded
persons with abnormal p-tau levels from the A- group
(n = 36) for this group to represent a control group
with normal AD biomarkers.

MRI assessment

All persons underwent either a 1.5T (RWTH
Aachen only) or 3T MRI scan (RWTH Aachen
and BB-ACL) including both T1 and T2 weighted,
as well as FLAIR images, in accordance with the
study protocol at each site. Images were assessed
by two experienced independent raters blinded to
clinical information, using validated semi-qualitative
visual rating scales. Average values of the raters were
reported. We used the Scheltens scale for assess-
ment of medial temporal atrophy (MTA) with a
score ranging from 0–4 [31], the Koedam scale
for assessment of posterior atrophy with a score
ranging from 0–3 [32], and the Fazekas scale for
rating WMH with a score ranging from 0–3 [33].
The total count of cortical and subcortical microb-
leeds, ischemic strategic and non-strategic infarcts
and intracranial macrohemorrhage were also deter-
mined. Persons were classified as V+ if they had
a Fazekas score ≥2 [34], or one or more cortical
or subcortical microbleeds, strategic or non-strategic
infarcts, or intracranial macrohemorrhage. If none
of the above was present, persons were classi-
fied as V-. Persons were excluded from analysis if
more than one MRI vascular burden marker was
missing.

Patient classifications

In our main analyses, all persons were classified
in AVMRI subgroups based on presence of amyloid
abnormality (A) and MRI vascular burden (V): 1)
no amyloid abnormality and no MRI vascular bur-
den (A-V-); 2) only MRI vascular burden (A-V+); 3)
only amyloid abnormality (A+V-); and 4) both amy-
loid abnormality and MRI vascular burden (A+V+).
In secondary analyses, we used two additional vas-
cular definitions: vascular risk (Vrisk) and vascular
disease (Vdisease). For vascular risk, Vrisk+ indicated
the current presence of either hypertension, hyperc-
holesterolemia, diabetes, or medication use for these
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conditions. For vascular disease, Vdisease+ indicated
the current presence of either coronary artery disease,
carotid artery stenosis, past myocardial infarction,
past vascular surgery, or use of antithrombotics.

Statistical analyses

Pearson chi-squared (for dichotomous variables)
and ANOVA (for continuous variables) were used
to compare baseline characteristics between the four
AVMRI groups based on amyloid abnormality and
MRI vascular burden. To this end, A�42, p-tau, and
t-tau levels, and microbleed count were log trans-
formed due to their skewed distributions.

Subsequently, linear mixed models were used to
predict slopes of cognitive decline. This is an often
used method for longitudinal data and is well-known
for handling irregular time intervals and missing data
[35, 36]. We assessed slopes of global cognition,
memory, processing speed, executive functioning,
and verbal fluency within the four AVMRI groups, by
including time x group interactions in the model. In
secondary analyses, two other definitions of V were
used, i.e., vascular risk factors (Vrisk) and vascular
disease (Vdisease).

Additionally, to investigate the role of individual
factors of MRI vascular burden, we performed linear
mixed models including interactions of WMH and
microbleeds presence (total and cortical microbleeds)
with A�42 abnormality in the prediction of cogni-
tive decline in all domains. We did not include the
presence of infarcts, macrohemorrhages, and subcor-
tical microbleeds in the individual analyses, as the
prevalence in our sample was low (7.5%, 0.9%, and
4.8% respectively). Results for main analyses were
also reported after Bonferroni correction.

As a sensitivity analysis, we repeated our analyses
only in persons without dementia (SCD and MCI) and
investigated potential differences between diagnostic
groups by exploring interactions between the AVMRI
groups and diagnostic group on cognitive decline.
In addition, in our main analyses, we used memory
recognition decline as extra outcome, as dysfunction
in memory retrieval is common in persons with vascu-
lar burden [37]. All linear mixed model analyses used
the restricted maximum likelihood (REML) method.
The variables of interest and covariates baseline age,
sex, and education years were added as fixed effects,
and person-specific intercepts and slopes were added
as random effects. All analyses were performed using
SPSS Statistics version 26.0 software (IBM, Armonk,
NY, USA) and with significance levels set at p < 0.05.

RESULTS

Sample characteristics

Our total sample consisted of 227 persons with
a mean age of 66.2 years (SD = 9.1), of whom 64%
were male. At baseline, 28% had SCD, 51% had MCI,
and 21% had a diagnosis of dementia. Of the total
sample, 49% was recruited from the BB-ACL (53%
SCD, 43% MCI, 4% dementia), and 51% from the
RWTH Aachen (4% SCD, 59% MCI, 37% dementia).
Mean follow-up time was 2.7 years (SD = 1.5, range
1–5 years). From all persons with SCD and MCI at
baseline (n = 181), 20 patients (11%) progressed to
dementia at follow-up. From all with SCD at baseline
(n = 64), 11 patients (17%) progressed to MCI.

Baseline characteristics for the AVMRI groups are
shown in Table 1. Persons were youngest (59.7,
SD = 8.4) in the A-V- group and the oldest (72.7,
SD = 6.9) in the A+V+ group (p < 0.001). Patients in
the group without A� pathology and vascular burden
(A-V-) most often had SCD (61.8%), whereas MCI
was most common in the other groups (A-V+: 57.1%,
A+V-: 63.2%, A+V+: 51.0%, p < 0.001). Dementia
was more common in the A+V+ group (41.2%) com-
pared to the other groups (A-V-: 4.4%, A-V+: 9.5%,
A+V-: 24.1%, p < 0.001). Besides A�42, other CSF
AD biomarkers, i.e., p-tau and t-tau, were also more
abnormal in the A+V- and A+V+ groups, compared
to the A-V+ and A-V- groups (p < 0.001). A�42 levels
were lower, thus more abnormal, in the A+V+ group
compared to the A+V- group (p = 0.01). Of all persons
showing amyloid abnormality, 70% also had abnor-
mal p-tau levels, both in the A+V- and A+V+ group.
MTA was more severe in the A+V+ group compared
to all other groups (p < 0.001).

Regarding MRI vascular burden, more severe
WMH and a higher number of cortical microbleeds
were present in the A+V+ group compared to the A-
V+ group (p = 0.02 and p = 0.006, respectively). In
contrast, strategic infarcts were more often present
in the A-V+ group compared to the A+V+ group
(p = 0.002). Presence of macrohemorrhages as well
as prevalence of vascular risk factors and vascular
disease also did not differ across groups (Table 1).

Cognition in AVMRI groups

Results on baseline cognition and cognitive decline
in the AVMRI groups are shown in Table 2. At base-
line, the A+V- and the A+V+ groups performed
consistently worse than the A-V- group on MMSE
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Table 1
Study participants’ characteristics per AVMRI group

N A-V- A-V+ A+V- A+V+ p

N 227 68 (30.0%) 21 (9.3%) 87 (38.3%) 51 (22.5%)
Age 227 59.7 (8.4)b,c,d 66.2 (7.7)a,d 67.8 (7.7)a,d 72.7 (6.9)a,b,c < 0.001
Gender, male 227 48 (70.6%) 15 (71.4%) 50 (57.5%) 32 (62.7%) 0.33
Education y 227 11.4 (3.2) 11.9 (3.7) 12.5 (3.5) 11.8 (3.6) 0.27
Diagnosis SCD 227 42 (61.8%)b,c,d 7 (33.3%)a,c,d 11 (12.6%)a,b 4 (7.8%)a,b < 0.001

MCI 23 (33.8%)c 12 (57.1%) 55 (63.2%)a 26 (51.0%) 0.004
Dementia 3 (4.4%)c,d 2 (9.5%)d 21 (24.1%)a,d 21 (41.2%)a,b,c < 0.001

CSF A�42 (pg/ml) 227 1128.7 (282.8)c,d 1141.6 (275.0)c,d 531.1 (134.4)a,b,d 470.7 (132.4)a,b,c < 0.001
CSF p-tau (pg/ml) 227 41.6 (11.1)c,d 44.2 (10.6)c,d 83.4 (41.4)a,b 83.7 (35.5)a,b < 0.001
CSF t-tau (pg/ml) 227 209.0 (91.4)c,d 249.1 (119.6)c,d 500.1 (308.3)a,b 492.2 (301.9)a,b < 0.001
MTA Score 211 0.7 (0.8)c,d 0.9 (0.7)d 1.1 (0.8)a,d 1.8 (0.9)a,b,c < 0.001

>2 5 (8.1%)d 1 (5.0%)d 8 (9.6%)d 18 (39.1%)a,b,c < 0.001
Koedam Score 226 0.25 (0.37)b,c,d 0.62 (0.59)a 0.60 (0.66)a,d 0.81 (0.62)a,c < 0.001
WMH Fazekas Score 227 0.8 (0.4)b,d 1.4 (0.7)a,c,d 0.7 (0.5)b,d 1.8 (0.8)a,b,c < 0.001

> = 2 – 10 (47.6%) – 30 (58.8%) 0.38
Microbleeds Cortical Count 210 0.0 (0.1)b,d 0.9 (2.6)a,c,d 0.0 (0.1)b,d 3.8 (10.0)a,b,c < 0.001

> = 1 – 5 (25.0%) – 24 (47.1%) 0.09
Subcortical Count 210 0.0 (0.1)d 0.3 (1.1)c 0.0 (0.0)b,d 0.4 (1.3)a,c < 0.001

> = 1 – 2 (10.0%) – 8 (15.7%) 0.54
Infarct Strategic > = 1 227 – 6 (28.6%) – 2 (3.9%) 0.002

Non-strategic – 4 (19.0%) – 5 (9.8%) 0.28
Macrohaemorrhage > = 1 227 – 0 (0.0%) – 2 (3.9%) 0.36
Hypertension 227 29 (42.6%) 15 (71.4%) 43 (49.4%) 29 (56.9%) 0.10
Dyslipidemia 227 17 (25.0%) 8 (38.1%) 33 (37.9%) 18 (35.3%) 0.36
Diabetes 227 12 (17.6%) 1 (4.8%) 11 (12.6%) 9 (17.6%) 0.43
Vascular disease 227 16 (23.5%) 9 (42.9%) 33 (37.9%) 20 (39.2%) 0.16

Numbers represent in Mean (SD) for continuous variables or N (%) for dichotomous variables. Differences between groups were tested with ANOVA for continuous variables and Chi-Squared
for dichotomous variables. Log transformations were performed for testing AD biomarkers (A�42, p-tau, and t-tau), atrophy (MTA and Koedam) and microbleeds due to skewed distributions.
Hypertension, dyslipidemia, diabetes, and vascular disease were considered present based on diagnosis or medication use extracted from medical history. Significance p < 0.05: acompared to
AD-V-, bcompared to AD-V+, ccompared to A+V-, dcompared to A+V+. AD is defined based on amyloid pathology; V is defined based on MRI vascular burden. AD, Alzheimer’s disease; SD,
standard deviation; SCD, subjective cognitive decline; MCI, mild cognitive impairment; MTA, medial temporal atrophy; WMH, white matter hyperintensities.
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(p = 0.001 and p < 0.001 respectively), memory
(both p < 0.001), and verbal fluency (p = 0.006 and
p < 0.001 respectively) tests. The A+V+ group also
performed worse than the A-V+ group on these tests
(MMSE: p < 0.001, memory: p = 0.03, verbal fluency:
p = 0.003). On MMSE and verbal fluency tests, the
A+V+ group performed worse than the A+V- group
(MMSE: p = 0.002, verbal fluency: p = 0.02).

When assessing cognitive decline over time, both
the A+V- and A+V+ groups showed decline on
the MMSE (both p < 0.001), with steeper decline
compared to the A-V- (p < 0.001 and p = 0.002 respec-
tively) and A-V+(p = 0.008 and p = 0.02 respectively)
groups (Fig. 1). The A+V- group also showed decline
in memory (p = 0.02) and verbal fluency (p = 0.01),
but this was not significantly different from the other
groups. In none of these analyses, the A-V+ dif-
fered from the A-V- group. Additionally, none of the
groups showed decline in the processing speed and
executive functioning domains. An improved pro-
cessing speed score over time (p = 0.004), however,
was seen within the A-V- group. When correcting for
multiple comparisons (Bonferroni correction) results
remained essentially the same, except for the post-hoc
tests indicating difference in MMSE decline between
the A-V+ and A+V+ group, the memory and verbal
fluency decline in the A+V groups and the base-
line verbal fluency difference between the A+V- and
A+V+ groups.

Individual vascular MRI markers, amyloid
abnormality, and cognitive decline

To investigate the role of the individual MRI vas-
cular marker in the definition of vascular burden,
we tested interactions between individual vascular
MRI markers (WMH and microbleeds) and amy-
loid abnormality on cognitive decline. Results are
shown in Table 3. For MMSE, memory, process-
ing speed, and executive functioning, none of the
individual vascular markers showed interactions with
amyloid abnormality in their effect on cognitive
decline. We found that amyloid abnormality was
associated with decline on MMSE and processing
speed tests and tended to be associated with decline in
memory and executive functioning (Table 3). Further-
more, microbleeds were only associated with decline
in executive functioning. WMH was not related to
cognitive decline in any domain. In addition, an
interaction of microbleeds with amyloid abnormal-
ity was found in the effect on verbal fluency decline
(p = 0.02). Only persons with amyloid abnormal-
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Fig. 1. Predicted decline in MMSE score over time per AVMRI group. Predicted MMSE values from baseline to 5 years follow-up based
on linear mixed modelling slopes per AVMRI group. A is defined by amyloid abnormality; V is defined by MRI vascular burden. Error bars
indicate the 95% confidence interval. MMSE, Mini-Mental State Examination.

ity and without microbleeds showed verbal fluency
decline (B = –0.12, CI [–0.20–−0.4], p = 0.005). Sur-
prisingly, this verbal fluency decline was greater than
in persons with both pathologies (p = 0.02) or persons
without pathologies (p = 0.03), but similar to persons
with only microbleeds (p = 0.75). When specifically
investigating cortical microbleeds, which are thought
to mainly be involved in AD, the interaction of
cortical microbleeds and amyloid on verbal fluency
performance was no longer present. Further results
remained similar (Supplementary Table 1). When
correcting for multiple comparisons (Bonferroni cor-
rection), only the independent association between
amyloid and MMSE decline remained significant.

Cognitive decline in the AV groups using
different vascular definitions

Next, we used vascular risk factors (Vrisk) or vascu-
lar disease (Vdisease) as definitions of vascular burden
(V) to investigate whether these definitions were
differently associated with cognitive decline. Using
these two definitions of vascular burden resulted in
similar findings compared to the those using MRI
vascular burden (Supplementary Tables 2 and 3).
Using vascular risk factors, the A-V- group showed
improved scores in executive functioning over time
(p = 0.002), with a greater increase when compared
to the A-V+(p = 0.02) and A+V- (p = 0.003) groups.
An improved score was now also found for process-
ing speed in the A-V+ group (p = 0.04). Furthermore,
cognitive decline over time became significant for the

A+V+ group in both memory (p = 0.03) and verbal
fluency (p = 0.03) domains, whereas the A+V- group
no longer demonstrated decline in memory or verbal
fluency.

When vascular groups were defined based on vas-
cular disease, the A+V+ group showed worse verbal
fluency scores over time (p = 0.003) and showed a
greater decline in verbal fluency scores than A+V-
(p = 0.04) and A-V- groups (p = 0.005). Verbal flu-
ency decline in the A+V- group was no longer present.
Besides, the A-V- group showed improved scores in
executive functioning over time (p = 0.03), as also
shown for the vascular risk definition.

Sensitivity analyses

For the main AVMRI group analysis, we examined
whether findings were different between diagnostic
groups (SCD, MCI, dementia). No significant inter-
action of diagnostic group with the AVMRI groups or
amyloid abnormality was found on cognitive decline
in any of the domains. When excluding persons
with dementia, results also remained similar (Supple-
mentary Table 4). Only baseline MMSE and verbal
fluency scores did not remain significantly different
between the A+V+ and A+V- groups and decline
in memory and verbal fluency performance was no
longer observed in the A+V- group.

Similarly, for the AVrisk and AVdisease groups, no
interactions between the diagnostic group and AV
groups were found. When repeating the analyses in
individuals without dementia, results again remained
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Table 3
Associations between individual vascular MRI markers, amyloid abnormality, and their interaction on cognitive decline

Model Microbleeds A+ Microbleeds x A+ WMH A+ WMH x A+

MMSE N 206 206 206 223 223 223
(range 0–30) Model 1 B [CI] 0.47 [–0.37 – 1.31] –0.60 [–2.37 – 1.17] –0.55 [–2.39 – 1.30] –0.07 [–0.86 – 0.73] –0.58 [–2.01– 0.85] –0.62 [–2.14 – 0.90]

p 0.27 0.50 0.56 0.87 0.42 0.42
Model 2 B [CI] 0.36 [–0.39 – 1.10] –1.10 [–1.61 – –0.60] –0.24 [–0.91 – 0.44] –1.12 [–1.61 – –0.63]

p 0.34 < 0.001 0.49 < 0.001
Memory N 141 141 141 150 150 150
Delayed recall Model 1 B [CI] 0.14 [–0.13 – 0.41] –0.09 [–0.48 – 0.31] –0.02 [–0.43 – 0.39] –0.04 [–0.25 – 0.17] –0.15 [–0.44 – 0.14] 0.07 [–0.25 – 0.39]
(Z-score) p 0.30 0.66 0.93 0.68 0.31 0.68

Model 2 B [CI] 0.13 [–0.07 – 0.34] –0.10 [–0.22 – 0.01] –0.01 [–0.17 – 0.14] –0.09 [–0.21 – 0.02]
p 0.19 0.08 0.86 0.11

Processing N 92 92 92 98 98 98
speed Model 1 B [CI] 0.10 [–0.27 – 0.47] 0.11 [–0.53 – 0.74] –0.30 [–0.95 – 0.36] –0.08 [–0.35 – 0.18] –0.22 [–0.62 – 0.19] 0.06 [–0.38 – 0.50]
(Z-score) p 0.61 0.74 0.37 0.53 0.29 0.79

Model 2 B [CI] 0.00 [–0.30 – 0.31] –0.17 [–0.33 – –0.02] –0.06 [–0.27 – 0.15] 0.16 [–0.32 – –0.01]
p 0.99 0.03 0.56 0.03

Executive N 74 74 74 80 80 80
functions Model 1 B [CI] –0.42 [–0.81 – –0.03] –0.28 [–0.92 – 0.36] 0.16 [–0.50 – 0.81] –0.18 [–0.45 – 0.09] –0.32 [–0.70 – 0.06] 0.22 [–0.20 – 0.63]
(Z-score) p 0.04 0.39 0.64 0.19 0.09 0.30

Model 2 B [CI] –0.37 [–0.68 – –0.05] –0.13 [–0.28 – 0.02] –0.09 [–0.29 – 0.12] –0.14 [–0.29 – 0.01]
p 0.02 0.08 0.40 0.07

Verbal N 137 137 137 145 145 145
fluency Model 1 B [CI] 0.27 [0.04 – 0.49] 0.31 [–0.02 – 0.64] –0.43 [–0.78 – –0.08] 0.04 [–0.14 – 0.23] 0.08 [–0.19 – 0.34] –0.17 [–0.46 – 0.12]
(Z-score) p 0.02 0.07 0.02 0.65 0.58 0.25

Model 2 B [CI] – – – –0.03 [–0.17 – 0.11] –0.07 [–0.17 – 0.04]
p – – – 0.70 0.20

Interaction effects are represented by B [CI], as predicted by linear mixed modelling adjusted for baseline age, education years and gender, and cohort as random factor. Significant p-values are
shown in bold text. Model 1 includes the interaction term of the vascular marker (dichotomous) with amyloid abnormality. Model 2, without the interaction term, was executed when the interaction
in Model 1 was non-significant. Prevalence of infarcts and macrohemorrhages was too low to perform reliable analyses. MMSE, Mini-Mental State Examination, A+, A�42 abnormality; WMH,
white matter hyperintensities.
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similar. Except that for the vascular risk definition,
A+V+ did not show decline in memory and verbal
fluency, and for the vascular disease definition the
difference in MMSE decline between the A-V+ and
A+V- was no longer present.

When repeating analyses with decline in memory
recognition as outcome, results remained largely sim-
ilar to the results of memory delayed recall, except
that we found a decline in recognition in both the
A+V- and A+V+ group, which we only found in
the A+V- group for delayed recall (Supplementary
Table 5). In the individual analyses, we similarly did
not find any vascular effects on decline in recognition
(Supplementary Table 6).

DISCUSSION

We investigated the role of amyloid abnormal-
ity and vascular burden in cognitive decline in a
memory clinic population and found that amyloid
abnormality is the major predictor of decline over
time in global cognition, memory, and verbal fluency
functioning. Vascular burden on MRI was not asso-
ciated with cognitive decline and did not aggravate
the course of decline in persons with amyloid abnor-
mality. Only microbleeds were shown to influence
decline in executive functioning independently from
amyloid abnormality, but this effect did not remain
after adjustment for multiple testing. When explor-
ing different definitions of vascular burden, using
vascular risk factors and vascular disease, amyloid
abnormality remained the main predictor for cogni-
tive decline. Decline was not affected by the presence
of vascular burden, except for a synergistic associa-
tion of amyloid abnormality and vascular disease on
decline in verbal fluency.

MRI vascular burden, amyloid abnormality, and
cognition

We found that that vascular burden in addition
to amyloid abnormality was not associated with
longitudinal cognitive decline. This is in line with ear-
lier longitudinal findings in both a population-based
cohort in cognitively normal elderly using WMH
and infarcts as vascular markers [7], and a mem-
ory clinic study in persons without dementia with
WMH as measure of vascular burden [12]. However,
another recent population study suggested a greater
cognitive decline in persons with normal cognition,
MCI or dementia with both amyloid pathology and
MRI vascular burden (infarcts, microinfarcts, WMH)

[11]. This contradictory finding may be explained by
the difference in setting as a population setting may
include younger and healthier participants compared
to a memory clinic setting. Other possible explana-
tions could be the longer follow-up (up to 7.5 years),
different methods for measuring amyloid and WMH,
or the inclusion of microinfarcts and not microb-
leeds when compared to our study. An explanation
for not finding any synergistic effects of AD biomark-
ers and vascular burden on cognitive decline could
be that microbleeds and WMH are byproducts in
advanced stages of AD, without accelerating the cog-
nitive decline induced by amyloid. It has indeed been
shown that amyloid abnormality precedes increases
in WMH [6]. Strictly lobar microbleeds have pre-
viously been linked to cerebral amyloid angiopathy
(CAA) and is also often present in advanced AD [38,
39], without showing greater cognitive decline com-
pared to AD without CAA [40]. This corresponds
with our finding that more WMH and microbleeds
were present in the A+V+ group compared to the
A-V+ group. This explanation would also be in line
with the higher age, proportion of dementia diag-
noses, lower CSF A�42 levels, and higher MTA and
Koedam ratings in the A+V+ group compared to the
A+V- group found in our cohort.

As shown in most studies [41], our results demon-
strate that amyloid abnormality is independently
associated with global cognitive decline. Yet, decline
in memory and verbal fluency was only observed
in the group with only abnormal amyloid (A+V-).
For microbleeds individually, verbal fluency decline
was even significantly greater in the only amyloid
abnormal group as compared to the group with
both amyloid abnormality and microbleeds. A slower
memory and verbal fluency decline in more advanced
AD stages could be due to floor effects on neuropsy-
chological tests, as the A+V+ group already scored
very low on memory and verbal fluency at baseline.
MRI vascular burden was not independently associ-
ated with cognitive decline, except for an independent
association of microbleeds with decline in executive
functioning when not correcting for multiple testing.
This is in line with studies suggesting that cerebrovas-
cular disease is related to executive functioning in
particular [42, 43].

Associations of MRI vascular burden and cognitive
decline in elderly are mostly shown in mid-life and
population-based studies [44–50]. Within memory
clinic and AD research settings, vascular contribu-
tions to cognitive decline and related atrophy are less
well studied and inconsistent [51]. It is challenging
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to measure vascular contributions in these settings, as
many comorbidities occur at this stage and severe vas-
cular cases are often not referred to memory clinics.
Vascular effects on cognitive decline might therefore
be less clear in memory clinic settings, especially
when compared to the large presence of amyloid
abnormality. Additionally, amyloid abnormality and
MRI vascular burden often co-exist [1–3], making it
difficult to examine what part of cognitive decline
is attributed to amyloid abnormality and what part
to vascular burden. Only few longitudinal studies
accounted for amyloid abnormality when assessing
associations of vascular burden and cognitive decline
in memory clinic settings. Whereas some of these
studies found an independent effect of WMH on cog-
nitive decline [6, 7, 12], only one study found an
independent contribution of microbleeds to cognitive
decline [52].

At baseline, we found that MMSE and verbal
fluency scores were lower when having both amy-
loid abnormality and vascular burden on MRI as
compared to only having amyloid abnormality. This
indicates that MRI vascular burden on top of abnor-
mal amyloid affects cognition at baseline, without
affecting future cognitive decline. This would be in
line with our previous explanation that A+V+ per-
sons are in a more advanced stage of AD at baseline
already. This finding is consistent with earlier studies
showing that persons with cognitive impairment per-
form worse on MMSE when both amyloid and WMH
are present [53] and worse on verbal fluency tests
when both amyloid and microbleeds are present [54].
Other studies could not confirm this in persons with
normal cognition or vascular cognitive impairment
[55, 56].

Comparison to other vascular definitions

Upon assessing different definitions of vascular
burden in relation to amyloid and cognitive decline,
our results similarly indicated that vascular risk fac-
tors and vascular disease are not associated with
cognitive decline while amyloid abnormality is for
global cognitive decline. We only showed a synergis-
tic effect of vascular disease and amyloid abnormality
on verbal fluency decline.

Previous studies finding associations of vascular
risk and vascular disease with cognition are often
population-based and mid-life studies [57–59]. This
suggests that vascular contributions might be more
evident in younger ages and population settings than
in memory clinic settings. A similar study in a young

population-based sample (mean 56 years) found that
AD biomarkers in CSF and vascular risk factors are
independently but not synergistically related to global
cognitive decline [60]. In line with our study, a pre-
vious study focusing on elderly (mean 73 years)
found an independent effect of amyloid PET on
decline in memory and executive functioning over
a 5-year follow-up, but did not find any associations
between a vascular composite, combining vascular
risks and vascular diseases, and cognitive decline
[61]. Some other longitudinal aging studies (mean
age > 68) assessed the Framingham risk score (FRS),
which combines certain vascular risk factors and vas-
cular disease into a composite risk score. They found
a synergistic effect of the FRS and amyloid pathology
on global cognitive decline [13, 14]. Including only
cognitively healthy participants and the inclusion of
demographic risk factors such as age and sex as part
of the FRS may have contributed to this finding.

Limitations

Our study is a unique collaboration between two
cross-border memory clinics, which enabled us to
explore available vascular measures, AD biomark-
ers, and cognitive decline in different domains after
a follow-up of up to 5 years. While our findings
can be generalized to other memory clinic popula-
tions, our study has several limitations. The frequency
of vascular burden may be underestimated in our
sample. We recruited participants from the mem-
ory clinic with CSF measures available, which may
less well reflect cases with vascular burden as com-
pared to amyloid pathology. As in most other memory
clinic studies, cases with severe vascular disease
(e.g., recent cerebrovascular accident) were not com-
monly included. Moreover, cognitive decline in our
study may be underestimated as patients with severe
cognitive decline are more likely to drop out at
follow-up, resulting in relatively healthier cases with
longer follow-ups being included in our study. Also,
follow-up visits at the Aachen center were on clin-
ical indication and therefore less consistent. While
linear mixed modelling accounts both for less con-
sistent follow-up visits and loss to follow-up, this
could have impacted our findings. Besides, both cen-
ters used different, yet similar, cognitive tests. This
could have introduced heterogeneity but also reflects
clinical routine practice. By selecting one or two tests
per cognitive domain, we could have missed different
aspects within the domains. The use of more diverse
cognitive tests could have helped to capture subtle or
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specific vascular-related cognitive changes. In addi-
tion, using more advanced vascular measures instead
of visual rating scales could allow to detect smaller
and more specific effects. More advanced vascular
measures could be more sensitive to predict cognitive
decline like CSF measures of amyloid pathology. The
sample size did not allow us to look at each diagnostic
group separately, but results remained similar when
excluding persons with dementia.

Given the explorative nature of the study and the
fact that vascular effects on cognition may be smaller
or difficult to detect in memory clinic populations,
we corrected only our main analyses for multiple
comparisons. Yet, exact p-values of all analyses are
reported to allow interpretation with and without cor-
rection for multiple comparisons.

CONCLUSIONS

Our study showed that amyloid abnormality is
a major predictor of cognitive decline within a
memory clinic population, independent from vas-
cular burden. Moreover, vascular burden did not
markedly contribute to cognitive decline in mem-
ory clinic patients in our cohort. While vascular
burden often co-exists with amyloid abnormality,
our findings indicate that vascular burden does not
improve the prognosis prediction of memory clinic
patients when combining it with amyloid measures,
and thus might not add prognostic value to the current
AT(N) framework. Vascular burden may have a larger
impact on cognitive decline in other settings or at
younger ages. Future studies with larger sample sizes
and persons at early disease stages should explore
the role of vascular burden in AD-related cognitive
decline and the AT(N) biomarker framework. Sam-
ples with a higher representation of vascular burden
and more specific and advanced vascular measures
are necessary to further explore potential vascular
contributions to AD pathophysiology and cognitive
decline.
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