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Abstract

Background Previous studies demonstrated increases in diagnostic confidence and change in patient management
after amyloid-PET. However, studies investigating longitudinal outcomes over an extended period of time are limited.
Therefore, we aimed to investigate clinical outcomes up to 9 years after amyloid-PET to support the clinical validity

of the imaging technique.

Methods We analyzed longitudinal data from 200 patients (Mg, =61.8, 45.5% female, Mye =23.3) suspected

of early-onset dementia that underwent ['®F]flutemetamol-PET. Baseline amyloid status was determined through vis-
ual read (VR). Information on mortality was available with a mean follow-up of 6.7 years (range=1.1-9.3). In a subset
of 108 patients, longitudinal cognitive scores and clinical etiological diagnosis (eDx) at least 1 year after amyloid-PET
acquisition were available (M=3.06 years, range =1.00-7.02). VR —and VR + patients were compared on mortality rates
with Cox Hazard's model, prevalence of stable eDx using chi-square test, and longitudinal cognition with linear mixed
models. Neuropathological data was available for 4 patients (mean delay=3.59+1.82 years, range =1.2-6.3).

Results At baseline, 184 (92.0%) patients were considered to have dementia. The majority of VR + patients had

a primary etiological diagnosis of AD (122/128, 95.3%), while the VR —group consisted mostly of non-AD etiolo-

gies, most commonly frontotemporal lobar degeneration (30/72, 40.2%). Overall mortality rate was 48.5% and did
not differ between VR—and VR + patients. eDx at follow-up was consistent with baseline diagnosis for 92/108 (85.2%)
patients, with most changes observed in VR—cases (VR— =14/35, 40% vs VR+ =2/73, 2.7%, XZ =26.03, p<0.007),
who at no time received an AD diagnosis. VR + patients declined faster than VR —patients based on MMSE (8= —1.17,
p=0.004), episodic memory (3= —0.78, p=0.003), fluency (8= —1.44, p<0.001), and attention scores (=16.76,
p=0.03). Amyloid-PET assessment was in line with post-mortem confirmation in all cases; two cases were VR+and
showed widespread AD pathology, while the other two cases were VR —and showed limited amyloid pathology.

Conclusion In a symptomatic population, we observed that amyloid-status did not impact mortality rates, but is pre-
dictive of cognitive functioning over time across several domains. Also, we show particular validity for a negative
amyloid-PET assessment, as these patients did not receive an AD diagnosis at follow-up.
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Introduction

Positron emission tomography (PET) imaging allows
the in vivo visualization of the amyloid-$ (AP) protein,
a pathological hallmark of Alzheimer’s disease (AD) [1].
In a clinical setting, amyloid-PET images are visually
assessed by trained readers, resulting in a binary classi-
fication of negative or positive for the presence of AP in
the brain [2]. This straightforward approach has shown
high clinical value, with previous studies demonstrat-
ing an increase in diagnostic confidence and change in
patient diagnosis and management after amyloid-PET
[3-5]. However, studies investigating longitudinal out-
comes over an extended period of time to support the
technique’s clinical validity are limited.

The strategic roadmap published in 2017 [6] and
updated in 2021 [7] provides a methodological frame-
work for the systematic validation of AD diagnostic bio-
markers for the clinical routine. Importantly, it stated
that clinical validity (phase 4) evidence or “real world
performance” was incomplete for amyloid-PET imaging
and reimbursement is lagging also due to the lack of this
evidence. This phase of biomarker validation requires
longitudinal studies in real-world patients, which assess
clinically meaningful outcomes across three categories:
(1) clinician-centered, (2) patient- and caregiver-cen-
tered, and (3) health economics-centered [8]. Most pre-
vious studies reported on evidence belonging to the first
category, demonstrating a change in diagnosis in 19-79%
of cases after amyloid-PET disclosure to the clinician [8].
However, while considered part of the primary aim of
phase 4 studies, the long-term stability of clinical diagno-
sis or lack thereof has been scarcely reported. Regarding
the second category, previous studies mainly reported
distress or psychological impact after amyloid-PET status
disclosure. Ramusino and colleagues (2021) highlight the
lack of mortality rate studies in patients diagnosed with
amyloid-PET(8), arguably the main patient-centered out-
come. To date, only one study with adequate follow-up
time has reported no increased risk of mortality in amy-
loid-positive dementia patients compared to their nega-
tive counterparts [9]. However, these results were based
on a population-based observational study, which does
not directly translate to a clinical setting.

In line with the appropriate use criteria (AUC) devel-
oped by the amyloid imaging task force (AIT) [10], we
previously investigated the value of amyloid-PET in the
work-up of patients suspected of early-onset dementia
[5]. We reported a 19% change in diagnosis, an increase
in diagnostic confidence, and 37% change in patient
management after amyloid-PET disclosure [5]. Annual
follow-up data ranging up to 9 years was collected for a
large portion of this original population, resulting in a
unique clinical data set to assess longitudinal outcomes.
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To provide further evidence on the clinical validity of
amyloid-PET, we assessed the longitudinal clinical and
cognitive outcomes in the Dutch Flutemetamol Study [5]
from the Alzheimer Center Amsterdam [11]. Here, we
provide information on survival rates in our population
stratified by amyloid status, stability in etiological diag-
nosis, rates of cognitive decline across several domains,
and present post-mortem data where available.

Methods
Cohort
Longitudinal clinical data from 200 patients was col-
lected from the Dutch Flutemetamol Study (DES) [5]
within the Amsterdam Dementia Cohort [11] from the
Amsterdam University Medical Center. The cohort con-
sists of patients who consecutively visited the VU Univer-
sity Medical Center Alzheimer Center in 2012-2014, at
initial enrollment were suspected of mild dementia, had a
Mini-Mental State Examination (MMSE) score of at least
18 to indicate competence for providing informed con-
sent to participate in research, and underwent amyloid-
PET as part of their diagnostic work-up. See Fig. 1 for an
overview of the study design and patient selection.

This study was approved by the medical ethics review
committee of the VU University Medical Center (refer-
ence number 2012/302).

Participants

All patients received a standard dementia evaluation that
included medical history, informant-based history, physi-
cal and neurological examinations, standard laboratory
tests, brain magnetic resonance imaging (MRI), and neu-
ropsychological testing. Clinical diagnosis was established
by consensus in a multidisciplinary meeting using estab-
lished clinical criteria [12—16] without knowledge of PET
or cerebrospinal fluid (CSF) results or APOE carrier sta-
tus. Clinical syndrome (sDx: subjective cognitive decline,
(SCD), mild cognitive impairment (MCI) or dementia)
and the suspected primary etiology (eDx: Alzheimer’s
disease (AD), vascular, frontotemporal lobal degenera-
tion (FTLD), Lewy body dementia (DLB), other neuro-
degenerative or neurological diseases [e.g., corticobasal
degeneration], or non-neurodegenerative [e.g., psychiat-
ric or epilepsy]) were determined during a multidiscipli-
nary meeting. Next, amyloid-PET results were disclosed
to the managing physician, and confirmation or change in
diagnosis was captured. The mean interval between initial
dementia evaluation and ['®F]flutemetamol amyloid-PET
scan was 711136 days. When amyloid-PET results were
disclosed, the managing physician responsible for the ini-
tial diagnosis re-evaluated the most probable diagnosis.
Between baseline dementia evaluation and disclosure of
amyloid-PET results, no other diagnostic test results were
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Fig. 1 Flow diagram of study design and patient selection

Page 3 of 10

Longitudinal clinical study

Participant selection
= All patients (N=200) enrolled in original

clinical study

Survival analysis (N=200)

Lost to follow-up (N=92)

Clinical follow-up (N=108)

Survived or did not consent
for brain donation (N=104)

Post-mortem assessment (N=4)

In the panel on the left (gray), the study design of the original clinical study is described [5]. In the panels on the right, the selection (green)

and exclusion (orange) process of the current longitudinal study is shown

disclosed to the neurologist [5]. For this work, syndrome
and etiological diagnosis after amyloid-PET disclosure
and subsequent follow-up were used. As such, syndromic
diagnosis at the baseline time point of the current work
could deviate from the initially intended mild dementia
recruitment aim. Importantly, follow-up diagnosis was
determined by the managing physician only.

PET acquisition and visual assessment

All [*F]flutemetamol amyloid-PET scans were acquired
on a Gemini TF-64 PET/CT scanner (Philips Medical Sys-
tems, Best, the Netherlands). Patients first underwent a
low-dose CT for attention correction purposes, followed
by a 20-min PET-acquisition 90-110 min post-injection
(pi.) of 191+10 MBq ['®F]flutemetamol (i.e., 4 frames of
5 min). Scans were checked for movement and frames
were summed to obtain a static (20-min) image for visual
assessment. Using the Vinci 2.56 software, scans were
rated as either amyloid positive (i.e., unilateral uptake in at
least one cortical region or in the striatum) or amyloid neg-
ative (i.e., primarily white matter uptake) by a local nuclear
medicine physician trained according to the manufactur-
er’s guidelines (https://www.readvizamyl.com/), who was
blinded to clinical information, except for brain MRIL.

Cognitive assessments and clinical follow-up
For the whole cohort (N=200), information on survival was
available with a mean follow-up time of 6.7 years (SD=2.2,

range=1.1-9.3). In a subset of 108 patients, longitudinal
cognitive scores and clinical etiological diagnosis (eDx) by
the managing physician at least 1 year after amyloid-PET
acquisition were available, with a mean follow-up time of
3.06 years (SD=1.23, range=1.00-7.02). Neuropsycho-
logical tests were acquired annually to measure functioning
across cognitive domains. Global cognitive functioning was
assessed with the Mini-Mental State Examination (MMSE)
[17]. Two tests for memory were used; verbal memory
(immediate recall) using the Dutch version of the Rey Audi-
tory Verbal Learning Test (i.e., 15-word test total score) and
episodic memory using the Visual Association Test (VAT)
[18]. The 1-min animal category fluency test was used to
assess Language [19], the Stroop third panel for Executive
Functioning [20], and the trail-making-test A for Attention
[21]. Stability in clinical diagnosis was determined based on
an agreement between baseline and the latest available eDx.

Post-mortem assessments

Neuropathological diagnosis was available for 4 patients
and performed according to NIA-AA guidelines. The
extent of Alzheimer’s disease pathology was summarized
by the ‘ABC score, which is a composite of three scores:
A for amyloid-beta (AP) Thal phase, B for Braak stage of
neurofibrillary tangles, and C for Consortium to Estab-
lish a Registry for Alzheimer Disease (CERAD) score of
neuritic plaques [22]. The presence of cerebral amyloid
angiopathy (CAA) and a-synuclein pathology according
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to Braak stages and TAR DNA binding Protein (TDP) 43
was also assessed. The different stainings were performed
according to the Brain Net Europe (BNE) guidelines by
Alafuzoff et al., (2008a [23], 2008b [24], and 2009 [25]).

Statistical analyses
All statistical analyses were performed in R version
4.0.2 and significance was set at 2-sided p <0.05.

Baseline demographics and stability in eDx were
assessed with a t-test, chi-square test, or percentage
change, when applicable. The difference in survival
rate between amyloid-negative and amyloid-positive
patients was determined with survival analysis and
Cox regression model (R survival package), with the
latter corrected for baseline age, sex, sDx, and eDx.

To assess whether amyloid status predicted cogni-
tive functioning (scores on 6 neuropsychological tests
defined above) over time, linear mixed models with
random intercept and slope were fitted (R [me4 pack-
age). The main predictors were AP, time, and their
interaction, while covariates were age at baseline, sex,
level of education, sDx, and eDx.

As a sensitivity analysis, the Cox regression model and
linear mixed models were additionally performed for
only the dementia group. Normality was assessed using
the proportional-hazards (PH) assumption (R survival
package) and Shapiro-Wilk (SW) test (R LmerTest
package).

Table 1 Demographics of the cohort
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Results

At baseline, patients were on average 61.8 years of age
(SD=5.8), 91 (45.5%) were female, mean MMSE was
23.3 (§D=3.5), and 128 (64.0%) were visually assessed
as amyloid-positive. Overall, 184 (92.0%) were consid-
ered to have dementia and 16 (8.0%) did not fulfill a
diagnosis of dementia. Across diagnostic groups, 124
(62.0%) patients received a primary etiological diagno-
sis of AD, 3 (1.5%) vascular, 30 (15.0%) FTLD, 11 (5.5%)
DLB, 9 (4.5%) other neurodegenerative disease, and 23
(11.5%) non-neurodegenerative disease. The majority
of amyloid-positive patients had a primary etiological
diagnosis of AD (122/128, 95.3%), while the amyloid-
negative group consisted mostly of non-AD etiologies,
particularly FTLD (30/72, 40.2%). Demographics did
not differ for the subset of 108 patients with available
longitudinal cognition and clinical etiological diagnosis
(Table 1).

Survival rates

The overall mortality rate was 48.5% in the whole
cohort, with a mean follow-up time of 6.7 years. Mor-
tality rate did not significantly differ between patients
with AD and FTLD (49.2% vs 56.6%, x>=0.28, p = 0.60),
the two most prevalent groups. Mortality rates and
average time to mortality did not differ between amy-
loid-negative and amyloid-positive patients (Ap—:
44.5%, 4.5+2.1 years vs AB+: 50.8%, 5.3+2.0 years,
p=042 and p=0.32, respectively, PH assumption:

Complete dataset Subset with longitudinal clinical and cognition data
Total VR-— VR+ Total VR - VR+
(N=200) (N=72) (N=128) (N=108) (N=35) (N=73)
Age 61.75+58 61.63+55 61.82+£6.0 61.6+59 623+54 61.2+6.1
Sex (F) 91 (45.5%) 23 (31.9%) 68 (53.1%) 48 (44.4%) 11 (31.4%) 37 (50.7%)
APOE-£4 carriership 111 (55.5%) 25 (34.7%) 86 (67.2%) 89 (60.2%) 13 (39.4%) 52 (76.5%)
Clinical diagnosis (post-PET)
SCD 4 (2.0%) 4 (5.6%) n/a n/a n/a n/a
MCl 12 (6.0%) 11(15.3%) 1(0.8%) 8 (7.4%) 7 (20.0%) 1(1.4%)
Dementia 184 (92.0%) 57 (79.2%) 127 (99.2%) 100 (92.6%) 28 (80.0%) 72 (98.6%)
Etiological diagnosis (post-PET)
AD 124 (62.0%) 2(2.8%) 122 (95.3%) 71 (65.7%) 1(2.9%) 70 (95.9%)
Vascular 3(1.5%) 3 (4.2%) n/a 2 (1.9%) 2 (5.7%) n/a
FTLD 30 (15.0%) 29 (40.3%) 1(0.8%) 13 (12.0%) 13(37.1%) n/a
DLB 11 (5.5%) 7(9.7%) 4(3.1%) 7 (6.5%) 4(11.4%) 3 (4.1%)
ND other 9 (4.5%) 8(11.1%) 1 (0.8%) 4 (3.7%) 4 (11.4%) n/a
Non-ND 23 (11.5%) 23 (31.9%) n/a 11(10.2%) 11 (31.4%) n/a

SCD subjective cognitive decline, MCI mild cognitive impairment, AD Alzheimer’s disease, FTLD frontotemporal lobar degeneration, DLB Lewy body disease, ND

neurodegeneration, VR visual read
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= Visual read positive (VR+)
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Fig. 2 Kaplan-Meier survival curve
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Survival rate stratified by visual read (VR) status, showing no difference between visually negative and positive patients. The number of patients
at each time point is also provided. Shaded represent the 95% confidence interval

p=0.37, Fig. 2). This was confirmed based on the Cox
regression analysis, corrected for baseline age, sex, sDx,
and eDx. Only sDx was a significant predictor of mor-
tality, with patients with dementia showing a higher
risk of death at follow-up compared to non-demen-
tia patients (HR=3.90, 95% CIl:1.15-13.21, p=0.03).
Results were consistent when including only patients
with dementia (VR —vs VR +: p=0.71).

Stability of diagnosis

In the subset with longitudinal cognition and clini-
cal information available (N=108, Table 1), etiologi-
cal diagnosis at follow-up (last available) was consistent
with baseline diagnosis (post amyloid-PET disclosure to
physician) for 92 out of 108 patients (85.2%), with most
changes observed in those cases assessed as amyloid-
negative at baseline (Ap—=14/35, 40% vs AP+ =2/73,
2.7%, x*=26.03, p<0.001). Regarding the two amyloid-
positive patients, one changed the diagnosis from DLB to
AD and one from AD to “other ND) in this case, cortico-
basal degeneration (CBD). Within the amyloid-negative
group, 7/35 still had a primary etiological diagnosis of
AD at baseline after disclosure of the amyloid-PET status.
The etiological diagnosis changed at follow-up for 5 out
of these 7 cases, with 2 cases receiving a “dementia other”
diagnosis, 1 primary psychiatric disorder, 1 FTLD, and 1

primary vascular etiology (Fig. 3; red stream). Change in
diagnosis at follow-up was also commonly observed in the
VR-negative FTLD patient group, with about half of the
patients (6/13) reclassified as “other ND” (mostly CBD) or
primary psychiatric disorder (captured in “no neurode-
generation” category in Fig. 3; green stream).

Cognitive functioning over time

In the same subset as above, amyloid-positivity was asso-
ciated with a steeper decline over time across several
neuropsychological tests and cognitive domains, after
correction of key demographics, clinical stage, and etio-
logical diagnosis. Amyloid-positivity was predictive of a
steeper decline in global cognitive functioning as meas-
ured with the MMSE (8=-1.17, p=0.004, Fig. 4A),
episodic memory (VAT: f=-0.78, p=0.003, Fig. 4B),
fluency (= —1.44, p<0.001), and attention (TMT-A:
B=16.76, p=0.03). In this sample of mostly patients with
early-onset dementia, amyloid status was not predictive
of a decline in memory recall (15-word test) and execu-
tive functioning (stroop3). Within the dementia popula-
tion (N=326), amyloid-positivity remained predictive of
episodic memory (VAT: = —0.70, p=0.02) and fluency
(B=—1.08, p=0.02), while its effect on global cogni-
tion (MMSE: = —0.86, p=0.057) and attention (TMT-
A: f=15.82, p=0.06) was reduced to trend level. The
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Etiological diagnosis over time
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Fig. 3 Flow diagram of changes in the etiological diagnosis of visually amyloid-negative cases

AD, Alzheimer’s disease; FTLD, frontotemporal lobar degeneration; DLB, Lewy body disease; ND, neurodegeneration
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Fig. 4 Longitudinal cognitive decline depends on visual read status

Spaghetti plot illustrating the results of the linear mixed models. A Visually amyloid-positive subjects (red) show a steeper decline in global
cognitive functioning as measured with the MMSE and B in episodic memory (visual association test) compared to visually amyloid-negative (blue)
patients

normality assumption was not met for these models was 3.59 years (+1.82, range=1.2-6.3). Amyloid-PET

(SW-test: p>0.05). assessment was in line with post-mortem confirmation
in all cases. More specifically, two cases were visually
Post-mortem confirmation assessed as amyloid-positive based on the PET scan and

Neuropathological data was available for 4 patients. Mean  both showed widespread AD pathology at post-mortem
delay between amyloid-PET acquisition and date of death ~ examination. The other two cases were assessed as visually
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Case #2

General description
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Case #3

Male, 59 years
Dementia due to FTLD
Homozygous APOE-€4 carrier
Amyloid-PET negative

Male, 70 years
AD dementia
Heterozygous APOE-£4 carrier
Amyloid-PET positive

Male, 53 years
AD dementia
APOE-€4 non-carrier
Family history: PSEN mutation
Amyloid-PET positive

Female, 61 years
Dementia due to FTLD
Heterozygous APOE-£4 carrier
Amyloid-PET negative

Description of [**F]flutemetamol PET image

PET image shows widespread
uptake of radiotracer, with
positivity in all 5 regions of

interest

PET image shows only uptake of
radiotracer in the white matter,
indicative of non-specific binding

PET image is negative according to
reader guidelines. Some
radiotracer uptake is observed
posteriorly in the occipital lobe

PET image shows widespread
uptake radiotracer, and
particularly in the striatum

Neuropathological report

Widespread AD pathology: Thal
4/5, Braak 5/6, CERAD 3/3, ABC:
A3,B3,C3
Hardly any CAA
Lewy body disease (Braak 5/6),
especially in cortex

Brain with CBD
Slight age-related changes,
ABC: A2B1CO
Slight age-related TAU
astrogliopathy (ARTAG)

Post-mortem delay: 2.8 years Post-mortem delay: 6.3 years

Fig. 5 Post-mortem cases

Rare variant FTD, namely TDP-

type, with additional glial tau Severe AD pathology: Thal 5/5,

positivity Braak 6/6, CERAD 3/3, ABC: A3,
Limited additional AD pathology: B3, C3
ABC: A1, BO, CO CAA type 1 (stage 2/3)

Some CAA main occipital, but also
temporal and parietal

Post-mortem delay: 1.3 years Post-mortem delay: 4.0 years

CAA, cerebral amyloid angiopathy; PSEN, presenilin; AD, Alzheimer’s disease; FTLD, frontotemporal lobar degeneration; CBD, corticobasal

degeneration

amyloid-negative based on the PET scan, with one case
receiving a neuropathological diagnosis of a TDP-type
variant of FTLD and displaying limited amyloid pathol-
ogy only (A1) at post-mortem assessment, while the other
received a neuropathological diagnosis of corticobasal
degeneration (CBD) and described to have some age-
related AD pathological changes (A2, B1), though this case
had the longest interval between amyloid-PET imaging
and autopsy (6.3 years). A detailed description of the cases
is provided in Fig. 5.

Discussion

In the current work, we investigated longitudinal clini-
cal outcome measures in a population consisting pri-
marily of early-onset dementia patients who underwent
amyloid-PET imaging during their initial diagnostic
work-up. We observed an overall mortality rate of 48.5%
with a mean follow-up duration of 6.7 years, which did
not differ between amyloid-negative and amyloid-pos-
itive patients based on visual assessment. Nonetheless,

amyloid-positive patients did show a steeper decline in
global cognitive functioning, episodic memory, fluency,
and attention. Also, etiological diagnosis at follow-up was
highly consistent with amyloid-PET status. In particular,
we further demonstrate the excellent negative predictive
value of amyloid-PET, as amyloid-negative patients did
not receive an AD diagnosis at follow-up. Finally, visual
assessment was in concordance with neuropathological
scores.

While clinical- and patient-centered outcomes
directly following amyloid-PET are quite abundantly
available, longitudinal outcomes are scarce [8]. By
design, the ultimate target outcomes of patient health
and well-being, i.e., mortality, have been left largely
unexplored. Previous work has demonstrated that
the average life expectancy of patients diagnosed in
their 60 s and early 70 s with AD dementia could be as
long as 7 to 10 years, requiring an extensive follow-up
period [26]. With our mean follow-up time of almost 7
and up to 9 years, we uniquely demonstrate the mor-
tality rate in a symptomatic memory-clinic-based
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population suspected of early-onset dementia strati-
fied by amyloid-PET status. The overall mortality rate
in our study was 48.5%, which is highly comparable to
a previous publication based on the whole Amsterdam
Dementia Cohort (ADC) [27]. Mortality rate did not
differ based on amyloid-PET visual read status and only
syndrome diagnosis was a significant contributor to
survival, with patients with dementia showing a higher
risk of death at follow-up compared to non-demented
patients. This latter finding is in line with a review illus-
trating that particularly disease severity was associated
with increased risk of mortality [28] and the previous
work based on the ADC cohort [27]. The lack of amy-
loid-status associated risk is in line with a previous
observational study, which suggested that while predic-
tor variables characteristic of AD increase the hazard of
dementia, mortality rates are not highly dependent on
the specific etiology once the dementia stage is reached
[9]. Nevertheless, the composition of our early-onset
dementia population could also explain the lack of
findings, considering that our amyloid-negative group
was overrepresented by FTLD cases. Previous work
demonstrated that particularly this patient population
shows a rapid decline and worse prognosis compared
to AD and might obscure any effect of amyloid positiv-
ity [29]. It would therefore be of interest to investigate
survival rates in patients with a primary non-AD etio-
logical diagnosis not enriched for FTLD, with and with-
out concomitant amyloid pathology. Indeed, previous
work already illustrated shorter survival times for DLB
patients with additional amyloid pathology [30] or hip-
pocampal atrophy as a proxy of AD pathology [31]. This
specific analysis was unfortunately not possible in the
current study due to sample size of DLB cases, though
all amyloid-positive DLB cases (N=4) were deceased
at follow-up (range 3.6—6.2 years), which was not the
case for their amyloid-negative counterparts (N=7,
100% survival rate over 8.0-9.3 years of follow-up). In
line, we observed that amyloid-status was associated
with longitudinal cognitive functioning, with a stronger
decline in several cognitive domains for amyloid-posi-
tive patients.

Amyloid status was also associated with the stability
of etiological diagnosis at follow-up. In line with previ-
ous work [32], we observed a minimal change in diag-
nosis for amyloid-positive patients over an average of 3
and up to 7 years. Instead, most changes were observed
in patients with a negative amyloid-PET assessment
and non-AD as the primary diagnosis, stressing the
need for more disease-specific biomarkers. Impor-
tantly, the assessment of the amyloid-PET images was
in concordance with the final neuropathological report
available for 4 cases, though an interesting observation
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was made for case #3. This patient’s scan was assessed
as negative; however, some radiotracer uptake can be
appreciated in the posterior areas of the brain. The
occipital lobe is not considered a region of interest in
the [!8F]flutemetamol reader guidelines, but uptake in
this region has been associated with cerebral amyloid
angiopathy (CAA) [33, 34], which was also observed
at post-mortem evaluation for this particular patient.
This suggests that regional patterns of amyloid uptake
might further contribute to the diagnostic work-up
and possibly provide information on comorbidities,
which is commonly observed in AD patients [35].

Our results regarding clinician- and patient-centered
outcomes could be combined with health-economics
data to aid with country-wide economic forecasting
associated with the overall dementia care cost bur-
den. A recent meta-analysis estimated annual costs
ranging from 8000 EUR (Eastern Europe) up to 70,000
EUR (UK) for patients with dementia across Euro-
pean countries and costs were considerably higher
for institutionalized patients and for those with more
severe disease [36]. In the Western European coun-
tries including the Netherlands where the analysis
for this paper was performed the average costs were
approximately 38,000 Euros. Most previous studies
have focused on the costs and benefits immediately
related to the diagnostic procedure over a relatively
short period of time [8]. However, several projects,
such as ABIDE [37], IDEAS [38], and AMYPAD [39]
aim to provide further evidence on the cost-utility of
amyloid-PET in the clinical routine. In fact, a recent
publication of the ABIDE-PET study showed that total
health-care costs after diagnosis were lower in the
amyloid-PET group compared to the no-PET group,
being the first study to provide evidence that a precise
and timely diagnosis may contribute to better health
outcomes [40].

The current work has some methodological consider-
ations and limitations. First, the current work is based
on a single-center study, limiting the generalizability of
the results. However, the main outcome measure (i.e.,
clinical diagnosis) is as such highly standardized and
enabled assessment over an extended period of time.
Also, the cohort is heterogeneous in its composition
regarding etiologies underlying dementia, reflecting
real-world clinical routine. Secondly, the cohort con-
sists of mainly early-onset dementia patients, limiting
generalizability to late-onset populations. Thirdly, clini-
cal outcome was restricted to mortality rate, as other
clinical endpoints, such as change in patient manage-
ment or hospice, were only sporadically collected over
the extended follow-up period. Also, the mortality
survival analysis did not take the possible presence of
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comorbidities into account. Regarding the linear mixed
models, these did not meet the normality assump-
tion. However, linear mixed models are particularly
robust to handle non-normal data [41] and therefore
implemented in the current work. Finally, follow-up
etiological diagnosis was provided by the managing
physician only, while baseline diagnosis was provided
by an expert panel.

Conclusion

In a symptomatic population consisting of mostly
patients with early-onset dementia who underwent amy-
loid-PET imaging for their diagnostic work-up, we report
unique longitudinal information on survival rates, cogni-
tive decline, stability of etiological diagnosis, and post-
mortem confirmation. Data provided in this work further
illustrates the clinical validity of amyloid-PET imaging.

Acknowledgements

Research of the Alzheimer Center Amsterdam is part of the neurodegenera-
tion research program of Amsterdam Neuroscience. The Alzheimer Center
Amsterdam is supported by Stichting Alzheimer Nederland and Stichting
Steun Alzheimercentrum Amsterdam. WMvdF holds the Pasman chair. WMvdF
is a recipient of ABOARD, which is a public-private partnership receiving fund-
ing from ZonMW (#73305095007), Alzheimer Nederland and Health~Holland,
Topsector Life Sciences & Health (PPP-allowance; #L.SHM20106). More than 30
partners contribute to ABOARD. We thank Prof. van Berckel for his significant
contribution to the acquisition and visual assessment of the amyloid-PET
images. This work received an in-kind contribution of the ("8 FIflutemetamol/
Vizamy!® radiotracer by GE Healthcare.

Authors’ contributions

LEC gathered the data, performed the analysis, and wrote the main manu-
script. GF supported data collection and wrote the main manuscript. EvdG,
RO, AR, YL, WvdF, and FB supported data collection. All authors reviewed and
approved the manuscript.

Funding
Open access funding provided by Lund University.

Availability of data and materials
Data can be made available upon reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the medical ethics review committee of the

VU University Medical Center (reference number 2012/302). All participants
provided written informed consent to participate in the study. The study was
conducted following the Protocol and the Declaration of Helsinki and Good
Clinical Practice.

Consent for publication
N/a.

Competing interests

Lyduine E. Collij has received research support from GE Healthcare and
Springer Healthcare (paid by Eli Lilly). Both are paid to the institution.

Gill Farrar is a full-time employee of GE Healthcare.

Marissa Zwan reports no relevant disclosures.

Elsmarieke van Giessen reports no relevant disclosures.

Rik Ossenkoppele has received a speakers fee from GE Healthcare (paid to the
institution) and receives research support from Avid Radiopharmaceuticals.

Page 9 of 10

RO is an editorial board member for the European Journal of Nuclear Medicine
and Molecular Imaging and for Alzheimer’s Research & Therapy.

Frederik Barkhof received payment and honoraria from Bayer Genzyme,
Biogen-ldec, TEVA, Merck, Novartis, Roche, IXICO Ltd, GeNeuro, and Apitope
Ltd for consulting; payment from the IXICOLtd, and MedScape for educational
presentations; research support via grants from EU/EFPIA Innovative Medi-
cines Initiative Joint Undertaking (AMYPAD consortium), EuroPOND (H2020),
UK MS Society, Dutch MS Society, PICTURE (IMDI-NWO), NIHR UCLH Biomedi-
cal Research Centre (BRC), ECTRIMS-MAGNIMS.

Annemieke Rozemuller reports no relevant disclosures.

Yolande Pijnenburg reports no relevant disclosures.

Wiesje M. van der Flier Research programs of Wiesje van der Flier have been
funded by ZonMW, NWO, EU-FP7, EU-JPND, Alzheimer Nederland, Cardio-
Vascular Onderzoek Nederland, Health~Holland, Topsector Life Sciences

& Health, stichting Dioraphte, Gieskes-Strijbis fonds, stichting Equilibrio,
Pasman stichting, stichting Alzheimer & Neuropsychiatrie Foundation, Biogen
MA Inc, Boehringer Ingelheim, Life-MI, AVID, Roche BV, Fujifilm, Combinos-
tics. WF holds the Pasman chair. WF is a recipient of ABOARD, which is a
public-private partnership receiving funding from ZonMW (#73305095007)
and Health~Holland, Topsector Life Sciences & Health (PPP-allowance;
#L.SHM20106). WF has performed contract research for Biogen MA Inc,, and
Boehringer Ingelheim. WF has been an invited speaker at Boehringer Ingel-
heim, Biogen MA Inc, Danone, Eisai, WebMD Neurology (Medscape), Springer
Healthcare. WF is a consultant to Oxford Health Policy Forum CIC, Roche, and
Biogen MA Inc. WF participated in advisory boards of Biogen MA Inc and
Roche. All funding is paid to her institution. WF was associate editor of Alzhei-
mer, Research & Therapy in 2020/2021. WF is an associate editor at Brain.
Femke Bouwman has research projects in cooperation with Optina Dx and Optos
who paid to her institution Alzheimer Center, VU University Medical Center. She
has received speaker’s fees paid to the institution from Roche and Biogen.

Author details

'Department of Radiology and Nuclear Medicine, Amsterdam UMC - loca-
tion VUmc, Amsterdam, The Netherlands. 2Amsterdam Neuroscience, Brain
Imaging, Amsterdam, The Netherlands. >Clinical Memory Research Unit,
Department of Clinical Sciences Malmé, Lund University, Lund, Sweden. *GE
Healthcare, Amersham, UK. °Alzheimer Center and Department of Neurology,
Amsterdam UMC - location VUmc, Amsterdam, The Netherlands. °Amsterdam
Neuroscience, Neurodegeneration, Amsterdam, The Netherlands. ’Centre

for Medical Image Computing, and Queen Square Institute of Neurology, UCL,
London, UK. 8Department of Pathology, Amsterdam UMC — Location VUmc,
Amsterdam, The Netherlands. °Department of Epidemiology and Data Sci-
ence, Amsterdam UMC - location VUmc, Amsterdam, The Netherlands.

Received: 27 June 2023 Accepted: 9 November 2023
Published online: 27 November 2023

References

1. Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB,
et al. NIA-AA Research Framework: toward a biological definition of
Alzheimer's disease. Alzheimers Dement. 2018;14(4):535-62.

2. Barthel H, Gertz HJ, Dresel S, Peters O, Bartenstein P, Buerger K, et al.
Cerebral amyloid-beta PET with florbetaben (18F) in patients with Alz-
heimer’s disease and healthy controls: a multicentre phase 2 diagnostic
study. Lancet Neurol. 2011;10(5):424-35.

3. deWilde A, van der Flier WM, Pelkmans W, Bouwman F, Verwer J, Groot C,
et al. Association of amyloid positron emission tomography with changes
in diagnosis and patient treatment in an unselected memory clinic
cohort: the ABIDE project. JAMA Neurol. 2018;75(9):1062-70.

4. Rabinovici GD, Gatsonis C, Apgar C, Chaudhary K, Gareen |, Hanna L, et al.
Association of amyloid positron emission tomography with subsequent
change in clinical management among medicare beneficiaries with mild
cognitive impairment or dementia. JAMA. 2019;321(13):1286-94.

5. Zwan MD, Bouwman FH, Konijnenberg E, van der Flier WM, Lammertsma

AA, Verhey FR, et al. Diagnostic impact of [18F]flutemetamol PET in early-

onset dementia. Alzheimers Res Ther. 2017;9(1):2.

Frisoni GB, Boccardi M, Barkhof F, Blennow K, Cappa S, Chiotis K, et al.

Strategic roadmap for an early diagnosis of Alzheimer's disease based on

biomarkers. Lancet Neurol. 2017;16(8):661-76.

o



Collij et al. Alzheimer’s Research & Therapy

20.

21.

22.

23.

24.

25.

26.

27.

28.

(2023) 15:207

Boccardi M, Dodich A, Albanese E, Gayet-Ageron A, Festari C, Ashton NJ,
et al. The strategic biomarker roadmap for the validation of Alzheimer’s
diagnostic biomarkers: methodological update. Eur J Nucl Med Mol
Imaging. 2021;48:2070-85.

Cotta Ramusino M, Perini G, Altomare D, Barbarino P, Weidner W,

Salvini Porro G, et al. Outcomes of clinical utility in amyloid-PET stud-

ies: state of art and future perspectives. Eur J Nucl Med Mol Imaging.
2021,48(7):2157-68.

Jack CR Jr, Therneau TM, Lundt ES, Wiste HJ, Mielke MM, Knopman DS,

et al. Long-term associations between amyloid positron emission tomog-
raphy, sex, apolipoprotein E and incident dementia and mortality among
individuals without dementia: hazard ratios and absolute risk. Brain Com-
mun. 2022;4(2)fcac017.

Johnson KA, Minoshima S, Bohnen NI, Donohoe KJ, Foster NL, Hersco-
vitch P, et al. Appropriate use criteria for amyloid PET: a report of the Amy-
loid Imaging Task Force, the Society of Nuclear Medicine and Molecular
Imaging, and the Alzheimer’s Association. J Nucl Med. 2013;54(3):476-90.

. van der Flier WM, Scheltens P. Amsterdam Dementia Cohort: Performing

Research to Optimize Care. J Alzheimers Dis. 2018;62(3):1091-111.
Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, Neuhaus J,
et al. Sensitivity of revised diagnostic criteria for the behavioural variant of
frontotemporal dementia. Brain. 2011;134(9):2456-77.

Romén GC, Tatemichi TK, Erkinjuntti T, Cummings JL, Masdeu JC, Garcia
JH, et al. Vascular dementia. Diagnostic criteria for research stud-

ies: Report of the NINDS-AIREN International Workshop. Neurology.
1993;43(2):250.

McKeith IG, Dickson DW, Lowe J, Emre M, O'Brien JT, Feldman H, et al.
Diagnosis and management of dementia with Lewy bodies. Third report
of the DLB consortium. Br J Psychiatry. 2005;65(12):1863-72.

Boeve BF, Lang AE, Litvan I. Corticobasal degeneration and its relationship
to progressive supranuclear palsy and frontotemporal dementia. Ann
Neurol. 2003;54(S5):515-9.

Litvan I, Agid Y, Calne D, Campbell G, Dubois B, Duvoisin RC, et al. Clinical
research criteria for the diagnosis of progressive supranuclear palsy
(Steele-Richardson-Olszewski syndrome). Report of the NINDS-SPSP
International Workshop. Neurology. 1996;47(1):1-9.

Folstein MF, Folstein SE, McHugh PR.“Mini-mental state”: a practical
method for grading the cognitive state of patients for the clinician. J
Psychiatr Res. 1975;12(3):189-98.

Lindeboom J, Schmand B, Tulner L, Walstra G, Jonker C. Visual association
test to detect early dementia of the Alzheimer type. J Neurol Neurosurg
Psychiatry. 2002;73(2):126-33.

Morris JC, Edland S, Clark C, Galasko D, Koss E, Mohs R, et al. The Con-
sortium to Establish a Registry for Alzheimer’s Disease (CERAD): Part IV.
Rates of cognitive change in the longitudinal assessment of probable
Alzheimer’s disease. Neurology. 1993;43(12):2457.

Jensen AR. Scoring the Stroop test. Acta Psychol (Amst).
1965,24(5):398-408.

Allen DN, Haderlie MM. Trail-Making Test. In The Corsini Encyclopedia of
Psychology (eds I.B. Weiner and W.E. Craighead). 2010. https://doi.org/10.
1002/9780470479216.corpsy1003.

Montine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Dickson DW, et al.
National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease: a practical approach.
Acta Neuropathol. 2012;123(1):1-11.

Alafuzoff |, Arzberger T, Al-Sarraj S, Bodi |, Bogdanovic N, Braak H, et al.
Staging of neurofibrillary pathology in Alzheimer’s disease: a study of the
BrainNet Europe Consortium. Brain Pathol. 2008;18(4):484-96.

Alafuzoff |, Parkkinen L, Al-Sarraj S, Arzberger T, Bell J, Bodi |, et al. Assess-
ment of alpha-synuclein pathology: a study of the BrainNet Europe
Consortium. J Neuropathol Exp Neurol. 2008;67(2):125-43.

Alafuzoff |, Thal DR, Arzberger T, Bogdanovic N, Al-Sarraj S, Bodi |, et al.
Assessment of beta-amyloid deposits in human brain: a study of the
BrainNet Europe Consortium. Acta Neuropathol. 2009;117(3):309-20.
Brookmeyer R, Corrada MM, Curriero FC, Kawas C. Survival following a
diagnosis of Alzheimer disease. Arch Neurol. 2002;59(11):1764-7.
Rhodius-Meester HFM, Tijms BM, Lemstra AW, Prins ND, Pijnenburg YAL,
Bouwman F, et al. Survival in memory clinic cohort is short, even in
young-onset dementia. J Neurol Neurosurg Psychiatry. 2019,90(6):726-8.
Todd S, Barr S, Roberts M, Passmore AP. Survival in dementia and predic-
tors of mortality: a review. Int J Geriatr Psychiatry. 2013;28(11):1109-24.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Page 10 of 10

Fostitsch J, Frings L, Boeker M, Hellwig S, Bormann T, Meyer P. Amyloid-
PET in dementia diagnostics: longer survival of amyloid-positive patients.
Soc Nuclear Med; 2017;58(supplement 1):1255.

Lemstra AW, de Beer MH, Teunissen CE, Schreuder C, Scheltens P, van der
Flier WM, et al. Concomitant AD pathology affects clinical manifestation
and survival in dementia with Lewy bodies. J Neurol Neurosurg Psychia-
try. 2017;88(2):113-8.

Graff-Radford J, Lesnick TG, Boeve BF, Przybelski SA, Jones DT, Senjem ML,
et al. Predicting Survival in Dementia With Lewy Bodies With Hippocam-
pal Volumetry. Mov Disord. 2016;31(7):989-94.

Koepsell TD, Gill DP, Chen B. Stability of clinical etiologic diagnosis in
dementia and mild cognitive impairment: results from a multicenter lon-
gitudinal database. Am J Alzheimers Dis Other Demen. 2013;28(8):750-8.
Catafau AM, Bullich S. Amyloid PET imaging: applications beyond Alzhei-
mer’s disease. Clin Trans| Imaging. 2015;3(1):39-55.

Seo SW, Ayakta N, Grinberg LT, Villeneuve S, Lehmann M, Reed B, et al.
Regional correlations between [(11)C]PIB PET and post-mortem burden
of amyloid-beta pathology in a diverse neuropathological cohort. Neuro-
image Clin. 2017;13:130-7.

Collij, LE, Salvadd, G, de Wilde, A, et al. Quantification of [18F]florbetaben
amyloid-PET imaging in a mixed memory clinic population: The ABIDE
project. Alzheimer's Dement. 2023;19:2397-407. https://doi.org/10.1002/
alz.12886.

Jonsson L, Tate A, Frisell O, Wimo A. The costs of dementia in europe: an
updated review and meta-analysis. Pharmacoeconomics. 2023;41:59-75.
de Wilde A, van Maurik IS, Kunneman M, Bouwman F, Zwan M, Willemse
EA, et al. Alzheimer’s biomarkers in daily practice (ABIDE) project: Ration-
ale and design. Alzheimers Dement (Amst). 2017,6:143-51.

Rabinovici GD, Carrillo MC, Apgar C, et al. Amyloid Positron Emission
Tomography and Subsequent Health Care Use Among Medicare Ben-
eficiaries With Mild Cognitive Impairment or Dementia. JAMA Neurol.
2023;80(11):1166-73. https://doi.org/10.1001/jamaneurol.2023.3490.
Frisoni GB, Barkhof F, Altomare D, Berkhof J, Boccardi M, Canzoneri E,

et al. AMYPAD diagnostic and patient management study: rationale and
design. Alzheimers Dement. 2018;15:388-99.

van Maurik IS, Broulikova HM, Mank A, Bakker ED, de Wilde A, Bouwman
FH, et al. A more precise diagnosis by means of amyloid PET contributes
to delayed institutionalization, lower mortality, and reduced care costs in
a tertiary memory clinic setting. Alzheimers Dement. 2023;19:2006-13.
Schielzeth H, Dingemanse NJ, Nakagawa S, Westneat DF, Allegue H,
Teplitsky C, et al. Robustness of linear mixed-effects models to violations
of distributional assumptions. Methods Ecol Evol. 2020;11(9):1141-52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1002/9780470479216.corpsy1003
https://doi.org/10.1002/9780470479216.corpsy1003
https://doi.org/10.1002/alz.12886
https://doi.org/10.1002/alz.12886
https://doi.org/10.1001/jamaneurol.2023.3490

	Clinical outcomes up to 9 years after [18F]flutemetamol amyloid-PET in a symptomatic memory clinic population
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Cohort
	Participants
	PET acquisition and visual assessment
	Cognitive assessments and clinical follow-up
	Post-mortem assessments
	Statistical analyses

	Results
	Survival rates
	Stability of diagnosis
	Cognitive functioning over time
	Post-mortem confirmation

	Discussion
	Conclusion
	Acknowledgements
	References


