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We tested the usefulness of a regional amyloid staging based on amyloid sensitive positron emission
tomography to predict conversion to cognitive impairment and dementia in preclinical and prodromal
Alzheimer’s disease (AD). We analyzed 884 cases, including normal controls, and people with subjective
cognitive decline or mild cognitive impairment (MCI), from the Alzheimer’s Disease Neuroimaging
Initiative with a maximum follow-up of 6 years and 318 cases with subjective memory complaints with a
maximum follow-up time of three years from the INveStIGation of AlzHeimer’s PredicTors cohort
(INSIGHT-preAD study). Cox regression showed a signiﬁcant association of regional amyloid stages with
time to conversion from a cognitively normal to an MCI, and from an MCI to a dementia status. The most
advanced amyloid stages identiﬁed very-high-risk groups of conversion. All results were robustly
replicated across the independent samples. These ﬁndings indicate the usefulness of regional amyloid
staging for identifying preclinical and prodromal AD cases at very high risk of conversion for future
amyloid targeted trials.
Ó 2020 Elsevier Inc. All rights reserved.
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Cerebral amyloid deposition is considered an upstream event in
the pathogenesis of Alzheimer’s disease (AD) (Thal et al., 2006).
In vivo imaging using amyloid sensitive positron emission tomography (PET) detected increased levels of amyloid in 15%e30% of
cognitively normal people older than 70 years, and in at least 50% of
people with a clinical phenotype of amnestic mild cognitive
impairment (MCI) (Quigley et al., 2010). However, the positive
predictive value of increased amyloid signal in PET for subsequent
cognitive decline in preclinical or prodromal AD cases is limited. In
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cognitively normal people, the positive predictive value of a positive amyloid PET status for subsequent conversion to MCI or dementia is only about 25% over 3e5 years of follow-up (Baker et al.,
2017; Morris et al., 2009; Villemagne et al., 2011). In people with
MCI, the positive predictive value of positive amyloid status for
subsequent conversion to AD dementia is about 65%e84% for a
follow-up period of 3e5 years (Martinez et al., 2017; Zhang et al.,
2014).
The current standard of amyloid PET imaging data analysis is a
dichotomous classiﬁcation in amyloid-positive or amyloid-negative
cases (Klunk et al., 2015). Recently, we have developed a more ﬁnegrained (Grothe et al., 2017) and replicable (Sakr et al., 2019) PETbased in vivo amyloid staging scheme that considers ﬁve regional
stages of progressive cerebral amyloid deposition. The staging
identiﬁed neurobiologically meaningful regional variation of amyloid deposition even in people with an amyloid-negative status, as
shown by associations of amyloid stages with cerebrospinal ﬂuid
(CSF) Ab1-42 concentrations and cognitive performance. An alternative tripartite staging approach has been based on differential
involvement of cortical versus subcortical structures (amygdala,
putamen, and caudate nucleus) (Cho et al., 2018). This previous
study showed promising results for the predictive utility of amyloid
staging but lacked a differentiation of cortical stages and a comparison with the standard binary classiﬁcation.
Here, we evaluated the usefulness of regional amyloid staging to
predict conversion of cognitively normal people with and without
subjective cognitive decline (SCD) or subjective memory complaints (SMC) to MCI or AD dementia and of MCI cases to AD dementia, respectively. We compared our results with classical binary
amyloid classiﬁcation. We studied replicability of effects in three
different longitudinal samples: a sample from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) that had previously been
used for establishing the regional amyloid staging approach (Grothe
et al., 2017), a second sample from ADNI that was not part of the
development of the staging scheme, and an independent cohort of
SMC cases from the monocentric INveStIGation of AlzHeimer’s
PredicTors in subjective memory complainers (INSIGHT-preAD)
cohort (Dubois et al., 2018). As an endpoint, we assessed functional
conversion as deﬁned by transition in clinical dementia rating scale
(CDR) scores (Berg, 1988).
2. Materials and methods
2.1. Data source
Data used in the preparation of this article were obtained from
two independent cohorts. The ﬁrst cohort contained data from the
ADNI database (http://adni.loni.usc.edu/). The ADNI was launched

in 2003 by the National Institute on Aging, the National Institute of
Biomedical Imaging and Bioengineering, the Food and Drug
Administration, private pharmaceutical companies, and nonproﬁt
organizations, with the primary goal of testing whether neuroimaging, neuropsychologic, and other biologic measurements can
be used as reliable in vivo markers of AD pathogenesis. A fuller
description of ADNI and up-to-date information is available at
www.adni-info.org. The second cohort was taken from the
INSIGHT-preAD study (Dubois et al., 2018). The INSIGHT-preAD
study is a monocentric university-based cohort derived from the
Institute for Memory and Alzheimer’s Disease at the Pitié-Salpêtrière University Hospital in Paris, France, that aims to investigate
the earliest preclinical stages of AD and its development including
inﬂuencing factors and markers of progression.

2.2. Study participants
From the ADNI cohort, we retrieved two different samples: ﬁrst,
a sample of 582 cases that was previously used to establish the
regional amyloid staging approach (Grothe et al., 2017), henceforth
termed ADNI-A sample, and second an independent sample of 302
cases that had not been part of the previous analysis, henceforth
termed ADNI-B sample. Both samples provided amyloid PET data at
baseline as well as longitudinal clinical follow-up using cognitive
testing over a maximum interval of 6 years. ADNI-A included data of
179 cognitively normal elderly subjects, and 403 subjects with MCI.
Mean follow-up time was 3.3 (SD 1.8) years. ADNI-B included data
of 75 cognitively normal older subjects, 103 subjects with SCD, and
124 subjects with MCI. Mean follow-up time was 3.2 (SD 1.8) years.
Detailed inclusion criteria for the diagnostic categories can be found
at the ADNI web site (http://adni.loni.usc.edu/methods/).
The INSIGHT-preAD study included 318 cognitively normal
Caucasian individuals from the Paris area at the baseline, between
70 and 85 years old, with subjective memory complaints and with
deﬁned brain amyloid status (Dubois et al., 2018). The study aims at
a total of 7 years of annual follow-up, with the ﬁrst three years
follow-up being available for the current analysis; the mean followup time was 2.7 (SD 0.8) years. Details on participants’ demographics for the 3 samples are shown in Table 1.
All procedures performed in the ADNI studies and the INSIGHTpreAD study involving human participants were in accordance with
the ethical standards of the institutional research committees and
with the 1975 Helsinki declaration and its later amendments.
Written informed consent was obtained from all participants and/
or authorized representatives and the study partners before any
protocol-speciﬁc procedures were carried out in the ADNI or
INSIGHT-preAD studies, respectively.

Table 1
Participant’s demographics
Cohorts/Diagnoses
ADNI-A
Controls
MCI
ADNI-B
Controls
MCI
SCD
INSIGHT-preAD
SMC

m/f

Age (SD) [years]

MMSE (SD)

Non-stageable

Median follow-up [months]
(interquartile range)

88/91
220/183

73.8 (6.5)
71.8 (7.6)

29.1 (1.2)
28.1 (1.7)

3 (1.7%)
4 (0.7%)

65 (54; 68)
47 (43; 51)

36/39
79/45
42/61

79.2 (5.2)
75.4 (8.1)
72.4 (5.6)

29.2 (1.3)
27.8 (1.8)
29.0 (1.2)

1 (1.3%)
3 (2.4%)
4 (3.9%)

64 (60; 71)
52 (49; 56)
51 (38; 59)

114/204

76.5 (3.5)

28.7 (1.0)

2 (0.6%)

Non estimablea

Key: MMSE, Mini-Mental State Examination;SCD, subjective cognitive decline according to the deﬁnition in the ADNI cohort (Risacher et al., 2015) SMC, subjective memory
complaints as deﬁned in the INSIGHT-preAD cohort (Dubois et al., 2018).
a
The proportion of censoring in the reversed survival plot with censored data assigned as events did not reach the median value during the available observation time.

S.J. Teipel et al. / Neurobiology of Aging xxx (2020) 1e11

2.2.1. Cognitive tests
Both ADNI and INSIGHT-preAD cohorts underwent comprehensive neuropsychological examinations at least every 12 months.
The Mini-Mental State Examination (Folstein et al., 1975) was
available for both cohorts to assess global cognition. We used the
CDR score (Berg, 1988) as primary endpoint to assess change in
functional status.
2.2.2. Imaging data acquisition
Detailed acquisition and standardized preprocessing steps of
ADNI imaging data are available at the ADNI website (https://adni.
loni.usc.edu/methods/). Amyloid-PET data were collected during a
50- to 70-minute interval following a 370 MBq bolus injection of
18F-Florbetapir. To account for the multicentric acquisition of the
data across different scanners and sites, all PET scans undergo
standardized preprocessing steps within ADNI.
The methods and results for the PET data acquisition in the
INSIGHT-preAD cohort have been detailed in a previous paper
(Habert et al., 2017). All amyloid PET scans were acquired in a single
session on a Philips Gemini GXL CT-PET scanner 50 (5) minutes
after the injection of approximately 370 MBq (333e407 MBq) of
18F-Florbetapir (AVID radiopharmaceuticals).
For anatomical reference and preprocessing of the PET scans we
used the corresponding structural MRI scan that was closest in time
to the Florbetapir PET scan. In the ADNI-A sample, MRI data were
acquired on multiple 3T MRI scanners using scanner-speciﬁc T1weighted sagittal 3D MPRAGE sequences. The ADNI-B sample
additionally included 1.5 T MRI scans from 155 cases. Similar to the
PET data, MRI scans undergo standardized preprocessing steps
aimed at increasing data uniformity across the multicenter scanner
platforms (see https://adni.loni.usc.edu/methods/for detailed information on multicentric MRI acquisition and preprocessing in
ADNI). MRI scans for INSIGHT-preAD were acquired on a Siemens
Verio 3T scanner at Pitié-Salpêtrière Hospital, Paris. A T1-weighted
image was acquired using a fast 3-dimensional gradient echo pulse
sequence using a magnetization preparation pulse (Turbo FLASH)
(Habert et al., 2017).
2.2.3. Imaging data preprocessing
Images were preprocessed using Statistical Parametric Mapping
software version 8 (SPM8) (The Wellcome Trust Centre for Neuroimaging, Institute of Neurology, University College London)
implemented in MATLAB 2013. The preprocessing pipeline followed the routine previously described in the study by Grothe et al.,
2017. First, each subject’s averaged PET frames were coregistered to
their corresponding T1-weighted MRI scan. Then, partial volume
effects (PVE) were corrected in native space using the 3compartmental voxel-based postreconstruction method as
described by Müller-Gӓrtner and colleagues (Gonzalez-Escamilla
et al., 2017; Müller-Gärtner et al., 1992). The corrected PET images
were spatially normalized to an aging/AD-speciﬁc reference template using the deformation parameters derived from the normalization of their corresponding MRI.
The regional 18F-FlorbetapirePET mean uptake values were
estimated for 52 brain regions deﬁned by the HarvardeOxford
structural atlas (Desikan et al., 2006), including both cortical and
subcortical regions (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases).
Standard uptake value ratios (SUVRCer) were computed for the 52
brain regions by dividing the mean uptake values by the mean
uptake value of the whole cerebellum as estimated in nonePVEcorrected PET data (Catafau et al., 2016; Gonzalez-Escamilla et al.,
2017; Grothe et al., 2017; Klunk et al., 2015).
In accordance with the methods used for the published PETbased amyloid staging approach, we based the cutoff used for
determining regional amyloid positivity on a cutoff value of
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SUVRCer ¼ 1.135 (Grothe et al., 2017), which lies in between the 2
most widely used global signal cutoffs for nonePVE-corrected 18FFlorbetapir-PET SUVRs, that is, SUVRCer ¼ 1.10 (Clark et al., 2012;
Joshi et al., 2012; Landau et al., 2013) and SUVRCer ¼ 1.17 (Clark
et al., 2011a; Fleisher et al., 2011). This threshold was converted
to the PVE-corrected PET data used for the regional staging
approach using linear regression between PVE-corrected and
noncorrected global SUVRCer values, which resulted in a value of
SUVRCer ¼ 0.92 in the ADNI cohort (Grothe et al., 2017) and of
SUVRCer ¼ 0.98 in the INSIGHT-preAD cohort (Sakr et al., 2019).
2.2.4. PET data analysis
Staging of regional amyloid deposition followed the previously
developed 4-stage model of amyloid pathology progression derived
from 18F-Florbetapir-PET data of cognitively normal older individuals enrolled in the ADNI study (Grothe et al., 2017). This 4stage model was estimated by counting the frequency of amyloid
positivity across the 52 brain regions deﬁned in the
HarvardeOxford structural atlas and then merging the regions into
4 broader anatomical divisions based on equal proportions of the
observed range of involvement frequencies. The 4 anatomical divisions deﬁning the staging scheme are illustrated in Fig. 1.
According to this staging approach (Grothe et al., 2017), an
anatomical division was considered positive for amyloid pathology
if at least 50% of the regions included in this division exceeded the
cutoff value in the respective participant. Subsequently, participants were classiﬁed as stage I if only the ﬁrst division was
considered positive. Then, the successive stages II-IV were deﬁned
by the additional involvement of their corresponding divisions II, III,
and IV, respectively. Participants who exhibited amyloid positivity
in any division without concurrent amyloid positivity in the preceding divisions were classiﬁed as nonstageable (mismatch).
For comparison, we also studied conventional classiﬁcations of
18F-FlorbetapirePET scans into global amyloid-positive or amyloidnegative categories. For the ADNI data, this classiﬁcation was
derived using centrally calculated global composite SUVRCer values
that are made available on the ADNI server (Jagust Lab, UC Berkley;
adni.loni.usc.edu/methods/pet-analysis). Originally, amyloid positivity was deﬁned using a cutoff of SUVRCer > 1.17 (Clark et al.,
2011a; Fleisher et al., 2011). The even more widely recommended
cutoff of SUVRCer > 1.1 (Clark et al., 2012; Joshi et al., 2012; Landau
et al., 2013) yielded inferior results for the prediction accuracy so
that we decided to use the better performing cutoff for the reference test of global amyloid status. For the INSIGHT-preAD data, the
classiﬁcation was based on centrally calculated global composite
values published by the INSIGHT-preAD PET core, and amyloid
positivity was deﬁned using a recommended cutoff of 0.88 for this
data, which resulted from a conversion of the aforementioned
cutoff of SUVRCer > 1.1 to the speciﬁc processing pipeline used by
the INSIGHT-preAD PET core (Habert et al., 2018). A lower cutoff of
SUVR >0.79 that was also published by the INSIGHT-preAD PET core
yielded lower prediction performance in our analyses so that again
we decided to use the better performing cutoff for the reference
test.
2.2.5. Statistical analysis
We predicted time to conversion in CDR status (from 0 to 0.5 or
higher, and from 0.5 to 1 or higher, respectively) using Cox
regression with regional amyloid stages, age, and sex as predictors
taking censoring into account. For comparison, we replaced
regional amyloid stages by binary amyloid status in the model. This
analysis was conducted using the R library “survival” with the
command “coxph” for Cox regression. We compared overall model
ﬁt as estimated from Akaike information criterion (AIC) between
Cox regression models based on staging versus models based on
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Fig. 1. Regional amyloid stages. Stages I to IV of nested regional amyloid accumulation, according to the previously established staging approach (Grothe et al., 2017). Adapted with
permission from the previous publication (Grothe et al., 2017).

global amyloid load. We selected the AIC as ﬁt index as it penalizes
the use of a higher number of parameters, hence discourages
overﬁtting (Burnham and Anderson, 2004). In addition, we conducted survival curve analysis with regional amyloid stages as
predictor, adjusted for average age and sex distribution within each
stratum. For comparison, we replaced regional amyloid stages by
binary amyloid status in the curve ﬁtting. This analysis used the R
library “survminer” with the command “survﬁt” for survival curve
plotting. Analyses were performed with RStudio, version 1.1.463, a
user interface of R Project for Statistical Computing Analyses. The
libraries used are available at http://cran.r-project.org/web/
packages.
3. Results
3.1. Staging
Across the 1202 cases, we found 17 cases (1.4%) that were
nonstageable, that is, whose regional amyloid distribution violated
the regional staging scheme depicted in Fig. 1. The distribution of
nonstageable cases across cohorts and diagnoses is shown in
Table 1. The subsequent analyses exclude these nonstageable cases.
The following results report hazard ratios (HRs) and 95% conﬁdence intervals relative to stage 0 for the amyloid stages and relative to the amyloid-negative cases for the binary classiﬁcation based
on global amyloid.
3.2. ADNI-A sample
For prediction of CDR conversion in the cognitively normal
controls, HR relative to stage 0 was 4.4 (95% conﬁdence interval
1.7e11.6) for stage II and 4.8 (1.7e13.8) for stage IV, but there was
no signiﬁcant effect for stages I and III. For binary amyloid the HR
was 3.1 (1.4e6.6) relative to amyloid-negative cases (see Table 2 for
details). Correspondingly, the stage IV cases had 50% conversion
compared with 35% conversion for global amyloid increase.

For prediction of CDR conversion in the MCI cases, we found
signiﬁcant effects for amyloid stage III with an HR of 7.0 (3.3e14.7),
and stage IV with an HR of 9.6 (4.7e19.5). The prediction by global
amyloid (SUVRCer > 1.17) was signiﬁcant as well with an HR of 7.7
(4.1e14.4) (see Table 2 for details). Risk enrichment was strongest in
the stage IV cases with 47% conversion compared with 38% for
global amyloid increase (Fig. 2).
Both for controls and MCI cases, the lower cutoff for global
amyloid of SUVRCer > 1.1 yielded inferior results.
3.3. ADNI-B sample
For prediction of CDR conversion, results were similar to those in
the ADNI-A sample. In the MCI cases, HR was 18.0 (2.3e142.4) for
stage III, and 27.1 (3.4e216.2) for stage IV, but there was no signiﬁcant effect for stages I and II. For binary amyloid the HR was 23.5
(3.1e175.3) (see Table 2 for details). The stage III cases had 55%
conversion and the stage IV cases 52% conversion, compared with
45% conversion for global amyloid increase (Fig. 3).
Only 2 cases of the cognitively normal controls were amyloid
stage IV, so that we pooled amyloid stages III and IV (henceforth
stage III/IV). For the cognitively normal controls, the HR was 4.1
(1.3e13.3) for stage II, and 8.7 (2.9e26.2) for stage III/IV. For binary
amyloid the HR was 6.2 (2.5e15.6) (see Table 2 for details). The
stage II cases had 55% conversion, and the stage III/IV cases 77%,
compared with 65% conversion for global amyloid increase.
For the cases with SCD, the HR was 4.9 (1.4e17.3) for stage IV, but
there was no signiﬁcant effect for stages I through III. For binary
amyloid, the HR was not signiﬁcant (see Table 2 for details). The
stage IV cases had 56% conversion, compared with 32% conversion
for global amyloid increase.
3.4. Insight-preAD sample
For the INSIGHT-preAD SMC cases, only 4 cases were amyloid
stage IV at the baseline, so that we pooled amyloid stages III and IV
(henceforth stage III/IV).
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Table 2
Results of Cox regression models
Cohort

Group

Amyloid status

Number of cases

HR (SE)

p

AIC

Median time to
conversion [months]

ADNI-A

Controls

0
I
II
III
IV
A
Aþ
0
I
II
III
IV
A
Aþ
0
I
II
III/IV
A
Aþ
0
I
II
III
IV
A
Aþ
0
I
II
III
IV
A
Aþ
0
I
II
III/IV
A
Aþ

95
27
15
20
12
132
40
136
34
44
75
85
194
183
37
9
11
13
48
23
39
11
14
20
21
50
58
49
14
11
13
9
62
37
162
78
40
36
255
63

<0.1
4.4 (0.49)
1.8 (0.60)
4.8 (0.54)
3.1 (0.40)
0.7 (1.1)
1.6 (0.59)
7.0 (0.38)
9.6 (0.36)
7.7 (0.32)
1.3 (0.82)
4.1 (0.60)
8.7 (0.56)
6.2 (0.47)
<0.1
6.0 (1.2)
18.0 (1.06)
27.1 (1.06)
23.5 (1.03)
0.9 (0.81)
1.1 (0.86)
3.2 (0.62)
4.9 (0.64)
1.9 (0.43)
1.0 (0.64)
0.48 (1.1)
5.5 (0.52)
3.2 (0.45)

n.s.
<0.003
n.s.
<0.004
<0.004
n.s.
n.s.
<0.0001
<0.0001
<0.0001
n.s.
<0.02
<0.0002
<0.0001
n.s.
n.s.
<0.007
<0.002
<0.003
n.s.
n.s.
n.s.
<0.02
n.s.
n.s.
n.s.
<0.002
<0.02

237

n.r.
n.r.
70
n.r.
66
n.r.
70
n.r.
70
n.r.
66
55
n.r.
63
n.r.
n.r.
37
35
n.r.
35
n.r.
n.r
63
36
36
n.r.
63
n.r.
n.r.
n.r.
n.r.
50
n.r.
n.r.
n.r.
n.r.
n.r.
n.r.
n.r.
n.r.

MCI

ADNI-B

Controls

MCI

SCD

INSIGHT-preAD

SMC

260b
790

794c
173

170
173

186a
176

193a
211

214d

SCD, subjective cognitive decline according to the deﬁnition in the ADNI cohort (Risacher et al., 2015).
SMC, subjective memory complaints as deﬁned in the INSIGHT-preAD cohort (Dubois et al., 2018).
IeIV, amyloid stages.
Aþ, amyloid positive according to global threshold.
n.r., not reached.
Key: ADNI, Alzheimer’s Disease Neuroimaging Initiative; AIC, Akaike information criterion; MCI, mild cognitive impairment; HR, hazard ratio with standard error (SE) from cox
regression models, including age and sex as covariates.
a
Probability p < 0.002 that the binary model minimizes AIC compared with the staging model.
b
Probability p < 0.0001 that the binary model minimizes AIC compared with the staging model.
c
Probability p ¼ 0.13 that the binary model minimizes AIC compared with the staging model.
d
Probability p ¼ 0.22 that the binary model minimizes AIC compared with the staging model.

For prediction of CDR conversion in the INSIGHT-preAD SMC
cases, we found signiﬁcant effects for amyloid stage III/IV with an
HR of 5.5 (1.8e15.2). The prediction by global amyloid (SUVRCer >
0.88) was signiﬁcant as well with an HR of 3.2 (1.2e7.7) (see Table 2
for details). The lower cutoff for global amyloid of SUVRCer > 0.79
yielded inferior results. Risk enrichment was strongest in the stage
III/IV cases with 22% conversion compared with 14% for global
amyloid increase (Fig. 4).
3.5. Model ﬁt
As reported in Table 2, for all except one comparison, the
staging-based models had lower AIC than the global amyloid
loadebased model so that the staging-based models would be
preferred. The probability for the global amyloid model to provide a
better ﬁt than the staging model was below 0.002 for the ADNI-A
controls and the ADNI-B MCI and SCD cases, and below 0.3 for

the ADNI-A MCI cases and the INSIGHT-preAD SMC cases. Only for
the ADNI-B controls was the ﬁt as measured by AIC better for the
binary than the stage model.
4. Discussion
We found a signiﬁcant association of regional amyloid stages
and global amyloid status with time to conversion from a functionally healthy status to mild functional impairment and from mild
functional impairment to dementia, respectively. These ﬁndings
were widely consistent across the three independent samples.
The association of global amyloid status with change in functional
status agrees with previous studies using amyloid sensitive PiB-PET as
summarized in a meta-analysis covering controls and MCI cases
(Chen et al., 2014) and replicated in subsequent studies on MCI cases
(Frings et al., 2018; Iaccarino et al., 2017). Similar results were reported for amyloid sensitive 18F tracers in MCI (Schreiber et al., 2015),
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Fig. 2. Survival curves for amyloid in the ADNI-A sample, adjusted for age and sex. Survival curves comparing time to conversion of amyloid stages strata (A) versus global amyloid
load (B) in the ADNI-A MCI sample. Curves were adjusted for the average age and sex distribution within each amyloid stratum. Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; MCI, mild cognitive impairment.

with limited evidence for predicting conversion of healthy controls to
MCI using 18F tracers. Here, we used change in functional status as
outcome, that is, from CDR score 0 to CDR score 0.5, and from CDR
score 0.5 to CDR score 1. The global CDR score provides a commonly
deﬁned operationalized standard for functional assessment with high
reliability across different cohorts (Schafer et al., 2004) and raters
(Burke et al., 1988). In addition, the CDR is being used as primary or
secondary outcome in ongoing clinical trials on AD. Diagnosis of MCI
and dementia is closely linked with functional assessment using the
CDR score (Woolf et al., 2016).
From a clinical perspective, the most interesting ﬁnding is the
added value of regional amyloid stages over global amyloid status to
identify a subsample of people with a very high risk of conversion.
Thus, amyloid stage IV MCI cases had a 47% rate of conversion to

dementia compared with 38% of the global amyloid-positive MCI
cases in the ADNI-A sample, and in the INSIGHT-preAD cohort, 22% of
the stage III/IV individuals with SMC converted to CDR 0.5 or higher
compared with only 14% in the global amyloid-positive cases. The
effects were similar in the ADNI-B MCI sample. Assessment of the
model ﬁt using AIC as ﬁt criterion that penalizes for the higher
number of parameters (Burnham and Anderson, 2004) with the
amyloid staging compared with the binary global amyloid status
supports the notion that the staging model would be preferred over
the binary model in almost all cohorts and diagnostic subgroups
except for the ADNI-B controls. In consequence, regional amyloid
staging would allow identifying a high-risk group of preclinical or
prodromal cases for future amyloid targeted treatment studies. This
would require a larger screening effort as for example only 7% of
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Fig. 3. Survival curves for amyloid in the ADNI-B sample, adjusted for age and sex. Cumulative survival of CDR conversion endpoint versus censoring comparing amyloid stages (A)
versus global amyloid load (B) in the ADNI-B MCI sample. Curves were adjusted for the average age and sex distribution within each amyloid stratum. Abbreviations: ADNI,
Alzheimer’s Disease Neuroimaging Initiative; CDR, clinical dementia rating scale; MCI, mild cognitive impairment.

controls and 23% of MCI cases in the ADNI-A sample were in amyloid
stage IV, compared with 23% global amyloid-positive controls and
49% global amyloid-positive MCI cases. However, a larger effort in
screening is less costly than including people with a low risk of conversion. For example, at an initial conversion rate of 47% for stage IV
MCI cases, one would need 429 cases to detect a 20% reduction of
conversion rate at a level of signiﬁcance of 5% with 80% power.
However, at an initial conversion rate of 38% for global amyloid-

1
Using the formula from Chow, S., Shao, J., Wang, H., 2008. Sample Size Calculations in Clinical Research, 2nd ed. Chapman & Hall/., page 89, implemented in
http://powerandsamplesize.com/Calculators/Compare-2-Proportions/2-SampleEquality (last access 8/2019).

positive MCI, this number would increase to 607 cases (Chow et al.,
2008).1
In an alternative approach, global amyloid SUVR has been classiﬁed according to tertiles, where MCI cases in the highest tertile of
global SUVR values had the highest HR for conversion (HR 9.4) (Jun
et al., 2019), similar to the HRs of the regional stage III and IV MCI
cases in our ADNI-A and ADNI-B samples. Both approaches are
similarly easy to apply. However, the usefulness of the tertile
staging scheme for predicting functional decline in cognitively
healthy people and SMC cases has not been assessed so far. Another
approach used an a priori distinction between neocortical and
striatal amyloid deposition to deﬁne three stages based on (1)
overall low amyloid, (2) high cortical but low striatal amyloid, and
(3) high cortical and high striatal amyloid load (Hanseeuw et al.,
2018). They found a signiﬁcant association of these stages with
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Fig. 4. Survival curves for amyloid in the INSIGHT-preAD sample, adjusted for age and sex. Cumulative survival of CDR conversion endpoint versus censoring comparing amyloid
stages (A) versus global amyloid load (B) in the INSIGHT-preAD sample. Curves were adjusted for the average age and sex distribution within each amyloid stratum. Abbreviations:
ADNI, Alzheimer’s Disease Neuroimaging Initiative; CDR, clinical dementia rating scale; MCI, mild cognitive impairment.

rates of cognitive decline, with striatum amyloid load adding to the
cortical amyloid load alone. We further extend this previous evidence for signiﬁcant risk enrichment in advanced stages of amyloid
progression by assessing the stage-speciﬁc risk of functional conversion and comparing it to more ﬁne-grained stages of differential
cortical involvement as well as to standard global amyloid status.
Also, a recent staging scheme based on frequency of longitudinal
regional involvement showed higher rates of cognitive decline with
more advanced amyloid stages (Mattsson et al., 2019), but did not
assess prediction of functional conversion. One can assume that
stratiﬁcation of global amyloid not only in two but in a higher
number of classes will lead to more precise prediction of functional
conversion as well. This is comparable with a top-down approach,

where driven by the precision of prediction, a range of global
thresholds would be deﬁned. Here, we used a bottom-up approach
with regional staging that was motivated by the notion of a
consistent distribution of amyloid across cortical regions and
compared its ability to predict functional conversion with the current standard of binarized global amyloid levels. For both ADNI and
INSIGHT-preAD the more lenient cutoff yielded consistently lower
performance so that we only reported the analysis results for the
higher cutoff. In clinical practice, however, often not binarized
amyloid levels are being used but expert visual reads of PET scans. A
comparison with this clinical standard, however, was beyond the
scope of the present study. One potential disadvantage of the
method is the occurrence of mismatch cases that do not ﬁt with the
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staging scheme. In the current analysis, only 17 of 1202 cases did
not match the regional staging scheme.
Our study presents some caveats. First, even when using
regional amyloid stages, prediction accuracy falls short of a useful
biomarker for individual counseling. Rather, regional amyloid
stages seem useful as marker for risk enrichment of study samples
at a group level. The use of regional amyloid stages to predict an
individual’s cognitive decline will likely need combination with
markers of tau pathology, such as CSF p-tau concentration or Tau
PET, or markers of neuronal degeneration, such as FDG PET or MRI
volumetry. Second, the numbers of MCI and SMC cases in stages III
and IV are substantial across the three cohorts, but for controls
numbers are small so that inference for the controls is based on a
small number of conversion events. However, the consistency of
ﬁndings across the independent cohorts lends some credibility to
the results. Third, we want to avoid the impression that the current
data on the amyloid stages somehow prove a regional spread of
amyloid through the brain. It is an intriguing observation that the
large majority of cases with higher stage positive regions have also
lower stages positive regions, but not the other way round, with
only 17 of 1202 cases deviating from this pattern. This does, however, not prove a longitudinal spread of amyloid through the brain
but would only conceptually ﬁt to such assumption. Fourth, on a
methodological note, here we used a constant threshold for
determining regional amyloid positivity as previously deﬁned
(Grothe et al., 2017). As an alternative approach, one could deﬁne
region-speciﬁc cutoffs that may better account for regionally
differing noise levels and signal confounds in the amyloid-PET data.
For example, subcortical nuclei such as the striatum that are
entirely embedded in the white matter may be differentially
affected by spill-in effects from the typically high nonspeciﬁc white
matter signal compared with neocortical areas (Matsubara et al.,
2016). We partially addressed this confound by using a 3compartmental PVE correction method (Gonzalez-Escamilla et al.,
2017), but this technique would not account for intrinsic differences in regional noise levels, such as signal confounds from
traversing white matter bundles within the striatum itself. We work
in parallel on a region-speciﬁc threshold approach but decided to
use the constant threshold approach here, as it provided robust
ﬁndings across two different cohorts in our previous analyses
(Grothe et al., 2017; Sakr et al., 2019) and may be more easily
applicable in future routine use. Still, a comparison of predictive
accuracy of regional staging using constant versus region-speciﬁc
thresholds is currently lacking.
In summary, we found that regional amyloid stages led to
identify a high-risk group of controls, SMC, and MCI cases for
subsequent functional decline. This ﬁnding may be useful for future
clinical trials on amyloid targeted interventions to enrich the risk of
conversion. Future studies are needed to explicitly model a direct
versus an indirect effect of amyloid stages on cognitive decline via
supposedly downstream markers such as regional hypometabolism
or atrophy.
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