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Purpose: To test whether correcting for unspecific signal from the cerebral white matter
increases the sensitivity of amyloid-PET for early stages of cerebral amyloidosis.

Methods: We analyzed 18F-Florbetapir-PET and cerebrospinal fluid (CSF) Aβ42 data
from 600 older individuals enrolled in the Alzheimer’s Disease Neuroimaging Initiative
(ADNI), including people with normal cognition, mild cognitive impairment (MCI), and
Alzheimer’s disease (AD) dementia. We determined whether three compartmental
partial volume correction (PVC-3), explicitly modeling signal spill-in from white matter,
significantly improved the association of CSF Aβ42 levels with global 18F-Florbetapir-
PET values compared with standard processing without PVC (non-PVC) and a widely
used two-compartmental PVC method (PVC-2). In additional voxel-wise analyses,
we determined the sensitivity of PVC-3 compared with non-PVC and PVC-2 for
detecting early regional amyloid build-up as modeled by decreasing CSF Aβ42 levels.
For replication, we included an independent sample of 43 older individuals with
subjective memory complaints from the INveStIGation of AlzHeimer’s PredicTors cohort
(INSIGHT-preAD study).

Results: In the ADNI sample, PVC-3 18F-Florbetapir-PET values normalized to whole
cerebellum signal showed significantly stronger associations with CSF Aβ42 levels than
non-PVC or PVC-2, particularly in the lower range of amyloid levels. These effects were
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replicated in the INSIGHT-preAD sample. PVC-3 18F-Florbetapir-PET data detected
regional amyloid build-up already at higher (less abnormal) CSF Aβ42 levels than
non-PVC or PVC-2 data.

Conclusion: A PVC approach that explicitly models unspecific white matter binding
improves the sensitivity of amyloid-PET for identifying the earliest stages of cerebral
amyloid pathology which has implications for future primary prevention trials.

Keywords: amyloid PET, cerebral amyloidosis, partial volume effect, cerebrospinal fluid, Alzheimer’s disease,
early detection

INTRODUCTION

Cerebrospinal fluid (CSF) concentrations of the 42-amino acid-
long amyloid-β peptide (Aβ42) (Blennow et al., 2015) and
amyloid-sensitive positron emission tomography (PET) tracers
(Zhang et al., 2014; Martinez et al., 2017) serve as disease-
defining markers of Alzheimer’s disease (AD) in recently revised
diagnostic research criteria (Jack et al., 2018). CSF Aβ42 levels
have been found to be strongly associated with global signal from
amyloid-sensitive PET using 11C-PIB (Leuzy et al., 2016), 18F-
Florbetaben (Spallazzi et al., 2019), 18F-Flutemetamol (Janelidze
et al., 2016), and 18F-Florbetapir (Toledo et al., 2015) tracers.
However, the association of CSF Aβ42 levels with global amyloid-
PET signal has been described as non-linear, being strong in the
middle range of values, but weak or absent in the lower range of
amyloid levels (Toledo et al., 2015; Leuzy et al., 2016; Palmqvist
et al., 2016; Kalheim et al., 2018). Based on these observations it
has been proposed that amyloid-PET may have a lower sensitivity
for early stages of cerebral amyloidosis than CFS Aβ42 (Palmqvist
et al., 2016).

However, the sensitivity of amyloid-PET may critically depend
on the way the PET scans are being analyzed. A particular
concern for the quantification of amyloid-PET signal is the
so called partial volume effect (PVE). The PVE results from
two related mechanisms reflecting the poor spatial resolution of
PET scans relative to the thickness of the cerebral gray matter
(Hoffman et al., 1979). First, the limited spatial resolution leads
to displacement of activity counts between neighboring regions,
resulting in spill-out of gray matter signal into surrounding
low intensity areas (particularly CSF) as well as spill-in of
unspecific binding signal from the white matter. In addition,
due to sampling effects the relatively large voxel size leads
to a mixture of tissue classes (e.g., gray matter, white matter
and CSF) within a single voxel (Erlandsson et al., 2012).
Due to the characteristically high non-specific white matter
binding in amyloid-sensitive PET imaging the net PVE will
depend on the actual cortical amyloid load: in early stage
amyloidosis, when the actual cortical tracer concentration is
relatively small, the measured signal will be highly influenced by

Abbreviations: AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease
Neuroimaging Initiative; CSF, cerebrospinal fluid; FEW, family-wise error;
INSIGHT-preAD, INveStIGation of AlzHeimer’s PredicTors cohort; MCI, mild
cognitive impairment; MMSE, Mini Mental State Examination; MRI, magnetic
resonance imaging; PET, positron emission tomography; PVC, partial volume
effect correction; PVE, partial volume effect; SPM, Statistical Parametric Mapping;
SUVR, standard uptake value ratio.

spill-in of non-specific white matter signal, whereas in advanced
stage amyloidosis, when actual cortical tracer concentration
approaches or surpasses the non-specific white matter signal,
cortical signal loss due to spill-out becomes more relevant
(Matsubara et al., 2016; Gonzalez-Escamilla et al., 2017; Lopez-
Gonzalez et al., 2019).

Partial volume effect correction (PVC) methods are designed
to decrease the contribution of unspecific signal, and would
thus be expected to increase the sensitivity of amyloid-PET
for lower levels of amyloid accumulation, particularly when
explicitly accounting for spill-in of white matter signal. Indeed,
PVC using a 3-compartment approach (Müller-Gärtner et al.,
1992) was found to increase the accuracy of 11C-PIB (Mikhno
et al., 2008), 18F-Florbetaben-PET (Rullmann et al., 2016),
and 18F-Florbetapir-PET (Gonzalez-Escamilla et al., 2017) to
discriminate between AD patients and healthy controls. In
addition, PVC increased the sensitivity of 18F-Florbetaben-
PET for the detection of postmortem Aβ plaque load in
31 cases with antemortem PET and postmortem autopsy
(Rullmann et al., 2016).

Here, we explored the effect of different image processing
strategies on the association of 18F-Florbetapir-PET signal
with CSF Aβ42 levels as reference measure of overall amyloid
burden, using combined PET and CSF data of 600 older
individuals enrolled in the Alzheimer’s Disease Neuroimaging
Initiative (ADNI), including individuals with normal cognition,
mild cognitive impairment (MCI), and AD dementia. To test
the replicability of our findings in an independent cohort,
we used data from 43 cognitively normal individuals with
subjective memory complaints (SMC) from the monocentric
INveStIGation of AlzHeimer’s PredicTors in subjective memory
complainers (INSIGHT-preAD) cohort (Dubois et al., 2018). Our
primary objective was to investigate whether 3-compartment
PVC (Müller-Gärtner et al., 1992) improves the association
between 18F-Florbetapir-PET signal and CSF Aβ42 levels, with
a particular focus on the early stages of amyloid build-up. We
also assessed these associations when using a widely-employed 2-
compartment PVC approach (Meltzer et al., 1996) that does not
account for possible white matter spill-in, and further examined
the effect of using a white matter reference region to calculate
PET standard uptake value ratio (SUVR) instead of the whole
cerebellum reference standard (Lopez-Gonzalez et al., 2019).
In additional voxel-based analyses, we determined the relative
sensitivities of the different processing strategies to detect initial
regional 18F-Florbetapir-PET signal elevations at early signs of
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cerebral amyloidosis as modeled by decreasing CSF Aβ42 levels.
More sensitive detection of early stage amyloid build-up using
PET would help identifying people at increased risk for AD
dementia in very early stages, a cohort that is highly relevant for
testing the effect of preventive treatments.

MATERIALS AND METHODS

Data Source
Data used in the preparation of this article were obtained
from the ADNI database.1 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
non-profit organizations, with the primary goal of testing
whether neuroimaging, neuropsychological, 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.

To test if key findings could be replicated in an independent
sample, we used data from the INSIGHT-preAD study
(Dubois et al., 2018). This study is a monocentric university
based cohort of participants enrolled at the Institute of
Memory and Alzheimer’s Disease (IM2A) at the Pitié-
Salpêtrière University Hospital in Paris, France. The main
objective is to investigate the earliest preclinical stages of
AD and its development including influencing factors and
markers of progression.

Study Participants
From the ADNI cohort, we retrieved 600 cases with available
18F-Florbetapir-PET data as well as CSF Aβ42 levels in
close temporal proximity to the PET acquisition. Mean
temporal distance between 18F-Florbetapir-PET acquisition and
lumbar puncture was 13 days (SD 34 days). These cases
included data of 152 cognitively normal older individuals,
241 cases with early MCI, 129 subjects with late MCI and
78 subjects with AD dementia. Detailed inclusion criteria
for the diagnostic categories are available at the ADNI web
site.2

The INSIGHT-preAD study includes 318 cognitively normal
Caucasian individuals, recruited from the community in the
wider Paris area, aged 70–85 at baseline, with SMC and
defined brain amyloid status (Dubois et al., 2018). Forty-
three INSIGHT-preAD cases had CSF Aβ42 levels available
in close temporal proximity to the 18F-Florbetapir-PET scan.
These cases represented the replication cohort. Details on
participants’ demographics for both samples are shown in
Table 1.

As described in the ethics declaration section below,
written informed consent was obtained from all participants
and/or authorized representatives before any protocol-specific
procedures were carried out.

1http://adni.loni.usc.edu/
2http://adni.loni.usc.edu/methods/

TABLE 1 | Participants’ demographics.

ADNI cohort

f/ma Age (SD)
(years)b

MMSE (SD)c Education
years (SD)d

CSF Aβ42§

(SD) (pg/ml)e

CN 78/74 73.6 (6.5) 29.1 (1.1) 16.6 (2.5) 1395.2 (665.5)

EMCI 132/109 71.4 (7.4) 28.4 (1.6) 15.9 (2.7) 1206.9 (593.6)

LMCI 69/60 72.2 (7.9) 27.5 (1.9) 16.6 (2.7) 927.7 (499.5)

AD 45/33 75.7 (8.6) 23.0 (2.0) 15.5 (2.8) 696.7 (410.8)

INSIGHT-preAD cohort

f/m Age (SD)
[years]

MMSE (SD) max.
primary/min.
secondary
education

CSF Aβ42§

(SD) [pg/ml]

SMC 21/22 74.9 (3.3) 28.8 (0.9) 7/36 885.8 (362.7)

aNot significantly different across groups, Chi2 = 0.94, 3 df, p = 0.82.
bSignificantly different across groups, ANOVA, F(3, 598) = 7.6, p < 0.0001.
cSignificantly different across groups, Kruskal-Wallis ANOVA, p < 0.0001.
dSignificantly different across groups, ANOVA, F(3, 598) = 5.23, p < 0.001.
eSignificantly different across groups, ANOVA, F(3, 598) = 32.4, p < 0.0001.
§CSF Aβ42 values from electrochemiluminescence immunoassays on an
automated Elecsys cobas e 601 instrument.
$CSF Aβ42 values from a double antibody sandwich ELISA method (Innotest-
Fujirebio R©, Courtaboeuf, France).
CN, healthy controls; EMCI, early MCI cases; LMCI, late MCI cases; AD, AD
dementia cases; SMC, subjective memory complaints.
For definition of diagnostic categories see “Study Participants” section
of the main text.

Cognitive Tests
ADNI and INSIGHT-preAD cases underwent comprehensive
neuropsychological examinations. In the present study, the Mini
Mental State Examination (MMSE) (Folstein et al., 1975) was
used to assess global cognition across both samples.

Cerebrospinal Fluid Measurements
ADNI CSF values in the current study were derived from
electrochemiluminescence immunoassays for Aβ (1-42) on an
automated Elecsys cobas e 601 instrument. The upper technical
limit for this assay is 1,700 pg/ml and the values that are higher
than 1,700 pg/ml are based on an extrapolation of the calibration
curve. Therefore, analyses were repeated with CSF Aβ42 values
from the previously used multiplex xMAP Luminex platform
(Luminex Corp, Austin, TX, United States) with INNOBIA
AlzBio3 kit (Innogenetics, Ghent, Belgium) (Shaw et al., 2009).

INSIGHT-preAD CSF Aβ42 values were determined using a
double antibody sandwich ELISA method (Innotest-Fujirebio R©,
Courtaboeuf, France).

Imaging Data Acquisition
Detailed acquisition and standardized pre-processing steps of
ADNI imaging data are available at the ADNI website (see text
footnote 2). 18F-Florbetapir-PET data was collected during a 50-
to 70-min 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 pre-processing steps within ADNI.
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PET data acquisition in the INSIGHT-preAD cohort was
performed according to a method previously described (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 (333-
407 MBq) of 18F-Florbetapir (AVID radiopharmaceuticals).

For anatomical reference and pre-processing of the PET scans
we used the corresponding structural MRI scan that was closest
in time to the 18F-Florbetapir-PET scan. In ADNI, MRI scans
were acquired on multiple 3T MRI scanners using scanner-
specific T1-weighted sagittal 3D MPRAGE sequences. Similar to
the PET data, MRI scans undergo standardized preprocessing
steps aimed at increasing data uniformity across the multicenter
scanner platforms (see text footnote 2 for detailed information
on multicentric MRI acquisition and preprocessing in ADNI). In
INSIGHT-preAD, MRI scans were acquired on a Siemens Verio
3T scanner at Pitié-Salpêtrière Hospital, Paris. A T1-weighted
image was acquired using a fast three dimensional gradient echo
pulse sequence using a magnetization preparation pulse (Turbo
FLASH) (Habert et al., 2017).

Positron Emission Tomography Data
Pre-processing and Analysis
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 pre-processing
pipeline followed a routine described previously (Grothe et al.,
2017). First, each subject’s averaged PET frames were co-
registered to their corresponding T1-weighted MRI scan. PVE
were corrected in native space using two approaches, a
3-compartmental voxel-based post-reconstruction method as
described by Müller-Gärtner et al. (1992) (henceforth termed
PVC-3) and a simpler 2-compartmental approach as proposed
by Meltzer et al. (1996) (henceforth termed PVC-2). Both
PVC approaches are implemented in the SPM-based PETPVE12
toolbox (Gonzalez-Escamilla et al., 2017). The uncorrected and
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 composition of the cortical SUV mask has been described
in Teipel et al. (2014). In brief, this composite mask consisted
of frontal, parietal, and temporal ROIs known to be vulnerable
to amyloid accumulation (Thal et al., 2002). Anatomical masks
for these ROIs were derived from the Harvard-Oxford structural
atlas (distributed with the software package, FSL; Desikan et al.,
2006) and high-dimensionally warped into the reference space
of this study based on a DARTEL registration of the MNI152
template (the template space of the Harvard-Oxford atlas) to
the aging-AD reference template. SUVR values were calculated
for the cortical composite region in uncorrected and PVC data
by dividing the mean uptake values by the mean uptake value
of a whole cerebellar reference region (in uncorrected data). In
additional analyses, we used an alternative white matter reference
region consisting of a binarized template of the segmented white
matter tissue probability map of the reference template (>0.99

probability). In total, this resulted in six types of SUVR values
arising from three different correction methods (no PVC, PVC-
2, PVC-3) by two different reference regions (whole cerebellum,
white matter). The most widely established standard approach
corresponds to SUVRs from no PVC PET data using whole
cerebellum as reference region (Klunk et al., 2015; Catafau et al.,
2016; Navitsky et al., 2018). In the replication cohort from
INSIGHT-preAD, only no PVC and PVC-3 were compared using
whole cerebellum as a reference region.

For additional voxel-wise analyses, spatially normalized 18F-
Florbetapir-PET scans (no PVC, PVC-2, PVC-3) were converted
to voxel-wise SUVRs by scaling each voxel to the whole
cerebellum (WC) reference signal (in uncorrected data). 18F-
Florbetapir-PET SUVRWC maps were masked to exclude non-
gray matter voxels and smoothed using a Gaussian kernel of
10 mm3

× 10 mm3
× 10 mm3. Due to the low number of cases

in the replication cohort, the complementary voxel-wise analyses
were only conducted in the ADNI sample.

Statistical Analysis
Associations between global 18F-Florbetapir-PET SUVR values
and CSF Aβ42 levels were determined using two complementary
approaches. First, we used spline regression to model non-linear
associations between SUVR values and CSF Aβ42 levels. We
decided a priori to use two knots fixed at the first and second
tertile of the range of SUVR values. This decision was made
based on the notion that we wanted to analyze three levels of
amyloid: low, intermediate and high. In a sensitivity analysis
focused on the cases with low amyloid levels, we iterated linear
spline estimates for the first knot sliding in 100 steps from the
16.6% quantile to the first tertile of the SUVR values. Of note, for
this analysis the overall number of knots of the spline regression
was unimportant, as this analysis took only the first knot into
account. To render spline estimates comparable across PVC
approaches and employed reference regions, the SUVR values
and CSF Aβ42 levels were scaled to be mean-centered and have
a standard deviation of one before spline regression. Secondly,
we determined Pearson’s product moment correlations between
SUVR values and CSF Aβ42 levels across the entire sample as well
as within tertiles of SUVR values. Correlation coefficients from
different PVC methods and reference regions were compared
with the correlation coefficients from the standard processing
(no PVC, whole cerebellum reference) using Steiger’s Z-test.
Again, for sensitivity analysis, we determined the distribution of
correlation coefficients when cases were selected sliding in 100
steps from the 16.6% quantile to the first tertile of SUVR values.

These analyses were performed with RStudio, version 1.1.463,
a user interface of R Project for Statistical Computing Analyses.
Spline regression was conducted using the commands “lspline”
and “qlspline” from library “lspline,” and Steiger’s Z-test was
conducted using the command “r.test” from library “psych.”
The libraries used are available at http://cran.r-project.org/web/
packages.

To detect regional 18F-Florbetapir-PET SUVR increases in
early amyloidosis, we used an approach inspired by Villeneuve
et al. (2015). The authors used a voxel-wise sliding window
analysis to determine a more sensitive global signal threshold for
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PiB-PET positivity at which first regional effects become evident.
Following this approach, we ranked all healthy controls by their
CSF Aβ42 levels and selected the 15% quantile (n = 23) with
the highest CSF Aβ42 levels as the reference group. We then
compared a series of subsequent groupings of the remaining
cases with this reference group as follows. After selecting the 23
cases that comprised the reference group, we took the 23 subjects
with the next lower CSF Aβ42 levels and performed voxel-wise
contrasts between this group of interest and the reference group.
We then dropped the three cases with the highest CSF Aβ42
levels from the group of interest and added the three subjects
with the next lowest values and again performed a voxel-wise
comparison with the reference group. We continued this process,
iteratively creating groups of interest of 23 subjects by dropping
the three cases with the highest CSF Aβ42 levels and adding
the three cases with the next lowest levels, such that each new
group of interest differed from the previous group by only six
subjects. In this way, groups of interest gradually moved down the
scale of CSF Aβ42 levels, always using the same initial reference
group of 23 cases for comparison. This procedure was repeated
36 times until the three healthy controls with the lowest CSF
Aβ42 levels were included. For each comparison, voxel-wise two-
sample t-tests were performed using SPM12 software with the
spatially normalized 18F-Florbetapir-PET SUVR maps from the
different PVE correction methods. All voxel-wise analyses were
corrected for multiple comparisons using a family-wise error
(FWE) at p < 0.05 and cluster size k = 150. With this approach
we addressed two questions: First, does the PVC method affect
the sensitivity of 18F-Florbetapir-PET for early signs of cerebral
amyloidosis as indicated by CSF Aβ42 levels? Second, where does
regional amyloid signal occur first in people with low levels of
amyloidosis?

Since the selection of the upper 15% quantile of CSF Aβ42
levels for the reference group was purely arbitrarily (with the goal
to achieve a reasonable group size), in sensitivity analyses we used
other cut-offs, specifically the 20% (N = 30; with a slide of 5 cases)
and 10% quantiles (N = 15; with a slide of 2 cases), respectively.
In addition, we applied this approach to all 600 cases, irrespective
of diagnosis, with a 15% quantile cut-off (resulting in a group size
of 90 cases) and a slide of 5 cases per window.

RESULTS

Demographics
As shown in Table 1, within the ADNI sample groups differed
significantly in age, education and, as expected, in MMSE scores
and CSF Aβ42 levels, but not in sex distribution.

Association of Global
18F-Florbetapir-Positron Emission
Tomography Signal With Cerebrospinal
Fluid Aβ42 Levels
In the ADNI sample, plots of linear spline regressions with
fixed knots at the first and the second tertile of SUVRWC
values indicated a steeper slope for the first tertile when using

PVC-3 compared to PVC-2 or no PVC (Figure 1); this effect
was less evident for the white matter reference (Figure 2). To
determine if this effect depended on the choice of the knot
position, we allowed the values of the first knot to slide from
the 16.6% quantile of the SUVR distribution to the first tertile.
The boxplots in Figure 3 summarize the resulting distributions
of linear spline estimates for this low range of SUVR values
for the different PVC methods and reference regions. The
lack of overlap of the boxes for PVC-3 with the other boxes
indicates a significantly more negative association between CSF
Aβ42 levels and low range 18F-Florbetapir-PET SUVR values
when using PVC-3 as compared to PVC-2 and no PVC. The
same effect can be seen in Figure 4 for the boxplots of the
correlation coefficients, as the selected cases slided between
the 16.6% and the 33.3% quantile of SUVR values. Table 2
lists the correlation coefficients for all tertiles of the SUVR
distribution for each of the processing strategies. Across tertiles,
statistical testing using Steiger’s Z test on Fisher’ z transformed
correlation coefficients revealed significantly higher negative
correlations when using PVC-3 SUVRWC values as compared
to the standard processing without PVC, and this effect was
particularly pronounced in the lowest tertile (r = −0.34 for
PVC-3 vs r = −0.01 for no PVC). By contrast, correlation
coefficients for PVC-2 did not differ from the values obtained
by the standard processing. For the white matter reference,
correlations were significantly more negative than for the
standard processing, except for the middle tertile, and correlation
coefficients were comparable across PVC methods in this data
(Table 2). The results for linear spline estimates and correlations
were fully replicated using the CSF Aβ42 values derived from
the Innogenetics ELISA assay (see sensitivity analyses in the
Supplementary Material).

In the replication sample, linear spline regression plots
again indicated a steeper slope for the first tertile of SUVRWC
values when using PVC-3 compared to no PVC (Supplementary
Figure 3). Correspondingly, the correlation between SUVRWC
values and CSF Aβ42 levels was significantly more negative for
the PVC-3 than for the no PVC data across all cases [r(CSF/PVC-
3) = −0.62, r(CSF/no PVC) = −0.48, t(43) = 2.5, p < 0.02].
Numerically, the correlation coefficient for PVC-3 was also
markedly more negative than for no PVC data within the first
tertile of data, but this effect did not reach statistical significance
in this small subsample [n = 14; r(CSF/PVC-3) = −0.50, r(CSF/no
PVC) = −0.13, t(14) = 1.1, p = 0.31].

Regional Detection of Early
Cerebrospinal Fluid Aβ42 Amyloidosis
When considering only cognitively healthy people, first regional
effects in standard uncorrected 18F-Florbetapir-PET SUVRWC
maps were detected at a group mean CSF Aβ42 level of 840
pg/ml, and localized to the inferior temporal and temporo-
occipital cortex, precuneus, superior parietal lobule, and medial
prefrontal cortical areas (Figure 5). In PVC-3 corrected 18F-
Florbetapir-PET SUVRWC maps, first significant signal increases
appeared in largely the same cortical regions but were already
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FIGURE 1 | Linear spline estimates for CSF Aβ42 (Elecsys assay) vs. 18F-Florbetapir-PET SUVR in the ADNI sample, whole cerebellum reference. Spline regression
with 95% confidence interval (dashed lines) of 18F-Florbetapir-PET SUVRWC values on CSF Aβ42 levels using knots fixed at the first and the second tertiles of the
range of 18F-Florbetapir-PET values. The 18F-Florbetapir-PET and CSF Aβ42 levels were scaled to a mean of 0 and a standard deviation of 1 to render models
comparable across PVC methods and reference regions. Upper left: w/o (without) PVC, Upper right: PVC-2, Lower left: PVC-3.

detectable at a group mean CSF Aβ42 level of 928 pg/ml. In PVC-
2 corrected 18F-Florbetapir-PET SUVRWC maps, first regional
effects became detectable at the same group mean CSF Aβ42
level (840 pg/ml) as for the standard processing. These results
were replicated using the 10th and the 20th percentiles for
creating the reference samples (see Sensitivity Analyses in the
Supplementary Material).

When considering all ADNI cases irrespective of diagnosis,
regional distribution of first significant effects were similar to
the analysis including only healthy controls. Again, sensitivity to
detect these effects was higher for PVC-3 (group mean CSF Aβ42
level of 1,376 pg/ml) than for no PVC and PVC-2 (group mean
CSF Aβ42 level of 1,287 pg/ml for both) (Figure 6).

DISCUSSION

We determined the effect of different PVC methods and reference
regions on the correspondence of the 18F-Florbetapir-PET signal
with CSF Aβ42 levels and on the sensitivity of 18F-Florbetapir-
PET to detect early build-up of regional amyloid. Amyloid-
sensitive PET tracers, including 18F-Florbetapir, show high
unspecific binding in cerebral white matter (Schmidt et al.,
2015). This leads to a proportionally higher confound of cortical
amyloid signal at low levels of specific uptake so that accounting

for this effect was expected to particularly increase the sensitivity
of 18F-Florbetapir-PET for early amyloid build-up. Consistent
with this assumption, we found that 3-compartment PVC
(Müller-Gärtner et al., 1992) of 18F-Florbetapir-PET SUVRWC
values, taking spill-in of white matter signal into account, but
not 2-compartmental PVC (Meltzer et al., 1996), significantly
increased the association of 18F-Florbetapir-PET signal with
CSF Aβ42 levels, and this effect was most pronounced within
the lower range of global amyloid levels. The effect was also
stable across both the ADNI sample and the INSIGHT-preAD
replication sample as well as across different CSF Aβ42 assays.
In complementary voxel-wise analyses, PVC-3 also increased
the sensitivity of 18F-Florbetapir-PET to detect first signs of
regional amyloid build-up both within healthy controls and
across all cases, including controls as well as SMC, MCI, and
AD dementia cases. The lack of effect for the 2-compartmental
PVC method is consistent with the notion that explicit modeling
of white matter signal spill-in effects is required in order to
observe PVC-related sensitivity increases in amyloid-PET data.
Likewise, a PVC approach designed to correct for spill-in of gray
matter signal into (low-intensity) white matter (Coello et al.,
2013) showed no effect on the association of 18F-Flutemetamol-
PET signal with CSF Aβ42 levels at low levels of amyloid
(Kalheim et al., 2018).
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FIGURE 2 | Linear spline estimates for CSF Aβ42 (Elecsys assay) vs. 18F-Florbetapir-PET SUVR in the ADNI sample, white matter reference. Spline regression with
95% confidence interval (dashed lines) of 18F-Florbetapir-PET SUVRWM values on CSF Aβ42 levels using knots fixed at the first and the second tertiles of the range
of 18F-Florbetapir-PET values. The 18F-Florbetapir-PET and CSF Aβ42 levels were scaled to a mean of 0 and a standard deviation of 1 to render models
comparable across PVC methods and reference regions. Upper left: w/o (without) PVC, Upper right: PVC-2, Lower left: PVC-3.

FIGURE 3 | Linear spline coefficients for early-stage amyloidosis in the ADNI sample. Boxplots of linear spline coefficients from the regression of the
18F-Florbetapir-PET SUVR values on CSF Aβ42 levels with the range sliding between the 16% quantile and the first tertile of 18F-Florbetapir-PET values. WhCer,
whole cerebellum reference region; WM, white matter reference region.
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FIGURE 4 | Correlation coefficients for early-stage amyloidosis in the ADNI sample. Boxplots of correlation coefficients between 18F-Florbetapir-PET SUVR values
and CSF Aβ42 levels with the range sliding between the 16% quantile and the first tertile of 18F-Florbetapir-PET values. WhCer, whole cerebellum reference region;
WM, white matter reference region.

Interestingly, using a white matter reference also resulted in
a significantly higher association between 18F-Florbetapir-PET
signal and CSF Aβ42 levels compared to the standard processing
approach, irrespective of the PVC method. The effect of using a
white matter reference was similar to that of 3-compartmental
PVC, suggesting that correction for unspecific white matter
binding at least partly contributes to the higher associations when
using a white matter reference region. Our findings agree with
an 18F-Florbetapir-PET study from the ADNI cohort showing
less variability in longitudinal SUVR values when computed
using a white matter rather than a cerebellar reference region,
resulting in a higher sensitivity to detect increase of amyloid

TABLE 2 | Association between global 18F-Florbetapir-PET SUVR and CSF Aβ42
levels in the ADNI sample.

Reference
region

Whole cerebellum White matter

Correction
method

No PVC PVC-2 PVC-3 No PVC PVC-2 PVC-3

Total range −0.62 −0.61 −0.67*** −0.68*** −0.68*** −0.69***

Low SUVR (1st
tertile)

−0.01 −0.02 −0.34*** −0.21$
−0.21$

−0.31*

Middle SUVR
(2nd tertile)

−0.44 −0.43 −0.58*** −0.53 −0.50 −0.54

High SUVR (3rd
tertile)

0.07 0.08 −0.04* −0.23** −0.18* −0.21**

$/*/**/*** = Correlation coefficient significantly different from correlation using
standard SUVR method (no PVC, whole cerebellum reference), Steiger’s Z test,
p < 0.05/0.01/0.001/0.0001.

uptake over two years (Chen et al., 2015). The use of cerebral
white matter as a reference region, however, has major difficulties
as well. An 11C-PIB-PET study found a significant association
between white matter signal and age. The age effect was more
pronounced for subcortical than for periventricular white matter.
In addition, in some white matter regions the age effect was
stronger for Aβ-positive than for Aβ-negative cases, whereas
in other white matter regions it was stronger for Aβ-negative
than for Aβ-positive cases (Lowe et al., 2018). The mechanisms
underlying the age effect are currently unclear. In a simulation
study of 18F-Florbetapir kinetics, white matter signal was more
susceptible to variation in cerebral blood flow and fluctuations
of the input function than whole cerebellar signal (Kameyama
et al., 2019). Following these data, the advantage of white matter
signal as a reference region found in some previous studies
may come at the cost of higher bias from cerebral blood flow
variations, which may also explain part of the effects of age and
disease stage on white matter signal. These potential confounds
are strong arguments against an uncritical use of white matter
signal as a reference.

First regions to show increased 18F-Florbetapir-PET signal
at decreasing CSF Aβ42 levels included the inferior temporal
gyrus, temporo-occipital areas, precuneus, superior parietal lobe,
and dorsal medial prefrontal areas. This pattern was consistent
across the different PVC methods. This pattern differs partly
from the pattern described in a previous study using 11C-PIB-
PET data (Villeneuve et al., 2015) where the earliest regions were
located in the medial prefrontal cortex and precuneus, while
superior parietal lobule and lateral temporal cortex were only
involved at higher levels of amyloid. The regions identified in
this previous study and ours are entirely included in the brain
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FIGURE 5 | Detection of early regional amyloid accumulation in cognitively healthy older individuals. Effect of partial volume correction (PVC) method on first
detectable signal increases in voxel-wise 18F-Florbetapir-PET SUVRWC values as determined by the sliding-window analysis with decreasing CSF Aβ42 levels in
cognitively healthy controls. Clusters of >150 voxels passing a family wise error corrected level of significance of p < 0.05 are plotted on rendered cortical surfaces
and a midsagittal brain section. Effects are shown for the index sample (group mean CSF Aβ level of 840 pg/ml) where first regional signal increases compared to the
reference sample (group mean CSF Aβ level of 2,512 pg/ml) were detectable in standard uncorrected 18F-Florbetapir-PET data (‘no PVC’). Across PVC methods
regional effects appear in similar locations but are much more widespread in PVC-3 data (last row) compared to no PVC (first row) or PVC-2 data (second row).

regions encompassed by Thal phase 1, representing the brain
areas with earliest Aβ build-up in autopsy samples (Thal et al.,
2018). The regional distribution of Aβ plaques in Thal phase
1, however, is very extensive, including large parts of prefrontal
cortex, parietal and lateral temporal lobes, which renders this
overlap rather unspecific. Still, the sparing of subcortical areas
from early amyloid accumulation in our and the previous study
using a similar sliding window approach (Villeneuve et al.,
2015) is consistent with the later appearance of amyloid in
these structures starting in Thal phase 3 (Thal et al., 2002). The
early amyloid accumulating regions in our study also overlap
with the regions involved in the earliest stages of amyloid
accumulation as determined by previous regional amyloid-PET
staging studies. Specifically, our regions overlap with stages 1 and
2 of the four Grothe stages (Grothe et al., 2017), and early and
intermediate stages from three Mattsson stages (Mattsson et al.,
2019), both based on 18F-Florbetapir-PET. They also overlap
with the regions showing the highest frequency of amyloid build-
up in 18F-florbetaben-PET data (Cho et al., 2016). As with the
early Thal phases, the early amyloid stages in these previous
staging studies were spatially much more extended than the
earliest regions from our present study, independently from the
staging method. The early involvement of the inferior temporal

cortex in our study agrees with a previous study showing a
significant increase of neocortical temporal lobe signal in 18F-
Florbetapir-PET scans of cognitively healthy adults between
20 and 60 years of age (Gonneaud et al., 2017). A recent
review (Fantoni et al., 2020) showed that the predominance
of involved brain regions differed across studies, with some
studies showing a more prefrontal and some a more posterior
pattern in the earliest stages. These differences may partly reflect
characteristics of different tracers, but regional variations across
studies using the same tracer also suggest an important role of the
quantification approach.

One may speculate that the sliding window approach
employed in this study may be particularly sensitive to uncover
the very first regions to show amyloid build-up in early stage
amyloidosis, at least as measured by decreasing CSF Aβ42
levels as the reference standard. However, longitudinal data
would be required to substantiate such a claim. The number
of longitudinal PET studies on the regional spread of amyloid
in the early stages of amyloidosis is still limited. The regions
detected in our study form a subset of the regions that showed
early accumulation of amyloid over two years of follow-up in
18F-Florbetapir-PET data from the ADNI and the BioFINDER
cohorts (Palmqvist et al., 2017).
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FIGURE 6 | Detection of early regional amyloid accumulation across all cases of the ADNI sample. Effect of partial volume correction (PVC) method on first
detectable signal increases in voxel-wise 18F-Florbetapir-PET SUVRWC values as determined by the sliding-window analysis with decreasing CSF Aβ42 levels across
all cases in the ADNI sample. Clusters of >150 voxels passing a family wise error corrected level of significance of p < 0.05 are plotted on rendered cortical surfaces
and a midsagittal brain section. Effects are shown for the index sample (group mean CSF Aβ level of 1,287 pg/ml) where first regional signal increases compared to
the reference sample (group mean CSF Aβ level of 2,280 pg/ml) were detectable in standard uncorrected 18F-Florbetapir-PET data (‘no PVC’). Across PVC methods
regional effects appear in similar locations but are much more widespread in PVC-3 data (last row) compared to uncorrected (first row) or PVC-2 (second row) data.

Limitations
Our study had several limitations. First, the Elecsys Aβ42 assay
presents a technical limitation for values above 1,700 pg/ml that
renders these higher values exploratory. Therefore, analyses were
repeated using the CSF Aβ42 Innogenetics ELISA assay, and
these analyses could confirm the PVC-3-related increase in the
correspondence between 18F-Florbetapir-PET signal and CSF
Aβ42 levels. In addition, we could replicate our key findings
in an independent replication sample. Secondly, we would have
liked to use the CSF Aβ42/Aβ40 ratio as a reference for the
amyloid-PET signal (Pannee et al., 2016). However, CSF Aβ40
values were only available in a small subset of the ADNI data
and not in the INSIGHT-preAD study. Thus, this analysis needs
to await the availability of larger numbers. Third, the pathogenic
interpretation of our findings is difficult. CSF Aβ42 and amyloid
sensitive PET using 18F-Florbetapir capture different pools of
amyloid. Hence, a stronger correlation between both signals, CSF
and PET, does not mean that the PVC-3 corrected amyloid-PET
signal captures an amyloid fraction that is closer to the amyloid
fraction represented by CSF Aβ42 than the uncorrected PET
signal. However, one would expect that the different amyloid
fractions are in equilibrium so that capturing more closely one

fraction may also increase the accuracy of capturing the fraction
which is upstream of it. Fourth, the current findings cannot
directly be generalized to other amyloid-PET tracers. One would
expect similar effects, since unspecific white matter binding plays
a role for all currently approved tracers; however, this remains
to be directly verified. Finally, the notion of the earliest involved
brain regions should not be interpreted as direct evidence for
a longitudinal spread of amyloid, although they appear to be
consistent with evidence of regional amyloid spread from recent
longitudinal studies (Palmqvist et al., 2017; Jelistratova et al.,
2020).

CONCLUSION

In summary, both PVC-3 and a white matter reference region
markedly increased the match between CSF Aβ42 levels and
18F-Florbetapir-PET signal in the earliest stages of amyloid
accumulation. Additionally, we found a regional 18F-Florbetapir-
PET pattern of early amyloid build-up in inferior temporal,
precuneus and prefrontal cortical regions that was more
sensitively detected when accounting for unspecific white matter
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signal confounds using 3-comparmental PVC. Comparison with
longitudinal PET studies suggest that these regions represent a
subset of previously defined areas that showed early signs of
amyloid accumulation (Palmqvist et al., 2017), but more specific
analysis would be required to confirm the early involvement
of these regions. As a note of caution, however, the striking
increase of sensitivity using a white matter reference may be
counterbalanced by higher effects of confounding factors, such
as age and diagnosis, on the white matter signal. Thus, in a
more conservative approach, one would recommend the use of 3-
compartmental PVC with a well-established cerebellar reference
region to increase sensitivity of PET scans for early amyloid
uptake. Whether such uptake is indeed relevant for mid- to long-
term clinical prognosis of individual cases needs to be shown in
subsequent longitudinal studies.
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