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ARTICLE INFO ABSTRACT

Keywords: Purpose: Measuring longitudinal changes in amyloid load in the asymptomatic stage of Alzheimer’s disease is of
Alzheimer’s disease high relevance for clinical research and progress towards more efficacious, timely treatments. Apolipoprotein E
APOE4

€4 (APOE4) has a well-established effect on the rate of amyloid accumulation. Here we investigated which region
of interest and which reference region perform best at detecting the effect of APOE4 on longitudinal amyloid load
185 Flutemetamol in individuals participating in the Flemish Prevent Alzheimer’s Disease Cohort KU Leuven (F-PACK).

Reference region Methods: Ninety cognitively intact F-PACK participants (baseline age: 68 (52-80) years, 46 males, 42 APOE4
Amyloid accumulation carriers) received structural MRI and '®F-Flutemetamol PET scans at baseline and follow-up (6.2 (3.4-10.9) year
interval). Standardised uptake value ratios (SUVRs) and Centiloids (CLs) were calculated in a composite cortical
volume of interest (SUVR omp/CL) and in the precuneus (SUVRyy,), and amyloid rate of change derived: (follow-
up amyloid load — baseline amyloid load) / time interval (years). Four reference regions were used to derive
amyloid load: whole cerebellum, cerebellar grey matter, eroded subcortical white matter, and pons.

Results: When using whole cerebellum or cerebellar grey matter as reference region, APOE4 carriers had a
significantly higher SUVR omp amyloid rate of change than non-carriers (pcorr = 0.004, t = 3.40 (CI 0.005-0.018);
Deorr = 0.036, t = 2.66 (CI 0.003-0.018), respectively). Significance was not observed for eroded subcortical
white matter or pons (pcor = 0.144, t = 2.13 (CI 0.0003-0.008); peorr = 0.116, t = 2.22 (CI 0.005-0.010),
respectively). When using CLs as the amyloid measurement, and whole cerebellum, APOE4 carriers had a higher
amyloid rate of change than non-carriers (per = 0.012, t = 3.05 (CI 0.499-2.359)). Significance was not
observed for the other reference regions. No significance was observed with any of the reference regions and
amyloid rate of change in the precuneus (SUVRprec).

Conclusion: In this cognitively intact cohort, a composite neocortical volume of interest together with whole
cerebellum or cerebellar grey matter as reference region are the methods of choice for detecting APOE4-
dependent differences in amyloid rate of change.

Longitudinal study
Amyloid-PET

Abbreviations: AAL, Automated Anatomical Labelling atlas; AD, Alzheimer’s Disease; AMYPAD, The amyloid imaging to prevent Alzheimer’s disease study;
APOE4, Apolipoprotein E ¢4; BDNF, Brain Derived Neurotrophic Factor; CI, Confidence interval; CDR, Clinical Dementia Rating; CGM, Cerebellar Grey Matter; CL,
Centiloids; ESWM, Eroded subcortical white matter; F-PACK, Flemish Prevent AD Cohort KU Leuven; GM, Grey Matter; HC, Healthy control; MMSE, Mini Mental
State Examination; MRI, Magnetic Resonance Imaging; PET, Positron Emission Tomography; SUVR, Standardised Uptake Value Ratio; SUVR omp, Standardised
Uptake Value Ratio in the Composite cortical volume of interest; SUVR,.., Standardised Uptake Value Ratio in the precuneus; WCER, Whole cerebellum; WM, White
matter.
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1. Introduction

Amyloid positron emission tomography (PET) is widely used to
determine the presence of amyloid-p plaques in vivo (Jack et al., 2018),
as well as in clinical trial settings to determine those individuals suitable
for trial recruitment. Amyloid-PET can be used to establish target
engagement, in addition to using amyloid load changes as a potential
surrogate marker for evaluating the effect of amyloid-lowering drugs.
APOE4, the largest genetic risk factor for sporadic Alzheimer’s disease
(AD) (Corder et al., 1993), increases the susceptibility of amyloid ag-
gregation (Villemagne et al., 2011). APOE4 is also associated with a
higher rate of amyloid deposition (in a gene dose-dependent manner) in
the asymptomatic, mild cognitive impairment and AD stages of disease
(Grimmer et al., 2010; Villemagne et al., 2011; Yamazaki et al., 2019).
Furthermore, APOE4 is also associated with a higher risk of initiating
amyloid deposition (Burnham et al., 2020), as well as a higher rate of
change specifically in the precuneus (an early AD-affected region (Insel
et al., 2020; Mishra et al., 2018; Palmqvist et al., 2017)), for those aged
below 80 years (Vlassenko et al., 2012).

Most studies evaluated changes in individuals with impaired cogni-
tion, or combined healthy controls with patients. However, amyloid
pathology can appear more than a decade prior to symptom onset,
considered to be the asymptomatic stage of AD (Villemagne et al., 2013).
Therefore, there is a requirement for independent studies investigating
the most sensitive method for studying amyloid accumulation in this
early stage of AD.

18p_Flutemetamol is a radiotracer that has a high affinity for brain
amyloid plaques, can discriminate AD cases from controls, and shows
high concordance with histopathological neuritic amyloid plaque den-
sity (Reinartz et al., 2022; Salloway et al., 2017). Despite relative
concordance of amyloid-PET acquisition and processing, the choice of
reference region differs largely between sites, in particular when
working cross-sectionally versus longitudinally. A reference region
needs to be defined that is preferably devoid of amyloid plaques over
time, but also can be used to detect meaningful and biologically relevant
changes in the brain, whilst reducing noise. Previous studies have shown
that cerebellar grey matter (CGM) and pons fulfil the requirements for a
suitable reference region, and have as such been used in many cross-
sectional and longitudinal studies, especially CGM. However, more
recent studies (using 18F-Florbetapir) have implicated eroded subcor-
tical white matter (ESWM) as being superior for longitudinal studies
(Blautzik et al., 2017; Chen et al., 2015; Chiao et al., 2019; Landau et al.,
2015).

Further to this, the Centiloid (CL) scale has been developed, allowing
for the standardisation of amyloid measurements across various amyloid
radiotracers on a common (CL) scale (Klunk et al., 2015), utilising the
whole cerebellum (WCER) as a reference region. In recent years, CLs
have become an increasingly common way to express amyloid load that
can be applied and compared across amyloid-PET tracers. This allows for
the pooling of data across centres, as well as data processed with
different methods of acquisition and pre-processing.

It is now firmly established that there is an association between
APOE4 and the clinical development of AD, as well as the accumulation
of amyloid plaques in the brain over time in the asymptomatic phase
(Villain et al., 2012). Since there is no clear consensus on which refer-
ence region is optimal for semi-quantification of amyloid rate of change,
in the present study we investigated the effect of four reference regions
on longitudinal amyloid load (WCER, CGM, ESWM and pons) in
cognitively intact elderly individuals. Since APOE4 enhances amyloid
accumulation over time (Lim and Mormino, 2017; Mishra et al., 2018;
Villemagne et al., 2011), we aimed to investigate which reference region
most sensitively quantifies this effect both in a composite region of in-
terest and the precuneus, in exclusively cognitively intact individuals,
some of whom are in the asymptomatic phase of AD.
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2. Material and methods
2.1. Study participants

The Laboratory for Cognitive Neurology follows a deeply pheno-
typed cohort of 180 community-recruited healthy older adults, known
as the Flemish Prevent AD Cohort KU Leuven (F-PACK), who were
recruited in three waves of 60 participants from 2009 to 2015 (waves
one to three). Inclusion criteria included being aged between 50 and 80
years old, Mini Mental State Examination (MMSE) score > 27, Clinical
Dementia Rating (CDR) score = 0, and neuropsychological test scores
within published norms (Adamczuk et al., 2013; Schaeverbeke et al.,
2021). Recruitment was stratified based on APOE status (¢4 present or
absent) and Brain Derived Neurotrophic Factor (BDNF) status (66 met
present or absent), such that per five-year age bin there was an equal
number of individuals in each factorial cell, matched for age, sex and
education.

A subset of 90 participants consented to follow-up scanning, and
have thus received a follow-up '®F-Flutemetamol PET scan, T1-weighted
structural MRI and blood sampling, with a median time interval of 6.2
(3.4-10.9) years after baseline. All participants were cognitively intact
at the time of the follow-up PET scan and are being followed over a 10-
year period, with two-yearly neuropsychological evaluations. Written
informed consent was obtained from all participants in accordance with
the Declaration of Helsinki. The protocol was approved by the Ethics
Committee University Hospitals Leuven.

2.2. Imaging

2.2.1. Structural MRI

A high resolution T1-weighted structural MRI was acquired at
baseline and follow-up for the PET processing procedure described in
Section 2.2.3. Scans were performed using a 3 T Philips Achieva dstream
32-channel headcoil MRI scanner (Philips, Best, The Netherlands). All
baseline scans and 65 follow-up scans were acquired using a 3D turbo
field echo sequence: inversion time = 900 ms; repetition time = 9.6 ms;
echo time = 4.6 ms; flip angle = 8°; field of view = 250 x 250 mm; 182
slices; voxel size 0.98 x 0.98 x 1.2 mm?>. Twenty-two follow-up scans
were acquired using a 3D magnetisation-prepared rapid gradient-echo
sequence as they were acquired as part of the Amyloid imaging to pre-
vent Alzheimer’s disease study (AMYPAD): repetition time = 6.6 ms;
echo time = 3.1 ms; flip angle = 9°; field of view = 270 x 252 mm; 170
slices; voxel size 1.05 x 1.05 x 1.2 mm?®. Three individuals refused a
follow-up MRI scan.

2.2.2. 18F-Flutemetamol PET

18F_Flutemetamol PET scans were acquired on a 16-slice Biograph
PET/CT scanner (Siemens, Erlangen, Germany), at baseline and follow-
up for all 90 participants, with a net injected intravenous dose of 149
MBq (127-163 MBq) and 167 MBq (77-198 MBq), respectively, and
acquisition window of 90-120 min post-injection. Four participants
were scanned 90-110 min post injection due to scan acquisition prior to
a protocol amendment. Data were reconstructed as frames of five mi-
nutes using ordered subsets expectation maximisation and smoothed
with a 5 mm full width at half maximum 3D Gaussian filter, as part of the
reconstruction, given the spatial resolution of the scanner is 4.6 mm full
width at half maximum 1 cm off centre measured with the NEMA pro-
tocol. All baseline and 72 follow-up scans were reconstructed with five
iterations in eight subsets. Eighteen follow-up scans were reconstructed
as four iterations in 21 subsets, as they were acquired with the AMYPAD
protocol. Image processing of the reconstructed PET data was performed
using in-house developed scripts using Statistical Parametric Mapping
version 12 (SPM12, Wellcome Trust Centre for Neuroimaging, London,
UK, https://www.fil.ion.ucl.ac.uk/spm) running on MATLAB R2018b
(Mathworks, Natick, MA, USA), as previously described (Adamczuk
et al.,, 2016, 2013; Koole et al.,, 2009; Schaeverbeke et al., 2022;
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Vandenberghe et al., 2010). Briefly, frames were realigned to the first
frame and summed to a single sumPET. The MRI was used for coregis-
tration and normalisation of the sumPET to Montreal Neurological
Institute space using a segmentation approach. We did not use partial
volume correction (Minhas et al., 2018; Schwarz et al., 2019).

2.2.3. Image analysis

The (mean) standardised uptake value ratios (SUVRs) from the
spatially normalised images (voxel size: 2 x 2 x 2 mm3) were calculated
in a composite cortical VOI (SUVRomp), derived from the Automated
Anatomic Labelling atlas (AAL) (Tzourio-Mazoyer et al., 2002). This
composite VOI included the following bilateral regions: frontal (AAL
areas 3-10, 13-16, 23-28), parietal (AAL 57-70), anterior cingulate
(AAL 31-32), posterior cingulate (AAL 35-36) and lateral temporal
(AAL 81-82, 85-90) (Adamczuk et al., 2013). The composite VOI was
masked with the participant-specific grey matter (GM) segmentation
map (intensity threshold of GM voxels > 0.3, (Adamczuk et al., 2013).

Our secondary PET outcome measure was calculating SUVRs spe-
cifically in a precuneus volume of interest (SUVRrec, AAL 67-68) as this
region is known to be affected by amyloid deposition early in the disease
progression, thus allowing us to determine early amyloid changes
(Palmqvist et al., 2017). The precuneus VOI was masked by the subject-
specific GM map (GM intensity threshold > 0.3).

SUVRs were calculated using four reference regions of interest:
whole cerebellum (WCER), cerebellar grey matter (CGM), eroded
subcortical white matter (ESWM) and pons. The WCER VOI was defined
as AAL areas 91-116 and included both white and grey matter. The CGM
VOI was defined as AAL areas 91-108 and was masked by the
participant-specific GM map (GM intensity threshold > 0.3) (Adamczuk
et al., 2013). The ESWM VOI was derived from the participant-specific
whole-brain WM map from the MRI segmentation procedure for the
PET processing. An in-house script eroded the WM map with an erosion
kernel of 3 x 3 x 3 voxels, and a WM voxel inclusion intensity threshold
> 0.5 (to ensure that despite the erosion, inclusion of GM voxels was
minimised given proximity to the neighbouring GM cortical regions).
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The original pons VOI was manually drawn on the SPM12 T1 template
(13 axial slices of 2 mm, drawing from x = 0, y = —12, z = —32
(Adamczuk et al., 2016). This VOI was then masked by the participant-
specific WM map (WM intensity threshold > 0.3). Fig. 1 shows an
example of each of the reference regions used.

Amyloid rate of change was derived for SUVRcomp and SUVRy.,
which was defined as: [follow-up amyloid - baseline amyloid]/time
interval (years).

2.2.4. Conversion of SUVRs to Centiloids

As a further analysis, we examined whether the findings obtained in
the primary analysis, were also applicable when CLs, rather than
SUVR omp, Were used as the parameter for amyloid measurement using a
different approach that is standardised. To allow for SUVR o from each
reference region to be on the CL scale, CL conversion formulas were
generated (Klunk et al., 2015). First the PET images were reprocessed
with an acquisition window 90-110 min post injection as this is what the
standard CL method uses. The level-1 analysis was replicated in a pre-
vious study from our Laboratory, which allowed the anchor points to be
established (de Meyer et al., 2020). The level-2 analysis was already
performed in this previous study to generate a CL conversion formula
when using CGM as a reference region, which is defined as 127.6 x
SUVR - 149 (de Meyer et al., 2020). For determining conversion for-
mulas for the other reference regions see Supplementary Information.

The following CL conversion formulas for each of the reference re-
gions were obtained: CLyhole cerebellum = 140 X SUVR — 160, CLeroded
subcortical white matter = 280 X SUVR — 140, CLpons = 230 x SUVR - 120.
The CL conversion formulas were then used to convert the SUVRopp for
each reference region from the F-PACK cohort to CLs for use in further
analyses. Amyloid rate of change for CLs was also calculated as above.

2.2.5. Determination of amyloid positivity

To determine amyloid-positive from amyloid-negative participants
when using SUVRs, we calculated thresholds for each reference region
for the composite VOI, using an independent dataset consisting of AD

Fig. 1. Example reference regions used to calculate amyloid load. Cerebellar grey matter (red), eroded subcortical white matter (green), and pons (blue) reference
regions overlaid on the SPM standard T1 MRI template. Whole cerebellum not shown to highlight the cerebellar grey matter reference region used. All reference
regions are subject-specific, based on the participant’s own grey matter/white matter MRI segmentations. Therefore, the highlighted regions depicted do not
represent the exact reference regions used when calculating amyloid load for each participant. Numbers refer to the x-, y-, and z- positions in MNI space of the
coronal, sagittal and transverse slices. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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patients (N = 25, 71 (56-81) years old, 12 males, 15 (8-24) years of
education, MMSE = 23 (19-26), CDR = 1 (0.5-1)) and elderly healthy
controls (HC, N = 14, aged 71 (56-78) years, 8 males, 13 (8-18) years of
education, MMSE 28.5 (27-30), CDR = 0)) (Vandenberghe et al., 2010).
We used the PET processing method detailed in Section 2.2.3 to generate
SUVR omp for each individual, for each reference region, and then used
the mean SUVR ,np to generate the thresholds for amyloid positivity
using the method described previously (Adamczuk et al., 2013; Van-
denberghe et al., 2010). This procedure bases the threshold on the sta-
tistical difference between the AD and HC groups using the following:

Mean SUVR,,,,AD — Mean SUVR,,,,,HC
SD SUVR ompAD + SD SUVR 5y HC

factor =

SUVR ompthreshold = Mean SUVR ,,,,AD — factor x SD SUVR o, AD

The CGM threshold for SUVR ,mp had previously been calculated in
our Laboratory and corresponded to 1.38 (Adamczuk et al., 2013). The
SUVR comp threshold for WCER = 1.55, ESWM = 0.68, and pons = 0.84.

The same procedure was then performed for the precuneus VOI, to
generate thresholds for positivity for this specific region for visualisation
purposes. These corresponded to: WCER = 1.53, CGM = 1.85, ESWM =
0.70, and pons = 0.83.

To have a standardised approach, the CL threshold for amyloid
positivity corresponded to = 23.5, a widely accepted pathologically
validated threshold (la Joie et al., 2019).

2.3. Statistical analyses

Statistical analyses and figures were performed and made in R,
version 4.1.3 (2022-03-10; The R Foundation for Statistical Computing;
https://cran.r-project.org/). Prior to analyses Shapiro-Wilk tests were
used to determine data normality.

Depending on data normality, cohort characteristics were assessed
between APOE4 carriers and non-carriers using Wilcoxon rank sum tests
with continuity correction or Welch two-sample t-tests for continuous
data, and y? tests for categorical data. p-values were considered signif-
icant when meeting a two-tailed threshold of a < 0.05.

Despite thorough quality control of image acquisition and process-
ing, there is one participant who had a disproportionate decrease in
amyloid load between baseline and follow-up when amyloid load
calculated with ESWM. There was no explanation found for this so pri-
mary and secondary analyses were repeated after the removal of these
values.

2.3.1. Primary analyses

Linear mixed effects models were performed using the R package
nlme with the restricted maximum likelihood estimation and optimMethod =
“SANN” using SUVR as dependent variable, with the interaction of
APOE4 status and time interval as fixed effects, correcting for age, sex
and education. Participant ID and time interval were used as random
effects. This allowed us to determine whether APOE4 carriers had an
increase in amyloid over time interval compared to non-carriers. Amy-
loid change in APOE4 carriers compared to non-carriers per year from
the LME model is reported, with 95 % confidence intervals (CIs) and the
corresponding model t- and p-values of the interaction.

Identical analyses were then performed using SUVR,y. values from
each reference region to determine differences in amyloid change in the
precuneus.

Furthermore, we evaluated amyloid change when using CLs. Thus,
the above analyses using SUVR oy were also performed using CLs for
each reference region.

Inference was based on an uncorrected p < 0.05 threshold divided by
the number of reference regions (N = 4).

2.3.2. Secondary analyses
A Friedman’s repeated measures was performed to determine
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whether there were significant differences between the SUVR omp rate of
change values from each reference region across all participants. Ken-
dall’s W effect size was calculated, and if the Friedman’s repeated
measures was significant, multiple pairwise-comparisons were per-
formed using paired Wilcoxon matched pairs signed rank tests with
Bonferroni correction. This was also performed for the composite VOI
with CLs as amyloid measurement.

Linear regression analyses were performed using each amyloid
measurement to determine whether there was an association between
baseline amyloid load and amyloid rate of change with each reference
region (baseline age, sex and APOE4 status as covariates).

3. Results

The cohort characteristics for the participants included in the present
study can be found in Table 1, stratified for APOE4 status. Only educa-
tion was significantly different between the two groups, where APOE4
carriers had a significantly higher number of years of education (p =
0.049). At the neuropsychological follow-up closest to the follow-up
amyloid-PET scan, two participants had a CDR of 0.5, with corre-
sponding MMSEs of 26 (APOE €3¢3) and 28 (APOE e3¢e4) out of 30.

When determining amyloid positivity using SUVR ;omp, the number of
amyloid positive individuals increased at follow-up with all reference
regions (Table 2, Fig. 2a-d). Fig. 2e-h shows the amyloid change in the
precuneus. When determining amyloid positivity using CLs, the number
of amyloid positive individuals also increased at follow-up for all
reference regions (Table 2, Fig. 2i-1).

3.1. Primary analyses

For SUVR omp, APOE4 carriers had a significant increase in amyloid
per year than non-carriers when using WCER or CGM as reference re-
gion, with high corresponding t-values (Table 3, Fig. 2a and b). No
significant differences between groups were observed for ESWM or pons
(Table 3, Fig. 2c and d). When the outlier was removed, the significance
remained for WCER, but was lost for CGM (p = 0.015).

There were no significant differences in amyloid change between
APOE4 groups when using SUVR, for any of the reference regions
(Table 3, Fig. 2e-h). When the outlier was removed there was still no
significance observed.

When using CLs and the composite cortical VOI, APOE4 carriers had
a significantly higher amyloid rate of change than non-carriers when
WCER was used as a reference region (Table 3, Fig. 2i). Significance was
not observed for the other reference regions (Table 3, Fig. 2j-1). When
the outlier was removed the significance from the main analyses
remained.

None of the other fixed effects were significant in any of the models.

3.2. Secondary analyses

The Friedman’s repeated measures highlighted a significant differ-
ence in SUVR ,p amyloid rate of change between the different reference
regions (2 = 21.9, p = 6.78x107). However, the effect size was small
(W = 0.08). Multiple pairwise-comparisons showed that SUVR ym, rate
of change was lower when using ESWM as a reference region compared
to when WCER, CGM or pons were used as reference regions (Table 4,
Fig. 3a). When the outlier was removed, the overall significance
remained (y2 = 21.1, p = 9.81x10°, W = 0.08), as did the significance
for the multiple pairwise-comparisons (Table 4).

When using CLs as the amyloid measurement, the Friedman’s
repeated measures highlighted a significant difference in amyloid rate of
change between the different reference regions (x> = 45.3, p = 7.81x10"
10y, However, the effect size was small (W = 0.17). Multiple pairwise-
comparisons highlighted significant differences between the CL-based
rate of change values of WCER and CGM (CGM lower group median),
WCER and ESWM (ESWM lower group median), WCER and pons (WCER
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Table 2
Number of amyloid positive individuals based on thresholds for positivity.

Table 1
Baseline characteristics stratified for APOE4 status for F-PACK participants.
APOE4 non- APOE4 carriers Statistics
carriers
Sex (Male/Female) 23/25 23/19 72=0.19,p=
0.66
BDNF codon 66 met 24 23 72 =0.06,p=
carriers 0.81
Age (years) 67 (52-80) 68 (56-79) T=-0.10,p =
0.92
Education (years) 14 (8-20) 16 (9-24) T =2.00,p
= 0.049
MMSE (/30) 29 (27-30) 29 (27-30) wW=1012,p
=0.98
CDR 0 0 NA
AVLT TL (/75) 48 (30-69) 46 (35-68) T=-0.25p=
0.80
AVLT %DR 86 (30-108) 86 (58-108) W =1020,p
=0.93
Mean BSRT TR (/12) 8 (6-11) 8 (5-11) W = 888.5,p
=0.32
BSRT DR (/12) 8 (2-12) 8 (3-12) W=947,p =
0.62
BNT (/60) 57 (46-60) 57 (41-60) W =1030,p
=0.86
AVF (# words/1 min) 23 (14-40) 24 (14-42) T=0.80,p=
0.43
LVF (# words) 36 (14-65) 38 (9-64) T=021,p=
0.84
PALPA49 (/30) 28 (20-30) 27 (23-30) W=0987,p=
0.87
RPM (/60) 46 (22-57) 45 (22-57) W =2896,p =
0.37
TMT B/A 2(1-5) 2 (1-5) T=0.58,p=
0.57
Baseline SUVR omp 1.199 1.227 W =551.5p
WCER (1.047-1.360) (1.034-1.922) =0.32
Baseline SUVR o, CGM 1.218 1.242 W=561,p=
(1.092-1.372) (1.062-2.072) 0.26
Baseline SUVR omp 0.484 0.498 W=611,p =
ESWM (0.404-0.589) (0.445-0.755) 0.07
Baseline SUVR om, Pons 0.664 0.677 W=582,p=
(0.585-0.728) (0.620-0.948) 0.15
Time interval between 6 (4-11) 6 (3-10) W=2812,p =
amyloid-PET (years) 0.11

Data are reported as median and range (minimum to maximum) for continuous
variables, and numerical for categorical variables. Statistical tests used for
continuous data are Wilcoxon rank sum test with continuity correction, or Welch
two sample t-test, depending on the normality of the data. Chi-squared tests have
been used for categorical data. N = 90. Significant results are in bold. Abbre-
viations: AVF = Animal Verbal Fluency Test; AVLT DR/TL = Rey Auditory
Verbal Learning Test Delayed Recall/Total Learning; BNT = Boston Naming
Test; BSRT DR/TR = Buschke Selective Reminding Test Delayed Recall/Total
Retention; CDR = Clinical Dementia Rating scale; CGM = Cerebellar grey
matter; ESWM = Eroded subcortical white matter; LVF = Letter Verbal Fluency
Test; MMSE = Mini Mental State Examination; PALPA49 = Psycholinguistic
Assessment of Language Processing in Aphasia (PALPA) subtest 49; RPM =
Raven’s Progressive Matrices; SUVR,mp = Standardised uptake value ratio in
the composite region; TMT B/A = Trail Making Test part B divided by part A;
WCER = Whole cerebellum.

lower group median), CGM and pons (CGM lower group median), and
ESWM and pons (ESWM lower group median, Table 4, Fig. 3b). When
the outlier was removed, the overall significance remained (y? = 45.5, p
=7.171, W = 0.17), and multiple pairwise-comparisons highlighted
the same significant differences as above.

When using SUVR omp, higher baseline amyloid load was signifi-
cantly associated with increased amyloid rate of change for WCER,
CGM, and pons as reference regions, but not ESWM as reference region
(Table 5, Fig. 4a-d). When the outlier was removed, significance
remained for all reference regions from the main analyses, and was also
present for ESWM (Table 5).

There was a significant association between higher baseline

Reference region Amyloid positive (N (%))

Baseline Follow-up
SUVR omp WCER 4 (4 %) 8 (9 %)
CGM 9 (10 %) 19 (21 %)
ESWM 5 (6 %) 10 (11 %)
Pons 3 (3 %) 7 (8 %)
Centiloids WCER 16 (18 %) 25 (28 %)
CGM 11 (12 %) 19 (21 %)
ESWM 12 (14 %) 19 (21 %)
Pons 15 (17 %) 32 (36 %)

Thresholds for positivity for whole cerebellum = 1.55, cerebellar grey matter =
1.38, eroded subcortical white matter = 0.68, and pons = 0.84. Threshold for
amyloid positivity when using Centiloids = 23.5 (la Joie et al., 2019). Significant
results are in bold. N = 90. Subjects positive at baseline and negative at follow-
up for each reference region were as follows: SUVR om, WCER and Pons = 0;
SUVRomp CGM and ESWM = 1; CL WCER, ESWM, Pons = 2; CL. GCM = 1.
SUVR omp acquisition window = 90-120 min post injection; CL acquisition
window = 90-110 min post injection. Abbreviations: CGM = Cerebellar grey
matter; ESWM = Eroded subcortical white matter; SUVR ,mp, = Standardised
uptake value ratio in the composite region; WCER = Whole cerebellum.

precuneus amyloid load and increased composite amyloid rate of change
for all reference regions (Table 5, Fig. 4e-h). When the outlier was
removed, significance remained for all reference regions.

As with SUVR omp, when using CLs, higher baseline amyloid load was
significantly associated with increased amyloid rate of change for
WCER, CGM, and pons as reference regions, but not ESWM as reference
region (Table 5, Fig. 4i-1). When the outlier was removed, significance
remained for all reference regions from the main analyses, and was also
present for ESWM (Table 5).

4. Discussion

Our study showed that when using WCER or CGM as reference re-
gion, SUVR ,mpy amyloid rate of change in a composite region of interest
highlighted the early differential effect of APOE4, in contrast to ESWM.
This was confirmed when using CLs.

A higher amyloid load, as well as higher rate of amyloid accumula-
tion, has been shown in healthy controls who carry APOE4, as well as
those (carriers) with MCI and AD (e.g. (Drzezga et al., 2009; Fleisher
etal., 2013; Hong et al., 2022; Lehmann et al., 2014; Morris et al., 2010;
Reiman et al., 2009; Rowe et al., 2010; Toledo et al., 2019) where the
presence of amyloid is detected in APOE4 carriers at a much earlier age
than non-carriers (Fleisher et al., 2013). In the present study, when
WCER and CGM were used as reference region, APOE4 carriers had a
significant increase in amyloid per year than non-carriers when using
SUVR omp, Where this was replicated for CLs when WCER used as a
reference region. The analyses suggest that APOE4 carriers have a
steeper increase in accumulation with these reference regions, signifying
that these reference regions can determine the differential effects of
APOE4 on early amyloid accumulation in the asymptomatic stage of AD.

This may be important when recruiting participants for clinical tri-
als, for example to stratify and recruit at-risk individuals, given we know
APOE4 is the largest genetic risk factor for sporadic AD (Corder et al.,
1993). However, it is important to note that APOE4 carriage is not
necessary to develop AD. Thus it is important to realise that those in-
dividuals who develop AD without APOE4, as well as those at-risk in-
dividuals or those in the asymptomatic phase without APOE4, may have
a different amyloid accumulation profile or trajectory to those that do
carry the risk allele. This may mean a different reference region may be
more suitable at detecting (early) amyloid accumulation in these in-
dividuals. However, given that we are aiming to find differences in an
asymptomatic AD population in order to enhance the knowledge about
PET processing in these individuals, potentially for recruitment
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Fig. 2. Change in amyloid for each reference region stratified for APOE4 polymorphism status (red present, blue absent). SUVR opm,: (@) Whole cerebellum, (b)

Cerebellar grey matter, (¢) Eroded subcortical white matter, (d) Pons. SUVRp:

(e) Whole cerebellum, (f) Cerebellar grey matter, (g) Eroded subcortical white

matter, (h) Pons. CLs: (i) Whole cerebellum, (j) Cerebellar grey matter, (k) Eroded subcortical white matter, (1) Pons. The dotted lines represent the threshold for

amyloid positivity. For SUVR ., this is specific for each reference region (WCER =

1.55, CGM = 1.38; ESWM = 0.68; pons = 0.84); CL threshold = 23.5 (la Joie et al.,

2019). Regression lines are shown with their corresponding standard error. Note the differing scales due to the nature of the values for each reference region. APOE4
carriers = red (¢2e4 N = 2; ¢3e4 N = 38; e¢4¢4 = 2), APOE4 non-carriers = blue (¢2¢3 N = 7; ¢3¢3 N = 41). N = 90. Abbreviations: GCM = cerebellar grey matter;
ESWM = eroded subcortical white matter; WCER = whole cerebellum. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 3
Difference in amyloid load at follow-up compared to baseline for each of the
amyloid measurements relative to APOE4 non-carriers using linear mixed effects
models.

Table 4

Pairwise comparisons between the rate of change values from each reference
region following a significant Friedman’'s repeated measures, using paired
Wilcoxon matched pairs signed rank tests with Bonferroni correction.

Amyloid Reference Amyloid 95 % t- Interaction
measurement region rate of confidence value  p-value
change interval
SUVR comp WCER 0.011 0.005,0.018  3.40 0.001
CGM 0.010 0.003,0.018 2.66 0.009
ESWM 0.004 0.0003, 2.13 0.036
0.008
Pons 0.005 0.0005, 2.22 0.029
0.010
SUVRrec WCER 0.009 0.001,0.018  2.22 0.029
CGM 0.008 —0.0008, 1.81 0.074
0.017
ESWM 0.003 —0.0009, 1.57 0.120
0.008
Pons 0.004 —0.001, 1.59 0.115
0.009
Centiloids WCER 1.429 0.499,2.359  3.05 0.003
CGM 1.171 0.251, 2.092 2.53 0.013
ESWM 1.089 —0.092, 1.83 0.070
2.271
Pons 1.130 0.162, 2.099 2.32 0.023

Amyloid rate of change is the unit of increase in amyloid of APOE4 carriers
compared to non-carriers from the linear mixed effects models. N = 90. Sig-
nificant results are in bold (p < 0.013). SUVR acquisition window = 90-120 min
post injection; CL acquisition window = 90-110 min post injection. Abbrevia-
tions: CGM = Cerebellar grey matter; ESWM = Eroded subcortical white matter;
SUVR(omp = Standardised uptake value ratio in the composite region; SUVR .
= Standardised uptake value ratio in the precuneus; WCER = Whole cerebellum.

Composite amyloid Reference region comparison Adjusted p-

measurement (group median) value

SUVR comp WCER (0.002) versus ESWM (0.00) p= 8.52x10™*
CGM (0.001) versus ESWM (0.00) p =0.02
ESWM (0.00) versus pons (0.003) p= 5.06x10°

Centiloids WCER (0.279) versus CGM (0.263) p = 0.02
WCER (0.279) versus ESWM (0) p =0.02
WCER (0.279) versus pons (1.06) p = 0.0004
CGM (0.263) versus pons (1.06) p= 4.6x10°
ESWM (0) versus pons (1.06) p = 1.4x10°

N = 90. SUVR acquisition window = 90-120 min post injection; CL acquisition
window = 90-110 min post injection. Significant results are in bold. Abbrevi-
ations: CGM = cerebellar grey matter; ESWM = eroded subcortical white matter;
SUVR omp = Standardised uptake value ratio in the composite region; WCER =
whole cerebellum.

stratification or target engagement, the differences we observe remain
valid, especially since APOE4 is the largest genetic risk factor for AD,
increasing risk 3-15-fold with a minor allele frequency of 14 %.

When observing amyloid changes (Fig. 2) one can appreciate the
amyloid continuum is represented. However, the CL threshold for pos-
itivity detects a higher number of individuals that are amyloid positive
compared to the SUVR oy thresholds. This may be due to the different
methods of threshold calculation and cohorts used for this, as well as the
differing tracers: 1C-PiB for the calculation of the CL threshold, as per
the CL tracer and protocol (Klunk et al., 2015)), versus 18p.
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cerebellum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5

Regression results with baseline amyloid load as predictor and composite am-
yloid rate of change as outcome variable, for each reference region and amyloid
measurement.

Baseline Reference Adjusted B (95 % C.1.) Baseline
amyloid region R? amyloid load p-
value
SUVR comp WCER 0.33 0.05 2.73x107
(0.03-0.07)
CGM 0.26 0.05 2.22x10°
(0.03-0.07)
Pons 0.16 0.04 0.0005
(0.02-0.06)
ESWM 0.12 0.04 0.002
(without (0.01-0.06)
outlier)
SUVRprec WCER 0.39 0.05 3.18x10°°
(0.03-0.06)
CGM 0.30 0.05 2.49x107
(0.03-0.06)
ESWM 0.07 0.03 0.02
(0.004-0.05)
Pons 0.22 0.05 1.33x10°
(0.03-0.06)
Centiloids WCER 0.26 0.04 6.21x10°
(0.03-0.06)
CGM 0.26 0.05 1.71x10°
(0.03-0.07)
Pons 0.31 0.06 6.99x10°
(0.04-0.08)
ESWM 0.05 0.03 0.01
(without (0.007-0.06)
outlier)

Baseline age, sex and APOE status are included as covariates. N = 90. Significant
results are in bold. SUVR acquisition window = 90-120 min post injection; CL
acquisition window = 90-110 min post injection. Abbreviations: CGM = cere-
bellar grey matter; ESWM = eroded subcortical white matter; SUVRcomp =
Standardised uptake value ratio in the composite region; SUVR,,. = Stand-
ardised uptake value ratio in the precuneus; WCER = whole cerebellum.

Flutemetamol for the SUVR thresholds, as was previously described in
(Vandenberghe et al., 2010). The acquisition window used in the present
study for the SUVR analysis (full window of 90-120 min) was different
than in the CL analysis (shortened window of 90-110 min, given this is
the method for the CL protocol). Furthermore, to avoid any variability in
the definition of amyloid positivity when converting SUVRs to CLs, we
chose to use 23.5 given this is an independent and pathologically-
defined threshold using WCER as a reference region and '!C-PiB as
per the CL protocol allowing for a standardised approach (la Joie et al.,
2019). The method used to derive the SUVR thresholds in the present
study was not using post mortem data as this was not available to us at
the time of analysis and writing, but instead using an independent
dataset consisting of AD cases and controls. Nonetheless, the results
overall suggest that ESWM is unable to highlight the differential effect of
APOE4 on amyloid rate of change when using SUVRs nor CLs.

It should be noted that the results from the present study do not
confirm the suitability of a WM reference region in asymptomatic AD.
There are several reasons that may account for this. Firstly, there are
tracer differences between our study and those published, which will
naturally be a source of variation. !'C-PiB is a first generation amyloid-
PET tracer, used widely by amyloid-PET studies. ‘®F-Flutemetamol is a
derivative of this, as a second generation tracer, with the ability to
selectively bind to amyloid plaques similarly to 'C-PiB (Vandenberghe
et al., 2010). As described below, 18F_Flutemetamol binds also to white
matter, and as such there have historically been reports that this results
in a higher number of amyloid positive classifications, e.g. in (Mountz
et al., 2015). However, there have also been previous reports that *C-
PiB binds to WM in older adults, as well as 18 _Flutemetamol (Landau
et al., 2014; Lowe et al., 2017). Nevertheless, a previous study from our
laboratory has shown that there is a high concordance of '®F-Fluteme-
tamol and *1C-PiB amyloid positivity classification when using the SUVR
approach in the same individuals (94 % concordance rate in cognitively
intact elderly participants) (Adamczuk et al., 2016), which has also been
replicated by other centres in other (clinical) populations. In this pre-
vious study, there was a high correlation between 'F-Flutemetamol and
11C-PiB SUVR values, not only in the composite VOI (p = 0.84), but also
in subcortical WM (p = 0.82). Previous studies comparing '®F-labelled
tracers, report that there are strong linear associations between the
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different tracers, even in unmatched populations (Landau et al., 2014),
and that there is a high agreement in amyloid positivity status, for
example between 18%_Flutemetamol and 'SF-Florbetaben (98.1 %
concordance rate) (Cho et al., 2020), or to discriminate between AD
cases and controls (Wong et al., 2010; Yeo et al., 2015).

Secondly, there is a known high tracer retention in WM, independent
of amyloid deposition and clinical diagnosis. This is largely due to '8F-
labelled radiotracers being highly lipophilic and binding to myelin basic
protein, despite the exact nature of the aspecific binding being poorly
understood (Carotenuto et al., 2020). There are often age-related WM
changes (Lowe et al., 2018), such as increasing white matter lesions
(Murray et al., 2012), potentially making WM reference regions variable
over time. These lesions are more likely to appear in the subcortical WM
than the cerebellum (Bullich et al., 2017), and are thus susceptible to
amyloid radiotracer binding. This may result in an underestimation of
amyloid levels in cortical regions of interest and is different for the '8F-
amyloid tracers currently used. This further strengthens our results that
a cerebellar reference region is better suited at detecting subtle APOE4-
related brain amyloid changes, since this is less susceptible to off-target
WM binding.

Thirdly, the WM reference region used here differs to that used in
many published articles as there is no consensus on which and how the
WM region should be defined when creating a WM reference VOI. For
example, a study using ''C-PiB PET used a WM reference region con-
sisting of the subject-specific eroded WM segmentation, with the cere-
bellar and brainstem WM manually removed prior to analysis (Heeman
et al., 2020). In another example, the WM reference region was created
by defining a Freesurfer subcortical WM image and smoothing this 8
mm? to the '®F-Florbetapir PET image, with a threshold of 0.7 to erode
the WM voxels (Landau et al., 2015). As a final example, the WM
reference VOI was created by taking the WM MRI segmentation and
manually defining a mask around the centrum semiovale (Bullich et al.,

2017). Furthermore, many published studies lack details on how they
define the WM VOI, thus reducing the ability to create the exact refer-
ence region in further studies. As can be appreciated from these exam-
ples, methods of defining WM reference VOIs are variable and differ
between centres, which in itself is a disadvantage in terms of
replicability.

Lastly, a unique aspect of our study, and its greatest strength, is the
notably long follow-up time period. Published studies that promote WM
reference regions for longitudinal amyloid-PET studies largely have a
follow-up time period of two years (Blautzik et al., 2017; Bullich et al.,
2017; Chen et al., 2015; Landau et al., 2015). However, the shortest
follow-up time interval in our study is already longer than this (3.4
years), where our median time interval is 6.2 years (highest interval
10.9 years). PET images often have a low signal-to-noise ratio, which
may have a larger effect when the follow-up duration is shorter than
longer ones. This is potentially due to the changes in amyloid over a
short period being smaller than if this interval was longer relative to the
noise present. Our time interval duration is large and so the signal-to-
noise ratio may have less of an effect. As described above, there is a
high tracer retention in WM and there are WM changes associated with
age. Therefore, this may influence the superiority of WM as a reference
region choice for longitudinal amyloid-PET studies, which has also been
postulated before using 11C.piB (Lowe et al., 2018). We cannot exclude
that with a shorter time interval results may have been different, how-
ever, this is something we cannot directly test with our data.

Many studies have found that amyloid accumulates during early AD
stages in the precuneus, and that APOE4 may alter this trajectory
(Buckner et al., 2005; Insel et al., 2020; Mattsson et al., 2019; Mishra
etal., 2018; Palmgqpvist et al., 2017; Villain et al., 2012; Villemagne et al.,
2011). From our data we can ascertain that there are high levels of
amyloid observed in this region (Fig. 2e-h), but amyloid rate of change
was not significantly different between APOE4 status with any of the
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reference regions. Numerically, APOE4 carriers had a higher amyloid
rate of change, which suggests that although the precuneus can detect
differences in amyloid rate of change, the composite region is more
sensitive at detecting these amyloid changes in asymptomatic AD, given
significance is observed with the composite VOI when WCER and CGM
are used as reference regions, with high corresponding t-values.

The direct comparison of SUVRs is imperfect given the differing
scales, therefore presenting as a limitation, as it is difficult to directly
compare these values and results across reference regions. However, CLs
were developed in order to standardise amyloid measurements between
tracers or centres (Klunk et al., 2015), and are increasingly used. Hence,
our CL analysis circumvents the need to directly compare SUVRs, given
the conversion of these to the (comparable) CL scale. The SUVR results
should be interpreted with caution if directly comparing results, how-
ever, the CL results confirm our major findings, thus they remain valid:
both with and without the outlier, WCER as reference region shows a
significantly higher amyloid rate of change in APOE4 carriers compared
to non-carriers, with a higher t-value than the analyses with the other
reference regions.

Ideally, all CL measurements from all four reference regions should
be identical for each participant. CL values are consistent visually be-
tween reference regions as observed in Fig. 2, however, when looking at
Fig. 3, it can also be observed that CL values are lower when using
ESWM. This was highlighted in our repeated measures analysis, in which
there are significant differences between CL values across reference re-
gions, with ESWM showing the most significant differences with the
other reference regions. Altogether, the results suggest that choice of
reference region does affect CL values, with the largest differences
observed with ESWM and the other reference VOIs. This could be due to
the off-target white matter binding as described above, resulting in an
underestimation of amyloid load, and thus lower CL values.

Due to the limited number of individuals with certain APOE geno-
types in this cohort (e.g. e¢4¢4) we were unable to determine the dose-
dependent effects of allele status on longitudinal amyloid accumula-
tion. Although !®F-labelled tracers perform in a similar manner
discriminating AD cases from controls, methods of acquisition and semi-
quantification differ between tracers, so results should be carefully
considered when inferring effects with other tracers. Finally, due to the
original study design and recruitment for F-PACK we only analysed the
asymptomatic stage of AD, so results should also be carefully considered
when examining further stages of AD.

5. Conclusion

The reliable measurement of amyloid accumulation in cognitively
intact older adults is of importance. Longitudinal amyloid-PET has
already been used as a potential surrogate marker for drug effects, and
the asymptomatic phase of AD offers a potential window for more effi-
cacious intervention. Reference region selection influences the ability to
determine early differential effects of APOE4. We can confirm the
presence of amyloid accumulation within individuals of F-PACK, where
it is the whole cerebellum that most sensitively captures the effect of
APOE4 both with standardised uptake value ratios and Centiloids. This is
the most optimal reference region that can be recommended for deter-
mining amyloid accumulation in an asymptomatic AD setting using '°F-
Flutemetamol.
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