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ABSTRACT (200 words)

Amyloid-beta (AB) deposition is one of the main hallmarks of Alzheimer’s disease. The
study assessed the associations between cortical and subcortical *'C-Pittsburgh Compound
B retention, namely in the hippocampus, amygdala, putamen, caudate, pallidum, and
thalamus, and subcortical morphology in cognitively normal individuals. We recruited 104
cognitive normal individuals who underwent extensive neuropsychological assessment,
PiB-positron emission tomography (PET) scan and 3-tesla magnetic resonance imaging
(MRI) acquisition of T1-weighted images. Global, cortical, and subcortical regional PiB
retention values were derived from each scan and subcortical morphology analyses were
performed to investigate vertex-wise local surface and global volumes, including the
hippocampal subfields volumes. We found that subcortical regional AB was associated
with the surface of the hippocampus, thalamus, and pallidum, with changes being due to
volume and shape. Hippocampal A} was marginally associated with volume of the whole
hippocampus as well as with the CA1 subfield, subiculum, and molecular layer.
Participants showing higher subcortical AP also showed worse cognitive performance and
smaller hippocampal volumes. In contrast, global and cortical PiB uptake did not associate
with any subcortical metrics. This study shows that subcortical AP is associated with
subcortical surface morphology in cognitively normal individuals. This study highlights
the importance of quantifying subcortical regional PiB retention values in these

individuals.
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INTRODUCTION
Amyloid-beta (AB) deposition is one of the main hallmarks of Alzheimer’s disease (AD)

and may be present for decades when cognitive symptoms are clinically recognized (Braak
& Braak, 1997; Villemagne et al., 2013). AB binding ligands such as C-Pittsburgh
compound B (PiB) allow for in vivo quantification of AP in the brain (Klunk et al., 2004;
Murray et al., 2015). Several studies have investigated morphological changes in gray
matter that are associated with A load, primarily in patients with AD or mild cognitive
impairment (MCI) (for a review, see de Flores, La Joie, & Chételat, 2015). However, in
order to understand the prodromal mechanisms that may lead to AD, it is important to study
these associations in individuals who do not yet present with cognitive impairment; only a

few studies have investigated these associations in cognitively normal individuals.

Most studies in this line of research have focused on the volume of the hippocampus and
its subfields across disease stages, with the most consistent findings being volume loss in
the CAL subfield and subiculum (de Flores et al., 2015). However, the association between
baseline amyloidosis and longitudinal change in hippocampal volume in cognitively
normal individuals remains unclear. Several studies have used other morphometric
approaches to investigate the surface in the hippocampus (Csernansky et al., 2005; de
Floresetal., 2015; Kalin etal., 2017; Tang et al., 2014), which revealed local modifications
that did not necessarily translate into changes in the overall size of the structures
(Patenaude, Smith, Kennedy, & Jenkinson, 2011). Such approaches have mainly revealed
inward surface displacement in regions corresponding to the CA1 subfield and subiculum
in AD and MCI patients (de Flores et al., 2015; Kalin et al., 2017) but also surface changes
in the amygdala and the lateral ventricles (Tang et al., 2014). In cognitively normal
individuals, surface deformation has also been found in association to AP burden in the
hippocampal head and body and in the thalamus (Achterberg et al., 2014; Carmichael et
al., 2012; Csernansky et al., 2005; Schroeder et al., 2016). In comparison to using overall
volume values, surface changes were also shown to improve the detection of future
cognitive changes (Csernansky et al., 2005; Carmichael et al., 2012; Achterberg et al.,
2014).



Studies that investigated the effect of Af on subcortical morphology in cognitively healthy
individuals differed considerably in their measures of PiB retention values (Villeneuve et
al., 2015). Despite some evidence showing that cortical AP associates with cognitive
decline and hippocampal atrophy in cognitively normal individuals (Andrews et al., 2013;
Villemagne et al., 2011), several authors have used approaches based on regional PiB
retention by using regions that are more vulnerable to AP (Seo et al., 2017; Villeneuve et
al., 2015). In this line of thought, regional PiB retention in subcortical structures appears
as a promising candidate for improving the prediction of cognitive impairment and
cognitive decline (Cho et al.,, 2018). Moreover, a recent PET staging of amyloidosis
showed that high AP in the striatum predicted hippocampal atrophy and cognitive
impairment better than cortical Ap (Hanseeuw et al., 2018a). In addition, in contrast to
cortical PiB retention, only retention in the hippocampus revealed inward and outward
surface changes in the CAL subfield and subiculum regions in cognitively normal
individuals (Schroeder et al., 2016). However, the effect of subcortical regional Ap on

subcortical morphology in cognitively normal individuals remains to be understood.

In this study, we investigated the effect of PiB retention in the cortex and in several
subcortical structures, namely the hippocampus, amygdala, basal ganglia, and thalamus on
the overall volume and the local surface of subcortical structures (including the
hippocampal subfields) in cognitively normal individuals. We also investigated whether
Ap-associated surface changes were primarily due to changes in local volume or shape.
We then elaborated a staging model of cerebral AP based on cortical and subcortical PiB
uptake in order to understand the demographic, cognitive, and morphological
characteristics of participants showing higher subcortical AP load. We hypothesized that
the regional AP quantification would reveal more associations with subcortical surface
morphology, especially in the hippocampus, than when using cortical PiB retention or
global volumes of structures. We also hypothesized that participants with higher
subcortical AB deposition would show lower performance in episodic memory and smaller

hippocampal volumes.



MATERIALS AND METHODS
Subjects

A total of 104 participants aged 65 years and older were recruited through the participant
pool of the Centre de recherche de I’Institut universitaire de gériatrie de Montréal
(CRIUGM) (~900 participants) as well as via advertisements and word of mouth. The study
protocol included extensive neuropsychological assessment, PiB-PET scan, and MRI data
acquisition for every participant. To ensure that all participants included in our study were
cognitively normal (i.e., free of dementia and MCI), the Montreal Cognitive Assessment
(MoCA) was used as a screening tool and participants scoring below 23 were excluded;
this score is considered the optimal screening threshold for a diagnosis of MCI using the
MoCA (Carson, Leach, & Murphy, 2018). Exclusion criteria included untreated diabetes,
vascular disease or another health condition that may have had deleterious effects on
cognition (including mental health disorders), a history of moderate to severe traumatic
brain injury or other neurological disorder as well as general anesthesia in the last six
months. Participants also had to perform within £1.5 SD from the mean of age-matched
controls on at least one of two learning tasks: the Logical Memory subtest from the
Wechsler Memory Scale—Third Edition (WMS-I111) and the two-minute delay from the
DMS-48. Participants also had to score less than 11 on the Geriatric Depression Scale
(GDS). Then, a detailed neuropsychological assessment (see below) was performed in
every participant to ensure that they were free of dementia and MCI; they also did not
express any significant subjective memory complaints at the time of their participation.
Research protocols were reviewed and approved by local research ethics boards. All

subjects gave their informed consent prior to their participation in the study.

Cognitive assessment

Every participant underwent an extensive neuropsychological assessment from which
seven composite scores were calculated: episodic memory (delayed free recall from the
WMS-III; delayed free recall from the RAVLT), working memory (Digit Span and
Arithmetic subtests from the WAIS-1V), executive functions (number-letter switching
condition of the Trail Making Test—D-KEFS; sum of perseverative responses from the
WCST), language (Vocabulary and Information subtests from the WAIS-IV; 30-item



BNT; letter and category fluency test), attention (number of omissions from the CPT-II;
concentration performance from the d2 Test of Attention), processing speed (Symbol
Search and Coding subtests from the WAIS-1V; motor speed condition of the Trail Making
Test—D-KEFS), and visuospatial abilities (Block Design and Matrix Reasoning subtests
from the WAIS-IV; Benton Judgment of Line Orientation Test). Raw scores were
converted into standardized z scores based on the mean and standard deviation of all
participants and averaged together to produce a composite z score for each cognitive

domain.

PET acquisition and processing

PET imaging was conducted at the McConnell Brain Imaging Centre at McGill University
on a Siemens/CTI ECAT HR+ scanner in 3D imaging mode (63 parallel planes). The PET
scanning session allowed for the acquisition of 7 dynamic frames made up of 63 axial slices
using a 128x128 matrix (voxel dimensions: x=2.059 mm, y=2.059 mm, z=2.425 mm). The
participants underwent a 40-minute PET scan (7 frames: 6x300 seconds and 1x600

seconds) 50 minutes after an intravenous bolus injection of 1!C-PiB.

The post-acquisition processing proceeded in two dependent stages: (1) submission of all
structural volumes (see next section) to the CIVET pipeline, and (2) subsequent processing
of PET volumes via the Beagle pipeline. The CIVET pipeline (version 1.1.11), developed
at the Montreal Neurological Institute (MNI) for the fully automated analysis of structural
images (Ad-Dab'bagh et al., 2006), produced a wide range of products, including gray and
white matter masks and transformations from native into standardized space (ICBM152).
These products were subsequently injected into the Beagle multi-modal analysis pipeline
(Nikelski, Chertkow, & Evans, 2012), which performed a wide range of tasks, including
alignment of the dynamic volume to the structural, image transformation and resampling
into ICBM152 space, and spatial smoothing to increase signal-to-noise using a 6-mm full-
width at half-maximum kernel. Once dynamic volume preprocessing was complete, the
Beagle pipeline quantified PiB load at each voxel by dividing the PiB signal at the voxel
by the average signal strength measured within the cerebellar gray matter (the reference

tissue). Cerebellar grey matter was used as the reference because it is largely spared from



AP deposition (Klunk et al., 2004). As such, ratio values >1.0 identified those voxels
exhibiting a PiB-related signal of greater magnitude than that found within the cerebellum.
In order to confirm the robustness of our findings, we performed similar analyses with
uptake values derived from using subcortical white matter as the reference region. No
partial volume correction was performed in this study due to having included participants
who were considered cognitively healthy after a thorough neuropsychological assessment

and who were therefore not expected to show significant atrophy on brain MRI scans.

Ratio values were then used to produce both global and localized (region of interest (ROI)-
based) metrics. Several standardized uptake value ratio (SUVr) values were computed by
creating an average comprised of the values at either all gray matter voxels (global PiB
retention value), only those from the cortical surface (cortical PiB retention value), or only
those from a set of subcortical structures (subcortical regional PiB retention values). On
average, the global PiB retention value was made up of 93% (n=613,993) cortical voxels
and 7% (n=45,961) subcortical voxels (hippocampus, amygdala, caudate, putamen,
pallidum, and thalamus). The ROI-based values were produced by non-linearly fitting a
modified version of the Automated Anatomical Labeling template (Tzourio-Mazoyer et
al., 2002) to the ratio values volume, thus permitting us to compute average ratio values
for the 120 ROIs included in the template. The cortical PiB retention values were the
average of the values at all gray matter voxels comprising the cortical surface. Twelve
subcortical regional PiB retention values were also derived, namely from the left and right
hippocampus, amygdala, putamen, caudate nucleus, pallidum, and thalamus. Global,
cortical, and regional subcortical PiB retention values were used as continuous variables

for regression analyses with the other structurally-based subcortical metrics.

MRI acquisition and processing

MRI acquisition

All imaging data were acquired using a 3T Siemens TrioTIM MR scanner (Siemens,
Erlangen, Germany) at the Unité de neuroimagerie fonctionnelle of the Institut
universitaire de gériatrie de Montréal. High-resolution T1-weighted images were acquired

using a magnetization-prepared rapid acquisition with gradient-echo (MPRAGE)



sequence, with the following parameters: TR=2.3 s, TE=2.94 ms, TI1=900 ms, flip angle=9
degrees, FOV=256x240, voxel size: Imm x 1mm x 1.2 mm. PiB-PET imaging and MRI
scan acquisition both took place within a year, within an average of 89 days.

Processing of the overall volumes of subcortical structures

Processing of the overall volumes of subcortical structures was aimed at generating one
volume measurement for every subcortical structure of interest. As a first step,
segmentation of subcortical volumes was performed semi-automatically from each
individual’s T1-weighted image using the FreeSurfer segmentation pipeline, version 6.0,
which has been described in detail elsewhere (Fischl et al., 2002; Fischl et al., 2004). This
approach performs registration to standard space, intensity inhomogeneity correction,
removal of non-brain tissue, tissue-type classification, and probabilistic anatomical
labeling. Quality control was conducted at each step and processing that yielded bad results
were excluded. This approach generated raw volume measurements for the following deep
gray matter nuclei: the left and right amygdala, putamen, caudate nucleus, pallidum, and
thalamus. The overall volumes derived from these subcortical nuclei are referred to as

‘subcortical overall volumes’ in this manuscript.

As a second step, we also performed semi-automatic segmentation of hippocampal
subfields using the hippocampal subfield module available as part of FreeSurfer, version
6.0 (Iglesias et al., 2015). This approach is based on Bayesian inference using an atlas
algorithm of the hippocampal formations built upon ultra-high resolution (~0.1 mm
isotropic) ex vivo MRI data from autopsy brains (Iglesias et al., 2015). It allows for the
segmentation of the whole hippocampus (as one of the subcortical overall volumes) and of
24 hippocampal subfields, namely the left and right CAl, CA2/3, CA4, dentate gyrus,
hippocampal-amygdalar transition area, fimbria, alveus, molecular layer, parasubiculum,
presubiculum, subiculum, hippocampal fissure, and hippocampal tail. This approach was
shown to delineate with greater accuracy the boundaries within subfields, thus
outperforming previously released FreeSurfer segmentation modules (e.g., version 5.3),

which did not translate well to some hippocampal subfields (de Flores et al., 2015; Iglesias
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etal., 2015). Volumes derived from this approach are referred to as ‘hippocampal subfields

volumes’ in this manuscript.

Processing of subcortical local surface

Processing of the local surface of subcortical structures was aimed at generating a surface
mesh for every subcortical structure mentioned previously in order to perform vertex-wise
(local) analysis of surface displacement. Surface processing was therefore performed for
the left and right hippocampus, amygdala, putamen, caudate nucleus, pallidum, and
thalamus using FIRST, version 5.0.11 (Patenaude et al., 2011), part of FSL (Jenkinson,
Beckmann, Behrens, Woolrich, & Smith, 2012). Subcortical segmentation was first
performed semi-automatically from each subject’s T1-weighted image. Each structure was
modeled as a surface mesh based on shape and intensity information from a dataset of 336
manually delineated T1-weighted images (Patenaude et al., 2011). A ventricle-specific
weighting mask was also applied in all participants to optimize registration to the standard
space. Since surfaces resided in native space, vertices were registered into the MNI152
space in order to compare surface between subjects. This allowed for analyzing surface
displacement due to local volume or shape and surface displacement due to shape only
(Patenaude et al., 2011; Tanner, McFarland, & Price, 2017). The first approach removed
between-subjects changes due to pose (i.e., rotation and translation) by minimizing the sum
of squared errors between the corresponding vertices of a participant’s surface and the
mean target surface; surface information revealed by this approach relates to the effect of
both local volume and shape. In contrast, the second approach used a similar processing
but with adjustment of the models for scaling; surface information revealed by this
approach detects differences in shape even if the overall volume remains similar (i.e.,
surface changes that were still significant after having removing the effect of size and

global scalings when aligning meshes).

Statistical analysis
Subcortical global volume analysis
Statistical analyses were performed using IBM SPSS Statistics, version 22.0 (IBM Corp.,

Armonk, NY). All raw overall volume measurements were normalized for brain size before
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conducting any statistical analyses. Subcortical global volumes were normalized by
dividing the raw volume by the subject’s estimated total intracranial volume (TIV),
calculated as part of the FreeSurfer segmentation pipeline. Hippocampal subfields volumes
were also normalized following this procedure. Therefore, all statistical analyses on

subcortical global volumes were normalized for head size.

To investigate the associations of subcortical overall volumes and hippocampal subfields
volumes with global and cortical regional PiB retention values, partial correlations were
performed with age and sex as covariates. Age and sex were used as covariates since they
correlated with PiB retention values and subcortical overall volumes and hippocampal
subfields volumes. In contrast, education was not used as a covariate since it did not
associate significantly with any PiB retention values or subcortical volumes. For
correlations with subcortical regional PiB retention, global PiB retention was also added
as a covariate in order to investigate the impact of subcortical AB load specifically. For
each set of partial correlations, associations with global, cortical, and regional PiB retention
values were considered statistically significant at p<0.05 when corrected for multiple
comparisons using a Bonferroni-corrected threshold. Regarding subcortical regional PiB
retention values, only corrections between a structure’s normalized volume and the PiB
retention value derived from this structure were conducted. Similarly, associations between
hippocampal subfields volumes and subcortical regional PiB values were only performed
in the left and right hippocampus. Despite significance being considered at p<0.05
corrected for multiple comparisons, we also interpreted results as statistical trends when

p<0.05 without correction for multiple comparisons.

Subcortical surface analysis

To investigate the associations between subcortical surface and global, cortical, and
regional AP loads, we first performed vertex-wise ‘shape considering volume’ (i.e., surface
changes due to volume and/or shape) and then ‘shape only’ (i.e., surface changes due to
shape only) analyses to better understand whether the likeliest structural contributor to
significant associations with surface. Associations with global and cortical PiB retention

values were conducted with local surface in all subcortical structures; associations with
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regional PiB retention values were performed only with the local surface of the structure
from which the PiB value was derived (e.g., associations between PiB value in the left
hippocampus and the local surface of the left hippocampus). Moreover, associations with
hippocampal subfields volumes were only performed with global, cortical, and regional

PiB retention values in the left and right hippocampus only.

Local surface displacement represented the vertex projections between each individual’s
surface and the mean surface mesh, which were stored as scalar values. In order to use the
most appropriate statistical model for each analysis, we explored the effects of age, sex,
and education on local subcortical surface in every subcortical structure by conducting
shape considering volume and shape only analyses, with local surface displacement values
as regressands and the covariate as regressor (separately). Age was significantly associated
with subcortical surface and sex differences were found in the hippocampus, caudate,
putamen, and thalamus. Years of education did not correlate significantly with subcortical
surface either when performing analyses with and without taking into account global
scalings. Therefore, in all regression models, local surface displacement values were used
as regressands, PiB retention values as regressors, and age (and sex when appropriate) as
covariates. All analyses involving subcortical PiB retention values also included global PiB
uptake as a covariate in order to investigate specifically the effect of subcortical Ap load
on subcortical surface. TIV was not included as a covariate in the models since surface
meshes were reconstructed in the MNI152 space, controlling for head size (Patenaude et
al., 2011). Vertex-wise statistical analyses were performed using FSL’s randomise tool for
nonparametric permutation inference (Winkler, Ridgway, Webster, Smith, & Nichols,
2014), using 10,000 permutations (Nichols & Holmes, 2002) together with a threshold-free
cluster enhancement (TFCE) approach (Smith & Nichols, 2009). Resulting statistical maps
were thresholded at p<0.05 corrected for multiple comparisons; clusters surviving this
threshold were considered significant. Only clusters that were at least 30 vertices in size

were considered significant in order to avoid interpretation of marginal results.
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Staging of brain amyloidosis

Similarly to previous studies (Hanseeuw et al., 2018a; Cho et al., 2018), every participant
was classified according to a staging of cerebral AB based on the PiB retention values
derived from the cortex and the subcortical regions in which AB-associated surface effects
were identified. First, we identified cut-off scores in order to classify every participant as
APB-positive or AB-negative in terms of their cortical PiB uptake. Based on a previous study
(Villeneuve et al., 2015), we used a Gaussian mixture model and the Bayesian information
criterion to investigate the distributions underlying the participants’ cortical PiB retention
values and to find the optimal number of distributions that fit our data. Two distributions
were found to estimate best the distribution of cortical PiB uptake, which were considered
to reflect participants who were AB-positive (i.e., elevated AP retention in the cortex) and
participants who were AB-negative (i.e., normal Ap retention in the cortex). A cut-off was
derived that represented the 90% probability of belonging to the AB-negative distribution;
every participant whose cortical PiB retention value =1.22 was therefore considered Ap-
positive based on the cortex. This cut-off is very similar to the one reported previously

using a similar method (1.21; Villeneuve et al., 2015).

Second, we classified the participants as AB-positive or AB-negative based on subcortical
PiB uptake; only participants who had high A retention in the cortex were classified as
AP-positive or AB-negative on subcortical PiB retention based on previous studies showing
that subcortical AP accumulation is likely to happen once the cortex shows AP deposition
(Thal etal., 2002; Beach et al., 2012). To determine A positivity on subcortical structures,
we derived a subcortical PiB index for each participant based on the mean of PiB retention
values from the structures in which surface was shown to be influenced by the presence of
AP, namely the left and right hippocampus, the left and right thalamus, and the right
pallidum (see Results). Since only a portion of these structures showed A[-associated
effects, the subcortical PiB index was weighted according to the number of vertices
comprised in the cluster in which volume/shape was associated with regional A (see Table
3 for the number of vertices in each cluster). Based on a previous study (Cho et al., 2018),
the resulting subcortical PiB index (one per participant) was then standardized based on
the whole cohort of 103 participants and subcortical AP positivity was determined when
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an already AB-positive participant on the cortex showed a z score of subcortical PiB uptake
=1.00. Participants with low cortical and subcortical AP retention were considered at Stage
0, participants with increased cortical retention but low subcortical A retention at Stage

1, and participants with increased cortical and subcortical retention levels at Stage 2.

In order to investigate the clinical and brain characteristics of the different AP stages, we
then conducted a series of exploratory analyses of variance between the three groups on
the demographic and cognitive variables and on the subcortical overall volumes and
hippocampal subfields volumes. Tukey’s post-hoc tests were used to investigate pairwise
differences. We interpreted differences when at p<0.05 uncorrected for multiple

comparisons.

RESULTS

Participants

A total sample of 104 cognitively normal individuals (mean age: 73.4 years; 75% women;
mean education level: 13.7 years; mean MoCA score: 27.3) were recruited, but 1 was
removed due to registration failure during imaging processing (total sample = 103
participants). Demographics, clinical variables, and PiB retention values for the total

sample are available in Table 1.

Subcortical global volume analyses

A summary of the values of subcortical overall volumes and hippocampal subfields
volumes for the whole sample is available in Table 2. Investigation of the associations of
the global and cortical PiB retention values with normalized volumes of subcortical
structures, namely the left and right hippocampus, amygdala, putamen, caudate nucleus,
pallidum, and thalamus, revealed no significant relationships (p>0.2) (see Supporting
Information for results). In contrast, subcortical regional PiB retention values correlated
positively with volume of the left hippocampus (i.e., positive association between Af load
in the left hippocampus and volume of the left hippocampus, r=0.205, p=0.040) and
negatively with volume of the right putamen (r=-0.214, p=0.032) (Fig. 1A). However, these

correlations did not remain significant after correction for multiple comparisons (p<0.004).
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Investigation of the associations between global and cortical PiB retention values and
hippocampal subfields volumes revealed no significant relationships (p>0.2) (see
Supporting Information for results). However, when investigating associations between
PiB retention values in the left and right hippocampus (separately) and hippocampal
subfields volumes, PiB retention in the left hippocampus correlated positively with
volumes of the left CA1 (r=0.218, p=0.029), subiculum (r=0.248, p=0.013), and molecular
layer (r=0.241, p=0.016) (Fig. 1B and 1C). However, none of these correlations remained

significant after correction for multiple comparisons (p<0.004).

When using subcortical white matter as the reference for quantifying ratio values, results
were similar, with global and cortical Ap not being associated with volumes and with A
in the left hippocampus being related to increased volume of the whole structure as well as
with increase for the CA1 subfield, subiculum, and molecular layer. However, increased
AR in the left hippocampus was now also related to volume of the CA4 subfield, the granule
cell and molecular layers of the dentate gyrus and the hippocampal tail (see Supporting
Information). A in the left thalamus was now associated with its volume but the previous
correlation between A in the right putamen and its overall volume now became borderline
(r=0.051).

Subcortical surface analyses

When investigating Ap-related surface changes that are due to local volume or shape (i.e.,
without removing the effect of size from the analyses), we did not find any significant
associations between global and cortical PiB retention values and local surface in any of
the subcortical structures. Instead, when using subcortical regional PiB retention values,
significant associations with outward surface displacement were found in the bilateral
hippocampus and thalamus and in the right pallidum (Table 3 and Fig. 2). Specifically, PiB
retention in the left hippocampus was associated with extensive surface expansion in
regions corresponding to CA1 and the subiculum (r=0.442, p<0.001) (Fig. 2A). Similar
associations, although less extensive in size, were found between PiB retention in the right

hippocampus and surface expansion in the subiculum and CA1 (anterior cluster: r=0.299,
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p=0.002; posterior cluster: r=0.376, p<0.001) (Fig. 2B). PiB retention in the left and right
thalamus both correlated significantly with extensive surface expansion on the medial and
lateral surfaces of the left (r=0.351, p<0.001) and right thalamus (r=0.331, p=0.001) (Fig.
2C and 2D). In addition, PiB retention in the right pallidum was associated with surface
expansion on the ventromedial (r=0.331, p=0.001) and the dorsomedial and lateral surface
(r=0.255, p=0.010) of the right pallidum (Fig. 2E). There were no associations between
regional PiB retention and inward surface displacement in subcortical structures. When
using subcortical white matter as the reference, results remained similar for the bilateral
thalamus, similar but less extensive for the right hippocampus, and were no longer
significant for the left hippocampus and the right pallidum (see Supporting Information).
Global and cortical PiB uptake still did not reveal significant associations with subcortical

surface morphology.

When investigating Ap-related surface changes that are only due to local shape (i.e., by
removing the effect of size from the analyses), surface analyses did not reveal any
significant associations between global and cortical PiB retention values and local surface
in any of the subcortical structures. However, when investigating associations with
subcortical regional PiB retention values, significant associations were found with local
surface in the bilateral thalamus and the right pallidum (Table 3 and Fig. 3). Specifically,
PiB retention in the left and right thalamus correlated with shape contraction on the medial
surface (left: r=-0.321, p=0.001; right: r=-0.389, p<0.001) and with shape expansion on the
dorsal surface (left: r=0.310, p=0.002; right: r=0.299, p=0.002) of their respective structure
(Fig. 3A and 3B). Qualitatively speaking, the clusters showing surface expansion
overlapped with the clusters that were associated with thalamic Ap load when using shape
considering volume analyses. This is in contrast with the clusters showing surface
contraction, which were found in regions of the thalamic surface that did not correlate with
thalamic AP load when using shape considering volume analyses. PiB retention in the right
pallidum was also associated with a small cluster of surface expansion on the ventromedial
surface of the right pallidum (r=0.359, p<0.001) (Fig. 3C). This cluster qualitatively
overlapped with the results found when using shape considering volume analyses. No other

associations between subcortical regional PiB retention and shape were found in the
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remaining subcortical structures, including the bilateral hippocampus. When using
subcortical white matter as the reference, results remained similar but were less extensive,
with PiB uptake in the left thalamus being associated with outward displacement and with
inward displacement in the right thalamus (see Supporting Information). In addition,
whereas higher PiB uptake in the right caudate was now associated with inward
displacement of the surface, the association that we had in the right pallidum was no longer
significant. Global and cortical PiB uptake were still unrelated to subcortical surface

morphology.

Staging of amyloidosis

Every participant 