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Abstract (247/250 wor ds)

Background: Major prevention trials for Alzheimer’s diseasdXPare now focusing on multi-
domain lifestyle interventions. However, the examnbination of behavioral factors related to
AD pathology remains unclear. In two cohorts of@tigely unimpaired individuals at risk of
AD, we examined which combinations of personaligjts, neuropsychiatric symptoms, and
cognitive lifestyle (years of education or lifetimmegnitive activity) related to the pathological
hallmarks of AD, amyloid-beta andu deposits.

Methods: Some 115 older adults with a parental or multgl#ing family history of sporadic
AD (PREVENT-AD cohort) underwent amyloid ateli positron emission tomography (PET)
and answered several questionnaires related tovioehlbattributes. Separately, we studied 117
mutation carriers from the Dominantly Inherited ADIAN) cohort with amyloid PET and
behavioral data. Using partial least squares arsaly® identified latent variables relating
amyloid ortau pathology with combinations of personality traiteuropsychiatric symptoms,
and cognitive lifestyle.

Results: In PREVENT-AD, lower neuroticism, neuropsychiatoierden and higher education
were associated with less amyloid deposition (pE).0OLower neuroticism and neuropsychiatric
features, along with higher measures of opennasgx@naversion, were related to leas
deposition (p=0.006). In DIAN, lower neuropsychiatsurden and higher education were also
associated with less amyloid (p=0.005). The contlinaof these factors accounted for up to
14% of AD pathology.

Conclusions: In the preclinical phase of both sporadic and sanwal dominant AD, multiple
behavioral features were associated with AD patholdhese results may suggest potential

pathways by which multi-domain interventions migbktp delay AD onset or progression.



1. Introduction

Given the limited successes of pharmacologicatrreats for Alzheimer’s disease (AD),
attention has shifted toward risk or protectivadas that might prevent or postpone disease
onset(1, 2). Estimates suggest that a multi-doiifastyle intervention that achieved a 10%
reduction in risk factors could prevent more thaniion cases worldwide(3). The mechanisms
that link protective factors and AD risk are notivumderstood, but current notions of resilience
and resistance may be helpful (4). While resiliergfers to the preservation of cognitive
abilities in the presence of AD pathology, resistarefers to avoidance of the pathology in the
first place(5, 6). These concepts, which are naually exclusive, have been tested in the
sporadic form of the disease, given the causaegvetic mutation in autosomal dominant AD
(ADAD). Here, we describe investigations in botkadise forms of the relationships between
several personality and behavioral features assacwith AD risk and presence of AD
pathology. Such relationships, tested in asymptmnnadividuals, might suggest sources of
resistance pathway, thereby hinting at modifialalthgvays to postpone manifestation of brain

pathology.

In sporadic AD, as much as a third of AD risk appéa be related to modifiable factors such as
level of education, depression, and cognitive grspdal activity(1, 7). Education and mid-life
cognitive activity have been associated with lolggels of pathology in the preclinical phase of
the disease, and with increased resilience to fzagiion later stages(8, 9). Neuropsychiatric
symptoms like depression and apathy are knowncaease over the course of the disease(10-
12). While some such features are likely a consecpief the disease, mid-life neuropsychiatric

symptoms have been associated with increased ADnrister life(13). Personality traits like



neuroticism and conscientiousness have also bseciated with cognitive decline and risk of
sporadic AD(14, 15). Admittedly, personality traitgy change as a consequence of the disease
process, but a recent study showed that persomaity in adolescence — a time when AD
pathology is unlikely—are associated with inciddeimentia 54 years later(16). Furthermore,

personality traits usually remain stable in thdyestages of the disease(17).

Fewer studies have explored the associations batha®avioral/personality features and AD
risk in ADAD. Higher resilience has been notedndividuals having higher levels of education,
using the estimated years to symptom onset asxy fyodisease severity(18). Less physical
activity and lower levels of education have alserbassociated with increased AD pathology
and cognitive decline in preclinical ADAD(19-21).Hié personality has been studied less in
ADAD, neuropsychiatric symptoms such as depressimhanxiety have been found to remain
stable in asymptomatic individuals but to increiasedividuals with cognitive impairment(22).
When compared with non-carriers, asymptomatic ADA@ation carriers have even been found

to exhibit fewer depressive symptoms(22).

During the pre-symptomatic phase of either diseasé/iduals remain cognitively normal
despite their accumulation of AD pathological hahks, amyloid-beta () andtau proteins(23,
24). This silent phase, which can span more thandecades, represents an ideal window of
opportunity for preventive strategies(25). Givea tomplex etiology of AD, targeting multi-
domain factors is rapidly becoming the norm in preion trials(26). We therefore used
multivariate analyses to investigate combinatidngepsonality traits, neuropsychiatric

symptoms, and cognitive lifestyle in relation tf Andtau deposition in cognitively normal



older adults at increased risk of sporadic or arted dominant AD (mutation carriers) (for the
latter, A3 only). We expected to find similar associationbath disease forms, but perhaps
weaker associations in ADAD, given the latter’s myeelming genetic diathesis. We reasoned
that discovery of such associations in the asymatmnphase of the disease could suggest that
preventive behavioral interventions may be usefudtirisk persons that are still free from

pathology.

2. Methodsand Materials

2.1 Participants
We studied 232 cognitively unimpaired participams|uding 115 individuals at risk of
sporadic AD from the PRe-symptomatic EValuatioregperimental or Novel Treatments
for AD (PREVENT-AD) study and 117 asymptomatic widuals with ADAD from the
Dominant Inherited Alzheimer’s Network (DIAN) studyoup. PREVENT-AD enrolls older
adults having intact cognition but a parent or sil@ings diagnosed with AD-like dementia,
who are therefore at increased risk of sporadic2¥Ip(Participants were above 60 years of
age, or between 55 and 59 if their age was fewaer 15 years from their parent’s age of
symptom onset. Participants were free of majoralegical and psychiatric diseases at
enrollment. Inclusion criteria included intact cagm based on the Montreal Cognitive
Assessment (MoCA,; score above 25) (28) and a 4b#enistandardized neuropsychological
evaluation using the Repeatable Battery for theedssient of Neuropsychological Status
(29). The cognitive status of individuals with quiesable neuropsychological status was
reviewed in consensus meetings of neuropsychotofjistluding SV) and/or psychiatrists

(including JCSB). Only participants withBAPET ,tau-PET and data on behavioral factors



were included, resulting in 115 participants (ouB®4 active PREVENT-AD participants as
of May 2019). The DIAN study group enrolls indivala over 18 years old with a family
history of ADAD. We selected mutation carriers where cognitively normal as evidenced
by Clinical Dementia Rating(30) of 0, and who hg@tRET and behavioral data available.
Those studied comprised 117 participants (85 PSfaNtation carriers, 17 PSEN2 mutation
carriers and 15 APP mutation carriers) out of 14@ation carriers archived in the DIAN

data-freeze of May 2016).

2.2 Behavioral factors
All participants filled out questionnaires to assearious behavioral factors plausibly
related to AD risk (Table S1). For ease of intetgien, we grouped these factors into
three categories: “Big Five” personality traits yn&icism, openness, extraversion,
agreeableness, conscientiousness), neuropsychagtnigtoms (depression, anxiety,
stress, apathy), and features of cognitive lifes(years of education, lifetime cognitive
activity). In PREVENT-AD, all questionnaires wenesavered at home six months to a
year prior to PET (mostly electronically, but 10ésponded by paper version). Follow-
up questionnaires were sent to participants eveay gr so, resulting in three time points
for neuropsychiatric symptoms (2016, 2017, 2018 taro for personality (2016 and
2018). Intraclass correlation coefficients (ICCydheir 95% confidence intervals, based
on absolute agreement in two-way mixed-effects nspaeere computed using
SPSS(31). Figures S1 and S2 display correlatiotvgces these scores at the different

time points.



In DIAN, all questionnaires were answered at th&ebae visit, which also includedpA
PET. The DIAN personality questionnaire (IPIP-NE@B)32) was more detailed than
the Big Five Inventory used in PREVENT-AD, and diedl scores on 30 personality
facets along with the Big Five personality domaifise 30 facets were used only in

complementary analyses.

2.3 Image acquisition
PREVENT-AD participants underwent PET usintF[NAV4694 to assess burden
and flortaucipir ([?FJAV1451) to assessu deposition. DIAN participants underwent
AB-PET only using Pittsburgh compound B'(f]PIB). A T1-weighted structural image
was also acquired using a similar MPRAGE sequembeth studies (greater detail

available in Supplemental Information).

2.4 1mage processing
Both PREVENT-AD and DIAN scans were processed lgaading the same pipeline

(see_https://github.com/villeneuvelab/vipp for mdegails and Supplementary material

for parameters used).fAandtau-PET images were registered to the T1-weighted scan
of each participant, which had been segmented thé@lDesikan-Killiany atlas using
FreeSurfer version 5.3(33). Images were then maskezginove the scalp and
cerebrospinal fluid, to reduce contamination by-gogy and non-white matter voxels. In
PREVENT-AD, PET images were smoothed with a Gaundstéanel of 6 mm.
Standardized uptake value ratios (SUVR) were obthirsing the whole cerebellum as

reference region for B&PET(34) and the inferior cerebellar grey mattertéo-PET(35).



DIAN PET images were smoothed with a Gaussian kerfr® mm to diminish multi-site
effect(36) and B-PET SUVRs were obtained using the whole cerebellameference
region. Mean SUVR from left and right hemispheresach Desikan-Killiany region was
used for further analyses. The frontal pole regias excluded owing to weaker
registration to the structural scan. Only a subgsensitive regions was included for
each modality in the analyses. Fds, Ailateral SUVR in lateral and medial prefrontal,
parietal, lateral temporal and cingulate cortiegjions were included in multivariate
analyses because these are key regiongafeposit in the pre-clinical and clinical
phases of AD(37, 38). The weighted average aclbdseae regions is referred to here as
global A3 index SUVR,(38, 39) and used in univariate anaysertau-PET, bilateral
SUVR in the regions of Braak stages | (entorhimatex), Ill and IV were included in the
multivariate analysis since those stages captgiems up to early tau accumulation(40,
41) (Table S2). Average SUVRs in separate Braalestavere also computed and used in
univariate analyses. Braak stage Il (hippocampas) excluded, however, due to signal
contamination from the choroid plexus,(42) andoagiof Braak stages V and VI were

also excluded, given that they represent laterestafj AD progression(43, 44).

2.5 Statistical analyses
25.1 Univariate analyses
We first estimated univariate parametric correlaibetween each individual behavioral
feature and pathology. We used globgliAdex SUVR in both PREVENT-AD and
DIAN. Tau SUVR in Braak stages I, Ill and IV were used inrBEREENT-AD. Also, to

evaluate the extent to which behavioral featuragwelated to one another, we



calculated the parametric correlation betweenaalidrs. P-values < 0.05 were considered
significant. Associations surviving false discoveaye (FDR) of 5% are also reported, to

account for multiple comparisons.

2.5.2 Multivariate analyses

The main statistical approach was partial leasasepi(PLS) analyéﬁ' 46) implemented
using PLS Software v6.15.1 (https://www.rotman-lvagt on.ca/index.php?section=84)
on Matlab v2016a. This approach allowed investayatf relationships between
combinations of behavioral factors and AD patholagyoss the brain. PREVENT-AD
permitted two PLS analyses, relating these behaMeatures with 8 andtau
independently. Two PLS analyses were also perfoim&AN, the primary analysis
relating similar behavioral features wittg Aand a complementary one further detailing

personality after including the 30 personality tacavailable exclusively in DIAN.

A cartoon explains these analyses in Figure 1 {gregetail is available in Supplemental
Information). Briefly, PLS finds linear combinati®f two sets of variables (organized
in two matrices) that correlate maximally with eather. The first matrix enters the
behavioral factors in columns with entries correspng to the score on the various
guestionnaires, and the rows to individual partioig. The behavioral data was z-scored
column-wise since all questionnaires were on dffiéiscales. The second matrix
contains either regionalffor tau SUVR in columns, and rows corresponding to
participants. The output from the PLS analysesate of latent variables relating
behavioral features and AD pathology. The numbéateht variables is equal to the

smallest dimension of the matrices, here the nurobeehavioral factors. Permutation



tests were used to identify which latent variablese significant, with p-value<0.05
being considered significant. The latent varialalesa triplet of (1) a singular value, (2) a
vector of weights attributed to each behavioraldgand (3) a vector of weights
attributed to the various cortical regions. In significant latent variable(s), bootstrap
resampling was used to identify the most stabliufea and brain regions contributing to
the behavioral factors-pathology relationship. lyashe vector of weights from each
behavioral factor and each brain region were mligtigby the original data of each
participant. These two values correspond to eadicypant’'s weighted score of
behavioral factors and weighted score of pathol@yyrelating these two scores across
participants provided an estimate of the stren§the@multivariate relationship between

the behavioral and pathology features.

2.5.3 Complementary analyses

One complementary question is whether behaviocabfa influence AD pathology,
pathology influences behavioral factors, or whethese relationships are bi-directional.
This question is particularly relevant for neurogsgtric symptoms, inasmuch as
education level and lifetime cognitive activity tgally precede AD pathology and
personality traits generally remain stable oveetigven in individuals with AD-related
cognitive impairment(15). Longitudinal PET scand ¥ needed to address this
guestion more fully. Nonetheless, we sought to takeantage of three-year follow-up
for neuropsychiatric symptoms and evaluated wheilfigfglobal A3 index SUVR) and
tau (entorhinatau SUVR) was associated with change in neuropsyaébtisgmptom

scores. To do this, we used linear mixed-effectdeteohaving random slope and

10



intercept, in which a time-by{/\or -tau SUVR interaction predicted longitudinal
neuropsychiatric symptom scores. These mixed-effacalyses used the R package Ime4

version 1.1-15.

3 Results
Sample characteristics are detailed in Table Dbrin&tion on cognitive data in both cohorts is

available in Tables S3 and S4.

3.2 Univariate relationship between behavioral featuresand Ap and tau

In PREVENT-AD, only neuroticism was related thelglbAB index SUVR, with higher
scores on neuroticism related with highgr deposition (R=0.21, p=0.02; Table S5, but does
not survive FDR correctionTau SUVR in Braak | (entorhinal cortex) was relatedhwi
different behavioral features (personality tragigathy and lifetime cognitive activity
[R=0.21-0.34, p<0.001-0.02]), while only lifetimegnitive activity was related tau SUVR

in Braak Ill or IV (Table S5). All associations Wwitau SUVR in Braak | survived FDR

correction.

In DIAN, fewer behavioral features were availalde dnalyses (8 rather than 11), and some
of the questionnaires differed from those in PREMEAD (Table S1). Higher level of
education correlated with lower globap Andex (R=-0.19, p=0.04; Table S5, but does not
survive FDR correction). Of note, mutation type kathally no effect on behavioral features
(the only difference being that PSEN2 mutationsiees had lower extraversion scores than
PSEN1 carriers in post-hoc testing, p=0.04). Theas also no difference on any behavioral

features between asymptomatic mutation carriersl@ichon-carriers.
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3.3 Inter-correlation among behavioral features

Inter-correlations among behavioral features reagaksociations between about half of the
features in PREVENT-AD (Figure 2A). The neuropsythc symptoms were themselves
inter-correlated, and neuropsychiatric symptomsevensurprisingly) associated mainly
with higher neuroticism and lower extraversion.tRermore, education, cognitive activity
and openness were positively correlated with ormehen. In DIAN, more years of education
was also associated with increased openness, tanetorrelations were found between
different personality traits (Figure 2B). Thesemnaurous inter-correlations suggest that a
wide variety of behavioral features relate to onether, thus justifying our decision to

investigate them in combination.

3.4 Relation of AD pathology with multi-domain behavioral features.

In PREVENT-AD there was one significant latent ahte relating behavioral features with
Ap (p=0.014, 95% of the PLS variance being explaimgthis variable). Figure 3A displays
the different weights of the behavioral featured brain regions that form this latent
variable. A combination of lower neuroticism, artyiand apathy along with higher
education and openness were the features thatmasestrongly associated with lowep A
burden. All regions of the globalpAindex contributed to the relationship. The cotiela
between the weighted scores of the behavioral fesitand of regional f\pathology across

participants was R=0.23, p=0.013, accounting f8#&of the A8 variance.
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The multivariate analysis wittau also revealed one latent variable relating behlalio
features with regiondhu SUVR (p=0.006, 82% of the PLS variance was expldiny this
variable). Figure 3B displays the different weigbtshe behavioral features and brain
regions forming this latent variable. Almost alhlaeioral variables contributed to this
relationship, with a combination of higher scoresopenness and extraversion, higher
cognitive activity, lower neuropsychiatric symptoarsgd neuroticism being related to l¢ms
burden. The top region related to behavioral femtuvas the entorhinal cortex (Braak 1),
followed by others in the medial and lateral tenapéobe. Regions outside the temporal lobe
did not contribute, which is in keeping with theokvn deposition pattern ¢éu in the
asymptomatic phase of AD(40, 47). The correlatietween the weighted scores of the
behavioral features and regiomal pathology across participants was R=0.29, p=0.002,

accounting for 8.4% of variance explained.

In DIAN, one latent variable related behavioraltieas with A3 (p=0.005, 91% of the PLS
variance explained, Figure 3C). More years of etlocand a lower score on the
Neuropsychiatric Inventory Questionnaire (NPI-QYevthe factors that related most
strongly to lower & burden. All regions included in the globa Adex contributed to this
relationship. The correlation between weighted esof the behavioral features and regional
Ap pathology across participants was R=0.26, p=0.86&unting for 6.7% of variance
explained. To obtain a more fine-grained picturéheke associations in DIAN, the PLS was
repeated, now substituting the Big Five personaldits with the 30 personality facets.
Again, one latent variable (p=0.004, 88% of PLSarare explained) related behavioral

features and B. Higher intellect (a facet of the openness traipng with more years of

13



education and a low score on NPI-Q were relatddwer AB burden (Figure 4). The
correlation between the weighted scores of the\beta features and pathology was

R=0.37, p<0.001, accounting for 14% of the variance

3.4 Stability over time of behavioral featuresin PREVENT-AD

All analyses presented thus far included the beinalfeature assessments nearest in time to
the PET scans. We also evaluated the stabilityct self-reported questionnaire responses,
taking advantage of the longitudinal assessmetitreé years for neuropsychiatric symptoms
and of two years for personality (Figure S1 and &8&)cation and lifetime cognitive activity
were only assessed once as they are typically.fi@edrall, there was moderate stability of
neuropsychiatric symptoms over three years (IC@éen 0.55 and @3; Figure S1) and,
predictably, bettestability of personality traits over two years (ICC between 0.76 and 0.81;
Figure S2). Using the three-year data availablaemropsychiatric symptoms, we also found
no apparent influence of the level op Artau on change of neuropsychiatric symptoms over
time (Table Sgonly the relationship afau and stress had a p-value of 0.03, but this did not

survive correction for multiple comparisons).

4. Discussion

It has been estimated that up to 35% of AD rigkaglifiable by health and behavioral factors

such as physical health, psychological health, &tilore and cognitive activity(1, 7). Beyond

these factors, facets of personality, such as tieism(15), and other behaviors, such as sleep

dysregulation(48), have also been associated wikaf AD, suggesting that even more than

35% of AD risk may be modifiable. Working in theyagptomatic stage of the sporadic and

autosomal dominant forms of AD, we tested whetlenlminations of multi-domain behavioral

14



features were related to AD pathology, and to vexént. In cognitively unimpaired late-
middle-aged individuals at increased risk of spmrddD, several combinations of factors
encompassing personality traits, neuropsychiaymeptoms and cognitive lifestyle were related
to AB andtau deposition in the brain. In asymptomatic ADAD ntiga carriers, education and
psychiatric symptoms were related tf.Across analyses, the variance explained from
behavioral feature-pathology relationships rangethf5 to 14%. Although this might appear
modest, reduction of AD risk factors by such petages could have a major impact on future

disease prevalence, preventing millions of cases(3)

In sporadic AD, personality traits had been desdipreviously as being related to the incidence
of dementia(14, 15). Little was known, however, @tassociations with fandtau pathology

in the earliest phases of the disease (49, 5(RIBEVENT-AD, a higher score on neuroticism
was among the key factors related to the preseinoetlo pathologies. Our results are in accord
with the aforementioned studies in which neurotigisharacterized by negative emotions (51),
is the dominating trait associated with increassilof AD. Neuropsychiatric symptoms — which
are correlated with neuroticism — were also assediaith A3 andtau burden. Other personality
traits such as openness and extraversion alseddlatau pathology in both univariate and

multivariate analyses.

Our results add to an abundant literature repoitingeased prevalence of neuropsychiatric
symptoms with disease progression (52-55), andesiighgat neuropsychiatric features may be
related to pathology even in cognitively normalividuals (56-58). Given that our findings are

only correlational, and that pathology accumulates many years, reverse causality is also

15



possiblej.e. that pathology has already affected the magnitdiceeuropsychiatric symptoms
even in cognitively unimpaired individuals. Neurggsiatric symptoms are frequent in
individuals with dementia(52, 59) and at that lditease stage they are most certainly a
consequence of the disease. Longer follow-up angitiadinal PET scans will be needed to
clarify which behavioral features cause, and whaicha consequence of, AD pathology. By
contrast, given that personality traits are abidihgracteristics of an individual, we postulate
that they are probably true risk factors of theedge. Clarifying such relationships might help

target the right factors at the optimal time foeyention.

In DIAN mutation carriers, the main factors related\p deposition were fewer years of
education, lower scores on the intellect personéditet, and higher neuropsychiatric symptom
burden. Here, personality traits did not appedraalriving factors related to the pathology. The
importance of personality traits in sporadic AD htige due to a lifelong effect of personality,
which influences lifestyle choices and how one sopgh situations throughout life, eventually
affecting pathology accumulation in old age. DIANtation carriers, being much younger, may
not exhibit such an effect of personality traitsAfhburden. This idea remains in line with recent
studies suggesting the influence of lifestyle fextuch as physical activity and education on

(later) AD progression in the presence of a fubyetrant genetic mutation(19).

Perhaps importantly, the current work assessespiauliehavioral features in the same analytic
design. As shown in Figure 2, many behavioral festare, in fact, highly correlated. The net
sum of these factors, rather than one factor aloag, therefore be associated with an altered

risk of developing AD pathology. We included prdtee factors that might contribute to higher

16



cognitive reserve or brain maintenance(4, 60) abed risk factors that might contribute to
“cognitive debt”. The concept of “cognitive deb&fers to the constellation of behaviors (mainly
stress and neuropsychiatric symptoms) that increasedividual risk to AD(61). As postulated
by this hypothesis, lower neuroticism and neuropsytdc factors might be a way to reduce
vulnerability to Alzheimer’s dementia. Along withgh cognitive reserve, modulating these risk

factors might be important target to resist patgplaccumulation.

Other important limitations of this study includdatively modest sample sizes in the two
samples. It will be important to test whether sfiocbings generalize to populations without the
added risk conferred by a family history of AD. M@srticipants were also highly educated and
it will be of interest to know which associationswid still be found in individuals with less
education. For example, certain associations betwegh school personality traits and dementia
in late life have been reported as being strongérdividuals with higher socioeconomic
status(16). Also, associations with openness (etl@tt) and education, could reflect an
underlying relationship with different intelligenogeasurements(62, 63) which, unfortunately,
were not available in either cohort. Furthermone?REVENT-AD, behavioral and PET data
were not collected at the same time. We did, howeslew that the self-reported behavioral

features had good stability over 2-3 years.

Given the failures of many clinical trials, new auves are needed to prevent or slow AD
progression. Multi-domain lifestyle interventionsve shown some promises in delaying
cognitive decline. We suggest here that such ietgrons might also postpone accumulation of

AD pathology in both sporadic and autosomal dontiddh In the former, behavioral

17



interventions might focus on aspects of personaliy/or emotional regulation, as both were
strongly related to both Aandtau deposition. Beyond this, acting on personalititsreould
have a positive impact on lifestyle changes(64)il&#nore work is needed to understand the
mechanisms by which behavioral features may infteehD risk, our results may suggest that
both personality, neuropsychiatric symptoms arestifle features should be considered when
assessing multi-domain interventions to postpoeeatitumulation of AD pathology and its

related clinical expression.
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Tableand Figurelegends

Table 1. Participants demographics and behavioral features

Legend: Data presented as mean =+ standard deviation (rdi§&]NAV4694 is used in
PREVENT-AD and f'C]PIB is used in DIAN® Personality traits are assessed with the Big5
Inventory in PREVENT-AD and the IPIP-NEO-120 in INAand the two questionnaires have
different scales.

EYO: estimated years to onset (age of participage-of the parent at symptom onset); SpEYO:
sporadic estimated years to onset for PREVENT-Aligpants (info available for 111
participants); F: female; M: male; APOE: apolipdeio E; A3: beta-amyloid; SUVR:
standardized uptake value ratio; MMSE: Mini-Merghte Evaluation; NPI-Q:

Neuropsychiatric Inventory Questionnaire.

Figure 1. Partial least squaresanalysis

Legend: Partial least squares (PLS) analysis finds madynealrrelated linear combinations of
two input matrices, one with behavioral featureg (natrix in A) and the other with AD
pathology across defined cortical regions (bottoatrix in A). These two matrices are then
correlated together and this latter matrix (B)esamposed into multiple latent variables using
singular value decomposition. An example of a lat@niable is shown in C. Briefly, each latent
variable consists of a singular value (relatechtodovariance between the two input matrices)
and two vectors of weights representing how mudh ézhavioral feature and each brain region
contribute the overall multivariate relationship.

Figure 2. Correlations between behavioral featuresin both cohorts

L egend: Inter-correlation (Pearson correlation) betweerabairal factors in PREVENT-AD
(A) and DIAN(B). White stars correspond to negative correlatamm black stars to positive
correlations that remained significant after FDRrection.

Figure 3. Latent variablesfrom partial least squares analysisrelating behavioral features

and AD pathology in both cohorts

Legend: Results from the different partial least squaresdyses representing which
combinations of behavioral features relate fopathology in PREVENT-ADA), tau pathology
in PREVENT-AD B), and A3 pathology in DIAN C). Bar graphs represent the weight of each
behavioral feature to the multivariate relationsi@pnfidence intervals are derived from
bootstrap resampling. All brain regions includedha partial least squares analyses are
projected on the brains. Bootstrap ratios corregporthe importance of each region to the
behavioral feature-pathology relationship.

Figure4. Latent variable from partial least squaresanalysisrelating personality facets and
behavioral featureswith Ap in DIAN

Legend: Result from the partial least squares analysisingldehavioral features including the
30 personality facets and3Aathology across brain regions in DIAN. Bar grapfmesent the
weight of each behavioral feature to the multivariglationship. Confidence intervals are
derived from bootstrap resampling. All brain regioncluded in the analysis are projected on the
brain. Bootstrap ratios correspond to the imporasfoeach region to the behavioral feature-
pathology relationship.
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Table 1. Participants demographics and behavioral features

PREVENT-AD DIAN

(n=115) (n=117)
Age, years 67.6 + 5.0 (58.6-83.3) 34.6 + 9.4 (18.0-61.0)
SpEYO and EYO respectively -5.7 +7.8(-20.8.6-16,8 -12.9 +8.0 (-31.5-11.8)
Gender, F:M (%F) 86:29 (75%) 64:53 (55%)
APOEA4 carriers (%) 44 (38%) 36 (31%)
Global A3 SUVR 1.1 £0.3(0.9-2.3) 0.9+0.2 (0.8-1.6)
Tau Braak | SUVR 1.1+0.1(0.7-1.7) -
Tau Braak 11l SUVR 1.2+0.1(0.8-1.7) -
Tau Braak IV SUVR 1.1 £0.1 (0.9-1.6) -
MMSE 28.8 + 1.3 (24-30) 29.1 +1.2 (24-30)
Cognitivelifestyle
Education, years 15.0 £ 3.2 (7.0-22.0 15.2 + 3@M@-24.0)
Lifetime cognitive activity 26+0.7 (1.2-4.4) -
Neuropsychiatric factors
Depression 1.3+1.9(0-10.0) 1.5+1.8(0-9.0)
Anxiety 2.1 +3.6 (0-18.0) -
Stress 4.7 £5.2 (0-24.0) -
Apathy 27.8 + 6.2 (18.0-46.0) -
NPI-Q - 0.7+1.8 (0-11.0)
Per sonality”
Openness 38.9£6.5(21.0-50.0 79.5+£11.8 (49:04)
Neuroticism 17.6 £ 6.1 (8.0-35.0) 60.1 £ 13.8 (31.0-94.0)
Conscientiousness 37.4 £5.4 (19.0-45.0) 96.0 3 (67.0-120.0)
Agreeableness 39.2 +4.0 (26.0-45.0) 95.8 + 1R 15.0)
Extraversion 26.7 £ 5.6 (14.0-40.0 85.6 + 12.1.04709.0)

Data presented as mean * standard deviation (r&f{g®]NAV4694 is used in
PREVENT-AD and 'C]PIB is used in DIAN® Personality traits are assessed with the
Big5 Inventory in PREVENT-AD and the IPIP-NEO-120DIAN, and the two
guestionnaires have different scales.

EYO: estimated years to onset (age of participae-of the parent at symptom onset);
SpEYO: sporadic estimated years to onset for PREMER participants (info available
for 111 participants); F: female; M: male; APOEokpoprotein E; A: beta-amyloid,;
SUVR: standardized uptake value ratio; MMSE: MineiMal State Evaluation; NPI-Q:
Neuropsychiatric Inventory Questionnaire.
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KEY RESOURCES TABLE

Resource Type

Specific Reagent or Resource

Source or Reference

Identifiers

Additional Information

Add additional rows as needed for each
resource type

Include species and sex when applicable.

Include name of manufacturer, company,
repository, individual, or research lab. Include
PMID or DOI for references; use “this paper” if
new.

Include catalog numbers, stock numbers,
database IDs or accession numbers, and/or
RRIDs. RRIDs are highly encouraged; search
for RRIDs at https://scicrunch.org/resources.

Include any additional information or notes if

necessary.

[Antibody

Bacterial or Viral Strain

Biological Sample

115 mutation carriers of autosomal dominant
Alzheimer's disease (86 female)

PRe-symptomatic EValuation of Experimental
or Novel Treatments for AD (PREVENT-AD)
http://www.douglas.qc.ca/page/prevent-
alzheimer-the-centre

Biological Sample

117 mutation carriers of autosomal dominant
Alzheimer's disease (64 female)

Dominantly Inherited Alzheimer Network
(DIAN) http://www.dian-info.org/default.htm

SCR_000812

The role of heredity in pre-clinical AD biomarkers:
comparison of sporadic AD and autosomal dominant
AD

Cell Line

Chemical Compound or Drug

Commercial Assay Or Kit

Deposited Data; Public Database

Genetic Reagent

Organism/Strain

Peptide, Recombinant Protein

Recombinant DNA

Sequence-Based Reagent

Software; Algorithm

Partial least squares software

https://www.rotman-baycrest.on.ca/index.php?sec

Software; Algorithm

MATLAB R2016a

tion=84

Mathworks; https://www.mathworks.com/

RRID:SCR_001622

Transfected Construct

Other- Radiotracer

[11C]-Pittsbrugh compound B

DIAN study only (produced at various sites)

Radiotracer for amyloid positron emission tomography

Other- Radiotracer

[18F]-NAV4694

StoP-AD study, produced at the McConnell
Brain Imaging Centre at the Montreal
Neurological Institute

Radiotracer for amyloid positron emission tomography

Other- Radiotracer

[18F]-AV1451 (flortaucipir)

StoP-AD study, produced at the McConnell
Brain Imaging Centre at the Montreal
Neurological Institute

Radiotracer for tau positron emission tomography




Pichet Binette et al. Supplement

Amyloid and Tau Pathology Associations With Personality Traits,
Neuropsychiatric Symptoms and Cognitive Lifestyle in the Preclinical
Phases of Sporadic and Autosomal Dominant Alzheimer’s Disease

Supplemental Information

Supplementary methods

Table S1. Questionnaires to assess behavioral features in both cohorts

Table S2. Brain regions in different Braak stages

Table S3. Cognitive profile in PREVENT-AD

Table S4. Cognitive profile in DIAN

Table S5. Univariate correlations between pathology and behavioral features
Table S6. Summary of linear mixed-effects models examining the interactive
effect of time and Ap/tau on longitudinal neuropsychiatric symptoms in

PREVENT-AD

Figure S1. Correlations between neuropsychiatric symptoms over the three time
points in PREVENT-AD

Figure S2. Correlations between personality traits over the two time points in
PREVENT-AD



Pichet Binette et al. Supplement

Supplementary methods

Image acquisition

All PET scans in the PREVENT-AD study were performed at the McConnell Brain Imaging
Centre at the Montreal Neurological Institute on a brain-dedicated PET Siemens/CT high-
resolution research tomograph on two consecutive days between February 2017 and May 2018.
AB scans were acquired 40 to 70 minutes post-injection (=6 mCi) and tau scans 80 to 100
minutes post-injection (=10 mCi). T1-weighted structural magnetic resonance imaging (MRI)
scans were acquired on a Magnetom Tim Trio (Siemens) scanner at the Douglas Mental Health
Research Institute (in average 8 + 4 months from PET imaging) using a MPRAGE sequence
(TR=2300 ms; TE =2.98ms; FA=9°, matrix size=256x256; voxel size=1x1x1 mm; 160-170
slices). DIAN participants underwent AR PET imaging using Pittsburgh compound B ([''C]PIB)
(8-18 mCi) either with full dynamic or 40-70 minutes post-injection acquisition. PET and MRI
protocols were unified across the different DIAN study sites. For DIAN participants who had a
dynamic scan, only the frames 40-70 minutes post-injection were selected to have the same

scanning window for all individuals.

Image processing
The processing pipeline that we used is publicly available at

https://github.com/villeneuvelab/vipp. The configuration files that were used to process the data

are pasted below:

PREVENT-AD AB PET:
dataset = "PAD"
tracer = "NAV"
scanner_resolution ="[2.5 2.5 2.5]"
pet2anat {
pet {
fwhm = 6
mask = "gmwm"
}
}

PREVENT-AD tau PET:
dataset = "PAD"
tracer = "TAU"
scanner_resolution ="[2.5 2.5 2.5]"
pet2anat {
pet {
fwhm =6
mask = "gmwm"
}
}



https://github.com/villeneuvelab/vlpp
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DIAN AB PET:
dataset = "DIAN"

tracer = "PIB"
pet2anat {

pet {
fwhm = 8
mask = "gmwm"

}
}

Partial least squares analysis

In the present study, we searched for linear combinations relating behavioral factors and AD
pathology through partial least squares (PLS) analyses. The two sets of variables are organized
in two matrices (Figure 1). The first one corresponds to the behavioral factors where entries in
the columns correspond to the scores on the different questionnaires and each row corresponds
to a different participant. The behavioral data was z-scored column-wise since all questionnaires
were on different scales. The second matrix contains either AB or tau SUVR, with regional
SUVR entered in columns and rows corresponding to participants. Briefly, the two input
matrices are correlated across participants, resulting in a covariance matrix that is then
subjected to singular value decomposition(1). The outcome of this decomposition is a set of
mutually orthogonal latent variables. The number of latent variables is equal to the smallest
dimension of the covariance matrix, here the number of behavioral factors. Each latent variable
is a triplet of 1) a singular value, 2) a vector of weights attributed to each behavioral factor, and
3) a vector of weights attributed to each cortical region. The singular values are related to the
covariance between behavioral factors and pathology. The percentage of covariance explained
by each latent variable can be calculated as the squared singular value divided by the sum of all
squared singular values. The two weighted vectors represent the contribution of each feature
(each behavioral factor and each cortical region) to the overall multivariate pattern. In other
words, the outputs are a weighted combination of behavioral factors maximally correlated to a

weighted combination of cortical regions expressing AD pathology.

We used permutation tests to assess whether any of the latent variables, representing the
association between combinations of multi-domain behavioral features and regional AD
pathology, were significant. Briefly, the rows of the AD pathology matrix were randomly
reordered and PLS analysis was run on the non-permuted behavioral factors matrix and
permuted AD pathology matrix. This procedure was repeated 10 000 times, creating a
distribution of singular values under the null hypothesis that there is no relationship between

behavioral factors and AD pathology. The significance of the latent variable in the original PLS
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analysis was calculated as the proportion of times the permuted singular values exceeded the
original value. Latent variables with a p-value < 0.05 were considered significant, and if so, the
contribution of each feature (each behavioral factor and each cortical region) was assessed

using bootstrap resampling.

Bootstrap resampling was performed 10 000 times by randomly sampling participants with
replacement and subjecting these resampled matrices to PLS analysis. This resampling serves
to identify the most stable behavioral factors and brain regions contributing to the multivariate
pattern across participants. For the behavioral factors, the standard error of this resampled
distribution was calculated. For the brain regions, a bootstrap ratio was calculated by dividing
the weight of each region from the original analysis by the standard error from its bootstrap
resampling distribution. A large bootstrap ratio means that this brain region contributes strongly
to the behavioral factors-pathology relationship (high weight), and is stable across participants

(small bootstrap standard error).

Lastly, for each participant, the vector of weights from behavioral factors and the regional AD
pathology were multiplied by the original data of the participant. These two values correspond to
a total score of “behavioral burden” and of “pathology burden” for each participant. By
correlating these two scores across participants, we get an estimate of the strength of the

multivariate relationship between the combination of behavioral factors and pathology.
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Table S1. Questionnaires to assess behavioral features in both cohorts

PREVENT-AD DIAN
Big5 inventory (44 items)(2) NEO-IPIP (120 items)(3)
- Neuroticism - Neuroticism
- Extraversion - Extraversion
Personality traits
- Agreeableness - Agreeableness
- Conscientiousness - Conscientiousness
- Openness - Openness

Geriatric depression short scale (range 0- | Geriatric depression short scale

15)(4
Neuropsychiatric )
‘ Geriatric anxiety inventory (range 0-20)(5) | Neuropsychiatric Inventory
symptoms
yme Stress subscale (range 0-42)(6) Questionnaire (NPI-Q) (range 0-12)(8)

Apathy Evaluation Scale (range 18-72)(7)

Years of education Years of education

o Lifetime Cognitive activity (mean from
Cognitive lifestyle - o
cognitive activity at 6, 18, 40 years old and

in the last year; range 1-5) (9)

For all questionnaires included in the neuropsychiatric symptoms category, higher scores represent
higher neuropsychiatric burden. The NPI-Q was the only questionnaire filled by an informant/study
partner.

Table S2. Brain regions in different Braak stages

Braak stage | FreeSurfer-derived ROIls

| Entorhinal cortex

I Parahippocampal gyrus, fusiform gyrus, lingual gyrus, amygdala

v Inferior temporal cortex, middle temporal cortex, temporal pole, caudal, rostral, isthmus,
posterior cingulate, insula
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Table S3. Cognitive profile in PREVENT-AD

Prevent-AD (n=115)

RBANS composite score

Immediate memory
Visuospatial constructional
Language

Attention

Delayed memory

106 + 11 (76-140)
98 + 15 (66-131)
100 + 11 (68-134)
107 + 15 (68-142)
107 £ 10 (71-129)

Supplement

Data presented as Mean + Standard deviation (Range). A score of 100 represents the expected score
given one’s age. RBANS: Repeatable Battery for Assessment of Neuropsychological Status

Table S4. Cognitive profile in DIAN

Mutation carriers
(n=117)

Mutation non-carriers
(n=127)

p-value

Mini-Mental State Evaluation
Logical Memory

Digit Symbol Coding

List learning immediate recall

List learning delayed recall

29.1 £ 1.2 (24-30)
14.5 + 4.4 (4-23)
62.7 + 12.5 (34-93)
5.8+2.2 (2-12)
3.1+2.1(0-11)

29.1 £ 1.2 (25-30)
15.0 + 3.7 (5-24)
61.4 £ 11.2 (39-93)
6.2+ 2.0 (2-11)
3.5+2.2 (0-13)

0.85
0.32
0.41
0.22
0.16

Data presented as Mean * Standard deviation (Range). We used independent sample t-test to compare
cognitive performance between mutation carriers and non-carriers; there was no significant difference on

any task between the two groups.
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Table S5. Univariate correlations between pathology and behavioral features

PREVENT-AD DIAN
Tau
Global AB Braak | Tau Braak | Tau Braak | Global AR
index (entorhinal I v index
cortex)

Cognitive lifestyle
Education, years -0.13 -0.09 -0.08 -0.04 -0.192
Lifetime cognitive activity -0.06 -0.29¢ -0.212 -0.192 -
Neuropsychiatric
symptoms
Depression 0.08 0.23° 0.06 0.02 -0.05
Anxiety 0.17 0.12 0.10 0.11 -
Stress 0.10 0.1 0.12 0.09 -
Apathy 0.12 0.24° 0.08 0.05 -
NPI-Q - - - - 0.1
Personality
Openness -0.10 -0.34¢ -0.18 -0.08 -0.05
Neuroticism 0.212 0.24° 0.17 0.09 -0.13
Conscientiousness -0.09 -0.212 -0.12 -0.10 -0.02
Agreeableness 0.00 -0.07 0.02 0.02 0.06
Extraversion -0.06 -0.22° -0.15 -0.17 0.04

Correlations coefficients from Pearson correlation. NPI-Q: Neuropsychiatric Inventory Questionnaire.
a: p <0.05; b: p<0.01; c: p<0.001. Relationships surviving FDR correction are bolded.
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Table S6. Summary of linear mixed-effects models examining the interactive

effect of time and Ap/tau on longitudinal neuropsychiatric symptoms in
PREVENT-AD
Neuropsychiatric AB * time tau * time
symptom
B B

(SE) t P value (SE) t P value
Depression -0.15 0.27

(0.36) -0.41 0.68 (0.70) 0.39 0.70
Anxiety 0.34 1.49

(0.60) 0.57 0.57 (1.16) 1.29 0.20
Stress 0.61 3.7

(0.90) 0.67 0.50 (1.71) 217 0.03
Apathy 0.16 0.95

(0.92) 0.18 0.86 (1.80) 0.53 0.60

Results from linear mixed-effects models investigating whether AD pathology influences longitudinal
scores on the different neuropsychiatric symptoms over a three-year follow-up (dependent variable).
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Figure S1. Correlations between neuropsychiatric symptoms over the three time
points in PREVENT-AD

Correlations between the scores on neuropsychiatric symptoms questionnaires between 2016
and 2017 (left column) and between 2017 and 2018 (right column). The dash line represents the
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identity line (y=x). The size of the dots corresponds to the global A index and the color of the
dots corresponds to the entorhinal tau SUVR. Intraclass correlation coefficients (ICC) and the
95% confidence interval are reported on the right as a measure of reliability of the scores over 3

years.
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Figure S2. Correlations between personality traits over the two time points in

PREVENT-AD

Correlations between the scores on five main personality traits between 2016 and 2018. The
dash line represents the identity line (y=x). The size of the dots corresponds to the global AB
index and the color of the dots corresponds to the entorhinal tau SUVR. Intraclass correlation
coefficients (ICC) and the 95% confidence interval are reported for each trait as a measure of

reliability of the scores over 2 years.
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