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1 | INTRODUCTION

Neuropsychiatric symptoms (NPS) are commonly found in persons
with dementia such as Alzheimer’s disease (AD).! More than 80%

| Serge Gauthier’3°

Abstract

Background: Neuropsychiatric symptoms (NPS) are frequent in aging and Alzheimer’s
disease (AD). Here we study the relationship between NPS and AD pathologies in vivo.
Method: Two hundred and twenty-one individuals from the TRIAD cohort (143 cogni-
tively unimpaired, 52 mild cognitive impairment, and 26 AD) underwent ['®FIMK6240-
tau-positron emission tomography (PET), [*8F]AZD4694-amyloid-PET, magnetic reso-
nance imaging, and neuropsychological evaluations. Spearman correlations and voxel-
based regression models evaluated the relationship between Neuropsychiatric Inven-
tory Questionnaire (NPI-Q) scores, and tau-PET, amyloid-PET, and voxel-based mor-
phometry.

Results: Fifty percent of individuals presented NPS; these correlated with tau, not amy-
loid beta or neurodegeneration. Associations between NPI-Q score and tau-PET were
stronger in the parietal association area, superior frontal, temporal, and medial occipi-
tal lobes. NPI-Q domains associated with distinct patterns of tau uptake.

Conclusions: NPS are predominantly related to tau in aging and dementia. Regions
affected are part of the behavioral circuits, and vulnerable to early AD pathology.
Domain-specific analyses showed NPS are related to the AD pathophysiological pro-
cesses in a symptom-specific manner.
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of demented individuals exhibit at least one NPS since the onset
of cognitive impairment.2 NPS lead to premature institutionalization,
increased cost of care, suffering, and significant loss of life quality for

patients and caregivers.® Symptoms evolve as disease progresses,”
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leading to an increase in number and severity of NPS, in turn
requiring implementation of new interventions—pharmacological and
non-pharmacological® —during the course of the illness. Furthermore,
NPS predict more rapid disease progression.® The most common NPS
accompanying AD are anxiety, agitation, depression; the least common
are hallucinations and euphoria.”8 Hence, NPS constitute an important
clinical characteristic of patients with cognitive impairment; there is
therefore a crucial need for research on NPS to find methods to treat
or manage them.

Previous research on post mortem AD brains has shown correlations
between AD pathological hallmarks and NPS.?-11 Recent advance-
ments in positron emission tomography (PET) imaging permit the iden-
tification of AD pathologies in living individuals.2 While new PET
imaging studies have linked cognitive dysfunction with AD pathologies,
it remains unclear whether the presence of NPS are also linked to the
core disease process. Previous findings report that cognitively unim-
paired (CU) individuals showing mild behavioral impairment present
amyloid beta (Ag), but no presence of tau.'3 Another study focused first
on CU individuals at risk of developing dementia, and later, autosomal
dominant AD. In both branches, they found different patterns of corre-
lations between AB and tau pathologies with personality and neuropsy-
chiatric traits.2* However, no research has been conducted in aging and
AD dementia on how the underlying pathologies are related to NPS
appearance and severity.

Here, we investigate the relationship between NPS, using the Neu-
ropsychiatric Inventory Questionnaire (NPI-Q), and biomarkers of
AB, tau, and neurodegeneration in vivo. We hypothesize that these
biomarkers are associated with increase of NPS emergence and

severity.
2 | METHODS
2.1 | Participants

Data was obtained from the TRIAD cohort.’® We assessed 221
individuals: 143 CU, 52 individuals with mild cognitive impairment
(MCI), and 26 with dementia due to AD, using [18F]MK 6240 tau-PET,
[18F]AZD4694 amyloid-PET, magnetic resonance imaging (MRI), and
neuropsychological evaluation. All individuals were over 50 years of
age. Participants’ evaluations included a review of their medical his-
tory, an assessment from their informant, a neurological examination
by a physician, and a neuropsychological examination. More details
on the information gathered from participants can be found here:
https://triad.tnl-mcgill.com/. CU individuals are defined as having no
cognitive impairment.1® They were asked to report subjective mem-
ory complaints. Consistent with the biological AD research framework
from the National Institute on Aging-Alzheimer’s Association,? partic-
ipants without a diagnosis of MCl or AD with subjective memory com-
plaints were analyzed with CU individuals. In addition to standard clin-
ical assessments, Mini-Mental State Examination (MMSE), and Clini-
cal Dementia Rating (CDR) total scores were used to define opera-
tionally MCl as MMSE 26 or above and CDR 0.5,17 and dementia due to

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using traditional (e.g., PubMed) sources and meet-
ing abstracts and presentations. Recent positron emis-
sion tomography imaging studies linked the cognitive dys-
functions with pathological hallmarks of Alzheimer’s dis-
ease; however, there has been little research regarding
the presence of neuropsychiatric symptoms (NPS) and
core disease processes.

2. Interpretation: Our findings suggest that NPS are related
to tau only, and that each NPS is linked to a specific tau
deposition closely related to the symptom’s features.

3. Future directions: The article proposes a framework for
the generation of new hypotheses and the conduct of
additional studies. Future directions include longitudinal
assessment to study the causality in this relationship, as
well as the study of anti-tau drugs to help decrease or
delay NPS, and reduce the caregiver burden.

AD as MMSE lower than 26 and CDR above 0.5.18 No participant met
the criteria for another neurological or major neuropsychiatric disor-
der. Participants with current evidence, or history within 2 years prior
to screening, of a psychotic disorder, major depressive disorder, alco-
holism, or drug dependency/abuse were excluded from the study to
ascertain the absence of comorbidities or psychiatric disorders that
could confound the results.

The study was approved by the Douglas Mental Health Institute
Research Ethics Board (Montreal, QC, Canada). Written consent was
obtained from all participants. Time between all acquisitions did not
exceed 3 months.

PET scans were obtained with a Siemens High Resolution Research
Tomograph (HRRT). Acquisition time was 90 to 110 minutes post-
injection for [18FIMK6240, and 40 to 70 minutes post-injection for
[18F]AZD4694. Participants were also subjected to an MRI scan, which
underwent an optimized Voxel-Based Morphometry (VBM) protocol.
More detailed information regarding PET and MRI imaging processing

can be found in the supporting information.

2.2 | Neuropsychiatric symptoms assessment
Participants were asked to name an informant to complete question-
naires. They primarily named their partner or an adult child.

The informants completed English or French versions of the NPI-
Q.17 Based on the Neuropsychiatric Inventory (NP1),2° which requires
aninterview between the informant and a clinician, the NPI-Q has been
accepted as a brief, reliable, informant-based assessment of NPS.1?
The NPI-Q has been validated in clinical and research settings,'? and
is now widely used in studies investigating NPS.2! It assesses 12 NPS

from the informant’s perspective: hallucinations, delusions, agitation,
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depression, anxiety, elation, apathy, disinhibition, irritability, motor dis-
turbance, night-time behavior, and appetite. Respondents first identify
presence of changes regarding the symptoms in the last 4 weeks, by
answering “yes” or “no,” and subsequently rate their severity, defined
as how they think these changes affect the participant, on a scale of 1
to 3.

By summing the severity scores of the NPI-Q domains, we obtain an
overall numerical severity score (with symptoms rated as “no” having a

score of 0). The possible total scores for the NPI-Q range from O to 36.

2.3 | Statistical analyses

Statistical analyses were performed using R Statistical Software Pack-
age, neuroimaging analyses were conducted using the VoxelStats??
(Matlab 9.4).

Demographics underwent multiple t-tests for continuous variables
and x2 tests for categorical variables. NPI-Q scores were considered
continuous variables in all tests.

Voxel-wise regression models were conducted to explore the rela-
tionship between NPI-Q score and brain AB deposition, tau deposi-
tion, and neurodegeneration, as shown by [18F]AZD4694 amyloid-PET,
[18FIMK 6240 tau-PET uptake, and VBM, respectively. Regression anal-
yses for each voxel were executed. Due to recent studies implicating
sex differences in the topographical distribution of AD pathology,??
we corrected amyloid-PET, tau-PET, and VBM voxel-wise analyses for
sex. Analyses were also corrected for age, years of education, and diag-
nosis. We subsequently conducted domain analyses for the 12 NPI-Q

TABLE 1 Demographic characteristics of the sample

Overall

N 221
N symptomatic (%) 108 (48.87)
Age, mean (SD) 71.59 (6.45)
Male, n (%) 92 (41.63)
Education, mean (SD) 15.25(3.62)
MMSE, mean (SD) 27.59 (4.09)
CDR, mean (SD) 0.25(0.41)
Amyloid positivity (%)? 89(40.3)
Tau positivity (%)° 80 (37.9)
['8F]MK 6240 Parietal/occipital/temporal/frontal 1.23(0.35)

SUVR, mean (SD)
[*8F]MK6240 Braak 1 and 2 SUVR, mean (SD) 1.14(0.38)
[*8F]MK 6240 Braak 3 and 4 SUVR, mean (SD) 1.33(0.65)
[*8FIMK 6240 Braak 5 and 6 SUVR, mean (SD) 1.28(0.51)
Atrophy score, mean (SD)¢ 2.87(0.19)

Clinical Interventions

domains, again, all corrected for sex, age, years of education, and diag-
nosis. Finally, the parametric images were corrected for multiple com-
parisons using a random field theory (RFT) correction with a voxel-level
correction of P <.001 and cluster-level correction of P <.05.

Using the RFT-corrected images, we conducted a cluster-based
regression analysis for the NPI-Q severity score. Details can be found
in the supporting information.

Exploratory analyses were conducted on CU individuals only, cogni-
tively impaired individuals only, AB-positive individuals only. The same
voxel-based regression model as above was conducted, adding either
AB status or VBM images as a covariate. Individuals were classified
as Ag positive if their neocortical [18F]JAZD4694 uptake exceeded
a published threshold of 1.55.1° Analyses were also conducted in
subsamples of amyloid-positive in each diagnostic group, as well as
the whole sample removing MCI AB-negative individuals. Finally, we
looked at the relationship between NPI-Q subsyndromes and AD
pathophysiologies.?*

3 | RESULTS

Two hundred and twenty-one individuals (143 CU, 52 MCI, and 26
dementia due to AD) were included in the study, aged between 51
and 85 years; 108 (48.87%) had changes in NPS over the last 4 weeks,
among which 44 CU (30.77%), 39 MCI (75.99%), and 25 (96.15%)
dementia due to AD. There were no significant differences between
the diagnostic groups regarding age and years of education. However,
significant differences between groups were observed in MMSE, CDR,

Ccu MCI AD P

143 52 26

44 (30.77) 39(75.99) 25(96.15) <0.001
72.15(5.68) 71.75(7.49) 68.21(7.40) 0.016
49 (34.27) 30(57.69) 13(50.00) 0.011
15.44(3.55) 15.14(3.99) 14.42(3.26) 0.409
29.01(1.21) 27.75(1.87) 19.32(7.15) <0.001
0.00 (0.00) 0.50(0.00) 1.08 (0.51) <0.001
30(21.0) 33(63.5) 26 (100.0) <0.001
27(18.9) 29(55.8) 24(92.3) <0.001
1.12(0.13) 1.19(0.21) 1.89(0.61) <0.001
0.97(0.18) 1.35(0.46) 1.63(0.40) <0.001
1.07 (0.12) 1.44(0.69) 2.51(0.91) <0.001
1.10(0.14) 1.28(0.38) 2.24(0.87) <0.001
2.94(0.13) 2.84(0.18) 2.57(0.21) <0.001

Abbreviations: AD, Alzheimer’s disease; CDR, Clinical Dementia Rating; CU, cognitively unimpaired; MCI, mild cognitive impairment; MMSE, Mini-Mental
State Examination; SD, standard deviation; r SUVR, standardized uptake value ratios.

aBased on Therriault et al.™
bBased on visual rating.
°Based on Jack et al.2®
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TABLE 2 NPI-Qseverity scores
NPI-Q scores, mean (SD) Overall CuU MCI AD P
NPI-Q Severity 1.90(2.93) 0.85(1.88) 3.09(3.02) 5.31(3.95) <0.001
Delusions severity 0.02(0.18) 0.00 (0.00) 0.02 (0.14) 0.15 (0.46) <0.001
Hallucinations severity 0.03(0.22) 0.01(0.08) 0.02(0.14) 0.19(0.57) <0.001
Agitation severity 0.12(0.43) 0.04(0.32) 0.17(0.47) 0.42(0.70) <0.001
Depression severity 0.27 (0.59) 0.15 (0.46) 0.37 (0.60) 0.77 (0.91) <0.001
Anxiety severity 0.19(0.52) 0.06 (0.29) 0.37(0.69) 0.62 (0.80) <0.001
Elation severity 0.02(0.16) 0.01(0.16) 0.06 (0.23) 0.08(0.27) 0.039
Apathy severity 0.14 (0.42) 0.03(0.22) 0.17 (0.43) 0.65(0.75) <0.001
Disinhibition severity 0.09(0.37) 0.02(0.19) 0.15(0.50) 0.35(0.63) <0.001
Irritability severity 0.29(0.63) 0.17(0.51) 0.50 (0.80) 0.54(0.71) <0.001
Motor disturbance severity 0.08 (0.38) 0.01(0.08) 0.13(0.44) 0.38(0.85) <0.001
Night-time behavior severity 0.40 (0.74) 0.27 (0.63) 0.75(0.95) 0.46 (0.65) <0.001
Appetite severity 0.23(0.55) 0.08(0.37) 0.38(0.66) 0.69(0.78) <0.001

Abbreviations: CU, cognitively unimpaired; NPI-Q, Neuropsychiatric Inventory Questionnaire.

Ag and tau status, and atrophy score, as well as [18F]MK6240 cluster-
based standardized uptake value ratio (SUVR) and [18F]MK6240 Braak
stages SUVR (Braak stages 1-2, 3-4, and 5-6). A weak difference was
found regarding sex (Table 1).

3.1 | NPI-Q results

NPI-Q results were collected for all individuals. The mean severity
score across groups was 1.90 + 2.93. A summary of the NPI-Q results
can be found in Table 2. The most common symptoms were night-time
behavior (person waking up at night, taking excessive naps), followed
by irritability (such as having difficulty coping with delays), depres-
sion (participant seemingly sad), appetite (such as if person lost or
gained weight), anxiety (participant upset when separated from the pri-
mary informant), apathy (participant less interested in their activities),
agitation (resistant to help), disinhibition (impulsive acts), motor dis-
turbance (such as pacing around the house), elation (participant act-
ing excessively happy), hallucinations (false visions and voices), and
delusions (false beliefs). All domain scores were significantly different
across groups (P <.005). A correlation matrix was created to assess the
relationship among the different NPS (Figure S1 in supporting informa-

tion).

3.2 | Spearman correlations and voxel-based
regression models

Spearman correlations were conducted among NPI-Q severity score
with [18F]JAZD4694 global SUVRs. A significant correlation was found
between [18F]AZD4694 uptake and NPI-Q severity score (R = 0.36,
P=<.001; Figure 1).

Voxel-based regression models were conducted to evaluate the
relationship between global NPI-Q severity and amyloid-PET with

[18F]AZD4694. No results survived correction for multiple compar-
isons using RFT. When studying the NPI-Q domains in relation to
[18F]AZD4694 scans, most results did not survive RFT correction,
except anxiety and motor disturbance. The anxiety domain presented
[18F]AZD4694 uptake in the medial superior frontal gyrus, while motor
disturbance uptake was in the pre/postcentral gyrus (Figure S2 in sup-
porting information).

Results from voxel-based regression models between NPI-Q global
and domain severity scores, and neurodegeneration using VBM
images, did not survive RFT correction.

However, voxel-based regression models demonstrated that NPI-
Q severity score was positively associated with [28FIMK6240 uptake.
The regions in which the associations were the strongest were the
cuneus, parietal association area, superior temporal lobe, and supe-
rior frontal gyrus (Figure 2). There were strong correlations between
NPI-Q severity score and [18F]MK6240 SUVR in the parietal, occipital,
temporal, and frontal clusters (R = 0.36, P = < .001; Figure 3).
Additionally, NPI-Q global severity score correlated positively with
[18FIMK6240 SUVR values at Braak stages 1-2, Braak stages 3—4, and
Braak stages 5-6 (Figure S3 in supporting information).

We subsequently observed differences in [8F]MK6240 uptake
along the various domains of the NPI-Q (Figure 4). Agitation was
related to tau-PET uptake in the orbitofrontal, ventromedial prefrontal
cortices, temporal lobes, and precuneus. The anxiety domain showed a
positive correlation with uptake in the cuneus, superior frontal gyrus,
and parahippocampal gyrus. Apathy correlated with [18F]MK6240
uptake in the superior parietal association area. Delusions showed
cuneus/occipital uptake. Depression presented uptake in the supe-
rior temporal gyrus and superior parietal association area. More-
over, disinhibition was positively related with uptake in the medial
occipital, superior temporal lobes, and parahippocampal gyrus. Ela-
tion presented uptake in the precuneus, anterior cingulate, medial
frontal, and parahippocampal regions. Hallucinations were related to
[18F]MK6240 uptake in the medial occipital cortex. Irritability was
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FIGURE 1 Spearman correlations using
[18F]AZD4694 global standardized uptake value
ratio (SUVR) with Neuropsychiatric Inventory

Clinical Interventions

e

Questionnaire (NPI-Q) global severity score. 3.0 AR =036 =1 o7
[18F]AZD4694 showed significant correlation with NTO000 0= -ge-
NPI-Q global severity score (R =0.36 and P <.001) 0>C 2 4 LI LN
B251 2 B .
g b T, : i . . Diagnosis
2 ¢ : S A ] 1
(O] 4 =l a o e CU
32072 4 A MCl
S ' A
) s . = AD
[ — °
% 1.5 H ) ¥
0 t A = A e = A
— l ! : ‘ * ! A 'y (]
1049 ¢ .
0 5 10 15

NPI-Q Severity score

SF]MK6240 uptake correlates with neuropsychiatric symptoms in aging and Alzheimer’s

L — R

FIGURE 2

L R

[18F]MK6240 SUVR correlates with Neuropsychiatric Inventory Questionnaire (NPI-Q) severity score in aging and Alzheimer’s

disease. The regions showing strong associations with [2FIMK 6240 uptake were the cuneus, the parietal association area, the occipital and

temporal lobes, and the superior frontal gyrus

related with frontal pole uptake, while motor disturbance associ-
ated with uptake in the pre/postcentral region, parietal association
area, medial occipital lobe, and cingulate gyrus. Finally, night-time
behavior was associated with medial frontal uptake. Appetite was
the only domain which did not show a significant correlation with
[18FIMK 6240 uptake. A summary of the topographical relationships
between [18F]MK6240 and various NPS domains can be found Table 3.

Results were similar when analyses were repeated with images that
underwent partial volume correction. Moreover, no significant neg-
ative relationship was observed between [18F]MK6240 and NPI-Q
results.

Exploratory analyses were conducted on cognitively unimpaired
individuals only (Figure S4 in supporting information); showing tau-
PET uptake in regions each associated to symptomatic networks.
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[18FIMK 6240 uptake in domain-specific analyses of the Neuropsychiatric Inventory Questionnaire (NPI-Q). There were different

patterns of association of [18FIMK6240 uptake with NPI-Q domains; agitation was related to tau-positron emission tomography uptake in the
orbitofrontal cortex, ventromedial prefrontal cortex, the temporal lobes, and the precuneus. The anxiety domain showed a positive correlation
with uptake in the cuneus, the superior frontal gyrus, and the parahippocampal gyrus. Apathy correlated with [128F]MK6240 uptake in the parietal
association area. Delusions, however, showed cuneus/occipital uptake. Depression presented uptake in the superior temporal gyrus and the
parietal association area. Moreover, disinhibition was positively related with uptake in the occipital and temporal lobes and parahippocampal
gyrus. Elation on the other end presented uptake in the precuneus, anterior cingulate, medial frontal, and parahippocampal regions. In the case of
hallucinations, [28F]MK6240 presented signals in the occipital lobe. Irritability was related to frontal pole uptake, while motor disturbance was
associated with uptake in pre/postcentral region, as well as parietal association area, occipital, and cingulate. Finally, regarding night-time
behavior, the severity score was associated with uptake of the tracer in the medial frontal region

Analyses on 6 out of 12 NPS did not survive correction for multiple
comparison. Results from cognitively impaired individuals (MCI and
AD), showed [18F]MK6240 uptake in broader regions compared to the
main findings, including the temporal, medial frontal, precuneus, and
cuneus (Figure S5 in supporting information). Results from analyses on
AB-positive individuals were similar to the main findings; they slightly
differed for two NPS, probably because of lower statistical power
(Figure Sé in supporting information). When correcting for Ag status,
results were similar to the main findings, except for two NPS (Figure S7
in supporting information). When correcting for VBM images, results
were identical to the main findings. The analyses conducted in the

amyloid-positive individuals of each diagnostic group presented pat-

terns of tau uptake related to each NPI-Q domain (Figure S8 in sup-
porting information). In the sample removing MCl AB-negative individ-
uals, the results were similar except for two domains (Figure S9 in sup-
porting information). Finally, NPI-Q subsyndromes correlated with tau-
tracer uptake, rather than amyloid-tracer or neurodegeneration (Fig-
ure S10 in supporting information).

4 | DISCUSSION

Our study provides evidence that NPS seem to be predominantly
related to tau pathology, rather than AS or neurodegeneration, in
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TABLE 3 Summary of the NPI-Q domain results with [1F]MK6240 uptake, and relation with brain regions

Symptom Brain image Region Role of region
Agitation Ventromedial Processing of risk, fear and
prefrontal cortex emotional responses
Orbitofrontal cortex Emotion and memory
Precuneus Recollection and memory
Temporal lobe Emotion association
Anxiety Cuneus Vision-related region,
Superior frontal inhibition
Parahippocampal Working memory and
gyrus executive processing
Memory formation
Apathy Parietal association Association of sensory
area information
Delusions Cuneus Vision-related region,
inhibition
Depression Parietal association Association of sensory
area information
Superior temporal Emotional processing and
gyrus social cognition
Disinhibition Superior temporal Emotional processing and
gyrus social cognition
Cuneus Vision related, inhibition

Medial parietal
Parahippocampus

Sensory information
processing
Memory formation

(Continues)



8of11 Translational Research

TISSOT ET AL.

Clinical Interventions

TABLE 3 (Continued)

Symptom Brain image

Elation

Hallucinations

Irritability

Motor
disturbance

Night-time
behavior

Abbreviation: NPI-Q, Neuropsychiatric Inventory Questionnaire.

aging and dementia due to AD. It builds on previous studies pre-
senting relationships between NPS and CSF phosphorylated-tau?® by
identifying the regional contributions of cerebral tau pathology to
specific NPS. Other studies were conducted regarding NPS in CU
individuals!3 and AD patients!* separately, with additional investiga-
tions showing conflicting results between CSF and NPS.2” However,
our research included participants that were AD-biomarker-negative
CU, AD-biomarker-positive CU, MCI, and AD patients, and using the
latest advances in neuroimaging and pathophysiology assessment.
These findings highlight the importance of assessing NPS, which can

appear before cognitive alterations* and may predict the onset of cog-

Region

Precuneus
Cingulate

Medial frontal
Parahippocampus

Cuneus

Frontal pole

Pre-/post-central
gyrus

Parietal association
area

Occipital pole

Cingulate

Superior frontal
gyrus

Role of region

Recollection and memory

Attention, decision making,
and emotions

Behavior regulation

Memory formation

Vision-related region,
inhibition

Behavior regulation

Motor-relation region

Association of sensory
information

Information processing

Attention, decision making,
and emotions

Behavior regulation

nitive symptoms; which is why focusing on a broad spectrum of individ-
uals is an advantage.

We observed that tau predominantly is related to NPS, not AS or
neurodegeneration, in aging and dementia due to AD. The results fit
with the evolving framework that tau appears to be closely related to
cognitive symptoms in AD,28 rather than AB. Correcting for AB status
did not alter the results, suggesting that it does not interfere with the
presence of NPS. Associations with tau deposition have been found in
brain regions vulnerable to early AD pathophysiologies, and to behav-
jor problems.2? Regions such as precuneus and medial frontal cortex

have similarly been correlated with neuropsychological symptoms
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such as depression and anxiety, using functional MRI and diffusion
tensor imaging studies.” Research on AD patients showed that NPS
were associated with glucose metabolism changes, in core regions
of behavioral control, as the frontal, temporal lobes, and paralimbic
regions.’° The finding that NPS are related to tau deposition in these
brain regions suggests a link between specific brain areas affected by
early AD pathophysiologies and regions involved in behavioral control.

Results indicated that NPS were associated with tau deposition in
the parietal association area, precuneus, and temporal cortex, regions
related to memory formation and retrieval. AD patients present lower

29 usually starting with a slight

glucose consumption in those areas,
decrease in mildly impaired patients, and larger reductions as disease
progresses. It has been noted that disruptions in these regions begin
years before clinical signs of dementia.2? The regions are first affected
by AB build-up and later on other AD-related pathophysiologies con-
verge. Knowing that tau predominantly is related to NPS can help in
disease management, and the study of anti-tau drugs to prevent, or
delay, NPS appearance.

Elevated tau-PET was observed in brain areas subserving spe-
cific functional processes interrogated by each NPI-Q domain. Some
regions affected have been previously shown to be impaired with other
imaging methods.” 1031 Emerging data support the idea that specific
tau patterns are related to specific cognitive symptoms,28 with previ-
ous research linking distinct NPS to patterns of tau uptake.’»32 Our
study extends these findings by providing evidence that regional pat-
terns of tau aggregation are related to different NPS. Taken together,
these studies support a framework in which the topographical distri-
bution of tau pathology is related to heterogeneity of symptoms in AD.
Ossenkoppele et al. discovered that regions presenting the highest tau-
PET uptake corresponded to the nature of the symptoms: worse visu-
ospatial performances correlated with tau deposition in the occipital
lobe, lower memory performances with higher tau deposition in the
hippocampus.?® Our research focused on the different types of NPS
individuals in aging and AD suffer from, rather than neuropsychologi-
cal presentations. We discovered that tau deposition patterns seemed
to be closely related to the symptoms’ features.

The agitation domain showed tau uptake in paralimbic regions,
where an association was observed with post mortem studies.'©
Another investigation found lower glucose metabolism in the temporal
and frontal regions of AD patients.32 Our study follows the framework,
adding in vivo anatomical correlates of [18F]MK 6240 uptake when par-
ticipants present agitation symptoms.

Agitation and anxiety evolve closely together in AD,’ and have
already been related to cuneus impairment.3134 The superior medial
frontal gyrus showed an uptake of both tau and amyloid-PET when
individuals presented anxiety symptoms. This region is known to be
important in the frontoparietal-executive network, related to anxiety
as well.3> The combination of both A8 deposition and tau might aggra-
vate the anxiety symptoms.

Apathy, a late AD symptom,” presents different findings. The pari-
etal lobe is related to apathetic symptoms,3¢ and more specifically neg-
ative mood.3” This corroborates the idea that tau deposition in parietal

regions is linked to a negative symptom such as apathy.
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Delusions are related to lower glucose metabolism in the occipi-
tal/cuneus region of AD patients.383? It has been proposed as a core
part of emotional processing; impairment of the brain region due to tau
might lead to the symptoms’ development.

Depression correlated with tau in the lateral superior temporal
gyrus, crucial in emotional processing and social cognition, and pre-
viously related to GM atrophy.*® The parietal association area is
commonly affected in AD, and was not previously linked to depres-
sive symptoms. These findings, however, corroborate with recent
research showing an association between depressive symptoms and
CSF phosphorylated-tau.*!

Disinhibition has previously been associated with hypometabolism
in temporal and occipital lobes.*? Moreover, the cuneus is heav-
ily impacted in bipolar patients showing strong disinhibition, with a
decrease in GM volume.*? Finally, the parahippocamal gyrus is a core
AD region affected by the disease’s pathophysiological changes.

Elation is rare in AD,2° and poorly understood. However, brain
circuits have been studied with regard to elation in schizophrenic
patients. These studies show parahippocampal and cingulate volume
reduction,** as well as frontal abnormalities.*> These regions are cru-
cial for emotional processing. Elation symptoms in our study were
related to tau deposition in these regions.

Hallucinations have previously been related to occipital lobe

atrophy,3?:46

a core region for the visual system. Tau deposition in this
region might cause further impairments.

Anatomical correlates of irritability have been elusive, linking it to
decreased volume of the insula only.*” We report that tau pathology
in the frontal pole was related to irritability, a region involved in com-
plex behavior;*® impairment due to tau deposition might lead to irrita-
ble traits.

Motor disturbance showed tau uptake in the cingulate cortex and
motor-related regions. The latter were previously shown to exhibit tis-
sue loss in individuals with aberrant motor behaviors.*? The occipital
and parietal association areas are critical for sensory information pro-
cessing. In our study, amyloid-PET also showed uptake in the motor
regions of the brain. Tau deposition might impair more broadly all those
brain areas, and the combination with Af exacerbates motor distur-
bances.

There is no previous research studying sleep disturbances anatom-
ically in AD. However, it was observed that the metabolism of the
medial frontal cortex is decreased after sleep deprivation,”® which is
the region showing correlation between sleep symptoms and tau depo-
sition in this study.

To summarize, the present study reveals the predominant link
between tau and NPS, and supplies additional information regarding
the anatomical correlates of common NPS found in aging and demen-
tia due to AD. Indeed, the relationship is seen across a cohort of
AD-biomarker-negative individuals suffering from AD. The different
patterns of tau deposition might explain the heterogeneity of NPS,
similar to tau deposition explaining the different neuropsychological
disturbances of AD.28 Additional studies conducted on NPS showed
the involvement of other brain regions.?? The complexity of the NPS

networks does not allow us to study the whole array of biological
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underpinnings associated with them.>! However, we relate here the
current findings to previous studies, which corroborate the idea of tau
predominance in the emergence and severity of NPS, with distinct pat-
terns related to specific NPS.

We were first surprised to find little to no correlation between NPS
and AB deposition or neurodegeneration. However, growing evidence
presents tau as being the cause of clinical symptoms.28 When we con-
ducted similar analyses adding AS status or VBM images as a covariate,
results did not differ; even though Ag is known to appear before tau
along the AD spectrum.? It is important to note that CU individuals
are still known to show a certain amount of neurofibrillary tangles.>?
NPS have already been linked to tau deposition in the brain of CU
individuals.2*32 The levels of pathology might not be sufficient to cause
cognitive problems observed in MCl and AD; however, it might lead to
mild NPS in some individuals. Finally, NPS are of heterogeneous origin.
In CU elderly individuals, the appearance of NPS cannot be immedi-
ately interpreted as the presence of neocortical tau pathology.

The main limitation of the study is the use of the NPI-Q and not the
NPI; the latter enables observation of more subtle NPS changes from
the informant’s perspective. In the case of the NPI-Q the informant
could over- or under-report NPS, though previous research supports
that it is highly accurate.’? Second, while the NPI-Q evaluates a wide
spectrum of NPS seen in AD, it does not sample all abnormal behav-
iors. Finally, PET research always involves off-target binding due to the
tracers as well as artefacts; in our study it is unlikely to that results are
driven by them as the regions mentioned in our article are not known
off-target binding sites for [18F]MK6240.%3

Considering these limitations, the study provides empirical evi-
dence that NPS are predominantly related to tau. Correspondingly,
there is hope that disease-modifying interventions will not only aid in
the cognitive symptoms related to AD but also aid in NPS. Another
important aspect is the idea that different NPS show distinct patterns
of tau uptake. Indeed, increased tau-PET is seen in regions subserv-
ing the specific functional processes of each NPS. However, other brain
regions might also be involved in the complex biological underpinnings
of each NPS. As NPS cause a great burden on the caregivers, and
are also a marker of disease progression, understanding their origin
and focusing on treatments to prevent or delay them is crucial. The
next step is studying NPS longitudinally, to make a causal relationship

between tau and the emergence of neuropsychiatric problems.
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Additional supporting information may be found online in the Support-
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