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IMPORTANCE Understanding associations of Alzheimer disease (AD) and related dementias
(ADRD) pathologies with common neuropsychiatric symptoms (NPS) may have implications
for diagnosis and management.

OBJECTIVE To evaluate ADRD neuropathological diagnoses and NPS without consideration of
clinical diagnosis.

DESIGN, SETTING, AND PARTICIPANTS This retrospective cohort study evaluated 1808 brains
from 39 sites in the US National Alzheimer Coordinating Center v. 10 collection for
participants among whom the Neuropsychiatric Inventory Questionnaire (NPIQ) was
administered annually. Brain autopsy diagnoses of AD, Lewy body disease (LBD), cerebral
amyloid angiopathy, frontotemporal lobar degeneration, cerebrovascular disease,
hippocampal sclerosis, and no known pathology were examined. Autopsy data collected from
January 2012 to January 2018 were deidentified and compiled into the publicly available v. 10
database. Data were analyzed from February 2021 to August 2021.

MAIN OUTCOMES AND MEASURES The primary outcome was NPIQ domain score, if present at
any time point, and mean NPIQ domain score during follow-up was secondary. Associations
of ADRD diagnoses with 12 NPIQ symptom domains were examined in regression analyses,
correcting for multiple comparisons.

RESULTS The study sample of 1808 adults had a mean (SD) age of 80.0 (11.0) years, and 987
participants (54.6%) were male. Apathy was the most prevalent NPS, reaching 80% (203 of
254 individuals) in those with hippocampal sclerosis. Cerebrovascular disease showed few
NPS associations. Frontotemporal lobar degeneration was associated with increased apathy,
increased disinhibition, and decreased psychosis and agitation compared with AD.
Hippocampal sclerosis was associated with increased apathy (odds ratio, 2.60; 95% CI;
1.86-3.66, false discovery rate controlled P < .001) and disinhibition (odds ratio, 2.15; 95% CI,
1.63-2.84; false discovery rate controlled P < .001). In multiple regression analyses that
included concomitant neuropathologies, the main findings remained. More severe pathology
was consistently associated with increased NPS (eg, LBD was associated with an increase in
hallucinations from brain stem [β, 0.23; 95% CI, 0.07-0.76; P = .02] to limbic [β, 1.69; 95% CI,
1.27-2.27; P < .001] to neocortical [β, 4.49; 95% CI, 3.27-6.16; P < .001] pathology).
Hallucinations were more common in participants with AD and LBD (168 of 534 [31.5%])
compared with those with AD without LBD (152 of 704 [21.6%]) and those with LBD without
AD (23 of 119 [19.6%]).

CONCLUSIONS AND RELEVANCE In this cohort study of 1808 brains from the US National
Alzheimer Coordinating Center, patients with LBD and AD showed a higher prevalence of
hallucinations compared with those with LBD without AD. Neuropsychiatric symptom criteria
of apathy and disinhibition in behavioral variant frontotemporal lobar degeneration were
supported in this study. In hippocampal sclerosis, the findings of increased apathy and
disinhibition merit further investigation. Severity of neuropathology was associated with NPS
severity, indicating that NPS may reflect underlying ADRD pathology and highlighting the
importance of diagnosing and treating NPS.

JAMA Psychiatry. doi:10.1001/jamapsychiatry.2021.4363
Published online February 16, 2022.

Supplemental content

Author Affiliations: Author
affiliations are listed at the end of this
article.

Corresponding Author: Davangere
P. Devanand, MD, Division of Geriatric
Psychiatry, New York State
Psychiatric Institute, 1051 Riverside
Dr, Unit 126, New York, NY 10032
(dpd3@cumc.columbia.edu).

Research

JAMA Psychiatry | Original Investigation

(Reprinted) E1

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Columbia University Libraries User  on 02/23/2022

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2021.4363?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2021.4363
https://jamanetwork.com/journals/psy/fullarticle/10.1001/jamapsychiatry.2021.4363?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2021.4363
mailto:dpd3@cumc.columbia.edu


N europsychiatric symptoms (NPS) frequently occur in
individuals with Alzheimer disease (AD) and related
dementias (ADRD).1,2 Psychosis, agitation, aggres-

sion, depression, anxiety, and apathy are common NPS in
people with ADRD. The prevalence of psychosis, defined by
the presence of delusions or hallucinations, differs by clini-
cally diagnosed subtype of dementia: 10% to 15% in those with
behavioral variant frontotemporal dementia and vascular de-
mentia, 20% to 45% in those with AD, and 30% to 80% in those
with dementia with Lewy bodies.1-4 Agitation occurs in nearly
one-third of patients with AD at the mild to moderate stage of
illness and increases with disease severity.1,2 Symptoms of psy-
chosis, agitation, and aggression are associated with more rapid
cognitive decline, increased caregiver burden, institutional-
ization, and mortality.5,6 Anxiety and depression are com-
mon in patients across the ADRD spectrum.1,2 Apathy has been
reported in most patients with AD and behavioral variant fron-
totemporal dementia.7-9 NPS are part of the diagnostic
criteria for specific neurodegenerative disorders, including vi-
sual hallucinations for Dementia with Lewy bodies and apa-
thy and disinhibition for behavioral variant frontotemporal
dementia.7,10,11

Neuropathology remains the criterion standard for the diag-
nosis of ADRD. In a study from the National Alzheimer Coordi-
nating Center (NACC) autopsy database,12 psychosis, particularly
hallucinations, was associated with more frequent neuritic
plaques,higherBraakstagingofneurofibrillarytangles,andLewy
body disease (LBD). Visual hallucinations have been shown to be
associated with the neuropathology of both AD and LBD.13 Stud-
ies indicate that psychosis is associated with an increase in ab-
normally phosphorylated tau protein and neurofibrillary tangles,
which are characteristic of AD, at autopsy.14,15 Increased agitation
and aggression scores on the Neuropsychiatric Inventory Ques-
tionnaire (NPIQ) have been associated with transactive response
DNA-binding protein 43 (TDP-43) pathology, a common cause of
frontotemporal lobar degeneration (FTLD).16 There is inconsis-
tent evidence on whether depression is associated with neuritic
plaque and neurofibrillary tangle burden in AD.17,18 To our knowl-
edge,associationsofhippocampalsclerosiswithspecificNPShave
not been reported.

We examined the associations of specific neuropatholo-
gies with NPS in the large NACC v. 10 database,19 which uses
standardized neuropathological diagnostic criteria. We hy-
pothesized that each ADRD dementia subtype would be asso-
ciated with specific NPS, indicating different disease mecha-
nisms; that AD and LBD pathology would predict hallucinations
and delusions; and that FTLD pathology would predict apa-
thy and disinhibition. Understanding the pathological mecha-
nisms underlying specific NPS may help to improve diagnos-
tic criteria for specific ADRD and eventually clinical
management.

Methods
Data Source
At 39 US Alzheimer Disease Center sites, autopsies were con-
ducted locally using the NACC Coding Guidebook protocol

(January 2014) for uniform collection and ratings of neuro-
pathological data.19 Institutional review board approval for
clinical and autopsy procedures were obtained locally. Au-
topsy data collected from January 2012 to January 2018 were
compiled into the publicly available v. 10 database.19 Data were
analyzed from February 2021 to August 2021.

Study Sample
After exclusion of the neuropathological diagnoses of brain in-
jury, CNS neoplasm, Down syndrome, Huntington disease, and
prion disease, we included all brains for which the NPIQ was
administered to a caregiver at least once during life.

As per NACC protocol, additional semiquantitative rat-
ings were made by immunohistochemistry, histochemistry, mi-
croscopic visualization, or visual inspection with appropriate
categorization of brain regions. For AD, ABC criteria for sever-
ity were rated.20 Criteria A, diffuse amyloid plaque (Thal stage),
is a measure of spread of plaque, and higher scores indicate
greater spread. Criteria B, Braak stage, is a measure of progres-
sion of neurofibrillary tangles, and higher scores indicate
spread of pathology to neocortex. In criteria C, neuritic plaques,
higher scores indicate greater density of pathology. Intersite
agreement for ABC pathological criteria was high (κ, 0.88) and
individual A, B, and C scores had agreement κ values ranging
from 0.70 to 0.84.21 As recommended by the National Insti-
tute on Aging–Alzheimer's Association consortium, interme-
diate to high probability ABC criteria defined Alzheimer dis-
ease pathology.22 LBD was rated as present or absent and by
severity on a scale from 1 to 3 based on α-synuclein aggrega-
tions in brain stem (1), limbic (2), and neocortical regions (3),
with the highest rating used for each brain.11 Frontotemporal
lobar degeneration (FTLD) was defined as present or absent
based on any of the following diagnoses: FTLD-TDP-43 (spo-
radic, with motor neuron disease, and with associated vari-
ants resulting in FTLD-TDP-43, including GRN variants and
C9ORF72 expansions), 3 repeat (3R) tauopathies (Pick dis-
ease, non-Pick 3R predominant FTLD, associated with MAPT

Key Points
Question What are the associations between Alzheimer disease
(AD) and related dementias pathologies and the clinical
presentation of common neuropsychiatric symptoms (NPS)?

Findings In this cohort study of 1808 brains from the National
Alzheimer Coordinating Center, hallucinations were more common
in individuals with AD and Lewy body disease (LBD)
neuropathology compared with LBD alone; apathy and
disinhibition were common in individuals with behavioral variant
frontotemporal lobar degeneration; and apathy and disinhibition
frequently occurred in individuals with hippocampal sclerosis.
Increased severity of neuropathology was associated with
increased NPS across diagnoses.

Meaning An association between severity of neuropathology and
severity of NPS suggests that NPS may reflect underlying
neuropathology; the findings of increased apathy and disinhibition
in individuals with hippocampal sclerosis merit further
investigation.
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variants resulting in 3R tauopathies), 4 repeat (4R) tauopa-
thies (corticobasal degeneration, progressive supranuclear
palsy, globular glial tauopathy, argyrophilic grain disease, as-
sociated with MAPT variants leading to 4R tauopathies), 3R and
4R tauopathies (tangle dominant disease, chronic traumatic
encephalopathy, amyotrophic lateral sclerosis/Guam Parkin-
sonism-dementia complex, associated with MAPT variants
leading to 3R and 4R tauopathies), and all other subtypes of
FTLD-TDP and FTLD–fused in sarcoma, FTLD–ubiquitin-
proteasome system, and FTLD–nitric oxide synthase. The NACC
protocol required brains to be characterized for TDP-43 stain-
ing. Present and absent ratings for the pathologies of cerebral
amyloid angiopathy, cerebrovascular disease (CVD) defined as
multiple microinfarcts or infarcts or lacunes, and hippocam-
pal sclerosis were also evaluated. We did not use clinical or neu-
roimaging-based diagnoses. This novel, unbiased, and pow-
erful approach avoids diagnostic errors that may be inconsistent
with neuropathology, which remains the criterion standard for
ADRD diagnoses.10

Each NPIQ domain was examined separately in analy-
ses: delusions, hallucinations, agitation and aggression,
dysphoria and depression, anxiety, euphoria and elation,
apathy and indifference, disinhibition, irritability and labil-
ity, aberrant motor behavior, sleep and nighttime behavior,
and appetite and eating. For each NPIQ domain, present and
absent and, if present, severity rating (1 to 3) were analyzed.
Each symptom domain occurring at least once (ever pre-
sent) was the primary neurobehavioral measure, as pub-
lished elsewhere.12,16 The mean NPIQ domain severity score
across annual study visits was the secondary measure.
Patient demographic characteristics were collected at base-
line and all time points; these measures were defined at the

last clinic visit prior to death (Table 1). Race and ethnicity
data were collected via self-report based on NACC protocol.

Statistical Analyses
Statistical analysis was performed using R version 4.0.2 (R
Foundation). For descriptive statistics, means and SDs and
frequency and percentage were reported for continuous and
categorical variables, respectively. For statistical testing, χ2

test or Fischer exact test and t tests were performed as
appropriate. For all analyses evaluating neuropathology and
NPIQ domains, we corrected for multiple comparisons, con-
trolling for false discovery rate.23 For post hoc and sensitiv-
ity analyses, uncorrected P values are reported.

In all analyses, the relevant NPIQ domain score was the de-
pendent variable and the neuropathology subtype (AD, LBD,
cerebral amyloid angiopathy [CAA], CVD, FTLD, hippocam-
pal sclerosis, and no known pathology) was the independent
variable while adjusting for age at death, sex, and time in years
between last available NPIQ assessment and death.

First, we examined the overall effect of each neuropa-
thology on NPIQ using pairwise regression analysis. For
each NPIQ endorsement (ever present vs always absent),
separate logistic regression analyses with each neuropathol-
ogy diagnosis as the independent variable were performed.
We then examined the mean severity across all time points
of each NPIQ domain by neuropathology diagnosis using
linear regression. Further, we tested the independent effect
of the neuropathology diagnoses by performing multiple
regression, including all neuropathology diagnoses as inde-
pendent variables for each NPIQ domain (ever present).

For sensitivity analyses, we repeated the analyses, adjust-
ing for the presence of at least 1 apolipoprotein E ε4 allele. We

Table 1. Demographic and Clinical Characteristics by Neuropathological Diagnosis

Characteristic

No. (%)
Total
(N = 1808)a

AD
(n = 1246)

LBD
(n = 658)

CAA
(n = 1117)

CVD
(n = 568)

FTLD
(n = 303) HS (n = 254) NP (n = 131)

Age at death, mean (SD), y 80.0 (11.0) 80.8 (10.4) 79.6 (9.9) 80.6 (10.6) 84.4 (9.4) 77.5 (11.3) 82.3 (10.0) 76.2 (13.3)

Age at last visit, mean (SD), y 78.7 (11.2) 79.4 (10.7) 78.1 (10.2) 79.2 (10.9) 82.9 (9.7) 76.2 (11.5) 80.8 (10.3) 75.2 (13.3)

Female 821 (45.4) 602 (48.3) 277 (42.1) 523 (46.8) 282 (49.6) 126 (41.6) 128 (50.4) 42 (32.1)

Male 987 (54.6) 644 (51.7) 381 (57.9) 594 (53.2) 286 (50.4) 177 (58.4) 126 (49.6) 89 (67.9)

Education, mean (SD), y 15.51 (3.11) 15.42 (3.16) 15.70 (3.05) 15.44 (3.19) 15.37 (3.14) 15.87 (2.99) 15.60 (3.22) 15.84 (2.99)

Whiteb 1710 (94.6) 1177 (94.5) 627 (95.3) 1051 (94.1) 539 (94.9) 290 (95.7) 238 (93.7) 126 (96.2)

Total NPIQ score, mean (SD)c 5.41 (4.49) 5.37 (4.36) 5.67 (4.41) 5.30 (4.35) 4.85 (4.25) 6.08 (4.57) 5.36 (3.95) 6.22 (5.69)

APOE ε4 positive 707 (44.9) 606 (55.4) 310 (53.4) 556 (56.7) 207 (42.1) 76 (28.4) 110 (49.8) 20 (18.5)

ChEI or memantine use 1114 (61.6) 886 (71.1) 475 (72.2) 774 (69.3) 325 (57.2) 142 (46.9) 194 (76.4) 42 (32.1)

Antipsychotic use 391 (21.6) 302 (24.2) 165 (25.1) 249 (22.3) 104 (18.3) 55 (18.2) 50 (19.7) 23 (17.6)

Anxiolytic or sedative use 523 (28.9) 345 (27.7) 193 (29.3) 310 (27.8) 145 (25.5) 88 (29.0) 62 (24.4) 43 (32.8)

Antidepressant use 983 (54.4) 700 (56.2) 381 (57.9) 616 (55.1) 268 (47.2) 156 (51.5) 146 (57.5) 73 (55.7)

Time from final visit to death,
mean (SD), y

1.79 (1.92) 1.87 (2.00) 1.97 (2.03) 1.91 (1.98) 1.95 (2.03) 1.82 (1.87) 2.02 (2.02) 1.51 (1.65)

Abbreviations: AD, Alzheimer disease (defined by intermediate or high ABC
criteria); APOE, apolipoprotein E; CAA, cerebral amyloid angiopathy; ChEI,
cholinesterase inhibitor; CVD, cerebrovascular disease; FTLD, frontotemporal
lobar degeneration; HS, hippocampal sclerosis; LBD, Lewy body disease; NP, no
known pathology; NPIQ, Neuropsychiatric Inventory Questionnaire.
a Number of participants in each category does not add up to the total because

some participants had more than 1 neuropathology diagnosis.

b Race and ethnicity data were collected via self-report as per National
Alzheimer Coordinating Center protocol. Categories other than White are not
reported because of low numbers.

c NPIQ mean total score across assessment time points. Medication use at any
time point was rated.
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also examined in exploratory analyses the type of psychotro-
pic medication as a covariate (eg, antidepressants for depres-
sion, antipsychotics and antidepressants for psychosis and agi-
tation and aggression, cholinesterase inhibitors, and
memantine).

Results
Participants
A total of 1808 participants with available NPIQ and neuro-
pathological data were included. The mean (SD) age was
80.0 (11.0) years, and 987 participants (54.6%) were male.
Nearly all (1710 [94.6%]) individuals self-identified as White
(Table 1); data for other racial and ethnic groups are not
reported owing to small numbers. At the final clinic visit,
the no known pathology group of 131 study participants was
heterogenous with global Clinical Dementia Rating scores of
0 for no dementia in 32 participants (24.4%), 0.5 for ques-
tionable dementia in 28 (21.4%), 1 for mild dementia in 18
(13.7%), 2 for moderate dementia in 19 (14.5%), and 3 for
severe dementia in 34 (26.0%). In this group, 17 individuals
(13.0%) had missing data for TDP-43 and 8 (6.1%) had miss-
ing data for α-synuclein.

Frequencies of NPS by Type of Neuropathology
In frequency comparisons of NPIQ domains (ever present vs
always absent) and specific neuropathologies (present vs
absent), delusions occurred in 454 individuals with AD
(36.4%) vs 77 without (17.0%) and hallucinations occurred
in 325 with AD (26.1%) vs 54 without (10.4%). Delusions
occurred in 238 with LBD (36.2%) vs 308 without (27.1%),
and hallucinations occurred in 192 with LBD (29.2%) vs 189
without (16.6%). The highest prevalence for any NPIQ
symptom domain was apathy, which reached 80% (203 of
254 individuals) in hippocampal sclerosis. Overall, delu-
sions and hallucinations were more common in AD and LBD
and less common in FTLD, which was associated with
greater disinhibition and apathy (Figure; eTable 1 in the
Supplement).

Association of Specific Neuropathologies With NPS
Separate logistic regression analyses were conducted with
each NPIQ endorsement as the dependent variable and each
neuropathology diagnosis as the independent variable, con-
trolling for age at death, sex, and time in years between last
NPIQ assessment and death. AD was associated with
increased symptoms for all domains except for euphoria
and elation, sleep and nighttime behaviors, and appetite
and weight change; both delusions (odds ratio [OR], 3.04;
95% CI, 2.34-3.95) and hallucinations (OR, 3.49; 95% CI,
2.55-4.79) demonstrated an OR greater than 3 (Table 2). LBD
was associated with increased delusions and hallucinations,
but not agitation and aggression, and with increased
depression, anxiety, apathy, and sleep and nighttime behav-
iors. For CAA, associations were similar to AD. For FTLD,
delusions, hallucinations, agitation and aggression, anxiety,
and irritability decreased, and apathy increased (Table 2).

For hippocampal sclerosis, several domain scores increased,
with the highest OR of 2.60 (95% CI, 1.86-3.66; false discov-
ery rate controlled P > .001) for apathy (Table 2). In linear
regression analyses conducted using mean NPIQ domain
scores (range 0 to 3) as the dependent variable and each
neuropathology diagnosis (present vs absent) as the inde-
pendent variable, controlling for the same covariates led to
similar results to those obtained in logistic regression analy-
ses (eTable 2 in the Supplement).

Severity of Neuropathology and Severity of NPS
For LBD, brain stem, limbic, and neocortical α-synucleinopa-
thy, rated as 1, 2 and 3, indicate progressive regional involve-
ment. Delusions (ever present vs absent) increased from brain
stem (β, 0.53; 95% CI, 0.27-1.02) to limbic (β, 1.48; 95% CI, 1.14-
1.91; P = .002) to neocortical pathology (β, 2.34; 95% CI, 1.73-
3.15; P < .001), as did hallucinations (β, 0.23; 95% CI, 0.07-
0.76; P = .02 to β, 1.69; 95% CI, 1.27-2.27; P < .001 to β, 4.49;
95% CI, 3.27-6.16; P < .001). Depression was significant for lim-
bic (β, 1.35; 95% CI, 1.05-1.72; P = .02) and neocortical (β, 1.67;
95% CI, 1.23-2.28; P = .001) pathology; anxiety showed simi-
lar results for limbic (β, 1.43; 95% CI, 1.11-1.85; P = .006) and
neocortical (β, 1.75; 95% CI, 1.27-1.43; P < .001) pathology. Apa-
thy increased from brain stem to limbic to neocortical pathol-
ogy with neocortical pathology being significant (β, 1.55;
95% CI, 1.10-2.17; P = .01). Sleep and nighttime behavior was
significant for neocortical pathology only (β, 2.21; 95% CI, 1.59-
3.08; P < .001). In the 2 other pathologies that also had semi-
quantitative ratings, AD and CAA, more severe pathology was
associated consistently with increased NPIQ domain scores.

Multiple Neuropathologies
Multiple logistic regression was performed after including
all neuropathology variables in the same model with correc-
tion for multiple comparisons. In these analyses, 1672 par-
ticipants had data available for all neuropathologies
(Table 3). Most of the associations observed in the pairwise
regression analysis remained significant in the multiple
regression analyses (Table 3). The proportion of NPS by mul-
tiple pathologies with analyses restricted to pathologies pre-
sent in at least 40 brains is described in Table 4.

Hippocampal sclerosis may be associated with CVD or
FTLD.24,25 In sensitivity analyses, after excluding all partici-
pants with FTLD or CVD both separately and together, the
associations of hippocampal sclerosis with specific NPIQ
domains remained at similar levels of significance. For
patients with hippocampal sclerosis as the only identified
neuropathology with no missing data for the other neuropa-
thologies, 14 of 138 (10.1%) had missing data for TDP-43
assessment. FTLD and hippocampal sclerosis did not dem-
onstrate significant interactions for the domains of disinhi-
bition (β, 0.11; 95% CI, −0.6 to 0.85; P = .76) and apathy
(β, 0.05; 95% CI, −0.87 to 1.11; P = .92) (eTable 3 in the
Supplement). Further, FTLD had a lower rate of hallucina-
tions than AD (OR, 0.19; 95% CI, 0.15-0.33; P < .001), as did
CVD compared with AD (OR, 0.30; 95% CI, 0.24-0.50;
P < .001). FTLD was associated with less agitation and
aggression than AD (OR, 0.53; 95% CI, 0.45-0.75; P < .001).
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Figure. Frequency of Neuropsychiatric Inventory Questionnaire (NPIQ) Domain Scores by Neuropathology Subtype
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NPIQ domain scores defined as ever present vs always absent. Alzheimer disease defined by intermediate or high ABC criteria. Subtypes not controlled for the
presence of other neuropathologies.
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However, FTLD and CVD did not differ significantly from
the no known pathology group on hallucinations or agita-
tion and aggression.

AD and LBD were the most common comorbid
neuropathologies.26 The prevalence of hallucinations was
higher in participants with AD and LBD (168 of 534 [31.5%])

Table 2. Pairwise Logistic Regression Analyses for Alzheimer Diseasea and Related Dementia (ADRD) Diagnoses on Neuropsychiatric
Inventory Questionnaire (NPIQ) Domain Scoresb During Follow-up

Diagnosis

OR (95% CI)

ADb LBDb CAAb CVDb FTLDb HSb NPb

Delusions 3.04
(2.34-3.95)c

1.59
(1.29-1.96)c

1.85
(1.48-2.30)c

1.01
(0.81-1.27)

0.54
(0.40-0.73)c

1.56
(1.18-2.07)c

0.43
(0.27-0.69)c

Hallucinations 3.49
(2.55-4.79)c

2.20
(1.74-2.77)c

1.77
(1.38-2.26)c

0.84
(0.65-1.09)

0.34
(0.23-0.51)c

1.17
(0.84-1.63)

0.52
(0.31-0.86)c

Agitation/aggression 1.88
(1.52-2.33)c

1.22
(1.0-1.49)

1.72
(1.41-2.1)c

1.16
(0.94-1.44)

0.67
(0.52-0.86)c

1.65
(1.24-2.20)c

0.67
(0.46-0.96)

Dysphoria/depression 1.40
(1.13-1.73)c

1.41
(1.15-1.72)c

1.14.
(0.94-1.39)

1.21
(0.98-1.50)

0.90
(0.70-1.16)

1.08
(0.82-1.43)

0.71
(0.50-1.02)

Anxiety 2.30
(1.85-2.87)c

1.46
(1.19-1.80)c

1.64
(1.34-2.01)c

1.18
(0.95-1.46)

0.66
(0.51-0.86)c

1.22
(0.92-1.62)

0.39
(0.27-0.57)c

Euphoria/elation 1.35
(0.99-1.84)

1.05
(0.80-1.39)

1.21
(0.91-1.61)

1.12
(0.82-1.53)

0.98
(0.69-1.38)

1.39
(0.95-2.02)

0.64
(0.37-1.12)

Apathy 1.6
(1.27-2.01)c

1.31
(1.05-1.63)c

1.33
(1.07-1.64)c

1.08
(0.86-1.35)

1.50
(1.12-2.03)c

2.60
(1.86-3.66)c

0.49
(0.33-0.73)c

Disinhibition 1.37
(1.11-1.70)c

1.05
(0.87-1.28)

1.14
(0.93-1.38)

1.09
(0.88-1.34)

0.98
(0.76-1.26)

2.15
(1.63-2.84)c

0.64
(0.44-0.92)c

Irritability/lability 1.71
(1.38-2.12)c

1.06
(0.86-1.29)

1.46
(1.20-1.79)c

1.29
(1.04-1.60)c

0.75
(0.58-0.96)c

1.46
(1.10-1.95)c

0.53
(0.37-0.77)c

Aberrant motor behavior 1.81
(1.44-2.26)c

1.19
(0.97-1.46)

1.29
(1.05-1.58)c

1.02
(0.82-1.26)

0.95
(0.73-1.24)

2.08
(1.56-2.76)c

0.55
(0.37-0.81)c

Sleep/nighttime behaviors 1.22
(0.99-1.52)

1.41
(1.15-1.73)c

1.28
(1.05-1.56)c

1.17
(0.94-1.46)

0.93
(0.72-1.21)

1.42
(1.07-1.90)c

0.75
(0.52-1.08)

Appetite/eating
disturbances

1.06
(0.86-1.32)

1.12
(0.91-1.36)

1.11
(0.91-1.36)

1.11
(0.90-1.37)

1.04
(0.80-1.34)

1.29
(0.97-1.70)

0.77
(0.53-1.11)

Abbreviations: AD, Alzheimer disease (defined as intermediate or high ABC
criteria); CAA, cerebral amyloid angiopathy; CVD, cerebrovascular disease;
FTLD, frontotemporal lobar degeneration; HS, hippocampal sclerosis; LBD,
Lewy body disease; NP, no known pathology; OR, odds ratio.

a Defined as intermediate or high ABC criteria.
b Defined as ever present or always absent.
c P < .05 after multiple comparison correction to control for false discovery rate.

Table 3. Multiple Logistic Regression of Neuropathology Subtypes on Neuropsychiatric Inventory Questionnaire (NPIQ)
Domain Scoresa During Follow-up (N = 1672)b

Diagnosis

OR (95% CI)

AD LBD CAA CVD FTLD HS NP
Delusions 2.78

(1.96-3.94)c
1.31
(1.04-1.64)

1.16
(0.89-1.52)

1.12
(0.88-1.42)

0.86
(0.61-1.21)

1.63
(1.21-2.21)c

1.19
(0.65-2.15)

Hallucinations 3.13
(2.03-4.82)c

1.81
(1.4-2.33)c

0.98
(0.73-1.33)

0.95
(0.72-1.26)

0.61
(0.39-0.95)

1.14
(0.8-1.62)

1.22
(0.6-2.48)

Agitation/aggression 1.57
(1.18-2.1)c

1.07
(0.86-1.33)

1.36
(1.06-1.74)

1.25
(0.99-1.57)

0.83
(0.62-1.13)

1.8
(1.33-2.44)c

1.11
(0.69-1.78)

Dysphoria/depression 1.38
(1.04-1.83)

1.35
(1.09-1.68)c

0.96
(0.75-1.22)

1.18
(0.94-1.48)

1.06
(0.79-1.42)

1.11
(0.83-1.48)

0.97
(0.61-1.55)

Anxiety 1.82
(1.36-2.43)c

1.24
(0.99-1.55)

1.07
(0.83-1.37)

1.14
(0.9-1.44)

0.78
(0.58-1.05)

1.24
(0.91-1.67)

0.59
(0.37-0.96)

Euphoria/elation 1.32
(0.85-2.06)

1.01
(0.75-1.36)

1.03
(0.72-1.47)

1.06
(0.76-1.48)

0.98
(0.64-1.51)

1.36
(0.91-2.01)

0.83
(0.41-1.69)

Apathy 1.7
(1.24-2.31)c

1.23
(0.97-1.56)

1.07
(0.82-1.4)

1.09
(0.85-1.39)

1.82
(1.29-2.57)c

2.7
(1.89-3.85)c

0.92
(0.56-1.53)

Disinhibition 1.46
(1.09-1.95)

0.96
(0.77-1.18)

0.91
(0.71-1.16)

1.13
(0.9-1.41)

1.09
(0.81-1.47)

2.17
(1.62-2.90)c

0.88
(0.55-1.42)

Irritability/lability 1.48
(1.11-1.98)c

0.89
(0.72-1.11)

1.13
(0.88-1.44)

1.34
(1.06-1.69)

0.88
(0.65-1.18)

1.48
(1.09-2.01)

0.68
(0.42-1.09)

Aberrant motor behavior 1.94
(1.42-2.64)c

1.1
(0.88-1.37)

0.92
(0.72-1.19)

1.06
(0.84-1.34)

1.25
(0.91-1.70)

2.22
(1.65-3.00)c

0.88
(0.53-1.46)

Abbreviations: AD, Alzheimer disease (defined as intermediate or high ABC
criteria); CAA, cerebral amyloid angiopathy; CVD, cerebrovascular disease;
FTLD, frontotemporal lobar degeneration; HS, hippocampal sclerosis; LBD,
Lewy body disease; NP, no known pathology; OR, odds ratio.
b All regression analyses were adjusted for age at death, sex, and difference in

years between NPIQ assessment and death.
c P < .05 after multiple comparisons correction to control for false discovery

rate.
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compared with those AD without LBD (152 of 704 [21.6%]) and
those with LBD without AD (23 of 119 [19.6%]) (χ 2

3 = 78.02;
P < .001) and was lowest for participants with neither AD nor
LBD (30 of 397 [7.6%]). Hallucinations increased from brain
stem (1.5%) to limbic (8.5%) to neocortical (16.8%) LBD; delu-
sions did not consistently increase from brain stem (13.2%) to
limbic (18.4%) to neocortical (16.8%) LBD. Neocortical LBD and
AD showed higher prevalence of psychotic symptoms than neo-
cortical LBD without AD: delusions 48.1% vs 31.4%, halluci-
nations 47% vs 37.1%, and agitation and aggression 64.9% vs
51.4%. In logistic regression analyses, apolipoprotein E ε4 geno-
type and use of psychotropic medications (overall or indi-
vidual classes), cholinesterase inhibitors, or memantine were
not significant covariates.

Discussion
To our knowledge, this is the largest study examining the
associations of neuropathological diagnoses with NPS. The
study design used a direct and unbiased transdiagnostic
approach without the filter or bias of clinical diagnosis of
dementia classification; we used a similar approach to
examine apolipoprotein E ε2 associations with neuropatho-
logical diagnoses.27,28 Another strength is that NACC data
were collected prospectively without regard for specific
hypotheses.

The neuropathological diagnosis of AD was associated with
increased delusions, hallucinations, and agitation and aggres-
sion, consistent with prior studies.12,15,16 The association of LBD
with hallucinations was stronger in the LBD with AD group than

in the LBD without AD group; neocortical LBD showed a high
prevalence of hallucinations.29,30 A recent study in a smaller
independent sample found that AD with LBD was associated
with more hallucinations and moderate increase in delusions
compared with AD without LBD.4 Nearly half of individuals
clinically diagnosed with AD show some degree of LBD pa-
thology at autopsy.31,32 This range of findings from indepen-
dent autopsy series suggests that visual hallucinations, which
are in the consensus diagnostic criteria for dementia with Lewy
bodies, are more characteristic of neocortical than limbic LBD
and may be more common in LBD with AD than LBD without
AD.10,11 These findings are intriguing and need to be repli-
cated. CAA and AD showed similar associations with NPS which
may be an artifact of CAA being closely associated with AD;
CAA did not separate from AD on frequency of NPIQ domains
in multiple regression analyses.

CVD showed weak associations with mood symptoms,
consistent with diagnostic criteria for vascular dementia.33

FTLD was associated with decreased psychotic features and
agitation. Most individuals with FTLD had sporadic FTLD;
these results differ from previous reports of a higher preva-
lence of psychotic symptoms in FTLD owing to C9ORF72
expansions, the most common genetic cause of FTLD.4,8 In
a recent autopsy series from a specialized FTLD clinic, delu-
sions were present in one-third of the FTLD-TDP subsample
but were less common in other FTLD subtypes and halluci-
nations were uncommon.4 In our study, FTLD demon-
strated a strong association with apathy, which is a clinical
diagnostic criterion for behavioral variant FTD.7 The results
indirectly support the inclusion of apathy and disinhibition
as NPS criteria for behavioral variant FTD.7

Table 4. Neuropsychiatric Symptoms (NPS) by Multiple Pathologies With Analyses Restricted to Pathologies Present in at Least 40 Brains

Pathology No.

No. (%)

Delusions
Halluci-
nations

Agitation/
aggression

Dysphoria/
depression Anxiety

Euphoria/
elation Apathy

Disinhi-
bition

Irritability/
lability

Aberrant
motor
behavior

Sleep/
night/
behavior

Appetite/
eating

No known
pathology

131 23
(17.6)

19
(14.5)

72
(55.0)

70
(53.4)

62
(47.3)

17
(13.0)

78
(59.5)

54
(41.2)

68
(51.9)

53
(40.5)

75
(57.3)

74
(56.5)

FTLD only 90 15
(16.7)

4
(4.4)

44
(48.9)

48
(53.3)

55
(61.1)

16
(17.8)

72
(80.0)

50
(55.6)

50
(55.6)

54
(60.0)

57
(63.3)

60
(66.7)

CVD only 49 8
(16.3)

3
(6.1)

27
(55.1)

28
(57.1)

25
(51.0)

3
(6.1)

25
(51.0)

21
(42.9)

30
(61.2)

9
(18.4)

26
(53.1)

29
(59.2)

AD only 93 30
(32.3)

25
(26.9)

48
(51.6)

67
(72.0)

63
(67.7)

11
(11.8)

59
(63.4)

40
(43.0)

62
(66.7)

44
(47.3)

51
(54.8)

51
(54.8)

AD and CAA 288 98
(34.0)

70
(24.3)

189
(65.6)

167
(58.0)

201
(69.8)

44
(15.3)

189
(65.6)

138
(47.9)

200
(69.4)

134
(46.5)

172
(59.7)

175
(60.8)

AD, CAA, and
HS

41 19
(46.3)

9
(22.0)

31
(75.6)

24
(58.5)

24
(58.5)

4
(9.8)

32
(78.0)

23
(56.1)

26
(63.4)

24
(58.5)

25
(61.0)

19
(46.3)

AD, CAA, and
CVD

140 47
(33.6)

29
(20.7)

86
(61.4)

85
(60.7)

89
(63.6)

19
(13.6)

88
(62.9)

56
(40.0)

92
(65.7)

55
(39.3)

81
(57.9)

76
(54.3)

AD and LBD 64 21
(32.8)

20
(31.2)

36
(56.2)

33
(51.6)

41
(64.1)

9 (14.1) 46
(71.9)

29
(45.3)

39
(60.9)

33
(51.6)

37
(57.8)

34
(53.1)

AD, LBD, and
CAA

235 91
(38.7)

84
(35.7)

159
(67.7)

152
(64.7)

171
(72.8)

43
(18.3)

178
(75.7)

122
(51.9)

145
(61.7)

135
(57.4)

146
(62.1)

142
(60.4)

AD, LBD, CAA,
and CVD

105 44
(41.9)

26
(24.8)

76
(72.4)

74
(70.5)

82
(78.1)

13
(12.4)

72
(68.6)

57
(54.3)

73
(69.5)

49
(46.7)

71
(67.6)

64
(61.0)

Total 1808 551
(30.5)

388
(21.5)

1094
(60.5)

1086
(60.1)

1153
(63.8)

264
(14.6)

1234
(68.3)

858
(47.5)

1141
(63.1)

848
(46.9)

1098
(60.7)

1065
(58.9)

Abbreviations: AD, Alzheimer disease (defined as intermediate or high ABC
criteria); CAA, cerebral amyloid angiopathy; CVD, cerebrovascular disease;

FTLD, frontotemporal lobar degeneration; HS, hippocampal sclerosis; LBD,
Lewy body disease.
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Hippocampal Sclerosis
To our knowledge, the associations between hippocampal scle-
rosis and specific NPS have not been published previously. Hip-
pocampal sclerosis was associated with a significant increase
in apathy, disinhibition, and aberrant motor behavior, and ad-
ditional associations with several NPS were found in multiple
regression analyses. Both FTLD and CVD are known to occur
in conjunction with hippocampal sclerosis, but the associa-
tions of hippocampal sclerosis with specific NPS were not al-
tered by exclusion of individuals with FTLD and CVD. The his-
topathologic diagnosis of hippocampal sclerosis is based on
neuronal loss and chronic fibrillary gliosis centered on the py-
ramidal cell layer; other features include granule cell disper-
sion, mossy fiber sprouting and alterations to interneurons.24

Hippocampal sclerosis is often associated with seizures, par-
ticularly status epilepticus, and less commonly with trau-
matic brain injury, inflammation, or other brain lesions.25 The
current findings may have clinical implications. We specu-
late that the relatively poor response rates to antidepressants
in placebo-controlled clinical trials of depression in demen-
tia may be owing to apathy being misdiagnosed as depres-
sion; apathy occurred in 80% of individuals with hippocam-
pal sclerosis in this sample.34 This possibility requires further
investigation.

Limbic-Predominant Age-Related TDP-43
Neuropathological Diagnosis
Limbic-predominant age-related TDP-43 encephalopathy (LATE)
is an amnestic dementia syndrome that occurs primarily after
the eighth decade of life.35 Hippocampal sclerosis occurs in LATE
with TDP-43 proteinopathy that is restricted largely to medial
temporal and frontal regions. Brains with hippocampal sclero-
sis that lack stereotypic TDP-43 proteinopathy are not cur-
rently considered to represent LATE-neuropathological change
(LATE-NC).35 In this NACC sample, the associations between hip-
pocampal sclerosis and specific NPS remained after excluding
individuals with FTLD, suggesting that LATE by itself cannot ex-
plain the observed associations. Hippocampal sclerosis, FTLD,
and LATE, which have overlapping pathologies, may also have
overlapping NPS phenotypes.

There was considerable overlap among AD, LBD, and CAA
in this study, while FTLD showed the least overlap with these
pathologies. Multiple neurodegenerative pathologies are known
to occur in the same individual with dementia,36 but the ob-
served associations between each neuropathology and indi-
vidualNPSwerelargelymaintainedevenaftercontrollingforcon-

comitant neuropathologies. Apolipoprotein E ε4 genotype has
been associated with psychosis in some studies,37 but apolipo-
protein E e4 was not a significant covariate in this study.

Limitations
This study has limitations. The case series has an ascertain-
ment bias because a large proportion met pathological crite-
ria for intermediate to high AD neuropathological change,
which was expected because the NACC sites focused on moni-
toring patients with clinical AD dementia. The no known pa-
thology group was cognitively heterogenous and more than
half were rated as having clinical dementia, reflecting the in-
accuracy of clinical diagnosis compared with criterion stan-
dard neuropathology. The NPIQ relies on informant report that
is not always reliable. Visual hallucinations are known to be
associated with α-synucleinopathy in dementia with Lewy bod-
ies, AD, and Parkinson disease with psychosis.13 However, in
the NACC database, NPIQ scores for hallucinations do not sepa-
rate visual and auditory hallucinations. Therefore, only the im-
pact of specific neuropathologies on hallucinations, but not
visual hallucinations specifically, could be assessed. Intersite
and interrater reliability for NPIQ administration, which re-
lies on informant report, was not assessed, but strong reliabil-
ity was established for neuropathological diagnostic
assessment.19 NPS fluctuate during the course of illness in sub-
categories of dementia1,2; wide variability in follow-up dura-
tion did not permit systematic examination of NPS trajecto-
ries in association with neuropathology. Nevertheless, for
neuropathologies rated on a continuous scale (eg, AD and LBD),
increasing pathology was associated with greater neurobe-
havioral disturbance.

Conclusions
In this cohort study, patients with LBD and AD showed a higher
prevalence of delusions, hallucinations, and agitation and ag-
gression compared with those with LBD without AD. The find-
ings on apathy and disinhibition in hippocampal sclerosis are
novel and unique, and remained after excluding patients with
CVD and FTLD, which are known to impact medial temporal
lobe structure and function. Severity of neuropathology being
related to severity of NPS across ADRD diagnoses suggests that
manifestations of NPS may reflect underlying neuropathol-
ogy and that identification and treatment of NPS are clini-
cally important.
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