
IMPORTANCIA La comprensión de los mecanismos de formación del delirio en la 
enfermedad de Alzheimer (EA) podría contribuir al desarrollo de intervenciones terapéuticas. 
Se ha sugerido que los delirios surgen como consecuencia de falsos recuerdos. 

OBJETIVO Investigar si los delirios en la EA están asociados con el falso reconocimiento, y si 
las tasas más altas de falso reconocimiento y la presencia de delirios están asociadas con 
volúmenes cerebrales regionales más bajos en las mismas regiones cerebrales. 

DISEÑO, ENTORNO Y PARTICIPANTES  Desde que la Iniciativa de Neuroimagen de la 
Enfermedad de Alzheimer (ADNI) se puso en marcha en 2004, ha acumulado un archivo de 
datos longitudinales de comportamiento y biomarcadores. Este estudio transversal utilizó 
datos descargados en 2020 de los participantes de ADNI con un diagnóstico de EA al inicio o 
durante el seguimiento. El análisis de los datos se realizó entre el 24 de junio de 2020 y el 21 de 
septiembre de 2021. 

EXPOSICIONES Inscripción en la ADNI. 

PRINCIPALES RESULTADOS Y MEDIDAS Los principales resultados incluyeron el 
reconocimiento falso, medido con la Escala de Evaluación de la Enfermedad de Alzheimer-
Subescala Cognitiva (ADAS-Cog 13) de 13 ítems y la Prueba de Aprendizaje Verbal Auditivo 
de Rey (RAVLT) y el volumen de las regiones cerebrales corregido para el volumen 
intracraneal total. Se compararon los datos conductuales de los individuos con delirios en la 
EA y los que no los tenían mediante pruebas t de muestras independientes o pruebas no 
paramétricas de Mann-Whitney. Los hallazgos significativos se exploraron mediante modelos 
de regresión logística binaria. En el caso de los datos de neuroimagen, se realizaron análisis de 
regiones de interés mediante pruebas t, modelos de regresión de Poisson o modelos de 
regresión logística binaria, así como análisis exploratorios adicionales de morfometría basada 
en vóxeles de todo el cerebro para explorar la asociación entre el volumen cerebral regional y el 
falso reconocimiento o la presencia de delirios.

RESULTADOS  De los 2248 individuos de la base de datos ADNI, 728 cumplían los criterios de 
inclusión y se incluyeron en este estudio. Había 317 (43,5%) mujeres y 411 (56,5%) hombres. 
Su edad media (DE) era de 74,8 (7,4) años. Los 42 participantes con delirios al inicio del 
estudio tenían tasas más altas de falso reconocimiento en la ADAS-Cog 13 (puntuación media, 
3; IQR, 1 a 6) en comparación con los 549 participantes de control (puntuación media, 2; IQR, 
0 a 4; U = 9398,5; P = .04). El falso reconocimiento no se asoció con la presencia de delirios 
cuando se incluyeron variables de confusión en los modelos de regresión logística binaria. La 
puntuación de falso reconocimiento en la ADAS-Cog 13 se asoció inversamente con el 
volumen del hipocampo izquierdo (odds ratio [OR], 0,91 [IC 95%, 0,88-0,94], p < 0,001), el 
volumen del hipocampo derecho (0,94 [0,92-0,97], p < . 001), el volumen de la corteza 
entorrinal izquierda (0,94 [0,91-0,97], p < 0,001), el volumen de la circunvolución 
parahipocampal izquierda (0,93 [0,91-0,96], p < 0,001) y el volumen de la circunvolución 
fusiforme izquierda (0,97 [0,96-0,99], p < 0,001). No hubo solapamiento entre las localizaciones 
asociadas con el falso reconocimiento y las asociadas con los delirios. 

CONCLUSIONES Y RELEVANCIA En este estudio transversal, los falsos recuerdos no se 
asociaron con la presencia de delirios tras tener en cuenta las variables de confusión, y no se 
observó ningún indicio de solapamiento de las redes neuronales para los falsos recuerdos y los 
delirios en las neuroimágenes volumétricas. Estos hallazgos sugieren que los delirios en la EA 
no surgen como consecuencia directa de los recuerdos falsos, lo que da peso a los intentos 
actuales de delinear objetivos terapéuticos específicos para el tratamiento de la psicosis. 
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D ementia is one of the greatest challenges to global health
and is the seventh leading cause of death globally.1 More
than half of dementia diagnoses are Alzheimer dis-

ease (AD),2 costing the UK economy greater than £25 billion (US
$31 billion) annually. In AD, delusions (fixed false beliefs) can
be divided into 2 subtypes: (1) persecutory, often involving theft
or personal harm, and (2) misidentification, including misiden-
tification phenomena and/or hallucinations.3,4 Up to 50% of in-
dividuals with AD experience these symptoms, which can be
highly distressing, reduce quality of life for patients and care-
givers, and precipitate early institutionalization.5-8 Antipsy-
chotic medications are associated with substantial morbidity and
mortality in individuals with AD,9-11 and it is imperative that safer
treatment approaches are identified. Research that enhances our
understanding of the cognitive neuroscience of delusion for-
mation in the context of AD would help to more effectively
target nonpharmacologic and pharmacologic treatment
strategies.12

In addition to their susceptibility to delusions, up to 90% of
individuals with AD experience memory-related false beliefs
(false memories),13 including confabulation (giving false infor-
mation without being aware of it), intrusion errors, misremem-
bering word lists, false recognition of novel stimuli, and distor-
tions in autobiographical memory.14 False memories may be
associated with high-risk behaviors, such as missing medica-
tion doses due to falsely remembering taking them.15 They also
reduce functional ability and increase caregiver distress.16,17

Conceptually, it has been suggested that false memories and
delusions are part of a continuum.18 In healthy individuals, false
memories correlate with subclinical delusional ideation.19 In-
dividuals with schizophrenia, particularly those with current
psychosis symptoms, are more prone to false recognition on
memory testing.20-23 There is preliminary evidence of an asso-
ciation between false memories and delusions in AD, with 2 pre-
vious studies reporting higher scores on measures of confabu-
lation in individuals with delusions.24,25 These studies had small
sample sizes (<25 participants with delusions) and did not
control for confounding variables, so further exploration of
the association between false memories and delusions in AD is
warranted.

Delusions become more common as global cognitive func-
tion declines.5 In 2014, Sultzer et al26 found an association be-
tween delusions and impaired short-term memory, measured
with the memory subscale of the Mattis Dementia Rating Scale,
replicating a finding by Jeste et al27 in 1992. Furthermore, hy-
pometabolism in the right temporal cortex (including the middle,
inferior, fusiform gyrus [FFG], and parahippocampal gyrus
[PHG]) in participants with AD with greater Mattis Dementia Rat-
ing Scale memory impairment overlapped with a region of hy-
pometabolism (including the middle temporal gyrus [MTG] and
PHG) also associated with delusions.26 Deficits in visual atten-
tion and recognition are also associated with delusions in AD.
Individuals with delusions in AD perform more poorly on both
the Rapid Visual Information Processing Test and the Incom-
plete Letters Test of the Visual Object and Space Perception
Battery,28 and they have increased brain atrophy in associated
ventral visual stream brain regions.28,29 Specifically, individu-
als with delusions in AD are reported to have lower left PHG

volume.29 Frontal cortical networks are also linked to delu-
sional symptoms in AD, with primarily right-sided structural and
functional changes identified on neuroimaging and evidence of
executive dysfunction on behavioral testing.3,4,30 These find-
ings support the hypothesis that delusions in AD may share neu-
rocognitive foundations with impairments in specific domains
of cognitive function.

The aim of the study was to investigate the association be-
tween false memories and delusions in AD and to determine
whether they have a shared neuropathology, indexed by re-
gional brain volume.

This study hypothesized that (1) individuals with delusions
in AD would have more false memories than those without de-
lusionswhenmatchedforseverityofglobalcognitiveimpairment
and (2) both false recognition and the presence of delusions
would correlate with reduced volume of structures in the medial
temporal lobe (MTL), ventral visual stream, prefrontal cortex
(PFC), anterior cingulate cortex, or superior parietal lobules.

Methods
Sample
For this cross-sectional study, data were downloaded from the
Alzheimer’s Disease Neuroimaging Institute (ADNI) database31

on March 26, 2020. The ADNI launched in 2004, with the aim
of identifying biomarkers by which to diagnose and track pro-
gression of AD. The database has an extensive archive of be-
havioral and neuroimaging data for individuals with AD, those
with amnestic mild cognitive impairment (MCI), and control
participants who were considered to be cognitively normal.
Each of the 59 participating sites has received ethical ap-
proval, and all participants provide informed written consent
for involvement. This study followed the Strengthening the Re-
porting of Observational Studies in Epidemiology (STROBE)
reporting guideline.

To maximize the number of individuals with delusions at
baseline, ADNI participants who met the study criteria were in-
cluded from all ADNI phases. Criteria for enrollment in the ADNI
are described in detail elsewhere and are presented in eTable 1

Key Points
Question Is there an association between false memories and
delusions among individuals with current or future Alzheimer
disease who undergo behavioral testing or volumetric
neuroimaging?

Findings In this cross-sectional study of 728 participants from the
Alzheimer’s Disease Neuroimaging Initiative cohort who were
diagnosed with Alzheimer disease during follow-up, false
recognition was not associated with the presence of delusions
when accounting for confounding variables. On volumetric
neuroimaging, there was no overlap in brain regions associated
with delusions and those associated with false recognition.

Meaning These findings suggest that delusions experienced by
individuals with Alzheimer disease do not arise as a direct
consequence of forgetting or misremembering and further support
the existence of a transdiagnostic mechanism for psychosis.
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in Supplement 1.32,33 Additional study exclusion criteria were as
follows: no diagnosis of AD34 at any time point, Neuropsychiat-
ric Inventory (NPI)35 or Neuropsychiatric Inventory Question-
naire (NPI-Q)36 not completed at baseline, inconsistent diagno-
sis of AD through follow-up (if a participant reverted to amnestic
MCI), baseline magnetic resonance imaging (MRI) of insuffi-
cient quality for analysis, and false memory measures not com-
pleted. Carer-rated NPI and NPI-Q data from all available time
points were used to determine whether participants developed
delusions. Delusions were considered to be present if a partici-
pant scored 1 or more on the NPI-Q delusions item or answered
yes to the NPI delusions domain. The control group included par-
ticipants who experienced no delusions at any time point. Mini-
Mental State Examination (MMSE) scores were used as a measure
ofoverallcognitivefunction,andcategoryfluencyforanimalswas
used as a measure of executive function, as poor performance on
measures of executive function is associated with increased false
memories.37 Demographic details were compared between indi-
viduals with and without delusions using independent-samples
t tests or using Mann-Whitney tests if parametric assumptions
wereviolated.RaceandethnicitydatawereobtainedfortheADNI
database by self-report. Race data were extracted for the purpose
of this study to aid consideration of representativeness of the
sample and generalizability of the results.

False Memory Measures
Two behavioral measures routinely completed at ADNI visits
included a measure of false memories: the 13-item Alzhei-
mer’s Disease Assessment Scale–Cognitive Subscale (ADAS-
Cog 13) and the Rey Auditory Verbal Learning Test (RAVLT). The
ADAS-Cog 13 includes a word recognition task of 12 target words
and 12 distractor words. Positive responses to distractors (maxi-
mum score of 12) were used as an index of false memories. The
RAVLT includes a word recognition task of 15 target words and
15 distractor words. The total number of intrusions (maximum
score of 120) and positive responses to distractors (maximum
score of 15) were used as false memory measures. Discrimina-
tion and response bias were calculated for false recognition on
both tasks, as in Macmillan.38

MRI Acquisition and Image Processing
Baseline MRI scans were used. Scanner hardware differs among
ADNI sites and the MRI protocol changes between ADNI
phases.39 Raw T1-weighted sagittal images were down-
loaded. Image processing was performed using Statistical Para-
metric Mapping, version 12 (SPM12; University College Lon-
don), and the Computational Anatomy Toolbox for SPM12
(CAT12), version 7 (r1725; University of Jena).

All MRI scans were individually reviewed for movement
artifact and the origin was manually reset to the anterior com-
missure. Images were processed using the CAT12 Geodesic
Shooting pipeline, with graph-cut skull stripping and segmen-
tation. Gray matter volumes were estimated in milliliters for
regions of interest (ROIs) using the Neuromorphometrics
atlas.40 Gray matter image files were smoothed at 8-mm full
width, half maximum prior to whole-brain exploratory voxel-
based morphometry (VBM) analysis. The CAT12 measures of
image quality were reviewed.

Statistical Analysis
Analyses were performed in SPSS, version 27 (IBM SPSS), with
results considered significant at P < .05 (2 tailed). Confound-
ing variables were determined a priori, including age, sex,
years of education, MMSE score, cholinesterase inhibitor or
memantine prescription, and category fluency for animals.
The MRI field strength was included as a covariate for ROI
analyses and total intracranial volume (TIV) for VBM analy-
ses. Data analysis was performed between June 24, 2020, and
September 21, 2021.

Behavioral Data
Baseline characteristics and task performance were com-
pared between (1) individuals with delusions at baseline and
the control group as well as (2) those with delusions at any time
point and the control group. Where there was a statistically sig-
nificant difference in false memory measures, comparisons
were rerun excluding outliers and individuals who were cog-
nitively normal at baseline. This was done to confirm that sig-
nificant results were not an artifact of larger numbers of cog-
nitively normal participants in the control group. Binary logistic
regression including confounding variables was then used to
further explore statistically significant findings.

Neuroimaging Data
We selected ROIs based on the a priori hypotheses described ear-
lier and corrected for global brain volume by calculating each
ROI as a proportion of TIV. Associations between measures of
false recognition and ROI volume (as a proportion of TIV) were
explored using Poisson regression modeling corrected for over-
dispersion with the Pearson χ2/degrees of freedom value as de-
scribed by McCullagh and Nelder.41 For the results of regres-
sion analyses, we express change in ROI volume (as a proportion
of TIV) as a percentage of overall mean ROI volume for ease of
interpretation. Covariates were assessed for collinearity using
variance inflation factor scores (threshold of <2.5),42 Pearson
residuals were plotted, and statistically significant models were
rerun excluding outliers above a conservative threshold for
Cook distance43 and individuals who were cognitively nor-
mal at baseline.

Prior to VBM analysis, continuous variables were mean
centered. Explicit threshold masking was applied using a ma-
jority mask as described by Ridgway et al.44 The T contrasts
were run to explore both positive and negative correlations be-
tween performance on false memory measures and brain vol-
ume, with a familywise error (FWE) correction applied and an
extent threshold of k = 10. Because positive and negative cor-
relations were run separately, P values were doubled prior to
comparison with the significance threshold. Design orthogo-
nality matrices were viewed to assess for collinearity.

We compared the TIV-corrected gray matter volume for
ROIs (1) between participants with delusions at baseline and
the control group and (2) between those with delusions at any
time point and the control group, first using independent-
samples t tests and then binary logistic regression models in-
cluding confounding variables. An exploratory whole-brain
VBM analysis was performed to further identify any associa-
tions between regional volume and delusion group.
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Results

Sample Characteristics
Of the 2248 individuals in the ADNI database, 728 met the in-
clusion criteria and were included in this study. There were 317
(43.5%) women and 411 (56.5%) men. Their mean (SD) age was
74.8 (7.4) years, and 16 participants (2.2%) were Asian, 25 (3.4%)
were Black, 681 (93.5%) were White, and 6 (0.8%) were of mul-
tiple races. A total of 386 participants (53.0%) were diagnosed
with AD at baseline and 585 (80.4%) were diagnosed after 2 years
of follow-up. The mean (SD) baseline MMSE score among par-
ticipants was 25.1 (2.9) (scores range from 0 to 30; a higher score
indicates better performance). Delusions were present at base-
line in 42 participants and at a later time point in a further 137
participants. The 42 participants with delusions at baseline and
the 179 participants with delusions at baseline or any other time
point were compared with the remaining 549 participants who
formed the control group. A breakdown of psychosis symp-

toms by subtype was only available for the 32 participants with
delusionsatbaselineforwhomafullNPIwascompleted(eTable2
in Supplement 1). The participant selection flow chart is pro-
vided in eFigure 1 in Supplement 1.

Between-group differences in demographic details and
baseline assessments are reported in Table 1. Participants with
delusions at baseline differed substantially from the control
group in presence of hallucinations, race, diagnosis at base-
line, antipsychotic prescribing, NPI-Q score (range, 0-36; a
higher score indicates greater burden of neuropsychiatric
symptoms), MMSE score, and category fluency for animals.

One scan was removed due to motion artifact. The com-
parison between this individual and the remaining sample is
presented in eTable 3 in Supplement 1.

False Memory Measures in Participants
With Delusions vs Control Participants
Participants with delusions at baseline had higher rates of false
recognition on the ADAS-Cog 13 and poorer discrimination per-

Table 1. Demographic Details and Baseline Screening Assessment Resultsa

Characteristic
Control group
(n = 549)b

Group with
delusions at
baseline
(n = 42)

Group with
delusions at any
time point
(n = 179)

Control group
vs group with
delusions at baselinec

Control group
vs group with delusions
at any time pointc

Age, y, mean (SD) 74.8 (7.5) 76.0 (6.4) 75.0 (7.2) t589 = 1.01; P = .31 t726 = −0.31; P = .76

Sex

Women 224 (40.8) 18 (42.9) 93 (52.0)
χ2 = .07; P = .79 χ2 = 6.83; P = .009

Men 325 (59.2) 24 (57.1) 86 (48.0)

Right-handed 504 (91.8) 38 (90.5) 169 (94.4) P = .77d χ2 = 1.17; P = .33

Education, y, mean (SD) 15.6 (2.8) 15.6 (2.8) 15.4 (2.9) t589 = 0.12; P = .91 t726 = 0.89; P = .37

Hallucinations at baseline 8 (1.5) 7 (16.7) 16 (8.9) P < .001d χ2 = 23.70; P < .001

Race and ethnicity

Asian 12 (2.2) 2 (4.8) 4 (2.2)

P = .04d P = .06d
Black 13 (2.4) 4 (9.5) 12 (6.7)

White 519 (94.5) 36 (85.7) 162 (90.5)

Multiple racese 5 (0.9) 0 1 (0.6)

Diagnosis

Cognitively normal 21 (38.3) 0 6 (3.4)

P = .003d χ2 = 2.75; P = .25Amnestic MCI 228 (41.5) 8 (19.0) 87 (48.6)

Alzheimer disease 300 (54.6) 34 (81.0) 86 (48.0)

Medication

ChEI or memantine 400 (73.0) 34 (81.0) 123 (68.7) χ2 = 1.27; P = .28 χ2 = 1.22; P = .27

Antidepressant 179 (32.7) 17 (40.5) 72 (40.2) χ2 = 1.07; P = .31 χ2 = 3.41; P = .07

Antipsychotic 4 (0.7) 4 (9.5) 6 (3.4) P = .001d P = .02d

Screening assessment

NPI-Q score, median (IQR)f 1 (0 to 3) 7 (5 to 9) 3 (1 to 6) U = 3032.0; P < .001 U = 35 917.0; P < .001

MMSE score, mean (SD)g 25.0 (2.9) 23.4 (2.7) 25.1 (2.9) t589 = −3.53; P < .001 t726 = −0.10; P = .92

GDS-15 score, median (IQR)h 1 (1 to 2) 1 (0 to 3) 1 (1 to 2) U = 10 948.0; P = .58 U = 48 397.0; P = .76

Category fluency score, mean (SD)i 14.0 (5.4) 11.5 (4.5) 13.8 (4.9) t588 = 2.92; P = .004 t725 = 0.41; P = .68

Abbreviations: ChEI, cholinesterase inhibitor; GDS-15, short-form Geriatric
Depression Scale; MCI, mild cognitive impairment; MMSE, Mini-Mental State
Examination; NPI-Q, Neuropsychiatric Inventory Questionnaire.
a Unless indicated otherwise, values are presented as No. (%) of participants.
b In the control group, there were 548 participants each for medication and

category fluency.
c For means (SDs), t values are presented with degrees of freedom. For medians

(IQRs), U values are presented.
d P value from the Fisher exact test.
e Indicates participant self-reported as “more than 1 race” when demographic

details were collected by Alzheimer Disease Neuroimaging Initiative
researchers.

f Scores range from 0 to 36, where a higher score indicates greater burden of
neuropsychiatric symptoms.

g Scores range from 0 to 30, where a higher score indicates better performance.
h Scores range from 0 to 15, where a higher score indicates more symptoms of

depression.
i Score measured as the No. of animals named by the participant in 60 seconds,

where a higher score indicates better performance.
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formance on the RAVLT, with no significant difference be-
tween the groups on any other false memory measure (Table 2).
All results remained statistically significant after excluding out-
liers and those who were cognitively normal at baseline. There
were no significant differences between individuals with de-
lusions at any time point and control participants for any false
memory measure, discrimination, or response bias.

False recognition on the ADAS-Cog 13 or RAVLT was not
associated with the presence of delusions when confounding
factors were included in binary logistic regression models. Only
MMSE score was associated with delusions in the models
(eTable 4 in Supplement 1).

Brain Regions Associated With False Memories
All models that assessed the association between prespecified
ROIs, confounding variables, and false recognition on either the
ADAS-Cog 13 or the RAVLT revealed an overall association.
Within the models, there was an inverse association between
volume of several ROIs and number of words falsely recog-
nized (Table 3). Following Bonferroni correction, an associa-
tion remained between false recognition on the ADAS-Cog 13
and volume of MTL ROIs (hippocampus bilaterally and left en-
torhinal cortex) and ventral visual stream ROIs (left PHG and
FFG) (Figure 1 and Table 3). Associations were observed for all
models assessing intrusions on RAVLT; however, no ROI reached
individual significance within any model.

Model diagnostics are presented in eTable 5 in Supplement 1,
and they indicated good model fit by the parameters described.
The ROIs that survived Bonferroni correction remained sig-
nificant when excluding outliers (left hippocampus: odds ratio
[OR],0.90[95%CI,0.88-0.93],P < .001;righthippocampus:0.94
[95% CI, 0.92-0.97], P < .001; left entorhinal cortex: 0.93 [95%
CI, 0.91-0.96], P < .001; left PHG: 0.94 [95% CI, 0.91-0.96], P <
.001; and left FFG: 0.98 [95% CI, 0.96-0.99], P < .001) and those
who were cognitively normal at baseline (left hippocampus: OR,
0.91[95%CI,0.89-0.94],P < .001;righthippocampus:0.94[95%
CI, 0.92-0.97], P < .001; left entorhinal cortex: 0.94 [95% CI, 0.91-
0.97], P < .001; left PHG: 0.94 [95% CI, 0.91-0.96], P < .001; and
left FFG: 0.98 [95% CI, 0.96-0.99], P = .001).

On VBM analysis, the model for false recognition on the
ADAS-Cog 13 revealed an inverse association between false rec-
ognition and gray matter volume in the right hippocampus

(Montreal Neurological Institute space coordinates of peak
voxel: x = 17, y = −11, z = −14, k = 76, Z = 5.01, and FWE-
corrected P = .02; and x = 29, y = −29, z = −9, k = 40, Z = 4.53,
and FWE-corrected P = .04), left FFG (x = −27, y = −29, z = −15,
k = 3220, Z = 6.27, and FWE-corrected P < .001), and left MTG
(x = −35, y = 9, z = −33, k = 100, Z = 4.92, and FWE-corrected
P = .01) that was significant at the cluster level (Figure 2A). The
unthresholded effect size map for the model is displayed in
Figure 2B. Design orthogonality matrices are presented in eFig-
ure 2 in Supplement 1.

Brain Regions Associated With Delusions
In participants with delusions at baseline, the right anterior
cingulate cortex was significantly smaller as a proportion
of TIV compared with the control group, with values of
1.87 ± 0.39 × 10−3 and 1.99 ± 0.35 × 10−3, respectively
(t589 = 2.15; P = .03). However, this finding was no longer
significant when Bonferroni correction was applied or when
confounding factors were included in the regression model (OR,
0.91 [95% CI, 0.83-1.00], P = .05). The right PHG was the only
ROI that achieved individual significance within regression
models for presence of delusions at baseline (OR, 1.15 [95% CI,
1.00-1.31], P = .047; eTable 6 in Supplement 1). Delusions at
baseline were associated with increased right PHG volume (as
a proportion of TIV) (OR, 1.15 [95% CI, 1.00-1.31], P = .047). This
finding did not survive Bonferroni correction. None of the re-
gression models for those with delusions at any time point
reached statistical significance. On VBM analysis, no clusters
reached statistical significance.

Discussion
In line with our hypothesis, the initial results of this cross-
sectional study suggested that participants with delusions at
baseline had higher rates of false recognition on the ADAS-Cog
13. However, the association did not survive the inclusion of mul-
tiple confounding variables in regression models. On ROI analy-
sis, there was an inverse association between false recognition
on the ADAS-Cog 13 and volumes of ROIs within the MTL (hip-
pocampus bilaterally and left entorhinal cortex) and ventral vi-
sual stream (left PHG and FFG). None of the associations between

Table 2. Performance on False Memory Measures for Individuals
With Delusions at Baseline vs the Control Groupa

False memory measure Control group (n = 549)b
Group with delusions at
baseline (n = 42)c

Control group vs group with
delusions at baselined

ADAS-Cog 13

False recognition (maximum
total score of 12)

2 (0 to 4) 3 (1 to 6) U = 9398.5; P = .04

Discrimination 1.5 (0.9 to 2.1) 1.3 (0.8 to 1.6) U = 9451.0; P = .05

Response bias, mean (SD) −0.1 (0.6) −0.0 (0.7) t594 = −1.29; P = .20

RAVLT

False recognition (maximum
total score of 15)

2 (1 to 4) 2.5 (1 to 4) U = 9806.0; P = .11

Discrimination 1.1 (0.5 to 1.7) 0.7 (0.4 to 1.1) U = 8738.5; P = .009

Response bias −0.4 (−0.8 to −0.1) −0.5 (−0.8 to −0.1) U = 11 078.5; P = .69

Intrusions (maximum total
score of 120)

4 (2 to 9) 6 (2 to 8) U = 10 245.0; P = .55

Abbreviations: ADAS-Cog 13, 13-item
Alzheimer’s Disease Assessment
Scale–Cognitive Subscale;
RAVLT, Rey Auditory Verbal Learning
Test.
a Unless indicated otherwise, values

are presented as the median (IQR).
b In the control group, there were 548

participants for RAVLT false
recognition and 543 for RAVLT
intrusions.

c In the group with delusions, there
were 40 participants for RAVLT
intrusions.

d For means (SDs), t values are
presented with degrees of freedom.
For medians (IQRs), U values are
presented.
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Table 3. Association Between the Volume of Regions of Interest (ROIs) and False Recognition Testsa

Mean (SD)
change in ROI
volume per
unit, %

ADAS-Cog 13 false recognition models (n = 725) RAVLT false recognition models (n = 725)

OR (95% CI) P value

Percent
change in
score per unit OR (95% CI) P value

Percent
change in
score per unit

ROI

Hippocampus

Left 7.4 (1.6) 0.91 (0.88-0.94) <.001b 9.1 0.96 (0.93-0.99) .008 4.0

Right 6.6 (3.2) 0.94 (0.92-0.97) <.001b 6.0 0.98 (0.96-1.01) .23 NA

Entorhinal cortex

Left 8.1 (1.9) 0.94 (0.91-0.97) <.001b 6.1 0.97 (0.94-1.00) .03 3.2

Right 7.8 (1.8) 0.95 (0.92-0.98) .001 5.2 0.97 (0.94-1.00) .05 NA

Anterior cingulate gyrus

Left 3.9 (0.6) 0.98 (0.96-1.00) .03 2.3 0.99 (0.97-1.01) .14 NA

Right 5.2 (1.0) 0.97 (0.95-1.00) .01 2.6 0.98 (0.96-1.00) .08 NA

Superior parietal lobule

Left 1.9 (0.3) 0.99 (0.98-1.00) .11 NA 1.00 (0.98-1.01) .33 NA

Right 1.9 (0.3) 0.99 (0.98-1.01) .27 NA 1.00 (0.99-1.01) .99 NA

Ventral visual stream

Parahippocampal gyrus

Left 6.0 (1.1) 0.93 (0.91-0.96) <.001b 6.6 0.96 (0.94-0.99) .02 3.6

Right 6.1 (1.2) 0.96 (0.94-0.99) .01 3.7 0.97 (0.94-1.00) .03 3.1

Fusiform gyrus

Left 2.3 (0.3) 0.97 (0.96-0.99) <.001b 2.6 0.99 (0.98-1.01) .36 NA

Right 2.4 (0.4) 0.98 (0.97-1.00) .01 1.9 0.99 (0.98-1.00) .10 NA

Lingual gyrus

Left 2.3 (0.3) 0.99 (0.98-1.01) .31 NA 1.00 (0.99-1.01) .76 NA

Right 2.2 (0.3) 1.00 (0.98-1.01) .74 NA 1.00 (0.98-1.01) .43 NA

Dorsolateral prefrontal cortex

Middle frontal gyrus

Left 1.0 (0.1) 0.99 (0.98-1.00) .01 0.9 1.00 (0.99-1.00) .28 NA

Right 1.0 (0.1) 0.99 (0.98-1.00) .008 0.9 1.00 (0.99-1.00) .15 NA

Superior frontal gyrus

Left 1.3 (0.1) 0.99 (0.99-1.00) .20 NA 0.99 (0.98-1.00) .01 1.2

Right 1.3 (0.1) 0.99 (0.98-1.00) .02 1.1 0.99 (0.98-1.00) .07 NA

Ventrolateral prefrontal cortex

Inferior frontal gyrus

Left 5.7 (0.9) 0.96 (0.93-0.99) .007 4.0 0.98 (0.95-1.00) .08 NA

Right 5.6 (0.9) 0.98 (0.95-1.01) .11 NA 0.98 (0.96-1.01) .23 NA

Inferior frontal orbital gyrus

Left 11.7 (1.8) 0.97 (0.91-1.03) .29 NA 1.00 (0.94-1.06) .93 NA

Right 12.1 (1.8) 0.97 (0.91-1.03) .29 NA 1.01 (0.95-1.07) .83 NA

Inferior frontal angular gyrus

Left 5.7 (0.9) 0.98 (0.95-1.01) .12 NA 1.01 (0.98-1.04) .59 NA

Right 5.6 (0.8) 0.98 (0.95-1.02) .30 NA 1.00 (0.97-1.03) .87 NA

Medial prefrontal cortex

Superior medial frontal gyrus

Left 3.0 (0.4) 0.97 (0.96-0.99) .009 2.7 0.98 (0.96-1.00) .04 2.0

Right 2.5 (0.4) 0.98 (0.97-1.00) .02 1.8 0.98 (0.97-1.00) .02 1.6

Medial frontal cerebrum

Left 11.3 (2.2) 0.95 (0.91-1.00) .06 NA 0.96 (0.92-1.01) .12 NA

Right 10.6 (1.9) 0.95 (0.90-0.99) .02 5.4 0.96 (0.92-1.01) .11 NA

Orbitofrontal prefrontal cortex

Lateral orbital gyrus

Left 8.2 (1.1) 0.98 (0.93-1.03) .41 NA 1.00 (0.96-1.05) .87 NA

Right 7.7 (1.0) 1.00 (0.95-1.05) .92 NA 0.99 (0.95-1.04) .66 NA

Abbreviations: ADAS-Cog 13, Alzheimer’s Disease Assessment Scale–Cognitive
Subscale, 13 item; NA, not applicable; OR, odds ratio; RAVLT, Rey Auditory
Verbal Learning Test.
a Poisson regression models include the following covariates: age, sex, years of

education, Mini-Mental State Examination score, cholinesterase inhibitor
prescription, category fluency for animals, and magnetic resonance imaging
field strength.

b Survived Bonferroni correction (P < .001).
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ROI volume and delusions survived Bonferroni correction, nor
was there overlap with areas associated with false recognition.
This lack of association between delusions and false recognition
is in contrast with 2 previous studies24,25 that reported greater
confabulation in patients with AD with delusions. However, as
discussed, these studies had small sample sizes and did not con-
trol for confounding variables.24,25

Our results confirm a role for the MTL and ventral visual
stream in false memories in AD. Both the hippocampus45-48 and
the entorhinal cortex49-51 are known to be crucial for recogni-
tion memory. Individuals with hippocampal lesions demon-
strate a combination of impaired recollection with preserved
familiarity, thought to predispose to false recognition.52,53 Re-
duced left hippocampal (and PHG) volume was previously
associated with increased false recognition on the RAVLT in a
smaller group of 77 individuals with AD.54 The PHG and FFG
are part of the hippocampal-PFC network of context encod-
ing and retrieval.55-57 Activity in the PHG and left FFG is ob-
served during correct recognition on recognition memory test-
ing and thus has been implicated in distinguishing true from
false memories.58,59 Our data confirm these findings, as lower
volumes of left PHG and FFG were associated with increased
false memories.

Although we observed no overlap between the neural
networks involved in false memories and delusions, the brain
regions in which reduced volume was associated with in-
creased false recognition have been associated with psycho-
sis symptoms in AD in other cohorts. Lower right hippo-
campal volume has been consistently linked to psychosis
symptoms in AD,60-62 with left entorhinal atrophy in AD re-
cently reported to increase risk of psychosis.60 The MTL is part
of a network involved in encoding and retrieval of memory for
spatial and temporal context, mediated via functional con-
nections to the PFC.63,64 It has been hypothesized that MTL
volume loss, and subsequent dysfunction within this net-

work, leads to psychosis as a result of impaired ability to attri-
bute context to sensory input, causing increased prediction er-
rors and delusion formation.65 Lower PHG volume has been
observed in individuals with current delusions in AD, and pro-
spectively in those who go on to develop delusions,29,66 and right
FFG atrophy has also been associated with AD psychosis.67

In this study, delusions at baseline were associated with in-
creased right PHG volume. Although this did not survive Bon-
ferroni correction, it may indicate a potential role of asymmetry
in delusion formation in AD. Rightward asymmetry of PHG vol-
ume has also been found when comparing individuals with AD
with those with MCI and healthy older adults,68 and it may thus
be a marker of disease severity rather than a causal factor in de-
lusion formation. However, limited data suggest a possible role
for right PHG overactivity in delusion formation in schizophre-
nia. Surguladze et al69 found that individuals with schizophre-
nia had reduced right PHG activity in response to fearful faces
and increased activity in response to neutral faces compared
with control participants, with increased activity correlating with
the degree of reality distortion. Kirino et al70 observed that right
PHG activity on functional MRI correlated with the severity of
positive symptoms.

Limitations
This study has several limitations. First, the number of partici-
pants with delusions at baseline was relatively small. This is
unsurprising, given the relatively mild severity of AD in the
sample. It is therefore reassuring that including participants with
delusions at any time point also did not show any association
between delusions and regional brain volume. Of note, we were
unable to explore our findings by psychosis subtype. Given that
the subtypes are associated with distinct neural correlates, this
may have obfuscated the results and may go some way to ex-
plain why no frontal lobe involvement was identified.

Overlap in cognitive function between participants with MCI
and early AD is acknowledged, making correctly diagnosing
these individuals challenging.71 As the ADNI cutoff for cogni-
tively normal participants is an MMSE score of 24, we included
individuals who were diagnosed with AD at any time point in
order to maximize sample size. This introduced further diag-
nostic heterogeneity. However, cognitive function (measured
by the MMSE) was included as a covariate in analyses, which
may go some way in controlling for this. It cannot be com-
pletely ruled out that a proportion of participants had undiag-
nosed Lewy body dementia or posterior cortical atrophy, al-
though a previous analysis of atrophy in the posterior cortex and
visuospatial deficits in ADNI participants did not reveal the
deterioration over time that would be expected with a poste-
rior cortical atrophy diagnosis.72 Relying on the carer-rated NPI
to determine the presence of delusions has limitations, as car-
ers may have been unaware of infrequently experienced un-
usual beliefs. In addition, the nature of longitudinal research
with set follow-up time points means that some occurrences of
delusions could have been missed. We chose variables to in-
clude in regression models a priori; in balancing potential con-
tributing confounding factors with the risk of multicollinear-
ity and overfitting of models, we did not include antipsychotic
use, presence of hallucinations, or biomarkers.

Figure 1. Change in Region of Interest (ROI) Volume
per Additional Word Falsely Recognized on the 13-Item Alzheimer’s
Disease Assessment Scale–Cognitive Subscale (ADAS-Cog 13)
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The retrospective nature of this study meant that we did
not use a validated false memory test and had to repurpose
components of available test data. In terms of neuroimaging
methodology, while including participants from the entire
database allowed a larger sample size, the inclusion of data
acquired from different imaging protocols was a substantial
source of heterogeneity. However, previous VBM analyses
using structural MRI data from participants with AD across
multiple sites and scanners have reported minimal con-
founding of results73,74 and magnetic field strength was
included as a confounding variable in our analyses. As is the
case for all research using structural MRI, limitations
include the inability to infer causality from patterns of atro-

phy and poor reproducibility of MRI findings across
studies.75,76

Conclusions
The findings of this cross-sectional study suggest that despite
the superficial resemblances, delusions in AD are more than
simply an extension of memory errors or confabulation. Fur-
thermore, these findings suggest that psychosis in AD is a
valid target for pharmacologic and nonpharmacologic treat-
ment approaches and support the existence of a transdiagnos-
tic mechanism for psychosis.
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Figure 2. False Recognition Model Using the 13-Item Alzheimer’s Disease Assessment Scale–Cognitive Subscale (ADAS-Cog 13)
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