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Abstract

Objective—We conducted a neuroimaging analysis to understand the neuroanatomical correlates
of gray matter loss in a group of mild cognitive impairment and early Alzheimer’s disease patients
who developed delusions.

Methods—With data collected as part of the Alzheimer’s Disease Neuroimaging Initiative, we
conducted voxel-based morphometry to determine areas of gray matter change in the same
Alzheimer’s Disease Neuroimaging Initiative participants, before and after they developed
delusions.

Results—We identified 14 voxel clusters with significant gray matter decrease in patient scans
post-delusional onset, correcting for multiple comparisons (false discovery rate, p < 0.05). Major
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areas of difference included the right and left insulae, left precuneus, the right and left cerebellar
culmen, the left superior temporal gyrus, the right posterior cingulate, the right thalamus, and the
left parahippocampal gyrus.

Conclusions—Although contrary to our initial predictions of enhanced right frontal atrophy, our
preliminary work identifies several neuroanatomical areas, including the cerebellum and left
posterior hemisphere, which may be involved in delusional development in these patients.
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Introduction

Delusions are common symptoms that are estimated to occur in approximately one-third of
patients with Alzheimer’s disease (AD) and related dementias (Ropacki and Jeste, 2005).
They are clinically significant and are often associated with a number of adverse clinical
outcomes, including increased caregiver burden (Fischer, 2012), functional impairment
(Fischer et al,, 2012), and accelerated cognitive decline(Sweet et a/., 2010). While these
symptoms have been well described in the literature, the precise neuroanatomical
mechanisms that are responsible for these symptoms to date have been poorly understood.
Moreover, medications used to treat these symptoms have been demonstrated to be only
modestly effective and have been demonstrated to lead to increased mortality (Schneider et
al., 2005), emphasizing the need for different treatment approaches. Ismail ef a/. (2011)
recently reviewed the existing literature on the neurobiology of delusions in AD and
established that many previous studies failed to differentiate delusions from hallucinations,
and also considered paranoid and misidentification delusions together (Ismail et al., 2011).
As a result, it has been difficult to determine the neuroanatomical correlates of delusions
based on analyses of existing data. A recent review of neuroimaging studies (Ismail et a/.,
2012) tends to favor focal atrophy in the right frontal region, consistent with the hypothesis
that damage to the right frontal lobe disrupts the monitoring function of the brain, thus
resulting in the development of delusional thoughts. In his review, eight of 10 Single-Photon
Emission Computed Tomography (SPECT) studies showed diminished blood flow to the
right hemisphere, the vast majority to the right frontal lobe. As well, six of the seven
volumetric studies showed focal atrophy in the right hemisphere, the majority to the right
frontal lobe. Focal damage to the right hemisphere has been postulated as a possible
mechanism of delusion formation (Devinsky, 2009). According to Devinsky and colleagues,
delusions may arise when the right hemisphere, which traditionally provides a monitoring
function, is underactive and is unable to inhibit the left hemisphere.

The Alzheimer’s Disease Neuroimaging Initiative (ADNI) is a repository of clinical and
biomarker data collected on nearly 800 North Americans diagnosed at baseline with normal
cognition, mild cognitive impairment (MCI) or early stage AD. Access to this data set
provides a unique opportunity for examining the neural correlates of symptoms such as
delusions. This study conducted voxel-based morphometry (VBM) on Magnetic Resonance
Imaging (MRI) scans of a subset of patients before the onset of delusions (visit on average 6
months prior to onset of delusions) and compared them to scans from the first visit at which
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delusions were reported. We aimed to identify what brain regions undergo atrophy during
the transition from non-delusional to delusional status. While we have explored this question
in a cross-sectional fashion (Ting ef a/., 2015), few studies to date have looked at this
question longitudinally. The majority of cross-sectional studies conducted to date
demonstrate gray matter volume loss in AD patients with psychosis when compared with
AD patients without psychosis, specifically involving the frontal lobes (Murray et al., 2014).
Two of three CT studies comparing AD patients with and without delusions showed focal
atrophy in the right frontal areas (Forstl et a/,, 1991; Forstl et al., 1994). MRI studies to date
conducted using VBM and region of interest analysis showed a broader range of findings,
including right frontoparietal, left frontal, and left claustrum (Bruen et a/.,, 2008); right
hippocampus (Serra et al., 2010) and left medial orbitofrontal; and superior temporal in
female subjects only (Whitehead et a/., 2012). In one of the few longitudinal studies carried
out to date, Nakaaki et a/. compared the baseline MRIs of patients who developed delusions
(m=18) with the MRIs of patients who did not (/7=35) using VBM, establishing volume
changes in the bilateral parahippocampal gyrus, right posterior cingulate gyrus, right orbital
frontal cortex, right anterior cingulate, left insula, and both sides of the inferior frontal
cortices (Nakaaki et al., 2013). The study concluded that structural changes in the frontal
and medial temporal lobes may mediate or contribute to the development of delusions.
However, the study only looked at baseline scans and did not compare volumetric changes
over time pre-delusion and post-delusion onset, limiting the conclusions. Our study is the
first of its kind to compare gray matter changes pre-delusion and post-delusion onset. Based
on our previous work in this area and the results of prior studies (Ismail et af., 2012), we
hypothesized that delusion onset in the same patients would be associated with greater
atrophy in the right hemisphere regions, specifically the right frontal lobe.

The present study examined 24 ADNI participants at baseline with delusions (D+) and 1.5-
Tesla MRI scans selected from ADNI, and who also had MRI scans on average 6 months
prior to delusional onset (D-). All participants had a diagnosis of MCI at baseline. The
ADNI database includes data from more than 800 participants diagnosed at baseline as
elderly control subjects (7= 200), amnestic MCI (7= 400), or early AD (n= 200), collected
from 50 sites across North America. A diagnosis of MCI (Petersen, 2004) was based on
‘Mini Mental State Examination (MMSE) scores between 24-30 (inclusive), a memory
complaint,...objective memory loss measured by education-adjusted scores on Wechsler
Memory Scale-Revised (WMS-R) Logical Memory Il, a CDR of 0.5, absence of significant
enough levels of impairments in other cognitive domains so that criteria for dementia are not
met, largely preserved activities of daily living, and an absence of dementia’ (ADNI, 2015).
Diagnosis of probable AD was based on National Institute of Neurological and
Communicative Disorders and Stroke - Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) criteria (McKhann et al., 2011). At each visit,
determination of MCI or AD was made by a neurologist or psychiatrist based on clinical
data from that study visit, including MMSE, clinical dementia rating (CDR), and
neuropsychological test scores. The CDR is a global measure of dementia severity often
used for staging and ranges from a score of 0 (no dementia) to 3 (severe dementia). A
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Central Review Committee ensured that conversion from MCI to AD was evaluated
consistently across sites using standard criteria. Onset of delusions was determined from a
score of 1 on the delusions item of the Neuropsychiatric Inventory-Questionnaire (NPI-Q)
completed by a knowledgeable informant. The NPI-Q delusion item asks ‘Does the patient
believe that others are stealing from him or her or planning to harm him or her in some
way?’ (Informants are asked to respond ‘yes’ to each symptom if the patient had the
symptom during the previous month.) Participants were included in our study if they had a
baseline diagnosis of MCI, developed delusions during study participation, and had an MRI
scan from the visit at which delusions were first reported and a scan from the immediately
preceding visit. Individuals who also developed hallucinations were excluded. Seventy
(70.8%) of the participants progressed to AD by the onset of delusions. Pre-processed T1
MR images were downloaded from the ADNI server.

We conducted VBM to characterize the atrophy patterns associated with the time-based
onset of delusions in MCI, in SPM8 software guided by John Ashburner’s VBM Tutorial
(Ashburner, 2010). We utilized the VBMS8 toolbox, which modified the traditional
processing pipeline to better compare longitudinal scans. Images were assessed for gross
anatomical abnormalities and approximately registered to an average Montreal Neurological
Institute (MNI) template of 152 T1 MRI scans. All images were normalized to participants’
baseline scans. The images were modulated and smoothed with an isotropic Gaussian kernel
at 8-mm full-width half maximum. The resulting images were entered into a general linear
model for a dependent two-sample #test. All significance values were corrected for multiple
comparisons using false discovery rate p< 0.05 with no masking. Only clusters greater than
50 voxels in size were considered to minimize false positives. Cluster coordinates in MNI
space were converted into Talairach coordinates, and neuroanatomical location was
identified using a computerized Talairach Atlas. Informed consent of participants for
neuroimaging research was obtained at all ADNI partner sites. This retrospective study was
approved by the Institutional Research Ethics Board.

The mean age of the sample at baseline was 74.13 (standard deviation (SD)=6.1, 56-84)
with the majority of the sample composed of male participants (/7=14, 58.3%). One
participant was identified as Asian, while the remaining 23 were identified as White. The
mean MMSE at baseline was 26.54 (5D=1.88; 24-30), which decreased to 21.29 (SD=5.86,
9-30) by onset of delusions. The CDR for all patients at baseline was 0.5, with the mean
CDR at delusion onset being 1.02 (SD=0.5). Seven participants (29.2% of participants) had
a CDR of 0.5 at D+, 13 participants (54.2%) had a CDR of 1.0, and four participants
(16.7%) had a CDR of 2.0 at D+. Detailed demographics information is shown in Table 1.

Voxel-based morphometry analyses comparing MRI brain scans of MCI/AD patients who
developed delusions with the scans obtained prior to delusion onset revealed significant
differences in gray matter morphology (Figure 1).

Contrary to our predictions, the majority of the clusters were in the left hemisphere of the
brain (Figure 2), and included the left precuneus, the right and left insulae, the right and left
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cerebellar culmen, the left superior temporal gyrus, the left parahippocampal gyrus, the right
thalamus, and the right posterior cingulate (Table 2). In total, 14 suprathreshold voxels at a
threshold significance of p < 0.05 (false discovery rate corrected for multiple comparisons)
were identified.
Discussion

To our knowledge, this is the first VBM study to compare MRI scans of AD/MCI patients,
before and after delusion onset. Previous MRI studies looking at gray matter volumetric
changes in AD patients with delusions have favored increased atrophy, most marked in the
frontal lobes (Bruen et al., 2008; Serra et al., 2010; Whitehead et a/., 2012). Contrary to our
predictions, onset of delusions in our sample was associated with significant volume
reductions predominately in the left posterior hemisphere and also in the cerebellum.
Somewhat unexpectedly, fewer gray matter changes were noted in frontal or temporal lobe
regions. The results are consistent to some degree with the findings of Nakaaki ef a/. who
conducted VBM to compare AD patients who did and did not develop delusions over time
(Nakaaki et al., 2013). In that study, gray matter atrophy was also observed in the
parahippocampal gyri bilaterally, the right posterior cingulate gyrus, and the right insula.
However, changes were also observed in the inferior frontal cortex and the right anterior
cingulate gyrus and involved primarily the right hemisphere, contrary to our findings. This
study only looked at baseline changes, however, and did not compare changes over time pre-
delusion and post-delusion onset.

One potential theory that may explain our findings is that damage to the posterior brain
regions may result in increased connectivity to the frontal lobes. It is possible that this
hyperconnectivity may trigger delusion formation. This has been postulated as a mechanism
of delusion formation by Nagahama et a/. who found a correlation between delusions of
theft and hyperperfusion of the frontal lobes in patients with dementia with Lewy bodies
(Nagahama et al., 2007). It has also been observed in patients with behavioral variant
frontal-temporal dementia (Farb et a/, 2013). In addition, posterior brain regions, including
the precuneus and posterior cingulate gyrus, are part of the default mode network, and
disruptions in default mode network connectivity have been implicated both in AD (Pievani
et al., 2011) and psychatic disorders such as schizophrenia (Whitfield-Gabrieli et a/., 2009).

Finally, the cerebellum has been implicated as a region of interest in patients with psychotic
disorders, specifically schizophrenia (Okugawa et al., 2002), although the precise
mechanism by which these changes are induced is unclear. According to Andreasen and
colleagues, the cerebellum plays a critical role in coordinating sensory-motor inputs, and
damage to the cerebellum may impair this coordinating function, resulting in the emergence
of psychotic symptoms (Andreasen et al., 1998). Another potential explanation for the
disparate findings is that different types of delusions may arise from damage to different
regions of the brain. Nakatsuka et a/. conducted SPECT scans on 59 AD patients and
discovered different delusion types correlated with damage to different brain regions
(Nakatsuka et al., 2013). Similarly, Spalletta et a/. (2013) correlated somatic delusions in
patients with schizophrenia with reduced gray matter volume in the left fronto-insular
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cortex, suggesting that in other psychotic illnesses, subtypes of delusions may be associated
with damage to specific neuroanatomical regions (Spalletta et a/., 2013).

While the findings of this study are of interest, there are some limitations that should be
noted. The sample size was quite small (24 patients) and this may have affected the validity
of our findings. While all patients had a diagnosis of MCI at baseline, not all had progressed
to AD at the time of delusion onset; thus, the sample is heterogeneous with respect to rate of
progression of cognitive impairment. We did not identify delusional subtypes. However, the
NPI-Q delusion item asks exclusively about the presence of paranoid ideation/delusions of
theft in the previous month. Individuals who developed transient delusions that resolved
prior to the second study visit, or who developed other types of delusions (such as
misidentification delusions), would not be captured in the present study. It is possible that
some delusions captured by the NPI-Q could relate to systemic illness or medication side-
effects that are independent of the patient’s neurodegenerative disease. However, it seems
unlikely that patients experiencing a delirium would be able to complete the clinical
assessment and MRI. We did not compare our findings to a control group of AD subjects
who did not develop delusions. Relatively few ADNI participants developed delusions, and
those for whom delusions were first reported on the M6 (sixth month from study baseline)
study visit could not be included in our study because MRI was not performed at baseline.
As a result, it is possible that the changes we observed in the cerebellum and posterior left
hemisphere may be attributable to factors other than delusions. Moreover, most of the
changes we found were clustered in the left posterior lobe, contrary to our predictions.
Finally, it is hard to determine the clinical significance of volumetric brain changes over
such a short time frame (pre-delusion and post-delusion onset) as it is still not clear at what
point in the disease trajectory delusions develop. Future studies should address these
limitations.

In conclusion, we conducted a VBM study investigating the gray matter changes associated
with delusion onset in MCI/AD subjects. The results of our study suggest, although
preliminary, that delusions in AD may arise from damage to the posterior left hemisphere
and cerebellum. Understanding the role of these brain regions in delusion formation, both in
AD and in other diseases, may in time lead to the development of targeted treatments that
would reduce disease burden caused by delusions.
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Key points
. Delusions occur in up to 50% of patients with AD.
. Studies to date have been limited in their ability to identify neural correlates
of delusions in MCI/AD.
. Most studies to date have been cross-sectional in design and did not separate

delusions from psychosis, thus limiting conclusions.

. Our study is the first longitudinal study to examine cerebral correlates of
delusions using data from ADNI and demonstrates delusions in AD that may
be associated with focal decrease in gray matter in the cerebellum and
posterior left hemisphere.
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Figure 1.
Suprathreshold voxel clusters between D+ MCI/AD patients compared with the same

patients prior to delusional onset (D-). (A) coronal section, (B) axial section, and (C)
sagittal section. Contrast D > D+, paired two-sample #test in a general linear model.
Significance threshold (FDR) corrected, p < 0.05. Greater value on scale indicates greater
voxel significance.
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Figure 2.
Transparent brain projection of suprathreshold voxel clusters between D+ MCI/AD patients

compared with the same patients prior to delusional onset (D-). Significance threshold FDR
corrected p < 0.05. (A) coronal projection, (B) axial projection, and (C) sagittal projection.
The majority of the significant voxel clusters are located in the left posterior regions of the
brain. These transparent projections permit a complete view of all significant clusters.
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Table 1

Demographic characteristics of longitudinal MRI VBM study participants

Pre-delusion visit
(D7)

Delusion visit
(D+)

Baseline age
Education (years)
MMSE

Diagnosis

Delusion severity

Total NPI-Q score
Global CDR

CDR sum of boxes

Visit number

74.13 (SD= 6.10)
16.08 (SD = 3.06)
26.54 (SD=1.89)
MCI (V= 24)

N/A

4.25 (SD=3.59)
0.5 (V= 24)

3.96 (SD=2.21)
Month 6 (M= 5)
Month 12 (N =6)
Month 18 (M= 3)
Month 24 (M= 3)
Month 36 (N=7)

21.29 (SD=5.86)
MCI (N=T7)

AD (N=17)
1—mild (V= 13)
2—moderate
(N=10)
3—severe (N=1)
7.79 (SD=5.07)
0.5 (N=7)
1(N=13)
2(N=4)

5.90 (SD=2.93)
Month 12 (N =5)
Month 18 (N =6)
Month 24 (N=3)
Month 36 (V=13)
Month 48 (N=17)
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VBM, voxel-based morphometry; SD, standard deviation; MCI, mild cognitive impairment; AD, Alzheimer’s disease; NPI-Q, Neuropsychiatric
Inventory-Questionnaire; CDR, clinical dementia rating.
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