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Abstract

Introduction: Mild behavioral impairment (MBI) is characterized by the emergence
of neuropsychiatric symptoms in elderly persons. Here, we examine the associations
between MBI and Alzheimer’s disease (AD) biomarkers in asymptomatic elderly indi-
viduals.

Methods: Ninety-six cognitively normal elderly
['8FIAZD4694 p-amyloid-PET, and [®F]MK6240 tau-PET. MBI was assessed using
the MBI Checklist (MBI-C). Pearson’s correlations and voxel-based regressions were
used to evaluate the relationship between MBI-C score and [*8F]JAZD4694 retention,
[*8F]MK 6240 retention, and gray matter (GM) volume.

Results: Pearson correlations revealed a positive relationship between MBI-C score
and global and striatal [*8F]AZD4694 standardized uptake value ratios (SUVRs). Voxel-

based regression analyses revealed a positive correlation between MBI-C score and

individuals underwent MR,

[!8F]AZD4694 retention. No significant correlations were found between MBI-C score
and [18F]MK 6240 retention or GM volume.

Conclusion: We demonstrate for the first time a link between MBI and early AD pathol-
ogy in a cognitively intact elderly population, supporting the use of the MBI-C as a
metric to enhance clinical trial enrolment.

KEYWORDS
Alzheimer’s disease, amyloid, mild behavioral impairment, neurodegeneration, neuropsychiatric
symptoms, tau
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1 | INTRODUCTION

With the failure of over 100 dementia clinical trials to meet primary
endpoints, convincing research groups of the relevance of launching
new clinical trials on Alzheimer’s disease (AD) progression preven-
tion has become difficult. An often-cited reason for trial failure has
been poor recruitment and retention in early phase illness,! and bet-
ter and less costly methods are needed to capture preclinical and pro-
dromal cases. Neuropsychiatric symptoms (NPS), when appropriately
measured and operationalized, may offer an opportunity to meet that
need to improve.?

Although the primary clinical manifestations of AD are impairments
of memory and cognitive function, NPS remain a highly prevalent
and important source of distress for AD patients and their care
partners. NPS include non-cognitive symptoms such as apathy, social
withdrawal, anxiety and mood disturbances, irritability, compulsive
behaviors, loss of empathy, and delusions, which are clinically associ-
ated with increased caregiver burden, greater functional impairment,
and faster progression to severe dementia and death, and patholog-
ically linked to greater plaque and tangle burden.3-¢ In particular,
NPS such as depression, anxiety, and agitation have been found to be
associated with anomalies of both imaging and fluid AD biomarkers,
including hypometabolism as measured by [18F]-fluorodeoxyglucose
(FDG)-positron emission tomography (PET) imaging,”® brain g-
amyloid deposition in the frontal and cingulate cortex as measured
by [11C]PiB PET,>?10 as well as abnormal levels of g-amyloid and
phosphorylated tau in cerebrospinal fluid1%12 in both AD patients and
in preclinical populations. Studies have shown that NPS in elderly indi-
viduals with normal cognition may be predictive of incipient cognitive
decline, and may confer a greater risk of progression to more severe
stages of AD in those with mild cognitive impairment (MiCl).413-15

Although early NPS have traditionally been associated with fron-
totemporal dementia (FTD),1¢ the International Society to Advance
Alzheimer’s Research and Treatment (ISTAART) NPS Professional
Interest Area, a subgroup of the Alzheimer’s Association (AA), devel-
oped the ISTAART-AA criteria for mild behavioral impairment (MBI)
to foster research into the relationship between NPS and dementias
other than FTD.1> The explicit goal of these criteria is to describe the
later-life emergence of sustained NPS as an at-risk state for all causes
of dementia, and to describe explicitly the relationship between MBI
and MiICl (MBI can emerge before, in concert with, or after MiCl).
MBI reflects the neurobehavioral axis of predementia risk states, as
a complement to the neurocognitive axis identified by MiCl. Both
axes identify individuals who may have increased risk of developing
dementia, and there may be some common genetic etiology for MBI
and AD.Y” The ISTAART-AA MBI criteria emphasize the importance
of a clear change from the person’s usual behavior or personality per-
sisting for at least 6 months in the following domains: decreased drive
and motivation (apathy), affective dysregulation (mood and anxiety
symptoms), impulse dyscontrol (agitation, impulsivity and abnormal
reward salience), social inappropriateness (impaired social cognition),
and abnormal perception and thought content (psychotic symptoms,
ie, delusions and hallucinations). MBI, therefore, represents a potential
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the liter-
ature using traditional sources (eg, PubMed) and
meeting abstracts and presentations. Although the
associations between the syndrome of mild behavioral
impairment (MBI) and Alzheimer’s disease (AD) patho-
physiology have not yet been widely studied, there have
been several recent publications describing the clinical
aspects of MBI. These relevant publications are cited
appropriately.

2. Interpretation: Our findings led to a hypothesis about the
neuroimaging correlates of MBI. This hypothesis is con-
sistent with nonclinical and clinical findings currently in
the public domain.

3. Future directions: The manuscript proposes a frame-
work for the generation of new hypotheses and the con-
duct of additional studies. Future directions include fur-
ther understanding of the capability of MBI in predicting
changes in AD pathophysiology in cognitively intact pop-

ulations through the use of longitudinal data.

HIGHLIGHTS

o Mild behavioral impairment (MBI) is a syndrome charac-
terized by the appearance of neuropsychiatric symptoms
in elderly persons.

e MBI isapotential marker of incipient cognitive decline and
Alzheimer’s disease (AD).

o MBIl is associated with g-amyloid deposition in cognitively
normal elderly persons.

o MBI may be an early manifestation of AD pathophysiology
before cognitive symptoms.

marker for incipient cognitive decline, and for some, MBI is the initial
manifestation of a neurodegenerative disease, seen prior to cogni-
tive impairment. In a population with clinically confirmed cognitive
impairment, MBIl was present in 83.5% of MiCl and 76.5% of subjective
cognitive decline (SCD) cases.1® However, MBI was captured using the
Neuropsychiatric Inventory Questionnaire (NPI-Q), in which NPl items
were mapped onto MBI domains. The NPI has a 1-month reference
range, which does not capture the 6-month symptom duration require-
ment of the ISTAART-AA MBI, a fundamental feature of the diagnosis.
This short reference range can result in poor specificity, inappropri-
ately capturing as cases subjects with transient symptoms and reactive
conditions, and therefore, resulting in an inflated prevalence estimate.
Similarly, in a population-based community sample, using the same
NPI-to-MBI transformation algorithm, MBI prevalence was 27.6% in
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the cognitively unimpaired and 48.9% in MiCl subjects, again likely
reflecting inflated prevalence estimates.l? It is notable that if MBI
results are to be used to capture an at-risk state, potentially enriched
for biomarker positivity, the operationalization of MBI criteria needs
to yield specific results in an effort to minimize false positives.

To more precisely capture the higher risk MBI group, the MBI
Checklist (MBI-C)2° was developed as an MBI case-ascertainment
instrument. This checklist mandates that later-life symptoms be sus-
tained for at least 6 months and uses language suitable to function-
ally independent community dwelling older adults. In a primary care
validation study, MBI prevalence was 14.2% in MiCl,2! and 5.8% in
SCD.22 These lower frequencies are likely to more accurately repre-
sent the actual prevalence of MBI in such populations, and allow defin-
ing smaller groups with fewer false positives, for which it is easier and
more cost-effective to test for positivity of other biomarkers.

The current study aims to further refine the construct of MBI and
to investigate its neuropathological correlates in cognitively asymp-
tomatic elderly individuals. We tested the hypothesis that elevated
MBI-C scores are associated with early pathological stages of AD by
assessing the relationship between the MBI-C score and AD imaging
biomarkers within the context of the A/T/N classification scheme,23
specifically brain burden of g-amyloid as measured with [18F]AZD4694
(“A”), brain burden of tau as measured with [18F]MK6240 PET (“T”),
and regional gray matter (GM) volume using voxel-based morphome-
try (VBM) (“N”), in a group of cognitively normal elderly participants.

2 | METHODS
2.1 | Participants

For this study, we selected participants with normal cognition (CN;
n = 96) from our Translational Biomarkers of Aging and Dementia
(TRIAD) cohort (triad.tnl-mcgill.com). Informed written consent was
obtained for all experimentation in human subjects. All participants
underwent extensive clinical assessments, including neuropsycholog-
ical evaluation, structural MRI, g-amyloid PET with [18F]JAZD4694,
tau PET with [18F]MK6240, and genotyping for APOEe4. All individ-
uals were over the age of 55. CN individuals were defined as having
no objective cognitive impairment, and all were asked to report any
subjective memory complaint in a questionnaire given during screen-
ing. Diagnosis was confirmed by an expert consensus panel of clin-
icians, neuropsychologists, and nurses based on neuropsychological
and imaging data. None of the participants met criteria for any major
neuropsychiatric disorder.

2.2 | Cognitive assessment

Global cognition was evaluated using Mini-Mental State Examination
(MMSE) and clinical dementia rating (CDR). Participants underwent
neuropsychological evaluation of four cognitive domains: (1) language
(Delis-Kaplan executive function system (D-KEFS) Verbal Fluency Test,
Boston Naming Test, Wechsler abbreviated scale intelligence (WASI)-II

Vocabulary Test), (2) visuospatial function (Birmingham object recog-
nition battery (BORB) Object Decision Test, BORB Orientation Test,
WASI-Il Matrix Reasoning), (3) memory (delayed recall trials of the Rey
Auditory Verbal Learning Test, Logical Memory Test, Free and Cued
Selective Reminding Test, Aggie Figure Learning Test, Face-Name
Association Task), and (4) executive function (WAIS-III Digit Symbol
and Digit Span Tests, D-KEFS Color-Word Interference Test, Trail
Making Test). All tests were administered by a neuropsychologist. In
addition, the Geriatric Depression Scale (GDS) and the Generalized
Anxiety Disorder 7 (GAD7) scale results were used to rule out major

depression and anxiety.

2.3 | Assessment of mild behavioral impairment

MBI was assessed using the MBI-C,20 a scale available for use in the
public domain with multiple language versions, including English and
French (freely available at www.MBltest.org). The MBI-C was com-
pleted by the participant’s primary informant, most frequently their
spouse. The MBI-C is a simple scale composed of 34 questions subdi-
vided into five domains: (1) decreased drive and motivation (apathy),
(2) affective dysregulation (mood and anxiety symptoms), (3) impulse
dyscontrol (agitation, impulsivity, and abnormal reward salience), (4)
social inappropriateness (impaired social cognition), and (5) abnormal
perception and thought content (psychotic symptoms). Each question
is answered with “Yes” or “No,” and a severity rating is accorded to each
guestion answered “Yes” of either 1 =mild, 2 = moderate, or 3 =severe.
To be given a “Yes” rating, symptoms must have persisted for at least 6
months, either continuously or intermittently, and represent a marked
change from the normal pattern of behavior. An overall numerical score
can be generated for the MBI-C by summing the severity ratings (with
symptoms rated as “No” having a score of 0). The possible total scores
for the MBI-C range from O to 102. Individual scores for each domain of
the MBI-C can similarly be generated by summing the severity scores
for reported symptoms in each category. A cut-off score of 8.5 on the
MBI-C was used to confer a diagnosis of MBI to participants, based on
a validation study of the MBI-C conducted in people with SCD.22

2.4 | Genetic analyses

Determination of APOE genotypes was performed using the poly-
merase chain reaction amplification technique, followed by restriction
enzyme digestion, standard gel resolution, and visualization processes.
Full details of this procedure can be found elsewhere.24

2.5 | Radiosynthesis

[18F]AZD4694 was prepared by radiofluorination of its corresponding
N-Boc-protected nitro precursor followed by acidic deprotection.?>
[18F]MK 6240 was prepared in one step by the concurrent radiofluori-
nation and thermal deprotection of its corresponding di-Boc-protected

nitro precursor.26-27
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2.6 | MRIacquisition and processing

All participants underwent structural MRI acquisition procedures at
the Montreal Neurological Institute. Images were acquired on a 3T
Siemens Magnetom using a standard head coil. A volumetric magneti-
zation prepared rapid gradient echo (MPRAGE) MRI (repetition time
[TR]: 2300 ms, echo time [TE]: 2.96 ms) sequence was employed to
obtain a high-resolution T1-weighted anatomic image of the entire
brain (9° flip angle, coronal orientation perpendicular to the double
spin echo sequence, and 1 x 1 mm?2 in-plane resolution with 1 mm
slab thickness). T1-weighted MR images were corrected for field dis-
tortions, segmented, non-uniformity corrected, and processed fol-
lowing an optimized VBM protocol. The anatomic images were seg-
mented into probabilistic GM and white matter (WM) maps using
the statistical parametric software (SPM) 12 segmentation tool. Each
GM and WM probability map was then non-linearly registered with
modulation to the Alzheimer disease neuroimaging initiative (ADNI)
(adni.loni.usc.edu) template using Dartel, an algorithm for diffeomor-
phic image registration.2® Images were smoothed with a Gaussian ker-
nel with a full width at half maximum (FWHM) of 8 mm. All images were
visually inspected to ensure proper alignment to the ADNI template.

2.7 | PET acquisition and processing

PET scans were acquired with a Siemens high-resolution research
tomograph. [18FIMK6240 images were acquired between 90 and
110 minutes after an intravenous bolus injection of the tracer.
Scans were reconstructed with the ordered subset expectation max-
imization (OSEM) algorithm on a four-dimensional (4D) volume with
four frames (4 x 300 s).2° [18F]AZD4694 images were acquired
between 40 and 70 minutes post-injection and scans were recon-
structed with the OSEM algorithm on a 4D volume with three frames
(3 x 600 s).27 A 6-minute transmission scan was conducted with
a rotating 137Cs point source at the end of each acquisition for
attenuation correction purposes. All images were subsequently cor-
rected for dead time, decay, and random and scattered coincidences.
A head holder was used to reduce head motion during the scan
time. In addition, possible movements during the scanning proce-
dure were corrected using a coregistration-based method that per-
forms frame realignment and compensates for emission-transmission
mismatches.

Image analysis was performed using our in-house image processing
pipeline. PET images were automatically registered to their corre-
sponding T1-weighted image space, and the T1-weighted images
were linearly and non-linearly registered to the ADNI template space.
Subsequently, a PET non-linear registration was performed using the
linear and non-linear transformations from each T1-weighted image
to the ADNI space and the PET to T1-weighted image registration. The
PET images were spatially smoothed to achieve a final resolution of
8 mm FWHM. [18F]MK6240 standardized uptake value ratio (SUVR)
maps were generated using the inferior cerebellar GM as a reference
region and [18F]AZD4694 SUVR maps were generated using the
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cerebellar GM as a reference region. A global SUVR was estimated
for each participant by averaging the SUVRs from the precuneus,
prefrontal, orbitofrontal, parietal, temporal, anterior, and posterior
cingulate cortices. Amyloid positivity was assessed by visual inspection
of the [18F]JAZD4694 PET scan.

2.8 | Statistical analyses

Descriptive statistics of baseline demographics and scores of the MBI-
C for the sample were summarized using the R Statistical Software
Package (www.r-project.org/). We performed several correlation and
regression analyses to explore the association between total score on
the MBI-C and AD biomarkers, specifically brain g-amyloid and tau bur-
den as determined by [18F]AZD4694 and [18F]MK6240 PET, respec-
tively, and GM volume as measured by VBM. Scores on the MBI-C were
treated in all following analyses as continuous variables. First, Pearson
correlation analyses were performed between total score on the MBI-
C and both global and striatal [18F]AZD4694 SUVRs using the R Sta-
tistical Software Package. Pearson correlation analyses were similarly
performed between the total MBI-C score and global [18F]MK6240
SUVR, as well as [18F]MK6240 SUVR corresponding to stages 1 and
2 of the Braak staging scheme of tau protein distribution.2? Then,
voxel-based analyses of neuroimaging data were carried out using the
VoxelStats toolbox (github.com/sulantha2006/VoxelStats), a MATLAB-
based analytical framework that allows for the execution of voxel-wise
multimodal neuroimaging analyses.3% We employed voxel-based linear
regression models to evaluate the interaction between the total MBI-C
score and p-amyloid and tau deposition in the CN sample. Voxel-based
linear regression models were also used to evaluate the associations
between total score on the MBI-C and regional GM volume. Age, sex,
years of education, and APOEe4 status were used as covariates in all
voxel-based regression analyses. Random field theory3! with a cluster
threshold of P < 0.001 was used to correct all voxel-based regression

analyses for multiple comparisons.

3 | RESULTS
3.1 | Baseline demographic characteristics

Baseline demographics are summarized in Table 1. A total of 96 CN
individuals were included in the present study. Participants were from
57 to 85 years of age.

3.2 | Analysis of MBI based on the MBI-C

MBI-C data were collected for all individuals in the sample. A sum-
mary of MBI-C data can be found in Table 2. Overall, the total
scores of the MBI-C were low, with 58 participants (60.4%) scoring
0. The mean score + SD on the MBI-C was 1.94 + 4.37. The MBI-
C domain with the highest overall score was emotional dysregula-
tion (0.76 + 1.82), whereas the lowest was for abnormal thoughts and


http://adni.loni.usc.edu
http://www.r-project.org/
http://github.com/sulantha2006/VoxelStats

ws | Alzheimer’s &Dementia’

LUSSIER ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

TABLE 1 Baseline demographic characteristics of the sample

N 96
Age, mean (SD) 71.50(5.99)
Male, n (%) 38(39.6)
Education, mean (SD) 15.16 (4.59)
APOE, n (%)

€2/€3 10(10.4)

€3/e3 55(57.3)

£3/e4 25 (26.0)

e4/ed 1(1.0)
MMSE, mean (SD) 28.75(1.38)
CDR, mean (SD) 0.06 (0.16)

TABLE 2 Summary of the MBI-C
Mean (SD)

Total score 1.94 (4.37)
Decreased motivation 0.29(1.14)
Emotional dysregulation 0.76(1.82)
Impulse dyscontrol 0.60(1.79)
Social inappropriateness 0.20(0.64)
Abnormal perception 0.08 (0.54)

perception (0.08 + 0.54). Of the 96 participants, seven (7.29%) reached
the cut-off for a diagnosis of MBI.
3.3 | Pearson’s correlations

Results from Pearson correlation between the total MBI-C score
and global [18F]AZD4694 SUVR showed a moderate positive lin-

ear relationship (R = 0.27, P < 0.0074; Figure 1A). SUVRs for
[18F]AZD4694 were also computed only for the striatum, and results
from Pearson correlation between total MBI-C scores and striatal
[18F]AZD4694 SUVR found a slightly stronger positive correlation
(R = 0.3, P < 0.0028; Figure 1B). None of the Pearson correlation
analyses between total MBI-C score and [18F]MK6240 SUVRs for
global, Braak stage 1, and Braak stage 2 regions reached significance
(Figure 2).

3.4 | Voxel-based regression analyses

Voxel-based linear regression investigating the relationship between
[18F]AZD4694 retention and the total MBI-C score revealed signifi-
cantly positive associations, with higher MBI-C scores being associated
with increased [18F]JAZD4694 retention in the left frontal cortex, the
left posterior cingulate cortex, as well as in subcortical areas includ-
ing the caudate nucleus and the thalamus (Figure 3). Voxel-based
regression analysis between the total MBI-C score and [18F]MK6240
retention did not reveal any significant correlations. Furthermore,
voxel-based linear regression analysis between the regional GM
volume and MBI-C score did not show significant correlation in any
brain region.

4 | DISCUSSION

We performed an exploratory study of the associations between
MBI and AD pathology in the context of the A/T/N scheme for AD
biomarkers in cognitively unimpaired individuals. With regards to the
p-amyloid biomarker category, we found that higher MBI-C scores
predicted higher p-amyloid PET uptake in the left frontal cortex, left

posterior cingulate cortex, left caudate nucleus, and left thalamus. This
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FIGURE 1 Pearson correlations between [18F]AZD4694 SUVR and total MBI-C score. Scatter plots representing total MBI-C scores and
global (A) and striatal (B) [18F]JAZD4694 SUVR values with results of Pearson correlations in CN individuals (n = 96)
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FIGURE 2 Pearson correlations between [18F]MK6240 SUVR and total MBI-C score. Scatter plots representing total MBI-C scores and global
(A), Braak stage 1 (B), and Braak stage 2 (C) [18F]MK6240 SUVR values with results of Pearson correlations in CN individuals (n = 96)

t-value

FIGURE 3 Voxel-based regression analyses between [18F]AZD4694 retention and total MBI-C score. Images of voxel-based statistical
parametric maps (left-to-right: horizontal, left medial, coronal) overlaid on a template structural MRI scan show significant correlation between
mild behavioral impairment checklist (MBI-C) total score and [18F]AZD4694 retention. Voxel-based analyses were corrected for age, gender,
education, and APOEe4 status, and were corrected for multiple comparisons using random field theory at P < 0.001

suggests a link between MBI and increased amyloid pathology, rep-
resenting preclinical AD in the A/T/N framework. The areas in which
we found the strongest associations between elevated MBI-C scores
and p-amyloid PET uptake correspond to regions that are known to
exhibit amyloidosis in the first phases of hierarchical amyloidosis in

AD, specifically the neocortex, including frontal neocortex, followed

by the striatum.3233 This further strengthens the hypothesis of a
link between MBI and early AD-related pathological changes. Our
findings extend previous research demonstrating that certain NPS
such as anxiety are associated with subcortical amyloidosis,3* as well
as previous reports on the associations between NPS such as apathy

and anxiety and p-amyloid deposition in the frontal and cingulate
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cortices.>? Our results are further supported by reports linking NPS
with neurobiological correlates in frontal-subcortical circuits in AD.3°
Investigation of the association between MBI-C score and the
tau biomarker category, specifically [18FIMK6240 uptake, led to no
significant associations in global or voxel-wise analyses. We, therefore,
suggest that in cognitively normal elderly individuals, MBI is not asso-
ciated with increased amounts of tau PET uptake, a reliable marker of
tau pathology in AD. This result is not unexpected, as significant tau
aggregation is rarely observed in cognitively unimpaired individuals.
Indeed, this serves to strengthen our original hypothesis by demon-
strating that MBI is associated with early and not with later-stage AD
pathophysiology. With regard to the neurodegeneration biomarker
category, in this case, regional GM volume, we show that VBM analysis
of MRI data indicated no significant correlations between GM volume
and MBI-C score. Although previous research reveals many associa-

36-38 our result

tions between NPS and GM atrophy in AD populations,
is expected for our cognitively normal population, given the lack of
association between MBI and tau burden, and the temporal ordering
of AD-related pathologies.23

To our knowledge, our study is the first to assess the association
between imaging markers of AD and MBI using an appropriate case
ascertainment instrument, the MBI-C. We present in vivo evidence
that MBI is linked to early AD pathology, specifically g-amyloid pathol-
ogy, in pre-clinical AD populations. Together, our results suggest that
MBI, as measured by the MBI-C, may be used as an indicator of the pre-
clinical stages of dementia and as a non-cognitive marker of neurode-
generative disease, further validating the research or clinical use of this
diagnostic entity. Our results are concordant with those of previous
studies associating MBI with incident cognitive decline and increased
risk for progressing to dementia.3?4% Our suggestion that the MBI-C
detects preclinical AD pathophysiology in advance of cognitive decline
provides compelling evidence for clinicians and researchers to use the
MBI-C as a screening tool for the enrichment of disease-modifying clin-
ical trial cohorts, allowing for less expensive, more targeted case detec-
tion, and potentially addressing the poor recruitment and retention of
early phaseillness that has contributed to clinical trial failures. Further-
more, preliminary and simpler detection of preclinical AD may allow
for earlier intervention with agents that either reduce amyloid, prevent
tau hyperphosphorylation, or modify the amyloid-mediated generation
of tangles.

The present study has methodological limitations that must be
acknowledged. To begin with, MBI-C scores were obtained through
the independent completion of the MBI-C by the study participant’s
informant, following given instructions. As a result, there is likely con-
siderable variability in the reporting and scoring of behavioral symp-
toms, with certain persons considering some behavioral symptoms to
be normal and not worthy of being reported, whereas others rating a
behavioral symptom as much more severe than others. This is further
influenced by who the participant’s informant is (ie, their spouse,
friend, child, neighbor, and so on) as well as how much time they spend
with the participant, ultimately affecting their ability to determine if a
certain behavior in the participant was sustained or intermittent for a
period of at least 6 months. This is a further source of variation in our

primary MBI measure, the MBI-C score, and affects our results. The
MBI-C has since been validated for self-report,*! and further iterations
of this study can include MBI-C self-report to determine validity versus
the traditional informant-based NPS approach. Another limitation to
our study is the lack of longitudinal data for both the MBI-C and for
PET acquisitions. Further investigation of MBI should incorporate lon-
gitudinal data in order to determine the ability of the MBI-C to predict
changes in AD pathophysiology, and outcomes from this study would
prove valuable in cementing the MBI syndrome as a prodromal stage
of AD dementia as well as encourage its use in clinical settings and in
treatment research. In addition, the sample size utilized in this analysis
might have contributed to the negligible association between MBI-C
score and tau burden. Finally, as we concentrated on evaluating mark-
ers for AD only, we have no way of estimating the specificity of this test
for AD detection when other neurodegenerative conditions might be
present.

In conclusion, our study supports the conceptual framework in
which MBI, measured by the MBI-C, constitutes an early clinical man-
ifestation of AD pathophysiology, before cognitive decline is detected.
This study contributes to establishing MBI as a preclinical stage of
dementiain some and may contribute to an expanded use of MBI-C as a
tool for disease-modifying intervention clinical trials in the recruitment
phase of preclinical AD populations.

ACKNOWLEDGMENTS

The authors thank all participants of the present study as well as
all members of staff of the McGill Center for Studies in Aging for
their role in data collection. The authors also thank Dean Jolly,
Alexey Kostikov, Monica Samoila-Lactatus, Karen Ross, Mehdi Boud-
jemeline, and Sandy Li for their assistance with radiochemistry

production.

CONFLICT OF INTEREST

FZL, TAP,MC, JT, CT, MS, MSK, SM, ALB, M.P, EMT, MS,,
LAD., GM, JPS, LT, PV, Z.l, and P.R.N. have no conflicts of interest
to disclose. S.G. has received honoraria for serving on the scien-
tific advisory boards of Alzheon, Axovant, Lilly, Lundbeck, Novartis,
Schwabe, and TauRx and on the Data Safety Monitoring Board of a
study sponsored by Eisai and studies run by the Alzheimer’s Disease
Cooperative Study and by the Alzheimer’s Therapeutic Research

Institute.

FUNDING INFORMATION

This work was supported by the Weston Brain Institute, the Cana-
dian Institutes of Health Research (grant number MOP-11-51-31),
the Fonds de Recherche du Québec (2020-VICO-279314), and the

Canadian Consortium on Neurodegeneration in Aging.

REFERENCES

1. Gauthier S, Albert M, Fox N, et al. Why has therapy development
for dementia failed in the last two decades? Alzheimers Dement.
2016;12:60-64.



LUSSIER ET AL.

Alzheimer’s &Dementia® | 199

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mortby ME, Black SE, Gauthier S, et al. Dementia clinical trial impli-
cations of mild behavioral impairment. Int Psychogeriatr. 2018;30:171-
175.

. Fischer CE, Ismail Z, Schweizer TA. Impact of neuropsychiatric symp-

toms on caregiver burden in patients with Alzheimer’s disease. Neu-
rodegener Dis Manag. 2012;2:269-277.

. Rosenberg PB, Mielke MM, Appleby BS, Oh ES, Geda YE, Lyketsos CG.

The association of neuropsychiatric symptoms in MCI with incident
dementia and Alzheimer disease. Am J Geriatr Psychiatry. 2013;21:685-
695.

. Bensamoun D, Guignard R, Furst AJ, et al. Associations between neu-

ropsychiatric symptoms and cerebral amyloid deposition in cognitively
impaired elderly people. J Alzheimers Dis. 2015;49:387-398.

. Tekin S, Mega MS, Masterman DM, et al. Orbitofrontal and anterior

cingulate cortex neurofibrillary tangle burden is associated with agita-
tion in Alzheimer disease. Ann Neurol. 2001;49:355-361.

. Ng KP, Pascoal TA, Mathotaarachchi S, et al. Neuropsychiatric symp-

toms predict hypometabolism in preclinical Alzheimer disease. Neurol-
ogy.2017;88:1814-1821.

. Krell-Roesch J, Ruider H, Lowe VJ, et al. FDG-PET and neuropsychiatric

symptoms among cognitively normal elderly persons: the Mayo clinic
study of aging. J Alzheimers Dis. 2016;53:1609-1616.

. Mori T, Shimada H, Shinotoh H, et al. Apathy correlates with prefrontal

amyloid deposition in Alzheimer’s disease. J Neurol Neurosurg Psychia-
try. 2014,;85:449-455.

Krell-Roesch J, Lowe VJ, Neureiter J, et al. Depressive and anxiety
symptoms and cortical amyloid deposition among cognitively nor-
mal elderly persons: the Mayo clinic study of aging. Int Psychogeriatr.
2018;30:245-251.

Babulal GM, Stout SH, Head D, et al. Neuropsychiatric symptoms and
Alzheimer’s disease biomarkers predict driving decline: brief report. J
Alzheimers Dis. 2017;58:675-680.

Bloniecki V, Aarsland D, Cummings J, Blennow K, Freund-Levi Y. Agita-
tion in dementia: relation to core cerebrospinal fluid biomarker levels.
Dement Geriatr Cogn Dis Extra. 2014;4:335-343.

Peters ME, Rosenberg PB, Steinberg M, et al. Neuropsychiatric symp-
toms as risk factors for progression from CIND to dementia. Am J Geri-
atr Psychiatry. 2012;21:1.

Pink A, Stokin GB, Bartley MM, et al. Neuropsychiatric symptoms,
APOE 4, and the risk of incident dementia: a population-based study.
Neurology. 2015;84:935-943.

Ismail Z, Smith EE, Geda Y, et al. Neuropsychiatric symptoms as early
manifestations of emergent dementia: provisional diagnostic crite-
ria for mild behavioral impairment. Alzheimers Dement. 2016;12:195-
202.

Mourik JC, Rosso SM, Niermeijer MF, Duivenvoorden HJ, van Swi-
eten JC, Tibben A. Frontotemporal dementia: behavioral symptoms
and caregiver distress. Dement Geriatr Cogn Disord. 2004;18:299-
306.

Andrews SJ, Ismail Z, Anstey KJ, Mortby M. Association of Alzheimer’s
genetic loci with mild behavioral impairment. Am J Med Genet Part B
Neuropsychiatr Genet. 2018;177:727-735.

Sheikh F, Ismail Z, Mortby ME, et al. Prevalence of mild behavioral
impairment in mild cognitive impairment and subjective cognitive
decline, and its association with caregiver burden. Int Psychogeriatr.
2018;30:233-244.

Mortby ME, Ismail Z, Anstey KJ. Prevalence estimates of mild behav-
ioral impairment in a population-based sample of pre-dementia states
and cognitively healthy older adults. Int Psychogeriatr. 2018;30:221-
232.

Ismail Z, Agliera-Ortiz L, Brodaty H, et al. The mild behavioral impair-
ment checklist (MBI-C): a rating scale for neuropsychiatric symptoms
in pre-dementia populations. J Alzheimers Dis. 2017;56:929-938.
Mallo SC, Ismail Z, Pereiro AX, et al. Assessing mild behavioral impair-
ment with the mild behavioral impairment-checklist in people with
mild cognitive impairment. J Alzheimers Dis. 2018;66:83-95.

22

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

. Mallo SC, Ismail Z, Pereiro AX, et al. Assessing mild behavioral impair-
ment with the mild behavioral impairment checklist in people with sub-
jective cognitive decline. Int Psychogeriatr. 2019;31:231-239.

Jack CR, Bennett DA, Blennow K, et al. A/T/N: an unbiased descrip-
tive classification scheme for Alzheimer disease biomarkers. Neurology.
2016;87:539-547.

Saykin AJ, Shen L, Yao X, et al. Genetic studies of quantitative MCl and
AD phenotypes in ADNI: progress, opportunities, and plans. Alzheimers
Dement. 2015;11:792-814.

Cselenyi Z, Jonhagen ME, Forsberg A, et al. Clinical validation of
18F-AZD4694, an amyloid- -specific PET radioligand. J Nucl Med.
2012;53:415-424.

Hopewell R, Ross K, Kostikov A, et al. A simplified radiosynthesis
of [18F]MK-6240 for tau PET imaging. J Labelled Comp Radiopharm.
2019;62:109-114.

Pascoal TA, Shin M, Kang MS, et al. In vivo quantification of neurofibril-
lary tangles with [18F]MK-6240. Alzheimers Res Ther. 2018;10:74.
Ashburner J. A fast diffeomorphic image registration algorithm. Neu-
roimage. 2007;38:95-113.

Braak H, Braak E. Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. 1991;82:239-259.

Mathotaarachchi S, Wang S, Shin M, et al. VoxelStats: a MATLAB pack-
age for multi-modal voxel-wise brain image analysis. Front Neuroinform.
2016;10:20.

Worsley KJ, Taylor JE, Tomaiuolo F, Lerch J. Unified univariate and mul-
tivariate random field theory. Neuroimage. 2004;23:5189-5195.

Thal DR, Riib U, Orantes M, Braak H. Phases of a beta-deposition in the
human brain and its relevance for the development of AD. Neurology.
2002;58:1791-1800.

Hanseeuw BJ, Betensky RA, Mormino EC, et al. PET staging of amyloi-
dosis using striatum. Alzheimers Dement. 2018;14:1281-1292.
Hanseeuw BJ, Jonas V, Jackson J, et al. Association of anxiety with sub-
cortical amyloidosis in cognitively normal older adults. Mol Psychiatry.
2018. https://doi.org/10.1038/s41380-018-0214-2

Tascone LDS, Bottino CMC. Neurobiology of neuropsychiatric symp-
toms in Alzheimer’s disease: a critical review with a focus on neu-
roimaging. Dement Neuropsychol. 2013;7:236-243.

Bruen PD, McGeown WJ, Shanks MF, Venneri A. Neuroanatomical cor-
relates of neuropsychiatric symptoms in Alzheimer’s disease. Brain.
2008;131:2455-2463.

Hu X, Meiberth D, Newport B, Jessen F. Anatomical correlates of the
neuropsychiatric symptoms in Alzheimer’s disease. Curr Alzheimer Res.
2015;12:266-277.

Tascone LDS, Payne ME, MacFall J, et al. Cortical brain volume abnor-
malities associated with few or multiple neuropsychiatric symptoms in
Alzheimer’s disease. PLoS One. 2017;12:1-18.

Taragano FE, Allegri RF, Krupitzki H, et al. Mild behavioral impairment
and risk of dementia: a prospective cohort study of 358 patients. J Clin
Psychiatry. 2009;70:584-592.

Creese B, Brooker H, Ismail Z, et al. Mild behavioral impairment as a
marker of cognitive decline in cognitively normal older adults. Am J
Geriatr Psychiatry. 2019;27:823-834.

Creese B, Griffiths A, Brooker H, et al. Profile of Mild Behav-
joral Impairment and Factor Structure of the Mild Behavioral
Impairment Checklist in Cognitively Normal Older Adults. 2019.
http://doi.org/10.31234/osf.io/jhx5k

How to cite this article: Lussier FZ, Pascoal TA, Chamoun M,
et al. Mild behavioral impairment is associated with g-amyloid
but not tau or neurodegeneration in cognitively intact elderly
individuals. Alzheimer’s Dement. 2020;16:192-199.
https://doi.org/10.1002/alz.12007



https://doi.org/10.1038/s41380-018-0214-2
http://doi.org/10.31234/osf.io/jhx5k
https://doi.org/10.1002/alz.12007

