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Abstract

Background Mild behavioral impairment (MBI) has been commonly reported in early Alzheimer’s disease (AD)

but rarely using biomarker-defined samples. It is also unclear whether genetic polymorphisms influence MBI in such
individuals. We thus aimed to examine the association between the cognitive status of participants (amnestic mild
cognitive impairment (aMCI-AD) vs cognitively normal (CN) older adults) and MBI severity. Within aMCI-AD, we further
examined the association between APOE and BDNF risk genetic polymorphisms and MBI severity.

Methods We included 62 aMCI-AD participants and 50 CN older adults from the Czech Brain Aging Study. The
participants underwent neurological, comprehensive neuropsychological examination, APOE and BDNF genotyp-
ing, and magnetic resonance imaging. MBI was diagnosed with the Mild Behavioral Impairment Checklist (MBI-C),
and the diagnosis was based on the MBI-C total score > 7. Additionally, self-report instruments for anxiety (the Beck
Anxiety Inventory) and depressive symptoms (the Geriatric Depression Scale-15) were administered. The participants
were stratified based on the presence of at least one risk allele in genes for APOE (i.e., e4 carriers and non-carriers)
and BDNF (i.e,, Met carriers and non-carriers). We used linear regressions to examine the associations.

Results MBI was present in 48.4% of the aMCI-AD individuals. Compared to the CN, aMCI-AD was associated

with more affective, apathy, and impulse dyscontrol but not social inappropriateness or psychotic symptoms. Further-
more, aMCI-AD was related to more depressive but not anxiety symptoms on self-report measures. Within the aMCl-
AD, there were no associations between APOE e4 and BDNF Met and MBI-C severity. However, a positive association
between Met carriership and self-reported anxiety appeared.

Conclusions MBI is frequent in aMCI-AD and related to more severe affective, apathy, and impulse dyscontrol symp-
toms. APOE and BDNF polymorphisms were not associated with MBI severity separately; however, their combined
effect warrants further investigation.
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Background

Alzheimer’s disease (AD) is characterized by progres-
sive cognitive decline and loss of functional capacity at
the stage of dementia [1]. In its prodromal stage, mild
cognitive impairment (MCI), there is already objective
evidence of cognitive impairment, but daily functioning
is generally preserved [2]. To refine the MCI due to AD
clinical diagnosis, AD biomarkers are used. Evidence of
B-amyloid pathology is essential to the diagnosis of Alz-
heimer’s pathological change and can be measured in
the cerebrospinal fluid (CSF) or by p-amyloid positron
emission tomography (PET) imaging. This move to a
biological definition is also reflected in the AT(N) diag-
nostic criteria [3].

It is now recognized that neuropsychiatric symptoms
(NPS), i.e., various disturbances of mood, perception,
and behavior, are also a common manifestation of AD,
emerging already before dementia onset [4]. In MCI,
NPS have been associated with faster progression to
dementia [5] and higher caregiver burden [6]. Their
early and accurate detection is therefore highly clini-
cally relevant.

The concept of mild behavioral impairment (MBI)
has been developed to help identify NPS that may rep-
resent behavioral sequelae of preclinical AD and MCI
due to AD. MBI is a neurobehavioral syndrome describ-
ing new-onset, persistent, and impactful NPS in older
adults as a high-risk state for incident cognitive decline
or progressing to dementia, which may be attributable
to neurodegenerative processes [7]. The Mild Behavioral
Impairment — Checklist (MBI-C) is an instrument cre-
ated to detect MBI and assess the severity of a wide spec-
trum of NPS observed in this population [8], and it has
been validated for the use in individuals with subjective
cognitive decline and MCI [9-11].

Previous studies on NPS in preclinical AD and MCI
due to AD often used instruments developed for assess-
ing older adults with dementia, such as the Neuropsychi-
atric Inventory (NPI) [12, 13]. Although the NPI [14] is
well-established and widely used, it might lack sufficient
sensitivity to capture NPS in subjective cognitive decline
or MCI populations. Other widely used NPS instruments
include the Geriatric Depression Scale-15 item version
(the GDS-15) [15] and the Beck Anxiety Inventory (BAI)
[16], which are specific self-report instruments contin-
gent on good comprehension and insight of the patients.
A variety of NPS instruments used across studies may
also account for inconsistency in relationships between
NPS and AD biomarkers in the early stages of AD, high-
lighting the need for a more sensitive instrument [17, 18].
The MBI-C represents such an instrument to capture
early, low-severity NPS typically found in populations at
risk of dementia, which specifically operationalizes MBI
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criteria by stipulating symptoms are later-life emergent
and persistent.

Studies on MBI in MCI from both community and
clinical populations report symptoms of affective dys-
regulation, impulse dyscontrol, and apathy as the most
common, while psychotic symptoms are rare [19, 20].
Although MBI in these studies was derived from the
scores on the NP, these findings were consistent with a
later study using the MBI-C [10]. However, the etiology
of the MCI was not specified in any of the studies. There-
fore, while there is accumulating evidence supporting
MBI as a manifestation of AD [21], the prevalence of MBI
and the typical symptoms in biomarker-defined MCI due
to AD remain to be elucidated.

Various causative mechanisms of NPS in AD have
been proposed, including the neurodegenerative pro-
cess, shared genetic and/or environmental risk factors
or confounding, or a psychological reaction to perceived
cognitive or functional decline [22]. Exploring their con-
tribution is essential so that an appropriate treatment can
be applied. There are several genetic risk factors that are
known to influence the onset and progression of AD, but
their role in NPS is still unclear.

Apolipoprotein (APOE) €4 is an established genetic
risk factor for late-onset AD [23, 24] and has been shown
to influence not only the age of onset and rate of progres-
sion, but also the clinical phenotype [25-27]. Previous
studies in AD dementia did not find consistent results
regarding the role of APOE in NPS [28-30]. A recent sys-
tematic review and meta-analysis concluded that there
was no association between APOE and the most com-
mon NPS in MCI and AD dementia; however, the vast
majority of the participants had dementia, and the bio-
marker diagnoses were lacking [31]. On the other hand,
evidence from cognitively healthy older adults suggests
that APOE e4 carriage was associated with more severe
self-reported depressive and anxiety symptoms irrespec-
tive of f-amyloid and more severe anxiety in B-amyloid
positive individuals [32]. Regarding MBI, the evidence so
far is scarce. One study reported an association of APOE
e4 allele with affective dysregulation in non-demented
older adults [33]. Another study found APOE to be an
important moderator of progression to dementia among
cognitively normal and MCI individuals with apathy
domain [34]. Altogether, these studies suggest that the
effect of APOE on NPS is possibly best captured before
the dementia onset.

The brain-derived neurotrophic factor (BDNF) gene
encodes the neurotrophin essential for neuronal growth,
synaptogenesis, and experience-dependent synaptic
plasticity [35]. The BDNF Val66Met is a risk gene poly-
morphism that adversely influences the clinical progres-
sion of AD [35], and it is also a risk factor for late-life
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depression [30, 36]. Despite these findings as well as the
notion that late-life depression and depressive symp-
toms may represent a prodromal feature of AD [37-39],
the association between BDNF and NPS has rarely been
studied in the context of AD. Few studies found that
the BDNF Met allele is found more often in individuals
with AD dementia with depression compared to those
without depression [40, 41]. Cognitively normal older
women with BDNF Met reported more severe depres-
sive symptoms compared to Val/Val carriers [32], which
has been later observed to persist over time [42]. To our
knowledge, no study has explored this risk in MCI due to
AD. Moreover, the effect of BDNF Met is predominantly
focused on depression, while the effect on other NPS
remains understudied. One study found no associations
between three BDNF polymorphism groups and NPS in
amnestic MCI and AD dementia, although plasma BDNF
level correlated with aggressiveness [43]. However, the
study used Behave-AD, a measure developed to capture
NPS occuring in the dementia stage.

Several studies have demonstrated a synergic deleteri-
ous effect of APOE e4 and BDNF Met genotypes on cog-
nition [44, 45]. However, their synergic effect on the NPS
is not yet known.

In our previous study, we reported an association
between higher MBI-C severity and medial temporal
lobe atrophy in a mixed sample of non-demented older
adults with no biomarker evidence [46]. Building on our
previous findings, in this study, we examined the associa-
tion between the cognitive status of participants (amnes-
tic MCI due to AD vs cognitively normal older adults)
and the informant-rated MBI-C, the GDS-15, and the
BAIL We expected that individuals with aMCI due to AD
would have a higher severity of affective dysregulation,
apathy, and impulse dyscontrol symptoms compared to
cognitively normal older adults. Within aMCI due to AD,
we further examined the potential influence of APOE and
BDNF risk gene polymorphisms on MBI-C severity. We
hypothesized that the presence of APOE and BDNF risk
genetic polymorphisms would be associated with more
severe MBI symptoms in aMCI due to AD individuals
compared to non-carriers of these polymorphisms and
that the interaction between APOE and/or BDNF poly-
morphisms would be significantly associated with MBI-C
severity.

Methods

Participants

A total of 112 participants were recruited from the Czech
Brain Aging Study, an ongoing longitudinal, observa-
tional, memory clinic-based study aimed at detecting
early changes associated with pathological brain aging
[47]; they were recruited from both Memory Clinics in
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Prague (n=89) and Brno (n=23). Participants with sub-
jectively perceived cognitive complaints were referred
to the Memory Clinic by general practitioners or other
specialists. All participants underwent a standard diag-
nostic workup including neurological and laboratory
evaluations, comprehensive neuropsychological exami-
nation, genotyping, and magnetic resonance imaging
(MRL 1.5 or 3 T with MP RAGE sequences). The cogni-
tive status was established by cognitive neurologists and
neuropsychologists based on clinical data, information
provided by participants and their informants, and neu-
ropsychological assessment (specified below). Individu-
als met the criteria for MCI according to NIA-AA 2011
criteria [2] based on (1) subjectively perceived cognitive
decline compared to a previously normal status, (2) neu-
ropsychologically confirmed objective cognitive impair-
ment below 1.5 SD on at least two tests within a domain
in at least one of five established cognitive domains, (3)
preservation of independence in functional abilities (as
confirmed in the clinical interviews), and (4) absence of
dementia. All MCI participants underwent either lum-
bar puncture (n=21), f-amyloid PET (n=25), or both
(n=16) and had a positive AD biomarker signature
based on either CSF and/or visual rating of a B-amyloid
PET scan (see the procedures described below). In case
of CSF/PET discordance (=1, due to a borderline
B-amyloid level in CSF), the AD biomarker positivity
was established using PET. Further, they had evidence of
medial temporal lobe atrophy on MRI, rated visually by
a trained cognitive neurologist. Only the amnestic type
of MCI (aMCI), both single domain (#=16) and multi-
ple domain (n=46), was included in the present study;
we have decided not to include non-amnestic MCI par-
ticipants due to their low number and atypical clinical
profile (i.e., primary progressive aphasia or frontal vari-
ant of AD). This process resulted in including a total of 62
aMCI participants with a high likelihood of underlying
AD pathology [2], further referenced as aMCI-AD.

Fifty cognitively normal older adults (CN) were
recruited from the University of the Third Age or the
patients’ relatives; they did not report significant subjec-
tive cognitive complaints for which they had ever sought
medical attention; they had no evidence of brain atrophy
or significant vascular changes (Fazekas>2) on MR, and
their performance on neuropsychological testing was
within normal limits. The demographic characteristics of
all participants are presented in Table 1.

Exclusion criteria

The exclusion criteria were (1) a diagnosis of dementia
and (2) the presence of other neurologic or psychiatric
disease (e.g., Parkinson’s disease, traumatic brain injury,
stroke, alcohol or substance abuse, severe brain vascular
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Table 1 Demographic, genetic, and neuropsychological characteristics of the participants

CN,n=50,M+SD aMCI-AD, n=62, M+SD

Demographic characteristics

Age’ 67.30+6.50 7234+496"
Female, n (%)° 37 (74) 30 (484)"
Education, years® 16.12+2.32 15.27+2.89
Genetic characteristics
APOE e4 +, n (%) - 45 (726)"
BDNF Met+, n (%) - 20 (32.3)'
Neuropsychological characteristics
MMSE, score® 29.16+0.87 2548+245"
RAVLT 1-5, score® 56.28+7.72 3252+824"
RAVLT delayed recall, score® 11.84£2.10 281+303"
LM delayed recall, score® 17.48+3.21 381+431"
ROCF recall, score® 19.82+6.30 6704565
ROCF copy, score® 31.09+2.93 2633+686"
Digit span, score® 14.04+4.49 14.03+3.61
TMT A, time to completion (s)° 391541259 575042969
TMT B, time to completion (s)° 77.86+25.08 173.77+8476"
PST® 26.84+6.40 4742422917
P-VF, score’ 511441228 4035+11.86"
C-VF animals, score® 27.88+561 1848+4.94"
BNT-30, errors after a semantic cue® 142+2.00 465+300"

Abbreviations: CN Cognitively normal older adults, aMCI-AD Amnestic mild cognitive impairment due to Alzheimer’s disease - high likelihood, MMSE Mini-Mental State
Examination, APOE Apolipoprotein E, BDNF Brain-derived neurotrophic factor, LM Logical memory, RAVLT Rey Auditory Verbal Learning Test, TMT Trial Making Test, BNT
(30) Boston Naming Test — 30-item version, C-VF Category verbal fluency, P-VF Phonemic verbal fluency - letters N, K, P, PST Prague Stroop Test, ROCF Rey-Osterrieth
complex figure, M Mean, SD Standard deviation

" Difference from the CN group at p<0.01

" Difference from the CN group at p < 0.001

The information on APOE was missing for 1 participant. There were 37 e4 heterozygotes and 8 e4 homozygotes

" The information on BDNF was missing for 10 participants. There were 18 Met heterozygotes and 2 Met homozygotes
2 t-test

b Chi-square

burden (Fazekas>2 on MRI), current major psychiat-
ric disorder or a history of major psychiatric disorder as
confirmed by clinical interviews).

Neuropsychological assessment

The neuropsychological battery included the Mini-
Mental State Examination (MMSE) as a screening of
global cognitive function and the following tests to
assess five cognitive domains [2]: (1) memory by the
Rey Auditory Verbal Learning Test, Logical Memory
from the Uniform Data Set, and Rey-Osterrieth Com-
plex Figure Test (recall after 3 min); (2) executive
function by the Trail Making Test B, phonemic ver-
bal fluency—letters N, K, and P, and Prague Stroop
test — colors; (3) language by the Boston Naming Test
30-item version and category verbal fluency — animals;
(4) attention and working memory by the Trail Making

Test A and Digit Span forward and backward from the
Uniform Data Set; and (5) visuospatial function by the
Rey-Osterrieth Complex Figure Test (copy) [48—51]. All
scores are presented in Table 1.

Neuropsychiatric assessment

The MBI-C, used in this study, is a 34-item rating scale
designed to assess neuropsychiatric symptoms in older
adults without dementia [8], which has been validated
in individuals with subjective cognitive decline [11] and
MCI [10]. It evaluates five behavioral domains in line
with the MBI criteria: decreased motivation (apathy),
affective dysregulation (mood/anxiety), impulse dyscon-
trol, social inappropriateness, and abnormal perception
and thought content (psychotic symptoms). Each item
is evaluated by the presence (yes/no) and severity of the
symptoms (1, mild; 2, moderate; 3, severe).
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The Czech version of the MBI-C [52] was completed by
a participant’s close informant (a spouse/partner, a child,
or another relative). A total score as well as five domain
scores were calculated as a sum of the corresponding
item severity ratings resulting in the MBI-C total score
(0-102), decreased motivation score (0—18), affective dys-
regulation score (0-18), impulse dyscontrol score (0-36),
social inappropriateness score (0-15), and abnormal
perception and thought content score (0—15). Z-scores
were calculated for the MBI-C total score and all the
domain scores for the whole cohort. Participants with
four or more missing items on the MBI-C were excluded.
In case of three or fewer missing items, both total and
domain scores were calculated without these items. The
MBI diagnosis was based on the validated cutoffs of>9
and>7 for MBI in SCD and MCI, respectively [10, 11].
Across studies, other different cutoffs for MBI for cog-
nitively normal or MCI have also been used, generally
trending towards using a lower cutoff [9, 53-55]. To
allow for comparison with such studies, we subsequently
used a cutoff of>7 and an experimental cutoff of>6
for MBI for both groups for exploratory analysis of the
MBI prevalence. In addition, two self-report instruments
were administered to all the participants, the GDS-15 to
measure depressive symptoms [15] and the BAI to meas-
ure anxiety symptoms [16]. Although these instruments
are not specific to dementia, they have been commonly
used in this population [56]. Based on these instruments,
the GDS-15 total score (0—15) and BAI total score (0—66)
were generated. The scores are presented in Table 2.
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Genotyping

To determine the APOE genotype, DNA was isolated
from blood samples (ethylenediaminetetraacetic acid;
Qiagen extraction), and genotyping was performed
according to Idaho-tech protocol (Luna Probes Geno-
typing Apolipoprotein [ApoE] Multiplexed Assay) for
high-resolution melting analysis (HRM) [57, 58]. We
developed an HRM analysis for the detection ofrs6265
(G196A) in the BDNF gene [44].

APOE and BDNF genotypes were available for 61
and 52 aMCI participants, respectively. The aMCI-AD
participants were stratified based on the presence of
at least one APOE and BDNF risk allele: for APOE, e4
heterozygotes (n=37) and homozygotes (n=8) were
pooled into a group of e4 carriers (e4+; n=45), and the
rest of the participants represented non-carriers (e4 —;
n=16). Participant with aMCI-AD carrying APOE e2
allele (n=1) was not included. Similarly, for BDNF, Met
heterozygotes (n=18) and homozygotes (n=2) were
pooled into a group of Met carriers (Met+; n=20), and
the rest of the participants represented non-carriers
(Met—; n=32).

Cerebrospinal fluid analysis of AD biomarkers

The CSF samples were obtained by lumbar puncture with
an atraumatic needle in the lying position. The first 3 ml
of CSF was used for routine analysis, and the remaining
10 ml of CSF was centrifuged and stored at—80 °C 30
min after the puncture. CSF collection, processing, and
archiving were performed in accordance with European

Table 2 Neuropsychiatric characteristics of the participants and the associations with cognitive status

Neuropsychiatric characteristics (range) Unstandardized beta coefficients p-value
controlling for age and sex (95% Cl)
CN,n=50,M+SD aMCI-AD, n=62, M+SD
MBI-C total (0-102) 1.00+1.82 (0-6) 8.13+8.63 (0-43) 3.33(1.96-4.71) <0.001
MBI-C decreased motivation (0-18) 0.20+0.53 (0-3) 2.03+2.79(0-13) 0.88 (0.44-1.32) <0.001
MBI-C affective dysregulation (0-18) 0.27+0.58 (0-2) 245+262(0-11) 1.13(0.71-1.54) <0.001
MBI-C impulse dyscontrol (0-36) 048+0.95 (0-3) 2.98+3.59(0-18) 1.13 (0.55-1.70) <0.001
MBI-C social inappropriateness (0-15) 0.08+0.44 (0-3) 0.32+0.72 (0-3) 0.10 (—=0.03-0.23) 0.123
MBI-C abnormal perception/thought (0-15)  0.06+0.31 (0-2) 0.34+1.13 (0-6) 0.10 (—0.08-0.28) 0.290
GDS-15 (0-15) 1.36+1.87(0-8) 2.63+2.07 (0-10) 0.61(0.19-1.03) 0.005
BAI (0-66) 6.43+5.99 (0-10)° 7.84+7.25(0-30) 0.81 (-0.60-2.22) 0.256
MBI diagnosis, n (%) 0(0)° 30 (48,4)°
3(6¢ 33 (5321

Abbreviations: MBI-C Mild behavioral impairment — checklist, MBI Mild behavioral impairment, CN Cognitively normal older adults, aMCI-AD Amnestic mild cognitive
impairment due to Alzheimer’s disease - high likelihood, GDS-15, Geriatric Depression Scale-15 items, BAl Beck Anxiety Inventory, C/ Confidence interval, M Mean, SD

Standard deviation

2 n=49; for ne CN participant, the BAl was missing

b According to the validated cutoff > 9 for MBI in SCD (Mallo et al., 2018b)
€ According to the validated cutoff > 7 for MBI in MCI (Mallo et al., 2018a)

d According to the experimental cutoff>6
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recommendations [59]. f-Amyloid; ,, in CSF was ana-
lyzed using a commercial ELISA kit (Euroimmun) in the
Cerebrospinal Fluid Laboratory, Institute of Immunology
and Department of Neurology, Second Faculty of Medi-
cine, Charles University and Motol University Hospital.

Amyloid PET imaging

The PET images were acquired using a Biograph 40
TrueV HD PET/CT scanner (Siemens Healthineers AG,
Erlangen, Germany) in the Department of Nuclear Medi-
cine and PET Centre, Na Homolce Hospital. The partici-
pants received a single intravenous dose of flutemetamol
(18F; Vizamyl, GE Healthcare, Chicago, IL). Non-con-
trast low-dose CT brain images were acquired for attenu-
ation correction prior to the PET scans. A PET list-mode
acquisition was performed in two phases: early (perfu-
sion) and late (B-amyloid). The early-phase images were
acquired at the time of flutemetamol (18F) administra-
tion for 8 min and rebinned into dynamic datasets of
2x4 min for motion checking. The late-phase images
were acquired 90 min after flutemetamol (18F) admin-
istration for a total of 10 min (2% 5 min). Flutemetamol
(18F) PET images were visually read (as positive or nega-
tive) by a certified nuclear medicine specialist using the
GM-EDGE method [60].

Statistical analysis

Descriptive statistics were provided to characterize the
sample using means and standard deviations (Table 1).
We used ¢-tests and chi-square tests to explore the
between-group differences in demographic and neu-
ropsychological characteristics. We then estimated the
association between our main independent variable—
cognitive status (aMCI-AD or CN), and one of our out-
comes—the MBI-C total score, MBI-C subdomains,
GDS-15, and BAI—using multiple linear regression, con-
trolling for the effects of age and sex (Table 2). Because
the groups did not differ in years of education, education
was not considered as a covariate in these analyses.

Next, we restricted the sample to aMCI-AD only and
examined APOE e4+and BDNF Met+in relation to
MBI-C total score (Additional file 1: Table S1, Model 1.1,
1.2), MBI-C domain scores (Additional file 1: Tables S2.1-
S2.3), GDS-15 (Additional file 1: Table S3, Model 3.1,
3.2), and BAI (Additional file 1: Table S4, Model 4.1, 4.2)
using a multiple linear regression controlling for age, sex,
and MMSE score. Then, we added an interaction term
(of APOE-by-BDNF) to these models (models 1.3, 2.3.1-
2.3.5, 3.3, and 4.3).

For detailed results of the genetic analyses, see Additional
file 1: Tables S1-S4 published as supplementary material.
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Results

The demographic, neuropsychological, and neuropsy-
chiatric characteristics of the CN (»=50) and aMCI-AD
(n=62) groups are presented in Table 1. All participants
were Caucasian. The aMCI-AD individuals were older,
and there were fewer women compared to CN individ-
uals. The groups did not differ in years of education. In
terms of their cognitive functioning, as expected, aMCI-
AD performed worse in all the neuropsychological tests
except the Digit Span. Among AD aMCI participants, 15
(24%) were taking antidepressants (SSRI) and 23 (21%)
were taking cognitive-enhancing medication (cholinest-
erase inhibitors: n=22; memantine: n=1; their combina-
tion: n=1).

Overall, 28% (14/50 individuals) of the CN and 82%
(51/62 individuals) of the aMCI-AD group had an MBI-C
total score>0. No one from the CN group met the cri-
teria for MBI (defined as MBI-C total score>9 based on
the validated cutoff for SCD [11]); on the other hand,
48.4% (i.e., 31/62 individuals) of the aMCI-AD group met
the criteria for MBI (defined as MBI-C total score>7
based on the validated cutoff for MCI [10]). Using the
cutoff of >7 for both groups did not change the propor-
tion of MBI in the CN; however, when a lower cutoff
of >6 was applied for both groups, 6% (n=3) of the CN
and 53.2% (n=33) of the aMCI-AD individuals met the
criteria for MBI

The results for the association between cognitive sta-
tus and MBI outcomes are presented in Table 2. Having
aMCI-AD was associated with a 3.33 point higher overall
MBI severity (B=3.33 [1.96, 4.71], p<0.001) than being
cognitively healthy. Specifically, aMCI-AD was associ-
ated with higher affective dysregulation (B=1.13 [0.71,
1.54], p<0.001), apathy (B=0.88 [0.44, 1.32], p<0.001),
and impulse dyscontrol symptoms (B=1.13 [0.55, 1.70],
p<0.001). Cognitive status was not related to social inap-
propriateness or psychotic symptoms (p>0.05). Regard-
ing self-rated NPS instruments, we found that aMCI-AD
was associated with a 0.61-point higher severity of
depression (B=0.61 [0.19, 1.03], p=0.005) compared to
being cognitively healthy, but there was no association
with anxiety severity (based on the GDS-15 and BAI
scores, respectively).

The results for the association between genetic poly-
morphisms (i.e., APOE and BDNF) and NPS outcomes
(i.e., MBI-C total and domain scores, GDS-15, and BAI)
are presented in Additional file 1: Tables S1-54. Regarding
the association between genetic polymorphisms and MBI
severity, we found that neither the APOE e4+nor BDNF
Met+were related to the overall MBI severity in separate
regression models (B=0.52 [-4.78-5.82], p=0.846 and
B=—-1.29 [-6.92-4.34], p=0.646, respectively). Addition-
ally, when entered into the same regression model, neither
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genetic polymorphism was related to MBI severity. The
interaction of both genetic polymorphisms did not relate
significantly to MBI-C total score (B=—-0.40 [-11.89—
12.69], p=0.948) or domain scores (see Additional file 1:
Tables S1 and S2). Similar results were obtained for the
GDS-15 score (p>0.05) (see Additional file 1: Table S3).

We observed no association between APOE
ed+(B=-352 [-7.84-0.80], p=0.108) or BDNF
Met+ (B=3.78 [-0.84-8.40], p=0.107) and the BAI score
and a borderline non-significant association between
APOE*BDNF interaction (B=-9.29 [-18.78-0.20],
p=0.055) and the BAI score. However, our results sug-
gested that Met+was related to a higher BAI score than
e4— /Met —after controlling for age, sex, MMSE score, the
independent effect of APOE e4+, and the APOE*BDNF
interaction (B=10.73 [2.51, 18.94], p=0.012). This model
also offered the best fit (Model 4.3 in the Additional file 1:
Table S4).

Discussion

The main findings of the present study using the inform-
ant-rated MBI-C and two self-rated NPS instruments
are as follows: (1) aMCI due to AD was associated with
more severe symptoms of apathy, affective dysregulation,
and impulse dyscontrol but not socially inappropriate
behavior or psychotic symptoms compared to healthy
controls; (2) almost half of the aMCI due to AD individu-
als fulfilled the criteria for MBI syndrome; (3) neither the
presence of APOE e4 nor BDNF Met was related to MBI
symptom severity in aMCI due to AD individuals; and (4)
there appears to be a positive association between BDNF
Met carriership and BAI score.

Our findings thus complement recent evidence of MBI
in preclinical AD and its association with AD biomark-
ers [61-63] by examining NPS in MCI due to AD and
suggest that its severity is not related to the presence of
APOE e4 or BDNF Met allele.

Almost half of the aMCI-AD participants fulfilled the
criteria for the MBI syndrome (as defined by the vali-
dated MBI-C cutoff>7) [10]. Very few studies to date
examined the MBI with the MBI-C in a memory clinic
sample, but our results are similar to the findings from
previous specialized memory clinic MCI samples from
Canada [9] and Iran [64]. The substantially higher preva-
lence compared to a previous Spanish study [10] is likely
explained by different, more conservative criteria used
for MBI ascertainment in that study, and the fact that
participants were from primary care rather than special-
ist clinics. Using a lower cutoff>6 resulted in a slight
increase in the MBI prevalence both in the aMCI-AD
and CN groups (6% of the individuals of the latter met
the MBI criteria). Evidence shows that MBI can pre-
cede MCI, although with a variable prevalence due to
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heterogeneity in methodology [65]. Thus, observing MBI
in our CN group is not surprising. In fact, these individu-
als could be at higher risk of developing MCI as previous
studies have shown that MBI was related to AD pathol-
ogy in CN older adults [62, 63] and that stratification of
CN older adults based on this cutoff strengthened the
association between genetic risk for AD and poorer cog-
nitive performance [55].

Based on our findings, having aMCI-AD was associ-
ated with greater apathy, affective dysregulation, and
impulse dyscontrol compared to being cognitively nor-
mal, which is in accordance with previous studies using
both MBI-C [9, 10] and NPI to diagnose MBI [19, 20]. A
number of other studies on NPS also support these find-
ings [4, 5, 66]. However, MCI in these studies was defined
using only clinical criteria without biomarker evidence.
One recent study assessed -amyloid-positive individuals
across the cognitive spectrum with the NPI and consist-
ent with our findings reported apathy, irritability, depres-
sion, and anxiety as the four most common NPS in MCI
[12]. The literature also highlights that MCI individuals
with these NPS are at a higher risk of progression to AD
dementia [5, 67], while fewer affective symptoms and
their improvement were associated with a higher likeli-
hood of reversion from MCI to normal cognition [68].
Taken together, these symptoms are the most common
(although not specific) neuropsychiatric manifestation in
MCI due to AD, and their early and accurate identifica-
tion helps recognize individuals at higher risk of progres-
sion to dementia.

There was no association between cognitive status and
socially inappropriate behavior or psychotic symptoms,
and the mean MBI-C scores in these domains were very
low on average. Socially inappropriate behavior is typical
for the early stages of frontotemporal dementia [69], and
psychotic symptoms are common in Lewy body disease,
even in its prodromal stages [70]. In AD, these symp-
toms usually emerge in the dementia stage. However, on
an individual level, even subthreshold symptoms in these
domains may be clinically very important. Especially, the
presence of psychotic symptoms in MCI is associated
with a higher risk of progression to dementia [71] and
according to a recent study represented the highest risk
factor for progression among all NPS [72]. Thus, these
symptoms should still be assessed in MCI participants
regardless of their prevalence.

Using the traditional self-rated NPS measures, we
found that aMCI-AD was associated with reporting
more severe depressive symptoms compared to healthy
controls, even though these symptoms were mostly
subthreshold. These results are consistent with previ-
ous studies and support that these symptoms are among
the earliest and most frequently reported NPS in MCI
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[73, 74]. Notably, in some studies, individuals with
GDS-15>6 (indicating mild depressive symptoms), are
excluded, and it is also among the exclusion criteria for
the Alzheimer’s Disease Neuroimaging Initiative data-
base at baseline. In the current study, we did not exclude
participants based on the GDS-15 score; however, only
two (3%) aMCI-AD scored above this threshold, and
no participant scored>11 (indicating severe depressive
symptoms).

There was no association between cognitive status and
healthy self-reported anxiety symptoms, as measured
by the BAIL All individuals were free from any prior or
concurrent formal psychiatric disorder, but the average
BAI scores were in the range of minimal to mild anxi-
ety symptoms for both groups. This finding may seem
inconsistent when compared to the MBI-C affective
dysregulation, where the association was notable. How-
ever, the MBI-C affective dysregulation is informant-
rated, includes both dysphoria and anxiety, and requires
a 6-month symptom duration. On the contrary, the BAI
is self-report and requires a 1-month symptom duration.
It is also possible that in some CN older adults, slightly
higher anxiety symptoms indicated by BAI scores may
be more often connected to recent challenges or stress-
ful life events, and/or these symptoms may remain unno-
ticed by the informants.

Our results do not support associations between APOE
e4 or BDNF Met allele and MBI severity in aMCI-AD,
even with the use of the MBI-C as a measure sensitive to
NPS in the predementia population. One previous study
showed that APOE e4 carriers had an increased likeli-
hood of affective dysregulation measured by the MBI-C
[33]. The study included a mixed sample of >1200 cogni-
tively heterogeneous non-demented participants without
AD biomarkers. Thus, a higher severity of NPS could be
explained by a presumably higher number of individuals
with preclinical or prodromal AD in their APOE e4-pos-
itive group. In such case, the differences would not be a
direct consequence of the APOE e4 positivity.

Both APOE and BDNF risk polymorphisms have been
linked to a higher risk of late-life depression in non-
demented older adults [30]. These studies did not include
AD biomarkers either. Late-life depression could rep-
resent an early symptom of AD, which could moderate
the relationship with the polymorphisms. Using AD bio-
markers in our study has already increased the probabil-
ity of underlying AD. As a result, these polymorphisms
may have weaker associations with NPS severity. In fact,
previous research also cautions about the positive asso-
ciations specifically with the APOE [30], as it has been
found that the association between APOE and late-life
depression in a combined sample of healthy older adults
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and AD dementia did not survive stratification by the
presence of AD dementia [75].

Our negative findings may also be influenced by sample
characteristics. Most previous studies were performed in
individuals with dementia [28, 30], where NPS are gener-
ally more prevalent and severe. Another issue could be a
substantially higher prevalence of APOE e4+ compared
to e4d—in our aMCI-AD sample (45 (72.6%) vs 16 (25.8%)
individuals, respectively), which is not surprising given
that the APOE e4 allele is the strongest genetic risk factor
for late-onset AD [24].

Additionally, the relationship between genetic poly-
morphisms and NPS could be moderated by other fac-
tors. For example, sex has been suggested to moderate
the relationship between APOE and BDNF genotype and
NPS in healthy older adults [32] and APOE and NPS in
clinical cohorts [76]. Our analyses were controlled for the
effect of sex. However, examining sex-specific associa-
tions could be the aim of future studies.

Contrary to the negative findings when examined sepa-
rately, there seems to be an association between the BDNF
Met risk allele and self-reported anxiety when controlling
for the APOE e4+and APOE*BDNF interactive effects.
The cumulative effect of these polymorphisms (ie., the
co-occurrence of APOE e4+and BDNF Met+) has been
previously found to negatively influence memory and
spatial navigation in aMCI individuals [44, 45]. However,
prior research on NPS has mostly focused on these poly-
morphisms separately. Our study shows that the BDNF
Met allele influenced self-reported anxiety when the pres-
ence of APOE e4 and the interaction with APOE e4 was
considered. In agreement with previous conclusions [31],
our results support examining the effect of multiple genes
on NPS instead of focusing on individual polymorphisms.
These results need to be replicated in larger samples.

Although the current study made several contributions
on the topic of APOE and BDNF genetic polymorphisms
and MBI in those with aMCL, the R? values were mod-
est across all models. This suggests that a large portion
of the variance in MBI-C, GDS, and BAI was left unex-
plained. The effect sizes of APOE and BDNF genetic
polymorphisms on MBI may be small when compared to
other biological, psychological, or environmental factors,
which have been suggested as possible mechanisms link-
ing NPS with AD [22].

It is however important to note that the previously
observed tendency of NPS to change over time [12] poses
an inherent challenge for cross-sectional designs to cap-
ture associations with genetic polymorphisms. Longitu-
dinal studies could thus provide a better insight. A recent
study of a mixed sample of >3900 CN and MCI individu-
als with no biomarkers found that apathy (regardless of
other NPS) contributed to a higher risk of developing
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dementia in APOE e3 carriers compared to e4 carri-
ers [34]. Therefore, the effect of genetic polymorphisms
could manifest rather as a modifying factor of NPS tra-
jectory, which is a hypothesis worth exploring further.

To our knowledge, this is the first study using the
MBI-C to characterize MBI in a sample of neuropsycho-
logically well-defined aMCI due to AD with biomarker
evidence. However, we acknowledge several limitations
to our study. First, the memory clinic setting limits the
generalizability of our results, since NPS are more preva-
lent in clinic-based compared to community-based sam-
ples [73]. Also, a small sample size could have decreased
the statistical power to detect the effects of the genetic
polymorphism groups. We did not control for multiple
comparisons, as we think that the study is already biased
towards type II error in that the sample is particularly
small (and unique). The associations suggested here
should be therefore verified in larger samples. Due to a
small number of homozygotes in our study (eight APOE
e4 and two BDNF Met), we were not able to examine a
dose-dependent effect of the polymorphisms on MBI
Furthermore, we lacked information about the biomarker
profile of CN individuals; therefore, some of them may
have already been in the preclinical stage of AD. How-
ever, all CN participants were carefully selected based on
their medical history, they had no cognitive complaints,
and their normal cognitive status was confirmed by an
extensive neuropsychological evaluation. Comparing the
MBI profile between preclinical and prodromal AD (i.e.,
MCI) would undoubtedly be an interesting aim of future
studies. In addition to the MBI-C, we used two widely
used self-report NPS instruments (i.e., the GDS-15 and
the BAI). However, we acknowledge that a compari-
son with other informant-report measures, such as the
NPI-Q [77] would be of great interest.

Conclusions

In conclusion, aMCI due to AD was associated with more
severe affective dysregulation, apathy, and impulse dys-
control symptoms than cognitively healthy older adults,
and MBI was present in almost half of the aMCI-AD par-
ticipants. Neither the presence of APOE e4 nor BDNF
was associated with the severity of the NPS when consid-
ered separately. However, their combined effect on NPS
warrants further investigation, especially in larger sam-
ples and with biomarker status in the CN group.
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