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Abstract

There are many neuroimaging studies of mild behavioral impairment (MBI), but the

results have been somewhat inconsistent. Moreover, it remains unclear whether MBI is

a risk factor or prodromal symptom of dementia. Therefore, a systematic review was

conducted to summarize the results of neuroimaging studies of MBI and consider

whether MBI is a prodromal symptom of dementia in terms of its neural correlates.

A systematic review supported by a JSPS Grant‐in‐Aid for Scientific Research (C) was

conducted using MBI neuroimaging studies identified using PubMed, PsycINFO,

CINAHL, and Google Scholar on November 1, 2022. The inclusion criteria were

(i) neuroimaging study; (ii) research on human subjects; (iii) papers written in English; and

(iv) not a case study, review, book, comments, or abstract only. Joanna Briggs Institute

critical appraisal checklists were used to assess the quality of selected studies, and 23

structural and functional imaging studies were ultimately included in the systematic

review. The structural studies suggested an association of MBI with atrophy in the

hippocampus, parahippocampal gyrus, entorhinal cortex, and temporal lobe, whereas

the functional studies indicated involvement of an altered default mode network,

frontoparietal control network, and salience network in MBI. A limitation in many

studies was the use of region‐of‐interest analysis. The brain areas detected as neural

correlates of MBI are considered to be alterations in the early stage of each dementia.

Therefore, MBI may emerge against a background of pathological changes in dementia.

K E YWORD S

default mode network, frontoparietal control network, medial temporal lobe, mild behavioral
impairment, salience network

INTRODUCTION

The concept of mild behavioral impairment (MBI) was originally

proposed as an early symptom of frontotemporal dementia (FTD),1,2

based on: (i) presence of persistent behavioral changes and mild

psychiatric symptoms, especially disinhibition; (ii) no severe memory

impairment; (iii) no difficulty in activities of daily living; and (iv) no

dementia.1,2 However, behavioral changes and psychiatric symptoms

also appear in dementia other than FTD, and this has led to

modification of the concept of MBI.3 Thus, the new criteria for MBI

include behavior or personality changes that (i) begin after age 50 and

persist for at least 6 months; (ii) cause minimal disability, at least in

interpersonal relationships, social functions other than interpersonal

relationships, and ability to work in the workspace; (iii) cannot be

explained by other diseases; and (iv) do not meet diagnostic criteria

for dementia.3
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Symptoms of MBI are divided into five domains: decreased

motivation, affective dysregulation, impulse dyscontrol, social

inappropriateness, and abnormal perception or thought content. On

the behavioral disturbance axis, MBI is a predementia stage, and the

behavioral disturbance that occurs after onset of dementia is defined

as behavioral and psychological symptoms of dementia (BPSD).4 On

the cognitive impairment axis, mild cognitive impairment (MCI) and

subjective cognitive decline (SCD) are in the predementia stage,4 and

MBI and MCI or SCD can coexist.3,4 A meta‐analysis found a

prevalence of MBI of 33.5% in the community and in memory and

psychiatric clinics, with increased prevalence with progression of

cognitive impairment: normal cognition (NC) 17.0%, SCD 35.8%, and

MCI 45.5%.5

In a meta‐analysis of the five MBI domains, the prevalence of

affective dysregulation was highest (32.84%), followed by impulse

dyscontrol (26.67%), decreased motivation (12.58%), social

inappropriateness (6.05%), and abnormal perception or thought

content (2.81%).6 MBI increases the risk of dementia7,8 and the

annual rates of conversion are 14.7% fromMBI to dementia and 2.5%

from MBI to NC.9 Since the rates in MCI without neuropsychiatric

symptoms are 8.3% and 5.3%, MBI carries a greater risk of dementia

than MCI without neuropsychiatric symptoms.9 MBI can convert to

FTD, and to dementia with Lewy bodies (DLB), vascular dementia

(VaD), and Alzheimer's disease (AD).10 The conversion rate to

dementia ranges from 27% to 70% over a 2‐ to 15‐year period,

and the types of dementia include FTD, AD, and DLB.8,11–13 Two

studies found mainly FTD,11,12 while AD was dominant in other

studies.8,13 Interestingly, Rouse found that the hazard ratio (HR) for

conversion to FTD (10.787) was higher than that for conversion to

AD (3.179) and DLB (2.518) in NC with MBI.13 In MCI with MBI, the

HR for conversion to DLB (3.023) was the highest, followed by those

for conversion to FTD (2.595) and AD (1.770).13

Factors related to MBI include AD biomarkers,14–20 brain‐derived

neurotrophic factor (BDNF) Val66Met polymorphism,21 cognitive

impairment,22–25 dual‐task gait,26 activities of daily living,25 frailty,27,28

diabetes mellitus,29 low vitamin D,30 high serum triglyceride,30 hearing

impairment,31 and male gender.28,31–33 Many neuroimaging studies of

MBI have also been performed, but the results are inconsistent.

Moreover, it is unclear whether MBI is a risk factor or prodromal

symptom of dementia. Therefore, a systematic review of neuroimaging

studies of MBI was conducted to examine these issues in terms of

neural correlates.

METHODS

Literature search

A systematic review was performed according to the Preferred

Reporting Items for Systematic Reviews and Meta‐Analyses

(PRISMA) 2020 statement.34 A search using PubMed, PsycINFO,

and CINAHL was performed on November 1, 2022. The search

item was (“mild behavioral impairment” OR “mild behavioural

impairment”). We also searched in Google Scholar to identify studies

not found in these databases. In the Google Scholar search, the term

allintitle; “mild behavioral impairment” or allintitle; “mild behavioural

impairment” was used, and patents and quotes were excluded. The

inclusion criteria were (i) neuroimaging study; (ii) research on human

subjects; (iii) papers written in English; and (iv) not a case study,

review, book, comment or abstract only. The searches were

performed separately by two authors (T.M. and A.I.). If the search

results were different, the two authors discussed the findings and

reached a final conclusion. The PRISMA flow diagram is shown in

Figure 1. The protocol of this systematic review was not registered

because of the short study period. The Joanna Briggs Institute critical

appraisal checklists for cross‐sectional studies, cohort studies, and

case control studies35 were used to assess the quality of selected

studies (Supporting Information: Tables 1, 2, and 3). This quality

assessment was also performed separately by T.M. and A.I., with a

subsequent discussion used to reach a final conclusion.

RESULTS

Characteristics of selected studies

The systematic review of the literature identified 23 studies that met

the defined criteria (Table 1). Most of these studies targeted NC,

SCD, or MCI,13–15,17,37,40–44,46,47 while some focused on MBI2,11,12

or Parkinson's disease (PD).36,38,49–51 Three studies also included

patients with AD.39,45,48 MBI was assessed using the MBI‐Checklist52

in most studies.14,17,36,38,40,41,43–49,51 Three studies used MBI

criteria.2,11,12 The Neuropsychiatric Inventory (NPI) or NPI‐

Questionnaire (NPI‐Q) was used in six studies,13,15,37,39,42,50 in which

a formula to convert the NPI score to a MBI score53 was used. The

NPI assesses neuropsychiatric symptoms for 1 month, which is a

disadvantage in use of the NPI for assessment of MBI. Three studies

overcame this problem by conducting NPI at two time points at least

6 months apart,13,37,42 and one study used 6 months as a reference

range for NPI.50 The quality of all the studies was high (Supporting

Information: Tables 1, 2, and 3), but some2,11,46 did not deal with

confounding factors in neuroimaging analysis.

Structural imaging

Magnetic resonance imaging (MRI) was performed in 18

studies2,11–14,36–48 and suggested associations of MBI with

atrophy in the temporal lobe,13,36,40,43,44 hippocampus,13,41

parahippocampal gyrus,13,36,39 and entorhinal cortex.13,41 Atro-

phy in brain regions related to the salience network (SAN) was

associated with MBI in PD.38 Use of regional network analysis

and network hub analysis showed that MBI was linked to brain

regions including the left middle frontal gyrus, bilateral pre-

cuneus, and right insula, which are associated with the fronto-

parietal control network (FPCN), default mode network (DMN),
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and SAN.43 The left middle frontal gyrus,44 precuneus,36,48 and

left insula47 have also been associated with MBI, and three

studies43,44,47 reported involvement of the thalamus in MBI.

In contrast, some studies did not identify a relationship between

MBI and brain atrophy,2,11,14,46 and one using diffusion tensor

imaging suggested an association between altered white matter

integrity, including the fornix, superior fronto‐occipital fasciculus, and

cingulum, and the MBI impulse dyscontrol domain.39 Results on

involvement of vascular lesions in MBI have been inconsistent, with

two studies finding no significant difference in the prevalence of

leukoaraiosis between MBI and MCI.2,11 Periventricular hyperinten-

sity assessed by the Fazekas score may not be linked to MBI,46 but an

assessment using image analysis software revealed a relationship of

MBI with white matter hyperintensity (WMH) volume.42 WMH has

been found to show a tendency to be involved in the MBI affective

dysregulation, impulse dyscontrol, and apathy domains,42 and high

WMH assessed by the Fazekas scale and a lesion segmentation tool

has been associated with the MBI‐C total score and scores for

decreased motivation, affective dysregulation, and impulse dyscon-

trol.47 Atrophy in the left anterior insula, left thalamus proper, and

right posterior cingulate partially mediated the relationship between

WMH volume and MBI‐C total score in people with NC with high

WMH and MBI.47

Studies of conversion from MBI to dementia using MRI12,37 have

identified MBI total score and left hippocampal volume as predictors

of conversion to MCI or AD using machine learning,37 and

involvement of frontal lobe atrophy in conversion from MBI to

dementia, especially behavioral variant FTD (bvFTD).12 An examina-

tion of the relationship between gray matter volume reduction and

cognitive impairment in MBI13 suggested involvement of the

temporal lobe, hippocampus, and parahippocampal gyrus in episodic

memory and processing speed in MBI. The temporal lobe was also

associated with language and visuospatial function in MBI, and

relationships were found for the parietal lobe with attention and

visuospatial function, the rostral anterior cingulate cortex with

attention and language, and the occipital lobe with episodic memory

and visuospatial function.13 A study using neuromelanin‐sensitive

MRI found an association between the middle caudal locus coeruleus

signal and MBI, especially impulse dyscontrol in tau‐positive

participants.45

Functional imaging

Functional imaging using single photon emission computed tomography

(SPECT), 18F‐fluorodeoxyglucose (FDG)‐positron emission tomography

(PET), functional MRI (fMRI), and dopamine transporter (DAT) PET was

reviewed in eight studies.2,15,38,40,46,49–51 The findings indicated an

association of reduced functional connectivity (FC) between the

striatum and DMN,38 SAN,38,49 and FPCN49 with MBI in PD; a link of

reduced FC in the FPCN with MBI, and especially the MBI affective

dysregulation domain40 and performance of a set‐shifting task in

F IGURE 1 Preferred Reporting Items for Systematic Reviews and Meta‐Analyses (PRISMA) 2020 flow diagram for systematic reviews,
including searches of databases, registers and other sources. MBI, mild behavioral impairment.
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PD‐MBI51; and reduced deactivation in the hippocampus in PD‐MBI.51

DAT PET showed a relationship between reduced DAT in the anterior

caudate and putamen and MBI.50 In conflicting results, MBI has been

related to decreased perfusion in the frontal or temporal lobe2 and

FDG‐PET hypometabolism,15 but also found to not be associated with

FDG‐PET hypometabolism.46

Other neuroimaging studies

Several studies have used amyloid PET and/or tau PET.14,15,17,48 Amyloid

deposits in the left frontal lobe, posterior cingulate, caudate, and thalamus

in people with NC have been suggested to be associated with MBI,

whereas tau deposits and atrophy did not show this association.14 In

contrast, in amyloid‐positive NC, tau deposits in the entorhinal cortex and

hippocampus were correlated with MBI, especially the MBI affective

dysregulation and impulse dyscontrol domains.17 In people with cognitive

impairment (mean Mini‐Mental State Examination score 24.0 ± 6.4;

Clinical Dementia Rating global score: 0.76 ±0.46), the neocortical

amyloid burden was positively related to the MBI‐C decreased motivation

score, and tau burden in regions related to Braak Stages I–VI were

significantly positively correlated with MBI‐C total scores and MBI‐C

decreased motivation scores.48 Moreover, in people with NC, MCI, and

AD, amyloid and tau deposits in the brain were linked to a higher MBI‐C

total score and the annual change in MBI‐C total score.48 The amyloid

burden has been suggested to mediate the relationship betweenMBI and

cognitive impairment of global cognitive function, memory, executive

function, and language.15 MBI predicted a greater amyloid burden in this

longitudinal study,15 but did not predict tau burden or decreased

FDG‐PET.

DISCUSSION

This review included 23 neuroimaging studies of the neural correlates

of MBI. Structural imaging suggested an association of MBI with

atrophy, mainly in the hippocampus, parahippocampal gyrus,

entorhinal cortex, and temporal lobe (Figure 2); while functional

imaging indicated that MBI involves alterations in the DMN, FPCN,

and SAN (Figure 3).

The brain regions (hippocampus, parahippocampal gyrus,

entorhinal cortex, and temporal lobe) identified as neural correlates

of MBI13,36,39–41,43,44 (Figure 2) are known to show atrophy in the

early stage of AD.54 Tau burden in the entorhinal cortex and

hippocampus has been linked to MBI in amyloid‐positive NC,17 but

not in NC with an unknown amyloid status.14 Since tau deposits in

the hippocampus and entorhinal cortex correspond to Braak Stages

I–II,55 early neuropathological changes of AD may be involved in MBI.

Moreover, increased amyloid and tau brain accumulation may be

related to more severe MBI.48 Therefore, MBI might reflect the AD

pathological background. On the other hand, since frontal atrophy in

people with MBI is linked to conversion to bvFTD,12 MBI with frontal

atrophy might reflect the FTD pathological background.T
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Cerebrovascular lesions may be associated with MBI, but the

results are inconsistent. Links have been proposed between WMH

and MBI, especially for decreased motivation, affective dysregulation,

and impulse dyscontrol, based on detailed assessment of WMH using

automatic image analysis software.42,47 Lifestyle diseases, such as

diabetes mellitus29 and hyperlipidemia,30 are also involved in MBI,

which suggests that cerebrovascular lesions may affect MBI.

Alternatively, WMH might be involved in MBI via brain atrophy.47

Functional imaging38,40,49,51 has suggested dysfunction in the

DMN, FPCN, and SAN as neural correlates of MBI (Figure 3).

Relationships between MBI and atrophy in brain regions related to

the SAN,38,43,47 DMN,36,43,48 and FPCN43,44 have also been

proposed (Figure 2). FC reduction in the DMN and FPCN is

associated with AD56; SAN dysfunction is involved in bvFTD57; and

MBI in PD has been associated with the DMN, SAN, and

FPCN.38,49,51 These results indicate that alterations of these net-

works due to neuropathological changes in AD, FTD, and DLB might

cause MBI. The neural correlates of MBI may also differ in each MBI

domain. The MBI impulse dyscontrol domain has been linked mainly

to alterations in the hippocampus,17,41 parahippocampal gyrus,39 and

entorhinal cortex.17,41 There are only a few studies of the neural basis

of other MBI domains.17,40,41,48

There are several limitations in this review. First, many studies

used region‐of‐interest (ROI) analysis,2,11–13,15,37,39–41,43,45,46,49,50

including specific ROIs in the frontal lobe, temporal lobe, hippocam-

pus, parahippocampal gyrus, entorhinal cortex, anterior cingulate, and

posterior cingulate,2,11–13,15,39,41,46 while others40,43,49 used many

ROIs (range: 78–164). The results of these ROI analyses may have

some bias, although the findings were partially consistent with those

in whole brain analysis.14,17,36,44,48,51 Second, various participants

and assessments of MBI were used. Third, many studies were cross‐

sectional,13,14,17,36,38–47,49–51 and the relationship between neural

correlates of MBI and conversion from MBI to dementia was not

completely clear. Fourth, statistical analysis was not possible because

the study methods varied. Fifth, we did not examine sex differences

in neural correlates of MBI. The prevalence and symptoms of MBI

differ between the sexes28,31–33 and thus, the neural correlates of

MBI may also differ. Sixth, a few studies used amyloid and tau PET,

and MBI may reflect prodromal symptoms of tauopathies, including

argyrophilic grain disease, progressive supranuclear palsy, and

corticobasal degeneration.

In conclusion, neuroimaging indicates that the neural correlates

of MBI include atrophy in the medial and lateral temporal lobes and

F IGURE 2 Main brain regions with a detected association with mild behavioral impairment in studies using structural neuroimaging.

F IGURE 3 Main brain regions related to mild behavioral
impairment in studies using functional neuroimaging. Light blue,
default mode network; orange, frontoparietal control network; green,
salience network.
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frontal lobe, WMH, and dysfunction in the SAN, DMN, and FPCN.

These brain areas are thought to have alterations in the early stage of

each dementia. Therefore, MBI may emerge in a background of

pathological changes in dementia; that is, MBI may reflect prodromal

symptoms of dementia. Each brain region may also be linked to

conversion from MBI to each dementia (Figure 4). MBI with frontal

atrophy or SAN dysfunction may be associated with conversion to

FTD, and SAN, DMN, or FPCN dysfunction may be involved in

conversion to DLB. DMN or FPCN dysfunction or medial temporal

atrophy may be related to conversion to AD, while WMH might be

correlated with conversion to VD or AD. Further prospective studies

are needed to investigate the associations between brain alterations

in MBI and conversion to dementia.
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