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Abstract 

Background and Purpose: Neuropsychiatric symptoms (NPS) are frequently encountered in 

patients with Alzheimer’s disease (AD). Focal grey matter atrophy has been linked to NPS 

development. Cerebrovascular disease can cause focal lesions and is common among AD 

patients. As cerebrovascular disease can be detected on MRI as white matter hyperintensities 

(WMH), this study evaluated WMH burden in mild cognitive impairment (MCI), AD and normal 

controls and determined their relationship with NPS. Methods: NPS were assessed using the 

Neuropsychiatric Inventory and grouped into subsyndromes. WMH were measured using an 

automatic segmentation technique and mean deformation-based morphometry was used to 

measure atrophy of grey matter regions. Results: WMHs and grey matter atrophy both 

contributed significantly to NPS subsyndromes in MCI and AD subjects, however, WMH burden 

played a greater role. Conclusions: This study could provide a better understanding of the 

pathophysiology of NPS in AD. 

 

Keywords: White matter hyperintensity, neuropsychiatric symptoms, Alzheimer’s disease, mild 

cognitive impairment, cerebrovascular disease 
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1. Introduction 

A majority of individuals diagnosed with Alzheimer’s Disease (AD) also suffer from 

neuropsychiatric symptoms (NPS). NPS can reduce quality of life, contribute to caregiver burden 

and lead to institutional care(Kaufer et al., 1998). Moreover, NPS can be difficult to treat(Ryu, 

Katona, Rive, & Livingston, 2005). Some studies suggest that NPS may worsen cognitive 

symptoms and functional decline and have associated these symptoms with accelerated 

mortality(Palmer et al., 2010). Recent work has attempted to identify the incidence and 

prevalence of these symptoms during the progression of AD(Constantine G. Lyketsosa, Maria C. 

Carrillob, J. Michael Ryanc, Ara S. Khachaturiand, Paula Trzepacze, Joan Amatniekf, Jesse 

Cedarbaumg, Robert Brashearh & Milleri, 2012). However, very little is known about the 

underlying pathophysiology and neuroanatomical correlates of NPS in AD. 

NPS are known to exist even in those with mild cognitive impairment (MCI)(Constantine 

G. Lyketsosa, Maria C. Carrillob, J. Michael Ryanc, Ara S. Khachaturiand, Paula Trzepacze, 

Joan Amatniekf, Jesse Cedarbaumg, Robert Brashearh & Milleri, 2012; Geda et al., 2008). They 

have been found to occur before cognitive decline(Lanctôt et al., 2017), and some studies have 

suggested that specific NPS may be useful as early predictors of AD or dementia(Geda et al., 

2008). NPS have also predicted faster progression from MCI to AD(Peters et al., 2015). 

Moreover, cognitive impairment and NPS may have distinct neuroanatomical deficits in 

AD(Bruen, McGeown, Shanks, & Venneri, 2008; Shinno et al., 2007). For example, 

abnormalities in the anterior cingulate cortex were observed in AD patients with delusional 

thinking compared to those without delusions, and these markers were found to be unrelated to 

cognition(Shinno et al., 2007). 
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Reduction in grey matter (GM) volume in discrete cortical and subcortical regions has 

been associated with specific NPS in AD patients. Bruen et al.(Bruen et al., 2008) used voxel-

based morphometry (VBM) to evaluate differences in regional grey matter density associated 

with NPS in mild AD. They found delusions, agitation and apathy related to cortical atrophy, 

particularly in the right hemisphere compared to the left, and in the anterior region. Irritability, 

anxiety and aberrant motor behaviour have been related to atrophy of the amygdala in early 

AD(Poulin, Dautoff, Morris, Barrett, & Dickerson, 2011), while apathy has been related to 

atrophy in the dorsolateral and medial prefrontal cortex, anterior cingulate areas, and the caudate 

and putamen(Bruen et al., 2008; Hahn et al., 2013). These studies suggest that NPS, particularly 

depression, apathy and delusions, are most frequently associated with changes in the frontal and 

subcortical regions of the brain. Nevertheless, atrophy alone has not been sufficient to account 

for NPS in AD and other dementias(Berlow et al., 2010). 

White matter hyperintensities (WMH) are white matter lesions in the brain that appear as 

high signal intensity regions on T2-weighted MRI. They have a number of possible pathological 

substrates including blood-brain barrier leakage, hypoperfusion, ischemia/hypoxia, 

inflammation, neurodegeneration and amyloid angiopathy(Gouw et al., 2011). WMHs that result 

from small vessel disease (SVD) have been associated with vascular risk factors, like 

hypertension(Shim et al., 2015). WMH load has been associated with AD pathology(Alosco et 

al., 2018; Dadar et al., 2018), and a relationship between SVD and WMH lesions in AD has been 

reported in other studies(Shim et al., 2015). WMHs of presumed vascular origin have also been 

associated with NPS in various populations, including AD(Berlow et al., 2010; Dadar, 

Maranzano, et al., 2017). However, there is limited research on the contribution of WMH burden 

to changes in NPS over time in patients with MCI and AD.  
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The purpose of this study was to evaluate WMH burden and regional GM atrophy in MCI 

and AD and determine their contribution to NPS over time, using longitudinal data from a large 

multi-center database from the Alzheimer’s Disease Neuroimaging Initiative (ADNI).  

 

2. Materials and Methods 

Anonymized data and materials have been made publicly available at the ADNI repository 

and can be accessed at http://adni.loni.usc.edu/data-samples/access-data/. 

 

2.1 Subjects 

Participants were from the Alzheimer’s Disease Neuroimaging Initiative archives. ADNI 

(adni.loni.usc.edu) was launched in 2003 as a public-private partnership, led by Principal 

Investigator Michael W. Weiner, MD. The goal of ADNI is to test whether serial magnetic 

resonance imaging, positron emission tomography, other biological markers, and clinical and 

neuropsychological assessment can be combined to measure the progression of mild cognitive 

impairment and early Alzheimer’s disease. For up-to-date information, see www.adni-info.org. 

Ethics approval was obtained from each study site and all research participants provided written 

informed consent. ADNI inclusion criteria are listed in Appendix A. 

For the purpose of this study, subjects had to have a clinical assessment that included a 

neuropsychiatric inventory (NPI)(Cummings, 1997) within 3 months (92 days) of their MRI 

acquisition. Subject age and sex were also obtained from the ADNI database. All subjects were 

further selected based on quality control of WMH and deformation-based morphometry (DBM) 

measurements. After quality control of image registrations and WMH segmentation, there were 
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1131 subjects. Of these subjects, 661 had matching NPI scores (Figure 1). Longitudinal data 

included between 1-6 follow-up visits over 1-5 years. 

 

2.2 NPS Assessment 

The NPI is primarily used in AD and other dementias to determine behavioural changes 

that may have occurred since the onset of illness. The following 12 neuropsychiatric domains are 

assessed by a caregiver/informant: delusions, hallucinations, agitation/aggression, 

depression/dysphoria, anxiety, elation/euphoria, apathy/indifference, disinhibition, 

irritability/lability, motor disturbance, night-time behaviour, and appetite/eating. Total symptom 

scores (0-12) were calculated by multiplying symptom frequency (1-4) and severity (1-3) scores. 

 

2.3 Factor Analysis 

Based on the factor analysis model from Aalten et al.(Aalten, Verhey, & Boziki, 2007), 

scores for four neuropsychiatric subsyndromes were calculated: hyperactivity, psychosis, 

affective symptoms, and apathy. The following NPI symptoms were included in each 

subsyndrome: hyperactivity (agitation, euphoria, disinhibition, irritability, aberrant motor 

behaviour), psychosis (delusions, hallucinations, sleep), affective symptoms (depression, 

anxiety) and apathy (apathy, appetite). 

 

2.4 Vascular Risk Factors 

Subjects considered to have vascular risk factors were those who reported having 

cardiovascular history including myocardial infarction, angina, history of smoking, hypertension, 

stroke, high cholesterol or those on vascular medication. Presence of one or more vascular risk 
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factors was scored as “1” while absence of any vascular risk factors was scored as “0”. We 

assessed the effect of mild vascular risks as subjects with severe cerebrovascular risk factors 

were excluded by ADNI.  

 

2.5 MRI Processing 

T1-weighted, T2-weighted (T2w) and Fluid Attenuated Inversion Recovery (FLAIR) 

MRI scans were used in this study. All MRI scans were pre-processed with these steps: i) 

denoising(Manjon, Coupe, Marti-Bonmati, Collins, & Robles, 2010), ii) intensity inhomogeneity 

correction(Sled, Zijdenbos, & Evans, 1998),  and iii) intensity normalization(Fonov et al., 2011). 

T2w/PDw, and FLAIR scans were rigidly co-registered to the T1w scans(D. Louis Collins, 

Neelin, Peters, & Evans, 1994). T1w scans were registered to the ADNI template in stereotaxic 

space(D L Collins & Evans, 1997). Concatenating the two transformations, the other contrasts 

were also registered to the ADNI template. Using a previously validated automatic WMH 

segmentation technique and a library of manual segmentations from ADNI dataset, WMHs were 

segmented for all longitudinal timepoints(Dadar et al., 2018; Dadar, Maranzano, et al., 2017; 

Dadar, Pascoal, et al., 2017). Quality of segmentations was assessed and verified by an expert 

(MD). Total WMH volumes (cm3) were calculated, normalized for head size and log-

transformed to achieve normal distribution. 

DBM analysis was performed using MNI MINC tools. Pre-processed images were 

linearly (using a 9-parameter rigid registration)(D. Louis Collins et al., 1994) and then non-

linearly warped(D. Louis Collins, Holmes, Peters, & Evans, 1995) to the ADNI template. The 

local deformation obtained from the non-linear transformations was used as a measure of tissue 

expansion or atrophy. Mean DBM values were calculated for 116 GM ROIs based on the 
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Automated Anatomical Labeling (AAL) atlas(Tzourio-Mazoyer et al., 2002). Results were 

corrected for multiple comparisons using False Discovery Rate (FDR), thresholded at .05.  

 

2.6 Statistical Analysis 

Longitudinal mixed-effects models were used to assess the association of total WMH 

volume and regional GM atrophy with changes in NPI symptoms. The four NPI factors 

(hyperactivity, psychosis, affective symptoms, apathy) were used as dependent variables. Three 

different sets of models were run for each of the 116 AAL atlas structures to assess the 

relationship between NPI, GM, and WMH. 

Model 1: NPI Factor ~ 1+ Age + Sex + Cohort + GM + (1|ID) + (1|Modality)  

Model 2: NPI Factor ~ 1+ Age + Sex + Cohort + WMH + (1|ID) + (1|Modality) 

Model 3: NPI Factor ~ 1+ Age + Sex + Cohort + GM + WMH + (1|ID) + (1|Modality) 

Models 1 and 2 were run to assess the relationship between NPI factors with GM atrophy 

and WMH volume independently. Model 3 includes both GM and WMH as predictors, to assess 

which one is a more significant contributor to NPS. We adopt this strategy instead of a more 

complex mediation analysis due to the relatively small number of subject time points available in 

comparison to the relatively large number of anatomical structures to be tested. 

Age, WMH load (denoted in models as WMH), and mean GM DBM values in different 

ROIs (denoted in models as GM) were used as continuous predictors. Sex (male versus female) 

and Cohort (normal control versus MCI or AD) were used as categorical predictors. Subjects 

(denoted by ID) and the modality of the sequences used for segmenting the WMH (FLAIR 

versus T2w) were used as categorical random variables in all models. All continuous variables 
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were z-scored prior to analysis. All results were corrected for multiple comparisons using FDR, 

thresholded at 0.05. Models were fitted using fitlme in MATLAB version R2017b. 

To examine the relationship between GM and WMH volumes, linear correlations were 

run between regional GM DBM values and total WMH volumes. One-way ANOVA with Tukey 

post-hoc tests were used to measure group differences in age, MMSE and NPI total scores. 

 

3. Results 

Study participants included AD (N=121), MCI (N=315) and normal controls (N=225).  

 

Figure 1. Flowchart of subject inclusion. WMH=white matter hyperintensity, 

NPI=neuropsychiatric inventory, AD=Alzheimer’s disease, MCI=mild cognitive 

impairment, NC=normal control.  

 

 

 

 

ADNI 1, 2, GO subjects 
N = 1201 

Subjects with confirmed 
diagnoses 
N = 1023 

(222 AD, 563 MCI, 328 NC) 

Subjects with NPI scores 
N = 661 

(121 AD, 315 MCI, 225 NC) 

Subjects after MRI QC 
N = 1131 
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Table 1. Subject Demographics 

Variable Controls  

(n=225) 

MCI  

(n=315) 

AD  

(n=121) 

P  

Age (mean, SD) 75.58 (6.65) 73.21 (7.93) 75.77 (7.38) 0.0002*† 
Sex (M/F) 127/98 203/112 82/39 0.147 

MMSE at baseline 

(mean, SD) 

29.14 ± 1.11 27.95 ± 1.86 21.39 ± 4.62 p<.0001*†‡ 

NPI Total Score at 

baseline (mean, SD) 

1.17 ± 2.45 5.34 ± 7.99 8.51 ± 9.32 p<.001*†‡ 

MCI=Mild cognitive impairment; AD=Alzheimer’s disease 

*p<.01 between AD and MCI 
†p<.01 between Controls and MCI 
‡p<.01 between Controls and AD 

 

Subjects with MCI were significantly younger than normal controls and AD participants (p<.01). 

Ages ranged from 55-94 years. There were no differences in sex between groups. NPI total 

scores were significantly different between groups, with higher values for MCI and AD groups, 

respectively (p<.001).  

Combining all groups, age was not significantly associated with NPI total scores (β=.02, 

p=.50) (Figure 2, left) but was significantly associated with greater WMH load (βNC=0.43, 

βMCI=0.51, βAD=0.61, p<.001) (Figure 2, center). Relationships with age were examined using the 

following models: a) NPI Factor ~ 1+ Age + Cohort + (1|ID) + (1|Modality) and b) WL ~ 1+ 

Age + Cohort + (1|ID) + (1|Modality). 

WMH load was a significant contributor to NPI total scores in MCI and AD cohorts, but 

not in the normal controls (βNC=0.00, p=.95; βMCI=0.16, p=.02; βAD=0.24, p=.008) (Figure 2, 

right). This relationship was observed using the following model: NPI Factor ~ 1+ WL * Cohort 

+ (1|ID) + (1|Modality). WMH load was significantly related to lower DBM GM values after 

FDR correction (regions listed in Appendix B, Table I). 
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NPS were divided into hyperactivity, psychosis, affective and apathy subsyndromes for 

further analysis. DBM analysis identified ROIs where GM was significantly associated with NPS 

subsyndromes, p<.05 after FDR correction (Table 2, Figure 3). The relationship between NPS 

with GM atrophy in these ROIs and WMH volume were examined independently. Longitudinal 

mixed-effects models found AD and MCI cohorts and GM of specific regions to be significantly 

associated with all four NPS subsyndromes, while sex and age were not significantly associated 

with any NPS factors (Model 1). WMH volume was also significantly associated with all four 

NPS subsyndromes (Model 2, Figure 4). Both GM and WMH were then included together as 

predictors, to assess which one is a more significant contributor to NPS. WMH volume was 

found to be a significant contributor to NPS subsyndromes while GM DBM values did not 

remain significant after correcting for multiple comparisons (Model 3). Please see Appendix B, 

Table II for results of models 1 and 3 before FDR correction, and Table III for results for model 

2. 

There was a marginal correlation between total vascular risk factors and WMH load 

(r=0.077, p=.048). Inclusion of vascular risk factors into the model had a significant but minimal 

contribution to NPS psychosis and affective subsyndrome scores (please see Appendix B, Table 

IV).  
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Figure 2. Graphs showing (A) age not associated with NPI total scores, (B) age associated 

with white matter hyperintensity load, and (C) the relationship between NPI total scores 

and WMH load across AD, MCI and normal control cohorts.  

 

 

Age is not significantly associated with NPI total scores in any cohort (left). All groups show a 

positive significant association of age with higher WMH load (middle), and AD and MCI 

cohorts show a positive significant association between higher WMH load and greater NPI total 

scores (right). WMH=white matter hyperintensity, NPI=neuropsychiatric inventory, 

AD=Alzheimer’s disease, MCI=mild cognitive impairment, NC=normal control. 

 

Table 2. List of ROIs where GM DBM values were significantly associated with NPS 

subsyndromes from results of longitudinal mixed-effects models, before FDR correction. 

ROIs are from the AAL atlas. 

 

 

 
Hyperactivity Psychosis Affective Apathy 

 

ROIs 

 

L middle frontal 

gyrus 

L Cerebellum Crus2 

 

 

 

 

L Heschl’s gyrus 

 

L Cerebellum 7b 

 

L Cerebellum Crus2 

 

 

 

L Cerebellum Crus2 

 

L Frontal middle 

gyrus 

L Frontal superior 

gyrus 

L Cerebellum Crus2 

R Inferior Temporal 

gyrus 

R Cerebellum 7b 

 

R Cerebellum Crus2 

R Middle Temporal 

gyrus 

R Cerebellum Crus2 

 R Frontal superior 

gyrus 

R Temporal middle 

gyrus 

R Precentral gyrus 

L=left hemisphere, R=right hemisphere, ROI=region of interest 
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Figure 3. Brain regions where GM DBM values were significantly associated with NPS 

subsyndrome scores.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GM ROIs significantly associated with A) hyperactivity B) psychosis C) affective and D) apathy 

subsyndrome scores. Colors indicate AAL atlas brain regions associated with subsyndromes 

(please see Appendix B, Table I for complete list of ROIs). 
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Figure 4. Graphs showing longitudinal mixed-effects model results for the relationship 

between WMH load volume and hyperactivity, psychosis, affective and apathy NPS 

subsyndrome scores in AD, MCI and normal controls.  

 

 

Modelling of mean WMH load (log transformed) on NPS subsyndrome scores shows 

relationship between higher NPS scores associated with increased WMH load. WMH=white 

matter hyperintensity, AD=Alzheimer’s disease, MCI=mild cognitive impairment, NC=normal 

control.  
 

 

4. Discussion 

Our findings indicate a significant association of GM atrophy and WMH burden to 

worsening NPS over time in MCI and AD, with WMH having the greater contribution to NPS.  

Higher number of vascular risk factors had a significant although minimal effect on worsening 

psychosis and affective NPS subsyndromes.  
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The AD cohort showed a higher incidence of NPS compared to MCI and normal control 

cohorts. This finding is consistent with a majority of studies that have found NPS to be more 

frequent in AD compared to MCI populations(Geda et al., 2008). Moreover, NPI scores were 

associated with WMH load in AD and MCI but not with age (despite an age range of 54-94 years 

in our subjects), suggesting a relationship with disease severity. Although atrophy, as in our 

study, is associated with NPS and partially explains the increased NPI scores in AD, our findings 

suggest that WMH burden may also explain increased NPS scores as we found a significant 

association between WMH load and all four NPS subsyndromes. Our results that WMH burden 

increases with age are consistent with previous findings(Gouw et al., 2011). Compared to 

controls, WMH load was greater in AD and MCI subjects and although WMH load is known to 

increase during healthy aging, this effect appeared to be exaggerated in our AD group as their 

age was similar to our control group.  

Cerebrovascular disease (CVD) is a major cause of WMH. In the current study, there was 

only a small correlation between total vascular risk factors and WMH load. This is likely because 

we did not examine the severity of these risk factors and were only able to examine mild 

cerebrovascular effects as people with significant cerebrovascular risk factors were excluded 

from ADNI1(Petersen, 2010). There may also be other contributors to the WMH including non-

ischemic causes such as enlarged Virchow-Robin spaces(Gouw et al., 2011).  

Frontotemporal GM atrophy was implicated in NPS. Psychosis was associated with lower 

GM DBM values in the right middle temporal gyrus and left Heschl’s gyrus. Heschl’s gyrus, 

which contains the primary auditory cortex, is involved in acoustic processing while the middle 

temporal region has been implicated in a number of functions, including semantic memory, 

audition and language(Xu et al., 2015). Functional connectivity studies have shown that a fronto-
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temporal language network is impaired in individuals with psychosis(Solé-Padullés et al., 2017), 

while others have also implicated frontoparietal networks(Baker et al., 2014). Anor et al.(Anor et 

al., 2017) reported greater delusions with right frontal WMH volume in AD. Delusions have 

been associated with later Braak staging V/VI(Ehrenberg et al., 2018) suggesting that these 

symptoms are more likely to present in the late stages of AD. GM atrophy and WMH burden in 

these regions may contribute to the disruption of connectivity in frontotemporal networks.  

The right inferior temporal region was also related to hyperactivity and has been 

implicated in attention deficit hyperactivity disorder (ADHD)(Zhao et al., 2017). Apathy and 

hyperactivity were related to lower GM DBM values in the left middle frontal cortex and apathy 

alone was associated with bilateral superior frontal regions. Apathy is frequently associated with 

abnormalities in the prefrontal cortex and the basal ganglia in volumetric and functional 

studies(Bruen et al., 2008; Hahn et al., 2013). Ballarini et al.(Ballarini et al., 2016) identified a 

relationship between hyperactivity and NPI scores with increased glucose metabolism in 

predominantly left frontal and limbic structures while apathy scores were negatively correlated 

with bilateral orbitofrontal and dorsolateral frontal cortex metabolism. Bilateral involvement of 

brain regions with apathy, and involvement of left hemisphere regions with hyperactivity, was 

similarly observed in this study. The authors also noted bilateral frontal and limbic involvement 

with affective symptoms while we did not find any significant regions associated with this 

subsyndrome. 

There were no forebrain or midbrain regions associated with the affective subsyndrome 

in this study. However, previous reviews of functional and structural MR studies have identified 

regions associated with depression including the dorsal and medial prefrontal cortex, dorsal and 

ventral anterior cingulate cortex, orbitofrontal cortex and insula(Pandya, Altinay, Malone, & 
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Anand, 2012), and anxiety with frontoparietal networks and the left ventrolateral prefrontal and 

superior temporal regions(Picó-Pérez, Radua, Steward, Menchón, & Soriano-Mas, 2017). Our 

lack of findings may be due to inhomogeneity in the affective subsyndrome group or greater 

complexity in the regions and networks involved in depression and anxiety. Another possibility 

is that the NPI is an informant-based questionnaire and so we do not know the actual patient 

state. 

Atrophy in AD follows a pattern from temporal and limbic regions, to frontal and 

eventually occipital areas of the brain(Thompson et al., 2003). Here, we observed psychosis, 

apathy and hyperactivity NPS associated with lower GM DBM values in the temporal and frontal 

regions in subjects with MCI or early AD, suggesting deficits may result from atrophy associated 

with an early neurodegenerative process.  

We found reduced GM DBM values of the left cerebellum crus2 associated with all NPS 

subsyndromes and the right crus2 with psychosis and hyperactivity. Left cerebellar region 7b 

was associated with psychosis while the right cerebellar region 7b was associated with 

hyperactivity. These regions, part of the inferior semilunar lobule, were related to emotion in a 

study on pain processing(Diano et al., 2016). The authors identified three clusters involved in 

processing pain: cluster V (vermis IV-V, hemispheres IV-V-VI) was associated with sensory-

motor areas, cluster VI (hemisphere VI, crus1, crus2) with cognition and cluster VII (7b, crus1, 

crus2) with emotion. The role of these regions in NPS may further depend on their functional 

connectivity with other brain regions and networks involved in regulating emotion and 

behaviour.  

We found WMH burden to be a greater contributor to NPS compared to GM atrophy. The 

effect of WMH on NPS may be independent of other factors, however it is more likely that a 
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combination of underlying AD and vascular neuropathology contributes to NPS. Neurofibrillary 

tangles (NFTs) are common in subcortical structures early in AD pathogenesis and these regions 

(i.e. brainstem, hypothalamic nuclei) are known to be involved in the regulation of 

NPS(Ehrenberg et al., 2018). The presence of subcortical WMH suggests that SVD may further 

contribute to damage caused by accumulation of NFTs. SVD may even be involved early in the 

disease process by accelerating amyloid deposition in AD as a result of impaired perivascular 

drainage of amyloid-(Grimmer et al., 2012).  Similarly, a recent study found that higher volume 

of ante-mortem WMH volume predicted greater odds of having autopsy-confirmed AD 

neuropathology, suggesting SVD may contribute to the severity and progression of AD(Alosco 

et al., 2018). They identified brain regions where lower GM DBM values were related to higher 

WMH load, indicating atrophy and CVD pathology may act synergistically in contributing to 

NPS in MCI and AD.  

The importance of WMH in MCI and early AD suggests WMH load is not secondary to 

AD pathology but an important contributor to NPS during early stages of disease. 

Neuropsychiatric function may be based on connectivity between brain regions, and therefore the 

disruption of connectivity by ischemic lesions could have a greater effect than GM atrophy. In 

addition, genetic and environmental factors may contribute to NPS development and expression.  

This study was limited by ADNI protocol exclusion of subjects with psychotic features, 

agitation or behavioural problems within 3 months prior to screening as this would interfere with 

study compliance. It is also possible that participants with higher NPS may have been lost to 

follow-up. In addition, a Hachinski Ischemic Score (HIS) cutoff of 4 was used as part of ADNI 

selection criteria. As HIS scores greater than 7 suggest vascular involvement, this cutoff may 

have excluded patients with severe WMH burden making the results here even more compelling. 
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By combining symptoms into subsyndromes, we may have masked relationships with specific 

NPS such as depression and irritability. Also, although there is evidence for clustering of NPS, 

there is large variation and overlap of symptoms. Moreover, this study did not take into 

consideration the use of medication to treat NPS, such as antidepressants and stimulants, and 

these could have affected the frequency and severity of symptoms reported in the NPI. Although 

using a large longitudinal dataset improved the robustness of our findings, longer follow-up 

times would provide a better understanding of the trajectory of NPS in relation to changes in 

WMH over time. The presence of NPS at the MCI stage suggests the potential benefit of early 

identification of these symptoms as indicators of disease progression or to monitor response to 

treatment.  

This study identified WMH load as a significant contributor to NPS in AD and MCI 

using longitudinal data from the large multi-center database of the Alzheimer’s Disease 

Neuroimaging Initiative. CVD is a common comorbidity of AD and is thought to be the major 

underlying cause of WMH. Since CVD has a number of modifiable risk factors, such as lowering 

blood pressure and controlling diabetes and hypercholesterolemia, interventions that aim to 

reduce vascular disease may prove beneficial in preventing NPS.  
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Appendix A 

 
The following ADNI inclusion criteria were used for AD: memory complaint verified by a 

study partner, abnormal memory function measured by delayed recall on the Wechsler Memory 

Scale Logical Memory II, Mini-Mental State Examination (MMSE) scores between 20-26 

(inclusive) and a Clinical Dementia Rating (CDR) scale score of 0.5 or 1.0. Subjects had mild 

AD and met NINCDS/ADRDA criteria for probable AD1. Criteria for MCI was based on report 

of memory concern through self-report or report by an informant or clinician, and abnormal 

memory function measured by delayed recall on the Wechsler Memory Scale Logical Memory 

II, MMSE score of 24-30 (inclusive) and CDR score of 0.5 (Memory box score at least 0.5). 

MCI inclusion was dependent on having preserved activities of daily living and no signs of 

dementia. 
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Appendix B: Supplementary Tables 
 
Table I. AAL atlas regions where lower GM DBM values are significantly related to higher WMH load, after FDR correction (p<.05). Regions indicated in bold 

are unique to the left or right hemisphere. 

 

Left Hemisphere Regions Right Hemisphere Regions 

Precentral gyrus Inferior Occipital Precentral gyrus Postcentral gyrus 

Superior Frontal Fusiform Superior Frontal Superior Parietal 

Superior Orbital Frontal Postcentral gyrus Superior Orbital Frontal Inferior Parietal 

Middle Frontal Superior Parietal Middle Frontal Supramarginal 

Middle Orbital Frontal Inferior Parietal Middle Orbital Frontal Angular 

Inferior Frontal (pars opercularis) Supramarginal Inferior Frontal (pars opercularis) Precuneus 

Inferior Frontal (pars triangularis) Angular Supplementary Motor Area Paracentral lobule 

Inferior Frontal (pars orbitalis) Precuneus Olfactory Putamen 

Supplementary Motor Area Paracentral lobule Superior Medial Frontal Pallidum 

Rectus Putamen Middle Cingulum Thalamus 

Insula Pallidum Posterior Cingulum Heschl’s gyrus 

Anterior Cingulum Thalamus Parahippocampal gyrus Superior temporal 

Middle Cingulum Heschl’s gyrus Amygdala Superior Temporal Pole 

Posterior Cingulum Middle Temporal Calcarine Middle Temporal 

Parahippocampal gyrus Middle temporal pole Cuneus Middle temporal pole 

Amygdala Inferior temporal Lingual gyrus Inferior temporal 

Calcarine  Cerebellum Crus 1 Superior Occipital Cerebellum Crus 1 

Cuneus Cerebellum Crus 2 Middle Occipital Cerebellum Crus 2 

Lingual gyrus Cerebellum 3,4,5,6,7b,8,9,10 Inferior Occipital Cerebellum 3,4,5,6,7b,8,9,10 
Superior Occipital Cerebellar vermis 3-9 Fusiform  

Middle Occipital    
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Table II. Longitudinal mixed-effects models examining factors contributing to NPS subsyndromes in identified regions of interest. Results with and without 

WMH included as a factor. Regression coefficients, confidence intervals and p-values are shown for each predictor and NPS subsyndrome. Statistically 

significant values are indicated in bold, before FDR correction. 

 

HYPERACTIVITY DBM DBM and WMH 

Left Middle Frontal β 95% CI P β 95% CI P 

Intercept -0.42493    -0.55546 to -0.29441 2.1214e-10     -0.4051    -0.53495 to -0.27525 1.1289e-09     

Sex (male) 0.089258     -0.045 to 0.224 0.19452    0.090458    -0.043188 to 

0.22411 

0.18453    

Dementia 0.94193    0.77099 to 1.1129 1.633e-26      0.88934    0.71717 to 1.0615 1.4377e-23      

MCI 0.43493    0.30117 to 0.5687 2.2319e-10      0.40453    0.27072 to 0.53834 3.5691e-09      

WMH --- --- --- 0.12171    0.055196 to 0.18822 0.00034026     

Age 0.0016255    -0.062824 to 

0.066075 

0.96056    -0.049726    -0.11945 to 

0.019999 

0.16208     

DBM -0.10426     -0.16851 to -

0.040016 

0.0014813     -0.089053    -0.15325 to -

0.024856 

0.0065747     

Right Inferior Temporal β 95% CI P β 95% CI P 

Intercept -0.40793    -0.53889 to -0.27697 1.1974e-09     -0.39263    -0.52285 to -0.26242 3.9172e-09     

Sex (male) 0.078941    -0.05603 to 0.21391 0.25151     0.081314     -

0.052513 to 0.21514 

0.23356    

Dementia 0.90409    0.72976 to 1.0784 9.6819e-24      0.86493    0.69019 to 1.0397 8.1753e-22      

MCI 0.42272    0.28849 to 0.55695 7.8977e-10 0.39693    0.26276 to 0.5311 7.582e-09      

WMH --- --- --- 0.1154    0.047657 to 0.18314 0.00085025 

Age -0.0074964    -0.072857 to 

0.057864 

0.82206    -0.053037    -0.12313 to 

0.017051 

0.13796     

DBM -0.10682    -0.17239 to -0.04126 0.0014181     -0.081709 -0.14834 to -

0.015081 

0.01626     

Left Cerebellum Crus2 β 95% CI P β 95% CI P 

Intercept -0.36728    -0.49982 to -0.23475 6.144e-08     -0.35958    -0.49132 to -0.22784 9.6261e-08    

Sex (male) 0.010038    -0.12807 to 0.14815 0.88667     0.024792    -0.11265 to 0.16224 0.72357    

Dementia 0.93518    0.76475 to 1.1056 2.6062e-26      0.89007    0.71827 to 1.0619 1.0766e-23     

MCI 0.42204    0.28856 to 0.55553 6.7811e-10      0.39709    0.26347 to 0.53071 6.4918e-09     

WMH --- --- --- 0.10919    0.041674 to 0.1767 0.0015381    

Age 0.00033878      -0.063789 to 

0.064467 

0.99173    -0.045    -0.11454 to 

0.024544 

0.20459    

DBM -0.13445    -0.20075 to -

0.068158 

7.2114e-05     -0.11023    -0.17774 to -

0.042724 

0.0013845    

Right Cerebellum Crus2 β 95% CI P β 95% CI P 

Intercept -0.38289    -0.51405 to -0.25172 1.1886e-08    -0.36878    -0.49914 to -0.23842 3.2654e-08    
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Sex (male) 0.028943    -0.10713 to 0.16502 0.67663    0.037442    -0.09757 to 0.17245 0.5866    

Dementia 0.9394    0.76918 to 1.1096 1.3821e-26     0.88853    0.71695 to 1.0601 1.1169e-23     

MCI 0.43075    0.29746 to 0.56404 2.8551e-10     0.40186    0.26848 to 0.53523 4.0288e-09   

WMH --- --- --- 0.11726    0.050908 to 0.18362 0.00053969    

Age 0.0013406    -0.06272 to 0.065401 0.96727    -0.048356    -0.11779 to 

0.021078 

0.17216    

DBM -0.13252    -0.1969 to -0.068127 5.6333e-05     -0.117    -0.18145 to -

0.052547 

0.00037932    

Right Cerebellum VIIb β 95% CI P β 95% CI P 

Intercept -0.38142    -0.51337 to -0.24946 1.6423e-08     -0.36668    -0.49774 to -0.23561 4.6059e-08     

Sex (male) 0.037848    -0.098266 to 0.17396 0.5856    0.045331    -0.089609 to 

0.18027 

0.51009    

Dementia 0.94153    0.77096 to 1.1121 1.3404e-26      0.88838    0.71653 to 1.0602 1.3307e-23      

MCI 0.41221    0.27802 to 0.5464 2.0074e-09      0.38426    0.2502 to 0.51832 2.157e-08       

WMH --- --- --- 0.12166    0.055402 to 0.18792 0.00032464     

Age -0.0091377    -0.074177 to 

0.055902 

0.78294    -0.059565    -0.12959 to 

0.010464 

0.095453     

DBM -0.11788    -0.18335 to -

0.052404 

0.00042345     -0.10434    -0.16964 to -

0.039029 

0.001754     

 

 

PSYCHOSIS DBM DBM and WMH 

Right Heschl’s gyrus β 95% CI P β 95% CI P 

Intercept -0.21712    -0.35144 to -

0.082809 

0.0015458     -0.19687    -0.33051 to -0.06323 0.0039054    

Sex (male) -0.019958    -0.15872 to 0.1188 0.77791     -0.017147    -0.15469 to 0.12039 0.80687    

Dementia 0.6639    0.48663 to 0.84117 2.9579e-13      0.60698    0.42814 to 0.78583 3.6012e-11     

MCI 0.22602    0.087405 to 0.36463 0.0014061     0.19381    0.055099 to 0.33251 0.0061944 

WMH --- --- --- 0.12441    0.056192 to 0.19263 0.00035631    

Age 0.00015476    -0.066138 to 

0.066448 

0.99635    -0.053644    -0.12564 to 

0.018354 

0.14412    

DBM 0.10001    0.034517 to 0.1655 0.0027801     0.098768    0.033827 to 0.16371 0.0028912    

Right Middle Temporal β 95% CI P β 95% CI P 

Intercept -0.19114     -0.3261 to -0.056172 0.0055305      -0.17706    -0.31141 to -

0.042708 

0.0098191    

Sex (male) -0.048083    -0.18649 to 0.090318 0.49574     -0.043602    -0.18105 to 0.09385 0.53394    

Dementia 0.61882    0.43703 to 0.80061 3.1527e-11      0.58    0.39752 to 0.76248 5.5241e-10     

MCI 0.22062    0.081865 to 0.35937 0.0018448     0.19426     .055331 to 0.33318 0.006156    

WMH --- --- --- 0.10998    0.040654 to 0.17931 0.0018896    

Age -0.015112    -0.082896 to 0.66201    -0.058533    -0.13118 to 0.01411 0.11422    
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0.052673 

DBM -0.10734    -0.17547 to -

0.039198 

0.002033     -0.08846    -0.15713 to -

0.019786 

0.011606    

Left Cerebellum Crus2 β 95% CI P β 95% CI P 

Intercept -0.16822    -0.30472 to -

0.031725 

0.015739     -0.16031    -0.29615 to -

0.024476 

0.020739    

Sex (male) -0.094172    -0.23606 to 0.04772 0.19321     -0.079926    -0.22131 to 

0.061455 

0.2677    

Dementia 0.66442  0.48771 to 0.84114 2.3987e-13      0.62048    0.44212 to 0.79883 1.1724e-11     

MCI 0.22048    0.082112 to 0.35884 0.0018032     0.1957    0.057041 to 0.33435 0.0056925    

WMH --- --- --- 0.10522    0.035269 to 0.17516 0.0032142    

Age -0.00074546    -0.066827 to 

0.065336 

0.98235    -0.044326    -0.11609 to 0.02744 0.22593    

DBM -0.11257    -0.18076 to -

0.044373 

0.0012262     -0.089242     -0.15878 to -

0.019701 

0.011922    

Right Cerebellum Crus2 β 95% CI P β 95% CI P 

Intercept -0.18244    -0.31758 to -

0.047288 

0.0081753     -0.16838    -0.30291 to -

0.033849 

0.014188    

Sex (male) -0.077033    -0.21691 to 0.062845 0.28026     -0.068872    -0.20787 to 

0.070129 

0.33132    

Dementia 0.6687     0.49212 to 0.84528 1.6223e-13      0.61949    0.44125 to 0.79772 1.2249e-11     

MCI 0.22811    0.089888 to 0.36632 0.0012293     0.19962    0.06111 to 0.33813 0.0047537     

WMH --- --- --- 0.11215    0.043364 to 0.18094 0.0014075    

Age 0.0004208    -0.065623 to 

0.066465 

0.99003    -0.047    -0.11871 to 

0.024712 

0.19883    

DBM -0.10732    -0.17362 to -

0.041028 

0.0015215     -0.092511    -0.15898 to -

0.026047 

0.0063941    

Left Cerebellum VIIb β 95% CI P β 95% CI P 

Intercept -0.1692    -0.30537 to -

0.033021 

0.014908     -0.15915    -0.29469 to -

0.023602 

0.021401    

Sex (male) -0.084874    -0.22529 to 0.055538 0.23599     -0.074066    -0.21381 to 

0.065679 

0.29874    

Dementia 0.65509    0.47803 to 0.83215 5.6361e-13      0.61072    0.43219 to 0.78925 2.533e-11     

MCI 0.21156     0.072967 to 0.35015 0.0027897     0.18716    0.048398 to 0.32593 0.0082283    

WMH --- --- --- 0.108    0.038723 to 0.17727 0.0022616    

Age -0.017698    -0.085334 to 

0.049937 

0.60789    -0.059861    -0.1323 to 0.012573 0.10523     

DBM -0.11367    -0.18222 to -

0.045118 

0.0011651     -0.093939    -0.16326 to -

0.024618 

0.0079319    
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AFFECTIVE DBM DBM and WMH 

Left Cerebellum Crus2 β 95% CI P β 95% CI P 

Intercept -0.28276    -0.41958 to -0.14594 5.243e-05     -0.27732    -0.41347 to -0.14116 6.719e-05    

Sex (male) -0.078826     -0.22305 to 0.065394 0.2839     -0.065652    -0.20936 to 

0.078055 

0.37039    

Dementia 0.75177    0.58112 to 0.92242 1.1136e-17      0.71254    0.5405 to 0.88459 7.8037e-16      

MCI 0.40488    0.27135 to 0.53842 3.2163e-09      0.38465     0.25092 to 0.51838 1.9262e-08     

WMH --- --- --- 0.09901    0.030903 to 0.16712 0.0044025    

Age 0.012119    -0.053871 to 

0.078109 

0.71877    -0.029531    -0.10108 to 

0.042014 

0.41834    

DBM -0.12306    -0.19187 to -0.05425 0.00046248     -0.10114    -0.17122 to -

0.031055 

0.0046983    

 

 

APATHY DBM DBM and WMH 

Right Precentral β 95% CI P β 95% CI P 

Intercept -0.3744    -0.50136 to -0.24744 8.4535e-09      -0.35886    -0.48545 to -0.23227 3.0585e-08     

Sex (male) 0.060369     -0.069888 to 0.19063 0.36351     0.067396    -0.062094 to 0.19689 0.30751    

Dementia 0.97995    0.80871 to 1.1512 2.0764e-28       0.93235    0.75911 to 1.1056 2.1471e-25      

MCI 0.39779    0.264 to 0.53158 6.3894e-09         0.36876    0.23433 to 0.50319 8.3084e-08      

WMH --- --- --- 0.099948    0.033264 to 0.16663 .0033254     

Age 0.052691    -0.0099179 to 0.1153 0.099002    0.011062    -0.057052 to 

0.079175 

0.75015    

DBM -0.11048    -0.17181 to -0.04915 0.0004203      -0.093514    -0.15547 to -

0.031558 

0.0031111     

Left Superior Frontal β 95% CI P β 95% CI P 

Intercept -0.37398    -0.50122 to -0.24675 9.4403e-09     -0.35717    -0.48394 to -0.23041 3.6994e-08     

Sex (male) 0.080327     -0.049362 to 0.21002 0.22463    0.084238     -0.04451 to 0.21299 0.19959     

Dementia 0.96739    0.79551 to 1.1393 1.47e-27      0.91852    0.74497 to 1.0921 1.2394e-24      

MCI 0.37868    0.24464 to 0.51273 3.4049e-08      0.35077    0.21646 to 0.48508 3.3127e-07      

WMH --- --- --- 0.10555    0.039335 to 0.17176 0.0017959     

Age 0.038491     -0.0255 to 0.10248 0.23829      -0.0039294    -0.072799 to 

0.064941 

0.91092    

DBM -0.10447    -0.16722 to -

0.041727 

0.0011114     -0.091062    -0.15389 to -

0.028232 

0.0045226     

Right Superior Frontal β 95% CI P β 95% CI P 

Intercept -0.3722    -0.49932 to -0.24508 1.0749e-08     -0.35575    -0.4824 to -0.2291 4.0708e-08      
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Sex (male) 0.072387    -0.057357 to 0.20213 0.27402    0.077164    -0.051658 to 0.20599 0.24025    

Dementia 0.96229    0.79043 to 1.1342 2.6731e-27      0.91454    0.74105 to 1.088 1.8655e-24      

MCI 0.38225    0.24843 to 0.51606 2.4059e-08      0.35424      0.2201 to 0.48838 2.4505e-07       

WMH --- --- --- 0.10412    0.037941 to 0.1703 0.0020593     

Age 0.041972    -0.021398 to 0.10534 0.19412    -0.00043824    -0.068874 to 

0.067998 

0.98998    

DBM -0.11228    -0.17482 to -

0.049739 

0.00043967     -0.098765    -0.16143 to -

0.036106 

0.0020206     

Left Middle Frontal β 95% CI P β 95% CI P 

Intercept -0.3934    -0.52007 to -0.26672 1.3409e-09     -0.37434    -0.50071 to -0.24797 7.2499e-09     

Sex (male) 0.10148     -0.027996 to 0.23095 0.12443    0.10287    -0.025678 to 0.23141 0.11672    

Dementia 0.96682    0.79537 to 1.1383 1.1753e-27      0.91815      0.74499 to 1.0913 1.0259e-24      

MCI 0.38791    0.25433 to 0.52149 1.4122e-08      0.35906    0.22508 to 0.49304 1.628e-07      

WMH --- --- --- 0.10465    0.038607 to 0.17069 0.001912     

Age 0.050689    -0.011951 to 0.11333 0.11268    0.0069534    -0.061079 to 

0.074986 

0.84116    

DBM -0.1113    -0.17331 to -

0.049284 

0.00044157     -0.098501    -0.16059 to -

0.036411 

0.0018893     

Right Middle Temporal β 95% CI P β 95% CI P 

Intercept -0.36532    -0.4929 to -0.23773 2.2297e-08      -0.35091    -0.478 to -0.22383 6.8415e-08       

Sex (male) 0.077367    -0.052324 to 0.20706 0.24217    0.081871    -0.046954 to 0.21069 0.21278    

Dementia 0.91594    0.73941 to 1.0925 9.256e-24      0.87749    0.70018 to 1.0548 8.3483e-22      

MCI 0.37703    0.24301 to 0.51106 3.8859e-08      0.3507    0.21638 to 0.48502 3.3326e-07      

WMH --- --- --- 0.10198    0.035352 to 0.16861 0.0027176     

Age 0.036904    -0.02721 to 0.10102 0.25911     -0.0030582    -0.071877 to 0.06576 0.93056    

DBM -0.10902    -0.17343 to -

0.044624 

0.00091586     -0.09174    -0.15667 to -

0.026811 

0.00564     

Cerebellum Crus2 β 95% CI P β 95% CI P 

Intercept -0.34633    -0.47576 to -0.2169 1.699e-07     -0.33768    -0.46646 to -0.2089 2.9729e-07     

Sex (male) 0.036247    -0.097139 to 0.16963 0.59414    0.049983    -0.082895 to 0.18286 0.46079    

Dementia 0.96586    0.79396 to 1.1378 1.7902e-27      0.92215    0.74858 to 1.0957 8.3468e-25      

MCI 0.37685    0.24282 to 0.51089 3.9545e-08      0.35197    0.2176 to 0.48634 3.0582e-07       

WMH --- --- --- 0.099038    0.031601 to 0.16648 0.004017     

Age 0.051941    -0.010821 to 0.1147 0.10475    0.011335    -0.056877 to 

0.079546 

0.74455    

DBM -0.10391    -0.16828 to -

0.039538 

0.0015697     -0.081823    -0.14751 to -

0.016138 

0.014652     
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Table III. Summary of the longitudinal mixed-effects models examining factors contributing to NPS subsyndromes including WMH load as a predictor in the 

model. Regression coefficients, confidence intervals and p-values are shown for each predictor and NPS subsyndrome. Statistically significant values are 

indicated in bold. 

 

Variable Hyperactivity Psychosis Affective Apathy 

β 95% CI p β 95% CI p β 95% CI p β 95% CI p 

Intercept -0.34 -0.60 to  

-0.10 

0.006 -0.12 -0.40 to 0.15 0.45 -0.25 -0.52 to 

0.0003 

0.05 -0.31 -0.59 to  

-0.02 

0.03 

WMH load 0.12 0.06 to 0.18 <0.001 0.11 0.05 to 0.18 <0.001 0.11 0.05 to 0.16 <0.001 0.12 0.06 to 0.18 <0.001 

Age -0.08 -0.15 to  

-0.01 

0.02 -0.09 -0.16 to  

-0.02 

0.006 -0.07 -0.14 to  

-0.006 

0.07 -0.04 -0.11 to 0.03 0.28 

AD 0.92 0.75 to 1.09 <0.001 0.65 0.48 to 0.83 <0.001 0.73 0.57 to 0.90 <0.001 0.93 0.76 to 1.10 <0.001 

MCI 0.42 0.29 to 0.56 <0.001 0.22 0.09 to 0.36 0.001 0.41 0.28 to 0.54 <0.001 0.38 0.25 to 0.51 <0.001 

Sex (male) 0.08 -0.06 to 0.21 0.26 -0.05 -0.18 to 0.09 0.49 -0.02 -0.16 to 0.12 0.78 0.10 -0.03 to 0.22 0.14 

NPS=neuropsychiatric symptom; WMH=white matter hyperintensity; MCI=mild cognitive impairment; AD=Alzheimer’s disease 
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Table IV. Summary of the longitudinal mixed-effects models examining factors contributing to NPS subsyndromes, with vascular risk factors included as a 

predictor in the model. Regression coefficients, confidence intervals and p-values are shown for each predictor and NPS subsyndrome. Statistically significant 

values are indicated in bold. 

 

Variable Hyperactivity Psychosis Affective Apathy 

β 95% CI p β 95% CI p β 95% CI p β 95% CI p 

Intercept -0.34 -0.60 to  

-0.08 

0.01 -0.11 -0.41 to 0.18 0.45 -0.24 -0.52 to 0.03 0.08 -0.30 -0.59 to  

-0.02 

0.04 

WMH load 0.12 0.06 to 0.18 <0.001 0.11 0.05 to 0.18 <0.001 0.10 0.05 to 0.16 <0.001 0.12 0.06 to 0.18 <0.001 

Age -0.09 -0.16 to  

-0.02 

0.01 -0.10 -0.18 to  

-0.03 

0.006 -0.08 -0.16 to  

-0.009 

0.03 -0.04 -0.11 to 0.03 0.26 

Total number 

of vascular 

risk factors 

-0.03 -0.06 to 

0.004 

0.10 -0.04 -0.07 to  

-0.008 

0.015 -0.04 0.55 to 0.89 0.009 -

0.007 

-0.04 to 0.03 0.69 

AD 0.91 0.74 to 1.08 <0.001 0.64 0.47 to 0.82 <0.001 0.72 0.27 to 0.54 <0.001 0.93 0.76 to 1.10 <0.001 

MCI 0.42 0.29 to 0.55 <0.001 0.22 0.08 to 0.36 0.002 0.40 0.27 to 0.54 <0.001 0.38 0.25 to 0.51 <0.001 

Sex (male) 0.08 -0.05 to 0.21 0.23 -0.04 -0.18 to 0.10 0.56 -0.01 -0.15 to 0.13 0.87 0.10 -0.03 to 0.22 0.13 

NPS=neuropsychiatric symptom; WMH=white matter hyperintensity; MCI=mild cognitive impairment; AD=Alzheimer’s disease 
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