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Abstract. The study included 1,738 Mayo Clinic Study of Aging participants (>50 years old; 1,460 cognitively unimpaired
and 278 with mild cognitive impairment (MCI)) and examined the cross-sectional association between cerebrovascular (CVD)
imaging biomarkers (e.g., white matter hyperintensities (WMH), infarctions) and Beck Depression Inventory-II (BDI-II) and
Beck Anxiety Inventory (BAI) scores, as well as their association with MCI. High (abnormal) WMH burden was significantly
associated with having BDI-II>13 and BAI>7 scores, and both (CVD imaging biomarkers and depression/anxiety) were
significantly associated with MCI when included simultaneously in the model, suggesting that both were independently
associated with the odds of MCI.
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INTRODUCTION ment [1, 2]. In population-based studies [2, 3],

nonpsychotic NPS prevalence ranges from 25% in

Neuropsychiatric symptoms (NPS) and cere-
brovascular disease (CVD) are common in older
adults, and both are associated with cognitive impair-
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SW, Rochester, MN 55905, USA. Tel.: +1 507 293 7472; Fax: +1
507 284 1516; E-mail: vassilaki.maria@mayo.edu.

cognitively unimpaired (CU) persons to about 50%
in persons with mild cognitive impairment (MCI) [3];
persons living with dementia can present with even
higher NPS frequency [2].

NPS are associated with an increased risk of MCI
[4, 5] or dementia [6—10]. In addition, CVD is associ-
ated with cognitive impairment; vascular brain injury
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such as white matter hyperintensity (WMH) volume
and infarctions can be identified by neuroimaging
during life, which is critical as white matter integrity
changes have a crucial role in vascular contribu-
tions to cognitive impairment and dementia [11,
12]. WMHs are often observed on MRI scans of
older adults and have been associated with aging,
cerebrovascular risk factors, and late-life depression
[13]. However, research on the association between
cerebral small vessel disease (e.g., WMHs, infarcts,
microbleeds) and depression, anxiety, or other neu-
ropsychiatric symptoms is still inconclusive and
warrants further examination [14, 15].

The study aimed to assess the cross-sectional
association between CVD imaging biomarkers (e.g.,
WMH, infarctions) and NPS. We sought to assess
the hypothesis that CVD imaging biomarkers are
associated with depression and anxiety, and both—
depression/anxiety and CVD biomarkers—are inde-
pendently associated with MCI.

METHODS
Study population

The Mayo Clinic Study of Aging (MCSA) [16]isa
prospective population-based cohort study of cogni-
tive aging initiated in 2004 in Olmsted County (MN,
USA). The study invites participants using an age-
and sex-stratified random sample of Olmsted County
residents, achieved using the Rochester Epidemiol-
ogy Project (REP) [17] resources.

The design and conduct of MCSA were previously
reported [16]. Briefly, at each MCSA visit (base-
line and every 15 months), the participants undergo a
comprehensive cognitive evaluation and are classified
as having MCI [18] or dementia [19] or are cogni-
tively unimpaired (i.e., participants who perform in
the normal range and do not meet the MCI or demen-
tia criteria) by a consensus expert committee of a
study coordinator, a physician, and a neuropsycholo-
gist, after reviewing all information collected for each
participant.

The present study included 1,738 MCSA [16] par-
ticipants (>50 years old) without dementia, with
available data on cognitive diagnosis, the Beck
Depression Inventory-II (BDI) (self-reported) [20],
the Beck Anxiety Inventory (BAI) (self-reported)
[21] and having WMH data via FLAIR-MRI [22].
We used the first visit meeting these requirements
(starting in 2005).

Study approval was obtained from the Institutional
Review Boards of the Mayo Clinic and Olmsted
Medical Center in Rochester, Minnesota, and par-
ticipants provided written informed consent before
participation. In the case of participants with cogni-
tive impairment sufficient to interfere with capacity,
assent was obtained from a legally authorized repre-
sentative.

Depression and anxiety inventories

Both the BDI-II and BAI are validated and
comprise 21 items. The BDI-II measures common
symptoms of depression over the past two weeks,
e.g., feelings of guilt or loss of interest, while the BAI
measures common anxiety symptoms over the past
week (e.g., nervousness or fear of losing control). An
ordinal scale ranging from O to 3 is used to rate sever-
ity of each item (total score O to 63; a higher score
indicates higher severity of symptoms). The study
analysis used BDI-II and BALI total scores as contin-
uous measures, as well as categorical, i.e., as BDI-II
score > 13 (more than minimal symptoms, indicat-
ing clinical depression) and BAI score > 7 (more than
minimal symptoms, indicating clinical anxiety).

Neuroimaging

MRI images were acquired on 3T MRI scanners
(GE Healthcare, Waukesha, WI). For each individ-
ual, both the structural T1 weighted magnetization
prepared rapid gradient echo (MPRAGE) image and
FLAIR (fluid-attenuated inversion recovery)-MRI
image were used for WMH segmentation [23]. Meth-
ods were explained in detail previously [22]. In brief,
possible WMH voxels were identified through clus-
tering via connected components using the FLAIR
images. To remove nonbrain tissue and voxels that
had a high likelihood of being gray matter and not
likely WMH, SPMS5 segmentation was used from
T1 weighted image aligned to the FLAIR images
and corresponding brain masks. If additional clus-
ters occurred external to areas categorized as white
matter, made up of a single isolated voxel, or had
no supra-threshold FLAIR voxels after blurring, they
were excluded. Then the WMH were manually edited
by trained analysts to correct any incorrect WMH
classifications and warrant WMH segmentation con-
sistency across participants. Voxels were removed if
they were associated with infarcts and not consid-
ered as part of the WMH measurement. The absolute
burden of WMH (cm3) was normalized to total
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intracranial volume (TIV; cm3). To identify individ-
uals with high levels of WMH (i.e., cut point for
abnormal WMH levels), three Gaussian mixture dis-
tributions of age versus WMH/TIV % were fit [24].
One cluster appeared to capture a significant pro-
portion of participants with highly abnormal WMH
levels and thus, a cut point of > 1.7% of WMH/TIV
% was chosen for abnormality based on this clus-
ter. In addition, 3D MPRAGE and FLAIR images
were reviewed, and subcortical and cortical infarc-
tions were identified and classified as previously
described [25]. Trained image analysts, blinded to
participant information, marked the site of possible
infarcts, which were reviewed independently by a
neuroradiologist and a vascular neurologist. Abnor-
mal CVD was defined as presence of either abnormal
WMH/TIV burden or infarctions.

Covariates and potential confounders

At the baseline visit, participant information col-
lected included age, sex, education, weight, height,
and Apolipoprotein E €4 (APOE £4) genotype status,
which was determined using standard methods from
a blood draw using [26]. The chronic disease burden
was assessed for the study baseline from a modified
Charlson Comorbidity Index (Charlson Index) [27]
score based on electronic diagnosis codes; demen-
tia codes were not included in the index, as MCSA
assesses cognitive status. Comorbidities, including
diabetes mellitus, hypertension, stroke, history of
atrial fibrillation, coronary heart disease, or conges-
tive heart failure, were ascertained using the REP
medical records linkage system by expert RN abstrac-
tors. To assess the total burden of vascular/metabolic
conditions, we created the vascular disease burden
(VDB), by the summation of the following nine con-
ditions (adding one point for each condition that
is present): diabetes mellitus, hypertension, stroke,
history of atrial fibrillation, coronary heart disease,
congestive heart failure, dyslipidemia, obesity (based
on current body mass index), and peripheral vascular
disease; VDB total score resulted in a range of 0-9.

Statistical analysis

Descriptive statistics were calculated and pre-
sented as median and range for continuous variables
or frequencies (N) with percentages (%) for categor-
ical variables. We compared characteristics between
groups using the Wilcoxon rank-sum and Chi-square
tests. We ran hurdle regression models for CVD imag-

ing biomarkers predicting BDI-II and BAI scores
adjusted for age, sex, and education. Hurdle mod-
els consist of two parts: first is the hurdle portion,
which is a logistic regression model for predicting
positive values versus a value of zero. The second
part is a model for the positive values for which
we used a truncated negative binomial regression
model. Rootogram plots showed that the truncated
negative binomial regression model fit the data well.
From the logistic portion, we obtained odds ratios
(OR), 95% confidence intervals (CI), and p-values,
and from the negative binomial portion, we obtained
incidence rate ratios (IRR), 95% CI, and p-values. We
also ran separate logistic regression models adjusted
for age, sex, and education to examine the associ-
ation of CVD imaging biomarkers with BDI-II>13
(versus < 13) and BAI>7 (versus <7) scores, from
which we obtained ORs, 95% CI, and p-values.

We additionally ran logistic regression models
adjusted for age, sex, education, and APOE &4 sta-
tus to examine the association of BDI-II and BAI
scores with MCI (versus CU). We computed ORs,
95% CI, and p-values. We ran these models for BDI-
IT and BAI individually and including CVD imaging
biomarkers. For interpretability and comparability of
coefficients, BDI-II and BAI were both z-scored for
these analyses by subtracting the mean and dividing
by the standard deviation. Similarly, WMH/TIV was
z-scored in all models in which it appears.

Potential effect modification by WMH biomark-
ers in the association between BDI-II and MCI was
examined using an interaction term between WMH
and BDI-II in a model adjusting for age, sex, edu-
cation (years), and APOE &4 status. No statistically
significant interaction was observed (not shown in
tables). All analyses were considered statistically sig-
nificant at a p-value<0.05 and were performed using
the SAS statistical software version 9.4 (SAS Insti-
tute, Cary, North Carolina) and R version 3.6.2 (R
Foundation for Statistical Computing, Vienna, Aus-
tria). The hurdle models were run using version 1.5.5
of the ‘pscl’ package in R.

RESULTS

Study participants

Participants’ characteristics at study baseline are
presented in Table 1. Participants’ median age (range)
was 70.91 (50.20-95.33) years, 53.3% were male; 99
(5.7%) participants had BDI-II score higher than 13,
and 199 (11.5%) had BAI score greater than 7. There
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Table 1
Participants’ characteristics at study baseline

Characteristics Total (N=1,738)

Age () 70.91 (50.20-95.33)
Male, n (%) 927 (53.3%)
Education (years) 14.00 (0.00-20.00)
APOE &4 carrier, n (%) 495 (28.7%) 13
Neuropsychiatric symptoms
Beck Depression Inventory-II total
Beck Depression Inventory-II>13
Beck Anxiety Inventory total
Beck Anxiety Inventory >7
Conditions
Mild cognitive impairment, n (%)
Diabetes mellitus, n (%)
Hypertension, n (%)
Dyslipidemia, n (%)
Coronary artery disease, n (%)
Atrial fibrillation, n (%)
Congestive heart failure, n (%)
Vascular disease burden, n (%)*
Charlson Comorbidity Index~
Cerebrovascular biomarkers
WMH/TIV
Abnormal WMH/TIV, n (%)
Presence of Infarctions, n (%)**

3.00 (0.00-52.00)
99 (5.7%) 7}
1.00 (0.00-40.00) {1}
199 (11.5%) 1

278 (16%)
288 (16.6%) 10}
1074 (62.0%) 16}
1371 (79.2%) 16}
447 (25.8%) 10
176 (10.2%) 16}

99 (5.7%) 16}

2.00 (0.00-8.00) 22}

2.00 (0.00-22.00)

0.006 (0.000-0.089)
297 (17.1%)
263 (16.5%) 144

Median (range) unless otherwise stated; {N}, number of partici-
pants missing data; APOE, Apolipoprotein E; WMH, white matter
hyperintensities volume; TIV, total intracranial volume; Abnormal
WMH/TIV, WMH/TIV %=>1.7%. *includes: diabetes mellitus,
hypertension, stroke, history of atrial fibrillation, coronary heart
disease, congestive heart failure, dyslipidemia, obesity (based on
current body mass index), and peripheral vascular disease with a
range of 0-9. ~excluding dementia. **cortical and subcortical.

were 278 (16%) participants with MCI at study base-
line. Ninety-eight percent of participants were White
and 99% were not Hispanic or Latino.

Participants with BDI-II score > 13 had, on aver-
age, fewer years of education, higher BAI score,
higher Charlson Comorbidity Index, higher total vas-
cular disease burden, and were more likely to have
MCI and abnormal WMH burden.

Association of cerebrovascular biomarkers with
depression and anxiety symptoms

Higher WMH/TIV was associated with having a
BDI-II>0, e.g., each one SD increase in WMH/TIV
was associated with a 24% higher likelihood of
having a BDI-II>0, on average (OR =1.24, 95%CI
1.04-1.49; Table 2). Among those with a posi-
tive BDI-II score, each SD increase in WMH/TIV
was associated with a 7% increase in BDI-II score
(IRR=1.07, 95%CI: 1.01-1.13). The presence of
infarctions was associated with significantly higher
likelihood of having a BDI-II>0 on average, and bor-

derline significantly higher BDI-II score in those with
a positive BDI-II score. Participants with abnormal
WMH/TIV (versus not) had 2.25 times the odds of
having a BDI-II score > 13 (OR =2.25, 95%CI: 1.32-
3.83).

Each one SD increase in WMH/TIV was asso-
ciated with an 18% higher likelihood of having a
BAI score >0, on average (OR=1.18, 95%CI: 1.04-
1.33; Table 2), although among those with a positive
BAI score, each SD increase in WMH/TIV was not
associated with a significant increase in the score,
on average (IRR=1.08, 95%CI: 1.00-1.17). Among
those with a positive BAI score, having abnormal
WMH/TIV was associated with a 32% increase in
BAI score (IRR =1.32,95%CI: 1.08-1.63). Although
the presence of infarctions was not associated with
a higher likelihood of having a BAI>0 (OR=0.98,
95%CI: 0.73-1.30), the presence of infarctions was
associated with a significantly higher BAI score
(IRR=1.25, 95%CI 1.01-1.55) among those with
BAI>0.

Participants with abnormal CVD biomarkers (i.e.,
presence of abnormal WMH/TIV and/or infarctions)
had 1.93 times the odds of having a BAI score>7
compared to participants without abnormal CVD
biomarkers (OR =1.93, 95%CI: 1.33-2.79).

We did not adjust for vascular clinical conditions
as they are in the same causal pathway as cerebrovas-
cular injury.

Association of cerebrovascular biomarkers,
depression, and anxiety symptoms with MCI

The BDI-II score was significantly associated with
the odds for MCI (per 1 SD, OR: 1.40, 95%CI:1.23-
1.59; Table 3). This estimate was minimally
decreased (per 1 SD, OR: 1.38, 95%CI:1.21-1.57)
when WMH/TIV was also included in the model, and
both WMH/TIV (per 1 SD, OR: 1.20, 95%CI:1.05-
1.38) and BDI-II score were significantly associated
with MCI. We observed a similar pattern of asso-
ciations for BAI score, as well. The presence of
infarctions and higher BDI-II score (or BAI score)
were also significantly associated with MCI when
included in the same model.

DISCUSSION

High (abnormal) WMH burden was significantly
associated with having BDI-II>13 and BAI>7
scores, and both (CVD imaging biomarkers and
depression or anxiety symptoms) were significantly
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Table 2

Hurdle Models Logistic regression models
CVD Biomarkers ORNT (95% CI) p IRR"? (95% CI) p ORM (95% CI) P
BDI-II score (outcome) BDI>13 (outcome)
WMH/TIV 1.24 (1.04, 1.49) 0.018 1.07 (1.01, 1.13) 0.029 1.30 (1.07, 1.57) 0.007
Abnormal WMH/TIV 1.33 (0.90, 1.97) 0.150 1.24 (1.08, 1.43) 0.003 2.25 (1.32, 3.83) 0.003
Presence of infarctions 1.51 (1.02,2.24) 0.039 1.15 (0.10, 1.33) 0.056 1.57 (0.89, 2.76) 0.121
Presence of cortical infarctions 2.66 (1.21, 5.87) 0.015 1.13 (0.91, 1.41) 0.266 1.33 (0.55, 3.22) 0.522
Presence of subcortical infarctions 1.33 (0.88,2.02) 0.172 1.10 (0.94, 1.29) 0.224 1.45 (0.79, 2.66) 0.234
Abnormal CVD 1.52 (1.08, 2.14) 0.018 1.21 (1.06, 1.39) 0.005 2.00 (1.18, 3.40) 0.011
BAI score (outcome) BAI>7 (outcome)
WMH/TIV 1.18 (1.04, 1.33) 0.011 1.08 (1.00, 1.17) 0.065 1.13 (0.97, 1.32) 0.115
Abnormal WMH/TIV 1.41 (1.05, 1.88) 0.022 1.32 (1.08, 1.63) 0.007 1.97 (1.33,2.91) 0.001
Presence of infarctions 0.98 (0.73, 1.30) 0.867 1.25 (1.01, 1.55) 0.037 1.53 (1.03, 2.28) 0.035
Presence of cortical infarctions 1.18 (0.75, 1.86) 0.475 1.28 (0.93, 1.78) 0.131 1.79 (1.01, 3.17) 0.045
Presence of subcortical infarctions 0.97 (0.72, 1.32) 0.866 1.19 (0.94, 1.49) 0.142 1.28 (0.83, 1.98) 0.262
Abnormal CVD 1.20 (0.92, 1.56) 0.173 1.29 (1.07, 1.57) 0.009 1.93 (1.33,2.79) 0.001

CVD, cerebrovascular; BDI-II, Beck Depression Inventory II; BAI, Beck Anxiety Inventory; WMH, white matter hyperintensities; TIV, total intracranial volume; Abnormal WMH/TIV, WMH/TIV

9%>1.7%; Abnormal CVD, presence of either abnormal WMH burden or infarctions.

and education.

retained from (1) the logistic regression portion of the hurdle model for predicting positive values versus
0 and (2) the negative binomial model for predicting the positive values, adjusted for age, sex, education. For example, the first estimate from the logistic regression portion of the hurdle model
suggests that each one SD increase in WMH / TIV is associated with a 24% higher likelihood of having a BDI-II score greater than zero, on average; and the IRR of 1.07 suggests that amongst
those with a positive BDI score, each one SD increase in WMH / TIV is associated with a 7% increase in BDI score, on average. *” retained from a logistic regression model adjusted for age, sex,
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Table 3
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Associations of Cerebrovascular Imaging Biomarkers, BDI-II and BAI score with MCI

Independent variables Total/with MCI

Mild cognitive impairment (outcome)

OR" (95% CI) P

BDI-II score 1717/278 1.40 (1.23 1.59) <0.001
WMH/TIV! 1717/278 1.20 (1.05, 1.38) 0.008
BDI-II score! 1.38 (1.21, 1.57) <0.001
Abnormal WMH/TIV? 1717/278 1.76 (1.26, 2.46) 0.001
BDI-II score? 1.38 (1.21, 1.57) <0.001
Presence of infarctions? 1573/173 1.66 (1.12,2.43) 0.010
BDI-I score? 1.40 (1.21, 1.61) <0.001
BAI score 1722/278 1.31 (1.16, 1.49) <0.001
WMH/TIV* 1722/278 1.21 (1.06, 1.38) 0.006
BAI score® 1.30 (1.14, 1.47) <0.001
Abnormal WMH/TIV? 1722/278 1.77 (1.27,2.47) 0.001
BAI score’ 1.29 (1.14, 1.46) <0.001
Presence of infarctions® 1578/173 1.69 (1.14,2.49) 0.008
BAI score?® 1.40 (1.23, 1.60) <0.001

BDI-II, Beck Depression Inventory II; BAI, Beck Anxiety Inventory; MCI, mild cognitive impairment; WMH, white matter hyperintensities;
TIV, total intracranial volume; Abnormal WMH/TIV, WMH/TIV %> 1.7%; Abnormal CVD, presence of either abnormal WMH burden or

infarctions. 1-2:3:4.5.6

imaging biomarker and BDI-II or BAI score simultaneously included in the model if they have the same superscript

number. " retained from a logistic regression model additionally adjusted for age, sex, education and APOE &4 status; for interpretability
and comparability of coefficients, BDI-II and BAI were both z-scored for these analyses.

associated with MCI when included simultaneously
in the model, suggesting that both were independently
associated with the odds of MCI. We additionally
observed that having higher WMH/TTV and/or abnor-
mal WMH/TIV were associated with having a higher
than zero BDI-II and BAI score, with higher score in
those with positive BDI-II and BAI scores, as well as,
with having more (versus less) than minimal depres-
sion and anxiety symptoms. Brain infarctions were
also associated with having a higher than zero BDI-
IT (but not BAI) score, higher BAI score in those
with higher than zero BAI score, and with more than
minimal anxiety symptoms.

The present study findings are consistent with pre-
vious reports [28] suggesting that NPS and CVD
imaging biomarkers are independently associated
with greater odds of MCI. NPS and vascular brain
injury (i.e., WMH burden and brain infarcts) have
been associated with an increased risk of cognitive
impairment [4-10, 29]. Cerebrovascular disease, e.g.,
stroke, is associated with NPS (including depression
and anxiety) and cognitive dysfunction, suggesting
that depressive symptoms in that setting could be
associated with inflammatory processes, genetic and
epigenetic variations, white matter disease, cere-
brovascular deregulation, among others as additional
pertinent causal factors [30].

WMHs are often observed on MRI scans of
older adults and have been associated with aging,
cerebrovascular risk factors, and late-life depres-

sion [13]. However, research on the association
between WMHs, depression, anxiety, or other neu-
ropsychiatric symptoms is still inconclusive [14].
Cross-sectional [31-33] and longitudinal [14, 34, 35]
studies have supported a positive association between
WMHs and depression in cognitively impaired or
unimpaired older adults. Similarly, previous stud-
ies [13, 36, 37] have supported an association
between WMH with anxiety. However, not all stud-
ies agree [38, 39], and these associations require
further investigation [15]. In addition, manifesta-
tions of vascular disease could differ depending on
vascular injury location. For example, a recent meta-
analysis suggested that in the post-acute stroke phase,
depression was associated with frontal and basal gan-
glia infarcts [40]. Small basal ganglia lesions and
large cerebral cortical white matter lesions have been
associated with persistent depressive symptoms [41,
42] while a meta-analysis of 16 longitudinal stud-
ies[43] suggested that deep WMHs were associated
with increased dementia risk, but not the perivascu-
lar WMHSs. Thus, future studies need to address the
potential differential effects of CVD lesion location
on depression and other NPS [41].

In this cross-sectional study, we did not investigate
mechanisms of action, and it is hard to specu-
late whether any differences we observed in the
CVD imaging biomarkers associations with BDI-
IT and BAI outcomes underlie a differential impact
of the CVD biomarkers on depression and anxiety
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symptomatology. However, in the past, we proposed
[44] four possible mechanisms linking NPS and
Alzheimer’s disease pathology in predicting cogni-
tive outcomes, which may be relevant to this study as
well. For example, a synergistic interaction between
vascular brain injury and NPS (e.g., depression) may
lead to cognitive impairment. It is also conceivable
that reverse causation could account for the findings,
i.e., a person who starts struggling with cognitive
impairment may feel discouraged and feel depressed
over the evolving loss of cognitive function due to
an underlying Alzheimer’s pathology and comorbid
CVD as defined by the 2018 NIA-AA research frame-
work [45]. Yet another potential explanation could be
the vascular depression hypothesis of old age or “eti-
ologic pathways,” e.g., aging related vascular brain
injury may lead to NPS (e.g., depression) that in
turn leads to deleterious impact on hippocampus and
other pertinent structures thereby leading to cogni-
tive impairment. Finally, a shared pathway, i.e., an
underlying AD pathology and comorbid CVD, may
lead to both depression and cognitive impairment
[46]. We hasten to add that these and other pos-
sible mechanisms are not mutually exclusive, and
additional mechanisms could exist waiting to be
discovered.

Our study also adds to growing knowledge
on the association of cerebral small vessel dis-
ease, depression, and anxiety symptoms, in a large
community-based study. This area of research needs
further investigation [15], and our team will continue
elucidating these associations and undertake a longi-
tudinal investigation in the future.

Strengths of the study are the large sample size, the
comprehensive cognitive evaluation, and access to a
state-of-the-art neuroimaging dataset. However, find-
ings need to be also considered in light of the study’s
limitations. The cross-sectional study design limits
our ability to make causal inferences. In addition,
participants volunteering to undergo imaging studies
might be different in some characteristics (e.g., with
fewer comorbidities) than participants who did not
select imaging studies [47]. Ninety-eight percent of
participants were White, and 99% were not Hispanic
or Latino, thus, investigation of these associations in
more diverse populations is needed.

ACKNOWLEDGMENTS

This work was funded by grants from the National
Institutes of Health (NIH) (RO1 AGS57708). The

Mayo Clinic Study of Aging was supported by
the NIH (U0O1 AG006786, P30 AG062677, R37
AGO011378, RO1 AG041851, RO1 NS097495), the
Alexander Family Alzheimer’s Disease Research
Professorship of the Mayo Clinic, GHR Founda-
tion, Mayo Foundation for Medical Education and
Research, the Liston Award, the Schuler Foundation
and used the resources of the Rochester Epidemiol-
ogy Project (REP) medical records linkage system,
which is supported by the National Institute on Aging
(AG 058738), by the Mayo Clinic Research Com-
mittee, and by fees paid annually by REP users. The
content of this article is solely the responsibility of
the authors and does not represent the official views
of the NIH or the Mayo Clinic. The funding sources
had no role in study design; in the collection, anal-
ysis, and interpretation of data; in the writing of the
report; and in the decision to submit the article for
publication.

CONFLICT OF INTEREST

Maria Vassilaki has received research funding from
F. Hoffmann-La Roche Ltd and Biogen and con-
sulted for F. Hoffmann-La Roche Ltd; currently, she
receives research funding from NIH; she has equity
ownership in Johnson and Johnson, Medtronic,
Merck, and Amgen.

Jonathan Graff-Radford receives support from the
NIH, serves on the DSMB for StrokeNET, and is an
investigator in clinical trials sponsored by Esai and
the Alzheimer’s Treatment and Research Institute at
USC.

Prashanthi Vemuri receives NIH funding.

Eugene L Scharf is a consultant for Boston Scien-
tific but receives no compensation.

Mary M. Machulda receives NIH funding.

Julie A. Fields serves as a consultant for Medtronic,
Inc. and receives research support from the NIH.

Walter K. Kremers receives research support from
the NIH.

ValJ. Lowe serves as a consultant for Bayer Scher-
ing Pharma, Piramal Life Sciences, Life Molecular
Imaging, Eisai Inc., AVID Radiopharmaceuticals,
and Merck Research, and receives research support
from GE Healthcare, Siemens Molecular Imaging,
AVID Radiopharmaceuticals, and the NIH (NIA,
NCI).

Clifford R. Jack Jr. has no financial conflicts to
disclose; he receives research support from NIH and
the Alexander Family Alzheimer’s Disease Research



1244 M. Vassilaki et al. / CVD Imaging Biomarkers, BDI-II, BAI, and MCI

Professorship of the Mayo Clinic.

David S. Knopman serves on a Data Safety Moni-
toring Board for the Dominantly Inherited Alzheimer
Network Treatment Unit study. He served on a Data
Safety monitoring Board for a tau therapeutic for
Biogen (until 2021) but received no personal com-
pensation. He is an investigator in clinical trials
sponsored by Biogen, Lilly Pharmaceuticals and the
University of Southern California. He has served as a
consultant for Roche, Samus Therapeutics, Magellan
Health, Biovie and Alzeca Biosciences but receives
no personal compensation. He attended an Eisai advi-
sory board meeting for lecanemab on December 2,
2022, but received no compensation. He receives
funding from the NIH.

Ronald C. Petersen serves as a consultant for
Roche, Inc., Eisai, Inc., Genentech, Inc. Eli Lilly, Inc.,
and Nestle, Inc., served on a DSMB for Genentech,
receives royalties from Oxford University Press and
UpToDate, and receives NIH funding.

Yonas E. Geda receives funding from NIH and the
BARROW Neurological Foundation.

All other authors have no conflict of interest to
report.

DATA AVAILABILITY

The Mayo Clinic Study of Aging makes data avail-
able to qualified researchers upon reasonable request.

REFERENCES

[1] Roberts R, Knopman DS (2013) Classification and epidemi-
ology of MCI. Clin Geriatr Med 29, 753-772.

[2] Lyketsos CG, Lopez O, Jones B, Fitzpatrick AL, Breitner
J, DeKosky S (2002) Prevalence of neuropsychiatric symp-
toms in dementia and mild cognitive impairment: Results
from the cardiovascular health study. JAMA 288, 1475-
1483.

[3] Geda YE, Roberts RO, Knopman DS, Petersen RC, Chris-
tianson TJ, Pankratz VS, Smith GE, Boeve BF, Ivnik RJ,
Tangalos EG, Rocca WA (2008) Prevalence of neuropsy-
chiatric symptoms in mild cognitive impairment and normal
cognitive aging: Population-based study. Arch General Psy-
chiatry 65, 1193-1198.

[4] Geda YE, Roberts RO, Mielke MM, Knopman DS, Chris-
tianson TJ, Pankratz VS, Boeve BF, Sochor O, Tangalos
EG, Petersen RC, Rocca WA (2014) Baseline neuropsy-
chiatric symptoms and the risk of incident mild cognitive
impairment: A population-based study. Am J Psychiatry
171, 572-581.

[5] Wilson RS, Schneider JA, Boyle PA, Arnold SE, Tang Y,
Bennett DA (2007) Chronic distress and incidence of mild
cognitive impairment. Neurology 68, 2085-2092.

[6]

[7]

[8]

[9]

[10]

(11]

[12]

(13]

[14]

[15]

[16]

(17]

(18]

[19]

Rosenberg PB, Mielke MM, Appleby BS, Oh ES, Geda YE,
Lyketsos CG (2013) The association of neuropsychiatric
symptoms in MCI with incident dementia and Alzheimer
disease. Am J Geriatr Psychiatry 21, 685-695.

Palmer K, DiIulio F, Varsi AE, Gianni W, Sancesario G, Cal-
tagirone C, Spalletta G (2010) Neuropsychiatric predictors
of progression from amnestic-mild cognitive impairment to
Alzheimer’s disease: The role of depression and apathy. J
Alzheimers Dis 20, 175-183.

Pink A, Stokin GB, Bartley MM, Roberts RO, Sochor
O, Machulda MM, Krell-Roesch J, Knopman DS, Acosta
JI, Christianson TJ, Pankratz VS, Mielke MM, Petersen
RC, Geda YE (2015) Neuropsychiatric symptoms, APOE
epsilon4, and the risk of incident dementia: A population-
based study. Neurology 84, 935-943.

Ramakers IH, Visser PJ, Aalten P, Kester A, Jolles J, Verhey
FR (2010) Affective symptoms as predictors of Alzheimer’s
disease in subjects with mild cognitive impairment: A 10-
year follow-up study. Psychol Med 40, 1193-1201.
Kassem AM, Ganguli M, Yaffe K, Hanlon JT, Lopez
OL, Wilson JW, Ensrud K, Cauley JA, Study of Osteo-
porotic Fractures (SOF) Research Group (2018) Anxiety
symptoms and risk of dementia and mild cognitive impair-
ment in the oldest old women. Aging Ment Health 22,
474-482.

Luchsinger JA, Brickman AM, Reitz C, Cho SJ, Schupf
N, Manly JJ, Tang MX, Small SA, Mayeux R, DeCarli C,
Brown TR (2009) Subclinical cerebrovascular disease in
mild cognitive impairment. Neurology 73, 450-456.
Vemuri P, Graff-Radford J, Lesnick TG, Przybelski SA,
Reid RI, Reddy AL, Lowe VJ, Mielke MM, Machulda
MM, Petersen RC, Knopman DS, Jack CR, Jr. (2021) White
matter abnormalities are key components of cerebrovascu-
lar disease impacting cognitive decline. Brain Commun 3,
fcab076.

Berlow YA, Wells WM, Ellison JM, Sung YH, Renshaw
PF, Harper DG (2010) Neuropsychiatric correlates of white
matter hyperintensities in Alzheimer’s disease. Int J Geriatr
Psychiatry 25, 780-788.

Anor CJ, Dadar M, Collins DL, Tartaglia MC (2021)
The longitudinal assessment of neuropsychiatric symp-
toms in mild cognitive impairment and Alzheimer’s disease
and their association with white matter hyperintensities in
the National Alzheimer’s Coordinating Center’s Uniform
Data Set. Biol Psychiatry Cogn Neurosci Neuroimaging 6,
70-78.

Clancy U, Gilmartin D, Jochems ACC, Knox L, Doubal FN,
Wardlaw JM (2021) Neuropsychiatric symptoms associated
with cerebral small vessel disease: A systematic review and
meta-analysis. Lancet Psychiatry 8, 225-236.

Roberts RO, Geda YE, Knopman DS, Cha RH, Pankratz
VS, Boeve BF, Ivnik RJ, Tangalos EG, Petersen RC, Rocca
WA (2008) The Mayo Clinic Study of Aging: Design and
sampling, participation, baseline measures and sample char-
acteristics. Neuroepidemiology 30, 58-69.

St Sauver JL, Grossardt BR, Yawn BP, Melton LJ,
Rocca WA (2011) Use of a medical records linkage sys-
tem to enumerate a dynamic population over time: The
Rochester Epidemiology Project. Am J Epidemiol 173,
1059-1068.

Petersen RC (2004) Mild cognitive impairment as a diag-
nostic entity. J Intern Med 256, 183-194.

American Psychiatric Association (1994) Diagnostic and
Statistical Manual of Mental Disorders, American Psychi-
atric Association, Washington, DC.



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[32]

[33]

M. Vassilaki et al. / CVD Imaging Biomarkers, BDI-II, BAI, and MCI

Beck A, Steer R, Brown G (2001) Manual for Beck Depres-
sion Inventory-1I (BDI-II), The Psychology Corporation,
San Antonio.

Beck AT, Steer RA (1990) BAI, Beck anxiety inven-
tory : Manual, Psychology Corporation: Harcourt Brace
Jovanovich, San Antonio.

Scharf EL, Graff-Radford J, Przybelski SA, Lesnick TG,
Mielke MM, Knopman DS, Preboske GM, Schwarz CG,
Senjem ML, Gunter JL, Machulda M, Kantarci K, Petersen
RC, Jack CR, Jr., Vemuri P (2019) Cardiometabolic health
and longitudinal progression of white matter hyperin-
tensity: The Mayo Clinic Study of Aging. Stroke 50,
3037-3044.

Raz N, Ghisletta P, Rodrigue KM, Kennedy KM, Linden-
berger U (2010) Trajectories of brain aging in middle-aged
and older adults: Regional and individual differences. Neu-
roimage 51, 501-511.

Graff-Radford J, Aakre JA, Knopman DS, Schwarz CG,
Flemming KD, Rabinstein AA, Gunter JL, Ward CP,
Zuk SM, Spychalla AJ, Preboske GM, Petersen RC,
Kantarci K, Huston J, 3rd, Jack CR, Jr., Mielke MM,
Vemuri P (2020) Prevalence and heterogeneity of cere-
brovascular disease imaging lesions. Mayo Clin Proc 95,
1195-1205.

Cogswell PM, Aakre JA, Castillo AM, Knopman DS,
Kantarci K, Rabinstein AA, Petersen RC, Jack CR, Jr.,
Mielke MM, Vemuri P, Graff-Radford J (2022) Population-
based prevalence of infarctions on 3D fluid-attenuated
inversion recovery (FLAIR) imaging. J Stroke Cerebrovasc
Dis 31, 106583.

Hixson JE, Vernier DT (1990) Restriction isotyping of
human apolipoprotein E by gene amplification and cleavage
with Hhal. J Lipid Res 31, 545-548.

Deyo RA, Cherkin DC, Ciol MA (1992) Adapting a clinical
comorbidity index for use with ICD-9-CM administrative
databases. J Clin Epidemiol 45, 613-619.

Barnes DE, Alexopoulos GS, Lopez OL, Williamson
JD, Yaffe K (2006) Depressive symptoms, vascular dis-
ease, and mild cognitive impairment: Findings from the
Cardiovascular Health Study. Arch Gen Psychiatry 63,
273-279.

Debette S, Schilling S, Duperron MG, Larsson SC, Markus
HS (2019) Clinical significance of magnetic resonance
imaging markers of vascular brain injury: A systematic
review and meta-analysis. JAMA Neurol 76, 81-94.
Robinson RG, Jorge RE (2016) Post-stroke depression: A
review. Am J Psychiatry 173, 221-231.

Kee Hyung P, Lee JY, Na DL, Kim SY, Cheong HK, Moon
SY, Shim YS, Park KW, Ku BD, Choi SH, Joo H, Lee
JS, Go SM, Kim SH, Kim S, Cha KR, Lee J, Seo SW
(2011) Different associations of periventricular and deep
white matter lesions with cognition, neuropsychiatric symp-
toms, and daily activities in dementia. J Geriatr Psychiatry
Neurol 24, 84-90.

Lee JJ, Lee EY, Lee SB, Park JH, Kim TH, Jeong HG,
Kim JH, Han JW, Kim KW (2015) Impact of white mat-
ter lesions on depression in the patients with Alzheimer’s
disease. Psychiatry Investig 12, 516-522.

O’Brien JT, Firbank MJ, Krishnan MS, van Straaten EC,
van der Flier WM, Petrovic K, Pantoni L, Simoni M,
Erkinjuntti T, Wallin A, Wahlund LO, Inzitari D (2006)
White matter hyperintensities rather than lacunar infarcts
are associated with depressive symptoms in older peo-
ple: The LADIS study. Am J Geriatr Psychiatry 14,
834-841.

[34]

(35]

[36]

(371

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

1245

Soennesyn H, Oppedal K, Greve OJ, Fritze F, Auestad BH,
Nore SP, Beyer MK, Aarsland D (2012) White matter hyper-
intensities and the course of depressive symptoms in elderly
people with mild dementia. Dement Geriatr Cogn Dis Extra
2,97-111.

Godin O, Dufouil C, Maillard P, Delcroix N, Mazoyer B,
Crivello F, Alpérovitch A, Tzourio C (2008) White matter
lesions as a predictor of depression in the elderly: The 3C-
Dijon study. Biol Psychiatry 63, 663-669.

Johansson L, Skoog I, Gustafson DR, Olesen PJ, Waern M,
Bengtsson C, Bjorkelund C, Pantoni L, Simoni M, Lissner
L, Guo X (2012) Midlife psychological distress associated
with late-life brain atrophy and white matter lesions: A 32-
year population study of women. Psychosom Med 74, 120-
125.

Raffield LM, Brenes GA, Cox AJ, Freedman BI, Hugen-
schmidt CE, Hsu FC, Xu J, Wagner BC, Williamson JD,
Maldjian JA, Bowden DW (2016) Associations between
anxiety and depression symptoms and cognitive testing and
neuroimaging in type 2 diabetes. J Diabetes Complications
30, 143-149.

Modrego PJ, Rios C, Perez Trullen JM, Errea JM,
Garcia-Gomara MJ, Sanchez S (2008) The cerebrovascu-
lar pathology in Alzheimer’s disease and its influence on
clinical variables. Am J Alzheimers Dis Other Demen 23,
91-96.

Staekenborg SS, Gillissen F, Romkes R, Pijnenburg
YA, Barkhof F, Scheltens P, van der Flier WM (2008)
Behavioural and psychological symptoms are not related
to white matter hyperintensities and medial temporal lobe
atrophy in Alzheimer’s disease. Int J Geriatr Psychiatry 23,
387-392.

Douven E, Kohler S, Rodriguez MMF, Staals J, Verhey FRJ,
Aalten P (2017) Imaging markers of post-stroke depres-
sion and apathy: A systematic review and meta-analysis.
Neuropsychol Rev 27, 202-219.

Steffens DC, Krishnan KR, Crump C, Burke GL (2002)
Cerebrovascular disease and evolution of depressive symp-
toms in the cardiovascular health study. Stroke 33,
1636-1644.

Alexopoulos GS (2019) Mechanisms and treatment of late-
life depression. Transl Psychiatry 9, 188.

Fang Y, Qin T, Liu W, Ran L, Yang Y, Huang H, Pan D,
Wang M (2020) Cerebral small-vessel disease and risk of
incidence of depression: A meta-analysis of longitudinal
cohort studies. J Am Heart Assoc 9, €016512.

Geda YE, Schneider LS, Gitlin LN, Miller DS, Smith
GS, Bell J, Evans J, Lee M, Porsteinsson A, Lanctot
KL, Rosenberg PB, Sultzer DL, Francis PT, Brodaty H,
Padala PP, Onyike CU, Ortiz LA, Ancoli-Israel S, Bliwise
DL, Martin JL, Vitiello MV, Yaffe K, Zee PC, Herrmann
N, Sweet RA, Ballard C, Khin NA, Alfaro C, Murray
PS, Schultz S, Lyketsos CG, Neuropsychiatric Syndromes
Professional Interest Area of ISTAART (2013) Neuropsy-
chiatric symptoms in Alzheimer’s disease: Past progress
and anticipation of the future. Alzheimers Dement 9,
602-608.

Jack CR, Jr., Bennett DA, Blennow K, Carrillo MC, Dunn B,
Haeberlein SB, Holtzman DM, Jagust W, Jessen F, Karlaw-
ishJ, Liu E, Molinuevo JL, Montine T, Phelps C, Rankin KP,
Rowe CC, Scheltens P, Siemers E, Snyder HM, Sperling R,
Contributors (2018) NIA-AA Research Framework: Toward
a biological definition of Alzheimer’s disease. Alzheimers
Dement 14, 535-562.



1246 M. Vassilaki et al. / CVD Imaging Biomarkers, BDI-II, BAI, and MCI

[46] Taylor WD, Aizenstein HJ, Alexopoulos GS (2013) The vas- CR, Petersen RC, Roberts RO (2019) The association of
cular depression hypothesis: Mechanisms linking vascular multimorbidity with preclinical AD stages and SNAP in
disease with depression. Mol Psychiatry 18, 963-974. cognitively unimpaired persons. J Gerontol A Biol Sci Med

[47] Vassilaki M, Aakre JA, Kremers WK, Mielke MM, Geda Sci 74, 877-883.

YE, Alhurani RE, Dutt T, Machulda MM, Knopman
DS, Vemuri P, Coloma PM, Schauble B, Lowe VI, Jack



