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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

Neuropsychiatric symptoms (NPS) and cere-
brovascular disease (CVD) are common in older
adults, and both are associated with cognitive impair-
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ment [1, 2]. In population-based studies [2, 3],
nonpsychotic NPS prevalence ranges from 25% in
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] is a
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 0 to 3 is used to rate sever-
ity of each item (total score 0 to 63; a higher score
indicates higher severity of symptoms). The study
analysis used BDI-II and BAI 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, SPM5 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-
II 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%) {15}
Neuropsychiatric symptoms

Beck Depression Inventory-II total 3.00 (0.00-52.00) {1}
Beck Depression Inventory-II>13 99 (5.7%) {7}
Beck Anxiety Inventory total 1.00 (0.00-40.00) {1}
Beck Anxiety Inventory > 7 199 (11.5%) {1}

Conditions
Mild cognitive impairment, n (%) 278 (16%)
Diabetes mellitus, n (%) 288 (16.6%) {6}
Hypertension, n (%) 1074 (62.0%) {6}
Dyslipidemia, n (%) 1371 (79.2%) {6}
Coronary artery disease, n (%) 447 (25.8%) {6}
Atrial fibrillation, n (%) 176 (10.2%) {6}
Congestive heart failure, n (%) 99 (5.7%) {6}
Vascular disease burden, n (%)* 2.00 (0.00-8.00) {22}
Charlson Comorbidity Index∼ 2.00 (0.00-22.00)

Cerebrovascular biomarkers
WMH/TIV 0.006 (0.000-0.089)
Abnormal WMH/TIV, n (%) 297 (17.1%)
Presence of Infarctions, n (%)** 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
Associations of Cerebrovascular Imaging Biomarkers with BDI-II and BAI score

Hurdle Models Logistic regression models
CVD Biomarkers OR∧1 (95% CI) p IRR∧2 (95% CI) p OR∧∧ (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
%≥1.7%; Abnormal CVD, presence of either abnormal WMH burden or infarctions. ∧1,2 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,
and education.
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Table 3
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/TIV1 1717/278 1.20 (1.05, 1.38) 0.008
BDI-II score1 1.38 (1.21, 1.57) <0.001
Abnormal WMH/TIV2 1717/278 1.76 (1.26, 2.46) 0.001
BDI-II score2 1.38 (1.21, 1.57) <0.001
Presence of infarctions3 1573/173 1.66 (1.12, 2.43) 0.010
BDI-II score3 1.40 (1.21, 1.61) <0.001
BAI score 1722/278 1.31 (1.16, 1.49) <0.001
WMH/TIV4 1722/278 1.21 (1.06, 1.38) 0.006
BAI score4 1.30 (1.14, 1.47) <0.001
Abnormal WMH/TIV5 1722/278 1.77 (1.27, 2.47) 0.001
BAI score5 1.29 (1.14, 1.46) <0.001
Presence of infarctions6 1578/173 1.69 (1.14, 2.49) 0.008
BAI score6 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/TIV 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-
II (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 WMHs. 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-
II 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.
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