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Abstract.
Background: While an association between atherosclerosis and dementia has been identified, few studies have assessed the
longitudinal relationship between aortic valve calcification (AVC) and cognitive impairment (CI).
Objective: We sought to determine whether AVC derived from lung cancer screening CT (LCSCT) was associated with CI
in a moderate-to-high atherosclerotic risk cohort.
Methods: This was a single site, retrospective analysis of 1401 U.S. veterans (65 years [IQI: 61, 68] years; 97% male) who
underwent quantification of AVC from LCSCT indicated for smoking history. The primary outcome was new diagnosis of CI
identified by objective testing (Mini-Mental Status Exam or Montreal Cognitive Assessment) or by ICD coding. Time-to-event
analysis was carried out using AVC as a continuous variable.
Results: Over 5 years, 110 patients (8%) were diagnosed with CI. AVC was associated with new diagnosis of CI using 3 Models
for adjustment: 1) age (HR: 1.104; CI: 1.023–1.191; p = 0.011); 2) Model 1 plus hypertension, hyperlipidemia, diabetes, CKD
stage 3 or higher (glomerular filtration rate < 60 mL/min) and CAD (HR: 1.097; CI: 1.014–1.186; p = 0.020); and 3) Model 2
plus CVA (HR: 1.094; CI: 1.011–1.182; p = 0.024). Sensitivity analysis demonstrated that the association between AVC and
new diagnosis of CI remained significant upon exclusion of severe AVC (HR: 1.100 [1.013–1.194]; p = 0.023). Subgroup
analysis demonstrated that this association remained significant when including education in the multivariate analysis (HR:
1.127 [1.030–1.233]; p = 0.009).
Conclusion: This is the first study demonstrating that among mostly male individuals who underwent LCSCT, quantified
aortic valve calcification is associated with new diagnosis of CI.
Keywords: Atherosclerosis, calcific aortic valve disease, computed tomography, dementia

INTRODUCTION
Cognitive impairment (CI) is a growing problem
in an increasingly aging population and is expected
∗ Correspondence to: Alan R. Morrison, MD, PhD, Providence
VA Medical Center, Research (151), 830 Chalkstone Avenue, Providence, RI 02908, USA. E-mail: alan morrison@brown.edu.

to affect approximately 13.8 million Americans by
2050 [1]. The classification of CI into mild cognitive
impairment versus dementia is dependent on identifying decreased mental abilities and impairment of
daily functioning [2]. Early identification of patients
at risk for CI may be of value to clinicians as studies
have shown that the conversion rate of mild cognitive
impairment to dementia can be as much as 30% over
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5 years [3]. However, few biomarkers exist that reliably predict disease incidence at early or preclinical
stages much less risk of progression [4].
Inflammation and atherosclerotic vasculopathy,
including microangiopathy, have been strongly associated with the neurodegenerative changes associated
with CI [5, 6]. In addition, onset of CI is strongly influenced by cerebrovascular accident (CVA), and by the
number of CVA events, with CI occurring in 10% of
patients after an initial CVA and 30% after recurrent
CVA [7].
Our group recently found aortic valve calcification
(AVC) to be independently associated with increased
atherosclerotic events, including all-cause mortality,
nonfatal myocardial infarction (MI), and nonfatal
CVA, despite a very weak correlation between AVC
and coronary calcification [8]. Other groups have
demonstrated the presence of AVC to be associated with covert brain infarcts identified on MRI
[9]. Moreover, cerebral white matter abnormalities,
including those attributable to CVA, have been associated with cognitive decline and dementia [10, 11]
While an association between atherosclerotic vascular disease and CI has been identified, few studies
have assessed the longitudinal relationship between
AVC and CI [12]. Here we sought to determine the
prognostic value of AVC derived from low dose, lung
cancer screening computed tomography (LCSCT) for
CI in a moderate-to-high atherosclerotic risk cohort.

MATERIALS AND METHODS
This study was approved by the Providence Veteran’s Affairs (VA) Medical Center Institutional
Review Board and complies with the Declaration of
Helsinki, and all patient data were handled in compliance with the Health Insurance Portability and
Accountability Act (HIPAA) regulations. All patient
records were de-identified and analyzed anonymously. Through the Providence VA Medical Center
and the corresponding office of the Associate Chief of
Staff for Research, all data, analytical methods, and
study materials are available upon request to other
researchers, who meet the Institutional Review Board
criteria for access to VA confidential research data,
for purposes of reproducing the results or replicating
the study.
This was a single-center, retrospective analysis of
1654 U.S. veterans who underwent U.S. Preventive
Services Task Force guideline–recommended (i.e.,
30-pack-year tobacco smoking history, 55 to 80 years

of age, active or quit < 5 years previously) LCSCT
between October 1, 2013, and July 31, 2014 [13]. A
total of 253 patients were excluded from the study
due to diagnosis of lung cancer on the LCSCT, prior
aortic valve replacement and prior diagnosis of CI
resulting in 1401 patients for all subsequent analyses.
Prior aortic valve replacement and CI were defined
as occurring prior to the date of the LCSCT.
CT examinations were not electrocardiographically (ECG)-gated and were performed with a
128-slice CT scanner (Siemens Healthcare, Erlangen,
Germany); 128 × 0.6 mm collimation, 0.5-s rotation,
pitch of 0.84, 380-mm field of view, 512 × 512
pixel matrix, tube voltage of 120 kV and tube current of 40 mA, image reconstruction thickness of
1.00–1.25 mm, and a minimum area required to identify calcium was 0.55 mm2 . AVC and coronary artery
calcification (CAC) scores were quantified using the
Agatston method via a semiautomated imaging workstation with readers blinded to patient data [14, 15].
The kappa for interobserver agreement was 0.91
(0.85–0.95) and 0.92 (0.88–0.96) for AVC and CAC,
respectively. As described elsewhere, there was a
strong Pearson correlation between AVC from nonECG-gated and ECG-gated CT acquisition protocols
[8, 16].
The U.S. Department of Veterans Affairs (VA)
electronic medical record (EMR) was searched for
patient demographics and cardiovascular risk factors.
Coronary artery disease (CAD) was defined as a history of MI, prior revascularization or abnormalities on
cardiac testing (exercise treadmill testing, echocardiography, myocardial perfusion, cardiac computed
tomography, or coronary angiography). MI was
defined as EMR-documented evidence of elevated
cardiac troponin values with at least one value above
the 99th percentile upper reference limit plus clinical evidence of acute myocardial ischemia, consistent
with universal definitions [17]. CVA included nonhemorrhagic, ischemic stroke and transient ischemic
attack.
The primary outcome was new diagnosis of CI
identified by objective cognitive testing or by ICD
coding, using the following diagnosis codes: ICD9:290, 294.11, 331.0, 331.1, 331.2, 331.82, 331.83,
331.9, 438.0, and 780.93; ICD-10:294.8, 294.9,
437.9, 780.93, F00, F01, F02.81, F03, F03.91, F04,
F09, G30, G31, G31.84, I67.9, I69.898, I69.918,
R41, R41.81, R41.840, and R41.9 (Supplementary
Table 1). The ICD-9 and ICD-10 diagnosis codes
for CI have been shown to have a sensitivity of
32.3% and 66.9% and a specificity of 100% and
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Table 1
Baseline demographics and clinical characteristics of overall
population
Overall Population
(n = 1,401)
Age, y, median (IQI)
BMI, median (IQI)
Male, n (%)
Caucasian, n (%)
DM, n (%)
Hypertension, n (%)
Hyperlipidemia, n (%)
Total Cholesterol, median (IQI)
HDL Cholesterol, median (IQI)
Statin Use, n (%)
Current Smoker, n (%)
Family History of Early CAD, n (%)
CAD, n (%)
Prior MI, n (%)
Prior CABG, n (%)
Prior CVA, n (%)
CKD, n (%)
GFR, median (IQI)
ASCVD Risk Score, median (IQI)
CACS, median (IQI)
AVC, median (IQI)
Diagnosis of CI, n (%)

65 (61, 68)
28.7 (25.4, 32.6)
1353 (96.6)
1321 (94.5)
386 (27.6)
857 (61.2)
1,047 (74.7)
177 (154, 204)
43 (36, 52)
825 (58.9)
756 (54.0)
166 (11.9)
325 (23.2)
143 (10.2)
59 (4.2)
80 (5.7)
197 (14.1)
79.9 (69.3, 92.4)
18.6 (12.4, 28.0)
528 (105, 1512)
60 (0, 338)
110 (7.9)

AVC, aortic valve calcium score; ASCVD, atherosclerotic cardiovascular disease; BMI, body mass index; CABG, coronary artery
bypass graft surgery; CACS, coronary artery calcium score; CAD,
coronary artery disease; CKD, chronic kidney disease; CVA, cerebrovascular accident; DM, diabetes mellitus; HDL, high-density
lipoprotein; GFR, glomerular filtration rate; CI, cognitive impairment; MI, myocardial infarction.

99.8%, respectively [18]. Objective cognitive testing included patients evaluated by either Mini-Mental
Status Exam (MMSE) or Montreal Cognitive Assessment (MoCA). The MMSE and MoCA items have
been described in detail elsewhere and the utilized
cut-off scores for CI by MMSE and MoCA are less
than 26 and less than 24, respectively [19, 20]. Evaluations were conducted by the Mental Health and
Behavioral Science Services (MHBSS) at the VA by
trained behavioral mental health providers. Scores
were not adjusted for age or education. Similar to
prior studies, the MHBSS documentation detailed the
highest educational attainment in the following categories: 8th grade and below, some High School, High
School Diploma or General Education Development
(GED), some College or Associate’s Degree, Bachelors and Post-Bachelor degree [21]. The highest
educational attainment was recorded as a categorical variable. Adjudicators of clinical outcomes were
blinded to AVC and CAC and vice versa.
Results are presented as mean (standard error)
for continuous variables with normal distribution,
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median (interquartile range) for continuous variables
without normal distribution, and number (percentage) for categorical data. The Shapiro-Wilk test for
normality was used to test for normal distribution
of age, body mass index (BMI), hyperlipidemia,
atherosclerotic cardiovascular disease (ASCVD),
CAC and AVC.
The relationship between AVC as a continuous
variable and primary outcomes was determined using
Cox regression analysis. AVC was treated as continuous variable, using base-10 log transformation of
AVC+1 (log[AVC+1]) to account for a right-skewed
distribution. The statistical analysis included 3 separate models: Model 1 adjusting for age; Model 2
adjusting for age, hypertension, hyperlipidemia, diabetes mellitus, chronic kidney disease (CKD) stage
3 or higher (glomerular filtration rate < 60 mL/min)
and CAD; and Model 3 adjusting for age, hypertension, hyperlipidemia, diabetes mellitus, CKD stage
3 or higher (glomerular filtration rate < 60 mL/min),
CAD and prior CVA. A sensitivity analysis was performed by excluding those patients with severe AVC,
as defined by ≥ 1,274 AU in women and ≥ 2,065 AU
in men [22, 23]. A subgroup analysis was performed
on a subset of patients for whom highest education
attainment was documented in the VA EMR, allowing for inclusion of highest education attainment as a
categorical in the multivariate adjustment.
All statistical analyses were conducted with the use
of Stata/SE (version 15.1; StataCorp LLC, College
Station, TX) or Prism (version 7; GraphPad Software
Inc, La Jolla, CA). For all statistical analyses, a pvalue less than 0.05 was considered significant.

RESULTS
We evaluated a total of 1401 patients who underwent clinically indicated low dose lung cancer
screening CT at Providence VA Medical between
October 1, 2013 and July 31, 2014 (Table 1). Indicative of the northeast U.S. veteran population, the
median age of this mostly Caucasian (94%), male
(97%) population was 65 years (interquartile interval
[IQI]: 61, 68 years). The median ASCVD risk score
was 18.6% (IQI: 12.4%, 28.0%). Sixty-one percent
of patients had hypertension, 75% had dyslipidemia,
28% had diabetes, 14% had CKD, 6% had prior CVA
or TIA, and 23% had CAD. The overall median CAC
was 528 AU (IQI: 105, 1,512). The overall median
AVC was 60 AU (IQI: 0, 338).
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Table 2
Relationship between aortic valve calcification and cognitive
impairment

Table 3
Relationship between aortic valve calcification and cognitive
impairment in patients with nonsevere AVC

Cognitive Impairment
Model
1
2
3

Cognitive Impairment

HR

(95% CI)

p

1.104
1.097
1.094

1.023–1.191
1.014–1.186
1.011–1.182

0.011
0.020
0.024

Model
1
2
3

HR

(95% CI)

p

1.109
1.102
1.100

1.024–1.202
1.015–1.197
1.013–1.194

0.011
0.020
0.023

Covariate adjustment by model: Model 1 = age. Model 2 = age,
hypertension, hyperlipidemia, CKD, diabetes, and CAD. Model
3 = age, hypertension, hyperlipidemia, CKD, diabetes, CAD, and
prior CVA.

Covariate adjustment by model: Model 1 = age. Model 2 = age,
hypertension, hyperlipidemia, CKD, diabetes, and CAD. Model
3 = age, hypertension, hyperlipidemia, CKD, diabetes, CAD, and
prior CVA.

Over 5 person-years of follow-up, 110 patients
(7.9%) were newly diagnosed with CI. Of these
110 patients, 74 patients were diagnosed by objective testing with MoCA (71 patients) and MMSE (3
patients). Thirty-six additional patients were identified by ICD coding. By Cox regression, AVC was
associated with a new diagnosis of CI (HR: 1.151;
95% CI: 1.071–1.236; p < 0.001). In Model 1, the
association between AVC and new diagnosis of CI
remained significant after adjustment for age (HR:
1.104; CI: 1.023–1.191; p = 0.011; Table 2). In Model
2, the association between AVC and new diagnosis
of CI remained significant after adjustment for age,
hypertension, hyperlipidemia, diabetes, CKD stage
3 or higher (glomerular filtration rate < 60 mL/min)
and CAD (HR: 1.097; CI: 1.014–1.186; p = 0.020;
Table 2). In Model 3, the association between
AVC and new diagnosis of CI remained significant
after multivariate adjustment for age, hypertension,
hyperlipidemia, diabetes, CKD stage 3 or higher
(glomerular filtration rate < 60 mL/min), CAD and
prior CVA (HR: 1.094; CI: 1.011–1.182; p = 0.024;
Table 2).
We next performed a sensitivity analysis excluding 46 patients who met criteria for severe AVC
by previously established CT criteria (≥ 1,274 AU
in women and ≥ 2,065 AU in men) to assess the
impact of hemodynamics on the primary outcome
[22, 23]. Over 5 person-years of follow-up, 104
patients (7.6%) were newly diagnosed with CI in
this nonsevere AVC subset. In this subset analysis,
AVC was associated with a new diagnosis of CI by
Cox regression (HR: 1.151; 95% CI: 1.067–1.242;
p < 0.001). Model 1 demonstrated that the association of AVC and new diagnosis of CI remained
significant after adjustment for age (HR: 1.109; CI:
1.024–1.202; p = 0.011; Table 3). Model 2 demonstrated that the association of AVC and new diagnosis
of CI remained significant after adjustment for age,
hypertension, hyperlipidemia, diabetes, CKD stage

3 or higher (glomerular filtration rate < 60 mL/min)
and CAD (HR: 1.102; CI: 1.015–1.197; p = 0.020;
Table 3). Model 3 demonstrated that the association
of AVC and new diagnosis of CI remained significant
after adjustment for age, hypertension, hyperlipidemia, diabetes, CKD stage 3 or higher (glomerular
filtration rate < 60 mL/min), CAD and prior CVA
(HR: 1.100; CI: 1.013–1.194; p = 0.023; Table 3).
Of the 1,401 patients, a subset of 803 patients
(57.3%) patients had VA EMR documentation of
highest education attainment, allowing for inclusion
of educational attainment as a categorical variable
in the multivariate adjustment. From this subgroup,
707 patients (88.04%) had at least a High School
Diploma/GED and 406 patients (50.56%) had some
form of postsecondary education: 24 patients (2.99%)
8th grade and below; 72 patients (8.97%) some High
School; 301 patients (37.48%) High School Diploma
or GED; 273 patients (34.00%) some College or
Associate’s Degree, 108 patients (13.45%) Bachelors
and 25 patients (3.11%) Post-Bachelor degree. Over 5
person-years of follow-up, 87 patients (10.8%) were
newly diagnosed with CI in this education attainment subgroup. In the subgroup analysis, AVC was
associated with a new diagnosis of CI by Cox regression (HR: 1.194; 95% CI: 1.099–1.296; p < 0.001).
Model 1 demonstrated that the association of AVC
and new diagnosis of CI remained significant after
adjustment for age (HR: 1.141; CI: 1.046–1.246;
p = 0.003; Table 4). Model 2 demonstrated that the
association of AVC and new diagnosis of CI remained
significant after adjustment for age, hypertension,
hyperlipidemia, diabetes, CKD stage 3 or higher
(glomerular filtration rate < 60 mL/min), CAD, and
education (HR: 1.127; CI: 1.030–1.234; p = 0.009;
Table 4). Model 3 demonstrated that the association
of AVC and new diagnosis of CI remained significant
after adjustment for age, hypertension, hyperlipidemia, diabetes, CKD stage 3 or higher (glomerular
filtration rate < 60 mL/min), CAD, prior CVA and
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Table 4
Relationship between aortic valve calcification and cognitive
impairment in subset patients with known highest education
attainment
Cognitive Impairment
Model
1
2
3

HR

(95% CI)

p

1.141
1.127
1.127

1.046–1.246
1.030–1.234
1.030–1.233

0.003
0.009
0.009

Covariate adjustment by model: Model 1 = age. Model 2 = age,
hypertension, hyperlipidemia, CKD, diabetes, CAD, and education. Model 3 = age, hypertension, hyperlipidemia, CKD, diabetes,
CAD, education, and prior CVA.

education (HR:1.127; CI: 1.030–1.233; p = 0.009;
Table 4).
DISCUSSION
Calcific aortic valve disease (CAVD) shares many
common risk factors with atherosclerotic coronary
artery disease, including tobacco cigarette smoking
[24]. Despite these similarities, HMG-CoA reductase inhibitors (statins), which have had tremendous
success at reducing atherosclerotic disease events,
do not appear to impact the natural progression
of CAVD, suggesting some biological differences
between CAVD and atherosclerosis [24–27].
Aortic valve calcification may be a prognostic indicator for atherosclerotic processes affecting various
vascular beds, including those associated with the
central nervous system [8]; however, the one prior
study assessing the relationship between AVC and
CI did not demonstrate a significant association [12].
Here we identify that AVC, as a continuous variable,
is associated with CI in patients with an extensive
smoking history. The difference between the previous study and our current findings may largely
reflect differences in the study cohorts. Overall, the
patient cohort in the prior study was at a lower
risk from atherosclerotic cardiovascular disease than
our cohort which was at moderate-to-high risk of
cardiovascular disease as reflected by the increased
vascular calcification and the increased incidence
of events [28]. Further comparison demonstrated a
higher prevalence of cardiovascular risk factors in our
cohort relative to the prior study cohort: hypertension
(61.2% versus 40.3%), hyperlipidemia (74.7% versus 24.5%), diabetes (27.6% versus12.6%), and CAD
(23.2% versus 8.1%). Moreover, by study design, our
cohort had such a significant smoking history as to
be eligible for LCSCT, and our patient cohort had a
significantly higher percentage of current smokers at
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54% (versus 12.6% in the prior study). When examining outcomes, 67% of patients in the prior study
had an AVC score of 0 and 33% of patients had
a nonzero AVC scores, whereas in our study, 36%
patients had an AVC score of 0 and 64% of patients
had a nonzero AVC score. This suggests that the prior
study may have been somewhat underpowered due to
the predominance of patients with AVC score of zero.
This study was limited by selection biases inherent to the study design. This particular population
of northeast U.S. veterans consisted mostly of older,
white men with significant smoking histories. While
ICD-coding can be highly specific, the sensitivity is relatively low, and therefore, number of new
diagnoses of CI may be underestimated. Overall,
events may also be underestimated because of limitations inherent in extracting data or because care
outside the Department of Veterans Affairs was not
fully captured. After the multivariate analysis, there
was attenuation after adjustment, raising the potential question of residual confounding. Using E-value
analysis [29], the observed hazard ratio in Model 3
of 1.094 could be explained away by an unmeasured
confounder that was associated with both the treatment and the outcome by a hazard ratio of 1.41-fold
each, above and beyond the measured confounders,
but weaker confounding could not do so; the confidence interval could be moved to include the null by
an unmeasured confounder that was associated with
both the treatment and the outcome by a hazard ratio
of 1.12-fold each, above and beyond the measured
confounders, but weaker confounding could not do
so. As a retrospective study, information regarding
the brain parenchymal status with regard to pathology
or imaging were not available.
Hemodynamic impairment from severe AVC, and
hence severe physiologic aortic valve stenosis, may
also play a role in driving outcomes; however, sensitivity analyses excluding all patients with severe
AVC (≥ 1,274 AU in women and ≥ 2,065 AU in
men) appeared to have no impact on the association
between AVC and new diagnosis of CI, suggesting
that the incidence of CI in our study population was
less likely to be driven by hemodynamic changes
associated with severe valve disease. CI objective
testing scores were not adjusted for age or education; however, according to a recent study of the
U.S. veteran population, 90.1% of veterans held at
least a high school diploma or equivalent and 58.8%
had some form of postsecondary education [30].
Our subset analysis demonstrated a comparable highest education attainment with 88.04% of veterans
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holding at least a high school diploma and 50.56%
of veterans with some form of postsecondary education. Moreover, in our subgroup analysis, inclusion
of education in the multivariate adjustments did not
attenuate the association between AVC and new diagnosis of CI, suggesting that educational status was not
the key driver of outcomes in our cohort. To address
these limitations more completely, further studies
are needed, including larger prospective multicenter
studies in a more diverse patient population.
In conclusion, scoring AVC derived from LCSCT
may be helpful at identifying risk of future CI in
patient populations with CAVD and a high risk
of atherosclerotic vascular disease. Previous studies have shown that both CAC and AVC derived
from non-ECG-gated CT have strong agreement with
CAC and AVC derived from ECG-gated CT [8, 16].
Thus, reporting AVC from LCSCT may help physicians identify patients who would benefit from more
aggressive cardiovascular care, including early forms
of vascular dementia. Additional prospective studies are required to further assess the mechanistic
relationship between atherosclerotic or thrombotic
events and CI in patients with high AVC in order
to determine whether this population would benefit from more aggressive primary and secondary
strategies involving lipid/inflammation-based cardiovascular treatment or even antiplatelet/anticoagulant
therapies.
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