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Abstract

Aims/Hypothesis

Accumulating evidence suggests an association between coronary heart disease and risk
for cognitive impairment or dementia, but no study has systematically reviewed this associa-
tion. Therefore, we summarized the available evidence on the association between coro-
nary heart disease and risk for cognitive impairment or dementia.

Methods

Medline, Embase, PsycINFO, and CINAHL were searched for all publications until 8" Janu-
ary 2016. Articles were included if they fulfilled the inclusion criteria: (1) myocardial infarc-
tion, angina pectoris or coronary heart disease (combination of both) as predictor variable;
(2) cognition, cognitive impairment or dementia as outcome; (3) population-based study; (4)
prospective (>1 year follow-up), cross-sectional or case-control study design; (5) >100 par-
ticipants; and (6) aged >45 years. Reference lists of publications and secondary literature
were hand-searched for possible missing articles. Two reviewers independently screened
all abstracts and extracted information from potential relevant full-text articles using a stan-
dardized data collection form. Study quality was assessed with the Newcastle-Ottawa
Scale. We pooled estimates from the most fully adjusted model using random-effects meta-
analysis.

Results

We identified 6,132 abstracts, of which 24 studies were included. A meta-analysis of 10 pro-
spective cohort studies showed that coronary heart disease was associated with increased
risk of cognitive impairment or dementia (OR = 1.45, 95%Cl = 1.21-1.74, p<0.001).
Between-study heterogeneity was low (” = 25.7%, 95%CI = 0-64, p = 0.207). Similar signifi-
cant associations were found in separate meta-analyses of prospective cohort studies for
the individual predictors (myocardial infarction, angina pectoris). In contrast, meta-analyses
of cross-sectional and case-control studies were inconclusive.
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Conclusion/Interpretation

This meta-analysis suggests that coronary heart disease is prospectively associated with
increased odds of developing cognitive impairment or dementia. Given the projected world-
wide increase in the number of people affected by coronary heart disease and dementia,
insight into causal mechanisms or common pathways underlying the heart-brain connection
is needed.

Introduction

Coronary heart disease (CHD) is the leading cause of death worldwide [1]. An estimated 7.4
million people died from CHD in 2012 [2]. CHD is a broad disease category and consists of
several conditions with myocardial infarction (MI) and angina pectoris (AP) being the most
prevalent ones. CHD affects the vascular system supplying the heart muscle due to build-up of
atheromatous plaques that cover the lining of the coronary arteries [3].

At the same time, dementia is an important health problem due to increasing incidence
rates and its impact on health and daily life [4]. Major modifiable risk factors for cognitive
impairment and dementia relate to or impact the vascular system including hypertension,
smoking, obesity, diabetes, hypercholesterolemia and lack of physical exercise [5, 6]. Notably,
these factors are also risk factors for CHD [7]. While CHD is a candidate risk factor for demen-
tia or cognitive impairment, the evidence base has not been established to a similar extent, yet
[8]. In a recent systematic review of the literature on modifiable risk factors, several studies on
heart disease were identified, of which the majority reported a higher risk for cognitive
impairment or dementia [8]. Some other types of heart disease have been related to cognitive
decline or dementia risk, too, with most substantial evidence for atrial fibrillation [9-11]. A
meta-analysis of 7 prospective studies found that individuals with atrial fibrillation had a 36
percent increased risk of developing cognitive impairment or dementia [9]. To date, no meta-
analysis exists for major heart diseases such as MI and AP.

Therefore, the aim of the present study is to summarize the outcome of all available popula-
tion-based studies investigating the relation between CHD, notably MI, and AP, and risk for
cognitive impairment or dementia in a systematic review and meta-analysis.

Materials and methods
Data sources and searches

The literature search was conducted in Medline, Embase, PsycINFO, and CINAHL. The
search string consisted of predictor-related terms (e.g. myocardial infarction, angina pectoris),
outcome-related terms (e.g. dementia, Alzheimer, cognition), as well as some specific limita-
tions (e.g. only studies in human, language restrictions). The complete search strategy is pro-
vided in S1 Appendix.

Study selection

All publications until 8" January 2016 were included if they fulfilled the following eligibility
criteria: 1) MI, AP, or a CHD variable that is a combination of MI and AP (e.g. ischemic heart
disease (IHD)) as predictor variable; 2) cognition, cognitive impairment or dementia as out-
come; 3) population-based study; 4) prospective (>1 year follow-up), cross-sectional or case-
control study design; 5) >100 participants; and 6) aged >45 years. Reference lists of
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publications and secondary literature (review articles, editorials, book chapters, etc.) were
hand-searched for possible missing articles.

Data extraction and quality assessment

The selection process followed the PRISMA (Preferred Reporting Items for Systematic reviews
and Meta-Analyses) and MOOSE (Meta-analysis Of Observational Studies in Epidemiology)
guidelines (S2 and S3 Appendices) [12, 13]. Titles and abstracts were screened by two indepen-
dent assessors (KD, MMFR) based on the abovementioned eligibility criteria. Next, full text
articles of potentially relevant citations were scrutinized by two independent investigators
(KD, MMFR). A standardized data collection form was used to extract information such as
study design, study cohort, demographics, predictor variable, outcome, and effect estimate. In
case of discrepancy, discussion with a third reviewer (SK) took place. Corresponding authors
were contacted by e-mail if full-text articles were not available or information was missing (e.g.
effect estimates, sample sizes, definition of CHD) or ambiguous (with maximum three remind-
ers in case of non-response). The Newcastle-Ottawa Scale (NOS) was used to asses study qual-
ity [14]. For cross-sectional studies, an adapted version of the NOS was applied (S4 Appendix).

Data synthesis and analysis

Studies qualifying for pooling in meta-analyses were analyzed with random effects models to
estimate the pooled odds ratios (OR) and their 95% confidence intervals (CI). Estimates from
the most fully adjusted model were used. Meta-analyses were conducted for each exposure sep-
arately, i.e. for MI, AP, and CHD. The latter included all studies that reported a risk estimate
for MI, AP or a combination of MI and AP. In case a study reported risk estimates for multiple
exposures the combination estimate (first choice) or the effect estimate with the smallest stan-
dard error (i.e. largest sample size; second choice) was chosen. Studies with overlapping study
populations were only included if they used other study designs (e.g. cross-sectional and pro-
spective). Heterogeneity among studies was assessed using the I statistic and the 95% CI for I*
was calculated using the non-central % approach. Potential sources of heterogeneity (includ-
ing mean age at baseline, mean follow-up duration, percentage of women, outcome measure-
ment and study quality) were explored by meta-regression. The 95% prediction interval was
estimated for each meta-analysis including at least 3 observational studies. This measure takes
into account the between-study heterogeneity and provides an interval for the expected esti-
mate of a future observational study and has been recommended to be standardly included in
meta-analysis [15]. Potential publication bias (i.e. small study effects) was assessed by visual
inspection of funnel plots and Egger’s test. All tests were two-sided at an alpha-level of 0.05
and all analyses were done with Stata 13.1 (StataCorp, TX).

Results

The search yielded 6,132 abstracts, of which 142 (2.3%) were included for full-text review. Of
these, 119 were excluded due to different reasons based on the exclusion criteria (Fig 1). Six
authors were contacted to obtain full-text articles that were not available to us, of which 5
responded to our request. Additionally, 10 authors were contacted for missing or ambiguous
information, of whom 7 responded. Two additional studies were found from cross-references
[16, 17], of which one could be included [16]. This resulted in 8 cross-sectional studies, 5 case-
control studies, 10 prospective cohort studies and 1 study with both cross-sectional and pro-
spective analyses (designated as cross-sectional regarding study quality). Quality assessment of
all 24 included studies was sufficient (overall mean NOS score = 6.8, SD = 1.29, range = 3-9).
Separate analyses for each study design showed similar results for prospective (mean NOS
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Records identified through database
searching
(n=9,430)

A 4

Records after duplicates removed
(n=16,132)

\ 4

Records screened

(n=16,132)

A 4

Full-text articles assessed
for eligibility
(n=142)

A 4

Studies included in
qualitative synthesis
(n=23)

A 4

Total number of studies
included in qualitative
synthesis
(n=124)

A 4

Studies included in
quantitative synthesis
(meta-analysis)
(n=18)

Fig 1. Flowchart of the literature search and selection.

https://doi.org/10.1371/journal.pone.0184244.9001

\ 4

Records excluded
(n=5,990)

Full-text articles excluded, with reasons
(n=119)

- Study did not report relevant
outcome variables (n = 64)

- Other article type (n = 21)

- Conference abstract (n =19)

- Study had no suitable comparison
group (n = 6)

- No full-text available (n = 6)

- Topic beyond scope present study
(n=2)

- Clinical cohort (n=1)

Cross-references from secondary literature
(n=2)

- Included: 1
- Excluded: 1 (study has no suitable
comparison group)
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score = 6.91, SD = 1.04, range = 5-8) and cross-sectional studies (mean NOS score = 7.22,
SD = 0.97, range = 6-9), but the quality of case-control studies was somewhat lower (mean
NOS score = 5.8, SD = 1.92, range = 3-8), mainly due to the effects of one particular study
with a score of 3. All 24 studies and their details and results are summarized in detail in
Tables 1-3 and Table A in S5 Appendix.

Prospective cohort studies

From the eleven prospective cohort studies, seven focused on MI [16, 18-23], four on AP

[19, 22-24], and four studies on the CHD compound [22, 25-27]. Of those focusing on MI,
four studies did not find an association with dementia, Alzheimer’s disease, vascular dementia
or decline to mild cognitive impairment or dementia [20-23]. Three studies did find a signifi-
cant association between MI and dementia [18], Alzheimer’s disease and Alzheimer’s disease/
vascular dementia (but only for MI ascertained at the late-life visit)[16], and possible demen-
tia/mild cognitive impairment [19]. Two out of the four AP studies did find that AP increased
the risk of dementia or possible dementia/mild cognitive impairment [19, 24], whereas the
other two studies did not find an association [22, 23]. For the CHD compound, three studies
did not find a relation with cognitive decline or decline to dementia/mild cognitive
impairment [22, 25, 27], whereas one study found that CHD was a significant predictor of vas-
cular dementia [26].

In the meta-analysis, a total of ten studies representing 24,801 persons could be included
[16, 18-26]. CHD was associated with a 45% increased risk of dementia, cognitive impairment
or cognitive decline (OR = 1.45, 95%CI = 1.21-1.74, p<0.001; Fig 2). Heterogeneity was low
(PP = 25.7%, 95%CI = 0-64, p = 0.207), without suggestion of small-study effects (Egger’s test,
p = 0.739; Figure A in S5 Appendix). No statistically significant source of heterogeneity was
identified in a meta-regression analysis. Associations were slightly stronger in studies (n = 7)
focusing on dementia (OR = 1.55, 95%CI = 1.20-2.00, p = 0.001; I* = 40.6%, 95%CI = 0-74,

p =0.121) [16, 18, 20, 21, 23, 24, 26]. There were too few studies to conduct separate meta-
analyses for the different subtypes of dementia. Similar significant results were found for MI
(OR =1.46, 95%CI = 1.16-1.84, p = 0.001, Figure B in S5 Appendix) and AP (OR = 1.36, 95%
CI =1.12-1.65, p = 0.002, Figure C in S5 Appendix) separately.

Case-control studies

Four out of five case-control studies reported on MI. Three of these found no association
between MI and dementia or Alzheimer’s disease [28-30], whereas one nested case-control
study did find a significant association between MI and dementia risk [31]. Two case-control
studies investigated the relation between AP and risk for dementia, Alzheimer’s disease or vas-
cular dementia. Both studies showed no significant associations [30, 32].

Four studies representing 6,397 individuals could be included in the meta-analysis [28, 30—
32]. CHD was not significantly associated with risk of total or vascular dementia (OR = 1.14,
95%CI = 0.79-1.64, p = 0.482; Figure D in S5 Appendix). There were signs of moderate hetero-
geneity (I” = 60.3%, 95%CI = 0-85, p = 0.056). There was no strong evidence for small-study
effects based on the Egger’s test (p = 0.062) and visual inspection of the funnel plot (Figure E
in S5 Appendix). No statistically significant source of heterogeneity was identified in a meta-
regression analysis. Separate meta-analyses for MI and AP showed comparable non-significant
results (MI: OR = 1.32, 95%CI = 0.78-2.21, p = 0.302, Figure F in S5 Appendix; AP: OR = 0.98,
95%CI = 0.71-1.36, p = 0.911, Figure G in S5 Appendix).
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Study %
ID OR (95% Cl) Weight
1
Coronary heart disease :
Aronson (1990) —4:—+— 1.80(1.03,3.20) 8.30
Kalmijn (1996) ——i—+— 1.70 (0.80,3.50) 5.33
Ross (1999) J:—-o— 2.50(1.35,462) 7.27
Kivipelto (2002) % 250(120,540) 5.16
Newman (2005) —O-li— 1.30(1.00,1.70) 2213
Hayden (2006) —-0—5— 1.13(0.59,2.03) 7.22
lkram (2008) —+—%— 1.12(0.77,1.64) 1494
Chen (2011) i - 258(1.01,6.59) 347
Haring (2013) — 1.45(1.05,2.01) 17.96
Lipnicki (2013) _._;h 097 (0.55,1.71) 822
i
. i
Overall (I-squared = 25.7%, p = 0.207) —<>— 1.45(1.21,1.74) 100.00
with estimated predictive interval i (0.98, 2.16)
i

NOTE: Weights are from random effects analygis
|

I
152

1

T
6.59

Fig 2. Forest plot of prospective cohort studies assessing the relation between coronary heart
disease and cognitive impairment or dementia.

https://doi.org/10.1371/journal.pone.0184244.g002

Cross-sectional studies

Out of nine cross-sectional studies, six studies reported on MI [27, 33-37], three on AP
[34, 36, 37], and five on the CHD compound (MI+AP) [27, 37-40]. Of the six studies investi-
gating MI, four found a significant relation with poor cognitive functioning [27, 33, 34, 37],

and two studies found no association with prevalent cognitive impairment [35, 36]. For AP,

two studies found a significant association with poor cognitive functioning [34, 37], whereas

one study found no association with mild cognitive impairment [36]. For the CHD compound

studies, three studies found a significant association with poor cognitive functioning [27, 37,

40], one study found no relation with cognitive function or cognitive impairment [38], and
one study found a significant association with dementia risk [39].
In the meta-analysis, four studies representing 623,588 persons could be included [35, 36,

38, 39]. CHD was not significantly associated with an increased risk of cognitive impairment

or dementia (OR = 1.23, 95%CI = 0.76-1.97, p = 0.398; Figure H in S5 Appendix). In the CHD
meta-analysis, substantial heterogeneity was observed (I = 81.2%, 95%CI = 26-91, p = 0.001).
No statistically significant source of heterogeneity was identified in a meta-regression analysis,
although inclusion of some study characteristics (e.g. mean age at baseline, outcome measure-
ment and study quality) led to a reduction in I (e.g. mean age at baseline: 81.2% to 53.1%).
There was no evidence for small-study effects based on the Egger’s test (p = 0.407) and visual
inspection of the funnel plot (Figure I in S5 Appendix). Similar non-significant results were
found for MI (OR = 1.11, 95%CI = 0.79-1.57, p = 0.548; Figure J in S5 Appendix). It was not
possible to perform a meta-analysis for AP since there was only one study [36].

Discussion

The results of the meta-analysis of prospective cohort studies indicate that individuals with
CHD have, on average, a 45% increased risk of cognitive impairment or dementia. Separate
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meta-analyses of prospective cohort studies for the individual predictors (MI, AP) showed
similar significant results. In contrast, meta-analyses of cross-sectional and case-control stud-
ies yielded no significant results, possibly due to the low number of studies included within
these analyses and the moderate to substantial heterogeneity among studies. It has to be noted
that, for cross-sectional studies, those studies that could not be included in the meta-analysis
(those using different continuous outcome measures of cognitive functioning), majorly found
lower cognitive abilities in CHD. The literature on CHD is mixed in general, with the majority
of prospective and cross-sectional studies demonstrating a significant association with cogni-
tion or dementia, and most of the case-control studies showed no association.

The exact biological mechanism by which CHD is related to risk of cognitive impairment
or dementia is still unknown, but several candidate pathways exist. CHD and dementia share
common risk factors such as obesity, type-2 diabetes, smoking, hypertension, physical inactiv-
ity, and hypercholesterolemia [7, 8]. Post-hoc meta-regression analyses showed that there were
no differences between studies (n = 3) that corrected for cardiovascular risk factors (diabetes,
hypertension, high cholesterol) and studies that did not correct for these factors. In other
words, the association between CHD and dementia risk cannot be solely explained by shared
cardiovascular risk factors. Additionally, CHD can be associated with cardiac complications
(atrial fibrillation, heart failure), whose association with cognitive impairment or dementia is
well-established [7, 9]. Additionally, CHD and accompanying vascular insufficiency can lead
to cerebrovascular changes such as reduced cerebral blood flow (which can lead to hypoperfu-
sion) [41], white matter lesions and brain infarctions [21], which in turn are associated with
reduced cognitive functioning and risk of dementia [42, 43]. CHD might however not itself be
causally related to cognition, but brain-effects (e.g. cognitive impairment with vascular origin)
might be due to underlying atherosclerosis, which increases both the risk of CHD and demen-
tia [44, 45].

Policy makers and health workers must become more aware that identification of individu-
als at high risk for CHD or dementia is essential to intervene at an early stage by targeting
shared modifiable risk factors (e.g. obesity, hypercholesterolemia, physical inactivity, hyper-
tension, smoking).

Studies have shown that targeting these modifiable risk factors can be effective in reducing
incidence rates and disease burden [5, 46]. Concerted actions focusing on the heart-brain con-
nection might be key to fostering healthy aging. Future public health campaigns focusing on
preventing CHD are dementia should join forces and consider placing a greater emphasis on
targeting shared risk factors.

The strengths of this study include the use of large population-based studies with different
study designs and the use of risk estimates that were pre-adjusted for confounding variables.
Nevertheless, a number of limitations have to be mentioned. First, some studies based the
ascertainment of the predictors on self-report or proxy-report, which can be prone to recall
bias and underreporting, particularly given the relative older age of the included cohorts. This
is particularly problematic in case-control studies, in which differential reporting bias may
lead to exposure misclassification and diluted or even biased estimates. Fortunately, the major-
ity of the included studies used validated or combined (e.g. self-report verified by validated)
measurements to establish the exposure status. Related to this, is the underreporting of CHD
events whereby stronger association might be distorted. This particularly applies to AP since
AP is often missed, especially in comorbidity with atrial fibrillation. However, as shown by the
separate meta-analyses of prospective cohort studies for MI and AP, there were no large differ-
ences between the different exposures. Second, substantial heterogeneity was observed in both
cross-sectional and case-control studies. This can be related to differences in methodology
across studies (e.g. assessment of dementia or cognitive functioning, ascertainment of
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exposure, variation between cohorts (e.g. gender specific) selection of study participants, fol-
low-up duration and adjustment for important covariates). While meta-regression analyses
did not identify any statistically significant source of heterogeneity (e.g. mean age at baseline,
outcome measurement, follow-up duration), other methodological differences not included in
the analyses might explain the between-study difference in effect estimates. By using a ran-
dom-effects meta-analysis we have tried to account for variability within and between studies.
The abovementioned issues related to cross-sectional and case-control studies might have led
to the inconsistent findings between study designs. As prospective cohort studies are generally
considered superior study designs to test the association between CHD exposure and dementia
risk, we based our conclusion mainly on the results prospective cohort studies, but thereby not
ignoring the findings of the other study designs. Third, the observed effects could probably be
attributed to residual confounding in the original studies, although we used the most fully
adjusted models. Fourth, studies were excluded if their CHD exposure was not a combination
of purely MI and AP. For instance, studies reporting on IHD based on the the International
Classification of Diseases and Related Health Problems (ICD-10) codes for IHD (I120-125)
were excluded because some of the codes also include coronary atherosclerosis and coronary
artery aneurysm which are more causes of IHD [47]. While this has led to the exclusion of
studies affirming the association between CHD and cognitive impairment or dementia, our
focus was on MI and AP as the most prevalent conditions. Using a broader search strategy that
includes all causes of IHD led to more than 12,000 search hits (now 6,132), which was consid-
ered unfeasible. Fifth, there were unfortunately too few studies to conduct separate meta-anal-
yses for the different subtypes of dementia. Sixth, it would have been interesting to conduct
stratified meta-analyses for gender, but unfortunately gender-specific risk estimates are scarce.

In conclusion, CHD was associated with an increased risk of cognitive impairment or
dementia in prospective cohort studies. More mechanistic studies are needed that focus on the
underlying biological pathways (e.g. left ventricular dysfunction, cerebral small vessel disease,
hypoperfusion) and shared risks (e.g. hypertension, arterial stiffness, common genetic vari-
ants) that link CHD and risk of cognitive impairment or dementia.
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