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Abstract

Background: Brain imaging studies may provide etiologic insight into observed links between 

lung function and dementia and stroke.

Objective: We evaluated associations of lung function measures with brain MRI markers of 

vascular and neurodegenerative disease in the ARIC Neurocognitive Study, as few studies have 

examined the associations.

Methods: Lung function was measured at participants’ midlife in 1990–1992 (mean age=56±5 

years) and later-life in 2011–2013 (mean age=76±5 years), and brain MRI was performed in 

2011–2013. Linear regression models were used to examine the associations of lung function with 

brain and white matter hyperintensity (WMH) volumes, and logistic regression models were used 

for cerebral infarcts and microbleeds, adjusting for potential confounders.

Results: In cross-sectional analysis (i.e., examining later-life lung function and MRI markers, 

n=1223), higher forced-expiratory volume in one second (FEV1) and forced vital capacity (FVC) 

were associated with larger brain and lower WMH volumes [e.g., 8.62 (95%CI:2.54–14.71) cm3 

greater total brain volume per one-liter higher FEV1]. No association was seen with microbleeds 

in the overall sample, but higher FVC was associated with lower odds of microbleeds in never-
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smokers and higher odds in ever-smokers. In the cross-temporal analysis (i.e., associations with 

midlife lung function, n=1787), higher FVC levels were significantly associated with lower later-

life brain volumes.

Conclusions: Our results support modest associations of better lung function with less 

neurodegenerative and cerebrovascular pathology, although findings for microbleeds were 

unexpected in ever-smokers.
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INTRODUCTION

A growing body of literature suggests potential links between lung function measures 

and adverse neurological outcomes, including cognitive decline, dementia, and stroke [1–

7]. Potential suggested mechanisms for the associations, although not clearly understood, 

include systemic inflammation, chronic hypoxia, and shared underlying pathophysiology 

between pulmonary and cardiovascular systems [7–10]. Brain imaging studies can improve 

the understanding of underlying neurodegenerative and cerebrovascular disease processes 

associated with poor lung function and provide more cogent evidence for lung function 

associations with dementia and stroke. A few studies have evaluated lung function measures 

in relation to brain neuropathological changes, including reduced brain volumes [11, 12], 

white matter abnormalities [12–17], microbleeds [18], and infarcts [13–15], although 

findings have not been consistent [11, 13, 19, 20]; most of these studies examined white 

matter abnormalities, and other brain pathologies such as infarcts and microbleeds remain 

minimally explored. Further, the majority of these were conducted in non-US populations 

of European descent, and very few studies have included Black participants. Therefore, 

we examined midlife and later-life lung function measures in relation to comprehensive 

later-life brain magnetic resonance imaging (MRI) markers, including brain volumes, white 

matter hyperintensity (WMH) volume, cerebral infarcts, and microbleeds, in the more 

diverse Atherosclerosis Risk in Communities (ARIC) Study, a community-based cohort of 

Black and White adults.

METHODS

Study population

Between 1987 and 1989 (visit 1), the ARIC study recruited 15,972 (primarily) Black and 

White adults aged 45–64 years from four United States communities (Forsyth County, North 

Carolina; Jackson, Mississippi; Washington County, Maryland; and suburbs of Minneapolis, 

Minnesota) [21, 22]. ARIC participants have undergone numerous comprehensive clinical 

examinations and are continually surveilled for vital status. For the current investigation, 

we used data from the visit 2 (1990–1992) and visit 5 (2011–2013) exams which were 

completed by 14,348 and 6,538 participants, respectively. All eligible participants underwent 

lung function testing at the visit 2 and 5 exams. At the visit 5 exam, a subset of 

participants (n=1979) underwent brain MRI as a component of the ARIC Neurocognitive 
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Study. Participants were selected for brain MRI if they exhibited evidence of cognitive 

impairment at their visit 5 cognitive evaluation or previously participated in the ARIC 

Brain MRI study in 2004–2006. Further, a random (age- and center-stratified) sample of 

the remaining cognitively normal participants was included. The study was approved by 

institutional review boards at participating study centers.

For the visit 2 lung function analysis, of the 1979 participants who underwent MRI at visit 

5, we excluded 47 with missing lung function data, six who reported race other than Black 

or White (due to small numbers), nine Black participants from the Minnesota and Maryland 

field centers (due to race and centers aliasing and small numbers in these centers), 13 with 

prevalent stroke, and 117 with missing data on covariates of interest, which resulted in an 

analytic sample of 1787 (Supplementary Figure 1). Likewise, for the visit 5 lung function 

analysis, of the 1979, we excluded 482 with missing lung function data, three who reported 

race other than Black or White, six Black participants from the Minnesota and Maryland 

field centers, 179 with missing data on covariates, 56 with prevalent dementia, and 30 

with stroke at visit 5, resulting in 1223 participants in the final analytic sample. We also 

performed the visit 5 analysis including prevalent dementia in a sensitivity analysis.

Lung function

Lung function was measured at the visit 2 exam using the Collins Survey II water-seal 

spirometer and at the visit 5 exam using the SensorMedics model 1022 dry-rolling seal 

volume spirometer by trained and certified technicians, in accordance with the American 

Thoracic Society/European Respiratory Society guidelines [23, 24]. Participants were asked 

to perform up to eight forced expirations to attain two reproducible spirograms (out of 

three acceptable maneuvers); lung function measures for the analysis were obtained from 

the best spirogram. Spirometry procedures, acceptability and reproducibility criteria, and 

quality control can be found elsewhere [23, 24]. We used three spirometry measures: forced 

vital capacity (FVC, the total amount of air that can be forcefully exhaled after maximal 

inspiration), forced expiratory volume in one second (FEV1, the amount of air exhaled in 

the first second of the FVC maneuver), and FEV1/FVC ratio (expressed as a percentage). 

We also examined associations with clinical lung conditions (i) obstructive lung condition 

(defined as FEV1/FVC < lower limits of normal (LLN)); (ii) restrictive condition (defined 

as FEV1/FVC≥ LLN and FVC <LLN); and (iii) normal individuals (those who did not 

belong to either obstructive or restrictive categories) in our secondary analyses [25–28]. 

More details on this are provided in the Supplemental Document.

Neuroimaging

Brain MRI scans were performed at 3 Tesla and analyzed at the ARIC MRI Reading 

Center (Mayo Clinic, Rochester, MN). Details on MRI analysis are described elsewhere [29, 

30]. Briefly, cortical brain and total intracranial volumes were measured on magnetization-

prepared rapid acquisition gradient echo using Freesurfer version 5.1. For the brain 

volumetric analysis, we considered total and regional cortical (i.e., frontal, temporal, 

occipital, parietal, deep gray matter, and temporal-parietal lobe meta-region of interest 

(ROI)) brain volumes. The temporal-parietal lobe meta-ROI volume was measured as 

the combined volume of the regions shown to be susceptible to Alzheimer’s disease, 
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which included the parahippocampal gyrus, entorhinal cortex, inferior parietal lobules, 

hippocampus, precuneus, and cuneus [31]. WMH volume and presence of any infarcts were 

assessed on axial T2 fluid-attenuated inversion recovery sequences. The presence of any 

microbleeds was characterized on axial T2*gradient recalled echo sequences.

Covariates

We obtained information on sex, race, study field center, education (< high school, 

high school or equivalent, > high school), and APOE ε4 carrier status (none or ≥ one 

alleles, determined using TaqMan assays and the ABI 7700 Sequence Detection System, 

Applied Biosystems, Foster City, CA) from visit 1. Field center and race were combined 

to create five categories: Mississippi Black, Maryland White, Minnesota White, North 

Carolina Black, and North Carolina White. Information on age, height, cigarette smoking 

status (current, former, never), weight, physical activity (the sport index score of the 

Baecke Physical Activity Questionnaire),[32] diabetes (fasting glucose ≥ 126 mg/dL or 

non-fasting glucose ≥ 200 mg/dL, self-reported physician’s diagnosis, or use of anti-diabetic 

medications), total cholesterol level, hypertension status [hypertension (defined as systolic 

blood pressure ≥ 140 mm Hg, or diastolic blood pressure ≥ 90 mm Hg or use of 

antihypertensive medications); prehypertension (defined as systolic blood pressure ≥ 120 

and <140 mmHg); and normal blood pressure], and prevalent heart diseases from both visit 2 

and visit 5 exams.

Statistical analysis

Primary analysis—We used multivariable linear regression models to examine 

associations of lung function measures with brain and WMH volumes. WMH volume was 

positively skewed and thus natural log-transformed. We used logistic regression models to 

estimate odds ratios (ORs) for presence of cerebral infarcts and microbleeds. All models 

were adjusted for age, sex, field center-race, height, smoking status, weight (used as 

a measure of obesity in place of body mass index to avoid potential collinearity with 

height), education, physical activity, hypertension, diabetes, total cholesterol, coronary heart 

diseases, APOE ε4 carrier status, and total estimated intracranial volume. We used visit 5 

covariates for cross-sectional analyses (i.e. visit 5 lung function on visit 5 MRI outcomes) 

and visit 2 covariates for cross-temporal analyses (i.e. visit 2 lung function on visit 5 MRI 

outcomes).

For the visit 2 lung function analysis, we applied inverse probability of attrition weights 

(IPW) to regression models to account for selective attrition from visit 2 to visit 5 (such 

that weighted estimates would represent associations in the eligible visit 2 population). 

Specifically, we estimated predicted probabilities of (i) being alive at visit 5; (ii) remaining 

in the study at visit 5 among those who were alive; and (iii) being selected for MRI among 

those who made to visit 5, using three separate logistic regression models with visit 2 lung 

function measures and other covariates (age, sex, field center-race, height, smoking status, 

weight, education, physical activity, diabetes, hypertension, total cholesterol, coronary heart 

diseases, and APOE ε4 status) as predictors. Overall inverse probability of attrition weights 

were then constructed by multiplying the three inverse probabilities together and truncating 

at the 99th percentile.

Shrestha et al. Page 4

J Alzheimers Dis. Author manuscript; available in PMC 2024 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Secondary/sensitivity analysis—We repeated visit 5 lung function analyses by 

incorporating sampling weights to account for the sampling strategy used to select 

participants for MRI. While all analyses were based on complete cases, to assess the impact 

of missing covariates, we repeated the visit 5 lung function analyses employing multiple 

imputation by chained equations; briefly, we created 30 datasets imputing values for missing 

covariates, performed regression analysis in each dataset, and obtained pooled parameter 

estimates. We also repeated visit 2 lung function analysis without applying any IPW (i.e., 

unweighted analyses).

As smoking is a strong risk factor of lung function impairment, we conducted two 

additional analyses to explore the influence of smoking on the associations. First, we 

estimated all associations separately for never and ever smokers and tested for statistical 

interactions between lung function measures and smoking. Second, for the visit 2 analysis, 

we additionally adjusted for cigarette pack years (amount of smoking and time since quitting 

information needed to update pack-years were not collected at the visit 5 exam).

RESULTS

Table 1 presents characteristics of visit 2 (mean age±SD = 56±5 years) and visit 5 

(mean age±SD = 76±5 years) analytic samples (39% male; 28% Black race, brain MRI 

characteristics are presented in Supplementary Table 1). As expected, participants had worse 

lung function and cardiovascular risk factors at visit 5 than at visit 2 (Table 1). Further, 

compared to the total visit 2 population (n=14,348), participants included in the visit 2 

analytic sample (n=1787) were younger, and had higher education, better lung function, and 

cardiovascular profiles (Supplementary Table 2).

Cross-sectional associations: later-life (visit 5) lung function and brain MRI measures

Higher later-life FEV1 and FVC were associated with larger concurrent total and regional 

brain volumes (Table 2, Figures 1 and 2). All the associations were statistically significant 

except those of FEV1 and FVC with occipital lobe volume and that of FVC with deep 

gray matter volume. For instance, one liter higher FEV1 was associated with 8.62 (95% CI: 

2.54, 14.71) cm3 and 1.53 (95% CI: 0.33, 2.73) cm3 greater total and frontal lobe volumes, 

respectively. Higher FEV1 and FVC were significantly associated with lower WMH volume 

[FEV1, β= −0.12 (95% CI: −0.22, −0.02) and FVC, β= −0.14 (95% CI: −0.23, −0.05)]. 

None of these measures were significantly associated with cerebral microbleeds or infarcts. 

FEV1/FVC was not associated with any brain MRI measures. Findings were similar when 

prevalent dementia cases were included in the analysis (Supplementary Table 3) or when 

multiple imputation was employed for missing covariates (Supplementary Table 4). The 

analysis that accounted for sampling weights used to select participants for MRI yielded 

qualitatively similar findings, although a few associations were no longer statistically 

significant (Supplementary Table 5).

In the analysis examining clinical lung conditions, compared to individuals with normal lung 

function, those with restrictive (n=78) and obstructive lung (n=180) conditions generally 

had smaller brain volumes (Supplementary Table 6). However, associations with restrictive 

conditions were statistically significant for only total brain, temporal, and parietal lobe 
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regions, and those with obstructive conditions were significant for only temporal lobe and 

deep gray matter volumes. Restrictive conditions were also associated with higher WMH 

volume (β=0.37 (95% CI: 0.18, 0.55) and higher odds of infarcts (OR=1.96 (95% CI: 1.14, 

3.39, 26 of the 78 had infarcts)).

FEV1 and FVC were generally positively associated with brain volume measures in both 

never- (n=537) and ever-smokers (n=686) (Supplementary Table 7). However, there was also 

no clear pattern of associations across the never- and ever-smoker groups. For example, 

FEV1 and FVC were significantly associated with total brain volume only among ever-

smokers, but frontal lobe volume showed significant association with FEV1 only in never-

smokers and with FVC only in ever-smokers. The interaction terms between smoking status 

and lung function measures were not significant for any volumetric measures (i.e., p ≥ 0.05). 

Associations with WMH volume were generally similar between never- and ever-smokers. 

FVC was associated with lower odds of microbleeds among never-smokers and higher odds 

among ever smokers (p-interaction ≤0.05).

Cross-temporal associations: midlife lung function and brain MRI measures

In the primary analysis incorporating IPW (Table 3), only FVC was significantly associated 

with total brain, parietal, deep gray matter, and temporal-parietal lobe volumes. Although 

statistically not significant, higher midlife FEV1 and FVC in general were associated 

with larger brain volumes, with magnitudes generally similar to those of later-life lung 

function measures (Figures 1 and 2, Standardized results in Supplementary Table 8). Higher 

FEV1 and FEV1/FVC had supported associations with higher odds of microbleeds, which 

appeared to be driven by the ever-smokers (see below). In the unweighted regression 

analyses (Supplementary Table 9), FEV1 associations were similar, but FVC associations 

were attenuated compared to the weighted analyses.

Restrictive (n=56) and obstructive (n=251) clinical conditions were also associated with 

smaller brain volumes, although none were statistically significant. Higher odds of cerebral 

infarcts were seen in restrictive conditions (OR=1.94 (95% CI: 0.99, 3.77), restrictive cases 

with infarcts=21) and obstructive conditions (OR=1.44 (95% CI: 1.00, 2.07), obstructive 

cases with infarcts=68). Only restrictive conditions were associated with higher WMH 

volume (β=0.30 (95% CI: 0.07, 0.54), Supplementary Table 10).

When adjusted for cigarette pack-years, the findings were comparable to those of primary 

analyses (Supplementary Table 11). Further, when associations were estimated by smoking 

status, we did not see any significant associations in never-smokers (n=845), but higher 

FEV1 and FVC were significantly associated with higher brain volumes of most of the 

regions in ever-smokers (n=942) (Supplementary Table 12). The interaction terms of 

smoking status with FEV1 and FVC were significant (p≤0.05) for the total brain, parietal, 

and temporal-parietal lobe meta ROI volumes, and additionally with FVC for frontal 

lobe volume. Higher FEV1 and FEV1/FVC were associated with elevated microbleeds 

prevalence only in ever-smokers. Statistical associations between visit 2 FEV1 levels and 

visit 5 microbleeds appeared to be driven by smokers, and potentially by a small number 

of participants with extremely low visit 2 FEV1 levels and rare microbleed occurrence 

(Supplementary Figure 3).
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DISCUSSION

In this study of community-dwelling United States adults, better midlife FVC and later-life 

FEV1 and FVC were associated with larger (better) later-life brain volumes, while clinical 

lung conditions were often associated with smaller brain volumes. Better later-life lung 

function measures in general were also associated with lower WMH volume, but only 

midlife restrictive lung condition showed an association with WMH volume. In addition, 

restrictive lung condition in both midlife and later-life and obstructive condition in later-life 

were associated with elevated cerebral infarct prevalence (although these analyses were 

based on a small number of exposed infarct cases). Findings for cerebral microbleeds, 

however, were somewhat unexpected, with higher lung function measures associated with 

elevated prevalence specifically in ever-smokers at both mid- and later-life.

Previously, in a subsample of the ARIC study (n=1917), lower FEV1 and FVC assessed 

at the visit 1 and 2 exams (1987–1992) were associated with higher prevalence odds 

of subclinical cerebral infarction and white matter lesions at visit 3 in 1993–1995 [15]. 

In the 10-year follow-up (n=1112), higher FEV1 was associated with slower progression 

of ventricular size worsening but not with WMH or infarct worsening [20]. Our current 

investigation extends these prior ARIC studies by evaluating comprehensive brain MRI 

markers in relation to both midlife and later-life lung function measures. However, as the 

earlier visits used 1.5T scans (compared to 3T scans in the visit 5 exam) and different MRI 

protocols for neuropathology grading and as there was a limited overlapping of participants, 

we were not able to examine longitudinal changes in brain neuropathology in our current 

analysis.

Only a few other studies have evaluated associations between lung function measures 

and brain volumes [11, 12, 33, 34]; while their findings are consistent with ours in the 

overall sample, they did not examine potential heterogeneity in the associations with brain 

volumes by smoking status. For example, in the US-based Rush Memory and Aging 

Project (MAP) (mean age=79±8 years, n=351), a better composite lung function score 

was associated with larger concurrent total brain and white and gray matter volumes [12]. 

In a cross-sectional study of 60–64 years olds from Australia (n=469), higher FEV1 and 

FVC but not FEV1/FVC were associated with reduced mid-ventricular ventricle-to-brain 

ratio [11]. A recent 2022 study that performed a coordinated analysis using data from 

six community-based cohorts from the US and Europe (n=11,901) reported cross-sectional 

associations of higher FEV1, FVC, and FEV1/FVC ratio with larger brain volumes; this 

analysis also included cross-sectional associations between visit 5 lung function and brain 

volumes from ARIC participants [33]. Further, in a recently published (2022) study using 

the UK Biobank data (n=30,159), both obstructive and restrictive lung impairments were 

associated with smaller brain volumes of some brain regions [34].

Likewise, studies have linked lung function with subclinical cerebrovascular disease 

markers, including white matter abnormalities and lacunar infarcts, although inconsistently 

[11–14, 16, 17, 33, 35]. Especially, with microbleeds for which we found contrasting 

results, in the Rotterdam study (median age=78 years, n=810), COPD was associated 

with higher microbleeds prevalence overall and higher incidence in deep or infra-tentorial 
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regions (median follow-up: 3.42 years); associations with prevalent microbleeds in deep 

infra-tentorial regions were also observed for restrictive lung disease and other lung function 

measures [18]; however, a recent 2022 Rotterdam Study-based investigation (n=3941) did 

not find association with cerebral microbleeds [19].

To evaluate the influence of smoking on the associations of lung function with brain 

MRI markers, we estimated associations separately for ever-smokers and never-smokers. 

However, the results were not straightforward. For example, the associations of later-

life lung function measures with concurrent brain and WMH volumes were somewhat 

comparable among never-smokers and ever-smokers, suggesting these later-life associations 

are not explained by smoking in entirety. However, the associations of midlife measures 

were seen only in ever-smokers suggesting that smoking may have driven the associations 

with midlife lung function. Contrary to this, in the recent cohort-wide investigation in 

the ARIC study, midlife lung function measures were associated with reduced dementia 

risk and cognitive decline even among never-smokers [27, 36]. Most of the prior studies 

with brain MRI markers only considered adjusting for smoking in their analysis; a few 

prior studies that evaluated associations by smoking status did not find any difference 

between the groups [13, 35]. Further, for microbleeds, better lung function was associated 

with higher prevalence in ever-smokers, which is unexpected. Prior studies have linked 

smoking with higher microbleeds, although inconsistently; in the ARIC study, smoking was 

not associated with cerebral microbleeds [37–39]. Further, cerebral microbleeds have been 

shown to correlate with other subclinical markers of cerebrovascular disease and linked with 

dementia, stroke, and other cerebrovascular outcomes, although not consistently [38, 40, 41]. 

We do not have plausible explanations for why we would see such contrasting findings only 

for cerebral microbleeds. One possibility for such unexpected findings is that the dropout 

rate of individuals with cerebral microbleeds and poor lung function (due to smoking) 

from the study might have been so extreme that it led to the spurious reverse associations. 

Alternatively, these could be chance findings. Further, although we adjusted for smoking 

in the primary analyses, we were unable to account for more in-depth information such as 

depth of inhaling, cigarette types, and other smoking patterns. So, the primary analyses and 

the analysis restricted to ever-smokers could be subject to bias due to residual confounding.

Mechanistically, how poor lung function may lead to adverse brain neuropathology is 

not clearly understood. Poor lung function is associated with systemic inflammation, 

oxidative stress, and chronic hypoxia which may alter brain pathophysiology through 

multiple pathways promoting neurodegenerative processes and cerebrovascular dysfunctions 

[8–10, 42–44]. A shared underlying pathology between pulmonary and cardiovascular 

conditions and/or correlated exposures associated with both conditions is another potential 

explanation. A recently published (2022) Mendelian Randomization (MR) study suggested 

associations of lung function measures with a range of cardiovascular risk factors and risk 

of stroke, implicating the role of lung function-mediated vascular contribution to brain 

neuropathological changes [45]. However, another MR study did not find evidence for the 

association between lung function and Alzheimer’s dementia, suggesting that we cannot 

rule out that the associations with some markers could be due to unexplained and residual 

confounding [46].
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Using data from the well-characterized ARIC study, we were able to examine a broad 

range of MRI markers; however, our study has several limitations. The cross-temporal 

and cross-sectional nature of our analyses limit us from making any causal inferences. 

Although we had information on both mid- and later-life lung function measures, we 

did not have repeated brain MRI assessments that would have allowed examination of 

longitudinal changes in both lung function and brain MRI and thus have provided additional 

understanding of the associations. Further, brain MRI outcomes were measured among 

those who survived or agreed to participate in visit 5. Poor lung function is associated 

with mortality and other adverse health outcomes. While we applied inverse probability of 

weights to account for potential bias due to selective attrition to make inferences about all 

visit 2 participants for midlife analysis, we cannot completely rule out bias due to selective 

participation. Further, the restrictive lung function analysis (due to a small number of 

participants with restrictive lung conditions) and smoking-stratified analysis (especially, for 

current smokers) are more likely to be affected by the issues arising from small sample sizes, 

including low statistical power and potential sparse data bias. Lastly, our study findings may 

not be generalized to individuals who are not of Black or White race.

In conclusion, our findings suggest very modest associations of lung function measures 

with brain volumes and, to some extent, with some markers of subclinical cerebrovascular 

diseases. These associations persisted even after accounting for baseline cardiovascular 

risk factors which have been generally attributed to the link between lung function and 

adverse brain neuropathology. Specially, associations of midlife lung function and future 

brain volumes measured 23 years later hint at the etiological relevance of lung function in 

early neurodegenerative pathology, although future investigations on longitudinal changes of 

these MRI markers are needed for more definite evidence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Scatter plots and locally weighted smoothing plots of temporal-parietal meta-ROI volume 

and lung function measures and their histograms in the Atherosclerosis Risk in Communities 

Neurocognitive Study

Histograms on the X- and Y-axes show the distribution of lung function measures and 

temporal-parietal meta-ROI volume and lung function measures, respectively. Temporal-

parietal meta-ROI volume was expressed in cm3, FEV1 and FVC in liters, and FEV1/FVC in 

%.

Abbreviations: FEV1, Forced Expiratory Volume in one second; FVC, Forced Vital 

Capacity; ROI, region of interest; V2, Visit 2; V5, Visit 5
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Figure 2: 
Associations of lung function measures with brain region and white matter hyperintensity 

volumes in the Atherosclerosis Risk in Communities Neurocognitive Study

All lung function measures and brain measures were standardized (See Supplementary Table 

8 for details on standardization procedures and standardized beta estimates and their 95% 

confidence intervals). Brain volumes were expressed in cm3, WMH in natural log-cm3, 

FEV1 and FVC in liters, and FEV1/FVC in %. Round and square data points indicate 

associations for visit 5 and visit 2 lung function measures, respectively.

Models were adjusted for age, sex, education, center-race, education, smoking status, height, 

weight, physical activity, diabetes, prevalent coronary heart disease, hypertension status, 

total cholesterol, APOE ε4 carrier status, and estimated total estimated intracranial volume.

Abbreviations: CI, Confidence Intervals; FEV1, Forced Expiratory Volume in one second; 

FVC, Forced Vital Capacity; SD, Standard Deviation; WMH, White Matter Hyperintensity 

Volume; V2, Visit 2; V5, Visit 5
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Table 1:

Characteristics of participants at visit 2 and visit 5 in the Atherosclerosis Risk in Communities Neurocognitive 

Study

Characteristics
Midlife (Visit 2) characteristics in the analytic 

sample for cross-temporal analysis, n=1787
Later-life (Visit 5) characteristics in the analytic 

sample for cross-sectional analysis, n=1223

FEV1 (L), mean (SD) 2.83 (0.69) 2.09 (0.62)

FVC (L), mean (SD) 3.75 (0.91) 2.91 (0.86)

FEV1/FVC%, mean (SD) 75.75 (6.41) 72.34 (9.16)

Lung function category, n (%)

 Normal 1480 (83%) 965 (79%)

 Restrictive lung condition 56 (3%) 78 (6%)

 Obstructive lung condition 251 (14%) 180 (15%)

Age (years), mean (SD) 55.64 (5.22) 75.93 (5.25)

Male sex, n (%) 722 (40%) 481 (39%)

Smoking status, n (%)

 Never 845 (47%) 537 (44%)

 Former 670 (37%) 630 (52%)

 Current 272 (15%) 56 (5%)

Black race, n (%) 495 (28%) 347 (28%)

Center, n (%)

 Forsyth, NC 453 (25%) 273 (22%)

 Jackson, MS 462 (26%) 329 (27%)

 Minneapolis, MN 418 (23%) 281 (23%)

 Washington, MD 454 (25%) 340 (28%)

Education, n (%)

 < High school 242 (14%) 152 (12%)

 High school 732 (41%) 493 (40%)

 > High school 813 (45%) 578 (47%)

BMI (kg/m2), mean (SD) 27.42 (5.02) 28.38 (5.54)

Weight (kg), mean (SD) 80.37 (17.57) 77.67 (16.08)

Height (m), mean (SD) 1.68 (0.09) 1.68 (0.09)

Physical activity index, mean (SD) 2.41 (0.56) 2.27 (0.64)

Coronary heart disease, n (%) 26 (1%) 103 (8%)

Diabetes, n (%) 105 (6%) 392 (32%)

Blood Pressure, n (%)

 Normal 980 (55%) 152 (12%)

 Prehypertension 362 (20%) 171 (14%)

 Hypertension 445 (25%) 900 (74%)

Total cholesterol (mmol/L) 5.38 (0.95) 4.76 (1.09)

APOE ε4 status (≥1 ε4 allele)(n (%) 526 (29%) 351 (29%)

Cognition status, n (%)

 Normal 1787 (100%) 816 (67%)
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Characteristics
Midlife (Visit 2) characteristics in the analytic 

sample for cross-temporal analysis, n=1787
Later-life (Visit 5) characteristics in the analytic 

sample for cross-sectional analysis, n=1223

 Mild cognitive impairment - 406 (33%)

Note: BMI, Body Mass Index; FEV1, Forced Expiratory Volume in one second; FVC, Forced Vital Capacity; SD, Standard Deviation.

Information on sex, race, education, center, and APOE ε4 carrier status was obtained from ARIC visit 1. Other than for these characteristics, we 
present descriptive statistics for visit 2 and visit 5 characteristics. All participants were cognitively normal at visit 2 exam.

Table 1 presents the unweighted characteristics.
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