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Abstract

Background: Studies found associations between pulmonary function (PF) and cognition, but these are limited by mostly cross-sectional
design and a single measure of PF (typically forced expiratory volume in 1 second [FEV]). Our objective was to prospectively analyze the
association of repeatedly measured PF with cognition.

Methods: We studied 3 499 participants in the Coronary Artery Risk Development in Young Adults cohort with cognition measured at year
25 (Y25) and Y30, and PF (FEV, and forced vital capacity [FVC], reflecting better PF) measured up to 6 times from Y0 to Y20. Cognition was
measured via Stroop test, Rey-Auditory Verbal Learning Test [RAVLT], and digit symbol substitution test [DSST], which capture executive
function, verbal learning and memory, and attention and psychomotor speed, respectively; lower Stroop, and higher RAVLT and DSST scores
indicate better cognition. We modeled linear, cross-sectional associations between cognition and PF at Y30 (mean age 55), and mixed models
to examine associations between cognition at Y25-Y30 and longitudinal PF (both annual rate of change, and cumulative PF from YO to Y20).
Results: At Y30, FEV, and FVC were cross-sectionally associated with all 3 measures of cognition (f = 0.08-0.12, p < .01-.02). Annual
change from peak FEV /FVC ratio was associated with Stroop and DSST (p = 18.06, 95% CI = 7.71-28.40; = 10.30, 95% CI = 0.26-20.34,
respectively), but not RAVLT. Cumulative FEV, and FVC were associated with Stroop and DSST (p = 0.07-0.12, p < .01-.02), but only
cumulative FEV, was associated with RAVLT (B = 0.07, 95% CI = 0.00-0.14).

Conclusions: We identified prospective associations between measures of PF and cognition even at middle ages, adding evidence of a
prospective association between reduced PF and cognitive decline.
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As average life expectancy increases and the population ages (1,2),
there is great interest in understanding etiologies of aging trajec-
tories, including age-related cognitive decline (3). Current evidence
points to an important role for physical functioning in cognitive
aging, with studies demonstrating relationships between a wide var-
iety of measures of cognitive and physical aging (1,4). Several reports
also suggest a relationship between decreased pulmonary function
and cognitive decline, with poor pulmonary function associated with
poor cognitive status (5,6). Plausible mechanisms for this association
include poorer cerebral oxygenation (7), decreased physical activity
(8), and greater vascular disease (9). However, the literature remains
unclear on the temporality of these associations. Lower pulmonary
function has been correlated with poor cognitive performance in pa-
tient populations, such as those with chronic obstructive pulmonary
disease (COPD) (10) and bronchiectasis (11), but less is known
about this association among population-based studies.

In addition, there are few studies on whether a decline in pulmonary
function during young adulthood is associated with late-life cognition
(12). Furthermore, to our knowledge, no studies have examined more
complex measures of pulmonary function in relation to cognitive scores
in the context of the aging process. For example, the rate of pulmonary
function change or decline from peak pulmonary function may be
better predictors of cognition in later life compared with pulmonary
function measured once, and could potentially even suggest interven-
tions to reduce late-life cognitive impairment by improving midlife pul-
monary function, but have generally been understudied due to lack of
appropriate longitudinal data (13,14). However, many cohorts do not
possess data on peak pulmonary function as enrollment occurs after the
peak is reached, reducing the ability of these cohorts to contribute to
our understanding of the health impacts of poor pulmonary function
over time.

We hypothesized that cumulative pulmonary function would
yield a better predictor of cognition than pulmonary function meas-
ured once or relative to its peak, as cumulative pulmonary function
includes more information than peak or decline from peak pul-
monary function measures (eg, exposure to poor pulmonary func-
tion throughout early life), and may obviate the need to determine
a precise peak pulmonary function. By virtue of this information,
cumulative pulmonary function may be a more useful biomarker for
long-term cognition, and thus a more useful and/or modifiable target
for interventions designed to improve later cognition or prevent cog-
nitive decline earlier in life. Therefore, the objective of this study is to
determine, in a large population-based cohort, whether pulmonary
function measures (forced expiratory volume in 1 second [FEV ],
forced vital capacity [FVC], and FEV /FVC ratio) are prospectively
associated with cognitive decline at midlife. This includes exploring
longitudinal measures of pulmonary function, such as the annual
rate of pulmonary function change and cumulative pulmonary func-
tion, to determine which is most strongly associated with later cog-
nitive function. We hypothesized that poorer lung function would be
associated with worse cognitive function at follow-up.

Method

The Coronary Artery Risk Development inYoung
Adults Study

Coronary Artery Risk Development in Young Adults (CARDIA) is a
prospective cohort designed to investigate the development of car-
diovascular disease (15). In 1985-1986, 5115 Black and White men
and women ages 18-30 were recruited from 4 urban sites in the
United States: Birmingham, AL; Chicago, IL; Minneapolis, MN; and

Oakland, CA. CARDIA participants have been followed for over
30 years since enrollment providing detailed demographic and clin-
ical data including self-reported, anthropometric, and laboratory
measures. These data were collected across 8 examination cycles
starting at baseline and at study years (Y) 2, 5, 7, 10, 15, 20, 25,
and 30. Retention rates have been high throughout these follow-ups
(91%, 86%., 81%, 79%, 74%, 72%, 72%, and 71%, respectively).
Additional details regarding study design and recruitment, and par-
ticipant characteristics at baseline, have been reported previously
(15). CARDIA was approved by the institutional review boards at all
study sites and all participants provided written informed consent.

Cognitive Assessments

Full details of the cognitive assessments in CARDIA have been re-
ported previously (16). Briefly, cognition was measured at Y25
and Y30 by certified technicians. This study examined 3 cognitive
tests that were administered at each time point: the Stroop test, the
Rey-Auditory Verbal Learning Test (RAVLT), and the Digit Symbol
Substitution Test (DSST). Raw/untransformed values were used
for all 3 tests. The Stroop test measures executive function by re-
quiring the participant to respond to one form of a stimulus (read
the name of a color) while inhibiting response to another form of
stimulus (the word color itself) and includes 3 subtests; lower scores
indicate better performance (17). The RAVLT tests verbal learning
and memory; participants are read a list of 15 words and asked to
recall them 10 minutes later, with a greater number of words re-
called indicating better performance (18). The DSST tests attention
and psychomotor speed by asking participants to translate a written
sheet of numerals (1-9) into symbols within 2 minutes, with higher
scores indicating better performance (19).

Pulmonary Function Measurements

Full details of CARDIA’s pulmonary function measurements have
been reported previously (20). Briefly, this study used all pulmonary
function measurements available (Y0, Y2, Y5, Y10, Y20, and Y30).
At each exam, pulmonary function was measured using spirometry
procedures as recommended by the American Thoracic Society (21).
Pulmonary function measurements included FVC, the volume of air
that can be forcibly exhaled after taking the deepest breath possible,
and FEV , the volume of air exhaled in the first second of a forced
exhalation maneuver. In addition, the FEV /FVC ratio was also cal-
culated. FVC can serve as a marker of lung health that encompasses
both total lung volume and respiratory muscle strength, FEV, as a
marker of airway disease in the lung, and the FEV /FVC ratio as a
diagnostic marker used to define obstructive airway disease. Higher
values for all 3 measures indicate better pulmonary function.

Covariates

Structured questionnaires were used to self-report participants’
demographic characteristics (age, sex, race, education, and in-
come), behaviors (eg, use of tobacco), and medical history (including
comorbidities) at each CARDIA examination. Physical activity
was measured using the validated CARDIA Physical Activity
Questionnaire (22,23). Height was measured with a vertical ruler
and weight from a calibrated balance beam scale. Seated blood
pressure was measured in triplicate after a S-minute resting period
using a random-zero sphygmomanometer and with an automated
oscillometric blood pressure monitor (Omron HEM-907XL;
Online Fitness, Santa Monica, CA), calibrated to the sphygmo-
manometer. Blood pressure was determined by averaging the last 2
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measurements taken. We defined hypertension as self-reported use
of antihypertension medication, or the clinical definition (SBP >
140 mmHg or DBP > 90 mmHg) as of the examination.

Statistical Analyses

We report descriptive characteristics using 7 (%) or mean (SD)
as appropriate. For multivariable analyses, we first examined
cross-sectional linear models of Y30 data only (overall and in race
and sex strata). Next, we calculated peak pulmonary function
prior to the cognitive measurements (ie, YO-Y20) for each partici-
pant, then calculated the annual rate of change from that peak to
their last pulmonary function measurement prior to the cognitive
measurements (ie, Y20). This was done because 96.0%-99.9%
of participants had peak pulmonary function at or before Y20
(Supplementary Table 1), consistent with literature (24). To ensure
that these decisions introduced no bias, we conducted a sensitivity
analysis analyzing cognition at Y30 versus rate of pulmonary func-
tion change from peak to Y30. We then included annualized rate
of change from peak as an independent variable in a mixed linear
model, with cognition at Y25 and Y30 as the dependent variable of
interest. In order to fully examine the repeated cognition measures,
we conducted all models with cognition as the outcome averaged
across both time measurements using generalized estimating equa-
tions (GEEs) with exchangeable correlation structures and robust
variance estimators to combine (average) the Y25 and Y30 meas-
ures of cognition in our models. GEEs capture within-individual
variation over the repeated cognition measurements in our study,
and effectively allow for a larger sample size and thus more precise
estimates of our associations of interest, averaged across 2 repeated
measurements and with minimal underlying assumptions. We also
report race- and sex-stratified results for this analysis.

We next calculated cumulative pulmonary function for subjects
with at least 3 measures during YO-Y20: one at YO0, one at Y20, and
one or more between YO0 and Y20. Each of these measurements was
multiplied by the time interval between 2 consecutive examinations
and added together to generate cumulative measures of FEV , FVC,
and the FEV /FVC ratio. This ensures that all cumulative pulmonary
function measures are on the same scale, regardless of the number of
measurements used to calculate it. Participants missing lung function
data were excluded from analysis.

To demonstrate the potential advantage offered by cumulative
measures in terms of predicting cognitive function, we compared pro-
spective associations of both pulmonary function decline and cumu-
lative pulmonary function with all 3 cognitive test scores. To perform
this proof-of-concept analysis we selected 2 subgroups to maximize
the difference between cumulative pulmonary function and decline
from peak: similar FEV, at YO and Y20 but different FEV | in-between
(Y2, Y5, and Y10, corresponding to mean FEV, of 3.51, 3.48, and
3.38 liters, respectively). Thus, group 1 (r = 54) consists of those who
had an FEV, greater than the mean at each of Y2, Y5, and Y10, while
Group 2 (7 = 87) consists of those who had an FEV/ less than the same
means. To illustrate these 2 subgroups (Figure 1), we calculated the
20-year slope of FEV, and the 20-year annualized cumulated FEV,.
We then conducted 2 separate linear regressions to examine the as-
sociations of the slope of FEV, and cumulative FEV with Y25 cogni-
tive test scores adjusting for age, sex, race, center, height, and weight.
These were followed by a final mixed linear model regressing cogni-
tion at both Y25 and Y30 on cumulative pulmonary function.

All multivariable analyses adjusted for age at cognitive exam-
ination, sex, race, center, and height; both mixed-effects models
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Figure 1. Spaghetti plot of FEV, trajectory across 20-y follow-up for 2
groups featured by different decline patterns. The light gray (blue in the
online version) group is characterized by an accelerated decline after Y10
(n = 54), compared with the dark gray (orange in the online version) group
characterized by a steadily decline (n = 87). Each light-colored line represents
one individual, with each bolded line representing the mean for each group.

additionally adjusted for peak pulmonary function (Model 1). We
also report a second set of models (Model 2) additionally adjusted
for smoking status and a third set (Model 3) additionally adjusted
for education, income, weight, physical activity, COPD (yes/no),
stroke or transient ischemic attack (TIA; yes/no), asthma (yes/no),
and hypertension (yes/no). Finally, we conducted sensitivity analyses
replacing change from peak pulmonary function with 2 different cal-
culations of age at peak pulmonary function (one using peak pul-
monary function from Y0 to Y20 and one using peak pulmonary
function from YO to Y30). We also calculated model fit statistics
using Model 1 to compare decline versus cumulative FEV, and FVC.

Results

Characteristics of the full CARDIA sample at baseline were reported
previously (15). Table 1 shows the characteristics of our study popu-
lation (N = 3 499 at Y25 and N = 3 358 at Y30; 3 033 participants
had cognition data at both time points). Briefly, our population at
Y25 had mean age 50 and was majority female (57%), Black (53 %),
and never-smokers (61%). At Y30, mean FEV, was 2.70 L (SD:
0.75 L), mean FVC 3.53 L (0.98 L), and the mean FEV /FVC ratio
76.8% (7.1%). Supplementary Table 1 shows the distribution of
peak pulmonary function by study year; most subjects peaked by Y5
(range 75%-92%), corresponding to mean age 30. Figure 1 shows
our analysis of pulmonary function decline (7 = 3 397 measure-
ments) versus cumulative pulmonary function (7 = 3 221 measure-
ments); we found that cumulative pulmonary function was a better
predictor of the Stroop score than pulmonary function decline (see
Supplementary Table 2 for full results), but not for the other 2 scores.

Table 2 shows our cross-sectional results. In Model 1, Y30 FEV,
was associated with all 3 measures of cognition at Y30 including
better cognition as measured Stroop (B: -1.94, 95% CI: -2.75,
-1.12), RAVLT (f: 0.45, 95% CI: 0.32, 0.58), and DSST (B: 4.26,
95% CI: 2.98, 5.55). Adjusting for smoking (Model 2) only slightly
attenuated these associations; in Model 3, these associations were
attenuated further but persisted. Y30 FVC had similar associations
(Supplementary Table 3). Y30 FEV /FVC ratio was only associated
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Table 1. Characteristics of CARDIA Participants atYear 25 and Year
30 With Non-missing Cognition Data

Y25 Y30

N* 3499 3358
Aget, mean (SD), y 50.2 (3.6) 55.1(3.6)
Female, 7 (%) 1980 (56.6) 1913 (57.0)
Education, mean (SD), y 15.1 (2.7) 15.1 (2.6)
Race, 7 (%)

White 1640 (46.9) 1605 (47.8)

Black 1859 (53.1) 1753(52.2)
Center, 7 (%)

Birmingham, AL 818 (23.4) 757 (22.6)

Chicago, IL 826 (23.6) 773 (23.0)

Minneapolis, MN 878 (25.1) 830 (24.7)

Oakland, CA 977 (27.9) 997 (29.7)
Smoking status, 7 (%)

Never 2106 (61.1) 2079 (62.8)

Former 750 (21.8) 769 (23.2)

Current 589 (17.1) 463 (14.0)
Physical activity (total 337.9 (275.6) 321.5 (271.6)
intensity score)
Height, mean (SD), cm 170.3 (9.4) 169.9 (9.4)
Weight, mean (SD), kg 87.4 (22.0) 88.0 (21.9)
COPD, n (%) 43 (1.2) 71 (2.1)
Stroke, 7 (%) 69 (2.0) 107 (3.2)
Asthma, 7 (%) 267 (7.7) 323 (9.7)
Hypertension, 72 (%) 1320 (37.7) 1472 (43.8)
Pulmonary function:

FEV,, mean (SD), L — 2.7 (0.8)

FVC, mean (SD), L — 3.5 (1.0)

Raw FEV /FVC ratio, mean — 76.8% (7.1%)

(SD), %

Percent predicted FEV1, — 92.0% (16.3%)
mean (SD)

Percent predicted FVC, — 93.9% (14.8%)
mean (SD)

Cognition raw scores

Stroop, median (P,, P_ ) 21 (16,27) 20 (16,27)
RAVLT, median (P,,, P_) 9.0 (7.6,10.4) 9.2 (7.8,10.4)
DSST, median (P,, P_)) 70 (59, 81) 67 (55,78)

Notes: COPD = chronic obstructive pulmonary disease; DSST = digit sym-
bol substitution test; FEV, = forced expiratory volume in 1 s; FVC = forced
vital capacity; RAVLT = Rey-Auditory Verbal Learning Test.

*Three thousand and thirty-three participants had complete cognition data
at both Y25 and Y30.

Participants were ages 18-30 at baseline (Y0).

with better RAVLT in Model 1 (f: 1.26,95% CI: 0.37,2.15), and no
measures of cognition in Model 2 or Model 3. Our stratified results
(Supplementary Table 4) revealed few differences by race or by sex.

Table 3 shows our model results of annual pulmonary function de-
cline. The rate of FEV, change was associated with better cognition
primarily in Model 1 (B: -30.69, 95% CI: -48.77, -12.61 for Stroop;
B: 6.62, 95% CI: 3.49, 9.74 for RAVLT; and p: 94.91, 95% CI: 68.05,
121.76 for DSST); only DSST remained significant in Model 3 (f3:
43.09, 95% CI: 17.09, 69.09). FVC had similar associations (Model
3 DSST: B =22.61,95% CI: 0.37, 44.85). FEV /FVC ratio was associ-
ated with better Stroop and DSST in all 3 models, but not with RAVLT
(for Model 3, p: -198.83, 95% CI: -315.19, -82.48 for Stroop, and
B: 193.83, 95% CI: 27.06, 360.60 for DSST). Supplementary Table
5 shows our sensitivity analysis of pulmonary function change from
peak to Y30; these results were similar to those of pulmonary func-
tion change from peak to Y20. Supplementary Table 6 shows our

race- and sex-stratified results; longitudinal associations were generally
consistent across strata, but Black and female participants had some
stronger associations than White and male participants (respectively)
in fully adjusted models (Model 3).

Table 4 shows the results of cumulative FEV, and cumulative FVC,
and cognition. Cumulative FEV, was associated with better cognition in
Model 3 using 2 measures (B: -1.08, 95% CI: -1.87, -0.29 for Stroop;
and f: 1.34, 95% CI: 0.22, 2.46 for DSST). Cumulative FVC followed
a similar pattern, and was associated with better cognition in Model 3
with the same 2 measures (f3: -0.82, 95% CI: -1.48, -0.16 for Stroop
and B: 0.96,95% CI: 0.02, 1.90 for DSST). Cumulative FEV /FVC ratio
was only associated with better DSST in Models 1 and 2 (f: 9.30, 95%
CI: 0.48, 18.11). Supplementary Table 7 shows our analysis of peak
pulmonary function from YO0- to 20 and cognition at Y25 and Y30.
Supplementary Table 8 shows our comparison of model fit statistics,
with cumulative FEV, and FVC each offering modest improvements
in model fit relative to their respective rates of decline, regardless of the
measure of model fit or of cognition.

Discussion

In this study, we found small but robust associations between pul-
monary function at various points during midlife and cognition meas-
ured in later midlife. Our cross-sectional associations were modest
but consistent with other studies in older populations (25), while our
longitudinal findings suggest that pulmonary function may be a useful
predictor of cognition. Our findings on cumulative pulmonary func-
tion suggest a potentially longer-term relationship between pulmonary
function and cognition than previously studied. This may provide
useful information for future studies of cognition with repeated pul-
monary function measurements and for testing potential mechanisms
of this association. In contrast to prior studies of older and/or unwell
individuals, our findings add new evidence in a relatively young and
healthy population that reduced pulmonary function is a risk factor for
later-life cognitive decline.

Our cross-sectional models identified modest associations be-
tween both FEV and FVC and each measure of cognition. These are
consistent with studies of clinical outcomes (26-28) and of FEV, and
cognition throughout adulthood (29); our null findings with FEV1/
FVC were also consistent with prior studies (25,30). One possible
explanation for these findings is that overall pulmonary function,
rather than obstructive or restrictive lung impairment specifically,
may drive associations with cognition. This is consistent with similar
findings regarding cognition and other breathing disorders such as
sleep apnea (31) and poor respiratory muscle function (32). Thus,
our findings suggest that pulmonary-associated cognitive declines
can begin in midlife well before clinical lung disease, highlighting
the importance of pulmonary function as a potential risk factor for
cognitive impairment and the need to test it in at-risk populations.

In our study, the FEV /FVC rate of change was most strongly
associated with the Stroop test, which measures executive function.
Savage et al. observed that COPD patients experienced greater at-
rophy of brain regions associated with executive function as meas-
ured via MRI (33). However, this same study also found atrophy
in a region associated with verbal memory, which in our study (as
measured by the RAVLT) was not associated with change from peak
pulmonary function. These and other findings (34,35) point to dif-
ferent domains of cognition being differentially associated with re-
duced pulmonary function in midlife. Future research should explore
this possibility further and validate change from peak pulmonary
function as a risk factor for reduced cognition.
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Table 2. Cross-sectional Associations Between Pulmonary Function and Cognition atY30

FEV, (100 mL) Raw FEV /FVC Ratio
Cognition N B (95% CI) P B (95% CI) P
Stroop
Model 1 2961 -0.19 (-0.28,-0.11) <.01* -3.83 (-9.41,1.75) 18
Model 2 2932 -0.17 (-0.25, -0.08) <.01* -0.55 (-6.28,5.18) .85
Model 3 2 850 -0.10 (-0.19, -0.02) 027 0.62 (-5.28,6.52) .84
RAVLT
Model 1 3021 0.05 (0.03, 0.06) <.01* 1.26 (0.37,2.15) .01*
Model 2 2991 0.04 (0.02, 0.05) <.01* 0.54 (-0.37,1.45) 25
Model 3 2907 0.02 (0.01, 0.04) <.01* 0.32 (-0.59,1.23) 49
DSST
Model 1 3019 0.43 (0.3, 0.56) <.01* 7.65 (-1.14,16.4) .09
Model 2 2989 0.37(0.24,0.5) <.01* 0.86 (-8.14, 9.86) .85
Model 3 2902 0.20 (0.07,0.33) <.01* -3.36 (-12.54, 5.81) 45

Notes: CI = confidence interval; DSST = digit symbol substitution test; FEV, = forced expiratory volume in 1 s; FVC = forced vital capacity; RAVLT = Rey-
Auditory Verbal Learning Test.

*Statistically significant at p < .05. Beta coefficients represent the average change in raw cognition score associated with each 100-mL increase in FEV, and each
one-unit increase in FEV /FVC ratio.

Model 1: Adjusted for age at Y30, sex, race, center, and height.

Model 2: Additionally adjusted for smoking status.

Model 3: Additionally adjusted additionally for education, income, weight, physical activity, chronic obstructive pulmonary disease (yes/no), stroke or transient
ischemic attack (yes/no), asthma (yes/no), and hypertension (yes/no).

Table 3. Longitudinal Associations Between Annual Pulmonary Function Change From Peak to Y20 and Cognitive Function atY25 and Y30

FEV, (100 mL/y) FVC (100 mLYy) Raw FEV /FVC Ratio
Cognition N B (95% CI) p B (95% CI) P B (95% CI) p
Stroop
Model 1 3144 -3.07 (-4.88, -1.26) <.01* -2.21 (-3.74,-0.68) <.01* -248.46 (-364.42, -132.49) <.01*
Model 2 3136 -2.73 (-4.54, -0.92) <.01* -2.02 (-3.55,-0.50) <.01* -218.57 (-334.92,-102.21) <.01*
Model 3 3105 -0.58 (-2.40, 1.25) .54 -0.22 (-1.77,1.34) .79 -198.83 (-315.19, -82.48) <.01*
RAVLT
Model 1 3144 0.66 (0.35,0.97) <.01* 0.59 (0.33,0.86) <.01* 15.61 (-4.63,35.84) 13
Model 2 3136 0.58 (0.27,0.89) <.01* 0.54 (0.28, 0.80) <.01* 11.57 (-8.62,31.76) .26
Model 3 3105 0.23 (-0.08, 0.54) 14 0.26 (0.00, 0.52) .05 0.46 (-19.24,20.16) .96
DSST
Model 1 3144 9.49 (6.81,12.18) <.01* 6.02 (3.72,8.31) <.01* 420.11 (247.02, 593.19) <.01*
Model 2 3136 8.39 (5.73,11.05) <.01* 5.48 (3.21,7.74) <.01* 345.74 (173.68, 517.81) <.01*
Model 3 3105 4.31 (1.71,6.91) <.01* 2.26 (0.04, 4.49) .046* 193.83 (27.06, 360.60) .02*

Notes: CI = confidence interval; DSST = digit symbol substitution test; FEV, = forced expiratory volume in 1 s; FVC = forced vital capacity; RAVLT = Rey-
Auditory Verbal Learning Test.

Linear mixed models were used to model cognitive function at both Y25 and Y30.

*Statistically significant at p < .05. Beta coefficients represent the average change in raw cognition score associated with each 100 mL/y average annual change
of FEV, and FVC, and each 1-unit/year average annual change in FEV /FVC ratio.

Model 1: Adjusted for peak pulmonary function as well as age at cognitive exam, sex, race, center, and height.

Model 2: Additionally adjusted for smoking status.

Model 3: Additionally adjusted for education, income, weight, physical activity, chronic obstructive pulmonary disease (yes/no), stroke or transient ischemic
attack (yes/no), asthma (yes/no), and hypertension (yes/no).

Finally, we identified associations between cumulative FEV, and
cognition. Prior longitudinal studies, including a meta-analysis, found
associations between midlife pulmonary function and later-life cog-
nition (36). While cumulative FEV, was less strongly associated with
cognition than cross-sectional or rate of change in FEV , associations
with all 3 cognition measures persisted even in fully adjusted models
for cumulative pulmonary function but not rate of change. Thus, both
measures may serve complimentary roles, with rate of change offering
a more clinically actionable biomarker while cumulative pulmonary
function may provide useful information for long-term preventive

care even in the presence of competing risks (ie, confounding fac-
tors). Little is known about the effects of chronic reduced pulmonary
function on cognition in the absence of lung disease, but one study
suggested white matter damage in COPD cases (37). Alternatively,
this relationship may be similar to the cumulative damage done to
the cardiovascular system by, for example, chronic elevated blood
pressure or other cardiovascular conditions that might affect brain
oxygenation, or oxidative damage induced through systemic inflam-
mation. Cumulative FEV /FVC ratio was associated with DSST only,
only in Models 1 and 2. As this measure is difficult to interpret, future
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Table 4. Annualized Longitudinal Associations Between Cumulative FEV, and Cumulative FVC fromY0 to Y20 and Y25 to Y30 Cognition

Cumulative FEV, (100 mL/y)

Cumulative FVC (100 mL/y)

Cumulative raw FEV1/FVC
ratio (per y)

Cognition N B (95% CI) P B (95% CI) P B (95% CI) P
Stroop
Model 1 2985 -0.17 (-0.25,-0.09) <.001* -0.12 (-0.19, -0.05) <.001* -4.00 (-9.94,1.97) 0.19
Model 2 2978 -0.16 (-0.24, -0.08) <.001* -0.12 (-0.19, -0.05) <.001* -1.62 (-7.62,4.37) 0.60
Model 3 2949 -0.11 (-0.19, -0.03) .007* -0.08 (-0.15,-0.02) .01* -0.44 (-6.38,5.50) 0.88
RAVLT
Model 1 2985 0.02 (0.01, 0.04) <.001* 0.02 (0.01, 0.03) .006* 0.73 (-0.30,1.77) 0.17
Model 2 2978 0.02 (0.01, 0.04) .003* 0.02 (0.00, 0.03) .007* 0.38 (-0.66,1.42) 0.47
Model 3 2949 0.01 (0.00, 0.02) A2 0.01 (0.00, 0.02) .14 0.06 (-0.94,1.06) 0.90
DSST
Model 1 2985 0.29 (0.17,0.41) <.001* 0.18 (0.08, 0.28) .0006* 14.67 (5.81,23.52) <.01*
Model 2 2978 0.25(0.14,0.37) <.001* 0.18 (0.08, 0.28) .0004* 9.30 (0.48,18.11) .04%
Model 3 2949 0.13(0.02,0.25) .02* 0.10 (0.00, 0.19) .04* 4.86 (-3.56,13.28) .26

Notes: CI = confidence interval; DSST = digit symbol substitution test; FEV, = forced expiratory volume in 1 s; FVC = forced vital capacity; RAVLT = Rey-

Auditory Verbal Learning Test.

*Statistically significant at p < .05. Beta coefficients represent the average change in raw cognition score associated with each 100 mL/y increase in annualized

cumulative FEV, and FVC.
Model 1: Adjusted for age at cognitive exam, sex, race, center, and height.
Model 2: Additionally adjusted for smoking status.

Model 3: Additionally adjusted for education, income, weight, physical activity, chronic obstructive pulmonary disease (yes/no), stroke or transient ischemic

attack (yes/no), asthma (yes/no), and hypertension (yes/no).

research using more detailed measures of pulmonary function may
help shed light on its associations (if any) with cognition. If validated,
these findings demonstrate that interventions to improve pulmonary
function could be useful even at younger ages for preventing cogni-
tive decline. These findings also inform studies of exposures that affect
pulmonary function (eg, pollution, smoking); previous cross-sectional
studies have found that the pulmonary function—cognition link tended
to be independent of known confounding variables. This may be due
to earlier exposures that influence cumulative pulmonary function and
in so doing affect later-life pulmonary function and cognition. Future
research should likewise explore this possibility.

This study is subject to several limitations of note. First, al-
though CARDIA was designed to be representative of the United
States, it is geographically limited to 4 study sites and only 2 racial
subpopulations. Our findings should be validated in additional di-
verse populations. However, in general, our findings did not differ
substantially across race and sex strata. Further replication of these
associations is warranted, particularly for subgroups not represented
in CARDIA. Second, cognition was only assessed via 3 instruments.
Other domains of cognition, as well as risk of dementia and other
forms of cognitive impairment, were beyond the scope of this study.
Also, the small associations identified may not readily translate into
a clinically significant risk factor; additional longitudinal studies of
populations with diagnosed cognitive impairment will help place
these results in their clinical context. Third, our analysis of annu-
alized rate of pulmonary function assumed a linear relationship
between it and cognition. While this was necessary due to the struc-
ture of our data and scope of this study, future research should ex-
plore possible nonlinear relationships. Finally, the lack of cognitive
assessments prior to Y25 limits our ability to draw inferences on
longer-term patterns of cognition as they relate to changes in lon-
gitudinal pulmonary function. This, coupled with the observational
study design, limit the ability of this study to infer a causal relation-
ship between pulmonary function and cognition. Future research in
larger, more diverse cohorts with pulmonary and cognition measures

spanning a longer time period and a greater range of potential ex-
posures, mediators, and confounders is necessary to establish a
causal relationship.

Our results suggest that poorer pulmonary function during may
be associated with later cognition. We confirmed cross-sectional as-
sociations between pulmonary function and cognition in a younger,
healthier population and identified multiple prospective associations.
These findings add new longitudinal evidence to the hypothesis that
pulmonary function affects cognition (rather than the reverse) and high-
light the importance of addressing pulmonary function at younger ages.
Our findings also suggest that studies and interventions targeting lung
function decline be implemented at younger ages, before clinical symp-
toms, to potentially help forestall declines in cognition. Maintaining
pulmonary function at or close to peak may be particularly useful for
preventing or delaying cognitive impairment at older ages, conversely
cumulative pulmonary function may serve as a better biomarker of cog-
nitive risks in younger (ie, middle aged and older) populations. If valid-
ated in additional populations, pulmonary function may be a clinically
useful risk factor for reduced cognition in clinical settings and future
research. Studies should also examine the utility of pulmonary function
interventions for improving cognitive impairment.
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