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Abstract

Background: Substantial research is dedicated to understanding the aging-related dynamics among individual differences
in level, change, and variation across physical and cognitive abilities. Evaluating replicability and synthesizing findings has
been limited by differences in measurements, samples, study design, and statistical analyses that confound between-person
differences with within-person changes. Here, we systematically reviewed longitudinal results on the aging-related dy-
namics linking pulmonary function and cognitive performance.

Methods: Preferred Reporting Items for Systematic Review and Meta-Analyses guidelines were used to systematically re-
view longitudinal studies of pulmonary function and cognition.

Results: Only four studies thoroughly investigating cognitive and pulmonary longitudinal associations (three or more
measurement occasions) were identified. Expanded review criteria identified three studies reporting two measurement occa-
sions, and seven studies reporting one measurement of pulmonary function or cognition and two or more measurements of
the other. We identified numerous methodological quality and risk for bias issues across studies.

Conclusions: Despite documented correlational associations between pulmonary function and cognition, these results
show there is very limited research thoroughly investigating their longitudinal associations. This highlights the need for lon-
gitudinal data, rigorous methodological design including key covariates, and clear communication of methods and analyses
to facilitate replication across an array of samples. We recommend systematic study of outcome measures and covariates,
inclusion of multiple measures (e.g., peak expiratory flow, forced expiratory volume in 1 s, and forced vital capacity), as
well as application of the same analytic approach across multiple datasets.

Keywords: Cognition, Longitudinal change, Pulmonary, Research methods and issues, Successful aging

Global aging research data are critical in helping us to better
understandnormaland abnormal or disease-related aging pro-
cesses. Research has emphasized the dynamics of age-related
changes in functional outcomes, including the influence of
shared risk factors (Clouston et al., 2013; Spiro & Brady,
2008). For example, aging-related changes in functioning

have been observed in a wide variety of biomarkers, includ-
ing pulmonary function and cognitive abilities (Lara et al.,
2015) and accumulating research has indicated pulmonary
function may be a cross-sectional predictor of cognitive per-
formance in young, middle-aged, and older adults (Albert
et al., 1995; Anstey, Windsor, Jorm, Christensen, & Rodgers,
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2004; Cerhan et al., 1998; Chyou et al., 1996; Cook et al.,
1989; Deary, Whalley, Batty, & Starr, 2006; Emery, Huppert,
& Schein, 1997; Emery, Pedersen, Svartengren, & McClearn,
1998; Min, Min, Paek, Sakong, & Cho, 2007; Pathan et al.,
2011; Richards, Strachan, Hardy, Kuh, & Wadsworth, 2005;
Russ, Starr, Stamatakis, Kivimaki, & Batty, 2015; Sachdev
et al., 2006; Singh-Manoux et al., 2011). Yet, recent longi-
tudinal findings regarding the association between decline in
pulmonary function and decline in fluid cognitive abilities
(Emery, Finkel, & Pedersen, 2012; Weuve et al., 2011) are
inconsistent.

The utility of the extant research is limited by differences
in study design and analytic models. Associations between
biomarkers of aging including physiological or cognitive
processes are notably clear when comparing individuals
differing in chronological age (Hofer, Berg, & Era, 2003),
but appear less consistent when evaluating associations
among rates of changes as observed within individuals over
time (Spiro & Brady, 2008). A limitation of cross-sectional
analysis and, by extension between-person differences in
time-dependent variables, is that the associations can arise
due to age-related mean differences alone, in addition to
individual differences in rates of change and time-specific
variation (Hofer & Sliwinski, 2001). Further, pulmonary
and cognitive measures are known to differ in their rates
of change due to physiological differences (e.g., differen-
tial aging of aspects of the lungs and the brain) as well as
broader factors including age, education, race/ethnicity,
occupational attainment, activity level, anthropometric
measures, and the presence of genetic or clinical path-
ology (Brewster et al., 2014; Dyer, 2012; Hofer, Flaherty, &
Hoffman, 2006; Johnson et al., 2012; Karlamangla et al.,
2009; Kraemer, Yesavage, Taylor, & Kupfer, 2000; Mungas
et al., 2010; Salthouse, 2014; Vaz Fragoso & Gill, 2012).
There are also non-aging related explanations for asso-
ciations between baseline pulmonary function and cogni-
tive functioning including differences in environment and
childhood development (socioeconomic status, health, and
nutrition within and across birth cohorts). To date, most
studies examining associations between pulmonary and
cognitive functioning have relied on either cross-sectional
designs or use analytical models evaluating the effects of
baseline function in one domain on change in another
domain of functioning (Albert et al., 1995; Anstey et al.,
2004; Cerhan et al., 1998; Chyou et al., 1996; Cook et al.,
1989; Deary et al., 2006; Emery et al., 1997, 1998; Min
et al.,2007; Pathan et al., 2011; Richards et al., 2005; Russ
et al., 2015; Sachdev et al., 2006; Singh-Manoux et al.,
2011). This is a particular problem for cross-sectional
studies evaluating multivariate associations across a broad
range of ages (Hofer et al., 2006; Kraemer et al., 2000) be-
cause associations among rates of change in these studies
could arise from both “directional decline” (e.g., decrease
in pulmonary functioning causing cognitive decline or the
reverse), common causal processes (e.g., pollutant expo-
sures damaging lungs and inciting neuroinflammation),
or a normative aging process (e.g., resulting in average

demographically corrected scores across all domains of
functioning).

Because of these gaps, we do not know if a common
aging process influences both pulmonary functioning and
cognition. This problem is well exemplified by the often-
studied areas of cognition and lung function. Despite an
abundance of investigations, it appears numerous incon-
sistencies in methods and results remain. Here, we per-
formed a systematic review of published longitudinal
research investigating the association between changes in
pulmonary function and cognitive performance in adults
using three or more repeated measurements. To the best of
our knowledge, this is the first systematic review of the lon-
gitudinal association between changes in pulmonary and
cognitive functioning.

Method

Literature Search, Study Selection, and Data
Extraction

We followed the Preferred Reporting Items for Systematic
Review and Meta-Analyses (PRISMA) Statement (Moher,
Liberati, Tetzlaff, Altman, & Prisma Group, 2009). We
also used the Critical Appraisal Skills Programme (CASP,
2018) to assess methodological quality (“Yes,” “No,” or
“Can’t Tell” with overall rating of “Low,” “Medium,” or
“High”) and the National Heart, Lung, and Blood Institute
Quality Assessment Tool (NHLBI, 2014) with the PRISMA
guidelines to assess risk of bias (overall rating at study
level and outcome level of “Low,” “Medium,” or “High”).
In November 2016, we performed a comprehensive lit-
erature search for longitudinal studies examining the as-
sociation between pulmonary function and cognition in
adults using PsychINFO, PubMed, and Web of Science (see
Supplementary Table 1 for a comprehensive list of search
terms). This search was updated on May 2017 and April
2018 to identify new articles published during the review
period (see Figure 1 for total search details). Initial inclu-
sion criteria included studies that (a) used individual-level
data from adult (age >18) community-dwelling samples, (b)
included objective measurements of both pulmonary and
cognitive functioning and analysis of association (i.e., not
merely covariates in a model of another outcome variable),
(c) analyzed longitudinal data (i.e., three or more measure-
ment occasions) on both pulmonary function and cogni-
tion, and (d) reported original data in English. We excluded
studies not meeting these criteria as well as those reporting
data from intervention studies (e.g., rehabilitation or drug
trials). Because of a low number of studies meeting full in-
clusion criteria (n = 4), we expanded the inclusion crite-
ria in two ways. First, we reviewed studies reporting two
measurement occasions of both cognition and pulmonary
function (“two-wave” studies). Second, we reviewed stud-
ies with a single measurement of one variable (pulmonary
function or cognition) and two or more measurements of
the other (“mixed-wave” studies).
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940
PubMed PsychINFO Web of Science
n=155 n=45 n=2337
Total Unique Reasons for Exclusion
Records
n =400 Not eligible (e.g., review paper,
I

abstract, intervention, etc.): 13

Screened Excluded
| n=400 |_| n=310 |
I

Full Text Excluded

n=90 n=_86
I
Included in
Review

n=4
(Meets full initial
inclusion criteria)

No pulmonary or cognitive: 10 |

Does not meet criteria for
longitudinal: 63

Expanded Review
n=063
Included in Review
Excluded
n=>53

“Two-Wave” Studies
n=3

Included in Review
“Mixed Wave”
Studies
n=17

Figure 1. Total systematic review as of April 2018

Three authors (E. C. Duggan, R. B. Graham, and N
D. Jenkins) followed a common data collection instrument
to independently review and extract information from each
study. All studies were reviewed independently at least
twice, and the authors conferred at each review stage, rec-
onciling disagreements through discussion.

Results

Of the 400 unique references identified by the search, four
met the full original inclusion criteria. Although many ref-
erences passed initial screening (7 = 90), full-text review
revealed most (7 = 63) did not meet the longitudinal data
criteria (i.e., pulmonary and cognitive data at three or more
measurement occasions). On second expanded review, 10
of these 63 articles met partial inclusion criteria by assess-
ing both pulmonary function and cognition on two occa-
sions (“two-wave” studies; 7 = 3), or reporting baseline
measures of one variable and two or more measurement
occasions of the other variable (“mixed-wave” studies;
n = 7). Figure 1 summarizes the study selection process and
Supplementary Table 2 lists each reference with its primary
selection decision. All articles are reviewed later, with longi-
tudinal articles more thoroughly discussed and briefer sum-
maries on “two-wave” and “mixed-wave” articles. Tables 1
and 2 summarize articles meeting full and partial inclusion
criteria (respectively), whereas Table 3 and Supplementary
Table 3 provide evaluation of methodological quality and
risk of bias.

Studies Meeting Full Inclusion Criteria:
Longitudinal Measurement of Pulmonary
Function and Cognition

Characteristics

Four publications met the full systematic review inclusion
criteria, having at least three measurement occasions each
of pulmonary function and cognition (Emery et al., 2012;
Finkel, Reynolds, Emery, & Pedersen, 2013; MacDonald,

DeCarlo, & Dixon, 2011; Weuve et al., 2011). These four
articles were derived from three different longitudinal stud-
ies of aging: the Normative Aging Study (NAS; Weuve et al.,
2011), the Swedish Adoption/Twin Study of Aging (SATSA;
Emery et al., 2012; Finkel et al., 2013), and the Victoria
Longitudinal Study (VLS; MacDonald et al., 2011).

Longitudinal study characteristics are summarized in
Table 1. Overall, studies were either population based (VLS),
twin population based (SATSA), or community sample based
(NAS), all with moderately large numbers of participants
(range = 808-1,035). Studies were heterogeneous in terms of
sex, age, and geography/culture. One sample (NAS) included
only men with a baseline age range of 49-97 years when cog-
nitive testing began, whereas the rest were majority women
(59%—66%; SATSA and VLS), with a baseline age range of
mid-life (50 or 55 years) to 85 years. The samples differed
in number of observational waves (ranging from 3 to 6),
with intervals between waves ranging from 3 to 7 years. In
terms of exclusion criteria, one study (SATSA) appeared to
retain all participants except those with dementia diagnosis
(with data before diagnosis being retained when applicable).
Two studies (NAS and VLS) report exclusion of participants
with chronic medical conditions at study enrollment, but no
exclusion of participants based on medical or neurocognitive
status following recruitment.

At least one type of pulmonary function measure was
used in all studies and all methods appeared consistent with
the American Thoracic Society recommendations for pul-
monary testing (Miller et al., 2005). Three references (one
for NAS and two for SATSA) used forced expiratory volume
in 1 s (FEV,), one used forced vital capacity (FVC; SATSA;
Emery et al., 2012), and one used peak expiratory flow
(PEF; VLS). Data corrections and covariates also differed
across studies. SATSA pulmonary raw data were corrected
for height and sex before standard score transformation.
NAS adjusted their overall models for age, height, educa-
tion, previous computer experience, smoking, and baseline
Mini-Mental State Examination. Similarly, VLS models
adjusted for the influence of sex and age (but not height).

Each study included multiple cognitive tests
(range = 5-9), treated as indicators of various (latent) cog-
nitive constructs. Although there was some overlap across
studies in terms of cognitive domains described and tests
used, there were also numerous differences and inconsist-
encies in terminology (Table 1). For example, tasks consid-
ered as representing the working memory construct (e.g.,
digit span, computation span, and pattern memory; Strauss,
Sherman, & Spreen, 2006) were described across studies
as: memory, working memory, attention/working memory,
executive function, and short-term memory. Furthermore,
the fact recall test used in VLS was described as “semantic
memory”; however, this test is in identical to the informa-
tion test used in SATSA, which was described as “verbal
ability” (both falling under the umbrella of crystallized
abilities). All studies used cognitive tests as indicators of
constructs, with one to three indicators per construct.


http://academic.oup.com/psychsocgerontology/article-lookup/doi/10.1093/geronb/gby128#supplementary-data
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Methodological quality, risk of bias, and results
Methodological quality was medium to high. VLS
(MacDonald et al., 2011) was the only study with high
quality, and the other three medium quality articles were
most affected by exclusion of important confounds (Emery
and colleagues, 2012, and Finkel and colleagues, 2013,
excluded height, smoking, and other health status) and
incomplete or unclear data reporting (e.g., Weuve and col-
leagues, 2011, report pulmonary data in quartiles and cog-
nitive data in percent change in standardized score; Emery
and colleagues, 2012, Finkel and colleagues, 2013, and
Weuve and colleagues, 2011, do not report effect sizes).
Risk of bias at the study level ranged from low (VLS;
MacDonald et al., 2011, and NAS; Weuve et al., 2011) to
high (SATSA; Emery et al., 2012, Finkel, 2013) for simi-
lar reasons. Risk of bias at the outcome level was low for
VLS, medium for SATSA (e.g., only two indicators are used
per latent cognitive domain; methods are non-replicable
based on information provided in the publications; poor
operationalization of “genetic contributions” by Finkel
and colleagues (2013), and high for NAS that used unusual
treatment of cognitive and pulmonary data that increases
risk for bias (as stated earlier, in addition to interpretation
of nonsignificant and marginally significant associations;
Weuve et al., 2011). Attrition was high across all four stud-
ies, but deemed fairly consistent with what is to be expected
for longitudinal studies of this type. Study results described
later should be considered in the context of these quality
and risk for bias ratings.

Using data from the VLS, MacDonald and colleagues
(2011) used Generalized Linear Models (GLM) to deter-
mine how changes in cognitive function and select physical
health biomarkers (i.e., pulmonary function, grip strength,
body mass index, and blood pressure) decline or improve
in a related fashion over time. Using this approach, they
reported four key findings relating to longitudinal cogni-
tive and pulmonary functioning. First, pulmonary function
(PEF) and all measures of cognition (five cognitive tasks)
declined over time. Second pulmonary function decline
was not associated with decline in performance on letter
series and word recall. Third, pulmonary function decline
was significantly associated with decline in performance on
computation span, fact recall, and vocabulary. Finally, pul-
monary function accounted for between-person age-differ-
ences on all three of these tasks.

Using data from NAS, Weuve and colleagues (2011)
examined associations of change in pulmonary function-
ing (FEV,) over an approximate 12-year period (starting
in 1984) with cognitive performance and change (using
11 cognitive measures) assessed over an approximate
9-year period (starting in 1993). Overall, FEV, declined
over time, with more decline in older participants and
smokers. Change in cognition over time was not reported
independently. The authors used generalized estimating
equation regression models to examine the long-term
mean FEV, and mean annual change in FEV| in relation

to cognitive task performance first for all participants,
and second for never-smokers only. Among all partici-
pants, higher long-term mean FEV, (better lung func-
tion) was reportedly associated with better baseline
visual spatial performance, better global cognition, and
slower decline on measures of recall and pattern com-
parison (although not statistically significant, p = .10).
Annual change in FEV, was not associated with any of
the cognitive measures or change in these measures over
time. In never-smokers, long-term FEV, associations were
reported as more evident but generally weak (only the
two visuospatial measures reached significance), and
annual change in FEV, was again not significantly associ-
ated with cognitive change.

Two publications present results obtained from analysis
of the SATSA. Both used bivariate dual change score mod-
eling, which is a form of structural equation modeling that
combines difference scores with cross-lagged models. The
authors used this approach in the first article to test the
potential directionality of variable relationships (e.g., can
change in pulmonary function statistically predict change
in cognition or vice versa?), without making any a pri-
ori hypotheses (Emery et al., 2012). In the second article
(Finkel et al., 2013), they further used dual change score
model to estimate the predictive statistical relationships
between three variable domains: (a) change in pulmonary
function, (b) change in cognition, and (c) genetic and envir-
onmental factors (by fitting structural models to the covari-
ance matrices for monozygotic and dizygotic twin pairs).
Of note, both articles used 13 age bins when modeling lon-
gitudinal (within-person) age.

Emery and colleagues (2012) first modeled the longi-
tudinal trajectories of their pulmonary measures (FEV,
and FVC) and four cognitive factors (verbal ability, spa-
tial ability, memory, and processing speed, derived through
principal components analysis of 10 cognitive tasks).
The authors found pulmonary function (FEV, and FVC)
declined linearly and all cognitive factors declined curvi-
linearly (accelerating decline steepest for spatial ability
and processing speed, moderate for memory, and mod-
est for verbal factors). Next, they evaluated the extent to
which pulmonary function predicted cognitive perform-
ance and vice versa using SEM models. Emery and col-
leagues reported decline in pulmonary function predicted
decline on spatial ability, processing speed, and (to a lesser
extent) verbal factors, but decline on each of the four cog-
nitive factors did not predict decline in pulmonary func-
tion. The memory factor was not associated with change
in pulmonary function.

On the basis of their findings that changes in pulmon-
ary function most predicted changes in latent spatial abil-
ity and processing factors (Emery et al., 2012), SATSA
researchers did a follow-up study to investigate the extent
to which genetic or environmental factors might play a
role (Finkel et al., 2013). We opted to retain this study in
the systematic review due to the inclusion of a potentially
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influential covariate (genetic variation). Unlike their earlier
article, FEV, was the only pulmonary outcome. First, they
examined genetic influence on cognition and pulmonary
function independently. They found genetic factors influ-
enced baseline and longitudinal change in cognitive per-
formance. Genetic factors and pulmonary function were
associated at baseline, but not longitudinally. Interestingly,
data on genetic versus environmental contributions are not
directly reported. Next, the authors tested to see whether
(a) genetic influences on pulmonary function predicted
aging changes in cognition, (b) genetic influences on cogni-
tion predicted aging changes in pulmonary function, or (c)
genetic influences bidirectionally predicted cognition and
pulmonary function. Results reportedly supported the first
association, indicating genetic influences on pulmonary
function accounted for a significant proportion of variance
in aging changes in cognition. The authors interpreted this
to mean that innate influences on pulmonary function (e.g.,
genetic characteristics of an individual’s pulmonary system)
appeared to have more impact on cognitive decline than
do lifestyle and environmental factors known to affect pul-
monary function. However, the effects of genes on physio-
logical and cognitive functioning may be variable over time
and may be influenced by environmental factors, and this
is an issue that cannot be adequately addressed with the
author’s study design.

Overall, all four studies reported support for baseline
associations between pulmonary function and cognition.
Further, these studies also contribute to the widely cited
literature demonstrating that pulmonary function and
cognition each decline with age. Associations between
change in pulmonary function and change in cognitive
function, however, differed widely across these four
studies. MacDonald and colleagues (2011) found decline
in PEF associated with decline on computation span,
fact recall, and vocabulary. Weuve and colleague (2011)
found FEV, (higher baseline and slower decline) was
associated with better subsequent performance on meas-
ures of constructional praxis and pattern comparison.
Emery and colleague (2012) reported decline in FEV,
and FVC were directionally related to decline on spatial
and speed factors. Finally, Finkel and colleagues (2013)
expanded on this finding a year later, reporting genetic
influences (as determined by studying monozygotic and
dizygotic twin pairs) accounted for a significant propor-
tion of variance in aging-related changes on the spatial
and speed factors.

Looking across studies, there was some consistency
between longitudinal change in pulmonary functioning and
visual spatial-like tasks; however, this conclusion is tenu-
ous given the differences in sample, procedures to stand-
ardize measures, inclusion and treatment of key covariates,
and analytic methods. Specifically, results from SATSA
(Emery et al., 2012, Finkel et al., 2013) are hard to inter-
pret because height, smoking, and presence of other health
conditions (all know to affect pulmonary function data)

were not included in the analyses, the lack of clarity in the
methods makes it difficult to understand the validity and
reliability of the results (and impedes the ability to replicate
these findings), and the way “genetic contributions” were
measured and treated in analyses by Finkel and colleagues
(2013) is not clearly explained (and thus unknown). Results
from Weuve and colleagues (2011) report pulmonary data
using quartiles and cognitive data using percent change in
standardized scores; this impedes the reader from under-
standing the range and clinical significance of the data, as
well as understanding the potential meaning of findings
that are marginally significant or trends. Finally, generaliza-
tion across these four studies is limited by use of different
pulmonary (FEV,, FVC, and PEF) and (more importantly)
cognitive measures. Although all studies used psychomet-
rically supported measures, not a single cognitive measure
was consistent across studies, and cognitive domains were
poorly defined and inadequately measured (i.e., only one
or two indicators per domain for nearly all across studies).
Ultimately, the main consistency across these four articles
was the finding that pulmonary function change appeared
to relate to cognitive change in their samples; however,
results from these articles should be interpreted with par-
ticular caution due to these limitations in methodological
quality and risk for bias.

Studies Meeting Partial Inclusion Criteria: Two
Measurement Occasions Each of Pulmonary
Function and Cognition (“Two-Wave” Studies)

Three publications assessed pulmonary function and cogni-
tion each at two measurement occasions (Emery, Pedersen,
Svartengren, & McClearn, 1998; Richards, Strachan,
Hardy, Kuh, & Wadsworth, 20035; Starr, Deary, Fox, &
Whalley, 2007; see Table 2). First, Emery and colleagues
(1998) analyzed pulmonary function (FEV,) and mul-
tiple cognitive measures at baseline and 6-year follow-
up in 222 twin-pairs (7 = 444) from the SATSA sample.
Second, Starr and colleagues (2007) analyzed pulmonary
function (FVC and PEF) and multiple cognitive measures
at baseline and 2-year follow-up in 298 individuals from
the 1947 Scottish Mental Health Survey. Finally, Richards
and colleagues (2005) used data from 3,035 individuals in
the Medical Research Council National Survey of Health
and Development. They analyzed associations between pul-
monary function (FEV,) and multiple cognitive measures
from two mid-life occasions 10 years apart, as well as with
adolescent cognitive ability, with some analyses inconsist-
ently including one or two waves of data.

Methodological quality for the Emery and colleagues
(1998) and Starr and colleagues (2007) articles was
medium, primarily due to inadequate study design to detect
longitudinal effects (two measurements 2 years apart for
Starr and colleagues, 2007 and 6 years apart for Emery and
colleagues, 1998). Risk of bias at the study and outcome
level for these two studies was also medium, primarily
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due to issues with control of important confounds, insuf-
ficient reporting of attrition, study design flaws, and/or in-
sufficient or absent reporting of effect sizes and other key
statistics (e.g., Emery and colleagues, 1998, do not include
information on smoking status, they are trying to fluid
and/or crystallized cognitive change in short period of
time [6 years] in a sample with a wide age range [baseline
mean = 62.3 = 7.7, range = 40-84]; Starr and colleagues,
2007, examine the contribution of smoking status to cogni-
tion performance after accounting for pulmonary function
testing, and height and other health status not included in
analyses). The Richards and colleagues (20035) article was
rated with low methodological quality primarily due to in-
adequate follow-up (with two measurement occasions of
pulmonary function and only one measurement of cogni-
tive performance), poor data reporting that does not in-
clude details of attrition, effect sizes and other key statistics,
and unusual application of statistical analyses (essentially
with baseline pulmonary function at age 43 was analyzed
in association cognitive performance at age 43 and 53,
but change in pulmonary function from age 43 to 53 was
associated with cognitive ability at age 15). Similarly, this
article was rated with medium risk for bias at the study
level and high risk for bias at the outcome level (due to the
already stated study design and statistical methodological
limitations).

Keeping methodological quality and risk for bias in
mind, these three studies present support for associations
between baseline pulmonary and cognitive abilities that
are more fluid than crystallized, with Starr and colleagues
(2007) noting higher PEF was significantly correlated with
better fluid cognitive performance. Evidence was limited to
support associations between pulmonary function baseline
or change with cognitive change.

Studies Meeting Partial Inclusion Criteria: Mixed
Single and Multiple Measurements of Pulmonary
Function and Cognition (“Mixed-Wave” Studies)

Seven publications reported baseline measures of one vari-
able (either pulmonary function or cognition) and serial
(two or more) measures of the other (Aiken-Morgan,
Gamaldo, Wright, Allaire, & Whitfield, 2018; Infurna &
Gerstorf, 2013; Koster et al., 2005; Pathan et al., 2011;
Swan, LaRue, Carmelli, Reed, & Fabsitz, 1992; Vidal et al.,
2013; Whitfield et al., 1997; see Table 2). All data came
from studies of aging not previously reported on in our
review of longitudinal studies and two-wave studies and
sample sized ranged from 224 to 10,975. Overall, five pub-
lications reported baseline pulmonary function with two
measurement occasions of cognition (Aiken-Morgan et al.,
2018; Infurna & Gerstorf, 2013; Koster et al., 2005; Swan
et al., 1992; Whitfield et al., 1997) and one reported base-
line pulmonary function with 2-4 measurement occasions
of cognition (Pathan et al., 2011). Finally, one publication

longitudinally measured pulmonary function (three occa-
sions) and with a single cognition measurement on the final
occasion (Vidal et al., 2013). Cognition was measured by
one or more psychometric tests and/or verified diagnosis of
mild cognitive impairment or dementia. Measures of pul-
monary function included FEV,, FVC, and PEF, with seven
publications using one pulmonary function measure and
two publications using two or more.

Methodological quality (Table 3 and Supplementary
Table 3) was rated low in four studies and medium in
three studies. Further, risk of bias at the study level ranged
from low to high, whereas risk of bias at the outcome level
was medium to high. One of the most significant problems
resulting in poorer ratings was exclusion of important
confounds (height, smoking, and/or other health status
in Aiken-Morgan et al., 2018; Infurna & Gerstorf, 2013;
and Koster et al., 2005), inadequate follow-up (Whitfield
et al., 1997 with one pulmonary and two cognitive waves,
2 years apart; Aiken-Morgan et al., 2018 with one pul-
monary and two cognitive waves, 3 years apart; Pathan
et al., 2011 with one pulmonary and three-to-four cog-
nitive waves, over 14 years; Infurna & Gerstorf, 2013
and Koster et al., 2005 with one pulmonary and two cog-
nitive waves, 4 years apart; Swan et al., 1992 with one
pulmonary and two cognitive waves, 5 years apart; and
Vidal et al., 2013 with one cognitive and two-to-three
pulmonary waves). Further, contributes to poorer ratings
were also affected by issues with data reporting (all of
these studies except Infurna and Gerstorf, 2013, do not
adequately attrition, effect sizes, and other key statistics)
and data analysis (e.g., particularly Pathan et al., 2011 and
Swan et al., 1992 with very unconventional approaches
that analyze variations of the same data in multiple ways).
The two mixed-wave studies with the best study quality
(medium) and risk for bias (low study bias and medium
outcome bias) were those conducted by Pathan and col-
leagues (2011) and Whitfield and colleagues (1997) that
were most limited by inadequate follow-up and attrition
(but did control for important confounds and had ad-
equate analytical methods).

Considering poorer methodological quality and higher
risk for bias, these mixed-wave studies best supported asso-
ciations between baseline pulmonary function and cognitive
performance. Five studies reported results broadly sug-
gestive of low pulmonary function associations with cog-
nitive decline or development of dementia (Aiken-Morgan
et al., 2018; Infurna & Gerstorf, 2013; Koster et al., 2005;
Swan et al., 1992; Whitfield, et al., 1997). Pathan and col-
leagues (2011) reported baseline concordant pulmonary
and cognitive associations, but no associations between
baseline pulmonary function and cognitive decline. In the
only publication measuring pulmonary function over time
(Vidal et al., 2013), there were baseline but no longitudinal
associations between pulmonary function and cognitive
performance, diagnosis of mild cognitive impairment, or
diagnosis of dementia.
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Discussion

In examining the current literature on longitudinal associa-
tions between pulmonary function and cognition, only four
studies used adequately longitudinal methods with three or
more measurement occasions. Expansion of review criteria
allowed us to identify three additional studies using two
pulmonary and cognitive measurement occasions, as well
as seven studies using mixes of one pulmonary or cogni-
tive measurement occasion with two or more measurement
occasions of the other. Of these 14 studies combined, only
one had high methodological quality and low risk for bias
at both the study and outcome levels (MacDonald et al.,
2011). Broadly, the most prevalent problems in the rela-
tively higher quality studies with relatively less bias were
issues with inadequate follow-up, inadequate inclusion
of some important confounds, incomplete data reporting,
and problems with attrition. Problems in relatively lower
quality studies with relatively more bias tended to include
study design and analysis problems, inadequate inclusion
of many confounds, inadequate follow-up, and data report-
ing issues.

The most reliable finding across all studies is the sup-
port for a concordant cross-sectional association between
pulmonary function and cognition (i.e., higher pulmonary
function is associated with better cognitive performance
and lower pulmonary function is associated with poorer
cognitive performance) in mid-life and older adults. Despite
substantial apparent support for correlational associations
between pulmonary function and cognition documented
throughout the literature, this systematic review shows
there is very limited research thoroughly investigating their
longitudinal associations, and there is currently little evi-
dence to substantiate claims of longitudinal associations
between pulmonary function and cognition.

Although the strength of this study lies in our rigorous
evaluation of the longitudinal studies of pulmonary
function and cognition, numerous limitations were also
encountered. First, only four studies met the original in-
clusion criteria. This is perhaps the most important find-
ing of our systematic review. Many studies (such as those
reported in the two-wave and mixed-wave portions of this
review) are often cited in the literature as providing support
for a longitudinal association between pulmonary function
and cognition. However, expanding the review criteria
demonstrated that few studies (7 = 3) even meet the lenient
revised criteria of using two waves of cognitive pulmonary
data. Similarly, only a handful (# = 7) of studies meet the
even more lenient review criteria of using one cognitive or
pulmonary wave of data with two or more waves of the
other (five of the seven using only two data waves). Overall,
studies with only two time points may not have sufficient
within-person information to estimate rate of change reli-
ably. In addition, examination of baseline level of one vari-
able in relation to longitudinal change in another cannot
adequately inform us of dynamic relationships over time.
These two issues have been identified elsewhere as a feature

of the broader literature examining longitudinal associa-
tions between cognition and other physical functioning
biomarkers (Spiro & Brady, 2008).

Because this systematic review was designed to iden-
tify studies containing longitudinal data of both pulmon-
ary function and cognition, it is likely that we did not
capture all of the published studies that could potentially
fit within the two-wave or the mixed-wave categories
of studies. We also acknowledge the possibility that our
procedures may not have identified some other relevant
articles. For example, Marioni and colleagues (2015)
and Harris and colleagues (2016) included both longitu-
dinal measures of cognition and pulmonary function in
their studies of telomere length and aging. Although we
excluded these studies because they did not examine cog-
nition and pulmonary function in relation to one another
(and thus associations between the two cannot be ascer-
tained with the data provided in the article), other studies
may passively report such associations but were missed
by our search terms due to emphasis on different outcome
measures. Despite these limitations, however, the cur-
rent review is still able to demonstrate key strengths and
weaknesses within this body of literature (i.e., evidence
for cross-sectional associations and limited evidence for
longitudinal associations).

Even though cognition and pulmonary function are
common outcomes in longitudinal studies of aging around
the world, this systematic review incidentally highlights
how their operationalization and analysis vary greatly
across studies. Covariates known to play important roles
in cognitive and/or pulmonary functioning such as sex,
education, height, and health (e.g., body mass index, car-
diovascular disease, diabetes, and smoking) were not
consistently considered across studies and often frankly
omitted. In addition, continuous variables such as age and
FEV, were sometimes modeled in a categorical manner
(e.g., quartiles or multi-year age groups) and assessment
and analysis of cognitive data was often quite restricted.
Finally, even in our small sample of reviewed articles, lon-
gitudinal pulmonary outcomes differed somewhat and cog-
nitive outcomes differed immensely, limiting our ability to
make informative comparisons. This issue is hardly limited
to our review, as inconsistency between outcome measures
across studies of cognitive and physical aging remains a
barrier to harmonization of research. Thus, future efforts to
address these issues should include more systematic study
of outcome measures and covariates, as well as applica-
tion of the same analytic approach across multiple datasets.
Similarly, studies would also benefit from the inclusion of
multiple measures within the same domain (e.g., PEE, FEV,
and FVC to measure pulmonary function) as there is evi-
dence to indicate that these measures have different sensi-
tivity and rates of decline at different points in the lifespan,
and this may or may not be differentially associated with
various cognitive outcomes (Karlamangla et al., 2009; Vaz
Fragoso & Gill, 2012).
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Finally, because cognitive and pulmonary functions may
share common vulnerabilities to a variety of environmen-
tal factors during early child development (and thus later
in life), another potential limitation was our narrowing
to studies of adults only. Although our cursory literature
searches did not uncover any pediatric longitudinal stud-
ies of pulmonary function and cognition, other research
reports positive association between greater lung function
and better cognitive performance in children and adoles-
cents (Suglia, Wright, Schwartz, & Wright, 2008).

Although research remains limited regarding the associ-
ation between cognition and pulmonary function, as well as
which measures of these abilities carry the most importance,
there is much future research can do. This study highlights
the need for longitudinal data, rigorous methodological
design including key covariates, and clear communication
of methods and analyses which facilitate replication across
samples. Incorporating considerations of these factors into
future research on aging-related changes in pulmonary
function and cognition will benefit the increasingly import-
ant study of healthy and pathological aging.
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