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Abstract

Rationale: Chronic lung diseases are associated with cardiovascular
disease. How these associations evolve from young adulthood
forward is unknown. Understanding the preclinical history of these
associations could inform prevention strategies for common heart-
lung conditions.

Objectives: To use the Coronary Artery Risk Development in
Young Adults (CARDIA) study to explore the development of
heart-lung interactions.

Methods:Weanalyzed cardiac structural and functionalmeasurements
determined by echocardiography at Year 25 of CARDIA and measures
of pulmonary function over 20 years in 3,000 participants.

Measurements andMain Results:Decline in FVC from peak was
associated with larger left ventricular mass (b = 6.05 g per SD of FVC
decline; P, 0.0001) and greater cardiac output (b = 0.109 L/min per

SD of FVC decline; P = 0.001). Decline in FEV1/FVC ratio was
associated with smaller left atrial internal dimension (b =20.038 cm
per SD FEV1/FVC decline; P, 0.0001) and lower cardiac output
(b =20.070 L/min per SD of FEV1/FVC decline; P = 0.03). Decline
in FVC was associated with diastolic dysfunction (odds ratio, 3.39;
95% confidence interval, 1.37–8.36; P = 0.006).

Conclusions: Patterns of loss of lung health are associated with
specific cardiovascular phenotypes in middle age. Decline in FEV1/
FVC ratio is associated with underfilling of the left heart and low
cardiac output. Decline in FVC with preserved FEV1/FVC ratio
is associated with left ventricular hypertrophy and diastolic
dysfunction. Cardiopulmonary interactions apparent with common
complex heart and lung diseases evolve concurrently from early
adulthood forward.

Keywords: lung; pulmonary heart disease; echocardiography;
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Abnormal lung function, both obstructive
physiology as occurs in chronic obstructive
pulmonary disease (COPD) and restrictive
physiology, is associated with cardiovascular
disease and poor health outcomes (1–8).
Even among individuals who do not meet
spirometric criteria for COPD or restrictive

lung disease, lower lung function is
associated with increased risk of
cardiovascular death (5–7, 9–12). An
observational study of adults in the United
States documented that both the extent
of emphysema and degree of airflow
limitation are cross-sectionally associated

with reduced left ventricular (LV) filling
(13). We previously found an association
between decline in FVC and incident
hypertension in a population of generally
healthy young adults suggesting that losing
lung function may present risk of future
cardiovascular disease (14).
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Comorbid cardiovascular disease is
a common occurrence with chronic lung
disease (15–18). The concurrent evolution
of lung and heart structural and functional
abnormalities from young adulthood
into middle age, however, has not been
investigated. Discovering how heart and
lung disease evolve together from young
adulthood to middle age could provide
insight into the subclinical phase of
common complex conditions, such as
obstructive and restrictive lung disease,
while also informing why heart and lung
disease frequently occur together.

In the present study, we take advantage
of longitudinal data from the Coronary
Artery Risk Development in Young Adults
(CARDIA) study to evaluate patterns of
decline in lung health from peak lung
function in generally healthy young adults
and their associations with heart structure
and function inmiddle age.We hypothesized
that different patterns of decline in lung
health are associated with different cardiac
structural changes representing specific
cardiopulmonary phenotypes.

Methods

Study Design and Sample
The CARDIA study is a prospective cohort
study of the evolution of cardiovascular

disease risk factors in young adults (19).
Further information on the study design is
available in the online supplement.

Evaluation of Lung Function
Lung function was measured at Years
0, 2, 5, and 10 using a Collins Survey 8-L
water-sealed spirometer and an Eagle II
Microprocessor (Warren E. Collins, Inc.,
Braintree, MA). At Year 20, a dry rolling-
seal OMI spirometer was used (Viasys Corp,
Loma Linda, CA). A comparability study
performed on 25 volunteers at the LDS
Hospital (Salt Lake City, UT) demonstrated
excellent consistency between the old and
new machines; the average difference
between the Collins Survey and OMI
spirometer was 6 ml for FVC and 21 ml for
FEV1. Standard spirometry procedures as
recommended by the American Thoracic
Society were followed at all of the
examinations (20, 21). Daily checks for
leaks, volume calibration with a 3-L syringe,
and weekly calibration in the 4- to 7-L
range were undertaken to minimize
methodologic artifacts between
examinations. We analyzed FVC and
FEV1 as the maximum of five satisfactory
maneuvers. In almost all of the cases, the
maximum and second highest maneuvers
agreed to within 150 ml. Considering the
young age of some participants at baseline,
the possibility that lung function had not
yet reached the maximum at Year 0,
we estimated an individual’s peak lung
function as the maximum attained at Year
0, 2, 5, 10, or 20. A total of 4% (138 of
3,426) of participants had their highest
FVC measured at the Year 20 examination
and of these in only 55 participants was the
Year 20 FVC measurement the greatest by
more than 100 ml. Change in lung function
was calculated as estimated peak lung
function 2 Year 20 lung function (a larger
positive number for the decline in lung
function variables indicates greater declines
in lung function).

Given the age of the cohort we were not
interested in underlying lung disease but
rather we were interested in patterns of loss
of lung health as subjects approach potential
disease states in middle age. As such we
defined our two primary predictors for this
analysis as a declining FEV1/FVC ratio, and
declining FVC and FEV1 but a preserved
FEV1/FVC ratio. Because of high
correlation between FVC and FEV1 we
chose to report only FVC and FEV1/FVC
ratio.

Echocardiography Outcome
Measures
CARDIA participants at the Year 25
examination underwent two-dimensionally
guided M-mode echocardiography in
a parasternal window and two-dimensional
four-chamber apical views following
American Society of Echocardiography
recommendations (22). All studies were
recorded in digital format using an Artida
cardiac ultrasound scanner (Toshiba
Medical Systems, Tokyo, Japan) and
read at the Johns Hopkins University
Echocardiography Reading Center in
Baltimore, Maryland. Measurements
were made by experienced analysts from
digitized images using a standard software
off-line image analysis system (Digisonics,
Inc., Houston, TX). At Year 25, LV end-
diastolic volume (LVEDV) and LV end-
systolic volume were measured from apical
two-dimensional four-chamber images.
We chose to use M-mode imaging for
assessment of LV ejection fraction and for
left atrial internal dimension, LV posterior
wall thickness, interventricular septal
thickness, LV fractional shortening, LV
stroke volume, cardiac output, and LV
mass. For the purposes of defining
diastolic dysfunction at Year 25 three
echocardiographic parameters were used:
(1) lateral e9 velocity less than 9 cm/s, (2)
left atrial volume index greater than
28 ml/m2, and (3) lateral E/e9 ratio
greater than 12 (23).

Statistical Analysis
Results are listed as the mean6 SD.
Regression analysis was used to assess
associations of lung function measures with
echocardiographic parameters in two
separate analyses. In the first, we used linear
regression to evaluate the association
between decline in lung function (both
FVC and FEV1/FVC ratio), defined as
estimated peak lung function 2 Year
20 lung function, and Year 25
echocardiographic parameters. Covariables
in this analysis included race–sex group,
lifetime smoking at Year 25, age at Year 25,
number of years with diabetes, height at
peak lung function, peak lung function
(either FVC or ratio), and decline in lung
function (either FVC or ratio) and years
since peak lung function.

Two separate models were developed
in this analysis to evaluate the impact of
weight gain on these associations. In the first
model, Year 5 body mass index (BMI) was

At a Glance Commentary

Scientific Knowledge on the
Subject: The association between
established lung disease and
cardiovascular disease later in life has
been well described. How heart and
lung disease evolve together from
health early in life to disease states later
in life is unknown.

What This Study Adds to the
Field: This study is unique and
adds significantly to the fields of
cardiovascular and pulmonary
medicine. This study provides a
window into the preclinical evolution
of heart-lung interactions as they
evolve from health in young adults to
disease in middle age. This has wide
ranging implications for gaining
insight into understanding the strong
association of comorbid heart and lung
disease seen later in life.
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included as a covariable, and in the second
model, change in BMI (Year 25 BMI2 Year 5
BMI) and at Year 5 BMI were included as
covariables. Given discrepancies in sex
distribution in quartiles of lung health we
tested for sex interaction term and then
performed a stratified analysis by sex (see
online supplement). Logistic regression was
used to determine the association between
lung function and diastolic dysfunction, which
was defined as meeting all three of the
following criteria: (1) lateral e9 velocity less
than 9 cm/s, (2) left atrial volume index
greater than 28 ml/m2, and (3) lateral E/e9
ratio greater than 12. Figure 1 provides
a breakdown of the number of subjects
available for analysis based on available
echocardiographic parameter at Year 25 by
lung function.

Results

To approximate a baseline relationship
between lung function measurements and

echocardiographic parameters we evaluated
the association between Year 5 lung function
and Year 5 echocardiograms. We found
that Year 5 FVC was associated with Year 5
LVEDV, left atrial structure, and LV mass
such that a larger FVC was associated
with increased LVEDV, increased left atrial
size, and increased LV mass. No association
was noted between FVC and hypertrophy
measurements or between FEV1/FVC ratio
and any echocardiographic measurements
(see Tables E2a and E2b in the online
supplement). We focused the remainder
of our analysis on patterns of loss of lung
health from young adulthood onward and
subsequent (Year 25) echocardiographic
findings.

At the Year 25 CARDIA examination
3,000 subjects had both prior lung function
and echocardiogram data and were included
in the analysis. Demographic and clinical
descriptions of the sample at Year 25 across
quartiles of FVC decline and quartiles of
FEV1/FVC ratio decline are provided in
Tables 1 and 2. The mean annual decline

in FVC from peak to Year 20 was 40 ml/yr
in men and 33 ml/yr in women (see Table
E1). Additional demographics and clinical
descriptions highlighting the health of the
cohort are provided in Table E1.

We evaluated if the patterns of change
in lung function from young adulthood to
middle age were associated with distinct
echocardiographic findings at Year 25. We
found that greater decline in the FEV1/FVC
ratio (peak 2 Year 20) was associated
with smaller left heart chamber size
reflected by smaller left atrial internal
dimension (Table 3). In contrast, we found
that a greater decline in the FVC but not
the FEV1/FVC ratio was associated with
larger left atrial internal dimension and
with markers of LV hypertrophy including
greater LV mass, LV posterior wall
thickness, and interventricular septal
thickness (Table 3, Figure 2).

We also assessed the association
between decline in lung function and
measures of cardiac performance. Greater
decline in the FEV1/FVC ratio was

5115 subjects
(original CARDIA cohort)

3498 subjects

3457 subjects

3000 subjects

1617 not available for Year 25 Exam

41 missing Year 25 echo or covariate value

452 missing Year 20 lung function data
5 subjects with FEV1/FVC > 1.0

N available for each Year 25 echo parameter
by lung function

LVEDV LVESV LAID
LV

PWT
IVST

LV
fractional

shortening

LV
SV

LV ef HR
LV
CO

LV
mass

E
wave

A
wave

E/A
ratio

E/e’
ratio

2598 2598 2723 2512 2514 2510 2510 2510 2510 2508 2510 2763 2763 2763 2740

2508 2510 2763 2763 2763 27402598

FVC

FEV1/FVC
ratio

2598 2723 2512 2514 2510 2510 2510 2510

Figure 1. Number of participants included in the analysis in Table 3 based on available echocardiographic data and pulmonary function data. CARDIA =
Coronary Artery Risk Development in Young Adults; CO = cardiac output; ef = ejection fraction; HR = heart rate; IVST = interventricular septal thickness;
LAID = left atrial internal dimension; LV = left ventricular; LVEDV = left ventricular end-diastolic volume; LVESV= left ventricular end-systolic volume; PWT=
posterior wall thickness; SV= stroke volume.
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associated with lower cardiac output at
Year 25 (Figure 2). Greater decline in
the FVC (but not the FEV1/FVC) was
associated with a higher cardiac output
(Figure 2) and higher mitral A wave and
a lower E/A ratio at Year 25 (Table 3).

To better understand the impact
obesity plays on the association
between change in lung function and
echocardiographic parameters a second
model including the covariable change in
BMI from CARDIA examination Year 5–25
was created. The association between
a greater decline in FEV1/FVC ratio and
smaller left atrial internal dimension
persisted as did the associations of decline

in FVC and markers of LV hypertrophy
and higher mitral A wave and lower E/A
ratio. With the addition of change in BMI
the associations of both change in FVC and
FEV1/FVC ratio with cardiac output were
attenuated (Table 3).

To better understand the impact sex
plays on the association between change
in lung function and echocardiographic
parameters we tested interactions between
sex and lung function decline. Multiple
interactions were noted and are highlighted
in Table 3. We then performed a stratified
analysis by sex and confirmed that the
significant associations between patterns
of lung function decline and

echocardiographic findings were preserved
in both men and women (see Tables E3a
and Table E3b).

Given the observation that decline
in FVC (but not FEV1/FVC ratio) was
associated with cardiac hypertrophy and
echocardiographic measurements of LV
stiffness (mitral A wave and E/A ratio),
whereas decline in the FEV1/FVC ratio
was associated with smaller left heart
chamber size, we evaluated if change in
lung function would be associated with
evidence of LV diastolic dysfunction. At
the Year 25 examination when the mean
subject age was about 50 years old 31
subjects met echocardiographic criteria

Table 1. Participant Characteristics by Quartile of FVC Decline

Quartile of Decline in FVC

P Value1 2 3 4

N 750 750 750 750
FVC decline, L 0.146 0.10 0.406 0.06 0.636 0.07 1.056 0.29
FEV decline, L 0.336 0.18 0.506 0.18 0.636 0.18 0.926 0.32
FEV1/FVC decline, % 7.566 4.67 6.216 4.03 5.286 4.30 4.876 5.00
Demographics
Sex (male), n 262 274 320 417
Age, Year 25 examination 49.076 3.60 50.186 3.56 50.546 3.58 51.106 3.40
BMI, kg/m2 26.876 5.40 29.256 6.27 30.536 6.94 33.516 7.87
Height, cm 168.856 9.06 169.006 9.21 170.516 9.37 172.596 9.53
Waist girth, cm 85.486 13.09 91.476 13.60 95.796 15.03 103.456 15.64
Race, n

White 448 420 404 393
African American 302 330 346 357

Smoking status, n
Never 486 465 471 446
Former 165 159 154 166
Current 97 114 110 126

Peak lung function
Age peak FEV1, yr 27.346 5.09 27.526 4.19 27.946 4.40 28.166 3.97
Peak FEV1, L 3.576 0.77 3.526 0.75 3.626 0.80 3.846 0.83
Age peak FVC, yr 31.596 6.75 29.496 4.65 29.196 4.55 29.046 4.35
Peak FVC, L 4.286 1.00 4.266 0.98 4.466 1.03 4.796 1.06
Age peak FEV1/FVC ratio, yr 26.336 5.21 27.836 5.74 29.486 7.01 31.236 7.90
Peak FEV1/FVC ratio 86.46 5.72 85.196 6.13 83.966 5.86 83.036 6.19

LV size parameters
LV end-diastolic volume, ml (2D) 104.466 28.28 108.006 27.82 112.166 27.84 120.296 30.10 ,0.0001
LV end-systolic volume, ml (2D) 41.036 16.42 41.766 14.61 43.346 15.45 47.496 18.30 ,0.0001
LA internal dimension, cm (M-mode) 3.526 0.46 3.696 0.48 3.736 0.48 3.886 0.49 ,0.0001

LV hypertrophy parameters
LV posterior wall thickness, diastole, cm 0.836 0.15 0.886 0.16 0.906 0.16 0.956 0.17 ,0.0001
Interventricular septal wall, diastole, cm 0.866 0.15 0.896 0.16 0.926 0.17 0.976 0.17 ,0.0001
LV mass, g (M-mode) 148.086 43.32 160.446 45.20 170.616 50.34 191.786 57.94 ,0.0001

LV function parameters
LV ejection fraction, % (M-mode) 69.736 7.65 70.006 7.64 70.076 8.10 69.076 8.50 0.09
LV stroke volume, ml (M-mode) 83.156 20.66 86.286 20.25 89.766 22.23 94.016 22.54 ,0.0001
Heart rate, bpm 64.886 11.03 65.226 10.31 64.946 10.62 66.446 10.92 0.03
LV cardiac output, L/min 5.356 1.43 5.606 1.52 5.806 1.63 6.206 1.65 ,0.0001
LV E wave, cm/s 79.636 14.93 79.356 15.72 78.486 16.05 77.496 16.46 0.04
LV A wave, cm/s 60.746 15.50 63.646 16.02 64.176 16.25 65.896 17.38 ,0.0001
LV E/A ratio 1.386 0.38 1.316 0.38 1.286 0.35 1.236 0.33 ,0.0001

Definition of abbreviations: 2D = two-dimensional; BMI = body mass index; LA = left atrial; LV = left ventricular.
Data reported as mean6 SD.
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for diastolic dysfunction. We found that
greater decline in the FVC was associated
with an increased likelihood of having
diastolic dysfunction. This association
was independent of race, sex, age, height,
BMI, change in BMI, cigarette smoking,
and diabetes and peak lung function.
Decline in the FEV1/FVC ratio was not
associated with diastolic dysfunction
(Table 4).

Discussion

In a population-based study of generally
healthy young adults followed for 25 years,

we found that two distinct patterns of loss of
lung health are associated with divergent
cardiac changes in middle age. A decline
in the FEV1/FVC ratio is associated with
decreased left heart chamber size and lower
cardiac output, whereas a decline in FVC
but with a preserved FEV1/FVC ratio is
associated with left heart hypertrophy,
increased cardiac output, and diastolic
dysfunction. These findings are unique
because although decline in FVC has
previously been associated with incident
hypertension (14) and both established
COPD and restriction have known
associations with cardiovascular disease
and poor health outcomes (1–7), how lung

and heart structural and functional
abnormalities evolve from young adulthood
through middle age has not been
investigated. We fill this gap in knowledge
by reporting that two patterns of lung
health loss, that is, decline in FVC (which
could be a precursor of developing overt
restrictive physiology) and decline in FEV1/
FVC (a precursor of developing obstructive
physiology), are associated with distinct
cardiac structural findings. Documenting
this divergence in lung-heart phenotype
expands the understanding regarding lung
and heart physiologic and structural
changes that occur before the clinical onset
of common complex conditions, such as

Table 2. Participant Characteristics by Quartile of FEV1/FVC Ratio Decline

Quartile of Decline in FEV1/FVC Ratio

P Value1 2 3 4

N 750 750 750 750
FEV1/FVC decline, % 1.096 0.98 4.086 0.78 6.696 0.81 12.066 4.29
FEV decline, L 0.526 0.28 0.566 0.28 0.596 0.28 0.716 0.38
FVC decline, L 0.686 0.36 0.586 0.35 0.506 0.33 0.456 0.39
Demographics
Sex (male), n 408 342 274 249
Age, Year 25 examination 50.666 3.48 50.366 3.60 50.036 3.64 49.846 3.67
BMI, kg/m2 32.436 7.38 30.786 7.32 29.246 6.64 27.716 6.09
Height, cm 171.876 9.82 170.416 9.52 169.256 9.28 169.426 8.77
Waist girth, cm 100.906 15.51 95.766 16.03 91.456 14.70 88.096 13.88
Race, n

White 402 420 443 400
African American 348 330 307 350

Smoking status, n
Never 479 486 450 453
Former 164 151 192 137
Current 98 101 97 151

Peak lung function
Age peak FEV1, yr 28.436 4.72 28.026 4.45 27.476 4.40 27.036 4.06
Peak FEV1, L 3.736 0.82 3.686 0.81 3.616 0.78 3.556 0.76
Age peak FVC, yr 28.796 4.70 29.726 5.02 29.976 5.28 30.836 5.80
Peak FVC, L 4.656 1.08 4.516 1.07 4.376 1.01 4.256 0.95
Age peak FEV1/FVC ratio, yr 33.956 9.21 27.786 4.78 26.736 4.54 26.446 4.40
Peak FEV1/FVC ratio 82.516 5.68 83.826 5.36 85.106 5.40 87.176 6.88

LV size parameters
LV end-diastolic volume, ml (2D) 117.706 30.54 113.096 29.80 110.016 27.52 103.916 26.75 ,0.0001
LV end-systolic volume, ml (2D) 46.496 18.27 44.376 16.77 42.586 15.30 40.116 14.49 ,0.0001
LA internal dimension, cm (M-mode) 3.856 0.49 3.766 0.48 3.646 0.46 3.576 0.49 ,0.0001

LV hypertrophy parameters
LV posterior wall thickness, diastole, cm 0.936 0.15 0.906 0.17 0.876 0.16 0.856 0.17 ,0.0001
Interventricular septal wall, diastole, cm 0.956 0.16 0.916 0.17 0.896 0.16 0.876 0.17 ,0.0001
LV mass, g (M-mode) 183.466 50.82 172.116 55.38 162.546 48.65 152.066 47.11 ,0.0001

LV function parameters
LV ejection fraction, % (M-mode) 69.486 8.40 69.776 8.23 69.516 7.53 70.136 7.76 0.40
LV stroke volume, ml (M-mode) 92.696 21.81 90.076 23.22 87.046 20.25 83.286 20.69 ,0.0001
Heart rate, bpm 66.126 10.54 65.056 10.83 64.926 10.94 65.366 10.59 0.17
LV cardiac output, L/min 6.096 1.56 5.846 1.75 5.626 1.49 5.416 1.46 ,0.0001
LV E wave, cm/s 76.856 16.77 78.426 16.01 79.796 14.93 79.906 15.32 0.0004
LV A wave, cm/s 63.976 16.77 64.286 17.03 62.816 16.05 63.356 15.70 0.32
LV E/A ratio 1.266 0.36 1.286 0.34 1.346 0.39 1.326 0.36 ,0.0001

Definition of abbreviations: 2D = two-dimensional; BMI = body mass index; LA = left atrial; LV = left ventricular.
Data reported as mean6 SD.
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COPD and heart failure with preserved
ejection fraction.

Recently, heart and lung interactions in
established COPD have been explored in
some detail. Obstructive lung disease seems
to have effects on the size and function of
both the right and left heart (24, 25). An
echocardiographic study of subjects with
severe COPD found that both left atrial
and LV filling was significantly reduced
compared with control subjects without
COPD (26). In another study evaluating
subjects with varying severity of COPD,
Watz and coworkers (25) found that the
size of all cardiac chambers decreased with
worsening lung function and that the
degree of hyperinflation seemed to show
the strongest correlation with heart size.
The mechanistic link, however, between
COPD and decreased cardiac chamber
size and function is unknown. Watz and
coworkers (25) postulates that the effects
of lung hyperinflation on increasing
intrathoracic pressure and subsequent
decrease in venous return to the heart may
help explain the decrease in filling pressures
(25). Another study found an association
between residual volume and LV mass
and hypothesized that hyperinflation by
augmenting LV wall stress leads to

increased LV stroke work and eventually
increased LV mass (27). Others have
discussed the role of hemodynamic effects
of hypoxia and vascular remodeling
leading to pulmonary hypertension with
subsequent effect on RV and LV
interdependence as a cause of altered
cardiac chamber size (28–30).

All of these proposed mechanisms rely
on the presence of advanced lung disease
to cause the cardiac changes described.
However, there is growing evidence that the
interaction between the heart and lungs can
be seen even with nonsevere lung disease.
In the Multi-Ethnic Study of Atherosclerosis
Lung study, percent emphysema on
computed tomography scan of the lung and
FEV1/FVC ratio on spirometry were both
cross-sectionally associated with lower
LVEDV(13). Most participants in the
Multi-Ethnic Study of Atherosclerosis Lung
study had normal spirometry and the
strongest associations were noted for the
radiographic finding of emphysema
suggesting that changes that can be
interpreted as “early emphysema” in an
otherwise healthy patient population are
associated with left-sided cardiac changes.
The idea that alterations in cardiac filling
occur early in the course of the

development of emphysema lends credence
to the idea that the pathologic interaction
between the heart and lung seen in
advanced disease begins its evolution earlier
in life presumably before many of the
proposed mechanistic pathways in
established COPD, such as hyperinflation,
have been established.

Our findings provide additional insight
into the complexity of the heart-lung
interaction by evaluating the early stages
of this interaction from healthy young
adulthood onward. Decline in the FEV1/
FVC ratio from young adulthood to middle
age is associated with a small heart, low-
output phenotype consistent with cross-
sectional findings reported in an older
cohort attributed to emphysema (13).
However, we studied an age range
that would not be expected to have
emphysematous changes in the lung yet still
found associations with underfilling of the
left side of the heart. Alternatively, a decline
in FVC from young adulthood to middle
age is associated with a hypertrophic, high-
output cardiovascular phenotype suggesting
that the decline in FVC is linked to the
risk for diastolic heart dysfunction as would
be expected from our previous findings
linking decline in FVC to incident

Table 3. Association between Decline in Lung Function (Peak 2 Year 20) and Year 25 Cardiac Structure

Model 1* Model 2†

Decline FVC Decline FEV1/FVC Ratio Decline FVC Decline FEV1/FVC Ratio

b P Value b P Value b P Value b P Value

LV size parameters
LV end-diastolic volume, ml (2D) 0.877 0.10 20.739 0.15 0.030 0.96 20.609 0.23
LA internal dimension, cm 0.044 ,0.0001 20.038 ,0.0001 0.014 0.14 20.034 0.0001

LV hypertrophy parameters
LV posterior wall thickness, diastole, cm 0.017 ,0.0001 0.0006 0.85 0.012 0.0006 0.002 0.60
Interventricular septal wall, diastole, cm 0.020 ,0.0001 0.001 0.78 0.014 ,0.0001 0.002 0.52
LV mass, g (M-mode) 6.05 ,0.0001 20.746 0.40 3.84 ,0.0001 20.332 0.70

LV function parameters
LV ejection fraction, % (M-mode) 20.119‡ 0.51 20.094 0.60 20.136 0.47 20.089 0.62
LV stroke volume, ml 0.507‡ 0.26 20.830 0.06 20.055‡ 0.90 20.726 0.09
Heart rate, bpm 0.889 0.0002 20.037x 0.87 0.589 0.01 0.020x 0.93
LV cardiac output, L/min 0.109 0.001 20.070‡ 0.03 0.046 0.18 20.058‡ 0.07
LV E wave, cm/s 0.251 0.45 0.575 0.07 0.183 0.59 0.584 0.06
LV A wave, cm/s 1.465x ,0.0001 0.272 0.39 0.934‡ 0.006 0.337‡ 0.28
LV E/A ratio 20.029 0.0002 0.004 0.56 20.018 0.02 0.003 0.69

Definition of abbreviations: 2D = two-dimensional; LA = left atrial; LV = left ventricular.
Values shown are per 1 SD change.
*Covariates: race–sex group, Year 5 (Y5) age, height at peak lung function, Y5 body mass index, lifetime smoking at Y25, number of years with diabetes,
years since peak lung function, peak lung function (FVC or ratio), change in lung function (FVC or ratio).
†Covariates: race–sex group, Y25 age, height at peak lung function, Y5 body mass index, Y25 2 Y5 body mass index difference, lifetime smoking at Y25,
number of years with diabetes, years since peak lung function, peak lung function (FVC or ratio), change in lung function (FVC or ratio).
‡Sex interaction term: P, 0.1.
xSex interaction terms: P, 0.05.

ORIGINAL ARTICLE

Cuttica, Colangelo, Shah, et al.: Lung Function Decline and Cardiac Phenotypes 81



hypertension. Importantly, even when
controlling for changes in weight over time
the associations between change in lung
function and structural changes to the heart
were preserved. Although the associations
between change in lung function and
cardiac outputs seem to be attenuated by
change in BMI, our findings show that the
interplay between declining lung function
and structural heart changes extends
beyond the mechanical effects of weight
gain on chest wall compliance.

Although a large epidemiologic study
like CARDIA lacks the ability to define
precise mechanisms of disease, our findings
suggest that those who lose lung function
at an accelerated rate may be at risk of
developing cardiac structural and functional
alterations in the future. Animal models
have shown that in cigarette smoke–exposed
mice pulmonary vascular dysfunction
and remodeling causing hemodynamic
alterations precedes the development of
emphysema (31). Our observation that

a greater decline in the FEV1/FVC ratio is
associated with an underfilled/low-output
cardiac phenotype at Year 25 is compatible
with the findings of early vascular changes
seen in the animal model. Reduced
pulmonary vein area has been described

in individuals with established COPD
suggesting an “upstream” obstruction to
blood flow as the cause of reduced LV
preload (32). Our findings indicate that the
development of an under-filled left heart
occurs concurrent with the decline in lung
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Figure 2. Adjusted association between decline in FVC (top three panels) or decline in FEV1/FVC ratio (bottom three panels) and selected heart structural
and functional parameters. Adjusted means of each cardiac parameter by quintile of FVC or FEV1/FVC decline is plotted and a fitted regression line
superimposed. The P values noted are the regression P values. LAID = left atrial internal dimension; LV = left ventricular.

Table 4. Association between Decline in Lung Function (Peak 2 Year 20) and Left
Ventricular Diastolic Dysfunction at Year 25

OR for Diastolic Dysfunction
(95% CI)*

N 31
Peak, Y20 FVC, L 3.39 (1.37–8.36)

P = 0.006
Peak, Y20 FEV1/FVC 1.05 (0.99–1.11)

P = 0.11

Definition of abbreviations: CI = confidence interval; OR = odds ratio; Y = Year.
Covariates: race–sex group, Y25 age, height at peak lung function, Y5 body mass index, Y25 2 Y5
body mass index difference, lifetime smoking at Y25, number of years with diabetes, peak lung
function (FVC or ratio).
*Criteria: lateral e9 velocity, 9 cm/s, left atrial volume index. 28 ml/m2, and E/e9 ratio. 12.
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function from young adulthood into middle
age and is not the consequence of only
severe emphysema or lung hyperinflation.

Alternatively, those exhibiting
symmetric reductions in FEV1 and FVC
likely follow a different mechanistic
pathway leading to cardiac hypertrophy
and increased LV mass. Obesity and the
metabolic syndrome have been linked to
lung function decline. Although we have
previously shown the association between
decline in FVC and development of
hypertension in the CARDIA cohort, others
have described an association between
the presence of hypertension and an
accelerated rate of lung function decline,
which can be attenuated with treatment of

hypertension (33, 34). These findings along
with our finding that the association of
change in lung function and structural
changes in the heart occurs independent of
BMI show that the link between metabolic
syndrome, hypertension, and lung
function changes extends beyond the
idea of obesity causing restrictive lung
physiology through mechanical effects on
chest wall compliance. These findings
suggest an adaptive link between declining
lung function and onset of hypertension,
which places patients at risk for cardiac
hypertrophy and the development of
diastolic dysfunction.

There are several limitations and
strengths to our study. A notable strength is

that at the Year 25 CARDIA examination
participants are still generally young and
healthy, which allows us the unique
opportunity to explore the heart-lung
interaction from a starting point of health
rather than at established disease states. As
we discuss alterations in lung function it
should be noted that most participants in
CARDIA still fall within the normal ranges
of lung function and we are studying
patterns of loss of lung health and not
disease states. Care should be taken in
extrapolating these findings to “early”
disease, such as early COPD or early
restrictive lung disease, because we do not
know yet who will actually go on to develop
disease later in life. Although the

Peak Lung
Function

Declining FEV1 (and FVC)
Declining FEV1/FVC ratio

Declining FVC (and FEV1)
Preserved FEV1/FVC ratio

Increased LV wall thickness,
Increased LV mass, Increased

cardiac output, Diastolic
dysfunction

“Hypertrophic, high output
Phenotype”

Cardio-Pulmonary Disease States

Heart Failure preserved ejection fraction

Pulmonary hypertension

Systolic heart failure

Decreased Left Heart
Chamber Size, Decreased
stroke volume, Decreased

cardiac output

“Small heart, low output
Phenotype”

Differential Pattern of
Lung Function Decline

Later Life

Middle Age

Young
Adulthood

Figure 3. Proposed pathway of the evolution through lifecycle of the differential patterns of loss of lung health and their association with distinct
cardiopulmonary phenotypes. LV = left ventricular.

ORIGINAL ARTICLE

Cuttica, Colangelo, Shah, et al.: Lung Function Decline and Cardiac Phenotypes 83



magnitude of the actual changes noted may
seem small this is also likely reflective of
the fact that we are reporting changes in
a young healthy population and observing
subclinical changes in their lung function.
Although COPD is well recognized as an
obstructive lung disease there is a growing
recognition that restrictive spirometric
impairments are common in patients
diagnosed with COPD (35–37). Despite this
recognition, there is a general lack of
understanding of this restrictive disease
phenotype, which is highlighted in the
absence of recommendations addressing it
in disease-focused guidelines. This gap in
knowledge makes interpretation of the full
implications of our findings of decline in
FVC with a preserved FEV1/FVC ratio
difficult (35, 36, 38).

A major strength of our study is that it
includes comprehensive echocardiography
of a population-based cohort that is younger
than most studies that evaluate the
intersection of lung disease and cardiac

disease. Although evaluation of right heart
structure and function would have added
value to this study, unfortunately, right heart
evaluation was not a focus of the Year 25
CARDIA examination. Finally, an intrinsic
limitation to large population-based
epidemiologic studies is the inability to
study pathobiologic mechanisms of disease.
Although we describe several provocative
physiologic associations we lack lung
imaging by computed tomography scan
to help provide more in-depth information
on lung structure and intrathoracic
vascular changes that could provide more
insight into the mechanisms of our
observations.

The differential patterns of loss of lung
health, decline in FVC, and decline FEV1/
FVC ratio from peak lung function attained
in young adulthood are associated with
divergent heart-lung phenotypes in middle
age. By understanding the distinct
cardiovascular changes associated with
decline in FEV1/FVC ratio and decline in

FVC with preserved FEV1/FVC ratio we
can begin to better understand the
evolution of comorbid cardiac and
lung disease states. It is reasonable to
hypothesize that as these divergent patterns
of loss of lung health develop into
identifiable heart-lung phenotypes in
middle age that the groundwork is being
laid for the eventual development of
distinct heart failure syndromes seen later
in life (Figure 3). Identifying specific
subclinical heart-lung phenotypes, such as
“declining FVC and cardiac hypertrophy”
or “declining FEV1/FVC ratio and
underfilled, hyperdynamic left heart,” and
beginning to understand their preclinical
natural history may eventually allow for
more targeted therapy to impact the onset
and progression of common pulmonary
and cardiovascular diseases that manifest
later in life. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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