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Background—Impaired pulmonary function (IPF) and left ventricular systolic dysfunction (LVSD) are prevalent in the elderly and
are associated with significant morbidity and mortality. The main objectives of this study were to examine the relative impact and
joint association of IPF and LVSD with heart failure, cardiovascular mortality and all-cause mortality, and their impact on risk
classification using a continuous net reclassification index.

Methods and Results—We followed 2342 adults without prevalent cardiovascular disease (mean age, 76 years) from the
Cardiovascular Health Study for a median of 12.6 years. LVSD was defined as LV ejection fraction <55%. IPF was defined as: forced
expiratory volume in 1 second:forced vital capacity <70%, and predicted forced expiratory volume in 1 second <80%. Outcomes
included heart failure hospitalization, cardiovascular mortality, all-cause mortality, and composite outcome. LVSD was detected in
128 subjects (6%), IPF in 441 (19%) and both in 38 (2%). Compared to those without LVSD or IPF, there was a significantly increased
cardiovascular risk for groups of LVSD only, IPF only, and LVSD plus IPF, adjusted hazard ratio (95% CI) 2.1 (1.5-3.0), 1.7 (1.4-2.1),
and 3.2 (2.0-5.1) for HF; 1.8 (1.2-2.6), 1.4 (1.1-1.8), and 2.8 (1.7—4.7) for cardiovascular mortality; 1.3 (1.0-1.8), 1.7 (1.4—-1.9),
and 2.1 (1.5-3.0) for all-cause mortality, and 1.6 (1.3-2.1), 1.7 (1.5-1.9), and 2.4 (1.7-3.3) for composite outcome, respectively.
Risk classification improved significantly for all outcomes when IPF was added to the adjusted model with LVSD or LVSD to IPF.

Conclusions—While risk of cardiovascular outcomes was the highest among elderly with both LVSD and IPF, risk was comparable
between subjects with IPF alone and those with LVSD alone. This observation, combined with improved risk classification by
adding IPF to LVSD or LVSD to IPF, underscore the importance of comprehensive heart and lung evaluation in cardiovascular
outcome assessment. (/ Am Heart Assoc. 2015;4:¢002308 doi: 10.1161/JAHA.115.002308)
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increases with age.”>®'° While cardiovascular disease is a
major cause of death in individuals with IPF,” little is known
about the relative impact and the joint association of LVSD
and IPF in terms of risk for clinical outcomes. It is particularly
important to examine this association in the elderly, as the
burden of both diseases is high.

The main objective of this study was to prospectively
examine the relative impact and joint association of LVSD and
IPF with risk of heart failure, cardiovascular mortality, and all-
cause mortality in the elderly free of prevalent cardiovascular
disease who were participants of the Cardiovascular Health
Study (CHS), a large population-based observational study. We
also examined the impact of LVSD and IPF on risk classification
using a continuous net reclassification index (NRI).

Methods
Study Population and Data Collection

CHS is a population-based epidemiological study designed to
investigate cardiovascular disease in the elderly. The CHS
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design and recruitment are described in detail elsewhere.'’
Briefly, 5201 men and women aged 65 or older were initially
recruited in 1989—1990 from Medicare eligibility lists in 4 US
communities: Forsyth County, North Carolina; Sacramento
County, California; Washington County, Maryland; and Pitts-
burgh, Pennsylvania. An additional 687 black participants
were recruited in a similar fashion between 1992 and 1993.
All participants gave written informed consent and the
institutional review board at each study site approved the
protocol.

For the purpose of the present study, we selected years
1993-1995 of the CHS as the baseline visit since data on
pulmonary function testing was available from years 1993—
1994 and an echocardiographic examination'? was performed
between 1994 and 1995 on both the original cohort and the
African American cohort. Of 3625 participants with both
echocardiography and pulmonary function testing data, we
excluded participants with a technically inadequate echocar-
diographic examination for assessing LV function (n=213),
those with prevalent coronary heart disease (myocardial
infarction, angina, coronary artery bypass grafting, or angio-
plasty), prevalent heart failure or stroke'® (n=946), or those
with missing data for any of the key variables (n=143). Our
final sample included 2342 participants.

Assessment of Exposure and Covariates

The design of the echocardiographic examination in CHS has
been published.'* All echocardiographic measurements were
made at a core echo reading center using an off-line image
analysis system. To ensure reliable measures, technicians’
and readers’ training was standardized. Two-dimensional
echocardiography was used to assess LV ejection fraction
qualitatively as normal (>55%) or impaired (<55%), as
previously described.

Centrally trained and certified technicians performed
spirometry testing using a volume-displaced water-sealed
spirometer.'®'® In the current study, we included forced vital
capacity and forced expiratory volume in 1 second (FEV1) as
measures of pulmonary function. From a minimum of 5 forced
expirations, at least 3 acceptable spirograms were obtained,
in accordance with the American Thoracic Society guide-
lines."” The best spirogram was identified by the computer
and then confirmed by the technician. Predicted FEV1 was
calculated from published reference equations derived from
the Third National Health and Nutrition Examination Survey as
a function of age and height for sex and race subgroups.'® In
this study, IPF was defined as FEV1/forced vital capacity
<70% and predicted FEV1 <80%."?

Diabetes was defined based on physician diagnosis of
diabetes or use of oral antidiabetic medications or insulin.
Hypertension was used as a dichotomous variable defined as
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systolic blood pressure >140 mm Hg, diastolic blood pres-
sure >90 mm Hg, or use of antihypertensive medications.
Smoking status was categorized as never, former, or current.
Alcohol use was categorized as none, <0.5, 0.5 to 1, or >1
drink per day.

Assessment of Outcome

Methods utilized in the CHS to assess cardiovascular
mortality and heart failure have been described previously.?
Participants were followed for adjudicated heart failure
hospitalization, cardiovascular mortality, and all-cause mor-
tality from year 1994-1995 until the date of outcome of
interest, loss to follow-up, or the end of the follow-up period
on June 30, 2009. Data on all events of interest were gathered
from annual examinations, as well as interim 6-month phone
contacts, and confirmed by independent review committee
using information from hospital records, death certificates,
autopsy reports, and interviews with physicians or next of kin.
Incident heart failure was confirmed by a centralized
committee of physicians if all 3 of the following were met: (1)
documented symptoms and signs or clinical findings from
imaging (echocardiography, ventriculography, or chest radio-
graph); (2) physician’s confirmed diagnosis; and (3) therapy
for heart failure. Cardiovascular mortality included mortality
due to coronary heart disease, cerebrovascular disease,
atherosclerotic disease other than coronary or cerebrovascu-
lar disease, and other cardiovascular disease not codable as
any of the above. The composite outcome included heart
failure, cardiovascular mortality, and all-cause mortality.

Statistical Analyses

We investigated the independent, as well as joint, association
of LVSD and IPF with heart failure, cardiovascular mortality,
all-cause mortality, as well as the composite outcome
(composite of heart failure and mortality). We divided the
cohort into 4 exposure categories: (1) no LVSD or IPF
(reference); (2) LVSD only, no IPF; (3) IPF only, no LVSD; and
(4) both LVSD and IPF. Cox proportional hazards models were
used to estimate hazards ratios for outcomes of interest,
adjusting for conventional cardiovascular risk factors includ-
ing age, race and sex, total cholesterol, diabetes, hyperten-
sion, smoking history, alcohol use, and body mass index. We
also assessed interaction between LVSD and IPF using the
likelihood ratio test to compare models with and without the
interaction term (LVSD x IPF).

In our risk-prediction analysis, we calculated the Harrell C
statistic and continuous NRI to assess whether risk prediction
improves with the addition of IPF to the fully adjusted model
with LVSD and vice versa.”"?? Continuous NRI was calculated
as: ([Difference between number of individuals moving to the

DOI: 10.1161/JAHA.115.002308

Journal of the American Heart Association 2

HDOYVIASHY TVNIDIYO



Impaired Systolic and Pulmonary Function With Outcomes

appropriate risk category and those moving to the inappro-
priate risk category among cases]/total number of
cases+[Difference between number of individuals moving to
the appropriate risk category and those moving to the
inappropriate risk category among noncases]/total number of
noncases). P values <0.05 were considered statistically
significant. All statistical analyses were done using STATA
12,2

Results

Of the 2342 participants analyzed, 15% were African Amer-
icans and 63% were females. Mean age was 76 years (range
66—95 years). Diabetes and hypertension prevalence was
10% and 57%, respectively. There were 128 (5.5%) partici-
pants who had LVSD while 441 (18.8%) had IPF. There were
38 subjects (1.6%) who had both. As expected, those with IPF
were more likely to be current or former smokers. Diabetes
prevalence was higher among those with LVSD, while
hypertension prevalence was the highest among those with
both LVSD and IPF (Table 1).

Median follow-up time was 12.6 years (interquartile range:
7.6—14.6 years). Incidence rates for heart failure, cardiovas-
cular mortality, all-cause mortality, as well as the composite
outcome were higher in those with either LVSD or IPF
compared to those without LVSD and IPF. When both
conditions were present, incidence rates were the highest
(Figure 1). Findings remained similar after adjusting for

Table 1. Baseline Characteristics of the Study Population
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demographic characteristics and traditional cardiovascular
risk factors (Table 2, Table S1). There was a lack of
multiplicative interaction between LVSD and IPF with interac-
tion Pvalues: 0.649, 0.748, 0.809, and 0.556 for heart failure,
cardiovascular mortality, all-cause mortality, and the compos-
ite outcome, respectively.

Kaplan—Meier curves demonstrated that increased risk of
heart failure was present early and persisted throughout the
follow-up duration in all 3 subgroups when compared to the
reference group (P<0.001) (Figure 2A). The highest cardio-
vascular mortality risk was seen in the group with both LVSD
and IPF, although it was also increased in the other 2 groups
compared to the reference group (P<0.001) (Figure 2B).
Those with IPF showed a steady increase in risk of all-cause
mortality, which clearly exceeded the risk among those with
LVSD in the second half of the follow-up, while the risk
remained the highest among those with both LVSD and IPF
(P<0.001) (Figure 2C). The risk of the composite outcome
was significantly increased and nearly identical in the LVSD
and IPF group when compared to the reference group. Event-
free survival was substantially compromised when both LVSD
and IPF were present (P<0.001) (Figure 2D).

In the risk-prediction analyses, addition of IPF to the fully
adjusted model including LVSD improved risk prediction for all
outcomes (NRI P<0.0001 for heart failure, all-cause mortality
and composite outcome; P=0.05 for cardiovascular mortality).
Similarly, when LVSD was added to the fully adjusted model
including IPF, there was significant improvement in risk

Al No LVSD or IPF LVSD Only, No IPF IPF Only, No LVSD Both LVSD and IPF
N=2342 n=1811 (77.3%) n=90 (3.8%) n=403 (17.2%) n=38 (1.6%)
Age, y 76 (5) 76 (5) 76 (5) 76 (5) 76 (5)
Black, % 15 15 9 15 13
Female, % 63 66 49 58 40
Body mass index, kg/m? 26 (4) 27 (4) 27 (5) 26 (4) 27 (9)
Smoking, %
Never 48 54 54 24 21
Former 42 39 38 57 63
Current 10 7 8 19 16
Alcohol use, %
None 77 79 69 74 66
>1 drink/day 10 9 11 12 16
Hypertension, % 57 57 50 59 66
Diabetes, % 10 10 16 10 16
Total cholesterol, mg/dL 203 (39) 203 (38) 198 (39) 202 (39) 197 (39)

Values for continuous variables expressed as mean (SD); values for categorical variables expressed as proportion. IPF indicates impaired pulmonary function; LVSD, left ventricular systolic

dysfunction.
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Figure 1. Crude incidence rates per 1000 person-years with
95% Cl for the 4 groups. IPF indicates impaired pulmonary
function; LVSD, left ventricular systolic dysfunction.

prediction for all outcomes (NRI P<0.01 for all outcomes
evaluated) (Table 3). While NRI was similar for the prediction
models for cardiovascular mortality and composite outcome,
there was a greater risk prediction improvement for heart
failure and all-cause mortality when IPF was added to LVSD
compared to the model when LVSD was added to IPF. Similar
findings were observed for the C-statistic.

Discussion

In this large observational study representative of community-
dwelling elderly in the United States, we found that the
association of IPF with the risk of heart failure, mortality, and
composite outcome was as strong as the association of LVSD
with these clinical outcomes. The risk was the highest when
both LVSD and IPF were present. Adding IPF to LVSD or LVSD
to IPF significantly improved risk classification for all
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outcomes, underscoring the interdependence of heart and
lung function in clinical outcomes.

Our results are consistent with prior studies, which have
reported that LVSD is associated with an increased risk of
adverse outcomes. "> ">?* Similarly, IPF confers a significantly
increased risk of poor clinical outcomes.”"?® Prior observation
also suggests that low FEV1 is associated with heart failure
risk.?® However, there are limited reports comprehensively
comparing the relative impact of LVSD versus IPF on
cardiovascular morbidity and mortality. Furthermore, the joint
association of LVSD and IPF with outcomes has not been fully
examined. IPF is highly prevalent in the elderly population and
even more so among those with cardiovascular disease.?”>°
Of note, the prevalence of IPF far exceeded the prevalence of
LVSD in this elderly cohort without prevalent cardiovascular
disease. Considering the relative risk from IPF, which is
comparable to LVSD, the absolute impact of IPF on clinical
outcomes is therefore much greater than LVSD in the elderly.
Not only the all-cause mortality, but also heart failure and
cardiovascular mortality risk are increased significantly in
elderly with IPF. Hence, pulmonary function evaluation proves
to be important in risk stratification for cardiovascular
outcomes in the elderly. Nonetheless, we view our findings
as hypothesis generating in light of the observational nature
rather than hypothesis testing. While the changes of C-
statistic and NRI are relatively modest, it is important to
recognize that IPF adds additional risk of heart failure and
mortality to the already strong predictive power of LVSD for
those outcomes, a finding of important clinical relevance
because identification of added risk is essential to risk
reduction. While there was lack of multiplicative interaction
between IPF and LVSD, our findings of improved risk
classification by adding IPF to LVSD or LVSD to IPF suggests
that LVSD and IPF risks are additive.

The causes of heart failure in the elderly are complex.
LVSD is just one of them. Prior publication from the

Table 2. Relative Risk and Joint Association of LVSD and IPF With Outcomes (Adjusted Hazard Ratios With 95% CI)

No LVSD or IPF (n=1811) LVSD Only, No IPF (n=90) IPF Only, No LVSD (n=120) Both LVSD and IPF (n=38)
Heart failure (events) 401 34 120 19

Reference 2.1 (1.5, 3.1) 1.7 (1.4, 2.1) 3.2 (2.0, 5.1)
Cardiovascular mortality (events) 332 25 85 16

Reference 1.8 (1.2, 2.6) 1.4 (1.1, 1.8) 28 (17,47
All-cause mortality (events) 999 59 299 33

Reference 1.3 (1.0, 1.7) 1.7 (1.4,1.9 2.1 (1.5, 3.0
Composite (events) 1103 68 322 35

Reference 1.6 (1.3, 2.1) 1.7 (1.5, 1.9) 2.3 (1.7, 3.3)

All hazard ratios adjusted for age, race, sex, total cholesterol, history of diabetes, hypertension, smoking, body mass index, and time difference between the 2 exposure measurements.
Events indicates number of outcome events; IPF, impaired pulmonary function; LVSD, left ventricular systolic dysfunction.
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Figure 2. Kaplan—Meier plots for the association of each of the 4 exposure categories with (A) heart failure, (B) cardiovascular mortality, (C)
all-cause mortality, and (D) composite outcome. IPF indicates impaired pulmonary function; LVSD, left ventricular systolic dysfunction.

Cardiovascular Heart Study suggests that subclinical contrac-
tile dysfunction and diastolic filling abnormalities are predic-
tors of future heart failure, supporting the importance of heart
failure with preserved ejection in this cohort.?" It would have
been valuable if we had information on diastolic function.
However, given that the echocardiography was performed
20 years ago, many of the diastolic parameters such as those
from tissue Doppler imaging are not available for this cohort.
Therefore, we focused on LVSD, a condition with significant
morbidity and mortality risk supported by a large number of
clinical as well as epidemiological studies, which provides a
valid point of reference for risk estimation, making the relative
risk of IPF more important and clinically relevant. Given the
comparable relative risk of IPF and LVSD for heart failure and
mortality, the joint risk of LVSD and IPF would in fact be
greater if we had data on both systolic and diastolic
dysfunction at baseline. Hence, we have likely underestimated
the true risk.

Among the elderly with both LVSD and IPF, the risk of heart
failure and cardiovascular mortality was increased by about 3-
fold compared to those without either condition. Nonetheless,
the mechanism of added risk of LVSD and IPF is yet to be
elucidated. The conventional cardiovascular risk factors are
not likely the explanation for the added risk, as their
prevalence was comparable among the subgroups. However,
pulmonary hypertension is possibly an important comorbidity,
which can result from LVSD3%73* or IPF.3%3¢ Whether due to
LVSD®738 or IPF,***" pulmonary hypertension is associated
with significantly increased morbidity and mortality. In
addition to the postulated role of pulmonary hypertension,
there is evidence demonstrating extensive redistribution of
pulmonary blood flow in individuals with hemodynamically
significant LVSD, underscoring a complex heart—lung interac-
tion.*? Fundamentally, it is the intricate interplay of the heart
and lung function that determines clinical outcomes among
patients with LVSD. Cardiopulmonary exercise testing, which
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Table 3. Risk Prediction Comparing Harrell C-Statistic and Continuous Net Reclassification Index

Adding IPF to LVSD Adding LVSD to IPF
C-Statistic P Value* NRI (95% CI) C-Statistic P Value* NRI (95% Cl)

Heart failure LVSD 0.693 IPF 0.694

+IPF 0.701 0.03 145 (7.1, 21.9) +LVSD 0.701 0.02 79 (1.7,4.1)
Cardiovascular mortality LVSD 0.708 IPF 0.706

+IPF 0.712 0.17 7.9 (-0.1,15.9) +LVSD 0.712 0.03 8.1 (2.3, 13.9)
All-cause mortality LVSD 0.670 IPF 0.678

+IPF 0.679 <0.001 24.7 (18.2, 31.1) +LVSD 0.679 0.09 5.4 (1.02, 9.7)
Composite LVSD 0.665 IPF 0.671

+IPF 0.674 <0.001 25.8 (19.2, 32.5) +LVSD 0.674 0.01 25.3 (17.3, 33.4)

Baseline model includes LVSD, age, race, sex, total cholesterol, and history of diabetes, hypertension, smoking, and body mass index. +IPF=Baseline model+IPF; +LVSD=Baseline
model+LVSD. C-statistic indicates Harrell C-statistic; IPF, impaired pulmonary function; LVSD, left ventricular systolic dysfunction; NRI, continuous net reclassification index.

*P value is for C-statistic (comparing the 2 C-statistics).

comprehensively measures the expiratory ventilation, pul-
monary gas exchange, and cardiac output is one of the best
predictors of adverse clinical outcomes for patients with
chronic heart failure supporting the critical role of heart and
lung interaction in heart failure pathophysiology.**™*® Our
cohort consisted of community-dwelling older adults without
history of heart failure. Nonetheless, impaired pulmonary and
cardiac function collectively contributed to the risk of heart
failure and mortality, an observation that extends the
implication of heart and lung interaction beyond patients
with chronic heart failure.

Our study has several strengths. We studied a large, well-
established elderly cohort with a relatively long-term follow-
up period. All outcomes were carefully adjudicated. However,
the study limitations must also be acknowledged. First, since
this was an elderly cohort with a mean age of 76 years, the
generalizability of our findings to younger age groups may be
limited. Second, the pulmonary function evaluation was
performed 1 year ahead of LV function assessment. Given
that IPF typically develops over time, it is unlikely that
pulmonary function changed substantially within a year. Our
analysis was based on a 1-time assessment of cardiac and
pulmonary function. The development of LVSD and IPF during
the follow-up period was not ascertained. Therefore, it is
possible that the effect of LVSD and IPF on outcomes was
underestimated. Third, we lacked data on pulmonary pressure
estimation by echocardiography in most of the cohort, which
could have provided further insight into the potential
mechanisms by which these 2 conditions were associated
with adverse outcomes, possibly through a common inter-
mediary pathway such as pulmonary hypertension. Fourth,
the etiologies that contribute to IPF were not well character-
ized in this epidemiological cohort. In light of the prevalent
smoking history in the majority of those having IPF, chronic

obstructive pulmonary disease likely played an important role.
Fifth, we had a relatively smaller sample size in the joint
category (both LVSD and IPF), although still reasonably
powered (80%) because of the high outcome rate (92%).
Limited power also prevented risk assessment analyses
stratified by the severity of LVSD. Last, we acknowledge that
a relatively small number of participants had significant LVSD,
which may contribute to some underestimation of the
association of LVSD with outcomes. It is also important to
acknowledge the limitations of the echocardiography data
reported in this article. First, LVSD was based on qualitative
assessment of left ventricular ejection fraction and not
quantitative assessment. Second, left ventricular ejection
fraction is load dependent and not a perfect measure for
LVSD. Last, newer measures such as tissue Doppler were not
available at the time of this study, thus limiting assessment of
diastolic function.

In conclusion, there was increased and comparable risk of
heart failure, mortality, and the composite outcome in a
community-dwelling elderly with LVSD or IPF. The risk was the
highest when both conditions were present. Adding IPF to
LVSD or LVSD to IPF significantly improved risk classification
for all outcomes, underscoring the interdependence of heart
and lung function in clinical outcomes. Our findings demon-
strate the importance of comprehensive heart and lung
evaluation in cardiovascular outcome assessment in the
elderly.
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