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Abstract

Background—This study examined the influence of increased cardiac size on maximal lung
volumes, forced expiratory airflows, and the diffusing capacity of the lungs in heart failure (HF)
patients compared to controls.

Methods and Results—Forty-one HF patients of New York Heart Association (NYHA) class:
Group A=class I/1l (n=26) and Group B=class I/ (n=15) and an equal number matched controls
(CTL) were recruited. Participants underwent echocardiography (ECHO), spirometry, and
posterioanterior and lateral chest radiographic evaluation (RAD) for volumetric estimation of the
total thoracic cavity (TTC), diaphragm, heart, and lungs. ANOVA demonstrated no difference
between groups for TTC volume (p=0.63). RAD cardiac volumes (% TTC volume) were significantly
different among all groups (p<0.001). ECHO determined left ventricular mass was elevated in the
HF groups compared to the CTL group (p<0.001) with no difference between HF groups. Lung
volume (% TTC volume) was reduced as a function of disease severity (p<0.001). RAD measures
of cardiac volume demonstrated the strongest relationship with restrictive lung alterations (t-
statistic=-5.627, p<0.001 and t-statistic=-4.378, p<0.001 for FVC and FEV1, respectively).

Conclusions—These results suggest cardiac size may pose significant constraints on the lungs and
likely plays a major role in the restrictive breathing patterns often reported in HF patients.
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INTRODUCTION

Chronic heart failure (HF) is associated with mild to moderate changes in pulmonary function,
including restrictive and obstructive changes as well as a reduction in lung diffusing capacity
(DLCO) 13 Although heart failure induced causes of altered lung function remain unclear,
they have been attributed to respiratory muscle weakness, pulmonary hypertension, changes
in lung fluid balance, and chronic neurohumoral changes 4-6_Because the lungs and heart both
reside in a common enclosure (chest wall) and the cardiac muscle is less compliant than the
lungs another potential contributor to the changes in pulmonary function in HF relates to
progressive cardiac enlargement within the thoracic cavity. Such changes in cardiac volume
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would be expected to result in primarily restrictive lung changes manifested as reductions in
total lung volume and vital capacity 2

In addition, it may be expected that a relationship also exists between cardiac volume and
maximal expiratory airflows as well as the DLCO. As cardiac filling pressures increase and
pulmonary congestion progressively develops, blood flow may back up into the bronchial
circulation and influence airway caliber resulting in airflow limitations /. Further, the reduction
in DLCO with disease severity is likely related to lung fluid imbalance and chronic changes at
the alveolar-capillary membrane 3,

Epidemiological studies have shown a link between pulmonary function and mortality,
particularly related to cardiovascular events 8-10, Although the causal link between lung
function and cardiac mortality remains unclear, it may be associated with the progressive
changes in cardiac size. Studies have implied a marginal link between cardiac size and lung
function in HF 1:11-14: however, these studies are limited by echocardiographic measurement
of left ventricular mass as opposed to total heart size and one-dimensional estimates of the
cardio-thoracic relationship. Importantly, these studies may have inadequately represented the
importance of changes in total cardiac size on lung function in relation to the constraints
imposed by the thoracic cavity.

The focus of this study was to examine the relationship between radiographically determined
cardiac volume and maximal lung volumes, maximal expiratory airflows, and DLCO in
patients with long standing, but stable HF. Further, we sought to determine if a commonly
obtained echocardiographic measure of cardiac size in this population might be as predictive
of lung function changes. We hypothesized that increased competition for intrathoracic space
caused by changes in cardiac volume associated with chronic HF contributes to changes
observed in pulmonary function and the commonly derived echocardiographic measures of
cardiac dimension would inadequately predict these changes.

METHODS

Population Characteristics

Forty-one HF patients were recruited from the Mayo Clinic Heart Failure Service and the
Cardiovascular Health Clinic (a preventive and rehabilitative center) over the period of 2000
t0 2004 (Table 1). Patients included those with a history of ischemic or dilated cardiomyopathy,
stable HF symptoms (>3 months), duration of HF symptoms >1 year, left ventricular ejection
fraction (EF) <35%, body mass index (BMI) <35 kg/m?, and current non-smokers (past 15 yrs)
with a smoking history <10 pack-years. Patients were treated with standard optimized
medications for heart failure at the time of the study. An equal number of control participants
were recruited via advertisement from the surrounding area and were matched with the HF
group for age, gender, and height. Control participants had normal cardiac function (EF>50%),
without history of hypertension, lung disease or coronary artery disease (CAD). All participants
gave written informed consent after being provided a description of study requirements. The
study protocol was approved by the Mayo Clinic Institutional Review Board; all procedures
followed institutional and HIPAA guidelines.

Overview of Protocol

Participants underwent posterioanterior (PA) and lateral (LAT) chest radiographs,
echocardiography, and spirometry. The HF patients were divided into two groups by New York
Heart Association (NYHA) class as follows: class I and 11, n = 26 (Group A) and class Il and
IV, n=15 (Group B).
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Radiographic Volumetric Evaluation

The PA and LAT radiographic views were used to make volumetric estimations of the total
thoracic cavity (TTC), diaphragm, cardiac, and lungs (TLCRg) based on the assumptions of a
partial ellipsoid as initiallfl described by Barnhard and colleagues 15 and later by Glenn and
Greene as well as others 8 This methodology has been shown to be valid and reliable
16,17 Details of this technique from our laboratory, in a companion cohort of HF and matched
controls, are published elsewhere 19 Briefly, the inner most edge of the intra-thoracic cavity
and outer most edge of the cardiac silhouette on both radiographic views were manually traced
on a digitizing tablet (AccuGrid A43BL, Numonics Corp, Montgomeryville, Pennsylvania)
with data exported to a digitizing software program (Didger 3, Golden Software Inc, Golden,
Colorado) on a personal computer for offline analysis. Coordinate data were used to make
linear measurements for the volumetric computation. The volumetric measures for total
thoracic cavity volume (TTCV), cardiac volume (CV), and the total radiographic lung volume
(TLCR) were calculated as follow: TTCV=(1/4 n)*D1*D,*D3 where D, represents width,
depth and height of the PA and LAT views, CV=(1/6n)*D,*D,*D3 where D, represents
diameters of the atrium and ventricles in the PA and LAT views and TLC=TTCV=(CV+DV
+PBV+PTV) where DV represents diaphragm volume, PBVdauImonary blood volume and
PTV, parenchymal tissue volume (for details see reference 1

Echocardiographic Evaluation

Doppler and 2D echocardiographic measurements were performed according to the
recommendations of the American Society of Echocardlography . Left atrial (LA)
dimension, left ventricular (LV) mass, LV internal dimension during systole and diastole
(LVIDs and LVIDd, respectively), interventricular septal thickness (IVST), LV posterior wall
thickness and left atrial end-diastolic dimension were measured. Left ventricular mass was
calculated using the formula of Troy and colleagues 21 | eft ventricular mass index was
calculated as left ventricular mass divided by body surface area. The LV ejection fraction (EF
%) was calculated using the modified Simpson’s rule 22 Transmitral inflow velocity was
obtained from a 2-dimensional apical window with the pulsed wave Doppler function
facilitating the calculation of maximal early flow velocity (E), maximal late flow velocity (A),
the ratio of maximal early to late flow velocity (E/A), and deceleration time of the early diastolic
filling.

Pulmonary Function Evaluation

Participants underwent spirometry evaluation including, forced vital capacity (FVC) and
assessment of maximal expiratory airflows including forced expiratory volume in one second
(FEV1), mean forced expiratory flow between 25% and 75% of the FVC (FEF,5.75) and
maximal FEF (FEF,ax). Participants also underwent assessment of the diffusing capacity of
the lung for carbon monoxide (DLCO) and measurement of alveolar volume (TLCya) using
the single breath method. Spirometry and DLCO measures were collected in accordance with
the American Thoracic Society (ATS) standards 2

Statistical Analysis

Statistical analysis and graphic presentation were accomplished using SPSS (v 12.0, Chicago,
IL) and Graphpad Prism (v 4.0, San Diego, CA). One-way analysis of variance (ANOVA) was
used to test means across the groups with Bonferonni post-hoc analysis where appropriate.
Unpaired t-tests were used to compare the control and the entire CHF group. Partial correlations
were calculated between radiographic measures and measures of HF severity adjusting for age,
height, weight, body surface area, smoking history, and systolic and diastolic blood pressure.
Standardized beta coefficients were calculated from linear regression. Fischer’s exact test was
used to test for differences in categorical variables. Statistical significance was set at p<0.05
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for all analyses. Data are presented as mean = standard deviation (SD) or number and percent
of the group.

RESULTS

Population Characteristics

The clinical characteristics of each study group are reported in Table 1. Notable differences
include a lower body mass index for the control group compared to Group B (p<0.05) due to
a difference in body weight between groups (p<0.05) as opposed to a difference in height.
These differences contributed to the trend for elevated BSA in Group B (p=0.08). By definition
Group A demonstrated a greater NYHA class compared to Group B (p<0.05) although there
were no differences between the HF groups for medication use. Also, the control group had
greater exercise history compared to either Group A (p<0.05) or Group B (p<0.05) with no
differences between the HF groups.

Radiographic Evaluation

The radiographic volumetric measurements are reported in Table 2. There were no differences
between the groups for TTC volume (p=0.63). The groups differed significantly in blood and
parenchymal tissue, cardiac, and lung volumes expressed in absolute terms (p<0.05 for all).
There were differences between the groups for all measurements (p<0.05) when examining
these measurements as a % of the TTC volume. Importantly, the radiographic measures
delineated differences between the HF groups for absolute cardiac volume (p<0.05) and both
cardiac volume and lung volume as a % of the TTC volume (p<0.05 for both).

Echocardiographic Evaluation

The results of the primary structural echocardiographic evaluation are also shown in Table 2.
The LV mass was greater in both HF groups compared to the CTL group (p<0.05 for both CHF
groups) as was the LV mass index (p<0.05 for both CHF groups). Also, there was a difference
in left atrial dimension between the HF groups and CTL group (p<0.05 for both HF groups).
Although there was no difference among the groups for LV posterior wall thickness (CTL=9.1
+2.0vs. Group A=10.0+2.0 vs. Group B=9.2+1.2 mm, p=0.17), there was a difference between
the HF groups compared to the CTL group for LV dimension during systole (CTL=29.5%5.2
vs. Group A=53.5+11.3 vs. Group B=56.6+£14.0 mm, ANOVA p<0.001 and p<0.05 for both
HF groups) and diastole (CTL=48.4+5.4 vs. Group A=64.0+9.2 vs. Group B=65.9+11.6 mm,
p<0.001 and p<0.05 for both HF groups). Interestingly, as opposed to the radiographic
evaluation, the echocardiographic measures of LV structure (i.e. LV mass, LV mass index, and
LV dimension during systole or diastole) did not differ between the HF groups relative to
disease severity. The ANOVA demonstrated no significant differences between the groups for
peak A-wave velocity (CTL=0.6£0.1 vs. Group A=0.7+0.3 vs. Group B=0.6+0.2 m/sec,
p=0.12), E/A ratio (CTL=1.3+0.5 vs. Group A=1.4+1.1 vs. Group B=1.6+£1.1 mm, p=0.51), or
E-wave deceleration time (CTL=205.9+49.8 vs. Group A=212.7+81.7 vs. Group B=183.8
+42.1 msec, p=0.40). There was, however, a significant difference between the CTL group and
Group B for peak E-wave velocity (CTL=0.7+0.2 vs. Group B=0.9+£0.3 m/sec, p<0.05) whereas
Group A (0.8+£0.3 m/sec) was not statistically different from either the CTL group or Group
B.

Pulmonary Function Evaluation

The results of the pulmonary function evaluation are detailed in Table 3. The HF group
demonstrated primarily restrictive changes compared to the CTL group, noted by the reduction
in the % predicted FVVC, and FEV, with a comparable FEV1/FVC ratio. Group A demonstrated
a reduced FEF,5.75 compared to the CTL group (p<0.05 for both absolute and % predicted).
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Both HF groups demonstrated reduced % predicted DLCO (p<0.05 for both groups) whereas
only Group B differed from the CTL group for the % predicted VA (p<0.05).

Comparison of Radiographic and Echocardiographic Measures of Cardiac Size in Predicting
Lung Volumes and Restrictive Pulmonary Changes

Table 4 details the partial correlation coefficients between the TLCg, TLCya, and DLCO and
the radiographically and echocardiographically determined cardiac size. This analysis
highlights the negative relationship between lung volume and cardiac size, although the
echocardiographically determined measures of cardiac size did not correlate with the %
predicted TLCya. There also was a significant relationship between DLCO and left atrial
dimension and the absolute cardiac volume. The relationship with the absolute cardiac volume
however was no longer significant but rather demonstrated a trend after correcting for TTC
volume.

Table 5 outlines the relationship between FVC, FEV,, and FEF,5.75 and radiographically and
echocardiographically determined cardiac size. The partial correlation coefficient suggests a
close relationship between both the radiographically determined cardiac volume and FVC.
There was also a close correlation between the echocardiographically determined LV Mass
and LV Mass Index and FVVC. There were no significant relationships between radiographically
and echocardiographically determined cardiac dimensions and FEF5.75. The partial
correlation analysis demonstrated a minor trend towards a significant relationship between
FEF,5.75 and left atrial dimension although there were no other significant relationships.

Figure 1 graphically depicts key relationships outlined in tables 4 and 5 separated by groups.
These figures demonstrate that the elevation in cardiac mass is closely related to the reduction
in lung volumes and restrictive pulmonary changes in this population of HF patients.

DISCUSSION
Primary Findings

Chronic heart failure often results in restrictive and to a lesser degree obstructive changes in
pulmonary function. Heart failure also is associated with gas exchange abnormalities including
reductions in DLCO. Reasons for these changes in lung function are likely multifactorial,
particularly during times of decompensation. However, in stable, well managed HF patients
who are not morbidly obese and who have a limited smoking history, increased cardiac volume
may play an important role in reducing maximal lung volumes and to a lesser extent maximal
airflows. It is possible that the association observed between lung function and cardiovascular
mortality in Iar%e epidemiological studies, including those associated with the Cardiovascular
Health Study 11 and Framingham Heart Study 25,26 may be partially due to this link with
cardiac size, which is also associated with severity of heart failure 1 The findings of the present
study suggest that although newer echocardiographic derived measures of cardiac dimensions
appear to be associated with lung function, these measures are less predictive than
radiographically determined cardiac volume. The reasons for the more predictive nature of the
radiographic estimation of cardiac size may be due to the incorporation of the entire cardiac
mass as opposed to individual chamber assessment as well as the normalization of the heart
and lung estimations for the total thoracic volume.

Results of Epidemiological Studies in Relation to Pulmonary Function

In a prospective follow-up of approximately 2,500 individuals over 5 years, Beaty and
colleagues 10 gemonstrated that pulmonary function impairment is a significant risk factor for
short- and long-term morbidity and mortality, despite adjustment for potential confounding
factors such as age, gender, and smoking status. These authors suggest that impairment of

J Card Fail. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Olson et al.

Page 6

pulmonary function not only contributes to morbidity and mortality independently but also
does so through its pathogenic contribution to several non-respiratory diseases. This
relationship also has been documented in patients at risk for myocardial infarction and sudden
death 27, those with obstructive airway disease 28 and those with lung cancer 29 Thus it is
apparent that pulmonary limitations, including those of a restrictive nature, not only act as a
marker of underlying disease but also significantly elevate an individuals risk for morbidity
and mortality independently.

Pulmonary Function Changes in Chronic Heart Failure

A number of studies have examined the baseline changes in pulmonary function in patients
with CHF. These include relatively minimal change compared to age and height predicted
measures 30, primarily restrictive abnormalities 31 obstructive changes 7 and combined
restrictive and obstructive alterations L. It is apparent that disorders of the heart frequently
contribute detrimentally to the pulmonary system. Although the specific mechanisms causing
altered lung function in HF are not entirely clear, these changes have been ascribed to
respiratory muscle weakness 4’32, chronic pulmonary congestion and hypertension 33,
changes in lung fluid balance 5 as well as neurohumoral changes 4-6_ However, because the
pulmonary and cardiac systems are hemodynamically and mechanically linked, it would be
expected that progressive increases in cardiac volume within a closed thoracic cavity may
contribute to the pulmonary function abnormalities in HF patients. One would expect such
changes in cardiac size to result in primarily restrictive lung changes manifested as reductions
in TLC as well as VC 2.

Influence of Heart Size on Restrictive and Obstructive Pulmonary Function Changes

Cardiac enlargement, commonly seen in HF, leads to reductions in intrathoracic space and
limits the ability of the lungs to fill adequately. This could potentially reduce the effectiveness
of the elastic recoil component of exhalation due to insufficient stretch of the lungs and result
in reduced maximal expiratory flows 12,13 The inability of the lungs to fill due to a mechanical
limitation of space would be represented by primarily restrictive changes exhibited as reduced
TLC, FVC, and FEV1. As such, the present study demonstrated significantly reduced TLC in
HF patients, measured either as the radiographically estimated volume and reported as a percent
of the total thoracic cavity or total alveolar volume from single breath gas dilution. Also, our
results suggest that both TLC measures were closely related to the radiographically determined
absolute cardiac size and the cardiac size in relation to the thoracic cavity. Similar to the
findings of Ulrik and colleagues 14 who demonstrated no relationship between LV end-
diastolic volume and indices of pulmonary function, the results of this study do not demonstrate
a significant relationship with TLC and the echocardiographically determined measures of
cardiac size.

In support of the relationship between cardiac size and restrictive alterations of pulmonary
function, we noted significantly reduced FVC and FEVin the HF patients as compared to the
control group. Further, as is typical of a restrictive pattern of pulmonary dysfunction, both the
FVC and FEV1 were reduced proportionately resulting in a normal FEV{/FVC ratio 23 When
examining the reduction of FVC and FEV in relation to the radiographically and
echocardiographically determined cardiac size it was apparent that the strongest predictor of
reduced FVC and FEV1 was the radiographically determined cardiac size reported as a
percentage of the total thoracic cavity volume. These results are consistent with a previous
study by Hosenpud and colleagues who have shown a significant relationship between the
difference in heart size before and after transplantation and the change in FVC as well as
significant proportional improvements in FVC and FEV; associated with cardiac
transplantation, in HF patients 13 However, this relationship described by Hosenpud et al.
could also have been related to factors other than cardiac size, such as reduced lung congestion
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and lower pulmonary vascular pressures. The relationship with lung function would also be
influenced by factors such as the size of the donor heart relative to the previous heart size and
the general size of the thoracic cavity. The present study focused on the impact of cardiac size
alone and controlled for the size of the thoracic cavity. In addition, the potential for bias related
to the size of the post-transplant heart or post-transplant changes in hemodynamic status is
minimized by evaluating hemodynamically stable and optimally managed patients. With this,
there was relatively little difference between the three groups with regard to LV filling
pressures. Although there was a significant difference in the early mitral inflow velocity (E-
wave) between Group B and the control participants these results do not account for the
differences in heart size or relationships between heart size and pulmonary function as seen
between the two heart failure groups. These results would suggest that the cardiac volume, as
opposed to LV filling pressure, plays a larger role in the reduction of pulmonary function in
this population. Further, in contrast to previous reports, the present study also demonstrates
the relationship between heart size and maximal airflows and DLCO. The present study uses
a more comprehensive radiographic volumetric assessment of cardiac size and compares this
to the more commonly reported echocardiographic measure of LV mass. The
echocardiographic LA dimension, LV mass and LV mass index also showed a significant
correlation (albeit less than the total radiographically determined cardiac size) with the
reductions in FVC and FEV 1, supporting the relationship between heart size and lung volumes.

The results of this study also demonstrate that the percent predicted mean forced expiratory
flow during the mid portion of the FVC (FEF»5.75) as well as the DLCO were significantly
reduced in our HF patients as compared to the control group. The relatively similar reduction
in FEF,5_75 compared to the reduction in FEVq suggests a pure restrictive breathing pattern,
with no evidence of significant airway involvement. This is consistent with previous findings
from our group in which we found minimal obstructive changes in a stable, non-smoking HF
population 34, Importantly the forced expiratory airflows were not apparently related to cardiac
size measured either by radiographic or echocardiographic methods. In contrast, the
radiographically determined cardiac size and echocardiographically determined LA diameter
were related to the DLCO. Agostoni and colleagues 12 have shown that the cardiothoracic
index is an independent predictor of DLCO; however when corrected for alveolar volume these
relationships were lost or greatly reduced. Thus, elevated cardiac size likely plays a role in the
reduced DLCO by a direct mechanical compression of the lung resulting in reduced alveolar
volume and overall TLC with subsequent limitation of membrane diffusion capacity.
Conversely, It has also been suggested that an acute reduction in cardiac size by transplantation
results in either no change or significant reduction in DLCO 12,14,35 however, these findings
have been attributed to significant pulmonary vascular structural changes associated with
disease severity 14,

Potential Limitations

A potential limitation of this study is the relationship between total body weight and pulmonary
function. It is well known that obesity can result in similar pulmonary function changes as
those observed in this study 36, The HF patients in this study were significantly heavier than
the control group. In an effort to control for this difference, as well as other potentially
confounding factors, the regression analyses were adjusted for age, height, weight, body
surface area, systolic blood pressure, and diastolic blood pressure. Thus, the results presented
demonstrate relationships which are independent of these potentially confounding influences.

Clinical Implications

It is clear that the HF associated changes in cardiac size within a closed thoracic cavity pose
significant constraints on the lungs and result in reductions in lung volumes and contributes to
the overall restrictive breathing pattern often reported in heart failure patients 37 In addition,

J Card Fail. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Olson et al.

Page 8

the cardiomegaly associated changes in lung function may contribute to the inspiratory load,
result in low lung volume breathing, limit the encroachment on the inspiratory reserve volume
during times of increased ventilatory demand, and contribute to symptoms of dyspnea 37,
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FIGURE 1.

A. Correlation between the percent of the TTC volume that is taken up by the heart and the
radiographically determined TLC. B. Correlation between the percent of the TTC volume that
is taken up by the heart and the spirometrically determined percent predicted FVC. C.
Correlation between the TTC volume that is taken up by the heart and the TLC measured as
the percent predicted alveolar volume. D. Correlation between the percent of the TTC volume
that is taken up by the heart and the spirometrically determined percent predicted FEV.

Control=0. Group A=m. Group B=n.
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