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Abstract

Background/Objectives—Following repair of congenital heart disease (CHD), adult patients
are at risk for reduced exercise capacity. Restrictive lung disease (RLD) may contribute to reduced
exercise capacity in this population. The aim of this study was to determine the prevalence of RLD
and its impact on exercise tolerance in the adult with congenital heart disease.

Methods—One hundred consecutive adult patients with CHD, who underwent routine
cardiopulmonary exercise testing with spirometry, were evaluated. Clinical data was obtained by
retrospective chart review.

Results—~Patients from 10 major diagnostic groups were identified. The median age for the
cohort was 31 years (range 18-63) and included 43 males and 57 females. Most patients, 79%, had
at least one previous surgical procedure. Based on spirometry and flow/volume loops, 50 patients
were classified as normal pulmonary function, 44 patients had patterns suggestive of RLD, 4
suggestive of mixed (obstructive and restrictive), and 2 indeterminate. Risk factors associated with
RLD include history of multiple thoracotomies (odds ratio=9.01, p=0.05) and history of atrial
arrhythmias (odd ratio=4.25, p=0.05). Overall, 56% of the patients had abnormal exercise
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capacity. Spirometry suggestive of RLD was a significant risk factor for decreased exercise
capacity (odds ratio=3.65, p=0.03). Patients with spirometry suggesting RLD also had lower
exercise duration (p=0.004) and a higher New York Heart Association Functional Class (p=0.02).
History of previous surgery and decreased heart rate reserve were also significant risk factors for
decreased exercise capacity.

Conclusion—Abnormal spirometry suggestive of RLD is common in the adult with CHD and is
a significant risk factor for decreased exercise tolerance in this population. Further studies, are
needed to evaluate the relationship between RLD and exercise intolerance and its relationship to
mortality in the adult with CHD.
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Introduction

Methods

Recent data indicates that patients, after repair of congenital heart defects during infancy and
childhood, have reduced exercise capacity once they reach adulthood.(1-6) Exercise
intolerance in adults with congenital heart disease (CHD) is associated with an increased
risk for hospitalization and death.(7) Decreased exercise capacity in this population is often
attributed to an underlying cardiac etiology, including abnormal heart rate response to
exercise and cardiac dysfunction. There are many studies, however, that have reported
abnormal pulmonary function in adults with CHD, which may also contribute to reduced
exercise capacity.(8-10) Spirometry measurements of lung function performed during
cardiopulmonary exercise testing have suggested a higher incidence of restrictive lung
disease (RLD).(11,12) Prior surgery during infancy and childhood, with subsequent lung
scarring, chest deformities, and diaphragmatic palsy, are some of the many possible
mechanisms for the abnormal pulmonary function observed in this population.

RLD may be a common, but under-recognized cause for long-term morbidity in adult
survivors of congenital heart defects as it contributes to reduced exercise tolerance and
decreased functional capacity. Treatment options for RLD, such as pulmonary rehabilitation,
are effective in improving exercise endurance and the quality of life and in reducing hospital
admissions in patients with RLD of various other causes.(13) These treatment options are
likely underutilized in adults with CHD due to the fact that the true prevalence and etiology
of abnormal pulmonary function in this diverse population is unknown. The aim of this
study was to determine the prevalence of restrictive lung disease and its impact on exercise
capacity in the adult with CHD.

Patient population

After receiving approval from the Children’s Hospital of Wisconsin and Medical College of
Wisconsin institutional review board, the Wisconsin Adult Congenital Heart Disease
Program (WAtLCH) patient database was evaluated. One hundred consecutive adult (=18-
years-old) patients with a history of congenital heart disease, who had undergone treadmill
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cardiopulmonary exercise stress testing with spirometry within the last 12 months, were
identified. Patients with connective tissue disorders and muscular dystrophy were excluded.
Clinical and exercise stress test data was obtained by retrospective chart review.

Exercise stress test

Statistics

Results

All cardiopulmonary exercise tests were performed at the Herma Heart Center outpatient
congenital heart disease clinic using a standard Bruce protocol on a treadmill ergometer with
incremental increases in speed and grade to voluntary exhaustion. Oxygen consumption
(VOy) was determined (CareFusion Corp., Yorba Linda, CA) and electronically recorded on
a breath-by-breath basis. Maximal VO, was recorded. A test was considered maximal if the
peak heart rate exceeded 90% predicted maximum, a plateau occurred in the VO, that did
not rise with increasing work, or the respiratory quotient (RQ) exceeded 1.10. Peak oxygen
consumption was expressed as a percent of predicted for stature, body mass, and age.
Abnormal exercise capacity was defined as an indexed peak VO, < 80% predicted.

Spirometry (CareFusion Corp., Yorba Linda, Ca) was performed according to reviewed
standards, with forced vital capacity (FVC), forced expiratory volume in 1 second (FEV1),
peak expiratory flow rate (PEFR), and maximal mid-expiratory flow (FEF25-75) obtained.
(14) Values were expressed as a percent predicted for stature, body mass, and age. Results of
spirometry and flow/volume loops were reviewed by an independent pulmonologist blinded
to the clinical data. Patients were classified categorically based on spirometry results into 4
groups: normal pattern (normal FEV1, FVC, and FEV1/FVC), pattern suggestive of
restrictive lung disease (FVC less than 80% predicted, normal or increased FEV1/FVC, and
convex shape of the expiratory limb on the flow-volume curve), pattern suggestive of
obstructive lung disease (FEV1/FVC less than 80% predicted and concave shape of the
expiratory limb on the flow-volume curve), and mixed pattern.(15)

The primary outcome of interest was exercise capacity. This was evaluated for dependence
on patient characteristics, primarily presence of RLD. Multivariate analysis was also used to
evaluate factors associated with RLD. Statistical calculations were performed with SAS
OnDemand Enterprise Guide 4.3 (SAS Institute, Cary, NC). Data are expressed as median
with ranges or mean + standard deviation. Comparisons between groups were performed
with Fisher exact test. Univariate analysis was performed using Fisher exact test and
multivariate analysis was performed with logistic regression. A p value of <0.05 was
considered significant. Unadjusted and adjusted odds ratios are presented for significant
factors.

The median age for our cohort (n=100) was 31 years (range = 18-63 years), and included 43
male and 57 female subjects. Table 1 outlines the congenital heart diagnoses of the patients.
The most common diagnosis for the cohort was coarctation of the aorta (n=19), followed by
Tetralogy of Fallot (TOF) (n=17). The next most common diagnostic category was left
ventricular outflow tract obstructive lesions not including coarctation of the aorta (n=12).
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This group consisted of patients with aortic valve stenosis, subaortic stenosis, and
supravalvular aortic stenosis. The remaining categories included septal defects (n=11),
comprised of patients with history of an atrial septal defect, ventricular septal defect, or
atrioventricular septal defect; single ventricle patients status post Fontan palliation (n=9); d-
transposition of the great arteries {S,D,D} (d-TGA) status post the atrial switch procedure
(n=9); congenitally corrected transposition of the great arteries {S,L,L} (ccTGA) (n=7);
Ebstein anomaly (n=7); pulmonary valve stenosis (n=5); and d-TGA s/p arterial switch
operation (ASO) (n=4).

Of the entire cohort, 79 patients had undergone at least one previous surgical intervention;
23 had undergone 2 previous surgeries; 15 had undergone 3 surgeries; and 7 patients had
undergone 4 surgeries. Overall, 41 patients had undergone at least one previous thoracotomy;,
and 11 had undergone 2 previous thoracotomies. Medications at the time of evaluation
included beta-blockers in 25, digoxin in 10, and anti-arrhythmic drugs in 7, of which 4 were
taking amiodarone. Six patients had a history of obstructive sleep apnea and were being
treated with continuous positive airway pressure. Four patients had a significant history of
smoking tobacco and admitted to smoking cigarettes daily. Seven patients had a history of
reactive airway disease and were on bronchodilators at time of evaluation. All 7 patients
were administered their bronchodilator prior to starting their exercise stress test.

At time of evaluation, the majority of patients, 63%, were in New York Heart Association
(NYHA) Functional Class I, 29% were in NYHA functional class 11, and 8% were in NYHA
functional class I11. No patients were in NYHA functional class IV.

Twenty four of the 100 patients had a history of atrial arrhythmias. Six patients had a history
of ventricular arrhythmias and all 6 had undergone previous implantation of a cardioverter-
defibrillator. Fourteen patients had undergone previous implantation of a permanent
pacemaker system.

At time of evaluation, 80% of the patients had normal systemic ventricular systolic function
by echocardiography or cardiac magnetic resonance imaging (MRI); 13% had mildly
reduced systolic function; and 7% had moderately reduced systolic function. No patient had
severely reduced systemic ventricular function. Similarly, the majority of patients, 75%, had
normal sub-pulmonic systolic function by echo or cardiac MRI; 12% had mildly reduced
subpulmonic systolic function; and 5% had moderately reduced subpulmonic systolic
function. No patient had severely reduced sub-pulmonic systolic function. Importantly, no
one had significant pulmonary artery hypertension at time of evaluation.

Based on spirometry and flow/volume loops, 50 patients were classified as normal, 44 had
patterns suggestive of RLD, 4 suggestive of mixed (obstructive and restrictive), and 2
indeterminate. Table 2 displays the number of patients with spirometry suggestive of RLD
based on patient diagnosis. Patients with a single ventricle were most likely to have
spirometry suggestive of RLD (8/9, 89%, p=0.03). Patients with TOF were also more likely
to have spirometry suggestive of RLD (13/17, 76%, p=0.05). Patients with a history of
Ebstein anomaly of the tricuspid valve and ccTGA were least likely to have abnormal
spirometry suggestive of RLD.
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Risk factors associated with spirometry suggestive of RLD are listed in Table 3. By
univariate analysis, history of previous surgery (p<0.0001), history of atrial arrhythmias
(p=0.01), history of amiodarone use (p=0.01), and having a permanent pacemaker (p=0.03)
were all significant risk factors. However, by multivariate analysis, only atrial arrhythmias
(p=0.05) and history of multiple thoracotomies (p=0.05) were significant risk factors. Age at
initial surgery, length of follow-up, tobacco use, history of asthma, and history of only one
previous thoracotomy were not significant risk factors.

Overall, 56% of the patients in the cohort had abnormal exercise capacity defined as a peak
VO, index of < 80% predicted. Table 4 displays the percentage of patients with abnormal
exercise capacity based on patient diagnosis and Table 5 demonstrates the mean and range of
the different exercise variables evaluated for each cohort. Overall, the patients with single
ventricles palliated with the Fontan procedure had the highest prevalence of abnormal
exercise intolerance, with 100% of patients in this diagnosis group having abnormal exercise
capacity. Patients with TOF were also statistically more likely to have abnormal exercise
capacity (p=0.02). Patients with Ebstein anomaly were least likely to have abnormal exercise
intolerance (p=0.05).

Risk factors associated with abnormal exercise capacity are listed in Table 6. Abnormal
spirometry suggestive of RLD was significantly associated with decreased exercise capacity
both by univariate (p<0.001) and multivariate analysis (p=0.03). Patients with spirometry
suggesting RLD also had significantly lower exercise duration (p=0.004), and a higher
NYHA functional class (p=0.02). Having a history of previous surgery was also a significant
risk factor by multivariate analysis (p=0.01). Other predictors of abnormal exercise capacity
included traditional risk factors such as lower chronotropic index and decreased heart rate
reserve. Atrial arrhythmias, history of amiodarone use, and permanent transvenous
pacemaker were significant factors by univariate, but not by multivariate analysis. Variables
that were not predictive of exercise intolerance in our cohort included length of follow-up,
patient age, and systemic ventricular dysfunction.

Discussion

To date, little has been published in regards to the prevalence and impact of RLD on the
adult with CHD. This is in contrast to patients with acquired heart disease, where the
relationship between abnormal lung function, exercise intolerance, and cardiovascular
mortality is well established.(16) In a study by Sin et al. of 1,861 patients, even a modest
decline in lung function was associated with a fivefold increase in deaths from ischemic
heart disease, independent of baseline smoking status and other potential confounding
factors such as age, gender, and Framingham risk scores.(16)

In the current study, we found that 44% of 100 consecutive patients who underwent
cardiopulmonary stress testing as part of their annual evaluation at our institution had
abnormal spirometry suggestive of RLD. This is markedly higher than the prevalence of
spirometry-diagnosed RLD in the general adult population, which is reported to be around
9.2%.(17) Patients with history of Fontan palliation for single ventricle physiology and TOF
were significantly more likely to have abnormal spirometry suggestive of RLD.
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Our results are consistent with previously published studies of lung function measured at
time of exercise testing in adults with CHD. Fredriksen et al. reported the results of
cardiopulmonary exercise testing on 475 adults with various diagnoses of CHD, including
ASD, ccTGA, Ebstein, Fontan and Mustards, and showed decreased mean F\VC% predicted
in all CHD diagnoses except patients with ASD.(1) Rigolin et al. also reported abnormal
pulmonary function in 31 adults with CHD undergoing exercise stress testing, and noted
both a reduced predicted FEV-1 of 73.2 + 17.9% and a reduced predicted FVC of 76.6
+17.6%, which are similar to values presented in this study.(10) A previous study has also
suggested a high prevalence of restrictive lung disease in patients previously palliated with
the Fontan procedure, with over 56% of the patients having abnormal spirometry suggestive
of restrictive lung disease.(11)

Restrictive lung diseases are a group of conditions characterized by reduced lung volume,
either because of an intrinsic cause, such as an alteration in lung parenchyma, or because of
an extrinsic cause, such as a disease of the pleura, chest wall, or neuromuscular apparatus.
The higher prevalence of restrictive lung physiology in adults with CHD may be secondary
to extrinsic pulmonary causes, including diaphragmatic weakness, respiratory muscle
weakness, and restrictive thoracic cage. Spinal deformities, including scoliosis and kyphosis,
are significantly more common in patients with CHD, and may be related to previous
thoracotomy or sternotomy.(18) This is supported by our results, which demonstrate that
patients with abnormal lung function were more likely to have a history of multiple
thoracotomies. In addition, patients in our series with the highest prevalence of abnormal
spirometry were patients with single ventricle physiology and TOF, who are most likely to
have undergone multiple previous surgeries, in particular multiple previous thoracotomies,
either for repair or for placement of palliative systemic artery-to-pulmonary artery shunts.

RLD may also occur in adults with CHD as a result of intrinsic lung factors, such as that
which may occur with lung toxicity from amiodarone use. In our study, we did find that all 4
patients being treated with amiodarone did have abnormal spirometry suggestive of RLD.
This however did not reach significance by multivariate analysis. A history of atrial
arrhythmias was also found to be a risk factor. We find this very interesting given many
experts hypothesize that one of the major impacts of RLD on cardiac function is an
abnormal interaction between the heart and lungs leading to elevated intracardiac filling
pressures.(19)

In addition to finding a high prevalence of abnormal lung function in our population of
adults with CHD, we also found that abnormal lung function was significantly associated
with reduced exercise capacity. Along with traditional predictors such as decreased
chronotropic index and heart rate reserve(20,21), we found that spirometry suggestive of
RLD was a strong predictor of exercise intolerance by multivariate analysis with an odds
ratio of 3.65 (p=0.03). While several exercise papers in the general population have been
published discussing the impact of RLD on exercise(19,22), we believe that our paper is one
of the first to demonstrate this relationship in adults with CHD. In this series, compared to
patients with normal lung function, patients with abnormal lung function were more likely to
have a lower peak VO, index, shorter exercise duration, and a higher NYHA functional
class.
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Factors that may contribute to decreased exercise tolerance among patients with RLD
include increased dead space ventilation, decreased vital capacity, increased minute
ventilation during exercise, reduced respiratory muscle strength from decreased thoracic or
lung compliance, and abnormal gas exchange. In addition, there is concern for abnormal
heart-lung interaction during exercise in patients with moderate RLD. Studies suggest that in
the setting of RLD there is cardiac impairment and right ventricular dysfunction as a result
of elevation in pulmonary artery pressures, and reduced compliance of the cardiac fossa
from stiff lungs or chest wall resulting in restricted right ventricular diastolic filling during
exercise.(19)

Limitations

This study was limited by the fact that it was a retrospective analysis and that the study
cohort had a limited number of subjects. In addition, this study included patients followed at
a single adult congenital heart disease center at a tertiary care medical center. Thus, subjects
may reflect a more complex and fragile subset of adults with CHD, and may not be an
accurate sample of the true adult congenital heart disease population. Finally, RLD was
assessed in this study using spirometry. Spirometry may only be suggestive of a diagnosis of
RLD. Pulmonary function testing with body plethysmography is needed to confirm the
diagnosis of RLD by showing a reduction in total lung capacity.(23,24) Advantages of
spirometry, however, are that it is low cost and typically performed during routine
cardiopulmonary exercise testing, and therefore may be a very useful screening test in this
population.

Conclusion

Abnormal spirometry suggestive of restrictive lung disease is common in the adult with
congenital heart disease and is significantly associated with decreased exercise tolerance in
this population. History of multiple previous thoracotomies during infancy or childhood may
be a risk factor for developing restrictive lung physiology in adulthood. Further studies, are
needed to evaluate the relationship between restrictive lung disease and exercise intolerance
and its relationship to mortality in the adult with congenital heart disease.
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Descriptive data including diagnosis, age at time of spirometry testing, and gender distribution.

Table 1

Diagnosis # of Patients | Median Age (years) Female
Coarctation of the aorta 19 28 (21-47) 10 (53%)
Tetralogy of Fallot 17 34 (18-55) 11 (65%)
LVOT obstructive lesion 12 24 (18-54) 5 (42%)
ASD, VSD, AVSD 11 38 (19-63) 7 (64%)
Single Ventricle s/p Fontan 9 34 (23-63) 4 (44%)
dTGA s/p Mustard 9 30 (19-52) 7 (78%)
ccTGA 7 42 (26-61) 5 (71%)
Ebstein anomaly 7 34 (20-44) 3 (43%)
Pulmonary valve stenosis 5 51 (21-60) 3 (60%)
dTGA s/p ASO 4 22 (19-28) 2 (50%)
Total 100 31 (18-63) 57 (57%)

Page 10

ASD=Atrial septal defect, ASO=Atrterial switch operation, AVSD=Atrioventricular septal defect, ccTGA=Congenitally corrected transposition of

the great arteries, dTGA=d-transposition of the great arteries, L\VOT=Left ventricular outflow tract, VSD=Ventricular septal defect
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Table 2
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Percentage of patients in each diagnosis category with abnormal spirometry suggestive of restrictive lung

disease.
Diagnosis # of Patients | Abnormal | Normal | p Value
Coarctation of the aorta 19 42% 58% NS
Tetralogy of Fallot 17 76% 24% 0.05
LVOT obstructive lesion 12 25% 75% NS
ASD, VSD, AVSD 11 36% 64% NS
Single Ventricle s/p Fontan 9 89% 11% 0.03
dTGA s/p Mustard 9 44% 56% NS
cCTGA 7 0% 100% 0.004
Ebstein anomaly 7 0% 100% 0.004
Pulmonary valve stenosis 5 60% 40% NS
dTGA s/p ASO 4 25% 75% NS
Total 100

ASD=Atrial septal defect, ASO=Arterial switch operation, AVSD=Atrioventricular septal defect, ccTGA=Congenitally corrected transposition of
the great arteries, dTGA=d-transposition of the great arteries, LVOT=Left ventricular outflow tract, NS= not significant (p>0.05), VSD=Ventricular

septal defect
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Risk factors associated with abnormal spirometry suggestive of restrictive lung disease

Table 3

Page 12

Risk Factor Unadjusted Odds Ratio Univariate Analysis (p Adjusted Odds ratio Multivariate Analysis (p
Value) Value)
History of > 1 thoracotomy 2.89 0.08 9.01 0.05
History of atrial arrhythmias 3.55 0.01 4.25 0.05
History of previous surgery 13.1 <0.0001 - NS
History of amiodarone use 9.64 0.01 - NS
Permanent pacemaker 3.94 0.03 -- NS
History of thoracotomy 1.99 0.10 - NS

NS=not significant (p>0.05)
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Percentage of patients in each diagnosis category with exercise intolerance based on peak VO, index.

Table 4

Diagnosis # of Patients | Abnormal | Normal | p Value
Coarctation of the aorta 19 42% 58% NS
Tetralogy of Fallot 17 82% 18% 0.02
LVOT obstructive lesion 12 25% 75% NS
ASD, VSD, AVSD 11 36% 64% NS
Single Ventricle s/p Fontan 9 100% 0 0.02
dTGA s/p Mustard 9 78% 22% NS
cCTGA 7 43% 57% NS
Ebstein anomaly 7 14% 86% 0.05
Pulmonary valve stenosis 5 80% 20% NS
dTGA s/p ASO 4 75% 25% NS
Total 100 56% 44%

Page 13

ASD=Atrial septal defect, ASO=Atrterial switch operation, AVSD=Atrioventricular septal defect, ccTGA=Congenitally corrected transposition of
the great arteries, dTGA=d-transposition of the great arteries, L\VOT=Left ventricular outflow tract, NS=not significant (p>0.05), VSD=Ventricular

septal defect
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Table 6

Risk factors associated with abnormal exercise capacity based on peak VO, index.

Page 15

Risk Factor Unadjusted Odds Ratio Univariate Adjusted Odds Ratio Multivariate
Analysis (p Analysis (p Value)
Value)

Spirometry suggestive of restrictive lung 6.42 <0.001 3.65 0.03
disease

History of previous surgery 9.58 <0.001 6.84 0.01
Low heart rate reserve (<70 bpm) 14.50 0.001 10.37 0.04
Low chronotropic index (<0.65) 13.32 0.002 - NS
History of atrial arrhythmias 3.32 0.045 - NS
History of amiodarone use N/A 0.024 - NS
Permanent pacemaker 6.96 0.049 -- NS

“Unable to calculate odds ratio as 100% of patients with history of amiodarone use had abnormal exercise capacity,

NS=not significant (p>0.05).
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