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ORIGINAL RESEARCH

Functional Capacity Past Age 40 in Patients 
With Congenital Ventricular Septal Defects
Marie Maagaard , MD, PhD; Filip Eckerström, MD; Nicolai Boutrup , MS; Vibeke E. Hjortdal, MD, PhD, DMSc

BACKGROUND: Ventricular septal defects (VSD), when treated correctly in childhood, are considered to have great prognoses, 
and the majority of patients are discharged from follow-up when entering their teens. Young adults were previously found to 
have poorer functional capacity than healthy peers, but the question remains whether functional capacity degenerates further 
with age.

METHODS AND RESULTS: A group of 30 patients with surgically closed VSDs (51±8 years) with 30 matched, healthy control 
participants (52±9 years) and a group of 30 patients with small unrepaired VSDs (55±12 years) and 30 matched control par-
ticipants (55±10 years) underwent cardiopulmonary exercise testing using an incremental workload protocol and noninvasive 
gas measurement. Peak oxygen uptake was lower in participants with closed VSDs than matched controls (24±7 versus 
34±9 mL/min per kg, P<0.01) and with unrepaired VSDs than matched controls (26±5 versus 32±8 mL/min per kg, P<0.01). 
Patients demonstrated lower oxygen uptake from exercise levels at 20% of maximal workload compared with respective 
control groups (P<0.01). Peak ventilation was lower in patients with surgically closed VSDs than control participants (1.0±0.3 
versus 1.4±0.4 L/min per kg, P<0.01) but similar in patients with unrepaired VSDs and control participants (P=0.14). Exercise 
capacity was 29% lower in older patients with surgically closed VSDs than healthy peers, whereas younger patients with sur-
gically closed VSDs previously demonstrated 18% lower capacity compared with peers. Older patients with unrepaired VSDs 
reached 21% lower exercise capacity, whereas younger patients with unrepaired VSDs previously demonstrated 17% lower 
oxygen uptake than healthy peers.

CONCLUSIONS: Patients with VSDs demonstrate poorer exercise capacity than healthy peers. The difference between patients 
and control participants increased with advancing age—and increased most in patients with operated VSDs—compared with 
previous findings in younger patients. Results warrant continuous follow-up for these simple defects.

Key Words: adult congenital heart disease ■ functional capacity ■ long-term outcome ■ ventricular septal defects

The isolated ventricular septal defect (VSD) belongs 
to the simple types of congenital cardiac defects, 
with good surgical results for hemodynamically 

significant lesions and subsequent discharge from 
further follow-up.1,2 Treatment of patients with small, 
insignificant defects is conservative, and following 
visits in outpatient-clinics for the first two decades of 
life, patients are usually discharged from further foll-
wo-up although no clear consensus on this area ex-
ists.3 According to some earlier guidelines, neither 
surgically closed nor small unrepaired defects require 

continuous follow-up at specialized centers, reflecting 
that late outcome is generally considered benign.4–7 
However, there is a paucity of data investigating long-
term outcomes in these patients. The true burden of 
late morbidity may not become manifest until later in 
life.

Our research group has previously demonstrated a 
number of abnormal outcomes when young adults with 
congenital VSDs were compared with healthy peers. 
Young adults with surgically closed VSDs display im-
paired ventricular contractility,8 compromised ventilatory 
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response,9 and reduced cardiac output10 during exer-
cise, as well as decreased heart rate variability11 and 
altered pulmonary function12 at rest. Moreover, both sur-
gically closed and unrepaired VSDs have demonstrated 
lower functional capacity13–16 and abnormal biventricular 
morphology17 during exercise. An increasing number of 
studies, both clinical and register-based, likewise note a 
significant burden of cardiovascular events in patients 
with a congenital VSD.18–20 Perhaps consequently, the 
latest updates in a set of international guidelines now 
recommend continuing follow-up of these simple de-
fects.21 However, the question remains whether these 
findings in young adulthood are static, will normalize, or 
will degenerate as patients get older and could poten-
tially need either surgical or medical intervention in the 
future. In this study, we set out to investigate exercise 
capacity in a group of patients, all aged >40 years, with 
surgically closed or unrepaired VSD.

METHODS
Ethics
This study protocol complies with the ethical standards 
of the Regional Committee on Biomedical Research 

Ethics of the Central Denmark Region (chart 1-10-72-
185-18), the regional data protection bank (Region 
Midts fortegnelse over forskningsprojekter, chart 1-16-
02-290-18), and the Helsinki Declaration of 1975, re-
vised in 2008. The project is registered on Clini calTr 
ials.gov (identifier NCT03684161). Following written 
and oral information, all participants gave written in-
formed consent before study inclusion, consistent with 
Danish law. The data that support the findings of this 
study are available from the corresponding author on 
reasonable request.

Study Population
At Aarhus University Hospital, Denmark, adults aged 
40 to 75 years who were born with a VSD were in-
cluded in a cross-sectional study with healthy age- 
and sex-matched controls. Inclusion criteria were 
either a surgically closed VSD or an unrepaired VSD 
that had previously been deemed hemodynamically 
insignificant by echocardiography or cardiac cath-
eterization. Patients were identified by searching 
hospital records using the diagnosis code for a VSD 
(DQ210). At the time of inclusion, patients under-
went auscultation and echocardiography to exclude 
spontaneous defect closure in the unrepaired VSDs 
and significant residual VSD in the surgically closed 
group. Exclusion criteria included coexistence of 
serious congenital cardiac lesions, associated syn-
dromes (eg, Down syndrome), or severe pulmonary 
disease. For comparison, flyers and announcements 
on an official webpage (www.forso egspe rson.dk) 
invited healthy people to participate in the study as 
controls, and participants were included in an ad hoc 
manner throughout the study period to match the 
patients for age and sex. Patients and control partici-
pants were included in random order.

Cardiopulmonary Exercise Test
Height and weight were measured, and body com-
position, defined as lean body mass as a percentage 
of total body weight, was determined by bioelectrical 
impedance analysis (SFB7 analyzer; ImpediMed) be-
fore the cardiopulmonary exercise test. Participants 
were asked to fill out the International Physical 
Activity Questionnaire22 to assess the amount of 
weekly physical activity, distinguishing between lev-
els of high-, moderate-, and low-intensity exercise. 
Participants were requested not to perform any ex-
hausting exercise sessions 24 hours before the test 
date and to abstain from large meals and coffee for 
at least 2  hours before the test. The exercise test 
was conducted on an upright ViaSprint 150P ergom-
eter cycle (Ergoline), and gas exchange was meas-
ured using a breath-by-breath technique (Jaeger 
MasterScreen CPX) and averaged for 15-second 

CLINICAL PERSPECTIVE

What Is New?
• People with congenital ventricular septal defects, 

surgically closed or unrepaired, in their mid-50s 
demonstrate 20% to 30% lower functional ca-
pacity than healthy peers, with markedly lower 
oxygen uptake evident at 20% of maximal effort.

• Comparative exercise studies in younger people 
with ventricular septal defects demonstrate that 
aging seems to have an accelerated impact on 
functional capacity when matched with healthy 
peers—most in those with operated ventricular 
septal defects.

What Are the Clinical Implications?
• Our results warrant continuous follow-up for 

patients with either successfully closed or unre-
paired congenital ventricular septal defects, as 
functional capacity seems to deteriorate further 
with age compared with healthy peers.

Nonstandard Abbreviations and Acronyms

RBBB right bundle-branch block
RV right ventricle
VSD ventricular septal defect
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intervals. Before each test, the ambient-, flow-, and 
gas-analyzing systems were calibrated with stand-
ardized calibration tools.

An individual workload ramp protocol was cho-
sen based on each participant’s body mass, sex, 
and habitual activity level. The incremental workload 
protocol had 5 levels, with the first 4 levels start-
ing at 25 W and increasing 5, 10, 15, or 25 W/min, 
and the fifth level starting at 100 W and increasing 
25 W/min. Each test lasted between 8 and 12 min-
utes. During testing, continuous 12-lead ECG and 
pulse oximetry monitoring were conducted, along 
with blood pressure measurements at rest and every 
second minute during exercise testing. Participants 
were meticulously instructed to maintain a pedal-
ing speed between 60 and 70 rounds/min without 
talking, standing, or releasing the handlebars during 
the tests. Participants were encouraged to exercise 
until complete exhaustion, and the test was consid-
ered valid if the respiratory exchange ratio, calculated 
as volume of carbon dioxide divided by the volume of 
oxygen uptake, was >1.1.23

End Points
The primary end point was peak oxygen uptake defined 
as the highest value of oxygen uptake per kilogram of 
body mass per minute reached during the exercise 
test. The peak oxygen uptake was chosen because it 
is considered the gold standard for functional capacity 
assessment.23 The secondary end point was ventila-
tory anaerobic threshold, an effort-independent meas-
ure of aerobic capacity defined as the point at which 
lactic acids start to accumulate in the blood stream. 
The value was automatically calculated by the Jaeger 
MasterScreen CPX software system using the V-slope 
method.24

Comparative Studies
We assessed raw data from 2 previously published 
studies from our group12,14,25 collected from identical 
upright bicycle tests of patients between ages 18 and 
30 years with either a surgically repaired or small unre-
paired VSD. Exercise tests were performed under con-
ditions similar to those of the current study with healthy 
age- and sex-matched controls, and the criteria for a 
valid test were identical to those of the current study. 
Peak exercise values and exercise curves were exam-
ined and compared with those of the currently studied 
older patients to assess possible changes in functional 
capacity.

Statistical Analysis
Continuous data were presented as mean±SD, as 
appropriate. Outcomes not normally distributed were 

presented as medians with total ranges. Normally 
distributed data were tested using the unpaired 
Student t test with either equal or unequal variance, 
which was tested using the variance-comparison test 
as appropriate, whereas the Wilcoxon rank sum test 
was used for nonnormally distributed data. The num-
ber of participants needed was determined based on 
power calculation of peak oxygen uptake based on 
findings from a similar study of patients with surgi-
cally closed VSD conducted by Heiberg et al.13 This 
approach was chosen because both the study setup 
and the primary end point were comparable. We ex-
pected a difference in peak oxygen uptake between 
patients and healthy controls that was 80% of the 
previously found difference with the same standard 
deviations, with a statistical power of 90% and a 
significance level of 5%. The estimated sample size 
for 2-sample comparison of means was at least 19 
participants, and to account for dropouts and post 
hoc excluded values, 30 participants were included 
in each group. Correlation analyses were made using 
the Pearson sample correlation r. P<0.01 was con-
sidered statistically significant. Descriptive data were 
collected, stored, and managed using Microsoft 
Excel 2010 (Microsoft Corp) and REDCap hosted at 
Aarhus University Hospital, Denmark.26 Statistical 
analyses and drawing of plots were performed using 
StataIC 11.2 (StataCorp) and GraphPad Prism 7 
(GraphPad Software).

RESULTS
Study Population
In total, 391 patients aged >40 years with a congeni-
tal VSD were found through a search by diagnosis 
code; 74 patients with surgically closed VSDs and 67 
patients with small unrepaired VSDs were eligible for 
inclusion, as shown in Figure 1. Between September 
2018 and August 2019, 30 patients with surgically 
closed VSDs and 30 healthy matched control par-
ticipants and 30 patients with small unrepaired VSDs 
and 30 healthy matched control participants were in-
cluded at Aarhus University Hospital. Patient groups 
and respectively matched control groups displayed 
similar demographics, as presented in Table  1. No 
sex- or ethnicity-based differences were present. 
Cardiovascular comorbidities were more prevalent 
in patients than controls. Regarding comorbidities 
of patients with surgically closed VSDs, 5 patients 
had arrhythmias and 8 had hypertension compared 
with hypertension in 4 control participants. Among 
patients with unrepaired VSDs, 9 had hyperten-
sion, 1 had diabetes mellitus, 1 had stroke, 1 had 
retinal artery occlusion, and 4 had arrhythmia com-
pared with hypertension in 6 control participants. 
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Regarding the different arrhythmias, 4 patients in 
the surgically closed group had atrial fibrillation and 
1 had sick sinus syndrome; in addition, 1 had first-
degree atrioventricular block and 2 had multifocal 
ventricular extrasystole. In the group with unrepaired 
VSDs, 3 patients had atrial fibrillation and 1 had atrio-
ventricular nodal reentry tachycardia; in addition, 1 
had first-degree atrioventricular block and 3 had su-
praventricular extrasystole. The usage of β-blockers 
and calcium channel blockers was distributed evenly 
among the groups of patients and control partici-
pants with no statistical difference in exercise capac-
ity between users and nonusers in any group. For the 
group with surgically closed VSDs, all patients were 
operated at Aarhus University Hospital between 
1967 and 2015 except 1 patient who was operated 
in Alberta, Canada, in 1964 at age 5 years. All proce-
dures were performed through median sternotomy on 
cardiopulmonary bypass with a cross-clamp on the 
aorta. Closure of the defect was performed with ei-
ther a Dacron- or pericardial patch or by direct suture 
through a right atrial or ventricular approach. Median 
age at surgical closure was 6.3 years (range, 1.4–54 

years) with all patients initially discharged after clo-
sure. Further information on surgery and anatomical 
position of VSDs, as classified into 4 types by Jacobs 
et al,27 is displayed in Table 2. None of the surgically 
closed VSDs had residual shunting except in 1 patient 
in whom an insignificant jet could be visualized by 
echocardiography. Overall, 53% of patients with sur-
gically closed VSDs were initially discharged at age 
<10 years (median age, 6.5 years; range, 2–8 years) 
and 47% were ≥10 years (median age, 19 years; 
range, 14–53 years). Following discharge, 60% were 
eventually referred again for check-up in outpatient 
clinics ≥1 time, with the most common cause being 
palpitations (33% of patients). Currently, 2 patients 
with surgically closed VSDs are followed with regu-
lar visits because of a mechanical aortic valve and a 
marginally dilated right ventricle (RV). Regarding the 
unrepaired VSDs, none were spontaneously closed 
and 83% had been discharged from further follow-
up at a median age of 19 years (range, 6–24 years). 
However, following discharge, 80% were referred 
back ≥1 time with the most frequent reasons being 
chest pain (47% of patients) and palpitations (27% of 

Figure 1. Flowchart illustrating the inclusion process of adults with a congenital VSD, aged ≥40 years.
VSD indicates ventricular septal defect.
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patients). Currently, 7 patients with unrepaired VSDs 
are followed at intervals of 3 to 5 years. Age, sex dis-
tribution, and age at time of surgical closure were 
comparable for eligible patients included in the study 
and patients who were eligible for inclusion but ei-
ther declined the invitation or did not respond. The 
cardiopulmonary exercise test was performed on the 
same day that the participants performed extensive 
lung function tests, as reported elsewhere.16

Cardiopulmonary Exercise Test
Outcomes of cardiopulmonary exercise tests in pa-
tients with either surgically corrected or small un-
repaired VSDs and respective matched control 
participants are displayed in Table 3. For peak oxy-
gen uptake, patients with surgically corrected VSDs 
reached values 29% lower than those of matched 
peers (P<0.01), whereas patients with unrepaired 
VSDs reached 21% lower peak oxygen uptake than 
healthy peers (P<0.01). Regarding aerobic capac-
ity, those with surgically closed VSDs demonstrated 
35% lower oxygen uptake than control participants 
(P<0.01), whereas those with small unrepaired VSDs 
reached 21% lower uptake than matched control 

participants (P<0.01). Both patient groups reached 
lower oxygen uptake throughout the exercise tests 
compared with respectively matched control groups, 
as seen in Figure 2. At exercise levels as low as 20% 
of maximal workload, patients demonstrated lower 
oxygen uptake than healthy peers, for both patients 
with surgically closed VSDs compared with con-
trol participants (4.2±1 versus 6.2±2  mL/min per 
kg, P<0.01) and those with small unrepaired VSDs 
compared with control participants (4.6±2 versus 
6.1±2 mL/min per kg, P<0.01). Considering previous 
pulmonary banding in the surgically closed VSDs, no 
difference was found in peak oxygen uptake when 
those with banded VSDs were compared with those 
with nonbanded VSDs (26.3±6 versus 22.1±8 mL/min 
per kg, P=0.18) or in anaerobic threshold (16.7±5 ver-
sus 14.3±8  mL/min per kg, P=0.33). The potential 
relationship between right bundle-branch block 
(RBBB) and both chronotropic impairment and de-
creased functional capacity was investigated for the 
patients with surgically closed VSDs, but no differ-
ence was found between 14 patients with complete 
and 16 patients with incomplete or no RBBB. This is 
further illustrated in Figure 3. Regarding exercise out-
comes in relation to cardiac surgery, no differences 

Table 1. Demographics in Patients With Either Surgically Closed or Small Unrepaired VSDs and Healthy Age- and  
Sex-Matched Control Participants

Closed VSD 
n=30

Healthy Controls 
n=30

Open VSD 
n=30

Healthy Controls 
n=30

Age, y 51±8 52±9 55±12 55±10

BMI 28±4 26±4 27±7 26±4

Height, cm 173±9 174±9 171±9 172±8

Weight, kg 84±15 80±15 78±24 76±17

BSA, m2 2.0±0.2 2.0±0.2 1.9±0.3 1.9±0.2

Male, % (n) 50 (15) 50 (15) 43 (13) 43 (13)

Lean body mass, % 72±8 75±6 72±8 74±5

Systolic BP, mm Hg 122±19 129±24 129±17 128±17

Diastolic BP, mm Hg 80±11 86±17 82±11 85±18

HR, beats/min 75±15 73±16 72±10 77±21

Smoking habits

Current/former/never, n 2/11/17 2/13/15 3/9/18 2/14/14

Cardiac comorbidities, n 9 4 9 6

NYHA class I/II/III, n 21/7/2 29/1/0 23/7/0 29/1/0

Prescription medicine, n 15 9 18 12

Antihypertensive 6 4 9 6

Anticoagulants 4 6

Antiarrhythmic 1 2

High-intensity exercise, min/wk 0 (0–2880) 28 (0–1680) 0 (0–1800) 10 (0–1680)

Moderate-intensity exercise, 
min/wk

90 (0–4800) 60 (0–1050) 90 (0–1680) 60 (0–1050)

Low-intensity exercise, min/wk 210 (10–5040) 308 (0–2940) 300 (0–1680) 315 (0–2940)

Data presented as mean±SD, median (range), or percentage (number). BMI indicates body mass index; BP, blood pressure; BSA, body surface area; HR, 
heart rate; NYHA, New York Heart Association; and VSD, ventricular septal defect.
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were found on any exercise parameters between pa-
tients with surgically closed VSDs and patients with 
small unrepaired VSDs.

Correlation Analyses
Associations between patient data and exercise out-
come were tested. None were found between peak 
oxygen uptake and pulmonary-to-systemic ratio, age 

at operation, time spent in hospital following opera-
tion, aortic occlusion time, or cardiopulmonary by-
pass time. For unrepaired VSDs, no relations were 
found between peak oxygen uptake and type of 
VSD, age at discharge, or pulmonary-to-systemic 
ratio information taken from previous catheterization 
reports.

Comparative Studies
Raw data from 2 studies12,14,25 on exercise capacity in 
patients with congenital VSDs aged 20 to 30 years, 
30 patients with surgically closed VSDs (mean 
age, 24±2 years) and matched peers (mean age, 
24±2  years) and 36 patients with unrepaired VSD 
(mean age, 24±4 years) and 36 matched peers (mean 
age, 24±2 years) were included for comparison of re-
sults of the current older cohort. Young patients with 
surgically closed VSDs reached peak oxygen uptake 
of 38.4±8  mL/min per kg and control participants 
reached 47.1±8 mL/min per kg (P<0.01). Patients with 
unrepaired VSDs reached 35.8±10  mL/min per kg, 
whereas control participants reached 46.3±8  mL/
min per kg. Exercise capacity was 29% lower in the 
currently tested older patients with surgically closed 
VSDs compared with healthy peers, whereas younger 
patients surgically closed VSDs demonstrated 18% 
lower exercise capacity compared with peers. Older 
patients with unrepaired VSDs reached 21% lower 
exercise capacity, whereas younger patients with 
unrepaired VSDs demonstrated 17% lower oxygen 
uptake than healthy peers. In Figure 4, curves of oxy-
gen uptake throughout the bicycle test are illustrated 
for younger and older patients with surgically closed 
and unrepaired VSDs and their respective matched 
control participants.

DISCUSSION
With improvements in treatment and diagnostic tools 
over the past decade, the population of adults with 
congenital cardiac defects is greater today than 
that of children with congenital cardiac defects.28,29 
Nevertheless, there is a lack of data documenting 
the long-term outcomes in this growing pool of adult 
patients. The novel findings in the current study of 
functional capacity past age 40  years in isolated 
patients with VSDs emphasize the importance of 
focusing on the long-term outcomes in this steadily 
increasing population. Our study reveals 3 important 
findings. First, functional capacity is lower by 20% to 
30% in people aged >40 years with congenital VSDs 
compared with healthy, matched peers. Second, 
compared with young patients with VSDs, the func-
tional capacity of older patients with VSDs is not 
normalized but rather remains decreased, with an 

Table 2. Clinical Characteristics of Patients With Either 
Surgically Closed or Small Unrepaired VSDs

Closed VSD 
n=30

Open VSD 
n=30

Type of VSD, n

Perimembranous 18* 17

Muscular 1 7

Inlet 1 4

Outlet 4 2

QpQs 2.1±0.5† 1.3±0.1†

Cardiac catheterization, times 1/≥2, n 5/19 11/9

Other congenital abnormality, n 9‡ 2‡

Banding, yes/no, n 10/11§ 0/30

Age at banding, mo 3.7 (1.6–30) NA

Age at surgical closure of defect, y 6.3 (1.4–54)

<10 y of age, 20 patients 5.5 (1.4–8.6)

≥10 y of age, 10 patients 31 (17–54) NA

Sternotomy, n 21 ‖ NA

Surgical type; atriotomy/
ventriculotomy, n

5/16 ‖ NA

Patch/direct suture, n 20/6 NA

Cardiopulmonary bypass time, min 88±29 NA

Aortic occlusion time, min 59±28 NA

Days until discharge 15±5 NA

Causes of readmission, No. of patients

Chest pain or dyspnea 4 17

Palpitations 10 8

Syncope 2 3

Aortic insufficiency 1

Infectious endocarditis, n 4 5

RBBB, complete/incomplete, n 14/7

Data presented as mean±SD, median (range), or percentage (number). 
NA indicates not available; QpQs, pulmonary-to-systemic ratio; RBBB, right 
bundle-branch block; and VSD, ventricular septal defect.

*Missing information on type of VSD in 6 patients with surgically closed 
VSDs.

†Corresponds to preoperative measurements, missing information on 
QpQs in 15 patients with surgically closed VSDs. For patients with unrepaired 
VSDs, QpQs is calculated from old catheterization reports, some >30 years 
old. Information was missing for 14 patients with unrepaired VSD.

‡Surgically corrected VSDs: persistent ductus arteriosus (n=3, closed), 
minor atrial septal defect (n=4, closed), aortopulmonic fistula (n=1, closed), 
mitral valve disease (n=1), aortic insufficiency (n=1), bicuspid aortic valve (n=1, 
mechanic valve). Unrepaired VSDs: bicuspid aortic valve (n=1), subvalvular 
membrane (n=1).

§Information missing for 9 patients with surgically closed VSDs.
‖ Information missing on operation type for 9 patients with surgically closed 

VSDs.
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even larger difference compared with correspond-
ing healthy peers; the difference is greatest for those 
with surgically closed VSDs. Third, both patients with 
surgically closed VSDs and those with unrepaired 
VSDs exhibit lower functional capacity detectable at 
only 20% of their maximal effort compared with their 
healthy peers.

The mechanisms of lower functional capacity can 
be multifaceted. One theory is that the VSDs exhibit 
exercise-induced increased pulmonary vascular re-
sistance. It is hypothesized that the hyperperfusion 
of the pulmonary vascular bed—either in large quan-
tities for a short time period in surgically closed VSDs 
or in small continuous quantities for a longer period in 
unrepaired VSDs—will trigger endothelial remodula-
tion in the pulmonary vascular wall that ultimately re-
sults in vessel hypertrophy and stiffness. This causes 
a rise in resistance and, eventually, increased pulmo-
nary pressure. An indirect sign of this could be the 
16% higher oxygen uptake at peak activity of patients 
with surgically closed VSDs who previously had their 
pulmonary artery banded compared with those who 

did not. Although the results are not statistically sig-
nificant, a simple explanation could be that the results 
are underpowered given the small study sample; it 
would be interesting to investigate this tendency in 
a larger study population. Other studies have previ-
ously supported the theory of increased pulmonary 
vascular resistance. Moller et al found that one-third 
of younger patients with surgically closed VSDs and 
those with unrepaired VSDs demonstrated increased 
RV systolic pressure during exercise, as estimated by 
echocardiography.30 At rest, all patients were found 
to have normal RV systolic pressure. In a newer mag-
netic resonance imaging study of young adults with 
surgically corrected VSDs, a progressive pulmonary 
retrograde flow was demonstrated with increasing 
exercise workloads compared with healthy peers.10 
Furthermore, lower cardiac output during maximal 
exercise was also established in patients compared 
with controls. Additional signs of increased RV af-
terload are larger RV volume, which was seen re-
cently in young adults with either surgically closed 
or unrepaired VSD.17 Another consequence of 

Table 3. Exercise Test Outcomes in Patients With Either Surgically Corrected or Small Unrepaired VSDs and Healthy, 
Respectively Matched Control Participants

Closed VSD 
n=30

Healthy Controls 
n=30 P Value

Open VSD 
n=30

Healthy Controls 
n=30 P Value

Resting values

Vo2kg, mL/min/kg 3.5±0.8 4.1±1.0 0.02 4.0±1.0 4.6±3.0 0.36

BF, breaths/min 16±4 15±5 0.44 15.3±4 16.0±4 0.49

Ventilation, L/min/kg 0.1±0.04 0.1±0.03 0.14 0.1±0.04 0.2±0.09 0.39

HR, beats/min 75±15 73±16 0.63 72±10 77±21 0.28

Systolic BP, mm Hg 122±19 129±24 0.21 129±17 128±17 0.80

Diastolic BP, mm Hg 80±11 86±17 0.17 82±11 85±18 0.49

Peak exercise values*

Test time, min 12.2±4 12.5±3 0.72 10.7±2 12.0±2 0.07

Workload protocol, 1–5 3±1 3±1 0.20 3±1 3±1 0.47

Peak workload, W/kg 2.1±0.7 3.1±1.0 <0.01 2.3±0.6 2.8±0.9 0.01

Peak Vo2kg, mL/kg/min 24.3±6.8 34.2±8.9 <0.01 26.0±6 32.9±82 <0.01

RER 1.2±0.1 1.2±0.1 0.13 1.2±0.1 1.2±0.1 0.85

Peak BF, breaths/min 42±7 43±9 0.84 41.2±8 42.2±10 0.67

Peak ventilation, L/min/kg 1.0±0.3 1.4±0.4 <0.01 1.2±0.3 1.3±0.4 0.13

Peak HR, beats/min 160±21 168±16 0.10 160±18 165±15 0.24

Peak systolic BP, mm Hg 185±30 198±37 0.15 198±25 195±35 0.73

Peak diastolic BP, mm Hg 102±34 103±25 0.86 101±26 100±22 0.94

VE/Vco2 35.5±4 33.3±4 0.05 35.7±5 33.3±4 0.04

Anaerobic threshold

Workload, W/kg 1.2±0.5 1.9±0.9 <0.01 1.3±0.6 1.8±0.8 <0.01

Vo2kg, mL/kg per min 15.5±5 23.8±8 <0.01 17.9±5 22.5±7 <0.01

HR, beats/min 116±24 131±25 0.03 122±23 131±25 0.15

Data presented as mean±SD, median (range), or percentage (number). BF indicates breath frequency; BP, blood pressure; HR, heart rate; RER, respiratory 
exchange ratio; VE/Vco2, minute ventilation/carbon dioxide production; Vo2kg, mL oxygen uptake per kilogram; and VSD, ventricular septal defect.

*For peak exercise values, 2 male control participants matched with patients with surgically closed VSDs were dropped, along with 1 female patient with 
unrepaired VSD and 2 matched controls (male) because of peak RER <1.1 with no significant changes.
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increased afterload could be changed RV function, 
which Menting et al18 described with abnormal RV 
fractional area change in 14% of 49 adults with sur-
gically closed VSDs in a large long-term follow-up 
study. Interestingly, Menting et al also described an 
age-related increase in the number of patients with 
impaired RV systolic function, going from 1% to 17% 
over an 11-year period. Another theory for the lower 

functional capacity could be that patients have ab-
normal ventricular contractility with a lower reserve 
at physical activity than healthy peers. This has been 
demonstrated recently with echocardiography during 
exercise in young adults with either surgically closed 
or unrepaired VSD.8,31 Although both ventricles con-
tract markedly slower at higher exercise levels than 
those of healthy peers, the difference is particularly 

Figure 2. Curves of oxygen uptake, ventilation, and heart rate at rest and during the exercise test in patients with surgically 
closed VSDs and their matched controls (A through C) and in patients with unrepaired VSDs and matched controls (D 
through F).
VSD indicates ventricular septal defect.

Figure 3. Curves of oxygen uptake (A) and heart rate (B) at rest and during exercise in patients with surgically closed VSDs 
with complete or incomplete or with no right bundle-branch block, as well as healthy age and sex-matched controls.
RBBB indicates right bundle-branch block; and VSD, ventricular septal defect.
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prominent in the RV. Abnormal contractility, larger RV 
volumes, and larger pulmonary retrograde flow may 
all reflect increased RV afterload as the consequence 
of the hypothesized exercise-induced increased pul-
monary vascular resistance in patients with VSDs.

Another mechanism of decreased oxygen uptake 
during physical activity could be abnormal pulmo-
nary function in the patients. In the patients with sur-
gically closed VSDs in this study, ventilation at peak 
exercise was found to be lower than in healthy peers. 
In a newly published study of the same study cohort 
performed on the same day of the bicycle test, those 
with surgically closed VSDs were found to have im-
paired dynamic pulmonary function, increased airway 
resistance in the small airways, and reduced diffusion 
capacity compared with healthy peers.16 Patients with 
unrepaired VSDs were largely comparable to healthy 
peers for both dynamic and static parameters. This 
primarily points toward the previous surgery, with 
subsequent disruption of the normal physiology of 
the thorax as the main cause of impaired pulmonary 
function. Nevertheless, the consecutively lower curve 
of ventilation throughout the exercise test in the pa-
tients with unrepaired VSDs, as seen in Figure 2, em-
phasizes that a previous surgical intervention cannot 
explain everything. Interestingly, from the pulmonary 
function investigation, those with unrepaired VSDs 
did not demonstrate increased diffusion capacity, 
which would be anticipated with the persistent shunt. 
Instead, values were in the normal ranges, which may 
support the hypothesis of increased pulmonary vas-
cular resistance, as it could imply an alveolar–capillary 
membrane dysfunction.

A possible theory to be explored as an explanation 
for lower functional capacity is that a degree of chro-
notropic impairment might be present. Although peak 

heart rates do not differ between groups, Figure  2 
shows that the heart rate curve of the patients is con-
secutively below that of the healthy peers. This effect is 
most pronounced in the patients with surgically closed 
VSDs; consequently, the potential role of RBBB was 
investigated, given the high proportion of patients with 
complete RBBB in the current cohort. Nevertheless, 
the substudy did not yield further explanation because 
RBBB did not seem to play a role in heart rate during 
exercise or oxygen uptake, as seen in Figure 4. In a 
study of patients with surgically closed VSDs in their 
mid-20s, Heiberg et al32 found that postoperative 
RBBB predicted lower peak heart rate during the up-
right bicycle test. In a larger recently published study 
by our research group, patients with surgically closed 
VSDs in their mid-20s, particularly those with complete 
RBBB, were found to have impaired heart rate variabil-
ity.11 Whether a similar or even more disrupted pattern 
could be established in older patients has yet to be 
determined and necessitates further clinical research 
in this area.

An entirely different theory could simply be that 
these patients are less physically active and thus reach 
lower peak oxygen uptake. Two cases could be made 
against this assumption. First, the patients and their 
matched controls in this study both filled out a sub-
jective questionnaire on habitual physical activity level, 
and no differences were found. Furthermore, objective 
measurements such as lean body mass as measured 
with bioimpedance, body mass index, and weight did 
not differ either. A second argument against this view-
point is that both patient groups yielded lower venti-
latory threshold than their respective control groups; 
this threshold is not bound to physical exertion and 
participant motivation and thus is independent of po-
tential deconditioning. Along these lines, it could be 

Figure 4. Curves of oxygen uptake at rest and during exercise in younger and older patients with surgically-closed VSDs 
(A) or unrepaired VSDs (B) and in their respectively matched controls. 
VSD indicates ventricular septal defect.
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emphasized that both patient groups demonstrated 
markedly lower oxygen uptake at 20% of their individ-
ual maximal efforts compared with peers.

Clinical studies have previously investigated young 
adult patients with isolated VSDs and reported low-
er-than-expected functional parameters,12–14,25 but not 
to the same extent as the current findings. Although 
we compared different patient cohorts rather than con-
ducting a follow-up study over a number of years, the 
equipment used and the research personnel perform-
ing the tests were unchanged, which strengthens the 
comparison of data. We may not be able to conclude 
indisputably that our findings reflect the true evolution 
of functional capacity in isolated VSDs, however; they 
clearly suggest further deterioration of parameters with 
increasing age—an effect that is more pronounced in 
patients than in age-matched healthy controls. In the 
literature, only 1 long-term, follow-up study including 
exercise testing on VSDs exists. In a Dutch follow-up 
study from 2015, 69 patients with surgically corrected 
VSDs and a mean age of 40 years were followed with 
10-year intervals with exercise testing among other 
measurements.18 Median oxygen uptake was 87% of 
expected compared with undocumented reference 
values. In this cohort, exercise capacity decreased 
from 100% of expected values in 1990 to 91% of ex-
pected values in 2001.33 In the newest study in 2015, 
48% of patients demonstrated decreased exercise 
capacity. Furthermore, cumulative survival in the co-
hort of patients with surgically closed VSDs was 86% 
at 40  years (excluding in-hospital operative mortal-
ity), which was slightly lower than in the background 
population. Interestingly, in more than half of cases, 
late mortality was cardiac related. In the newest set 
of guidelines,21 the survival rate for small unrepaired 
VSDs at age 25 was 96%; however, this was based 
on a study from 1977.34 No nationwide study has in-
vestigated survival rate in adults with isolated VSDs. 
A similar and “simple” defect, the atrial septal defect, 
was recently investigated in a Danish nationwide study 
in which overall mortality in participants with either 
repaired or unrepaired atrial septal defect was found 
to be higher, with an adjusted hazard ratio of 1.7.35 
Interestingly, examining the graphical outline of over-
all survival probability, the atrial septal defects seem 
to decrease at a steeper slope from ages in the late 
30s to the early 60s compared with the background 
population. In another Danish register-based study, 
patients with simple congenital heart defects (VSDs, 
atrial septal defects, pulmonary stenosis, and patent 
ductus arteriosus) diagnosed between 1963 and 1975 
were compared with a background population and fol-
lowed to a median age of 47.4 years.36 Mortality was 
increased overall for the group, with an adjusted haz-
ard ratio of 2.08 specifically for VSDs (both surgically 
closed and unrepaired).

Reduced functional capacity of 20% to 30% con-
stitutes an interesting clinical finding and has con-
sequences for patients. A quarter of patients with 
surgically closed VSDs placed themselves in New York 
Heart Association (NYHA) class II and 7% in NYHA 
class III when contemplating daily symptoms, as seen 
in Table 1. For those with unrepaired VSDs, 23% placed 
themselves in NYHA class II, with none in class III. For 
comparison, only 1 healthy control chose NYHA class 
II; the rest placed themselves in NYHA class I. The high 
proportion of patients placing themselves in class II or 
III could also be interpreted as reflected in the bicycle 
results, with patients having markedly lower oxygen 
uptake at 20% of maximal exercise output. This level 
of exercise corresponds with minor daily physical ac-
tivities, implying that these patients would experience 
daily impairment if compared with people without a 
congenital VSD. This result underscores the clinical 
implication of the finding and helps in understand-
ing why younger patients have previously described 
lower physical functioning compared with norm-based 
scores in the self-reported, health-related quality-of-life 
questionnaire Short Form-36 (SF-36).13,14 Good car-
diorespiratory fitness is known to be related to lower 
risk of all-cause mortality in healthy people.37 Low car-
diorespiratory fitness, typically defined as the lowest 
quartile or quintile on an exercise test, is associated 
with 2- to 5-fold increases in cardiovascular events or 
all-cause mortality, independent of other cardiovascu-
lar risk factors. Recognizing the importance of physi-
cal performance, the newest set of guidelines not only 
recommend routine follow-up visits for patients with 
either unrepaired or surgically closed VSD but also in-
clude exercise testing among the tests suggested for 
the visits.21

Limitations
A limiting factor is the lack of contemporary catheteri-
zation data, especially for the unrepaired VSDs. Only 
half of the patients previously underwent cardiac cath-
eterization, for which the calculated pulmonary-to-sys-
temic ratio is outdated and could have changed in our 
patients with unrepaired VSDs. The number of partici-
pants in each group is small; therefore, broader appli-
cability of our results is limited. In addition, the study 
design was cross-sectional, whereas an accurate re-
flection of the age-related change in exercise capac-
ity in isolated patients with congenital VSDs requires 
a longitudinal design. Nevertheless, these findings 
could form the basis of multicenter studies with larger 
numbers of patients or longitudinal studies investigat-
ing long-term outcomes in terms of hemodynamics in 
the isolated VSD. Another limitation is the lack of up-
dated, internationally accepted reference values for bi-
cycle ergometry. Consequently, it cannot be clarified 
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whether our patients are within the normal range or 
below. Overall, our study is greatly strengthened by the 
individually matched control participants included and 
the highly significant results for both our primary and 
secondary end points.

Those with surgically corrected VSDs underwent 
surgical closure at older ages than would be expected 
in a contemporary cohort. Furthermore, pulmonary ar-
tery banding is currently performed only rarely, and the 
advances in surgical and anesthesiology techniques 
and improvements in perioperative care have greatly 
reduced perioperative mortality. In addition, the care 
during follow-up is better organized today. Therefore, 
these early results are not readily applicable to pa-
tients who underwent surgery in more recent years. 
However, our results still reflect a large cohort of adults 
living with the long-term consequences of a congenital 
VSD, underscoring the importance of these findings.

CONCLUSIONS
This study clearly emphasizes that living with a con-
genital VSD, surgically closed or unrepaired, is not a 
static state with outcomes comparable to those of 
healthy peers. Not only do patients with either surgi-
cally closed or small unrepaired VSD demonstrate 
poorer exercise capacity compared with matched 
control participants; their exercise capacity does not 
seem to normalize but rather deteriorates further with 
increasing age. Our novel findings warrant attention for 
aging patients with congenital VSDs and suggest con-
tinuous follow-up in specialized cardiology clinics.

ARTICLE INFORMATION
Received January 14, 2020; accepted July 23, 2020.

Affiliations
From the Department of Cardiothoracic and Vascular Surgery, Aarhus 
University Hospital, Aarhus N, Denmark (M.M., F.E., N.B.); Department of 
Clinical Medicine, Aarhus University, Aarhus N, Denmark (M.M., F.E., N.B., 
V.E.H.); and Department of Clinical Medicine, Copenhagen University, 
Copenhagen, Denmark (V.E.H.).

Acknowledgments
Dr Sune Rubak is acknowledged for allowing us to use the cardiopulmonary 
function equipment in the Department of Pediatrics, Aarhus University Hospital.

Sources of Funding
This study was supported by Aarhus University, Karen Elise Jensen’s Fund, 
and Novo Nordic Foundation.

Disclosures
None.

REFERENCES
 1. Scully BB, Morales DL, Zafar F, McKenzie ED, Fraser CD Jr, Heinle JS. 

Current expectations for surgical repair of isolated ventricular septal de-
fects. Ann Thorac Surg. 2010;89:544–549; discussion 550-541.

 2. Anderson BR, Stevens KN, Nicolson SC, Gruber SB, Spray TL, 
Wernovsky G, Gruber PJ. Contemporary outcomes of surgical ventricu-
lar septal defect closure. J Thorac Cardiovasc Surg. 2013;145:641–647.

 3. Cantinotti M, Assanta N, Murzi B, Lopez L. Controversies in the defi-
nition and management of insignificant left-to-right shunts. Heart. 
2014;100:200–205.

 4. Warnes CA, Liberthson R, Danielson GK, Dore A, Harris L, Hoffman 
JI, Somerville J, Williams RG, Webb GD. Task Force 1: the chang-
ing profile of congenital heart disease in adult life. J Am Coll Cardiol. 
2001;37:1170–1175.

 5. Warnes CA, Williams RG, Bashore TM, Child JS, Connolly HM, Dearani 
JA, del Nido P, Fasules JW, Graham TP Jr, Hijazi ZM, et al. ACC/AHA 
2008 guidelines for the management of adults with congenital heart 
disease: a report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines (Writing Committee to 
Develop Guidelines on the Management of Adults With Congenital 
Heart Disease). Developed in Collaboration With the American Society 
of Echocardiography, Heart Rhythm Society, International Society 
for Adult Congenital Heart Disease, Society for Cardiovascular 
Angiography and Interventions, and Society of Thoracic Surgeons. J 
Am Coll Cardiol. 2008;52:e143–e263.

 6. Baumgartner H, Bonhoeffer P, De Groot NM, de Haan F, Deanfield JE, 
Galie N, Gatzoulis MA, Gohlke-Baerwolf C, Kaemmerer H, Kilner P, et 
al. ESC guidelines for the management of grown-up congenital heart 
disease (new version 2010). Eur Heart J. 2010;31:2915–2957.

 7. Silversides CK, Marelli A, Beauchesne L, Dore A, Kiess M, Salehian 
O, Bradley T, Colman J, Connelly M, Harris L, et al. Canadian 
Cardiovascular Society 2009 Consensus Conference on the manage-
ment of adults with congenital heart disease: executive summary. Can 
J Cardiol. 2010;26:143–150.

 8. Heiberg J, Schmidt MR, Redington A, Hjortdal VE. Disrupted right ven-
tricular force-frequency relationships in adults operated for ventricular 
septal defect as toddlers: abnormal peak force predicts peak oxygen 
uptake during exercise. Int J Cardiol. 2014;177:918–924.

 9. Heiberg J, Petersen AK, Laustsen S, Hjortdal VE. Abnormal ven-
tilatory response to exercise in young adults operated for ventricular 
septal defect in early childhood: a long-term follow-up. Int J Cardiol. 
2015;194:2–6.

 10. Asschenfeldt B, Heiberg J, Ringgaard S, Maagaard M, Redington A, 
Hjortdal VE. Impaired cardiac output during exercise in adults oper-
ated for ventricular septal defect in childhood: a hitherto unrecognised 
pathophysiological response. Cardiol Young. 2017;27:1591–1598.

 11. Heiberg J, Eckerstrom F, Rex CE, Maagaard M, Molgaard H, Redington 
A, Gatzoulis M, Hjortdal VE. Heart rate variability is impaired in adults 
after closure of ventricular septal defect in childhood: a novel finding as-
sociated with right bundle branch block. Int J Cardiol. 2019;274:88–92.

 12. Rex CE, Eckerstrom F, Heiberg J, Maagaard M, Rubak S, Redington 
A, Hjortdal VE. Surgical closure of a ventricular septal defect in early 
childhood leads to altered pulmonary function in adulthood: a long-term 
follow-up. Int J Cardiol. 2019;274:100–105.

 13. Heiberg J, Laustsen S, Petersen AK, Hjortdal VE. Reduced long-term 
exercise capacity in young adults operated for ventricular septal defect. 
Cardiol Young. 2015;25:281–287.

 14. Maagaard M, Heiberg J, Hjortdal VE. Small, unrepaired ventricular sep-
tal defects reveal poor exercise capacity compared with healthy peers: 
a prospective, cohort study. Int J Cardiol. 2017;227:631–634.

 15. Maagaard M, Heiberg J, Asschenfeldt B, Ringgaard S, Hjortdal VE. 
Does functional capacity depend on the size of the shunt? A prospec-
tive cohort study of adults with small, unrepaired ventricular septal de-
fects. Eur J Cardiothorac Surg. 2017;51:722–727.

 16. Eckerstrom F, Maagaard M, Boutrup N, Hjortdal VE. Pulmonary func-
tion in older patients with ventricular septal defect. Am J Cardiol. 
2020;125:1710–1717.

 17. Maagaard M, Heiberg J, Eckerstrom F, Asschenfeldt B, Rex CE, 
Ringgaard S, Hjortdal VE. Biventricular morphology in adults born with 
a ventricular septal defect. Cardiol Young. 2018;28:1379–1385.

 18. Menting ME, Cuypers JA, Opic P, Utens EM, Witsenburg M, van 
den Bosch AE, van Domburg RT, Meijboom FJ, Boersma E, Bogers 
AJ, et al. The unnatural history of the ventricular septal defect: 
outcome up to 40 years after surgical closure. J Am Coll Cardiol. 
2015;65:1941–1951.

 19. Soufflet V, Van de Bruaene A, Troost E, Gewillig M, Moons P, Post MC, 
Budts W. Behavior of unrepaired perimembranous ventricular septal 
defect in young adults. Am J Cardiol. 2010;105:404–407.

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 26, 2020



J Am Heart Assoc. 2020;9:e015956. DOI: 10.1161/JAHA.120.015956 12

Maagaard et al VSD Functional Capacity Past Age 40

 20. Mongeon FP, Burkhart HM, Ammash NM, Dearani JA, Li Z, Warnes CA, 
Connolly HM. Indications and outcomes of surgical closure of ventricu-
lar septal defect in adults. JACC Cardiovasc Interv. 2010;3:290–297.

 21. Stout KK, Daniels CJ, Aboulhosn JA, Bozkurt B, Broberg CS, Colman 
JM, Crumb SR, Dearani JA, Fuller S, Gurvitz M, et al. 2018 AHA/ACC 
guideline for the management of adults with congenital heart dis-
ease: a report of the American College of Cardiology/American Heart 
Association Task Force on Clinical Practice Guidelines. Circulation. 
2019;139:e698–e800.

 22. Craig CL, Marshall AL, Sjostrom M, Bauman AE, Booth ML, Ainsworth 
BE, Pratt M, Ekelund U, Yngve A, Sallis JF, et al. International physical 
activity questionnaire: 12-country reliability and validity. Med Sci Sports 
Exerc. 2003;35:1381–1395.

 23. Balady GJ, Arena R, Sietsema K, Myers J, Coke L, Fletcher GF, Forman 
D, Franklin B, Guazzi M, Gulati M, et al. Clinician’s guide to cardio-
pulmonary exercise testing in adults: a scientific statement from the 
American Heart Association. Circulation. 2010;122:191–225.

 24. Beaver WL, Wasserman K, Whipp BJ. A new method for detect-
ing anaerobic threshold by gas exchange. J Appl Physiol (1985). 
1986;60:2020–2027.

 25. Eckerstrom F, Rex CE, Maagaard M, Heiberg J, Rubak S, Redington 
A, Hjortdal VE. Cardiopulmonary dysfunction in adults with a small, un-
repaired ventricular septal defect: a long-term follow-up. Int J Cardiol. 
2020;306:168–174.

 26. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. 
Research electronic data capture (REDCap)—a metadata-driven meth-
odology and workflow process for providing translational research in-
formatics support. J Biomed Inform. 2009;42:377–381.

 27. Jacobs JP, Burke RP, Quintessenza JA, Mavroudis C. Congenital Heart 
Surgery Nomenclature and Database Project: ventricular septal defect. 
Ann Thorac Surg. 2000;69:S25–S35.

 28. Webb GD. Care of adults with congenital heart disease–a challenge for 
the new millennium. Thorac Cardiovasc Surg. 2001;49:30–34.

 29. Jortveit J, Leirgul E, Eskedal L, Greve G, Fomina T, Dohlen G, Tell GS, 
Birkeland S, Oyen N, Holmstrom H. Mortality and complications in 
3495 children with isolated ventricular septal defects. Arch Dis Child. 
2016;101:808–813.

 30. Moller T, Brun H, Fredriksen PM, Holmstrom H, Peersen K, Pettersen 
E, Grunig E, Mereles D, Thaulow E. Right ventricular systolic pressure 
response during exercise in adolescents born with atrial or ventricular 
septal defect. Am J Cardiol. 2010;105:1610–1616.

 31. Maagaard M, Heiberg J, Redington AN, Hjortdal VE. Reduced biven-
tricular contractility during exercise in adults with small, unrepaired ven-
tricular septal defects: an echocardiographic study. Eur J Cardiothorac 
Surg. 2020;1:574–580.

 32. Heiberg J, Redington A, Hjortdal VE. Postoperative right bundle branch 
block after closure of ventricular septal defect predicts lower peak heart 
rate in adulthood. Int J Cardiol. 2016;204:40–41.

 33. Roos-Hesselink JW, Meijboom FJ, Spitaels SE, Van Domburg R, Van 
Rijen EH, Utens EM, Bogers AJ, Simoons ML. Outcome of patients after 
surgical closure of ventricular septal defect at young age: longitudinal 
follow-up of 22–34 years. Eur Heart J. 2004;25:1057–1062.

 34. Corone P, Doyon F, Gaudeau S, Guerin F, Vernant P, Ducam H, 
Rumeau-Rouquette C, Gaudeul P. Natural history of ventricular septal 
defect. A study involving 790 cases. Circulation. 1977;55:908–915.

 35. Nyboe C, Karunanithi Z, Nielsen-Kudsk JE, Hjortdal VE. Long-term 
mortality in patients with atrial septal defect: a nationwide cohort-study. 
Eur Heart J. 2018;39:993–998.

 36. Videbaek J, Laursen HB, Olsen M, Hofsten DE, Johnsen SP. Long-term 
nationwide follow-up study of simple congenital heart disease diag-
nosed in otherwise healthy children. Circulation. 2016;133:474–483.

 37. Kodama S, Saito K, Tanaka S, Maki M, Yachi Y, Asumi M, Sugawara 
A, Totsuka K, Shimano H, Ohashi Y, et al. Cardiorespiratory fitness 
as a quantitative predictor of all-cause mortality and cardiovas-
cular events in healthy men and women: a meta-analysis. JAMA. 
2009;301:2024–2035.

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 26, 2020


